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ARTICLE INFO ABSTRACT

Keywords: The direct hydrogenation of CO, using green hydrogen offers a sustainable route to produce carbon-neutral
€O, hydrogenation liquid hydrocarbons, emerging as a viable alternative to conventional naphtha cracking. Although Fe-based
ECK/ ICu.Al204 CuAly04 catalysts have been widely studied for COy hydrogenation, the mechanistic role of hydrogen spill-
xsolution

over across dynamic Cu-Fe and associated oxygen vacancies has remained elusive. Here, the structure of FeK/
CuAly04 catalysts was systematically tailored by controlling the reduction temperature to elucidate the
exsolution-driven restructuration of pristine catalyst structure and its influences on the catalytic performance.
We investigated the reaction process using in-situ DRIFTS analysis, from which we for the first time observed a
cascade mechanism activated by hydrogen spillover, revealing various elementary reaction steps: (i) preferential
adsorption of CO; as carbonate species on oxygen vacancies created by Cu exsolution in CuAl,O4 lattice, (ii)
effective formate-mediated reverse water—gas shift (RWGS) reaction via the hydrogen spillover from exsolved Cu,
(iii) promoted Fischer-Tropsch synthesis (FTS) reaction on FesC, formed by the facilitated Fe carburization at the
exsolved Cu-Fe3Oy4 interfaces, (iv) rapid desorption of hydrocarbons produced via controlled carbon chain
growth. This cooperative interaction enabled the selective production of Cs_j; hydrocarbons, achieving the
highest Cs 17 productivity of 290.7 mL gg},t h’l, surpassing our previous work at a COy conversion of 36.4%.
These findings establish a quantitative structure-performance-mechanism relationship and offer design princi-
ples for selectivity control toward desired hydrocarbon ranges in multifunctional CO3 hydrogenation catalysts.

Oxygen vacancy
Hydrogen spillover
Reaction mechanism

1. Introduction

The global energy landscape is undergoing a transformative shift as
the urgency to mitigate climate change and reduce carbon emissions.
Much attention has been focused on research for replacing
petrochemical-based naphtha processes with carbon-consuming chem-
ical processes (Cheng et al., 2024; Kim et al., 2022, 2024; Kwon et al.,
2023; Shezad et al., 2025; Wei et al., 2017; Wen et al., 2025; Yang et al.,
2024; Ye et al., 2019; Zhang et al., 2021). Traditional production for the
petroleum-based liquid hydrocarbons has been heavily relying on oil
refinery, which is a major contributor to greenhouse gas emissions and
faces the impending challenge of resource depletion (Morales et al.,
2015; Wei et al., 2017). To address these issues, innovative approaches
that not only curb CO, emissions but also provide sustainable energy
solutions are required. The process of COy hydrogenation, which
hopefully utilizes green hydrogen, has the potential to revolutionize
production of COs-derived liquid fuels (Cheng et al., 2024; Kim et al.,
2022, 2024; Wei et al., 2017; Ye et al., 2019). This process offers a dual
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benefit: it decreases atmospheric CO; levels by using it as a feedstock
and produces carbon-neutral liquid-phase hydrocarbons, thereby pre-
senting a viable alternative to conventional fossil fuels.

To directly convert CO, into liquid-phase hydrocarbons, tandem
catalysis is often employed. Two different mechanistic pathways are
accessible depending on the intermediate species: the methanol-
mediated route and the CO-mediated modified Fischer-Tropsch syn-
thesis (MFTS) (Cheng et al., 2024; Elmhamdi and Khaleel, 2025; Wei
et al., 2017; Ye et al., 2019). The latter offers enhanced activity and
reduced CO selectivity, rendering it well-suited for the production of
hydrocarbon fuels (Cheng et al., 2024; Wei et al., 2017; Ye et al., 2019).
This approach entails the initial reduction of CO5 to CO via the reverse
water-gas shift (RWGS) reaction, followed by the hydrogenation of CO
into hydrocarbons via the FTS reaction. K-promoted Fe-supported
CuAly04 catalysts have been developed by the present authors as tan-
dem catalysts for direct hydrogenative CO, conversion (Kim et al., 2022,
2024). The catalytic components including Cuo, CuAl;04, and Fe30q4
phases are all highly active for RWGS reaction and K is electronic
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promoter for enhancing CO adsorption and carbon chain growth (Wen
etal., 2025; Ye et al., 2019; Zhang et al., 2021). Their strong interaction
was reported to achieve stable tandem conversion of CO5 to Cs; hy-
drocarbons by way of CO as the intermediate species. However, the
specific origin of the structural evolution and the structure-activity
relationship have not been clarified. The control of selectivity by regu-
lating carbon chain growth in Cs . hydrocarbons and mechanism of CO,
hydrogenation also remains to be elucidated.

Exsolution is one of the restructuration processes wherein cations in
the lattice of oxide crystal migrate to the oxide surface under reducing
conditions (Eguchi et al., 2008; Han et al., 2019; Kang et al., 2024;
Myung et al., 2016; Schrenk et al., 2022; Srifa et al., 2018; Tian et al.,
2015; Wang et al., 2023; Xiao et al., 2022). It can also be used for pre-
paring supported metal nanoparticles (NPs) catalysts due to its unique
ability to produce highly dispersed, stable metal nanoparticles with the
formation of strong metal-oxide interfaces (Carrillo et al., 2020; Han
et al., 2019; Schrenk et al., 2022; Singh et al., 2020; Xiao et al., 2022).
Consequently, these exsolved metal NPs have been demonstrated to be
highly competent catalysts with exceptional catalytic performance in a
wide range of applications (Carrillo et al., 2020; Han et al., 2019; Myung
etal., 2016; Schrenk et al., 2022; Wang et al., 2023; Xiao et al., 2022). In
spinel-based catalysts, many excellent catalytic performances of
exsolved metal have also been reported (Eguchi et al., 2008; Kang et al.,
2024; Srifa et al., 2018; Tian et al., 2015). It was found that
well-dispersed metallic Ni species in spinel framework formed by
exsolution during reduction treatment shows highly stable activity
without sintering than Ni supported on y-Al,O3 in palm oil deoxygen-
ation to green diesel (Srifa et al., 2018). Kang et al. demonstrated over
Cu-based spinel catalysts to retard Cu agglomeration via Cu exsolution
from spinel lattice during the RWGS reaction, giving a maximum CO,
conversion rate than supported CuO/y-Al;O3 catalysts (Kang et al.,
2024).

CuAly04 has emerged as a promising platform because it undergoes
exsolution under reducing conditions, where Cu cations migrate from
the lattice to the surface. The redistribution of the cation coordination
by exsolution in disordered spinel structure, a combination of normal
spinel with a (A2")(B3),(0%), formula and inverse spinel having a
(B3+)(A2+B3+)(02')4 formula (Bahmanpour et al., 2020; Elmhamdi and
Khaleel, 2025; Zhao et al., 2017), has been reported to affect the envi-
ronment of oxygen species in the metal oxide lattices (Kang et al., 2024;
Tian et al., 2015). This restructuration produces highly dispersed
metallic Cu and simultaneously generates oxygen vacancies in the spinel
framework, both of which play crucial roles in CO; activation and RWGS
kinetics, thereby influencing hydrocarbon chain growth in the subse-
quent FTS step. Despite these insights, the relationship among reduction
temperature, exsolution behavior, oxygen vacancy formation, and their
collective influence on CO; hydrogenation performance, particularly in
the production of liquid hydrocarbons via the MFTS pathway, has not
yet been fully clarified.

For successful COy hydrogenation to produce liquid-phase high
molecular-weight hydrocarbons, multiple catalytic components should
make synergistic plays for CO, adsorption, Hy activation, RWGS reac-
tion, and FTS reaction in a balanced and harmonic manner. Herein, we
realized this using FeK/CuAl,04 wherein the location and proximity of
multiple catalytic components and their relative concentrations on the
external surface of CuAl;04 were controlled via reduction temperature-
dependent exsolution process. The systematic restructuration via
controlled reduction temperature built the optimized catalyst architec-
ture showing the balanced behaviors for CO5 adsorption, Hy activation,
RWGS reaction and FTS reaction. By combining comprehensive char-
acterization (in-situ XRD, XPS, TEM, in-situ DRIFTS), we construct a
temperature-structure-function map that links Cu exsolution features to
liquid hydrocarbon production. By revealing this correlation, our study
provides a practical design lever for engineering exsolution-based cat-
alysts and contributes to the development of scalable routes for
COo-to-liquids conversion.

Carbon Capture Science & Technology 17 (2025) 100500
2. Experimental section
2.1. Catalyst preparation

2.1.1. Synthesis of CuAl;04

The CuAl,O4 (abbreviated as CAO) was synthesized using a co-
precipitation method. In a typical procedure, 0.032 mol (6.48 g) of
aluminum isopropoxide (>98 %, Sigma Aldrich) was dissolved in 40.0 g
of isopropyl alcohol in a round-bottomed flask, and the resultant solu-
tion was heated on a hot plate under reflux and stirring at 80 °C for 2 h.
Then, 10.0 mL of an aqueous solution of Cu(NO3)-2-5H20 (0.016 mol,
3.69 g, 98 %, Sigma Aldrich) was added dropwise to the flask, followed
by further heating under reflux and stirring at 80 °C for 3 h. Upon
cooling to room temperature, the solution was titrated with an aqueous
solution of KOH (1 M) to adjust the pH to 9.5, and the resultant solution
was stirred for an additional 3 h, resulting in the formation of a solid
precipitate. The precipitate was filtered and subsequently dried in an
oven at 100 °C for 12 h, then further subjected to calcination in a furnace
at 800 °C for 4 h under an air flow (100 mL min~?) to yield crystalline
CAO.

2.1.2. Synthesis of FeK/CAO

The K-promoted Fe-supported on CAO (denoted as FeK/CAO) was
prepared by a wet impregnation method using CAO as a support mate-
rial. 1.0 g of CAO was suspended in 100.0 mL of deionized water within
a round-bottomed glass flask. Then, 2.12 g of Fe(NO3)3-9H20 (>98 %,
Sigma Aldrich) and 0.1 g of KNO3 (99 %, Daejung) were added to the
solution, and the mixtures were stirred for 1 hour at room temperature.
After the excess water was evaporated at 70 °C, the mixtures were dried
in an oven at 100 °C overnight. The resulting solid was then subjected to
calcination in a furnace at 550 °C for 4 h under an air flow (100 mL
min~?!) to yield FeK/CAO. A reduction treatment was performed at
different temperatures. For the reduction, a flow of Hy (60 mL min~)
and Ar (50 mL min~') was applied for 4 h at 350, 400, 420, 450, and 500
°C, respectively. The reduced samples were denoted as FeK/CAO X,
wherein X is designated as the reduction temperature.

2.2. Materials characterization

Elemental contents were analyzed using inductively coupled plas-
ma-optical emission spectroscopy (ICP-OES, Avio 550 Max instrument,
PerkinElmer). X-ray diffraction (XRD) patterns were acquired using a
Rigaku MiniFlex 600 apparatus equipped with Cu Ka radiation (A =
0.1541 nm) at 600 W (40 kV, 15 mA). All XRD measurements were
conducted under ambient conditions with a step size of 0.005°, a scan-
ning rate of 1° min~!, and a 26 range spanning from 20 to 70° The phase
compositions were determined using Rietveld refinement techniques
through the Rigaku PDXL2 software package. N5 physisorption analysis
was conducted using a BELSORP MAX II volumetric analyzer. Prior to
analysis, sample was degassed at 300 °C under vacuum for 3 h. Nj
physisorption analysis was then performed under a liquid nitrogen
environment (77 K). The specific surface area and pore size were
calculated according to the Brunauer-Emmett-Teller (BET) theory and
Barrett-Joyner-Halenda (BJH) method, respectively.

Hy temperature-programmed reduction (TPR) measurements were
carried out employing a BEL-CAT analyzer (BEL, Japan) with a mass
spectrometer (MS) detector. Prior to measurements, samples were
degassed under a helium stream for 4 h at 400 °C in a quartz cell, fol-
lowed by cooling to 50 °C. The TPR-MS process involved ramping the
temperature from 50 to 1000 °C at a rate of 10 °C min~! under Hj flow.
In-situ XRD spectra were obtained in Hy/Ny gas condition with
temperature-programmed heating mode using a Panalytical Empyrean
XRD (Malvern Panalytical Ltd.). Transmission electron microscopy
(TEM) images were obtained using a JEM-2100F (JEOL Ltd.) instrument
operating at 200 kV. The elemental compositions were determined by
energy dispersive spectroscopy (EDS) (X-Max 80T, Oxford Instruments
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plc, UK). Sample preparation involved the use of a nickel grid to avoid
interference from copper signals. X-ray photoelectron spectroscopy
(XPS) analysis was conducted utilizing a K-ALPHA+ instrument
(Thermo Fisher Scientific Inc.) equipped with a monochromatic Al Ka
source connected to a 128-channel detector. Powder samples were
affixed to a stainless-steel sample holder using carbon tape and analyzed
under vacuum conditions of 5 x 10~ mbar. Prior to the XPS analysis, all
the samples were reduced under Hy condition, sealed with vacuum to
prevent exposure of the reduced sample to air. Gaussian—Lorentzian
curve fitting was employed for spectral analysis of the Cu 2p, Al 2p, O 1
s, and Fe 2p regions after Shirley baseline correction, using the C 1 s peak
(284.8 eV) as a reference.

Hy and CO5 temperature-programmed desorption (TPD) measure-
ments were performed using the same BEL-CAT analyzer with a mass
spectrometer (MS) detector. Prior to measurements, samples were
reduced under a 5 % Hay/Ar stream for 4 h at different temperatures in a
quartz cell, followed by cooling to 50 °C with helium purge to remove
residual Hy. Hy or CO» adsorption occurred using a 5 % Hy/He or 5 %
COy/He flow over 1 h. After purging the cell with helium for 30 min, the
TPD-MS process involved increasing the temperature from 50 to 1000 °C
at a rate of 10 °C min ! under helium flow.

2.3. Catalytic reaction studies

The catalytic reaction was conducted in a continuous flow fixed-bed
microreactor with an inner diameter of 10.0 mm, which was equipped
with a thermocouple positioned at the center of the catalyst bed. The
catalyst used was 0.5 g with 20-40 mesh particles. A gas mixture con-
sisting of CO9, Hj, and Ar (in a volumetric ratio of 21:63:16) was pres-
surized to 3.0 MPa and the reaction was conducted at 320 °C in a gas
hourly space velocity (GHSV) of 10,000 mL g{alt h~'. Ar was served as an
internal standard gas. The effluent gases were analyzed using a gas
chromatograph (GC, YL6500, YOUNG IN Chromass, Korea) equipped
with both a thermal conductivity detector (TCD) and a flame ionization
detector (FID) that were connected to a packed column (Supelco
Analytical Metal packed GC column for TCD) and a capillary column
(GS-GasPro for FID), respectively. Liquid products were collected as
condensed using a cold trap (—4 °C) connected at the end of the reactor,
and manually injected into the GC using a micro syringe for product
analysis. The liquid products were analyzed with an FID connected to a
capillary column (DB-5). The spent catalysts after the reaction were
denoted as FeK/CAQ_Xs.

CO2 conversion and CO selectivity were determined on a molar
carbon basis. The hydrocarbon distribution was computed using the
total carbon moles, expressed in units of C-mol %, across all tested
catalysts:

COZ‘ in — COZ out

x 100%
COZ. in

CO conversion (%) =

where COy i, and COy . are the moles of CO; fed to the reactor and
exhausted from the reactor after the reaction, respectively.

COpy
CO selectivity (%) = ‘ x 100%

B C02 in — COZ out

where CO,, represents the moles of CO produced during the reaction
and then exhausted from the reactor.

The distribution of individual hydrocarbon (C;, i is the carbon
number in hydrocarbon) in total hydrocarbons was given according to
C; hydrocarbon distribution (C — mol%)

mol of C; hydrocarbon x i

= 100%
S mol of C; hydrocarbon x i X ’

The carbon balances for all the reactions were approximately 95 %.
The Cs_1; productivity was determined according to
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. 1 Xco, _ Scs.
Cs_11 productivity(mL g h™') = CO3 o % W(; X ﬁ
where CO2 g0 is the flow rate of CO; fed into the reactor per catalyst.
Xco, and Sc, ,, represent CO5 conversion ( %), and Cs_3; hydrocarbons
selectivity ( %) computed including CO, respectively.

2.4. In-situ diffuse reflectance infrared Fourier transform spectroscopy

In-situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was carried out using a Nicolet iS50R spectrometer (Thermo
Fisher Scientific Inc.), equipped with a mercury-cadmium-telluride
(MCT) detector and an environmental chamber with a ZnSe window.
Measurements were performed in the range of 4000-650 cm ™!, with 16
scans accumulated at a resolution of 4 cm ™.

For the time-dependent sequential adsorption of CO5 and Hj, the
FeK/CAO was first pretreated under a Hy stream at 350 °C and 450 °C for
1 hour, respectively, using an 10 % Hy/Ar gas at a flow rate of 10 mL
min~}, followed by Ny purging for 30 min at the same flow rate. After
reduction pretreatment, the temperature of the chamber was decreased
to 320 °C at 0.1 MPa. The background spectrum was collected under Ny
flow, and then the gas was switched to 10 % COy/N> at a flow rate of 10
mL min~! and maintained for 30 min. After N purging for 30 min, the
gas was switched to 10 % Hay/Ar at a flow rate of 10 mL min~! for 30
min. Spectra were continuously scanned during the process to observe
surface-adsorbed species.

For the CO, hydrogenation reaction, the FeK/CAO was pretreated
with Hy under the same conditions as described above, and then cooled
to 100 °C under an N flow of 10 mL min~". The gas was switched to a 21
% CO2/63 % Hy/16 % Ar mixture, and the chamber was pressured to 3
MPa at a flow rate of 5 mL min '. The background spectrum was
collected at 3 MPa and 100 °C. The temperature was then raised to the
reaction temperature of 320 °C and held for 60 min. The IR spectra were
monitored in real time to detect the signals of the reaction
intermediates.

3. Results and discussion
3.1. Reduction temperature-dependent restructuration of the FeK/CAO

The structural changes of FeK/CAO, consisting of CuAl;04, CuO, and
FeoO3 (Figs. S1-2 and Table S1) were investigated under reducing at-
mosphere in the presence of Hy using in-situ XRD, while increasing the
temperature from 25 °C to 600 °C (Fig. 1). The reducing behaviors of
metal oxides in FeK/CAO sample could be monitored with changes in
XRD peaks. As the temperature increased, some existing peaks gradually
disappeared while new peaks gradually appeared. New diffraction peaks
appeared at 20 of 43.3° and 50.4° when the applied temperature
exceeded 350 °C, which respectively corresponded to the (111) and
(200) lattice planes of Cu® (green squares in Figs. 1b—c). The XRD peak
intensity of CuO was maintained though Cu® peaks began to appear in
the heatmap (Fig. 1¢), proposing that Cu?* was being exsolved from the
CuAly04 oxides (Liu et al., 2023; Plyasova et al., 2000). The intensity of
cu® increased with increasing temperature. When the applied temper-
ature exceeded 420 °C, the Fe;O3 phases started to be reduced as evi-
denced by the decrease in XRD peak intensity (red inverse triangle in
Figs. 1b—c), while the XRD peaks of Fe3O4 began to emerge (skyblue
triangle in Figs. 1b—c). The Hy-TPR revealed a distinct shift in the
reduction peak of FeK/CuAl;O4 to lower temperatures compared to
pristine Fe,O3 (Fig. Slc), indicating that hydrogen atoms dissociated
from Cu° facilitated the reduction of adjacent Fe oxides via hydrogen
spillover mechanism. As a result of the increased degree of reduction
from FeyO3 to Fe3O4, the FeyOs diffraction peaks disappeared
completely at 450 °C. These results demonstrated that Cu?>* was more
reducible than Fe-oxides and hydrogen spillover from Cu® promoted the
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Fig. 1. (a,b) In-situ XRD patterns and (c) their corresponding heatmap showing the reduction temperature-dependent restructuration of the FeK/CAO catalyst
measured under Hy/N, gas condition while increasing the temperature from 25 °C to 600 °C.

reduction of FeyOs, which was consistent with the Hy-TPR results
comparing Fe;O3 and CuAl,04 in Fig. Slc. It also supported the expec-
tation that the phase composition of FeK/CAO would change dramati-
cally between 350 °C and 500 °C in the H,-TPR profile, showing that the
structure of CAO and the reduction degree of Fe-oxides were changed
depending on the reduction temperature.

Fig. 2 shows TEM images with low magnification (Figs. 2a—e) and
their corresponding STEM-EDS mapping images (Figs. 2f-j) obtained
after Hy reduction of the as-synthesized FeK/CAO at 350, 400, 420, 450,
and 500 °C, respectively. The TEM images clearly showed the gradual
temperature-dependent reconstruction of FeK/CAO upon Hj reduction.
The area and size of dense black domain in Figs. 2a—e increased as the

reduction temperature increased, indicating that the thermal aggrega-
tion of metal oxide crystals became severe. The STEM-EDS mapping
images disclosed the gradual temperature-dependent changes of surface
elemental compositions (Figs. 2f—j, Table 1, and Table S2). As indicated
by H,-TPR and in-situ XRD results, Cu®" was more reducible than Fe-
oxides. Therefore, the reduction of Cu?* species than Fe-oxides species
was pronounced up to the reduction temperature of 400 °C and hence
FeK/CAO_400 had the highest Cu/Al wt % ratio on its surface (Table 1).
However, as the reduction temperature increased further, Fe-oxides
species started to be reduced and hence external Fe concentration
increased more significantly with gradual decrease of external Cu con-
centration until the reduction temperature reached 450 °C (Table S2).

Fig. 2. (a—e) TEM images and (f-j) STEM-EDS mapping images of FeK/CAO catalysts reduced at different reduction temperatures. (a,f) FeK/CAO_350, (b,g) FeK/
CAO_400, (c,h) FeK/CAO_420, (d,i) FeK/CAO_450, and (e,j) FeK/CAO_500. STEM-EDS mapping images are collected from the square boxes with yellow dashed lines
in TEM images. HR-TEM images of the square box with white dashed lines in (j) are shown in Fig. S3.
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Table 1
Surface elemental properties of as-synthesized FeK/CAO and reduced FeK/CAO
catalysts.

Sample FeK/ FeK/ FeK/ FeK/ FeK/ FeK/
CAO CAO CAO CAO CAO CAO
Lassyn 350 _400 420 450 500
Cu/Al 0.59 0.64 0.77 0.58 0.60 0.70
Cu/Fe’ 0.51 0.68 0.37 0.16 0.15 0.37
Cu*&Cu’/ 0.06 0.17 0.61 0.49 0.39 0.41
(Cu**+Cu*&Cu®)’
(CuZt/Cu?)® 0.92 1.00 1.54 2.13 2.42 3.07
(ALSt/AI3H)° 1.13 1.16 1.16 1.26 1.54 2.96
Ov/ 0.41¢ 0.41 0.42 0.47 1.01 1.29
(Oy+Ore 0+0ca0)”
Fet/ 0.59 0.61 0.66 0.74 0.77 0.70

(FeS‘-%—FezJ’-%—FeO)b

@ Surface elemental ratio derived from STEM—EDS mapping in Fig. 2 and
Table S2.

b Area ratio determined from XPS results in Fig. 3 and Fig. S4.

¢ Oy/(0ou+Oy+Ore_0+0ca0)-

This might be attributed to that the exsolved Cu°® formed bimetallic
crystals with Fe species as the reduction temperature increased, and
hence the surface concentration of Cu decreased.

Within the bimetallic structure, the dissociated hydrogen atoms
generated from Cu°® could readily migrate to Fe species by hydrogen
spillover, increasing the reduction degree of Fe oxides (Kim et al., 2024;
Zheng et al., 2023). Therefore, as the reduction temperature increased to
450 °C, the Cu/Fe wt % ratio decreased because the concentration of
external Fe increased (Table 1). Similarly, the Cu/Al wt % ratio
decreased because the Cu species on the surface were covered by the Fe
species due to the formation of bimetallic crystals between Cu® and
Fe304. In FeK/CAO_500, on the other hand, the Cu metal was completely
released from the CuAl,O4 (Fig. 2j and Fig. S3), resulting in a
rebounding of external concentration of Cu® and hence an increase in
both the Cu/Al and Cu/Fe wt % ratios again.

The changes in electronic structure of FeK/CAO upon reduction at
different temperatures were investigated by XPS (Fig. 3). In general,
CuAly04 could be synthesized as a mixed lattice having both normal and
inverse spinel characteristics (Bahmanpour et al., 2020; Liu et al., 2023;
Severino et al., 1998). Therefore, both Cu?* in the Cu 2p XPS spectrum
and AI®* in the Al 2p XPS spectrum could be deconvoluted to both
octahedral and tetrahedral sites (Figs. 3a-b, Figs. S4a-b, Table S3, and
Table S4) (Bahmanpour et al., 2020; Severino et al., 1998). It is generally
accepted that the low-coordinated Cu?* in the spinel structure can be
more easily reduced than the high-coordinated Cu2* (Hong et al., 2023;
Liu et al., 2023; Plyasova et al., 2000; Severino et al., 1998; Strohmeier
et al., 1985; Xia et al., 1999). Indeed, as the reduction temperature
increased, the Cu2t/Cu?* area ratio in the Cu 2p spectra increased, due
to the higher reducibility of Cu?* than Cu2t (Fig. 3a, Fig. S4a, and
Table 1). The Cut&Cu®/(Cu?"+Cu2*+Cu*&Cu®) ratio was changed
dramatically, in which the ratio reached a maximum of 0.61 when the
reduction was carried out at 400 °C due to the exsolved metallic Cu®
species (Table 1). However, the ratio decreased with increasing reduc-
tion temperature. This was because Fe species started to be reduced at
higher reduction temperature, by which Cu was covered by Fe3O4
through the formation of bimetallic Cu and Fe. In FeK/CAO_500, how-
ever, the surface Cu® ratio increased again as significant amount of Cu
metal was liberated from CuAl,O4 framework, which was in consistent
with the trends in the Cu/Al wt % ratio on the surface of the reduced
samples obtained from the STEM-EDS mapping (Fig. 2j and Table 1).

Similar to the higher reducibility of Cu?* than Cu2*, AI}?* was more
reducible than AI3*, resulting in a gradual temperature-dependent in-
crease of AI3*/AIZ* ratio as evidenced by Al 2p XPS spectra (Fig. 3b,
Fig. S4b, and Table 1). The O 1 s XPS spectrum elucidated three different
types of oxygen sites: lattice oxygen for CuAlpO4 (Ocao) at 529.0 eV,
lattice oxygen for Fe oxides (Ope_o) at 530.0 eV, and adsorbed oxygen
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species in oxygen vacancies (Oy) at 531.0 eV (Ponmudi et al., 2019; Zhu
et al., 2023). As the reduction of Cut2+ increased, the amount of Oy
increased proportionally as confirmed in O 1 s XPS spectra (Fig. 3c,
Fig. S4c, and Table 1). The Oy/(Oy+Ope0+Ocao) ratio increased
gradually from 0.41 in FeK/CAO_350 to 1.29 in FeK/CAQ_500 (Table 1).
This was related with the defect formation on the spinel framework
created by the exsolved or released Cu metal (Plyasova et al., 2000).
Therefore, more oxygen vacancies were formed by the increasing defect
structure when the reduction temperature increased.

As the reduction degree of Fe oxides increased from the reduction
temperature of 400 °C, a Fe® peak appeared in Fe 2p XPS spectra at
706.5 eV (Fig. 3d, Fig. S4d, Table 1, and Table S4) (Lei et al., 2018). The
Fe?"/(Fe3*+Fe?t +Fe?) ratio increased with increasing reduction tem-
perature due to reduction from Fe;O3 to Fe3O4 and/or FeO (Yang et al.,
2021), with the highest ratio in FeK/CAO_450 (Table 1). In FeK/-
CAO_420 and FeK/CAO_450, charge transfer from Cu to Fe species in the
bimetallic structure resulted in a lower shift in the binding energy of
Fe?" (Table $4). Conversely, the binding energy of Cu™&Cu® was shifted
higher. The low Cu*&Cu®/(Cu?*+CuZt+Cu*&Cu®) ratio also indicated
that the Cu species were transferring electrons to assist in the reduction
of Fe3* to Fe?t (Yang et al., 2021). Thus, in agreement with the in-situ
XRD and STEM-EDS mapping results, increasing the reduction tem-
perature increased the reduction degree of Fe oxides, which was
attributed to hydrogen spillover in the bimetallic structure of exsolved
Cu® and Fe species.

3.2. Impact of structural evolution of the FeK/CAO on CO2
hydrogenation

Fig. 4a shows the reaction results showing the CO, conversion with
CO selectivity for 48 h of time-on-stream (TOS) using the series of FeK/
CAO catalysts reduced at five different reduction temperatures, and the
averaged reaction results including the hydrocarbon distribution was
graphitized in Fig. 4b As the reduction temperature increased, CO»
conversion increased with gradual decrease of CO selectivity. The FeK/
CAO_350 catalyst possessed the smallest amount of Cu® and hence H,
dissociation was not sufficient, which activated the RWGS reaction on
the spinel surfaces to produce CO dominantly with suppressing the CO
hydrogenation (Fig. 4 and Table 2) (Bahmanpour et al., 2020). However,
when the reduction temperature increased to 400 °C, i.e., FeK/CAO_400,
larger amount of Cu® on the catalyst surface promoted H,, dissociation,
which in turn promoted CO hydrogenation. This led to higher CO2
conversion, lower CO selectivity, and higher Cs_1; hydrocarbons selec-
tivity with productivity than FeK/CAO_350 (Figs. 4b—c and Table 2). The
catalytic performance was further promoted as the reduction tempera-
ture increased to 420 and 450 °C. For FeK/CAO_420 and FeK/CAO_450,
which have low Cu/Fe and high Fe?'/(Fe®t+Fe?"+Fe®) ratios on the
surface (Fig. 4c), the bimetallic states of cu® and Fe304 enhanced the
RWGS reaction. The CO produced on Fe3O4 and cu as the active sites
for the RWGS reactions promoted the carburization of Fe oxides,
resulting in the formation of Fe carbides as the active sites of the FTS
reaction (Boreriboon et al., 2018; Hwang et al., 2019; Yang et al., 2021).
The Fe carbides facilitated C-C coupling and CO hydrogenation,
resulting in decreased CO selectivity, increased CO, conversion, and
Cs_11 productivity.

Such synergistic plays of multiple catalytic components such as Cu®,
Fe304, and Fe carbides on CuAl;04 surface were further increased for
FeK/CAQ_450 catalyst, resulting in the highest CO5 conversion and
Cs_11 productivity (Fig. 4 and Table 2). This was attributed to the
enhanced adsorption and activation of CO3 in the rich oxygen vacancies
created by the exsolution of Cu from CuAl,04 lattice, where the acti-
vated CO3 consecutively participated in the RWGS reaction followed by
the FTS reaction at the bimetallic sites of Cu® and Fe30,. Consequently,
the catalytic performance of FeK/CAO_450 suggested that the balanced
synergistic interplays among oxygen vacancies, Cu®, Fes04, and Fe
carbides were crucial for the production of Cs_;1; hydrocarbons via the
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Fig. 3. XPS spectra showing (a) Cu 2p, (b) Al 2p, (c) O 1 s, and (d) Fe 2p regions of FeK/CAO catalysts reduced at different reduction temperatures.

direct hydrogenative conversion of CO5. In FeK/CAO_500, however, the
reduction temperature was too high, resulting in the release of Cu from
the CuAl,04 structure and the sintering of Cu metal (Fig. 2j and Fig. S3),
which interfered balanced catalytic interplays and thereby significantly
decreased the activation of CO3 and H as evidenced by CO; and Hy-TPD
(Fig. 5 and Table S5), resulting in the decreased CO, hydrogenation
activity. The distribution of the hydrocarbons produced after the reac-
tion revealed that the o value became smaller as the reduction temper-
ature increased (Fig. S5). This could be attributed to carbon chain
growth being suppressed by the increased dissociation of Hy from Cu®,

resulting in a gradual increase in short-chain hydrocarbons (Kattel et al.,
2016; Wang et al., 2011; Wei et al., 2017). Thus, as the reduction tem-
perature increased, the distribution for Cj, hydrocarbons decreased
(Fig. 4b and Table 2).

3.3. Adsorption behaviors for CO2 and Hz on different FeK/CAO
structures

Depending on the reduction temperatures, the CO, and H; adsorp-
tion behaviors on the FeK/CAO samples could be changed (Fig. 5 and
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Table 2

Summary of the reaction results of FeK/CAO catalysts obtained from Figs. 4a-b.

Sample Xco2 Sco Hydrocarbon distribution Cs_17 productivity (mL gci h™)
CHy4 Cogq Cs11 Ciay
FeK/CAO_350 30.8 30.5 11.5 30.7 42.5 15.3 191.0
FeK/CAO_400 32.6 25.3 11.1 29.9 44.0 15.0 225.0
FeK/CAO_420 34.5 21.5 10.9 30.8 46.0 12.2 261.6
FeK/CAO_450 36.4 18.9 10.7 30.6 46.9 11.8 290.7
FeK/CAO_500 34.9 16.5 12.1 34.1 43.8 10.0 268.0
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Fig. 5. (a) CO,-TPD profiles, (b) its magnified profiles in the temperature range of 50-400 °C with four deconvoluted peaks designated as I, II, III, and IV, and (c) H»-

TPD profiles of FeK/CAO catalysts reduced at different reduction temperatures.

Table S5). The CO,-TPD profiles could be divided into desorption peaks
at 50-400 °C and at 400-950 °C (Fig. 5a), originating from the
desorption of weakly physisorbed CO, and strongly chemisorbed CO,
respectively (Khan et al., 2020). The lower temperature range (50-400
°C) could be further subdivided into four desorption peaks. First, peak I
could be ascribed to the COy desorption from Cu-O and Al-O pairs of
CuAlyO4 (Trueba et al.,, 2005). The FeK/CAO_350 had the largest
number of CO5 adsorption sites with 0.532 mmol g’1 (Table S5) due to
the lower thermal aggregation of the metal oxide crystals, which pre-
served the pristine mesoporous structure of FeK/CAO (Fig. 2a). As the
reduction temperature increased, the thermal agglomeration of the
metal oxides became severe and the mesoporous structure was gradually
collapsed (Figs. 2b-e), resulting in the decrease of COy adsorption.

Second, peaks II and III could be originated from the COy desorption
from oxygen vacancies on the CAO surface (Jiang et al., 2025; Liu et al.,
2018), and the amount of adsorbed CO, gradually increased with
increasing oxygen vacancies (Table 1 and Fig. 5b), with the largest
amount of 0.133 mmol g’1 in FeK/CAO_450 (Table S5). Third, peak IV
could be originated from the COy desorption from adsorbed CO, on
potassium (Boreriboon et al., 2018; Montanari et al., 2011), and the
amount of adsorbed CO5 gradually decreased as the potassium was
covered by exsolved Cu and reduced Fe species with increasing reduc-
tion temperature (Table S5).

The higher temperature range (400-950 °C) could be attributed to
the CO; desorption from Fe;O3 having strong CO, adsorption strength
(Fig. 5a) (Hakim et al, 2016). With increasing the reduction
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temperature, the FeoO3 was gradually reduced to Fe3O4 (Figs. 1-3). It is
generally known that the Fe3O4 has lower CO, adsorption sites than
Fe,0O3 (Hakim et al., 2016), and therefore the amount of adsorbed CO4
detected at higher temperature range (400-950 °C) decreased as the
reduction temperature increased (Table S5). For the FeK/CAQ_500
sample, the amount of COy adsorption sites decreased dramatically,
which could be attributed to the formation of large particle size of Cu
metal with decrease of interparticle mesoporosity (Fig. 2j and Fig. S3),
and the high reduction degree of Fe oxides as indicated by XPS (Fig. 3d).

Like the CO2-TPD, the Hy-TPD profiles could be divided into two
desorption peaks at 50-350 °C and 350-950 °C (Fig. 5¢), deriving from
the desorption of Hy species with weak and strong strengths, respec-
tively. The weak adsorption sites could be attributed to the hydrogen
chemisorbed by Cu species and the hydrogen spilled from adsorbed on
Cu species to oxygen vacancies on the support surface (Ai et al., 2018; Ni
etal., 2019; Yang et al., 2019; Zheng et al., 2023). In FeK/CAO_350, the
H, adsorption at lower temperature was less due to lower surface con-
centrations of Cu® and oxygen vacancies (Fig. 5¢ and Table S5). How-
ever, with increasing reduction temperature, Cu® gradually formed
bimetallic structure with Fe species, thereby the electron transfer from
Cu® to Fe oxides became prominent, which promoted the adsorption of
H, on the Cu®. At the same time, due to the increased hydrogen spillover
of adsorbed Hj into the oxygen vacancies, the amount of Hy adsorption
at lower temperatures gradually increased as the reduction temperature
increased (black dashed line in Fig. 5¢). Contrary to the weak adsorption
sites at lower temperatures of 50-350 °C, the peak at higher tempera-
tures of 350-950 °C could be originated mostly from the strong
adsorption of Hy on Fe oxides (Ning et al., 2019). As the reduction
temperature increased, the amount of Hy adsorption became progres-
sively smaller due to the increased reduction degree of Fe oxides, as
evidenced by in-situ XRD, STEM-EDS mapping, and XPS results
(Figs. 1-3). This caused the increase of adsorption strength of Hj, and
hence the H; desorption peak was shifted to a higher temperature
(purple dashed line in Fig. 5c¢).

3.4. Unraveling the synergy effect of controlled structure of the FeK/CAO

To unravel the key active sites and their synergistic plays for the
production of liquid-phase Cs_1; hydrocarbons through CO5 hydroge-
nation, spent FeK/CAO catalysts after 48 h of reaction were analyzed
using XRD (Fig. S6 and Table S6), TEM (Fig. S7), STEM-EDS mapping
(Fig. S8), and XPS (Fig. S9 and Table S7). The XRD pattern and HR-TEM
image of FeK/CAO_350s distinguished the exsolved Cu® species that
made interfaces with neighboring metal oxides by reactant Hy during
reaction (Fig. S6 and Fig. S7f). Fe carbides were observed in all the spent
FeK/CAO catalysts as confirmed by XRD, TEM, STEM-EDS mapping
images, and Fe 2p XPS spectra (Figs. S6-9). The Fe carbides were coated
by carbon layer, forming a core@shell structure (Figs. S7f—j). According
to the Rietveld refinement of XRD (Fig. S6 and Table S6) and Fe 2p XPS
(Fig. S9 and Table S7), the concentration of Fe carbides (FesC+FesCa)
was the highest in FeK/CAO_450s. The concentration of cu® was
remarkably the highest in FeK/CAO_500s (Fig. S6 and Table S6), which
confirmed that the severe release of Cu species from CuAl,O4 as
confirmed by the STEM-EDS mapping image showing the sintering of Cu
metal (yellow dots in Fig. S8e).

It should be noted that the control of reduction temperature changed
various structural properties: (i) the degree of Cu exsolution from
CuAly0q4, (ii) the oxygen vacancies, (iii) the bimetallic structure of Cu
and Fe, (iv) the degree of reduction of Fe species. At a reduction tem-
perature of 450 °C, the controlled FeK/CAO structure had a large
number of weak CO, adsorption sites (0.231 mmol g'l) and a small
number of strong CO, adsorption sites (0.126 mmol g’l) due to
increased oxygen vacancies and Fe3Oa, respectively (Figs. 5a-b and
Table S5). These weak CO, adsorption sites promoted CO; activation
and the strong CO5 adsorption sites induced less C-C coupling, resulting
in selective production of Cs_j; hydrocarbons (Khan et al.,, 2020;
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Nasriddinov et al., 2022). The balanced basicity favored the adsorption
of COy and also facilitated the formation of iron carbides through CO4
dissociation (Boreriboon et al., 2018; Jiang et al., 2020; Nasriddinov
et al., 2022). Therefore, the formation of Fe carbides was favored more
in FeK/CAO_450 (Figs. S6-9, and Tables S6-7). In terms of H activa-
tion, FeK/CAO_450 also had many weak Hy chemisorption sites (0.142
mmol g!) due to Cu® and oxygen vacancies and few strong Hy chemi-
sorption sites (0.167 mmol g'l) due to Fe3O4 (Fig. 5c and Table S5). The
optimal concentration of Fe carbides and the Hy chemisorption sites
with optimal strengths might improve the FTS performance (Han et al.,
2020). Consequently, the FeK/CAO reduced at 450 °C led to effective
CO, and Hj activation, accelerated Fe carburization, and controlled
carbon chain growth.

From the comprehensive characterizations relating with reaction
results, the contribution of a synergistic play of multiple catalytic
components of FeK/CAO on the CO2 hydrogenation was schematized.
Scheme 1 depicted the structural evolution of the FeK/CAO catalyst
before (state I) and after the reductive treatment at 450 °C under Hy
condition (state II), as well as during the CO, hydrogenation (state III),
with corresponding representative TEM images, suggesting catalytic
interplays for production of hydrocarbons. The reduction treatment at
450 °C under H» condition induced remarkable structural evolution on
FeK/CAO (state II in Scheme 1): (i) Cu was exsolved from CuAl,;04 lat-
tice with formation of strong metal-support interaction between Cu®
and CuAl,Oy, (ii) the exsolution of Cu remained oxygen vacancies on the
CuAl,04 surface, (iii) the exsolved Cu® formed bimetallic structure with
Fe304 that was reduced from Fe;O3 via hydrogen spillover of dissociated
hydrogen atoms from Cu°. Therefore, the abundant oxygen vacancies
and bimetallic states of Cu® and Fe304 on FeK/CAO_450 enhanced the
CO4 adsorption and its hydrogenative conversion to CO via the RWGS
reaction (state III in Scheme 1). The accelerated CO generation pro-
moted the carburization of Fe species, by which FesC, were formed. It
facilitated carbon bond growth and hydrogenation of CO, resulting in
Cs_11 hydrocarbons productivity superior to previously published work
(Table S8).

3.5. Mechanism study using in-situ drifts

To study the reaction processes, FeK/CAO_350 and FeK/CAO_450
catalysts with different degrees of exsolution and thus showing different
reaction results were investigated using in-situ DRIFTS under two
different analyses conditions. As the first analysis condition, these cat-
alysts were applied to the sequential activation processes of CO, and Hj,
where the feed gases of 10 % COy/Ng, Ny, and 10 % Hy/Ar were
sequentially provided at 320 °C under ambient pressure for 30 min each,
while the catalyst surface was monitored by IR at 5-min intervals
(Figs. 6a-b).

When a CO5, flow was applied, both FeK/CAO_350 and FeK/CAQ_450
initially exhibited broad peaks in the ranges of 1280-1390 and
1510-1635 cm™ due to the symmetric and asymmetric O-C-O
stretching vibrations of carboxylate (CO3") species adsorbed on the
catalyst surface, respectively (Figs. 6a-b and Table S9). During the CO5
feeding for 30 min, initially evolved IR peaks of carboxylate species were
maintained on FeK/CAO_350 without significant changes (Fig. 6a), but
striking changes were observed on FeK/CAO_450 (Fig. 6b). In FeK/
CAQ_450, after 20 min, carbonate (CO3*) species at 1065 and 1506
em™!, bicarbonate (HCO3*) species at 1420 and 1637 em™!, and formate
(HCOO*) species at 1272 cm™! appeared while the IR peaks of carbox-
ylate species were broadened to be disappeared (Fig. 6b), indicating that
the CO; activation on FeK/CAO_450 was more dynamic than FeK/
CAO_350. It should be reminded that FeK/CAO_450 exhibited a high H,
activation capability due to the exsolved Cu® as characterized by Hy-TPD
(Fig. 5¢c and Table S5). Therefore, hydrogen atoms dissociated and
adsorbed on exsolved Cu® during the Hy, reduction process would assist
the formation of bicarbonate and formate species during CO activation
on FeK/CAO_450. Conversely, in the case of FeK/CAO_350, the
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Scheme 1. Schematic representation of the structural evolution in the FeK/CAO catalyst before (state I) and after the reductive treatment at 450 °C under Hy
condition (state II), as well as during the CO, hydrogenation (state III) with corresponding HR-TEM images.

concentration of exsolved Cu® was significantly lower, and the activated
hydrogen atoms were also deficient, resulting in the inefficient activa-
tion of initially activated carboxylate species.

Furthermore, the abundant oxygen vacancies and COy adsorption
capacity of FeK/CAQ_450 as characterized by CO»-TPD (Figs. 5a-b and
Table S5) might further enhance the adsorption of carbonate species (Lu
et al., 2024). As the duration of CO; feeding increased, the intensities of
carbonate, bicarbonate, and formate species gradually increased (Fig. 6b
and Fig. S10). Even after switching to N flow, these intensities remained
almost unchanged. After switching to Hj gas, an intense peak evolved at
2021 em™}, which is attributed to the formation of CO* adsorbed on Cu®
surface. This could suggest that Cu® facilitated Hy dissociation, and the
spillover of dissociated hydrogen atoms induced the decomposition of
various activated species (e.g., carbonate, bicarbonate, and formate
species) as their IR peaks disappeared during H; feeding (Fig. 6b). As the
duration of Hj feeding increased, the intensity of the CO* peak gradually
increased, indicating that the CO* species became more concentrated on
the catalyst surface.

In contrast, the carbonate, bicarbonate, and formate species were
rarely detected on FeK/CAO_350 (Fig. 6a), attributable to the lower
concentration of oxygen vacancies for enhanced CO3 activation and the
absence of exsolved Cu® for efficient Hy activation. The first DRIFTS
study with sequential activation processes of CO, and Hy demonstrated
that CO, adsorption as carbonate species favors at oxygen vacancies and
that hydrogen spillover plays a decisive role in forming formate species
and CO. In FeK/CAO_450, the cooperative interplay between oxygen
vacancies and exsolved Cu® enabled the efficient generation of CO via
the RWGS reaction.

As the second experimental condition, in-situ DRIFTS spectra were
collected under the realistic reaction condition under mixed COy/H, gas
flow at 3 MPa at 320 °C for 60 min. Both FeK/CAO_350 and FeK/
CAQ_450 catalysts formed CO from CO; via formate-mediated RWGS
reaction, as indicated by the appearance of broad and intense IR peaks at
2180 and 2111 cm™! corresponding to gaseous CO in the analysis
chamber (Figs. 6¢c-d and Table S9). In addition, they produced olefins
probably via CO-mediated FTS reaction, as indicated by the appearance
of IR peaks at 1645 and 1635 cm™ originating from olefinic species
(Figs. 6¢-d and Table S9). In a broad point of view, it seems like that
both catalysts made olefin products via CO-mediated FTS reaction.
However, the concentrations of adsorbed species on both catalysts are
remarkably different, as shown in the contour map of DRIFTS spectra of
FeK/CAO_350 and FeK/CAO_450 (Fig. S11) and DRIFTS spectra with
different y-axis scales (0.03 of Fig. 6¢ vs. 0.01 of Fig. 6d). This indicates
that the concentration of adsorbed species on FeK/CAO_350 is much
higher than that on FeK/CAO_450, suggesting that the detailed reaction

processes would be different.

In FeK/CAQ_350, which contained Fe,O3 and CuAl,O4 with low
oxygen vacancies ratio (Fig. 1, Fig. 3c, and Table 1), CO, was adsorbed
as carbonate species on CuAl,04 and then converted to bidentate species
by Hj, subsequently forming formate species and surface hydroxyl
groups (Scheme 2a). The formate species were then decomposed by Hy
to generate CO and Hy0. The IR peaks at 3670 and 3650 cm™! corre-
sponding to surface hydroxyl groups (OH*) became pronounced from
200 °C, and the IR peaks of gaseous CO signals at 2180 and 2111 cm™!
appeared rapidly from 300 °C (Fig. 6¢). The peaks of carbonate (1653/
1540/1507/1456 cm’l), bidentate (1716/1699/1473 cm’l), and
formate (1559/1521 cm™) species also observed at 300 °C. Due to the
deficiency of FTS active sites such as FesCy (Fig. S6 and Table S6), the
generated CO was converted dominantly to CHy, resulting in the initial
appearance of IR peak at 3015 em™* corresponding to a gaseous CHy
instead of IR peaks of olefins at 1645 and 1635 cm™_. The interpretation
of DRIFTS is consistent with that the FeK/CAO_350 showed the lowest
CO4 conversion and Cs_1; hydrocarbons productivity, and the highest
CO selectivity (Fig. 4 and Table 2).

However, in FeK/CAO_450, which contained Cuo, Fe304, and
CuAl,04 with high oxygen vacancies ratio (Fig. 1, Fig. 3¢, and Table 1),
CO, was adsorbed as carbonate species at oxygen vacancies, and
hydrogen atoms dissociated on exsolved Cu® spilled over, promoting the
formation of bicarbonate (Scheme 2b), consistent with the result in
Fig. 6b The bicarbonate-derived formate species then decomposed to
CO, while further hydrogen spillover facilitated HoO formation. The
RWGS reaction was also accelerated on Fe3O4, and the resultant CO
could be rapidly dissociated, promoting Fe carburization with the for-
mation of FegC and subsequently FesCy between Cu® and Fe304 (Fig. S6
and Table S6). The resulting FesCy facilitated the CO-FTS reaction that
effectively produced olefins (Scheme 2b). Since CO intermediates was
efficiently utilized in FesCy, formation and the FTS reaction, FeK/
CAO_450 showed less intense IR peak of gaseous CO than FeK/CAO_350
(Figs. 6¢-d and Fig. S11). The IR peak of gaseous CHy4 also began to
appear at 3015 cm ! less intensively, later than FeK/CAO_350, implying
that the conversion of CO to olefins was enhanced in FeK/CAO_450 with
less CHy4 production. The less intense IR peaks of olefinic species on FeK/
CAO_450 indicates that the olefins produced were promptly desorbed
with shorter residence time than FeK/CAO_350. In contrast, FeK/
CAO_350 with many strong CO2 adsorption sites (Fig. 5a-b and
Table S5), the delayed desorption of olefins could lead to more intense
carbon chain growth resulting in higher C;2 hydrocarbons, whereas in
FeK/CAO_450 with few strong CO, adsorption sites (Fig. 5a-b and
Table S5), the rapid desorption of olefins after proper C-C coupling
could promote higher Cs;; hydrocarbons (Fig. 4b, Fig. S5a, and
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Fig. 6. Ambient pressure in-situ DRIFTS spectra obtained by switching the feed gas from 10 % CO,/N to N», followed by 10 % H,/Ar at 320 °C for (a) FeK/CAO_350
and (b) FeK/CAO_450. High pressure in-situ DRIFTS spectra obtained under reaction conditions of CO5:Hy=1:3, 320 °C, and 3 MPa for (c) FeK/CAO_350 and (d)

FeK/CAO_450.
Table 2).
4. Conclusions

Exsolution-driven restructuration of FeK/CuAl;0O4 catalysts demon-
strated a promising strategy for enhancing CO» hydrogenation toward
liquid-phase Cs_1; hydrocarbons. By tuning the reduction temperature,
the structural evolution of the catalyst was precisely regulated, enabling
an optimal interplay between exsolved cu®, Fe30,, FesCy, and oxygen
vacancies. These structural modifications facilitated key reaction steps,
including CO; activation, hydrogen spillover, the reverse water—gas shift
(RWGS) reaction, and subsequent Fischer-Tropsch synthesis (FTS). The
optimized catalyst, FeK/CuAl,04 reduced at 450 °C, exhibited the

10

highest CO, conversion and Cs_1; hydrocarbons productivity due to the
synergistic effect of Cu’~Fe30,4 bimetallic sites and oxygen vacancy-
enriched surfaces. In-depth mechanistic studies, including in-situ
DRIFTS, elucidated that the preferential adsorption of COy at oxygen
vacancies, followed by formate-mediated RWGS, significantly contrib-
uted to enhanced CO generation and its subsequent hydrogenation. The
cooperative interactions between exsolved cu® and Fe304 facilitated Fe
carburization, forming catalytically active FesCy species that promoted
selective C-C coupling and hydrocarbon growth. Furthermore, the rapid
desorption of hydrocarbons from the catalyst surface prevented exces-
sive carbon chain elongation, ensuring high selectivity for the Cs 11
hydrocarbons. This work highlights the pivotal role of catalyst restruc-
turing in governing reaction pathways and represents the potential of
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Fe;0,
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Scheme 2. Schematic representations showing reaction mechanisms of CO, hydrogenation to hydrocarbons over (a) FeK/CAO_350 and (b) FeK/CAO_450.

exsolution engineering for developing next-generation catalysts for CO;
hydrogenation. The findings not only provide a fundamental under-
standing of the structure-activity relationship in Fe-based tandem cat-
alysts but also offer a scalable approach for producing carbon-neutral
chemicals.
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