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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, CoO and MoOs;, showed no enrichment of cobalt
or molybdenum in the catalyst surface, except for the catalyst containing a small amount
of Co0. It was found 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 MoO,
and Co metal. Thiophene/H, also resulted in a surface segregation of molybdenum and the
sulfidation of MoQs to MoS,;. HsS/H, treatments, on the other hand, produced a drastic
segregation of cobalt in the catalyst surface and sulfided the catalyst completely to form MoS,
and CoS and/or more likely CoySs, 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 preferential
enrichment of one component of a binary
alloy occurs when the alloy is exposed to
reactive gases (I, 2). However, in the cases
of multicomponent oxide catalysts, only
little evidence was presented on the differ-
ences between surface and bulk composi-
tions, although such behavior can be
expected similarly for the oxide catalysts
on the basis of thermodynamical considera-
tions (3).

!

Matsuura and Wolfs (4) have reported
the differences between surface and bulk
compositions for multicomponent bismuth—
molybdate catalysts. The decrease in sur-
face concentration of bismuth has been
noted for bismuth-molybdate catalysts
when they are reduced in hydrogen (5) and
the increased intensities of XPS (X-ray
photoelectron spectroscopy or ESCA) spec-
tra of Mo, Bi, and Fe have been observed
after ammoxidation of propylene for a
silica-supported multicomponent bismuth-
molybdate catalyst (6). Very recently,
Okamoto and his co-workers have demon-
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strated with SnO,—MoOj; 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 composition (7). These
findings suggest the importance in defining
the surface compositions of oxide catalysts
under reaction conditions, coupled with the
chemical state 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 XPS
techniques during a variety 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 catalysts 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: CoO and MoO; (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
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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 zine—molybdenum
binary oxide catalysts by using zinc nitrate
instead of cobaltous nitrate. Cobalt—
alumina catalysts (10 and 20 wt9%, 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 H, thiophene/H,, H,S/H,, thio-
phene/H.S/H,, HJS, thiophene vapor, and
0, Their compositions were 1/15 for
thiophene/H; and H,S/H; and 1/1/15 for
thiophene/H,S/H.,.

Procedures

XPS spectra were recorded on a Hitachi
507 spectrometer by using AlKa,,, 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 m2) 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 10-7 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 2p; levels for MoS; and CoSO,
were measured several times as standard
compounds. In the cases of zinc—molybdate
catalysts, MoS; and ZnSO, were employed
for the sake of calibration, in which Zn 2p;
level was used. In the above calibration
methods, the effect of contaminant carbon
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Frg. 1. Correlations between surface and bulk
compositions of the Co—Mo binary oxide catalysts;
®, Co-Mo(A); O, Co-Mo(B). Dashed line indi-
cates the correlation to show the same composition
as the bulk one.

was neglected, because C 1s intensities were
almost invariant among the standard com-
pounds and the catalysts.

Diffuse reflectance spectra of the Co—Mo
catalysts were recorded in the range 200
to 800 nm by use of Hitachi 200-20 spectro-
photometer against standards of alumina.

RESULTS AND DISCUSSION
1. Surface Composition of Calcined Catalysts

The surface compositions of the two
series of the Co—Mo binary oxide catalysts,
the Co—Mo (A) and (B), were compared
with the bulk compositions in Fig. 1. A
considerable superficial enrichment of
molybdenum in the Co-Mo (A) catalyst
was observed except below a small content
of cobalt (Co/Co 4+ Mo < 0.06). The XPS
spectra of Mo 3d and Co 2p; levels (Figs. 2a
and 3a) show molybdenum as MoO; and/or
CoMoO, (Mo 3ds: 233.2 eV) and a large
portion of cobalt as Co?* (Co 2p;: 781.9eV;
spin—orbit splitting: ca. 16 eV; and the
presence of satellite peak (9, 10)) in the
all Co—Mo catalysts (Co/Co + Mo < 0.5)
studied in this work after the calcination.
The diffuse reflectance spectra of the
caleined catalysts indicated that a signifi-

155

cant amount of cobalt exists as «-CoMoO,
(527 and 585 nm) and the remainder as
cobalt oxide (750 nm). Taking into account
these facts, it appears that a considerable
portion of cobalt exists as CoMoO, (Co?**)
in the catalyst surface and that the remain-
ing one as cobalt oxide (probably as Co;0,
(11)). The surface segregation of molyb-
denum in the Co—Mo catalysts will result
from the smaller surface free energy of
MoO; (50-70 ergs/em?) than that of Coz0,,
which surface free energy can be estimated
to be 500 to 1000 ergs/cm? (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 the crystallization of MoOs.
Nevertheless, as shown in Fig. 1, no en-
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Fia. 2. XPS spectra of the Mo 3d level for the
Co-Mo (B) catalyst containing 30 at.9, of cobalt;
(a) after calcination at 550°C for 5 hr, (b) after
reduction at 400°C with H. for 100 min (Fig. 5),
(c) after subsequent exposure to thiophene/H, at
400°C for 60 min (Fig. 5), (d) to HsS/H; at 400°C
for 100 min (Fig. 5), and (¢) to thiophene vapor
at 400°C for 60 min,
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Fic. 3. XPS spectra of the Co 2p; and 8 2p levels for the Co—Mo (B) catalyst (30 at.%, of
cobalt) ; (a)~(e) see captions in Fig. 2; (f) after O, 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 conditions. It is revealed that
the surface compositions of the Co-Mo
catalysts depend strongly on the prepara-
tion methods employed.

According to Canesson el al. (12), no
signal of cobalt was detected with XPS,
contrary to our results, for MoS, catalysts
doped with a small amount of CoySs
(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 SnO,-ZrO, catalyst
system, where SnO. was excluded from the
bulk to the catalyst surface in a small
concentration range of SnO., while the
surface concentration of SnQ. was de-
pressed in the wide range of the bulk com-~

position of the catalyst (13). With regard
to Co3;0: catalysts doped with a small
amount of Al;O; or MgO, ISS (ion scatbter-
ing spectroscopy) shows the superficial
enrichments of Al;O; and probably of MgO
(14). On the other hand, no surface segrega-
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Fic. 4. X-ray diffraction patterns of calcined
(upper) and sulfided (lower) Co-Mo(B) catalysts
(Co:30at.%); O, MoOs, A, -CoMoO4; @, MoOs.
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Fia. 5. Surface composition and sulfur content of the Co-Mo (B) eatalyst (Co: 30 at.%,) during
consecutive treatments at 400°C with 10 Torr of gases at 20 min intervals; evacuation, Hy,
thiophene/H,, and H,S/H,; O, (Co/Mo), @, (S/Mo).

tion of Si0; or Al;O; has been detected for
Si04-Al:0; catalysts (15). Consequently,
these findings suggest that the surface com-
position of a catalyst depends considerably
on the preparation methods and on the
kinds of composite oxides even in the cases
of oxide catalysts and, therefore, that the
surface concentration of each catalyst
component. should be defined by appro-
priate techniques in order to discuss cata-
Iytic properties in detail, as suggested
recently by Okamoto et al. (7).

2. Changes in Surface Composition during
Vartous Treatments

The Co—Mo binary oxide catalysts were
exposed to various gases relating to the
hydrodesulfurization of thiophene. In the
following studies, the Co-Mo (B) catalyst
with the composition of Co/Co + Mo = 0.3
was used since the best activities for various
reactions including the hydrodesulfuriza-
tion of thiophene have been reported for

the catalysts with such compositions in the
cases of MoSy;-CogS; catalysts (12, 16).
With the Co-Mo (A) catalysts, similar
results were confirmed.

The X-ray diffraction pattern (CuKa) of
the catalyst was examined to reveal the
bulk structure. As shown in Fig. 4, the
catalyst consists of MoO; and «-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 intensity.

In Fig. 5, the (Co/Mo) and (S/Mo)
atomic ratios, which were obtained from
XPS intensity ratios by using the relative
atomic sensitivities, are shown for the
successive treatments with 10 Torr of Hy,
thiophene/H,, and H.S/H,. The catalyst
was brought in the repeated contacts with
these gases at 400°C. The XPS spectra of
Mo 3d, Co 2p;, and 8 2p levels are shown
in Iigs. 2 and 3a—d 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 H; caused the rapid reduction
of the catalyst to form MoQO; (Mo 3ds:
229.5 V) and Co metal (Co 2py: 778.7 eV)
as are shown in Figs. 2b and 3b. After 20
to 40 min, the catalyst was almost com-
pletely reduced to MoQ: and Co metal,
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/H; after the H;
reduction, no significant change in the
(Co/Mo) ratio was observed, while the
sulfur content of the catalyst, (8/Mo),
reached a constant value after 20 min with
a chemical shift of 0.7 eV in the Mo 3d;
level (Fig. 2¢) and without any shift in the
Co 2p; level. The (S/Mo) atomic ratio was
1.8 after 60 min and the binding energy of
Mo 3ds was 230.2 eV, which was consistent
with that for MoS.. In addition, it was
confirmed that Co metal was sulfided to a
much less extent when treated with thio-
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phene/H, under similar conditions. There-
fore, it is evident that MoO; is preferen-
tially sulfided to MoS, and Co metal is not
virtually sulfided by the treatments with
10 Torr of thiophene/H, at 400°C. Follow-
ing the exposure to thiophene/H,, the cata-
lyst was repeatedly brought in contact
with H,S/H,. As shown in Fig. 5, the
(Co/Mo) ratio increased drastically with a
great increase in the sulfur content of the
catalyst. 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 2p; 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 sulfidation 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 CoO (9) in
agreement with the observed shift. The

H,8/H,
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Fie. 6. Surface composition and sulfur content of the Co—Mo (B) catalyst (Co: 30 at.9)
during treatments at 400°C; evacuation, thiophene/H,, H:S/H., Hy, and O,; O, (Co/Mo), @,

(8/Mo).
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Fia. 7. Surface composition and sulfur content of the Co—Mo (B) catalyst (Co: 30 at.9,) during
H,S/H, treatment at 400°C; O, (Co/Mo); e, (8/Mo).

hump observed around 227 eV in the Mo
3d spectrum (TFig. 2d) is due to an enhanced
S 25 level.

The X-ray diffraction pattern of the
catalyst was measured after the H.S/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-
tion peak due to MoO; (Fig. 4). These facts
indicate that the ecrystallizations of the
sulfided species are incomplete or only the
thin surface of the catalyst is sulfided,
while the catalyst is reduced completely
to the bulk.

Further experiments were carried out to
examine the effect of the prereduction of
the catalyst. After evacuation at 400°C,
10 Torr of thiophene/H, was admitted to
the catalyst at 400°C. As shown in Fig. 6,
the (Co/Mo) ratio decreased gradually to
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 sulfidation of the
catalyst, whereas it does not change the
final state of the catalyst. The successive
admission of HsS/H, confirmed the striking
results in Fig. 5. When the sulfided catalyst
was subsequently exposed to H,, slight
decreases in the (Co/Mo) and (S/Mo)
ratios were observed and no change in the
XPS spectra of Mo 3d, Co 2p;, and S 2p
levels were detected. However, when the
oxygen treatment of the catalyst was
applied on the sulfided catalyst, the (Co/
Mo) and (S/Mo) ratios decreased markedly
(Fig. 6). Their values will reach those of
the caleined catalyst by further oxidation
of the sulfided catalyst. The XPS spectra
of the catalyst showed again the formations
of molybdenum and cobalt oxides. The
S 2p spectrum of the O, treated 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
804, on the basis of the S 2p binding
energy.

The oxidic catalyst was exposed to



160

H,S/H, after evacuation at 400°C for 1 hr
(Fig. 7). The remarkable increases in the
(Co/Mo) and (S/Mo) ratios were observed
again. When thiophene/H, was admitted
to the catalyst sulfided by H,S/H,, slight
decreases in the (Co/Mo) and (S/Mo)
ratios were observed similar to those for
the H, 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/Ha,.

Another example is shown in Fig. 8 in
order to reveal the effect of a gas composi-
tion. In this case, thiophene/H,S/H,
(1/1/15) 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 cata-

OKAMOTO ET AL.

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/Mo)
ratio. Molybdenum and cobalt oxides were
found to be slightly reduced.

In the case of the admission of thiophene
vapor (10 Torr), the rate 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 the 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
H; 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-
Mo/Al,O; catalyst was exposed to thio-
phene vapor.

Atomic Ratio
o

0 [] 1

Atomic Ratio

ev. 40 80

1 1
120 160 200

Treatment Time (min)

F1a. 8. Surface composition and sulfur content of the Co~Mo (B) catalyst (Co: 30 at.%) during
thiophene/H,S/H, treatment at 400°C; O, (Co/Mo); @, (3/Mo).
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Accordingly, it is revealed that the sur-
face composition of the Co-Mo binary
oxide catalyst was changed remarkably by
the contacts with the various reactive gases.
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The molybdenum enrichiment in the cata-
lyst surface was attained by thiophene/H,,
H,, and thiophene vapor, whereas the
superficial segregation of cobalt was accom-
plished by H,S/H, and H.S.

In order to reveal a driving force to cause
such remarkable surface composition
changes, some experiments on supported
cobalt catalysts were carried out in connec-
tion with supported molybdenum catalysts
(8). The results on the successive admis-
sions of H,, thiophene/H,, and H,S/H, to
the cobalt catalysts (10 and 20 wt% CoO)
are shown in Fig. 10. The H, reduction of
the catalysts induced the decreases in the
(Co 2p3/Al 2s) XPS intensity ratio for both
catalysts with a larger change for the
20 wt% catalyst than for the 10 wt9} one.
The XPS spectra of Co 2p; level showed
changes similar to those in a Co-Mo/AlyO;
catalyst (CoQ: 3.5 wt%; MoOs: 10 wt9)
(8) except the larger extents of reduction
in the CoQ/ALO; catalysts because of the
larger CoQ loadings. The decreases in the
(Co 2p3/Al 2s) ratios can be attributed to

(=]
-

(Co 2p3/2/Al 2s) or (S 2p/Co 2p3/2)
o
N

thiophene/H2

o HaS/H,

0 40 80 0 40

Treatment Time (min)

Fra. 10. Changes in the (Co 2p3/Al 2s) and (S 2p/Co 2p;) XPS intensity ratios for the CoO/Al,0;
catalysts during consecutive treatments at 400°C; H,, thiophene/H,, and H.S/H:; open symbol,
(Co 2p3/Al 2s) ; closed symbol, (S 2p/Co 2p3); O, 20 wt9, CoO; A, 10 wt%, CoO.
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(ST/NMO) or (S/Mo)

(NCO/NMO) or (Co/Mo)

Fia. 11. Correlation between (Co/Mo) and (S/Mo) for the Co—Mo (B) catalyst (Co: 30 at.%)
treated at 400°C with thiophene/H, (O, Fig. 5; 0O, Fig. 6); HsS/H, (O, Fig. 5; @, Fig. 6; A,
Fig. 7); H, reduction after sulfidation ([0, Fig. 6), thiophene/H,S/H, (X, Fig. 8); and H,S
(@, Fig. 9). Solid lines indicate the theoretical correlations to show the formations of (a), MoS;
and CoySs; (b), MoS; and CoS; and (c), MoS; and Co,Ss.

the increase in the particle size of Co metal
(18-20). The subsequent introduction of
thiophene/H, 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 onto the catalyst sur-
faces were considerably smaller than that
of molybdenum in the MoQO;/Al:O; cata-
lyst containing a corresponding amount of
supported MoO; (8). The approximate
degree of sulfidation of cobalt was 0.2 for
the 20 wt9, CoO catalyst and much lower
value was observed for the 10 wt9, cata-
lyst. These sulfur contents of the catalysts
were considerably smaller than those of the
Mo0Q;/Al,O; eatalysts (8). In the case of
the H,S/H, admission, great increases in
the (Co 2p3/Al 2s) and (S 2p/Co 2p;) 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,S/H,,

whereas molybdenum does so even when
treated with thiophene/H, (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
interaction of cobalt with H,S and probably
from the easier diffusion of cobalt metal
through the layer structure of MoS, or
MoO; than those of MoS; and MoO, 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. Sulfided States of Cobalt and Molybdenum

In the preceding section, the sulfidations
of molybdenum by thiophene/H, and
H.S/H, and of cobalt by H,S/H; are
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evident. However, there exist some sulfided
forms of molybdenum and cobalt, such as
MoS,, MoS;, CoS, CoeSs, and CoS,. In this
section, the results presented in Figs. 5t0 9
were analyzed more quantitatively in order
to reveal the chemical states of sulfided
species produced during the various
treatments.

The total number of sulfur atoms in the
catalyst surface, Sy, can be represented as
in Eq. (1).

ST = SCO + SMO

= (Sco/Nce)Nco + (Smo/Nmo)Nuo (1)
where Sc, and Sar, are the numbers of sulfur
atoms attached to Co and Mo and N¢, and
N, represent the atomic numbers of Co

and Mo in the catalyst surface. Therefore,
Eq. (2) can be derived.

(S7/Nmo) = Sco/Nco) (N co/ Nno)

+ (Smo/Nato).  (2)

The (87/Nuo) and (N co/Nwu.) ratios corre-
spond to the (S/Mo) and (Co/Mo) in
Figs. 5 to 9. Unfortunately, the respective
amount of sulfur attached to cobalt (Sc,)
or molybdenum (Sy,) cannot be obtained
directly from the S 2p XPS spectra because
of the same binding energy of the S 2p level
for both sulfides (162.5 eV). However, the
(ST/NMO) or (S/)IO) and (NCC/JVMQ) or
(Co/Mo) ratios are measurable as are
shown in Figs. 5 to 9. If certain stoichio-
metric sulfide species are formed by the
preceding treatments, linear correlations
are anticipated between the (8/Mo) and
(Co/Mo) ratios. The following equations
can be obtained, provided the sulfide species

having stoichiometric compositions are
formed ;
for MoS; and CoS:

(8/Mo) = 1 X (Co/Mo) + 2; (3)



164

OKAMOTO ET AL.

o]

1t
6
=
~
2
2 0]
(e
1 1
0 1 2

wh
-~

(Zn/Mo)

F1a. 13. Correlation between (Zn/Mo) and (8/Mo) for the Zn-Mo catalyst (Zn: 30 at.%,) at
400°C with HsS/H, (O) and subsequently with thiophene/H, (A). Solid line indicates the
theoretical correlation for MoS; and ZnS formations.

for MoS; and Co,Ss:

(8/Mo) = (8/9) X (Co/Mo) +2; (4)
for MoS; and CogSs:

(S/Mo) = (8/9) X (Co/Mo) + 3. (5)

The solid lines (a), (b), and (c) in Fig. 11
correspond to the above theoretical corre-
lations, that is, to Eqs. (5), (3), and (4),
respectively. The (5/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
Frigs. 5 to 9.

In the cases of the thiophene/H. 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 treatment time becomes
longer. However, when the catalyst is
treated with H,S/H,, the (8/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: MoS: and CoS and/or CoySs.
Somewhat higher (S/Mo) 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 H»
reduction of the sulfided catalyst (Fig. 6),
the (8/Mo) ratio becomes to fit line (c¢)
completely. With regard to the H.S treat-
ments, the (S/Mo) ratio is considerably
higher than that expected from the theo-
retical line (b) or (¢). From these findings,
the following conclusions can be drawn:
(1) the thiophene/H, treatments prefer-
entially sulfide molybdenum to produce
MoS; as expected from the (S/Mo) ratios
in Figs. 5 and 6; (2) the H,S/H, ad-
mission results in the sulfidation of molyb-
denum and cobalt and produces MoS;
and CoS and/or more likely Co4Ss; and
(3) the prolonged H,S/H, and pure H,S
treatments cause excess sulfur on the cata-
lyst surface, which can be removed very
easily by the reduction with H, In the
case of the pure H.S treatments at 400°C,
MoS;, which consists of suberystalline
MoS, and excess amorphous sulfur (21),
might be produced, because the correspond-
ing points seem to approach to line (a).
With regard to the admission of thiophene/
H,S/H,, the experimental data approach
line (¢) in a manner intermediate between
the H.S/H, and thiophene/H, treatments,
indicating simultaneous sulfidations of both
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cobalt and molybdenum unstoichiometric-
ally in its initial stage. These analyses
proved XPS technique to be very powerful
for the determination of surface species in
complicated systems.

4. Zine—Molybdenum Binary Oxide Catalyst

ZnO—-MoQ; binary oxide catalysts were
studied for comparison with the Co—Mo
binary oxide catalysts, since ZnO has been
reported to be a good promoter as CoO for
the hydrodesulfurization of thiophene (22).
In Fig. 12, the (Zn/Mo) and (8/Mo)
atomic ratios of the Zn-Mo catalyst
(Zn/Zn + Mo = 0.3) are shown during
successive treatments with H,S/H, and
thiophene/H,. Similar behavior was ob-
served as in the case of the Co—Mo catalyst.
A considerable surface enrichment of zine
was observed for the H,S/H, treatments,
and the (Zn/Mo) and (S/Mo) ratios were
decreased as mentioned for the Co-Mo
catalyst when the sulfided catalyst was
exposed to thiophene/H, The binding
energy of Zn 2p; level shifted from 1022.5
to 1022.1 eV and the kinetic energy of Zn
LsM ;M4 5 (\G) Auger peak changed from
985.1 to 986.3 eV during the H,S/H, treat-
ments. These shifts are in good agreement
with those expected for the sulfidation of
ZnO to ZnS (23). The H, reduction and
thiophene/H; treatments of the Zn-Mo
catalyst caused the decrease in the (Zn/Mo)
ratio, but produced no Zn metal, on the
contrary to the Co metal formation in the
Co—Mo catalyst.

A similar quantitative analysis (Fig. 13)
as in Fig. 11 for the Co-Mo catalyst shows
the formation of ZnS and MoS,, together
with a possible excess sulfur production by
the prolonged treatment with HoS/H..

CONCLUSIONS

The surface compositions of the calcined
Co~Mo binary oxide catalysts, which were
prepared by calcining the mixtures of
cobaltous nitrate and ammonium para-
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molybdate, are considerably different from
the bulk compositions. The surface enrich-
ment of molybdenum was found in the
catalysts which contain cobalt more than
about 6 at.9,. In the composition range of
a small content of cobalt, cobalt was
slightly enriched in the catalyst surface.
However, in the cases of the Co—Mo cata-
lysts, which were prepared by the calcina-
tion of the mixed composite oxides, no
appreciable difference between surface and
bulk compositions was detected except the
catalyst containing a small amount of
cobalt where the cobalt enrichment was
observed.

The drastic changes in the surface com-
position of the Co—Mo catalyst were found
during a variety of treatments at 400°C
with 10 Torr of gases relating to the hydro-
desulfurization of thiophene. Thiophene/H,
and H, caused the surface segregation of
molybdenum, whereas cobalt was markedly
enriched by H.S/H,. Thiophene/H; pro-
duced preferentially MoS,, and H,S/H,
formed MoS; and CoS and/or more likely
CogSs, accompanied by excess sulfur. The
Zn-Mo binary oxide catalyst showed
similar behavior to that of the Co-Mo
catalyst in the changes of the surface
composition during the treatments.

It is clearly demonstrated that the sur-
face composition and sulfur content of the
catalyst depend remarkably on the prepara-
tion method and on the kind and period of
the treatment and that the quantitative
analysis of XPS spectra is effective to
define surface composition and surface
species. Although various ecatalytic 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 composition of the catalyst
under reaction conditions are needed to
discuss catalytic properties in detail such
as activity, selectivity, and promoter effect,
as suggested previously (7).
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