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First demonstration of direct hydrocarbon fuel
production from water and carbon dioxide by
solar-driven thermochemical cycles using
rhodium-—ceriat

Fangjian Lin,® Matthaus Rothensteiner,”® Ivo Alxneit,*® Jeroen A. van Bokhoven®®
and Alexander Wokaun®

Solar-driven thermochemical cycles (STCs) are one of the direct pathways to store solar energy in the
chemical bonds of energy-rich molecules. By utilizing a redox material like ceria (CeO,) as reactive
medium, STCs can produce the chemical fuels hydrogen and carbon monoxide from water and carbon
dioxide. The produced syngas, a mixture of hydrogen and carbon monoxide, can be upgraded to
hydrocarbon fuels by the Fischer—Tropsch process. Here, we explore a new concept of producing hydro-
carbon fuels directly from water and carbon dioxide by incorporating a catalytic process into STCs. To
achieve this, a starting material of ceria doped with a catalyst is used as reactive medium. The primary role
of the catalyst is to catalyze the formation of hydrocarbon molecules during the reoxidation of ceria by
water and carbon dioxide. In this study, nickel-doped ceria and rhodium-doped ceria were investigated
for their methane formation activity after being activated by chemical or thermal reduction. Both materials,
after being reduced by hydrogen at 600 °C, are active in producing methane during their reoxidation by
water and carbon dioxide at 500 °C. After being thermally reduced at extreme temperatures of 1400 °C
and 1500 °C, metallic rhodium is formed in rhodium-doped ceria. The activated rhodium—ceria produces
methane directly from water and carbon dioxide during reoxidation. The long-term methane formation
activity of rhodium—ceria for 59 cycles with thermal reduction is reported. With rhodium—ceria, this study
demonstrates for the first time the concept of producing hydrocarbon fuels, i.e. methane, directly from
water and carbon dioxide by realistic STCs. In contrast, nickel-doped ceria is not active in producing
methane after thermal activation, owing to rapid sintering and loss of nickel at high temperatures. This
underlines the importance of evaluating the effect of thermal reduction on the redox material used. The
material's physicochemical properties could be rapidly and significantly altered at the extreme
temperatures required for the thermal reduction of ceria. Such changes may render a material that is
active and stable at low temperatures inactive when used under realistic conditions of STCs.

Projected increase of global energy consumption and the need to drastically reduce greenhouse gas emissions demand a transition of the world’s energy supply

from fossil fuels to renewable sources. In this context, storing solar energy, a clean and abundant, yet dilute and intermittent energy source, in the form of
versatile energy carriers represents potentially the ultimate solution to the energy-environment challenge that mankind faces. Solar-driven thermochemical

cycles (STCs) utilize a redox material to split water and carbon dioxide, producing chemical fuels hydrogen and carbon monoxide. These fuels can be directly
consumed or further converted to hydrocarbon fuels by catalytic processes. This study explores and demonstrates a new concept of producing hydrocarbon

fuels directly from water and carbon dioxide by STCs. Any direct conversion of water and carbon dioxide into hydrocarbon fuels instead of syngas is one of the
major goals in solar fuel research. This proof-of-principle study that we provide identifies direct hydrocarbon fuel synthesis by STCs as a real opportunity.
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Introduction

Thermochemical cycles based on redox active materials driven
by concentrated solar radiation are an attractive and sustainable
pathway to produce clean and carbon-neutral chemical fuels
such as hydrogen and carbon monoxide from water and carbon
dioxide."™ This process makes the intermittent and dilute solar
energy available on demand. Among all the redox materials
studied for solar-driven thermochemical cycles (STCs), ceria
(CeO,) is a promising candidate due to the relative ease to
remove oxygen from its lattice and to refill the oxygen vacancies
formed in response to changes in temperature or oxygen partial
pressure.”” Additional advantages of ceria include high mobility
of oxygen ions in its lattice, high melting temperature and
relative abundance. The working principle of a ceria-based STC
consists of two steps. In the first endothermic solar step
(eqn (1)), ceria is exposed to high temperatures generated by
concentrated solar radiation. As a result, some oxygen ions are
removed from the lattice, forming oxygen that is removed by a
constant flow of inert gas. The material is thus partially reduced
and activated.
Thermal reduction by concentrated solar radiation:

CeO, — CeO,_s5 + 6/2 O, (1)
Reoxidation, typically at lower temperatures:

CeO,_5 + 0 HO — CeO, + ¢ H, (2a)

Ce0,_5 + 8 CO, — CeO, + & CO (2b)

In the second exothermic non-solar step a gas flow containing
water (and/or carbon dioxide) is introduced. Ceria is reoxidized to
its original state by incorporating oxygen from water, respectively
carbon dioxide. Formation of hydrogen, respectively carbon
monoxide completes the cycle (eqn (2)). The net reaction of
the cycle is water/carbon dioxide splitting. Unlike in the direct
thermolysis of water/carbon dioxide, the hydrogen/carbon
monoxide and oxygen are formed in separate steps. Thus, their
recombination is avoided. The syngas (a mixture of hydrogen
and carbon monoxide) produced can be converted to higher
grade fuels such as methane and liquid hydrocarbons via
methanation and Fischer-Tropsch processes. The entire pro-
duction chain to renewable jet fuel from water and carbon
dioxide by a two-stage conversion process, first STCs and then
the Fischer-Tropsch process, was recently demonstrated by the
European consortium SOLARJET.®

The first demonstration of STCs based on ceria was reported
by Abanades and Flamant.® Ceria was thermally reduced to
cerium(ui) oxide at 2000 °C under concentrated radiation at
reduced pressures (100-200 mbar). The reduced ceria was
collected and reacted with water producing hydrogen. Due to
the very high reduction temperature, significant sublimation
losses (~50 wt%) occurred. To avoid the extreme temperature
for reduction and to suppress sublimation, similar cycles based
on non-stoichiometric ceria were investigated by Chueh et al.**'"*
and Furler et al.,'> showing great potential of ceria as the redox
material for STCs.
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Most research efforts in designing redox materials for STCs
are devoted to improving syngas production. This can be
achieved by doping ceria with heterocations,**™” or by fabricating
porous structures to facilitate mass/heat transfer and improve the
redox kinetics.'®2° A very attractive route is the direct production of
hydrocarbon fuels from water and carbon dioxide by realistic
STCs.”' This new concept, if high selectivity for hydrocarbons is
achieved, inherently bypasses a second stage conversion, such as
methanation or Fischer-Tropsch processes. This could potentially
make the solar fuel production chain much more economical.
In addition, storage and transportation of syngas would not be
required. Encouragingly, Chueh and Haile reported the direct
formation of methane from water and carbon dioxide by
thermochemical cycles using 10 wt% nickel supported on
samarium-doped ceria.”> However, ceria was chemically reduced
with hydrogen at 800 °C or 900 °C, a much lower temperature
than required for the thermal reduction of ceria.

With the aim to produce hydrocarbon fuels directly from
water and carbon dioxide, we propose a strategy of incorporat-
ing a catalytic process into STCs by adding a catalyst to ceria.
This study shows that direct methane production in STCs is
possible. The primary role of the catalyst is to drive the formation of
hydrocarbon molecules (Fig. 1). The formation of these hydrocarbon
fuels can be either from the conversion of the syngas generated by
water and carbon dioxide splitting, or directly from water and carbon
dioxide without the intermediate formation of syngas, or from a
combination of both.

In this study, we have prepared nickel-doped ceria and rhodium-
doped ceria by incorporating cationic nickel and, respectively
rhodium into the ceria lattice using a simple co-precipitation
method. By incorporation instead of impregnation of the
catalyst, a better dispersion of the catalyst on ceria can be
achieved in the event of phase segregation potentially occurring
during STCs. Nickel is well known as an active methanation
catalyst due to its activity for carbon monoxide dissociation and
hydrogenation.?*”>* Rhodium was chosen since oxide-supported
rhodium is an active Fischer-Tropsch catalyst for the conversion
of syngas to methane, methanol and other oxygenates.>*>’
Rhodium-doped ceria has been reported previously,”*>° with
advantages such as atomic dispersion and thus potentially large
number of active reaction sites.*®** Atomically dispersed and

Fig. 1 Schematic illustration of direct hydrocarbon (C,H,O,) formation
from water and carbon dioxide during the reoxidation of reduced ceria
doped with a catalyst (Cat.).
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nanosized rhodium particles supported on ceria—alumina are an
active and stable catalyst for methane steam reforming.*" Here,
we demonstrate the concept of producing a hydrocarbon fuel
directly from water and carbon dioxide during the reoxidation of
thermally reduced rhodium-ceria under realistic conditions.
Long-term activity of the material for 59 cycles is reported. In
contrast, nickel-doped ceria is not active in producing methane
when thermally activated.

Experimental
Synthesis

1 mol% rhodium-doped ceria and 10 mol% nickel-doped ceria
(Xrn = 0.01 and Xy; = 0.1, balance cerium) were synthesized by a
simple co-precipitation method as described earlier.*> Cerium(m)
nitrate hydrate and rhodium(m) (respectively nickel(u)) nitrate
hydrate from Sigma Aldrich were used as precursors. Appropriate
amounts of the nitrate salts were dissolved in excess amount of
de-ionized water. Aqueous ammonia solution (28 vol%) was
added drop-wise to the precursor solution under vigorous
stirring. After the pH was stabilized at 9, the precipitates were
aged for 24 h under stirring, followed by settling for another
24 h. The precipitates were filtered, rinsed, and dried before they
were crushed into fine powders and calcined at 500 °C for 5 h.

Thermochemical activity tests

A home-built setup, similar as reported in another study,** was
used to carry out thermochemical cycling experiments with
rhodium-doped and nickel-doped ceria as the redox materials
(Fig. 2). The whole setup consists of three major parts. The first
part is a gas delivery system with digital mass flow controllers
(Bronkhorst), a temperature-controlled evaporator (Bronkhorst),
and a two-position valve (Vici). This valve allows quick switches
between reducing and oxidizing atmospheres. The second part is
an alumina tube passing through a programmable tube furnace
(Heraeus Thermicon P or Ulvak VHT E44). The last part is a gas
analysis system with a mass spectrometer (MS, Pfeiffer Vacuum
D-35614 Asslar GSD 301 O1 or Ominstar GSD 320).

H,O Ar CO, Reduction: T, 600 °C

or 1400-1500 °C

MOxidation: T, 500 °C
4

L:

exhaust
furnace :D—|—>

'MS

MFC

evaporator

exhaust

2-pos&ion

Ar
valve

alumina tube

Fig. 2 Schematic of the setup used for thermochemical cycling. The
reacting conditions are regulated by mass flow controllers (MFCs) and a
two-position valve. Hydrogen is used in case of chemical reduction at
600 °C. Thermal reduction is carried out at 1400 °C or 1500 °C (T), and
oxidation at 500 °C (T}). The effluent gas is monitored by mass spectrometry.

2402 | Energy Environ. Sci., 2016, 9, 2400-2409

View Article Online

Paper

Typically, unless otherwise indicated, about 150 mg of material
in the form of a pressed pellet was used in each test. The sample
pellet was contained in an alumina sample holder,*® placed inside
the alumina tube. Activation of the material was achieved by
thermal reduction at 1400 °C or 1500 °C under argon at a flow
rate of 100 Nml min . The reoxidation was carried out at 500 °C.
The reoxidation gas condition was varied by mixing argon
(100 Nml min~ ') with one or both of the two oxidants: carbon
dioxide at 6.2 Nml min~" and water at 0.6 g h™" (12.4 Nml min ).
The molar ratio of water to carbon dioxide was 2. The concen-
trations of hydrogen (m/z = 2), oxygen (m/z = 32), carbon dioxide
(m/z = 44), carbon monoxide (m/z = 28 and 12) and methane
(m/z = 15) in the effluent gas were continuously monitored by
the mass spectrometer at a time resolution of a few seconds. In
the preliminary studies, 10 mol% H,/Ar at a total flow rate of
100 Nml min " was used to chemically reduce ceria at 600 °C.
The reoxidation was carried out with a gas mixture of argon
(70 Nml min~"), carbon dioxide (10 Nml min~") and water
(1 g h™"). 500 mg of each material diluted with 1000 mg sea
sand in the form of loose powder was used to form a packed-
bed in a quartz tube.

Characterization

A PANalytical X’Pert X-ray powder diffractometer was used to
identify crystalline phases of selected materials after thermo-
chemical cycles. The diffractometer was operated at 45 kV
and 20 mA in continuous scanning mode with Cu Ko radiation
(/. = 1.5405 A) as the X-ray source. An integration time of 10 s
and a step size of 0.05° were chosen. For sample preparation,
the materials after reaction were finely ground in ethanol and
the slurry was manually deposited on clean glass substrates.
X-ray fluorescence (XRF) data presented in the ESIT were obtained
using an EDAX ORBIS micro X-ray fluorescence analyser. The
details can be found elsewhere.?*

Results and discussion

To screen ceria doped with various heterocations for their use in
the thermochemical production of hydrocarbons directly from
water and carbon dioxide under realistic conditions, preliminary
studies were carried out. The materials were activated by reduction
with a mixture of hydrogen and argon at 600 °C. The reoxidation
was carried out with a mixture of water, carbon dioxide and argon
at 500 °C. Fig. 3 presents the results for 10 mol% nickel-doped ceria
and 1 mol% rhodium-doped ceria. After reduction, hydrogen and
methane are produced during the reoxidation steps by both
materials. More methane is produced with rhodium-doped ceria
than with nickel-doped ceria. However, for both materials, less
methane is produced in the second cycle, likely due to sintering of
the materials. Nonetheless, these preliminary results indicate the
potential of nickel, respectively rhodium-doped ceria for direct
methane production from water and carbon dioxide during the
reoxidation steps in realistic thermochemical cycles.

Both materials were further evaluated in realistic thermo-
chemical cycles, in which they were activated by thermal reduction.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Formation of hydrogen and methane from water and carbon dioxide during the reoxidation of chemically reduced nickel-doped ceria (a) and
rhodium-doped ceria (b). Chemical reduction was carried out at 600 °C under a mixture of hydrogen and argon, and reoxidation at 500 °C.

The materials were reduced in argon at 1400 °C and subsequently
reoxidized by either water or carbon dioxide, or both at 500 °C. In
Fig. 4 we report the first five cycles of 1 mol% rhodium-doped ceria.
Very similar oxygen evolution profiles during thermal reduction are
observed in all cycles except for the first (Fig. 4a). The additional
oxygen peak observed at about 1100 °C is attributed to the
irreversible reduction of the Rh®" precursor during the first
reduction step. Excluding the first cycle at 108.2 umol O, g™,
the amount of oxygen released per cycle is in the range of 59 to
74 umol g~ " (Table 1). With an estimated oxygen partial pressure
of about 40 ppm during reduction, these values are in general
agreement with the ceria non-stoichiometry established by
Panlener et al.’” A closer examination of the oxygen evolution
profiles of cycles #2 to #5 reveals that oxygen evolution starts at a
lower temperature in cycles #2 and #4 compared to cycles #3 and
#5, leading to larger amounts of oxygen released (Table 1). Note
that in cycles #3 and #5, the material was previously reoxidized
by carbon dioxide only, while in cycles #2 and #4 water was
present during the preceding reoxidation. This suggests that the
reoxidation is more complete when water is present as oxidant.
Thus, the true oxygen release capacity can be obtained by
averaging the amounts of oxygen released during the reduction
steps following complete reoxidation (i.e. by water). On average
72.6 umol O, g~ can be released, based on cycles #2, #4 and #6.
Looking at the reoxidation steps (Fig. 4b), when the reoxidation
is performed with water as the oxidant such as in cycle #1, only
hydrogen is produced (130 pmol H, g~ '). A H,/O, molar ratio of
approximately 1.2 is observed in cycle #1. This value is much
lower than 2 because Rh*" is reduced during the first reduction
but the reduced rhodium cannot be reoxidized by water.
This suggests that the initially single-phased rhodium-doped
ceria®! is transformed into rhodium on ceria, which is confirmed
later by X-ray powder diffraction. When carbon dioxide is used as
the oxidant as in cycles #2 and #4, as expected essentially no
hydrogen is produced (carbon dioxide splitting results discussed
later). The very small hydrogen peaks observed are likely due to
the reaction of ceria with traces of water from the previous
cycle remaining in the gas-delivery system before the reactor.
When both water and carbon dioxide are used as oxidants

This journal is © The Royal Society of Chemistry 2016

(cycles #3 and #5), in addition to hydrogen, methane is produced.
Compared to the average release of 72.6 pmol O, g%, a H,/O, molar
ratio of approximately 1.85 is observed. Again this value is lower
than 2, likely due to the presence of carbon dioxide as a second
oxidant and the consumption of some of the produced hydrogen to
form methane.”" Indeed, based on the signal of m/z = 15 (methane),
the formation of methane is clearly observed when both oxidants
are used (cycles #3 and #5). The slightly larger background of the
methane signal when carbon dioxide is introduced is due to
traces of methane in the carbon dioxide feed. The methane
signal is slightly smaller in cycle #5 compared to cycle #3,
indicating some deactivation as the experiment progresses and
consistent with the results of Fig. 3.

Fig. 5 shows the results of carbon dioxide splitting for three
cycles (#2, #3 and #4 as in Fig. 4), in the presence and in the
absence of water, with a, b and c representing the evolution
profiles of m/z = 44 (CO,"), 28 (CO") and 12 (C"), respectively.
Nitrogen (N,), also at m/z = 28, is excluded from discussion as
constant and negligible contribution from the nitrogen back-
ground is expected. The abundance of nitrogen, estimated at
about 150 ppm based on the level of background oxygen, is
irrelevant as it only affects the baseline level of the m/z = 28
signal. It is not the baseline but the peak above it that matters.
Note that in mass spectrometry, the ionization of carbon
dioxide molecules results in smaller fragments of CO" and C*
at lower relative abundance compared to the parent ion CO,".
Similarly, the ionization of carbon monoxide molecules results
in the parent ion CO" and smaller fragments including C".
When carbon dioxide is introduced to the reactor at room
temperature and no carbon dioxide splitting occurs, the MS
signals of m/z = 28 and m/z = 12 exhibit a step increase in a
manner identical to the signal of m/z = 44 (see Fig. S1, ESIf).
However, the signals of m/z = 28 and m/z = 12 during the
reoxidation steps of cycles #2 to #4 as shown in Fig. 5b and c
clearly differ from the one of m/z = 44 shown in Fig. 5a. In
particular, when carbon dioxide is used as the sole oxidant
(cycles #2 and #4), both the m/z = 28 and m/z = 12 signals rise to
levels clearly exceeding the baseline values (stabilized ion currents
as indicated by the horizontal dashed lines). These two dashed

Energy Environ. Sci., 2016, 9, 2400-2409 | 2403
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Fig. 4 Five thermochemical cycles using rhodium-doped ceria with thermal reduction in argon at 1400 °C and reoxidation by either water or carbon
dioxide, or both at 500 °C: (a) oxygen evolution profiles during reduction, and (b) hydrogen and methane evolution profiles during reoxidation. Methane is
produced when and only when water and carbon dioxide are used simultaneously as oxidants (cycles #3 and #5).

Table 1 Amounts of hydrogen and oxygen produced per cycle using
rhodium-doped ceria as the starting material. Reduction was carried out at
1400 °C in argon, and reoxidation at 500 °C in water, carbon dioxide, or
both

H, H, O, 0O, H,/O,
Cycle # Oxidation (pmolg™") (mlg™") (umolg™") (mlg™") ratio®
1 H,0 130.0 2.91 108.2 2.42 —
2 CO, — — 70.6 1.58 —
3 CO, + H,O 134.6 3.01 59.4 1.33 1.85
4 CO, — — 73.0 1.64 —
5 CO, + H,O 135.1 3.03 59.4 1.33 1.86
6 CO, — — 74.1 1.66 —

“ The amount of oxygen used in this calculation is the average value
(72.6 pmol O, g ') of cycles #2, #4 and #6. In these reduction steps, the
material is assumed to be fully reoxidized in the previous cycle by water.

lines represent the contribution of CO, ionization to the
current of CO" and C', respectively (Fig. S1, ESI{). A simple
estimation reveals the cause of the difference between the
signals of m/z = 44 (CO,") and m/z = 28 (CO"). The relative
abundance of CO" from the ionization of carbon dioxide is
about 11% of the parent ion CO,", as calculated from Fig. S1
(ESIT) and from the dashed lines of Fig. 5a and b. Thus, the
consumption of carbon dioxide by carbon dioxide splitting
leading to 1 arbitrary unit (a.u.) decrease of the CO," signal
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Fig. 5 MS signals of m/z = 44 (CO,"), 28 (CO™"), and 12 (C*) during the
reoxidation steps cycles #2, #3 and #4 in Fig. 4. The horizontal dashed
lines indicate the levels of the signals once they have stabilized.

would also result in 0.11 a.u. decrease of the CO' signal.
However, the consumption of carbon dioxide produces carbon
monoxide at 1 to 1 molar ratio, which leads to an increase of

This journal is © The Royal Society of Chemistry 2016
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1 a.u. of the CO" signal assuming that carbon monoxide has the
same ionization probability as carbon dioxide. Thus, the result
of combining these two effects is an increase by 0.89 a.u. of
the CO" (m/z = 28) signal. Thus, the difference between the
instantaneous CO" signal when carbon dioxide is introduced and
its corresponding baseline value is due to the carbon monoxide
produced by carbon dioxide splitting. A similar estimation can be
made for the C" signal. In comparison to m/z = 28, the difference
between the instantaneous signal and the baseline value observed
for m/z = 12 is much more pronounced. This is due to a
much smaller contribution to C* current from carbon dioxide
ionization (less than 0.025% calculated from the dashed lines
of Fig. 5a and c). Thus, the area beneath the instantaneous
signal of m/z = 12 and above the baseline value is indicative of
carbon monoxide production from carbon dioxide splitting.
Comparing cycle #3 with cycles #2 and #4, it is clear that much
less carbon monoxide is produced when water is present,
indicating much faster oxidation with water although double
the amount of water was used, and the consumption of carbon
monoxide to form methane. The much higher reactivity of the
material with water relative to carbon dioxide is further sup-
ported when one compares the hydrogen signals of cycles #1, #3
and #5 in Fig. 4b to the m/z = 12 signals of cycles #2 and #4 in
Fig. 5c. The reoxidation is finished in about 2 min when water
is present but not completely finished in 15 min (duration of
the reoxidation step) when only carbon dioxide is used. This
observation also explains the lower amount of oxygen released
when water is not used as an oxidant in the previous cycle to
reoxidize the material (Table 1).

Fig. S2 (ESIt) shows the results of 10 mol% nickel-doped
ceria for the same experiment. No methane is produced during
the reoxidation steps in cycles #3 and #5, during which both
oxidants are used. However, during the heating up of the
sample in argon after the reoxidation of cycle #3 (at about
240 min and 1200 °C), hydrogen and methane peaks are
observed. However, the same is not observed again after the
5th reoxidation, suggesting a rapid deactivation of the material.
The deactivation is supported as less hydrogen is produced in
cycle #5 than in cycle #3. Generally in this study, nickel-doped
ceria exhibits poor dynamic redox capacity. While in the first
cycle a relatively significant amount of oxygen is released, the
following reoxidation with water produces a much smaller
amount of hydrogen. This is confirmed when one compares
cycles #1 and #3, which show similar amounts of hydrogen
produced but very different amounts of oxygen released. In fact,
only very small amounts of oxygen are released from the second
cycle onwards. Part of the spent material was further tested for
11 thermochemical cycles, during which the thermal reduction
was performed at 1500 °C. Similarly, the material exhibits a
relatively large amount of oxygen released during the first
reduction step, while in the following cycles much less oxygen
is observed (Fig. S3, ESIT). No methane is observed in any of the
reoxidation steps. According to X-ray fluorescence measurements,
the material after this experiment contains no nickel while in the
fresh material large amounts of nickel are present (Fig. S4, ESIT).
Thus, essentially all nickel is lost after the eleven cycles. The loss

This journal is © The Royal Society of Chemistry 2016
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of nickel is further supported by the observation that the alumina
sample holder became blue after the experiment. Thus, it is
concluded that nickel-doped ceria is not chemically stable at
the extreme temperatures required for realistic STCs. This
makes nickel-doped ceria unsuitable for direct hydrocarbon
fuel production by STCs, although nickel-doped ceria and
nickel supported by ceria are active for the formation of
methane after they have been reduced by hydrogen at low
temperatures, as shown in Fig. 3 and as reported previously
by Chueh and Haile,>* respectively. Therefore, assessing the
thermochemical activity of a redox material at low tempera-
tures by chemical reduction is insufficient to predict its perfor-
mance under the harsh conditions of realistic STCs. In
addition, with pure ceria (without modification of a catalyst)
as reactive medium, essentially no methane is produced when
both water and carbon dioxide are used simultaneously as
oxidants (Fig. S5, ESIt).

If the thermochemical process based on rhodium-doped
ceria is to become significant on an industrial scale, the activity
of the material for hydrogen and methane production must be
sustained over a large number of cycles. Activity here implies
the fuel yield (i.e. the amount of fuel produced per cycle per
unit mass of oxide used) and fuel yield per unit time (fuel
production rate). In Fig. 6 we present the results of rhodium-
doped ceria for 59 thermochemical cycles with reduction at
1400 °C. Both water and carbon dioxide were used as oxidants
for the first 58 cycles while only carbon dioxide was used in the
last cycle. At first glance, rhodium-doped ceria exhibits a very
stable oxygen release, and the peak hydrogen production rate
decreases only very slightly during the experiment (Fig. 6a).
This is confirmed when one compares the oxygen as well as the
hydrogen evolution profiles between the 5th, 15th, 25th, 35th,
45th, and 55th cycle (Fig. S6a and b, ESIf). The amounts of
oxygen released, estimated from the area beneath the oxygen
evolution curves, stay relatively constant. The oxygen evolution,
however, shifts slightly towards the isothermal segments of
1400 °C, indicating a slightly decreased rate of reduction. This
could be due to the gradual loss of surface area caused by
sintering that occurs as the thermochemical cycling progresses.
The peak hydrogen ion current, proportional to peak hydrogen
concentration and production rate, decreases only slightly as
discussed earlier, and the decay of the hydrogen signal
becomes slightly slower (Fig. S6éb, ESIt). Thus, the redox
kinetics of the materials is stable during the 59 cycles. In
comparison, the signals for methane (m/z = 15, Fig. 6b) and
carbon monoxide (m/z = 12, Fig. 6¢) appear rather different: the
peak values decrease gradually and significantly with increasing
number of cycles. However, a slowing of the reaction for carbon
monoxide and methane production is not observed (Fig. S6¢c and
d, ESIf). Both signals decay to their background values within the
same length of time in the 5th and in the 55th cycle. Decreasing
amounts of carbon monoxide and methane are produced with
increasing number of cycles.

Fig. 7 shows the amounts of hydrogen and oxygen produced
per unit mass of oxide (including the H,/O, molar ratio), and
the relative carbon monoxide and methane productivities over
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Fig. 6 Rhodium-doped ceria for 59 thermochemical cycles: (a) hydrogen and oxygen evolution profiles, (b) methane evolution profiles and (c) the
m/z = 12 signal. Both water and carbon dioxide are used as oxidants in all cycles except the last cycle, in which only carbon dioxide is used. The contribution
of carbon dioxide (B) and carbon monoxide (A) to the MS signal of m/z = 12 is illustrated in the inset of (c). Dashed lines are a guide for the eyes.

59 or 58 cycles. Quantification is based on the data presented in
Fig. 6. Integration of the signals is performed after subtraction
of the background. The first cycle is excluded from the discussion
as the amount of O, released also includes the irreversible
reduction of Rh®" (Fig. 4). Consistent with the discussion earlier,
the amount of oxygen released over all 59 cycles remains relatively
constant at about 80 pmol O, g~ . The average amount of oxygen
released of the first ten cycles is 83.8 umol g~ ". This value slightly
decreases to 79.1 pumol g, the average of the last ten cycles.
These values are, however, slightly higher the average value of
72.6 umol g~ reported in Table 1. This small difference is most
likely due to the fact that different gas mixtures of oxygen and
argon were used in the calibration for the two experiments.
Despite that, the hydrogen production rate decreases very
slightly as discussed earlier (Fig. S6b, ESIt), increasing amounts
of hydrogen are produced over the course of 58 cycles. The
average amount of hydrogen produced in the first three cycles is
about 136 pmol H, g™, consistent with the values reported in
Table 1. The amount of hydrogen produced stabilizes at about
147 pumol g~ ' for the last twenty cycles. Combined with a
relatively constant amount of oxygen evolved, the H,/O, molar
ratio increases from an initial value of about 1.6 to about 1.8 in
the last cycle. The shift of the product selectivity of the reoxida-
tion reaction towards hydrogen is reflected by the gradual
decrease in the amounts of methane and carbon monoxide
produced (Fig. 7). The relative methane and carbon monoxide
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Fig. 7 Amounts of hydrogen and oxygen evolved per gram of rhodium-
doped ceria, and relative carbon monoxide and methane productivities
over 59 or 58 cycles carried out at 1400|500 °C. The H,/O, molar ratio is
also included.

productivities are calculated by normalizing the integrated areas
of the background-subtracted m/z = 15 and m/z = 12 signals by
their corresponding values of the second cycle (the first cycle
excluded from discussion). The methane and carbon monoxide
productivities are relatively stable during approximately the first
10 cycles. After 59 cycles the productivities are at about 75% of
their initial values. It is estimated based on the H,/O, molar ratio

This journal is © The Royal Society of Chemistry 2016
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that methane is produced at low quantities and hydrogen is the
main product (see ESIf for details of estimation). However,
selectivity to methane can be enhanced significantly by simply
adjusting the molar ratio of water to carbon dioxide in the
reoxidation gas feed (Fig. S7, ESIt). The average amount of
methane produced increases by 227% when the molar ratio of
water to carbon dioxide is decreased to 0.015 from 2.35, a value
close to the ratio in the gas used in all previous experiments.
Although this particular experiment was carried out with a
different setup (see ESIt for details), the comparison was made
within the same system, and thus the results are applicable to
the main setup we used (Fig. 2). Fig. S7 (ESIt) also shows that
much less methane is produced when relatively little amount of
water or carbon dioxide is used. Thus it is not unrealistic to infer
that carbon monoxide and hydrogen could be the intermediates
for the formation of methane. However, to elucidate the reaction
mechanism for methane formation, further studies with dedicated
systems are required.

As in the case of nickel-doped ceria, part of the rhodium-
doped ceria material used in the 1400|500 °C cycles (results
presented in Fig. 4) was also further tested for additional eleven
cycles, during which the reduction temperature was increased
to 1500 °C. Carbon dioxide was used in the first ten reoxidation
steps, while water was switched on and off in alternating cycles.
In the last cycle, only water was used as oxidant. These results
are presented in Fig. 8. As clearly shown in Fig. 8a and b, the
oxygen evolution and hydrogen production are stable. This is

a CO, a H,0O
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Fig. 8 Eleven thermochemical cycles of rhodium-doped ceria (93.3 mg)
with thermal reduction in argon at 1500 °C and reoxidation by either water,
carbon dioxide, or both at 500 °C: (a) oxygen evolution profiles, (b)
hydrogen evolution profiles, (c) the m/z = 12 signal and (d) methane
evolution profiles. The reoxidation steps are marked as the grey areas.
The sample used in this experiment firstly underwent 6 cycles at
1400]500 °C.
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Fig. 9 Amounts of hydrogen and oxygen evolved per gram of rhodium-
doped ceria, and corresponding H,/O, molar ratios during eleven cycles at
1500]500 °C. As in Table 1, the amount of oxygen used in calculating the
H,/O, ratios is the average value of the amount of oxygen released in
even-numbered cycles, during which the material is assumed to be fully
reoxidized in the preceding cycles by water.

consistent with the results obtained with the experiment at the
lower reduction temperature (Fig. 6). Unlike in the first cycle of
Fig. 4 and of Fig. 6, where two peaks are observed in the oxygen
evolution profile, only one peak is observed in the first cycle of
Fig. 8. This suggests that no further segregation of rhodium
from the ceria lattice occurs at 1500 °C during reduction after
the material is first reacted at 1400|500 °C. The m/z = 12 signal
(Fig. 8¢, indicative of carbon monoxide) exhibits similar evolu-
tion profiles as the ones presented earlier (Fig. 5, cycling at
1400|500 °C). The methane signal exhibits a clear increase over
the tested cycles.

Fig. 9 shows the quantitative results of the hydrogen and
oxygen released based on Fig. 8. Relative carbon monoxide and
methane productivities are not presented here as the results of
Fig. 6 and 7 suggest that the productivities can be indicated
directly by the corresponding peak ion currents. Consistent
with Fig. 4 and Table 1, higher or lower amounts of oxygen are
observed depending on whether water is switched on or off in the
preceding reoxidation steps. Due to the incomplete reoxidation
when only carbon dioxide is used as oxidant as discussed earlier,
the true oxygen release at 1500 °C is calculated from the values of
even-numbered cycles. During these cycles, the material is assumed
to be completely reoxidized in the preceding cycles as water is
present. On average about 121 pmol g~ of oxygen (0,) can be
released. The amount of hydrogen (H,) produced decreases from
an initial value of 199 pmol g~ ' to 186 umol g~ ' as cycling
progresses. Since a constant amount of oxygen released is assumed,
the H,/O, ratio also decreases due to the decrease in the amount of
hydrogen produced. The decrease in the amount of hydrogen
produced is accompanied by an increase of the methane signal
(Fig. 8), illustrating the role of hydrogen as an intermediate towards
methane formation. It is very encouraging that increasing amounts
of methane are produced as the material undergoes cycling
between 1500 °C and 500 °C.
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Fig. 10 XRD diffraction patterns of rhodium-doped ceria samples after six
cycles at 1400|500 °C and after additional eleven cycles at 1500[500 °C.

The phase composition of the rhodium-doped ceria after it
underwent thermochemical cycles was characterized by X-ray
powder diffraction. Fig. 10 shows the results. Apart from the
main phase of fluorite ceria, an additional peak is observed at
about 20 = 41.6° in the sample that was subjected to six cycles at
1400|500 °C, and in the sample after additional eleven cycles at
1500|500 °C. The additional peak is identified as the (111)
reflection of metallic rhodium, which is likely the active catalyst
for methane formation. The relative intensity of this rhodium
peak for the sample subjected to the additional cycles is essen-
tially of the same magnitude as the one just subjected to the
cycles at 1400|500 °C. This suggests that, at 1500 °C, sintering of
the metallic rhodium originating from the irreversible reduction
of Rh*' is minimal. The XRD results are encouraging as they
indicate thermal stability of the dispersed rhodium particles at
extreme temperatures.

Conclusions

This study proves the concept of producing hydrocarbon fuels
directly from water and carbon dioxide with solar-driven thermo-
chemical cycles (STCs). The strategy is to incorporate a catalytic
process into the reoxidation steps of STCs. For this purpose,
nickel-doped and rhodium-doped ceria have been synthesized by
a simple co-precipitation method. Both materials are active in
producing methane from water and carbon dioxide after being
chemically reduced with hydrogen at 600 °C. Nickel-doped ceria,
however, is not active anymore in producing methane during
reoxidation after being activated at extreme temperatures up to
1500 °C. This is attributed to the loss of nickel by sublimation
as revealed by X-ray fluorescence. These results with nickel-
doped ceria underline the importance of evaluating potential
changes of a material’s physicochemical properties at extreme
temperatures, when thermochemical activity results obtained at
low temperatures are used to predict its performance during
realistic STCs.

With rhodium on ceria, this study demonstrates for the first
time that direct and sustained production of methane from
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water and carbon dioxide by realistic STCs can be achieved.
This material exhibits methane, hydrogen and carbon monoxide
formation activity during 58 cycles with the activation of the material
carried out at 1400 °C. Under these conditions the material exhibits
constant amounts of oxygen released during activation and stable
hydrogen productivity during reoxidation. Some decrease in the
carbon monoxide and methane productivity is observed. Encoura-
gingly, the material exhibits steady increase of activity for methane
production when activated at 1500 °C. X-ray diffraction reveals the
presence of metallic rthodium in the materials after cycling at
1400|500 °C and after additional cycling at 1500|500 °C, indicating
metallic rhodium as the active catalyst for methane formation. This
proof-of-principle study leaves significant room for improvement
and may stimulate a new research area of solar thermochemical fuel
production. Future research efforts shall be directed towards improv-
ing the product selectivity to methane and potentially to other
hydrocarbons, preferably liquid hydrocarbons like oxygenates.
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