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Water–gas shift reaction has found new purpose and challenges due to its application in clean power
generation systems based on fuel cells. It has been shown that the catalysts performance is dependent
on both the metal phase and the nature of the support. In this contribution the modification of
Pt/CeO2 catalyst with vanadium was exploited. Spectroscopic techniques revealed that distinct dispersed
VOx species were generated onto the catalysts by using different vanadium loadings. The reduction
of the catalysts and CO adsorption were monitored by infrared spectroscopy. It was found that the
formation/decomposition of surface carbonates is affected by vanadium. Generation of multicoordinated
carbonates is inhibited due to the decrease of the exposed cerium surface cations. The catalytic activity
increased up to a vanadium surface density of 6 V atoms/nm2. Improvement in water–gas shift reaction
kinetics is associated with the V–O–Ce bonds.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The water–gas shift reaction (WGS) is a well established indus-
trial process. It has been particularly applied in large steady-state
operations such as ammonia production plants. More recently, it
has found new purpose and challenges due to its application in
clean power generation systems based on proton exchange mem-
brane (PEM) fuel cells. Nevertheless, in order to fit the demand-
ing requirements imposed by such technology, the development
of new advanced catalysts is mandatory. A compact fuel processor
system may only be available by using more active WGS catalysts,
as large volumes of shift reactors are currently necessary, being
responsible for about 50% of the volume of the whole fuel proces-
sor [1]. Moreover, taking into account the operational cycles of a
fuel cell as well as the actual reformer outlet composition, the cat-
alyst deactivation must also be carefully considered. So far, only
few papers have dealt with the deactivation process arising from
these operating conditions [2,3]. These contributions indicate that
depending on the formulation of the catalyst the deactivation is
driven by different phenomena. Undoubtedly, this is a complex
theme that still demands further investigations; articles deeply
dedicated to it are just beginning to appear in the literature.

The possibility of methane formation from hydrogen and CO in
the reformate [4,5], which would decrease the H2/CO ratio, is an-
other relevant issue that should also be evaluated when designing
new catalysts for hydrogen purification by WGS.
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Since it is reversible and exothermic (�H25 ◦C = −41.2 kJ/mol),
the reaction is favored at low temperatures and with excess of
steam. Industrially, larger CO conversions are accomplished by car-
rying out the reaction over two different materials depending
on the temperature adopted; high temperature shift—HTS (350–
450 ◦C) on FeCr-based catalysts and low temperature shift—LTS
(180–250 ◦C) on CuZn-based systems. Supported noble metal cat-
alysts have also been considered for the WGS reaction as they
combine high activity and stability. Even though they have been
extensively studied as LTS catalysts [6–11], some results have also
been reported at high temperature conditions [12]. Therefore, they
are quite interesting candidates to perform the reaction in a sin-
gle step at an intermediate temperature, a medium temperature
shift catalyst. Such accomplishment would meet the demand for
power generation through hydrogen-fueled PEM cells in small fuel
processor systems.

Amongst the noble metals, platinum and gold are by far the
most studied ones. Platinum catalysts are generally more active
than ruthenium, rhodium and palladium [13] but when contrasted
with gold, its catalytic performance seems to be controversial.
Some authors claim that gold-based systems are excellent LTS cata-
lysts when compared to the platinum systems [6,11,14]. They have
also suggested that such activity is due to active non-metallic gold
species. Conversely, some other results have showed that plat-
inum/ceria is far more effective than gold and that metallic plat-
inum species play an important role in the catalysis [9].

Not only has the catalysts performance been shown to depend
on the metal phase but also on the nature of the support used.
Mining the literature one can easily see that a wide variety of
oxides has been tested in WGS reaction. Ceria, alumina, zirconia,
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titania, thoria and magnesia may be listed among them [15–19].
Yet, it has been recognized that higher activities are achieved by
reducible oxides much likely due to their redox properties and
their crucial role as a source of oxygen. Despite their superior per-
formance, distinct reducible oxides have shown to be differently
affected by their structural and morphological characteristics. As
for ceria, which is undoubtedly the most investigated support; its
behavior seems not to be influenced by crystallite size in a strong
contrast to what has been found for titania [13].

Other studies have sought to improve WGS reaction by in-
corporating different compounds into the traditional bare oxides
and some improvement was reached in certain cases. In a previ-
ous work, we showed that the association of a reducible support
(CeO2) with centers capable of promoting the decomposition of
the intermediate formate species (MgO) indeed led to a better cat-
alytic performance [19]. Similarly, some authors have doped ceria
with lanthanides cations in order to obtain mixed oxides with im-
proved reducibility [20,21]. The present scenario on WGS studies
indeed reveals that improved redox properties seem to positively
influence both redox and formate mechanisms.

Only few papers can be found in the scientific literature re-
garding the use of vanadium in WGS catalytic systems either as
a catalyst or as a promoter [22,23]. On the other hand, vanadium
oxide has largely been used in oxidation reactions and it is known
to present high oxygen mobility when partially reduced. This char-
acteristic is also a consequence of the capacity of structural de-
fect generation [24], which makes vanadium a worth investigating
compound for the WGS reaction.

Ballarini et al. [22] studied bulk and supported V2O5 for the
oxidation of propane. The choice of the correct propane/O2 ratio
showed to favor the occurrence of the WGS reaction during this
process. The reducing atmosphere inside the reactor caused the
formation of V2O3 which was considered to be the active phase
in WGS at temperatures above 450 ◦C. Bulk V2O5 was also inves-
tigated in the WGS using the reformate from both methanol and
methane as reactants [4]. So far, that is the sole contribution that
mentions the association of a metal with a V-based support for
the WGS reaction. The authors studied the behavior of Ru catalysts
and observed that, among other supports, reduced V2O5 presented
the best performance. However, it should be outlined that a crit-
ical investigation of the correlation between the active vanadium
structures and the WGS mechanisms is still missing. We have also
reported a brief evaluation of a vanadium-modified Pt/CeO2 cat-
alyst elsewhere [23] revealing that this system was more active
than the widely studied Pt/CeO2. It was then suggested to be re-
lated to the redox properties of a crystalline V2O5 phase identified
by X-ray diffraction and Raman spectroscopy. Such results associ-
ated with the rather complex chemistry of vanadium compounds,
especially its capacity to form different mono-, bi- and tridimen-
sional structures, motivated a more detailed investigation on this
system.

Therefore, the present contribution aims at describing the vana-
dium structures generated on a Pt/CeO2 catalyst and their possi-
ble role in modifying or acting as the reactive sites in the WGS
reaction. Thus, a series of spectroscopic techniques was used in
order to identify the possible species involved. This information
will be handled to evaluate the use of vanadium as a promoter
for medium temperature WGS catalysts applying as reactants an
ethanol reformate.

2. Experimental

2.1. Catalysts preparation

A high surface area cerium oxide support was prepared by a
method described in detail elsewhere [25]. Briefly, it was syn-
thesized by precipitation from an aqueous solution of cerium(IV)
ammonium nitrate (Aldrich) with NH4OH. After extensive washing
until constant pH, the solid was calcined at 500 ◦C for 1 h.

Four modified supports were prepared by wet impregnation
with an aqueous solution of NH4VO3 (Merck) and oxalic acid
(Merck), with a 2:1 molar ratio, in which the concentration was
calculated to result in different vanadium loadings. The solution
containing all precursors was added to ceria and the resulting sus-
pension was kept under agitation in a rotary evaporator for 4 h at
room temperature. Afterwards, water was slowly removed at 65 ◦C
under vacuum. The solids were then dried at 120 ◦C and calcined
at 500 ◦C for 2 h under air flow at 30 cm3 min−1.

Pt/CeO2 and the modified catalysts were prepared by incipient
wetness impregnation with an aqueous solution of H2PtCl6 so as
to obtain a platinum content of 1 wt%. The powders obtained were
first dried overnight at 120 ◦C and then submitted to a final calci-
nation step in air stream (30 cm3 min−1) at 500 ◦C for 4 h.

Both supports and catalysts were labeled according to their
chemical composition.

2.2. Standard characterization

X-ray diffraction (XRD) patterns of the prepared supports were
collected in a Rigaku Miniflex powder diffractometer with CuKα
radiation (1.5406 Å), operating at 30 kV and 40 mA. Analyses were
carried out with a 0.05◦/step and 2 s/step over a 2θ range of 20◦–
80◦ . Scherrer equation was used to estimate the crystallite mean
diameter based on the (111) CeO2 plane.

Surface area measurements were obtained from nitrogen ad-
sorption at −196 ◦C in a Micromeritics ASAP 2010 equipment. Prior
to the analyses, the samples were degassed at 150 ◦C. The specific
surface areas were determined by BET method.

The catalysts actual chemical composition was determined by
X-ray fluorescence analyses, which were carried out in a Bruker
spectrometer, model S-4 Explorer.

Infrared spectra of the powders were collected in a Nicolet
Magna 560 spectrometer. The samples were pressed with KBr
(3 wt%) and the measurements were taken from 4000 to 400 cm−1

with a resolution of 4 cm−1.

2.3. Diffuse reflectance UV–vis spectroscopy (DRS)

UV–vis spectra were collected in a Varian Cary 5 spectropho-
tometer (Harrick Scientific) with a diffuse reflectance accessory
of Praying Mantis geometry. The samples were set in holds with
2 mm thickness. The respective CeO2 support was used as refer-
ence compound. The spectra were recorded in the range between
190 and 800 nm with a scanning speed of 1800 nm/min.

2.4. X-ray photoelectronic spectroscopy (XPS)

Measurements were taken in a VG ESCALAB MKII instru-
ment with a hemispherical electron analyzer. Non-monochromatic
MgKα radiation (hν = 1253.6 eV) was used as the X-ray source.
The pass energy for the high resolution spectra was 50 eV. The
samples were analyzed in the UHV (10−8 mbar). The spectra were
referenced to the C1s emission at 284.8 eV.

2.5. Diffuse reflectance infrared spectroscopy (DRIFTS)

DRIFTS analyses were used for monitoring the catalysts reduc-
tion and CO adsorption. The experiments were carried out in a
Nicolet Magna 560 spectrometer, equipped with a high tempera-
ture chamber fitted with ZnSe windows (SpectraTech), which was
used as shift reactor for in situ measurements. Spectra were taken
at resolution of 4 cm−1 and 256 scans to improve the signal to
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Table 1
Chemical composition, surface area and CeO2 mean crystallite size of all samples

Sample Pt (wt%)a V2O5 (wt%) SBET (m2 g−1) dCeO2 (nm)

V2O5 – – 7 –
CeO2 1.18 – 93 8.17
1VCeO2 1.13 1.40 68 8.10
6VCeO2 1.15 5.92 65 8.13
12VCeO2 1.09 14.38 50 8.36
18VCeO2 1.08 19.14 35 8.65

a Pt loading present on the parent catalysts.

noise ratio. The reduction step was followed by admitting hydro-
gen into the cell and collecting spectra at different temperatures
after 30 min at each temperature. CO adsorption was monitored
using a 3 vol% CO/N2 mixture and the same protocol was used to
collect the spectra. The reduced sample was used as background.

2.6. Catalytic evaluation

Prior to reaction, the WGS catalysts were submitted to in situ
reduction step at 350 ◦C for 1 h under pure hydrogen flow
(30 cm3 min−1).

The reaction was carried out at different temperatures within
200–350 ◦C and was conducted with different residence times de-
pending on the type of experiment. Reaction rates were deter-
mined under differential conditions and the evolution of conver-
sion as a function of reaction temperature was performed with
W/Q = 0.8 g s/cm3. To simulate the conditions found at the outlet
of a fuel ethanol reformer, a gas reactant mixture with compo-
sition 6.0% CO, 16.0% H2, 1.6% CO2, 0.4% CH4, 60.0% H2O and N2
(balance) was used. It must be emphasized that it corresponds to
the wet reformate composition, which was provided by adding an
excess amount of steam into the original ethanol reformate stream
reported elsewhere [26,29].

In order to avoid temperature gradients in the reactor, silicon
carbide was added for dilution (wcat/wdil = 1/5) to form a small
catalyst bed (<10 mm in height). The temperature of the cata-
lyst bed was measured through a thermocouple inserted in a small
cavity on the reactor outside wall.

The reaction was performed at atmospheric pressure in a con-
ventional system with fixed bed U-shaped reactor with a 13 mm
inner diameter attached to a TCD gas chromatograph (Agilent
6890N) equipped with a packed column Supelco (HayeSep Q) as-
sociated with a molecular sieve.

3. Results and discussion

3.1. Materials characterization

Table 1 presents the chemical analysis for all samples, showing
that the actual platinum and vanadium content in the prepared
catalysts are close to the nominal values.

XRD patterns of the supports are shown in Fig. 1. Almost all
materials show only the reflections corresponding to the fluo-
rite type structure of CeO2; the basal reflections at 2θ = 28.6◦;
33.1◦; 47.5◦ and 56.5◦ are respectively associated with the planes
(111), (200), (220) and (311). However, a closer analysis of the high
vanadium content samples allowed identifying some small reflec-
tions related to vanadium-crystalline oxide phases. Tiny peaks at
2θ = 26◦ may be observed on both 12VCeO2 and 18VCeO2 sam-
ples and can be attributed to the presence of a V2O5 phase (Fig. 1).
As for the powder with the highest vanadium loading, sharper ex-
tra reflections at 2θ = 24◦ and 32.5◦ can also be noted and are
ascribed to the formation of a CeVO4 phase. The appearance of
such crystalline phase on ceria-supported vanadium has been ex-
tensively reported by other authors [28–31].
Fig. 1. XRD patterns of all prepared samples. (!) V2O5, (∗) CeVO4.

BET surface areas are also summarized in Table 1. It can be
observed that the surface area gradually decreases as the vana-
dium content increases. Indeed, a clear correlation can be found
and is depicted in Fig. 2a. This behavior is likely bounded to the
solid state reaction between ceria and vanadium, especially at high
loadings, responsible for the formation of the crystalline phases
revealed by XRD. The development of V5+–O–Ce3+ sites as precur-
sors to CeVO4 upon ceria impregnation was already mentioned by
Martínez-Huerta et al. [30]. The creation of such bonds was sug-
gested to be a consequence of the ability of surface vanadia to
remove the most easily reducible surface oxygen of ceria.

Accordingly, this textural change is also well represented by the
enlargement of ceria crystallite size upon vanadium impregnation.
Fig. 2b presents the dependence found between surface area and
the mean diameter of ceria crystallites as estimated by the peak
broadening in the XRD patterns according to the Scherrer equation.

The structure of the supports was also evaluated by infrared
spectroscopy in the region within 600–1400 cm−1, which corre-
sponds to the V–O vibrations. Fig. 3 shows the spectra of all sam-
ples along with those corresponding to CeVO4 and V2O5 reference
materials. Vanadium oxide exhibits two main absorptions at 1023
and 823 cm−1 corresponding to V=O stretching and V=O and V–
O–V coupled vibrations, respectively [32,33]. CeVO4 presents an in-
tense absorption at 800 cm−1 with a shoulder at around 737 cm−1

related to VO4 units from the orthovanadate structure. As for the
synthesized supports, it is possible to observe that the absorption
pattern gradually changes as vanadium content increases. Only one
large band is observed at 980 cm−1 when the vanadium concen-
tration reaches approximately 3 wt% (6VCeO2, Fig. 3). This absorp-
tion is related to V=O stretching vibration and the shift to lower
wavenumbers reveals the occurrence of a highly dispersed vana-
dium phase. As a matter of fact, this characteristic has been de-
scribed by different research groups [32,34] studying low content
V2O5 supported on titania and titania-based mixed oxides and is
generally ascribed to V=O bonds of monolayered V5+ species. The
spectrum of 12VCeO2 sample, on the other hand, is featured by
two broad bands at 820 and 980 cm−1, which are consistent with
crystalline and highly dispersed V2O5 configurations, respectively,
suggesting the co-existence of both phases. Likewise, the 18VCeO2
spectrum shows strong absorptions which may be attributed to the
presence of crystalline V2O5. Nevertheless, it must be noticed that
the broad band roughly centered at 822 cm−1 possesses a shoulder
at lower wavenumber, which may come from the CeVO4 structure
in a pretty good agreement with the previous XRD results.
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Fig. 2. Correlation between (a) vanadium density and surface area; (b) ceria crystallite size and surface area.
Fig. 3. Infrared spectra of prepared samples and reference materials.

UV diffuse reflectance spectra are presented in Fig. 4. The spec-
tra reveal basically one absorption band. The sharp rise in absorp-
tion corresponds to the charge transfer of V5+ in the decavanadate
structure (octahedron). It is worth noting, however, that the UV
absorption shifts towards lower wavelength as vanadium loading
decreases, moving from 500 to ∼437 nm when concentration goes
from 19 to 1 wt%. It indicates that vanadium species are more
highly dispersed at low vanadium amounts, probably as mono-
vanadate species [33,35].

It is well known that the dispersion of vanadium species onto
an oxide surface is strongly dependent of the preparation variables,
especially the temperature, and the chemical interaction between
the support and the supported species [35,36]. Hence it is im-
portant to analyze the effects brought about by vanadium taking
into account the density of VOx species. Assuming that the for-
mation of a vanadium monolayer on a support consists of either
Fig. 4. DRS spectra of vanadium-modified supports.

isolated or polymeric species, theoretical surface densities of 2.5
and 7.5 V atoms/nm2 may be calculated for monovanadates and
polyvanadates, respectively [33]. The experimental values deter-
mined for the samples in this work are collected in Table 2. It can
be seen that for the samples with low vanadium content the sur-
face density (<7.5 VOx/nm2) is not enough to provide a monolayer
and thus only the formation of a submonolayer of nanostructured
monovanadates (1VCeO2) or polyvanadates (6VCeO2) could be con-
sidered. As for vanadium loading from 8 wt% the density increases
dramatically, above the estimated theoretical values. It should be
observed that such an increase is effective no matter it is calcu-
lated based on the surface area of the starting CeO2 support or
those determined for the final modified supports. Such high densi-
ties allow the organization of the VOx units and thus the formation
of tridimensional crystalline structures such as V2O5 as revealed by
XRD and FTIR. This indicates that it is possible to control the for-
mation of the vanadate species through the amount of vanadium
in the catalyst formulation.
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Table 2
Vanadium surface densities

Sample V (wt%) V densitya (V atom/nm2) V densityb (V atom/nm2)

1VCeO2 0.78 1.4 0.9
6VCeO2 3.32 6.0 4.0
12VCeO2 8.05 19.0 9.7
18VCeO2 10.72 36.2 8.65

a Calculated based on the BET area of the final modified support.
b Calculated based on the BET area of the starting CeO2.

The surface of all studied samples was qualitatively and quan-
titatively investigated by XPS. However, a XPS analysis over vana-
dium compounds is not a simple task, especially when associated
with cerium oxides. It must be carefully carried out due to the
complex parameters concerning the nature of vanadium, mostly in
oxidized form, and the variety of peaks in the Ce3d region as a
consequence of a number of shakedowns.

As can be seen in Fig. 5a, the O1s and V2p signals are registered
within the same binding energy (BE) region, especially for V2p1/2,
which makes it pretty difficult to evaluate its contribution. More-
over, the O1s + V2p region of the spectra contains another specific
feature related to satellite peaks due to the hybridization between
V3d and O2p levels. These satellites may be found simultaneously
or not, located at different binding energies [37]. By mining the
related literature it can be seen that there is a wide range of val-
ues for binding energies reported for the different oxidation states
of vanadium. V5+ ranges between 517.5 and 518.2 eV; V4+ is usu-
ally located at the interval 516.5–517.1 eV and V3+ varies between
515.2 and 515.9 eV [38,39]. Analyzing the O1s + V2p region of our
samples spectra (Fig. 5a), it is possible to recognize the growing of
V5+ species, whose V2p3/2 core level binding energy is between
517.7 and 517.0 eV, with the increase of vanadium content.

The identification of such oxidation state is also confirmed by
calculating the binding energy difference (�) between the O1s and
V2p3/2 levels, as suggested by Silversmit et al. [38]; these values
are collected in Table 3.

The deconvolution of vanadium peak (not shown) revealed that
the distribution of its oxidation states becomes wider as the vana-
dium loading increases, making the spectra gradually more com-
plex. The presence of at least two different V species can be
claimed: V5+ and another lower state of oxidation, which can be
identified as V0 or V2+ and probably also as V3+, while the V load-
ing increases (Table 3). Contrarily, for loadings below 12 wt% the
presence of a narrower distribution of oxidation states, mainly V5+,
agrees with the formation of dispersed VOx species whether iso-
lated or polymeric units. The spectra showed that, indeed, only
V5+ is observed for Pt/1VCeO2.
Fig. 5. XPS spectra showing the O1s + V2p (a) and the Ce3d (b) regions of the catalysts compared to Pt/CeO2.

Table 3
Binding energies of V2p3/2 level and their difference (�) in relation to the O1s level

Catalysts V5+ V3+ V2+ V0

BE
(eV)

�

(12.8 ± 0.2)
BE
(eV)

�

(14.7 ± 0.2)
BE
(eV)

�

(16.3 ± 0.2)
BE
(eV)

�

(17.7 ± 0.2)

Pt/1VCeO2 517.0 12.5 – – – – – –
Pt/6VCeO2 517.3 12.7 – – 513.9 16.1 – –
Pt/12VCeO2 517.7 12.6 515.0 15.3 – – 512.4 17.9
Pt/18VCeO2 517.4 12.7 515.6 14.5 513.5 16.6 – –

� values in parentheses were included for comparison with Ref. [38].
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Table 4
Superficial atomic ratios and V2p, O1s and Ce3d binding energies by XPS

Samples BE (eV) Atomic ratios

Vp3/2 O1s Ce3d Ce4+/Ce3+ Pt/(V + Ce)a V/Cea

Pt/CeO2 – 529.2 882.0 9.7 0.026 –
Pt/1VCeO2 517.0 529.5 881.8 11.0 0.025 0.2
Pt/6VCeO2 517.3 530.0 882.0 6.3 0.023 1.6
Pt/12VCeO2 517.7 530.3 882.4 7.1 0.016 2.5
Pt/18VCeO2 517.4 530.1 881.7 4.2 0.011 7.8

a Ce4+ % calculated on the basis of u′′′ peak.

Considering the preparation method adopted in the present
work, the possibility of metallic vanadium occurrence is remote.
Therefore it is important to take into account the vacuum con-
ditions underwent by the samples during the XPS experiments.
A study has already revealed [39] that vanadium decreases its ox-
idation state under the ultra high vacuum environment inside the
XPS chamber. This argument gives further support to the calcu-
lation of the � value as mentioned above and may indicate that
the presence of V0 does not correspond to real surface stoichiom-
etry. Indeed it has been found that in V2O5 films supported on
CeO2 only submonolayer samples could totally retain V5+, while
for higher loading materials a small part of the vanadium content
is in V3+ form [39].

Ce3d region is displayed in Fig. 5b. Some important features can
be mentioned, but for a complete analysis of this region the reader
is referred to the literature [40,41]. Briefly, the spectra present two
principal energy spin-orbit states: Ce3d5/2, represented by peaks
labeled v , and Ce3d3/2, labeled u. The doublet u′–v ′ , positioned
at around 904.0 and 885.0 eV, respectively, appears as a conse-
quence of Ce3+ ions photoemission [42,43] and therefore these
peaks can be taken as representative for the occurrence of that
oxidation state. The peak at around 880.0 eV (v◦) is a shakedown
that occurs through the transference of one electron from an O2p
orbital to a Ce4 f during the photoemission of Ce3+ [42]. A satellite
peak, named u′′′ , appears at around 916.5 eV due to transitions in
Ce4+ 4 f 0 state and composes a doublet with v ′′′ peak (∼898 eV).
It has been claimed that the u′′′ peak area may be used to estimate
the Ce4+ percentage [44].

Analyzing Fig. 5b, it is seen that the deposition of only 1 wt%
V2O5 did not seem to provoke deep changes in the spectrum when
compared to the Pt/CeO2, indicating the massive presence of Ce4+
species. The following spectra, on the other hand, reveals that Ce4+
relative population decreases and Ce3+ increases as vanadium con-
tent reaches higher amounts. In addition, the peak at 916 eV de-
creases and a broad band at 885 eV disappears, revealing now
the presence of Ce3+. This can be also evidenced by following the
diminishment of v ′′ peak and the appearance of the v ′ peak in
Fig. 5b. This trend is in accordance with the gradual formation of a
CeVO4 phase. It is also corroborated by the evolution of V3+ popu-
lation which is largely reported in the literature [30,32,42]. It could
also be said that the formation of such phase appears to be in its
very beginning in sample Pt/6VCeO2 (peak at 513.9 eV), although
it was not clearly detectable by the other techniques.

The binding energies of O1s are presented in Table 4 and
the spectra are depicted in Fig. 5a. The peak centered at around
529.4 eV on Pt/CeO2 is attributed to the oxygen in the oxide
network of CeO2 [45]. As for the other samples, the position of
such peak gradually shifts towards higher binding energies as the
amount of vanadium increases (Table 4); this feature may indeed
be associated with the growing presence of Ce3+ as the O1s peak
is positioned at 530.3 eV for the reduced Ce2O3 [45,46]. These
findings are in line with the analysis of the Ce3d region discussed
above. Nevertheless, some contribution from the presence of VOx

species may also be considered. In fact, the characteristic O1s bind-
ing energy value for V2O5 is 530.1 eV, which should contribute to
the observed shift in the O1s spectra [47].

Another small peak can be found at higher binding energies
(around 531.7 eV) for all samples and is attributable to ambient
moisture [48], the presence of hydroxyl surface species, defects at
the surface or oxygen ions with unusual coordination in a defective
CeOx (x < 2) [49].

The Pt4 f region (not shown) was also studied and, for the
majority of the samples, the collected spectra were fitted by
two components. The main peak corresponded to the doublet
Pt4 f7/2/Pt4 f5/2 that overlaps V3s region. According to the binding
energies reported in the literature, the doublets can be ascribed to
platinum in the metallic (Pt0) and oxidized (Pt2+) states [50]. In
the spectra collected for the unmodified and Pt/1VCeO2 samples,
the Pt4 f peak was well-defined and did not show the metallic
spectral component. By increasing vanadium loading, the complete
distinction of the different chemical states turned more difficult
due to the complexity of the spectra, but an increase in the atomic
percentage of Pt0 was detected. The results clearly showed that the
presence of vanadium directly influenced the distribution of plat-
inum oxidation states. It is conceivable that the contact V–Pt could
promote the reduction of Pt2+ ions to Pt0 as it has a higher redox
potential.

Table 4 presents the surface atomic composition, considering
some atomic ratios. Even though a definitive procedure to estimate
the total percentage of each cerium oxidation state in a sample has
not been established yet and it is definitely an issue under open
debate, the Ce4+/Ce3+ values indeed suggest that the Ce3+ popu-
lation increases along with vanadium content. The varying position
of the peaks, their shape and width (Fig. 5b) lays no doubt on the
existence of both Ce4+ and Ce3+ species or on their different dis-
tribution in each sample according to its chemical composition.

A drop in the Pt/(V + Ce) atomic ratio was observed for the
highest vanadium loading samples (Table 4). This trend might sug-
gest a lower platinum dispersion onto the supports as the bulk
chemical analysis (Table 1) revealed that the samples present basi-
cally the same metal composition. Such effect on metal dispersion
may have been brought about by the strong drop in surface area
upon the preparation of vanadium-modified supports.

Finally, as expected, the calculated V/Ce ratio showed that the
surface of the samples followed the same trend observed for the
bulk composition (Table 1).

3.2. Drifts

The reduction of the catalysts by hydrogen was followed by
DRIFTS as temperature increased. Figs. 6a–6b depicts the spectra
for the unmodified Pt/CeO2 and Pt/6VCeO2 as representative of the
vanadium-modified samples.

The spectra of the as-synthesized catalysts, taken at room tem-
perature, show broad bands in the OCO vibration region (1800–
1000 cm−1) due to the massive presence of different adsorption
modes of carbonates [51]. It is expected as CeO2 is known by
its capacity of adsorbing CO2 and generating surface carbonate
species even under storage conditions. The presence of all types of
carbonates (monodentate, bidentate, polydentate and hydrogeno-
carbonate) may be considered as the spectra are quite complex
and the distinction between the different species could always
be questionable. Bands typically related to C–H vibrations within
2900–2800 cm−1 are also detected. By rising the temperature,
these bands become weaker but the OCO vibration region defi-
nitely undergoes the most critical changes. Two bands at 1500 and
1375 cm−1 still remain even at temperatures as high as 350 ◦C,
suggesting that the more thermally resistant carbonates, probably
monodentate carbonates [53], are still present. The new absorp-
tions arising at 200 ◦C (2037 and 1957 cm−1) may result from
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Fig. 6. DRIFTS spectra of the reduction step recorded under H2 at the indicated temperatures over Pt/CeO2 (a) and Pt/6VCeO2 (b).
adsorption of CO, produced by decomposition of carbonates upon
reduction, onto the just reduced Pt sites in the linear and bridged
configurations, respectively.

A poorly-resolved band at 2115 cm−1, which appears from
150 ◦C on, may be tentatively attributed to the vibration of a CO–
Ce3+ bond or to an electronic transition of the reduced ceria as
mentioned by Binet et al. [51]. Either case, this vibration is formed
as a consequence of the reduction process of ceria surface pro-
moted by the presence of metallic platinum sites.

Finally, it is also worth noting the hydroxyl vibration region be-
tween 3700–3200 cm−1. The spectrum of the untreated support
exhibits a broad band, typically observed over hydrated samples,
which diminishes along with heating. The reduction process also
leads to the generation of different OH groups, which are asso-
ciated with the vibrations at 3638 and 3500 cm−1, assigned to
the Ce–OH vibrations and type II (bridged) and tridentate hydroxyl
groups, respectively [52]. These frequencies become quite clearer
as temperature increases, starting at 200 ◦C.

This reduction behavior is in close agreement with previous
studies reported so far in the literature for similar catalytic sys-
tems [7,24].

The spectra of the vanadium-modified catalysts (Fig. 6b) re-
vealed some differences upon reduction. Even though they are
initially also characterized by the strong presence of different car-
bonate species, their thermal stability seems to be rather lower; as
temperature raises, the OCO vibration features decrease and dis-
appear completely at 350 ◦C, allowing a high level of superficial
cleanness. This finding allows the conclusion that the formation
and consequently the decomposition of carbonate species is deeply
affected by the presence of vanadium.

Similarly to what was observed over the unmodified sample,
CO formed by carbonate decomposition is adsorbed on both re-
duced Ce3+ (2115 cm−1) and platinum (2030 cm−1) sites. In this
case, however, CO seems to be preferentially linearly adsorbed
onto platinum metallic particles although a long tail towards lower
wavenumbers can be observed.

In a second experiment, CO adsorption on the reduced cata-
lysts was monitored. Firstly, the samples were reduced at 350 ◦C
under hydrogen, purged in nitrogen and cooled down to 200 ◦C.
A 3% CO/N2 mixture was then admitted into the infrared cell at
different temperatures: 200, 250 and 300 ◦C. The spectra for the
unmodified and vanadium-modified Pt/CeO2 catalysts are shown in
Fig. 7. As can be seen, many adsorption bands emerge after CO ad-
sorption irrespective of the temperature and catalyst composition.
Moreover, the positions of the bands vary only slightly as the tem-
perature raises and no significant differences between the spectra
of the same sample are noted. However, the distribution of absorp-
tion bands in the OCO vibration region differs.

Pt/CeO2 exhibited bands that could be attributed to different
types of surface carbonates similarly to the discussion presented
above about the reduction process. In this case, however, an ad-
ditional band centered at 1725 cm−1 is observed and its intensity
diminishes as the temperature increases.

It is worth mentioning that an assertive assignment of all bands
in the spectra is rather difficult as the OCO stretching vibration
region is pretty confusing since the absorptions may also be asso-
ciated with formate species generated by the reaction of CO with
the bridging OH groups formed upon reduction [7]. Indeed, C–H
stretching vibrations are seen at 2970 and 2860 cm−1 in the spec-
tra collected at the lower temperatures. As for the adsorption of
CO at 300 ◦C, on the other hand, the bands related to such species
cannot be detected. The remaining bands in the OCO region may
thus be associated with the more thermally stable carbonates, es-
pecially the polydentate type. It should be observed that these
bands are then less intense, suggesting that at lower temperatures
both carbonate and formate species would contribute to the ab-
sorptions registered in the spectra of Pt/CeO2.
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Fig. 7. DRIFTS spectra after CO adsorption; recorded under 3% CO at the indicated temperatures. solid line: Pt/6VCeO2, dashed line: Pt/CeO2.
In contrast, the Pt/6VCeO2 catalyst exhibits basically two in-
tense bands in the OCO region at 1573 and 1370 cm−1; the vi-
bration corresponding to polydentate carbonate is not observed. As
the surface carbonate species emerge from the interaction between
oxygen atoms with cerium cations, their chemical nature and ge-
ometry is straightly dependent on the exposed cerium centers onto
the oxide surface. The dispersion of vanadia, and consequently the
generation of VOx species with V=O, V–O–V and especially V–O–
Ce bonds, diminishes the available cerium surface cations. It is
then conceivable that the formation of multicoordenated carbon-
ates is inhibited on the vanadium-modified samples. These results
therefore suggest that the OCO vibrations in the Pt/6VCeO2 catalyst
derive mainly from the formate created upon CO adsorption.

The band related to the adsorption of CO onto the metallic
platinum particles (2060 cm−1) are present in all spectra; it is ob-
served that they are very similar for both catalysts revealing that
CO is mostly linearly attached to metal particles.

3.3. Catalytic activity

As previously emphasized, all samples were tested consider-
ing an initial mixture of reactant gases prepared to simulate the
composition reported by the partial oxidation of ethanol [26,27]. It
must be kept in mind, however, that a significant amount of steam
was added into the reformate stream before the mixture was ad-
mitted into the WGS reactor. The reaction rates calculated under
differential conditions (CO conversions less than 15%) at 300 ◦C for
the five ceria-based catalysts are listed in Table 5.

Comparing the performance of the Pt/CeO2 sample with those
reported so far in the literature is not straightforward as the activ-
ity is deeply influenced by the reaction conditions. After a broad
examination of the literature, one can easily find that different
groups have been using completely different operating conditions,
being the gas composition one of the most dramatic issues. Even
Table 5
Reaction rates on WGS reaction at 300 ◦C

Catalysts R (μmol g−1 s−1)

Pt/CeO2 1.89
Pt/1VCeO2 2.70
Pt/6VCeO2 3.81
Pt/12VCeO2 3.33
Pt/18VCeO2 2.20

though the reaction rate has been shown to be independent of the
CO partial pressure, the reaction order is around 0.5–1 with re-
spect to water concentration, which implies in a significant effect
of the H2O/CO ratio used [53,54]. Moreover, many authors insist on
disregarding the inhibiting effect of CO2 and hydrogen, testing the
catalyst with a simple CO/H2O mixture. Therefore, any comparison
among the extensive data available in the related literature must
be done with extreme care as it has been wisely pointed out by
some authors lately [53,55].

As concerning the addition of vanadia into Pt/CeO2 catalyst for-
mulation, it can be seen that regardless of the amount, it leads
to an improvement in WGS activity. The apparent activation en-
ergy determined for Pt/CeO2 and Pt/6VCeO2, as representative of
vanadia-modified catalysts (79 and 86 kJ/mol, respectively), are
similar to those reported by some authors who have considered
the effects of both CO2 and H2 in their kinetics studies [53,54,56].
These values were calculated within the same range of tempera-
ture and the well-fitted kinetic data are depicted in the Arrhenius
plot presented in Fig. 8.

The positive effect in the WGS kinetics observed with the
vanadia-promoted systems can be due to the molecular structure
of the support surface since this is the more significant difference
among them all as revealed by the spectroscopic studies reported
herein. Therefore, a correlation between reaction rate and density
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Fig. 8. Correlation between catalyst activity and surface vanadium density.

Fig. 9. Arrhenius plot for WGS reaction on Pt/CeO2 and Pt/6VCeO2 catalysts.

of VOx species was tried and is depicted in Fig. 9. It was found
that the rate increases up to a vanadium fraction corresponding to
6 V atoms/nm2 and then continuously decreases for higher per-
centages. This experimental value is slightly below the monolayer
coverage; therefore this finding suggests that once a monolayer is
formed the promoting effect of vanadia species seems to be hin-
dered.

As a matter of fact, considering the clear identification of crys-
talline tridimensional vanadium phases by XRD (Fig. 1) along with
the appearance of Ce3+ due to the formation of CeVO4 revealed by
XPS (Fig. 5b), the results allow the conclusion that as soon as vana-
dia loading is high enough to generate such species the activity is
negatively affected. Conversely, higher rates were accomplished at
low-intermediate levels of 3 wt%. At this point, monovanadate is
the predominant species with a lower proportion of polyvanadate
as seen from UV–vis DRS.

Regarding the molecular structure of all species identified in
the studied samples, monovanadate is a VO4 entity with one V=O
bond that points away from the surface of CeO2 and three V–O–
Ce bonds that link the V atom to the support. On the other hand,
polyvanadate consists of VO4 units bridged by V–O–V bonds so
that each V atom gives rise to one V=O bond, two V–O–V bonds,
and one V–O–Ce bond. Finally, tridimensional structures markedly
feature V–O–V bonds with vanadyl groups terminally located. It
may thus be suggested that the V–O–V bonds would play no role
in the WGS reaction, otherwise Pt/12VCeO2 and Pt/18VCeO2 would
Fig. 10. CO conversion as a function of WGS reaction temperature over Pt/CeO2 and
Pt/6VCeO2.

reach much higher rates as it was seen from all spectroscopic re-
sults that these samples are characterized by both polyvanadates
and V2O5 moieties, species at which the V–O–V bonds are more
numerous. Likewise, vanadyl groups could also be ruled out as they
are present in all molecular configurations of VOx species. In addi-
tion, their concentration readily increases as the vanadium loading
increases, which should have led to a gradual improvement in the
WGS kinetics. Consequently, the promoting effect of vanadium in
these systems seems to be related to V–O–Ce bonds, which are
available, accessible and at high concentration in the monovana-
date species preferentially formed below the monolayer coverage.

At first, the improved kinetics of the WGS accomplished by
adding vanadia can be rationalized if one considers that the re-
action mechanism is a redox process. The deposition of vanadia on
the surface of ceria results in a support with even enhanced re-
ducibility, where labile oxygen to oxidize the adsorbed CO would
be provided by ceria, monovanadate and, to a lesser extent, poly-
vanadate. The oxygen atoms in vanadium dispersed species is in-
deed very active as already recognized in other oxidation reactions
[57,58].

Nonetheless, the DRIFTS results presented in this work do not
allow ruling out the formate mechanism proposed in the literature.
As seen from the infrared spectra (Figs. 6a–6b), formate species
are generated on all samples, but by following the evolution of
the related bands along with temperature a different trend in the
decrease of the formate vibrations could be observed. Indeed, the
decomposition of formate species was recorded at much lower
temperature over vanadia-modified catalyst; a difference in tem-
perature as high as 100 ◦C is found between the Pt/CeO2 and the
Pt/6VCeO2. As the decomposition of these species is claimed to be
the key step of the reaction, the disappearance of their vibrations
in the infrared spectra would provide a measure of the catalyst ac-
tivity. Indeed, the DRIFT spectra and the reaction rates are in pretty
close agreement and evidence the benefits brought about by dis-
persing vanadium species onto the catalyst surface.

Finally, the CO conversion for the sample that exhibited the
highest activity (Pt/6VCeO2) was contrasted with unmodified
Pt/CeO2 over a wider range of temperatures (200 and 350 ◦C) as
displayed in Fig. 10. The promoting effects of vanadia are remark-
able over the whole temperature range investigated. It should also
be mentioned that methanation reaction did not occur under any
of the experimental conditions used.
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4. Conclusion

Dispersion of vanadia onto Pt/CeO2 increased the catalytic ac-
tivity up to a vanadium surface density of 6 V atoms/nm2, which
is below the monolayer coverage. This concentration caused the
formation of mono and polyvanadates species. Amongst all V–O
bonds established in the molecular structure of vanadium species
identified by different spectroscopic techniques, the improvement
in WGS reaction kinetics is suggested to be associated with the
V–O–Ce bonds. The generation of tridimensional structures with
V–O–V bonds led to a gradual drop in activity.
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