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The surface compositions of cobalt-molybdenum binary oxide catalysts were studied with 
X-ray photoelectron spectroscopic techniques for the calcined catalysts and for the catalysts 
exposed to various reactive gases relating to the hydrodesulfurization of thiophene. In the cases 
of the cobalt-molybdenum catalysts prepared by calcining the mixtures of cobalt nitrate and 
ammonium paramolybdate, a surface segregation of molybdenum was observed over a wide 
range of the bulk composition of the catalyst, while a cobalt enrichment was observed in the 
catalyst with a small cobalt content (<6 at.%). However, the catalysts prepared by the 
calcination of the mixed composite oxides, Co0 and Moos, showed no enrichment of cobalt 
or molybdenum in the catalyst surface, except for the catalyst containing a small amount 
of COO. It was fourld that the surface composition of the catalyst was changed considerably 
by treating at 400°C with 10 Torr of various reactive gases. Hydrogen reduction caused a 
surface enrichment of molybdenum, accompanied by the reduction of both oxides to Moo2 
and Co metal. Thiophene/Hz also resulted in a surface segregation of molybdenum and the 
sulfidation of Moon to MO&. HzS/H, treatments, on the other hand, produced a drastic 
segregation of cobalt in the catalyst surface and sulfided the catalyst completely to form MO& 
and CoS and/or more likely Co&, together with excess sulfur. A similar behavior was observed 
for a zinc-molybdenum binary oxide catalyst. It is concluded that the surface compositions of 
the cobalt-molybdenum catalysts depend strongly on the preparation procedures and on the 
kinds of gases in contact with the catalysts. 

INTRODUCTION 

It is well known that surface and bulk 
compositions are different in the cases of 
bimetallic alloys and that a preferent,ial 
enrichment of one component, of a binary 
alloy occurs when the alloy is exposed to 
react’ive gases (1, 2). However, in t#he cases 
of multicomponent oxide catalystIs, only 
little evidence was presented 011 the differ- 
ences between surface and bulk composi- 
tions, although such behavior can be 
expect,ed similarly for the oxide catalyst>s 
on the basis of thermodynamical considera- 
tions (3). 

Matsuura and Wolfs (4) have reported 
t,he differences bet.ween surface and bulk 
compositions for multicomponent bismuth- 
molybdate catalyst,s. The decrease in sur- 
face concent,rat,ion of bismuth has been 
noted for bismuth-mol~bdate catalyst,s 
when t,hey are reduced in hydrogen (5) and 
t.he increased intensities of XI’S (X-ray 
phot’oelectron spectroscopy or ESCA) spec- 
tra of No, Bi, and Fe have been observed 
after ammoxidation of propylene for a 
silica-support,ed multjicomponent bismuth- 
molybdate catalyst (6). Very recently, 
Okamoto and Iris co-workers have dcmon- 
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strated with SnOrMo03 binary oxide cata- 
lysts that the surface composition is re- 
markably different from the bulk one and 
that the catalytic activities for the dehy- 
dration and oxidative dehydrogenation of 
s-butanol depend on the surface composi- 
tion of the catalyst during the reaction but 
not on the bulk composit,ion (7). These 
findings suggest the importance in defining 
the surface compositions of oxide catalysts 
under reaction conditions, coupled wit,h the 
chemical stat,e of each catalyst component, 
since catalytic reactions take place on the 
catalyst surfaces. 

In this paper, the changes in the surface 
compositions of cobalt-molybdenum binary 
oxide catalysts were studied with XI’S 
techniques during a variet,y of treatments 
relating to the hydrodesulfurization of 
thiophene, together with the differences 
between surface and bulk compositions of 
the calcined catalysts. It is revealed that 
the surface compositions are markedly 
dependent on the preparation methods and 
treatments even in the binary oxide cata- 
lysts. Moreover, it is strongly suggested 
that much more attention should be paid 
to the surface compositions of cat’alyst’s in 
order to discuss the catalytic properties in 
detail. 

EXPERIMENTAL METHODS 

Materials 

Cobalt-molybdenum binary oxide cata- 
lysts with various compositions were pre- 
pared by two methods: CO-MO (A) cat- 
alysts : ammonium paramolybdate and 
cobaltous nitrate were dissolved simul- 
taneously in hot water and evaporated to 
dryness under vigorous stirring, followed 
by a calcination in air at 550°C for 5 hr 
using an electric furnace independent from 
an XPS equipment; and CO-MO (B) cata- 
lysts: Co0 and MoOa (both were supplied 
in fine powder forms by Nakarai Chemical 
Company) were mixed completely using a 
motar in the presence of a small amount of 
water and then dryed at 110°C for 16 hr 

with a subsequent calcination at 550°C for 
5 hr. Both catalysts were obtained in fine 
powders after the calcination. Preparation 
methods similar to the CO-MO (A) cata- 
lysts were employed for zinc-molybdenum 
binary oxide catalysts by using zinc nitrate 
instead of cobaltous nitrate. Cobalt- 
alumina catalysts (10 and 20 wt% COO) 
were prepared by impregnating cobaltous 
nitrate on y-alumina (BET surface area ; 
213 m”/g), subsequently calcined at 550°C 
for 5 hr. 

The treatment gases used in this study 
were Hz, thiophene/Hz, H&G/H,, thio- 
phene/HzS/Hz, HzS, thiophene vapor, and 
02. Their compositions were l/15 for 
thiophene/Hz and H,S/Hz and l/1/15 for 
thiophene/H$/Hp. 

Procedures 

XPS spectra were recorded on a Hitachi 
507 spectrometer by using AlKal,z radia- 
tion at room temperature as reported 
previously (8). A catalyst powder was 
mounted onto a grid attached to a sample 
holder made of stainless steel. All binding 
energies were referenced to the contaminant 
carbon (C 1s = 285.0 eV). Ten Torr 
(1 Torr = 133.3 N m-2) of various gases 
were introduced into a sample pretreatment 
chamber attached to the spectrometer at 
20 min intervals, followed by evacuation 
before a subsequent admission of a treat- 
ment gas. The catalyst was maintained at 
400°C during treatments and cooled down 
to room temperature for recording XPS 
spectra. The base pressure in the analyzing 
chamber was about 1 X lo-’ Torr. 

In order to estimate atomic ratios 
((CO/MO) and (S/MO)) from XPS peak 
area intensities, the XPS spectra of MO 3d, 
S 2p, and Co 2~3 levels for MO& and CoSOd 
were measured several times as standard 
compounds. In the cases of zinc-molybdate 
catalysts, MoSz and ZnSOd were employed 
for the sake of calibration, in which Zn 2~s 
level was used. In the above calibration 
methods, the effect of contaminant carbon 
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FIG. 1. Correlations between surface and bulk 
compositions of the CO-MO binary oxide catalysts; 
l , CO-MO (A) ; 0, CO-MO(B). Dashed line indi- 
rates the correlation to show the same composition 
as the bulk one. 

was neglected, because C 1s intensities were 
almost invariant8 among t’he standard com- 
pounds and the catalysts. 

Diffuse reflectance spect#ra of the Co-No 
catalysts were recorded in t’he range 200 
to SO0 nm by use of Hitachi 200-20 spectro- 
phot’ometer against standards of alumina. 

RESULTS AND DISCUSSION 

1. Surface Composition of Cabcined Catalysts 

The surface compositions of the two 
series of the Co-AI0 binary oxide cat8alysts, 
t’he Co-110 (A) and (B), were compared 
with the bulk compositions in Fig. 1. A 
considerable superficial enrichment of 
molybdenum in t,he Co-110 (A) catalyst, 
was observed except below a small cont,ent 
of cobalt (Co/Co + No < 0.06). The XPS 
spectra of 110 3d and Co 2p+ levels (Figs. 2a 
and 3a) show molybdenum as ptIoOs and/or 
CoMo04 (No 3d; : 233.2 eV) and a large 
port’ion of cobalt as Co2+ (Co 2~; : 7X1.9 eV ; 
spinorbit splitting : ca. 16 eV; and the 
presence of satellite peak (9, IO)) in t,he 
all Co-?\10 catalystIs (Co/Co + Ilo < 0.,5) 
studied in this work after the calcinat,ion. 
The diffuse reflectance spectra of t,he 
calcincd catalysts indicat,ed that a signifi- 

cant amount, of cobalt exists as or.C0?\9004 
(527 and 585 nm) and the remainder as 
cobalt oxide (750 nm). Taking int#o account 
these facts, it’ appears t#hat a considerable 
porGon of cobalt’ exist,s as ConloO (Co2+) 
in the catalyst surface and t,hat t>he remain- 
ing one as cobalt, oxide (probably as CosO, 
(II)). The surface segregation of molyb- 
denum in the Co-110 cat’alysts will result 
from the smaller surface free energy of 
1100, (50-70 ergs/cm2) than that of CooO,%, 
which surface free energy can be estimated 
to be 500 to 1000 ergs/cm2 (3) and probably 
smaller than that of CoMoO~. However, the 
slight cobalt enrichment observed in the 
low cobalt content catalyst might be due 
to the exclusion of cobalt’ from the bulk of 
the catalyst by t’he crystallization of RloO~. 
n’evertheless, as shown in Fig. 1, no en- 
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FIG. 2. XPS spectra of the MO 3d level for the 
CO-RIO(B) catalyst containing 30 at.7’ of cobalt; 
(a) after calcination at 550°C for 5 hr, (b) after 
reduction at 400°C with Hz for 100 min (Fig. 5), 
(c) after subsequent exposure to thiophene/H* at 
400°C for 60 min (Fig. 5), (d) to H&/H2 at 400°C 
for 100 nun (Fig. 5), and (c) to thiophenc vapor 
at 400°C for 60 min. 
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FIG. 3. XPS spectra of the Co 2~4 and S 2p levels for the CO-MO(B) catalyst (30 at.% of 
cobalt); (a)-(e) see capt,ions in Fig. 2; (f) after 02 treatment of the sulfided catalyst at 400°C 
for 30 min (Fig. 6). 

richment of molybdenum or cobalt was 
detected for the Co-Mo (B) catalysts. This 
is probably due to the deficiency of a 
thermodynamical equilibrium under our 
preparation condibions. It is revealed that 
the surface compositions of t’he CO-MO 
catalysts depend strongly on the prepara- 
tion methods employed. 

According to Canesson et al. (la), no 
signal of cobalt was detected with XPS, 
contrary to our results, for RiIoS2 catalysts 
doped with a small amount of Cop& 
(Co/Co + MO < 0.05). This discrepancy 
will result from the different systems 
examined. However, an abnormal enrich- 
ment of a dopant with small concentration 
was also found for a SnOrZrOs catalyst 
syst:em, where SnOz was excluded from the 
bulk t,o the cat,alyst surface in a small 
concentration range of Sn&, while the 
surface concentration of SnOz was de- 
pressed in the wide range of the bulk com- 

position of the catalyst (1.5’). With regard 
to Co304 catalysts doped with a small 
amount of ALO or MgO, ISS (ion scatter- 
ing spectroscopy) shows the superficial 
enrichments of AlsO and probably of MgO 
(14). On the other hand, no surface segrega- 
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FIG. 4. X-ray diffraction patterns of calcined 
(upper) and sulfided (lower) CO-MO(B) catalysts 
(Co: 30 at.vo); 0, Mo03, A, a-CoMoO~; 0, MoOp. 
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FIG. 5. Surface composition and sulfur content of the CO-MO (B) catalyst (Co: 30 at.%) during 
consecutive treatments at 400°C with 10 Torr of gases at 20 min intervals; evacuation, Hz, 
thiophene/Hs, and HzS/H,; 0, (CO/MO), l , (S/MO). 

tion of SiOz or A1203 has been det,ected for 
SiOs-A1203 catalysts (15). Consequent’ly, 
these findings suggest, t,hat t’he surface com- 
posit,ion of a catalyst depends considerably 
on the preparation methods and on t’he 
kinds of composit’e oxides even in t’he cases 
of oxide catalysts and, therefore, that t,he 
surface concentration of each catalyst 
component should be defined by appro- 
priate techniques in order to discuss cat’a- 
lyt)ic properties in detail, as suggest’ed 
recently by Okamoto et al. (‘i’). 

2. Changes in Surface Composition during 
l’arious Treatments 

The Co-No binary oxide catalysts were 
exposed to various gases relating t’o the 
hydrodesulfurization of t,hiophene. In the 
following studies, the Co~Xlo (H) catalyst 
with the composition of Co/Co + Alo = 0.3 
was used since t,he best, activities for Vari(JUS 

react,ions including the hydrodesulfuriza- 
tion of t,hiophene have been report’ed for 

the catalysts with such compositions in the 
cases of MoS-Co9Ss catalysts (1.2, IS). 
With the CO-MO (A) cat’alysts, similar 
results were confirmed. 

The X-ray diffraet,ion pattern (CuKa) of 
the catalyst was examined to reveal t#he 
bulk st#ructure. As shown in Fig. 4, hhe 
catalyst consists of hIoOs and cr-CoMoO+ 
in agreement, with the diffuse reflectance 
spectra. However, the presence of a small 
amount, of cobalt oxide cannot be ruled out 
because of its intrinsic weak intensit,y. 

In Fig. 5, the (CO/MO) and (S/No) 
atomic rat#ios, which were obtained from 
XI’S int’ensit’y ratios by using the relative 
at,omic sensit,ivities, are shown for the 
successive t’reatments with 10 Torr of Hz, 
t#hiophene/H*, and H&S/Hz. The catalyst 
was brought, in the repeat’ed contacts with 
these ga,*es at, 400°C. The XI’S spectra of 
ATO :+i, CO t@;, and S 2p levels are shown 
in Figs. 2 and :%aad after the treatments. 

After evacuation at 400°C for 1 hr, some 
molybdenum was reduced with a slight 
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decrease in the (CO/MO) ratio. The intro- 
duction of Hz caused the rapid reduction 
of the catalyst to form MoOz (MO 3d;: 
229.5 eV) and Co metal (Co 2~3 : 778.7 eV) 
as are shown in Figs. 2b and 3b. Aft.er 20 
to 40 min, the catalyst was almost com- 
pletely reduced to MoOz and Co met,al, 
accompanied by a further decrease in the 
(CO/MO) ratio to one-fifth of that for the 
calcined catalyst. When the catalyst was 
exposed to thiophene/Hz after the Hz 
reduction, no significant change in the 
(CO/MO) ratio was observed, while the 
sulfur content of t’he catalyst, @/MO), 
reached a constant value after 20 min with 
a chemical shift of 0.7 eV in the MO 3d: 
level (Fig. 2c) and without any shift in the 
Co 2~~ level. The (S/R/lo) atomic ratio was 
1.8 after 60 min and the binding energy of 
MO 3df was 230.2 eV, which was consistent 
with that for MO&. In addition, it was 
confirmed that Co metal was sulfided to a 
much less extent when treated with thio- 

phene/Hz under similar conditions. There- 
fore, it is evident that MoOz is preferen- 
tially sulfided to MO& and Co metal is not 
virtually sulfided by the treatments with 
10 Torr of thiophene/Hz at 400°C. Follow- 
ing the exposure to thiophene/Hz, the cata- 
lyst was repeatedly brought in contact 
with H&S/H,. As shown in Fig. 5, the 
(Co/Ma) ratio increased drastically with a 
great increase in the sulfur content of the 
cat,alyst. These findings clearly indicate 
that an enormous enrichment of cobalt in 
the catalyst surface occurs by the contact 
with H,S/H, and that cobalt is sulfided. 
The Co 2pa spectrum in Fig. 3d shows a 
slight positive chemical shift (ca. 0.4 eV) 
compared to the binding energy for Co 
metal. The observed shift is considered to 
indicate the sulfidat’ion of cobalt, since the 
binding energy of the Co 2p; level for CoS 
has been reported to have 2.4 eV lower 
binding energy than that for Co0 (9) in 
agreement with the observed shift. The 
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FIG. 6. Surface composition and sulfur content of the CO-MO (B) catalyst (Co: 30 at.%) 
during treatments at 400°C ; evacuation, thiophene/Hz, H&/H,, HZ, and 02; 0, (CO/MO), 0, 
@/MO). 
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FIG. 7. Surface composition and sulfur content of the CO-MO (13) catalyst (Co: Xl at.y”) during 
H28/Hz treatment at 400°C; 0, (CO/MO) ; l , (S/MO). 

hump observed around 227 eV in the MO 
3d spectrum (Fig. 2d) is due to an enhanced 
S 2s level. 

The X-ray diffraction pattern of t)he 
cat’alyst was measured after the HzS/H, 
treatments in Fig. 5 in order to confirm the 
formation of sulfided species. However, any 
peak indicating sulfide of molybdenum or 
cobalt was not detected except the diffrac- 
t’ion peak due to MOOZ (Fig. 4). These fact’s 
indicate that the crystallizations of t’he 
sulfided species are incomplete or only the 
thin surface of the cat’alyst is sulfided, 
while the catalyst is reduced completely 
to the bulk. 

Further experiments were carried out to 
examine t,he effect of the prereduction of 
the catalyst. After evacuation at 4OO”C, 
10 Torr of t’hiophene/Hz was admitted to 
t,he catalyst, at 400°C. As shown in Fig. 6, 
the (CO/MO) ratio decreased gradually t’o 
the same level as in the case of the pre- 
reduced catalyst (Fig. 5), together with 
gradual increase in the (S/MO) ratio. The 
effect of the prereduction of the catalyst 

seems to accelerate the sulfidat’ion of the 
catalyst, whereas it does not change the 
final state of the catalyst. The successive 
admission of HzS/H, confirmed the striking 
results in Fig. 5. When the sulfided catalyst 
was subsequently exposed to Hn, slight 
decreases in the (CO/MO) and (S/MO) 
ratios were observed and no change in the 
XPS spectra of MO 3d, Co 2pi, and S 2p 
levels were detected. However, when the 
oxygen treatment of t,he cat’alyst was 
applied on the sulfided catalyst,, the (Co/ 
MO) and (S/MO) ratios decreased markedly 
(Fig. 6). Their values will reach those of 
the calcined catalyst by further oxidation 
of the sulfided catalyst. The XPS spect’ra 
of t,he catalyst showed again t,he formations 
of molybdenum and cobalt oxides. The 
S 2p spectrum of the 02 treat’ed catalyst is 
shown in Fig. 3f. A new peak appeared at 
the binding energy of 169.5 eV and it can 
be assigned to an oxidized sulfur, probably 
SOAz-, on t,he basis of the S 2p binding 
energy. 

The oxidic catalyst was exposed t,o 
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HzS/H, aft’er evacuation at 400°C for 1 hr 
(Fig. 7). The remarkable increases in the 
(CO/MO) and (S/AIo) ratios were observed 
again. When t,hiophene/Hz was admit,trd 
to the catalyst sulfided by H&/Hz, slight 
decreases in the (CO/MO) and (S/MO) 
ratios were observed similar to those for 
the Hz reduction of the sulfided catalyst. 
However, they did not reach the ratios 
observed in Figs. 5 and 6 where the pre- 
reduced or oxidic catalyst was treated 
with thiophene/Hz. 

Another example is shown in Fig. S in 
order to reveal the effect of a gas composi- 
tion. In this case, thiophene/H&?!/Hz 
(l/1/15) was introduced to the evacuated 
catalyst. An intermediate behavior of the 
(CO/MO) and (S/MO) ratios was clearly 
observed. Therefore, these findings indicate 
that the surface composition and sulfur 
content of the catalyst depend strongly on 
reaction conditions employed. 

Figure 9 shows the results on the surface 
composition and sulfur content of the cat’a- 

lyst when pure H,S (10 Torr) was intro- 
duced to the catalyst at 400°C. Only a 
small surface segregation of cobalt) was 
observed with a relatively high (S/No) 
ratio. Molybdenum and cobalt oxides were 
found to be slightly reduced. 

In the case of the admission of thiophene 
vapor (10 Torr), the rat,e of formation of 
sulfided species was very slow ((S/MO) was 
0.17 after 60 min), accompanied by a grad- 
ual decrease in the (CO/MO) ratio. The S 2p 
spectrum in Fig. 3e shows an appearance 
of a new sulfur species with ca. 2 eV-higher 
binding energy than that for t,he sulfur of 
sulfided molybdenum or cobalt (162.5 eV>. 
This new sulfur can be ascribed to an ad- 
sorbed thiophene on the catalyst surface, 
since it was easily removed by a subsequent 
HP reduction of the catalyst, while the 
sulfide sulfur was not. Patterson and his 
co-workers (17) have reported similar 
sulfur spectrum when a prereduced Co- 
,110/A1203 catalyst was exposed to thio- 
phene vapor. 

1. 

Treatment Time (min) 

FIG. 8. Surface composition and sulfur content of the CO-MO (B) catalyst (Co: 30 at.%) during 
thiophene/H,S/H2 treatment at 400°C; 0, (CO/MO) ; l , (S/MO). 
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FIG. 9. Surface composition and sulfur content of 
the CO-MO (B) catalyst (Co: 30 at.o/o) during 
treatment at 400°C with 10 Torr of HnS; 0, 
(cOmo) ; 0, (s/nfo). 

Accordingly, it is revealed t#hat the sur- 
face composit,ion of the Co-No binary 
oxide catalyst was changed remarkably by 
t,he contacts with the various reactive gases. 

The molybdenum enrichment in t,he cata- 
l\rst surfac~c was attained 1)~. thiophene,/H~, 
H,, and t,hic)phcnc vapor, whereas tltc 
superficial scgragation of caobalt. was accoin- 
plished by H,S/H, and HS. 

In order t,o reveal a driving force t,o cause 
such remarkable surface composition 
changes, some experiment’s on supported 
cobalt cat#alysts were carried out in connec- 
tdon with supported molybdenum catalysts 
(8). The results on t,he successive admis- 
sions of H,, thiophene/Hz, and H2S/H, to 
the cobalt, catalysts (10 and 20 wt,% COO) 
are shown in Fig. 10. The H? reduction of 
t,he catalysts induced the decreases in tjhe 
(Co 2pilA12.s) XI’S intensity ratio for both 
catalysts with a larger change for the 
20 wt% cat’alyst t’han for the 10 wt% one. 
The XPS spect’ra of Co 2~3 level showed 
changes similar t’o those in a Co-?\,Io/AlzOa 
cat,alyst, (COO: 3.5 wtye; Moos: 10 wt%) 
(8) except the larger extents of reduction 
in the CoO/A1203 catalysts because of the 
larger Co0 loadings. The decreases in the 
(Co 2p;/Al 2s) ratios can be at)tributed to 

ev. ev. 0 0 40 40 80 80 120 120 0 0 40 40 80 80 0 0 40 40 
Treatment Time (min) Treatment Time (min) 

FIG. 10. Changes in the (Co 2p:/Al2s) and (S 2p/Go 2p+) XPS intensity ratios for the CoO/A1203 FIG. 10. Changes in the (Co 2p:/Al2s) and (S 2p/Go 2p+) XPS intensity ratios for the CoO/A1203 
catalysts during consecutive treatments at 400°C; Hz, thiophene/Hz, and HzS/HZ; open symbol, catalysts during consecutive treatments at 400°C; H,, thiophene/H?, and H,S/H2; open symbol, 
(Co apt/Al 2s) ; closed symbol, (S 2p/Go 2~;) ; 0, 20 wtyo COO; A, 10 wt% COO. (Co apt/Al 2s) ; closed symbol, (S 2p/Go 2~;) ; 0, 20 wtyo COO; A, 10 wt% COO. 
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FIG. 11. Correlation between (CO/MO) and (S/MO) for the CO-MO (B) catalyst (Co: 30 at,.%) 
treated at 400°C with thiophene/Hz (0, Fig. 5; 0, Fig. 6) ; H&/HI (0, Fig. 5; 0, Fig. 6; 8, 
Fig. 7); Hz reduction after sulfidation (CO, Fig. 6), thiophene/HnS/H, (X, Fig. 8); and HzS 
(a,, Fig. 9). Solid lines indicate the theoretical correlations to show the formations of (a), MO& 
and Co&; (b), MO& and CoS; and (c), MO& and Co&. 

the increase in the particle size of Co metal 
(18~20). The subsequent introduction of 
thiophene/Hz resulted in the increases in 
the intensity ratio of Co and Al for both 
catalysts. The increases are considered to 
result from the migration of cobalt from 
the inner surface onto the outer surface of 
the catalyst (8). However, the extents of 
migration of cobalt ont,o the catalyst sur- 
faces were considerably smaller than that 
of molybdenum in the Mo03/A1203 cata- 
lyst containing a corresponding amount of 
supported MoOB (8). The approximate 
degree of sulfidation of cobalt was 0.2 for 
the 20 wt% Co0 catalyst and much lower 
value was observed for the 10 wt% cata- 
lyst. These sulfur contents of the catalysts 
were considerably smaller than those of the 
Mo03/A1,03 catalysts (8). In the case of 
the H,S/Hz admission, great increases in 
the (Co 2pg/A12s) and (S 2p/Go 2~3) XPS 
intensity ratios were observed. Therefore, 
it is evident from Fig. 10 that cobalt 
migrates considerably onto the catalyst 
surface only when treated with H&/Hz, 

whereas molybdenum does so even when 
breated with thiophene/Hz (8). Conse- 
quently, it is supposed that the surface 
segregation of molybdenum in the CO-MO 
binary oxide catalyst is caused by the 
preferential interaction of molybdenum 
with thiophene and that the surface enrich- 
ment of cobalt is resulted from the strong 
int’eraction of cobalt with H,S and probably 
from the easier diffusion of cobalt metal 
through the layer structure of MoSz or 
MoOz than those of J/lo& and Moo2 which 
are relatively fixed by the strong bonding 
with oxygen and sulfur. The segregation 
phenomena are considered to occur if a 
catalyst surface, even in inner pores, is 
accessible to reactants, although XPS 
informations are limited only to the outer- 
most surface of the catalyst. 

3. SulJided States of Cobalt and Molybdenum 

In the preceding section, the sulfidations 
of molybdenum by thiophene/Hz and 
H2S/H, and of cobalt by H,S/Hz are 



163 

6 

0 

I I I I 

j- 
I I 
I thiophene/H2 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I I I 

ev. 0 40 80 120 160 0 40 

Treatment Tine (min) 

FIG. 12. Changes in surface composition and sulfur content of the Zn-Mo binary oxide catalyst 
(Zn: 30 at.%) during successive treatments at 400°C; evacuation, H2S/H2, and thiophene/Hz. 
0, (Znlhfo); 0, @/MO). 

evident. However, there exist some sulfided 
forms of molybdenum and cobalt, such as 
;\IoSZ, 11053, CoS, Co&$, and Co&. In this 
section, the results presented in Figs. 5 to 9 
were analyzed more quant’itatively in order 
to reveal the chemical states of sulfided 
species produced during the various 
treatmenk. 

The t>otal number of sulfur atoms in the 
catalyst surface, ST, can be represented as 
in Eq. (1). 

ST = SC* + SM, 

= (Sc,/Nc.)Nc, + G3ivo/NMo)NIxo (1) 

where So0 and Sk*,, are the numbers of sulfur 
atoms attached to Co and MO and Not, and 
Nhlo represent the atomic numbers of Co 
and Rio in the catalyst surface. Therefore, 
Eq. (2) can be derived. 

(ST/NMo) = @CO/NC”) (NcolNMo) 
+ (SM~/NM~. (2) 

The (Sr/Nhr,) and (No.,/NM,) ratios corre- 
spond to the (S/MO) and (CO/MO) in 
I’igs. 5 t’o 9. Unfortunately, the respective 
amount of sulfur at’tached to cobalt (SC,) 
or molybdenum (&I,) cannot be obt’ained 
directly from the S 2p XI’S spectra because 
of the same binding energy of the S 2p level 
for both sulfides (162.5 eV). However, the 
(ST-/NM,,) or (S/No) and (NoJNhl,J or 
(CO/RIO) ratios are measurable as are 
shown in Icigs. 5 to 9. If cert’ain stoichio- 
met)ric sulfide species are formed by the 
preceding treat,ments, linear correlations 
are anticipated between the (S/MO) and 
(CO/MO) ratios. The following equat,ions 
can be obt,ained, provided the sulfide species 
having stoichiometric compositions are 
formed ; 

for MoSz and CoS: 

(s/nh) = i x (ch/~10) + 2; (3) 
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FIG. 13. Correlation between (Zn/Mo) and (S/MO) for the Zn-MO catalyst (Zn: 30 at.‘%) at 
400°C with H&/H2 (0) and subsequently wit,h thiophene/Hz (A). Soiid line indicates the 
theoretical correlation for MO& and ZnS formations. 

for MoSn and Co&&: 

(S/MO) = (8/9) x (CO/MO) + 2; (4) 

for MO& and Co&&: 

(S/MO) = (S/9) x (CO/MO) + 3. (5) 

The solid lines (a), (b), and (c) in Fig. 11 
correspond to the above theoretical corre- 
lat,ions, that is, to Eqs. (5), (3), and (4), 
respectively. The (S/MO) ratio was re- 
plotted in Fig. 11 as a function of the 
(CO/MO) ratio, whereas these ratios are 
plotted against the treatment time in 
Figs. 5 to 9. 

In t’he cases of the thiophene/Hz treat- 
ments of the reduced catalyst (Fig. 5) and 
of the catalyst evacuated at 400°C (Fig. 6), 
experimental data approach gradually to 
the point (S/MO) = 2 along the dotted 
line in Fig. 11, as the (CO/MO) ratio 
decreases or as the t’reatment time becomes 
longer. However, when the catalyst is 
treated with H,SjH*, the (S/MO) ratio 
correlates very well to the theoretical line 
(b) or (c), particularly in the region where 
the (CO/MO) ratio does not exceed about 4, 
indicating the formations of stoichiometric 
compounds: MO& and CoS and/or CO&~. 
Somewhat, higher (S/RIO) ratios were ob- 
tained for the catalyst with higher (CO/MO) 

ratios, that is, for the catalysts exposed to 
H,S/H, for a prolonged time. After the Hz 
reduction of the sulfided catalyst (Fig. 6), 
the (S/MO) ratio becomes to fit line (c) 
completely. With regard to the HzS treat- 
ments, the (S/MO) ratio is considerably 
higher than that expected from the theo- 
retical line (b) or (c). From these findings, 
the following conclusions can be drawn: 
(1) the thiophene/Hz treatments prefer- 
entially sulfide molybdenum to produce 
MO& as expected from the (S/MO) ratios 
in Figs. 5 and 6; (2) the H,S/H2 ad- 
mission results in the sulfidation of molyb- 
denum and cobalt and produces MO& 
and CoS and/or more likely Co&& ; and 
(3) the prolonged H$/H, and pure H,S 
treatment,s cause excess sulfur on the cata- 
lyst, surface, which can be removed very 
easily by the reduction with Hz. In the 
case of the pure H,S treatments at 4OO”C, 
MoS3, which consist’s of subcrystalline 
MO& and excess amorphous sulfur (&‘I), 
might be produced, because the correspond- 
ing points seem to approach to line (a). 
With regard to the admission of thiophene/ 
H,S/Hs, the experimental data approach 
line (c) in a manner intermediate between 
the H2S/H, and thiophene/Hz treatments, 
indicating simultaneous sulfidations of both 



cobalt and n~~lybdenum ulwtoicliiometric- 
ally in its initial stage. These analyses 
proved XPS t,echnique t’o be very powerful 
for t,he determinat’ion of surface species in 
complicated systems. 

/t. Zinc-Molybdenum Binary Oxide Catalyst 

Z~lO-l\loC)~ binary oxide cat,alysts were 
studied for comparison with t’he CO-MO 
binary oxide catalyst’s, since ZnO has been 
reported to be a good promoter as Co0 for 
the hydrodesulfurization of thiophene (22). 
In Fig. 12, t,he (Zn/Mo) and (S/Rio) 
atomic ratios of the Zn-Mo catalyst 
(Zn/Zn + Rio = 0.3) are shown during 
successive treatments with HzS/‘Hz and 
t,hiophene/Hz. Similar behavior was ob- 
served as in the case of the Co-No catalyst’. 
A considerable surface enrichment] of zinc 
was observed for the H$/H, treat,ments, 
and the (Zn/,lIo) and (S/No) ratios were 
decreased as mentioned for the CO-MO 
cabalyst when t,he sulfided cat’alyst was 
exposed to t’hiophene/H*. The binding 
energy of Zn 2~; level shift’ed from 1022.5 
to 1022.1 eV and t,he kinetic energy of Zn 
L&4,6Af4,5 (%‘) Auger peak changed from 
9X5.1 to 986.3 eV during the H,S/H2 t’reat- 
ments. These shifts are in good agreement 
wit’h those expected for the sulfidation of 
ZnO t,o ZnS (23). The Hf reduction and 
thiophene/Hz t,reatments of the Zn-Mo 
catalyst caused the decrease in the (Zn/SSo) 
rat,io, but, produced 110 Zn metal, on the 
contrary to the Co metma format’ion in the 
co-nIo catalyst. 

A similar quantitative analysis (Fig. 13) 
as in Fig. 11 for t.he Co-MO catalyst shows 
the formation of ZnS and MoSz, together 
with a possible excess sulfur production by 
the prolonged treat’ment with H$/H,. 

COivCLUSIONS 

The surface compositions of the calcined 
Co-No binary oxide catalysts, which were 
prepared by calcining the mixtures of 
cobaltous nitrat’e and ammonium para- 

molybdate, are considerably different from 
t,he bulk composit’ions. The surface enrich- 
ment of molybdenum was found in the 
catalysts which contain cobalt more than 
about 6 at.%. In the composit’ion range of 
a small content of cobalt, cobalt was 
slightly enriched in the cat)alyst, surface. 
However, in the cases of the Co-110 cat’a- 
lysts, which were prepared by t,he calcina- 
tion of t,he mixed composite oxides, no 
appreciable difference between surface and 
bulk compositions was detected except the 
catalyst, containing a small amount of 
cobalt where t,he cobalt enrichment was 
observed. 

The drastic changes in the surface com- 
position of the Co-110 cabalyst were found 
during a variety of treabments at 400°C 
with 10 Torr of gases relat,ing to the hydro- 
desulfurization of thiophene. Thiophene/Hz 
and Hz caused the surface segregat’ion of 
molybdenum, whereas cobalt was markedly 
enriched by HzS/H,. Thiophene/Hz pro- 
duced preferentially MO&, and H,S/H, 
formed MoS, and CoS and/or more likely 
Co&!?*, accompanied by excess sulfur. The 
Zn-Rio binary oxide catalyst showed 
similar behavior to that of the Co-;\10 
catalyst, in the changes of the surface 
composition during the treatments. 

It, is clearly demonstrat>ed that the sur- 
face composition and sulfur content of the 
catalyst depend remarkably on t’he prepara- 
bion method and on t#he kind and period of 
t,he treat’ment and that the quantitative 
analysis of XPS spectra is effective to 
define surface composition and surface 
species. Although various cat’alytic reac- 
tions have been conducted on multi- 
component catalysts, only a little attention 
has been paid on the surface compositions 
of the oxide catalysts so far. Our results 
strongly suggest that’ more considerations 
on the surface composit8ion of t,he catalyst 
under reaction conditions are needed to 
discuss catalytic propert#ies in detail such 
as activity, selectivity, and promot,er effect, 
as suggested previously (7). 
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