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An investigation has been carried out of CO and CO, hydrogena-
tion to methane over a Rh foil decorated with submonolayer quanti-
ties of AlO,, TiO,, VO,, FeO,, ZrO,, NbO,, TaO,, and WO,.
The rate of methane formation was measured at 1 atm and the
state of the working catalyst was characterized by XPS immediately
after reaction. With the exception of AlO,, each of the oxides was
found to enhance the rate of CO methanation relative to that
observed over unpromoted Rh. The maximum degree of rate en-
hancement occurs at an oxide coverage of approximately half a
monolayer. AlO, retards the formation of methane in direct propor-
tion to the oxide coverage. FeO, behaves in a manner identical to
that of AlQ, in the case of CO, hydrogenation, whereas all of the
other oxides studied produce a maximum degree of methanation
rate enhancement at an oxide coverage of half a monolayer. The
enhancement of CO and CO, hydrogenation is attributed to the
formation of Lewis acid—base complexes between the oxygen end
of adsorbed CO (or H,CO formed during the reaction) and anionic
vacancies present at the edge of the oxide—~metal boundary. The
degree of enhancement of CO and CO, hydrogenation is found to
increase with the average oxidation state of the metal in the oxide
overlayer. This trend is attributed to the direct relationship between
Lewis acidity of an oxide and the oxidation state of the metal in
the oxide. The degree of reduction of a given oxide is found to be
higher during CO, hydrogenation than CO hydrogenation. o 1994
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INTRODUCTION

The rate of hydrogenation of polar molecules (e.g., CO,
CO,, RCHO, NO) over transition metal catalyst surfaces
can be dramatically increased by decoration of the metal
surfaces with small amounts of transition metal oxides
(1-5). For example, in the case of Rh, the oxides of Ti
(4, 6), V (7), Mn (8), Zr (9), Nb (10, 11), Mo (12), and Hf
(13) have been found to enhance the rates of CO and
CO, hydrogenation to methane and other hydrocarbons.
Similar effects have been observed for TiO, deposited on
Ni, Pd, Pt, and Ru (1-3).

The origin of the observed effects of metal oxides on
the catalytic properties of transition metals has been the
subject of considerable discussion in the literature. In the
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earliest attempts to provide an explanation, Schwab (14)
and Solymosi (15) proposed that the metal oxide altered
the electronic properties of the metal. While this hypothe-
sis was soundly based on the principles of metal/semicon-
ductor interfaces, subsequent experimental data revealed
no evidence for a change in the bulk electronic properties
of the metal due to the presence of metal/metal oxide
contacts. This led to the proposal, first articulated by
Burch and Flambard (16), that highly active sites occur
in the metal/metal oxide interfacial region. These sites
were envisioned to be cations or anionic vacancies present
at the edge of the metal oxide moieties. The activation of
C==0 bonds was proposed to occur via interaction of
the oxygen end of a carbonyl group with the cation site,
thereby inducing activation of the C==0 bond to hydroge-
nation. In later work, Sachtler and co-workers (8, 17)
suggested that the nature of the interaction between the
carbonyl group and the exposed cation at the edge of the
oxide moiety might be similar to that of Lewis acid—base
complexes formed in solution between carbonyl ligands
in metallocarbonyl complexes and Lewis acids such as
AlCL;.

The majority of previous studies of metal oxide promo-
tion of CO and CO, hydrogenation have been conducted
using metals dispersed on a high surface area support.
While such investigations are effective in revealing the
influence of support composition on the rate of CO and
CO, hydrogenation, there are significant difficulties in de-
termining unambiguously the coverage of the metal sur-
face by metal oxide moieties derived from the support.
Several recent investigations have shown that the effects
of metal oxide deposits on the catalytic properties of met-
als can be studied much more effectively using planar
model systems consisting of a metal foil or single crystal
surface decorated with submonolayer quantities of the
oxide (18-28). Such systems enable control of the oxide
coverage, and characterization of the oxide composition
by various surface analytical techniques.

This study was undertaken to investigate the influence
of oxide composition on the rates of CO and CO, hydroge-
nation over Rh. To this end, a Rh foil was decorated
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with submonolayer quantities of AlO_, TiO,, VO,, FeO,,
ZrQ,, NbO,, TaO,, and WO,. The catalyst surface was
characterized by both Auger electron spectroscopy (AES)
and X-ray photoelectron spectroscopy (XPS) to deter-
mine the oxide coverage and composition, respectively.
Studies of the rates of CO and CO, hydrogenation were
then carried out for a range of metal oxide coverages.
The results of this study show that the effectiveness of
different oxides in promoting CO and CO, hydrogenation
correlates with the oxidation state of the oxide, with
higher oxidation state, in general, resulting in a higher
degree of enhancement in the reaction rate. It is shown
as well that the oxidation state of a given metal oxide can
strongly depend on the nature of the reaction.

EXPERIMENTAL

Sample preparation and characterization and subse-
quent reaction studies were performed in a Varian UHV
chamber equipped with a cylindrical mirror analyzer for
Auger electron spectroscopy, an EAI quadrupole mass
spectrometer, and an atmospheric-pressure isolation cell
(26, 28). The chamber is evacuated by an oil diffusion
pump and a titanium sublimation pump to achieve a base
pressure of 1 x 107® Torr. The sample, 1 cm? Rh polycrys-
talline foil, 0.002 in. thick, is attached to a manipulator
by 0.02-in. gold wires spot welded to the foil. An S-type
thermocouple is spot welded to the foil for temperature
measurement. Prior to the initiation of a reaction, the foil
is cleaned by high temperature annealing and sputtering
to remove boron and sulfur contamination.

Metals were deposited on the Rh surface by using an
evaporator. The filaments in the evaporator consisted of
either a 0.02-in. or a 0.04-in. wire of the metal to be
deposited in the case of W, Ta, Nb, and Zr or a 0.005-in.
to 0.02-in. wire of the metal to be deposited wound around
a0.04-in. W wire in the case of Ti, V, Fe, and Al. Currents
of between 20 and 40 A were necessary to give a deposi-
tion rate of approximately 1.0 ml/min. A back pressure
of 2 x 1077 Torr of oxygen was present during evaporation
in order to reduce carbon contamination. After metal de-
position, the surface was oxidized in 1 x 107® Torr of O,
at 623 K for 5 min. To remove oxygen adsorbed on the
exposed Rh surface, 2 x 1077 Torr of CO was admitted
into the chamber for 20 s, and the sample was then flashed
to 673 K. 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
Ar” ion sputtering, after which the sample was annealed
to remove any defects.

The coverage of the metal oxide was determined by
the extent of attenuation in the Rh (302 eV) AES signal
observed following deposition of the oxide. For each of
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the oxides investigated it was observed that for surface
coverages of up to 1 ML the Rh AES intensity falls off
linearly. Slight deviations from linearity were noted only
for deposition times close to those required to achieve
monolayer coverage. Based on these observations it was
concluded that the deposited oxides grow two-dimension-
ally up to a coverage of >0.9 ML, whereafter some three-
dimensional growth occurs.

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,, CO, or CO,, purified through a trap maintained
at 150 K, were introduced into the loop and argon was
added when necessary 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 accumu-
lation of reaction products in the loop was monitored with
an HP 5890A gas chromatograph equipped with an FID.
A stainless steel 10-ft X §-in. column packed with 80/120
Carbopak B coated with 3% SP1500 was used for product
separation. All reactions were run at CO and CO, conver-
stons of less than 5%. After reaction, approximately 10
min were required to return the UHV chamber to its
base pressure.

A PHIESCA 5300 system was used for characterization
metal oxide deposits on Rh by X-ray photoelectron spec-
troscopy (XPS). This system is equipped with Mg and Al
anode X-ray sources, a differentially pumped He and Ar
ion gun, a hemispherical analyzer, and a sample prepara-
tion cell. For XPS, the Mg anode (1253.5 eV) was used,
and the hemispherical analyzer was operated at a 8.75
eV pass energy. Before analysis, catalyst samples were
prepared in a chamber attached directly to the main vac-
uum chamber. The base pressure in the preparation cham-
ber was 1 x 107 Torr. A transfer rod was used to move the
sample between the preparation chamber and the analysis
chamber. Following preparation and initial characteriza-
tion, the sample could be transferred using a transfer
rod to an atmospheric-pressure isolation cell, where the
sample was then exposed to reactants at elevated temper-
ature. After treatment under atmospheric conditions, the
sample was cooled to below 473 K at which point the
isolation cell was evacuated to less than 1 x 107® Torr
with a turbomolecular pump in approximately 3 min. The
sample was then transferred directly to the analysis cham-
ber under vacuum.

RESULTS

The effects of metal oxide deposits on the rate of meth-
ane formation from CO and CO, over Rh are shown in
Figs. 1 and 2, respectively. The relative rate of methane
formation is given by the ratio of the rate of methane
formation over the promoted Rh foil to the rate of methane
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FIG. 1. Effect of metal oxide coverage on the rate of methane forma-
tion from CO and H, over Rh foil.

formation over the clean, unpromoted foil. For unpro-
moted Rh, the rate of methane formation is 0.034 s~! for
CO hydrogenation at 553 K in the presence of 253 Torr
of CO and 506 Torr of H,, and 0.19 s ™! for CO, hydrogena-
tion at 523 K in the presence of 190 Torr of CO, and 570
Torr of H,. The turnover frequencies measured for clean
Rh foil are in good agreement with those reported pre-
viously for both Rh foil (27, 29) and Rh supported on SiO,
and Al,O, (30).

Figure 1 shows that with the exception of FeO, and
AlO,, the relative rate of methane formation passes
through a maximum near 6y, = 0.4 ml. It is noted that
the rate of methanation does not go to zero as the metal
oxide coverage goes to unity. This can be ascribed to the
presence of residual exposed Rh due to the onset of three-
dimensional growth of the oxide film for MO, deposits of
>0.9 ml. In the case of FeO, promotion, the methanation
rate rises but then reaches a plateau. For AlO, deposits,
the methanation rate decreases linearly. The overall rank-
ing of the oxides by their effect on the rate of methanation
from CO decreases in the order TaO, > TiO, > NbO, >
VO, > WO, > FeO, > AlO,.

With the exception of FeO,, all of the metal oxides
investigated enhance the rate of methane formation from
CO, and Fig. 2 shows that the rate of methanation passes
through a maximum with increasing metal oxide coverage.
For FeO, the methanation rate decreases linearly with
decreasing oxide coverage. The extent of rate enhance-

ment for CO, hydrogenation decreases in the order
TiO, > NbO, > TaO, > Zr0Q, > VO, > WO, > FeO,.
To determine the valence and stoichiometry of the
metal oxides deposited on the Rh foil, XPS spectra of the
surface were recorded both before and after CO and CO,
hydrogenation. As an illustration, Ti 2p XPS spectra for
a 0.5 ml deposit of titanium oxide are shown in Fig. 3.
Spectra such as these were deconvoluted and the compo-
nent peaks assigned to specific oxidation states of the
metal based on a comparison of the binding energy for
that peak with that for the metal in reference compounds
(24, 31-82). The assignments of peak binding energies to
specific oxidation states used in the present study are
given in Table 1 along with assignments reported in the
literature. For niobium oxide, the peak found at 204.7 eV
lies between the literature assignments for NbO, and NbO
and, hence, has been assigned to Nb**. For tantalum
oxide the only known bulk phase is Ta,0,. However, in
a study of the core binding energies of Group Ila, Vb,
and VIb compounds, McGuire et al. (66) demonstrated a
trend in the intrinsic chemical shifts of Nb, Ta, and W
compounds. Therefore, based on the assignments for Nb,
the peak in the Ta spectrum observed at 25.4 eV is as-
signed to Ta*" and the peak observed at 24.3 eV is as-
signed to Ta’**. The range of binding energies found in
the literature for WO, is 32.5 to 34.4 eV. This range en-
compasses the peaks observed at 34.2 eV, 33.2 eV, and
32.5 eV. Since the peak at 33.2 eV exhibits the best
agreement with the average value of the binding energy
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FIG. 3. XPS spectra of TiO, and WO, overlayers (GMO, = 0.5) depos-
ited on a Rh foil. Spectra were taken after oxidation in O,, after CO,
hydrogenation, and after CO hydrogenation.

for W**, based on the literature, this peak is assigned to
W4, The peak at 34.2 eV is then assigned to W** and
that at 32.5 eV to W3*. As an alternative, all three peaks
could be assigned to W**: however, this would have little
effect on the average oxidation state for W presented in
Figs. 4 and 5. A more detailed presentation of the XPS
results and the assignment of XPS peaks to specific oxida-
tion states is given in Ref. (83).

Figure 4 shows the average oxidation state (Z) of the
metal in the oxide overlayer following oxidation with
1 X 107 Torr O, for 5 min and that following CO hydroge-
nation at 553 K in the presence of 253 Torr CO and 506
Torr H,. The average oxidation state is defined as the
sum of the products of oxidation number times the fraction
of the metal in that oxidation state. The oxides in Fig. 4
are arranged in the order of descending oxidation state
measured after reaction. It is observed that after exposure
to reaction conditions, the average oxidation state of TaO,
and NbO, increases, the oxidation state of TiO, and AlO,
is unchanged, and the oxidation state of VO,, WO,, and
FeO, decreases, relative to that observed following oxida-
tion of the catalyst. The effect of CO, hydrogenation on
the oxidation state of the metal in the oxide overlayer is
given in Fig. 5. Here it is seen that only for ZrO, is
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the oxidation state of Zr higher after reaction than after
oxidation in O,. For all of the other oxides the oxidation
state of the metal is lower after reaction than after oxida-
tion in O,.

In the case of TiO,, determinations of the oxidation
state were made for a range of coverages. Figure 6 shows
that the percentage of Ti in the 3+ oxidation state is higher
following CO, than CO hydrogenation, but in both cases
the percentage of titanium in the 3+ state decreases mono-
tonically with increasing titania coverage.

Figure 7 illustrates the total amount of Ti** in the depos-
ited TiO, following the room-temperature adsorption of
CO and subsequent temperature-programmed desorption
to remove the oxygen present on the exposed Rh surface.
Comparison of the Ti 2p*? XPS spectrum taken after CO
titration with that taken after O, oxidation indicates that
oxygen is removed from the TiO, overlayer during CO
titration. Figure 7 shows that the amount of Ti** (calcu-
lated as the product of the fraction of Ti present as Ti**
times the coverage of TiO,) observed after CO titration
passes through a maximum for a TiO, coverage of about
0.5 ML.

DISCUSSION

Deposition of submonolayer quantities of NbO, , TaO,,
TiO,, VO,, WO,, and ZrO, on Rh causes an increase in
the rate at which methane is formed via the hydrogenation
of CO and CO,. In each case, a maximum in the extent
of enhancement relative to clean Rh foil is observed for
a metal oxide coverage of about half a monolayer. These
effects are qualitatively similar to those reported pre-
viously for TiO, (23) and VO, deposited on Rh foil (28)
and for VO,-promoted Rh/SiO, (7). As in the previous
studies (26), the rate of methane formation from CQO, is
enhanced to a much greater degree than that for methane
formation from CO.

The mechanisms for CO and CO, hydrogenation are
similar (28). For both reactants the critical step is cleavage
of the C-0O bond in adsorbed CO or CH,O (x = 3) species,
the origin of adsorbed CO in the case of CO, hydrogena-
tion being the dissociation of CO, (84-89). The C,or CH,
species released by C-0 bond cleavage of CO or CH,O
readily undergoes hydrogenation to form CH,. In support
of this picture, it has been observed that adsorbed CO
does not dissociate appreciably on Rh(111) surfaces (90)
and that during temperature-programmed reduction of ad-
sorbed CO by H,, CH, and H,O appear concurrently
(7). Studies with Rh/SiO, indicate, as well, that the rate
constant for CO dissociation is considerably smaller than
that for CH, hydrogenation (87).

The higher enhancement of methane formation from
CO, than CO seen in Figs. 1 and 2 is consistent with the
results previously reported for the effects of TiO, (26) and
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TABLE 1

Oxidation State Assignments
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Oxide This Work Literature
TiOx || 4+ I+ AE4-3 TiO) (4+) Ti203 (3+) TiO (2+) AEA4-3 AE4-2
458.5 | 456.2 23 459.431.32, 459 233, 457.534, 456.932, | 455.334, 455,093, | 3.124, 2.735.] 3.946,
459.034, 458.935. 456.844.47, 454939, 454847, 12,532, 2.143,| 3,344,
458.824.36.37, 456.6%2: 456.543: 1 454,744, 454 646 2.0%2, 3.734,
458.738.40,41, 458 6- 456.235, 455.724 1.74447, | 3.6%3
457.942:43, 458 594-48, 1.543 50,
458.449.39 3.539
ZOx || 4+ 3+ AE4-3 7102 (4+) Zrp03 (3+) AE4-3
1823 } 181.1 12 183.3%1,52, 183,2-181.953, | 182.051, 181,755 1.351, 1,155
182.954 182.8%5. 182.556,
182.257,58,41,49,
181.958.59
FeOx || 3+ 2+ 0 AE3-21 Ag3-0 Fe203 (3+) FeO (2+) Fe (0) AE3-2 AE3.g
7115 | 7100 | 707.8 | 1.5 3.7 f 711.450. 711.261, 710.962, | 709.960. 709,761, 707.760, 1.560-62 | 4 161,
710.7-710.363 709.462 707.036.61 3,760
NbOx || 5+ 4+ 3+ | AES-4) AES-3 NbpOj5 (5+) NbO? (4+) NbO (2+) AES-4 AES-2
2074 | 2062 { 2047 | 1.2 2.7 207.952, 207.864, 207.352,208.967, | 204.567, 203,769, | 1.567.68, | 4 765,
207.565.66, 207 467, 205.369 203.58. 202.865 0.652 3.968,
206.868 2.967
TaOx | 5+ | 4+ 3+ | AES-4] AES3 Ta205 (5+)
263 | 254 | 243 | 09 2.0 26.866. 26 768.41, 26 252
VOx | +3 +2 AE3-2 V705 (5+) VO3 (44) V7203 (3+) V(0) AES-3
5156 | 513.8 16 518.170, 517,671.63.41.64, 1517470, 516.574.| 515670, 515575 | 512774 [2.570
40,49, 517.436, 517.075, 516.175 512.473.76, | 1 575
516.772. 516.637.74 77, 512.340,
512.236
WOx || 6+ 5+ 4+ 3+ 2+ WO3 (6+) WO, (4+) W (0) AE64
354 | 342 | 332 | 325 [ 319 36.866: 36.3-35.653 34.478, 32782, 31.436 3081, 9382,
36.078'79’ 35‘852.68.80, 32_581 1.678
35,581, 35 083

VO, (28). Williams et al. (27) have suggested that this
effect might be due to the manner and degree to which
the metal oxide affects the rate-limiting step in the reaction
mechanism, and to differences in the surface coverage of
the catalyst by atomic carbon and hydrogen, depending
upon whether CO or CQO, is the source of carbon. In the
present study it was observed that after CO hydrogenation
the C XPS signal intensity is threefold higher than that
seen after CO, hydrogenation. The presence of a large
amount of carbon on the surface could affect not only the
rate of methane formation, but also the extent of metal
oxide reduction and, hence, might explain why a less
reduced metal oxide is observed after CO hydrogenation
than after CO, hydrogenation.

It has been proposed that the effects of metal oxide
promoters on the rate of methane formation from CO and
CO, can be attributed to the formation of Lewis acid-base
complexes between adsorbed CO or CH,O at the bound-
ary between the metal oxide and the exposed metal sur-

face (1-5, 8, 17). The Lewis acid centers are envisioned
to be the metal cations in the oxide located at the edge
of the oxide overlayer. Access of CO adsorbed on the
metal to these centers very likely requires the formation
of anionic vacancies at the edge of the deposited oxide.
Such Lewis acid-base interactions are envisioned to
weaken the CO bond and facilitate its dissociation. In
support of this it has been reported that the vibrational
frequency of CO adsorbed on transition metals can de-
crease from the usual range of 2000 to 2100 cm~! down
to 1700-1600 cm ™' (5) in the presence of oxide promoters.

The observed maximal behavior of the extent of en-
hancement in the rate of methanation with oxide coverage
seen in Figs. 1 and 2 is consistent with the idea that
promotion by the oxide occurs only at the boundary be-
tween the oxide and the metal. AES characterization indi-
cates that for submonolayer coverages, the oxide over-
layer grows two-dimensionaily, with only a small amount
of three-dimensional growth being observed near the com-
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pletion of the first monolayer. Simulations of this mode
of overlayer growth assuming a fixed number of nucle-
ation sites leads to the conclusion that the concentration
of sites along the metal-metal oxide boundary passes
through a maximum at a coverage very near half a mono-
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FIG. 6. Variation with TiO, coverage of the percentage of Ti'*
the overlayer following CO and CO, hydrogenation.

layer (91). The location of the maximum appears to be
insensitive to the fraction of nucleation sites assumed, for
nucleation fraction ranging from 0.1 to 10%. While direct
observation of the morphology of the oxide deposit has
not been feasible thus far, indirect evidence from XPS
observations supports the picture of patchwise growth of
the oxide layer. Boffa et al. (28) have reported that the
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amount of cations in VO, deposits present in the lower
oxidation state (viz., V2* versus V3*) after CO titration
of a fully oxidized surface passes through a maximum
near half a monolayer as the oxide coverage is increased.
A similar result is reported here in Fig. 7 for TiO, . Since
CO adsorption occurs only on the exposed metal surface
and reduction of the oxide deposit can only occur by the
reaction of adsorbed CO with the edge of the oxide de-
posit, the observed pattern in the proportion of metal
cation in the lower oxidation state following CO titration
is indicative of a patchy oxide overlayer.

The results presented in Figs. | and 2 demonstrate that
the level of enhancement in the rates of methane formation
from CO and CO, are a function of the metal oxide compo-
sition. Accepting the interpretation for the effects of metal
oxide promoters presented above, the differences in the
effectiveness of different oxides might be attributed to
the strength of the Lewis acidity of the metal cations
present in the oxide. If this hypothesis is correct the de-
gree of rate enhancement should increase with increasing
Lewis acidity of the oxide. Figures 8 and 9 show plots of
the maximum degree of enhancement as a function of the
Pauling electronegativity of the oxide cations, since Lewis
acidity is proportional to the cation electronegativity (92,
93), The maximum rate of enhancement is taken from
either Fig. 1 or 2 and the Pauling electronegativity is
calculated from the expression

Xxi = xoll + 22), (1]

Si>TwT{TTTWITIITI\—[_T}TT'TYTI

Maximum Rate Enhancement
for CO Hydrogenation

FIG. 8. Maximum enhancement in the rate of CO hydrogenation
plotted as a function of the average electronegativity of the metal cation
in the oxide.
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FIG. 9. Maximum enhancement in the rate of CO, hydrogenation
plotted as a function of the average electronegativity of the metal cation
in the oxide.

where y; is the electronegativity of the ion, x, is the elec-
tronegativity of the element (Pauling scale), and Z is the
oxidation state of the ion (94, 95). The ‘‘error’’ bars along
the abscissa indicate the upper and lower limits of the
electronegativity calculated for the lowest and highest
oxidation states observed by XPS and the abscissa for
each point is taken as the electronegativity for the average
oxidation state observed under conditions of maximum
rate enhancement. The error bars in the ordinate direction
indicate the error associated with the measurement of
the maximum degree of rate enhancement. The observed
correlation between the degree of rate enhancement and
the electronegativity of the oxide cation supports the hy-
pothesis that Lewis acidity is the primary property de-
termining the promoter effectiveness of an oxide origi-
nally proposed by Burch and Flambard (16) and later
expanded by Sachtler and co-workers (8, 17). A further
point to note is that the proposed interpretation nicely
explains why the activity for CO hydrogenation over sup-
ported Rh increases in the following order of support
composition Nb,O;5 > ZrO, > SiO, =~ ALO; > MgO (9, 10).

Since electronegativity depends on both the composi-
tion of the metal cation and its oxidation state, high levels
of promotion should be expected for high values of x, and
Z. As demonstrated by the data presented in Figs. 4-6,
the value of Z for a given oxide depends very strongly
on reaction conditions. This suggests that the average
oxidation state of the metal oxide is determined by the
rates of oxidation and reduction of the oxide. One might
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envision such redox cycles to comprise the following
types of reactions,

MO, + 2H, = MO, , + H,0
MOX + CO\ = MO,\‘—] + CO:,

where MO, represents the oxidized form of the oxide
and MO, _, represents the partially reduced form of the
oxide. In view of this, it is apparent that the effective-
ness of an oxidic promoter depends on the reaction
conditions, as well as the composition of the oxide
prior to reaction.

Reference to Figs. | and 2 indicates that the effects of
AlQ, on the rate of CO hydrogenation and the effects
of FeO, on the rate of CO, hydrogenation are distinctly
different from those of all the other oxides examined. In
both cases a linear decrease in the rate of methane forma-
tion is observed with increasing oxide coverage. The in-
fluence of AlO, on the rate of CO hydrogenation is identi-
cal to that previously reported by Levin et al. (24). While
the electronegativity of A" lies between that of V3* and
Ti’*, the Gibbs free energy for the reduction of AlO,
is significantly higher than that for VO, or TiO,. As a
consequence, the formation of anionic vacancies in AlO,
should be considerably more difficuit thanin VO, or TiO, .
Consistent with this, it is observed that the valence of Al
atoms in AlO, remains the same before and after reaction.
As noted earlier, the formation of anionic vacancies is
believed to be essential in order to provide access for the
oxygen atom of adsorbed CO to the cations present at
the perimeter of the oxide islands. Thus, while the electro-
negativity of AI** is sufficient for it to be an effective
promoter of CO hydrogenation, the difficulty in forming
anionic vacancies at the edge of AlO, islands offsets this
property. It should be noted, though, that the behavior
of AlO, on Pt is different from that on Rh. In the case of
Pt, AlO, has been reported to act as a promoter for CO
hydrogenation (5).

While FeQ, is observed to inhibit the hydrogenation of
CO, to methane, the reason for this effect is believed to
be quite different from that discussed above for AlO,.
Figure 4 shows that under reaction conditions the average
valence state of Fe in FeO, is +1, implying that the oxide
contains a mixture of Fe® and Fe?*. The plot of maximum
rate enhancement versus electronegativity presented in
Fig. 8 indicates that the electronegativity of Fe in an
average +1 valence state is too low for FeO, to be a
very effective promoter of CO, hydrogenation. However,
inhibition of the reaction rate is not expected. It is con-
ceivable that the metallic iron produced during reaction
forms a surface alloy with Rh that for some reason is less
active for CO, hydrogenation than pure Rh.

In closing this discussion, it is important to stress
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that the correlation between the enhancement in the
rates of CO and CO, hydrogenation for different oxide
promoters and the Pauling electronegativity (i.e., Lewis
acidity) of the cations in the oxide, shown in Figs. 8
and 9, is based on the assumption that the metal oxide
promotes the cleavage of the C-O bond in adsorbed
CO or CH,O through the formation of a Lewis acid-
base adduct between metal cations exposed at the perim-
eter of the oxide and the O atom of the adsorbate.
Implicit in this assumption is that the rate-limiting step
in the formation of CH, involves cleavage of the C-O
bond. It is recognized that enhancement in the rate of
methane formation must depend on both the number
of cation sites present at the perimeter of the oxide
patches and the specific activity of each site, and that
both of these quantities depend on the composition and
structure of oxide.

While the results presented here support the hypothesis
that the enhancement in the rates of CO and CO, hydroge-
nation is due to the presence of Lewis acid sites at the
perimeter of the oxide patches, additional work is needed
to confirm this picture more fully. In particular, the num-
ber of cationic sites exposed at the perimeter of the oxide
patches deposited on Rh should be determined as a func-
tion of oxide composition, oxide coverage, and reaction
conditions. Measurements should also be made of the rate
coefficient for the rate-limiting step, so that the effects of
oxide composition and oxidation state on the preexpo-
nential factor and the activation energy can be estab-
lished.

CONCLUSIONS

Submonolayer quantities of oxides deposited on the
surface of a Rh foil have a strong promoter effect on
the hydrogenation of CO and CO,. The effectiveness of
different metal oxides increases with the oxidation state
of the metal under reaction conditions. For a given metal
oxide, the maximum increase in the rate of methane for-
mation from either CO or CO, occurs at an oxide coverage
of approximately half a monolayer. The enhancement in
methanation rate is attributed to the formation of a
Lewis acid-base complex between the oxygen end of
adsorbed CO (or H,CO) with exposed metal cations of
the oxide located at the boundary between the oxide and
Rh. This interaction is thought to weaken the C=0 bond
thereby facilitating either its cleavage or hydrogenation.
The higher effectiveness of metal oxides in which the
metal is in a high oxidation state is attributed to the higher
Lewis acidity of the oxide. The oxidation state of the
metal in a given oxide is noticeably lower during CO,
hydrogenation than CO hydrogenation. This pattern is
ascribed to the higher surface concentration of hydrogen
on the Rh surface during CO, hydrogenation.
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