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An in situ/operando flow cell for transmission mode X-ray absorption spectroscopy (XAS), X-ray
diffraction (XRD), and combined XAS/XRD measurements in a single experiment under the extreme
conditions of two-step solar thermochemical looping for the dissociation of water and/or carbon dioxide
was developed. The apparatus exposes materials to relevant conditions of both the auto-reduction and
the oxidation sub-steps of the thermochemical cycle at ambient temperature up to 1773 K and enables
determination of the composition of the effluent gases by online quadrupole mass spectrometry. The
cell is based on a tube-in-tube design and is heated by means of a focusing infrared furnace. It was
tested successfully for carbon dioxide splitting. In combined XAS/XRD experiments with an unfocused
beam, XAS measurements were performed at the Ce K edge (40.4 keV) and XRD measurements at
64.8 keV and 55.9 keV. Furthermore, XRD measurements with a focused beam at 41.5 keV were
carried out. Equimolar ceria-hafnia was auto-reduced in a flow of argon and chemically reduced in a
flow of hydrogen/helium. Under reducing conditions, all cerium(iv) was converted to cerium(iii) and
a cation-ordered pyrochlore-type structure was formed, which was not stable upon oxidation in a flow
of carbon dioxide. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4994890]

I. INTRODUCTION

The efficient conversion and storage of solar energy in
chemical energy represent a promising path to a sustainable,
carbon-neutral energy supply. High temperature from concentrated solar radiation enables storage of solar energy by
reversing the combustion of fuels such as hydrogen, carbon
monoxide, and hydrocarbons.1–4 Efficient solar-driven, twostep thermochemical cycles for the generation of solar fuels
by two-step dissociation of water and carbon dioxide require a
stable material for oxygen storage with a combination of favorable thermodynamic, kinetic, optical, and morphological properties:5–7 high capacity for oxygen storage, fast transport of
oxygen in the bulk, fast reaction kinetics at the solid-gas interface, and high rates of mass- and heat-transfer with structural
and chemical stability over a large number of redox cycles.
The reactions of thermochemical looping must be carried out
at very low concentration of oxygen and at high temperature,
up to 1773 K, to achieve a competitive solar-to-fuel energy
conversion efficiency.8–13
State-of-the-art non-volatile oxygen exchange materials include ferrites,14,15 ceria,1,2 hercynites,16,17 and perovskites.18,19 Understanding their working structure is essential in the quest for more durable materials that enable a higher
solar-to-fuel energy conversion efficiency. The understanding and rational design of advanced oxygen storage materials
0034-6748/2017/88(8)/083116/11/$30.00

increased significantly by determining their electronic and
geometrical structures under relevant conditions of oxygen
release and uptake.
Element-specific information about the changes in the
local structure, such as the electronic structure and oxygen
coordination of the elements involved in the redox reactions, is obtained by means of X-ray absorption spectroscopy
(XAS).20,21 The crystal structure of the phases and phase
changes in oxygen-storage materials can be determined under
reaction conditions by X-ray diffraction (XRD).17,22,23 Here,
we present a reaction cell suitable for XAS and XRD measurements under relevant solar-reactor conditions which combines
both techniques in a single experiment under identical conditions. The design of the cell was related to our in situ cell for
XAS in transmission mode.20,21
The temperatures required for solar-driven thermochemical looping present a complex engineering problem. High
temperature is a significant challenge for in situ structural
characterization. First, the choice of material for the walls
and windows of the reactor as well as their geometry is limited, and a suitable, reliable system of heating and temperature measurement must be found for the proposed technique.
Second, due to high reactivity at elevated temperature, samples cannot be diluted, for example, to adjust transmission
in an absorption experiment, and contact with other materials usually leads to contamination. Last but not least, thermal
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disorder of the oxygen storage material dramatically limits
access to structural information because of thermal damping
and broadening of scattered intensities and spectral features.
Owing to their considerable depth of penetration, synchrotron
X-ray and neutron-based techniques are the most promising
for in situ characterization at high temperature in the reactive
environment of both sub-steps of the solar thermochemical
cycle.
Figure 1 shows the two-step thermochemical dissociation
of water and/or carbon dioxide and the typical process conditions. It visualizes important aspects of the design of an in situ
flow cell for XAS and XRD. The option of performing XAS
in fluorescence mode or X-ray emission spectroscopy (XES)
is illustrated. XES is very sensitive to the electronic structure
and enables the determination of the ligand environment of
specific elements.24 The cell we describe in this work was not
optimized for XES.
Thermochemical cycles can be performed under isothermal conditions9,25–28 or involve a temperature swing. In the
auto-reduction step, oxygen released from the oxygen storage
material is removed from the reactor, for instance, by means
of an inert sweep gas such as argon. During re-oxidation, the
reactor must withstand high concentrations of steam, carbon
dioxide, and the reaction products hydrogen, carbon monoxide, or hydrocarbons such as methane,4 which is particularly
demanding at the high temperatures of isothermal conditions.
Operation with a temperature swing results in fast changes in
the temperature by hundreds of degree Kelvin in each cycle:
fast cooling to the temperature of the oxidation step and fast
heating during auto-reduction.
There are a large number of cells for in situ characterization by synchrotron X-ray technology.29–40 Most cells are

FIG. 1. The two-step thermochemical cycle using ceria and typical process
conditions during (1) the auto-reduction and (2) the oxidation sub-steps of
solar thermochemical looping (a). Components and important parameters for
the design of an in situ flow cell that can be operated under these conditions
(b). Requirements of the geometrical arrangement of the incident, emitted,
and diffracted X-ray beam and the sample depend on the technique and
the required/available incident photon energy hν. Transmission experiments
require an accurate sample geometry. Critical parameters are the transmission
of windows and gases, the geometry of the sample, the solid angle Ω for XES,
and the accessible range of the Bragg-angle 2θ in XRD.
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optimized with respect to specific requirements of the characterization technique, a limited photon energy range, and
specific reaction conditions. Some cells enable simultaneous
measurements by means of two or more X-ray techniques or
other methods such as infrared and Raman spectroscopy. Most
cells do not function at temperatures up to 1773 K. Devices
designed for this extreme temperature are usually inoperable
in the presence of steam and reactive gases such as hydrogen
and carbon monoxide.
Experiments at very high temperature have been performed by placing the sample on a wire that undergoes resistive
heating.41,42 A very effective way to avoid contamination by
the sample mount is to use aerodynamic levitation combined
with non-contact laser heating.43–45 Contact-free heating facilitates cell design with regard to the control and reproducibility
of the sample temperature. Placing the sample in a container is
required to achieve low oxygen concentrations. Thus, a reactor
material through which X-rays can penetrate, or alternatively,
a cell with an X-ray window that can be actively cooled
or that withstands the high temperature, must be developed.
Element-specific characterization of materials under reaction
conditions by X-ray spectroscopy is primarily restricted by
the photon energy of the absorption edges of the chemical
element, the emitted photon energy, and the transmission of
window materials of the in situ cell. In many oxygen storage
materials, e.g., ferrites and perovskites for solar-driven thermochemical looping, the redox-active species are period-four
transition-metal ions. The highest photon energy for probing
these atoms is at the absorption K edge. This range is 5.0 keV
(titanium) to 9.7 keV (zinc). Important absorption edges in
perovskites of the La–Sr clan12,46–48 are the La L III edge at
5.5 keV, the La K edge at 38.9 keV, and the Sr K edge at
16.1 keV. In ceria-based materials, relevant absorption edges
are the Ce L III edge at 5.7 keV, the Ce K edge (40.4 keV),
and absorption edges of hetero-cations such as the Zr K edge
(18.0 keV), the Hf L III edge (9.6 keV), and the Hf K edge
(65.4 keV).
XAS measurements in transmission mode require thin,
homogeneous, and mechanically stable samples. Typically,
at a photon energy below about 15 keV, a sample composed
of ceria-based materials must be a few microns thin. Pellets
that meet these requirements are not easy to prepare and are
prone to breakage during the experiment. If a reasonable compromise between total absorption and the size of the edge
jump cannot be found, then fluorescence detection can give
access to elements at low photon energies or of low concentration. Thin reactor walls (a few hundreds of microns) of
ceramic materials composed of low-Z elements such as B4 C,
Si3 N4 , (hexagonal) BN, polycrystalline alumina (corundum),
and sapphire Al2 O3 can be used with a suitable heating system.
Access to high-energy photons facilitates the design of in situ
cells which enable operation under solar thermochemical looping conditions. High-energy photons are particularly useful in
the characterization of ceria-based materials, employing the
Ce K edge at 40.4 keV. The beamline BM01B (now recently
established as BM31) at the European Synchrotron Radiation
Facility (ESRF) is dedicated to combined XRD/XAFS/Raman
measurements and was optimized for quasi-simultaneous XAS
in transmission and fluorescence modes and high-resolution
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powder XRD measurements in situ.49,50 The beamline provided sufficient photon flux from 5 to 80 keV covered by
a single Si(111) double crystal monochromator. Two pairs
of Si(111) monochromator crystal pairs were available for
diffraction experiments: a double-crystal pair for XAS and
another crystal pair with a focusing second crystal with a
fixed radius for diffraction experiments at 41.5 keV. The
monochromator crystal pairs were mounted on slides inside the
monochromator cage and were movable horizontally, which
made it possible to switch between focusing and non-focusing
geometry. For combined experiments, the monochromator for
XAS was also used for diffraction experiments. The switch
from absorption to diffraction measurements and vice versa in
that configuration took less than 1 min.

II. EXPERIMENTAL
A. Cell description

Figure 2 presents a cross section and three-dimensional
view of the cell. Figure 3 shows pictures of the apparatus
mounted at the beamline and a close-up of the alumina sample holder. The cell consisted of two coaxial tubes made of
quartz and alumina, respectively, mounted onto a cylindrical
aluminium holder hinged to a rotatable arm. The hemispherical shape of the closed end of the outer quartz tube (46 × 43
× 300 mm) served as a diffraction dome. The samples were
mounted on an alumina sample holder at the open end of the
inner alumina tube (12.7 × 9.5 × 326 mm, 99.7 Alsint, Haldenwanger Ceramics). The removable quartz tube was sealed by
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two Viton O-rings. The alumina tube was glued to the aluminium holder with a silicon sealant (Dow Corning 736).
Samples were mounted on an alumina sample holder that was
placed in the hot zone at the end of the alumina tube (length
100 mm, diameter 10 mm) of an infrared focusing furnace
with four lamps, gold-coated mirrors, 8 kW rated power, and
the maximum temperature 1973 K (VHT E-44, Ulvac-Riko).
The casing of the furnace was water-cooled, and the lamps
were cooled by pressurized air, which also cooled the quartz
tube. The diameter of the furnace casing was 52 mm. The
temperature was measured in the immediate vicinity of the
sample by means of a Pt/Rh thermocouple (type S, diameter
0.5 or 1 mm) inside an alumina sheath, which also fixed the
position of the sample holder. The cold end of the alumina tube
was sealed with a modified linear 1/2 in. Swagelok Ultra-Torr
fitting with an X-ray window (25 µm kapton), a thermocouple
feedthrough, and a 1/8 in. gas inlet. Gases were introduced
into the alumina tube through this gas inlet and flowed in the
reverse direction between the two tubes to the gas outlet in the
aluminium holder. The total gas volume in the cell was 327
ml. The X-ray beam was oriented on the axis and entered the
cell through the Kapton window at the cold end of the alumina tube. Sample holders were made of pieces of alumina
tubes (99.7 Alsint, Haldenwanger Ceramics). A short piece
of the thin tube (5.5 × 3.5 × 3 mm3 ) was glued flush with
the outer tube (8.0 × 6.0 × 10 mm3 ) using alumina-filled hightemperature adhesive (Aremco Ceramabond 503). The sample,
a pellet of typically 5 mm diameter and less than 200 µm thick,
was introduced and the second alumina tube kept the pellet in
vertical position. Pellets of 5 mm in diameter were made with

FIG. 2. Sectional (a) and three-dimensional (b) views of the in situ XAS/XRD cell with holder arms. The length of the heated zone was 100 mm. Arrows indicate
the direction of the gas flow. See also Fig. 3.

FIG. 3. The high-temperature in situ XAS/XRD cell inside the opened focusing infrared furnace at the Swiss-Norwegian Beamline BM01B. (a) Open furnace
consisting of two parts (F1, F2) that are connected by a hinge (H). The lamps (L1, L2) and the gold-coated mirrors are in the upper part of the picture. The
removable, quartz tube with a semi-spherical closed end (Q) and the inner alumina tube (A) bearing the sample holder (S) and a thermocouple. (b) The closed
furnace in operation: aluminium holder with the gas outlet (O) and the X-ray-transparent Kapton window (X), gas inlet (I), and the thermocouple feedthrough
(T) at the cold end of the alumina tube. (c) Alumina sample holder, outer part (SO), and inner part (SI).
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FIG. 4. Scheme of the equipment used
for testing the in situ cell for XRD using
a focused beam at 41.5 keV and for performing combined XAS/XRD experiments in transmission mode under
realistic solar thermochemical carbon dioxide-splitting conditions up to
1773 K.

a pellet press (1 ton) (msscientific Chromatographie-Handel
GmbH) and consisted of 30 mg Ce0.5 Hf 0.5 O2−δ (Hf50) powder and 17 mg ceria prepared by Pechini-type synthesis and
calcination at 973 K.22,51 At the beamline, the in situ cell and
the IR furnace were mounted to an aluminum profile on an
xyz sample stage. The inner tube of the cell was aligned and
was placed in the center of the hot zone of the furnace. Subsequently, the apparatus was aligned to a visible laser beam,
which was, in turn, co-axially aligned with the X-ray beam.
The transmitted and scattered photons passed through the wall
of the quartz tube and their intensity was detected by means
of ion chambers and a 2D pixel detector, respectively. Above
40 keV, only a small fraction of the transmitted or scattered
intensity, less than 10%, was absorbed by the 1.5-mm thin
wall of the quartz tube. The maximal detectable scattering
angle was limited by the diameter of the furnace opening
(52 mm).
Figure 4 is a scheme of the setup for in situ XAS, XRD, and
combined XAS/XRD experiments. The gas feed of the cell was
controlled by a gas-dosing system that enabled a fast switch
between two gas streams by means of a four-way valve (Vici)
with an electric actuator. Flow rates of the mass-flow controllers and the position of the four-way valve were controlled
and logged on a computer by our own LabVIEW application.
The composition of the products in the gas stream was monitored by means of a quadrupole mass spectrometer (Pfeiffer
GSD 320).
B. In situ XAS, XRD, and mass spectrometry (MS)

The end of the alumina tube bearing the sample holder
was placed at about 2 cm from the center of the half-sphere
at the closed end of the quartz tube to ensure that the sample
was closer to the middle of the heated zone and to increase the
lifetime of the quartz tube.
During in situ XAS, XRD, and combined XAS/XRD
measurements, the storage ring was operated in 16-bunch
mode with a ring current of 90 mA and a half life of 10 h.
XANES (X-ray absorption fine structure) measurements at
the Ce K edge were carried out with a time resolution of
1.2 min 1 in 725 steps with a step width of 1 eV and a
dwell time of 50 ms. Intensity was monitored by means of
three ion chambers, 30 cm long, and by applying 1 kV voltage. The ion chamber that monitored the incident intensity
I 0 was filled with a mixture of 80/20 vol. % argon/krypton,
and the ion chambers monitoring I 1 and I 2 were filled
with pure krypton. In the diffraction-only configuration, the

beam was focused at a photon energy of 41.507 keV, which
corresponds to a wavelength of 0.2987 Å. The beam size was
approximately 0.5 × 0.5 mm2 (vertical × horizontal). The
wavelength was calibrated against a Si NIST standard using
the beamline’s high-resolution diffractometer. In the combined diffraction/absorption experiment, the beam size was
adjusted by slits, resulting in a beam size of approximately
400 × 400 µm2 (vertical × horizontal) for diffraction measurements and 800 × 400 µm2 (vertical × horizontal) for absorption measurements. Diffraction measurements in the combined
experiments were performed at a photon energy of 64.786 and
55.855 keV, which correspond to a wavelength of 0.1914 and
0.2220 Å, respectively. Diffraction data were collected by a
Dexela 2923 CMOS 2D pixel detector. In this configuration,
a resolution of typically 0.005◦ (2θ) is achievable. Sets of five
dark and five exposed images with an exposure time of 4 s were
recorded with a fast shutter. From each set, one backgroundcorrected diffraction pattern was obtained at a time resolution
of 0.876 min 1 . The 2D pixel detector was moved in and out
of the beam by means of a step motor in less than a minute.
The position of the sample relative to the pixel detector was
determined by means of a LaB6 660c NIST standard in a 0.3mm quartz capillary mounted on top of the inner ceramic tube.
To account for the exact position of the sample, 3 mm inside
the tube, the whole device was moved towards the source for
calibration. Data reduction by azimuthal integration was performed with PyFAI software,52 and background subtraction
was carried out with MATLAB and the baseline estimation
and denoising by the sparsity (BEADS) algorithm.53

III. RESULTS
A. Combined in situ XAS/XRD

Figure 5 shows Ce K edge XAS spectra, recorded during
thermal auto-reduction of Ce0.5 Hf 0.5 O2−δ (Hf50) by heating
from room temperature to 1773 K at a rate of 50 K/min in a flow
of 200 ml/min argon, subsequent exposure to a constant temperature of 1773 K for 30 min, and cooling to 1073 K. The Ce K
edge XANES changed significantly during heating from room
temperature to 1773 K, indicating changes in the electronic
and geometric structures. The amplitude of the absorption fine
structure decreased with increasing temperature. The intensity of the white line dropped sharply during heating and
concomitant release of oxygen. An additional absorption maximum appeared at an energy higher than that of the second
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FIG. 5. Ce K edge XAS spectra of
Ce0.5 Hf 0.5 O2−δ during thermal autoreduction by heating in a flow of argon
from room temperature to 1773 K [(a)(c)], subsequent exposure to a constant
temperature of 1773 K [(d)-(f)], and during cooling from 1773 K to 1073 K [(g)(i)]. The first spectrum in each series is
in blue and the last spectrum is in red.
Arrows indicate the direction of the shift
in the edge energy.

absorption maximum. The third and fourth absorption maxima
of the pristine Hf50 disappeared after auto-reduction at 1773 K
and cooling to 1073 K. The intensity of the white line remained
constant during cooling from 1773 K to 1073 K. Very strong
thermal damping affected the EXAFS, which was essentially
a flat line at the highest temperature. The EXAFS consisted
of only few very weak features at 1073 K. The energy of the
absorption edge decreased clearly during auto-reduction, during heating, and at 1773 K but only exhibited a small shift
during cooling, from 1773 to 1073 K. During heating from
room temperature to 1773 K, at about 573 K, a discontinuous
change in the intensity of the first absorption minimum and
the third and fourth absorption maxima occurred. All the other
changes in the spectra were gradual.
The temperature profile in Fig. 6(a) shows that the temperature around the sample was very similar to the temperature
throughout the experiment. The controller parameters were
the same as in our in situ XAS cell,20 and only a slightly
higher furnace power was required for the temperature to reach
1773 K. The release of oxygen, as observed in the MS, started
at about 1073 K and peaked after reaching 1773 K. At first,
there was a rapid and then a slower decrease in the oxygen signal. Upon cooling to 1073 K after auto-reduction at 1773 K,
the oxygen signal decreased only slightly to its baseline level,
indicating that, at this point, oxygen release from the sample was almost complete. During subsequent heating from
1073 K to 1570 K, there was no detectable oxygen release.
In the last part of the experiment, only a very small amount
of oxygen was released from the material during heating in a
flow of argon. Figure 6(b) presents the changes in the Ce K
edge energy that were determined from the time-resolved XAS
spectra. The shift in the edge energy is proportional to the concentration of Ce3+ in the material and the non-stoichiometry
parameter δ in Ce0.5 Hf 0.5 O2−δ .20 The trend in the edge shift
was in good agreement with the MS oxygen signal. However,
during heating from room temperature, δ increased already
below 1073 K, before an increase in the MS oxygen signal

was detected. At 1773 K, the rate of the change in δ peaked at
δ ≈ 0.12, which is half that of the theoretically expected total
change. The shift in the edge energy leveled out but increased
slightly to a non-stoichiometry δ of 0.29 during cooling to
1073 K. Exposure to a flow of 100 ml/min carbon dioxide
did not change δ. Subsequently, isothermal switches between
a flow of 200 ml/min argon and 100 ml/min carbon dioxide
were performed at 1570 K. The value of δ gradually decreased
when the temperature was increased to 1570 K. During the first

FIG. 6. Thermal auto-reduction of Ce0.5 Hf 0.5 O2−δ in a flow of 200 ml/min
argon and exposure to a flow of 100 ml/min carbon dioxide. (a) Furnace profile
and MS signal of oxygen (m/z = 32) and (b) shift in the Ce K edge energy
determined by interpolation at a constant normalized absorption of 0.56.
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exposure to carbon dioxide and subsequent exposure to argon,
δ remained virtually the same. In the second switch to carbon
dioxide, δ decreased slightly, by about 0.025, and, in line with
the detection of oxygen release by MS, it increased by the
same value when the gas feed was switched back to argon.
The change in the oxidation state of cerium was followed
quantitatively.
In the course of the auto-reduction at elevated temperature, the green pellet, consisting of compacted powder, was
transformed into a dense ceramic body and significant changes
in its density, geometry, and composition affected its X-ray
transmission and scattering. The changes in the pellet can be
traced by plotting the initial and transmitted intensities at a
constant photon energy below the absorption edge. Figure 7
gives the incident intensity I 0 and the transmitted intensity I 1
during the thermal auto-reduction experiment described above
(see Figs. 5 and 6). Both intensities reflect the slow, exponential decrease in the ring current. In addition, a slow drift in the
relative position of the monochromator crystals may have also
contributed to changes in the photon flux. During the experiment, the intensity of the transmitted beam was not parallel to
that of the incident beam but first increased slightly and then
dropped dramatically until 1773 K was reached. Subsequently,
the trend in the transmitted intensity was similar to that of the
incident intensity. Refilling the storage ring had only a minute
effect on the spectra and did not disturb the quantification of
the shift in the energy of the edge position.
Figure 8 shows XRD patterns recorded at a photon energy
of 64.786 keV at room temperature before and after the abovementioned thermal auto-reduction. Because the furnace opening limited the 2θ range, above approximately 15◦ 2θ, the
scattered intensity decreased due to absorption in the furnace
casing. The intensity of the background was significantly lower
after the thermal treatment. The intensity of the broad background peak at 2.4◦ 2θ was assigned to scattering in the wall
of the quartz tube. Sintering and solidification of the pellet
reduced the transmitted intensity and the scattering contribution of the quartz tube, which contributes to the background

FIG. 7. Trends in the incident intensity I 0 (blue) and transmitted intensity I 1
(red) at 350 eV below the energy of the Ce K edge of the first spectrum during
thermal auto-reduction (Figs. 5 and 6). In contrast to the incident intensity
I 0 , the transmitted intensity I 1 remained constant at first and then gradually
decreased during thermal auto-reduction, indicating the sintering process leading to densification and an increase in the thickness of the pellet. The jump in
intensity at 80 min resulted from the refilling of the storage ring.
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FIG. 8. XRD patterns of Hf50 recorded at room temperature at 64.786 keV
before (blue) and after (red) the thermal auto-reduction and exposure to carbon
dioxide (see Figs. 5 and 6). Asterisks (*) indicate weak reflections indicative
of the cation-ordered pyrochlore structure, diesis (‡) indicate reflections of
monoclinic hafnia, and the dollar sign ($) indicates unknown reflections and
reflections that could not be definitely assigned.

in the diffraction pattern. Because the sample was not placed
in the center of the semi-sphere of the quartz tube, the intensity and broadening of individual reflections depended on the
scattering angle. The detection of reflections with relative
intensities below 5% indicated the high sensitivity that was
achieved at a time resolution of 0.876 min 1 . Many of the very
weak peaks were tentatively assigned to a cation-ordered structure equivalent to the ceria-zirconia pyrochlore.54,55 In addition to Ce0.5 Hf0.5 O1.75 , there was a small amount of monoclinic
hafnia.
Relevant solar reactor temperatures of 1773 K were easily
reached in a flow of argon or carbon dioxide. The rather large
gas volume between the hot alumina tube and the quartz tube
limited the maximum attainable temperature due to conductive
and convective heat transfer. Because the thermal conductivity
of helium56 is significantly higher than that of argon57 and
carbon dioxide,58 the maximum attainable temperature was
about 1650 ± 50 K when the cell was flushed with 5% hydrogen
in helium at 200 ml/min.
Figure 9 shows the experimental conditions, including the
furnace temperature and MS signals and the shift in the energy
of the Ce K edge determined in a combined XAS/XRD experiment with a flow of hydrogen/helium and carbon dioxide.
A pellet of 30 mg pristine Hf50 was mounted in the in situ
cell and the temperature was increased to about 1650 K at
50 K/min in a flow of hydrogen/helium. After 30 min, the gas
feed was switched to 200 ml/min carbon dioxide for 60 min,
which led to an increase in temperature to about 1800 K. Subsequently, the gas feed was switched back to hydrogen/helium
and the temperature decreased and leveled out at about 1610 K
at full power in the furnace. The MS signals clearly indicated
the formation of water from Hf50 when the temperature was
increased from room temperature, indicating the removal of
oxygen from the sample. Switching between hydrogen/helium
and carbon dioxide also led to the formation of water from
carbon dioxide and hydrogen. A small peak in the dioxygen
signal occurred during the switch. Following the acquisition of
Ce K edge X-ray absorption spectra during the switch, X-ray
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FIG. 9. Temperature-programmed reduction of Hf50 in a flow of hydrogen/helium and subsequent switch to a flow of carbon dioxide. (a) Temperature
profile and MS signals of carbon dioxide (m/z = 44), oxygen (m/z = 32), and
water (m/z = 18). (b) Non-stoichiometry δ in Ce0.5 Hf 0.5 O2−δ determined
in situ by quantification of the energy shift of the absorption edge of timeresolved Ce K edge spectra. The indices (i) to (iii) indicate the collection of
XRD patterns [see Figs. 10(a)–10(c)].

diffraction patterns were recorded at 55.855 keV. The indices
(i) to (iii) in Fig. 9 indicate the acquisition of series of
time-resolved X-ray diffraction patterns.
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The release of water during heating in hydrogen/helium
was in line with an increase in δ, determined from the timeresolved Ce K edge XANES spectra. XAS indicated that
oxygen release from the sample was completed at 1650 K.
The maximum in the energy shift of the Ce K edge absorption
edge was 7.2 eV, suggesting full conversion of Ce4+ to Ce3+ .
The quality of the reference spectra did not enable correction
of energy drifts. When the beamline settings were switched
from XRD back to XAS in (i), δ dropped by about 0.1. This
shift, which is probably related to temperature changes in
the monochromator crystals, was corrected for by assuming
that structural changes did not occur during XRD measurements in a flow of hydrogen/helium. During XRD acquisition
in region (ii), structural changes in the XRD were detected [see
Fig. 10(b)]. Thus, the absolute values of the non-stoichiometry
δ, determined by XAS after (ii), were less reliable. The relative
change in δ indicated a concentration of Ce3+ slightly below
its theoretical maximum of 0.25. After XRD measurements at
point (iii), there was no jump in the energy shift at the Ce K
edge.
Figure 10 presents details of the time-resolved XRD patterns that were recorded in the combined XAS/XRD experiment (Fig. 9). At high temperature, the (111), (311), and (333)
(511) reflections of the pyrochlore structure were present in
a flow of hydrogen/helium. In line with the above-mentioned
results, it was not possible to clearly assign peaks close to
the expected 2θ values of the (331) and (422) reflections of the
potentially isostructural ceria-zirconia compound. Upon exposure to carbon dioxide, the normalized intensity of the (111)
and (311) reflections and the peak assigned to the (333) (511)
reflections decreased. A shoulder of the (440) reflection of the
pyrochlore emerged. Exposure to carbon dioxide at 1800 K

FIG. 10. Diffraction patterns of chemically reduced Hf50 highlighting reflections related to cation ordering during
the combined XAS/XRD experiment.
Diffraction patterns were recorded at a
photon energy of 55.855 keV at points
(i)-(iii) (Fig. 9). (a) at point (i) in a flow
of hydrogen/helium, (b) at point (ii) after
switching to a flow of carbon dioxide,
and (c) at point (iii) after switching back
to a flow of hydrogen/helium. Asterisks
(*) indicate weak reflections indicative
of the cation-ordered pyrochlore structure and diesis (‡) indicate reflections
of monoclinic hafnia. Arrows indicate
direction of changes in the normalized
intensity of the reflections and (hkl)
indices the positions of reflections of the
pyrochlore structure.
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for 1 h led to an increase in the monoclinic phase. The reflections indicating cation ordering persisted, but their normalized
intensities decreased significantly.
After switching back to hydrogen/helium, the normalized
intensities of the reflections indicating cation ordering were
slightly lower. During data acquisition [point (iii)], after the
feed gas was switched to hydrogen/helium, the diffraction patterns were the same, indicating fast structural changes during
the switch. After exposure to hydrogen/helium, the intensity of
the peaks assigned to the cation-ordered pyrochlore structure
did not return to the initial intensity before exposure to carbon
dioxide.
B. In situ XRD with a focused beam

Figure 11 presents time-resolved X-ray diffraction patterns, recorded with a focused beam at 41.5 keV during thermal treatment of ceria by heating from room temperature to
1773 K in a flow of argon. The time-resolved diffraction patterns reflected structural changes in the material and effects
due to thermal disorder. In the diffraction pattern of the pristine compressed powder, the reflections were very broad due
to the small size of the crystallite. An increase in temperature caused sintering and to an increase in the crystallinity
and the crystallite size of the material, leading to narrower
diffraction peaks with a higher intensity. On the other hand,
thermal disorder brought about lower scattered intensity and
thermal expansion of the crystal lattice caused a substantial
shift in the diffraction peaks to lower scattering angles. Ceria
forms solid solutions of the fluorite-type structure and tetragonal and monoclinic phases with zirconia and hafnia.22,51,59,60
There were no observable reflections indicating secondary
phases. In contrast to the diffraction patterns recorded with
an unfocused beam, the diffraction patterns recorded with
a focused beam (Fig. 11) contained very weak reflections
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due to the presence of higher harmonics with the triple photon energy (124.5 keV) of the fundamental. The intensity
of these peaks increased parallel to the diffraction peaks of
the fundamental photon energy during heating. At a constant
temperature of 1773 K, changes in the diffraction patterns
were small compared to changes observed during heating. At
1773 K, the intensity of the background decreased further,
the intensity of the reflections increased and their positions
shifted slightly to lower scattering angles. Thermal expansion
as well as the release of oxygen and the formation of oxygen vacancies led to an expansion of the fluorite-type crystal
lattice.22
IV. DISCUSSION
A. Performance of the in situ cell

The cell for high photon energy XAS and XRD in transmission mode functions under the extreme conditions required
for solar thermochemical looping. Coupling of a mass spectrometer to the cell enables quantitative gas analysis. The
robust design gives access to information about the working
structure of oxygen storage materials during both the reduction
and oxidation sub-steps of the dissociation of carbon dioxide from room temperature up to at least 1773 K. If thermal
disorder masks the structure, the cell allows exposure to reaction conditions at high temperature and measurements at room
temperature without exposure to air.
A crucial factor in in situ XAS and XRD experiments
in transmission mode is the quality of the sample, i.e., the
homogeneity, uniformity, and mechanical stability of the
pellet throughout the experiment upon heating and cooling as
well as changes in the feed gas. Minute cracks or pinholes negatively affect the quality of XAS data. XRD is not as sensitive to
pinholes as XAS but requires a precise, reproducible position

FIG. 11. XRD patterns of ceria
recorded with a focused beam at 41.507
keV during heating in a flow of argon
from room temperature to 1773 K
[(a) and (b)] at 50 K/min right after
reaching 1773 K and after 25 min at
1773 K [(c) and (d)]. The first patterns
of the time series are in blue and the
last in red. Octothorps (#) indicate an
artifact originating from differences in
the temperature during acquisition of
the dark and exposed detector images.
Asterisks (*) indicate reflections
originating from higher harmonics with
a photon energy of 124.5 keV.
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of the sample. The cell ensured good control of the temperature because the sample was placed in a large heated zone
and the temperature was measured in the immediate vicinity
of the sample. Radiative, non-contact heating led to a sufficiently good distribution of temperature in the sample, and
mechanical failure, probably caused by temperature gradients
during heating, was infrequent, even at heating rates up to
50 K/min. Careful preparation of the pellets allowed reliable
operation and the failure rate was less than 10%. Contamination of the sample due to contact with the alumina sample
holder cannot be excluded but is highly unlikely to affect the
spot hit by the X-ray beam in the center of the pellet. There
was no observable formation of a tetragonal CeAlO3 phase.
The energy of the focusing device is just above the Ce K edge,
and there were significant absorption effects. In the combined
XAS/XRD experiment, a photon energy below the Hf K edge
was chosen for XRD to avoid absorption effects. The size of
the sample is sufficient to reach concentrations of the product
gases suitable for quantification by means of online quadrupole
mass spectrometry. The gas flow rates can be adjusted to reach
concentrations of oxygen or carbon monoxide, respectively, of
typically a few hundred ppm. The enormous power of the furnace and the small thermal mass of the alumina tube bearing
the thermocouple, sample holder, and the sample enable heating and cooling rates up to several hundred K/min. The rapid
change of samples at room temperature is very convenient with
regard to the time pressure in experiments at a synchrotron
beam line.
The cell design enables detailed modification and optimization of samples, reaction conditions, and X-ray-based
characterization techniques. The reproducibility of the sample position, the calibration of the detector position, and the
movement of the sample during the experiment are of great
importance in XRD experiments. This might be improved
by a key lock mechanism. The change in the sample position due to thermal expansion of the alumina tube was not
corrected. The use of an internal standard might help to
improve the reproducibility and precision of the measurements, for example, by attaching a thin platinum foil to the
pellet. In addition, an internal standard might provide an alternative measure of temperature. The (dead)volume of the cell
can be significantly reduced by adjusting the shape of the
quartz tube for time-resolved transient experiments such as
the modulation-excitation method with phase-sensitive detection.61,62 Under static conditions, the background contribution
of the quartz tube might be eliminated by using an open
quartz tube and a Kapton window. The requirement for higher
Bragg angles can be met by modifying the casing of the
furnace.
B. Complementarity of in situ XAS and XRD at high
temperature and advantages of high photon energy

The combination of XAS at the Ce K edge and
XRD provides complementary information about structural
changes in ceria-based oxygen storage materials. As shown
in Fig. 5, despite strong thermal damping effects leading to
insurmountable difficulty in the extraction and evaluation of
the EXAFS signal, features in the XANES region of Ce K
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edge X-ray absorption spectra are very sensitive to structural changes. It is advantageous to combine many techniques
because signals may be weak and ambiguous at high temperature. Accurate data of the average oxidation state of cerium and
information about the local geometric structure, determined
by Ce K edge XAS, can be combined with structural data of
the long-range structure as determined by XRD to obtain an
unprecedented comprehensive, detailed, and precise picture.
While information about the short-range order is given by Ce
K edge XAS, XRD gives detailed insight into the long-range
order, as shown by the ordered arrangement of the cerium and
hafnium cations. While the average oxidation state is difficult to extract from XRD data, it is determined from the Ce
K edge XANES. Unlike XAS, XRD enables the facile detection of the formation of other phases such as the monoclinic
hafnia phase. Structural changes were rather slow during the
oxidation of the oxygen-deficient materials due to the limited
surface area of the dense ceramic body and limited reaction
rate of the surface. The time resolution of both XAS and XRD
is sufficient to study the dynamics of structural changes and
gain in-depth knowledge of the role of oxygen vacancies in
the dynamics of phase transition. In the case of ceria-hafnia
materials, XAS at the Hf K edge gives information about the
electronic structure of hafnium and the hafnium-oxygen coordination geometry.63 While XAS at absorption edges at lower
photon energy is desirable, XRD data collected at high photon
energy open up the possibility of analyzing the pair distribution
function (PDF).
C. Potential application of the analysis of the pair
distribution function

The analysis of the pair distribution function (PDF) is a
powerful tool for determining the structural short- and longrange ordering, which depends on the total scattered intensity.
It enables the determination of local, short-range structural features, which are not reflected in the long-range average crystal
structure.64–67 The PDF has been successfully applied to synchrotron X-ray scattering data of ceria-based materials.68–71
PDF analysis requires a scattering intensity up to a very large
momentum transfer Q = 4π sin θ/λ with the scattering angle θ
−1
and the wavelength λ. A typical Q-range greater than 30 Å
is required to minimize termination effects in the Fouriertransform of the total scattered intensity. Thus, the scattering
data for PDF analysis are collected preferably in transmission
experiments at high photon energy. The in situ cell for XAS
and XRD in a solar thermochemical reactor enabled a maximum Bragg angle of about 18◦ 2θ, which corresponds to an
−1
−1
upper limit of the Q range of 10.3 Å at 64.8 keV and 6.6 Å
at 41.4 keV. A greater Q range might be accessible if modifications are undertaken to enable larger scattering angles and/or
by increasing the photon energy. At 64.8 keV and 40◦ 2θ, the
−1
maximum wave vector Q is 22.5 Å , and at 100 keV and
−1
40° 2θ, it is 34.7 Å , respectively. Both the scattering angles
and the photon energy are accessible. The PDF can lead to a
better understanding of the properties of defect interactions72–74 and the influence of inhomogeneity75 on the performance of materials for the generation of fuels by means of
solar-driven thermochemical cycles.
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V. CONCLUSIONS

A robust device was developed and tested for combined in
situ XAS and XRD measurements of oxygen storage materials
and quantitative online mass spectrometry under the extreme
conditions of thermochemical looping for the generation of
solar fuels. The combination of in situ XAS and XRD provides
reliable structural high-quality data. The local and global structural features, such as the average oxidation state of cerium and
the ordered arrangement of cations, can be determined under
identical and relevant conditions.
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