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Synthesis of metal sulfides has been demonstrated by the example of monoclinic germanium disulfide produced by reaction of the
sol–gel product with sulfur. The elemental sulfur, in turn, was obtained as the result of oxidation of H2S in the presence of
concentrated sulfuric acid. This sulfur was transported into a toluene solution of germanium ethoxide and found to be
homogeneously distributed within the gel. Heat treatment of the sol–gel product yielded single-phase GeS2 . Products before and
after heat treatment were characterized by IR, XRD, SEM and EDXA measurements.

The electronic and optical properties of semiconducting metal medium for H2S oxidation. The sol–gel reaction product
(before and after heat treatment) was characterized by IRsulfides are strongly affected by impurities and inhomogenities

in the material, which may be caused by the preparation spectroscopy measured in the range 400–4000 cm−1 using an
FTIR spectrometer (Bruker IFS 113V) equipped with aprocess. The sol–gel process is expected to provide a homo-

geneous product with a low level of impurities, and lead to a photoacoustic cell (Princeton Applied Research, model 6003,
EG&G). The samples were analysed by X-ray diffractionproduct with a controlled structure and stoichiometry.

However, when alkoxides and H2S gas were used as precur- (XRD) on a Rigaku RU-200B automated powder
diffractometer with Cu-Ka radiation. The morphologies of thesors, the reaction products were mixtures of metal oxides and

sulfides,1–5 since the alkoxides readily react with water. In dried gels and the heat-treated products were examined on a
Hitachi S-2700 scanning electron microscope (SEM).order to avoid oxide formation, special precautions have to be

applied to protect the reaction mixture from contamination Microanalysis of the Ge and S content in the samples was
performed by energy dispersive X-ray analysis (EDXA) with aby water. Otherwise, an additional reaction has to be under-

taken to eliminate the oxide impurity and purify the metal Link analytical eXL incorporated into the electron microscope.
sulfide product.

Kumta and Risbud,4 for instance, used H2S gas during heat Sol–gel processing
treatment to obtain single-phase lanthanum sulfide. Sriram

Germanium ethoxide and toluene were mixed under a driedand Kumta5 applied a similar method to produce crystalline
nitrogen atmosphere in a glove box. The toluene5ethoxideTiS2, i.e. heat treating the powder, obtained by sol–gel pro-
ratio was 9555 (vol%). Before introduction into the solution,cessing from titanium alkoxide and H2S gas, in the presence
H2S was passed through concentrated sulfuric acid that half-of an H2S gas flow.
filled an Erlenmeyer flask in an air atmosphere. An excess ofHere, we present an original approach to metal sulfide
H2S carrying elemental sulfur liberated in sulfuric acid waspreparation as demonstrated through the synthesis of mono-
bubbled through the toluene–ethoxide solution until completeclinic germanium disulfide. The method is a combination of
gelation had occurred. The obtained gel enclosed in the reactorthe sol–gel processing of germanium disulfide previously
was aged for 24 h. Samples for analysis were dried in a vacuumreported1,2 and an H2S oxidation reaction to elemental sulfur
oven at room temperature.and water in the presence of concentrated sulfuric acid. Sulfur

forms a colloidal suspension in sulfuric acid, and it can be
Heat treatmentextracted and homogeneously distributed in a toluene solution

of germanium ethoxide by an H2S gas flow. Since the sol–gel The gel was placed into a quartz ampoule evacuated to
reaction product was a mixture of GeS2 and GeO2 ,1–3 sulfur 10−4 Torr pressure, heat-treated isothermally in a furnace at
converted the oxide to sulfide during heat treatment yielding 630 °C for 24 h to homogenize the solid mixture and then
single-phase monoclinic GeS2 . The reaction product was quenched in water to room temperature. The cooling rate was
characterized by various methods before and after heat >17 °C s−1 .
treatment.

ResultsExperimental
The obtained gel was yellow and of smooth appearance. TheMaterials and analysis XRD pattern of the gel [Fig. 1 (a)] shows the presence of two

For the sol–gel processing of GeS2 , germanium ethoxide crystalline phases. One was identified as hexagonal GeO2 ,6manufactured by CHEMAT [99.99% Ge(OEt)4] and hydro- while the other was orthorhombic sulfur.7 The XRD pattern
gen sulfide, produced by Linde Canada (99.6% H2S), were of the gel after heat treatment [Fig. 1(b)] is identical to that
used as precursors and toluene was used as solvent (Fisher of monoclinic GeS2 .8Scientific, HPGC grade). Even though the toluene had a low The peak positions from this XRD pattern were matched
water content, <0.02%, it was dried by refluxing over Na with a standard8 using software PDF-2 Database sets 1–42.
metal, for 24 h and then distilled. Concentrated sulfuric acid The 2h and d-spacings for the heat-treated product and the
(98%), supplied by Fisher Scientific, was used as the acidic standard are shown in Table 1 along with their absolute

deviations.
The IR spectrum of the gel in the range 400–1000 cm−1 is† Present address: Université Claude Bernard – Lyon I, LACE, Bât.

303, 43 Bd. du 11 Novembre 1918, 69622 Villeurbanne Cedex, France. shown in Fig. 2(a). In the range 400–450 cm−1 shoulders at

J. Mater. Chem., 1997, 7( 1), 105–107 105



Table 1 XRD peak positions (2h) and d-spacings of the heat-treated GeMOMGe,10 which confirms the presence of hexagonal
product and of standard GeS28 with absolute deviations GeO2 . A shoulder at 780 cm−1 suggests the existence of a

GeMOH vibration.10 An absorption band at 473 cm−1 is2h/degrees d/Å characteristic of an SMS bond stretch of elemental sulfur;11
absorption peaks due to toluene are also observed at ca. 694standard heat-treated standard heat-treated

hkl GeS2 product D(2h) GeS2 product Dd and 730 cm−1.11
The IR spectrum of the heat-treated gel is shown in Fig. 2 (b)

200 15.479 15.477 −0.002 5.7200 5.7208 0.0008 and has absorption peaks close to those of monoclinic GeS2111 16.372 16.377 0.005 5.4100 5.4082 −0.0018 at ca. 405, 430 and 450 cm−1.9 Furthermore, an absorption211 21.239 21.245 −0.006 4.1800 4.1788 −0.0012 band at 483 cm−1 can be assigned to SMS vibrational002 26.555 26.551 −0.004 3.3540 3.3544 0.0004
absorption.151 31.832 31.839 0.007 2.8090 2.8084 −0.0006

260 36.978 36.975 −0.003 2.4290 2.4292 0.0002 A scanning electron micrograph of the dried gel [Fig. 3 (a)]
−332 39.223 39.228 0.005 2.2950 2.2947 −0.0003 reveals that the gel is colloidal, i.e. formed by linking of

spherical colloidal particles into a porous network. From the
micrographs, it is evident that particles of ca. 0.4 mm are linked
by necks. As well as the gel network, the micrograph of the
gel obtained at lower magnification [Fig. 3 (b)] reveals large
crystals of dimension ca. 60 mm. The morphology of the heat-
treated gel is shown in Fig. 3(c) and indicates a fused structure
with large grains and the absence of macropores.

Energy dispersive X-ray analysis (EDXA) shows that the
particles have a Ge5S atomic ratio of 153.7. However, the
large crystals with a ratio 1546.5 are almost pure sulfur.

The microstructure changes after heat treatment, with the
sulfur crystals completely disappearing and a homogeneous
structure being formed. EDXA revealed that the atomic ratio
Ge:S was constant when measured at different spots on the
sample, not deviating significantly from the average value
of 152.9.

Discussion

The IR spectrum of the gel has well defined absorption peaks,
typical of hexagonal GeO2 the presence of which is also
confirmed by the sharp peaks in the XRD pattern of the gel.

Although the XRD pattern of the gel does not indicate
amorphous GeS2 , its presence was confirmed by IR spec-

Fig. 1 XRD pattern of (a) the gel and (b) monoclinic GeS2 obtained troscopy. However, both the IR spectrum and the XRD patternafter heat treatment
of the gel confirmed the presence of crystalline orthorhombic
sulfur.

The overall reaction for H2S oxidation can be proposed as:

H2S+cO2 ,b)

H+
S0+H2O (1)

The sulfur formed by reaction (1) was carried into the reaction
mixture by the H2S gas flow and crystallized into the stable
orthorhombic structure within the gel. The influence of the
acid on the H2S oxidation can be explained by the following
electrochemical reactions:

H2S=2H++S0+2e (1a)

2H++cO2+2e=H2O (1b)

If reaction (1b) is the slow step then the presence of the
concentrated acid aids the oxidation of H2S. The oxygen
involved in reaction (1b) probably comes from air trapped
above sulfuric acid in the Erlenmeyer flask. Since the gel
contains both GeO2 and GeS2 ,1–3 the sol–gel processing of
these compounds occurred simultaneously. Reactions (2)–(4)
describe the formation of GeO2 :

OGeMOR+H2O=OGeMOH+ROH (2)

OGeMOR+HOMGeO=GeMOMGeO+ROH (3)Fig. 2 IR spectrum of (a) the gel and (b) monoclinic GeS2 obtained
after heat treatment

OGeMOH+HOMGeO=OGeMOMGeO+H2O (4)

The GeMOH bond was identified in the IR spectrum of theca. 405, 415 and 430 cm−1 can be assigned to GeMS vibrational
absorptions by vitreous GeS2 .9 This spectrum shows a gel, providing evidence for this reaction mechanism during

the sol–gel processing of GeO2 . Water involved in the reactionvibrational absorption triplet of hexagonal GeO2 at 515, 555
and 587 cm−1 .10 The gel also has a strong absorption peak at was formed according to reaction (1) and was introduced into

the mixture by the H2S gas flow.3ca. 885 cm−1 , assigned to the asymmetric stretching of
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Fig. 3 Scanning electron micrographs of (a) the gel, (b) sulfur crystals deposited in the gel and (c) the sintered structure of monoclinic GeS2

The reaction mechanism for the sol–gel processing of GeS2 , Conclusions
proposed by Melling,1 consists of the following reaction steps:

The efficient preparation of GeS2 from a gel mixture of GeOxand GeSx is possible by conversion of GeO2 with sulfurOGeMOR+H2S=OGeMSH+ROH (5) simultaneously introduced into the toluene–ethoxide solution
by the H2S flow during sol–gel processing. Oxidation of H2SOGeMSH+ROMGeO=OGeMSMGeO+ROH (6) by oxygen from the air in the presence of concentrated sulfuric
acid (pH−2) yields elemental sulfur and water which were

OGeMSH+HSMGeO=OGeMSMGeO+H2S( ( 7) transported into a toluene solution of germanium ethoxide by
the H2S gas flow and homogeneously distributed. The heat-

In reaction (7 ), formation of OGeMSMGeO is favoured since treated product shows two types of bonds, GeMSMGe and
H2S gas is easily removed from the reaction system. GeMSMSMGe. Therefore, the complete consolidation of GeSxgel and reduction of GeOx gel with sulfur occurs upon heatCharacterization results for the gel after heat treatment indi-

treatment at 630 °C.cate that the product is monoclinic GeS2 . From Table 1 it is
evident that the agreement between d-spacings and 2h values

This research was supported by CANMET, Fuel Processingof the heat-treated product and the standard is excellent, show-
Laboratory, Western Research Centre, Devon, Alberta,ing that the product is primarily GeS2 . Its structure consists of
Canada. The authors are grateful for their financial andlarge crystals with no evident porosity at the grain boundaries.
technical support.The IR spectrum of the heat-treated product indicates that,
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