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ABSTRACT

The well-dispersed CoSb, nanoparticles within mesoporous carbon had
been fabricated by wet-impregnation followed by reduction route. X-ray
diffractometer (XRD) and transmission electron microscope (TEM) were
used to analyze the synthetic process. These CoSb, nanoparticles had
spherical morphologies with sizes around 20 nm. The use of mesoporous
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carbon effectively avoided the aggregation of these CoSb, nanoparticles
and kept them dispersed well. The results showed the proper ratio of Sh/Co
(= 5), ashort reaction duration and high temperature played key roles on

obtaining pure CoSb,.

INTRODUCTION

Asonealternativeway to harvest wast industria
heat and solar energy, TE materials provideusabetter
way to alleviatetheenergy shortage. Thekey toredize
superior thermoe ectric materiad sistheimprovement of
the thermoel ectric Figure of merit™. It requires both
the decrease of thermal conductivity and smultanously
theincrease of theelectrical conductivity>3. Theal-
ternativerouteisto reducethedimensondlity of typica
materiasinto nanoscalé*”. By doing so, thermal con-
ductivity could begrestly reduced through theincreased
grain boundary phonon scattering and | attice thermal
conductivity in nano-grains could be reduced, aswell®
%, Yet, the electrical conductivity would be reduced
accordinglyt?, Thus, an optimum microstructuremight
be agood combination of coaseand finegrainsinan
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individua materia. In such presumption, acomposite
with connective coarsegrainsand dispersed nano-grains
isalwaysfabricated so that el ectrical resistivity of the
mixed grainsmay bekept almost unchanged whilethe
thermal conductivity may bereduced greatly because
the difference between free path of phononsand el ec-
trongt-12,

Ontheother hand, this above so-called nano-ef-
fectsinabulk thermoel ectric materia , could beremark-
ableonly if some construction units(grains, particles,
etc.) inthe material were smaller than afew tens of
nanometersor evenafew nanometers™. Unfortunately,
suchsmadl particleswere generdly thermodynamically
unstable and easily grew up and coarsened into mi-
crometersparticlesthrough sdf-aggregation dueto their
high density of boundarieswhenthey werefurther pre-
pared into bulk body through modul e preparation and
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cacination at el evated temperatures. Therefore, solu-
tions should be attempted to hindering the coarsening
in nanostructures, such as adding secondary
nanoparticlesby blending route* ™ or in situ route™.,

Inthisstudy, anovel nano-TE compositewasfab-
ricated (Scheme 1): CoSh, nanoparticleswell-dispersed
in mesoporous carbon. Firstly, dueto the confinement
of mesoporouschannels (in most cases, lessthan sev-
eral tens of nanometers), the aggregation of
nanoparticlescould beeffectively restrained during the
synthesisof nano-CoSb, particlesat hightemperature.
Secondly, because these mesoporous composite pow-
derswereusudlyinthesizeof micrometers, it could be
convenient for them to beblended with other microme-
ter-size CoSb, powders and then, further to be pre-
pared into bulk body without worrying about the self-
aggregation of these nano-TE powders. Finaly,
mesoporous materia sthemse veshad low therma con-
ductivity duetotheir high porositiesand large amount
of defectson surface, which werehelpful toimprove
theZT vaueof thermod ectric materias.
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Schemel: lllugtration for theformation of CoSb, disper sed
within themesopor esof mesopor ouscar bon.

EXPERIMENTAL PROCEDURE

The mesoporous carbon was synthesized by using
mesoporous SBA-15 silicaastemplate according to
literature™. Typically, 1 g of SBA-15wasaddedtoa
sucrose sol ution by dissolving 1.25 g of sucrose and
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0.14gof H,SO, in5gof H,O. Themixturewas placed
inadrying oven for 6 hat 373 K, and then for 6h at
433 K. Then, itwastreated againat 373 K and 433K
for another 12 h after the addition of 0.8 g of sucrose,
0.09 g of H,SO, and 5 g of H,O. The carbonization
was completed by pyrolysiswith heating to typically
1173 K for 5 h under vacuum. The pure mesoporous
carbon wasobtai ned after washing the pyrolysized mix-
turewith 5wt % hydrofluoric acid at room tempera-
ture, toremovethesilicatempl ate.

Co and Sb precursors/mesoporous carbon com-
positeswith variousratio of Sh/Co (4-6) wereachieved
by wet-impregnation. Typically, sample S5-500-45
(with the molar ratio of Sh/Co =5) was prepared as
follows: 0.13g cobdt(l1) chloride hexahydrateand 0.76
g antimony trichloride were added to citric acidic
(C,H,0O,) ethanol solution by dissolving 0.47 g citric
acidin 7 mL absolute ethanol. Then, mesoporouscar-
bon (1.0 g) was dispersed into theabove solution with
stirring. After stirred for 2.5 h, themixturewastrans-
ferred into an open Petri dish to evaporate ethanol . Af-
ter the mixturewasdried, the Co-Sb precursors con-
fined within mesoporous carbon powders were
achieved.

NaBH, solution were prepared by dissolving0.2g
NaBH, and 0.2 g NaOH into amixed solvent with 1.0
ml ethanol and 1.0 ml distilled water.

TheNaBH,, solution abovewas added into the Co
and Sb precursors'mesoporous carbon composite pow-
der drop by drop with slow stirring. Because of the
heet released from thereductivereaction, solvent would
evaporate gradually and the mixture wasfurther kept
drying. After thereductant solution wasconsumed, the
reduced powder further suffered from heat-treatment
inatubefurnace under designed temperature (500 °C)
and held for aperiod of time (45 min) under 5%H, /
95 9% N, mixed atmosphere. The synthesi zed powder
waswashed threetimeswith ethanol and distilled wa-
ter, respectively, followed by drying. Thesampleswere
named as Sr-T-t, here, ‘r’ referring to the ratio of Sb/
Co; ‘T, the temperature by heat-treatment; ‘t’, the
duration at thedesigned temperatureT.

Powder XRD patternswererecorded by using a
Rigaku D/Max 2200PC diffractometer with Cu, _ ra-
diation (40kV and 40 mA) with ascanning rate of 0.6
min? for small-angletesting and 10° min for large-
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angletesting. TEM imagewas obtained on aJEOL -
2010F el ectron microscope operated at 200 kV.

RESULTSAND DISCUSSION

Figure 1a shows the small angle XRD pattern
(SAXRD) of mesoporous carbon before and after
nano- CoSh, loaded. One major peak at about 1° can
be observed which indicatesthe ordering of mesopore
structure before nano-CoSh, |oaded. After nano-CoSh,
loaded, the ordering of mesopore structuredisappeared
according to the SAXRD (Figure 1a, inset). This
phemononindicatesmost of mesoporeswerefilledwith
nano-CoSh, particleswhich was consistent with the
observation of TEM (Figure 2). Apart from the
mesoporespartially filled, part of mesoporousframe-
work collgpsed during the heat-treatment under H,, at-
mosphere.
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Figurel: Small angleXRD patternsfor themesopor ouscar bon
before(a) and after (inset, in (a), for sample 5-500-45) CoSb,
nanoparticlesloading. Wideangle XRD patter nsfor samples
prepared at variousratioof Sh/Coat 500°C for 45min (b).
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TheWAXRD patternsof the products (Figure 1b)
prepared with variousratios of precursorsat 500 °C
for 45 min demongtratethat ra ative high Sb/Coratio
wasnecessary inview of thehighvolatileof antimonide,
athough the molar ratio of Sh/Co should be 3 accord-
ing to thechemical formulaof CoSb,. Inthisexperi-
ment, the proper ratio was 5, at which pure CoSb,
with skutterudite structure (PDF 65-3144) was ob-
tained. A second main phase, CoSh, (PDF 65-4102),
was found when theratio was higher or lower than 5,
especialy for S6-500-45 (TABLE 1).

TABLE 1: Phasecompostionsof theproductsobtained at the
varioussynthesisconditions.

Molar ratios of Main Phase
Sample .
Co: Sb phase composition
$4-500-45 1. 4 CoShb;  CoSh; + CoSb,
S5-500-45 1:5 CoSb; CoSb;
S6-500-45 1: 6 CoSh, CoSh, + CoSb;

Figure2: TEM imagéfor nano-CoSh./mesopor ouscar bon
composite (S5-500-45).

TEM investigation providesthedirect observation
of the morphology and distribution of CoSh,
nanoparticlesin mesoporous carbon (sampl e S5-500-
45). Uniform CoSh, spherical nanoparticleswith di-
ametersaround 20 nm can beclearly seeninthesample
S5-500-45. These nanoparticles are well dispersed
among the pore chanel s of mesoporous carbon. Obvi-
oudly, dueto the confinement of pore channels, these
nanoparticleswerewell dispersed even after calcina-
tion at elevated temperature. Therefore, it could be
deduced that mesoporous carbon has been success-
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fully used as supporter to preparewell-dispersed CoSb,
nanoparticles. In contrast toliteratures® inwhich pure
H,, was used as redutive and protective atmosphere,
thisexperiment used much more safter amospherewith
5%H, withN,, whichgaveapractical way to prepare
TEmaterids.

Theusageof citric acid and NaBH, areimportant
to synthesis nano-CoSb,/mesoporous carbon compos-
ite. Several researchersdecreased the evaporation of
Sb* (intheform of Sb,0,) by pre-reducing Sb** into
metal S8, Inthisexperiment, however, it wasinsuffi-
cient. Using only NaBH, asreduction agent but with-
out citric acid as compl exing agent, CoSh, wasfound
to be the main phaseto co-exist with CoSb, asasec-
ond phasein all temperatures. In contrast, citric acid
could effectively suppressthe evaporation of interme-
diate products-meta Sb nanoparticles.

Theexperimentd resultsshowed that boththe syn-
thesistemperature and duration played key roleson
determining the phase composition of thefinal prod-
ucts. Theformation of the CoSb, phasetook placeina
stepwise mode: firstly, metal Co and Sbwerereduced
by NaBH, at thefirst step; secondly, theintermediate
phase - CoSb,, emerged when the reduced metal
nanoparticleswerefurther treated under high tempera-
ture; and findly, thefina product, CoSb, wasformed.
Thepossiblereaction processis presented in thefol-
lowing chemicd reactions:

CoCl, +2NaBH,— Co+2BH,+2NaCl +H, (1)
SbCl, + 6NaBH, — 2Sb + 6BH,, + 6NaCl + 3H, 2
Co+2Sh— CoSb, (3)
CoSh,+Sb— CoSb, 4)

Apart fromtheformation of CoSh,, thereisaside
reaction: CoSh, isunstable and would decompose at
high temperatureto form CoSh, and antimony.
CoSb,— CoSb,+ SoT 5)

Asshownin Figure 3a, whenthereaction waspro-
longed to 15 min at 450 °C, the product consists of
CoSb, asmain phase, small amount of unreacted CoSh,
and Sb assecond phase. Thisresult indicates 15 min of
reaction duration at 450 °C islong enough to form
CoSb,. When duration increased to 45 min, however,
much more CoSh,, Sb were found, which indicated
that the CoSb,, asan unstable phase, decomposed (re-
action (5)). Smilar phenomenonwasdsofoundinthe
synthesisof CoSb, viamechanical alloying process*
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Figure3: Powder XRD patternsfor theproductsprepared at
varioussynthetic conditions. L eft, variousdurationsat ratio
of 5for Sb/Coand 450°C; righ, varioustemper atureat ratio
of 5for Sb/Coand for aduration of 45 min.

and polyol process™ inwhich prolonged millingtime
or reaction duration led to the decomposition of CoSb,
into CoSb, and Sb. In contrast to reaction duration,
the reaction temperature played apositiveroleonthe
formation of CoSh, (Figure 3b). The difference be-
tween the reaction speeds of reaction (4) and reaction
(5) gresatly increases as the reaction temperature in-
creases. the speed of reaction (4) at 500 °C ismuch
higher than that of 450 °C whilethe speed of reaction
(5) isamost constant from 450 °C to 500 °C. There-
fore, at atemperature as 500 °C, the speed of reaction
(4) was much higher than that of reaction (5), greatly.
Asaresult, pure CoSb, was obtained at 500 °C.

CONCLUSIONS

Pureand well dispersed CoSb, nanoparticleshave
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been succussfully synthesized by using mesoporous
carbon as supporter. Both proper ratio of Sb/Co (Sh/
Co=5) and certain amount of complexing agent (citric
acid) werenecessary for the sucessful synthesis. The
synthesis of the CoSh, phasefollowed stepwise mode
with CoSb, asan intermediate product. A short reac-
tion duration and high temperaturewerepreferred for
the preparation of pure CoSb, phase. The properties
of thenovel materialsareunder way.
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