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bstract

A series of platinum catalysts supported on cation (Me)-doped cerium oxide (Me = Ca, La, Mg, Zn, Zr, Yb, Y, Gd) have been prepared employing
he urea-nitrate combustion method. The effects of Me-promotion on the physicochemical and chemisorptive properties of Pt/CeO2 catalysts and on
heir catalytic performance for the water–gas shift (WGS) reaction have been investigated. It has been found that the WGS activity of Pt/Ce-Me-O

atalysts depends on the nature of the dopant employed, varying in the order of Yb > Gd > Zr > Mg > La > CeO2(undoped) > Ca > Y > Zn, with the
b-promoted catalyst being about one order of magnitude more active than the Zn-promoted one, at 250 ◦C. Evidence is provided that promotion

ffects the reducibility and oxygen ion mobility of the CeO2 support, which in turn affects the WGS activity of dispersed platinum crystallites.
2007 Elsevier B.V. All rights reserved.
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. Introduction

One of the most important components of the fuel processors
hich are under development for the conversion of hydro-

arbon fuels into hydrogen rich gas streams is the water–gas
hift (WGS) unit, which serves for both preliminary CO
leanup and additional hydrogen production [1,2]. Conven-
ional low-temperature (Cu/ZnO/Al2O3) and high-temperature
Fe3O4/Cr2O3) WGS catalysts cannot be used in power genera-
ion systems for transportation and residential applications due
o restrictions related to their volume and weight and also due
o the requirements for reduced start-up times, durability under
teady state and transient conditions and stability to condensa-
ion and poisons [3].

Among the various metal/support combinations investigated
or the low-temperature WGS reaction, ceria-supported precious
etal catalysts seem to be promising candidates for fuel cell

pplications [4–6], exhibiting activity comparable to that of con-

entional Cu/ZnO/Al2O3 catalysts [6]. However, most of these
aterials are not sufficiently stable and progressively deactivate

nder conditions typical of a reformer outlet [7]. This has been
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ttributed to several factors, including irreversible reduction of
he support [7], structural changes and sintering of the metal-
ic phase [4,8], carbon deposition [9] or formation of cerium
ydroxycarbonate species [10]. In addition, the activity of fresh
t/ceria catalysts was found to be not enough to meet the weight
nd cost constraints found in automotive applications [7]. As a
esult, efforts are made to further increase catalytic activity and
o improve structural stability of ceria-supported noble metal
atalysts.

The WGS activity of ceria-supported precious metal catalysts
an be enhanced significantly by addition of surface promoters
8,11–13]. This has been attributed to the effects induced by the
resence of promoters on the surface properties of ceria [13],
ncluding reducibility, oxygen storage capacity and resistance
o sintering [12]. It has been also proposed that the role of the
romoter is to lower the barrier for oxygen transfer from ceria
o the metal [8], thereby facilitating oxidation of adsorbed CO.

In our previous studies [14,15] it was shown that the WGS
ctivity of supported noble metal catalysts depends strongly on
he nature and physicochemical characteristics of the support.
n particular, it was found that activity of noble metals is signif-

cantly improved when supported on “reducible” rather than on
irreducible” metal oxides [15]. It was also shown that the activ-
ty of Pt/TiO2 catalysts depends strongly on the morphological
haracteristics of the support, i.e., it increases with decrease of

mailto:dimi@chemeng.upatras.gr
dx.doi.org/10.1016/j.cej.2007.03.054
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he primary crystallite size of the titania [14]. This behaviour
as been attributed to the higher reducibility of small titania
rystallites, which may affect either directly (redox properties)
r indirectly (population and reactivity of hydroxyl groups) the
GS activity [14,16]. In contrast, the activity of Pt/CeO2 cat-

lysts did not depend on the crystallite size of the ceria carrier
15].

In the present study, we report on the WGS activity of Pt cat-
lysts supported on cation (Me)-doped cerium oxide (Me = Ca,
a, Mg, Zn, Zr, Yb, Y, Gd) prepared by the urea-nitrate
ombustion method [17]. The catalytic performance of these
t/Ce-Me-O catalysts is investigated with respect to the dopant-

nduced alterations on the physicochemical and chemisorptive
haracteristics of the support.

. Experimental

.1. Catalyst preparation and characterization

Metal-promoted cerium oxide supports were synthesized by
he urea-nitrates combustion method [17] by mixing the nitrate
alt of the promoter [Me(NO3)z·XH2O] (Me: Yb, Gd, Zr, Mg,
a, Ca, Y, Zn) with cerium nitrate [Ce(NO3)3·6H2O] and urea

CH4N2O) in appropriate molar ratios (Me/(Me + Ce) = 0.10,
5% excess of urea). The crucible containing the mixed solu-
ion was initially preheated on a hot plate at ∼80 ◦C, so that
xcess water was removed. After the solution was converted to
viscous gel, it was placed in an open muffle furnace main-

ained at 400–500 ◦C. The gel started boiling and autoignited
ith rapid evolution of a large quantity of gases, yielding a

oamy, voluminous powder, which was further treated at 550 ◦C
or 1 h. Dispersed platinum catalysts were prepared employing
he wet impregnation method [14] with the use of the above
romoted cerium oxide powders and (NH3)2Pt(NO2)2. After
reparation, Pt/Me-Ce-O catalysts were reduced at 300 ◦C in
ydrogen flow for 2 h. In all cases, the platinum loading was
.5 wt.%.

Materials were characterized with respect to their specific sur-

ace area, primary crystallite size of the support and platinum
ispersion, employing nitrogen physisorption at the tempera-
ure of liquid nitrogen (BET method), X-ray diffraction (XRD)
nd selective chemisorption of CO, respectively [14]. Platinum

s
T
t
i

able 1
esults of catalyst characterization and of kinetic measurements obtained from the in

romoter (Me) SBET (m2 g−1) dCeO2
a (nm) Pt dispersion (%)

b 41 7.9 40
d 42 9.4 52
r 27 11.0 100
g 33 10.2 58

a 50 8.9 73
a 43 8.0 45

28 11.2 48
n 20 15.5 37
ndoped 8 18.5 46

a Primary particle size of CeO2 determined by XRD line broadening of the (3 1 1) p
ineering Journal 134 (2007) 16–22 17

ispersion, expressed in terms of CO/Pt ratio, was estimated
ssuming that each Pt metal atom chemisorbs one CO molecule.
emperature-programmed reduction (TPR) experiments were
erformed under a flow of a 3% H2/He mixture (50 cm3 min−1)
ver 200 mg of preoxidized catalyst using a heating rate of
0 ◦C min−1. A mass spectrometer (Omnistar/Pfeiffer Vacuum)
as used for on-line monitoring of TPR effluent gas. FTIR

xperiments were carried out using a Nicolet 740 FTIR spec-
rometer equipped with a DRIFT cell, an MCT detector and a
Br beam splitter [18], following the procedures described in
etail elsewhere [16,18].

The catalytic performance of Pt/Ce-Me-O catalysts for the
GS reaction was investigated in the temperature range of

00–550 ◦C using a feed stream consisting of 3%CO and
0%H2O (balance: He). In a typical experiment, 75 mg of the
atalyst powder (particle size: 0.18 < d < 0.25 mm) are placed
n a quartz microreactor and reduced in situ at 300 ◦C for 1 h
nder a hydrogen flow of 60 cm3 min−1. The catalyst is then
eated at 500 ◦C under He flow and left at that temperature for
5 min. Finally, the catalyst is conditioned at 450 ◦C for 1 h,
nder the flowing reaction mixture (total flow: 150 cm3 min−1).
easurements of intrinsic rates were obtained under differential

eaction conditions. Results were used to determine the turnover
requencies (TOFs) of carbon monoxide consumption, defined
s moles of CO converted per surface noble metal atom per sec-
nd. Details of the techniques and procedures employed can be
ound elsewhere [14–16].

. Results

.1. Catalyst characterization

Results of catalyst characterization measurements are sum-
arized in Table 1. It is observed that doping of the support

enerally results in a substantial increase of the BET surface
rea, which increases from 8 m2 g−1 for the undoped Pt/CeO2
atalyst to 20–50 m2 g−1 for the Pt/Ce-Me-O samples. This is
ccompanied by a parallel decrease of the primary crystallite

ize of ceria (dCeO2 ) from 18.5 to 7.9–15.5 nm, respectively.
he dispersion of platinum varies between 40 and 60%, with

he exception of La- and Zr-doped samples, where Pt dispersion
s higher.

vestigated 0.5%Pt/(Ce-Me-O) catalysts

Rate at 250 ◦C
(�mol s−1 g−1)

TOF at 250 ◦C (s−1) Activation energy
(kcal mol−1)

13.10 1.28 18.8
11.10 0.83 20.5
10.70 0.42 19.9
10.10 0.68 20.4

9.65 0.52 19.2
6.22 0.54 20.9
5.21 0.42 20.5
1.33 0.14 20.0
6.53 0.55 18.2

eak.
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reduction of ceria [22,23]. In addition to the HT feature, the
TPR profiles of Pt/Ce-Me-O catalysts are characterized by a
low-temperature (LT) peak (<150 ◦C) and two medium temper-
ature (MT) features located at ca. 200 ◦C (MT1) and ca. 400 ◦C
Fig. 1. XRD profiles of the investigated Pt/Ce-Me-O catalysts.

XRD patterns obtained from the Pt/Ce-Me-O catalysts are
hown in Fig. 1. Diffraction patterns obtained from undoped
t/CeO2 and from unplatinized CeO2 samples prepared by the
ame method are also shown for comparison. Results show
hat CeO2 obtained by the urea-nitrate method has the typical
uorite-type oxide structure. The lattice constant of the cubic
ell of ceria, calculated from the (3 1 1) crystallographic plane,
s found to be equal to 5.4118 Å (Table 2), in agreement with pre-
ious studies [19]. Taking into account the observed shift of the
iffraction peaks of ceria in the doped samples (Fig. 1), it can be

rgued that the added cations with ionic radii [20] different than
hat of Ce4+ are incorporated in the ceria lattice. Incorporation
nto the ceria lattice of a cation with a smaller ionic radius than
hat of Ce4+, e.g. Zn2+, Mg2+, Zr4+, results in a decrease of the

able 2
eria lattice constants of doped Pt/Ce-Me-O catalysts

atalyst Cation Ionic radius (Å) Lattice constant,
aa (Å)

eO2 Ce4+ 0.970 5.4118

t/CeO2 Ce4+ 0.970 5.4118

t/Ce-La-O La3+ 1.160 5.4403

t/Ce-Mg-O Mg2+ 0.890 5.4057

t/Ce-Zr-O Zr4+ 0.840 5.3631

t/Ce-Zn-O Zn2+ 0.900 5.3846

t/Ce-Ca-O Ca2+ 1.120 5.3914

t/Ce-Y-O Y3+ 1.019 5.4211

t/Ce-Yb-O Yb3+ 0.985 5.3708

t/Ce-Gd-O Gd3+ 1.053 5.3947

a Calculated from the (3 1 1) crystallographic plane
ineering Journal 134 (2007) 16–22

attice constant (Table 2) and in a shift of the XRD peaks towards
igher diffraction angles (Fig. 1). On the other hand, La3+ and
3+, which have a bigger ionic radius than that of Ce4+, shift

he diffraction peaks to lower diffraction angles and the La3+-
nd Y3+-doped ceria have bigger lattice constant (Table 2). Yb3+

nd Gd3+, which also have bigger ionic radii, do not induce the
ame affect on the lattice parameter. This can be explained by
he great solubility and by the complex lattice parameter depen-
encies which have been reported between Gd2O3, Yb2O3 and
eO2 [21]. Although the ionic radius of Ca2+ (1.12 Å) is sim-

lar to that of La3+ (1.16 Å), the Ca-doped sample neither has
greater lattice constant (Table 2) nor it shifts the XRD peaks

o smaller degrees (Fig. 1), as La3+ does. On the contrary, it
as the opposite effect. A possible explanation is that the low
umber of electrons of Ca2+ might have provoked some kind of
atrix effect, which affects the real lattice constant so that the

alculated one is plasmatic.

.2. Temperature-programmed reduction with H2

Hydrogen consumption curves obtained from the preoxi-
ized Pt/Ce-Me-O catalyst samples are shown in Fig. 2. The
PR profile of the unplatinized CeO2 sample, which is shown

or comparison, is characterized by a broad, high-temperature
HT) feature, which appears above 600 ◦C and is assigned to
Fig. 2. TPR profiles of Pt/Ce-Me-O catalysts.
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He for 10 min are shown in Fig. 4. It is observed that the spectrum
for the undoped Pt/CeO2 catalyst (trace a) is characterized by
three bands in the ν(CO) stretching frequency region, located at
2085, 2068 and 1820 cm−1, and by several bands located below
P. Panagiotopoulou et al. / Chemica

MT2), respectively (Fig. 2). The LT consumption peak, which
s observed for all Pt-containing samples investigated (Fig. 2),
s attributed to reduction of PtOx species formed during the pre-
xidation step [16,24]. The MT2 peak at ca. 400 ◦C is attributed
o the Pt-catalyzed reduction of the surface cell of ceria [5,22].
he exact position of this TPR feature depends on the nature
f the dopant cation employed and, as will be discussed below,
ay be connected to the WGS activity of Pt/Ce-Me-O catalysts.
inally, the MT1 feature at around 200 ◦C, which appears over
ost doped samples may be tentatively attributed to reduction

f ceria in the vicinity of Pt crystallites.

.3. WGS activity of Pt/Ce-Me-O catalysts

Results of catalytic performance tests obtained over the
t/Ce-Me-O catalysts are presented in Fig. 3, where the conver-
ion of CO (XCO) is plotted as a function of reaction temperature.
he equilibrium conversion, predicted by thermodynamics, is
lso shown for comparison. It is observed that doping of Pt/ceria
ith Ca (line 3), Gd, Mg, La (line 2) and, especially, Yb (line 1)

esults in a shift of the conversion curves toward lower reaction
emperatures, compared to the one of the unpromoted catalyst
line 4). Similar was the effect of addition of Zr, which gave
conversion curve located between lines 1 and 3 (not shown

or clarity). In contrast, doping with Y (line 5) and, especially,
n (line 6) results in a decrease of catalytic activity, which is
uch more pronounced for the latter sample. The catalyst pro-
oted with Yb, which exhibits superior catalytic performance,

ompared to the other samples, becomes active at temperatures
igher than 170 ◦C and XCO reaches equilibrium conversions at
emperatures around 320 ◦C.

Measurements of intrinsic reaction rates were obtained in
eparate experiments under differential reaction conditions and
esults are summarized in Table 1. It is observed that the specific
eaction rate (per gram of catalyst) at 250 ◦C depends strongly
n the nature of the promoter used, following the order of

b > Gd > Zr > Mg > La > CeO2(undoped) > Ca > Y > Zn, with

he rate for the Yb-promoted catalyst being about one order
f magnitude higher than that for the Zn-promoted sample. The
pparent activation energy (Ea) of the reaction has been calcu-

ig. 3. Catalytic performance of the indicated Pt/Ce-Me-O catalysts for the
GS reaction. Equilibrium conversion of CO is shown with dashed line.

F
Z
a

ineering Journal 134 (2007) 16–22 19

ated for each catalyst from the slope of the Arrhenius plot of
eaction rates obtained in the temperature range of 180–280 ◦C
nd results are summarized in Table 1. It is observed that Ea does
ot vary significantly from one catalyst to another, taking val-
es between 18 and 21 kcal mol−1 for all samples investigated.
his implies that, under the present experimental conditions, the

ate-limiting step is not affected by the presence of the promoters
nvestigated. The calculated values of activation energy are in
greement with those reported previously for CeO2-supported
t, Rh, Pd and Ru catalysts ([15] and refs. therein).

.4. FTIR investigation of CO adsorption over selected
t/Ce-Me-O catalysts

Results presented in Fig. 3 and Table 1 clearly show that,
mong the various samples investigated, the Yb-doped and the
n-doped catalysts exhibit the best and the worst WGS activity,

espectively. Therefore, these samples, along with the undoped
t/CeO2 catalyst were further investigated by DRIFT spec-

roscopy in order to study the effects of doping on the nature
nd thermal stability of adsorbed CO species. FTIR spectra
btained from the prereduced catalysts following interaction
ith 1%CO/He at 25 ◦C for 30 min and subsequent purging with
ig. 4. DRIFT spectra obtained at 25 ◦C from: (a) Pt/CeO2(undoped), (b) Pt/Ce-
n-O and (c) Pt/Ce-Yb-O catalysts following exposure to 1%CO/He for 30 min
t 25 ◦C.
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650 cm−1. The bands at 2085 and 2068 cm−1, are due to CO
inearly adsorbed on partially oxidized (Ptδ+) and reduced (Pt0)
latinum sites, respectively, while the band at ca. 1820 cm−1

s characteristic of bridge-bonded CO on Pt0 sites [16,25–28].
ands located at 1641, 1562, 1425, 1312, 1170 and 1045 cm−1

re attributable to surface formate and/or carbonate species asso-
iated with the support [27–31]. Qualitatively similar spectra
ere obtained from the Zn-doped (trace b) and the Yb-doped

amples (trace c). The main difference is that the relative inten-
ities of the bands located below 1650 cm−1, compared to those
n the ν(CO) region, are higher over the doped catalysts, which
s due to the higher surface area of the latter samples (Table 1).

Fig. 5 shows the FTIR spectra in the ν(CO) region obtained
rom the prereduced Pt/CeO2, Pt/Ce-Zn-O and Pt/Ce-Yb-O cat-
lysts following adsorption of CO at 25 ◦C and subsequent
tepwise heating at 450 ◦C under He flow. In the case of unpro-
oted Pt/CeO2 catalyst (Fig. 5A), increasing temperature from

5 to 100 ◦C (traces a–c) results in the disappearance of the
ands corresponding to CO adsorbed on Ptδ+ sites (2085 cm−1)
nd bridge-bonded CO (1820 cm−1). The band at 2068 cm−1,
ttributed to linearly adsorbed CO on Pt0 sites, is thermally more
table and disappears from the spectrum at temperatures higher
han 200 ◦C (traces f and g). This is accompanied by a pro-
ressive shift of the peaks’ maximum from 2068 to 2050 cm−1,
hich is consistent with a decrease in the dipole–dipole cou-
ling effect between adsorbed CO molecules with decreasing
overage [25,26,32,33].
Two additional bands, located at ca. 1980 and 1750 cm−1

ecome discernible at temperature higher than 75 ◦C and are
resent in the spectra at temperatures up to 150 ◦C (traces b–e).
he former band appears at vibrational frequencies lower than

f
P
p
a

ig. 5. DRIFT spectra obtained from: (A) Pt/CeO2(undoped), (B) Pt/Ce-Zn-O and
tepwise heating under He flow.
ineering Journal 134 (2007) 16–22

hose expected for Pt0 CO species, which indicates the pres-
nce of adsorption sites of exceptional electron-donating power.
n accordance with previous studies over Pt/CeO2 [27] and
d/CeO2 [34] catalysts, the 1980 cm−1 band may be assigned to
O adsorbed on platinum atoms interacting with Ce3+ ions of the

upport. Similar low frequency bands have been also reported for
O adsorbed on TiO2-supported noble metal catalysts, includ-

ng Pt/TiO2 [16,33] and Au/TiO2 [35] and have been attributed
o CO adsorption at metal–Ti3+ sites located at the metal/support
nterface.

The band at ca. 1750 cm−1 has been previously assigned
o a tilted CO species, adsorbed through both the carbon and
xygen ends [27]. Yee et al. [27] reported that the presence of
ilted CO species indicates involvement of the support, which is

anifested by partial encapsulation of platinum by the partially
educed ceria. The authors proposed that Ce cations influence the
dsorption state of CO by enhancing the back-bonding through
he metal. Similar bands, attributed to tilted CO species, have
een also observed at 1704 cm−1 for 1.6%Rh–1.9%Nb/SiO2
36], at 1731 cm−1 for Pd/CeO2 [37], and at 1660 cm−1 for
h/ZrO2 catalyst [38]. The presence of the bands located at
980 and 1750 cm−1 provides evidence for the involvement of
etal/support interactions in the adsorption of CO on the present

atalyst [27,37,38].
FTIR spectra obtained from the less active Zn-doped cata-

yst are shown in Fig. 5B. Comparison with the corresponding
pectra obtained from the undoped sample (Fig. 5A) shows the

ollowing differences: (a) bands attributed to CO adsorbed on
tδ+ sites, i.e., at wavenumbers higher than ca. 2080 cm−1, are
resent in the spectra at temperatures as high as 150 ◦C (traces
–d); (b) a band located at ca. 2024 cm−1 is observed in the tem-

(C) Pt/Ce-Yb-O catalysts following CO desorption at 25 ◦C and subsequent
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erature range of 25–450 ◦C. This band, which does not shift
ith increase of temperature, may be attributed to linear CO

dsorbed on isolated Pt sites; (c) the band attributed to Pt0 CO
pecies shifts from 2068 to ca. 2000 cm−1 with increase of tem-
erature from ca. 25 to 450 ◦C cm−1 (traces a–h). Interestingly,
he temperature required to eliminate this peak from the spec-
rum (450–500 ◦C) is much higher than that required for the
ndoped sample (200–250 ◦C) (Fig. 5A). This clearly shows that
oping of Pt/CeO2 with Zn results in a significant enhancement
f the thermal stability of the adsorbed CO species.

The corresponding spectra obtained from the highly active
t/Ce-Yb-O catalyst are shown in Fig. 5C. It is observed that, as

n the case of the Zn-doped catalyst (Fig. 5B), bands attributable
o Ptδ+ CO, located at ca. 2090 cm−1, can be clearly distin-
uished at temperatures in the range of 75–150 ◦C (traces b–e).
his indicates that the presence of both dopants results in the cre-
tion and stabilization of partially oxidized platinum sites. The
ost interesting observation is that bands due to adsorbed CO

isappear from the spectra at temperatures below 250 ◦C, i.e.,
ower than those observed for the undoped Pt/CeO2 catalyst.

. Discussion

Results of XRD experiments summarized in Fig. 1 and
able 2 show that addition of promoters shifts the diffraction
eaks and affects the lattice parameters of ceria in a manner
hich depends on the ionic radius of the dopant cation. It may

hen be argued that the added cations are incorporated into the
eria lattice. Substitution of the tetravalent Ce4+ cation by diva-
ent, trivalent or tetravalent cations results in the creation of
xygen vacancies, which can be directly related to the WGS
ctivity [39,40].

Catalytic performance tests (Fig. 3) and kinetic measure-
ents (Table 1) clearly show that doping of ceria affects strongly

he WGS activity of supported Pt catalysts. This cannot be
ttributed to variations of Pt dispersion which, with the excep-
ion of Zr- and La-promoted samples, does not vary significantly
or the catalysts investigated (Table 1). Therefore, the observed
ifferences in the catalytic activity of the Pt/Ce-Me-O catalysts
hould be attributed to differences in the physicochemical prop-
rties of the support. This is in accordance with our previous
nvestigations where it was found that the specific reaction rate
TOF) does not depend on metal loading, dispersion or crystal-
ite size for Pt/CeO2, Pt/TiO2, Ru/TiO2 and Pt/Al2O3 catalysts
14,15]. Results summarized in Table 1 also demonstrate that
here is no direct relation between the specific surface area (or
CeO2 ) of the investigated catalysts and their WGS activity.
lthough the surface area of the promoted samples is sub-

tantially higher than that of undoped Pt/CeO2, there are not
ignificant differences between the surface areas of the doped
t/Ce-Me-O samples. It may then be concluded that the effect
f promotion on the WGS activity of the present catalysts is
f chemical nature and is not related to the morphological or

tructural characteristics of the support.

TPR profiles of Fig. 2 indicate that a relation may exist
etween the WGS activity of Pt/Ce-Me-O catalysts and their
eduction characteristics (note that curves shown, from bottom

a
[
o

ineering Journal 134 (2007) 16–22 21

o top, are plotted in the order of increasing WGS activity). It is
bserved that, as a general trend, the lower the temperature of
he MT2 peak, attributed to reduction of the surface cell of ceria,
he higher the WGS activity. In contrast, catalysts which are less
ctive than undoped Pt/CeO2 either do not exhibit a clear MT2
ydrogen consumption peak (e.g. Ca- and Zn-doped samples)
r it appears at higher temperatures (e.g. Y-doped sample). It
ay then be argued that the catalytic performance of dispersed
t crystallites for the title reaction depends on the reducibility of

he support: the higher the reducibility of surface cell of ceria,
he higher the WGS activity of the Pt/Ce-Me-O catalyst.

FTIR results of Fig. 5 show that CO species adsorbed on plat-
num are thermally more stable over the less active Pt/Ce-Zn-O
atalyst (Fig. 5B), compared to the undoped Pt/CeO2 sample
Fig. 5A). In contrast, FTIR bands disappear at substantially
ower temperatures over the highly active Pt/Ce-Yb-O catalyst
Fig. 5C). The observed differences in the temperature required
or the disappearance of the bands in the ν(CO) region cannot be
olely attributed to dopant-induced alterations in the chemisorp-
ive properties of dispersed Pt crystallites. However, they could
e explained by taking into account the competition between the
O desorption process and the possible surface reactions which
ay take place upon heating. In accordance with the results

f our previous investigations over Rh/CeO2 catalysts [41,42],
he disappearance of the IR bands may be attributed to reaction
f adsorbed CO with oxygen originating from the support. If
his is the case, it may be argued that the low thermal stability
f the adsorbed CO species observed for the undoped Pt/CeO2
Fig. 5A) and for the Yb-doped (Fig. 5C) samples may be due
o the relatively high ability of the corresponding supports to
rovide active oxygen species, which react with adsorbed CO to
ield CO2 in the gas phase. In contrast, the high thermal stabil-
ty of CO species adsorbed on Pt/Ce-Zn-O (Fig. 5B) may reflect
he comparably lower availability of mobile oxygen atoms of
he support. This hypothesis is supported by the TPR results
f Fig. 2, which show that the reducibility of the ceria surface
s considerably higher than that of the undoped Pt/CeO2 and,
specially, of the Zn-doped sample.

Concluding, it may be suggested that doping of Pt/CeO2
atalysts with the investigated promoters affects strongly the
educibility characteristics of the support which in turn affects
he WGS activity. As a general trend, the WGS activity increases
ith increasing the reducibility of the surface cell of ceria.
his is in accordance with the results of Wang and Gorte [11],
ho investigated the effect of addition of various promoters on

he WGS activity of Pd/CeO2 catalysts and found significantly
nhanced rates for the Fe-promoted sample. They proposed that
he role of the promoter is to lower the barrier for oxygen transfer
rom ceria to the metal, thereby affecting oxygen ion mobility
and reducibility) of the support. It is also in general agreement
ith our previous findings that the WGS activity of noble met-

ls is significantly improved when supported on reducible metal
xides [14–16].
It should be noted that both the ceria-mediated redox mech-
nism [4,8] and the formate (associative) reaction mechanism
29,43] may be employed to explain the observed enhancement
f WGS activity with increasing the reducibility of the ceria-
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ased support. According to the redox mechanism, Ce4+ cations
re reduced toward Ce3+ by CO adsorbed on the metal to pro-
uce CO2, while the created oxygen vacancies are replenished by
2O to produce H2 [4]. According to the formate mechanism,

eduction of ceria results in the formation of the WGS-active
ridging OH groups at Ce3+ defect sites [29,43]. Whatever the
echanism of the reaction, the rate is expected to increase if Ce3+

toms (i.e., oxygen vacancies) are formed at lower temperatures.
esults of the present study show that the temperature required

or the reduction of the surface shell of ceria may be reduced
nd therefore the WGS activity may be increased by doping
f Pt/CeO2 catalysts with appropriate promoters, including La,
g, Zr, Gd and, especially, Yb.

. Conclusions

The urea-nitrates combustion method can be used for the
reparation of cation (Me)-doped cerium dioxide carriers
Me = Ca, La, Mg, Zn, Zr, Yb, Y, Gd) in which the dopant cations
re incorporated into the ceria lattice. The presence of the dopant
ffects the physicochemical characteristics (e.g. surface area and
educibility) of the support, the chemisorptive properties toward
O, and the WGS activity of Pt/Ce-Me-O catalysts, in a manner
hich depends on the nature of the dopant cation. Evidence is
rovided that the WGS activity of dispersed platinum depends
n the reducibility of the support or, equivalently, on the mobil-
ty and reactivity of surface oxygen atoms of doped ceria. In
articular, activity is enhanced with increasing reducibility of
he surface cell of ceria, with the rate over the most active Yb-
oped catalyst being more than one order of magnitude higher
han that of the less active Zn-doped sample.
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