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Abstract: Industrial CO2 hydrogenation operates over a wide pressure range, yet pressure
effects at inverse catalysts remain underexplorved. In this study, DFT-parameterized
microkinetic models were developed to investigate reaction behavior between 10 and 50
bar. ZrO2-modified Cu surfaces maintain high methanol selectivity (>70%) across the
entire pressure range, whereas bare Cu shifts toward CO formation above 30 bar.
Apparent activation energies decrease from 84 to 52 kJ mol™ upon ZrO2 modification. The
pressure-dependent analysis reveals that interfacial sites buffer hydrogen coverage
fluctuations, stabilizing methanol pathways under high-pressure conditions. These insights
explain the superior robustness of inverse catalysts under industrial operation.
Keywords: pressure effects; microkinetic modeling, ZrO2/Cu; CO2 hydrogenation;
methanol
1.INTRODUCTION
The hydrogenation of carbon dioxide (CO2) to methanol is widely regarded as a key
route for producing liquid fuels while mitigating greenhouse gas emissions [1]. This
reaction provides an effective means of storing renewable energy in chemical form and
integrating it into existing fuel and chemical infrastructures [2]. Industrial methanol
synthesis is typically conducted at elevated pressures, commonly in the range of 30-80
bar, to enhance CO> conversion and product yield [3]. Conventional Cu/ZnO/Al,0O3
catalysts dominate current industrial processes, yet their long-term performance is
often limited by structural instability and gradual deactivation under harsh operating
conditions [4]. These limitations have stimulated growing interest in alternative
catalyst architectures that can maintain high activity and selectivity under realistic
reaction environments. Inverse catalyst systems, in which oxide particles are deposited
directly onto a metal surface, have emerged as a promising strategy in this context [5].
Among various oxide—metal combinations, the ZrO>/Cu system has attracted particular
attention due to its superior activity for CO> hydrogenation compared with traditional
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supported catalysts [6]. The enhanced performance of ZrO»/Cu catalysts has been
consistently linked to the presence of an extended oxide—metal interface, which
introduces chemical functionalities not available on either component alone [7]. Recent
studies demonstrate that this interface does not operate as a single uniform active site,
but rather as an ensemble of chemically distinct interfacial sites that cooperatively
promote methanol formation from CO» [8]. This collective-site behavior highlights the
need to consider interfacial heterogeneity when interpreting catalytic performance. At
the oxide-metal interface, a dual-site mechanism is commonly proposed. In this
picture, the oxide component facilitates CO> adsorption and activation, while the
metallic Cu surface primarily serves as the source of dissociated hydrogen [9]. Density
functional theory (DFT) calculations indicate that the interfacial region significantly
lowers the energy barrier for key hydrogenation steps, particularly along the formate-
mediated pathway [10]. Experimental studies further show that catalytic activity scales
with the density of oxide—metal interfacial sites, underscoring the importance of
interface area rather than total surface area alone [11]. Together, these results establish
the interface as the central structural motif governing CO; activation and methanol
synthesis on ZrO»/Cu inverse catalysts. Despite this progress, a major gap remains
between theoretical models and industrial reaction conditions. Most DFT-based
investigations are performed under vacuum or low-pressure assumptions, which
neglect the influence of high CO; and H» pressures on surface coverages and reaction
equilibria [12]. However, experimental evidence clearly indicates that reaction pressure
has a strong impact on both activity and product selectivity [13]. Standard theoretical
models often fail to reproduce these trends, leaving it unclear how ZrO»/Cu catalysts
maintain high methanol selectivity under elevated pressures typical of industrial
operation [14]. Moreover, only a limited number of studies have combined atomistic
energetics with microkinetic modeling to explicitly address inverse catalysts under
realistic pressure regimes [15]. To address these limitations, this work investigates the
pressure-dependent behavior of CO» hydrogenation on ZrO,/Cu inverse catalysts using
a detailed microkinetic model. The model is constructed on the basis of DFT-derived
reaction energetics and explicitly accounts for pressure-dependent surface coverages
and competing reaction pathways [19]. Reaction conditions spanning 10-50 bar are
examined to represent industrially relevant operating windows. The analysis reveals
how the oxide-metal interface stabilizes hydrogen coverage and moderates reaction
fluxes under increasing pressure, thereby sustaining high methanol selectivity. These
findings provide mechanistic insight into the robustness of ZrO»/Cu inverse catalysts
and offer guidance for optimizing reactor conditions and catalyst design for CO.-to-
methanol conversion.

2.Materials and Methods

2.1 Description of Computational Samples

A periodic slab model represented the catalyst surface. The Cu(111) substrate had four
atomic layers with a p(4x4) unit cell. A Zr;O¢ cluster was placed on the top layer to
form the interface. This structure models the active site of the inverse catalyst. A
vacuum layer of 15 A separated the images in the z-direction. The bottom two layers
were fixed to simulate bulk properties. The top layers and the cluster were allowed to
relax. This model represents the structure found in experiments.
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2.2 Experimental Design and Controls

The microkinetic model simulated reaction rates from 10 to 50 bar. Two different site
models were defined. The primary model (Interface Model) included sites on both the
Cu surface and the ZrO: cluster. The control model (Pure Metal Model) used only Cu
sites. Comparing these models shows the effect of the interface on high-pressure
stability. The temperature was set to 523 K for all tests. The feed gas ratio was H2:CO»
=3:1.

2.3 Measurement and Quality Control

DFT calculations provided the energy parameters. The VASP code performed the
calculations using the PBE functional. The cutoff energy was 400 eV. The CI-NEB
method found the transition states. Frequency calculations confirmed that each
transition state had one imaginary mode. The electronic energy was corrected for zero-
point energy and thermal effects to get the Gibbs free energy (AG).

2.4 Data Processing and Formulas

The reaction network had 14 elementary steps. The rate constant (k;) for each step was

calculated using Transition State Theory, as shown in Eq. (1):
kgT AG,
e ()
Here, kg is the Boltzmann constant, h is Planck's constant, and AG,is the activation
free energy. The ordinary differential equations (ODEs) were integrated until steady
state. The net methanol rate (Ry;.op) corresponds to the flux of the desorption step, as
shown in Eq. (2):

Rmeon=KdesOcr;omKadsPcr;on 0+
where 0 is the surface coverage of the species.

2.5 Statistical Analysis and Validation

Campbell’s Degree of Rate Control (DRC) analysis found the rate-determining steps.
The sensitivity was checked by changing the barriers by £0.1 eV. The model outputs
were compared with experimental data. The calculated turnover frequencies (TOF)
matched the experimental values within one order of magnitude. This match confirms
the accuracy of the model parameters. The solver tolerance was 10 to keep numerical
stability.

3.Results and Discussion

3.1 Effect of Pressure on Reaction Rates

The microkinetic model calculated the methanol production rates from 10 to 50 bar.
The results show a steady increase in the reaction rate as pressure rises. This trend
matches Le Chatelier's principle. Higher pressure favors the product with fewer gas
molecules. At 50 bar, the methanol turnover frequency (TOF) on the ZrO»/Cu interface
reaches 2.4x107 s~1. This value is five times higher than that of the pure Cu(111)
surface. Fig. 1 compares the experimental data with the model predictions. As shown
in the figure, the model matches the positive effect of pressure on conversion [16]. This
result confirms the accuracy of the rate constants.
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Figure 1.Comparison of model predictions with experimental data for CO2 conversion and methanol yield under
varying pressure and temperature conditions.

3.2 Selectivity Shifts Under High Pressure

Pressure affects product selectivity. On pure copper, the selectivity for methanol drops
as pressure increases above 30 bar. This drop happens because the surface becomes
covered with hydrogen. This hydrogen blocks the adsorption of CO.. However, the
ZrO/Cu interface keeps high methanol selectivity (>70%) even at 50 bar. The oxide
cluster provides separate sites for CO- adsorption. These sites do not compete with
hydrogen for space. This dual-site mechanism prevents the "hydrogen poisoning"
found on pure metals [17]. The data shows that the interface is key for high-pressure
use.

3.3 Reaction Pathway Analysis

The analysis identified the main reaction path. On the modified surface, the reaction
follows the "formate" pathway. CO: first hydrogenates to formate (HCOO?*), then to
dioxomethylene (H2COO%*), and finally to methanol. Fig. 2 shows the potential energy
surface for this mechanism. As shown in the figure, the rate-limiting step is the
hydrogenation of formate to H2COO*. The interface lowers the barrier for this step. It
stabilizes the oxygen-bound intermediates. On pure copper, this step has a high barrier.
This forces the reaction toward the reverse water-gas shift (RWGS) pathway, which
produces CO [18].
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Figure 2:Potential energy diagram illustrating the reaction mechanism and key intermediates for CO2
hydrogenation on the Cu/ZrO2 interface.

3.4 Surface Coverage and Site Requirements
The coverage analysis explains the stability of the inverse catalyst. At 50 bar, the
hydrogen coverage (6y) on copper sites is near 0.9 ML. On Zr sites, formate (HCOO%*)
and methoxy (CH30%*) are the main species. They are not blocked by atomic hydrogen.
This difference confirms that Zr sites act as a "buffer." They keep the carbon species
active even at high hydrogen pressure. Sensitivity analysis shows that the reaction rate
depends on the binding energy of the formate intermediate. Catalysts that bind formate
too strongly or too weakly show lower activity. The ZrO»/Cu interface provides the
best binding strength.
4.Conclusions
In this paper, a microkinetic model was built to study methanol synthesis on ZrO»/Cu
catalysts. The study tested pressures from 10 to 50 bar. The results show that the
catalyst keeps high methanol selectivity (>70%) in this range. However, pure copper
makes more CO at high pressures because hydrogen blocks the active sites. The
analysis proves that the interface acts as a buffer for carbon species. This effect stops
hydrogen from filling the surface. It also lowers the activation energy to 52 kJ mol™.
These results explain the high stability of the catalyst. This finding suggests that
increasing the interface area is important for the reaction. However, the model used a
static surface. Future work should include surface defects and structural changes to
improve accuracy.
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