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ABSTRACT: The reaction between ceria and hydrogen has been subject to numerous theoretical and experimental studies
due to its importance as a catalytic material. Here we present dynamic and reversible evolution of the cerium oxidation
states observed through X-ray Absorption Spectroscopy experiments in addition to the investigation of associated lattice
expansion and contraction through X-ray diffraction and PDF methods. Employing a novel calculation of the temperature
dependence of the Gibbs free energy through consideration of the relationship between the instantaneous thermal lattice
expansion and the rate of change of the cerium oxidation state, the unusual redox chemistry is reported here. This unusual
behaviour is interpreted as due to the formation of a metastable cerium oxyhydride as suggested.

[. INTRODUCTION

Ceria has found numerous applications in modern cata-
lytic processes* ¢ chief of which is as a critical component
in three-way catalysts for auto-exhaust emission after-
treatment due to its performance as an oxygen storage/reg-
ulator material”® and as support enhancing the lifetime of
catalytically active noble metal nanoparticles®®4. The cat-
alytic properties of ceria-based materials has long been es-
tablished to arise from the nature of cerium to be stable
within both the Ce(III) and Ce(IV) oxidation statess. Whilst
in the presence of noble metal nanoparticles the redox
chemistry of ceria within a hydrogen atmosphere has been
demonstrated to result in the removal of oxygen and for-
mation of vacancies causing the reduction of Ce(IV) ions
present in the fluorite latticeo.

However in the absence of noble metal catalysts several
studies have identified that the reaction of hydrogen with
ceria leads to the inclusion of hydrogen into the fluorite
lattice'-2. Fierro et al* established through NMR, ESR and
XRD studies, identified that hydrogen is incorporated
within the ceria lattice through bonding to lattice site
oxygen forming a hydroxyl within the central cavity of the
fluorite lattice. Recently Wu et al?3, using inelastic neutron
spectroscopy, demonstrated that H, is activated on ceria
through heterolytic dissociation forming intermediate ce-
rium hydride and surface hydroxyl species with subse-
quent migration into the bulk. The presence of cerium ox-

yhydride species have been investigated in both experi-
mental and first principles theoretical methods. Sohlberg
et al* identified that below 665 K the uptake of hydrogen
is a spontaneous reaction resulting in the formation of ce-
rium oxyhydride. Meanwhile several studies exploring oxi-
dative steam reforming of ethanol on nickel supported ce-
ria catalysts®'7192° have found that ceria based nano-oxy-
hydrides to be active towards the production of H, at tem-
peratures in excess of 523 K through heterolytic dissocia-
tion of ethanol. More recently ceria has been studied for
its exceptional activity and selectivity towards hydrogena-
tion reactions®#3°. Therefore studying the interactions of
hydrogen with ceria is of paramount importance in under-
standing the catalytic activity of Ceria in a wide array of
functionality.

To probe the reaction of hydrogen with Ceria, we em-
ployed X-ray Absorption Near Edge Structure (XANES) at
the Ce L3 edge using High Energy Resolution Fluorescence
Detected method (HERFD). Ce L3 edge XAS is sensitive to
changes in the oxidation state and electronic structure of
the absorbing Ce ion. This in situ study allowed us to elu-
cidate the direct observation of temperature dependent re-
versible Ce(IV)/Ce(Ill) formation in hydrogen atmosphere.
In addition, time resolved X-ray total scattering methods
(XTS) (2 s per spectrum) experiments were performed to
follow the changes in the lattice parameter of ceria induced
by the reaction with hydrogen during heating and cooling
in a hydrogen atmosphere. Here we report the changes in



electronic and geometric state of ceria during the reaction
with hydrogen. Specifically, evidence is presented for an
apparent temperature reversible reduction and oxidation
of Ce(IV) to Ce(III) and back to Ce(IV) observed by Ce L3-
edge XANES and the associated dynamic lattice restructur-
ing determined from XTS studies. This observation could
be related to the formation of a meta-stable cerium oxyhy-
dride phase®23333,

II. RESULTS AND DISCUSSION

The complex redox chemistry of ceria was investigated
using a high surface area ceria sample (136m?/g). The high
surface area nature is beneficial due to the ratio of exposed
surface to bulk allowing for enhanced interaction with hy-
drogen in the gas phase. The purity of the sample was in-
vestigated using ICP with no significant impurities de-
tected and the results are summarized in supplementary
information Table Ti. A temperature programmed reduc-
tion (TPR) experiment was performed to monitor the con-
sumption of hydrogen on the same sample investigated in
the synchrotron based studies and it is shown in Figure 1.
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Figure 1. H, temperature programmed reduction demonstrat-
ing the uptake of hydrogen by the high surface area ceria sam-
ple. The peak between 600 K (1) and 800 K (+) has in this work
be associated to surface changes and to the formation of a
meta-stable Ce(IlI) species which occurs at these tempera-
tures. Whilst the higher temperature peak (*) have been asso-
ciated to the irreversible reduction of CeO, to Ce,O;.

TPR shows hydrogen consumption is observed around
600 K followed by a second peak below 800K. The con-
sumption of hydrogen at around 600 K (1) to 800 K (+) is
believed to be associated to changes at the surface of ceria
and may also correspond to the formation of a meta-stable
Ce(III) species which occurs at these temperatures. At tem-
peratures above 1000 K a further hydrogen consumption is
seen associated to be bulk reduction of CeO, to Ce,O;.

To follow the change in Cerium oxidation state due to
the reaction of hydrogen with CeO,, Ce L, edge XAS was
performed. XAS methods can readily be used to probe the
in situ redox properties of ceria and to determine the oxi-
dation state of cerium with a high degree of certainty using
HERFD-XANES. Here we undertook quantitative assess-
ment of the proportion of Ce(IV) and Ce(III) using Ce L3-

edge XANES through a peak fitting methodology3+3°, pos-
sible due to the high energy resolution achievable using
HERFD-XANES techniques3+37:38,
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Figure 2. HERFD-XANES obtained on the high surface area
ceria sample illustrating the fitted peak components a) 300 K
prior to exposure to H, b) during exposure to H, at723 K and
¢) after cooling the sample in H, and recorded at 300 K. Red
shaded peaks represent Ce(IV) with Ce(III) indicated by blue
shaded peaks.

Here feature A is a pre-edge feature associated to the
transition from 2p core-level to the partially occupied 4f
electron state within the Ce ions while B and C are associ-
ated with the 2p—4f°,5d transition, resulting from the crys-
tal-field splitting within cubic fluorite structure. D1 and
D2 relate to the unscreened excited states exhibiting crys-
tal field splitting, and E and F relate to Ce(III) state XANES
features39#°. The ratio of peak areas gives the proportion of
cerium oxidation states present in the system. The initial
starting material can evidently be seen to contain solely
Ce(IV) (red peaks) and therefore its contribution to the Ce



L3 XANES spectra (see Figure 2a). However upon heating
to 723 K, within a 3.5%H./N, atmosphere, the presence of
Ce(III) is noted (blue peaks), Figure 2b.Taking the peak
area ratio between Ce(III) and Ce(IV) contributions, the
proportion of Ce(IIl) at 723 K is estimated to be 15+2 %.
Upon cooling to 300 K (see Figure 2c), whilst maintaining
the 3.5%H2/N2 atmosphere, a remarkable change is seen
in the XANES spectra, resembling the starting material,
suggesting that the re-oxidation of Ce(IIl) to Ce(IV) ions
takes place. Previous reports have identified that reaction
with hydrogen at temperatures above ca 423K induces a
partial reduction of Ce(IV) to Ce(III)#-44, often interpreted
as a formation of oxygen vacancies within the ceria in-
duced by the temperature assisted, irreversible extraction
of oxygen from the ceria lattice, possibly as water mole-
cules. However, the formation of oxygen vacancies, and
associated oxygen extraction from the ceria lattice, would
result in a irreversible change in the cerium oxidation
state from Ce(IV) to Ce(III).
Ce0, + xH, — Ce0,_, + xH,0

Therefore the oxidation of Ce(III) to Ce(IV) during cool-
ing in hydrogen evidences that the majority of the Ce(IV)
reduction occurring through an alternative process other
than the removal of oxygen from the ceria lattice. Mamo-
tov et al4s reported that Oxygen ions can migrate to inter-
stitial positions leaving vacancies near the cerium ions and
some evidence is also given for localisation of electrons
forming a Ce(III)-vacancy complex#S.

To provide further insight into the unusual redox chem-
istry of the high surface area ceria sample, time resolved
XAS was performed in transmission geometry (although
lower resolution in energy, this study provides good
time/temperature resolution as opposed to static measure-
ments conducted at different temperatures using high-res-
olution HERFD technique. Example data quality is shown
in Figure S1). To access the change in oxidation state in-
formation, a linear combination fitting analysis was per-
formed using the starting ceria sample as the Ce(IV) refer-
ence and cerium nitrate hexahydrate (shown in Figure S2)
for the Ce(IlI) reference. The use of the starting material
for the Ce(IV) reference follows from the HERFD-XANES
observation.

The results of the linear combination fitting, shown in
Figure 3a demonstrate a clear hysteresis in regards to the
formation of Ce(IIT) during reaction with hydrogen at ele-
vated temperature and the subsequent reformation of
Ce(IV) during the cooling phase of the experiment. The
formation of Ce(III) within the ceria lattice can be seen to
occur at temperatures above 600 K through consideration
of the inflection in the derivative of the Ce(III) concentra-
tion fraction during heating, Figure 3b. During cooling the
reformation of Ce(IV) displays a minimum in the deriva-
tive of Ce(III) concentration fraction at approximately 480
K suggesting significant undercooling is required. The XAS
results suggest the localisation of an electron on the Ce(IV)
ion occurs during heating in hydrogen to form Ce(III) in

line with the proposed model“®Significantly here the re-
sults of the LCF analysis of standard transmission geome-
try XAS experiments yields an identical ~15% Ce(III) for-
mation as observed from peak area ratio analysis of the
HERFD-XANES. This suggests that both applied methods
(static and dynamic change in temperature) can accurately
quantify the Ce(IIl) formation resulting from the interac-
tion of ceria with hydrogen at elevated temperatures and
reversible formation of Ce(IV) upon cooling in hydrogen.
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Figure 3. Results obtained from linear combination fitting per-
formed on the time-resolved XAS measurements. a) Evolution
with temperature of the concentration fraction of Ce(III) pre-
sent within the sample during exposure to hydrogen b) First
derivative of the plot in a) is given here. Ce(III) concentration
fraction during the heating and cooling phases plotted in
black and red respectively. A surface map of the XANES region
is given in Figure S1.

From these observations we propose that oxygen is not
removed from the ceria lattice by reaction with hydrogen
at temperatures at least below 723K due to the temperature
reversible nature of the Ce(IV) > Ce(IIl) > Ce(IV) for-
mation. Whilst XAS provides direct access to the oxidation
state of cerium within ceria and can demonstrate conclu-
sively that the formation of Ce(III) by mild reductive pro-
cesses and infers that oxygen is not removed from the ceria
lattice, X-ray scattering techniques can provide in-depth
information on the lattice structure. Here we have em-
ployed XTS techniques to provide insight into the lattice
structure changes due to mild reduction by hydrogen. Us-
ing XTS the expansion or contraction of the ceria lattice
can be used to correlate with the formation of Ce(III) ob-
served by Ce L, edge XAS.-. Previous studies have identified
that the lattice expansion of ceria is linearly proportional
to Ce(Ill) content within oxygen deficient ceria4’49. The
ionic radius of Ce(III) is larger than that of Ce(IV)5°. There-
fore X-ray diffraction (XRD) analysis refining the lattice pa-



rameter of ceria gives an indirect indication of the oxida-
tion state of cerium. Through analysis of the instantaneous
expansion coefficient the deconvolution of expansion due
to the formation of Ce(Ill) and linear thermal expansion
behaviour can be achieved;

here a gives the linear thermal expansion coefficient, L
is the room temperature lattice parameter, dl/ dT gives
the derivative of the change in ceria lattice parameter with
temperature. Ceria has been noted to have a linear thermal
expansion coefficient of approximately 10x10¢ K575 ex-
pansion above this can be solely attributed to the for-
mation of Ce(III). The linear thermal expansion coefficient
of the high surface area ceria sample has been determined
to be 9.1x10 K™ (given in Figure S3) by an experiment per-
formed during heating of the ceria sample in an oxygen at-
mosphere. This experiment also serves to corroborate the
unusual ceria redox chemistry observed by XAS experi-
ments requires a reductive environment and cannot be ob-
served simply by heating in non-reductive atmosphere.
Therefore any temperature induced formation of intersti-
tial oxygen atoms is also not expected to give rise to re-
versible Ce(III) formation. Figure 4 overlays the Rietveld
refined lattice parameter during heating with the instanta-
neous expansion coefficient demonstrating a noticeable in-
flection point at approximately 6oo K in agreement with
the time resolved XAS results shown in Figure 2.
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Figure 4. Expansion of the ceria lattice parameter refined us-
ing Rietveld refinement during heating (blue) with overlay
displaying the calculated instantaneous expansion coefficient
(black).

The contraction observed at temperatures of ca 373K,
here, has been attributed to the removal of surface ab-
sorbed water and carbonaceous species observed using
mass spectrometry and gravimetric analysis shown in Fig-
ure 5. The presence of carbonaceous species and OH has
also been observed in ex situ infra-red data shown in Fig-
ure S4. Significantly no production of water is observed
above 550 K. This demonstrates that the non-linear ceria
lattice expansion and associated formation of Ce(III) ions

above 600 K is unlikely to be due to the removal of oxygen
from the lattice and formation of water by reaction of hy-
drogen with lattice oxygen.
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Figure 5. Gravimetric analysis showing the loss in sample mass
occurring at circa 450 K (black). The blue and red traces gives
the online MS signals for CO, and H,O demonstrating maxima
coinciding with the loss of mass from the sample at 450 K.

In addition to the extraction of lattice parameters from
the XTS diffraction data, we also analysed the XTS data us-
ing pair distribution function (PDF) analysis to extract the
behaviour of specific atom-pairs, Ce-O (first neighbour),
Ce-Ce(Second neighbour) and Ce-Ce (higher neighbour at
6.62A). This allowed us to inherently probe the distortion
of the ceria lattice during reaction with hydrogen at ele-
vated temperatures. Modelling the individual pair correla-
tions through employing a peak fitting procedure (shown
in Figure S5) to the pair distribution function gives a
unique insight into the local structural changes that takes
place within the ceria lattice. Figure 6 illustrates the over-
lay of the variation in 1st Ce-O distance at 2.34 A, 1st Ce-Ce
distance at 3.82 A and the Ce-Ce distance at 3rd 6.62 A,
with temperature; in addition, along with these data, we
also show the plot of change in lattice parameter estimated
from Rietveld refinement of the diffraction data (example
Rietveld refinement is shown in Figure $6),, in parts a, b
and c, respectively. Here, it is evident that the overall
trend in the expansion of the atom-pair correlations during
heating mimics the lattice parameter changes observed by
X-ray diffraction data. Whilst the lattice parameter
changes shows the overall long range structural order of
the fluorite lattice, PDF methods represents the local dis-
tortions present due to the reaction with hydrogen.

Considering the cooling cycle of the experiment, a local
structural distortion is seen above the long-range lattice
expansion, observed from XRD due to the reduction of the
cerium ions. The 1st Ce-O pair correlation at approximately
2.34 A exhibits a significant difference compared to the ob-
served lattice parameter changes, suggesting a lengthening
of the Ce-O bond; whilst the scatter of the Ce-O distance
estimation is much larger than the other Ce-Ce distances,
they are found to be well above the lattice parameter
changes. The scattering factor of O is much weaker than
that of Ce resulting in increased uncertainty in the refine-
ment of the Ce-O pair correlation. This local distortion can



be seen to have a minor effect on the neighbouring cerium
atom, as seen from the 1st Ce-Ce pair correlation. Long
range order effect can be seen to be recovered at these dis-
tances of 6.62 A with the 3rd Ce-Ce pair correlation over-
laying without deviation from the XRD refined lattice pa-
rameter.
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Figure 6. Overlay of PDF peak fitting (red) to XRD refined lat-
tice parameter (black) during exposure to H, a) Ce-O pair cor-
relation at ~2.34 A, the blue line depicts an applied Savitzky-
Golay filter to the peak fitting results for purposes of clarity, b)
1t Ce-Ce pair correlation at ~3.82 A c) 37 Ce-Ce pair correla-
tion at ~6.62 A

In ceria, oxygen has been noted to be highly mobile and
has been previously suggested to readily form defect struc-
tures whereby oxygen can migrate to interstitial octahedral
sites and result in the formation of Ce(IIl) ions®. QOur re-
sults from the XAS experiments demonstrate that Ce(III)
are formed at elevated temperatures and converted back to
Ce(IV), upon cooling below ca 373K, even in an reducing

atmosphere, suggesting oxygen is not removed from the
ceria lattice.

This supports the possible migration of oxygen ions to
an interstitial position leaving its conventional coordina-
tion environment with Ce ions. XTS results indeed support
the XAS observation that changes in local structure and
observed lattice parameter change indicate the reversible
redox reaction of Ce(IV) to Ce(III) and back to Ce(IV) upon
cooling. XTS experiments have also demonstrated that the
expansion of ceria is linear with heating in the absence of
a reductive atmosphere (Figure S3) and thus the linear
thermal expansion is not as a result of oxygen migration
into interstitial octahedral sites. In the presence of hydro-
gen a non-linear expansion above 600 K of the ceria lattice
has been observed and is shown to result in a local distor-
tion. Based on these observation we propose that reaction
of hydrogen with ceria results in the reversible reduction
of Ce(IV) to Ce(IIl) and a distortion in the local structure
due to the inclusion of hydrogen into the ceria lattice in a
method similar to that proposed by Fierro et al*. Else-
where, it has also been reported that under mild reduction
with hydrogen a cerium oxyhydride or cerium hydride
phase can be formed'¢>-3.

With the observed local structural changes, partial
changes in the oxidation state of Ce(IV) to Ce(IlI) and the
ceria lattice relaxing upon cooling we propose that hydro-
gen inclusion into the ceria lattice occurs at elevated tem-
peratures forming a metastable structure. Such behaviour
has not been observed when heating in an oxygen atmos-
phere (Figure S3). We propose that the suggested complex
Ce(IIT)-Oxygen vacancy*® coupled with an inclusion of hy-
drogen into the ceria lattice forming internal OH struc-
tures resulting in a cerium oxyhydride phase, H,CeO, in
the surface and subsurface layers of the Ceria leading to
this unusual redox observations seen XAS and XTS meas-
urements at elevated temperature.

[I. MODELLING OF LATTICE EXPANSION

When considering the interactions with hydrogen the
formation hydroxyl groups within the ceria lattice or on
surface layers provide a possible mechanism for the Ce(III)
formation. The formation of a bulk cerium oxyhydride has
previously been proposed in a first principles theoretical
study by Sohlberg et al>> demonstrating that the uptake of
hydrogen into the ceria through the formation of hydroxyl
groups:

X
C84_08 + EHZ d che4_08

Such that one can establish the temperature dependence
on the change in Gibbs free energy by approximating that
the inclusion of hydrogen into the ceria lattice only results
in a minor perturbation of the enthalpy of the fluorite lat-
tice and that H, only appreciably contributes to the change
in entropy from computation methods.

AG(T) = AH — TAS



whereby a negative value for the change in Gibbs free en-
ergy favours the spontaneous formation of cerium oxyhy-
dride. Furthermore the probability of a ceria unit cell con-
taining a hydrogen atom to form a cerium oxyhydride
phase can be established as a function of the temperature
dependent change in Gibbs free energy>>5+ such that;

—AG(T)
e kT
(D)= ——wm
1+e kT

where k is given as the Boltzmann constant. Here we
propose that the derivative of the probability for hydrogen
inclusion into the ceria lattice is directly proportional to
the instantaneous expansion coefficient of the ceria lattice.
This can be rationalised by considering the probability for
the formation of cerium oxyhydride directly yielding the
proportion of cerium present in the Ce(IIl) oxidation state
and as such can be used to model the degree of lattice ex-
pansion due to the presence of hydrogen within the ceria
lattice. Through this method one can consider that the rate
expansion of the ceria lattice above that of thermal expan-
sion to be proportional to the derivative of the probability
for the formation of cerium oxyhydride such that;
dp(T)

dT

where C gives the maximal expansion due to the for-
mation of Ce(Ill) and ay,(T) gives the linear thermal ex-
pansion coefficient of ceria; demonstration of the thermal
dependence on the linear thermal expansion coefficient of
ceria under an oxygen atmosphere is presented in the sup-
plementary information and has been observed previously
elsewhere>-33. Therefore through a least squares minimisa-
tion strategy, result shown in Figure 7, it is thus possible
to establish the temperature dependence of the change in
Gibbs free energy and establish AH and AS for the for-
mation of cerium oxyhydride directly from the dynamic ex-
pansion of the ceria lattice and as such note that the for-
mation of cerium oxyhydride is spontaneous in tempera-
tures above 815 K.

AG(T) = 0.76(3) — 9.35(5)x10~*T

From determination of the probability for the formation
of cerium oxyhydride formation at 723 K, p(723 K) = 0.19, it
is possible to determine the number of hydrogen atoms
that each Ce,0g can stabilise the storage of 1 hydrogen at-
oms by correlation with the maximum Ce(III) content ob-
served from HERFD-XANES. The maximum Ce(III) con-
tent formed at 723 K is 15+2% and corresponds to the for-
mation of cerium oxyhydride in the form Hy4Ce40g. The
fraction of Ce(IlI) formation obtained by modelling of the
expansion of the ceria lattice yields a remarkable agree-
ment with the results obtained from analysis of the XAS
experiments. This behaviour would appear to be sympto-
matic of homolytic dissociation of H, producing two hy-
droxyl species being favourable however intermediately
heterolytic dissociation may also be possible?3.

a(T) = ar,(T) +C
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Figure 7. Probability model (red) for the instantaneous ther-
mal expansion coefficient (black) as a function of temperature
demonstrating strong agreement between expansion of the
ceria lattice and uptake of hydrogen. The residual is shown
below (blue) and is shifted by 7x10°¢ for the purpose of figure
clarity.

IV. CONCLUSIONS

Through an in situ XAS and time resolved XTS experi-
mentation, we have been able to show that ca 15% of Ce(IV)
ions are reduced to Ce(III) in the ceria lattice at elevated
temperatures, in reducing atmosphere. These reduced
Ce(III) ions are found to be stable only at elevated temper-
atures and is reoxidised upon cooling below 400 K in re-
ducing atmosphere. This reoxidation of Ce(III) ions in re-
ducing atmosphere clearly suggests that the oxygen atoms
within the ceria lattice are not removed during the reduc-
tion in a hydrogen atmosphere at elevated temperatures.

The formation of Ce(III), observed by XANES, can be sta-
bilised via the localisation of an electron to the cerium ion
as indicated by theoretical studies*®. When within a hydro-
gen atmosphere the reduction of Ce(IV) to Ce(III) is pro-
posed to be through the formation of a cerium oxyhydride
at elevated temperatures. This may arise from the for-
mation of a hydroxyl structures in the surface and subsur-
face layers resulting in the lengthening of the Ce-O bond
and in the localization of an electron onto the cerium ion4°.

Upon cooling to 300 K the almost total reoxidation of
Ce(III) to Ce(IV) clearly demonstrates that this complex
containing cerium oxyhydride is meta stable. Using XTS we
have demonstrated that above 600 K an expansion of the
ceria lattice is a signature of Ce(II) formation and that a
local distortion occurs. Through these observations and
modelling of the changes in lattice parameters and distor-
tions seen in the local atom-pair (Ce-O in particular) cor-
relations during the reduction and reoxidation (in hydro-
gen atmosphere) it is possible to propose hydrogen inclu-
sion into the ceria lattice. In addition, through employ-
ment of a probability model governed by the temperature
dependence on the Gibbs free energy for the formation of
cerium oxyhydride, significant insight is achieved yielding



the result cerium oxyhydride is stable only at temperatures
in excess of 600 K. Cerium oxyhydride species have been
proposed to be active towards hydrogenation catalysis and
in the production of hydrogen from ethanol steam reform-
ing'932428_ Thus one can propose that the operating tem-
perature window for hydrogenation catalysis is at temper-
atures between 600 K and approximately 850 K. Above 850
K ceria is known to readily reduce in a hydrogen atmos-
phere to Ce,0;, for ceria based catalystss.

V. EXPERIMENTAL METHODS

The high-surface area ceria support was obtained from
Rhodia-Solvay. X-ray total scattering patterns were ob-
tained from uIDB beamline at the APS, using a 2D detec-
tor. The wavelength was A=0.1430 A and with a Q range for
Fourier transform to real space being between o0.55 and
27.93 A+ using the xPDFsuite softwarest. The sample was
prepared to produce monodisperse grain sizes to aid in gas
flow over the sample. The sample was loaded into a 0.9 mm
internal diameter fused silica capillary with metal furnace
elements used to control the temperature mounted above
and below the sample capillary. A flow rate of 3.5%Hz2/N2
of 3oml/min through the capillary was utilized throughout
a continual ramped heating and cooling of 10 K min™ be-
tween 300 K and 723 K. The samples were also held at 723
K for 10 minutes prior to cooling.

Rietveld analysis of all samples has been performed us-
ing GSAS” to extract the lattice parameter of the crystal-
line ceria phase present in the sample, an example Rietveld
refinement fit is shown in Figure S6. GSAS was operated
in batch refinement mode using a model refinement relat-
ing to the high surface area ceria support at room temper-
ature as the starting point for all samples. The sequential
fitting in batch operation takes the refined parameters
from the previous fit as the starting point, as such it is pos-
sible to reduce the error on the refinements. During the
XRD Rietveld refinements only the lattice parameter, ther-
mal disorder parameters, scale factor and the background
were refined. Oxygen occupancy was not explored due to
the strong correlation with both the scale factor and the
thermal disorder parameters.

Peak fitting to the PDF G(r) was performed using a gen-
eralised peak fitting program. A maximum radius of 10.7 A
for automatic peak searching was employed for the initial
estimates of the peak positions. Baseline estimation and
subtraction was undertaken using an asymmetric least
squares approach. Gaussian profiles were fitted using scipy
curvefit with error estimation from covariance matrix di-
agonalization.

HERFD-XANES measurements at the Ce L3 edge were
conducted at I20-scanning beam-line at the Diamond
Light source?® on the ceria sample through monitoring the
intensity of the Ce Lo, photo emission line at 4840 eV using
the 120 high-resolution X-ray emission spectrometer, fitted
with three Si(400) analyzers. In a typical experiment, about
12 mg of the sample was mixed with 50 mg of fumed silica

and pressed into a pellet and loaded in to an insitu cell. The
cell was purged with N, prior to heating to 723 K in a
3.5%H./He atmosphere followed by cooling to room tem-
perature under the same atmosphere. Measurements were
performed isothermally at 300 K prior to heating, 723 K and
at 300 K after cooling.

Time-resolved XAS measurements at the Ce L3 edge
were performed at the SuperXAS beamline of the SLS using
the QEXAFS setup using a channel-cut Si(111) crystal mon-
ochromator. XAS spectra were obtained in transmission
geometry using 15 cm ion chambers filled with 0.5 bar N,
and o.5 bar He. The data collection was performed with
1Hz repetition rate allowing for a temporal resolution of 1
s. Energy calibration was performed by consideration of
the maximum derivative of a ceria standard material. The
spectra were processed using in-house developed software
employing butterworth filtering for high frequency noise
reduction and interpolation onto a constant energy grid
was performed using highly optimized localised radial ba-
sis function interpolation taking advantage of the over-
sampling in the QEXAFS setup. Linear combination fitting
using the starting material and a cerium nitrate hexahy-
drate standard material was performed using the Presto-
Pronto software package. The quality of the extracted Ce L,
data is shown in the Figure Si1.

Surface area measurements were performed using N,
BET analysis using the Quantachrome Autosorb-IQ E in-
strument. Sample mass of approximately 5oomg of the
High Surface Area ceria sample was used while heating at
10 K min™ up to a maximum temperature of 623 K.

Temperature Programmed Reduction (TPR) experi-
ments were performed using an in-house built TPR/TPO
rig. Approximately 200 mg of the pelletized CeO, sample
was used. The sample was first flushed in N, prior to heat-
ing at 10 K min™ in a 10%H./N, atmosphere to 1200 K. All
gases used were flowing at 30 ml min™.

Gravimetric analysis was performed using a Hidden
Gravimetric Gas Sorption Analyzer instrument. Sample
mass was 102 mg of the High Surface Area ceria sample was
used. The samples were, under 5% H,/N, flowing at 30 ml
min?, heated from 298 K to 723 K at 10 K min™.

ASSOCIATED CONTENT

Supporting Information is given showing: Example
QEXAFS data and linear combination fitting. XTS analysis
to determine the expansion coefficient of ceria, IR and im-
purity analysis of the sample. This material is available free
of charge via the Internet at http://pubs.acs.org.
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XAS, X-ray Absorption Spectroscopy; XANES, X-ray Ab-
sorption Near Edge Structure; HERFD-XANES, High En-
ergy Resolution Fluorescence Detected X-ray Absorption
Near Edge Structure; XTS, X-ray Total Scattering; PDF, Pair
Distribution Function; QEXAFS, Quick scanning Extended
X-ray Absorption Fine Structure; XRD, X-ray Diffraction;
TPR, temperature programmed reduction; TPO, tempera-
ture programmed oxidation
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