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ABSTRACT

A reverse Monte Carlo analysis of neutron and x-ray total scattering data from two ceria-zirconia samples of composition Ce75Zrp250;
is performed to analyze the distribution of cations and to examine the possibility of oxide-ion disorder. For the first material, heated
in air under moderate conditions (800 °C), the structure is a single-phase solid-solution with the statistical distribution of cations, but a
local tetragonal symmetry is found, consistent with the different coordination preferences of Ce and Zr. For the second material, heated
under H; at 1050 °C followed by reoxidation at 400 °C, the structure shows a considerable disorder, with evidence for oxygen intersti-
tials (Frenkel-ion defects) and a non-statistical distribution of cations with significantly higher concentrations of like-like cation nearest
neighbors, highlighting the existence of cation-rich nano-domains. The results highlight the dynamic nature of this solid-solution, with struc-
tural evolution upon thermal treatment, which is of relevance to understanding its stability under redox catalytic conditions in practical
applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0139567

l. INTRODUCTION shift, steam reforming,” oxidation of volatile organics,® soot oxi-
dation,” and thermochemical water splitting.® The defect chemistry

Mixed oxides of cerium and zirconium have long attracted of CeO, (ceria) itself is well known to be important in tuning its
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attention because of their use in heterogeneous catalysis." These
applications utilize considerable oxide-ion mobility in the solid state
coupled with reversible redox chemistry between Ce** and Ce**,
together giving an oxygen storage capacity.” Most notably, this is put
to use in the three-way catalytic converter for remediation of pol-
luting emissions from the combustion engine,’ but oxides of cerium
have an extensive range of catalysis applications where they are com-
monly used as a support for precious metals, including in water-gas

properties,” while the role of zirconium is to replace Ce** with an
isovalent cation without lowering the oxide content and to give a
local distortion in the structure due to the size mismatch of the
ions that introduces a high lattice strain: this is established to be the
origin of enhanced oxygen storage capacity and is accompanied by
enhanced thermal stability.'

The replacement of Ce** by Zr** is one of the most widely
studied substitutions used to tune the properties of ceria, and a
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ceria-zirconia phase diagram is well established. A complete sub-
stitutional series, Cej—xZrxO>, is possible from cubic cerium-rich
compositions with x < 0.5, to tetragonal zirconium-rich phases
with x > 0.5, and to monoclinic for the most zirconium-rich
materials, x > 0.88.” These are equilibrium crystal structures for
materials prepared at high temperatures, and an effect of crystal-
lite size on the stability of various phases has been proposed. It
should be noted that any degree of tetragonality may be small
for x < 0.5 and can also be difficult to detect when a diffrac-
tion profile is broadened due to the small crystal domain size,
giving rise to pseudo-cubic materials.'!' A phase separation on
extended heat treatment may take place,'” and conceivably, the local
atomic arrangements of cations may evolve with use, where sam-
ples are exposed to conditions ranging from oxidative to reductive
at elevated temperatures. The operating temperature in a catalytic
converter is typically 400-600°C and commonly reaches higher
values.'”’

Analysis of the onset of phase separation in solid solutions of
oxides requires techniques beyond the conventional analysis used in
the laboratory, and the analysis of pair distribution functions (PDFs)
is becoming an established method for probing issues around local
vs long-range order, making use of scattering data measured across
a wide range of momentum transfer, which, when Fourier trans-
formed, yields radial distribution functions that contain information
about all atomic pairs, irrespective of any crystal symmetry.'* The
method is especially powerful when the PDF is analyzed along-
side the Bragg diffraction to yield a structural model that reconciles
short-range and long-range order, so-called total-scattering analysis.
Previous PDF studies of cerium oxide and cerium-zirconium mixed
oxides have been reported in the literature. Most of these works use
a crystal-structure-based analysis to build models that match the
measured PDF, with refinement of atomic displacements to opti-
mize the fit. For example, Mamontov and Egami studied CeO; using
neutron-derived PDFs and detected the presence of interstitial oxy-
gens that were removed upon annealing at high temperatures.'” In
the case of Y- and Gd-substituted ceria, Ferrero and co-workers used
the PDF method to show that the local environment of the mixed
oxides could be reconciled using biphasic models, reflecting the dif-
ferent coordination preferences of the two cations.'”'” The reverse
Monte Carlo (RMC) method, which produces large-box atomistic
models without explicit symmetry constraints,*"” has previously
been applied to PDFs derived for pure CeO;. This includes a highly
crystalline sample with little deviation from the average structure,”
a material whose oxide-ion defects were found to be preferentially
clustered,”’ and a nanoparticulate sample where the box used for
modeling could simulate the concentration of defects at the sur-
face.”” In the case of ceria—zirconia, Mamontov et al. studied a sam-
ple of composition Ceg5Zro50; using neutron PDFs and concluded
that the material consisted of ~25-30 A domains of Cep4ZrosO; in
a matrix of Ceg7Zro30,.”*

In this paper, we take the analysis of cerium-rich ceria-zirconia
materials to a higher level of detail than previously reported, using
RMC analysis to examine issues of both oxide disorder and cation
segregation, as well as the deviation from the highly symmetri-
cal fluorite structure. In the case of cation distribution over the
average face-centered cubic lattice, we use a statistical Clapp config-
uration analysis (previously adopted for binary metallic alloys)”"*
to explore the occurrence of preferred arrangements of Ce and Zr.

ARTICLE scitation.org/journal/apm

Two samples are studied, produced by taking an identical material
and heating it under two different conditions.

Il. EXPERIMENTAL DETAILS
A. Samples

The material with composition Ceg 7521250, was provided by
Johnson Matthey and was then treated under two different condi-
tions. One sample was prepared by heating in air at 800 °C, while
the second was treated with high temperature reduction at 1050 °C
for 4 h under a reducing atmosphere using pure H, gas, followed by
a mild oxidation at 400 °C in air for 2 h. This reduction-oxidation
was chosen to mimic the conditions of temperature programmed
reduction under hydrogen, which is used to assess redox properties.

B. Neutron total scattering

Neutron total scattering data were acquired on the Polaris
instrument beamline at the STFC ISIS Neutron and Muon Source,
Rutherford Appleton Laboratory, UK.** Polaris is a high inten-
sity, medium resolution powder diffractometer with five fixed angle
detector banks covering a wide range of scattering angles between
6.7° and 167.4° 20. The Polaris instrument routinely achieves an
accessible Qmax of 40 Al with50 A7t being achievable with suitable
samples, and for this reason, it is commonly used for total scattering
experiments.

The samples were ground to ensure a fine powder, and 3 g of
the air-heated sample and 5 g of the reduced-oxidized sample were
separately loaded into 8 mm vanadium cans. The filled vanadium
cans were then affixed onto an automatic sample changer and placed
into the Polaris detector tank before the tank was evacuated. Data
were collected under vacuum in eight 300 gAmps (~1 h) scans. Raw
data were processed using MantidPlot.”’

Total scattering data reduction and processing to generate the
pair distribution function was performed using GudrunN* using all
five banks of data from Polaris from 8 x ~1 h data collections. A
Qmax of 33.5 A™! was found to be the highest usable data due to
the poorly crystalline nature of the sample fired in air; for consis-
tency, the reduced-oxidized sample was also processed using a Qmax
of 335471

C. X-ray total scattering

X-ray total scattering data were acquired on the 115-1 XPDF
beamline at the Diamond Light Source, Rutherford Appleton Labo-
ratory, UK.”’ Small volumes of the sample were loaded into 0.1 mm
quartz capillaries with a 0.01 mm wall thickness before being manu-
ally loaded into the beamline and aligned using a motorized sample
stage. Data were collected using a 2D Perkin Elmer detector, with
raw diffraction data processed into 1D diffraction patterns auto-
matically using the DAWN (Data Analysis WorkbeNch) software at
the Diamond Light Source.”” GudrunX was used for total scattering
data reduction and processing to obtain the X-PDF patterns for the
studied samples.”®

D. RMC Analysis

RMCProfile was used to analyze the PDFs using big box mod-
els.’’ The RMC starting models for both samples discussed in this
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paper were generated on the ideal fluorite structure with composi-
tion Ceq75Zro250, based on general agreement from the neutron
Bragg refinements. 12 x 12 x 12 supercells with an edge length of
~64 A and a diameter of ~111 A based on the Bragg refined lattice
parameters were chosen as a suitable box size. Atom to atom min-
imum distance constraints were included with values based on the
experimentally observed PDFs: 1.95 A for M—O distances and 3.30 A
for M-M distances. Additional oxygen-like vacancies were included
in the final model for the reduced-reoxidized sample, which was
driven primarily by unrealistic atomic migrations toward the unoc-
cupied interstitial site (4b, 0.5, 0.5, 0.5, and m3m) indicated in early
RMCProfile models of the system. The inclusion of oxygen-like
vacancy sites enabled oxygen atoms to swap between the oxide occu-
pied 8c sites and the interstitial 4b sites. In both models, any iteration
of the RMC random move had a probability of swapping a Ce and
Zr of 0.2; for the reduced-reoxidized sample, an additional atom
swap between oxygen and oxygen-like vacancies had a probability of
0.1; and all other RMCProfile iterations resulted in an atomic move.
RMCProfile version 6.7.8 lacks a sufficient crystallite size function,
so the crystallite size dampening envelope function from PDFgui
was employed and inverted to enhance the raw data. This correction
was applied to the G(r) data prior to use with the RMC model.

To describe the local ordering of Ce and Zr in the large box
RMC models, analysis was carried out using the Clapp configura-
tions”* and the quantification described by Owen et al.”* Each Ce/Zr
atom is considered in turn, and the arrangement of the 12 nearest
neighbors in the fcc structure is characterized according to the num-
bering system described by Clapp.”> The occupation of each local
configuration is counted, and an enhancement factor is calculated.
The enhancement factor provides a measure of the number of stan-
dard deviations the observed number of configurations is away from
the expected number of configurations predicted for a random dis-
tribution of atoms in the system. The Clapp configurations shown in
this work are reported as the mean enhancement of 100 RMCPro-
file runs in order to eliminate spurious configurations. This analysis
was afforded by the exclusion of the oxide ions, considering only the
cation lattice, which is in an fcc arrangement in the Ceg.75Zrp.250;
materials studied.

E. Other characterization

Raman spectroscopy data were collected via the Warwick
Spectroscopy Research Technology Platform on a Renishaw inVia
Raman microscope equipped with a 514 nm DPSS laser.

Laboratory powder x-ray diffraction data were collected via the
Warwick x-ray Diffraction Research Technology Platform using a
Panalytical X-Pert Pro equipped with a Cu Ka; focusing Johansson
monochromator on the incident beam. The average data collection
was between 10° and 120° 26 over a 12 h (overnight) scan duration.

Temperature programmed reduction (TPR) was measured by
the thermal conductivity of 10% H, in N; at a flow rate of 30 ml
min~" before and after contact with a 0.05-0.10 g sample as a func-
tion of temperature. A trap after the sample was used to absorb
the water created by H, oxidation. The temperature was increased
linearly as a function of time. In order to quantify accurately the
hydrogen consumption, a known quantity (1 ml) of N, was injected
into the H,/N; gas stream before the experiment began to create

ARTICLE scitation.org/journal/apm

a calibration peak. The quantification of H, consumption was car-
ried out by the integration of the TPR profile as a function of time,
and the results are presented as the amount of H atoms oxidized per
gram of sample, mmol(H) g™*, which can be related to the fraction of
cerium atoms reduced. The error is estimated to be +5% for the total
H, consumption in these measurements. Temperature programmed
oxidation after the reduction of the samples showed that reoxidation
readily takes place around 200 °C.

I1l. RESULTS AND DISCUSSION
A. Air-heated Cep.75Zro 2502

Based on the existing phase diagrams of cerium-zirconium
oxides Ce;—_xZrxO,, the x = 0.25 composition is expected to adopt
the cubic Fm3m space group.” Laboratory x-ray powder diffraction
was used to confirm that this was the case for our air-heated sample
and that no phase segregation or crystalline impurities were present.
A Rietveld refinement of the Fm3m model is shown in Figs. 1(a) and
1(b), and it shows a satisfactory match to the observed x-ray and
neutron diffraction data (wR = 2.37%), and the refined parameters
of this fit are shown in Table I. Oxygen site occupancy was refined
and found not to deviate from the ideal stoichiometry; hence, it was
fixed at 1. A broad feature was observed in the neutron diffraction
data at ~2.2 A, which would match the expected position for the for-
bidden 210 reflection. While the most intense Bragg reflection from
the vanadium metal sample is also expected at around this d-spacing
value, a small peak is visible above the background at 2.15 A, con-
firming that the broad feature observed at ~2.2 A is not this. As a
result of this observation, we suggest that some order resembling
the tetragonal P4,/nmc space group, usually observed in the 50:50
composition or Zr rich compositions for cerium-zirconium oxides,
may be present. The lower symmetry of the tetragonal P4,/nmc
space group allows for two key differences in the atomic structure
compared to the Fm3m model. The first is an independent c lat-
tice parameter, although here the observed diffraction is relatively
broad, and no reflection splitting was observed, showing that the
bulk average structure remains in a cubic-like arrangement. The
second most important key difference afforded by the lower sym-
metry of the P4,/nmc space group is the variable z coordinate of
the oxygen site that allows it to sit slightly off the idealized cubic
site, leading to two marginally different M—O bond distances (2.29
and 2.34 A for the Ceg.75Zr9.250; sample discussed here). This gives
some degree of asymmetry for the oxygen atoms, which is forbid-
den in the cubic space group. Cerium zirconium oxide materials
with nominally cubic lattice arrangements with oxygen z coordi-
nate displacement are also known as the pseudo-cubic phase or the
t""-Ce1—xZrxO, phase.”

Figures 1(c) and 1(d) show the observed x-ray and neutron
data and the Rietveld calculated P4,/nmc fits of the Ceo.75Zro250;
material fired in air at 800 °C, and the refined parameters are shown
in Table II. The model matches the observed data well with a wR
value of 2.22%, which is a marginally better fit than that of the Fm3m
structure. The visual fit across all banks is also slightly better for
the P4,/nmc description, and although this may correlate with the
expected outcome when adding additional parameters to any model,
the analysis of total scattering described below and the diffraction
from the second sample support the view that this tetragonal sym-
metry is the best description of the sample. It can be seen that the
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FIG. 1. Rietveld refinement of the crystal structure of Ceg.75Zrp 250, heated in air at 800 °C Leﬂned simultaneously against five banks of powder neutron diffraction (Polaris)
and laboratory x-ray data (Cu Ka1): (a) Fm3m model neutron data (Polaris Bank 3), (b) Fm3m model x-ray data, (c) P4,/nmc model neutron data (Polaris Bank 3), and (d)

P4,/nmc model x-ray data.

tetragonal distortion of the unit cell is small, with an a/c ratio close
to the ideal cubic value of 0.7071, so we refer to this model as the
“pseudo-cubic model,” consistent with the t” ceria zirconia phase in
the literature, noting that it maintains the extra degree of freedom in
the oxide-anion position.

Figure 2 shows the fit of the pseudo-cubic model to the neu-
tron pair distribution function using a single unit cell and the
atom sites derived from the crystallographic constraints. The refined

TABLE I. Refined parameters for Ceg 75Zrg.250; using the face centered cubic Fm3m
space group, a = 5.3458(1) A. Calculated density: 7.0471 g/cm® wR = 2.37%.

parameters are available in Table S1. This shows a good match to the
long-range order, but the short-medium range order shows a sig-
nificant mismatch in the <10 A region, highlighting that the local
structure of this material cannot be described by the long-range
average structure. To better understand the local structure, reverse
Monte Carlo modeling was undertaken using the neutron total

TABLE II. Refined parameters for Ceq 75Zrg 250, using the tetragonal P4,/nmc space
group in the second origin: a = 3.7802(6) A, ¢ = 5.3436(16) A, alc ratio = 0.7074 (ideal
cubic ratio = 0.7071). Calculated density = 6.954 g/cm®, oxygen “displacement” from
cubic z coordinate = 0.0134, and wR = 2.22%.

Atom  Symmetry  x y z Uiso (A%)  Occupancy Atom Symmetry x y z Uiso (A%)  Occupancy
Ce m3m 0 0 0 0.0080(1) 0.75 Ce —4m2(z) Y+ -4 1/4 0.0045(1) 0.75
Zr m3m 0 0 0 0.0080(1) 0.25 Zr —4m2(z) s+ —1a 14 0.0045(1) 0.25
0 —43m Vs Ys o Ys o 0.0177(1) 1 0 mm2(z) Ys s 0.4866(3) 0.0095(2) 1
APL Mater. 11, 031113 (2023); doi: 10.1063/5.0139567 11, 031113-4
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FIG. 2. Neutron pair distribution function D(r) of Cey75Zrp250; heated in air at
800 °C and the calculated pattern from the pseudo-cubic structure. The left panel
shows an expanded view of the low r region.

scattering data, with simultaneous fitting of the model against both
the Bragg diffraction pattern and the PDF. The starting model used
was based on the cubic structure with space group Fm3m to generate
212 x 12 x 12 supercell (edge length = 64.175 A) containing 20 736
atoms. The cubic model was chosen so as not to bias our conclu-
sion of local structural distortions allowed by the average structure
having a tetragonal space group. An inverse crystallite size function
was applied during the fitting to correct for the r-range dampen-
ing observed using a crystallite size of ~90 nm. Figure 3 shows the
final atomic configuration achieved after 1802176 accepted moves

(b)
\& #

L.

FIG. 3. Final RMC derived atomic configuration for Ceq75Zrg 250, heated in air at
800 °C. (a) RMC generated a supercell containing 20 736 atoms. (b) Supercell
collapsed into a single fluorite unit cell, viewed parallel to a single face. (c) Per-
spective view: yellow = cerium, gray = zirconium, and red = oxygen. (d) View of
the single unit cell of the initial model: red = regular oxygen site and white = metal
site.
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and 23312.77 s, while Fig. 4 shows the fits achieved to the Bragg
scattering and neutron PDF.

Several approaches were used to analyze the large number of
atoms present in the derived configurations of atoms. Figure 5(a)
shows a histogram of atomic displacements from the initial crystal-
lographic sites for each atom type. It is observed that the Ce appears
to be marginally more displaced compared to Zr, with nearly all Zr
displacements being smaller than 0.3 A, while the Ce displacement
is still evident to be 0.4 A.

In the original Fm3m model, all four cation sites and all eight
oxygen sites are equivalent; however, as the RMC model is generated
with no symmetry constraints, each of these equivalent sites becomes
independent, and so, for the purposes of analysis in this study, each
is assigned a “Primitive Site ID” number. Primitive (P1) site IDs 1-4
are the symmetrically equivalent Ce/Zr occupied 0, 0, 0 m3m site,
and P1 site IDs 5-12 are the symmetrically equivalent /4, 1/4, 1/4,
-43m O occupied site of the original Fm3m structure. P1 site IDs
and ideal atomic coordinates are shown in Table S2. The occupancy
histograms, Fig. S1, show that, consistent with the average structure,
all four cation sites are approximately Ce = ~75% and Zr = ~25%,
with no evidence of any cation order. Due to the model being built
with full oxygen occupancy (assumed for charge balance and con-
sistent with the Rietveld analysis), analysis of the occupancy of the
eight oxygen sites was not informative in this system.

Figure 5(b) shows the histograms of the nearest cation neighbor
species and distance for both cation types. The cation species and the

(a ) x  Data

Intensity / a.u

0.5 1 15 2 25 3 3.5

2 25 38 5 10 15 20 25 30
r/A

FIG. 4. Datasets and calculated patterns from the RMC generated 12 x 12 x 12
supercell for the air-heated sample. (a) Powder neutron diffraction acquired on
Polaris Bank 3. (b) Neutron pair distribution function, with the left panel showing
the low r region.
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FIG. 5. (a) Histogram of atomic displacement counts by species for the air-heated sample. Counts: Total = 20 736; Ce = 5184; Zr = 1728; O = 13 824. Displacement
distance is measured from the Fm3m idealized coordinate. Top: all displacements by atomic species. Middle: cation (Ce, Zr) site displacements by atomic species. Bottom:
anion (O) site displacements by atomic species. (b) Histogram of the nearest neighbor cation count and distance by species, for the same sample. The red line shows the
expected intensity profile for a single distribution, which is compositionally defined. Top: Zr-Zr and Zr-Ce. Bottom: Ce—Ce and Ce—Zr.

magnitude of interatomic distances between each of these pairings
match the statistically expected values for a solid solution. Combined
with the atom site occupancy information discussed above, this indi-
cates that, on average, there is no specific ordering of cations on each
symmetrically equivalent site and no clustering of cations across
nano-sized regions of the model. In summary, this paints the pic-
ture that this model fits the classical description of a solid-solution
material with no local ordering of cations present.

To further test this idea, Fig. 6 shows a representation of the
relative local structure of the cerium and zirconium fluorite lat-
tice undertaken via Clapp configuration analysis.”” This is possible
because, by ignoring the oxygen atoms, the cation sublattice can be
visualized as though it were a binary alloy. In an fcc binary sys-
tem, there are 12 atoms in the nearest cation neighbor shell, and
with the inclusion of the central atom, there are a total of 144 pos-
sible symmetrically unique arrangements for these 13 atoms. Each
of these so-called Clapp configurations™ is labeled with a positive
or negative integer based on whether the shell consists of primarily
“like” or “unlike” atoms, respectively, relative to the central atom.
Labels close to 0 represent configurations with large numbers of like
(positive) or unlike (negative) atomic neighbors. For example, the
Clapp configuration C1 represents a case where all 12 nearest neigh-
bors are the same species as the central atom, and configuration
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N
T
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FIG. 6. Clapp configurations determined from the 12 x 12 x 12 RMC-refined
supercell for the air-heated sample, with configuration counts normalized to the
statistical probability of occurrence and plotted in predicted standard deviations
away from the statistical probability of occurrence.
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C-1 is the inverse situation where all 12 neighbors are not the
same as the central atom. (For clarity, there is no configuration
labeled 0.) The abundance of each Clapp configuration in the RMC
model was determined, and an enhancement factor was calculated.**
The enhancement factor () provides a measure of the number of
standard deviations (o) the calculated abundance of a particular con-
figuration (x) is away from the expected abundance () with § = =£
within a particular configurational setup. These enhancement fac-
tors, as plotted in Fig. 6, show that for this material, all 144 possible
configurations (for the fcc structure) match closely to the stoichio-
metrically predicted probability of occurrence (EF = 0 baseline), as
is expected in the case of a statistically homogeneous solid solution

with a compositionally average local structure.

B. Reduced-oxidized Ceq75Zrg 2502

The data analysis of the reduced-oxidized sample was per-
formed using the same approach as for the air-heated sample, but

(a) )
Fm-3m
S Wt. Diff. | -
=
®©
>
{ o=
L
£
EDMMHHW | I [ |
S
3 0
5
0.5 1 15 2 25 3 35
d spacina / A
_t ]
©
=
{
2
£
T ‘ ]
10[ : ‘ M1 ] I . . . : ]
o
B 0
-10 b ! ‘ ! ! ! !
0.5 1 1.5 2 2.5 3 3.5
d spacing / A

scitation.org/journal/apm

since greater structural deviation was detected from the ideal model
(see below), an additional dataset was included to aid the RMC
analysis, namely, a PDF derived from x-ray scattering. As with the
air-heated sample, the Bragg diffraction pattern, Fig. 7, is consistent
with a single-phase material with cubic symmetry. No peak splitting
is observed. However, due to the relatively sharper reflection profile
after the additional heated treatment, the FCC forbidden 210 reflec-
tion is clearly observed in the weighted difference plot of Fig. 7(d),
seen as a broad feature at 2.2 A, slightly overlapping with the sharp
vanadium reflection at 2.15 A. As described for the air-heated sam-
ple above, this reflection can be assigned as the 210 reflection of the
tetragonal P4,/nmc space group, as expected for the pseudo-cubic t”
phase of Ce;_xZrO, when x » 0.5. As with the air-heated sample dis-
cussed above, the Fm3m model fit (WR 3.68%) gave a slightly worse
fit to the observed data than the P4,/nmc model fit (WR 3.44%), Fig. 7
and Tables I1T and IV. Oxygen site occupancy was refined and, as
with the other material, was found not to deviate from the ideal
stoichiometry and, hence, was fixed at 1.
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FIG. 7. Rietveld refinement of the crystal structure o_f Ceq.75Zr9250, after reduction—reoxidation reﬂged simultaneously using five banks of powder neutron diffraction data
(Polaris) and laboratory x-ray data (Cu Ka1): (a) Fm3m model neutron data (Polaris Bank 3), (b) Fm3m model x-ray data, (c) P42/nmc model neutron data (Polaris Bank 3),

and (d) P4,/nmc model X-ray data.
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TABLE III. Refined parameters for Ceg75Zrg250, using the face centered cubic

Fm3m space group, a = 5.33935(5) A. Calculated density = 6.977 gicm®; wR =
3.68%.

Atom  Symmetry X y z Uiso (A7) Occupancy
Ce m3m 0 0 0 0.00442(5) 0.75

Zr m3m 0 0 0 0.00442(5) 0.25

0 —43m Vs s s 0.01062(5) 1

TABLE |V. Refined parameters for Ceg75Zrg 250, using the tetragonal P4,/nmc
space group in the second origin, a = 3.7743(1) A, ¢ = 5.3422(3) A, and alc ratio
= 0.7065 (ideal cubic ratio = 0.7071). Calculated density = 6.977 glcm®, oxygen
“displacement” from cubic z coordinate = 0.009 11, and wR = 3.44%.

Atom Symmetry x y z Uiso (A*)  Occupancy
Ce —-4m2(z) 1Ya -1a /4 0.00430(5) 0.75

Zr —4m2(z) s -1/a 1/4 0.00430(5) 0.25

0 mm2(z) Y& Ys  0.4909(1) 0.00958(6) 1

Figure 8 shows a fit to the neutron PDF using the crystallo-
graphically constrained pseudo-cubic model. Notably, the average
model fits the short-medium range better, with no clear mismatch
in the <10 A region observed for the air-heated sample. However,
some deviation between the average and short range structures was
still observed, although not to the same extent as for the air-heated
sample. The reduced-oxidized sample was also investigated using
an initial 12 x 12 x 12 fluorite supercell configuration; however, in
the initial investigation, it became apparent that additional atomic
sites were required to better fit the data since the movement of atoms
from their original site to an interstitial site in the Fm3m structure
(4b, 0.5, 0.5, 0.5, m3m) was observed. This represents a Frenkel-type
anion defect, with distances from this site to the neighboring oxide
and cations matching those of O-O and O-Ce/Zr, respectively.
To accommodate this and probe the amount of interstitial oxygen
present, an oxygen-like vacancy site was introduced on the 4b site
with an initial site occupancy of ~10%, representing 5% of the total
O content. During RMC refinement, atom-site swaps were allowed
between these oxygen-like vacancies and oxygen atoms, thus keep-
ing the overall stoichiometry of the supercell balanced while probing
interstitial oxygen content. Figure 9 shows the final refined RMC
configurations as collapsed unit cells alongside the classical start-
ing models used for the reduced-oxidized Ce75Zro250, material,
while Fig. 10 shows the RMCProfile obtained fits achieved to the
neutron and x-ray PDFs of the final atomic configuration achieved
after 429 434 accepted moves and 22 961.18 s.

Figure 11(a) shows a histogram of atomic displacement for
the final model, which shows several key differences compared to
the model for the air-heated sample discussed above. Zr appears
to be more uniform in displacement with a slightly lower aver-
age displacement, while Ce appears to have a bimodal displacement
profile.

The cation site occupancy for the model shows no average
structure preference based symmetrically equivalent sites, confirm-
ing that the model has not formed any long-range features that were
not observed in the Bragg diffraction and that the expected ratio
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FIG. 8. Neutron pair distribution function D(r) and calculated patterns of
Ceg75Zr0.250, after reduction—reoxidation in the pseudo-cubic structure. The left
panel shows an expanded view of the low r region.

of 75% Ce and 25% Zr is approximately maintained across each
cation site within each unit cell across the supercell model (Fig. S2
and Table S3). The overall oxygen occupancy of the interstitial sites
equated to 2.105% of the overall oxygen present, giving the sys-
tem studied the formula of Ceg 75Z102501.958(Oi)0.042, where (Oj) is
the Frenkel-type interstitial oxygen described above. The associated
oxygen vacancies are distributed over all possible oxide sites, with no
evidence of preferred deficiency of particular sites (Fig. S3). Intersti-
tial oxygen sites in ceria based materials have been mentioned in the
literature previously. Luo et al. conducted a Raman spectroscopy and
neutron total scattering study investigating surface oxygen defects in
CeO,, finding between 2.8% and 4% in bulk CeO, nano-cubes with

(a)

FIG. 9. Final RMC derived atomic configuration for Ce75Zrg250, after
reduction-reoxidation at 800 °C. (a) RMC generated supercell containing 20 736
atoms. (b) Supercell collapsed into a single fluorite unit cell, viewed parallel to
a single face. (c) Perspective view: yellow = cerium, gray = zirconium, and
red = oxygen. (d) View of the single unit cell of the initial model: red = regular
oxygen site, white = metal site, and pink = interstitial oxide site.
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FIG. 10. Datasets and calculated patterns from the RMC generated 12 x 12 x 12
supercell for the reduced-oxidized sample. (a) Powder neutron diffraction acquired
on Polaris Bank 3, (b) neutron pair distribution function full fitted region extended to

30 A, with the left panel showing the low r region, and (c) x-ray F(Q) data acquired
from 115-1.

additional oxygen deficiency and Frenkel-type defects in a surface
nano-rod phase of Ce3Os.4x. These Frenkel-type oxygen defects were
further related to the observed oxygen storage capacity properties.*’
This level of Frenkel-type defects is very similar to those observed
here in the reduced-oxidized material. A study by Mamontov and
Egami used neutron diffraction, electron paramagnetic resonance,
and temperature programmed reduction to study oxygen vacancies
and interstitial oxygen defects in CeO, and Ceg7Zr 30> and con-
cluded that the presence of zirconium showed a stabilizing influence
on these defects via the reduction of Ce** to Ce**, giving increased
resistance to thermal sintering.** This work claimed that inter-
stitial oxygen defects are the source of cerium-zirconium oxides
oxygen storage capacity properties and that further stabilization of
these defects would further improve the thermal resistance of these
supports.
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Figure 11(b) shows a histogram of the cation-cation distances.
Unlike with the air-heated sample, the ratio of nearest neighbors
observed for this reduced-oxidized sample is not equivalent to the
stoichiometry defined ratios and there is a distinct preference shown
for same species neighbors, which is statistically more significant
for the Zr-Zr neighboring. This neighboring preference strongly
implies the existence of same-species clustering within the structure.
These domains only occur over short length scales, a few nanome-
ters, since Bragg diffraction provides no evidence for long-range
phase separation. Inhomogeneous nano-domains have previously
been observed in ceria-zirconia materials by Mamontov et al., who
undertook a pulsed neutron scattering study on various Ceg 5Zro 50,
samples and found that their samples were better described as nano-
regions of Ceg4ZrosO; in a matrix of Cey7Zro30,.”> While the
composition clearly differs, the observation of Zr rich nano-domains
is in agreement with the results indicated by this RMC study, even
in a cerium-rich phase.

The preference for local clustering of like cations is con-
firmed by the Clapp configuration analysis, Fig. 12. Unlike the
solid solution found for the air-heated material described above, the
reduced-oxidized material shows a significant number of enhanced
Clapp configurations (i.e., different local environments) with occur-
rences well above 3 standard deviations, representing a 99.7% level
of confidence against random chance. In particular, both Ce and
Zr centered configurations showed statistically significant enhance-
ments of C1 and C2, which contain 12 and 11 like nearest neighbors,
respectively, suggesting that both Ce and Zr have increased like-like
local atomic correlations; however, the statistical importance of
these enhancements differs due to the different amounts of Ce and
Zr in this system.

The Ce centered configurations C1 and C2 are highlighted
because Ce makes up 75% of the cations in the material, mean-
ing that we would expect a significant number of occurrences with
a large predicted standard deviation. This results in the observed
enhancement in Ce centered C1 and C2 configurations being par-
ticularly significant and is visually highlighted when considering the
magnitude of the standard deviation error bars for Ce configurations
Cl and C2, as shown in Fig. 12(a).

The Zr shows an increase in the positive Clapp configurations
(in particular, C1-C57) and a decrease in the negative configurations
(C-1 to C-8). Low numbered positive Clapp configurations have a
higher local concentration of like-atoms, suggesting that Zr atoms
are preferentially found in local environments with increased Zr
neighbors. This is in agreement with the observation from the Ce, as
the increase in Ce-Ce correlations will result in a decrease in Ce-Zr
and a comparative increase in Zr-Zr. It should be noted that as the
concentration of Zr is low in the material, the predicted standard
deviation in the number of configurations with high local concentra-
tions of Zr will be exceptionally small. Consequently, as a multiple
of standard deviations, the increase in the low positive Clapp con-
figurations (e.g., C1-C16) will appear very large, even for a small
increase in these configurations; for instance, due to the stoichiom-
etry, a single occurrence of Zr fully surrounded by Zr cations would
produce an enhancement factor of 98 due to the extreme statistically
unlikelihood of occurrence; however, with such few observed occur-
rences, the statistical significance of the observed Zr centered C1
configuration is not robust, as highlighted by the magnitude of the
error bars shown in Fig. 12(a). For the same reason, the Ce centered
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FIG. 11. (a) Histogram of atomic displacement counts by species for the reduced-oxidized sample. Counts: Total = 20 736; Ce = 5184; Zr = 1728; O = 13 824. Displacement
distance measured from the Fm3m idealized coordinate. Top: all displacements by atomic species. Middle: cation (Ce, Zr) site displacements by atomic species. Bottom:
anion (O) site displacements by atomic species. (b) Histogram of the nearest neighbor cation count and distance by species, for the same sample. The red line shows the
expected intensity profile for a single distribution, which is compositionally defined. Top: Zr-Zr and Zr—Ce. Bottom: Ce—-Ce and Ce—Zr.

C-1 configuration also suffers from statistical unreliability also
captured in Fig. 12(a).

By probing the configurations with good statistical reliability,
the conclusion of a statistically significant increase in Ce-Ce near-
est neighbor correlations and a significant decrease in Ce-Zr nearest
neighbor correlations can be drawn, strongly indicating the presence
of cation-rich nano-domains.

C. Additional characterization

The two materials were studied by Raman spectroscopy, as
shown in Fig. 13(a). The primary Raman band of both spectra
observed at 475 cm ™" is associated with the highly symmetric M-O
bond distances of the Fm3m structure, and this band is broadened
compared to that expected for the CeO; structure,'”'' showing that
a degree of disorder in the M-O vibrational states is observed. Addi-
tionally, two moderate features are noted at ~300 and ~600 cm”l,
matching the major two features of the t-ZrO, (P4,/nmc) struc-
ture. This supports the combined x-ray and neutron diffraction
conclusions that the structure present cannot be fully explained
in the Fm3m space group due to the cubic symmetry constraints
but can be described by a cubic unit cell with a distorted oxy-
gen lattice, also referred to as the pseudo-cubic t” structure more

recognized in CegsZro50; compositions.”” There are notable key
differences between the two materials; in particular, the sample
after reduction-oxidation has two additional minor bands at ~420
and ~575 cm™'. These additional bands do not match any band
expected in the CeO, or t-ZrO; structures. Andriopoulou et al.
identified a similar broad band at ~630 cm™' during the reduc-
tion and oxidation of CeygZro,0, and accredited the band to
Frenkel-type defected oxygen occupying interstitial sites,” so this
assignment would be consistent with the conclusions of the RMC
model generated for the reduced-oxidized material. The Raman
band at ~425 cm™' remains unassigned at this stage; however, one
hypothesis for this band could be nano-domain phase segregation
giving rise to a minority of more CeO,-like M-O vibrations, which
would be expected to be redshifted from the bulk solid state band,
which itself appears to be blueshifted compared to the air-heated
material.

Temperature programmed reduction (TPR) profiles are shown
in Fig. 13(b), where both samples were heated under a constant
flow of 5% H, in N, with hydrogen uptake measured. Both samples
were measured twice with an intermediate mild oxidation applied
between each TPR to gauge stability, and these are referred to as
TPR1 and TPR2. The profiles clearly show some distinctive differ-
ences between the two samples, with the air-heated sample showing
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FIG. 12. Clapp configurations determined from the 12 x 12 x 12 RMC-refined
supercell for the reduced-oxidized sample, where configuration counts have been
normalized to the statistical probability of occurrence and are plotted in predicted
standard deviations away from the statistical probability of occurrence. (a) Config-
urations and observed standard deviations of Clapp configurations C—6 to C6. (b)
Full range of Clapp configurations observed.

H, uptake at slightly lower temperatures and slightly more reduc-
tion achieved overall at 2.85 (TPR1) and 2.93 (TPR2) mmol H
atoms/g, indicating a Ce** to Ce®* reduction of 60.8% and 62.5%,
respectively. The reduced-oxidized sample showed a similar reduc-
tion between TPR1 and TPR2, which was expected as the sample
has already undergone a high temperature reduction as part of
its preparation; however, it showed marginally poorer H, uptake
with 2.77 (TPR1) and 2.78 (TPR2) mmol H/g, indicating 59.0%
and 59.2% Ce** to Ce®* reduction, respectively. Crystallite size dif-
ferences could be partially responsible for the difference in redox
properties between the two samples, as smaller crystallites are often
accredited with more surface area and, thus, active cerium atoms;
however, various studies have found that crystallite size itself is not
the defining factor but rather the removal of oxygen defects that
also accompanies sintering.”* The difference in TPR results may also
be ascribed to the nano-domain phase segregation present in the
reduced-oxidized sample since homogeneous ceria-zirconia solid
solutions are expected to have a better performance, and the pres-
ence of interstitial oxygen ions, even at a low level, could conceivably
alter the oxygen transport properties of the materials.
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FIG. 13. (a) Raman spectra of Ceg 75Zry 250, materials obtained using a 514 nm
CO laser. The black dotted lines indicate CeO,- or ZrO,-like bands present
in both samples. The red dotted lines indicate bands only observed in the
reduced-oxidized sample. (b) Temperature programmed reduction profiles of both
samples measured under 10% H,-N,. Two cycles are shown, between which a
mild oxidation was carried out.

IV. CONCLUSIONS

An in-depth analysis of total scattering from a material in the
well-studied ternary oxide system of ceria-zirconia has yielded new
insights into structural chemistry that are not visible using con-
ventional laboratory diffraction and spectroscopic analysis. When
subjected to a relatively mild in-air heat treatment, Ceg75Zr9250;
shows all the characteristics of a homogeneous solid solution with
statistical distribution of the cations over a cubic fluorite-like struc-
ture. Small deviations from the average structure are driven by
the differences in coordination preference for Zr compared to Ce.
In contrast, after a reduction-reoxidation process, similar to the
one that would be used to screen redox properties, and mimick-
ing redox cycling that might take place in practical applications,
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the structure of the material changes notably. In particular, the
presence of Frenkel oxide-ion defects is generated by the redox
cycle, along with a non-statistical distribution of cations, such that
like next-nearest neighbors are preferred. This nanoscale “ordering”
into zirconium-rich domains in cerium-rich oxide is not some-
thing that has previously been observed, and this might correspond
to the onset of phase separation. This phase separation is known
from the literature to occur more readily under oxidative conditions
and for more Zr-rich phases, but evidently, cation rearrangement
is brought about under redox conditions even for Ce-rich com-
positions. Our study illustrates how an analysis of total scattering
provides a new level of detail concerning the structures of the well-
studied ternary oxides, but the challenge in future work will be to
measure and interpret operando time-resolved total scattering in
order to follow the evolution of nanostructures under operating
conditions.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional analysis of the
refined RMC models.
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