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ABSTRACT: CO2 capture and utilization are a must for easing the global
warming caused by the use of fossil fuels. Previous studies demonstrate the
possibility of thermal deoxygenation of CO2 to CO over the vacancies of
CeO2. This study examines the influence of the dopant to CeO2 on the
deoxygenation of CO2 to CO, wherein the examined dopants include Zr, Gd,
Sm, and In. Only In-doped CeO2 exhibits significant reactivity for CO2
deoxygenation in our sequential temperature-programmed reduction (TPR)
and CO2-TPRx (temperature-programmed reaction) tests up to 700 °C.
In0.5Ce0.5Oy after H2-TPR demonstrates a deoxygenation onset temperature
as low as 400 °C and it can maintain a stable performance in cycle tests. X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analyses
indicate that In exsolutes from the fluorite framework during TPR and the
exsoluted In0 become oxidized in the subsequent CO2 deoxygenation
reaction. XPS indicates that the redox of Ce also occurs during TPR-CO2-TPRx with In0.5Ce0.5Oy. In2O3 by itself demonstrates a
higher deoxygenation onset temperature, a lower per gram deoxygenation capacity, and a poorer stability than In0.5Ce0.5Oy under the
same test conditions, while CeO2 is inactive. The results suggest a synergy between exsoluted In and the fluorite substrate, leading to
the observed deoxygenation activity of In-doped CeO2.
KEYWORDS: CO2, deoxygenation, oxygen vacancy, CeO2, dopant

1. INTRODUCTION
The mitigation of global warming is largely recognized as an
important need, although global agreement on its strategy is
not reached yet. It is generally agreed that the capture and
utilization of CO2 is an inevitable approach and that the
utilization of CO2 is a key to achieve a sustainable carbon-
neutral cycle. Many studies have proposed various ways of CO2
utilization, using different driving forces (e.g., thermal,
photochemical, and electrochemical reactions) to produce
various types of target products. The formation of the CO
product from CO2 may be an attractive straightforward
approach as CO has many industrial applications.1 Previous
works demonstrate that the CO2 thermal deoxygenation route
can proceed over oxygen vacancies of CeO2 where a high
reaction temperature is typically applied.2−7 CeO2 is well
known to have oxygen vacancies from its partial reduction, and
the redox reaction involving oxygen vacancies has been
frequently proposed to contribute to catalytic activity.
Furthermore, the fact that the reactivity of the mentioned
oxygen vacancies can be influenced by the type of dopant and
the dopant composition is generally accepted. However, how
the dopant to CeO2 may influence its reactivity for catalyzing
CO2 deoxygenation to CO has not been examined.
In this study, we examine the influence of four dopants,

namely, Zr, Gd, Sm, and In, on CeO2, focusing on the

reactivity toward CO2 deoxygenation. The selected dopants are
known to form a solid oxide solution with the CeO2 fluorite
structure and numerous examples can be found in the literature
mentioning the uses of doped CeO2 as an effective support/
catalyst for enhancing catalytic activity. In addition, Sm and Gd
are popularly used dopants for achieving an enhanced oxygen
conductivity, e.g., as the electrolyte of solid oxide fuel cells.
Indium has recently attracted a great deal of attention for CO2
utilization. In2O3/ZrO2 is reported to effectively catalyze CO2
hydrogenation to methanol8 and In single-atom catalysts are
reported to catalyze electrochemical CO2 reduction to various
products.9−11

As mentioned, previous reports of the thermal CO2
deoxygenation over CeO2 largely used high reaction temper-
atures,2−7 which can pose an energy demand constraint for
viable applications of such CO2 deoxygenation. In this study,
the reactivity for midtemperature CO2 deoxygenation is
explored related to doped CeO2, wherein the test conditions

Received: February 3, 2025
Revised: April 21, 2025
Accepted: April 25, 2025
Published: May 1, 2025

Research Articlewww.acsami.org

© 2025 American Chemical Society
28163

https://doi.org/10.1021/acsami.4c17644
ACS Appl. Mater. Interfaces 2025, 17, 28163−28172

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nan-Chian+Chiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tz-Jie+Ju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Cheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tzu-Peng+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia-Han+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shawn+D.+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c17644&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/17/19?ref=pdf
https://pubs.acs.org/toc/aamick/17/19?ref=pdf
https://pubs.acs.org/toc/aamick/17/19?ref=pdf
https://pubs.acs.org/toc/aamick/17/19?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c17644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


of both the vacancy formation temperature and the
deoxygenation reaction temperature are tentatively targeted
to be below 700 °C. A CO2 deoxygenation temperature at the
midtemperature range is desirable as it can possibly lead to the
integration with the midtemperature oxygen-conducting
inorganic membrane to facilitate deoxygenation to achieve a
sustainable CO2 utilization process. The results indicate that In
is the only dopant in this study that can provide
midtemperature reactivity for CO2 deoxygenation. The
characterization of In-doped CeO2 indicates that In would
exsolute from the fluorite framework during TPR and that both
exsoluted In and the remaining CeO2-based fluorite would
undergo a redox during our TPR-CO2-TPRx sequential tests.
This suggests a synergistic effect between the exsoluted In
phase and the CeO2-based fluorite.

2. EXPERIMENTAL SECTION
All of the doped CeO2 samples were prepared by a
copreprcipitation method. Nitrate precursors, Ce(NO3)3·
6H2O (Acros, 99.5%), Zr(NO3)2·6H2O, (Sigma-Aldrich,
99%), Sm(NO3)2·6H2O, (Acros, 99.9%), and Gd(NO3)3·
6H2O (Sigma-Aldrich, 99.9%) were used as received.
In(NO3)3·xH2O (Acros, 99.99%) was oven-dried at 100 °C
to remove hydrated water before use. The nitrate precursors of
the desired atomic ratio were first dissolved in deionized water,
and then the precursor solution and NaOH(aq) were steadily
added to a flask containing NaOH(aq) where the solution was
constantly maintained at pH = 12 under stirring at 35 °C. After
further aging, the precipitate was filtered, washed, dried at 60
°C in a vacuum oven, and then calcined at 5 °C/min to 450 °C
for 5 h. ICP-AES (Angilent, 7500ce) analysis of the filtrate
indicated that the precipitation was all near 100% completion.
The prepared samples were evaluated by a sequence of

temperature-programmed reduction (TPR) followed by CO2
deoxygenation using a homemade microreactor system
equipped with TCD and MS detection of the effluent stream.
The TPR procedure was carried out under 10% H2 in a N2
(Linde LianHwa) flow from 50 to 700 or 900 °C at a ramp rate
of 5 °C/min using TCD to detect the consumed H2, for which
the formed H2O was trapped by a molecular sieve column. The
CO2 deoxygenation was performed either by pulsing CO2
(10% CO2/He, 0.1 mL loop) into a constant He flow at
isothermal conditions (700 or 500 °C) or by TPRx
(temperature-programmed reaction) from 50 to 700 °C
under a 5% CO2/Ar flow, both using MS (SRS, RGA200) as
the detector. For the pulsing experiments, the per-pulse CO2
conversion was calculated from the fraction of CO2 consumed.
A so-called CO2 deoxygenation capacity was evaluated based
on the CO2 consumption of samples, in terms of Ostripped per
gram, in the CO2 deoxygenation tests, with an assumption that
one consumed CO2 would leave one stripped oxygen on the
sample.
In-house X-ray diffraction (XRD) (Bruker D2 Phaser, with a

Cu Kα source) was used to analyze the sample crystalline
structure. The crystallite size was calculated by the Scherrer
equation using the Warren correction of peak broadening. X-
ray photoelectron spectroscopy (XPS) analysis was performed
using a PerkinElmer PHI 550 spectrometer with Al Kα (1486.6
eV). The binding energy reference was C 1s at 284.8 eV. Ce
M4,5 edge X-ray absorption near-edge spectroscopy (XANES)
was performed at the National Synchrotron Radiation
Research Center (NSRRC), Taiwan, with beamline #20A.
Brunauer−Emmett−Teller (BET) surface area analysis was

carried out with a commercial instrument (BELSORP-max). In
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was carried out using a DRIFTS sampling accessory
and an in situ gas cell (Herrick, Praying Mantis), using a
Nicolet iS50 FTIR spectrometer equipped with a mercury−
cadmium−telluride (MCT/A) detector cooled with liquid
nitrogen. The spectrum was recorded by accumulating 256
scans at a resolution of 4 cm−1. The background spectrum was
collected over the sample after TPR under Ar at specified
temperatures.

3. RESULTS AND DISCUSSION
3.1. Sequential TPR and CO2 Deoxygenation Tests.

The dopants used to prepare MxCe1−xOy included Zr, Gd, Sm,
and In. All of the as-prepared MxCe1−xOy samples exhibited
only the X-ray diffraction pattern of the fluorite crystallite, as
shown in Figure 1a. The absence of the impurity phase
suggests that all of the dopant was well mixed into the CeO2
lattice, resulting in shifts in fluorite diffraction peaks
qualitatively consistent with the expected lattice shrinkage or
expansion corresponding to the relative size of the dopant

Figure 1. X-ray diffraction patterns of selected as-prepared
MxCe1−xOy samples in the (a) 20−80° 2θ range and (b) expanded
2θ range revealing the shift in the fluorite(111) peak.
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comparing to Ce4+, as shown in Figure 1b. The fluorite
crystallite size of the as-prepared samples was evaluated by the
Scherrer equation and the peak width of CeO2(111), as shown
in Table S1. In general, the calculated fluorite crystallite size
decreased with the increasing dopant concentration.
The as-prepared samples were subjected to a sequential TPR

treatment and a CO2 deoxygenation test, wherein the TPR
treatment could generate oxygen vacancies for the subsequent
deoxygenation of CO2. A CO2 deoxygenation capacity was
calculated based on the consumption of CO2 per gram of the
sample, with an assumption that one consumed CO2 would
leave one stripped oxygen on the sample. The calculated
hydrogen consumptions during the TPR of these samples are
shown in Table S2. Table 1 shows the calculated CO2
deoxygenation capacity (as the Ostripped listed in Table 1) of
all of the samples examined in this study, mostly with two
consecutive cycles of the mentioned sequential test. Two types
of CO2 deoxygenation tests were applied in this study, namely,
an isothermal pulse input test and a TPRx test (shown as TCOd2

at 50−700 °C in Table 1). Three indexes are included in Table
1 to discuss the TPR and deoxygenation stability/reversibility,
which will be elaborated later. The results listed in Table 1
show that the CO2 deoxygenation capacity depended not only
on the dopant but also on the TPR and deoxygenation
conditions. For example, a TPR treatment up to 700 °C leads
to a lower CO2 deoxygenation capacity than a TPR treatment

up to 900 °C, e.g., as observed over CeO2 (entries 1 and 4)
and Zr0.2Ce0.8Oy. However, the 700 °C TPR was preferentially
examined in this study for discriminating the reactivity of
different samples and also for decreasing the energy demand in
future applications. From Table 1, it can be observed that only
InxCe1−xOy samples exhibited an appreciable CO2 deoxygena-
tion capacity after a TPR treatment to 700 °C.
A quick glance of the presented CO2 deoxygenation capacity

listed in Table 1 indicates that In was an effective dopant to
enhance the CO2 deoxygenation, while the other three
dopants, namely, Zr, Gd, and Sm, were relatively ineffective.
All of the CO2 deoxygenation tests listed in Table 1 had CO as
the only observed gas-phase product, and none of the spent
samples exhibited an observable coke deposit in the TGA test.
The quantitatively calculated CO yield was typically around
0.95. The TPRx test was less sensitive in detecting the
deoxygenation capacity than the isothermal pulse input test,
e.g., as that observed with undoped CeO2 and In0.05Ce0.95Oy.
This could be due to the more noisy background in the TPRx
test, as indicated in Figure 2. However, the TPRx test could
provide a quick scan of the reactivity within the test
temperature range. Figure 2 shows the results of selected
samples by using the two types of CO2 deoxygenation tests.
The trend observed in the isothermal pulse input test results
(Figure 2a) has been discussed in our previous report.7 Briefly,
the initial CO2 pulses exhibited a near-constant per-pulse
conversion, which can be explained as owing to a CO2

Table 1. Analysis Results of the Sequential TPR-CO2 Deoxygenation Test over MxCe1−xOy Samples, Mostly for Two
Consecutive Cycles

Ostripped (μmol O2/g)

sample TTPR
a (°C) TCOd2

b (°C) first cycle second cycle O2
second/O2

first H2
second/H2

first H2
second/O2

first

CeO2 900 700 33 34 1.0 0.63 2.0
900 500 27 0.57 2.0
900 50−700 nil nil 0.89
700 700 0.6 nil 0.31
700 50−700 nil nil 0.98

Gd0.2Ce0.8Oy 900 700 20 15 0.75 0.90 1.9
700 50−700 nil

Gd0.5Ce0.5Oy 900 700 11 9 0.82 0.72 2.1
Zr0.2Ce0.8Oy 900 700 32 27 0.84 0.66 2.1

900 500 8 0.64
700 700 0.5 0.56
700 50−700 nil

Zr0.5Ce0.5Oy 900 700 20 11 0.55 0.86 3.1
700 50−700 nil

Sm0.05Ce0.95Oy 900 50−700 nil
Sm0.2Ce0.8Oy 900 50−700 nil
Sm0.5Ce0.5Oy 900 50−700 nil
In0.05Ce0.95Oy 900 700 43 43 1.0 0.70 2.0

900 500 39 0.75 2.0
900 50−700 nil nil 0.57
700 700 16 0.48 2.0
700 50−700 nil nil 0.48

In0.2Ce0.8Oy 900 50−700 750 642 0.86 0.90 1.8
700 50−700 774 603 0.78 0.93 1.9

In0.5Ce0.5Oy 900 50−700 1727 1692 0.98 0.98 2.0
700 50−700 1742 1731 0.99 0.98 2.0

In2O3 700 50−700 1091 794 0.73 0.80 1.9
aTPR treatment with an upper limit temperature of either 700 or 900 °C, and the calculated corresponding H2 consumption shown in Table S2.
bCO2 deoxygenation reaction carried out either isothermally with a pulse input of 5% CO2 or by TPRx from 50 to 700 °C under a 5% CO2 flow,
and the calculated corresponding stripped oxygen.
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deoxygenation over surface vacancies coupled with a quick
exchange between bulk and surface vacancies and the surface
reaction is considered the rate-determining step. This can lead
to a near-constant surface status and the observed nearly
constant per-pulse conversion. However, the per-pulse CO2
conversion would eventually start to gradually decay until zero
activity, attributable to the inward migration of stripped oxygen
eventually leading to near saturation of available bulk vacancies
and a consequent suppression of the reactivity. Figure 2a
shows the isothermal pulse input test results of selected
samples. Both Zr- and Gd-doped CeO2, at 20 or 50%(mol)
doping concentrations led to an inferior reactivity at 700 °C
than undoped CeO2. In0.05Ce0.95Oy readily showed a higher
reactivity than undoped CeO2 and the influence of the In
doping concentration was further examined with a TPRx test,
as shown in Figure 2b. Gd0.5Ce0.5Ox had the lowest
deoxygenation capacity and the quickest decay, as shown in
Figure 2a, suggesting that its surface activity was more
significantly influenced by the subsurface vacancies. The
results of isothermal pulse input tests listed in Table 1 indicate
that the oxygen vacancies generated after 900 °C TPR can
catalyze CO2 deoxygenation at as low as 500 °C but the

deoxygenation capacity would be decreased by the decrease in
the reaction temperature, e.g., that of CeO2, Zr0.2Ce0.8Oy, and
In0.05Ce0.95Oy, as listed in Table 1. With the TPRx tests, only
InxCe1−xOy (x = 0.2 and 0.5) samples presented an observable
CO2 deoxygenation (Table 1 and Figure 2b). The two active
InxCe1−xOy showed an onset deoxygenation temperature at
around 400 °C. In2O3 by itself showed activity, as shown in
Figure 2b, but it exhibited a higher deoxygenation onset
temperature, a lower per gram deoxygenation capacity, and a
poorer stability comparing to active InxCe1−xOy under the
same test conditions. The fact that In0.5Ce0.5Oy had a
significantly higher deoxygenation capacity than In0.2Ce0.8Oy
implies the important role of In. The XRD analyses reported
later showed the exsolution of In from the fluorite framework
after TPR. This suggests a synergy between exsoluted In and
the fluorite substrate in the two active InxCe1−xOy samples.
The deoxygenation capacity of active InxCe1−xOy was found
not significantly influenced by decreasing the TPR treatment
temperature from 900 to 700 °C, indicating that the surface-
active sites could be readily generated after TPR to 700 °C.
Three indexes are included in Table 1 to discuss the TPR

and deoxygenation stability/reversibility of the examined
MxCe1−xOy samples during 2 cycles of TPR-CO2-deoxygena-
tion tests. The index O2

second/O2
first indicates the ratio of the

deoxygenation capacity of the second cycle to that of the first
cycle and a ratio of 1 indicates an ideally reproduced second
cycle deoxygenation capacity as in the first cycle. Among the
active MxCe1−xOy samples, Gd- and Zr-doped samples
exhibited relatively low O2

second/O2
first, while the undoped

and In-doped samples could have a number near 1. All Gd-
doped and Zr-doped CeO2 samples listed in Table 1 had this
index of 0.8 or less, indicating a decrease in the deoxygenation
capacity. This implies that GdxCe1−xOy and ZrxCe1−xOy were
not stable, though active, in such a sequential TPR-
deoxygenation test. The second index H2

second /H2
first listed

in Table 1 represents the ratio of TPR hydrogen consumption
(Table S2) in the second cycle to that in the first cycle. We
discussed in our previous work about the presence of
irreversible and reversible oxygen vacancies in CeO2,

7 which
can be revealed using this H2

second/H2
first index. Most samples,

except In0.5Ce0.5Oy, exhibited a number less than 1, indicating a
lower H2 consumption in the second TPR than that in the first
TPR wherein the presence of irreversible oxygen vacancies in
the first TPR is suggested. The third index H2

second/O2
first listed

in Table 1 indicates the fraction of the stripped oxygen (i.e.,
deoxygenation capacity) in the first cycle that can be removed
by hydrogen again in the second TPR, and a number of 2
would indicate that all of the stripped oxygen from the first
CO2 deoxygenation can be completely removed by the second
TPR. From Table 1, this index appears to be dependent on the
TPR treatment temperature as that observed with undoped
CeO2 and Zr0.2Ce0.8Oy. Most tested samples listed in Table 1
had an H2

second/O2
first near 2, indicating that the stripped

oxygen from CO2 can be mostly removed again by H2 during
TPR. This suggests the reversible formation of oxygen
vacancies. In summary, the two active InxCe1−xOy samples
appeared superior to the other tested samples in having good
reactivity, nearly reversible vacancy formation, and a reversible
deoxygenation capacity.

3.2. Characterization of InxCe1−xOy. From the above
discussions, it is noted that InxCe1−xOy samples, especially the
one with x = 0.5, exhibited a relatively high and reversible
deoxygenation capacity in the sequential TPR-CO2 deoxyge-

Figure 2. CO2 deoxygenation results of selected samples in 2-cycle
tests using (a) an isothermal pulse input of 5% CO2 at 700 °C after
the sample was activated by TPR up to 900 °C and (b) TPRx from 50
to 700 °C under a 5% CO2 flow after the sample was activated by
TPR up to 700 °C.
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nation test with an onset temperature of CO2 deoxygenation as
low as 400 °C. The as-prepared InxCe1−xOy samples were
analyzed by XPS in comparison to the relatively inactive
undoped CeO2 and SmxCe1−xOy samples. The spectra of Ce
3d and In 3d of the as-prepared samples are shown in Figure 3.

The Ce 3d spectra (Figure 3a) were fitted as the combination
of Ce3+ and Ce4+ and the fitting results are shown in Table S3.
The as-prepared InxCe1−xOy samples did not reveal an increase
in the Ce3+/Ce4+ ratio, neither did SmxCe1−xOy samples,
comparing to undoped CeO2 (Table S3). The Ce M4,5 edge
XANES (X-ray absorption near-edge spectroscopy) also shows
an insignificant difference among the as-prepared InxCe1−xOy,
SmxCe1−xOy, and undoped CeO2 samples (Figure S1). This
implies that the Ce3+/Ce4+ ratio of the as-prepared samples is
not a governing factor of the CO2 deoxygenation activity, as
CeO2 and SmxCe1−xOy samples were relatively inactive
compared to InxCe1−xOy (Table 1). The calculated In/Ce
ratio from XPS spectra of as-prepared InxCe1−xOy samples was
found to be consistent with the experimental bulk
composition. This, together with the absence of the impurity

phase in XRD (Figure 1), suggests that the as-prepared
InxCe1−xOy samples were homogeneous solid mixtures with In
doping into the fluorite framework. Figure 3b shows that the
XPS In 3d spectra of as-prepared InxCe1−xOy samples had a
negligible peak shift in comparison to In2O3, which confirmed
In3+ doping into the CeO2 lattice in the as-prepared
InxCe1−xOy samples.
Figure 4 shows the comparison of ex situ XPS Ce 3d, In 3d,

and O 1s spectra of In0.5Ce0.5Oy when as-prepared, reduced
(after the first 700 °C TPR), after the first cycle (TPR and
CO2 deoxygenation) test, and after the second cycle test, with
undoped CeO2 as the reference. After 700 °C TPR, reduced
In0.5Ce0.5Oy showed shifts of both Ce 3d (Figure 4a) and In 3d
(Figure 4b) toward a lower binding energy, indicating an
increase in Ce3+ and reduced In. After the CO2 deoxygenation
test, both Ce 3d and In 3d would shift in reverse toward a
higher binding energy, indicating the oxidation of both. The
sample after the first cycle test and that after the second cycle
test similarly revealed the more oxidized state in Ce 3d and In
3d than the reduced one, though the shifts after the first cycle
and that after the second cycle were not exactly the same. The
results indicate that the redox of both Ce and In occurred
during the sequential TPR-CO2 deoxygenation test with
In0.5Ce0.5Oy. The observed oxidation of reduced In by CO2
is similar with the reported presence of surface oxygen when
polycrystalline In0 was exposed to CO2.

12 Figure 4c shows the
XPS O 1s of In0.5Ce0.5Ox, while that of CeO2 is shown in
Figure S2a. As-prepared In0.5Ce0.5Ox revealed a main O 1s
peak at 527.7 eV, at a somewhat higher binding energy than
the main O 1s peak observed of as-prepared CeO2 (at 527.2
eV, Figure S2a). After reduction, the O 1s peak of In0.5Ce0.5Ox
shifted to a lower binding energy near that observed with
undoped CeO2. This suggests that the In doping to the CeO2
lattice in as-prepared In0.5Ce0.5Ox influenced the lattice O
binding energy, while In exsolution caused the shift in the
CeO2 lattice O binding energy closer to that of undoped CeO2.
After the CO2 deoxygenation test, the O 1s of In0.5Ce0.5Ox
appeared as a combination of multiple peaks and the major
peak after the 2-cycle test appeared at 529.5 eV, which is close
to the reported O 1s position of the lattice oxygen of
In2O3.

13,14 The peaks observed at a higher O 1s binding energy
than the lattice oxygen can be due to O2 adsorption on
vacancies and formation of surface groups such as hydroxyl,
carbonates, etc.13−15 In comparison, the O 1s of CeO2 did not
show a significant peak shift through the 2-cycle test in this
study, as shown in Figure S2a. Figure 4d shows that CeO2 also
had a shift in Ce 3d after reduction toward a lower binding
energy, but no obvious reverse shift was noted after the first
and second cycle tests. This indicates that Ce3+ induced by the
TPR of CeO2 could not be oxidized by CO2 under the
conditions of our tests, consistent with its low reactivity in the
deoxygenation test. The relatively inactive Sm0.5Ce0.5Oy also
did not reveal a Ce4+−Ce3+ redox reversibility (Figure S2).
The XPS results clearly indicate that In doping leads to an
enhanced redox reversibility of the CeO2-like fluorite frame-
work and that exsoluted In was also involved in the redox
reversibility.
The structure of In0.5Ce0.5Oy as-prepared, reduced (after the

first TPR), after the first cycle test, and after the second cycle
test was examined by ex situ XRD, as shown in Figure 5. The
reduced In0.5Ce0.5Oy revealed an In0 phase even though the
samples were exposed to air for XRD measurement. This
indicates that doped In became reduced and leached from the

Figure 3. Ex situ XPS spectra of selected as-prepared samples: (a) Ce
3d, showing the fitting results of the combination of Ce3+ and Ce4+
(fitting results are shown in Table S2), and (b) In 3d.
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fluorite framework during TPR, likely following a so-called
exsolution process. We did not observe such an exsolution
phenomenon in XRD when with the other dopants after TPR
in this study. After CO2 deoxygenation, the In2O3 phase could
be found, while In0 disappeared, which corroborates the redox
of In observed in XPS. The XRD results indicate that the
exsoluted In0 phase participated in CO2 deoxygenation and
became oxidized by the oxygen stripped from CO2. The In2O3
phase was continuously observed after the second cycle of the
TPR deoxygenation test though its diffraction peak positions
were somewhat shifted compared to that after the first cycle,
which seems consistent with the somewhat different oxidation
state of In observed in XPS (Figure 4). The different peak shift
may be related to changes in bonding environments, such as
that influenced by nanocrystalline in XRD-amorphous In2O3
films, as reported by Buchholz et al.16 The In0.2Ce0.8Oy and
pure In2O3 samples also revealed the redox of the In phase
during the sequential TPR and CO2 deoxygenation test, as
indicated by the XRD analyses, as shown in Figure S3. The In0
phase observed in the reduced In2O3 sample disappeared after

the CO2 deoxygenation (Figure S3b). The results indicate that
exsoluted In0 participated in the CO2 deoxygenation reaction.
A closer look at the XRD patterns shows that the

CeO2(111) peak position varied along the TPR reduction
and CO2 deoxygenation tests. In0.5Ce0.5Oy exhibited a relatively
small variation in its CeO2(111) peak position, compared to
that of CeO2 and In0.2Ce0.8Oy (Figure S3a). This suggests that
In0.5Ce0.5Oy could maintain a relatively stable fluorite crystal
lattice during the 2-cycle sequential TPR and CO2
deoxygenation test, implying a relatively more reversible lattice
change during the redox of the fluorite phase. The In2O3 phase
of InxCe1−xOy after CO2 deoxygenation had somewhat shifted
peak positions in the 1-cycle and 2-cycle samples, but the
extent of shift in In0.5Ce0.5Oy was smaller than that of
In0.2Ce0.8Oy (Figure S3a). In0.5Ce0.5Oy appears to have a
somewhat better structure stability during the redox induced
by sequential TPR-CO2 deoxygenation.
In situ DRIFTS was applied to examine the evolution of

surface species during stepwise CO2-TPRx over In0.5Ce0.5Oy
and CeO2 samples after in-line reduction by TPR to 700 °C.

Figure 4. Ex situ XPS analysis of In0.5Ce0.5Oy and CeO2 samples at different stages during 2 cycles of the TPR deoxygenation sequential test. (a) Ce
3d, (b) In 3d, (c) O 1s of In0.5Ce0.5Oy, and (d) Ce 3d of CeO2. Fresh: as-prepared, reduced: after 1st TPR, 1 cycle: after 1st TPR and 1st TPRx
deoxygenation, and 2 cycle: after 2nd TPR and 2nd TPRx deoxygenation. All XPS data were analyzed after sample cooling to room temperature
and then exposure to air.
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Figure 6 shows that In0.5Ce0.5Oy exhibited weak absorbance
intensities compared to CeO2. In the 400−600 °C temperature
range when we observed deoxygenation activity over
In0.5Ce0.5Oy (Figure 2b), monodentate carbonate (broad
bands at 1057, 1315, and 1487 cm−1) could be barely
observed, while no CO-related band was found. The weak
absorbance intensities in the DRIFTS spectra imply a low
surface CO2 coverage over reduced In0.5Ce0.5Oy, and the
surface sites could catalyze the CO2 deoxygenation when
thermally activated. This seems consistent with the proposed
rate-determining surface deoxygenation reaction coupled with
a fast inward diffusion of stripped oxygen.7 In2O3 after TPR
also exhibited weak absorbance intensities during CO2-TPRx
(Figure S4a) though surface carbonate species were observable
at room temperature, which is consistent with the report by
Gericke et al.17 This indicates a weak CO2 adsorption over the
reduced In surface. In comparison, the surface carbonate
adspecies from CO2 were more observable at room temper-
ature over reduced CeO2 (Figure 6b) and Sm0.5Ce0.5Oy
(Figure S4b), whose band intensities decreased and shifted
at high temperatures, different from that observed over
In0.5Ce0.5Oy. It is not known if the strong adsorption over
these two samples leads to low surface reactivity or vice versa.
The band assignments of the DRIFTS spectra are listed in
Table S4. In general, CeO2, Sm0.5Ce0.5Oy, and In2O3 samples
all followed a similar pattern of surface species evolution, i.e.,
the presence of bicarbonate, bidentate carbonate, and
monodentate carbonate species at room temperature, followed
by a sequential decrease in bicarbonate and bidentate
carbonate with increasing temperatures. Monodentate carbo-
nate became obvious at high temperatures. Overall speaking,
In0.5Ce0.5Oy revealed a somewhat different pattern of surface
species evolution compared to the other samples examined in
this study, showing very weak absorbance band intensities at
room temperature.
In2O3-based catalysts are considered promising for CO2

hydrogenation to methanol18 and oxygen vacancies are

frequently considered to play an important role. A density
functional theory (DFT) study suggests that CO2 adsorption
occurs over vacancies on In2O3(110).

19 On the other hand,
CO2 adsorption was reported over In2O3(111), oxidized,
reduced, and hydroxylated, based on XPS and DFT, wherein
vacancies were considered not a key factor.17 Furthermore,
very low CO2 adsorption was found over In2O3(111) at above
298 K even when with oxygen vacancies.17 In2O3/ZrO2
reported active for CO2 hydrogenation to methanol showed
absorbance bands in the range 900−1100 cm−1 in DRIFTS,
which were attributed to CO2 over vacancies.

8 Our DRIFTS
results did not reveal a related CO2 adsorption band in this
range. No previous infrared study reported the carbonate-
related bands over In2O3 in the range 1100−1600 cm−1, to the
best of our knowledge, as in this study over TPR-reduced
In0.5Ce0.5Oy. These results suggest that the adsorption of CO2
over In2O3 may be structure-dependent and that our TPR-

Figure 5. XRD analysis of CeO2, In0.2Ce0.8Oy, and In0.5Ce0.5Oy
samples at different stages during 2 cycles of the TPR deoxygenation
sequential test. Fresh: as-prepared, reduced: after 1st TPR, 1 cycle:
after 1st TPR (to 700 °C) and 1st TPRx deoxygenation, and 2 cycle:
after 2nd TPR and 2nd TPRx deoxygenation. All XRD data were
analyzed after sample cooling to room temperature and then exposure
to air.

Figure 6. In situ DRIFTS analysis during CO2-TPRx over (a) reduced
In0.5Ce0.5Oy and (b) reduced CeO2. Both samples were in line with
reduced samples by TPR up to 700 °C. The background spectra were
recorded over reduced samples under Ar at the specified temperature
of the spectrum.
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reduced In0.5Ce0.5Oy sample did not favor CO2 adsorption.
The other possible reason is that the exsoluted indium phase
contained mainly In0 on the surface after TPR and In0 does not
favor CO2 adsorption. Gericke et al.

17 also mentioned that In
adatoms on reduced In2O3(111) seemed not to influence CO2
adsorption. Notably, the CeO2-like phase after In exsolution
from In0.5Ce0.5Oy by TPR also showed weak CO2 adsorption,
not like the observed obvious carbonate-related surface species
over TPR-reduced CeO2 (Figure 6b) and Sm0.5Ce0.5Oy (Figure
S4b). This suggests a different CeO2-like surface after In
exsolution or that exsoluted In0 would block the adsorption
sites over the CeO2 surface.
An isothermal sequential H2-reduction-CO2-deoxygenation

was performed with In0.5Ce0.5Ox at 700 °C to evaluate its
stability. Figure 7 shows the MS signals from the test. A

reasonably good stability was found in 5 consecutive cycles.
The quantitatively calculated H2 consumption, CO2 con-
sumption, and CO formation are shown in Table S5. The
results of this study indicate that In0.5Ce0.5Ox showed a good
potential for CO2 thermal deoxygenation to CO, with a
deoxygenation activity and capacity contributed from both the
exsoluted In phase and the accompanied CeO2-like fluorite
phase. The deoxygenation occurred with an onset temperature
around 400 °C, which can be compatible with the
midtemperature oxygen-conducting membrane reactor for
facilitated transport of stripped oxygen from CO2. Further-
more, In0.5Ce0.5Ox revealed interesting redox behaviors during
sequential TPR and CO2 deoxygenation, involving both
exsoluted In0 and the accompanied CeO2-like fluorite, as
evidenced from both the XPS-analyzed surface property and
the XRD-analyzed crystal structure. We previously proposed
that the CO2 deoxygenation involves a surface reaction
coupled with an inward diffusion of stripped oxygen, with
the surface reaction considered the rate-determining step, for
the CO2 deoxygenation over reduced CeO2 at 700 °C.7 In-
doped CeO2 has been reported to have an enhanced oxygen-
ion conductivity compared to CeO2.

20 This enhanced oxygen-
ion conductivity might partially contribute to the observed

CO2 deoxygenation activity. However, Sm doping to CeO2 is
well known to induce an enhanced oxygen-ion conductivity of
CeO2 but Sm0.5Ce0.5Oy did not show significant CO2
deoxygenation activity in our test. This indicates that the
reactivity of surface sites may be more important.
We quantitatively analyzed the H2 consumption of

In0.2Ce0.8Oy and In0.5Ce0.5Oy during the two TPR steps in
our sequential test cycles (Table S6). The results are compared
to that theoretically needed to reduce In3+ to In0, from which
approximately 75% of In in In0.5Ce0.5Oy was estimated to be
exsoluted and reduced during TPR when assuming that all of
the consumed H2 was used for In3+ reduction. This suggests
that the remaining CeO2-like phase after In exsolution still
contained a fraction of the In dopant, but the exact structure
could not be unequivocally resolved. At this moment, we could
not identify the possible surface structure of active TPR-
reduced In0.5Ce0.5Oy. However, XPS analyses indicated that the
redox of both In and Ce occurred over In0.5Ce0.5Oy during our
TPR-CO2-TPRx sequential test. The observed deoxygenation
capacity over In-doped CeO2 was contributed by both the
oxygen vacancies of the CeO2-like phase and the redox of the
exsoluted In phase. The redox measurement typically applied
for estimating the OSC (oxygen storage capacity) could not
distinguish these two contributions. Considering that undoped
CeO2 and that doped with Gd, Sm, and Zr samples were
inactive during CO2-TPRx in this study, a possible scenario is
that reduced In played as the active surface and its oxidation
coupling with the migration of Ostripped to the CeO2-like phase
contributed to the observed deoxygenation capacity. On the
other hand, the highly dispersed metal, down to the single
atom, over oxide substrates is reported active and can produce
a selective product during CO2 hydrogenation.21−24 We
cannot exclude such a possibility of In clusters over the
fluorite substrate contributing to the observed CO2 deoxyge-
nation activity. Though we do not have direct evidence to
support the claimed scenario, the results point to a synergistic
effect between In and the CeO2-like surface.

4. CONCLUSIONS
In this study, M-doped CeO2 (M = Zr, Gd, Sm, In) is prepared
and confirmed as homogeneous solid mixtures. After H2-TPR,
only In-doped CeO2 exhibits significant CO2 deoxygenation
capability, with an onset temperature of deoxygenation at 400
°C during CO2-TPRx. In0.5Ce0.5Oy shows a higher deoxyge-
nation capacity than those of In0.2Ce0.8Oy and In0.05Ce0.95Oy.
XRD analyses indicate that In is leached from the fluorite
framework, forming In0 during H2-TPR, and In0 can be
oxidized during CO2 deoxygenation. In comparison, In2O3
shows a similar redox in the H2-TPR and CO2-TPRx
sequential test, but it has a lower CO2 deoxygenation capacity
and a higher onset temperature for CO2 deoxygenation than
In0.5Ce0.5Oy. Both XRD and XPS indicate that In0.5Ce0.5Oy has
a reversibly occurred redox of both In and fluorite phases
during the H2-TPR and CO2-TPRx sequential test. DRIFTS
reveals a low CO2 uptake over In0.5Ce0.5Oy, indicating that the
enhanced deoxygenation capability can be attributed mainly to
enhanced surface reactivity. The results of this study suggest
that a thermolytic CO2 deoxygenation to CO can be possible
with the potential of integration with the midtemperature
oxygen-conducting oxide membrane.

Figure 7. Mass spectrometry signals during 5 cycles of isothermal
CO2 deoxygenation in 5 consecutive cycles of the sequential H2-
reduction-CO2-deoxygenation test over In0.5Ce0.5Ox at 700 °C. The
“blank” indicates the results in the absence of In0.5Ce0.5Ox (i.e., empty
tube).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c17644
ACS Appl. Mater. Interfaces 2025, 17, 28163−28172

28170

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c17644/suppl_file/am4c17644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c17644/suppl_file/am4c17644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c17644/suppl_file/am4c17644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c17644/suppl_file/am4c17644_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c17644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c17644.

Morphological properties of as-prepared samples
(Tables S1 and S3 and Figure S1); evolution of sample
properties along the test protocol (Figures S2 and S3);
in situ DRIFTS during CO2-TPRx (Figure S4 and Table
S4); and the calculated consumption of H2 and CO2
during the test protocol (Tables S2, S5, and S6) (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Shawn D. Lin − Department of Chemical Engineering,
National Taiwan University of Science and Technology,
Taipei 10617, Taiwan; orcid.org/0000-0002-5245-
0543; Email: sdlin@mail.ntust.edu.tw

Authors
Nan-Chian Chiang − Department of Chemical Engineering,

National Taiwan University of Science and Technology,
Taipei 10617, Taiwan

Tz-Jie Ju − Department of Chemical Engineering, National
Taiwan University of Science and Technology, Taipei 10617,
Taiwan

Yi-Cheng Wang − Department of Chemical Engineering,
National Taiwan University of Science and Technology,
Taipei 10617, Taiwan

Tzu-Peng Lin − Department of Chemical Engineering,
National Taiwan University of Science and Technology,
Taipei 10617, Taiwan

Jia-Han Guo − Department of Chemical Engineering, National
Taiwan University of Science and Technology, Taipei 10617,
Taiwan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.4c17644

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge the financial support from the
National Science and Technology Council (NSTC, project
number MOST 111-2221-E-011-006-MY3), Taiwan and the
National Synchrotron Radiation Research Center (NSRRC)
for XANES analysis and also acknowledge the support of
facilities from the National Taiwan University of Science and
Technology (NTUST).

■ REFERENCES
(1) Gao, F.-Y.; Bao, R.-C.; Gao, M.-R.; Yu, S.-H. Electrochemical
CO2-to-CO conversion: electrocatalysts, electrolytes, and electro-
lyzers. J. Mater. Chem. A 2020, 8, 15458−15478.
(2) Chueh, W. C.; Haile, S. M. Ceria as a Thermochemical Reaction
Medium for Selectively Generating Syngas or Methane from H2O and
CO2. ChemSusChem 2009, 2, 735−739.
(3) Chueh, W. C.; Falter, C.; Abbott, M.; Scipio, D.; Furler, P.;
Haile, S. M.; Steinfeld, A. High-Flux Solar-Driven Thermochemical
Dissociation of CO2 and H2O Using Nonstoichiometric Ceria. Science
2010, 330, 1797−1801.
(4) Scheffe, J. R.; Steinfeld, A. Thermodynamic Analysis of Cerium-
Based Oxides for Solar Thermochemical Fuel Production. Energy
Fuels 2012, 26, 1928−1936.

(5) Furler, P.; Scheffe, J. R.; Steinfeld, A. Syngas production by
simultaneous splitting of H2O and CO2 via ceria redox reactions in a
high-temperature solar reactor. Energy Environ. Sci. 2012, 5, 6098−
6103.
(6) Tou, M.; Michalsky, R.; Steinfeld, A. Solar-Driven Thermo-
chemical Splitting of CO2 and In Situ Separation of CO and O2 across
a Ceria Redox Membrane Reactor. Joule 2017, 1, 146−154.
(7) Ju, T.-J.; Wang, C.-H.; Lin, S. D. Insights into the CO2
deoxygenation to CO over oxygen vacancies of CeO2. Catal. Sci.
Technol. 2019, 9, 2118−2124.
(8) Martin, O.; Martín, A. J.; Mondelli, C.; Mitchell, S.; Segawa, T.
F.; Hauert, R.; Drouilly, C.; Curulla-Ferré, D.; Pérez-Ramírez, J.
Indium Oxide as a Superior Catalyst for Methanol Synthesis by CO2
Hydrogenation. Angew. Chem., Int. Ed. 2016, 55, 6261−6265.
(9) Guo, W.; Tan, X.; Bi, J.; Xu, L.; Yang, D.; Chen, C.; Zhu, Q.; Ma,
J.; Tayal, A.; Ma, J.; Huang, Y.; Sun, X.; Liu, S.; Han, B. Atomic
Indium Catalysts for Switching CO2 Electroreduction Products from
Formate to CO. J. Am. Chem. Soc. 2021, 143, 6877−6885.
(10) Xu, D.; Xu, Y.; Wang, H.; Qiu, X. Highly efficient and stable
indium single-atom catalysts for electrocatalytic reduction of CO2 to
formate. Chem. Commun. 2022, 58, 3007−3010.
(11) Zhu, X.; Xu, Y.; Ran, L.; Chen, S.; Qiu, X. Three-Dimensional
Porous Indium Single-Atom Catalysts with Improved Accessibility for
CO2 Reduction to Formate. Inorg. Chem. 2024, 63, 3893−3900.
(12) Rossnagel, S. M.; Dylla, H. F.; Cohen, S. A. AES study of the
adsorption of O2, CO, CO2, and H2O on indium. J. Vac. Sci. Technol.
1979, 16, 558−561.
(13) Yeom, H.-I.; Ko, J. B.; Mun, G.; Park, S.-H. K. High mobility
polycrystalline indium oxide thin-film transistors by means of plasma-
enhanced atomic layer deposition. J. Mater. Chem. C 2016, 4, 6873−
6880.
(14) Wang, Y.; Zhu, L.; Liu, Y.; Vovk, E. I.; Lang, J.; Zhou, Z.; Gao,
P.; Li, S.; Yang, Y. Understanding surface structures of In2O3 catalysts
during CO2 hydrogenation reaction using time-resolved IR, XPS with
in situ treatment, and DFT calculation. Appl. Surf. Sci. 2023, 631,
No. 157534.
(15) Detweiler, Z. M.; Wulfsberg, S. M.; Frith, M. G.; Bocarsly, A.
B.; Bernasek, S. L. The oxidation and surface speciation of indium and
indium oxides exposed to atmospheric oxidants. Surf. Sci. 2016, 648,
188−195.
(16) Buchholz, D. B.; Ma, Q.; Alducin, D.; Ponce, A.; Jose-Yacaman,
M.; Khanal, R.; Medvedeva, J. E.; Chang, R. P. H. The Structure and
Properties of Amorphous Indium Oxide. Chem. Mater. 2014, 26,
5401−5411.
(17) Gericke, S. M.; Kauppinen, M. M.; Wagner, M.; Riva, M.;
Franceschi, G.; Posada-Borbon, A.; Ramisch, L.; Pfaff, S.; Rheinfrank,
E.; Imre, A. M.; Preobrajenski, A. B.; Appelfeller, S.; Blomberg, S.;
Merte, L. R.; Zetterberg, J.; Diebold, U.; Gronbeck, H.; Lundgren, E.
Effect of Different In2O3(111) Surface Terminations on CO2
Adsorption. ACS Appl. Mater. Interfaces 2023, 15, 45367−45377.
(18) Wang, J.; Zhang, G.; Zhu, J.; Zhang, X.; Ding, F.; Zhang, A.;
Guo, X.; Song, C. CO2 Hydrogenation to Methanol over In2O3-Based
Catalysts: From Mechanism to Catalyst Development. ACS Catal.
2021, 11, 1406−1423.
(19) Ye, J.; Liu, C.; Mei, D.; Ge, Q. Active Oxygen Vacancy Site for
Methanol Synthesis from CO2 Hydrogenation on In2O3(110): A DFT
Study. ACS Catal. 2013, 3, 1296−1306.
(20) Trobec, F.; Thangadurai, V. Transformation of Proton-
Conducting Perovskite-Type into Fluorite-Type Fast Oxide Ion
Electrolytes Using a CO2 Capture Technique and Their Electrical
Properties. Inorg. Chem. 2008, 47, 8972−8984.
(21) Zhao, H.; Yu, R.; Ma, S.; Xu, K.; Chen, Y.; Jiang, K.; Fang, Y.;
Zhu, C.; Liu, X.; Tang, Y.; Wu, L.; Wu, Y.; Jiang, Q.; He, P.; Liu, Z.;
Tan, L. The role of Cu1−O3 species in single-atom Cu/ZrO2 catalyst
for CO2 hydrogenation. Nature Catal. 2022, 5, 818−831.
(22) Wang, Y.; Liu, Y.; Tan, L.; Lin, X.; Fang, Y.; Lu, X. F.; Hou, Y.;
Zhang, G.; Wang, S. Confining ultrafine Pt nanoparticles on In2O3
nanotubes for enhanced selective methanol production by CO2
hydrogenation. J. Mater. Chem. A 2023, 11, 26804−26811.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c17644
ACS Appl. Mater. Interfaces 2025, 17, 28163−28172

28171

https://pubs.acs.org/doi/10.1021/acsami.4c17644?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c17644/suppl_file/am4c17644_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shawn+D.+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5245-0543
https://orcid.org/0000-0002-5245-0543
mailto:sdlin@mail.ntust.edu.tw
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nan-Chian+Chiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tz-Jie+Ju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Cheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tzu-Peng+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia-Han+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17644?ref=pdf
https://doi.org/10.1039/D0TA03525D
https://doi.org/10.1039/D0TA03525D
https://doi.org/10.1039/D0TA03525D
https://doi.org/10.1002/cssc.200900138
https://doi.org/10.1002/cssc.200900138
https://doi.org/10.1002/cssc.200900138
https://doi.org/10.1126/science.1197834
https://doi.org/10.1126/science.1197834
https://doi.org/10.1021/ef201875v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef201875v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C1EE02620H
https://doi.org/10.1039/C1EE02620H
https://doi.org/10.1039/C1EE02620H
https://doi.org/10.1016/j.joule.2017.07.015
https://doi.org/10.1016/j.joule.2017.07.015
https://doi.org/10.1016/j.joule.2017.07.015
https://doi.org/10.1039/C9CY00111E
https://doi.org/10.1039/C9CY00111E
https://doi.org/10.1002/anie.201600943
https://doi.org/10.1002/anie.201600943
https://doi.org/10.1021/jacs.1c00151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC07079G
https://doi.org/10.1039/D1CC07079G
https://doi.org/10.1039/D1CC07079G
https://doi.org/10.1021/acs.inorgchem.3c04273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.3c04273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.3c04273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1116/1.569996
https://doi.org/10.1116/1.569996
https://doi.org/10.1039/C6TC00580B
https://doi.org/10.1039/C6TC00580B
https://doi.org/10.1039/C6TC00580B
https://doi.org/10.1016/j.apsusc.2023.157534
https://doi.org/10.1016/j.apsusc.2023.157534
https://doi.org/10.1016/j.apsusc.2023.157534
https://doi.org/10.1016/j.susc.2015.10.026
https://doi.org/10.1016/j.susc.2015.10.026
https://doi.org/10.1021/cm502689x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm502689x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c07166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c07166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs400132a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs400132a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs400132a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic8010025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic8010025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic8010025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic8010025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-022-00840-0
https://doi.org/10.1038/s41929-022-00840-0
https://doi.org/10.1039/D3TA05938C
https://doi.org/10.1039/D3TA05938C
https://doi.org/10.1039/D3TA05938C
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c17644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(23) Lin, X.; Wang, S.; Tu, W.; Hu, Z.; Ding, Z.; Hou, Y.; Xu, R.;
Dai, W. MOF-derived hierarchical hollow spheres composed of
carbon-confined Ni nanoparticles for efficient CO2 methanation.
Catal. Sci. Technol. 2019, 9, 731−738.
(24) Fang, Y.; Wang, F.; Chen, Y.; Lv, Q.; Jiang, K.; Yang, H.; Zhao,
H.; Wang, P.; Gan, Y.; Wu, L.; Tang, Y.; Gao, X.; Tan, L. Realizing
methanol synthesis from CO and water via the synergistic effect of
Cu0/Cu+ over Cu/ZrO2 catalyst. J. Energy Chem. 2024, 93, 126−134.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c17644
ACS Appl. Mater. Interfaces 2025, 17, 28163−28172

28172

https://doi.org/10.1039/C8CY02329H
https://doi.org/10.1039/C8CY02329H
https://doi.org/10.1016/j.jechem.2024.01.066
https://doi.org/10.1016/j.jechem.2024.01.066
https://doi.org/10.1016/j.jechem.2024.01.066
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c17644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

