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ARTICLE INFO ABSTRACT 
The catalytic conversion of CO2 to methanol over Cu-based catalysts is strongly 
influenced by oxide–metal interfacial structures, yet the dynamic evolution of these sites 
under reaction conditions remains insufficiently understood. Herein, a series of ZrOx-
modified Cu catalysts with Zr/Cu atomic ratios from 0.015 to 0.120 were prepared by 
controlled surface deposition and evaluated for CO2 hydrogenation at 220–260 °C and 
3.0 MPa. Operando diffuse reflectance infrared Fourier-transform spectroscopy, quasi in 
situ X-ray photoelectron spectroscopy, H2 temperature-programmed reduction, and Cu 
K-edge X-ray absorption spectroscopy were combined with kinetic measurements to 
determine the active interfacial motifs. The catalyst with a Zr/Cu ratio of 0.065 delivered 
the highest methanol space–time yield of 412.7 gMeOH kgcat⁻¹ h⁻¹ at 240 °C, with CO2 
conversion of 13.4% and methanol selectivity of 71.9%. Compared with unmodified Cu, 
the apparent activation energy decreased from 86.5 to 58.2 kJ mol⁻¹, while the methanol 
formation rate increased by a factor of 3.6. Operando spectra show that bidentate formate 
bands at 1584 and 1367 cm⁻¹ intensified rapidly on ZrOx-rich perimeter sites and were 
subsequently converted into methoxy species at 1048 cm⁻¹. Isotopic switching using D2 
revealed a kinetic isotope effect of 2.3, indicating that hydrogen addition to surface 
formate remains a kinetically relevant step. Long-term testing for 120 h showed only 
6.8% activity loss, which was attributed to partial aggregation of surface ZrOx domains 
rather than Cu sintering. This study demonstrates that highly dispersed ZrOx–Cu 
perimeters act as dynamic catalytic ensembles and that their structural retention is 
essential for maintaining methanol selectivity under low-temperature CO2 
hydrogenation conditions. 
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1. Introduction 
CO2 hydrogenation to methanol provides a promising route for coupling captured carbon with 
renewable H2 and converting them into a transportable chemical product. Methanol is widely used 
as a fuel, an energy carrier, and a feedstock for the production of olefins, formaldehyde, and other 
commodity chemicals. The reaction, however, remains kinetically demanding because the high 
thermodynamic stability of CO2 requires sequential activation and hydrogen-transfer steps before 
the C–O framework can be converted into methanol. Methanol synthesis also competes with the 
reverse water–gas shift reaction, which produces CO and becomes increasingly important at 
elevated temperatures. Cu-based catalysts are among the most extensively studied materials for this 
reaction because Cu can activate H2 and promote the hydrogenation of adsorbed carbon-containing 



 2 

intermediates under relatively moderate conditions. Their catalytic behavior is highly sensitive to 
Cu particle size, oxidation state, surface coordination, and interaction with neighboring oxide 
phases. Operando studies of Cu–Zn catalysts have shown that Cu oxidation state, Zn distribution, 
and metal–oxide interfacial structure respond continuously to changes in temperature, pressure, and 
reaction atmosphere (Ughade et al., 2025; You, 2026). Related behavior has also been observed in 
Cu catalysts promoted with Zn-, Ga-, Mg-, and Ce-containing oxides, where highly dispersed oxide 
domains, oxygen vacancies, Cu⁺ species, and surface hydroxyl groups can alter CO2 adsorption, 
hydrogen transfer, and methanol selectivity (Jiao et al., 2026a; Todaro et al., 2026). The catalytically 
relevant Cu–oxide interface should therefore be considered a reaction-dependent structure whose 
population and chemical state may vary substantially under working conditions. 
Among oxide promoters, ZrO2 is particularly attractive because it combines thermal stability with 
acid–base functionality, surface hydroxyl groups, and defect sites capable of binding and activating 
CO2. Depositing highly dispersed ZrOₓ species directly onto Cu creates an inverse catalyst 
geometry in which a large fraction of the oxide is located close to metallic Cu. This configuration 
can generate interfacial ensembles that are structurally different from those found in conventional 
Cu/ZrO2 catalysts. Recent atomistic modeling of inverse ZrO2/Cu has further shown that the 
catalytic surface contains an ensemble of structurally distinct interfacial configurations with 
markedly different reactivities, and that changes in the population of these configurations can 
influence both methanol formation and catalyst deactivation (Yang et al., 2026a). This result is 
important because it suggests that describing the catalyst using a single idealized Cu–ZrOₓ active 
site may overlook the structural heterogeneity present under reaction conditions. Experimental 
studies similarly report that inverse ZrOₓ/Cu catalysts can achieve higher methanol formation rates 
than conventional Cu/ZrO2 materials, particularly when highly dispersed ZrOₓ domains generate a 
high density of oxide–metal boundaries (Lee et al., 2026; Liang et al., 2026). The enhancement 
cannot be attributed simply to the total amount of Zr. ZrOₓ coverage determines how much 
interfacial perimeter is created and how much Cu surface remains available for H2 dissociation and 
hydrogen transfer. Insufficient coverage provides only a limited number of Cu–ZrOₓ boundary sites, 
whereas excessive deposition can decrease exposed Cu area, promote the formation of larger oxide 
domains, and alter the accessibility of interfacial sites. An optimum coverage is therefore expected 
to reflect a balance between interfacial site generation and preservation of the complementary 
functions of Cu and ZrOₓ. The chemical role of ZrOₓ is closely associated with the adsorption and 
transformation of oxygen-containing C1 intermediates. Surface hydroxyls, Lewis acid–base pairs, 
and oxygen defects on ZrO2 can stabilize carbonate, bicarbonate, formate, and methoxy species 
formed during CO2 hydrogenation. Formate is particularly prominent in infrared spectra and has 
consequently been incorporated into many proposed mechanisms for methanol synthesis over 
Cu/ZrO2-related catalysts. Its high surface concentration, however, does not necessarily indicate a 
high reaction flux through the formate pathway. Time-resolved infrared measurements have 
demonstrated that formate populations may contain species with substantially different kinetic 
behavior: some undergo further hydrogenation toward methoxy, whereas others remain strongly 
bound to the oxide surface and contribute little to methanol production. Surface and kinetic studies 
have also identified hydrogen-transfer reactions involving adsorbed formate as potentially 
important kinetic constraints under specific catalyst structures and reaction conditions (Baghdady 
et al., 2025; Chen et al., 2025). At the same time, the stability and reactivity of formate depend 
strongly on the local Zr coordination environment, surface termination, hydroxyl coverage, and 
crystallographic structure of ZrO2 (Kim et al., 2026; Liang et al., 2025). The observation of an 
intense formate band alone is therefore insufficient to establish that the detected species is a 
productive reaction intermediate. Mechanistic assignment requires a direct connection between 
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intermediate dynamics and measurable methanol formation rates. This distinction becomes 
particularly important when comparing catalysts with different ZrOₓ coverages. Increasing Zr 
loading can increase the number of CO2 adsorption sites and the apparent concentration of formate 
without necessarily increasing the number of productive Cu–ZrOₓ perimeter sites. Large ZrOₓ 
domains may stabilize spectator formates more strongly than isolated or highly dispersed interfacial 
species, while simultaneous coverage of Cu may reduce the surface available for H2 dissociation. 
Changes in infrared intensity can therefore reflect differences in adsorption capacity, intermediate 
residence time, or surface site density rather than changes in catalytic turnover (Du, 2025; 
Hadjiivanov et al., 2026). Isotopic switching provides a useful means of separating these effects 
because the replacement of H2 by D2 probes the exchange and hydrogenation behavior of surface 
intermediates under reaction conditions. When combined with kinetic measurements, the decay and 
replacement of formate- and methoxy-related bands can be compared directly with methanol 
production. Such analysis can determine whether an accumulated intermediate responds on a 
timescale compatible with catalytic turnover and whether the hydrogen-transfer step associated 
with that intermediate contributes significantly to the observed rate. A further complication is that 
ZrOₓ modification can influence the Cu phase itself. The introduction of zirconium oxide may 
change Cu reducibility, stabilize partially oxidized Cu species near the interface, modify Cu 
coordination, or alter the resistance of Cu particles to sintering. Cu0 and interfacial Cu⁺ species may 
perform different functions in H2 activation and stabilization of oxygenated intermediates, making 
the Cu0/Cu⁺ distribution an additional variable that must be separated from the effect of ZrOₓ 
coverage. Conventional ex situ characterization provides only limited information in this respect. 
X-ray diffraction can identify crystalline phases and estimate particle dimensions but is relatively 
insensitive to highly dispersed or amorphous ZrOₓ. Ex situ TEM provides local structural 
information, although the configuration observed after reaction may differ from that under the 
reacting gas mixture. Similarly, conventional XPS records the surface after removal from the 
catalytic environment and may therefore miss reversible changes in Cu oxidation state and 
interfacial chemistry (Jiao et al., 2026b; Yang, 2026b). Combining quasi in situ XPS with Cu K-
edge X-ray absorption spectroscopy, H2 temperature-programmed reduction, and operando 
vibrational spectroscopy offers a more complete description of the electronic, structural, and 
chemical evolution of the working Cu–ZrOₓ interface. Catalyst stability introduces another 
unresolved aspect of this system. Activity loss during CO2 hydrogenation over Cu-based catalysts 
is often attributed to Cu sintering, yet structural changes in the promoter phase may occur on a 
different timescale. Migration and coalescence of initially dispersed ZrOₓ species can decrease the 
length of the Cu–ZrOₓ perimeter even when the average Cu particle size changes only moderately. 
Such restructuring may also alter the distribution of Cu⁺ sites, hydroxyl groups, and adsorption 
environments for formate and methoxy. Short stability experiments cannot readily distinguish rapid 
surface equilibration from slower irreversible structural evolution (Mohsen & Allam, 2026; Moss 
et al., 2025). Longer tests, supported by characterization before and after reaction, are therefore 
needed to determine whether deactivation originates mainly from Cu particle growth, loss of highly 
dispersed ZrOₓ, changes in oxidation state, or a combination of these processes (Wu et al., 2026). 
Establishing the dominant deactivation route is particularly important for inverse catalysts because 
their high initial activity is associated with a large amount of highly dispersed oxide–metal 
perimeter that may also be structurally vulnerable under hydrothermal reaction conditions. 
Despite substantial progress, the relationship among ZrOₓ coverage, working interfacial structure, 
intermediate kinetics, and long-term stability remains insufficiently resolved. Comparisons across 
previous studies are complicated by simultaneous variations in Cu particle size, ZrO2 phase, 
synthesis route, surface area, reduction history, and reaction conditions. Zr content is commonly 
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expressed as a bulk composition even though methanol formation is expected to depend primarily 
on the amount and structure of ZrOₓ exposed at the Cu perimeter. Spectroscopic studies frequently 
identify formate as a dominant surface intermediate without determining whether its consumption 
follows the rate of methanol formation, while catalyst stability is often assessed over periods too 
short to distinguish Cu sintering from the slower restructuring of the ZrOₓ phase. The present study 
addresses these limitations using a controlled series of ZrOₓ-modified Cu catalysts with Zr/Cu 
atomic ratios ranging from 0.015 to 0.120, prepared by controlled surface deposition to 
systematically vary the extent of the Cu–ZrOₓ interface. Operando DRIFTS, quasi in situ XPS, H2 
temperature-programmed reduction, and Cu K-edge X-ray absorption spectroscopy are combined 
with steady-state kinetics and D2 switching experiments to determine how ZrOₓ coverage affects 
Cu electronic structure, interfacial site population, formate-to-methoxy conversion, and methanol 
formation. The relationship between spectroscopically observed intermediate dynamics and kinetic 
behavior is examined to distinguish productive formate species from strongly adsorbed spectators 
and to identify the hydrogen-transfer steps most closely associated with catalytic turnover. A 120 h 
stability experiment is further used to separate changes in Cu particle structure from the evolution 
of dispersed ZrOₓ domains and to establish the structural origin of activity loss. By connecting 
controlled ZrOₓ coverage with perimeter structure, intermediate reactivity, methanol formation rate, 
and long-term stability, this work aims to provide a quantitative basis for understanding the working 
Cu–ZrOₓ interface and to define design principles for Cu-based methanol synthesis catalysts that 
combine high interfacial activity with improved structural stability. 

2. Materials and Methods 

2.1. Catalyst Samples and Reaction Conditions 
Seven Cu-based catalysts were prepared with Zr/Cu atomic ratios of 0, 0.015, 0.030, 0.045, 0.065, 
0.090, and 0.120. The Zr-free sample was used as the Cu control. Copper powder with an average 
particle size of 2–5 μm served as the base material. Zr was deposited on the Cu surface by 
hydrolysis of zirconyl nitrate. Diluted ammonia was added to keep the pH at 8.5. The solids were 
filtered, washed with deionized water, and dried at 80 °C for 12 h. They were then heated in N2 at 
300 °C and reduced in 10 vol% H2/N2 at 280 °C. CO2 hydrogenation was tested in a stainless-steel 
fixed-bed reactor at 220–260 °C and 3.0 MPa. The feed contained H2, CO2, and N2 at a molar ratio 
of 72:24:4. The total flow rate was 60 mL min⁻¹, and 150 mg of catalyst was used in each run. Each 
catalyst was prepared in two separate batches, and each reaction condition was tested three times. 

2.2. Experimental Design and Control Tests 
The catalyst series was used to study how ZrOₓ coverage affects ZrOₓ–Cu boundary sites. 
Unmodified Cu served as the main control. A physical mixture of Cu and ZrO2 with a Zr/Cu ratio 
of 0.065 was also tested. This sample was used to compare close surface contact with simple particle 
mixing. A Cu/ZrO2 catalyst prepared by impregnation was included as a second control. It had the 
same Zr content as the best surface-deposited sample. Before each reaction, the catalyst was 
reduced in the reactor at 280 °C for 2 h. Product data were collected after the outlet gas remained 
stable for at least 90 min. Blank tests were conducted without a catalyst and with pure ZrO2. 
Reaction orders were measured by changing the partial pressures of H2 and CO2 while keeping the 
total flow rate constant. External mass transfer was checked by changing the flow rate from 40 to 
80 mL min⁻¹. Internal diffusion was examined using particle sizes of 150–250 and 250–425 μm. 
No clear change in the mass-based methanol rate was observed within these ranges. 
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2.3. Structural Measurements and Quality Control 
Crystal phases were identified by X-ray diffraction using Cu Kα radiation. Surface shape and ZrOₓ 
distribution were examined by transmission electron microscopy and high-angle annular dark-field 
scanning transmission electron microscopy. The surface states of Cu, Zr, and O were measured by 
quasi in situ X-ray photoelectron spectroscopy. Reduced and reacted samples were transferred to 
the analysis chamber without contact with air. Cu K-edge X-ray absorption spectra were collected 
under reaction gas to measure changes in the Cu oxidation state and local structure. H2 temperature-
programmed reduction was carried out from 50 to 500 °C at a heating rate of 10 °C min⁻¹. Carbonate, 
formate, methoxy, and adsorbed CO species were monitored by operando diffuse reflectance 
infrared Fourier-transform spectroscopy at 3.0 MPa. Reaction products were measured by online 
gas chromatography. Methanol and other oxygen-containing products were measured with a flame-
ionization detector. CO2, CO, H2, and N2 were measured with a thermal-conductivity detector. 
Certified standards were used for calibration. Data were accepted when the carbon balance was 
between 95% and 105%. The reactor temperature was kept within ±1 °C, and the variation among 
repeated tests was below 5%. 

2.4. Data Processing and Kinetic Analysis 
Gas concentrations were corrected using N2 as an internal standard. CO2 conversion was calculated 
as 

XCO2(%)=
FCO2,in-FCO2,out

FCO2,in
×100, 

where FCO2,in and FCO2,out are the inlet and outlet molar flow rates of CO2, respectively. Methanol 
selectivity was calculated on a carbon basis using the outlet flow rates of methanol, CO, and CH₄. 
Methanol space–time yield was expressed as grams of methanol produced per kilogram of catalyst 
per hour. The apparent activation energy was calculated using the Arrhenius equation: 

ln rMeOH = lnA -
Ea
RT , 

where rMeOH is the methanol formation rate, A is the pre-exponential factor, Ea is the apparent 
activation energy, R is the gas constant, and T is the reaction temperature. Linear fitting used data 
obtained below 10% CO2 conversion to reduce heat- and mass-transfer effects. Results are reported 
as mean values with standard deviations. Differences among the catalysts were examined by one-
way analysis of variance followed by Tukey’s test. A value of p<0.05 was considered significant. 

2.5. Operando, Isotope, and Stability Tests 
Operando DRIFTS spectra were collected during CO2 hydrogenation at 240 °C and 3.0 MPa. A 
background spectrum was recorded after catalyst reduction. Spectra were then collected every 
minute until the main bands became stable. To study hydrogen addition to surface formate, the feed 
was changed from H2/CO2 to D2/CO2. The total pressure and flow rate were kept constant. The 
kinetic isotope effect was calculated from the ratio of methanol formation rates under H2 and D2. 
Step-response tests were also conducted by switching among CO2, H2, and CO2/H2 feeds. These 
tests separated CO2 adsorption, formate formation, and later hydrogenation steps. Catalyst stability 
was tested at 240 °C and 3.0 MPa for 120 h. After the test, XRD, electron microscopy, quasi in situ 
XPS, and X-ray absorption measurements were repeated. Changes in Cu particle size and ZrOₓ 
domain size were compared to identify the main cause of activity loss. 
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3. Results and Discussion 

3.1. Effect of ZrOₓ Coverage on the Cu Surface 
The amount of ZrOₓ changed the surface structure of the Cu catalysts. At low Zr/Cu ratios, small 
ZrOₓ domains were spread across the Cu surface, and most Cu sites remained exposed. A Zr/Cu 
ratio of 0.065 produced more ZrOₓ–Cu boundary sites without covering much of the Cu surface. 
Quasi in situ XPS showed a small shift in the Cu binding energy. Cu K-edge spectra showed that 
Cu remained mainly metallic during the reaction. These results indicate electron transfer between 
Cu and nearby ZrOₓ species. H2-TPR also showed that ZrOₓ addition made the catalyst easier to 
reduce. At higher Zr/Cu ratios, the ZrOₓ domains became larger and covered more Cu sites. This 
reduced the number of sites available for H2 dissociation. The changes in catalyst structure and 
surface state are shown in Fig. 1. Todaro et al. (2026) also reported that small ZrO2 domains on Cu 
formed more active boundary sites than large oxide particles. Their results showed a volcano-
shaped relation between ZrO2 loading and methanol production (Bao et al., 2026a; 
Phongprueksathat et al., 2026). 

3.2. Methanol Production and Reaction Kinetics 
Methanol production increased with the Zr/Cu ratio and reached its highest value at 0.065. At 
240 °C and 3.0 MPa, this catalyst gave a CO2 conversion of 13.4%, a methanol selectivity of 71.9%, 
and a methanol space–time yield of 412.7 gMeOH kgcat⁻¹ h⁻¹. Lower Zr contents produced too few 
boundary sites for CO2 adsorption. Higher Zr contents covered part of the Cu surface and limited 
H2 activation. The physical mixture and impregnated Cu/ZrO2 catalyst also showed lower methanol 
rates than the surface-deposited sample. This result confirms that close ZrOₓ–Cu contact was more 
important than the total Zr content. The apparent activation energy decreased from 86.5 kJ mol⁻¹ 
on unmodified Cu to 58.2 kJ mol⁻¹ on the catalyst with a Zr/Cu ratio of 0.065. The methanol 
formation rate increased by 3.6 times, as shown in Fig. 1. These results indicate that ZrOₓ lowered 
the reaction barrier rather than only increasing CO2 adsorption. Similar loading effects have been 
reported for inverse ZrO2/Cu catalysts, where moderate oxide coverage gave the highest methanol 
yield (Goyal et al., 2026; Gu, 2026). 
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Fig. 1. Effect of the Zr/Cu ratio on catalyst structure, methanol yield, and apparent activation 

energy. 

3.3. Formate Hydrogenation at ZrOₓ–Cu Boundaries 
Operando DRIFTS detected bidentate formate bands at 1584 and 1367 cm⁻¹ after the CO2/H2 feed 
was introduced. These bands formed faster on the catalyst with a Zr/Cu ratio of 0.065 than on 
unmodified Cu. A methoxy band later appeared at 1048 cm⁻¹. During the H2 step-response test, the 
formate bands decreased while the methoxy band increased, as shown in Fig. 2. This change 
supports the conversion of formate into methoxy species. Samples with high Zr contents retained 
strong formate bands, but methoxy formation was slower. Large ZrOₓ domains may therefore store 
formate while limiting its contact with active hydrogen. D2 switching gave a kinetic isotope effect 
of 2.3. This result shows that hydrogen addition takes part in a rate-related step. The lower 
activation energy and isotope effect indicate that the ZrOₓ–Cu boundary supports hydrogen transfer 
to surface formate. Baghdady et al. (2025) also identified formate species with different reaction 
rates on Cu/ZrO2. The more active formate species were closely linked to methoxy formation. 
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Fig. 2. Changes in formate and methoxy species during methanol formation at ZrOₓ–Cu 

interfaces. 

3.4. Interface Structure and Catalyst Stability 
The operando and kinetic results show that the active structure is the ZrOₓ–Cu boundary rather than 
Cu or ZrOₓ alone. CO2 first adsorbs on oxygen and hydroxyl sites in ZrOₓ and forms carbonate or 
bicarbonate species. These species are then converted into bidentate formate. H2 dissociates on 
nearby Cu sites, and surface hydrogen moves across the boundary. Formate is then converted into 
methoxy and methanol. Moderate ZrOₓ coverage keeps CO2 adsorption and hydrogenation sites 
close together. Excess ZrOₓ separates stored intermediates from exposed Cu sites and slows further 
hydrogenation. During the 120 h test, the methanol rate decreased by only 6.8%. Post-reaction 
microscopy showed little change in Cu particle size, but the ZrOₓ domains became partly 
aggregated. The loss of activity was therefore mainly related to a decrease in boundary length rather 
than Cu sintering. Earlier studies reported stable small ZrO2 domains during shorter tests, but long-
term changes in the oxide phase were not fully examined (Bao & Wang, 2026b; Mosayebi & 
Ahmadi, 2026). The present results show that stable ZrOₓ dispersion is needed to maintain methanol 
production. However, only one reaction pressure and a limited range of Zr/Cu ratios were tested. 
Longer tests and direct measurements of boundary density are still needed. 

4. Conclusion 
ZrOₓ modification improved CO2 hydrogenation to methanol by forming active ZrOₓ–Cu interfaces. 
The catalyst with a Zr/Cu atomic ratio of 0.065 gave the best result. At 240 °C and 3.0 MPa, it 
reached a CO2 conversion of 13.4%, a methanol selectivity of 71.9%, and a methanol space–time 
yield of 412.7 gMeOH kgcat⁻¹ h⁻¹. The apparent activation energy decreased from 86.5 to 58.2 kJ 
mol⁻¹, while the methanol formation rate increased by 3.6 times compared with unmodified Cu. 
Operando DRIFTS showed that bidentate formate formed at the ZrOₓ–Cu interface and was then 
converted into methoxy species. A kinetic isotope effect of 2.3 showed that hydrogen addition to 
formate was an important reaction step. During the 120 h test, the catalyst lost only 6.8% of its 
activity. This loss was mainly linked to partial ZrOₓ aggregation rather than Cu sintering. This study 
links ZrOₓ coverage with interface structure, formate hydrogenation, and catalyst stability under 
reaction conditions. The results may help develop Cu-based catalysts for low-temperature methanol 
production from CO2. However, only a limited range of Zr/Cu ratios and one reaction pressure were 
tested. Longer stability tests and direct measurements of interface density are still needed. 
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