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Abstract

Defects in oxide components often play a decisive role in catalytic activity. In this study,
oxygen vacancies were systematically introduced into ZrO2 clusters supported on Cu to
evaluate their effect on CO2 hydrogenation. Vacancy formation enhances local charge
localization and strengthens CO2 adsorption by up to 0.44 eV. Microkinetic analysis
shows that moderate vacancy concentrations (3-6%) maximize methanol selectivity,
whereas higher defect densities favor CO formation. These results demonstrate how
controlled defect engineering can fine-tune inverse catalyst performance.
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1.Introduction

Carbon dioxide hydrogenation to methanol represents a strategically important route for
carbon utilization, as methanol serves both as a liquid energy carrier and as a key C1
intermediate for fuels and chemical synthesis [1]. Although Cu-Zn0-Al;03 catalysts have been
applied industrially for decades, maintaining high catalytic activity and methanol selectivity
under COz-rich reaction conditions remains challenging. This difficulty primarily stems from
the limited intrinsic ability of metallic Cu to activate CO3, as well as from the strong sensitivity
of C-0 bond transformation to the local electronic environment at metal-oxide interfaces [2].
Increasing evidence indicates that catalyst performance is governed not only by bulk
composition, but also by the atomic-scale structure and chemical nature of interfacial sites
adjacent to Cu surfaces, where cooperative interactions between metal and oxide phases
occur [3]. Zirconia has emerged as an effective oxide component for Cu-based methanol
synthesis catalysts because ZrO; can stabilize oxygenated reaction intermediates while
preserving efficient hydrogen activation on metallic Cu. Experimental observations combined
with density functional theory calculations consistently show that Cu-ZrO2 interfaces enhance
CO2 conversion compared with oxide-free Cu surfaces [4]. Importantly, recent theoretical
studies demonstrate that methanol formation on ZrOz-modified Cu does not originate from a
single dominant active site, but rather arises from the collective contribution of multiple
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interfacial configurations with distinct energetic characteristics [5]. This ensemble-based
description highlights the critical role of interfacial heterogeneity and suggests that catalytic
behavior cannot be accurately captured by simplified single-site models. In parallel, inverse
catalyst architectures, in which ZrO: clusters are supported directly on metallic Cu, have
attracted growing attention because they expose a high density of perimeter sites with
tunable electronic properties and flexible structural motifs [6,7]. At the atomic scale, a key
factor governing the reactivity of ZrO2-Cu interfaces is the presence of oxygen vacancies
within the oxide phase. Oxygen-deficient ZrO: can induce localized electronic states, modify
charge transfer between ZrO; and Cu, and generate coordinatively unsaturated Zr centers.
These features enhance CO; adsorption and facilitate the formation of surface formate and
methoxy species, which are widely proposed as key intermediates in methanol synthesis [8].
At the same time, vacancy effects are not uniformly beneficial. Excessive defect densities may
overly stabilize oxygenated intermediates or promote C-0 bond cleavage, thereby favoring CO
formation through the reverse water-gas shift pathway. Oxygen vacancies therefore act as
regulators of product selectivity rather than as simple activity enhancers, and their influence
depends sensitively on concentration and local coordination environment [9,10]. Despite
extensive experimental and theoretical investigation, several limitations remain in current
studies of defect-mediated CO2 hydrogenation on ZrOz-Cu catalysts. In many experimental
works, oxygen vacancy concentrations are inferred indirectly from reduction treatments or ex
situ characterization, while their population, distribution, and stability under reaction
conditions are rarely quantified explicitly. On the theoretical side, most models consider a
limited number of idealized vacancy configurations on small oxide clusters or flat surfaces,
which does not reflect the structural diversity of realistic inverse catalysts, where ZrO:
domains vary in size, morphology, and defect distribution [11]. Moreover, selectivity
conclusions are often drawn from adsorption energies or isolated reaction barriers, even
though the final product distribution is determined by the coupled kinetics of multiple
competing elementary steps across different interfacial sites. In this context, the present study
provides a systematic investigation of oxygen-deficient ZrOz clusters supported on Cu, with
explicit control over vacancy concentration as a continuous design parameter. Density
functional theory calculations are combined with electronic structure analysis to elucidate
how vacancy-induced charge localization influences CO: binding and intermediate
stabilization at the ZrO2-Cu interface. These insights are further integrated into microkinetic

modeling to evaluate how changes in vacancy concentration propagate through the reaction
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network and alter the competition between methanol synthesis and CO formation. By
establishing a quantitative relationship between oxygen vacancy concentration, interfacial
electronic structure, and product selectivity, this work advances the mechanistic
understanding of defect-controlled catalysis and provides practical guidance for the rational

design of inverse Zr0Oz/Cu catalysts optimized for selective CO2 hydrogenation to methanol.

2.Materials and Methods

2.1 Sample and System Description

The studied systems consisted of ZrOz clusters supported on Cu surfaces, used to model
inverse oxide-metal interfaces relevant to CO2 hydrogenation. ZrO: clusters containing 6-12
Zr atoms were constructed to represent nanoscale oxide domains. Oxygen vacancies were
introduced by removing lattice oxygen atoms, resulting in vacancy concentrations between 0%
and 12%. The Cu support was described by a periodic Cu(111) slab, which is commonly
reported as a stable surface under reaction conditions. All structures were fully relaxed to
obtain stable interfacial geometries, with attention given to Zr coordination environments,

Cu-0 bonding, and the spatial location of vacancies relative to interfacial sites.

2.2 Experimental Design and Control Systems

A comparative framework was adopted to evaluate the influence of oxygen vacancies on CO;
activation and reaction pathways. Stoichiometric ZrOz/Cu interfaces were used as reference
systems, while defect-containing interfaces formed the test set. Vacancy concentration was
increased stepwise to examine its effect on adsorption strength and reaction energetics. For
each vacancy level, several vacancy arrangements were considered to reduce configuration-
dependent bias. Pure Cu(111) surfaces and isolated ZrO; clusters were also examined as
control models, allowing separation of interfacial effects from those intrinsic to the metal or

oxide phases.

2.3 Measurement Methods and Quality Control

Electronic structure calculations were carried out using density functional theory under
periodic boundary conditions. Structural optimizations and total energy calculations
employed a generalized gradient approximation with dispersion corrections to account for
weak interactions. Adsorption energies were determined after full relaxation of all atoms.
Transition states were identified using constrained optimization and verified by vibrational

analysis showing a single imaginary frequency. Convergence tests were performed for plane-
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wave cutoff energy, k-point sampling, and slab thickness. Charge distribution was analyzed
using Bader charge analysis. The same computational settings were applied to all systems to

maintain internal consistency.

2.4 Data Processing and Model Formulation
Adsorption energies were calculated using
Eads=Esurtrmol~Esurf-Emol
whereEg,r.mo1 1S the total energy of the adsorption system, and Eg, s and E,,; are the energies
of the clean surface and the gas-phase molecule, respectively. Rate constants for elementary

reactions were estimated using transition state theory:

L ke T AG
“h PURT )

where AG*denotes the Gibbs free energy barrier. These values were used as inputs for kinetic

analysis.

2.5 Microkinetic Analysis and Selectivity Evaluation

A microkinetic model was developed to describe adsorption, surface reactions, and
desorption steps involved in CO; hydrogenation and the reverse water-gas shift reaction.
Steady-state rate equations were solved numerically to obtain formation rates of methanol

and CO. Methanol selectivity was defined as

S _ I'MeOH
MeOH= . ...
I'meoH*Tco

where ry.on and r¢g are the respective production rates. Sensitivity analysis was performed
to identify key elementary steps controlling selectivity and to evaluate how changes in

vacancy concentration affect reaction pathways.

3.Results and Discussion

3.1 Defect-Controlled Charge Redistribution and COz Adsorption

The introduction of oxygen vacancies at ZrO;-Cu interfaces resulted in clear changes in local
charge distribution. Excess electrons accumulated near under-coordinated Zr atoms adjacent
to vacancy sites, increasing the polarization of adsorbed CO; molecules. As a result, CO2
adopted a bent adsorption geometry at interfacial perimeter sites, indicating activation of the
linear molecule. The calculated adsorption energies showed that CO; binding was

strengthened by up to 0.44 eV compared with stoichiometric interfaces. Similar behavior has
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been reported for Cu-Zr-based catalysts, where interfacial oxygen species and localized
charge play a key role in stabilizing oxygenate intermediates [12]. Recent studies further
demonstrate that Cu-O-Zr motifs promote CO: activation more effectively than metallic Cu
surfaces alone, supporting the importance of defect-modified oxide-metal interfaces in CO>

hydrogenation chemistry.

3.2 Preference for Methanol Formation at Moderate Vacancy Concentrations

At moderate oxygen vacancy concentrations (3-6%), the ZrO;-Cu interface maintained a
balanced interaction with reaction intermediates. CO2 activation and early hydrogenation
steps were facilitated, while subsequent hydrogenation reactions remained kinetically
accessible. In this regime, vacancy-adjacent Zr sites promoted the formation of oxygenated
intermediates, whereas nearby Cu atoms provided active hydrogen species. This combination
supported continuous hydrogenation toward methoxy and methanol products without
excessive accumulation of strongly bound surface species. Comparable trends have been
observed in Cu-ZrOy catalysts, where methanol selectivity is highest when interfacial sites
stabilize intermediates sufficiently for reaction but do not hinder turnover. These
observations indicate that selectivity depends on achieving balanced adsorption rather than

maximizing defect density [13].

3.3 Microkinetic Origin of the Methanol-to-CO Selectivity Shift

Microkinetic analysis revealed a clear transition in product selectivity as vacancy
concentration increased. Methanol selectivity reached its maximum within the 3-6% vacancy
range, whereas higher defect levels increasingly favored CO formation. This shift arises from
changes in surface coverage and rate competition between hydrogenation and reverse water-
gas shift pathways. At high vacancy densities, oxygenated intermediates bind more strongly,
which slows hydrogenation and increases the relative contribution of CO-producing routes.
Similar selectivity shifts have been reported for Cu-ZrO; systems with high oxide reducibility,
where enhanced CO:; activation leads to increased CO production when hydrogenation
becomes less competitive [14]. These results confirm that vacancy concentration controls not

only activity but also the dominant reaction pathway.

3.4 Comparison with Literature and Implications for Catalyst Design
The vacancy-dependent optimum observed here follows a general pattern reported for

inverse Cu-oxide catalysts, where catalytic performance peaks at intermediate oxide or defect
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levels. Previous experimental studies show that methanol productivity depends on a balance

between oxide-derived interfacial sites and available Cu surface area, rather than on oxide

content alone (Fig.2). In addition, recent reports on inverse Zr-Cu catalysts demonstrate that

well-dispersed ZrO, domains enhance methanol synthesis only when excessive reduction is

avoided (Fig.1). The present results provide a mechanistic explanation for these observations

by linking vacancy concentration to both adsorption strength and kinetic pathway selection.

Together, the comparison indicates that oxygen vacancies should b

controlled manner to enhance CO: activation while preserving effici

e introduced in a

ent hydrogenation,

offering a practical guideline for designing selective ZrOz/Cu inverse catalysts [15].
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Figure 1 Schematic showing the effect of Cu surface availability and ZrO, dispersion on methanol productivity in

inverse Zr-Cu catalysts during CO2 hydrogenation.
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Figure 2 Variation of methanol selectivity and space-time yield with ZrO2 loading in inverse ZrO2 /Cu catalysts,
showing a maximum at intermediate oxide content.

4. Conclusion

Oxygen vacancy concentration at ZrOz-Cu interfaces strongly influences CO2 activation and
product distribution during CO2 hydrogenation. Interfaces with a moderate number of
vacancies show enhanced charge redistribution and stronger CO2 adsorption, which favors
the formation and further hydrogenation of oxygenated intermediates toward methanol.
When vacancy density becomes high, CO formation is promoted as reaction flux shifts toward
reverse water-gas shift pathways. These results clarify why inverse ZrO;/Cu catalysts often
exhibit an intermediate optimum in methanol selectivity and show that vacancy density can
be used as a controllable parameter in catalyst design. From an application standpoint, the
findings indicate that careful control of interfacial defects can improve methanol selectivity
under CO-rich conditions. The analysis is based on idealized interface structures and steady-
state kinetic modeling, and additional experimental studies under realistic reaction conditions

are needed to evaluate catalyst stability and practical performance.
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