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Six samples of silica-supported molybdenum disulfide were prepared by decomposition of MoS3/ 
SiO2 in argon and hydrogen at 623,673, and 723 K. The hexagonal MoS2 structure was confirmed 
by XRD. ESR analysis showed the presence of Mo 5+ in all the samples. Electrochemical studies 
showed that although silica-supported molybdenum disulfide did not manifest any photoresponse, 
it possessed good hydrogen evolution properties. These properties were confirmed in catalytic 
studies, in the presence of V 2+ in 2 M H2SO 4, and in photocatalytic studies in the presence of CdS/ 
SiO2 and TiO2 as sensitizers and methanol as a sacrificial electron donor. Very high activity of the 
sample calcined in argon at 623 K is regarded to be caused by its special surface properties connected 
to the presence of a large quantity of Mo 5+ ions. The reduction of the excess of molybdenum(V) 
ions by evolving hydrogen is taken into account in the explanation of a long induction period in 
photosensitized hydrogen production. © 1991 Academic Press, Inc. 

1. INTRODUCTION 

It is well known that molybdenum com- 
pounds catalyze some chemical processes. 
They have also been used as chief constit- 
uents or minor components of many com- 
mercial catalysts. Silica- or alumina-sup- 
ported MoS 2 has found an ~tpplication, 
mainly in petrochemistry, as an active cata- 
lyst in the process of petroleum hydrodesul- 
furization. In this connection molybdenum 
disulfide has been a subject of many papers 
which dealt with catalytic or other physico- 
chemical properties of supported or unsup- 
ported MoS2. References (1-10) are some 
examples of them. It was concluded by 
some authors that the catalytically active 
sites, especially in hydrogen exchange reac- 
tions, are situated mainly on planes parallel 
to the c-axis while van der Waals planes, 
perpendicular to the c-axis, remain inactive 
(8-10). Moreover, coordinately unsaturated 
molybdenum ions on the surface, especially 
these with lower valence, are usually con- 
sidered as the active sites for chemisorption 
and catalysis (1-3, 5, 6). 
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Depending on its composition (Mo : S ra- 
tio) molybdenum disulfide shows n- or p- 
semiconductor properties. Recent studies 
show that both valence and conduction 
bands of MoS2 are formed by molybdenum 
d-orbitals (12). Direct or indirect bandgaps 
are 1.75 and 1.10 eV, respectively (11, 13). 
The small bandgap energy and high chemi- 
cal durability, even in the presence of con- 
centrated electrolytes, acids, and strong ox- 
idants made the molybdenum sulfide a 
subject of extensive electrochemical and 
photoelectrochemical studies (11-18). For 
example, about 10% quantum efficiency has 
been found for n-MoSz-based photocell for 
C1- oxidation, n-MoS2 has also been studied 
as a photoanode for SO 2 oxidation in the 
presence of 6 M H2SO 4 (17). 

It was mentioned above that MoS2 crys- 
tals show surface anisotropy: the basal and 
edge planes possess different catalytic and 
chemisorptive properties. Similarly, it has 
been found in electrochemical studies that 
the plane parallel to the c-axis provides cen- 
ters for electron transfer reactions in ab- 
sence of light while photoreactions occur on 
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the van der Waals planes (17). The explana- 
tion is as follows (•7): the non-bonding or- 
bitals, dz2, which form a valence band, are 
situated toward the van der Waals surface 
while the orbitals which form a conduction 
band (dx2_y2, dxy, dxz, Px, and npy) are ori- 
ented toward the surface parallel to the c- 
axis. These later participate in the dark elec- 
tron transfer reactions. On the other hand 
the activation of the van der Waals surface 
needs formation of positive holes by elec- 
tron excitation under irradiation. 

Hydrogen evolution catalytic properties 
of pure and doped tungsten disulfide sup- 
ported on colloidal silica were a subject of 
recent papers (19, 20). It was observed in 
photocatalytic and electrochemical studies 
that WS2/SiO 2 alone was inactive as a light 
sensitive material. However, it showed high 
activity as a hydrogen evolution catalyst 
both in dark in the presence of a strong re- 
ductant (V 2÷) and under irradiation when 
mixed with some sensitizers. Molybdenum 
and tungsten disulfides possess the same 
crystallographic structure and exhibit simi- 
lar catalytic and electrochemical properties. 
Therefore, it seemed very reasonable to 
study the behavior of MoS 2 in the systems 
for hydrogen generation from water. 

as the precursors for MoS2/SiO 2 were taken 
from the same batch. 

3.2. CdS/SiO 2 Preparation 

Cd(NO3) 2 • 4H20, 3.547 g, was dissolved 
in 250 ml H20 and 25% aqueous solution of 
ammonia was added until the white precipi- 
tate was dissolved. SiO 2 (Aerosil 200, De- 
gussa), 10 g, was added to the solution. The 
slurry was mixed and heated in a water 
bath to dry. Thus prepared, Cd(OH)2/SiO 2 
containing a little NH4NO 3 was heated at 
about 473 K for 1 h in a stream of H2S to 
remove the excess of ammonium nitrate and 
then at 673 K for 2 h. 

2.3. Pt/SiO 2 Preparation 

Silica-supported platinum catalyst, con- 
taining 2 wt% Pt, was prepared by impregna- 
tion of SiO 2 (Aerosil 200, Degussa) with the 
appropriate amount of HzPtC16 followed by 
reduction in hydrogen at 473 K for 2 h. 

2.4. Thermogravimetric Analysis 

TG, DTG, and DTA curves of MoS3/SiO 2 
precursor were taken on a MOM (Hungary) 
derivatograph under argon at temperature 
range 293-1073 K. 

2. METHODS 

2.1. MoS2/SiO 2 Preparation 

A 4% solution of ammonium sulfide in 4% 
ammonia was prepared by saturation of the 
aqueous solution of ammonia with gaseous 
H2S (Fluka). Ammonium molybdate, 4.06 g, 
and then 20 g SiO 2 (Aerosil 200, Degussa) 
were added to 200 ml of the above solution. 
The suspension was mixed and kept at 343 
K for 2 h, then it was acidified with hydro- 
chloric acid to pH 2 to precipitate a black 
MoS 3 . The precipitate was filtered and dried 
at 343 K. The raw product, MoS3/SiO2, was 
decomposed and calcined in argon or hydro- 
gen at 623, 673, and 723 K. The resulting 
MoS2/SiO 2 samples were denoted as 623Ar, 
673Ar, 723Ar, 623H, 673H, and 723H, re- 
spectively. All the MoS3/SiO 2 samples used 

2.5. MoS2/SiO 2 Characterization 

XRD measurements were performed on 
a TUR MG2 powder diffractometer using 
CuKo~ radiation. BET specific surface areas 
were measured by nitrogen adsorption at 77 
K using a dynamic method. 

ESR measurements were performed for 
all MoSJSiO 2 samples and for commercial 
MoSz/purum, Fluka/. About 40-80 mm 3 of 
the powders were placed in a 5-ram dimen- 
sional measuring quartz pipe. The measure- 
ments in X-band were performed at room 
temperature. Microwave frequency of the 
TEl02 cavity of Radiopan spectrometer was 
9.335 GHz. Modulation of 100 kHz with 1 
mT or 0.68 mT was used; the amplification 
was 2 x 104 for microwave attenuation on 
the 5 dB level. The spectra were recorded 
more precisely near g = 2.000. Values of g 
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were calculated by comparison to a pattern 
signal (g = 2.0036). 

For H 2 adsorption measurements MoS2/ 

SiO 2 was prepared in situ in an adsorption 
cell by decomposition of MoS3/SiO 2 precur- 
sor at 623 K in an oxygen-free argon for 15 
min (evolving sulfur was removed by heat- 
ing the outlet of the cell) and subsequent 
calcination of resulting MoS2/SiO 2 at 623, 
673, or 723 K for 2 h. The H 2 adsorption was 
carried out at 573 K using 0.25 cm 3 pulses 
of the gas in 3-min intervals. The pulses 
were repeated until GC peaks were of a con- 
stant size (the reaction cell was mounted 
into the way of the GC carrier gas). The 
amount of the hydrogen adsorbed was deter- 
mined from the difference between the H 2 
introduced and that recorded by GC. 

2.6. TiO 2 and C d S / S i O  2 Characterization 

XRD and BET surface area measure- 
ments were performed in the manner de- 
scribed above (see 2.5). UV and visible re- 
flection spectra were taken on a Specord 
M-40 spectrometer in the wavelength range 
200-800 nm. MgO powder was used as a 
standard. 

2.7. Catalytic Hydrogen  Evolution f r o m  
A c i d i c  V 2+ Solution 

Vanadium(V) solution of 0.2 M in 2 M 
HzSO 4 was  prepared by dissolving V205 in 
an appropriate amount of sulfuric acid and 
water. The vanadium(V) was then reduced 
by zince amalgam. The reduction and stor- 
age of the resulting V 2+ solution were done 
under argon. 

Measurements of hydrogen evolution rates 
were performed in a 100-ml bottle-shape reac- 
tion cell equipped with an entrance-exit sys- 
tem for flowing argon and a septum for intro- 
ducing samples using a syringe. A small, 
Pyrex-coated magnetic stirrer was used to 
maintain the catalyst in a suspension with the 
V 2 + solution. The reaction cell was placed in 
a water bath at a constant temperature 298 + 
1 K. Argon which flowed through the cell 
during the reaction was purified on columns 

containing activated copper to remove traces 
of oxygen. The hydrogen evolved was ana- 
lyzed with a gas chromatograph using a 2- 
m column filled with activated charcoal, and 
operated at 313 K and with argon as a carrier 
gas. 

In a standard experiment, 60 ml H20 and 
2.2 m196% HzSO 4 were  poured into the reac- 
tion cell. The cell was closed and flushed 
with argon for about 0.5 h. Oxygen contami- 
nation in the outlet gas was examined on 
GC. Then 20 ml 0.2 M V 2+ solution in 2 M 
H2SO 4 were  added using a syringe and the 
mixture was kept under flowing argon for 
1-2 h. Separately, 4 mg of a catalyst (MoS2/ 
SiO2 or Pt/SiO2) were added to 16 ml H20 , 
sonicated, and deaerated (argon) for about 
1 h. An amount of 0.5 cm 3 of the catalyst 
slurry was added to the reaction cell using 
a syringe. The evolved hydrogen left the cell 
in a stream of argon (500 ml h-1) and was 
sampled by the gas chromatograph every 15 
or 30 min using a sampling valve. 

2.8. Studies on Cu 2+ and A g  + Reduct ion  
on Irradiated Semiconductors  

The rate of metal cation reduction under 
irradiation was measured using ion-selec- 
tive electrodes. The catalyst slurry was 
prepared by adding 0.1 g of the appropriate 
p o w d e r  (MoS2/SiO2, CdS/SiO2, or TiO2) 
to 10 ml H20 and sonication. A Pyrex reac- 
tion cell (100 ml volume) was equipped 
with an en t rance-exi t  system for argon 
and two short necks to mount the elec- 
trodes, which were additionally tightened 
with rubber seals. Amounts of 74 ml H20, 
25 ml CH3OH and 1 ml of the catalyst 
slurry were poured into the reaction cell 
and the suspension was deaerated by 
flowing argon. After the electrode poten- 
tial became stable, i.e., after 1.5-2 h, l ml 
Cu(NO3) 2 or  AgNO 3 solution (1 X 10-4g 
Cu m1-1, 2 x 10-4g Ag m1-1) was added 
and the suspension was irradiated with 180 
W medium pressure Hg lamp. The disap- 
pearance of Cu 2+ or Ag + was monitored 
in 5 rain intervals. Standarization curves 
for Cu 2+ and Ag ÷ were taken in the pres- 
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ence of methanol (H20  : CH3OH = 3 : 1), 
SiO2, and under Hg lamp irradiation. 

2.9. Studies of Hydrogen Photoproduction 

The reaction was carried out in the way 
described previously (21, 22). The reaction 
cell was similar to that described in Section 
2.7. Before measurements the fight-sensitive 
powder (CdS/SiO 2 or TiO2-Merck, Lab. No. 
808) and the hydrogen evolution catalyst 
(MoS2/SiO2) were added to the reaction cell 
which contained 65 ml H20, 25 ml CH3OH , 
and, usually, 10 ml 1.0 M KOH. All deviations 
from this procedure are indicated in the paper. 
The suspension was flushed with argon and 
sonicated. The reaction cell was placed in a 
Pyrex water bath at a constant temperature 
298 -+ 1 K and irradiated with 180 medium 
pressure Hg lamp. Evolving hydrogen was 
analyzed by GC; see Section 2.7. 

Incident light flux was measured by an oxa- 
late-uranyl actinometry according to the pro- 
cedure described by Hatchard and Parker 
(23). The light flux was found to be 15.6 x 
10 -2 /xmol  quanta per second. 

2.10. Electrochemical Measurements 

Current-voltage curves were taken on a 
Radius All-Purpose Electrochemical Instru- 
ment coupled to an X-Y recorder. Three 
electrodes were used: graphite (12 mm 2) 
working electrode, Pt counter electrode, 
and saturated calomel electrode as a refer- 
ence one. The electrolyte was 0.5 M KC1 
solution. The solution included the slurry of 
MoS2/SiO2 (5 mg in 100 ml). The measure- 
ments were performed under flowing argon 
in dark and under Hg lamp irradiation. In 
some cases the potential of the graphite 
working electrode was kept constant for 
about 30 min and hydrogen contamination 
in the flowing argon was checked by GC. 

3. RESULTS 

3.1. Characterization of MoS2/SiO 2 

It was mentioned in the Experimental sec- 
tion that MoS2/SiO 2 samples were prepared 
by calcination of MoS3/SiO 2 under different 

conditions. The MoS3/SiO 2 precursor was 
tested using thermogravimetric analysis. 
Two peaks were found in the DTA curve. 
An indistinct endothermic peak at about 583 
K was accompanied by a loss of weight (TG 
and DTG curves) and was due to the MoS 3 
decomposition and sulfur volatilization. 
Then a distinct exothermic peak in the range 
623-733 K was caused by crystallization of 
amorphous molybdenum disulfide sup- 
ported on silica. Taking into account the 
above results, and the fact that sublimation 
of MoS 2 occurs  starting at 723 K, the 
calcination temperature was chosen be- 
tween 623 and 723 K. Both inert (oxygen- 
free argon) and reducing (hydrogen) atmo- 
spheres were used during calcination. The 
amount of molybdenum was 1.15 x 
10-3mol/g SiO 2 . 

Two small and broad peaks were found 
at XRD spectra of all samples: at 20 about 
13.5-15 ° and 33-35 °, characteristic of MoS 2 
hexagonal structure (25, 26). According to 
the literature, they represent (002) and (100) 
crystallographic planes, i.e., the perpendic- 
ular (van der Waals) and parallel to the c- 
axis planes, respectively (25). Specific sur- 
face areas of the all six MoS2/SiO 2 samples 
are near the same and amount to about 155 
m2g - 1. The specific surface area of silica 
alone is about 170 mZg - 1. The very high sur- 
face area of the samples is the result of the 
presence of colloidal silica as a support. 

ESR spectra of some samples, detected 
precisely in a small magnetic field range 
(around g = 2.000) are shown in Fig. I. 
Three distinct lines are observed in all the 
spectraat g = 1.95, g = 2.03, andg = 2.17. 
The very narrow line at g = 1.95 is due 
to the presence of Mo s+ (4d 1 configuration) 
(27). The intensity of the line is the highest 
for MoS2/SiO2623Ar and it decreases with 
an increase of calcination temperature. The 
intensity of the line is small for hydrogen- 
reduced samples. The line is absent in the 
spectrum of a commercial MoS 2 . 

According to the literature, the value of g 
depends on the coordination number of 
Mo 5+ (27). However, under the experimen- 
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Fro. 1. ESR spectra of the samples. Dash line--g = 
2.000. (a) MoS2/SiO2623Ar, (b) MoS2/SiO2723Ar, (c) 
MoS2/SiO2623H, (d) MoSz/SiO2723H. 

tal conditions the line is not split and any 
conclusions cannot be drawn regarding the 
molybdenum(V) environment. 

The other two lines, at g = 2.03 and g = 
2.17, can be assigned to oxygen and sulfur 
radicals (2, 28-30). The assignment of the 
lines, however, is not discussed in this paper. 

A small amount of hydrogen adsorption 
was found on the samples annealed in argon: 
37.2, 18.8, and 7.1/xmol g-i on the samples 
calcined at 623, 673, and 723 K, respec- 
tively. It can be added here that similar H 2 
adsorption on MoS2 (and WS2) at 673 K has 
been described in the literature (31). 

3.2. Catalytic Hydrogen Evolution f rom 
Acidic V 2+ Solution 

Catalytic properties of MoS2/SiO 2 sam- 
ples in hydrogen evolution were studied in 
2 M H2SO 4 solution in the presence of V 2÷. 
The concentration of V 2+ ions was chosen 

experimentally. It was found that in the V 2+ 
concentration range 0.002-0.02 M the yield 
of hydrogen raised with an increase of Cv2 +, 
whereas in 0.03-0.06 M V 2+ it was CvZ+- 
independent. Therefore at Cv2+ = 0.04, 
which was used in the studies, the catalytic 
reaction proceeded in a kinetic region. The 
amount of the catalyst was constant, i.e., 
1.25 × 10 - 4  g. 

The results of the catalytic hydrogen evo- 
lution from 0.04 M V 2÷ in 2 M H2SO 4 on 
MoS2/SiO2 are shown in Table 1 and in Fig. 
2. Additionally, for comparison reasons, 
Fig. 2 shows the results of H 2 evolution on 
Pt/SiO 2 (0.2 wt% Pt). 

The activity of the all six MoS2/SiO 2 pow- 
ders is rather high: 1.25 x 10 -4 g of the 
catalyst evolves about 0.6-2.5 ml H2/h 
(about 5-21 liter h-a/g MoS2/SiO2). The 
highest activity is shown by MoS2/ 
SiO2623Ar; the activity of the other samples 
is 2-4 times lower. The activity depends on 
the calcination temperature: it lowers with a 
rise of calcination temperature. The activity 
reaches a maximum after about 30 min and 
then diminishes a little. 

The hydrogen evolution activity of silica- 
supported platinum is high at the beginning 
of the process (see Fig. 2) and strongly de- 
creases. It should be added here that in a 
blank experiment (0.2 M H2SO4, 0.04 M 
V 2+, 1,15 × 10-4g SiO2) the hydrogen was 
not evolved. 

3.3. Studies on Cu 2+ and Ag  + Reduct ion 
on Irradiated Semiconductors 

None of the MoS2/SiOz samples show any 
photocatalytic activity when irradiated with 
180 W medium pressure Hg lamp in wa- 
ter-methanol solutions of Cu 2+ and Ag +. 
On the other hand irradiated TiO2 and CdS/  
SiO2 caused fast reduction of both Cu 2+ and 
Ag ÷ ions. Figure 3 shows the results of Cu 2÷ 
reduction from the water-methanol solution 
on MoSJSiO 2 and TiO2. Similar results 
were obtained for Ag ÷ reduction on irradi- 
ated MoS2/SiO 2, CdS/SiO2, and TiO z. The 
results are not shown in the paper. 

The photoreduction of both Cu 2+ and Ag-- 
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TABLE 1 

Hydrogen Evolution Rates on Different MoSJSiO 2 Powders 

Sample 
code 

H 2 evolution rate, cm3h -I, STPa 

From acidic 
V 2+ solution b 

From water-methanol-0.1 
M KOH under irradiation C 

With CdS/SiO2 With TiOz 

MoS2/SiO2623Ar 20.8 × 10 3 15 21 
MoS2/SiO2673Ar 9.6 × 10 3 12 18 
MoS2/SiO2723Ar 4.8 x 103 13 19 
MoS2/SiO2623H 11.2 x 103 7 14 
MoS2/SiO2673H 18.8 x 103 6 13 
MoS2/SiO2723H 6.4 × 103 7 12 

a The values are referred to 1 g MoS2/SiO 2. 
b Maximum Hz yield, after 0.5 h. 
c H2 yield at a steady-state reaction conditions. 
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on  s e m i c o n d u c t o r s  w e r e  s tud i ed  b e c a u s e  o f  
the i r  d i f f e rend  r e d o x  po t en t i a l s :  E~u2+/c u = 
0.337 V; E2g+/Ag = 0.799 V. The  c o n d u c t i o n  
b a n d  p o t e n t i a l  o f  MoS2 /S iO  2 is sh i f ted  pos i -  
t i ve ly  vs  N H E  (17, 18, 32) and  the  nega t ive  
resu l t  in Cu 2+ r e d u c t i o n  ( less pos i t i ve  E °) 
does  no t  n e c e s s a r i l y  m e a n  the  a b s e n c e  o f  
the  p h o t o c a t a l y t i c  ac t iv i ty .  T h e  ene rg i e s  o f  
c o n d u c t i o n  b a n d s  o f  Cds  and  TiO2 a re  nega-  
t ive  vs  N H E  (32). 

The  p h o t o r e d u c t i o n  o f  Cu  2÷ o r  A g  + on  

s e m i c o n d u c t o r s ,  e s p e c i a l l y  on  TiO2,  is wel l  
k n o w n  and  the  k ine t i c  and  m e c h a n i s m  o f  
the  p r o c e s s  w e r e  d e s c r i b e d  (33-35). In  this  

p a p e r  the  p r o c e s s  was  a p p l i e d  as a t e s t  r eac -  
t ion to d e t e r m i n e  the  p h o t o c a t a l y t i c  a c t i v i t y  
o f  s i l i c a - s u p p o r t e d  m o l y b d e n u m  sulf ide.  
The  a b o v e  resu l t s  show tha t  t he re  is no pho -  
toac t iv i ty .  

3.4. Hydrogen Photoproduction f rom 
Water-Methanol on MoS2/SiO2-CdS/  
SiO 2 and MoS2/SiO 2 - TiO 2 

Act iv i t i e s  o f  MoS2/S iO 2 s a m p l e s  as  hy-  
d r o g e n  e v o l u t i o n  c a t a l y s t s  ( e l e c t r o c a t a -  
lys ts )  in p h o t o s y s t e m s  for  h y d r o g e n  ge ne ra -  
t ion f rom w a t e r - m e t h a n o l  w e r e  s t u d i e d  in 
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FIG. 2. Dark catalytic hydrogen evolution from acidic 
V 2+ solution: (a) MoS2/SiO2623Ar, (b) MoS2/ 
SIO2623H, (c) Pt/SiO2. 
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FIG. 3. Photoreduction of Cu 2+ from water-methanol 
solution. Cu z+ concentration-- 1.6 x 10- 5 M. (l) MoSj  
SiO2623Ar, (2) TiO 2. 



162 ANDRZEJ SOBCZYNSKI 

"7 ¢- 

O4 
"1" 

O3 
E 
0 

0 0 

0 

o o - ~  

o 

A 

B 

20 40 
mg MoS2/SiO 2 

FIG. 4. Optimization of hydrogen photoproduction 
from water-methanol-0.1 M KOH on CdS/ 
SiOz-MoS2/SiO2623H. (A) yield of hydrogen at a con- 
stant CdS/SiO2 : MoS2/SiOz623H ratio equal 2, (B) yield 
of hydrogen at a constant amount of CdS/SiO2 equal 
0.04 g. 

the presence of CdS/SiO2 and TiO2 as photo- 
sensitizers. Both light-sensitive compounds 
are n-type semiconductors. The bandgaps 
are 3.0-3.2 and 2.5 eV for TiO2 and CdS, 
respectively (36, 37). UV-visible spectra 
show adsorption edges at 380 nm for TiO2 
and 510 nm for CdS/SiOe. The spectra are 
not shown in the paper. According to litera- 
ture such adsorption edges correspond to 
the bandgap energies of both TiO 2 and CdS 
"bulk crystallites," i.e., the crystallites 
which do not show any effect related to their 
size (38-40). 

The CdS/SiO 2 sample, prepared by sulfi- 
dation of Cd(NO3)2-impregnated silica con- 
tains 1.15 × 10 -3 mol CdS/g SiO 2 (about 
14 wt%). The specific surface area of the 
sample is 140 mZg -1. An XRD spectrum 
shows hexagonal CdS on amorphous SiO 2. 
The broadening of the XRD lines indicates 
very small CdS crystallites (200 A as calcu- 
lated from a Scherrer formula). 

The commercial TiO 2 (Merck, Lab. No. 
808) is an anatase by XRD; its specific sur- 
face area is about 6 mZg -1.  

Lower limit of the light wavelength enter- 
ing the reaction cell (about 300 nm) was de- 
termined by the Pyrex glass absorption 
edge. The upper limits of the absorbed light 
were determined by the bandgap energies of 
CdS and T i O  2 . 

It was found in blank tests that none of 
the six M o S 2 / S i O  2 alone (neither the com- 
mercial M o S 2 )  evolved hydrogen from wa- 
ter-methanol in the pH range 1-13 when 
irradiated with 180 W medium pressure Hg 
lamp. Also n o  H 2 was found when C d / S i O  2 

and TiO2 were illuminated in the absence of 
a hydrogen evolution catalyst. 

Optimization of the conditions for hydro- 
gen photoproduction from water-methanol 
(3 : 1) was performed using the system CdS/ 
SiO2-MoSz/SiOz623H. The optimum KOH 
concentration was 0.1 M: the H 2 yield low- 
ered at higher KOH concentration, no hy- 
drogen was found below 0.1 M KOH. The 
influence of the amount of the powders and 
of their weight ratio is shown in Figs. 4A 
and 4B. An amount of 0.04 g CdS/SiO2 and 
0.02 g M o S 2 / S i O  2 w a s  chosen as an optimum 
for further studies. 

The results of the rate of hydrogen photo- 
generation from water-methanol-0.1 M 
KOH using different M o S 2 / S i O  2 samples are 
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FIG. 5. Hydrogen evolution from water-metha- 
nol-0.1 M KOH on 0.04 g CdS/SiO2-0.02 g MoSJSiO 2 
with different MoS2/SiO 2 powders. (1) MoSJ  
SiO2623Ar, (2) MoSz/SiOz723Ar , (3) MoS2/SiOz623H. 
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FIG. 6. Hydrogen evolution from water-metha- 
nol-0.1 M KOH on 0.10 g CdS/SiO2-0.05 g MoS2/SiO 2 
with different MoS2/SiO2 powders. (1) MoS2/ 
SiO2623Ar, (2) other samples. 

shown in Table 1 and in Fig. 5. Figure 6 
shows the hydrogen yield at a higher amount 
of the C d S / S i O z - M o S 2 / S i O  2 mixture. It re- 
sults from the data of Table 1 and Figs. 5 
and 6 that: 

1. MoSz/SiOz623Ar is the most active for 
hydrogen photoproduction in the presence 
of C d S / S i O  2 as  a light sensitizer (the sample 
was also the most active in acidic V 2+ solu- 
tion). The activity of the other two samples 
annealed in argon was smaller but a little 
higher than that of the hydrogen reduced 
samples. 

2. Using higher amount of the CdS/ 
SiO2-MoS2/SiO 2 (2 : 1) mixture the H2 pro- 
duction activities were near identical for five 
MoSJSiO 2 samples; the activity of MoSz/ 
SiO2623Ar was about 1.5 times higher. 

3. Long induction period was found for 
the CdS/SiOz-MoSz/SiO2623Ar system, es- 
pecially at a higher amount of the powders. 
For other M o S 2 / S i O  2 samples the induction 
times were relatively short. 

4. After the induction period the hydrogen 
production rates did not alter during 5-6 h 
of irradiation. 

The MoS2/SiO2623Ar-CdS/SiO2 system 
produced about 0.3 ml H 2 per hour. If we 
take into account the weight of the powders 
and the fact that silica-supported cadmium 
sulfide contains 14 wt% CdS, 1 /xmol CdS 
produces 1.7/xmol H 2 during 5 h of irradia- 

tion. Assuming that the light flux was 15.6 × 
l0 -2/xmol quanta per second, the quantum 
efficiency for hydrogen photoproduction 
from water-methanol-0.1 M KOH on CdS/ 
SiO2-MoSz/SiOz623Ar was 4.8%. The value 
of the quantum efficiency was not corrected 
for light scattering by the catalysts particles. 

Column 4 of Table 1 shows results of hy- 
drogen generation from water-metha- 
nol-0.1 M KOH on irradiated MoS2/ 
SiO2-TiO 2 (0.02 g MoS2/SiO2; 0.04 g TiO2). 
As before, the highest activity was found 
when MoSz/SiOz623Ar was used as a hydro- 
gen evolution catalyst. The samples an- 
nealed in argon were slightly more active 
than those reduced in hydrogen. The time 
dependence of the reaction rate was similar 
to that shown on Fig. 5 for MoS2/SiOz-CdS/ 
SiO 2 . Relatively long induction period was 
found when MoSz/SiO2623Ar was em- 
ployed. 

3.5. Electrochemical Measurements 

The three-electrode system was used for 
measuring the catalytic hydrogen evolution 
properties of M o S 2 / S i O  2 slurry. Figure 7 
shows changes of current vs applied voltage 
for graphite electrode immersed in a slurry 
of MoS2/SiOz723H in 0.5 M KC1 and, for 

mA 
.10 

.05 

V, vs.  SCE 

Fro. 7. Dark current vs applied voltage for graphite 
electrode in (1) 0.5 M KCI and (2) MoSz/SiO2623Ar 
slurry in 0.5 M KCI. The arrows show the electrode 
potentials at which H 2 evolution was measured; see 
text. 
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comparison reasons, for the electrode im- 
mersed in 0.5 M KC1 alone. It is clear that, 
whereas the hydrogen evolution properties 
of the graphite electrode are rather poor, a 
big cathodic current appears when the elec- 
trode is immersed in the MoSz/SiOJ23H 
slurry. Similar relationship of the current vs 
applied voltage was observed for the all six 
MoS2/SiO 2 samples. No photoresponse was 
observed when the slurries were irradiated 
with 180 W medium pressure Hg lamp dur- 
ing the current-voltage measurements. 

It was checked in separate experiments, 
using MoSz/SiOJ23H slurry in 0.5 M KC1, 
that the cathodic current was indeed caused 
by the hydrogen evolution (H3 O+ reduc- 
tion). About 0.5 ml H 2 per hour was pro- 
duced when the graphite electrode im- 
mersed in the MoS2/SiOz723H slurry was 
kept at - 1.5V vs SCE. Only 0.04 ml H 2 per 
hour was evolved in the solution without the 
catalyst. No hydrogen evolution was found 
when the graphite electrode was kept at 
-0.12 and -0.90V vs SCE. The arrows on 
Fig. 7 show the electrode potentials at which 
the hydrogen evolution was measured. 

4. DISCUSSION 

Let us sum up the results of the physico- 
chemical studies on MoS2/SiO 2. The six 
prepared samples differ in their pretreat- 
merit; they were calcined at different tem- 
peratures: 623,673, and 723 K and in two 
different atmospheres: in argon and in hy- 
drogen. The sample precursor, silica-sup- 
ported molybdenum trisulfide, undergoes 
different processes depending on the 
calcination atmosphere (24). In inert envi- 
ronment (argon) it is decomposed according 
to the reaction 

MoS 3 ~  MoS 2 + S (1) 

while in hydrogen it reacts with the flowing 
gas according to 

MoS 3 + H 2 ~ MoS 2 + H2S. (2) 

Various treatments of MoS3/SiO 2 result in 
different sample properties. All samples 
show a certain amount of Mo 5+ ions by 

ESR. The highest amount of Mo 5+ was 
found for MoS2/SiO2623Ar; it decreases 
with an increase of calcination temperature. 
The samples annealed in hydrogen show 
only very small molybdenum(V) content, in- 
dependent on the temperature. It should be 
mentioned here that the p-type semicon- 
ducting properties of MoS2 are closely re- 
lated to the presence of molybdenum(V) 
ions or, in other words, to the excess sulfur 
atoms (6). Therefore, MoSz/SiOz623Ar 
should show the most p-character. 

The samples heated in argon adsorb small 
amount of hydrogen (in order of 1016 mole- 
cules/mZ); the adsorption was not studied on 
samples reduced in hydrogen. There exists a 
strong correlation between the amount of 
adsorbed hydrogen and Mo 5+ content: the 
sample calcined at 623 K (the richest in 
Mo 5+) adsorbs about five times more hydro- 
gen than the sample calcined at 723 K. 

MoSz/SiOz623Ar showed the highest dark 
catalytic hydrogen evolution activity from 
acidic V 2+ solution. The activity was more 
than two times higher than that showed by 
the other samples. For both series of the 
samples, i.e., the argon and hydrogen ones, 
the activity decreased with a rise of calcina- 
tion temperature. Taking into account 
similar electrochemical properties of the 
samples, i.e., similarity of their hydrogen 
evolution overpotentials, it can be con- 
cluded that the activity in hydrogen genera- 
tion is influenced mainly by the presence of 
structural (surface) defects. The more disor- 
dered the structure (lower annealing tem- 
perature) the higher the activity. The most 
active sample, MoSz/SiOz623Ar, is the most 
rich in Mo 5 +. However, the observed reduc- 
tion of the molybdenum(V) ions at the begin- 
ning of Hz-generation excludes their influ- 
ence on the activity. 

The high activity of all the MoS2/SiO 2 
samples can be caused by good exposure to 
the environment of the planes parallel to the 
c-axis, thereby facilitating their interaction 
with the solution. On the other hand, the 
lack of any photoactivity shows that the van 
der Waals planes are not well devel- 
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oped--note that the crystalline form of all 
the MoS2/SiO 2 samples is very poor. 

The mechanism of catalytic hydrogen 
generation from the solution of a reduction 
agent or photosensitized hydrogen produc- 
tion from water on dispersed noble metal 
"microelectrodes" has been proposed by 
Miller et al. (41, 42). The mechanism in- 
cludes electron transfer from the reductor 
or excited sensitizer molecule to the metal 
and subsequent H30 + reduction by nega- 
tively charged microelectrodes. Similar 
mechanism of electron transfer from sensi- 
tizer to semiconductor microcrystals has 
been also described in the literature (43). 
The above two-step mechanism is adopted 
in the paper both for hydrogen generation 
from V 2+ acidic solution on  MoS2 /S iO  2 and 
for its photoproduction from water-metha- 
nol in the presence of CdS/SiOz and TiO 2 as 

sensitizers. 
MoS2/S iO 2 in photosystems with sensitiz- 

ers like C d S / S i O  2 and TiO 2 efficiently gener- 
ates hydrogen from water-methanol-0.1 M 
KOH. Similar to the V 2+ solution, the most 
active is MoSz/SiOz623Ar. Differences in 
the activity between the other five samples, 
however, are much bigger than these ob- 
served in the acidic V 2+ solution. 

For mechanical mixtures of MoS2/S iO  2 

and C d S / S i O  2 o r  T iO 2 the interactions be- 
tween the grains are of the great importance 
in addition to the interaction between the 
surface of MoS2 and the solution. They can 
facilitate or retard the electron transfer pro- 
cesses from excited semiconductor particles 
to MoS2/S iO  2 catalysts. In the previous 
studies (44) the agglomeration of Pt/TiO2/ 
SiO2 and CdS2/S iO 2 was  found to be crucial 
for efficient hydrogen photoproduction from 
water-methanol-KOH using light sufficient 
to excite cadmium sulfide only. Therefore 
the rate determining step of the process of 
hydrogen photogeneration can be controlled 
both by the interaction of molybdenum sul- 
fide surface with the solution and by the 
intergrain interactions. The other pro- 
cesses, i.e., the irradiation of C d S / S i O  2 and 
TiO 2 and the interaction of the semiconduc- 

tor sensitizers with the solution, are ex- 
pected to be the same in all experiments (the 
same amount of powders, the same light 
source, etc.). 

The observed dependence of the hydro- 
gen photoproduction rate upon pH of the 
slurry is also a result of the alterations of 
the catalyst-solution and catalyst-sensitizer 
interactions. 

Regarding the long induction period of hy- 
drogen photogeneration using MoS2/Si- 
O2623Ar as a catalyst is can be concluded 
that the reduction of Mo 5 ÷ by hydrogen evo- 
lution is responsible for the observed behav- 
ior. Note that the sample was the richest in 
Mo 5+ and adsorbed the most of all hydrogen 
among the samples under study. Although 
the H2 evolution experiments were per- 
formed at temperature much lower than the 
H 2 adsorption studies (298 and 573 K, re- 
spectively), the very reactive atomic hydro- 
gen was formed at the first step of H30 ÷ 
reduction. The atomic hydrogen is regarded 
to reduce the excess of surface Mo 5+ and 
formation of surface SH- groups is ex- 
pected. 

CONCLUSIONS 

Silica-supported molybdenum disulfide is 
highly active as a catalyst for hydrogen evo- 
lution. Its activity in acidic V 2+ solution is 
similar to that of dispersed platinum. It can 
be concluded, partially from data in the liter- 
ature, that the supported molybdenum di- 
sulfide possess planes parallel to the c-axis 
that are exposed to the environment and 
provide active sites for dark electron trans- 
fer processes. The samples do not show any 
photoactivity. Therefore, it can be con- 
cluded that the van der Waals planes are not 
well developed. The very high activity of 
the sample heated in argon at 623 K is re- 
garded to be caused by its special surface 
properties related to the highly defective 
structure rather than to the enhanced p- 
character of the sample. Adsorption of hy- 
drogen and reduction of the excess of Mo 5 + 
ions are considered for explanation of the 
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o b s e r v e d  long i nduc t i on  per iod  in pho tosen-  
si t ized h y d r o g e n  p roduc t ion .  
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