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The reactivity of the surface species present over a 2%Pt/CeO2 catalyst during the reverse water-gas-shift
(RWGS) reaction was investigated by a detailed operando spectrokinetic analysis. A single reactor common
for the kinetic and the spectroscopic measurements was used. The reactor employed was a modified high-
temperature diffuse reflectance FT-IR (DRIFT) cell from SpectraTech. The reactivity of the surface species
was monitored by DRIFT spectroscopy (DRIFTS) and mass spectrometry (MS) using steady-state isotopic
transient kinetic analysis (SSITKA) techniques, i.e., switching between 1% CO2 + 4% H2 reaction mixtures
containing either 13CO2 or 12CO2. The combination of these techniques allowed time-resolved simultaneous
monitoring of the variation of the coverage of 12C and 13C-containing surface intermediates and the concentration
of the gas-phase products 12CO(g) and 13CO(g) due to the isotope exchange. These results clearly indicated
that surface formates observed by DRIFTS were not the main reaction intermediates for the formation of
CO(g) over the present catalyst under these experimental conditions, although the formation of CO(g) from
formates was likely to occur to a limited extent. A quantitative analysis of the number of reactive surface
species also showed that Pt-bound carbonyls could not be the only reaction intermediate. Surface carbonates
are shown as being a main surface intermediate in the formation of CO(g). A reaction scheme involving a
direct reoxidation of the ceria support by the CO2 via surface carbonates is suggested. A parallel between
these results and mechanisms previously proposed for CO2 hydrogenation and CO2-reforming (i.e., dry-
reforming) of methane on redox oxide-supported noble metal is made. In a more general perspective, the
present data underlines the feasibility and appropriateness of the DRIFT-MS-SSITKA technique based on
a single reactor in providing critical information about the nature of surface species (e.g., kinetic intermediate
as opposed to spectator) on catalysts when the surface species are observable by DRIFT spectroscopy.

Introduction

Infrared (IR) spectroscopy is often used to study adsorbed

species and reaction intermediates over heterogeneous catalysts,

but frequently this is done either under non-steady-state condi-

tions or over time scales that are not appropriate to the rate-

determining-step. In operando steady-state kinetic methods

provide a useful technique for the investigation of catalytic

mechanisms on catalysts under reaction conditions.1 The col-

lection of both infrared spectroscopic data and reaction rates

(typically using mass spectrometry, noted MS) under steady-

state isotopic transient kinetic analysis (SSITKA2,3) conditions

can allow us to directly relate the formation of a given reaction

product to a particular surface intermediate. This technique has

only been performed by a limited number of research groups

over the past fifteen years or so. Some of the reactions that

have been studied both by IR and MS under SSITKA conditions

include the conversion of syngas (CO/H2 mixtures),4-8 CO2-

reforming of methane 9,10 and nitrogen oxides decomposi-

tion.11,12

To our knowledge, most of (if not all) the studies published

so far on IR and MS under SSITKA conditions were based on

the use of two different reactors, one for the spectroscopic

measurement and another one for the kinetic analysis. While

the practicability of such procedures is obvious, the utilization
of a single reactor for the simultaneous monitoring of the surface
species concentrations and the rates of product formation would
represent a significant improvement in terms of the uniformity
of the experimental parameters.

The simultaneous combination of IR + MS analyses under
SSITKA conditions using a single reactor is demonstrated as a
powerful and straightforward means to provide information on
catalytic mechanisms in the present report. The value of this
approach is exemplified by an important reaction that is relevant
to the production of pure hydrogen for fuel cell applications,
i.e., the reverse water-gas-shift reactions (RWGS), over a
platinum-ceria catalyst, for which a number of surface inter-
mediate species are observed under reaction conditions.

The ability of ceria to promote the water-gas-shift (WGS)
reaction has attracted much attention and the activity of Pt/CeO2

has been shown to exceed that of conventional Cu/ZnO shift
catalysts in some circumstances.13-26 However, it appears that
the activity and stability of ceria-based formulations depends
markedly on the preparation methods.20,27,28 Therefore, there is
a need to better understand the way ceria-based materials operate
(i.e., in terms of reaction mechanism) to allow further improve-
ments in the formulation and preparation of catalysts.

Two main reaction mechanisms have been proposed for the
WGS reaction over ceria-based materials. Gorte and co-
workers.

20,22 27-29 and Flytzani-Stephanopoulos and co-workers29

proposed a redox mechanism
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In this mechanism, CO(g) adsorbs on reduced metal sites (σ)
to form a Pt-bound carbonyl species, which then reacts with an
oxygen atom coming from the ceria to form CO2. The reduced
ceria is subsequently reoxidized by water, and hydrogen is
produced as a result.

The second main reaction mechanism was proposed by Shido
and Iwasawa15 and Jacobs et al.,30,31 and is partly based on
transient IR data and TPD studies. The decomposition of the
surface species formed under reaction conditions (e.g., formates,
carbonyls, and carbonates) in an inert purge gas or atypical feed
was studied and it was concluded that the main reaction
intermediate was a bidentate formate produced by reaction of
CO with terminal hydroxyl groups on ceria. In this nonredox
mechanism, the rate-determining step is the decomposition of
this formate into H2 and a monodentate carbonate.

The role of the carbonate species observed over WGS
catalysts is intriguing. Hilaire et al.22 investigated by DRIFT
the reactivity of surface species and noted that carbonates were
stable on the reduced ceria but were easily decomposed by
reoxidation in either O2 or H2O. These authors proposed that
the carbonates probably acted as a poison and limited the rate
at which the ceria could be reoxidized. In this respect, the
suppression of the formation of surface carbonates was proposed
as a means to obtain higher WGS reaction rates.

More recently, Flytzani-Stephanopoulos and co-workers32

published an interesting study that brought new insight into the
effective role played by the metal in these ceria-supported
catalysts. These authors removed most of the metal of ceria-
supported gold and platinum catalysts (to the point of removing
all the TEM observable particles) and showed that this treatment
did not affect the activity of the catalyst compared to the
untreated ones. Flytzani-Stephanopoulos and co-workers pro-
posed that part of the metal, in the form of ions, diffused into
the ceria and anchored to surface defects. These ions were
proposed to be responsible for the increase in the reducibility
of the support. The remaining part of the metal in the form of
metallic nanoparticles was considered to be unimportant in the
WGS reaction.

Flytzani-Stephanopoulos and co-workers advocated a mech-
anism similar to the “Normal-Support Activation” (NSA) effect
summarized by Golunski et al.,33 by which the addition of a
metal to a reducible support leads to a modification of the
reducibility of this support through the so-called “junction
effect”. This phenomenon was actually first proposed by Frost34

for methanol synthesis catalysts. This modification leads to a
dramatic increase in the number of oxygen vacancies within
the support, which become active sites. The most striking effect
observed with the NSA is a reversal of the roles of the metal
oxide and the precious metal through an encouragement of the
formation of highly active sites on the phase that normally acts
as the support.

Recent work by Goguet et al.35 on the deactivation of a Pt/
CeO2 catalyst provided more evidence regarding the involve-
ment of the support in the reaction mechanism. It was proposed
that during reaction a limited fraction of the support close to
the metal particles could be in a highly reduced state and would
correspond to the active part of the support.

We have recently shown that the reactivity of surface species
can dramatically depend on the experimental procedure used

during the RWGS reaction over Pt/CeO2.36 On the basis of
DRIFT analysis combined with the utilization of isotopic tracers,
these steady-state experiments showed that formates were less
reactive than carbonyl and carbonate species under steady-state
conditions, while the reverse trend was observed during the
desorption-type non-steady-state experiments carried out in an
inert purge gas.

The DRIFT + MS under SSITKA conditions used in the
present study provides a powerful methodology for an in depth
investigation of catalysts under reaction conditions. As a first
stage to demonstrate this technique using a single reactor, the
present paper deals with the reactivity of the surface species
formed over a 2%Pt/CeO2 catalyst under RWGS conditions:

However, it is recognized that different species could be
important for the forward water gas shift reaction because the
nature of the surface of the catalyst will depend on the
composition of the reaction mixture. This will be the subject of
future work.

Experimental Section

The catalyst used in this study was a 2%Pt/CeO2 provided
by Johnson Matthey. The specific surface area, measured by
the BET method on a Micromeretics ASAP 2010, was 180 m2

g-1. The Pt dispersion, measured by H2 chemisorption on a
Micromeretics Autochem 2910 at 193 K to minimize potential
spillover of H2 onto the support,37 was 17%. The purity of the
gases used (i.e., H2, He, CO2, Ar, supplied by BOC) was higher
than 99.95%. The 13CO2 was 99% pure (supplied by Cambridge
Isotope Laboratories Inc).

The experimental setup consisted of an in situ high-temper-
ature diffuse reflectance IR cell (from Spectra-Tech) fitted with
ZnSe windows. The reactor crucible was modified to ensure
plug-flow conditions throughout the catalyst bed. The interface
between the ceramic reactor and the metallic base plate was
sealed with PTFE tape to prevent any sample by-pass. The
original porous bed to support the sample was replaced by a
metallic mesh. The catalytic conversion measured using the cell
was equal to that measured in a conventional tubular plug-flow
reactor. No conversion of reactant was observed when the
crucible was heated to the reaction temperature in the absence
of the catalyst. The cell was connected to the feed gas cylinders
through low volume stainless steel lines. The gas flows were
controlled by Aera mass flow controllers, which were regularly
calibrated. A 4-way valve was used to allow a fast switching
between two reaction feeds, when appropriate. The DRIFTS
cell was located in a Bruker Equinox 55 spectrometer, operating
at a resolution of 4 cm-1. The outlet of the DRIFT cell was
connected to a quadrupole mass spectrometer (V. G. GASLAB
300). The mass spectrometer was equipped with a capillary inlet
system with bypass allowing fast response (i.e., 100 ms) for
the sampling. Both feed lines were connected to an ultralow
differential pressure transducer (Honeywell 395-257) and a high
precision metering valve (Nupro) in order to control and tune
the pressure of both feed lines.

The amount of 2%Pt/CeO2 catalyst used was always 80 ( 5
mg (particle diameter <150 µm). Prior to any measurement,
the sample was reduced in situ for 1 h at 573 K in a 50% H2/
Ar mixture at a total flow of 40 mL min-1. After the reduction
step, the cell was purged with He and the temperature of the
reactor was set to the desired value (498 K). The reaction
mixture, i.e., 1% 12CO2 + 4% H2 in Ar, was then introduced at

CO(g) + σf CO (ads) (1)

CO(ads) + 2 CeO2f CO2 + Ce2O3 + σ (2)

H2O + Ce2O3f 2 CeO2 + H2 (3)

CO2 + H2f CO + H2O (4)
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a total flow rate of 100 mL‚min-1 (GHSV ) ca. 21000 h-1).
Steady-state conditions, as far as the nature and concentration
of surface species measured by DRIFTS are concerned, was
reached in less than 30 min. After at least 1h, the unlabeled gas
feed was replaced with a 1% 13CO2 + 4% H2 mixture. Spectra
were recorded at regular intervals (typically every 10 s) for at
least 30 min following the switch. A series of back and forth
isotopic switches were carried out to assess the reproducibility
and precision of the experiment.

The IR bands used for the quantification of the concentrations
of the 12C-containing surface species of interest were as follows
(the area of a given band was measured with the OPUS software,
using a single-point baseline), all values being in cm-1:

Formate: 2954-2944 (single-point baseline at 3000)

Carbonyl: 2070-2050 (single-point baseline at 2150)

Carbonate: 880-865 (single-point baseline at 797)

These three wavenumber regions were selected as each of
these was unequivocally related to one type of surface species
(vide infra). The IR bands of these species exhibited a red-shift
when the 12C isotope was replaced with the heavier 13C isotope.
Since the shift in frequency was usually not sufficient to allow
a complete resolution of the 12C and 13C-IR bands, the
integration of the intensity of the 12C-bands had therefore to be
limited to the high-frequency part of the band where there was
no contribution from the 13C-species.

In the case of the mass spectrometric analysis the recording
of the masses 28, 44, 29, 45, and 4 (a.m.u) was started 10 min
before the isotopic switches. Blank experiments without catalyst
were also performed in order to determine the fragmentation
coefficients of 12CO2 with respect to the mass 28 and that of
13CO2 with respect to the mass 29. These coefficients were used
to subtract the contribution of CO2 to mass 28 and 29 and extract
the actual 12CO(g) and 13CO(g) concentration for each experi-
ment. Note that the concentrations of the reactants and products
were also determined using an on-line gas chromatograph
(Perkin-Elmer 8700), equipped with a HayeSep Q column and
a FID-fitted with a methanator to allow the detection of CO
and CO2.

The microbalance experiments were carried out on a Setaram
TG-DSC 111 thermobalance. The sample (59.50 mg) was placed
in an aluminum crucible and was exposed to the same reaction
mixture as that used for the catalytic test at ambient pressure.
Formic acid was introduced in the feed using a saturator placed
in a thermostated bath at 273 K. The reactant flows were
regulated by Aera mass flow controllers.

For the sake of clarity, note that surface-bound carbon
monoxide is referred to as carbonyl species or CO(ads), while
the gas-phase carbon monoxide (main product of reaction along
with water) is referred to as CO(g).

Results

Infrared Experiments. Several IR bands were readily
observed following the introduction of the 1% 12CO2 + 4% H2

reaction mixture over the 2% Pt/CeO2 sample. Figure 1 shows
a typical DRIFT spectrum obtained at 498 K after 1 h on stream.

The bands in the region 1600-1200 cm-1 were mostly due
to the stretching vibration modes (symmetric and anti-sym-
metric) of the O-C-O group of free carboxylate, formate and
carbonate species), as already described in detail in the
literature.15,38-42 Due to the complexity of this band structure,
the deconvolution and interpretation of this region was not
attempted. The bands in the 3650-3500 cm-1 region were due
to the stretching vibration of the ceria surface hydroxyl groups,
while that around 2360 cm-1 was associated with gas-phase

(and possibly some weakly adsorbed) CO2. The triplet of bands
around 1035 cm-1 was related to the C-O stretching modes of
the various species described above. The bands used for the
quantitative analysis of the surface concentration of formates
were the Fermi resonance doublet (i.e., combination of the
stretching and bending vibration of the C-H bond) at 2950 and
2841 cm-1 (see Experimental Section for integration details).
The out-of-plane bending vibrations at 866 and 851 cm-1 were
used to quantify the concentration of carbonate species, while
the stretching vibration at 2059 cm-1 was used to measure the
proportion of carbonyls. While the bands selected for the
quantification of the concentration of surface species were
unequivocally associated with one type of species, it is possible
that different adsorption sites and/or adsorption mode (e.g.,
mono, bi, polydendate) could be considered in each case. In
particular, the broad carbonyl band was most likely due to the
presence of a distribution of heterogeneous adsorption sites, as
can be expected over supported noble metal particles.41

The intensity of all the IR bands reached a steady-state value
within the first hour on stream (typically in less than 30 min)
at the temperature investigated. Figure 2, 3 and 4 show the
typical DRIFT spectra obtained at 498 K of the formate,
carbonyl and carbonate species at steady-state in a feed
containing 1% 12CO2 + 4% H2 at various times following the
switch to the feed containing 1% 13CO2 + 4% H2.

The variation of the IR band intensity of the corresponding
12C-containing surface species as a function of time following
the isotopic switch is plotted in Figure 5. For all species, the
IR signal decreased in a somewhat (but not strictly) exponential

Figure 1. In situ DRIFTS spectrum of the species formed over the
2% Pt/CeO2 after 1h on stream. T ) 498 K, feed: 1% CO2 + 4% H2

in Ar.

Figure 2. In situ DRIFTS spectra of the formate species formed over
the 2% Pt/CeO2 after (a) 1h under 1% 12CO2 + 4% H2 in Ar and
subsequently exposed to the 1% 13CO2 + 4% H2 in Ar feed for 1, 2,
10 and 180 min. T ) 498 K.

20242 J. Phys. Chem. B, Vol. 108, No. 52, 2004 Goguet et al.



manner. The value τ, representing the time at which the signal
of each species decreased by 50% following the isotopic switch,
was measured as a means to quantify the rate of exchange. The
τ values for the carbonate, carbonyl, and formate species were
48 ( 5, 54 ( 5 and 660 ( 30 s, respectively. The experiment
was repeated several times (also in the opposite switching order)
and identical values were obtained.

Gas Chromatography and Mass Spectrometry Measure-

ments. The measurements performed with on-line analysis by

gas chromatography indicated that the conversion due to the
empty reactor at the temperature of the experiment was
negligible. In the presence of the 2%Pt/CeO2, the CO2 conver-
sion measured before and after the isotopic switch were 13.7
( 0.2% (Figure 6). This conversion was close to that associated
with the thermodynamic equilibrium of the system (i.e., 15.2%
at 498 K). The selectivity to CO was always higher than 99%
(only trace concentrations of methane were measured). Equi-
librium conversions were attained above 523 K (data not
shown), which indicates that any channeling or by-passing of
the reactor was negligible. The conversion plot reported in
Figure 6 also evidences that a slow deactivation was taking
place, possibly due to carbon deposition35 on the catalyst or Pt
sintering.26 Slow deactivation of the same catalyst under similar
reaction conditions was reported elsewhere.35 These data show
that, while being close to the thermodynamic equilibrium
conversion, the rate of the RWGS was still significantly higher
than that of the WGS in the present case.

Figure 7 shows typical normalized 13CO2(g), 13CO(g), and
He MS traces obtained after an isotopic switch from a RWGS
feed containing 12CO2 to one containing 13CO2 (and the He
tracer) at 498 K. The concentration of the tracer reached 50%
of its steady-state value in less than 3 s. As the total flowrate
was 100 cm3 min-1, this indicated that the dead-volume of the
system between the 4-way valve and the mass spectrometer was
lower than 5 cm3 (a detailed description of the cell and its flow
response will be reported elsewhere). The time response of the
13CO2 species was significantly slower (i.e., about 18 s for 50%
exchange), indicating a strong adsorption of this reactant. The
characteristic time τCO(g) at which the signal of the 13CO(g)
product reached 50% of its steady-state value was 54 ( 6 s.

Figure 3. In situ DRIFTS spectra of the carbonyl species formed over
the 2% Pt/CeO2 after (a) 1h under 1% 12CO2 + 4% H2 in Ar and
subsequently exposed to the 1% 13CO2 + 4% H2 in Ar feed for 1, 2,
10 and 180 min. T ) 498 K

Figure 4. In situ DRIFTS spectra of the carbonate species formed
over the 2% Pt/CeO2 after (a) 1h under 1% 12CO2 + 4% H2 in Ar and
subsequently exposed to the 1% 13CO2 + 4% H2 in Ar feed for 1, 2,
10 and 180 min. T ) 498 K.

Figure 5. Normalized intensity of the IR bands of the 12C-containing
(O) formate, (+) carbonyl and (b) carbonate species over the 2% Pt/
CeO2 following the isotopic switch at 498 K. Feed: 1% 13CO2 + 4%
H2 in Ar. The sample had initially been exposed to 1% 12CO2 + 4%
H2 in Ar for 1h.

Figure 6. CO2 conversion measured over the 2% Pt/CeO2 at 498 K
over a series of isotopic switches. Feed: 1% 13 or 12CO2 + 4% H2 in
Ar. The dotted line represents the conversion associated with the thermal
equilibrium of the RWGS reaction in the specific conditions of reaction
used.

Figure 7. Relative concentrations measured by mass spectroscopy of
the He tracer, the 13CO2(g) reactant and the 13CO(g) product during a
typical isotopic switch from 1% 12CO2(g) + 4% H2 /Ar to 1% 13CO2-
(g) + 4% H2 + 2% He/Ar at 498 K. The steady-state conversion of
CO2 to CO was 13.7%.

Reverse Water-Gas-Shift Reaction Intermediates J. Phys. Chem. B, Vol. 108, No. 52, 2004 20243



The quantity of surface intermediates precursors of CO(g)
could be evaluated by integrating the area between the MS line
of the tracer (He) and that of CO(g) (Figure 8).43 Knowing the
CO(g) concentration measured with the GC, the integrated area
yields directly the number of moles of, e.g., 12CO(g) formed
after switching to the 13CO2-containing feed. This number of
moles is equal to that of the 12C-containing CO(g) precursors
present at the surface of the sample at the moment of the switch
to the 13CO2-containing feed. In a similar manner, the quantity
of surface intermediates releasing CO2 could be calculated using
the appropriate CO2 MS signal.

Table 1 reports the number of moles of CO(g) and CO2

released per gram of catalyst calculated as indicated above, the
ratio CO(g) released/ CO2 released and the ratio CO(g) per
surface platinum (calculated with a Pt dispersion of 17%).

These results yield two important pieces of information. First,
the CO(g)/ CO2 ratio indicates that about one molecule of CO(g)
and four molecules of CO2 were released out of five COx surface
precursors. (note: this is not an indication that different surface
precursors are involved in each case, e.g., a given surface
intermediate could react/decompose in various ways). Second,
the CO(g)/ Ptsurface ratio indicates that the number of CO
precursors is more than 10 times higher than the number of
surface platinum atoms.

A couple of experiments using a flow microbalance was used
to estimate the typical surface concentration of formates that
was formed over the catalyst at 498 K. First, the mass loss (data
not shown) measured after 1 h desorption in Ar at 498 K of the
surface species formed under our typical RWGS conditions was
ascribed to the decomposition of formates to CO(g). This value,
which overestimates the concentration of formates since some
carbonyls and some carbonates are also lost in the process,36

was found to be 1.4 × 10-4 mol/gcata. In another experiment
(not shown), the prereduced catalyst was contacted with formic
acid vapors at 498 K and the uptake of acid at saturation
corresponded to 3.3 × 10-4 mol/gcata. Both these overestimations
of the surface concentration of formates during RWGS condi-
tions at 498 K are similar to that of CO(g) precursors calculated
by the MS data (Table 1), i.e. 2.2 × 10-4 mol/gcata.

Discussion

The simultaneous combination of mass spectrometry and
DRIFT spectroscopy during SSITKA-type experiments has

yielded crucial information about the operando rate of exchange
of gas-phase reaction products and that of reaction intermediates
present on the surface of a 2%Pt/CeO2 during the RWGS at
498 K. On one hand, the mass spectrometry results showed that
the characteristic exchange time τCO(g) (defined here as the time
needed to achieve 50% exchange) between the two isotopes
(i.e., 12CO(g) and 13CO(g)) of the main reaction product was
54 ( 6 s. It is important to note that τCO(g) relates to the rate-
determining-step of the reaction.

On the other hand, the simultaneous DRIFT measurements
revealed that the characteristic time of isotopic exchange
(defined as the time needed to remove 50% of the 12C-containing
species) of the carbonyl, carbonate, and formate surface species
were 48 ( 5, 54 ( 5, and 660 ( 30 s, respectively.

The rate of isotopic exchange of a main surface intermediate
must be equal to (or faster than) the rate of isotopic exchange
of the corresponding reaction product. Therefore, it is clear that
the formate species observed by DRIFTS is not a main reaction
intermediate in the formation of CO(g), since the corresponding
exchange time (i.e., ca. 600 s) was significantly longer than
τCO(g) ) 54 ( 6 s. However, it should be stressed that formates
have been shown to yield CO(g) 15 and a significant fraction of
these species probably do in the present case, although at a
slower rate than at least one other surface intermediate. Hence,
the formates (at least those that were observed by DRIFTS) are
better referred to as minor reaction intermediates, rather than
truly “spectator” species.

It is yet possible that a minor fraction of very reactive
formates species did exist and that the DRIFTS signal of those
could have been masked by that of the less reactive formates.
However, the microbalance data indicated that the surface
concentration of formates (i.e., overestimated at around 1.4 ×

10-4 mol/gcata and 3.3 × 10-4 mol/gcata) was just of the same
order of magnitude as that of the CO(g) precursors (i.e., 2.2 ×

10-4 mol/gcata,). If a very reactive formate species not evidenced
by the DRIFTS data existed, it would represent only a minor

fraction of the overall formates and, therefore, the surface
concentration of those would largely be insufficient to account
for all the CO(g) formed. Hence, these hypothetical “very
reactive” formates would also be considered as minor reaction
intermediates.

In the case of the carbonyl species, the half-life time is similar
to τCO(g) and therefore carbonyl species are potentially important
reaction intermediates in the formation of CO(g). However, the
CO(g)/Ptsurface ratio derived from the MS data (Figure 8 and
Table 1) shows that the number of surface intermediate
precursors of CO(g) is more than 10 times larger than the
available number of surface platinum atoms, while each surface
platinum atom can typically accommodate only 1.25 carbonyl
groups at the most.44 Therefore, a reaction pathway involving
only the dissociative adsorption of CO2 on Pt followed by
carbonyl desorption from the metal to give CO(g) can be
discarded. There must be another carbon-containing surface
intermediate to account for the quantity of CO(g) observed
during the isotopic switch.

A reaction scheme involving CO2 adsorption on the support
followed by reaction to form carbonate species followed by the
reduction of those to CO(g) is in agreement with all the
experimental results reported here. First, the exchange time of
the carbonates (i.e., 54 ( 5 s) is similar to τCO(g) (i.e., 54 ( 6
s). Second, the number of (basic) adsorption sites available for
the formation of carbonates from CO2(g) on this high surface
area ceria support is far greater than the number of surface Pt
atoms and is sufficient to account for all the CO(g) and CO2

Figure 8. Scheme of the integration procedure used to quantify the
active sites.

TABLE 1: Number of Moles of CO(g) and CO2 Released
Per Gram of Catalyst Calculated from the MS Data, Ratio
CO(g) Released/CO2 Released and Ratio CO(g) Per Surface
Platinum (calculated with a Pt dispersion of 17%)

CO(g) (mol/gcat) CO2 (mol/gcat) CO(g)/CO2 CO(g)/Ptsurface

2.2 × 10-4 8.4 × 10-4 0.26 12

20244 J. Phys. Chem. B, Vol. 108, No. 52, 2004 Goguet et al.



precursors found on the sample surface. (CeO2 has a cubic cell
with 4 oxygen atoms on each face, the surface area of which is
ca. 2.92 × 10-19 m2. The theoretical number of moles of oxygen
atoms, or oxide ions, per m2 of catalyst surface is 22.7 × 10-6.
In the present work, about 5.89 × 10-6 moles of COx per m2

of catalyst surface were adsorbed).
It should be stressed that several reaction pathways could be

envisaged for the carbonates (see Figure 9). It is possible that
the carbonates would directly react with oxygen vacancies in
the ceria, from which CO(g) would be directly released (pathway
noted “a” in Figure 9). The main role of the Pt in this case
would be to remotely generate oxygen vacancies (by activating
H2, for instance), which would then migrate over the ceria. In
this case, the rate-determining-step (RDS) of the RWGS could
be the reaction between the surface carbonate and the oxygen
vacancy or the diffusion of the vacancy. Another reaction
pathway (noted “b” in Figure 9) could involve the surface
migration of a carbonate toward the platinum-ceria interface,
at which it would decompose via Pt-bound carbonyl intermedi-
ates. In such a case, the desorption of the corresponding Pt-
bound CO(ads) could be the RDS.

The route (a) could be supported by results from Gorte and
co-workers which showed that CO2 can directly re-oxidize
ceria.45 A comparative study between a fresh Pd/Ceria catalyst
and the same sample poisoned with SO2 has shown that CO2

can only reoxidize the nonsulfated material.46 Since the poison-
ing left the metal unaffected and only affected the ceria, these
results provide further evidence for the mechanism in which
the CO2 adsorbs and reacts mostly with the ceria, rather than
on the noble metal. However, there is no clear experimental
evidence at the present time to favor either of the two reaction
pathways (a) and (b) (see Figure 9) for the carbonates.

In the model supporting the reaction over the ceria, it is
conceivable that the active sites would be located in the vicinity
of the Pt particles, as noble metals profoundly modify the redox
properties of the ceria.35,47 In this latter case, it is possible to
derive additional information from the quantification of the
number of active sites (see Table 1). If we consider that the
carbonate species are homogeneously distributed on the catalyst
surface, then the portion of surface (ACO) where the active sites
are located can be calculated knowing the fraction of these
species that react to give CO(g) with respect to those that re-
adsorb as CO2 (Table 1):

where, Asp is the specific surface area of the catalyst and is equal

to 180 m2 g-1; NCO the number of active sites calculated from
the 13CO(g) that is 0.222 × 10-3 mol gcat

-1 (Table 1); NCO2 the
number of adsorption sites for CO2 calculated from the 13CO2

signal and is equal to 0.839 × 10-3 mol gcat
-1 (Table 1).

While it is not yet clear whether the RWGS depends on the
Pt particle size,32 the average radius of the platinum particles
on the sample used here was calculated from the platinum
dispersion (i.e., 17%), and found to be ca. 3.5 nm. The Pt species
(e.g., Ptn+) responsible for the formation of active sites on the
support via the “Normal-Support Activation” effect would be
most likely located at the interface between the Pt particles and
the ceria. Therefore, the active sites could be distributed in a
disk on the support around the platinum particles. According
to this model, it is possible to calculate the dimension of the
“ring of active area” surrounding each metal particle (R1 for
the Pt particle radius (3.5 nm), R2 for the radius of the “active
area”: the Pt particles were considered to be hemispherical).
The calculation gave a value of R2 equal to 46 nm. Note that if
we assume that the Pt particles are equally spaced on the surface
of the support, the distance between two particles would be ca.
150 nm.

It is interesting to note that the radius of this “active area” is
comparable to the magnitude of the radius that was calculated
with the results obtained from the study of the deactivation of
this same material.35 The data reported in this previous work
showed that carbon deposition was responsible for the deactiva-
tion of the catalyst and took place in the vicinity of the platinum
particles. In a case where the catalyst deactivated by 80% of its
initial activity, it was found that the “ring” of carbon deposit
surrounding each metal particles had a radius equal to 13 nm.
The fact that the zone of deactivation (i.e., 13 nm) is somewhat
smaller than the “active zone” (i.e., 46 nm) in the present work
could indicate that diffusion across the deactivated surface is
restricted and so the catalyst loses its activity even though some
of the “active zone” would still be available for reaction.

While our data have clearly shown that the RWGS over the
present catalyst and conditions proceeds via surface carbonate
intermediates, possibly followed by Pt-bound carbonyls, the
pathway for activation of the hydrogen is not yet clear.
Hydrogen is oxidized to water and several hypotheses can be
formulated. The first would involve the adsorption of hydrogen
on Pt sites (free of CO) and migration of oxygen from the
support to the Pt-ceria interface for reaction. This possibility
would be supported by results showing that Pd particles were
completely oxidized by a ceria-zirconia film on mild heating
in a vacuum.48 This route could also involve a transfer of the
hydrogen from the metal to the support.

A second hypothesis is the reaction of the hydrogen and the
oxygen directly on the support. In this situation, the platinum
would not be involved directly in the reaction pathway. The
platinum could act as a modifier of the support properties and
all the reaction would take place on the support, as in the
“Junction effect” proposed by Frost34 or the “Normal-Support
Activation” effect summarized by Golunski et al.33 This
hypothesis seems to be supported by work on CO oxidation
with ceria-based catalysts. Indeed, Hardacre et al.49 proposed
that, in the case of CO oxidation, the ceria in the vicinity of the
noble metal could become active. Recent work on the WGS
with gold catalysts seems to provide further evidence for this
hypothesis.32 The results obtained in the present study do not
allow discrimination between these various hypotheses for the
oxidation of hydrogen to water.

It is interesting to note that a parallel can be made between
these results and mechanistic investigations of CO2 hydrogena-

Figure 9. Model for the reaction mechanism of the RWGS reaction
over Pt/CeO2.

ACO )
ASp × NCO

NCO2

) 47.7m2
× gcat

-1 (4)
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tion and CO2 reforming of methane over catalysts based on
reducible supports. In this regard, Koeppel et al.,50 investigated
Au/ZrO2 catalysts for CO2 hydrogenation using DRIFT and
observed the formation of various formates and carbonates.
These authors proposed that CO(g) formation from CO2

proceeded via surface carbonate in a surface reaction analogous
to the RWGS model proposed here. Lercher and co-workers51

and Ross and co-workers52 also used DRIFT to investigate CO2-
reforming of methane over ZrO2-based catalysts and discussed
the formation and roles of surface formates and carbonates in
the reaction. In this latter case, it was proposed that the formates
could be involved in the reaction mechanism. The reduction of
CO2 was proposed to occur via initial formation of carbonates
close to the metal-support boundary, which were further
reduced to formates and CO(g) by carbon formed from methane
decomposition on the metal. These studies are clear evidence
of the potential roles of formates and carbonates as surface
intermediates on reducible supports such as ceria and zirconia.
As the surface intermediates involved in these reactions are
similar to those observed in the present study, there would be
much interest in studying dry-reforming and CO2-hydrogenation
reactions using the improved DRIFT + MS/SSITKA technique
presented here.

Conclusions

The combination of mass spectrometry and DRIFT analysis
during SSITKA-type experiments using a single reactor is a
valuable tool that can be used to unravel the role of the different
surface species present on catalyst surfaces in operando. The
comparison of the isotopic exchange rate of the surface species,
measured by DRIFT analysis, with the rate of exchange of gas-
phase species measured by mass spectrometry allows discrimi-
nation between active and spectator species. Additional quan-
titative information about the number of active sites can also
be obtained.

In the case of the RWGS reaction over a Pt/CeO2 catalyst,
the results obtained can be used to discard the formate species
observed by DRIFTS as a main reaction intermediate, although
the formation of CO(g) from formates is likely to occur to a
limited extent. Further analysis by quantification of the number
of active sites showed that the Pt-carbonyl species cannot be
the only reaction intermediates. Our data have clearly shown
for the present catalyst and conditions that the RWGS reaction
proceeds via surface carbonate intermediates, possibly followed
by the formation of Pt-bound carbonyls. A reaction scheme
involving a direct reoxidation of the support by the CO2 was
proposed.

In a more general respect, the simultaneous DRIFT + MS/
SSITKA technique provides unique information about the nature
of surface species (as spectator or reaction intermediate) for any
reaction on catalysts under steady-state reaction conditions,
providing only that the surface species are observable by DRIFT
spectroscopy and one or more of the reactants can be isotopically
labeled.
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