View Article Online

View Journal

M) Checs tor updates

Sustainable
Energy & Fuels

Interdisciplinary research for the development of sustainable energy technologies

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: T. Higo, S.
Ishizaki, K. Ichizuka and Y. Sekine, Sustainable Energy Fuels, 2026, DOI: 10.1039/D6SE0Q0152A.

This is an Accepted Manuscript, which has been through the

‘ Royal Society of Chemistry peer review process and has been
Sustainable accepted for publication.
Energy & Fuels

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors

o

o OF CHEMISTRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY

ROYAL SOCIETY rsc.li/sustainable-energy
OF CHEMISTRY

(3


http://rsc.li/sustainable-energy
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6se00152a
https://pubs.rsc.org/en/journals/journal/SE
http://crossmark.crossref.org/dialog/?doi=10.1039/D6SE00152A&domain=pdf&date_stamp=2026-04-24

Page 1 of 22 Sustainable Energy & Fuels

View Article Qnline

1 Improved reverse water-gas shift chemical looping performance of Co=Ins<based:::
2 oxygen carriers supported on ceria
3
~ 4 Author: Takuma Higo " *, Shuhei Ishizaki ", Kenji Ichizuka, Yasushi Sekine T *
E s
3 6 Affiliation:
§ 7 TDepartment of Applied Chemistry, Waseda University, 3-4-1, Okubo, Shinjuku, Tokyo, 169-8555,
=
£ 8 Japan
é 9  *Correspondence to: thigo.catal@gmail.com, ysekine@waseda.jp
£
310
2
g1l Abstract
é 12 Indium-based oxygen carriers supported on various oxides were evaluated for the reverse water-gas
% 13 shift chemical looping (RWGS-CL) at 773 K. Among the materials investigated, 20wt% Coln,/CeO,
%14 showed superior performance, achieving high CO yield and space-time yield, and stable cyclic
% 15  operation. Comparative studies revealed that, under RWGS-CL conditions, In species supported on
‘lé 16  CeO, exhibited spontaneous dispersion, a behaviour not observed on other oxide supports (~Al,O3,
;17 rutile-TiO,, anatase-TiO, and SiO,). This dispersion led to the formation of a highly dispersed In
% 18  surface during operation, which is associated with enhanced CO formation through improved contact
%19 with CO,. Furthermore, Co was found to accelerate the reduction kinetics of In species, likely by
é 20  promoting H, dissociation and hydrogen spillover, while exerting little influence on oxidation kinetics.

21 These results demonstrate that support-dependent structural changes play a key role in determining

22 RWGS-CL performance.

Open Access Article. Published on 24 April 2026. Downloaded on 4/24/2026 11:56:33 PM.

24 1. Introduction

25 Carbon dioxide (CO,) emissions associated with anthropogenic activities have raised serious
26  concerns as a major contributor to global warming and related environmental issues.!> Accordingly,
27  the development of carbon capture and utilisation (CCU) technologies has become an urgent priority
28  for the realisation of a decarbonised society.? Among the processes for converting captured CO, into
29  value-added chemicals, the reverse water-gas shift (RWGS) reaction, shown in Equation (1), is
30  recognised as one of the key reactions.*> Carbon monoxide (CO), the main product of RWGS, is a
31  principal component of synthesis gas and serves as an essential feedstock for a wide range of chemicals.

32 CO, +H, & CO+H,0 AH=42.1 kI mol’! (1)

1
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33 Nevertheless, conventional catalytic RWGS suffers from several inherent limitationspincludinghes2a
34  requirement for high reaction temperatures, formation of CH, as undesired by-product, and the need
35  for costly downstream gas separation. To address these issues at a fundamental level, alternative
36 approaches to the RWGS reaction are required.*¢
%37 Reverse water-gas shift chemical looping (RWGS-CL) is regarded as a highly promising extended
238 RWGS process that can fundamentally overcome the intrinsic limitations of conventional catalytic
539 RWGS systems.”” RWGS-CL consists of the following two sequential reaction steps.
= %40 Reduction step: MO, +J H, & MO, s+ H,O (2)
: §41 Oxidation step:  MO,_; + 8 CO, & MO, + 8 CO 3)
g % 42 Inthe reduction step, the metal oxide (MO,) is reduced by H,, followed by the oxidation step, in which
§ % 43  the reduced metal oxide (MO,._s) reacts with CO,; to regenerate MO, and produce CO. Continuous CO
;% §44 production is achieved through repeated operation of this two-step cycle. The metal oxide that shuttle
E § 45  between these two spatially or temporally separated reactions is referred to as oxygen carrier (OC). By
é %46 decoupling the reduction and oxidation reactions, RWGS-CL circumvents the thermodynamic
§ 247 limitations of conventional catalytic RWGS, undesired CH, formation, and lowers downstream
§ §48 separation costs by simplifying the composition of the outlet gas. In addition to these advantages, the
§ 549 stepwise redox operation in RWGS-CL fundamentally differs from conventional catalytic RWGS,
2 ©50  where H, and CO, coexist in the same reaction environment. In RWGS-CL, the temporal separation
g E 51  of reduction and oxidation steps allows the redox-active species to dynamically change their structure
% - b2 and dispersion state during cycling. Such dynamic change, which is not typically accessible under
% b3  steady-state catalytic conditions, can play a crucial role in enabling efficient CO, conversion at

4  relatively low temperatures.

55 Although RWGS-CL offers substantial advantages in principle, significant gaps still remain for it to
56  be realised as an economically viable process. In particular, increasing the product formation rate and
57  shortening the cycle time are priority research challenges for improving the feasibility of chemical
58  looping processes.!® One effective approach to enhancing productivity is the development of high-
59  performance OCs, particularly in terms of redox capacity and kinetics. As OCs for RWGS-CL, a wide
60  variety of materials have been proposed, including composite oxides based on Fe!!:12, In'3:14 and Gal>,
61 as well as oxygen-nonstoichiometric oxides such as perovskites*!6-1® and Ce0O,.!>?° Furthermore,
62  previous studies have demonstrated that supporting these materials on high-surface-area supports can

63  significantly enhance the performance of OCs.?!-3? The introduction of support material is considered
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64  to improve key properties of OCs, including pore volume, surface area, and resistance: to1sintermg,s2A
65  thereby enhancing their productivity. By appropriately combining redox-active species with suitable
66  support materials, there is considerable potential to develop OC materials with more advanced and
67 innovative performance.
%68 In this study, a series of Co-In-based OCs supported on various oxides were prepared and their
269 RWGS-CL performances were systematically compared. Among the OCs screened, 20wt%
57 0  Colny/CeO, exhibited superior performance, its structure and reaction mechanism were investigated
= é 71  in detail. The redox behaviour and reaction kinetics were evaluated using fixed-bed reactor tests, the
® E
§ § 72 structural and electronic states of the OCs were investigated by electron microscopy, and in-situ X-ray
g % 73 absorption fine structure (XAFS) and in-situ X-ray diffraction (XRD) measurements.
IE
g %75 2. Experimental
§ §7 6 2.1 Material preparation
g % 77 In this study, oxygen carriers (OCs) containing 15.9wt% In and 4.1wt% Co on a metal-weight basis,
% E 78  corresponding to 1.38 mmol of In and 0.69 mmol of Co per gram of OC, were prepared by
% 579 impregnation with CeO, (JRC-CEO-1, supplied by the Catalysis Society of Japan) as the support. First,
é ESO CeO, and 20 mL of distilled water were placed in a 200 mL round-bottom flask and stirred under
E ;1:’81 reduced pressure at 120 rpm for 30 min using a rotary evaporator. Subsequently, In(NOs);-nH,0O
g ESZ (Kanto Chemical Co. Inc.) and Co(NOs),-6H,0 (Kanto Chemical Co. Inc.), used as metal precursors,
% B were dissolved in distilled water and added to the same flask, followed by further reduced-pressure
% stirring for 20 min. The solvent was then gradually evaporated under reduced pressure using a water

bath. After partial removal of water, the slurry was transferred to an evaporating dish and dried to

completeness by heating on a hot stirrer. The resulting solid was dried overnight at 393 K in an oven
87  and then calcined in a muffle furnace. Calcination was carried out by heating to 8§73 K at a ramp rate
88  of 10 K min"! and holding for 5 h.

89  The prepared OC had a molar ratio of Co to In of 1:2, and because the total loading of Co and In
90  corresponded to 20wt%, it is denoted as 20wt% Coln,/CeO,. Using the same procedure, OCs supported
91  on »AlL,O3; (JRC-ALO-6), SiO; (JRC-SIO-11), anatase-type TiO, (a-TiO,, JRC-TIO-7), and rutile-
92  type TiO, (r-TiO,, JRC-TIO-16) were also prepared. All oxide supports used in this study were
93  supplied by the Catalysis Society of Japan.

94  For performance comparison, a previously reported material (Co-In,O5) was prepared by impregnating
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95  16.5wt% Co onto separately synthesised In,O;. The procedure was identical to theoimpregnations2a
96 method described above, except that the calcination temperature was 773 K. In,O5; was prepared by a
97  citric-acid complex polymerisation method. In(NO3);-#H,O was used as the precursor and dissolved
98 in distilled water together with citric acid and ethylene glycol (Kanto Chemical Co. Inc.), each added

O
O

in a threefold molar ratio, in a Teflon beaker. The resulting solution was heated to 573 K and stirred

o
o

with a hot stirrer to evaporate the solvent to dryness. The obtained solid was then subjected to two-

o
—_

step calcination in a muffle furnace, consisting of pre-calcination at 673 K for 10 h followed by final

calcination at 1123 K for 10 h.

o o O
0w N

2.2 Isothermal RWGS-CL tests

)
o

Isothermal RWGS-CL tests were carried out at atmospheric pressure using a fixed-bed flow reactor.

The reaction temperature was maintained at 773 K, and the total gas flow rate was set to 100 mL min".

S
Q

First, the reactor was heated from room temperature to 773 K at a heating rate of 20 K min™! under an

o
oo

Ar flow. After reaching the target temperature, the reduction step was conducted by flowing 10vol%

S
O

H, diluted in Ar for 15 min. In the subsequent oxidation step, 10vol% CO, diluted in Ar was supplied

—_
o

until no further CO formation was detected. One sequence consisting of the reduction and oxidation

—_
—_

steps was defined as one RWGS-CL cycle. The produced CO was detected and quantified using a

—_
[\

quadrupole mass spectrometer (QIC-20, Hiden Analytical). OC particles sieved to a size range of 0.355

—
w

to 0.5 mm were packed into a quartz reactor tube (outer diameter 8 mm, inner diameter 6 mm) with a

Thisartiglaisligensed,under a Creative Cqmmong A ttrikution-NonCqmmergial 3.0 Unported Licence.
o
o

weight of 0.15 g. The amount of CO produced during the oxidation step was quantified using a

Open Access Article. Published on 24 April 2026. Downloaded on 4/24/2026 11:56:33 PM.

calibration curve, and the following evaluation metrics were calculated.

)
(@) ol —~

fcc

117 (1) Amount of CO produced (mmol): the integrated amount of CO generated during the oxidation step.
118  (2) CO yield (mmol g !): the value in (1) divided by 0.15 and normalised to amount of CO produced
119 per 1 gof OC.

120 (3) Oxidation completion time (s): defined as the time point at which the instantaneous CO formation
121  rate, calculated from the temporal variation of the mass spectrometric signal and expressed in mmol
122 g 'h7!, decreased below 2 mmol g™ h™!.

123 (4) Space-time yield of CO (STY, mmol g'! h™!): calculated by dividing (2) by (3), representing the
124 space-time yield of CO generated during the oxidation step.

125  (5) Overall CO, conversion during the complete oxidation cycle: defined as the ratio of the total
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126 amount of CO produced to the total amount of CO, supplied during the oxidation completionstinaezoo1524
127 (6) Reduction degree: defined as the ratio of the amount of CO produced to the amount of oxygen

128  available in the oxygen carrier. For Co—In,0s3, the theoretical amount of oxygen was calculated to be

[\
O

9.02 mmol g!. Accordingly, for the oxygen carriers containing 20wt% Coln,, the maximum oxygen

w
(e

release from In,O; was estimated to be 2.08 mmol g!, and this value was used to calculate the

w
[u

reduction degree for y-Al,0O; and Si0O, supported samples. For TiO,- and CeO,-supported samples, the

w
[\

available oxygen amount was experimentally determined by TG-DTA measurements under 10vol%

w
w

H, at 500 °C for up to 120 min, and this value was used for the calculation of the reduction degree.

w W
O

In the present experimental setup, accurate quantification of H,O formation during the reduction step

w
(@)

was technically challenging. Therefore, the CO yield defined in Eq. (2) is also treated as an indicator

of the reduction rate. RWGS-CL cycle tests conducted using thermogravimetric analysis confirmed

w
oo

that all OCs investigated in this study are capable of regenerating nearly 100% of the lattice oxygen

w
O

released during the reduction step in the subsequent oxidation step (in Figure S1). Accordingly, the

N
S

amount of CO produced in the flow reactor experiments can be regarded as equivalent to the amount

=~
—_

of oxygen reduced during the reduction step. Because the reduction time was fixed when comparing

=~
NS}

the performance of different OCs, the relative magnitude of the CO yield can be considered to reflect

=~
w

the relative reduction rates of the OCs.

Thisartiglais ligensed,under a Creative Cqmmong A ttribwtion-NonCqommergial 3.0.Uinposted Ligence. ,
~ w
A~ ~

The CO, conversion during the oxidation step was measured using the same reactor system. After

Open Access Article. Published on 24 April 2026. Downloaded on 4/24/2026 11:56:33 PM.

45  heating under the same conditions, the OC was reduced in the reduction step using 50vol% H, for 30

46 min. Prior to the oxidation step, the total gas flow rate was adjusted under Ar flow to match the CO,
=7 flow rate used in the subsequent oxidation step. Then, 100vol% CO, was supplied at a prescribed flow
=il

148  rate until oxidation was completed. The sample weight was fixed at 1.00 mg.
149  The CO, conversion was calculated using the following equation:

Feo

150 CO, conversion [%]:W
co, T f'co

x100

151  where Fo and Fco, represent the molar flow rates of CO and CO, at the reactor outlet, respectively,
152 in units of mol min!.

153

154 2.3 Characterisation

155 X-ray diffraction (XRD) measurements were performed to evaluate the crystalline structures of the

156 OC samples. Measurements were carried out using a SmartLab III diffractometer (Rigaku Corp.)

5
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157  operated at 40 kV and 40 mA with Cu Ka radiation. Diffraction patterns were collected 0vepear@é2a
158  range of 10 to 90 degrees with a scanning rate of 5 degrees min!.

159 Specific surface areas were determined by the Brunauer-Emmett-Teller (BET) method using nitrogen
160  adsorption isotherms. Measurements were conducted with a Gemini VII instrument (Micromeritics
Instrument Corp.). Prior to measurement, the samples were pretreated at 473 K for 1 h under a N,

atmosphere.

orted Ligence.
o o
o =

(@)
w

Transmission electron microscopy (TEM) observations and energy-dispersive X-ray spectroscopy

(@)Y
o~

(EDS) mapping were performed using a field-emission transmission electron microscope (HF-2200,

(o)
o

Hitachi) and a scanning transmission electron microscope with an energy-dispersive X-ray

spectrometer (STEM-EDX, JEM 2100F (UHR); JEOL).

(o) NN
~N O

To evaluate the electronic states and coordination environments of metal species during the RWGS-

(o)}
oo

CL reaction, transmission-mode in-situ XAFS measurements were conducted at the In K-edge and Ce

K-edge. Measurements were performed at the BL14B2 beamline of the SPring-8 in Japan. In-situ XRD

~
(e}

measurements were conducted simultaneously. Disc-shaped pellets of OC powder were used as

EN
—

samples. The samples were first heated from room temperature to 773 K under a He atmosphere.

~J
[\

Subsequently, 50vol% H, was introduced and flowed for 10 min. The gas was then switched to He,

~
w

and XAFS and XRD measurements were carried out. This sequence of reduction and measurement

~J
=~

was repeated until no further changes were observed in the XANES spectra. Next, 10vol% CO, was

Thisartiglaisligensed,under a Creative Cqmmong A ttribution-NonCqemmergial 3.0.Unp
~ o
o O

introduced under the same conditions and flowed for 1 min. As in the reduction step, the gas was then

Open Access Article. Published on 24 April 2026. Downloaded on 4/24/2026 11:56:33 PM.

6  switched to He and measurements were performed. This sequence was repeated until no further

7 changes were observed in the XANES spectra. In all steps, the total gas flow rate was maintained at
=78 100 mL min~!. For XAFS measurements, transmission-mode XAFS was performed using two
=il

179  ionisation chambers. Quick-scan mode was employed, with a measurement time of 500 s per scan. For
180  XRD measurements, a flat-panel detector was used as a two-dimensional detector. The camera length
181  was set to 481.5 mm, the X-ray energy during XRD measurements was 27.9 keV, and the exposure
182  time was 180 s. The obtained data, expressed in terms of the scattering vector g, were converted to
183  equivalent diffraction patterns corresponding to Cu Ka radiation using the equation described below,

184  and the converted spectra are presented in this study.

qx‘Cu)

185 20, =2sin™t ( y

186  Here, A¢, denotes the wavelength of Cu K« radiation.

187
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188 3. Results & Discussion DOI: 10.1039/D6SE00152A
189 3.1 RWGS-CL performance of supported Co-In,0;
190 Isothermal RWGS-CL cycling tests were conducted to compare the performance of OC materials

191  consisting of 20wt% Coln, supported on various oxides with that of unsupported Co-In,Os. Figure 1

cen
Ne}
[\

and Table S1 summarise the CO production performance during the oxidation step of the OCs.

orted Li
Ne)
w

Unsupported Co-In,Oj itself exhibited an average CO yield of 2.11 mmol g™! and a space-time yield

O
=~

(STY) of 11.2 mmol g™! h™! over three cycles. The performance of the supported Coln, OCs varied

Ne)
o

significantly depending on the oxide supports. For r-TiO,, a-TiO, and SiO,, both the CO yield and

O
(@)Y

STY were lower than those of unsupported Co-In,Os, while »-Al,0O; showed only a slightly higher

O
Ay

STY. Considering that the amount of Co-In species in the supported oxides is one-fifth of that in Co-

O
oo

In,0;, normalisation of the performance with respect to the amount of Coln, reveals that, as shown in

Table S1, these supported OCs exhibited higher CO yield and STY than Co-In,Oj3. This indicates that

O
O

both the reduction and oxidation rates of the Co-In species were enhanced in these supported OCs.

(e}
—_

However, the extent of this enhancement was insufficient to compensate for the decreased amount of

=}
[\

Co-In species. In contrast, 20wt% Coln,/CeO, showed markedly enhanced performance, achieving a

CO yield of 2.08 mmol g™!, comparable to that of Co-In,O3, and an STY of 31.2 mmol g! h™!, which

o O
~ W

is approximately three times that of Co-In,O;. Figure 1c and Table S3 present the results of a

)
o

continuous 15-cycle RWGS-CL test conducted to evaluate the performance stability of 20wt%

e}
(@)Y

Coln,/CeO,;. Although both the CO yield and STY gradually decreased up to the seventh cycle, they

3
2
g
2
2
é
g
£
200
2
¥
2
g
2
B
2
2
®
2

subsequently stabilised at approximately 2 mmol g~! and 30 mmol g ! h™!, respectively. In terms of

)
]
€]
0
—
-
©
N
1]
3
qQ
3
c
S
3
K
o
=
8
(&)
©
N
o
«
&
<
N
c
S
B
ki)
i)
T
9
=
<
4
(8]
<
@
ol
@)

the key functions required for OC materials, namely CO yield, CO space-time yield, and durability,

20wt% Coln,/CeO, exhibited superior performance. To examine the possible influence of carbon

formation under the present reaction conditions, Raman spectra were conducted for the Coln,/CeO,
211 before and after RWGS-CL operation. As shown in Figure S3, no characteristic bands corresponding
212 to carbon species (i.e., D and G bands in the range of 1200—1750 cm™) were observed, including those
213  after reduction, oxidation, and stability tests. These results indicate that carbon deposition is negligible
214 under the present conditions. Therefore, the CO production behaviour discussed above is not affected
215 by carbon formation.

216 From the perspective of practical implementation of the RWGS-CL process, OCs that can maintain
217 a high CO, conversion during the oxidation step are particularly desirable, as this would reduce the

218  separation and recovery burden associated with unreacted CO,. Accordingly, the temporal evolution
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219 of CO; conversion during the oxidation step was evaluated for Co-In,O3 and 20wt% €olnsf6etdstobns2a
220  this evaluation, 1 g of the OC was reduced in 50vol% H, for 60 min, followed by exposure to 100vol%
221 CO; supplied at a prescribed flow rate. Figures 1d, S4 and Table S4 show the results obtained for Co-

222 InyO3 and Colny/CeO,. For unsupported Co-In,03, the CO, conversion decreased exponentially from

gance.
[N}
w

approximately 80% immediately after the start of the oxidation step, and the overall CO, conversion

oted Li
N
N

in this test was a maximum of 9.5%. In contrast, Coln,/CeO, exhibited an initial CO, conversion of

[\
o

approximately 100%, and the conversion behaviour gradually approached a step-function-like,

[\
(@)Y

sigmoid profile as the GHSV was decreased. Under these conditions, the overall CO, conversion

[\
Ay

reached a maximum of 20.6%. For achieving high efficiency in the RWGS-CL process, it is ideally

[\
oo

desirable that the CO, conversion exhibits step-function-type behaviour, allowing a high outlet CO

[\~
O

concentration to be maintained while preserving a high space-time yield. As described above,

w
o

Coln,/Ce0O; is capable of splitting CO, with a very high rate, and therefore is considered able to

maintain a relatively high conversion even under a high-concentration CO, feed. Based on this series

Thisartiglgis liggnsedwunder g LCreative CammongA\ttrilufion-NonCqommergig 3.G.Jnp!
w
—_

32 of performance evaluations, it is evident that CeO, is uniquely effective as a support material for
33 Co-Iny0s.

34 Figure le and Table S5 compare the performance of 20wt% Coln,/CeO, with previously reported
35  OCs'%?1730 for RWGS-CL in terms of reaction temperature and STY. 20wt% Coln,/CeO, exhibits
36 remarkably high STY values in a relatively low reaction temperature range of 723 to 823 K, and can
37  therefore be regarded as a highly promising OC material in comparison with previously reported
B8  systems.

g
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Figure 1 (a) Mass signal of CO (m/z = 28). (b) CO production amount and the space-time yield of CO
on the prepared OCs at the oxidation step. (¢) Performance of CO production on 20wt% Coln,/CeO,
during the stability test. (d) CO, conversion on 20wt% Coln,/CeO, during the oxidation step using
100vol% CO,. (e) Comparison of 20wt% Coln,/CeO; to other reported supported-type oxygen carriers
for RWGS-CL.
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3.2 Structural characteristics and redox mechanism of Co-In supported CeO, 0o 10.1039/D65E00152A

Table S6 summarises the BET specific surface areas of the Co-In supported OCs in the as-prepared,
after the reduction step, and after the oxidation step. The data for post-reaction were obtained from
samples that were cooled to room temperature under an Ar flow after experiencing each step at 773 K,
followed by removal from the reactor. All Coln,-supported OCs exhibited higher specific surface areas
than unsupported Co-In,0O3, both in the as-prepared and after reaction, indicating that an increase in
surface area was achieved by supporting. An interesting observation is that Coln,/CeO,, which
exhibited the highest RWGS-CL performance, possessed the lowest specific surface area among the
supported OCs. Therefore, the performance shown in Table S1 cannot be explained by differences in
the specific surface area. Figure 2a shows the EDX mapping images of 20wt% Coln,/CeO, (as-
prepared, after reduction and oxidation of 3" RWGS-CL cycle). In the as-prepared 20wt% Coln,/CeO,,
both In and Co were heterogeneously distributed on the CeO, support. In contrast, after the reduction
step, the mapping images of In and Ce almost completely overlapped, indicating that the In species
became uniformly dispersed over the CeO, surface. Although some localised regions of Co were still
observed, Co was also relatively widely distributed. Following re-oxidation, the overall dispersion of
In is largely maintained, although locally aggregated regions can be observed (highlighted by dashed
lines). These observations suggest that the dispersion of In species on CeQO; is significantly improved
through the RWGS-CL cycles, while some local heterogeneity remains. The partial aggregation of In
after re-oxidation is likely associated with the oxidation of metallic In to In,O3, which is also supported
by the in-situ XRD observations discussed later. The localisation of Co became more pronounced.
These results indicate that the supported In species on 20wt% Coln,/CeO, were highly dispersed under
RWGS-CL cycling conditions.

To further investigate the redox mechanism of 20wt% Coln,/CeO,, in-situ XRD and XAFS
measurements were performed. Figure S5 shows the XRD patterns recorded during RWGS-CL cycling
at 773 K, while Figures 2b and 2c present magnified views of the regions of interest. During the
reduction step under a 50vol% H, atmosphere, the intensity of In,O3 (ICDD: 00-021-0406) decreased,
accompanied by the appearance of diffraction peaks attributable to intermetallic compounds such as
Coln, (ICDD: 01-091-6508) and Coln; (ICDD: 00-041-0880), although their intensities were
relatively low. During the subsequent oxidation step under a 10vol% CO, atmosphere, these
intermetallic phases disappeared, and In,O; and metallic Co (ICDD: 01-089-4307) were observed.

This behaviour indicates that In,O3 was reduced by H,, followed by alloying between metallic In and

10
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277  Co, and that Coln alloys were subsequently oxidised by CO, and separated into metalliecCo arsd/ bry(0z.524
278  In addition, analysis of the diffraction peak width and intensity provides further insight into the
279  structural evolution during RWGS-CL cycling. The diffraction peak corresponding to CeO, (111)
280  shows little change in both width and intensity throughout the redox cycles, indicating that the CeO,

co
—_

support maintains its structure under the present reaction conditions. In contrast, the diffraction peaks

o
[\

attributed to In,O; after the oxidation step become broader and less intense compared to those of the

co
w

as-prepared sample. This change suggests a decrease in crystallite size and an increase in the dispersion

0e]
o~

of In,O; species upon RWGS-CL cycling. It should be noted that no distinct amorphous fraction was

co
o

observed in the XRD patterns of Coln,/CeO,. This indicates that the material remains predominantly

o8]
(@)Y

crystalline under the present conditions.

co
3

The XRD patterns of the other supported OCs exhibited broadly similar behaviour (Figure S6). In the

as-prepared, diffraction peaks corresponding to the support oxides and In,O3 were observed. After the

0
O

reduction step, the In,O; decreased or disappeared, accompanied by the appearance of Coln,.

NeJ
e}

Following the oxidation step, the Coln, phase disappeared, while intense diffraction peaks of In,O3

O
—_

and metallic Co appeared. These results suggest that the redox of In species accompanied by the

O
[\

formation and decomposition of Coln alloys occurred for all OCs. This behaviour is consistent with

O
w

the redox mechanism of Co-InyO; reported in our previous study.!'# In contrast, analysis of the

O
=~

diffraction peak width and intensity indicates that a different structural evolution occurs compared to

Thisartiglgis liggnsedwnder g LCreative CammongA\ttrilufion-NonCqmmergig 3.0Jnpojted Ligence.
Ne) ©
o ©

Coln,/CeQ;. For all samples, the diffraction peaks attributed to In,O; after the oxidation step become

Open Access Article. Published on 24 April 2026. Downloaded on 4/24/2026 11:56:33 PM.

D6 significantly more intense and sharper compared to those of the as-prepared state. This indicates an

D7 increase in crystallite growth of In,O; during RWGS-CL cycling on these supports, suggesting that In
ES species tend to aggregate and form larger crystalline domains.

299 Notably, the diffraction intensities of the intermetallic compounds observed for 20wt% Coln,/CeO,

300  were relatively small compared with those for other OCs with the same loading of Co and In,
301  suggesting that these phases existed on the support in a highly dispersed state. In addition, as shown
302  in Figure 2a, Co exhibited a localisation greater than In after the reduction step, implying that some In
303  species may not be alloyed with Co. Focusing on the CeO, (111) diffraction peak, a shift towards lower
304 angles during the reduction and towards higher angles during the oxidation was observed. This
305  behaviour reflects changes in the lattice volume associated with the release and regeneration of lattice
306  oxygen in CeO,, suggesting that the CeO, support itself also undergoes redox during RWGS-CL cycle.
307 The in-situ XAFS results shown in Figures 2d—f are in good agreement with the in-situ XRD

11
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308  observations. Figure 2d shows the temporal evolution of the In K-edge XANES speetraodueingdhes2a
309  reduction and oxidation steps. The spectrum before reduction closely matched that of the reference
310  In,Os sample, indicating that In was initially in the In3" state. Under an H, atmosphere, the white-line
311  intensity gradually decreased with time, and the spectral shape evolved towards that of In foil,

indicating the reduction of In,O; to metallic In species. The XANES spectrum after reduction did not

ogted Liggnee.
— —
w N

share an isosbestic point with the reference samples (Figure S7), and therefore linear combination

um—
S

fitting was not applied, most likely due to the contribution of Coln alloy species formed during

—_
[&2]

reduction. Upon switching to a CO, atmosphere, the XANES spectra rapidly returned to a state

—_
(@)

comparable to that before reduction, indicating reoxidation of the In species by CO,. In the EXAFS

—_
~

spectra, a peak emerged at approximately 2.5 A as the reduction progressed. Since this peak did not

—_
oo

correspond to In-In scattering, it is attributed to Coln alloy formation. The Ce K-edge XANES spectra

shown in Figure 2f indicate a slight reduction of Ce*" under the reduction step, which is also consistent

[\
e}

with the in-situ XRD results.
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(b)‘ mCeO, *Coln, @®Coln, (c)‘ uCeO, *Coln, ®Coln; #Co ‘

Reduction step Reduction step Oxidation step Oxidation step
$10
50
[

* X 3
45 min @

in &

»\/\MMZS min &

$10

L4
W1omin
WQmin
w7min
W§min
W3min
Wzmin
W’1min

L4
WBefore °® After
reduction reduction
27 28 29 30 31 32 36 38 40 42 44 27 28 29 30 31 32 36 38 40 42 44
26/ degree 26/ degree 26/ degree 26/ degree

. (f) Ce K-edge

2 e B 2Byt
step Oxidation step

Intensity / a.u.

Thisarticleislicensed under a Creative ComgmongA\ttrikufion-NonCargmeregig 3.0 1Jdnp:
um—
Ne)

(d)

(cc)

‘1 — Before
reduction

[x(R)I(A)2

—H> 20 min
—H, 30min
- Ce0;

=~ CePOy

Normalized xp(E) / a.u
Normalized xp(E) / a.u.

—€0,_9 min

=C0:_10 min \/\/\’_N
;5 min H
===+ In;04 "_/‘/\/v\‘\—‘

27.92 27.94 27.96 27.98 28.00 28.02 0 1 2 3 4 50 1
321 Energy / keV ri A

- 203
nfoil
‘\_ S == - '..
efore reduction =
r — Hy_ 40 min
4;_20 —H;_45 min L
====In;0;
L L L L -
In K-edge T Oxidation step
|- b ‘\_ L —
a

2 3 4 5 40.30 40.40 40.50 40.60
ri A Energy / keV

322 Figure 2 (a) EDX mapping images of 20wt% Coln,/CeO, before and after RWGS-CL cycle. In-situ
323 XRD results of 20wt% Coln,/CeO, under (c) 50vol% H, (reduction step) and (d) 10vol% CO,
324  (oxidation step) at 773 K. (d) In K-edge XANES spectra of 20wt% Coln,/CeO, under 50vol% H,
325  (reduction step) and 10vol% CO, (oxidation step) at 773 K. (e) In K-edge EXAFS spectra of 20wt%

12
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326  Colny/CeO, under 50vol% H; (reduction step) and 10vol% CO, (oxidation step) at 7731 K./ €oesdds2n
327  edge XANES spectra of 20wt% Coln,/CeO, under 50vol% H, (reduction step) at 773 K.
328

329 3.3 Evaluation of the roles of individual components in Coln,/CeO,

351
w
S

To clarify the roles of the individual components, namely Co, In, and CeO,, in the high RWGS-CL

ogted Li
w
—

performance of Coln,/CeQ,, a series of comparative studies was conducted. Figures S8—S9, Tables 1

and S7 summarise the RWGS-CL performance of 15.9wt% In/CeO,, 4.1wt% Co/CeO,, and bare CeO,,

w
[\

g
g
= %333 together with that of 20wt% Coln,/CeO,. The loadings of In and Co were adjusted to match those in
£
2 B34 20wt% Colny/CeOs.
- <
2 ?35
N =
3 336  Table 1 Performance for the prepared OCs (20wt% Colny/CeO,, 15.9wt% In/CeO,, 4.1wt% Co/CeO,
< =
g ?37 and CeO,).
£ -t
£ CO ) Reduction  Oxidation Spac_e Hme Overall CO,
89 Oxygen _ CO yield ) yield .
ol carrier production J mmol ¢! degree completion J mmol o1 conversion
§ ji /mmol g / % time /s - g / %
8 C h-!
g o
f? 2 20wt% Coln,/CeO, 0.313 2.08 83.3 240 31.2 17.5
N
g g 15.9wt% In/CeO, 0.219 1.46 73.1 146 36.0 20.2
&5 =
E g 4.1wt% Co/CeO, 0.011 0.07 - 77 35 1.9
s 8 CeO, 0.011 0.07 . 65 4.0 23
< £
4 a3
% B9  Focusing first on the bare CeO,, the CO yield was only 0.07 mmol g, indicating a very limited
joR
O
™10  contribution. Although CeO, itself undergoes redox, its direct contribution to CO formation is
3
541 considered to be minor. In contrast, 15.9wt% In/CeQ, exhibited a CO production of 1.46 mmol g

342 and a remarkably high STY of 36.0 mmol g! h™!, clearly indicating that In species act as the primary
343  redox-active species and the active sites for CO, splitting. STEM-EDX images of reduced 15.9wt%
344 In/CeO, (Figure S10) show that, similar to 20wt% Coln,/CeO,, the In species on CeO, are highly
345  dispersed. Figure 3 compares the XRD patterns of Coln,/Al,O5 and Coln,/CeO, after multiple RWGS-
346 CL cycles. For Colny/Al,Os3, the crystallite size of In,O; increased with increasing cycle number,
347  indicating that aggregation of In and Co species easily progresses on the Al,O3 surface. Comparison
348  of the EDX mapping images of Coln,/Al,0O; shown in Figure S11 with those of Coln,/CeO, in Figure
349  2aclearly reveals aggregation of the In species. In contrast, for Coln,/CeQ,, the crystallite size of In,O;

350  decreased with increasing cycle number. ICP results (Table S8) show that the amount of supported In
13
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351  remained nearly unchanged even after multiple cycles. Therefore, the decrease in In,Opcrystallitesmes2a
352 cannot be attributed to the loss of In species through volatilisation, but rather indicates dispersion of
353  In species on CeO,; surface during RWGS-CL cycle. To further clarify the evolution of the dispersion
354  state during RWGS-CL cycling, additional EDX mapping images after 1 cycle and after 15 cycles

(&)1
(&3]

have been provided in Figures S12 and S13. Comparison of these results with the 3-cycle data shown

(&2
(@)

in Figure 2a indicates that In species become significantly dispersed already during the first cycle.

o
N

Although slight local aggregation of In species is observed after the oxidation step, the overall

o1
oo

dispersion is largely maintained throughout the cycling. This suggests that such aggregation is partially

[&)]
O

reversed during the subsequent reduction step through oxygen release, leading to dispersion of In

(o)
e}

species on CeO, and suppressing excessive aggregation. Furthermore, the dispersion of In species

(@)Y
—_

tends to improve with increasing cycle number. This behaviour is consistent with the XRD analysis

shown in Figure 3, where the gradual decrease in crystallite size suggests progressive dispersion of In

N
w

species during RWGS-CL operation. These results demonstrate that CeO, plays a crucial role in

(@)Y
B

inducing spontaneous high dispersion of In species and suppressing their aggregation under reaction

(@)
o

conditions through strong metal-support interactions. To further elucidate the origin of this support-

(o)
(@)Y

dependent dispersion behaviour, XPS analysis was conducted for Coln,/CeO, and Coln,/Al,O5 before

(@)Y
Q

and after RWGS-CL cycling. These results are shown in Figure S14. For Coln,/CeO,, the In3d peak

(o)
oo

exhibited a shift of approximately 0.5 eV toward higher binding energy after cycling, whereas no

(o)
O

noticeable shift was observed for Coln,/Al,Os. This result indicates that the electronic state of In

Thisartidgisliggnsedymnder g Creative CammongAttrikugion-NonCammergigl 3.0 ldnpoeted Liggnce.
foN
)

0  species is modified specifically on the CeO, support, suggesting a interaction between In species and

1 CeOy%. Considering the redox properties of CeO, and its ability to form oxygen vacancies, such
=2  interaction may contribute to the spontaneous dispersion of In species under RWGS-CL conditions.
=il
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Figure 3 Crystallite size of In,O3 on XRD patterns for Coln,/CeO, and Coln,/Al,Os.

Next, the role of Co was examined. As evidenced by in-sifru XRD, metallic Co was observed even
after the oxidation step, indicating that Co undergoes little redox under RWGS-CL conditions at 773
K. Accordingly, the CO yield on 4.1wt% Co/CeO, was nearly identical to that on bare CeO,. However,
the CO yield on 20wt% Coln,/CeO, was approximately 1.4 times higher than that of 15.9wt% In/CeO,.
Since the amount of CO produced during the oxidation step corresponds to the amount of In reduced
during the preceding reduction step, Co is considered to enhance the reduction rate of supported In
species. Figure 4a and Tables S9—S10 compare the RWGS-CL performance of OCs with varying Co to
In ratios. Regardless of the amount of supported Co, the CO yield was consistently approximately 2
mmol g !, indicating that even a small amount of Co provides a comparable enhancement effect. To
clarify whether Co contributes to the dispersion of In species, additional STEM-EDX mapping images
of In/CeO, (without Co) before and after oxidation are provided in Figure S15. In the as-prepared
sample, In species exhibit a clearly inhomogeneous distribution, whereas after oxidation, they become
relatively well dispersed on the CeO, support. Combined with the EDX results after the reduction step
shown in Figure S11, these observations indicate that the dispersion of In species occurs on CeO, even
in the absence of Co. Therefore, Co does not contribute to the dispersion of In species.

To further elucidate the role of Co, kinetic analyses based on the Hancock-Sharp method3?-3* were
performed. The experimental data used for fitting the reaction models were obtained by

thermogravimetric analysis. The weight loss observed under a 10vol% H, flow was assumed to

15
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394  correspond to oxygen released from the OCs, and the reduction degree of each OCowas caleudateds2a

395 accordingly. Figure S16 shows the fitting results of the model reaction rate equations to the
396  experimental data. For all OC materials, the Avrami-Erofe'ev nucleation-and-growth model*3—7
397  provided the best fit to the experimental data for all OC materials. Arrhenius plots constructed using

o O O o o O QO
W N RO O

- = O o o o
[l RN C e e @

Thisarticte is ligensed,under g Creatjve CoramongAttrikution-NonCoramergial 3.0,Unpokted Liggnce.
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the obtained rate constants k.4 are shown in Figure 4b. The apparent activation energy of In/CeQO,
without Co (Co/In = 0) was 81.8 kJ mol™!, whereas Colng/CeQ, (Co/In=0.125) and Coln,/CeO, (Co/In
= (.5) exhibited values approximately 21-29 kJ mol™! lower. This enhancement in the reducibility of
In species is attributed to promoted H, dissociation on metallic Co particles and subsequent H spillover
to surface In species. The promotion of In,O; reduction via H spillover mediated by metal
nanoparticles such as noble metals’®, Ni’°, and Co* has been widely reported. The series of
Coln,/CeO, investigated here possessed sufficient Co loading and surface distribution to supply
dissociated hydrogen to surface In species at a sufficiently high rate, resulting in a Co-loading-
independent enhancement effect.

Kinetic analysis of the oxidation step was also conducted using the Hancock-Sharp method (Figures
4c and S17). As expected, the rate constants k., were nearly identical regardless of the presence or
absence of Co. Therefore, Co in Coln,/CeO, primarily contributes to enhancing the reaction rate of
the reduction step, whereas the high CO formation rate during the oxidation step is mainly attributed
to the dramatically increased contact frequency between CO, and highly dispersed In species.

Figure 4d schematically illustrates the structural features and reaction mechanism of Co-In supported

3 CeO, OC materials, including 20wt% Coln,/CeO,. In the as-prepared state, Co and In are present as

4  oxide species that are sparsely and heterogeneously distributed on the CeO, surface. Upon exposure
T 5 to an H, atmosphere during the reduction step, both Co and In are reduced to their metallic states,
416  accompanied by the formation of Co-In alloys such as Coln,. Metallic Co functions as an active site
417  for H, dissociation, thereby promoting the reduction of In species via hydrogen spillover.
418  Simultaneously, dispersion of In species occurs, leading to the formation of CeO, surface uniformly
419  covered with In species. During the subsequent oxidation step, the metallic In species and Co-In alloys
420  react with CO, to produce CO, while In is selectively reoxidised to In,O;. Notably, the In species
421  remain highly dispersed without excessive aggregation, leading to a surface structure in which sparsely
422 distributed metallic Co nanoparticles coexist with uniformly dispersed In,Os. Thereafter, RWGS-CL
423  cycling proceeds through the redox of highly dispersed In species on the CeO,. The high dispersion of
424  In species is considered to increase the contact frequency with CO,, resulting in an enhanced CO
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425  formation rate. An additional advantage of Co-In supported CeO, is that such spontaneous dispersions2a
426  is induced under RWGS-CL reaction conditions, enabling preparation by a simple impregnation
427  method without the need for elaborate structural design of the support material. This effective

428  utilisation of metal-support interactions represents a promising strategy for the rational design of

829  advanced OC materials.
-
%30
o
o
5
o
™ (a) 25 (b) (C) -3.5
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Figure 4 (a) CO yield of Coln,/CeO, with different Co/In ratios. (b) Arrhenius plots and apparent

activation energies for the reduction step. (c) Arrhenius plots for the oxidation step. (d) Schematic

434 illustration of the structural features and redox mechanism of Coln,/CeQ,.

436 4. Conclusion

437 In this study, the performance of indium-based oxygen carriers supported on various oxides was
438  systematically investigated for the RWGS-CL process. Among the OCs examined, Coln,/CeO,
439  exhibited simultaneously high CO yield and space-time yield, and stable performance. A notable
440  experimental observation was that In species supported on CeO, underwent spontaneous dispersion

441  under reaction conditions, whereas such behaviour was not observed on the other oxide supports
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442  examined. This dispersion behaviour resulted in a highly dispersed In surface during:RWAES=Q152A
443  operation, which is considered to contribute to the enhanced CO formation rate through increased
444  contact frequency with CO,. In addition, the presence of Co was found to promote the reduction

445  kinetics of the supported In species, likely via enhanced H, dissociation and hydrogen spillover, while

@46  having a negligible influence on the oxidation kinetics. This result demonstrates that the choice of
2 g ghig

2147 support can critically influence the structural evolution of oxygen carriers under RWGS-CL cycle.
§48 These findings highlight the importance of considering support-induced dispersion behaviour in the
@

=
O

design of RWGS-CL oxygen carriers and suggest that high-performance OCs can be realised by

o1
()

exploiting such effects using simple preparation methods such as impregnation.
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