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ABSTRACT: Solar thermochemical conversion of H,O and captured CO, is considered for the production of high-value solar fuels
and CO, valorization, using nonstoichiometric oxygen-exchange redox materials. This work aims to compare the thermochemical
cycle performance of different ceria structures, including biomimetic cork-templated ceria (CTCe), ceria foams (CeF), and ceria
bulk fiber boards (CeFB), to study the effect of the morphology on fuel production from two-step H,O and CO, splitting via solar
redox cycling. The considered materials underwent thermochemical cycles in a directly irradiated solar reactor under various
operating conditions. Typically, a thermal reduction at 1400 °C under Ar at atmospheric pressure, using concentrated solar energy,
was carried out followed by an oxidation step with H,O or CO, between 800 and 1050 °C. The comparison of the fuel production
rate and yield from the reactive materials highlighted the importance of the material thermal stability during cycling. CTCe and CeF
showed good O, and fuel production stability over repeated cycles, while CeFB exhibited a decrease of the production because of
sintering and thermal gradient due to its low thermal conductivity. Biomimetic CTCe showed a higher fuel production rate
compared to the other investigated materials, explained by the favorable microstructure of the cork-based ceramic. The morphology
obtained from the cork structure led to the improvement of the redox activity, demonstrating the relevance of studying this material
for thermochemical H,O and CO, splitting cycles. In addition, the impact of the operating conditions was investigated. A decrease of
the starting oxidation temperature, an increase of the CO, molar fraction (lower CO/CO, ratio), or a high total gas flow rate
favoring gas product dilution had a beneficial impact on the CO (or H,) production rate.

1. INTRODUCTION intermediates. The two-step process first consists of the
thermal reduction of a metal oxide, while oxygen is released by
the creation of oxygen vacancies in the oxide lattice (reaction
1). In a second step, the reactive material is reoxidized with
either CO, or H,O, resulting in fuel production (reaction 2).

The limitation of the global warming impact requires the
substitution of fossil energies by low-carbon energy. Solar-
driven technologies offer a sustainable solution to replace fossil
fuels and to limit climate change, owing to the unlimited and
widespread availability of the solar resource.” The major issue 5

of solar energy, namely, intermittence, is discordant with the Mxoy - Mxoy—ﬁ + 502 (1)
actual energy grid that requires constant energy input. An

answer can arise from the conversion of the solar energy to

long-term storable chemical fuels.”* Indeed, this route presents M, Q-5 + §CO,(H,0) = M0, + 5CO(H,) )
advantages by producing dispatchable solar fuels which are
usable on demand and transportable, overcoming the
intermittence issue." Thermochemical cycles permit solar
energy conversion into chemical energy, with entire solar
spectrum utilization and with a high theoretical efficiency due
to direct solar-to-fuel conversion, without requiring inter-
mediate low-efficiency electricity production or the use of
precious metal catalysts. Solar thermochemical approaches to
split CO, and H,O inherently operate at high temperatures
and provide an attractive path to solar fuel production with
higher energy conversion efficiencies than photochemical or
electrochemical methods. Solar-driven H,O- and CO,-splitting
using redox materials constitutes an attractive option for
massive synthetic fuel production, avoiding greenhouse gas
emission and allowing complete recycling of chemical

The possible generation of both H, and CO (syngas) with the
same material allows the production of liquid fuels, commonly
called synthetic fuels, from low energy content sources
(namely H,O and CO,). Indeed, syngas with appropriate H,
and CO proportions can be converted into various hydro-
carbon fuels via the Fischer—Tropsch process.” Ceria is
currently designated as the benchmark material to perform
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Table 1. Summary of the Main Experimental Studies, with the Key Operating Conditions and Outcomes, for Ceria Materials in

Thermochemical Cycles

references materials facility used operating conditions oxidant fuel production rate and yield
Furler et al.* ceria felt solar simulator T,eq = 1460—1647 °C CO,/H,0 1.9 mL/min/g
T, <927 °C 262 pmol/g
Furler et al.** ceria foam solar simulator T,q = 1420 °C CO, 0.127 mL/min/g
T, < 1000 °C 65 pmol/g
Costa Olivera et al.* ceria foam solar furnace T.q = 1400 °C H,0 0.6—0.8 mL/min/g
T, = 1050—850 °C 115 pmol/g
Costa Olivera et al.* cork templated ceria granules solar furnace T.q = 1400 °C H,0 1-1.4 mL/min/g
T, = 1050-850 °C 133 umol/g
Chueh et al.** porous monolithic ceria solar simulator T\eq = 1420—1640 °C CO, 4.6 mL/min/g
T, < 900 °C 192 pmol/g
Cho et al.*® inert zirconia foam with CeO, coating  solar furnace T\eq = 1400—1600 °C H,0 116 pmol/g
T,, = 1100—900 °C
Marxer et al.*® dual scale porosity ceria foam solar simulator Tpeq = 1450—1500 °C ~ CO, 1.2 mL/min/g
P..q = 10 mbar 276 umol/g
T,, = 700—1000 °C
Haeussler et al.*”** microstructured ceria foam solar furnace T.eq = 1400 °C CO,/H,0 8.36 mL/min/g
T, = 1008—796 °C 254 pmol/g
Gladen and Davidson®®  commercial fibrous ceria particles electric furnace Tpeq = 1500 °C CO, 8.4 mL/min/g
T,. = 800 °C 51 pmol/g

thermochemical cycles, given its ability to maintain its
crystallographic structure over a large range of nonstoichiom-
etry, together with its thermodynamically favorable oxidation
and high oxygen storage capacity, which makes it suitable to
perform thermochemical cycles with high performance
stability. Numerous studies have been devoted to ceria,®™"*
and the addition of dopants'>*' to enhance its redox
performance. However, ceria redox activity depends on the
reduction temperature and oxygen partial pressure applied
during the high-temperature step, which is generally limited to
~1500 °C due to undesired oversintering and ceria
sublimation. Doping ceria with metallic cations generally
showed a beneficial impact on the maximum reduction extent
reached, but with an adverse effect on the reoxidation step.
The reduction step is affected by the diffusion length for lattice
oxygen transfer, while the oxidation reaction largely depends
on the porous structure and specific surface area of the
material, since it is a surface-controlled solid/gas reaction.
These two properties are impacted by the reactive material
microstructure,”” which is thus a key parameter for enhancing
the thermochemical performance.

Among a variety of potential candidates, ceria fiber felt was
first investigated to perform two-step thermochemical cycles in
solar reactors, because the use of such designed 2D or 3D
morphologies enhances fuel production rates. Furler et al.*
reached a nonstoichiometry extent 6 of 0.044 with a
commercial ceria felt during the reduction step at 1650 °C.
They obtained a syngas production of 5.88 mL/g with a solar-
to-fuel energy conversion efficiency of 0.15%. The heat transfer
limitation induced by low thermal conductivity of the ceria felt
was the main reason for the low efficiency.”® To overcome the
poor thermal conductivity of the felt, reticulated porous
ceramics (RPC), such as foams, have been explored to perform
thermochemical cycles. To prepare reticulated porous ceramic
(RPC) foams, one of the most commonly employed methods
is the replication technique.** Furler et al.>® obtained a
nonstoichiometry extent up to 0.042 at a reduction temper-
ature in the range of 1400—1600 °C with a ceria RPC foam.
The achieved solar-to-fuel energy conversion efficiency

9038

reached 1.73%, namely, a 4-fold increase compared with
ceria felt. However, due to the low specific surface area, the
peak fuel production rate was low. Dual-scale porosity RPC
foams, combining millimeter-pore size with micrometer-pore
size within the foam struts, were developed to favor the
oxidation step, which provided a faster fuel production rate
with a higher fuel yield in comparison with single-scale foam.*®
Another type of morphology investigated in the literature
consists of three-dimensionally ordered macroporous (3-
DOM) structures that enhance fuel production rates.
Venstrom et al.”’~*” obtained an inverse replica of a face-
centered cubic close-packed array, forming a 3-DOM structure
of ceria. The 3-DOM object of ceria as synthesized exhibits a
specific surface area (SSA) of 30 m*/g, which decreased to 10
m?/ g after the thermochemical cycles. With 3DOM material,
the peak production rate was enhanced (by 260%) in
comparison with low porosity ceria material. The improvement
of the oxidation kinetic was attributed to the high SSA and the
interconnected pore structure of the 3DOM material.”’
Recently, ecoceramics were developed for being applied in
solar reactors to perform thermochemical cycles.*”*' Ecocer-
amics use natural sustainable materials as templates to produce
biomimetic ceramics, offering the advantages of being cost-
effective and eco-friendly.*” They also create 3DOM
structures, based on the natural cellular morphology of the
template material, usually a wood. Pine wood templated ceria
permitted a 5—6-fold increase of the oxidation rate after a
reduction at 1400 °C compared with nonporous ceria, but the
microstructure was not retained after thermal treatment at
1500 °C.** Another study highlighted a 2-fold increase of the
CO production rate in cork-templated ceria compared with
RPC ceria foam. The mean cell size of the biomimetic material
was one order of magnitude smaller than that of the ceria foam,
providing a higher available surface for the oxidation
reaction.”’ Table 1 summarizes different key studies with
operating conditions and associated fuel production, high-
lighting the influence of the selected ceria structure on both
fuel production rates and yields.

https://dx.doi.org/10.1021/acs.energyfuels.0c01240
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Figure 1. (a) Photograph of the solar reactor. Image insets on the right show CTCe, CeF, and CeFB (from top to bottom) inside the alumina
cavity. (b) Schematic illustration of the solar reactor. Red arrows represent the gas flow during the reduction step; orange arrows, the gas flow
during the oxidation step; green arrows, the Ar flow injected during both steps to protect the glass window and sweep the cavity; and blue arrows

the water cooling.

This study aims to compare the thermochemical perform-
ance in a solar reactor of three structured materials, in order to
highlight the impact of the material morphology on redox
activity. Accordingly, ceria-based materials with different
morphologies have been selected to compare their ability for
two-step thermochemical H,O and CO, splitting, namely,
biomimetic cork-templated ceria, ceria RPC foam, and ceria
fibers, using a specifically designed solar reactor heated by real
high-flux concentrated solar radiation.

2. EXPERIMENTAL SETUP AND METHODS

2.1. Materials Synthesis and Characterization. The consid-
ered materials were biomimetic cork-templated ceria, ceria foam, and
ceria fibers, abbreviated as CTCe, CeF, and CeFB, respectively.

CeFB fiber boards (>99% purity) were supplied from Zircar
Zirconia Inc. USA (density: 1.153 kg/m®). The other ceria-based
materials, namely, cork-derived ecoceramic granules and polymer
replicated foams, were synthesized at the University of Aveiro and
LNEG, respectively. CTCe was synthesized according to a procedure
previously detailed in ref S0. In brief, cork granules were heat treated
in N, at 900 °C for 30 min to form carbon templates, then infiltrated
with cerium nitrate solution (Ce(NO;);-6H,0, 99%, Sigma-Aldrich).
After the infiltration/drying step, the materials were heated in air to
1600 °C for 30 min to remove the carbon, forming a pure ceria
ceramic with the 3DOM structure of cork, consisting of hexagonal
cells ~20 ym in diameter. Polymeric templated ceria foams (CeF) of
cylindrical shape (25 mm in diameter and 12 mm height) were
produced using the replication method. An aqueous slurry of cerium
oxide powder (99.9% purity, average particle size of 1 um, slurry
content of 40 vol %) was prepared with 0.8 wt % anionic
polyelectrolyte dispersant (Dolapix CE64, Zschimmer and Schwarz,
F.R. Germany) and the addition of S wt % polyvinyl alcohol (PVA,
Riedel-de-Haén, F.R. Germany) for structure stabilization in order to
prevent the collapse of the foam structure during polymer removal.
The slurry was then used to impregnate open-cell polyurethane (PU)
foams (grade 20DB, manufactured by Flexipol — Espumas Sintéticas
S.A., Portugal). The mean cell size of the PU foams was determined to
be ~700 um (36 ppi) by using image analysis. After drying, the
samples were heated at 1 °C min™ to 500 °C for 1 h and
subsequently sintered at 1450 °C for 30 min.
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The materials’ redox activity was determined by thermogravimetric
analysis (TGA, Setaram Setsys Evo 1750) in controlled atmospheres.
The sample (about 105 to 125 mg) was placed in a Pt crucible and
submitted to two thermochemical cycles with the reduction step
carried out at 1400 °C (heating rate of 20 °C min™"), held for 45 min,
in flowing Ar at 20 mL min~" (99.999% purity), and the oxidation
step at 1050 °C, held for 60 min, in a flowing CO, stream mixed with
Ar (total flow rate of 20 mL min~', 50% CO, in Ar). The sample mass
loss during reduction (due to oxygen release) and gain during
oxidation (due to oxygen replenishment from CO, gas to produce
CO) were measured to determine the O, and CO production yields.

The morphology of the materials before and after cycling was
studied by scanning electron microscopy (SEM). Samples were
mounted on stubs with carbon tape, and then imaged on a Philips
XL30 FEG electron microscope using an acceleration voltage of 3—10
kV. The true density of the ceria was determined using an AccuPyc
1330 Helium pycnometer (Micromeritics Int. Corp., USA). Nitrogen
adsorption measurements were carried out at —196 °C using a
Micromeritics ASAP 2020. Before each measurement, the samples
were degassed at 4 X 107> mbar and 300 °C for 12 h.

2.2. Solar Reactor Configuration. Figure 1 represents the
schematic diagram of the monolithic solar reactor heated by
concentrated solar radiation.”” The solar experimental setup is
composed of an alumina cylindrical cavity (80 mm height and SO
mm inside diameter, volume of 0.15 L) that is closed with an alumina
top cover (with 18 mm aperture). The high-flux solar radiation
directly irradiates the cavity through a hemispherical Pyrex glass
window. The cavity receiver was insulated with a fibrous layer of
porous alumino-silicate. For the cork-templated ceria granules and
ceria foam materials, an alumina confiner tube was placed at the cavity
center to position and keep the main part of the reactive material
around the tube in the annular region, while the remaining portion of
reactive material was placed at the tube bottom center, so as to permit
a good and uniform heating of the whole reactant owing to radiation
exchange inside the central tube cavity. In the case of the ceria fibers,
four boards were cut and placed vertically in the cavity without the
alumina tube. The external reactor stainless-steel shell is water-cooled.
The concentrating system consists of a 2-m-diameter parabolic dish
(1.5 kW nominal thermal power for DNI of 1000 W/m?) coupled
with a sun-tracking heliostat.

Three B-type thermocouples, along with a solar-blind pyrometer
pointing in the cavity center, were used to monitor the temperature in

https://dx.doi.org/10.1021/acs.energyfuels.0c01240
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the solar reactor at various locations, as shown in Figure 1. The
pressure in the cavity and in the gas flow inputs was measured using
pressure sensors. The different gas flows were controlled with mass-
flow controllers (MFC, Brooks Instruments model SLAS850S). Argon
was injected from the reactor bottom toward the glass window to
maintain an inert atmosphere and protect the window. Then, the gas
entered downward in the cavity through the cover aperture. The
oxidant gas was injected directly into the cavity from the lateral gas
entrance, to permit a rapid switch of the gas flow between reduction
and oxidation steps. During the reduction step, pure Ar (99.999%
purity with [O,] < 2 ppm) was injected, whereas a mixture of Ar/
oxidant (either pure deionized water or CO, with 99.995% purity)
was injected during the oxidation step. In the case of water splitting, a
liquid mass flow controller (range 0—60 g/h, accuracy +1% of full
scale) was used to inject water through an alumina capillary placed
inside the lateral entrance (water was vaporized when exiting the tube
and then carried by the Ar flow via the lateral inlet port). During the
reduction step, the reactor was heated (up to ~1400 °C) with
concentrated solar radiation, and the heating rate was controlled by an
intermediate shutter placed between the heliostat and the solar dish
concentrator. The shutter opening was gradually increased to avoid
thermal shocks, and the solar power input was thus controlled to keep
the heating rate at ~20—30 °C/min. During this stage, the reactor was
swept with 1.2 L/min of Ar, while the oxygen released by the reactive
material was continuously measured using a trace O, electrochemical
analyzer (Systech, range from 0.1 ppm to 1%, precision +2% of
reading). The O, concentration typically increased during heating,
until reaching a maximum close to the temperature set point for
reduction. When the O, production dropped below 500 ppm during
the temperature dwell, the shutter was then totally closed to cool
down the system and the O, rapidly returned to below ~20 ppm, so
that the reduction step was considered complete. Following this, the
reactor was cooled down to the oxidation temperature (~1000 °C) by
cutting the solar energy input. Once the targeted temperature was
reached, the oxidant gas (CO, or H,0) was injected into the reactor,
and the resulting fuel produced was measured with a specific gas
analyzer. Oxidation was performed under nonisothermal conditions,
without any solar power input upon free cooling, in view of the fact
that the continuous temperature decrease favors the oxidation
thermodynamics. In the case of CO, splitting, the CO and CO,
concentrations at the reactor output were measured by nondispersive
infrared sensors (MGA3000, full scale: 0—30% for CO, 0—100% for
CO,, precision +1% of full scale). For water splitting, a bubbler filled
with ice/liquid water mix and a gas dryer were placed at the gas outlet
to trap unreacted steam and protect the analyzer placed downstream.
The hydrogen concentration peak evolution was measured with a
devoted analyzer using a thermal conductivity detector (catharometer
for Ar/H, binary mixture; scale, 0—10%; precision, +1% of full scale).
When the fuel production rate approached nearly zero, the oxidant
injection was stopped to perform the next thermochemical cycle. The
different amounts of gas produced were calculated by integrating the
gas production rates over time. An automated data acquisition system
(Beckhoff) recorded the various parameters (temperatures, pressures,
gas flow rates, and gas concentrations) every second.

3. RESULTS AND DISCUSSION

Thermogravimetric analysis (TGA) was first performed to
study the redox activity of the reactive materials before their
integration and performance evaluation in the solar reactor.
The amounts of O, and CO produced in the TGA are in
agreement with the typical values reported for ceria
powder.">*" The O, and CO amounts produced in the TGA
are comparable for the three investigated materials, in the
range of 47—51 pmol/g and 83—99 umol/g, respectively
(Figure 2 and Table 2). The reoxidation extent is above 84% in
all the cases.

To study the redox activity of the investigated materials in
the solar reactor, each material was submitted to consecutive
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Figure 2. Reduction and reoxidation profiles of CeFB, CeF, and
CTCe determined by TGA along with the temperature profile
(dashed line).

thermochemical cycles with different operating parameters
(Figure 3). The goal of the solar experiments and redox cycling
of different ceria structures in a solar reactor was to
demonstrate the solar process reliability, controllability and
suitability for operation under real high flux solar irradiation,
thus under representative conditions found in a real process.
The most relevant parameters were also investigated with the
aim of optimizing the thermochemical redox performance.
Changing of the testing parameters such as inlet gas flow rates/
compositions is also needed to show the performance
sensitivity to the process conditions. Such experiments also
demonstrate the materials stability and are useful to identify
which ceria structure is the most suitable for operation in the
solar reactor under real cycling conditions. The CTCe material
was subjected to sixteen cycles, corresponding to 20 h of
successive cycles under continuous on-sun operation (tests
performed upon four consecutive days), whereas CeF and
CeFB each underwent seven cycles, equivalent to ~10 h
(achieved during two consecutive days) of continuous on-sun
operation (i.e., solar reactor continually heated with highly
concentrated sunlight except during interruptions at night
periods). The operating conditions used for each cycle are
summarized in Table 3. The highest peak fuel production rate
obtained in this study reached 3.1 mL/g/min using CTCe
(with reduction at ~1400 °C under atmospheric pressure). In
comparison, other studies*®*>** achieved a peak production
rate of 1.2 mL/g/min using ceria foams cycled with more
favorable operating conditions (reduction step at 1500 °C
under 10 mbar). Moreover, a previous study  using cork-
templated ceria granules in a tubular packed-bed solar reactor
reported a CO peak production rate of 1.9 mL/min/g under
similar conditions (reduction step at ~1400 °C and
atmospheric pressure). Clearly, an improvement of the peak
fuel production rate was obtained in comparison with previous
reported data, showing the relevance of the studied materials
integrated within the developed solar reactor.

For CTCe and CeF, the O, and CO amounts produced in
the solar reactor are 28% and 36% higher than those obtained
in TGA, caused by the temperature gradient in the cavity
(meaning higher temperatures in the upper part of the cavity,
as suggested by T2 and Ty et being higher than T1). For
CeFB, the O, and CO production yields obtained in the solar
reactor are three times higher than those obtained in TGA. In
order to further explain the superior redox activity of CeFB
over the other tested materials, special attention must be paid
to the temperature profile along the height of the material. The
high fuel productivity of CeFB can be explained by the high

https://dx.doi.org/10.1021/acs.energyfuels.0c01240
Energy Fuels 2020, 34, 9037—-9049
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Table 2. O, and CO Produced during TGA along with the Nonstoichiometry Extents (§), Reoxidation Yields, and Peak

Production Rates

O, produced [ peak O, production rate CO produced reoxidation peak CO production rate
cycle # (umol/g) mol/mol (mL/min/g) (umol/g) yield (mL/min/g)
CTCe
1 S1 0.018 0.084 86 84% 0.652
2 S1 0.018 0.079 98 96% 0.843
CeF
1 47 0.016 0.087 83 88% 0.908
2 53 0.018 0.087 99 93% 1.042
CeFB
1 47 0.016 0.086 99 100% 1.021
2 49 0.017 0.086 99 100% 1.044
- cavity (no central confiner tube was used for CeFB, as shown
g 40 a) CTCe in Figure 1), thus increasing dramatically the temperature of
> the material surface. The superior fuel production performance
E 3.01 of CeFB can thus be ascribed to the high reduction
o temperature reached by the reactive material rather than to
© the material morphology. Consequently, the O, and CO
2 L k \ l l production yields of CeFB were higher than those of CTCe
i ala "". ala] Al\lk’\ n and CeF due to the higher reduction temperature reached by
o CeFB.
°;; .f?.‘ 5{“\‘ 5,'15 n ,;-‘]. 3.1. Materials Performance Comparison. In order to
5 FRY :/v\ ALY B 2l :"1 compare the thermochemical performance of the three reactive
o . i e ¥ i materials, a reference cycle (characterized by a reduction step
g i |Pyr‘c;meter ERPRE at 1400 °C under Ar at atmospheric pressure and an oxidation
2 pPE e sl S e B A s step with a temperature decrease between 1050 and 850 °C in
0O 2 4 6 8 10 12 14 16 18 20 25 mol % CO,) was performed for CTCe (cycle #12), CeF
Time (h) (cycle #1) and CeFB (cycle #1) as presented in Figure 4. The
A 40 b) CeF A 40 c) CeFB oxygen and fuel production yiel.ds were mucb higher for CeFB
E E than for CeF and CTCe, owing to the different maximum
2 3.0 2 3.0 co reduction temperature attained by the materials. As the fuel
= 50l = 50 production yield is very sensitive to the reduction extent
{UF = Cco 8 H reached by the reactive material, the O, and the CO
g 1.0 l lo H, g 1.0 - G zh production yields follow the same trend. For this cycling
8 g0l il\lkk AL_I\AP\ 8 oluAal algl o J{\k condition, the highest CO production rate (3.1 mL/g/min)
= PEREEEEER = s e was achieved for CeFB. All the materials present a high
915004 AR AR S £1500 Ak reoxidation yield (>87%).
AREY Al TR R ] % 3 3
21000 ] I j,‘\ i .*".’wln'J/"‘\" Ji| 21000} A relevant metric used to evaluate the thermo;hemlcalA cycle
2 R RER A= performance is the solar-to-fuel energy conversion efficiency.
g 500 4/ X ] 'g;_ 500 + 4 The instantaneous solar-to-fuel conversion efficiency is defined
E o Pyrf)melte'r:r? S T]3| E o P'yr]omelte'rlT1 . Tﬂ as follows:
= 0 2 4 6 8 10 & 002 4 6 8 10 ;
ime ) e Noolar-to-fuel — M
Psolar (3)

Figure 3. O, and fuel production rates during the performed cycles
along with the temperature profiles for (a) CTCe (sixteen cycles), (b)
CeF (seven cycles), and (c) CeFB (seven cycles). T1, T2, and T3 are
the temperatures of the sample interior, sample surface, and the base
of the reactor.

temperature gradient measured through the CeFB material in
the reactor cavity (150 °C gap between the pyrometer and
T1). Although, the reference temperature was maintained at
1400 °C at T1, the part of the reactive material situated above
reached a much higher temperature due to the poor thermal
conductivity of the fiber boards. Thus, the reactive material
situated above T1 achieved a larger reduction extent due to the
high temperature reached. The averaged oxygen nonstoichi-
ometry reached by the whole material was thus higher
(maximum & ~ 0.055). In addition, the fiber boards were
directly exposed to the high flux solar radiation inside the
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where g, represents the fuel production rate; HHVy,,, the
high heating value of the fuel; and P, the solar power input.
Furthermore, the cycle efficiency, as defined in eq 4, can also
be used to quantify the efficiency related to the actual amount
of cycled ceria and to bypass the heat losses inherent to the
prototype scale reactor.

. _ nﬁle]HHVfuel
cycle (CPCeOZAT + AH(6f))nCeOZ

(4)

where ng, represents the fuel production yield in the cycle;
Cpc.o, the specific heating value of ceria; AT, the temperature
swing between the reduction and the oxidation steps; AH(5y),
the reduction enthalpy for final stoichiometry d; and nc,q,, the

amount of reacting ceria. The reduction enthalpy was
calculated as a function of the nonstoichiometry extent

https://dx.doi.org/10.1021/acs.energyfuels.0c01240
Energy Fuels 2020, 34, 9037—-9049
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Table 3. Operating Parameters along with Oxygen and Fuel Production Amounts for the Three Investigated Reactive

Materials
T1 0, T1 oxidation step
reduction  pressure  produced (starting—endin,
cycle #  step (°C) (bar) (umol/g) temperature; °C
1 1107 0.865 25 1040—856
2 1414 0.871 65 1043-872
3 1413 0.870 68 1060—887
4 1405 0.871 75 1056—858
S 1411 0.110 94 1049-895
6 1410 0.864 64 949—-828
7 1409 0.871 68 1088—846
8 1414 0.874 64 1032—-830
9 1413 0.870 68 1062—-909
10 1413 0.870 60 1031-834
11 1423 0913 65 1035-78S
12 1410 0.870 68 1054859
13 1413 0.871 64 1054—828
14 1410 0.871 67 1043-782
15 1412 0.90S 69 1043-729
16 1405 0911 64 1049-718
1 1412 0.869 76 1051-840
2 1413 0.874 71 1055-829
3 1413 0.871 72 1039-763
4 1411 0911 66 1041-746
S 1411 0.863 72 1050-716
6 1411 0.909 67 940—-702
7 1405 0.901 53 1031-693
1 1410 0.865 159 1044-776
2 1417 0.867 146 1046—774
3 1410 0.869 160 1047-775
4 1413 0.909 146 1039-742
S 1411 0.902 14§ 960—750
6 1411 0.90S 135 1031-757
7 1410 0.906 123 1060-752

oxidant gas oxidant flow rate/ fuel peak fuel
(oxidant molar total flow rate produced production rate
fraction) (L/min) (umol/g) (mL/g/min)
CTCe
CO, (0.25) 0.40/1.60 56 1.2
CO, (0.25) 0.40/1.60 131 1.8
CO, (0.25) 0.40/1.60 122 1.6
CO, (1.00) 2.00/2.00 148 29
CO, (0.25) 0.40/1.60 190 29
CO, (0.25) 0.40/1.60 114 3.1
CO, (0.25) 0.40/1.60 122 L5
H,0 (0.18) 027/1.47 116 07
CO, (0.25) 0.40/1.60 121 1.8
H,0 (0.18) 0.27/1.47 119 0.8
H,0 (0.18) 027/147 129 0.8
CO, (0.25) 0.40/1.60 126 1.8
CO, (0.24) 0.20/0.85 127 09
H,0 (0.39) 0.45/1.15 125 0.8
H,0 (0.50) 0.45/0.90 122 06
H,0 (0.26) 0.45/1.75 112 0.9
CeF
CO, (0.25) 0.40/1.60 131 13
CO, (0.25) 0.40/1.60 137 12
H,0 (0.18) 027/147 129 0.5
H,0 (0.18) 0.27/1.47 117 04
H,0 (0.39) 0.45/1.15 130 0.6
H,0 (0.18) 0.27/1.47 119 0.9
H,0 (0.50) 0.45/0.90 101 04
CeFB
CO, (0.25) 0.40/1.60 302 3.1
CO, (0.25) 0.40/1.60 292 29
H,0 (0.18) 0.27/1.47 288 13
H,0 (0.39) 0.45/1.15 277 1.6
H,0 (0.18) 0.27/1.47 268 2.0
H,0 (0.18) 0.27/147 254 1.1
H,0 (0.26) 0.45/1.75 230 1.1

according to the procedure described elsewhere.”* Due to the
high fuel production rate, CeFB showed the highest
instantaneous solar-to-fuel conversion efficiency (1.5% versus
0.6% and 0.7% for CTCe and CeF, respectively). The low
efficiency values are related to the low amount of processed
reactive material that induces relatively small CO production
yields. Consequently, increasing the reactor scale associated
with sensible heat recovery systems should drastically increase
the overall efficiency to meet the requirement for an industrial
implementation.”> Regarding the cycle efficiency, CeFB
material also achieved the highest value (3.0%) among the
tested materials (1.2% for CTCe and 1.3% for CeF). The
higher cycle efficiency of CeFB, compared with CTCe and
CeF, is attributed to the high reduction extent reached by the
reactive material arising from the higher thermal gradient (due
to the poor thermal conductivity of this structure and the
absence of confiner tube thus changing the heating conditions
along the height). The optimization of the solar-to-fuel
efficiency is required for a future industrial process
implementation as a high efficiency allows decreasing the
production cost of the solar fuels.*®

Table 4 summarizes the total mass of ceria loaded in the
reactor and the number of cycles performed during the
corresponding continuous on-sun operation along with the
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total gas amounts produced for the studied reactive materials.
Figure S plots the oxygen production yields (squares) and the
fuel production (bars) depending on the reduction temper-
ature. The cycle performed under low pressure (0.110 bar,
cycle #5 for CTCe) during the reduction step is also indicated
(hollow square). A low pressure during the reduction step
leads to an improvement of both the reduction extent (5 up to
0.032) and the fuel 7pr0duction yield (190 pmol/g), as
previously reported.””*” In total, the three materials produced
192 L of H, and 140 L of CO, over 16 and 14 cycles,
respectively. No significant performance decline with an
increasing number of cycles (within the range investigated)
was noticeable for CTCe and CeF, which indicates good
thermochemical stability and resistance to sintering under the
harsh operating solar conditions (though the investigation of
long-term stability and performance of such materials during
extended on-sun testing periods for hundreds of cycles is still
required to provide definite conclusions on suitability for real
on-sun operations). In contrast, CeFB showed a strong
performance decline with a drop in the fuel production from
302 umol/g to 230 umol/g after seven cycles. As stated before,
the CeFB material reached a high temperature in its upper part
leading to structure densification. The sharp decrease of the
fuel production can thus be explained by the densification of

https://dx.doi.org/10.1021/acs.energyfuels.0c01240
Energy Fuels 2020, 34, 9037—-9049
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Figure 4. Thermochemical cycles at atmospheric pressure, T1,4 =
1400 °C and T1,, = 1050—850 °C with 25 mol % CO, during the
oxidation step for (a) CTCe (cycle #12), (b) CeF (cycle #1), and (c)
CeFB (cycle #1).

Table 4. Ceria Mass Loaded in the Reactor, Number of
Cycles Associated with Continuous on Sun-Operation
Duration along with Total O,, H,, and CO Amounts
Produced for CTCe, CeF, and CeFB

CTCe CeF CeFB
material mass (g) 25.4096 39.5707 33.321
number of cycle 16 7 7
continuous on sun-operation (h) 20 11 10
total O, amount produced (L) 0.50 0.42 0.76
total H, amount produced (L) 0.41 0.53 0.98
total CO amount produced (L) 0.72 0.24 0.44

the reactive bulk fiber, which is also due to the thermal
gradient arising from low thermal conductivity, and high
optical thickness of the material. A similar decrease of the
reactivity due to sintering was previously observed with ceria
felt.”® Consequently, ceria fibers do not appear suitable for
thermochemical cycles because of their poor thermal stability
and low resistance to sintering, despite their ability for fuel
production. In addition, the radiative opacity of the fiber bulk
might hinder its application when being directly irradiated by
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solar energy, and therefore, indirect heating may be more
favorable.

3.2. Investigation of Operating Parameters. During
the oxidation step, a main parameter to be investigated is the
oxidation temperature. According to thermodynamics, decreas-
ing the oxidation temperature favors the oxidation reaction. To
investigate the impact of the oxidation temperature on the fuel
production performance, thermochemical cycles were carried
out with a dynamic oxidation temperature regime starting at
different oxidation temperatures (~1050 °C and ~950 °C), as
represented in Figure 6. Decreasing the starting oxidation
temperature by 100 °C leads to the enhancement of the fuel
production rate (from 0.5 mL/ g/min to 0.9 mL/g/min with
H,0 and from 1.8 mL/g/min to 3.1 mL/g/min with CO,).
Furthermore, the necessary duration to reach 90% of the total
H, amount produced slightly decreased from 8.8 to 7.6 min.
The total amounts of H, produced are similar, in the range of
119—129 pmol/g. The duration to reach 90% of the total CO
amount produced is not really affected (marginal decrease
from 2.9 to 2.4 min). Similarly to the H, production amounts,
the total CO production yields are almost identical in the range
of 114—126 umol/g. A low starting oxidation temperature
enhances the fuel production rate, while it does not
significantly impact the fuel production yield. Nevertheless, a
decrease of the starting oxidation temperature obviously leads
to a decrease of the ending oxidation temperature. Thus, the
temperature swing between the oxidation and the next
reduction step is increased, generating heat losses that can
have a negative impact on the global solar-to-fuel efficiency and
increasing the global cycle duration.

As the oxidation reaction is chiefly a surface-controlled
reaction, the gas flow rates during the oxidation step have also
an impact on the fuel production rate. To investigate this
effect, the reoxidation step was carried out with two different
total gas flow rates at a constant molar fraction of CO, (xco, =

0.25), as represented in Figure 7. The CO production rate
increases with the increase of the total inlet gas flow, reaching
1.76 mL/g/min for a total gas flow rate of 1.60 L/min. In both
cases, the CO/CO, ratio is similar (the maximal value is
around 0.13), which thus does not explain the effect of total
inlet gas flow rate. This means that the CO product dilution
(higher dilution when increasing the total gas flow rate), along
with continuous CO product removal by the carrier gas, favors
the oxidation reaction (decreasing the CO partial pressure
favors the CO production because the oxidation reaction is
shifted to the products side). Moreover, the total CO amount

https://dx.doi.org/10.1021/acs.energyfuels.0c01240
Energy Fuels 2020, 34, 9037—-9049
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different total flow rates during the oxidation step: 1.60 L/min (solid
lines, CTCe cycle #12) and 0.85 L/min (dashed lines, CTCe cycle
#13) with xco, = 0.25.

produced is also similar (~126 pumol/g) for both considered
total flow rates, in line with the fact that the CO yield is related
to 6, which in turn is closely linked to the reduction
temperature (6 ~ 0.023 at T1 = 1400 °C). The global CO,
to CO conversion extent increases with the decrease of the
total gas flow rate, because a lower amount of CO, is injected
during the oxidation step. However, the peak CO, to CO
conversion is not affected when decreasing the total gas flow
rate, because the lower amount of CO, used is compensated
for by the lower CO production rate. Increasing the total gas
flow rate has a beneficial impact on the oxidation reaction, as it
promotes mass transfer in the gas phase, which facilitates the
access of the oxidant gas to the reactant surface. However, the
total gas flow rate should be maintained at reasonable values to
avoid useless energy penalties for gas separation and sensible
inert gas heating.

The oxidation step was performed with either CO, or H,0O
as oxidant gas. However, these two gases do not have the same
thermodynamic properties. Indeed, thermodynamics indicate a
more favorable CO, dissociation, due to the higher entropy of
the CO, dissociation reaction, compared with the H,O
dissociation reaction. In order to investigate the different
behavior of the two oxidant gases, Figure 8 presents the fuel
production rate evolution with similar oxidation temperatures
and oxidant molar fractions, for CO, or H,O as oxidant gas.
The peak CO production rate is 2 times higher than the H,
production rate. Similarly, CO, as an oxidant gas shows a
beneficial impact on the oxidant conversion extent (2.5%)
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Figure 8. H, (cycle #16) and CO (cycle #9) production rates from
CTCe (solid lines) along with temperature (dashed lines) with
oxidant concentration of 25 mol %

compared with water (1.0%). Meanwhile, the oxidation step
duration to reach 90% of the fuel produced increases from 3.7
min with CO, to 6.1 min with H,O. However, the global H,
production yield (112 pmol/g) is similar to the CO
production yield (121 umol/g), due to a similar reduction
extent (§ ~ 0.023). These results confirm that CO, as an
oxidant gas enhances the oxidation reaction kinetics. In
accordance with the thermodynamic predictions, the CO,
splitting reaction performed in the solar reactor is more
favorable than the water splitting reaction. It is worth pointing
out that the reaction kinetics is a key parameter for further
industrial implementation, as it globally determines the daily
fuel productivity for a solar chemical process. Thus, the
oxidation step kinetics should be optimized to reach the fastest
fuel production rate. Besides this, hydrogen production
presents an advantage in avoiding any further separation step
for the oxidant (H,O can be condensed easily), as opposed to
CO production that possibly requires CO/CO, separation.
In order to optimize the thermochemical cycle performance,
the oxidant molar fraction injected during the oxidation step
was investigated. As highlighted before, the total gas flow rate
showed a strong impact on the fuel production rate for a
constant CO, mole fraction. Figure 9 presents the CO
production rate with two different inlet CO, molar fractions
(xco,) of 0.25 and 1.00. Increasing xco, from 0.25 to 1.00

promotes the CO peak production rate from 1.8 to 2.9 mL/

https://dx.doi.org/10.1021/acs.energyfuels.0c01240
Energy Fuels 2020, 34, 9037—-9049
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Figure 9. CO production rates from CTCe (blue lines) along with the
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lines) for a CO, molar fraction (xco,) of 0.25 (solid lines, cycle #2)

and 1.00 (dashed lines, cycle #4).

min/g. This is correlated to the fact that the CO/CO, ratio
decreased significantly from 0.13 for xco, = 0.25 to 0.04 for

xco, = 1.00 (Figure 9), thus favoring the oxidation reaction

toward CO production. A low CO/CO, ratio is thermody-
namically favorable for the reoxidation reaction, explaining the
high CO production rate. This can be explained by a
displacement of the reaction equilibrium due to the excess of
CO, reagent (larger concentration of CO, favors the
thermodynamic equilibrium toward CO production). Fur-
thermore, the CO yield increased slightly from 132 pmol/g to
148 umol/g with the greater inlet CO, molar fraction.
However, the CO, to CO conversion extent fell from 2.1%
to 0.5% with the increase of xco, from 0.25 to 1.00, as well as

the peak of CO, to CO conversion (from 11.7% to 3.7%). This
can be explained by the large excess of CO, during the
oxidation step when using a high xco , leaving more unreacted

CO, at the reactor outlet, and thus affecting the CO,
conversion extent. A low CO, to CO conversion extent is
unfavorable for an industrial process because of the additional
energy required to separate CO from CO, in the off-gas.
The impact of inlet CO, molar fraction on CO production
was thus investigated and unraveled. Regarding water splitting,
the impact of the steam molar fraction during the oxidation
step on the H, production was also studied. Accordingly, the
oxidation steps were performed with the following inlet steam
concentrations: 18% (1.20 L/min Ar and 0.27 L/min H,0),
26% (1.30 L/min Ar and 0.45 L/min H,0), 39% (0.70 L/min
Ar and 0.45 L/min H,0), and 50% (0.45 L/min Ar and 0.45

L/min H,0), presented in Figure 10a. Unlike CO,, steam
condenses on the cold part at the reactor outlet, making it
complicated to evacuate. Thus, the total gas flow rate was not
maintained at a constant level to avoid injection of high water
amounts. Between 18% and 39%, the H, production rates are
similar, as well as the H, yields (in the range of 112 ymol/g to
129 pmol/g). In contrast, the oxidation step carried out with
50% molar fraction of steam shows a lower peak H, production
rate (0.56 mL/g/min). However, the H, production yield (122
umol/g) is similar to those obtained with other H,O molar
fractions. A low H,/H,0 ratio favors the oxidation step
according to thermodynamics. On the other hand, the H,/
H,O ratio decreases with the increase of the H,O molar
fraction, as shown in Figure 10b. Thus, a high H,O molar
fraction should enhance the oxidation step. On the contrary,
the highest H,O molar fraction (50%) presents the lowest H,
production rate among the considered H,O molar fractions.
This low H, production rate can be explained by the total gas
flow rate used during the oxidation step (0.90 L/min for 50%
H,0 molar fraction compared with 1.15—1.75 L/min for
cycles performed with 18% to 39% of H,O molar fraction). A
low total gas flow rate could have hindered the H, production
rate. As discussed previously in the case of CO, splitting, the
total gas flow rate has also an influence on the fuel production
rate, as it affects the gas product dilution. The low Ar flow rate
(0.45 L/min) used with xy; o = 0.50 leads to a high peak H,/Ar

ratio (0.032) compared with those obtained with xy; o = 0.39
(0.029), 2,0 = 026 (0.017), and xy;., = 0.18 (0.017). The Ar

dilution of produced H, is thus much lower when decreasing
the Ar flow rate, thereby explaining the lower H, production
rate. Furthermore, a high carrier gas flow rate favors gas
product removal, thus favoring an equilibrium shift toward H,
production. In addition, the Ar dilution extent of hydrogen can
also play a role in the oxidation kinetic, explaining the low H,
production rate obtained with xy; o = 0.50. Increasing the H,O

molar fraction without maintaining the total gas flow rate
constant does not have any beneficial impact on the fuel
production rate nor the fuel production yield.

In summary, a decrease of the pressure during the reduction
step results in an increase of the O, and fuel production yield.
Decreasing the oxidation starting temperature has a beneficial
impact on the oxidation step. Moreover, the increase of the
total gas flow rate (promoting gas product dilution) during the
oxidation step and/or the CO, molar fraction (decreasing CO/
CO, ratio) also leads to an improvement of the oxidation step.
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Figure 10. H, production (solid lines) along with the temperature (dashed lines) for H,O molar concentration (xy;,0) of 18% (cycle #11), 26%

(cycle #16), 39% (cycle #14), and 50% (cycle #15) for CTCe.
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3.3. Microstructural Characterization. The morphology
of the redox materials that were directly exposed to the high-
flux solar irradiation plays a crucial role in their thermochem-
ical performance. Bearing in mind that these materials are
cycled at temperatures as high as 1400 °C and subjected to
steep temperature gradients, it is of the utmost importance to
observe the exposed samples by means of SEM in order to
depict any changes in microstructural features, which may
result in a loss of performance.

No noticeable changes in morphology were observed for the
exposed samples, as shown in Figure 11. The microstructure of

&

Figure 11. Comparison of representative microscopy images of
CTCe, CeF, and CeFB prior (a, ¢, e) and after (b, d, f) thermal
cycling. Insets are images taken at lower magnification.

the CTCe consists of interconnected closed cells with an
average size of 25 um. Residual pores (typically less than 1
um), located at triple grain joins, remained unchanged after
thermal cycling. A similar microstructure was observed for
CeF. However, in this case, the morphology consists of
macropores with cell sizes of 575 + S5 um, some of which
have closed cell walls, and hollow struts with thicknesses
around 50 + S um containing micropores. These are typical
features of ceramic foams produced by the replication
technique.”> Such macroporous cellular materials (such as
foams, fiber mats) are defined as materials possessing high
porosity (>70 vol %). Typically, the morphology of the pores is
mostly regular and the three-dimensional (3D) architecture of
cellular materials derives from the superposition of polyhedral
voids (named cells), packed to fill the space efficiently. The
CeF grain size (around 2 um) is slightly smaller than that
observed for CTCe owing to the fact that the sintering
temperature was only 1450 °C for 30 min, and hence grain
growth occurred to a lesser extent than at 1600 °C. These
observations are in good agreement with the O, and fuel
production yield trends recorded. As for CeFB, no evidence of
degradation of the fibers could be identified. However, partial
shrinkage of the boards after exposure, together with an
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observed decrease in H, yield with increasing numbers of
cycles, denotes that densification resulted in a loss of its redox
ability for H,O splitting. The fibers (typically being around $§
pym in diameter) are arranged in a tangled web. The bulk
density of CeFB was determined to be 0.89 g cm™, and
consequently, the estimated overall porosity of the fiber boards
is 88% (taking into account that the true density of ceria
measured by helium pycnometry was 7.65 g cm ™). The bulk
density of the CeF material was determined to be 1.03 + 0.03
g cm ™3, which corresponds to a porosity of ~87%. The BET-
specific surface area, measured by N, adsorption, after thermal
cycling, was 0.19 and 0.43 m’ g™' for CeF and CeFB,
respectively. This can also explain the higher hydrogen yields
obtained for CeFB compared to their CeF counterparts, in line
with the high intrinsic reactivity of ceria fibers despite low
thermal stability.”>*” Basically, the overall higher stability and
fuel production rate using CTCe is due to the favorable
microstructure obtained from the cork template that favors the
solid—gas oxidation reaction, as shown by the material’s
microstructural characterization.

4. CONCLUSIONS

Different structured ceria materials (biomimetic cork-based
ecoceramic, foam and fiber) were tested in a solar reactor to
unravel the effect of ceria morphology on thermochemical
H,O0 and CO, splitting performance. The oxygen and the fuel
productions were investigated, as well as the thermochemical
stability upon two-step redox cycling. The ceria fiber showed
the highest reduction extent (averaged oxygen nonstoichiom-
etry up to & ~ 0.055), thereby leading to superior fuel
production yield (above 300 umol/g in the first cycle, but
decreasing in next cycles). This was attributed to the low
thermal conductivity of the material and high thermal gradient
across its height. It was demonstrated that for these fibers the
surface directly irradiated by concentrated sunlight reached
much higher temperatures than the target temperature (1400
°C). This was also confirmed by a thermogravimetric analysis,
highlighting that O, and CO production yields were compliant
with the other ceria materials under the same conditions.
Furthermore, the fuel yield declined during cycling because of
sintering, denoting that this fiber board material is not suitable
for achieving stable cycling performance when being directly-
irradiated. Noticeably, the cork-templated ceria and the ceria
foam showed a good resistance to sintering, with no
performance decline over cycles and complete reoxidation
(fuel production of about 130 ymol/g, for a reduction step at
1400 °C — atmospheric pressure, yielding § ~ 0.022—0.026).
Finally, the operating parameters were explored with the aim
to optimize the fuel production. Increasing the inlet CO, molar
fraction (from 0.25 to 1.00) or the total gas flow rate during
the oxidation step enhanced the fuel production rate,
presumably because of the drop of CO/CO, ratio or the
increase of CO product dilution, both favoring the oxidation
reaction toward CO production. Conversely, the steam molar
fraction did not significantly have an effect on the H,
production because the total gas flow rate was not maintained
constant and high H, dilution by the carrier gas enhanced the
H, production rate. Moreover, decreasing the starting
oxidation temperature led to an enhancement of the fuel
production rate (almost double when decreasing the starting
oxidation temperature from 1050 to 950 °C). Due to its
favorable porous microstructure (mean cell size ~25 pm), the
biomimetic cork-based ceria achieved a maximum peak CO

https://dx.doi.org/10.1021/acs.energyfuels.0c01240
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production rate of 3.1 mL/min/g after reduction at 1400 °C
(at atmospheric pressure), thus outperforming the previously
achieved fuel production rates in structured ceria reactors. The
fast oxidation rate of this type of material demonstrates its
suitability for further studies, while offering the advantages of
being cost-attractive and eco-friendly for the green production
of solar fuels.
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