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Despite the immense importance of ceria—zirconia solid solutions in heterogeneous catalysis, and the
growing consensus that catalytic activity correlates with the concentration of reduced Ce®* species and
accompanying oxygen vacancies, the extent of reduction at the surfaces of these materials, where
catalysis occurs, is unknown. Using angle-resolved X-ray Absorption Near Edge Spectroscopy (XANES),
we quantify under technologically relevant conditions the Ce®* concentration in the surface (2-3 nm)
and bulk regions of ceria—zirconia films grown on single crystal yttria-stabilized zirconia, YSZ (001). In all
circumstances, we observe substantial Ce®>* enrichment at the surface relative to the bulk. Surprisingly,

. 4 9th March 2020 the degree of enhancement is highest in the absence of Zr. This behavior stands in direct contrast to
eceived 9th Marc . . 34 ) . . s .
Accepted 24th April 2020 that of the bulk in which the Ce”" concentration monotonically increases with increasing Zr content.

These results suggest that while Zr enhances the oxygen storage capacity in ceria, undoped ceria may

DOI: 10.1035/d0ta02762f have higher surface catalytic activity. They further urge caution in the use of bulk properties as surrogate
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Introduction

Ceria (CeO,_;) and ceria-zirconia (Ce;_,Zr,0,_;) solid solu-
tions are important catalytic materials, either serving directly as
catalysts themselves, or serving as supports for metal nano-
particle catalysts.”* The ease with which Ce undergoes changes
in oxidation state is believed to account for the buffering
capacity of ceria, which in turn is associated with its high
catalytic activity.” Introduction of zirconium increases the
reducibility of the material,>*® as has been quantified in recent
measurements which reveal the relationship between bulk
oxidation state, bulk vacancy concentration and environmental
conditions.'*™ This behavior is quite distinct from that of rare-
earth doping of ceria, which largely leaves the bulk thermody-
namic properties unchanged from those of undoped ceria.”®
Arguably, however, the redox properties of the surfaces are likely
to be more important to the catalytic characteristics than those
of the bulk. Here, quantitative data are scarce, particularly with
respect  to operando (experimental) observations.
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descriptors for surface characteristics and hence catalytic activity.

Computational studies of the ceria-zirconia system suggest
enhanced surface vacancy concentrations relative to the
bulk.****2° In particular, Balducci et al. have predicted that
oxygen vacancy segregation to the surface increases with Zr
content and is more pronounced in the sequence (310) > (110) >
(111), in accord with the sequence of stability of these
surfaces.” In a series of studies of CeO, and Ceg ;5Z1,.,50,, Yang
et al.* found (110) and (111) surface vacancy formation
energies in all cases to be lower than those of the bulk, but in
contrast to Balducci," they observed no trend in this differential
with chemistry. Experimentally, direct detection of oxygen
vacancies is challenging, particularly in comparison to the
detection of Ce**. For reasons of electroneutrality, the concen-
trations of these two types of species are expected to be corre-
lated** (although other charge compensation modes cannot be
entirely ruled out), and thus most experimental work, including
the present study, focuses on the detection of reduced trivalent
cerium. A number of experimental investigations have shown
that the surfaces of undoped®*° or rare-earth doped® ceria are
more reduced than the bulk, in agreement with computational
results. The sole study focused on ceria-zirconia appears to be
the work of Zhao et al?® These authors inferred the Ce®*
concentration on CeO, and Ce,;Zr,50, from microkinetic
analysis of the measured rate of CO oxidation over reduced
powders of the oxides. The results indicated that the vacancy
concentration on ceria is almost twice that on Ceg5Zr, 505,
suggesting that Zr suppresses the vacancy formation on the
oxide surface, in contrast to its vacancy-enhancing influence on

This journal is © The Royal Society of Chemistry 2020
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the bulk. Beyond this work, limited to the comparison of two
specific compositions and without control of surface termina-
tion, no other studies have been directed towards the critically
important ceria-zirconia system. The present work addresses
this gap. Using angle-resolved X-ray Absorption Near Edge
Spectroscopy (XANES), we probe both the surface and bulk
regions of thin-film ceria—zirconia solid solutions. We show that
the surfaces are indeed far more reduced than the bulk, but that
contrary to the bulk (and in agreement with the proposal by
Zhao for Cey 5Zr,50,), the extent of reduction on the surface
decreases with increasing Zr content.

We study here (001)-oriented Ce; ,Zr,0,_; films (hereafter
CZOxx%, where xx is the Zr content), obtained by growth on
yttria-stabilized zirconia (YSZ) of the same orientation. The
(001) surface is selected because of the high activity and high
surface vacancy concentration of this face relative to the more
stable (110) and (111) faces.>**?* XANES is selected as the
method of characterization because it benefits from facile
compatibility with environmental chambers for in situ experi-
ments and because the X-ray penetration depth can be readily
varied by changing the angle of incidence, permitting access to
both near-surface and bulk regions of a material. Specifically, by
fixing the angle of incidence of the incoming X-rays to a value
below the critical angle at which total reflection occurs, sensi-
tivity is limited to the top 2-3 nanometers of the material, while
use of larger X-ray incident angles provides access to the entire
film. Furthermore, quantification of the relative Ce*" concen-
tration is generally possible by simple linear combination of the
spectra of reference materials®® in which the Ce is either fully in
the 3+ or 4+ oxidation state. The negligible role of substrate-
film interactions on surface redox chemistry is established here
by preparing and characterizing a (001)-oriented film of CZO28
on r-sapphire. As shown below, the surface characteristics of
this sample were indistinguishable from those of CZO28 grown
on YSZ. In addition to the ceria-zirconia films, a film of CeAlO;
was measured to generate XANES Ce®" reference spectra. This
perovskite-structured oxide presents Ce*" in a 12-fold oxygen
coordinated environment, reasonably similar to that of the 8-
fold coordination in the fluorite structure.

Film growth

Films, either with a uniform fixed composition (x = 0, 0.15, 0.28
and 0.48) or with a lateral gradient from x = 0.0425 to 0.48, were
grown by pulsed laser deposition (PLD). The composition space
examined spans the solubility range of Zr into ceria (known to
extend to about 50 mol% Zr****). The film thickness was fixed at
220 nm such that growth strain at the film surface was fully
relaxed,*® yet self-absorption effects in the XANES measure-
ments, which can become severe in thick samples, were negli-
gible.*” To minimize the number of targets required, in most
cases films were grown from the end-members CeO, and
CZ048, with intermediate compositions obtained using an
alternating, monolayer-by-monolayer approach.”® The CeO,
target was synthesized from commercial powder (99.9% purity,
Sigma Aldrich #211575). The powder was compacted under
uniaxial pressure and sintered at 1500 °C for 10 h in still air.
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CZ048 and CZ0O28 powders were prepared by a wet chemical
route. Stoichiometric amounts of Ce(NOj);-5.90H,0 (Alfa
Aesar, 99.5% purity) and ZrO(NO3),-5.98H,0 (Alfa Aesar, 99.9%
purity) were dissolved in dilute HNO; and then added to
distilled water. Ethylenediaminetetraacetic acid (EDTA) and
citric acid were subsequently added to the solution as chelating
agents. Ammonium hydroxide was then introduced dropwise to
bring the pH of the mixture to ~10. The solution was heated to
80 °C and held at this temperature under constant stirring until
the liquid content was significantly reduced and a thick,
reddish gel remained. The products were briefly heat treated at
350 °C in air, and then fully calcined at 700 °C for 8 h. Sintering
was carried out by heat treatment of pressed compacts at
1500 °C for 8 h in still air. The intended compositions of the
CZO materials were 25 and 45 mol% ZrO,; the quoted compo-
sitions of 28 and 48% are based on post-synthesis electron
dispersive X-ray spectroscopy (EDS) and X-ray fluorescence
(XRF) chemical analyses.

Films of CeO,_; and CZ0O28 were grown using a PVD PLD/
MBE 2300 instrument (KrF 248 nm excimer laser, 1.75 ] cm >
laser energy, 10 Hz repetition rate). The temperature of the
substrate, single crystal Yy 16Z1¢.8401.0» (YSZ) (001) (MTI Corp.)
or r-cut Al,O5; (MTI Corp.), was fixed at 650 °C in the growth step,
and the atmosphere was fixed at 30 mTorr of oxygen. At the
conclusion of the deposition, the film was cooled at a rate of
10 °C min~'. Compositionally graded films, as well as films of
CZ015 and CZ0O48, were grown using a custom-built PLD/Laser-
MBE System (Pascal Co., Ltd.) equipped with a KrF 248 nm
excimer laser (Lambda COMPex Pro, 0.51 ] cm™ > laser energy,
5 Hz repetition rate) and the capabilities for monolayer-by-
monolayer compositional control.*® During growth, the
temperature of the Yy 16Z10 540102 (YSZ) (001) single crystal
substrates (MTI Corp.) was fixed at 640 °C, and the atmosphere
was again fixed at 30 mTorr of oxygen. After deposition was
complete, the films were cooled at a rate of 5 °C min™".

A 490 nm film of CeAlO; was grown using a target prepared
from powders synthesized by solid state reaction as follows.
Stoichiometric amounts of CeO, (99.9% purity, Sigma Aldrich)
and Al,Oz (99.98% purity, Alfa Aesar CAS# 1334-28-1) were
mixed by ball milling for 2 days. The resulting powder was heat-
treated at 950 °C in still air for 12 h. Sintering was carried out at
1550 °C under flowing 3% H,/Ar for 50 h. The film growth
conditions were identical to those employed for CeO, and
CZ028 with the exception of the use of vacuum as the atmo-
sphere. After deposition and removal from the chamber, the
CeAlO; film was annealed in flowing 3% H,/Ar at 1600 °C for
12 h to ensure that the Ce was fully reduced, as subsequently
verified by X-ray diffraction (no other phases were present) and
X-ray photoelectron spectroscopy (XPS) about the Ce3d region.

The compositionally graded film was patterned into strips to
facilitate the positioning of the X-ray beam for XANES
measurements. The pattern of 19 strips (240 pm in width and
separated by a spacing of 160 pm) was created using photoli-
thography and ion milling. Specifically, the sample was coated
with a photoresist (Shipley 1813) by spin coating (4000 rpm for
50 s), which was then baked at 100 °C for 2 min to drive off
solvents and to solidify the film. Following exposure to UV
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radiation for 12 s through a photomask, the photoresist was
developed (Shipley 352) for 40 s. The sample then underwent
ion milling for 40 min, removing 230 nm of oxide.

Structural and chemical
characterization

X-ray diffraction (Rigaku ATXG, Cu K,) was used to confirm
phase formation of target materials (not shown) and to char-
acterize the crystallographic features of the films. Specular §-26
scans, azimuthal ¢ scans, and rocking curve measurements of
the non-graded films were collected using this same instrument
(Rigaku ATXG, Cu K,). Micro-area X-ray diffraction patterns of
the graded sample were measured using a Rigaku SmartLab
diffractometer (Cu K,) equipped with polycapillary focusing
optics (CBO-f unit). The X-ray line source was focused to a spot
400 pm in diameter with an angular divergence of 0.4°. The
composition gradient was aligned parallel to the goniometer
axis to minimize the range of compositions detected. A Ni filter
was placed in front of the detector to absorb Cu Kj radiation.
Atomic force micrographs were recorded using a Bruker
Dimension FastScan in tapping mode. The surface roughness of
the observed features in the atomic force microscopy (AFM)
images was extracted by post image analysis using Nanoscope
Analysis software.*

As is typical of ceria films on YSZ,*** all ceria-zirconia films
prepared here were found to grow epitaxially. The specular §-26
scans of the non-graded films, Fig. S1(a),T contained only the
(ooL) peaks permitted of a FCC lattice, whereas the ¢ azimuthal
scans, collected for the non-graded films about the surface
normal ¢ axis with in-plane 26 fixed at the (200) geometry,
Fig. S1(b),T showed the expected four-fold symmetry. The lattice
parameter mismatch between the films and the substrate results
in measurable broadening in the rocking curves, Fig. S1(c and
d),T particularly at low zirconium content. Nevertheless, the in-
plane domain sizes are large, Table S1,7 and the root-mean-
square surface roughness, as measured by AFM, remained
below 0.5 nm (Fig. S2t). In the compositionally graded film,
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a shift in peak position to higher angle with increasing Zr content
was observed, Fig. 1, reflecting the incorporation of the smaller
zirconium ions into the CeO, structure. The positions of the (00L)
peaks and the correlation between the lattice parameter and
composition reported by Laguna et al.** were used to infer the
composition profile.

The chemical composition along the film thickness of the
non-graded films was measured by angle-resolved XRF using
synchrotron radiation at an excitation energy of 20480 eV,
which is above the Zr K edge. Data were collected at the
DuPont-Northwestern-Dow Collaborative Access Team (DND-
CAT) 5BM-D station at the Advanced Photon Source (APS),
Argonne National Laboratory, using an X-ray beam with a 15 pm
(vertical) by 4 mm (horizontal) incident beam size. A Vortex-
ME4 silicon drift detector was used to collect the fluorescence
signal, where the critical angle was found to be 0.14°. The exit
angle was fixed at =22° and the incident angle varied between
0.11 and 0.175°, providing access to film depths in the range
from =3 to =80 nm. The penetration depth changes somewhat
with the dopant level for a given incident angle, but the
measurement nevertheless directly provides depth-resolved
composition information for each film. By limiting the
maximum penetration depth to =85 nm, attenuation of the
fluorescence signal as it travels out of the film due to self-
absorption was avoided. In all cases, the film composition was
uniform along the thickness direction, Fig. S3,f with average
compositions of 14.5 + 0.3, 28.4 £ 1.1 and 47.5 £ 0.8 mol%
Zr0,, respectively, for films of target compositions 15, 28 and
48%.

Methods for oxidation state
determination by XANES

Using these fully characterized films, we carried out XANES
measurements at the Ce Lz edge (2p-to-5d transition) in the
fluorescence mode under five sets of conditions: in ambient air
at room temperature, 800 °C, and 1100 °C; upon exposure to
vacuum at 1100 °C; and upon exposure to hydrogen at 800 °C, as

(b) 50 T T T T r
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0} ——
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= e
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Fig.1 X-ray diffraction study of graded ceria—zirconia film deposited on YSZ (001): (a) specular §—26 scan, zoomed in to the region in the vicinity
of the (002) peak; and (b) composition inferred from the refined lattice parameter.
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Table 1 Experimental conditions and sample types for XANES measurements

Temp/atm (pO,) 160 Torr (air)

~2.3 mTorr (vacuum) 7.4 x 10~ mTorr (“hydrogen”)

25 °C Graded®, non-graded®
800 °C Graded®, CeO,_; non-graded”
1100 °C Non-graded®

Graded?®, CeO,_j non-graded®
Non-graded?

“ Negligible Ce®" in the bulk, at all compositions. ? Increasing Ce** content in the bulk with increasing Zr content.™

summarized in Table 1. Data from the non-graded films were
collected at the DND-CAT 5BM-D station at the APS using a Si
(111) double crystal monochromator with an energy resolution
of AE/E = 1.4 x 10~*. The incident X-ray beam size was 0.05
(vertical) x 5 (horizontal) mm®. The graded film was measured
at the undulator beamline 20-ID-C at the APS using linear
polarized X-rays and a Si (111) monochromator with resolution
AE/E = 1.3 x 10", The full width at half maximum (FWHM) of
the X-ray beam was ~6 um in both horizontal and vertical
directions, focused using KB mirrors. Details of the beamline
optics and instrumentation can be found elsewhere.*® In both
sets of experiments, the incident X-ray beam intensity was
monitored using an ion chamber. For measurements at 5BM-D,
the intensity was detuned to 60% of the maximum. The fluo-
rescence signal was measured using Vortex-ME4 silicon drift
detectors, set at 90° relative to the incident X-ray beam direction
(2 detectors at 5BM-D, 1 detector at 20-ID-C). The X-ray inci-
dence angle o was aligned to a precision better than 0.03° using
a set of slits (0.05 x 12 mm?) placed behind the sample. Posi-
tioning of the 19 CZO strips of the graded film was accom-
plished by setting the incident angle to ~1° and the incident
beam energy to 6000 eV, and moving the stage along the
gradient direction. XANES spectra, both surface and bulk, were
then collected sequentially at each position of interest before
moving to the next. The intensity of the Ce fluorescence signal
was used to establish the beam position (Fig. S4t). Due to time
constraints, only 10 of 19 strips could be studied.

To achieve surface sensitivity, XANES spectra were collected
using an incidence angle that is smaller than the critical angle,
0., below which X-ray total reflection occurs. The measurement
geometry was controlled by placement of the sample on a Huber
goniometer mounted onto a 2-circle Huber stage (Fig. S5T). The
excitation X-ray photon energy was set at 5733 eV for the non-
graded films, and 6000 eV for the compositionally graded
film, or 10 and 77 eV, respectively, above the Ce L; edge (5723
eV). At these excitation energies, the critical angle for the CZO
compositions studied is =0.45°, as confirmed experimentally
(Fig. S67). At the incidence angle of & = 0.23° used for surface-
sensitive measurements, the penetration depths are estimated
to be 2-3 nm, and the change in penetration depth on passing
through the absorption edge is no more than about 1 nm.*” Bulk
sensitivity was achieved by setting « = 10°, at which the pene-
tration depth exceeds the 220 nm thickness of the films. Here-
after, spectra at these two angles are respectively referred to as
surface and bulk spectra, although it is to be noted that the
‘bulk’ measurement includes the surface region.

Environmental conditions were controlled using an Anton
Paar (DHS1100) dome apparatus. Vacuum conditions were

This journal is © The Royal Society of Chemistry 2020

achieved using a turbo pump (Pfeiffer D-35614 Asslar); the
oxygen partial pressure is estimated to be 2.3 mTorr on the basis
of a residual gas analysis measurement (RGA 200, Stanford
Research Systems) of the exhaust stream from the dome appa-
ratus. The measurement under hydrogen was performed using
a mixture of 3.5% H, (balance He), bubbled through H,O (held
at 15 °C) so as to achieve an oxygen partial pressure of 7.4 X
10~ mTorr, as implied by equilibrium between H,0, H, and
0,. It is known that the bulk Ce*" concentration in CeO, is
negligible under all five of the conditions evaluated.** The bulk
Ce*" concentration is also negligible for all compositions for the
measurements in air.> Under high temperature, and either
vacuum or hydrogen, however, the Ce*" concentration in the
bulk increases with Zr content.> Thus, the five conditions
provide access to a range of bulk oxidation states, the impacts of
which on surface characteristics could then be explored.

The Ce*" concentration was quantified by a linear combi-
nation routine using Ce*" and Ce*" reference spectra collected
here as standards. All analyses were carried out using the
Athena* software package. Each spectrum was normalized to
unity by the edge height and the linear background removed.
Example reference spectra, specifically from CeAlO; and CeO,
films measured under ambient conditions and at « = 10°, are
shown in Fig. 2. The intense peak at 5725 eV in the CeAlO;
spectrum (ref. 46) is typical of materials bearing the Ce*" ion
including Ce(NO3); (ref. 47), Ce(OH);,"® CePO,4,* Ce,S;,° and
CeF;.” The XPS measurements (Fig. S71) similarly revealed only
the presence of Ce*". The CeO, spectrum is composed of four

3.0 —

251

20

1.5F

Normalized Absorbance

0.0

5710 5720 5730 5740 5750 5760 5770
Energy(eV)

Fig. 2 Normalized Ce L3 edge XANES spectra of the bulk regions of
CeO, and CeAlOs films (as indicated), collected under ambient
temperature and pressure.
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elemental features: A, B, C, and D. All four features of this
complex spectrum have been accounted for satisfactorily by
Soldatov et al. as characteristics of fully oxidized CeO, using
a full multiple-scattering approach.®* Even the controversial C
feature,”*>** though frequently attributed to the presence of
Ce*, has been proven experimentally by high resolution X-ray
emission spectroscopy to be a spectral characteristic associ-
ated with the Ce*" cation.>* Upon exposure to high temperature
(800 and 1100 °C), the reference spectra are changed as a result
of thermal broadening (Fig. S8t). In the case of ceria, the
broadening has the apparent effect, at first glance, of increasing
the intensity of the C feature, suggesting some thermal reduc-
tion and the generation of Ce®” species. However, the integrated
peak intensity associated with this feature (Table S2t) is
statistically unchanged in response to the temperature changes,
consistent with the thermogravimetric measurements that
reveal that the Ce®* concentration in bulk CeO, is negligible up
to at least 1100 °C in air.*

Meaningful implementation of linear combination fitting
(LCF) methods for quantitative analysis required measurement
of reference spectra for all compositions at the temperatures of
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interest in order to account for thermal effects. The bulk XANES
spectra of CZO films as measured in air at room temperature, at
800 °C, and at 1100 °C are shown in Fig. S9.f The general
features of the Zr-bearing films are similar to those of CeO,,
with peaks A-D all visible. The heights of peaks A and B increase
slightly with increasing Zr content. In addition, the high
temperature exposure causes a dampening of features similar to
that observed for CeO,, with minimal changes to relative inte-
grated peak intensities. Accordingly, we conclude that high-
temperature induced spectral changes again result from
thermal vibrations in the structures, without changes in
oxidation state, in agreement with bulk thermogravimetric
behavior.” Thus, these high temperature spectra serve as
appropriate references for Ce in the 4+ oxidation state for the
CZO composition of interest. With this understanding estab-
lished, the spectra were represented according to

I(T, CZOxx, condition) = f; x I(T, CZOxx, air, bulk)
+ f5 x I(T, CeAlO3, bulk) (1)

where I is the spectral intensity, 7 is the measurement
temperature, and ‘condition’ specifies surface vs. bulk-

Normalized Absorbance

0.0

5710 5720 5730 5740 5750
Energy (eV)

Normalized Absorbance

0.0 e ; : :
5710 5720 5730 5740 5750

Energy (eV)

Fig. 3 Representative normalized Ce Lz edge XANES spectra of ceria-based films: (a) comparison of the bulk and surface spectra of CeO,_;
measured at 1100 °C under vacuum, (b) linear combination fitting result of the surface spectrum of (a) according to eqn (1), (c) comparison of the
bulk and surface spectra of CZO4.25 measured at 800 °C under H,/He, and (d) linear combination fitting result of the surface spectrum of (c)
according to egn (1). In (a) and (c), the concentration of Ce®*, relative to the total Ce content, obtained from the LCF analysis is given in the

legend.
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Fig. 4 Percentage of Ce in the 3+ oxidation state as a function of zirconium concentration: (a) at the surface and in the bulk as measured at
800 °C under H, and compared to the bulk TGA®? prediction, (b) at the surface and in the bulk as measured at 1100 °C under vacuum (pO, = 2.3
mTorr), and compared to the bulk TGA® prediction; and (c) at the surface as measured in air at the temperatures indicated. The bulk Ce®*
concentrations in air, at all measurement temperatures, are taken to be zero (and provide the reference spectra for the LCF analysis).

dominated spectra as well as the gas atmosphere. The Ce**
fraction is computed according to f5/(f; + f5). The uncertainty in
the Ce®* concentration obtained from the LCF was estimated

according to
|Iexp - Iﬁll
2 Mew — Il o)
> el

where I, is the experimentally measured spectrum and Iy, is the
LCF result according to eqn (1). The analysis is carried out over
the energy range 20 eV below and 30 eV above the edge energy.

Uncertainty =

Results and discussion

Two pairs of representative spectra comparing bulk and surface-
dominated regions of CeO,_; and CZO4.25 are presented in
Fig. 3. The differences between bulk and surface regions are
striking. The most intense feature in the surface spectra appears
near 5725 eV, which coincides with the intense peak measured
for CeAlO;, while peaks A and B become markedly diminished
relative to the analogous bulk spectra. The LCF analyses indi-
cate a remarkable 10-fold enhancement of the Ce*" concentra-
tion in the near-surface region relative to that in the bulk. This
dramatic difference between surface and bulk reduction is in
fact reflected under all of the measurement conditions and for
all of the compositions, as summarized in Fig. 4. The complete
set of spectra upon which this result is based are provided in
Fig. S10 and S11f for the non-graded and graded films,
respectively.

Several important trends are evident from Fig. 4. First, at
800 °C and under H,, Fig. 4(a), the bulk Ce*" concentration is in
excellent quantitative agreement with that obtained from bulk
thermogravimetric measurements of the oxygen non-stoichi-
ometry.” The agreement not only gives confidence in the LCF
methodology, but also implies that the surface-reduced region
does not, within experimental uncertainty, extend beyond the
2-3 nm detected by XANES at « = 0.23°. Second, ~75% of the
Ce in the near-surface region exists as Ce** under these condi-
tions, irrespective of film composition. Accordingly, the almost
10-fold enhancement at low Zr content falls to less than a 2-fold
enhancement at 48% Zr. In short, the enhanced reducibility of

This journal is © The Royal Society of Chemistry 2020

the bulk with increasing Zr content does not translate into an
enhanced reducibility at the surface.

Turning to the 1100 °C measurements under vacuum,
Fig. 4(b), the XANES measurement indicates a composition
independent Ce®" bulk concentration of ~6%. Both the
magnitude of the bulk Ce** concentration and its independence
of Zr concentration are unexpected. Under these conditions, the
bulk Ce®" concentration is expected to be negligible for ceria
and increase to only ~5% for CZO28 (from an extrapolation of
the reported behavior of up to 20% Zr'?). At the same time, the
surface Ce®" concentration determined by XANES falls steeply
with Zr content, precisely the opposite of what one expects from
the enhanced bulk reducibility. Again, bulk behavior cannot be
assumed to describe surface trends.

The disagreement between bulk TGA and bulk XANES results
at 1100 °C under vacuum conditions warrants some discussion.
The possibility that the discrepancy arises from errors in ther-
mogravimetry is considered small. Taking specifically the ceria
film, the XANES result of 5.9% Ce®*" and an assumption that these
species are fully charge-compensated by oxygen vacancies imply
a CeO, o7 stoichiometry. A change in oxygen content from CeO, to
CeO, o7 would be accompanied by a change in mass of 0.28%,
avalue routinely detected by gravimetry. Similarly, because of the
agreement between the LCF analysis and the TGA results under
H, at 800 °C, even for compositions with low Ce** concentrations,
we consider the likelihood of the disagreement arising from
artifacts of the XANES analysis methodology to be small. An
alternative possibility that is also immediately ruled out is
a strain-induced discrepancy. Because the lattice constants of the
films are larger than those of YSZ, particularly at low Zr content,
one might expect the films to be under compressive strain in the
near vicinity of the substrate. Reduction, however, induces
chemical expansion,® and therefore any compression would be
expected to decrease the extent of film reduction, not increase it
beyond the expected thermodynamic value, as is observed. With
these possibilities ruled out, we suggest that at 1100 °C, in
contrast to the behavior at 800 °C, the surface-reduced region
may extend somewhat into the bulk, contributing to the Ce**
signal detected at an incident angle of 10°. Extension of the
reduced region to a depth of just 15-20 nm would yield film-
averaged Ce®* concentrations that are consistent with the bulk
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TGA results. Convolution of bulk and extended surface contri-
butions, with opposite dependences on Zr content, could thus
account for the relative insensitivity of the Ce®" concentration to
composition in the bulk-dominated results.

Turning to the surface reduction in air, Fig. 4(c), the trends
here are as surprising as the results under more strongly
reducing conditions. As already noted, in air the bulk has
negligible Ce** content, irrespective of Zr concentration and
temperature,' and the bulk spectra were used to establish the
Ce*" reference spectra at the three measurement temperatures.
The surface Ce** concentration in air is found to be significant
at all temperatures, reaching almost 20% for ceria. Further-
more, the surface reduction decreases with increasing Zr
content, similar to the behavior under vacuum at 1100 °C,
demonstrating yet again that the surface trends are precisely the
opposite of what might be anticipated based on bulk reduc-
ibility. Another highly unexpected result is the rather slight
sensitivity to temperature. There is no statistical difference
between measurements at ambient temperature and 800 °C
(graded film), while there is a slight increase in surface reduc-
tion on increasing the temperature from 25 to 1100 °C (uniform
composition films). Shown in Fig. 4(c) are also results from
selected measurements performed using CZO28 on r-sapphire,
from which it is apparent that the nature of the substrate has
a negligible impact on the measured surface characteristics.

The changes in oxidation state in the films due to the
changes in environmental conditions were found to be revers-
ible, as evidenced for example, from the behavior of the
uniform-composition CZ048 film (Fig. S121). The spectra
measured at the initiation of the experiment under ambient
conditions (25 °C, air) and again after exposure to high
temperature, vacuum conditions were identical to one another,
for both the surface and bulk regions of the film. The absence of
beam-induced film damage, already implied by the reversibility,
was directly ascertained by comparing the sequence of spectra
measured to generate the integrated spectra used in the anal-
ysis. The results, for example from CeO,_; measured at 1100 °C
under vacuum (Fig. S137), reveal the absence of any temporal
evolution.

The enhanced reduction of bulk CZO over ceria has been
attributed to the smaller coordination number of Zr relative to
that of Ce, with 7-fold coordination of the Zr"* cation being
globally accommodated by a decrease in the Ce oxidation state
from 4+ to 3+.** In the surface region, it is plausible that the
disruption to the crystalline structure inherently accommodates
7-fold coordination of Zr*" without requiring as great a loss of
oxygen and thus without requiring as great a change in the Ce
oxidation state. If catalytic activity is correlated with the
concentration of surface oxygen vacancies, as many have
proposed,*®*®* and Ce®" surface concentration is indeed
proportional to the vacancy concentration, these results suggest
that activity decreases with increasing Zr content. To date, there
has been no systematic report describing the surface catalytic
activity of Ce; _,Zr,O, materials as a function of composition in
the absence of convoluting microstructural effects (see, for
example, the studies of Aneggi et al.,*® Bulfin et al,”” and Piu-
metti et al.*®). Hence, it is unknown whether introducing Zr,
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which is desirable for increasing the thermal stability and bulk
oxygen storage capacity, has a detrimental impact on area-
specific catalytic reaction rates.

Summary and conclusions

Using XANES measurements in combination with a thin film
geometry, the surface and bulk Ce®* concentrations in a series
of Ce;_,Zr,O, materials have been quantified under a range of
operationally relevant conditions. The findings are summarized
as follows:

e Under highly reducing conditions (800 °C, 3.5% H,), the
bulk Ce** concentration is in quantitative agreement with prior
literature values determined from thermogravimetric analysis.
Specifically, the Ce®*" concentration (relative to the amount of
Ce) increases from 0 to ~41% with an increase in Zr content
from 0 to 48 mol%.

e Under these same conditions, the surface is highly
reduced. The Ce®" concentration is ~75% and is approximately
independent of Zr concentration. Thus, the enhanced bulk
reducibility imparted to ceria by Zr is not reflected in the surface
properties.

e Under less extreme atmospheric conditions (1100 °C in
a vacuum; 1100 °C, 800 °C, and RT in air), the surface is again
substantially more reduced than the bulk. Remarkably, the
surface Ce®* concentration decreases with increasing Zr content,
in opposition to the trend in the bulk.

e Because all XANES results reported here are those obtained
after equilibrium has been achieved, both the surface and bulk
concentrations are thermodynamic values, free of any kinetic
effects.

e Possible artifacts such as beam damage, or a through-plane
gradient in Zr content, or residual stress in the films have all
been experimentally ruled out as possible explanations for these
results.

Significantly, these findings stand in direct contrast to
computational predictions of enhanced surface reducibility in
Ce,_,Zr,O, with increasing Zr content. Uncovering the
connection, if any, between the surface redox state and catalytic
activity in this material class will be the subject of future
studies. Beyond the ceria-zirconia system, this work cautions
against the use of bulk descriptors, in particular, bulk defect
concentrations, as predictors of catalytic activity. Furthermore,
the methodology developed here opens up new possibilities for
directly measuring and quantifying surface characteristics of
redox active oxides under technologically relevant conditions in
conjunction with a high-throughput configuration.
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