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The interaction of hydrogen sulfide and water with a CoQ/Al,0, surface has been examined by
Auger electron spectroscopy and temperature-programmed desorption. AES and TPD show that
H,S decomposition occurs readily on CoO/Al,O, at low temperature. For low H,S exposures at 140
K, no molecular water desorbs in TPD. With large exposures, hydrogen sulfide appears to react
with the surface to form water, which is the only product observed. No significant amounts of

hydrogen are desorbed. These results are compared with TPD of directly dosed water.
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1. INTRODUCTION

Considerable effort has been directed to-
ward improving the efficiency of industrial
alumina-based catalysts (/-7). The com-
mercial hydrotreating catalysts consist of
molybdenum and cobalt (or nickel) sup-
ported on a high-surface-area porous alu-
mina support. Cobalt oxide on alumina has
shown good reactivity for the hydrodesul-
furization (HDS) reaction (8), even though
the HDS activity of CoO-Mo0O,/Al,0; is
much higher (9, 10). Nevertheless, the CoO/
Al O, catalyst system and the sulfiding reac-
tion mechanism that occurs on its surface
are not yet fully understood.

A temperature-programmed reduction
(TPR) study (11) has shown that the struc-
ture of oxidic CoO/Al,O; catalysts is unex-
pectedly complicated; at least four oxidic
Co phases could be distinguished. Sulfiding
of CoO/Al,O; has been studied (8) by means
of temperature-programmed  sulfiding
(TPS). Sulfiding in H,S/H, (measured by
TPS) is much faster than reduction in H,
(measured by TPR). H,S is the primary re-
actant in O-S exchange reactions, whereas
H, plays only a secondary role, e.g., in re-
duction of elemental sulfur.

Earlier work (12) shows that planar model
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catalysts are essentially the same as their
commercial porous hydrotreating counter-
parts. In this study, our objective was to
investigate the sulfiding mechanism of CoO
deposited on planar alumina. Since Co plays
a major role in the catalytic activity of sul-
fided Co-Mo/Al,O; catalysts (7), knowl-
edge of the sulfiding mechanism of CoO on
AL O, will provide some insight into the for-
mation of active cobalt species. We present
temperature-programmed desorption (TPD)
and Auger electron spectroscopy (AES) re-
sults from H,O and H,S adsorbed on a thin
film CoO/Al,O; model.

2. EXPERIMENTAL

The experiments were carried out in a
turbo- and cryopumped stainless-steel UHV
(ultrahigh vacuum) system which has been
described elsewhere (13). The base pressure
was in the 107! Torr range. This system
includes a single-pass cylindrical mirror an-
alyzer with an electron gun for AES and a
line-of-sight mass spectrometer interfaced
to a computer for TPD. The temperature
ramp for TPD was 3 K/s. In addition, the
system includes a sputtering gun, a thermal
evaporation source for cobalt, leak valves,
and an ionization pressure gauge.

The Al(110) crystal (~1-cm-diameter, 2-
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mm-thick disk) was held by two 0.5-mm Ta
wires which ran through grooves in the top
and bottom for resistive heating. The sample
was cooled to 140 K by a copper block
strapped on a stainless-steel tube filled with
liquid N,. Temperature was measured using
a chromel—-alumel thermocouple. The ther-
mocouple wires were spotwelded to a plati-
num foil and wedged into a 0.5-mm groove
in the aluminum disk.

After initial cleaning, the crystal was typi-
cally cleaned by sputtering for ~10 min (14).
The argon back-pressure was 5 x 10~ Torr,
the crystal temperature 700 K, the emission
current 7 mA, the beam voltage 2 kV, and
the ion beam current ~4 uA. Beam energy
(3kV)and 1-uA beam current were used for
AES analysis. The procedure was repeated
until no impurity was detected. The major
impurity was carbon; some oxygen was
added to oxidize it, followed by hydrogen
to reduce the surface oxygen.

The clean Al surface was oxidized (15-17)
at 723 K under O,/H,0 pressure of 5 x 107%
Torr to give an AL O layer. Using AES (18),
no elemental Al was detected at 68 eV. The
oxidation was continued until the oxygen
AES signal saturated. Under these condi-
tions, the AES peak ratios correspond to
handbook values (19) (Fig. la) for Al,O,.
The typical oxide thickness obtained under
these conditions is 50-100 A.

The cobalt was dosed, with the substrate
at room temperature, from a thermal evapo-
ration source consisting of a 0.003-in.-diam-
eter high-purity cobalt (99.99%) wire
wrapped around a tungsten filament. The
cobalt deposition was followed by AES
(Fig. 1b), whose signal is commonly used to
determine the coverages and growth mecha-
nism (13, 20-23). The film thickness was
calibrated by plotting (Fig. 2) the increase
in the AES Co(775)/0(503) signal ratio as a
function of cobalt deposition time. It shows
discernible breaks, consistent with an ap-
proximately layer-by-layer deposition. The
first break in the slope indicates the comple-
tion of the first Co monolayer. It occurs at
about 1800 s and corresponds to a Co/O
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Fi1G. 1. Auger (3 kV) spectra of (a) ALO;: A clean
Al(110) sample was oxidized at 723 K under O,/H,0
pressure of 5 x 1078 Torr. (b) Co/ALO; prepared by
thermally evaporating cobalt on Al,O; (for 1800 s to
obtain a monolayer), at room temperature from a 0.003-
in.-diameter cobalt wire, (c¢) CoO/ALO; obtained by
oxidizing the Co/Al,O; at 700 K with an oxygen back-
pressure of 5 X 1078 Torr.

peak-to-peak ratio of ~0.7. The deposition
of the second monolayer takes about the
same time as that of the first one, indicating
that the thin film grows uniformly. Clarke et
al. (24) found that cobalt films also grow in a
layer-by-layer mode on a Cu(001) substrate.
On the other hand, Cu grows in clusters on
the AL O, surface (23).

The last step in the sample preparation
was the oxidation of cobalt. The sample was
held at 700 K with an oxygen back-pressure
of 5 x 10~# Torr until the oxygen AES signal
saturated (Fig. 1c). Under these conditions,
the cobalt oxide layer is predominantly CoO
(25, 26). However, there appears to be some
clustering of CoO after oxidaticn, as indi-
cated by a decrease in the Co/Al ratio.

A clean cobalt surface was prepared after
each complete set of H,O and then H,S ex-
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F16G. 2. Co(775)/0(503) 3-kV Auger peak-to-peak sig-
nal ratio versus cobalt vapor-deposition time. Cobalt
was thermally evaporated on the alumina surface at
room temperature. The evaporation source consisted
of a 0.003-in.-diameter cobalt wire wrapped around a
tungsten filament.

periments. Fresh Co was not added between
each successive H,S dose. While this makes
effects like hydroxylation and restructuring
unavoidable, the same difficulties are en-
countered when a single large dose is used.

3. RESULTS

Adsorption of H,0. H,0 was adsorbed
on Co0O/AlL O, and examined by TPD. H,0
vapor was dosed with the substrate at 140
K. The thickness of the cobalt oxide film of
this sample corresponds to about one mono-
layer. Prior to the dosing of H,O, the sample
was flashed up to 700 K. Blank TPD did
not exhibit any water desorption. This was
predictable, since the system was cryo-
pumped and therefore the water background
was negligible. For different doses of H,O,
five main peaks can be observed (Fig. 3),
each of them corresponding to a different
type of water—oxide interaction.

For doses of 3 Langmuirs (L) or below
(not shown), the absence of TPD peaks sug-
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gests water dissociation on the oxidized co-
balt film-forming hydroxyl groups. This
structure is probably stable at T < 600 K.
For higher doses, the peak at 450 K is most
likely due to the recombination of the hy-
droxyl groups from the water decomposi-
tion. This TPD peak temperature and its
interpretation are consistent with the data
of Takita et al. (27), who concluded that, for
H,0 on Co0;0,, the hydroxyl recombination
peak appeared at 500 K. Earlier work (28,
29) indicates that water dissociates to form
hydroxyls on the atomically rough surfaces
of clean cobalt. Others (30-32) have con-
cluded that H,O dissociation occurs very
easily on aluminum oxide surfaces. One re-
port (32) found that dissociation occurs even
at 150 K on AlO;.

For doses less than 32 L, no detectable
water desorption was observed between 140
and 160 K, whereas for higher doses (>30
L), TPD shows a peak between 150 and 160
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FiG. 3. TPD spectra of H,O after H,O exposures (as
labeled) on CoO/ALO;. The water was dosed at 140 K
on 1 monolayer CoO on Al,O; surface. The temperature
ramp rate was 3 K/s. For all spectra, the y-axis scale
is three times larger between 140 and 160 K than that
between 160 and 700 K.
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K, with a shoulder at 145 K. Desorption
from this state exhibits zero-order kinetics
and a lack of saturation. These two observa-
tions support the assignment of this state as
due to ice multilayers where sublimation is
a zero-order process. Thermal desorption
states of ice multilayers are identified under
similar conditions on many other metal and
oxide surfaces. Heras et al. (33) observed a
comparable peak for water on cobalt but
concluded from LEED results that H,O is
adsorbed without long-range order at low
temperature. On alumina powders (34) wa-
ter can adsorb in multilayer states under
favorable conditions of temperature and
pressure. The shoulder at 145 K is discussed
below.

For doses of 5 L. and higher, a peak at
170 K is resolved and can be assigned to
molecular water which is stabilized by its
direct attachment to the surface. Such states
are also reported for H,O on other oxidized
surfaces, for instance, on ZnQO (35), on ana-
tase (36), and also on metal surfaces includ-
ing Pt(111) (37) and Ru(001) (38). Beginning
at 5 L, and growing in with the 170 K
peak, are several peaks above 250 K. The
first two peaks (between 300 and 400 K)
correspond to molecular water adsorbed on
different sites. The high desorption temper-
ature is surprising. It is attributed to the
oxide substrate-H,O interaction in which
H,0 bonds to specific cation sites. It has
been suggested that this occurs, for in-
stance, on ZnO (35), Ti,0; (39), and TiO,
(36). On clean metal surfaces, the molecu-
larly chemisorbed water desorption occurs
below room temperature (40), usually be-
tween 200 and 250 K. On cobalt, chemi-
sorbed water desorbs with a 155 K TPD
peak (33).

Adsorption of H,S. Using a procedure
similar to that used for water, the reaction
of H,S with CoO/AlL,O; has been studied.
H,S vapor, with no detectable impurity, was
dosed repeatedly onto a cobalt oxide film
(~1 monolayer thick) at 140 K. No cleaning
was performed between doses.

Figure 4 shows two representative AES
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FiG. 4. AES 3-kV spectra of 1 monolayer of CoO on
Al,O; after two different cumulative H,S doses at 140
K (i.e., 100 and 6000 L) with no cleaning between
doses. The AES spectra were taken at room tempera-
ture after TPD.

spectra taken after TPD measurements (cor-
responding to two different H,S doses: 100
and 6000 L). The presence of a S AES
peak is strong evidence for the decomposi-
tion of H,S on the surface and should be
compared to the clean surface in Fig. Ic.
This is in good agreement with earlier H,S/
CoO work (¢1), which indicates a gain of
sulfur and a loss of oxygen on CoO surfaces.
This is presumably because sulfur is a more
covalent ligand than oxygen (7); the thermo-
dynamics also favor H,O formation. Slager
and Amberg (42) arrived at the same conclu-
sions using alumina. For the 100-L H,S
dose spectrum, the S(152)/Co(775) AES
peak-to-peak ratio is 1.64. By including the
relative Auger sensitivity factors (19) the
surface S/Co atomic ratio is 0.52. The AES
peak-to-peak signal ratio of Co(775)/0(503)
is 0.23 and remains constant throughout the
whole dosing experiment. This can be un-
derstood because virtually all of the AES
oxygen signal originates from the alumina
underneath the cobalt oxide layer. There-
fore, within our detection limits, the loss of
oxygen in the cobalt oxide layer does not
affect this ratio. For the 6000-L. H,S dose
spectrum, the S(152)/Co(775) AES peak-to-
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FiG. 5. Auger (3 kV) S(152)/Co(775) peak-to-peak
height ratio as a function of H,S exposure (at 140 K) to
Co0/Al,0; with no cleaning between doses. The AES
spectra were taken at room temperature after TPD.

peak ratio is 4.2 and represents a S/Co
atomic ratio of 1.33.

In Fig. 5 all the calculated S(152)/Co(775)
AES peak-to-peak signal ratios correspond-
ing to different H,S doses are plotted versus
H,S exposure. One can observe a very fast
rise (for exposure <800 L) and a slower rise
for higher doses. For a cumulative H,S dose
of 6000 L, the S/Co AES signal ratio satu-
rates at ~4.

The only TPD products detected were wa-
ter and H,S; no significant amounts of H,
were desorbed. Following H,S adsorption
at 140 K, thermal desorption of the formed
water was a strong function of H,S expo-
sure. In Fig. 6, the TPD of water exhibits
four peaks at 145, 150, 300, and 400-450
K. The 145 and 150 K peaks correspond
to physisorbed states in which the water
product is weakly bonded either to the sur-
face or to other water-derived species. The
shift to lower temperature for higher doses
of H,S corresponds to the progressive re-
placement of the oxidic oxygen on the sur-
face by elemental sulfur from decomposed
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H,S. The 300 K peak corresponds to chemi-
sorbed molecular water that has formed.
This peak shifts to lower temperatures for
higher H,S doses. The 400-450 K peak is
attributed to the recombination of OH
groups. When the sample is sulfur free (low
H,S dose), this temperature corresponds ap-
proximately to that observed in water dos-
ing. It shifts to lower temperature when the
dose is increased.

Once the surface was saturated with sul-
fur, we sputtered the sample until no more
sulfur was detectable by AES (Fig. 7a), then
heated it to 700 K for a few minutes; sulfur
was observed again by AES (Fig. 7b). Simi-
lar heating of the clean sample did not show
any sulfur. Additionally, no trace of sulfur
was detected after argon sputtering (Fig.
7a). The knock-on effect can thereby be ne-
glected. Therefore, observed sulfur in Fig.
7b is believed to be diffused sulfur from the
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F1G. 6. TPD spectra of formed water resulting from
different H,S exposures (as labeled) at 140 K on 1
monolayer of CoO on Al,O;. The temperature ramp
rate was 3 K/s. The x-axis scale is ~12 times larger
between 140 and 160 K than that between 160 and 700
K. No water was observed on blank TPD.
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FiG. 7. Auger (3 kV) spectra of two cleaning process
steps of sulfur-saturated sample (a) after sputtering un-
til no more sulfur was detectable with an ~4-um ion
beam current and (b) after heating this sputtered sample
up to 700 K for ~10 min.

bulk alumina. The possibility of subsurface
sulfur adsorption (in addition to the ad-
sorbed surface monolayer) has been pro-
posed by Weeks and Plummer (43) on a
Ni(100) surface.

The TPD of H,S (Fig. 8), obtained by dos-
ing H,S at 140 K, exhibits two resolvable
states (TPD peaks at 200 and 240 K) which
could be attributed to weakly held molecular
H,S in contact with already adsorbed H,S,
as observed for instance by Zhou and White
(44) on Ni(100), and a monolayer molecular
adsorption state, respectively. Earlier work
on H,S on rutile (36) exhibits the same TPD
peaks. The temperature of the monolayer
peak can be compared to that of H,S on
other surfaces: on Rh(100) (45) between 220
and 300 K, and on rutile and anatase (36) at
250 and 300 K, respectively.

4. DISCUSSION

Considering all the results together, the
picture that emerges is the replacement of
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the surface oxygen ion by sulfur from H,S
which results in the formation of water. The
cobalt oxide is thereby progressively sul-
fided.

Slager and Amberg (42) indicate that H,S
decomposition on alumina proceeds in two
steps: decomposition of H,S with formation
of OH groups and recombination to form
water. Hair (34) indicates that hydroxyl
groups are stable up to ~1000 K on alumi-
num oxide surfaces. If we assume that H,S
decomposes more readily on exposed alu-
mina than on CoO, the absence of water
desorption for H,S doses below 200 L (Fig.
6) can be understood. Above 200 L, when
the alumina sites are saturated with H,S de-
composition products, H,S starts to react
on CoO sites to form OH, which recombines
at 450 K (Fig. 3). The low-temperature TPD
peaks for >400-L H,S doses (Fig. 6) suggest
that on CoO the water formation does not
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Fi1G. 8. TPD spectra of H,S for various H,S doses (as
labeled) at 140 K on 1 monolayer CoO on Al,O;. The
temperature ramp rate was 3 K/s. The rising back-
ground is attributed to the slow pumping speed of H,S
and to desorption from the sample mounting assembly.
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proceed via the recombination of OH
groups, as it does on alumina. It seems in-
stead to involve a direct reaction of H,S
with lattice oxygen ions to form free water
molecules and sulfur, similar to the behavior
on MgO (46). These arguments are in good
agreement with Fig. 5, where we observed
two different sulfur deposition rates. The
fast one (for doses <400 L) probably corre-
sponds to the H,S decomposition and the
much slower one (for higher doses) to the
H,S decomposition and formation of water.
Therefore the oxide surface sulfurization
proceeds in two steps consisting of adsorp-
tion and decomposition of H,S on the sur-
face with formation of hydroxyl groups and
then, above a critical sulfur coverage, re-
duction of the oxide with formation of
water.

Additionally, in Fig. 6 the two peaks at
145 and 150 K indicate a highly reactive
surface: The formation of water must occur
below these temperatures. Koestner et al.
(47) indicate that H,O does not decompose
on Pt(111) below 180 K, although H,S
readily forms atomic sulfur on the same sur-
face at 110 K. According to Fig. 8, no H,S
desorption is observed below 160 K. There-
fore, the adsorbed H,S is believed to react
with the oxygen from CoO to form water,
probably at the dosing temperature (i.e., 140
K). The water can then be adsorbed at dif-
ferent sites on the partially sulfided cobalt
oxide surface. Mitchell et al. (48) found that
the desorbing water resulting from the reac-
tion of H,S on oxygen-covered platinum
(111) is fully formed below 170 K.

The 150 K (and 145 K) water desorption
peaks in Figs. 3 and 6 suggest that the
formed molecular water interacts by hydro-
gen bonding with either the anion (O?~) of
the oxide, the hydroxy! groups, or the al-
ready formed molecular water (Fig. 9, type
2). The 145 K desorption peak (Fig. 6) ap-
pears with much lower intensity under the
experimental conditions of Fig. 3; therefore,
some weak interactions that did not exist
with the nonsulfided surface must be pres-

331

Desorption Temperature

-5-Co- 145 K

H _H
H H
\./

=T Q
X ~o
"

-Co-0-Co- H,0(a) 150 K

300 K

350 K

FiG. 9. List of different water adsorption sites with
their approximate desorption temperatures.

ent. Possibly, hydrogen bonding of the che-
misorbed formed water with surface sulfide
is the cause (Fig. 9, type 1).

Adsorbed H,S desorbs with peaks at 200
and 250 K (Fig. 8). At 300 K and above, the
H,S desorption is complete and the surface
can be considered H,S-free. However, wa-
ter desorption occurs above 300 K under
these conditions (Fig. 6). This indicates that
water, corresponding to the 300 and 350 K
desorption peaks, was formed below 250 K.
It is possible that the water desorbing from
these peaks was also formed at 140 K. In
Fig. 3, at low coverage (<10 L), the 300 K
peak is larger than that at 350 K. Starting at
16 L and for higher doses, the 350 K peak
becomes more and more important com-
pared to that at 300 K. From these consider-
ations, we could attribute the 350 K peak to
chemisorbed water bound to a cobalt atom
(Lewis acid) (Fig. 9, type 4) and the 300
K peak to the water interacting with two
surface oxygen anions by hydrogen bonding
(Fig. 9, type 3). Water adsorption on these
sites is favored at low H,O doses in compari-
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son to the chemisorbed sites on top of Co
atoms. But the type 3 sites, composed of
two adjacent surface oxygen atoms, satu-
rate more quickly than the cobalt atom sites
for monolayer interactions. The TPD of
formed water (Fig. 6) does not exhibit the
two peaks around 300 K that we see in Fig.
3 for the dosed water. This can be explained
if, for each H,S molecular decomposition,
one surface oxygen anion is replaced by a
sulfide and, thereby, four potential type 3
sites are obstructed. Sulfur adsorbs very
readily on the surface even at low doses;
therefore, the absence of a peak correspond-
ing to this interaction is understandable in
Fig. 6. Deane et al. (46) indicate, in a study
of H,O on MgO, that very little H-bonded
water appears in the IR spectra of the sur-
face after reaction of H,S. We notice, in Fig.
8, the absence of a peak corresponding to
the H,S state interacting with two hydrogen
bonds to the surface oxygen anions (Fig.
9, type 5). No evidence was found in the
literature for such H,S interaction on oxided
surfaces. A study of H,S on magnesium ox-
ide by infrared spectroscopy (46) indicates
the presence of double H-bonded water
(Fig. 9, type 3) but no H,S interaction (type
5). The difference in chemisorbed water
peak temperatures between Fig. 3 (350 K)
and Fig. 6 (300 K) is attributed to the pro-
gressive sulfidation of the surface, which
weakens the Co—H,O0 interaction.

In Fig. 3, between 16 and 48 L, the mono-
layer peak continues to grow even after the
multilayer sets in. This can be explained
by the formation of multilayer islands or
clusters which leave exposed oxide for fur-
ther monolayer growth while simultane-
ously showing growth of the multilayer. On
oxides, H,O generally forms hydrogen-
bonded clusters at high coverage, for exam-
ple with Ti,O, (39), because the oxide sub-
strate—H,O interaction, which ties H,0 to
specific cation sites, can override the strong
tendency to cluster that we see on clean
metal surfaces (40).

The surface reaction may proceed accord-
ing to one (or both) of the following steps:
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H,S(g) + 0?~ (s) = H,0(g) + S* (s)
4}

H,S(g) + 20?7 (s) = 20H™ + S?~ (s).
2

Equation (1) represents the direct exchange
of a sulfur atom with a lattice oxygen ion to
form a free water molecule; the water can
then react in the normal way. This reaction
is believed to occur predominantly on cobalt
sites at the dosing temperature (i.e., 140 K).
The exchange of lattice oxygen ion with sul-
fide from adsorbed H,S, resulting in water
formation, has been proposed for many
other systems, notably H,S on MgO (46), on
TiO, (36), and on alumina (42, 49). Kinetic
studies (50), reveal that rates of H,S decom-
position on metals are generally very rapid,
the high sticking probability suggesting that
there is no barrier to adsorption and dissoci-
ation. An alternative form [Eq. (2)] pro-
duces hydroxyl groups that recombine to
form water between 400 and 450 K. This
reaction is believed to predominate on alu-
mina-exposed sites at low H,S (<400 L)
doses before water formation.

A comparison of the free energies of for-
mation of CoO, CoS, H,0, and H,S (51)
shows that while CoO is ~25 kcal/mol more
stable than CoS, H,0 is ~50 kcal/mol more
stable than H,S. The thermodynamic driv-
ing force of the reaction is the formation of
water from H,S.

5. SUMMARY

H,S adsorbs and decomposes readily on
the CoO/AlLO; surface at 140 K. After a
critical exposure, this decomposition leads
to a progressive replacement of oxygen ions
on the surface by sulfide, strongly bonded
to the surface. Water is also formed, pre-
sumably at 140 K. The formed water TPD
has some strong similarities to directly
dosed water TPD. Nevertheless, some new
peaks can be observed in the former. Glob-
ally, on the partially sulfided cobalt oxide
surface, water can occupy (a minimum of)
six different sites (52), as listed in Fig. 9 with
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their respective desorption temperatures.
The remaining sulfur can diffuse into the
bulk alumina underneath.
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