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Thermochemical splitting of CO; via a ceria-based redox cycle was performed in a solar-driven thermogravimetric analyzer.
Overall reaction rates, including heat and mass transport, were determined under concentrated irradiation mimicking realis-
tic operation of solar reactors. Reticulated porous ceramic (RPC) structures and fibers made of undoped and Zi‘“-doped
CeO,, were endothermally reduced under radiative fluxes of 1280 suns in the temperature range 1200-1950 K and subse-
quently re-oxidized with CO; at 950—1400 K. Rapid and uniform heating was observed for 8 ppi ceria RPC with mm-sized
porosity due to its low optical thickness and volumetric radiative absorption, while ceria fibers with um-sized porosity per-
formed poorly due to its opacity to incident irradiation. The 10 ppi RPC exhibited higher fuel yield because of its higher sam-
ple density. Zr'" -doped ceria showed increasing reduction extents with dopant concentration but decreasing specific CO
vield due to unfavorable oxidation thermodynamics and slower kinetics. © 2016 The Authors AIChE Journal published by
Wiley Periodicals, Inc. on behalf of American Institute of Chemical Engineers AICKE J, 63: 1263-1271, 2017

Keywords: solar fuels, doped ceria, thermochemical, kinetics, heat transfer

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is

not used for commercial purposes.

Electronic supplementary information (ESI) available: XRD patterns, radiative
flux distribution at the top surface of sample and thermodynamic oxidation limits
of undoped and it doped ceria.

Additional Supporting Information may be found in the online version of this
article.

Correspondence concerning this article should be addressed to A. Steinfeld at
aldo.steinfeld@ethz.ch.

© 2016 American Institute of Chemical Engineers

AIChE Journal

Introduction

Using concentrated solar energy, thermochemical redox
cycles based on nonstoichiometric metal oxides are capable of
splitting H,O and CO, to produce H, and CO (syngas), the pre-
cursor for the synthesis of conventional transportation liquid
fuels.! Due to its favorable oxidation thermodynamics, rapid
reaction kinetics, and morphological stability over a wide range
of temperatures, ceria (CeQO,) is currently considered the
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benchmark redox material. >’ The two-step thermochemical
cycle is then represented by:
Reduction at T'eq:

1 1 |
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where J,, and 0,.q are the oxygen nonstoichiometry before and
after reduction, respectively. In the first step, Eq. 1, ceria is
endothermally reduced in an atmosphere of low oxygen partial
pressure po, at elevated temperatures, typically T,.q > 1573 K,
with process heat delivered by concentrated solar radiation. In
the second step, Eq. 2, the reduced ceria is exothermally re-
oxidized with HO and/or CO, to generate H, and/or CO at
lower temperatures, typically T, < 1573 K. d,.q and d,y at equi-
librium strongly depend on Tieq, Tox, and 20225710 The differ-
ence d,.q — Oox determines the maximum molar amount of fuel
capable of being produced per cycle and per mole of ceria. Var-
ious porous ceria structures have been investigated such as 3D
ordered macroporous structures,'' electrospun fibers,'> mono-
liths, " felts,]4 and reticulated porous ceramics (RPC).14
Although structures with submicron-sized pores exhibited rela-
tively fast oxidation rates, they lacked morphological stability
as sintering occurred at elevated temperatures.'' Furthermore,
optically thick structures inhibited penetration of concentrated
solar irradiation, resulting in non-uniform heating and, conse-
quently, non-uniform temperature distribution.'” In contrast, the
foam-type RPC structures offered enhanced heat and mass
transport properties for high-temperature processing.16 They
have been developed with interconnected single-scale porosity
(SS-RPC)"® as well as with interconnected dual-scale porosity
(DS-RPC).'"!® In the latter, the larger mm-sized pores enabled
efficient volumetric radiative absorption during reduction (Eq.
1) due to appropriate optical thickness, while the smaller pum-
sized pores within the struts enabled fast reaction rates during
oxidation with CO, and H,O (Eq. 2) due to an increased spe-
cific surface area.'” RPCs with 76% overall porosity and 18%
strut porosity, obtained by the addition of 30 vol % carbon pore
forming agent into the ceramic slurry,'”'” offered a trade-off
between large specific surface area (0.066 m? g~ 1 for fast oxi-
dation kinetics and large mass loading per unit volume for high
fuel yield, while being morphologically stable over more than
200 redox cycles at T;.q = 1773 K and T,,, = 1023 K.'"® The spe-
cific fuel yield per cycle, given by d,.q4 — 0oy, Ccan be increased
by alternative redox materials with a higher oxygen exchange
capacity compared to ceria,”® for example by the introduction
of 4+ valence dopants such as Zr*" 22! or Hf**.*"*” How-
ever, their oxidation is thermodynamically less favorable com-
pared to undoped ceria, which leads to substantially larger
temperature swings between reduction and oxidation steps, ulti-
mately resulting in slower oxidation rates'”?! and lower theo-
retical solar energy conversion efficiencies compared with ceria
under most conditions unless heat is recovered between the
temperature-swing operation.>”

In this work, we investigate the overall rates of redox reac-
tions, including heat and mass transport phenomena, using a
solar-driven thermogravimetric analyzer (solar-TG), in which
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the RPC structures are directly exposed to high-flux irradiation
while their mass change is continuously monitored. With this
arrangement, the overall rates can be determined under similar
radiative heat transfer characteristics typical of high-
temperature solar reactors operated in concentrating solar sys-
tems such as solar towers and dishes, thus mimicking realistic
operating conditions.”®* Measurements using a standard ther-
mogravimetric analyzer cannot supply the same data because
samples are not irradiated and heat/mass transfer effects are
eliminated to ensure the data is about the intrinsic reaction
kinetics only. Measurements using a solar reactor are unpracti-
cal because of the large volume of the sample required to fill
the cavity and because the weight change of the sample cannot
be monitored. Supplementing previous studies with RPC
structures performed in solar reactors'>'® and standard ther-
mogravimetric analyzers,17 this work further investigates the
influence of the porous structure and Zr-dopant concentration
on the overall rates of both reduction/oxidation reactions, as
well as on the reduction extent and specific fuel yield, with
samples subjected to high-flux conditions relevant to the oper-
ation of solar reactors. We analyze the O, and CO evolutions
during reduction and oxidation, respectively, of SS-RPC, DS-
RPC, and fibers made of undoped ceria. Additionally, DS-
RPC samples made of ceria doped with 10 and 20 mol % Zr**
are compared with those made of undoped ceria. The sample
morphology before and after redox cycling is investigated by
scanning electron microscopy (SEM); the phase composition
by powder x-ray diffraction (XRD). As it will be shown in the
analysis that follows, the results help elucidate the rate limit-
ing mechanisms for each step of the redox cycle and guide the
design of materials and structures for improving the cycle
performance.

Experimental
Sample preparation and characterization

DS- and SS-RPC samples of composition Zr,Ce;_ O,
(x=0, 0.1, and 0.2) were produced by the replication
method.*® CeO, powder (Sigma Aldrich, 99.9% purity, parti-
cle size <5 pum), stoichiometric amounts of ZrO, (Tosoh, TZ-
0, 99.95% purity, surface area 14.5 m? gfl), and 30 vol %
spherical carbon pore-forming agent particles (HTW
Hochtemperatur-Werkstoffe GmbH, Sigradur K, particle size
0.4-12 pm, for DS-RPC samples) were mixed with water in a
5:1 mass ratio. 0.84 wt % organic deflocculating agent
(Zschimmer & Schwarz, Dolapix CE64), 20 wt % polyvinyl
alcohol binder (PVA, Zschimmer & Schwarz, Optapix RA
4G) and antifoaming agent (Zschimmer & Schwarz, Contras-
pum KWE) were added and processed according to a previ-
ously reported recipe.”’31 Organic polyurethane sponges
(Foam Partner, Fritz Nauer AG) with 8, 10, and 35 pores per
inch (ppi) were then immersed into the slurry, dried in air, and
finally sintered for 5 h at 1873 K. The solid-to-water ratio was
decreased linearly for the ZrO, containing RPCs from 5:1 for
x=0 to 4.8:1 for x = 0.2 due to the increasing viscosity with
ZrO, content. Figure 1 shows photographs of the ceria RPC
structures with 8, 10, and 35 ppi in the mm-scale, and 18%
porosity within the struts in the um-scale. The approximate
dimensions of all the RPC samples after sintering were 30 mm
diameter and 18 mm thickness. Also shown is a photo of the
commercially available ceria fiber sample (Zircar Zirconia,
88% porosity, mean fiber dimensions: 7 pum-diameter, 100
um-length). Large (mm-range) and small scale (um-range)
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Figure 1. Photographs of ceria DS-RPC structures with 8, 10, and 35 ppi in the mm-scale and 18% porosity within
the struts in the pm-scale. Also shown is the ceria fiber sample with 88% porosity in the pm-scale.

[Color figure can be viewed at wileyonlinelibrary.com]

porosity, as well as mass and density of all the samples pre-
pared for testing in the solar-TG are summarized in Table 1.
The 10 ppi ceria SS-RPC is the sample with the highest densi-
ty (2.12 g cm ) because of its non-porous struts. Among the
DS-RPC with porous struts, the 10 ppi sample has the highest
density because of its smallest mm-sized pores and largest
strut thickness. The strut thickness depended on the viscosity
of the slurry and on the number of coating layers. The 8 and
10 ppi RPC samples were coated twice, while the 35 ppi RPC
sample was coated only once because of the small pores. The
different values of density of the Zr-doped RPC samples were
also due to the strut thickness obtained during manufacturing
with a different slurry when adding Zr. XRD was performed
in parallel-beam geometry using Cu Ko radiation (Philips,
PANalytical/X'Pert MPD/DY636, 4=1.5418 A, 20 =20
95°, 1.0° min ! scan rate). XRD patterns are shown in the
electronic supplementary information (ESI)*. SEM was per-
formed on an ESEM XL.30 Microscope (FEI, 10 kV accelerat-
ing voltage). SS-RPC structures made of Al,O3; with same
dimensions were identically fabricated for the thermogravi-
metric buoyancy correction.

Experimental set-up

The solar-driven thermogravimetric analyzer is schemati-
cally shown in Figure 2. The setup consists of an Al,O3 rod of
12 mm outer diameter, 340 mm length, and 2 mm wall thick-
ness, suspended on top of a balance (WMS404C, Mettler Tole-
do, 0.1 mg accuracy) and enclosed in a stainless steel housing.
The RPC sample is placed on top of a ZrO, porous platform
(30 ppi, Spohr GmbH, 24 mm height, 30 mm diameter) posi-
tioned on the Al,Oj3 rod. The RPC sample is covered with a
transparent quartz dome (Schmizo, 70 mm outer diameter,
150 mm height, 2.5 mm wall thickness) that is sealed to the
metallic housing with a refrigerated O-ring flange. The

temperature of the bottom of the RPC is measured by a wire-
less type-S thermocouple (Omega, MWTC-A-S-868 and
MWTC-RECS6) to eliminate disturbance of the balance. Tem-
peratures are also measured along the centerline of the RPC at
z=2,7,and 12 mm below the top surface of the RPC in sepa-
rate experiments where the balance is disconnected (accuracy
of thermocouple placement was = 2 mm). A refrigerated brass
jacket (63 mm outer diameter, 48 mm inner diameter, and
76 mm length) lined with an Al,Oj fiber ring (4 mm thickness,
64 mm height) is placed around the RPC on the inner side of
the quartz dome. A tangential gas inlet through the top of the
quartz dome enables the injection of Ar sweep gas during the
reduction step and of CO, during the oxidation step. The prod-
uct gas exits through an outlet port located 100 mm below the
RPC and is cooled by a gas cooler (AGT Thermotechnik
GmbH, MAK 10). Mass flow rates are electronically con-
trolled (Bronkhorst HIGH-TECH B.V., EL-FLOW). The prod-
uct gas composition is analyzed by infrared (IR) sensors for
CO and CO, and an electrochemical sensor for O, (Siemens
Ultramat 23), and verified by gas chromatography (Varian,
CP-4900 Micro GC).

Experimentation was performed at the high-flux solar simu-
lator (HFSS) of ETH Zurich. An array of seven Xe-arcs,
close-coupled to truncated ellipsoidal reflectors, provided an
external source of intense thermal radiation, mostly in the visi-
ble and IR spectra, that closely approximates the heat transfer
characteristics of highly concentrating solar systems.’* The
concentrated radiation was redirected by a 45°-tilted mirror
and focused on the top surface of the RPC. The radiative flux
distribution on the plane of that surface was determined prior
to the solar-TG runs by using a CCD camera (BASLER, A
1021) focused on a water-cooled, Al,O3 plasma-coated
Lambertian (diffusely reflecting) target. The total solar radia-
tive power input on the sample surface was calculated by flux

Table 1. Large (mm-Range) and Small Scale (um-Range) Porosity, as Well as Mass and Density of All the Samples Prepared
for Testing in the Solar-TG

Large Scale Porosity Small Scale Porosity Mass Density
Sample (mm-Range) (um-Range) Material (g) (g cm ™)
8 ppi ceria DS-RPC 8 ppi 18% Ref. 17 CeO, 16.42 1.26
10 ppi ceria DS-RPC 10 ppi 18% Ref. 17 CeO, 18.41 1.41
35 ppi ceria DS-RPC 35 ppi 18% Ref. 17 CeO, 11.63 0.89
10 ppi ceria SS-RPC 10 ppi none CeO, 27.71 2.12
ceria fiber sample none 88% CeO, 9.65 0.86
10 ppi CZO_10 DS-RPC 10 ppi 18% Ret. 17 10 mol % Zr doped CeO, 16.39 1.26
10 ppi CZO_20 DS-RPC 10 ppi 18% Ref. 17 20 mol % Zr doped CeO, 20.45 1.57
AIChE Journal April 2017 Vol. 63, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1265
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Figure 2. Schematic of the solar-driven thermogravi-
metric analyzer. Concentrated radiation
delivered by the High-Flux Solar Simulator
(HFSS) is redirected by a 45°-tilted mirror,
enters the setup through a transparent
quartz dome, and is incident on the RPC
sample whose weight change and gas evolu-
tion are temporally monitored.

[Color figure can be viewed at wileyonlinelibrary.com]

integration and verified by water calorimetry. During a typical
redox cycle, the system was first purged with Ar (Messer,
Argon 4.6) until po, < 0.2 mbar was reached in the outlet gas.
At time ¢t = 0 min, the HFSS was switched on and the RPC
sample was exposed to a mean radiative flux of 128 W cm ™ >
(1280 suns) under an Ar gas flow rate of 0.5 L min~ . After 10
min of reduction, the radiative flux was decreased to 44 W
cm 2 (440 suns) and the samples cooled for 30 s. Afterwards,
the gas flow was switched to 0.5 L min~ ! CO, (Messer,
Carbon Dioxide 4.8). After 9 min of oxidation with CO,, the
next cycle was initiated by switching the gas flow back to Ar
and increasing the solar flux. Note that although the re-
oxidation step is exothermic (Eq. 2ab), the HFSS was not
completely switched off to counter-balance the heat losses and
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maintain a constant T,,. Three consecutive redox cycles were
performed with each sample. In the first cycle the sample was
heated from ambient temperature to T,.q whereas in the second
and third cycle it was heated from T.

Buoyancy effects were accounted by subtracting the weight
change obtained with blank runs using unreactive samples
made of Al,O5 and having equivalent porous structures, name-
ly: 8, 10, and 35 ppi RPC and fibers. Although it was not pos-
sible to apply the buoyancy corrections at the exact same
temperature for each reactive sample, the maximum relative
temperature difference was less than 6.4%, 8.0%, 4.0%, and
3.8% for the 8, 10, and 35 ppi RPC and the fiber sample,
respectively. This, in turn, led to an uncertainty in the weight
change measurement of less than 7% of the absolute measured
weight change for all samples at all times. Since the solar radi-
ative input power and the solar radiative fluxes incident on the
RPC are main design parameters of the solar reactor,'>'® O,
and CO evolutions are compared for samples exposed to the
same incident radiative fluxes, i.e., 1280 suns during reduction
and 440 suns during oxidation for all experimental runs. This
way, the effect of the porous structure (porosity and pore size)
on the overall kinetics can be assessed, including heat and
mass transfer limitations during both redox steps, and the
results can be directly applied to guide the design of these
structures for solar reactors.

Results and Discussion

Figure 3 shows a representative solar-TG run with the 10
ppi ceria DS-RPC (19 mm height, 18.4 g mass): Figure 3a
shows temperature as a function of time at z=2, 7, and
12 mm below the top surface of the RPC; Figure 3b shows the
corresponding weight change vs. time, and Figure 3c shows
the corresponding specific gas evolution rates vs. time The
RPC was heated at an average rate of 100 K s~ for the first
10 s at z = 2 mm, faster than at the center and bottom because
radiation was efficiently absorbed in the first layers while heat
was internally transferred to the bottom by combined conduc-
tion, convection, and re-radiation. Approximate steady-state
temperatures of 1900, 1670, and 1590 K were obtained at
z=72,7, and 12 mm, respectively. During reduction under Ar,
the RPC underwent a weight decrease by 0.35% accompanied
by O, evolution within the allotted 10 min. During oxidation
with CO, at T,x = 1400, 1200, and 1110 K at z=2, 7, and
12 mm, respectively, the weight increased and CO evolved,
but complete oxidation was not reached within the allotted 9
min. For the Ist cycle, the specific O, and CO amounts
evolved, as obtained by integration of the curves of Figure 3c,
were 2.54 and 4.38 mL g ', respectively, yielding a CO:0,
molar ratio of 1.72 due to the incomplete oxidation. During
the subsequent cycles, CO:0, molar ratio was 2 = 0.05, con-
firming closed mass balance and full selectivity of CO, to CO.
The total amount of O, released, as measured by the gas analy-
sis, agreed well with the weight change measurement within
7%. Temporal variations of temperatures, weight, and gas evo-
lution were reproducible during the three consecutive redox
cycles.

Optical thickness

The influence of the sample’s optical thickness on the heat-
ing rate and specific fuel yield was investigated by testing
ceria DS-RPCs with 8, 10, and 35 ppi as well as the ceria fiber
sample (cf. Figure 1) of similar dimensions (RPCs: ~18 mm
thickness, ~30 mm diameter; fiber sample: ~14 mm

April 2017 Vol. 63, No. 4 AIChE Journal
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Figure 3. Solar-TG measurements for the 10 ppi ceria
DS-RPC.
(a) Temperature as a function of time at z=2 mm (dot-

ted lines), 7 mm (dashed lines), and 12 mm (solid lines)
below the top surface during 3 consecutive redox cycles.

(b) Corresponding %-mass change.

(¢) Corresponding mass specific O, and CO evolution
rates as well as the integrated mass specific O, and CO
evolved. [Color figure can be viewed at wileyonlineli-
brary.com]

thickness, ~32 mm diameter) but different mass as listed in
Table 1. The solar-TG measurements of these samples are
shown in Figure 4. Figure 4a shows the bottom temperature
and the specific weight loss as a function of time during reduc-
tion and Figure 4b shows percent weight change of the 8, 10,
and 35 ppi ceria DS-RPC during oxidation with CO, at around
1150 K bottom temperature. The 8 ppi ceria RPC underwent
the fastest heating, followed by the 10 ppi, the 35 ppi and the
fiber sample, as expected. The average heating rate from 1200
to 1400 K was 16 K s~ ' for the 8 ppi RPC, 12 K s~ for the 10
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ppi RPC and 11 K s~ ' for the 35 ppi RPC. The steady-state
temperatures achieved at the bottom of the RPC samples
increased with the large-scale pore size, from around 1540 K
for the 35 ppi to 1625 K for the 8 ppi, as a result of the deeper
penetration and volumetric absorption of concentrated radia-
tion. In contrast, the fiber sample achieved the lowest steady-
state temperature of around 1330 K at the bottom because of
opacity to incident radiation, leading to inefficient heating.
Typical mean values of the effective extinction coefficient
were 280 m ™" for the RPC and 40,000 m~" for the fiber, indi-
cating two orders of magnitude higher optical thickness for the
latter.'” The highest specific weight loss was observed for the
10 ppi RPC, even though the highest temperature was mea-
sured for the 8 ppi RPC, because of its high sample density
(cf. Table 1) in combination with its relatively large pores.
The time required for releasing 2.5 mg cm ° of O, was
approximately 1.3, 1.9, and 3.1 min for the 10, 8, and 35 ppi
RPC, respectively. For a constant radiative power input of 128
W cm 2, this implies that 140% more energy was needed to

4 1600 £
- 2
— 1400 £
i )
— 1200 g
] =
— 1000 g
T 2
0 — 800 3
T B e i i S i~ 7 3 =
-1 =
g - —
e -2 [— 7
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£ & o i
4 5 L L o ! —] 10 ppi
I ll.l %I
I o i
P
-0.5 I 1 ! 1 I 1 I 1
31 32 33 34 35
Time (min)

Figure 4. Solar-TG measurements of the 8, 10, and 35
ppi ceria DS-RPC and the ceria fiber sample.

(a) Bottom temperature and specific weight change as a
function of time during reduction.

(b) Percent weight change during oxidation with CO, at
around 1150 K bottom temperature. [Color figure can
be viewed at wileyonlinelibrary.com]
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Figure 5. SEM images of the 10 ppi ceria DS-RPC (1st row) and of the ceria fiber sample (second row).

(a) Locations where the SEM images were taken.

(b) Before redox cycling.

(c) After redox cycling at the edge of the bottom surface.
(d) After redox cycling at the edge of the top surface.

(e) After redox cycling at the center of the irradiated top surface. [Color figure can be viewed at wileyonlinelibrary.com]

reduce the 35 ppi RPC compared with the 10 ppi RPC. The
oxidation rates with CO, were very similar for all the RPC
samples tested, as shown in Figure 4b, because of their similar
specific surface area (0.066 m> g~ ")!” that is mainly deter-
mined by the um-sized porosity of the struts. The 10 ppi
DS-RPC produced the largest amounts of CO, as obtained by
multiplying the curves in Figure 4b with the corresponding
densities. Thus, because of the very similar oxidation rates,
the redox performance of the various DS-RPC structures can
be assessed by simply comparing their volume-specific O,
release during reduction (cf. Figure 4).

Figure 5 shows the SEM images of strut brake planes of the
10 ppi ceria DS-RPC (1st row of images) and of the ceria fiber
sample (second row of images): (a) locations where the SEM
images were taken; (b) before redox cycling; (c) after redox
cycling at the edge of the bottom surface; (d) after redox cycling
at the edge of the top surface; and (e) after redox cycling at the
center of the irradiated top surface. For the RPC, morphological
changes were predominantly observed at the center of the irradi-
ated top surface directly exposed to 1660 suns (cf. Figure 2 in
ESI), resulting in temperatures exceeding 1900 K that lead to
grain growth and partial sintering of the um-sized pores, as
shown in Figure Se. Nevertheless, no significant decrease in
redox performance was observed during three consecutive redox
cycles (c¢f. Figure 3 for the 10 ppi ceria DS-RPC). For the fiber
sample, grain growth was observed over the entire sample sur-
face, becoming more pronounced toward the center of the irradi-
ated top surface where the fiber structure was completely
destroyed.

Single- vs. dual-scale porosity

The influence of the strut porosity on the specific fuel yield
was investigated by comparing the redox performance of the
10 ppi SS-RPC (no porous struts) and the 10 ppi DS-RPC
(porous struts). Figure 6 shows the temporal variation during
the second redox cycle of: (a) the volume-specific O, and CO
evolution rates along with the bottom temperature, (b) the
cumulative mass-specific CO yield; and (c) the cumulative
volume-specific CO yield. Integration of the O, and CO curves
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of Figure 6a reveals that the SS-RPC released more O, and
consequently produced more CO compared to the DS-RPC,
mainly because of its higher density: 2.12 g cm > for the SS-
RPC vs. 141 g cm > for the DS-RPC. However, due to the
larger specific surface area of the RPC with pum-size strut
porosity,!” the DS-RPC exhibited faster oxidation rates, as
shown by the mass specific CO production in Figure 6b. These
results are in full agreement with the experiments carried out
with a solar reactor, where time duration of the oxidation step
was cut from 20 min for the SS-RPC to 8 min for the DS-
RPC.'® Conversely, Figure 6c¢ confirms that, in terms of
volume-specific fuel yields, the SS-RPC is superior to the DS-
RPC because of the higher density.

Undoped ceria vs. Zr** -doped ceria

Figure 7a shows the percent weight change as a function of
time during three consecutive redox cycles of the 10 ppi DS-
RPCs made of undoped ceria, 10 mol % ZI‘4+—C602
(CZ0_10), and 20 mol % Zitt CeO, (CZ0_20), as well as
their corresponding bottom temperature. The corresponding
mass-specific O, and CO evolutions are shown in (b) and (c),
respectively. The highest mass loss was measured for
CZ0_20, followed by CZO_10 and undoped ceria, leading to
a mass-specific O, release of 4.2 mL g{1 for CZO_20, fol-
lowed by 3.3 mL g~ ' for CZO_10 and 2.6 mL g ' for
undoped ceria. This trend is in agreement with previous stud-
ies.>*'~?* During the subsequent oxidation with CO,, undoped
ceria exhibited faster reaction rates and reached 80% oxidation
extent to yield 4.4 mL g71 CO within the allotted oxidation
time of 9 min. Conversely, the oxidation of CZO_10 and
CZO0O_20 was much slower and reached 50 and 25% oxidation
extents, respectively, within 9 min to yield 2.8 and 1.5 mL
gfl, respectively, consistent with previous measurements.'*!
Due to the incomplete oxidation, the O, release in the subse-
quent reduction steps decreased with higher Zr4+—dopant con-
centration. To check whether oxidation rates were restricted
by thermodynamic limitations, the maximum oxidation
extents (equilibrium ) at = 11.5 min were determined by
using thermodynamic data for Zr*'-doped ceria®® and

April 2017 Vol. 63, No. 4 AIChE Journal
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Figure 6. (a) Volume-specific flow rate of O, and CO as
well as the bottom temperature of the RPC
with single-scale porosity (SS-RPC) (dashed
lines) and of the RPC with dual-scale porosity
(DS-RPC) (solid lines) during the second
redox cycle. Additionally, integrated mass
specific O, release and CO yield are shown
in (a). (b) Mass-specific and (c) volume-
specific CO yield of both RPCs during the
second oxidation.
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undoped ceria.® CO partial pressures were determined from
the temporal weight gain of the samples in combination with
the CO, inlet flow rate; it was assumed that CO and CO, were
perfectly mixed. With the knowledge of pco and pco; the cor-
responding po, was calculated according to:

2
po,= <1<;1 ”C—°> 3)

pPco
where Ky is the equilibrium constant for the formation of CO,
obtained from NIST-JANAF thermochemical tables. Comparing
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the calculated thermodynamic weight losses to the measured
ones reveals that the measured oxidation extents have not yet
reached the thermodynamic limit. When assuming a constant
RPC oxidation temperature of 1230 K, the measured weight
change is 15, 40, and 300% lower than the thermodynamic limit
for CZO_20, CZO_10, and undoped ceria, respectively. This is
because the oxidation step was interrupted prior to its comple-
tion (see Figure 7a), as the reaction rate slowed down due pre-
sumably to high local CO concentrations, i.e., mass transfer
limitations. Note, however, that the thermodynamic oxidation
limit is closest to Amg = 0 for ceria, followed by CZO_10 and
CZ0O_20 (solid lines in Figure 3 of ESI), which means that
undoped ceria has the most favorable oxidation
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Figure 7. (a) Percent mass change and bottom temper-
ature of the CeO,, CZO_10 and CZO_20 DS-
RPC sample with 10 ppi during the three
redox cycles. Mass specific O, release (b)
and CO productivity (c) during reduction
steps 1, 2, and 3 vs. Zr4+-dopant concentra-
tion x.

[Color figure can be viewed at wileyonlinelibrary.com]
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thermodynamics.®*> A graphical representation of the thermo-
dynamic limitation is shown in Figure 3 in ESI. We can con-
clude that at least under these assumptions none of the samples
are in thermodynamic equilibriums with their surroundings and
the rates are limited by chemical kinetics. But note that the tem-
perature distribution of the RPC was not uniform (cf. Figure 3)
and that the temporal pco inside the RPC is unknown; thus, an
overall precise differentiation between thermodynamic and
kinetic limitation is not possible.

Summary and Conclusions

RPC structures with SS-RPC and DS-RPC made of undoped,
10 and 20 mol % Zr*"-doped ceria, as well as commercially
available ceria fibers, were investigated for their redox perfor-
mance to thermochemically split CO, using a solar-driven ther-
mogravimetric analyzer under radiative heat fluxes characteristic
of highly concentrating solar systems. The RPC with the largest
mm-sized pores (8 ppi) featured efficient heat transfer because of
its low optical thickness as indicated by the relatively higher
heating rate and higher measured bottom temperature. In con-
trast, the highest volume-specific O, release and CO yield was
obtained with the 10 ppi RPC because of its higher sample densi-
ty. SEM images revealed grain growth and partial sintering of
the strut’s um-scale pores at the top surface of the RPC that was
directly exposed to a radiative flux of 1660 suns. The DS-RPC
with mm-sized porosity containing struts with additional pm-
sized porosity exhibited faster oxidation rates than those for the
SS-RPC with dense struts without porosity because of the higher
specific surface area, but yielded less CO per unit volume
because of the lower sample density. Although Zr4+-d0ped ceria
showed increasing reduction extents with increasing dopant con-
centration, it could not be oxidized to a large extent due to unfa-
vorable thermodynamics and slower kinetic rates, and hence
yielded less CO compared with undoped ceria under the condi-
tions investigated. The ceria fiber sample with only um-sized
porosity performed poorly in all aspects compared to RPC due
mainly to its opacity to incident irradiation. In conclusion, for a
limited RPC volume, the 10 ppi ceria DS-RPC offers the best
trade-off in terms of fast heating rates, temperature uniformity,
fast reaction rates, and high specific fuel yields.

Notation
Symbols

K¢ = equilibrium constant of the CO, formation reaction
mg = mass of reactive sample, g
Amg = relative mass change of reactive sample
pg = partial pressure of gas g, bar
T = temperature, K
t = time, min
V, = volume of gas g, mL
Vg = volume of reactive sample, cm 3
x = Zr4+-dopant concentration
z = distance below sample top surface, mm
Jox = degree of oxygen nonstoichiometry after oxidation
Jreq = degree of oxygen nonstoichiometry after reduction

Abbreviations

CZ0O_10= 10 mol % Zr4+—doped ceria
CZ0_20 = 20 mol % Zr**-doped ceria
DS-RPC = reticulated porous ceramic with dual-scale porosity
HESS = high-flux solar simulator
IR = infrared
L = standard liters (at 273.15 K and 1 atm)
ppi = pores per inch
RPC = reticulated porous ceramic
SEM = scanning electron microscopy
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SS-RPC = reticulated porous ceramic with single-scale porosity
TG = thermogravimetric analyzer
XRD = x-ray diffraction
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