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ABSTRACT: Cu-based ternary catalysts often outperform their
binary counterparts in the hydrogenation of CO2 to methanol.
Unraveling the underlying synergistic effects among multiple
components remains challenging and requires comprehensive
operando characterization. In this study, we present a detailed
investigation into the synergistic Cu−Zn−Zr interactions in inverse
ZnZrOx/Cu catalysts, which show strong promise for enhancing
the synthesis of methanol from CO2. In situ X-ray diffraction
revealed that ZrO2 clusters effectively stabilize Cu nanoparticles
against sintering during the H2 reduction. Operando X-ray
absorption spectroscopy at the Cu, Zn, and Zr K-edges
demonstrated that the enhanced reducibility of Zn and Zr species
arises from synergistic Cu−Zn−Zr interactions. Upon H2 reduction, partially reduced ZrO2 facilitated CO2 adsorption and
activation. Initially dispersed Zn2+ species were partially transformed into the CuZn alloy, which remained stable under reaction
conditions. Notably, the CuZn alloy significantly enhanced the hydrogenation of key formate reaction intermediates to methanol.
Moreover, Zn incorporation in Cu inhibited methanol decomposition to CO. The combined effects of efficient H2 activation on
highly dispersed metallic Cu, enhanced CO2 activation by reduced ZrO2 clusters, and rapid formate hydrogenation facilitated by the
CuZn alloy rendered inverse ZnZrOx/Cu catalysts superior in methanol formation rates as compared to inverse ZnOx/Cu, ZrOx/Cu
catalysts, a commercial CuZnAl catalyst, and previously reported CuZnZr catalysts.

■ INTRODUCTION
The catalytic conversion of CO2, a major greenhouse gas, with
renewable hydrogen into chemicals is considered a promising
strategy to mitigate climate change.1 Among various products,
methanol is particularly attractive due to its versatility as a
platform chemical for producing a wide range of fuels and
chemicals.2 Commercial methanol synthesis is typically carried
out using Cu/ZnO/Al2O3 (CuZnAl) catalysts and CO2-
containing synthesis gas (a mixture of CO and H2) at a mild
temperature (200−300 °C) and high pressure (50−100 bar).
Although mechanistic studies have shown that CO2 is the
primary reactant hydrogenated to methanol over these
catalysts, operating with high CO2 concentrations introduces
significant kinetic and thermodynamic challenges.3,4 A key
practical limitation is catalyst deactivation, primarily due to Cu
particle sintering and oxidation at the higher H2O pressures in
the reactor.5,6 Therefore, developing more robust and efficient
catalysts for the direct hydrogenation of CO2 to methanol
remains a critical challenge.
Cu/Zn/ZrO2 (CuZnZr) compositions have been recently

explored as promising alternative catalysts for methanol
synthesis. The stronger surface basicity of ZrO2 compared to
Al2O3 enhances CO2 adsorption, while its lower hydrophilicity

facilitates H2O desorption, thereby mitigating Cu and Zn
oxidation and reducing catalyst deactivation.7,8 In addition,
interfacial sites between different catalyst components can
significantly influence the catalytic performance. Although pure
Cu exhibits low activity for methanol synthesis,9,10 CO2 can be
converted into formate (HCOO*) intermediates at Cu−ZrO2
or Cu−ZnO interfacial sites, where these species are stabilized
before undergoing hydrogenation to methoxy groups and
ultimately methanol.11,12 Consequently, tailoring interfacial
properties represents an effective strategy to regulate the
catalytic performance. One promising approach involves
constructing inverse catalysts, in which oxide clusters are
dispersed on metallic surfaces, thereby strengthening metal−
support interactions (MSI) compared to bulk oxides.13 Ma and
coworkers showed the potential of inverse ZrO2/Cu catalysts
for CO2 hydrogenation to methanol, reporting high methanol
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space−time−yield (STY) and promising stability.14,15 How-
ever, a systematic investigation of inverse Cu catalysts
incorporating various promoter metal oxides for methanol
synthesis is still lacking.
Herein, we systematically investigated inverse Cu-based

catalysts synthesized via flame spray pyrolysis (FSP) for the
hydrogenation of CO2 to methanol. Among the various
promoted inverse Cu catalysts (Zr, Si, Al, Ti, Ce, Ga, and
Zn), inverse ZrO2/Cu exhibited the highest mass- and surface
area-normalized CH3OH formation rates, although with
moderate CH3OH selectivity. Inverse ZnO/Cu also exhibited
promising surface area-normalized activity, together with a
high CH3OH selectivity of 86%. Building on these results, we
developed inverse ZnZrOx/Cu catalysts that exhibit enhanced
performance in methanol synthesis, achieving a maximum
methanol rate of 35.0 mmol/(gcat·h) at 250 °C and 30 bar,
surpassing the performance of a commercial CuZnAl catalyst.
To establish structure−performance relationships in this
ternary system, we employed operando X-ray diffraction and
spectroscopy techniques. In situ X-ray diffraction (XRD)
results revealed a strong stabilization of Cu nanoparticles by
ZrO2 clusters, with Cu particle sizes remaining unchanged
during H2 reduction. Operando X-ray absorption spectroscopy
(XAS) data at the Cu, Zn, and Zr K-edges were simultaneously
recorded to probe the electronic structure of the ternary Cu−
Zn−Zr catalysts. The Cu species remained fully metallic

throughout the H2 reduction and CO2 hydrogenation, serving
as the primary sites for H2 dissociation. Facile H* spillover
promoted the reduction of the ZrO2 species, thereby
enhancing CO2 activation. In situ IR spectroscopy revealed
that the CuZn alloy, formed during H2 reduction, markedly
accelerated the hydrogenation of formate (HCOO*) inter-
mediates to CH3OH. This was further corroborated by formic
acid (HCOOH) hydrogenation experiments, which confirmed
the role of the CuZn alloy in facilitating CH3OH formation.
Additionally, incorporation of Zn was found to suppress CO
formation via CH3OH decomposition, thereby improving
CH3OH selectivity during CO2 hydrogenation. The synergistic
interplay among small metallic Cu nanoparticles, the CuZn
alloy species, and reducible ZrO2 clusters contributes to the
superior performance of inverse ZnZrOx/Cu catalysts in CO2
hydrogenation to CH3OH.

■ RESULTS AND DISCUSSION

ZrO2 Promotion for CH3OH Synthesis

A series of inverse ZrO2/Cu samples with varying Zr content
was synthesized by FSP, denoted as xZryCu (x + y = 100; x =
0, 5, 10, 15, 20, and 30). The XRD patterns revealed
characteristic diffraction lines of CuO in all as-prepared ZrO2/
Cu samples, along with diffraction lines of both tetragonal
ZrO2 (t-ZrO2) and monoclinic ZrO2 (m-ZrO2) (Figure 1a).

Figure 1. (a) XRD patterns of as-prepared inverse ZrO2/Cu samples recorded at λ = 0.154 nm. The Scherrer equation was used to determine the
particle sizes from the width of the CuO(111) peak; (b) H2-TPR profiles of the inverse ZrO2/Cu samples; (c) HAADF-STEM-EDX maps of as-
prepared 20Zr80Cu; and (d) CO2 conversion and CO and CH3OH formation rates as a function of metallic Cu surface area (reaction conditions:
CO2/H2/N2 (10/30/10 mL/min), 50 mg of catalyst, 250 °C, and 30 bar; reaction data recorded after 12 h on stream, metallic surface areas derived
from N2O titration).
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The presence of Zr in inverse ZrO2/Cu samples led to CuO
diffraction peaks that were broader than those in the FSP-
prepared CuO sample, which indicates that ZrO2 already
stabilized small CuO particles during FSP synthesis. The
stabilization effect extended during catalyst reduction. H2-TPR
results show that the reduction features of Cu2+ to Cu+ and
Cu+ to Cu0 shifted to lower temperatures with increasing Zr
content (Figure 1b), consistent with the easier reducibility of
smaller CuO nanoparticles.16 High-resolution transmission
electron microscopy (HRTEM) images and high-angle annular
dark-field scanning transmission electron microscopy-energy
dispersive X-ray spectroscopy (HAADF-STEM-EDX) maps for
the as-prepared 20Zr80Cu sample show small ZrO2 clusters
homogeneously distributed over CuO nanoparticles (Figure 1c
and Figure S1). The CO2 hydrogenation performance of these
samples was evaluated using a feed of CO2/H2/N2 (10/30/10
mL/min) at 250 °C and 30 bar, after reduction in 20 vol % H2
in He at 300 °C for 1 h. The inverse ZrO2/Cu catalysts
demonstrated enhanced CO2 conversion and CO formation
rate with increasing Zr content up to 20 mol %, followed by a
slight decrease at a Zr content of 30 mol % (Figure S2).
Notably, while the pure Cu catalyst exhibited a low CH3OH
formation rate of 0.1 mmol/(gcat·h), introducing just 5 mol %
Zr enhanced the rate to 20.0 mmol/(gcat·h). These findings
highlight that incorporating a small amount of ZrO2 into Cu
catalysts can significantly boost the CH3OH synthesis from
CO2. The CH3OH formation rate increased with Zr content
up to 10 mol % and then leveled off. Previous studies have also
shown that inverse ZrO2/Cu catalysts exhibit significantly
higher CH3OH STY compared to conventional Cu/ZrO2
catalysts, even when they contain comparable metallic Cu
surface areas.14,15,17 Moreover, inverse ZrO2/Cu catalysts
displayed higher CH3OH selectivity than conventional Cu/
ZrO2 catalysts at equivalent CO2 conversions. This improve-
ment is attributed to the distinct interfacial sites formed
between Cu nanoparticles and ZrO2 clusters in the inverse
configuration.17 Further studies revealed that both CO2
conversion and CO formation rates scale with the metallic
Cu surface area, as determined by N2O titration at 50 °C,
across the inverse ZrO2/Cu catalysts (Figure 1d, Figure S3,
and Table S1). In contrast, the CH3OH formation rate shows
only a weak dependence on the Cu surface area. Similar trends
were observed when normalizing the activity to the total
specific surface area measured by N2 physisorption (Figure S6
and Table S1). Notably, the 5Zr95Cu catalyst, despite its

relatively low Cu surface area and CO2 conversion, achieves a
CH3OH formation rate comparable to that of catalysts with
higher CO2 conversions. These findings suggest that CH3OH
synthesis is not strictly governed by Cu surface area but is
likely associated with Cu−ZrO2 interfacial sites.

15,17 Increasing
Zr content beyond 5 mol % enhances Cu surface area, CO2
conversion, and CO formation rate but does not appreciably
improve CH3OH formation, indicating saturation of the
beneficial Cu−ZrO2 interfacial sites.15 This saturation
promotes CO formation via the reverse water−gas shift
(RWGS) reaction, resulting in a decline in CH3OH selectivity
with increasing CO2 conversion (Figure S2). On the other
hand, the decreased CH3OH selectivity at higher CO2
conversions may also result from CH3OH decomposition.18

The structural and chemical promotion of ZrO2 clusters on
the hydrogenation of CO2 to CH3OH over Cu nanoparticles
motivated the exploration of other compositions, particularly
those exhibiting high CH3OH selectivity. Accordingly, a series
of inverse Cu samples comprising 10 mol % of promoters (Al,
Ce, Ti, Si, Ga, and Zn) and 90 mol % Cu were synthesized by
FSP. The samples are denoted 10x90Cu, where x represents
the promoter. Among the prepared samples, 10Zr90Cu
exhibited the highest CO2 conversion and CH3OH formation
rate (Figures 2 and S7). Notably, 10Zn90Cu demonstrated the
highest CH3OH selectivity of 86%, indicating that Zn
promotion favors CH3OH formation over CO,19 albeit at a
lower CO2 conversion rate. However, this catalyst showed
continuous deactivation during a 12 h stability test (Figure
S8), indicating that Zn is ineffective in stabilizing Cu
nanoparticles against sintering. In contrast, 10Zr90Cu was
stable during similar stability test. As metallic Cu dominates in
reduced inverse catalysts, the specific surface area after H2
reduction was used as an approximate measure of the active
surface area (Figure S6 and Table S1). When normalized to
the specific surface area, 10Zn90Cu demonstrated the second-
highest CH3OH formation rate after 10Zr90Cu (Figure S7).
These findings underscore the promise of 10Zr90Cu and
10Zn90Cu for CH3OH synthesis, with the former increasing
the level of CO2 conversion and the latter improving the
CH3OH selectivity. Notably, N2O titration revealed a
negligible metallic Cu surface area in 10Zn90Cu after H2
reduction (Figure S4 and Table S1), indicating that Zn species
covered the surface.

Figure 2. CO2 hydrogenation performance over various inverse Cu catalysts (reaction conditions: CO2/H2/N2 (10/30/10 mL/min), 50 mg of
catalyst, 250 °C, and 30 bar; reaction data after 12 h on stream).
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Inverse ZnZrOx/Cu Catalysts

Based on the observed potential of ZrO2 for enhancing CO2
conversion and ZnO for improving CH3OH selectivity, both
promoters were combined to further enhance CH3OH
synthesis by CO2 hydrogenation. Starting from the most
active 20Zr80Cu sample, a series of inverse ZnZrOx/Cu
samples with varying Zn content (i.e., Zn/(Zr + Cu) ratios of
0.025, 0.05, 0.10, and 0.2) were prepared by FSP and denoted
as xZn20Zr80Cu (x = 2.5, 5, 10, and 20). XRD patterns
revealed that the CuO particles became smaller with increasing
Zn content, confirming the stabilizing effect of Zn species on
CuO (Figure S9). Notably, Zn species remained highly
dispersed even at a high Zn content of 10 mol %, as indicated
by the absence of ZnO diffraction lines. X-ray photoelectron
spectroscopy (XPS) results revealed that the surface atomic
Cu/Zn ratio in inverse ZnZrOx/Cu samples is 2−4 times
higher than that in the bulk (Figure S10 and Table S2). The
high dispersion of Zn species in the inverse ZnZrOx/Cu
catalyst was further supported by HAADF-STEM-EDX maps
(Figure S11). Spatial Pearson correlation coefficients derived
from EDX pixel maps consistently showed stronger Cu−Zn
than Zn−Zr proximity across all as-prepared inverse ZnZrOx/
Cu samples (Figure S12 and Table S3), suggesting that Zn
preferentially decorates the CuO surface. Cu−Zn interactions
were evident from H2-TPR profiles (Figure S13),

20 where the

reduction feature of Cu2+ to Cu+ became less pronounced and
the Cu+ to Cu0 peak shifted to higher temperatures with
increasing Zn content. The CO2 hydrogenation performance
of inverse ZnZrOx/Cu catalysts demonstrated an initial
increase in the CH3OH formation rate with increasing Zn
content, with 5Zn20Zr80Cu exhibiting the highest rate of 35.0
mmol/(gcat·h), followed by a slight decrease for
10Zn20Zr80Cu and 20Zn20Zr80Cu (Figure 3a). Under the
applied reaction conditions, 5Zn20Zr80Cu also showed a
CH3OH rate higher than that of a commercial CuZnAl catalyst
(31.7 mmol/(gcat·h)). Moreover, it outperformed most state-
of-the-art catalysts reported in the literature (Figure S14 and
Table S4). The substantial improvement in CH3OH selectivity
upon Zn promotion is illustrated in Figure 3b. It was
established that Zn promotion in 5Zn20Zr80Cu enhanced
CH3OH selectivity relative to 20Zr80Cu at the same CO2
conversion: at 10% CO2 conversion, CH3OH selectivity was
47% for 5Zn20Zr80Cu and 31% for 20Zr80Cu. Moreover,
5Zn20Zr80Cu displayed stable catalytic performance during a
160 h stability test (Figure 3c). Increasing the reaction
pressure to 40 bar resulted in a significant increase in the
CH3OH formation rate to 47.2 mmol/(gcat·h) for the
5Zn20Zr80Cu catalyst (Figure 3a). Notably, trace amounts
of methyl formate (HCOOCH3) were detected during CO2
hydrogenation for both the 20Zr80Cu and 5Zn20Zr80Cu

Figure 3. (a) CH3OH formation rate of inverse ZnZrOx/Cu catalysts during CO2 hydrogenation (reaction conditions: CO2/H2/N2 (10/30/10
mL/min), 50 mg catalyst, 250 °C, 30 bar; reaction data after 12 h on stream); (b) CH3OH selectivity as a function of CO2 conversion for
20Zr80Cu and 5Zn20Zr80Cu. The results were obtained by changing the contact time between the catalyst bed and reactants; (c) stability test of
5Zn20Zr80Cu during CO2 hydrogenation; and (d) CH3OH conversion and CO selectivity of inverse ZnZrOx/Cu catalysts during CH3OH
decomposition (reaction conditions: 2 vol % CH3OH in He (50 mL/min), 30 mg catalyst, 250 °C, and 1 bar; reaction data recorded after 3 h on
stream).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c19915
J. Am. Chem. Soc. 2026, 148, 7378−7387

7381

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19915/suppl_file/ja5c19915_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19915/suppl_file/ja5c19915_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19915/suppl_file/ja5c19915_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19915/suppl_file/ja5c19915_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19915/suppl_file/ja5c19915_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19915/suppl_file/ja5c19915_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19915/suppl_file/ja5c19915_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19915/suppl_file/ja5c19915_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19915/suppl_file/ja5c19915_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19915?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19915?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19915?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19915?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c19915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


catalysts (Figure S15), indicating CH3OH decomposition.21

CH3OH decomposition may affect the observed CH3OH
formation rate and product distribution, as CO is the main
product.18 To investigate this, CH3OH decomposition experi-
ments were conducted using a feed of 2 vol % CH3OH in He
at 250 °C and 1 bar. As shown in Figure 3d and Figure S16,
both CO formation rates and the CO selectivity among
products such as HCOOCH3, CH4, and CO2 were significantly
suppressed by the addition of Zn, i.e., from 44.8 mmol/(gcat·h)
in 20Zr80Cu to 2.5 mmol/(gcat·h) in 20Zn20Zr80Cu, and
from 54.9% in 20Zr80Cu to 4.8% in 20Zn20Zr80Cu,
respectively. This strong suppression of CH3OH decom-
position to CO by Zn incorporation contributed to the
improved CH3OH selectivity for the inverse ZnZrOx/Cu
catalysts during CO2 hydrogenation (Figure 3b).
A kinetic study showed that the apparent activation energy

(Ea) increased with increasing Zn content, from 57 kJ/mol for
20Zr80Cu to 81 kJ/mol for 5Zn20Zr80Cu, followed by a
decrease to 60 kJ/mol for 20Zn20Zr80Cu (Figure S17). The
higher Ea for inverse ZnZrOx/Cu catalysts than for 20Zr80Cu
is likely due to differences in the active sites. These catalysts
exhibited CO2 reaction orders between 0.10 and 0.20,
suggesting strong CO2 adsorption and high surface coverage
with CO2-derived intermediates (Figure S18). This also
indicates that the role of ZrO2 clusters in the CO2
hydrogenation reaction relates to CO2 adsorption and
activation. Moreover, the catalysts exhibited comparable H2
reaction orders of 0.40−0.55 (Figure S18), suggesting that Zn
incorporation did not significantly promote H2 activation. This
is further supported by H2−D2 exchange measurements, where
both 20Zr80Cu and inverse ZnZrOx/Cu catalysts exhibited a
similar onset temperature of HD formation at ∼120 °C
(Figures S19 and S20). In contrast, a ZnZrOx catalyst showed

activity only in HD at ∼235 °C, indicating that H2 activation
predominantly occurs on metallic Cu sites. Previous studies by
Burch et al. have highlighted the role of ZnO in facilitating H*
spillover via surface hydrides or hydroxyls in Cu/ZnO catalysts
for CH3OH synthesis.22−24 The apparent absence of an
enhanced H* spillover in inverse ZnZrOx/Cu catalysts is likely
due to the formation of distinct Zn-containing active sites.
Active Sites for CH3OH Synthesis

We used in situ synchrotron XRD and operando XAS to
characterize the active phase in inverse ZnZrOx/Cu catalysts.
The metal Cu particle sizes in 20Zr80Cu and inverse ZnZrOx/
Cu catalysts remained nearly unchanged after H2 reduction
(Figure 4a and Figure S21). The particle sizes derived from the
CuO(111) and Cu(111) diffraction peaks differed by only
∼1 nm, underscoring the strong stabilization of Cu nano-
particles promoted by ZrO2 clusters. Although ZrO2 nano-
particle supports can disperse Cu clusters effectively,25,26 our
results show that ZrO2 clusters can also efficiently stabilize Cu
nanoparticles. The ZrO2 clusters in the inverse Cu catalysts
demonstrated slightly smaller particle sizes after H2 reduction
(Table S5). Unlike previously reported inverse ZnZrOx/Cu
samples prepared by coprecipitation, which contained ZnO
clusters, the FSP-prepared inverse ZnZrOx/Cu samples in this
study contain highly dispersed Zn.15,27 ZnO diffraction
features were absent in 2.5Zn20Zr80Cu, 5Zn20Zr80Cu, and
10Zn20Zr80Cu after H2 reduction (Figure 4a). The enhanced
Zn dispersion is further supported by the EDX maps (Figures
4b, c, and Figure S22). Additionally, high spatial Pearson
correlation coefficients between both Zn−Zr and Cu−Zn pairs
were determined from the EDX maps of the inverse ZnZrOx/
Cu catalysts after H2 reduction (Figure S23 and Table S6).
These findings suggest that the enhanced Zn dispersion in

Figure 4. (a) In situ XRD patterns of the inverse Cu catalysts recorded at λ = 0.054 nm. The H2 reduction was performed at 1 bar and 300 °C with
a feed of H2/He (4/16 mL/min) for 30 min, and EDX maps of (b) 5Zn20Zr80Cu and (c) 10Zn20Zr80Cu after H2 reduction at 300 °C for 1 h.
Samples were exposed to air after H2 reduction.
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inverse ZnZrOx/Cu is due to the high Cu surface area and
strong Cu−Zn and Zn−Zr interactions.
Operando XAS investigations were conducted at the ROCK

beamline (SOLEIL synchrotron, France),28 where the Cu, Zn,
and Zr K-edges XAS spectra were collected sequentially in the
same experiment (Scheme S1 and Figure S24). 10Zn90Cu and
ZnZrOx were used as binary references. Cu K-edge X-ray
absorption near-edge structure (XANES) confirmed that all
inverse Cu catalysts contained fully metallic Cu after H2
reduction at 300 °C for 30 min (Figure 5a and Figures S25
to S31), consistent with the H2-TPR results (Figure S13). The
Cu species remained stable during subsequent CO2 hydro-
genation at 4 bar, as evidenced by the unchanged XANES
features. Quasi-in situ XPS studies of the 10Zn90Cu catalyst
also revealed the exclusive formation of metallic Cu species
after both H2 reduction and reaction in CO2 hydrogenation at
6 bar for 20 h (Figure S33). Notably, 10Zn90Cu
predominantly formed CuZn alloy (α-brass) upon H2
reduction, as indicated by the Zn K-edge XANES (Figure
5b, Figures S26 and S34).29−33 Given its negligible N2O
consumption after H2 reduction (Figure S4 and Table S1), it
can be concluded that N2O did not oxidize surface CuZn alloy
at 50 °C. The CuZn alloy in 10Zn90Cu also remained stable
during the subsequent CO2 hydrogenation. Zn K-edge XANES
and LCF results confirmed the formation of CuZn alloy in
inverse ZnZrOx/Cu catalysts upon H2 reduction, followed by
partial dealloying during CO2 hydrogenation (Figure 5b,
Figures S28−S31). The alloy fractions during CO2 hydro-
genation were determined to be 37.7%, 33.9%, 69.1%, and
54.8% for 2.5Zn20Zr80Cu, 5Zn20Zr80Cu, 10Zn20Zr80Cu,
and 20Zn20Zr80Cu, respectively (Table S7). This trend was

further supported by our Zn K-edge k2-weighted Fourier-
transformed extended X-ray absorption fine structure (FT-
EXAFS) analysis, where 10Zn20Zr80Cu displayed the highest
Zn−Cu/Zn−Zn coordination numbers (Figure S34 and Table
S8). XPS analysis revealed a lower surface atomic Cu/Zn ratio
of 1.6 in the reduced 10Zn20Zr80Cu catalyst compared to
ratios of 2.8 in the fresh catalyst (from XPS) and 8.7 in the
bulk (from ICP-OES), indicating that CuZn alloy formation
occurred primarily on the surface region (Figure S35). This is
further supported by in situ XRD patterns (Figure 4a),31 where
the metallic Cu diffraction lines in reduced inverse ZnZrOx/Cu
catalysts show no shift relative to the 20Zr80Cu catalyst. In
contrast, the ZnZrOx catalyst retained predominantly unre-
duced Zn species after H2 reduction (Figure 5b and Figure
S32), suggesting that metallic Cu played a crucial role in
facilitating Zn reduction.34 The redox behavior of ZrO2 species
in inverse catalysts remains underexplored in the literature,
particularly using XAS. Previous in situ XPS studies of inverse
ZrO2/Cu catalysts have reported only a minimal shift (∼0.2
eV) to lower binding energy for Zr species during H2
reduction, a change typically within the range of experimental
uncertainty, thereby rendering the actual reducibility of ZrO2
clusters unclear.14,35 Herein, detailed XAS investigation
revealed that, compared to the ZnZrOx containing 2.3%
reduced Zr species after H2 reduction, 20Zr80Cu exhibited a
higher Zr reduction degree (4.3%) (Figure 5c, Figures S27,
S32, S36 and Table S7). Notably, Zn incorporation further
enhanced Zr reducibility, with 7.3%, 6.3%, 7.7%, and 5.1%
reduced Zr species obtained in 2.5Zn20Zr80Cu,
5Zn20Zr80Cu, 10Zn20Zr80Cu, and 20Zn20Zr80Cu, respec-
tively (Figure 5c and Figures S28−S31). A slight reoxidation of

Figure 5. Operando (a) Cu K-edge; (b) Zn K-edge; and (c) Zr K-edge XANES spectra of the inverse catalysts. The H2 reduction was performed at
300 °C with a feed of H2/He (4/16 mL/min) for 30 min, and the CO2 hydrogenation was performed at 250 °C and 4 bar with a feed of CO2/H2
(5/15 mL/min) for 20 min.
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Zr species was observed during CO2 hydrogenation across all
Zr-containing samples, indicating the potential role of oxygen
vacancies (Ov) for facilitating CO2 adsorption and activation at
the Cu−ZrO2 interfacial sites (Figure S18).11,36−38 These
findings highlight the synergistic redox behavior among the Cu,
Zn, and Zr species. The dynamic changes in the electronic
properties of Zr and Zn species under different atmospheres
indicate their active roles in CO2 hydrogenation to CH3OH.
Reaction Mechanism

To further understand the reaction pathways underlying the
Zn- and Zr-promoted CH3OH synthesis, in situ IR spectros-
copy was performed to investigate the CO2 hydrogenation
mechanisms over inverse Cu catalysts at 250 °C and 20 bar.
Formate (HCOO*) species are widely considered as the key
intermediates in CH3OH synthesis. Previous studies have
identified Cu−ZrO2 and Cu−ZnO interfacial sites as active
centers for HCOO* formation.15,39,40 As shown in Figure 6a
and Figure S37, 20Zr80Cu exhibits distinct IR bands
characteristic of HCOO* at 1351, 1362, 1576, and 1593
cm−1,41,42 alongside signals attributed to methoxy species
(CH3O*, 1144 cm−1) and gaseous CH3OH (1030−1150
cm−1).43 Upon Zn promotion, the intensities of both HCOO*
and CH3O* features significantly decreased, becoming nearly
undetectable in 2.5Zn20Zr80Cu and completely absent in
10Zn20Zr80Cu. A further increase in the Zn content in
20Zn20Zr80Cu led to a relatively small amount of HCOO*.
These results suggest that Zn species accelerate the hydro-
genation of HCOO* and CH3O* species. While this effect has
been observed previously in other Cu−Zn catalysts, the
underlying mechanism remains poorly understood.15,44−46

Notably, fast HCOO* hydrogenation was also observed in
10Zn90Cu but not in ZnZrOx. XAS analysis reveals that CuZn
alloy formation is predominant in 10Zn90Cu and also
abundant in inverse ZnZrOx/Cu catalysts (Figure 5b).
Moreover, quasi-in situ XPS spectra of 10Zn90Cu after 20 h
of CO2 hydrogenation show that the CuZn alloy was preserved
during the reaction (Figure S38). Based on these findings, we
propose that the CuZn alloy plays a primary role in

accelerating the hydrogenation of HCOO* and CH3O*.
Although CuZn alloys are frequently observed in reduced
Cu−Zn catalysts, their role in CH3OH synthesis remains
debated.40,45,47 While some studies have reported that the
CuZn alloy could enhance CH3OH formation, potentially
through Zn substitution at metallic Cu step sites,48 they are
generally not considered essential for CH3OH formation.49−51

However, the present observation that the CuZn alloy
significantly accelerates the hydrogenation of HCOO*
intermediates re-emphasizes their potential importance in the
reaction mechanism. This finding suggests that, although not
strictly required, the CuZn alloy may play a more active and
previously underappreciated role in facilitating key elementary
steps in CH3OH synthesis. Since the CuZn alloy did not
promote H* spillover according to H2−D2 exchange results
(Figure S19), it is most likely that HCOO* species formed on
CuZn alloy or at CuZn alloy−ZrO2 interfacial sites are
intrinsically more active.45 A study by Fujitani and coworkers
also reported higher reactivity of HCOO* species on CuZn
surfaces compared to pure Cu in model systems.46 Never-
theless, the roles of CuZn alloy and Cu−ZnO interface in
CH3OH synthesis remain highly dependent on catalyst
preparation, pretreatment, and reaction conditions.33,52 To
further investigate the HCOO* hydrogenation promoted by
the CuZn alloy, we performed high-pressure HCOOH
temperature-programmed hydrogenation (HCOOH-TPH)
experiments on the inverse Cu catalysts. HCOO*, formed
via HCOOH decomposition on the catalyst surface, can be
hydrogenated into CH3OH, providing a direct measure of the
hydrogenation activity. Following H2 reduction, the catalysts
were exposed to a flow of 2 vol % HCOOH in He, then flushed
with pure He, and finally heated to 600 °C at 5 °C/min in a
H2-containing atmosphere at a total pressure of 30 bar. For
20Zr80Cu, CH3OH formation initiated at ∼250 °C, peaking at
∼443 °C (Figure 6b). The inverse ZnZrOx/Cu samples
exhibited much lower CH3OH formation temperatures, with
maxima at ∼300 °C for 2.5Zn20Zr80Cu, 207 °C for
5Zn20Zr80Cu, 209 °C for 10Zn20Zr80Cu, and 215 °C for
20Zn20Zr80Cu, indicating enhanced HCOOH hydrogenation

Figure 6. (a) In situ IR spectra of the catalysts after CO2 hydrogenation (CO2/H2 = 1/3) at 250 °C and 20 bar for 20 min and (b) high-pressure
HCOOH-TPH profiles of inverse Cu catalysts. Catalysts were exposed to 2 vol % HCOOH in He (50 mL/min), followed by flushing with He and
then ramped from 50 to 600 °C at a rate of 5 °C/min in 20 vol % H2 in He (50 mL/min) at 30 bar.
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to CH3OH upon Zn incorporation. Furthermore, the CH3OH
signal increased with Zn content, suggesting that more surface
HCOOH species were converted to CH3OH. This trend is
corroborated by HCOOH temperature-programmed desorp-
tion (TPD) data, which show that more HCOOH desorbs
from samples with a higher Zn content (Figure S39).
Collectively, these findings demonstrate that Zn incorporation,
most likely through CuZn alloy formation, substantially
facilitates the hydrogenation of HCOO* intermediates. This
mechanistic insight helps explain the enhanced CH3OH
formation rates observed in inverse ZnZrOx/Cu during CO2
hydrogenation.
The above discussion revealed the roles of reducible ZrO2

clusters in stabilizing Cu nanoparticles and promoting CO2
activation and CuZn alloy in facilitating the hydrogenation of
HCOO* intermediates into CH3OH. A schematic illustration
summarizing the proposed component-specific functions of
Cu, Zn, and Zr in the hydrogenation of CO2 to CH3OH is
presented in Figure 7.

■ CONCLUSION
Advanced operando characterization techniques are essential
for uncovering complex physicochemical interactions in
multicomponent catalysts under reaction conditions. In this
work, we systematically elucidated the structure−performance
relationships in FSP-prepared inverse ZnZrOx/Cu catalysts for
the hydrogenation of CO2 to CH3OH. In situ XRD revealed
that ZrO2 clusters effectively stabilize Cu nanoparticles, as
evidenced by the unchanged Cu particle sizes following the H2
reduction. Operando XAS at the Cu, Zn, and Zr K-edges
demonstrated enhanced reducibility of Zr and Zn species in
the inverse ZnZrOx/Cu catalysts, which was attributed to
synergistic interactions among Cu, Zn, and Zr. Reduced ZrO2
species promote CO2 adsorption and activation, assisted by H*
spillover from metallic Cu, while the CuZn alloy significantly
accelerates the hydrogenation of HCOO* intermediates to
CH3OH. These cooperative effects among Cu, Zn, and Zr
result in superior CH3OH synthesis rates in inverse ZnZrOx/
Cu catalysts compared to a commercial CuZnAl reference and
all CuZnZr catalysts reported in the literature. The
fundamental insights gained in this study provide a foundation
for the rational design of next-generation catalysts for CO2
hydrogenation and related sustainable chemical transforma-
tions.
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