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A study of CO, hydrogenation on Rh/TiO, catalysts and of the
influence of doping the TiQ, carrier with W%* cations on kinetic
parameters has been conducted. It is found that while the reaction
order with respect to H, and CO, partial pressures does not signifi-
cantly change, the specific activity of CO, methanation is enhanced
by up to 24 times upon doping the TiO, support with less than 1
at.% W®* cations. A reduction of the apparent activation energy by
ca. 25-34 kJ/mol and improvement of the stability of the catalytic
performance are also observed by carrier doping. The greatly in-
creased activity caused by doping is found not to be related to the
SMSI phenomenon but to enhanced hydrogen adsorption capacity
and weakening of the Rh—CO bond, as revealed by H, chemisorp-
tion measurements and infrared spectroscopic studies. The rate of
gaseous CO formation is also found to be affected by carrier doping
to a significant extent, via the alteration of surface CO coverage
and of the strength of the M—CO bond. The intrinsic reason for
the dependence of catalytic parameters upon doping of the carrier
is discussed with respect to alterations of the electronic structure
of the support upon doping, and electronic interactions between
rhodium crystallites and the doped carrier. < 1994 Academic Press, Inc.

INTRODUCTION

It is well-known that an effective support not only pro-
vides a high surface area for metal dispersion but may also
drastically modify the catalytic properties of the metal
crystallites. The latter role of the support has attracted
the attention of many researchers. Pioneering work on
metal-support interactions has been conducted by
Schwab [(1) and references therein], Solymosi (2), and
Badour and Deibert (3), who attempted to investigate
the electronic interaction at the metal-support interface
which affects catalyst performance. One of the most docu-
mented discoveries of metal-support interactions is the
strong metal-support interaction (SMSI) state of noble
metals on reducible oxides such as TiO,, Nb,O;, Ta,0s,
and V,0s. Tauster et al. (4, 5) were the first to observe
that noble metals supported on reducible oxides exhibited
acomplete suppression of hydrogen adsorption when they
were reduced at high temperatures (=773 K). Since then,

a large number of studies have been conducted on
metal-support interaction phenomena. Several other
kinds of metal-support interactions have been reported
in the literature, and their origin, appearance, and effect
on catalysis have been extensively studied (6-9).
Interest in this laboratory focuses on the effects of car-
rier doping on metal-support interactions, and on the
study of the influence of such dopant-induced metal-sup-
port interactions on kinetic parameters of catalytic reac-
tions (9-12). In the present study, the effect of doping
TiO, carrier with W®* cations on the metal-support inter-
actions of the Rh/TiO, (W5") catalyst system is investi-
gated, employing CO, hydrogenation as a probe reaction.
The interaction between metal and support, affected by
carrier doping, was investigated earlier by Solymosi et
al. (13), who found that while the Rh dispersion and H,
adsorption capacity did not significantly change, the spe-
cific activity of CO and CO, hydrogenation were markedly
varied by carrier doping. Renewal of this type of work in
the present study is motivated by a recent finding that,
without significant variation of metal dispersion, the quan-
tity of H, and CO chemisorbed on supported Rh catalysts
can be significantly enhanced, up to 4-10 times, by doping
the TiO, support with a small amount of WO, (11). Such
an effect of carrier doping on the chemisorptive behavior,
which was not observed in previous studies (13), is of
particular interest in the CO,/H, reaction scheme.
TiO,-supported rhodium catalysts exhibit very high ac-
tivity in hydrogenation reactions. Previous studies have
revealed that Rh/TiO, catalysts exhibit higher activity in
CO or CO, hydrogenation as compared to Rh/SiO, and
Rh/ALLO; catalysts (13, 14). Although the reason for the
high activity over Rh/Ti0, is not yet fully understood,
some results suggest that the enhanced activity for hydro-
genation reactions over Rh/TiO, is related to the specific
interaction between the TiO, carrier and the rhodium crys-
tallites (15, 16); for instance, higher activities of CO hydro-
genation were obtained over a Rh/TiO, catalyst in the
SMSI state induced by reducing the catalyst at high tem-
peratures (>773 K). The investigation of the effect of
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doping of TiO, carrier and its influence on the hydrogena-
tion reaction as well as its relation with the SMSI effect
on this type of catalyst is therefore of industrial as well
as of fundamental interest. The aim of the present study
is twofold: (1) to investigate how the kinetic parameters
of CO, hydrogenation are affected by the special proper-
ties of the doped catalysts, and (2) to better understand the
nature of the effect of carrier doping on the metal—support
interaction, particularly its relation with the well-known
SMSI phenomenon.

EXPERIMENTAL

(a) Support and Catalyst Preparation

The parent titania carrier used in the present study was
obtained from Degussa (P-25). To prepare the W®*-doped
TiO, carriers, weighed amounts of TiO, and WO, (99%
Alfa Products) were slurried with distilled water and thor-
oughly mixed. The water was evaporated under continu-
ous stirring and the residue was dried at 373 K for 24 h.
The dried residue was crushed and sieved and was then
heated to 1173 K at a heating rate of 4 K/min. It was
maintained at 1173 K for 5 h and was slowly cooled to
room temperature. During this heat treatment the doping
cation diffuses into the crystal structure of TiO, which is
entirely transformed into the rutile form, as shown by
XRD analysis.

Catalysts were prepared by the method of incipient
wetness impregnation of the support with appropriate
amounts of aqueous solutions of RhCl;. Impregnated sup-
ports were dried at 373 K for 24 h. The resulting material
was heated to 473 K at a heating rate of 5 K/min under
nitrogen flow (50 cm®/min), and then reduced under H,
flow (50 cm®/min) at 473 K for 2 h and subsequently at
523 K for 1 h. It was then cooled to 330 K under H, flow
and under N, flow to room temperature.

The Rh content of the catalysts employed in the present
study was invariably 0.5 wt%. The catalysts are desig-
nated as 0.5% Rh/TiO, (x%/W*%"), where x is the dopant
content of the carrier, in atom %.

(b) Kinetic Measurements

The apparatus employed for CO, hydrogenation rate
measurements consisted of a flow measuring and control-
ling system, a tubular flow microreactor and an on-line
analytical system. The flow rates of CO,, H, and He were
measured and controlled by thermal mass flow meters
(MKS Instruments), and the flow streams were introduced
into a mixing chamber prior to entering the reactor. The
fixed-bed microreactor was a 1-cm-i.d. stainless-steel tube
with 30 cm heating length. The catalyst, which was in the
form of particles of diameters between 0.125 and 0.250
mm, was placed in the center of the reactor, supported

ZHANG, KLADI, AND VERYKIOS

by glass wool. The catalyst particle size used in the pres-
ent study was found experimentally not to offer any mea-
surable intraparticle resistance in the transport of mass
and heat. A thermocouple was used to measure the tem-
perature along the axis of the reactor. In all cases, the
temperature of the catalyst bed was found to be constant
within =1.0°C.

The reactor exit was connected on-line, via a gas sam-
pling valve, with a gas chromatograph equipped with a
thermal conductivity detector and a reporting integrator.
A stainless steel (10’ x §") Carbosieve S-1I 100/200 column
was used to separate H,, N,, CO, CHy, CO,, C,H,, C,H¢
and C, hydrocarbons. The CO,/H, reaction was investi-
gated in the temperature range 473-573 K. In most cases
the feed consisted of 24% H,, 6% CO,, and 70% He (H,/
CO, = 4), on a molar basis. The total flow rate (50 ~ 100
cm?/min) and the amount of catalyst (0.4 ~ 0.6 g) were
adjusted in order to operate the reactor in the differential
mode. Prior to initiation of the reaction, the catalyst was
pretreated in H, flow at 573 K for 1 h (at 773 K for 1 h
for the SMSI experiment) and then cooled to the reaction
temperature. Rate measurements were obtained after the
system had reached steady state, which normally required
1-2 h. Between each set of measurements, the catalyst
was exposed to H, flow for 30 min at the reaction tempera-
ture. Such a treatment was found to return the activity
of the catalyst to its initial level.

(¢) Infrared Spectroscopic Study

A Nicolet 740 FTIR spectrometer equipped with a
DRIFT (Diffuse Reflectance Infrared Fourier Transform)
cell was used for the present in situ measurements. The
cell, containing ZnSe windows which were cooled by wa-
ter circulating through blocks in thermal contact with the
windows, allowed collection of spectra over the tempera-
ture range of 300-600 K at atmospheric pressure. For all
spectra reported, a 32-scan data accumulation was carried
out at a resolution of 3.0 cm™'. During the measurements,
external optics were continuously purged with dry nitro-
gen in order to minimize the level of water vapor and
carbon dioxide in the testing chamber. An IR spectrum
obtained under He flow at the reaction temperature was
used as the background, to which each subsequent spec-
trum was ratioed.

Samples (50-70 mg) which had been previously finely
powdered were placed onto the sample holder. The sam-
ple surface was carefully flattened in order to obtain high
IR reflectivity. Before exposure to the reaction gas, the
sample was pretreated at 573 K under H, flow for 30 min
and then under He flow for 15 min. CO surface coverage
is derived by normalizing the area of the CO band to the
value for the catalyst saturated with 76 Torr CO at 375 K.
At this temperature, both the Boudouard reaction (CO
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disproportionation) and the oxidative disruption of
Rh-Rh bonds, induced by CO, are not significant.

RESULTS

The effects of carrier doping on metal-support interac-
tions were investigated over the Rh/TiO, (x% W*", x =
0, 0.11, 0.22, 0.45, and 0.67) catalysts, employing CO,
hydrogenation as a probe reaction. In particular, the in-
fluence of dopant concentration on kinetic parameters of
CO, hydrogenation such as activity, selectivity, stability,
apparent activation energy, and reaction order with re-
spect to CO, and H, were investigated. The surface spe-
cies formed over the doped and undoped catalysts during
CO, hydrogenation were studied by in situ FTIR spectros-
copy. The possible relationship between the phenomenon
of metal-support interaction induced by carrier doping
and the SMSI phenomenon was also investigated for this
catalyst system.

(a) Effects of Carrier Doping on Kinetic Parameters of
CO-, Hydrogenation

(al) Activity and selectivity. The effect of dopant con-
centration in the carrier matrix (x = 0,0.11,0.22,0.45, and
0.67 at.%) on the activity of Rh for CO, hydrogenation, in
the form of turnover frequencies of the methanation and
CO formation reactions, is shown in Figs. | and 2, respec-
tively. The turnover frequencies (TOF) of doped and un-
doped catalysts are estimated on the basis of metal disper-
sion of the corresponding undoped catalyst since the
dispersion of the doped catalysts cannot be directly esti-
mated due to their abnormal hydrogen adsorption capac-
ity. Doping of the support with very small amounts of
WO cations (<1 at.9%) is not expected to cause significant
alterations in Rh particle size. Earlier work by Solymosi
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FIG. 1. The dependence of H, uptake (at 300 K) and specific activity
for CO, methanation (at 508 K) of Rh on the concentration of W**
dopant in the TiO- carrier.
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FIG.2. Thedependence of CO uptake (at 300 K) and specific activity
for CO formation (at 508 K) of Rh on the concentration of W* dopant
in the TiO, carrier.

et al. (13) showed that carrier doping does not significantly
alter the dispersion of supported Rh. In recent studies
carried out in this laboratory, the dispersion of rhodium
on the doped supports was also found, by TEM analysis
(11) and by in situ XPS measurements (based on the ratios
of Iy, /I+; for the doped and undoped catalysts), not to be
significantly different from that on the undoped carrier.

It is apparent (Fig. 1) that the activity of Rh for CO,
methanation is drastically enhanced (by up to 24 times)
when Rh is dispersed on W®*-doped TiO, carriers. The
degree of enhancement is a function of dopant concentra-
tion in the carrier, especially at low concentration levels.
It is also interesting to note that a significant amount of
CO, which has been proposed as an important intermedi-
ate of CO, hydrogenation (17, 18), is observed over the
entire series of catalysts (Fig. 2). Unlike the case for
methane formation, the rate of CO formation does not
increase monotonically with increasing dopant concentra-
tion. The rate is shown to pass through a maximum at a
dopant content of 0.22 at.% (Fig. 2). At this level of dop-
ing, the TOF of CO formation is approximately eight times
larger than that observed over the undoped catalyst. The
CO selectivity over the undoped catalyst amounts to
ca.45%, while less than 10% selectivity of CO is observed
over the doped catalysts. This suggests that carrier doping
affects the Rh surface electronic states, which leads to
enhancement of methanation activity, much more drasti-
cally than it does CO formation activity.

The H, and CO equilibrium adsorption capacity (at
298 K) of this series of catalysts, as obtained in a previous
study (11), is also illustrated in Figs. 1 and 2, respectively.
The H, adsorption capacity of Rh increases monotonically
with increasing W' -dopant concentration in the carrier
(Fig. 1), while the CO adsorption capacity goes through
a maximum at a level of doping of 0.22 at.% (Fig. 2).
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Based on a recent spectroscopic study in this laboratory
(19), the enhanced H, adsorption capacity is attributed to
multiple adsorption (e.g., one surface Rh atom adsorbing
two hydrogen atoms) and to hydrogen spillover from the
Rh crystallites to the carrier, the latter being the dominant
mechanism. Due to higher-valence doping of the carrier,
numerous cationic vacancies are formed on the surface
of the carrier, which favorably associate with spilled over
hydrogen atoms, probably in the form of OH™ groups.
The alteration of the CO adsorption capacity is related to
the disruption of the Rh—Rh bonds of the Rh crystallites,
induced by CO, and formation of the gem-dicarbonyl
Rh*(CO}, species, as revealed by infrared studies (19).
The extent of the Rh—Rh bond disruption is affected by
doping of the carrier, probably via electronic interactions
between the metal crystallites and the carrier. It must
be emphasized, however, that under CO, hydrogenation
conditions Rh—=Rh disruption induced by CO does not
take place. As will be shown in a subsequent section,
no gem-dicarbonyl species is observed over the working
catalyst surface. This observation, along with TEM re-
sults reported earlier (11), shows that carrier doping does
not significantly influence the Rh particle size of the work-
ing catalyst.

The variation of the activity of Rh/TiO, (x% W*®*) cata-
lysts with time on stream was examined at 573 K. It was
found that the activity of the undoped catalysts decreases
with time on stream and reaches a relatively stable level
(ca 80% of initial level) after approximately 2 h. For the
doped catalysts (x = 0.11 and 0.22 at.%) the activity
was found to increase slightly with time on stream and a
constant activity was reached within 1 h. The activity
becomes essentially time-independent when the dopant
concentration is high (x = 0.45 and 0.67 at.%). Appar-
ently, doping of the TiO, carrier with W' cations im-
proves the stability of the catalytic performance. Im-
provement of the stability of catalytic performance by
altervalent cation doping of the support has also been
observed over the 0.5% Pt/doped-TiO, catalysts for the
CO hydrogenation and water—gas shift reactions (20).

(a2) Apparent activation energy. The temperature
sensitivity of the CO, hydrogenation reaction was investi-
gated within the temperature range 473-573 K and typical
Arrhenius-type plots of the methanation reaction are
shown in Fig. 3. The apparent activation energies of CO,
methanation of doped and undoped catalysts are esti-
mated from these plots and the results are presented in
Table 1, in which the corresponding apparent activation
energies of CO formation are also included.

Over the undoped catalyst, an apparent activation en-
ergy of ca 103 kJ/mol is found for CO, methanation. This
value is close to that obtained in a previous study over a
Rh/TiOQ, catalyst (13). An apparent activation energy of
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FIG. 3. Influence of temperature on CO, methanation activity of the
0.5% Rh/TiO; (x% W®*) catalysts. T = 500-600 K; H,/CO, = 4.

ca 55 kJ/mol is found for CO formation over the undoped
catalyst. This value is much lower than that for CO, meth-
anation, indicating that the dissociation of CO, to CO is
much easier, as compared to the methanation of CO,. A
reduction in the apparent activation energy of methane
formation by approximately 25-34 kJ/mol is observed
when rhodium is dispersed on W¢*-doped TiO, carriers.
The reduction in apparent activation energy does not seem
to depend on dopant concentration (see Table 1). A reduc-
tion of the apparent activation energy by ca. 13-25 kJ/
mol is also oberved for CO formation when rhodium is
dispersed on doped carriers. It seems that doping of the
TiO, carrier enables the reaction of CO, to CO and CH,
to proceed through schemes with lower energetic barriers
over the supported Rh crystallites.

(a3) Reaction order with respect to reactants. The
influence of the partial pressure of reactants on the rate
of CO, hydrogenation over the doped catalysts was inves-
tigated at 508 K. For comparison, the same influence
over the undoped catalyst was also examined. However,

TABLE 1

Effect of Carrier Doping on the Apparent
Activation Energy for CO, Hydrogenation on
0.5% Rh/TiO, (x% WS*) Catalysts

X ECH‘ Eco
(at.%) (kJ/mol) (kJ/mol)
0 102.8 54.8
0.11 78.2 28.8
0.22 74.4 42.6
0.45 69.4 26.3
0.67 70.6 259
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temperature was raised to 573 K, in order to obtain com-
parable conversions. It should be mentioned that the de-
pendence of the rate of CO formation on reactant compo-
sition has not been studied in detail in the literature.
Although gaseous CO is only a by-product of the conver-
sion of CO, to hydrocarbons, the variation of its formation
rate with the partial pressure of the reactants may provide
important information for elucidating the surface
schemes, since adsorbed CO is proposed to be an interme-
diate species during CO, hydrogenation.

The influence of CO, and H, partial pressures on the
rate of CH, and CO, methanation is shown in Figs. 4 and
35, respectively. Following a power-law formulation of
the type

RCH4=/‘CH4'PE‘02‘P§'§, {1]

zero-order dependence of the methanation rate on CO,
partial pressure is obtained (Fig. 4), and near half-order
dependence of the methanation rate on H, partial pressure
can be derived, although the order with respect to Py,
appears to increase slightly with increasing dopant con-
centration (Fig. 5).

The influence of CO, and H, partial pressure on the
rate of CO formation is illustrated in Figs. 6 and 7, respec-
tively. First-order dependence of CO formation on CO,
partial pressure can be derived according to the power-
law formulation. However, the dependence of CO forma-
tion rate on H, partial pressure seems to be complicated
and not to conform to a rate expression of the type of
Eq. [1]. The rate increases linearly at low H, pressures
(P,. = 0 ~ 50 Torr), decreases at intermediate H, pres-
sures ( Py, = 50 ~ 200 Torr), and is essentially indepen-
dent of H; pressure when this exceeds 300 Torr (Fig. 7).
Several typical kinetic equations have been used in the
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FIG. 4. The influence of the partial pressure of CO, on the rate of
methane formation. Py, = 182 Torr; Py = 20 ~ 70 Torr; balance He.
T = 508 K for the doped catalysts; T = 573 K for the undoped catalyst.
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FIG. 5. The influence of the partial pressure of H, on the rate of
methane formation. Peo = 46 Torr; Py = 0 ~ 400 Torr: balance He.
T = 508 K for the doped catalysts; T = 373 K for the undoped catalyst.

data-modelling study, and the following equation gave the
best fit:

Reo = keo* Py - PRRI(L+ CPY). 2]
Here C is a constant and n,, m,, and m; are variables
which are marginally affected by the concentration of
the dopant. The above equation does not have a direct
physical meaning, but it suggests that the reaction of CO
formation does not follow the Langmuir-Hinshelwood
scheme. This reaction route involves adsorption and hy-
drogen-assisted decomposition of CO, to adsorbed CO
which then desorbs, at a low rate (slow step) to the gas
phase. If a Langmuir-Hinshelwood reaction scheme was
followed, the partial pressure of carbon monoxide, instead
of the partial pressure of hydrogen, should appear in the
denominator of the derived equation (the adsorption of
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FIG. 6. The influence of the partial pressure of CO, on the rate of
CO formation. Py = 182 Torr; P, = 20 ~ 70 Torr; balance He. T =
508 K for the doped catalysts: T =573 K for the undoped catalyst,
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CO formation. P¢y = 46 Torr, Py = 0 ~ 400 Torr, balance He. T =
508 K for the doped catalysts; T = 573 K for the undoped catalyst.

carbon monoxide is much stronger than that of hydrogen).
At high hydrogen partial pressure, methanation of ad-
sorbed CO is favored, at the expense of CO desorption.
This competitive process inhibits the rate of gas-phase CO
production and gives rise to the denominator of Eq. {2].

The orders with respect to the partial pressures of CO,
and H, are summarized in Table 2. It is shown that doping
of the carrier does not significantly alter the order of
either reaction.

(b) Infrared Spectroscopic Study

The CO,/H, reaction over the Rh/TiO;, and RN/
TiO,(W**) catalysts was also investigated by in situ infra-
red spectroscopy at 508 K. Spectral features at ca. 1570,
1650, 2044-2058, and 1880-1900 cm™! were observed.
The bands at ca. 1570 cm™' correspond to the formate
species, most probably on the carrier (21), while the weak
band at ca. 1650 cm™! (some noise may be due to the
presence of water vapor which is produced in the reaction)

TABLE 2

Reaction Orders with Respect to Partial Pres-
sures of CO, and H, over the 0.5% Rh/TiO,
(x% W°¢*) Catalysts

Dopant (at.%)

Order® 0 0.22 0.45
n 0 0 0
n 1.0 1.0 1.0
m, 0.49 0.50 0.53
m, 11 0.92 0.95
my 1.2 1.2 1.0

“ For the designations of n;, n,, m,;, m,, and ms,
see Eqs. [1] and [2).
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may correspond to carbonate species on the surface (22).
Since the surface area of the carriers studied is rather
small (<10 m%g), the formate bands are much weaker as
compared to those observed on the catalyst with high
carrier surface area (usually >50 m?/g) (21). The spectral
features at ca. 2044-2058 cm™! and ca. 1880-1900 ¢m™!
are due to the formation of the linear and the bridged
adsorbed CO on the rhodium surface, respectively, and
are shown in Fig. 8 for the undoped and the 0.67 at.% W**
doped catalysts. The twin bands of the gem-dicarbony!
species at ca. 2090 and 2035 cm™!, which are typically
surface species resulting from CQO adsorption on rhodium
crystallites at low tempeatures (23}, are not observed on
either catalyst, under the CO,/H, reaction conditions.
These observations are essentially in agreement with
those reported previously on Rh/Al,O; and Rh/TiO, cata-
lysts (24-26). 1t is noted that the band of the linearly
adsorbed CO is unsymmetric. It contains a shoulder at
around 2030 cm™!. Probably, the component at lower vi-
brational frequency is due to the formation of Rh carbonyl
hydride, as proposed earlier (24, 27). An interesting phe-
nomenon revealed in the present infrared study is the
frequency shift of the band due to the linearly adsorbed
CO on the Rh surface, from 2044 cm™' on the undoped
carrier to 2058 cm™! on the doped one (the weak band of
the bridged adsorbed CO is rather broad, and any shift
due to doping cannot be distinguished). Also, the CO
coverage on the working catalyst surface is found to be
reduced from ca 0.30 on the undoped catalyst to 0.16 on
the doped catalyst (Fig. 8). It is known (24, 26) that an
increase of CO coverage results in a frequency shift of
the CO band towards higher wavenumbers. The present
blue shift of the CO band is observed over the doped
catalyst which has a lower CO coverage, as compared to
that of the undoped catalyst. Therefore, the blue shift
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FIG. 8. Infrared spectra of adsorbed CO and formate species formed
during CO, hydrogenation at 508 K and H./CO, = 4 on (a) 0.5 wt%
Rh/Ti0, (0.67 at.% W*") catalyst and {b) 0.5wt% Rh/TiO, catalyst.
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which is observed upon carrier doping is not due to the
alteration of the CO coverage. The variation of the C-0
vibrational frequency and CO coverage upon carrier dop-
ing is discussed in a subsequent section, with respect to
the enhanced activity of CO, methanation.

(¢) The Possible Relationship between the Effects of
Doping of the Support and the SMSI State

In order to assess whether the significant enhancement
in the rate of CO, methanation by doping the TiO, support
is related to the occurrence of the SMSI state, a 0.5 wt. %
Rh/TiO, (0.22 at.% W®") catalyst was reduced at high
temperature (773 K) in H, flow for at least 2 h, and the
activity of the resulting catalyst is compared to that of
the same catalyst reduced at low temperature (i.e., at
523 K). Since the morphology of the surface may change
during high temperature reduction, the TOF cannot be
safely derived for the catalyst in the SMSI state. There-
fore, instead of using TOF, activity is expressed in umol/
g.catalyst/s.

Figure 9 shows the variation of the activity of CO,
hydrogenation over the SMSI catalyst with reaction time.
As compared to the activity of the catalyst in the non-
SMSI state (i.e. reduced at 573 K), the initial total activity
of the catalyst in the SMSI state (i.e. reduced at 773 K)
is approximately 50% lower. While the initial activity for
methane formation is almost totally suppressed, the initial
activity for CO formation is significantly enhanced, com-
pared to that of the non-SMSI state catalyst. The different
influence of the SMSI state on CO and CH, formation
reveals that the reactions of CO and CH, formation pro-
ceed over different types of reaction sites.

A gradual reversal of the SMSI state is witnessed as

0.5
SMSI Stote —> Non—SMS! Sate

— 0.4
ap
v n]
Sost
E CH+CO
3 Q
\q’)’ 0.2
-
«
x

0.1 A

0'0 L — 1 i — LML

0 6 12 18
Time/h
FIG. 9. Variation of the activity of the 0.5% Rh/TiO, (0.22% W**)

catalyst reduced at 773 K as a function of reaction time. The unfilled
symbols, shown on the right side, are data obtained from the 0.5% Rh/
TiO, (0.22% W*") catalyst reduced at 573 K. Reaction conditions: T =
508 K; H,/CO, = 4; balance He.
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TABLE 3

Effect of SMSI on the Activation Energy and Reaction Rate on
0.5% Rh/TiO, (0.22% W®*) Catalyst

Ecy, Eco Reu)' Reo*

State (kJ/mol) (kJ/mol) (umol/s g) {umol/s g)
SMSI 899 = 8.0 39.7 £ 8.0 0.015 0.16
Non-SMSI 74.4 £ 2.0 42.6 = 2.0 0.23 0.063

7 The rate was obtained at 508 K, with a H,/CO, ratio of 4.

reaction time increases (see Fig. 9). Within the first hour
on stream, only less than 10% of reversal is observed. A
stable activity is observed after exposing the catalyst to
reaction conditions for more than 10 h. As shown in
Fig. 9, the activity obtained from the catalyst reduced at
773 K approaches that of the catalyst reduced at 573 K
(shown by the unfilled symbols), when the time on stream
is over 10 h. This indicates that the SMSI state can be
fully reversed by exposing the catalyst to CO,/H, reactant
mixture. The gradual reversal of the SMSI state may be
due to the presence of water vapor, a product of the CO,
hydrogenation reaction, and/or oxygen atoms which may
arise from the dissociation of CO,. Both water vapor and
surface oxygen adatoms have been reported to be capable
of destroying the SMSI state (28, 29).

Since the SMSI state of the doped catalyst is slowly
reversed within the first several hours of reaction time,
some meaningful kinetic studies could be carried out over
the catalyst in the ‘“‘pseudo-SMSI’’ state. The results
showed that the values of the reaction order with respect
to H, and CO, in the SMSI state were close to the corre-
sponding ones obtained in the non-SMSI state. The appar-
ent activation energies of the methanation reaction ob-
tained for the catalysts in the SMSI and non-SMSI states
were found to be rather different, whereas those for the
CO formation were found to be approximately the same.
These values are compared in Table 3. When the catalyst
is brought into the SMSI state, an increase in apparent
activation energy for methanation by ca 17 kJ/mol is ob-
served, whereas the apparent activation energy for CO
formation is only slightly changed from ca 43 to ca 39
kJ/mol.

DISCUSSION

(a) Influence of Carrier Doping on Kinetic Parameters

The effects of carrier doping on kinetic parameters of
CO, hydrogenation, i.e., specific catalytic activity, selec-
tivity, activation energy, and reaction orders with respect
to the reactants, were presented in a previous section.
As discussed above, the metal dispersion of the working
catalyst is hardly affected by doping TiO, with W®* cat-
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ions. Therefore, the observed variations of the kinetic
parameters with doping of the carrier are attributed to
changes in the electronic properties of the catalysts, rather
than to geometric parameters. The abnormal chemisorp-
tive behavior of the doped catalysts, revealed by the
chemisorption of H, at room temperature (see Fig. 1),
should be related to changes in the electronic properties of
the catalysts induced by carrier doping. Although, under
reaction conditions, such differences in H, chemisorptive
capacity between the doped and undoped catalysts may
be changed, as compared to those observed at room tem-
perature, in all probability the same tendency does re-
main. This tendency should, in some way, be related to
the alterations in the kinetic parameters of CO, hydroge-
nation. To this end, the reaction rate of CO, hydrogena-
tion is compared with the quantity of H, chemisorbed at
equilibrium on the surface. Figure 1 shows the depen-
dences of the methanation rate and hydrogen uptake on
the dopant content of the carrier. A good correlation
seems to exist between these two parameters, indicating
that the enhancement of the rate of CO, methanation with
carrier doping might be related to higher chemisorptive
capacity of hydrogen of the doped catalysts. The relation
between the rate of CO, methanation and H, chemisorp-
tive capacity will be further discussed later with respect
to the competitive adsorption of CO.

Adsorbed CO has been proposed to be an important
intermediate species during CO, hydrogenation (17, 18).
The observation of gaseous CO over the catalysts studied
suggests that CO partly desorbs from the surface. If the
conversion of CO, to CO is assumed to be a fast step
(21), then the rate of CO formation would be governed
by the rate of desorption of the adsorbed CO, which is a
function of surface coverage and of the strength of the
M—CO bond. This reasoning is derived from the fact that
the rate of CO formation does not follow the Lang-
muir-Hinshelwood reaction scheme, which assumes that
the surface reaction is the rate-determining step. Presum-
ably, the gaseous CO originates mainly from the surface
CO which is weakly adsorbed. Supposing that the cover-
age of the weakly adsorbed CO is in direct proportion
to the quantity of CO uptake at room temperature (a
temperature at which the weakly adsorbed CO does not
desorb), then the rate of CO formation should be related
to the CO uptake. To verify this hypothesis, the depen-
dences of the rate of CO formation and CO uptake at
room temperature versus the concentration of W°* dopant
are plotted in Fig. 2. It is seen that the two dependences
exhibit a similar pattern; i.e., the catalyst with high CO
uptake exhibits a high rate of CO formation. Thus, it
follows that the effect of doping on the rate of CO forma-
tion is related to the alteration of the coverage of CO
which is relatively weakly adsorbed.

In addition to the variation of CO uptake at room tem-
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perature, the Rh—CO bonding is also affected by carrier
doping. As shown by infrared results (Fig. 8), a blue shift
by ca 14 cm™! of the CO band is witnessed over the doped
catalyst. According to the Blyholder-Dewar—Chatt
model (30, 31), the bonding of CO to a metal surface
occurs through formation of a o-bond by overlapping of
an empty d orbital and a lone electron pair on the carbon
atom of CO, and formation of a w-bond between a filled
metal ¢ orbital and an empty antibonding orbital (27 *) of
CO. The observation of strengthening of the C-O bond
on the doped catalyst, as indicated by the blue shift, im-
plies that either the o-bonding or the 7r-bonding or both,
between Rh metal and CO are less effective, i.e., weaken-
ing of the Rh—CO bonding. The smaller CO coverage on
the doped catalyst under reaction conditions (Fig. 8) can
thus be ascribed to the weakening of the Rh—CO bond,
which leads to partial desorption of adsorbed CO. In an
earlier CO-TPD study conducted in this laboratory (11),
it was also found that the temperature for CO desorption
from supported Rh was shifted to lower values by doping
of TiO, with W*" cations, indicating weakening of the
Rh-CO bond. It should also be mentioned that the en-
hanced H, adsorption capacity upon carrier doping is in-
terrelated with the weakening of the Rh—CO bond. Al-
though the coverage of hydrogen on the working catalyst
surface is expected to be much smaller than that of CO,
the weakening of the Rh—CO bond favors the increase of
hydrogen coverage.

The reduction of the apparent activation energy of CO,
methanation upon carrier doping is another factor promot-
ing methane formation. This reduction suggests that
H-assisted CO dissociation, the rate determining step for
CO, methanation (17), is favored on the doped catalyst.
As afirst approach, this appears to contradict the infrared
results which show strengthening of the C-0O bond upon
carrier doping. However, since C-Q dissociation is a slow
step, the majority of the adsorbed CO accumulated on
the working catalyst surface actually does not instantane-
ously participate in the reaction scheme. Thus, only a
small fraction of the adsorbed CO instantaneously partici-
pates in the methanation process, while the majority of
it is only a ‘‘surface poison,”” in view of the competitive
adsorption with hydrogen. By weakening the Rh-CO
bond via carrier doping, the hydrogen coverage is ex-
pected to be increased. The higher hydrogen coverage on
the doped catalyst favors the formation of Rh carbonyl
hydride species which consists of a Rh carbonyl complex
and one or two hydrogen atoms associated to CO via the
Rh center (17, 24):

H H
v s
Rh and Rh—CO
N AN
CcoO H
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Due to charge transfer from the bonded hydrogen to
the Rh center, the 7-donation from Rh into an antibonding
mr-orbital of CO is enhanced. Consequently, the C-O bond
is significantly weakened whereas the Rh—CO bonding is
strengthened. Through this mechanism, the C~O dissocia-
tion is much easier, as compared to the dissociation with-
out hydrogen assistance, which is reflected in lower acti-
vation energies of the CO,/H, reaction scheme. This is
equivalent to saying that two types of adsorbed CO spe-
cies exist on the working catalyst surface, the carbonyi
species which is relatively weakly adsorbed and the car-
bonyl hydride species which is strongly adsorbed. The
weakening of the Rh—CO bond of the Rh carbonyl species
(which is in abundance) by carrier doping would favor
the enhancement of hydrogen coverage, by which the
formation of the Rh carbonyl hydride species is promoted.
The fact that a shoulder is detected at lower frequencies
of the main CO band (Fig. 8) suggests the formation of Rh
carbonyl hydride on the present catalysts. Unfortunately,
the position and concentration of Rh carbonyl hydride
species cannot be precisely evaluated due to overlapping
of the bands of the Rh carbonyl complex (at 2044-2058
cm™!) and the Rh carbonyl hydride complex (at ca. 2030
cm™'). Itis recalled that in a study of CO and CO, hydroge-
nation over Ni catalyst reported by Fujita et al. (32), it
was shown that the formation of methane is enhanced by
ca. 20 times if the adsorbed CO formed during reaction
is manipulated to be partially removed in a TPD manner.
Also, it is well-known (25, 33) that CO, hydrogenation is
effectively inhibited by adding a small amount of gaseous
CO, which tends to increase the CO coverage on the
surface.

Based on the above arguments it may be concluded
that the influence of carrier doping on activity for CO,
hydrogenation is related to weakening of the Rh—CQO bond
which results in two factors promoting methane forma-
tion: one is the increased hydrogen coverage, which en-
hances methane formation by increasing the concentra-
tion of H intermediate species participating in the rate
determining step; the other is the enhanced extent of for-
mation of Rh carbonyl hydride which lowers the activa-
tion energy of C-0O dissociation.

An alternative explanation for the effect of carrier dop-
ing on CO, methanation is the consideration of the bridge-
bonded CO as the reactive intermediate, as proposed ear-
lier by Solymosi et al. over Pd catalysts (34). The weaken-
ing of the Rh—CO bond of the linearly bonded CO species
(consisting of the majority of the surface CO species)
would favor the formation of bridged Rh carbonyl-
hydride species:

H CoO

NN

H CO H
and N S N/
Rh Rh Rh Rh
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via the enhancement of hydrogen coverage. The dissocia-
tion of CO and the rate of methane formation is also
expected to be enhanced if this mechanism is operable.

The reduction of the apparent activation energy for CO
formation upon carrier doping implies that the energy for
CO desorption is reduced, since the rate of CO formation
is approximately equivalent to the rate of CO desorption
(the conversion of CO, to CO in the presence of hydrogen
is a fast step (21)). This is in agreement with the infrared
results which suggest that the Rh—CO bond is weakened
by carrier doping. The fact that the apparent activation
energy for CO formation (25-55 klI/mol) is much lower
than that for CO, methanation (70-103 kJ/mol) suggests
that the rate determining step for CO, methanation is not
the conversion of CO, to CO but a subsequent step during
the further hydrogenation of CO to methane, if the view
that adsorbed CO is an intermediate species in the CH,
formation route is accepted.

Recent results obtained in this laboratory (12) showed
that the rate of CO hydrogenation and the apparent activa-
tion energy of the reaction were also reduced by carrier
doping. Comparatively, the apparent activation energy of
CO, hydrogenation (71-103 kJ/mol) is somewhat smaller
than that corresponding to CO hydrogenation (103-125
kJ/mol), while the rate of CO, hydrogenation is higher
than the rate of CO hydrogenation. Since the dissociation
of adsorbed CO is believed to be the rate-determining
step for both CO and CO, hydrogenation, the differences
in the reaction rate and the apparent activation energies
between the two hydrogenation reactions over the Rh/
TiO, (W®*) catalysts may suggest that the extent of forma-
tion of the metal carbonyl-hydride species on the catalyst
is different, possibly due to the different hydrogen cover-
ages under CO and CO, hydrogenation, although both
reactions may proceed via the same adsorbed CO interme-
diate. In view of strong adsorption of CO, as compared
to adsorption of CO,, the above deduction is reasonable
since higher coverage is expected in the case of CO, hy-
drogenation.

It is interesting to note that while the activity and the
coverage of surface species are significantly affected by
carrier doping, the reaction orders with respect to the
partial pressure of reactants are not altered to any signifi-
cant extent. This suggests that doping of the carrier only
alters the extent of existing surface processes for methane
formation, but does not create new reaction pathways.
The zero-order dependence of CO, methanation on CO,
partial pressure (Fig. 4) can be explained by the ‘‘buffering
effect’” of high CO surface coverage (21). As indicated
by the present IR results, the surface CO coverage is as
high as 0.16-0.3. The presence of such high CO coverage
itself means that the conversion of CO, to adsorbed CO
is fast, while the further hydrogenation of the adsorbed
CO is a slow step. As a reasonable deduction, it is ex-
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pected that the rate of CO, methanation is independent
of CO, partial pressure since even at low CO, partial
pressures, the rate of formation of adsorbed CO is suffi-
ciently larger than the rate of methanation. The observa-
tion of near first-order dependence of CO formation on
CO, partial pressure (Fig. 6) means that the fraction of
the surface CO which desorbs into the gas phase increases
linearly with increasing CO, partial pressure. A larger CO
pool is expected on the surface when a higher CO, partial
pressure is applied due to the rapid conversion of CO, to
CO and the slow hydrogenation of CO. Presumably, the
fraction of the weakly adsorbed CO is also increased, and
the rate of CO formation is enhanced.

The dependence of CO formation rate upon H, partial
pressure (Fig. 7) may be related to the existence of two
effects of hydrogen on the formation of adsorbed CO.
The first is that the formation of the CO intermediate from
CO, is assisted by hydrogen, probably via the formation
of formate-type species with subsequent decomposition
of this species (17). The formation of formate species is
observed in the present in situ IR study. The second is
that the CO intermediate is reacted with hydrogen to form
methane (i.e., a decrease in the concentration of the CO
species). At low hydrogen partial pressures, the former
effect dominates, resulting in the increase of CO formation
with increasing hydrogen partial pressure. The latter ef-
fect becomes increasingly important upon increasing hy-
drogen partial pressure. This eventually leads to a de-
crease of CO coverage, and, consequently, to the
decrease of the rate of CO formation.

The nearly half-order dependence of the methanation
rate upon H, partial pressure (Fig. 5) suggests that the
rate of methanation depends linearly on the concentration
of adsorbed hydrogen, which is in equilibrium with gas-
eous H, via a dissociative adsorption process. This implies
that the rate of methanation is enhanced by increasing
the hydrogen coverage on the working catalyst. This de-
duction exactly fits the tendency showed in Fig. 1, in
which a good correlation between activity and H, chemi-
sorption capacity is shown.

(b) Interpretation of the Effect of Doping the Support

In the discussion above, alterations in the chemisorp-
tive and catalytic behavior of the supported Rh crystallites
are attributed to changes in the surface electronic states,
caused by carrier doping. The model used to interpret
these alterations is based on the theory of metal-semicon-
ductor contacts (Schottky junctions). According to this
theory, the Fermi energy levels of a metal and a semicon-
ductor in contact are at equal heights when thermody-
namic equilibrium is achieved. This requirement results
in electron transfer between the two solids, the direction
of which depends on the initial (before contact) work
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functions of the two solids. Reduced TiO, has a work
function of ca. 4.6 eV (35), which is lower than that of
pure Rh metal (amounting to ca. 5.0 V) (36). As a result,
charge is being transferred from the TiO, carrier to the
Rh crystallites until the Fermi energy levels of the two
materials in contact are at the same height. Doping of
TiO, with higher valence cations, such as W®*, enhances
the n-type semiconductivity of the material and lowers
the activation energy of electron conduction, as has been
demonstrated experimentally (9, 20). This corresponds to
further lowering of the work function of TiO,, which re-
sults in the intensification of the charge transfer from the
doped TiO, to the Rh crystallites. The enhanced transfer
of electrons from the doped TiO, carrier to the supported
Rh crystallites may lead to electronic alterations of the
supported Rh particles and the catalyst surface (11, 12).
This weakens the Rh—CO bond, which is accompanied
by strengthening of the C-O bond, as evidenced by IR re-
sults.

{c) Comparison of the Effects of SMSI and of Doping
the Support

The SMSI effect on CO, hydrogenation is significant in
the present catalyst system (see Fig. 9). The reduction of
the rate of CO, methanation due to the high temperature
reduction of the catalyst may be a result of the modifica-
tion of the surface morphology, ¢.g. the migration of TiO,
entities onto the metal surface, a phenomenon related to
the SMSI state. The migration of TiO, entities onto the
metal surface may block the metallic sites required for
the hydrogenation of adsorbed CO. The reversal of the
SMSI state caused by CO, hydrogenation implies that the
working catalyst surface during CO, hydrogenation is free
of the site-blocking oxide species. Even if some site-
blocking oxide species are preintroduced during the high-
temperature reduction, they are removed by exposing the
catalyst to the CO, hydrogenation reaction conditions.
Moreover, as has been demonstrated earlier (13, 17) and
in this work, the attainment of high activity of supported
Rh catalysts does not require high-temperature reduction.
Thus, it is safe to conclude that the present drastic en-
hancement in the activity of CO, hydrogenation, caused
by doping of TiO, with W% cations, has nothing to do
with the SMSI phenomenon. The differences of CO, hy-
drogenation between the non-SMSI and the SMSI states
are also reflected in the different influences on apparent
activation energy for CO, methanation (see Tables 1
and 3).

In contrast to the formation of methane which is unfa-
vorable in the SMSI state, the production of CO is en-
hanced when the SMSI state is induced (see Fig. 9). Ap-
parently, the two reactions proceed over significantly
different reaction sites. Unlike the conversion of adsorbed



CO, HYDROGENATION ON SUPPORTED Rh CATALYSTS

CO to methane, the formation of adsorbed CO from CO,
occurs at the metal~support interface (21). A migration
of TiO, entities onto the metal surface would be expected
to produce more interfacial sites on the surface. This
certainly gives a positive effect on CO formation.

It is noted that a similar kinetic variation of CO, hydro-
genation induced by the SMSI effect has recently been
observed over a Rh/TiO, catalyst (37); i.e., the rate of CO
formation increased, whereas the rate of CH, formation
decreased. However, unlike the present results over the
doped catalyst, a gradual reversal of the SMSI state was
not observed over the Rh/TiO, catalyst (38). The discrep-
ancy between the Rh/TiO, and the Rh/TiO,(W*®*) cata-
lysts should be due to the different properties of the sup-
ports, probably because of the higher electric conductivity
of the W% -doped TiO,, which favors the reversal of the
SMSI state of the supported Rh catalyst, as in the case
of Rh/Nb,Os (37, 38).

CONCLUSIONS

From the results of the present kinetic study performed
on the Rh/TiO,(x % W**) catalysts, the following conclu-
sions can be drawn:

1. While the reaction orders with respect to H, and
CO, partial pressures are not significantly altered, CO,
methanation activity is enhanced by up to 24 times by
doping the TiO, carrier with less than 1 at.% W®*.

2. A reduction of apparent activation energy by ca. 25-34
kJ/mol and an improvement of the stability of the catalytic
performance are observed upon carrier doping.

3. The rate of gaseous CO formation is found to be
affected by carrier doping to a significant extent, via alter-
ations of the CO adsorption capacity and the strength of
the Rh—CO bond.

4. The wavenumber of the band due to the linearly
adsorbed CO species formed during reaction is found to
shift from 2044 to 2058 cm™' upon carrier doping. Also,
the coverage of CO on the supported Rh surface is reduced
from ca. 0.30-0.16 upon carrier doping.

5. The induction of the SMSI state results in a significant
decrease of the activity of methane formation and a large
increase of the activity of CO formation over the Rh/
TiO,(W®") catalyst. However, the alteration of the kinetic
performance induced by the SMSI phenomenon is revers-
ible during exposure to the reaction mixture.

6. The greatly increased activity caused by doping is
found not to be related to the SMSI phemomenon but due
to an enhancement of hydrogen adsorption capacity and
a weakening of the Rh—CO bond on the catalyst surface.
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