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ABSTRACT: Ce0.5Zr0.5O2−x (CZO) is widely used for the storage
and reaction of O atoms (O*) in chemical looping and emissions
control. Reductants react with O* to form vacancies (*) at rates
limited by surface reactions with O*, replenished through fast
diffusion through CZO crystals. The dynamics and mechanism of
these surface reactions remain unresolved because O* stability and
reactivity depend very strongly on the extent of CZO reduction
during stoichiometric reactions. These thermodynamic non-
idealities are evident from free energy penalties in removing O*
that increase sharply as intracrystalline O* concentrations decrease,
leading to reduction rates that deviate from the expected linear
dependence of rates on O* concentrations. Rates of CZO
reduction by CO, at conditions resembling “cold start” of vehicle
emissions systems, decrease 10-fold when O* concentrations decrease by only a factor of 2; this nonlinearity reflects the strong
effects of thermodynamic nonidealities on reaction dynamics. This study addresses and resolves these mechanistic and practical
matters using transition state theory, a thermodynamic construct that rigorously accounts for the prevalent nonideal behavior. Such
formalisms treat Ce0.5Zr0.5O2 as an ideal solution and O*, *, surface-bound intermediates, and transition states as solutes within a
well-mixed Ce0.5Zr0.5O2−x solution with excess free energies that depend strongly on extent of reduction. The nonideal behavior of
these solutes and the reactivity of O* in reactions with CO are related to the measured thermodynamics of O* through scaling
relations, and the requisite kinetic parameters for the ideal system are independently derived from a mechanism-based interpretation
of catalytic CO−O2 reactions on stoichiometric CZO. These approaches and constructs lead to a kinetic model that accurately
describes measured transient stoichiometric reduction rates, but only when incorporated into reaction-convection equations that
rigorously capture how the thermodynamic activities of kinetically relevant reactants, transition states, and spectators evolve in time
and space. These formalisms provide a general framework for the analysis of stoichiometric processes in strongly nonideal systems
that are ubiquitous in carbon capture, energy storage, and environmental remediation.
KEYWORDS: thermodynamic nonidealities, stoichiometric reactions, solvation effects, kinetic modeling, metal oxides

1. INTRODUCTION
Stoichiometric fluid−solid reactions are involved in energy
storage systems, CO2 capture technologies, and chemical
looping reduction−oxidation processes. These systems invar-
iably embody strong thermodynamic nonidealities as materials
change in composition or oxidation state; as a result, the rates
of chemical and physical processes cannot be accurately
captured using descriptions of (electro)chemical kinetics and
mass/ion transport phenomena that neglect such nonideal
behavior. Analyses of the dynamics of these processes can then
lead to incomplete mechanistic interpretations and to their
attribution to incorrect physicochemical causes. For instance,
open circuit potentials of lithium-based electrodes depend
sensitively on the extent of lithiation, which Tafel equations do
not explicitly include, thus precluding physics-based models of
(dis)charge and degradation rates in Li-ion batteries.1,2 This
study develops protocols that address these complexities

through analogies to solution-phase equilibria in nonideal
mixtures using formalisms and concepts that are emerging in
treating the effects of solvents on reaction rates.

Chemical and physical processes occur at rates that reflect
the tendency of the system to approach thermodynamic
equilibrium. The dynamics of these processes are driven by
gradients in chemical potential, whether processes involve a
phase change, mass transport, or (electro)chemical reactions.
Solvents affect reaction rates by (de)stabilizing the reactants,
intermediates, and/or transition states present along chemical
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or physical trajectories. Transition state theory provides the
formalism necessary to understand, model, and predict these
solvation effects whether in ideal or nonideal systems in their
thermodynamic contexts.

Transition state theory posits a quasi-equilibrium between a
transition state (TS) and reactants of an elementary step and
crossing rates that are proportional to the concentration of
transition states.3−6 Solvents can affect reaction rates only
when they (de)stabilize to different extents the TS and
reactants in a kinetically relevant elementary step along a
reaction coordinate. This formalism has been successfully used
to account for solvation effects observed for rates of
homogeneous reactions in solution7−9 and reactions on
surfaces,10−12 with effects, in most cases, imposed by changes
in the identity of the solvent. For instance, chemical reaction
rates at active sites confined within voids of molecular
dimensions are significantly altered by changing the size and
shape of such voids, because they “solvate” reactants,
intermediates, and transition states through van der Waals
forces, often to different extents,12−15 or by intrapore liquids
that (de)stabilize guest molecules through noncovalent or
electrostatic interactions.16−18 Here, this formalism is trans-
ferred to stoichiometric fluid−solid reaction systems that
exhibit very strong thermodynamic nonidealities as a
consequence of temporal (and spatial) changes in the extent
of reduction or oxidation during stoichiometric cycling. In
these systems, “solvation effects” on rate emerge and evolve
innately as the reaction proceeds, instead of doing so in
response to a change in the solvating properties of an external
environment, such as a different solvent or a confining void of
different size.

Ceria-zirconia solid solutions (Ce0.5Zr0.5O2−x, x ∈ [0, 0.25];
CZO) are used as oxygen carriers for chemical looping redox
cycles19 and as electrolytes in solid oxide fuel cells;20 they are
also used as oxygen storage devices in emissions control
systems.21−23 These applications exploit the durable redox
properties and the fast diffusion of lattice O-anions of Ce-
based oxides.19−24 Lattice oxygen anions react with reductants,
such as CO and hydrocarbons, at crystallite surfaces during a
reduction half-cycle, and the anion vacancies formed are filled
by oxidants (usually O2), thereby completing a reduction−
oxidation cycle. The Gibbs free energy for the removal of an O
atom from Ce0.5Zr0.5O2−x (ΔGred) becomes increasingly
unfavorable (more positive) with increasing extent of CZO
reduction (ξred = 4x);24−26 archived thermodynamic data show
that a change in extent of reduction (Δξred) of 0.2 leads to a
change in free energy (ΔΔGred) of more than 60 kJ mol−1 at
873 K.26 Such strongly nonideal redox thermodynamics impart
intrinsic nonuniformities to the dynamics of O atom removal
and addition reactions. As CZO crystals become depleted/
enriched of O atoms, the intrinsic rate of O atom removal/
addition decreases much more sensitively than expected from
the remaining number of O atoms, indicative of their lower
reactivity. These nonidealities preclude conventional kinetic
and transport analyses of reaction and diffusion mechanisms
and their usefulness in interpreting the effects of crystal phase,
phase purity, and size on rates of reduction and oxidation half-
cycles.

This study addresses these hurdles by treating lattice oxygen
anions (O*) and anion vacancies (*) as solutes within “well-
mixed” Ce0.5Zr0.5O2−x crystals. This analogy to fluid-phase
equilibria for interpreting kinetic data and the ability to extract
from them mechanistic insights about surface reactions require

that the “solution” be well-mixed. Intracrystalline gradients in
the chemical potential of oxygen anions (and thus of anion
vacancies) are absent during reduction of CZO by CO, such
that O atom removal rates solely reflect the rate of surface
reactions at conditions relevant to the use of CZO as an
oxygen buffer in three-way catalysts.27 Measurements of redox
thermodynamics inform about how the solubilities of O* and *
change with ξred and how it does so among samples with
differing Ce/Zr ratios and crystal structure and size. The
thermodynamic underpinnings of transition state theory then
provide the requisite framework to relate the (excess) free
energy differences between oxygen anions and anion vacancies
to those for the other “solutes” that emerge along reaction
trajectories in CZO redox half-cycles�namely, transition
states and surface-bound intermediates. Thus, the consequen-
ces of intrinsic nonuniformities in redox thermodynamics on
surface reaction dynamics can be understood, modeled, and
predicted using the same formalisms previously used to
describe solvation effects for thermodynamically nonideal
systems in surface catalysis.7−18

These formalisms are illustrated here by showing that
stoichiometric rates of CZO reduction by CO, measured at
relevant conditions of practice, are limited by the CO-
mediated oxygen anion removal elementary step, which
forms vacancy-bound carboxylates (CO + O* → CO2*).
The solubility (and stability) of the kinetically relevant
transition state decreases and that of rate-inhibiting carbox-
ylates increases as Ce0.5Zr0.5O2−x solutions become depleted of
O-anions. Thus, CZO reduction reactions ultimately reach
nearly undetectable rates before equilibrium can be achieved in
practical times, because the desorption of carboxylates and the
depletion of residual O atoms become more unfavorable as
reduction occurs. These mechanistic insights for these
stoichiometric reactions were recognized only after developing
an accurate rate equation, a development aided by assessing
the kinetics and mechanism of catalytic CO oxidation and the
decomposition of carbonates and carboxylates on CO2-treated
CZO crystals, and then embedding the rate equation into
reaction-convection models that rigorously account for the
temporal and spatial gradients within a CZO packed bed. Axial
gradients cannot be neglected even when the relative changes
in CO and CO2 concentration are negligibly small, because
exceedingly small gradients in ξred have profound consequences
on the solubilities of O atom removal transition states and
CO2-derived adsorbates, as inferred from redox thermody-
namic measurements and free energy and scaling relationships.

The protocol described and used in this study accurately
captures kinetic data of transient stoichiometric processes
affected by strong effects of the extent of reduction (and the O-
content) on the stability and reactivity of reactants and
products by implementing concepts from the canon of surface
kinetics within the conceptual framework of (nonequilibrium)
thermodynamics and transition state theory. This approach is
agnostic about the types of fluids, solids, and energy-stimuli
(e.g., heat, photons, and electricity) in the system of interest.
The methods and formalisms illustrated here for reduction−
oxidation of metal oxides can be leveraged to deduce
mechanistic insights and to identify materials and process
design criteria for other systems in which thermodynamic
nonidealities have prevailed to hinder the use of rigorous
kinetic analyses in such inquests. Examples of such systems
that also have extensive archives of essential thermodynamic
data include carbonation-calcination of metal (hydr)oxides,
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CO2 uptake-release on amine-based sorbents, electrochemical
separations for metals recovery, (de)intercalation of layered
cathode materials, and selective oxidations via chemical
looping.

2. MATERIALS AND METHODS
The provenance and characterization of the CZO samples and
the treatment protocols used were previously reported.27

Briefly, CZO nanocrystals (Ford Motor Company) were
treated by sequential reduction (1% H2, 3% CO in N2) and
oxidation (4% O2 in N2) cycles at 1133 K (240 cycles over 16
h), intended to anneal the samples into thermodynamically
stable form and to mimic prolonged exposure to rich-lean
combustion cycles in vehicle emission systems. The results of
the structural and compositional characterization tests for the
parent (120 m2 g−1, 4.8 nm crystals) and redox-aged (40 m2

g−1, 9.6 nm) samples were consistent with those expected for
the fluorite Ce0.5Zr0.5O2 phase (Ce/Zr = 0.94). Experiments to
evaluate the thermodynamics and kinetics of CZO reduction
and oxidation were conducted on the redox-aged sample to
ensure that measurements reflect properties intrinsic to
Ce0.5Zr0.5O2−x instead of extrinsic nonuniformities (e.g.,
structural defects) or of reaction-induced changes in properties
or crystal morphology.

Stoichiometric CZO reduction and oxidation reactions by
CO and CO2, respectively, were conducted using the same
reagents, apparatus, and treatment protocols described in an
earlier report.27 These transient reactions were performed in a
packed-bed quartz reactor (0.4 cm i.d.) with plug-flow
hydrodynamics; the composition of reactant and product
streams was continuously assessed using online infrared (MKS
MultiGas) and mass spectrometric (Leybold Inficon) methods.
The reactor was held within a resistively heated crucible
furnace (National Element), and its temperature was
controlled and monitored using an electronic controller
(Watlow) and K-type thermocouple affixed to the outer
reactor wall near the axial packed-bed center. The packed beds
consisted of mixtures of CZO aggregates (180−250 μm) and
inert quartz granules (180−250 μm) in >10:1 (w/w) quartz/
CZO mass ratios. Before reduction reactions, samples were
treated at 1000 K for 1 h in flowing 20 kPa O2 in He, cooled to
the target reaction temperature (648 or 873 K), and then
flushed with a pure He stream. This oxidative treatment sought
to desorb adventitious impurities (atmospheric CO2 and H2O)
and to ensure that samples were fully oxidized (Ce0.5Zr0.5O2;
ξred,0 = 0) before exposure to reactant mixtures (0.20−4.1 kPa
CO, 0.18−81 CO/CO2). Oxidation reactions were conducted
on partially reduced Ce0.5Zr0.5O1.83 samples, which were
obtained by treating the fully oxidized ones in flowing H2
(5.0 kPa) at 1000 K for 2 h; the extent of reduction (ξred,0 ≈
0.7) was determined by monitoring the amounts of H2
consumed and H2O formed, which agreed within experimental
error. The partially reduced samples were flushed in flowing
He at 1000 K for 1 h and then cooled to the target reaction
temperature before exposure to CO2−CO mixtures.

Catalytic rates of aerobic CO oxidation on Ce0.5Zr0.5O2 were
measured at 648 K in excess O2 (O2/CO ≥ 1) using the same
reactor and analytical protocols and oxidative thermal
treatment described above for stoichiometric reactions. Rates
remained unchanged during 10 h time. Weisz-Prater and
Mears criteria28 were used to confirm that measured rates were
not corrupted by intra- and interphase transport artifacts
(Section S1; Supporting Information; SI). CO2 formation rates

measured using packed beds with 10:1 and 25:1 (w/w)
quartz/CZO dilution ratios were the same, confirming the
absence of kinetically consequential axial or radial temperature
gradients. This result for the catalytic reactions serves also to
confirm the isothermal nature of stoichiometric reduction
experiments, for which the rates of heat release were
significantly smaller than those in catalytic experiments.

The stability and reactivity of CO2-derived bound species on
oxidized (ξred,0 = 0) and partially reduced (ξred,0 ≈ 0.4 or 0.7)
Ce0.5Zr0.5O2−x crystals were assessed by measuring the
evolution of CO2 and CO during temperature ramping using
the same apparatus as for stoichiometric and catalytic
reactions. The reductive thermal treatment used to obtain
the Ce0.5Zr0.5O1.90 sample (ξred,0 ≈ 0.4) was also the same as
that described above for the Ce0.5Zr0.5O1.83 sample (ξred,0 ≈
0.7) but at lower temperature (700 K instead of 1000 K) for 2
h in flowing 5.0 kPa H2 in He. A CO2 stream (2.0 kPa in He)
was passed over the CZO sample (400 molec. CO2 (nm
CZO)−2 h−1) at 340 K for 0.5 h to adsorb CO2. The reactor
was then flushed with flowing He (8.3 cm3 g−1 s−1) at 340 K
for 0.5 h to ensure complete removal of weakly bound species;
CO2 concentrations in reactor effluent mixtures reached
undetectable levels after <0.1 h of inert purging. The samples
were then heated to 1000 K (0.33 K s−1) in flowing He. CO2
and CO were the only species detected in product streams,
with the latter being formed only when CZO was partially
reduced, indicative of vacancies being repopulated by O atoms
within CO2 adsorbates.

3. RESULTS AND DISCUSSION
3.1. Reduction−Oxidation Equilibria of Ceria-Zirconia

Solid Solutions: An Analogy to Solution Thermody-
namics. Thermodynamic data for reduction−oxidation
equilibria of metal oxides are typically reported from
measurements of O2 evolution reactions:24−26,29−32

+F
x x
2

Ce Zr O
2

Ce Zr O Ox0.5 0.5 2 0.5 0.5 2 2 (1)

Equilibrium values of x at given O2 pressures are determined
from the numbers of O atoms removed/added in gas−solid
reduction/oxidation reactions with reactant streams containing
reductant-oxidant pairs (e.g., CO−CO2 or H2−H2O) at
various reductant to oxidant ratios and then calculating the
corresponding virtual O2 pressures33 using gas-phase thermo-
dynamics for CO or H2 combustion.

Figure 1 shows the ratio of the average CO2 pressure along
the bed (using inlet and outlet values; ⟨CO2⟩) to the average
CO pressure (⟨CO⟩) versus extent of reduction (ξred) during
Ce0.5Zr0.5O2 reduction (solid, ξred,0 = 0) and Ce0.5Zr0.5O1.82
oxidation (dashed, ξred,0 = 0.71) performed at 873 K with a
reactant stream comprising 1.0 kPa CO and 1.0 kPa CO2,
which corresponds to a virtual O2 pressure of 1.9 × 10−21

bar.34 The abscissa values were calculated at each point in time
(ξred(t)) by integrating measured rates up to that time (t):

= +

=

t r t t

r t t

( ) ( )d

( )d

t

t

red red,0
0

CO

red,0
0

CO

2

(2)

In eq 2, rCOd2
and rCO are the net rates of CO2 and CO

formation (normalized by the number of removable O atoms
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in stoichiometric CZO; 1.69·10−3 molO g−1). CO2 forms and
CO is consumed in the reduction reaction (solid trace) leading
to ⟨CO2⟩/⟨CO⟩ values that exceed the CO2/CO ratio in the
inlet stream (1.0). Net CO2 formation rates ultimately reach
undetectable levels and reduction ceases upon reaching a final
ξred of 0.46. This value is the same as that obtained in the
oxidation reaction (dashed trace; 0.46). Such similar ξred values
show that (at 873 K and 1.9 × 10−21 bar virtual O2 pressures)
redox equilibria is achieved and that the equilibrium ξred value
is 0.46. The final ξred values from both directions (reduction
and oxidation) were also the same at all tested virtual O2
pressures (2.3 × 10−19 to 1.1 × 10−24 bar), giving equilibrium
ξred values between 0.41 to 0.54.

These thermodynamic data can also be expressed as Gibbs
free energies for the reduction−oxidation reaction (eq 1) using
a convention35 that sets the thermodynamic activity of all pure
solids (Ce0 . 5Zr0 . 5O2 and Ce0 . 5Zr0 . 5O2−x , here) to
unity.24−26,29−32 A different (and equally arbitrary) convention
is defined and adopted here to enable the use of nonideal and
nonequilibrium thermodynamic formalisms in examining
reduction−oxidation reaction dynamics. This convention
considers oxygen anions (O*) and anion vacancies (*) as
solutes within a “well-mixed” Ce0.5Zr0.5O2−x crystal and depicts
O2 evolution as occurring upon the removal of two O* from
the solution, which by charge neutrality requires the
dissolution of two *:

* * +F2O 2 O2 (3)

The well-mixed assumption for this “CZO solution” (required
for this treatment) was confirmed by three different types of
experiments each showing that lattice diffusion is much faster
than the surface reaction with CO during CZO reduction.27

One type compared O atom removal rates with different
reductant-oxidant pairs but at the same gas-phase redox
potential and thus equivalent driving forces for lattice diffusion.
Reduction rates measured using CO−CO2 and H2−H2O
mixtures were different, which implies that lattice diffusion is
not the rate-limiting process. Another experiment compared
the rates of reduction by CO for CZO crystals with and
without Pt nanoparticles dispersed on their surfaces, such
particles could influence rates of surface reactions, but not bulk

lattice diffusion rates. The prevalent atomic contact between Pt
nanoparticles and CZO crystal surfaces led to higher O atom
removal rates, a demonstration of the kinetic relevance of
surface reactions. A third type of experiment imposed inert
“dwell” periods at various stages along stoichiometric O atom
removal processes by CO; any intracrystalline gradients in O*
chemical potential would disappear during these dwells,
leading to an increase in reduction rate upon resuming the
reaction. These increases were not detected, indicating that
“CZO solutions” are well-mixed during these stoichiometric
reduction reactions. These independent measurements provide
compelling evidence that O* and * chemical potentials are
uniform throughout CZO crystals, the requisite criteria for a
well-mixed solution.

The equilibrium criterion for eq 3 gives (details in Section
S2; SI):

= *
*

G
RT

a
a

P

P
exp red

O

2
O2

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

i
k
jjjj

y
{
zzzz

(4)

where POd2
is the O2 pressure, aO* and a* are the activities of O*

and * solutes, and P⊖ and ΔGred
⊖ are the total pressure and

Gibbs free energy change at an arbitrary condition chosen here
as an ideal gas at standard conditions (273.15 K, 1 bar) for O2
and a Ce0.5Zr0.5O2−x crystal at infinite dilution in anion
vacancies (*; ξred → 0) for the solution-phase. The ratio of O*
and * activities at the reference condition (ξred → 0) is defined
to be unity, such that ΔGred

⊖ values represent the Gibbs free
energy change of eq 3 for CZO crystals with ξred values that
asymptotically approach zero, the “ideal solution”.36 The
activities of each solute are given by the product of its activity
coefficient and concentration (aj = γj·[j], j = O* or *), and the
concentrations are related to ξred via charge balance. Equation
4 then becomes

*
=*G
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1
red O
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k
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(5)

Ratios of O* and * activity coefficients (γO*/γ*) become
smaller as O* solubility increases relative to that for * in the
CZO solvent. The definition of partial molar excess Gibbs free
energies (G̅j

E = RT ln γj)37 can be inserted into eq 5 to give:

+

=

G
RT

G G
RT

P

P

exp exp
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E
red red red

red
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k
jjjj

y
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zzzz

(6)

The Gibbs free energy change for O2 evolution (ΔGred) is the
sum of the ideal solution and the excess Gibbs free energy
changes (ΔGred

⊖ + ΔGred
E ). The former (ΔGred

⊖ ) depends only
on temperature and pressure, because the chemical potential of
O*, *, and O2 at the reference condition depend only on
temperature and pressure, while excess values (ΔGred

E =
2RT ln (γ*/γO*)) are influenced by interactions with the
CZO solvent. Thermodynamic nonidealities are represented
by nonzero excess Gibbs free energy changes, which become
more positive as O-anions become more stable relative to
anion vacancies and as O2 evolution (eq 3; and CZO
reduction; eq 1) becomes increasingly unfavorable as a result.

Thermodynamic data for CZO reduction−oxidation, given
by equilibrium ξred values at each virtual POd2

(Figure 1), are

Figure 1. Ratio of average CO2 and CO pressures (⟨CO2⟩/⟨CO⟩)
versus extent of reduction (ξred) for Ce0.5Zr0.5O2 reduction (solid) and
Ce0.5Zr0.5O1.82 oxidation (dashed) reactions conducted at 873 K and
using reactant streams with 1.0 kPa CO and 1.0 kPa CO2.
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interpreted here in the context of ΔGred values (eq 6). These
metrics of thermodynamic nonidealities are calculated based
on the chosen convention defined above (a*/aO* → 1 as ξred
→ 0), which is convenient and as equally arbitrary as setting
activities of unity for pure solids;35 such an approach uses the
formalisms and lexicon of thermodynamic treatments for
describing the effects of nonidealities on chemical dynamics by
nonequilibrium thermodynamics (Section 3.2). Figure 2 shows

values of ΔGred at different ξred values from CZO reduction−
oxidation thermodynamic data reported here (light-gray
circles) and reported previously (black squares,25 and open
and dark-gray triangles26).

These data were collected on different Ce0.5Zr0.5O2−x

samples and discrepancies among them may merely reflect
their different crystal size and/or phase purity. Nevertheless, all
samples show similar trends; the ΔGred values increase linearly
as ξred increases. This trend indicates that CZO reduction
becomes less favorable as ξred increases; in other words, the
CZO solvent preferentially stabilizes O* over * solutes as it
becomes depleted of O* (and enriched in *). These changes in
the nature of the solvent are very strong. For the sample used
in the present study (light-gray circles), a Δξred change of 0.2
leads to a ΔΔGred change of about 100 kJ mol−1. Such changes
are very large in comparison with the solubility of NaCl in
water and DMF, for which the ratio of solubility constants
(Ksp) correspond to free energies of dissolution that differ by
less than 20 kJ mol−1.38

The dashed lines in Figure 2 were derived from linear
regressions of these thermodynamic data to the functional
form:
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red red red

red
red red (7)

For each data set, the linear relationship between ΔGred and
ξred shows that the solvation effects, for a given CZO sample at
a given temperature, are well-described by a single-valued
function of ξred, given by the functional form in eq 7. This
linear relation resembles the phenomenological relations used
to describe activity coefficients and excess Gibbs free energies
for highly concentrated electrolyte solutions.39,40 Scaling
relations between excess Gibbs free energies for O2 evolution
(ΔGred

E ; eq 7) and those for the formation of kinetically
relevant transition states imply that the latter can also be
described as single-valued functions of ξred (vide inf ra).

The discrepancy in the absolute ΔGred values, but not in
their trends with ξred, among these four data sets in Figure 2,
cannot be attributed to differences in bulk Ce/Zr composition
(all samples consist of Ce0.5Zr0.5O2−x crystals). They are likely
to reflect instead differences in nanocrystal size, crystal
structure, phase purity, cation (dis)ordering, and/or extent of
annealing and its consequences for the density of defects or
crystal imperfections. The data shown as open triangles (ref
26), light-gray circles (this work), and black squares (ref 25)
were collected on CZO samples with mean nanocrystal
diameters of 8, 9.6, and 17 nm, respectively. The CZO crystal
size for the sample shown as dark-gray triangles (ref 26) was
not reported, but it is presumably larger than 8 nm, because it
was prepared by “aging” 8 nm crystals (open triangles) via
reduction−oxidation cycling.26 The equilibrium ξred values at a
given virtual O2 pressure increase with increasing crystal size,
indicating that larger crystals are more reducible in this
thermodynamic context; for instance, at 1.0 × 10−23 bar O2,
ξred values increase from 0.29, 0.47, to 0.64 as crystal size
increases from 8 to 17 nm. Similar systematic trends between
nanoparticle size and redox thermodynamics have been
reported for Co- and Fe-oxides.41,42

These consequences of nanoparticle diameter on redox
thermodynamics reflect, in part, the larger free energy penalties
incurred in removing surface instead of bulk O atoms.
Moreover, for semiconducting oxides, such as CZO, such
size effects also reflect quantum confinement effects that
underpin the size-dependent band gaps of quantum dots.43,44

The smaller slopes in the ΔGred trends with ξred (mred in eq 7)
in as-prepared samples (open triangles and black squares,
Figure 2) compared with those for the redox-aged samples
(light-gray circles and dark-gray triangles) are likely to reflect
extrinsic nonuniformities that are annealed by repeated
reduction−oxidation cycling, thus rendering the resulting
CZO crystals more uniform (and thermodynamically stable)
than as-prepared samples. These cycles are also likely to
narrow crystal size distributions and to minimize crystal-to-
crystal variations in Ce and Zr location within CZO lattices.
Thus, the thermodynamic and kinetic data collected on redox-
aged samples are likely to reflect intrinsic nonuniformities with
minimal contributions from heterogeneities in structural
properties resulting from specific synthesis protocols.

This analysis of reduction−oxidation data shows that the
inherent thermodynamic nonidealities of solutions of oxygen
anions and anionic vacancies in Ce0.5Zr0.5O2−x solvents can be
described accurately, for a given CZO sample, by ξred. These

Figure 2. Thermodynamic data for reduction−oxidation of
Ce0.5Zr0.5O2−x at 873 K in terms of the Gibbs free energy change
for the O2 evolution reaction (ΔGred; eqs 3 and 6) versus extent of
reduction (ξred). The black squares represent data from ref 25 and the
open and dark-gray triangles from ref 26; the light-gray circles denote
data collected in this study. The dashed lines represent those of best-
fit determined via linear regression to ΔGred versus ξred data sets to the
functional form of eq 7.
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nonidealities also strongly influence the dynamics of CZO
reduction and oxidation processes, for which the tenets of
transition state theory provide the requisite framework to
relate redox thermodynamics to chemical reaction rates.
3.2. Kinetic Trends and Consequences of Thermody-

namic Non-Idealities for Stoichiometric CZO Reduction
Rates. Rates of fluid−solid reactions depend on the activities
of species bound at surfaces, which are strictly proportional to
adsorbate concentrations only for thermodynamically ideal
(and infinitely dilute) systems. Rates of stoichiometric CZO
reduction are expected to depend nonlinearly on the
concentration of oxygen anion reactants (O*), because the
thermodynamics of Ce0.5Zr0.5O2−x reduction−oxidation pro-
cesses exhibit marked nonidealities (Section 3.1). The same
solvation effects that cause the strong ξred effects on O* and *
solubilities (Figure 2) also affect the activity coefficients (and
the excess free energy barriers) for species involved in
kinetically relevant steps in CZO reduction reactions. These
consequences of thermodynamic nonidealities on reaction
dynamics become apparent when examining profiles of O atom
removal rates versus time, as shown in Figure 3.

Figure 3a shows CO2 formation rates (per removable O
atoms in CZO) as time evolves during reactions of CO (1.0
kPa) with stoichiometric Ce0.5Zr0.5O2 samples (ξred,0 = 0) at
648 K; CO2 (0.10 kPa) was added to the inlet stream in order
to dampen axial bed gradients in CO2/CO ratios. O atom
removal rates decreased monotonically with time, but with
trends that do not conform to the simple exponential form
expected for first-order kinetics in O* for thermodynamically
ideal systems, for which the slopes of the semilogarithmic plots
in Figure 3a would remain constant with time and ξred. These
data show that the slopes, which reflect an apparent first-order
rate parameter for O* removal, become smaller as O* is
depleted with time; this reflects the thermodynamic non-
idealities of the reduction dynamics and the greater stability
(and lower reactivity) of O* as ξred increases. These apparent
first-order rate parameters (kapp),
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are defined as the ratio between CO2 formation rate (rCOd2
(t))

and the concentration of residual removable O atoms
([O*](t)) at each time t, where the values of [O*](t) are
related to ξred(t) via charge balance (eq 2). Figure 3b shows
kapp values that decrease monotonically as ξred increases (thirty-
fold as ξred increases from 0 to 0.3); in thermodynamically
ideal systems, kapp would be insensitive to ξred. These trends
show that the free energy barriers that must be overcome for
CO to remove an O atom from Ce0.5Zr0.5O2−x increase sharply
as ξred increases and as O* solutes become more stable in a
“CZO solution” that becomes increasingly dilute in O*.
Transition state theory provides the formalism necessary to
interpret these consequences of thermodynamic nonidealities
on surface reaction dynamics using the same analogy to
solution-phase equilibria used in the preceding section to
describe reduction−oxidation equilibria.

Transition state theory posits the existence of a transition
state (TS) between the reactant and product states of an
elementary step. The activity of this TS (aTS) is described by
its (quasi)equilibrium with reactants, and the rate is assumed
to be strictly proportional to the concentration of transition
states ([TS] = aTS/γTS).7−18 These tenets lead to an equation
for the rate of an elementary step between CO and an oxygen
anion:
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where ΔGapp
⊖,‡ is the Gibbs free energy of formation of the TS

from CO and O* reactants for the ideal-solution reference
condition (ξred → 0) and ΔGapp

E,‡ is the respective excess Gibbs
free energy of formation; the latter term captures how the
thermodynamically nonideal Ce0.5Zr0.5O2−x solvent (de)-
stabilizes the reactant (O*) and transition state (TS) solutes.

Figure 3. (a) CO2 formation rate normalized by the total amount of removable O atoms versus time and (b) apparent first-order rate parameters
(kapp, eq 8) versus extent of reduction (ξred) for Ce0.5Zr0.5O2 reduction at 648 K, 1.0 kPa CO, and 0.10 kPa CO2.
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The strong effects of ξred on kapp (Figure 3b) indicates that
changes in the solvent with O* content influence the stability
of O* and the TS to different extents (ΔGapp

E,‡ ≠ 0; ΔGapp
E,‡ is a

function of ξred). The same solvation effects that lead to the
preferential stabilization of O* versus * with increasing ξred for
the redox thermodynamic data (Figure 2 and eq 7) also affect
the solubilities of O*, TS, and other solutes that are present
during CZO stoichiometric reduction reactions.

The term within the large square brackets in eq 9 equals kapp
(eq 8) when the elementary reaction of CO with O* is the sole
kinetically relevant step for CZO reduction by CO and bare
oxygen anions (not covered by any bound species, such as CO
or CO2) are the most abundant species at CZO surfaces. In
addition, the reverse reaction (CZO oxidation by CO2) must
proceed much more slowly than the forward reaction for
measured net CO2 formation rates (rCOd2

) to solely reflect CZO
reduction by CO. In other words, the reduction reaction must
be far away from equilibrium at all conditions. The approach to
equilibrium for CZO reduction (η) is defined as the ratio of
oxidation to reduction rates (η = rox/rred):

=r r (1 )CO red2 (10)

and can be expressed in terms of the thermodynamic metrics
(eqs 4−6) for the O2 evolution reaction (eq 3):
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where ΔGc,CO
⊖ is the Gibbs free energy of CO combustion (per

mol of CO) at standard conditions. Measured rCOd2
values are

equal to the forward CZO reduction rates (rred) only when η is
much smaller than unity. These prerequisites regarding the
identity of the kinetically relevant step, the presence of
additional “solutes” besides O* on CZO surfaces, and the
approach to equilibrium must be verified with kinetic and
mechanistic evidence (vide inf ra) before “solvation effects” on
rates can be attributed to solubility changes for the kinetically
relevant solutes as O* is removed from the CZO crystal lattice.

The strong effects of ξred on ΔGred
E and ΔGapp

E,‡ (Figures 2 and
3b) must be considered in interpreting results through
mathematical descriptions, because even weak axial gradients

in [O*] (= (1 − ξred)) would strongly influence CO2
formation rates. In most instances, experiments can be
designed and conditions chosen to allow rate measurements
that are only weakly affected by reactant depletion or product
accumulation for a given bed residence time. For the system at-
hand, the severe thermodynamic nonidealities lead to O atom
removal rates that decrease 2-fold as O* concentrations only
slightly decrease (e.g., by 1.1-fold; ξred increases from 0 to 0.1;
Figure 3). This requires data analysis using reaction-convection
mole balances in order to capture the temporal and spatial
gradients in reactant and product pressures and solute
concentrations as CZO reduction reactions proceed. A cursory
assessment of the effects of CO and CO2 pressures and extents
of reduction on kapp and η values can still provide preliminary
insight into kinetic dependencies and reaction reversibility that
guide the development of accurate rate equations and rigorous
reaction-convection models.

Figure 4a shows kapp values (eq 8) at different ξred values (eq
2) for Ce0.5Zr0.5O2 reduction at 0.52 (solid), 1.0 (dashed), 2.1
(dash-dotted), and 4.1 (dotted) kPa CO and 648 K and the
same inlet CO2 pressure (0.10 kPa). The apparent first-order
rate constants increase with increasing CO pressure at all
extents of reduction, but not with strictly proportional trends
with CO pressure. For example, at a ξred of 0.1, kapp increases
linearly from 0.52 to 1.0 kPa CO, but sublinearly at higher CO
pressures. These deviations from first-order CO kinetics do not
reflect CO depletion from the reactant stream (fractional CO
conversions were less than 0.08) or detectable coverages of CO
at O* surface sites (CO does not bind to Ce0.5Zr0.5O2−x
surfaces; vide inf ra, Sections 3.3 and 3.4). They arise instead
from axial bed gradients in ξred and CO2 pressures, which
become more prevalent as rates increase with increasing CO
pressure. Figure 4b shows profiles analogous to those in Figure
4a but for reactions performed with an inlet CO pressure of 2.1
kPa and different inlet CO2 pressures (0.045, dotted curve;
0.10, dash-dotted; 0.20, dashed; and 0.40 kPa, solid). These
kapp values decrease with increasing CO2 pressure at all ξred
values. Such trends confirm the inhibition of CZO reduction
rates through competitive adsorption of CO2-derived species
on surface redox sites; they can also be the result of a closer
approach to equilibrium for this reaction (eqs 10 and 11) at

Figure 4. Apparent first-order rate parameters (kapp, eq 8) versus extent of reduction (ξred) for Ce0.5Zr0.5O2 reduction at 648 K. (a) Reactions
performed with the same inlet CO2 pressure (0.10 kPa) and 0.52 (solid), 1.0 (dashed), 2.1 (dash-dotted), and 4.1 (dotted) kPa CO. (b) Reactions
performed with the same inlet CO pressure (2.1 kPa) and 0.045 (dotted), 0.10 (dash-dotted), 0.20 (dashed), and 0.40 (solid) kPa CO2.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c04771
ACS Catal. 2024, 14, 16184−16204

16190

https://pubs.acs.org/doi/10.1021/acscatal.4c04771?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04771?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04771?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04771?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c04771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


higher CO2 pressures, a possibility discarded by assessments of
reaction reversibility (vide inf ra).

Reduction−oxidation thermodynamic data at 873 K
(Figures 1 and 2) cannot be used to obtain approach to
equilibrium values (η, eq 11) at the lower temperatures (648
K) used to measure reduction rates, chosen here to match
conditions typical of “cold start” in emissions control,21−23

because ΔGred values and their dependence on ξred depend on
temperature and on the structural and morphological proper-
ties that are specific to any given Ce0.5Zr0.5O2−x sample. Thus,
attempts to acquire thermodynamic data at 648 K were made
using the same protocols used at 873 K (Figures 1 and 2) to
assess whether the CO2 effects on O atom removal rates
(Figure 4b) reflect kinetic or thermodynamic origins. The data
in Figure 5 are analogous to those shown in Figure 1, but for

Ce0.5Zr0.5O2−x reduction (solid) and oxidation (dashed) at 648
K (instead of 873 K) using CO−CO2 mixtures that give virtual
O2 pressures of 1.3 × 10−34 (CO2/CO = 0.20), 3.1 × 10−33

(0.98), and 9.6 × 10−32 bar (5.5). In contrast with the data at
873 K (Figure 1), the ⟨CO2⟩/⟨CO⟩ values at 648 K do not
converge with time to the same final ξred value when starting
either from the stoichiometric oxide (Ce0.5Zr0.5O2, ξred,0 = 0;
solid curves) or from Ce0.5Zr0.5O1.82 (ξred,0 ≈ 0.7; dashed
curves). Thus, equilibrium is not attained at the end of the
reduction or oxidation processes. Kinetic hurdles for O atom
removal/addition become insurmountable as either reaction
proceeds, leading to undetectable levels of O atom removal or
addition (and of CO2/CO formation) before equilibrium can
be achieved.

These attempts to measure reduction−oxidation equilibria
did, however, define a range of possible equilibrium ξred values
for each CO2/CO ratio at 648 K, as depicted by the regions
between the terminal extents of reduction for the CZO
reduction (solid) and oxidation (dashed) traces (Figure 5); the
terminal ξred values are emphasized with the three pairs of
vertical bars. This range was determined by considering that
the equilibrium ξred values must be the same when reached by
reduction or oxidation processes at a given virtual O2 pressure
(as it does at 873 K; Figure 1). The CO2/CO ratios and
extents of reduction (ξred) in these kinetic studies (Figures 3

and 4) are denoted by the shaded region in the bottom left
corner of Figure 5. The largest ξred value achieved in
stoichiometric reduction measurements at 648 K is 0.30 (for
⟨CO2⟩/⟨CO⟩ = 0.23). An equilibrium ξred value of 0.30 would
have required much larger CO2/CO ratios (>2). Thus, the
maximum possible value for approach to equilibrium (η, eq
11) that could have been attained in these kinetic studies is
approximately 0.1. This small value for the upper bound of η
implies that measured net CO2 formation rates reflect forward
CZO reduction rates; in other words, (1 − η) is approximately
equal to 1 (eq 10). The observed decrease in kapp with
increasing CO2 pressure (Figure 4b) can then be attributed
solely to kinetic inhibition.

The first-order dependence in CO (Figure 4a) suggests that
stoichiometric O atom removal proceeds through a kinetically
relevant TS that contains one CO molecule and one O atom,
and the observed inhibition effects by CO2 (Figure 4b) show,
in turn, that Ce0.5Zr0.5O2−x surfaces contain kinetically
detectable coverages of CO2-derived species. These observed
kinetic trends can likely be captured with the following
functional form for the stoichiometric reduction rate equation
(rŝtoich):
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The above rate equation (eq 12) is expressed as a function of
the solute concentrations ([*] and [O*]) instead of
thermodynamic activities because they are directly measurable
in experiments as ξred (eq 2; Figures 1−4). As a result, the
parameters (α, β, and ω) represent lumped rate and
equilibrium constants for elementary steps, and they include
all relevant nonidealities and solvation effects for the species
involved in such steps. Scheme 1 depicts a plausible

mechanism that tentatively assigns chemical meaning to α, β,
and ω. In this Scheme, CO reacts with surface O-anions (O*;
present in equilibrium with the bulk Ce0.5Zr0.5O2−x) in the sole
kinetically relevant step (α) and CO2 binds competitively to
surface O-anions (β) and/or anion vacancies (*; ω) to form
carbonate (CO3*) and carboxylate (CO2*) solutes that inhibit
O atom removal rates by occupying surface redox sites. The
terms in the denominator of rŝtoich (eq 12) reflect the relative
coverages of, from left to right, O*, CO3*, and CO2*.

The tenets of transition state theory can be applied to the
irreversible O-atom removal step (α, Scheme 1) and the quasi-
equilibrium approximation to the two CO2 adsorption steps (β
and ω), leading to relationships between activity coefficients
and (excess) free energy changes for the parameters in rŝtoich
(eq 12):

Figure 5. Ratio of average CO2 and CO pressures (⟨CO2⟩/⟨CO⟩)
versus extent of reduction (ξred) for Ce0.5Zr0.5O2 reduction (solid) and
Ce0.5Zr0.5O1.82 oxidation (dashed) reactions conducted at 648 K and
using reactant streams with (CO, CO2) pressures of (0.18, 1.0), (1.0,
1.0), and (1.0, 0.20) kPa.

Scheme 1. Elementary Step Sequence for Stoichiometric
Reduction of Ce0.5Zr0.5O2−x by CO
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where χ⊖ (χ = α, β, and ω) represents rate (α) or equilibrium
(β and ω) constants for the elementary steps in Scheme 1 and
γj denotes the activity coefficients for each solute (j = O*, *,
TS, CO3*, and CO2*). These χ⊖ values reflect free energy
changes for the ideal-solution reference condition (ΔGχ

⊖); the
excess free energy changes (ΔGχ

E) account, in turn, for any
thermodynamic nonidealities. The reduction−oxidation ther-
modynamic data in Figure 2 shows that deviations from ideal
thermodynamics are accurately represented by single-valued
functions of ξred. Free energy scaling relations would then
imply that changes in the relative solubilities of TS, CO3*, and
CO2* solutes can also be expressed as single-valued functions
of ξred:
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Retaining the first two terms in the expansion is equivalent to
considering linear scaling relations between ΔGχ

E and ΔGred
E

which when combined with the linear dependence of ΔGred
E on

ξred (Figure 2 and eq 7) give α, β, and ω also as single-valued
functions of ξred:

= ·mexp( )red (17)

= ·mexp( )red (18)

= ·mexp( )red (19)

The stoichiometric reduction rate equation (rŝtoich, eq 12)
depends on three parameters that characterize the ideal
solution (χ⊖) and three parameters that capture the
consequences of thermodynamic nonidealities (mχ) as ξred
increases.

This mechanistic proposal (Scheme 1) and the linear scaling
relations (eqs 17−19) used to describe the nonideal character
of CZO reduction−oxidation cycles can be assessed by
comparing rate data (Figure 4) with the predictions from the
functional form of rŝtoich (eq 12). This computational task
requires nonlinear regression techniques and numerical
methods for solving stiff partial differential equations. Taken
together with the six parameters in eqs 12 and 17−19, these
methods are likely to give large uncertainties or significant
covariance in the parameter estimates. What follows seeks to
decrease the number of parameters and to provide
independent confirmation for the steps in Scheme 1 and for
the derived rate equation (rŝtoich, eq 12). This is achieved by
assessing the kinetics and mechanism of CZO reduction for
the infinitely dilute solution (ξred → 0), a system that
fortuitously prevails at the conditions of catalytic CO oxidation
reactions, during which O* is consumed by CO are
replenished by O2 at conditions of pseudo steady-state.

3.3. Kinetics and Mechanism of Catalytic CO
Oxidation on Ce0.5Zr0.5O2. A kinetic analysis of steady-
state CO oxidation catalysis on Ce0.5Zr0.5O2−x provided
complementary mechanistic insights into the transient
stoichiometric process. The collection and interpretation of
these data are more straightforward than those for the transient
process because steady-state reaction-convection models
involve gradients in reactant and product concentrations only
along the axial dimension of the bed, thus avoiding the stiff
partial differential equations required to account for the
temporal and spatial evolution in transient systems. Moreover,
catalytic rates can be measured at conditions that ensure
essentially stoichiometric O* concentrations, which can be
confirmed by rates being independent of O2 pressure. This
avoids the strong effects of ξred on rates and allows for
independent assessment of the rate and equilibrium constants
(χ⊖; eqs 17−19) for the “ideal solution” (Ce0.5Zr0.5O2; ξred →
0), thus decreasing, in theory, the number of parameters in eq
12 from six to three.

Catalytic oxidations on reducible oxides proceed via Mars-
van Krevelen redox cycles, in which O-atoms within metal
oxides are removed by the substrate and restored by a source
of O-atoms (e.g., O2, CO2, H2O, N2O).45−47 Scheme 2 depicts

a generic form of such cycles for aerobic CO oxidation at two-
electron redox centers exposed at surfaces of reducible oxides.
CO reacts with oxygen anions (O*) to form CO2, O2 binds at
anion vacancies (*) to form a bound dioxygen intermediate
(O2*), and CO consumes one of the O-atoms in O2* to close
the catalytic cycle. The O* removal step occurs in both the
catalytic (Scheme 2) and stoichiometric reduction (Scheme 1)
reactions on Ce0.5Zr0.5O2, and the observed near first-order CO
dependence for the latter (Figure 4a) suggests that it is the
kinetically relevant one in transient stoichiometric reduction
processes.

Figure 6 shows CO2 formation rates at each time (rCOd2
(t))

normalized to that for steady-state catalytic CO−O2 reactions
(648 K, 1.1 kPa CO, 0.21 kPa CO2; rCOd2

st.−st.) during an
experiment in which the O2 inlet pressure was abruptly
switched from 4.0 to 0 kPa. The time covered by the dotted
line between 0 and 0.030 ks represents a linear extrapolation
(in semilogarithmic scale) of anaerobic rates during a time
period affected by short hydrodynamic delays, as evident from
the evolution of inert Ar tracer concentrations. CO2 formation
rate decreased abruptly by about a factor of 2 upon removing
O2 from the inlet stream:

·r t r( 0) (1/2)CO CO
st. st.

2 2

Scheme 2. Mars-van Krevelen Redox Cycle for Aerobic CO
Oxidation
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Catalytic CO oxidation turnovers form two CO2 molecules for
each O* consumed (with the other O-atom being consumed in
converting O2* to O*; Scheme 2) while stoichiometric
Ce0.5Zr0.5O2 reduction forms one CO2 per O* (Scheme 1):

= ·r r(1/2)cat CO
st. st.

2

=r t r t( ) ( )stoich CO2

Thus, the abrupt 2-fold decrease in CO2 formation rate shows
that the rate of steady-state catalytic CO oxidation (rcat) is
equal to the initial rate in stoichiometric Ce0.5Zr0.5O2 reduction
by CO (rstoich(t → 0)) at this condition (648 K, 1.1 kPa CO,
and 0.21 kPa CO2). This implies that rcat and rstoich(t → 0)
reflect the same kinetically relevant step, which must be the O*
removal step since it is the only one that occurs in both
catalytic (Scheme 2) and stoichiometric (Scheme 1)
elementary step sequences.

Figure 7 shows a comparison between steady-state CO2
formation rates during CO oxidation catalysis (rCOd2

st.−st.) and
initial CO2 formation rates during stoichiometric reduction of
Ce0.5Zr0.5O2 by CO (rCOd2

(t → 0)); each point represents a
comparison at the same inlet CO and CO2 pressures. The
catalytic rate remains 2-fold higher than initial stoichiometric
rates at all conditions (648 K, 0.52−4.1 kPa CO, 0.045−0.40
kPa CO2), demonstrating that the reaction between CO and
O* is the sole kinetically relevant step in both catalytic and
stoichiometric processes. The initial state of Ce0.5Zr0.5O2−x
during the transient reactions is the stoichiometric oxide
(Ce0.5Zr0.5O2; ξred,0 = 0). Thus, these results set the expectation
that the catalytic rate data can be described by a rate equation
(rĉat) with a functional form that is identical to that for the
stoichiometric reaction (rŝtoich, eq 12), but for conditions in
which ξred asymptotically approaches zero:

=

=
+ +

r r

P

P P

lim

1 P
P

cat
0

stoich

cat CO

cat CO cat CO

red

2

CO

O2
2 (20)

The parameters in eq 20 (αcat, βcat, and ωcat) are rate and
equilibrium constants for the steps in Scheme 1; they include
the ideal-solution component (χ⊖, eqs 13−15) and any
contributions from thermodynamic nonidealities that may
emerge during CO oxidation catalysis. The rightmost term in
the denominator of rĉat (eq 20) represents, as in the case of
rŝtoich (eq 12), the ratio of carboxylate (CO2*) to oxygen anion
(O*) surface coverages; here, pseudo steady-state balances on
reaction intermediates (O*, *, and O2*) lead to ratios of
reduced to oxidized ([*]/[O*]) centers being strictly
proportional to the ratio of CO to O2 pressures. Thus, a
kinetic study of CO oxidation catalysis can lend independent
evidence supporting the mechanistic proposal for the
stoichiometric reaction (Scheme 1) and regression of such
data to the functional form of eq 20 can provide parameters
estimates for the ideal-solution components to α, β, and ω (eqs
12 and 17−19).

Figure 8a, b, and c show the effects of O2, CO, and CO2
pressures, respectively, on catalytic CO oxidation rates. The
abscissa values are inlet−outlet averages of these pressures
(denoted as ⟨O2⟩, ⟨CO⟩, and ⟨CO2⟩). Rates were insensitive
to O2 pressure (Figure 8a), indicative of catalytic reactions that
occur on CZO surfaces predominantly occupied by O* (ξred =
0) through kinetically inconsequential O2 activation steps, as
typically observed in Mars-van Krevelen redox cycles.46,48

Measured rates are strictly proportional to CO at sufficiently
high inlet CO2 pressures (>0.80 kPa), which dampen any axial
CO2 gradients caused by the catalytic reaction (⟨CO2⟩ = 0.85−
0.97 kPa; diamonds, Figure 8b). Rates deviate significantly
from the linear CO dependence (dashed lines) at low inlet

Figure 6. Normalized CO2 formation rate versus time (t) for CO
oxidation on Ce0.5Zr0.5O2 (648 K, 1.1 kPa CO, 0.21 kPa CO2). At t =
0 ks, the reactant stream was abruptly switched from aerobic (4.0 kPa
O2) to anaerobic conditions. CO2 formation rates (rCOd2

(t)) are
normalized to the steady-state CO2 formation rate during aerobic CO
oxidation catalysis (rCOd2

st.−st.). The dotted line represents estimates of
CO2 rates, determined via linear extrapolation on a semilogarithmic
scale, at early times after switching to anaerobic conditions in which
the acquired data were corrupted by a brief hydrodynamic delay (30
s).

Figure 7. Steady-state CO2 formation rates during CO oxidation
catalysis on Ce0.5Zr0.5O2 (rCOd2

st.−st.) versus initial CO2 formation rates in
stoichiometric reduction of Ce0.5Zr0.5O2 by CO (rCOd2

(t → 0)) at 648
K. The triangles, squares, diamonds, and circles represent experiments
at 0.52, 1.0, 2.1, and 4.1 kPa CO, respectively, and an increase in the
lightness of the symbol shading reflects an increase in CO2 pressure
(0.045−0.40 kPa). The solid parity line has a slope of 2.
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CO2 pressures (0.045 kPa; circles, Figure 8b) when axial CO2
gradients become appreciable, as reflected by ⟨CO2⟩ values
being significantly larger than the inlet CO2 pressure (⟨CO2⟩/
(CO2)in = 1.8−4.9). The first-order dependence overpredicts
rates at the highest CO pressure when the rate, and thus the
prevailing CO2 pressure, is largest, indicative of competitive
adsorption by CO2. These O2 and CO dependencies as well as
the observed product inhibition are consistent with the
functional form of the proposed rate equation (eq 20).

Rates decreased with increasing average CO2 pressures
(Figure 8c), indicative of detectable coverages of bound CO2-
derived species on redox sites exposed at CZO surfaces. Such
species must be carbonates (formed by CO2 binding to O*;
CO3*), because CO oxidation rates are independent of O2
pressure; the β term in eq 20 reflects the ratio of CO3* to O*
coverages. Kinetically consequential coverages of surface
carboxylates (formed by CO2 binding to *; CO2*) during
CO oxidation catalysis at 648 K, reflected by the ω term in the
denominator of eq 20, would manifest as positive-order O2 and

sublinear CO dependencies, which is inconsistent with the
observed O2 and CO trends (Figure 8a,b). Thus, the most
abundant species on CZO surfaces during CO−O2 reactions
consist of O* with and without bound CO2 (CO3*). Steady-
state CO oxidation rates that are twice the initial
stoichiometric rates for CZO reduction by CO (Figures 6
and 7) are also evidence of * and CO2* species contributing
negligibly to surface site balances during oxidation catalysis,
because [*]/[O*] ratios are essentially zero during the initial
stage of the transient reduction reactions (Ce0.5Zr0.5O2, ξred,0 =
0).

The functional form of eq 20 (rĉat), which attributes the CO2
effects solely to competitive adsorption, cannot fully capture
the observed CO2 dependencies (Figure 8c). This equation
would give CO oxidation rates that decrease monotonically
with increasing CO2 pressure (as shown by the dashed curves)
and ultimately must approach zero at high enough CO2
pressures. Instead, measured rates become insensitive to CO2
at high CO2 pressures. This suggests that the prevalence of

Figure 8. (a−c) Catalytic CO oxidation rates on Ce0.5Zr0.5O2 at 648 K versus average O2 (a), CO (b), and CO2 (c) pressures. The solid curves are
predictions for the kinetic trends made using an integral reactor model with eq 21 for the rate equation (rcat) and the best-fit values of the rate
parameters (eqs 22−24). (d) Parity plot of predicted versus measured rates. The triangles, squares, diamonds, and circles represent values with,
respectively, 0.52, 1.0, 2.1, and 4.1 kPa CO in the reactant mixtures, and for each symbol shape, the increased lightness of the shading reflects an
increase in average CO2 pressure, spanning 0.032 to 0.97 kPa CO2.
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CO3* adsorbates leads to the preferential stabilization of
kinetically relevant O-atom removal transition states and/or to
the destabilization of O* reactants, thereby compensating for
the kinetic inhibition caused by O* site blocking. In other
words, high coverages of CO3* at Ce0.5Zr0.5O2 surfaces (ξred =
0) lead to intrinsic O-atom removal rates (reflected by the α
term in eq 20) that exceed those on bare stoichiometric
surfaces (α⊖; eq 17). Effectively, Ce0.5Zr0.5O2 particles become
more “oxidized” as CO3* coverages increase, leading to
apparent “negative extents of reduction” and α values greater
than that for the “ideal solution” reference condition (α > α⊖).
The kinetic data (Figure 8a−c) can be accurately described by
an integral reactor model with the following expression for the
catalytic CO oxidation rate equation (rcat):

=
+

=
[ + ]

+

r
P

P

P P

P

1

(1 )

1

cat
cat CO

cat CO

CO CO

CO

2

2

2 (21)

The λ PCOd2
term in the numerator of eq 21 reflects the CO3*

induced nonidealities on α (vide inf ra). Figure 8d shows
predicted and measured rates in a parity plot, and the solid
curves in Figure 8a−c represent model predictions using an
integral reactor model (Section S3; SI). The regressed α⊖, β⊖,
and λ parameters and their uncertainties (95% confidence
intervals) are

= ±(3.9 0.4) kPa ks1 1
(22)

= ±(8.1 3.4) kPa 1
(23)

= ±(3.6 1.4) kPa 1 (24)

from a minimization of the relative error between predicted
and measured CO2 yields (Section S3; SI).

The α⊖ and β⊖ parameters in eq 21 reflect the Gibbs free
energies of formation of the O-atom removal TS (ΔGα

⊖,‡, eq
13) and of CO3* species (ΔGβ

⊖, eq 14) for the “ideal solution”,
consisting of the stoichiometric oxide (Ce0.5Zr0.5O2, ξred = 0)
without any guest molecules bound to its surface. The λ PCOd2

term in the numerator of rcat (eq 21) can be attributed to
solvation effects on O-atom removal transition states induced
by the presence of surface-bound carbonates, akin to those
induced by changes in ξred but in the opposite direction (eqs
16 and 17):

= + · + ···

= + + · + ···P(1 )

1 red

CO 1 red2 (25)

CO2 acts as an electron acceptor (Lewis acid) when bound at
basic O* centers at oxide surfaces;49 such binding can alter the
bulk electronic properties of semiconducting oxides, as shown
by changes in band gap energies upon adsorption of various
electron donor and acceptor molecules onto TiO2 surfaces.50

Thus, CO3* withdraws electron density from Ce0.5Zr0.5O2
crystals. The fast lattice diffusion within such crystals causes
changes in bulk electronic properties induced by guest
molecule sorption to uniformly affect the reactivity and
binding properties of each solute within the “well-mixed”
solution.

In the stoichiometric reactions, the strong decrease in kapp
values (eq 8) with increasing ξred (Figures 3 and 4) reflects, in
part, O-atom removal transition states that become increas-
ingly destabilized relative to O* reactants as CZO crystals
become increasingly reduced. These effects of ξred can instead
be articulated in terms of solution electron density, which
decreases as O-atoms are added, Ce(III) cations are oxidized,
and electrons become localized to form Ce−O and Zr−O
bonds. The bulk electron density within Ce0.5Zr0.5O2 crystals
(ξred = 0) also decreases as the surface coverage of CO3*
increases, leading to CO2-covered crystals that are more
“oxidized” than bare ones. Directionally, this “overoxidation”
results in O-atom removal transition states becoming more
stable and O* reactants less stable as CO3* coverages on
Ce0.5Zr0.5O2 increase. The λ PCOd2

term in eq 25 represents a
linearization of these CO3* coverage effects on α, which
attenuates the kinetic inhibition of O-atom removal rates that
arises from O* site blocking (β⊖PCOd2

in rcat, eq 21). This
coverage effect re-emphasizes the profound consequences of
thermodynamic nonidealities on surface reaction dynamics;
they manifest even for the ideal solution of Ce0.5Zr0.5O2
crystals that are infinitely diluted in anion vacancies (ξred → 0).

The interpretation of CO oxidation kinetics described in this
section provided corroborating mechanistic evidence for the
stoichiometric reduction reaction. CO-mediated O-atom
removal is the sole kinetically relevant step and CO2 binds
to oxygen anions to form appreciable coverages of surface
carbonates during both stoichiometric and catalytic CO
oxidation. These results also decrease the number of free
parameters by two, since the estimated values of α⊖ and β⊖
(eqs 22 and 23) are applicable to the catalytic and the
stoichiometric reactions, as indicated by the good agreement
between initial stoichiometric and steady-state catalytic rates
(Figures 6 and 7). The rate equation for the stoichiometric
reaction must include the term that accounts for the CO3*
coverage effects on α (i.e., (1 + λ PCOd2

) in eqs 21 and 25). Also,
an accurate description of stoichiometric rate data will likely
require the retention of terms that reflect the relative coverages
of * and/or CO2*, which were kinetically inconsequential in
catalytic CO−O2 reactions, because the concentrations of
anion vacancies become appreciable as stoichiometric reduc-
tion of CZO proceeds.
3.4. Desorption and Decomposition of CO2-Derived

Surface Species on Ce0.5Zr0.5O2−x. Binding energies derived
from density functional theory calculations for CO2 on
Ce21O41 and Ce21O42 particles51 and CeO2(110) surfaces
with and without anion vacancies52 indicate that CO2 binds
more strongly onto vacancies than on O-anions. Temperature
ramping experiments in ultrahigh vacuum systems involving
CO2-dosed (5 Langmuirs at 180 K) CeO1.7(100) and
CeO2(100) films showed that the amount of CO2 evolved
was about 1.5 times larger and the temperature required to
fully desorb CO2 was significantly higher (850 K vs 700 K)
when heating partially reduced versus stoichiometric sam-
ples,53 consistent with CO2-derived adsorbates being more
stable when bound at reduced (*) versus oxidized centers
(O*). This section reports evidence that extends these
conclusions to Ce0.5Zr0.5O2−x and which supports the
hypothesis, based on the observed kinetic inhibition of CZO
reduction rates by CO2 (Figure 4b), that terms for both CO3*
and CO2* coverages must be retained in surface site balances
for the stoichiometric reaction rate equation (eq 12).
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In our study, stoichiometric Ce0.5Zr0.5O2 crystals (ξred,0 = 0)
were exposed to CO2 (2.0 kPa in He) in a flowing stream at
340 K and the powder was flushed with He and heated to 1000
K (at 0.33 K s−1) also in flowing He. The solid black curve in
Figure 9 shows the CO2 evolution rates during this process.
CO2 starts to evolve at 350 K, reaches a maximum rate at 430
K, and becomes undetectable above 750 K. The amount of
CO2 evolved corresponds to 0.032 molecules (per removable
O-atoms in CZO), a value that is 0.4 ML of O-atoms (a
monolayer, ML, corresponds to 0.081, 0.10, or 0.14 mol
molO

−1 for cubic CZO crystals (40 m2 g−1, a = 0.52909 nm
that expose only (111), (110), and (100) facets, respectively).
This result shows that CO2 can bind to O-anions as carbonates
(CO2 + O* → CO3*) at 340 K and that such species desorb
between 350 and 750 K.

The CO2 evolution rates in Figure 9 cannot be accurately
described using a first-order Langmuirian model for CO3*,
which would give much sharper than observed decreases in
rate after the maximum value. Second-order desorption
improves marginally the agreements, but it is not chemically
plausible. The apparent reaction order being greater than one
for this unimolecular step instead reflects a distribution of
desorption barriers, a phenomenon often observed in surface
reactions that evinces intrinsic nonuniformities and demon-
strates the inaptness of Langmuirian models.54 The pro-
nounced tail in the rate versus temperature profile indicates
that CO3* binding energies (and desorption barriers) increase
as CO2 desorbs and the “effective” extent of reduction
increases. These inferences are consistent with CO3*
adsorbates that can preferentially stabilize O-atom removal
transition states. Such effects are also responsible for the non-
Langmuirian CO3* coverage effects in CO oxidation reactions
on Ce0.5Zr0.5O2 (eqs 21 and 25). These nonidealities lead to
catalytic rates that ultimately become insensitive to CO2 at
high CO3* coverages, despite the competitive adsorption onto
O* reactants, due to the compensating effect of intrinsic O*
reactivities that increase with CO3* coverage (Figure 8c).

The consequences of these thermodynamic nonidealities on
CO3* desorption rates preclude not only an unambiguous
quantitative assessment of CO2 binding strengths on
Ce0.5Zr0.5O2 (ξred,0 = 0) but also accurate comparisons with
those on prereduced samples (ξred,0 > 0). Yet, a cursory
assessment of their respective features during temperature

ramping provides evidence for the expected relative coverages
of CO3* (at O*; the β term) and CO2* (at *; the ω term) in
eq 12. These data are shown in Figure 9 for Ce0.5Zr0.5O1.91
(ξred,0 = 0.38; dark-gray) and Ce0.5Zr0.5O1.83 (ξred,0 = 0.67;
light-gray) and compared with the data for Ce0.5Zr0.5O2
(black).

The onset of CO2 evolution (Tonset
CO2 ) from Ce0.5Zr0.5O1.91

(ξred,0 = 0.38; dark-gray) occurs at 350 K, as in the case of
Ce0.5Zr0.5O2 (black), but rates reach a maximum (Tmax

CO2) at
higher temperatures than on Ce0.5Zr0.5O2 (540 K vs 430 K)
and sustain detectable levels at temperatures above that at
which CO2 evolution from Ce0.5Zr0.5O2 ceases (750 K). The
total amount of CO2 evolved (NCOd2

) is about 2-fold greater on
Ce0.5Zr0.5O1.91 (0.069 vs 0.032 mol molO

−1). The higher values
of Tmax

CO2 and NCOd2
imply that the average CO2 binding energy is

higher on prereduced versus stoichiometric CZO crystals. Also,
the rate versus temperature profile for Ce0.5Zr0.5O1.91 exhibits,
however subtle, an inflection point at 470 K, which occurs
between the Tmax

CO2 values for Ce0.5Zr0.5O2 (430 K) and
Ce0.5Zr0.5O1.91 (540 K). The coincidence in the Tonset

CO2 values
and the location of the inflection point together suggest that
the broader peak for the prereduced sample comprises two
peaks, each with a distinct distribution of binding strengths.
One corresponds to the same CO3* species formed on
Ce0.5Zr0.5O2 and the other to a CO2-derived adsorbate with a
higher mean binding strength, which can be tentatively
assigned to a carboxylate-type species formed at anion
vacancies (CO2*).

On Ce0.5Zr0.5O1.91 (ξred,0 = 0.38), but not on Ce0.5Zr0.5O2,
CO is detected during temperature ramping, with onset and
maximum rates at 590 and 740 K (Figure 9, dashed dark-gray
curve); these temperatures are higher than those required for
the evolution of CO2 from Ce0.5Zr0.5O1.91 (350 and 540 K,
respectively). Neither CO nor CO2 were detected when
Ce0.5Zr0.5O2−x (ξred,0 ≥ 0) was exposed to CO (2.0 kPa),
instead of CO2 (2.0 kPa), at 340 K, indicating that CO binds
weakly to O-anions and anion vacancies, consistent with the
first-order CO dependence in the stoichiometric (Figure 4a)
and catalytic (Figure 8b) reactions. Thus, the CO that evolved
upon heating CO2-exposed Ce0.5Zr0.5O1.91 crystals must have
been formed from CO2 bound at reduced centers (CO2*) with
the concomitant formation of O-anions; this is consistent with
the reoxidation of CeO2−x by CO2

55,56 and with Ce-based

Figure 9. CO2 (solid) and CO (dashed) formation rates while heating (0.33 K s−1), in a flowing inert stream, CO2-treated Ce0.5Zr0.5O2−x samples
with initial extents of reduction (ξred,0) of 0 (black), 0.38 (dark-gray), and 0.67 (light-gray).
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oxides acting as competent (but poor) catalysts for the
(reverse) water−gas shift reaction.57 These results show that
surface carboxylates (CO2*) undergo either desorption (CO2*
→ CO2 + *) or decomposition to reoxidize the reduced center
(CO2* → CO + O*), with relative rates that depend on
temperature, coverage, and extent of reduction (vide inf ra).

The values of Tonset
CO2 (350 K) and Tmax

CO2 (540 K) and the
location of the inflection point (470 K) are similar for
Ce0.5Zr0.5O1.91 (ξred,0 = 0.38; solid dark-gray curve in Figure 9)
and Ce0.5Zr0.5O1.83 (ξred,0 = 0.67; solid light-gray curve),
indicating that the same CO3* and CO2* adsorbates form
upon exposing CZO to CO2 irrespective of ξred,0. The amount
of CO formed increases (0.080 versus 0.021 mol molO

−1) and
the onset of its formation (450 K vs 590 K) and the maximum
in rate (640 K vs 740 K) occur at lower temperatures as the
extent of reduction increases (ξred,0 = 0.67 vs 0.38). These
trends reflect thermodynamic limitations for CZO oxidation
that lessen with increasing ξred,0, which matches expectations
based on the reverse reaction; CZO reduction becomes more
thermodynamically favorable as ξred,0 values decrease (Figure
2). The combined amounts of CO2 and CO formed (0.032,
0.090, and 0.13 mol molO

−1) and the ratio of CO to CO2 (0,
0.30, and 1.6) all increase monotonically with increasing ξred,0
(0, 0.38, and 0.67). These trends show that CO2 binds more
strongly at vacancies than O-anions. Consequently, the rate
equations and mechanistic descriptions for stoichiometric
CZO reduction by CO must include terms for CO2* coverages
and elementary steps for the adsorption of CO2 at reduced
centers, in contrast to the rate equation for CO oxidation
catalysis (eq 21), which proceeds on CZO crystals with a
dearth of vacancies.
3.5. Kinetics and Mechanism of Stoichiometric

Ce0.5Zr0.5O2 Reduction by CO. The combined evidence
from

(i) redox thermodynamics (Section 3.1);
(ii) effects of CO and CO2 on rate dependencies and

assessments of reaction reversibility (Section 3.2);
(iii) solution-phase analogies and linear scaling relations (eqs

7 and 17−19);
(iv) mechanistic interpretations of rates of CO oxidation

catalysis (Section 3.3);
(v) the comparison of COx evolution rates from fully

oxidized and partially reduced CZO crystals with
preadsorbed CO2 (Section 3.4)

show that the elementary steps in Scheme 1 and a modified
version of the rate equation proposed in Section 3.2 (rŝtoich, eq
12) can be used to describe the dynamics of stoichiometric
reduction of CZO by CO:

=
[ · + ]

+ [ · ] + [ · ]
r

m P P

m P m P

exp( )(1 )

1 exp( ) exp( )
stoich

red CO CO

red CO red 1 CO

2

2
red

red 2

(26)

The three terms in the denominator of eq 26 (from left to
right) reflect the relative coverages of O*, CO3*, and CO2*,
where β⊖ and ω⊖ represent the equilibrium constants for CO2
binding onto O* and * (Steps β and ω in Scheme 1) for the
ideal solution (Ce0.5Zr0.5O2−x with ξred → 0); the exponentials
with the mβ and mω parameters account for all thermodynamic
nonidealities (eqs 18 and 19). The term within the square
brackets in the numerator reflects the relative solubilities of the
TS for CO-mediated O-atom removal and of O* reactants
within the Ce0.5Zr0.5O2−x solution. The rate constant α⊖ and
the exponential with the mα parameter (eq 17) represent the
ideal solution (ξred → 0) and excess Gibbs free energies of
formation for the kinetically relevant transition state,
respectively, and the (1 + λ PCOd2

) term captures how the
presence of CO3* adsorbates preferentially stabilize the O-
atom removal TS (eq 25). Estimates for α⊖, β⊖, and λ (eqs
22−24) were determined by regressing catalytic CO oxidation
rate data (Figure 8) to the functional form of rcat (eq 21).

Scheme 3 depicts the flow packed-bed system used in
stoichiometric reduction reactions. The reaction-convection
mole balance for gaseous molecules (CO and CO2) is
expressed in terms of the fractional CO2 yield (X =
Δ[CO2]/[CO]in = −Δ[CO]/[CO]in), which varies with
time (t) and axial position (z). The species within
Ce0.5Zr0.5O2−x crystals (O* and *) do not convect along the
bed, such that the mole balance, expressed in terms of ξred
(∝[*] ∝ (1 − [O*])), only involves the partial time derivative.
Extents of reduction change along the packed-bed in response
to changes in CO and CO2 pressures via rstoich (eq 26). Gas
diffusion is fast, so that spatial gradients in the concentration of
gaseous species within porous CZO aggregates (10−4 m) are
kinetically inconsequential (Section S1; SI); no spatial
gradients in O* and * chemical potentials within each CZO
crystal (10−8 m) in such porous aggregates are present, because
the “CZO solution” is “well-mixed” (vide supra, Section 3.1).27

The independent variables of the mole balances (t and z) are
normalized by characteristic time and length scales (vide inf ra)
so that the temporal and spatial derivatives of X and ξred
become of order unity when the two coupled partial
differential equations are expressed in dimensionless form:

= +
= =

= =
X
t Da

X
z

r
X t z

X t z
1 ( 0, ) 0

( , 0) 0
stoich

(27)

Scheme 3. Transient Reaction-Convection System for Stoichiometric Ce0.5Zr0.5O2 Reduction by CO
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where t ̅ and z ̅ are dimensionless time and axial position,
respectively, Da is the Damköhler number, R is the gas
constant, ρO is the molar density of removable O-atoms within
the packed-bed, and rs̅toich is the dimensionless form of rstoich
(eq 26):

=
· + +

+ · + · +( )

r
m P X X

m m P X

exp( )(1 ( ))(1 )

1 exp( ) exp( ) ( )

stoich

red CO,0 CO

red red 1 CO,0 CO

2

red

red 2

(29)

Here, PCO,0 is the CO pressure at the reactor inlet (z ̅ = 0) and
ΘCOd2

is the ratio of CO2 to CO pressures in the inlet reactant
mixture. Axial position (z) is normalized to the packed-bed
length (z ̅ = z/L) and t to a time constant for the reaction (τrxn)
defined as

= RT( )rxn O
1

(30)

The Damköhler number (Da = τconv/τrxn) is a ratio of
convection ( = L v/conv , where v is the superficial gas velocity)
and reaction time constants and is calculated to be much
smaller than unity at the examined conditions (Da < 10−2).
Thus, perturbation methods can be used to expedite numerical
integration routines used to solve the system of nonlinear
partial differential equations (eqs 27−29).58

The procedure for solving eqs 27−29 is described in Section
S4 (SI) and briefly summarized here. The Damköhler number
(Da) being much smaller than unity implies that spatial
gradients evolve over time scales much longer than bed
residence times (τconv). Thus, in a short time step (δt ≲ τconv),
the magnitude of the time derivative on the left-hand side of eq
27 is much smaller than those for the terms on right-hand side,
leading to an approximate “steady-state” reaction-convection
equation for the gaseous species (∂X/∂t ̅ ≈ 0), which can be
numerically solved by discretizing the axial domain into small
finite elements. The resulting axial profile for X can then be
used to solve the initial value problem for ξred (eq 28) at each
finite element. Starting from the initial condition, cycles of
spatial and temporal integrations of eq 27 and 28 are repeated
until reaching the t ̅ value that corresponds to the end of the
experiment.

Rate data for stoichiometric Ce0.5Zr0.5O2 reduction at 648 K
and a range of PCO,0 (0.25−4.1 kPa CO) and ΘCOd2

(0.011−
0.20) values were regressed to this transient reaction-
convection model (eqs 27−29). The values of α⊖, β⊖, and λ
were kept at the values determined independently from CO
catalytic oxidation rates (eqs 22−24); this decreased the
number of free parameters from seven to four. Section S4 of
the SI provides additional details about the regression
methods. The regressed values of ω⊖, mα, mβ, and mω and
their uncertainties (95% confidence intervals) are

= ±(0.075 0.011) kPa 1
(31)

= ±m (7.6 0.72) (32)

= ±m (0.64 0.23) (33)

= ±m (25 1.4) (34)

Figure 10 shows a comparison of predicted and measured CO2
formation (and O-atom removal) rates for 15 different
conditions (PCO,0 = 0.25−4.1 kPa CO and ΘCOd2

= 0.011−
0.20); Figure 11 compares predicted and measured CO2 rates
as a function of time (and extent of reduction) for some of
these conditions (the rest are shown in Section S4; SI). The
small uncertainties (eqs 31−34) and the agreement between
measured and predicted rates for the 900 measurements using
parameter estimates in eqs 22−24 and 31−34 and the
reaction-convection model given by eqs 27−29 show that
these equations and mechanistic underpinnings accurately
describe the removal of O-atoms from CZO crystals by CO.
The effects of CO and CO2 on rstoich (eq 26) are well-described
by the sequence of elementary steps in Scheme 1, and the
consequences of thermodynamic nonidealities in the reduc-
tion−oxidation equilibria (eq 7) on the kinetic and
thermodynamic parameters for these elementary steps (α, β,
and ω) are accurately captured by the linear scaling relations
represented by eqs 17−19.

These formalisms, both in their chemical and physical
contexts, inform about how and why O-atom removal ceases
before achieving reduction−oxidation equilibrium (Figure 5).
Figure 12a shows model predictions for bed-averaged (vide
inf ra; eq 35) O*, CO3*, and CO2* coverages (⟨θj⟩; for 4.1 kPa
CO, 0.099 kPa CO2). The bed-averaged coverage of
carbonates, for example, is given by

Figure 10. Comparison of predicted and measured CO2 formation
rates for stoichiometric Ce0.5Zr0.5O2 reduction by CO at 648 K. The
predictions were made using the transient reaction-convection model
(eqs 27−29) and regressed parameter values in eqs 22−24 and
31−34. The symbol shapes denote reactions conducted with 0.25
(right-pointing triangles), 0.50 (down-pointing triangles), 1.0
(squares), 2.1 (diamonds), and 4.1 (circles) kPa CO in the reactant
stream and the shading from dark-to-light denote increasing CO2
pressures from 0.045−0.80 kPa.
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Figure 12b shows the predicted ξred effects on γO*/γχ ratios (χ
= CO3*, TS, and CO2*), which reflect the stabilities
(“solubilities”) of these various adsorbates (“solutes”) relative
to O* reactants as CZO crystals become reduced. In the early

stages of CZO reduction (ξred ≪ 1), CO2* coverages are small
and Ce0.5Zr0.5O2−x solutions contain CO3* (dashed curve;
Figure 12a) and O* (solid) solutes. As the reaction proceeds,
rate-inhibiting CO2* species become increasingly “soluble”

Figure 11. CO2 formation rates versus time for reactions of CO and CO2 mixtures with Ce0.5Zr0.5O2 at 648 K. The symbols denote measured
values and the solid curves predicted trends using the transient packed-bed reactor model (eqs 27−29) and the best-fit parameters listed in eqs
22−24 and 31−34.
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compared to both CO3* and O-atom removal transition states
([CO···O*]‡; Figure 12b). Thus, CO2* adsorbates eventually
cover most of the surface redox sites (dotted curve; Figure
12a) and kinetic hurdles for O-atom removal reflect the
combination of barriers for exsolving highly soluble CO2*
species from the CZO solution and dissolving significantly less-
soluble [CO···O*]‡ transition states. This disparity in solubility
increases with reaction progress, thus leading to O-atom
removal rates that reach undetectable levels at ξred values that
are well below those that correspond to redox equilibrium.

This effect of changes to the relative solubilities of TS and
CO2* solutes with ξred on CZO rates are also evident in the
kapp versus ξred curves (Figure 4). The initial slopes of kapp with
respect to ξred (on a semilogarithmic scale; ∂ ln kapp/∂ξred) at
early stages (ξred < 0.2) reflect the linear scaling relation
between the free energy of formation of [CO···O*]‡ (ΔGα

‡; eq
13) and the equilibrium reduction free energy (ΔGred; eq 6).
The coverage and solubility of CO2* increase as the solutions
become depleted of O* and enriched in *, leading to ∂ ln kapp/
∂ξred values that reflect the scaling relation between the free
energy of formation of CO2* and ΔGred.

The model predictions (Figure 12) provide insights about
design strategies for using Ce-based materials as O-storage
media in emissions control and chemical looping. The binding
strength of CO2* should be assessed when evaluating
candidate oxygen storage materials, since these spectators
inhibit reduction rates and thus prevent the buffer/carrier from
utilizing its entire oxygen storage capacity, a thermodynamic
metric often measured and/or calculated when evaluating
candidates.19,21−23 This kinetic inhibition is also likely to be
prevalent during catalytic CO oxidation, hydrocarbon and soot
combustion, and (reverse) water−gas shift reactions, all of
which occur in emissions control practice on catalysts that
comprise metal nanoparticles dispersed on Ce-based oxides.
These reactions proceed through mechanisms in which
oxidants (O2, CO2, or H2O) are activated at reduced centers
on the oxide surface to form O-atoms that then diffuse to metal
clusters where they are consumed by reductants (CO, C, or
H2).57,59−61 The formation of strongly bound CO2 adsorbates
on reduced centers inhibit oxide-to-metal O-atom fluxes and
thus turnover frequencies.

3.6. Implications and Treatments of Thermodynamic
Non-Idealities and Chemical Dynamics in Adjacent
Chemistries. The nonequilibrium thermodynamic constructs
used here to discern the mechanism of the surface reactions
that determine CZO reduction rates are relevant in general to
stoichiometric chemical reactions. Such general applicability
reflects their reliance on chemical potentials as the relevant
driving forces, whether for physical or chemical processes,
because they represent the dynamics at which such processes
approach equilibrium.

CZO reduction rates depend on free energy differences
between the O-atom removal transition state and its O*
reactant precursors, while CZO oxidation rates reflect O* (and
*) lattice diffusion, which is driven by intracrystal spatial
gradients in O* chemical potentials (jO* ∝ ∇μO*).27 The
transport dynamics in O-atom addition to CZO can be
accurately captured using free energy relations and diffusion-
convection constructs that are similar to those used for surface
reaction rates in O-atom removal.62 Free energy differences
and O* chemical potential gradients also drive the reduction
and oxidation rates of other metal oxides, rendering the
concepts used here adaptable to describe, for instance, redox
cycling of Fe-based oxides and perovskites used in chemical
looping processes19,61 and ion transport fluxes within oxygen
and proton conducting electrolytes used in fuel cells.63,64

The (thermo)dynamics of CO2 capture using amine-based
sorbents are driven by differences between the CO2 chemical
potential in the sorbent and gaseous states. The form of
equilibrium sorption isotherms on sterically hindered
amines65,66 and grafted diamine moieties in metal−organic
frameworks67,68 do not obey Langmuirian (ideal) formalisms,
but instead reflect CO2 binding energies that are highly
sensitive to coverage. The use of the solution-phase (nonideal)
thermodynamics lexicon proposed here together with free
energy relations between measured isosteric adsorption free
energies and (excess) free energies of formation for CO2
binding transition states (analogous to that between ΔGred

E

and ΔGα
E,‡; eqs 7, 13, and 17) may lead to kinetic models for

CO2 adsorption and desorption that can leverage the extensive
CO2 sorption thermodynamic archival data.65−70 Such
approaches can provide mechanistic insights that guide the

Figure 12. (a) Model predictions for bed-averaged coverages (eq 35) of oxygen anions (O*, solid light-gray), oxygen-bound carbonates (CO3*,
dashed dark-gray), and vacancy-bound carboxylates (CO2*, dotted black) for Ce0.5Zr0.5O2 reduction at 648 K with reactant stream comprising 4.1
kPa CO and 0.099 kPa CO2. (b) Ranking the “solubility” of kinetically relevant “solutes” within Ce0.5Zr0.5O2−x “solutions” during CZO reduction
by CO at 648 K. The abscissa values are extents of CZO reduction (ξred = 4x).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c04771
ACS Catal. 2024, 14, 16184−16204

16200

https://pubs.acs.org/doi/10.1021/acscatal.4c04771?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04771?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04771?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04771?fig=fig12&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c04771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


search for sorbent design criteria that encompass thermody-
namic metrics, such as uptake capacities, as well as rate and
equilibrium constants that determine intrinsic rates of uptake
and release.

(De)lithiation rates of carbon-based anodes and layered
oxide cathodes used in Li-ion batteries are driven by Li+

(electro)chemical potential gradients. Physics-based reaction-
transport models that have been developed to accurately
describe these dynamics use Butler−Volmer equations, which
depict electrochemical kinetic driving forces as overpotentials
(η = ϕ − ϕoc), and rely on measurements of how open circuit
potentials of working electrodes (ϕoc) depend on extent of
lithiation (ξLi).1,71−73 The CZO reduction−oxidation thermo-
dynamic measurements that inform about the functional
dependence of ΔGred

E on ξred (Figure 2 and eq 7) are similar
in concept to those used to elaborate how ϕoc depends on ξLi.
Electrochemical kinetic equations can therefore be rigorously
formulated using transition state formalisms as the starting
point.2,74,75 The nonequilibrium thermodynamics basis of
transition state theory guides in a more direct manner, and
without reference to phenomenological charge transfer
coefficients, the identification of scaling relations between
equilibrium and kinetic driving forces (e.g., eqs 17−19) and
their use in models for the dynamics of (dis)charge during
stoichiometric electrode (de)lithiation. The use of nonideal
solution-phase thermodynamic conventions may also help to
discern the modes of degradation of LiMO2 cathodes, which
can occur via O2 evolution and undesired side reactions with
the contacting electrolyte.76

The use of transition state theory and free energy scaling
relations to model and predict reaction dynamics, to
corroborate mechanistic proposals, and to identify materials
and process design criteria can be applied to many other
systems across all areas of chemistry, since these constructs are
founded upon universal laws of mass action and thermody-
namics. This generalizable approach provides a framework to
communicate the lessons learned from investigating, for
instance, CZO reduction−oxidation cycles relevant to
emissions control practice using the widely spoken lexicon of
thermodynamics�an effort to facilitate dialog among
researchers and practitioners in (seemingly) disparate fields.

4. CONCLUSIONS
Chemical kinetics represent an essential tool to optimize
reactions and investigate their mechanisms. In many systems,
kinetic data can be accurately described by rate equations
based on an “ideal” form of the law of mass action in which
rates of elementary steps are proportional to reactant
concentrations. Nonidealities prevail in stoichiometric reac-
tions at fluid−solid interfaces, a class of systems that includes
battery (dis)charge, wastewater treatment, and carbon
sequestration. The use of kinetics to develop molecular-level
understanding of these processes requires methods and
formalisms to measure and analyze rates that are instead
proportional to reactant activities. Such protocols are described
and used here for Ce0.5Zr0.5O2−x (CZO) reduction, a system
relevant to emissions control practice, chemical looping
oxidations, and ion transport membranes.

The equilibrium free energy penalty incurred upon removing
an O-atom from Ce0.5Zr0.5O2−x (ΔGred) becomes increasingly
costly as the extent of CZO reduction (ξred = 4x) increases.
These nonidealities in the reduction−oxidation thermody-
namics manifest in the dynamics of CZO reduction as kinetic

free energy barriers for O-atom removal that depend on ξred.
The consequences of thermodynamic nonidealities on
reduction kinetics are interpreted and articulated here using
concepts and vernacular of solution thermodynamics and
transition state theory. These treatments lead to an accurate
mechanistically derived kinetic model for CZO reduction by
CO. The model employs an analogy to fluid-phase equilibria,
in which lattice oxygen anions (O*), anion vacancies (*),
surface-bound intermediates, and transition states are depicted
as solutes that interact with the CZO solvent in a well-mixed
solution. Bulk lattice diffusion is much faster than the surface
reaction during CZO reduction by CO, rendering intracrystal
O* and * chemical potentials uniform and CZO solutions
well-mixed. The stoichiometric oxide (ξred = 0) is defined as
the “ideal solution” such that nonidealities are represented by
nonunity activity coefficients (and nonzero excess Gibbs free
energies) for nonstoichiometric oxides (ξred ≠ 0).

Measured ΔGred values reflect the relative solubilities of O*
and * solutes and can be described by a single-valued function
of ξred. Free energy relations then imply that the solubilities of
intermediates and transition states are also single-valued
functions of ξred. CZO reduction rates, when compared at
similar ξred values, are first-order in CO and inhibited by CO2,
showing that the kinetically relevant transition state involves a
fleeting adduct between CO and O* and that CO2 blocks
surface redox sites. These kinetic trends for the stoichiometric
reaction were corroborated by a kinetic study of CO oxidation
catalysis, which also gives estimates of the rate and equilibrium
constants that parametrize the stoichiometric reduction rate
equation for the “ideal solution”, since steady-state CO
oxidation rates are zero-order in O2. Turnover rates on
Ce0.5Zr0.5O2 are inhibited by CO2, showing that CO2 binds
onto oxidized centers to form site-blocking carbonates. High
carbonate coverages on stoichiometric surfaces lead to
“overoxidized” crystals (i.e., apparent negative extents of
reduction) that induce preferential stabilization of O-atom
removal transition states, demonstrating that nonidealities
emerge even for the ideal solution and evincing non-
Langmuirian effects in oxidation catalysis on Ce-based oxides.
Temperature-ramping experiments on (non)stoichiometric
CZO crystals with preadsorbed CO2 show that CO2 also
binds onto reduced centers to form carboxylates. These
mechanistic insights lead to a rate equation that, when
embedded into partial differential equations that describe
reaction-convection phenomena in transient packed-bed
reactors, predicts measured stoichiometric reduction rates
with high fidelity.

The model shows that CZO reduction by CO, at conditions
resembling those for “cold start” of emissions control systems,
ceases well before the thermodynamically prescribed oxygen
storage capacity is consumed because rate-inhibiting carbox-
ylates become increasingly soluble relative to O-atom removal
transition states as ξred increases. These insights suggest that
the performance of Ce-based oxides as oxygen buffers and
carriers in emissions control and chemical looping can be
improved by modifying them to avoid the formation of
strongly bound carboxylates. The protocols and formalisms
described herein illustrate how the tenets of transition state
theory and nonideal thermodynamics can be used so that
chemical kinetics can inform on underlying mechanisms and
materials design criteria for stoichiometric processes that
embody strong thermodynamic nonidealities, which arise not
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only in emissions control practice but also in energy storage,
environmental remediation, and CO2 capture.
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