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ABSTRACT: We present a simple and generalizable synthetic route toward phase-
pure, monodisperse transition-metal-substituted ceria nanoparticles (M,;Cey50,_,, M
= Mn, Fe, Co, Ni, Cu). The solution-based pyrolysis of a series of heterobimetallic
Schift base complexes ensures a rigorous control of the size, morphology and
composition of 3 nm M,;Ce;,0,_, crystallites for CO oxidation catalysis and other
applications. X-ray absorption spectroscopy confirms the dispersion of aliovalent (M>*
and M?*) transition metal ions into the ceria matrix without the formation of any bulk
transition metal oxide phases, while steady-state CO oxidation catalysis reveals an order
of magnitude increase in catalytic activity with copper substitution. Density functional
calculations of model slabs of these compounds confirm the stabilization of M** and
M?*" in the lattice of CeO,. These results highlight the role of the host CeO, lattice in
stabilizing high oxidation states of aliovalent transition metal dopants that ordinarily
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would be intractable, such as Cu’*, as well as demonstrating a rational approach to catalyst design. The current work
demonstrates, for the first time, a generalizable approach for the preparation of transition-metal-substituted CeO, for a broad
range of transition metals with unparalleled synthetic control and illustrates that Cu’* is implicated in the mechanism for CO

oxidation on CuO-CeO, catalysts.

B INTRODUCTION

Because of the interesting physical and chemical properties of
cerium(IV) oxide (CeO,, ceria), including reversible surface
oxygen ion exchange"” and electronic/ionic conductivity,®
ceria-based materials have been studied for a number of
applications including the oxidation of carbon monoxide (CO)
and hydrocarbon-based fuels,* the water—gas shift reaction,’
photoinduced water splitting,® oxygen-conducting membranes
for solid-oxide fuel cells,” flue-gas desulfurization reactions,® the
production of hydrogen by the steam reforming of methanol,”
and sensor applications.'® Introduction of redox active cations,
especially of aliovalent transition metals, into the lattice of
CeO, to form the solid solution M,Ce,_,0,_, imparts added
functionality to this class of materials. The dramatic increase in
activity for the water—gas shift reaction with incorporation of
nonmetallic Au and Pt species into the lattice of CeO, is a
notable example,® while applications of substitution into CeO,
outside of heterogeneous catalysis include band gap engineer-
ing in photovoltaic devices."' Unfortunately, traditional
methods for the preparation of aliovalent substituted CeO,,
especially with transition metal substitution, often leads to the
formation of multiple phases, polydisperse crystallite sizes and
disparate crystallite habits. The presence of impurity phases
along with differences in crystallite size and surface termination
all influence the kinetics of CO oxidation on M,Ce,_,0,_,
catalysts. To establish the influence of transition metal
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substitution in CeO, on the kinetics of CO oxidation
necessitates the preparation of a library of these catalysts with
superior homogeneity in phase, crystallite size and crystallo-
graphic termination. The presence of inseparable impurities
complicates even the identification of the oxidation state and
local structure of M in M,Ce,_,0,_,. Taking a notable example
from heterogeneous catalysis, traditional methods for the
preparation of the solid solution Cu,Ce,_,O,_,, includin
coprecipitation‘h12_15 and excess-solution impregnationlé_1
techniques, lead to the formation of the solid solution in
addition to dispersed CuO phases in these so-called CuO-CeO,
catalysts, which prevents the r?orous identification of the
catalytic site for CO oxidation.'**°

Here we report a generalizable synthetic strategy for the
preparation of monodisperse, phase-pure nanocrystals of
M, ;Ce(40,_, with aliovalent transition metal substitution (M
= Mn, Fe, Co, Ni and Cu). X-ray absorption spectroscopy at
the transition metal L-, K-, cerium L- and oxygen K-edges
confirms that the transition metal species are stabilized in the
3+ oxidation state upon incorporation into the CeO, lattice, in
contrast to previous studies on CuO-CeO,.*'* CO oxidation
on Cuy,Ce;y0,_, reveals that Cu species in the lattice are
responsible for an increase in catalytic activity by an order of
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magnitude in comparison to undoped, nanocrystalline CeO,.
This finding provides insights into developing novel strategies
to design highly active and uniform catalysts for the oxidation
of CO and hydrocarbon fuels and for other applications.

Bl RESULTS AND DISCUSSION

Synthesis of M;,Ce(90,_,. Monodisperse, hexanes-
soluble single crystallites of oleylamine-stabilized
M,;Cep90,_, (M = Mn, Fe, Co, Ni, Cu) were prepared
according to Figure 1. The synthetic scheme involves the

i

M = Mn, Fe, Co, 0 Q
Ni, Cu
H,-3-MeO-salpn

1. EtOH, reflux
2. (NO3)3'6H20,
MeCN, rt

Ni"-Cc"'-3-MeO-salpn Cu'-Cc"'-3-MeO-salpn

1. -3-MeO-salpn,
oleylamine, 180 °C
2.400 °C, air

-~ 3 %

Nig.1Cc0,902.¢ Cug.1Cc0,902.x

Figure 1. Synthesis of M;;Ce;90,_, from heterobimetallic 3-MeO-
salpn complexes. Representative crystal structures for Ni'-Ce™-3-
MeO-salpn and Cu"-Ce™-3-MeO-salpn are included, with thermal
ellipsoids plotted at 50% probability and hydrogen atoms omitted for
clarity.

preparation and subsequent decomposition of a library of
heterobimetallic Schiff base complexes™ ~>* derived from the
ligand N,N’-bis(3-methoxysalicylidene)-propylene-1,3-diamine
(H,-3-MeO-salpn). After the initial coordination of the
transition metal into the inner N,0, site of H,-3-MeO-salpn,
the outer O, lacunary site is poised for coordination of hard
Lewis-acidic rare earth ions, such as Ce*" (Figure 1). The
choice of heterobimetallic Schiff base complexes as inorganic
precursors was made in order to ensure close association
between cerium and transition metal ions during the nucleation
and growth of the M,;Ce40,_, crystallites in solution, thereby
preventing the formation of separate bulk transition metal oxide
phases.

Single crystals of M-Ce™-3-MeO-salpn (M = Co™, Ni",
Cu") suitable for X-ray crystal structure analysis were obtained
from the slow evaporation of the complexes in acetonitrile
solutions. The crystal structures of the novel M-Ce™'-3-MeO-
salpn complexes were found to share similar structural motifs
(Figures 1 and S1, Supporting Information). Coordination
around the transition metal site is square planar with respect to
the N,O, pocket of the 3-MeO-salpn ligand. 6-Fold
coordination to the nickel center of Ni'-Ce''-3-MeO-salpn
is completed by two axially coordinated acetonitrile molecules
(Figure 1) while the 6-fold coordination of the cobalt center of
Co™-Ce"-3-MeO-salpn is achieved by two acetate groups that
bridge with the cerium center (Figure S1). The copper center is
S-coordinate with a long (2.4236 A) axial Cu—O bond to a
nitrate group that bridges the two asymmetric units that make
up the unit cell of Cu"-Ce™-3-MeO-salpn (Figure S2).
Trivalent cerium ions were shown to occupy the lacunary O,
site, bridging the transition metal via a pair of y’*-phenoxy
groups, resulting in short M-Ce interatomic distances (3.3613,
3.5617, and 3.5848 A for the cobalt, nickel and copper crystal
structures, respectively). FTIR (Figure S3), '"H NMR (Figures
$4—510) and elemental analysis (see Experimental Methods in
the Supporting Information) confirm the formulas we report
here for Mn"-Ce'™-3-MeO-salpn, Fe'"-Ce"-3-MeO-salpn and
Ce™-3-MeO-salpn.

With a library of homologous heterobimetallic precursors in
hand, monodisperse M, ;Ce(o0,_, and CeO, nanoparticles
were prepared through the pyrolysis of the precursors in
oleylamine solutions under an argon atmosphere (Figure 1).
Powder X-ray diffraction (PXRD) patterns for as-synthesized
M,,Ceo0,_, (Figure 2) indicate a single crystalline phase,
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Figure 2. PXRD patterns for as-synthesized nanocrystalline
M1Cep90,_, and CeO, compounds taken at room temperature
(copper Ka source).

attributed to the fluorite structure of CeO, (space group #225,
Fm3m). Scherrer analysis of peak broadening shows average
crystallite sizes of 2—3 nm for M,;Ce;,0,_, and CeO,
(Figures S11—12A,C,E and Table S2). Profile fitting of
PXRD data revealed that CeO, nanoparticles have a lattice
parameter a (5.42 A) that is slightly larger than that of bulk
CeO, (5 um) found in this study and in previous work (5.41
A),*® which can be attributed to the presence of Ce** and
oxygen vacancies on the particle surface.®”” The lattice
expansion found for 3 nm CeO, is not as drastic as re})orted
earlier for similarly sized ceria nanoparticles (5.4343*° and
5.5420 A*®). The disparate synthesis and annealing conditions
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reported elsewhere®*® may give rise to different amounts of
oxygen vacancies in ceria, and help explain such a discrepancy
in reported lattice parameter values in nanoparticulate CeO,.
Similarly, the lattice parameters found for M,;Cey,0,_,
nanoparticles (Table S2) were also larger than that found for
S um CeO,. HRTEM particle-size analysis (Figure 3) confirms
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Figure 3. TEM, histogram of particle sizes, HRTEM and FFT images
of as-synthesized M,;Ce(0,_,.

a narrow size distribution of 3.0 (+0.4) nm crystallites for
M,1Ce(40,_,. Closer inspection by HRTEM (Figure 3, right
panels) suggests that the individual crystallites exhibit a
truncated octahedral crystal habit, with crystal planes
terminated in eight {111} hexagonal facets and four {100}
square facets (Figure S13B,C,D), a common crystallite shape
reported for ceria nanoparticles.””

Before further characterization, the M, ;Ce;,0,_, samples
were annealed in air at 400 °C to remove the capping
oleylamine layer, as revealed by thermogravimetric analysis
(TGA, Figure S14). Preliminary ambient pressure XPS
measurements of M,;Ce;,0,_, at 400 °C in 75 mTorr O,
suggests that all carbon is removed from the surface of these
catalysts after annealing. PXRD (Figures S11—12B,D,F and S15
and Table S2) and HRTEM (Figure S16) suggest that during
the annealing treatment, the mean size of the crystallites
increases by as much as 1 nm, presumably through an Ostwald
ripening or oriented agglomeration process.> Energy dispersive
X-ray spectroscopy (EDS) confirms that the average transition
metal substitution is between 8 and 14 mol % (Figure S17 and
Table S2), which is verified by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Table S2). Percent

substitution as determined by EDS with a typical experimental
uncertainty of 10% in the measured values is in reasonable
agreement with the values determined by ICP-AES. Since
making Cu,Ce,_,0,_, with percent substitution y greater than
10% leads to the formation of multiple phases, we set the limit
of substitution for all transition metal samples to y = 10%.
Identification of the Local Structure of Transition
Metal lons in My Cey90,_,. In order to identify the local
atomic structure of these catalysts, especially of the redox-active
transition metal centers, we turned our attention to X-ray
absorption spectroscopy (XAS). The general features of the Ce
Ly-edge spectra (Figures 4A,B and S18—20A,B and Tables S4
and SS) are similar to that of nanocrystalline CeO,, indicating
that the local coordination and oxidation-state of cerium is
maintained in M, ;Ce(50,_,. In the XANES region (Figure 4A
and S18—20A) the intensity of the white line at 5729.6 eV
decreases for all M;,Ce(40,_, and 3 nm CeO, compared to
bulk (5 um) CeO,, which can be attributed to the decrease in
covalency between Ce(4f) and O(2p) found as the particle size
of CeQ, decreases.”" Importantly, the intensity of the shoulder
at 5724.5 eV, which is attributed to surface Ce**,*' does not
change with transition metal substitution. Also noteworthy is
that the magnitude of the scattering path (R = 23 A)
corresponding to the first coordination shell in the EXAFS
(Figures 4B, S18—S20B and Tables S4 and SS, representing
eight-coordinate cerium in CeQ,) is lower for M;,Cey40,_,
and CeO, nanoparticles than for bulk (5 ym) CeO,. Along
with this, we found that the magnitudes of the next-nearest
neighbor scattering paths (Ce—Ce and Ce—O distances,
respectively, R = 3.9 and 4.6 A) also decrease slightly with
transition metal substitution (Figures 4B, S18—S20B and Table
S4). These results, which we also found for 3 nm CeO,
nanoparticles, support the formation of higher concentrations
of undercoordinated surface CeO, sites with decreasing particle
size, which is in good agreement with previous work on CeO,
nanoparticles.31 It should noted here, as a caveat, that the
analysis of the EXAFS of Ce Ly spectra of materials based on
CeO, is rather tenuous.®" The fact that the spectra exhibit two
white lines suggests, as has previously been discussed at
h,*>** a many-body electronic ground state in CeO, (ie,
one which exhibits substantial configuration interaction
between multiple electronic configurations). Therefore, the
one-electron theory often used in EXAFS simulations®* does
not apply to such oxides. Furthermore, since both the mean
squared displacement (¢*) and scattering path degeneracy (N)
contribute to the magnitude of the EXAFS, a rigorous
determination of coordination number could not be accom-
plished without temperature-dependent studies. The lower
intensity magnitudes in the EXAFS are likely due to a
combination of smaller values for N (as in Table S4) and
larger values for ¢ (as in Table SS), both of which are
consistent with aliovalent substitution into the CeQO, lattice.
This comparison of the Ce Ly-edge XAS spectra confirms
that the local geometric and electronic structure of Ce in
M,,Cey90O,_, remains unaltered compared to CeO, nano-
particles. This assertion is further supported by spectra at the
oxygen K-edge (Figure SA). Spectra for Cuy;Cey50,_, are
identical to unsubstituted 3 nm CeO,, exhibiting peaks at 533.7
eV without features at lower energies, which reflects that the
local density of states around the oxygen ligands is
predominantly unperturbed compared to CeO,. In contrast,
the O K-edge spectra for YBa,Cu;0,_s (YBCO) and KCuO,
exhibit peaks at 532 eV. The peaks at 532 eV are assigned to
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Figure 4. Cerium Lyj-edge and transition metal K-edge XAS spectra for annealed CeO,, Cug;Ce0,_, and Fe,;Cey0,_, samples. (A) Cerium Ly-
edge XANES spectra and (B) the magnitude of the k*-weighted Fourier transform of the EXAFS of Cuy;Ce50,_, (purple), Fey;Ceys0,_, (green)
and ceria references. (C) Iron K-edge XANES spectra and (D) the magnitude of the k*-weighted Fourier transform of the EXAFS of Fe,;Ce;,0,_,
(green) and relevant iron oxides. (E) Copper K-edge XANES spectra and (F) the magnitude of the k*-weighted Fourier transform of the EXAFS of
Cuy,Cey90,_, (purple) and relevant copper oxides. Ce Ly-edge spectra were collected in transmission mode, while Cu and Fe K-edge spectra were
collected in total fluorescence yield mode. Lighter traces in (B), (D) and (F) are results of EXAFS fitting (see Tables SS and S6).

transitions into holes in the 2p band of oxygen, an indication of
charge-transfer in formally trivalent copper compounds.***°
Any contributions from oxygen ligands associated with Cu ions
to the XAS spectrum either share features with the spectra of
CuO or CeO, or are too low in intensity to be distinguished
from the spectrum of CeO,.

The transition metal K-edge XAFS spectra for My;Ce40,_,
are presented in Figures 4C—F and S18—20C,D. Analysis of the
edge-shift in the XANES region (Figure S21) suggests the
presence of formally trivalent transition metal substitution. In
addition, EXAFS fitting (Figures 4D,F and $19—20D and Table
S6) indicates that the transition metal ions incorporate into the
lattice of CeQ, either as isolated ions or as small oxide clusters
rather than form extended MO, phases. Using the binary
transition metal oxides (Fe,O;, Co;0, and NiO) as starting
models for EXAFS fitting (Table S6), we found that oxygen
coordination around the transition metal was significantly
smaller (~4) than expected for the binary oxides (6).
Additionally, the number of nearest neighbor transition metal

centers was found to be much smaller (<1) than expected for
extended crystalline MO, phases. It should be noted that the
model did not fit the low-magnitude data well after apparent
distances longer than 3 A, which suggests a spatial averaging of
several different secondary coordination sphere configurations
in the CeO, host lattice. These data show that our synthetic
approach is generalizable; a comparison of the intrinsic
properties as a function of transition metal substitution is
meaningful as the M;,Ce(,0,_, powders are free from any
“bulk” transition-metal-oxide impurity phases.

The Cu K-edge XAS spectra of Cuy;Cey0,_, show some
surprising features in Figure 4EJF. The edge position for
Cuy,Ce90,_, is a full 3.2 eV higher than that of CuO, which
indicates a formal valence higher than 2+ (a mixture of 2+ and
3+, Figure 4E). Indeed, the edge energy (taken as the energy at
half step-height) corresponds to a formal oxidation state of 2.9+
when fit to a calibration curve of the edge energies of copper
oxide references (Figure S21). The weak pre-edge feature at
8977 eV corroborates the presence of Cu*; this feature
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Figure 5. Oxygen K-edge and copper Ly j;-edge XAS spectra, collected
in partial fluorescence yield mode, for annealed Cuy,Ce(40,_,. (A)
Oxygen K-edge XAS spectra and (B) copper Ly j-edge XAS spectra of
Cug;Ceo0,_, (purple) and reference oxides. Dashed gray lines
represent charge-transfer multiplet satellites for Cu®*.

corresponds to the quadrupole-allowed 1s — 3d transition,
necessitating an unfilled 3d manifold for Cu.”’ It should be
noted here that the calculated valence of +2.9 should be taken
as an upper bound, as transition metal K-edge XAS mainly
probes the dipole-allowed 1s — 4p transition and hence does
not give direct information about the unfilled 3d states of
copper. A more suitable method would be transition metal L-
edge XAS (vide infra), which probes the 2p — 3d transition.

Fitting the EXAFS to a cluster model of CuO (Figure 4F and
Table S6), the dominant Cu—O bond distance was found to be
1.93 A, which is intermediate to the values for KCuO, (1.85 A
fit here and 1.83 A from neutron diffraction studies*®) and CuO
(1.95 A), which suggests a 20% contribution of Cu’* to the
EXAFS of Cuy;Ceyy0,_,. Additionally, the magnitudes of the
next-nearest neighbor Cu—Cu peaks (indicating edge and
corner sharing square-planar CuO, motifs) are greatly reduced
in Cug;Ce(40,_, (0.6) compared to crystalline CuO (8) as was
the case for the other transition metals. This observation
suggests the incorporation of Cu ions into the lattice of CeO,
and not the formation of a separate, amorphous CuO phase as
discussed previously.'> Our DFT + U calculations show that
phase separation of bulk Cuy;Ceyo0,_, into stoichiometric
CeO, and CuO is exothermic by 2.4 electron volts (Table S7),
suggesting that our synthetic route affords the formation of a
metastable solid-solution phase. These computed energies do
not take configurational entropy into account, which
necessitates further computational work on the exergonicity
of phase separation in these materials.

The presence of Cu** in Cuy;Cey0,_, is further supported
by soft X-ray absorption at the Cu L-edge. Cu Ly y-edge XAS

data (probing the transition 2p — 3d) can provide information
on the density of states of the copper 3d band. The Cu Ly -
edge XAS spectra for Cuy,Ce(y0,_, and reference compounds
(CeO, CuO, YBCO and KCuO,), collected in the partial
fluorescence yield (PFY) mode, are given in Figure SB. The
prominent local maximum at 931 eV for Cugy;Ce;0,_, has
been assigned to the 2p®3d® — 2p°3d'® transition,”” "
indicative of divalent copper centers as can be found in CuO,
YBCO and (as a minor impurity) in KCuO,. The satellite
structures found at 934.5 and 937.5 eV in the XAS spectrum of
Cuy,;Cey0,_,, indicate the presence of Cu*, as these features
are similar to those of the trivalent compound KCu(biuret),*
and other formally trivalent copper compounds.*®*' These
features are significantly lower in energy to be attributed to
transitions to the final state 2p>3d°4s' of CuO (~938.7 eV)**
and are too high in energy to be attributed to Cu® impurities
(933.7 eV for Cu,0).%*

Although further studies are required, including a rigorous
treatment of charge-transfer multiplet theory, suffice to say that
copper sites in Cug ;CeqoO,_, exist as an admixture of Cu** and
Cu’". Thus, we have demonstrated the preparation of a rare
example of an air-stable Cu®'-containing oxide. Typically, the
ternary and quaternary Cu’* oxides, such as KCuO, and YBCO,
are unstable in air.*’ For example, NaCuO, and KCuO, readily
decompose in the presence of moisture to CuO with
concurrent evolution of O,. The CeO, lattice seems to play
an important role in stabilizing copper in the trivalent state.
Previous DFT studies have also highlighted the role of
electropositive elements (in our case, Ce*) in stabilizing
Cu® in oxides.** This hypothesis is further supported by our
own DFT + U calculations.

Our DFT + U calculations show that, under our annealing
conditions, Cu exists as a mixture of Cu®* and Cu®" (Figure
6A), consistent with our XAS results. At 700 K under 21% O,,
the Gibbs energy of formation (AGy, see Experimental
Methods in the Supporting Information) for the
Cu’",Cey,05; and Cu®*,Cey,O5 slab models are nearly
identical, suggesting not only that copper exists as a mixture
of Cu®* and Cu**, but also that the Cu**/>* couple is accessible
in these materials, which may have important implications for
catalysis. Understanding the physical origin for the stabilization
of Cu’* warrants further study, but presumably it results from a
thermodynamic compromise between the copper species
favoring oxidation states lower than the isovalent case (Cu*")
and the disruption of the CeO, lattice by removal of charge-
compensating oxygen atoms for aliovalent (Cu®* and Cu’")
substitution. The optimized geometry of the Cu®*,Cey,0
model (Figure 6C) is also consistent with our EXAFS results.
We found that copper is substituted into the CeO, lattice as
square planar CuO, moieties that lie flat along the (100) lattice
plane and relax along [100] toward the (100) plane of oxygen
atoms to compensate for a shorter Cu—O bond compared to
that of CeO, (Figure 6B,C).

An important parameter to determine for oxide materials,
especially in the realm of heterogeneous catalysis, is the oxygen
nonstoichiometry (x in My;Cey0,_,), which is related to the
oxygen-ion vacancy content of these materials. The oxygen-ion
vacancy contents for the M,;Cey,0,_, compounds were
determined by TGA analysis and X-ray photoelectron spec-
troscopy (XPS) at the Ce 3d region. The results of these
measurements (Figures S22 and S23 and Table S8 of the
Supporting Information) suggest that the content of oxygen-ion
vacancies in nanoparticulate ceria is relatively unchanged with
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Figure 6. Phase diagram and local molecular structure computed for
Cu(4’”)+2Ce34O72_x models; (A) computed AGp as a function of
oxygen chemical potential for three oxidation states of copper in
Cu**,Ce;,0,,_; the local coordination of (B) Ce* in CeO, and of
(C) Cu’** in Cu**,Ces 0., as viewed down the [111] zone axis. The
pressure dependence was calculated at 700 K, with 0.21 atm O,
indicated by the dashed gray line and the model Cu*",Ce,0,, was
taken as the reference for computing AGg.

transition metal substitution, with XPS predicting an upper
bound of as much as 10%. Any disparities in catalytic behavior
are due to the electronic structure of the transition metal
substitute and not to differences in oxygen-ion vacancy content
in these M, ;Ce(40,_, compounds.

CO Oxidation Catalysis on CeO, and Cug;Ce;¢0,_,.
CO oxidation catalysis was performed on annealed 3 nm
Cuy;Cey0,_, and 3 nm CeO, nanoparticles as well as on
micrometer-sized CeQO, to examine if Cu in solid solution with
CeO, can promote CO oxidation. The experimental “light-off”
curves and Arrhenius plots for CO oxidation in oxygen-rich
conditions (1% CO, 2.5% O,) are presented in Figure 7A,B,
respectively. Introduction of aliovalent Cu ions into the lattice
of CeO, lowers the onset temperature for CO oxidation
(Figure 7A), and increases the catalytic activity by an order of
magnitude compared to CeO, nanoparticles and 3 orders of
magnitude relative to micrometer-sized CeO, (Figure 7B).
Preliminary experiments suggest that copper substitution
performs at least an order of magnitude better than the other
transition metals. Notably, Cu,;Ce(90,_, did not exhibit any
irreversible sintering or phase changes during catalysis, even
after exposure to 2.5% CO at 300 °C, which suggests that this
catalyst could meet the rigorous demand of real-world
applications of CO oxidation in catalytic converters or
respirators (Figure S24 and Table S9).

The promotion of CO oxidation kinetics with Cu in solid
solution with CeO, comes as a surprise in light of recent studies
which have proposed that the solid solution in CuO-CeO,
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Figure 7. CO oxidation catalysis on annealed 3 nm Cuy,Ce(,0,_,, 3
nm CeO, and commercial 5 yum CeO, (Sigma-Aldrich). (A) “Light
off” curves and (B) area-normalized Arrhenius plots, measured in 1%
CO, 2.5% O, balanced in He at a flow rate of 1300 mL min~' g_,,~" for
20 mg catalyst loadings.

catalysts is inactive for CO oxidation catalysis, with activities
identical to bare, micrometer-sized CeO,.'”*° Our work calls in
to question the origin of the high catalytic activity in mixed
phase CuO-CeO, catalysts (and mixed-phase ceria-based
catalysts in general), which have traditionally been attributed
to the interface of crystalline CuO particles with
CeQ,, 1319204546 4nd therefore offers a new paradigm for
the design of CeO,-based catalysts.

While the mass-normalized rate of CO oxidation found here
for Cuy;Cepo0,_, (0.1 pumol CO s™' g, ' at 35 °C) is
significantly smaller than those found under similar conditions
for state-of-the-art gold-based catalysts (2.5 and 2.9 yumol CO
s g " for Au/TiO,"” and Au/ Ce0,,* respectively), they are
comparable to optimized CuO-CeO, catalysts (0.12 gmol CO
s7! gt at 45 °C).* Additionally, the as-synthesized
Cuy,Cey90,_, nanoparticles are extractable in nonpolar
organic solvents and hence are particularly suitable for
postsynthetic modifications, such as exotemplating,* that
would increase the surface area of these materials (and hence
their mass-normalized activities) for applications in CO
oxidation.

The enhanced activity of CeO, nanoparticles relative to
micrometer-sized CeO, is in agreement with previous work.*®
The origin of such structure sensitivity has been investigated
previously, where it was found that CeO, catalysts with exposed
{001} and {110} facets give significantly higher rates for CO
oxidation than catalysts with predominantly {111} termina-
tion.>® In the present case, the activity enhancement is likely
due to a higher concentration of reactive {001} facets in the
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nanostructured CeO, (e.g, Figure S13B,CD) compared to
micrometer-sized CeQ,, where the low-energy {111} facets are
more predominant.>’ This strategy has been exploited, for
example, for CO oxidation on gold catalysts where researchers
found a two-order of magnitude increase in activity when
employing nanostructured CeO, over micrometer-sized
CeO,."®

The synthetic strategy adopted here thus decouples geo-
metric effects (dispersion, crystallite size) from intrinsic,
electronic effects in catalysis, thereby paving a way to develop
design descriptors based on the electronic structure of these
materials for heterogeneous catalysis. Apparent rates for CO
oxidation are functions of the size and shape of the catalyst
particles, the dispersion of the active sites on the surface and
the intrinsic activity of each active site. The bottom-up
synthetic approach outlined here enables the study of the
intrinsic activity of these solid solutions as a function of their
electronic structure and transition metal substitution. The
correlation of catalytic activity with the electronic structure of
these catalysts will be explored in future studies to search for
activity descriptors and potentially establish design guidelines
for the development of next-generation CO oxidation catalysts.

B CONCLUSIONS

In summary, we have presented a simple and generalizable
route for the preparation of monodisperse nanoparticles of
transition-metal-substituted ceria (M,;Ce90,_, M = Mn, Fe,
Co, Ni and Cu). Unlike preparations of similar catalysts by
conventional methods, the monodispersity in size and shape, as
well as the purity of the resulting single-crystalline
M,,Cey90,_,, is well controlled by the solution-based pyrolysis
of heterobimetallic Schiff base complexes. To the best of our
knowledge, such synthetic control has not previously been
demonstrated for such a broad range of transition metal
substitutes and has implications not only for the design of novel
catalysts but also for the accurate interpretation of catalytic
trends and active sites in heterogeneous catalysis. As
synthesized, single-crystalline M,;Ce;90,_, materials are
soluble in nonpolar organic solvents and, as such, can be
further processed into hierarchical assemblies,'" thin films and
devices. The bulk and local atomic structure were verified by
PXRD, HRTEM and XAS, which suggest that the aliovalent
transition metal ions substitute completely into the CeO, lattice
with truncated octahedral crystalline habits and exposed {100}
and {111} facets.

Steady-state CO oxidation catalysis on Cuy,Ce(o0,_, reveals
that the aliovalent copper ions incorporated into the CeO,
lattice are responsible for an increase in catalytic activity by an
order of magnitude compared to nanocrystalline CeO,. We also
found that nanocrystalline CeQ, is 2 orders of magnitude more
active than bulk CeO,. These results justify the bottom-up
synthetic approach we employ here, where geometrical effects
in catalysis are decoupled from purely electronic effects, by
comparing surface-area-normalized catalytic rates of substituted
CeO, of nearly identical size and crystalline habit. These results
suggest a new paradigm for the design of CeO,-based catalysts
while simultaneously allowing for systematic correlations
between the electronic structure of M,;Ce,,0,_, and catalytic
activity. Notably and in opposition to previous reports
suggesting Cu’ or Cu®" to be the active sites for
catalysis,” 161752 XAS studies on the Cuy;Ceyo0,_, catalyst
reveal that copper exists as an admixture of Cu** and Cu®*
species. These results report, to the best of our knowledge, the

first instance that Cu®* has been implicated in the mechanism
for CO oxidation on CuO-CeO, catalysts, and, as such,
demonstrate that considerable care must be exercised when
making claims about the active site for mixed-phase
heterogeneous catalysts. The origin of this stabilization of
Cu’* and its connection to the high catalytic activity of
Cuy;Ce(0,_, warrants further studies, but we hypothesize
that the higher activity is due to the accessible Cu®*/Cu** redox
couple in Cuy;Cey,0,_,.
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