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ABSTRACT: Reduction—oxidation cycles in oxides are ubiqui-
tous in oxygen storage and transport, chemical looping processes,
and fuel cells. O-atom addition and removal are mediated by
coupling reactions of oxidants and reductants at surfaces with
diffusion of O-atoms within oxide crystals, with either or both
processes as limiting steps. CeO,—ZrO, solid solutions (CZO) are
ubiquitous in practice. They are used here to illustrate general
experimental strategies and reaction—diffusion formalisms for
nonideal systems that enable assessments of the kinetic relevance
of the steps that mediate O-atom addition and removal in these
materials; these experiments are described within the context of
models that describe the driving forces for reaction and diffusion
rigorously in terms of oxygen chemical potentials (4p). These
strategies assess the rate consequences of varying the fluid phase redox potential, through changes in the identity and pressures of the
reactants and products used in redox cycles (O,; CO/CO,; H,/H,0; N,0/N,), of introducing dispersed metal nanoparticles that
capture and react lattice O-atoms in CZO using CO or H,, and of imposing intervening dwells without reaction within redox cycles.
O-removal rates depend on reductant pressures, even when CO/CO, and H,/H,O ratios are chosen to maintain the same surface
Ho if surface reactions were quasi-equilibrated. These data, taken together with significant rate enhancements in O-removal when Pt
nanoparticles are present at CZO crystal surfaces and with similar rates before and after inert dwells, demonstrate that reduction
rates by both CO and H, are limited by surface reactions without the presence of consequential spatial gradients in o within CZO
crystals. In contrast, O-addition rates to partially reduced CZO crystals are similar for N,O and O, reactants and are not affected by
the presence of Pt nanoparticles; O-addition rates are significantly higher after intervening inert dwells during CZO oxidation,
indicative of spatial gradients in yq, which relax during nonreactive periods. These methods and models, illustrated here for CZO
redox cycles at conditions relevant to oxygen storage practice, allow systematic assessments of the kinetic relevance of lattice
diffusion and surface reactions for systems that use solids for the reversible storage and release of atoms, irrespective of the identity
of the solids or the atoms (e.g, O, H, N, and S).
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1. INTRODUCTION

Reducible oxides can exchange their O-atoms and electrons via

removable O-atoms that have been removed. For ceria-zirconia
(CZO), one O-atom is removable for every four units of

chemical reactions with molecules present in a contacting fluid
phase.'~” Reductants can react with an O-anion at oxide
surfaces to form an anion vacancy that can be subsequently
replenished via reactions with oxidants or through lattice
diffusion of O-anions from within oxide crystals. The rates of
O-removal and O-addition can be limited by either surface
reaction rates, lattice diffusion rates, or both processes. The
dynamics of these processes reflect the metal—oxygen bond
strengths and redox potentials of the metal cations in a given
oxide because reaction and transport events involve the
formation and cleavage of M—O bonds and reduction—
oxidation cycles of metal cations. The bond strengths and
redox potentials depend on oxide composition and on its bulk
structure and crystallite size, the number and type of defects,
and the extent of reduction (&,.4) from its stoichiometric form;
the latter is most accurately reported as the fraction of the
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Ceos'VZry 50, such that a &4 value of unity corresponds to full
reduction to Cey™Zry O, 7.

Cerium oxides are reducible; they are useful in practice as
electrolytes in solid oxide fuel cells*~" and as oxygen “buffers”
that release and store oxygen during rich—lean cycles in
automotive catalysis.'*~'” Three-way catalytic systems exploit
the redox and transport properties of CZO solids to dampen

fluctuations in the oxidation potential of effluent streams
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during cycling of fuel—air ratios; the Zr component in solid
solutions provides structural integrity at extents of reduction
that otherwise lead to phase transitions and large changes in
solid density. In such processes, hydrocarbons and CO from
fuel-rich (O,-deficient) streams consume O-atoms in CZO and
the vacancies formed react with O, during lean cycles. The
Ce—O0 and Zr—O bond strengths and the redox properties of
CZO solid solutions, and thus the rates at which they accept
and release O-atoms, depend on the Ce/Zr ratio, 1620723 the
crystal structure,'®'”** the local arrangement of Ce and Zr
cations within the lattice,"®'”** the density of point
defects,”” " and the extent of reduction during cy-
cling.""*°7***® The consequences of these CZO properties
for O-atom diffusivity and reactivity must be interpreted based
on kinetic and mechanistic models of surface reactions and
lattice diffusion, details that are also essential to predict the
dynamics of oxygen storage and release. Of specific relevance
to the fidelity of such models is an assessment of the extent to
which these rates reflect those of surface reactions or lattice
transport.

This study examines such kinetic relevance of surface
reactions and lattice diffusion using several types of experi-
ments that are interpreted using reaction-transport formalisms
(developed in Section 2.3); these treatments lead to rigorous
descriptions of spatiotemporal profiles in O-content through-
out CZO crystals and along packed beds and of the rates of
addition and removal of O-atoms. One type of experiment
(Section 3.1) probes to what extent O-atom removal/addition
rates reflect only lattice diffusion rates; in such cases,
experiments with reactant mixtures that would lead to the
same surface O-atom chemical potentials (via equilibration at
surfaces) would lead to similar rates of O-atom removal/
addition, irrespective of the specific contacting pressures or the
identity of the reductants and oxidants in such mixtures.
Another type of experiment (Section 3.2) probes the
consequences of inert “dwell” periods, during which lattice
diffusion is able to equilibrate O-depleted (during reduction)
or O-rich (during oxidation) in near-surface regions via O-
atom diffusion from (or to) the bulk of CZO crystallites, on
the O-atom removal (or addition) rates. A third type of
experiment (Section 3.3) addresses how Pt nanoparticles at
CZO surfaces affect O-atom removal and addition via
processes that must recognize the kinetic relevance of surface
reactions, given that such nanoparticles are exclusively present
at CZO surfaces.

These experiments, taken together with the reaction-
transport formalisms used to interpret them, demonstrate
that O-removal by CO or H, is limited by surface reactions;
these rates differ for CO/CO, and H,/H,0 mixtures that
would lead to identical diffusional driving forces if surface
reactions were equilibrated (i.e., if diffusional processes would
solely limit rates). O-removal rates were unaffected by inert
dwell periods, indicative of the absence of kinetically significant
gradients in O-atom chemical potential throughout CZO
crystals during contact with CO or H, reductants, which would
have been unaffected, in fact, by the presence of Pt
nanoparticles at CZO surfaces.

A similar experimental strategy shows that O-atom addition
from O, and N,O to O-depleted CZO crystals is faster than O-
depletion and becomes limited by diffusion as a result of very
fast (and quasi-equilibrated) surface reactions (Section 3.4).
O-addition rates from O, and N,O (expected to differ in
surface reactivity) show similar temperature dependences.
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Dwell periods in an inert environment led to rates of O-atom
addition by N,O that were initially higher after the dwell than
before, as a result of intervening migration of O-atoms in the
bulk, which dampens intracrystal gradients inherent in
diffusion-limited systems. The presence of Pt nanoparticles at
CZO surfaces did not influence O-addition rates by N,O. In
each case, these findings and trends contrast those observed
during O-removal, a process that is limited by surface reactions
of O-atoms with CO or H, instead of bulk lattice diffusion of
O-atoms.

These strategies, illustrated here to determine the extent to
which surface reactions or bulk diffusion limits CZO
reduction—oxidation rates, are applicable in general to
chemical looping,6 thermochemical energy storage,””’
selective oxidations using lattice O-atoms (instead of O,),*
and reduction of molecules (e.g, CO, and H,0) by donation
of their O-atoms to vacancies in oxides,*> for which such
details are also essential for design and practice and for
accurate descriptions of their function.

2. METHODS

2.1. Characterization and Preparation of Ceria-
Zirconia (CZO) Solid Solutions and CZO-Supported Pt
(Pt/CZ0O). A CZO sample was supplied by the Ford Motor
Company before and after treatments intended to simulate
extended use in the rich—lean cycles of automotive exhaust. It
involved sequential treatments in reducing (1% H,, 3% CO in
N,) and oxidizing (4% O,, in N,) environments at 1133 K
(240 cycles in 16 h). X-ray fluorescence data (PANalytical
Zetium XRF Spectrometer) gave a Ce/Zr ratio of 0.94 and
trace Hf and Y concentrations (<1% at). X-ray diffractograms
(Figure Sla; Supporting Information (SI); Rigaku Miniflex II
diffractometer; Cu Ka; A = 1.5406 A) gave the expected
fluorite structure®** and a cubic lattice constant (0.52909
nm) reported previously for CegZr, O, (0.529,° 0.534,”
0.529,”> and 0.533 nm*). Line breadth analysis using the
Scherrer equation and the (220) line (at 20 = 49°) gave mean
crystallite diameters of 9.6 nm. The Raman spectrum (Figure
S1b; SI; Renishaw InVia Raman spectrometer; Nd:YVO, 532
nm source; 10 mW power; spectral resolution of 4 cm™)
showed one strong band at 480 cm™' with broad shoulders
centered at 310 and 630 cm™'. The 480 cm™' band
corresponds to the single F,, Raman-active mode of cubic
fluorite CZO structures and the 310 and 630 cm™ shoulders
to vibrations of tetragonal Zr-rich CZO solutions.”* ™" N,
adsorption—desorption isotherms (77 K; ASAP 2420 Micro-
meritics) gave a surface area of 40 m? g_l on samples
evacuated (<0.013 Pa) at 673 K for 6 h before N, uptake
measurements; this measured surface area is 2.4 times smaller
than that estimated for a spherical CZO crystal with a diameter
of 9.6 nm (from line breadth analysis of XRD pattern) and a
bulk density of 6.61 g cm™.

Pt/CZO (1% wt) sample was prepared by incipient wetness
impregnation. The CZO sample described above was treated
in flowing dry air (2.5 cm® s™' g7'; Linde, Ultra Zero) at 873 K
(0.033 K s7'; Applied Test Systems 3210) for 1 h before
impregnation. An aqueous platinum(IV) nitrate solution (15%
wt, Alfa-Aesar) was diluted with deionized water and added to
the CZO sample in an amount equal to its pore volume, and
the solids were treated in static dry air at ambient temperature
for 16 h, at 383 K (Lindberg/Blue M) for 1 h, and then in
flowing dry air (2.5 cm®s™' g7') at 873 K (0.033 Ks™') for 1
h.
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A CZO sample similar in composition and crystal structure
to that above was prepared using sol—gel methods®*™* to
ensure that the conclusions for the CZO sample described
above, but crystallized using undisclosed methods, were the
same as for a sample of known provenance and prepared by
well-described procedures. This procedure involved the
dissolution of Zr(OCH(CHs;),), (Sigma-Aldrich, >99.9%) in
ethanol (Calbiochem, nondenatured, >99.5%) by magnetic
stirring at 333 K for 2 h to give a 0.064 M solution of Zr. The
same volume of a 0.064 M (NH,),Ce(NO,;)s (Fluka, ACS
Reagent) solution in dejonized water (>18.2 MQ cm) was
added to the Zr(OCH(CH,),), solution and stirred magneti-
cally at 333 K for 2 h. Citric acid (Sigma-Aldrich, ACS
Reagent) was then added to the solution (in a 2:1 citric acid/
metal cation ratio) and stirred at 333 K for 2 h. Ethylene glycol
(Fisher, Certified ACS) was then added (2:1 ethylene glycol/
metal cation ratio) and stirred at 333 K for 2 h and then at 353
K for 24 h.

These procedures led to a cream-colored gel that converted
to a brown-orange powder after treatment in static dry air at
433 K for 18 h. Pale yellow solids formed upon subsequent
treatment in flowing dry air (0.56 cm®s™' g™') at 723 K (0.033
K s™!) for 2 h and then at 1123 K (0.033 K s™') for 2 h. X-ray
fluorescence spectra gave a Ce/Zr ratio of 1.0 with traces of Hf
(<0.5% at); X-ray diffractograms (Figure Sla; SI) gave the
expected fluorite structure and a mean crystal diameter of 12
nm (from line breadth analysis, as described above). The
Raman spectrum (Figure S1b; SI) was similar to that of the
CZO sample supplied by Ford, and N, uptakes at 77 K gave a
surface area of 9.6 m? g_l, a value 7.9 times smaller than that
estimated for 12 nm CZO spheres.

2.2. O-Atom Removal and Addition Rates on CZO
and Pt/CZO. CZO and Pt/CZO powders were pressed,
crushed, and sieved to retain 180—250 ym aggregates. They
were mixed (0.01—0.1 g) with quartz granules (180—250 um,
5—25 mass ratios of quartz to CZO or Pt/CZO) to avoid axial
and radial temperature gradients and placed within a quartz
“U”-tube cell (0.4 cm i.d.) with quartz wool at each end of the
bed. These quartz granules (Sigma-Aldrich, >99.995%) were
washed in 2 M HNO;(aq) (10 mass ratio of solution to
quartz), rinsed thrice with deionized water (200 mass ratio of
water to quartz), treated in flowing dry air (0.67 cm® s™' g7")
at 1123 K (0.042 K s™%) for 12 h, and sieved to retain 180—250
pum granules. The cell was held within a resistively heated
furnace (National Element FA120). Temperatures were
maintained using an electronic controller (Watlow 96) and
monitored using a K-type thermocouple (Omega) affixed to
the outer surface of the cell at the axial midpoint of the sample
bed.

Samples were treated in flowing 20 kPa O, (20% O,/He;
Linde, certified standard; 6.67—66.7 cm® s™' (g CZO)™") at
1000 K (0.05 K s7') for 1 h, then brought to the target
temperature (340—798 K), and flushed with He (Linde,
>99.999%) for longer than 1 h before exposure of
stoichiometric CZO (or Pt/CZO) samples to the reactants
(CO or H,) used for O-removal. For O-addition experiments,
samples were treated similarly (flowing 20 kPa O, at 1000 K
for 1 h), but then exposed to flowing 5.0 kPa H, (mixture of
He and 19.8% H,/He; Praxair, certified standard; 6.67—66.7
cm® s7! (g CZO)™") at 1000 K for 2 h, and held in He flow
(6.67—66.7 cm® s' (g CZO)™") at 1000 K for 1 h, before
bringing samples to either the target temperature (350 K) for
isothermal experiments or the initial temperature (233 K) for
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temperature-ramping experiments and then exposing the
reduced CZO (or Pt/CZO) to the oxidants (O, or N,O)
used in O-addition experiments. Subambient temperatures
were achieved using the effluent from a liquid N, Dewar.

The inlet streams used in these experiments consisted of He,
5.06% Ar/He (Praxair, certified standard), 10.1% CO/He
(Praxair, certified standard), 19.8% H,/He, 5.0% CO,/Ar
(Praxair, certified standard), H,O (deionized, >18.2 MQ cm),
3.0% N,0/3.0% Ar/He (Praxair, certified standard), 2.0% O,/
He (Praxair, certified standard), and 20% O,/He. Flow rates
were metered using electronic mass flow controllers (Porter
201) for gases and a syringe pump (KD Scientific 200) for
H,O, which was vaporized at 373 K as it mixed with a flowing
gas stream and transferred to the sample cell and the analytical
systems through heated transfer lines (>373 K). Inlet and
outlet streams were speciated using an infrared analyzer (MKS
Multi Gas Analyzer 2030) and a residual gas analyzer (Leybold
Inficon Transpector 2.0). O-addition experiments with N,O
were carried out by condensing unreacted N,O after the cell
using a volume held at 77 K to allow N, products to be
measured without significant contributions by N,O fragments
in the residual gas analyzer; N,O concentrations were
continuously measured using a split stream that bypassed the
N,O condenser using the infrared analyzer.

2.3. Reaction—Diffusion Formalisms for the Removal/
Addition of O-Atoms from/to CZO. O-atoms/O-vacancies
are removed from CZO via reactions with reductants/oxidants
at the crystal surface, which are then restored by O-diffusion
from/into the lattice bulk. Either rate can limit CZO
reduction/oxidation rates, but both rates would be simulta-
neously relevant only through fortuitous circumstances
brought forth by a confluence of conditions, reductant/oxidant
identity, and CZO surface-to-volume ratios. The relative
kinetic relevance of these two processes depends not only on
the identity and concentration of the reductant/oxidant and
the CZO surface-to-volume ratio but also on the extent of
reduction (&.4). CZO (and CeO,) exhibit highly nonideal
thermodynamics'*~'>?°7*>*%*1% with Gibbs free energies for
O-removal that increase strongly as O-atoms are removed, and
this nonideal behavior plausibly also affects the mobility and
the reactivity of remaining O-atoms/O-vacancies such that
they also depend strongly on &4, as predicted by (linear) free
energy relationships.” These effects become discernible and
“separable” only by considering chemical and transport
dynamics driven by gradients in chemical potential that are
pertinent for thermodynamically nonideal systems, for which
the mobility and reactivity of O-atoms depend sensitively on
the extent of reduction.

The temporal (in time, t) and spatial (in general
coordinates, x) evolution of O-atom concentration within a
CZO crystal is given by

0Co
-9 _— _y.
ot o
=V. (GOCOV,MO) (1)
with Cy and ], denoting the concentration and diffusion flux

of O-atoms, respectively. The flux is proportional to the
product of the chemical potential gradient of the diffusing
species (O-atoms; Vyo) and their concentration, with the
proportionality constant defined as the O-atom mobility
(66)."*~* The nonideal thermodynamics dictate that eq 1
be expressed in terms of g, the value of which is uniform
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within CZO crystals at the initial time (t = 0) of the reduction
and oxidation experiments and corresponds to that for
stoichiometric CZO (Ce5Zry 5Oy fo,) and partially reduced,
and subsequently annealed, CZO (e.g, CeysZrysO;g; see
Section 3.4), respectively. The use of spherical coordinates
creates a point of symmetry at the radial center of the CZO
crystal (r = 0) where the net flux is zero ((Vuo)l, _o = 0). At
CZO crystal surfaces (r = R,), the diffusion flux equals the net
(areal) rate of O-atom removal via surface reaction (rf)

_ A
=15

(2)

This boundary condition determines whether surface reactions
are rate-limiting or in quasi-equilibrium such that diffusion is
rate-limiting. Such assessments require specifying the func-
tional forms for both terms in eq 2 and then scaling the system
variables (g and r). This nondimensionalization reveals the
system parameters that affect the relative kinetic relevance of
reaction and diffusion, and an asymptotic analysis of the
resulting dimensionless form of eq 2 shows the limiting
behavior for reaction- and diffusion-limited systems. The
treatment that follows uses spherical CZO crystals, but other
geometries can be derived from the results by simply defining a
characteristic length scale given by the volume-to-surface ratio
for each geometry.*®

The flux at CZO crystal surfaces (Jo in eq 2) is proportional
to the O-atom mobility (), its concentration (Cg), and the
gradient of chemical potential that provided the rigorous
driving force for diffusion in thermodynamically nonideal
systems (—Vpo) at the surface (r = R,)

o
Jo = _(Uoco—o]
r:Rp a?’ r:Rp
_ OoRT aﬂo
R, o ||

©)

The value of 6, can depend on Cg and therefore on &,.4. The
nondimensionalization in eq 3 scales distance by the crystal
radius (7 = r/R;) and uses the relation between 4 and O-atom
thermodynamic activity (ap) to define a dimensionless
chemical potential (fio)

Ho — Hop
RT

. ¥5Co
fig = O]

=ln{a—o]=ln{
0,0 C (4)

where R is the gas constant, T is temperature, y is the activity
coefficient for O-atoms, and Cp, and ag, are the
concentration and activity of O-atoms, respectively, for
stoichiometric Ce,sZrysO, (corresponding to pg,), which
here is taken to have an activity coefficient of unity (yo, = 1).
The functional form for diffusion flux (eq 3) remains the same
between mathematical descriptions for O-atom removal and
that for O-atom addition (CZO reduction and oxidation,
respectively); the flux of O-atoms at the crystal surface is
positive for CZO reduction and negative for oxidation.

The net areal rate of O-atom removal at CZO crystal
surfaces (3 in eq 2) is related to the net volumetric rate (rg)
via the volume-to-surface ratio (V/A), which is one-third of the
crystal radius

0,0
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= (K)rv = (lR )rv

¢} 4l 3 ¢)o )
This net rate is equal to the forward rate for O-atom removal
(CZO reduction, r7,) less the reverse rate (CZO oxidation,
v

rOX

\4
ox

14 14 14
o = (rred -r = rred(l - nred)

(6)
which can be equivalently expressed in terms of rhy and the
approach-to-equilibrium for reduction (1,4 = ro/7hg). The
forward rate equation for O-atom removal (rq) can be
expressed as the product of a pseudo-first-order rate parameter
(kyea), O-atom activity (ag = 7oCo), and a generic function
(freq) which can depend on reductant and/or oxidant
concentrations (e.g, CO and CO, pressures) and can be
parameterized by rate and equilibrium parameters which, in
turn, depend on ¢4

1’8 = (éRP)(kred YO Co-fred)(l - nred) (7)

As for 0g in the flux (eq 3), the values of k.4 and 7o can
depend on O-atom concentration and thus on .4 The
functional form for the net areal rate of O-atom removal (eq
7), like that for diffusion flux (eq 3), is unchanged whether the
description is for CZO reduction or oxidation; the net rate of
O-atom removal is positive for CZO reduction and negative
for CZO oxidation.
Substituting eqs 3 and 7 into eq 2 gives the surface boundary
condition in dimensionless form
( 9

o
oF

= ¢2(1 - nred)|i=1

=1 (8)
The parameter ¢* is defined as
2 _ 1 Featot
3| 6oRT /R’
R e ©)

It represents the ratio of a volumetric rate for the surface
reaction at conditions far away from equilibrium (k,oq ag frea)
to a maximum lattice diffusion rate per volume (65 RT C,/
RPZ) at the crystal surface. It is analogous to the Thiele
modulus used to describe diffusion-limited reactions in porous
solids but, in this case, for diffusion (without reaction) within a
solid crystal and reaction of the diffusing species (only) at
outer crystal surfaces. This parameter ¢)* determines the extent
to which intracrystal gradients in oxygen chemical potentials
(¢* > 1) or surface reactions (¢p* < 1) limit O-removal/
addition. The value of ¢* depends on the identity and
concentration of the reductant (or oxidant) in the contacting
fluid (through f,.4), the diffusion distances (crystal size and
shape, through R, (or volume to surface area, V/A); see eq S),
and temperature and extent of reduction (through their
respective consequences for k.4, Yo, freq and o).

For ¢)* values much smaller than unity, the term on the
right-hand side of eq 8 also becomes much smaller than unity
such that

(%o
o )|

- 0, forp* < 1

(10)
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Figure 1. Rates of CO, formation per total removable oxygen (one O-atom per four units of Ce,s"Z1os0O,) as a function of time for CO reactions
with (a) CeysZrysO, (40 m* g™') at 648 K and different CO and CO, inlet pressures: (0.53 kPa CO, 0.045 kPa CO,; dotted), (1.0, 0.099; dash-
dotted), (2.1, 0.20; dashed), and (4.1, 0.41; solid) and (b) CeysZrosO, (9.6 m*> g™') at 598 K and different CO and CO, inlet pressures: (1.0 kPa

CO, 0.063 kPa CO,; dotted), (2.5, 0.15; dashed), and (5.1, 0.31; solid).

The intracrystal chemical potential of O-atoms becomes
spatially uniform as lattice diffusion becomes much faster
than surface reaction (¢p* < 1). Thus, the absence of
intracrystal spatial gradients in ug reflects a reaction-limited
system.

For ¢* values much larger than unity, the product of the
reciprocal of ¢ (i.e, 1/¢*) and the term on the left-hand side
of eq 8 becomes much smaller than unity such that

Nedli=1 = 1, for $* > 1 (11)
The surface reaction reaches equilibrium when the forward and
reverse rates become much larger than the rate of lattice
diffusion (¢p* > 1). Such equilibration reflects a diffusion-
limited system.

This mathematical description of the reaction—diffusion
system can accommodate both O-removal and O-addition. An
analogous formulation using the chemical potential of anion
vacancies (y,) instead of yg as the dependent variable can be
more convenient, however, when describing experiments for
O-atom addition. The resulting dimensionless form of the
surface boundary condition, analogous to eq 8, is

%
—(aA] =y’ (1=l
" by (12)
with the parameter y* defined analogously to ¢ (eq 9)
2 _ 1 kOX yvf;)x
=2 or i 2
3\ oRT/R, 13)

where o, and y, are the anion vacancy mobility and activity
coeflicient, respectively, and k,, and f,, are analogous to kg4
and f, 4 but for O-atom addition (CZO oxidation). The same
system variables that affect ¢* (reductant and oxidant
concentrations, R, T, and £.q) also affect y?, and an
asymptotic analysis of eq 12 results in identical implications
of the magnitude of y* on the relative kinetic relevance of
reaction and diffusion, with y* << 1 and y* > 1 corresponding
to, respectively, a reaction-limited system with negligible
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intracrystal spatial gradients in p, and a diffusion-limited
system with (quasi)equilibrated surface reactions.

3. RESULTS AND DISCUSSION

3.1. Surface Oxygen Chemical Potential as the
Relevant Driving Force for Surface Reaction and Lattice
Diffusion. This section describes experiments for CZO
reduction that probe the extent to which O-atom (O) removal
by CO

CO + 0 = CO, (14)

is limited by lattice diffusion of O-atoms. In such instances (¢
> 1), surface reactions would be in quasi-equilibrium (eq 11),
and the criterion for chemical reaction equilibrium requires

that
] (15)

where p;, p’, and P; (i = CO or CO,) are the chemical
potential, standard state chemical potential, and pressures of
species i, respectively; pressures are used instead of fugacities
because of the ideal nature of the contacting fluid phase. This
equation gives surface O-atom chemical potentials as the
difference in chemical potentials of CO, and CO at any given
ratio of their pressures. For such diffusion-limited systems, O-
removal rates at any time during transient reduction processes
would depend only on the (Pco,/Pco) ratio, but not on the

/’to(t) r= Rp) = ’uCOZ ~ Heco

Peo,

=ﬂC02_MCO+RT1n(P
co

magnitude of the pressures chosen to attain any given ratio,
since only ratios appear in eq 15. The composition of the fluid
phase appears only in the surface boundary condition (eq 15);
neither the O-atom balance (eq 1), the initial condition (uq (¢
=0, r) = pipop), nor the boundary condition at the particle
center ((Vpo)l,- o = 0) involve any knowledge about the
reductant or oxidant concentrations.

Figure la shows CO, formation rates (normalized by
removable O-atoms, those removed in Ce, " Zr, sO, reduction
to Ceys™Zrys0; -s; one O-atom per four CeysVZry50,) as a
function of time at 648 K for experiments at the same inlet
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CO,/CO ratio (0.095) but different CO (0.53, 1.0, 2.1, 4.1
kPa) and CO, (0.04S, 0.099, 0.20, 0.41 kPa) pressures on
CZO (40 m* g™'). These experiments would set the same
oxygen chemical potential at surfaces if surface reactions were
quasi-equilibrated and lattice diffusion was the sole rate-
limiting process. This expectation is clearly contradicted by the
data in Figure 1a, which show that the four sets of data are not
coincident. The O-atom removal rates decrease with increasing
time as O-atoms are consumed; at early times (and at
equivalent values of &, 4), rates increase sublinearly with
increasing CO pressure as CO, pressure concomitantly
increases. These trends reflect a surface reaction rate equation
that is positive-order in CO and negative-order in CO,. Surface
reaction processes control, at least in part, O-removal rates at
these conditions for this CZO sample.

This conclusion is contingent, however, on the significant
depletion of O-atoms beyond the surface layer because, in such
instances, rates would reflect (by definition) only the removal
of surface O-atoms without any requirement for (or kinetic
consequences of) lattice diffusion. On this CZO sample,
surface O-atom depletion would correspond to an extent of
reduction of 0.081 (assuming (111) CZO planes; 40 m* g™*,
0.52909 nm lattice constant). The extents of reduction at 0.9
ks are all larger than 0.27, corresponding to more than 3.3 O-
monolayers for these experiments. Consequently, the observed
effects of CO,/CO ratios reflect the kinetic relevance of
surface reactions, unaffected by the preferential removal of only
O-atoms at the surface layer of CZO crystals.

These observations parallel those for reactions on the other
CZO sample (9.6 m* g'; sol—gel synthesis, Section 2.1;
Figure 1b) at 598 K and the same inlet CO,/CO ratio (0.061).
The extents of reduction for all three of these reactions exceed
that corresponding to 3.0 O-monolayers; thus, bulk O-atoms
are necessarily removed in these reactions. The rate versus
time curves for this CZO sample (Figure 1b; 9.6 m* g'), like
those for the other CZO sample (Figure 1a; 40 m* g~"), do not
coincide, demonstrating once again that lattice diffusion is not
the sole kinetically relevant step, even for CZO crystals with 4-
fold lower surface areas.

The kinetic relevance of surface reaction steps is also
consistent with the different O-removal rates with CO and H,
as reductants when inlet CO,/CO and H,O/H, ratios are
chosen to give the same O-atom chemical potential if their
respective surface reactions were quasi-equilibrated (Figure 2).
Gibbs free energies at 798 K** for these molecules in their
gaseous form show that the chemical potential of O-atoms (in
gaseous form and thus on surfaces in equilibrium with these
mixtures) is the same when P /Pcq ratios are 4.2 times larger

than Py /Py, ratios. Figure 2 shows CO, (solid curve) and

H,O (dashed curve) formation rates for CZO (40 m” g™')
reduction with a 0.50 CO,/CO ratio (0.26 kPa CO,; 0.52 kPa
CO) and a 0.12 H,0/H, ratio (0.42 kPa H,0; 3.6 kPa H,),
corresponding to equal chemical potentials of O-atoms if such
mixtures were equilibrated at surfaces (—304 kJ mol™), as
required if lattice diffusion was the sole kinetically relevant
step. Yet, O-removal rates are smaller with H,O—H, than
CO,—CO mixtures, in spite of reductant pressures that are
higher with H, than with CO (3.6 vs 0.52 kPa). The identity
and the concentration of the reductant matters, even when
using reactant mixtures that would lead to the same O-
chemical potentials if surface reactions were in quasi-
equilibrium.
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Figure 2. Rates (per removable O-atom) of CO, (solid curve) and
H,O (dashed curve) formation as a function of time for reactions of
(0.52 kPa CO, 0.26 kPa CO,) and (3.6 kPa H,, 0.42 kPa H,0),
respectively, with Cey sZry 5O, (40 m* g™!) at 798 K. These CO,/CO
and H,0/H, ratios give a surface oxygen chemical potential (eq 15)
of =304 kJ mol™* (= —45.8(RT)).

These results (Figures 1 and 2) demonstrate that O-atom
removal cannot be solely limited by lattice diffusion, but they
do not demonstrate the exclusive kinetic relevance of reactions
of O-atoms with CO or H, at CZO surfaces. Next (Section
3.2), an experiment that exploits the formalism developed in
Section 2.3 is used to show that O-atom chemical potentials
within CZO crystals are essentially uniform and that surface
reactions of CO and H, with O-atoms at surfaces represent the
only limiting process during O-removal from CZO at
temperatures relevant to automotive exhaust catalysis, solid
oxide fuel cells, and chemical looping (T > 500 K).

3.2. Consequences of Inert Dwell Periods for O-
Removal Rates and Kinetic Relevance of Lattice
Diffusion during O-Atom Removal by CO and H,. O-
removal processes limited, at least in part, by lattice diffusion
exhibit surface and bulk regions of CZO crystals that are not at
thermodynamic equilibrium. A “dwell time” in an inert
environment allows diffusion to bring surface and bulk regions
closer to equilibrium, without concurrent removal of O-atoms
from CZO crystals during the dwell. As a result, near-surface
regions are brought to higher sy values than before the inert
dwell. Restoring the reductant would then lead to higher O-
removal rates than before the dwell in cases where lattice
diffusion limits, even in part, such rates. When no such
gradients exist and O-removal rates are solely limited by
surface reactions, inert dwells would have no detectable effects
on O-removal rates upon subsequent contact with reductants
because surface and bulk regions would remain at equilibrium
during O-removal.

These consequences are evident from the reaction—diffusion
model described in Section 2.3 using a ¢* (eq 9) value of 10,
which leads to significant spatial gradients within CZO crystals.
Such an illustration of the consequences of a dwell period
without O-removal also assumes that the CZO reduction
reaction is far from equilibrium (77,,4 << 1) and that surface
reaction rates (rg eq 7) are proportional to the thermody-
namic activity of O-atoms (ao); the latter is assumed, without
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Figure 3. Results of an illustrative example (eqs 1, 8, and 16) that depicts the consequences of an intervening inert dwell period on O-atom removal
rates for a diffusion-limited system (¢* = 10). (a) Rates of O-atom removal, scaled by the rate at zero time, versus time, scaled by the inverse of k4
(= 1 ks™"). The ratio of the rate after (@) to that before (OJ) the inert dwell period is defined as y, and the duration of the inert dwell (74,.) is a
fraction, defined as 4, of the inverse of the rate before the dwell period ((07"). (b, c) Chemical potential of O-atoms versus radial coordinate during
the first O-atom removal reaction (Reaction I; b) and during the inert dwell period (inert dwell; c). The abscissa for the radial coordinate (b, c)
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Figure 4. (a) Ratio of the O-atom removal rate after to that before an intervening inert dwell period (y, Figure 3) versus the dimensionless duration
of the inert dwell period (4, Figure 3); the solid, dashed, dash-dotted, and dotted curves correspond to ¢* (eq 16) values of 10, 3.2, 1, and 0.1,
respectively. (b) Values of y versus ¢* at A values of 1 (solid), 0.25 (dashed), 0.0625 (dash-dotted), and 0.015625 (dotted).

loss of generality and for illustrative purposes, to be
proportional to the concentration of O-atoms (Cp) at any
time and radial position. The ¢* value is then given by

¢2 — l kred
2

3| 6oRT/R, . (16)
For this example, the reaction duration, the length of time that
CZO remained in contact with reductant before the inert dwell
period, is set to the inverse of the first-order rate constant
(kea), and the dwell duration (74,) is varied to examine how
it affects the rate instantaneously upon reintroducing the
reductant.

These simulations (for ¢* = 10) give O-atom removal rates
that decrease with time in contact with reductants, as their
concentration and chemical potential decrease (Figure 3a;
Reaction I; (k,q t) = 0—1); here, rates are scaled by the initial
rate (at t = 0) and time is scaled by the inverse of k4 (= 1
ks™'). The po values at each crystal position are shown in
Figure 3b at different times during contact with reductants;
from the initially uniform i, profile, gradients emerge near the
surface and extend into CZO crystals with increasing reaction
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time. At a k.4 t value of 1, the surface reaction rate is set to
zero for a period of time (74,.) that is equal to a fraction
(0.125) of the inverse of the O-atom removal rate
instantaneously before the inert dwell period, a rate value
indicated in Figure 3a by the open square ([]). The ratio
between the dwell duration (z4.;) and the instantaneous
characteristic timescale for O-atom removal (i.e., the inverse of
the rate specified by the open square ([]) in Figure 3a) is
defined here as A, which is set to 0.125 for the example in
Figure 3. Figure 3c shows that spatial profiles of yo become
gradually flatter during the inert dwell period and that values of
Mo increase with time at near-surface regions. Consequently,
O-removal rates are higher when the reductant is again
introduced (and surface reactions are allowed to occur) than
before the dwell period (Figure 3a). The rate enhancement,
defined as the ratio of rates after and before the inert dwell
period, is defined as y; these two rates are depicted in Figure
3a by, respectively, the filled circle (@) and the open square
(0.

The y values depend on the severity of the spatial gradients
(¢*) and the time allowed for such gradients to relax (4;
relative to the timescale for O-removal). Figure 4a shows that y

https://doi.org/10.1021/acs.jpcc.2c08117
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Figure 5. Rates of CO, formation (per removable O-atom) as a function of time for reactions of 5.1 kPa CO with Ce,sZr, O, (40 m? g™") at 548
K (a) with 0.11 kPa CO, and (b) without CO, added at the reactor inlet. The solid curves represent rates for reactions in which the inlet mixture
was maintained without interruption for 3.6 ks, and the dashed curves represent those in which the inlet mixture alternated between CO (+ CO,)
for 0.9 ks and He for 0.9 ks. The down-pointing vertical arrows indicate the times when the reactor influent mixture was abruptly switched.
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s™') and (b) an Arrhenius plot of apparent first-order rate parameters (per removable O-atom on (111) surfaces; koo eq 17) for reactions of 5.1
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equation determined via linear regression.

values calculated from the measured rates in (a) using eq 17, and the lines in (b) represent those of best fit to the Arrhenius

increases monotonically with increasing 4 at all ¢* values (10
(solid), 3.2 (dashed), 1 (dash-dotted), 0.1 (dotted)) as A
approaches and becomes larger than unity. For systems
limited, in part, by lattice diffusion (¢* > 1), a dwell duration
that corresponds to A > 0.1 leads to spatial gradients in jg that
relax sufficiently to give rates that are detectably larger after the
inert dwell period (y > 1.2); for diffusion-limited systems (¢*
> 10), even shorter dwells (1 > 0.003) led to higher rates (y
> 1.2). Figure 4b shows that y values are unity at all 4 values
for ¢* values less than unity, irrespective of dwell time (1)
because spatial gradients are kinetically inconsequential during
O-removal processes limited exclusively by surface reaction
rates. Experiments analogous to those illustrated by this
example (Figures 3 and 4) were performed to assess the extent
to which significant intracrystal gradients in pg persist during
CZO reduction by CO, thus informing as to whether lattice
diffusion is kinetically relevant or not for O-atom removal
rates.
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Figure Sa shows O-removal rates (from rates of CO,
formation) during experiments intended to mimic the
illustrative examples (depicted in Figure 3) on CZO (40 m”
g™') at 548 K. The gray curve shows these rates during contact
with a stream of CO (as the reductant) and some CO, added
to the inlet stream (to avoid large axial gradients in CO,
concentration along the packed bed reactor; 5.1 kPa CO, 0.11
kPa CO,) for 3.6 ks (without an intervening inert dwell). The
dashed black data are obtained from a similar experiment but
with 0.9 ks intervening dwell periods in He between reactions
in CO (+ CO,) for 0.9 ks; after each reintroduction of CO (+
CO,), there is a brief hydrodynamic delay (~40 s), as
evidenced by the transient behavior of Ar, present as a tracer.

The data in Figure 5a show that O-removal rates are similar
immediately before and after inert dwell periods, consistent
with the absence of consequential gradients in O-atom
chemical potential within CZO crystals and with lattice
diffusion processes that are much faster than CO—-CO,
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equilibration in surface reactions. The values of y from these
experiments are near unity (1.0, 0.94, and 0.91) at all extents of
reduction (£,.4 = 0.094, 0.13, and 0.16); these extents of
reduction exceed those for the removal of one O-monolayer
(0.081), a demonstration that ¢* values are much smaller than
unity and that surface reaction of CO with surface O-atoms is
the sole rate-limiting step in O-removal from CZO crystals at
548 K and &,.; < 0.16.

An analogous experiment but with reaction and dwell
durations of 3.6 ks (instead of 0.9 ks, as in Figure S) and
without CO, in the reactor inlet (instead of 0.11 kPa CO,, as
in Figure Sa) also gave a y value near unity (1.0) at an extent of
reduction of 0.30, showing that lattice diffusion remains
kinetically irrelevant at £ .4 < 0.30. The results here together
with the results in Figure 2, which show that O-atom removal
rates with 0.52 kPa CO exceed those with 3.6 kPa H,, indicate
that CZO reduction by H, is also limited by surface reaction
rates, since O-atom removal with H, is slower than O-atom
removal with CO which is even slower still than lattice
diffusion; thus, ¢* (eq 9) values for reduction by H, are less
than those for reduction by CO which, in turn, are (much) less
than unity. Hori et al.’® performed similar types of experiments
with § s (instead of 0.9 ks) reactions of 1 kPa (instead of 5.1
kPa) CO at 773 K (instead of 548 K) with CeO, (7.0 m* g™")
and Ce,5Zry,50, (7.7 m* g7'; instead of CeysZr, O, (40 m*
g~")) which gave y values near unity upon reintroduction of
CO after an inert (N,) dwell period of 25 s. They concluded
based on the absence of detectable increases in rates upon inert
dwell periods that O-atom removal rates with CO are not
limited by lattice diffusion, consistent with the results and
conclusions of the present study.

The use of CO (5.1 kPa) without CO, added to the inlet
stream (Figure Sb) at 548 K on CeyZry5O, (40 m* g™') also
gives y values near unity, but with an initial transient that
reflects the replenishment of bound CO, that was removed
during the inert dwell. The rates of CO, formation are always
smaller when CO, (0.11 kPa) is added to the inlet stream
(Figure Sa vs Sb), consistent with the inhibition of surface
reaction rates by CO, as described in Section 3.1. The initial
transients are absent near time zero when the CZO crystals are
fully oxidized, suggesting that the inhibiting species are CO,
molecules bound to surface anion vacancies.

The kinetic relevance of surface reactions for O-removal
rates makes surface properties consequential. Figure 6a shows
O-atom removal rates (per removable O-atom) with S.1 kPa
CO on CeyZr, 50, with surface areas of 40 m> g™" (solid) and
9.6 m* g~' (dashed) as temperature increased (at 0.33 K s™')
from 340 to 1000 K. The rates initially increase with increasing
temperature before decreasing as O-atoms are consumed; they
become less sensitive above 800 K, possibly because O-atom
stability increases as CZO samples reduce.'’”'>?°7>** The
onset of Cej sZr, sO, reduction appears at 480 K on the sample
with higher surface area and at 520 K for the other sample, a
trend also observed for the temperatures required to achieve
maximum rates (700 vs 720 K).

Such rate comparisons based on onset and maximum
temperatures, however, do not allow for rigorous assessment of
surface properties because, even at identical temperatures, the
number of removable O-atoms remaining within the two
different CZO samples are different. A more rigorous
assessment requires that rates be normalized by the number
of remaining removable O-atoms and that they be reported
based on the number of removable O-atoms exposed on CZO
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surfaces. A comparison of apparent first-order rate parameters
(kypy per removable O-atom exposed on CZO surfaces)

app}
enables such an assessment
NG
N (0)[() (17)

where 7co, (t) and [O](f) represent the CO, formation rate

(per removable O-atom exposed on (111) surfaces of
CeysZrys0,) and the residual number of removable O-atoms
within the CZO crystal at each time t, respectively. The latter is
given by

[O](f) =1- (d(lu)/o ?coz(t/)dt,) =1- éred(t) (18)

where d(j;;) is the ratio of removable O-atoms exposed on
(111) surfaces of CeysZrysO, to that within the entire
CeysZry 5O, crystal (0.081 and 0.020 for 40 and 9.6 m* g/,
respectively). The term in parentheses in eq 18 is the extent of
reduction (&,.q). .

Figure 6b shows k,,, values for the two CZO samples,
calculated from the rates in Figure 6a using eqs 17 and 18. The
apparent first-order rate parameters (per removable O-atom
exposed on CZO surfaces) are different at each temperature,
indicating that the properties (and not just the surface area) of
CZO surfaces influence surface reactions with CO. These rate
constants increase exponentially with increasing temperature
between the onset (ca. 500 K) and maximum (ca. 700 K)
temperatures, during which £,.4 values increase from 0 to about
0.30. These trends (linear in the semilogarithmic plots of Kypp
against reciprocal absolute temperature) correspond to
apparent activation energies of 46 (£1.8) and 54 (£1.4) kJ
mol ™" for the 40 and 9.6 m*> g~' samples, respectively. The
surface properties that may account for such differences in kg,
values and temperature effects include the identity and
distribution of exposed crystal facets and the local arrangement
of Ce and Zr cations at CZO surfaces. The next section
describes the consequences of a deliberate and specific surface
modification that demonstrates that surfaces matter and
surface reactions limit O-atom removal rates on CZO.

3.3. Consequences of Dispersing Pt Nanoparticles at
CZO Surfaces for O-Removal Rates. One such surface
modification is ubiquitous in automotive exhaust practice; it
entails the dispersion of Pt nanoparticles onto CZO surfaces.
This additional surface function would introduce different rate
parameters for surface reactions (k.4 and f.q eq 7) and
distinct kinetic trends with reactant or product concentrations
(frew €9 7) than for metal-free CZO surfaces; this surface
modification, if particularly competent for surface reactions
and able to communicate with CZO surfaces, may increase ¢)*
values (eq 9), thus rendering lattice diffusion relevant in
determining O-removal rates. In contrast, the functional form
of diffusion flux (eq 3), the O-atom mobility (6y), or the
relationship between chemical potential (o) and concen-
tration of O-atoms (Cgy) would not be altered upon atomic
contact between Pt and CZO surfaces, which could only alter
the driving force for diffusion (—Vug) by influencing the
surface chemical potential of O-atoms set by surface reactions.

Figure 7 shows apparent first-order rate parameters (k,p,, eq
17) as the extent of reduction (£,.4, eq 18) increases with time
(5.1 kPa CO; 548 K) on CZO (40 m* g”'; solid curve) and on
Pt/CZO (1% wt; dashed curve). The filled symbols represent

kpp Vvalues extrapolated to the time of initial contact with CO

https://doi.org/10.1021/acs.jpcc.2c08117
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Figure 7. Apparent first-order rate parameters (EPP, eq 17) as a
function of extent of reduction (&4, eq 18) for reactions of 5.1 kPa
CO with CeysZry50, (solid curve; 40 m* g™') and Pt/CeyZr, 50,
(dashed curve; 1% wt Pt) at 548 K. These k,pp values were calculated
from measured rate versus time data, and the dotted lines represent

extrapolation of that data to zero time.

(from semilogarithmic plots of O-removal rates vs time).
These k,,, values are significantly larger for Pt/CZO than CZO
at all values of &.4; such rate enhancements are well known
when Pt, Pd, or Rh nanoparticles are dispersed on CZO
surfaces." ™' *'7397%% These rate enhancements reflect O-atom
removal from the bulk of CZO crystals; they cannot reflect the
sole kinetic relevance of lattice diffusion because metal
nanoparticles only influence surface properties and thus the
relevant surface boundary condition in reaction-transport
formalisms (eq 8). These data confirm that such surface
properties are consequential for rates, but they could not
influence rates when CO—CO, (or H,—H,0) interconversions
are equilibrated at surfaces and lattice diffusion is the sole
determinant of O-atom removal dynamics, a conclusion also
reached from the experiments and mechanistic models in
Sections 3.1 and 3.2.

The number of O-atoms removed may include some present
in PtO, nanoparticles formed during O, treatment; these
would contribute up to 0.06 O-atoms per removable O-atom
in CZO (for 1% wt Pt/CZO). Thermodynamic calculations
show that PtO, formation from Pt and O, at 548 K is feasible
(AGgys x = —40 kJ mol™).>* Yet, lAcaPp values remain about 10-
fold larger when Pt nanoparticles are present at &4 values well
in excess of 0.06 (Figure 7), indicative of reactivity enhance-
ments that reflect the removal of O-atoms from the surface and
the bulk of CZO crystals.

The presence of Pt nanoparticles on CZO surfaces increases
the rates of O-atom removal by providing an additional
pathway that consumes O-atoms much faster than those
prevalent on CZO surfaces. The reaction between a bound CO

(CO--Pt,) and an O-adatom (O---Pt,) on Pt
CO~"Pts + ()...Pts N CO2 + 2 Pt (19)

must be faster than reactions between CO and an O-atom on

the CZO surface (O;)

CO + O, —» CO, (20)
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since the apparent first-order rate parameter is larger at all
extents of reduction for Pt/CZO than for CZO (Figure 7).
This additional pathway provided by Pt (eq 19) becomes
competent only because lattice diffusion is fast and rapidly
replenishes O--Pt, species as they are consumed by CO. More
specifically, fast lattice diffusion results in equilibration in O-
atom chemical potential both between the surface and bulk
(Oy) of CZO crystals

O, & Oy (21)
and between CZO crystals and Pt surfaces
O, + Pt & O--Ptg (22)

where == denotes a quasi-equilibrated process. O--Pt, species
react with CO (eq 19) but are rapidly restored by lattice
diffusion (eqs 21 and 22), leading to higher O-removal rates
but only for CZO crystals that contain Pt nanoparticles at their
surfaces. The synthesis protocols used to form Pt (Section 2.1)
may lead to their absence from some CZO crystals, such that
the faster pathway for CZO reduction (eqs 19 and 22),
enabled only upon atomic contact between Pt and CZO
surfaces, is not accessible to every crystal. As a result, O-atom
removal rates increase with increasing Pt amount before
becoming insensitive to it once every CZO crystal is in contact
with a Pt nanoparticle, as shown previously for Pt/CZO
reduction by CO at 573 K>’

The values of k,,, on Pt/CZO decreased more strongly as
&.eq increased than on CZO (Figure 7), possibly as a result of
distinct surface reaction rate equations for CZO and Pt/CZO,
each parameterized with a distinct set of kinetic and
thermodynamic parameters (k.4 and f,q eq 7) that exhibit
distinct functional dependencies on &4 Rates of O-atom
removal from CZO and Pt/CZO indeed show different trends
with CO pressure (Figure S2; SI); the temperatures at which
the maximum rate occurs during temperature ramping (340 to
1000 K, 0.33 K s7') decrease with increasing CO pressure for
CZO reduction but remains unchanged for Pt/CZO, reflecting
positive- and zero-order kinetics with respect to CO for CZO
and Pt/CZO, respectively. It is also plausible that O-removal
rates become limited, at least in part, by lattice diffusion as the
presence of Pt nanoparticles increases surface reaction rates
and CO—CO, (and H,—H,0) interconversion reactions at
surfaces approach equilibrium.

Dwell experiments on Pt/CZO (1% wt) at 498 K (Figure 8;
5.1 kPa CO, 0.11 kPa CO,) were performed analogously to
those for CZO at 548 K (Figure Sa; 5.1 kPa CO, 0.11 kPa
CO,); these experiments (Figure 8) involved cycling between
CO—CO, mixtures for 0.3 ks and then dwells in He for 0.9 ks.
The number of O-atoms removed by the end of the first cycle
corresponds to about two monolayers of removable O-atoms
and therefore to the extraction of some O-atoms from the bulk
of CZO crystals. The dotted curves represent linear
extrapolations of semilogarithmic plots to early times after
each switch between CO—CO, and He (data are affected
initially because of hydrodynamic delays; ~40 s). O-atom
removal rates for Pt/CZO after 0.9 ks inert dwell periods (4 =
0.04—0.2) were slightly higher than at the end of the preceding
O-removal period (y = 1.2—1.4), a finding that indicates some
intervening relaxation of spatial gradients in oxygen chemical
potential within CZO crystals at 498 K and for &4 values
between 0 and 0.25. These results contrast those of dwell
experiments on CZO at 548 K (Figure S) which gave
negligible enhancement factors (y = 0.9—1.0) after similar
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Figure 8. Rates of CO, formation (per removable O-atom) as a
function of reaction time for reactions of 5.1 kPa CO + 0.11 kPa CO,
with 1% wt Pt/Ce,sZrysO, (Pt/CZO) at 498 K. The solid curves
represent rates for a reaction in which the inlet mixture was alternated
between CO (+ CO,) for 0.3 ks and He for 0.9 ks. The down-
pointing vertical arrows indicate the reaction times when the reactor
influent mixture was abruptly switched between CO (+ CO,) and He.
The dotted curves represent linear extrapolations in the semi-
logarithmic plot to earlier times that are affected by the brief
hydrodynamic delay (~40 s).

dwell durations (4 = 0.02—0.1) for &4 < 0.30. Thus, the faster
pathway for O-atom removal provided by Pt (eqs 19 and 22)
increases surface reaction rates (and ¢)* values, eq 9) to effect
diffusional limitations.

The different O-removal rates at similar CO,/CO ratios but
different pressures of CO and CO, and for CO/CO, and H,/
H,0 ratios that would give the same O-chemical potential (if
surface reactions were equilibrated), taken together with small
effects of inert dwell periods on O-removal rates from CZO
and with the enhancements observed when Pt nanoparticles
are dispersed on CZO surfaces, indicate that surface reactions
are not at equilibrium and represent the sole kinetically
relevant process for CZO reduction using CO and H, as
reductants, without detectable contributions from lattice
diffusion resistances. Such resistances do emerge, however,
during O-removal from Pt/CZO because Pt nanoparticles
dispersed on CZO surfaces increase surface reaction rates to
render lattice diffusion kinetically relevant. In the next section,
similar experimental protocols show that O-addition reactions
occur at significantly lower temperatures than O-removal
because surface reactions of oxidants (O,, N,O) are much
faster, thus rendering O-addition limited by lattice diffusion at
all conditions of practical interest.

3.4. O-Atom Addition Rates on CZO and Effects of
the Identity of the Oxidant (O,, N,O), Inert Dwell
Periods, and Pt Nanoparticles. The modeling approach and
the equations derived for O-removal processes are unchanged
when applied to O-addition (Section 2.3), except for the initial
condition; this condition specifies a spatially uniform chemical
potential within CZO crystals (i) that corresponds to
stoichiometric CeyZr, <O, (i.e., to &4 = 0) for O-removal. In
contrast, O-addition reactions start with CZO samples that
have been treated in H, (5.0 kPa) at 1000 K and annealed in
He at 1000 K for a prescribed period of time to remove some
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O-atoms from the surface and bulk of CZO crystals (to &4
values of 0.67 and 0.63 for the 40 and 9.6 m* g~' samples,
respectively; CesZrysO,g; and CeysZrysOg,) before ex-
posure to an oxidant (O, or N,O) at a target temperature. The
initial condition for O-addition mole balances (eq 1) then
becomes a spatially uniform chemical potential (p 4 or
Ho,e3) for the CZO samples (40 and 9.6 m* g™') at the extents
of reduction imposed by the preceding thermal treatments
(0.67 and 0.63). The description (Section 2.3) of the net
volumetric rate of O-atom removal (g, eq 6) as a difference
between CZO reduction and oxidation rates (r!,;—" ) remains
valid here, but r§ is now negative for O-atom addition and can
be, perhaps, more conveniently expressed in terms of the
forward rate and approach-to-equilibrium for oxidation (rl,

and 7,,)

—1§ = (roy = rug) = r(1 = 1,) (23)

The analogous nature of the physical and chemical processes
for O-addition and O-removal renders the experimental
strategies used to assess the kinetic relevance of lattice
diffusion and surface reactions for O-removal (Sections
3.1-3.3) also suitable for O-addition processes.

O-atom addition reactions were initially performed with O,,
the relevant oxidant in automotive exhaust catalysis, solid oxide
fuel cells, and chemical looping combustion, and at low
temperatures (233 K) in attempts to avoid the very rapid O,
consumption observed at higher temperatures and to measure
rates in reactors without significant axial gradients in O,
concentration.

The dashed curve in Figure 9 depicts the O-addition rates
for O, (0.1 kPa) reactions with a pre-reduced CZO sample

3
233K

T T T T T T T T T

0.33Ks’’

1.2 kPa N,O

Rate of O-atom addition / (mol moly™ ks™)

f R R 1\\
300 400
Temperature / K

0.9
Time / ks

500

Figure 9. Rates of O-atom addition (per removable O-atom) versus
time at 233 K for 0.9 ks and then versus temperature during
temperature ramping (233—500 K, 0.33 K s™') for reactions of 1.2
kPa N,O (solid; N, formation rates) and 0.1 kPa O, (dashed; twice
the O, consumption rates) with CeysZrysO,g; (40 m® g™').

(CepsZrosO 535 Eeq = 0.67; 40 m* g7'), first at a constant
temperature (233 K for 0.9 ks; shown vs time in the left panel)
and then as the temperature increased from 233 to 500 K at
0.33 K s™' (shown vs temperature in the right panel); the very
initial rate at 233 K corresponds to complete O, conversion. At
233 K, 0.31 O-atoms are added per total removable O-atoms in
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stoichiometric CeysZrysO, (Table 1; Experiment A, Step 1),
and another 0.35 O-atoms per removable O-atom are then

Table 1. Amounts of O, Consumed and H,0 Formed and
Values of Extent of Reduction in Various Reactions of O,
and H, with CeyZr,;0,_,

1/2 H,O extent of
expt step (O, cons.)* formed” reduction®
A 0 5.0 kPa H, - 0.67 0.67
1000 K, 7.2 ks

AY 1 01kPaO, 0.31 - 0.36
233 K, 0.9 ks

AY 2 01kPaO, 0.35 - 0.01
233—-500 K, 0.33 K s7!

B 0 5.0 kPa H, - 0.67 0.67
1000 K, 7.2 ks

B 1 01kPaO, 0.31 - 0.36
233 K, 0.9 ks

B 2 He 0 0 0.36
233—-500 K, 0.33 K s™!

B 3 5.0 kPa H, - 0.32 0.68

1000 K, 7.2 ks

“Dimensions of O-atom added per total removable O in CeysZr,s0,.
*Dimensions of O-atom removed per total removable O in
Cey5Zr050,. “Equivalent to extent of reaction for Ceys"VZry0, —
0250 + Ceys"Zry50, 5. dFigure 9 shows the rates of O-atom
addition versus time and temperature for Steps 1 and 2, respectively,
of Experiment A.

added to CZO during ramping to 500 K (Experiment A, Step
2). These combined uptakes are similar to those expected from
complete reoxidation of the initial reduced CZO sample (0.67;
Experiment A, Step 0), which converts CeZry O, g; fully to
CepsZr, 5O, at rather mild conditions (0.1 kPa O,; below 500
K). The temperature for the onset of Ce, ;Zr, ;O, reduction by
CO (480 K; Figure 6A) is similar to that required to complete
the reoxidation of CeysZrysO,g3 by O, (480 K, Figure 9),

indicating that O-atom addition by O, is much faster than the
surface reaction for O-atom removal by CO.

Some of the O-atoms added may be present as bound O,
species without dissociation at 233 K, as evident from
vibrational and spin resonance spectral features for superoxo
and peroxo species detected upon contact of partially reduced
CZO (and CeO,) with O, at subambient temperatures;>~°'
these features persisted to 500 K in contact with O,”” and to
450 K in its absence.®’

The number of O-atoms consumed at 233 K (Table I;
Experiment A, Step 1) corresponds to 1.7, 2.1, or 2.9 O,
molecules per surface vacancy if CZO crystal surfaces exposed
exclusively a (111), (110), or (100) facet, respectively
(calculated based on 40 m* ¢!, 0.52909 nm lattice constant,
and an extent of reduction of 0.67). These binding
stoichiometries are similar to those for the binding of two
O, molecules at each vacancy, as required for the formation of
superoxo species. The presence of such species may render
conclusions about the extent of O-atom incorporation into
CZO crystals equivocal.

Subsequent heating of a reduced CZO sample exposed to
0.1 kPa O, (at 233 K for 0.9 ks) to 500 K in a He stream
(Table 1; Experiment B, Step 2) did not lead to detectable O,
evolution, suggesting that bound O, (superoxo) species
formed at 233 K either persisted on the CZO surface at 500
K, in contrast with the spectroscopic evidence,””*’ or
dissociated, with O-atoms formed diffusing into the bulk of
CZO during temperature ramping in He. A subsequent
treatment in H, (5.0 kPa H,; 1000 K; Experiment B, Step
3) led to the evolution of 0.32 H,O molecules (per total
removable O-atom in CeysZry5O,), thus completing an O-
atom balance and confirming that all of the O, consumed in
Step 1 was indeed retained as O, or as O-atoms on or within
the pre-reduced CZO.

N,O oxidants circumvent these concerns regarding bound
dioxygen species and allow O-addition rates to be measured
directly from N, formation rates (instead of O, consumption)
without stoichiometric ambiguities. Figure 9 shows O-addition
rates using N,O (1.2 kPa; solid curves) using the same pre-
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Figure 10. Rates of N, formation (per removable O-atom) as a function of reaction time for reactions of 1.2 kPa N,O at 350 K with (a)
CesZrosO; g3 (40 m? g™') and (b) CeysZrysO; g4 (9.6 m* g™'). The solid gray curves represent rates for reactions in which the inlet mixture was
maintained at the specified conditions without interruption for 0.9 ks, and the dashed black curves represent those in which the inlet mixture
alternated between N,O for 0.3 ks and He for (a) 1.8 ks or (b) 3.6 ks. The up-pointing vertical arrows indicate the times when the reactor influent

mixture was abruptly switched between N,O and He.
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reduced CZO sample (CeysZrysO, 435 Ereq = 0.67; 40 m*> g71)
and temperature protocols as with O, oxidants (Figure 9,
dashed curves). The number of O-atoms added at 233 K was
small with N,O as the oxidant (~0.02 O-atoms per total
removable O-atoms in CeyZrysO,); N, evolved between 250
and 500 K without any detectable concurrent formation of O,,
which ultimately formed along with N, in stoichiometric
amounts only above 700 K via its stoichiometric decom-
position (on CZO surfaces). The combined amounts of N,
formed during this experiment correspond to 0.69 O-atoms per
removable O-atom, consistent with the reoxidation of
CeysZrgs0, 53 (Ereq = 0.67) to stoichiometric CeyZry sO,.

The onset temperature for detectable O-atom addition to
CesZrosO; g3 (40 m* g7') is similar for 0.1 kPa O, and 1.2
kPa N,O (250 K), and the maximum in rates also occur at
similar temperatures (380 vs 390 K). Such similarities would
represent an implausible coincidence if O-addition rates were
limited by the surface reactions for these two different
oxidants. The similar features in Figure 9 suggest instead
that the rates of O-atom addition by O, and N,O reflect the
rates of lattice diffusion, the functional form of which (eq 3)
has no explicit dependence on oxidant identity or concen-
tration.

These speculations can be probed with inert dwell protocols
for N,O reactions that parallel those used for O-removal by
CO (Section 3.2, Figure S). The solid curve in Figure 10a
shows O-addition rates (1.2 kPa N,O) to pre-reduced CZO
(CegsZrosO 435 40 m* g™') at 350 K for a continuous period of
0.9 ks, and the dashed curves show O-addition rates when
exposure to N,O (1.2 kPa; 0.3 ks) was sequentially interrupted
by contact with He for 1.8 ks. O-addition rates (350 K; Figure
10) were higher after a He dwell than at the end of the
preceding N,O reaction, in contrast to the findings for O-
removal processes using CO (548 K; Figure S), which were
essentially unaffected by intervening inert dwells. These data
indicate that spatial gradients in O-atom chemical potential are
present during the oxidation of partially reduced CZO crystals,
presumably a consequence of the fast (and thermodynamically
favorable) activation of oxidants at CZO crystal surfaces (also
evident from O-addition reactions that require significantly
lower temperatures than O-removal). The rate enhancements
observed after inert dwell periods (y, Figure 3) are 2.4 and 2.2
at extents of reduction (&.4) of 0.43 and 0.38, and the
corresponding dimensionless dwell durations (4, Figure 3) are
0.4 and 0.2. These values of y and A are consistent with ¢* (eq
9) values of about 10 when considered in the context of the
illustrative examples described in Section 3.2 (Figure 4), with
O-addition from N,O oxidants being significantly limited by
lattice diffusion at 350 K and values of &4 between 0.38 and
0.43, and with the presence of kinetically consequential spatial
gradients in oxygen chemical potential during CZO oxidation.

These conclusions lead to the expectation that the size of
CZO crystals (but not their surface properties) would
influence O-addition rates. An analogous inert dwell experi-
ment (Figure 10b) on another CZO sample (.4 = 0.63,
CeysZry 5O 4) but with lower surface area (9.6 vs 40 m* g™')
also led to rate enhancements. The enhancements were larger
for the larger crystals with lower surface area (y = 2.9 and 5.6;
Figure 10b; 9.6 m® g™') compared to those for the smaller
crystals (y = 2.4 and 2.2; Figure 10a; 40 m> g™'), even though
the larger CZO crystals were subjected to shorter dwell
durations (4 < 0.3 and 1 < 0.4 for, respectively, 9.6 and 40 m*
g™"). These trends in y and 1 values reflect ¢b* values that are
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larger for the larger crystals, consistent with expectations from
the reaction-transport formalisms (Section 2.3) which show
that diffusional limitations, as quantified by ¢* (eq 9), increase
quadratically with increasing crystal size (R,).

A ratio of diffusive flux (Jo; eq 3) values for two samples
with different crystal sizes (Jo,/Jo,) is equal to the inverse
ratio of their sizes (R,,/R,,;) but only when compared at
conditions that result in similar O-atom concentrations (C,)
and nondimensional spatial gradients in O-atom chemical
potential (0fio/07). Figure 11 shows areal rates of O-atom

100 ¢

107"

1072

Areal N, formation rate / (10 mol m2 ks™)

| 350K RN
1.2 kPa N,O 9.6m*g’
o3l
" 0.3 0.6 0.9
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Figure 11. Rates of N, formation per surface area as a function of
time for reactions of 1.2 kPa N,O with CeysZrysO;g; (40 m* g7
solid) and with CeysZrysO g, (9.6 m* g'; dashed) at 350 K. The
inset shows data at early times. The dotted curves are linear
extrapolations in the semilogarithmic plots determined via linear
regression of data at times immediately after that required for the
addition of one O-monolayer; the circles at time zero then represent
estimates of diffusive flux at saturation coverage of O-atoms.

addition (as N, formation rates) versus time for reactions of
N,O (1.2 kPa) at 350 K with CeysZr, O3 (40 m* g™'; solid)
and with Ce,ZrysO, g4 (9.6 m* g™'; dashed). These areal rates
reflect diffusive fluxes only at times after that required to form
a monolayer of O-atoms; before surfaces reach saturation, they
reflect, at least in part, surface reaction rates. The areal O-atom
addition rates for the two samples (40 m* g~' (solid) and 9.6
m? g~ (dashed); Figure 11) are coincident at early times,
consistent with these rates initially reflecting those for the
surface reaction between N,O and surface anion vacancies.
The dotted curves in the inset of Figure 11 represent estimates
of diffusion rates at early times that were determined from
linear regressions of rate versus time data in the semi-
logarithmic plots at times just after reaching surface saturation
(corresponding to 0.054 and 0.013 of N, formed per total
removable O-atom for the 40 m* g™ (£,4 = 0.67) and 9.6 m*
g™ (£, = 0.63) samples, respectively). The ratio of such rates
when extrapolated to the times of initial contact (denoted by
the circles in the inset of Figure 11) then corresponds to a
comparison at similar values of Cy (corresponding to
saturation coverages) and 0fio/07 (corresponding to gradients
at times of initial contact). This estimate of diffusive flux is
about three times higher for the smaller particles (40 m* g™')
than for the larger ones (9.6 m*> g!), and this factor of three is
in reasonable agreement with the inverse ratio of crystal sizes
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of four (as estimated from the ratio of surface areas),
consistent with the expectation that diffusive flux is inversely
proportional to crystal size (eq 3).

The limiting nature of lattice diffusion processes is expected
to lead to O-addition rates that are insensitive to the presence
of Pt nanoparticles at CZO surfaces because such a surface
modification would not affect the bulk transport (o) and
thermodynamic (y,) properties that influence diffusion flux
(eqs 3 and 4). Figure 12 shows O-addition rates for N,O (1.2

Jpr—7—T7 T 1 1
— 0.33Ks’!
o 1.2 kPa N,O
X - 4
o
£
5 2[
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Figure 12. Rates of N, formation (per total removable oxygen) as a
function of temperature during temperature ramping (233—500 K,
0.33 K s7') for the reaction of 1.2 kPa N,O with reduced CZO
(CegsZrysOyg3 (40 m? g™'); solid curve) and reduced Pt/CZO (1%
wt Pt/CeysZrysO; g5 dashed curve).

kPa) reactions with partially reduced CZO (CeysZrysO;g3;
solid curve) and with the same sample but with Pt
nanoparticles dispersed on CZO surfaces before reductive
treatments (1% wt Pt; dashed curve) during temperature
ramping from 233 to 500 K (0.33 K s™'). As in the case of the
similar traces for N,O vs O, reactions with CeyZrysO; g3
(Figure 9), the onset temperature of N, formation (250 vs 250
K) and that for the maximum in rates (390 vs 380 K) were
similar for CZO and Pt/CZO samples (Figure 12). The
absence of detectable consequences of atomic contact between
Pt and CZO surfaces, evident from the data in Figure 12,
confirms that surface reactions do not influence O-addition
rates and that, in contrast with the conclusions for O-removal
rates using CO or H,, lattice diffusion is the predominant
resistance to O-addition from N,O or O,. These diffusion rates
reflect the thermodynamics and anion mobility of CZO
crystals (eq 3), which are not influenced by the presence of Pt
nanoparticles at their surfaces, while the rates of O-atom
removal reflect the thermodynamic and kinetic parameters of
surface reaction rate equations (eq 7).

Figure 13 shows a comparison between surface reaction
rates during O-atom removal and lattice diffusion rates during
O-atom addition. The solid curve represents apparent first-
order rate parameters per removable O-atom for the reaction
of CO (5.1 kPa) at 600 K with CeysZro 50, (40 m* g~'; ks
and the dashed curve for the reaction of N,O (1.2 kPa) at 350

K with CeyZry50,5; (40 m* g7'; k3). The ket and kanp
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Figure 13. Apparent first-order rate parameters (eqs 24 and 25)
versus extent of reduction (&) for the reaction of 5.1 kPa CO at 600
K with CeysZry 5O, (40 m* g7'; &4 = 0; solid) and for the reaction of
1.2 kPa N,O at 350 K with CeysZrysO,g; (40 m> g7'; &4 = 0.67;
dashed). The values for the dash-dotted curve for the reaction of 1.2
kPa N,O at 600 K with Ce,sZry50, 3 (40 m* g7'; £..4 = 0.67) were
calculated by extrapolating rate parameters in the dashed curve (350
K) using an activation barrier of 27 kJ mol™' at all extents of
reduction. The dotted line is a linear extrapolation in the
semilogarithmic plot of values in the dash-dotted curve.

values were calculated using the following equations analogous

to @app (eq 17; Figures 6b and 7)
kred — rcoz(t)
wr 1 - 5red(t) (24)
o _ ()
L) (25)

where o (t) and ry (t) are the rates, per removable O-atom,

of CO, formation during reduction by CO and N, formation
during oxidation by N,O, respectively, at time t. The kgj,
values for O-atom addition at 350 K exceed the k;;‘:, values for
O-atom removal at 600 K when compared at identical extents
of reduction, showing that rates of lattice diffusion during
oxidation by N,O at 350 K exceed the rates of surface reaction
during reduction by CO at 600 K at &4 values between 0.32
and 0.46. Apparent activation barriers for O-atom addition by
N,O were estimated to be between 27 and 62 kJ mol™" using
the rate versus temperature data in Figure 9 and analysis
identical to that described in Section 3.2 and depicted in
Figure 6 for k,,, (eq 17); then, kay, values at 350 K (Figure 13,
dashed) were extrapolated to 600 K (Figure 13, dash-dotted)
using the conservative estimate of 27 kJ mol™' for the
Arrhenius temperature dependence. These k3, values at 600 K,
and those estimated via linear extrapolation in the semi-
logarithmic plot to &4 values not accessed in the O-addition
experiments at 350 K (dotted; &4 < 0.32), exceed the k;;‘%,
values at 600 K for all extents of reduction between 0 and 0.67.
These results show that CZO oxidation is faster than CZO
reduction, consistent with the previous conclusions that the
former is limited by lattice diffusion while the latter is limited

by surface reaction.
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The effects of reactant identity (O, vs N,O, Figure 9), inert
dwell periods (Figure 10), CZO crystal size (Figure 11), and
Pt nanoparticles (Figure 12) on O-addition rates to partially
reduced CZO contrast those evident during O-removal from
stoichiometric CZO (Figures 2, S, 6, and 7, respectively). This
discrepancy in the kinetic relevance of lattice diffusion between
O-atom addition and removal cannot be ascribed to differences
in the extents of reduction accessed in the oxidation and
reduction experiments, since CZO oxidation rates by N,O and
O, always exceed those for reduction by CO and H, (Figure
13). These experimental probes are all consistent with O-atom
addition and removal being, respectively, diffusion- and
reaction-limited for oxidants (O,), reductants (CO and H,),
and conditions relevant to the practical deployment of CZO in
automotive exhaust catalysis. They provide a systematic
strategy for the analysis of processes involving surface reactions
and lattice diffusion in chemical looping, oxidation—reduction
cycles for thermochemical energy storage—release, and
selective oxidations and reductions of substrates using lattice
O-anions and anion vacancies.

4. CONCLUSIONS

This report details the methodology and reaction-transport
formalisms for experiments designed to probe whether
reduction and oxidation rates of reducible oxides are limited
by surface reactions or lattice diffusion and describes the
results of their application to ceria-zirconia (CZO) solid
solutions. CZO reduction rates with different reductant (CO)
and oxidant (CO,) concentrations and with different reductant
and oxidant identities (CO and CO, vs H, and H,0) do not
coincide when compared at specific conditions that would have
resulted in identical rates if the surface reactions were quasi-
equilibrated, showing that reduction rates do not solely reflect
lattice diffusion. In contrast, a comparison of CZO oxidation
rates by O, and N,O suggests that these rates are limited by
lattice diffusion, but the formation of surface-bound superoxo
species during O, reactions renders this probe an imprecise
adjudicator of the kinetic irrelevance of surface reactions for
CZO oxidation. Experiments that reveal the magnitude of
spatial gradients in oxygen chemical potential within CZO
crystals during reaction show that such gradients are kinetically
insignificant during O-atom removal but significant for O-atom
addition, demonstrating that CZO reduction rates reflect solely
surface reactions and that CZO oxidation experiences
diffusional limitations. A comparison of CZO reduction rates
between samples with 4-fold difference in surface area shows
that surface properties beyond exposed area affect rates on
CZO surfaces. Dispersing Pt nanoparticles on CZO surfaces
increases rates of O-atom removal but did not affect those for
O-atom addition, consistent with the former reflecting surface
reaction rates and the latter lattice diffusion, since such
modification to CZO surfaces only affects surface reaction
rates. The fast lattice diffusion during reduction of Pt/CZO
results in equivalent oxygen chemical potentials between oxide
crystals and metal nanoparticles, and the rapid consumption of
O-adatoms on Pt, versus the comparatively slow O-removal
from CZO surfaces, enables Pt, when in atomic contact with
CZO, to serve as a sink for O-atoms and a “porthole” for their
removal. The results of these probe experiments together show
that reduction and oxidation of CZO, by reductants (CO and
H,) and oxidants (O,) relevant to its deployment as an oxygen
“buffer” in automotive catalysis, are limited by rates of surface
reactions and lattice diffusion, respectively. These results also
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exemplify the efficacy of the described experiments and
formalisms to establish the kinetic relevance of reaction and
diffusion for the half-cycle dynamics of reducing and oxidizing
redox-active oxides.
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