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NiFe2O4 spinel engineering for transcending
the dilemma of activity–selectivity in CO2
hydrogenation to ethanol

Wenjie Xiang1, Shuhei Yasuda 1 , Lijun Zhang2, Jiaqi Fan1, Kazuki Tsukamoto1,
Yue Xin 1 & Noritatsu Tsubaki 1

CO2 hydrogenation to ethanol serves as a potential route for carbon neutrality
and renewable energy utilization, while its practical application is severely
limited by the activity-selectivity trade-off. This challenge primarily arises from
the difficulty of C–C coupling and the occurrence of multiple side reactions.
Herein, we design a NiFe2O4 spinel-modified Fe2O3 catalyst via a solid-state co-
precipitation method, achieving a high CO2 conversion rate of 49.3% with an
ethanol space–time yield of 883.7 mg·gcat.

−1· h−1. Further mechanism investi-
gation reveals that the incorporation of NiFe2O4 spinel benefits the formation
of active Fe5C2 phase. Meanwhile, the interfacial sites between NiFe2O4 and
Fe2O3 endow the catalyst with superior hydrogenation ability, which effec-
tively inhibits excessive carbon chain growth and promotes the orientated
synthesis of ethanol. This work proposes an inspiring NiFe2O4 spinel engi-
neering method for the efficient production of multi-carbon oxygenates from
CO2 hydrogenation.

Under the global initiative toward carbon neutrality, the efficient
conversion of carbon dioxide (CO2) into high-value chemicals has
become an essential component in building sustainable low-carbon
energy systems1–3. Among the various possible hydrogenation pro-
ducts, ethanol has attracted particular attention due to its high energy
density, excellent fuel properties, and broad industrial applicability4–6.
Iron-based catalysts are widely employed in CO2 hydrogenation to
ethanol,whereCO2 isfirst reduced toCOvia the reversewater-gas shift
(RWGS) reaction and subsequently converted to ethanol over an active
Fe5C2 phase through Fischer-Tropsch synthesis (FTS)2,7–9. Despite
extensive research efforts devoted to improving Fe-based catalysts,
simultaneously achieving a superior CO2 conversion rate and
remarkable ethanol selectivity remains a formidable challenge. The
inherent high thermal stability of CO2 and the substantial energy bar-
rier to C-C coupling impose significant obstacles to enhancing CO2

activation and conversion. Furthermore, the stringent conditions for
the formation of reactive iron carbide phases limit effective enrich-
ment of FeCx in FTS10,11. Meanwhile, multiple concurrent side reactions
are prone to occur owing to the difficulty in preciselymodulating C–C

extension process, and the selectivity of target ethanol is generally
restricted by the Anderson–Schulz–Flory (ASF) distribution over Fe-
based catalysts12–14. The development of catalysts for the hydrogena-
tion of CO2 to ethanol with industrialization potential is urgently
required.

In recent years, spinel ferritematerials have emerged prominently
in CO2 hydrogenation due to their tunable compositions, defect-rich
sites, andhigh thermal stability15. Generally, spinel ferrites are Fe-based
oxides in which part of the trivalent Fe3+ ions in the lattice are sub-
stituted by divalent transition metal ions15. The unique structural
compositions endow spinel ferrites with sufficient oxygen localization
to form abundant oxygen vacancies (OVs) for the adsorption and
interaction of CO2

16,17. Besides, the inclusion of various divalent metal
additives leads to charge redistribution, which promotes the reduci-
bility and carburization of Fe species for the formation of active iron
carbides18. Moreover, the spinel structure with tetrahedral and octa-
hedral sites provides multiple sites for different metals, favoring the
construction of potentially reactive centers, including the interfacial
domain and the dual-metal sites19. The integration of appropriate
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secondary metals can modulate the microenvironment of Fe species
and regulate the C–C coupling process for the selective synthesis of
target products. Nickel-based species are a promising candidate as the
secondary metal in spinel ferrites for the oriented production of
ethanol. Firstly, Ni-based species display high activity in C-O cleavage
and rapid hydrogenation, which boosts the formation of alkyls (CHx*)
intermediates and further facilitates the C–C coupling process3.
Additionally, the efficient H2 activation and dissociation capability of
Ni-based species can tune the hydrogenation kinetics and suppress the
randomcarbon chain growth, benefiting for the preferential formation
of ethanol.

Herein, drawing inspiration from the advantageous spinel struc-
tures and the potent hydrogenation activity of Ni-based species, we
innovatively introduced the NiFe2O4 spinel into Fe2O3 (NiFe2O4/Fe2O3)
by a solid-state co-precipitation method. The modification of NiFe2O4

spinel broke the selectivity limitation caused by ASF distribution and
further facilitated the space-time yield (STY) of ethanol. The selectivity
of ethanol was boosted to 33.0% at a high CO2 conversion rate of 49.3%
under a weight hourly space velocity (WHSV) of 24000mL·gcat.

−1·h−1.
More impressively, NiFe2O4/Fe2O3 achieved a high ethanol STY of
883.7mg·gcat.

−1· h−1. Further mechanism investigations revealed that
the interfacial sites between NiFe2O4 and Fe2O3 of NiFe2O4/Fe2O3

favored the activation and dissociation of H2 with the generation of
sufficient active hydrogen species, which assisted to achieve the
dynamic transformation of the adsorbed CO2 and the high CO2 con-
version. Moreover, the modification of NiFe2O4 promoted the redu-
cibility of Fe2O3, contributing to the rapid carburization process and
the formation of Fe5C2 phase for carbon chain extension. Theoretical
calculations further confirmed that NiFe2O4 spinel reduced the energy
barrier of C–C coupling between CH2* and CHO*. Meanwhile, the
efficient hydrogenation capability of NiFe2O4/Fe2O3 endowed by the
interfaces also suppressed the excessive carbon chain growth, which

facilitated the precise C–C coupling process and the oriented pro-
duction of ethanol. TheNiFe2O4 spinel engineering successfully breaks
the trade-off between activity and selectivity in CO2 hydrogenation to
ethanol.

Results
Catalytic properties of spinel-modified Fe2O3 catalysts in CO2

hydrogenation
To begin with, a series of spinel-modified Fe2O3 catalysts was fabri-
cated via the solid-state co-precipitation method20. Pure NiFe2O4 and
Fe2O3 were also prepared for further comparison. Besides, traditional
liquid-state co-precipitation method was applied to synthesize Fe2O3

catalyst decorated with NiOx species (NiOx/Fe2O3). All the catalysts
were further loaded with 2.0wt% of alkali metal potassium (K). The
catalytic properties of the as-obtained catalysts were evaluated toward
CO2 hydrogenation over a fixed-bed reactor at 330 °C and 5MPa for
6 h on stream. Themain products over pure NiFe2O4 were CO and CH4

with negligible generation of ethanol, while sole Fe2O3 primarily pro-
duced C5+ hydrocarbons during CO2 hydrogenation (Fig. 1a).
Impressively, the incorporation of NiFe2O4 into Fe2O3 significantly
boosted theCO2 conversion rate to the49.3%andethanol selectivity to
33.0% under a high WHSV of 24,000mL·gcat.

−1·h−1, while reducing the
selectivity of C5+ hydrocarbons to 5.8% (Fig. 1a and Table S1). NiFe2O4/
Fe2O3 achieved an unprecedented STY of 883.7mg·gcat.

−1· h−1 towards
ethanol, whichwas 64.5 and 8.0 times higher than that for NiFe2O4 and
Fe2O3, respectively (Fig. 1b andTable S1). The prominent improvement
in the catalytic property of NiFe2O4/Fe2O3 relative to sole NiFe2O4 and
Fe2O3 suggested the potential synergistic effect between these two
components for theorientedproductionof ethanol.As forNiOx/Fe2O3,
despite suppressing the production of C5+ hydrocarbons to some
extent, NiOx species impaired the conversion ofCO2while accelerating
the production of CO, leading to a lower STY of ethanol (Fig. 1a and
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Fig. 1 | Catalytic performance and stability of NiFe2O4/Fe2O3 in CO2 hydro-
genation to ethanol. a Catalytic performance and b oxygenated product dis-
tribution and STY of EtOH over the prepared catalysts. c Catalytic performance,
product distribution, and STY of EtOH over NiFe2O4/Fe2O3 with different WHSV.

d Comparison of WHSV and STY of EtOH over NiFe2O4/Fe2O3 with the results
reported in other literature. e Stability of NiFe2O4/Fe2O3 in CO2 hydrogenation to
EtOH. Reaction conditions: 330 °C, 5.0MPa, WHSV= 24000mL·gcat.

−1·h−1, H2/CO2/
Ar = 72/24/4.
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Table S1). Besides, the modification of Fe2O3 with other spinel species
was also conducted, including CoFe2O4, CuFe2O4, and ZnFe2O4,
among which NiFe2O4 presented the most pronounced enhancement
in the selectivity and STY of ethanol, as well as the most intense inhi-
bition of C5+ hydrocarbons production during CO2 hydrogenation
(Figs. 1a, 1b). The above results demonstrated that the NiFe2O4 spinel
exhibited strong hydrogenation capability and could modulate the
C–C coupling process to restrain the excessive carbon chain growth,
whichwas further verified by the hydrocarbon distribution analysis. As
shown in Fig. S1, all catalysts except NiFe2O4/Fe2O3 exhibited typical
random chain growth behavior of conventional FTS and followed the
ASF distribution of hydrocarbon products. NiFe2O4/Fe2O3 broke the
traditionalASF distributionwith the lowestprobability of chain growth
(α) of 0.46 among the obtained catalysts, revealing that the mod-
ification of NiFe2O4 potentially controlled the excessive formation of
long-chain hydrocarbons and further facilitated the preferential gen-
eration of ethanol (Figure S1).

The effect of alkali metal K on CO2 hydrogenation to ethanol was
assessed for NiFe2O4/Fe2O3. As displayed in Fig. S2 and Table S2, var-
iation of K loading from 0 to 4wt% had a negligible impact on CO2

conversion rate (48.6–49.3%) and selectivity of CO (1.9-3.0%), while the
product distributions were fine-tuned via K component. With the
increase of K content to 2wt%, the selectivity of CH4 significantly
decreased with the concomitant enhancement in the production of
ethanol. The selectivity and STY of ethanol slightly declined when
further increasing K content to 4wt%, likely due to over-saturation of
basic sites or blockage of active sites at surfaces. Thus, an optimal K
loading of 2wt% effectively suppressed the methanation process and
further contributed to the formation of ethanol. The catalytic perfor-
mance of NiFe2O4/Fe2O3 was further investigated under various reac-
tion temperatures, pressures, and WHSV. As illustrated in Fig. S3 and
Table S3, increasing the temperature from 300 to 360 °C only slightly
elevated the CO2 conversion as well as the selectivity and STY of
ethanol, indicating that NiFe2O4/Fe2O3 operated efficiently even at
relatively moderate temperatures. The effect of pressure on catalytic
performance overNiFe2O4/Fe2O3wasdisplayed in Fig. S4 andTable S4.
With the increase of pressure, both CO2 conversion and selectivity of
ethanol greatly enhanced, while the production of CO and CH4 was
suppressed. Higher pressure was thermodynamically favorable for the
formation of ethanol, and the STY of ethanol significantly promoted
from 22.5 to 883.7mg·gcat.

−1·h−1 when elevating the pressure from 1 to
5MPa. The enhancement could be attributed to the increased the
partial pressure of CO2 and H2 at higher pressure, which facilitated the
adsorption and activation of CO2 and theC–C coupling process.WHSV
affected CO2 conversion and the detailed distribution of products,
where the STY of ethanol displayed a volcano-type trend against the
WHSV over NiFe2O4/Fe2O3 (Fig. 1c).

NiFe2O4/Fe2O3 exhibited the supreme catalytic performance for
CO2 hydrogenation to ethanol in this work, which also displayed a
significant performance leap across all key metrics compared to the
vastmajority of catalysts reported previously, especially for the STY of
ethanol (Fig. 1d, S5 and Table S5). Additionally, five independent cat-
alytic tests under the same reaction conditions were also conducted
for NiFe2O4/Fe2O3, verifying the repeatability and reliability of its
pioneering catalytic performance towards CO2 hydrogenation to
ethanol (Fig. S6 and Table S6). Furthermore, the stability of NiFe2O4/
Fe2O3 towards CO2 hydrogenation was evaluated by prolonging the
reaction time. Long-term durability test over 120 h revealed that
NiFe2O4/Fe2O3 maintained sa table CO2 conversion rate and STY of
ethanol with minor fluctuations, demonstrating the remarkable
structural robustness and resistance to deactivation (Fig. 1c and
Table S7). Overall, the outstanding catalyticperformanceand the facile
fabrication process of NiFe2O4/Fe2O3 highlighted its substantial pro-
mise for efficient and durable ethanol production via CO2

resourcization.

Morphological and electronic properties of NiFe2O4/Fe2O3

To elucidate the origin of the superior catalytic performance of
NiFe2O4/Fe2O3, multiple structural characterizations were first con-
ducted for the fresh catalysts. Fig. S7a, b shows the X-ray diffraction
(XRD) profiles of the as-obtained catalysts. Pure NiFe2O4 showed dif-
fraction peaks at 30.3°, 35.7°, 43.4°, and 63.0°, well assigned to (220),
(311), (400), and (440) planes of NiFe2O4 spinel phase (JCPDS No. 74-
2081), respectively (Fig. S7a). The XRD patterns for NiOx/Fe2O3 and
Fe2O3 were mainly ascribed to hematite Fe2O3 phase (JCPDS No. 84-
0308), while both Fe2O3 and NiFe2O4 phase were clearly observed for
NiFe2O4/Fe2O3. The successful incorporation of the NiFe2O4 spinel was
further confirmed by Raman spectroscopy. As shown in Fig. S7c,
NiFe2O4/Fe2O3 displayed additional characteristic features attributed
to the typical T2g and A1g vibrational modes of NiFe2O4 spinel21. XRD
patterns for other spinel-modified Fe2O3 catalysts were illustrated in
Fig. S7b. Similar to NiFe2O4/Fe2O3, additional peaks for corresponding
spinels also appeared for CoFe2O4/Fe2O3, CuFe2O4/Fe2O3, and
ZnFe2O4/Fe2O3 (Fig. S7b). Inductively coupled plasma-optical emission
spectrometry (ICP-OES) tests were also carried out for the as-obtained
catalysts. As listed in Table S8, the K content and the molar ratio
between Fe and M (M = Ni, Co, Cu, and Zn) were consistent with the
experimental design. Besides, the Brunauer–Emmett–Teller (BET)
surface areas and crystallite size of the catalysts of the obtained cata-
lysts were shown in Fig. S8 and Table S9. Figure 2b and S9 depict the
high-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) image of NiFe2O4/Fe2O3, which was composed
of numerous irregular nanoparticles. Further observations in the high-
resolution transmission electron microscopy (HRTEM) showed two
sets of fringes with interplanar spacings of 0.251 and 0.250 nm, related
to the (311) plane of NiFe2O4 and (110) plane of Fe2O3, respectively
(Fig. 2a). Interfacial sites between NiFe2O4 and Fe2O3 formed in
NiFe2O4/Fe2O3, which served as potential reactive center during CO2

hydrogenation. The STEM energy dispersive X-ray (EDX) elemental
mapping images were also collected, indicating a uniform distribution
of K, Fe, Ni, and O elements in NiFe2O4/Fe2O3 (Fig. 2c). Morphology
characterizations for NiOx/Fe2O3 were performed as well, which
showed similar nanoparticle stacking structure and homogeneous
element distribution (Fig. S10). (012) plane for Fe2O3 phase was also
observed in the HRTEM image of NiOx/Fe2O3, while the lack of visible
NiOx nanoparticles could be attributed to the high dispersion or
amorphous nature of Ni species (Fig. S10b).

The X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray fine structure (EXAFS) were further employed to dif-
ferentiate the electronic and local structures of the samples. Ni K-edge
XANES profiles showed that the adsorption edge positions for both
NiFe2O4/Fe2O3 and NiOx/Fe2O3 were between NiO and Ni2O3, implying
the mixed oxidation state of Ni species ranged from +2 to +3 (Fig. 2d).
Additionally, the Ni species in NiFe2O4/Fe2O3 was in a lower oxidation
state than that in NiOx/Fe2O3 due to the formation of NiFe2O4 spinel, as
evidenced by its lower adsorption edge energy (Fig. 2d)22. The local
coordination configurations of Ni species for the samples were further
identified by EXAFS. As displayed in theNi K-edgewavelet transformed
EXAFS (WT-EXAFS) spectra, the prominent peak at k ≈ 5.3 Å−1 and
k ≈ 6.7 Å−1 were associated with Ni–O scattering path of the first shell
and Ni–Ni/Fe scattering path of the second shell for both NiFe2O4/
Fe2O3 and NiOx/Fe2O3, respectively (Fig. 2e, 2f). The precise Ni-Ni and
Ni-Fe coordination numbers (CNs) were hard to determine, while the
lower k of the second shell in NiFe2O4/Fe2O3 indicated the higher
degree of Ni-Fe interaction originating from the spinel-type NiFe2O4

structure23,24. Figure 2g displays the Fourier-transformed EXAFS spec-
tra in R space. The CNs of Ni-Ni/Fe for NiFe2O4/Fe2O3 and NiOx/Fe2O3

were calculated to be 11.0 and 5.1, respectively (Table S10). The sub-
stantial increase of Ni–Ni/Fe CNs in NiFe2O4/Fe2O3 stemmed from the
well-orderedNi–Fe coordination network inNiFe2O4 spinel. This spinel
structure was also able to establish efficient electron transfer and
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buffering pathways, thus improving the redox flexibility of
catalysts15,25.

Structural evolution of NiFe2O4/Fe2O3 during CO2

hydrogenation
The structural evolution of the catalysts was probed via in situ XRD
measurements. Pure H2 was firstly introduced, and the temperature
was gradually increased to 400 °C, during which NiFe2O4/Fe2O3

showed the transformation of Fe2O3 into Fe3O4 (JCPDS No. 88-0315)
(Fig. 3a). The diffraction peak at 44.7° appeared at around 80min
corresponding to the formation of metallic Fe (JCPDS No. 89-4186).
After further treatment of CO2/H2 mixed gas at 330 °C, the peak for
metallic Fe gradually disappeared with the concomitant generation of
Fe5C2 phase (JCPDSNo. 89-2544) even under atmospheric pressure. By
contrast, no obvious peak for Fephase or Fe5C2 phasewas detected for
NiOx/Fe2O3 under reduction and reaction conditions (Fig. S11a). As for
Fe2O3, weak metallic Fe peaks appeared after H2 reduction, while the
signals for Fe5C2 remained feeble after exposure to the reaction gas
(Fig. S11b). The above in situ XRD results suggested that the NiFe2O4

spinel held the potential to promote the reduction of Fe2O3 to Fe and
further the formationof active Fe5C2 phase.Moreover, the evolutionof
Ni species was explored by quasi in situ XPS measurement. As indi-
cated by the Ni 2p3/2 spectra, partial reduction of Ni3+/2+ to Ni0 was
observed after H2 pretreatment (Fig. S12). Upon exposure to the CO2/
H2 atmosphere, the peak for metallic Ni disappeared with the gen-
eration a large portion of Ni3+/2+ species, indicating that Ni0 species
underwent oxidation under reaction atmosphere. The reduced Ni
species was speculated to reform the NiFe2O4 spinel under reaction
conditions due to the redox flexibility nature of the spinel structure,

which was further proved via Raman spectroscopy (Figs. S12 and 3b).
For the spent NiOx/Fe2O3, A1g, T2g, and Eg were attributed to the
vibrational modes of Fe3O4, consistent with the XRD results. In addi-
tion to the Fe3O4 phase, A1g, T2g, and Eg vibrational modes for NiFe2O4

spinel still retained for the spent NiFe2O4/Fe2O3, manifesting that
NiFe2O4 phase was still preserved after the CO2 hydrogenation
process.

Furthermore, the formation process of the pivotal Fe5C2 phase
during CO2 hydrogenation was elucidated in detail. Figure S13a dis-
plays the HRTEM images of NiFe2O4/Fe2O3 after 6-h catalytic test. The
lattice parameters of 0.251 and 0.210 nm corresponded to the (311)
facet of NiFe2O4 and the (021) facet of Fe5C2, respectively. The inter-
face between NiFe2O4 and Fe5C2 was clearly identified. Besides, (021)
facets of the Fe5C2 phase were also observed for the spent NiOx/Fe2O3

and Fe2O3. The evolution of the iron phase during the reaction at
different time on stream (TOS) for NiFe2O4/Fe2O3 was alsomonitored.
The CO2 conversion and CO selectivity trends over TOS were shown in
Fig. S14a, which was divided into two stages, including the induction
period and the stabilization period. The CO2 conversion rapidly
increased from 3.5% to 49.8% with the gradual decrease of the CO
selectivity from 0 to 1.5 h. The reaction then reached a steady state
with stable CO2 conversion and CO selectivity after 1.5 h. Figure S14b
presents the corresponding XRD patterns of the spent NiFe2O4/Fe2O3

at different TOS. The Fe5C2 content sharply increased to 65.35% at 1.5 h
and remained almost unchanged up to 120 h, which revealed that
NiFe2O4/Fe2O3 underwent a fast carburization process in the initial
stage and then maintained a stable ratio of Fe5C2 to Fe3O4 (Table S10).
The K content and different reaction conditions also influenced the
formation of Fe5C2 over NiFe2O4/Fe2O3. The addition of K facilitated

Fig. 2 | Structural and electronic properties of NiFe2O4/Fe2O3. a HRTEM image,
b HAADF-STEM image, and c EDS mapping of NiFe2O4/Fe2O3. d Normalized Ni
K-edge XANES spectra of the NiFe2O4/Fe2O3 and NiOx/Fe2O3 in reference to the Ni
foil, NiO, and Ni2O3. Wavelet transform analyses of the EXAFS spectra on Ni K-edge

of e NiFe2O4/Fe2O3 and f NiOx/Fe2O3. g EXAFS spectra of NiFe2O4/Fe2O3 and NiOx/
Fe2O3 in reference to the Ni foil, NiO, and Ni2O3. The dotted line and solid line were
the experimental data and the corresponding fitting curve, respectively.
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the generation of Fe5C2 to some extent, but excess K possessed a
limited impact on the Fe3O4–Fe5C2 phase distribution (Fig. S15a and
Table S12). NiFe2O4/Fe2O3 maintained a relatively stable phase com-
position across the tested temperature range of 300-360 °C (Fig. S15b
and Table S13). By contrast, high reaction pressure markedly pro-
moted the formation of Fe5C2 phase (Fig. S15c and Table S13).

Mössbauer spectroscopy and XRD characterizations were fur-
ther carried out to quantify the contents of different phases for the
spent catalysts after a 6-hour standard catalytic test. As listed in
Table S14, the proportions of reactive Fe5C2 phase of the total iron
phase were determined to be 69.41%, 37.27%, and 59.83% for the
spent NiFe2O4/Fe2O3, NiOx/Fe2O3, and Fe2O3, indicating the intro-
duction of NiFe2O4 spinel promoted the formation of active Fe5C2

phase relative to sole Fe2O3 (Fig. 3c and S16). Besides, NiFe2O4/Fe2O3

exhibited the most prominent Fe5C2 features among these three
catalysts in terms of the XRD patterns (Fig. S17a). The quantitative
analysis of XRD revealed that Fe5C2 phase in spent NiFe2O4/Fe2O3

occupied 65.35% of all crystalline components, approaching that
(69.41%) obtained from the Mössbauer spectra (Table S15). The for-
mation of Fe5C2 phase over other spinel-modified Fe2O3 catalysts was
also investigated via XRD andMössbauer spectra (Figs. S17b and S18).
The incorporation of CoFe2O4 and ZnFe2O4 also promoted the car-
burization of Fe phases, while CuFe2O4 spinel suppressed the gen-
eration of Fe5C2, possibly due to the weaker ability of Cu species to
facilitate CO activation and carbon diffusion (Table S16)26,27.

Furthermore, the electronic structures of the spent catalysts were
investigated via X-ray photoelectron spectroscopy (XPS) measure-
ments. Based on the Fe 2p XPS spectra, all the obtained catalysts
contained a mixture of Fe3+ and Fe2+ species before and after CO2

hydrogenation process (Figs. S19b, S20b, S21a, and S22b). Additional
peaks for Fe-C at around 706.4 eV were clearly observed for NiFe2O4/
Fe2O3, Fe2O3, and NiFe2O4

7. The Ni 2p3/2 XPS spectra indicated the
existence of Ni2+ and Ni3+ species for the fresh NiFe2O4, NiFe2O4/
Fe2O3 and NiOx/Fe2O3 (Figs S19a, S20a, and S22a). The position of
Ni3+/2+ peaks shifted towards the higher binding energy direction after
reaction, which probably resulted from the electronic changes dur-
ing the reaction process, such as NiFe2O4 or NiOx donating electrons
to the Fe2O3 phase or the adsorbed reactants28. The O 1 s spectra of
the as-obtained catalysts were shown in Figs. S19c, S20c, S21b, and
S22c. The peaks located below 531.0 eV corresponded to the differ-
ent lattice oxygens (OL)29. The binding energies at approximately
531.3 and 533.1 eV were ascribed to the OVs and surface hydroxyl
group (–OH), respectively30. The concentration of OVs in Fe2O3

skyrocketed to 78.9% after CO2 hydrogenation, reflecting its exces-
sive reduction and structural instability, while the decline of OVs in
the spent NiOx/Fe2O3 indicated an attenuation of activity31,32. In
contrast, OVs in NiFe2O4/Fe2O3 and NiFe2O4 steadily increased to a
moderate concentration of 60.1% and 69.7%, respectively, showing
the ability to regulate OVs generation (Table S17). This was attributed
to the inherent reversible electron transfer mechanism of Ni2+/Ni3+

Fig. 3 | Structural evolution, redoxbehavior, and surfaceadsorptionproperties
of catalysts. a In situ XRD patterns of NiFe2O4/Fe2O3. b Raman spectra of spent
NiFe2O4/Fe2O3 and spent NiOx/Fe2O3. cMössbauer spectra of spent NiFe2O4/Fe2O3

catalyst. (d) H2-TPR, e CO2-TPD, and f H2-TPD profiles of NiFe2O4/Fe2O3, NiOx/
Fe2O3, NiFe2O4, and Fe2O3. (g and h) In situ DRIFTS of NiFe2O4/Fe2O3.
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versus Fe3+/Fe2+ in the spinel structure, which effectively inhibited the
overreduction and enhanced the electronic structure regulation.

Identification of the active sites in NiFe2O4/Fe2O3 for CO2

hydrogenation to ethanol
The roleofNiFe2O4 spinel and the active sites inNiFe2O4/Fe2O3 forCO2

hydrogenation to ethanol were further investigated in detail.
Temperature-programmed reductionofH2 (H2-TPR)was conducted to
probe the reduction behavior and the interactions at the interfacial
sites of the samples at first (Fig. 3d). Peaks at 378 and 560 °C corre-
sponded to the reduction of Ni2+ and Fe3+ species in pure NiFe2O4,
respectively33. As for Fe2O3, bands at 400–700 °Cwere assigned to the
three-step reduction process of the Fe2O3 phase, where peaks α, β, and
γ corresponded to the transformation of Fe2O3 to Fe3O4, Fe3O4 to FeO,
and FeO to metallic Fe, respectively. The reduction peaks for NiFe2O4

shifted to higher temperatures over NiFe2O4/Fe2O3 due to the inter-
actions between NiFe2O4 and Fe2O3

34. Conversely, Fe2O3 was more
easily reduced in NiFe2O4/Fe2O3 with the reduction peaks moving to
lower temperatures, ascribing to the donation of electrons from
NiFe2O4 to Fe2O3 based on the XPS results (Fig. S19). The adsorption
and activation of reactants were also investigated by temperature-
programmed desorption of CO2 (CO2-TPD) and H2 (H2-TPD). As dis-
played in the CO2-TPD profiles, NiFe2O4/Fe2O3 exhibited the strongest
adsorption peak of CO2 at 50–200 °C compared with that for Fe2O3

and NiFe2O4, proving that both NiFe2O4 and Fe2O3 components in
NiFe2O4/Fe2O3 contributed to the adsorption of CO2 (Fig. 3e). Besides,
although no obvious chemisorption of CO2 was observed in CO2-TPD
profiles, both physisorbed and chemisorbed CO2 species existed on
NiFe2O4/Fe2O3 under reaction conditions in terms of the in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) results
(Fig. S23). Figure 3f shows the H2-TPD profiles for the obtained cata-
lysts. Peaks at around 100-200 °C were observed for all the catalysts,
which were assigned to the weakly chemisorbed H2

35. Impressively,
bands on the higher temperature range of 310-460 °C only arose for
NiFe2O4/Fe2O3, associated with the active hydrogen species adsorbed
on the interfaces between NiFe2O4 and Fe2O3. As a result, the mod-
ification of NiFe2O4 created reactive NiFe2O4-Fe2O3 interfaces that
greatly promoted the adsorption and dissociation of H2 at reaction
temperature. Temperature-programmed desorption of CO (CO-TPD)
was also performed to account for the adsorption properties of CO. As
illustrated in Fig. S24, the peaks ranging from 100–200 °C and
200–400 °C corresponded to the physisorption and chemisorption of
CO, respectively. In addition to physisorbed CO, NiFe2O4/Fe2O3 and
NiOx/Fe2O3 exhibited two predominant chemisorption peaks at
around 230 and 394 °C, while NiFe2O4 and Fe2O3 only showed weak
chemically adsorbed CO at approximately 313 °C. This result indicated
that the interactions of NiFe2O4 and Fe2O3 enhanced the adsorption
and activation of CO, which favored the cleavage of C–O bond and
further provided a carbon source for the generation of Fe5C2.

Based on the above characterizations, the interfacial sites in
NiFe2O4/Fe2O3 served as the main reactive centers for CO2 hydro-
genation to ethanol. Both NiFe2O4 and Fe2O3 components contributed
to the adsorptionofCO2.More importantly, the interfacial siteswere in
favor of the activation and dissociation of H2, contributing to the
generation of active hydrogen species at reaction temperature. Suffi-
cient active hydrogen species of NiFe2O4/Fe2O3 assisted to achieve the
dynamic adsorption–activation–transformation ofCO2 and further the
high CO2 conversion rate. What’s more, the interactions promoted the
reducibility of Fe2O3 and the activation ofCO, contributing to the rapid
carburization process and the formation of Fe5C2 phase for carbon
chain growth. Meanwhile, the efficient hydrogenation capability
endowed by the interfaces suppressed the excessive carbon chain
extension, which facilitated the precise C–C coupling process and the
oriented production of ethanol. As for NiOx/Fe2O3, the NiOx species
diminished the formation of Fe5C2 due to weak reducibility and

hydrogenation ability, leading to a decreased CO2 conversion rate and
low selectivity of ethanol. The inferior catalytic properties of CoFe2O4-,
CuFe2O4-, and ZnFe2O4-modified Fe2O3 catalysts were probably ascri-
bed to the poor carbonization of Fe species or the inadequate activa-
tion of CO2 or H2 (Figs. S18 and S25).

Reaction pathways of ethanol synthesis over NiFe2O4/Fe2O3

We further implemented in situ DRIFTS measurements to investigate
the evolution of key intermediate and reaction pathways for the
synthesis of ethanol. To simulate the CO2 hydrogenation process, the
catalysts were treated with CO2/H2 mixed gas at 330 °C under 5MPa.
As depicted in in situ DRIFT spectra over NiFe2O4/Fe2O3, the band at
2210–2400 cm−1 was associated with the gas-phase CO2, accompanied
by the peak at 2180 and 2104 cm−1 assigned to the stretching vibrations
of gaseous CO36,37 (Figs. 3g and 3h). Peaks at 1645 and 1360 cm−1 were
attributed to the asymmetric and symmetric stretching vibrations of
surface formate species (HCOO*), respectively37,38. Moreover, linearly
adsorbed CO* and bridge-adsorbed CO* simultaneously appeared at
respective 2012 and 1915 cm−1, further implying the rapid transforma-
tion of CO2 to CO at the initial stage of reaction though the RWGS
process39,40 (Figs. 3g and 3h). Besides, the higher intensity of bridge-
adsorbed CO* relative to that of linearly adsorbed CO* declared that
the CO* species tended to dissociate to form CHx* species, which
served as key intermediates for C–C coupling to hydrocarbons or
ethanol. With the increase of treatment time, a series of intense peaks
were then clearly observed for CHx* (3100 cm−1) intermediates andCH4

(1301 and 3011 cm−1)41–43. Notably, bending vibration and stretching
vibration of C–H for CH2* species was clearly observed at 1455 and
2920 cm−1, respectively, and stretching vibration for CH3* species was
also observed at 2948 cm−1[ 44,45. Meanwhile, pronounced bands for
surfaceCHO* specieswith C=O stretching vibrationwere alsodetected
at 2881 cm−1, which coupled with CHx* species to form the key inter-
mediate CHxCHO* towards the production of ethanol45. The C–C
coupling between CHx* and CHO* was further confirmed by the C =O
stretching vibration of CH2CHO* (1550 cm−1) and CH3CHO* (1692 and
1750 cm−1)40,46. CHxCHO* species underwent subsequent hydrogena-
tion and finally converted to ethanol featured at 1045 cm−1 47. In situ
DRIFT spectra for NiOx/Fe2O3 and Fe2O3 exhibited similar character-
istic bands but vastly different intensity of peaks (Fig. S26). Thus, the
evolution of the characteristic peak intensity as a function of reaction
time was plotted in Fig. S27 for further clarification. Compared with
NiFe2O4/Fe2O3 and NiOx/Fe2O3, Fe2O3 possessed a much slower
response and conversionofCO2. The intensity of the key intermediates
over NiFe2O4/Fe2O3 was much higher than that over NiOx/Fe2O3.
Notably, the introduction of NiFe2O4 induced a distinctive decay of
linearly adsorbed and bridge-adsorbed CO* species at around 16min,
ascribed to the fast carburization behavior at the initial stage of the
reaction. More importantly, NiFe2O4/Fe2O3 showed continuous CH2*
build-up along with sustained high intensities of CHO* species, which
accelerated the C–C coupling between CHx* and CHO* for the forma-
tion of ethanol rather than theC–C coupling of CHx* for hydrocarbons.
In contrast, NiOx/Fe2O3 exhibited a plateauing trend in CH2* species
accumulation and low-intensity signals for bridge-adsorbed CO* and
CHO* species over time.

To further substantiate the proposed reaction pathways and
clarify the intrinsic catalytic differences among the samples, density
functional theory (DFT) calculations were carried out to evaluate the
energetics of key elementary steps during CO2 hydrogenation. Based
on the characterizations of the spent catalysts, three models were
constructed, including Fe5C2(021) with the Fe5C2 exposing (021) facet,
NiFe2O4/Fe5C2(021) with the modification of NiFe2O4 on Fe5C2, and
NiO/Fe5C2(021) with themodification ofNiO on Fe5C2 (Fig. 4a–4c). The
formation of ethanol occurred via the formate pathway with C–C
couplingbetweenCHO* andCH2* in termsof the in-situDRIFTS results.
Figure 4 illustrates the reaction pathways for CO2 hydrogenation to
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ethanol over NiFe2O4/Fe5C2(021), NiO/Fe5C2(021), and Fe5C2(021)
models, including the activation ofCO2, C–Ccoupling process, and the
subsequent hydrogenation process. Among the elementary steps
considered, the initial hydrogenation of CO2* to HCOO* was difficult
for all three models. For this step, NiFe2O4/Fe5C2(021) exhibited the
lowest energy barrier of 1.01 eV relative toNiO/Fe5C2(021) (1.24 eV) and
Fe5C2(021) (1.28 eV), which was ascribed to the efficient H2 activation
and dissociation ability induced byNiFe2O4 to provide sufficient active
hydrogen species. As for the critical C–C coupling step between CH2*
and CHO*, the values of energy barriers were calculated to be 0.80,
0.72, and 0.98 eV for NiFe2O4/Fe5C2(021), NiO/Fe5C2(021), and
Fe5C2(021), respectively (Fig. 4d–f). Figure S28 displays the differential
charge density diagrams of CH2CHO* over the three models, and the
Bader charge of CH2CHO* was calculated to determine the number of
electrons (QTM) of CH2CHO* gained from the surfaces. The number of

accepting electrons for CH2CHO* were 0.70, 0.53, and 0.38 e over
NiFe2O4/Fe5C2(021), NiO/Fe5C2(021), and Fe5C2(021), respectively.
Thus, the modification of Ni-based species favored the electron
transfer for the formation of key intermediate CH2CHO* and further
reduced the energybarrier forC–Ccoupling.Moreover, NiFe2O4 spinel
significantly promoted the following hydrogenation process after C–C
coupling and accelerated the final formation of ethanol. The energy
barrier for the hydrogenation of CH2CHO* to CH3CHO* over NiFe2O4/
Fe5C2(021) was only 0.45 eV, which was much lower than that over
Fe5C2(021) of 1.12 eV. The enhanced efficiency of the subsequent
hydrogenation process trended to shift the reaction pathway toward
ethanol formation rather than further carbon-chain growth to long-
chain hydrocarbons over NiFe2O4/Fe5C2(021). As a result, the mod-
ification of NiFe2O4 spinel endowed the catalyst with strong H2 acti-
vation and dissociation ability, facilitating the transformation of
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Fig. 4 | Theoretical models and reaction pathways for CO2 hydrogenation to
ethanol. Optimized models of a NiFe2O4/Fe5C2(021) for NiFe2O4/Fe2O3,
b Fe5C2(021) for Fe2O3, and c NiO/Fe5C2(021) for NiO/Fe2O3. Illustrations of the

reaction pathways for CO2 hydrogenation to ethanol over d NiFe2O4/Fe5C2(021),
e Fe5C2(021), and fNiO/Fe5C2(021). Violet, green, gray, and redballs represented Fe,
Ni, C, and O atoms, respectively. TS represented the transition state.
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adsorbed CO2 and hydrogenation of pivotal intermediates. Addition-
ally, NiFe2O4 spinel also lowered the energy barrier of C–C coupling
and further contributed to the high catalytic activity towards CO2

hydrogenation to ethanol. The evolution of various intermediate
species during the reaction was visually depicted through the struc-
tural model on NiFe2O4/Fe5C2(021), NiO/Fe5C2(021), and Fe5C2(021)
(Figs. S29–S34). The distances between the C atom and the H/C atom
in carbon-containing species became closer from the initial state (IS) to
the transition state (TS) and further decreased at the final state (FS)
(Table S18). Moreover, the reaction pathways considering dispersion
correction (vdW), GGA +U, and dipole correctionwere also calculated,
and the overall trend remained consistent with the original calcula-
tions (Figs. S35–S38).

Discussion
In summary, we developed a NiFe2O4-modified Fe2O3 catalyst via the
solid-state co-precipitation method towards CO2 hydrogenation. The
interfaces between NiFe2O4 spinel and Fe2O3 served as the reactive
sites for the activation and dissociation of H2, which contributed to the
generation of sufficient active hydrogen species and further the rapid
activation and transformation of the adsorbed CO2 even under a high
WHSV. Besides, the incorporation of NiFe2O4 spinel enhanced the
reducibility of Fe2O3 and facilitated the in-situ formation of active
Fe5C2 phase. Furthermore, theNiFe2O4 spinel substantially suppressed
multiple side reactions via regulating the excessive carbon chain
growth, steering the reaction route for ethanol production. NiFe2O4/
Fe2O3 exhibited an extraordinary catalytic performance, achieving a
high CO2 conversion rate (49.3%) and exceptional ethanol STY
(883.7mg·gcat.

−1· h−1) under an identical WHSV (24000mL·gcat.
−1·h−1).

This work provides creative insights into the structure–activity rela-
tionships of NiFe2O4/Fe2O3 and proposes an effective strategy for
concurrently achieving high CO2 conversion rate and ethanol selec-
tivity in the industrial catalytic conversion of CO2 to multi-carbon
oxygenates.

Methods
Catalyst preparation
Synthesis of MFe2O4/Fe2O3 (M = Ni, Co, Cu, and Zn). MFe2O4/Fe2O3

catalysts were obtained via a solid-state co-precipitation method20.
Compared with the traditional liquid-phase co-precipitation method,
the solid-state co-precipitation method creates a unique solvent-
deficient environment, which exhibits abundant advantages in the
aspects of the products, such as increased crystallinity, formation of
porous structure, and stronger interactions between different
components48,49. The presence of a small quantity of crystallization
water favors the formation of a liquid layer around the precursors and
causes the typically solid reagents to liquefy and bubble vigorously.
This significantly accelerates the component diffusion and simulta-
neous nucleation of precursors, promoting the formation of hetero-
metallic spinels. Take the synthesis ofNiFe2O4/Fe2O3 as anexample. To
beginwith, 0.06mol of Fe(NO3)3·9H2O and 0.01mol of Ni(NO3)2·6H2O
were first mixed and ground in a mortar for 30min. 0.6mol of NaOH
was then added, followed by grinding for another 60min. Subse-
quently, the resultingmixturewaswashedwith deionizedwater via the
vacuumsuctionfilter systemuntil thefiltrate reached a neutral pH. The
filtered product was then dried overnight at 60 °C in an oven, which
was further calcined in a muffle furnace at 600 °C for 4 h with a rate of
2 °C·min−1. 2 g of the product obtained from the above preparationwas
loaded with 2.0wt% of K by ultrasonic impregnation. The final
NiFe2O4/Fe2O3 catalyst was obtained by calcination in amuffle furnace
at 550 °C for 4 h with a ramp rate of 2 °C·min−1. Pure NiFe2O4, Fe2O3,
and other MFe2O4/Fe2O3 catalysts were synthesized via similar pro-
cedures, except adjusting the metallic precursors. NiFe2O4/Fe2O3 cat-
alysts with different K content (0, 1 wt%, and 4wt%) were also prepared
via the above process, except adjusting the usage of KNO3 precursor.

In this work, all the Fe2O3-based catalysts were impregnatedwith 2wt%
of K unless otherwise specified.

Synthesis of NiOx/Fe2O3. NiOx/Fe2O3 was synthesized via the tradi-
tional liquid-state co-precipitation method for further comparison.
Initially, 0.06mol of Fe(NO3)3·9H2O and 0.01mol of Ni(NO3)2·6H2O
were dissolved in deionized water and heated at 80 °C for 3 h. After
stirring, the solutionwas allowed to cool to room temperature, and the
pH was adjusted to 11 using NaOH. The solution was further stirred for
3 h, followed by filtration, washing with deionized water to neutrality,
and drying at 60 °Covernight. The catalyst was then calcined at600 °C
in amuffle furnace for 4 hwith a heating rate of 2 °C·min−1. 2.0wt% of K
was further loaded onto the product via ultrasonic impregnation,
resulting in the final NiOx/Fe2O3.

Catalytic tests. Hydrogenation of CO2 over the obtained catalysts was
conducted in a fixed-bed reactor with an inner diameter of 8mm. In a
typical catalytic test, 0.25 g of catalyst (20–40meshes) diluted with 1 g
of quartz sand (20–40meshes) was packed in the reactor tube, with 1 g
of glass beads placed above as a preheating layer of the gas. During the
packing process, a thermocouple was inserted into the void space of
the reactor tube to monitor the actual reaction temperature in real
time. Prior to each reaction, the catalyst was reduced in H2 gas flow
(40mL·min−1) at 400 °C for 8 h under atmospheric pressure. After pre-
reduction, the reactor was cooled to 160 °C to replace the reductive
gas with reaction gas (H2/CO2/Ar = 72/24/4). The standard catalytic
measurement was conducted at 330 °C under 5.0MPa with a WHSV of
24000mL·gcat.

−1·h−1 for a total duration of 6 h. The reaction officially
started after the reaction system reached the target temperature and
pressure, which was defined as the “0h” for the reaction. During the
reaction, the effluent gas was detected by two online gas chromato-
graphs. One was equipped with a thermal conductivity detector (TCD,
Shimadzu, GC-2014) using an active charcoal column to analyze Ar,
CO2, CO, and CH4. The other was equipped with a flame ionization
detector (FID, Shimadzu, GC-2014) using a Porapak Q column to ana-
lyze C1-C6 hydrocarbons. An ice trap was installed between the reactor
and the backpressure valve to collect the liquid-phase products, which
were further analyzed via two offline gas chromatographs (GC-2014)
equipped with FID. The DB-624 column and InerCap 5 column were
used to analyze oxygenated compounds and C4+ hydrocarbons,
respectively.

The CO2 conversion, CO selectivity, selectivity of product i
(exclude CO), and STY were calculated through the following equa-
tions:

CO2conversionð%Þ= ðCO2�in � CO2�outÞ=CO2�in × 100% ð1Þ

where CO2-in and CO2-out represented the mole fractions of CO2 in the
intake and exit, respectively.

CO selectivityð%Þ=CO�out=ðCO2�in � CO2�outÞ× 100% ð2Þ

where CO-out symbolized the mole fraction of CO in the outlet.

Selectivityi =
Ni ×niPi
1 Ni ×ni

� � × 100% ð3Þ

where Ni and ni represented the mole percentage and carbon number
of product i, respectively.

EtOH STY=MðC2H6OÞ× 1000× ðnCO2 � nCOÞ×CEtOHSel: × 100% ð4Þ

where M(C2H6O) represented the relative molecular mass of ethanol;
nCO2 and nCO represented the amount of converted CO2 and pro-
duced CO in mol·g−1·h−1, respectively50.

Article https://doi.org/10.1038/s41467-025-67269-4

Nature Communications |          (2026) 17:572 8

www.nature.com/naturecommunications


The carbon balance data of all catalysts were calculated between
93.7% and 105.7% based on the following formula:

carbon balance= ððnProd: +nCOÞ=nCO2Þ*100% ð5Þ

where nProd., nCO2, and nCO represented the amounts of hydrocarbons
and oxygenates, converted CO2, and produced CO in mol·g−1·h−1,
respectively.

DFT calculations. All the spin-polarized DFT calculations were per-
formed by the Vienna Ab initio Simulation Package (VASP 5.4.4)51 with
the projector augmented wave (PAW) method52. The exchange func-
tional was treated using the generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE)53 functional. The energy cutoff for
the planewave basis expansionwas set to 450 eV. Partial occupancies of
the Kohn−Sham orbitals were allowed using the Gaussian smearing
method and a width of 0.2 eV. The bulk structure of Fe5C2 was calcu-
lated first towards the optimization of the lattice parameter, where the
k-point of 5×5×4 was used. The Fe5C2 (021) surface was then built with
three Fe layers andfiveC layers (60Fe atomsand20Catoms in the slab)
withparameters ofa= 10.95,b = 12.42 and c = 20.71 Å. Cluster structures
of NiFe2O4 with 32 atoms and NiO with 26 atoms loaded on the (021)
surface of Fe5C2 were established, named as NiFe2O4/Fe5C2(021) and
NiO/Fe5C2(021), respectively. A vacuum of 15 Å was adopted to prevent
the interaction between two adjacent layers. The Monkhorst k-point of
2 × 3 × 1 was used during the calculations. The self-consistent calcula-
tions apply a convergence energy threshold of 10−5eV, and the force
convergence was set to 0.02 eV/Å for either structure optimizations or
transition state calculations. The transition state calculations were
performed using the climbing image nudged elastic band (CI-NEB)
method54. The adsorption Gibbs free energy (ΔG) was considered at the
temperature of 603K, following:

ΔG=ΔE +ΔZPE +ΔGU � TΔS ð6Þ

where ΔE was the DFT calculated energy change, ZPE was zero-point
energy andwas calculated by ZPE = Σi12hvi, iwas the frequency number,
and vi was the frequency with unit cm−1. ΔZPE represented the
difference of zero-point energy between the adsorbed and un-
adsorbed states. Besides, ΔGU was the correction from inner energy,
which was calculated based on the following equation55:

U�
vib =RT

X
i

hvi=kB

ehvi=kBT � 1
ð7Þ

where R = 8.314 J·mol−1·K−1, T = 603K, h = 6.63 ×10−34 J·s, and kB = 1.38 ×
10−23 J·K−1.

For TΔS, Twas 603K and ΔSwas the correction from entropy. For
the entropy of gas-phase, it was obtained from the NIST database
(T = 603K, PCO2: PH2 = 1.25: 3.75MPa)55,56. For the entropy of adsorbed
species, the standard molar entropy (Sv) was calculated as follows:

Sv =
X
i

R
hvi
kBT

exp
hvi
kBT

� �
� 1

� ��1

� In 1� exp � hvi
kBT

� �� �( )
ð8Þ

where R = 8.314 J·mol−1·K−1, T = 603K, h = 6.63 ×10−34 J·s, and kB = 1.38 ×
10−23 J· K−1 55.

The adsorption Gibbs free energies of adsorbed species were
calculated as follows:

ΔGCO2* =GCO2* � G* � GCO2ðgÞ ð9Þ

ΔGCO2* +H* =GCO2* +H* � G* � GCO2ðgÞ � 1=2GH2ðgÞ ð10Þ

ΔGHCOO* =GHCOO* � G* � GCO2ðgÞ � 1=2GH2ðgÞ ð11Þ

ΔGCO* =GCO* +GH2OðgÞ � G* � GCO2ðgÞ � GH2ðgÞ ð12Þ

ΔGCHO* =GCHO* +GH2OðgÞ � G* � GCO2ðgÞ � 3=2GH2ðgÞ ð13Þ

ΔGCH* =GCH* + 2GH2OðgÞ � G* � GCO2ðgÞ � 5=2GH2ðgÞ ð14Þ

ΔGCH2* =GCH2* + 2GH2OðgÞ � G* � GCO2ðgÞ � 3GH2ðgÞ ð15Þ

ΔGCH2*+CHO* =GCH2* +CHO* + 3GH2OðgÞ � G* � 2GCO2ðgÞ � 9=2GH2ðgÞ ð16Þ

ΔGCH2CHO* =GCH2CHO* + 3GH2OðgÞ � G* � 2GCO2ðgÞ � 9=2GH2ðgÞ ð17Þ

ΔGCH2CHO*+H* =GCH2CHO*+H* + 3GH2OðgÞ � G* � 2GCO2ðgÞ � 5GH2ðgÞ ð18Þ

ΔGCH3CHO* =GCH3CHO* + 3GH2OðgÞ�G* � 2GCO2ðgÞ � 5GH2ðgÞ ð19Þ

ΔGCH3CH2O* =GCH3CH2O* + 3GH2OðgÞ � G* � 2GCO2ðgÞ � 11=2GH2ðgÞ ð20Þ

ΔGCH3CH2OH* =GCH3CH2OH* + 3GH2OðgÞ � G* � 2GCO2ðgÞ � 6GH2ðgÞ ð21Þ

where G* and Gadsorbed-species are the free energies without and with
adsorbed species on the slab, respectively. GH2O(g), GCO2(g), and GH2(g)

are the free energy of gas-phase H2O, CO2, and H2, respectively. All
values of Gibbs free energy (G) intermediates were summarized in
Table S21.

The values of detailed ΔZPE, ΔGU, and TΔS for different inter-
mediates over NiFe2O4/Fe5C2(021), NiO/Fe5C2(021), and Fe5C2(021)
were listed in Table S19. Besides, vibrational frequencies of corre-
sponding carbon species over NiFe2O4/Fe5C2(021), NiO/Fe5C2(021),
and Fe5C2(021) were provided as Table S20.

To ensure transparency and reproducibility, the atomic coordi-
nates for all calculated structureswereprovided in the SourceDatafile.
The total energies (E) for all calculated structures were also listed in
Table S22. The above DFT calculations only considered dispersion
correction (vdW)57. We also calculated the reaction pathways con-
sidering dispersion correction (vdW), GGA+U (U-J = 3 eV), and dipole
correction, and all the relevant diagrams were shown in Fig-
ures S35-S3858.

Data availability
The source data generated in this study are provided in the Source
Data file. All data are available from the corresponding author upon
request. Source data are provided with this paper.
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