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Temperature Reversible Synergistic Formation
of Cerium Oxyhydride and Au Hydride: a
combined XAS and XPDF study
Adam H. Clark,*a Nadia Acerbi, b,c Philip A. Chater,d Shusaku Hayama,d Paul Collier,c Timothy I. Hydec
and Gopinathan Sankar*a
In situ studies on the physical and chemical properties of Au in inverse ceria alumina supported catalysts have been
conducted between 295 and 623 K using high energy resolved fluorescence detection X-ray absorption near edge
spectroscopy and X-ray total scattering. Precise structural information is extracted on the metallic Au phase present in a
0.85 wt% Au containing inverse ceria alumina catalyst (ceria/Au/alumina). Herein evidence for the formation of an Au
hydride species at elevated temperature is presented. Through modelling of total scattering data to extract the thermal
properties of Au using Grüneisen theory of volumetric thermal expansion it proposed that the Au Hydride formation occurs
synergistally with the formation of a cerium oxyhydride. The temperature reversible nature, whilst remaining in a reducing
atmosphere, demonstatrates the activation of hydrogen without consumption of oxygen from the supporting ceria lattice.

Introduction
Ceria is widely used, particularly within auto-exhaust catalysis1–
4, due to enhanced oxygen storage capacity. The nature of
cerium ions within the fluorite ceria phase to be stable in both
Ce(III) and Ce(IV) oxidation states allowing for the storage and
release of oxygen for oxidation reactions, often promoted by
supported noble metal nanoparticles5–8. The promotion of the
ceria reduction by platinum group metals (PGMs) has been
explained by various mechanisms: 1) the spill-over of hydrogen
from the PGM surface onto the ceria9–11, 2) reverse oxygen spillover from the ceria towards the PGM ceria interface 12–14, 3)
direct metal-support interactions, either through the strong
metal support interaction15–17 or electronic metal support
interaction18–20.
The strong metal-support interaction has long been studied for
its ability to change the chemisorption properties of platinum
group metals (PGM) supported on metal oxide supports,
commonly SiO2, ZnO, CeO2 or TiO215–17,21–25. In many systems
the interaction between metallic particles and the support
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directly influences their catalytic behavior. The term strong
metal-support interaction has also been related to the
electronic metal-support interaction18–20 whereby there can be
a small transfer of electrons from the support to metal or vice
versa. This δ± charge can play an important role in the catalytic
reactivity through van der Waals interactions. In the work of
Acerbi et al.26–28 the strong metal support interaction on ceria
coated, alumina supported PGMs was modelled using Junction
theory. They proposed that the PGM promotes the formation
of oxygen vacancies in ceria by the donation of electrons to the
supported PGM Fermi level. With increasing work function of
the PGM, the barrier for oxygen-vacancy formation was
demonstrated to decrease. The role of alumina has also been
noted to stabilise ceria, and ceria-zirconia solid solutions29–31. In
particular the inhibition of the ceria sintering has been observed
resulting in the stabilization of highly dispersed ceria 32.
While Au is classically described as a noble metal due to its
relative inert behaviour towards oxidation or the absorption of
gas phase molecules, Au nanoparticles have shown to be
catalytically active particularly when supported on oxide
supports33–40. The interaction with the support materials has
been demonstrated to result in a partial electron transfer from
the support to the supported Au41,42 and can lead to the
anchoring of Au onto the surface43. During oxidative
dehydrogenation catalysis on ceria-supported catalysts, Au
hydride formation has previously been proposed to be an
important intermediate. However, the characterisation of solid
phase Au hydride presents a significant challenge44. Previously
Au hydrides have been only shown to be stable as a diatomic
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Au materials have recently found interest for gas sensing
applications where embedded Au ceria alumina materials have
shown to be highly sensitive to gas phase hydrogen in localised
surface plasmon resonance studies45–47. The dissociation of
hydrogen on Au has also been observed resulting in previous
work identifying a metastable Au-hydride46. Whilst the optical
properties of Au and NiO nanoparticles supported on SiO2 have
suggested an interaction between H2 and Au causing a change
in optical transmittance at elevated temperatures in a H 2
containing atmosphere48.
Previously, attempts have been made to determine the
interaction of hydrogen with Au using XAS demonstrating a
limited sensitivity to the bonding of hydrogen to Au 49.
Elsewhere, IR experiments, after H/D exchange have suggested
that hydrogen dissociates only on under coordinated Au(0)50
sites. Inelastic neutron scattering (INS) experiments have shown
the presence of Ce hydride51 like species and proposed the
presence of Au hydrides on ceria supported catalysts 52,53.
However, INS studies necessitate the quenching of the sample
to low temperatures. Our previous work on the formation of a
cerium oxyhydride species demonstrated that this species is lost
upon cooling54.
Whilst there have been numerous studies that point towards
the potential formation of complex hydride species in Au and
ceria containing materials, to date there are very limited
examples of studies probing the dynamic structure of such
materials. Therefore, to gain further understanding of the
reactivity of supported Au catalysts we have used a combined
XAS, at the Ce L3-edge and X-ray total scattering study. By
extracting the difference X-ray pair distribution function
(dxPDF), the dynamic local structural evolution of supported Au
catalysts can be elucidated during interaction with hydrogen.
Using dxPDF in combination with high energy resolution
fluorescence detection X-ray absorption near edge structure
(HERFD-XANES) at the Ce L3-edge, we give evidence for the coformation of a metastable cerium oxyhydride and Au hydride
phases within a hydrogen atmosphere. The presence of a high
temperature Au hydride is demonstrated through the
application of Grüneisen model55 to volumetric lattice
expansion.

Experimental
The 15wt%ceria/0.85wt%Au/alumina inverse catalyst and
15wt%ceria/alumina support material used in this study are the
same as reported in an earlier publication where details of the
catalyst preparation and temperature programmed reduction
are given27. The catalyst composition is assumed from the
synthesis procedure. Estimates of the sample composition has
also been obtained from XRD analysis given in Supplementary
information S1 and T1 which agrees with the intended
composition.
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To monitor the oxidation state of the DOI:
cerium
phase present
within the ceria phase of the sample HERFD-XANES at the Ce L3
edge was employed. The high energy resolution of the
technique allows for the accurate determination of the fraction
of the reduced state Ce(III) present within the sample to be
extracted. HERFD-XANES measurements at the Ce L3 edge were
conducted at I20-scanning beam-line at the Diamond Light
Source56 on the ceria/Au/alumina systems through monitoring
the intensity of the Ce Lα1 photo emission line with the X-ray
emission spectrometer fixed at 4840 eV. The incident beam was
monochromatised using a Si(111) 4-bounce monochromator
with a spot size on the sample of 400 x 300 μm (HxV). The
incident energy was scanned between 5680 and 5850 eV. A Rh
coated collimating mirror was used with subsequent harmonic
rejection was achieved using a Si coated mirror. The X-ray
emission spectrometer operated in the Johann configuration
with a 1 m diameter Rowland circle and was equipped with 3
spherically bent analyser crystals of 100 mm diameter. In a
typical experiment, about 12 mg of the sample was mixed with
50 mg of fumed silica, pressed into a pellet and loaded in to an
in situ cell. The in situ reaction chamber used for the XAS work
is very similar to the one published by Nguyen et al 57. This cell is
made of quartz glass which has beam entry exit for transmission
geometry and another port at 90 degrees for fluorescence
measurements. All these ports contain sealed Kapton windows.
The sample is loaded into the cell from the top which is sealed
by a KF40 flange. The sample holder and a port for the
thermocouple were attached to the top of the flange along with
ports for gas in and gas out. Pellet samples are mounted onto
the sample holder, with the thermocouple placed strategically
close to the sample and not interfering with the beam. Once the
sample is loaded, N2 gas was used to flush out all the gases
present in the system for 30 mins. Subsequently the system was
equilibrated under 3.5%H2/N2 gas for 30 mins prior to heating
to 623 K at K/min followed by cooling to room temperature
under the same atmosphere.

X-ray Total Scattering were conducted at ID15-1 beam-line at
the Diamond Light Source. Measurements were performed at
refined sample to detector distance of 198.3 mm with a photon
energy of 76.69 keV. A 2D PerkinElmer image plate detector
with each frame being collected for 1 s and with 5 frames were
averaged together in post-processing. Conversion to integrated
line spectra being performed with DAWN58,59 and Fourier
Transformation performed using xPDFsuite60. Samples were
loaded into fused quartz capillaries with an internal diameter of
0.9 mm. A hot air blower directly below the sample was used to
heat to 623 K at a ramp rate of 10 K/min. Samples were then
cooled at 10K/min to room temperature. The recorded
measurement of temperature was taken from the hot air
blower and logged throughout the experiments. A flow rate of
30ml/min of 5%H2/He through the capillary was utilised
throughout and controlled using Gilmount Accucal flowmeters.
In both experiments leak testing of all Swagelok connections
was performed using Swagelok Snoop®liquid leak detector with
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molecule with limited evidence for the presence of a stable solid
phase hydride under catalytic conditions 33,34,41.
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Figure 1 | Experimental HERFD-XANES spectra and results relating to partially reduced ceria. Example of the peak fitting
methodology undertaken on the normalised HERFD-XANES spectra of ceria samples. The red peaks give the Ce(IV)
contribution whilst the blue gives the Ce(III) contribution during heating and cooling in a 3.5%H 2/He atmosphere. The three
spectra relate to the initial starting material at room temperature (A), at 623 K (B) and after cooling back to room temperature
(C) of the ceria/Au/alumina sample.
an inert gas flow. The sample powder was pressed and sieved
with a sieve fraction of 100 - 150 μm prior to loading into the
quartz capillary without dilution.

Results and Discussion

majority of formed Ce(III) is re-oxidised to Ce(IV) without the
presence of an oxidising atmosphere. This effect can be clearly
seen by the fact that area of peak E, shaded blue, at 623 K is
greater than after cooling to RT. The degree of formation of
Ce(III) is estimated by consideration of the ratio of peak areas
of the Ce(III) and Ce(IV) associated contributions.

Analysis of the Ce L3-edge XAS Experiments
Experiments following the oxidation state of cerium were
performed using the HERFD-XANES technique on the
ceria/Au/alumina sample by measuring the excitation of the
2p3/2 electrons to unoccupied 4f and 5d states. The XAS spectra
collected at room temperature, prior to heating, at 623 K and at
final room temperature, after heating in hydrogen are shown in
Figure 1. Analysis of the XANES structure was performed using
a peak fitting methodology. While peak fitting examples for the
Ce L3 edge XANES is commonly employed for standard
transmission XANES analysis61–64, such an approach has not
routinely been employed for analysis of HERFD-XANES. The
association of the peaks to Ce(III) and Ce(IV) species was made
in comparison to a NIST ceria reference material and previously
reported associations and electronic transitions in the
literature54,64–66, and illustrated in Figure 1. Here feature A is a
pre-edge feature associated to the partially occupied 4f
electron within the fluorite ceria structure while B and C are
associated to the crystal-field splitting within the cubic fluorite
structure of the 2p→4f0,5d transition. D1 and D2 relate to the
unscreened excited states exhibiting crystal field splitting, and
E, to a singlet for the 2p→4f15d for Ce(III) ion. The fraction of
Ce(III) is then calculated from the ratio of associated peak areas.
The initial starting material was assigned as almost fully Ce(IV).
The presence of substantial Ce(III) as a result of heating the
sample in a H2 containing atmosphere is shown by the peak
growing centred around 5725 eV, illustrated as peak E shaded
blue. Therefore it can be noted that the exposure to hydrogen
leads to the formation of Ce(III). However, as with our previous
findings on a high surface area ceria material54, upon cooling the

[𝐶𝑒(𝐼𝐼𝐼)] =

𝐴[𝐶𝑒(𝐼𝐼𝐼)]
𝐴[𝐶𝑒(𝐼𝐼𝐼)]+𝐴[𝐶𝑒(𝐼𝑉)]

(1)

From this method the initial proportion of Ce(III) is found to be
1%, whilst at 623 K 26 ± 2 % Ce(III) is formed. These results are
in line with our previous publication54
suggesting a
stoichiometry of HCe4O8 at 623 K. After cooling in H2 there is
approximately 7% of the Ce(III) remaining. This may be due to
remaining a partial extraction of oxygen from the ceria lattice or
by remaining surface or subsurface hydroxyl groups. However,
it can be noted that the majority of the Ce(III) formation (~19%)
is due to a temperature reversible process and therefore not as
a consequence of reduction by removal of oxygen from the
lattice.
Analysis of the xPDF Experiments
To probe the correlation between the expansion of the ceria
lattice and the effect of supported Au, xPDF experiments were
performed on the ceria coated alumina supported Au sample
and a similar sample without the presence of Au. Due to the
complexities of accurately refining the Bragg diffraction data
with the alumina phase, correction by subtraction of an alumina
diffraction pattern collected under the sample experimental
conditions was performed prior to Fourier transform to the real
space. The temperature of each measurement was matched to
within 0.1 K and subtracted from the integrated total scattering
data, as illustrated in Figure 2a. Subtraction of the Ceria phase
from the integrated total scattering data is not possible due to
the dynamically changing nature of ceria under a reducing
atmosphere; partial reduction of ceria results in an expanded
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Figure 2 | Experimental DxPDF patterns, alumina subtraction and Fourier Transformation recorded at room temperature.
A, integrated total scattering pattern relating to: a ceria alumina support Au inverse catalyst sample, a gamma alumina
support and fused quartz capillary sample environment; illustrating the process for correction to arrive at the differential
xPDF containing the fluorite ceria and metallic Au components. B, example fit to the initial differential xPDF G(r) for a biphase
model containing fluorite ceria and metallic Au components over a fitting region of 1.8 to 20 Å. The metallic Au component
contribution is highlighted below the data to illustrate the presence of the metallic Au phase within the extracted differential
xPDF G(r). Typical fit residual, rw = 0.1.
fluorite lattice structure. As such a fitting model was created to
accurately refine the ceria and metallic Au phases. Fitting was
performed between 1.7 and 20 Å in real space using PDFGui 67.
The lattice parameters and atomic displacement parameters
were refined during the fitting procedure. A typical fit to the
initial room temperature differential xPDF dataset using a
biphasic metallic Au and fluorite ceria phases is shown in Figure
2b, here the Au component is explicitly shown at the bottom to
illustrate its contribution to the differential pair distribution
function G(r). The remaining peaks in the dxPDF pattern are
given by the ceria phase contribution, which as expected
dominates the pattern after removing the alumina component.
By this method it is possible to follow the evolution of the
respective Au and ceria components during heating and cooling
in the 5 %H2/He atmosphere. Typical fits for several
temperatures are shown in the supplementary information S210. A plot comparing the Ceria and Au lattice parameters and
the rw for all fitted data sets for the ceria/Au/alumina is shown
as Figure S11.
The extracted ceria lattice parameters are shown in Figure 3 for
the
ceria/alumina
and
ceria/Au/alumina
samples
demonstrating a noticeable expansion in the ceria lattice is
found heating above 450 K. The expansion seen in the ceria
lattice can be rationalised by two competing processes. Firstly,
linear thermal expansion of the fluorite lattice and secondly by
the formation of Ce(III) ions within the fluorite lattice.
The latter causes expansion due to the fact that Ce(III) ions are
larger than Ce(IV) ions. Figure 3a gives the ceria lattice
parameter, as a function of temperature, during heating in 5%
H2/He atmosphere for both samples. Here it can be seen that
during heating in hydrogen, there is a significant inflection in the

ceria lattice parameter at approximately 475 K for both the
ceria/Au/alumina and ceria/alumina samples. This behaviour
has been associated to the formation of Ce(III) ions within the
ceria lattice due to the interaction with hydrogen54. A non-linear
lattice expansion cannot be explained solely by thermal
expansion of the ceria lattice. However, the rate of the Ce(III)
formation is noted to be somewhat faster for the Au containing
sample. As such, it can be proposed that the presence of Au
promotes the formation of Ce(III) ions within the ceria lattice.
However direct estimation of the Ce(III) fraction not possible
from dxPDF and is more precisely determined from the Ce L 3
edge XAS experiments.
When considering the cooling cycle, shown in Figure 3b, it is
evident that the ceria lattice contracts to near its initial starting
conditions for both the ceria/Au/alumina and ceria/alumina
samples. Coupled with the findings from XAS that there is
substantial reoxidation of the Ce(III) to Ce(IV) during cooling we
propose that there is a formation of a meta-stable cerium
oxyhydride phase induced by the interaction of hydrogen with
the ceria lattice in the same mechanism as previously
reported54. Our previous study demonstrated that the
formation of Ce(III) formation in ceria under mild conditions by
the interaction with hydrogen does not necessitate the removal
of oxygen from the lattice.
The calculation of the instantaneous lattice expansion
coefficient is given in Figure 3c. The instantaneous expansion
coefficient is defined by;

4 | J. Name., 2012, 00, 1-3
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Figure 3 | Experimental DxPDF results showing the extracted ceria lattice parameter. The ceria/alumina and ceria/Au/alumina
ceria lattice parameter refinements are given in black and red respectively for experiments conducted during heating in a
5%H2/He atmosphere for the heating (A) and cooling (B) in 5% H 2/He (C) instantaneous expansion coefficient during heating
and cooling for the ceria/alumina (dotted lines) and ceria/Au/alumina (solid lines) samples. Dashed lines give the expected
thermal expansion coefficient of ceria, α = 10 x 10-6 K-1, expansion in excess is associated to chemical change of the sample.
here α(T) gives the instantaneous 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. The thermal expansion of ceria has been widely
studied previously68,69 and has been found to be approximately
10 x 10-6 K-1. Any non-linear expansion of the lattice above this
value is associated to chemical change within the ceria lattice.
In this case such non-linear expansion is associated to the
formation of Ce(III) ions within the lattice by the inclusion of
hydrogen as previously shown in our earlier work54 identifying
the temperature reversible formation of a cerium oxyhydride
species.

𝒌𝟎 =
𝑸𝟎 =
Here the value of

𝑑𝐾0
𝑑𝑃

𝑽𝒕

(𝟏 + 𝟐𝒌𝟎 − √𝟏 −

𝑲𝟎 𝑽𝟎

(4)

𝜸𝑮

has been set from Dewaele et al73 at 6

𝜭𝑫

𝑻

𝜭𝑫

𝟒𝒌𝟎 𝑼
𝑸𝟎

(3)

𝟐

𝑼 = 𝟗𝒏𝑹𝑻 ( ) ∫𝟎𝑻

Whilst the Cerium L3 edge XAS and the lattice parameter
refinements form xPDF provide extensive information on the
nature of the ceria component of the support, we also exploited
the xPDF data to extract further information on the behaviour
of the Au phase. Modelling of the thermal dependence on the
Au unit cell volume expansion through consideration of the
Debye temperature can be achieved by employing a Grüneisen
model70–72. The unit cell volume for the Au phase can be
expressed as;

𝟐𝒌𝟎 𝒂𝒗

𝒅𝑲𝟎
−𝟏)
𝒅𝑷

giving 𝑘0 to be 2.5. The internal energy is determined for
consideration of the Debye model and is described by the
equation 5 where 𝛳𝐷 is the Debye temperature, R the gas
constant, n is given by the number of atoms in the formula unit,
T describes the temperature on absolute scale.

Application of the Debye Model for Internal Energy

𝑽(𝑻) =

(

)

(2)

Where 𝑉𝑡 is the unit cell volume at a reference temperature, t,
here chosen to the value obtained at 294 K (room temperature),
𝑎𝑣 is the determined from the ratio of 𝑉𝑡 /𝑉0 , 𝑘0 is a function of
the derivative of the bulk modulus, 𝐾0 , with pressure, whilst 𝑄0
relates to the Grüneisen parameter and U is given by the
internal energy.

𝒙𝟑
𝒆𝒙 −𝟏

𝒅𝒙

(5)

Extension of this allows for the Debye temperature to be used
directly to determine the dynamic contribution to the atomic
displace parameter of Au, given in equation 672,74.
〈𝒖𝟐𝒅𝒚𝒏𝒂𝒎𝒊𝒄 〉 =

𝟑ℏ𝟐
𝒎𝒌𝑩 𝜭𝑫

𝟏

𝑻

𝟐

𝜭𝑫

( + ( ) ∫𝟎𝑻
𝟒
𝜭
𝑫

𝒙
𝒆𝒙 −𝟏

𝒅𝒙)

(6)

Here m is defined as the atomic mass and 𝑘𝐵 the Boltzmann
constant. Any contribution from the static disordering or
instrumental broadening can be accounted by a constant
correction term, equation 7, where Uiso is the refined atomic
displacement parameter for isotropic thermal displacement
from analysis of the dxPDF data. This constant offset term
refined to 0.0008 ± 0.0001 Å2.
𝑼𝒊𝒔𝒐 = 〈𝒖𝟐𝒅𝒚𝒏𝒂𝒎𝒊𝒄 〉 + 〈𝒖𝟐𝒔𝒕𝒂𝒕𝒊𝒄+𝒊𝒏𝒔𝒕𝒓𝒖𝒎𝒆𝒏𝒕𝒂𝒍 〉

(7)

Modelling of the lattice volume expansion of Au as a function
of temperature using the Grüneisen model, Equation 2,
demonstrates a strong agreement between the expansion
determined from the experimental scattering data and
theoretically determined lattice volume. The Debye
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Figure 4 | Fitting of unit cell volume and atomic displacement parameters extracted from differential xPDF analysis
relating to the metallic Au component. A, fitting of the Au unit cell volume during heating of the ceria/Au/alumina sample
using Grüneisen model for the volumetric thermal expansion is shown in red. The extracted Au Debye temperature, 170 ± 4
K, is indicated on the plot. B, illustration of the fitting to the atomic displacement parameter extracted from differential xPDF
analysis is shown in red. The dynamic contribution is accounted for through the Debye model.
temperature, ϴD, was refined to be 170 ± 4 K, as shown in Figure
4a. This value is in close agreement to previous experimental
work demonstrating a Debye temperature for Au of 165 K 75–77.
In addition to these findings, it was possible to refine the value
of 𝑉0 from the modelling of the volumetric lattice expansion.
Here it is determined that 𝑉0 is equal to 66.6 Å3, or a lattice
parameter of 4.05 Å which is contracted as compared to bulk Au
(4.078 Å). Elsewhere it has been noted that there is a large
contraction in the lattice volume in the surface of fcc
nanocrystals78,79 and as such this would indicate that the Au is
present in nanocrystalline form in this sample.

Further to these results, there can be seen to be a remarkable
agreement in the temperature between the formation of the
metastable cerium oxyhydride phase54 and the proposed
formation of the
surface Au hydride species at approximately 475 K. This finding
and the comparison with the ceria lattice parameter
refinements during heating, shown in Figure 3a, suggests that
the proposed Au hydride forms coincidental to the cerium
oxyhydride phase. As such, it can be proposed that Au promotes
the formation of cerium oxyhydride species through the
interaction of hydrogen with the supported Au nanoparticles.

Through the modelling of refined atomic displacement
parameter it can be shown that there is a strong agreement
between the Debye model for internal energy and the atomic
displacement parameter between 293 and 475 K, shown in
Figure 4b. Above this there can be seen to be a deviation from
the model which results in a lower than predicted Uiso value;
this implies a higher Debye temperature in this region and is
proposed to be due to the formation of an Au hydride species.
Typically hydride species have elevated Debye temperatures
when considered against their metallic counterparts 80. Evidence
for surface gold hydride species has also previously been
reported elsewhere in Au/Ceria catalysts42,52,53,81 and therefore
it could be taking place at the Au surface or the Au-ceria
interface. For the Au containing sample is was previously
reported that the H2 dissociation rate on the Au metal surface is
readily possible at temperature in excess of 420 K 27 and that the
noted temperature where H2 can be dissociated by the Au
surface corresponded well with an observed peak of hydrogen
update in TPR measurements. The findings from the DxPDF
analysis would suggest that the dissociation of hydrogen leads
to physical changes in the structure of the Au lattice.

Analysis of the cooling phase of the experiment was also
undertaken in a similar way and is shown in Figure 5. Here the
fitting was truncated to be between 375 K and 623 K due to the
inflection in both the lattice parameter data and the refined
atomic displacement parameter at approximately 375 K. It
should be noted that whilst in the heating data no significant
deviation from the Grüneisen model for the lattice volume was
observed, a clear step resulting in a decrease in the lattice
volume can be seen on cooling.
The gradient of the cooling prior to 375 K can also be observed
to be significantly different from the heating data. For clarity
Figure 5a displays the model for the heating data in red
superimposed upon the cooling data; the blue curve gives the
fitting to the truncated cooling data. Furthermore, it can be
noted that below 350 K the lattice volume follows very closely
the model of the heating data. This would suggest that changes
in the lattice volume are not an effect of particle sintering of the
Au phase. Refinement of 𝑉0 from the modelling of the
volumetric lattice expansion yields a lattice volume of 67.6 Å 3,
or a lattice parameter of 4.07 Å. This is a noted increase as
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Figure 5 | Fitting of unit cell volume and atomic displacement parameters extracted from differential xPDF analysis
relating to the metallic Au component. A, fitting of the Au unit cell volume during cooling of the ceria/Au/alumina sample
using Grüneisen model for the volumetric thermal expansion is shown in blue. The model refined from the heating data is
given superimposed in red. The extracted Au Debye temperature from the cooling in 5% H2/He, 173 ± 8 K, is indicated on
the plot. B, illustration of the fitting to the atomic displacement parameter extracted from cooling differential xPDF analysis
is shown in blue. The model for the heating data is show superimposed in red. The dynamic contribution to the atomic
displacement parameter is accounted for through the Debye model.
compared to the value of 𝑉0 obtained from the heating data and
would further indicate that there is a formation of an Au hydride
species on exposure to hydrogen at elevated temperatures. The
refinement of the Debye temperature yields a slightly elevated
value, 173 K. However, the uncertainty on this is relatively high
due to the truncation of the data range and as such can only
tentatively be noted as increased in respect to the cooling data.
Analysis of the atomic displacement parameter reveals a step
like change in disorder when cooling and is shown in Figure 5b.
The modelling of the data for the cooling phase is truncated due
to the step increase in the refined atomic displacement
parameter observed at approximately 350 K. From Figure 5b it
can be observed that the dynamic contribution to the atomic
displacement parameter during cooling is marginally lower than
the heating phase and can be modelled by an increase in the
Debye temperature. The static contribution (and instrumental
contribution) to the atomic displacement parameter is the same
for both heating and cooling data. Therefore, the decrease in
disorder is suggested to be well modelled by a slight increase in
the refined Debye temperature and further alludes to an Au
hydride species being present. Below 350 K, the data is seen to
closely follow the refined model of the heating portion of the
experiment. Therefore, it can be proposed that the formation
of Au hydride is only stable in this system above approximately
350 K.

Conclusions
In summary, we have shown how analysis of lattice and atomic
displacement parameters from differential X-ray total
scattering methods combined with the element specificity of
HERFD-XANES can be exploited to provide significant insight

into the interactions of hydrogen with the ceria/Au/alumina
catalysts studied here. Using dxPDF to probe the physical and
chemical properties of individual phases present within a
complex multiphase material elucidates the role of Au in
promoting the formation of a cerium oxyhydride species. The
application of the Grüneisen model for volumetric lattice
expansion and the Debye model we have determined the Debye
temperature of Au to be 170 ± 4 K. Furthermore, whilst
modelling of the refined atomic displacement parameter
through consideration of the internal energy using the Debye
model, a clear deviation from the atomic displacement model
occurs at temperatures exceeding 475 K under a partial H2
atmosphere. This has been interpreted as arising from the
formation of an Au hydride species.
The interplay between the structural changes in the Au and
support ceria has been explored through consideration of the
ceria lattice expansion and the formation of Ce(III) ions upon
heating in the reducing 5%H2/He atmosphere between 293 and
623 K. Above 475 K, the lattice parameter of the ceria is
observed to expand non-linearly. This is associated initially to
the formation Ce(III) ions within the fluorite lattice by the
inclusion of hydrogen to form a metastable cerium oxyhydride
species. Upon cooling, in a reducing atmosphere the reduced
Ce(III) species revert almost completely back to Ce(IV)
concurrent with the apparent loss of the Au hydride.
The formation the cerium oxyhydride species was
demonstrated to be promoted in the presence of Au and to
form coincidentally to the proposed Au hydride species. These
findings may explain why Au/ceria materials have been
demonstrated to be active in hydrogenation and
hydrochlorination reactions.
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