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Earth-abundant Fe oxide-based catalysts, renowned for their broad-spectrum light absorption, hold promise for
driving the photothermal RWGS reaction—a promising strategy for converting CO2 emissions into valuable
carbonaceous feedstocks. However, traditional Fe oxide-based catalysts exhibit limited activity due to their
constrained Hj dissociation and CO2 activation capabilities, especially at lower temperatures. This study in-
troduces Co, Ni, and Cu-doped Ceg 7Feg 30, solid-solution catalysts. Incorporation of Fe into CeO, enhances CO5
dissociation while preserving extensive light adsorption up to 2500 nm. Notably, Co doping enhances Hy
dissociation and promotes CO- activation. Subsequent investigations reveal that a catalyst doped with 5 mol% Co
exhibits the highest photothermal catalytic activity, attaining a ~50 % CO, conversion under 300 W Xe-lamp
irradiation with excellent selectivity and stability over 10 reaction cycles spanning 10 h. These results under-
score the potential of designing CeO»-based solid solution catalysts with synergistic metal dopants for efficient
and selective CO, conversion under moderate conditions.

1. Introduction

Over the past few decades, efforts have been devoted to converting
and utilizing carbon dioxide (CO3) [1,2]. Among them, converting CO,
into valuable fuels or chemical feedstocks through photothermal pro-
cesses represents a cutting-edge COy reduction technology [3,4]. The
reverse water-gas shift (RWGS, CO2 + Hy — CO + H0) reaction offers a
strategic pathway to produce CO, a crucial platform molecule for various
industrial processes such as Fischer-Tropsch and methanol synthesis [5].
This approach holds commercial potential due to its compatibility with
existing industrial infrastructure. However, the RWGS reaction usually
requires high temperatures to attain sufficient conversion. Additionally,
the bond energy of C=0 in CO,, estimated at 803 kJ mol !, necessitates
substantial energy input for activation [6-8]. The propensity for the side
reaction—CO, methanation—further complicates the process by
reducing the yield of the desired CO product [9]. To overcome these
challenges, considerable efforts should be made to develop efficient
photothermal catalysts for the RWGS reaction with high activities, se-
lectivities, and long-term stabilities.

While noble metal catalysts such as Pt have shown excellent perfor-
mance, their scarcity and high-cost limit the prospects for large-scale
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utilization. Therefore, there is a growing interest in developing non-
noble transition metal catalysts that can enhance CO5 to CO reaction
rates at lower temperatures. Research has identified Fe, Co, Ni, and Cu as
active metals in the RWGS reaction [10-13]. Among them, Ni and Co
catalysts have shown superior CO; activation and conversion capabil-
ities; however, they tend to over-reduce CO to CHy4 [10,13]. Cu catalysts,
on the other hand, suffer from stability issues due to sintering at elevated
temperatures [14]. Iron (Fe) stands out as an attractive candidate for
catalyst development due to its natural abundance and the weak
adsorption of *CO on Fe oxide surfaces, which results in high CO selec-
tivity in the RWGS reaction via the CO; dissociative activation pathway
[12]. Furthermore, Fe oxides-based catalysts exhibit remarkable resis-
tance to sintering, even under extreme conditions such as continuous
operation at temperatures above 600 °C [15]. Another significant
advantage of Fe oxides-based catalysts is their strong light absorption and
photothermal conversion capabilities, particularly in the visible and
near-infrared spectrum [16]. This allows for the utilization of Fe
oxides-based catalysts in solar-driven RWGS processes.

Despite the promising characteristics of Fe oxides-based catalysts,
their inherent limitations in Hy dissociation pose a significant challenge
in enhancing catalytic activity for the RWGS reaction [17]. Recently, the
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development of transition metal solid-solution catalysts, particularly
those utilizing CeO, as the structural framework, has emerged as a
breakthrough approach [3,18,19]. The efficiency of CO; dissociation on
CeOg-based catalysts is reliant on the availability of oxygen vacancies
(Vo) on the surfaces. These catalysts have demonstrated remarkable
performance in various CO2 transforming reactions involving the pro-
duction of CO, CH4, and other hydrocarbon molecules [3,20,21].
Therefore, the integration of Fe sites into the CeO5 lattice to form a
solid-solution structure is considered a feasible strategy for achieving
high RWGS activities. This solid solution configuration not only ensures
the dispersion of active sites but also capitalizes on the rich surface ox-
ygen vacancies in the CeOy structure. The synergistic effect between the
Fe sites and the Vg in CeO5 would be particularly beneficial in promoting
efficient CO, adsorption and activation, which are essential for the RWGS
reaction. Furthermore, the introduction of a third transition metal, such
as Co, Ni, or Cu, presents an opportunity to improve the catalytic per-
formance. The addition of these dopants can potentially enhance the Hy
dissociation, improving the RWGS kinetics beyond single-component Fe
oxide catalysts [22,23].

In this study, we synthesized iron-cerium oxide (Ceg 7Fe 302) solid-
solution catalysts doped with Co, Ni, and Cu, respectively. By employ-
ing low-concentration doping, we aimed to preserve the morphology and
lattice structure of the Ceg7Fep 302 solid solution. Our findings reveal
that doping Co, Ni, and Cu in the 0.25-5 mol% range lowered the onset
temperature for the RWGS reaction compared to the undoped
Ce.7Fep 302. In flow reaction experiments, the doped catalysts exhibited
enhanced CO; conversions below 500 °C, coupled with high CO selec-
tivity, and the most pronounced improvements were observed in the Co-
doped samples. Characterization using temperature-programmed surface
reaction (TPSR) and X-ray photoelectron spectroscopy (XPS) analyses
before and after reactions indicated a reduced temperature for 0%
reduction on the catalyst surface and a slightly increased Fe?* /Fe>* ratio.
These results suggest that Co doping enhances H; dissociation, thereby
promoting the formation of highly active Fe?>*—Vj, sites for CO disso-
ciative activation. We further investigated the impact of Co doping levels
on catalytic performance and conducted photothermal batch reaction
tests. The catalyst with 5 mol% Co doping demonstrated the highest
activity, achieving a ~50 % CO; conversion under 1 h of Xe-lamp irra-
diation, with a unity CO selectivity, and maintained its activity over 10
reaction cycles of 10 h without deactivation as confirmed by morpho-
logical and structural characterizations of the catalyst before and after
tests.

2. Materials and methods
2.1. Synthesis of catalysts

The synthesis of Myo:Ceg 7Fep.302, where M represents Co, Ni, or Cu
and x represents the values 0, 0.25, 5, or 10, is carried out through a
series of steps including co-precipitation, hydrothermal treatment, and
annealing. First, 2.8 mmol of cerium (III) nitrate hexahydrate (Ce(N-
0O3)3:6H20) and 1.2 mmol of iron (III) nitrate nonahydrate
(Fe(NOs3)3-9H50), along with varying amounts of the selected metal ni-
trate (cobalt (II) nitrate hexahydrate Co(NO3)2-6H20 (0.01, 0.2, 0.4
mmol), nickel (II) nitrate hexahydrate (Ni(NO3)2-6H20) (0.01 mmol), or
copper (II) nitrate tetrahydrate (Cu(NO3)y-4H20) (0.01 mmol)), are
dissolved in 10 mL of deionized water. This mixture is slowly added to a
70 mL solution of 10 mol L~} sodium hydroxide (NaOH), with vigorous
stirring to produce dark brown precipitates. The mixture is then trans-
ferred into a 100 mL polytetrafluoroethylene autoclave and subjected to
hydrothermal treatment at 120 °C for 24 h. Subsequently, the pre-
cipitates are separated from the solution using centrifugation, followed
by extensive washing with deionized water and ethanol to remove im-
purities. The washed precipitates are then dried under low vacuum
conditions at room temperature. The dried brown powders are finely
ground using an agate mortar and then annealed in a mixed gas of 5 % Hy
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and 95 % Ar at a flow rate of 100 mL min ™! at 450 °C for 4 h.
2.2. Characterizations

To identify the crystalline phases of the catalysts, the X-ray Diffrac-
tion (XRD) patterns were acquired using a Bruker Advantage D8
diffractometer which employs CuKa radiation and a D/teX Ultra detector.
For the surface morphology characterization, the Scanning Electron Mi-
croscopy (SEM) images were captured using a Hitachi Regulus SU8100
instrument operated at an accelerating voltage of 5 kV. Additionally, the
SEM-energy dispersive X-ray (EDX) mappings were performed using a
Bruker XFlash 6-60 detector. The Transmission Electron Microscope
(TEM) images, including EDX mapping, were performed using FEI TALOS
F200X at an accelerating voltage of 200 kV. Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) measurements were conducted
on an Agilent ICP-OES 730 instrument to determine the precise con-
centration of dopants. The temperature-programmed surface reaction
(TPSR) analysis was carried out on a Micromeritics Autochem II 2920
instrument, which is coupled with a Hiden HPR20 mass spectrometer.
The detailed experimental procedures of TPSR are described in Note S1
in the Supporting Information. The ultraviolet-visible-near-infrared
diffuse reflectance spectroscopy (UV-Vis-NIR DRS) was measured using
a Shimadzu UV3600Plus spectrometer in the wavelength range of
300-2500 nm.

2.3. RWGS performance tests

The thermocatalytic RWGS reaction was conducted in a flow reactor
(Harrick MRA-5) over a temperature range of 200-600 °C using a reac-
tant gas mixture of 4 % COy, 1 % Hy, and 95 % Ar. Prior to testing, the
catalysts were pre-activated in the same reaction gas for 20 min at 450
°C. Photothermal RWGS experiments were carried out in a batch reactor
(GPRT-100, CEAulight) with the same reactant gas mixture pressurized
to 0.3 MPa. A 300 W Xe lamp (wavelength range of 300-2500 nm, CEL-
HXF300, CEAuLight) served as the light source. The pre-activation of
catalysts was carried out in the same reaction gas under irradiation for 1
h before the reaction. The light intensity was ~1.6 W cm™2, and the
surface temperature under illumination was monitored via an integrated
thermocouple. Gas products were analyzed using an Agilent 990 micro-
gas chromatograph (uGC) equipped with micro-thermal conductivity
detectors (LTCD).

3. Results and discussions

To investigate the influence on the thermocatalytic RWGS reaction,
first, we incorporated ~0.25 mol% of Co, Ni, and Cu, respectively, into
the Ceg 7Fe( 302 solid-solution nanorods using a co-precipitation process
followed by hydrothermal treatment, as illustrated in Fig. 1a. The cata-
lyst samples were denoted as My 25 9:Ceg 7Fep 302 (M = Co, Ni, and Cu).
The X-ray diffraction (XRD) patterns revealed clear diffraction peaks at
28.5, 33.1, and 47.5° for all the My 25 o:Ceg7Fep.302 samples, corre-
sponding to the (111), (200), and (220) lattice planes of the fluorite-
structured CeO, (Fig. 1b). A minor diffraction peak attributed to the
(311) plane of Fe304 was observed at 34.5°, which is reasonable for a 30
mol% Fe doping level and does not affect the successful incorporation of
most Fe into the CeO- lattices to form a solid-solution structure, consis-
tent with previous literature [24]. No diffraction peaks related to metallic
Co, Ni, and Cu, or their oxides were observed. The actual concentrations
of transition metals were determined by an inductively coupled plasma
emission (ICP) spectrometry (Fig. S1), further confirming the incorpo-
ration of metals into the Ceg7Fey 305 solid-solution nanorods. The SEM
images of all the Myas 9:Cep7Fep302 samples revealed a nanorod
structure with ~100 nm in length (Fig. 1c and Figs. S2-S3). In particular,
the EDX mappings of Cog 25 0:Ceg 7Fep.302, indicating uniform disper-
sion of Ce, Fe, and additional Co atoms within the nanorod structures
without evident metal segregations (Fig. 1c). The high resolution
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Fig. 1. (a) Schematic illustration of the synthesis process, (b) XRD patterns, and (c) ICP-OES results of My 55 o,:Ceo 7Fe 302 (M = Co, Ni, and Cu). (d) SEM and (e) EDX

mappings of Cog o5 4:Ceo 7Feg 30s.

(HR)-TEM images of Cog .5 9,:Ceg7Fep302 (Fig. S4) illustrates lattice
fringes with d-spacings of 0.19, 0.27 nm and 0.31 nm, corresponding to
the (110), (100) and (111) planes of CeOo, respectively, aligning with the
XRD obesrvasions. The absence of FeOx and CoOy particles confirms the
uniform dispersion of Fe and Co cations in the CeO, lattice, reinforcing
the presence of a stable ceria-based solid-solution structure.

We then evaluated the thermocatalytic activities of Mpas
%:Ceo.7Feg 302 and the pristine Ceg 7Fe( 304 catalysts in a flow reactor at
a gas-hourly space velocity (GHSV) of 300,000 mL ggi h™* with a reac-
tant gas composition of 1 % COg, 4 % Hy, and 95 % Ar. As shown in
Fig. 2a, all catalysts exhibited RWGS performance, with the catalysts
doped with transition metals showing enhanced CO, conversion rates
compared to the pristine Ce 7Fey 302 solid solution, with a CO selectivity
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of ~100 %. Speciﬁcally, C00425 %ZCerFeo_gOz and Ni0_25 %:Ce0_7Feo,302
demonstrated the highest improvements, lowering the reaction onset
temperature to 250 °C. At 450 °C, the catalytic activity varied notably
among the catalysts, with Cog .25 ¢:Ceg7Fep 302 exhibiting the highest
activity, achieving a CO conversion rate of 26 % and a ~100 % CO
selectivity, outperforming the Ni and Cu-doped catalysts. At 600 °C, the
CO3 conversion of all catalysts showed the same RWGS performance.
These results suggest that doping a transitional metal may reduce the
activation energy of the RWGS reaction, thereby decreasing the RWGS
temperature and enhancing the thermocatalytic activities.
Subsequently, we selected Co as the optimal metal-doping component
and then conducted temperature-programmed surface reaction (TPSR) to
analyze CO desorption and water generation in the RWGS reaction
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Fig. 2. (a) CO, conversion as a function of temperature, and (b) CO production rates at 450 °C in the thermocatalytic RWGS reaction using My 25 ¢:Ceg 7Fep 302 (M =

Co, Ni, and Cu).
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atmosphere for Cog s 9:Ceo7Fep 302 and CegyFe.30 catalysts. Typi-
cally, there are two mechanisms for the RWGS reaction: the redox
mechanism, where the reduction of surface oxygen species is the key
step, and the intermediate species decomposition mechanism, where the
adsorption of CO5 and the dissociation of Hy are the critical steps [25,26].
As depicted in Fig. 3a, after introducing the mixed reaction gas of Hy and
CO, for TPSR test, the appearance temperature of H,O (m/z = 18) mass
spectrometry (MS) signals was lower than that of the CO signals (m/z =
28) for both Cog 25 ¢:Ceg.7Fep.302 and Ce(.7Fe(.302, indicating the pro-
cess of surface oxygen reduction to generate H,O. Therefore, the RWGS
reaction on the solid solution catalyst likely follows the redox mecha-
nism, which is consistent with the results in the previous studies on
iron-based oxides [27]. A detailed comparison of the two catalysts
revealed that Co doping shifted the appearance temperature of HyO
signals in TPSR from ~350 °C to ~320 °C. To further investigate the
changes in the surface chemical states of the catalyst during the reaction
process, we carried out XPS analysis on the samples before and after the
reaction. As shown in Fig. 4, the Fe?*/Fe>™ molar ratio in Cog.as
%:Cep.7Fep.302 and Cep.7Fey.30; before the reaction was relatively close,
at 0.53 and 0.50, respectively. After the reaction, the Fe>*/Fe3* ratio in
the Cog.as5 0:Ceq.7Feg.302 catalyst increased to 1.55, higher than the
Ce(.7Fe(.302 ratio of 1.28, indicating that Co doping increased Hj
dissociation and facilitated the reduction of Fe** to Fe?". In CeO,-based
solid solution structure, the reduction in the oxidation state of cations led
to the generation of more oxygen vacancies (V). These oxygen vacancies
can serve as reaction sites to facilitate CO, adsorption and dissociation
activation. Therefore, the above results indicate that Co doping enhanced
the surface reducibility of the catalyst at lower temperatures, increased
the number of surface Vo, and facilitated the formation of active Fe2+—Vo
species on the surface, thereby promoting the reduction of CO5 to CO in
the synergistic effect of Co cation doping sites.

The UV-Vis-NIR spectra of all Coxo:Ceg.7Feg.302 samples (Fig. S5)
exhibited strong absorption within the 300-2500 nm wavelength range,
with absorption rates exceeding 95 % in the UV-Vis region (300-800
nm) and over 85 % in the near-infrared range (800-2500 nm). Therefore,
the solid-solution catalysts feature full solar spectrum absorption and
have the potential to function as photothermal catalysts by absorbing
photons to induce notable thermal effects, raising the surface tempera-
ture of the catalyst, and triggering the RWGS reaction [28]. For this
reason, we investigate the influence of different Co contents on the
performance of the photothermal catalytic RWGS reaction. A photo-
thermal batch reaction was carried out for 1 h using 50 mg Coy
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0:Cep.7Feg.302 with varying Co doping levels (x% = 0.25 %, 5 %, and 10
%), alongside the mixed reactant gas (1 % COg, 4 % Hy, and 95 % Ar) at
0.3 MPa. The reactions were carried out under continuous irradiation
from a 300 W Xe lamp light source with a power density of ~1.6 W cm ™2
and a wavelength range of 300-2500 nm. The surface temperature of the
catalyst was measured to be ~450 °C using a thermocouple built into the
reactor (Table S1). As shown in Fig. 4a, the CO, conversion increased
from 28 % to 45 % after the addition of a trace amount of Co (~0.25 mol
%) to the non-doped catalyst, while maintaining 100 % CO selectivity,
demonstrating the effective promotion of the RWGS reaction even with
minimal Co doping. At a Co doping content of 5 mol%, the catalyst
exhibited a higher CO; conversion rate, 50 %, with a selectivity of 100 %.
With an increase in Co content to 10 %, the CO, conversion rate
increased to 53 % compared to the 5 % Co-content catalyst. However, we
observed a shift of the RWGS reaction towards CO5 methanation and a
drop in CO selectivity to ~80 % with Cojg ¢:Ce.7Feg.302. This is
attributed to an excess of Co that easily forms strong bonds with disso-
ciated CO, leading to deep hydrogenation to produce methane. There-
fore, considering both conversion and selectivity, we consider 5 % Co
doping to be optimal. We also confirmed that the photothermal catalytic
performance of the reference catalysts, Coxe:CeO5 (x = 0.25, 5, and 10),
without Fe incorporation, was inferior to Coyg:Ceg.7Feo.302 catalysts
under the same conditions (Fig. S6). Additionally, XRD results indicated
that the solid solution catalyst fabricated through our
co-precipitation-hydrothermal synthesis route did not exhibit significant
precipitation of Co metal or oxides, even with increased Co doping
(Fig. 5c¢ and Fig. S7). Lastly, we assessed the stability of the
Coso,:Ceg.7Fep.302 catalyst through 10 sequential 1-h batch photothermal
RWGS reactions under a light power density of 1.6 W cm ™2, Fig. 5b shows
that the conversion of the catalyst remained ~50 % and the selectivity at
100 % throughout the 10 rounds of operations (10 h). We characterized
the morphology and structure of the catalyst before and after stability
testing. TEM images in Fig. 5a and b revealed that the catalyst main-
tained a stacked nanorod structure, with EDX elemental mapping con-
firming the presence of Co, Ce, Fe, and Co uniformly distributed within
the solid solution. Compared to the morphology before the reaction, no
significant changes were observed post-reaction. The XRD pattern after
the reaction remained essentially the same as that before the reaction
(Fig. 5¢ and d), showing only diffraction peaks consistent with the CeO5
crystal structure and minor Fe3O4 precipitates. No precipitation of Co and
Co oxides was observed. Only a moderate increase in diffraction peak
intensity was observed, which can likely be attributed to crystal growth
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Fig. 3. (a) TPSR results of Cog 25 o;:Ceq.7Feq.302 and Cep.7Feq.30,. XPS spectra of Fe 2p orbitals of (b) Cey.7Feq.302 and (¢) Cog.25 o,:Ceo.7Fen.305.
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induced by the surface temperature during the photothermal reaction. In oxide-based catalysts for the RWGS reaction by doping them with Co, Ni,
summary, Cosg,:Ceg.7Fep.302 exhibits good morphology, structure, and and Cu on a solid-solution platform of Cey.;Fej.302 nanorods. Particu-
RWGS catalytic stability throughout the batch reaction cycles. larly, 0.25-5 mol% Co-doped Ce(.7Fe.302 can reduce the onset tem-
perature of the RWGS reaction, promote CO, conversion at temperatures

4. Conclusions below 500 °C, and maintain a high selectivity for CO. Detailed analyses
including TPSR and XPS analysis revealed enhanced H; dissociation and

In summary, this study concentrates on enhancing the activity of Fe catalyst reducibility with Co doping, facilitating the formation of active
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Fe2+—Vo sites for CO adsorption and dissociative activation. Moreover,
leveraging the strong light absorption capabilities of Fe-based catalysts,
we evaluate the photothermal RWGS performance of the solid-solution
catalysts with varying Co doping levels. Remarkably, 5 mol% Co
doping displayed optimal activity in batch reactions under 300 W Xe-
lamp irradiations, attaining a COy conversion of 50 % within 1 h, a
selectivity of ~100 %, and stability over 10 reaction cycles spanning 10
h. This study underscores the potential of synergistic metal dopants in Fe
oxide-based catalysts for efficient and selective CO, conversion.
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