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Abstract:

Porous ceria-based architected materials offer high potential for solar fuels production via
thermochemical H,O and CO,-splitting cycles. Novel porous morphologies and micro-scale
architectures of redox materials are desired to provide suitable thermochemical activities and
long-term stability. Considering particle-based solar reactors, porous ceria microspheres are
promising because of their excellent flowability and large surface area. In this work, such
porous microspheres with perfect spherical shape, high density and interconnected pore
network were fabricated by a chemical route involving ion-exchange resins. The method
involved the cationic loading of the resin in aqueous medium followed by thermal treatment
for oxide formation and porous microstructure stabilization. The utilization of these
microspheres (~150-350 pum in size) as redox materials for solar fuel production was
investigated in packed-bed solar reactors (directly and indirectly-irradiated). Superior redox
performance was obtained for the pure ceria microspheres in comparison with other
morphologies (powders and reticulated foams). Low po, values thermodynamically favored
the reduction extent and associated fuel yield, whereas high pco, kinetically promoted the
oxidation rate. The highest fuel production rate reached 1.8 mL/min/g with reduction step at
1400°C and low total pressure (~0.1 bar), and oxidation step below 1050°C under pure CO,.
Low pressure during reduction both improved reduction extent (oxygen under-stoichiometry &
up to 0.052) and associated fuel production yield (331 pmol/g CO). After 19 redox cycles
(~32h under high-flux solar irradiation), the porous microspheres maintained their individual
integrity (no agglomeration), spherical shape, and internal porosity, with great potential for
stable fuel production capacity in particle-based solar reactors.

Keywords: thermochemical cycles, ceria, hydrogen production, CO, valorization, solar

reactor, porous microspheres



Solar fuels production via thermochemical splitting of water and carbon dioxide using two-
step redox cycles represents an attractive and sustainable pathway for solar energy conversion
and storage into dispatchable energy carriers. Concentrated solar energy is used to provide the
required thermal energy for the thermochemical reactions'™. This efficient route for H,
synthesis and/or CO, conversion potentially outperforms the electrolytic and photochemical
routes, because thermochemical processes utilize the entire solar spectrum and directly
convert high temperature heat to clean and carbon-neutral chemical fuels. The intermediate
production of electricity (via photovoltaics or concentrated solar power) or the use of
photocatalysts is thus not required. Ceria is an attractive material for two-step redox cycling,
due to high oxygen mobility, ability for creation of lattice oxygen vacancies, rapid reaction
kinetics with reversible Ce**/Ce®" transition, stable crystal structure and resistance to sintering
during cycling>®. Ceria (CeO,) is first partially reduced to a non-stoichiometric state (CeOy.5)
with oxygen release using concentrated solar thermal energy. During a second oxidation step,
H, fuel is produced from H,O dissociation, while CO, is converted to CO’ ™. When
combined with H,, the syngas (H2/CO mixture) can be further processed to methane and
liquid hydrocarbon fuels via methanation and Fischer—Tropsch processes. Beyond the
intrinsic redox activity of ceria, an appropriate material shaping is required for efficient and
stable redox cycling performance and integration in solar reactors. Indeed, porous materials
with interconnected open porosity are required to guarantee i) efficient access of the gaseous
species to the bulk material, ii) enhanced heat and mass transfer, and iii) high available
specific surface area for gas-solid reactions. The utilization of powders in solar reactors is
usually not appropriate because of densification/agglomeration/sintering issues and loss in
activity during cycling. The most relevant morphologies that were previously investigated for
two-step cycles include reticulated porous ceramics (RPC)* %, fibers/felts®* %, three-
dimensionally ordered macroporous (3DOM) structures®*2®, and biomimetic materials
prepared from bio-templates?’°. The structured materials must have low optical thickness
(low opacity) for efficient volumetric radiation absorption (enabling limited thermal
gradients), while being sufficiently dense for high ceria mass loading in the reactor with a
thermally-stable macroporous network for gas-solid reactions.

In this work, solar-driven thermochemical H,O and CO,-splitting cycles using ceria porous
microspheres were investigated in packed-bed solar reactors, providing an efficient route to
convert intermittent and dilute solar energy into high-value chemical fuels. Such a spherical
porous morphology was never investigated before for concentrating solar applications. The
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microspheres exhibit several key advantages including: (i) perfect spherical shape inducing
high flowability and stacking ability, enabling optimal reactor volume filling and redox
material loading, (ii) high interconnected porosity favoring gas species transfer with low
pressure drop and access of the oxidant gas to the reactive surface (enhancing kinetics), (iii)

tunable specific surface area and pore density, (iv) chemical composition versatility.

The considered ceria microstructured spheres (abbreviated as CeMS) were synthesized by a

process involving ion-exchange resins®*

. A polyacrylic resin constituted of porous
microspheres was washed successively with an aqueous nitric acid solution, an aqueous
ammonia solution and then deionized water. This protocol was used both to remove all the
exchangeable cations and chemical impurities from the resin and to convert it to its
ammonium form. Then, the resin was loaded with cerium by immersion in an agqueous
solution of Ce®* ions, obtained by dissolution of cerium nitrate in pure water. The ionized or
ionizable groups of the polyacrylic resin (carboxylate groups compensated by NH," cations)
offer strong affinity for the Ce** ions. This guarantees a quantitative fixation of Ce®* ions at
atomic scale with good homogeneity. After the cation exchange, the resin was first rinsed
with pure water to remove the excess of non-fixed cations. Then, it was dried for 12 h at
100 °C to remove the water contained in the resin. Afterward, a first ceramization thermal
treatment in air (4h at 800°C, heating ramp of 1°C/min, free cooling) was used to remove the
organic skeleton from the material. A second thermal treatment (4h at 1400°C, heating ramp
of 5°C/min up to 800°C and 1°C/min up to 1400°C, free cooling) was used to stabilize the
ceria microstructure and its morphology for high temperature applications. The final ceria
particles were porous spheres (diameter in the range 150-350 um) with mainly open
intraparticle porosity (~36% of the microsphere volume; pore sizes in the range 0.5-2 um).
The specific surface area measured by BET method was 0.3 m?/g. Moreover, the random-
close microspheres packing provided interparticle porosity (~36% of the microsphere bed,;
pore sizes of one third of the microsphere diameter, i.e. ~100 pm). Such open and
interconnected porosities favor an easy penetration/diffusion of gas species inside the bed and

particles.

The porous microspheres were first investigated via thermogravimetric analysis (TGA) to
characterize their redox activity in comparison with ceria-based powders (including CeO,,
CeogGdg20,, and CeggZro10, prepared via Pechini method33) (Fig. 1). The reduction was
performed in Ar at 1400°C (during 45 min) and the oxidation in Ar/CO, (50% CO,) at
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1050°C (60 min). Thanks to its favorable microstructure, CeMS showed higher fuel
production rates (~1.2 mL/min/g) compared to powders (Table 1). The addition of zr**
enhanced the reduction extent, but the oxidation rate was lowered and the oxidation extent
was not complete (nco < 2.nopz). The addition of Gd** decreased the amount of O, being
released (because the amount of reducible Ce** cations was decreased), thus in turn
decreasing the total CO yield (the oxidation Kkinetics was however very fast). The best
performing material regarding its stability, fuel yield and oxidation kinetics was thus pure
ceria. CeMS produced ~99 pmol/g CO (twice the O, amount). This value is similar to the fuel
yield produced by micron-sized ceria powder (~100 pmol/g CO)** %, thereby indicating that
the use of porous ceria microspheres allows maintaining the material reactivity without any
loss of performance. Powder bed densification is moreover bypassed since the stacking of
microspheres remains unchanged and is not altered during cycling. The stable morphology
and microstructure of the microspheres guarantee efficient mass transfer (access of gaseous

species to the material bulk) and stable thermochemical performance.

1400

0.10%

CeMS
CeO,
Cey5Gdy 0,
CepoZr10,

— — — Temperature

- 1350

0.05% -
1300

0.00% - 1250

- 1200
-0.05% -
- 1150

-0.10% -
- 1100

Mass variation (%)

1050

Temperature (°C)

-0.15% -
- 1000

-0.20% -
- 950

0.25% i : \ \ T 900
0.7 1.7 2.7 3.7 4.7
Time (h)

Figure 1: Reduction and re-oxidation profiles of CeMS and ceria-based powders during

temperature-programmed TGA.



Table 1: O, and CO produced from CeMS and from ceria-based powders in TGA, along with
the non-stoichiometry extents (3), re-oxidation yields and peak production rates.

Reduction step Oxidation step
0, 5 Pegk C_)g '56-' Pegk C_O
roduction oxidation production

Cycle # produced P rate produced yield P rate

(umol/g)  mol/mol (mL/;nln/g (umol/g) (mL/;nln/g
Cep.9Zr9.10, powder
1 51 0.017 0.096 82 80% 0.456
2 57 0.019 0.096 103 90% 0.623
CeosGdy 0, powder
1 37 0.013 0.062 62 84% 0.463
2 38 0.013 0.062 67 88% 0.543
CeO; powder
1 55 0.019 0.087 95 86% 0.886
2 54 0.019 0.087 98 91% 0.980
CeMS (ceria microspheres)
1 49 0.017 0.081 96 98% 1.117
2 50 0.017 0.087 99 99% 1.167

The thermochemical redox activity of the microstructured ceria spheres was further
investigated in packed-bed solar reactors during several consecutive thermochemical H,O and
CO; splitting cycles, performed with various operating conditions under real concentrated
solar irradiation.

Cycling experiments were first performed in a solar-heated tubular reactor at the focus of a
solar concentrator. This solar reactor (Supplementary Material 82) has been described in
detail elsewhere?®**". Table 2a summarizes the thermochemical cycle conditions and the
calculated O, and H, yields obtained by integrating the production rate versus time profiles
(over six cycles). During the first cycle (Fig. 2a), the microspheres were cycled between
1400°C (reduction) and below 1050°C (oxidation), and produced about 135 umol/g H, (about
twice the amount of produced O,). Reduction was performed in pure Ar (0.25 NL/min) and
oxidation with water injection (0.228 g/min + 0.25 NL/min Ar, H,O mole fraction: 53%). O,
evolved during material heating from about 840°C (first traces detected) and was more
significantly released from 1000°C. Then, it continually increased until reaching a maximum
when the maximum temperature was reached and the dwell maintained (1400°C). The steam
injection during cooling below 1050°C (without any solar input) led to a sharp H,

concentration increase. The peak production rate was reached shortly (~1 min) after injection,



and then H, concentration decreased steadily until becoming negligible, denoting reaction
completion.

During the second cycle the temperature was increased up to only 1360°C and then decreased
immediately, which resulted in a lower amount of O, produced, thereby also decreasing the
H, production yield (68 umol/g). Peak H, production rates were about 1.4 mL/min/g in both
cycles.

In subsequent experiments (Fig. 2b), four consecutive cycles were achieved with a reduction
temperature of 1400°C. The amount of O, released during each cycle was almost stable (64-
67 pmol/g). Oxidation was performed below 1150°C (steam injection during cooling) for the
2" cycle (whereas below 1050°C for the other cycles), which in turn caused a significant
decrease of the H, production rate (peak at 0.67 mL/min/g) when compared to the other
cycles (1.1-1.2 mL/min/g). The production yields and rates were stable, suggesting a
relatively good stability of the CeMS physico-chemical characteristics during cycles.
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Figure 2: Thermochemical H,O-splitting cycles with CeMS in the solar tubular packed-bed
reactor: (a) effect of the reduction temperature (T x<1050°C), and (b) effect of the oxidation

temperature (T,,=1400°C) on O, and H, production rates.

The ceria microspheres were then cycled in a directly-heated cavity-type solar reactor,
previously used to investigate the reactivity of ceria foams and microstructured
materials'™®**%**® The reactor was positioned at the focus of a vertical-axis 2 m-diameter
concentrator (Figure 3). Both H,O and COj-splitting cycles were performed using a
substantial mass of ceria (~62 g), with the possibility to operate at low total pressure (~0.1
bar) in flowing gas thanks to the use of a vacuum pump at the outlet. An alumina tube
(confiner) was placed at the center of the cavity to help maintaining the redox CeMS material
as a packed-bed in the annular region between the cavity wall and the tube. A cardboard
insulation disk was placed at the bottom of the cavity to minimize CeMS particle escape. The
temperature was measured by B-type thermocouples and a pyrometer. Continuous outlet gas
analysis was performed to measure the concentrations of O, (trace oxygen electrochemical
analyzer), H, (thermal conductivity detection), and CO, and CO (NDIR sensors), after
flowing through a gas drying unit. Two other reactor cavity configurations (Fig. S1-S2) were
used to perform cycles #1, #2, and #3.
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Figure 3: Scheme of the directly-heated solar reactor and images of CeMS (red arrows: gas
flow during reduction step; : gas flow during oxidation step; green arrows: Ar
flow injected during both cycle steps to protect the glass window and sweep the cavity; and

blue arrows: water-cooling).
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In order to study the redox activity of CeMS in the directly-irradiated solar reactor,
consecutive thermochemical cycles were performed with different operating parameters
(Table 2b). Nineteen cycles were performed with CeMS, corresponding to 32 h of continuous
on-sun operation during 5 days (Fig. 4a). Such experiments helped to assess the sensitivity of
performance to the process conditions and to demonstrate the CeMS material stability under

real cycling conditions.
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Figure 4: (a) Evolution of O, and fuel production rates during the performed 19 cycles, along
with the temperature profiles for CeMS (T1, T2, T3: temperatures of sample interior, sample

surface, and cavity bottom), (b) Example of a cycle at atmospheric pressure (cycle #4:



T1,,4=1400°C, T1,=1050-850°C, 25 mol% CO,), (c) Evolution of gas yields over cycles
(squares: O, production, bars: fuel production, reduction temperature indicated by the square

color).

Figure 4b shows the evolution of O, and CO production rates for cycle #4 (reduction step at
1400°C under Ar at atmospheric pressure, and oxidation step in 25 mol% CO, with a
temperature decrease in the range 1050-850°C). For this cycling condition, the peak CO
production rate (0.7 mL/min/g) was lower than the one obtained in TGA (Table 1),
presumably because of the lower CO, mole fraction (25%). This is confirmed with cycles #2,
#11, #14, #16 performed at the same CO, mole fraction, yielding a CO production rate in the
range 0.4-0.9 mL/min/g. In contrast, the oxidation rate was improved with pure CO, feed,
because reaction Kinetics is favored with high CO, partial pressure. Additionally, an increase
of CO, inlet flow rate favors mass transfer and decreases the pco/pco2 ratio (equilibrium
constant of oxidation reaction), thus shifting the thermodynamic equilibrium toward CO
formation. The fuel production rate also increased when the oxidation temperature was
decreased (cycle #2 vs. cycle #3), because the oxidation step (exothermal) is
thermodynamically favored at low temperatures. Figure 4c plots the oxygen (squares) and the
fuel (bars) production yields related to the reduction temperature. The cycles performed under
low pressure during the reduction step (hollow squares) showed both improved reduction
extent (6 up to 0.052 in cycle #10) and fuel production yield (331 pmol/g), as previously
reported™®.

All the cycles showed a high re-oxidation yield, and the CO production yield was closely
related to the reduction extent, depending on both the reduction temperature and the oxygen
partial pressure. Thus, decreasing po, during the reduction step (via total pressure decrease)
led to increased reduction extent and associated fuel production yield. As a result, CO yields
above 300 pmol/g were achieved (at P~0.1 bar during the reduction). The highest fuel
production rate reached 1.8 mL/min/g (cycles #5 and #10) when carrying out the reduction
step at low total pressure (~0.1 bar) and the oxidation step under pure CO,. However,
operating the redox steps at two different pressures (swing of total pressure) is not convenient
for process application and cost. Indeed for each cycle, the total pressure would need to be
decreased for the reduction step and then increased for the oxidation, inducing undesirable

energy losses.



Noticeably, the oxidation rate was also affected by the total pressure during the oxidation
step. Cycle #12 was performed with a constant pressure of 0.1 bar during both reduction and
oxidation steps (isobaric). This operating mode avoids pressure swing between redox steps,
thus saving energy. However, the CO production rate was decreased to 1.2 mL/min/g (cycle
#12 vs. cycle #10), while a CO yield above 300 pumol/g (complete oxidation) was still
achieved. The lower total pressure during oxidation translates into a lower pco, thereby
decreasing the oxidation rate (same effect as the CO, mole fraction). Therefore, maintaining a
low pressure throughout the whole cycle is beneficial to promote the reduction extent and fuel
yield, at the expense of a lower fuel production rate during oxidation.

Several water-splitting cycles were also performed, yielding similar H; yields than CO, but
the oxidation rate with H,O was somewhat lowered in comparison with the case of CO,
(because CO, splitting is thermodynamically more favorable). However, the steam mole
fraction was lower, which may also explain the lower oxidation rate with H,O. The H,

production rates and yields were consistent with those obtained in the tubular solar reactor
(Fig. 2).

The production rates measured with CeMS compared favorably with the performance of other
ceria material structures. In comparison, a peak CO production rate of 1.2 mL/min/g was
achieved using ceria foams cycled with more favorable operating conditions (reduction step at
1500°C under 10 mbar)®®. Moreover, similar fuel production was reached using cork-
templated ceria granules under similar conditions®. This clearly points out the promise and
relevance of the studied microsphere morphology integrated within solar reactors.

The instant solar-to-fuel conversion efficiency (determined from the calorific value of the
produced fuel to the solar power input'®) was 0.60% in cycle #4 and increased to 1.75% in
cycles #5 and #10 performed at low reduction pressure (enhanced fuel production rates).
These efficiencies could be further enhanced by increasing the amount of loaded ceria via
reactor scaling up®.

For the total mass of ceria loaded in the reactor (62.24 g), and the number of cycles performed
(19) during the corresponding continuous on-sun operation (32h), the CeMS material
produced 2.67 L O,, 1.29 L Hy, and 3.54 L CO.

Regarding the thermochemical stability, a moderate performance decline was noticed: for
example the CO yield dropped from 172 pumol/g to 114 umol/g between cycles #4 and #14 for

similar operating conditions. This may result from either material sintering and/or a loss of
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reactive material in the solar cavity (such issues were not encountered in the indirectly-heated
tubular solar reactor).

As the microspheres are small (<350 um) and spherical, their flowability is high and the
particles tend to pass through the insulation interstices at the cavity bottom (and thus cannot
reach sufficiently high temperature to be reduced). Indeed, significant amounts of particles
were found in interstices when the reactive material was removed from the reactor, providing
credit to this hypothesis. Moreover, after cycle #14, a layer (~5 mm thick) of agglomerated
particles was observed at the directly-heated surface (upper part of the cavity). Thus, the
CeMS material was removed and the agglomerates were crushed for being separated and
reintroduced in the cavity (with a new total mass of 59.54 g). An additional top-layer (~2 mm
thick) of alumina particles was added to avoid direct CeMS exposure to high-flux thermal
radiation (overheating). After cycle #14, no variation of the production rates was observed,
revealing that the redox activity of the microspheres was not significantly altered.

The material cubic fluorite structure remained stable during cycling (Fig. S3). Noticeably, few
CeMS particles reacted with the alumina tube in the upper part of the cavity (directly
irradiated by concentrated sunlight), leading to the formation of CeAlO; (Fig. S3c). However,
due to the very small fraction of the reacted/modified material, no performance decline
attributed to this reaction could be detected.

The microstructural characterization of the reactive particles after thermochemical cycles
confirmed a slight sintering of grains within the microspheres. The SEM observations of
CeMS before and after thermochemical cycles in the directly-heated solar reactor are
compared in Figure 5 (and Fig. S4-5). The spherical morphology of the particles was
maintained for the cycled samples. The ceria grain sizes within the microspheres were in the
range 0.5-2 um before cycling. After cycling, the few particles that reacted with alumina parts
of the cavity showed a strong increase of their grain sizes up to 13-30 um (Fig. S6), while the
others (majority) only showed a slight increase of their grain sizes up to 6-9 um. Such a
limited grain growth and the associated sintering phenomena could hardly explain alone the
progressive decrease of production yield (especially O,) observed with CeMS over cycles.
More consistently, this decline of performance was ascribed to the loss of CeMS material

flowing out at the bottom of the cavity.
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Figure 5: SEM images of CeMS prior (a) and after (b) thermochemical cycling in the solar

reactor (19 cycles).

In conclusion, based on the superior redox performance in comparison with ceria powders and
reticulated foams, the innovative porous ceria spherical morphology was proven efficient for
H, and CO fuel production from solar-driven two-step redox cycles. The thermochemical
performance of the new material was assessed in both indirectly and directly-heated packed-
bed solar reactors. Indirect heating was more suitable to alleviate sintering issues usually
caused by direct irradiation of the reactive material. In contrast, direct radiative heating was
more efficient in terms of solar energy utilization because inherent heat losses due to
intermediate heating via heat transfer wall can be avoided. Additionally, a higher amount of
reactive material was cycled with the directly-irradiated solar reactor for a similar solar power
input (thus improving the solar-to-fuel conversion efficiency). In future applications, such
ceria microspheres could be integrated in particle-based solar reactors with different possible
operating modes: (i) single reactor (packed-bed, fluidized-bed, moving bed...) with
alternating reaction steps, or (ii) dual reactors for separate reduction and oxidation steps with
a transfer of ceria particles between both reactors (favored by their good flowability)*°. Such
particle-based reactors could hardly be considered with powders (cohesive) that easily form
aggregates. The microsphere morphology is also an attractive alternative to less scalable
porous monoliths (RPCs). The spherical particles can thus be used in conventional reactor
technologies, while enabling both high packing density and large accessible internal porosity
for redox reactions. The microspheres are also adapted for continuous operation (with bed
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circulation) and have thus high potential for improving solar process robustness and

scalability.
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Table 2: Operating parameters along with oxygen and fuel production amounts for CeMS
(oxidation performed during free cooling with oxidizing gas injection starting at the
mentioned temperature). The gas production yields were determined by time integration of the
gas production rates (method described in Supplementary Material 83). (*) indicates an
overpressure during oxidation reaction (0.930 bar instead of 0.865 bar) due to the reactor

configuration, (**) indicates an oxidation step performed at reduced pressure.

Reduction step Oxidation step
Oxidant Oxidant
Cvele T1 Ar flow T1 gas flow Fue Peak fuel
4 reduction Pressure rate during O, produced  oxidation (oxidant rate production
. produced
step reduction step molar (Ar flow rate
fraction) rate)
(°C) (bar)  (L/min) (umol/g) (°C) (L/min) (umol/g) (mL/min/g)
(a) Indirectly-heated tubular solar reactor
0.28
1 1400 0.875 0.25 68.6 <1050 H,0 (0.53) (0.25) 135.3 1.40
0.28
2 1360 0.875 0.25 344 <1050 H,0(0.53) (0.25) 67.6 1.41
0.28
3 1400 0.875 0.25 66.6 <1050 H,0 (0.53) (0.25) 131.2 1.19
0.28
4 1400 0.875 0.25 64.6 <1150 H,0(0.53) (0.25) 151.5 0.67
0.28
5 1410 0.875 0.25 67.0 <1050  H,0 (0.53) (0.25) 143.5 1.12
0.28
6 1400 0.875 0.25 64.4 <1050 H,0(0.53) (0.25) 157.4 1.14
(b) Directly-heated solar reactor
0.40
1* 1409 0.414 1.2 116.0 <1077 CO,(0.25) (1.20) 120.0 0.55
0.30
2 1410 0.868 1.2 84.7 <1051 CO,(0.23) (1.00) 105.0 0.90
0.30
3 1410 0.870 1.2 56.4 <960 CO, (0.23) (1.00) 103.6 1.06
0.40
4 1409 0.871 1.2 104.0 <1050 CO, (0.25) (1.20) 172.0 0.68
2.00
5 1412 0.104 1.2 132.8 <1052 CO, (1.00) (0.00) 297.2 1.85
0.25
6 1418 0.875 1.2 105.8 <764 H,0 (0.17) (1.20) 140.0 1.09
0.25
7 1411 0.123 1.2 140.9 <1045 H,0(0.17) (1.20) 256.0 0.74
0.25
8 1415 0.918 1.2 88.6 <1040 H,0(0.17) (1.20) 156.0 0.44
0.54
9 1412 0.915 1.2 89.6 <1051 H,0(0.37) (0.90) 170.0 0.51
2.00
10 1409 0.107 1.2 151.1 <1053 CO, (1.00) (0.00) 331.0 1.78
0.40
11 1410 0.875 1.2 85.2 <1064  CO, (0.25) (1.20) 128.0 0.46
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2.00

12** 1407  0.102 1.2 142.0 <1053  CO, (1.00) (0.00) 306 1.2
2.00

13 1408  0.099 1.2 135.8 <1046  CO, (0.67) (Loo) 2460 1.15
0.40

14 1408  0.873 1.2 71.2 <1066  CO, (0.25) (120) 1141 0.41
2.00

15 1419  0.083 1.2 136.0 <1051 €O, (1.00) oo 2823 1.30
0.40

16 1412 0.871 1.2 79.6 <953 (O, (0.25) (120 1393 0.60
2.00

17 1408  0.089 1.2 121.7 <950  CO, (1.00) (0.00) 267.0 1.70
0.25

18 1410  0.870 1.2 71.5 <912  H,0(0.17) 120 %1 0.33
0.25

19 1411  0.912 1.2 57.4 <1061 H,0 (0.17) (120) 1126 0.27

Supplementary Material

See Supplementary material for description of the materials characterization techniques,
packed-bed tubular solar reactor and other tested cavity-type conical bed solar reactor
configurations, determination of gas production rates and yields in solar reactors, and
additional structural and morphological characterizations.
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