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The hydrogenation of CO, to methanol represents a pivotal route for carbon capture and utilization, yet
designing catalysts that concurrently achieve high activity and selectivity remains challenging. This work
explored the promotional effects of ZrO, and CeOy on Coln-based catalysts for the CO, hydrogenation to
methanol reaction. While both dopants improve catalytic performance, they exert distinct structural and
mechanistic roles. ZrO, doping primarily enhances CO; conversion by facilitating the formate pathway with a

reduced energy barrier. In contrast, CeO, incorporation enables high and stable methanol yields even under
harsh conditions, due to the dual-pathway mechanism involving formate and CO intermediates. The study es-
tablishes that targeted doping is a powerful lever for engineering reaction networks in InyO3 catalysts, providing
a clear design principle for advancing CO» hydrogenation.

1. Introduction

The increasingly severe global climate change and growing energy
demands are driving our focus towards carbon capture and utilization
technologies [1-4]. Among these, CO2 hydrogenation to value-added
fuels and chemicals, such as methanol, is regarded as a highly prom-
ising green chemistry pathway. Methanol serves not only as an impor-
tant chemical feedstock but also as an ideal liquid energy carrier [5-7].
However, the core challenges of this reaction lie in the inherent chemical
stability of the CO2 molecule and the competition from the the Reverse
Water-Gas Shift (RWGS) reaction [8,9]. These factors make it difficult to
develop catalyst systems that simultaneously achieve high methanol
selectivity and high CO4 conversion.

Among the various catalysts developed for CO, hydrogenation to
methanol, copper-based systems such as the conventional Cu/ZnO/
Al,O3 catalyst have achieved industrial application [10-12]. However,
they are still hampered by issues like inadequate thermal stability and a
tendency to sinter and deactivate [13,14]. In recent years, InpOs-based
catalysts have attracted widespread attention due to their near-perfect
selectivity towards methanol [15-17]. Although pure InyO3 possesses
a low oxygen vacancy formation energy, which facilitates CO5

adsorption and activation, its COy hydrogenation activity remains
limited, resulting in a low methanol yield [18-21]. To further improve
the catalytic activity, noble metals such as Pd [21,22], Pt [23], Rh [24]
and Au [25] are often employed to form intermetallic compounds with
Iny03, thereby promoting Hy dissociation. For example, Wang et al.
screened a series of transition metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, and Ga)
doped in InyOs catalysts and found that the composite with
cost-effective Co304 exhibited superior activity [26]. This enhancement
was attributed to the CoOx-InOy interface, which not only increased
oxygen vacancy density but also promoted the dissociative adsorption of
H,. However, while Co promotes hydrogen dissociation, it still retains
some methanation activity, leading to the formation of methane
by-products and restricting further improvement in methanol selectivity
[27,28]. Thus, rationally regulating the electronic structure and surface
properties of Coln catalysts becomes crucial for achieving a break-
through in their performance.

Introducing dopant elements is a widely recognized strategy for
modulating the electronic structure and surface properties of host cat-
alysts. Given that InpOs-based catalysts utilize oxygen vacancies as
active sites, ZrO2 and CeO, emerge as highly attractive dopants owing to
their exceptional redox activity. ZrO,, as an amphoteric oxide, is often
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used as a support or promoter to enhance CO; adsorption and activation
[29-32]. Research indicates that introducing In-Oy-Zr sites into the
system by supporting In,O3 on m-ZrO; or forming In,03-ZrO, solid so-
lution helps suppress the excessive reduction of In,O3 and enhances CO2
adsorption capacity [33,34]. Meanwhile, CeO5, plays a key role in redox
reactions due to its excellent oxygen storage capacity and ability to form
oxygen vacancies [35,36]. For the InyO3-Co304 catalyst, Ke et al.
revealed that the introduction of Ce leads to unique oxygen vacancies
over the CeO5 surface upon Hj reduction. These vacancies can effec-
tively capture CO,, thereby enhancing the hydrogenation activity [37].
Besides, Zhu et al. found that Ce on Cu-Zn-Ce catalysts promotes the
coverage of formate species on the copper surface and accelerates the
subsequent hydrogenation of CO intermediates, thereby inhibiting the
RWGS reaction [38]. Although studies have explored the impact of
single dopants on catalyst performance, there is currently a lack of clear
understanding and in-depth comparative research on how dopants with
different characteristics precisely regulate the reaction pathways of Coln
catalysts and ultimately determine the differences in the conversion and
selectivity.

In this work, we investigated the effects of incorporating ZrO, or
CeO3 on Coln catalysts for CO5 hydrogenation to methanol. The intro-
duction of ZrO5 primarily enhances the CO, conversion compared to the
pristine Coln catalyst, following a singular formate pathway. In contrast,
the incorporation of CeO; notably boost both CO; conversion and
methanol selectivity. Mechanistic insights reveal that Ce-containing
catalysts activate both formate and CO pathways, leading to optimized
and balanced reaction kinetics. This work demonstrates that precisely
doping to regulate reaction routes is an effective strategy for efficient
CO; conversion to methanol, providing key guidance for designing
advanced InyOgs-based catalysts.
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2. Results and discussion
2.1. Catalyst structural characterization

To compare the doping effects of Zr and Ce, we synthesized Coln-
based catalysts involving Coln, CoInZr, and CoInCe. All samples were
prepared via the coprecipitation method, with a fixed Co/In molar ratio
of 2:1 and a doping element (Zr or Ce) content of 10 wt.%. The crystal
structures of the catalysts were characterized by X-ray diffraction (XRD).
In Fig. 1a, the fresh catalysts exhibit distinct diffraction peaks at 30.6°
and 35.6°, which are indexed to the (222) and (400) Miller planes of
cubic InyO3 (PDF #06-0416) [39]. Additionally, two weak diffraction
peaks observed at around 19.0° and 36.8° can be assigned to the (111)
and (311) planes of Co304 (PDF #43-1003). For the CoInCe catalyst,
characteristic peaks of CeO, (PDF #43-1002) are also detected at 28.5°
and 33.0°, confirming the successful incorporation of CeOs. In contrast,
no discernible ZrO, diffraction signals are observed in the CoInZr, which
may be attributed to either the ZrO, crystallite size below 5 nm or the
presence of amorphous ZrO,, both of which are beyond the XRD
detection limit. Comparative analysis reveals that the FWHM of In,O3 in
Coln is smaller than that in CoInZr and ColInCe. This indicates that Ce
and Zr interact with InyOs, thereby suppressing the sintering and
agglomeration of InyO3 [40]. To investigate the structural evolution
during the CO, hydrogenation, XRD analysis was also performed on
reduced and spent catalysts (samples reduced in 5% Hy/Ar for 2 h are
labeled as “re-” (Fig. 1a), while the spent catalysts after reaction are
denoted as “sp-"(Fig. S1)). The characteristic diffraction peaks of Co304
completely disappear in all reduced samples, and a new peak emerges at
44.2°, corresponding to the (111) plane of metallic Co (PDF #15-0806),
confirming the reduction of Co304 to Co (Fig. 1a). The XRD patterns of
the spent catalysts are similar to those of the reduced catalysts, indi-
cating that the crystalline structure remains stable under reaction con-
ditions (Fig. S1). Notably, the crystallite sizes of InpO3 in the reduced
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Fig. 1. Structure and morphology of Coln-Based Catalysts. (a)XRD patterns of fresh and reduced Coln, CoInZr, and CoInCe. TEM image for (b) spent CoInZr and (c)
spent CoInCe with corresponding elemental mapping. HRTEM images of the (d) spent Coln, (e) CoInZr, and (f) CoInCe.
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catalysts, calculated using the Scherrer equation, follow the order:
re-Coln > re-CoInCe > re-ColnZr, which is consistent with the trend
observed for metallic Co (Table S1). This may be due to ZrO, or CeO,
inhibiting the reduction of Co304 to Co°.

Nitrogen adsorption-desorption was used to measure the surface area
and pore size distribution of Coln-based catalysts. All catalysts showed
type IV isothermal curves and H1 hysteresis loops, confirming they are
mesoporous materials (Fig. S2-S3) [41]. Notably, ColnZr and CoInCe,
both before and after the reaction, had larger surface areas than Coln
(Table S2). This matches the XRD results, indicating that adding Zr or Ce
reduces the crystallite sizes, which exposes more active sites. Further-
more, the morphology and nanostructure of the samples were imaged by
TEM. Fig. S4 demonstrates that all fresh samples exhibit a layered
structure of stacked nanosheets, and the morphology remains un-
changed by doping with either ZrO; or CeO,. High-resolution TEM im-
ages show the lattice fringes of Co304, InyO3, and CeO,, in agreement
with the XRD results (Fig. S5). Meanwhile, elemental mapping indicates
that Co, In, and the dopant elements (Zr, Ce) exhibit highly uniform
distribution throughout the catalyst (Fig. S6). After the reaction, the
catalyst morphology underwent remarkable reconstruction, trans-
forming from a sheet-like structure into a spherical form, likely due to
sintering at elevated temperatures (Fig. 1b, 1c, S4 and S7). Additionally,
phase separation behavior is observed in the three spent catalysts. Lat-
tice fringes of approximately 0.205 nm are observed in the centre of the
spherical structure, attributed to the (111) crystal plane of Co (Fig. 2d-f).
The average particle sizes of CoInZr, CoInCe and Coln are 9 nm, 15 nm,
and 17.5 nm, respectively, indicating that Zr and Ce effectively suppress
the agglomeration of Co (Fig. S4). Furthermore, InoO3 and CoO are also
detected in the spent samples. Previous reports pointed out that this
structure facilitates the surface enrichment of InpO3, promoting its high
dispersion and generating additional oxygen vacancies [42]. This ex-
plains the superior activity of Coln catalysts compared to pure InyOs.
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2.2. Catalytic performances

To comprehensively evaluate the catalyst performance, the CO,
hydrogenation activity was tested at at 250-330 °C, 5 MPa, and a WHSV
of 21600 mL gcat ' h™! (Fig. 2a-c and Table S3). As shown in Fig. 2b and
S8, while the hydrogenation products of pure In,O3 were limited to CO
and methanol, the Coln-based catalysts yielded alkanes, CO, and
methanol, suggesting that Co introduction facilitates CH4 production.
Since methanol synthesis is exothermic while RWGS reaction is endo-
thermic [43,44], the CO; conversion of all three catalysts increased with
rising temperature, whereas methanol selectivity gradually decreased
(Fig. 2a). Notably, for CoInCe, the methanol selectivity decreased by
only about 3% per 20 °C increase below 310 °C, indicating that CoInCe
was less affected by temperature than Coln and CoInZr. Consequently,
the space-time yield (STY) of methanol over Coln and CoInZr exhibited a
volcanic trend with temperature, reaching a maximum at 310 °C
(Fig. 2¢). In contrast, for CoInCe, the STY continued to increase from
647.7 to 738.6 mg geat ' h™! as the temperature rose from 310 °C to
330 °C. At 310 °C, the STY of CoInZr and CoInCe increased by 30%
compared to Coln, indicating that ZrO, and CeOs played a positive role
in enhancing the catalytic activity for CO, hydrogenation to methanol.
Moreover, although CoInZr and Coln showed similar trends in STY
variation, the methanol yield of CoInZr was consistently higher than that
of Coln. This can be attributed to the higher CO, conversion of CoInZr
under identical reaction conditions, while the methanol selectivity of the
two catalysts remained nearly the same. It is noteworthy that all three
catalysts demonstrated excellent stability during testing over 100 h,
with no significant decline in activity or selectivity observed (Fig. 2e).

The difference in catalytic activity was quantitatively evaluated by
determining the apparent activation energies (Ea) (Fig. 2d). Kinetic
analysis based on the Arrhenius equation revealed that the Ea value for
CoInZr (40.5kJmol ') was much lower than that for Coln
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Fig. 2. Catalytic performance of Coln, ColnZr, and CoInCe in the CO, hydrogenation reaction. (a) CO, conversion of Coln, ColnZr, and ColInCe. (b) Product dis-
tribution and selectivity of Coln (I), CoInZr (II), and CoInCe (III). (c) Relationship between the space-time yield (STY) of methanol and the reaction temperature. (d)
Arrhenius plots for the methanol synthesis reaction kinetics and the corresponding activation energy (Ea) calculations by using the Arrhenius equation. (e) Catalytic
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(67.2 kJ mol™1). This kinetic evidence clearly demonstrates that Zr
doping effectively lowered the reaction energy barrier for CO, hydro-
genation to methanol, potentially by optimizing reactant adsorption and
stabilizing key intermediates, thereby enhancing the catalytic activity.
Notably, CoInCe displayed a considerably higher Ea of 89.4 kJ mol™ .
Generally, an increase in Ea suggests the presence of higher-energy
transition states or stronger energy barriers along the reaction
pathway. Combined with its superior methanol selectivity in the higher
temperature range, the elevated Ea value of CoInCe implies that it may
follow a reaction mechanism distinct from those of Coln and ColnZr
[45].

2.3. Surface properties investigation

H, Temperature-Programmed Reduction (Hy-TPR) was applied to
analyze the reduction behavior of the catalysts. All catalysts exhibited
three distinct reduction regions in their Hp-TPR profiles (Fig. 3a). The p
region corresponds to the reduction of surface CoOy species to metallic
Co, while the y region is attributed to the reduction of bulk In,O3 [46,
47]. In contrast, the reduction process in the low-temperature o region is
more complex. Between 180 and 330 °C, the observed reduction peak
involves the transformation of Co>* to Co?* concurrent with the partial
reduction of surface In species [40,48]. A comparison of the reduction
profiles shows that the reduction of Co30O4 proceeds in a similar tem-
perature range (300-310 °C) both with and without ZrO,, indicating
that Zr has a minimal influence on the reduction of Co304 (Fig. S9). The
shift of the reduction peak for the ColnZr towards lower temperatures
may be attributed to ZrO, promoting the surface reduction of InyO3
[49]. This reduction behavior contributes to an increased concentration
of surface oxygen vacancies. Furthermore, two reduction peaks are
observed in the f region: the low-temperature peak corresponds to the
reduction of CoOy species interacting with In species, whereas the
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high-temperature peak is associated with the reduction of isolated CoOx
species [40]. Peak integration of the p region revealed that the area
proportion corresponding to Co304 reduction to CoOy is significantly
higher for CoInZr and CoInCe than for Coln (Fig. S10 and Table S4). This
indicates that both dopants fostered a higher proportion of CoOy species
in intimate contact with InOy, thus preserving richer CoOx-InOy in-
terfaces and promoting CO, hydrogenation to methanol.

CO2 Temperature-Programmed Desorption (CO,-TPD) was
employed to evaluate the CO5 adsorption capabilities of the catalysts. As
shown in Fig. 3c, the CO2 desorption profiles can be divided into three
regions: desorption below 150 °C is attributed to physically adsorbed
COg, the region between 150 and 450 °C corresponds to moderate
adsorption, and the high-temperature region (450-750 °C) is associated
with strong adsorption [50,51]. To clarify the origin of the desorption
features, a CO,-TPD experiment was also conducted on pure In,O3. As
shown in Fig. S11, InpO3 exhibits desorption peaks at 310 °C and 437 °C.
The peak at 310 °C is assigned to oxygen vacancies generated by Hj
reduction of InyO3 [43]. Compared with Coln-based catalysts, the larger
peak area at this position suggests that Co species facilitate Hy dissoci-
ation on the catalyst surface, thereby generating more oxygen vacancies.
Notably, the CO, adsorption center of ColnZr exhibits significant dif-
ferences from that of CoIn. ColnZr exhibits not only a higher CO5 uptake
in the weak adsorption region but also distinct desorption peaks around
400 °C and 557 °C. The signal below 150 °C is attributed to bicarbonates
formed through interaction with surface hydroxyl species [52]. This
phenomenon may be related to the previously reported frustrated Lewis
acid-base pair (FLP) sites by our research team [53]. Meanwhile, the
peak at 557 °C is assigned to monodentate carbonates resulting from
chemical interactions between CO; and strong Lewis acid sites intro-
duced by ZrO, [41]. Similarly, for CoInCe, large desorption peaks
observed near 450 °C and 670 °C suggest that the introduction of CeO4
enhances CO; adsorption. This may be attributed to the unique oxygen
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storage capability and oxygen vacancy formation properties of the Ce
component, which effectively increase surface alkalinity [54]. To
further compare the concentration of surface basic sites, the quantitative
peak areas of desorbed CO2 were calculated. The total amounts of COy
adsorbed on CoInCe and ColInZr are higher than that on Coln, confirming
their superior CO, adsorption performance. This trend aligns well with
the higher CO, conversion observed in CO, hydrogenation reactions.
Differences in COy adsorption capacity among these catalysts may
derive from distinct active phase structures.

To identify the adsorption configuration of CO on the catalyst sur-
face, in situ IR spectroscopy was performed after CO5 adsorption
(Fig. 3b). For both Coln and CoInCe catalysts, the peaks at 1598 cm ™!
and 1312 cm ™ are attributed to the Vas(OCO) and V¢(OCO) in bidentate
carbonate (b-CO%), respectively [55]. It is worth noting that bidentate
bicarbonate (b-HCO3) (1633, 1272 and 1221 cm V) is detected only in
the ColnZr sample, which is consistent with the results from CO,-TPD
experiments [56,57]. Additionally, signals observed at 1272 cm?,
1410 cm™}, and 1292 cm™! are assigned to monodentate carbonate
(m-CO%), indicating the presence of this carbonate species in all three
catalysts [37].

To elucidate the structural changes in the catalyst following the re-
action, we conducted X-ray photoelectron spectroscopy (XPS) mea-
surements. The Co 2p spectra exhibit a characteristic asymmetric line
shape, with binding energies at approximately 777.8 eV and 780.7 eV
corresponding to Co® and Co?" species, respectively, indicating the
coexistence of metallic Co® and oxidized Co®" states in the Coln, ColInZr,
and CoInCe catalysts (Fig. 3d) [58]. Furthermore, the satellite peak at
786.5 eV confirms the formation of a CoO phase, suggesting a reduction
process from Co304 to CoO. The surface Co/In atomic ratio of the spent
catalyst consistently exceeds its bulk counterpart (Table S5), consistent
with the phase separation observed in HRTEM results. This phenomenon
can be attributed to the high mobility of metallic Co atoms, leading to
the localized enrichment. Quantitative analysis of the Co® fraction was
further performed by peak-fitting of the Co 2p spectra. The results reveal
that the Coln catalyst possesses the highest Co® content, in agreement
with the XRD analysis. In the In 3d XPS region, two broad peaks are
observed at 444-445 eV (In 3ds/2) and 451-452 eV (In 3d3/3), respec-
tively (Fig. S12). The fitting results indicate the coexistence of In®* and
partially reduced m® 6 < 3) species in the Coln-based catalysts [59].
Notably, the binding energy of In 3ds,» follows the order: Coln > ColnZr
> ColnCe, suggesting the formation of more abundant InOy species in
ColnZr and CoInCe. Such InOy species readily interact with CoO to form
CoO-InOy, interfaces on the surface of metallic Co® particles. These in-
terfaces are considered to be key active sites for promoting Hjy
adsorption.

Electron Paramagnetic Resonance (EPR) measurements and O 1s
XPS spectra were employed to investigate the oxygen vacancies in Coln-
based catalysts. The EPR results indicate that the concentration of ox-
ygen vacancies in the spent catalysts follows the order: CoInCe > Coln
> ColnZr (Fig. S13). Moreover, Fig. 3e displays the O 1 s XPS spectra of
the catalysts. The peak at approximately 529.6 eV is attributed to lattice
oxygen (Op), the peak at around 531.3 eV corresponds to oxygen va-
cancies (Oy), and the peak near 532.7 eV is associated with surface
hydroxyl groups (*OH) [20]. The relative abundance of defect-related
oxygen species was evaluated by calculating the Oy/(Oy+OL+OH)
ratio. Deconvolution of the Ce 3d XPS spectrum further confirms the
coexistence of Ce>™ and Ge** oxidation states in the spent ColnCe
catalyst (Fig. S14). Therefore, the abundant oxygen vacancies in CoInCe
originate not only from the reduction of InyO3 and Co304 but also from
the reduction of CeO, [35], which contributes to the richer basic sites
observed in CO,-TPD and consequently promotes COy adsorption and
activation. Although the CoInZr catalyst shows a lower Oy concentration
than Coln, it possesses more surface hydroxyl groups, further corrobo-
rating the CO2-TPD results.
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2.4. Mechanistic insight

According to our previous studies, In-H species derived from H,
dissociation on InpOs3 participate in the subsequent hydrogenation of key
intermediates such as HCOO* [53]. Furthermore, Co promotes the
dissociation of Hy onto InyOs, thereby facilitating the activation of Hy
[55,60]. Therefore, Ho-TPD was employed to investigate the hydrogen
activation ability of the catalysts. As shown in Fig. 4a, with the addition
of ZrOy andCeO, the hydrogen desorption behavior is significantly
altered compared to the Coln catalyst. The Hy desorption peak areas of
the CoInCe and ColnZr catalysts are 4.7 times and 3.2 times larger than
that of the Coln catalyst, respectively, indicating a notable rise in the
number of active sites for activating Hy after doping [61]. In addition,
the Hy desorption temperatures of CoInCe and ColnZr shifts toward
lower values, demonstrating that doping with Zr and Ce may generate
new active sites that more readily adsorb Hj, thereby promoting
methanol formation.

The reaction intermediates and pathways were investigated using in
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). When the catalyst was exposed to a CO5/H; reaction atmo-
sphere, CO5 was rapidly adsorbed on the surface in the form of CO% and
HCO3 (Fig. 4b, 4c, and S15). After that, new peaks emerged at
1585 cm Y, 1370 ecm ™!, and 2875 cm ™!, which can be assigned to the
vas (OCO), vs (0CO), and C-H vibrations of HCOO*, respectively. In
addition, the signal at 1053 cm™! is attributed to CH3O*. Formic acid
pulse experiments detected distinct MS signals for CH3OH and HCHO
(Fig. S16). This suggests that CO3/HCOj3 species form preferentially
during CO2 hydrogenation and then convert to HCOO*, supporting the
formate pathway as the dominant mechanism [55].

The kinetics of surface intermediate conversion were further probed
by tracking the dynamic evolution of HCOO* and CH30*. As shown in
Fig. 4d, the intensity of HCOO*/CH30* increased over time until a
decrease was observed after approximately 40 min. This phenomenon
likely arises because the conversion of HCOO* to CH30* is rate-
determining, necessitating the accumulation of HCOO* to a threshold
level before rapid conversion can proceed [57]. In particular, the slower
increase and lower intensity of the HCOO*/CH30* ratio within the first
5 min on ColnZr suggests more rapid consumption of HCOO*, pointing
to the lowest energy barrier for methanol formation. Conversely, the
CoInCe catalyst combines a high energy barrier with high activity,
which implies that more complex reaction pathways are involved.

In fact, alongside the formate pathway, reaction pathways forming
methanol from CO, a by-product generated by the RWGS reaction, have
also been reported [5]. To investigate the possibility of this pathway
over the CoInCe catalyst, we conducted CO-TPD experiments (Fig. 4e).
The results clearly show that CoInCe exhibits the highest CO adsorption
capacity, indicating a greater potential for CO conversion on its surface.
In addition, CO-TPSR experiment with pre-adsorbed H; was performed
on CoInCe. As shown in the Fig. S17, consumption of Hy and CO was
detected by mass spectrometry around 300 °C, accompanied by the
formation of HCOOH and CO». This suggests that gaseous CO interacts
with surface H species at elevated temperatures to generate key in-
termediates for methanol synthesis.

To further verify this, the catalyst was reduced in the in-situ IR cell
and then exposed to CO for sufficient adsorption. As shown in the cor-
responding spectra (Fig. S18), CoInCe displays two characteristic ab-
sorption bands of CO. The peaks at 2177 cm™* and 2117 cm ™! are
assigned to gaseous CO, while those at 2068 cm™! and 2018 cm™!
correspond to adsorbed CO species on the surface [62]. It is worth noting
that, compared with ColnZr, signals for COOH*, HCOO* and CH30*
were detected only on CoInCe. This is likely due to the hydrogenation of
CO* by active hydrogen species adsorbed at the CoOx-InOy interface,
suggesting that the reaction mechanism over CoInCe differs from that
over ColnZr. Subsequently, to monitor the dynamic evolution of surface
species, the CO flow was stopped while maintaining a Hy/Ar atmosphere
over the CoInCe catalyst. The time-dependent DRIFTS spectra reveal a
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Fig. 4. Characterization and evolution of reactive intermediates. (a) Ho-TPD profile of Co304, Coln, CoInZr and ColInCe. In situ DRIFTS spectra of CO, + Hj reaction
in the range of 1000-3200 cm ! over (b) CoInZr and (¢) ColnCe. (d) The ratio of HCOO* to CH30* intermediates changes as a function of time. (e) CO-TPD profile of
Co304, Coln, ColnZr and CoInCe. (f) Time-resolved DRIFTS spectra of ColnZr at 200 °C during alternating H, and CO exposure.

gradual consumption of adsorbed CO species accompanied by a
continuous increase in the intensity of HCOO* bands (Fig. 4f). When the
introduction order of Hy and CO was reversed, signals corresponding to
HCOO* and *COOH were still observed upon CO exposure (Fig. S19).
This observation indicates the coexistence of both the formate pathway
and the CO pathway over CoInCe, which may explain why this catalyst
maintains high methanol selectivity even at elevated temperatures.

3. Conclusions

In summary, this study demonstrated that the incorporation of ZrO,
and CeO, distinctly modulated the catalytic performance and reaction
mechanism of Coln-based catalysts for CO5 hydrogenation to methanol.
Coln and ColnZr catalysts produce methanol predominantly via the
formate intermediate. However, the introduction of ZrO, effectively
suppresses the reduction of CoOy, leading to the formation of more
CoOx-InOy interfacial sites, while simultaneously enhancing the
adsorption and activation of CO2 and Hy. Doping with CeOy improves
both CO, conversion and methanol selectivity. The superior perfor-
mance of CoInCe is attributed to the unique coexistence of both formate
and CO hydrogenation pathways. This dual-pathway mechanism allows
CoInCe to maintain high methanol yield even under elevated tempera-
tures. Collectively, this study establishes precise doping as an effective
approach for enhancing methanol synthesis by directing the reaction
mechanism, offering a clear blueprint for future catalyst development.
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