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A series of x wt.% Pt/CeO2 catalysts (x = 0.1–2.0) was prepared to investigate for the first time the effect of
Pt particle size on important kinetic and mechanistic aspects of the water–gas shift (WGS) reaction,
namely the concentration (lmol g�1) and chemical structure of active adsorbed reaction intermediates
present in the ‘‘carbon-path’’ and ‘‘hydrogen-path’’ of the WGS reaction at 300 �C. For this, steady-state
isotopic transient kinetic analysis (SSITKA) coupled with in situ DRIFTS and mass spectrometry experi-
ments was performed using D2O and 13CO. F novel transient isotopic experiment performed allowed
to quantify the initial transient rates of reactions of adsorbed formate (–COOH) and CO by water, based
on which it was concluded that formate should not be considered as an important intermediate. Accord-
ing to the present work, it is proposed that the WGS reaction on ceria-supported Pt at 300 �C occurs lar-
gely via the ‘‘redox’’ mechanism, and to a lesser extent via the ‘‘associative formate with –OH group
regeneration’’ mechanism. The TOF (s�1) of WGS was found to vary only slightly with Pt particle size
(1.3–8.0 nm), while the specific reaction rate based on the length of periphery of Pt–CeO2 interface
(lmol cm�1 s�1) was found to significantly increase with increasing platinum loading and mean particle
size in the 250–300 �C range.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

There is an important need nowadays to improve the sustain-
ability of the energy system worldwide given the perceived
projected decline in petroleum resources in the near future com-
bined with increasing political and environmental concerns about
fossil fuels. The development of a hydrogen-based economy (H2

being the energy carrier), a strategy for power production with sig-
nificant advantages, appears to be a primary target [1,2]. Given
these challenges, there is an important need to produce H2 in an
efficient and environmentally acceptable way and with minimum
cost [3].

Water–gas shift (WGS) is an important industrial reaction in a
number of chemical processes that produce H2, including steam
reforming of hydrocarbons (including natural gas), sugars,
alcohols, and bio-oil [4–8]. The heterogeneously catalyzed WGS
reaction is equilibrium limited and moderately exothermic (CO +
H2O M CO2 + H2, DHo = �41.2 kJ/mol), where very low CO concen-
tration levels can be achieved only at low temperatures
(T < 200 �C).

Noble metals (e.g., Pt and Au) supported on reducible metal
oxide carriers appear to be promising candidates for the low-
temperature WGS reaction compared to the conventionally used
ll rights reserved.

).
Cu–Zn-based catalysts [8]. However, their stability under practical
conditions is problematic and depends on the synthesis method
employed [9]. There is an increasing demand for fundamental
understanding of the LT-WGS catalytic reaction at the molecular
level in order to achieve activity, selectivity, and stability optimiza-
tion under industrial conditions by the design of suitably func-
tional catalytic materials. In order to achieve this goal, it is of
great importance to thoroughly investigate mechanistic aspects
of the WGS reaction employing in situ spectroscopic and kinetic
studies under reaction conditions (operando studies) [10].

Two main reaction mechanisms have been proposed in the lit-
erature: (i) the regenerative mechanism or redox [11–16] and (ii)
the adsorptive or associative mechanism (non-redox) [17–21]. In
the redox mechanism, CO adsorbs on the noble metal surface
which then diffuses at the metal–support interface and reacts with
lattice oxygen of support to form CO2(g). Water adsorbs and disso-
ciates mainly on the reduced support sites, thus re-oxidizing them
and subsequently producing H2(g). In the associative mechanism,
CO and H2O were proposed to adsorb on catalyst active sites to
form a surface ‘‘carbon-containing’’ intermediate, e.g., formate, car-
bonate, or bicarbonate, which further reacts or decomposes to form
H2 and CO2. The chemical nature of this active ‘‘carbon-containing’’
intermediate and its true site location, e.g., support, metal–support
interface, or metal surface still remain controversial issues. Pierre
et al. [22] and recently Zhai et al. [23] have provided strong exper-
imental evidence that Pt- or Au-oxidized species (e.g., Pt–OHx)
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formed at the metal–support interface of the respective ceria-sup-
ported Pt or Au nanoparticles are responsible for catalyzing the
low-temperature WGS reaction.

In the present work, the WGS reaction has been investigated
over a series of ceria-supported Pt catalysts with the goal to under-
stand the effect of Pt particle size on important kinetic and mech-
anistic aspects of the reaction. Toward this goal, steady-state
isotopic transient kinetic analysis (SSITKA) coupled with DRIFTS
and mass spectrometry experiments has been designed and
performed to probe the chemical structure of active reaction inter-
mediates and spectator species, and to estimate the surface concen-
tration of active ‘‘H-containing’’ and ‘‘C-containing’’ intermediates
found in the ‘‘hydrogen-path’’ and ‘‘carbon-path’’ of the reaction,
respectively. The early seminal works by Tamaru [24], Matyshak
[25], Happel [26], Goodwin [27], Chuang [28], Bennett [29] and
their co-workers for the development of SSITKA and combined FTIR
and SSITKA techniques should be acknowledged.

A novel transient isotopic experiment that allows quantifying
the relative importance of the ‘‘redox’’ and ‘‘associative formate
with –OH group regeneration’’ mechanisms in the present WGS
reaction over Pt/CeO2 has been designed, and results are presented
in this work. The ‘‘redox’’ mechanism was also probed by the aid of
an 18O isotopic exchange-related experiment. Other in situ DRIFTS
transient experiments were performed to follow the dynamic
kinetics of the –COOH (formate) reaction during the CO/H2O
(WGS, steady state) ? He (t) and CO/H2O (WGS, steady state) ?
H2O/He (t) gas switches with the goal to probe in a quantitative
manner the decomposition of –COOH in He (inert gas) and in sim-
ilar to WGS reaction conditions. In situ DRIFTS-CO chemisorption/
TPD studies have also been performed to better discuss the results
obtained from the various 13CO transient isotopic experiments.
2. Experimental

2.1. Catalyst preparation

The ceria-supported Pt catalysts were prepared by impregnat-
ing cerium dioxide (99.9%, Aldrich CAS 1306-38-3, powder <5 mi-
cron, BET = 5.6 m2/g, and mean pore diameter, dp = 10 nm) with
an aqueous solution of Pt(NH3)2(NO2)2 (3.4 wt.% solution in
NH4OH, Aldrich). Ceria in powder form was first mixed under con-
tinuous stirring with de-ionized water (Milli-Q Direct 8), and a gi-
ven amount of Pt precursor solution corresponding to the desired
metal loading (0.1, 0.3, 0.6, 1.0 or 2.0 wt.% Pt) was then added. After
gradual evaporation of water at 70 �C for 4 h, the resulting slurry
was then dried at 120 �C overnight and placed in a furnace (ELF
11/6, Carbolite) for calcination to 600 �C in static air for 2 h using
a heating rate of 50 �C/min. Prior to any catalytic measurements,
the fresh catalyst sample was pre-treated with 20 vol.% O2/He
(50 N mL/min) gas mixture at 500 �C for 2 h followed by reduction
in H2 (1 bar, 50 N mL/min) at 300 �C for 2 h.
2.2. Catalyst characterization

2.2.1. H2 temperature-programmed desorption (TPD) studies
The dispersion of Pt metal in the x wt.% Pt/CeO2 catalysts was

determined by selective H2 chemisorption at 25 �C followed by
temperature-programmed desorption (TPD) in He flow (30 N mL/
min) using the apparatus and procedures described previously
[30,31]. A 0.5-g fresh catalyst sample (Section 2.1) was first cal-
cined in a 20 vol.% O2/He gas mixture (50 N mL/min) at 500 �C for
2 h and then reduced in pure H2 (30 N mL/min) at 300 �C for 2 h.
Quantitative analysis of the effluent gas stream from the micro-
reactor was done with online quadrupole mass spectrometer
(Omnistar, Balzers) equipped with a fast response inlet capillary/
leak valve (SVI050, Balzers) and data acquisition systems. The mass
numbers (m/z) 2, 18, and 32 were continuously monitored for H2,
H2O, and O2, respectively. A H/Pts ratio of one for hydrogen chemi-
sorption stoichiometry was assumed. The gaseous response of H2

obtained by mass spectrometry was calibrated against a standard
0.1 vol.% H2/He gas mixture. The accuracy of quantitative analysis
of the signal response curves obtained from the H2 chemisorp-
tion/TPD was within 5%. The accuracy of this procedure in deter-
mining Pt dispersions for Pt/CeO2 catalysts was checked by
HRTEM measurements which are described in what follows.

2.2.2. High-resolution transmission electron microscopy
Platinum particle size distribution and a mean Pt particle size

for the x wt.% Pt/CeO2 catalysts were estimated through high angle
annular dark field (HAADF) images obtained using a 200-kV JEM-
2100J (Jeol Ltd.) transmission electron microscope equipped with
an INCAx-Sight (Oxford Inc.) energy-dispersive X-ray spectroscopy.
HAADF images were recorded with the microscope in STEM mode
with a beam size of 1 nm and an inner collection angle of
68.5 mrad. The contrast in HAADF images is mainly due to differ-
ences in the atomic number (Z) of metal elements at constant
thickness. Given that ZPt = 78 and ZCe = 58, the brighter regions in
the HAADF images correspond to Pt particles.

2.2.3. Temperature-programmed DRIFTS-CO chemisorption studies
A Perkin-Elmer Spectrum GX II FTIR spectrometer equipped

with a high-temperature/high-pressure temperature controllable
DRIFTS cell (Harrick, Praying Mantis) were used to record, in an
in situ manner, infrared spectra obtained under reaction condi-
tions. The spectrum of the solid taken in Ar flow at the desired
reaction temperature, following catalyst pretreatment, was sub-
tracted from the spectrum of the solid exposed to the reaction
gas mixture. The catalyst pretreatment consisted of passing over
the catalyst sample a 20 vol.% O2/Ar gas mixture at 500 �C for 2 h
followed by a switch to pure He gas and cooling the reactor to
300 �C. A gas switch to pure hydrogen for catalyst reduction at
300 �C for 2 h was then made. The following nomenclature is given
for the above-described gas switches, and it is adopted in all other
sequence of gas switches used in the present work: 20 vol.% O2/Ar,
500 �C, 2 h ? He, cool down to 300 �C ? H2 (1 bar), 300 �C, 2 h.

Signal averaging was set to 50 scans per spectrum, and the
spectra were collected at the rate of 1 scan/s at a 2 cm�1 resolution
in the 400–4000 cm�1 range. DRIFTS spectra when necessary were
smoothed to remove high-frequency noise and further analyzed
using the software Spectrum� for Windows in accordance with
guidelines reported [32]. CO chemisorption was performed from
a 2.98 vol.% CO/He gas mixture at 25 �C for 30 min. The gas flow
was then switched to Ar, and the temperature of the solid was in-
creased to 30, 70, 100, 150, 200, 300 and 400 �C in Ar flow, while
DRIFTS spectra were recorded at each temperature. The DRIFTS
flow-cell used in the present work was operated in the differential
mode (30–35 mg of catalyst sample in fine powder form) without
any significant channeling effects. This was proved by checking the
CO conversion obtained in a typical WGS reaction experiment with
respect to that obtained after using the same amount of catalyst
and GHSV (h�1) as in the plug-flow type micro-reactor used for ki-
netic and catalyst performance studies described in what follows.

2.3. Steady-state WGS kinetic reaction rate and catalyst performance
measurements

Steady-state WGS kinetic reaction rate measurements were
conducted in the experimental set-up previously described in de-
tail [33] and using the Micro-reactivity Pro apparatus (ICP/CSIC,
Spain). The initial kinetic rate of reaction at a given temperature
was estimated from the slope of a XCO versus W/FCO� plot
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constructed after varying the amount of catalyst, W (g) and keep-
ing the GHSV (h�1) constant (200 N mL/min, dilution of catalyst
with SiO2) and the CO conversion in the 0 < XCO < 25% range for
the plug-flow type of the micro-reactor used [34]. Here, FCO� is
the feed molar flow rate (moles/s) of CO.

The performance of x wt.% Pt/CeO2 catalysts in terms of XCO(%)
versus the reaction temperature in the 200–450 �C range was eval-
uated using an amount of catalyst, W = 0.5 g in powder form
(0.1 < d < 0.2 mm) and a total volume flow rate, F = 200 N mL/min
corresponding to a GHSV of about 40,000 (L/Lcat/h). After 1 h on
reaction stream, where steady state in the reaction rate was
achieved, the catalyst temperature was stepwise increased to the
next temperature to be investigated. A stepwise decrease in reac-
tion temperature showed that no deactivation of catalyst occurred
during the 8-h period of catalytic measurements performed in the
200–450 �C range, as evidenced also by Pt dispersion measure-
ments. The reaction feed composition used in all kinetic and cata-
lyst performance studies consisted of 3 vol.% CO/10 vol.% H2O/
87 vol.% He. The effluent gas stream from the micro-reactor after
removing the water (Peltier Gas Cooler, model ECP1000, M&C
TechGroup) was directed to a mass spectrometer (Omnistar, Bal-
zer) for on line monitoring of H2, CO, and CO2 gases. The purity of
all gases (Linde Gas, Greece) used in the kinetic and catalyst perfor-
mance experiments (e.g., H2, He, CO, Ar) was higher than 99.95%.

External mass transport phenomena in the catalytic beds used
for kinetic and catalyst performance evaluation tests were checked
by varying the amount of catalyst and feed volume flow rate keep-
ing the same GHSV (h�1). For example, after using a catalyst bed of
0.5 g and a total flow rate of 200 N mL/min or 0.25 g and 100 N mL/
min, similar CO conversions within 5% were estimated.

2.4. SSITKA-mass spectrometry studies

The isotopes used in the SSITKA experiments were 13CO (99.9
atom% 13C, Spectra Gases) and deuterium oxide (D2O, 99.96 atom%
D, Aldrich). SSITKA experiments were performed using two HPLC
pumps (GILSON 307) for the addition of H2O and D2O to the reactor
feed stream in the apparatus described elsewhere [33]. The SSITKA
experiments performed in order to follow the ‘‘hydrogen-path’’ of
reaction involved the switch 3 vol.% CO/10 vol.% H2O/Ar/Kr (T,
30 min) ? 3 vol.% CO/10 vol.% D2O/Ar (T, t), while those to follow
the ‘‘carbon-path’’ of reaction involved the switch 3 vol.% 12CO/
10 vol.% H2O/Ar/He (T, 30 min) ? 3 vol.% 13CO/10 vol.% H2O/Ar (T,
t). The effluent wet gas stream of the reactor was passed through
a condenser (Peltier system of low volume), the exit of which
(dry gas) was directed to the mass spectrometer for on line record-
ing of the normal and isotope-containing (D, 13C) reactants and
products (e.g., H2, HD, D2, 12CO, 13CO, 12CO2, and 13CO2) [33]. More
details of the SSITKA experiments and the micro-reactor used were
previously reported [35–37]. It was estimated that the response
time, s (s) of the system used in SSITKA studies (switching val-
ve ? micro-reactor ? condenser ? mass spectrometer) is about
5 s based on the transient response curve of Ar to the switch
He ? 1 vol.% Ar/He [35]. The mass of Pt/CeO2 catalyst was adjusted
in every SSITKA experiment so as to keep the CO conversion below
15%. The total mass of the catalyst bed was 0.5 g (catalyst + SiO2 for
dilution).

2.5. SSITKA-DRIFTS studies

SSITKA-DRIFTS experiments were performed in a specially de-
signed gas flow-system where the response time of the DRIFTS
reactor cell (�35 mg Pt/CeO2) was about 5 s at a flow rate of
200 N mL/min [36]. Signal averaging was set to 50 scans per spec-
trum, and the spectra were collected in the 4000–500 cm�1 range
at the rate of 0.2 scans/s (MCT detector) and at a resolution of
2 cm�1. The background spectrum of the solid catalyst was taken
under 10 vol.% H2O/Ar flow at the desired reaction temperature.
The DRIFTS data are reported as log (1/R) (absorbance mode) using
the relationship, R = I/I0. Here, R is the catalyst sample reflectance,
I0 is the absorbance intensity of the solid itself, and I is the absor-
bance intensity of both the solid catalyst and the adsorbed species
under reaction conditions. The function log (1/R) was found to give
a better linear correlation of the integral band against surface cov-
erage than that given by the Kubelka–Munk function for strongly
absorbing media [38]. SSITKA-DRIFTS experiments with 13CO
(99.9 atom% 13C, Spectra Gases) involved the switch 3 vol.% 12CO/
10 vol.% H2O/Ar/He (T, 30 min) ? 3 vol.% 13CO/10 vol.% H2O/Ar (T,
t) at a total flow rate of 200 N mL/min which potentially allows
determining the chemical structure of the active intermediate
and spectator species of the WGS reaction.

2.6. In situ DRIFTS combined with kinetic analyses studies

In order to gather further experimental evidence whether linear
adsorbed CO and –COOH could be considered truly active adsorbed
reaction intermediates, additional transient experiments were per-
formed using the DRIFTS reactor cell. These included the following
gas switches (step change mode):

(a) 3 vol.% CO/10 vol.% H2O/He (T, 30 min) ? He (300 �C, t), and
(b) 3 vol.% CO/10 vol.% H2O/Ar/He (300 �C, 30 min) ? 10 vol.%

H2O/He (300 �C, t).

The aim was to describe the dynamic kinetics of desorption and
reaction of adsorbed CO and –COOH, the latter formed during the
WGS reaction, under the He and H2O/He gas atmospheres. The rate
constant (k, s�1) associated with –COOH reaction toward CO2 and
H2 under H2O/He flow (reflecting the WGS reaction, expt. (b)) is
compared to that of –COOH reaction (decomposition) in He flow
(expt. (a)).

2.7. 13CO transient isothermal isotopic exchange performed after WGS
followed by H2O reaction

A novel experiment was designed and performed which al-
lowed the measurement of the initial rate of reaction of adsorbed
formate and CO with water alone, where the surface concentra-
tions of the former species were established under steady-state
WGS reaction conditions. The experiment was as follows: after a
steady-state WGS reaction rate was reached on the catalyst sur-
face, the 3 vol.% 12CO/10 vol.% H2O/Ar feed stream was changed
(step change) to a 3 vol.% 13CO/Ar gas mixture for 3 min in order
to replace adsorbed 12CO with 13CO and leave on the catalyst sur-
face the non-exchangeable 12COOH (formate) species formed un-
der the WGS (12CO/H2O/Ar) reaction conditions. The feed was
subsequently changed to a 10 vol.% H2O/Ar gas, and at the same
time, the transient responses of 12CO2, 13CO2 and H2 were continu-
ously monitored by online mass spectrometer (Section 2.4). The ini-
tial transient rates of 12CO2 and 13CO2 formation are considered as
characteristic rates of the reaction of water with adsorbed 12COOH-
s and 13CO-s intermediates, and allow discriminating the prevail-
ing mechanism, e.g., ‘‘redox’’ versus ‘‘associative formate’’. The
shape of the 12CO2 and 13CO2 isotopic response curves obtained re-
flects the kinetics of reaction of adsorbed formate and CO with
water.

2.8. 18O/16O isotope exchange followed by WGS reaction

18O/16O isotopic exchange experiments were carried out in the
same apparatus used for SSITKA-mass spectrometry studies
(Section 2.4). The catalyst sample (0.3 g) was first pre-treated with
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5 vol.% 18O2/He (97% 18O, Marshall isotopes Ltd.) at 600 �C for
30 min, purged with He and cooled to 80 �C. The feed was then
switched to H2 (1 bar) at 80 �C for 20 min to reduce only PtOx to
Pto. Following this gas treatment, the catalyst was then heated
from 80 to 300 �C in Ar flow and then exposed to the WGS reaction
feed stream (3 vol.% CO/10 vol.% H2O/Ar; 200 N mL/min). The
18O/16O isotopic exchange was monitored with mass spectrometry
by recording the evolution of 16O2, 16O18O and 18O2 gaseous species
(m/z = 32, 34 and 36), while mass numbers (m/z) 2 (H2), 28 (C16O),
44 (C16O2), 46 (C16O18O) and 48 (C18O2) were continuously moni-
tored under the WGS reaction conditions.
3. Results and discussion

3.1. H2 temperature-programmed desorption (H2-TPD) studies

Hydrogen temperature-programmed desorption (H2-TPD) stud-
ies were conducted in order to investigate the effect of Pt particle
size on the interaction of H2 with the ceria-supported Pt surface
(adsorption states, binding energy, EPt–H), where the dispersion
(D, %) and the mean particle size (�dPt) of Pt metal can also be esti-
mated, and the obtained values were compared with those directly
obtained from HRTEM (see Section 3.2). Fig. 1 shows H2-TPD re-
sponse curves obtained over the fresh 0.6 wt.% Pt/CeO2 (Fig. 1a)
and 2.0 wt.% Pt/CeO2 (Fig. 1b) catalysts. The amount of H2 des-
orbed, NH (lmol H/g), the dispersion, D (%), the mean Pt particle
size, �dPt (nm), and the observed peak temperature maxima, TM

(�C) for all five ceria-supported Pt catalysts investigated are pro-
vided in Table 1. It is noted that the dispersion of Pt was based
Fig. 1. H2-TPD response curves obtained over (a) 0.6 wt.% Pt/CeO2 and (b) 2.0 wt.%
Pt/CeO2 catalysts after H2 chemisorption at 25 �C. The deconvolution of TPD
response curves is also shown. Experimental conditions: W = 0.5 g, b = 30 �C/min,
QHe = 30 N mL/min.
on the total amount of hydrogen desorbed, NH, and that no H2

adsorption was evidenced after performing a similar H2 chemi-
sorption/TPD experiment on CeO2 alone.

In the case of 0.6 wt.% Pt/CeO2 catalyst (Fig. 1a), two well-de-
fined desorption peaks are apparent with maxima at 93 (peak A)
and 286 �C (peak B), respectively, and a shoulder at the falling part
of peak B. After deconvolution and curve fitting procedures (Gauss-
ian peak shapes), the shoulder is due to a third hydrogen adsorp-
tion state (Fig. 1a, peak C, TM = 395 �C). Peak A is assigned to a
weakly adsorbed atomic hydrogen state on Pt, whereas peaks B
and C to strongly adsorbed states on Pt [39–41]. As it will be shown
in the following section, the H2 chemisorption/TPD methodology
provided hydrogen dispersions (H/Pts) and corresponding mean
Pt particle sizes similar within 10–20% to those estimated by
HRTEM direct measurements. Even though the amount of NH esti-
mated (Table 1) provides values of H/Pt lower than one, which sug-
gests that hydrogen spillover may not be of concern, the latter
phenomenon might be considered to take place only to a small ex-
tent given the good agreement between the H2 chemisorption and
HRTEM results.

In the case of 2.0 wt.% Pt/CeO2 catalyst (Fig. 1b), a largely differ-
ent H2-TPD profile is observed, where four hydrogen desorption
peaks were identified. The low-temperature peak (peak A,
TM = 71 �C) corresponds to a weakly bound atomic hydrogen (H)
state on Pt, while peaks B, C, and D (TM = 121, 196, and 336 �C,
respectively) to irreversibly adsorbed H states of higher binding
strength, EPt–H.

The HRTEM measurements performed on the present 0.6 and
2.0 wt.% Pt/CeO2 catalysts (Section 3.2) revealed a rather wide Pt
particle size distribution. This result should be related to the vari-
ous hydrogen adsorption states observed in the H2-TPDs (Fig. 1).
Collins and Spicer [42] have reported H2-TPD spectra on polycrys-
talline Pt, where desorption of hydrogen below 130 �C was attrib-
uted to adsorption on the terraces, whereas desorption above
130 �C to adsorption at steps. Given the rather wide Pt particle size
distribution seen in the present Pt/CeO2 catalysts, and the fact that
the distribution of Pt sites of different coordination number de-
pends on the Pt particle size [43,44], the observed adsorption
states of atomic hydrogen in the H2-TPDs (Fig. 1) are in line with
these observations. On the other hand, hydrogen adsorbed on Pt
sites located at the Pt–CeO2 interface may not be excluded [40].

Bernal et al. [39] reported H2-TPD traces on a 2.5 wt.% Pt/CeO2

catalyst after reduction of the latter in hydrogen at 500 �C. The ob-
tained hydrogen desorption profile is in very good agreement with
the present one reported in Fig. 1b, given the different heating rate
and carrier gas flow rate used (ca. 10 �C/min, 60 N mL/min) com-
pared to the ones used in the present work, and the expected effect
of these experimental parameters on the position and features of
TPD response [45,46]. It is also interesting to note that Zafiris
and Gorte [41] reported multiple hydrogen adsorption states on
Table 1
Amount of H2 desorbed (lmol H g�1), dispersion of Pt (D, %), and Pt mean particle size
(�dPt, nm) estimated from H2-TPD experiments on x wt.% Pt/CeJ2 (x = 0.1–2.0)
catalysts. The peak maximum desorption temperatures (TM) determined after
deconvolution and curve fitting of H2-TPD curves are also given.

Pt loading
(wt.%)

NH (lmol H g�1) D (%) �dPt (nm)a T1
M (�C) T2

M (�C) T3
M (�C)

0.1 4.3 84 1.3 98 222 336
0.3 9.5 61 1.8 115 289 378
0.6 11.3 37 3.0b 93 286 395
1.0 10.0 22 5.0b 120 205 307
2.0 13.8 13.7 8.0b 71 121, 196 336

a Use of the formula: �dPt (nm) = 1.1/D.
b The obtained values agree within 10–20% of the values determined from STEM

studies (mean Pt particle size based on the measured particle size distribution).



Fig. 2. STEM image (a) and Pt particle size distribution (b) obtained over a 2.0 wt.% Pt/CeO2 catalyst sample calcined at 500 �C in 20 vol.% O2/He and reduced in H2 at 300 �C.

C.M. Kalamaras et al. / Journal of Catalysis 279 (2011) 287–300 291
a 10-nm Pt particle supported on amorphous ceria film as opposed
to the case of 3-nm Pt size, in harmony with the present H2-TPDs of
Fig. 1.

It was reported [45,46] that readsorption effects in supported
metal catalysts during TPD are important and can influence signif-
icantly the appearance of peak maximum desorption temperature,
TM, for a 2nd order desorption kinetics (e.g., H2-TPD) but do not re-
sult in the formation of large shoulders or multiple peaks. There-
fore, the assignment of the deconvoluted TPD trace shown in
Fig. 1 into multiple states of hydrogen adsorption on Pt is
reasonable.
Fig. 3. In situ DRIFTS spectra recorded in the 2150–1800 cm�1 range after CO
chemisorption at 25 �C and TPD (up to 400 �C in Ar flow) over (a) 0.6 wt.% Pt/CeO2

and (b) 2.0 wt.% Pt/CeO2 catalysts.
3.2. HRTEM studies

Fig. 2a shows high angle annular dark field (HAADF) images
(STEM mode) obtained on the fresh (after calcination at 500 �C
and H2 reduction at 300 �C) 2 wt.% Pt/CeO2 catalyst. It is clearly
seen that practically hemispherical Pt particles are obtained which
were deposited on very crystalline CeO2 particles (50–400 nm).
Fig. 2b shows the corresponding Pt particle size distribution ob-
tained after counting about 300 particles, where a mean Pt particle
size of 8.4 (±3.8 nm) was estimated. Similar rather broad Pt particle
size distributions were obtained for the 0.6 and 1.0 wt.% Pt/CeO2

catalysts. Based on EDS analyses in the region on top of Pt particles,
no decoration effects of Pt by reducible CeOx species were seen in
agreement with HRTEM images reported elsewhere [39] for hydro-
gen reduction temperatures below 500 �C.

The results obtained from the STEM studies (Fig. 2) in terms of
the mean Pt particle size agree very well with the H2 chemisorp-
tion/TPD result reported and discussed previously (Fig. 1b). As re-
ported in Table 1, a mean Pt particle size of 8.0 nm was estimated
assuming spherical geometry, as proved to be the case by the STEM
studies (Fig. 2a). Overall, the STEM studies provided a Pt mean par-
ticle size within 10–20% of that estimated by the H2 chemisorp-
tion/TPD technique (Fig. 1).
3.3. DRIFTS studies on the interaction of CO with Pt/CeO2 catalysts

Fig. 3 presents DRIFTS-CO/TPD spectra recorded in the 2150–
1800 cm�1 range under Ar flow at various temperatures (30–
400 �C) following CO chemisorption (25 �C, 30 min) over the
0.6 wt.% Pt/CeO2 (Fig. 3a) and 2.0 wt.% Pt/CeO2 (Fig. 3b) catalysts.
Similar spectra to those reported in Fig. 3a were recorded on the
0.1 wt.% Pt/CeO2 catalyst, where no important differences had been
observed. As shown in Fig. 3a, at desorption temperatures below
150 �C a well-defined infrared band (peak A) and a shoulder (peak
B) in the 2120–1980 cm�1 range were identified, the latter emerg-
ing as a clear IR band at desorption temperatures larger than
150 �C. These two IR bands correspond to high-frequency (HF)
and low-frequency (LF) linear adsorbed CO on Pt reflecting a distri-
bution in CO adsorption sites on the Pt surface, in harmony with
the broad Pt particle size distribution observed (see Section 3.2).
For the largest Pt mean particle size of 8.0 nm (2.0 wt.% Pt/CeO2),
only the HF-linear adsorbed CO is observed (peak A, Fig. 3b). The
presence of adsorbed bridged CO on Pt also appeared in the
1880–1810 cm�1 range (peak C, inset spectrum, Fig. 3a and b). As
will be shown later on in Section 3.5.2, the LF-linear adsorbed CO
was the only species populated under WGS reaction at 300 �C.



Fig. 4. Effect of platinum loading (0–2.0 wt.% Pt) on the conversion of CO as a
function of WGS reaction temperature obtained over ceria-supported Pt catalysts.
The CO conversion (Xeq) versus temperature profile for equilibrium conditions
(yf

CO = 0.03 and yf
H2 O = 0.1) is also shown. Experiments were performed with

constant W/F = 0.0025 g min/cm3.
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The assignment of the various kinds of adsorbed CO was based on
well-documented literature data [47–57].

The stepwise increase in desorption temperature from 25 to
400 �C in Ar flow which resulted in the progressive decrease in
the integral and infrared band intensity associated with linear CO
(peaks A and B) and bridge-bonded CO on Pt (peak C, Fig. 3) is in
harmony with the CO-TPDs (see Appendix A: Supplementary mate-
rial), where dissociation and oxidation reactions of adsorbed CO on
Pt took place up to 300 �C, resulting in two CO2 desorption peaks.
Fig. 3a indicates that the HF-linear adsorbed CO (peak A) disap-
pears above 300 �C, whereas the LF-linear CO appears more
thermally stable and disappears above 400 �C. The absence of a
LF-linear CO in Fig. 3b reflects stronger C–O bond, consistent with
a weaker Pt–CO bond over the 2.0 wt.% Pt/CeO2 compared with
0.6 wt.% Pt/CeO2 catalyst. This result strongly suggests the influ-
ence of Pt particle size on the chemisorptive properties of CO, as
evidenced also by the CO-TPD and H2-TPD profiles (Fig. 1) ob-
tained. These remarks are in good agreement with the early work
by Zafiris and Gorte [41] who found that the high-temperature
desorption state of CO was larger in population on the smaller than
the larger Pt crystallites, in harmony with the concept that small
metal particles have a larger percentage of lower coordination Pt
atoms than large metal particles.

The progressive decrease in the IR intensity of integral band
(Fig. 3a) is accompanied by a red shift of the 2068 cm�1 (LF-linear
CO) and 1869 cm�1 (bridged CO) IR bands to 2032 cm�1 and
1863 cm�1, respectively, which is consistent with a decrease in
dipole–dipole coupling between adsorbed CO species due to the
decrease in surface coverage [53,58]. A similar effect was also
observed in the case of 2.0 wt.% Pt/CeO2 catalyst (Fig. 3b). It was
shown [58] that chemisorption of an electron donor compound
on Pt results also in a substantial decrease in the m(CO) frequency
due to an electron transfer toward platinum, the result of which
is an increase in back-donation of metal electron density into the
2p� antibonding orbital of adsorbed CO. Such an electron donor
species for the present case could be considered that of ‘‘carbon’’
formed by CO disproportionation during TPD. As pointed out by
Collins and Spicer [42], a build-up of carbon by disproportionation
of CO on bare Pt surfaces occurs to a very limited extent.

3.4. Catalytic activity and kinetic rate measurements on
Pt/CeO2 – effect of Pt particle size
Fig. 5. Plots of CO conversion (XCO) versus W=Fo
CO for the estimation of kinetic initial

rate of WGS reaction at 275 �C over the 0.6 and 2.0 wt.% Pt/CeO2 catalysts.
3.4.1. Catalytic activity performance studies
The effect of Pt loading (x wt.%) or equivalently of Pt mean par-

ticle size (dPt, nm) and dispersion (D, %) on the catalytic perfor-
mance in terms of CO conversion of Pt/CeO2 solids toward the
WGS reaction is presented in Fig. 4. The conversion of carbon mon-
oxide is given by:

XCOð%Þ ¼ ðF in
CO � Fout

CO Þ=F in
CO � 100 ð1Þ

where Fin
CO and Fout

CO are the molar flow rates (moles/min) of CO at the
reactor inlet and outlet, respectively. Nhe CO conversion versus
temperature profile at thermodynamic equilibrium conditions is
also given (Xeq, Fig. 4). This curve was derived using the tempera-
ture-dependent equilibrium constant relationship and appropriate
mass balances [37]. This curve shows that below 200 �C full CO con-
version is achieved, whereas a decrease in CO conversion by 6.5%
units is noticed at 450 �C.

It is observed that ceria alone is practically inactive in the 200–
400 �C range (Fig. 4). Addition of a small amount of Pt (e.g.,
0.1 wt.%) on ceria results in a significant increase in WGS activity.
A progressive shift in the CO conversion vs. temperature profile to-
ward lower reaction temperatures is clearly observed by increasing
Pt loading in the 0.1–2.0 wt.% range (Fig. 4). For example, a CO con-
version value of 45% is obtained at 300 �C using 2.0 wt.% Pt com-
pared to 325 �C after using 0.1 wt.% Pt. On the other hand, at
300 �C the CO conversion is increased by a factor of 2.2 after
increasing the Pt loading from 0.1 to 2.0 wt.%. As will be illustrated
below, the progressive increase in CO conversion or the equivalent
integral reaction rate with increasing Pt loading can be understood
by the progressive increase in the specific kinetic reaction rate per
length of perimeter of the Pt–CeO2 interface (lmol CO cm�1 s�1)
with increasing Pt loading or equivalently of Pt particle size
(Table 1). Similar results to those of Fig. 4 were obtained by Jacobs
et al. [18] who concluded that higher Pt loadings enhance partial
reduction of ceria at low temperatures (H2-TPR studies), and as a
result of this higher active site densities of bridging OH groups
associated with Ce3+ are obtained. It should be noted that at
450 �C (Fig. 4), the experimentally obtained CO conversion deviates
by about 5% from the corresponding equilibrium value, a result
which is within the experimental error of measurements.
3.4.2. Kinetic rate measurements of WGS reaction
Fig. 5 presents linear plots of XCO (fractional conversion) versus

the quantity W=Fo
CO (g s lmol�1) at 275 �C for two ceria-supported

Pt catalysts (0.6 and 2.0 wt.% Pt), where the initial kinetic rate can
be obtained directly from the slope of this linear relationship for
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the plug-flow type of micro-reactor used [34]. Similar linear plots
(0.97 < R2 < 0.99) were obtained for the other ceria-supported Pt
catalysts and reaction temperatures of 250 and 300 �C
investigated.

In order to check whether external mass transport resistances
were present under the conditions of the kinetic reaction rate mea-
surements performed (Fig. 5), two sets of W(g) and F (NmL/min)
experimental parameters were used keeping their ratio constant.
It was found that at 300 �C and for the 1.0 wt.% Pt/CeO2 catalyst,
the XCO was 39% and 41%, respectively, after using the W/F =
0.5 g/200 N mL/min and 0.25 g/100 N mL/min values. This result
proves that up to 300 �C, external mass transfer was practically ab-
sent for the kinetic studies performed. The absence of internal
mass and heat transport resistances within the catalyst particle’s
pore system was also checked and results are provided in Appen-
dix A: Supplementary material section. It was found that all kinetic
Fig. 6. Effect of mean Pt particle size (dPt) on the specific kinetic rate of WGS
reaction in terms of turnover frequency (TOFCO, s�1) based on the Pt exposed
surface atoms (a), and on the length of perimeter of Pt–ceria interface (cm/g), RCO

(lmol cm�1 s�1) (b) at 250, 275, and 300 �C.

Table 2
Amount (lmol g�1), number density (atoms g�1 � 1018), and surface coverage (h) of active ‘
mechanism of the WGS reaction at 300 �C over x wt.% Pt/CeO2 catalysts (x = 0.1, 0.6, and
interface (cm/gcat) and active oxygen site density (atoms g�1 � 1018) along the periphery

Pt loading (wt.%) H-pool (lmol g�1) or
(atoms g�1) � 1018

C-pool (lmol g�1) or
(atoms g�1) � 1018

0.1 2.6/1.6 (0.6)a 0.7/0.4(0.15)b

0.6 8.6/5.2 (0.75)a 1.9/1.1 (0.17)b

2.0 3.5/2.1 (0.25)a 0.5/0.3 (0.03)b

a Number in parenthesis represents the amount of ‘‘H-pool’’ in equivalent monolayer
b Number in parenthesis represents the amount of ‘‘C-pool’’ in equivalent monolayers
rate measurements were not influenced by internal mass and heat
transport resistances. Negligible temperature difference was also
estimated between the measured gas phase temperature and that
at the surface of the catalyst particle.

Fig. 6a and b presents the dependence of intrinsic kinetic rate
(Fig. 5) of the WGS reaction at T = 250, 275, and 300 �C on the mean
Pt particle size, when the kinetic rate is based on the Pt exposed
surface area, TOF (s�1), and on the length of the perimeter of the
Pt–ceria interface (lmols cm�1 s�1), respectively. For each Pt/
CeO2 catalyst, the length of the perimeter of Pt–ceria interface, I0

(cm/g) was estimated considering that for each Pt nanoparticle
(Fig. 2a) a circular geometry for the interface applies, and account-
ing for the Pt loading and the corresponding mean particle size (Ta-
ble 1), and using a Pt density, q = 21.3 g/cm3. Values of I0 for three
of the present Pt/CeO2 catalysts are reported in Table 2. It is clearly
observed that the TOF (s�1) is rather insensitive to the Pt particle
size. More precisely, differences in TOF of less than 20% were esti-
mated at T = 275 and 300 �C, and only an increase of TOF by a factor
of 2 was obtained in the case of 1.3 and 8.0 nm Pt particle size at
the lowest temperature of 250 �C. These results are in very good
agreement with results reported on the same Pt/CeO2 catalytic sys-
tem (2.0–9.0 nm Pt) for the WGS reaction (see Fig. 3, Ref. [59]). The
authors [59] have also reported that the activity of Pt/CeO2 was not
dependent on the structural and morphological characteristics of
ceria support. Based on the TOF results obtained in the 225–
300 �C range, an apparent activation energy, Eapp, in the 14.5–
16.5 (±1) kcal mol�1 range was estimated for Pt particle sizes in
the 1.3–8.0 nm range. This result is in harmony with the works
by Panagiotopoulou et al. [59,60] who used a similar ceria support
(Eapp = 18 kcal mol�1).

In the case where the specific kinetic rate is estimated based on
the periphery of Pt–CeO2 interface, I0 (cm/g), a linear correlation
with the Pt particle size is obtained (Fig. 6b). Considering the fact
that the number density (atoms/cm) of oxygen sites along the
periphery of a Pt nanoparticle is dependent of Pt particle size, then
obviously the same linear correlation as that shown in Fig. 6b will
be obtained for the specific rate expressed per site located at the
periphery of Pt–CeO2 interface. Therefore, the differences by a fac-
tor of 3.3 in the specific reaction rates obtained at 300 �C (Fig. 6b)
between the 1.3 and 8.0-nm Pt particle sizes cannot be accounted
for exclusively by their difference in I0 (cm/g) (see Table 2). It is
therefore suggested that active sites along the Pt–ceria interface
should possess different intrinsic site reactivity depending on the
Pt particle size. As will be discussed next, the chemical structure
of such sites is Pt–O–Ce and Ce3+–h–Ce3+. Thus, it is conceivable
that as the Pt particle size decreases, the presence of Pt atoms with
lower coordination, and thus local electron density, will be differ-
ent. Given the fact that electron transfer between adjacent oxygen
(support) and Pt atoms is expected [61], the reactivity of oxygen
atoms of support will then be influenced by the size of the Pt nano-
particles. It is important to note that the small difference by 1–
2 kcal/mol obtained in the Eapp of the reaction between the small
(1.3 nm) and large (8.0 nm) Pt particle sizes results in an increase
‘hydrogen-containing’’ (H-pool) and ‘‘carbon-containing’’ (C-pool) species found in the
2.0) measured by SSITKA-mass spectrometry. The estimated total length of Pt–CeO2

of hemispherical Pt crystallites are also given.

Total specific length of Pt–CeO2

interface, I0 (cm/g)
Estimated active oxygen sites
density in I0 (atoms g�1) � 1018

3.2 � 1010 0.85
3.8 � 1010 1.0
1.7 � 1010 0.44

s (h) based on the Pt surface area.
(h) based on the Pt surface area.
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of the exponential factor associated with kapp at 300 �C by a factor
between 2.4 and 5.8, the result that could explain satisfactorily the
observed specific kinetic rates shown in Fig. 6b. Furthermore, the
number density of the active sites previously mentioned is ex-
pected to be controlled by the extent of charge transfer between
Pt and O atoms within a narrow zone around the periphery of
Pt–ceria interface, parameter that could also be used to explain
the kinetic results shown in Fig. 6b.

A recent work on CO oxidation [62] on CuO/CeO2 catalytic sys-
tems presented linear relationships between TOF (s�1) and particle
size of supported CuO on CeO2, where the TOF was estimated based
on the site density on the periphery of the CuO–CeO2 interface,
which is proved to be proportional to the size of the supported
CuO crystallites. Thus, the authors concluded that a simple expla-
nation for the linear relationship obtained between TOFCO (s�1)
and dCuO (nm) was the higher CO adsorption density on a larger
CuO crystallite. This explanation implies also that the chemical
step of chemisorbed CO reacting with active oxygen of ceria sup-
port is a rate-determining step.

3.5. Mechanistic aspects of the WGS reaction on Pt/CeO2
Fig. 7. SSITKA-mass spectrometry experiments performed in order to estimate the
active (a) ‘‘hydrogen-containing’’ (H-pool) and (b) ‘‘carbon-containing’’ (C-pool)
reaction intermediates found in the WGS reaction path on 0.1 wt.% Pt/CeO2 catalyst
at 300 �C. Gas delivery sequence: (a) 3 vol.% CO/10 vol.% H2O/Ar/Kr (30 min) ? 3
vol.% CO/10 vol.% D2O/Ar (t) and (b) 3 vol.% 12CO/10 vol.% H2O/Ar/He (30 min) ? 3
vol.% 13CO/10 vol.% H2O/Ar (t).
3.5.1. SSITKA-mass spectrometry
Fig. 7a presents transient concentration response curves of H2,

HD, D2, and Kr obtained after the isotopic switch 3 vol.% CO/
10 vol.% H2O/Ar/Kr (300 �C, 30 min) ? 3 vol.% CO/10 vol.% D2O/Ar
(300 �C, t) was made over the 0.1 wt.% Pt/CeO2 catalyst. The con-
centration (lmol g�1) of active ‘‘H-containing’’ reaction intermedi-
ates, named ‘‘H-pool’’, is estimated based on the transient response
curves of H2, HD and Kr as described in Appendix A: Supplemen-
tary material section and previously reported [36,37], and the ob-
tained results are given in Table 2 for the 0.1, 0.6, and 2.0 wt.% Pt/
CeO2 catalysts. The equivalent amount of ‘‘H-pool’’ in terms of sur-
face Pt monolayers (h) is also provided in Table 2 (numbers in
parentheses).

Fig. 7b presents similar dimensionless gas phase transient con-
centration (Z) response curves for 12CO2, 13CO2, and He obtained
after the isotopic switch 3 vol.% 12CO/10 vol.% H2O/Ar/He (300 �C,
30 min) ? 3 vol.% 13CO/10 vol.% H2O/Ar (300 �C, t) was made. The
concentration of active ‘‘carbon-containing’’ reaction intermedi-
ates, named ‘‘C-pool’’ which are found in the ‘‘carbon-path’’ of
the WGS reaction was estimated based on the 12CO2 and He re-
sponse curves as described in Appendix A: Supplementary material
section and previously reported [37], and results are given in Table
2. No 13C-isotopic kinetic effect was observed since the steady-
state rates of 12CO2 and 13CO2 under the non-isotopic and isotopic
CO/H2O gas mixtures were the same. The position of the 12CO2ðgÞ
and 13CO2ðgÞ transient response curves in time under the
13CO=H2O switch must be such that the sum of the concentrations
of 12CO2 and 13CO2 are equal to the steady-state concentration va-
lue of 12CO2 obtained under the 12CO=H2O gas treatment. This
means that in terms of the dimensionless concentration Z
(Fig. 7b), the sum of Z(12CO2) and Z(13CO2) must be equal to 1.0
at any time during the transient. The latter important criterion of
the SSITKA experiment was fully satisfied (Fig. 7b). In fact, the
two transient response curves cross each other at Z = 0.49 instead
of 0.5 (�2% experimental error).

In an effort to check whether the concentration (lmol g�1) of
active ‘‘hydrogen-containing’’ reaction intermediates estimated
from the SSITKA-mass spectrometry experiments (Fig. 7a, Table
2) can be justified as formed along the metal–support interface,
the number density (atoms g�1) of oxygen sites along the periph-
ery of Pt–CeO2 interface was estimated and reported in Table 2, last
column. In these calculations, a distance of 3.8 Å between two
adjacent oxygen atoms of ceria support [63] each one accommo-
dating a reaction intermediate species, as will be discussed next,
was considered. The chemical nature of likely active ‘‘hydrogen-
containing’’ intermediates is considered to be that of labile hydro-
xyl groups, –OH, and/or H species attached on surface On� of ceria
support and/or adsorbed on the Pt surface, and formate species, –
COOH. The latter was identified by SSITKA-DRIFTS and other exper-
iments to be presented and discussed in the next section. Accord-
ing to Jacobs et al. [18–20,64–68], the active –OH groups are
classified as type-II bridging, geminal, or terminal –OH groups
formed on partially reduced ceria. They proposed that their forma-
tion arises either from hydrogen dissociation on the metal followed
by spillover of the thus formed H species to the ceria support sur-
face to generate bridging –OH groups, accompanied by a change in
the oxidation state of Ce (Ce4+ to Ce3+), or removal of surface cap-
ping oxygen atoms of ceria by H2 or CO to generate oxygen vacan-
cies (Ce3+ sites). On the latter sites, H2O dissociation occurs,
resulting in the formation of bridging –OH groups active in the
WGS reaction [9,11–13,64,67,69,70].

As seen in Table 2, the experimentally measured concentration
of ‘‘C-pool’’ (atoms g�1) in the 0.6 and 2.0 wt.% Pt/CeO2 catalysts is
similar to the theoretically estimated one, while it is half of that for
the 0.1 wt.% Pt/CeO2 catalyst. As will be discussed in the next sec-
tion, the ‘‘C-pool’’ comprises of adsorbed formate (–COOH) and CO
species, both associated with chemical bonding with a support



Fig. 8. In situ DRIFTS spectra recorded in the (a) 3000–2750 cm�1, (b) 2100–
1850 cm�1, and (c) 1650–1250 cm�1 range over 0.1 wt.% Pt/CeO2 under SSITKA
WGS reaction conditions at 300 �C in 3 vol.% 12CO/10 vol.% H2O/Ar/He (solid
spectra) and 3 vol.% 13CO/10 vol.% H2O/Ar (dashed spectra) feed gas mixtures.
Deconvolution and curve fitting of recorded IR spectra (c) are also shown.
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oxygen, and the CO-adsorbed species with a Pt surface atom as
well (see Section 3.7). Therefore, it can be concluded that it is jus-
tifiable to consider that active formate species reside along the
periphery of Pt–ceria interface and on sites next to it.

Regarding now the size of the ‘‘H-pool’’ (atoms g�1) on the
0.1 wt.% Pt/CeO2 catalyst, it is twice the theoretically estimated
number of sites, while in the case of 0.6 and 2.0 wt.% Pt/CeO2 cat-
alysts, the experimentally measured concentration of ‘‘H-pool’’ is
5.2 and 4.8 times larger, respectively, than the theoretically esti-
mated values (Table 2). This important result implies that the ac-
tive OH/H species participating in the ‘‘hydrogen-path’’ of the
WGS reaction reside within a zone from the Pt–ceria interface. This
important conclusion finds support from previous observations
made on the Pt/c-Al2O3 [36,37], Au/CeO2 [71,72], and Pt/CeO2

[73] catalysts for the presence of a reactive and a non-reactive zone
around the metal particle under steady-state WGS reaction condi-
tions, where active species (e.g., –OH and –COOH) must diffuse to-
ward the metal–support interface, where metal sites are required
for the formation of reaction products (e.g., formate decomposi-
tion, di-hydrogen formation). It is interesting to note that a large
increase in ‘‘H-pool’’ and ‘‘C-pool’’ occurs when increasing the Pt
loading from 0.1 to 0.6 wt.%, whereas a corresponding large de-
crease occurs by further increasing Pt loading (Table 2). Jacobs
et al. [18] reported a monotonic decease of hCOOH with increasing
Pt loading (0.5–5.0 wt.%) on Pt/CeO2 for the WGS at 250 �C, in
agreement with the present results (‘‘C-pool’’, Table 2). The authors
explained this behavior as due to the increased reaction rate per
gram basis by increasing Pt loading, as discussed before; therefore,
formate (active intermediate) surface coverage is expected to
decrease.

Based on the SSITKA-MS results presented in Fig. 7a, the rate of
H2(g) formation appears to be larger than that of D2(g) by a factor
of about 2.2. This result implies the existence of a normal kinetic
isotopic effect (NKIE), where an elementary reaction step associ-
ated with the breaking/formation of a chemical bond that involves
H can be considered as rate-determining step. As will be presented
and discussed below (Section 3.5.4), the ‘‘redox’’ mechanism lar-
gely predominates over the ‘‘associative formate with –OH group
regeneration’’ mechanism for the present Pt/CeO2 catalysts at
300 �C. Therefore, it is suggested that O–H bond breaking produc-
ing mobile H species and/or water dissociation on surface oxygen
vacant sites of ceria must be considered as the main rate-determin-
ing elementary reaction steps. On the other hand, C–H bond break-
ing in the formate species, which is a minor intermediate, can be
considered as a rate-limiting step in the respective ‘‘associative for-
mate with –OH group regeneration’’ reaction path [74].

3.5.2. SSITKA-DRIFTS
In situ DRIFTS spectra recorded in the 3000–1250 cm�1 range on

the 0.1 wt.% Pt/CeO2 catalyst during SSITKA-DRIFTS studies of the
WGS reaction at 300 �C are presented in Fig. 8. The 3000–
2750 cm�1 range (Fig. 8a) corresponds to vibrational modes of ad-
sorbed formate, –COOH (mCH and dCH + mOCOasym), the 2100–
1850 cm�1 range (Fig. 8b) to adsorbed CO on Pt [60,66,75–78],
and the 1650–1250 cm�1 range (Fig. 8c) to the O–C–O stretching
vibrational mode of formate, carbonate or carboxylate species
[18,64,66–70,73]. The various infrared bands observed in Fig. 8c
under the 12CO/H2O (solid line spectra) and 13CO=H2O (dashed line
spectra) feed gas streams were obtained following appropriate
deconvolution and curve fitting procedures [32,36]. In Fig. 8b (solid
line spectrum), the strong infrared band centered at 2060 (band 1)
and the very weak one at 1966 cm�1 (band 2) correspond to two
kinds of linear adsorbed CO on Pt [60,66,75–78]. These two IR
bands gave the red isotopic shift. The IR bands recorded at 1577
(band 1) and 1375 cm�1 (band 4) under the 12CO=H2O gas mixture
are assigned to OCOas and OCOs vibrational modes of formate,
whereas the IR bands centered at 1530 (band 2) and 1470 cm�1

(band 3) to carboxylates and unidentate carbonates, respectively
(Fig. 8c). The IR bands centered at 2948 and 2847 cm�1 (Fig. 8a, so-
lid line spectrum) are due to mCH and dCH + mOCOas vibrational
modes of adsorbed –COOH on CeO2 [18,64,66–70,73].

After the new steady state under the isotopic gas mixture of
13CO=H2O was reached (Fig. 8a–c, dashed line spectra), all the ob-
served IR bands under the 12CO=H2O gave the red isotopic shift
upon replacing the 12C with 13C in the ‘‘carbon-path’’ of the WGS
reaction. In situ SSITKA-DRIFTS spectra were also recorded over
the 0.6 and 2.0 wt.% Pt/CeO2 catalysts, where no additional IR
bands that could be assigned to different adsorbed species except
those observed over the 0.1 wt.% Pt/CeO2 catalyst (Fig. 8) were
noticed.

The above-described SSITKA-DRIFTS experimental results could
lead to the conclusion that at least one of the formate, carbonate, or



Fig. 9. In situ DRIFTS spectra recorded during the switch 3 vol.% CO/10 vol.% H2O/He
(300 �C, 30 min) ? 10 vol.% H2O/He (300 �C, t) for t = 0–230 s in the (a) 2100–
2030 cm�1 and (b) 3000–2750 cm�1 range over the 0.6 wt.% Pt/CeO2 catalyst.
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carboxylate adsorbed species formed at the metal–support inter-
face as discussed before are found in the ‘‘carbon-path’’ of the
WGS reaction; all these species provided the red isotopic shift. Ad-
sorbed CO should be considered as a precursor intermediate for the
formation of formate, carbonate, or carboxylate, and therefore, at
least one of the observed linear adsorbed CO on platinum
(Fig. 8b) must be considered as an active reaction intermediate.
Considering that formate species could potentially be a true active
intermediate, as it could first be suggested by SSITKA-DRIFTS
(Fig. 8a), we have previously reported [36] that if the following ele-
mentary reaction step:

CO-s1 þ OH-s2 $ COOH-s1; s2 ð2Þ

is considered to be a reversible one, and considering that formate
species do not further react to produce CO2 and H2 (inactive or spec-
tator), then during the 13CO=H2O switch formate is expected to be
labeled as 13COOH, thus a red isotopic shift would be recorded, as
it was observed (Fig. 8a and c); in Eq. (2) s1 is a Pt site at the me-
tal–support interface, and s2 is an adjacent surface lattice oxygen
atom to the surface Pt atom, the former accommodating an H atom
(–OH group). Therefore, based only on the SSITKA results, one can-
not conclusively decide whether formate could be considered as a
true active intermediate.

Meunier et al. [72] were the first to determine the surface con-
centration (lmol/g) of formate species formed under WGS reaction
conditions over Au/Ce(La)O2 in the 155–200 �C range, which al-
lowed them to model the SSITKA exchange curve of formate from
which the rate constant (k, s�1) of its decomposition reaction to-
ward CO2 formation was determined, and thus the rate under
WGS reaction conditions could be calculated. The latter was com-
pared to the overall WGS reaction rate, which was found to be
small enough. Thus, formate was excluded from being a major
reaction intermediate. In the following sections, we demonstrate
that even though the decomposition reaction of formate toward
CO2(g) and H-s1 formation is largely enhanced in the presence of
water atmosphere, when compared to that under He, this decom-
position rate is significantly smaller than the rate of reaction of ad-
sorbed CO with water via a ‘‘redox’’ mechanism. This was made
possible by the design of a novel transient isotopic experiment to
be presented in Section 3.5.4.

3.5.3. Transient kinetic DRIFTS experiments
Fig. 9a and b presents DRIFTS spectra in the 2100–2030 and

3000–2750 cm�1 range, respectively, recorded under H2O/He fol-
lowing the switch 3 vol.% CO/10 vol.% H2O/He (300 �C,
30 min) ? 10 vol.% H2O/He (300 �C, t). It is clearly seen that the
integral band intensity progressively decreases with time on
stream in H2O/He for both adsorbed formate and linear CO species.
It should be noted that during the H2O/He treatment of the cata-
lyst, the gas effluent from the DRIFTS cell was also connected to
the mass spectrometer, where production of CO, CO2, and H2 was
noticed. On the other hand, following the switch CO/H2O
(WGS) ? He (t) (see Section 2.6), the mass spectrometry analysis
of the exit gas stream from the DRIFTS cell revealed only the for-
mation of CO, where the rate of decrease in the IR band intensities
of both formate and linear CO was smaller (not shown) compared
to the previous case (Fig. 9).

3.5.3.1. CO/H2O ? He (t) switch. Based on the above-mentioned
results, it is considered that adsorbed linear CO formed during
the WGS reaction follows a first-order desorption kinetics, and
dissociation of adsorbed COOH-s1,s2 into CO(g) and OH-s2 can
also be described by a first-order kinetics. The following elemen-
tary reaction steps and material balance equations can then be
written:
CO balance:

CO-s1 ! COðgÞ þ s1 ðkCO
desÞ ð3Þ

dhCO=dt ¼ �kCO
deshCO ð4Þ

Formate balance:

COOH-s1; s2 ! COðgÞ þ OH-s2 ðkCOOH
dis Þ ð5Þ

dhCOOH=dt ¼ �kCOOH
dis hCOOH ð6Þ

where: kCOOH
dis is the dissociation rate constant of formate into CO(g)

and OH-s2, and kCO
des is the desorption rate constant of adsorbed CO.

3.5.3.2. CO/H2O ? H2O/He (t) switch. It is considered that under the
H2O/He treatment, adsorbed CO can undergo simultaneously
desorption and reaction (WGS), whereas adsorbed formate can un-
dergo dissociation into CO-s1 and OH-s2 and reaction into CO2(g)
and H-s1 described by Eq. (9) with the same kinetics as under
the WGS reaction conditions:

CO-s1 þ OH-s2 ! COOH-s1; s2 ðk1Þ ð7Þ

COOH-s1; s2 ! CO-s1 þ OH-s2 ðk2Þ ð8Þ

COOH-s1; s2 ! CO2ðgÞ þH-s1 ðk3Þ ð9Þ

where k1 and k2 are the rate constants, respectively, of the forward
and backward elementary steps of formate formation and decom-
position, Eqs. (7) and (8), respectively, while k3 is the rate constant
of formate decomposition into CO2(g) and H-s1 (Eq. (9)). The follow-
ing material balance equations then apply:



Fig. 10. Kinetic analysis of the DRIFTS spectra associated with linear CO and
formate species recorded during the switch: (a) 3 vol.% CO/10 vol.% H2O/He (30 min,
300 �C) ? He (300 �C, t), and (b) 3 vol.% CO/10 vol.% H2O/He (30 min, 300 �C) ?
10 vol.% H2O/He (300 �C, t) over the 0.6 wt.% Pt/CeO2 catalyst according to what
described in Section 3.6.3. Line slopes: -s-: k2; -d-: kCO

des; -j-: kdesCOþ k1hOH; -h-:
k2 + k3.

Fig. 11. (a) Transient response curves of H2, 12CO2, and 13CO2 obtained on the
0.6 wt.% Pt/CeO2 catalyst at 300 �C according to the following gas delivery: 3 vol.%
12CO/10 vol.% H2O/Ar (300 �C, 30 min) ? 3 vol.% 13CO/Ar (300 �C, 3 min) ? 10 vol.%
H2O/Ar (300 �C, t). (b) Transient response curves of H2, 12CO2, and 13CO2 obtained on
the 0.6 wt.%Pt/CeO2 catalyst at 300 �C according to the following gas delivery:
900 ppm 12CO2/Ar (300 �C, 20 min) ? 3 vol.% 13CO/Ar (300 �C, 3 min) ? 10 vol.%
H2O/Ar (300 �C, t).

C.M. Kalamaras et al. / Journal of Catalysis 279 (2011) 287–300 297
CO-s1 balance:

�dhCO-s1=dt ¼ kCO
deshCO-s1 þ k1hOH-s2 hCO-s1 � k2hCOOH-s1 ;s2 ð10Þ

Adsorbed formate balance:

�dhCOOH=dt ¼ k3hCOOH-s1 ;s2 þ k2hCOOH-s1 ;s2 � k1hOH-s2 hCO-s1 ð11Þ

We consider here that under the H2O/He switch, the rate of for-
mate dissociation into CO2(g) and H-s1 is significantly larger than
the rate of its formation (no CO present in the gas phase) and dis-
sociation into CO-s1 and OH-s2. Therefore, the last term of the
right-hand side of Eqs. (10) and (11) could be neglected. After solv-
ing the first-order linear differential Eqs. (4), (6), (10), and (11), the
following relationships can be obtained:

(a) CO/H2O ? He (t) gas switch:

ln
A½hCOðtÞ�

A½hCOðt ¼ 0Þ� ¼ �kCO
des � t ð12Þ

ln
A½hCOOHðtÞ�

A½hCOOHðt ¼ 0Þ� ¼ �kCOOH
dis � t ð13Þ

(b) CO/H2O ? Y2J/He (t) gas switch:

ln
A½hCOðtÞ�

A½hCOðt ¼ 0Þ� ¼ �k�CO � t ðk�CO ¼ kCO
des þ k1hOH-s2 Þ ð14Þ

ln
A½hCOOHðtÞ�

A½hCOOHðt ¼ 0Þ� ¼ �k�COOH � t ðk�COOH ¼ k3 þ k2Þ ð15Þ

where At = A[hi(t)] is the integral absorption intensity corresponding
to the concentration of linear adsorbed CO or formate at a given
time t of reaction during the switch CO/H2O ? He (t) or CO/
H2O ? Y2J/He (t), and A0 = A[hi(t = 0)] is the corresponding integral
absorption intensity at t = 0 (before the switch). In Eq. (10), it is con-
sidered that under the H2O/He gas treatment of the catalyst, the
concentration of OH groups remains constant. Also, Eq. (5) is not
an independent chemical equation since it is the combination of
Eqs. (3) and (8). Thus, in Eq. (13), one should substitute kCOOH

dis with
k2.

Fig. 10 presents plots of the left-hand side of relationships (12)–
(15) versus time based on DRIFTS measurements obtained during
the two gas switches previously described. Based on the slopes of
the straight-lines obtained, the rate constants k2, kCO

des and k3 at
300 �C were estimated. These values are found to be 1.8 � 10�3,
4.0 � 10�3, and 2.1�10�2 s�1, respectively. This result illustrates
that COOH-s1,s2 species formed under the WGS reaction conditions
are about ten times more active when a 10%H2O/He gas mixture is
passed over the catalyst than pure He. It is also seen that k3� k2

under the WGS reaction conditions since formation of OH-s1 is ex-
pected to be dominated rather by the water dissociative chemi-
sorption step on ceria (see Section 3.7) than by formate
dissociation (Eq. (8)). Shido and Iwasawa [21] reported a ratio of
k3/kCOOH

dis = 100 at 170 �C on Rh/CeO2, whereas Jacobs and Davis
[73] reported that co-adsorbed H2O accelerated the rate of formate
decomposition toward dehydrogenation than dehydration reaction
over M/CeO2 catalysts. These findings are in harmony with the re-
sults shown in Fig. 10 described above.

3.5.4. ‘‘Redox’’ vs ‘‘associative formate with –OH group regeneration’’
mechanisms

The transient isotopic experiment described in Section 2.7 was
designed and performed for the first time to our knowledge, to
conclude whether formate is a major reaction intermediate in the
WGS reaction path on a supported metal catalyst, and at the same
time to quantitatively determine the extent of participation of ad-
sorbed CO via the ‘‘redox’’ mechanism and that of formate via an
‘‘associative formate with –OH group regeneration’’ mechanism.
Fig. 11a shows the transient response curves of H2, 12CO2 and
13CO2 obtained at the switch from 3 vol.% 13CO/Ar to 10 vol.%
H2O/Ar gas mixture over the 0.6 wt.%Pt/CeO2 catalyst at 300 �C
after steady-state WGS reaction was achieved. The evolution of
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13CO2 corresponds to the reaction of adsorbed 13CO with water,
where the former had replaced the adsorbed 12CO formed under
WGS upon the 13CO/Ar gas treatment. On the other hand, the evo-
lution of 12CO2 response corresponds to the reaction of adsorbed
12COOH species with water, the latter formed also under WGS,
but the carbonyl of which was not exchanged under the 13CO/Ar
gas treatment [79]. It is important to state here that based on the
DRIFTS results shown in Fig. 10, the extent of decomposition of
12COOH under the 13CO/Ar gas treatment is very small. By integrat-
ing the 13CO2 and 12CO2 responses (Fig. 11a), one is able to estimate
the amounts of adsorbed CO and –COOH species formed under
WGS and which reacted with water under the H2O/Ar gas treat-
ment. The latter quantities were found to be 8.5 lmol g�1

(h = 0.74, based on Pts) and 4.4 lmol g�1 (h = 0.38, based on Pts),
while the amount of H2 formed was 15 lmol g�1. It is seen that
the latter amount is close to the sum of the quantities of CO2’s,
in agreement with the stoichiometry of WGS reaction via these
two intermediate species. The small difference in the material bal-
ance appeared can be justified as due to some readsorption of pro-
duced CO2’s on the catalyst surface at 300 �C.

Fig. 11a illustrates that the shape and position of the peak max-
ima of 13CO2 and 12CO2 transient isotopic response curves are lar-
gely different. In fact, the initial transient formation rate (tM = 24 s
at peak maximum) of 13CO2 is larger by a factor of 3.9 compared to
the maximum rate of 12CO2 formation appeared at tM = 53 s. Con-
sidering the fact that the initial surface concentration of adsorbed
CO and formate differ only by a factor of two, it is conclusive that
based on the initial rates, the rate of CO2 formation via the ‘‘redox’’
mechanism largely controls the overall WGS reaction rate. This
analysis even though does not estimate individual steady-state
rates of the two parallel reaction paths, those of adsorbed CO via
‘‘redox’’ and of –COOH via an ‘‘associative formate with –OH group
regeneration’’ as shown in Scheme 1a and b, respectively, to be
Scheme 1. Proposed ‘‘redox’’ (a) and ‘‘associative formate with –OH group
regeneration’’ (b) mechanisms operated in the WGS reaction over ceria-supported
platinum catalysts at 300 �C, and (c) suggested hydrogen spillover mechanism from
Pt to ceria forming –OH groups during WGS over Pt/CeO2 catalysts.
discussed next, it should be considered as an alternative powerful
tool to those proposed earlier by Meunier [72] and Oyama et al.
[80], which allows to investigate in a quantitative manner the con-
tribution of formate species in the overall WGS reaction rate. It is
interesting to note that the surface coverage of adsorbed CO and
formate determined by the isotopic experiment presented in
Fig. 11a is larger than the size of the ‘‘C-pool’’ determined from
SSITKA studies. This result suggests that not all adsorbed CO and
formate species participate in the WGS under steady state. It ap-
pears from these results that as long as CO is removed from the
gas phase, and adsorbed CO starts to react with water, an increas-
ing concentration of empty sites on Pt is formed which accelerates
the rate of formate decomposition on Pt (Rate COOH = khCOOH�hs).

Fig. 11b presents the results of another transient isotopic exper-
iment designed in order to exclude the possibility that the 12CO2

transient response shown in Fig. 11a was the result of any reaction
of adsorbed carbonate species with water upon the H2O/Ar gas
switch. The catalyst was first treated with 900 ppm 12CO2/Ar gas
at 300 �C for 20 min, purged with He for 3 min, and the gas flow
was then switched to the 3 vol.% 13CO/Ar for 3 min, as in the exper-
iment presented in Fig. 11a. The feed was then switched to 10 vol.%
H2O/Ar and the transient responses of H2, 12CO2, and 13CO2 re-
corded are presented in Fig. 11b. It is seen that practically no for-
mation of 12CO2 was obtained, whereas the 13CO2 response is due
to the reaction of adsorbed 13CO with water. It is also noted that
upon the 13CO/Ar gas treatment, no 12CO was formed, excluding,
therefore, the exchange of carbonyl in 12CO2�

3 with gas phase 13CO.
3.6. Probing the participation of labile oxygen of ceria support in the
WGS reaction

The contribution of labile oxygen of CeO2 support during the
WGS reaction over the 0.6 wt.% Pt/CeO2 catalyst (see 13CO2 re-
sponse in Fig. 11a) was probed by another isotopic experiment de-
scribed in Section 2.8. Fig. 12 presents transient response curves of
C16O2, C16O18O, and C18O2 obtained under the 3 vol.% CO/10 vol.%
H2O/Ar gas mixture according to the following gas sequence:
5 vol.% 18O2/He (600 �C, 30 min) ? He, cool down to 80 �C ? H2

(1 bar, 80 �C, 20 min) ? Ar (300 �C, 20 min) ? 3 vol.% CO/10 vol.%
H2O/Ar (300 �C, t). Integration of the C18O16O and C18O2 response
curves based on the material balance equation described [81] pro-
vides the amount of 18O (lmol O g�1) present in the CeO2 support
and which participated in the ‘‘carbon-path’’ of WGS reaction
Fig. 12. Transient response curves of C16O2, C16O18O and C18O2 obtained during
18O/16O isotope exchange at 600 �C followed by WGS reaction (C16O/H16

2 O/He) over
the 0.6 wt.% Pt/CeO2 catalyst at 300 �C according to the procedures described in
Section 2.8.
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under the given transient conditions. This quantity was estimated
to be 41:9 lmol18O g�1

cat or 1.4 equivalent monolayers of surface Pt
(h0 = 1.4). This result illustrates clearly the participation of lattice
oxygen of ceria support to the ‘‘carbon-path’’ of the WGS since
CeO2 was the only source of 18O according to the experiment de-
signed. It is to be remarked that the estimated concentration of
18O which resulted in the CO2 formation is significantly larger than
the surface concentration of the truly active –OH and –COOH inter-
mediates derived by the SSITKA experiment (Table 2, 2nd and 3rd
columns). This is due to the fact that under the 16O/18O isotopic ex-
change performed at 600 �C, subsurface lattice 16O has also been
exchanged with 18O [82]. Under WGS reaction at 300 �C, diffusion
of this subsurface 18O toward the ceria surface is possible. Also, it is
possible that under steady-state WGS, the accessible number den-
sity of labile oxygen on ceria accommodating –COOH species might
be lower when compared to the fresh state of the catalyst (Fig. 12).
It should be noted that based on an isothermal H2 titration exper-
iment (1 vol.% H2/He) performed at 80 �C, following catalyst oxida-
tion at 600 �C, reduction of PtO2 was complete within 20 min as
evidenced by the material balance performed.

3.7. Proposed WGS reaction mechanisms on Pt/CeO2 at 300 �C

Two mechanistic paths are widely considered in the literature
for the WGS reaction over Pt/CeO2 catalysts [11–13,18–20]: a ‘‘re-
dox’’ and an ‘‘associative formate’’ mechanism. In the first mecha-
nism (Scheme 1a), CO adsorbs on the Pt surface which then
diffuses toward the metal–support interface and reacts with sup-
port lattice oxygen to form CO2(g). Water adsorbs and dissociates
mainly on the reduced Ce3+ support sites, thus re-oxidizing the
support sites and producing H2(g). According to this mechanism,
the active ‘‘carbon-containing’’ intermediates include adsorbed
CO on Pt and adsorbed CO associated with Pt and O sites of support
(e.g., CO�2 species) as depicted in Scheme 1a. In the second mecha-
nism, –OH groups formed by water dissociation on an oxidized
support surface leads to a formate reaction intermediate, the
decomposition of which by the aid of metal leads to the CO2 and
H2(g) formation.

In Scheme 1b, a combination of these two mechanistic paths is
suggested to operate on Pt/CeO2 based on the present SSITKA and
other transient isotopic experiments performed (Figs. 7–12, Table
2). According to Scheme 1b, this mechanism is named ‘‘associative
formate with –OH group regeneration’’, since water dissociation at
oxygen vacancies does not change the formal oxidation state of
cerium from Ce3+ to Ce4+. It implies that a formate intermediate
is formed via the participation of CO and labile oxygen of support
at the ceria–Pt interface. This formate species with the interaction
of an adjacent adsorbed H on Pt is not stable and decomposes, pro-
ducing CO2(g) and H2(g) and leaving oxygen vacancies on the ceria
support. Water then dissociates at these oxygen vacancies produc-
ing hydroxyl groups on the ceria surface (‘‘H source’’). It should be
noted that the presence of oxygen vacancies on fully oxidized ceria
is controlled by the rate of their formation via reaction of adsorbed
CO on Pt with labile oxygen at the ceria–Pt interface and the rate of
their replenishment by water dissociation.

According to the results of the transient isotopic experiment
presented in Fig. 11 and of the specific kinetic rate dependence
on Pt particle size (Fig. 6b), the ‘‘redox’’ mechanism shown in
Scheme 1a is prevailing over the ‘‘associative formate with –OH
group regeneration’’ mechanism irrespective of the Pt particle size.
In Scheme 1c, it is also suggested that reduced ceria sites along the
Pt–ceria interface could be created by the presence of hydrogen
product via a spillover mechanism. As proposed earlier based on
experimental evidence [18], the Pt particle size has a significant
impact on the ease of ceria reduction at the Pt–ceria interface,
where an increasing activity per gram of catalyst basis was ob-
served with increasing Pt loading and particle size, in harmony
with the present catalytic results (Fig. 4). The partial reduction of
ceria is also necessary for generating bridging –OH groups on the
surface of ceria, which serve as the active sites for the –COOH
intermediate formation. The fact that a NKIE for D was observed
(Fig. 7a), and that the small change in the apparent activation en-
ergy of the WGS reaction by 1–2 kcal/mol for Pt particle sizes be-
tween 1.3 and 8.0 nm could explain the kinetic results of Fig. 6b
as discussed before, it is suggested that both an increase in the
number density of required Ce3+–h–Ce3+ sites for water dissocia-
tion and the lowering of activation energy for water dissociation
on these sites with increasing Pt particle size can explain in a sat-
isfactory manner the strong dependence of the specific rate of WGS
reaction per length of perimeter of Pt–ceria interface with the Pt
particle size. The importance of the site reactivity of Pt and oxygen
atoms located along the Pt/CeO2 and Pt/SiO2-alkali-promoted
interfaces was recently illustrated by Pierre et al. [22] and Zhai
et al. [23]. Meunier et al. [83] reported that a switch-over from a
non-formate-based to a formate-based WGS reaction mechanism
might take place over a narrow temperature window (e.g., as low
as 60 �C) on Pt/CeO2. This implies that the WGS reaction mecha-
nism on ceria-supported Pt catalysts could be influenced by the
reaction conditions. They also suggested that the same surface spe-
cies can be a spectator under certain reaction conditions or the
main active intermediate under different reaction conditions. The
present results strengthen the latter view since the ‘‘redox’’ mech-
anism on Pt/CeO2 is largely operated at 300 �C, whereas an ‘‘asso-
ciative formate’’ mechanism was suggested to operate at 250 �C
[18].
4. Conclusions

The following conclusions can be derived from the results of the
present work:

(a) The WGS reaction performed on Pt/CeO2 catalysts (dPt = 1.3–
8.0 nm) at 300 �C is suggested to be governed mainly
through a ‘‘redox’’ bifunctional mechanism and to a lesser
extent through the parallel ‘‘associative formate with –OH
group regeneration’’ mechanism. The increase in Pt particle
size results in the enhancement of density of sites for water
dissociation (oxygen vacancies) within a narrow zone
around the Pt nanoparticles and also to the increase in their
reactivity.

(b) An experimental methodology to discriminate between the
‘‘redox’’ and ‘‘associative formate with –OH group regenera-
tion’’ mechanisms for WGS over supported metal catalysts
by a combination of transient infrared spectroscopic and iso-
topic studies was developed.

(c) The ‘‘carbon-containing’’ (linear CO, –COOH) and ‘‘hydrogen-
containing’’ (bridging –OH, –COOH, H) active intermediates
of the WGS were found to be justified as formed along the
periphery of Pt–ceria interface, and within a narrow zone
around this periphery, respectively. As the Pt particle size
increases from 3.0 to 8.0 nm (or Pt loading from 0.6 to
2.0 wt.%), the surface concentration of these active species
decreases, while the specific rate per length of periphery of
the Pt–ceria interface (lmol cm�1 s�1) increases linearly.
On the other hand, the TOF (s�1) of WGS is found to slightly
only depend on Pt particle size (3.0–8.0 nm) in the temper-
ature range of 250–300 �C.

(d) The interaction of CO (CO/He, 25 �C) with the ceria-sup-
ported Pt catalysts studied by in situ DRIFTS showed the for-
mation of three kinds of adsorbed CO, namely HF-linear, LF-
linear, and bridged CO. The HF-linear adsorbed CO was
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found to be the least stable and desorbs at temperatures
below 300 �C in He flow, while the LF-linear CO was the pre-
dominant species under WGS reaction conditions at 300 �C.
This species is the active CO precursor via the main ‘‘redox’’
mechanism to form CO2, and also for the formation of –
COOH intermediate via the minor ‘‘associative formate with
–OH group regeneration’’ mechanism for the present Pt/
CeO2 catalyst.
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