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Photothermal CO, hydrogenation has attracted considerable attention as a promising approach to utilize
carbon dioxide through the efficient conversion of solar energy into chemicals and fuels. In this study, we
report a novel approach to improve the catalytic performance of indium oxide-based catalysts for the
photothermal reverse water-gas shift (RWGS) reaction. Catalysts derived from the steam pyrolysis of the
metal-organic framework MIL(In)-68 display a high density of oxygen vacancies and defect sites on the
In,O3 surface. These features significantly enhance CO, adsorption and H, dissociation ability while
maintaining the porosity of the material and enhancing its photothermal properties. Among the catalysts
investigated, the Rb-promoted catalyst exhibited superior activity, achieving CO production rates of 53
mmol g,nzo;l ht with 100% selectivity without any external heating. Comprehensive characterization,
including XPS and Raman spectroscopy, confirmed that steam-pyrolysis leads to extensive defective site
formation, resulting in improved catalytic performance. These results highlight the potential of steam-
pyrolyzed MOF materials as efficient and selective catalysts for photothermal CO, hydrogenation, offering
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1. Introduction

The global rise in CO, emissions presents a critical challenge
for environmental sustainability and climate change
mitigation."* The pursuit of carbon neutralization is driving a
transition from fossil fuels to renewable energy sources
integrated with CO, recycling.>* Among these strategies, CO,
hydrogenation stands out as a promising approach for
converting CO, into value-added chemicals®® and fuels,”
thereby advancing carbon capture and utilization (CCU).*°
However, most of the current catalytic pathways for CO,
valorization rely on high temperatures and thermal energy
typically derived from the combustion of non-renewable
resources.’™"" This dependence on fossil fuels not only
undermines the overall sustainability of the process but also
limits the net reduction of CO, emissions, posing a
significant challenge to achieve carbon neutrality.

Recently, photothermal catalysis, which leverages the
synergistic combination of thermal and non-thermal energy,
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a sustainable route to valuable chemical production.

has gained significant attention as a way to drive chemical
reactions by efficiently utilizing the entire solar spectrum,
particularly the visible and near-infrared regions.'® This
approach integrates thermochemistry and photochemistry
into a single process, overcoming the energy constraints and
poor catalytic performances typically associated with
conventional thermal catalysis and purely photocatalytic
systems, respectively. By harnessing both light and thermal
energy, photothermal catalysis enhances catalytic efficiency
through improved light absorption and thermal activation.
On the one hand, elevated temperatures not only improve
reaction kinetics, but also increase the probability to
overcome the reaction energy barriers, thus facilitating
higher reaction rates. Additionally, photonic energy can
activate adsorbed species or decrease the energy
requirements of certain reaction steps, significantly boosting
catalytic activity. As a result, photothermal catalysis has
shown considerable potential in the production of solar fuels
and chemicals, such as methane,"®® methanol'® and carbon
monoxide'”*® through CO, hydrogenation.

Recent developments in photothermal CO, hydrogenation
have highlighted indium oxide (In,O3) and In,Os-supported
solids as outstanding catalysts. The role of oxygen vacancies in
In,O; is particularly significant, facilitating CO, activation**
and narrowing the bandgap for enhanced light absorption.*!
For instance, Ye and coworkers have demonstrated that the 2D

This journal is © The Royal Society of Chemistry 2025
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black In,O;_, nanosheets with bifunctional oxygen vacancies"’
and carbon-doped In,0; with dense oxygen vacancy® could
provide efficient local heat generation and improve the CO,
adsorption ability. In a related work, Ozin et al.*' investigated
the formation of oxygen vacancies on indium oxide through a
pre-treatment with hydrogen at high temperatures, facilitating
an outstanding CO productivity compared to pristine In,Os.
These findings underscore the importance of developing novel
indium-based catalysts with enhanced defect sites to improve
photothermal properties. In addition to indium-based
structures, carbon-based materials derived from the controlled
pyrolysis of metal-organic frameworks (MOFs) also represent
an interesting family of materials with huge potential as photo-
thermal catalysts.”>2® Our group previously proposed the use
of steam during the pyrolysis process (from now on, steam-
pyrolysis) as a novel approach for controlling the phases and
properties of MOF-derived catalysts.”” By introducing water
during pyrolysis, Khan and co-workers successfully controlled
the partial oxidation process, promoting stable metal oxides
while preventing carbide formation. Interestingly, this
approach also results in smaller particle sizes and tunable
active phases. Overall, these findings demonstrate that steam-
pyrolyzed materials can be highly efficient for catalytic
processes such as CO, hydrogenation where phase control and
particle size are critical.

In this work, we present the combination of oxygen
vacancy-enriched In,O; structures together with MOF-derived
materials as a strategy to obtain effective and selective
catalysts for the photothermal RWGS reaction. In particular,
we have explored the introduction of steam during the
pyrolysis process of MIL(In)-68 MOF to create an indium
oxide@carbon heterostructure with enhanced defective sites
on the In,0; surface (Scheme 1). Among all the catalysts, the
Rb-promoted In@C-25 catalyst demonstrated the highest
catalytic activity, achieving production rates of 53
mmol glnzo;l h™* with a 100% CO selectivity in the absence
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of any external heating, to the best of our knowledge, a new
benchmark for the photo-thermal CO, hydrogenation using
In,0z-based catalysts. XPS, Raman and N,-adsorption
measurements revealed that the steam-pyrolysis process
could induce abundant defect sites on the In,O; catalyst,
improving CO, adsorption capacity and H, dissociation
ability while maintaining enriched porosity. Moreover,
mechanistic studies suggested that the reaction mechanism
is dominated by non-thermal effects, particularly at high
irradiances, in combination with pure thermal contributions.

2. Materials and methods

2.1. Catalyst synthesis

Synthesis of MIL-68(In). MIL-68(In) MOF was prepared in
a similar manner as in ref. 28 and 29 with small
modifications. In short, 1.05 mmol of In(NO3);-H,O (Thermo
Scientific, 99.99%) and 1.2 mmol of 1,4-benzenedicarboxylic
acid (Sigma Aldrich, 99.9%) were dissolved in 12.4 mL of
DMF in a 30 mL glass vial. After 30 minutes of stirring, the
sealed glass vial was maintained at 100 °C for 48 hours. The
product was collected by centrifugation, washed three times
with 30 mL DMF and three times with 30 mL ethanol, and
finally dried in a vacuum oven overnight at 60 °C.

Synthesis of In@C sample by pyrolysis. The as-synthesized
MIL-68(In) sample was conducted in a quartz tubular reactor
vertically placed in a tube furnace. In a typical experiment,
MOF powder was placed in the reactor under continuous N,
flow (25 mL min™") at 600 °C for 6 hours using a heating
ramp of 2 °C min~'. After cooling down of the reactor, the
samples were passivated in a continuous flow of oxygen (5
mL min ") for 2 h to fabricate the In@C sample.

Synthesis of In@C-X sample by steam-pyrolysis. In a
typical experiment, a water bubbler was connected to a
nitrogen line. The water content was controlled by varying
the temperature of the water cooler connected to the bubbler
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Scheme 1 Schematic illustration of the steam-pyrolysis and pyrolysis process.
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(5, 25, and 40 °C).>” The as-synthesized MIL-68(In) sample
was conducted in a quartz tubular reactor vertically placed in
a tube furnace under a continuous wet nitrogen flow (25 mL
min') at 600 °C for 6 hours. After cooling down, In@C-X (X
=5, 25, and 40 for different temperatures of bubbler) sample
was obtained.

Wet impregnation of In@C and In@C-X catalysts. In@C
and In@C-X samples were impregnated with a solution of
different metal nitrate in water by incipient wetness
impregnation to obtain 2 wt%. In a typical procedure, 3.45
mg Rb(NO;), was dissolved in 60 pL deionized water and
added into 100 mg In@C sample drop by drop.
Subsequently, a Rb-promoted In@C sample was obtained
after drying at 80 °C for 2 hours. The procedure was
repeated for the remaining promoters explored in this study
(K and Cs).

2.2. Photo-thermal experiments

The photo-thermal reverse water gas shift reaction (RWGS)
was evaluated using a commercial flow reactor equipped with
a quartz window (Harrick, HVC-MRA-5) and a 300 W Xe lamp
(PE300BFA, Perfectlight) as the irradiation source. In a typical
experiment, 30 mg of catalyst was loaded on the reactor. A
thermocouple to monitor the temperature was located ca. 1
mm below the catalyst's surface. The reaction gas mixture
(Hp/CO, molar ratio of 4:1) was introduced through the
reactor with a total flow rate of 10 mL min™" (GSHV = 20 000
mL h™" ¢™). Nitrogen was used as an internal standard. The
outlet of the reactor was directly connected to the inlet of the
gas chromatograph (SRA instruments) equipped with two
modules and a TCD detector to determine the concentration
of gases. One of the modules has a MS5A column and
analyses H,, CH,, and CO using Ar as carrier gas. The second
module has a PPU column and analyses CO, and up to C,
hydrocarbons using He as carrier gas.

CO formation rate calculations were normalized by the
In,O; content. CO, conversion (Xco,, %) and CO selectivity
(Sco, %) were calculated according to the following equation:

C X Cn, i
XCOZ ((yo) — 100 % (1_ CO,,out Nz,m)

Cco,.in X Cn, out

Cco )
S %) =100%X( ————
co (%) (Cco + Ccn,

Ccn
Scu, (%) = 100X | ————
CH,4 ( 0) (Cco i CCH,])

3. Results and discussion

MIL-68(In) was chosen as a template for the preparation of
the catalyst and was synthesized according to the reported
method.”®*® As shown in Fig. Slajf all characteristic
diffraction peaks of the as-prepared MIL-68(In) were in good
agreement with those of the simulated MIL-68(In),
demonstrating the pure phase, as confirmed by powder X-ray
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diffraction (PXRD). The N, adsorption results of as-prepared
MIL-68(In) exhibited a type I isotherm, indicating the
presence of microporosity and a calculated surface area of
1192 m> g ' (Fig. S1bf). The SEM image of the as-prepared
MIL-68(In) (Fig. S1dt) illustrated a hexagonal prism-shaped
morphology, with an average length of 3.4 + 4.6 pm and an
average diameter size of 0.6 + 0.3 um (Fig. Sle and ft). In
order to obtain the carbon-based materials, MIL-68(In) was
carbonized under a N, and/or N,/H,O (steam-pyrolysis)
atmosphere at 600 °C for 6 h. Steam partial pressures of 0.86,
3.13, and 7.28 kPa were controlled by setting the bubbler
temperatures to 5, 25 and 40 °C, respectively.>” The resulting
samples were denoted as In@C for the sample pyrolyzed
under N,, and as In@C-5, In@C-25 and In@C-40 for the
samples pyrolyzed under N,/H,O, where the number
represents the bubbler temperature in celsius degrees. PXRD
analysis, as illustrated in Fig. 1a, revealed that only the c-
In,0; crystalline phase was formed after both the pyrolysis
and steam-pyrolysis treatments. No additional peaks
associated with MIL-68(In) were observed in the XRD
patterns, indicating complete decomposition of MIL-68(In).
Furthermore, it was found that the steam partial pressure
has no influence on the phase composition (see Table S21).
Transmission Electron Microscopy (TEM) was conducted
to elucidate the morphological differences between the
pyrolyzed (In@C) and steam-pyrolyzed (In@C-X) samples. As
depicted in Fig. 1c, the In@C sample retained the rod-like
morphology characteristic of MIL-68(In), indicating highly
dispersed metal oxide nanoparticles encapsulated within a
porous graphitic carbon matrix. For the steam-pyrolyzed
In@C-5 sample, the rod-like structure was similarly preserved
(Fig. S2d and ef), indicating that a steam partial pressure of
0.86 kPa is insufficient to alter the original MOF morphology.
Conversely, Fig. 1f and S2j and ki revealed the absence of
rod-like structures in the In@C-25 and In@C-40 samples.
Moreover, the In@C-25 sample showed a reduced carbon
amount, while the In@C-40 sample exhibited almost no
presence of carbon, suggesting that the initial MOF
morphology decomposes during steam pyrolysis due to the
partial gasification of the carbon matrix. Additionally, the
In@C and In@C-5 samples displayed a bimodal particle size
distribution, as shown in Fig. S2c¢ and fj The smaller
particles were confined within the carbon matrix, likely due
to carbon encapsulation that limits particle growth. Larger
particles were observed at the matrix edges, indicating
reduced confinement in these regions. Notably, when the
steam content was increased to 3.13 kPa (In@C-25), a more
uniform distribution with an average particle size of 19.8 nm
was obtained, attributed to enhanced gasification of the
carbon matrix (Fig. S2it). However, further increasing the
steam content to 7.28 kPa (In@C-40) led to a larger average
particle size of 24.5 nm, suggesting that excessive steam
could over-gasify the carbon matrix, promoting particle
agglomeration (Fig. S2If). These findings suggest that a
moderate steam partial pressure (around 3.13 kPa) optimizes
particle size distribution by balancing carbon gasification

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 a) PXRD patterns of In@C, In@C-5, In@C-25, In@C-40, and simulated c-In,Os. b) Raman spectra of In@C, In@C-5, In@C-25, and In@C-40.
TEM image of In@C c) at low magnification and particle size distribution (inset) d) at high magnification e) interplanar distance corresponding to
the lattice distance of (211) plane of In,Os. TEM image of In@C-25 f) at low magnification and particle size distribution (inset) g) at high
magnification h) interplanar distance corresponding to the lattice distance of (211) plane of In,Os.

and minimizing excessive particle coalescence. High-
magnification TEM images (Fig. 1e and h) allowed for the
measurement of lattice spacings of 0.408 nm for In@C and
In@C-25, which are consistent with the d-spacing of the (211)
plane of c¢-In,0;. Furthermore, STEM coupled with EDX in
Fig. S31 revealed that the In,O; nanoparticles are well-
distributed on the rod-like carbon matrix, confirming the
confinement of In,O; within the graphitic carbon matrix in
the In@C sample. In contrast, in the steam-pyrolyzed In@C-
25 sample, the carbon matrix is no longer visible due to
partial oxidation, resulting in a significantly reduced carbon

This journal is © The Royal Society of Chemistry 2025

content. Consequently, the remaining carbon is
homogeneously distributed on the surface of the In,O;
particles, as evidenced in Fig. S4.F Overall, all these results
corroborate that while the introduction of water into the N,
flow does not alter the phase composition, it markedly
transforms the morphology of the carbon matrix used as a
support. Next, we conducted thermogravimetric analysis
(TGA) to determine the amount of carbon in the In@C and
In@C-X solids. As shown in Fig. S5;f the weight loss
decreased with the increase in steam partial pressure in the
N, flow. Specifically, weight losses of 22.0%, 12.2%, 6.5% and
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5.3% were observed for In@C, In@C-5, In@C-25 and In@C-
40, respectively. These findings confirm that the presence of
water serves as an oxidizing agent, leading to the partial
gasification of carbon during the pyrolysis process, and they
align with those observed by STEM.>” Additionally, these
results are consistent with the N, adsorption measurements
(Fig. S6T). We observed a decrease in the BET-specific surface
area with the reduction of carbon content: 212, 173, 127, and
91 m*> g for In@C, In@C-5, In@C-25 and In@C-40,
respectively (Table S17).

The UV-vis-NIR absorption spectra of the In@C-X and
pristine In,0; samples were measured to determine their
light-harvesting properties. Due to the characteristics of
carbon-based materials, the In@C-X samples exhibited
stronger light absorption compared to pristine In,03,
particularly in the visible and NIR light range, as illustrated
in Fig. S7,f suggesting high solar energy utilization efficiency
and indicating the potential for enhanced photothermal and
photochemical activity.>'**

Raman spectroscopy was utilized to further understand
the degree of graphitization in the carbon matrix and the
defects in the indium oxide lattice. The Raman spectra of the
materials exhibited the characteristic vibration bands of
disordered graphite (D band) at 1340 cm ™" and the E,, mode
of graphite (G band) at 1590 em™".*° The intensity ratio of the
two bands (Ig/Ip) was used to evaluate the graphitization
degree of the different samples. We found that the higher
steam content in the N, flow during pyrolysis, the lower
graphitization degree of the carbon matrix (1.36 for In@C,
1.33 for In@C-5, 1.22 for In@C-25 and 1.07 for In@C-40)
(Fig. 1b). Moreover, the defective sites in the indium oxide
lattice were also investigated using Raman spectroscopy. Fig.
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S8at showed peaks at approximately 126 and 297 cm ',
attributed to the In-O vibrations within InO, octahedra. The
peak near 357 cm™' corresponds to the stretching vibrations
of In-O-In, indicative of unsaturated lattice oxygen
(InO¢_,).*>' Additionally, Fig. S8b+ presented the relative peak
intensity ratio between unsaturated InOg_, (357 cm™) and
saturated InOg (126 cm™'). Notably, the increased ratio
observed in the In@C-25 and In@C-40 samples, compared to
In@C, suggests that the steam-pyrolysis process effectively
enhances the concentration of oxygen vacancies in In,O;.
Conversely, In@C-5 exhibited a similar ratio to the In@C
sample, implying that sufficient water content is required for
the formation of oxygen vacancies.

To further demonstrate the generation of oxygen vacancies
through the steam-pyrolysis treatment, X-ray photoelectron
spectroscopy (XPS) measurements were performed in the
In@C sample together with the In@C-25 catalyst as
representative of the steam-pyrolyzed samples. With respect
to the In3d core level, both samples showed the characteristic
In3ds, and In3d;, peaks located at 444.6 and 452.1 eV,
respectively, in good agreement with the peak-to-peak gap of
7.6 eV attributable to indium oxide (Fig. 2a and d).** When it
comes to the Ol1s core level, the spectra of both samples
could be deconvoluted into 4 peaks centered at 530.1, 530.7,
532.3 and 533.7 eV corresponding to lattice oxygen, defect-
related oxygen species, surface -OH groups and C=—O,
respectively (Fig. 2b and e).***> However, the relative
contribution of the component ascribed to oxygen defects
was markedly higher in the case of the In@C-25 catalyst,
achieving 35.3% in comparison to the 27.5% for the In@C
sample. This clearly indicates that the introduction of steam
during the pyrolysis induces the generation of defects in the
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Fig. 2 XPS measurements of (a)-(c) In@C sample and (d)-(f) In@C-25 sample.
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indium oxide lattice, in line with the Raman measurements
above. Furthermore, analysis of the Ci1s core level of the
In@C catalyst revealed the presence of five distinct
components located at 284.4, 285.1, 285.9, 286.7 and 289.0
eV that can be ascribed to C=C (sp®), C-C (sp’), C-O, C=0
and O-C=0O0 species, respectively.*® It is worth noting that in
this case the relative contribution of the graphitic carbon
(sp*) component accounted for 62.7%. In the In@C-25
sample, however, the sp> component achieved 56.8%, thus
indicating a lower degree of graphitization for the steam-
pyrolyzed samples. These observations are, again, in good
agreement with the Raman results that suggested a lower
degree of graphitization when the pyrolysis of the MOF is
performed in the presence of steam.

The catalytic performance of all In@C and In@C-X
samples for the reverse water-gas shift (RWGS) reaction was
investigated using a 300 W Xe lamp at a light intensity of 3.3
W cm™? under continuous flow configuration. It is well-
established that alkali promoters can enhance the strength of
CO, adsorption and increase the CO, adsorption capacity.
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Therefore, we initially selected three different alkali
promoters (K, Rb, Cs) to impregnate into the In@C and
In@C-X samples, as previously described, and to study their
catalytic performance in the photothermal RWGS reaction.
The loading amount of each alkali promoter was set at 2
wt%. According to the PXRD patterns (Fig. S91), no peaks
corresponding to the loaded promoters were observed,
indicating that the promoters were well-dispersed within the
catalysts after wet impregnation. To optimize the promoter
for the RWGS reaction, alkali-promoted In@C/In@C-25 and
pure In@C/In@C-25 -catalysts were evaluated for their
photothermal CO, hydrogenation performance. As depicted
in Fig. S10a and c,f the catalytic activity for CO,
hydrogenation was  significantly enhanced by the
impregnation of alkali promoters, whereas the pure In@C
and pure In@C-25 samples exhibited almost no activity.
Additionally, all alkali-promoted catalysts displayed
significantly higher surface temperatures compared to the

pure samples, indicating that alkali promoters improve

photothermal performance by increasing the catalyst
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Fig. 3 a) Temperature evolution over Rb-promoted In@C/In@C-X catalysts under 3.3 W cm 2 light irradiation. b) CO production rate and CO
selectivity over Rb-promoted In@C/In@C-X catalysts without external heating under irradiation of 3.3 W cm™. Reaction conditions: GSHV =
20000 mL h™* g%, 1 bar. c) CO production rate and CO selectivity over Rb-promoted In@C-25 at different temperatures under irradiation of 3.3 W

m™2. Reaction conditions: GSHV = 20000 mL h™* g%, 1 bar. d) Stability test of Rb-promoted In@C-25 without external heating at 3 W cm™

Reaction conditions: GSHV = 20000 mL h™* g™, 1 bar.
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temperature (Fig. S10b and df). The Rb promoter exhibited
remarkable catalytic activity in both the In@C and In@C-25
samples, which can be attributed to the synergistic geometric
and electronic effects of Rb. Electronically, the activity
sequence of alkali promoters follows the order Cs > Rb > K,
closely matching the electropositivity of the element.*’
Geometrically, however, the ionic radii follow the order K <
Rb < Cs, indicating that larger alkali metal ions may hinder
reactant adsorption on the catalyst surface, particularly in
porous materials. Considering both geometric and electronic
factors, Rb emerges as the optimal promoter, exhibiting
superior catalytic performance.*® Consequently, Rb was
selected as the most effective promoter for enhancing
photothermal catalytic CO, hydrogenation.

The photothermal catalytic CO, hydrogenation reaction of
Rb-promoted In@C/In@C-X catalysts under various pyrolysis
conditions was then evaluated. As shown in Fig. 3a, all
samples exhibited a progressive increase in temperature
upon light irradiation, stabilizing after approximately 15
minutes, with all Rb-promoted catalysts reaching a similar
surface temperature of around 250 °C. Fig. 3b demonstrated
the CO production rate and CO selectivity of the Rb-
promoted catalysts under different pyrolysis conditions.
Notably, the Rb-promoted In@C-25 exhibited the highest
catalytic performance, achieving a CO production rate of 53
mmol glnzo;l h™*, which is nearly 40% higher than that of
the Rb-promoted In@C catalyst. To the best of our
knowledge, this performance surpasses that of current state-
of-the-art indium-based catalysts for photo-thermal CO,
hydrogenation under continuous flow configuration (Table
S8t). Furthermore, no catalytic activity was observed in
commercial Rb-promoted In,0;, further highlighting the
beneficial effect of steam pyrolysis in enhancing catalytic
performance (Fig. S117). Oxygen-vacancy-enriched materials
have been reported to potentially improve the light-
harvesting properties and enhance the photothermal catalytic
activity."*?*?° Indeed, our XPS and Raman spectroscopy
results revealed that the steam-pyrolysis process generates
additional oxygen vacancies on the catalyst surface when the
steam partial pressure exceeds 3.13 kPa. Therefore, we
hypothesize that the superior catalytic performance of the
Rb-promoted In@C-25 sample is attributable to the increased
oxygen vacancies, which improve CO, adsorption capacity
and H, dissociation ability, as we will discuss below.
Conversely, the lack of performance improvement in the Rb-
promoted In@C-5 sample suggests that insufficient steam
partial pressure did not generate significant defect sites.
Additionally, the lower CO production rate observed for the
Rb-promoted In@C-40 is likely due to its reduced specific
surface area (Table S17) and larger particle size (Fig. S2ff).

To gain deeper insights into the differences in catalytic
performance between pyrolysis and steam-pyrolysis, we
conducted additional characterizations. The In@C-25 catalyst
was selected for further study as the representative steam-
pyrolysis sample due to its superior catalytic performance.
CO,-TPD measurements were performed to evaluate the CO,
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adsorption/desorption capability on the catalyst surface (Fig.
S12t). No significant CO, adsorption was observed in the
pure In@C-25. In contrast, Rb impregnation significantly
enhanced CO, adsorption, as evidenced by stronger peak
intensities and higher desorption temperatures, indicating
improved CO, adsorption capacity and a stronger interaction
between CO, and the catalyst. Furthermore, Rb-promoted
In@C-25 exhibited higher peak intensities at approximately
100 °C and 300 °C compared to Rb-promoted In@C, which
are associated with physically adsorbed CO, and the
decomposition of bicarbonate (HCO;") and carbonate (CO;>)
species, respectively.’”*’ One of the explanations for the
enhanced CO, adsorption ability of Rb-promoted In@C-25
could be the formation of surface oxygen defects introduced
during steam-pyrolysis, as corroborated by XPS results. These
oxygen defects facilitate the formation of bicarbonate species
(HCO;") during CO, adsorption.** This hypothesis is further
supported by the more intense water peak (m/z = 18) observed
around 300 °C for Rb-promoted In@C-25, corresponding to
bicarbonate decomposition (see Fig. S12bt).

Additionally, H,-TPR measurements were conducted to
evaluate the reduction temperatures of the catalysts. As
illustrated in Fig. S13,f the first peak at approximately 200-
300 °C is attributed to the reduction of surface In,0O;, while
the progressively increasing signal above 500 °C corresponds
to the reduction of bulk In,0;. Notably, Rb-promoted In@C-
25 exhibited surface reduction temperatures at 228 °C and
276 °C, which are 30 °C and 39 °C lower than those observed
for Rb-promoted In@C, respectively. These lower surface
reduction temperatures are due to the presence of defective
sites formed during steam-pyrolysis, which facilitate H,
dissociation on the catalyst surface and result in lower
reduction temperatures.”> Overall, the oxygen vacancies
introduced by steam-pyrolysis could enhance the CO,
adsorption and H, dissociation capacities of indium oxide,
consistent with the improved catalytic performance observed
in the photothermal CO, hydrogenation reaction.

Given the endothermic nature of the RWGS reaction,
which benefits from higher reaction temperatures, we further
investigated the catalytic performance of Rb-promoted In@C-
25 samples within a temperature range of 250 to 350 °C. To
achieve these temperatures, which are limited by the
maximum irradiance of the lamp, we installed an external
heater at the bottom of the catalyst bed. As shown in Fig. 3c,
applying external heating at 250 °C significantly enhanced
catalytic performance compared to without external heating,
achieving a CO production rate of 82 mmol gi, 0, ' h™' and
100% CO selectivity. However, increasing the external heating
from 250 °C to 350 °C resulted in only a slight improvement
in CO production. This suggests that the photochemical
effect diminishes as external temperatures increase. The
detailed mechanism behind this observation will be
discussed further below. Noted here that all catalysts
demonstrated exceptional CO selectivity across the entire
range of reaction temperatures. Considering the impressive
catalytic performance of Rb-promoted In@C-25, we assessed
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its long-term stability under the reaction conditions. As
illustrated in Fig. 3d, the catalyst demonstrated exceptional
robustness, with no significant decline in CO, conversion or
CO selectivity over 10 hours of continuous reaction.

Although from the thermodynamics point of view, the
RWGS reaction is not particularly favored under high
pressure, these operating conditions offer significant
industrial advantages such as higher production capacity per
unit volume and therefore higher efficiency.** ™
Furthermore, high pressures also eliminate the need for pre-
depressurization and subsequent compression for potential
Fischer-Tropsch synthesis. For these reasons, we studied the
impact of pressure on the catalytic activity of Rb-promoted
In@C-25 samples. Fig. S141 shows the CO production rate
and CO selectivity of the Rb-promoted In@C-25 catalyst at 10
bar across different temperatures. Without external heating,
the CO production rate at 10 bar was 41 mmol gmzo;l ht,
significantly lower than at 1 bar due to the increased thermal
conductivity and convective cooling which decreased the
surface temperatures at higher pressures (Table S41).*7**
However, external heating mitigated this effect, aligning
surface temperatures at 10 bar with those at ambient
pressure (Table S47). Under external heating conditions (250
350 °C), the photo-thermal performance at 10 bar improved
significantly. Notably, CO production rates reached 98 and
107 mmol g o ' h™ at 250 °C and 300 °C, respectively,
surpassing those at ambient conditions and setting a new
benchmark for the photo-thermal RWGS reaction using
indium-based catalysts in a continuous flow setup (Table
S8t). Interestingly, despite methanation being favored under
high H, partial pressure, our catalyst maintained near 100%
selectivity towards CO, with no detectable methane
formation. Nevertheless, our results also revealed a decrease
in CO selectivity at 350 °C, accompanied by the emergence of
methane as a by-product, probably due to the partial
reduction of indium oxide and the formation of metallic
indium, as evidenced by PXRD analyses of the samples after
reaction (Fig. S15f). These findings suggest that both
elevated temperatures and H,-rich reaction mixtures
compromise the stability of indium oxide, thereby altering
the reaction pathway and favoring methane formation.®

In view of these results, we attribute the enhanced
performance of the Rb-promoted In@C-25 catalyst to the
steam-pyrolysis strategy that facilitates the generation of a
defective indium oxide-carbon composite. On the one hand,
the formation of defects on the indium oxide improves the
CO, adsorption and H, dissociation capacities of the catalyst.
On the other hand, the presence of carbon enhances the light
harvesting properties and the light-to-heat conversion
capabilities of the samples, therefore boosting the catalytic
activity for the photo-thermal RWGS reaction.

4. Mechanistic study

To further elucidate the reaction mechanisms involved in the
photo-thermal CO, hydrogenation by Rb-promoted In@C-25,
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we conducted a series of light intensity studies under both
light and dark conditions. Under dark conditions, we applied
a 1 mm thin layer of Ti,O3, a material known for its excellent
light-to-heat conversion properties but inactivity in the RWGS
reaction, on the catalyst surface.*® This approach aimed to
isolate the pure photo-chemical contribution while
maintaining the same surface temperature profile as
observed during direct illumination. As shown in Tables S6
and S7,i the surface temperatures of the catalyst covered with
Ti,O; closely matched those obtained under direct
illumination. This suggests that the thin Ti,O; layer provides
comparable photo-thermal heating while effectively blocking
pure photo-chemical effects.

As shown in Fig. 4a, the exponential dependence of the
CO production rate on direct illumination intensity is a
characteristic feature of thermally driven transformations,
supporting a light-to-heat mechanism.*® The large difference
in CO production rate between dark and light conditions
increases with higher light intensity, even when the surface
temperature remains similar (Table S67). At a light intensity
of 3.3 W cm™?, the CO production rate under indirect
illumination is only 7 mmol glnzo;l h™, which is more than
7 times lower than under direct illumination. However, the
CO production rates were very similar when the light
intensity was below 2.52 W cm™. These observations suggest
that non-thermal effects dominate the reaction pathway at
high light intensities whereas thermal effects are preeminent
at low irradiances. Moreover, Fig. 4b showed the CO
production rates under direct and indirect illumination with
external heating. The difference in CO production rate
between direct and indirect illumination is reduced from
86.8 to 65.0% when external heating is increased to 300 °C
(Table S771). This indicates that the contribution of hot
carriers, generated by the photo-excitation of Rb-promoted
In@C-25, gradually diminishes with increasing reaction
temperature, likely due to the recombination of charge
carriers at elevated temperatures. Interestingly, both
Fig. 4a and b showed that CO selectivity remains unaffected
by either direct or indirect illumination, suggesting that hot
carriers do not alter the reaction pathway. To provide a more
comprehensive evaluation of the impact of light on the
catalyst's performance, we determined the apparent
activation energy (E,) of CO, hydrogenation on Rb-promoted
In@C-25 under both dark and light conditions, as shown in
Fig. S16.1 The apparent activation energy in the dark was 131
+ 7 k] mol™, which was reduced to 110 + 4 k] mol' upon
light irradiation. This reduction suggests that light-induced
charge carriers can promote the activation of reactants,
accelerating the reaction and enhancing the production rate.

To further investigate the photochemical properties,
transient photocurrent measurements (Fig. S197) and steady-
state photoluminescence (PL) analysis (Fig. S20f) were
performed on the Rb-promoted In@C/In@C-X samples, using
commercial Rb-promoted In,0; as a reference. Notably, the
photocurrent increased with increasing carbon content, from
Rb-promoted In@C-40 to Rb-promoted In@C, with Rb-
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Fig. 4 a) Influence of light intensity on the CO, conversion over Rb-promoted In@C-25 catalyst under direct and indirect illumination without
external heating. b) CO production rate and CO selectivity over Rb-promoted In@C-25 under direct and indirect illumination of 3.3 W cm™
without and with external heating. c) Dependence of CO production rate on the partial pressures of CO, under 1.37 W cm™ light irradiation
(orange spheres) and dark conditions (grey diamond) over Rb-promoted In@C-25 with external heating of 250 °C. d) Dependence of CO
production rate on the partial pressures of H, under 1.37 W cm™ light irradiation (orange spheres) and dark conditions (grey diamond) over Rb-
promoted In@C-25 with external heating of 250 °C. Reaction conditions: GSHV = 20 000 mL h™* g%, 1 bar.

promoted In@C exhibiting the highest photocurrent. This
result highlights that an increased amount of carbon could
improve the charge separation and transfer efficiency of
photogenerated electron-hole pairs.””>" However, the lower
concentration of oxygen vacancies in the Rb-promoted In@C
sample resulted in limited catalytic activity, suggesting a
balance between carbon content and amount of oxygen
vacancies to maximize the photo-thermal performance.?®
Meanwhile, weaker PL emissions were observed in Rb-
promoted In@C/In@C-X samples compared to commercial
Rb-promoted In,03, indicating charge transfer from In,O; to
the carbon. Overall, these photochemical studies
demonstrate that the incorporation of carbon not only
enhances light-harvesting properties but also improves
charge separation and transfer efficiency.

To further confirm the influence of photo-generated
charge carriers on the reaction mechanism, we estimated the
reaction orders of CO, and H, under both light illumination

1822 | Catal Sci. Technol,, 2025, 15, 1814-1824

and dark conditions, since these parameters are generally
independent on temperature and are directly related to the
reaction pathway (Fig. 4c and d). Under dark conditions, the
reaction order of H, was found to be 0.48, and it increased to
1.04 upon light irradiation. According to the Hougen-Watson
type models, a reaction order less than 1 is typically
indicative of surface species inhibition.”®* The lower H,
reaction order indicates the competitive adsorption between
hydrogen and other surface species, such as CO, or reaction
intermediates, that hinders the availability of active sites for
hydrogen adsorption and dissociation. Upon light irradiation,
the H, reaction order increased significantly to 1.04,
indicating a strong dependence of the reaction rate on
hydrogen concentration. This shift suggests that light
irradiation not only enhances hydrogen adsorption but also
mitigates the inhibiting effects of surface species. As for CO,,
the reaction order transitioned from 0.11 under dark
conditions to 0.82 upon light irradiation. The near-zero

This journal is © The Royal Society of Chemistry 2025
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reaction order in the dark suggests that the reaction rate is
largely independent on the CO, concentration, which could
be indicative of a saturated CO, adsorption site or a
kinetically slow CO, activation process. Upon light
illumination, the dramatic increase in the CO, reaction order
to 0.82 highlights the activation of CO, as a key step in the
photothermal process. This increase suggests that the
photothermal process enhances the adsorption and
activation of CO, on the catalyst surface, making CO,
concentration more critical for the reaction rate under
illuminated conditions.

Finally, additional experiments were conducted to evaluate
the influence of the irradiation wavelength on the catalytic
activity of the In@C-25 catalyst. To this end, we evaluated the
catalytic performance under full-spectrum radiation and
using a UV cut-off filter ( > 420 nm) both under the same
light intensity. As shown in Fig. S17,f the CO production rate
under full spectrum was slightly higher than that obtained
using the UV filter, thus indicating that visible and IR
photons are the main responsible for the catalytic activity,
although UV radiation exhibits a certain contribution
through pure photochemical effects.

5. Conclusion

In summary, we have successfully developed an effective and
selective Rb-promoted MOF-derived indium oxide catalyst via
steam-pyrolysis for photothermal CO, hydrogenation.
Notably, the Rb-promoted In@C-25 catalyst exhibited
exceptional catalytic performance in the photothermal RWGS
reaction, achieving 53 mmol g, o, ' h™ CO production rate
with a 100% selectivity. Comprehensive characterization
results revealed that the appropriate bubbler temperature
during the steam-pyrolysis is crucial for generating the
defective sites on the catalyst surface while maintaining high
porosity. Mechanistic investigations highlighted that the
reaction mechanism follows a non-thermal pathway,
particularly at high irradiances, in combination with pure
thermal effects. Overall, this novel method could provide a
pathway to more efficient and sustainable photothermal CO,
hydrogenation, reinforcing the promise of steam-pyrolyzed
MOF-derived materials for future carbon-neutral fuel
production.
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