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ABSTRACT

Silica-based composite coatings with dispersion of glass or alumina granular particles were fabricated
on n-type Ybo3C04Sby; and p-type CeFe3CoSby; skutterudite (SKD) thermoelectric (TE) materials using
hybrid silica sol as raw material which was synthesized through hydrolysis and condensation under acid
condition process. The dispersion of either glass particles or alumina particles restrained the formation
of micro-cracks during solidification due to relaxing tremendous cohesive stress in the gel. The high
temperature stability for both the coating materials and the coated skutterudite matrix were investigated
through thermal aging at 873 K in vacuum. Inter-diffusion of Sn from glass toward SKDs and Sb from SKDs
toward coating layer was observed in the glass particle dispersed silica composite coating, which resulted
in the failure of protecting function of the coating layer. In the alumina particle dispersed silica coating,
neither diffusion nor reaction between the coating and SKD materials was observed after thermal aging
at 873 K. The sublimation of antimony is suppressed in the SKDs overlaid by the alumina dispersed silica

composite coating.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Skutterudite-based (SKDs) thermoelectric (TE) materials and
devices have been intensively studied in the past decades due to the
potential of application for high temperature TE power generation
[1-4]. The efficiency of TE materials is defined as ZT =5%20T/«, where
T,S,0,and k are the absolute temperature, Seebeck coefficient, elec-
trical conductivity, and total thermal conductivity, respectively.
Recently, great progresses have been achieved in the improvement
of TE properties, and larger ZTmax up to 1.7 at 850K was obtained
in Ba,La,YbyCo4Sby; triple-filled skutterudites [5]. However, there
are still obstacles for realizing the practical application of SKD-
based TE devices. For example, the skutterudite-based materials are
inclined to volatilize or to be oxidized [6-14] at the service temper-
ature, which will result in the degradation of TE performance. Wei
et al. [7] investigated the stability of Ba and In double-filled SKDs
by periodically quenching the samples from 723 K to room temper-
ature, and found that the quenching treatment caused enrichment
of Ba and loss of Sb and Co on the grain boundaries. Zhao et al.
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[8,9] studied the oxidation behavior of CoSbs in air from 773K to
923K and the sublimation behavior of antimony in CoSbs in vac-
uum from 873 K to 1023 K. They reported that the ZTax decreased
~30% after oxidation at 923 K for 48 h or after thermal aging test of
16 days at 1023 K in vacuum. Hara et al. [10] reported that two lay-
ers of the oxidation products formed on the surface of the large size
CoSbs samples in air at 873 K. Leszczynski et al. [11] observed that
for CoSbs, the oxidation starts at the temperature of 653 K, which
was lower than that for CoP3. Recently, Leszczynski et al. [12] stud-
ied the thermal durability of CoSbs in different atmospheres over
the temperature range of 293-1123 K, and observed the formation
of complex three-layer oxidation products of CoSb,04, CoSb;0g
and Sb,04 after oxidation in air. Sklad et al. [13] studied the sta-
bility of CeFe4Sby, in air, and reported that the CeFe4Sby, powder
decomposed and then was rapidly oxidized above 573 K which is
much lower than the device operating temperature at hot side. The
results reported by Snyder and Caillat [14] show that CoSbs decom-
poses to CoSb,, CoSb, and antimony vapor between 873 Kand 973 K.
Furthermore, the volatilized element can condense on the low tem-
perature part which could result in the electrical and thermal short
circuit. The thermal decomposition or sublimation and the oxida-
tion are the major causes for the degradation of SKD materials at
high temperature and the protection becomes the vital technique
for developing SKD-based device.
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The most effective and convenient approach to prevent the TE
performance degradation of SKD materials at high temperature
caused by Sb sublimation and/or oxidation is sealing the materi-
als or the device into a closed environment such as fabricating a
dense protective coating directly on the surface of SKD materials.
Cr-5Si thin layers [15] onto CoSbs deposited by pulse magnetron
sputtering was used to deter the degradation of skutterudite at
elevated temperatures in air, but the thin layers lost protection
function at 873 K. EI-Genk and Saber et al. [16-18] reported the
effectiveness of metallic (Mo, V, Ta, Ti) coatings on suppressing
the sublimation of Sb from CoSbs-based skutterudites. Sakamoto
et al. [19] used a continuous metal foil as a physical barrier to
suppress thermal decomposition near the surface of SKD ther-
moelectric materials. However, most metals would be reactive to
antimony at high temperature and the current leakage through the
metal film could decrease the device efficiency. Generally speaking,
most of the metallic coatings by sputtering are poorly adhesive to
SKDs, otherwise significant inter-diffusion and reaction between
the coating and the substrate would not be avoided [20]. Recently,
a thick aerogel coating [21] is developed to prevent the sublima-
tion of Sb in vacuum. However, the brittleness of aerogel may result
in the formation of microcracks, and the low compactness would
decrease the effect on suppressing the sublimation of antimony
in SKDs as silica aerogel is porous, weak and tenuous. Although
lots of efforts have been focused on the protection of SKDs, the
problem of sublimation and oxidation of SKDs has still not been
solved thoroughly. The aim of the present work is to develop a novel
silica-based composite protective coating for skutterudite thermo-
electric materials. A modified sol-gel procedure combined with a
slurry-blade method was used as a coating technique. The physical
and chemical compatibility of coating-to-matrix was investigated
systematically.

2. Experimental procedure

Bulk skutterudite materials with the nominal composition CeFe;CoSby, and
Ybo3Co4Sby, were synthesized by melting, quenching, annealing and spark plasma
sintering (SPS) processes. Commercial silica sol (30wt% silica) and methyltri-
ethoxysilane (SiCH3(OC,Hs), MTES) were mixed evenly and then transparent sol
was obtained through hydrolysis and polycondensation process at about pH=2
adjusted by 1M HCI solution. Coating slurry was obtained by mixing uniformly
hybrid sol, glass frit (main chemical components: SnO and P,0s small amount of
Zn0 and SiO,) or alumina particles and solvent (ethyl alcohol, ETOH) in weight ratio
of (60-70%):(30-40%):(1-10%). As for the Al,05 dispersed system, silica aerogel was
added into the slurry with an additive amount of 1 wt% of the amount of Al,03. The
hand-polished SKDs (square cube: 4 mm x 4 mm x 4 mm) specimens were coated
through a slurry-blade method. The silica-based composite coatings were obtained
by subsequent solidification at 373 K for 10 h in vacuum.

The thermal behavior of the hybrid silica material in air was simultaneously
monitored with TG-DTA (STA429C, Netzsch) after preheating treatment at 373 K.
The specimen was heated to 1273K at a constant heating rate of 10Kmin~' in
air. A Nicolet Fourier Transformation Infrared spectrophotometer was used to run
Fourier transform infrared (FT-IR) experiments. Hybrid silica coating materials with-
out glass powder dried at 373K in air were ground with KBr and pressed into
pellets for FT-IR measurement. Surface morphologies of the hybrid coatings were
observed by SEM (JEOLJSM-6390) and the interface composition between the hybrid
silica-based coating and skutterudite matrix was analyzed by electron probe X-ray
micro-analyzer (EPMA) using JEOL JXA 8100 equipped with INCA-OXFORD energy
dispersive spectroscopy (EDS).

3. Results and discussion

Fig. 1 shows the comparison of the Fourier transform infrared
(FT-IR) spectra of hybrid silica powder and the silica powder
obtained directly by drying hybrid silica sol and commercial silica
sol, respectively. The hybrid silica sol was fabricated by hydroly-
sis and condensation process of MTES and silica sol. The broaden
stretching vibration peak of O—H in the range from 3100cm! to
3700 cm~! [22] and the characteristic peak of the flexural vibration
of hydroxyl in H,O atabout 1630 cm~! due to the adsorbed water or
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Fig. 1. Comparison of FT-IR spectra between hybrid silica material and silica from
silica sol.

constituent water are observed in both of the silica and hybrid silica.
The broad peak between 1000 cm~! and 1250 cm~! corresponds to
Si—0 absorption. The weak absorption peak of Si—OH at 906 cm™!
existing in the silica spectrum can hardly be identified in the hybrid
silica spectrum due to involving in Si—O—Si absorption band. As
compared with pure silica powder, some extra absorption peaks
were observed in the hybrid silica. They occur at approximately
2970cm~1,1400cm~1,1273 cm~! and 779 cm~!, corresponding to
the C—H stretching vibration mode, CH3 and CH, bending mode,
the Si—CH3 strong and sharp absorption peak and a weak absorp-
tion peak [23], respectively. The existence of these absorption peaks
indicates that Si—O—Si network was successfully modified by —CH3
forming a hybrid network.

Fig. 2 shows the TG-DTA curves of the hybrid silica powder.
The TG curve reveals the existence of three mass loss steps. The
first one was caused by the evaporation of absorbed water at about
370K with less than 2% mass loss. The second process is in the
range of 423-573 K with about 8% mass loss. The third one begins
at approximately 800 K with further ~7% mass loss. Two exother-
mal peaks are observed at about 563 K and 812K, respectively.
These two exothermic peaks correspond to the two large weight
loss processes as shown by TG curve. Combining the TG and DTA
analyses, we can conclude that the mass loss at ~563 K is due to the
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Fig. 2. TG-DTA plots of hybrid silica coating material.
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Fig. 4. Cross sectional morphologies of CeFe;CoSb;, coated by (a) hybrid silica and (b) glass frit-hybrid silica composite system.

combustion of residual Si—OH and the third weight loss at ~812 Kis
typically attributed to the combustion of residual organic radicals
such as —CHs.

Fig. 3 displays the natural surface morphologies of the hybrid
silica and glass-hybrid silica composite coatings, and Fig. 4 shows
the cross sectional morphologies of the coated CeFe3;CoSbq; speci-
mens. As observed by SEM, both the glass-hybrid silica and hybrid
silica coatings are dense (Fig. 3(a) and (b)). This demonstrates the
effectiveness of —CH3 contained in the Si—0—Si hybrid network
on relaxing the cohesive stress in the gel during solidification. The
particle size of the glass powder in the coatings distributes in a
wide range and the shape of particles is close to angular (Fig. 3(b)).
Broadly speaking, thick films are difficult to be obtained via sol-gel
method [24,25]. However, hybrid silica sol modified by organics
has a clear advantage in preparing thick, crack free coatings [26].

At the same time, the slurry-blade method offers relatively thick
hybrid silica coatings in comparison to dip or spin coating methods.
The thick hybrid silica coatings can be effective for protecting the
antimony sublimation from SKDs. However, peeling-off occasion-
ally occurred in cutting process for hybrid silica coating without
fillings, while thicker coating layers without cracks or peeling off
were obtained for glass frit-hybrid silica coating system. The coat-
ing thickness can reach ~600 pm for glass frit-hybrid silica coating
system.

Fig. 5(a) exhibits that the coating is still dense and crack-free
after heat treatment at 873K for 2h in vacuum. Good adhe-
sion between the glass-hybrid silica coating and the SKD matrix
was realized. In fact, the softening phosphate glass is a good
inorganic binder at high temperature. In the glass-hybrid sil-
ica coating, no cracks were found even after the heat treatment
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Fig. 5. Polished cross sectional morphology (a) and EDS spectra (b, Sb mapping spectrum of (a) and c, Sn mapping spectrum of (a)) of the interface between the glass-hybrid
silica overlay coating and CeFe3CoSby, matrix after heat treatment at 873 K for 2 h in vacuum.
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Fig. 6. SEM image (a) and EPMA line scan spectra (b) across the interface of the glass-silica coating and CeFe3;CoSb1, matrix after heat treatment at 873 K for 62 h in vacuum.

at 873K because the distribution of glass would tune the
coefficient of thermal expansion (CTE) of coating to match the SKDs
(CTE: glass 9-10x 1076 K-1, silica 0.5 x 10-K~1, Ybgy3Co4Sb1;
10-11 x 106 K-, CeFe3CoSbi, 10-13 x 10-6K-1) which would
decrease the thermal stress. Similar results as obtained in glass
frit containing composite coating were also obtained in alumina-
hybrid silica composite coating. From the view of tuning CTE
and slurry viscosity, the dispersion of glass frit or alumina parti-
cles is benefited to fabricate thicker hybrid silica coating without

formation of micro-cracks. However, Fig. 5(c) indicates that plenty
of tin atoms have diffused into SKD matrix from glass-hybrid silica
composite coating, while the outward diffusion of antimony into
the coating is not so obvious (Fig. 5(b)). As SnO is the network mod-
ifier in the glass, when the temperature was enhanced to 873K,
the network would be relaxed, and the interaction between Sn-
and network become weak which makes the Sn diffusion into SKD
matrix more easily. In principle, Sn can substitute Sb in antimonide
SKDs, and generate excess charge carrier (holes) in skutterudites
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Fig.7. Cross sectional images (a, b)and EPMA line scan (c, d). (d) shows higher magnification image of O, Ca, Co, Fe in (c) along the white line indicated in (b) for alumina-hybrid

silica coated CeFe3;CoSb, after heat treatment at 873 K for 62 h in vacuum.
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[27,28]. Therefore the diffusion of Sn into SKDs will greatly affect
the TE properties of skutterudites. When the duration time at 873 K
was extended to 62 h, the formation of Sn—Sb alloy was found in
the glass-hybrid silica coating (Fig. 6). It can be easily explained
because Sn and Sb are prone to react forming Sn—Sb compound or
alloy according to the Sn—Sb phase diagram [29]. The EDS line scan
presented in Fig. 6(b) obviously displays the variation of Sb and Sn
in the range over the SKDs and the glass-silica composite coating
system. In addition, there is a small amount of Co—P reaction prod-
uct observed between the interface due to the depolymerization of
PO4 tetrahedron building unit in glass frit [30-32] and the outward
diffusion of Sb from the surface of Yby3Co4Sbiy SKD. According
to the above observation, it can be concluded that the glass frit-
contained hybrid silica coating would lose its protection function
at high temperatures.

The thermal aging behavior of the p-type and n-type SKDs
deposited by alumina contained hybrid silica coating was also
examined. Fig. 7 presents the cross sectional microstructure and
EPMA line scan profile across the interface between the alumina-
silica composite coating and CeFe3CoSby; matrix. In order to
eliminate the influence of the fabrication process of the polished
samples, the specimens were wrapped inside an aluminum foil.
This resulted in the Al peak in the left side of EPMA line scan spectra.
In contrast to the glass-silica composite coating, the components
in the Al,03-silica composite coating are particularly stable. EPMA
line scan profile (Fig. 7(c)) shows that there is no diffusion between
the alumina-hybrid silica coating and SKDs matrix. The adhesion
between the CeFe3CoSb1; and the composite coating is robust even
there is a hair-line crack occurring at the interface after long term
thermal aging test. The Al,03-hybrid silica composite coating is
effective to block Sb from CoSbs-based SKDs.

4. Conclusions

Inorganic-organic hybrid silica was successfully fabricated via
a hydrolysis and condensation process using MTES and commer-
cial silica sol as raw materials. The hybrid silica coatings with
and without glass frit/alumina particles have been fabricated on
SKDs (e.g. CeFe3CoSbq3, Ybg3C04Sb1;) TE materials. With the dis-
tribution of glass frit or alumina particles in the hybrid silica sol,
thick and dense coatings were obtained without the formation of
micro-cracks. The diffusion of Sn and P into the skutterudite matrix
forming interlayer can enhance the adhesion between the coating
and SKD substrate. However, for the glass frit-hybrid silica compos-
ite coating, as increasing the thermal aging time, the interdiffusion
of Sb and Sn would cause the composition variation and degra-
dation of SKDs TE performance and thus result in the failure of
protective function. The composite coating comprised of Al,03 and
modified silica is stable enough to resist the corrosion of Sb, and to
block the sublimation of antimony from skutterudites.
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