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Broader context

Reaction network of CO, hydrogenation
into C;_, oxygenates and its BEP relationships

Mikhail V. Polynski 2 and Sergey M. Kozlov 2 *

Although copper is one of the most common components in catalysts for CO, conversion into valuable
C,;+ chemicals, a clear and systematic mechanistic explanation of its unique properties in these
processes is lacking. Herein, we address this challenge by introducing a novel ansatz to rationally
construct catalytic reaction networks and account for realistic active sites on catalyst nanoparticles,
applied here to CO, hydrogenation into C; and C, oxygenates, explaining the formation of frequently
observed reaction intermediates. We also provide a comparative mechanistic analysis of CO,
hydrogenation on a stronger-adsorbing metal widely used in hydrogenation reactions, Pd. Furthermore,
we present a refined approach to Brgnsted—Evans—Polanyi relationships tailored to structural charac-
teristics of transition states. Our approach facilitates further exploration of CO, hydrogenation on transi-
tion metal-based catalysts, deepening our understanding of the underlying reaction mechanism. This
theoretical framework not only elucidates the intricate kinetics of CO, hydrogenation but also estab-
lishes a versatile foundation for rational catalyst design across catalytic domains. This study highlights
the unique activity of Cu in various hydrogenation and C-C coupling steps. Unlike scarce metals that
require resource-intensive extraction, Cu reduces the environmental impact and costs of CO, conver-
sion technologies. Clarifying its unique role in converting CO, into valuable C,, chemicals moves us

closer to balancing economic growth and environmental protection.

Balancing environmental protection with industrial growth is particularly critical today. The catalytic conversion of CO,, the most abundant anthropogenic
greenhouse gas, into fuels and commodity chemicals is a promising route to reconcile environmental and economic objectives. However, its large-scale
deployment is still hindered by complex reaction networks and the need for efficient yet earth-abundant catalysts. Here, we address these challenges by
developing a computational framework that maps CO, hydrogenation pathways to C,_, oxygenates on Cu-based nanoparticle catalysts, treating facets and edges
as integrated active sites and accounting for co-adsorption and nanostructuring effects. Our rational construction of an extensive reaction network, guided by
the abundance and reactivity of surface intermediates, yields transition-state-aware Brgnsted-Evans-Polanyi relationships, which show improved predictive

accuracy and can be generalized to longer-chain products. Within this framework, we provide the first mechanistic explanation of why Cu intrinsically disfavors
low-value methane formation in favor of low-barrier C-C coupling steps, which directs the process toward higher-value oxygenates. By linking these
mechanistic insights to design principles for Cu-centered multicomponent catalysts, our study supports the development of economically viable CO,

conversion processes.

Introduction

hydrogenation and, in particular, low yield of low-value
HCOOH and CH, products.®*" Despite this recognition of Cu

Balancing environmental protection with industrial and tech-
nological growth has become a key global challenge.* Captur-
ing and utilizing greenhouse gases,>* particularly converting
CO, into valuable C,. chemicals via hydrogenation, has
attracted substantial attention.” Most catalysts for these reac-
tions contain Cu, which is known for high selectivity in CO,
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as a key catalyst component, a mechanistic explanation for its
unique role remains elusive.

In this work, we provide an explanation for the uniqueness
of Cu by addressing the complexity of the catalytic reaction
network for CO, hydrogenation'® into C,, oxygenates, which
significantly exceeds the notorious complexity of the CO
hydrogenation reaction.”*™*® In particular, we discuss in detail
the pathways of formation of key experimentally observed
intermediates, including CO*, CHO*, HCOO*, COOH*, and
CHX*‘.16720
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Although the modeling of catalytic reaction networks is
incredibly helpful for understanding key factors driving various
chemical reactions, the construction and analysis of micro-
kinetic models covering reaction networks for CO, and CO
hydrogenation is greatly complicated by the hundreds of
involved intermediates.">">*'™** In particular, the complexity
of these models serves as the bottleneck for the rational design
of new catalysts®>®>° through identifying key elementary steps
and constructing Sabatier volcano plots.****> Moreover, realistic
modeling of chemical processes needs to account for the nano-
structure of the applied catalysts®*>* to minimize the gap
between the computational predictions and the experimental
observations. Indeed, nanostructuring is well-known for gene-
rating uniquely active sites with coordinatively unsaturated
metal atoms on the catalyst surface.”>” Moreover, surface
intermediates may diffuse between active sites under the high
temperatures typical of heterogeneous catalytic hydrogena-
tion.*®*° Thus, advancing beyond simplistic models of ideal
surfaces to more nuanced representations is essential for
accurate simulations of complex, multistep catalytic processes.

Indeed, while numerous experimental studies focus on CO,
hydrogenation into C,. products on Cu, they typically omit
mechanistic details explaining the aforementioned uniqueness
of Cu. Experimental evidence of the activity of Cu-containing
catalysts exists, for example, for K/Cu-Zn,® Cu-Pd,” Cu-CoO,,’
and Cu-Fe-based'*'" systems, but lacks comprehensive mecha-
nistic explanations, which require an extensive consideration of
the reaction network. Some studies suggest that CO, hydro-
genation to ethanol first involves the synthesis of methanol,
which later decomposes into CH; species prone to C-C cou-
pling, leading to the production of C, species such as ethanol.®?
While the vast majority of experimental studies investigated
nanostructured catalysts (see references in a dedicated review'?),
previous theoretical studies either considered sub-nanoscale
catalytic centers,”’ or focused on the idealized Cu(111) sur-
faces,”” neglecting important active sites like nanoparticle edges,
known to have key catalytic roles,”® while omitting detailed
mechanistic discussions. However, the urgent industrial need
for highly selective CO, hydrogenation catalysts** calls for a
more comprehensive mechanistic understanding of this reaction
on catalyst models with a more realistic nanostructure.*>*®

The mechanistic complexity of CO, hydrogenation toward
C,. oxygenates motivates systematic reaction network explora-
tion, along with its rational reduction. Recently developed
automated frameworks have demonstrated how large networks
for heterogeneous catalysis can be generated on idealized
models (typically single-crystal facets with a single site
type).*”"*® For example, recent mechanistic studies on Cu have
reported large sets of explicit transition states for CO, and CO
hydrogenation and then used microkinetic simulations based
on these transition states to compare competing routes and
determine which pathways dominate.*® However, further
improvements in the realism of the employed models require
accounting for nanostructuring effects and surface hetero-
geneity. Indeed, the very notion of a single, well-defined active
site can be inappropriate under catalytic conditions, since
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structurally distinct active sites often coexist,
progress can require migration of intermediates from one site
to another, see, e.g., ref. 52. In turn, the applicability of BEP
relationships may be limited in this context,>® thus limiting the
extent to which mechanistic models can be reduced using BEP
relationships alone.

In order to address these challenges, we introduce an
innovative approach that abstracts from the concept of a well-
defined active site and accounts for the diffusion of reaction
intermediates among diverse active sites exposed on the nano-
particle (NP) catalyst surface. Moreover, we propose a new
ansatz to rationally simplify the catalytic network of such
complex processes by selecting the most catalytically relevant
bimolecular elementary steps involved in the reaction mecha-
nism. As a result, the developed approaches allow us to obtain
deeper insight into the CO, hydrogenation mechanism into C,
compounds and extrapolate our results to the formation of C;.
products. In this study, we focus on Cu-based nanocatalysts due
to their widespread use in both electro- and thermocatalytic
CO, hydrogenation,>™® as well as a major component in
multimetallic catalysts alongside metals like Co and Fe.>”
Moreover, we extend our analysis to CO, hydrogenation on Pd
nanoparticles, which are commonly used for the hydrogenation
of other compounds because of their very distinct electronic
structure from Cu.®” In addition, CuPd nanoparticles were
proposed as an efficient catalyst for selective ethanol synthesis
via CO, hydrogenation.”

Results and discussion
Structure of the active site

We go beyond the concept of discrete reactive sites on metal
surfaces (top, bridge, or hollow) by accounting for the possibi-
lity of diffusion of surface intermediates within the (111) facet
and its edges on nanoparticles, both of which are crucial for
specific steps within the reaction network. Moreover, discrete
sites such as hollow, bridge, or atop cannot support the growth
of expanding C,, oxygenates/hydrocarbons of increasing size.
Therefore, the reacting area in the model nanoparticle is
expanded to the integrated active site shown in Fig. 1a. Below,
we show that rapid surface diffusion of reaction intermediates
can be assumed for Cu and, to a lesser extent, Pd. Hence, in our
study, reactive species are considered to move freely across
facets, potentially attaching to edge atoms as needed.

This integrated active site model is particularly well-suited to
represent the local atomic environment of transition states in
elementary steps. On fcc metals, a step or kink is essentially a
concatenation of (111)/(100) edge atoms with coordination
environments identical to the edge or corner sites modeled
here. Therefore, a wide variety of active sites present on real
nanoparticles is inherently captured within such a nano-
particle-based model.

To build a tractable catalytic reaction network including
C, intermediates (with possible extension to Cs, intermediates),
we introduce an ansatz where highly reactive surface adsorbates

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Active site modeling and reaction network design approach. (a) Commonly employed discrete active site models vs. the adopted integrated active
site model encompassing the entire (111) facet of the employed 1.1 nm large Cu;9 nanoparticle model, including its edge atoms (dashed hexagon); (b)
criterion for preselection of elementary steps in the reaction network based on occurrence and stability of intermediates.

preferentially interact with either relatively stable species (CO,
CO,, CH,0) or species at high surface concentrations, like H*
under high H, pressure,®® as illustrated in Fig. 1b. That is, we
assume that low concentrations of highly reactive or unstable
species make reactions between them improbable. Such an
approach is supported by most previous mechanistic studies,
which proposed C-C bonds to form through coupling between
highly reactive CH,* (x = 1-3) species and CO or CO, on various
catalysts.”****"%” In addition, we considered potential C-C cou-
pling involving CH,O intermediate due to its moderate stability
in the gas phase, well-known high chemical reactivity, and
possible involvement in the electrochemical CO, reduction
mechanism."**°

Focusing on abundant surface intermediates is consistent
with microkinetic modeling, since these species dominate sur-
face coverages (as discussed in Section S1, SI) and, therefore,
make the most notable contributions to the overall reaction
rates. Consequently, our ansatz is aimed at maintaining repre-
sentability of the resulting network for subsequent micro-
kinetic modeling without the excessive computational workload
of exhaustive sampling of elementary steps. The outcome of
elementary step preselection is shown in Section S1 of the SI,
while the full reaction graph detailing activation barriers
and free energies is covered in the following subsection. The
original multistep methodology to explore extensive catalytic
reaction networks is described in Section S2 of the SI.

Catalytic reaction network

The catalytic reaction network for the Cu catalyst is depicted as
a directed graph in Fig. 2 (CO, hydrogenation on the Pd catalyst
is discussed in Section S3 of the SI). Notably, the CO, hydro-
genation network encompasses the CO hydrogenation network.
The size of node circles indicates free energies at standard
conditions relative to isolated CO§* and H5*° (AG,), consider-
ing that each C-O cleavage leading to the formation of OH*
is then followed by the removal of H,O from the surface.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Edge colors in Fig. 2a represent elementary step barriers (AGY)
calculated relative to their reference initial states. Fig. 2b sum-
marizes the key steps and pathways discussed below. Note that
AG"* includes the energy of co-adsorption of the reacting species,
as detailed in Section S4 of the SI. While the Supplementary
Spreadsheet file and Section S5 of the SI present a comprehen-
sive tabulation of thermodynamic and kinetic parameters, we
outline general reactivity trends below.

The graphs begin with CO, activation through formate and
reverse water-gas shift pathways, charting C; and C, product
formation via intermediates grouped into clusters encompass-
ing methanediol, methanal, methanol, acetic acid, and others.
CO, activation on Cu preferentially occurs via the formate
pathway (AG* = 0.71 eV), in line with previous experimental
evidence on CO, hydrogenation using Cu-based catalysts,*®*7°
followed by less kinetically favorable protonation of carboxylic
oxygen to form HCOOH* (AG® = 1.07 eV; see Section 2.4 for
reaction nomenclature) and hydrogenation of the carboxylic
carbon in HCOOH* (AG'[HCOOH* — OCH,OH*] = 0.71 eV).
The resultant OCH,OH* readily releases OH* (AG* = 0.24 eV)
with the formation of formaldehyde, which easily desorbs (AG =
—0.01 eV at 1 bar and 273.15 K). Since the barrier of OCH,OH*
transformation into CH,O* is low, this intermediate is unlikely
to accumulate and be observed experimentally. Further hydro-
genation of CH,O* into CH3;O0* upon readsorption is also
feasible (AG* = 0.39 eV). In line with the relative stability of
the latter under operando conditions during CO, hydrogenation
over Cu-based catalysts,"®”" the predicted protonation barrier
for CH;0* is relatively high, 1.18 eV, after which CH;0H easily
desorbs, serving as the endpoint for CO, hydrogenation on
pristine Cu.

The transition from CH,OH* to CH,* (x = 1-3) intermediates
requires overcoming significant energy barriers, which hinder
the transition between C; and C, species in the reaction net-
work (see full data in the supplementary spreadsheet). Due
to high barriers for CH, formation through C-O cleavage,

EES Catal.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00338e

Open Access Article. Published on 22 January 2026. Downloaded on 4/7/2026 7:20:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper EES Catalysis
(a) AGi [eV] (b) AG* CO,
CO, Formate HCOOH 0'223-%46 050 0=cnlis Elementary step classification 0.06 1
* jol
HCSO — Adsorption/desorption COy*
{HCOOH* OCH,OH* — Protonation (H*) 0.71 l
CO, 2 HOCH,OH — Hydrogenation (H- or HY) HCOO*
Goco*d H(/Dy«/ /Methanediol — C-Ocleavage 05
/ 3 — C-C couplin ’ .
co* /5 HOCH,OH* pling HCOOH* desorption /
/ e \ readsorption
co¢ Mothamal ) CH,O s Facile C, formation 0.71
RWGS /CH:0Y >0CHg0" ethano cH* OGH,OH*
CHOH* [~ j AT CH:OH +CO 029 ,cH,0 0.24
‘CH,OH* S .. 077 . 018 . . desorption /
* * 2 Methane & CH CH,CO" < CH, > -CH,CH,0- CH:0 readsorption
CH CH, CHgy* O/'O x
A Sy CH, +ooglo.41 0.39
CO cpl. // \\ CH,” Aceti
products 7 \ CH5C0O0* :;Ec CH,COO* CH30*
CHCO £CH,CO CH,CO" 1.18
- \ o s CH,COOH
) CH,COO* CH;0H*
~CH,CH,0- g oH.oHd" CH.oHO CH,COOH 0.04
CH3CH,O ~<_ CH4OH

~ / >
Ethanal GHGH(O)OH

CHaCH,OH* \
CHaCHO* 5
o CHaCH(OH)OH*
Chiciion] iSO Gem-ethanediol
Ethanol

Fig. 2 Catalytic reaction network on Cu. (a) Directed graph with elementary step barriers calculated relative to the respective initial states, AG*, encoded
in edges. The size of the node circles reflects relative stability, measured by AG,,, where the largest nodes indicate the highest stability and vice versa.
Key intermediates are marked with semi-bold typeface. (b) Key elementary steps and intermediates in C; and C, transformations discussed in the text,

as well as the classification of elementary steps.

methanol remains the predominant product in CO, hydrogena-
tion on pristine Cu nanoparticles. Indeed, the formation of
methanol catalyzed by Cu-based systems is well-known (e.g., see
ref. 16 and 71), and previous theoretical studies of methanol
formation on Cu reported very similar reaction pathways.”*”>

At the same time, Cu(111) facets show advantageous cataly-
tic activity in transformations of the CH, species. Within the
CH, cluster, hydrogenation barriers increase progressively from
CH* to CH;* (AG* = 0.29, 0.63, and 1.15 eV for CH* — CH,*,
CH,* — CHj3*, and CH3* — CH,*), which indicates poor
catalytic activity of Cu in the synthesis of low-value methane
as a product. More importantly, CH,* hydrogenation is less
favorable than two out of three concurrent C-C coupling
reactions between CH,* and various species in the reaction
environment:

CH,* + CH,0* - -CH,CH,0—* (AG* =0.18 eV),
CH,* + CO* — CH,CO* (AG*=0.77 eV),
CH,* + CO, » CH,COO0* (AG* = 0.41 eV).

Thus, the final C, oxygenate clusters can be formed on Cu
via two kinetically feasible pathways. First, CH,* can couple
with CH,O to form —-CH,CH,O-*, which is an intermediate in
ethanol synthesis. This elementary step has not been previously
reported for thermocatalytic CO, hydrogenation on metallic Cu
and is therefore proposed here as a new mechanistic route.
However, similar coupling reactions involving CH,O have been

EES Catal.

observed on Cu in electrocatalytic CO,/CO reduction, where
*CHO-CH,0 and *CO-CH,O coupling steps appear in ethanol
formation pathways.'®?° This CH,O-driven pathway to C, pro-
ducts is plausible because CH,O* desorption is kinetically
preferred to its hydrogenation to CH;OH, enabling gas-phase
methanal to re-adsorb and couple with other species. Prior
studies have also noted the scarcity of CH,O signatures in
operando spectra of Cu-based catalysts, which supports its fast
turnover or desorption.””

Second, the facile coupling between CH,* and CO,, leading
to CH,COO*, aligns with recent observations of carboxylic
acid formation in CO, hydrogenation on Fe-Zn, Ni-Zn, and
Co-Mn catalysts.”*”7® To the best of our knowledge, this CH,-
CO, coupling route on metallic Cu has not been reported
previously, and is thus introduced here as a new thermocata-
lytic mechanism to Cu. A related product distribution, includ-
ing acetic acid and ethanol, has also been observed on non-
metallic Cu-zeolite catalysts, which rely on distinct confined
sites.””

Thus, despite the high kinetic barrier for the formation of
CH,. species on Cu, they are calculated to readily react with
either CO,, CO, or H,CO species in the reaction environment to
form the desirable C, products. As a result, Cu is frequently
used as one of the components in multimetallic catalysts
together with metals like Co, which can easily form CH, species
on the pathway of complete CO, hydrogenation into
methane.”®”® The combination of Cu with other metals could
allow the catalyst to bypass the high-energy barriers between
methanol and CH, intermediate clusters with the help of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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co-catalyst and enable the subsequent C-C steps involving CH,
intermediates on Cu sites.

Surface diffusion of intermediates and catalytic activity of
nanoparticle edges

In this section, we discuss the surface diffusion of chemisorbed
intermediates, assuming that valence-saturated parts of alkyl
chains can only physisorb on the surface due to dispersion
attraction. Since dispersion interactions are quite weak for
rather small C; and C, species and vary very smoothly with
the atomic positions, they are known to have a minor effect on
diffusion barriers.*® For example, the adsorption free energy of
CH, on Cu(111) and Pd(111) is 0.03 and ~0.00 eV, respectively,
indicating that the enthalpy of physisorption has roughly the
same magnitude as the free energy contribution of the entropic
stabilization of the gas phase molecules.

For this analysis, we chose CH*, CH,*, and CH;* as model
intermediates to investigate the diffusion of adsorbed RC* (sp
carbon), RHC* (sp” carbon), and RH,C* (sp® carbon) groups (R =
alkyl), capturing the primary carbon binding modes to the metal
surface. In turn, OH* was selected to model RO* surface species.

The weakly binding Cu(111) surface facilitates easy migra-
tion of adsorbates chemisorbed through sp, sp?, and sp® carbon

g S

AGE, =0.05
CHOM 55~ OF 7‘3,3 CHCO*
Classification of steps | -2°
— Hydrogenation o

—— C-0 formation
—— C-C coupling
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. . +CO .
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CH5CH,O* CH,* CH,COO*
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centers or O atoms, as shown in Fig. 3a—c. Notably, all diffusion
barriers (red in Fig. 3a-d) are significantly lower than those of
the reaction steps involving CH,, species in the catalytic network.
This includes OH* and CO* migration involved in the forward
and reverse C-O cleavage and the coupling of CO* molecules with
other reaction intermediates. This indicates that surface diffusion
within the facets and edges of Cu NPs is much faster than most of
the elementary steps of the considered catalytic process.

Two critical steps in the reaction network occur exclusively
or preferentially on edges between (111) facets. The first is CO,
hydrogenation into HCOO* or HOCO* via formate or RWGS
pathways (Fig. 2), whereas for HCOO* formation on Cu, we were
able to locate TS both on the facets (AG* = 0.82 eV) and the
edges (AG* = 0.71 eV), and the obtained transition states for all
other CO, activation steps necessarily involved NP edge atoms.
The second step involving edge atoms in TS is facile C-O
cleavage in methanediolate OCH,OH* intermediate to produce
CH,0 (AG* = 0.24 eV), which is a crucial step for the subsequent
hydrogenation reactions on Cu. Other less significant reaction
steps may also occur at or near edge sites, as detailed in the
supplementary spreadsheet.

Note that the facile surface diffusion of most intermediate
species does not imply the negligible effect of the distinction

iy RS

AGE =0.14 CH*

*-CH,CH,0-*

d) AGi =0.05

dif

AGE, = 0.12

Fig. 3 Diffusion transition states (opaque) and minima on the PES (translucent) on the (111) facet of a Cu nanoparticle. Intermediates considered: (a)
CH*; (b) CH*; (c) CHz*; (d) CO* and OH*. Only the relevant areas on the NP are shown. Diffusion barriers AG* are shown in red, alongside the barriers for
elementary steps involving the respective species in the reaction network; Cu is represented in dark orange, O in red, C in dark grey, and H in light grey. All

values are in eV.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between catalytic activities of edge and terrace sites on the
reaction Kkinetics. Indeed, edges and other low-coordination
sites are far less common than (111) facets on the catalyst
surface, and their surface concentration diminishes as the
catalyst nanoparticle size grows. Consequently, key reaction
steps at these sparse sites could become a bottleneck for
catalytic activity, unless addressed in catalyst design.

BEP relationships and reactivity trends

We analyzed the trends in the considered elementary steps
using the Bronsted-Evans-Polanyi (BEP) principle, which states
that, for a given elementary step within a family of similar
reactions, the activation energy linearly correlates with the
reaction energy.®" Strictly speaking, the BEP principle implies
that transition states for the examined elementary step should
be structurally similar on the considered catalysts. However,
this condition is rarely examined during the construction and
application of BEP relationships (see a rare example in ref. 82).
Previous approaches to formulating BEP relationships typically
relied on separating reactions by bond or reaction type
(e.g., hydrogenation vs. C-C coupling vs. C-O cleavage).®* %
In contrast, we show below that focusing solely on the chemical
bond or reaction type can be insufficient, as bonds such as C-C
or C-O may form via distinct transition states (equivalent to
distinct mechanisms) that require separate BEP relationships.
Similarly, even hydrogenation and protonation reactions may
proceed via structurally different transition states and follow
several distinct BEP relationships.

In this study, we applied the concept of TS structural
similarity to clustering reaction steps on either Cu or Pd,
revealing more accurate correlations between activation and
reaction energies (Fig. 4; see Section S2 for details of the linear
fitting procedure). For hydrogenation steps (Fig. 4a), we identify
two TS types where, formally, H* or H™ bind to surface inter-
mediates (see the charge analysis in Section S6). The pink data
points in Fig. 4 correspond to hydrogen associating with carbon
in a tetrahedral sp-like TS, leading to sp® products in hydro-
genations of CHz*, CH,COOH*, CH3;CHOH*, etc. (here and
below, the reacting atom is given in bold). Some seemingly
sp® centers like CH,* lie within this BEP due to the tetrahedral
TS in which the intermediate binds to two metal atoms in sp’-
like geometry. The linear regression of activation and reaction
energies for these steps yields low RMSD values of 0.12 eV for
Cu and 0.06 eV for Pd, which is well below DFT accuracy
benchmarks.®® Notably, CH;* hydrogenation on Cu is an outlier
(AG* = 1.15 eV, Fig. 4a, left), possibly because CH;* partially
detaches from the nanoparticle in TS, leading to physisorbed
CH,, unlike in other steps where the products remain surface-
bound.

Another hydrogenation type involves, formally, H®* or H™
reacting with sp” centers (violet data in Fig. 4a). The TS struc-
tures in these elementary steps resemble those in the Felkin—
Anh model for nucleophilic addition to carbonyls,®” here seen
in the hydrogenation of carbonyl-bearing species like CH,0%,
CHO*, and CH3;CHO*. Some non-carbonyl CH, centers in
CH,CO and CH,CHO*, as well as sp> geometries in bridge
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CO*, C(H)OH, and bridge CH*, also fit this BEP relationship
due to similar geometries. Linear fits show remarkably low
RMSD values of 0.10 eV for Cu and 0.09 eV for Pd.

This approach to the analysis of BEP relationships diverges
from previous studies®"*"®® that assigned a single BEP to
reaction types like hydrogenation, C-O cleavage, or C-C cou-
pling, ignoring variations in the TS geometry. However, tailor-
ing BEP relationships to transition state structures has notably
increased the correlation quality. For example, including both
sp® and sp’-like transition states into the BEP relationship for
the hydrogenation steps increases its RMSD to 0.22 eV from
0.10 and 0.12 eV obtained in Fig. 4a. Similarly, clustering of
calculated data points according to the TS geometry consis-
tently improves the quality of BEP relationships for all types of
elementary steps.

Note that the hydrogenation steps considered above did not
include protonation steps, where surface H species attach to
O atoms in the CO, hydrogenation intermediates (Fig. 4b). One
can notice the abnormally negative slope in BEP relationships
for protonation on Cu catalysts, which is rationalized in Section
S4 by careful analysis of co-adsorption effects. The considered
protonation elementary steps can also be classified into two
groups.

In the first group, the protonation elementary steps involve
the hydroxyl group’s acid-base chemistry (blue in Fig. 4b),
encompassing alcoholate species like OH*, CH;0*, OCH,OH*,
and carbonyl oxygen protonation in, e.g.,, CHO*, CH,O*,
CH;CHO*. The structure of TS for these elementary steps
resembles the product bearing an OH group, akin to the late
transition state within the framework of Hammond’s postulate.
Fig. S9 in Section S7 illustrates these late TS, where the alpha-
carbon binds to the metal, forming an alcoholate that abstracts
H from the catalyst surface. Linear BEP relationships for these
reaction steps on Cu and Pd yield an RMSD of 0.08 eV. Notable
outliers include the facile protonation of CH,O0* on Cu with
AG* =0.93 eV and AG = —0.25 eV and the kinetically hampered
protonation of CH;CH,0* on Pd with AG* = 0.84 eV (likely due
to the unusual coordination of two Pd atoms by O, see Fig. S9).
The high barrier for OH* protonation on Cu (AG* = 1.35 eV,
Fig. 4b, left) highlights the need for promoters or co-catalysts to
avoid OH poisoning of this catalyst and facilitate the regenera-
tion of the active sites via water formation and desorption.

Another BEP relationship is followed by the protonation
steps involving the carboxyl group (green data in Fig. 4b). On
Cu, the carboxyl group of HCOOH* keeps its characteristic
planar geometry in the TS during the transformation:

HCOOH* + H* —» HOCHOHY*,

whereas on Pd, HCOOH* adopts a non-planar configuration
(Fig. S10). Hence, HCOOH* protonation on Pd is categorized
under the RO~ family of elementary steps for alcoholates,
whereas on Cu, it is attributed to the RCOO™ protonation
family. Linear fits reveal significant intercept differences, show-
ing easier RO~ protonations on Cu and easier RCOO™ proto-
nation on Pd. Note that due to limited data points, the obtained
BEP correlations, in this case, are more suitable for classifying

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 BEP relationships (in eV) for different classes of elementary steps on Cu (left) and Pd (right) catalysts. Steps considered: (a) hydrogenation;
(b) protonation; (c) C—C coupling; (d) C—-O cleavage steps. Typical transition state structures are illustrated on the right side of the figure, with forming
and breaking bonds indicated by dashed lines. The yellow dashed line in Fig. 4c (right) was extrapolated for clarity.

reaction steps rather than numerical estimates of activation
energies, although they still yield low RMSD values of 0.10 for
Cu and 0.05 for Pd.

The next reaction class, C-C coupling, also shows two TS
types differentiated by reactant structures. Couplings of for-
mally nucleophilic CH;*:

CH,* + CH,0* — CH,CH,0*,
CH,* + CO,* — CH,;COO¥,

CH3* + CO* —» CH3;CO*

occur via a TS akin to nucleophilic addition to carbonyls, where
CH; migrates from the metal to the carbon (yellow data in
Fig. 4c). Fewer data points were calculated for this family of

© 2026 The Author(s). Published by the Royal Society of Chemistry

elementary steps than for more abundant hydrogenation or
protonation steps in the reaction network. The three data
points calculated for Cu follow the same BEP relationship with
an RMSD of 0.10 eV. At the same time, the correlation between
the reaction and activation energies of these steps is less clear
on Pd catalysts. In this case, the CH;* and CO* association is an
outlier from the obtained BEP relationship, raising its RMSD to
0.36 eV (solid line in Fig. 4c; see the structure in Fig. S11) from
0.13 without it (dashed line).

Another type of C-C coupling involves intermediates with
double or triple bonds, such as CO,* and CO*, as well as bridge-
bonded CH,* (x = 1-2). In these cases, the bond multiplicity in
the CO- or CO,-containing moiety decreases, while the CH,
moiety becomes singly bonded to the surface, leading to the
formation of a new C-C bond. Due to this bond redistribution,
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this class is designated as metathesis (dark orange data in
Fig. 4c). Linear regression of all data points calculated on Pd
catalysts yields an RMSD of 0.14 eV. On Cu, the BEP relation-
ship for all such steps has an RMSD of 0.44 eV (solid orange
line in Fig. 4c), which decreases to 0.20 eV if one outlier, CH*
coupling with CO*, is removed from the analysis (dashed
orange line in Fig. 4c; see the structure in Fig. S11). Such
deviation of CH*-CO* coupling from the common trend
indicates that the transition state for this reaction on Cu
may need to be attributed to another TS class, which has not
been comprehensively represented in the considered reaction
network.

The final reaction class involves C-O cleavage, featuring a
predominant TS type akin to the reverse of OH™ nucleophilic
addition to carbonyls (red data in Fig. 4d). Both cleavage
products, OH* and the organic moiety, remain bound to the
metal surface in the transition and final states. Significant
outliers from BEP relationships on both Cu and Pd catalysts
(structures in Fig. S12) include:

OCH,OH* — CH,O* + OH*
(AG* = 0.24 €V on Cu, 0.34 eV on Pd),

CH,CH(O)OH* — CH;CHO* + OH*
(AG* = 0.13 eV on Cu, 0.18 €V on Pd).

Excluding these outliers from BEP correlation on Cu catalysts
lowers its RMSD from 0.34 to 0.16 eV. The divergence of these
elementary steps from BEP relationships likely results from the
involvement of low-coordination edge sites in the TS and the
aldehyde moiety bonding via O to the surface, unlike other C-O
cleavages, where surface bonding occurs via C. We did not
isolate these two elementary steps into a separate BEP due
to their low number, although site-specific BEPs are generally
recommended.®’

Finally, CH;OH features a unique C-O cleavage mechanism
where the CH; group becomes unattached to the metal surface
in the TS on both Cu and Pd catalysts (grey data point in
Fig. 4d; structure in Fig. S13). Here, CH; adopts a planar
configuration indicative of either the CH;" or CH;" state (unlike
strictly non-planar CH;).°® Bader charge analysis in Fig. S13
shows that the carbon atom of the CH; moiety in the TS bears a
slightly negative charge, confirming the CH;* state. The ima-
ginary vibrational mode in these TS shows CH;* moving into
the gas phase, indicating that this cleavage in CH;OH on both
metals resembles a classic homolytic bond cleavage, yielding
CH;* and OH*.

In general, our analysis reveals significant differences
between BEP relationships calculated on Cu and Pd for various
elementary steps. A discussion of BEP relationships within the
presented catalytic reaction network, extended to a broader set
of metals, is available elsewhere.”’ This finding strongly devi-
ates from the widespread understanding of BEP relationships
and their common application across various metals in com-
putational catalyst design studies.’>®® In particular, the derived
BEP relationships highlight the exceptional catalytic properties
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of Cu discussed earlier. Cu is calculated to be generally more
active than Pd in hydrogenation steps despite the well-
recognized activity of the latter in hydrogenation catalysis.
Moreover, the only step with an unusually high hydrogenation
barrier on Cu catalysts is the hydrogenation of CH3z* to
methane, which is considered an undesired product in most
industrial processes. In turn, protonation barriers on Cu gen-
erally exceed 1 eV, contrasting with notably lower protonation
barriers of Pd, which is in line with much more negative charge
on H* atoms adsorbed on the former (Section S6). Moreover,
copper’s notable activity in C-C coupling via metathesis transi-
tion states (Fig. 4c) distinguishes it from Pd (Section S3). Both
metals show a broad range of C-O cleavage barriers (0.2 to
1.5 eV) with low barriers only for the OH elimination from
OCH,OH* and CH;CH(O)OH* catalyzed by NP edges, leading to
the formation of CH,O* and CH3;CHO* (see the equations
above). These findings highlight that both Pd and Cu may
need promoters or co-catalysts (e.g., Co) to facilitate the other
higher-barrier C-O cleavage steps. In particular, Cu catalysts
have low activity in OH* protonation, which is necessary for the
production of water byproduct and regeneration of active sites
on the catalyst.

The differences between catalytic trends calculated on Cu
and Pd suggest that mixed Cu-Pd catalysts may have improved
activity in CO, hydrogenation. Indeed, Pd sites are highly
active in CO, hydrogenation to CO (which poisons Pd at low
temperatures) and in the conversion of the formed OH* into
H,0, necessary to close the cycle and return the catalyst to its
initial state (see Section S3 for details). The produced CO* is
very mobile on the catalyst surface and may migrate towards Cu
sites via a desorption/readsorption mechanism. In turn, Cu
catalysts are quite active in further selective hydrogenation of
CO with minimal methane by-product formation as well as C-C
coupling steps. Thus, our analysis is in line with recent experi-
mental mechanistic studies of highly selective CO, hydrogena-
tion to ethanol on Pd,Cu catalysts, which identified CO*
hydrogenation into HCO* as the rate-limiting step, alleviating
the CO* poisoning of the catalyst.”

Summary and conclusions

We introduced a new methodology for constructing and disen-
tangling catalytic reaction networks and applied it to the
analysis of CO, conversion into value-added chemicals. Our
methodology merges rapid semi-empirical explorations with
accurate DFT modeling to understand diverse reaction path-
ways. It speeds up the identification of key intermediates and
clarifies catalytic mechanisms, providing deep insights into
catalytic behavior. Moreover, our study provides a more realis-
tic representation of nanostructured catalysts, including facet
and edge sites as well as facile diffusion of adsorbates between
them, which is shown to be crucial for the understanding of
CO, hydrogenation kinetics and rational design of catalysts for
this reaction. The importance of considering both facets and
edges in nanoparticle models cannot be overstated, as they

© 2026 The Author(s). Published by the Royal Society of Chemistry
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account for the diversity of active sites in real-world catalysts,
thereby enhancing our understanding of catalytic behavior
and aiding in the rational design of materials with optimized
surface features.

Our catalytic network analysis reveals the ability of Cu to
selectively produce methanol in CO, hydrogenation and sug-
gests the promising potential of Cu-based catalysts for the
synthesis of C, oxygenates with the help of co-catalysts in
multicomponent systems. Notably, we highlight the role of
formaldehyde as a functionally pivotal intermediate, leading
either to methanol or, via coupling with CH,*, to ethanol
precursors. This branching point defines the unique reactivity
of Cu: CH,* can participate in multiple low-barrier C-C cou-
pling steps, while further hydrogenation of CH, species to
methane is kinetically hindered. This relative inactivity of Cu
in methanation reactions, coupled with facile C-C formation
once CH,* is accessed, defines a selectivity pattern in line with
experimental studies. Moreover, the catalytic activity of Cu is
further increased by the rapid surface diffusion of the reaction
intermediates, which allows the facet and edge sites to function
as an integrated active site.

These insights translate into a set of suggestions for the
design of Cu-based catalysts. First, catalyst nanoparticles can
be engineered with abundant or stabilized low-coordinated
sites to facilitate steps requiring undercoordinated metal atoms
(CO, activation; OCH,OH* decomposition into CH,O*). Sec-
ond, high activity of Cu in C-C coupling steps can be exploited
by mixing Cu with components such as dopants, CoO,, or
acidic supports bearing OH groups, to promote the identified
high-barrier steps (protonation and C-O cleavage). Indeed,
hydroxyl-rich oxide supports have been reported to enhance
the selectivity of CO, hydrogenation to ethanol by stabilizing
oxygenated intermediates and enabling subsequent C-C
coupling processes on various catalysts,®®"%*

Moreover, we establish highly accurate transition-state-aware
BEP relationships for critical elementary steps in CO, hydrogena-
tion to facilitate further computational studies of this reaction.
These BEP relationships apply to C;. pathways that include
iterative CH, insertions via similar transition states, like those
involving C;_, intermediates analyzed here. The obtained BEP
relationships were found to be significantly different on Cu and
Pd catalysts, suggesting the necessity to reevaluate the transfer-
ability of BEP relationships between various materials. This sug-
gests that BEPs should be formulated only for reactions with
similar transition state classes or adsorbate coordination motifs,
which could change with metal catalyst identity or alloy composi-
tion. Otherwise, the predictive accuracy of the constructed BEP will
degrade. Therefore, high-throughput screening studies in compu-
tational catalyst design should apply transition-state-class-specific
BEPs, in accordance with representative site and binding motifs
rather than relying on a single “universal” relationship. Since the
structures of the pre-reaction intermediates are sufficient to
determine the transition state class (as the reacting functional
group dictates the TS structure), the proposed approach to the
construction of accurate BEP relationships paves the way for
machine learning applications in rational catalyst design.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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This work is meant as a blueprint for future research in CO,
hydrogenation, introducing methods for the rapid and precise
exploration of reaction networks through advanced quantum
chemical techniques. Although selective CO, hydrogenation to
valuable chemicals is technically complex and challenging, this
reaction offers an opportunity for sustainable and CO,-negative
chemical synthesis; our methodologies and insights are instru-
mental in addressing this complexity in the goal of designing
catalysts for the carbon-neutral economy.

Methods

Since a new multistep methodology was employed in construct-
ing the reaction network, a detailed description of the metho-
dology, computational parameters, and the rationale for the
choice of the DFT functional is provided in the SI, while the
main methods are summarized here. Spin-polarized DFT cal-
culations were performed using the revPBE®® functional in
VASP 6.3.2. We set a plane-wave energy cutoff at 415 eV and
employed the PAW method.’® Dispersion was accounted for via
the DFT-D3 scheme with Becke-Johnson damping.®”*® System
geometries were pre-optimized using the GFN1-xTB method®®
in ASE'° (see the SI for details on the multistep procedure for
high-throughput semi-empirical reaction network exploration).

The reactivities of Cu and Pd catalysts were modelled using
bare unsupported Cu,o and Pd,y to focus on the intrinsic
reactivity of the metal sites, as mentioned above. Such unsup-
ported nanoparticle models closely mimic the properties of
nanoparticles supported on inert materials, such as Mg0O'*!
and graphene,'® whereas more active supports could have a
stronger effect on the catalyst activity.'®® For example, our
recent studies indicate that crystalline Cgo or ZnO'**'** can
affect the barriers for electrochemical or thermal CO, reduction
or hydrogenation barriers by up to 0.3 eV on highly active Pd
and Cu catalysts, respectively.'®® The full description of the
models is provided in the SI.
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