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From the Editor

The preceding issue of Materials Science-Poland [1] contains selected papers pre-
sented at the final meeting of the MAG-EL-MAT Scientific Network [2]. More papers
presented at the meeting are available in earlier issues of this journal [3, 4]. All these
papers were collated and compiled by Professors Stanistaw Lipinski and Tadeusz
Lucinski (Institute of Molecular Physics, Polish Academy of Sciences, Poznan), who
acted as Guest Editors.

[1] Materials Science-Poland, 26 (2008), No 4, 803-1104.

[2] IDZIKOWSKI B., Materials Science-Poland, 26 (2008), 803.
[3] Materials Science-Poland, 25 (2007), No 4, 1223-1294.
[4] Materials Science-Poland, 26 (2008), No 3, 641-668.

Juliusz Sworakowski

Editor-in-Chief
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Vibrational spectra, electronic excited states
and magnetic properties of the copper(Il) ions
in alkylaminoacetylurea complexes

H. CrurLA', J. HANUZA" 2, Z. TALIK!, M. KORABIK®, J. MROZINSKI®

'Department of Bioorganic Chemistry, Institute of Chemistry and Food Technology,
Faculty of Engineering and Economics, University of Economics, 53-345 Wroctaw, Poland

Institute of Low Temperature and Structure Research, Polish Academy of Sciences,
P. O. Box 1410, 50-950 Wroctaw 2, Poland

Faculty of Chemistry, University of Wroctaw, 50-383 Wroctaw, Poland

Copper(I) complexes with alkylaminoacetylurea ligands were synthesized and studied by means of
IR, Raman, electron absorption and luminescence spectroscopies, as well as by ESR and magnetic meth-
ods. The spectroscopic and magnetic studies were performed in the 4-300 K and 1.9-300 K temperature
ranges, respectively. The Cu?’ ions in these complexes are four coordinated having distorted square-
planar surroundings. The dependence of the spectroscopic parameters on the alkyl radical of the ligand is
discussed. At low temperatures, very weak ferromagnetic interactions are observed for the C; and Cs
alkyls, and an antiferromagnetic one is observed for the remaining complexes, with C, and Cs—C;g alkyls.

Key words: copper(ll) complexes; alkylaminoacetylureas; IR; Raman, UV absorption spectra; lumines-
cence; ESR; magnetic properties

1. Introduction

Copper ions play a vital role in a number of biological processes. They are recog-
nised to be plant nutrients and serve as catalysts [1] in plant enzyme systems and as
urease inhibitors [2]. Cu*" complexes with macrocyclic polyamines act as mimics of
metalloenzyme active sites [3—8], redox-active species for electrocatalytic processes
[9-14] or photoredox molecular devices for converting the light energy into other
forms [15-19]. Complexes of transition metal ions with urea were the subjects of sev-
eral works [20-23]. A considerable interest of these studies has been focused on their
interaction with drugs administered for therapeutic purposes.

*Corresponding author: e-mail: hanna.ciurla@ue.wroc.pl
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Our present work concerns the structure, spectroscopic and magnetic properties of
copper(Il) compounds with alkylaminoacetylureas. These ligands have been synthe-
sised for the first time [24, 25] and their complexes have not been studied in detail.
Our preliminary studies showed that these urea derivatives effectively extract Cu®*
ions from diluted acid solutions formed in the flotation process of very poor copper
deposits [26].

2. Experimental

Synthesis of alkylaminoacetylurea copper(ll) complexes. Syntheses of the cop-
per(Il) complexes with alkylaminoacetylureas have been described in our previous
paper [26], where the chemical and magnetic properties were reported for a few de-
rivatives. Their chemical compositions, colours, formulae, molecular masses and melt-
ing points are presented in Table 1.

Table 1. Complex compounds of alkylaminoacetyl ureas (Scheme 1) with copper(II)

Alkyl radical (R) Melting Composition
No. | Molecular formula | Colour point Calculated Found
Molecular mass [°C] [%] [%]
1 2 3 4 5 6
C;H, C37.94 C 38.08
1 C12H24N(,O4Cu violet 193 H 6.37 H 6.33
379.91 N 22.12 N 22.03
CH, C4122 C41.18
2 C4HxNO,4Cu rose 192 H 6.92 H 6.93
407.95 N 20.60 N 20.61
CsHy, C 44.07 C43.98
3 C16H32N6O4Cu violet 187 H 7.40 H 7.40
436.01 N 19.28 N 19.17
CeH i3 C 46.58 C 46.80
4 CsH36NcO4Cu violet-red 165 H7.82 H7.57
464.07 N 18.11 N 1791
C,His violet- C 48.55 C 4855
5 C20H40N6O4Cu rose 163D H8.19 H 8.54
492.12 N 17.08 N 16.90
CgHy5 ol C50.79 C50.72
6 CyHyuNgO,Cu Vl‘)‘;u‘?' 155 H8.53 H 8.98
520.18 N 16.16 N 15.99
CoHy C52.28 C52.75
7 Co4HysNgO4Cu dark rose 152 H 8.83 H9.12
548.23 N 15.33 N 1521
CoHy, C54.18 C53.94
8 C,Hs5,NqO4Cu blue 152 H9.10 H9.52
576.28 N 14.58 N 14.16
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Table 1 continued

1 2 3 4 5 6
Ci,Hys C56.98 C 56.66

9 C30H(,0N6O4Cu dark rose 150 H9.56 H9.91
632.39 N 13.29 N 13.26
Ci4Hyo C59.31 C59.30

10 C34HesNgO4Cu rose 146 H 9.96 H10.27
688.59 N12.21 N 12.10
Ci6Hss C61.29 C61.60

11 C;3H76NcO4Cu rose 143 H 10.29 H 10.27
744.61 N11.29 N 11.40
CysHsr C63.00 | C6330

12 C42Hg4N604Cu llght rose 137 H 10.57 H 10.75
800.72 N 10.50 N 10.80

R-NH-CH,

N N

(@]
>—o Ml
7 Ncu”

7—@‘“\0_{

O CH,-NH-R

Scheme 1. Alkylaminoureas under investigation (see Table 1)

Spectroscopic studies. Electronic absorption spectra of the copper complexes and
free ligands (non-coordinated alkylaminoureas) were recorded at room temperature in
ethyl alcohol solutions and Nujol mulls with JASCO V-570 UV/VIS and Varian Cary
S5E UV/VIS/NIR spectrophotometers with a resolution of 0.5 nm. The mulls for all
samples were prepared using the same ratio (2:1) of the complex to Nujol.

The photoluminescence spectra were recorded with the 366 nm excitation (the Hg
line) and the emission lifetimes with the 337 nm excitation (2 ns nitrogen laser).
A spectrometer consisting of a SPM-s Carl Zeiss Jena monochromator, a cooled GaAs
R 943-03 Hamamatsu photomultiplier, a gated photon counter of the SR400 Stanford
research system, a box integrator of the Stanford research system and the PC were
used. The emission spectra obtained in this arrangement were compared to those ob-
tained at 260 nm excitation from the Xenon lamp and recorded with the SSF1 spec-
trometer (produced by LOMO, Sankt Petersburg).

Room temperature Fourier transform IR spectra (FTIR) were recorded in the 4000
—30 cm ' range using the BIORAD 575 spectrophotometer with a 2 cm ' resolution.
Room temperature FT Raman spectra (FTRS) were recorded in the 4000-80 cm'
range using a BRUKER 110/S spectrometer with the Nd:YAG excitation and 2 cm'
resolution. The Gaussian deconvolution of the spectra was made using the Origin 7.0
computer program.

Magnetic studies. The ESR spectra were recorded at X-band with an ESP 300
Bruker spectrometer equipped with a ER 035M Bruker NMR gaussmeter and a HP
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5350B Hewlett-Packard microwave frequency counter. The measurements were made
at room temperature. The ESR measurements at 5 K were performed with a conven-
tional X-band reflection spectrometer equipped with an Oxford Instruments ESR-900
helium flow cryostat. The magnetic studies of the polycrystalline samples were per-
formed for 12 compounds using a quantum design SQUID magnetometer (MPMS-5
type) at the magnetic field of 0.5 T in the temperature range 1.9-300 K. The magneti-
zation in function of magnetic field was measured in the range 0—5 T. The corrections
consist in subtracting the sample holder signal and that for diamagnetism of the con-
stituent atoms, calculated using Pascal’s constants [27]. The value 60x10® cm*mol ™
was used for the temperature-independent paramagnetism of copper(Il) ions. The ef-
fective magnetic moment was calculated from the equation #;=2.83(xmT)"* [Us]-

3. Results

3.1. FT-IR and Raman spectra

The FT-IR and FT-Raman spectra of the representative complex under study,
namely Cu(C;4H,sN¢Oy), are shown in Fig. 1. They are compared to the spectra of
a free ligand recorded in the same conditions. Noticeable changes in the IR and Raman
spectra are observed in the regions of vibrations of C=0 and NH, groups. Upon coor-
dination, these bands shift towards longer wavelengths, indicating formation of new
bonds with copper ions. The most characteristic changes are observed for the follow-
ing bands: v(NH,) Raman doublet at 3392 + 3315 cm ' — 3170 cm ™' and the IR band
at 3317 cm ' — 3164 cm'; v¥(C=0) Raman band at 1697 cm ' — 1642 + 1612 cm ',
the doublet at 1721 + 1683 cm ' — 1637 cm ' and the 1598 cm™' band — 1567 cm ™ ;
O(NH) IR band at 1416 cm™' — 1353 + 1347 cm . In the 800—1200 cm ' region, sev-
eral bands of dicarbonylimide -CO-NH-CO- groups are observed [28].

The most informative changes occur in the 60-500 cm ' region, in which the
stretching and bending vibrations of the coordination polyhedron are expected. Let us
assume, in the first step, that the structure of the CuO,N, unit is described by the D,,
symmetry, i.e. the Cu—O and Cu—N bonds form two bond pairs of the same length, and
the Cu ion lies on the plane formed by the oxygen and nitrogen atoms with the inver-
sion centre in this plane. Such a structure can be derived from the electron absorption
studies of the complex in the alcoholic solution (see below). The vibrational normal
modes of this unit are described by the representation 24, + B\, + 2By, + 2B,, + 2B,
in which the stretching vibrations v(CuN,) and v(CuO,) correspond to the 4, + B3,
and A4,, + B,, representations, respectively. Three types of bending vibrations,
O0(NCuN), 6(0OCuO) and §(NCuO), correspond to the remaining representations (B,
+ 2By, + By, + B3,). Because g and u modes are Raman and IR active, respectively,
two bands of the stretching vibrations are expected in both spectra. For the bending
modes one Raman band and four IR bands should be observed for the considered
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Fig. 1. FT-IR (IR) and FT-Raman (RS) spectra of the Cu(C;4HgNy4)
complex (No. 2 in Table 1; C4Hy group)compared to the free ligand spectra
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polyhedron of the D,, symmetry. When the copper atom is situated above the N,O,
plane, the C,, symmetry should be adopted for the discussion of the vibrational dy-
namics of the orthorhombic pyramidal polyhedron. The vibrations of this system are
described by the representation 44, + A, + 2B, + 2B,. These nine modes can be char-
acterized as four stretching v(CuN,) (4; + B;) and v(CuQ,) (4; + B,) modes, as well
as five bending (NCuN), 6(OCuO) and 6(NCuO) (24, + A, + B, + B,) modes. For
the C,, symmetry, all modes are active in the Raman spectra, whereas the 4,, B, and
B, modes are active also in the IR spectra. Therefore, four bands are expected in both
spectra in the stretching mode regions whereas five Raman bands and four IR bands
should be observed in the bending modes region. A further lowering of the symmetry
to C,, C; or C; makes all nine bands active in the IR and Raman spectra. These consid-
erations provide insight into a real structure of the CuN,O, coordination polyhedron in
the complexes studied here.

Upon comparing the FTIR and Raman spectra of the free ligand and its Cu-
complex in the range 60500 cm ' (Fig. 1), it is clearly seen that several new bands
appear in this region. Two Raman lines at 430 (medium) and 398 cm ' (strong) and the
IR counterparts at 425 (weak) and 397 cm ' (medium) correspond to two v(CuN,)
modes. Two other bands in the IR spectrum at 358 (strong), 330 cm ' (weak) and
320 cm™' (strong) should be assigned to v(CuO,) stretching modes. Bending vibra-
tions of the considered unit can be easily assigned to the Raman lines at 249, 217, 195
and 164 cm ' and IR bands at 259, 245 (shoulder), 238, 220 (shoulder) and 148 cm ™.
The wavenumbers of these modes are in good agreement with those reported in the litera-
ture for the copper(ll) complexes with nitrogen and oxygen donor ligands ([29-32] and
references therein). It should be noted that nine IR bands and eight Raman lines are
observed in this region that could be assigned to the vibrations of the CuN,O, unit.
This result means that the coordination polyhedron of the studied complexes is a dis-
torted orthorhombic pyramid and its symmetry could be described by the C,, C; or
even C; point group.

3.2. Near infrared, visible and ultraviolet absorption spectra

The electronic spectra of the complexes studied in the solid state and in the ethyl
alcohol solution are shown in Figs. 2 and 3. Figure 3 also shows deconvolution of the
spectra into Gaussian components. As a representative example, a C;sH7sNsO4Cu
sample, with the C;9H39N;0; ligand and the R = C¢H3; alkyl radical, was chosen. The
reference spectrum of a free (non-coordinated) ligand is also shown for the compari-
son. The spectra generally consist of seven components. In order to make the discus-
sion easier, the observed bands were labelled as N = v |—v;(in the order of increasing
energy). These data are collected in Table 2. Three types of electronic transitions,
appearing in different energy regions, are expected for the copper(Il) complexes stud-
ied. These are d—d transitions, ligand-to-metal charge transfer (LMCT) and charge
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transfer inside the electronic shell of the ligand (CT). The electronic spectrum of the
free ligand (Fig. 3) reveals the CT transitions of the alkylaminoacetylureas in the UV
region, i.e., above 30 000 cm . Their energies are significantly higher than those ob-
served for the two other types of transitions. The spectra of the free and coordinated
ligands show three strong bands at ca. 45 000—49 000 cm ', 40 000 cm ' and 30 000 cm .
These bands correspond to the m—n" and n—m" CT transitions inside the electron shell
of the ligand. The appearance of few components for the CT transitions results from
the presence of several chromophores in this molecule: two carbonyl and three amino

groups.

il

10

Absorbance
o

1
I J I ‘ ! X 1 ¥ I
10000 20000 30000 40000 50000

=
Wavenumber [cm ]

Fig. 2. Room temperature electronic absorption spectra of copper(Il) complexes with
alkylaminoacetylureas; in the solid state the sample specification as in Table 1. The experimental
error of the determination of the positions of band maxima does not exceed 10 cm!
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Fig. 3. The Gaussian deconvolution of the representative absorption spectrum
of C33H76N¢O,4Cu complex int the solid state (a) and ethanol (b)
and its comparison with the spectrum of a free C;oH39N;0, ligand (c)
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The LMCT transitions in the complexes studied appear at about 29 000 and
22 000 cm . The spectra of the free ligands do not show any band in this region. For
the complex compounds these transitions appear as medium intensity bands. The al-
kylaminoacetylureas have low lying empty orbitals of the non-bonded electrons as
well as empty m-antibonding orbitals connected with double bonds of the ligand.
Therefore, the components of these transitions, observed at about 29 000 and 22 000
cm ', can be denoted as N—Cu and O—Cu LMCT because the complexation of the
ligand to the copper ion occurs through oxygen and nitrogen atoms.

Table 2. Positions of maxima of the absorption bands for twelve complexes studied
(data obtained from their Gaussian deconvolutions)[cm™']

N—Cu 0—Cu wort T | T “CT

R d—d transitions ligand to ligand to f the licand of the
metal CT metal CT | ©' € 18N ligand

C;H; 7680 15780 19980 29290 32710 43200
C4Hy 8290 17840 21420 29790 34010 44550
CsHy; 10350 17210 20770 29900 33620 42180
CeHis 12520 18300 21560 30120 35710 45870
C;H;s 12220 17560 21410 28600 32570 43190
CgHyp 7700 11340 17980 21060 30350 34040 43660
CoHyo 7670 12020 18090 21830 29330 33980 45500
CioHyy 8710 18120 21630 29460 34150 45180
CpHys 8130 12860 18010 21670 29710 34220 45770
Ci4Hy 8630 12380 18290 21620 29810 33790 43130
Ci6Hss 7290 12070 18220 21000 30690 35430 45200
CisHs7 8570 12750 17410 21140 30040 33850 43790

The d-d transitions of the complexes studied are observed in the NIR region from
8000 to 18 000 cm'. The intensities of these bands are a few orders of magnitude
lower than those of the CT transitions. Two clear bands appear in this region at about
17 500 and 12 000 cm™'. The third component of this contour can be obtained from the
Gaussian deconvolution. This procedure locates the third component at about 8000
cm . Among the electronic transitions characteristic of the Cu”" ion, the band at about
17 500 cm ' is the most informative since it has relatively high intensity and is clearly
visible as a shoulder on the slope of the LMCT contour.

In the discussion of the observed electron spectra, the C,, symmetry derived from the
vibrational studies should be taken into account in the first approximation. The order of the
3d electronic states for related systems have been established by means of polarized crystal
spectra and theoretical calculations based on the angular overlap model (AOM) [33-37].
The order of the 3d orbitals, as derived by these authors, for the C,, symmetry was
d. .>d,>d.>d_>d.. The selection rules of magnetic dipole transitions predict

that the dxy - dYz Iy d. = dYz Iy and d,. — dvzfyz transitions are allowed, while the
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dz2 — dxz,yz transition is forbidden. Therefore, in the spectra recorded by us, three bands

are apparently in agreement with the experiment. The bands at 17 500, 12 000 and
8 000 cm—1 can be assigned to the d,, — dXZ-yZ ,d, — d){z_yz and d,, — dXZ-yZ transitions,

respectively. This result indicates that symmetry of the coordination polyhedron for the
studied complexes in the solid state is not higher than C,,, i.e. the coordination polyhedron
is a distorted CuN,O, pyramid. The energy ranges of the electron transitions obtained in
the present work fit well with the data presented in the literature [37-39].

The spectra of the complexes in ethyl alcohol solutions exhibit a splitting of the
17 500 cm ' band into a doublet at 15 910 and 18 440 cm . This result indicates that
three components are observed in the 10 000-20 000 cm ' range at 13 720, 15 910 and 18
440 cm'. The extinctions of these bands are as follows: 45.9, 80.6 and 81.2 [dem’ mol”
".cm '], respectively. Low intensities of these bands suggest that the frans-CuN,O, unit
may have a symmetry being a slight modification of a centrosymmetric group.

3.3. Luminescence spectra

Luminescence spectra of the complexes studied at room temperature (RT) are pre-
sented in Fig. 4. The comparison of the RT spectra with those recorded at 15 K (LT)
for the representative samples is shown in Fig. 5.

The RT emission spectra consist of two transitions: a broad and strong band at ca.
14 000 cm™' and another one, of weak intensity, observed at ca. 17 000 cm! as
a shoulder on the slope of the former band. Its behaviour upon the temperature de-
crease depends on the R radical mass. For the C;, sample, the emission has a nearly
constant position. For the C4 sample the maximum of the emission shifts from 14 000
cm 'at RT to 15 800 cm™' at LT. The largest shift is observed for the C¢ sample rang-
ing from 10 000 to 18 000 cm . The emissions at 17 000 and 14 000 cm ™' can be de-
scribed, as before, by d,(z_y2 — dy, and d,y — dy,, respectively. The large width of these
bands suggests that more than one site could appear in the complexes studied. This
problem will be discussed in the later part of this paper. The decay curves obtained for
the complexes studied from the time resolved experiment are non-exponential, giving
two life times of a few ns order. This suggests a different symmetry of some Cu”" ions
in these materials.

The electronic transitions observed in the absorption and emission spectra can be
compared with the complexes studied. The dependence of their energies on the R-
radical mass (i.e. the length of the R radical chain) is shown in Fig. 2 (the straight line
between the band maxima for the samples 1 and 12). Energy increases according to a
general trend, although the course is irregular. For the lighter ligands some differences
in the transition energies are observed, and stabilization occurs for the ligands above
Cyo. This result shows that the mass and length of the radical chain in the ligand influ-
ence, to some extent, the energy of the electronic levels and the properties of the com-
plexes studied.
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3.4. ESR spectra and magnetic properties

The magnetic susceptibility data obtained for twelve copper(Il) complexes with
alkylaminoacetylurea ligands in the temperature range 1.9—300 K are collected in Ta-
ble 3. It has been shown [26] that magnetic moments and susceptibilities of the com-
pounds studied change with the length of the alkyl chain. In the present paper, synthe-
ses of two other complexes belonging to this group with R = C3H; and C,H, are
reported and properties of these materials are compared with the properties of the pre-
viously studied compounds.

Table 3. Magnetic data of the Cu® complexes studied

Weiss Curie

No. R ﬂeffsl(\)/? K) %ﬁé?\(/)[ K) %fglﬁ K) constant & constant C
[B.M.] [B.M.] [B.M.] K" [em’K-mol /"

1 C;H, 1.80 1.78 1.81 0.13° 0.410°
2 | CH, 1.76 1.74 1.03 221 0.391
3 | CGHy, 1.83 1.79 1.90 0.42° 0.433°
4 | CeHys 1.75 1.73 0.98 234 0.386
5 | CHs 1.71 1.69 1.01 243 0.379
6 | CgHyy 1.74 1.74 1.01 -1.50 0.388
7 | CoHyo 1.87 1.80 1.69 -3.00 0.431
8 | CyoHy; 1.73 1.74 1.05 -0.93 0.398
9 | CpHys 1.81 1.72 1.06 -5.00 0.420
10 | Ci4Hayo 1.70 1.68 1.02 -2.20 0.369
11 | CieHas 1.85 1.73 1.05 -3.10 0.405
12 | CsHyy 1.99 1.81 1.10 -9.35 0.449

“In the temperature range 6-300 K.
°In the temperature range 640 K.

The results of susceptibility measurements for the new complexes with R = C;H,
and C4H, are presented in Fig. 6 in the form y,, 7= f(7), where y,, is the corrected mo-
lar magnetic susceptibility per Cu*" and T is the absolute temperature. The observation
of weak magnetic interactions at very low temperatures for the studied complexes
suggests that copper(Il) ions are not isolated in the crystal lattice. For the R = C;H;
complex a weak ferromagnetic interaction is observed, as evidenced through a very
small increase of y,,7 and magnetic moments below 25 K, as well as a positive value
of the Weiss constant (Fig. 6, Table 3). Similar results were previously observed for
the complex with R = CsHj; [26]. The behaviour of the complex with R = C4Hy is also
similar to the behaviour of other compounds studied (see Table 1), i.e. below 25 K
decrease of the y,,T values is observed, and the magnetic moment decreases from
1.76 B.M. at RT to 1.03 B.M. at 1.9 K (B.M. — Bohr magneton). This behaviour sug-
gests the existence of weak antiferromagnetic interactions between Cu®” ions. The plot
of y,, versus T shows a maximum at ca. 2 K (Fig. 7). This result confirms the presence
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of weak antiferromagnetic interactions. The calculated Weiss constant is negative and
its value is —2.21 K (Table 3).
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Fig. 6. Temperature dependences of the y,,T product
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Fig. 7. Temperature dependences of the magnetic susceptibility for the sample R = C4H,
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Figure 8 shows representative ESR spectra for three samples (R = C;H;, C4Hy and
C5H11).

R =C;H;
200 300 400
B [mT]
R=C,Hq
200 300 400
B [mT]
R=CgH,,
200 300 400
B [mT]

Fig. 8. ESR spectra of selected polycrystalline complexes:
R= C3H7, R= C4H9, R= C5H11, at S5 K

The ESR spectra were measured for polycrystalline samples at 300 and 5 K. Spec-
troscopic splitting parameters are the same for all measured complexes, g,,=2.10.
However, clear differences between the compounds with R = C;H;, R = CsH;; and the
remaining analogues are observed in the ESR spectra (Fig. 8). Since weak magnetic
interactions were observed only at the lowest temperatures, we have analyzed the ESR
spectra measured at 5K in order to obtain some information about these interactions.
The spectrum of the complex with R = C;H; exhibits only one symmetrical line at
about 3000 G, whereas the spectrum of the R = C;Hy complex (which is representative
of the remaining complexes) exhibits signal with two components. These components
are characteristic of monomeric Cu”" ions when the unpaired electron occupies the dy,.
y2 orbital and g, = 2.18 > g, = 2.05. The different type of spectrum was observed for
the complex with R = CsH;,, with g, = 2.11 and g; = 2.05. The reverse (g, < g,) ESR
spectra are obtained in complexes with a single electron in a d,” orbital [40]. For the
complex with R = CsH;; weak ferromagnetic interaction was observed. The distance
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between the Cu®" centres in the crystal lattice must be long and, therefore, the ob-
served magnetic interactions are very weak.
For all complexes the magnetization in function of the magnetic field strength was
measured and the results obtained at 1.9 K are presented in Fig. 9.
1 -
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M [B.M.]
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Fig. 9. Magnetic field dependence of the magnetisation
for the copper(Il) complexes studied at 1.9 K

For isolated magnetic ions, when H is small enough, the molar magnetization is
linear and the Curie Law is valid. When H becomes large, M tends to the saturation
value M;[41]. The molar magnetization is M = NgfSBs(y), where Bs(y) is the Bril-
louin function [41]. When H becomes very large, Bg(y) tends to unity and M tends to
the saturation value My =Ng/3S. If the saturated magnetization is expressed in NS units,
its value for § = 1/2 and g = 2.0 tends to 1. Figure 9 shows that for the two measured
complexes, with R = C;H; and CsH;;, magnetization tends to the saturation value at
high magnetic fields. It confirms the ferromagnetic character of magnetic interaction
observed in the two complexes. For the remaining compounds, up to H = 50 000 G,
the magnetization is linear.

4. Conclusion

The absorption and emission spectra as well as magnetic and ESR data obtained
for the new copper(Il) complexes with alkylaminoacetylurea ligands suggest that the
physicochemical properties of these compounds change with the length of the alkyl
chain. The coordination polyhedron of the Cu”" ions in these complexes is four coor-
dinated and pyramidal with small distortion from the square-planar. The very weak
ferromagnetic interactions are observed for the C; and Cs alkyls and the antiferromag-
netic ones for the remaining complexes with C, and Cs—C,4 alkyls. These studies will
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be continued using other physicochemical and X-ray methods when on single crystals
of these compounds.
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Preparation and bioactivity of embedded-style
hydroxyapatite—titania nanotube arrays

X.-F. X1A0", R.-F. L1u, T. TIAN

College of Chemistry and Materials Science, Fujian Normal University, Fuzhou 350007, China

Embedded-style hydroxyapatite—titania nanotube arrays were successfully prepared by anodic oxida-
tion of titanium substrate and centrifugal filling hydroxyapatite precursor sol into hollow nanotubes. The
morphology, microstructure and thermal stability of the samples were characterized by X-ray diffraction,
environmental scanning electron microscopy, and energy dispersive X-ray analysis. The results show that
the structure of titania nanotube arrays is stable at 500 °C or below, and the crystallized hydroxyapatite
could be formed from hydroxyapatite precursor sol after calcining at 500 °C for 4 h. The optimum calcin-
ing temperature for this material is 500 °C. An obvious apatite layer formed on the surface of the embed-
ded-style material after soaking in simulated body fluid for 5 days, indicating that the material possesses
a good in vitro apatite forming ability on its surface.

Key words: hydroxyapatite; bioactivity, composite; biomaterial; nanotube array; titania

1. Introduction

Hydroxyapatite (HA, Ca;o(PO4)s(OH),), a major inorganic component of bones,
shows high biocompatibility, bioactive and osteoconductive properties. HA, however,
cannot be used in load bearing situations due to its brittleness [1, 2]. Titanium and its
alloys possess favourable properties, such as good ductility, tensile and fatigue
strength, modulus of elasticity matching that of bones, a similar density to that of
bones, and good biocompatibility. So they are frequently used as surgical implants in
load bearing situations such as hip prostheses and dental implants [3, 4]. However, it
is difficult for them to bond to bones, due to their poor osteointegration properties.
Thus, much attention has been focused on improving the bioactivity of titanium, using
techniques such as plasma spray [5], laser fusion [6], ion sputtering [7], electropho-
retic deposition [8], hydrothermal electrodeposition [9] etc. to form HA coating on
titanium substrates. All these methods have respective merits but they share a common
ground in that the materials derived from them are layer-style configurations, with HA
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coating on the surface of titanium substrates. This means that the interfacial fractures
may occur between HA coatings and titanium substrates, resulting in the implant mi-
gration and loss. Therefore, how to avoid loosing and scaling-off of coating is an ur-
gent problem to resolve for HA coating materials.

In this study, a new embedded-style composite material, instead of a layer-style
one, was prepared by anodizing on the titanium in HF solution to fabricate titania
nanotube arrays and then affusing HA precursor sol into titania nanotubes by centrifu-
gal force. HA precursor sol was prepared from Ca(NOs),4H,O ethanol solution and
P,0Os ethanol solution. Titania nanotube arrays prepared by anodic oxidation in HF
[10—14] show a discrete, well-ordered, and hollow structure. Therefore, titania nano-
tube arrays could be used as carriers to fill HA precursor sol. Consequently, an em-
bedded-style hydroxyapatite—titania nanotube arrays composite material could be ob-
tained. This composite material has both excellent properties of HA and Ti being
expected to improve the loosing and dislocation problems of HA coating.

2. Experimental

Preparation of titania nanotube arrays. Pure titanium foils (99.5% pure) were
purchased from the Northwest Institute for Non-ferrous Metal Research (China). Prior
to anodization, the titanium foils were ultrasonically cleaned in acetone and distilled
water, for 5 min, respectively, then eroded in 4% HF + 5mol/dm® HNO; for 30 s, fol-
lowed by ultrasonic cleaning in distilled water for 5 min and dried in air at 40 °C.
A set-up with a graphite cathode was employed for the anodization of titanium in HF
solution (0.5 wt. %). All electrolytes were prepared from analytical reagent grade
chemicals and distilled water. The anodizing voltage was kept constant at 20 V during
the entire process with a dc power supply (GOA, China) [10]. The whole course of
anodization was conducted at room temperature (25 °C) with magnetic agitation. After
anodization, the samples were rinsed with distilled water and then dried at 40 °C in air.
The effect of the heat treatment on morphology of the titania nanotube arrays was
conducted by putting the samples into a furnace at various temperatures (from 300 °C
to 600 °C) for 4 h.

Preparation of the HA precursor sol. HA precursor sol was prepared using
a mixed ethanol solution of calcium nitrate and phosphorous pentoxide [15], control-
ling the Ca/P molar ratio at 1.67 being the stoichiometric value of HA. Calcium nitrate
ethanol solution was dripped into phosphorous pentoxide ethanol solution with a mag-
netic agitation at room temperature, and kept static for 24 h before filling into titania
nanotube arrays. Furthermore, another precursor sol was dried at 100 °C for 2 h and
the resulting dried gels were calcined for 4 h at various temperatures, ranging between
300 °C and 500 °C.

Preparation of embedded-style composite materials. The prepared HA precursor
sol was placed in a centrifugal test-tube, and then the prepared titania nanotube arrays
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were soaked in the HA precursor sol. The samples were placed as shown in Fig. 1,
titanium foil was glued horizontally on the built-in sample stage and titania nanotube
arrays were put upwards. Under the centrifugal force, produced by the centrifuge op-
erating at 4000 rev./min for 30 min, HA precursor sol was filled into the titania nano-
tubes. The samples were then taken out, ultrasonically cleaned in pure ethanol to re-
move HA precursor sol on the top of titania nanotube arrays. Then, the samples were
dried at 100 °C in air for 1 h and calcined at 500 °C for 4 h.

e
\‘—4-_ B
HA sol
———
\“‘“‘———""‘j nanotube array

sample table

Fig. 1. Schematic diagram of the placement
of the sample during centrifugal filling

In vitro bioactivity of the composite material. The composite materials were in-
serted into culture vials containing a simulated body fluid (SBF), which was prepared
according to Kokubo et al. [16]. The composite materials were soaked in SBF for
5 days at 37 °C without stirring before they were taken out for coating characteriza-
tion. Titania nanotube arrays without embedded HA were also soaked in SBF in
a control experiment.

Characterization of the samples. A Philips XL30 environmental scanning electron
microscope (ESEM), equipped with a Philips energy dispersive X-ray analyzer
(EDAX) was employed to characterize the morphology and compositions of the com-
posite materials. In order to obtain information on the structure of composite materi-
als, they were mechanically bent, and in some cases a partial lift-off of the titanium
substrate occurred. A Philips X’Pert MPD diffractometer system, using CuK, radia-
tion, was employed to characterize the phase of the samples. The X-ray generator op-
erated at 40 kV and 40 mA. Data sets were collected over the range of 5-90° with a
step size of 0.02° and a count rate of 4.0 K'min".
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3. Results and discussion

Figure 2 shows SEM images of the titania nanotube arrays obtained by anodiza-
tion. As shown in Fig. 2a, titania nanotube arrays with discrete, hollow, tubular fea-
tures were obtained in 0.5 % HF solution. The SEM micrographs show that titania
nanotubes measure about 250 nm long with an inner diameter of about 100 nm. This
structure possesses larger surface areas and is different from the nonporous titania
layers formed in other electrolytes such as sulfuric acid [17, 18]. In fluoride-
containing electrolytes, anodization of titanium is accompanied with the chemical
dissolution of titanium oxide due to the formation of TiF.~. Highly uniform nanotube

arrays, instead of porous or nonporous structures, formed [10, 14]. Although the
shrinkage of the tube diameter was observed after heating at 500 °C for 4 h (Fig. 2b),
the structure of the titania nanotube arrays is still intact. When increasing the heat
treatment temperature to 600 °C (Fig. 2c), the nanotubes collapse into an irregularly
shaped morphology, losing their tubular structures. The results indicate that the titania
nanotube arrays structure could be stable at temperatures not higher than 500 °C.

Fig. 2. SEM images of the titania nanotube arrays:
a) as-prepared without heat treatment,
b) heat-treated at 500 °C, c¢) heat-treated at 600 °C

Figure 3 shows the XRD patterns of the titania nanotube arrays without (Fig. 3a)
or with heat treatment at 500 °C (Fig. 3b). Only Ti diffraction peaks can be seen in
Fig. 3a, indicating that the untreated nanotubes were amorphous and were crystallized
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from amorphous to anatase phase at 500 °C. In order to testify the crystallization of
titania nanotube arrays, the same heat treatment was performed on pure titanium with-
out titania nanotube arrays. There is only Ti peak appearing on the pattern at 500 °C.
The results indicate that the phase transformation of the titania nanotube arrays at

500 °C is the result of their crystallization.

1
Ti

4

v
anatase

v
oy N Y ;
a

20 25 30 35 40 45 50 55 60 65 70 75 80

20/deg

Fig. 3. XRD patterns of titania nanotube arrays: a) as-prepared
without heat treatment, b) heat-treated at 500 °C

10 20 30 40 50 60 70 80
20/deg
Fig. 4. XRD patterns of the powder from HA precursor sol after calcining
at various temperatures: a) before calcining, b) at 300 °C, ¢) at 400 °C, d) at 500 °C
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Figure 4 shows the XRD patterns of the powder formed from HA precursor sol af-
ter calcining at various temperatures. Figure 4a shows that the dried gel without heat
treatment exhibits highly amorphous characteristics. The powder calcined at 300 °C
exhibits many diffraction peaks of other phases with a considerable amount of amor-
phous phase (Fig. 4b). The diffraction peaks of apatite appear after heat treatment at
400 °C (Fig. 4c), and their intensity increases with increasing temperature. After cal-
cining at 500 °C, the intensity of the main diffraction peaks of HA, such as (002),
(210), (211), (112), (300) and (202), is very strong, indicating that HA has a high de-
gree of crystallinity.

According to the morphology observation of titania nanotube arrays (Fig.2) and
the XRD analysis of the powder of HA dried gel after heat treatment at different tem-
perature (Fig. 4), an embedded-style hydroxyapatite—titania nanotube arrays composite
material could be obtained by affusing HA precursor sol into titania nanotubes using
centrifugal force and then calcining at 500 °C. The optimum calcining temperature for
this material is 500 °C.

Fig. 5. SEM image of the surface and transection morphology of the embedded-style materials

Ti
0 Ti
L P Ca ' \A

I Ll T 1 I Ll T 1 Ll Ll 1

0 1 2 3 4 5 6 7 8 9 10
El keV

Fig. 6. EDAX analysis of the nanotube end as shown with the arrow in Fig. 5b
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Figure 5 shows the surface and transection morphology of the embedded-style hy-
droxyapatite—titania nanotube arrays composite material. As shown in Fig. 5a, it is
clear that many tubes have been filled with something, but some nanotubes still have
not been filled with, the mouths of which are clearly visible. In order to confirm
whether the HA precursor sol has been filled into the nanotubes, the nanotube end was
characterized by EDAX, as shown in the arrow in Fig.5b. EDAX results show that
titania nanotube arrays mainly consist of Ti, O and a small quantity of Ca and P ele-
ment (Fig.6), which indicates that HA precursor sol could be filled into the nanotube
using centrifugal force, and such embedded-style hydroxyapatite—titania nanotube
arrays composite material could be obtained.

Fig. 7. Surface morphology of the sample after soaking in SBF for 5 days:
a) embedded-style composite material, b) titania nanotube arrays heat-treated at 500 °C

OTi o
W apatite

r b T ¥ T ¥, T = T ¥ T ¥. T % 1
10 20 30 40 50 60 70 8a
20/deg

Fig. 8 XRD pattern of the new layer after soaking in SBF for 5 days

Figure 7a shows the surface morphology of the embedded-style hydroxyapatite
—titania nanotube arrays after soaking in SBF for 5 days with an obvious layer
formed on the surface of the titania nanotube arrays. The XRD pattern of the new
layer is shown in Fig. 8, compared with the standard card (JCPDS 09-432), indicating
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that the layer formed on the surface is an apatite layer. The results of a control experi-
ment without filling HA precursor sol are shown in Fig. 7b: there is nothing on the
surface of the titania nanotube arrays and the open tops of the nanotubes are clearly
visible. The results show that an embedded-style hydroxyapatite—titania nanotube
arrays composite material has an apatite-forming ability in SBF on its surface related
to the HA contained in the nanotubes. After soaking in SBF, a trace of HA could dis-
solve and form PO, and Ca®’ions which induce the nucleation of apatite. Once the
apatite nuclei are formed, they spontaneously grow by consuming calcium and phos-
phate ions from SBF. As a result, apatite nucleates and grows on the surface of titania
nanotube arrays. Therefore, they are endowed with in vitro bioactivity by centrifugal
filling with the HA sol.

4. Conclusions

A new embedded-style hydroxyapatite—titania nanotube arrays composite material
was successfully prepared by centrifugal filling HA precursor sol into the nanotubes of
titania nanotube arrays, with the aid of the pressure provided by a centrifuge. The op-
timum calcining temperature for this embedded-style material is 500 °C. Bioactivity
study indicates the obtained material possesses excellent bioactivity. It is an effective
way to endow Ti with bioactivity by anodic oxidation in HF electrolyte and centrifu-
gal filling HA precursor sol into the nanotubes.
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properties of Mn,_,Ag,N compounds
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Mny_,Ag,N compounds (x = 0.0, 0.3, 0.6, 1.0) were prepared by milling and subsequently annealing
the mixture of Mn,Nj g6, Mn, and Ag powders. All compounds display good single-phase characteristics.
Both MnyN and Mnj; ;Ag, 3N exhibit ferrimagnetism, and a little Ag replacement of Mn can improve the
saturation magnetization. The magnetic transition of Mnj 4Agg ¢N and Mn3;AgN below 15 K is from trian-
gular antiferromagnetism to non-coplanar ferrimagnetism, while the ones at 256 and 275 K (Mn; 4Agy ¢N
and Mn3;AgN, respectively) have been ascribed to the gradual transition, as temperature increases, from
the triangular antiferromagnetic structure "¢ to a ferrimagnetic-like one. Two minima appear on the p(T)
curves for MnzAgN, with the observation of a positive magnetoresistance throughout the whole tempea-
ture-dependent change.

Key words: antiferromagnetism; spin reorientation, magnetoresistance

1. Introduction

Nitrogen atoms in octohedral interstices of fcc manganese yield the cubic anti-
perovskite MnyN and, in turn, produce a strong difference between the Mn atoms sur-
rounding the nitrogen and those at the corners of the unit cell. Therefore, the face cen-
tred Mn forms an MngN octahedron having a great chemical stability [1]. Conversely,
Mn atoms at the corners have greater lability, hence can be substituted by a set of me-
tallic atoms, giving rise to the family of the anti-perovskite Mn;MN
(M =Zn, Cu, and Sn, etc.) compounds [2—4].

Mah [5] prepared MnyN, with a minor impurity phase MnO, by heating Mn pow-
ders in N, for 31 h at 1173-1243 K, and determined the heat of combustion of Mny;N
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as —441.4+0.2 kcal/mol. Takei et al. [6, 7] determined its magnetic structure by means
of neutron diffraction. At 77 K, the Mn moments with 3.85up, at the corner of the
cubic unit cell, are anti-parallel to three face-centred moments of 0.90u. Recently, the
film of MnyN [8] was grown by plasma-based ion implantation, and the corresponding
structural and magnetic properties were extensively investigated. On the other hand,
Fruchart et al. [9] reported the preparation of Mn;AgN compound. Their investigation
revealed that the manganese moment of the Mn;AgN compound was 3.1 ug below
55 K, with a coexistence of two kinds of triangular antiferromagnetic (AFM) struc-
tures, i.e. I"* and 1", which indicated the presence of ferromagnetic moments. How-
ever, this compound exhibits a pure triangular AFM structure /"> in the temperature
range between 55 and 290 K, with the manganese moment of 2.8 ug. After consider-
ing the magneto-crystalline anisotropy energy and the Dzyaloshii—-Moriya interaction,
Gomonaj et al. [10] stated that the magnetic phase transition at low temperatures of
Mn;AgN should be from triangular AFM to non-complanar ferrimagnetic (FIM n.c.)
ones. Moreover, MnyN and its various metal-doped compounds such as Mn, ,Ga,N
[11] and Mn;(Cu;_,Ge,)N [12, 13] display a variety of magnetic structures as well as
promising applications.

From the aforementioned research, it can be inferred that Mn, ,Ag,N with x =0 — 1
solid solution compounds could be produced successfully. Moreover, from the ferrimag-
netism of MmN to a pure triangular AFM structure 7% of Mn;AgN, it is a significant and
interesting subject to explore magnetic and transport properties of Mny ,Ag,N solid solu-
tion compounds which might lead to some new findings as well as applications.

2. Experimental details

Mn flakes were milled under an argon atmosphere for 5 h in a high-energy ball
mill. The as-milled powders were firstly homogenized at 573 K in a vacuum for
20 min and then cooled down to room temperature. N, was introduced into the en-
closed tube with the powders, before in-situ nitrogenation was carried out at 823 K for
4 h. X-ray diffraction (XRD) pattern reveals a single-phase compound Mn,Ny g [14].
Mn, Ag and Mn,N,gs powders were mixed evenly in an appropriate proportion. The
powder mixtures were continuously milled under an argon atmosphere for 1 h before
interruption at a predetermined interval of 0.5 h, so as to prevent Mn,N, g from de-
composition. The total milling time was 5 h. The as-milled powders were annealed at
823 K for 30 min in a vacuum better than 2x10° Pa.

XRD analysis was performed using CuK,, radiation with a Rigaku D/max-JA ro-
tating target diffractometer. Magnetic properties were investigated with a supercon-
ducting quantum-interference device (SQUID, Quantum Design). For the magnetic
measurements, the sample was cooled from 295 K to 5 K in the absence of a magnetic
field and subsequently subjected to a dc magnetic field at 5 K. The sample was then
heated while the magnetization was measured in the constant field. The powders were
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uniformly solidified with glue. The powders were pressed into a pellet that was ground
to a rectangular parallelepiped with the dimensions of 1x0.6x8 mm’ to fit the test
holder used for electrical measurement. Temperature dependences of electrical resis-
tivity were measured by a standard four-probe method.

3. Results and discussion

3.1. Structural properties

Figure 1 shows the XRD patterns of Mn, ,Ag,N compounds. The diffraction peaks
of all the compounds are broadened indicating the presence of nanocrystallites. All
samples are isostructural with MnyN (Pm3m). As mentioned above, Mn atoms at the
corner of MnyN have greater liability than those at the face centre, and may be
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Fig. 1. X-ray diffraction patterns of Mn, ,Ag,N with x = 0.0, 0.3, 0.6, and 1.0

preferentially substituted, which is confirmed by a successful preparation of Mn, ,Ag,N
solid solution compounds. Besides, with the increase of Ag content, the corresponding
XRD peaks of the compounds shift towards lower angles which indicates lattice expan-
sion. Due to a smaller atomic radius of Mn (0.1365 nm) than that of Ag (0.1445 nm), the
change of lattice parameters of the Mn, ,Ag,N compound is entirely reasonable.

3.2. Magnetic properties

Temperature dependences of magnetizations of Mny,N and Mn;;Ago3N com-
pounds under dc magnetic fields of 10 mT and 5 T (only for MnyN) are plotted in



36 W.J. FENG et al.

Fig. 2. Obviously, both curves under the field of 10 mT display similar behaviour. A
broad peak occurs in the range from 5 to 300 K. However, the temperature dependence
of magnetization under the field of 5 T represents no abnormal behaviour in the same tem-
perature range. The isofield magnetizations of MnyN, or rather Mny_In,N with x = 0 with
a large magnetic field [15] resemble that of ours under the field of 5 T. Therefore, the
round cusp should be ascribed to a spin reorientation.
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Fig. 2. Temperature dependences of magnetization of Mny ,Ag,N
(x =0, 0.3) measured in a dc magnetic field of 10 mT and 5 T
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Fig. 3. Hysteresis loops of Mn; ;Ag, ;N at 5 and 300 K. The inset shows
the isothermal magnetization curves at different temperatures
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The hysteresis loops of Mnj;;Agy;N compounds at 5 and 300 K are shown in
Fig. 3. Its inset gives isothermal magnetizations at various temperatures. Ferrimag-
netic behaviour can be observed for this compound in the temperature range 5-350 K.
It is well known that MnyN exhibits ferrimagnetism [6, 7]. Moreover, weakly Ag sub-
stituted Mny,N compound can still display ferrimagnetism. Furthermore, as shown in
Figs. 2 and 3, the saturation magnetizations at 5 K of Mn,;N and Mn; ;Agy ;N are 24.8
and 31.7 A-m?/kg.
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Fig. 4. Temperature dependences of magnetization of Mny_,Ag, N (x = 0.6, 1.0)
measured in a dc magnetic field of 10 mT and 5 Tat a) 300 K, b) 5K

Spin reorientation can be often observed in the Mn;MN family (M = Ag, Ga, Ni,
etc.) [10, 16, 17]. That is, the presence of weak ferromagnetism or triangular AFM is
based on the symmetry of "4, or I's,, or their combined magnetic structures, i.e. rota-
tion of triangular magnetic moment in the (111) crystal plane. During the rotation
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process, the axis would change continuously in a wide temperature interval without
changes in the magnitude of moments or in the lattice structure, and then spin reorien-
tation occurs.

Temperature dependences of magnetization of Mnjz4AgysN and Mn;AgN, under
the dc magnetic field of 10 mT and 5 T, respectively, are plotted in Fig. 4a. The same
dependences at low temperatures are shown in Fig. 4b. Under the field of 10 mT, the
magnetic behaviour of Mn;AgN is similar to that of Mn; 4Agy¢N above 20 K. That is,
they display a cusp at 275 and 256 K, respectively. But below 20 K, the magnetization
of Mn;4AgosN becomes large again, while that of Mn;AgN becomes continuously
smaller. Under the field of 5 T, similar behaviours of both compounds can be dis-
tinctly observed throughout the whole temperature range, other than the rounder peaks

(see the upper panel of Fig. 4a).
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Fig. 5. Hysteresis loops of Mn;AgN at 5 and 300 K. The top inset shows
the hysteresis loops at 5 K and 300 K in a larger scale, while the bottom one
isothermal magnetization curves at various temperatures

Fruchart et al. [9] reported that, for Mn;AgN compounds, a combination of two
triangular AFM structures, i.e. I™* and ", exists below 55 K, while an entirely trian-
gular AFM I structure exists between 55 and 290 K. This indicates that a magnetic
change occurs at about 55 K. According to Gomonaj et al. [10] this magnetic transi-
tion should be from triangular AFM to FIM nc upon decreasing temperature. For
Mn; 4Ago 6N, below 20 K, the magnetization enhancement suggests the occurrence of
the magnetic transition, essentially consistent with the findings in Refs. [9] and [10].
For Mn;AgN under low field, the smaller magnetizations with decreasing tempera-
tures seem to be associated with the enhancement of magneto-crystalline anisotropy
which is evident as shown in the top inset of Fig. 5. Under a strong field, Mn;AgN
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displays the same behaviour as that of Mn;4AgysN which reveals that both com-
pounds should experience similar magnetic transitions. On the other hand, the peaks at
256 and 275 K, for the magnetizations of Mn;4AgosN and Mn;AgN, respectively,
indicate that both the compounds exhibit different magnetisms below and above these
temperatures.

The hysteresis loops of Mn;AgN at 5 and 300 K are plotted in Fig. 5. Below 1 T,
they both display ferrimagnetic-like behaviour, while AFM behaviour can be observed
under a strong field, which is a common characteristic of Mn;MN (M = Sn, Ag, Ni,
etal.) [4, 10, 16]. The bottom inset represents the isothermal magnetizations of
Mn;AgN at various temperatures. As temperature increases, the magnetization be-
comes enhanced in the range from 5 to 260 K, and gets small again above 260 K, im-
plying that the magnetic transition can occur at 260 K, corresponding to the observa-
tion of the isofield magnetizations. However, this magnetic transition seems to only
relate to the comparative increase/decrease of the ferromagnetism component of
Mn;AgN.

Commonly, the triangular spin configuration per unit is composed of three spin
vectors, with their respective angle of 120°. The triangle rotates opposite to the rota-
tion of the field [18]. Moreover, the aforementioned triangular AFM is based on the
symmetry of /"4, or I's,, or their combined magnetic structures. When a strong mag-
netic field is exerted on this configuration, the three spins will be partially aligned
along the direction of the field. Therefore, ferrimagnetic-like behaviour will gradually
increase, based on the increasingly weakening magneto-crystalline anisotropy in func-
tion of increasing temperature. Finally, once the M(7) curves achieve peak magnetiza-
tion (i.e., those when a maximum vector sum is attained) under the 5T field, magneti-
zation decreases with subsequent temperature increase. To some extent, this process is
the magnetic transition from triangular AFM I"* structure to ferrimagnetic-like one,
but at a gradual pace. This argument can be used to explain the magnetic behaviour of
Mnj; 4Ago¢N and Mn;AgN compounds above 200 K.

3.3. Transport properties

Temperature dependences of electrical resistivity of Mn;AgN under the fields of
0 and 5 T, respectively, are shown in Fig. 6. Its inset shows the temperature depend-
ence of magnetoresistance MR. It is noted that the electrical resistivity is rather large.
Furthermore, a double minimum of resistivity occurs on the p(7) curves. As is known,
the compound experiences a magnetic transition from AFM to FIM n.c. at low tem-
peratures. Based on the magnetic scattering mechanism, the electrical resistivity
should become small, contrary to our observation. In fact, the spin-glass-like and
ferrimagnetic phases of Mny ,Ga,N solid solution (0.7 <x < 1) [11] always coexist at
low temperatures which arises from a complicated change of magnetic structures. We
conjecture that the enhancement of electrical resistivity for Mn;AgN at low tempera-
tures is due to the presence of such disorder as spin glass or spin-glass-like phase.
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Between 45 and 220 K (the temperature corresponding to the maximum electrical
resistivity), the resistivity becomes enhanced with increasing temperature. In the same
temperature range, the magnetization increases almost linearly, which is characteristic
of triangular AFM. The increase of the resistivity reveals the enhancement of AFM.
From 220 to about 350 K, the magnetic measurement reveals the gradual magnetic
transition from triangular AFM "¢ structure to a ferrimagnetic-like one. Correspond-
ingly, the resistivity exhibits the contrary process.
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Fig. 6. Temperature dependences of electrical resistivity of Mn;AgN at various fields.
The inset represents temperature dependence of MR value, i.e. (0(H) — (0))/o(H), where o(H) and o(0)
correspond to the electrical resistivities measured in dc magnetic fields of 5 T and 0 T, respectively

In terms of the above measured results, MR value can be determined, which is
plotted in function of temperature in the inset of Fig. 6. The zero-field electrical resis-
tivity curve is almost the same as that corresponding to a 5 T dc field. Furthermore,
the latter is above the former in the whole temperature range, which means a positive
MR value, with the maximum of 1.13%. Chi et al. [3] reported a positive MR value of
CuNMn; in the whole temperature range, with the maximum of 4% at 150 K under the
field of 5 T. According to Kim et al. [2], for ZnNMn; compound, the structure-
induced magnetic transition can result in the increase/decrease of the electrical resis-
tivity. That is, micro-cracks, generated from the irreversible radical lattice expansion
can lead to the enhancement of resistivity and a positive MR value. Sun et al. [19]
reported an anomalous, positive-valued MR in Fe,;5Mn, 35As. By combining the lat-
tice expansion, confirmed by XRD measurement, with the magnetic measurements,
they unambiguously revealed that micro-cracks resulting of radical lattice expansion
are the dominant factor leading to positive MR. Our Mn;AgN compound was prepared
by milling and subsequently annealed at 823 K for 30 min. The presence of a broad
XRD peak reveals that the homogenization is rather insufficient for removing the de-
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fects such as dislocations, stacking faults, grain boundaries, etc., arising from the high-
energy milling process. Therefore, it seems that the presence of a magnetic field is not
the only factor leading to the positive MR value. The so-called magnetoresistance can
also arise from other non-field contributions, such as micro-cracks.

4. Conclusions

By means of milling and subsequent annealing the mixture of Mn,Ny g, Mn, and
Ag powders, Mny ,Ag.N (x = 0.0, 0.3, 0.6, 1.0) compounds were successfully pre-
pared. All samples exhibit single-phase compounds. MngN and Mn;;Ag,;N display
ferrimagnetism. Partial Ag replacement of Mn can promote the saturation magnetiza-
tion. For Mn; 4Agy¢N and Mn;AgN compounds, the magnetic transition below 15 K is
from AFM to FIM n.c. with lowering temperature. The magnetic transitions at 256 and
275 K, respectively, can be ascribed to the gradual transition from triangular AFM "
structure to ferrimagnetic-like one. Two minima occur on the curves of temperature
dependences of electrical resistivity which can be clearly interpreted by the magnetic
scattering mechanism. Positive magnetoresistance can be observed in the whole tem-
perature range, with the maximum of 1.13%.
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Characterization of nanocrystalline LiNi;_,Co,VO,
prepared by the polymerized complex method

T. THONGTEM' ", A. PHURUANGRAT?, S. THONGTEM®

'PERCH-CIC, Department of Chemistry, Faculty of Science, Chiang Mai University,
Chiang Mai 50200, Thailand
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Nanocrystalline LiNi;_,Co, VO, (x = 0.00, 0.25, 0.50, 0.75 and 1.00) was prepared from Li,COs,
Ni(NO;),.6H,0, Co(NO3),.6H,0 and NH,VOs;, using tartaric acid as a complexing agent, followed by
450 °C calcination for 12 h. TGA results show that nanocrystallites started to form at 450-550 °C. Inverse
spinel LiNi;_,Co, VO, was detected using the XRD and SAED methods. The calculated lattice parameter
increased upon increasing Co concentration. It was in accordance with the increase in the particle size
determined using TEM images. A stretching band of VO, tetrahedra was detected at 651-820 cm ' using
FTIR. V-O vibrational bands analyzed with a Raman spectrometer were shifted to the lower wavenum-
bers, due to the increase of Co concentration. The selected elements were also analyzed using EDX and
AAS to determine the stoichiometric values (x) of the oxides.

Key words: nanocrystalline LiNi;_.Co, VO, polymerized complex method; tartaric acid

1. Introduction

Lithium transition metal oxides are appropriate for use as cathode materials in Li
ion batteries. To improve their electrochemical properties, cathode materials contain-
ing a variety of transition metal oxides have been developed and investigated. Among
transition metal oxides with inverse spinel structures, LiNiVOy, LiNiysCogsVO, and
LiCoVOy can perform very well even at voltages as high as 4.3-4.8 V [1-4]. Cur-
rently, nanocrystals are found to exhibit novel properties by decreasing the electron
path length, promoting the tunneling property of electrons, and increasing the specific
surface area [5]. For the present research, nanocrystalline LiNi;_Co,VO, was prepared
by the polymerized complex method, using tartaric acid as a complexing agent, and
analyzed to specify phase, morphology and other features.

*Corresponding author, e-mail: ttpthongtem@yahoo.com; ttpthongtem@hotmail.com
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2. Experimental

Li,COs, Ni(NO3),'6H,0, Co(NO3),°6H,0 and NH,VO; were separately dissolved
in water and then mixed together. pH of 5 was adjusted using HNO3. Then tartaric
acid was added. The solution was stirred at 80 °C until it became a gel consisting of
tartaric complexes of the metal ions (precursors). The gel was dried at 80 °C for 12 h
and calcined at 450 °C for 12 h to form powder. The final products were analyzed by
the TGA at the heating rate of 20 °C/min in ambient atmosphere, XRD operated at
20 kV, 15 mA and using the K, radiation from a Cu target, TEM as well as SAED
operated at 200 kV, EDX operated at 15 kV, AAS to determine Li, Ni and Co atomic
percents, FTIR with KBr as a diluting agent and operated in the range 4004000 cm ',
and a Raman spectrometer using 50 mW Ar laser with A= 514.5 nm.

3. Results and discussion

3.1. TGA curves

Pure tartaric acid and non-calcined precursors were analyzed using TGA (Fig. 1).
The curves for the different stoichiometric values (x) are very similar, showing that

soc»ﬁ
500: tartaric acid
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Fig. 1. TGA curves of pure tartaric acid and non-calcined precursors for LiNi;_,Co, VO,

weight losses were controlled by the same processes. Their weight losses were divided
into four stages over the temperature range 50-550 °C. They are the evaporation of
adsorbed and lattice water at 50-200 °C, the decomposition of residual tartaric acid at
200290 °C (compared with pure tartaric acid), and the decomposition and combus-
tion of residual starting agents and other organic compounds at 290-450 °C. At
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450-550 °C, the weights are almost constant and different atoms are arranged in
a particular order or positions to form crystalline oxides.

3.2. XRD spectra

XRD spectra of the oxides are shown in Fig 2. At x = 0.00 and 1.00, they corre-
spond to those of the JCPDS standard for LiNiVO, (38-1395) and LiCoVO,
(38-1396), respectively [6]. At x =0.25, 0.50 and 0.75, the spectra are similar to those
of their pure oxides (x = 0.00 and 1.00) specified as the solid solution (mixture) of
LiNiVO, and LiCoVO,[1, 3, 4].
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Fig. 2. XRD spectra of LiNi;_,Co, VO,
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LiNi; ,Co, VO, (x = 0.00, 0.25, 0.50, 0.75 and 1.00) forms a single phase with in-
verse spinel structure identified by (111) and (220) peaks of weak and strong intensi-
ties, respectively [2, 7]. For inverse spinel structure, Li and M (M = Ni and Co) atoms
equally occupy octahedral sites at random, and V atoms are in tetrahedrally coordi-
nated 8a sites [2, 4, 7]. The cubic lattice parameter (a) of LiNi;_,Co,VO, was calcu-
lated (Fig. 3) [8]. It was monotonically increased with the increase in stoichiometric
value x. At x = 0.00 and 1.00, the lattice parameters are respectively 0.8222 nm and
0.8278 nm which are very close to the values shown in the JCPDS standard
(0.8220 nm for LiNiVO, and 0.8279 nm for LiCoVO,) [6].

3.3. FTIR and Raman analyses

FTIR spectra of LiNi, ,Co, VO, (Fig 4) show a stretching band of VO, tetrahedra
at 651-820 cm . It splits into three bands (651, 722 and 820 cm') characterized as the
inverse spinel structure [4, 9-11]. The splitting extent becomes lesser when the
stoichiometric values are larger, and no longer exists at x = 1.00. An asymmetric
stretching band of MO (M = Ni and Co) octahedrons was detected at 1136 cm™' [10].
At x =0.00 and 1.00, they are the stretching bands of Ni—O and Co—O, respectively.
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Fig. 4. FTIR spectra of LiNi;_,Co, VO,
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Raman spectra of LiNi,_,Co,VOy (Fig. 5) show bands of the stretching (4, sym-
metry) and bending (£, symmetry) V-O modes in VO, tetrahedra [3, 4]. The stretch-
ing and bending modes were respectively detected at 811 and 327 cm ™' for LiNiVO,,
and at 803 and 304 cm ' for LiCoVO, [3, 4]. The bands of LiNiVO, appear at higher
wavenumbers than those of LiCoVOQ,. The stretching and bending bands of
LiNi0.75C00'25VO4, LiNi0'50C00'50VO4 and LiNi0.25C00.75VO4 are between those of
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LiNiVO,and LiCoVOy,. The substitution of Ni in LiNiVO, by Co makes the vibration
bands of all metal-oxygen in the solid solution weaker by shifting the bands from high
to low wavenumbers [3].
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Fig. 5. Raman spectra of LiNi;_,Co,VO,

3.4. TEM and SAED

TEM images and SAED patterns of LiNiVOy, LiNij 5¢C0g50VO,4 and LiCoVO, are
shown in Fig 6. The oxides are composed of rather round particles with dimensions of
19, 60 and 98 nm, respectively. The average particle sizes are increased with the

100 nm

Fig. 6. TEM images and SAED patterns of: a) LiNiVOy, b) LiNij 5¢C0¢ 50V Oy, and c¢) LiCoVO,
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increase of Co concentration corresponding to the increase of the lattice parameter.
SAED patterns show a number of bright spots arranged in concentric rings. They dif-
fract from the crystallographic planes of the unit cells of the oxides. The calculated
interplanar spaces (d) [12] of the SAED patterns in Fig. 6a and 6c are in accordance with
those of the JCPDS standard of LiNiVO, and LiCoVQO,, respectively [6]. The diffraction
planes are (111), (220), (311), (400), (422), (511) and (533). The d values of the SAED
pattern in Fig 6b correspond to those of pure oxides (x = 0.00 and 1.00) showing that
LiNig 50Co¢.50V Oy is the solid solution of LiNiVO, and LiCoVO, [1, 3, 4].

3.5. EDX and AAS

Li is too light to be detected using the EDX. At x = 0.00, only Ni, V and O were
detected. Additional Co was detected at x = 0.25, 0.50 and 0.75. The results are in
accordance with those of using both Ni and Co salts as the starting agents. At x = 1.00,
only Co, V and O were detected. To determine the atomic percentages of Li, Ni and
Co, the oxides were analyzed using AAS. The stoichiometric values are very close to
those of the expected oxides (Table 1).

Table 1. Formulas from expectation and AAS

Expected formula | Formula from AAS

LiNiVO, Li; g45Nij 037V Oy
LiNiy 75C00.25VOy4 | Lij 012Nig.7790C00.263V Oy
LiNig 50C00.50VO4 | Lij 025Nig.523C00.533V Oy
LiNig5C00,7sVO4 | Li; 023Nig 266C00.777V Oy
LiCoVO, Li; 034C01.06sVO4

4. Conclusions

Nanocrystalline LiNi; Co,VO, was successfully prepared by the polymerized
complex method using tartaric acid as a complexing agent, with the subsequent calci-
nation at 450 °C for 12 h. TGA shows that the oxides started to form at 450-550 °C.
By using XRD, TEM, SAED, FTIR and Raman analyses, nanocrystalline
LiNi;_,Co, VO, with inverse spinel structure was detected. The calculated lattice pa-
rameter and particle size were increased with the increase of the Co concentration. The
vibration bands analyzed by a Raman spectrometer were also shifted to the lower
wavenumbers. With the exception of Li, the elements contained in the oxides were
detected using EDX. The atomic percentages of Li, Ni and Co analyzed using AAS
are very close to the expected values.
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The effect of Cr, Co, W, Zr and Pb (M)
substitution on the structure and corrosion resistance
of nanocrystalline Nd,(Feg,_.M, B¢ magnets
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The effect of partial substitution of iron with Cr, Co, W, Zr or Pb in nanocrystalline Nd,,Fegs ,M,Bg
magnetic material on general corrosion in acidified sulphate environment is discussed in the paper. The
materials were produced from spec pure powders of Nd, Fe, Fe-B and additive powders (Cr, Co, W, Zr or
Pb) by mechanical alloying. The structural analysis was performed using a JEOL JEM 1200 TEM micro-
scope and the stereological parameters of the microstructures were determined. The magnetic properties
were measured with a pulse field hysteresigraph. The following substitutions are the most favourable in
terms of the magnetic properties of nanocrystalline Nd,oFegs ,M,Bg magnets: cobalt (10 at. %), chromium
(4 at. %), tungsten (15 at. %), lead (1.5 at. %) and zirconium (2 at. %). The samples for corrosion investi-
gations were prepared from annealed powders by shock compaction. For electrochemical tests, electrodes
made from the samples in the form of rotating discs were used. Resistance to general corrosion of the
tested materials was evaluated by potentiokinetic polarisation tests. It was shown that the applied addi-
tions inhibit the corrosion process by up to 2-3 times. Chromium, cobalt and lead additives facilitate
passivation of the alloys.

Key words: corrosion; passivation, permanent magnets, nanocrystalline materials

1. Introduction

Partial substitution, either of neodymium with other lanthanides or of iron with
other transition metals, appeared to be an effective method of modifying magnetic
properties of Nd—Fe—B-type magnets. A systematic classification of the elements that
can substitute Fe in Nd-Fe-B magnets with more than 11.9 at. % of Nd was put for-
ward by Fidler [1, 2]. The additives can be classified into those that dissolve in the
Nd,Fe 4B ferromagnetic phase and those that occur in the form of inclusions. Among

*Corresponding author, e-mail: wkaszu@inmat.pw.edu.pl
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the latter group of elements, one can distinguish two types of additives: (i) additives
forming new phases within the grain boundary area and dissolving in the Nd-rich
eutectic thereby lowering the melting temperature and (ii) additives occurring in the
form of inclusions enriched with Fe or B. Although Fidler’s classification is valid for
high-neodymium alloys, there is, however, strong evidence that this classification can
also be used for nanostructured, low neodymium magnets [3, 4]. The magnetic proper-
ties of these materials can depend on: (i) intrinsic properties of the hard magnetic
phase, (ii) grain size, (iii) interaction between the domain walls and the inclusions,
(iv) change of the phase composition. Some of these factors and features strongly af-
fect the corrosion resistance [5].

In modified sintered Nd—Fe—B-type magnets, iron is usually partially substituted
by other transition metals. Their alloy contents may amount to 1-20 at. %. Small addi-
tions of chromium [6, 7] and large additions of cobalt [8] are considered to be the
most favourable in enhancing the corrosion resistance of the sintered material.

The corrosion behaviour of a material is influenced both by its phase structure and
by its grain size. In nanocrystalline materials, the order of magnitude of the grain size
is in the 10-20 nm range, and the phase structure is different from that in sintered ma-
terials. In general, nanocrystalline materials exhibit higher corrosion resistance [9—11].
Alloy additives in nanomaterials may thus have an essentially different effect on cor-
rosion processes than in the case of sintered materials. Within the present study, the
effect of partial substitution of iron with such elements as Cr, Co, W, Zr and Pb on the
corrosion behaviour of Nd;oFes, .M,Bg nanocrystalline materials in acidified sulphate
solutions was investigated.

2. Experimental

Nanocrystalline Nd,oFegs ,M,Bs materials (M = Cr, Co, W, Zr or Pb; the values of
x were chosen in terms of optimum magnetic properties, Table 1) were tested. The
materials were produced from spec pure powders of Nd, Fe, Fe-B and additive pow-
ders (Cr, Co, W, Zr or Pb) by mechanical alloying (MA). The mixture of the powders
was milled in a high energy ball mill in a protective argon atmosphere for 90 h. The
powders thus obtained, composed of an amorphous phase and Fe crystallites, were
annealed in vacuum of 107 Pa at the temperature of 650 °C for 0.5 h. The magnetic
properties were measured with a pulse field hysteresigraph, using the field of 4 T. The
samples for investigations of corrosion were prepared from annealed powders by
shock compaction. The details of the compacting systems are described in [12]. In our
experiments, we used a two-stage process that included preliminary and final compac-
tion carried out at detonation wave speeds of 3800 and 5240 m/s, respectively. The
structural analysis was performed using a JEOL JEM 1200 TEM microscope and the
stereological parameters of the microstructures were determined. For electrochemical
tests, electrodes made from the above-mentioned samples in the form of rotating discs
with an operating surface area of 0.1 cm” were used.
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Table 1. Effect of the iron substitution in Nd;oFegy M,Bg
(M = Cr, Co, W, Zr or Pb) nanocrystalline material
on coercivity (H.) and remanence (B,)

Subsiution | COTENIY Al | Remanence 5
— 2.90 0.83
1 at. % Cr 2.67 0.50
4 at. % Cr 3.65 0.61
7 at. % Cr 2.87 0.57
5 at. % Co 3.95 0.83
10 at. % Co 4.53 0.88
20 at. % Co 3.22 0.86
2at. % W 3.48 0.74
15at. % W 6.79 0.47
28 at. %o W 10.78 0.22
2 at. % Zr 4.30 0.69
5 at. % Zr 4.17 0.98
0.5 at. % Pb 2.87 0.68
1.5 at. % Pb 2.11 0.70
3 at. % Pb 0.82 0.67

The resistance to general corrosion of the tested materials was evaluated by poten-
tiokinetic polarisation tests. Polarisation measurements were carried out in deaerated
(argon saturated) acidified sulphate solutions (pH = 3.0) at the temperature of 25 °C, at
the disc rotation speed of 16 rps and at the potential scanning rate of 10 mV/s. A CHI
680 potentiostat (CH Instruments, Austin, Texas, USA) was used to record potentioki-
netic polarisation curves. The values of electrode potentials were measured with re-
spect to a saturated calomel electrode (SCE).

3. Results and discussion

The effect of the M = Cr, Co, W, Zr or Pb additives on the magnetic properties
(coercivity and remanence) of nanocrystalline Nd;oFegq ,M,Bs magnets has been de-
scribed in our earlier papers [3, 4, 13]. Co is the most frequently used substituent,
which substitutes Fe in the Nd,Fe 4B phase. Zr, Cr, and W are substituents of type IL,
whereas Pb is a substituent of type I [1, 3, 4, 13]. The experiments with the Nd—Fe
—Co—B magnets processed by mechanical alloying (MA) show that an addition of Co
improves both the remanence and coercivity [13]. This improvement is due to the
reduction of the grain size, which enhances magnetic exchange interactions. The TEM
observations were performed with the NdioFeg;Bs and Nd;oFesCoyBs magnets
(Figs. 1a, c). Although the microstructure was heterogeneous (larger and smaller
grains), the substitution of 20 at. % Fe with Co results, in general, in the reduction of
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the mean equivalent diameter from 18.9 nm in the Co-free magnets to 7.9 nm in the
Co-enriched material [4]. The effect of tungsten content has been described in [3].

Fig. 1. TEM images of shock compacted samples with optimal magnetic properties: a) Nd;oFeg,Bg,
b) Nd;FegoCrsBs, ¢) Nd gFegsCo,0Bg, d) Nd gFessW23Bg, €) NdjoFeqoZrsBg, f) NleFe82Pb1,5B6

It was found that the addition of W leads to a substantial increase in the coercivity
and a decrease in the remanence. An X-ray phase analysis showed that the material
annealed at 650 °C contained practically pure W inclusions (magnets annealed at
850 °C contained the FeWB phase). The mean equivalent grain diameter in the mag-
nets containing 28 at. % W was 10.2 nm and was smaller than that in the W free mate-
rial which was 18.9 nm (compare Figs. 1a and d). An addition of Cr [4] results in the
formation of Fe containing inclusions, and a decrease in the mean equivalent grain
size diameter (in the Nd,(Feg CrsBs magnet, its measured value was 13.9 nm). How-
ever, the TEM studies also revealed the presence of large precipitates, testifying that
Cr reacted with the basic alloying elements (Fig. 1b). A similar microstructure was
observed in the microcrystalline magnets with a Zr content [4]. The Zr addition results
in a strong reduction of the grain size and the effect is more distinct than that observed
with Cr, Co and W. The mean equivalent diameter in the Nd;(Fe;,yZrsBs magnets was
as small as 7.2 nm. As with the magnets containing Cr, the magnets with Zr additive
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contain large Zr-rich inclusions (above 50 nm in size, Fig. 1e). TEM observations of
the material with Pb additive confirm that a new phase component has appeared (Fig.
1f). Fine grain areas occur together with a typical 80 nm grain structure. The micro-
structure evidently contains the NdsPb; or Nd,Pb phase, probably formed as a result of
decomposition of the hard magnetic phase, and, thus, it also contains small Fe crystals
[4]. The fine grain areas were about 100 nm wide. The addition of Pb increases the
mean equivalent diameter (for the magnet with 1.5 at. % Pb it was evaluated to be 81.6

nm).
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In strongly acidic sulphate environments (pH = 0.3), where the corrosion behaviour of
Nd-Fe-B-type sintered materials results from the electrochemical activity of rare earth
metals, no major differences in the corrosion behaviour of Nd-(Fe,M)-B materials were
established [6], therefore a less aggressive environment was chosen for corrosion tests
within the present study. In medium acid solutions the mass loss of specimens is smaller,
while the differences in the shape of the polarization curves are more distinct. The electro-
chemical tests were carried out in acidified sulphate solutions with pH = 3.0, due to,
among others, a good repeatability of polarization curves and small changes in pH at the
corroding surface during the experiment [6]. The sulphate solution of pH = 3.0 is, for the
specimens tested, an environment, where the corrosion is controlled by diffusion (H" ion
reduction current in the potential range from —1.2 to —0.8 V at the electrode rotation speed
of 16 rps takes on the form of a limiting current with the density of 2-3 mA-cm ). In this
environment, the materials tested exhibit a tendency to passivation, being dependent on the
type and amount of the additive in the material. The most significant tendency to passiva-
tion is observed for the addition of chromium (Fig. 2). Figure 2a shows that the addition of
1 at. % of Cr does not considerably affect the shape of the curves. On the other hand, the
additions of 4 and 7 at. % of Cr shift the Flade potential (the potential of transition into
a passive state, £r) of Nd;oFegs ,Cr,Bs material to a more negative value. This potential is
0.90 V for the specimen with no addition of Cr and 0.52 V (SCE) for the specimen con-
taining 4 at. % Cr (compare the inset in Fig. 2a). Although Cr addition facilitates passiva-
tion, the width of the passive range for alloys containing 4 and 7 at. % Cr decreases due to
the transpassive dissolution of Cr for £> 1.0 V (2Cr + TH,0O — 12¢ — Cr,0 + 14 H).
The beneficial effect of Co is visible for the additions of 10 and 20 at. % (Fig. 2b). Al-
though pure Co and RE-Co alloys do not passivate in either acid or neutral environments
[14, 15], the increase in Co content facilitates the transition into the passive state of the
nanocrystalline materials tested, similarly as it was in the case of sintered materials [8]. As
can be seen from Fig. 2c, tungsten additions of up to 15 at. % have little effect on the cor-
rosion behaviour of the Nd—(Fe,W)-B material. The additions up to 15 at. % W practically
do not affect the value of Er and only slightly increase (from 0.01 to 0.02 A-cm ) the
value of the minimum current in the passive region. However, further increase in the tung-
sten content to 28 at. % unexpectedly decreases the material tendency to passivation: the
transition into the passive state becomes poorly pronounced for this material, and the
minimum current densities in the potential range from 1.0 to 1.5 V are comparatively high
(0.05 A-cm ™). The additions of 25 at. % of Zr slightly worsen the tendency to passivate
the material (Fig. 2d) similarly as small additions of Pb (Fig. 2e). A greater amount of Pb
in the alloy (3 at. % Pb) enhances the passivation process.

In Figure 3, the linear polarisations for potentials close to £, are presented. Based
on the determined polarization resistances Ry= (AE/Ai)g_,, 1t has been established

*According to Stearn and Geary [16,17], at potentials close to E.,, the dependence E = f{i) is linear
and the greater slope of AE/Ai, the smaller is corrosion rate i, = B(Ai/AE) where B is a constant depen-
dent on anodic and cathodic Tafel slopes.
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that all additions investigated inhibit corrosion processes in the tested sulphate envi-
ronment. The polarization resistance of the material without additions is 7.7 Q-cm’.
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A particularly clear corrosion inhibition effect is visible for 1.5 at. % of Pb
(R, = 27 Q-cm’), and for 4 at. % Cr (R, = 24 Q-cm”). However, in the case of greater
amounts of Co and W, the corrosion resistance is also very high and equal to 19-22
Qcm’. It should be noted, however, that such high contents of the above-mentioned
alloying additives cannot be used in practical applications because the additives
worsen the magnetic properties of the nanocrystalline material (see Table 1). If the
considered additives are used in smaller quantities, the inhibition of corrosion is rather
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negligible. The results obtained for nanocrystalline magnets are similar to those found
for sintered Nd(Fe,M)B materials [18, 19]: the additives improve the corrosion behav-
iour of the magnets, however improvement is generally insufficient.

4. Conclusions

The following substitutions for iron are the most favourable in terms of the mag-
netic properties of nanocrystalline Nd;oFegs .M, Bs magnets: cobalt (10 at. %), chro-
mium (4 at. %), tungsten (15 at. %), lead (1.5 at. %) and zirconium (2 at. %).

The most pronounced tendency to passivation was observed for the magnets con-
taining chromium (> 4 at. %), cobalt (>10 at. %) and lead (3 at. %). Tungsten has no
effect on the tendency to passivate in the acidified sulphate environment, while zirco-
nium slightly impairs the passivation ability of the material.

The metals substituting iron in the present study inhibit the corrosion process in an
acidified medium by a factor of 2-3.
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Methacryloyl functionalized hydrazones
as hole-transporting materials for electrophotography
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Syntheses and thermal, optical as well as photoelectrical properties of carbazolyl-, triphenylamino-
and 2-hydroxy-4-diethylaminophenyl-based hydrazones with reactive methacryloyl groups have been
reported. All the synthesized materials form glasses with glass transition temperatures ranging from 9 to
50 °C. They absorb electromagnetic radiation in the 250440 nm range. lonization potentials of the amor-
phous films of the synthesized materials, established by electron photoemission technique range from
5.20 to 5.71 eV. The lowest ionization potential and the best charge transport properties were observed
for 2-(methacryloyl)oxy-4-diethylaminophenyl-1-carbaldehyde N,N-diphenylhydrazone. Time-of-flight
hole mobilities in its 50% solid solution in bisphenol Z polycarbonate reach 1075 cm?/(V-s) at high electric
fields.

Key words: reactive hydrazone; glass, ionization potential,; charge mobility

1. Introduction

Materials accepting charges generated in adjacent materials and transporting them
towards appropriate electrodes are called charge transport materials or semiconduc-
tors [1]. Most of known charge transport materials are photoconductive in UV light,
and conversely, all truly photoconductive materials can act as transporting media for
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charges generated extrinsically. Organic photoconductors or charge transport materials
are used in photoreceptors of most modern copying machines, laser printers, and fax
machines. They are also used in commercial organic light emitting diodes. The forth-
coming fields of application of organic semiconductors are solar cells and field effect
transistors. Most of the practical electrophotographic photoreceptors are multilayer
devices in which every layer has its own function. Organic semiconductors are used
for the fabrication of charge transport layers of devices usually several micrometers
thick and represent so called molecularly doped polymers, i.e. solid solutions of low-
molar-mass organic semiconductors in inert polymers such as polycarbonates [2].

One of the frequent requirements for charge transport layers of electropho-
tographic photoreceptors is that they be resistant to organic solvents. This requirement
is particularly important if liquid developers are used in electrophotographic proc-
esses. Solvent resistant charge transport layers can be prepared by (photo)cross-
linking. For this, charge transporting materials with reactive functional groups are
required. The aim of this work was to synthesize and study methacryloyl functional-
ized hydrazones as hole transport materials for electrophotographic photoreceptors.
Hydrazones are very effective hole transport materials widely used in electrophoto-
graphy [3-5]. Earlier, hydrazones containing reactive epoxy- [4, 6] and vinyloxyethyl-
[7, 8] groups were reported. However the reactivity of epoxy- and vinyloxyethyl-
substituted hydrazones has appeared to be not too high, particularly in cationic polym-
erization reactions. Therefore it was of interest to synthesize methacryloyl-substituted
hydrazones as radically (photo)polymerizable or (photo)crosslinkable compounds,
which can be used for the preparation of solvent resistant charge transport layers.

2. Experimental

Materials. All required chemicals: N-phenylhydrazine, 97% (Aldrich), potassium car-
bonate, 99% (Aldrich), potassium hydroxide, 86% (Lachema), phosphorus oxychlo-
ride, 99% (Aldrich), triethylamine, 99% (Acros), sodium chloride, 99% (Lachema),
magnesium sulphate, 97% (Aldrich), sodium sulphate, 98% (Aldrich) were used as
received without further purification. Methacryloylchloride, 97% (Fluka) was distilled
(water pump vacuum) before use collecting the fraction with the boiling point
92 °C. Organic solvents were purified and dried by the standard methods [9]. 4-(Di-
phenylamino)benzaldehyde (4) (yield of CoH;sN,O, (FW = 273.26) was 72% (5.57 g
of yellowish crystals); m.p. 126—126.5 °C)) [10]; di(4-formylphenyl)phenylamine (4a)
(yield of CyoHsN1O, (FW = 301.26) was 44% (8.2 g of yellow-orange crystals);
m.p. 126-126.5 °C)) [10], 9-ethylcarbazole-3-carbaldehyde (1) (yield of the product
CisHisN,O, (FW =223.21) was 80% (4.57g of grey crystals); m.p. 84.5-85 °C)) [11],
9-ethylcarbazole-3,6-dicarbaldehyde (1a) (yield of C¢HisN,O, (FW = 251.22) was
60% (11.5 g of brown crystals); m.p. 146.5-148 °C)) [11], were prepared by the
known procedures.
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9-Ethylcarbazole-3-carbaldehyde N-phenylhydrazone (2). 9-Ethylcarbazole-3-car-
baldehyde (1) (10.0 g, 0.045 mol) was dissolved in 300 ml of methanol under mild
heating. Then a solution of 7.25 g (0.067 mol) of N-phenylhydrazine in methanol was
added. The reaction mixture was refluxed for 2 h and stopped when no starting materi-
als were left (TLC control). After recooling, yellow-grey crystals were separated by
filtration, washed with a large amount of methanol and dried. The yield of Cy;H;gNj;
(FW = 313.32) was 92% (13.12 g); m.p. 136-137 °C. IR (KBr) (in cm™"): v(N-H)
3306, ¥(C-H in Ar) 3051, v(C—H) 2972, v(C=C, C-N in Ar) 1602; 1494; 1475; 1237,
V(C-N) 1256, y(Ar) 815; 747; 731. MS (APCI', 20 V), m/z = 314 (M + H]"); 222. 'H
NMR (100 MHz, CDCls, 8, ppm): 1.34 (¢, J = 7.0 Hz, 3H, CH;); 4.23 (¢, J = 7.0 Hz,
2H, CH,); 6.90-7.64 (m, 8H, Ar); 7.60 (s, 1H, Ar); 7.81 (d, 1H, Ar); 8.08 (d, 2H, Ar);
8.15(d, 1H, =CH).

9-Ethylcarbazole-3-carbaldehyde-N-(methacryloyl)-N-phenylhydrazone (3). 9-Ethyl-
carbazole-3-carbaldehyde-N-phenylhydrazone (2) (5.0 g, 0.0157 mol) was dissolved
in 40 ml of dry dichloromethane under nitrogen atmosphere and 2.61 ml (0.0188 mol)
of triethylamine and 1.82 ml (0.0188 mol) of freshly distilled methacryloylchloride
was added dropwise. The reaction mixture was stirred and heated at ca. 40 °C for 10 h
and cooled down. Then the product was extracted using chloroform and distilled wa-
ter. The organic layer was dried using anhydrous sodium sulphate and filtered. The
solvent was removed from the filtrate with a rotary evaporator. The product was puri-
fied by column chromatography using an eluent mixture of hexane and ethyl acetate in
the volume ratio of 3:1. The solvents were rotary evaporated and the product was
washed with a large amount of benzene, filtered and dried. Yield of the product was
23.45% (1.4 g of brownish powder). IR (KBr) (in cm"): (C-H in Ar) 3062, 3033,
V(C-H) 2970, v(C=0) 1671, »(C=C in Ar) 1598, 1491, v(C-N) 1238, 1202, y(Ar)
747, 679. MS (APCI', 20 V), m/z = 382.37 ([M+H]"), 288.36, 260.39, 221.40, 149.16.
'H NMR (100 MHz, CDCls, &, ppm): 3.50 (s, 3H, CH;—C); 4.19-4.27 (¢, J = 6.5 Hz,
1H, CH,=), 5.40-5.54 (¢, J = 6.0 Hz, 1H, CH,=), 7.19-8.15 (m, 13H, Ar, -CH=).
Elemental analysis for CysH»3N;0, (FW = 381.38): calculated: C 78.71%; H 6.08%; N
11.02%; O 4.20%; found: C 78.87%; H 6.52%; N 10.92%.

4-(Diphenylamino)benzaldehyde N-phenylhydrazone (5). 4-(Diphenylamino)benz-
aldehyde (4) (10.0 g, 0.037 mol) was dissolved in 300 ml of methanol under mild
heating. Then, a solution of 5.94 g (0.055 mol) of N-phenylhydrazine in 5 ml of
methanol was added. The reaction mixture was refluxed for 0.5 h until no starting
materials were observed (TLC control). After recooling and crystallisation, yellowish
crystals were filtered, washed with a large amount of methanol and dried. The yield of
CysHy N3 (FW = 363.36) was 86.7% (11.7 g); m.p. 168-169 °C. IR (KBr) (in cm™):
V(N-H) 3294, v(C-H in Ar) 3026, v(C=C in Ar) 1595; 1489, v(C-N) 1282; 1257,
7(Ar) 750; 731. MS (APCI', 20 V), m/z = 364 ([M+H]"), 314, 223, 159. "H NMR (100
MHz, CDCls, 8, ppm): 6.55-7.64 (m, 21H, Ar, = CH, -NH).

4-(Diphenylamino)benzaldehyde N-(methacryloyl)-N-phenylhydrazone (6). 4-(Di-
phenylamino) benzaldehyde N-phenylhydrazone (5) (5.0 g, 0.0135 mol) was dissolved
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in 40 ml of dry dichloromethane in a nitrogen atmosphere, and 2.26 ml (0.0163 mol)
of triethylamine was added. The reaction mixture was cooled down to 0 °C. Then
1.58 ml (0.0163 mol) of freshly distilled methacryloylchloride was added dropwise
into the reaction mixture. The reaction mixture was stirred for 3 h and the second por-
tion of methacryloylchloride (1.58 ml) and TEA (2.26 ml) was added. After 4 h the
reaction was terminated when no starting materials were left (TLC control). The prod-
uct was extracted using chloroform and distilled water. The organic layer was dried
using anhydrous sodium sulphate and filtered. The solvent was removed from the fil-
trate with a rotary evaporator. The product was purified by the column chromatogra-
phy using an eluent mixture of hexane and ethyl acetate in the volume ratio of 3:1.
Finally, the solvent was rotary evaporated and the product was freeze dried. The prod-
uct yield was 22.77% (1.33 g of yellowish brown powder). IR (KBr) (in cm™'): v(C-H
in Ar) 3036, v(C—H) 2829, 2742, v(C=0) 1689, v(C=C in Ar) 1585, 1489, v(C-N)
1287, 1220, 1155, y(Ar) 757, 696. MS (APCI', 20 V), m/z = 432.25 ([M+H]"),
162.22. '"H NMR (100 MHz, CDCls, 8, ppm): 2.2 (s, 3H, CH;—C); 5.39-5.57 (m, 2H,
CHy=), 6.79-7.81 (m, 20H, Ar, —CH= ). Elemental analysis for C,yH,sN;O; (FW
= 431.42): calculated: C 80.71%; H 5.48%; N 9.74%; O 3.71%; found: C 80.91%;
H 6.02%; N 9.16%.

Di{4-[(N-phenylamino)iminomethyl]phenyl}phenylamine (7). Di(4-formylphenyl)-
phenylamine (4a) (7.6 g, 0.025 mol) was dissolved in 150 ml of methanol under mild
heating. Then, a solution of 6.75 g (0.0625 mol) of N-phenylhydrazine in 5 ml of
methanol was added. The reaction mixture was refluxed for 2 h and stopped when no start-
ing materials were observed (TLC control). After recooling and crystallisation, yellow-
orange crystals were filtered off, washed with a large amount of methanol and dried. The
yield of C5,Hy/Ns (FW = 481,48) was 84.1% (10.21 g); m.p. 131.5-132°C. IR (KBr) (in
em ): UN-H) 3295, UC—H in Ar) 3027, (C=C in Ar) 1597; 1499, AC-N) 1287; 1253,
HATr) 749; 723. MS (APCI', 20 V), m/z = 482.24 (IM+H]"), 392.28, 180.24, 112.99. 'H
NMR (100 MHz, CDCl;, 6, ppm): 3.34 (s, 2H, -NH), 6.72-7.84 (m, 25H, Ar, =CH).

Di(4-{[(N-methacryloyl)-N-phenylamino]iminomethyl}phenyl)phenylamine (8). Di{4-
[(N-phenylamino)iminomethyl]phenyl } phenylamine (7) (5.0 g, 0.0104 mol) was mixed
with 50 ml of dry dichloromethane (CH,Cl,) in a nitrogen atmosphere. 3.48 ml
(0.025 mol) of triethylamine was added and the heterogeneous reaction mixture was
cooled to 0 °C. Then 2.42 ml (0.025 mol) of freshly distilled methacryloylchloride was
dropped into the reaction mixture. The reaction mixture was stirred at 40 °C and
stopped after 18 h when no starting materials were left in the reaction mixture (TLC
control). After recooling, the product was extracted using chloroform and distilled
water. The organic layer was dried using anhydrous sodium sulphate and filtered. The
solvent was removed from the filtrate with a rotary evaporator. The product was puri-
fied by the column chromatography using an eluent mixture of hexane and acetone in
the volume ratio of 6:1. Finally, the solvent was rotary evaporated and the product was
freeze dried. Yield: 23% (1.7 g of yellowish powder). IR (KBr) (in cm"): v(arene C
—H) 3284, 3063, v(C—H) 3008, 2973; 2924; v(C=0) 1673, v(C=C, in Ar) 1594; 1509;
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1490, v(C-N) 1283; 1233, 1183, y(Ar) 755; 696. MS (APCI', 20 V), m/z = 618.17
([M+H]"), 458.25, 298.36, 297.35, 134.14. "H NMR (100 MHz, CDCL;, 6, ppm): 2.20
(s, 6H, CH3), 5.35-5.44 (m, 2H, CHy=); 5.48-5.59 (m, 2H, CH,= ), 7.03 (s, 2H,
—CH=); 7.1-7.6 (m, 23H, Ar). Elemental analysis for C4H3sNsO, (FW = 617.59): calcu-
lated: C 77.77%; H 5.71%; N 11.34%; O 5.18%; found: C 78.29%15.0 g (0.0776 mol);
H 4.92%; N 10.96%.

2-Hydroxy-4-diethylaminophenyl-1-carbaldehyde N,N-diphenylhydrazone (9). 2-Hy-
droxy-4-diethylaminophenyl-1-carbaldehyde (15.0 g, 0.0776 mol) was dissolved in
50 ml of methanol under mild heating. Then a solution of 25.69 g (0.1164 mol) of
N,N-diphenylhydrazine hydrochloride dissolved in ca. 50 ml of methanol was added.
The reaction mixture was stirred at ca. 30 °C for 2 h and cooled down. Then the reac-
tion product was extracted and shaken in a separatory funnel with diethyl ether and
distilled water. The organic layer was dried using anhydrous sodium sulphate and
filtered. The solvent was removed by rotary evaporation. The product was purified by
the column chromatography using an eluent mixture of hexane and chloroform in the
volume ratio of 1:1 and crystallized from the eluent. The yield of Cy;HpsN;O, (FW
=359.38) was 74.73% (20.85 g of grey crystals); m.p. 100.5-101°C. IR (KBr) (in cm™"):
v(O-H) 3218, v(C-H in Ar) 3057, v(C-H) 2971; 2932; 2894, v(C=C in Ar) 1633,
1596, 1495, v(C-N) 1298, 1245, y(Ar) 751, 700. MS (APCI", 20 V), m/z = 360.4
([M+H]"), 206.4, 120.1. '"H NMR (100 MHz, CDCl;, §, ppm): 1.15 (¢, J = 7.0 Hz, 6H,
CH;); 3.33 (¢, J = 7.0 Hz, 4H, CH,); 6.73 (d, J = 9.0 Hz, 1H, =CH); 7.05-7.45
(m, 13H, Ar), 11.25 (s, 1H, —OH).

2-(Methacryloyl)oxy-4-diethylaminophenyl-1-carbaldehyde ~ N,N-diphenylhydrazone
(10). 2-Hydroxy-4-diethylaminophenyl-1-carbaldehyde-N,N-diphenylhydrazone (9)
(7.0 g, 0.019 mol) was dissolved in 10 ml of dry dichloromethane in a nitrogen atmos-
phere and 3.2 ml (0.023 mol) of triethylamine was added. The reaction mixture was
cooled down to 0 °C. Then 2.22 ml (0.023 mol) of freshly distilled methacryloylchlo-
ride was added dropwise. The reaction mixture was stirred for 10 min and terminated,
since no starting materials were left (TLC control). The product was extracted using
chloroform and distilled water. The organic layer was dried with anhydrous sodium
sulphate and filtered. The solvent was removed by rotary evaporation. The product
was purified by column chromatography using diethyl ether as an eluent. Finally, the
solvent was rotary evaporated and the product was freeze dried. The yield of the prod-
uct was 89.54% (7.45 g of yellowish brown resin). IR (KBr) (in cm™'): ¥(C-H in Ar)
3061, 3023, »(C-H) 2973, 2929, 2895, v(C=C in Ar) 1783, v(C=0) 1736, v(C-0O)
1319, 1290, 1273, y(Ar) 749, 701. MS (APCI', 20 V), m/z = 428.4 ((M+H]"). 'H
NMR (100 MHz, CDCl;, 6, ppm): 1.2 (¢, J = 7.0 Hz, 6H, CH;);1.8 (s, 3H, CH;—C=),
3.23 (¢, J = 7.0 Hz, 4H, CH,); 5.49 (s, 1H, H,C=), 5.98 (s, 1H, H,C=), 6.99-7.42
(m, 13H, Ar), 7.9(d, J = 9.0 Hz, 1H, —CH=). Elemental analysis for C,;HyN3;0,
(FW=427.44): calculated: C 75.84%; H 6.84%; N 9.83%; O 7.49%; found: C 75.43%;
H 7.24%; N 9.59%.
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2.2. Measurements

IR spectra were recorded with Bio-Rad Digilab FTS-40 and Perkin Elmer Spec-
trum GX spectrophotometers. The spectra were obtained from KBr pellets. UV/VIS
spectra were recorded with a Spectronic Unicam Genesys' ™ 8 spectro-
photometer. Fluorescence emission spectra were recorded with a Hitachi MPF-4 lumi-
nescence spectrometer. 'H NMR spectra were obtained using a Bruker AC 250 (250
MHz), Varian Unity Inova (300 MHz) and JOEL FX 100 (100 MHz) apparatus. All
the data are given as chemical shifts in 0 (ppm), multiplicity, integration downfield
from (CHj3),4Si. Electron impact mass spectra were obtained on a Waters 2Q 2000.
Thermogravimetric analysis (TGA) was performed on a Netzsch STA 409. Differen-
tial scanning calorimetry (DSC) measurements were carried out using a Perkin-Elmer
DSC-7 calorimeter.

Tonization potential (/,) was measured by the electron photoemission in air method
as described earlier [12]. The samples for the measurements were prepared by casting
the solutions of the compounds on Al plates pre-coated with methylmethacrylate and
methacrylic acid copolymer as adhesive layer.

Charge carrier mobility (&) was measured by the xerographic time of flight
method [13, 14]. The samples for the measurements were prepared by casting the solu-
tions of the compounds or solutions of the mixtures of these compounds with
the polymer host, i.e. bisphenol Z polycarbonate (PC-Z) at the mass proportion 1:1 in
THF. The substrate was polyester film with an Al layer. The thickness of the charge-
transporting layer varied in the range of 3—10 pm.

3. Results and discussion

New charge transport compounds bearing methacryloyl function groups 3, 6, 8, 10
have been synthesized by the procedures described in Schemes 1-3. These procedures
are similar to that reported earlier by Strohriegl [15]. The key starting materials alde-
hyde N-phenylhydrazones 2, 5, 7 and 9 were synthesized by multi-step synthesis, as
described in previous works [7, 8, 16].

The first step was the formylation of arylamine, using POCIl;/DMF complex as
a catalyst, by the Vilsmeier method [17] to get mono- and diformyl compounds 1, 1a,
4 and 4a. The second step was condensation of aldehydes with N-phenylhydrazine,
and the third step was the nucleophilic substitution reactions of 9-ethylcarbazole-3-
carbaldehyde-N-phenylhydrazone (2), 4-(diphenylamino)benzaldehyde N-phenylhy-
drazone (5) and di{4-[(N-phenylamino)iminomethyl|phenyl}phenylamine (7) with
methacryloylchloride in the presence of triethylamine in nitrogen atmosphere.
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Scheme 1. Synthesis of 9-ethylcarbazole-3-carbaldehyde-N-(methacryloyl)-N-phenylhydrazone (3)

2-(Methacryloyl)oxy-4-diethylaminophenyl-1-carbaldehyde N,N-diphenylhydrazone
(10) was synthesized by a two-step procedure as shown in Scheme 3. The first step
was condensation of 2-hydroxy-4-diethylaminophenyl-1-carbaldehyde with N,N-diphe-
nylhydrazine hydrochloride and the second step was alkylation of 2-hydroxy-4
-diethylaminophenyl-1-carbaldehyde N,N-diphenylhydrazone (9) with methacryloyl-
chloride in the presence of triethylamine in a nitrogen atmosphere.

All the products were purified by the column chromatography to obtain pure and
well defined compounds. All the synthesized materials were characterised by IR, 'H
NMR spectroscopy, mass spectrometry and elemental analysis.

IR spectra of compounds 3, 6, 8, 10 have characteristic absorption of C=0 groups at
ca. 1725cm .

The signals in '"H NMR spectra of all the newly synthesized hydrazone com-
pounds can be exactly assigned to the characteristic hydrogen atoms of these com-
pounds. The well distinguished signals of CH;—C protons are at 1.8-3.5 ppm in the
spectra of all methacryloyl substituted hydrazones. Characteristic signals of the pro-
tons of CH,= group of methacryloyl group are observed at 4.19-4.27 and 5.26-5.98
ppm in the spectra of compounds 3, 6, 8, 10. The signals at 6.99-8.15 ppm can be
assigned to the aromatic and heterocyclic protons.

Mass spectra of all the synthesized hydrazones show the corresponding molecular
ion peaks and peaks due to alkyl and respective aryl fragments.
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Scheme 2. Synthesis of triphenylamine-based hydrazones containing methacryloyl functional groups

Compounds 3, 6, 8, 10 were studied by UV/VIS spectrometry. They absorb elec-
tromagnetic radiation in the region of 200-420 nm. The wavelengths of the absorption
maxima for methacryloyl-substituted hydrazones are given in Table 1.

Table 1. Wavelengths of absorption maxima for compounds 3, 6, 8 and 10 [nm]

Compound 32 6 (5) 8(7) 10 9)
A 298, 326 (348) 354 (376) 381 (394) 368 (370)

Methacryloyl-substituted hydrazones 3, 6, 8, 10, owing to the electron withdrawal
effect of the carbonyl group, exhibit hypsochromic shift (up to 22 nm) with respect to
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the corresponding nonsubstituted hydrazones. In the case of the substitution of one
hydrazone group (3 and 6 compounds), the shift is the same, i.e., is 22 nm. Substitu-
tion of two hydrazone groups results in a smaller hypsochromic shift of 13 nm. This
indicates stronger electron withdrawal into delocalization when a chromophore con-
tains two hydrazone groups. In the case of the substitution of the OH group, the spec-
trum exhibits 2 nm hypsochromic shift of the longwave peak, that means only negligi-
ble distortion of the system in hydrazone 10 conjugated by the methacryloyl group.

H,N-N

H,C—\ O H,C—\ N-N
N

;
H,C H MeOH, 30°C, 2 h 3

OH OH
10 9

Cl)kr(CHs CH,Cl,, TEA, N,, 0°C, 10 min

CH,

H,C— N-N
N
H,c—/

o)

o:g:
CH, 40

H,C

Scheme 3. Synthesis of 2-(methacryloyl)oxy-4-diethylaminophenyl
-1-carbaldehyde N,N-diphenylhydrazone (10)

Fluorescence emission spectra of dilute solutions of compounds 3, 6, 8, 10 are
presented in Fig. 1. The wavelengths of the maximum fluorescence intensities are
382 nm for carbazole containing compound 3, 475 nm and 448 nm for triphenylamine
bearing compounds 6 and 8, 425 nm for 2-hydroxy-4-diethylaminophenyl-1-
carbaldehyde moiety containing compound 10. The large Stokes shifts of 112 nm for
3, 185 nm for 6, 68 nm for 8, and 85 nm for 10 can be explained by vibrational relaxa-
tion and internal conversion in excited state of these compounds.

The thermal stability of the synthesized materials was estimated by TGA. The
temperatures of their initial thermal degradation are given in Table 2. The initial
mass loss temperatures (7;p) for these materials range from 260 to 280 °C. The
highest thermal stability was observed for triphenylamine based compound 6. Its 7},
is 280 °C.
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Fig. 1. Fluorescence spectra of diluted THF solutions (107> M) of
hydrazones 3 (A, =270 nm), 6 (A, =290 nm), 8 (A, = 380 nm) and 10 (A, = 340 nm)

Table 2. Thermal characteristics of compounds 3, 6, 8 and 10

Compound T, [ °C] T, [°C] Tip [ °C]
3 43 84 260
6 41 128 280
8 50 85 260
10 9 — 260

Compounds 3, 6 and 8 were isolated as crystalline materials. The first DSC heat-
ing scans of these compounds revealed endothermic melting signals with the maxima
at 84 °C for 3, 124 °C for 6, and at 85 °C for 8. Cooling did no reveal any crystalliza-
tion peaks and only glass-transitions were observed in the DSC second heating scans
of these compounds at 43 °C, 41 °C and 50 °C respectively. Compound 10 was iso-
lated as a viscous resin. It showed only glass transition in all DSC heating and cooling
scans. Comparison of glass transition temperatures (7,) of methacryloyl substituted
hydrazones with their vinyloxyethyl substituted analogues reported earlier [7, 8, 16]
show that metacrylolyl substituted hydrazones display higher glass transition tempera-
tures from 9 °C to 23 °C. This observation can be explained by the presence of more
polar methacryloyl groups in these compounds which predetermines stronger intermo-
lecular interaction. All materials reported in this paper are soluble in common organic
solvents such as acetone, chloroform, THF, etc. The values of /, are given in Table 3.
They range from 5.20 eV to 5.70 eV. The lowest value of I, was observed for 2-
methacryloyloxy-4-diethylaminophenyl-1-carbaldehyde hydrazone 10. It was of inter-
est to compare /, of methacroyl substituted hydrazones with those of their correspond-
ing vinyloxyethyl substituted analogues reported earlier [7, 8, 16]. In all cases
methacryloyl substituted hydrazones exhibit slightly higher 7, values.
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Table 3. Ionisation potentials of the amorphous films of compounds 3, 6, 8 and 10

Compound 3 6 8 10
1,[eV] 5.70 5.60 5.70 5.20

Figure 2 shows electric field dependences of hole drift mobilities of solid solutions
of methacryloyl substituted hydrazones 6, 8, 10 in PC-Z. The linear dependences of
holes drift mobility on the square root of the electric field are observed for all the sys-
tems.

e BAI+[6+PC-Z.1:1].d =7 um

10-13 " B8 AI+[8+PC-Z.1:1].d = 8 um
E 4 10 A+[10+PC-Z.1:1]. d = 8.5 um
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E11’2 [Vic m]112

Fig. 2. Electric field dependences of holes drift mobilities
of the solid solutions of compounds 6, 8, 10 in PC-Z

The highest hole drift mobilities were observed for the solid solution of compound
10 in PC-Z. At high electric fields, they reach 10 cm®/(Vs). Hole drift mobilities in
PC-Z doped with compound 10 are close to those observed in PC-Z doped with the
vinyloxyethyl substituted analogue of 10 [16]. In other cases the systems containing
methacryloyl substituted hydrazones show lower charge mobilities than the systems
containing vinyloxyethyl substituted hydrazones [8].

4. Conclusions

We have synthesized hydrazones containing carbazole, triphenylamino and
2-hydroxy-4-diethylaminophenyl moieties with reactive methacryloyl groups as po-
lymerizable or cross-linkable hole transport materials for electrophotographic photore-
ceptors. We have also studied thermal, optical and photoelectrical properties of the
synthesized materials. All the materials form glasses with glass transition temperatures
ranging from 9 °C to 50 °C. They absorb electromagnetic radiation in the 250-440 nm
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range. lonization potentials of the amorphous films of the synthesized materials, estab-
lished by electron photoemission technique, range from 5.20 to 5.71 eV. The lowest
ionization potential and the best charge transport properties were observed for
2-(methacryloyl)oxy-4-diethylaminophenyl-1-carbaldehyde N,N-diphenylhydrazone.
Time of flight hole mobilities in its 50% solid solution in bisphenol Z polycarbonate
reach 10> cm?/(V-s) in high electric fields.
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Synthesis in aqueous phase and characterization
of silver nanorods and nanowires
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Silver nanorods and nanowires have been synthesized via a chemical process in aqueous phase by using
ascorbic acid as a reducing agent and anionic surfactant dodecyl benzene sulfonic acid sodium (SDBS) as
a capping agent. The products were characterized by X-ray diffraction (XRD) techniques and transmission
electron microscopy (TEM). Experimental results indicated that the concentration of ascorbic acid played
a critical role in the formation of the silver nanorods and nanowires. The optical properties were investigated.
The prepared nanostructures displayed a very strong absorption band at room temperature.

Key words: nanomaterials, optical properties; X-ray technique

1. Introduction

One-dimensional (1D) nanostructures are expected to play an important role in
fabricating nanoscale devices. As a result, the synthesis and characterization of 1D
nanostructures have recently attracted much attention due to their interesting physical
properties and their potential applications in fabricating optoelectric, thermoelectric,
and magnetic devices [1-7]. Silver nanorods and nanowires with well-defined dimen-
sions and aspect ratios are particularly interesting to fabricate and study because they
exhibit high electrical conductivity, thermal conductivity and unusual optical proper-
ties among all the metals. Recently, much effort has been devoted to syntheses of sil-
ver nanorods and nanowires. For example, silver nanorods and nanowires have be
prepared by wusing DNA [8], carbon nanotubes [9, 10], polymers
[11, 12] and mesoporous silica [13] as templates, respectively. Murphy and co-
workers have successfully synthesized high-quality silver and gold nanorods and
nanowires by using a rod-like micellar template of cetyltrimethylammonium bromide

*Corresponding author, e-mail: mklu@sdu.edu.cn
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(CTAB) instead of hard template [14, 15]. Tian and his collaborators have synthesized
silver nanorods and nanowires by using a surfactant-assistant route [16]. They used
sodium dodecylsulfonate as a capping agent but not as a soft template. Xia and Sun
have demonstrated a polyol process that generated silver nanowires by reducing silver
nitrate with ethylene glycol in the present of poly (vinyl pyrrolidone) (PVP) [17]. Murphy
reported a seedless and surfactantless wet chemical approach to produce silver nanowires
in the present of NaOH [18]. However, the final products of all these chemical methods
were characterized by problems such as relatively low yields, low aspect ratios, irregular
morphologies, non-uniformity size, or polycrystalline domain structure.

In this paper, we report a solution-phase method that generated silver nanorods
and nanowires by reduced silver nitrate with ascorbic acid in the presence of anionic
surfactant SDBS, which served as a capping agent. It was found the ascorbic acid con-
centration plays a key role in the formation of these nanocrystals.

2. Experimental

AgNO; and ascorbic acid (Shanghai Chemistry Co.) of analytical grade purity
were used as starting materials without further purification. All solutions were made
with distilled water. In a typical experiment, 1 dm’ of 10 mM AgNO; solution and
1 dm’ of 50 mM SDBS solution were added to 48 dm’ of distilled water in a flask.
10 min of vigorous stirring was necessary to ensure that all the reagents were dis-
persed homogeneously at room temperature. 6 dm® of 10 mM ascorbic acid solution
was then added drop-wise to the above solution under a continuous stirring. After the
ascorbic acid addition was completed, the mixture was heated to 100 °C and refluxed
for 30 min. The colour of the reaction solution changed to orange-yellow due to for-
mation of silver nanorods and nanowires. Prior to characterization, the precipitate was
separated by a centrifuge at 3000 rpm for 20 min and carefully washed repeatedly with
distilled water and absolute ethanol to remove the remaining SDBS, and then dried in
a vacuum oven at 60 °C for 5 h. The X-ray diffraction (XRD) patterns were recorded
using a Japan Rigaku D/Max 2200PC diffractometer with graphite monochromatized
CukK,, radiation (4 = 1.5418 A). Transmission electron microscopy (TEM) studies were
carried out using a Japan JEM-100CX II transmission electron microscope. UV-visible
spectra were measured on a Varian Cary-100 spectrophotometer. All the measurements
were carried out at room temperature.

3. Results and discussion

The X-Ray diffraction (XRD) pattern (Fig. 1) taken from the sample prepared us-
ing 1.2 mM ascorbic acid in the presence of 1 mM SDBS (the final concentration)
indicates that the crystal structure of the nanorods and nanowires is face-centred cubic
(fce), space group Fm3m, and cell lattice parameters: a = 4.086 A (JCPDS file num-
ber: 04-0783). The high peaks indicate that the as-prepared samples are well crystallized.
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Fig. 1. XRD pattern of the as-prepared silver samples

Fig. 2. TEM images of silver nanorods and nanowires
prepared with 1.2 mM ascorbic acid in the presence of 1mM SDBS (a)
and typical SEM image of individual nanorods (b) and nanowires (c)
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The morphologies and structures of the products were investigated by the trans-
mission electron microscopy (TEM); Figure 2a shows a typical TEM image taken
from the orange-yellowish colloidal solution obtained using 1.2 mM ascorbic acid. It
was clearly seen that the as-prepared samples consisted of an abundance of nanorods
and nanowires, and relatively few spherical nanoparticles. The length of the nanorods
ranges from 500 nm to 1.5 um. The TEM of individual nanorods (Fig. 2b) shows that
the average width of the nanorods is ca. 50-60 nm. The smallest aspect ratio of the
rods is about 10 and the largest exceeds 40. The length of the nanowires ranges from
600 nm to 2.5 pm. The TEM of individual nanowires (Fig. 2¢) shows that the average
width of the nanowires is about 10—15 nm.

Fig. 3. TEM images of silver samples prepared using: a) 0.2 mM ascorbic acid
in the presence of ImM SDBS, b) 1.8 mM ascorbic acid in the presence
of ImM SDBS, c) 1.2 mM ascorbic acid in the presence of 10 mM SDBS

In the present study, the concentration of ascorbic acid plays a critical role in the
formation of silver nanorods and nanowires. The silver nanoparticles with various
morphologies were obtained as shown in Fig. 3 by changing the concentration of
ascorbic acid from 1.2 mM to 0.2 mM and 1.8 mM. When the concentration of ascor-
bic acid was decreased to 0.2 mM, many nanorods, with a few triangular prisms and
some nanoparticles were found in the products (Fig. 3a). It can be clearly seen that the
aspect ratio of nanorods decreases upon decreasing concentration of ascorbic acid.
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When it was increased to 1.8 mM, the products were dominated by spherical or irregu-
lar nanoparticles (Fig. 3b).

In addition, the SDBS concentration is another important parameter influencing
the information on silver nanorods and nanowires. When no SDBS was introduced,
AgNO; cannot be reduced by ascorbic acid and the reaction solution was still trans-
parent after refluxing for 30 min at 100 °C. No silver nanoparticles were found in the
solution by TEM. When the SDBS concentration is increased to 10 mM, spherical
nanoparticles are the major products (Fig. 3c).
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Fig. 4 UV-Vis absorption spectrum of silver nanocrystals prepared using:
a) 0.2 mM, b) 1.2mM ascorbic acid in the presence of 1 mM SDBS.

It is well known that gold, silver, and copper nanoparticles display plasmon ab-
sorption in the visible region, and silver nanoparticles usually have an absorption
maximum at 404 nm [19]. The UV-visible spectra of the silver nanocrystals fabricated
using various concentrations of ascorbic acid (0.2 mM and 1.2 mM) are shown in
Figs. 4a, b, respectively. The optical properties of silver nanoparticles depend on
shape, as shown in Fig. 4. This is due to the absorption of visible light both along the
length of the nanorods (the longitudinal plasmon band) and along the width of the
nanorods (the transverse plasmon band). The larger the aspect ratio, the more red-
shifted the longitudinal plasmon band, as theory predicts [20] and experiment con-
firms [21-23]. Figure 4a displays an absorption maximum at 447 nm red-shifted by
about 43 nm compared to the reported results. The reason is that the obtained
nanocrystals consisting of some spherical nanoparticles and nanorods, which have
smaller aspect ratio, are abundant. Since the silver nanorods and nanowires prepared
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using 1.2 mM ascorbic acid have larger aspect ratio, Figure 4b shows absorption
maximum at 495 nm, which is red-shifted by about 91 nm. As the shape of silver
nanocrystals changed from spheres to rods and wires, the red-shift increased with the
increasing aspect ratio. These experimental results strongly confirm the results pre-
dicted by the theory.
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In the present work, the structure and crystallization kinetics of rapidly solidified Al79Ni13Sij7
amorphous alloy have been investigated by a combination of differential scanning calorimetry (DSC) and
X-ray diffractometry (XRD). Amorphous ribbons were obtained by melt spinning at wheel speeds higher

than 10 m/s. Crystallization of amorphous Al79Nij3Sij7 alloy during continuous heating in DSC, takes
places in three stages: (1) formation of fcc-Al and hexagonal phases; (2) growth of fcc-Al and hexagonal

phases; (3) formation of fcc-Si and orthorhombic Al3Ni phases. Isothermal annealing DSC traces for this
amorphous alloy, the first crystallization peak showed a clear incubation period, and the Avrami time
exponent # has been determined to be 2.4-2.8 using the Johnson—-Melh—Avrami analysis. This suggested
that the transformation reaction involved continuous nucleation and three dimensional diffusion-
controlled growth. Electrical resistivity of the alloy was measured as 33x10™° Q-cm for the amorphous
structure and 1x107° Q-cm for the crystalline one. This study describes the structure and crystallization

kinetics of a rapidly solidified Al79Ni13Si;7 amorphous alloy.

Key words: amorphous alloys; rapid solidification; X-ray diffraction; calorimetry

1. Introduction

Amorphous alloys are metallic alloys with no long range atomic order, in contrast
to crystalline alloys showing long range order with a repeating unit cell. Amorphous
alloys are usually produced by rapid solidification of the alloying constituents from
the liquid phase at such high cooling rates that the atoms are frozen into their liquid
configuration to form a metastable glass-like structure. For the last three decades,
amorphous alloys have attracted great interest because of their good mechanical prop-
erties, useful physical properties and good chemical properties resulting from their
new alloy composition and new atomic configurations. Particularly, great effort has

*Corresponding author, e-mail: gogebakan@ksu.edu.tr
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been devoted to the production of Al-rich amorphous alloys, with the aim of utilizing
a high strength material with light weight which may lead to applications in a number
of fields [1-4]. Recently, Al-rich amorphous alloys have been produced in various Al-
TM-RE ternary alloy systems, where TM is Fe, Co, Ni and RE is Y, La, Ce, by rapid
solidification technique, and the resulting amorphous alloys exhibit high mechanical
strength combined with low density, large glass-forming ability and distinctly appre-
ciable glass transition phenomenon [5-10]. Although Al-TM-RE alloys systems
could be easily amorphized by rapid solidification technique, these amorphous alloys
contain expensive rare earth elements such as Y, La, Ce, and it is necessary to replace
them with cheaper elements such as Si and Ni. Furthermore, the density of Si (2.3
g/cm’) is lower than that of Y (4.45 g/cm’), La (6.17 g/em’) and Ce (6.77 g/em’).
Hence, rapidly solidified Al-Ni—Si amorphous alloys are better choice for practical
application as materials with high strength, low density and useful physical properties.

In this study, we present the structure, crystallization kinetics and electrical resis-
tivity of rapidly solidified Al;oNi;3Si;; amorphous alloy by a combination of differen-
tial scanning calorimetry (DSC), X-ray diffractometry (XRD) and four-probe tech-
niques.

2. Experimental

Ternary alloy ingot with nominal composition Al;Ni;3Siy7 (at. %) has been fabri-
cated by melting of appropriate proportions of high purity Al, Si and Ni elements in
a graphite crucible under an argon atmosphere. Rapidly solidified ribbons were manu-
factured by the single roller melt-spinning technique. By this technique, it is possible
to quench the molten alloy at a cooling rate of 10°~10° K/s. In order to obtain rapidly
solidified ribbons, the ingot was re-melted in a quartz crucible and then molten alloy
ejected through an orifice onto a single Cu wheel with a wheel surface velocity of
10—40 m/s. The resulting ribbons were typically 60—100 um thick, 3—5 mm wide and
up to several meters long. The amorphous/crystalline natures of the as-melt-spun and
annealed ribbons were characterized by X-ray diffractometry (XRD) technique. The
XRD experiments were performed using a Philips X Pert Pro diffractometer with fil-
tered CuK,, (4= 0.154 nm), 35 kV and 50 mA. For phase identification, measurements
were scanned for a wide range of diffraction angles (26) from 20° to 100° with the
scanning rate of 5 deg/min. The crystallization of rapidly solidified ribbons was inves-
tigated by DSC (Perkin-Elmer DSC-7) using both continuous heating and isothermal
annealing under a pure argon atmosphere. In order to ensure reliable temperature and
heat release values, the DSC was calibrated using In (99.999 wt. % of pure In) and Pb
(99.999 wt. % of pure Pb) standard. Continuous heating was performed at a constant
heating rate of 20 K/min. Isothermal DSC measurements were carried out by anneal-
ing to various temperatures 5—15 K lower than their first crystallization peak tempera-
tures with the heating rate of 20 K/min, and the heating duration of 3.5 h. For resistiv-
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ity measurements, rapidly solidified ribbons were annealed for 30 min at various tem-
peratures from 300 to 650 K, and then electrical resistivities of the samples were
measured by the four-probe method.

3. Results and discussion

Formation of amorphous alloys by melt-spinning technique is strongly dependent
on the processing parameters. The most important processing parameters are the wheel
surface velocity, ejection pressure and ejection temperature. These parameters can
modify the cooling rate, the viscosity of the melt and also the microstructure of the
resulting ribbons. In the present work, we changed the surface velocity while keeping
other parameters nominally constant. Figure 1 shows XRD spectra of the rapidly soli-
dified Al;oNi;;Si;; alloys prepared using circumferential wheel speeds in the range
10—40 m/s. At the wheel speed of 10 m/s, the melt spun ribbon was very brittle and
XRD trace showed the presence of peaks corresponding to elemental Al, Si phases and
intermetallic Al;Ni phases (as seen in Fig.1a). At wheel speeds greater than 10 m/s,
the diffraction peaks from Al, Si and intermetallic AI3Ni phases disappeared, and the
XRD traces showed the broad halo peak indicating that the structure of the melt spun
ribbon produced is amorphous.

+ aluminium
A AlsNi
silicon

Intensity [cps]
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Fig. 1. XRD spectra of the Al,(Ni;3Si; alloys prepared at various wheel speeds:
a) 10 m/s, b) 20 m/s, ¢) 30 m/s, and d) 40 m/s

Figure 2 shows a series of continuous DSC traces obtained from the rapidly solidi-
fied Al;oNi;Siy; alloy which exhibited a broad halo peak in Fig. 1b—d. As seen in
Fig. 2, the crystallization behaviour of amorphous Al,Ni;3Sij; alloys is very similar.
The DSC traces of these amorphous alloys exhibit three exothermic peaks, indicating
that structural transformation into final phase takes places in three single steps. It can
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be seen that the crystallization onset temperature 7, and the first peak temperature 7|
are dependent on the wheel speed. 7, and 7; decreased from 451 K to 442 K and from
463 K to 452 K, respectively, with increasing wheel speed from 20 m/s to 40 m/s.

1.5

Heat flow [W/g]

400 450 500 550 600 650
Temperature [K]

Fig. 2. Continuous DSC traces from an amorphous Al,Ni;Si;; alloy
manufactured at various wheel speeds: a) 20 m/s, b) 30 m/s, and c¢) 40 m/s

However, the crystallization peak temperature for other exothermic peaks (the sec-
ond and third peak) remained constant and independent of wheel speed (Fig. 2). The
crystallization onset temperature (7,) and the three crystallization peak temperatures (77,
T,, T;) are listed in Table 1.

Table 1. The crystallization onset temperature 7, and three crystallization peak
temperatures 7', T,, T3 of Al;oNi;3Si;7 alloys manufactured using various wheel speeds

oo s | DK 7, K] 1,[K] 1,[K]
20 451 463 501 548
30 447 459 501 547
40 442 452 500 545

The crystallization onset temperature and the three crystallization peaks tempera-
tures are in good agreement with those reported by McKay et al. [11] for a similar alloy,
as determined from their continuous DSC results. On the other hand, at temperatures
below the first exothermic crystallization peak, there was no clear evidence of a glass
transition effect, as would be expected for a marginal glass former. The absence of the
feature characteristic of glass transition temperature could be explained assuming that
during rapid solidification, a significant number of cluster distributions is formed. Under
continuous heating, the clusters that are above the critical nucleation size grow even at
lower temperatures. Therefore, glass transition temperature is hidden underneath the first
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crystallization peak. In continuous heating analyses, the dependence of crystallization
temperature on the heating rate can be used to estimate the associated crystallization
activation energy by means of the Kissinger method [12]. The activation energies are
presented in Table 2.

Table 2. Activation energies E, (kJ/mol) for crystallization in Al,(Ni;3Si;;
alloys manufactured using different wheel speeds

Wheel speed 1st peak 2nd peak 3rd peak
[m/s] [kJ/mol] [kJ/mol] [kJ/mol]

20 240 170 145

30 247 179 151

40 238 173 142

As seen in Table 2, the measured values of the overall activation energy for the first
exothermic peaks (240%10 kJ/mol) were higher than those of the second (175%10 kJ/mol)
and third exothermic peaks (145110 kJ/mol), indicating a relatively stable amorphous
structure. A similar result was reported by McKay et al [11] for AI-Ni—Si alloy. The
higher activation energy implies that the energy barrier for the glass-to-crystallization
phase transformation is higher, and that the amorphous structure is more stable at tem-
peratures lower than the crystallization temperature.
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Fig. 3. DSC traces from amorphous Al,(Ni;3Si; alloys obtained
after isothermal annealing at various temperatures

Figure 3 shows typical isothermal annealing DSC traces of amorphous Al;,Ni3Si;; al-
loy prepared at a wheel speed of 40 m/s. As seen in Fig. 3, isothermal annealing DSC
traces occurred with a clear incubation period, followed by an exothermic peak. Then
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a decrease in the reaction occurred, which is typical of a nucleation and growth
mechanism. This suggests that the crystallization should take place by nucleation and
growth, since the existence of the time dependent incubation period indicates a ther-
mal activation nucleation barrier. The kinetics of crystallization can be expressed by
the Johnson—-Mehl-Avrami (JMA) equation [13] and the corresponding Avrami plots
were made. This is shown in Fig. 4. From these plots, Avrami exponents n were ob-
tained in the range 2.4-2.8. The Avrami exponent with n = 2.5 is associated with nu-
cleation at a constant rate and diffusion-controlled growth [13]. Similar crystallization
behaviour and Avrami exponents were reported by Gogebakan et al. for Al-Y-Ni
alloy [14] and McKay et al. [11] for AI-Ni-Si alloy.
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Fig. 4. Avrami plots for the amorphous Al;oNi;;Si;; alloy
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Fig. 5. DSC traces obtained during continuous heating of Al,(Ni;3Si; alloys
as melt spun (a), and annealed for 30 min at: b) 475 K, ¢) 525 K, d) 575 K
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To investigate the crystallization behaviour during the exothermic reactions,
amorphous ribbons were heated up to the end temperatures of each exothermic reac-
tion peak, and then cooled rapidly to freeze the microstructure for subsequent DSC
and XRD analysis. Figure 5 shows a typical DSC trace obtained during continuous
heating of Al,(Ni3Si;; alloys (prepared at a wheel speed of 40 m/s), as melt spun and
annealed for 30 min at various temperatures from 475 to 575 K. The DSC traces of the
as melt spun ribbon consisted of three exothermic peaks. At the annealing temperature
of 475 K, the first exothermic peak disappeared and the DSC traces showed two exo-
thermic peaks. However, the second and third exothermic peaks were not affected by
the heat treatment. The DSC traces of the alloys annealed at 525 K showed only one
exothermic peak. The DSC trace from alloys annealed at 575 K did not show any exo-
thermic peak. Similar crystallization behaviour was reported by Kim et al. [4] for their
Al-Y-Ni alloys.

O fec Al
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Fig. 6. XRD traces from amorphous Al;oNi;3Si;; alloys annealed
for 30 min at: a) 475 K, b) 525 K, and ¢) 575 K

Figure 6 shows the XRD traces obtained from rapidly solidified Al;,Ni;3Si;; alloys
(prepared at a wheel speed of 40 m/s) after heated up to 475, 525 and 575 K, respec-
tively. XRD results revealed that, after annealing to 475 K, fcc-Al and a hexagonal
phase were formed. This hexagonal phase has been previously identified by
Schumacher [15] and Legresy [16]. Therefore, this is an indication that, for amorphous
Al;Ni3Siy7 alloys, the first crystallization peaks correspond to the formation of fcc-Al
and hexagonal phases. After heating to 525 K, no new phase in the XRD traces were
observed, and the intensities of present phases were increased. Therefore, the second
exothermic peak in DSC corresponds to the growth of the fcc-Al and hexagonal
phases. However, after annealing to 575 K, fcc-Al, fce-Si and orthorhombic Al;Ni
phases were observed, at this stage of heating the hexagonal phase was no longer pre-
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sent and this is indicating that it is metastable. This observation is in agreement with
that of McKay et al [11] for AI-Ni-Si alloy.
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Fig. 7. Changes of electrical resistivity of Al;oNi;3Si;; alloys
annealed at various temperatures

In order to understand the variation of the electrical resistivity with annealing
temperature, amorphous ribbons were annealed for 30 min at various temperatures
from 300 to 650 K. The changes in electrical resistivity with annealing temperature are
shown in Fig. 7. As seen from the figure, the electrical resistivity remains nearly the
same up to 450 K, which is about 33x10°Q-cm. Therefore the electrical resistivity of
the amorphous Al;oNi;;3Si;; alloy is higher than that of pure Al (2.82><10*6 Q-cm) and
Ni (7.12x10°° Q-cm), and lower than that of Si (640x10> Q-cm). However, the highest
resistivity value decreases significantly from 33x10° Q-cm to 1x10° Q-cm, on de-
compositions of the amorphous phase to a fully crystalline phase. This suggests that,
in Al-Si—Ni alloy, amorphous structure is responsible for the high resistivity.

4. Conclusions

The as-spun ribbon prepared at wheel speeds higher than 10 m/s is ductile, and the
XRD traces showed a broad halo peak corresponding to the amorphous structure. At
the wheel speed of 10 m/s, the melt spun ribbon was very brittle and XRD trace
showed the presence of peaks corresponding to elemental Al, Si phases and intermet-
allic AI;Ni phase. Crystallization of amorphous Al;oNi;3Si;; alloy during continuous
heating in DSC, takes places in three stages: (1) formation of the fcc-Al and hexagonal
phases from the amorphous phase; (2) growth of the fcc-Al and hexagonal phases; (3)
formation of fcc-Si and orthorhombic Al;Ni phases. Crystallization of amorphous
Al;Ni3Si;7 alloy during isothermal annealing at in the range 420-27 K show JMA
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kinetics with the Avrami exponent of 2.4-2.8, corresponding to continuous nucleation
and three dimensional diffusion-controlled growth. Electrical resistivity of the alloy
was measured as 33x10°° Q-cm for the amorphous structure and as 1x10° Q-cm for
the crystalline structure.
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Preparation and pressureless sintering of
nanostructured zirconia—titania composite powders
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TiO, doped yttria—zirconia nanosized powders were prepared by the coprecipitation method, with particle
sizes of 10—15 nm. The effects of TiO, content and calcining temperature on the phase structure and grain size
of powders were studied. Nanopowders were compacted uniaxially and densified in a muffle furnace. Densifi-
cation studies show that the dense pellet of yttria stabilized tetragonal zirconia polycrystal (Y-TZP)-TiO, is
obtained after sintering at 1200 °C. The presence of TiO, inhibits grain growth and suppresses the densification
process of pure Y-TZP. Ceramics with a mean grain size of 39 nm can be obtained based on the powder that
has been doped with 30 mol % TiO.,.

Key words: ZrO,-Y,05TiO,; crystallization; nanocomposites, pressureless sintering

1. Introduction

Nanostructured materials, characterized by an ultrafine grain size, have stimulated
much research interest by virtue of their unusual mechanical, electrical, optical, and
magnetic properties. Nanocrystalline ceramics, in which grain sizes smaller than
100 nm occur, are believed to have special characteristics, such as superplasticity at
low temperature [1-4]. However, fabrication of a dense bulk nanocrystalline ceramics
is very challenging, since an inevitable grain growth occurs at relatively high sintering
temperatures needed for densification. Nanocomposites constructed by dispersing
second-phase nanosize particles within the matrix grains and on the grain boundaries,
lead to a new concept of material design which significantly improves strength and
also provides moderate enhancement in fracture toughness [5]. On the other hand, the
nano/nano-type composites which were composed of the dispersoids and matrix grains
(both of nanometer size) showed additionally attractive properties, due to a peculiar
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role of nanosized phases in physical and mechanical properties [5, 6]. Therefore,
nanocomposites have been the subject of intensive research in recent years.

ZrOy-Y,0; systems find a wide variety of applications in many advanced struc-
tural, high-temperature and electrical applications due to their unique properties such
as high hardness, low wear resistance, low coefficient of friction, high elastic
modulus, chemical inertness, low thermal conductivity, high fracture toughness and
high melting point [7, 8]. Nevertheless, their mechanical properties at room tempera-
ture do not deliver guaranteed results. It is well known that the strength of yttria stabi-
lized tetragonal zirconia polycrystal (Y-TZP) may decrease drastically during ageing
in air at temperatures between 100 °C and 400 °C [9-11]. At these temperatures, the
tetragonal-monoclinic (t—m) phase transformation is activated by the environment,
and the volume expansion that takes place can generate microcracks in the trans-
formed surface, thereby degrading the strength and surface properties of the material.
It has been reported that the uniform distribution of Al,O5 to ZrO, matrix can suppress
the low-temperature degradation of mechanical properties. In addition, a dopant can
control the microstructure by a prevention of the abnormal grain growth and refine-
ment of matrix grains [12—14]. Thus it seemed interesting to prepare Y,0O; doped ZrO,
(Y-ZrO,) based mixed oxides and to study their structural and morphological behav-
iour. Similar materials are also of interest in the field of the preparation of Y-TZP
based ceramics as engineering materials.

In earlier studies, ZrO,—Y,0;-Al,05 and ZrO,—Y,0;—CuO nanocrystalline pow-
ders were prepared using the chemical coprecipitation method. On this basis,
Y-TZP/Al,O; and Y-TZP/CuO nanoceramics were prepared successfully by the au-
thors [15—18] by pressureless sintering. Tetravalent dopants such as Si*, Ce*" etc.,
were also found to be effective agents to stabilize t-ZrO, forming cationic networks
and high-energy surface layers [19, 20]. In the zirconia-rich end of the titania phase
equilibrium diagram, TiO, is known to dissolve into tetragonal ZrO, up to 18 mol % at
high temperatures and act as a stabilizing agent in a manner similar to Y,0; and CeO,
[21]. Therefore, ZrO,—Y,0;-TiO, could be an interesting challenge. In this work, ZrO,
—Y,03-TiO, nanosized powders with various TiO, contents were synthesized by
chemical coprecipitation. The sintering behaviour and microstructure of the bulk ce-
ramics prepared by pressureless sintering was investigated.

2. Experimental

Homogeneous 3Y-ZrO, and TiO, powder mixtures with nanosized particles were
synthesized by coprecipitation [15, 16]. ZrOCl,-8H,0, Y(NO;);:6H,0 and TiCl,, se-
lected as starting materials, were dissolved in deionized water to prepare a transparent
metal salt solution with TiO, content from 5 mol % to 30 mol% relative to 3Y-ZrO,.
NH;-H,O solution was prepared separately with deionized water. The two solutions
were then mixed and continuously stirred to obtain a homogenous solution, and the pH
of the solution was adjusted to 9—10 by adding ammonia. The precipitate was filtered
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and washed repeatedly with deionized water to remove NO; and CI” anions and then

washed with ethanol for three times. Then the precipitates were dried in an oven for
24 h and calcined at various temperatures for 2 h. The product was ground in an agate
mortar, and nanosized powders were obtained. The products were referred to as ZT05,
ZT10, ZT15 and ZT30 for 3Y-ZrO,—TiO, binary oxide samples with TiO, contents
from 5 mol % to 30 mol% relative to 3Y-ZrO,. X-ray powder diffraction (XRD) for
the powders was recorded on a D/max-RB diffractometer using CuK, radiation
(A =0.15406 nm). The EDS analysis of powders was performed on a scanning electron
microscope (SEM, JEOL JSM-5600LV). The grain size was estimated from the full
width at half maximum (FWHM) by the Scherrer equation and confirmed by a trans-
mission electron microscope (TEM, JEM1200EX).

The green compact pellets were obtained by uniaxial pressing of the 3Y-ZrO, and
3Y-ZrO,-TiO, powders at 1000 MPa for 5 min in air at room temperature. The nano-
composites were prepared by heating the green compacts in air at the rate of 5 °C/min
up to a predetermined temperature and sintering for 4 h at that temperature. Ar-
chimedes’ principle was used to measure the bulk density. XRD (D/max-RB) was
used to deduce the crystalline phases and grain size of the sintered samples. The frac-
ture surfaces of the sintered pellets were examined by scanning electron microscopy
(SEM, JEOL JSM-6701F).

3. Results and discussion

3.1. Morphological properties and phase structure of the powders

The XRD patterns of 3Y-ZrO,, and four mixed oxides with various TiO, contents af-
ter calcination at 600 °C are shown in Fig. 1. It is seen that the ZT30 and ZT15 after calci-
nation at 600 °C were in an amorphous form. For the ZT10, the XRD shows a line at 30°
corresponding to tetragonal ZrO,. Although the XRD patterns of ZT10 have a feature line
of tetragonal ZrO,, the sample exhibits mostly the characteristics of amorphous phase.
Relatively speaking, the ZT05 exhibits stronger tetragonal phase structure.

Figure 2 shows the XRD patterns of binary oxide samples after calcination at
800 °C. One can see that the XRD patterns of the five mixed oxides show the strong-
est diffraction peak of t-ZrO, phase. The 3Y-ZrO,, ZT05 and ZT10 samples also show
other diffraction peaks corresponding to the monoclinic phase structure, except for the
ZT15 and ZT30 samples with a single t-ZrO, phase. The inset in Fig. 2 represents the
relationship between TiO, content and phase composition. The volume fraction of the
monoclinic phase (V,,) was determined by the empirical formula [22]:

i (I, A1)+ (111)]
"L AN+, (11 T)+1,(111)]
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where /,, denotes the intensities of the monoclinic peaks, and /, denotes the intensities
of the tetragonal peaks.
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Fig. 1. XRD patterns of 3Y-ZrO, and 3Y-ZrO,-TiO,;
t — tetragonal, m — monoclinic
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Fig. 2. XRD patterns of 3Y-ZrO, and 3Y-ZrO,—TiO, powders
calcined at 800 °C; t — tetragonal, m — monoclinic. The inset represents
the relationship between TiO, content and phase composition

It can be seen that the phase composition follows a decreasing trend in monocline
volume fraction as TiO, content increases. The monocline volume fraction of ZT05 pow-
ders is 19.1 vol. %. In the ZT10 sample, the monocline content decreases to 8.3 vol. %.
The peak of monoclinic phase disappeared when the TiO, content increased further. It
seems that the addition of TiO, delayed the phase transformation of zirconia from the
tetragonal metastable phase to thermally stable monoclinic phase at 800 °C.
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Fig. 3. XRD patterns of ZT15 powders calcined at various
temperatures; t — tetragonal, m — monoclinic, r — rutile

The crystallization process with increasing temperature for the dried 3Y-ZrO,
powder with 15 mol % TiO, was studied by the XRD technique, as shown in Fig. 3. It
indicates that the dried gel existed as a totally amorphous mixture, and heating at tem-
peratures lower than 700 °C did not cause any crystallization of the gels. Above
700 °C, there appeared crystallization peaks of the tetragonal ZrO, phase. The t-ZrO,
peaks, with large full widths at the half maximum, indicate that the average crystallite
size was small. With increasing temperature, the higher intensity and much sharper
ZrO, peaks were observed. The XRD pattern after calcination at 1000 °C shows only
t-ZrO,. But rutile-Ti0, and m-ZrO, were found to appear at 1200 °C.
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Fig. 4. TEM image (a) and EDX spectrum (b) of the ZT15 powder after calcination at 800 °C

Figure 4 shows the TEM photograph and EDS profile for ZT15 powders after cal-
cination at 800 °C. It is seen that the agglomerates in Fig. 4a consist of almost spheri-
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cal primary crystalline particles with the sizes of 10—15 nm. The EDS analysis exhib-
ited clear peaks of Zr and Ti from any detected site. These results indicate that the

homogeneous nanosized composite powder could be obtained by this coprecipitation
process.

3.2. Sintering behaviour and microstructures

Figure 5 shows relative densities of specimens of various compositions in function
of sintering temperatures. It can be seen that the presence of TiO, suppresses the den-
sification process of Y-TZP. In samples without addition of TiO,, densification starts
at 600 °C and increases continuously [17, 18].
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Fig. 5. Relative density in function of the sintering temperature
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Fig. 6. Effect of TiO, content on the grain size of Y-TZP-TiO, sintered at 1200 °C
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The powder doped with TiO, exhibits a lower sintered density at the same tem-
perature. Note that, after sintering at 600 °C, low densities (about 60%) are obtained
for the samples doped with TiO,, but all 3Y-ZrO,-TiO, oxides can be densified above
90% at 1200 °C. Effect of TiO, content on the grain size of Y-TZP sintered at 1200
°C is presented in Fig. 6. Grain size was calculated from X-ray line broadening. Obvi-
ously, the presence of TiO, inhibits grain growth dramatically. The powder that has
been doped with 30 mol % TiO, and sintered at 1200 °C has a very small grain size
(only 39 nm): the SEM micrograph of this specimen is shown in Fig. 7. Some uniaxial
grains and polyhedral morphology are found in the SEM micrograph. The grains have
a primary diameter of about 50—100 nm, which is larger than that determined from the
corresponding X-ray peak broadening. The grains in the SEM photograph could be
agglomerates comprised of several individual grains [18].

o,

Fig. 7. SEM fractograph of Y-TZP/30mol %TiO, sintered at 1200 °C
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Fig. 8. The XRD patterns of the zirconia based nanocomposites
sintered at 1200 °C; t — tetragonal, r — rutile

Evolutions of phases were investigated in function of sintering temperature, using
X-ray diffraction. The phase composition of the Y-TZP/TiO, nanocomposites re-
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mains almost unchanged after sintering at temperatures up to 1200 °C (see Fig. 8).
The XRD patterns of the three samples show the strongest diffraction peak of t-ZrO,
phase. The sintered sample doped with 30 mol % TiO, also showed the other diffrac-
tion peaks for the rutile phase structure.

4. Conclusions

Homogeneous 3Y-ZrO,—TiO, nanosized particles can be obtained by a coprecipi-
tation process. The presence of TiO, inhibits grain growth and suppresses the densifi-
cation process. The dense zirconia based nanocomposites with a fine grained micro-
structure can be pressurelessly sintered in air using a powder prepared by
coprecipitation. The sintered bodies (1200 °C) of doped TiO, (30 mol %) were com-
posed mainly of tetragonal and a small amount of rutile phase, with a very small grain
size (only 39 nm) calculated by X-ray line broadening.
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Construction of the master sintering curve
for submicron size 0-Al,O; based on non-isothermal
sintering containing lower heating rates only

W. SHAO, S. CHEN', D. LI, H. CAO, S. ZHANG
College of Physics Science, Qingdao University, Qingdao 266071, P. R. China

The master sintering curve (MSC) is quite useful for analyzing the shrinkage behaviour of ceramics.
In this study, the shrinkage behaviour for a-Al,Os; with a mean particle size of 350 nm during constant-
heating-rate sintering were evaluated based on the MSC theory. An MSC for the above powder has been
constructed using dilatometry data containing heating rates lower than 5 °C/min only with the help of
combined-stage sintering model. The validity of the MSC has been verified by a few experimental runs. A
comparison between predicted and experimental shrinkage curves showed good consistency, thus confirming
that it is possible to control shrinkage behaviour using the MSC. The concept of the MSC has been used to
evaluate the apparent activation energy for the above powder, and a high value of 1035 kJ/mol was obtained.

Key words: low heating rate; master sintering curve; apparent activation energy,; o~Al,O;

1. Introduction

Sintering is a crucial step in the fabrication of a-Al,O; ceramic components from
a powder compact and involves microstructure evolution through the action of several
different mechanisms [1]. Analysis of densification during non-isothermal sintering with
constant heating rates allows one to follow more closely microstructure evolution.

Since the 1940s, many researchers have proposed sintering theories that have been
verified by experimental examinations [2, 3]. These theories are, however, limited to
a single transportation process and a single stage. Such theories are insufficient for
evaluating sintering behaviours. Hansen et al. [4] proposed a generalized model with
a sintering equation for the shrinkage rate, quantifying sintering as a continuous proc-
ess from the beginning to the end. The microstructure is characterized by two separate
parameters representing the geometry and scale (average grain size). Based on the
generalized model, Su and Johnson [5] extended a classic sintering theory and pro-
posed the master sintering curve (MSC).

*Corresponding author, e-mail: shaouchen@126.com
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The MSC is empirically derived from densification data obtained over a range of
heating rates [6]. When a proper activation energy is used, all the data converge onto a
single curve, the MSC. The activation energy can be readily estimated with just a few
dilatometer experiments if it is unknown beforehand. Once established, the MSC
makes it possible to predict the final density after arbitrary temperature-time excur-
sions. It is particularly useful when considering alternative sintering methods [7]. This
curve is sensitive to such factors as the starting morphology of the powder, fabrication
route, dominant diffusion mechanism and heating condition used for sintering. Thus
the MSC curve can also be used as an aid to compare the sinterability of various pow-
ders [8—10] and to know the effects of additives, atmosphere and fabrication procedure
of sintering [6]. In the MSC theory, @(0) which is function only of density, is given as
the function of temperature and time:

@(p)=06(1,T(t)) =j%exp(—%jdt (1)

where Q is the apparent activation energy for sintering, R — the gas constant, 7 — the
absolute temperature, ¢ — the time. In this case, if one dominant diffusion mechanism
exists and the microstructure is a function only of density, a unique MSC can be ob-
tained dependent on the powder and green body characteristics, which are independent
of the heating profile.

The relationship between the density o and @ is defined as the master sintering
curve. For the construction of MSC, a series of runs at constant heating rates over
arange of heating rates is needed. In the past, the heating rate used for the construc-
tion of the MSC for a-Al,O; inevitably contains higher values (higher than the heating
rate of 5 °C/min) [6, 11, 12], little attention was paid to the sintering process contain-
ing heating rates lower than 5 °C/min only.

It is well known that surface diffusion inhibits sintering, particularly at low tem-
peratures and during the earliest stages of sintering. In constant heating rate sintering,
this inhibition diminishes with time and increased temperature. Estimates of the acti-
vation energy of densification are biased upward by this surface diffusion effect, par-
ticularly at low heating rates. The MSC for low heating rates in the presence of low
activation energy surface diffusion would be biased to higher temperatures from those
at higher heating rates.

In ceramic powder processing, high heating rates are often used to enhance sinter-
ing and reduce grain growth. The essence of this concept is that fast heating rates fa-
vour densification instead of grain growth in coarsening sensitive systems (i.e., with
higher activation energy for densification than for grain growth). In these systems,
a slow heating rate results in grain coarsening by surface diffusion which is able to
operate through low temperature ranges. Conversely, a high heating rate takes the
system to high temperatures where a high densification rate is favoured before surface
diffusion causes grain growth. Moreover, a slower heating rate produced a higher den-
sification of samples because time available for densification in this case was longer.
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The objectives of this study were to construct the MSC for 0-Al,O; based on non-
isothermal sintering containing lower heating rates only, to determine whether the
MSC can be applied to predict and control the o-Al,O; sintering, and to apply the
MSC to determine the sintering activation energy.

2. Experimental

For constant-heating-rate sintering, o-Al,O; powder (99.9% purity, Dalian Luming
Nanometer Material Ltd, Dalian, China) having an average particle size of 350 nm was
mixed with 1 wt. % adhesion agent, dried, granulated, and screened to —60 mesh. The
powder was pressed using a uniaxial pressure of 80 MPa and then further consolidated by
cold isostatic pressing at 250 MPa to create bars of ca. 5x5x45 mm’. The binder was
burned out at 500 °C. This resulted in negligible densification but provided green strength
and minimized contamination from any adsorbed species in the raw powder. The green
density was measured by the geometric method. The green density of o-Al,O; powder
compacts was 2.08+0.03 g/cm’. The value of 3.98 g/cm’ was used as the theoretical den-
sity (), which was the single crystal density.

The shrinkage of a-Al,O; samples was measured with a push rod type dilatometer
in the axial direction. The length change measurements were made with a linear volt-
age differential transducer (LVDT) which was maintained at a constant temperature by
means of water circulation from a constant temperature bath. The accuracy of the
measurement of the change in length was within £0.1 um. The temperature was meas-
ured using a calibrated thermocouple placed directly above the sample. A small force
of 0.2 N was applied to the sample through the push rod.

First, two green compacts were heated to the peak temperature (the temperature
corresponding to the end of the sintering) at the heating rate of 2 and 5 °C/min. Sec-
ondly, three green compacts were sintered by heating up to 1200, 1350 and 1500 °C
with holding time for 6 h at the heating rate of 5 °C/min. Finally, other runs for non-
isothermal sintering were carried out in the same system by heating at 1 °C/min to
1115 °C, 2 °C/min to 1250 °C, 3 °C/min to 1420 °C, 4 °C/min to 1575 °C and
5°C/min to 1650 °C without holding dwell time, respectively. Apparent densities of
the sintered samples were determined by the Archimedes method.

3. Results and discussion

3.1. Construction of the master sintering curve

Figure 1 shows temperature dependence of the AL/L, of a-Al,O; under two heat-
ing rates. The dilatometric curves of Fig. 1 were replotted as the relative density ver-
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sus temperature (Fig. 2). The AL/L, (shrinkage) values were converted into the time-
dependent relative density o using the following dependence [13]:

py 1

AL o
LO

where o is the density of the green compact, py is the theoretical density. The curves
have the familiar sigmoidal shape and generally shifted to higher temperatures with
increasing heating rate.
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Fig. 2. Relative density in function

of sintering temperature

For the construction of MSC, the integral of Eq. (1) and the experimental density
should be known. The dilatometry can be conveniently used to determine the density
since the instantaneous density at all times can be obtained from the dilatometric data
[14]. For the calculation of &, the activation energy (a characteristic quantity that elu-
cidates the fundamental diffusion mechanisms during the sintering process) should be
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known. If the activation energy is unknown, it can be estimated with a good precision
from @vs. density p data [6, 15].

For this purpose, initially, an estimate is made for the activation energy Q, and the
MSC:s for all the heating profiles are computed using Eq. (1). If the correct value of O
has been given, all the data converge to a single curve. A curve (a polynomial func-
tion) can be fitted to all the data points, and then the convergence of the data to the
fitted line can be quantified through the sum of the residual squares of the points with
respect to the fitted line. Another estimate of Q is made, and the process is repeated
(Fig. 3a—d). When the best estimate of Q is found, the mean of residual (sum of resid-
ual squares divided by total number of data points) is a minimum.

1.0 1.0
H—O— 5 °C/min —— 5°C/min
2 0.91—&— 2°C/min 0.91—A—2 °C/min
o A >
5 s
S 0.81Q=500 ki/mol £ 081Q=700 ki/mol
° &
2 07} 2 07
o L —
I~ oL
0.6} 2 0.6}
05r a) 0.5¢ b)
18 <17 16 -15 -14 -13 30 21 24 2
log[@LT(1)]  log[s/k] log[OLT()] log[s/K]
1.0 1.0
H—0— 5 °C/min —&— 2 °C/min
0.9 —&— 2 °C/min s 0.9 1 —o— 5°C/min
- b Py —1
é 0.81Q =1000 kJ/mol 5 081 =1500 ki/mol
2 o1} £ 07
&2 0.6F & 0.61
0.5F 9) 0.5F d)
44 40 236 32 28 =70 65 -60 55 -50 45
log[O(LT(1))]  log[s/K] log®(tT(1)]  logls/K]

Fig. 3. Construction of a p—@ curve for various heating profiles for a chosen
value of activation energy: a) 500 kJ/mol, b) 700 kJ/mol, c) 1000 kJ/mol, d) 1500kJ/mol

The results for such an exercise for the alumina sintering data of Fig. 2 are shown
in Fig. 4. The minimum is reached at ca. 1035 kJ/mol, indicating the estimated sinter-
ing activation energy. It is a high estimate, considering the reported activation energies
for alumina in the literature [11, 12].
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The activation energy of a-Al,O; obtained by Tatami et al. [11] for heating rates
7.5-20 °C/min was 555 kJ/mol based on the MSC theory. In their experiments, the
powder was uniaxially molded at 50 MPa, followed by cold isostatic pressing at
200 MPa. Shrinkage behaviour during sintering of the green bodies was evaluated
using an electric furnace equipped with a dilatometer. The samples were heated to
1400 °C at constant heating rates (7.5, 10, 15, 20 °C/min). The shrinkage ranging from
2.5 to 17.5% was analyzed. It was found that the MSCs obtained by sintering at the
heating rate of 3—5 °C/min did not correspond to that based on the heating rate of
7.5-20 °C/min [11]. It can be presumed that contribution of the surface diffusion for
the slow heating rate becomes large. For this reason, in firing at 3—5 °C/min, densifica-
tion proceeded by a diffusion mechanism different from the others. In other words, the
activation energy at 3—5 °C/min sintering differed from that at 7.5-20 °C/min firing.

03}
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Fig. 4. Dependence of mean of residual squares
on the activation energy; minimum at 1035 kJ/mol

In the o-alumina (with the average particle size of 0.27 wm) sintering experiments
by Wang and Raj [12], the activation energy was determined to be 440 kJ/mol from an
Arrhenius plot of In(€7) vs. the reciprocal of the absolute temperature. Five values of

density ranging from 0.65 to 0.85 are used. The cylindrical samples themselves were
prepared by uniaxial pressing in a steel die at 40 MPa and then by isopressing cylin-
drical green compacts at 100 MPa. The samples were 12 mm in diameter and 10 mm
high. Their relative green density was 55+£1%. The temperature of the specimen was
raised to 800 °C in 1 h and held at that temperature for 10 min. Thereafter three differ-
ent heating rates (5, 10, and 20 °C/min ) were used to increase the temperature from
800 °C to 1600 °C. The experiments were terminated when the temperature reached
1600 °C.

In the ZnO sintering experiments by Chu et al. [5], all the powder compacts were
heated first to 500 °C at 10 °C/min and then heated to 1100 °C at a wide range of heat-
ing rates (0.5, 2, 5, 10 and 15 °C/min). Closer inspection of the MSCs derived from the
experimental data showed that the points calculated from the data of the lowest heat-
ing rate (0.5 °C/min) experiment were a little lower than those from higher heating rate
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experiments. i.e., using 0.5-15 °C/min, yields an apparent activation energy of
310 kJ/mol. Excluding the lowest and the two lowest heating rate data from the analy-
sis results in estimates of 300 and 285 kJ/mol, respectively. This could be ascribed to
a surface diffusion effect, which would have a more significant effect at lower heating
rates.

It should be noted that the activation energy value obtained in the present work is
quite high (almost twice as high as 555 kJ/mol obtained by Tatami et al. [11] for heat-
ing rates 7.5-20 °C/min or Wang and Raj [12] of 440 kJ/mol) and differs much more
significantly than that in the discussed case of ZnO.

During sintering, surface transport mechanisms (evaporation condensation, E-C;
surface diffusion, SD) provide for neck growth by moving mass from surface sources.
Bulk transport processes (grain boundary diffusion, GB; volume diffusion, VD; plastic
flow, PF) provide for neck growth using internal mass sources. Only bulk transport
mechanisms cause shrinkage. However, a major complication arises due to multiple
mechanisms contributing simultaneously to shrinkage. The activation energy for sin-
tering is equal to the activation energy for the rate-controlling diffusional mechanism
since the sintering rate is proportional to the diffusion coefficient. However, the value
obtained for O can vary drastically, depending on the conditions (i.e., the characteris-
tics of the raw materials, the preparation procedure of green compacts, the sintering
procedure, etc.) under which the sintering data are obtained.

As has been shown, the condition under which the activation energy was obtained
in the literature [5, 11, 12] differs significantly from that in the present work, espe-
cially the heating rate (heating rates lower than 5 °C/min only employed in the present
work). According to the sintering theory, the activation energy of sintering should be
consistent with that of the apparent diffusion coefficient of the rate-limiting species of
sintering. In sintering polycrystalline ceramics, it is common that both grain boundary
and lattice diffusion of the rate-limiting species can simultaneously contribute to den-
sification. Some reports [16, 17] have suggested that the change of the relative contri-
bution of D, and D, (D; is the lattice diffusion and D, is the grain boundary diffusion)
due to the difference of the impurity level or grain size can affect not only the pre-
exponential factor but also the activation energy of the apparent diffusion coefficient.
However, the relative contribution of D, and D, also is different at different tempera-
tures even impurity level and grain size are the same because these two diffusivities
have different temperature-dependences. Thus, heating rate would have a significant
influence on the non-isothermal kinetic processes due to the fact that it can change the
relative contribution of D, and D, from low to high temperatures. Therefore, the higher
activation energies evaluated based on the non-isothermal sintering can be attributed
to the effect of heating rate [18]. Especially for the small-grain-size powder, due to the
fact that its densification can occur at lower temperatures. Thus, the contribution of D,
to densification will be higher because of the higher degree of densification in the
lower temperatures using lower heating rates, which in turn would influence the
evaluation of the activation energy.
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Moreover, German [19] pointed out that diffusivities could vary widely with im-
purity content and atmosphere. In the present work, the increase in carbon content is
due to the binder residue left behind after the debinding process. Thus, the presence of
binder residue and impurities on the particle surfaces after the binder has decomposed
may also be a cause leading to the higher activation energies found in the present re-
search.

It is obvious that in the present work the samples have not achieved full density
(about 96% of the theoretic density) and that the activation energy value is similar to
the one obtained by Fang et al. [18] (1080 kJ/mol) for classified a-Al,O; compacts in
the intermediate stage of sintering.

In the literature [18], the classified powder had an average diameter of 0.21 pum.
Sintering was performed in air using a dilatometer. For nonisothermal sintering, four
heating rates of 3, 5, 10, and 20 °C/min were used to reach the desired temperature
(1700 °C) without holding. The activation energy of sintering could essentially be
evaluated from the Arrhenius plot of In(€T) vs. the reciprocal of the absolute tem-

perature. Five values of density ranging from 0.70 to 0.90 were used.

For the classified powder, three values of activation energy in the intermediate
stage of sintering can be evaluated based on different heating rates, i.e., 478 kJ/mol for
10 and 20 °C/min, 640 kJ/mol for 5, 10, and 20 °C/min, and 1080 kJ/mol for 3, 5, and
10 °C/min, respectively. It indicated that a higher value of the evaluated activation
energy will be obtained when the Arrhenius plot involves low heating rates, which
further supports that the relative contribution of D, and D, to densification is different
at the same density level for high and low heating rates. Comparing the activation
energy of 1080 kJ/mol in the literature and 1035 kJ/mol obtained in the present work,
this kind of similarity can be attributed to the similar heating rates used in the litera-
ture and the present work.

3.2. Validation of the master sintering curve

From the knowledge of the activation energy of sintering as obtained above, MSC
for a-Al,O5 has been constructed (Fig. 5). In Figure 6, the shrinkage versus isothermal
hold time of ca. 6 h is shown for the samples sintered at 1200, 1350 and 1500 °C, re-
spectively. In this plot, the abscissa represents the isothermal hold on time. From the
dilatometric data of a particular run, the @ values are calculated for the isothermal
hold by Eq. (1). These values are shown on the master sintering curve as shown in
Fig. 7. It can be seen that the values for all the three temperatures with different peri-
ods of time lie on the MSC, validating the concept of MSC. For clarity only a few
representative data points are shown.

In addition, based on the experimental data (the density determined by the Ar-
chimedes method with different heating procedure), the relationship of p and 6,
shown in Fig. 8, was highly consistent with the MSC. The constructed MSC agreed



Master sintering curve for submicron size o~Al,0; 105

well with the densities determined by the Archimedes method under different heating
history, which further verified its validity.
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Fig. 5. MSC constructed from the sintering data shown in Fig. 2
using the activation energy of 1035 kJ/mol
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Fig. 8. Validation of MSC for a-Al,O;. The densities determined by the dilatometer
trace are in a good agreement with the Archimedes densities (including error bars)

Thus it can be regarded that integration of the proposed sintering time
—temperature profile yields a point on the MSC curve. The expected density can be
obtained by finding the ordinate value at that point. On the other hand, if the final
desired density is known, it is possible to find out the corresponding @ value from the
abscissa of the master sintering curve and thereafter to plan the sintering schedule [20,
21]. Thus MSC can be a characteristic measure of the sinterability of a powder com-
pact over a wide range of densities.

4. Conclusions

Based on the constant heating rate sintering containing low heating rates only, the
master sintering curve for a-Al,O; has been constructed with the help of a combined-
stage sintering model. A comparison between the predicted and the experimental
shrinkage curves showed good consistency, thus confirming that it is possible to con-
trol shrinkage behaviour using the MSC. With one experimentally determined tem-
perature dependent parameter @, the densification behaviour for a-Al,O; can be de-
scribed from the early to the final stages of sintering.

The concept of MSC has been used to calculate the apparent activation energy for
densification during sintering for sub-micron-sized o-Al,O; powders. The activation
energy was determined to be 1035 kJ/mol, which is higher than the value reported by
other researchers. So the evaluation of sintering activation energy based on MSC will
be influenced by the heating rates.
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Study of the electrical properties
of polystyrene—foliated graphite composite
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The present paper reports the development of polystyrene—foliated graphite composites via a hot
compression moulding technique. Foliated graphite, as obtained by the sonication of expanded graphite,
was used as a filler. A distinct percolative behaviour was observed in the variation of conductivity of the
composites as a function of graphite concentration. At the percolation concentration of graphite content
(0.02 vol. fraction), the conductivity is found to be ca. 10~ S/cm. The percolation behaviour was analyzed
using the generalized effective media equation. An estimation of the interparticle distance between the
filler particles/clusters in the composites was made. The analysis of current—voltage characteristics re-
vealed that near the percolation threshold the electrical transport is due to tunnelling of charge carriers,
while above the threshold it is ohmic in nature.

Key words: polymer composites, electrical properties; percolation threshold; scanning electron micros-
copy (SEM)

1. Introduction

The electrical insulating behaviour of most polymeric materials is well known.
However, conductive fillers can be incorporated as a second phase into these matrices,
leading to an increase in the conductivity of the resulting composites [1-3]. The prop-
erties of these composites are mainly varied with the filler content [4-6]. When the
filler content reaches a critical value (the so-called percolation threshold), a sharp tran-
sition in the conductivity of the composites occurs with a slight increase of the filler
content [7, 8]. Nanosize fillers significantly modify the properties of polymer compos-
ites and even generate certain new properties that cannot be derived from conventional
fillers [9]. The incorporation and dispersion of nanosize conducting fillers is assumed

*Corresponding author, e-mail: rammehra2003@yahoo.com.
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to be better as compared with conventional microsize fillers and thus a low percolation
threshold and higher conductivity are achieved.

Naturally abundant graphite flakes have been widely used as conducting fillers for
polymer composites. Conventional graphite fillers are usually microsize powders. In
order to fabricate a composite with a satisfactory conductivity, loadings of fillers are
usually as high as 20 wt. % or even higher. This often results in poor mechanical
properties of the material. Polymer composites made from graphite nanosize powder
or nanosheets may possess promising properties, especially good electrical conductiv-
ity at low filler loading, corresponding to low percolation concentration of the filler.
Various theories/models have been proposed to interpret the electrical conductivity
behaviour of polymer composites [3, 8, 10].

The percolation threshold concentration of filler depends on the dispersion of the
conducting filler into the polymer matrix and the preparation technique of such com-
posites. The conducting polymer composite can be prepared using either hot compression
moulding or in-situ polymerization. In hot compression moulding [11-13], the filler
particles are pre-localized [14, 15] onto the polymer particles before compression. In
the case of in-situ polymerization, the polymer particles are dispersed into the mono-
mer before polymerization. The monomer is gradually polymerized with the addition
of an initiator, along with proper sonication of filler particles to achieve better disper-
sion. The effect of filler content on the conductivity of the composite is generally ana-
lyzed by using percolation theory for both types of composites. In the hot compression
mouding technique, the conductivity of the composites depends on various parameters
of the individual polymer and graphite particles. The main parameters which are pri-
marily responsible for the electrical behaviour of the composites are (i) conductivity,
(ii) size, (iii) structure and (iv) orientation. For such a system, McLachlan [16, 17] has
given a generalized effective media (GEM) equation. The conduction mechanism of
various polymers/graphite nanosheets fabricated using in-situ polymerization process
has been reported earlier by several groups [18, 19]. The schematic representation of
the dispersion of nanosize filler has been reported by Chen et al. [20] using a
poly(methyl methacrylate)—exfoliated graphite composite system.

This paper deals with the preparation of polystyrene—foliated graphite composites
by the hot compression moulding. Foliated graphite (FG) was used as filler. The foli-
ated graphite was characterized using scanning electron microscopy (SEM) and X-ray
diffraction (XRD). Variation of room temperature conductivity of the composite with
filler content was investigated. The percolation concentration was estimated using
apower law model of conductivity. The electrical conductivity versus filler volume
fraction data was also analyzed using the GEM equation. The interparticle distance
between the filler particles/clusters using the sizes of the insulating and conducting
components of the system was calculated. These results were ascertained by SEM
morphology of fractured composites. The effect of filler content on the current—
voltage (/-V) characteristics was also investigated. The mechanical strength of the
composites was estimated in terms of the D-shore hardness.
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2. Experimental

Materials. The matrix polymer used in the present study is a commercial grade
polystyrene (PS) manufactured by the Reliance Industry Ltd., Bangalore, India, sup-
plied in the form of granules. The PS granules were ground to obtain finer particles
using an Aurther H. Thomas type Willey grinder. The scanning electron micrographs
(SEM) of PS particles and foliated graphite coated PS particles are shown in Fig. 1. It
is seen from the images that the PS particles have an average size of 212-250 pm and the
shape close to an ellipsoid. It is also seen from Fig. 1b that there is no significant
change in the shape of the polymer due to tumble mixing or after pre-localization of
filler. The glass transition temperature (7,) of PS, as determined from differential
scanning calorimetric measurements, was found to be 100 °C.

14/07/2006 10 100PS 1 = T ==

Fig. 1. SEM images of PS particles (left) and FG coated PS particles (right)

Natural graphite flakes (NFG) with average particle size of 10-20 um, supplied by
the Graphite India Ltd., were used as the source of foliated graphite. Conductivity of
the graphite flakes was 1.33x10* S/cm with the density of 1.75 g/cm’. FG is used as
the conducting filler to prepare PS/FG composites.

Expansion of graphite. Graphite is a form of carbon where the carbon atoms are
bonded in layers with van der Waals forces in between the layers. This structure al-
lows intercalation by additional atoms or molecules which occupy spaces between the
carbon layers. Graphite can be intercalated by exposure to an appropriate chemical
reagent. Intercalation can be performed by immersing NFG in the mixture of concen-
trated HNOj; and H,SO,. The reaction is as follows [21]:

n(graphite) + n(H,SOy4) + 0.512(0) — n(graphite-HSO,) + 0.52H,0 D

where (O) is the oxidant and (graphite-H,SO,) is the graphite intercalated compound
(GIC). The resulting GIC comprises carbon layers and intercalated layers stacked on
top of one another in a periodic fashion. The number of carbon layers between each
pair of intercalated layers is the stage number. To obtain GIC from NFG, concentrated
sulfuric and nitric acid (4:1, v/v) were mixed with NFG at room temperature and



112 N. K. SRIVASTAVA, R. M. MEHRA

stirred continuously for 16 h. Acid-treated natural graphite was then washed with wa-
ter and dried at 100 °C to obtain GIC. The expansion of GIC can be achieved by using
a thermal shock [22]. In the present case, GIC was exposed in a microwave oven for
20 s to obtain expanded graphite (EG). The SEM image of EG is shown in Fig. 2 at
higher magnification (x4000). The inset in Fig. 2 shows the SEM image at lower
magnification (x15). It is seen from the inset that the GIC has expanded about hundred
times along the c-axis. The EG is a loose and porous vermicular product of greatly
decreased density. The structure of EG basically comprised parallel boards which
were completely torn into sheets 80—150 nm thick.

Fig. 2. SEM images of expanded graphite. The
magnification of the main photograph is 4000%,
that of the inset 15%

Structure of foliated graphite. Foliated graphite was obtained by sonication of
70% aqueous—alcohol solution of EG in an ultrasonic bath for 8 h [23, 24]. The result-
ing dispersion was then filtered and dried to get FG. Figure 3 shows a SEM image of
FG at magnification of 5000x%. It is seen from the image that the foliated graphite has
a sheet type structure. The range of thickness and diameter of FG is estimated to be 80—
150 nm and 5-10 um, respectively. The sheet structure of foliated graphite, shown in
Fig. 4, was also observed by the transmission electron microscopy (TEM) in a normal
mode. The selected area diffraction (SAD) of the FG (the inset of Fig. 4) indicates the
polycrystalline nature of foliated graphite.

]

Fig. 3. SEM image of foliated graphite Fig. 4. TEM images of foliated graphite in normal
mode and in diffraction mode (inset)
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Preparation of composites. Initially, the as obtained foliated graphite was mixed
with the polymer by pastel mortar. The mixture was further tumble mixed [13] thor-
oughly for 4 h at room temperature. This process involves coating of conducting foli-
ated graphite on the surface of PS particles, referred as pre-localization of the conduc-
tive phase. Prolonged mixing improves the homogeneity of the spatial distribution of
the conductive particles. The localized foliated graphite onto the PS particles was
compacted by hot compression moulding in a piston cylinder assembly using a hy-
draulic press (Shimadzu Corp. Kyoto, Japan) having the ram diameter of 42.7 mm.
The compression moulding operation was performed first at 90 °C for 15 min under
105 MPa (curing), then at 120 °C for 15 min under 20 MPa (baking). A series of disk
shaped specimens of PS/FG conductive composites with varying filler contents from
0to 0.115 volume fraction of FG were prepared. The density of the compression
moulded pure PS and pure FG pellet was found to be 1.02 g/cm®and 1.97 g/em’, re-
spectively. The sample diameters were 1.004 cm while thicknesses were ca. 0.3 cm for
electrical measurements and ca. 0.5 cm for accurate and reliable hardness measure-
ments.

Characterization and measurements. Both surfaces of the pellets were polished
with sandpaper to remove a graphite rich surface layer and to eliminate surface irregu-
larities. The conducting silver paint ‘conductrox 3347 AG conductor’ coatings sup-
plied by the Ferroelectric Materials, USA, were used as the electrical contact. Pellets
were sealed in air free polyethylene bags prior to testing in order to avoid atmospheric
and humidity effects. A digital multimeter was used for samples having electrical re-
sistance lower than 200 MQ. However, for the samples having resistance higher than
200 MQ, a Keithley Pico ammeter (Model DPA III) was used. Current-voltage meas-
urements were performed with a Keithley 2400 source meter. The JEOL JSM 840 SEM
was used for the analysis of morphology of the foliated graphite and composite poly-
mer. X-ray diffraction measurements were done using CuK,, radiation (4 = 0.154 nm)
operated at 40 kV and 40 mA in the 26 range of 20-80°. A Scientico Hardness tester
(Durometer, model No. SRHT-501D), conforming to ASTM 1706-61 and D 676-59T
specifications, was used to determine the hardness of the samples.

3. Theory

The most popular theory used to explain the electrical conductivity of polymer
composites is the percolation theory, based on the power law model [25, 26].

0, =0, (p- ¢c )Z 2

where 0, is the electrical conductivity of the polymer composite, @ is the filler content
in volume fraction, @, is the percolation threshold concentration of the filler, ¢ is the
universal exponent determining the power of the conductivity increase above ¢, and
0y, 1s considered to be the conductivity of the filler, i.e. foliated graphite in the present
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case. The value of ¢ is found to be in the range 1.5-2.0 [25-28] which is invariant on
the polymer matrix, conducting filler, magnitude of the two different components,
structure of the resulting composite, etc. Various research articles with different poly-
mer matrix and filler, such as low density polyethylene and carbon black [29],
poly(vinylidene fluoride) and stainless steel fibre [30], ethylene butylacrylate and car-
bon black [31] and polyurethanes and single walled carbon nanotubes [32], show the
range of the composite conductivity (10> — 10 S/cm) along with filler volume fraction
(0-0.5). Almost entirely the same range of conductivity as well as the filler volume
fraction is assumed to be responsible for the so-called universal nature of ¢ In some
cases, a higher amount of filler content is required to achieve the above-mentioned
conductivity; however, ¢ has not been affected due to the relative value of (¢— ¢.) with
conductivity. The nature of the electrical behaviour is more or less similar beyond ¢,
with a sharp increase of 68 orders in conductivity against filler content. No further
information has been disclosed from the power law model.

The variation of conductivity of the composite as a function of filler content can
be critically examined by the GEM equation since it takes into account the intrinsic
conductivities, geometries and arrangement of the filler and polymer particles along
with their orientations to an applied electric field. Prior to applying the GEM equation,
it is assumed that (i) the binary system is homogeneous, (ii) the particles are in contact
with each other (no voids) and (iii) the electrical contact potential between insulating
and conducting particles is negligible. McLachlan postulated a generalized effective
medium (GEM) equation [16, 17] for the electrical conductivity of the binary compos-
ite polymer system. The GEM equation is written as

(AN

! t ! t
o, +4o, o, + 40,

=0 3)

where o, 0,. and gy, are the conductivities of the polymer composite, the polymer matrix
(polystyrene) and the conducting filler (foliated graphite) respectively, fand ¢ are the vol-
ume fractions of the polymer and conducting filler, thus f+ ¢=1. A is defined as

1-¢
L, =0) @
6. (1-1)
In the extreme limiting condition, the low component conductivity tends to zero,
causing Eq. (3) to reduce to
t
o
= [1 —ij )
O Je

For the critical filler volume concentration ¢. << 1, Eq. (5) reduces to Eq. (2).
The critical filler concentration is related to the geometries and orientations of
both the components [16];
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e for an oriented ellipsoid

p— ©
‘T (-L,+L,)
e for a random ellipsoid
m.
g =—-7L— (7)
(m, +m,)

where L, and L, are the demagnetization constants of foliated graphite and polystyrene
particles, respectively. L stands for the combination of particle shape and orientation to the
applied field. The value of L is 1/3 for spherical particles; 1 and O for the fiber/layer-
shaped component oriented along and perpendicular to the compaction direction, respec-
tively. m,and m, are parameters for a random case. Exponent # in Eq. (3) is also related to
oriented and random ellipsoids, respectively, by the following equations [16]

. 1 ’ __mm, )
1-L,+L, m, +m,
From Eqgs. (6)—(8), L and m are given as
1-¢
L, - L =1- 4 ©)
t t
m, =, d (10)

= m ;=
¢ o d=9)
The electrical conductivities in function of filler content for the composite under
study were fitted to the GEM equation by four-parameter computer programming [33].

4. Results and discussion

4.1. X-Ray diffraction of foliated graphite

The X-ray diffraction pattern of foliated graphite is shown in Fig. 5. A strong c-
axis oriented diffraction peak (002) is observed at 26.78°. The diffraction pattern con-
firms the polycrystalline nature of foliated graphite. The full width at half maximum
(FWHM) of the peak is 0.240°. The crystallite size of the FG was also estimated from
the FWHM of the (002) diffraction peak by using Scherrer’s relation [34]

_0.944

] =
Pcosd

(11

where A is the wavelength of X-ray radiation, @ is the Bragg angle of the (002) peak
and £ is the angular width of the (002) peak at a half of its maximum intensity
(FWHM). The grain size of the polycrystalline foliated graphite was found to be 34 nm.
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Fig. 5. X-ray diffraction pattern of foliated graphite

4.2. Electrical properties of composites

The electrical conductivity o, of FG filled PS composites as a function of graph-
ite volume fraction ¢ is shown in Fig. 6. It is seen from the figure that ¢, increases by
more than six orders of magnitude when the graphite content reaches 0.017 volume
fraction (3 wt. %) of FG. The electrical conductivity reached 10" S/cm at the graphite
content of 0.041 volume fraction (5 wt. %) and thereafter saturation in conductivity
was observed for higher concentrations of filler.
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Fig. 6. Dependence of electrical conductivity on the filler content and in the inset
dependence of logg,,. on log (¢— ¢@.) of PS/foliated graphite composites

-1
1x10

L
b Rl Ko Rl R Bl R By R Bl R Bl R Bl By L

5

-1
1x10



Electrical properties of polystyrene—foliated graphite composite 117
4.3. Power law model

The conductivity data with the filler volume fraction were analyzed using the
power law model (Eq. (2)). The plot of log 0. in function of log (¢ — @) is shown in
the inset of Fig. 6. The best linear fit was found for ¢. = 0.02 volume fraction of graph-
ite with minimum standard deviation (&= 0.101%). The values of # and gy, as estimated
from the slope and intercept of the line, are found to be 2.56 and 1.33x10° S/cm, respec-
tively. The value of oy, as obtained from the power law model, is one tenth of the
conductivity of filler particles (1.33x10* S/cm). The observed value of ¢ = 2.56 is
higher than as predicted by the power law model. Probably the easy and fine disper-
sion of two-dimensional foliated graphite is responsible for the better segregated
chains which causes a large increase in conductivity beyond the critical filler concen-
tration, giving rise to higher values of ¢. Liu et al. [32] and Yuen et al. [35] have found
large ¢ values for polyurethanes and single walled carbon nanotube systems, and for
epoxy and multi walled carbon nanotube systems, respectively.

4.4. GEM analysis

Using the four-parameter computer fitting program, ¢, ¢., ¢,. and o were evalu-
ated from the best fits and, finally, L,, L, m,, and m,were calculated where L and m, as
mentioned above, are the orientation based parameters. The composite conductivity, as
estimated from the GEM equation with filler concentration, was further compared
with the experimental conductivity in Fig. 7. Various parameters, as fitted and esti-
mated from the GEM equation, are compared with the results obtained from the power
law model in Table 1.
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Fig. 7. Comparison of g,(¢#) with GEM conductivity
and K of PS/foliated graphite composites
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Table. 1. Parameters fitted and estimated from GEM equation
compared with the power law model

Parameter GEM equation Power law model
t 1.83 2.56
D, 0.019 0.02
|G, [S/em] 1.354x107" -
Oy, [S/cm] 176.881 1.33x10°
L, 0.01 -
my 96.316 -
L, 0.47 -
ms 1.865 -
o[%] 0.85 0.101

In the PS—foliated graphite composite, the smaller particles, i.e. FG, play the con-
ducting role and are thus responsible for the percolation phenomenon as well as for the
electrical conductivity of the system. Based on the preparation of the composite, filler
particles get coated onto the matrix during dry mixing, referred as pre-localization of
the filler [36], followed by compaction in a hot compression moulding, causing orien-
tation of the filler particles during moulding, and thus forming a segregated network.
A high aspect ratio between the insulating and conducting particles further ensures the
segregated distribution. The value of L, as estimated from the GEM equation is very
low, suggesting that almost all the filler particles are oriented perpendicular to the
compaction direction, and was also confirmed from the SEM images, as shown in
Fig. 8.

-

Fig. 8. SEM image of freeze fractured
PS—foliated graphite composite for 0.115¢

—

Apparently, a layered type of structure of the filler particles as seen in the SEM
morphology, further justifies a low value of L, . The estimated value of L, is 0.01
(close to 0), ensures the layered type of filler structure is oriented perpendicular to the
compaction direction. The value of L,is found to be 0.47. It may be mentioned that for
spherical particles the GEM theory assumes L, to be 0.333. The higher value of L, in
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the present case, as estimated from the parameters of the GEM equation, could be attrib-
uted to a non-spherical shape (close to ellipsoid) of the polymer, as seen in Fig. la. The
percolation threshold concentration of the filler is 0.019 volume fraction of FG from
the four-parameter fittings of the GEM equation with the minimum standard deviation
(0= 0.85%). The value of ¢. obtained from both the power law model and GEM equa-
tion is almost the same as the content of filler and is close to the experimental volume
fraction (0.017, 3 wt. %).

It is seen from Table 1 that there is a considerable difference in the values of ¢ as
obtained from the GEM equation and power law model. However, the value of ¢ ob-
tained from the GEM equation is close to the universal value of the exponent.

4.5. Interparticle distance

The motivation behind the concept of a percolation threshold is the creation of
a connected network of filler particles in between the polymer matrix by forming
a direct contact or very small interparticle distance between the filler particles. The
interparticle distance (d,) is estimated using the expression [37]

rfg

-1/2
d,=r, 3.95{EJ A Y (12)

where r,, and 7y, are the average radii of polymer and filler particles, respectively. The
above equation has been obtained under the assumption of spherical polymer and filler
particles. In the present case, polymer particles can be assumed to be spherical; how-
ever, the filler particles (graphite) are in the form of sheets. The average sheet thick-
ness (0.115 pum) is the value used for ry,. Using the average radius of the polymer
(ca. 115 pm), the interparticle distance was found to be negative for ¢ > ¢@.. A negative
interparticle distance represents the direct contact of the filler particles with each
other. Below the percolation concentration of the filler, the interparticle distance be-
comes positive.

The cross-sectional SEM image (magnification 5000x) of the freeze-fractured PS—
foliated graphite composite for ¢ > ¢@. (volume fraction of FG 0.115) is shown in
Fig. 8. The image clearly shows the layers of connected FG over the polymer matrix.
The higher particle size ratio of the PS resin and foliated graphite ensures segregated
distribution of filler onto the polymer matrix pertaining to a much lower percolation
threshold concentration. Below ¢,, the filler particles are far apart with no connectivity
amongst each other giving rise to very low conductivity.

4.6. Current—voltage characteristics

Current—voltage (/-V) characteristics can be expressed as [38]

1(p,V) = K(p)V" (13)
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where K(¢) represents the conductivity of the composite at a given value of ¢, and 7 is
the slope in the log/-logl plot. In Equation (13), Ohm’s law is fulfilled in the system
atn =1.

o= 1.0 ‘r‘r
¢®¥V 1 =1.092v"n = 1.087
A =1.14
1L v aA40= 1064 " :
r"'.
-2 o—*
o
- [ —m—o0.017¢
2 -3 —e—0.027¢ n=1.19
| —A—0.041¢
—¥—0.055¢
4 —4—0.084¢ -
| —<—0.115¢ ="
|
-5 I/
1 " 1 L 1 " 1 L 1 " 1
0.0 0.4 0.8 1.2 1.6 2.0
log V

Fig. 9. log/(V) of PS/foliated graphite composites

Figure 9 illustrates the log /-log) plots of PS—foliated graphite composite with
different compositions. It is seen from the figure that the value of n = 1.23 at ¢. de-
creased to 1 at ¢ = 0.041. The transition of the conduction mechanism from non-linear
to ohmic is generally understood in terms of the distance and the number of tunnelling
gaps in the percolating network [39]. At a sufficiently higher filler concentration for
¢ >> ¢., the tunnelling gaps start to change into ohmic contacts. This effect is clearly
visible in the SEM image of the polymer composite for ¢= 0.115 (Fig. 8). The varia-
tion of K(¢) and o, with ¢ is also shown in Fig. 7. It is seen from the figure that both
K(¢) and o, closely match each other. A scaling behaviour in the /-V characteristics
(Eq. (13)) was observed from the typical behaviour of current from non-linear to linear
nature with increase in filler loadings as compared to conductivity variation from the
power law model (Eq. (2)).

4.7. D-shore hardness

D-shore hardness of PS—foliated graphite composite with respect to ¢ is shown in
Fig. 10. The hardness of the composites is found to decrease sharply from 89.5 to 85
up to the percolation concentration of the filler. However, beyond the percolation
threshold, the hardness decreases slowly to 79.5 for ¢ = 0.115. It is evident that using
foliated graphite as filler, the degradation in the hardness of the PS/FG composite is
only 12% at the highest achieved conductivity of ca. 10" S/cm. The decrease in hard-
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ness with increase in the FG content may be due to the decreased particle-to-particle
interaction among PS particles in the presence of graphite conducting channels in the

composite.

90

87 -

D-shore hardness

81 |-

78

| L n
0.00 0.04 0.08 0.12

Fig. 10. D-shore hardness of PS/foliated
graphite composites in a function of ¢

5. Conclusion

The use of foliated graphite as filler was found to lower the percolation threshold.
Electrical conductivity as high as 10" S/cm was obtained, without significantly affect-
ing the hardness. The electrical conductivity data could be well understood in terms of
the GEM equation. The dominant transport mechanism of charge carriers near and
above the percolation threshold are found to be tunnelling and ohmic conduction, re-

spectively.
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Synthesis and characterisation of SnQO, films
obtained by a wet chemical process

S. MAJUMDER”

Department of Physics, Asansol Engineering College, Asansol 713304, India

SnO, thin films, being n-type semiconductors, have wide application in the field of sensor technol-
ogy. They are obtained by a wet chemical process, using SnCl,-2H,0 as a tin containing precursor. The
films thus obtained were subjected to optical, X-ray diffraction (XRD), microstructural, FTIR and Raman
studies.

Key words: SnO,, Raman spectra; FTIR

1. Introduction

Metal oxide gas sensors have been the subject of many investigations during the
past [1-7]. These materials change their conductivity due to adsorption and desorption
of oxygen on the surface of metal oxide (MOX) and surface reactions between the
absorbed oxygen and the detecting gases. Oxygen from air is chemisorbed as O, O;,

or O”". This adsorbed oxygen gets trapped at the grain boundary trap states, thereby
increasing the grain boundary potential barrier. This culminates in an increase in resis-
tivity of the material. For reducing gases, the trap states get depleted of charge carriers
and thereby reduce the resistance through lowering of the potential barrier at the grain
boundaries.

Among various metal oxides studied for gas sensor applications, SnO, has
emerged as one of potentially the most useful materials. Numerous reports described
how various properties of the material have relevance to various aspects of gas sensor
applications. Tin oxide has the unique property of being both transparent and conduct-
ing material. Different techniques [1, 8, 9] were adopted to deposit SnO, coatings for
sensor applications. The wet chemical method became the most favoured one due to
scalability and cost-effectiveness.

"E-mail: smajumderaec@gmail.com



124 N S. MAJUMDER

In this study, all wet chemical routes were adopted to deposit SnO, films onto
soda lime glass substrates. Optical, FTIR and Raman studies were also carried out on
these films.

2. Experimental details

Tin oxide films were deposited from a sol by the spin coating method. Soda lime
glass slides were used as the substrates. The substrates were cleaned thoroughly with
liquid detergents and distilled water followed by boiling in distilled water. The sub-
strates were then subject to ultrasonic treatment in 2-propanol for 15 min, and finally
degreased with 2-propanol vapour before drying.

Sol preparation and the colour of the sol are important for getting a reproducible
final product. Analytical reagent grade SnCl,-2H,0 was used as a starting material.
0.837 g of SnCl,-2H,0 was refluxed and stirred with 10 ml of dehydrated ethanol at
around 353 K for 3 h. The resultant sol was then allowed to cool down to room tem-
perature. Stirring was continued till the cooling down process was completed. SnO,
films were deposited onto cleaned glass substrates by the spin coating technique, and
the films were immediately annealed at 773 K for 20 min in air. The films were taken
out after being cooled down to room temperature. This process produced transparent
and adherent SnO, films.

Scanning electron microscopy (SEM) and X-ray diffraction (XRD) using CuK,,
line were used to obtain the microstructural data. The crystallinity of each film was
calculated from XRD spectra by Scherrer’s formula:

094
" Bcosb

(M

where D, is the crystallite size, £ the full-width at half maximum (FWHM) of a dis-
tinctive peak (rad), &the Bragg angle and A= 0.154 nm.

Optical studies were performed by measuring the transmittance and the absorb-
ance in the wavelength region 200-900 nm at room temperature using a spectropho-
tometer Hitachi-U3410. The spectra were recorded with the resolution of A = 0.07 nm,
along with a photometric accuracy of £0.3% for transmittance measurements. Raman
spectra were recorded using a Renishaw inVia micro-Raman spectrometer, equipped
with a 514 nm Argon laser. FTIR spectra were recorded in the 4000400 cm ' range,
using a Nicolet™-380 FTIR.

3. Results and discussion

Figure 1 shows the scanning electron micrograph (SEM) of a representative SnO,
film. The film appeared to be compact and rougher surface in nature. The average
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grain sizes were measured to be between 200 nm and 250 nm for the films. It was
noticed that there was a tendency of grain growth with increase in annealing tempera-
ture, which was a general physical phenomenon. The XRD spectra (Fig. 2) are charac-
terized by the presence of stronger but broader characteristic peaks for SnO, located at
20 =26.61°, 33.89°, 51.79° and 61.87° arising out of reflections from (110), (101),
(211) and (310) planes, respectively. Crystal size was computed from Eq. (1) and from
XRD data; it was found that the size was ca. 40 nm for deposited SnO, thin film.

Fig. 1. SEM picture of as-deposited SnO, film
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Fig. 2. XRD spectrum of the film
whose SEM picture shown in Fig. 1

The films were transparent in the visible region. The variation of the optical ab-
sorption coefficient & with photon energy AV was obtained using the transmittance
data for various films. The absorption coefficients & of the SnO, films were deter-
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mined by measuring transmittance 7, and reflectance R in these films [10, 11]. The
absorption coefficient & may be written as a function of the incident photon energy /4 v

A m
azﬁ(hV—Eg) (2

where A4 is a constant which is different for different transitions indicated by different
values of m, and E, is the corresponding band gap. Equation (2) may be rewritten as:

d(lnchv)  m
d(hv) ~h-E ©)

g

A plot of d(In(chv))/d(hv) vs. hv will show a divergence at hv= E,, from which a
rough estimate of £, may be obtained. Thus, by using Eq. (2), the value of m can eas-
ily be evaluated from the slope of the plot of In(¢# V) vs. In(hv — E,). The inset of
Fig. 3 shows the plot of In(ahv) vs. In(hv — E,) for a representative SnO, film. The
value of m obtained from the slope is 0.46, which indicates that an allowed direct tran-
sition is present in deposited SnO, film. The band gap was determined by extrapolat-
ing the linear portion of the plot of (¢1v)* vs. hv (Fig. 3) which indicated E,=3.66 eV
for the film.
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Fig. 3. Plots of (cthv)? vs. hv for representative as-deposited SnO, film
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FTIR and Raman studies were performed at room temperature on the SnO, film.
The above studies reflected the bonding environment in these films. Figure 4 shows
the FTIR spectra of the film. It may be observed that the SnO, film showed character-
istic FTIR absorption peaks at ca. 511 cm ' and 800 cm™' which are due to Sn—O vi-
brational and O—Sn—O stretching modes, respectively. There are absorption peaks due
to —CH, CO, and —OH modes. This observation is consistent with that reported by

Chen and Gao [12].
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Fig. 4. FTIR for as-deposited SnO, film

Figure 5 shows typical Raman spectra for as-deposited SnO, film. The spectra for
as-deposited SnO, is dominated by the presence of a broad and strong peak at ca.
560 cm' along with a peak of a smaller intensity at ca. 782 cm'. The peak at ca.
560 cm' has a shoulder and this peak, when deconvolved (inset of Fig. 5a), shows the
existence of two peaks at ca. 567 cm ' and 452 cm'. These two peaks could corre-
spond to S1 and S2 bands of SnO,, while the peak at ca. 782 cm ' is due to B>, mode
of SnO,. Similar Raman spectra of SnO, films have been reported in Refs. [13—15].
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Fig. 5. Raman spectra for as-deposited SnO, film

4. Conclusion

SnO, films can be successfully obtained by the sol-gel technique. X-ray diffrac-
tion confirmed the presence of crystalline SnO, in these films. Tin (IV) oxide is non-
stochiometric and is deficient in oxygen atoms. Charge neutrality is maintained by the
presence of Sn>” ions instead of Sn*" ions. The Sn*" ions act as electron donors during
the process. At an elevated temperature, adsorption of atmospheric oxygen takes place
by forming O, , O or O® anions, thus decreasing the concentration of electrons near
the surface and resulting in a depletion layer of higher resistance. Under exposure to
reducing gases, the co-adsorption and interaction between gas and absorbed oxygen
result in oxydation at the surface and a decrease in chemisorbed oxygen concentration,
inducing an increase in conductance. Thus, SnO, may be used as a cheap gas sensing
device for gases like methane, LPG, CO, NO,. FTIR analysis indicated that the peaks
for Sn—O at ca. 511 cm™' became prominent and the peak due to stretching modes for
0-Sn—O at ca. 800 cm ' is prominent. This may possibly be due to the presence of
very few oxygen vacant sites.
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Knowledge of the thermal shock resistance of refractory materials is of particular importance in a va-
riety of applications. To meet the needs of these various applications, a number of thermal shock parame-
ters based on material properties have been developed. The area of thermal shock resistance of refracto-
ries is often one of conflicting results in terms of agreement between experimental observations and
predictions based on parameters of materials. The current study presents the temperature and stress distri-
butions in magnesite samples. This information plus other results obtained from thermal and mechanical
properties of these materials are used to develop a model which predicts the number of quench cycles for
various refractory materials. The comparison of the theoretical values using the solution of the presented
model with experimental data for materials having different thermal resistances shows a close agreement.

Key words: thermal shock resistance; refractory material; modelling

1. Introduction

Refractory materials have various applications in many industries such as cement,
iron and steel, non-ferrous, ceramic, glass and power generation. Among other proper-
ties, which are very important in manufacturing and the consumer market, thermal
shock resistance is still a challenge for refractory community. Thermal shock is the
direct result of exposing the surface of refractory installations to rapid heating and
cooling conditions which cause temperature gradients within the refractory blocks.
Such gradients, in the case of uneven cooling or heating, may cause failure of the ma-
terial [1, 2].

The thermal shock resistance of refractory materials is determined using standard
quench tests [3, 4] in which the material is heated and cooled subsequently, and the
number of quench cycles that a material can withstand prior to failure is taken as its

*Corresponding author, e-mail: mizadpanah@yahoo.com
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resistance to thermal shock. However, the experimental method of evaluation of this
property is both time consuming and expensive [1]. Hence, presentation of a model
which could predict this property using other properties, being easier and less expen-
sive to perform would be valuable.

Several research works have been carried out to study thermal shock behaviour of
ceramics [5—8]. A limited number of attempts have been made to model thermal shock
resistance of refractories [9, 10]. Therefore, information regarding the assessment of
thermal stability of refractory materials is scarce.

In the present work, the temperature distribution and the resulted stresses in sam-
ples made of magnesite have been studied. Upon analyzing the results, a comprehen-
sive model capable of predicting the thermal stability of refractory materials has been
presented.

2. Experimental setup and procedure

Experimental set up. Experiments were carried out using the test rig shown in
Fig. 1. The test rig consists of a sample holding table which is designed so that the
heat transfer due to conduction is reduced to its minimum value. Stainless steel
sheathed K type insulated junction thermocouples, 0.5 mm in diameter, 150 mm long
were used to measure the surface and the centre temperatures. These thermocouples
can measure temperatures ranging from 0 to 1100 °C.

thermocouples
sample

N

sample holder L L

—

I . | T
data acquisition
table J .

H

Fig. 1. Schematic diagram of the test rig

id

A data acquisition system consisting of two boards, namely the CIO-DAS08 and
the CIO-EXP32 cards that are connected to a desktop computer is used to collect the
data. The CIO-DASOS card turns the PC into a medium speed data acquisition and
control station suitable for data collection. A menu driven computer code is used to
process the acquired raw data. The processed data are then saved in a file for each test.
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Samples. Refractory materials used in this investigation are magnesite with differ-
ent chemical compositions. The samples of the size 6x6x6 cm® were supplied by the
Pars Refractories Company, a leading refractory manufacturer in Iran. The chemical
compositions of these samples are given in Table 1. Acronyms describing the samples
will be used further in the paper.

Table 1. Chemical composition of the samples [wt. %]

Sample
Component
70DL 70DR 708 80S 80D
MgO (min.) 60 70 67.5 75 76
Cr,0; (min.) 16-18 10 10 8 8
Al O, 13-15 - - - -
Fe,0; 6-8 - - - -
CaO 0.5-1 - - - -
SiO, (max.) 2 2.5 3.5 3 2

Procedure. The samples were heated in an electric furnace to 950 °C and then
quenched in still air while placed on the table. The above procedure was repeated until
failure occurred. The number of cycles withstood by a sample is taken as a measure of
its thermal shock resistance. The results are presented in Table 2. While the samples
are cooled, the thermocouples measure the temperatures at the surface and in the cen-
tre of the samples. Other relevant parameters are given in Table 3. These have been
evaluated according to standard test methods [3, 4]. The tests were carried out at labo-
ratories of Pars Refractories Company.

Table 2. Number of quench cycles

Sample 70DL 70DR 708 80S 80D
Number of cycles 41 30 35 22 20

Table 3. Thermal and mechanical properties of the samples

Sample
Parameter

70 DL 70 DR 70 S 80 S 80D
Density [g /cm’] 3.00 2.95 2.96 2.95 3.00
Thermal conductivity [W/(m'K)] 2.53 2.45 247 243 2.32
Thermal expansion [%] 1.00 1.10 0.90 1.25 1.25
Compressive strength [MPa] 66 57 60 45 40
Heat capacity, ¢ [J/kgK] 1 0.922 0.907 0.968 0.97
Poisson ratio, v 0.2 0.2 0.2 0.2 0.2
Young modulus [GPa] 16 18 17 20 23
Biot number 3.24 3.31 3.28 3.33 3.49
Fourier number 23x107° | 21x107 23x10° | 22x107° | 20x10°7
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3. Formulation of the model

Taking into consideration the importance of temperature distribution and its role
in developing thermal stresses, one can infer the significance of temperature distribu-
tion in predicting thermal shock resistance of refractory materials.

The modelling procedure starts with a simplification of the volume averaged en-
ergy equation. The unsteady state energy equation in a cubical sample in three dimen-
sions assuming homogeneous properties yields [11]:

T 9T T _10T

-2 1
o o o ko O

The initial and boundary conditions applicable to the solution of the above partial
differential equation with respect to the test bed under consideration are as follows:
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The overall heat transfer coefficient / used in the boundary conditions is given by

h=h, +h, )

conv

where heat lost through convection is given by [11]

conv

Boyny = 0.52(Gr Pr)™” Gj (10)
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In the above equations, 7 stands for temperature, ¢ is time, x is the thermal diffu-
sivity, k — thermal conductivity, L — the sample length, and Gr and Pr stand for the
Grashof and Prandtl numbers, respectively.

The amount of heat lost through radiation is [11]:

h=e0 (T2 +T)(T+T,) (1)

where € and o are the emissivity and Stefan—Boltzman constant, respectively.
The analytical solution of Eq. (1) yields the following general solution for the
temperature distribution in the test piece.

s sin(A L) cos(4 x)
T(x,p,2,t) =T, +8(T, - T_ , n
(x.3.2.t) =T, +8(T, )ZZZ A,L+sin(4,L)cos(4,L)

sin(B, L) cos(f3,.)
B, L+sin(fS,L)cos(B,1)
sin(y,L)cos(y,z) e(—m(ler/i’,,z,erf,))
y,L+sin(y,L)cos(y,L)

(12)

To find the stress S distribution, the above solution of the temperature distribution
is substituted in the following equation [9]:

S(x,y,z,t>=f‘—E@,(x,y,z,z)—T(x,y,z,z» (13)
-V
where
1 L L L
T,z =— [ [ [ T(x,p,20)dxdydz (14)
8L -L-L-L

vis the Poisson coefficient, and « is the thermal expansion coefficient. Equation (13)
gives the stress distribution in the samples under the test conditions.

4. Results and discussion

A comparison of one and three dimensional temperature distributions at the centre
and surface of the 70DL sample with experimental data is shown in Fig. 2. As sug-
gested by the aforementioned figure, there is a considerable difference between the
1D distributions with the experimental data; and therefore it can be concluded that the
one dimensional solution results in appreciable errors when analyzing the thermal
behaviour of the samples. Hence, the analytical procedures are considered and solved
using 3D forms.
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Fig. 3. Dependences of three dimensional temperature distributions
on time for various samples subject to thermal shock in still air
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Time dependences of temperatures at the surface and the centre for the 70 DL,70S
and 80S samples are presented in Fig. 3. As can be seen, there is a significant differ-
ence between the two temperature profiles at different time intervals. This is due to the
low thermal conductivity which is responsible for the existence of thermal stresses and
hence sample failure [6].

120

100
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g 60
= — surface stress in 70DL
w40 —— surface stress in 70DR
z — surface stress in 70S
N 5y -— surface stress in 80S

— surface stress in 80D
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Fig. 4. Dependences of three dimensional stress distributions
on time for various samples subject to thermal shock in still air

In Figure 4, the theoretical stress distributions at the surface and the centre of the
samples are shown. These graphs emphasize the fact that the existence of a non-
uniform temperature distribution will result in different stresses at the surface and the
centre of the samples. Comparison of thermal shock behaviour of the samples can
therefore be related to material thermal stability.

5. Modelling

Thermal stability of refractory materials is measured using standard laboratory
tests. The ability of the material to withstand the thermal shock corresponds to the
number of cycles that the material can stand the cooling—heating cycles before it fails.

It has long been the practice to use the fracture resistance parameter R to represent
the thermal shock ability of these materials. R depends on various thermal and me-
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chanical properties. However, the dependence of this parameter on the aforementioned
properties only classifies them in order of their thermal resistance which is given by

Sy (1-v)
[99:)

R= (15)
where S), is the strength and £ stands for the Young modulus.

The fracture resistance parameter, however, could be used as a criterion to corre-
late thermal shock behaviour of refractory materials in terms of the number of quench
cycles. Considering the dependence of the number of quench cycles on various proper-
ties, the following correlation can be suggested in terms of resistance parameter R and
the Biot number for various materials used in the present investigation.

Q=a+blnR (16)

where (2 is the number of quench cycles, a and b are constants and their values are
determined from experimental data, and R is given by:

_ RkBi**
K

R (17

where Bi is the Biot number. The values of constants in Eq. (16) are calculated using
non-linear regression. Therefore, Eq. (16) becomes:

Q=-113+22InR (18)
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of quench cycles with experimental data
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Table 4. Results of non-linear regression

Comparison £2 with number I
of quench experiments
Present study 0.9837
Present study and [9] 0.9706
Ref. [9] 0.9616

Figure 5 represents the comparison of the theoretical values using Eq. (18) with
experimental data. The comparison establishes an excellent agreement between the
experimental data and the predicted values.

A comparison of the results published by Volkov—Husovic et. al. [9] as indicated
in Fig. 5 and the R* values given in Table 4 suggests that the presented model can be
used to predict the thermal stability of other refractory materials.

6. Conclusions

Based on the results and discussions presented in the current research it can be
concluded that the thermal shock resistance of refractory materials is a very important
feature of these materials, and its dependence on the temperature as well as stress dis-
tributions is of greatest significance.

Traditional use of R parameters only sorts this property in order of magnitude and
cannot give a quantitative measure of thermal shock resistance of refractory materials.
However, this factor can be correlated with the number of quench cycles so that ther-
mal stability can be predicted with a suitable accuracy.

The current work presents an equation for predicting the number of quench cycles
in terms of other available properties of refractory materials. A comparison of the
values obtained using the correlation suggests that it can predict the experimental data
obtained by the present authors as well as other researchers with exceptionally good
accuracy.
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The use of synchrotron radiation (SR) based X-ray absorption spectroscopy (XAS) and X-ray in-
duced photoelectron spectroscopy (XPS) is demonstrated for the analysis of thin films. In the first part we
report on oxidic films used for high-k dielectric films in Si technology and focus on a recent in-situ ap-
proach to study the atomic layer deposition growth of HfO, films. We demonstrate that even hidden
layers can be characterized by using fluorescence technologies. In the second part, we demonstrate the
suitability of SR based techniques for the analysis of organic thin films. Here, the first example deals with
P(VDEF-TrFE), a ferroelectric polymer, with possible applications in non-volatile memory devices. An-
other example concerns the analysis of Cqy based low-k polymers for use in Cu interconnect systems.

Key words: synchrotron radiation spectroscopy, HfO,,; high-k oxide; ultralow-k polymers

1. Introduction

Analysis of materials using synchrotron based spectroscopy techniques is a field
with many possible applications. The main field of research in our group at the BTU
Cottbus is in the materials science of thin functional films [1]. In our studies, we com-
bine both, electrical and spectroscopic studies for their characterization. We have fo-
cused on two classes of materials, oxidic thin films — some of which are used as high-k
dielectrics in MIS stacks and on organic thin films — some of which are used as low-k
dielectrics to isolate around Cu interconnects.

We have prepared thin films of Pr,O; and HfO, on Si and SiC substrates to build
MIS structures for their electrical characterization. We optimized the films in terms of

* Presented at the 3rd Workshop Hybrid Nanostructured Materials, Prague, Czech Republic,
5—-6 November, 2007.
**Corresponding author, e-mail: dsch@tu-cottbus.de
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their dielectric properties (k value) and their insulating properties (leakage current
densities). In particular, we stress that the studied oxide films are always controlled in
their stoichiometry and thickness by spectroscopic means [2—10].

The intrinsic properties of the oxide thin films are monitored by XPS when opti-
mizing the deposition parameters. This ensures control over stoichiometry, phase sta-
bility, and defined film thickness. Another investigation controls the temperature sta-
bility of the deposited oxide films. Such studies were done for pure but also for some
mixed oxide systems [11-14].

Our studies concerned, in particular, the interface stabilities of the ultra thin oxide
layers. The interface towards the metal electrodes turned out to be very important, as
most metals penetrate into the oxides upon mild annealing. We observed a high mobil-
ity of Au, Ag, and Al which could be controlled only by the insertion of a thin Ti dif-
fusion barrier [15].

Interface reactions also occur on the interface towards the substrates. Here in par-
ticular the mobility of Si is crucial and causes the formation of silicates [16, 17]. This
turned out to be the case for Pr,O; as well as for HfO, and Al,Oj3 thin films.

In our systems, we always combine the spectroscopically controlled films with
electrical characterization (capacitance—voltage (CV) and current—voltage (IV) mea-
surements). With both approaches, we learned that the introduction of an AION layer
as a buffer layer between the Si substrate and a high-k oxide delivers much better
properties than those obtained for the bare system. In particular, the thickness of a
silicate rich interface layer could be reduced significantly [4, 15, 18-20].

2. Experimental

Our synchrotron radiation (SR) based spectroscopic studies are performed using
the BTU owned beam line U49/2 at BESSY, Berlin [1]. We briefly describe the most
important features of the two main techniques applied.

X-ray induced photoemission spectroscopy (XPS) enables a quantitative determi-
nation of the elements contained in an investigated sample. The technique may be
used with synchrotron radiation (SR) or laboratory X-ray sources. For low-k materials
and for organic films in general, this technique is very promising because of the ease
of sample preparation. Also, this technique does not suffer from X-ray induced radia-
tion damage. The advantage of using SR as an excitation source is the higher sensitiv-
ity and better energy resolution. The higher sensitivity arises from the fact that the
photo ionization cross sections are largest close to the ionization threshold. Hence, by
using a tunable X-ray source, the excitation energy can be optimized.

The XAS technique again needs a tunable X-ray source, and therefore, this tech-
nique is exclusively used at synchrotron radiation sources. Very conveniently, the
element-specific absorption coefficient can be determined by recording the total cur-
rent of the emitted photoelectrons by tuning the energy of the incident photons around
a particular ionization threshold (absorption edge). The most intense signal appears
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near the absorption edge, the respective technique is referred to as near-edge absorp-
tion fine structure spectroscopy (NEXAFS). The method is more bulk-sensitive com-
pared with XPS, since the total photoyield is primarily determined by the secondary
electrons. Their mean free path is larger (up to 10 nm) than that of typical XPS photo-
electrons. Thereby, the analysis of thicker films is feasible. The absorption coefficient
can be determined either by recording the total electron yield (TEY) or by the total
fluorescence yield (TFY). Using TFY, even higher bulk-sensitivity is obtained, as the
X-ray photons are significantly less attenuated when penetrating through the films.
The TFY mode can be beneficial when analyzing oxidic materials, as this mode is less
sensitive to sample charging than the TEY mode. Elemental composition can be ana-
lyzed quantitatively in thin films. The technique is often used to analyze the chemical
bonding, as the shape of the absorption profile differs characteristically for different
oxidation states (finger printing) of inorganic compounds. In particular, the XAS spectra
of transition and rare earth oxides show very sharp and structured features which can be
used to analyze the particular charge state of the atom investigated. Because of the high
sensitivity, such studies can also be performed on diluted or mixed oxide systems.

Electrical measurements have been carried out on MIS capacitors at room tem-
perature in dark conditions. For further details of the MIS stack preparation refer to
[20]. CV and conductance—voltage (GV) characteristics have been recorded with
an Agilent 4284 LCR meter. IV characteristics were recorded using Agilent E3649A,
HP34401, PREMA4001 and/or Keithley487 meters, respectively. Permittivity and
capacitance equivalent thickness (CET) values were deduced from the oxide capaci-
tance in the accumulation regime of the CV loop. Densities of interface states (D;)
were determined by AC conductance maxima [21].

3. Oxidic thin films

3.1. In-situ ALD setup for synchrotron radiation based spectroscopy

Among the possible growth methods, atomic layer deposition (ALD) is the most
promising when considering very thin films conformal to three dimensionally struc-
tured substrates. As this is the typical request in the newest DRAM technology node,
where thin capacitors have a very high aspect ratio (up to 60:1), the ALD growth me-
thod has an important industrial potential.

ALD growth contrasts with the chemical vapour deposition (CVD) technique,
both of which are frequently used for the preparation of ultra-thin functional films. In
both methods, two or more precursors react with each other, producing the targeted
material. The difference between the two methods is that the ALD is based on a self-
limiting process characterized by the adsorption of the metal precursor on the surface
of a substrate. As a consequence of that surface reaction a layer-by-layer growth is
achieved. On the other hand, in the CVD growth, the reactions take place in the gas
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phase and are not controlled by the surface. Here, it has to be noted that the layer-by
-layer growth of ALD does not necessarily correspond to one layer after every cycle
but in most of the cases one layer is achieved after several cycles, as the surface cov-
erage at every metal precursor exposure is usually not complete.

The ALD growth of metal oxides consists in the chemisorption of the metal pre-
cursor onto the substrate and the subsequent oxidization of the chemisorbed species.
The two steps are separated by the introduction of a purging inert gas, which is needed
to remove the non-reacted molecules of the metal precursor and the byproduct of the
reacted molecules. In this way, with the introduction of the oxidant, the reactions take
place only at the surface of the substrate, avoiding the CVD growth.

Up to now most of the investigations of ALD grown, high-£ films were made ex
situ, with the samples prepared in the ALD reactor and analyzed in a separated cham-
ber, implying the transportation in air. This procedure involves the contamination of
the high-£ film and in some cases the formation of SiO, in very thin films, which make
the interpretation of the experimental results difficult [22]. We show here the first
results of our in-situ experiments, where the ALD reactor (base pressure 2x 10’ mbar)
and the measurement UHV chamber (2x10 ' mbar) were connected together through
an interface chamber maintained at an intermediate pressure of about 2x10~° mbar.
With respect to the ex situ experiments, our procedure assures the measurement of
contamination-free surfaces. There is another important advantage of making mea-
surements in situ: with our equipment we can study the film after every cycle and also
after any single step of every cycle. This could be important for studying in detail the
most important deposition step represented by the oxidation of the chemisorbed metal
precursor.

The results presented here were obtained by using HfCl, as a metal precursor and
H,O as an oxidant, while the purging gas was N,. The pressure reached by the metal
precursor was 2x10 > mbar and that of H,O was 2x10 > mbar, with one cycle consist-
ing of 6 min exposure to HfCl, and 20 s exposure to H,O, with a purging time of
2 min. After the oxidation step, another purging exposure was made before moving
the sample into the interface chamber. The maximum value of deposition rate found
for the ALD growth with the HfCl, as a metal precursor is about 1 ML every 3 cycles
[23]. The temperature of the Si substrate was maintained at 300 °C during the com-
plete cycle, and the ALD reactor was maintained at 140 °C during the experiment to
avoid the condensation of HfCl, on the walls of the reactor. The HfCl, source was
heated also at ca. 140 °C during the metal precursor step and then fast cooled to about
50 °C. The Si(001) substrate was cut from an n-type doped wafer, covered with
a 2.2 nm thick oxide. The oxide was partially removed by etching the sample in a di-
luted HF solution, leaving the surface with an OH group termination. The remaining
oxide thickness was determined to be 0.5 nm by the relative intensity of the peaks of
the Si’" and Si** species in the Si2p core level.

The photoemission and NEXAFS experiments were all performed at the synchro-
tron source BESSY in Berlin, at the beam line U49/2. The synchrotron light can be
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made to have high photon intensity in a wide range of energy, leading to a high sur-
face sensitivity and high energy resolution of the photoemission experiments, much
higher compared with the usual AIK, lab source. This is important because the films
under investigation are of the order of less than a few nanometers and a detailed analy-
sis requires both high sensitivity and good energy resolution.

Intensity [a.u.]

-107 -105 -103 =101 -99
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Fig. 1. In-situ growth of HfO, on a Si0,/Si(001) substrate. The Si2p core levels are measured
with the photon energy of 150 eV after the initial etch and after 8 consecutive ALD cycles

In Figure 1, we show the Si2p variation for the etched substrate and after 8 succes-
sive ALD cycles. The photon energy used to obtain these spectra was 150 eV, i.e. the
spectra are very surface sensitive. The resolution was set to about 50 meV, giving the
possibility to observe the spin-orbit splitting of the substrate related (Si’") component
of the Si2p at about 99.6 eV, which is about 0.6 eV. Also, the intermediate oxidation
components (Si"', Si?, and Si’") can be observed at binding energies between 100 eV
and 103 eV. The intensities of the spectra are divided by the incoming photon flux,
which is a function of the residence time in a synchrotron.

In Figure 2, we report on the corresponding NEXAFS spectra at the Si2p edge,
measured in the photon energy range from 95 eV to 120 eV. Also, here, the intensities
of the absorption spectra were divided by the incoming photon flux, because of the
time dependence and, in this case, the photon energy dependence.

By increasing the deposition of HfO,, the overall intensity of the Si2p core level
changes because of the increasing thickness of the oxide. Electrons from the substrate
have to travel into the Hf-oxide film before escaping into the vacuum. The elastic scat-
tering of those electrons produce an intensity attenuation which is exponentially de-
pendent on the overlayer thickness d as expressed in the equation / = lyexp(-A/d),
where A represents the mean free path of the electrons in the oxide. This is a function
of the electron kinetic energy, with a minimum at about 0.5 nm for electrons with
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a kinetic energy of 50 eV. It is therefore possible to determine the thickness of the oxide
film through the intensity weakening of the Si oxide and the substrate components.

in situ ALD cycles

Intensity [a.u.]

substrate
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Fig. 2. In-situ growth of HfO, on a SiO,/Si(001) substrate. The total electron yield spectra
are taken at the Si2p edge of the sample after the initial etch and after every ALD cycle.

In Table 1, we report the Hf-oxide thickness extracted from the photoemission da-
ta after every cycle. The estimation was made by considering a homogenous oxide
layer and by adopting the value 0.5nm for the mean free path of the electrons with a
kinetic energy of about 50 eV in HfO,. The simple assumption of a homogeneous
oxide layer could be misleading for the interpretation of our results, as in the ALD
growth the coverage of the surface is not necessarily homogeneous. Nevertheless, we
are developing a mathematical model to take into account the deviation of the experi-
mental results from a simplified homogeneous growth.

Table 1. Thickness of the initial SiO, and of the HfO,
as determined from the XPS intensities after every ALD cycle

Etched HfO,
Film Si0,

1 cycle|2 cycles|3 cycles|4 cycles|5 cycles|6 cycles|7 cycles|8 cycles

Thickness

0.54 | 0.13 | 0.20 0.53 0.69 | 0.86 1.06 1.49 1.62
[nm]

After the 8th cycle the substrate is covered with a Hf-oxide film about 1.5 nm
thick, showing an excellent sensitivity of our technique to films with a thickness in the
nanometer range. At such a thickness, the contamination of the sample due to the
transport in air certainly would considerably distort the interpretation of the experi-
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mental data. However, with our in situ facility, we can assure the measurement of
thickness and analyze the chemical state after each cycle.

The Si2p photoemission spectra change also in shape with increasing HfO, depo-
sition. This is especially evident in the energy range between 102 eV and 104 eV,
where the contributions from Si** and Si*" are expected. In the etched sample, the most
intense peak is centred at 103.4 eV due to the Si*" component from SiO,. After the
first three cycles, the peak shifts evidently towards lower binding energies, meaning
an increase of the Si*" component. After the first three cycles the shift is still present
up to the 6th cycle but is much smaller, and it is undetectable in the last two cycles.
The strong shift observed in the first cycles is due to the formation, during the early
stages of the growth, of Hf-silicate (Hf~O-Si bonds), while in the next cycles the
growth is converted to HfO,. Also here, the observation of the transition between the
Hf silicate growth and the HfO, growth were possible only because the sample was
transferred into the measurement chamber without breaking the vacuum and without
contaminating it with external agents.

Also the NEXAFS spectra recorded at the Si2p edge show variations with the
growth of Hf oxide. The two main structures are those between 100 eV and 105 eV,
ascribed to the substrate Si, and those between 105 eV and 115 eV, derived from SiO,.
The oxide growth induces an attenuation of the absorption spectra in a similar way as
for the photoemission spectra. Anyway, the attenuation observed in the energy range
of the substrate Si is slightly different from that observed in the energy range of SiO,.
That deviation could be due to either formation of an extra silicon oxide during the Hf
oxide deposition or to the transformation of the initial SiO, into Hf silicate. The latter
possibility is in accordance with the broadening of all peaks in the range 105-115 eV
due to smearing of the silicate signal into the silicon dioxide one. From the present
status, no definitive answer can be given, but more accurate measurements, at the Ols
edge for example, should clarify this point.

3.2. Band gap determination by combined XAS and RIXS measurements

In this section, we report on a study of a hidden layer of AION deposited between
the Si(001) substrate and a Pr,O; layer. In the particular sample used for the studies,
the thickness of the AION layer was 1.5 nm, and the thickness of the Pr,O; layer was
5nm. The AION films were prepared by reactive ion sputtering from an Al target;
details have been published elsewhere [19]. Pr,O; films were obtained by thermal
evaporation in an e-beam evaporator; for details see [15].

In Figure 3, the resonant inelastic X-ray spectroscopy (RIXS) data are shown ob-
tained by excitation above the Nls edge. In a RIXS spectrometer (also called X-ray
emission spectroscopy XES), upon resonant excitation, the emitted X-ray fluorescence
photons are collected and recorded in function of their detected energy. This method
yields a partial density of states of the valence band. Photons of 405 eV were used to
excite emission and the emitted photons in the energy range between 370 eV and
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400 eV were collected. The observed bands correspond to the N2p valence states in
the hidden AION layer. The triple shaped valence features are very similar to the va-
lence band features of other 2p systems such as O2p in SiO, or C2p in C-based com-
pounds reported by RIXS as well as by XPS valence band studies.

hv RIXS

AION (1 nm)

Intensity [a.u.]

annealed
‘-__‘
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Fig. 3. RIXS spectrum taken at the resonant excitation (405 eV) from a hidden
AION layer in a Pr,03/AION/Si sandwich structure. Thin line:
as deposited sample, bold line: sample annealed at 800 °C, 10 min in nitrogen

In Figure, 3 two spectra are shown. One spectrum is obtained from a sample
where the AION-Pr oxide stack was investigated as prepared, while the other curve is
from a sample taken out of the same run but after annealing the stack at 800 °C for
10 min in nitrogen. The difference in the data indicates that upon annealing some crys-
tallites within the Pr oxide film form causing a reduction of the film thickness. Conse-
quently, the N1s signal from the hidden AION layer appears stronger in the annealed
sample. Another difference is very evident: in the annealed sample the valence fea-
tures appear more sharpened. Another difference is also very evident: in the annealed
sample the valence features are more sharply profiled. This is an argument which indi-
cates some ordering in the otherwise more amorphous layers right after the sputtering
deposition.

For a further analysis of the RIXS data in Fig. 4 we have used the spectrum of the
annealed sample but now have included the XAS spectrum recorded on an AION film
before depositing the Pr,O; layer. The purpose of this figure is to combine the valence
band state density with the density of the empty conduction band states. In addition,
we have marked the position of the Fermi energy which we obtained from independent
measurements of metallic systems.

As a consequence, these combined data may be used to derive a band gap value
for the hidden AION buffer layer. A value of ca. 7 eV was determined and that value
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considers only the N2p derived partial density of states. It should be mentioned that
our results are taken upon resonant excitation and we therefore probe selectively only
the N2p states. However, with this value we have demonstrated that our choice to use
AION as a buffer material is quite reasonable. The band gap is smaller than that of
AlLyOs (ca. 9 eV) but still large enough to ascertain a proper dielectric behaviour of that
buffer layer. The band offset with respect to the Si-substrate amounts to 4 eV for the
VB and 2 eV for LB.

Intensity [a.u.]
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Fig. 4. Combined RIXS (thin line) and XAS (bold line) data from AION
layers plotted on a common energy scale which is referred to the Fermi energy

Determining the VBM from the slope of the sharp feature yields the value of ca.
5 eV below Er. However, there are still some states appearing above that value. These
states are due to hybridization of the N2p levels with the oxidic valence states. In
Pr,O; films the value of the VBM is about 3 eV below Er. This is in agreement with
the width of the hybridized states shown in Fig. 4.

To summarize, in this section we demonstrated the combination of RIXS and XAS
data upon resonant excitation to obtain the partial density of states for both the valence
and conduction bands. In addition, if the position of the Fermi energy can be obtained
from independent measurements, the absolute values of the valence band maximum
and of the band gap of the investigated system can be derived. Furthermore, we have
demonstrated that the use of X-ray fluorescence spectroscopy enables the analysis of
hidden layers with sufficient data quality.

3.3. Improved electrical parameters by using
an aluminum oxynitride (AION) buffer layer

Chemical reactivity of the PryO,/SiC and PryO,/Si interfaces causes a deleterious
interaction yielding graphite and silicate formation after direct deposition of PryOy
onto SiC and Si, respectively [9, 17]. This leads to high leakage currents [4] and it
limits the reduction of the CET as well.
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Using an approximately 1-1.5 nm thick buffer layer of AION, we found leakage
current values improved by several orders in comparison to the stacks without the
buffer. At a CET of 4 nm we could observe a leakage current density of 10”7 A/cm” (at
1 V above flat band condition) on silicon based stacks (PryO,/AION/Si). Furthermore,
we found, for this system, that the introduction of the AION buffer layer combined
with subsequent annealing in nitrogen at 800 °C results in a decrease of the density of
interface states D;. Values of 5x10"'-1x10" eV '-cm? are observed. Using a plot of
the CET versus the physical thickness of PryOyand fitting it to a simple model of ca-
pacitors in series, we can deduce the thickness of an interfacial layer and the permittiv-
ity values of the high-k material. Permittivity values of the high-k material in the range
of 17-20 were calculated in this way, the values are not influenced significantly by the
buffer layer. But we could also show that the interfacial layer CET value could be
reduced from 3.9 nm to 1.3 nm by using the AION buffer, where we have to point out
that this value already contains the buffer layer CET value, so the unintentional inter-
facial layer thickness is even smaller. Also on SiC the insertion of the buffer layer
leads to better electrical characteristics. For further details of these investigations refer
to [4, 19, 20].

Summarizing this section, AION provides a suitable buffer layer between high-k
PryOy and Si as well as between PryOy and wide band gap SiC. This is evident from
our spectroscopic investigations (reduced silicon out-diffusion [20], higher Pr,0O; frac-
tions [20], stable interface [18]), and from improved electrical parameters (low values
of leakage current, Dy, and interfacial layer thickness). A better band alignment and
reduced interfacial reactions might be responsible for these improvements.

4. Characterization of organic materials

In this paragraph, the use of synchrotron radiation (SR) based spectroscopic and
microscopic techniques is demonstrated for the analysis of organic materials. We pre-
sent data from a ferroelectric polymer which is a candidate for non-volatile memory
devices, and we report on studies of fullerene based thin films which may be used as
low-k materials.

4.1. Ferroelectric polymer P(VDF-TrFE)

Non-volatile ferroelectric polymer random access memory devices based on ferro-
electric polymers have the potential to overcome many of the fabrication issues faced
in the inorganic semiconductor industry [24]. Ferroelectric properties of copolymers of
vinylidene fluoride with trifluoroethylene (P(VDF-TrFE)) have become of great inter-
est due to potential use in non volatile memory technology [25]. It was found that in
a compositional range from 50/50 to 80/20 mol % ratio of VDF/TtFE, copolymers
have ferroelectric phase at room temperature [26]. In addition, these copolymers are
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soluble in non toxic reagents. The most common solvent for preparing P(VDF-TrFE)
thin films is 2-butanone, or cyclohexanone [27, 28]. The P(VDF-TrFE) solution is
available for spin coating, ink jet printing, or roll to roll printing [29]. Spin cast films
of P(VDF-TrFE) are not only available as a ferroelectric material but also usable as an
organic high-£ insulation for organic transistors [30, 31].

For electrical contacts, thermally evaporated aluminium has been widely used,
compared with other metals such as Cu or Ag, because of its good adhesive strength
on the copolymer film [32, 33]. But due to interactions at the interface, even at room
temperature, a thin layer of AlF; is formed. If poly (3,4-ethylenedioxydi-
thiophene):poly(styrenesulfonic acid) (PEDOT:PSS) is used, no interface reaction
takes place, as revealed by XPS [34-36].

Here, we like to focus on some fundamental investigations of the copolymer mo-
lecular structure, performed by polarization dependent X-ray absorption spectroscopy
(XAS) at the U49/2-PGM beam line of the BESSY-II synchrotron. As a copolymer,
we used P(VDF-TrFE) in mol% ratio of 70:30, delivered by Piezotech S.A., France.
The solvent was 2-butanone, the substrate a Si(100) wafer covered with PEDOT:PSS
to prevent possible interface reactions. After spin coating, the copolymer film was
annealed for 2 h at 135 °C to improve crystallinity [37].

Intensity [a.u.]

280 290 300 310 320
Photon energy [ eV]

Fig. 5. C-K edge XAS spectra of a thick P(VDF-TrFE) film (~ 100 nm)
on Si0,/Si(100). Details of the peak deconvolution are given in the text

Figure 5 shows the results of XAS measurement of a thick copolymer film (100 nm,
measured with a profilometer). The C-K edge is shown in the photon energy range from
280 eV to 325 eV, where various peaks can be isolated by a curve fitting procedure [38].
The peaks 1 and 2 at 287.2 eV and 289 €V are due to a 6" (C—H) resonance, the peak 3 at
292 eV has to be attributed to a 6"(C—F) resonance, and the peaks 4, 5, and 6 above 294
eV should be due to 6°(C—C) resonances [38, 39]. The " resonances are not observed as
the P(VDF-TrFE) copolymer does not contain unsaturated C—C bonds. It is also evident
that no beam damage of the copolymer thin film occurred.

In Figure 6, The C-K edge of a thin copolymer film is shown. The film of the
thickness of about 0.4 nm was deposited again on the PEDOT:PSS/Si(100) substrate.
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This copolymer film thickness was measured by the attenuation of the XPS signal of
PEDOT:PSS [34] and corresponds to the thickness of one monolayer (0.5 nm) [40].
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Fig. 6. C-K edge XAS spectra of very thin P(VDF-TrFE) film ( ca. 0.4 nm)
on PEDOT:PSS Si0,//Si(100). For details of the peak deconvolution refer to the text.
Peaks marked by a star are attributed to the substrate

Obviously, now there is a very sharp peak at 285.0 eV, which is due to 7' (C=C)
resonances of PEDOT:PSS. This signal is not observed for the thicker film in Fig. 5 as
it is attenuated by the PVDF film. The peak at the photon energy of 287.2 eV is due to
a 6"(C-H) resonance, and the peak at 288.9 eV is again attributed to the substrate with
the 6°(C-S) resonance of PEDOT:PSS. The rest of the peaks are only identifiable by a
curve fitting procedure (see figure 6). In the curve fitting procedure, the 7'(C=C) reso-
nance fits to Gaussian profile which match the height of the experimental peaks.

The Gaussian function matched well because of the limitation of instrumental
resolution, while the Lorentzian fit is poor because the base is too broad [38]. If the
instrumental resolution is comparable with the intrinsic lifetime-related width of the
peak, then the peak is fitted by a Lorentzian profile. In our spectra, the 6"(C-H), 6" (C—
S), and 6°(C-F) resonances are fitted with Lorentzian profiles. The other peaks are
fitted with an asymmetric Gaussian profile. The increase in width of resonances with
increasing energy can be simply attributed to lifetime broadening. That means, the
higher the energy of the final state, the shorter its lifetime and hence the broader the
peaks [41, 42]. In addition to the peaks, near edge spectra of XAS contain one or
sometimes more step-like features referred to as continuum steps. These steps are the
result of the excitation of the core electron to a continuum or quasi-continuum of final
states, e.g. to the smooth density of states [38].

Based on this peak identification, we present an analysis of angle dependent linear
dichroism. In order to understand the ferroelectric nature of the PVDF copolymer the
existence of oriented dipoles is a question of special interest. Here, we show an analy-
sis of our NEXAFS measurement of an ultrathin (0.4 nm) copolymer film deposited
on a PEDOT:PSS/Si substrate. Due to linear dichroism, we have to expect a modula-
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tion of the intensity of specific absorption signals, if they can be attributed to a pre-
ferred orientation of dipole moments inside the copolymer film. In such cases, using
the dipole approximation, this intensity should be proportional to cos>6, if an idealized
alignment of the dipoles perpendicular to the surface is assumed [38]. In our experi-
ment, the angle @ is the angle between the direction of the incident beam and the nor-
mal to the surface of the sample (inset in Fig. 7).
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Fig. 7. Angle dependent spectra of P(VDF-TrFE) on a PEDOT/Si(100) substrate, 0.1 wt. % P(VDF-TrFE)
in 2-butanone (thickness ca. 0.4 nm); the intensities of the 6™ (C—F) excitation at 292.04 eV (triangles,
dotted line) and of the 6™ (C—H) excitation at 287.28 eV (squares, dotted line) normalized to the value at
near-normal incidence (10°). The solid line presents the cos’dmodulation of intensities for an idealized
alignment of dipoles (100% perpendicular to the surface of the substrate)

In Figure 7, we show the intensity of the 6"(C—F) resonance at 292.04 eV com-
pared with the 6°(C—H) excitation at 287.28 eV. The observed intensity values are
normalized to the peak intensity at 10°. For the 6"(C—F) excitation (the C-F dipole)
clearly an angular dependence of the intensity is visible. In contrast, for the 6"(C—H)
excitations we have no angular dependence at all. The highest dipole moment has to
be attributed to the o"(C—F) resonance, caused by the electronegativity of fluorine
atoms. Consequently we assign the 6"(C—F) excitations to represent the ferroelectric
dipole moments while the 6°(C—H) excitations have no contribution to the ferroelec-
tric moments, as expected. The observed angular variations can be modelled according
to /=0.2cos’0 + 0.8 with a reasonable agreement. This means that about 20% of the
ferroelectric dipoles are oriented with respect to the polarization of the incoming light.
This quantity is remarkable as we have not applied an external field to the film. The
cos’6 dependence certainly is just an approximation. Nevertheless, the measurements
show a clear linear dichroism indicative of an alignment of C—F dipoles, even without
the application of an external field. It seems that self alignment and ferroelectric order-
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ing occurs even for ultrathin and spin-coated films, if we avoid reactive interfaces and
use an inert substrate such as PEDOT:PSS.

4.2. Fullerene thin films as low-k materials

The low-k materials investigated so far include examples from organosilicate glasses
(OSG) and of fullerene based porous ultra low-k (ULK) films. OSG materials that are used
as low-k materials to isolate on-chip interconnects are investigated and we use the chemi-
cal sensitivity of the X-ray absorption signal around the C1s and Si2p edges to describe the
chemical stability of such materials against UV curing and plasma treatment. In our XAS
studies we are able to distinguish the individual c-orbitals based on the Cls absorption
features, i.e. the bonds of individual groups of the material investigated. In general, in the
data for OSG the C-C, the C-O, and the C—H groups can be identified by different transi-
tion energies of the corresponding excitations. If one of the groups is modified, only this
particular contribution of the XAS spectrum changes, which makes the technique very
sensitive and selective for analysis of materials.

For fullerene based polymers, being candidates for ultra low-k materials [43], we
demonstrate the stability of fullerene complexes after incorporation in sol-gel proc-
essed films. In the case of Cy derived components, there is a particular mechanism
causing a characteristic feature in the absorption data. Based on the electronic proper-
ties of the Cg molecules in all C4y derived compounds, there is a characteristic split in
the lowest absorption band causing a three-peak structure.

Cg m* bands
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Fig. 8. XAS spectrum at the Cls edge of a thin film of a fullerene based
low-k material taken at two different positions of the sample

These features represent transitions into the triple n° orbitals of Cyy and range be-
tween 285 eV and 289 eV. In Fig. 8 we show the total electron yield (TEY) spectra of
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Ceo derived films in the energy range between 282 eV and 295 eV. In line with expec-
tation, we find the characteristic features of the Cqy molecule are well pronounced and
resolved for these C-cage ULK films. The observed features peak around 285 eV,
287.8 eV, and around 289 eV. In particular, the middle band appears at a higher transi-
tion energy than in pure Cg films. We attribute the differences in the peak position to
the specific bonding of the C¢, polymer.

Still, we have problems in recording such data. The films seem to be inhomogene-
ous and our spectroscopic observations indicate that at some positions there is a higher
content of graphite in the films. In previous ULK films the amount of graphite was
even larger and this made a clear detection of the split ©° bands almost impossible.

We have also investigated the XAS data of the preliminary obtained C-cage based
ULK films at the N1s and Ols edges, respectively. At the N1s we identified absorp-
tion features that we attribute to residuals of the solvents used for the preparation of
the films. At the Ols edge we find very unusual features, as there is a sharp absorption
band at 531 eV which is well separated from the main absorption band rising at
around 537 eV. Such an absorption pattern is usually observed for conducting oxides
such as NiO and CrO,.

5. Summary

We demonstrated some recent examples of synchrotron radiation based analysis of
materials. We report on XPS, XAS, and RIXS studies on HfO, thin films and on Pr,0O4
/AION/SiO, multilayer stacks. The SR based techniques are used to learn about the
growth mechanism, chemical stability, and interface reactions in such systems. In
addition, the electronic properties such as the band-offsets and the band gap, are de-
termined, as demonstrated, for the latter system.

For organic systems, we report on the usage of the linear dichroism in the absorp-
tion signal to learn about the existence of ferroelectric dipole moments in such films.
Finally, the fine structure of the absorption spectra at the Cls edge is used, in particu-
lar, for detailed analysis of the composition of films. As a specific example, it is
shown how this method can be used to identify Cg building blocks of a polymer
which is to represent an ultralow-k prototype material.
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The influence of the prefiring temperature
on the structure and surface morphology
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C-axis oriented ZnO thin films were prepared on silica glass substrates by the sol-gel method using
a zinc naphthenate precursor. As-deposited films were prefired at 250 °C for 60 min, at 350 °C for
30 min, and at 500 °C for 10 min, followed by final annealing at 600-900 °C in air. Crystal structure,
surface morphology, surface roughness and transmittance at the visible range were analyzed by high
resolution X-ray diffraction, field emission scanning electron microscopy, scanning probe microscopy,
and ultraviolet spectrophotometry. (002)-oriented ZnO films were obtained by annealing at 600 °C, and at
higher temperatures for the films prefired at 350 °C and 500 °C. All the films exhibited a high transmit-
tance, above 80%, in the visible region, and showed a sharp fundamental absorption edge at 0.38-0.40 um. The
most highly c-axis oriented ZnO with a homogeneous surface was observed at a prefiring temperature of
350 °C.

Key words: ZnO thin film; sol-gel method; zinc naphthenate

1. Introduction

The wet sol-gel method provides a simple and versatile alternative for crystalline
thin film preparation [1-5]. In terms of stability in air and ease of handling, metal
naphthenates are more advantageous as starting materials than metal alkoxides [6, 7].
Preparation of the coating solution using zinc naphthenate was easy by the addition of
toluene, while a complicated procedure was needed for coating a metal alkoxide-
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derived solution. Furthermore, it should be noted that vaporization of additives such as
alcohol, H,O and catalyst etc. during prefiring and final heat treatment might cause
cracks and pores in the product layer, and this disturbs the preparation of high quality
oxide layers. However, the sol-gel method is relatively new and requires a greater
understanding of the relation between processing and defects in order to optimize the
film quality. Although the film shows a high orientation, pores and cracks due to va-
porization of organics in film are easily recognizable in highly oriented films [8].

The authors suspected that the films might be excessively locally heated to high
temperatures such as 600-900 °C because organic compounds that decompose and
evolve during the pyrolysis are rapidly burned out. This may cause random nucleation
and heterogeneous crystal growth, thus disturbing high orientation or epitaxy. Thus,
comparison between the prefiring temperatures was considered to be important in
order to achieve homogeneous nucleation resulting in high orientation.

In order to develop high quality ZnO films for devices with good performance, it is
necessary to clarify the effect of heating conditions on growth. This will result in different
microstructures suitable for various applications. The thermal analysis on zinc naphthenate
shows that pyrolysis begins at 200 °C and is completed below 500 °C. Thus in the pre-
sented study prefiring temperatures were varied at 250500 °C in order to clarify the effect
of organics on the properties of ZnO.

2. Experimental

Zinc naphthenate (Nihon Kagaku Sangyo Co., Ltd., Japan) was used as a precur-
sor in the sol-gel process by diluting the sol with toluene. The concentration of metal
ions in the coating solution was about 4 wt. %.

Thin films were fabricated by spin coating onto 2.5 cmx2.5 cmx1 mm substrates
made of silica glass at the rotation speed of 1500 rpm for 10 s. After each deposition,
the coating film was pyrolyzed in air at 250 °C for 60 min, 350 °C for 30 min, and
500 °C for 10 min to decompose the organic species. For multiple coatings, the above-
mentioned processes were repeated five times to obtain the resultant films approxi-
mately 0.5— 0.6 wm thick. The resultant films were directly annealed in a preheated
furnace at 600-900 °C for 30 min in air. Table 1 shows the symbols used for the prod-
ucts.

Table 1. Symbols of the product films

Final annealing Prefiring
250 °C | 350 °C | 500 °C
600 °C Al B1 Cl
700 °C A2 B2 C2
800 °C A3 B3 C3
900 °C A4 B4 C4
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Thermogravimetric analysis (TGA, DTG-60, Shimadzu, Japan) was performed us-
ing an oi-alumina reference and the heating rate of 10 °C/min in the range 16—600 °C.
The phase evaluation of the films was examined by a high resolution X-ray diffracto-
meter (HRXRD, X’pert-PRO, Philips, Netherlands) using CuK, radiation in 8-26
geometry. The surface morphology and composition of the films were evaluated from
the field emission scanning electron microscopy (FE-SEM, S-4700, Hitachi, Japan)
micrographs and energy dispersive X-ray spectrometry (EDS). The growth mechanism
and surface roughness of the films were studied with a scanning probe microscope
(SPM, Nanoscope 1V, Digital Instruments, U.S.A.). All the SPM measurements were
performed in air using the tapping mode. The transmittance in the visible spectra range
was measured with an ultraviolet—visible-near infrared spectrophotometer (CARY
500 Scan, Varian, Australia). The transmittance was automatically calibrated against
a bare glass substrate as a reference sample, and the absorption coefficient was ob-
tained from the transmittance curve.

3. Results and discussion

Figure 1 shows the TGA curve of the starting solution dried at 80 °C for 24 h to
remove the solvent. Weight loss corresponding to pyrolysis of the metal naphthenate
began at around 160 °C and was completed at below 500 °C. Therefore, it was con-
cluded that pyrolysis of the starting metal naphthenate solution is completed below
500 °C. Thus, to investigate the effects of conditions of the pyrolysis on metal
naphthenate during the final heat treatment, we prepared ZnO thin films via the prefir-
ing conditions described in the Experimental.

100

80

Weight [%)]

40

20

0
16 180 347 500 582
Temperature [°C]

Fig. 1. TGA curve of the coating solution used in this work
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All the precursor films, pyrolyzed through three paths, were found to be amorphous
by XRD, and have smooth surfaces without cracks or voids as confirmed by FE-SEM
observation. No significant difference was identified among these films. There were
differences, however, in the content of residual carbon or carbon hydroxides in the pre-
cursor films. Residual carbon content in the films was investigated by EDS.
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Fig. 2. EDS spectra for the surfaces of the films after prefiring:
a) at 250 °C for 60 min, b) at 500 °C for 10 min

Figures 2a, b show EDS spectra of the precursor films pyrolyzed at 250 °C for 60
min and at 500 °C for 10 min, respectively. Comparing these spectra, a large peak of
CK,, was recognized in Fig. 2a. It is apparent that precursor films pyrolyzed at 250 °C
for 60 min contained a larger amount of carbon than those pyrolyzed at 500 °C for 10
min.

Figure 3 shows XRD £-26 scans of the ZnO thin films pyrolyzed at 250 °C for
60 min (3a), at 350 °C for 30 min (3b), and at 500 °C for 10 min (3c), followed by
final heat treatment at various temperatures. The (002) oriented ZnO thin films were
obtained by final heat treatment at 600 °C and at higher temperatures for the films
pyrolyzed at 350 °C and 500 °C. When the pyrolysis temperature was too low, at
250 °C, crystallization and orientation of ZnO thin films was very difficult to induce:
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the resultant ZnO thin films A1-A4 were found to be amorphous or non-oriented. By
contrast, in the films B1-B4, a distinct (002) peak of ZnO was recognized. Upon in-
creasing the final heat treatment temperature to 800 °C and 900 °C, a strong ZnO
(002) peak was seen. It should be noted that the peak intensity of ZnO thin films was
significantly affected by the pyrolysis temperature, although the final heat-treatment
temperature was the same. The lower peak intensity of resultant films, shown in
Fig. 3a, may be attributed to the presence of residual organic components.
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Fig. 3. XRD spectra of finally annealed films prefired:
a) at 250 °C for 60 min, b) at 350 °C for 30 min, c¢) at 500 °C for 10 min

EDS analysis indicated that the ZnO thin films which had been pyrolyzed at
250 °C contained much residual carbon or carbon hydroxides. In this case, crystalliza-
tion of the film and decomposition of organic compounds proceeded concurrently
during the final heat treatment. Crystal growth may be suppressed by residual carbon
during the final heat treatment, resulting in the low peak intensity of ZnO thin films
Al-A4[9].
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From the report of Ohyama et al. [10], for ZnO thin films prepared by using sol-
gel with zinc acetate—2 methoxyethanol-monoethanolamine solution, when the heat-
ing rate is low, the gel film is given enough time to structurally relax before crystalli-
zation, resulting in denser ceramic films. Moreover, when the prefiring temperatures
are too high (higher than 300 °C), vaporization of the solvents, and thermal decompo-
sition of zinc acetate may take place abruptly and simultaneously with the crystalliza-
tion, disturbing the unidirectional crystal growth [10]. However, in our work ([11] and
present work), highly c-axis-oriented ZnO films were obtained by prefiring at higher
temperatures, specifically at 350 °C and 500 °C. Previously, we reported that struc-
tural relaxation of the precursor gel before crystallization, by employing solvents hav-
ing high boiling points about 200 °C is unessential for obtaining oriented ZnO thin
films when using a zinc naphthenate precursor [11]. We prepared ZnO thin films ex-
hibiting a strongly preferred orientation by using toluene which has a relatively low
boiling point.

However, it should be noted that when the prefiring temperatures are too high,
such as 500 °C, crystallinity of the ZnO thin films is decreased. This result suggests
that abrupt and simultaneous thermal decomposition of zinc naphthenate, probably
due to a high prefiring temperature, may slightly corrupt unidirectional crystal growth.
In the sol-gel process, several actions occur simultaneously in the thermal treatment
process, such as the evaporation of the dissolvent, the decomposition and evaporation
of organics and the growth of ZnO grain, etc. [12]. At an excessively high prefiring
temperature, the decomposition process is hastened and less time is left for gel films to
undergo structural relaxation which induces a decrease in the quality of ZnO.
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Fig. 4. FWHMs of finally annealed films
in function of prefiring temperature

We also observed that with an increase in heat treatment temperature, the full
width at half-maximum (FWHM) decreases, as shown in Fig. 4. In addition, the high-
est crystallinity is observed for the films pyrolyzed at 350 °C. These results indicate
that ZnO thin films prepared with zinc naphthenate and prefired at 350 °C can be ex-
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pected to have high crystallinity. For the films prefired at 350 °C, the (002) peak in-
tensity of the ZnO films markedly improves with an increase in the annealing tempera-
ture. The increase in intensity of the (002) orientation may be attributed to reorienta-
tion of the crystallites obtaining sufficient energy at higher annealing temperature.
This results in obtaining ZnO with superior crystallinity and a higher degree of orien-
tation. More research for the relation between the crystallization and the exact organic
species and contents will be done.
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Fig. 5. Length of the C period of finally annealed
films in function of prefiring temperature

Based on the XRD data, the lattice ¢ parameter has been estimated to be 5.1842
—5.2134 A, as shown in Fig. 5. These values are similar to the ASTM value of 5.2066 A
for the bulk ZnO. The larger value of the lattice constant for the thin film at 600 °C as
compared with the standard powder value shows that the unit cell is elongated along
the ¢ axis, and that compressive forces act in the plane of the ZnO thin film. These
compressive forces disappear as the heat treatment temperature is increased.

In order to more exactly investigate the structural properties of ZnO thin film, we cal-
culated the stress in the film. The calculation is based on the biaxial strain model [13]. The
strain €= [(Couk — Cfitm)/Coui] 1 the direction of the ¢ axis, i.e., perpendicular to the sub-
strate surface, was measured by XRD. To derive the stress of film parallel to the film sur-
face, the following formula has been used [13], which is valid for a hexagonal lattice:

2
2¢;;—cy (Cn T, ) Chiim ~ Coulk
Shim =

1

2¢;; Chulk M

Thee following elastic constants c¢; of single crystalline ZnO have been used:
c11 =208.8, ¢33 =213.8, ¢;»=119.7 and ¢;3 = 104.2 GPa [14]. Stress in the film can be
estimated using Eq. (1) and is plotted in function of final heat treatment temperature in
Fig. 6. The negative sign for the films Al and C1 heat treated at 600 °C indicates that
the lattice constant c is elongated as compared with unstressed powder, and therefore
the film is compressed in the direction parallel with the surface, i.e., when a film is
constrained and compressed by a substrate, the normal direction to the substrate sur-
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face is elongated. After a further heat treatment above 700 °C, films enter into a state
of compression as compared with the normal lattice state of bulk ZnO.
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Fig. 6. Variation of stress induced in the finally annealed
films in function of prefiring temperature

Fig. 7. FE-SEM images of the finally annealed films prefired at 250 °C
for 60 min (a—d), at 350 °C for 30 min (e-h), and at 500 °C for 10 min (i-1)
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Figure 7 shows the FE-SEM photographs of the ZnO thin films pyrolyzed at
250 °C for 60 min (a—d), at 350 °C for 30 min (e-h), and at 500 °C for 10 min (i-1),
followed by final heat treatment at 600-900 °C for 30 min in air. Particulate structure
is evident in all the films. The particle size increases with increase of the heat treat-
ment temperature. It is obvious that the particle size increased with the increased an-
nealing temperature which is consistent with the ZRD results. According to Hsieh
et al. [15], the atoms would obtain enough energy to occupy proper sites in the crystal
lattices, and grains with lower surface energy would become larger at higher tempera-
tures. However, formation of polycrystalline films with grain boundary micropores,
prefired at 250 °C, A3 and A4, is quite obvious from the micrographs. As the prefiring
temperature decreases, the amount of organics in the prefired film increases, and
therefore the decomposition and the crystallization may occur almost simultaneously.
Since the structural relaxation of the prefired film induced by the decomposition can
take place only before the crystallization, the simultaneous decomposition and crystal-
lization may give the film less chance to be structurally relaxed, resulting in a micro-
porous structure (see Fig. 7¢ and d).
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Fig. 8. SPM images (1x1 um?) of the finally annealed films prefired at 250 °C for 60 min
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Fig. 9. SPM images (1x1 um?) of the finally annealed films prefired at 350 °C for 30 min
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Fig. 10. SPM images (1x1 um?) of the finally annealed films prefired at 500 °C for 10 min
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To evaluate the surface roughness and morphology of the films, SPM analysis was
performed. Figures 8-10 show the SPM images (1x1 um?) of ZnO thin films pyro-
lyzed at various temperatures, followed by final heat treatment at 600-900 °C. With
increasing heat-treatment temperature to 800 °C, nanosized grain growth is observed
to gradually increase. At 900 °C, large grain growth is easy to identify, although the
grain size uniformly increased with increasing heat treatment temperatures for all the
pyrolysis temperatures. Furthermore, with an increase in annealing temperature, the
root-mean-square (RMS) roughness increased to 45.2 and 45.31 nm for the films A3
and A4 pyrolyzed at 250 °C. This may be because of the pores between grains, which
were confirmed by FE-SEM. On the other hand, for the films B3, B4, C3 and C4 pyro-
lyzed at 350 °C and 500 °C, the surface roughnesses of the annealed ZnO thin films at
800 °C and 900 °C were decreased. With increase in temperature, a smoother surface
might be expected, due to an increased surface mobility of the species [16].
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Fig. 11. Transmittance of the finally annealed films prefired at 350 °C for 30 min

Figure 11 shows transmission spectra of the annealed ZnO thin films pyrolyzed at
350 °C for 30 min. All the films exhibit transmittance higher than 80%) in the visible
range and show a sharp fundamental absorption edge at about 0.38—0.4 um which is
very close to the intrinsic band gap of ZnO (3.2 eV). With an increase in annealing
temperature, the transmittance decreased gradually. The high transmittance of all the
films is attributed to small particle size minimizing light scattering, and low surface
roughness. The optical band gap (E,) is in the range between 3.26 eV and 3.28 eV. The
estimated values of the band gap for all the films are within the range reported for
such films [17]. Homogeneous transparent ZnO thin films having a high ¢ axis orien-
tation were observed at the pyrolysis temperature of 350 °C for 30 min.

4. Conclusions

Highly ¢ axis oriented ZnO thin films were prepared on silica glass substrates by
a sol-gel process using zinc-naphthenate as a precursor. When the prefiring tempera-
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ture was too low, at 250 °C, crystallization and orientation of the films were very dif-
ficult to induce. The XRD peak intensity of ZnO films was significantly affected by
the prefiring temperature, although the final annealing temperature was the same. With
an increase in annealing temperature, the RMS roughness abruptly increased for the
films prefired at 250 °C, while for the films prefired at 350 °C and 500 °C, the RMS
roughness was somewhat decreased at 800 °C and 900 °C. Homogeneous and trans-
parent ZnO thin film showing a high c-axis orientation was observed at a prefiring
temperature of 350 °C for 30 min.
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The effect of electromagnetic stirring
on the microstructure and corrosion of mischmetal
modified AZ91D magnesium alloy
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The microstructure and corrosion behaviour of mischmetal modified AZ91D magnesium alloy in the
presence or absence of a rotating electromagnetic field have been investigated. The study suggests that
the size and volume fraction of the B (Mg;-Al,,) phase in the alloy decreases as magnetic field intensity
increases. The immersion test results show that the mass loss for the alloy solidified in the absence of
a magnetic filed is always larger than that for the alloy solidified under magnetic field. The electrochemi-
cal corrosion experiments indicate that the corrosion potential of the alloys increases from —1.56 to
—1.51 V, while the corrosion current density decreases from 6.31 to 1.58 mA-cm 2, and the charge transfer
resistance increases from 3.17 to 11.32 kQ-cm? as the excitation voltage increases from 0 to 120 V. The
enhancement of the corrosion resistance is attributed to the grain refinement, and to the volume fraction
reduction of the § (Mg;;Al,,) phase under a rotating electromagnetic field.

Key words: microstructure; corrosion; magnesium alloy, mischmetal

1. Introduction

Magnesium alloys exhibit an attractive combination of low density and high
strength/weight ratio. Therefore, magnesium alloy parts are used in a variety of appli-
cations, such as in automotive, materials handling and aerospace equipment [1,2].
Among various magnesium alloys, the Mg-9AIl-1Zn (AZ91) alloy is most widely
used because of its excellent cast ability and mechanical properties. However, poor
corrosive resistance of AZ91 magnesium alloy limits its potential use in further appli-
cations [3-5].

Achieving finer grain size generally leads to improved mechanical properties and
structural uniformity of most metals and alloys [6]. Thus, a fine grain size in castings

*Corresponding author, e-mail: kingyaxu@yahoo.com.cn
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is important for the service performance of cast products and is also important for the
final properties of semifabricated products. Many grain-refining methods have been
developed for magnesium alloy such as superheating, agitation, the additions of nu-
cleant particles and solute elements [7-16]. Owing to the requirement for rapid cool-
ing from the treatment temperature to pouring temperature, grain refinement by super-
heating is less practical for a large pot of melt on a commercial scale. Other
shortcomings include excessive consumption of time and fuel/electricity and short-
ened life of the alloying vessels. The additions of nucleant particles can lead to obvi-
ous grain refinement but these particles are difficult to be consistently introduced into
molten alloys. Generally, among the above-mentioned refinement techniques, elec-
tromagnetic agitation and the addition of rare earth elements to molten AZ91 alloys
offer more practical advantages. Emadi et al. reported that adding Sr to AZ91D alloy
significantly reduced its grain size from 225 to 75-150 um[15]. Similar results were
reported by other researchers[16]. However, a wide grain size distribution obtained in
these investigations does not improve corrosion resistance. Thus, a suitable grain re-
finer for magnesium alloys is still elusive. The two general directions of resolving the
grain refinement problem of magnesium alloys are therefore either to find a new addi-
tive that will perform the task or to significantly improve the efficiency of an existing
casting process [6].

Electromagnetic processing of materials is an important technology developed by
combining the magnetohydrodynamics and the casting engineering to improve the
properties and performances of materials [17, 18]. Electromagnetic stirring (EMS) is
one of the important magnetohydrodynamic applications, and is an alternative to the
widespread high pressure die-casting and sand-casting methods for developing mag-
nesium alloys. The use of the EMS is supported by a good quality of the casting alloy
with fine non-dendritic structure, the lower shrinkage and uniform distribution of the
grain size. Shijie Guo et al. reported that applying the electromagnetic vibration during
the casting of the AZ80 magnesium alloy billet led to significant grain refinement
[11]. However, their works mainly concentrated on the effects of an electromagnetic
field on mechanical properties. Therefore, the present investigation is aimed at the
fabrication of AZ91D magnesium alloy alloyed with mischmetal (Ce, La, Nd and
other minor rare earth elements) and solidified by electromagnetic stirring generated
with various excitation voltages. The main analysis is devoted to the microstructure
and corrosion resistance.

2. Experimental

Material preparation and microstructural observation. Figure 1 shows the sche-
matic diagram of a home-made electromagnetic stirring apparatus used in the present
article. This apparatus is mainly made up of an electromagnetic stirrer, heating equip-
ment, teeter chamber and smelting crucible. The rotating electromagnetic field is pro-
duced through the coil winding of asynchronous motor with excitation voltage ranging
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from 0 to 120 V while maintaining the excitation frequency at 10 Hz. A resistance
wire is placed in the gap space between the teeter chamber and refractor brick to heat
the magnesium alloy. A graphite crucible for loading magnesium alloy is 60 mm in
inner diameter, 70 mm in outer diameter, and 150 mm in height.

asbestos
/

; shell
graphite crucible b sealing cover/
\

-— water

w ater jacket / resistance wire

/— .
molten alloy refractor brick

coil winding

.."I'JI

*11[—1

quartz

water thermocouple

Fig. 1. Schematic diagram of the electromagnetic stirring apparatus

The chemical composition of the AZ91D magnesium alloy used in this study is as
follows: Al —9.1 wt. %, Zn — 0.85 wt. %, Mn — 0.27 wt. %, Mg — balance. Mischmetal
(Ce — 50 wt. %, La — 20 wt. %, Nd — 10 wt. %, and balance other rare earths) is added
at 1.0 wt. % levels. The AZ91D ingots were melted in an electric furnace and further
refined at 730 °C under a protective gas mixture of 0.3% SFe¢ and 99.7% CO,.
Mischemtal was added to the melt at 690 °C, held for 30 min. The melt was then
transferred to the graphite crucible preheated to 200 °C. Finally, the current of the
resistance wire was turned off at 640 °C, the excitation voltage of coil winding was
turned on, and the molten alloy was cooled and solidified in the rotating electromag-
netic field to ambient temperature.

Characterization of the grain size and qualitative analysis were conducted using an
Olympus-BHM363U optical microscope (OM) and a JSM-5600LV scanning electron
microscope (SEM) equipped with an Oxford energy dispersive X-ray (EDX) detector.
The linear intercept method was used to measure the average grain size.

Immersion test. Immersion corrosion experiments were carried out to measure the
corrosion rates of the modified alloys. The alloys were cut into rectangular specimens
with dimensions of 10x10x2 mm’. All the specimens were polished successively with
SiC paper up to 4000 grit and cleaned by ethanol. The specimens were immersed in a
5 wt. % NaCl aqueous solution saturated with Mg(OH), for up to 5 days. The tests
were conducted at room temperature. After immersion testing, corrosion products
were removed by immersing the specimens in an aqueous solution of 20% CrO; + 1%
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Electrochemical tests. Specimens for electrochemical tests were cut into cubes
with dimensions of 10x10x10 mm’. The electrochemical tests were conducted in a
100 cm’ submarine type cell using a typical three electrode fitting in which the work-
ing electrode was facing the counter electrode. The counter electrode was platinum,
and a saturated calomel electrode (SCE) was used as reference. The working elec-
trodes consisted of a cylindrical rod embedded in an epoxy resin to provide insulation,
leaving 1.0 cm” alloy surface in contact with the electrolyte. Polishing was carried out
on samples with SiC paper up to 4000 grit before measurements.

Potentiodynamic polarization curves for the investigated alloys in the 5 wt. %
NaCl solutions saturated with Mg(OH), at ambient temperature were determined using
an CS300UA model electrochemistry analysis system at a scan rate of 1 mV-s . Be-
fore each polarization curve measurement, the sample was immersed in the test solu-
tion for 30 min to allow the open circuit potential to become stable.

The electrochemical impedance spectroscopy (EIS) measurements were carried
out using an AUTOLAB PGSTA301 model electrochemical measuring device. The
EIS measurements were obtained by applying a small-amplitude perturbation of
10 mV in a sine wave form, and by scanning the modulus of impedance and the phase
shift over the frequency range from 10> Hz to 10* Hz. The electrode potential of each
specimen was controlled at the relevant open circuit potential. The EIS data analysis
was performed using the Zview software.

3. Results

3.1. Measured microstructures

Because microstructure determines the final properties of the alloy, an understand-
ing of the microstructure formed is an essential part of the casting technology. Exami-
nation of the microstructures of the mischmetal modified AZ91D alloys shows that
this is different when the alloys are solidified under different excitation voltages
(Fig. 2). The view shows some agglomerate particles and acicular particles in the
o magnesium matrix of alloy solidified in the absence of an electromagnetic field
(Fig. 2a). A typical high multiple SEM image of the alloy for the EDX analysis is
shown in Fig. 3, and composition of various compounds found in the alloy are listed in
Table 1. The EDX result confirms that the agglomerate phases have compositions
consistent with the Mg;;Al,, phase. Acicular compounds are formed between Al and
Ce or La, and contribute to the increased corrosion resistance of the alloy [3]. Hamana
et al. reported that most of the rare earth elements added to Mg—Al alloys react with Al
to form intermetallic compounds such as AlCe and AlyLa [19]. The result in the pre-
sent study suggests a stoichiometric formula of Aly(Ce, La). Thus the major elements
(Ce and La) present in mischmetal satisfy the requirement of a modifying element as
suggested by Ravi et al. [10].
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Fig. 2. SEM micrographs of mischmetal modified AZ91D magnesium alloys
solidified under various excitation voltages: a) 0 V, b) 50 V, ¢) 80 V and d) 120 V

Fig. 3. High multiple SEM image
of mischmetal modified AZ91D magnesium alloy
solidified under the excitation voltage of 80 V
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Table 1. Chemical compositions of phases of mischmetal modified AZ91D
magnesium alloy solidified under the excitation voltage of 80 V (mole %)

Phase Mg Al Zn Mischmetal
B(Mg;,Al)) 56.32 38.28 5.4
Aly(Ce, La) 8.01 36.45 1.98 53.55

In the case of electromagnetic stirring casting, the grain refinement occurs, and the
amount of irregular-shaped 3 (Mg;;Al,) phase on grain boundaries decreases. When
the exaction voltage is 50 V, the primary o magnesium grain size has no significant
reduction, but agglomerate § (Mg;;Al,,) grain is obviously broken up and the volume
fraction of Aly(Ce, La) phase increases (Fig. 2b). Increasing the intensity of the elec-
tromagnetic field results in a further grain refinement. Figure 3d shows the microstruc-
ture of the alloy specimen when the exaction voltage is increased to 120 V. Significant
differences in grain size and homogeneity are observed. Due to a high intensity of the
stirring, the structures of the alloy are greatly refined and become homogeneous.

Large dendritic B grains are deformed into insular structure, and the grain boundaries
are discontinuous.

90
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Fig. 4. Dependence of the o grain size of mischmetal
modified AZ91D magnesium alloy on the excitation voltage

Figure 4 shows the relationship between the average grain size of the primary
o magnesium and excitation voltage for the investigated alloys. The grain size gradu-
ally decreases from 85+0.7 pm to 65+0.8 um on increasing the excitation voltage from
0 to 120 V. This confirms the modification of microstructure by the electromagnetic
stirring during the solidification of the alloys. Considering that each grain is
of a different size, the distribution of o0 magnesium grain size is investigated using an
ImageTool software, and the results are listed in Table 2. Clearly, increasing the exci-
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tation voltage results in a concentrated size distribution in the range of 40-80 um.
When the excitation voltage is 120 V, the percentage of o0 magnesium grain with the
size range of 40—80 pm is 75%.

Table 2. Influence of electromagnetic field intensity
on the distribution of o. magnesium grain size

Excitation
voltage [V] <40 pm 40-80 um >80 pm
0 9% 36% 55%
50 11% 61% 28%
80 15% 63% 22%
120 18% 75% 7%

3.2. Immersion test

The mass loss curves recorded on the mischmetal modified alloys solidified under
various excitation voltages are shown in Fig. 5. The mass loss of all the alloys in-
creases with time but the values for the alloy solidified without magnetic filed are
always larger than those for the alloys solidified under a magnetic field. Furthermore,
the mass loss decreases with the increase in excitation voltage at any time between
1 and 5 days.
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Fig. 5. Corrosion mass loss curves of the mischmetal modified AZ91D
magnesium alloys solidified under various excitation voltages immersed
in NaCl solution forup to 5 days: e -0V, 0 —-50V,m-80V,0-120V

The effect of intensity of the electromagnetic field on the corrosion morphologies
of the investigated alloys can be visualized from Fig. 6. The most outstanding charac-
teristic of the morphology of the samples after being immersed in NaCl aqueous solu-
tion saturated with Mg(OH), for 5 days is that all the corroded areas are adjacent to
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the intermetallic precipitates, indicating that the corrosion is caused by the galvanic
effect of the intermetallics. Figure 6a reveals that there existed serious general corro-
sion on the surface of the alloy solidified in the absence of an electromagnetic field.
Moreover, some areas, perhaps originally surrounding the intermetallic precipitates,
are completely corroded, and the intermetallic particles already fall off from there,
leaving cavities in the o matrix. However, most areas of the alloys solidified in an
electromagnetic field are not corroded or only a few areas are slightly corroded as
shown in Fig. 6b—d. The results also indicate that upon increasing the intensity of the
magnetic field, the surfaces of the samples remain more and more corrosion-free.

JSM-SeleLy

Fig. 6. SEM morphologies of corrosion surface of alloys solidified under various
excitation voltages: a) 0 V,b) 50 V, ¢) 80 V and d) 120 V

3.3. Electrochemical tests

Figure 7 shows the potentiodynamic polarization curves of the investigated alloys.
Obviously, the corrosion potential is shifted toward the active direction and the den-
sity of anodic current decreases rapidly at potentials just above —1.56 V for the alloy
solidified in the absence of an electromagnetic field. It is noticed that the passivation
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phenomena are invisible in the anodic regions of all the curves in the present study. In
an earlier work by Mathieu et al., a plateau extending on a large anodic potential do-
main of the polarization curve in ASTM D1384 solution saturated with Mg(OH), was
obtained for the semi-solid cast AZ91D alloy [5]. The different results are mostly as-
cribed to the influence of the different corrosion media used in the experiments. In the
present study, Mg(OH), in the surface of magnesium alloy reacted with chloride anion in
the NaCl solution, leading to the formation of soluble MgCl,. The destructive effect of the
chloride anion on the Mg(OH), membrane makes the passivation phenomena invisible.

log(current density) [mA-cm_2]

-1.8 -1.7 -16 -1.5 -1.4
Potential [V]

Fig. 7. Polarization curves of the mischmetal modified AZ91D magnesium alloys
solidified under various excitation voltages: a) 0 V, b) 50 V, ¢) 80 V and d) 120 V
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Fig. 8. Dependence of corrosion potential and corrosion current density
of the mischmetal modified AZ91D magnesium alloys on the excitation voltage

Figure 8 shows the changes of corrosion potential and corrosion current density
with the excitation voltage of the electromagnetic field. When the excitation voltage is
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120 V, the corrosion potential is —1.51 V, being 3.52% higher than —1.56 V for the
alloy solidified without electromagnetic field. The results indicate that the corrosion
potential increases with the increase of the excitation voltage but at that time, the cor-
rosion current density becomes reduced. Because the corrosion current density is di-
rectly proportional to the corrosion rate, the corrosion resistance of the mischmetal
modified AZ91D magnesium alloy under the effects of rotating electromagnetic field
is significantly enhanced.
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Fig. 9. EIS diagram of the mischmetal modified AZ91D magnesium alloys
solidified under various excitation voltages in NaCl solution:
a) Nyquist plots, b) Bode plots: o -0 V,A-50V,x-80V,V-120V

The EIS results of the present work are displayed in the form of Nyquist and Bode
plots in Fig. 9. The Nyquist plots of the alloys at the open circuit potential display
three arcs, which are capacitive arcs at both high and low frequency, and inductive arc
at low frequency, respectively (Fig. 9a). The results are consistent with the prior work
by Duan et al. [20]. It is believed that the corrosion process of magnesium alloy is
irreversible, because the inductive arc only exists in the Nyquist plot of irreversible
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electrode process. The impedance Bode plots display three extrema, including two
maximum phase lags and one minimum phase lag (Fig. 9b). This implies that there
exist three time constants (two capacitive responses and one inductive response) for
mischmetal modified AZ91D magnesium alloys in NaCl solutions.

The corresponding equivalent circuit is shown in Fig. 10 which simulates the elec-
trochemical behaviour of alloys in NaCl solution. The equivalent circuit contains ele-
ments corresponding to the solution resistance R, double-layer capacitance C, charge
transfer resistance R;, inductance component L, film surface resistance R,, absorbing
resistance R., and constant phase angle element CPE. The main electrochemical pa-
rameters derived from these experimental data are reported in Table 3.

Rs CPE
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—

Fig. 10. Equivalent circuit of the mischmetal
modified AZ91D magnesium alloys in NaCl solutions

Table 3. Equivalent circuit parameters of mischmetal modified AZ91D
magnesium alloys solidified under various excitation voltages

Excitation voltage [V] R, [kQ-cn?’] C [uF-cm™]
0 3.17 3.14
50 4.28 2.56
80 6.41 1.52
20 11.32 1.33

The results show that the excitation voltage has a significant effect on the charge
transfer resistance R, and double-layer capacitance C. As the excitation voltage increases
from 0 to 120 V, R, increases from 3.17 to 11.32 kQ-cm?, but C decreases from 3.14 to
1.33 pF-cm°. The corrosion current density is inversely proportional to R,. Therefore, the
higher the R, values, the more resistant the alloy is expected to be against corrosion. More-
over, the reduction of C indicates that the width of the electric double layer becomes
broader. As a result, the hydrogen evolution reaction becomes slower, which is beneficial
to the corrosion resistance enhancement of the alloys.

4. Discussion
4.1. The effect of an electromagnetic field
on the microstructure of mischmetal modified AZ91D magnesium alloys

From the results obtained in our experiments, it can be seen that applying the elec-
tromagnetic stirring during solidification significantly refines the structure of the
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mischmetal modified magnesium alloy. A review of the literature indicates that the
structural refinement can be carried out by means of increased fluid flow induced by
a magnetic field, an electric field, or a combination of both [11-14]. The effect is bet-
ter appreciated with increasing superheat and solute element concentration. It is
known that the molten undercooling during solidification increases under the influence
of either an electric or a magnetic field [12]. This has been interpreted as the result of
two competing processes: (1) fast growth of crystallites due to higher rate of mass
transfer around each crystallite resulting in reduced superheating by accelerated re-
lease of latent heat of fusion and reduced nucleation, and (2) fast removal of heat
along the solidification front, the effect of which is to enhance the tendency of the
undercooling of the liquid metal and, hence, accelerate the process of nucleation.

In our experiments, the electromagnetic stirring was generated by application of
a rotatory magnetic field in the molten metal. Under the effect of an alternative current
of a certain frequency, the coil generates a time varying magnetic field in the melt,
which in turn gives rise to an induced current in the molten metal. Therefore, the melt
is subject to an electromagnetic body force (Lorentz force) caused by the interaction of
the induced current and the magnetic field. The Lorentz force density consists of two
parts, expressed as follows [11]

- I
F—JXB—_V(EIUB )‘Fm (1)

where B and J are the magnetic induction intensity and current density generated in
the melt, and u is the permeability of the melt. The first term on the right-hand side of
Eq (1) is a rotational component which results in a forced convection and flow in the
melt. The second term is potential forces balanced by static pressure of the melt, re-
sulting in the formation of a convex surface and a decrease in the contacting pressure
on the mold. Recent work by Fang et al. suggested that the electromagnetic body force
of liquid metal in a rotating magnetic field is a sinusoidal function of the stirring time
[18]. Therefore, the liquid metal in the rotating electromagnetic field experiences ra-
dial and tangential forces cyclically variable both in direction and magnitude.
Generally, a nucleus growth process can be divided into three phases: global
growth, dendritic growth, and ripened rosette; and more nuclei imply a finer micro-
structure of the ingots [12]. According to the phase diagram of Mg—Al alloy, there
should be a great amount of fine dispersed intermetallic particles such as ZnAl,,
MnAl, and FeAl; in a properly undercooled liquid metal being potential substratum
for nucleation. When the electromagnetic pressure wave is imposed on the melt, some
cavities form. Around the cavity, the melt is subject to a compressed stress; some atom
clusters may form in this area. During the nucleation process, the atom clusters can
easily attach to the particles to reduce the energy barrier for nucleation, thereby lead-
ing to the increased amount of nuclei. It was reported that the temperature field of the
molten alloy with the rotating magnetic field was much lower and more uniform than
that alloy without the magnetic field [11]. The merit of this uniform temperature field
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is that the melt can be undercooled and nucleation can take place almost simultane-
ously in the mold resulting in an enlarged mushy zone. The subsequent result of this is
that the microstructure of the alloy is fine and uniform. The structural differences
shown in Fig. 2 are explained by the arguments put forward in the above discussion.

A molten alloy is a system consisting of atomic nuclei surrounded by electrons.
The atomic nuclei make an irregular, thermal motion with a velocity. Under the elec-
tromagnetic field, they will revolve around the lines of the electromagnetic field; the
radius of revolution and angular velocity are as follows [12]

_mv,

|a| B

2

where 7. is the revolution radius of the atomic nuclei in the electromagnetic field, g is
the charge quantity of atomic nuclei, v, is the velocity in the vertical direction of the
line of electromagnetic field, m is the mass of atomic nuclei, w, is the revolution angu-
lar velocity. Mg, Al, Zn and Ce ions are Mg*", AI’*, Zn*" and Ce*". Their radii of revo-
lution and angular velocities are different because of the difference in m and ¢. Thus, a
relative movement among Mg2+, A", Zn®" and Ce*" will occur. As a result, the diffu-
sion of rare earth elements in o matrix is strengthened which leads to an increase in
the concentration of rare earth elements in the o matrix, and a decrease of the amount
of Mg;;Al;, phase on grain boundaries.

From the preceding discussion, it is clear that increasing the electromagnetic field
intensity can result in a drastic forced convection of the melt and a relative movement
among metal ions that will synchronously refine the structure and increase the content
of rare earth elements within grains. This effect can be seen in Fig. 2.

4.2. The effect of an electromagnetic field on the corrosion behaviour
of mischmetal modified AZ91D magnesium alloys

The manufacturing processes for magnesium alloy components have a great influ-
ence on the corrosion properties, since they determine the distribution of phases in the
alloy. To some extent, the corrosion resistance of the AZ91D magnesium alloy de-
pends on the morphology of the oo magnesium and B phases. Numerous researchers
investigated the role of the o0 magnesium and 3 grains in the corrosion, and have rec-
ognized that the B phase serves a dual purpose in the corrosion [3, 20]. When the
o grain size is small, the gaps between the [ precipitates are narrow and the distribu-
tion of the B phase is nearly continuous. In this case, the B phase acts as a barrier to
corrosion. On the other hand, if the a grain size is large and the B phase is discontinu-
ously distributed along the boundaries of the o phases, the B phase acts as a galvanic
cathode because of the larger potential difference between the o and 3 phases. More-
over, the galvanic corrosion is intensified if the area ratio of cathode to anode is large.
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In the alloy solidified without magnetic field, due to the larger size of the o and
grains, the 3 phase serves as an active cathode during corrosion. The galvanic corro-
sion inevitably occurs, owing to the galvanic current between the o and 3 phases. Ap-
plying electromagnetic stirring apparently decreases the grain size and also reduces the
volume fraction of the B phase in AZ91D alloy by forming the Al4(Ce, La) intermetal-
lic compound which reduces the eutectic reaction between the o and B phases by con-
suming Al in the alloys. The change in the microstructure of the investigated alloy
decreases the cathode-to-anode area ratio during corrosion. As a consequence, the
galvanic current density of the alloy solidified under rotating electromagnetic field is
obviously reduced. Some researchers also believed that the presence of the Al-rare
earth intermetallic compound is responsible for the significantly enhanced corrosion
resistance of the Mg—Al alloys [3, 9, 20]. Another factor for the corrosion resistance
enhancement is that the grains are refined and the distribution of mischmetal composi-
tion and P phase is more uniform along the o grain boundaries. Even if a certain alloy
grain is entirely corroded, the anti-corrosive mischmetal composition in the grain
boundary can restrain the expansion of the corrosion process. In addition, there is not
enough space in a single grain for a successful expansion of the corrosion pit. So the
corrosion resistance of alloys solidified in the rotating electromagnetic field is en-
hanced.

5. Conclusion

By studying the fabrication and the properties of AZ91D magnesium alloy, al-
loyed with mischmetal, and solidified by electromagnetic stirring, the following con-
clusions can be drawn:

Electromagnetic stirring greatly refines the structure of the mischmetal modified
alloys. The formation of the acicular Aly(Ce, La) particles leads to a decrease in the
volume fraction of Mg;;Al;, phase. Increasing the electromagnetic stirring intensity
leads to further grain refinement.

The corrosion resistance of the mischmetal modified AZ91D magnesium alloy so-
lidified by electromagnetic stirring was significantly enhanced. The results of immer-
sion test show that the mass loss for the alloy solidified in the absence of a magnetic
field is always larger than the mass loss for the alloys solidified under a magnetic
field. The electrochemical corrosion experiments indicate that the corrosion potential
of the alloys increases, while the corrosion current density decreases, and the charge
transfer resistance increases with the excitation voltage of the rotating electromagnetic
field increasing from O to 120 V.
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The growth morphology of ZnO hexangular
tubes synthesized by the solvothermal method

Y.L, X. LU, Y. Zou, Y. GUO

College of Science, Civil Aviation University of China, Tianjin, 300300, P.R. China

A novel hexangular tube structure of ZnO has been successfully synthesized via the solvo-thermal
method, using Zn(NO;),6H,0 and NaOH as starting materials. The results showed that the supersatura-
tion near the surface of ZnO crystal is higher than that inside the crystal, which leads to a preferential
growth along c-axis of the side surface. The strain between the surface and the bulk of ZnO rods drives
ZnO rods into tubular structure. The spectroscopic results show that ZnO tubes possess the wurtzite struc-
ture. Three emission peaks have been detected, a violet peak at about 399.9 nm, a blue emission at about 448.5
nm and a green emission at about 549.8 nm.

Key words: zinc oxide; solvo-thermal method; electron microscopy,; X-ray diffraction,; photoluminescence

1. Introduction

Zinc oxide, a wide-gap II-VI semiconductor with a direct band gap of about
3.37 eV at room temperature, is a well known material suitable for generating ultravio-
let (UV) light [1]. Furthermore, a large exciton binding energy of about 60 meV in
ZnO0, significantly larger than the thermal energy at room temperature (26 meV), can
ensure an efficient exciton emission at room temperature under low excitation energy
[2, 3]. Because of these properties, zinc oxide is widely used in various applications
such as photonic devices, transparent conductors, solar cell windows, surface acoustic
devices and gas sensors [4, 5]. The optical, electrical and magnetic properties of zinc
oxide are affected by its particle size, morphology, purity and chemical composition
[6-9]. Thus, necessary efforts should be made to synthesize zinc oxide and undertake
morphological studies. Various morphological crystallites of zinc oxide such as nano-
rods and microflowers have been synthesized by various methods [10—12]. Nanotubes
of ZnO are expected to improve the luminescence efficiency of electro-optic devices
and the sensitivity of chemical sensors. Wang et al. [13] prepared ZnO nanotubes by
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the sol-gel method within the pores of an anodic aluminum oxide template. Kong et al.
[14] have prepared single-crystal nanorings by a solid-vapour process. Yan et al. [15]
have synthesized aligned ZnO taper-tubes under hydrothermal conditions, using a zinc
foil as a deposition substrate of ZnO. However, complex procedures, sophisticated
equipment, rigid experimental conditions or a low yield are involved in these methods.
Large-scale use will require the development of simple, low-cost approaches to the
synthesis of inorganic, functional nanomaterials. ZnO nanotube bundles were success-
fully synthesized by Yu et al. [16] using a single solution method, but ZnO tubes in
clusters were obtained, not in dispersive conditions. To our knowledge, solvohydrothermal
synthesis of ZnO nanotubes has been rarely reported. In this work, hexangular ZnO tubes
have been successfully synthesized by a simple and effective solvothermal method, with-
out any catalysts, templates or substrates. The morphologies, structure and the photolumi-
nescence properties of zinc oxide tubes were characterized by scanning electron micros-
copy (SEM), fluorescence spectrophotometry (FR) and X-ray diffraction (XRD).

2. Experimental

All analytical grade reagents: zinc nitrate hexahydrate (Zn(NO;),'6H,0), sodium
hydroxide (NaOH), absolute alcohol (C,HsOH) and sodium chloride (NaCl) were
purchased from the commercial market without further purification.

ZnO crystalline powder was prepared according to the following procedure.
Aqueous solutions of zinc nitrate hydrate (0.01-0.1 M) and sodium hydroxide
(0.02-0.2 M) were prepared using deionized water. NaOH solution was added drop-
by-drop into Zn(NOs3), solution at room temperature under vigorous stirring which
resulted in the formation of a white suspension. The suspension was separated with
a centrifuge, thrice washed with distilled water, and finally washed with absolute al-
cohol. The separated powder was dried at 60 °C for 24 h in an oven to obtain the pre-
cursor. Subsequently, 3 g of the precursor material and 0.15 g NaCl were added into
30 ml of absolute alcohol, the mixture was mixed, and then sealed in a Teflon-lined
autoclave with an interior volume filled in 35%. The autoclave was treated solvother-
mally at 180 °C for 72 h. Afterwards, the resulting white precipitate was washed with
distilled water and alcohol for several times to obtain ZnO crystallites.

The morphology of ZnO particles was examined by 1530VP model field emission
scanning electron microscopy (SEM) in the China National Academy of Nano-
technology Engineering. X-ray diffraction (XRD) with CuK,, radiation (4 = 0.1542 nm)
on a DX-2000 X-ray diffractometer was used for checking the formation and identifi-
cation of compounds in the obtained particles. Photoluminescence (PL) spectra of
ZnO nanocrystals were recorded with a WGY-10 fluorescence spectrophotometer
equipped with a Xe lamp (150 mW). The excitation wavelength was fixed at 325 nm.
The emission spectrum of solid zinc oxide powder samples at room temperature was
observed in the wavelength range of 300-600 nm by using a monochromator and
a photomultiplier.
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3. Results and discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of the as-obtained ZnO crys-
tallites synthesized solvothermally at 180 °C for 72 h. The obtained ZnO crystals pos-
sess a wurtzite structure. The diffraction peaks can be well indexed to hexagonal ZnO with
lattice parameters of @ = 0.324982 nm and ¢ = 0.520661 nm (JCPDS Card No. 36-1451).
All diffraction peaks with high intensity imply that ZnO crystals can grow very well in
a solvent of alcohol containing little water.

intensity (a.u.)

i
50 60 70

30 40
20 [deg]

Fig. 1. XRD pattern of the synthesized ZnO tubes

The SEM images in Fig. 2 give a general overview of the synthesized products,
which are hexangular pillars, hexangular tapers, or a combination of the both, with
holes on their surface and an empty interior. The dimensions of the ZnO hexangular
tubes are 1-2 um in length, 400—600 nm in external diameter and 100-300 nm in inner
diameter. The local wall thickness of the tube is ca. 100—150 nm. The top (0001) and
bottom (000 1) surfaces are partly or completely open and the side faces can also have

some holes, as shown in Fig. 2a, b and d. It implies that the bottom face breaks earlier,
and more easily than the side faces during the growth. Interestingly, for some tubes, it
can be clearly seen that the cracks in the bottom face are ready to collapse downward
(Fig. 2f), and a special structure of a thick tube holding a thin tube or a hexangular
pillar in its cavity was observed in some tubes (Fig. 2d, e¢). We also found that the
surface layer density and the firmness of the synthesized ZnO tubes are higher than
those of the bulk due to the faster growth and higher supersaturation along
C-axis in the side surface, leading to a preferential nucleation and growth at 180 °C,
a relative high temperature. It is understood that the strain, coming of the inner shrink
of ZnO rods during its overgrowth for a long time (72 h) causes a collapse or crack
between the surface layer and the inner of ZnO rods, which prompts the ZnO rods to
be tubes. Meanwhile sodium chloride crystallites, not dissolving in alcohol, play an
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important role as initial growth nuclei of ZnO rods, and a pipeline was left behind
rinsing during the next procedure. Figure 2 shows two stages in the mechanism of
a single tube growth on the surface of sodium chloride crystallite. In the first stage, an
initially grown sheet along the surface of sodium chloride crystal turns into a roll or
a hexangular pillar. In the second stage, a hexangular pillar or a roll transforms into
a hexangular tube with a simultaneous collapse or a shrink inside ZnO rods. We may
suggest that these are nanotubular type rods with polycrystalline walls consisting of
wurtzite-type ZnO nanograins, rather than the well known nanotubes of the multisheet
carbon nanotube type.

Fig. 2. SEM images of the synthesized ZnO tubes

The room temperature photoluminescence spectra of the as-prepared ZnO crystal-
lites fabricated for 72 h at 180 °C were recorded, as shown in Fig. 3. A weak violet
peak at about 399.9 nm was observed exhibiting a red shift compared to that of the
reported 380 nm [17]. In addition, a broad blue emission at about 448.5 nm and a
green emission centred at about 549.8 nm are also observed for these samples.
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Fig. 3. Photoluminescence spectrum of the synthesized ZnO tubes

It is commonly accepted that the violet emission originates from the contribution
of the near-band-edge emission of wide band gap ZnO, while the green peaks result
from the recombination of electrons in single oxygen vacancies with photoexcited
holes in the valence band. The stronger intensity of the green luminescence indicates a
higher defect density due to oxygen vacancies in this material.

4. Conclusion

Hexangular tube structure of ZnO can be successfully synthesized by a solvohy-
drothermal treatment. SEM photos reveal that dimensions of the hexangular tubes of
ZnO are 1-2 pm in length, 400—600 nm in the external diameter and 100-300 nm in
the inner diameter. The local wall thickness of a tube is about 100 nm to 150 nm. The
supersaturation near the side surface of the growing ZnO crystal is higher than that at
its centre, leading to a preferential nucleation and growth along c-axis direction of the
side surface than the inside. The strain between the surface and the inside of ZnO rods
could drive the ZnO rods to be tubes. The XRD and PL results show that the ZnO tube
crystallites possess a wurtzite structure, and a weak violet emission at about 399.9 nm,
a broad blue emission at around 448.5 nm and a green emission centred at about
549.8 nm are observed for these samples. The ZnO tube structure may be promising in
developing novel devices.
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The effect of paramagnetic doping
on the dielectric response of K; gsNag 15TisO9
layered ceramics
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Ceramic samples of layered polycrystalline (K; gsNaj 15)TigOg:xCu (0 < x < 0.8) have been prepared
using high temperature solid state reaction. Room temperature X-ray diffratograms confirm the phase
evolution. Room temperature electron paramagnetic resonance (EPR) data show that Cu®* occupies Ti*"
lattice sites giving rise to electric dipoles which increases electric permittivity. The absorption peak in
EPR spectra gets broadened due to increased exchange interaction in heavily doped derivatives. Dielectric
data reveal that occupancy of Cu®* on Ti*" leads to a decrease in dielectric losses and an increase in the
electric permittivity as well.

Key words: layered ceramics; dielectric properties, electron paramagnetic resonance

1. Introduction

The formula of alkali titanates crystallizing in a monoclinic phase is generalized
by A,OxnTiO, (3 <n <8, A is an alkali metal) [1]. Titanate nanotubes and nanowires
have many important applications as photocatalysts, gas sensors, high-energy cells and
in the field of environmental purification [2, 3]. Layered titanates are usually com-
posed of slipped or corrugated host layers of edge-shared TiOg octahedra and inter-
layer alkali metal cations (Na", K" or H/H;0" in protonic form) which are exchange-
able with a variety of inorganic and organic cations [4]. Alkali metal titanates have
been synthesized at nanoscale and studied on account of their robust applicability in
biophysics [5]. Papp et al. [6] reported that the tendency of titanates to self-assemble
makes them suitable candidates for utilization as efficient photocatalysts. Due to their
TiO, derived structural origin, the nanotubes offer a potential in photocatalysis, solar
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energy conversion, as electrochromic materials, and self-cleaning devices [7]. The
photochemical properties of Cu®* doped layered hydrogen titanate have been presented
elsewhere [8]. Cation exchange property has been studied for protecting environment
against lethal radiation of highly radioactive liquid wastes [9].

In this array, Kikkawa et al. [10] reported that Nb>" ions doped into K,Ti4Oy natu-
rally occupy Ti*" sites and create cation vacancies leading to increased ionic conduc-
tivity. Pillaring and photo-catalytic properties of Na,Ti; ,M,0; and K,Tiy M,Oq
(M =Mn, Fe, Co, Ni, and Cu) have also been reported [11]. Recently, the influence of
copper doping on mixed alkali titanates has also been reported [12]. Hence, it is inter-
esting now, to synthesize and investigate the influence of copper doping (0 < x <0.8)
on the dielectric features of layered K, gsNay 15T1409 ceramics.

2. Experimental

The ceramic sample of K, gsNa (5T1409 has been prepared via conventional solid-
state reaction route as reported earlier [13]. To prepare copper doped derivatives of
K, 5Nag 15Ti409 ceramics, the desired molar percentages (x = 0.0, 0.02, 0.2, 0.8; here-
after referred to as PT, CPT-1, CPT-2, CPT-3) of CuO powder (99.9% pure, AR
grade) were added to the mixture of alkali carbonates and titanium oxide. The mass so
obtained was then calcined at 1200 K for 10 h. After grinding, the powder was com-
pressed using a hydraulic press at 16 MPa to yield pellets, which were covered under
the powder of the same composition and then sintered at 1200 K for 1 h, followed by
furnace cooling to room temperature (RT).

RT XRD for K gsNag 15Ti;09 and for all its copper doped derivatives have been ob-
tained on an X-ray powder diffractometer ISO-Debyeflex 2002, Richseifert and Co.
(Germany) using CuK,, radiation with the sweep of 3.0 deg/min, range (CPM) = 5 K, time
constant = 10.0 s, current = 20 mA, and voltage across the cathode and target 30 kV.

The conventional first derivative of X-band (9.447 GHz) EPR absorption spectra
were recorded on a Brucker EMX X-band EPR spectrometer with 100 KHz and
10.0 G modulations. The maximum calibrated power available was 0.201 mW. The
high frequency modulation field amplitude ranged typically from 5x10° mT to
0.50 mT with rectangular TE,y, cavity (unloaded Q = 7000) at 100 kHz field modula-
tion. The samples for recording the EPR spectra were kept in a quartz tube (outer di-
ameter ca. 5 mm) which was then placed at the centre of the resonant cavity. An inci-
dent microwave power level of 10 mW was used for most of the cases to give levels of
10°. The magnetic field was calibrated using a central field at 3400 G.

The dielectric-spectroscopic measurements have been performed on an HP 4194A
impedance analyzer in the frequency range 100—-1000 kHz at RT with an ac bias of
0.5 V superposed. To avoid the effect of moisture, the samples were heated up to
150 °C before experiments. For this, the pellets were mounted on a sample holder kept
in an evacuated (10 mbar) chamber.
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3. Results and discussion

Powder X-ray diffraction patterns obtained at RT for K, gsNag 15T1409 are shown in
Fig. 1. The room temperature XRD patterns for all copper doped derivatives are simi-
lar to that of K gsNag 15Ti409. These patterns are in good agreement to that reported in
the literature and thus confirm the formation of polycrystalline layered alkali titanates
in a monoclinic phase with P2,/m symmetry [4, 13]. Layered titanates are composed
of stepped or corrugated host layers of edge shared TiOg octahedra and interlayered
alkali metal cations (K", Na") [13]. Two kinds of interlayer spaces exist due to shifting
of neighbouring layers relative to each other in amount of » spacing [14].
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Fig. 1. Powder X-ray diffraction patterns showing indexed peaks
which fairly coincide with those of a pure sample

The first derivative of X-band EPR absorption spectra recorded at RT, shown in
Figs. 2a—c has a peak (with g = 2.0) at ca. 3300 G (quartets) along with intensive
asymmetric lines. Therefore the data represents a superposition of two spectra corre-
sponding to different surroundings of the copper ions. The characteristic spectrum may be

explained by an isotropic spin-Hamiltonian, given by J# = gff (B.S.) + 4 (1.S.), where
notations have their usual meaning. For the fine structure spectrum, the g| (g, quartet
lines or hyperfine structures) and g, ((g + g,)/2, intensive asymmetric lines) compo-
nents of the g tensor correspond to the quartet lines and intensive asymmetric lines
pertaining to this peak. The hyperfine spectra have not been resolved in these materi-
als. Also on heavy doping, the characteristic peak in the higher field side gets broad-
ened due to increased exchange interaction (dipole—dipole). As anticipated, analysis of
the calculated g values (g| and g,) listed in Table 1 indicates that the splitting occurs
in the octahedral symmetry, and the copper site attains Cu®* (3d’, S=1/2, and 7= 3/2)
state at the host site of Ti*" ion [15, 16]. Furthermore, Cu®" inclusion at the Ti*" site
modifies the crystal field around it into an orthorhombic one, which eventually attains
axial symmetry on heavy doping [17]. Moreover, this acceptor doping activates a



196 S. V. VIKRAM et al.

charge compensation mechanism, dependent upon the evolution of oxygen vacancies
in the lattice, producing electric dipoles consisting of a Cu®" ion (effectively negative
charge) and an oxygen vacancy site (effectively positive charge).
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Fig. 2. First order derivative of EPR absorption spectra
recorded at RT showing the characteristic Cu®>* peak (ca. 3300 G)

Table 1. Spin Hamiltonian parameters calculated
for peak B using centre field at ca. 3400 G
showing the presence of Cu®" jons at Ti*" sites

Sample g gL

CPT-1 2.3151 2.0278
CPT-2 2.3072 2.0165
CPT-3 2.3472 2.0929

The loss tangent (tand) and parallel capacitance (C,) have been measured directly
from the impedance analyzer. However, the relative permittivity (&) has been calcu-
lated using relation &= C,/(&(a/t)), where t is the thickness and a is the area of cross-
section of the pellet. In Figure 3, room temperature tand(w) plots are shown in the
frequency range of 100-1000 kHz. These plots reveal that on copper doping (x = 0.02,
0.2), dielectric losses decrease primarily due to inhibition of domain wall motion [18]
and then slightly increase for heavy doping (x = 0.8) of copper, due to a higher leakage
current. Moreover, it can be seen from these plots that the loss tangents have very low
frequency dispersion. The low value of dielectric loss at high frequency is the outcome
of the low reactance offered by ceramic samples [19]. The trend of variation of dielec-
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tric losses with frequency is a feature of dielectric losses due to dipole orientation and
space charge polarization [20-22].
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Fig. 3. Loss tangent in function of frequency for pure
and doped derivatives of (K; gsNag ;5) TizOg ceramics

Figure 4 shows &(w) plots at room temperature for various pure and copper doped
derivatives. These plots show almost frequency-independent behaviour of the electric
permittivity. On copper doping, relative permittivity first increases for x = 0.02 but
decreases for heavy doping (x = 0.2 and 0.8).
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Fig. 4. Electric permittivity in function of frequency for pure
and doped derivatives of (K; gsNag 15)Ti4O9 ceramics

Thus, for slight copper doping (x = 0.02), the increase in the values of the electric
permittivity is accompanied by a simultaneous rapid decrease in tand values, which
may be ascribed to the pinning of domain wall motion due to oxygen vacancies. The
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acceptor doping activates a charge compensation mechanism dependent upon the evo-
lution of oxygen vacancies in the lattice, producing electric dipoles constituted by

24+ - . . . . .
a Cu” ion (effectively negative charge) and an oxygen vacancy site (effectively posi-
tive charge). However, heavy doping increases leakage current due to the orientation
of dipoles created by the acceptor doping.

4. Conclusions

Polycrystalline layered ceramics (K gsNag 15)Ti4O9:xCu (0 < x < 0.8) have been
synthesized via solid state reaction and characterized using electron paramagnetic
resonance and dielectric spectroscopy. The EPR spectra show the characteristics of
Cu®" and confirm the occupancy of the Ti*" sites by Cu®". Moreover, these peaks
broaden due to increased exchange interaction for increased dopant densities. Copper
doping is found to increase the electric permittivity along with a decrease in loss tan-
gent in lightly doped compositions.
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Structure studies were performed on nanocrystalline powder of MgO xerogel prepared by the sol-gel
technique, producing high purity, chemically homogeneous materials of relatively high specific surface
area. Magnesium methoxide was used as an MgO precursor. The wet gel was dried under conventional
conditions, yielding xerogel with periclase phase; the only crystalline form of magnesium oxide. The
X-ray diffraction, scanning and transmission electron microcopies were used as the tools of structure
analysis. The Toraya PRO-FIT procedure and the Rietveld refinement method were applied for X-ray
data analysis. Both techniques apply the Pearson VII function for the description of line profiles. The
gamma crystallite size distribution was determined using the FW(1/5)/(4/5)M method proposed by Pie-
laszek. The obtained values of <R> and o (measure of polydispersity) of particle size parameters are
equal to 7.1 nm and 2.1 nm, respectively, whereas the average crystallite size, estimated by the William-
son-Hall procedure, was equal to 7.5 nm. The Rwp, and S fitting parameters obtained from the Rietveld
refinement were equal to 6.4% and 1.8, respectively. This would seem the most satisfactory result, when
considering the nanosize of MgO crystallites and a very probable presence of amorphous phase.

Key words: MgO; xerogel; nanocrystalline material; Rietveld refinement; Toraya procedure; XRD;
TEM; SEM

1. Introduction

There is currently a revolution in new materials that deals with the synthesis of
nanoparticles of inorganic substances. Nanostructured materials with high surface
area, high porosity, and particle sizes in the 1-10 nm range are becoming more avail-
able. These materials have shown great promise as adsorbents and catalysts [1].

*Corresponding author, e-mail: grzegorz.dercz@us.edu.pl
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Magnesium oxide is an interesting basic oxide that has many applications in catal-
ysis, adsorption and in the synthesis of refractory ceramics [2—-5]. It is a unique solid
because of its highly ionic character, simple stoichiometry and crystal structure, and it
can be prepared in widely variable particle sizes and shapes [6]. It has been docu-
mented that the shape and size of nanocrystalline magnesium oxide particles endow
them with high specific surface and reactivity, because of the high concentration of
edge/corner sites and structural defects on their surface [7]. All these factors play
arole in high efficiency of these materials in various heterogeneous reactions, e.g.,
with organophosphorous [8] and halogenated compounds [9].

The sol-gel synthetic route based on the use of magnesium alkoxide precursor, fol-
lowed by drying under different conditions, has proved to be an efficient and success-
ful approach to the production of nanocrystalline magnesium oxide particles [5, 7, 10].

The present work involves the structure analysis of nanocrystalline powder of
MgO xerogel prepared by the sol-gel method with conventional drying procedure ap-
plied during synthesis. This analysis was performed by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
techniques. The above methods are standard ones used in studies of nanocrystalline
materials [11-15].

2. Experimental

As the precursors, commercially available magnesium methoxide solution (Al-
drich, 8.96 wt. % in methanol), methanol (POCh), and toluene (POCh) were used. The
applied molar hydrolysis ratio was equal to 2 and the hydrolysis of magnesium meth-
oxide solution was conducted in the presence of toluene. The volume ratio of toluene
to methanol was 0.94. The gelling process was visually monitored by gently tilting the
vials from time to time, to observe any change in the viscosity of the alcogel. Prior to
drying, the wet gels were conventionally aged for 3 days. After ageing, the caps of
vials containing alcogels were loosened for a few days to allow slow evaporation of
the solvents. Next, the alcogels were vacuum-dried at room temperature for 12 h. Fi-
nally, the vials were transferred to an oven and heated at 60 °C for 48 h until constant
weight was obtained. Heat treatment of magnesium hydroxide xerogel samples at
723 K under dynamic vacuum yielded the dehydrated magnesium oxide.

The Toraya PRO-FIT procedure and Rietveld refinement method were applied in
X-ray data analysis. The PRO-FIT procedure enables the determination of parameters
of individual diffraction lines, and applies the Pearson VII function for the description
of line profiles [16]. This function appeared to be the most useful also in the Rietveld
refinement procedure. The Rietveld analysis was performed using the DBWS-9807
program, which is an updated version of the DBWS programs for the Rietveld refine-
ment with PC and mainframe computers [17]. The crystallite sizes and lattice distor-
tions were analyzed using the Williamson-Hall method [18]. The crystallite size dis-
tribution was determined using the Pielaszek procedure [19].
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X-ray diffraction patterns were collected by an X-Pert Philips diffractometer
equipped with a curved graphite monochromator on diffracted beam, and with the
following slits (in the sequence from copper tube to proportional counter): Soller (2°),
divergence (1/2°), antiscatter (1/2°), Soller (2°) and receiving (0.15 mm). The powder
morphology was analyzed using the SEM (JEOL JSM-6480) and TEM (JEOL 3010)
techniques. A nitrogen adsorption-desorption isotherm measured at 77 K with a Mi-
cromeritics ASAP 2000 instrument was used to obtain the value of the specific surface
area, Sger.

3. Results and discussion
The X-ray diffraction pattern presented in Fig. 1 clearly shows that in the studied

powder sample periclase is present, the only crystalline form of magnesium oxide. The
broadening of diffraction lines is clearly seen.
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Fig. 1. X-ray diffraction pattern of MgO powder

From the analysis of the Williamson-Hall plot (not presented here) it can be con-
cluded that the size-broadening is the main component of physical line broadening.
The estimated average size of MgO crystallites is equal to 7.5 nm, whereas the lattice
distortion is negligible (0.11%). The Pielaszek procedure [19] was applied to deter-
mine the size distribution of MgO nanocrystallites. The measurement of two widths of
the same diffraction line at 1/5 and 4/5 of the peak maximum (FW1/5M and FW4/5M,
respectively) allows the determination of the average crystallite size <R> and the dis-
persion of sizes o, which is more informative. From these parameters the gamma crys-
tallite size distribution [19] can be drawn. The dispersion parameter ¢, a measure of
the crystallite size polydispersity, is as
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o=\<R*>-<R>’ (D)

The procedure proposed by Pielaszek bears the same limitations as the Scherrer
method. This means that only size-broadening of diffraction lines appears, whereas
stacking fault, twinning probabilities and lattice strains are negligible. The applied sol
-gel preparation procedure, high symmetry of crystal structure (diffraction lines do not
overlap) and ionic binding of MgO are very convenient in fulfilling the above limita-
tions. The crystallite size distribution, as calculated by the Pielaszek procedure, is
presented in Fig. 2. A 200 diffraction line profile was applied in calculations; relative-
ly large polydispersity of crystallite sizes was observed.
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Fig. 2. Gamma crystallite size distribution (CSD) with average crystallite
size <R> = 7.1 nm =+ 0.6 nm and dispersion o= 2.1 nm+0.2 nm

The Rietveld refinement method was used for the determination of the lattice pa-
rameter of MgO nanocrystalline phase (Table 1).

Table 1. Lattice (ay), crystallite size (D, <R>, 0)
and lattice distortion (<4a/a>) parameters for studied MgO powder

ay, lattice parameter Williamson - Hall FW(1/5)/(4/5M
Space
group Rietveld ICDD D <Aa/a> <R> P
[nm] [nm] [nm] [%] [nm] [nm]
Fm3m 0.4226(1) 0.4213 7.509) 0.11(2) 7.1(6) 2.12)
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Fig. 3. SEM images of the MgO powder

Scanning and transmission electron microscopy images are presented in Figs.
3 and 4, respectively. These images indicate that the powder sample is an agglomerate
of particles. From the analysis of TEM images and the X-ray diffraction pattern, it can
be concluded that the amorphous phase is also present. Thus the values of R, and the
S fitting parameters obtained from the Rietveld refinement, equal to 6.41% and 1.81,
respectively, seem to be satisfactory. The electron microscopy images indicate an
extended surface of powder particles. The specific surface area, as determined by the
BET method, is equal to 138 m%/g.
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Fig. 4. TEM images of the MgO sample:
a, ¢) bright field, b, d) dark-field and e) electron diffraction pattern

4. Conclusions

The observed diffraction line broadening from MgO phase can be attributed to
fine crystallite size. Good agreement between the average crystallite sizes, as deter-
mined by the Williamson—Hall analysis and by the Pielaszek procedure, was obtained.
From the Williamson—Hall analysis, the lattice distortion (<Aa/a>) is relatively low
and equal to 0.11 %, whereas the average crystallite size is estimated to be 7.5 nm.
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The average crystallite size determined by the Pielaszek procedure is equal to
7.1 nm, with dispersion o (measure of crystallite size polydispersity) equal to 2.1 nm.
Despite the nanosize of MgO crystallites and the presence of amorphous phase, a good
fit was found between the calculated X-ray pattern and the experimental one from the
Rietveld refinement. Scanning and transmission electron microscopy images show the
agglomerate nature of the powder sample, and an unfolded surface. The specific sur-
face area, determined by the BET method, is equal to 138 m*/g.
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The effect of DCJTB concentration on the
photoluminescent and electroluminescent properties
of PVK-PBD—-perylene-DCJTB thin films
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The paper reports a study of photoluminescent (PL) and electroluminescent (EL) properties of PVK—
PBD-perylene-DCJTB thin film with variation of DCJTB doping concentrations. Poly(9-vinylcarbazole)
(PVK) functioned as polymeric hole-transporting host, 2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD)
as electron-transporting molecule, perylene as blue dopant, and 4-(dicyanomethylene)-2-t-butyl-6(1,1,7,7-
tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) as a red dopant. The relative intensity of the blue emis-
sion from perylene decreased and that of the red emission from DCJTB increased with the increase of
DCIJTB concentration in both PL and EL spectra. However, the EL spectrum showed stronger DCJTB
emission compared to the PL spectrum at the same DCJTB doping concentration, due to the carrier trap-
ping effect. Interestingly, white light emission with C.I.E. coordinates of (0.31, 0.36) was observed in the
EL spectrum when 0.05 wt. % of DCJTB was doped into PVK-PBD—perylene blend film. As a result,
PVK-PBD-perylene-DCJTB thin film has potential application in white organic light emitting diodes.

Key words: photoluminescence, electroluminescence; perylene; DCJTB; OLED

1. Introduction

An organic light emitting diode (OLED) is a thin film device in which the emitting
organic material is sandwiched between two electrodes. It emits light when a current is
passed through it. OLEDs, using either small molecules or polymers, have attracted
considerable interest due to their easy processability, flexibility, low cost, low operat-
ing voltages, wide viewing angles, tunability of the colour emission, fast response
time, and ease of forming large areas [1, 2].

*Corresponding author, e-mail: chichin83@yahoo.co.uk
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Recently, white OLEDs have attracted intense interest due to their potential appli-
cations in full colour displays combined with a colour filter, in backlights for liquid
crystal displays as well as general illumination purposes. White emission from an
OLED can be obtained by mixing two complementary colours (e.g., blue and orange)
or three primary colours (red, green, and blue) where different emitting components
are stacked in a multilayer structure [3, 4] or mixed within a single layer by doping or
blending [5—7]. The latter approach is preferred because of its relatively simple fabri-
cation and relatively stable colour coordinates with respect to the bias voltage.

Although much research has addressed the fabrication of white OLEDs utilizing
blue polymer host doped with an orange-red dopant, few studies on dual fluorescent
dyes white OLEDs have been reported [5, 6]. Park et al. reported OLEDs fabricated by
co-doping perylene and 4-(dicyanomethylene)-2-t-butyl-6(1,1,7,7-tetramethyljulolidyl
-9-enyl)-4H-pyran (DCJTB) into poly(methylphenylsilane) (PMPS) [8]. However, no
white light emission was observed from their devices. In this paper, poly(9-vinyl-
carbazole) (PVK), one of the most frequently used polymeric hosts due to its excellent
film-forming and hole-transporting properties, was used as a host for perylene and
DCITB. Since PVK is mainly hole-transport material, possessing very limited elec-
tron-transport capabilities, it is expected that in a single-layer structure, due to the
highly unbalanced transport properties of holes and electrons, the recombination of
carriers will be inefficient and the carrier recombination zone will also be closer to the
cathode where the luminescence quenching occurs [9]. Therefore, an electron-
transporting agent, 2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD) was blended
with PVK to improve the charge balance in the emitting layer [10].

The paper reports a study of photoluminescent (PL) and electroluminescent (EL)
properties of PVK—PBD—perylene-DCIJTB thin film with various DCJTB doping con-
centrations.

2. Experimental

The host polymer PVK, having a high weight-average molecular weight of
1 100 000 g/mol, electron-transporting molecule, PBD, blue dopant, perylene and the
hole buffer material, PANI-EB were purchased from the Aldrich Chemical Company.
The red dopant, DCJITB was purchased from the E-light Corporation. All materials
were used as received without further purification. Molecular structures of the materi-
als used in this study are shown in Fig. 1.

In order to study the EL property of PVK—PBD—perylene—-DCJTB thin films, typi-
cal OLEDs with ITO/PANI-EB/PVK-PBD-perylene—DCJTB/ALI structure were fabri-
cated as shown in Fig. 2. The ITO-coated glass substrates were etched and patterned to
serve as an anode. The substrates were each cleaned with 2-propanol and acetone in an
ultrasonic bath for 15 min. It has been reported that the use of non-doped polyaniline
(emeraldine base), PANI-EB as the insulating layer between ITO and the emitting
layer resulted in significant reduction of the operating voltage [11].
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Fig. 1. Chemical structures of the organic materials used
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Fig. 2. The OLED with ITO/PANI-EB/PVK-PBD-perylene-DCJTB/AI structure

PANI-EB dissolved in dimethyl sulfoxide (DMSO) was spin-coated onto the ITO-
coated glass substrates with a typical spinning speed and time of 2000 rpm for 40 s.
After having been spun onto the substrates, the resulting PANI-EB films were dried in
a vacuum oven at 80 °C for 30 min to remove excess solvent. 1,2-dichloroethane solutions
each containing 8 mg/mL of PVK and PBD were prepared. For a precise doping of the
host (PVK—PBD) with a very small amount of the dopants (3 wt. % of perylene and
0.025-0.25 wt. % of DCJTB), the dopants were first dissolved homogeneously in
1,2-dichloroethane. After that, the precalculated portions of the solutions were mixed
with the host. The weight percentage of perylene and DCJTB (wt. %) was determined
as the ratio of perylene and DCJTB to PVK. The solutions were then spin-coated onto
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PANI-EB with a typical spinning speed and time at 2000 rpm for 40 s. The polymer
film thickness was about 100 nm as determined by using a scanning electron micro-
scope. Lastly, 150 nm aluminium was deposited as a cathode by using the electron gun
evaporation technique.

The absorption and photoluminescence (PL) properties were investigated by de-
positing the corresponding thin films on pre-cleaned quartz substrates with a Perkin
Elmer LAMBDA 900 UV-VIS spectrophotometer and a Perkin Elmer LS55 lumines-
cence spectrometer, respectively. In addition, a Keithley 238 source measurement unit
was used to measure the electrical characteristics of the devices, while the EL spectra
were obtained with an Ocean Optic HR2000 spectrometer. All organic thin film prepa-
ration and measurements were carried out at ambient atmosphere.

3. Results and discussion

Figure 3 shows the absorption spectra of PVK-PBD host, perylene (1 wt. % in
PMMA) and DCJTB (1 wt. % in PMMA) thin films. The maximum absorption wave-
length for PVK-PBD, perylene and DCJTB was 298 nm, 439 nm and 505 nm, respec-
tively. On the other hand, Figure 4 shows the PL spectra of the organic materials used.
The emission of PVK-PBD, perylene and DCJTB peaked at 429 nm, 457 nm and 606
nm, respectively.
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Fig. 3. UV-Vis absorption spectra of the PVK—PBD film,
PMMA-1 wt. % perylene film, and PMMA-1 wt. % DCJTB film
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Fig. 4. Photoluminescence (PL) spectra of the PVK—PBD film,
PMMA-1 wt. % perylene film, and PMMA-1 wt. % DCJTB film
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Fig. 5. PL spectra of PVK-PBD-3 wt. % perylene-DCJTB
films with various DCJTB doping concentrations
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Fig. 6. Spectral overlapping between absorption of PMMA—1 wt. %
perylene film and PL of PMMA-1 wt. % DCJTB film
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Fig. 7. EL spectra of devices with various DCJTB doping concentrations at 24 V

The PL spectra of PVK-PBD-3 wt. % perylene-DCJTB films with various
DCIJTB doping concentrations are shown in Fig. 5. The excitation wavelength of the
spectra was 330 nm, which lies above the absorption onset of PVK-PBD and only
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little absorption by perylene and DCJTB will take place at the point as is shown in
Fig. 3. For a device without DCJTB, almost all emission was from perylene even
though almost all excited energy was absorbed by PVK—PBD. This indicates that the
energy transfer from the host to perylene was nearly complete. Exciton formation un-
der photoexcitation in a guest emitter could result from radiative energy transfer or
non-radiative energy transfer from the host. Radiative energy transfer normally can be
neglected in emitter-doped OLED systems because it is a relatively slow and ineffi-
cient process [12]. Besides, Dexter energy transfer is a dominant mechanism in trip-
let—triplet energy transfer which can be observed in phosphorescent-based OLED [13,
14]. As a result, the most likely energy transfer mechanism between different molecu-
lar species in this study was Forster-type energy transfer [12, 15, 16]. In the case of
DCJTB-doped devices, there are two emission bands in the spectra: a blue band from
perylene and a red band from DCJTB. The absorption spectrum of DCJTB partially
overlaps with the PL spectrum of perylene (Fig. 6), which implies a possibility of the
Forster-type energy transfer from perylene to DCJTB [8]. The red band increased with
the increase of DCJTB concentration from 0.025 to 0.25 wt. %. The probability for
excitation transfer from perylene to DCJTB not only depends on the energy overlap-
ping between them, but also on their spatial distance [17]. As the concentration of
DCITB was reduced (molecules of DCJTB decreased as well), the spatial distance
between perylene and DCJTB became larger. As a result, less energy from perylene
could be transferred to DCJTB.

Figure 7 shows the EL spectra of the devices with various doping concentrations
of DCJTB at an applied voltage of 24 V. With increasing DCITB concentration, the
relative intensity of the blue emission decreased and that of the red emission in-
creased, which indicates more energy from perylene transferred to DCJTB. The trend
was similar to that observed in the PL spectra. The incomplete energy transfer from
perylene to DCJTB at lower concentration of DCJTB enables the production of white
light emission through control of the blend ratio. Figure 8 gives the C.LLE. coordinates
of (0.24, 0.33), (0.30, 0.36), (0.31, 0.36), (0.36, 0.38) and (0.44, 0.40) for 0, 0.025,
0.05, 0.10, and 0.25 wt % DCJTB-doped devices, respectively. Among all the EL
devices tested in this experiment, the device using the 0.05 wt. % DCITB exhibited
the C.L.LE. coordinates (0.31, 0.36) closest to the standard CIE coordinates for white
light emission (0.33, 0.33). Obviously, this is a fairly white emission. Importantly, the
emission spectrum remained in the white emission region for DCITB doping concen-
tration from 0.025 wt. % to 0.10 wt. %.

It was also found that the shapes of EL spectrum are different from those of PL
spectrum at the same DCJTB doping concentration. For example, at 0.25 wt. %
DCIJTB loading level, PL from DCJTB was quite low, but for EL the emission from
DCIJTB was very strong. This phenomenon is common in the doped systems. The
main reason for the observation of this phenomenon lies in the different excitation
mechanisms of PL and EL. The PL spectra are excited by photons. There is no carrier
injected in this process, the emission spectra of a doped system are only determined by
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the energy transfer. However, in EL spectra, besides energy transfer, carrier trapping
also plays an important role [18-20]. This also can be deduced from the energy level
scheme, as shown in Fig. 9 [7, 21, 22]. Since the LUMO (lowest unoccupied molecu-
lar orbital) and HOMO (highest occupied molecular orbital) energy levels of DCITB
are located inside the energy gap of other materials, some of the electrons and holes
will be trapped or even directly injected and recombine directly in DCJTB molecules
when an electric field is applied.
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Fig. 8. CIE coordinates of devices with various DCJTB doping concentrations at 24 V
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Fig. 10. Current—voltage characteristics of devices at various DCJTB doping concentrations

Figure 10 shows the current-voltage characteristics of the white light emitting de-
vices at room temperature. The forward current was found to increase with increasing
forward bias voltage, and the curve has the same characteristics as those of a typical
diode. In general, current turn-on voltages for DCJTB-doped devices are lower than
those for devices without DCJTB. The current turn-on voltage for DCJTB-doped de-
vices was around 15 V. DCJTB can facilitate both electron and hole injection into the
blend layer in the OLEDs due to their lower LUMO and higher HOMO relative to the
work function of the Al and ITO, respectively, as shown in Fig. 6. Besides high cur-
rent turn-on voltage, the luminance of the devices was also very low (< 1 c¢d/m?) due
to a high energy barrier for electron injection at the cathode-emitting layer interface
(1.7 eV). After optimizing the structure of the devices such as adjusting the thickness
of emitting layers and the blend ratio of PVK and PBD, using a low work function
metal cathode, such as Ca, and introducing electron injection layers etc., further reduc-
tion in turn-on voltage and increase in luminance are expected [22—24].

4. Conclusion

The relative intensity of the blue emission from perylene decreased and that of the
red emission from DCJTB increased with the increasing of DCJTB concentration in
both PL and EL spectra. However, stronger DCJTB emission was observed in the EL
spectrum compared to the PL spectrum at the same DCJTB doping concentration due
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to carrier trapping effect. Interestingly, white light EL emission with C.L.LE. coordi-
nates of (0.31, 0.36) was achieved when 0.05 wt. % of DCJTB was doped into PVK—
PBD-perylene blend film. Clearly, PVK—PBD—perylene-DCJTB thin film is suitable
to be used as emitting layer in white OLEDs.
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Enhancement of ferromagnetic
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Ni-doped BiFeO; samples were successfully synthesized by a hydrothermal method. The as-prepared
samples were characterized by X-ray diffraction (XRD), and energy dispersive X-ray spectroscopy
(EDS). It was found that the magnetization can be controlled by the Ni doping concentration. The mag-
netization of Ni-doped BiFeO; was greatly enhanced when the Ni doping concentration was 0.5%. There-
fore, it would be interesting to fabricate thin films with similar composition and study their properties
with the aim of identifying new device applications.

Key words: Ni-doped BiFeOj;,; ferromagnetic property; hydrothermal method

1. Introduction

Multiferroic materials exhibiting simultaneously ferroelectricity and ferromagnet-
ism gain much attention due to their promising multifunctional device applications
[1-4]. Besides the potential applications, the fundamental physics of multiferroic ma-
terials is also fascinating. However, there is a scarcity of materials showing multifer-
roic behaviour because the usual atomic level mechanisms driving ferromagnetism
and ferroelectricity are mutually exclusive [5]. Bismuth ferrite (BiFeOs;) which shows
ferroelectric (7¢ = 1103 K) and antiferromagnetic properties (7y = 643 K) at room
temperature, has attracted great attention since its discovery in 1960 [6].

Recently, enhancement of the ferroelectric property in BiFeOs; film has been real-
ized [7] making it attractive from the point of view of possible applications. However,
BiFeO; (BFO) shows the presence of a weak magnetic moment at room temperature
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because of the canting of the Fe sublattice moment [8]. Therefore, if the material is to
be exploited in device applications, it is essential that its magnetic properties be im-
proved. Several groups have enhanced the magnetic properties of BFO by ion substi-
tutions [9—11] such as Mn substituting for Fe ions. To our knowledge, there is no re-
port on the substitution of Ni for Fe ions. In this paper, the magnetization of BFO has
been noticeably enhanced by the substitution of Ni for Fe ions. The doping concentra-
tion of Ni was set as the molar ratio of Ni/(Ni +Fe) (in the form of Ni*" ions).

2. Experimental

The chemical reagents were bismuth nitrate (Bi(NOs);-5H,0), iron nitrate
(Fe(NO3)3-9H,0), nickel nitrate (Ni(NO3),'6H,0), and potassium hydroxide (KOH).
All the chemicals were of analytical grade and were used as received without further
purification. Stoichiometric proportions of Bi(NOs);, Fe(NOs); and Ni(NO;), were
dissolved in diluted HNOj; to form aqueous solutions. Then, the KOH solution was
slowly added to the above solution to coprecipitate Fe’", Ni*" and Bi*" ions by constant
stirring and a brown precipitate was formed. The precipitate was filtered, and washed
with distilled water to remove NO; and K ions. Then, the precipitate was mixed with

KOH solutions under constant magnetic stirring for 5 min. The suspension was poured
into a stainless-steel Teflon-lined autoclave for hydrothermal treatment. The autoclave
was sealed and maintained at 200 °C for 9 h. Finally, it was cooled down naturally to
room temperature. The products were filtered, washed several times with distilled
water and absolute ethanol, and then dried at 70 °C for 4 h for characterization. X-ray
diffraction was performed on an ARL XTRA X-ray diffractometer with high-intensity
CuK,, radiation. The EDS spectroscopy pattern was performed by X-ray energy dis-
persion spectroscopy using a GENENIS4000 spectrometer. Magnetic measurements
were carried out using a Quantum Design superconducting quantum interference de-
vice (SQUID, MPMS XL-5).

3. Results and discussion

Figure 1 shows XRD patterns of the BFO samples doped with Ni of various con-
centrations. The XRD results showed that the obtained Ni-doped BFO samples were
single phase with perovskite structure when the Ni doping concentration varied from
0% to 1%. However, an impurity phase (Bi;,NiO19) can be detected in the case of the
1.5% Ni doping concentration, which is an indication of the saturation level of Ni
substitution in BFO. An expanded view on the location of (110) diffraction peaks in
the range of 30°-35° (Fig. 2) shows that the peak position of the sample obviously
shifts toward a lower 26 value in the case of Ni doping. Energy dispersive X-ray
(EDS) patterns checked from the obtained products clearly demonstrate the presence



Enhancement of ferromagnetic properties in Ni-doped BiFeOj; 221

of Ni in the prepared products (Fig. 3). According to the above results, it is evident
that Ni ions have been effectively incorporated into the crystal structure of BiFeO; and
the lattice parameter a of BiFeO; is enlarged because of the larger radius of Ni**
cations relative to that of Fe’" cations.
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Fig. 1. XRD patterns of the Ni-doped BFO samples
with Ni doping concentrations ranging from 0% to 1.5%,
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Fig. 2. Dependence of the (110) diffraction
peak positions in the patterns on Ni concentration
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Fig. 3. The EDS spectroscopy pattern for the as-obtained
Ni-doped BFO sample with a 0.5% Ni doping concentration

The lattice parameters of Ni-doped BFO samples are given in Table 1. It is clear
that with the increase in Ni doping concentration there is an increase in both, ¢ and ¢
parameters of the unit cell. This is as expected, since the ionic radius of Ni*" is slightly
larger than that of Fe’". Since there is an increase in both, @ and ¢ parameters, the ratio
c/a remains more or less unaffected, which is important for maintaining the ferroelec-
tric properties in Ni-doped BFO samples.

Table 1. Lattice parameters of Ni-doped BFO samples

Ni doping
concentration | a[A] | ¢[A] | v[AP | c/aratio
[%]
0 5.571 6.911 185.78 1.241
0.3 5.577 | 6.914 186.28 1.240
0.5 5.578 | 6.926 186.68 1.241
1 5.586 | 6.937 187.46 1.242

Magnetic properties of the obtained Ni-doped BFO samples of various doping
concentrations have been determined (Fig. 4). In pure BFO, the magnetization varies
linearly with the applied magnetic field up to 20 kOe, similar to that of La-doped BFO
powders [9]. There is no obvious increase of magnetization in the case of a 0.3% Ni
doping concentration, but magnetization is greatly enhanced when the Ni doping con-
centration increases to 0.5%. Compared with the method to enhance ferromagnetic
properties in BFO ceramic by La doping [10], Ni-doped BFO samples (with Ni doping
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concentration 0.5%) show larger magnetization at room temperature. In addition,
magnetization decreases when the Ni doping concentration is further increased to 1%.
This indicates that the ferromagnetism of Ni-doped BFO does not increase with the

increase of the Ni doping concentration.
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Fig. 4. M—H recorded at room temperature for the as-prepared
Ni-doped BFO samples with Ni doping concentrations ranging from 0 % to 1 %

The dependence of the magnetization on the Ni doping concentration provides
strong evidence that the noticeable enhancement in the ferromagnetism is not due to
any precipitating secondary phase, such as nickel oxides. If nickel oxides are respon-
sible for the enhancement of ferromagnetic behaviour, a stronger Ni concentration
increasing up to 1% would presumably improve the corresponding magnetization.
Instead, the opposite behaviour is observed.

4. Conclusions

In Ni substituted BiFeOs, the magnetization varies with Ni doping concentration
and the magnetization of Ni-doped BiFeOs; is greatly enhanced when the Ni doping
concentration is 0.5%. Therefore, it is an important task to produce thin films with
similar compositions and to study their properties, in order to identify new applica-
tions in devices. Such investigations are in progress and will be reported elsewhere.
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Highly transparent and conductive scandium doped zinc oxide (ZnO/Sc) films were prepared on Corning
glass 7059 substrates by the sol-gel technique. The influence of scandium concentration (0—1.5 wt. %) and
annealing temperature (300-500 °C) on the structural, optical and electrical properties was investigated.
The average transmittance was found to be above 89% in the visible region. ZnO/Sc film having 0.5 wt. % of
Sc and annealed at 400 °C exhibited a minimum resistivity of 3.52x10~ ohm-cm. The surface morphol-
ogy of these films examined by SEM and AFM revealed formation of nano rods.

Key words: zinc oxide; scandium doping, sol-gel method; thin films

1. Introduction

Zinc oxide (ZnO) is a technologically important material exhibiting multifunc-
tional properties for various applications in optoelectronic devices such as solar cells
[1], transparent conducting electrodes [2], heat mirrors [3] and surface acoustic wave
devices [4]. Nanoscale porous structures of ZnO with a high surface area find their
application in chemical sensors [5] and dye-sensitised solar cells [6]. Indium tin oxide
(ITO) or tin oxide (SnO,) materials have long been established as transparent conduct-
ing materials. Recently, ZnO has been considered as a potential alternative to ITO and
SnO,, owing to a number of advantages, namely low cost, high mechanical stability,
non-toxic nature and stability under reducing hydrogen atmosphere [7, 8]. ZnO is a
wide-band-gap semiconductor material with a direct band gap of 3.37 eV [9] at room
temperature and an exciton binding energy of 60 meV. Its electrical and optical prop-

*Corresponding author, e-mail: rammehra2003@yahoo.com



226 R. SHARMA et al.

erties can be controlled by either selecting the nonstoichiometry and/or by appropriate
dopants [10]. The effect of doping with In, Al , Y, N and Ga in ZnO has been fre-
quently reported by various research groups [11, 12] but the effect of a rare-earth im-
purity such as Sc has been scarcely reported [13]. The ionic radius of Sc is very close
to that of Zn and this makes it compatible for doping [11]. Various techniques have
been used to deposit undoped and doped ZnO films on various substrates, including
spray pyrolysis [14], organometallic chemical vapour deposition [15], pulsed laser
deposition [16], sputtering [17] and sol-gel process [18]. Among these, the sol-gel
technique offers many advantages for the deposition of thin coatings due to its excel-
lent control of the stoichiometry of precursor solutions, ease of compositional modifi-
cations, homogeneity, low cost, low temperature and a non-vacuum requirement [19].

This paper reports a detailed investigation of transparent and conducting scandium
doped zinc oxide (ZnO/Sc) films. The films are deposited by the sol-gel technique
using 2-methoxyethanol as a solvent and monoethanolamine (MEA) as a stabilizer.
The effect of Sc doping on structural (preferred orientation, surface morphology),
electrical (resistivity, carrier concentration and Hall mobility) and optical (transmit-
tance, band gap) properties are reported. The variation of band gap with doping and
annealing is analyzed using band gap widening and narrowing phenomena.

2. Experimental

The precursor solution was prepared from Zn(CH;COO),2H,0 (99.95%, GR,
Hayashi Pure Chemical Ind. Ltd, Japan), anhydrous 2-methoxyethanol (AR, Ajax
Chemicals, Australia) and monoethanolamine (MEA, CP, Bio-Lab, London). The
solution containing MEA/Zn with the molar ratio of 0.2 was stirred for 5 min. An ap-
propriate amount (0-1.5 wt. %) of ScNO;56H,0, purity 99.9% was introduced as
a dopant. This mixture was sonicated for about 2 h. The resultant clear, transparent
and homogeneous solution was used after 48 h for film deposition. Microscopic Corn-
ing glass (7059) slide substrates were cleaned ultrasonically, first in acetone and then
subsequently in methanol for ten minutes each. They were further cleaned with deion-
ised water for 20 min and finally dried in nitrogen atmosphere. The spinning speed
and spin duration were 3200 rpm and 30 s, respectively. The wet films were kept to
hydrolyze in air at room temperature for 5 min, then dried at 200 °C for the next
10 min and finally heated at 280 °C for 20 min in air atmosphere with the heating rate
of about 10 °C/min. Thus, the drying process removes the residual organic solvents
and organic groups in the deposited gel film and converts the organic precursor film
into a dense inorganic film. An approximate thickness of 0.02 um was obtained for
each spin. The above process of coating and drying was repeated several times to in-
crease the film thickness. In the present work, the thicknesses of the films were in the
range of 450-500 nm. Finally the deposited films were annealed in air in the tempera-
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ture range of 300-500 °C for 1 h. A slow cooling rate was maintained to avoid the
possibility of stress in the films as expected in rapid cooling. Crystallite phase and
orientation were evaluated by the X-ray diffraction method (XRD, Philips PW 1830
Geiger counter diffractometer, PW 1830 ) using a monochromatized X-ray beam with
nickel-filtered CuK,, radiation (4 = 1.5418 A). A continuous scan mode was used to
collect 20 data between 30—40°, with a 0.02 sample pitch and 4 deg/min scan rate.
Microstructure was investigated by the scanning electron microscopy (SEM, JEOL
JSM-6300). Average surface roughness of the films was obtained by an atomic force
microscopy (AFM, Burleigh-SPI 3700) with scanned area of 5x5 pm’. The thickness
of the films was determined with a DEKTECK3-ST surface profilometer. Optical
transmittance was obtained in the 300—800 nm range using a Shimadzu UV-3150
spectrophotometer. The electrical resistivity o and the Hall coefficient Ry were meas-
ured by the van der Pauw [20] technique. The sign of the Hall coefficient confirmed
the n-type conduction of the films. The composition of scandium doped ZnO films
was determined by the elemental dispersion analysis using X-ray (EDAX) measure-
ments.

3. Results and discussion
3.1. Structural properties

Figure 1 represents the XRD patterns of ZnO/Sc (Sc — 0.5 wt. %) films as a func-
tion of annealing temperature (300 - 500 °C). It is seen from the figure that as-
deposited film exhibited an amorphous nature, whereas the films annealed at 300 °C
showed evidence of polycrystalline structure with (100), (002) and (101) peaks. With
the increase of annealing temperature from 300—400 °C, the intensity of the (002) peak
increases, indicating a c-axis preferential growth, implying an improvement in the
crystalline quality of the film. With further increase in temperature > 400 °C there was
a decrease in the intensity (002) peak suggesting a degradation of the films at higher
annealing temperature.

Figure 2 shows the X-ray diffraction patterns of the (ZnO/Sc) films annealed at
the optimized temperature of 400 °C and having different Sc concentrations. The films
exhibit a dominant peak at 20 = 34.44° corresponding to the (002) plane of ZnO and
other peaks corresponding to (100) and (101), indicating the polycrystalline nature of
the films. It is seen from the figure that the relative intensity of the (002)-reflection
peak decreases with increasing Sc concentration greater than 1.0 wt. %. No peaks
corresponding to either Sc or Sc oxides appear in the diffraction pattern of the sam-
ples, suggesting that Sc is incorporated at the Zn lattice site in the hexagonal wurtzite
structure of ZnO.
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Fig. 2. Effect of doping concentration on the XRD patterns
of ZnO/Sc films annealed at 400 °C in air for 1 h

Figure 3 shows the variation of grain size D and lattice constant ¢ with annealing
temperature for ZnO/Sc (0.5 wt. %) films. The grain size D of the films was calculated
using the Debye—Scherrer formula [21]
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D= 0.94 1)
Pcosf

where 1 is the wavelength of CuK,, line, and £ is the full width at half maximum
(FWHM) of the (002) reflection peak.
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Fig. 3. Effect of annealing temperature on grain size
and lattice constant of ZnO/Sc (Sc — 0.5 wt. %) thin films
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It is observed that grain size improves with the increase in annealing temperature
indicating an improvement in crystallinity [22]. However, a further increase in anneal-
ing temperature above 450 °C results in a decrease in intensity and an increase in
FWHM which indicate a decrease in ¢ axis orientation and the grain size. It is impor-
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tant to note that the value of ¢ for the as deposited ZnO/Sc films is large in comparison
with the unstressed bulk value of 5.2066 A. Correspondingly, the value of ¢ decreases
with an increase in annealing temperature. This indicates a reduction in the tensile
stress with annealing [23], which may be due to a large coefficient of linear expansion
of ZnO/Sc films in comparison with the glass substrate. Thus with the increase in an-
nealing temperature, shrinkage of ¢ along with the improvement in ¢ axis orientation is
seen. Matsuoka et al. [24] have observed a similar shrinkage of lattice constant in Al
doped ZnO films with increase of the substrate temperature.
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Fig. 6. Compositional analysis of ZnO/Sc (Sc — 1.5 wt. %)
film annealed at 400 °C in air for 1 h
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Fig. 7. Compositional analysis of ZnO film annealed at 400 °C in air for 1 h
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Figures 4 and 5 show typical SEM and AFM images, respectively, of ZnO/Sc
(Sc — 0.5 wt. %) annealed at the optimum temperature of 400 °C in air atmosphere for
1 h. The SEM micrograph of the film revealed the formation of nanorods. The AFM
image exhibits a uniformly distributed needle type structure. The average surface
roughness of the film ZnO/Sc (Sc — 0.5 wt. %) is found to be 4.81 nm.

Compositional analysis of ZnO/Sc (Sc — 1.5 wt. % and 0.0 wt. %) films, annealed
at 400 °C for 1 h in air, is shown in Figs. 6 and 7, respectively. As seen from Fig. 6,
the Sc doped film showed the presence of Zn, Sc and oxygen only. No other impurity
was found within the EDAX detection limit. The composition (the atomic ratio of Sc
to Zn) of deposited rare earth-doped ZnO films is found to be approximately equal to
that in the solution. The compositional analysis of undoped (ZnO film (Fig. 7) reveals
the presence of Zn and oxygen only.

3.2. Transmittance and bandgap

Transmittance spectra were recorded in the 300-800 nm range to study the influ-
ence of annealing temperature and the effect of Sc concentration on the optical proper-
ties of ZnO/Sc films. As shown in Figs. 8 and 9, all the films deposited on glass sub-
strate exhibited high optical transparency throughout the entire visible range.
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Fig. 8. Transmittance (7, %) in function of annealing
temperature of ZnO/Sc (Sc — 0.5 wt. %) thin films

As shown in Fig. 8, all samples showed interference fringe patterns in the visible
region of transmission spectra with an average transmittance 7 not lower than 8§9%
indicating good optical quality of the deposited films with low scattering or absorption
losses. The higher optical transmittance in annealed films may be due to the increased
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crystal size, which reduces the inter-grain shadowing. It is observed that 7 increases
with increase in annealing temperature up to 400 °C but with further increase in tem-
perature it decreases. The initial increase in 7 is due to the improvement in the crystal-
linity and microstructure with an increase in annealing temperature (Fig. 8). The de-
crease in T with further increase in annealing temperature is due to the degradation of
crystallinity of ZnO/Sc films as indicated by our XRD analysis. The transmittance is
maximum for pure ZnO film and decreases with an increase in Sc concentration. The
decrease in optical transmission is generally associated with the loss of light due to
oxygen vacancies and scattering at grain boundaries [25]. Since all the films are de-
posited under similar oxygen environments and processing conditions, the loss of
transmittance due to oxygen defects is assumed to be the same for all samples. The
increase in scattering centres due to increased grain boundaries with an increase in Sc
dopant content may be responsible for the loss of transmittance. A characteristic dif-
ference in the absorption edge has been observed with Sc incorporation in ZnO. The
sharp absorption edge observed for ZnO (Sc — 0.0 wt. %) sample at 375 nm was found
to shift towards blue with an increase in Sc concentration.

6x10'"°

5x1010

10

E-
x
-

(=]

3x10"0

(ahv)’ [eV-em™ |

2x1010

1x10"0

0 3= A T TV . -|'- MR R
3.20 3.24 3.28 3.32 3.36
hv [eV]

Fig. 9. Tauc’s plots of ZnO/Sc (Sc — 0.5 wt. %)
thin films in function of annealing temperature

The optical absorption coefficient & of a direct band gap semiconductor near the
band edge, for photon energy /v greater than the band gap energy E, of the semicon-
ductor, is given by [26]

1/2
ahy = A(hv - Eé) @)

where 4 is Planck’s constant and v is the frequency of the incident photon.
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The value of «is determined from the transmittance spectra. The plot of (av)* in
function of photon energy Av (Tauc’s plot) for ZnO/Sc (Sc — 0.5 wt. %) films annealed
at various temperatures is shown in Fig. 9 while the absorption coefficient in function
of the dopant concentration for the films annealed at 400 °C is shown in Fig. 10. E,
was obtained by extrapolating the linear part of the Tauc’s plot to intercept the energy
axis at ((ahv)* =0.
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Fig. 10. Tauc’s plots of ZnO/Sc films annealed at 400 °C in air:
a—0.0wt. %,b—0.5wt. %, c—1.0wt. %oand d— 1.5 wt. %

E, was found to increase continuously from 3.28 to 3.30 eV with an increase in
annealing temperature for ZnO/Sc (Sc — 0.5 wt. %) films. The increase in £, may be
attributed to the increase in the grain size and the stress relieving process in ZnO/Sc
films. An increase in E, has also been observed with Sc doping. It increases from 3.29
to 3.31 eV as the dopant concentration is increased from 0 to 1.0 wt. %.

3.3. Electrical properties

The influence of the annealing temperature from 300 °C to 500 °C on resistivity o,
carrier concentration # and the Hall mobility iy of ZnO/Sc (Sc — 0.5 wt. %) films is
shown in Fig. 11. The resistivity is found to decrease with increasing annealing tem-
perature up to 400 °C and thereafter it increases with annealing temperature. The ob-
served decrease in resistivity can be interpreted in terms of enhanced crystallite struc-
ture of the films. A minimum resistivity of 3.52x10* ohm-cm, as well as a highest
mobility value of 35.3 cm*/(V-s) and carrier concentration of 3.27x10°° cm™ annealed
at 400 °C is obtained for ZnO/Sc (Sc — 0.5 wt. %).
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The increased resistivity at higher annealing temperature might be due to the for-
mation of oxygen vacancies by oxygen annihilation from the ZnO [27]. Further, the
increase in resistivity of the films at temperatures above 400 °C may be due to the
structural degradation as well. The mobility is found to increase with the annealing
temperature up to 400 °C, which is due to the improvement of crystalline structure of
the films as observed by the XRD analysis. It is also observed that n increases with the
increase in annealing temperature.
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The variations of p, n and g4 of ZnO/Sc films in function of Sc concentration are
shown in Fig. 12. It is also seen from Fig. 9 that p decreases sharply as the Sc concen-
tration is increased up to 0.5 wt. %, correspondingly # is found to increase while there
is a gradual reduction in t4;. The increase in n confirms that Sc acts as an effective
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donor in ZnO films. The increased carrier concentration is due to the contribution
from doping ion Sc**on the substitution site of Zn>" ions and/or from interstitial zinc
atoms. However, after 0.5 wt. % of Sc doping, the carrier concentration tends to satu-
rate and resistivity starts increasing. This is probably because of the limited solubility
of Sc in ZnO/Sc. Tang and Cameron [28] have shown a similar effect in ZnO/Al films.
The impurity content dependence of mobility is not related to the crystallinity esti-
mated by the intensity and full width at half-maximum of the (002) diffraction peak;
the crystallinity did not change with increasing impurity content. The decrease in mo-
bility at higher doping may be due to scattering from grain boundaries and defects
produced by doping, which is also supported by the XRD analysis [29].

3.4. Variation of bandgap

The variation of E, with annealing temperature and dopant concentration has been
analyzed in terms of band gap widening AE® due to the Burstein—Moss effect and
bandgap narrowing AE™ due to many body effects. In the model of Burstein and
Moss, the absorption edge shift in an n-type semiconductor is shown to be dependent
on carrier concentration and is given as [30]

w3 K

AE™M = (3n2N) o~ 3)

ve

where m_ is a reduced effective mass given by

SN @)

where m_ is the effective mass in the conduction band, and m, is the effective mass in
the valence band. The calculated value is shown in Fig. 13, which corresponds to
m. = 0.38m, and m, = 1.8m, [31]. At higher concentrations above the Mott critical

density, such as in heavily doped and highly excited semiconductors, electronic states
of the crystal are modified because of carrier—carrier interaction and carrier—impurity
interaction. That is, many body effects such as exchange and Coulomb interactions
lead to a narrowing of the band gap [32, 33]. According to Wolf [34], in heavily
n-type doped semiconductors the conduction band is shifted downwards by a quantity

equal to AE™,
g o ﬂ 173
2ng, e\ W

)

where ¢, = 8.5 [35]is the relative electric permittivity. This band gap shrinkage repre-
sents the exchange energy due to the electron—electron interaction. The expected ab-
sorption edge shift is therefore calculated as AE = AE® — AE™,



236 R. SHARMA et al.

025 F—— AE®™ o
- —e— AE®AES {
%' 0.20 |—%— experimental /
= - uf
=
% 015 | 7 o
S X /.’
3 IS
s 0.10 o /*
=3 - o® *
—~®
& 005 | 00 /*/
< N —9-® o—
—__o—*® — *
0.00 _——E——-D-D'UD"".D /
00 = w
Rk ok —— e —— =k KK
-0.05 e a il s sl L e |
0™ 10% 10%°

; . -3
Carrier concentration ng [m ]

Fig. 13. Absorption edge shift AE in function of the carrier concentration

The theoretical and experimentalvalues of E, in function of  are shown in Fig. 13.
It is evident from the figure that the observed variation of E, with n could not be ex-
plained by using the above mentioned two effects.

4. Conclusions

High quality ¢ axis orientation Sc doped ZnO films have been deposited via the
sol-gel route. The resistivity as low as 3.52x10~* ohm-cm and transmittance 91% in the
visible range have been achieved in these films. Such highly conducting and transpar-
ent films could be used as solar cell windows similar to ITO films.
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A new composite, Co—Sn metal oxide
anode for lithium ion batteries
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The structural and morphological evolution of cobalt—tin (Co—Sn) metal composite oxides, synthe-
sized by the decomposition of CoSn(OH)s precursor at various temperatures, were investigated by X-ray
diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM). The precursor was
also studied by thermal analysis (TG/DTA). The electrochemical performance of nanosized Co—Sn com-
posite metal oxides was investigated to evaluate their suitability for use as anode materials for Li ion
batteries. The results revealed that the samples heat-treated at low temperatures consisted of amorphous
CoSnOQ;, and the samples heat-treated at high temperatures comprised crystalline Co,SnO,4 and SnO,. The
charge capacity and cyclability were sensitive to the structure and composition of the electrode active
materials. The samples heat-treated in the phase transition temperature range exhibited relatively worse
electrochemical properties.

Key words: Co—Sn composite oxides; anode materials; lithium ion batteries; liquid precipitating method

1. Introduction

Graphite based anode materials are widely used in commercial lithium ion batter-
ies, owing to their excellent charge and discharge cycling behaviour. However, the
theoretical Li storage capacity of graphite is limited to 372 mAh/g [1]. Recently, there
has been considerable interest to develop alternative anode materials for lithium ion
batteries. Tin oxides have been considered the most promising anode materials for
lithium ion batteries, due to their high volumetric and gravimetric capacities [2—4].
According to Courtney and Dahn [5], the reaction of tin oxides with lithium can be
described in two steps; for SnO,, they are:

SnO, + 4Li" +4e — 2Li,0 + Sn (1)

*Corresponding author, e-mail: hgxlu@163.com
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Sn+xLi" +xe- — Li,Sn  (0<x<4.4) )

Initially, tin oxides are reduced to form small clusters of tin metal, dispersed in
a Li,O framework. Li" ions are then reversibly inserted in tin to form Li/Sn alloys.
Alloying of Li with tin causes a large volume expansion, leading to cracking of the
electrode, and a rapid loss of capacity [5]. The oxides permit the use of Li,O as a ma-
trix, constraining the volume expansion and contraction [6] during cycling. The cy-
cling performance is enhanced if the active material is finely dispersed in the matrix
[7]. Idota et al. [2] suggested a new class of tin-based amorphous composite oxide
containing SnO as the active centre for lithium insertion and other glass forming ele-
ments such as B, P, Al as an oxide network structure; during charge and discharge, the
cyclability of the glass materials had been improved largely.

Recently, Irvine et al. [3, 8, 9] prepared Zn,SnO,, Mg,SnO4, Co,SnO, and
Mn,SnQO, spinel metal composite oxides by milling and solid-state reaction at high
temperatures. Huang and Yuan [10-13] synthesized a series of amorphous MgSnQOs,
CoSn0O;, MnSnO; and ZnSnO; composite metal oxides by the liquid precipitation
method and studied their electrochemical properties, in order to try and assess their
potential for use as anode materials for lithium ion batteries. In this paper, we report
the structural/morphological characteristics and lithium insertion properties of Co—Sn
composite metal oxides synthesized from the precursor CoSn(OH) by heat-treatment
at various temperatures.

2. Experimental

Analytical chemical reagents of Na,SnO; and CoSO4 were used. Solutions of
Na,SnO; and CoSOy in 1:1 molar ratio were mixed under continuous stirring. The

pink precipitates were washed with distilled water to remove Na" and SO; ions, and

then dried in an oven at 120 °C to obtain the pink CoSn(OH)s precursor. The chemical
stoichiometric equation can be expressed as:

COSO4 + Nazsn03 +3 HZO — COSH(OH)6 + NaZSO4 (3)

The precursor powder was heated subsequently at various temperatures for 4 h in
air to form Co—Sn metal composite oxide.

Thermogravimetric and differential thermal analyses (TG/DTA) were carried out
using a Shimadzu DT-40 thermal analyzer at the heating rate of 10 °C/min in air. XRD
was measured on a Shimadzu XRD-6000 diffractometer (Cu-K,, radiation) with the
scanning rate of 4°/min, to investigate the phase evolution of CoSn(OH) precursor
upon heat-treatment at various temperatures. Microstructure (JEM-2100F) of samples
was studied by the high-resolution transmission electron microscopy (HRTEM).

The electrochemical cells consisted of a working electrode made of a nanosized
Co—Sn metal composite oxides and a counter electrode made of lithium foil. The cells



Co—Sn metal oxide anode for lithium ion batteries 241

were assembled in an Ar-filled glove box with both moisture and oxygen concentra-
tions below 5 ppm. The working electrodes were prepared by pressing a film com-
posed of Co—Sn composite metal oxide powders, acetylene black and polytetrafluoro-
ethylene (PTFE) binder (weight ratio of 85:10:5) onto a stainless steel current collec-
tor. The electrolyte was 1 M LiClO, in a mixture of ethylcarbonate (EC) and dimethyl
carbonate (DMC) (1:1 in volume ratio), Cellgard 2400 polyethylene was used as the
separator. The cells were discharged and charged between 0-2 V versus Li/Li at the
constant current of 50 mA/g using the Arbin BT 2000 testing system.

3. Results and discussion

3.1. Thermal analysis of the CoSn(OH)¢ precursor

The transformation of CoSn(OH)s precursor during heat-treatment was revealed
by DTA and TG data. Figure 1 shows that a sharp endothermic peak occurred on the
DTA curve at the temperature of about 300 °C.
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Fig. 1. DTA and TG curves of the CoSn(OH)¢ precursor

It also can be seen from the TG curve that the weight loss of the precursor was
about 19% in this temperature range, which was due to the reaction:

CoSn(OH)s — CoSnO; + 3H,0 ()

The weight loss calculated according to Eq. (4) was 19.3%, which is consistent
with the experimental result. A small broad exothermic peak was observed on the
DTA curve at the temperature of about 660 °C , but no weight loss was observed from
the TG curve at temperatures above 350 °C. This indicates that the phase transition
from the amorphous to the crystalline state occurred at this temperature.
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3.2. Structural and phase change during heat-treatment

Figure 2 shows the XRD patterns of the CoSn(OH)s precursor (Fig. 2a) and the fi-
nal products heat-treated at various temperatures (Fig. 2b). From Figure 2a, it can be
seen that there is no evidence of any other phases, as all the diffraction peaks can be
indexed for the tetragonal phase CoSn(OH)s (JCPDS card NO. 20-1455).

a)

3N b)

m

700°C

10 20 30 4 5 60 70 80
20 [deg]
Fig. 2. The XRD patterns of the precursor CoSn(OH); (a),

and of the final products heat-treated at various temperatures (b).
SnO, peaks are marked with asterisks
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For the samples heat-treated at 350 °C and 500 °C, only one broad peak, related to
amorphous CoSnO;_ can be observed, and there is no diffraction line assigned to any
crystalline phases. This indicates that amorphous or amorphous-like CoSnO; formed
at these temperatures. The XRD patterns shown in Fig. 2b changed sharply after heat-
treatment at 600 °C; three diffraction peaks of crystalline SnO, were observed, indicat-
ing that a phase transition from an amorphous state to a crystalline state occurred dur-
ing the heat treatment process. However, the XRD peaks of the samples heat-treated at
700 °C were completely different from those of the samples heat-treated at lower tem-
peratures with the appearance of the characteristic peaks of spinel Co,SnO,. It sug-
gests that the amorphous CoSnO; was decomposed spinel Co,SnO, and tetragonal
phase SnO, when the samples were heated to 700 °C, which is consistent with the
results of TG/DTA measurements. In addition, upon further increase in the heat-
treatment temperature to 800 °C, the diffraction peaks become stronger and sharper,
indicating an increase in the amount of the crystalline phases.

Fig. 3. HRTEM images of Co—Sn metal
composite oxides heat-treated at:
a) 500 °C, b) 600 °C, and c) 700 °C
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Considering all these observations, a three-step process during CoSn(OH), heat
treatment at various temperatures may be proposed:

CoSn(OH), (crystalline) — CoSnO; (amorphous) + 3H,O ®))
2CoSn0O; (amorphous) — Co,SnO, (amorphous) + SnO, (crystalline) (6)
C0,Sn0, (amorphous) — Co0,SnQ, (crystalline) @)

These results are consistent with the HRTEM images (Fig. 3a—c) showing the
structure of nanosized Co—Sn composite oxides samples. The samples after heat-
treatment at 500 °C are amorphous CoSnQ;, existing as cotton wadding agglomerates.
When the heat treatment temperature was increased to 600 °C, the amorphous CoSnO;
was transformed crystalline SnO, with the Ilattice parameter of tin oxide
(dwi{311} =2.61 A) and amorphous Co0,SnO, as indicated as some anomalous ar-
ranged crystal lattice in the Fig. 3b. 700 °C, more crystalline particles were separated
out from the cotton wadding agglomerates with some of the particles showing the
lattice parameter of tin oxide (d;y{311} = 2.61 A) and others the lattice parameter of
spinel Co,SnOy (d){111} = 2.98A). Therefore, the structure and crystal phase of the
Co—Sn composite metal oxides are strongly dependent on the heat-treatment tempera-
ture of the CoSn(OH)¢ precursor.

3.3. Electrochemical performance

First discharge curves of the Li /Co—Sn composite metal oxides cells prepared from
the products of CoSn(OH)¢ heat-treated at various temperatures are shown in Fig. 4.

25
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Fig. 4. The first discharge curves of Co—Sn composite
oxides heat-treated at various temperatures
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Two voltage plateaus at about 1.35 V and 0.8 V, respectively, can be observed in
the first discharge curves for the samples heat-treated at 350 °C and 500 °C. With the
increase in heat-treatment temperature, only one voltage plateau can be observed, at
about 0.95 V, for the samples heat-treated at 600 °C and 700 °C, and two voltage pla-
teaus, at about 0.95 V and 0.4 V, respectively, for the sample heat-treated at 800 °C.
Therefore, this suggests that the formation and voltage of the plateau is closely related
to the heat-treatment temperature. Figure 5 shows the voltage profiles of the Li/Co—Sn
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composite metal oxide cells with CoSn(OH); heat-treated at various temperatures for
the first three cycles between 0 and 2.0V. For all the samples, the first discharging
curves are different from the subsequent discharging curves. After the first cycle, the
plateau at about 1.35 V and 0.8 V for the samples heat-treated at 350 °C and 500 °C
and the plateau at about 0.9 V for the samples heat-treated at 600 °C, 700 °C and
800 °C all disappeared in the subsequent discharge curves, And the disappearance of
the plateau should be responsible for the irreversible capacity [4, 5, 11, 12]. One volt-
age plateau located at about 0.5 V can be observed clearly in the charging curves for
all the samples.

Table 1. Electrochemical properties of the nanosized Co—Sn composite metal oxides
formed by heat treatment of CoSn(OH)¢ precursor at various temperatures

Heat-treating temperature [°C]

Property
350 500 600 700 800

The first discharge capacity [mAh/g] 1739 1716 1718 1612 1581

The first charge capacity [mAh/g] 782 731 655 758 788
Capacity loss in the first cycle [%] 55.0 574 61.9 53.0 50.1
Ryo11 [%] 45.4 394 32.7 48.3 50.5

Table 1 shows the relationship between the electrochemical properties of all
Co—Sn composite metal oxides and the heat treatment temperature of CoSn(OH)s. It
can be seen that as the heat treatment temperature increases, the first discharge spe-
cific capacity of Co—Sn composite oxides anodes decreases. However, the lowest ini-
tial charge specific capacity obtained was as high as 655 mAh/g for the sample heat-
treated at 600 °C. This is much higher than the theoretical capacity of graphite
(372 mAh/g). However, for the Co—Sn composite metal oxide anodes, the problem
associated with other tin oxide based systems exists, i.e. about half of the initial lith-
ium capacity is lost due to irreversible changes in the oxide matrix. To help quantify
the cycling stability of various samples, a parameter called the capacity retention index
Ryonis defined. This parameter is the capacity in the 20th charge cycle divided by the
capacity in the first charge cycle. Cells that cycle without capacity loss, therefore, will
have Ryy, equal to unity [14]. As can be seen in Table 1, the samples heat-treated at
the phase transition temperature (600 °C) exhibited poorer cycling performance. Tak-
ing into account all the above results, it is certain that the samples heat-treated at phase
transition temperature range exhibit relatively worse electrochemical properties.

The differential capacity plots obtained at the first cycle for all Co—Sn composite
metal oxide samples heat-treated at various temperatures are shown in Fig. 6. Two
cathodic peaks at about 1.35 V and 0.8 V, respectively, can be observed for the sam-
ples heat-treated at 350 °C and 500 °C. Only one cathodic peak occurring at about
0.95V can be observed for the samples heat-treated at higher temperatures
(600 °C, 700 °C and 800 °C). Compared with the results published in Refs [3, 14], it
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can be concluded that the change in cathodic peaks positions is due to the formation of
the spinel Co,SnO, phase seen from XRD patterns.
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For all the samples, there are two anodic peaks located at about 0.5 V and 1.25 V,
respectively, suggesting that, besides the alloying reaction involving Sn and Li, Co
also participated in the electrode reaction [15]. All the anodic and cathodic peaks in
differential capacity plots are consistent with the voltage plateaus in the charge and
discharge curves. In addition, the shape of cathodic peaks for the 350 °C and 500 °C
heat-treated samples is different from the shape of cathodic peaks for the samples
heat-treated at higher temperatures. At the stage of phase transition from amorphous to
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crystalline state or at the formation stage of the new phase, non uniform particle distri-
bution results in worse electrochemical characteristics. Therefore it is believed that the
phase transition is responsible for the worse electrochemical performance of the cells.

4. Conclusions

A series of nano-sized Co—Sn composite metal oxides have been prepared by heat
treatment of CoSn(OH) precursor at various temperatures. With the increase in tem-
perature, CoSn(OH)s decomposes to form amorphous CoSnO; firstly, which is pro-
gressively converted to crystalline Co,SnO,and SnO,. The electrochemical character-
istics of these composite oxides as anode materials for lithium ion batteries are closely
related to their structure and composition. In the phase transition process, slight
changes in temperature can greatly alter the electrochemical performance. The Co—Sn
composite oxides show good possibilities as anode materials for lithium ion batteries.
Future work should focus on the reaction processes involving lithium and anode mate-
rials, and on reducing the problem of irreversible changes.
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Damage to TGS crystals caused by hydrostatic pressure

J. STANKOWSKI, S. WAPLAK

Institute of Molecular Physics, Polish Academy of Sciences, ul. Smoluchowskiego17, 60-179 Poznan, Poland

In this letter we address a particular aspect of the finite size effect on ferroelectric instability: the po-
larization suppression under high hydrostatic pressure. We have shown that in TGS ([NH;'CH,COOH),
(NH; CH,CO0")S04*) single crystals under high pressure the critical temperature T of ferroelectric
—paraelectric phase transition grows monotonically up to about 1.8 GPa. Above the critical pressure
Ppc = 2.4 GPa, the ferroelectricity disappears and the coefficient y becomes negative for small ferroelectric
regions which appear due to crystal break up.

Key words: TGS crystal; ferroelectric instability; crystal braek-up

1. Introduction

The investigation of finite-size effects on ferroelectricity is an interesting problem
from both a scientific viewpoint as well as for practical reasons. The reduction in the
physical sizes of ferroelectrics, from the macroscopic regimes down to mesoscopic
ones results in a change in the polarization stability [1, 2]. Small ferroelectric particles
exhibit dielectric properties different from those of bulk crystals, because the Coulomb
long-range force plays a crucial role in them. For ferroelectrics of perovskite structure,
it has been shown experimentally [3] that there is a critical crystal dimension D above
which finite-size effects disappear. We have also shown that crystal damage under
high hydrostatic pressure leads to finite-size dielectric properties.

2. Experimental and results
The effect of hydrostatic pressure was measured in a standard three-layer steel

vessel [4, 5] up to the pressures of 3 GPa. Our data show that up to p = 1 GPa the
critical temperature 7¢ increases linearly with pressure in accordance with the relation:

*Corresponding author, e-mail: waplak@ifmpan.poznan.pl
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T.(p)=T(1+yp) (1)
The change in the value of spontaneous polarization is equal to
AP, =P - P}

where P and PJ are the values of spontaneous polarization obtained at given
p values and resulting from a change in A7¢ (Fig. 1).

4.0

3.8 A

3.6 A

3.4 A

P, [mClcm?]

3.2 1

3.0 4

28 T T T T v T T T
0.0 0.5 1.0 15 2.0
p [GPa]

Fig. 1. Pressure dependence of the spontaneous polarization Py (bold line)
and P value only from T change (thin line)

The APs value results from additional tilting of glycine I (GI) from the ac crystal
plane. This tilt comes from a slowing down of the rotation frequency of the NH; group
in a double-well potential [6, 7].

Ferroelectricity appears when both potential minima are nonequivalent. High hy-
drostatic pressure leads to a rising potential barrier AU between the two minima. The
monotonic growths of Pg and E¢ values were recorded up to the pressure of 2.1 GPa.
Below this p value all results were reproducible for a good sample quality. Above the
pressure of 2.1 GPa, the samples started to be “milk-white” because pressure liquid
penetrates and destroys single crystals having nanometric dimensions.. This mecha-
nism explains recent results by Kobayashi et al. [5] for the sign change in the coeffi-
cient y= dT/dp at high pressure.

The dependence of T¢ on pressure for a non-distorted crystal structure is shown in
Fig. 2 and the shift of T can be described by linear and quadratic pressure depend-
ences up to about 1.8 GPa (7¢ in K, p in GPa)

T.(p)=322+22.5p-1.73p° )
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The y(p) value in the range from 0 to 1 GPa is constant. For p > 1 GPa, T(p)
shows a nonlinear behaviour. Above 1.5 GPa, the observed plateau in the T(p) profile
is a signature of the damage process in TGS crystal due to the penetration of liquid
into the crystal structure: for pressures up to 2.1 GPa this process is reversible.

400
380 - polar state
PA
360 4 two-component
< .destroyed phase
g 340 4 o
J< e
Q@ 320 A FE 0
£ 8 unipolar
E 300 - .state
= o]
© 280
o]
260 -
o]
240
T I T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

p [GPa]
Fig. 2. The ferroelectric phase transition temperature 7 obtained under various

pressure—temperature conditions: filled circles — p = const [5],
open circles — 7'= const [5], triangles — 7'= const [4], diamonds — T'= const > TCO [5]

Upon approaching the critical pressure pc= 2.4 GPa, the crystal damage process
becomes of the avalanche type. Samples form a two component system, and dimen-
sion of the crystalline regions decreases with time. This confirms the data of Kobaya-
shi et al. [5], namely that above some pressure, 7" (p), the y coefficient changes its

sign from y> 0 at ferroelectric phase to y <0.

The destruction of the sample above the p. value, where pressure liquid penetrat-
ing inside the crystal diminishes dipole—dipole interaction between GI molecules, is
responsible for spontaneous polarization. The value of the Curie-Weiss constant C
= 1/N/3 is diminished. A similar effect in a distorted crystal has been observed for
irradiated TGS crystals [8]. X-irradiation leads to disintegration of ferroelectric crys-
tals into regions of the order of 100 A and a decrease of T¢. In our experiments [4, 5]
crystal disintegration on small regions of the order of nanometers leads to a decrease
in T¢. The transition under pc > 2.4 GPa does not depend on dielectric dipole ordering
but reveals a transition to an amorphic mixture of pressure liquid and nanosized TGS
particles.

Kobayashi et al. data [5] show that, starting from the ferroelectric phase (7 < T¢),
high pressure can transfer ferrolectric order to higher temperatures. Conversely, for
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T >T¢ high pressure leads to nonferroelectric phase transition at pc (Fig. 2). In accor-
dance with the theoretical data of Shaoping et al. [10], the limitation of critical size is
strongly correlated with the dimension along the spontaneous polarization direction.
Relatively stronger dipole—dipole interaction leads to the formation of long dipole
chains. In TGS crystals with lamelar structure at RT [6], it is strongly expected that,
above a critical pressure, the TGS system changes its dimensionality.

360

350 +

340 4

T. [K]

330 -+

320 +

310 +

1.8 2.0 2.2 2.4
p [GPa]

Fig. 3. T«(p) dependence above critical pressure of 1.8 GPa:
squares — experimental values, solid line —fitting curve in accord with Eq. (3)

In Figure 3, the behaviour of T(p) for 7. (p) = 355 K and pc = 1.8 GPa is de-

scribed by the equation:
1/n
T (p)= 1" (I—A[—p "CJ J 3)

Pc
The best fit is found for » = 0.33 which may suggest the occurrence of a 3D-2D
transition.
3. Discussion

Based on the high pressure results of Stankowski et al. [4] and Kobayashi et al. [5]
it is evident that at pc = 2.4 GPa ionic TGS crystal, with molecular dynamics driven
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by NH; rotation groups and flipping of GI molecules, experiences a structural phase
transition which consists in breaking up of ordered ferroelectric phase in amorphous
pressure liquid with the unit size volume to be proportional to p — pc. Because of the

y-coefficient anisotropy ( v, =19 K-GPa™,v, =0.8 K-GPa™ )With an axial symmetry:

1 — cos’Q (Q is the tilt angle of GI) the unit cell catastrophe may be reached by two
ways:

e ferroelectric units preserve their own anisotropy and the 7 temperature depends
linearly on pressure up to critical value pc,

e ordered areas under high-pressure lose their own anisotropy, and above p =2.1 GPa
the 7 value is suppressed monotonically versus p, and dimensional effects are domi-
nant: Tcee d'[9)].

Destruction of the crystal structure essentially depends on ferroelectric dipole
—dipole interactions near a “structural catastrophe” of the TGS structure and an anisot-
ropy of unit cell compressibility.
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Physically and chemically bound
H,O0 in the gyrolite structure

K. BALTAKYS , R. SIAUCIUNAS

Department of Silicate Technology, Kaunas University of Technology,
Radvilenu 19, LT — 50270 Kaunas, Lithuania

Synthetic pure gyrolite prepared under hydrothermal conditions (32 h, 200 °C) from a stoichiometric
composition (CaO/SiO, = 0.66) of calcium oxide and a fine-grained SiO,-nH,0 mixture can easily adsorb
water vapour. The equilibrium quantity of adsorbed water vapour was estimated from desorption thermo-
grams. It was determined that the thermal effect of desorption is close to the steam-heat of water vapour
at temperatures up to 175 °C. This part of water vapour adsorption can be described by a physical adsorp-
tion model, only a small quantity of water vapour being chemisorbed. The crystal structure of gyrolite
under a pressure of water vapour and at low temperatures (—197 °C) was stable.

Key words: gyrolite; adsorption, thermal analysis; calcium silicate hydrate; X-ray diffraction

1. Introduction

Calcium silicate hydrates, occurring in nature as hydrothermal alteration products
of calcium carbonate rocks and as vesicle fillings in basalts, include many chemically
and structurally distinct phases [1]. Many calcium silicate hydrates are structurally
very similar, consisting of similar arrangements and modifications of the same types
of structural units, i.e. dreierketten chains. Intrinsic disorder within the crystal struc-
ture of even the most crystalline natural C—S—H mineral samples can affect the crystal-
lographic and physical characteristics of these phases [2, 3]. Moreover, the hydro-
thermal formation of these phases is complicated, and crystallization usually occurs
via a semi-crystalline precursor and intermediate phases [4—13]. These phases can be
very stable, and a long synthesis (months) may be required before the system reaches
an equilibrium. This makes the exact crystallization mechanism and kinetics difficult
to determine. The dehydration and recrystallization processes of these phases are also
complex and vary from phase to phase, due to the different structures and varying

*Corresponding author, e-mail: kestutis.baltakys@ktu.1t



256 K. BALTAKYS, R. SIAUCIUNAS

amounts of OH and/or H,O. A few of these compounds contain molecular water, some
hydroxyl, and others contain both hydrous species.

Recently, Allen et al. presented an obvious schematic diagram of the nanoscale
C—S—H particles containing liquid H,O in nanopores, adsorbed H,O, interlayer space
with physically bound H,O and calcium silicate sheets with OH™ groups [14].

However, some properties, e.g. sorption capacity, depend not only on the crystal
lattice of a porous body but also on the surface microstructure and specific surface
area, as well as on the dominant pore size and their differential distribution in the
compound relative to the radius. In the case of gyrolite crystal lattice, these properties
usually depend on the proportion of crystalline (SiO, tetrahedral and CoOg4 octahedral
sheets) and amorphous parts. However, no data was found on the influence of partial
pressure of water vapour on the gyrolite crystal lattice.

Recently, the interest in gyrolite has increased because new possibilities of its ap-
plication have been found; it may be used to educe heavy metal ions and remove them
from wastewaters [15, 16]. Of specific interest is the purported ability of gyrolite to
separate supercoiled plasmid, opencircular plasmid, and genomic DNA [17].

The aim of the present work was to elucidate the influence of partial pressure of
water vapour on the gyrolite crystal lattice. Based on experimental measurements, the
form of adsorbed water in the gyrolite structure was highlighted.

2. Experimental

In this work, the following reagents were used as starting materials: fine-grained
Si0,-nH,0 (Reachim, Russia, ignition losses 21.43 %, specific surface area S, = 1560
m?/kg by Blaine’s) and CaO (99.6 % Reachim, Russia) additionally burned at 1000 °C
for 0.5 h.

Pure gyrolite was synthesized after 32 h at 200 °C from a stoichiometric composi-
tion of calcium oxide and SiO,'nH,O mixture (CaO/SiO, = 0.66). The dry primary
mixture was mixed with water in stainless steel vessels (water/solid ratio of the sus-
pension W/S = 10.0). The product was filtered, dried at 50 + 5 °C and sieved through
a sieve with the mesh size of 80 um. These synthesis conditions were chosen based on
previously published data [12, 13].

Experiments of adsorption of water vapour by gyrolite were carried out at room
temperature. Samples of gyrolite were kept in desiccators with sulfuric acid for 60 h.
Variation of sulfuric acid solution concentrations made it possible to achieve a desired
relative pressure of water vapour p/p, (p— partial pressure of adsorbate, p, — saturated
vapour pressure of adsorbate) (Table 1). The quantity of adsorbed water vapour was
determined from data of a simultaneous thermal analysis.

In order to evaluate the stability of gyrolite structure at low temperatures and to
estimate the influence of the adsorbed water vapour (adsorbate) on the structure of its
crystal lattice, gyrolite samples were first saturated with water vapour, i.e. kept in
a desiccator for 60 h at various relative pressures p/p, (1, 0.877, 0.753, 0.56, 0.355).
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Later, these samples were cooled in liquid nitrogen (—197 °C) for 15 min each and

heated to room temperature (20 °C). The stability of gyrolite structure was estimated
from X-ray powder diffraction data.

Table 1. Partial pressures of H,O vapour in the air above H,SO, solutions at 25 °C

No Relative pressure (p/po) Concentration ¢ of
’ of water vapour H,SO, solutions [%]
1 0.355 50
2 0.56 40
3 0.753 30
4 0.877 20
5 1 0

The X-ray powder diffraction results were collected with a DRON-6 X-ray dif-
fractometer with the Bragg—Brentano geometry using Ni-filtered CuK,, radiation and
a graphite monochromator operating at the voltage of 30 kV and emission current of
20 mA. The step-scan covered the angular range 2-60° (26) in steps of 26= 0.02°. The
computer program X-fit [18] was used for diffraction profile refinement under the
pseudoVoid function and for description of the diffractional background under the 3rd
degree Tchebyshev polynomial.

Simultaneous thermal analysis (STA, differential scanning calorimetry — DSC and
thermogravimetry — TG) was carried out on a Netzsch instrument STA 409 PC at the
heating rate of 15 °C/min. The temperature ranged from 30 °C up to 1000 °C in an
ambient atmosphere. The ceramic sample handlers and Pt-Rh crucibles were used.

IR spectra were carried out with a Perkin Elmer FT-IR system spectrum X spec-
trometer. The specimens were prepared by mixing 1 mg of a sample with 200 mg of
KBr. Spectral analysis was performed in the range of 4000-400 cm ', with the spectral
resolution of 1 cm .

The specific surface area of raw materials was determined by Blaine’s method with an
air permeability apparatus (Model 7201, Toni Technik Baustoffprufsysteme GmbH).

3. Results and discussions

Water vapour adsorption by gyrolite was studied in function of the partial pres-
sure of water vapour in the air. The latter parameter was controlled by changing the
concentration of sulfuric acid in H,SO4~H,0 solutions (Table 2). The equilibrium

quantity of water vapour (ZX;IZo) adsorbed on gyrolite was estimated from desorp-
tion termograms (Fig. 1). We can see from Fig. 1 that the largest change of mass (Am)

occurs in the temperature range 50—150 °C and is attributed to the desorption of free
water.
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Table 2. Dependence of adsorbed water vapour quantity on p/p, in the temperature range 50-200 °C [mg]

t[°C]
P/po
50 { 60 | 70 | 80 | 90 | 100 | 110|120 | 130|140 |150|160| 170 | 180 | 190 | 200
1.000 | 0.18 [0.27]0.480.83|1.45|2.53|4.21(6.22(8.11]9.26|9.57|9.80|/10.03{10.19]10.32(10.40
0.877 1 0.10 {0.19]0.37]|0.66|1.14|1.81|2.66(3.42(3.75(3.97|4.18|4.40| 4.61 | 4.78 | 4.91 | 5.02
0.753 | 0.10 {0.18]0.29]|0.4410.72|1.14|1.58 | 1.84{2.03|2.23|2.43|2.63| 2.80 | 2.92 | 2.95 | 3.04
0.560 | 0.10 {0.15]0.25]|0.43|0.80|1.07 |1.33 |1.51|1.66|1.81|1.96|2.12| 2.26 | 2.37 | 2.46 | 2.55
0.355 1 0.05{0.09|0.16/0.30|0.48|0.67|0.86(1.02|1.18[1.34|1.48|1.65| 1.85 | 1.98 | 2.11 | 2.23
0.000 | 0.11 {0.13]0.17]0.23]0.33|0.45|0.63(0.76{0.87[0.98|1.14|1.31| 1.50 | 1.65 | 1.81 | 1.96
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Fig. 1. TG (1) and DSC (2) curves of gyrolite at the p/pyratio:
a) 1,b) 0.877, ¢) 0.753, d) 0.56, e) 0.355, f) reference sample
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It should be emphasized that the value of ZX;{ZO changes most significantly, i.e.

increases from 0.18 to 10.40 mg, when the p/p, ratio is equal to 1.0 (saturated water
vapour) in the temperature range 50-200 °C (Fig. 2).

Am [mg/mg]
(=2}

0 L 'l 1 1
50 80 110 140 170 200
trel

Fig. 2. Increment of the quantity of adsorbed water vapour on gyrolite surface
at the p/pg ratio equal to 1.0 in the temperature range 50-200 °C

Experimental data and the theoretical hypothesis were also confirmed by thermo-
dynamic calculations. It was determined that the thermal effect of water vapour de-
sorption on gyrolite structure is close to the steam-heat of water vapour at a tempera-
ture up to 150 °C (Fig. 3). This part of adsorption of water vapour can be described by
a physical adsorption model: no strong bands are formed and the adsorbed water is
equilibrated. In this case, the humidity at a certain temperature has no influence on the
amount of adsorbed water. However, at a low temperatures the amount of adsorbed
water is related to a change of humidity (Fig. 4).

25
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AH [J/img]
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Fig. 3. Calculated isotherm (1) by steam-heat of H,O vapour and measured isotherm (2)
by desorption of H,O vapour on gyrolite surface in the temperature range 50-150 °C
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Fig. 4. DTG curves of gyrolite at the p/py: 1 — 1,2 —0.877,
3-0.753,4-0.56, 5 —-0.355, 6 — reference sample

Moreover, a small variation of Am was determined at 175 °C (Fig. 4). It should be
emphasized that this adsorbed water is not balanced with the content of H,O vapour in
the gyrolite environment, and remains almost the same in all ranges of p/p,. Thus, in
this case the influence of the p/p, ratio on the adsorption process is negligible (Fig. 4,
endothermic peak at 175 °C). This fact means that only a small quantity of adsorbed
water is chemisorbed.

FT-IR spectroscopy is very well suited for investigating structural properties of
adsorbed or chemisorbed water. Figure 5 presents FT-IR spectra of gyrolite samples,
saturated (60 h) with water vapour at different p/p, ratios.
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Fig. 5. FT-IR spectra of gyrolite at the p/p,ratio:
1 —reference sample, 2 — 0.355,3 - 0.56,4 - 0.753,5—-0.877,6 — 1

It should be noted that the intensity of bands near 3637, 3450 and 1634 cm ' does
not depend on the p/p,ratio. Thus, chemisorption bands may appear only during syn-
thesis at high temperatures. Besides, a sharp band near 3637 cm ™' proves that clearly
distinguished OH positions exist in the structure of gyrolite, the OH groups being con-
nected only with Ca atoms and not influenced by hydrogen bridge links. A wide band
near 3450 cm ' means the opposite — molecular water forms hydrogen bridge links in
the interlayers. The bands in the 1634 cm' frequency range are assigned to &H,O)
vibrations, and confirm this presumption (it can be assigned to chemisorbed water).
The intensity of absorption bands near 873 and 1442 cm™' significantly increases dur-
ing the adsorption process. Thus, analysis of absorption band profiles leaves us to
conclude that water vapour was adsorbed close to the physical adsorption model. It
should be underlined that chemisorption bands in the gyrolite structure can be created
only during synthesis at a high temperature. The obtained experimental data on the
stability of gyrolite structure at a low temperature (—197 °C) are summarized in Fig. 6.
The results of XRD studies confirmed that adsorbed water has no influence on the
structure of gyrolite crystal lattice, because the intensity and profile of the main peak
with d spacing — 2.2 nm of gyrolite remains essentially unchanged. Moreover, in the
X-ray diffraction pattern there were peaks determined having the d spacing 1.1262,
0.8371, 0.4197, 0.3732, 0.3511, 0.2803, 0.2141 nm, which are also typical of gyrolite

(Fig. 6).
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Fig. 6. X-ray diffraction patterns of gyrolite samples saturated (60 h) with water vapour,
frozen in liquid nitrogen (—197 °C) for 15 min each and heated to room temperature (20 °C)
at p/py: 1 — pure sample, 2 —0.355,3 - 0.56,4—-0.753,5-0.877,6 — 1,

7 — references sample, G — gyrolite

Thus, our research has shown that gyrolite can easily adsorb water vapour by the
physical adsorption. The adsorption has no influence on the structure of gyrolite at
liquid nitrogen temperature. It should be emphasized that this part of water is balanced
with the content of H,O vapour in the gyrolite environment, and its variation depends
upon the p/pyratio. The obtained data explain why many authors [19] indicate differ-
ent chemical formulas of gyrolite with an unlimited content of water.

5. Conclusions
The equilibrium quantity of water adsorbed on gyrolite structure increases when

the p/p, ratio of relative pressure of water vapour varies from 0.355 to 1.0. It was de-
termined that the thermal effect of desorption is close to the steam-heat of water va-
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pour. This part of water vapour adsorption can be described by the physical adsorption
model.

It was observed that only a small quantity of water vapour is chemisorbed, and
this water is not balanced with the content of H,O vapour in the gyrolite environment:
it remains almost constant throughout the p/pyrange. Bands due to chemisorbed water
in the gyrolite structure can be created only during hydrothermal treatment.

It was found that the crystal structure of gyrolite is stable under conditions of ex-
treme cold (especially if in liquid nitrogen), and its stability does not depend on the
quantity of adsorbed water.
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Electrochemical synthesis of polypyrrole films (PPy) on aluminum surfaces from oxalic acid aque-
ous solutions was performed using the cyclic voltammetry and galvanostatic technique. SEM micrographs
of aluminum surfaces coated with PPy films showed that the galvanostatically deposited films were more
homogeneous than those deposited by cyclic voltammetry. The presence of bands at 1170 and 1630 cm™
in the FTIR spectra of the PPy films indicate that the films are overoxidised. The corrosion protection of
aluminum surfaces coated with polypyrrole films was investigated by potentiodynamic polarization
curves and electrochemical impedance spectroscopy in a chloride medium. A poor corrosion protection
performance of the PPy films was observed and it was associated with the overoxidation process, result-
ing in defects and pores along the polymeric chain that allows penetration of corrosive species.
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1. Introduction

Polypyrrole (PPy) is a material extensively investigated because of its high con-
ductivity, environmental stability, wide range of applications such as membranes,
sensors, batteries, anti-corrosion films, etc. [1—4]. Polymeric films can be synthesized
from aqueous or organic media by chemical and electrochemical methods. Electro-
chemical synthesis is more advantageous, since the coating properties (thickness, con-
ductivity and adherence) can be controlled by varying parameters such as current den-
sity, monomer concentration, electrolyte solution nature and pH [5-8].

Various research groups reported the electrodeposition of PPy on aluminum sur-
faces in various electrolytes such as sulfuric acid, sulphonates, sulfosuccinate, saccha-
rin and nitric acid [9-13]. The formation of an AI/Al,O;/PPy sandwich structure dur-
ing the PPy electrodeposition has been suggested. Since the PPy films are deposited
onto aluminum oxide, the nature of this layer (porous or compact) influences the elec-
trodeposition process [10, 14, 15]. This mechanism suggests that pores and defects on
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aluminum oxide should act as active growth sites of the PPy film, and therefore
a compact layer should hinder charge transfer reactions, inhibiting the monomer oxi-
dation and consequently the PPy growth.

In the previous work, the authors showed that the formation of adherent and ho-
mogeneous PPy films on aluminum surfaces from aqueous solutions containing pyr-
role and tartrate depends on the synthesis parameters such as the pH, monomer con-
centration, and the current density [16]. Even though oxalic acid medium has been
studied for depositing polypyrrole on aluminum substrates [17-20], the corrosion pro-
tection of aluminum surfaces coated with PPy films have been little investigated.

In this work the influence of the conditions of synthesis on the properties of the
PPy films deposited on 99.89 % wt. aluminum from aqueous solution containing ox-
alic acid was investigated. Additionally, the corrosion behaviour of aluminum surfaces
coated with PPy films was investigated by potentiodynamic polarization and electro-
chemical impedance spectroscopy.

2. Experimental

Pyrrole (Merck) was distilled prior to use, and the electrolytes, oxalic acid (Baker)
and sodium chloride (Reagen) were used as received. The electrochemical experi-
ments were performed at room temperature in a one-compartment cell containing three
electrodes. The working electrode was 99.89 wt. % aluminum, inlaid on Teflon®, with
a disc shape exposed area of 0.53 cm’. The reference electrode was a saturated
Ag|AgCl, CI electrode and the auxiliary electrode was a platinum wire. The solutions
of electrolytes were prepared by dissolving 0.2 mol-dm oxalic acid and 0.5 mol-dm
pyrrole in distilled water (pH = 0.8). The aluminum surfaces were polished with abra-
sive paper (220, 400, 600 and 1200 grits) and rinsed with distilled water before each
electrochemical experiment. The PPy electrodeposition was carried out by cyclic volt-
ammetry by scanning the potential between —1.0 and 2.0 V vs. Ag/AgCl at a sweep
rate of 5.0 mV-s ™. The PPy film growth was also performed using the galvanostatic
technique, namely by applying current densities ranging between 1.0 and 10.0 mA-cm > to
the working electrode. The morphology of aluminum surfaces polished and coated
with PPy films was analyzed using a Jeol JXA-840A scanning electron microscope
(SEM). The micrographs were obtained using an electron beam of 15 keV.

FTIR was used to analyze the composition of the PPy films. The spectra were ob-
tained using a spectrometer model Spectrum-2000 (Perkin Elmer) in the range of
4000—400 cm ', with 4 cm™' resolution, 40 scans, at 25 °C. KBr pellets were prepared
with solid oxalic acid and with the PPy films removed from aluminum surfaces. The
corrosion resistance of aluminum surfaces, polished and coated with PPy films, was
investigated using the potentiodynamic polarization technique and electrochemical
impedance spectroscopy. The surfaces were exposed to unstirred 0.1 mol-dm > NaCl
aqueous solution (pH = 5.9) open to the atmosphere.
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The polarization curves were obtained starting from the open circuit potential
(OCP) and varying the potential up to 400 mV in one set of experiments (anodic
branch of the Tafel plot) and varying it down to —400 mV in another set of experi-
ments (cathodic branch of the Tafel plot). The potential scan rate was 5 mV-s '. The
corrosion potential £, and the corrosion current densitiy j.., were obtained from the
Tafel plots. The E.is the potential at which the current density is zero. The j,, was ex-
trapolated from linear parts of the anodic and cathodic branches of the Tafel plots [21].

The impedance spectra were obtained over the frequency range 100 kHz—10 mHz,
with acquisition of 10 points per decade, at an open circuit potential with AC excita-
tion of 10 mV. A potentiostat/galvanostat model PGSTAT30 from Autolab, controlled
by an USB-IF030 interface and by the FRA.EXE software both installed in a PC com-
puter, was used to perform these experiments. The EQUIVCRT software developed by
the Boukamp group [22] was used to determine the parameters related to the electrical
equivalent circuits utilized to describe the electrochemical process occurring on each
surface exposed to the aqueous solution containing chloride.

3. Results and discussion
3.1. Electrodeposition of PPy films by cyclic voltammetry

Figure 1 shows the results of the first cycle for the cyclic voltammetry experi-
ments performed in the electrodeposition investigation of PPy from 0.2 mol-dm > ox-
alic acid solutions (pH 0.8) and varying the pyrrole concentration between 0.1 and 0.8
mol-dm™. The curves were obtained by varying the potential from -1.0 to 2.0 V and
back to -1.0 V at a sweep rate of 5mV s .
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Fig. 1. Voltammetric profiles (first cycle) of PPy growth in 0.2 mol-dm™ oxalic acid medium
and pyrrole concentrations of: 1 —0.8,2-0.5,3-0.2and 4 - 0.1 mol-dm™; sweep rate 5 mV-s™!
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When the monomer concentration was 0.1 mol-dm™, the aluminum surface was
not completely covered by the polymer. At 0.2 mol-dm pyrrole, a homogeneous PPy
film was electrodeposited on aluminum. The results in Fig. 1 also show that the poten-
tial at which the electropolymerization commences to decrease slightly with increasing
monomer concentration. This behaviour may be associated with the diffusion process
of pyrrole on the electrode surface which increases with the monomer concentration
[5]- The higher the monomer concentration is, the faster the oxidation reaction of pyr-
role at the interface aluminum/electrolyte solution, and the lower the potential at
which the electropolymerization starts.
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Fig. 2. Successive potentiodynamic growth of polypyrrole on aluminum
electrode from aqueous solution containing 0.2 mol-dm™
oxalic acid + 0.5 mol-dm > pyrrole, pH = 0.8 at the scan rate of 20 mV-s ™!

Figure 2 shows the cyclic voltammograms for the first and fifth cycles. The sweep
rate of 20 mV-s ' was used in this experiment. The current densities associated with the
PPy growth decrease with the number of cycles. This behaviour differs from that re-
ported in the literature for the growth of PPy coatings on AA2024 alloy from oxalic
acid, where an increase of the current density was observed with the increase of number
of cycles [19]. The behaviour observed in this work was ascribed to the overoxidation
process resulting in an increase in the resistance of the coating due to a structural
changes of the polymeric chains. This is an irreversible process that results in the short-
ening of the polymer chain length and/or formation of defects and pores along the PPy
chain [23].

3.2. Galvanostatic deposition of polypyrrole films

PPy films were also deposited on aluminum surfaces by chronopotentiometry.
Figure 3 shows some time dependences of potential obtained for PPy deposition from
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aqueous solutions containing 0.2 mol-dm oxalic acid and 0.5 mol-dm pyrrole, pH
= 0.8 and varying the current densities between 1.0 and 10.0 mA-cm °.
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Fig. 3. Time dependences of potential curves for PPy electrodeposition
from 0.2 mol-dm™ oxalic acid + 0.5 mol-dm™ pyrrole. The applied current
densities (mA-cm’z): 1-10;2-5;3-25and4-1.0

At the current density of 1.0 mA-cm >, the PPy film does not uniformly cover the
entire aluminum surface. At 2.5 mA-cm >, the PPy film is homogeneous and the poten-
tial stabilizes at 0.8 V vs. Ag/AgCl and remains constant even after about 2 h after
switching on the current. This result is in accordance with that observed in cyclic volt-
ammetry, which showed that the PPy growth commences at 0.79 V vs. Ag/AgCl
(curve 2 in Fig. 1). Films easily peeled off from the aluminum surfaces when the cur-
rent densities higher than 2.5 mA-cm > were applied. This phenomenon has been ob-
served for PPy films galvanostatically formed using high current densities, and might
be associated with the occurrence of side reactions, induced by the high current den-
sity, which may result in short chain length or lead to formation of defects along the
polymer chain [5]. Increasing the current densities results in a shift of the working
potential to more positive values and in an increase of the thickness of the PPy films
accompanied by a decrease in their adherence.

3.3. Morphology of PPy films, SEM micrographs

The morphology of aluminum surfaces coated with PPy films was investigated by
SEM. The polymeric films were deposited on aluminum electrodes from 0.2 mol-dm™
oxalic acid + 0.5 mol-dm™ pyrrole aqueous solutions (pH = 0.8) by cyclic voltam-
metry (first cycle) at a sweep rate of 5 mV-s' and galvanostatically at 2.5 and 10
mA-cm ” using the same deposition charge: 9.10* C-m . Figure 4 shows these micro-
graphs.
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Fig. 4. SEM of aluminum surfaces coated with
PPy films deposited potentiodynamically at
5mV-s™ (a), galvanostatically at 2.5 mA-cm™ (b)

— a and (c) 10 mA-cm™

PPy films formed by cyclic voltammetry are less uniform than those deposited
galvanostatically. The latter films are more homogeneous and present a cauliflower-
like structure consisting of micro-spherical grains. It has been reported that this cauli-
flower structure is related to a difficult dopant intercalation in the disordered poly-
meric chain [24]. PPy films formed at higher current densities (10 mA-cm °) exhibited
smaller sized cauliflower-structures, with larger voids between them compared to the
films formed at 2.5 mA-cm . The morphological differences between the films can be
explained by side reactions which result in a short chain length, and/or lead to the
formation of defects along the polymeric chain.

3.4. Fourier transform infrared (FTIR) spectra

FTIR analyses were used to investigate the composition of the PPy films removed
from the aluminum surfaces. Figure 5 shows the FTIR spectra for oxalic acid (curve a)
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and for the films formed. The PPy films were formed from 0.2 mol-dm > oxalic acid +
0.5 mol-dm pyrrole containing aqueous solutions, pH = 0.8, by cyclic voltammetry
(curve b), by varying the potential from —1.0 to 2.0 V and back to —1.0 V at the sweep
rate of 5 mV-s ' and galvanostatically, using the same amount of charge and current
densities of 2.5 (curve ¢) and 10 mA-cm > (curve d).
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Fig. 5. FTIR spectra of: oxalic acid (a) and PPy films electrodeposited from
aqueous solutions containing 0.2 mol-dm™ oxalic acid + 0.5 mol-dm™ pyrrole by cyclic
voltammetry at 5 mV-s(b), galvanostatically at 2.5 (¢) and 10 mA-cm 4(d)

The absorption bands at 1170 and 1630 cm ' in the FTIR spectra of PPy films
(marked with arrows in Fig. 5) have been attributed to the bipolaronic species and
carbonyl groups that are formed in the overoxidation process of the PPy [25, 26].

The intense absorption band of the carboxyl group of oxalic acid (at 1700 cm ™)
was not observed in the PPy films FTIR spectra. As suggested in the above reaction,
overoxidised PPy should not contain significant amounts of oxalic acid.

These results differ from those for PPy films deposited at 2.5 mA-cm in tartaric
acid-containing medium. For films formed from solutions containing tartaric acid, an
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intense band was observed at 1700 cm ™' in the FTIR spectrum, indicating that the tar-
taric acid had been incorporated into the film, and the bands at 1170 and 1630 cm'
have not been observed in the FTIR spectra of the films [16]. This behaviour suggests
that the PPy films formed in oxalic acid are more susceptible to the overoxidation
process than those formed in tartaric acid.

The results presented in this work also differ from those reported in the literature
for PPy films deposited on mild steel from an oxalic acid medium where the presence
of an intense band at 1730 cm ' in the FTIR spectrum was attributed to the doping
process [27].

3.5. Corrosion tests

Figure 6 presents the potentiodynamic polarization curves obtained in 0.1 mol-dm™
NaCl aqueous solutions (pH = 5.9) for uncoated aluminum surfaces and for those
coated with PPy films galvanostatically electrodeposited at 2.5 and 10.0 mA-cm*
from aqueous solutions containing pyrrole and oxalic acid, pH = 0.8.
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E [V/Ag, AgCl, CI']
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Fig. 6. Polarization curves at 5 mV-s™' in aqueous solution 0.1 mol-dm™ NaCl

(pH = 5.9) for polished aluminum surface: 1 — uncoated; and coated with PPy films
galvanostatically deposited at: 2 — 10 mA-cm™ and 3 — 2.5 mA-cm™>

Table 1 shows the electrochemical parameters obtained from the polarization
curves presented in Fig. 6. The corrosion current densities (f.or) Of the aluminum sur-
faces coated with PPy films were higher than those observed for uncoated aluminum
surfaces. These results suggest that the PPy films formed in oxalic acid do not protect
aluminum surfaces against corrosion.

The PPy coating does not act as a barrier; it does not prevent oxygen and chloride
diffusion due to the permeability of the coating. Furthermore, the incorporation of the
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chloride ions into the polymer could cause depassivation of the substrate and conse-
quently the corrosion attack.

Table 1. Electrochemical parameters obtained by potentiodynamic polarization curves in NaCl solutions

Time to reach the

. . : E j
Aluminum surfaces OCP in the chloride o _ e,
medium [h] [V/Ag, AgCL CI'] | [mA-cm ]

Uncoated 48 -0.93 0.0023

Coated with PPy films deposited
atpH=0.8 and j = 10 mA-cm™
Coated with PPy films deposited

atpH=0.8 and j = 2.5 mA-cm™ 24 046 0.024

24 —0.67 0.019

Figure 6 shows that the cathodic current densities were higher for the aluminum
surfaces coated with PPy than for the uncoated ones. Similar results have been re-
ported in the literature; they have been associated with the reduction of the polymeric
matrix, which contributes to an increase in the cathodic currents [28, 29]. A higher
overoxidation degree of the PPy films formed at 10.0 mA-cm > would explain the
lower cathodic current densities observed for that surface.

Electrochemical impedance spectroscopy (EIS) was also used to analyze the cor-
rosion of the aluminum surfaces coated with PPy films. Figure 7 presents the Bode
plots obtained for aluminum surfaces just polished and coated with PPy film deposited
galvanostatically at 2.5 and 10.0 mA-cm > (maintaining the same deposition charge in
0.1 M NaCl aqueous solution, pH = 5.9).
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Fig. 7. Bode plot of: aluminum surfaces uncoated (triangles) and coated with
PPy films deposited galvanostatically at 2.5 (circles) and 10.0 mA-cm™ (boxes)

In the Bode plot, the ohmic resistance of the electrolytic solution is represented by
a high-frequency plateau, while the low-frequency region can give information about
the charge transfer resistance (R,.) and film resistance (R;). The impedance of uncoated
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aluminum surfaces is similar to that of surfaces coated with PPy film deposited at
2.5 mA-cm . This result confirms the poor performance of PPy film in protecting the
aluminum surface against corrosion and it is in accordance with the polarization re-
sults presented in Fig. 6. Furthermore, it was observed that the impedance values for
the aluminum surfaces coated with PPy film deposited at 2.5 mA-cm * are higher than
those observed for the surfaces coated with film deposited at 10.0 mA-cm . This re-
sult demonstrates the worst corrosion protection afforded by PPy of the films gal-
vanostatically deposited from oxalic acid containing aqueous solutions at higher cur-
rent densities (10 mA-cm .

C,
| C,
Q;
R, —
b R,
R, LAMAN— W
Rs

Fig. 8. Equivalent electric circuit model proposed to simulate
the electrochemical behaviour of uncoated aluminum surface exposed to
chloride medium (see the text for further discussion)

Figure 8 shows the equivalent electric circuit used to simulate the impedance spec-
trum of the aluminum surface without PPy film. In this model, R, represents the elec-
trolyte solution resistance; C, and R, represent the capacitance and the resistance of
the wall pores on the defective aluminum oxide layer; O, and R; denote the double
layer constant phase element and charge transfer resistance, and W is the Warburg
impedance that measures the resistance of the electroactive species to move from the
corroding surface to the bulk of the electrolyte, and vice versa. C, and R4represent the
capacitance and resistance of the barrier oxide layer. The constant phase element Q
can be interpreted as a deviation of the double layer from an ideal behaviour. This
deviation is associated with surface roughness, porosity, mass transport or the pres-
ence of a defective oxide film [30-32]. The constant phase element Q is defined by

Zy= (C(/.w)nyl

where C is the capacitance of an ideal capacitor. The number n, 0 < n < 1, represents the
deviation of the ideal capacitance behaviour (n = 1 represents an ideal capacitor),
Jj=(=1)"? and wis the angular frequency of the AC voltage applied in the electrolyte cell.
Figure 9 presents a comparison between the experimental results (empty circles
and plus symbols) and the results of the simulation performed with the proposed
equivalent electrical circuit (solid line). It indicates that the model may be used to
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explain the behaviour of the aluminum surface exposed to the chloride medium. Table
2 shows the simulated parameter values.
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Fig. 9. Bode plot of the aluminum surface without PPy film. An equivalent
electric circuit represented by R;(C[R,(Q;[R;W])]) (CoRy) in Boukamp
notation was used to simulate the experimental results

Table 2. Electrochemical parameters obtained by simulation of the EIS results
of the aluminum surfaces without PPy films and exposed to chloride medium

C Ry 0O n R3= R w G R4
2.2pF | 3.0kQ 7.1-10’2;1F 091 | 12.1kQ | 2.77 | 31.1 puF | 6.8Q

ﬂ Q
—

1 — R4

R, Ly

Fig. 10. Equivalent electric circuit model proposed to simulate
the electrochemical behaviour of the aluminum surface coated with PPy films

The equivalent electric circuit shown in Fig. 10 was used to simulate the imped-
ance spectra of the aluminum surface coated with the PPy films. In this model R,
represents the electrolyte solution resistance; C; and R, represent the capacitance and
the resistance of the pores wall of the polymer; C, and R; represent the capacitance
and the resistance of the PPy film. Q; and R4, respectively, denote the double layer
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constant phase element and the charge transfer resistance in the interface metal/oxide,
respectively.

5.0 80
45 R
L 60
4.04 I
F50 =
= 3.5 -
N I b
S 3.0 L30 £
251 L 20
55 L 10
Lo
15 : . : :
4 -2 0 2 4 6

logf [Hz]

Fig. 11. Bode plot of the aluminum surface coated with PPy film deposited
at 2.5 mA-cm . An equivalent electric circuit represented by R;(C;[Ro(C,R3)]) (Q1R4)
in Boukamp notation was used to simulate the experimental results

Figure 11 shows the comparison between experimental data (empty circles and
plus symbols) and simulated (solid line) impedance results for aluminum surface
coated with PPy film deposited at 2.5 mA-cm . This result shows that the proposed
model explains the behaviour of the aluminum surface coated with PPy films in chlo-
ride medium. Table 3 shows the values of simulated parameters for aluminum surfaces
coated with PPy films electrodeposited at 2. 5 and 10 mA-cm ~.

Table 3. Electrochemical parameters obtained by simulation of the EIS results
of the aluminum surfaces coated with PPy films and exposed to chloride medium.

Electrochemical | Aluminum surface coated with PPy | Aluminum surface coated with

parameter deposited at 2.5 mA-cm™ PPy deposited at 10.0 mA-cm™
R [Q] 529 529
C, [pF] 16.7 10.5
R, [kQ] 6.9 3.9
C, [mF] 3.9 9.6
Ry [kQ] 2.2 3.9
0 [uF] 1.76 0.43
n 0.62 0.71
R;= R, [kQ] 13.6 1.09

The R, values attributed to resistance of PPy pores are higher for films deposited at
2.5 mA-cm  than for those formed at 10.0 mA-cm . This parameter is associated with
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defects along the polymeric chain. The smaller the R, value is, the higher is the num-
ber of defects on the coating.

The R;values attributed to the resistance into PPy are higher for the film deposited
at 10.0 mA-cm* than for the film formed at 2.5 mA-cm . A higher overoxidation
degree for the films formed at 10 mA-cm > can explain the smaller contribution of
reactions on the polymeric matrix. Furthermore, the capacitance of the polymer C,
was smaller for the film deposited at 2.5 mA-cm > than for the film formed at 10.0
mA-cm °. The higher porosity of the latter films, as observed in the SEM micrographs
in Fig. 4, explains the higher capacitance observed for this coating.

It was also observed that aluminum surfaces coated with PPy films deposited at
2.5 mA-cm * showed a smaller charge transfer resistance value R, than that observed
for surfaces with PPy films deposited at 10.0 mA-cm >. The presence of larger voids in
the film deposited at 10.0 mA-cm* (Fig. 4(c)) allows the penetration of aggressive
ions (chloride) that assists the corrosion process.

Moreover, by comparing the charge transfer resistance values of the uncoated alumi-
num surfaces with those coated with PPy film, one can confirm the poor performance of
PPy film studied in this work to protect aluminum surfaces against corrosion.

4. Conclusions

Films formed by the cyclic voltammetry are much less compact and uniform than
those formed galvanostatically. Moreover, films formed at higher current densities are
more susceptible to overoxidation than films formed at lower current densities, which
was demonstrated by a much smaller microspherical grain size and bigger voids among
the grains (SEM results) of PPy formed at higher current densities. This finding is also
supported by the FTIR results, which demonstrated that the absorption bands at 1170
and 1630 cm ' may be attributed to the overoxidation process of the PPy.

The polarization curves and impedance results showed that the PPy films pre-
sented in this work are not able to protect the aluminum surfaces against corrosion. It
was observed that the corrosion current densities of the aluminum surfaces coated with
PPy films were higher than those observed for uncoated surfaces. Furthermore, the
aluminum surfaces coated with PPy film showed impedance values lower than those
observed for the uncoated aluminum. Since higher values of impedance are associated
with a higher resistance to corrosion, these results suggest that the coated surfaces
present lower corrosion resistance than bare aluminum.

The overoxidation process results in pores and defects along the polymeric struc-
ture allowing the penetration of corrosive species and rendering the aluminium sur-
faces more susceptible to corrosion.
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A new model for the effect of grain size
on the elastic modulus of nanocrystalline materials

ALI SHAFIEI M. *

Department of Materials Science and Engineering,
Sharif University of Technology, P.O. Box 11365-9466, Tehran, Iran

A new model is developed for the structure of nanocrystalline materials. Based on the developed
model, a new approach for investigating the effect of grain size on the elastic moduli of nanocrystalline
materials is introduced. The predictions of the model are strongly correlated with the experimental results
reported in the existing literature.
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1. Introduction

The effect of grain size on the non-elastic properties of nanocrystalline materials
(NCMs) is quite well understood; however, the effect of grain size on the elastic prop-
erties of NCMs is still not known [1, 2]. Some experimental results indicate a decrease
in Young’s modulus with a decreasing grain size, although some other results show
almost no grain size effect [3]. In order to investigate the effects of grain size on the
elastic modulus of NCMs, some investigators treated NCMs as composite materials
with a grain interior phase and inter-grain phase (sometimes including grain bounda-
ries, triple lines, and quadruple nodes) [3, 4]. Moreover, molecular dynamics simula-
tions (MDS) have also been successfully used to investigate the effect of grain size on
the elastic properties of NCMs [1]. Nevertheless, it seems that to investigate the effect
of grain size on the elastic properties on NCMs, an accurate concept of the structure of
NCMs is needed. Thus, the main aim of this work is an attempt to introduce a new
approach to model the structure of NCMs. It is assumed that a nanocrystalline struc-
ture could be considered as a layered composite. This can be considered as a novel
approach to model the structure of nanocrystalline materials. Moreover, by using this
model, a new relation between the grain size and elastic modulus of NCMs is intro-
duced.

*Corresponding author, e-mail: alishland@yahoo.com
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2. Model

The concept of NCMs was put forth by Gleiter [5, 6]. In Figure 1 (left) the concept
of an NCM structure is schematically shown. Generally, the structure of NCMs can be
divided into two parts: grain core and grain-boundary layers. Figure 1 (right) shows
how the relative proportions of these two regions vary with the grain size. The impor-
tant point is that as the grain size decreases into the nanocrystalline region, the grain-
boundary layers dominate the structure of NCMs [7].

1.0

gb f

0.6

0.4

0.2

d [nm]

Fig. 1. A simple two-dimensional model of nanocrystalline materials (left).
The atoms in the bulk of the grains are indicated in black. The atoms in the grain boundaries
are represented as open circles [5]. The volume fraction of grain-boundary layer (fg)
and the volume fraction of crystalline grain (f;) versus the grain size (d)

According to the conceptual model of NCM structure, as given above, it can be
assumed that grain boundaries are like thin layers which bind and fix the nanometer
grains. This assumption is more convincing when we consider a considerably high
volume fraction of grain boundaries as the grain size decreases into the nanocrystalline
region. Our model is based on this assumption. The structure of NCMs can be consid-
ered as follows (Fig. 2):

fw

00T -

NN jinsizedd * layer B

O @ @® @ e

Fig. 2. Models of NCM : I — a simple two-dimensional model,
II — model considering grain boundary layers as thin layers which bind and fix
the nanometer grains, III — a simple model of the structure of NCMs
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We consider NCMs as laminated composites with the following layers (Fig. 2 (III)):
Layer A which is a grain-boundary layer with width equal to w (grain-boundary width);
layer B which is treated as a fibre-composite layer where the matrix consists of grain-
boundary layers, and fibres are grain cores; the width of layer B is equal to d-w (d — 2w/2).
The model presented in Fig. 2 (III) enables one to predict elastic moduli of NCMs.

3. Elastic modulus

According to Fig. 2 (IIT) and by applying the laws of classical mechanics to the
laminated composite, Young’s modulus of NCMs can be evaluated under the assump-
tion that the nanocrystalline bulk is subject to a tensile stress acting in a direction per-
pendicular to layer A:

1_ Ja + Ju (1)
E E, E,

where E, E, and Ep are Young’s modulus of the bulk, layer A and layer B, respec-
tively, and f; and f; are the volume fractions of layers A and layer B, respectively;

Figure 2 (III) shows that £, and fz can be expressed as follows:

w w d—w d—w

I a—w T T T T aw d

2)

Figure 2 (III) shows that E, is equal to Eg, (Young’s modulus of grain-boundary
layers) where Ep can be calculated from Eq. (3), assuming that the nanocrystalline
bulk and layer B are subject to tensile forces acting in a direction perpendicular to
layer B (Fig. 2)

Ey=fuEy + frE: (3)

fu denotes the volume fraction of matrix (grain-boundary layers) in layer A and fr
denotes the volume fraction of fibres (grain cores) in layer A; E), is Young’s modulus
of the matrix in layer A which is equal to E,;; Erin Eq. (3) shows Young’s modulus of
fibres in layer A which is equal to £, (Young’s modulus of grain cores). According to
Fig. 3, the values of f),and f,.5 can be calculated by the following relations:

w
f= 2E(d_w) y; _wxd—w_w(d—w)
v 2y W PTdT 4 &
(d =) +2x 2 x(d =) "
o _ (d-w)’ a’—w:(af—w)2
fo=0=Fus i I

(d - w) +2x%><(d—w)
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Id-w
grain size, d «— -

Fig. 3. Scheme of the layer B as used for calculating f,;.5 and f,.5

Therefore the values of Young’s moduli of nanocrystalline materials can be calcu-
lated by substituting Egs. (2)—(4) into Eq. (1):

w d—w
%:f%+ ww—wﬁ (d—w) )
R
or
g d
1
E:fi+gm+@m—m ©

The important point about Eq. (6) is that it models the change of E with grain size.
Equation (7) represents Eq. (6) where E is normalized to E, (or E,) for the perfect
crystal lattice

w
E, d n d (7)

E, E
— 8yt (d - w)
E, E

0

E_

o

It is generally accepted that the elastic modulus of the amorphous alloy is 60—75%
or 70-80% of that of the corresponding equilibrium crystalline alloys [8, 9]. So the
ratio Eg/E, 1s about 0.7. A similar ratio for E,/E, is also assumed in previous works
[1-4]. The change of E with grain size has also been modelled by Shen et al. [10] as-
suming that the modulus is influenced by the grain interior, grain boundary, and grain
boundary triple junctions. Different contributions to Young’s modulus are estimated
according to the rule of mixtures for composite materials by considering their volume
fractions. Equations (8) and (9) represent the upper and lower bounds of the rule of
mixtures, where E is normalized to the E, for a perfect crystal lattice.

E E,
(S A AT A ®)

0 0 0
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EO Vb V;

2 =(1-V,-V)+=+—-L 9

E ( gb tj) Egh Etj ()
E E

0

Ve and Vy; are the volume fractions of the grain boundaries and triple junctions respec-
tively; moreover, Shen et al. assumed E,/E, to be 0.7 and E,/E, to be 0.75. Figure 4
depicts the comparison between Eq. (7), Egs. (8) and (9) and the experimental data.
Figure 4 shows the calculated values of E/E, according to Eg/E, = 0.7 and w =1 nm.

mssssassassss Upper bound (Eg. (8))
lower bound (Eq. (9))

0.7
. model (Eq. (7))

A Bonettietal. (Fe)

b5 B Latapie et al. (MDS, Fe)

' €  Sanders et al. (Pd, 2% porosity)

@®  Sanders et al (Cu, 1.2% porosity)

05 T L T T

0 20 40 60 80 100

d [nm]

Fig. 4. Dependence of the E/E| ratio on the grain size
for calculated values and previous works

From Figure 4 it can be concluded that elastic moduli of NCMs are essentially the
same as those for conventional grain size materials until the grain size becomes very
small (< 20 nm). Because grain boundaries occupy a larger fraction of the total vol-
ume in samples with smaller grain sizes, the decrease in £/E, could be attributed to the
large number of atoms associated with grain boundaries and triple junctions. Since the
elastic modulus is a measure of the bonding between the atoms, the reduction of £ for
both grain boundaries and NCMs can be explained in terms of the increased spacing
between atoms in the grain boundaries and triple junctions [1, 13, 14]. The increased
spacing between atoms in grain boundaries is schematically shown in Fig. 1 (left).
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From Fig. 4 it can be seen that there is a good agreement between the experimen-
tal data and the predictions of the model; however, the values predicted from the
model are lower than both those from the upper bond model and from the lower bond
model. Figure 4 also shows that both the upper bond model and the lower bond model
predict higher values than the experimental results. Latapie and Farkas assumed
Young’s modulus for the grain boundary and triple junction components to be 45%
and 50%,respectively, of those of the grain interior, i.e., 45% for E./E, and 50% for
E,/E, [1]. Using these values, the calculated data are situated between the upper and
lower bound of the rule of mixtures for composite materials [1]. When the grain size is
1 nm, E/Eyis 0.75 (Fig. 4), being equal to the assumed value for £,/E, However, ac-
cording to the presented model, E/E,is equal to 0.35 when the grain size 1 nm.

1.1

0.9 1

uf 0.8
w
D
|
]
0.7 7 1
I
: e} lower bound
0.6 -:
|
0.5 TW% T T T T
0 20 40 60 80 100

d [nm]
Fig. 5. The effect of grain boundary width on the ratio E/E,

As an illustration of the effect of grain boundary width on E, Fig. 5 shows the re-
sults of calculation using Eq. (7), with w in the range of 0.5-2 nm. It can be seen from
this figure that the higher the value of the grain boundary width, the lower the
modulus of elasticity. That is because higher grain boundary thicknesses increase the
value of f,;,. Therefore, the contribution of grain boundaries in the microstructure will
be greater, and, because of the lower amount of £, £ will decrease.

Theoretically, there is a limit to the presented model; according to Fig. 3, the
model is valid only for grain sizes (d) higher than grain boundary width (w). Another
limit to the developed model is the lowest limit of the crystallite size (d) which leads
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to the instability of the crystallite structure with respect to the amorphous structure.
Such a crystalline-to-amorphous transition has been found in silicon for a crystallite
size of about 30 A [15]. The thermodynamic criterion of such a transition has been
discussed elsewhere [15].

4. Conclusion

A new composite model for the structure of nanocrystalline materials was pre-
sented. It was supposed that nanocrystalline materials could be considered as layered
composites. Based on the model, a new approach to investigate the effect of grain size
on elastic moduli of nanocrystalline materials was introduced. Results show that when
the grain size is smaller than 20 nm, Young’s modulus of a nanocrystalline material
strongly decreases. The predictions of the model were compared with the experimental
data, and a strong correlation was observed.
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Improvement of LiCoQO, cathodes
by using Ag,V,0;; as an additive
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LiCo0O,/Ag,V,0,; composites were fabricated as cathode materials for lithium ion batteries by me-
chanical mixing of commercial LiCoO, and Ag,V,0;; powders. The underlying principle of this idea was
that the metallic silver particles were formed and acted as a conducting matrix when Ag,V,0;, cathode
was electrochemically reduced which could significantly increase the electronic conductivity and de-
crease the polarization of cathode materials. The structure, morphology and electrochemical performance
of bare LiCoO, and LiCoO,/Ag,V,0;; composites were analyzed by XRD, SEM and charge-discharge
test of CR2016 coin cells. The results show that a low amount of Ag,V,0;; additive can effectively en-
hance the discharge capacity and cycleability of LiCoO,. The composite containing 3 wt. % of Ag,V,01;
exhibits a higher discharge capacity and better cycle life than bare LiCoO,.

Key words: lithium-ion batteries; electrochemical performance; LiCoO,; Ag,V,0;; additive

1. Introduction

Layered LiCoO, oxide has been widely applied as cathode active material for Li
-ion batteries. Ease of preparation, excellent electrochemical properties and high tap
density make it the most commercially used cathode material. In the upcoming years,
LiCoO, will continue to maintain its leading position in terms of market share, despite
increasing research into alternative materials such as LiNi,Co;_,O,, LiNi,Mn,Co,_,,O,
and LiFePO, [1]. However, in general, the maximum delivery capacity of LiCoQ, is
around half of its theoretical value (274 mAh/g) due to a large structural change that
occurs during the Li" deintercalation process [2]. Therefore, how to increase the prac-
tical usable capacity of LiCoO, is a very important and exciting problem.

Nevertheless, the electronic conductivity of LiCoO, powder is low, and thus
LiCoO, must be well-combined with electro-conductive additives, such as carbon
black and acetylene black, for use as active cathode materials. Usually, the total

*Corresponding author, e-mail: caoxy@haut.edu.cn
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amount of carbon black and binder must be more than 15% of the total weight of the
electrode materials in order to maintain a good conductivity and a mechanical stability
of the cathodes [3]. On the other hand, use of excess electro-conductive additives will
incur a fall in the energy and power densities for lithium ion batteries. In order to re-
duce the inert weight of carbon black and improve the electrochemical performance of
the cathodes, use of electronically conducting matrices such as polymers, metallic
particles and metal fibres has been proposed [3—6].

More recently, Wen et al. [4] developed a novel method with AgNO; as a starting
material to prepare an LiCoO,/Ag composite cathode material for improving the dis-
charge properties such as discharge capacity and rate-capability. It is found that the
electronic conductivity of the LiCoO,/Ag composite is significantly enhanced com-
pared with bare LiCoO,, which contributes to a reduced charge-transfer resistance.
However, this method greatly suffers from its implementational complexity, because it
requires an extra thermal decomposition of the mixture of LiCoO, and AgNO; in order
to obtain the LiCoO,/Ag composite. It is well known that Ag,V,0,, is a very important
cathode material for lithium primary batteries, and that the Li-Ag,V,O1; battery system
has been used as a power source for implantable cardiac defibrillators (ICDs) [7]. With
regard to the discharge characteristics of Ag,V4O;; cathodes, it is widely acknowledged
that metallic silver particles are formed during early states of discharge [7]. However,
metallic silver cannot be completely oxidized to Ag”and returned to [V,40;,] layers when
an Ag,V,40y, cathode is recharged in terms of ex-situ XRD of cycled Ag,V,0y; electrode
[8]. Considering this fact, we developed a simple technique by mixing the commercial
LiCoO, and Ag,V,0,; powders and performing a particular charge-discharge regime for
improving the charge-discharge properties of LiCoO,. The structure, morphology and
electrochemical properties of bare LiCoO, and LiCoO,/Ag,V40O,, composites are analyzed
by XRD, SEM and a charge-discharge test of CR2016 coin cells.

2. Experimental

Commercial LiCoO, powder from Hunan Reshine New Material Co., Ltd, China,
was used as a bare material for the preparation of LiCoO,/Ag,V,0,; composites.
Ag,V,40,; and commercial LiCoO, powders at various weight ratios (3, 5 and 9 wt. %
of Ag,V,40;,) were homogeneously mixed by mechanical pestling in an agate mortar.
The samples were designated as LiCoO,/Ag,V40;;-3, LiCoO,/Ag,V40,;-5 and
LiCo0,/Ag,V40,;-9, respectively.

Ag,V,0,; powders were prepared by the rheological phase method, as described
previously [9]. Stoichiometric ratios of Ag,CO; and NH,VO; were mixed thoroughly
by grinding in an agate mortar. The solid-liquid rheological body (muddy state) was
obtained by adding distilled water dropwise. Then the rheological body was trans-
ferred to a cylindrical, Teflon-lined, stainless autoclave. The sealed autoclave was
heated in table-drying and air circulation oven at 90 °C for 5 h and then dried at
120 °C for 8 h. The resulting yellow precursor was obtained by grinding the air-dried
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rheological body. Finally, using an alumina crucible as container, the precursor was
heated in a muffle furnace (Nabertherm, N7/H) at 500 °C in air for 10 h to obtain the
final Ag,V,40,, powders.

X-ray diffraction (XRD) analysis of the materials was carried out on an XRD-Pert
Pro diffractometer (XPERT PRO MPD, Netherlands) with CoK, radiation
(A =1.78901 A). The morphological feature of the so-prepared powders was observed
on the SEM- JSM6380LA (JEOL, Japan). The working electrodes were composed of
the LiCoO,/Ag,V,0,, composite powders, acetylene black and polytetrafluoethylene
(PTFE) binder at the weight ratio of 80:10:10. The stainless-steel meshes were used as
the current collectors. The CR2016 coin cells were assembled with pure lithium foil as
counter electrodes, Celgard-2400 as the separator, 1 mol/dm’ LiClO, dissolved in
ethylene carbonate (EC) and dimethyl carbonate (DMC) solution (v/v, 1:1) as the elec-
trolyte. All the coin cells were assembled in a dry glove box and tested on a multi-
channel Neware-battery tester (Neware, Shenzhen) at the ambient temperature. The
operational capacity of Ag,V,40,;is mainly under 3 V but there is hardly any capacity
below 3 V for LiCoQ,. Therefore, the LiCoO,/Ag,V,0;; composite cathode was ini-
tially discharged down to a cut-off voltage of 2 V in order to obtain a large number of
metallic silver particles. Subsequently, a normal charge-discharge test was cycled at
the constant current rate of 30 mA/g (ca. 1.0 mA/cm?) in the range of 3-4.3 V.

3. Results and discussion

The XRD patterns of the commercial LiCoO, powder and the LiCoO,/Ag, V401,
composites are presented in Fig. 1. All the characteristic diffraction peaks of LiCoO,
have been marked with asterisks in Fig. 1, curve d, and correspond to a well-defined
hexagonal layered structure. Additionally, the characteristic diffraction peaks of
Ag, V40, powder are also found, though they are almost submerged by the baselines
of XRD patterns due to a relatively higher amplitude of the LiCoO, diffraction peaks.
The inset of Fig. 1d illustrates an expanded view of local XRD patterns of Ag,V,01;
in the range of 22—40° in 26. Obviously, Ag,V,0;; cannot be doped in the layered
structure of LiCoQO,, and the Ag,V,O,; containing specimen was just a composite of
the Ag,V,0;, and LiCoO, powders.

SEM micrographs of bare LiCoO, and LiCoO,/Ag,V40;, composites are shown in
Fig. 2. Bare LiCoO, in Fig. 2a clearly demonstrates the original particle shape of
LiCo00,, and its surface is smooth. Three composite samples in Figs. 2b—d reveal that
the particle shape of LiCoO, is not changed. Moreover, it is clearly observed that
Ag, V40, powders, as submicrometric particles, are highly dispersed on the surface of
the LiCoO, powders. The higher the Ag,V,O, content in the powder, the greater is the
surface coverage of LiCoO, by the Ag,V,O,, particles. The XRD and SEM results
confirm the assumption that the addition of Ag,V,0,, powder does not modify the
ordered layer structure of LiCoQO,.
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Fig. 1. XRD patterns of bare LiCoO, (a) and of LiCoO,/Ag,V,40,; composites
of various Ag,V,0, contents: 3 wt. % (b), 5 wt. % (c), 9 wt. % (d)

Fig. 2. SEM micrographs of bare LiCoO, (a) and of LiCoO,/Ag,V,40;, composites
of Ag,V,40,; contents: 3 wt. % (b), 5 wt. % (c), 9 wt. % (d)
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Fig. 3. Initial charge-discharge curves of bare LiCoO,
and of LiCo0O,/Ag,V,0;,; composites of various Ag,V,0;, contents

Figure 3 shows the initial charge-discharge curves of bare LiCoO, and of the
LiCo0,/Ag,V,0,; composites. From the curves, we can see that bare LiCoO, has an
initial discharge capacity of 134.5 mAh/g. However, for the LiCoO,/Ag,V,0,-3, Li-
Co0,/Ag,V40,;-5 and LiCoO,/Ag,V40,,-9 composites, the initial discharge capacities
are equal to 155.4, 152.1 and 153.3 mAh/g, respectively. The initial discharge capaci-
ties of the LiCoO,/Ag,V,0;; composites are increased in all cases compared with that
of bare LiCoO,. In addition, the discharge plateaus of the LiCoO,/Ag,V40;; compos-
ites are much higher than that of bare LiCoO, but, on the other hand, the charge pla-
teaus of the LiCoO,/Ag,V40;, composites are much lower than that of bare LiCoO..
This observation indicates that the LiCoO,/Ag,V40,, composites undergo a depressed
electrode polarization during the charge-discharge process. The likely reason for the
improved capacity should correspond strongly to the special discharge-charge regime.
When the discharge procedure was first performed for LiCoO,/Ag,V,0;; composites
with a cut-off voltage of 2 V, the metallic silver particles were formed. Such particles
uniformly coated on LiCoO, may act as an electronic conductor, enhancing the surface
intercalation reaction and decreasing the polarization of electrodes.

The selective charge-discharge curves of bare LiCoO, and LiCoO,/Ag,V40;-3
composite are presented in Fig. 4. Charge—discharge curves of bare LiCoO, display
only one plateau, corresponding to the intercalation/deintercalation of Li" into/out of
the layered LiCoO,. The shape of charge—discharge curves for various cycles is simi-
lar, and the discharge capacity of the 10th cycle is 135.3 mAh/g. However, the
LiCo0O,/Ag,V40,;-3 composite exhibits a better charge—discharge performance in
comparison with bare LiCoO,. The charge curves of the LiCoO,/Ag,V40,,-3 compos-
ite for different cycles almost overlap each other and the discharge capacities of the 7th
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and 10th cycles are 153.4 and 153.7 mAh/g, respectively, which indicates that the Li-
Co0Oy/Ag,V40,,-3 composite has excellent electrochemical stability. It is noteworthy that
the discharge curves of the LiCoO,/Ag,V40,,-3 composite display two plateaus despite its
imperceptibility which will be proved later in the differential capacity curve.
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Fig. 4. Selective charge—discharge curves of a) bare LiCoO,,
and b) LiCoO,/Ag,V40;,-3 composite

The differential capacity curves of bare LiCoO, and the LiCoO,/Ag,V40,,-3 com-
posite calculated from the 2nd charge-discharge curve are shown in Fig. 5, which em-
phasizes the details of the voltage curves. As shown in Fig. 5, there is one pair of
peaks in the differential capacity curves for bare LiCoQ,, which is characteristic of the
layered LiCoO, system and corresponds to the plateaus in the charge/discharge curves.
It is interesting to observe a well defined reduction peak at about 3.89 V for the Li-
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Co0,/Ag,V40,,-3 composite. It may be ascribed to the reduction of Ag+ to Ag, be-
cause the redox reaction of the Ag'/Ag couple still takes place between 3.0 and 4.3 V.
This reduction peak is considered to be favourable because the electronic conductivity
of LiCo0O,/Ag,V,01,-3 composite is increased during the discharge. However, the
oxidation peak attributed to the Ag'/Ag couple is not observed in Fig. 5. A detailed
investigation into the functional mechanism of Ag,V,0;; in LiCoO,/Ag,V,40;; com-
posites is currently in progress.
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The dependence of discharge capacity on the number of cycles for the materials
collected at the current rate of 30 mA/g between 3.0 and 4.3 V is shown in Fig. 6. The
stability of the LiCoO,/Ag,V40,;-3 and LiCoO,/Ag,V,0O,;-5 composites is excellent
compared to bare LiCoQ,, though the profile of the discharge capacity follows a de-
creasing trend in function of increasing Ag,V,0;; powder content. The LiCoO,
/AgV401:-3 composite exhibits a stable discharge capacity of about 153.5 mAh/g
within 20 cycles. In comparison, the discharge capacity of the LiCoO,/Ag,V40;-5
composite is decreased but still stabilizes at about 148 mAh/g after 20 cycles. How-
ever, cycling the LiCoO,/Ag,V40,,-9 composite cell leads to rapid capacity fading
after 10 cycles. This phenomenon should be attributed to the charge-discharge charac-
teristics of the Ag,V,40O;; cathode. When the content of Ag,V,0;; powder is low, the
metallic silver particles formed during the discharge serve as a conducting matrix and
increase the conductivity of the LiCoO, material. On the other hand, the structural
character of Ag,V,0, is a very important factor that affects the electrochemical per-
formance of LiCoO,/Ag,V40,; composite and cannot be neglected when the content
of Ag,V40,, powder is high. Long-term cycling in the silver reduction-oxidation re-
gion incurs a large volume change of cathode material, which probably results in rapid
capacity fading [7]. Thus, an appropriate amount of Ag,V,0,; additive is essential to
improve the electrochemical performance of LiCoO,,

4. Conclusions

A novel method is described for the preparation of LiCoO,/Ag,V,0;; composites
by a simple mechanical mixing procedure. The low content of Ag,V,0,; additive has
been proved to be favourable to the discharge capacity and the cycleability of LiCoO,.
The composite containing 3 wt. % of Ag, V4O, exhibits the first discharge capacity as
high as 155.4 mAh/g in the range of 3.0-4.3 V at the current rate of 30 mA/g and re-
mains at a stable discharge capacity of about 153.5 mAh/g within 20 cycles, which is
much higher than that of bare LiCoQ,. Therefore, we believe that this method not only
provides an alternative to improving the electrochemical performance of LiCoQ,, but
also is feasible in preparing other improved LiCoO, composites by adopting other
silver vanadium oxides such as AgVO; and Ag; ,V;0s.
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Dielectric and microhardness studies
of methylene blue doped PMMA matrix
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Pure and methylene blue (MB) doped poly(methyl methacrylate) (PMMA) samples were prepared
by free radical vinyl polymerization. The effect of methylene blue, which itself is polar in nature, on the
glass transition temperature, electric permittivity, and microhardness of the PMMA matrix was studied. It
was found that incorporation of the dye increases the electric permittivity and decreases the glass transi-
tion temperature of the system. The maximum value of the loss tangent below the glass transition tem-
perature suggests the rotation of the ester side group (P relaxation). MB can also act as a retarder of free
radical polymerization causing reduction in the hardness value.

Key words: PMMA; methylene blue; electric permittivity;, microhardness

1. Introduction

Organic dye—polymer composites have received considerable attention as a family
of potentially new electrooptic materials, because of their interesting dielectric proper-
ties such as the ability of an electric field to polarize the material to create electric
dipoles. These are basically insulators having the property of storing and dissipating
electrical energy when subjected to an electromagnetic field. Organic dyes possess
conjugated molecular structures with terminating electron donors and acceptors and
large dipole moments, and hence can be oriented in a high static field. The dyes can
change the electric permittivity and the electrooptic coefficients of the polymer system
[1, 2]. The dye polymers are used in dye lasers, storage materials, capacitors, etc.
Many of dye polymer systems have a number of advantages as nonlinear optical mate-
rials with high optical quality and processibility. Therefore it is important to under-
stand the effect of the organic dye molecules on the physical, dielectric and mechani-
cal properties of such systems.

The structure of the polymer determines its polarity and hence many of the dielec-
tric properties of the polymer. In polar plastics, dipoles are created by an imbalance in

“Corresponding author, e-mail: nvu50@yahoo.co.in



298 A. K. ADIYODI et al.

the distribution of electrons, and in the presence of an electric field the dipoles will
tend to align with the field direction. Examples of polar plastics are PMMA, polyvinyl
chloride (PVC), polyamide (PA, Nylon), polycarbonate (PC) etc. to name a few.
These materials tend to be only moderately good as insulators. The addition of the
polar dye such as methylene blue, enables the system to be more polarizable, hence
contributing more to the electric permittivity [3]. In addition, such polar dyes can
modify the glass transition temperature and microhardnes of the polymer. In view of
these facts, we report the effect of methylene blue on the glass transition temperature,
electric permittivity, and the hardness of a pure PMMA matrix.

2. Experimental

Five samples A, B, C, D and E with varying concentrations of methylene blue
were prepared (Table 1) by bulk polymerization.

Table 1. Compositions and physical parameters of the samples

Sample
Parameter
A B C D E
PMMA ¥ [cm’] 2 2 2 2 2
Methylene blue ¢ [M] 0 0.5x107 1x107° 1.5x10°° 2x10°°
Thickness [mm] 1.15 0.77 0.90 0.80 1.10
Area [mm’] 50 67 55 0.65 55

For the preparation of samples, the monomer MMA is mixed with a respective dye
dissolved in ethyl alcohol in the ratio 4:1. 1 g of benzoyl peroxide per 100 cm’ of the
solution is used as an polymerization inhibitor. Accurately weighed MB is dissolved
in ethanol since it has limited solubility in the monomer MMA. The monomer—alcohol
mixture containing the dye and the inhibitor, in a glass test tube were kept in a bath
maintained at 50 °C for polymerization. After polymerization the samples were cut
into pieces of millimetre thickness using a crystal cutter and then thoroughly polished
for further studies. The thickness of the sample was measured with a digital screw
gauge. The dielectric measurements were done using an impedance analyzer (Hioki
impedance analyzer model 3531). The microhardness measurements of the samples
were done using a Vicker’s microhardness tester (Lietz). The glass transition tempera-
ture of the samples was measured by differential scanning calorimetry (Shimadzu
DSC-60) under nitrogen atmosphere.

3. Results and discussion

PMMA is a transparent polymer, used as a shatterproof replacement of glass in
a variety of applications. The material is one of the hardest polymers, rigid with
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a glossy finish and good weather resistance. PMMA is a synthetic resin belonging to
the family of polymeric organic compounds, and is made by free radical vinyl polym-
erization from the monomer methyl methacrylate (Fig. 1), having the chemical for-
mula (C,0sHg ),. The structure of a PMMA macromolecule is linear with respect to
the main carbon chain.

Methylene blue, belonging to a thiazene class of dyes, is also known as methyl-
thionine chloride or 3,7 bis (dimethyl amino) phenothiazin-5-ium chloride or swiss
blue. It has the molecular formula C;cH;3CIN;S and the molecular mass of
319.85 g/mol and the melting point of about 190 °C. It is stable under ordinary condi-
tions. The structure of PMMA and methylene blue are shown in Fig. 2.

H CH4
free radical polymerization (\

\C= / C—C \
# c\ benzoyl peroxide } \ s \) n
H C=0

H C=0
O/ O/
\CH3 \CH3
methyl methacrylate poly(methyl methacrylate)

Fig. 1. Polymerization of MMA

a)

H CH;

—G— C— CH, CHs
I NTNs N
H  COOCH;, CHa o CHy

Fig. 2. The structure of PMMA (a) and methylene blue (b)

MB molecule is a polar molecule exhibiting good dielectric properties [4]. Me-
thylene blue can also be used as a photosensitizer in free radical polymerization. The
dye can be used as a polymerization inhibitor of several vinyl monomers [5].

Electric permittivity is a measure of the ability of a material to be polarized by an
electric field. The dielectric properties of PMMA are determined by the strong electric
dipole in the ester side group associated with the orientation of the ester group in the
electric field [6, 7]. The electric permittivity decreases with frequency for pure PMMA
(Fig. 3). The MB doped samples also show the same behaviour. For polar plastics, the
alternating current frequency is an important factor because of the time taken to align
the polar dipoles. At very low frequencies the dipoles have sufficient time to align
with the field before it changes direction and hence the electric permittivity is high. At
high frequencies, the dipoles do not have sufficient time to align before the field
changes its direction and hence the electric permittivity is lower [8]. At intermediate



300 A. K. ADIYODI et al.

frequencies, the dipoles move but do not complete their movement before the field
changes direction and they must realign with the changed field.
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Fig. 3. Dependence of electric permittivity
on the frequency of sample A at various temperatures
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Fig. 4. Dependence of electric permittivity on the frequency
of doped and undoped samples at room temperature

Figure 3 shows how the electric permittivity changes with temperature. The in-
crease is due to an increase of polarization arising from the freer molecular motion of
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polymer chains which allows orientation of dipolar units in the applied field. The in-
crease is steeper at lower frequencies. At lower temperatures, the dipoles are rigidly
fixed and hence the field cannot change the the dipoles. All the five samples exhibit
the same behaviour at various frequencies. From Figure 4 it is evident that the electric
permittivity increases when the dye is added to the matrix. Since MB is a polar mole-
cule, the addition of the dye causes the number of dipoles to increase, which in turn
increases the electric permittivity of the system [3]. The addition of a polar dye en-
ables the system to be more polarizable and enhances the electric permittivity.
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Fig. 5. Temperature dependence of loss tangent on temperature at various frequencies for sample A

0.12
0.101
0.081
o
c
B
0.06
—=-600 Hz
] —+—900 Hz
0.04 —4—3 KHz
-o-20 KHz
—8-40 KHz
0.02 v . T T
20 40 60 80 100 120

Temperature ["C]

Fig. 6. Temperature dependence of loss tangent on temperature at various frequencies for sample C
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The variations of loss tangent with temperature at various frequencies for samples
A and C are shown in Figs. 5 and 6. Each tand curve has a maximum depending on the
frequency of the applied field. In these figures, a loss peak appears at a temperature
below the glass transition temperature (108 °C) for lower frequencies. This loss peak
is usually associated with [ relaxation which occurs at temperatures lower than the
glass transition temperature. Here the  relaxation is assigned to the orientation of the
ester side group [6]. The maximum values of tand shift to a higher temperature with
increasing applied frequencies. These shifts of the peak towards higher temperature
with increasing frequencies are clearly an indication of the dipolar type of relaxation,
which arises due to the relaxation process involving the movements of the dipoles.
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Fig. 7. DSC thermograms of doped and undoped samples

Elastic and plastic properties of polymers depend on the chain length, the degree
of cross linking and the crystallinity of the material. Short chains are associated with
low modulus and hardness [9]. The DSC curves for doped and undoped samples are
shown in Fig. 7. For PMMA, the transition region is 95-120 °C, and the transition
temperature is found to be 108 °C. The transition temperature 7, depends on the mo-
lecular weight, side branches, steric hindrance, type of bonding within the molecular
structure (covalent or non-covalent), presence of plasticizers, copolymers and other
physical conditions like pressure [10]. In the case of PMMA doped with MB (5x10* M),
the transition region is 90—110 °C, and the transition temperature is around 103 °C.
But for the MB (2x10° M) doped PMMA sample, the transition region is around
70-83 °C. The transition temperature is 77 °C. The difference in the glass transition
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temperature (7,) between pure and MB doped PMMA is due to the plasticizing effect
of methylene blue on the PMMA matrix. Plasticizers are usually low molecular weight
non-volatile substances, which, when added to a polymer, improve its flexibility,
processibility and hence utility. Here it is an external plastification by the methylene
blue in the PMMA matrix, i.e. T, is lowered by the physical addition of the plasticizer
methylene blue. As the polymer becomes softer, the transition temperature also de-
creases and it will lead to the decrease in the hardness value.
Vicker’s hardness H, is given by

1.854P
H, = PE

where P is the test load [kg] and d is the indentation diagonal length [mm] is measured
based on the test load and on the indentation diagonal length. It is an important me-
chanical property that may be defined as a measure of the resistance of a material to
the application of a contact load.
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Fig. 8. Vicker’s hardness in function of load for all the samples

The dependence of hardness on the load of indentation is shown in Fig. 8. The
values of hardness reach saturation around a load of 30 g. The H) and T, values for
various samples are summarized in Table 2. It is obvious that the hardness is the high-
est (Hy = 17) for sample A, and the lowest (7) for sample E. Since the dye is a plasti-
cizer, the addition of the dye makes the polymer softer and consequently, as expected,
T, of the dye polymer system is decreased. Such a softening behaviour in the presence
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of organic molecules such as DR1 in PMMA [1], lead phthalocyanine in polycarbon-
ate [11], dibutyl phthalate, tricresyl phosphate in PVC [12] and MNA in PMMA [13]
is already known. The plasticizers substantially reduce the brittleness of many amor-
phous polymers by reducing the cohesive forces of attraction between polymer chains.
The dye molecules penetrate into the polymer matrix and establish polar attractive
forces between it and the chain segments. These attractive forces reduce the cohesive
forces between the polymer chains and increase the segmental mobility, thereby re-
ducing the 7, value [12]. Moreover MB is a strong retarder of the polymerization of
the vinyl monomer MMA [4]. This may affect the length of the polymeric chain to
some extent. This may also be one of the reasons for the softening of the polymer
PMMA.

Table 2. Vicker’s hardness and transition temperature
for various samples

Sample Hardnezss Transition
[kg/m~] temperature [°C]
A 17 108
B 13 103
C 10 95
D 8.5 86
E 7 77

4. Conclusion

The electric permittivity of PMMA samplesis found to increase with temperature
and after addition of the dye. It decreases in function of increasing frequency. The
dipolar nature of the dielectric relaxation is confirmed by the temperature dependences
of the loss tangent at various frequencies. The dye has a plasticizing effect on the
polymer which reduces the glass transition temperature of the system. The reduction in
the hardness value, in turn, can result in a lowering of the glass transition temperature.
These two facts have been substantiated by the DSC and microhardness measure-
ments. MB can also act as a retarder of free radical polymerization, which affects the
length of the polymeric chain. This can also be another cause for the reduction in the
hardness value.
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Amorphous analogues of lithium-iron phosphates (LFP), which are promising cathode materials for
Li ion batteries, were prepared by the standard press-quenching method and their thermal stability, as well
as structural and electrical properties, were studied for the first time. The glass transition temperature, 7,
determined by the differential thermal analysis (DTA) is composition-dependent and lies in the
492-523 °C range. The local structure, studied by the FTIR absorption spectroscopy, and the thermal
stability are found to be almost insensitive to the lithium content. Studies on the electrical properties,
carried out by impedance spectroscopy, have shown that the total electrical (predominantly polaronic)
conductivity at 450 °C approaches 10~ S-cm™'. The room temperature conductivity of samples after their
nanocrystallization (induced by annealing at the temperature of the beginning of crystallization) was
higher by a factor of 4-10 (depending on composition) than that of the as-received glass. Therefore,
nanocrystallization seems to be a promising way to enhance the electrical conductivity of amorphous
lithium-iron phosphates.

Key words: phospho-olivines; lithium-iron phosphate; glasses, cathode material; nanomaterial; infrared
spectroscopy, electron conduction

1. Introduction

Crystalline olivine-type phases LiFePO4and FePO, as well as Li,FePO, solid solu-
tions are under intensive studies worldwide as the most competitive positive electrode-
active materials for Li-ion rechargeable batteries. The main advantages of LiFePO, as
a cathode material are that it is a highly stable, inexpensive and environmentally
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friendly material which maintains high theoretical specific capacity of 170 mAh/g and
a high discharge voltage of 3.5 V vs. Li [1-5]. Unfortunately, despite all their advan-
tages, olivine-like phases have one serious deficiency — very low electrical (polaronic-
type) conductivity - ca. 10 S-cm ' at room temperature. Many efforts have been un-
dertaken to improve their electrical properties by application of various routes of
preparations: the introduction of carbon additives [5, 6], or by doping with supervalent
cations [7]. Recently we proposed another, as yet unexplored, way of circumventing
the problem of low conductivity of crystalline olivine cathode materials. As a first step
we have prepared vitreous analogues of these materials and initiated studies on their
local structure [8] and magnetic properties [9]. The second step, being currently under
investigation, consists in turning these glasses into nanomaterials by an appropriate
thermal treatment. In this respect, we took into consideration our recent experiences
with mixed conductive lithium-vanadate phosphate glasses. We found that thermal
nanocrystallization of those glasses results in a considerable enhancement of their
electronic conductivity [10].

This work reports our most recent results of studies on the thermodynamic, struc-
tural and electric properties of lithium-iron-phosphate (LFP) glasses, whose nominal
composition can be approximately written as Li,FePO,.

2. Experimental

A series of vitreous samples of (nominal composition) Li,FePO, for 0 <x < 1 were
synthesized by a press quenching technique. Appropriate amounts of dried precursors:
Li,CO; (Aldrich, 99.99 %), (NH4)H,PO, (POCh, 99.5 %) and Fe,O; (POCh, 99 %)
were ground and mixed in a mortar. Alumina crucibles filled with the powders were
placed in an electric furnace and heated from about 20 °C to 1270 °C in air at the heat-
ing rate of 5 °C/min. The molten mixtures kept at 1270 °C were rapidly poured out
onto a stainless-steel plate maintained at the temperature close to 25 °C and immedi-
ately covered by a second stainless-steel plate. The average thickness of the resulting
samples was 0.5-1.0 mm. Chemical analyses carried out by the inductive coupled
plasma (ICP) method on the as-received samples have shown that due to evaporation
of lithium during the high temperature stage of the synthesis, its content was slightly
lower than the nominal one. For low values of x, the difference was negligible. Its
maximum value for x = 1 reached 9%. The amorphous state of all as-quenched sam-
ples was confirmed by powder X-ray diffractometry (XRD), using a Philips X’ Pert
apparatus equipped with a CuK,,; X-ray source and a Ni filter (1= 1.54 A). No Bragg
peaks were detected in a wide range of 26 angles between 10° and 80°. The thermal
stability of the LFP glasses was studied by the differential thermal analysis (DTA).
DTA runs were carried out for ground glass batches of about 130 mg in argon atmos-
phere at a heating rate 10 K-min"' using a Perkin Elmer DTA-7 analyzer. The local
structure of the samples was examined by the Fourier transform infra-red (FTIR) spec-
troscopy. FTIR absorption spectra of all glasses were recorded in the 150—1500 cm '
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range at room temperature using a Bruker I[FS 113v vacuum interferometer. For these
measurements, each sample was ground to a fine powder, mixed with Csl in the ratio
1:300, and vacuum pressed into a disk. Electrical conductivity measurements were
carried out using a setup based on a Solartron 1260 gain phase/impedance analyzer.
The frequency range was 10 MHz—126 mHz. The measurements were carried out in
air at temperatures, ranging from room temperature to the initial temperature of crys-
tallization (533-558 °C, depending on composition). Prior to the impedance spectros-
copy measurements, platinum electrodes were sputtered onto the opposite faces of the
samples. The microstructure of partly recrystallized samples was observed by the field
emission scanning electron microscopy (FE-SEM) using a LEO 1530 setup.

3. Results and discussion

3.1. Thermal stability and XRD studies

The differential thermal analysis curves for all glasses are shown in Fig. 1. Up to
about 490 °C no thermal events are visible, which points to good thermal stability of
the studied materials, especially in comparison with other conductive glasses. A typi-
cal run shows a glass transition feature (7;) followed by an exothermic peak of crystal-
lization, characterized by two parameters: 7o, (taken at the onset of the peak) and 7,
(taken at the maximum). The first of them corresponds to the beginning of crystalliza-
tion (nanocrystallization) and the second one corresponds to the end of crystallization
(massive crystallization). The values of the glass transition temperature 7, are between
492 °C and 523 °C. The temperatures 7. and 7, are in the 533— 558 °C and 555-579 °C
ranges, respectively. A closer look at the asymmetric crystallization peaks reveals that
they consist of at least two strongly overlapping peaks (Fig. 1) which are apparently
due to different phases present in the crystallized material. Figure 2 shows room tem-
perature XRD powder patterns for samples of three different compositions (x =0, 0.4
and 1) taken after their crystallization. Two patterns are presented for the sample with
x =0.4. The upper one was taken after heating the sample up to 7o, corresponding to
beginning of crystallization (we refer to this sample as “nano”), and the lower one
corresponds to the sample heated up to a temperature slightly above 7., that means
after massive crystallization (labelled “massive”). In the samples studied by DTA,
several phases were detected, which could be identified using JCPDS databases [11]
and other references [12]. The x = 0 sample, besides orthorhombic FePO, in heterosite
form, contained also o-FePO, (a hexagonal quartz-like structure). The x = 1 sample was
a mixture of LiFePOy, in triphylite (orthorhombic) form and Li;Fe,(PO,); in monoclinic
Nasicon-like form. In a case of the x = 0.4 sample (referred as “nano”), we also detected
a mixture of triphylite and Nasicon-like phases. For that sample we additionally
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Fig. 2. Room temperature XRD patterns of samples of composition corresponding to:
x =1 (top curve), x = 0.4 “nano” (after nanocrystallization), x = 0.4 “massive”
(after massive crystallization) and x = 0 (bottom curve). Symbols denote identified crystalline phases:
full circles — LiFePQO,, open circles — Li;Fe,(POy);, triangles — FePO,, crosses — o-FePO, [11, 12]

observed a broadening of XRD peaks. From the linewidth of the crystalline peaks it
was possible to estimate, by a Scherrer formula, that the crystalline particles do not
exceed 100 nm in size. Corresponding peaks were much better resolved in the case of
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the sample after massive crystallization (Fig. 2). Additionally, in that case we also
detected o-FePO, and heterosite phases.

3.2. Local structure

In order to determine the main features concerning the local structure of the
glasses under study, a series of FTIR absorption measurements were carried out. The
vibrational spectroscopic data are especially valuable in the case of amorphous sys-
tems, for which the natural method of structure determination — X-ray diffractometry
— is ineffective.

365
930

Absorbance/a.u.

200 400 600 800 1000 1200 1400
-1
Wavenumber/cm

Fig. 3. FTIR absorption spectra of glasses containing various amounts
of lithium (the bottom spectrum corresponds to crystalline LiFePO, [8])

Infrared absorption spectra of studied glassy materials are shown in Fig. 3 and
compared with the IR spectrum of LiFePOj crystal reported in the literature [8, 9, 13—16].
There is a good agreement between the absorption bands of glasses measured in this
work and the spectra of the LiFePO, crystalline phase [8, 16]. Broadening and over-
lapping of bands recorded for glasses is due to the much higher degree of disorder in
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those systems in comparison with crystalline olivine phase. The spectra of the glasses
under study can be divided into three wide features centred at about 1050, 600 and
350 cm . These bands correspond to symmetric and asymmetric stretching oscilla-
tions of PO, units, bending oscillations of those units and lattice modes, respectively.
Lattice modes (below 400 cm ') consist primarily of oscillations of oxygen, phospho-
rus and iron atoms. It is remarkable that, in a high wavenumber range, the IR bands
appear exactly at the same positions as that for the crystalline phase. These patterns
are consistent with the assumption that the PO, tetrahedra have very stable chemical
bonds, even when they are the backbone of the vitreous phase. The bands in the spec-
tral range 400—550 cm ' (Li—O oscillations) are weakly dependent on the local lithium
environment [9]. The mode at about 640 cm™' is associated with FeOg vibrations. The
fact that the mode is weaker and less resolved than those of PO, provides evidence
that the FeOg octahedra are substantially disordered in the glasses. At a lower content
of lithium (0 < x < 0.4) there are additional weak peaks at 758 cm ' attributed to sym-
metric stretching vibrations of P-O—P bridging bonds in pyrophosphate (P,0,)* units
[17]. Their presence becomes more pronounced in the glasses of compositions which
closely resemble FePO,. It is noteworthy that the bands corresponding to the vibration
of PO, units are almost independent of the lithium content. This indicates that the basic
phosphate glass network remains insensitive to the presence of lithium ions.

3.3. Electrical properties

Generally, a lithium-free glass exhibits a typical impedance spectrum composed of
a single semicircle characteristic of purely electronic (polaronic) conductors. Elec-
tronic conduction occurs via electron hopping between Fe* and Fe’" ions, which serve
as hopping centres for electrons [18]. Impedance spectra of glasses containing lithium
consisted of a distorted semicircle, which may indicate phase heterogeneity of the
samples or the influence of an ionic component (Li") of the total conductivity
(strongly overlapped impedance semicircles). Very recent studies by Amin et al. [19]
carried out on single crystals of LiFePO, have shown that the ionic component of elec-
trical conductivity is much lower than the electronic one. Room temperature conduc-
tivity of the studied glasses, like in the case of their crystalline counterparts, is rela-
tively low (ca. 10”7 S-cm™' for the sample of x = 1). However at 450 °C it reaches
102 S-cm . The temperature dependences of conductivity for the glasses under study
are in accordance with the Arrhenius formula (Fig. 4), with an effective activation
energy FE, which slightly increases at about 180 °C. The lowest conductivity was
found for the glass FePO, (not containing lithium). This is apparently due to the pre-
dominance of Fe’ centres in such glass, resulting in the smallest concentration of
Fe*—Fe’" pairs essential for electronic hopping. For glasses containing lithium, the
concentration of such aliovalent pairs is higher (LiFePO, introduces Fe*" centres) and
therefore their electronic conductivity is higher. Furthermore, those glasses exhibit an
ionic component of total conductivity.
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Fig. 4. Temperature dependences of conductivity for glassy samples
with three different lithium contents (x =0, 0.4 and 1)

The activation energies in the low temperature range (up to 180 °C) are equal to:
0.54, 0.63 and 0.58 eV for the glass of compositions corresponding to: x = 0, 0.4 and
1, respectively. It is interesting to note that those values are comparable to activation
energies obtained for various crystallographic axes in anisotropic single crystal of
LiFePO,4[19]. Above 180 °C, the activation energies are almost independent of com-
position and are equal to about 0.70 eV (Fig. 4).

3.4. Electrical properties after nanocrystallization

In order to explore a possibility of improving the electrical conductivity of the
samples under study by thermal treatment, we carried out electrical measurements at
temperatures ranging from room temperature up to the temperature 7o, , corresponding
to the beginning of the crystallization. Then we cooled the samples down to room
temperature. The electrical conductivity of the x = 0 sample reaches its maximum
value of 2x107 S-em ' at Ty, = 540 °C (Fig. 5). On cooling, the conductivity is sys-
tematically higher than that on heating, especially at lower temperatures. The increase
in the conductivity at room temperature is about one order of magnitude. Also, the
activation energies on cooling are different (lower) from those observed on heating.
This increase of conductivity was confirmed on repeated heating-cooling cycles per-
formed for some samples. After consecutive heating — cooling cycles there was a fur-
ther slight increase in the conductivity. The observed changes can be explained based
on SEM micrographs. The microstructure of the x = 0 sample, after its heating up to
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temperature of the beginning of the crystallization, is shown in Fig. 6. The sample is
only partly crystallized, with a substantial share of the amorphous phase still present.
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Fig. 5. Temperature dependences of conductivity during heating and cooling
for a sample of x = 0 combined with DTA run of that sample during heating

| Mag= 50.00 KX LEO 1530 - IWC PAN

Fig. 6. Scanning electron microscopy (SEM) micrograph of the sample described by x = 0 after
annealing at 7. = 540 °C. The white line between nanocrystallites depicts an easy conduction path

The heterogeneity of the thermally treated samples may be a cause of the change
of the activation energy of the sample on cooling from 0.57 eV above ca. 220 °C to
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0.47 eV below that temperature. In Figure 6, one can see a number of isolated
nanocrystallites embedded in the glassy matrix. Average grain size does not exceed
100 nm, which corresponds well with the estimates from XRD linewidth analysis. The
interface regions between nanocrystallites and amorphous phase are, in our opinion,
crucial for the observed conductivity enhancement and the decrease in the activation
energy values. One can expect that in the highly defective interfacial regions, the con-
centration of Fe*"—Fe’" pairs, essential for the electron hopping, would be higher than
inside crystallites and within the glassy phase. The density of the interfaces is high
enough to form “easy conduction paths” whose conductivity is higher than that of the
crystallites and that of the bulk glassy phase. A similar effect, namely a substantial
increase in conductivity after nanocrystallization, was observed by us for glasses of
the LizO-VzOs—PQOS systern [10]
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Fig. 7. Temperature dependences of conductivity during heating and cooling

for a sample of x = 0.4 combined with DTA run of that sample during heating

The temperature dependence of conductivity of the sample corresponding to
x = 0.4 heated up to Tp.= 530 °C is shown in Fig. 7. It can be seen that on the cooling
run, the conductivity is systematically higher than that on the heating run. The maxi-
mum values of the electrical conductivity equal to 1.1x10* S-cm ' were observed at
530 °C. The conductivity at room temperature of the samples heated up to 7;. and
cooled down for this sample was increased by factor of 4 from the initial values. This
enhancement was due to the nanocrystallization phenomena taking place at tempera-
ture 7y.. The observed irreversible increase in conductivity is accompanied by
a change in the activation energies observed in the cooling stage. The activation ener-
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gies start from 0.41 eV in the temperature range 360530 °C, increase to 0.58 eV in
the 160-360 °C range and reach 0.69 eV below 160 °C (Fig. 7). The observed increase
of the activation energy values can be attributed to a possible ordering of the emerged
crystalline phases. It is known [12] that at temperatures higher than 350 °C crystalline
olivines FePO, and LiFePO, form solid solutions (disordered phase D). At tempera-
tures lower than 200 °C there are two separate phases: H (heterosite) and T
(triphylite). In the intermediate temperature range (200-350 °C) both H and D phases
coexist. A similar situation of ordering and separation of the crystalline phases taking
place on cooling can occur in our partly crystallized samples. In the case of the com-
position corresponding to x = 0.4, the situation is additionally complicated by the
presence of a Nasicon-like phase and residuals of the glassy phase.

— Mag = 150.00 KX LEO 1530 - IWC PAN

Fig. 8. SEM micrograph of the sample described by x = 0.4 after annealing at 7. = 530 °C
for 0.5 h (arrows show orthorhombic nanocrystallites of re-crystallized glass)

In a SEM micrograph showing a recrystallized region of that sample (Fig. 8) there
are visible orthorhombic crystallites (probably triphylite) of approximate size 100 nm
embedded in the remaining glassy phase. Both SEM micrographs (Figs. 6 and 8) re-
veal the substantial porosity of the samples under study after their nanocrystallization.
Such porosity and considerable share of nanocrystalline grains in the samples may be
useful for eventual application of studied materials as cathodes in lithium batteries.

4. Conclusions

The studies presented here of lithium-iron phosphate (LFP) glasses were, to the
best of the authors’ knowledge, the first to have been carried out on this subject.
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Thermal stability and the local structure are weakly dependent on the composition
(lithium content). LFP glasses exhibit mixed electronic-ionic conductivity, with the
electronic component predominating. The conductivity reaches its maximum value of
102 S:cm™ at 450 °C. This work has shown that the re-crystallization of LFP glasses at
the nanoscopic scale can be carried out and that it does lead to a significant enhance-
ment in the conductivity. Nanocrystallization seems to be the way ahead for electrical
conductivity enhancement of amorphous lithium-iron phosphates.
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Syntheses and characterization
of pH-sensitive hydrogel from poly(y-glutamic) acid
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Novel pH-sensitive hydrogels were prepared through crosslinking of poly(y-glutamic) acid (y-PGA)
by using 1,4-butanediol diglycidyl ether as a cross-linker, tetracthylammonium bromide as a catalyst, and
reacting in DMSO. The dependence of the swelling ratio of the hydrogels on pH values, ionic strength
and cross-linking degree was investigated. It was found that the pH-sensitive range was clearly extended
through introducing multiple hydrogen bonds to the hydrogel network during the preparation. The swell-
ing ratios of y-PGA hydrogels increased with the increase in pH of the aqueous solution from 2 to 9. The
swelling of the y-PGA hydrogels was firstly controlled by the ionization of carboxyl groups in the hy-
drogels within the pH range from 2 to 5, and then controlled by breaking of the multiple hydrogen bonds
in the hydrogels within the pH range from 5 to 9. The swelling ratios of y-PGA hydrogels were also
strongly dependent on the ionic strength of the medium and cross-linking degree of the hydrogels. In-
creasing the ionic strength and the crosslinking degree resulted in a decrease in the swelling ratio of the
hydrogels.

Key words: poly(y-glutamic) acid,; pH-sensitive hydrogel; crosslinking,; swelling

1. Introduction

Biodegradable polymers are widely used in various fields such as suture materials,
bone fixation materials, environmentally friendly materials and drug delivery systems.
Recently, further applications of biodegradable polymers have been desired in many
situations, such as stimuli-responsible drug delivery systems and tissue engineering,
etc. [1-6].

Poly(y-glutamic) acid (y-PGA) is a kind of water soluble polyamide which has
been extensively investigated due to its biodegradable and biocompatible properties,
which are highly desirable for applications [7-16].

Corresponding author, e-mail: mqchen@sytu.edu.cn



320 B.YAO et al.

It has been reported that y-PGA hydrogels can be prepared by many methods such
as cross-linking following vy irradiation [17, 18] and esterification [19, 20]. In the re-
ported literature, the crosslinked y-PGA hydrogels were pH sensitive, and their swell-
ing ratios increased with the increase of pH value of the medium, however, the swell-
ing ratio changed little for pH values higher than 5. This was because the pH
sensitivity depended only on ionization of carboxyl groups, which were completely
ionized at pH = 5.1 [19]. A further decrease in pH had little effect on the swelling. It is
evident that due to intermolecular hydrogen bonds, linear y-PGA had apparent pH
sensitivity for pH values higher than 7.4 [20]. Unfortunately, the intermolecular hy-
drogen bonds were broken during the preparation of crosslinked y-PGA hydrogels
when hydrophobic groups were introduced into the hydrogels [19, 20]. In order to ex-
tend the pH sensitivity range in hydrogels, and thereby enlarge their fields of application,
we attempted to introduce multiple hydrogen bonds to y-PGA networks during the hy-
drogel preparation. Thus, in this study, cross-linked three-dimensional networks of y-PGA
hydrogels were prepared using 1,4-butanediol diglycidyl ether (BDDGE) as a cross-linker,
and tetracthylammonium bromide as a catalyst. The esterification reaction took place be-
tween the pendent carboxyl groups of y-PGA and epoxy groups of BDDGE. After the
reaction, the hydroxyl groups and ether bonds would be incorporated into the y-PGA net-
works. The newly formed hydroxyl and ether groups would form intramolecular multiple
hydrogen bonds which functioned as pH sensitive groups. Therefore, the swelling of the
novel y-PGA hydrogel was controlled firstly by ionization of carboxyl groups at a pH
between 2 and 5, and then subsequently controlled by breaking the multiple hydrogen
bonds at pH between 5 and 9.

2. Experimental

v-PGA (M,, = 3.15x10%) was kindly donated by Meiji Seika Kaisya, Ltd. (Tokyo, Ja-
pan) and was used without further purification. 1,4-Butanediol diglycidyl ether (BDDGE,
Ciba Chemical) and tetra-ethylammonium bromide (99.5%, Jiangyin Chengnan Chemi-
cal, Jiangyin, China) were used as received. The typical preparation of y-PGA hydrogel
was as follows: 0.2 g of y-PGA, 16 mg of cross-linker (1,4 butanediol diglicydyl ether,
hereafter referred to as BDDGE) and 8 mg of tetracthylammonium bromide were dis-
solved in dimethyl sulfoxide (DMSO) and placed in a reaction tube. The sealed tube was
immersed in a shaking water bath (80 rpm) and kept at 60 °C for 48 h. After gelation, the
hydrogels were extracted from the tube and cut into pieces. The y-PGA hydrogels were
washed by immersion in de-ionized water for 5 days: the deionized water was replaced
every day to remove the unreacted compounds and linear polymers. Each hydrogel, in the
form of a cube, was placed in an excess of deionized water at room temperature. In order
to reach swelling equilibrium, the hydrogels were immersed in deionized water for one
day. The weight of the swelling hydrogel was determined gravimetrically after eliminating
the surface water of the hydrogel with filter paper. The swelling ratios of the hydrogels (Q)
were calculated from the following equation:
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W,

=7,

@)
where W; is the weight of the equilibrium swollen hydrogel, and W, is the weight of
the dried hydrogel, respectively.

The y-PGA hydrogels were immersed in deionized water until the equilibrium swell-
ing had been attained, then the swollen hydrogels were placed in various buffer solutions
with pH values ranging between 2 and 10, and in aqueous salt solutions with various so-
dium chloride and calcium chloride concentrations. KH,PO, buffer and NaOH/HCI solu-
tions were used for adjusting the pH (3.0-9.0), the ionic strength was adjusted with NaCl
to 0.1 M. Samples were removed from the aqueous solutions at specific times, and
weighted quickly, after having been wiped with filter paper in order to remove excess
water from the hydrogel surface. The swelling ratios were calculated from Eq. (1).

3. Results and discussion

3.1. Syntheses of y-PGA hydrogels

Figure 1 shows the cross-linking scheme of y-PGA with BDDGE as the cross-linker.
The reaction takes place between the pendent carboxyl groups of y-PGA and the epoxy
groups of BDDGE in the presence of tetraethylammonium bromide as catalyst.
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Fig. 1. The cross-linking process of y-PGA hydrogel using BDDGE as a cross-linker
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Table 1. Conditions of synthesis of y-PGA hydrogel®

No y-PGA BDDGE | BpDGE/COOH| Yield
’ [mg] [mmol]d [mg] | [mmol] molar ratio [%]
1° [201] 1.56 3 0.015 0.009 -
2 204 1.58 7 0.035 0.022 65
3 1198 1.53 10 | 0.050 0.033 74
4 1197 1.53 16 | 0.079 0.052 84
5 1202 1.57 26 | 0.129 0.082 86
6 |196| 1.52 39 | 0.193 0.127 83
7 1197 1.53 79 | 0.612 0.400 89
8 [200] 1.55 | 159 | 0.787 0.507 86
9 | 199 | 1.54 | 203 | 1.005 0.652 -
10 | 195 | 1.51 16 | 0.079 0.052 69
11° | 200 | 1.55 16 | 0.079 0.052 -
12° [ 193 | 1.50 15 | 0.074 0.050 -

“Reactions were carried out in DMSO at 60 °C for 48h with tetraethylammonium
bromide (4 wt. % of y-PGA) as a catalyst. The volume of DMSO was fixed at 1 cm’, except
No. 10 (2 em®), No. 11 (4 cm®) and No 12. (6 cm®).

°No gel was obtained.

“The gel cracked under swelling in deionized water.

9The repeated structure units in the polymer.

In Table 1, the reaction conditions applied for the preparation of y-PGA hydrogels
have been listed. y-PGA hydrogels can be prepared when the concentration of y-PGA
and the concentration of the cross-linker are higher than their critical values. A similar
phenomenon was also reported by Gonzales et al. [24] in the preparation of y-PGA
hydrogel using dihalogenoalkane as a cross-linker. In their study, the critical concen-
tration of y-PGA was 10 wt. %. In the present study, at the y-PGA concentration be-
low 15 wt. %, no y-PGA hydrogels were formed. The concentration of y-PGA was too
low for effective cross-linking, thus no three-dimensional network hydrogel was
formed. Additionally, if the molar ratio of BDDGE to [COOH] is below 0.022, then,
also, no hydrogel is formed ( e.g., No. 1 of Table 1).

It is also found that the mechanical property of y-PGA hydrogels is related to their
cross-linking degree. If the BDDGE content is low (No. 2), y-PGA hydrogel formed is
soft and it is difficult to maintain its shape in the swelling state. Increasing the content
of BDDGE will enhance the mechanical strength of the y-PGA hydrogels. However, if
the BDDGE content is high (No. 8), the swelling ratios of y-PGA hydrogels will be
very low and can easily be cracked.

3.2. Swelling behaviour of y-PGA hydrogels

3.2.1. Effect of the cross-linker content on the swelling ratio of the hydrogels

The cross-linker content has an important effect on the structure of a three-
dimensional network (Fig 2). When the cross-linker concentration (the molar ratio of
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BDDGE to the repeated structural unit of y-PGA) is varied from 0.022 to 0.575, the
swelling ratio of the hydrogels decreases from 800 to 50. The swelling ratios of the -
PGA hydrogels decreased with the increase of the concentration of BDDGE, and then
remained nearly constant when the concentration of BDDGE exceeded 0.5. This
agrees with common observations about hydrogels. Additionally, the —-COOH group
of y-PGA hydrogels is the hydrophilic group. The cross-linking reaction between the
epoxy group and —COOH group will make the free residual -COOH groups decrease.
This might be another reason for the decrease in the swelling ratio of y-PGA hydrogel
with the increase of cross-linking degree.
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Fig. 2. The plot of the equilibrium swelling ratio of y-PGA hydrogels
in deionized water in function of the molar ratio of BDDGE to the repeated
structural unit of y-PGA. The conditions of hydrogel preparation are indicated
in Table 1(from BDDGE/COOH, molar ratio: 0.022 to 0.507)

It was unexpectedly found that the swelling ratio of hydrogel No. 2 has a lower
swelling ratio than that of hydrogel No. 3, even though the crosslinking content in
No. 2 (0.022) is lower than in No. 3 (0.033). This abnormal result is explained by the
fact that a part of the swollen hydrogel is lost in the medium, since the hydrogel is too
soft in the low crosslinking state.

3.2.2. Effect of pH on the swelling behaviour of y-PGA hydrogels

Swelling or contraction in response to pH change is a typical phenomenon of
polyelectrolyte hydrogels. The effect of pH value on the swelling ratio of y-PGA hy-
drogels is shown in Fig. 3. In this study, the pH values in aqueous solutions are varied
from 2.0 to 10.0. It is found that the swelling ratio of y-PGA hydrogel increases with

the increase of the pH value.
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The swelling ratio of the y-PGA hydrogel is about 8 at a pH = 2.0, and sharply in-
creases to 36 at pH = 3.0 (Fig. 3). According to Gonzales et al. [24], the pH corre-
sponding to ca. 50% ionization of y-PGA was around 2.1. The reason for the low
swelling ratio at low pH values could be attributed to the protonation of carboxyl
groups which causes greater interaction of the carboxyl groups and hence causes the
shrinkage of the y-PGA hydrogel. Conversely, carboxyl groups will be ionized at high
pH values, which results in a higher swelling ratio of the hydrogels. This is due to the
ionic repulsion of ionized carboxyl groups. So, the swelling ratio of hydrogel increases
with increasing pH.
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Fig. 3. Dependence of swelling ratio of y-PGA hydrogel (BDDGE/COOH, molar ratio
0.052, sample 4 in Table 1) in function of pH at a constant ionic strength (0.1 M)

Gonzales et al. [24] and Akashi et al. [25] observed the swelling ratios of y-PGA
hydrogels and y-PGA propyl hydrogels increased with increasing pH in the 2-5 pH
range, but changed little when pH exceeded 5. This phenomenon was attributed to the
100% ionization of y-PGA at pH = 5.1 [24]. However, in the present study, the swell-
ing ratios of the obtained y-PGA hydrogels continue to increase from 60 to 105 when
the pH changes from 5 to 9. This suggests that the swelling mechanism of y-PGA hy-
drogels prepared in the present study may be different from that of the y-PGA hy-
drogels prepared by Gonzales et al. [24] and Akashi et al. [20].

Note that linear y-PGA is insoluble in ultra-pure water, whereas it is soluble in an
alkaline solution (pH > 7.4) [20]. This implies that linear y-PGA can form intermo-
lecular hydrogen bonds. If these multiple hydrogen bonds do not break after the cross-
linking of the y-PGA, they will influence the swelling of y-PGA hydrogels in aqueous
solution. For the y-PGA hydrogels prepared by Gonzales et al. [24] and Akashi et al.
[20], the multiple hydrogen bonds in y-PGA were broken due to the incorporation of
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hydrophobic groups into the gels, therefore the swelling of the obtained y-PGA only
controlled by the ionization of carboxyl groups within the 2—5 pH range. The swelling
ratio was no longer obviously affected by pH at pH > 5. However, in this study, some
hydroxyl groups and ether bonds are introduced to the y-PGA network during the
cross-linking reaction. As a result, multiple hydrogen bonds in the y-PGA will form.
The breaking of multiple hydrogen bonds is governed by the pH value in the 7.4-9
range. Consequently, we can observe that the swelling ratio clearly increases as pH
rises from 7 to 9. Thus the swelling is controlled initially by the ionization of carbox-
ylic groups and then controlled by the breaking of multiple hydrogen bonds. These
novel y-PGA hydrogels have a significantly broader pH-sensitive range, which will
enlarge their fields of application.

3.2.3. Effect of ionic strength on the swelling behaviour of y-PGA hydrogels

It is known that the swelling ratios of polyelectrolyte hydrogels, such as y-PGA
hydrogel, are dramatically dependent on the ionic strength of the medium.
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Fig. 4. The contraction curves of y-PGA hydrogel (BDDGE/COOH,
molar ratio 0.052 in Table 1) in various electrolyte solutions
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Figure 4 shows the contraction behaviour of y-PGA hydrogels in salt solutions.
When the equilibrium swollen y-PGA hydrogels are transferred into salt solutions, the
v-PGA hydrogels shrunk due to the ionic screening effect. In the case of NaCl solu-
tion, both the contraction velocity and contraction ratio of y-PGA hydrogels increase
with the increase in the NaCl concentration. Figure 4 also indicates that at the same
ionic concentration (0.0l mol/dm’), the equilibrium swelling y-PGA hydrogels contract
more quickly in CaCl, solution than in NaCl solution and the contraction ratio in
CaCl, solution is higher than that in NaCl solution. When polyelectrolyte hydrogels
are immersed in water, an osmotic pressure is established. The osmotic pressure is the
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main driving force for the swelling of polyelectrolyte hydrogel. In the present study,
the y-PGA hydrogels adsorb a lot of water in deionized water due to the exerting os-
motic pressure of counter ions. When the equilibrium swelling y-PGA hydrogels are
put into salt solutions, the external ions of the y-PGA hydrogels will diffuse into the
hydrogels owing to different salt concentration between the exterior and the interior of
the hydrogel, which causes the decrease in the osmotic pressure, and the contraction of
v-PGA hydrogels. Another reason is that when ionic strength increases, the hydropho-
bic interaction of polymer chains becomes stronger, which makes the hydrogel shrink.
The diffusion degree and velocity of ions both increase with the increase in the salt
concentration. This may be the reason why the contraction velocity and contraction
ratio of y-PGA hydrogel increase with the increase in the salt concentration. Strong
effects are observed by using CaCl, solution. In this case, the swollen y-PGA hydrogel
exhibits more dramatic contraction than in NaCl solution with the same molar salt
concentration. It can be attributed to a difference of ionic strength in NaCl and CaCl,
solutions. Additionally, the ionic interaction between the Ca*" ions and the carboxyl
groups inside the hydrogel also had an important role in the shrinkage behaviour.
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Fig. 5. The contraction curves of y-PGA hydrogel with various
crosslinking degrees in NaCl solution (0.1 mol/dm®)

The contraction curves of y-PGA hydrogels with various cross-linking degrees in
NaCl solution are plotted in Fig. 5. The y-PGA hydrogels are swollen in deionized
water and subsequently soaked in the 0.1mol/dm’ NaCl solution. Figure 5 shows that
the swelling ratio of y-PGA hydrogels with low cross-linking degree (No. 4) sharply
decreases from 630 to 60 after being soaked in the 0.1mol/dm’ NaCl solution for
50 min. However, the swelling ratio of the hydrogel (No. 8) with higher cross-linking
degree just changes slightly from 22 to 10 during the same period of time. This can be
attributed to the difference in the number of residual carboxyl groups in the y-PGA
hydrogels with various cross-linking degrees. It is acceptable that the y-PGA hydrogels
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with lower cross-linking degree have more residual carboxyl groups. So, the external ions
have a more noticeable effect on the swelling behaviour of y-PGA hydrogels.

4. Conclusion

pH-sensitive hydrogels based on poly(y-glutamic) acid (y-PGA) were successfully
synthesized by the reaction between the pendent carboxyl groups of y-PGA and the
epoxy groups of BDDGE in the presence of tetraethylammonium bromide as a catalyst
in DMSO. The swelling ratio of y-PGA hydrogel is strongly dependent on the pH
value and salt concentration of the swelling medium. The pH-sensitive range of the
hydrogels has clearly been extended up to pH = 9. This is because multiple hydrogen
bonds are formed during the preparation of the hydrogels. This will enlarge the range
of possible applications of hydrogels as pH-sensitive materials.
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Crystallization of TeO,—Nb,O5 glasses
and their network structural evolution

J.LIN', W. HUANG, L. MA, Q. BIAN, S. QIN, H. WEI, J. CHEN

College of Materials Science and Engineering, Tongji University, Shanghai 200092, China

TeO,—Nb,O5 glass is a kind of heavy metal oxide glass with a chain-like network structure, in which
Nb*>* ions connect the Te—O chains and adjust the types of [TeO,] (x = 3, 4) coordination polyhedra to
stabilize the glass network. (100 — y)TeO,—yNb,Os (y = 3-20 mol %) glasses were prepared, the crystalli-
zation behaviour and their network structural evolution were studied by means of differential thermal
analysis (DTA), X-ray diffraction (XRD) and Fourier transform infrared spectra (FT-IR). The results
show that the stabilization of the TeO,—Nb,Os glass network is greatly influenced by the constitution of
Te-O chains and their linkage. The glass structure with lower Nb>" content is inhomogeneous, it is com-
posed of edge sharing Te—O chains, partly edge sharing chains connected by Nb>* ions, apical sharing
chains and apical sharing chains connected by Nb>* ions. Crystalline phases of B-TeO,, Nb,Te 015,
a-TeO, and Te;Nb,O;; will be formed in turn when the treatment temperature of the glass is increased.
When the concentration of Nb>* ions is sufficient to well connect Te—O chains, the glass network will
tend to homogenize, only one crystalline phase, Nb,Te,O13, will be formed. A suitable preheat treatment
will also help to homogenize the glass structure and make the glass more stable.

Key words: glass, tellurite; niobium; crystallization, network structure

1. Introduction

Tellurite glass is a kind of heavy metal oxide glass with such properties as high re-
fractive index and the third order nonlinear optical property, wide optical window and
low phonon energy[1—4]. However, the structure of pure TeO, glass is unstable be-
cause of its lack of linkage between Te—O chains. Some of the modifier ions such as
niobium, zinc, lead and alkali ions, have to be introduced into tellurite glass to im-
prove the linkage between Te—O chains and to connect Te—O chains for stabilizing the
glass network [5-8].

Niobium oxide is also a kind of heavy metal oxide with high molecular refractiv-
ity and optical nonlinearity. When the Nb’* ions are introduced into the tellurite glass

*Corresponding author, email: lin_jian@mail.tongji.edu.cn



330 J.LIN et al.

network, they not only connect Te—O chains for stabilizing the glass structure, but also
provide some oxygen ions for changing tellurium—oxide coordination polyhedra. As
the result, the third order nonlinear optical property of the glass is improved [9]. The
stabilization of niobium tellurite glasses and their optical properties are greatly influ-
enced by the composition and network structure of the glasses [10—13]. Therefore, it is
important to elucidate details of the structure of Te—O chains and their linkage, for
improving the stability of the TeO,—Nb,Os glasses.

Glasses are ordered in short range and disordered in long range, the short-range
structure of the glass is close to that of corresponding crystalline phase. Therefore, the
crystallization behaviour of the glasses reflects each short range structure of the glass
network. The objective of the present work was to study the crystallization behaviour
of TeO,—Nb,Os glasses by means of DTA, XRD and FTIR, hence deducing the evolu-
tion of the glass network structure during crystallization.

2. Experimental

(100 — x)TeO,—xNb,Os (mol %, x = 3-20) glasses were prepared using optical
grade TeO, and Nb,Os crystalline powders. Well-mixed batches of crystalline raw
materials were melted between 750 and 850 °C for 15-20 min in a gold crucible in air.
The melt was then cast on cold stainless steel plate. The glass sample was milled for
DTA, XRD and FTIR analyses. Some of the glass powders were pretreated between
380 and 560 °C for 10—180 min and then cooled at room temperature.

Thermal properties of the glasses were studied with a Perkin-Elmer DTA-7 de-
vice. About 45 to 50 mg of the pretreated glass powder was put in a platinum cup and
heated at the rate of 10 °C/min. Crystalline phases in the glasses after heat treatment
were analyzed with a D/max-B rotating anode X-ray diffractometer with a CuK, radia-
tion source. The network structure of the glasses before crystallization was studied
with a Equinox 55 FT-IR spectrometer.

3. Results and Discussion

3.1. The network structure of the TeOQ,—Nb,Os glasses

The TeO,—Nb,Os glass belongs to heavy metal oxide glasses with complex struc-
ture. [TeOy] trigonal bipyramids (tbp) and the [TeOs] trigonal pyramids (bp) link each
other to form Te—O chains [14, 15]. Nb”" ions in the glass exist as [NbO4] octahedra to
link the Te—O chains [7]. The melting experiment shows that the TeO,—Nb,Os glasses
were transparent and kept for long period of time when the Nb,Os content was from
2 to 20 mol %.
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Fig. 1. DTA curves of (100 — x)TeO,—xNb,O5 glasses and exothermic peaks
corresponding to precipitated crystalline phases: 1 — 3-TeO,(I), 2 — B-TeO,(II),
3- OL-TeOZ, 4 — szTC40]3, 5- Te3Nb2011
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Fig. 2. XRD spectra of (100 — x)TeO,—xNb,O5 glasses after heat treatment; curves:
a—x=3,395°C, 180 min, b — x =3, 555 °C, 180 min, ¢ —x = 15, 505 °C, 180 min; 1 — §-TeO,
(750 882), 2 — 3-TeO, (090 433), 3 — 0-TeO, (410945), 4 — TesNb,O,y, 5 — Nb,Te O3

The DTA patterns of TeO,—Nb,Os glasses are shown in Fig 1. It was found that
the crystallization behaviour of the glasses changed greatly when introducing Nb,Os
as the second component. When the Nb,Os content in the glass was 3 mol %, three



332 J.LIN et al.

kinds of exothermic peaks appeared in the DTA curve for the glass. Some of the XRD
results are shown in Fig. 2, they confirm that the 3-TeO, phase was formed at 350 °C
and 380 °C, then a little of ai-TeO, phase appeared at 620 °C. When the Nb,Os content
was 5 mol %, the first exothermic peak was weaker and shifted to higher temperature,
and the third one was strengthened and moved to lower temperature. The XRD analy-
sis shows that the TesNb,O;; phase was obtained near 565 °C instead of a-TeO,. The
exothermic peaks in the DTA patterns continued to approach each other when the
Nb,Os content was increased, while the Nb,Te,O;; phase began to be obtained instead
of TesNb,O,; and B-TeO,. When the Nb,Os content was increased to 15 mol%, the
exothermic peaks appeared at 465 °C, and the precipitated crystals gradually changed

to only one crystalline phase of Nb,Te,O1s.
x = 2(

(0] x =10
8
é / X=8
g
=
/‘\// =3
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Fig. 3. FT-IR spectra of (100 — x)TeO,—xNb,O5 glasses

The FT-IR spectra of the TeO,—Nb,Os glasses are shown in Fig 3. The band at
638—652cm' was assigned to [TeO,] tbps. It slightly shifted to higher frequencies
when the Nb,Os content was increased. The shoulder at 760 cm ', which belonged to
[TeO;] bps, was improved with increasing Nb,Os content. The band at 900 cm ' was
assigned to the vibration of Nb—O bonding, though its origin from [NbOg] or [NbO,]
groups was in dispute [10, 16]. The absorption coefficient ratio of the [TeO,] and the
[TeOs], and the absorption coefficient of the Nb—O band are shown in Fig. 4. The ratio
of [TeOQ,4)/[TeOs] decreased with increasing Nb,Os content, accompanied with increas-
ing content of Nb—O groups. It can be concluded that the introduced Nb,Os changes
some of [TeQy] tbps into [TeOs] bps, while the Nb*" ions connect Te-O chains as
[NbOg] octahedra.
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Fig. 4. The absorption coefficient of coordination polyhedra
and their ratio in (100 — x)TeO,—xNb,O5 glasses

The network structure of the TeO,—Nb,Os glasses changes with the content of
Nb>" ions. When the Nb,Os content is lower, most of Te*" ions exist as [TeOy] tbps
and form Te—O chains, the [TeQ,] tbps link each other both in apical sharing and in
edge sharing, only a few of [TeOs] bps exist in the glass network. The Nb" ions exist
as [NbOg] octahedra to link the chains as shown in Fig 5. Due to insufficient linkage
of the Te-O chains because of insufficient amount of Nb>* ions in the TeO,~Nb,Os
glass, the glass network easier loses its stability. Therefore, the metastable edge-
sharing [TeQ,] tbps will first form edge-sharing 3-TeO, phase at lower temperature.
The apical-sharing [TeO4] tbps are more stable than the edge-sharing ones, they will
form o-TeO, phase with similar structure at higher temperatures. Te—O chains con-
nected with Nb>* ions are more stable, they will form Te;Nb,O;; phase with apical-
sharing structure [17] at much higher temperatures.

lower Nb%* content higher Nb5* content

Fig. 5. Schematic diagram of the TeO,—Nb,0O5 glass network
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When the Nb,Os content in the glass is increased, more and more Nb*>" ions will
connect Te—O chains as [NbOg] octahedra, just like the [NbOg] octahedral chain be-
tween [TeO,] tbp chains in the Nb,Te O35 crystal, in which some of the polyhedra are
linked by edge sharing [18]. The introduced Nb,Os will also provide oxygen ions to
change more [TeQ,] tbps into [TeOs] bps. It seems that the glass network is strength-
ened by enhancing the linkage of Te—O chains. The tellurite network will also come to
homogenization, because of uniform distribution of Nb>" ions among the Te—O chains,
though some of the tellurium-oxide polyhedra still link each other in edge sharing.
Therefore, the precipitated crystals will contain only one crystalline phase, such as
Nb,Te4Oy; phase.

3.2. The structural evolution of the TeO,—Nb,Os
glasses under preheat treatment

The heat treatment will also affect the network structure of the TeO,—Nb,Os
glasses. The DTA curves of the 90TeO,—10Nb,Os glass after preheat treatment at
470 °C for various times are shown in Fig 6. Three kinds of crystallization peaks were
found, which belonged to the crystalline phase of B-TeO,, Nb,Te;O;; and TesNb,Oy;.
This means that the glass structure consists of three kinds of Te—O chains: partly edge-
sharing [TeO,] chains, partly edge-sharing [TeO,] chains connected by Nb’* ions and
apical-sharing [TeOy] chains connected by Nb”" ions. When the glass was preheat
treated at 470 °C, some of the crystals were nucleated or formed from the glass before
DTA analysis, it resulted in weakening crystallization peaks and in the fall of crystal-
lization temperature in DTA patterns.

TE3Nb2011
unannealed
T 470 °C, 10 min
o i
>
i}
470 °C, 100 mi ;
|
]
470 °C, 120 min
T T T T ¥ T T
350 400 450 500 550

T/°C

Fig. 6. DTA curves of the 90TeO,—10Nb,O5 glass after heat pretreatment
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Fig. 7. DTA curves of the 85TeO,—15Nb,05 glass after heat pretreatment
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Fig. 8. XRD spectra of the 85TeO,—~15Nb,Os glass after heat pretreatment

The crystallization characteristic of the 85TeO,—15Nb,Os glass is different from
that of the 90TeO,—10Nb,O;s glass. The DTA curves of the 85TeO,—15Nb,0s glass
after pretreating at 470 °C are shown in Fig 7. The exothermic peak, attributed to
B-TeO,, disappeared. The first peak from Nb,Te,O;; was strengthened and shifted
towards higher temperatures at a prolonged pretreatment time, while the peak from
TesNb,O;; was weakened and shifted to higher temperatures as well. The XRD spectra
of the 85Te0,—15Nb,05 glass under various heat treatment conditions are shown in
Fig 8. When the glass was heat treated at 470 °C for 30 min, no crystals were found. If
the pretreatment time was extended to 100 min, the Te;Nb,O,; phase was formed.
When the pretreatment time was prolonged to 120 min, the crystalline phase was
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changed into Nb,Te,O3. It can be concluded that Nb,Te,O,5 will first be formed from
partly edge-sharing [TeO,] chains connected by Nb’" ions, and then Te;Nb,Oy; from
apical sharing [TeO,] chains connected by Nb*" ions. If the number of Nb>" ions in the
glass is sufficient to well connect Te—O chains, the crystalline phase of TeO, will not
be formed from the glass without cooperation of Nb°* ions. It seems that the preheat

treatment at 470 °C would homogenize the network structure of 85TeO,

J.LIN et al.

—15Nb,0s glass and make the glass more stable.

Fig. 9. DTA curves of the 85TeO,—15Nb,05 glass after heat pretreatment

Fig. 10. DTA curves of the 85TeO,—15Nb,05 glass after heat pretreatment
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The effect of pretreatment temperature on the DTA curves for 85TeO,—15Nb,Os
glass is shown in Fig. 9. The exothermic peaks attributed to the crystalline phase of
TesNb,O,; and Nb,Te O3 shift to higher temperatures. When the pretreatment tem-
perature is increased to 485 °C, the crystallization peaks merge into one peak attrib-
uted to the Nb,Te 013 phase, and then this peak shifts to lower temperature with in-
creasing pretreatment temperature. The influence of the pretreatment time on the DTA
patterns at 485 °C is shown in Fig 10. The crystallization peak was weakened and
shifted towards lower temperatures with the increasing pretreatment time. This means
that a suitable heat pretreatment will homogenize the glass network structure and
make it more stable. However, the overheat treatment will result in partial nucleation
and crystallization in preheat treatment and make the glass structure less stable.

4. Conclusions

The network structure of the TeO,—Nb,Os glasses consists of Te—O chains, most
of [TeOy] tbps connect each other in apical sharing, whereas a few of [TeO4] tbps link
in edge sharing. When Nb,Os is introduced into the glass network, it provides oxygen
ions to change some of [TeO,] tbps into [TeOs] bps, and the introduced Nb>* ions
connect the Te—O chains. The insufficient linkage between Te—O chains results in an
inhomogeneous tellurite glass network. The glass will lose its stability in the edge-
sharing Te—O chains during heat treatment at first, and then in the partly edge-sharing
chains connect by Nb*" ions, and at last in the apical-sharing Te—O chains.

When the Nb,Os content in the glass is increased, more and more Nb’* ions will
connect Te—O chains. The introduced oxygen ions from Nb,Os will also increase the
content of [TeOs] bps, while the edge-sharing pyramids still exist in the glass struc-
ture. The sufficient number of Nb’" jons will connect the Te-O chains, homogenize
the glass network, and increase the structure stability. The structural evolution results
in only one crystalline phase of Nb,Te,O;5 representing the partly edge-sharing Te—-O
chains connected by Nb”" ions, being formed during heat treatment. Furthermore, a suit-
able preheat treatment at 470 °C will help in homogenization of the glass structure.
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Silicon oxide nanowires and spheres
grown by hydrothermal deposition

L.Z.PEI

School of Materials Science and Engineering, Key Lab of Materials Science and Processing
of Anhui Province, Anhui University of Technology, Ma’anshan 243002, PR China

Silicon oxide nanowires and spheres were prepared via a simple hydrothermal deposition using silicon
powder as the starting material. Field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), energy dispersive spectra (EDS) and high-resolution transmission electron microscopy
(HRTEM) were used to observe the structure and morphologies of the products. The results show that the
average diameter of silicon oxide nanowires with an amorphous structure is about 500 nm, and that smooth
silicon oxide spheres have a definite diameter distribution ranging from several hundred nanometers to several
micrometers. The growth process of the silicon oxide nanowires and spheres is discussed.
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1. Introduction

Preparation of one-dimensional nanowires has attracted a wide attention since the
discovery of carbon nanotubes (CNTs) in 1991 [1]. Silicon oxide, one of the best can-
didates for photoluminescence materials, has been actively studied for a long time.
Great efforts have been devoted to the preparation of silicon oxide nanowires because
of their potential application in high-resolution optical heads of scanning near-field
optical microscopy, nanointerconnection and microphotonic devices due to their inten-
sive light emission ability [2, 3]. Silicon oxide nanowires have been prepared via dif-
ferent routes such as laser ablation, chemical vapour deposition (CVD) and template
method according to the vapour—liquid—solid (VLS) growth mechanism, oxide-
assisted growth mechanism and template confinement mechanism [2, 4-9]. Hydro-
thermal synthesis of CNTs and other one-dimensional nanomaterials [10—15] demon-
strates their potential for preparing one-dimensional nanomaterials. As previously
reported [16, 17], self-assembled silicon nanotubes and silicon carbide nanotubes have
been prepared by a simple hydrothermal method using silicon monoxide, silica and
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silicon carbide as the starting materials, respectively. Recently, we attempted to de-
posit one-dimensional nanostructures on silicon substrates in order to study the effect
of silicon powder as starting material on the formation of one-dimensional silicon-
based nanomaterials under hydrothermal conditions. It is very important to prepare
large one-dimensional silicon-based nanomaterials for understanding their nucleation
and growth mechanisms under hydrothermal conditions and future applications. In the
paper, we report that silicon oxide nanowires with an average diameter of about
500 nm were prepared by hydrothermal deposition on silicon substrates using silicon
powder as a starting material. At the same time, silicon oxide spheres with the diame-
ter distributions ranging from several hundred nanometers to several micrometers
were also deposited on silicon substrates.

2. Experimental

The experiments were performed in a conventional autoclave. The main features
of this autoclave are the following: maximum pressure 22 MPa, maximum tempera-
ture 500 °C, volume 1000 cm’, power 1.5 kW and stirring velocity 0~1000 rpm. 1.25 g
of Si powder (purity: = 99%, average particle size: ca.42 um) was mixed with 48 cm’
of distilled water. The mixture was placed in the autoclave. The silicon substrate, of
dimensions of 4 X2 ¢cm?, was cleaned in distilled water for 10 min using a supersonic
wave apparatus. Then, the latter was fixed in the stainless steel bracket situated in the
centre of the autoclave. The autoclave heated to 470 °C, was set to a pressure of 6.8
—8.2 MPa, and the rotational speed of the stirrer was 200 rpm. The temperature and
pressure were maintained for 24 h. Subsequently, the autoclave was cooled to room
temperature in air. Finally, the silicon substrate with bulk light grey deposit was ob-
tained after the experiment.

SEM observation was performed using JEOL JSM-5600LV FESEM with 1 nm
point-to-point resolution operating under a a 15 kV accelerating voltage. TEM and
HRTEM samples were prepared by administering several drops of solution with sam-
ples onto a standard copper grid with a porous carbon film after the samples were dis-
persed into distilled water and treated for about 10 min using a supersonic wave appa-
ratus. TEM and HRTEM observations were performed using a JEOL JEM 3010
transmission electron microscope with a 1.7 A point-to-point resolution operating with
a 300 kV accelerating voltage with a GATAN digital photography system.

3. Results and discussion
Bulk light grey deposit can be observed on the silicon substrate. SEM observa-

tions reveal an abundant number of nanowires and spheres. Figure la is the general
SEM image of silicon oxide nanowires and spheres. The diameter of spheres ranges
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from several hundred nanometers to several micrometers, and can even be greater than
ten micrometers The length of the silicon oxide nanowires deposited on the spheres is
about several micrometers, and can even be greater than ten micrometers. The SEM
image of silicon oxide nanowires under higher magnification (Fig. 1b) shows that the
silicon oxide nanowires have a relatively narrow diameter distribution, and that the
average diameter is around 500 nm. The surface of silicon oxide nanowires is very
smooth. It is obvious that the growth tips of the silicon oxide nanowires are closed
semi-circular structures. So the growth tips are similar to those of silicon nanowires
prepared by oxide-assisted growth [18-21].

NOME

Fig. 1. SEM images of: a) the obtained sample, b) silicon oxide nanowires under higher magnification

The results demonstrate that no metallic catalyst particles exist in the silicon oxide
nanowires. The production ratio of silicon oxide nanowires to spheres estimated by
further SEM observations is about 1:9. EDS spectra of the nanowires and spheres are
measured in order to determine the end product composition. The point, line and plane
EDS spectra of the nanowires (Figs. 2a—) show that the nanowires are composed of
only silicon and oxygen. The corresponding quantitative analyses of the chemical
composition of these samples using SEM-EDS experiments were performed by the
software applied in the Link ISIS300 EDS. The atomic ratio of Si:O of silicon oxide
nanowires is about 1:1.9 (point scanning and line scanning) and 1:1.8 (plane scan-
ning), respectively, showing that the silicon oxide nanowires are SiO, (x between 1.8
and 1.9) nanowires. Such a result also reveals that the element distribution of Si and O
in the silicon oxide nanowires is uniform. The plane scanning EDS spectrum per-
formed on spheres (Fig. 2d) reveals that the spheres are also composed of silicon and
oxygen. The corresponding atomic ratio of Si:O is about 1:1.6 showing that the O
content of the spheres is less than that of the silicon oxide nanowires.

Figure 3a is a general TEM image of silicon oxide nanowires. Different from the
SEM results, some silicon oxide nanowires with a smaller diameter of about 200 nm
are observed showing that silicon oxide nanowires with smaller diameters can be
formed under present hydrothermal deposition conditions. In addition, similar to the
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Fig. 2. Results of the EDS analysis of the sample shown in Fig. 1a: a) the point scanning EDS
spectrum of the nanowire tip pointed by A, b) the line scanning EDS spectrum of the nanowire
pointed by B, c) the plane scanning EDS spectrum of the nanowires pointed by C,

d) the plane scanning EDS spectrum of the silicon oxide spheres pointed by D

SEM observation, the growth tips are mainly composed of semi-circular closed caps.
The highly diffusive ring obtained from the electron diffraction analysis shown in the
inset of Fig. 3a, reveals that these silicon oxide nanowires are amorphous, similarly to
those synthesized by other methods [2, 4-9]. The surface of a nanowire is smooth,
according to the TEM image of a single silicon oxide nanowire (Fig. 3b). The
HRTEM image (the top-right of Fig. 3b) reveals an amorphous structure which is in
agreement with the selected area electron diffraction (SAED) result. Spherical struc-
tures are also observed from the TEM image (Fig. 4a). The corresponding SAED pat-
tern shown in the inset of Fig. 4a is a kind of highly diffusive ring. The result demon-
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strates that the silicon oxide spheres are also amorphous. The HRTEM image of sili-
con oxide spheres (Fig. 4b) further substantiates the SAED result.

Fig. 3. TEM image of the silicon oxide nanowires (a), the inset is the corresponding SAED pattern
and TEM image of a single silicon oxide nanowires (b), the inset is the corresponding HRTEM image

Fig. 4. TEM image of silicon oxide spheres (a), the inset is the corresponding SAED
pattern and a HRTEM image of the silicon oxide sphere (b)

The obtained silicon oxide nanowires and spheres are composed of silicon and
oxygen. The amount of O is greater than that of Si. Therefore, much oxygen exists in
the sample. The amount of O in the starting material is measured in order to determine
the origin of the oxygen. Thus, the EDS analysis was performed with the energy spec-
trometer (Fig. 5). A small amount of oxygen is observed in the plane scanning EDS
spectrum. The quantitative analysis with the software applied in the Link ISIS300
EDS shows that the content of O in Si powder is 2.37wt. % which is far less than that
of the end-products. The result demonstrates that only a part of the oxygen in the sam-
ple comes from the starting material of silicon. Silicon oxide exists mainly in the form
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of silicon monoxide because the content of oxygen is far lower than that of Si in the sam-
ple. Thus it is reasonable to conclude that only a small amount of oxygen originates from
the Si powder. Si is a stable monoatomic element under the standard atmospheric condi-
tions and at room temperature. Thus, silicon oxide cannot be formed from Si under atmos-
pheric pressure and the present experimental temperature. Si is also difficult to gasify. But
the deposition process takes place under the pressure of 6.8-8.2 MPa and at the tempera-
ture of 470 °C being higher than the critical temperature of water (374 °C [22]).

® v
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Energy [keV)

Fig. 5. SEM image of Si powder (a) and plane scanning EDS spectrum (b) corresponding to Fig. 5a

Therefore, the experiments are considered as having been conducted under super-
critical conditions. Supercritical water enjoys a different status under high pressure
such as sufficient density to dissolve materials, a higher diffusivity than in liquid state,
a low viscosity facilitating mass transport, and high compressibility allowing easy
changes in density and dissolving power [22]. Thus the supercritical hydrothermal
conditions may play an essential role in the gasification of Si. Considering all these,
the possibility of the reaction between Si gas and water gas is investigated by calculat-
ing the temperature dependence of the Gibbs energy under atmospheric pressure. Si
gas possibly reacts with H,O to form H,, such as according to the following reaction:

Si(gas)+2H,O(gas) — SiO, (solid) + 2H, (gas) @)

The Gibbs energy of these materials can be described by [23]:

Ci 1 Ci 2 2
Gf(T)z_RGT[Té+?+Cf,3 +C T+CI*+C, lnTj ()
where G; is the Gibbs energy of the system which consists of two materials, i.e., Si and
H,0 and R; = 8.314 J'-mol "K' is the gas constant. C;;—C;¢ are the coefficients for the
two materials. The G«(T) values of various materials are given in the literature [24].
The AG value is lower than —5.5x10° J-mol™" at 400 °C according to the calculation.
The result demonstrates that the reaction can occur in accordance with the thermody-
namics. The hydrothermal pressure can also enhance the reaction rate according to the
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chemical reaction theory. Therefore, Si and H,O gases can react with each other to
form SiO, and H, according to Eq. (1) under the aforementioned supercritical hydro-
thermal conditions under the pressure of 6.8—8.2 MPa. Thus a large amount of oxygen
in the sample originates from the reaction of gaseous Si and H,O. In addition, the exis-
tence of gas in the autoclave when its temperature decreased to room temperature also
confirms that an abundant quantity of hydrogen can indeed be generated under high
temperate, high pressure conditions.

Silicon oxide is known to play a large role in the nucleation and the growth of sili-
con oxide nanowires. Therefore, the formation of silicon oxide nanowires is based on
the oxide-assisted growth mechanism [18, 21]. The melting point of the starting mate-
rial, silicon, is 1414 °C [25]. Therefore, the starting material cannot be gasified under
the specified experimental temperature and atmospheric environment. The temperature
of the formation of silicon oxide nanowires is lower than that in other methods [2, 26-28]
which may contribute to the supercritical hydrothermal conditions under the pressure
of 6.8-8.2 MPa. Some of the silicon is gasified, forming silicon gas, with the increase
of temperature and pressure in the autoclave. Water vaporization reacts with the gas-
ified silicon, forming silica nanoscale clusters. The nanoclusters are suspended in the
supercritical hydrothermal environment and are stirred continuously. The melting
temperature of these nanoclusters may be reduced, due to their nanoscale size and the
effect of a supercritical hydrothermal environment [16, 17, 19, 22]. The nanoclusters
might be liquid-like, which can be called semi-molten or in a molten state under the
specified hydrothermal conditions. These semi-molten or molten nanoclusters deposit
into silicon substrates continuously with the overflow of the atmosphere in the auto-
clave. The molten or semi-molten silicon oxide at the tip of the initial silicon oxide
liquid droplets absorbs a large amount of silicon oxide, resulting in a continuous
growth of silicon oxide nanowires. The formation process of silicon oxide spheres is
different from that of silicon oxide nanowires. The amorphous structure of the silicon
oxide spheres is also different from the crystalline structure of silica nanospheres syn-
thesized by the Stober—Fink—Bohn method [29]. It is believed that more nanoclusters
collide with each other, forming the clusters with larger size and depositing in silicon
substrates. A small amount of silicon oxide nanospheres with amorphous structure are
formed with diameters measuring several hundred nanometers: these diameters are
smaller than those of micro-spheres observed from the SEM experiment. Silicon oxide
spheres with different diameter distribution form, owing to the surface tension effect of the
liquid-like clusters. The formation process is similar to that of the silicon oxide nano-
spheres prepared by hydrothermal deposition using silicon and silica as the starting mate-
rials [30]. Therefore, fewer silicon oxide nanowires were synthesized out of spheres.

4. Conclusions

In summary, a simple and easily controllable hydrothermal deposition method has
been used to prepare silicon oxide nanowires and spheres. The amorphous silicon ox-
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ide nanowires have a smooth surface, an average diameter of about 500 nm and the
length of a few micrometers, and can even exceed ten micrometers in length. The as-
synthesized spheres with the amorphous structure also have smooth surfaces and the
diameter distribution ranging from several hundred nanometers to several microme-
ters. The supercritical hydrothermal conditions are believed to play an important role
in the formation and growth of silicon oxide nanowires and spheres. A possible
growth process of silicon oxide nanowires is proposed based on the oxide-assisted
growth mechanism.
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