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Abstract 

Cu–ZrOx catalysts have attracted increasing attention for CO2 hydrogenation to methanol 

because the oxide–metal perimeter can simultaneously activate CO2-derived intermediates and 

dissociate hydrogen. In this work, density functional theory calculations combined with 

microkinetic modeling were used to clarify how hydrogen spillover and oxygen-vacancy pairing 

regulate methanol formation at Cu–ZrOx interfacial sites. A total of 72 Cu–ZrOx interface models 

were constructed by varying ZrOx nuclearity, oxygen-vacancy density, and Cu coordination 

environment, and 186 elementary reaction barriers were calculated for formate, dioxymethylene, 

methoxy, and reverse water–gas shift pathways. The results show that isolated Zrδ+ centers 

stabilize HCOO* by 0.34–0.51 eV relative to Cu-only sites, whereas paired oxygen vacancies 

reduce the HCOO* → H2COO* hydrogenation barrier from 1.12 eV to 0.76 eV. Microkinetic 

simulations at 523 K and 30 bar indicate that interfaces with moderate vacancy concentration 

achieve a methanol selectivity of 82.6%, compared with 41.8% on vacancy-poor surfaces. 

Degree-of-rate-control analysis identifies HCOO* hydrogenation and CH3O* protonation as the 

two most influential steps, contributing 46% and 31% to the overall rate sensitivity, respectively. 

Electronic-structure analysis further reveals that hydrogen spillover from Cu to adjacent ZrOx 

sites increases the Bader charge of interfacial hydrogen by 0.18–0.24 e, strengthening its reactivity 

toward oxygenated C1 intermediates. These findings provide an atomistic explanation for the 

activity of inverse Cu–ZrOx catalysts and suggest that controlling vacancy pairing, rather than 

simply increasing oxide loading, is critical for improving methanol productivity. 
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1. Introduction 

CO2 hydrogenation to methanol provides an attractive route for carbon utilization and 

renewable hydrogen storage, while methanol itself is an important chemical feedstock, liquid fuel, 
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and potential energy carrier. Cu-based catalysts have been extensively investigated for this 

reaction because they can efficiently dissociate H2 and exhibit high methanol selectivity under 

relatively moderate reaction conditions. Nevertheless, metallic Cu alone generally shows limited 

capability for CO2 adsorption and activation, and its catalytic performance is strongly affected by 

neighboring oxide components that provide Lewis acid–base sites, oxygen vacancies, and 

interfacial coordination environments for stabilizing oxygen-containing intermediates. Studies on 

Cu/ZnO/Al2O3 and other metal–oxide systems have demonstrated that catalytic activity cannot be 

explained solely by Cu surface area, but instead depends strongly on the structure and chemical 

state of the metal–oxide boundary [1]. Importantly, a recent ensemble-based theoretical study of 

inverse ZrO2-on-Cu catalytic sites demonstrated that different local Cu–ZrO2 configurations can 

exhibit markedly different reaction mechanisms, intrinsic reactivities, and deactivation tendencies 

during CO2 hydrogenation to methanol [2]. This finding highlights the need to move beyond a 

single idealized interface model when describing structurally heterogeneous catalysts. Related 

investigations of Ni–In2O3, MoS2, Cu/Mo2CTₓ, and Zn–Zr catalysts have likewise shown that 

defect sites, interfacial coordination, and local electronic structure can substantially alter CO2 

activation and product selectivity [3,4]. Among the oxides investigated, ZrO2 is particularly 

attractive as a component of Cu-based methanol synthesis catalysts because of its thermal stability, 

amphoteric surface character, tunable oxygen-vacancy concentration, and ability to stabilize 

oxygenated C₁ intermediates. Experimental and computational studies of Cu/ZrO2 and 

Cu/ZnO/ZrO2 have correlated methanol formation with Cu dispersion, oxygen-vacancy density, 

ZrO2 structure, and the abundance of Cu–ZrOₓ interfacial sites [5,6]. Small ZrOₓ domains located 

on or adjacent to Cu can provide adsorption sites for CO2-derived species, whereas nearby Cu 

atoms dissociate H2 and supply reactive hydrogen for subsequent hydrogenation steps [7,8]. 

Increasing evidence indicates that the catalytic function of Cu–ZrOₓ interfaces is determined 

not only by the overall amount of oxygen deficiency but also by the precise local structure 

surrounding individual defects. Oxygen vacancies can increase the electron density of neighboring 

Zr centers, modify the adsorption configuration of CO2, and stabilize surface formate species that 

are widely considered key intermediates in methanol formation. However, increasing vacancy 

concentration does not necessarily lead to a monotonic improvement in catalytic performance. 

Excessive oxygen deficiency may modify the reduction state of Cu, strengthen the adsorption of 

intermediates excessively, promote competing pathways, or decrease methanol selectivity [9,10]. 

The size, geometry, and spatial distribution of ZrOₓ domains are similarly important because they 

determine the number and coordination environment of accessible Cu–ZrOₓ boundary sites. Small 

oxide domains may expose a high proportion of undercoordinated Zr centers, whereas larger 

domains can display more oxide-like coordination and different acid–base properties [11,12]. 

Computational studies have shown that these structural variations can substantially change the 

binding energies of formate, dioxymethylene, methoxy, CO, and other C₁ intermediates. 

Comparable observations have been reported for CuZn/ZnZrOₓ and ZnO/ZrO2 systems, in which 



nanoscale oxide or metal units located near oxygen-deficient sites facilitate CO2 adsorption, H2 

activation, and subsequent hydrogenation [13,14]. These results collectively indicate that the 

catalytic interface should be regarded as a structurally diverse ensemble rather than as one uniform 

active site. Hydrogen spillover provides an additional mechanistic connection between Cu and 

ZrOₓ and may be critical for understanding how these interfaces promote methanol synthesis. 

Under reaction conditions, H2 dissociation is expected to occur preferentially on Cu-containing 

sites because direct H2 activation on stoichiometric ZrO2 is generally less favorable. The resulting 

hydrogen species can remain adsorbed on Cu, migrate across the Cu–ZrOₓ boundary, or interact 

with oxygen vacancies and coordinatively unsaturated Zr atoms. Such migration can create 

interfacial hydrogen species with different electronic characters and reactivities from conventional 

Cu–H species. These hydrogen species may subsequently participate in the hydrogenation of 

HCOO*, H2COO*, H2CO*, and CH3O* intermediates. Their stability is expected to depend 

sensitively on Cu coordination, Zr oxidation state, interfacial geometry, and the location of nearby 

oxygen vacancies. In particular, the spatial relationship between multiple vacancies may modify 

local charge redistribution more strongly than an isolated vacancy and thereby alter both hydrogen 

accommodation and hydrogen-transfer kinetics. Vacancy pairing can generate neighboring 

low-coordinate Zrδ⁺ centers, change the polarity of interfacial Zr–O and Cu–O bonds, and modify 

the transition-state stabilization of hydrogenation reactions. Such effects cannot be fully captured 

by descriptors based only on total vacancy concentration. A catalyst with the same nominal 

oxygen-deficiency level may therefore exhibit substantially different catalytic behavior depending 

on whether vacancies are isolated, adjacent, or distributed across different parts of the oxide 

domain. The reaction network itself further complicates identification of the catalytically relevant 

interface. Methanol can be formed through successive hydrogenation of formate-derived 

intermediates, whereas CO can be produced through the reverse water–gas shift pathway and may 

either desorb or undergo further hydrogenation depending on the local surface structure. The 

relative contribution of these routes depends on both intermediate thermodynamics and 

elementary-step kinetics. Adsorption energies alone are therefore insufficient for identifying the 

dominant reaction pathway or the rate-determining surface structure [15,16]. A strongly stabilized 

HCOO* species, for example, may promote initial CO2 activation but simultaneously become a 

kinetic sink if the barrier for its subsequent hydrogenation is high. Conversely, moderately bound 

intermediates may provide faster catalytic turnover despite being thermodynamically less stable. 

Many previous theoretical studies have investigated only one or a few ideal Cu–ZrOₓ structures 

and have used selected adsorption energies as descriptors of catalytic performance. Complete 

transition-state calculations across structurally diverse interfaces remain much less common 

because of their high computational cost. Existing microkinetic models are consequently often 

parameterized using a limited number of representative structures, which may not capture the 

heterogeneity of Cu coordination, oxide-domain size, vacancy density, vacancy arrangement, and 

interfacial hydrogen states present in realistic catalysts [17,18]. This limitation is particularly 



important for vacancy-containing Cu–ZrOₓ interfaces, where relatively small changes in atomic 

arrangement may substantially modify elementary hydrogen-transfer barriers without causing 

equally large changes in adsorption energies. 

A systematic description of Cu–ZrOₓ catalysis therefore requires simultaneous consideration 

of interfacial structural diversity, oxygen-vacancy topology, hydrogen spillover, elementary 

reaction barriers, and their consequences for catalytic turnover. In this work, density functional 

theory calculations combined with microkinetic modeling are used to establish a structure–kinetics 

relationship for CO2 hydrogenation on a broad ensemble of Cu–ZrOₓ interfaces. Seventy-two 

interface models are constructed by systematically varying ZrOₓ domain size, oxygen-vacancy 

density, vacancy arrangement, and local Cu coordination, allowing isolated and paired vacancy 

configurations to be compared within a common computational framework. A total of 186 

elementary reaction barriers are calculated for the formate, dioxymethylene, methoxy, and reverse 

water–gas shift pathways rather than relying only on intermediate adsorption energies. Particular 

attention is given to the ability of isolated Zrδ⁺ centers to stabilize HCOO*, the influence of 

neighboring vacancy pairs on subsequent formate hydrogenation, and the transfer of hydrogen 

from Cu to oxygen-deficient ZrOₓ sites. The resulting energetics are incorporated into 

microkinetic simulations to determine how variations in interfacial structure alter methanol 

formation rates and pathway competition under reaction conditions, while degree-of-rate-control 

analysis is employed to identify the elementary steps and local structural motifs that exert the 

strongest kinetic influence. By connecting vacancy topology and hydrogen-spillover behavior 

directly with elementary-step kinetics, this study aims to clarify why Cu–ZrOₓ interfaces with 

similar overall compositions can display substantially different catalytic activities. More broadly, 

the resulting structure–reactivity relationships provide a mechanistic basis for identifying 

catalytically favorable Cu coordination environments and vacancy arrangements, thereby offering 

guidance for the rational design of Cu–ZrOₓ catalysts with enhanced methanol productivity and 

suppressed reverse water–gas shift activity. 

 

2. Materials and Methods 

2.1 Model Set and Interface Description 

A total of 72 Cu–ZrOₓ interface models were built to cover different structures found in 

inverse Cu–ZrOₓ catalysts. The models differed in ZrOₓ cluster size, oxygen-vacancy content, 

vacancy position, and Cu coordination. ZrOₓ units containing one to six Zr atoms were placed on 

Cu(111), Cu(100), and stepped Cu surfaces. The model set included vacancy-free structures, 

structures with one isolated vacancy, and structures with two nearby vacancies. The distance 

between the two vacancies was also changed to compare short- and long-range effects. Each slab 

contained at least three Cu layers. The bottom Cu layer was fixed during structure optimization. A 

vacuum space of 15 Å was added along the surface-normal direction to prevent contact between 

repeated cells. 



 

2.2 Computational Design and Control Models 

The 72 models were divided into four groups: vacancy-free interfaces, isolated-vacancy 

interfaces, paired-vacancy interfaces, and vacancy-rich interfaces. Pure Cu surfaces were used as 

controls to measure the effect of ZrOₓ addition. Stoichiometric ZrO2 clusters on Cu were also 

tested to separate the effect of the oxide from that of oxygen vacancies. Other control models had 

the same number of vacancies but different vacancy positions. These models were used to 

determine whether vacancy pairing was more important than the total vacancy amount. The 

formate, dioxymethylene, methoxy, and reverse water–gas shift routes were examined on all 

suitable structures. In total, 186 elementary reaction barriers were calculated. The same adsorption 

sites and starting coverages were used for direct comparisons between models. 

2.3 DFT Calculations and Quality Control 

Spin-polarized density functional theory calculations were performed with the 

projector-augmented-wave method and the PBE functional. The D3 correction was used to include 

dispersion effects. The plane-wave cutoff energy was set to 450 eV. A 3×3×1 Monkhorst–Pack 

grid was used for the main surface cells. The electronic energy was converged to 10−5 eV. 

Atomic positions were optimized until the force on each free atom was below 0.03 eV Å⁻¹. 

Transition states were first located with the climbing-image nudged elastic band method and then 

refined with the dimer method. Each transition state was checked by vibrational analysis and 

showed one imaginary frequency along the reaction path. Key adsorption energies and reaction 

barriers were recalculated with a higher cutoff energy and a denser kkk-point grid. Energy 

changes below 0.03 eV were considered converged. 

 

2.4 Energy Processing and Microkinetic Equations 

Adsorption energies were calculated from the total energies of the adsorbed system, clean 

surface, and gas-phase molecule: 

Eads=Esurface+adsorbate−Esurface−Egas 

A more negative value represents stronger adsorption. Zero-point energy, enthalpy, and 

entropy corrections were included to calculate Gibbs free energies at 523 K. The forward rate 

constant for each reaction step was calculated by transition-state theory: 

ki=
kBT

h
exp(−

ΔGi
‡

RT
) 

where kB is the Boltzmann constant, h is the Planck constant, and ΔGi
‡ is the free-energy 

barrier of step i. The microkinetic model included adsorption, desorption, surface reactions, 

hydrogen spillover, vacancy-assisted hydrogenation, methanol formation, CO formation, and 

water removal. All simulations were carried out at 523 K and 30 bar with an H2/CO2 molar ratio 

of 3. 

 



2.5 Rate, Selectivity, and Sensitivity Analysis 

Steady-state surface coverages were obtained by solving the coupled rate equations until the 

change in each site balance was below 10−10s⁻¹. Methanol selectivity was calculated from the 

predicted formation rates of methanol and CO. Hydrogen spillover was treated as a reversible 

transfer of H from Cu to nearby ZrOₓ oxygen atoms or vacancy sites. Bader charge analysis was 

used to measure charge transfer among Cu, ZrOₓ, H species, and adsorbed C1 intermediates. 

Degree-of-rate-control analysis was performed by changing the free energy of each transition state 

by 0.01 eV while keeping all other parameters unchanged. The resulting change in the methanol 

formation rate was used to identify the main rate-controlling steps. Sensitivity tests were also 

carried out for temperature, pressure, vacancy content, and hydrogen-transfer barriers. Models 

with negative site fractions or poor elemental balance were excluded from the final kinetic 

analysis. 

 

3. Results and Discussion 

3.1 Effect of Oxygen-Vacancy Position on the Interface 

The 72 Cu–ZrOₓ models showed that vacancy position had a greater effect than total vacancy 

number. Vacancy-free models kept nearly complete Zr–O structures and showed little electron 

transfer from Cu to ZrOₓ. One oxygen vacancy formed a reduced Zrδ⁺ site. Two nearby vacancies 

formed a larger electron-rich area at the Cu–ZrOₓ boundary. This area provided neighboring sites 

for CO2 adsorption and hydrogen transfer. In contrast, separated vacancies acted as individual 

defects and showed little combined effect. A moderate number of paired vacancies also kept 

enough oxygen atoms to bind formate and methoxy species. Too many vacancies removed these 

oxygen atoms and caused strong adsorption on exposed Zr sites. The interface structures and 

energy changes are shown in Fig. 1. You et (2026) found that small and partly reduced ZrO2 

domains activate CO2 at ZrO2–Cu boundaries. Easton et al. (2025) also reported that oxygen 

vacancies aid CO2 activation. Their results linked methanol selectivity with low-valence Cu 

species and Cu–ZrO2 contact. The present results show that vacancy position can change activity 

even when the total vacancy number remains the same [19,20]. 



 

Fig. 1. Cu–ZrOₓ interface structures, oxygen-vacancy sites, hydrogen-transfer routes, and formate 

hydrogenation barriers. 

 

3.2 Hydrogen Spillover and Formate Hydrogenation 

Isolated Zrδ⁺ sites stabilized HCOO* by 0.34–0.51 eV compared with Cu-only sites. Stronger 

binding increased the amount of surface formate. However, it did not always increase methanol 

formation. On vacancy-poor models, the barrier for HCOO* → H2COO* was 1.12 eV. Paired 

vacancies lowered this barrier to 0.76 eV. They shortened the hydrogen-transfer path from Cu to 

HCOO*. Bader charge analysis showed that hydrogen gained 0.18–0.24 e after moving from Cu 

to a nearby ZrOₓ site. This charge change made hydrogen more active toward oxygen-containing 

C1 species. Cu mainly served as the H2 splitting site, while reduced ZrOₓ helped transfer hydrogen 

to formate. Abideen et al. (2025) also found that formate bound to ZrO2 can react with hydrogen 

formed on nearby Cu. The present calculations show that hydrogen spillover also depends on 

vacancy position. The largest barrier decrease occurred when two vacancies were close to the 

same Zr atoms. Higher vacancy contents gave no further benefit because they weakened the 

binding of oxygen-containing intermediates [21,22]. 

 

3.3 Microkinetic Results and Rate Control 

Microkinetic simulations at 523 K and 30 bar showed that vacancy pairing strongly affected 

methanol selectivity. Interfaces with a moderate vacancy content reached a methanol selectivity of 

82.6%. Vacancy-poor surfaces gave only 41.8%. Slow formate hydrogenation on vacancy-poor 

models allowed the reverse water–gas shift route to compete with methanol formation. Paired 

vacancies increased the reaction flow through formate, dioxymethylene, and methoxy species. 



They also maintained suitable CO2 adsorption. Vacancy-rich surfaces showed no further rise in 

methanol selectivity. The loss of interfacial oxygen reduced the stability of HCOO* and CH3O*. 

The calculated rates, surface coverages, selectivities, and rate-control values are shown in Fig. 2. 

Degree-of-rate-control analysis showed that HCOO* hydrogenation accounted for 46% of the rate 

sensitivity. CH3O* protonation accounted for 31%. These two steps had the greatest effect on the 

methanol formation rate. Saha et al. (2025) also found that formate hydrogenation controlled 

methanol formation at a metal–TiO2 interface. In their system, formaldehyde formation was the 

main slow step. In the present system, paired vacancies lowered the formate barrier and increased 

the effect of the final methoxy protonation step. 



 



Fig. 2. Methanol selectivity, surface coverage, and rate control of Cu–ZrOₓ interfaces with 

different vacancy structures. 

 

3.4 Link between Vacancy Pairing and Methanol Selectivity 

The DFT and microkinetic results show that more vacancies do not always improve catalyst 

performance. Vacancy-poor interfaces transfer hydrogen slowly and have a high barrier for 

formate hydrogenation. A moderate number of paired vacancies forms reduced Zrδ⁺ sites and 

improves hydrogen spillover. These structures also keep enough interfacial oxygen to bind 

formate and methoxy species. Vacancy-rich interfaces lose this balance. CO2-derived species bind 

in less active forms, and CO formation becomes more competitive. The most active interface 

therefore needs close contact among Cu atoms, paired vacancies, and remaining oxygen atoms. 

This result agrees with earlier studies showing that Cu–ZrO2 activity depends on the number and 

structure of boundary sites rather than only on Cu or ZrO2 content [23,24]. It also explains why 

higher oxide loading does not always increase methanol production. By comparing many interface 

models, this study links vacancy position with charge transfer, hydrogen movement, reaction 

barriers, and methanol selectivity. The results show that vacancy spacing is a more useful design 

factor than average vacancy concentration. 

 

4. Conclusion 

This study shows that hydrogen spillover and oxygen-vacancy pairing control methanol 

formation at Cu–ZrOₓ interfaces. Among the 72 models, isolated Zrδ⁺ sites stabilized HCOO* by 

0.34–0.51 eV. Paired vacancies lowered the HCOO* hydrogenation barrier from 1.12 to 0.76 eV. 

Hydrogen transfer from Cu to nearby ZrOₓ sites increased the Bader charge of interfacial H by 

0.18–0.24 e. This change made hydrogen more active toward oxygen-containing C1 species. 

Microkinetic results showed that interfaces with a moderate vacancy content reached 82.6% 

methanol selectivity. Vacancy-poor surfaces reached only 41.8%. HCOO* hydrogenation and 

CH3O* protonation were the main rate-controlling steps. They contributed 46% and 31% of the 

total rate sensitivity, respectively. The results show that vacancy position is more important than 

total vacancy number. Proper vacancy pairing improves hydrogen transfer and keeps enough 

interfacial oxygen for formate and methoxy binding. This finding may guide the design of Cu–

ZrOₓ catalysts with controlled vacancy spacing and oxide size. However, the study used ideal 

surface models and fixed reaction conditions. Further work should test larger oxide clusters, 

higher surface coverage, surface changes during reaction, and operando measurements under 

practical methanol synthesis conditions. 
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