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The effects of submonolayer deposits of vanadia on the rates of CO and CO, hydrogenation of
an Rh foil have been examined. Auger electron spectroscopy (AES), ion scattering spectroscopy
(ISS). and temperature-programmed desorption (TPD) have been used to determine the oxide
coverage, and X-ray photoelectron spectroscopy (XPS) has been used to determine the oxidation
state for VO, deposits on a rhodium foil. After oxidation (3 x 107® O, at 350°C), the vanadium
valence state is 3+, which corresponds to an oxide stoichiometry of V,0;. CO chemisorption
reduces 34% of the V3~ to V2* at low oxide coverages. The absolute amount of V2~ in the oxide
overlayer after CO titration is found to maximize at a coverage of 0.5 ML. The rates of CO and
CO, hydrogenation increase upon addition of VO, to an Rh foil. For CO hydrogenation, the rate
maximizes at two times that of the rate on the clean surface at an oxide coverage of 0.4 ML. For
CO, hydrogenation, the rate maximizes at six times that of the clean surface rate at an oxide
coverage of 0.6 ML. The oxide promoter also alters the activation energies, partial pressure
dependences, and selectivities for the hydrogenation reactions. A comparison of the kinetic and
spectroscopic data reveals a strong correlation between the degree of reducibility of the oxide

overlayer and the amount of rate enhancement for CO and CO, hydrogenation.
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INTRODUCTION

Numerous investigations have shown that
interactions between small particles of
Group VIII metal and metal oxide supports
can result in a decoration of the metal parti-
cles by metal oxide moieties derived from
the support (/, 2). Originally, referred to as
strong-metal-support-interactions (SMSI)
when first reported by Tauster (3), this phe-
nomenon has been the object of intense re-
search. There are two principal reasons for
interest in metal-metal oxide interactions.
The first is that such interactions can result
in a decrease in chemisorption capacity due
to blockage of metal sites. The second rea-
son is that metal-metal oxide interactions
can give rise to very significant increases in
catalyst activity, particularly for reactions
such as CO and CO, hydrogenation and NO
reduction (/-5).

The study of effects of metal-metal oxide
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interactions on the catalytic activity of sup-
ported metal catalysts is encumbered by dif-
ficulties in defining and controlling the ex-
tent of metal particle decoration by moieties
derived from the support. Not only the
method of catalyst preparation, but also the
method of pretreatment (e.g., calcination
and reduction condition) can affect the ex-
tent of decoration. To obtain greater experi-
mental control, it is possible to produce a
planar model catalyst in which a single crys-
tal or foil is partially covered by vapor depo-
sition of an oxide. Such samples can readily
be characterized by a number of surface an-
alytical techniques, and possess sufficient
activity to enable studies of reaction kinet-
ics. Experiments conducted with Rh, Pt, Ni,
and Pd, decorated by several different ox-
ides, have shown that planar model cata-
lysts exhibit activities and selectivities very
similar, and often identical, to those ob-
served for metal oxide-supported metals
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EFFECTS OF DEPOSITS ON CO AND CO, HYDROGENATION OF Rh FOIL

(6—10). In one such study, the coverage de-
pendence of the reactivity of a Rh foil pro-
moted with deposits of TiO, for CO and CO,
hydrogenation were investigated (//, 12). It
was found that addition of 0.5 ML of TiO,
to the Rh foil caused a rate enhancement of
three times for CO hydrogenation and 15
times for CO, hydrogenation. The aim of
the present investigation is to establish the
effects of vanadia addition on the activity
of Rh for CO and CO, hydrogenation. The
observed changes in activity are correlated
with measurements of oxide coverage and
composition obtained by AES, ISS, TPD,
and XPS.

EXPERIMENTAL

Experiments were performed in a Varian
UHYV chamber equipped with a cylindrical
mirror analyzer for Auger electron spectros-
copy, an EAI quadropole mass spectrome-
ter, and an atmospheric-pressure isolation
cell. Additional characterization of the cata-
lyst samples were carried out in a PHI 5300
ESCA system equipped with X-ray photo-
electron spectroscopy and ion scattering
spectroscopy.

The Varian UHV chamber has been de-
scribed in detail in Ref. (/3). It is evacuated
by an oil diffusion pump and titanium subli-
mation pump to achieve a base pressure of
1 x 107° Torr. The sample, 1-cm? Rh poly-
crystalline foil 0.002-in thick, is attached to
a manipulator through spot welds to 0.020-
in gold support wires. An S-type thermocou-
ple is spot welded to the foil for temperature
measurement. Prior to initiating a reaction,
the foil is cleaned by high temperature an-
nealing and sputtering to remove B, S con-
tamination.

Vanadium was deposited on the Rh sur-
face using an evaporator. The evaporator
consists of a 0.030-in W wire around which
is wound 0.005-in V wire. A current of 38 A
was necessary to give a deposition rate of
approximately 1.0 ML/min. A back pres-
sure of 4 x 10~7 Torr of oxygen was present
during evaporation in order to reduce car-
bon contamination. After V deposition, the
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surface was oxidized at 3 x 107° Torr of
O, at 623 K for 5 min. To remove oxygen
adsorbed on the exposed Rh surface, 2 x
10~ 7 Torr of CO was admitted into the cham-
ber for 20 s, and the sample was then flashed
to 673 K. After preparation, an Auger spec-
trum was taken to determine the oxide cov-
erage and to confirm the sample cleanliness.
The bare Rh surface was given the same gas
exposures before reaction to eliminate the
possibility of ascribing rate enhancements
to pretreatment effects. When necessary,
the deposited oxide was removed by sput-
tering and annealing.

To perform a reaction, the sample was
enclosed in a high-pressure cell, connected
to a gas recirculation loop. The total volume
of the reactor and recycle loop is 120 cm®.
H, and CO, or CO,, purified through a trap
maintained at 150 K, were introduced into
the loop, and argon was added when neces-
sary to give a total pressure of 760 Torr. A
metal-bellows pump was used to recirculate
the gases at a flow rate of approximately
100 cm®/min. The accumulation of reaction
products in the loop was monitored with
an HP 5720A gas chromatograph equipped
with an FID. A stainless steel 10 ft. x 1/8
in column packed with 80/120 Carbopak B
coated with 3% SP1500 was used for product
separation. All reactions were run at con-
versions of less than 5%. After reaction,
approximately 10 min was required to return
the UHV chamber to its base pressure.

The PHI ESCA 5300 was used for the
XPS and ISS studies. It is equipped with an
Mg and Al anode X-ray source, an He and
Ar differentially pumped ion gun, a hemi-
spherical analyzer, and a sample prepara-
tion cell. For XPS, the Mganode (1253.6eV)
was used, and the hemispherical analyzer
detector was operated at a 35.75-eV pass
energy. For ISS, an incident beam of He
ions at 500 eV was scattered at an angle of
123.0° and detected with the hemispherical
analyzer operated at a 179-¢V pass energy.
Before analysis, catalyst samples were pre-
pared in an adjacent preparation chamber
which was maintained at a base pressure of
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Fi1G. 1. Rh (302 V) and V (435 eV) AES intensities
as a function of vanadium evaporation time.

2 x 10~#Torr. A transfer rod was employed
to move the sample between chambers in
vacuo. An electron beam heater and a vana-
dium evaporation source were utilized to
deposit vanadium oxide overlayers on an
Rh foil surface in a similar manner as was
described above for oxide preparation in the
Varian UHV system.

RESULTS AND DISCUSSION
Sample Characterization

The coverage and growth mode for VO,
deposited on the Rh foil were determined by
AES, ISS, and CO TPD, and the oxidation
state of the vanadium was determined by
XPS. Since all four techniques couid not be
carried out in one vacuum chamber, sam-
ples were produced in each of the two vac-
uum chambers, using identical procedures.
The sample in the Varian UHV chamber
was characterized by AES and CO TPD,
whereas that in the PHI UHV chamber was
characterized by ISS and XPS.

Figure 1 is a plot of the vanadium (435 eV)
and rhodium (302 eV) AES peak intensities
as a function of the vanadium evaporation
time, in the Varian UHV chamber. Changes
in the slopes of the plots of Rh and V peak
intensity are observed after 80 s of V depo-
sition.
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F16. 2. CO TPD peak intensity as a function of vana-
dium oxide coverage.

Figure 2 shows a plot of CO TPD peak
intensity as a function of VO, coverage. The
VO, coverage has been determined using
the coverage calibration derived from the
AES uptake curve in Fig. 1. The addition of
vanadium oxide to Rh causes a linear de-
cline in CO TPD intensity with complete
suppression at coverages of 1.0 ML or
greater. Since CO does not adsorb apprecia-
bly on vanadia, the linear decline and com-
plete suppression of the TPD peak intensity
indicates that the AES coverage calibration
correctly determines the amount of vana-
dium oxide on the surface.

Figure 3 shows a plot of Rh ISS intensity
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FiG. 3. Rh ISS intensity as a function of vanadium
evaporation time.
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FiG. 4. XPS spectrum of 1.0 ML vanadium oxide
deposit on Rh.

as a function of vanadium evaporation time
in the PHI UHV chamber. The Rh ISS peak
intensity decreases linearly with V evapora-
tion time consistent with the growth of a
two-dimensional film. A small degree of tail-
ing occurs near 1.0 ML vanadium oxide cov-
erage indicating that a second layer of vana-
dium oxide starts to form before completion
of the first layer. After 7 min of vanadium
evaporation, the relative Rh 1SS intensity is
less than 109% and the uptake curve begins to
level off. Consequently, 7 min evaporation
time is considered to be the point at which
the Rh surface is covered by 1.0 ML. To
determine the similarity of the VO, overlay-
ers produced in the PHI and Varian cham-
bers, an AES measurement was made in the
PHI chamber using the XPS spectrometer.
For a V deposition time corresponding to
1.0 ML in both chambers, the Rh AES signal
attenuation is 0.734 in the PHI chamber and
0.726 in the Varian chamber. The close
agreement between these two values indi-
cates that the two samples are similar.

An XPS spectrum of the 540 to 510 eV
binding energy region for a 1.0-ML deposit
of vanadium oxide on a Rh foil is shown in
Fig. 4 (solid curve). The dominant features
are the O(ls) peak at 529.8 eV and the
Rh(3p1/2) peak at 523.0 ¢V. The V(2p3/2)
at approximately 515 eV appears as a shoul-
der on the Rh(3pl/2) peak. The dashed
curve in Fig. 4 is a plot of the difference
between the XPS spectra of an Rh surface
covered by 1.0 ML of VO, and a clean Rh
surface.
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XPS spectra were obtained at several dif-
ferent vanadium oxide coverages. At each
coverage, the surface was oxidized with
3 x 107% Torr O, at 623 K for 5 min after
which an XPS spectrum was recorded. The
vanadium binding energy after the oxidation
step remains the same, 515.6 eV, for all cov-
erages. The measured V(2p3/2) B.E. of
515.6 eV is identical to that measured for a
sample of polycrystalline V,0, pressed into
a Ta mesh and is consistent with the B.E.
reported in the literature for V,0; (/4, 15),
indicating that V in the fully oxidized over-
layer is in the V¥ valence state.

After oxidation, the same sample was ti-
trated with a saturation dose (10 liter) of CO,
and a second XPS spectrum was taken. The
vanadium B.E. after CO titration varies as
a function of coverage. Figure 5 shows the
percentage of the VO, overlayer that is re-
duced from V3** to V> after CO titration.
The amount of V?* was determined by sub-
tracting the XPS spectrum of the fully oxi-
dized V.0, overlayer from that of overlayer
reduced by CO titration. The resulting dif-
ference spectrum has a peak centered at
513.8 eV, which is taken to correspond to
vanadium in the 2+ valence state (/5). The
percentage of V' in the overlayer de-
creases from 34% at 0.2 ML to less than 5%
at coverages greater than 1.0 ML. This trend
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FiG. 5. V"% after CO titration as a function of vana-
dium oxide coverage.
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FI1G. 6. Areaof V1™ XPS(513.8 V) peak as a function
of vanadium oxide coverage.

is similar to that reported by Levin et al.
(16) for TiO, deposited on a Rh foil. These
authors found that CO titration reduced 40%
of the titanium from Ti** to Ti** at low
coverages, whereas at higher coverages, CO
titration had almost no effect. Figure 6
shows the absolute amount of V?* in the
overlayer after CO titration plotted as a
function of coverage. The amount of V27 is
shown to maximize at coverages of VO, of
approximately 0.5 ML.

An explanation for the observation that
the degree of reduction of the oxide over-
layer decreases with increasing coverage
becomes apparent when the CO uptake
curve is considered. Figure 2 shows that CO
does not adsorb appreciably on the vana-
dium oxide overlayer; therefore, at cover-
ages greater than 1.0 ML, Rh adsorption
sites are completely blocked, and the oxide
overlayer is unaffected by CO titration.
However, as the coverage decreases, more
Rh adsorption sites are exposed, and the
oxide is readily reduced. These results sug-
gest that reduction of the vanadia overlayer
occurs via diffusion of CO adsorbed on the
exposed Rh sites to the perimeter of the
vanadia islands comprising the overlayers.

Catalytic Activity

The rate of methane formation over the
unpromoted Rh foil is 0.034 s~! for CO hy-
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F1G. 7. Rate of methane formation of an Rh foil as a
function of vanadium oxide coverage for CO hydroge-
nation.

drogenation at 553 K in the presence of 253
Torr CO and 506 Torr H,, and 0.19 s~ ! for
CO, hydrogenation at 523 K in the presence
of 190 Torr CO, and 570 Torr H,. As shown
in Figs. 7 and 8, promotion with VO, has a
significant effect on the rate of CH, forma-
tion from both CO and CO,. For CO hydro-
genation, the rate increases to a maximum
of twice that for the clean surface, for a
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F1G. 8. Rate of methane formation of an Rh foil as a
function of vanadium oxide coverage for CO, hydroge-
nation.
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TABLE |

Comparison between CO and CO, Hydrogenation
Kinetics over Clean and VO.-Covered Rh Foil

CO + H; CO: + H-
Clean Rh 0.5 ML VO, Clean Rh 0.5 MLL VO,
CHj act 24 13 17 13
energy. £,
(keal/moh
H. pressure 1.0 21 0.5 0.3
exponent. a
CO:CO, -1.0 -0.7 0.2 0.2
pressure
exponent. h
Selectivity W 65 9y + 99 +
to CHy (%)
Normalized 1.0 4.7 1.0 6.0

rate

VO, coverage of 0.4 ML, whereas for CO,
hydrogenation, the rate increases six times
that for the clean surface, for a VO, cover-
age of 0.6 ML. The 0.2-ML difference in the
VO, coverages at the rate maxima for CO
and CO, hydrogenation could be explained
by postulating a change in oxide morphol-
ogy resulting from the difference in vana-
dium valence states present during the two
reactions (see Table 2). However, the lack
of direct structural information makes any
comment on the significance of this small
difference in coverages speculative. AES
and XPS characterization of the catalyst
after CO or CO, hydrogenation indicate the
presence of carbon on the surface, the
amount being twofold greater for CO hydro-
genation than for CO, hydrogenation. For
both reactions, though, promotion of Rh
with 0.5 ML VO, increases the amount of
carbon deposited.

The rate parameters for CH, formation
from CO and CO, hydrogenation over clean
and VO, covered Rh are presented in Table
1. The rate of CH, formation is assumed to
be given by a power-law expression of the
form

reny = koexp(— EJ/RTIPYLPL ),

where E,, a. and b represent the activation
energy, hydrogen partial pressure depen-
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dence, and CO or CO, partial pressure de-
pendence, respectively. For the determina-
tion of E,, four rate measurements were
made over a range of temperatures from 250
to 400°C. For the determination of the pa-
rameter a, three measurements were made
over a range of pressures from 169 to 590
Torr, and for the parameter b, three mea-
surements were made over a range of pres-
sures from 63 to 253 Torr. For CO hydroge-
nation, E, = 24 kcal/mol over the clean
Rh surface. Upon promotion with vanadium
oxide, E, decreases to 13 kcal/mol. The val-
ues of a and b for the clean surface are
1.0 and — 1.0, respectively. Promotion with
vanadium oxide increases ¢ to 2.1 and b to
—0.7. For CO, hydrogenation, addition of
vanadium oxide decreases E, from 17 to 13
kcai/mol. However, addition of vanadium
oxide has no effect on ¢ and b. Similar
changes in rate parameters have been ob-
served for TiO, on an Rh foil (//, /2) and
for Rh/V/SiO, (17).

Selectivities of the clean and VO, covered
surface are also presented in Table 1. The
selectivity toward methane formation from
CO decreases from 90 to 67% upon promo-
tion with 0.5 ML VO,, and the selectivities
for ethylene, ethane, and propylene in-
crease from 3.7,3.3,and 1.6%, respectively,
to 17, 2.5, and 8.0%, respectively. In con-
trast to CO hydrogenation, VO, promotion
has no effect on the selectivity for CO, hy-
drogenation. With and without VO, present
the selectivity to CH, is 99+ %.

The effects of VO, promotion on the rate
of CH, formation from CO and CO, over Rh
presented here are similar to those reported
earlier for TiO,. Levin et al. (I1) observed
a threefold increase in the rate of CO hydro-
genation, when an Rh foil was promoted
with 0.5 ML of TiO,, and Williams et al.
(12) observed a 15-fold increase in the rate of
CO, hydrogenation, aiso fora TiO, coverage
on Rh of 0.5 ML. Also relevant is the work
of van Santen and co-workers (/7), who
found that promotion of a Rh/SiO, catalyst
with an amount of VO, sufficient to decrease
the CO chemisorption capacity by 50% in-
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creases the CO hydrogenation activity of
the catalyst fourfold.

Previous studies have suggested that the
mechanisms for CO and CO, hydrogenation
are stmilar (/8). In both instances the critical
step is cleavage of the C-O bond in ad-
sorbed CO or a CH,O (x = 3) species, the
origin of adsorbed CO in the case CO, hy-
drogenation being the dissociation of CO,
(19-23). The C_ or CH, , species released by
C-0 bond cleavage of CO or CH,O readily
undergo hydrogenation to form CH,. In sup-
port of this picture, it has been observed
that adsorbed CO does not dissociate appre-
ciably on Rh(111) surfaces (24) and that dur-
ing temperature-programmed reduction of
adsorbed CO by H,, CH, and H-,O appear
concurrently (/7). Studies with Rh/SiO, in-
dicate, as well, that the rate constant for
CO dissociation is considerably smaller than
that for CH, hydrogenation (2/).

The increase in CO methanation activity
when Rh is promoted with VO, correlates
very closely with the amount of deposited
V present in the 2 + state, as can be seen by
comparing Figs. 6 and 7. Since reduction of
the deposited oxide proceeds inward from
the metal-oxide adlineation (25), a signifi-
cant fraction of the V> * cations are expected
to be present at the perimeter of the VO,
1slands comprising the overlayer. CO mole-
cules can adsorb at these boundaries in such
a fashion that the C end of the molecule is
bound to an exposed Rh atom, while the O
end of the molecule is bound toa V*~ cation.
Such bonding has been postulated earlier to
facilitate cleavage of the C—O bond (26-28).
Thus, it is hypothesized that the observed
increase in the methanation rate is attribut-
able to the increased rate of CO dissociation
caused by the presence of V** cations. Con-
sistent with this interpretation are the AES
and XPS observations that VO, promotion
increases the concentration of surface car-
bon produced during CO hydrogenation.

The changes in the rate parameters for
CO hydrogenation when Rh is promoted
with VO, (see Table 1) can also be explained
in the light of the postulated model. Williams
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etal. (29) have shown that greatly increasing
the rate of dissociation of adsorbed CO by
addition of an oxide promoter ultimately re-
sults in a shift in the rate limiting step from
CO dissociation to hydrogenation of CH,
species. Such a shift causes an increase in
the apparent dependence of the methanation
rate on the partial pressure of H,, and a
decrease in the apparent dependence on the
CO partial pressure.

The increase in the rate of CO, hydroge-
nation also correlates with the amount of
V** present on the Rh surface, in a manner
similar to that observed for CO hydrogena-
tion. However, in contrast to CO hydroge-
nation, the maximum rate enhancement is
much greater. Inspection of Table 2 also
shows that the percentage of V>* in a 0.5-
ML VO, overlayer is greater following CO,
than CO hydrogenation. The greater amount
of V** in the former case can be attributed
to a higher surface coverage by atomic H, a
reducing agent that is more effective than
CO in attacking VO, since CO, adsorbs
much more weakly than CO, and, hence,
will not inhibit the dissociative adsorption
of H, on Rh. V2" cations are expected to
enhance both the rate of CO, dissociation to
CO and the rate of CO dissociation to C and
0. The absence of a change in the H, and
CO, partial pressure dependences of the rate
of CO. methanation upon VO, promotion
suggests that the rate-limiting step is unaf-
fected by the presence of the promoter.

To further emphasize the correlation be-
tween rate enhancement and reducibility,
the data contained in Figs. 6. 7, and 8 are
replotted in Fig. 9 as methanation rate ver-
sus V2~ XPS peak area for various oxide
coverages. For CO, hydrogenation, the data
fit to a linear function, indicating that the
degree of rate enhancement depends di-
rectly on the amount of reduced oxide. Al-
though the CO hydrogenation data has more
scatter, a qualitatively similar relationship
exists between rate enhancement and oxide
reductibility. The linear correlation of rate
enhancement and oxide reducibility illus-
trated in Fig. 9 provides direct support for
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TABLE 2

Percentage of V>~ in the VO, Overlayer Following CO Titration, and CO and CQ, Hydrogenation

1 x 107* Torr O, at

200 Torr H, and 200 Torr H, and

623 K and 50 Torr CO at 50 Torr CO, at
5 x 1077 Torr CO 523 K for 523 K for
Treatment at 523 K 60 min 60 min
VO, coverage (ML) 0.5 0.5 0.5
% VT 28 54 98

the often postulated mechanism (//, 26-28)
involving active site formation at reduced
oxide sites of the oxide/metal interface and
suggests that a redox interaction between
the metal ion valence states (V2* — V37) of
the oxide promoter and the CO(a) reaction
intermediates facilitates CO bond cleavage
and leads to an increase in methanation rate.
Assuming such a scheme is valid, the pro-
moter effectiveness of different oxides will
depend not only on the number of reduced
oxide sites, but also on the redox potential
of the metal ion valence pair.

CONCLUSIONS

Vanadia deposited on an Rh foil forms
a two-dimensional overlayer at coverages
below 1 ML. In the fully oxidized state,

Methane Rate Normalized to Bare Rh Foil

0 1 2 3 4 5
V2 XPS Peak Area 513.8 eV (C/s x1000)

F1G. 9. Rate of methane formation for CO and CO,
hydrogenation as a function of V>~ XPS (513.8 eV)
peak area for various vanadium oxide coverages on an
Rh foil.

vanadium in the overlayer is present as V* ",
Titration of the O atoms present on the Rh
surface reduces the V** cations in the over-
layer to V>*, the amount of V>~ cations
passing through a maximum ata VO, cover-
age of 0.5 ML.

The deposits of vanadium oxide cause
rate enhancements for CO and CO, hydro-
genation. For CO hydrogenation, the rate
maximizes at two times that of the clean
surface rate at a coverage of 0.4 ML. For
CO, hydrogenation, the rate maximizes at
6 times that of the clean surface rate at a
coverage of 0.6 ML. For CO hydrogena-
tion, the oxide promoter also causes a
decrease in the activation energy, an in-
crease in hydrogen partial pressure depen-
dence, and an increase in selectivity to
higher weight hydrocarbons. For CO, hy-
drogenation, the oxide has little effect on
activation energy and partial pressure de-
pendences. The strong correlation between
the amount of V2~ cations present and the
rates of CO and CO, hydrogenation as a
function of coverage suggests that V3
cations are responsible for increasing the
rates of methane formation. It is proposed
that V2* cations promote the dissociation
of CO, to CO, and O, and of CO to C,
and O,. The latter reaction, in particular,
is hypothesized to be critical for the syn-
thesis of methane from CO or CO,.
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