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Abstract: Sh,Co aloy in powdery form was synthesized via reduction with ga-
seous hydrogen of the oxide CoSh,Og, oObtained by the citrate gel-combustion
technique. The precursor was an agueous solution of antimony nitrate, cobalt
nitrate and citric acid. The precursor solution with mole ratio Co(I1)/Sb(V) of
1:2 was gelatinized by evaporation of water. The gel was heated in air up to the
temperature of self-ignition. The product of gel combustion was a mixture of
oxides and it had to be additionally thermally treated in order to be converted
to pure CoSh,Og. The reduction of CoSh,Og by gaseous hydrogen yielded
powdery Sh,Co as the sole phase. The process of oxide reduction to alloy was
controlled by thermogravimetry, while X-ray diffractometry was used to con-
trol the phase compositions of both the oxides and alloys.

Keywords: CoSh,Og; Sh,Co; gel-combustion; intermetallic compound; thermo-
gravimetry; X-ray diffraction.

INTRODUCTION

Sol—gel techniques and their variances: gel-combustion techniques, are wide-
ly used to produce nano-dispersed, simple or combined, oxides serving as high
temperature superconductors,! ferrites,23 electrode materials for lithium batte-
ries,4 catalysts,>6 etc. The reduction of oxides by heating in a hydrogen atmos-
phere presents an already known procedure of powder metallurgy, enabling the
synthesis of powders of pure metals or alloys.’~15

Sol—gel techniques, being faster and more effective, are replacing more and
more classical solid-state synthesis procedures. Namely, the low mobility of atoms
in solids is the basic obstacle in the synthesis of solid materials through classic
solid-state reactions, where the relatively coarse starting mixtures of the solid
compounds require either along time or high temperatures to achieve interdiffu-
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sional homogenization on the molecular level. Sol—gel techniques enable intimate
precursor mixtures that are homogeneous on the molecular level to be obtained,
leading to afinal product with only little additional treatment. The citrate gel-com-
bustion method was aready used to synthesize the complex oxide compounds
LiMnyO44 and NiWQy,16 while a two-step procedure, involving both gel-com-
bustion synthesis of oxide mixtures and their reduction to alloys, was used re-
cently to obtain Ni-W16 and Ni-Mol/ alloys. The hypothesis underlying this
two-step route may be expressed as follows: the gel-combustion procedure provi-
des a mixture of oxides homogeneous on the molecular level, which yields imme-
diately a thermodynamically stable alloy upon reduction. This idealized perfor-
mance assumes low temperature synthesis of an alloy without the need for any
additional thermal treatment to relax its structure.

The intermetallic compound CoShy is a representative of the arsenopyrite
class of compounds.18 This alloy is also known as a semiconductor material of
relatively low thermal conductivity and high thermoelectric power.19.20 For semi-
conductor investigations, large crystals of CoSby, were synthesized earlier by
Feschotte et al.20 by the gradient-freeze technique. The intermetallic compound
CoSh, recently became additionally interesting as an anodic material for Li-ion
batteries, being of high theoretical Faradic capacity (amounting to even 530 mA
g1), as well as nice cyclability, if prepared in a nano-dispersed or amorphous
form.21-25 Xije et al.22 published the synthesis of a nano-dispersed alloy based on
levitation melting and ball milling of the solidified bulk aloy. Somewhat |ater,
Xie et al.23 published the solvothermal synthesis, in which a solution of
CoCl»-6H20, ShCl3 and NaBH4 in anhydrous ethanol was placed in an autoclave
and thermostated for a certain time, whereby ShoCo alloy as a precipitate, which
was filtered, washed and vacuum-dried, was obtained.

The intention of the present study was to synthesize ShoCo alloy in the
powdery form by reduction of a mixed oxide CoO-Sh,Ox synthesized by com-
bustion of the corresponding citrate gel. This was an attempt to surmount the
disadvantages of the classic metallurgical melt-solidification route, which requi-
res closed conditions due to a pronounced ability of antimony to sublime,22.25 as
well asto avoid the relatively complex solvothermal synthesis.23

EXPERIMENTAL

The chemicals used in this study: Shb, Co(NO,),-6H,0 and citric acid, were purchased
from Merck. 1 g of metallic powdery Sb (8.214 mmol) was mixed with 5.178 g of citric acid
(24.6 mmol) and 1 ml of concentrated nitric acid, and 2 ml of distilled water was added. The
antimony was dissolved quantitatively under slight heating. Then 1.1952 g Co(NOj3),-6H,0
(4.207 mmol) was added to the solution to obtain a mole ratio Sh:Co of 2:1. The solution was
dried at 80 °C for 24 h to gelatinize. The dry gel was heated in air up to self-ignition, which
occurred at about 300 °C, yielding a dark-gray powder, which was expected to be the oxide
mixture. This powder was isothermally treated for 30 min in air at a predetermined tempera-
ture, in order to remove traces of carbon, which aso unavoidably consolidated the crystal
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structure. A small part of the oxide sample was used to prove thermogravimetrically the con-
ditions of reduction with gaseous hydrogen. A TA Instruments Model 2090 TG-DTA device
was used to abtain a TG curve under a flow of the gas mixture Ar + H, (25 vol.%). From the
TG curve, the final temperature of reduction was determined. Then, the whole oxide mass was
placed in a quartz tube which was protruded through a horizontal furnace and the reduction
gas stream (Ar + H, (25 vol.%)), at a congtant flow rate of 70 ml minl, was established
through the tube. After heating up to the temperature required for complete reduction, a gray
powder was obtained, which was expected to be Sb,Co. X-Ray anaysis for the purposes of
this study was performed by means of a Philips PW 1710 diffractometer, using CuK » line
(A = 1.54056 A) in the 15-70° 26 range, in steps of 0.05° with an exposition of 3 s. The
morphology of alloy was observed using a Jeol JSM-840A scanning electron microscope.

RESULTS AND DISCUSSION

As is known from inorganic chemistry, CoO and ShoSs may form the com-
plex oxide compound CoShyOg. This compound was expected to be the direct
product of the gel-combustion synthesis described in the Experimental section, in
view of the hypothesis that the gel-combustion procedure provides homogeniza-
tion on a molecular level. The powdery product of the gel-combustion procedure
described in the Experimental section was treated isothermally at 700 °C during
30 min in order to remove traces of carbon and then was subjected to X-ray dif-
fraction analysis in order to examine the phase composition. The XRD diffractto-
gram (Fig. 1) evidenced not only the expected pure CoShoOg, but a mixture of
CoShy0g, ShyO3 and CoO, which were identified based on JCPDS cards 18-0403,
72-1854, and 75-0418,26 respectively. The appearance of the compound CoSb,0g
confirms the expectation that the gel-combustion procedure leads to a very inti-
mate mixture of oxides, able to react mutually and to build a thermodynamically
stable compound. However, the appearance of free simple oxides indicates that
the temperature developed during the gel combustion was insufficient to provide
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for complete conversion of simple oxides to their product, CoSb,Og. The ap-
pearance of the lower-valence oxide SbyO3 is most probably due to the partial
reduction of Sby,Os by the carbon appearing as a product of incomplete com-
bustion of citric acid.

In order to examine whether the obtained oxide mixture, in spite of its com-
plexity, may yield the expected ShoCo alloy, the complete product of gel-com-
bustion was subjected to reduction. Namely, the lower the temperature used in
the procedure, the lower is the expected mean particle radius of resulting product.

The procedure of reduction was checked first by thermogravimetry. For this
purpose, the oxide mixture was subjected to reduction within a thermobalance, in
a stream of the gaseous mixture Ar + H, (25 %). The mass change during linearly
programmed heating is shown in Fig. 2. Obvioudly, reduction accompanied by
mass |oss proceeds in one step and finishes at 650 °C. This TG curve shows that
the mass |oss amounts to 20 %, confirming that a part of the Sb existed as ShoO3
in theinitial product. Namely, the mass loss which corresponds to the conversion
CoShy0Og — ShyCo amounts to 24 %. The TG data in Fig. 2 show that a tem-
perature of at least 650 °C is required to finalize the reduction of the oxides.
Bearing this fact in mind, the whole amount of the oxide product obtained by gel-
-combustion was reduced in a stream of the gaseous mixture Ar + H, (25 vol.%)
at 800 °C, and then cooled to room temperature, keeping it permanently under
the reducing gas stream to avoid re-oxidation.
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Fig. 2. Thermogravimetric curve
804 obtained during the heating of the
oxide mixture CoSh,0Og, Sh,05 and
CoO in an Ar + H, (25 vol. %)
stream at a heating rate of 15 °C
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The X-ray diffractogram of the obtained alloy, shown in Fig. 3, evidences
that the resulting alloy was a mixture of SboCo (monoclinic, JCPDS card No. 29-
-0126)26 and SbCo (JCPDS card No 33-0097).26 On the basis of the relative
intensities, SboCo was in excess. A rea explanation for the complexity of the
phase composition illustrated in Fig. 3 is the presence of simple oxides in the
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initial oxide mixture, asvisiblein Fig. 1. At least, free antimony oxide present in
theinitial mixture yields elementary Sb during reduction, which may evaporate at
800 °C and deteriorate the expected mole ratio Sb:Co of 2:1. This explains the
appearance of SbCo besides of SbyCo in the final aloy.
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To avoid these obstacles, an attempt was made to simplify the phase com-
position of the oxides by an additional thermal treatment. Therefore, the oxide
product obtained upon gel-combustion was treated isothermally at a temperature
of 1000 °C in an air stream for 30 min, under the expectation that the simple
oxides CoO and ShyO3, appearing together with CoShoOg, would mutually react
via a solid-state reaction to yield pure CoSboOg. After this treatment, the oxide
product was examined by X-ray diffraction and the diffractogram, shown in Fig. 4,
indeed evidenced only one phase, CoSh»Og.

The monophase powder CoSb,Og was then subjected to reduction. A ther-
mogravimetric curve of the reduction of a small sample of the same oxide, pre-
sented in Fig. 5, shows a mass loss of 24 %, which is in accordance with the cal-
culated value for complete reduction of CoShoOg to metal. Generaly, thereis no
remarkable difference in the shape between this TG curve of the monophase oxi-
de and the one presented in Fig. 2 for the multiphase oxide mixture. Therefore,
the oxide CoSh,0Og Was reduced in the same way on heating in an Ar + H (25 %)
stream at 800 °C for 30 min. After cooling to room temperature, the mass was
examined by X-ray diffraction and SEM. The X-ray diffractogram presented in
Fig. 6 indicates the presence of Sh,Co only, although the relatively low signal-to-
-noise ratio indicates its low crystallinity degree. Its SEM microphotograph, Fig. 7,
shows that the particle diameter amounted to a few micrometers and that the
relatively high temperature of 800 °C, required for oxide reduction, caused par-
tial particle agglomeration by sintering.
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Fig 4. X-Ray diffractogram of the pro-
duct of gel-combustion after thermal
treatment a 1000 °C. Only the reflec-
tions of CoSb,Og, labeled by Miller
indices, may be observed.

Fig 5. Thermogravimetric curve ob-
tained during the heating of the stoi-

» chiometric oxide CoSb,Og in an Ar +

+ H, (25 vol.%) stream at a heating
rate of 15 °C min'.

Fig 6. X-Ray diffractogram of the
product of the reduction of CoSb,Og.
The reflections from the different crys-
tallographic planes of Sb,Co are la-
beled by the corresponding Miller in-
dices.
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i # ¢ Fig. 7. An SEM microphotograph of
L . theSb,Coadlloy.

CONCLUSIONS

The intention of this study was first to synthesize an intimate mixture of
Co0 and ShoOs, expecting to obtain CoSboOg, and then to reduce it to the inter-
metallic compound ShoCo in powdery form. The gel-combustion procedure was
used for the synthesis of the oxide mixture. The conditions of oxide reduction
were controlled thermogravimetrically, while the phase composition of solid pro-
ducts was controlled by X-ray diffraction. For the gel-combustion product, puri-
fied from carbon residues by heating in air at 700 °C, X-ray diffractometry evi-
denced a multiphase system, consisting of the mixture CoSh>Og + CoO + ShyO3.
Its reduction in a hydrogen atmosphere at 800 °C yielded a two-phase metallic
product composed of SbCo and SboCo. In order to improve the procedure, the
oxide mixture obtained by the gel-combustion procedure was additionally treated
by annealing at 1000 °C. This treatment provided the monophase oxide CoSh,Og.
Its reduction in a hydrogen atmosphere at 800 °C yielded the monophase aloy
ShoCo. This method requires a reduced number of time consuming steps in com-
parison to the solvothermal method.

Acknowledgement. The study is a part of the project No. 142047, granted by the Ministry
of Science and Technological Development of the Republic of Serbia. Varta Microbattery
GmbH supported the study through an agreement with the Faculty of Physical Chemistry, No.
297-14.4.2006.

U3BO I
CHUHTE3A CoSh,0g METOJJOM CAI'OPEBAA T'EJIA U
PEOYKIIUJA 1O IMPAIIKACTE JIET'VPE Sb,Co
MAJA JOBURY, MAPMHA JIALLIMAY, KONRAD HOLLZ, JIEJAH WJIMRZ u CJIABKO MEHTYC?!
YYuueepsuitieii y Beozpady, daxyaitieiti 3a dususky xemujy, Citiydeniicku imipz 1, 11000 Beozpad u
2Varta Microbattery GMBH- Daimlerstrase 1, 73479 Ellwangen, Germany

Jlerypa Sb,Co y dopmu npaxa cunrterrcana je pexykiujom okcuaa CoSb,Og nobujenor me-
TOJZIOM CaropeBama IUTPATHOT resa. [1oa3Hu BOACHH PacTBOp HANPAaBJbEH je 0] aHTUMOH-HHUTpaA-
Ta, KOGaJIT-HUTpaTa U JUMYHCKe KucennHe. [TonasHu pactBop ca mosickuM ogHocoM Co(I1)/Sh(V)
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1:2 npeBeneH je y ren ymapaBameM Boje. I'ell je 3arpeBaH Ha Ba3myxy IO TeMIepaType caMolia-
Jbema. [Ipons3Box caropeBama je cMella OKCHIa, 1 MOpao je Ja ce JOAATHO TPEeTHpa TePMHUYKH Ja
6u ce npeseo y unct CoShyOg. Penykimjom CoSh,0g y armochepu BogoHHKa 100MjeHa je mpari-
kacra sierypa Sh,Co kao uncra dasa. [Iporec pexyKiuje OKCHaa 10 JIerypa KOHTPOIKCAH je TepMO-
TPaBUMETPUjCKH, JIOK je (a3HH cacTaB OKCH/A ¥ JIETypa UCIUTUBAH JU(PaKIHjoM X-3paKa.

(Tpumsbero 7. maja, pesuaupano 20. jyna 2008)
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