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1 Introduction

Global energy demand continues to rise, increasing by 2.2% in 2024, with over 80% of this
growth originating from emerging and developing economies.! Fossil fuels still supply roughly
81-82% of global primary energy, resulting in more than 40 Gt of CO2 emissions in 2024.2 The
steady increase in atmospheric COz strongly correlates with global temperature anomalies and
contributes to intensified heat extremes, altered precipitation patterns, sea-level rise, ocean
acidification, and biodiversity loss, all of which pose substantial societal risks, including

reduced agricultural productivity and heightened water and food insecurity.
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Figure 1 — Atmospheric CO2 concentration® and the Global Land—Ocean Temperature Index* over recent decades. The inset
illustrates the correlation between these two variables, with the coefficient of determination (R?) indicated.

International policy frameworks aim to mitigate these impacts: the Paris Agreement targets
limiting warming to 1.5-2 °C, while the European Green Deal mandates at least a 55%
reduction in emissions by 2030 relative to 1990. Although renewable and nuclear energy offer
pathways toward decarbonization, full displacement of fossil fuels will remain gradual due to
intermittency, infrastructure constraints, and socio-economic barriers, necessitating
complementary approaches.

Among these, Carbon Capture and Utilization (CCU) technology seeks to capture CO2 and
convert it into fuels, chemicals, or materials. Although transformations such as CO:
hydrogenation to methanol are thermodynamically feasible, the reactions are hindered by
kinetic limitations and therefore require effective catalysts.> The rational design of catalysts
capable of lowering activation energies and steering selectivity is thus central to enabling viable

CCU processes and essential for future low-carbon energy systems.



2 Literature Review

COs2 is a thermodynamically stable molecule — existing in the highest oxidation state of
carbon — and therefore its activation requires substantial energy input. The high kinetic barriers
associated with CO2 conversion are often attributed to the large polarity and short bond length
of the C=0 bonds. Depending on the mode of energy input, three principal catalytic approaches
are distinguished: thermal, electrochemical, and photochemical methods.® In practice, the most
straightforward approach to CO: reduction is its thermocatalyic conversion, typically
performed between 200-900 °C and mild or elevated pressure conditions. Thermal CO2
conversion can proceed via several distinct routes,” based on the applied catalysts and
conditions, typically yielding energy carriers. In the reverse water—gas shift (RWGS) reaction
(CO2 + H2 —» CO + H20), carbon monoxide is first generated and can subsequently be
hydrogenated to methanol or methane, or — following RWGS — fed into Fischer—Tropsch (FT)
synthesis, where syngas is converted to hydrocarbons of various chain lengths. Alternatively,
direct hydrogenation via a formate intermediate can also lead to methanol and methane. At
present, no single pathway is universally preferred, as the most suitable route depends strongly
on the targeted application.

A detailed mechanistic understanding is indispensable for the rational design of efficient
CO2 hydrogenation catalysts. The RWGS reaction exemplifies this need, as analysis of its two
possible pathways®’, suggest that an effective catalyst should be bifunctional, combining active
sites for hydrogen dissociation with oxide supports that facilitate CO> activation.” Accordingly,
typical RWGS catalysts are based on well-dispersed metal nanoparticles supported on metal
oxides, which maximize the interfacial area between metal and support!® and enable facile
hydrogen dissociation'! and spillover!? to activate adsorbed COs.

The selectivity of CO:2 hydrogenation depends on a careful balance between
thermodynamics, kinetics, and the stabilization of key intermediates. For example, while
methanol synthesis and FT are exothermic, RWGS is endothermic and therefore requires higher
temperatures to proceed efficiently. Low-temperature operation would be economically
desirable, but is limited either by kinetics (methanol, FT) or thermodynamics (RWGS).”
Pressure plays a decisive role as well, particularly for methanol synthesis, where elevated
pressures enhance conversion. Among intermediates, CO binding strength is central: strong CO
binding favours methanol'® and hydrocarbon formation, while weaker CO binding promotes
RWGS. Accordingly, tailoring catalyst properties to control CO adsorption strength is crucial

for pathway selectivity.’



Since the late 1990s, following the pioneering discovery of the remarkable reactivity of
ultrasmall gold particles,'*!* the rapid advancements in nanoscience have positioned
nanocatalysis as a major area of research.!®!7 A key objective has been the development of
well-defined catalysts in which metal nanoparticles are combined with nanoscale supports.
Their distinct reactivity originates from the nanoscale regime, which imparts properties
unattainable in bulk materials, such as exceptionally high surface area and the abundance of
low-coordinated, highly reactive metal atoms.'® Further reduction in size leads to metal clusters
containing a countable number of atoms. In these systems, the continuous electronic bands
typical of bulk metals give way to quantized energy levels, resulting in pronounced size-
dependent variations in physicochemical properties — an effect commonly referred to as the
quantum size effect.!” Because the properties of clusters depend sensitively on their exact
atomicity, the addition or removal of a single atom (or even an electron) can qualitatively
modify both their chemical behaviour and catalytic activity, rendering such systems highly

tuneable.?’
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Figure 2 — a) Electronic state transition from bulk metal/semiconductor to small cluster.”! b) Physicochemical properties as a
function of size of the system.?

In industrial practice, methanol is synthesized from syngas over a CZA (Cu/ZnO/Al203)
catalyst at elevated pressures (10-100 bar).?? These catalysts are typically prepared by
co-precipitation,?® resulting in porous aggregates of Cu and ZnO nanoparticles (NPs).>* The
system is considered structure-sensitive, as its activity can vary by orders of magnitude
depending on the preparation method.”® A similar dependency was observed in studies
correlating the reaction rate with the size of copper nanoparticles.?® To further exploit the
advantages of nanoclusters, size-selected Cus clusters supported on Al2Os thin films were
investigated for CO: reduction in the presence of hydrogen at low CO: concentration.?” The
performance of this catalyst was benchmarked against both an experimentally validated
NisGa3/SiO:2 system?® and the industrially employed CZA catalyst, and it was concluded that

the supported Cus clusters exhibited significantly higher activity in the low-pressure methanol
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synthesis. These insights form the foundation and motivation of my work, in which I seek to
establish a mechanistic understanding that enables the rational design of catalysts with
improved activity and selectivity for CO2 conversion, focusing primarily on copper clusters.

Moreover, since catalysis typically occurs at specific active motifs — single atoms® or small
ensembles®® — gas-phase clusters serve as model systems for investigating the catalytic
behaviour of nanoclusters deposited on inert supports.>!* They offer well-defined composition,
precise geometry, and clean surfaces, allowing detailed mechanistic analysis and systematic
investigation of size, dopant identity, composition, and charge state.>* These features make
clusters simultaneously theoretical model systems and candidates for practical catalysis.

The catalytic properties of metal clusters can be tuned through their size, geometry,
composition, and electronic structure. While size- and geometry-dependent reactivity has been
extensively studied,?>3>*" composition has only recently gained attention,** despite its
considerable potential for catalytic applications. Anionic clusters possess excess electrons that
can promote activation via donor—acceptor interactions.>>***® Whereas numerous experimental
and theoretical studies indicate that the active sites of copper catalysts for CO2 hydrogenation

13,40.49-53 \which underscores the relevance of

tend to exhibit a slightly positive character,

investigating cationic clusters as well.
Gas-phase cluster studies typically combine DFT calculations with spectroscopic methods

to assess catalytic activity and its determining factors. Among these, IRMPD (Infrared

54-56

Multiphoton Dissociation) spectroscopy is widely used to probe bare clusters and to

investigate adsorption and activation processes®’

, providing insight into adsorption
geometries and bond-activation pathways. However, such techniques alone cannot fully resolve
reaction mechanisms, provide direct structural information on the clusters or rapidly screen
catalytic performance. Consequently, experimental IR spectra are commonly interpreted
through comparison with calculated spectra, enabling structural assignment of
intermediates.*>-¢!> While quantum chemical calculations identify potential reaction pathways,
assessing the feasibility of individual steps under realistic conditions requires kinetic modelling
in conjunction with experimental validation.

A representative example highlighting the limitations of a purely energetic analysis is
provided by the case in which Cuis appeared to be the most active cluster in CO2 hydrogenation
based on its lowest calculated activation barrier. Microkinetic simulations, however, showed
that Cuio exhibits the highest overall catalytic activity.’’ Similar discrepancies have been

demonstrated for CO oxidation on gold clusters: although DFT calculations predict Auio™ to be

the most favourable species energetically, kinetic analyses reveal Aus as the most active
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catalyst, with a turnover frequency more than an order of magnitude higher.®> These results
underline the relevance of the Sabatier principle®, which states that optimal catalytic activity
requires a balance between sufficiently strong adsorption to ensure surface coverage and
sufficiently weak interactions to avoid poisoning — conditions not captured by evaluating
activation barriers alone. Consequently, identifying the most active catalyst solely based on
DFT-derived energetics is inherently unreliable, as such approaches consider isolated reaction
steps rather than the full catalytic cycle. A meaningful assessment must instead incorporate all
elementary steps and competing pathways within a comprehensive kinetic framework.

While microkinetic modelling has been extensively explored in surface catalysis,®¢

a
generalized kinetic framework for gas-phase clusters — capable of capturing the broad pressure
range typically employed — has yet to be developed, despite the growing body of research on

nanocatalysts.

3 Computational Methods

I performed the DFT computations using the Q-Chem software package (versions 5.2-6.1)%".
To ensure appropriate level of theory, I benchmarked several functionals (PBE, PBEh, B3LYP,
TPSSh, CAM-B3LYP) and basis sets (def2-SVP/TZVP/TZVPP/TZVPD/QZVPP), against
CCSD(T)/def2-QZVPPD reference energies, identifying TPSSh/def2-TZVP as the optimal
choice. For the Cu.Cn~ system, I used additional diffuse functions to capture weak long-range
interactions. D3 dispersion corrections were applied generally, with exceptions for the initial
Cus + CO2 + H2 (XDM) and Co.Cr + CO2 (D4) systems, although dispersion effects were
evaluated and found negligible, as stronger interactions dominate in these systems. Reaction
mechanisms were probed via electronic-structure analyses, including FMOs, NBO charges,
Wiberg indices, DOS, ALMO-EDA, and COVPs, to elucidate bonding and interactions.

I followed a standard workflow to investigate the reaction mechanisms. For each system, |
identified the lowest-energy structure of the bare cluster by exploring multiple spin states and
initial geometries. Cluster—substrate intermediates were generated using our in-house
structure-building code. After optimisation, all stationary points underwent SCF stability and
harmonic frequency analyses, confirming minima and transition states (zero or one imaginary
frequency, respectively), with TS connectivity verified by IRC calculations. NEO-DFT®
revealed a uniform 6—7 kJ/mol shift, indicating negligible nuclear quantum effects.

I performed microkinetic simulations using MESMER 6.1%. I treated all steps as reversible
except the final Ha-desorption step in the Pt* + CHa reaction. Due to the sensitivity of reaction

rates to energies, | re-optimised each system at the TPSSh/def2-TZVPPD + D3 level and



computed single-point energies with CCSD(T)/def2-TZVPPD for direct use in the kinetic
model. Simulations with CCSD(T)/def2-QZVPPD energies showed negligible differences,
confirming the adequacy of the former level of theory. Lennard-Jones parameters were
estimated from molecular size and polarizability, and rotational constants were derived from
optimised structures. I chose the vibrational relaxation parameter (AEp,,,,) as the MESMER
default (230 cm™); sensitivity tests using 150 and 310 cm™! yielded consistent trends.
Quantum tunnelling was included via Eckart-potential fits, except for the Cus + H2 system.
Later analysis confirmed that tunnelling effects were negligible in all cases. In the simulations
I used constant H2, CH4, or CO2 concentrations corresponding to 0.1 mbar at 298 K, and helium

as the carrier gas.

4 Results

In this thesis, I investigated the fundamental mechanisms of CO:2 activation and
reduction on small metal clusters by performing DFT calculations and microkinetic modelling
in close collaboration with experimental partners (Dr. Joost Bakker’s group at Radboud
University, using the FELIX facility) who conducted IRMPD spectroscopy measurements. The
central aim was to understand how cluster size, composition, charge, and doping influence CO2
binding, activation, and dissociation, thereby providing atomic-level insights into the rational
design of future catalysts for CO: utilization.

A further major component of my work was interpretation and prediction of IRMPD spectra,
supported by PES analysis and microkinetic simulations. While static quantum chemical
computations on potential energy surfaces provide energetic landscapes and characterize
transition states and associated activation barriers, they cannot by themselves explain
condition-dependent product selectivity or feasibility. Conversely, IRMPD spectroscopy
supplies direct fingerprints of gas-phase cluster—adsorbate complexes but does not
unambiguously resolve the time evolution of intermediates or the branching between competing
pathways. To bridge this gap, I employed microkinetic modelling to simulate time- and
condition-dependent product distributions based on elementary steps on the PES, thereby
linking theory with experiment in a self-consistent framework.

I used the case study of the Pt* + CH4 reaction as a benchmark to demonstrate the power
of this experimental and theory combining approach. IRMPD spectra and previous
experimental findings had indicated striking differences in product selectivity at different
pressures. PES analysis revealed that two products arise from a common intermediate via

competing reaction pathways. Microkinetic simulations reproduced these trends and clarified
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the mechanistic origin of the observed selectivity, showing that collisional thermalization at
high pressure stabilizes the kinetically favoured Pt(CH3)2" channel, while under low pressure
the system retains excess vibrational energy long enough to bypass higher energy barriers and
access the PtC2Hs" route. The agreement of simulated spectra with IRMPD data confirmed that
the methodology consistently captures both structural and kinetic aspects. Overall, this
demonstrates that IRMPD provides structural fingerprints, PES mapping outlines possible
pathways, and microkinetics determines which channels prevail under experimental conditions,
establishing a broadly applicable strategy later employed to rationalize the reactivity of Cu- and
Co-based clusters with CO2 and Ha.

In my investigation of CO; hydrogenation on neutral Cu4 clusters, H> adsorption was
found to be more favourable than that of CO2, and kinetic simulations showed that its activation
is feasible already at room temperature, underscoring the inherent reactivity of Cus4 toward bond
cleavage. When coupled with COz, this reactivity leads to the facile formation of a stable
formate complex, however, the subsequent hydrogenation step faces a substantial barrier. As a
result, the reaction terminates at the formate, revealing both the strengths and the intrinsic

limitations of neutral Cuas cluster in promoting CO2 reduction.
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Cu, and H atoms, respectively.”

Recognizing these limitations, I explored transition-metal doping of copper clusters to
alter reactivity. Introducing dopants such as Sc, Ti, and V drastically reduced COz2 dissociation
barriers and stabilized key intermediates — primarily due to their partially filled d-orbitals and
higher oxophilicity, which stabilize O-bound intermediates — although excessively strong

binding could hinder catalyst regeneration. Mid-series dopants such as Mn and Cr could offer
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a compromise, balancing activation efficiency with feasible regeneration. Late transition-metal
dopants, in contrast, offered little benefit, as their filled d-shells reduced interaction with COx.
These trends highlight that the electronic structure of the dopant directly tunes the adsorption
strength and activation pathway, via adjusting the orbital interactions and energetic alignment
with the CO2 LUMO. Overall, doping transforms the limited reactivity of pure copper clusters
into systems where C—O bond cleavage and deeper reduction become accessible, underscoring

the potential of rational electronic modification in catalyst design.

r
A Ot

/J‘\ /‘T\m _-J/JF\» ) T /\\ /X> / J
150 - e \/ ~7 \/ \/ E } /J\/ /\ \ /
o / o
g . © \

200

ey i

100 ..
50-
0_

_50,

E (k)/mol)

—100-

—150-

—200-

—250-

—300-

Figure 4 — a) The reaction pathways for COz activation on Cu3X, where X is the dopant. Superscripts indicate the spin
multiplicities of the different structures along the reaction paths. Shaded areas indicate the transition states.”!

Another dimension of control arises from cluster charge states. In particular, positive
charging of Cuy clusters profoundly changes their reactivity toward COz. Unlike neutral
clusters, which enable activation via pre-bending and small electron back-donation to the CO2
LUMO, Cu4" binds CO2 more strongly through electrostatic interactions but with reduced
electron back-donation, leading to a much higher dissociation barrier and making cleavage both
energetically and kinetically unfavourable. IRMPD spectra confirm intact, end-on CO:2
adsorption without signs of dissociation.

For CO2 and H2 co-adsorption on the Cus” cluster, neither energetic analysis nor
experimental IRMPD data could unambiguously confirm whether H> dissociation occurs.
Spectra suggest molecular adsorption, though partial dissociation cannot be excluded.
Computations indicate slightly reduced Hz dissociation barriers in the presence of COz, likely
due to steric effects, although CO: cleavage remains strongly hindered when H: is present,
moreover the increased cluster electropositivity upon hydrogen dissociation further suppresses
reductive activation. A formate intermediate is theoretically possible via hydride migration, but

only through a high-barrier, two-step process.



The previously mentioned ambiguity prompted me to perform a detailed kinetic analysis to
evaluate H> activation under varying conditions. Mechanistic investigation showed that
dissociation on Cus" follows a complex, multistep pathway, with several high barriers.
Simplifying the mechanism to two steps (adsorption and dissociation) preserved kinetic fidelity
and enabled comparison with experiments. Relative to the neutral cluster, Cus" exhibits
markedly slower Hz dissociation and lower coverage of dissociated species, highlighting the

adverse effect of positive charging on hydrogen activation.
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Figure 5 — Simplified reaction mechanism of Cus™ + Ha + COz illustrating the possible co-adsorption pathways of H2 and CO:
(dashed lines indicate multi-step reactions). Red, black, yellow, and grey spheres represent O, C, Cu, and H atoms,
respectively.”” Part of the illustration is made by Olga Lushchikova, based on my computational results.

The effect of negative charging, was investigated as an additional control parameter,
motivated by the previous observation that positive charge suppresses CO2 reduction by
limiting electron availability. Providing excess electrons was therefore expected to promote
activation. However, generating pure anionic copper clusters proved experimentally
challenging due to their intrinsic instability; this was overcome through carbon doping by the
experimental partner group, which enabled the preparation of Cu.Cn~ species for IRMPD
studies. The results revealed a clear size-dependent trend: CusC~ predominantly exhibited
molecular CO2 adsorption, whereas Cu7C~ favoured dissociative binding. This contrast was
mechanistically supported by computed potential energy surfaces and attributed to differences
in charge-transfer magnitude, which governs CO: activation. Introducing a second carbon atom
generally suppressed dissociation, likely due to the higher electron affinity of carbon, which
reduces electron density on Cu atoms and thereby limits back-donation into the CO2 LUMO.
These results indicate that cluster size, alongside charge state and doping, critically controls the

balance between molecular activation and dissociation.
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Given the importance of size effects, CO2 adsorption on Cu," clusters (n = 1-10) was
initially studied experimentally by our collaborators, with computational support provided by
me to aid interpretation. Both IRPD (Infrared Photodissociation) spectra and DFT computations
showed that CO2 binds in an n' configuration via one oxygen atom, with binding strength and
vibrational shifts decreasing as cluster size increases due to reduced charge localization and
polarization. Small clusters (n < 4) exhibited the strongest interaction and largest blue shift of
the asymmetric stretch. Co-adsorbed H2O induces only minor changes in vibrational
frequencies, with slightly more pronounced effects in smaller clusters. Energy decomposition
analysis confirms that polarization is the dominant interaction mechanism, while charge
transfer plays a secondary role. Overall, these results demonstrate that smaller clusters provide
enhanced CO2 binding energies and interaction, offering insights for the rational design of

catalysts with tuneable adsorption properties.
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Following the initial experimental observations by the partner research group, and building
upon prior investigations focused on copper-based clusters, I extended the scope of CO2
activation study to include chromium doped cobalt cluster, thereby exploring the catalytic
potential of alternative transition metals. Experimental IRMPD spectroscopy combined with
DFT computations reveals that Cr-doping significantly modifies the electronic structure of the
Co cluster, lowering COz2 dissociation barriers and enhancing reaction energies compared to the
undoped system. Mechanistic analysis identifies barrierless linear adsorption followed by CO2
bending and bond cleavage, with kinetic simulations confirming that doping facilitates
dissociation. Importantly, these results validate that the atomistic energetic and microkinetic
modelling framework and the integrated computational-experimental workflow originally

established for Cu clusters can be successfully applied to other systems.
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S Possible Applications
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The modelling framework introduced here offers several concrete avenues for practical
deployment. The combination of efficient thermodynamic screening with microkinetic analysis
effectively transforms gas-phase cluster studies into a high-throughput platform for identifying
active motifs representative of real catalysts. Coupling these predictions with operando-inspired
reactive infrared spectroscopy ensures strong correspondence with experiment, facilitating
rapid validation of mechanistic hypotheses. This dual approach positions the methodology as a
scalable tool for the targeted discovery and optimisation of catalytic materials for CO2
activation.

The insights obtained also hold relevance for the design of supported and heterogeneous
systems. Although gas-phase clusters served as idealised models, the underlying trends in
dopant effects, charge redistribution, and adsorption energetics provide guidance for tailoring
supported metal clusters, where local environments may introduce additional interactions.
Extending the present approach to supported systems, mixed-metal clusters, or size-selected
nanoparticles could therefore yield practical strategies for enhancing activity, stability, and
selectivity under technologically relevant conditions. Controlling cluster composition and
electronic structure may assist in steering product distributions toward desired Ci or Cz products,
a central challenge in CO: utilization.

The utility and transferability of the approach have already been demonstrated in an
industrial research setting. Within the Cooperative Doctoral Programme, the designed

workflow was successfully adapted to a project centred on CO2 capture materials, carried out
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at the Furukawa Electric Technology Institute. The methods, namely the developed
microkinetic framework connected to atomic simulations, paired with different electronic
structure analyses and design concepts, including factors governing CO2 binding modes and
energies, developed in this thesis directly supported the evaluation and optimisation of sorbent
candidates, underscoring the broader practical relevance of the framework.

Overall, the results presented here highlight how molecular-level insight into cluster
reactivity can translate into actionable strategies for catalyst and materials development. By
bridging high-accuracy computation, kinetic modelling, and targeted experimentation, the
methodological foundation laid in this work opens several pathways for the rational design of

catalytic and sorbent systems aimed at addressing energy and environmental challenges.

6 Thesis Points

L. Based on my DFT calculations, introducing first-row transition-metal dopants (Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Zn) into the gas-phase Cus cluster significantly modifies the CO2
dissociation barrier and reaction energies relative to the undoped cluster. While Co- and
Ni-doped systems exhibit thermodynamically unfavourable CO2 dissociation, all other dopants
promote favourable CO2 dissociation with lowered barriers and reaction energies. The barrier
trend indicates that early transition metals with low d orbital occupancy are the most effective
dopants, highlighting the superior performance of Sc, Ti and V. Reaction energies increasing
with increasing O—X bond order. Dissociation barriers decrease with increasing O—-X and
decreasing C—O bond order. Furthermore, higher back-donation from the cluster to COz is
associated with lower activation energies. Dopant electronegativity, HOMO-LUMO gap, and

frontier orbital overlap also influences activations.”!

I1. I developed a master-equation based microkinetic model for gas-phase cluster reactions
and validated it on the Pt" + CH4 system. The model successfully reproduced the experimentally
observed pressure-dependent selectivity: while high-pressure collisional thermalization
stabilizes the Pt(CH3)2" product, low pressure allows the formation of the PtC:Hs" via
chemically activated, non-thermalized intermediates. Using a custom-written visualization
program that generates time-resolved, population-weighted infrared spectra, a quantitative
correspondence is established between reaction time and experimental spectra under defined

conditions, enabling mutual prediction.”

1. Upon positive charging of the Cua cluster, the activation barriers associated with CO2

and H2 dissociation are increased. The CO2 hydrogenation reaction remains limited to CO2—H:2
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co-adsorption, potentially followed by H> dissociation,” rather than proceeding to the formate
formation pathway identified for the neutral system.’”® According to experimental and potential
energy surface analyses H2 dissociation remained uncertain. Therefore, using the developed
microkinetic model, I demonstrated that the reaction mechanism can and should be reduced
without losing its essential kinetic features. According to the model, Hz dissociation becomes

accessible only at elevated temperatures and higher Hz concentrations.”

IV. COz adsorption on Cu,* clusters (n = 1-10) occur via an n'-O binding mode, with
interaction strength and vibrational shifts of CO2 decreasing with cluster size due to reduced
charge localization and polarization. Polarization dominates the interaction, while charge
transfer is secondary. Small clusters (n < 4) exhibit the strongest CO2 binding, highlighting

size-dependent tunability relevant for catalyst design.”

V. CuxCn clusters, revealed size-dependent CO: activation: CusC~ favoured molecular
adsorption, while Cu7C~ promoted dissociation. COVP analysis linked this behaviour to
charge-transfer differences. An additional carbon atom Cu.C2~ generally suppressed

dissociation.”

VL The reaction mechanisms of both Co3* + CO2 and Cr-doped Co:Cr" + CO2 were
investigated, showing that Cr doping lowers the activation barrier and increases both adsorption
and dissociation reaction energies. Kinetic computations revealed linear CO2 adsorption on
Cos* and COz2 dissociation at elevated temperatures in the doped Co2Cr* system, with pressure
variation having no significant effect. These computations are in line with the experimental

findings.
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