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Abstract
Low sulfur hydrocarbon fuels can be converted to fuel cell grade H2 using a compact fuel
processor architecture. The necessary high volumetric activity water gas shift (WGS) Pt on
ceria–zirconia catalysts reacts CO-rich reformate with steam to yield H2 and CO2. Such highly
selective, non-pyrophoric noble metal/Ce[1−(x+y)]Zrx DpyO2 catalysts were developed through
coordinated atomic modeling, syntheses, structural characterization, kinetic performance tests,
and micro-kinetic analyses. Density functional simulations made with the VASP code suggested
that the undoped catalyst WGS activity would be limited by the strong binding of CO
intermediates, blocking the reoxidation of the reduced oxide by water. These predictions were
confirmed by in situ cylindrical internal reflection–Fourier transform infrared spectroscopy and
by micro-kinetic analyses of the micro-reactor results. Atomic simulations were used to
evaluate the impact transition metal dopants had on the surface chemistry of cubic
ceria–zirconia. VASP predicted that acidic transition metal dopants such as Nb, Mo, Ta, and W
would increase the oxide surface affinity for water and thus increase the turnover rate of the
catalyst. The efficacy of Mo-doped ceria–zirconia compositions was confirmed at lower
temperatures in replicated catalyst synthesis-reactor studies.

1. Introduction

Polymer electrolyte membrane fuel cell power systems require
compact multistage fuel processing systems for the conversion
of fossil or bio-derived hydrocarbon liquid feedstock to very
high purity hydrogen fuel. In these systems, catalytic
steam reforming, autothermal reforming, or catalytic partial
oxidation is used to convert the raw hydrocarbon mixture to
H2 and CO-rich reformate. In the next stage(s), the reformate
and injected steam undergo the water gas shift (WGS) reaction,
H2O + CO ↔ H2 + CO2. The WGS reaction is exothermic
and equilibrium-limited at the high temperatures necessary for
high catalytic activity. In compact fuel cell power plant fuel
processors the first WGS stage has an exit temperature of
∼400 ◦C and reduces the CO concentration to >2%. This
is followed by a heat exchanger to drop to the second WGS
stage inlet temperature of ∼100 ◦C or more. The second WGS
stage, often physically larger than the first WGS stage, reduces
the CO concentration to levels that can be tolerated by the
downstream preferential oxidation unit(s), typically <0.6%.
Employing a WGS catalyst that maintains high volumetric

activity at lower temperatures cannot only reduce overall
reactor size but can even eliminate one of the two preferential
oxidation stages. For some WGS catalysts, like the older Cu–
ZnO2 type, the WGS rate is proportional to the CO partial
pressure to the first order. This means that reducing the CO
concentration from 1% to 0.5% requires twice as much catalyst
as reducing it from 2% to 1%, thus leading to large second
stage WGS reactors. The objective of our work was to identify
cost effective catalysts that were tolerant to O exposure, had
robust, high volumetric activities at lower temperatures, and
whose rate was independent of the CO concentration (zero
order) between ∼2 and 0.25%.

Noble metal supported ceria-based catalysts are known
for their tolerance to O exposure, that is they are not
dangerously pyrophoric in the reduced form. Some noble metal
ceria catalysts were reported to have attractive volumetric
activity that was zero order in CO concentration [1]. Others
believed that these materials lacked the robustness for
practical fuel cell–fuel processor WGS applications. We
undertook the challenge of developing a practical WGS system
through a coordinated effort employing atomistic modeling,
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the self-assembly of nanoscale complex oxides, materials
characterization, kinetic performance tests, and micro-kinetic
analyses. The result was a family of high Pt-alloy/ceria–
zirconia WGS catalysts having high volumetric activity [2–7].
These catalysts contained ceria–zirconia nanocrystallites with
diameters of less than 4 nm, that are aggregated to form
∼0.1 μm particles having pores in the range of 4 to about
9 nm, with larger pores up to hundreds of microns in diameter
between the particles [2]. The resulting fractal pore structure
provided for low internal mass transfer resistance and a large
effective active surface area. The catalysts were reducible at
low temperatures <100 ◦C. The catalysts contained Pt clusters
that were too small to be detected by XRD or directly imaged
by TEM, and which were measured to be ∼100% dispersed by
CO chemisorption [2].

There are a number of proposed WGS mechanisms for
these Pt–CeO2 catalysts [1, 8–11]. The mechanism that
is the most consistent with our experimental and kinetic
testing results is called the bimolecular or the regenerative
mechanism [1, 8]. Here, carbon monoxide reacts at the
interface between the platinum and ceria, with surface species
in equilibrium with the moist reactor atmosphere. Oxygen is
abstracted from the adjacent ceria lattice to oxidize the CO
to CO2, locally reducing two Ce4+ ions to the Ce3+ state.
The resulting reduced ceria lattice is then reoxidized through
the dissociation of incoming H2O. The O vacancy is then
refilled, formally oxidizing two Ce3+ to Ce4+ and releasing
molecular H2 in the process. This mechanism requires both O
and electronic conduction. In the ideal case, the adsorbates
do not compete with each other for the same sites, so that
zero order rate dependence for CO is predicted. However,
our WGS kinetic models obtained for Pt/cubic Ce(1−x)ZrxO2

showed that the bimolecular mechanism did not completely
describe our catalyst behavior. Another associative mechanism
has been proposed to only occur on oxide surface sites. Here,
the adsorbed carbon monoxide and H2O combine to form a
formate (HCOO) or related ligand complex [9], with first order
rate dependencies for CO and H2O. This complex can be
displaced by incoming H2O and can decompose to form CO2

and H2. Alternatively, it can partially decompose to form
carbonate (CO2−

3 ) or carboxylate (COOH) reaction products.
Formate or carbonate species can block active surface sites for
the reoxidation of the reduced oxide.

At the outset, we observed evidence to support
the simultaneous occurrence of both the associative and
bimolecular mechanisms on our Pt/ceria-based catalysts.
Under low temperature and high H2O concentration WGS
reactor conditions, our preliminary CO conversion rates
were best described by kinetics that approached zero order
dependence for CO and first order dependence for H2O, typical
of the regenerative mechanism. At the same time, we observed
CO-based intermediates dominated Ce(1−x)ZrxO2 surfaces
under low temperature WGS reaction conditions by cylindrical
internal reflectance–Fourier transform infrared spectroscopy
(CIR–FTIR) [7]. With these combined observations, we
hypothesized that the associative complexation of reduced
oxide surface blocked the regenerative reoxidation from
H2O dissociation, and thus limited the turnover of catalytic

sites to less than optimum performance. We used the
materials discovery paradigm of integrating VASP density
functional simulations with advanced inorganic syntheses,
characterizations, kinetic performance tests, and micro-kinetic
reaction analyses, to provide insight into experimental findings
and to guide the optimization of catalytic activity. This
approach was used to successfully reformulate the ceria–
zirconia oxide supports by doping with certain transition metal
(TM) ions to favor the adsorption of water on the oxide
surface and to shift the reoxidation equilibrium to enhance the
regenerative mechanism.

2. Methodology

Ceria and mixed Ce/Zr oxide bulk and surface slabs, adsorbate
molecules, and combined slab-adsorbate ionic and electronic
structures were simulated on a plane-wave, periodic basis
with the density functional theory (DFT) Vienna Ab Initio
Simulation Package (VASP) code [12–14]. High precision
ground state minimizations were made using projector
augmented wave potentials (PAW) [15] with the generalized
gradient approximation exchange–correlation functional of
Perdew and Wang 91 [16]. The ionic minimizations
were made with the conjugate gradient method, achieving
electronic convergence in each ionic iteration with the residual
minimization method–direct inversion in iterative subspace
(RMM-DIIS) method and real wavefunction projections. All
atoms in this study were represented with regular PAW
potentials (including Ce, O, H, C, Mo, W), with the
exception that hard potentials were selected for (element
(designation)): Zr (Zr sv), Nb (Nb pv), and Ta (Ta pv).
Although all calculations were made with paired electron spins
for computational efficiency, spot-checks were made with spin-
polarized calculations to ensure the reliability of using non-
spin polarization to describe surface reaction behavior. All
calculations were made with energy converged parameters,
including the plane-wave cutoff of 400 eV, 0.5 Å

−1
k-point

meshes, and Fermi smearing with an energy broadening of
0.2 eV, and a final energy extrapolation to zero smearing.
The relaxation criterion for atomic force convergence was
0.05 eV Å

−1
.

By deploying PAW potentials in our calculations, we
were able to simulate cubic (Fm3̄m) CeO2 lattice properties
in excellent agreement with reported experimental values.
By selecting the 12 electron {5s25p6 5d1 4f1 6s2} Ce PAW
GGA potential with 4f electronic states incorporated into the
valence band, we predicted the cubic lattice parameter within
0.1% [17], the lattice energy within 2% [18], and the bulk
modulus within 14% [19] of the nominal CeO2 experimental
values. As is commonly reported for other systems, the
use of linear density approximation (LDA) for exchange–
correlation improved our predicted bulk modulus to within
0.5% of the experimental value. Our overall high level of
agreement with experimental values exceeded that reported for
other simulation methodologies [20–23]. This demonstrated
reliability served to bolster our confidence in implementing
modeling alongside catalysis experimentation. The results
also supported using the 4f orbital valence band model for
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describing mixed ionic-covalent bonding in CeO2, where Ce
participates in both tetravalent ionic bonding interactions and
localized O 2p and Ce 4f orbital covalent interactions, leading
to fractional 4f orbital occupation [23, 24]. The impact of
this model on the electronic state of CeO2 is significant,
where the Ce 4f electronic states actually straddle the band
gap and are thus likely to provide highest occupied molecular
orbitals (HOMO) and/or lowest unoccupied molecular orbitals
(LUMO) for participation in chemical reactions.

Our main impetus for instituting atomic-scale DFT
modeling in our catalysis research was that our experimental
phenomena of interest were very close in length-scale to
tractable-size models which could be effectively processed by
the VASP code with our available computational facilities.
We routinely synthesize fractal geometry, high surface area,
nanoscale ceria–zirconia crystallites by precipitation from
dilute solutions. Fluorite structures, such as CeO2, commonly
occur as crystallites that maximize the most stable {111}
surface formation. During precipitation, the nanocrystallites
cluster through interaction of the less stable, highly reactive
faces, to form high surface area aggregates, leaving lower
energy faces available to support WGS reactions. For this
reason, we selected the (111) surface for the simulation of
WGS reactions on our catalysts. The (111) slabs were
constructed by first recasting the periodic net in the [111]
direction of the ceria-based fluorite lattice and then defining
a 36 atom: 12 cation and 24 O anion (a

√
2 × a

√
2 ×

a
√

3) repeating unit basis, where ‘a’ equals the minimized
fluorite cubic cell lattice parameter, 5.417 Å. Full cell
minimizations, the relaxation of lattice parameters, angles, and
atomic positions, were implemented to determine ground state
bulk structures for undoped ceria and mixed ceria–zirconia
compositions (given in atomic formula): Ce0.83Zr0.17O2,
Ce0.67Zr0.33O2, Ce0.58Zr0.42O2, and Ce0.50Zr0.50O2. Each
mixed ceria–zirconia composition was represented by a single
ionic configuration formed by substituting Zr as randomly as
possible for Ce, where the redefined CeO2 (a

√
2 × a

√
2 ×

a
√

3) repeating unit basis enabled substitution stoichiometries
to be formed that closely matched our experimental
compositions. Further bulk minimizations were made after
substituting one Nb, Ta, Mo or W atom for one Ce or Zr atom
in the intermediate Ce0.58Zr0.42O2 composition. Minimized
bulk lattice periodic structures were then cleaved to form
(111) surface slabs by adding 10 Å of vacuum space to the
c lattice parameter, while keeping atomic positions fixed.
The (111) doped slabs were cleaved so that the dopant was
positioned in the top slab layer. The ionic positions of all
slab structures were minimized with the energy converged
bulk parameters except for the change to a single k-point in
the surface-normal direction, while fixing the coordinates of
the bottom of the three O–Ce–O layers to approximate bulk
CeO2 behavior. These slab models had enough (111) surface
area to investigate surface reactions with minimal interactions
between periodic repeats, enough depth (∼10 Å) to closely
approximate the radius of our nanocrystallites (typically 10–
15 Å), and the minimum number of stoichiometric layers
necessary both to represent the fluorite symmetry in the [111]
direction and to avoid a non-zero dipole moment perpendicular
to the surface [20].

All minimized slab models invoked hydrated layers as an
integral part of investigating WGS surface reactions in high
H2O reactor environments. A full H2O monolayer (1 ML
H2O), or 1 H2O for each of four slab surface cations, was
loaded on the slab surfaces and the slabs were ionically
minimized. The WGS reaction intermediate steps were then
systematically evaluated. First, surface reduction behavior was
probed by removing a single O atom from various positions
in the surface and subsurface layers and minimizing the ionic
positions. Second, the adsorption behavior of CO, CO2, and
various possible associative formate and carbonate complexes
were minimized and profiled on the hydrated surfaces.

3. Results and discussion

Our goal was to gain atomic insight into WGS reaction
mechanisms that occur on our catalyst oxide support surfaces
to intuitively guide experimental catalyst reformulation
for improved performance. This required an iterative
experimental-modeling approach; where experimentation was
used to define the conditions for investigation and modeling
was used to aid in experimental interpretation. In this
manner, we were able to progressively build an understanding
of mixed oxide hydration, oxidation–reduction behavior,
and the change in WGS reaction mechanisms with dopant
substitution. Although the primary objective of this report is
to present atomic modeling results, they will be highlighted
with key catalyst experimental synthesis, characterization and
performance test results that have already been reported in
detail elsewhere [2–7].

3.1. Mixed ceria–zirconia oxides

For more than two decades, significant research efforts have
been focused on substituting Zr to improve the activity
and thermal stability of three way conversion (TWC) CeO2

catalysts for reducing the toxicity of internal combustion
emissions. The incorporation of Zr has been shown to also
play an important role in promoting WGS catalyst activity and
stability [8]. It has been shown that the cubic CeO2 phase
becomes tetragonal when Zr doping levels are at or above
15 wt% [25]. Several different tetragonal phases of varying
degrees of stability can be formed depending upon the Zr
doping level, preparation technique, crystallite size, texture,
and thermal history [26]. The metastable t ′′ phase is commonly
formed when Zr doping ranges from 15 to 28 wt%, which has
a tetragonal O anion sublattice and a cubic Ce/Zr sublattice.
These phases are indexed as cubic phases by powder x-ray
diffraction (PXRD), because of the insensitivity of PXRD to
the O sublattice. Another metastable t ′ phase that can form
between 28 and 63 wt% Zr doping, is tetragonal (P42/nmc
space group) on both sublattices having a c/a lattice parameter
ratio greater than unity [26]. We conducted PXRD and
Raman spectroscopy to determine the bulk structure of the
2–3 nm diameter crystallites synthesized in our laboratory,
with CeO2:ZrO2 weight% compositions ranging from 100:0
to 58:42. The PXRD results showed that our nanocrystallite
lattice parameters followed the general trend predicted by the
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Table 1. Comparison of experimental and theoretical ceria–zirconia
data.

Composition Fm3̄m lattice parameter a (Å)
Atomic
formula

CeO2:ZrO2

(wt%)
X-ray
measured

Kim’s rule
estimateda

VASP
predictedb

CeO2 100:0 5.4157 5.4130 5.4170
Ce0.83Zr0.17O2 87:13 5.3880 5.3646 5.3718
Ce0.67Zr0.33O2 74:26 5.3592 5.3184 5.3161
Ce0.58Zr0.42O2 66:34 5.3289 5.3030 5.2894
Ce0.50Zr0.50O2 58:42 5.3053 5.2832 5.3445

a Kim’s rule from [27]: a = 5.413 − (0.00220 mol% ZrO2).
b Estimated from minimized (a

√
2 × a

√
2 × a

√
3) cell:

a = [cell volume/(2
√

3)]0.33.

well-known Kim’s rule [27], however, they were consistently
larger by up 0.04 Å. Our Raman results showed that the CeO2

structure has the t ′′ symmetry throughout this compositional
range, and did not follow the trends reported in the literature.
It was our working hypothesis that the metastable t ′′ phase
was stabilized in the nanocrystallites. This symmetry was even
observed to be stable after elevated temperature calcinations at
650 ◦C.

Recent analyses have attributed the improved reducibility
and O mobility in Ce–Zr mixed oxides to unique local
structural features resulting from the dispersion of interatomic
distances and reduction in Zr–O coordination number induced
by the substitution of Zr in the CeO2 lattice [22, 28, 29].
Table 1 shows our experimentally and theoretically determined
lattice parameters for a range of ceria–zirconia nanocrystallite
compositions. The average VASP ground state minimized
lattice parameters followed Kim’s rule [27] at the intermediate
binary compositions, and exhibited a marked positive deviation
at the extreme Ce0.50Zr0.50O2 composition, representative of
a monoclinic-type lattice distortion [30]. These distortions
were manifested as doublet peak splittings for Ce0.83Zr0.17O2

and Ce0.58Zr0.42O2, and triplet peak splittings for all other
mixed ceria–zirconia compositions in predicted PXRD from
the minimized bulk structures. The predicted lattice parameter
changes were due to dispersion of cation-O interatomic
distances from the Ce–O 2.3457 Å interatomic distance in
cubic CeO2. The Ce–O and Zr–O interatomic distances
spanned equivalent ranges in the intermediate Ce0.83Zr0.17O2

composition, reflecting uniform lattice distributions without
local distortions. In higher Zr-containing oxides, the cation-
O interatomic distances broadened even further and were
dependent upon the Zr distribution surrounding a given O ion.

3.2. Surface hydration

In the high H2O content WGS reactors, as well as many other
catalytic applications, H2O adsorbates dramatically alter the
nature and reactivity of the catalyst surfaces [31, 32]. We
have observed condensed H2O and hydroxyls on our ceria-
based catalyst surfaces with CIR–FTIR spectroscopy under
the high H2O, elevated temperature WGS reactor conditions.
There is very little fundamental understanding around the
roles that the Ce d and f orbitals play in the surface bonding
interactions. For these reasons, we sought to study H2O

Table 2. Average H2O adsorption enthalpy, �Hads H2O, for one
monolayer H2O on (111) slabs.

Atomic formula �Hads H2O (kJ mol−1 per H2O)

CeO2 −52.4
Ce0.83Zr0.17O2 −57.3
Ce0.67Zr0.33O2 −54.7
Ce0.58Zr0.42O2 −57.7
Ce0.50Zr0.50O2 −31.9

adsorption behavior on ceria-based oxide slab surfaces to serve
as a basis for incorporating hydrated surface layers into our
models. Following ground state minimization of Hellmann–
Feynman forces for H2O on CeO2 (111), the optimum
adsorption configuration had the H2O molecular plane parallel
to the surface and the H2O O ion aligned directly on top of
a seven-coordinated surface Ce ion. This conformation has
been observed for H2O on other soft oxides [33]. The density
of states (DOS) analyses showed that H2O was adsorbing
as a Lewis base by electrostatically donating electrons in
the highest occupied molecular orbital (HOMO) 1b1 and
intermediate energy 3σ molecular orbitals to interact and
hybridize with Ce 4f and 5d orbitals. Hydration of the
(111) surface Ce ion reestablished a valence of eight. The
H2O hydrogen ions H-bonded with under-coordinated surface
bridging O, causing the H2O 1b2 molecular orbitals to shift to
lower energies in the bottom of the valence band. The surface
stabilization by H2O adsorption was manifested as increased
valence band hybridization and broadening in the DOS. The
average ground state average H2O adsorption enthalpy, in
kJ mol−1 units, was determined as:

�Hads H2O

= {Hhydrated slab − [Hbare slab + (HH2O ∗ No. H2O adsorbed)]}
{No. H2O adsorbed}

(1)

where all models were minimized in the same size periodic
cells with the same calculation parameters. A H2O adsorption
enthalpy of less than 0 represented a favorable, exothermic
reaction. The moderate adsorption enthalpy of −47.3 kJ mol−1

per isolated H2O molecule did not change significantly upon
the formation of a full H2O monolayer [34]. The adsorbed H2O
formed a regular ice-like configuration in the 1 ML H2O, tilting
to enable every H2O molecule to moderately H-bond with one
surface O and to participate in a weak H-bond with an adjacent
H2O O ion. Table 2 shows that the H2O adsorption enthalpy
in the 1 ML H2O was −52.4 kJ mol−1 per H2O molecule. The
weak dependence of the H2O adsorption energy with coverage
on CeO2(111) is in agreement with prior simulations [35]. This
adsorption enthalpy was intermediate in magnitude between
the unfavorable adsorption enthalpy for basic MgO and the
very favorable hydration enthalpy for TiO2 [36].

The substitution of ZrO2 in the CeO2(111) slab models
not only impacted the bulk lattice structure, but also altered
the conformation of H2O adsorbates in the fully hydrated ML.
In the minimized mixed ceria–zirconia (111) 1 ML H2O slab
models, the H2O molecules did not adsorb as Lewis bases
directly on top of the single Zr ions exposed at the surface,

4



J. Phys.: Condens. Matter 20 (2008) 064237 S M Opalka et al

Table 3. Reduction enthalpies, �Hreduction, per O abstracted from bare slabs and (111) slabs with one monolayer H2O.

Reductiona enthalpy (kJ mol−1 per O atom)
Composition
Atomic formula O removal dissociated H2O O removal formed surface vacancy O removal formed subsurface vacancy

Bare slabs

CeO2 — 302.0 Not stable
Ce0.67Zr0.33O2 — Not stable 209.4
Ce0.58Zr0.42O2 — Not stable 333.5

1 ML hydrated slabs

CeO2 140.9 215.2 270.2
Ce0.67Zr0.33O2 224.8 Not stable 192.0
Ce0.58Zr0.42O2 174.1 Not stable 134.0

a Reduction: Ce(1−x−y)TM(y)Zr(x)O2 ∗ 4H2O → Ce(1−x−y)TM(y)Zr(x)O1.92 ∗ 4H2O + 1
2 O2.

but were rather adsorbed as Brønsted acids onto an adjacent
O atom, electrostatically interacting to form a lower energy
1b2 split-off state below the valence band. The lattice O
complexation with H2O was stabilized by H-bonding with an
adjacent H2O molecule, which was slightly displaced from the
soft adsorption conformation on top of an adjacent surface Ce.
Complexation of the under-coordinated surface O enabled the
Zr to assume a stable seven-coordinated configuration with the
surrounding O ions, and was reminiscent of monoclinic Zr–
O coordination. Hydration of these oxide slab compositions
resulted in increased valence band hybridization with an
improved overlap between the Ce 5d and Zr 4d orbitals, and
a lowering in energy of the Ce 4f orbitals. In these minimized
binary compositions, there was not a significant change in the
adsorption enthalpy per H2O molecule compared to pure CeO2.
However, the impact of the Zr substituent-induced alteration
of binding conformations and intermolecular interactions on
catalytic surface reactivity remained to be of interest.

3.3. Ceria–zirconia oxidation–reduction behavior

It is well established that under low temperature and pressure
WGS reactor conditions, O ions can be abstracted from noble
metal loaded ceria-based oxides by reducing gases, and that
the resulting vacancies can be replenished by oxidizing gases.
The capacity of an oxide to undergo reduction–oxidation
reactions with surrounding gaseous species is termed ‘oxygen
storage capacity (OSC)’ [31]. OSC has been shown to play a
strong role in enabling WGS regenerative reactions on noble
metal promoted ceria-based oxides, in controlling both CO
oxidation and bulk lattice reoxidation [1, 11]. It has been
clearly shown that Zr substitution can have a dramatic effect on
decreasing reduction energy [28], increasing the OSC [31] and
decreasing reduction temperature [30] of ceria-based oxides.
Noble metal loading plays an important role in promoting
oxidation–reduction behavior of ceria-based catalysts. A
moderate surface area (64 m2 g−1) Pt/Ce0.5Zr0.5O2 was shown
by temperature programmed reduction (TPR) studies to exhibit
two reduction peaks at 350 and 750 ◦C [37]. Our own high
surface area (∼200 m2 g−1) and highly dispersed (90%) Pt-
loaded ceria-based nanocrystallites have exhibited even lower
temperature reducibility. We have commonly observed a

significant low TPR peak centered at 115 ◦C for a wide range
of ceria–zirconia compositions.

Water plays important roles in OSC and WGS reactions,
both as a source of surface groups that mitigate the oxide
reactivity and O migration, and as the source of O for
lattice reoxidation. For this reason, we have probed
reduction-reoxidation coupled with the acid–base reactions
of the hydrated surface layer as a basis for establishing
a comprehensive regenerative WGS mechanism. The
CeO2(111) surface is the lowest energy, most compact and
highest coordinated of possible surfaces that can be formed
from the fluorite lattice, and therefore will be the most
energy intensive to reduce. We ‘reduced’ CeO2(111) slab
models by removing neutral O ions at selected locations and
conducting VASP ionic minimizations. The ground state
reduction enthalpy was determined in kJ mol−1 units as

�Hreduction = Hreduced slab + 1
2 Hmolecular O2 − Hoxidized slab

= −�Hreoxidation. (2)

Here, a more positive reduction enthalpy indicated a less
favorable or more endothermic reaction. In our hydrated
models, table 3 shows that it was more favorable to
form a CeO2(111) surface vacancy requiring the input
of 215.2 kJ mol−1 than to form a subsurface vacancy
with the input of 270.2 kJ mol−1. The preference of O
vacancies to form at CeO2(111) surfaces has been seen
both experimentally [31] and in simulations [38]. These
reduction energies are in close agreement with thermodynamic
results [39] and fall within the range of reported results
for nearly identical methodologies [40, 41]. The higher
302.0 kJ mol−1 endothermic input for the corresponding
surface reduction of a bare CeO2(111) slab, sheds light on
the role of the hydrated layer in promoting WGS reduction
reactions. The hydrated layer alteration following reduction
serves as evidence of these interactions. The surface vacancy
induced the dissociation of one H2O molecule, resulting
in the hydroxylation of a neighboring surface Ce ion and
the protonation of a nearest neighbor O ion. The DOS
analyses confirmed that the excess electron charge from
the lattice reduction was locally transferred through the
hybridization of the Ce 5d orbital with the hydroxyl O 1π

orbital. It was also predicted that it was more favorable

5



J. Phys.: Condens. Matter 20 (2008) 064237 S M Opalka et al

Figure 1. Reaction schematic for reduction of fully hydrated CeO2 (111) surface with O abstraction (a) from surface vacancy formation and
(b) from water dissociation.

to generate O from the dissociation of the overlying H2O
adsorbates, than from the CeO2 lattice itself. The favorable
H2O decomposition intermediate revealed that O abstraction
through the coordinated dissociation of two H2O molecules in
the hydrated CeO2 surface layer only required 140.9 kJ mol−1

(refer to table 3), which was significantly less endothermic
than the formation of the surface vacancy. Here, O removal
prompted the protonation of three CeO2 surface O and
the formation of hydroxyl on top of a Ce atom. The
protonated O’s were stabilized by H-bonding interactions with
the Ce hydroxyl and with remaining adjacent adsorbed H2O
groups. The two CeO2(111) reduction reactions are shown
schematically for clarity in figure 1.

Our predictions revealed that the substitution of Zr for
Ce altered the balance between lattice reduction and H2O
reactions on the hydrated ceria-based (111) slabs. In our
simulations of hydrated mixed ceria–zirconia (111) slabs, O
abstraction from H2O dissociation was not as favorable as
the formation of vacancies in the lattice. Oxygen abstraction
from H2O decomposition required up to 224.8 kJ mol−1, and
caused the subsurface O between the resulting two protonated
surface O’s to migrate part-way towards the surface. The
simulation results in table 3 predict that the substitution of
Zr increased the favorability of lattice reduction. In contrast
to the hydrated CeO2(111) surface, surface vacancies did
not correspond to a local potential energy minimum in the
hydrated ceria–zirconia (111) surfaces. During minimization,
the surface vacancies migrated to subsurface sites. Although
ionic movements during minimization do not follow reaction
pathways but rather follow a trajectory to lower model energies
and forces, there are limited possible pathways for movement
of O between cations [28]. For this reason, we speculate
that the submergence of surface vacancies may actually be
a manifestation of a spontaneous, non-activated diffusion
process. Subsurface vacancy sites with less than two Zr
neighbors were not stable and were reestablished at sites with
two or more Zr neighbors. The distances between neighboring
cations (especially the Ce–Zr and Zr–Zr distances) surrounding

these vacancy sites were significantly enlarged, by up to
0.3 Å, following reduction. These vacancies all required up
to ∼200 kJ mol−1 input and did not appreciably alter the
H2O conformations in the hydrated layer. However, formation
of the most favorable vacancy in bare ceria–zirconia (111)
slabs required higher energy inputs, reaffirming the importance
of the hydrated interface for facilitating WGS reduction–
oxidation mechanisms.

The increased favorability and minimal disruption on the
hydrated surface for the reduction of the ceria–zirconia(111)
slabs, compared to CeO2 (111), could be attributed to increased
covalency and electron delocalization from inclusion of Zr
4d orbitals in the lattice valence band. Electron density
maps of the minimized reduced, hydrated Ce0.67Zr0.33O2(111)

slab depicted increased interstitial electron density, without
apparent increased localization of electron density on any Ce
atoms. A localized accommodation of two excess electrons
from O removal would require the availability of two reducible
Ce neighbors. Combining our observations of the vacancy
preference for a maximum of Zr neighbors and the resulting
enhanced interatomic Zr–Zr displacement surrounding the
vacancies, we speculate that the lattice expansion of Ce–
Zr binary oxides during reduction may be due more to the
accommodation of the vacancy by local changes in Zr–O
coordination, rather than the formation of larger radius Ce3+
polarons [42].

3.4. Associative complex formation on hydrated oxide
surfaces

When a bifunctional catalyst is exposed to typical WGS
reactor conditions, H2O remains adsorbed on the oxide surface,
and CO is preferentially adsorbed on Pt surfaces. Once
all Pt adsorption sites are filled, CO adsorption will spill
over to the Pt-hydrated oxide interface or to the hydrated
oxide itself [8]. Since it has been shown that the adsorption
of CO and H2O are not predisposed by the sequence in
which they are introduced to the CeO2 (111) surface and
CO adsorption cannot displace H2O adsorbates [43], any
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CO-based adsorption intermediates will be derived from the
association of CO with the interfacial hydrated layer. The
associative interactions between CO and H2O are enhanced
by electron-withdrawing properties of loaded Pt rafts and the
reduction of the oxide surface [43]. Possible associative
chemisorption intermediates that could form on a hydrated
oxide surface include unidentate or bidentate configurations
of formate (HCOO), carboxylate (COOH), and/or carbonate
(CO2−

3 ) ligands [11, 44]. These ligands may be actually
derived from one another, as intermediates in a sequence
of reaction steps. It has been proposed that carbonates are
formed from the decomposition of formate ligands, as the
final intermediate before CO2 is released [10]. They could
represent short-lived associative reaction intermediates. It has
been speculated that if a regenerative mechanism is operative
that these groups may be spectator species. If that is the case,
it is critical to determine whether these complexes impede the
final stages of the WGS mechanism, such as the reoxidation of
the oxide surface or the release of molecular H2.

In situ CIR–FTIR spectroscopic characterization was
conducted on WGS surface species formed on ceria–zirconia
nanocrystallites at 200 ◦C, without and with Pt loading. After
oxidizing the nanocrystallites in dry air for 2 h and then
exposing catalysts to low CO pressures, only weakly adsorbed
CO was detected by CIR–FTIR. When the CO pressures were
increased to 4 atm or higher, very small amounts of CO2,
formates and carbonates were observed, indicating that the
catalyst was partially reduced by CO. Under wet, reducing
WGS gas conditions (mol%): 6% CO, 30% H2O, 34% H2,
and 30% N2, linearly adsorbed CO and a significant amount
of formates and carbonates were observed [7]. The formation
of carbonates on basic oxides is well known [45]. The larger,
more basic Ce3+ ions formed under reducing conditions were
observed to enhance CO complexation reactions, especially
carbonate formation. The formates were weakly bonded and
could be removed by outgassing the catalysts in dry nitrogen.
The carbonates were only removed by oxidizing the catalyst
above 270 ◦C. Under the wet, reducing WGS conditions on the
same oxides with Pt loading, CO linear adsorption was only
observed on Pt, and the enhancement of formate and carbonate
formation was observed on the oxides. Our CIR–FTIR results
supported the hypothesis that the associative formation of
carbonates and formates was coupled with the bifunctional
regenerative mechanisms that lead to the reduction of the oxide
surface. The electron-withdrawing effects of Pt loading under
wet, reducing WGS conditions were also found to promote the
decomposition of these complexes and the generation of CO2.

We have conducted atomic simulations of CO reaction
intermediates on hydrated CeO2 and ceria–zirconia (111)
surfaces in order to assess relative stability of these associative
reaction intermediates. The CO adsorption enthalpies were
determined in kJ mol−1 as:

�HCO ads = HCO adsorbate complex − (Hhydrated slab + HCO molecule).

(3)
Here, a more negative adsorption enthalpy indicated a more
favorable or exothermic reaction. Carbon monoxide was
simulated to adsorb negligibly in the absence [46] and weakly

Table 4. Carbon monoxide adsorption enthalpies, �HCO ads, on
(111) slabs with one monolayer H2O.

Composition
Atomic formula �HCO ads (kJ mol−1 CO adsorbed)

CO CO chemisorption
Physisorption Formate formation

CeO2 −11.6 −127.4
Ce0.67Zr0.33O2 −27.0 −175.6
Ce0.58Zr0.42O2 −18.8 −145.7

in the presence of 1 ML H2O on CeO2(111) (refer to table 4),
with no change in the C–O intramolecular distance. The CO
adsorbed C down to 2.6 Å above the bare oxide surface and
1.7 Å above the hydrated surface, with the molecular axis
tilted from the normal to the surface plane. The binding
enthalpy of the weakly electron-donating CO molecule was
slightly enhanced by H-bonding interactions with the hydrated
layer. On the hydrated Ce0.67Zr0.33O2(111) surface, CO
favorably adsorbed to donate electrons through its HOMO
3σ orbital to the H2O molecule displaced from the surface
Zr cation. The binding enthalpy is slightly increased (refer
to table 4) compared to that on hydrated CeO2(111). Since
the ground state adsorption of CO on these surfaces did not
spontaneously lead to the formation of associative complexes,
it could be concluded that ligand complexation of the hydrated
oxide surfaces was an activated process. It remains unclear
whether the reduction of the surface coupled with the electron-
withdrawing loaded Pt is necessary for the activation of these
chemisorption reactions. If ligand complexation of the oxide
surface is locally specific to reduced sites, the CO associative
reactions could compete or impede regenerative mechanisms.

The stability of candidate associative complexes on the
hydrated (111) oxide surfaces was assessed by ground state
minimizations. If the proposed structure was close to a local
minimum in the potential energy surface and remained intact
during the minimization, then its relative stability could be
determined from the CO physi(chemi)sorption enthalpy. The
calculations were not able to identify stable carboxylate or
carbonate complexes. However, favorable formation of a
unidentate formate complex from the reaction of CO with
H2O was identified consistently for a number of different
surface conditions. The CO chemisorption enthalpies for
three hydrated surfaces are listed in table 4. The formate
complex was tilted to facilitate the interaction of one O with
a surface cation and multiple H-bonding interactions with the
hydrated layer, as shown schematically in figure 2. Formate
complexes have been shown to be stabilized by interactions
with coadsorbed H2O [47]. The remaining H from the H2O
dissociation protonated a nearby lattice surface O. The formate
complex did not change appreciably and was slightly stabilized
upon surface reduction of hydrated CeO2(111). The presence
of H2O coadsorbates has been shown to promote the forward
dissociation of formates [47]. The most favorable pathway
for formate decomposition and H2 desorption has yet to be
finalized. So far, we have identified two possible pathways for
H2 desorption either by direct formate dissociation to CO2 or
through the formation of a unidentate carbonate intermediate.
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Figure 2. Reaction schematic for formate formation on a fully hydrated Ce0.58Zr0.42O2(111) surface.

Table 5. Volumes and enthalpy of substitution, �Hsubstitution for transition metal (TM) doped Ce0.58Zr0.42O2 compositions.

TM dopant substitution for Ce TM Dopant substitution for Zr

TM dopant Atomic formula

Volume

(Å
3
/atom)

�Hsubstitution

(kJ mol−1) Atomic formula

Volume

(Å
3
/atom)

�Hsubstitution

(kJ mol−1)

— Ce0.58Zr0.42O2 12.4 — Ce0.58Zr0.42O2 12.4 —
Nb Ce0.50Zr0.42Nb0.08O2 12.4 152.6 Ce0.58Zr0.34Nb0.08O2 12.5 137.7
Mo Ce0.50Zr0.42Mo0.08O2 12.5 323.7 Ce0.58Zr0.34Mo0.08O2 12.6 322.6
Ta Ce0.50Zr0.42Ta0.08O2 12.4 86.7 Ce0.58Zr0.34Ta0.08O2 12.7 201.1
W Ce0.50Zr0.42W0.08O2 12.5 347.3 Ce0.58Zr0.34W0.08O2 12.7 295.0

Both pathways were predicted to require an endothermic input
of the order of 100 kJ mol−1.

3.5. Influence of dopants on the balance of WGS reaction
mechanisms

The spectroscopy and modeling results supported the
hypothesis that associative reaction cycles could be very
competitive with regenerative cycles on hydrated ceria-based
surfaces. Further analysis of our modeling revealed that in
ceria and ceria–zirconia, formate complex formation was very
close in energy to reoxidation of a reduced surface (compare
the negative of the ceria–zirconia reduction values in table 3
to the formate formation values in table 4). From our kinetic
analyses of ceria–zirconia catalyst performance along with the
low temperature TPR observations [2], it was hypothesized
that lattice reduction was not the rate-limiting step, but rather
reoxidation. Here, the rate at which O could be removed from
the lattice outstripped the rate at which H2O could chemisorb
and react to replenish O. One hypothesis was that this was
due to the formation of very stable intermediate competitor
spectator species which locked up active sites on the surface.
Thus, a strategy was adopted to shift the WGS oxidation–
reduction balance towards reoxidation and to increase the
support electronic conductivity by introducing dopants with
different valences, ionization energies, and acid/base character.
Here, we sought to add less reducible species to make
reoxidation more favorable. The acidic transition metal (TM)
dopants, listed in terms of increasing acidity or ionization
energy: Nb, Mo, Ta, and W, were selected for investigation.
They are strong electron acceptors and are fully oxidized in
their Lewis acid-like oxide phases with generally empty d
orbitals (d0 oxides).

It is often possible to utilize ceria–zirconia nanocrystal-
lites co-precipitated with stable low loadings of thermodynami-
cally insoluble dopants, because phase separation is kinetically

impeded at the relatively low temperatures used for synthe-
sis and reactor operation. Predictions were made of the en-
thalpy of substitution, �Hsubstitution, of 0.08 at.% of selected
TM dopants for either Ce or Zr in the Ce0.58Zr0.42O2 composi-
tion, where �Hsubstitution was determined in kJ mol−1 from the
relationship:

�Hsubstitution = Hdoped oxide + Hdisplaced atom

− (Hundoped oxide + Hdopant atom) (4)

where the atomic energies were determined from the standard
state bulk phases. Table 5 shows that in all cases, the enthalpies
of substitution were predicted to be endothermic. Locally the
dopants assumed a dodecahedral coordination with the eight
neighboring O atoms, distorting the cubic cation coordination
with eight O in the native lattice. In this structural arrangement,
each O gathers electrons from four cations, so that in the fully
oxidized doped bulk lattice, the actual dopant formal charge
is 4+, as opposed to the 5+ or 6+ formal charge assumed in
the octahedral coordination in their respective pure oxides. It
can be seen from table 5 that Nb substitution introduced the
smallest volume change. Density of state analyses showed
that the dopant interactions enhanced hybridization of the
oxide valence band, promoting covalency and delocalization
of excess electronic charge. In addition, the excess electrons
of the transition metal dopants in their lower oxidation states
partially filled the conduction band, improving electronic
conductivity.

Hydrated doped ceria–zirconia(111) slab models were
used to simulate tuning the balance of regenerative WGS
reactions with dopants. The compositions equivalent to the
stoichiometries in table 5 with the TM dopant substituted
for Ce, Ce0.50Zr0.42TM0.08O2, were selected for further
investigation by atomic simulation, and by synthesis following
the procedures described in [2]. The most favorable slab
configurations revealed the dopant atom at the surface. When
these were minimized with 1 ML H2O, the H2O molecule
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Table 6. Average H2O adsorption enthalpies, �Hads H2O, for one monolayer H2O on transition metal-doped ceria–zirconia (111) slabs, and
qualitative descriptions of changes in the hydrated surface layer.

Atomic formula �Hads H2O (kJ mol−1) Description of hydrated layer

CeO2 −52.4 Regular, ice-like configuration, H2O O lone pair interaction with cation
Ce0.58Zr0.42O2 −57.7 H2O displaced over Zr, H-bonded with adjacent O
Ce0.50Zr0.42Nb0.08O2 −79.4 H2O dissociated to hydroxylate Nb, other H2O shifted and tilted
Ce0.50Zr0.42Mo0.08O2 −82.3 H2O dissociated to hydroxylate Mo, other H2O shifted and tilted
Ce0.50Zr0.42Ta0.08O2 −90.2 H2O dissociated and subsurface vacancy formed to hydroxylate Ta and Zr
Ce0.50Zr0.42W0.08O2 −110.4 H2O dissociated to protonate 2 lattice O and oxidize W, 1 H2O displaced

dissociated over the dopant to hydroxylate the dopant and to
protonate the adjacent lattice surface O, as summarized in
table 6. The trend observed was that the �Hads H2O became
more favorable and the interaction of the hydrated layer with
the substrate became more complex as the dopant acidity
increased. These H2O acid–base reactions set the stage for
shifting the equilibrium of the WGS reactions.

Even a very small amount of the acidic TM dopants
had a significant impact on oxidation–reduction behavior of
the ceria–zirconia lattice. The substituted dopants were in
an atypically low valence or oxidation state compared to
that in their native oxides. The removal of an additional O
was very costly, even from the most favorable location, so
that the reduction enthalpies of the TM-doped lattices were
significantly more endothermic than for the undoped lattice.
The opposing reoxidation of reduced doped lattices, which was
of interest in the current study, was predicted to be extremely
favorable compared to that of the undoped compositions. The
predicted reoxidation enthalpies are compared in table 7, and
became more favorable with increasing dopant acidity.

The WGS species on Pt-loaded mixed metal oxide
crystallites were characterized by CIR–FTIR under the wet
reducing WGS 30% CO, 30% H2O, 34% H2, 6% N2 gas
fed molar composition at 200 ◦C and 2 atm. Significant
reductions in formate and/or carbonate adsorbances were
observed over the 1300–1600 cm−1 wavenumber range on
a Pt-loaded composition doped with a low Mo loading,
Ce0.70Zr0.20Mo0.10O2 [7]. These experimental results
supported the hypothesis that the associative formation of
carbonates and formates was coupled with the reduction of
the oxide surface by the regenerative mechanism and that the
acidic dopants catalyze the forward formate decomposition
mechanism.

Predictions were used to survey tuning of the balance with
the coupled regenerative WGS reaction steps for CO oxidation
and for H2O reduction through the reformulation with the
acidic TM dopants. The coupled reaction predictions given
in table 8 were determined by combining the �Hreduction =
−�Hreoxidation(�Hreoxidation) values in table 7 with the gas
phase predicted reaction enthalpies for CO oxidation (H2O
reduction). The TM dopants are predicted to shift the
CO oxidation coupled with support reduction to become
less favorable and to shift the H2O reduction coupled with
the support reoxidation to become more favorable. The
favorability of these opposing reactions was predicted to be the
most balanced for the addition of the Ta and Mo dopants. Here,
the competing undesired reverse reaction for H2 oxidation to

Table 7. Next-nearest neighbor cations in most favorable subsurface
vacancies and reoxidation enthalpies, �Hreoxidation, for reduced
undoped and doped ceria–zirconia compositions.

1 ML hydrated
Reduced composition

Subsurface O vacancy
Next-nearest neighbors

�Hreoxidation
a

(eV)

Ce0.58Zr0.42O1.96 3 Zr and 1 Ce −134.0
Ce0.50Zr0.42Nb0.08O1.92 3 Zr and 1 Ce −263.5
Ce0.50Zr0.42Mo0.08O1.92 3 Zr and 1 Mo −340.1
Ce0.50Zr0.42Ta0.08O1.92 3 Zr and 1 Ta −369.0
Ce0.50Zr0.42W0.08O1.92 3 Zr and 1 W −459.5

a Reoxidation: Ce(1−x−y)TM(y)Zr(x)O1.92 ∗ 4H2O + 1
2 O2 →

Ce(1−x−y)TM(y)Zr(x)O2 ∗ 4H2O.

water became unfavorable. Also, the surface reoxidation is
significantly more favorable than the reaction of H2O with CO
to form stable formate complexes (compare tables 4 and 7).
This may explain the lower amount of formate complexation
observed by CIR–FTIR.

A schematic of the complete simulated regenerative
WGS reaction cycle on Ce0.50Zr0.42Ta0.08O2, including the
CO adsorption energy and CO2 product desorption energy,
is shown in figure 3 along with the CO oxidation and
H2O reduction steps coupled with the support reduction
and reoxidation, respectively. Included in this cycle is
the 55.0 kJ mol−1 desorption energy for CO2 after it is
formed. While the energy of the overall WGS reaction cannot
change, the acidic TM dopants are predicted to shift the
relative balance of the reaction steps, enhancing the refilling
of oxide vacancies and H2 generation, and minimizing the
blocking of sites by associative complex formation. The total
ground state, uncorrected VASP-calculated reaction enthalpy
of −36.6 kJ mol−1 for the regenerative WGS reaction cycle
compares well with the gas phase WGS reaction value of
�G = −38.2 kJ mol−1 calculated at 50 K from measured
thermodynamic data [48].

The catalyst compositions were evaluated by measuring
CO conversion under high temperature WGS conditions,
using the wet reducing gas molar composition: 4.9% CO,
10.5% CO2, 33% H2O and 30.3% H2. The catalysts
(0.2 cm3) were packed with inert alumina in a 5 cm3 reactor,
run under a gas flow of 1000 cm3 min−1 or 300 000 h−1

space velocity [5]. The Mo-doped ceria–zirconia catalyst
composition, Pt/Ce0.70Zr0.2Mo0.10O2, exhibited higher CO
conversion (of the order of a 20% increase) at low temperatures
compared to replicated tests of undoped or La doped catalysts
with comparable Pt loadings [2], as shown in figure 4. The
CO turnover data were measured during the initial catalyst
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Figure 3. Schematic diagram of the regenerative water gas shift reaction cycle on fully hydrated Ce0.50Zr0.42Ta0.08(111).

Figure 4. Comparison water gas shift CO conversion tests for duplicate runs of Pt/Ce0.65Zr0.35O2 baseline catalyst with two runs from separate
Pt/Ce0.70Zr0.2Mo0.10O2 catalyst syntheses.

Table 8. Combined regenerative water gas shift reaction enthalpies for the undoped and doped ceria–zirconia supports with one monolayer
H2O for the support reduction reaction coupled with CO oxidation to CO2, and support reoxidation with H2O reduction to H2.

1 ML H2O
hydrated composition
atomic formula

Support reduction
and CO oxidation
(CO + 1

2 O2 → CO2)
�H(support reduction & CO oxidation)

(kJ mol−1)

Support reoxidation and
H2O reduction
(H2O → H2 + 1

2 O2)
�H(support reoxidation& H2O reduction)

(kJ mol−1)

CeO2 −214.5 150.3
Ce0.58Zr0.42O2 −222.0 157.8
Ce0.50Zr0.42Nb0.08O2 −92.5 28.3
Ce0.50Zr0.42Ta0.08O2 13.0 −77.2
Ce0.50Zr0.42Mo0.08O2 −15.9 −48.3
Ce0.50Zr0.42W0.08O2 103.5 −167.7
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down ramp from 400 ◦C, where the data were collected at each
temperature step for 1 h. Kinetic rate analyses for the CO
conversion yielded reaction orders approaching 0 for CO and 1
for H2O, most likely due to the optimization of the regenerative
WGS mechanism.

4. Conclusion

Effective micro-engineered Pt/ceria–zirconia WGS catalysts
having a large surface area with a high density of active
sites were developed from coordinated atomic modeling, cata-
lyst synthesis, structural characterization, kinetic performance
tests, and micro-kinetic reaction analyses. Atomic modeling
was used to interpret probable ligand complexation and block-
ing of active ceria–zirconia surface sites via the associative
WGS reaction mechanism from in situ spectroscopy results.
Atomic modeling screening of new ceria–zirconia catalyst for-
mulas with acidic TM dopants, including: Nb, Mo, Ta, and W,
predicted an increased favorability for reoxidation of the ceria–
zirconia lattice via the regenerative WGS mechanism. The pre-
dictions were used to develop doped ceria–zirconia composi-
tions that provided the optimum tuning and balance of regener-
ative WGS reactions. In situ characterization, kinetics testing,
and micro-kinetics analyses demonstrated the improved per-
formance of newly designed Mo-doped Pt/ceria–zirconia cata-
lysts, which experimentally exhibited higher CO turnover rates
compared to the undoped ceria–zirconia.
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