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ABSTRACT: Solar-to-fuel technology promises to play a key role in
realizing a carbon-neutral future by enabling renewable fuel processing Thermochemical
for capacity-independent storage beyond current battery technologies. H. CO, splitting
Redox metal oxides enable the two-step thermochemical cycle at the —

heart of this technology by facilitating the reduction of H,O and CO, &
to produce H, and CO. Currently, ceria is the material of choice for
this technology; however, the low oxygen exchange capacity of CeO,
has motivated its doping with tetravalent cations as a strategy to
increase the maximum fuel yield per cycle. It is challenging to probe
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the reasons behind a material’s oxygen exchange capacity and redox
kinetics. To gain more insights about of the effects of isovalent doping,
in this work, we demonstrate how to access the defect chemical changes during fuel production by Raman spectroscopy. The results
illuminate the reaction mechanisms of oxygen vacancy formation and CO, splitting in doped ceria solid solutions of CeoHf;0,,
undoped ceria, and trivalently doped CeygLlag;0,. By tracking the frequency shift of the F,, mode during thermochemical cycling
under oxidizing CO, and reducing H,, we estimate the oxygen exchange capacity due to cation expansion and vacancy formation.
We connect these results with the fuel production performance of these materials in a fixed-bed reactor and corroborate the kinetic
effects of +3 and +4 doping. The methodology presented here could be extrapolated to other redox systems used for thermochemical
syngas production and energy conversion, such as chemical looping combustion or electrochemical fuel production, proving
fundamental insights into vacancy formation that could be useful in the design of new materials and understanding reaction
pathways.
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1. INTRODUCTION step, a gaseous stream of CO,, H,O, or a mixture thereof is
injected into the solar reactor, refilling the oxygen vacancies

Solar-driven thermochemical syngas production is an auspi- and generating CO (eq 2a) and H, (eq 2b).

cious technology that transforms the most abundant renewable
resource on earth into syntl}eti; fuels and has the potengial to MO,_; + 6CO, — 5CO + MO,
contribute to the decarbonization of the energy sector.” The

solar-to-fuel scheme discussed in this paper consists of a two-

step redox reaction of a metal oxide to convert solar energy, MO,_; + 6H,0 = oH, + MO, (2b)
CO,, and H,0 into syngas, which can be further transformed

into liquid fuels by the Fischer—Tropsch process.” In the first Here, the stoichiometry of both the CO, and H,O splitting

(22)

step, concentrated solar power (Figure 1) is utilized to drive reactions dictates that the amount of fuel produced is
the thermal reduction of the metal oxide at high temperatures proportional to J, the amount of vacancies generated in the
(1100—1500 °C), liberating lattice oxygen (eq 1). previous half-cycle step. This stoichiometric relationship

highlights the importance of finding redox materials with

1)
MO, - =0, + MO, _; (1)
2 Received: October 28, 2020

In the case of nonstoichiometric oxides, for example, ceria and Accepted: January 15, 2021

perovskites, this process is associated with the generation of
oxygen vacancies. The reduction extent, or the change in the
material’s oxygen nonstoichiometry o, denotes the amount of
oxygen vacancies created in this first process. In the second
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Figure 1. Schematic of the two-step solar-driven thermochemical fuel
production based on ceria redox cycles.

high oxygen exchange capacity and the thermodynamic ability
to split CO, and H,O.

The state-of-the-art material is ceria due to its favorable
thermodynamics for H,O and CO, splitting, fast splitting
kinetics, and high-temperature stability that allows continuous
cycling without degradation.*”” Research on nonstoichiomet-
ric thermochemical cycles of ceria has been an active research
topic during the past decade with major breakthroughs.® For
instance, the viability of the entire solar to liquid fuels
(kerosene) process was demonstrated by using a reticulated
porous structure of ceria placed inside a cavity reactor and
utilizing a solar simulator as radiation source.” To improve the
efficiency of this process, the same authors showed that
applying vacuum during the reduction step increased the
extent of reduction, leading to a 5.25% solar-to-fuel efficiency,
which is the highest to date.'” Despite the promise of these
results, ceria still shows inherent drawbacks related to the
amount of oxygen vacancies that can be created, which directly
correlates with the fuel production. To address this limitation,
several strategies have been used such as changes in the
textural properties,'" processing as dual phase composites'*~"”
or cationic metal doping.'®'” This latter approach has been
extensively explored to create intrinsic oxygen vacancies for
enhancing the fuel yield. Additionally, chemical modifications
of ceria’s fluorite structure by partial substitution of Ce*" can
decrease the high reduction temperature (1400—1500 °C) of
ceria. However, this substitution should be conducted carefully
because a decrease in the reduction temperature is normally
associated with a decrease in the enthalpy of reduction and
might lead eventually to a decrease on the process efficiency.”’

A plethora of dopants have been studied for improving the
redox properties of ceria, oxygen vacancy (6) formation, and

fuel production; most research has focused on the partial
substitution of Ce*" by Zr* *'7>'%2® and other tetravalent
dopants. Indeed, Jacot et al. screened 26 tetravalent dopants,
assessing their stability and oxygen exchzmge.26 They found
that Zr, Hf, Pr, and Tb were the most thermally stable when
doping up to 10 mol %. In addition, they empirically
established that the ideal dopant ionic radii for optimum
oxygen exchange capacity is around 0.8 A2° However, the
increased reduction extent from incorporating Zr** and Hf**
comes at the price of slower reoxidation kinetics compared to
pure ceria.”"”* Contrarily, trivalent doping could increase the
redox kinetics because it induces the formation of stable
oxygen vacancies'® that enhance the ionic conductivity,
whereas tetravalent doping induces the formation of reversible
vacancies.

Despite these facts, the way in which both types of vacancies
interact during the cyclic thermochemical process for fuel
generation is still poorly understood. A promising tool to tackle
this lack of information and shed more light into the role of
oxygen vacancies in thermochemical processes is in situ Raman
spectroscopy,”” which has been established as a powerful tool
to study redox changes and defect chemistry in ceria-based
materials.”* > Especially, Raman spectroscopy has been found
very useful for estimating the oxygen vacancy concentra-
tion,”**™** for instance by converting the red-shift of the
main Raman mode into a change in oxygen nonstoichiometry
based on expansion during reduction.”

The Raman spectrum of CeQO, is dominated by the only
Raman-active F,, band at 465 cm™!, which corresponds by
symmetry analysis to a symmetrical stretching of oxygen
around the Ce*" cation (Figure 2a). However, we should note
that the Ce*—O and the O—O force constant contribute to
this Raman band.’® Doping with trivalent and tetravalent
cations gives rise to extra defect bands in the Raman spectrum
around 540 and 600 cm™, often labeled as D, and D,. These
are usually respectively attributed to a defect space containing
a dopant atom and oxygen vacancies. In some studies the area
ratio between the vacancy-induced band (D,) and the F,,
mode is used as a measure for the oxygen vacancy
concentration, reported also in in situ studies illuminating
defect-chemical properties of ceria-based materials under
various atmospheres and temperatures.ss’37 However, Raman
studies on how these modes change under cyclic solar-to-fuel
conditions, and their correlation with the redox kinetics and
fuel yields is so far missing.

For this reason, in this work, we investigate the redox
properties of ceria by establishing the roles of oxygen vacancies
in fuel production rate and yield, driven by the incorporation
of trivalent or tetravalent dopants. For this purpose, we
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Figure 2. (a) Representation of the symmetrical stretching of oxygen around the Ce** cation F,, Raman mode on ceria. (b) Schematic of the high-

temperature chamber setup utilized for in situ Raman tests.
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synthesized the compositions Ceyq(Me),;0, with tetravalent
Me = Hf and trivalent Me = La dopants and compare these to
the benchmark undoped CeO,. We measure the changes in the
F,, and the defect-induced modes during the reduction and
fuel production steps. We estimate the changes in the oxygen
nostoichiometry based on a model of chemical expansion and
connect these to the fuel production yields from the fixed bed
reactor. With this study we aim to establish Raman
spectroscopy as a valuable tool to study the structural and
redox properties of ceria-based materials under thermochem-
ical solar-to-fuel conversion conditions.

2. EXPERIMENTAL METHODS

2.1. Materials Preparation. Tetravalently and trivalently doped
ceria materials were prepared for Raman spectroscopy and
thermochemical cycling analysis: Ceyq(Me)y;0, with Me = La, Hf.
In addition, a commercial sample of pure ceria (CeO,, Sigma-Aldrich,
99.0%) was used as a benchmark. To achieve homogeneous, phase-
pure samples of the doped materials, a modified Pechini method was
used to synthesize powders of each material. Cerium nitrate
(Ce(NO;);-7H,0, 99.99%, Alfa Aesar) and a nitrate or chloride
salt of the dopant cation(s) (La(NO;);-6H,0, 99.9%, Alfa Aesar, and
HfCl,, 99.9%, Alfa Aesar) were combined in the desired
stoichiometric ratio in aqueous solution with citric acid in a 3:2
molar ratio of citric acid to the nitrate salts. After this solution was
heated to 80 °C, ethylene glycol was also added in a 2:3 mass ratio to
citric acid to form a polypeptide organic matrix to ensure the uniform
distribution of the doped ceria precursors. This solution formed a gel
and then a foam as the organic matrix formed. The resulting foam was
then burnt off on a hot plate at 400 °C, leaving behind a fine powder
of substituted ceria. This powder was then ground and sintered in a
box furnace at 1200 °C for S h. Finally, the samples (CeO,,
CeygLlay;0,, and Cey o Hf,,0,) were shaped into small pellets of ca. 1
mm thickness for the Raman experiments by using a hydraulic press
under 2.5 tons of pressure for 120 s. The pellets were then sintered for
an additional S h at 1400 °C. For the fixed-bed reactor tests
commercial CeO, was used as received without further treatment.

2.2. XRD Phase Confirmation. To confirm the fluorite phase
purity of the samples, the as-synthesized doped-ceria materials were
analyzed by X-ray powder diffraction using a Panalytical X’Pert PRO
MPD diffractometer. Cu Ka radiation (4 = 1.54178 A) produced with
an extraction voltage of 45 kV at 40 mA current was used to scan the
samples in a Bragg—Brentano geometry in the range of 20° < 20 <
120° with a spinning speed of 60 rpm, a step width of 0.017°, and an
irradiation time of 3 s. Cell parameters were obtained by Rietveld
refinement using Panalytical HighScore Plus software.

2.3. Raman Spectroscopy. The Raman spectra were collected
with a confocal WITec alpha300 R Raman microscope (WITec,
Germany). The laser excitation wavelength was 457 nm (2.71 V),
the laser power 1.5 mW, the grating 1800 grooves/mm, and the
objective S0X with a numerical aperture of 0.7 (Zeiss, Germany).
These conditions give a spectral resolution of 0.53 cm™ and an
approximate laser spot size of 1 gm. The Raman modes were fit with a
Lorentzian function by using the WITec Suite FOUR software.

2.4. CO, Splitting Reactor Tests. The fuel production ability of
synthesized doped-ceria samples was tested in a fixed-bed high-
temperature reactor described elsewhere.*® Each sample (ca. 0.25 g)
was subjected to three redox thermochemical cycles with conditions
similar to the Raman tests for the sake of comparison. Reduction was
performed under 10% H, for 20 min and oxidation under 50% CO,
oxidation for 5 min at 800 °C with a total gas flow of 300 mL min™".
The gas compositions were monitored with a Raman laser gas
analyzer from Atmospheric Recovery Inc.

Here we want to note that ideally reduction is meant to be
thermally driven by concentrated solar radiation. However, for our
study, we choose to chemically reduce the sample for two reasons.
First, it lowers the reduction temperature from 1400 to 1500 to 800
°C, which is beneficial for the interpretation of Raman spectra because

high temperatures negatively affect band intensity and resolution.
Second, the lower pO, leads to a higher concentration of oxygen
vacancies at lower temperatures, which might be also positive for
interpretation of the in situ Raman results. Additionally, the extent of
reduction in H, can be comparable to reduction with other fuels such
as CH,,>>***’ which can be very useful for researchers working in
solar fuel production via chemical looping reforming® or reverse
water-gas shift chemical looping (RWGS-CL).*!

2.5. Raman Spectroscopy under Redox Cycling. For Raman
measurements at high temperatures a Linkam HT1500 (Resultec,
Germany) stage was utilized, and a schematic of the setup is depicted
in Figure 2b. The high-temperature stage was connected to a T95-
LinkPad system controller, which allows fast heating to 200 °C min™".
The ceria-based pellets were placed over a 0.3 mm sapphire disk
inside the ceramic micro-oven located inside the Linkam chamber and
covered with a perforated alumina lid shield that prevented heat
losses. Temperature was controlled with a Type S Pt-10% Rh/Pt
thermocouple, with a temperature stability of 1 °C. Finally, the
chamber was tightly closed with a metallic lid with a 1 mm quartz
window to allow the Raman laser to impinge the oxide pellet.
Reducing (10% H, balanced with Ar 99.999% pure both from Airgas)
or oxidizing gas streams (10% CO, balanced with Ar both from
Airgas) were delivered at a total flow rate of S0 mL min™" to the
Linkam stage by using a set of electronic mass flow controllers from
Voegtlin.

Tests were performed to analyze the impact of thermochemical
redox cycles on the Raman spectra by applying two reducing—
oxidizing chemical loops to the cerium-based oxides at 800 °C.
Traditionally, chemical loops for CO, splitting of ceria are performed
at 900—1000 °C* to allow fast CO, splitting kinetics; however, we
intentionally lowered the temperature of our study to 800 °C and
used a relatively low CO, concentration (10 vol %) to slightly slow
the CO, splitting kinetics’”*> and improve the time resolution of the
Raman spectra changes. Before acquiring the spectra, the temperature
inside the chamber was raised to 800 °C under an Ar atmosphere and
held at these conditions for 5 min to stabilize the temperature. After
that, the sample was reduced for 20 min, and spectra were acquired at
2 min intervals with a 1S s integration time for each acquisition.
Following that step, Ar was injected for 2 min to purge the reducing
gas before CO, injection. Oxidation was performed for 6 min while
spectra were acquired at 2 min intervals. This redox sequence was
repeated two times.

3. RESULTS AND DISCUSSION

We selected dopants with 3+ (La) and 4+ (Hf) valence for
ceria as they present a model system for analyzing the effects of
trivalent and tetravalent doping in solar to fuel conver-

on.”**** For this, CeyoMe,,0,_5 with Me = La, Hf powders
were synthesized by the Pechini method. Both synthesized
materials and commercial CeO, (Sigma-Aldrich) exhibited
cubic fluorite crystal structure space group Fmm3 as analyzed
by XRD (Figure 3) with the main representative diffraction
peak (111) located at ca. 28.5°. The lattice volume was
determined by Rietveld refinement from XRD data obtained at
room temperature and air atmosphere. An example Rietveld
refinement fit for CeO, can be found in the Supporting
Information (Figure S1). Partial substitution of Ce*" by the
tetravalent cation Hf*' resulted in lattice shrinkage due to the
smaller ionic radius of 0.83 A compared with that of Ce*" in 8-
fold coordination, 0.97 A.** Hf-doped ceria samples exhibited
lattice volumes 155.83 A3, whereas the lattice volume for CeO,
is 158.2 A% Conversely, incorporation of a trivalent cation,
La*, resulted in lattice expansion to 161.7 A* due to its larger
ionic radius of 1.16 A. The effects on the lattice caused by
incorporation of both dopants match well with previous
reports.”” We conclude that the synthesis was successful
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Figure 3. X-ray diffraction patterns of the as-synthesized La- and Hf-
doped ceria materials and the as-received commercial CeO,.

obtaining solid solutions both La- and Hf-doped ceria
materials and avoiding the presence of secondary phases.

Now we turn to the analysis of the CO, splitting ability of
each material, which was studied in a fixed-bed high-
temperature reactor. Materials were subjected to a three-
cycle test, in which reduction was performed with 10% H, to
match the conditions of the Raman test (see the Experimental
Methods). Figure 4 depicts the CO production rate curves
during CO, splitting at 800 °C, exemplified for the second
cycle.

The tetravalent dopant of Hf shows the highest CO
production, while the trivalent La-doped ceria only slightly
improves the production of undoped ceria. The strong fuel
production performance of the tetravalent dopant suggests that
oxygen vacancies, the formation of which is made more
energetically favorable by the tensile strain in Hf—O bonds,*’
play a key role in CO, splitting. In contrast, doping CeO, with
trivalent rare earths has been shown to decrease the fuel yields
during thermochemical cycling,"**® which is corroborated by
the presently measured low yields of the La-doped CeO,.
Large trivalent dopant cations like La show lower associations
with oxygen vacancies because the local relaxation around the
vacancy is impeded by their large size, lower valence, and the
presence of extrinsic oxygen vacancies. Because of the
unfavorable reduction around the trivalent dopant cation, the
number of sites (Ce*'—Q,) available for reduction also
decreases. Therefore, generally dopants with the 4+ valence
and small ionic radii were shown to be beneficial for
thermochemical cycling.*’

When examining the kinetics of the fuel production step, the
CO production peak (Figure 4), we notice that the La-doped

ceria shows the fastest reaction rates, followed by undoped
CeO, and Cej o Hf,, ;O,. Therefore, the reaction rates show the
opposite behavior compared to the fuel yields. This agrees with
the work of Jacot et al.,*® who indicated that trivalent dopants
favor the creation of inactive oxygen vacancies that improve
the ionic conductivity and, in turn, the CO, splitting kinetics.
For CeyoHf,,0,, the decrease on the reoxidation rate,
compared to ceria, has been previously reported by Scheffe
et al.>* Both Zr and Hf tetravalent dopants have been found to
increase the reduction extent at the expense of worse oxidation
kinetics. The increase on the reduction extent is explained by
the decrease on the reduction enthalpy when doping with
tetravalent dopants. However, lowering the reduction enthalpy
also decreases the driving force for the oxidation reaction,
which might affect also to the slow oxidation kinetics.””""

3.1. Room Temperature Raman Spectroscopy of
CeooMg10,_;5. It is crucial to understand the Raman spectra
of the ceria-based materials to link the Raman mode positions
and intensities to chemical and physical changes in the
materials. In pure CeO, we observe a single band at 464 cm™'
(Figure Sa), which we ascribe to the F,, mode in agreement
with earlier literature.””** This is the only Raman-active mode
of pure cubic ceria and corresponds to the symmetric
stretching of eight oxygen anions around the Ce*' cation.
With the addition of dopant cations, the F,; mode shifts in
wavenumber and decreases in intensity, and additional modes
appear in the spectrum (Figure Sb), which implicate local
lowering of symmetry (see ref 27 for details). The F,, mode
shifts to lower wavenumbers with increasing dopant cation size
and lattice volume (Figure Sc). This is in accordance with
previous literature results””*’ and can be ascribed to a
vibrational frequency decrease coupled to lattice volumetric
expansion. In CeygLa;;0,_g, three additional modes appear at
252 (see also Figure S2), 533, and 583 cm™' and in
CeyoHfy;0,_5 at 586 and 620 cm™. These modes also
decrease their vibrational frequency with the cation radius
(Figure Sd), signifying lattice expansion. They are generally
considered to be activated by symmetry lowering defects,”””’
namely oxygen vacancies and the dopant cations. Charge
compensating, or extrinsic, oxygen vacancies form in the
trivalently doped CeO, (in Kroger—Vink notation)

O3 + 2Cef, + La,0; = V{ + 2Lag, + 2CeO, (3)
Additionally, at temperatures above about 900 °C, the
reduction of Ce*" results in the formation of intrinsic oxygen
vacancies.
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Figure S. Room temperature Raman spectroscopy. (a) Full Raman spectra of CeO,, Cejglag;0,_s and CeoHfy;0,_5 at room temperature. (b)
Zoom-in of the Raman spectra in (a) emphasizing the modes that emerge with doping. (c) Fit of the F,, Raman mode as a function of the dopant

cation. (d) Defect band positions.

208 + 2Ceg, = V§ + 2Ce;, + 0,(g) (4)

For the Raman defect mode assignment (Figure Sb,d), we
follow the study of Nakajima et al. and attribute the mode
around 530 cm™" (D,) in the spectrum of La-doped ceria to
vibrations in a defect space including an oxygen vacancy and
the mode close to 600 cm™ (D,) present in the spectra of both
La- and Hf-doped ceria to vibrations including the dopant
cation.”® Here we would like to point out that also other
interpretations of the defect bands have been proposed,”” and
their assignment is therefore still a manner of debate.
Interestingly, the CeyoHfy;O, spectrum shows two broad
bands in the region of 600 cm™' where only one D, mode is
expected from vibrations that include the dopant ion.”” It is
not clear why this band splitting occurs, but it could signify an
additional symmetry break. This could be, for example, a slight
tetragonality, which is known to occur in ceria—zirconia
compounds.”® Lastly, we observe that with the addition of
dopant cations, the F,, mode broadens and decreases in
intensity, as can be observed in Figure Sa. We attribute the
larger width of the band to the disorder induced by the dopant
cations and oxygen vacancies. The lower intensity is a result of
the higher absorption coeflicients of the substituted materials
and the lower overall number of Ce**—Ojg complexes. Figure 6
summarizes the performance of each material in the fixed bed
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Figure 6. Lattice volume, F,, Raman peak position, CO peak rate, and
CO production for CeO,, CeygLlay;0,_s and CeyoHf;,0,_s

156

155

reactor, depicting the peak CO production rate and overall CO
yield per gram of catalytic material in the second cycle and its
relationship with the crystal lattice volume. Trivalent doping,
in this case with La**, induces lattice expansion, as confirmed
by XRD and Raman spectroscopy, and presents the fastest
kinetics for CO, splitting. On the other hand, tetravalent

https://dx.doi.org/10.1021/acsaem.0c02675
ACS Appl. Energy Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsaem.0c02675?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02675?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02675?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02675?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02675?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02675?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02675?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02675?fig=fig6&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c02675?ref=pdf

ACS Applied Energy Materials

www.acsaem.org Article

N
o
o

E Cegglag 10,5

N
IN
o

CO: Fz ; defect

430
CcO, H2 e modes

position (cm'1)

2420

F

£ 455
S

= 450
S 445
440
435
430
425

200
Raman >
shift (cm‘1) 800 time (min)

F2g Peak Posi

CeO, CegHf( 102

0 10 20 30 40 50 60
Time (min)
Ceo gHfo 10, 2
F T T
b . e : :
o ]
g g - 0= g " 1445
30 40 50
Time (min)

Figure 7. Time-resolved Raman spectroscopy measurements performed at 800 °C. (a) Example time evolution of the full Raman spectra over two
thermochemical cycles in a three-dimensional representation. For each cycle, reduction was performed in a 10% H, atmosphere for 20 min and
subsequent oxidation under a 10% CO, atmosphere, both balanced with Ar at a total flow rate of 50 mL min™". (b) F,, band position as a function
of time. (c) Zoom-in of (b) for comparing the oxidation kinetics of Hf- and La-substituted ceria.

doping causes lattice shrinkage, favoring an increase in CO
production, but at more moderate rates.

We now understand the Raman spectral changes in ceria-
based materials during lattice volume expansion and
generation of oxygen vacancies, which both accompany the
reduction of ceria,”® a critical process in thermochemical
cycling. Therefore, we can next turn to the in situ
thermochemical cycling results.

3.2. Raman Spectroscopy under Thermochemical
Cycling. Raman spectral changes during two oxidation and
reduction cycles are shown in a three-dimensional representa-
tion in Figure 7a for CeygLay;0, s. Immediately noticeable is
the decrease in the intensity and area of the F,; Raman mode
during reduction. We attribute it to the increase of the
absorption coefficient during reduction as well as to the
increasing disorder and decreasing amount of Ce*'—Oj
complexes as oxygen vacancies and Ce*" are introduced. It is
also consistent with the decrease in the F,, intensity in the La-
and Hf-doped CeO, (Figure Sa), which was also corroborated
in previous studies where the F,, band area decreases with
increasing levels of substitution in ceria.’”® During the
thermochemical cycling, we could successfully track the F,
band position in all the considered materials (Figure 7b). We
observe the expected decrease in the vibrational frequency
during reduction as the material expands and an increase
during oxidation as the material contracts. We estimate the
changes in oxygen nonstoichiometry during the thermochem-
ical cycling with the help of the chemical expansion® and
Raman chemical shift constant’” concepts, detailed in the
Supporting Information. We calculate the maximum difference
in the oxygen nonstoichiometry AS during cycling of 0.18,
0.03, and 0.2 for CeyoHf;;0,, CeO,, and Ceyglay,0,,
respectively (see also Figure S3). The calculated changes in
the oxygen nonstoichiometry are very high, especially for the
Hf- and La-doped CeO,. At these high oxygen vacancy
concentrations, the interaction between the defects is
unavoidable, and the presence of defect associates and
especially intrinsic (Cel,VgCele) ™’ and extrinsic
(Ceg. ViLagLag ViLag,) trimers can dominate the defect

chemistry. Also at these high substitution levels of Ce?*, local
phase changes and corresponding changes in coordination
numbers can occur.”’ The chemical expansion model does not
account for defect associates, and therefore the oxygen
nonstoichiometry changes in both Hf- and La-doped CeO,
are most likely overestimated.

The results from the fixed bed reactor (Figure 4) show that
CeooHfy;0, has a much higher fuel yield than CeO, and
Cegolay0,. This should be reflected in a higher oxygen
storage capacity during thermochemical cycling for
CegoHf;,0,. However, the Raman spectral analysis based on
chemical expansion shows the largest vibrational changes in the
F,, frequency in the La-doped sample, which shows little
improvement in CO yield compared to the pure material in the
reactor tests. The low fuel yields in CeyoLay;O, are
corroborated by the low reduction extent of the material,
which is exemplified by the low water production during the
hydrogen reduction step (Figure S4). We identify two possible
reasons for the discrepancy between the Raman spectral results
and the fuel yield in Ceyg4Lay,0,. First, the chemical expansion
model for interpreting the Raman spectral changes does not
apply in the case of La-doped CeO,, or certain oxygen
vacancies formed in CeygLla;;O, undergo parallel redox
reactions and do not participate in the water production
(Figure S4) or fuel production processes (Figure 4). The
former explanation could hold if La-doped ceria had much
larger chemical expansion coefficients than undoped CeO,,
leading to larger shifts in the oxygen vibrational properties.
However, this is not corroborated by experimentally
determined chemical expansion coefficients ac(La:CeO,) =
0.50, ac(Ce0,) ~ 0.55.>°

The reason for the discrepancy between the Raman spectral
results and oxygen storage capacity in Ceyglagy;O, therefore
remains unclear. However, we could confirm with the in situ
Raman tests the kinetic trends observed in the fixed bed
reactor. Figure 4 show that La-doped ceria exhibits fast CO,
splitting kinetics and slow oxygen release (vacancy formation),
whereas the opposite is true for Hf-doped ceria. To
corroborate that trend, we zoom into Figure 7b as Figure 7c.
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There, we are depicting the second redox cycle performed in
situ in the high-temperature Linkam chamber. It can be
observed that under H, reduction Hf-doped ceria takes a
shorter time to reach the lower F,; band shift value, which
relates to the highest reduction stage. Conversely, La-doped
ceria needs longer time, about the entire reduction period, to
reach the highest extent of reduction, denoting a more
prolonged reduction. This connects well with the H,O release
trends obtained in the fixed bed reactor (Figure S4). There it
can be seen that Hf-doped exhibits a faster reduction, with the
H,0 production peak rate of ca. 5.5 mL min~' g!, whereas
La-doped presents a steadier H,O production curve, with a
maximum of ca. 1.8 mL min™' g~'. Once the gas is changed to
CO,, it can be seen in Figure 7c that for La-doped ceria the
first scan under the oxidizing atmosphere shows a F,, band
value of 432.9 cm™!, very close the initial oxidized value before
reduction, 433.1 cm™, illustrating the fast oxidation kinetics
for La-doped ceria. However, for Hf-doped, the first scan under
reoxidizing conditions is 440.8 cm™}, whereas the value before
reduction is 444.8 cm™', indicating slower CO,-splitting rates.
These results illustrate the faster kinetics of La-doped ceria for
CO, splitting compared to Hf-doped ceria, which takes a
longer time to reach the F,, band values that correspond to the
oxidized state. It is important here to note that the kinetic
comparison is exclusively made on a qualitative basis. The
high-temperature Linkam stage has a configuration that adds
external hurdles to mass transport from the gas phase to the
material because, first, there is an alumina lid needed to
prevent radiation losses (Figure 2b) and, second, the materials
are pressed into pellet form. On the other hand, the fixed bed
reactor was designed to avoid any mass transport hurdles, and
samples were tested in powder form. However, the fact that by
in situ Raman measurements the kinetic trends are
corroborated is a good indicator that is a promising tool for
this technology and could benefit from more optimized
configurations. In addition, coupling in situ Raman measure-
ments with gas monitoring unit, such as a mass spectrometer,
will enable operando experiments providing additional insights
into the reaction mechanisms and rates. This approach, also
called Raman spectrokinetics,’’ has recently gained attention
in the catalysis community and illustrates the relevance of this
study for catalytic sgrstems that use CeO, and doped-CeO,
oxides as supports,”” membranes for CO, reduction,®® or
chemical looping reforming of methane.**

Next we turn to the evolution of the defect activated modes
during thermochemical cycling. Because of the high spectral
noise at 800 °C, it was not possible to reliably fit two peaks
representing the D, and D, Raman modes in the defect mode
region between 500 and 650 cm™'. The D, Raman mode is
attributed to the vibration in the MeOg complex, where Me
represents the dopant atom. The number of MeOg complexes
decreases with increasing number of vacancies, and therefore
the D, Raman mode can diminish in intensity with large
oxygen vacancy concentrations. Following this reasoning, we fit
only a single Lorentzian in the defect mode region, and Figure
8a shows the evolution of this band for each dopant. In Hf-
doped CeO, we observe a frequency increase during oxidation
to about 590 cm™!. Also, the band area increases during
oxidation as shown in Figure 8b. This could signify that the
band is associated with the defect space for a vacancy during
reduction (D;) and a defect space with the doping cation
during oxidation (D,). Interestingly, the trend for La-doped
CeO, is opposite, and the band in the defect region increases
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Figure 8. (a) Position of the defect activated band as a function of
time for two consecutive thermochemical cycles. (b) Comparison of
the area under the defect mode for the two different dopant cations:
Hf and La.

in frequency during reduction, which is opposite to the trend
expected from chemical expansion and the trend observed in
the shift of the F,; band position during cycling. Additionally,
the defect activated band area of CejgLa; O, s increases
during reduction, opposite to Ce,oHfy;0,_s5 (Figure 8b). This
strongly suggests that the defect mode for CeygLa,;O0, sis of a
different origin than the mode in CeyoHf,;0, 5. The increase
in the mode area during reduction can signify it is linked to the
presence of oxygen vacancies. The opposite shift in the
vibrational frequency of the F,; and the defect mode (D,) in
CegoLay ;0,5 signifies an expansion of the average (global)
lattice constant with a local contraction around the complex
including an oxygen vacancy. One explanation could be the
buildup of intrinsic (Cel.VgCel.) or extrinsic
(CegeViLaggLag VioLag,) trimers, which are smaller than
isolated oxygen vacancies” and could be the reason for a local
lattice contraction. However, this hypothesis does not explain
the lower fuel yields of Ceyglay;O,_5 when compared to
CegoHfy0,_s5 because the large vibrational shifts in the F,,
mode still signify large changes in the oxygen vacancy
concentration during thermochemical cycling according to
the chemical expansion model.

4. CONCLUSIONS

In this work, we have evaluated the potential of in situ Raman
spectroscopy in the field of thermochemical cycles for fuel
production by using CeO, as reference material. We selected
La- and Hf-doped ceria materials as model cases to study the
influence of tri- and tetravalent doping on the formation and
regeneration of oxygen vacancies by using time-resolved
Raman spectroscopy under thermochemical cycling conditions
at 800 °C. This approach has so far been unexplored for redox
cycles of CO, splitting and allows quick access to information
related to the defect chemistry and redox kinetics.

Opverall, we confirm the results obtained by using a packed
bed reactor with the time-resolved Raman spectra corroborat-
ing that the tetravalent Hf dopant gives the highest fuel yield.
This result is consistent with previous literature reports and
indicates that single, intrinsic oxygen vacancies, facilitated by
tetravalent doping, determine the fuel yield. In trivalent-doped
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ceria (CegoLag;0,), extrinsic oxygen vacancies that compen-
sate for lower-valent dopant do not participate in fuel
production; however, they increase the kinetics of fuel
production by enhancing oxygen transport through the lattice
during CO, splitting. Hence, we can confirm that compared to
classic high-temperature reactor studies in solar-to-fuel
conversion, where often changes in the ceramic in terms of
nonstoichiometry are only measurable by gas production, in
situ Raman spectroscopy can provide insights into ceria’s
defect chemistry during thermochemical operation. Further
works in which the suggested experimental methods are
coupled with effluent gas monitoring or electrochemical
measurements (operando spectroscopy) will allow obtaining
more fundamental information about these processes or other
energy-related applications.
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