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In CO; hydrogenation, Na-V-modified cobalt nanoparticles redirect
the product distribution from methane to C,. hydrocarbons.
Sodium facilitates C-C chain propagation and suppresses
methanation reaction, while vanadium enhances site dispersion
and regulates the Co%/Co®* ratio, collectively driving the coupled
reverse water—gas shift and Fischer-Tropsch synthesis reactions.

Driven by green hydrogen technology, the utilization of CO, as a
carbon feedstock offers a sustainable route to carbon-based fuels
and chemicals.3 Co-based catalysts are widely applied in Fischer—
Tropsch (FT) synthesis due to their high chain-growth capability.*>
However, in CO; hydrogenation, Co-based catalysts often catalyze
the formation of light alkanes, especially CH4.57 Studies on CO and
CO; hydrogenation over Co-based catalysts indicate that Co® favours
H, dissociation and C-C coupling, whereas Co®" sites (0< 6§ <3)
enhance CO, adsorption and facilitate the production of CO by
reverse water—gas shift (RWGS) reaction.®!! Therefore, tuning the
chemical environment of Co could potentially regulate the product
selectivity towards more valuable products in CO; hydrogenation,
such as C. hydrocarbons (Cz:H).

Introducing a second metal offers an effective way to tailor the
geometric and electronic structures of Co sites, thereby adjusting the
product distribution of CO, hydrogenation. Wang et al. found an in
situ produced Cu®-Co,C interface that facilitated CO insertion and
exhibited a C,.H selectivity of 60% at 300 °C.1? Bibi et al. developed a
CoP core and ZrO; shell architecture that stabilized Co nanoparticles
(NPs) and offered a CyH selectivity of 57% at CO, conversion of
70%.53 Jo et al. reported a Na and Mn co-promoted core-shell
Co@Co0,/Co,C catalyst, in which the Mn-induced CoOy shell
suppressed excessive methanation, enabling a Cs.H yield of 21%.14
The addition of alkali promoters has also been demonstrated to
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adjust surface C/H coverage on Co sites, thus tuning the hydrocarbon
selectivities.'>16

Although several bimetallic Co-based catalysts have shown
promise for CO; to C:H conversion, the catalyst library remains
narrow, and the factors governing C,:H selectivity are still
underexplored. Herein, we investigate the synergistic mechanism
and structural modulation of Na-M-CoOy catalysts (M = In, Ga, Mo,
Mn, and V, Na = 1.0 wt%, M = 1.0 wt%) for CO, hydrogenation to
Cz+H. Under 250 °C and 3 MPa, the optimum Na-1V-CoOy catalyst
achieves a Cy.H selectivity of 63% at a CO, conversion of 30%, close
to the performance of benchmark catalysts reported in this area
(Table S1, ESIt). The structure-activity relationship has been
proposed based on a series of characterizations.

The M-CoOx was synthesized by a urea-assisted hydrothermal
precipitation method (see the ESIt for experimental details). Pristine
CoOx catalyst, obtained by reducing Cos04 at 300 °C for 2 h, gave a
CO; conversion of 42% and a CHy selectivity of 93% (Figure 1a). The
introduction of Na with only 1.0 wt% amount significantly influenced
the catalytic performance, with the CO, conversion decreased to
15%. However, the CH, selectivity was suppressed to 39%, and the
Co+H and Cs:H selectivities were increased to 61% and 34%,
respectively. The chain growth probability (a) of Na-CoOx was
estimated to be 0.71 (Figure S1, ESIT). The CO selectivity was only
6.5%. Generally, the combination of Na-CoOx with In, Ga, Mo, Mn,
and V didn’t change the product distribution significantly, but the
CO; conversion. Among them, Na-In-CoOx exhibited a CO;, conversion
of 17% with the C,.H selectivity of 54%. Na-Ga-CoOy achieved a CO;
conversion of 18% with the C,.H selectivity of 62%. Na-Mo-CoOy
delivered a CO; conversion of 24% with the C,.H selectivity of 66%,
but the CO selectivity increased to 11%. Na-Mn-CoOy exhibited a CO,
conversion of 28% with the Cy.H selectivity of 61%.

Na-V-CoOy afforded the optimum promotional effect with CO,
conversion of 30% and Cy.H selectivity of 63%. The C,.H yield and
space time yield (STY) were 19% and 12 mmol-ge:*-h7%, respectively.
The selectivity of liquid hydrocarbons (Cs.H) was 37%. Besides, CO
selectivity was only 1.8%, significantly lower than that over Fe-based
and Ru-based catalysts in CO, hydrogenation.”:18 Overall, V serves as
an effective promoter for Na-Co-based catalysts in CO;
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hydrogenation to enhance the formation of desired C,:H product.
We further investigated the V loading and found that a loading of 1.0
wt% was optimum for the formation of C,.H (Figure S2, ESIT). With
the V loading increased to 5.0 wt%, the CO, conversion decreased to
25%, while the selectivities for CO and C,:H remained nearly
constant. For Na-10V-CoOy, although the C;.H selectivity increased
to 74%, the CO; conversion dropped sharply to 6.5%. Besides, the CO
selectivity increased to 35%. The activation energies (E,) calculated
on Ca:H STY at varying reaction temperatures (Figures S3, ESIt)
suggest that the introduction of 1.0wt% V markedly reduced the E,
from 93 to 62 kJ-mol. However, if the V loading was increased to 10
wt%, the E; was 76 kJ-mol=L. This trend generally agrees well with the
catalyst reactivity in CO, hydrogenation (Figures S2, ESIt). We
evaluated the stability of both Na-1V-CoOx and Na-CoOy catalysts
(Figure 1b and S4, ESIt). During 70 h on stream, Na-1V-CoOy
exhibited significantly better stability than Na-CoOy, especially in
product distribution. The C,+H STY of Na-1V-CoOy decreased slightly
from 12 to 9.5 mmol-ge.t*-h™, whereas Na-CoO, deactivated more
severely, with C,+H STY dropping from 7.4 to 3.8 mmol-ge: -h2.
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Fig. 1 (a) Catalytic performance of CO, hydrogenation over CoOy and Na-M-CoOx (M = In,
Ga, Mo, Mn, and V, Na = 1.0 wt%, M = 1.0 wt%) catalysts. (b) Stability of Na-1V-CoOj.
Reaction conditions: 0.1 g, 250 °C, H,/CO, = 3, 3 MPa, 6000 mL-gct *-h™2. C2.4° and Cos™
denote C;-C, alkanes and C,-C, olefins, respectively.
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CO; conversion rose from 14% to 34%, while the GQ, selectivity
decreased from 11% to 1.1%. These tréidslihdicy o thaexHe
consumption of CO intermediates likely follows the FT synthesis
mechanism. Meanwhile, the C,:H selectivity remained nearly
constant at 63—65% in the pressure range of 1-3 MPa, then
gradually decreased to 56% at 4 MPa, suggesting that high
pressure favors the deep hydrogenation of CO-derived
intermediates.
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Fig. 2 Catalytic performance of Na-1V-CoOy catalyst. (a) Effect of reaction temperature.
Reaction condition: 0.1 g, 210-290 °C, H,/CO, = 3, 3 MPa, 6000 mL-g..: *-h~%. (b) Effect of
pressures. Reaction conditions: 0.1 g, H,/CO, = 3, 250 °C, 1-4 MPa, 6000 mL-gc.t*-h%. (c)
Effect of WHSV. Reaction condition: 0.1 g, 250 °C, H,/CO, = 3, 3 MPa, 3000-12000
mL-geat -h1. (d) Effect of reduction temperature. Reaction conditions: 0.1 g, H,/CO, =3,
250 °C, 3 MPa, 6000 mL-gc.c -h~t.

The reaction kinetics have been investigated over the
optimal Na-1V-CoOy catalyst. Raising the reaction temperature
from 210 to 290 °C increased CO; conversion from 5.8% to 66%
and decreased CO selectivity from 7.9% to 0.5% (Figure 2a),
indicating that a higher temperature is favourable for CO;
activation and CO consumption. However, higher temperatures
also shifted product selectivity from C;H to CH,4. Catalytic
performance is strongly dependent on reaction pressures
(Figure 2b). With the pressure increased from 1 to 4 MPa, the

2 | Chem. Commun., 2026, 00, 1-4

To probe the reaction pathway, we evaluated Na-1V-CoOy
at different weight hourly space velocities (WHSV) (Figure 2c).
As the WHSV increased from 3000 to 12000 mL-get 1-h71, the
CO, conversion decreased from 42% to 10%, while CO
selectivity rose from 0 to 6.0%, indicating that shorter residence
time limits the conversion of CO. C,.H selectivity was not
affected, but Cs.H selectivity decreased from 46% to 32% as the
WHSV increased from 3000 to 12000 mlL-gct-h7%, and the
olefin/paraffin (o/p) ratio decreased from 0.6 to 0.3 (Table S2,
ESIt). This implies a CO; = CO = Ca:H = Cs.H pathway. Since
the redox state of Co may influence the hydrogenation behavior,
we then assessed the impact of reduction conditions on the CO;
hydrogenation over Na-1V-CoOy (Figure 2d). At the reduction
temperature of 250 °C, the CO, conversion was only 7.0% with
a high CO selectivity of 80%. This implies that Co-based catalysts
in an oxidized state preferentially catalyze the RWGS reaction,
and the formed CO cannot be efficiently consumed for C-C
chain growth. As the reduction temperature increased to 300 °C,
the reactivity of CO, hydrogenation increased significantly.
However, further increasing the reduction temperature to 350
°C lowered the CO; conversion to 25%, along with the increase
of CHs and Cy4° selectivities. Generally, C,.H selectivity
decreases as the CO; conversion increases, while CH, selectivity

This journal is © The Royal Society of Chemistry 20xx
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follows an inverse trend according to statistics of all catalytic
results (Figure S5 and Table S2, ESIT). Compared with reported
Co-based and Fe-based catalysts, which were typically
evaluated in a high temperature range of 270-350 °C to sustain
high C2+H STY, our catalyst achieves a comparable C;.H yield and
STY under relatively mild conditions (Table S1, ESIT).

We performed a series of characterizations to elucidate the
physicochemical properties of Co-based catalysts. The ICP-OES
analysis evidences that the Na-promoted catalysts have similar
Na loadings of 0.9 wt%, and V-promoted catalysts have V
loadings of about 0.9 and 9.5 wt%, respectively (Table S3, ESIt),
which are close to their dosages in catalyst preparation. XRD
analysis shows that all samples exhibit diffraction peaks
corresponding to Co30, (Figure S6, ESIT). Notably, no
discernible diffraction peaks for crystalline VO, or Na species
were observed, suggesting that V and Na are highly dispersed.
Based on the primary reflection at 26 = 36.9°, assigned to the
Co304 (311) plane, and using the Scherrer equation, the
crystallite sizes were estimated to be 55, 35, and 30 nm for Na-
CoO,, Na-1V-CoOs, and Na-10V-CoOy, respectively. This
indicates that V incorporation can reduce the catalyst crystallite
size (Table S3, ESIt). N2 physisorption reveals a type IV isotherm
with hysteresis loops for all the catalysts, indicating
mesoporous structures arising from interparticle space (Figure
S7 and Table S3, ESIT). With the increase of V loading, the
surface area and pore volume rise from 11 m2.g1/0.1 cm3.g™!
(Na-CoOx) to 18 m2g1/0.1 cm3g? (Na-1V-CoO,) and 32
m2-.g71/0.2 cm3-g ! (Na-10V-CoOy). SEM reveals that Na-CoOy
shows a layered morphology with densely packed, relatively
large NPs and limited interparticle space (Figure 3a-c).
Introducing V partially disrupts the layered framework and
yields smaller particles in the form of bundle-like aggregates,
which is consistent with the increased BET surface area and
pore volume.

(c) Na-10V-Co0,

Na-1\-Co0,

500 nm

200 nm
A

Fig. 3 SEM images of (a) Na-CoO,, (b) Na-1V-CoO,, and (c) Na-10V-CoOjy catalysts. (d) TEM
image of Na-1V-CoOy. (e) HAADF-STEM image and EDS mapping of Na-1V-CoOy catalyst.

Ultraviolet—visible spectroscopy (UV-vis) shows that the
three catalysts exhibit similar spectral features, with a strong
200-400 nm Co—O charge-transfer band and a broad 600-800
nm Co?* d—d band (Figure S8, ESIt).1° Compared with Na-CoOy,

This journal is © The Royal Society of Chemistry 20xx
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V-containing samples show a red shift of theg, shoulder,
suggesting that dispersed VO, modulates®Ré I6¢aP€ 0 efectrenit
structure.?® To analyse the crystalline phases and elemental
distributions, we performed HRTEM and STEM-EDS mapping on
the three catalysts. For Na-CoOy, the average size of Co NPs is
37 nm, and the lattice spacing of 0.25 nm corresponds to the
(311) plane of Co304 (Figure S9a—c, ESIt). After introducing 1.0
wt% V, the particle size decreases to 25 nm (Figure 3d and Table
S3, ESIT). Meanwhile, EDS mapping reveals a homogeneous
distribution of V and Na (Figure 3e). When the V loading is
further increased to 10 wt%, the particle size decreases to 21
nm, and Cos30,4 lattice planes such as (311) and (220) can be
observed, whereas V-related species remain highly dispersed
(Figure S9d-f, ESIT).

H, temperature-programmed reduction (H,-TPR) reveals the role
of V loading in tuning the reduction behavior of Co species (Figure
S10, ESIT). Na-CoOy exhibits the typical reduction peaks at 343 °C
(Co3* - Co?*) and 408 °C (Co** - C0%).2! Both Na-1V-CoOy and Na-
10V-CoOx show broadened and prolonged reduction peaks, and the
peak area is smaller than that of Na-CoO,, indicating that V doping
suppresses the overall reducibility of Co species. The reduction
degrees of Na-CoO,, Na-1V-CoOy, and Na-10V-CoOy, as estimated
from H, consumption at 300 °C, are 74%, 53%, and 33%, respectively
(Figure S11 and Table S3, ESIt). This indicates that the Co exists in a
mixed-valence state of Co® and Co®* after reduction. This is also the
reason that the cobalt catalyst is named as CoOy in this work.
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Fig. 4 (a) Co 2p XPS of the used Na-yV-CoOy catalysts (y =0, 1, and 10 wt%) after reaction
for 18 h. (b) Correlation of C,.H formation rates and surface Co%/Co?®* ratios.

XRD analysis for reduced catalysts suggests that Na-CoOyx
contains both CoO and Co°, indicating partial reduction of Co304

Chem. Commun., 2026, 00, 1-4 | 3
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(Figure S12, ESIT). With 1.0 wt% V added, CoO and Co still coexist,
but the Co® peaks weaken, indicating V suppresses the reduction of
Co oxides. The absence of V-related diffraction peaks implies that V
remains highly dispersed after reduction. For Na-10V-CoOy, the CoO
peaks become broader and weaker, and the Co® peak is almost
absent. XRD patterns of the used catalysts reveal their structural
evolution and stability under reaction conditions (Figure S13, ESIt).
After reaction, Na-CoOy is dominated by Co®. Na-1V-CoOy exhibits
much weaker and broadened characteristic diffraction of Co® with
the 42-45° peaks shifting to higher 26 values than Na-CoO,,
indicating lattice contraction in Co domains likely caused by lattice
distortion.?? For used Na-10V-CoO,, CoO, and weak metallic Co®
reflections are observed, indicating that high V loading suppresses
the reduction of Co species.

To elucidate the surface chemistry of used catalysts, X-ray
photoelectron spectroscopy (XPS) was performed (Figure 4a and
Table S4, ESIT). Deconvolution of Co 2p reveals the presence of Co®
(778.1 eV), Co®* (779.9 eV), and Co?* (Co304) (781.2 eV) in all
samples.131423 According to the literature, oxidized Co species (Co®*)
are generally regarded as active for RWGS, whereas Cao® provides for
C—C coupling in FT synthesis.>® On this basis, we then examined how
the Co%/Co®* ratio correlates with catalytic performance. A volcano-
shaped relationship is observed when the XPS-derived Co®/Co%*
peak-area ratio is plotted against the C,+H STY. At low Co%/Co®* ratios,
the formation of CO by RWGS reaction is favoured, while at high
Co%/Co® ratios, methanation reaction dominates the reaction
process (Figure 4b and Table S5, ESIT).

In situ DRIFTS was performed to probe surface intermediates and
reaction pathways during CO; hydrogenation (Figure S14, ESIt).
Upon introducing the CO,/H,, a series of carbon-oxygen species were
observed, including carbonate (*COs?, 1400-1460 cm™),
bicarbonate (*HCOs~, 1500/1650 cm™), carboxyl (*COOH, 1700-
1760 cm™), CO (2100-2200 cm™1), and CH (C—H stretching at 3000
cm™?) species.?*?> Compared with Na-CoO, and Na-1V-CoO,, Na—
10V-CoOy exhibits much stronger carbonate, bicarbonate, and
carboxyl signals, indicating its weaker hydrogenation ability, which is
consistent with its low reactivity in CO, hydrogenation (Figure S1,
ESIT). Combined with reaction kinetic data (Figure 2), we speculate
that CO, is first hydrogenated to CO via the bicarbonate/carboxyl
route on Co% sites. The generated CO is immediately consumed for
CH, formation and C—C coupling (FT synthesis) on the adjacent Co®
sites. Therefore, the balance between Co%/Co% is critical to
determining the density of surface intermediates and final products.

In summary, we obtained an optimized Na-1V-CoOx catalyst,
offering CO; conversion of 30% with C,.H selectivity of 63% at 250 °C,
and 3 MPa. The CO selectivity was only 1.8%. The introduction of V
has been evidenced to suppress particle growth, leading to smaller
Co domains and increased surface area. Besides, Na and V
electronically modulate the electron density of Co, stabilizing an
appropriate surface Co%/Co®%* ratio that balances the RWGS and FT
synthesis steps. This balanced interplay enables efficient C-C
coupling and significantly enhances the production of value-added
Ca+ hydrocarbons.
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