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Abstract

Methanol synthesis via CO, hydrogenation stands as a cornerstone technology for large-scale CO,
valorization and green H, storage, yet hindered by the lack of innovative catalyst systems, facing the
challenge of activity-stability trade-off. Herein, we represent the first report on a new ZnCoAlFeGaO,
high-entropy oxide (HEO) catalyst for CO, hydrogenation to methanol production. The successful
construction of HEO, featuring the incorporation of multiple oxyphilic metal elements, induces
substantial charge redistribution, which reinforces metal-oxygen bonding and confers exceptional
structural stability under reaction conditions. Concurrently, the high-entropy spinel triggers pronounced
lattice distortion and nanoscale grain refinement, significantly increasing the density of active sites and
enhancing the intrinsic catalytic activity. Benefiting from these synergistic effects, HEO catalyst achieves

an unprecedented methanol space time yield (STY) of 498 gyeon-kGeat -h™ ' at 73.3% selectivity,

together with excellent long-term stability for 120 h, far outperforming its low-entropy and medium-
entropy counterparts, as well as most reported oxide-based catalysts. This work establishes a feasible
and robust strategy for the development of high-performance and durable CO, hydrogenation catalytic

systems, and deeply clarifies the origin of the high-entropy effect in governing catalytic activity and
stability.

Introduction

The escalating climate crisis and imperative to decarbonize industrial systems have elevated CO,
catalytic conversion into a cornerstone of sustainable chemistry'2. Methanol, a versatile platform
chemical, serves not only a clean fuel but also as a fundamental feedstock for the production of
numerous high-value chemicals®#. Moreover, it acts as an excellent medium for hydrogen storage and
transportation, enabling the large-scale utilization of intermittent renewable H,°. In this context,
methanol production via CO, catalytic hydrogenation directly bridges the development of the green H,

industry and the implementation of carbon neutrality goals. Cu-based catalysts have long been dominant
in this field owing to their decent activity and cost effectiveness, yet severe deactivation arising from Cu
sintering under harsh high-temperature, H,-rich and humid conditions, remains a fundamental

bottleneck®. To date, no effective solution has been established to overcome this limitation. Therefore,
novel catalyst systems are urgently needed to address the bottleneck of simultaneously balancing CO,
conversion, methanol selectivity, and long-term stability.

Composite oxide catalysts, including fluorite-type (InZrO,, ZnZr0,, GaZr0,)’® and spinel-type (ZnFe,0,,
ZnAl,0,, ZnCr,0,)°~'? oxides, have garnered extensive attention due to their high methanol selectivity
and structural stability. However, such catalysts generally suffer from mismatched activation capabilities
toward CO, and H,, resulting in intrinsically limited catalytic activity'3~"°. While compositional
modulation and synthetic optimization can partially improve the synergy between CO, and H, activation,
the inherent lattice mismatch between binary metal oxides renders them highly susceptible to
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irreversible phase transformation under reaction conditions, leading to rapid decline of methanol
productivity'®~18, For instance, in GaZrO, catalysts, excessive Ga doping (> 20%) triggers a phase
transition from a single-phase solid solution to mixed phases of ZrO, and Ga,04, drastically reducing

methanol yield by more than 50%'®. Moreover, low-valence surface metals such as Zn, Ga, and In tend to
migrate, agglomerate or even be over-reduced under reaction conditions, promoting the formation of

numerous by-products including CO and CH,'2'. Notably, recent studies have revealed that phase
transformation of the spinel lattice can induce an abrupt collapse of methanol selectivity from 96.1% to

a mere 1.2%'%. Consequently, overcoming the irreversible phase transformation of composite oxide
catalysts under reaction conditions becomes the key point for resolving the activity-stability trade-off.

High-entropy oxides (HEO) are defined as single-phase solid solutions containing five or more metal
cations in an approximately equimolar ratio??2°. Benefiting from their unique characteristics including
the high-entropy effect, lattice distortion effect, sluggish diffusion effect, and cocktail effect, high-
entropy materials exhibit unprecedented physicochemical properties, thus gaining increasing attention in
heterogeneous catalysis?®~28. For instance, Li?° et al. developed a fluorite-type high-entropy catalyst
Cu,Zn,Aly sCesZrg 50, for the reverse water-gas shift (RWGS) reaction, in which the high-entropy lattice

effectively suppressed Cu sintering and enabled a high CO production rate of 417.2 mmol-g” "-h™ " with
good stability over 72 h of continuous testing. This distinctive structure provides a versatile platform to
break the inherent activity-stability trade-off in conventional catalysts. Nevertheless, the application of
HEO in selective CO, hydrogenation to methanol remains largely unexplored. More importantly, the
intrinsic catalytic mechanism of the high-entropy effect remains poorly understood, hindering the
rational design of advanced HEO catalysts.

In this work, we represent the first report on a high-entropy spinel catalyst that successfully breaks the
inherent activity-stability trade-off in CO, hydrogenation to methanol. The optimized ZnCoAlFeGaO,
catalyst delivers an unprecedented methanol space time yield (STY) of 498 gyeon'keat *h™ ' at 73.3%
selectivity, together with excellent stability for 120 h. This performance far surpasses that of its low-
entropy and medium-entropy analogs, as well as most reported oxide-based catalysts. Experimental and
theoretical studies reveal the intrinsic mechanism underlying the superior performance of the HEO
catalyst. Specifically, the incorporation of oxyphilic elements induces significant charge redistribution,
which reinforces metal-oxygen bonding and confers exceptional structural stability under reaction
conditions. In addition, the high-entropy spinel lattice triggers lattice distortion and nanoscale grain
refinement, which significantly increase the density of active sites and enhance the intrinsic catalytic
activity. This study not only opens a reliable avenue toward high-performance and durable CO,
hydrogenation catalytic systems, but also deeply clarifies the intrinsic catalytic mechanism of the high-
entropy effect, providing valuable theoretical guidance for the rational design of advanced high-entropy
oxide catalysts.

Results and discussion
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3.1. Structural characterization of catalysts

A series of spinel-type catalysts (ZnFeO,, ZnFeGaO,, ZnCoFeGaO,, and ZnCoAlFeGaO0,) were synthesized

via a polyvinylpyrrolidone (PVP)-templated method?® (Figure S1). According to the classification criteria
of low-entropy oxide (LEO, < 1.0R), medium-entropy oxide (MEQ, 1.0-1.5R), and high-entropy oxide (HEO,
>1.5R), these catalysts were denoted as ZF-LEO, ZFG-MEO, ZCFG-MEO, and ZCAFG-HEQO, respectively
(Fig. 1a). Powder X-ray diffraction (XRD) confirms that all catalysts exhibit a pure single-phase spinel
structure without detectable impurity phases (Fig. 1b). As the metal constituent diversity increases from
binary to quinary, the diffraction peaks systematically shift toward higher angles, providing direct
evidence of lattice contraction, originated from mismatched ionic radii, charge states, and coordination
preferences of the multiple cation species®®. Meanwhile, the weakened and broadened diffraction peaks
imply suppressed grain growth and reduced grain size with rising configurational entropy. XRD Rietveld
refinement further verifies that all diffraction peaks are attributed to the Fd_3m space group, with refined
lattice parameters decreasing from 8.447 A for ZF-LEO to 8.212 A for ZCAFG-HEO (Figs. 1c and S2, Table
S1).

Scanning electron microscopy (SEM) images reveal that all samples consist of nanosheet assemblies
formed by aggregated nanoparticles (Figure S3). Transmission electron microscopy (TEM) images show
that ZF-LEO possesses a wide size distribution ranging from 10 to 100 nm, with an average diameter of
approximately 48.5 nm (Figure S4). In striking contrast, ZCAFG-HEO displays a more uniform and smaller
particle size distribution with an average diameter of only 10.4 nm, reflecting the crystallite refinement
induced by high-entropy effect as confirmed by XRD3° (Fig. 1d). This nanoscale grain refinement endows
ZCAFG-HEO with a higher specific surface area and CO, adsorption capacity relative to LEO and MEO
catalysts (Figures S5 and S6, Table S2). High-resolution TEM (HRTEM) of ZCAFG-HEO reveals lattice
spacings of 0.250, 0.292, and 0.480 nm (Fig. 1e), corresponding to the (311), (200), and (111) planes of
the spinel structure®’. These interplanar distances are slightly contracted relative to those in ZF-LEO
(Figure S7), consistent with the lattice contraction indicated by XRD. Furthermore, energy dispersive X-
ray spectroscopy (EDS) elemental mapping validates the uniform distribution of all elements at the
nanoscale (Fig. 1d and Figure S8). Collectively, these characterizations confirm the successful
fabrication of a phase-pure, compositionally uniform high-entropy spinel catalyst.

X-ray absorption spectroscopy (XAS) was employed to probe the electronic structure and local
coordination environment of ZF-LEO and ZCAFG-HEO. Fe K-edge XANES spectra show that the
absorption edges of both catalysts lie between those of Fe foil and Fe, 03, with spectral features similar
to Fe,05 (Fig. 1f). Notably, the absorption edge of ZCAFG-HEO shifts toward lower energy relative to ZF-
LEO, indicating increased electron density at Fe centers. A similar trend is observed for the Zn K-edge
XANES spectra (Figure S9), corroborating pronounced charge redistribution within the high-entropy
system. Quantitative EXAFS fitting in R-space reveals a clear shortening of the Fe-O bond length in
ZCAFG-HEO (Fig. 1g and Table S3). Moreover, ZCAFG-HEO exhibits unique Fe-(0)-M scattering
contributions characteristic of the multi-elemental spinel lattice, distinct from the Fe-(0)-Fe and Fe-(0)-
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Zn coordination environments in ZF-LEO. Similar structural variations are also identified in Zn-O and
other coordination shells (Figure S10 and Table S4). Wavelet transform EXAFS (WT-EXAFS) further
resolves subtle differences in the local coordination environment (Figs. Th and S11). X-ray photoelectron
spectroscopy (XPS) provides additional evidence for charge redistribution. ZCAFG-HEO shows a higher
Fe?* fraction (57.1%) compared to ZF-LEO (35.7%), indicating an electron-enrich nature of Fe sites
(Figure S12). Meanwhile, the O 1s binding energy in ZCAFG-HEO shifts markedly toward higher values
compared to ZF-LEO (Figure S13). These observations collectively demonstrate that the diverse atomic
sizes and modulated M-O bonding environments in HEO induce substantial internal charge redistribution,
characterized by electron transfer from oxygen to Fe centers3233,

To elucidate the microscopic mechanism of charge redistribution, theoretical calculations were
performed on two constructed ZnFe,0, (ZF-LEO) and ZnCoAlFeGaO, (ZCAFG-HEO) models (Supporting
Methods). Crystal Orbital Hamiltonian Populations (COHP) analysis reveals that the oxyphilic dopants Ga
and Al in ZCAFG-HEO exhibit higher bonding affinity with oxygen, as reflected by the negatively
integrated COHP (-ICOHP) values of approximately 2.60 eV (Fig. 1i), substantially exceeding the
strengths of intrinsic Zn-0 and Fe-0 bonds in ZF-LEO (< 1.70 eV). For Fe-0 interaction, charge density
difference and electron localization function (ELF) analyses show that oxygen bonded to Fe on the
ZCAFG-HEO surface gains only 1.04 |e|, indicating a reduced electron density on lattice oxygen
compared to 1.10 |e| in ZF-LEO (Figure S14). Meanwhile, Fe atom loses fewer electrons (1.58 |e| for
ZCAFG-HEO v.s. 1.60 |e| for ZF-LEO), resulting in electron accumulation around Fe center and effectively
strengthening the Fe-0O interaction. These results establish that the incorporation of strongly oxyphilic
elements in ZCAFG-HEO reduces electron transfer between O and Fe, induces significant charge
redistribution, and ultimately shortens Fe-O bond (Figure S15), consistent with experimental
observations.

Raman spectroscopy was further utilized to probe Fe-0 bonding variations (Figure S16). The
characteristic peak corresponding to Fe-O bond®* in ZF-LEO appears at 650 cm™ . In contrast, this peak
in ZCAFG-HEO exhibits a distinct blue shift to approximately 680 cm™ ', indicating an increased bond

force constant and strengthened Fe-O bond3®. As a result, the reduction temperature of ZCAFG-HEO
increases by more than 40°C relative to LEO catalyst, accompanied by a lowered reduction extent (Figure
S17). This ensures the structural integrity of spinel under reducing atmosphere. Notably, ZnFe-based
spinel is highly prone to phase transformation under CO, hydrogenation conditions, resulting in product

selectivity reversal'®. In contrast, the electron redistribution driven by oxyphilic element introduction in
HEO significantly reinforces Fe-O bonding and confers exceptional structural stability to the ZCAFG-HEO
catalyst.

3.2. Catalytic performance of CO, hydrogenation to
methanol
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CO, hydrogenation performance was evaluated at 5 MPa, 24,000 mL-g” "-h~ " and 280-360°C. All spinel
catalysts show increasing CO, conversion with rising temperature, yet exhibit drastically different
product selectivity. For binary low-entropy ZF-LEO (Fig. 2a), CO, conversion increases from 0.2% to 8.1%
with rising temperature, accompanied by a continuous drop in methanol selectivity from 99.3% to 11.1%,
while CO selectivity surges to 68.6%. This indicates that the reverse water-gas shift (RWGS) reaction
becomes dominant under high-temperatures. Notably, ZF-LEO generates substantial hydrocarbon

byproducts (CH, and C," hydrocarbons), with combined selectivity exceeding 20% above 320°C,
reflecting excessive hydrogenation and C-C coupling side reactions. Correspondingly, its maximum
methanol space-time yield (STY) is only 74 gyeon-Kdeat -h~ '. The medium-entropy ZFG-MEO and ZCFG-
MEO catalysts display improved methanol selectivity at comparable CO, conversion (Figures S18 and
S19), affording enhanced methanol STY of 270 and 219 gyeon-kgeat -h™ ', respectively, while
suppressing hydrocarbon selectivity to below 4.8%.

For quinary high-entropy ZCAFG-HEO (Fig. 2b), CO, conversion is further enhanced at similar methanol

selectivity relative to MEO catalysts, with hydrocarbon selectivity maintained below 1% even at 360°C,
demonstrating nearly complete suppression of excessive hydrogenation and C-C coupling side
reactions. A direct performance comparison at 320°C highlights that methanol selectivity dramatically
increases from ~ 25% for LEO catalyst to ~ 70% for MEO and HEO catalysts (Fig. 2c and Table S5).

Impressively, ZCAFG-HEOQ achieves the highest methanol STY of 381 gyeon'kdeat '*h™ ', representing a
6.5-fold enhancement over ZF-LEO (59 gyeon'Kdeat -h~ ') and a 2.2-fold enhancement over ZCFG-MEO
(174 9peonkdeat '*h™1). After optimizing the reaction conditions, ZCAFG-HEO realizes a remarkable
methanol STY of 498 gyeon-kdeat -h™ ! With 73.3% selectivity (Figure S20), far exceeding previously

reported spinel catalysts, and on par with state-of-art oxide-based catalysts (Fig. 2d and Table S6).
These results underscore the efficacy of the high-entropy strategy in constructing highly active spinel
catalysts for CO, valorization.

Kinetic analysis based on the Arrhenius aquation for CO, hydrogenation to methanol was conducted to
study the origins of enhanced catalytic activity (Figs. 2e-f and Table S7). The apparent activation energy
(Ea) gradually increases with configurational entropy: 88.55 kJ-mol~ ! for ZF-LEO, 92.35 kJ-mol™ " for

ZFG-MEO, 98.91 kJ-mol~ ! for ZCFG-MEQ, and 114.66 kJ-mol™ ! for ZCAFG-HEO (Fig. 2e and Table S8).
Despite possessing the highest Ea, ZCAFG-HEO achieves an overall reaction rate 6.5-fold that of ZF-LEO,
a trend unaccounted for by apparent activation energy alone. Correspondingly, the pre-exponential factor
significantly increases from 4.11x10° for ZF-LEO to 2.21x107 for ZFG-MEO, 9.13x107 for ZCFG-MEO, and
an exceptional 5.09x10° for ZCAFG-HEO, representing a 2—3 orders-of-magnitude enhancement relative
to other counterparts (Fig. 2f and Table S8). The extraordinarily high pre-exponential factor overrides the

energy barrier effect, accounting for the superior methanol synthesis activity®®~3°. This behavior
correlates well with the typical structural merits of high-entropy materials: nanoscale grain refinement,
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enlarged specific surface area, and increased active site density, which promote reactant adsorption,
activation, and surface reaction kinetics.

Long-term stability tests were further conducted on ZF-LEO, ZCFG-MEO, and ZCAFG-HEO at 320°C, 5
MPa and 36,000 mL-g” "-h™ " (Fig. 3a). Within the first hour, the methanol selectivity of ZF-LEO abruptly
drops from 47.1% to 13.9%, and further declines to 7.9% after 10 h, while its STY decreases from 103 to
57 OmeonKdeat *h™ 1. ZCFG-MEO exhibits slightly improved stability versus ZF-LEO, yet still suffers
significant degradation in methanol selectivity and STY within 5 h, with STY falling from 236 to 157
ImeonKTeat *h™ T over 35 h. In stark contrast, ZCAFG-HEO maintains exceptional stability during a
continuous 120 h test (Figs. 3a and S21), sustaining methanol selectivity at around 70% and methanol
STY above 400 gyeon'kdeat *h™'. These results fully demonstrate that the ZCAFG-HEO catalyst

integrates superior methanol synthesis activity, high methanol selectivity, and outstanding long-term
stability, far outperforming its LEO and MEO counterparts.

To elucidate the origins of catalytic performance discrepancies, a series of characterizations were
performed on the spent catalysts to probe their structural evolution. XRD patterns indicate that spent
ZCFG-MEO and ZCAFG-HEO maintain their pristine spinel structure (Fig. 3b). In comparison, spent ZF-
LEO exhibits two new diffraction peaks at 31.7° and 36.2°, corresponding to the (100) and (101) planes
of ZnO (JCPDS no. 36-1451), suggesting the irreversible phase separation of ZnO from the spinel bulk
after CO, hydrogenation reaction. XPS analysis of the spent catalysts provides further insights (Fig. 3c).

In addition to Fe?*/Fe3* signals, a distinct peak at 708.1 eV, assigned to FeC, species, is observed on

both ZF-LEO and ZCFG-MEQ'%40, This indicates partial spinel decomposition into ZnO and FeC, after
catalytic reaction. Notably, the FeC, signal intensity is weakened in ZCFG-MEO and completely absent in

ZCAFG-HEO. Mdssbauer spectroscopy (Fig. 3d) reveals that spent ZCAFG-HEO is dominated by Fe3*
(90.11%) with a minor Fe?* component (9.89%), with no detectable Fe® or FeC, phases*'#2. These

results confirm that the robust spinel structure of ZCAFG-HEO remains intact under reaction conditions,
enabling sustained high methanol selectivity.

TEM characterization provides direct visualization of structural evolution. Spent ZCAFG-HEO possesses
uniformly sized nanoparticles of approximately 12.0 nm (Figure S22), without obvious agglomeration
relative to the fresh catalyst (10.4 nm). HRTEM reveals only spinel-specific (220) and (311) crystal
planes, and EDS elemental mapping further shows uniform dispersion of Zn, Co, Al, Fe, Ga, and O
elements without segregation (Figs. 3e and 3f). By contrast, spent ZF-LEO suffers severe particle
sintering and agglomeration, with HRTEM identifying lattice spacings of ZnO, Fe;0, and Fe;C, phases
(Figs. 3g and S23). Meanwhile, EDS mapping further reveals distinct demarcation between Zn and Fe
elements (Figs. 3h and S24), confirming severe phase transformation of the ZnFe,0, spinel into ZnO0,

Fe;0, and FesC, after CO, hydrogenation reaction.
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These findings establish a direct structure-performance relationship that the irreversible phase
transformation of ZF-LEO from spinel to ZnO, Fe;0, and FesC, drives selectivity reversal from methanol
to CO and hydrocarbons. In ZCAFG-HEOQ, the oxyphilic element introduction induces extensive charge
redistribution, strengthens Fe-O bonding, and stabilizes the spinel lattice, thus preserving high methanol
selectivity. Furthermore, high-entropy-induced grain refinement and lattice distortion generate a high
density of active sites. As a result, ZCAFG-HEO maintains ~ 70% methanol selectivity with STY

1

consistently exceeding 400 gy;eon-Kdeat -h™ ' over 120 h, achieving superior catalytic activity and long-

term stability.

3.3. Evolution of Catalyst Structure and Reaction Pathway

In-situ XRD and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) were employed to
establish the dynamic correlation between catalyst structural evolution and reaction pathway switching
under CO, hydrogenation conditions for ZF-LEO and ZCAFG-HEO catalysts. In-situ CO, hydrogenation
XRD patterns are shown in Figs. 4a-b. At 300—-350°C, ZF-LEO maintains characteristic diffraction peaks
of the ZnFe,0, spinel phase. Upon heating to 400°C, new diffraction peaks corresponding to ZnO

emerge, signaling the onset of spinel phase separation. With further temperature elevation, the peak
intensity of ZnO strengthens, while spinel peaks weaken and shift toward higher angles (from 35.0° to
35.1°), suggesting partial reduction and transformation of ZnFe,0, into Fe;0,. The Fe;0, phase exhibits
high intrinsic RWGS activity, explaining the elevated CO selectivity over ZF-LEO'%43. Substantial CO
production simultaneously promotes the formation of FeC, species, exacerbating methanol selectivity
loss. In marked contrast, ZCAFG-HEO displays only minor shifts and intensity variations upon heating
from 300°C to 500°C, with no phase separation detected (Figs. 4c-d). Even maintaining at 500°C for 20 h,
the spinel structure remains fully preserved, confirming its exceptional intrinsic structural robustness.

In-situ CO, hydrogenation DRIFTS was then conducted to track reaction pathway changes alongside
structural evolution. As shown in Figs. 4e-f and Figure S25, when the reactant gas is introduced into ZF-
LEO catalyst, CO, and H, molecules are activated on the catalyst surface, forming CO3*/HCO3* species
(1430/1268 cm™ 11244 Meanwhile, characteristic peaks of HCOO* (1370, 1586, 2870, 2983 cm™ ') and
CH;0* (2953 cm™ ") intermediates appear, which are derived from CO5*/HCO,* hydrogenation,
demonstrating evidencing methanol synthesis in the initial reaction stage’”'"*°. As the reaction
proceeds, HCOO* and CH;0* are gradually consumed, accompanied by the formation and accumulation
of gaseous CO (2101, 2172 cm™ ") and CH, (3018 cm™ '), confirming the dominance of RWGS and
methanation side reactions*®*’. Subsequent switching to H,/N, accelerates spinel transformation into
Fez0, or even Fe?, resulting in complete depletion of HCOO* and CH,0* intermediates within 10 min and
a continuous enhancement of CH, signal. This reveals a clear reaction pathway shift from HCOO*-

dominated selective methanol synthesis to RWGS and methanation side reactions as the spinel

structure transition. For ZCAFG-HEO catalyst (Figs. 4g-h and S26), HCOO* species accumulate steadily

with continuous growth of CH;0* species. Upon switching to H,/N,, the conversion of HCOO* to CH;0*
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is obviously accelerated, and no CH, signal is detected throughout the reaction. These results confirm
that methanol synthesis reaction via HCOO* intermediate dominates on ZCAFG-HEO.

Overall, these in-situ test results confirm that both catalysts initially drive CO, hydrogenation to methanol
via the HCOO* pathway. However, ZF-LEO undergoes progressive pathway switching toward RWGS and
methanation due to irreversible structural transformation from ZnFe,0, spinel into Fe;0,, ZnO and
FesC,. In contrast, the structurally stable ZCAFG-HEO preserves the selective methanol synthesis
pathway throughout the reaction, enabling consistent high performance.

3.4. Stability Mechanism from theoretical perspective

To gain atomic-level insights into the exceptional stability of the quinary high-entropy spinel surface, we
constructed binary ZnFe,0,(111) surface, named as ZF-LEQ, and quinary ZnCoAlFeGa0,(111) surface
(named as ZCAFG-HEO) through bulk doping (Figure S27) corresponding to the experimental
compositions. Given the well-established role of Fe coordination and stability in governing CO,

hydrogenation selectivity, we focused on the dynamic behavior of Fe segregation and migration on both
surfaces. On the ZF-LEO surface, an Fe atom initially coordinates with three surface O atoms, passing
through a transition state coordinated with two surface O atoms, eventually migrating to form a
metastable Fe adatom on the surface (Figure S28). This process requires overcoming an energy barrier
of only 0.83 eV with a reaction energy of 0.26 eV (Fig. 5a), which is considered facile under typical
reaction temperatures around 300°C. In contrast, Fe migration and segregation are kinetically hindered
on the ZCAFG-HEO surface, where the energy barrier increases by 0.31 eV over an Al lattice (Al,) site and
even reaches 2.59 eV over a Ga lattice (Ga,) site (Fig. 5a and Figure S29), kinetically hindering the

segregation and structural transformation?°.

To elucidate the origin of the pronounced difference in Fe segregation behavior between the two
surfaces, ELF and COHP analyses were performed on the migrating Fe atom. On the ZCAFG-HEO
surface, Fe migration is analyzed over an octahedral Ga, site (with similar analysis over Al, site provided
in Figure S29), whereas over an octahedral Fe; atom on the ZF-LEO surface. Bader charge analysis
combined with ELF reveals that the Ga, atom in ZCAFG-HEO surface donates 1.47 |e| to neighboring O
atoms, exhibiting stronger electron-donating ability than the Fe, atom in ZF-LEO surface (Fig. 5b). It
results in more localized charge and stronger electronic interaction around Ga, and O. Consequently,
charge depletion of the migrating Fe decreases from 0.96 |e| to 0.58 |e|, and the -ICOHP value for the Fe-
O bond decreases from 1.85 eV to 1.35 eV (Fig. 5¢). The significantly weakened stabilization of
migrating Fe atom leads to a higher migration barrier on the ZCAFG-HEO surface, thereby effectively
stabilizing the Fe sites within the spinel lattice and sustaining high methanol selectivity in CO,
hydrogenation (Fig. 5d). These theoretical findings reveal that incorporating highly oxyphilic B-site
cations (Al, Ga) into the bulk of high-entropy spinel plays a crucial role in stabilizing active Fe sites,
thereby preserving the durable spinel structure and suppressing segregation and carburization. This
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electronic and structural stabilization mechanism is essential for achieving durable and selective
methanol synthesis from CO, hydrogenation.

Conclusions

In this work, a spinel high-entropy oxide catalyst (ZCAFG-HEO) is rationally synthesized and applied in
CO, hydrogenation to methanol for the first time. Comprehensive structural characterizations reveal that
ZCAFG-HEO exhibits pronounced lattice distortion and nanoscale grain refinement compared to LEO and
MEO catalysts, endowing its surface with a large number of reactive sites. Moreover, the incorporation of
oxyphilic metals within HEO induces substantial charge redistribution, which reinforces metal-oxygen
bonding and enhancing lattice robustness. Benefiting from these structural and electronic attributes,
ZCAFG-HEO achieves high methanol synthesis activity with STY of 381 gyeon'Kdeat -h™ ', Which is 6.5-
fold that of ZF-LEO and 2.2-fold that of ZCFG-MEO at the same reaction conditions. More remarkably,
ZCAFG-HEO maintains exceptional catalytic stability over 120 h of continuous operation, whereas LEO
and MEO catalysts suffer from rapid deactivation within merely 5 h. After optimizing the reaction
conditions, ZCAFG-HEO delivers an unprecedented methanol STY of 498 gyopKgeat - ! at 73.3%
selectivity, on par with state-of-art oxide-based catalysts. In-situ characterizations elucidate that ZF-LEO
undergoes progressive pathway shift from methanol synthesis to RWGS and methanation due to
irreversible structural transformation from ZnFe,0, spinel into Fe;0, and FesC, under CO,
hydrogenation conditions, which serve as active sites for RWGS and FTS, accounting for the inferior
methanol selectivity and poor stability. In sharp contrast, the structurally stable ZCAFG-HEO preserves
the selective methanol synthesis pathway throughout the reaction, enabling consistent high
performance. Theoretical calculations further reveal that the substantial charge redistribution within
HEO kinetically hinders the migration of Fe, thus inhibiting the formation of Fe;0, and FesC,. This
stabilization mechanism is essential for achieving durable and selective methanol synthesis from CO,
hydrogenation. This work not only opens a reliable avenue toward high-performance and durable CO,
hydrogenation catalytic systems, but also provides atomic-level insights into the origin of the high-
entropy effect in governing catalytic activity and stability, providing valuable theoretical guidance for the
rational design of advanced high-entropy oxide catalysts.
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Figure 1

Structural characterizations of spinel catalysts. (a) Mixed configuration entropy. (b) XRD patterns and
corresponding magnified views in the range of 32-40 degree (2-Theta). (c) Rietveld refinement XRD
pattern of ZCAFG-HEO catalyst. (d) TEM image, corresponding particle size distribution and EDS
mapping, and (e) HRTEM image of ZCAFG-HEO catalyst. (f) Fe K-edge XANES spectra, (g) fittings of the
Fe K-edge Fourier-transformed intensities of EXAFS spectra and (h) Fe K-edge wavelet transform (WT)-
EXAFS spectra of ZF-LEO and ZCAFG-HEO catalysts. (i) COHP analysis between O and surface metals.
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Investigation into catalyst stability. (a) CO, hydrogenation stability test of ZF-LEO, ZCFG-MEO and

ZCAFG-HEO catalysts. Reaction conditions: 5 MPa, 36,000 mL-g™-h™, 320 °C, CO,/H,/N,=24/72/4. (b)
XRD patterns and (c) Fe 2p XPS spectra of ZF-LEO, ZCFG-MEO, and ZCAFG-HEO catalysts. (d)
Mossbauer spectrum of ZCAFG-HEO. HRTEM and EDS mapping images of (e, g) ZCAFG-HEO and (f, h)

ZF-LEO.
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Figure 4

Evolution of Catalyst Structure and Reaction Pathway. In-situ CO, hydrogenation XRD patterns and
corresponding magnified views in the range of 31-37 degree (2-Theta) of (a-b) ZF-LEO and (c-d) ZCAFG-
HEO. In-situ CO, hydrogenation DRIFTS spectra and corresponding schematic diagram of reaction
pathway of (e-f) ZF-LEO and (g-h) ZCAFG-HEO.
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Stability Mechanism from theoretical perspective. (a) Potential energy surface for Fe segregation on ZF-
LEO and ZCAFG-HEO surfaces. (b) Bader charge and the ELF slice for the side view of ZF-LEO and
ZCAFG-HEO surfaces.(c) COHP analysis between the transition-state Fe atom and surface O atom. (d)
lllustration of the Fe migration mechanism. Zinc (purple), Cobalt (pink), Aluminum (grey), Iron (yellow),

Gallium (brown), and Oxygen (red).
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