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1. Introduction

Interest in water-gas-shift (WGS) has increased in recent
decades due to advances in PEM fuel cell technology for
portable power and transportation applications [1,2]. Con-
ventional Cu/ZnO/Al,O3 catalysts used commercially for low
temperature shift are pyrophoric and unamenable to the rapid
start-up/shutdown steps occurring in a fuel processor for fuel cell
applications. Thus, a non-pyrophoric WGS catalyst with high activ-
ity at low temperature is needed. One family of catalysts that is
promising for the development of the low temperature WGS stage
is comprised of a metal catalyst (e.g., Pt) deposited on a partially
reducible oxide (PRO) (e.g. ceria, zirconia, etc.). The metallic center
is suggested to play the dual role of facilitating the partial reduction
of the support as well as participating in the mechanism [3,4].
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Two primary mechanisms have been proposed for WGS. In the
redox mechanism [4-6], which has found support from isotopic
tracer studies [6], CO adsorbed on the precious metal is proposed
to react with O-adatoms on the PRO to generate CO,, leaving oxy-
gen vacancies in the surface of the support. Oxygen vacancies are
replenished by reduction of H,0, yielding H,.

Kinetic isotope effect, isotopic tracer, and operando studies
suggest that associative mechanisms involve adsorbed surface
intermediates such as formates [7-12], and carboxylates [12-16].
The precious metal facilitates the formation of defect sites in
the PRO. H,0 dissociates at these defects to generate Type Il OH
groups, which in turn react with CO to form associated species
(e.g., formates and/or carboxylates). In the presence of co-
adsorbed H,0, formate has been identified to decompose in the
forward direction to H, and adsorbed an adsorbed CO, species,
which decomposes.

In either mechanism, the surface shell of the support under-
goes reduction and provides surface oxygen mobility. In the redox
mechanism, this is important for removing O adatoms by reaction
with CO. In associative mechanisms, adsorbed intermediates are
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bound by their O atoms. Transport to the metal-support interface
is important for forward decomposition.

Among the PRO supports, CeO, is the most studied because of its
high catalytic activity [17,18]; however, in many cases, it has been
found to rapidly deactivate with the time on stream [4,19]. Loss of
active metal surface, irreversible “over”-reduction of ceria by H; or
the formation of stable carbonates on the surface have been pro-
posed as causes of the deactivation of Pt/CeO,. On the contrary,
Pt/ZrO, catalysts have been reported to exhibit much better stabil-
ity as a consequence of the acidity of the support; that is, carbonates
are less stable on the surface [20]. Moreover, zirconia is 2.5 times
more abundant than ceria and is produced worldwide. For catalytic
applications, replacements for rare earth elements are of interest,
due to their more limited or controlled supply.

On the other hand, Pt/ZrO, catalysts have been found to exhibit
lower activity in the range of low temperature WGS compared to
ceria-based supports [21]. Chenu et al. [22] found that Pt/ZrO, cat-
alysts exhibited lower formate band intensities upon adsorption of
CO to the activated catalyst in relation to Pt/ceria, and suggested a
lower density of defect-associated bridging OH groups (as defined
by Binet et al. [23] for partially reduced ceria).

To increase activity, promoters have been added to Pt/ZrO,. To
date, few investigations have been reported [20,24-30]. lida and
Igarashi[24,25] found enhanced activity by promoting Pt/ZrO, with
Re to form a bimetallic catalyst. The authors observed that the
formate species during WGS were more reactive (lower coverage
in IR) over promoted catalysts. They concluded that Re imparts a
redox cycle during the formation of the active OH group. This was
suggested to accelerate the turnover rate of formate species, with
Pt—CO providing sites for associating with Re—OH groups in order
to form the bidentate formate species.

In 2005, Brooks at al. [26] reported an improvement in cat-
alytic activity when Pt/ZrO, was doped with Group 1 elements
(Li, Na or K), with Na yielding the greatest enhancement. In
2007, Pigos et al. [27,28] reported results of DRIFTS spectroscopy
demonstrating that the formate species were more reactive on the
Na-promoted catalyst relative to Pt/ZrO, alone. A shift to lower
wavenumbers of the formate C H-band indicated bond weaken-ing,
the breaking of which Shido and Iwasawa [7] identified as being
the rate limiting step for related Rh/ceria catalysts. Three separate
tests were conducted [27,28], including (I) steady state CO
adsorption and WGS experiments at 225 °C; (II) transient formate
decomposition studies at 130 °C; and (III) formate decomposition
test under dry conditions using hydrogen-deuterium exchange at
225°C.

Hwang et al. [20] indicated that the addition of titanium
enhances the WGS reaction rate by a factor of about 3 relative to
Pt/ZrO, alone. Titanium addition increased the dispersion of Pt and
the reducibility of Pt/Ti/ZrO, system, resulting in an increased den-
sity of surface hydroxyl groups. Formate species located close to the
metal particles decomposed faster than those positioned remotely,
with the involvement of a multi-coordinate OH group.

Addition of Group 5 elements has been explored. Nguyen-Thanh
et al. [29] found that higher activities occur at lower vanadia load-
ings, and at this level the monovanadate species is the predominant
one. Vanadia doping improved the reducibility of the support,
so that the oxygen vacancies and OH groups would form more
easily. Niobium addition was studied by Goscianska et al. [30];
the authors found that an enhancement in catalytic performance
can only be obtained at low niobium loadings (optimal value of
0.3).

Computer models have revealed that divalent (e.g., Ca, Mn,
Ni and Zn) [31], trivalent (e.g., Sc, Mn, Y, Gd and La) [32] and
isovalent (e.g., Zr, Hf, Th) [33,34] dopants lower the reduction
energy of CeO, up to a defect concentration of 50%. Oxygen vacan-
cies generated by acceptor dopants allow the cell to more easily

accommodate the strain caused by forming the larger Ce3* species.
The higher concentration of vacancies due to dopant addition
increases O-mobility. Computational results have been confirmed
by experimental results [35,36]. By incorporating Ca into the ceria
lattice, Linganiso et al. [36] observed an improvement in surface O-
mobility by following transient forward formate decomposition in
a low concentration of steam. Higher WGS rates were observed
with increases in Ca doping.

In principle, similar results might be obtained by doping zirco-
nia with an appropriate element. When Zr#* cations are substituted
by Y3* cations, oxygen vacancies are formed to maintain charge
neutrality [37,38]. Yttrium stabilized zirconia (YSZ) has been the
subject of intense research as a solid electrolyte for fuel cells
[38]. However, few studies have focused on the surface O mobil-
ity property of YSZ, or the greater surface defect densities of YSZ
for WGS. Silver et al. [39] used YSZ to improve the catalytic activ-
ity for CO hydrogenation. The authors found that the active sites
for hydrogenation include vacancies, and that the reaction rate is
enhanced because the mobility of oxygen is increased. Recently,
computational studies have revealed that addition of yttria results
in a decrease in the Zr**/Zr3* reduction energy, which is more
pronounced at higher dopant concentrations [40]. In one inves-
tigation utilizing a low surface area YSZ support for Pt particles,
the catalyst exhibited catalytic activity that was higher than when
non-reducible supports (e.g., Al,O3 and SiO,) were used, but not as
high as when ceria was employed [41]. Pt/YSZ catalysts [42] have
also been explored for the electrochemical promotion of catalysis
(EPOC) effect [43], where O,~ pumping measurements (to and
from the catalyst surface) led to changes in water-gas shift rates
(nega-tive and positive, respectively). The positive increase in the
rate was proposed to be due to a weakening of the Pt CO bond
strength as well as an increase in surface oxygen vacancies, the
latter of which
facilitated H,O dissociation to generate active OH groups for the
mechanism.

The aim of the current study is to explore YSZ for WGS by inves-
tigating the effect of yttrium addition on structure, reducibility and
oxygen mobility, and to correlate these properties with catalytic
activity.

2. Experimental
2.1. Catalyst preparation

High surface area mixed oxides were prepared by
homogeneous precipitation of zirconia and yttrium nitrate, using
sodium hydrox-ide (Fisher-Scientific) as the precipitating agent. In
this method, appropriate amounts of ZrO(NOs3),-xH,0 (Alfa Aesar,
99.9%) and Y(NOs3)3-6H,0 (Alfa Aesar, 99.9%) were dissolved
simultaneously in deionized water at room temperature. The total
ion concentra-tion was maintained at the 0.25 M level for all
experiments. The prepared solution was added drop-wise to the
sodium hydrox-ide solution (1 M), accompanied by constant
stirring at 800 rpm to avoid the formation of lumps and to ensure
complete dissolu-tion. The resulting precipitate was filtered and
then washed several times until the filtered water had a pH of 7.
The solid obtained was dried in a static oven at 110 °C overnight.
The dried material was crushed and then calcined at 400 °C for 4 h.
The support obtained was promoted with platinum via incipient
wetness impregna-tion by taking into consideration the pore
volume measured by
N, physisorption. An appropriate amount of Pt(NH3)4(NO3); (Alfa
Aesar, 99.99%) was dissolved in water and the solution was added
drop-wise in order to obtain 0.5% by weight Pt. The resulting mate-
rial was dried at 110 °C overnight and then calcined at 350 °C for 4
h. Before catalytic testing, the samples were sieved in the diameter
range of 63 pm < ¢ < 106 pm.



2.2. BET surface area and porosity

BET surface area was determined using a Micromeritics TRISTAR
3000 gas adsorption analyzer. In each test, approximately 300 mg of
sample was used. The adsorption gas was nitrogen and the analy-
sis was performed at the boiling temperature of liquid nitrogen.
Samples were degased under vacuum for 12h at 160°C before
conducting the nitrogen adsorption measurements. The specific
surface areas were determined by the Brunauer-Emmett-Teller
(BET) method.

2.3. X-ray diffraction

Diffraction patterns on calcined promoted support materials
were recorded using a Philips X'Pert diffractometer. Short scan
times were used over a long range to observe the changes, if any, in
the crystal structure of YSZ relative to undoped zirconia. The con-
ditions were as follows: scan rate of 0.008° per step, scan time of
60 s per step over a 26 range of 15-90°. Long scan times were also
employed over a short range in order to estimate the domain size
by line broadening analysis. The conditions employed were a scan
rate of 0.017° per step, a scan time of 150 s per step, and 20 range
of 20-40°.

2.4. Temperature programmed reduction

Temperature programmed reduction (TPR) was carried out on
undoped zirconia, yttrium doped zirconia supports, as well as
unpromoted and platinum promoted catalysts, using a Zeton-
Altamira AMI-200 unit, equipped with a thermal conductivity
detector (TCD). Argon was used as the reference gas, and 10% H,
(balance argon) was flowed at 30 ml/min as the temperature was
increased from 50to 1100 °Cataheatingrate of 10 °C/min. The ther-
mocouple was situated inside the catalyst bed, and approximately
300 mg of sample were used for each experiment.

2.5. X-ray absorption near edge and extended X-ray absorption
fine structure spectroscopies (XANES/EXAFS)

In situ Ho-TPR studies were performed at the Materials Research
Collaborative Access Team (MR-CAT) beamline at the Advanced
Photon Source, Argonne National Laboratory. A cryogenically
cooled Si (11 1) monochromator selected the incident energy and
a rhodium-coated mirror rejected higher order harmonics of the
fundamental beam energy. The experiment set up was similar to
that outlined by Jacoby [44]. A stainless steel multi-sample holder
(4.0mm i.d. channels) was used to monitor the in situ reduction
of 6 samples during a single TPR run. The holder was placed in
the center of a quartz tube, equipped with gas and thermocouple
ports and Kapton windows. The amount of sample was optimized
for Y (17,047 eV) and Zr (18,008 eV) K-edge and for Pt Lj;-edge
(11,566 eV). The quartz tube was placed in a clamshell furnace
mounted on a positioning table. Each sample cell was positioned
relative to the beam by finely adjusting the position of the table to
an accuracy of 20 wm (for repeat scans). Once the sample positions
were fined-tuned, the reactor was purged with helium for more
than 5min at 30 ml/min. Then, the reactant gas (H,/He, 4%) was
flowed through the sample (30 ml/min)and a temperature ramp (of
3°C/minforYand Zr K-edges and 1.2 °C/min for Pt Ljj; edge) was ini-
tiated for the furnace to achieve the desired temperature (>800°C
for Y and Zr edges, and ~500°C for Pt Lj; edge). After the tem-
perature ramp, the samples were cooled to ambient temperature
and scanned. The Y, Zr and Pt spectra were recorded in transmis-
sion mode and the respective metallic foil (in the cases of Zr and
Pt) was measured simultaneously with each sample spectrum for
energy calibration. X-ray absorption spectra for each sample were

collected from 17,900 to 18,170¢eV for the Zr K-edge, from 16,920
to 17,200 eV for the Y K-edge and from 11,360 to 12,110eV for the
Pt Ly edge.

Data reduction of EXAFS/XANES spectra was carried out by
using the WinXAS program [45], and raw data were processed to
give the normalized XANES spectra. Linear combination fitting of
platinum spectra with appropriate reference compounds was
carried out.

2.6. High resolution transmission electron microscopy

Catalyst powders were collected on copper grids for TEM anal-
ysis (200-mesh, Ted Pella Inc. Redding, CA). TEM imaging was
performed using a JEOL 2010F field-emission gun transmission
electron microscope (accelerating voltage of 200 keV and magni-
fication ranging from 50 to 1000 K). A symmetrical multi-beam
illumination was used for high-resolution imaging (HRTEM) with a
beam resolution of 0.5 nm. Images were recorded with a Gatan
Ultrascan 4k x 4k CCD camera. All data processing and analysis
was performed using Gatan Digital Micrograph software. Scanning
transmission electron microscopy (STEM) was conducted with a
high angle annular dark field (HAADF) detector and Gatan imaging
filter (GIF).

2.7. Diffuse reflectance Fourier transform infrared spectroscopy

A Nicolet Nexus 870 infrared spectrometer was used equipped
with a DTGS-TEC detector. A chamber fitted with ZnSe windows
was utilized as the WGS reactor for in situ measurements. Experi-
mental procedures are provided elsewhere [46]. For each run, the
catalyst was first activated at 350 °C in 160 ml/min of 68% Hj (bal-
ance He) for 2 h and then cooled down to 225 °C. Formates were
generated using the following procedure. To achieve the Type Il
bridging OH group on the surface a mixture of 38.9 ml/h of H,O
and H, was fed to the sample at 225 °C, and after that the feed was
switched to a mixture consisting of 33.8 ml/min of 10% CO/He
and 66.1 ml/min He. When H,0 is completely removed from the
system, formate generated from reaction of type II bridging OH
groups and CO cannot undergo forward decomposition to hydro-
gen and unidentate carbonate, the latter being the precursor to
CO, formation. After the formate was generated, the temperature
was lowered to 130 °C and the catalyst was exposed to 2.8% (vol.%)
H,0 vapor generated from a bubbler using helium for 15 min. The
total flow rate during formate decomposition was 20 ml/min. After
the decomposition of the formate, the system was purged with 66
ml/min of helium.

2.8. Water-gas-shift reaction

The catalytic tests of LT-WGS were carried out in a stainless
fixed bed tubular reactor (0.444 in. i.d.) under steady state
conditions. In a typical run 720 mg of catalyst (63-106 pm in size)
diluted with 1280 mg glass beads (60-80 pm in size) were packed
between two layers of quartz wool. Using the glass beads
minimized the effect of heat generated by the mildly exothermic
reaction. Note that prior to selection of the sieve range,
measurements were conducted over different sieve ranges,
moving from larger to smaller particle size ranges, to rule out mass
transport resistances and channeling effects. The temperature of
the catalyst bed was monitored by a K-type thermocouple and
maintained by a temperature controller (Barber Colman). Prior to
testing, the catalysts were first reduced in H, (100 ml/min) at 350
°C for 1 h (ramp rate of 4 °C/min). Then, a gas mixture containing
3.0% CO, 26.1% H,0, 29.9% Hy, 5% N5 (balance He) was used for the
catalytic tests to mimic, except for the
case of CO,, LTS conditions found in a typical processor for fuel cell
applications. The dry gases were controlled using Brooks mass
flow controllers. Steam was provided to the system via a steam



Table 1
BET surface area and porosity measurements from physisorption of nitrogen at 77 K,
including supports and the corresponding Pt-promoted catalysts.

Table 2
Domain size as determined by line broadening analysis using the integral breadth
method.

Catalyst description BET SA [m?/g] Average pore Average pore
volume [cm3/g]  radius [nm]
Zr0, 103 0.15 3.0
0.5%Pt/Zr0O, 108 0.15 29
Zr09Y0.101.95 162 0.16 1.9
O.S%Pt/ng_ng_1 01_95 153 0.16 2.1
Zr0.75Y0.2501.875 183 0.15 1.5
0.5%Pt/Zro75Y02501875 174 0.14 15
Zro5Y0501.75 186/191 0.13 1.6
0.5%Pt/Z105Y0501.75 172 0.12 1.6
Zro.25Y0.7501.625 189 0.15 1.6
0.5%Pt/Zro25Y07501625 159 0.13 1.6
Zl'0,1Y0,901_55 162 0.18 1.7
0.5%Pt/Zr0.1Y0901.55 124 0.14 1.8
Y203 151 0.31 3.0
0.5%Pt[Y,03 110 0.25 33

generator consisting of a hollow cylinder (50 mm i.d., 150 mm
long) packed with quartz wool. Water was fed by infusion with a
syringe pump (Thermo Scientificc Model Orion M361) into the
steam generator via a 1/16 in. needle with a side-port hole. The
entire system was heated to 200 °C to avoid condensation of water.
The feed was adjusted in bypass mode to obtain a steady state
concentration of CO/H,0/Ny/He prior to bringing the catalyst on-
line (concentration = 3.0/26.1/5/29.9/36 mol%, where N, was used
as an internal standard). The GHSV during the reaction test was
120,220 h~1. The products were passed through a cold trap cooled
to 0 °C to condense water from the gas prior to GC analysis. The SRI
8610 GC includes two columns (3.658 m silica gel packed and
1.829 m molecular sieve packed) and two detectors (FID and TCD).
To boost the sensitivity of the CO and CO, signals, the GC
incorporates a methanizer, such that these products can be
analyzed by FID.

3. Results and discussion
3.1. BET surface area and porosity

In Table 1 the BET results are reported for the supports and
for the corresponding Pt-promoted catalysts. The surface areas for
the un-promoted supports reach a maximum at a Y/Zr ratio of
1:1 (191 m?/g). The average pore size for the unpromoted cata-
lysts decreases by increasing the yttrium until a minimum value
of 1.5 nm for the system Zry75Y(.2501.875. The average pore volume
does not significantly change among the different systems, the
only exception being the Y,03 support which exhibited a higher
aver-age pore volume (0.31 cm3/g). When platinum is added the
surface area did not change significantly for the ZrO, catalyst,
while a significant decrease was observed for all of the doped
supports and in the case of Y,03; this is associated with an increase
in the aver-age pore radius and is likely due to some pore blocking,
especially in the case of the narrower pores. Another possibility is
that the doped zirconia samples may be more unstable than the
ZrO, such that platinum impregnation could alter the morphology
of the catalyst. Indeed, the loss of surface area was more
pronounced at higher yttrium loadings (i.e., the fractional loss in
area increases from 5.1%for 0.5%Pt/ZrggY(.101.95 to 27.5% for 0.5%
Pt/Y,03).

3.2. Catalyst structure: XRD/XANES/HR-TEM

Fig. 1 shows the XRD patterns for the Pt-promoted samples. The
patterns for the zirconia catalyst display peaks that could corre-
spond to either the cubic or to the tetragonal phase. The assignment
of cubic or tetragonal phase based on X-ray diffraction analysis, can
be misleading because the structures of the two phases are very

Catalyst 2-0 Size [nm]
Pt/ZrO, 30.31 7.9
50.54 7.0
0.5%Pt/Zro9Y0.101.95 30.29 6.5
50.47 5.6
0.5%Pt/Zr0.75Y02501.875 30.21 3.0
50.28 3.1
0.5%Pt/Zro5Y0501.75 29.89 1.3
49.76 1.9
O.S%Pt/ng,stws01_625 30.16 1.2
49.25 1.9
0.5%Pt/Zro1Y0901.55 29.59 1.3
48.92 2.2
0.5%Pt/Y203 29.99 1.4
48.17 1.3

similar. Srivastava at al. [47] reported that the tetragonal structure
can be distinguished from the cubic structure by the presence of
characteristic splitting of the tetragonal phase, [e.g., (00 2) (2 0 0),
(113)(311),(004)(400),and (006) (60 0)], whereas the cubic
phase exhibits only single peaks at all of these positions. For the
sample prepared by precipitation, the doublets indicative of the
tetragonal phase at intermediate 26 positions are difficult to dis-
tinguish clearly because of peak broadening due to small crystallite
sizes. Davis [48] and Srinivasan et al. [49] have suggested that the
crystal structure obtained at low pH values and high pH values is
tetragonal. The ZrO, sample in this work was precipitated at a pH
of 12 and exhibits the tetragonal phase.

The XANES spectrum for the oxidized sample can also be used to
determine if the structure is either tetragonal or cubic. In Fig. 2 (left),
the XANES spectrum for the Pt/ZrO, catalyst is reported. A number
of features in the lineshape suggest that the structure is tetragonal.
For example, a small shoulder exists at about at 6-7 eV beyond the
Zr K-edge threshold, which is most apparent in tetragonal zirconia
[50]. In general, XANES features within 10 eV of the edge threshold
are due to electronic transition to unoccupied high-energy states
near the Fermi level and are sensitive to the local geometry of
the absorbing atom. So, the shoulder can be attributed to a 1s 4d
transition, which is forbidden unless some d-p mixing occurs. The
intensity of this transition is stronger in compounds that are dis-
torted from the case of centrosymmetry [51,52]. Since tetragonal
geometries are known to enhance d-p coordination relative to that
seen for seven fold coordination (due to the lack of centrosymme-
try), the stronger transition in t-ZrO, is understandable. Secondly,
the spectrum has a prominent shoulder at 18.037 keV that is not
present in other zirconia phases. This peak corresponds to multi-
ple scattering involving second nearest neighbor atoms or higher
shells.

By increasing the yttrium loading the intensity of the XRD
peaks in Fig. 1 gradually decrease, indicating a lower degree of
crystallinity. This suggests that crystallization occurs at higher
temperatures for the Y-doped catalysts. Line broadening analy-
sis using the integral breadth method suggests that the oxide
(mixed oxide) domain size decreased with Y-doping and became
less crystalline, and that the average domain size was 7.9 nm for
0.5%Pt/ZrO, and ~1.3 nm for 0.5%Pt/Y,03 (Table 2). The estimates
neglect the possible influence of microstrain on peak broadening,
as an attempt at employing the Hall-Williamson method proved
inconclusive.

Regarding the mixed oxides, the XRD signal was not signif-
icantly broadened only for the sample with a composition of
0.5%Pt/Zrp9Y0.101.95. In this case, the peaks appear to correspond
to a tetragonal structure. In the literature, it is reported that a
small amount of Y (less than 16 mol%) stabilizes the tetragonal
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Fig. 1. X-ray diffraction profiles at (left) short scan times over a long range and (right) long scan times over a short range for: (a) 0.5%Pt/ZrO-, (b) 0.5%Pt/Zro9Y0.101.95, (C)
0.5%Pt/Zr0.75Y02501.875, (d) 0.5%Pt/Zro5Y0501.75, (€) 0.5%Pt/Zro.25 Y0.7501.625, (f) 0.5%Pt/Zro.1Y0.901.55, and (g) 0.5%Pt/Y>03.

phase, while a higher concentration of yttrium stabilizes the cubic
structure [53,54]. Shifts in the peak positions to lower 26 values
(Table 2) are consistent with macrostrain caused by Y-doping.

For the other doped catalysts, the signal is very broadened due
to lower crystallinity, so it is not possible to identify the crystal
structure from XRD analysis. However, analysis by XANES is help-
ful in elucidating the structure. XANES spectra of 0.5%Pt/Y,03 and
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The zirconia spectrum for the doped system is different from that
of zirconia. No shoulder is present at around 18.037 keV, and the
main peak of the white line is split into two components (at 6 eV
and 12 eV above the adsorption edge, respectively). These features
confirm the cubic structure, and others have shown this to be the
case when yttrium loadings are higher than 20% [53,54].
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Fig. 3. (Top) TEM images reveal larger, more well-defined crystals for the (a) 0.5%Pt/ZrO, and (c) 0.5%Pt/Zro90Y0.1001.95 catalysts and a polycrystalline nature for the (b)
0.5%Pt/Zro50Y05001.75 catalyst. (middle) HR-TEM and (bottom) STEM images show that the Pt particles are well dispersed and range from 0.5nm to 2 nm over all three

supported catalysts.

The Y,053 spectrum (Fig. 2, right) is characterized by two peaks
of higher intensity, and the asymmetric character sug-gests a
structure without significant long range ordering (e.g.,
nanoparticles [55]), consistent with the broad signal of the cor-
responding XRD profile. The spectra resemble that of the cubic
structure previously reported [54]. The yttrium spectrum was also
collected for the doped system (0.5%Pt/Zrg5Y0501.75). The inten-
sity for the doped system is slightly higher than Y,0s3, and this
trend has been also reported by Li et al. [54]. They observed

higher intensities for the Y-doped Zr materials (3-20 mol% Y);
however, the intensity continuously decreased with yttrium load-
ing. In this work, the concentration is 50% Y and this can explain
why the difference in intensities between the Y,03 and the YSZ
doped system is not as accentuated as in the work of Li et al.
[54]. The higher intensity is typically associated with a more
ionic nature of the absorbing atom, which would be consistent
with a higher coordination number and longer Y—O distances
[54].
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HR-TEM images (Figs. 3 and 4) reveal larger, more well-defined
crystallites for the (a) ZrO, and (c) ZrggoYo0.1001.95 supports and
smaller domains, with a more polycrystalline nature, for the
(b) Zrgs50Y05001.75 support, in agreement with line broadening
observed in XRD. The slight increase in the (111) d-spacing for
the ZrggoY0.1001.95 support and lack of Y,03 crystallite forma-
tion over both of the Y-doped supports suggests that a solid
solution was formed in each case. This macrostrain is consistent
with the shift in the XRD peaks to lower 26 with Y dop-
ing.

In agreement with the results of EXAFS spectroscopy at the Pt
L3 edge, HR-TEM and STEM images in Fig. 3 confirm that the Pt was
well dispersed. Moreover, the particle sizes, which fell within a
narrow range, were similar over the three catalysts examined,
with the distribution of each catalyst being 0.5-2 nm. This is criti-
cally important, as a difference in the length of the periphery of the
metal-support interface has alone been identified to increase the
specific rate of WGS catalysts over related Pt/ceria catalysts [3,56].

3.3. Temperature programmed reduction and TPR-XANES

The reducibility of each prepared sample was investigated by
TPR experiments, and profiles are reported in Fig. 5. One compli-
cating factor is the decomposition of surface carbonates, which is
known to occur from DRIFTS studies during hydrogen reduction of
ceria, zirconia, and related materials [17,22]. Another factor is that
sintering most certainly occurs at the higher temperatures, which
are certainly above the calcination temperature utilized in catalyst

preparation. Thus, TPR is only used in a qualitative manner. The
reduction of zirconia support exhibits two different peaks, respec-
tively at ~450 °C and ~620 °C. Both of them could be ascribed to
the reduction of Zr** to Zr3*, which is confined to the surface of
zirconia [22,57,58]. Between profiles (c) and (d), there is a distinct
decrease in the temperature of the second peak. In spectrum (c),
the second peak is asymmetric with a shoulder at 580 °C and a
primary maximum at ~680 °C, while in spectrum (d) the primary
maximum is positioned at ~570 °C with a minor tailing shoulder at
770 °C. Between profiles (e) and (g), the higher temperature
shoulder of the second peak (ca. 650 °C) and tailing shoulder (770
°C) diminish and the main second peak (between 500 °C and 600
°C) increases as function of Y addition. Thus, the general trend is
that the addi-

tion of Y to ZrO, results in a progressive shift to lower temperature.
Furthermore, the incorporation of yttrium increases the uptake of
Ha.
When doping ZrO, with yttrium, the Zr** cations in the ZrO,
lattice are substituted by the Y3* cations thereby forming oxygen
vacancies to maintain charge neutrality in the lattice. The oxygen
vacancies make it possible for the oxygen to move through the elec-
trolyte by hopping from vacancy to vacancy in the lattice and one
view is that this is what improves the reducibility of the sample.
Surface reduction for ceria and ceria-related materials has also been
found to occur by the formation of defect-associated bridging OH
groups [23]. Therefore, another mechanism to consider is that the
surface O atoms are converted to these Type Il bridging OH groups,
which is accompanied by a change in the oxidation state of the
metal in the metal oxide (e.g., Zr).
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The addition of platinum on zirconia supports causes a remark-
able shift in the surface reduction process to lower temperature
and an increase in the uptake of hydrogen, in agreement with the
work of Passos et al. [57], who carried out TPR studies on zir-conia
and Pt/zirconia catalysts when screening Pt/PRO catalysts for
partial oxidation of methane. Platinum may facilitate defect
formation via oxygen-vacancies and subsequent dissociation of
H,0 to yield bridging OH groups. Another possibility is direct
dissociation of H, on Pt and spillover to the zirconia surface [22].
Passos et al. found that the degree of reduction of zirconia was less
than 1% [57]. In order to gain further insight into the TPR peaks for
the promoted catalysts, the change of oxidation state of Pt during
H, reduction was investigated using TPR-XANES. In Fig. 6 (top) the
TPR-XANES trajectories near the Pt Ly edge for 0.5%Pt/ZrO, are
shown. The XANES spectra of the catalyst change significantly with
increasing temperature as PtO, converted to PtO and then to PtC.
Platinum reduction occurs between 140 °C and 300 °C and then is
virtually completely reduced to metal. The TPR-XANES trajectory
of 0.5%Pt/ZrO, indicates that at least part of the first peak in Fig. 5
(plot h), which occurs between the 142 °C and 270 °C, corresponds
to the reduction of Pt oxide, while the other two peaks at higher
temperature are likely associated with reduction of Zr** to Zr3* on
the surface, which also involves surface carbonate decomposition
[22]. In agreement with the work of Passos et al. [57] and Jozwiak
[58], metal promoter addition shifts the two peaks to lower tem-
peratures than those of unpromoted zirconia, and the increase in

100 - . N

% of Component
N B [e2] o]
o o o o

o
y

% of Component

0 100 200 300 400 500
T(°C)

Fig. 7. (Open circles) Percentage of Pt%, (filled circles) Pt?*, and (filled triangles) Pt°
along the TPR trajectory for (top) 0.5%Pt/ZrO, and (bottom) 0.5%Pt/Zro5Y0.501.75.

intensity indicates that the extent of reduction of zirconia is also
increased.

Passos et al. [57] observed that the extent of reduction of Pt/
yttria was ~4%, which is significantly higher than that of Pt/
zirconia and correlates well with the increase in intensity observed
in Fig. 5 with increases in yttria doping. Thus, by increas-ing the
yttrium loading the platinum appears to increase more the extent
of reduction of the supports, especially for the systems where the
fraction of yttrium is between 0.1 and 0.75, although the shifts of
the peaks to lower temperature become less pronounced with
yttria addition. This is in good agreement with the TPR results of
Passos et al. [57], where peak shifts were less significant for Pt/
yttria relative to Pt/zirconia. The H,-TPR-XANES for the sys-tem
0.5%Pt/Zry5Y.501.75 is shown at the bottom of Fig. 6. In this case, Pt
reduction was only completed by 400 °C. One complicat-ing factor
is the metal-support interaction. Since the mixed oxide had a
higher surface area, more Pt may be required to overcome the
metal-support interaction. As in the case of 0.5%Pt/ZrO,, the results
from TPR-XANES indicate that a fraction of the first peak in Fig. 5
(plot k) is associated with reduction of platinum oxide.

Linear combination fittings were performed using PtO,, PtO
(generated from the point of 50% reduction of PtO,), and Pt° refer-
ence spectra and the fitting results are shown in Fig. 7. Reduction
of both PtO, to PtO and PtO to Pt? were at higher temperatures for
the 0.5%Pt/Zrg5Y501 75 catalyst relative to the Pt/ZrO, catalyst.

To investigate the local atomic structure of Pt, EXAFS was also
performed. The results of the modeling procedure using FEFFIT for
the k-weighted EXAFS Fourier transform and filtered k-weighted
x (k) spectra of Pt-promoted catalyst following TPR experiment
and cooling to ambient conditions are shown in Fig. 8. The fitting
parameters are summarized in Table 3. The presence of Pt Osupport
coordination and low PtPt metal coordination numbers indicate
that the Pt particles were highly dispersed on both catalysts.
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3.4. EXAFS and XANES under H, reduction conditions

The Fourier Transform magnitude spectra of zirconia have two
peaks. The first peak corresponds to the contribution of the first
oxygen shell around the Zr absorber, while the second peak
contains information related to ZeZr coordination. At the same
temperature, different parameters can influence the intensity of
these peaks such as: the degree of reduction, the crystallite size
[59], and the local order in the system [60].

Chadwick et al. [60] concluded it is not possible to identify the
exact nature of the disorder. Origins of disorder could be: (i) the
presence of a large number of defects and surface atoms; (ii) highly
disordered interfaces between crystallites; and (iii) the existence
of an amorphous phase. The higher degree of disorder in the doped
system is likely due to a higher number of defects associated with
the presence of yttrium. The addition of a trivalent oxide such as
Y503 to ZrO, induces the formation of lattice defects, including oxy-
gen vacancies Vo2* and negatively charged substitutional solutes
Y-, in the zirconia lattice [61]. The vacancies are formed to main-
tain charge neutrality in the lattice because the Zr#* cations in the
Zr0O, lattice are substituted by the Y3* cations.

Results of the modeling procedure using FEFFIT for the k-
weighted EXAFS Fourier transform and filtered k-weighted x (k)
spectra of the Pt-promoted catalyst at 400 °C are reported in Fig. 9
for Zr and Y K-edge data. The condition selected should be close to
that of the water-gas-shift testing condition (reduction for 1 h at
350 °C), considering that a relatively faster ramp was used, as

well as a lower concentration of H;. The solid lines show the
experimental data, while the filled circles indicate the best fit. The
fitting parameters are summarized in Table 4 and include both
catalysts and supports. The fitting ranges were approximately Ak
=3.5-10.0A-1(Zr) and 3.9-10A-' (Y) and AR = 1.0-4.0A. 532 = 0.9.
Since egis highly correlated with N, values were previ-

ously selected to give nominal distances corresponding to each
crystal structure. Distances were constrained to float in the vicin-
ity of nominal values. Coordination numbers were fixed to their
nominal values and complete mixing of Zr and Y was assumed in
the mixed oxide. Results show that good fits could be obtained for
each crystal structure identified, with the r-factor always being
lower than 0.02. The value obtained for the Deybe-Waller factor is
higher for the doped system consistent with a more disordered
structure. Thus, the results provide further confirmation that while
the Pt/ZrO, catalyst exhibited the tetragonal structure, doping the
zirconia with yttria results in a change to the cubic structure at the
50% Y-doping level.

The Zr and Y K-edge XANES spectra and their derivatives for Pt
promoted catalysts treated at 400 °C in H; are reported in Fig. 10.
The spectra of reference compounds for Zr#* (ZrO,), Zr3* (ZrN) and
the metal (Zr°) have also been included for purpose of comparison.
For Zr K-edge data, a comparison between 0.5%Pt/ZrO, and 0.5%Pt/
Zr95Y0501.75 shows that the doped system, which has a cubic
structure, has a more pronounced change during reduction and
is likely due in part to the formation of defects (e.g., vacancies
and associated bridging OH groups), which are present at or

Table 3
Results of EXAFS fitting parameters for reduced catalysts acquired near the Pt Lyj-edge. The fitting ranges were approximately Ak=3.0-10.0A-! and AR=1.4-2.75A.5,2=0.9.
Sample description N R N R eo (eV) 02 (A2) r-Factor
Pt—Osupport Pt—Osupport (A) Pt—Pt Pt—Pt (A)
Pt° foil - - 12 2.763 435
(0.0132) (20.1) ?60(?539627) 0.02
0.5%Pt/Z10, 0.56 1.922 324 2.708 103 :
(0.26) (0.149) (0.663) (0.0140) (1.20)
0.5%Pt/Y050Z1r05001.75 0.52 4.22
(0.28) (0.763)
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(e) 0.5%Pt/Zro5Y0501.75, including (left) unfiltered k* x(k); (middle) (solid line) filtered k* x(k) spectra and (filled circles) resulting fitting; and (right) (thin line) k-weighted

Fourier Transform magnitude spectra and (filled circles) resulting fitting.

near the surface of the oxide. XANES intensities of yttria were also
observed to decrease with temperature (Fig. 10). Changes may not
be due solely to partial reduction, but may also include enhanced
crystalline ordering with temperature, as has been observed previ-
ously with yttria [56].

3.5. Catalytic testing using a fixed bed reactor

Fig. 11 shows the WGS activity versus reaction temperature. The
results show that the oxide support has a strong influence on the
WGS activity. One possibility is that the greater number of defects in
the Y-doped systems increases the population of defect-associated
bridging OH groups or O-vacancy sites, resulting in a greater num-
ber of sites for associative or redox mechanisms. Another possibility
is that the strain in the zirconia lattice by Y doping improves the O-
mobility, and in turn, the mobility of the O-bound intermediate
which migrates to and decompose at the Pt-oxide interface; or, in

the case of aredox mechanism, the O adatom may be released more
easily by reaction with CO. All of the prepared catalysts were active
for the WGS reaction. The yttrium supported Pt catalyst resulted in
the worst performance. However, the addition of yttrium improved
the performance of zirconia when the loading was at or lower than
50%. Higher loadings decreased the conversion, and may be due
to changes in the reducibility of the sample (i.e., toward higher
temperature). Moreover, higher yttrium concentrations could cre-
ate oxygen vacancies bonded to two cations, thus decreasing the
mobility of oxygen. At 300°C, CO conversion for 0.5%Pt/ZrO, was
44.8% and it increased from 50% to 74% by decreasing the yttrium
loading from 50% to 10%.

3.6. Diffuse reflectance Fourier transform infrared spectroscopy

One proposed mechanism for water-gas-shift is that the catalyst
operates by transport and decomposition of associated O-bound



Pt/Zr,.Y, O

057057175

Pt/er.SYO.501 .75

Normalized Absorptivity (a.u.)
XANES Derivative Intensity (a.u.)

Pt/Zr,

Y, O

057057175

PYZr,5Y0501 75

Normalized Absorptivity (a.u.)
XANES Derivative Intensity (a.u.)

T | LA (LN B B B
17.98 18.00 18.02
Photon Energy (keV)

18.04

—_————
17.98 18.00 18.02 18.04
Photon Energy (keV)

LI N I N B e B B B B B B

17.02 17.04 17.06 17.08 17.10

Photon Energy (keV)

—
17.02 17.04 17.06 17.08 17.10
Photon Energy (keV)

Fig. 10. (a, b) Zr K-edge and (c, d) Y K-edge XANES (a, c¢) normalized and (b, d) derivative spectra for (a, b) Pt/ZrO, and Pt/Zro5Y0501.75 and (c, d) Pt/Y>03 and Pt/Zro5Y0501.75

at (thick gray) room T; (dashed) H,, 400 °C and (solid line) Hy, 840 °C. References: Zr°, ZrN (Zr3*), and ZrO,.

species (e.g., formates, carbonates, and/or carboxylates) from the
oxide component, where they are formed to the metal-oxide par-
ticle, where the metal is involved in the dehydrogenation and
catalyzes their decomposition. One of the first proposals of such a
mechanism was that of Grenoble et al. [62]. With related Pt/ceria
catalysts, Jacobs et al. [17] showed that under steady state con-
ditions whereby the H,0/CO ratio was high to favor first order
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Fig. 11. Carbon monoxide conversion as a function of temperature for dif-
ferent yttrium loadings, including (a) 0.5%Pt/Y;0s3; (b) 0.5%Pt/Zro1Y090155; (C)
0.5%Pt/Zro25Y07501625; (d) 0.5%Pt/Zro5Y050175; (€) 0.5%Pt/Zro75Y02501875; (f)
0.5%Pt/Zr0.9Y0.101.95; and (g) 0.5%Pt/ZrO,.

kinetic behavior by CO and zero order behavior by H,0, the formate
steady state coverage was more rate-limited with increasing Pt
content and suggested a role by Pt in facilitating formate dehydro-
genation during its forward decomposition (i.e., reactant-promoted
by steam as proposed by Shido and Iwsawa [7]) in H;0. Meu-
nier et al. [63] have suggested that formate species observed by
infrared spectroscopy are not kinetically relevant, as in some cases,
the total formate band exchanged, albeit at a slower rate than the
CO, signal in 12CO to 13CO switching tests during WGS. As for-mate
species decompose rapidly in steam at temperatures as low as
130-140 °C in transient formate decomposition tests [8,27,28], we
have argued against part of the logic, as the total formate band
under steady state low temperature WGS conditions should con-
tain both the signal of both rapidly reacting formates in the vicinity
of Pt (having low rate-limited coverage), as well as the signal of
slowly reacting formates on the support which may be classified as
kinetically irrelevant spectator species during steady state iso-tope
switching [64]. Moreover, a rapid Pt-carbonyl switch in the isotope
tracer measurements should not immediately be taken as evidence
of a redox mechanism involving the reaction of Pt-CO with-the
support O adatoms; replacing H,0 in the WGS feed with inert gas
also leads to a rapid switching rate for Pt carbonyl, but this is
merely a replacement process, and there is no reason why such a
replacement process should not occur during WGS as well [10].
The group of Efstathiou [65-68] has indicated, using iso-topic
tracers, that the pool of carbon-containing intermediates may
reside within a zone of 5-10A (1-2 lattice constants of the sup-
port) around each Pt nanoparticle. The reason is that the C-pool
was found to be considerably larger than one monolayer of Pt. If
that is the case, and if there are less reactive species (e.g.,
formate) present on the support further from Pt that must
diffuse prior to turnover at the metal-support interface, then one
should expect the total formate signal (i.e., slowly reacting and
rapidly reacting) to lag that of CO, in infrared spectroscopy
investigations
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involving 12CO to 13CO switching. However, this by no means rules
out formate, formed on the support adjacent to Pt and decomposed
at the metal-support junction, as an important intermediate. That
is, the same chemical species (in this case, formate) may be a spec-
tator when formed at one location of the catalyst (e.g., the support)
but serve as an intermediate when formed at a different location
(e.g., the metal-support junction).

The impact of yttrium doping on one representative O-bound
species, formate, was carried out at a temperature of 130 °C utiliz-
ing a very low water concentration. Fig. 12 shows spectra
following CO adsorption/He purging, where formates are
generated from the reaction of CO with defect-associated bridging
OH groups for the 0.5%Pt/ZrO, and 0.5%Pt/ZrygYo.101.95 catalysts.
The main bands for formates are the v(CH) band (2880 cm~!) and
the v(0CO) asymmetric (1585 cm~!) and symmetric (1390 cm1!)
stretching bands [22,27,28]. The Pt carbonyl bands extend from
1900 to 2100 cm~! and displayed similar asymmetric character for
both catalysts. Both EXAFS measurements at the L3 edge and STEM
imaging revealed that the Pt crystallite size was, on average, similar
between the two catalyst samples. The ratio of the formate/Pt CO
bands for 0.5%Pt/Zry9Y(101.95/0.5%Pt/ZrO, = 1.25, suggesting a sig-
nificant increase in the number of defect-associated bridging OH
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groups for the Y-doped catalyst. The greater decrease of the band
associated with v(OH) intensity upon CO adsorption is also con-
sistent with the greater formate band intensity associated with the
Y-doped catalyst. Fig. 13 also shows the formate bands during the
purge in helium after forward-formate decomposition in steam
(with CO; evolution) at 130 °C for the sample 0.5%Pt/ZrO, and the
sample with the best catalytic activity, 0.5%Pt/Zrg9Y.101.95. The
ratio of the formate band areas before and after steaming for the
0.5%Pt/ZrO, and 0.5%Pt/Zrg9Y(101.95 catalysts are 0.67 and 0.56,
respectively, suggesting that the formate decomposition is more
rapid on the Y-doped catalyst. The faster rate of change of the
V(CH) band intensity during formate decomposition (Fig. 13) pro-
vides further evidence. No significant difference was observed in Pt
dispersion; however, a higher defect concentration leads to a
higher coverage of formate on the catalyst during CO adsorption.
Thus, a higher formate coverage (albeit rate-limited) during WGS
would alone influence the rate. Another possible factor is that a
more rapid formate decomposition rate may be consistent with
higher surface O-mobility for the Y-doped catalyst, since formates
are bound to the surface of the oxide by their O atoms. The
transient formate decomposition results in steam show that
formate reaches a stagnant coverage faster with the undoped
catalyst, while
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Fig. 13. Transient forward formate decomposition in a low concentration of steam for (left) 0.5%Pt/ZrO, and (right) 0.5%Pt/Zro9Y0.101.95.



Table 4

Results of EXAFS fitting parameters for reduced catalysts acquired near the Zr and Y K-edges during H; treatment at 400 °C.

r-Factor

02 (A2)

N

02 (A2)

RY—O0 (A)

NY—0

02 (A?2)

NZr—Y  RZr—Y (A)

0?2 (A?)

02 (A?2)

N

Sample description

Zr—0 (A)

Zr—7Zr

Zr—7r

Zr—0

0.001

3.16 0.005

3.26

6.0
6.0

4.0

710 foil (ambient)

0.006

0.004

0.017

59

3.63
3.59
3.63

3.

2.13 0.004
0.009

2.31

4.0

Zr0,

0.017

4.0

0.004

0.018

2.13 0.003

231

4.0

0.5%Pt/Zr0,

0.018

0.008

4.0

0.019 0.019

3.49
3.93
3.46
3.93
3.55
3.51

6.0

227 0.008

6.0

Y,03

0.019

6.0

0.015

0.019

6.0

2.27 0.008

6.0

0.5%Pt/Y,05

0.019

6.0

0.02
0.02

0.019

6.0

7.0 26 0.015
29

3.48 0.025 3.51 0.025
3.48 7.0

3.44

2.16 0.013

2.14

7.0
7.0

Yo0.50Zr0.5001.75

0.020

6.0

0.017

0.024

0.023

0.012

3.5-10.0A-1 (Zr) and 3.9-10A-1 (Y) and AR
structure identified by XRD and XANES. Distances were constrained to float in the vicinity of nominal values. Coordination numbers were fixed to their nominal values and complete mixing of Zr and Y was assumed in the mixed

oxide. Results show that good to excellent fits could be obtained for each crystal structure identified.

0.5%Pt[Y0.50Zr05001.75

1.0-4.0A. Sy2=0.9. Since e, is highly correlated with N, values were selected to give nominal distances corresponding to each crystal

The fitting ranges were approximately Ak

with the Y-doped catalyst, the formate continues to diffuse and
react over a longer time interval. The result may suggest a slight
extension of the reactive zone around Pt metal particles; however,
additional research is required to demonstrate that aspect conclu-
sively. Thus, as has been found to be the case with Pt/ceria catalysts,
where Ca [36] and La [67] doping (at the 20% level) has found to
further improve catalytic activity, the present case underscores the
fact that Pt/zirconia, which is of great interest as a fuel processor
catalyst, can similarly be improved by doping, in this case with Y
(especially at the 10% level).

4. Conclusions

Nano-scale Y-doped zirconium oxide materials were prepared
with high surface areas (150-200m2/g) and small nano-
crystallites. A combination of XANES and EXAFS was used to show
that ZrO, exhibited the tetragonal phase, while the Zrg5Yp501.75
support displayed the cubic phase. A comparison of diffraction pro-
files between undoped zirconia and Zrg gYg 1 01 95 suggests that the
Zr09Y0.101.95 support was tetragonal in structure. A slight increase
ind-spacing observed in HR-TEM for the Zry g Y(.1 01.95 supportrela-
tive to undoped ZrO,, along with a shift to lower 26 in XRD, provide
evidence that Y-doping caused macrostrain.

EXAFS results at the Pt L3 edge (0.5%Pt/ZrO, and 0.5%Pt/Yq5
Zr9501.75) and STEM imaging of 0.5%Pt/Zr0,, 0.5%Pt/Zry9Y0.101.95,
and 0.5%Pt/Y.5Zr 501 75 catalysts, demonstrate that the Pt clusters
were highly dispersed and similar in size. STEM images revealed
no difference in the ranges of Pt diameters; that is, each catalyst
exhibited a narrow size distribution of 0.5-2 nm.

With increasing Y-doping levels, the peaks of surface reduc-
tion shifted to lower temperature. Pt addition facilitated surface
reduction further, but more so for the catalysts with higher Zr
content. Consistent with H,-TPR profiles, TPR-XANES results at
the Pt Lj-edge showed that the platinum oxides reduced at a
slightly lower temperature on the 0.5%Pt/ZrO, catalyst relative to
the 0.5%Pt/Y( 5Zr 501 75 catalyst, and this may be due to the greater
surface area and smaller average support domain size associated
with the doped catalyst (e.g., an increased metal-support interac-
tion).

The higher concentration of surface defects for the 0.5%Pt/Zrg g
Y0.101.95 catalyst relative to 0.5%Pt/ZrO, was confirmed by DRIFTS
of adsorbed CO, while a greater surface mobility of surface formate
was suggested based on forward formate decomposition exper-
iments in steam. The Y-doped Pt promoted catalysts displayed
higher water-gas-shift activities relative to the 0.5%Pt/ZrO, catalyst
when the Y content was at or below 50%. The system with the best
catalytic performance was 0.5%Pt/Zrg9Y0.101.95. The results sug-
gest that new alkali-doped Pt/zirconia catalysts might be further
improved by doping zirconia with yttria, and this will be explored
in the near future.
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