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Abstract

Catalysis plays a crucial role in modern chemical manufacturing, energy conversion, and
environmental protection by enabling chemical reactions to occur more rapidly, selectively, and with
reduced energy consumption. A fundamental understanding of catalytic processes at the atomic and
electronic levels is essential for the rational design and optimization of catalysts. Quantum chemistry
has emerged as a powerful theoretical and computational framework that enables detailed
investigation of electronic structure, reaction energetics, and catalytic mechanisms. By providing
molecular-level insight into electron distribution, orbital interactions, and transition-state
stabilization, quantum chemical methods bridge the gap between experimental observations and
microscopic reaction dynamics. This review comprehensively examines the role of quantum chemistry
in catalysis research, highlighting fundamental concepts, computational methodologies, mechanistic
insights, and practical applications. Key quantum-mechanical principles relevant to catalysis,
including electronic structure theory, potential energy surfaces, transition states, and donor—acceptor
orbital interactions, are discussed in the context of catalytic activity and selectivity. Major
computational approaches such as Hartree—Fock theory, post—-Hartree—Fock correlated methods, and
density functional theory are evaluated in terms of their theoretical foundations, computational
efficiency, and applicability to catalytic systems. In addition, hybrid techniques such as quantum
mechanics/molecular mechanics (OM/MM) are explored for studying complex catalytic environments,
particularly enzymatic systems and supported catalysts. The review further highlights the application
of quantum chemistry in homogeneous, heterogeneous, and enzymatic catalysis, demonstrating how
computational methods reveal reaction mechanisms, determine activation energies, and identify rate-
determining steps. Case studies such as ammonia synthesis illustrate how quantum chemical
calculations contribute to mechanistic understanding and catalyst optimization. Recent developments
including high-throughput computational screening, machine-learning-assisted catalyst discovery,
multiscale modeling, and emerging quantum computing technologies are also discussed. Despite
challenges related to computational cost and methodological limitations, the continued integration of
quantum chemistry with experimental studies and data-driven approaches is expected to accelerate
catalyst discovery and support the development of efficient, selective, and sustainable catalytic
systems for future chemical and energy technologies.
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Schrodinger equation approximately for molecular and solid-state systems, quantum chemistry reveals
how electrons reorganize during catalytic reactions, providing predictive power that guides
experimental efforts [1].

Catalysis plays a foundational role in modern society, underpinning nearly 90% of chemical
manufacturing processes and enabling efficient production of fuels, chemicals, pharmaceuticals,
fertilizers, and advanced materials. Beyond industry, catalysis is indispensable for energy conversion
technologies such as fuel cells, electrolyzers, photocatalytic water splitting, and CO: reduction, as
well as for environmental protection, including emission control, pollutant degradation, and green
chemical transformations. The economic and societal importance of catalysis has driven continuous
efforts to improve catalytic activity, selectivity, stability, and sustainability [2]. Historically, catalyst
development was dominated by empirical trial-and-error approaches, where materials and reaction
conditions were optimized through extensive experimental screening. While this methodology led to
many successful catalytic systems, it often lacked fundamental understanding and was time-
consuming, resource-intensive, and limited in predictive capability. Small compositional or structural
changes in catalysts frequently resulted in large, unpredictable variations in performance, making
rational optimization difficult. As catalytic reactions are governed by electronic interactions occurring
at atomic length scales and femtosecond timescales, classical chemical intuition alone proved
insufficient to fully explain or predict catalytic behavior. The emergence of quantum chemistry has
fundamentally transformed catalysis research by providing a rigorous theoretical framework to
describe chemical bonding, electron distribution, and reaction energetics at the molecular and
electronic levels. Rooted in quantum mechanics, quantum chemistry enables approximate solutions to
the Schrodinger equation for atoms, molecules, and solids, allowing researchers to model how
electrons reorganize during adsorption, bond activation, transition-state formation, and product
desorption. These electronic rearrangements ultimately determine reaction rates, selectivity, and
catalyst stability, making quantum chemistry uniquely suited to uncover the microscopic origins of
catalytic performance [3-4].

Advances in computational power and theoretical methods particularly density functional theory
(DFT), ab initio wave function approaches, and hybrid quantum/classical techniques have made it
possible to study increasingly complex catalytic systems with practical accuracy. Quantum chemical
calculations provide direct access to potential energy surfaces, activation barriers, reaction
intermediates, and electronic descriptors that link catalyst structure to reactivity. As a result, catalysis
research has shifted from a largely empirical discipline toward a mechanism-driven and predictive
science, where computational insights guide experimental design, interpretation, and optimization [5]

Today, quantum chemistry is deeply integrated into the study of homogeneous, heterogeneous, and
enzymatic catalysis, offering a unified language to describe processes ranging from metal-ligand
interactions in molecular catalysts to surface reactions on solids and highly selective transformations
in biological systems [6]. By revealing structure—activity relationships and enabling rational catalyst
design, quantum chemistry has become an indispensable tool in addressing global challenges related
to energy efficiency, environmental sustainability, and green chemical synthesis. This review explores
the pivotal role of quantum chemistry in catalysis, highlighting its theoretical foundations,
methodological advances, and transformative impact on modern catalytic science [7, 8].

FUNDAMENTALS OF QUANTUM CHEMISTRY RELEVANT TO CATALYSIS
Quantum chemistry describes chemical systems through electronic wave functions and energy
states. In catalysis, key quantum-mechanical concepts include:

Electronic Structure: Distribution of Electrons in Molecular Orbitals or Bands
Electronic structure forms the foundation of quantum chemistry and is central to understanding
catalytic behavior. In molecular catalysis, electronic structure is described in terms of molecular
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orbitals, which represent allowed energy states for electrons formed by the combination of atomic
orbitals. The occupation, symmetry, and energy alignment of these orbitals determine how a catalyst
interacts with reactants, how bonds are formed or broken, and how charge is transferred during a
reaction. Frontier orbitals particularly the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) play a decisive role in governing reactivity, selectivity, and
activation barriers [9, 10].

In heterogeneous catalysis, especially on metal and semiconductor surfaces, electronic structure is
often described using electronic bands rather than discrete orbitals. Concepts such as the d-band
center, band dispersion, and density of states are widely used to correlate surface electronic properties
with adsorption strength and catalytic activity. Quantum chemical calculations allow detailed
mapping of these electronic features, revealing how changes in composition, surface structure, or
defects alter catalytic performance. Thus, understanding electronic structure provides a direct link
between atomic-scale structure and macroscopic catalytic behavior [11].

Potential Energy Surfaces (PES): Multidimensional Landscapes Describing Reaction
Pathways

A potential energy surface (PES) represents the energy of a chemical system as a function of
nuclear coordinates and serves as a conceptual map of a chemical reaction. Each point on the PES
corresponds to a specific arrangement of atoms, with valleys representing stable intermediates and
peaks corresponding to high-energy transition states. Quantum chemistry enables the construction of
PESs by calculating electronic energies for different molecular geometries, thereby revealing feasible
reaction pathways and mechanistic details that are often inaccessible experimentally [12].

In catalysis, PES analysis is particularly powerful because catalysts function by modifying the
energy landscape of a reaction. A catalyst lowers activation barriers by stabilizing intermediate and
transition states, effectively reshaping the PES to favor faster and more selective reaction pathways.
Comparing PESs for catalyzed and uncatalyzed reactions provides quantitative insight into catalytic
efficiency and rate enhancement. Such analyses are fundamental for identifying rate-determining
steps and for designing catalysts that optimize reaction energetics [13].

Transition States: High-Energy Configurations Controlling Reaction Rates

Transition states are critical points on the potential energy surface corresponding to maximum
energy along the reaction coordinate. They represent fleeting, high-energy configurations where old
bonds are partially broken, and new bonds are partially formed. According to transition state theory,
the height of the energy barrier between reactants and the transition state directly determines the
reaction rate. Quantum chemistry provides the tools to locate and characterize these transition states
with atomic-level precision [14].

In catalytic systems, the primary role of a catalyst is often to stabilize the transition state relative to
the reactants. Quantum chemical calculations reveal how specific interactions such as metal-ligand
coordination, hydrogen bonding, or charge redistribution—lower transition-state energies. By
analyzing transition-state geometries and electronic structures, researchers gain mechanistic insight
into why certain catalysts are more active or selective than others. This knowledge is essential for
rational catalyst design aimed at maximizing rate enhancement and selectivity [15-16].

Orbital Interactions: Donor—Acceptor Interactions Between Catalysts and Reactants

Orbital interactions provide a quantum-mechanical explanation for chemical bonding and reactivity
in catalysis. When a reactant approaches a catalyst, donor—acceptor interactions arise between filled
orbitals of one species and empty orbitals of another. For example, electron donation from a reactant’s
occupied orbital into an empty metal orbital, or back-donation from a metal d-orbital into an
antibonding orbital of the reactant, can weaken specific bonds and facilitate chemical transformation [17].
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Fundamentals of Quantum Chemistry Relevant to Catalysis
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Figure 1. Quantum Chemistry fundamentals for catalysis

Quantum chemistry allows detailed visualization and quantification of these interactions through
orbital analysis and charge-transfer calculations. In both homogeneous and heterogeneous catalysis,
such orbital interactions explain key phenomena such as bond activation and selectivity control, and
catalyst poisoning. Understanding donor—acceptor interactions enable chemists to tailor catalyst
electronic properties through ligand modification or surface engineering—to enhance desired
interactions while suppressing unfavorable ones. Consequently, orbital interaction analysis is a
cornerstone of mechanistic interpretation and rational catalyst optimization [18]. These principles
allow chemists to rationalize catalytic activity, selectivity, and stability at the most fundamental level
has shown in Figure.1

QUANTUM CHEMICAL METHODS IN CATALYSIS RESEARCAS AB INITIO AND
DENSITY FUNCTIONAL METHODS
Hartree—Fock (HF) Methods

Hartree—Fock (HF) theory provides a fundamental wavefunction-based framework for describing
the electronic structure of atoms, molecules, and solids. In HF, the many-electron problem is
simplified by representing the total wavefunction as a single Slater determinant, where each electron
moves in an average field created by all others. This mean-field approximation allows HF to capture
the essential features of electronic structure, such as orbital energies, bonding patterns, and qualitative
trends in reactivity. As a result, HF often serves as the conceptual and computational starting point for
more advanced quantum chemical methods.

However, a major limitation of HF is its neglect of electron correlation beyond the averaged
interaction. In real systems, electrons avoid each other dynamically due to their mutual repulsion, an
effect not adequately represented in the HF formalism. This omission leads to systematic errors in
predicted energies, reaction barriers, and weak interactions, which are especially important in
catalysis. Consequently, while HF is valuable for building intuition and reference wavefunctions, it is
generally insufficient for quantitative predictions in catalytic systems where correlation effects play a
crucial role [19].
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Post-Hartree—Fock (Post-HF) Methods

Post-HF methods were developed to systematically recover the electron correlation missing from
Hartree—Fock theory. Techniques such as Mpgller—Plesset perturbation theory (MP2) and coupled-
cluster approaches (e.g., CCSD and CCSD(T)) build upon the HF reference wavefunction by
incorporating excitations of electrons into virtual orbitals. These methods often achieve very high
accuracy, providing reliable reaction energies, activation barriers, and spectroscopic properties when
applied to well-defined molecular systems.

Despite their accuracy, post-HF methods are computationally demanding, with costs that increase
steeply as system size grows. This limits their routine application to small molecules or simplified
models of catalytic active sites. In catalysis research, post-HF calculations are therefore often used as
benchmark tools: they provide reference data for validating more approximate methods or for
studying key elementary steps in small catalytic clusters. Their role is critical but selective,
complementing rather than replacing more scalable approaches [19].

Density Functional Theory (DFT)

Density Functional Theory (DFT) offers an alternative framework in which the electronic structure
is described in terms of the electron density rather than the many electron wavefunction. By using
exchange—correlation functionals to approximate electron—electron interactions, DFT captures a
significant portion of correlation effects at a much lower computational cost than post-HF methods.
This balance between accuracy and efficiency makes DFT particularly attractive for studying realistic
catalytic systems, including large molecular catalysts, surfaces, and solid-state materials. As a result,
DFT has become the dominant computational tool in modern catalysis research. It enables the
exploration of reaction mechanisms, adsorption energies, and structure—activity relationships across a
wide range of catalytic materials. While the accuracy of DFT depends on the choice of functions and
can vary for certain properties, its scalability and versatility allow researchers to address chemically
relevant questions that are inaccessible to more expensive wave function-based methods. Table 1 has
summarized the three computational methods used in catalysis research [20]

Hybrid Quantum/Classical Approaches

For large systems such as enzymes or catalyst supports, QM/MM (quantum mechanics/molecular
mechanics) methods treat the active site quantum mechanically while modeling the environment
classically, enabling realistic simulations at feasible computational cost. Hybrid quantum/classical
approaches most notably QM/MM (quantum mechanics/molecular mechanics) are essential for
studying large, complex systems such as enzymes, metalloenzymes, and heterogeneous catalyst
supports where a fully quantum-mechanical treatment would be computationally prohibitive. In
QM/MM, the chemically active region (for example, an enzyme active site, metal center, or reacting
adsorbate) is described using an accurate quantum method such as DFT or post-Hartree—Fock theory,
while the surrounding environment (protein scaffold, solvent, or catalyst support) is modeled using
classical force fields [21].

Table 1. Computational methods used in catalysis research

Method Theoretical Basis |Accuracy Computational |Typical Applications|Key Limitations
Cost in Catalysis
Hartree—Fock |Wavefunction-based, |[Low—moderate |Low Qualitative  electronic|Neglects electron
(HF) mean-field (no electron structure analysis,|correlation; poor
approximation correlation) reference reaction energies and
wavefunctions barriers
Post-HF (MP2,|Correlated High to very|Very high (scales|Benchmarking, small|Limited to small
CCSD, wavefunction high steeply with|catalytic clusters, |systems due to
CCSD(T)) methods built on HF system size) accurate energetics computational expense
Density Electron density-|Moderate to|Moderate Reaction mechanisms,|Functional dependence;
Functional based with|high adsorption energies,|may  struggle  with
Theory (DFT) |exchange—correlation |(functional- surface catalysis, large|dispersion or strongly
functionals dependent) catalysts correlated systems
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Figure 2. Hybrid quantum/classical approaches.

These partitioning captures electronic effects like bond breaking/forming, charge transfer,
polarization, and spin states at the reactive center, while still retaining the structural and electrostatic
influence of the broader system. Careful treatment of the QM—MM boundary using link atoms, frozen
orbitals, or localized orbitals is critical to avoid artifacts and ensure chemical continuity between the
two regions has shown in Figure 2.

From a mechanistic and predictive standpoint, QM/MM enables realistic simulations of reaction
pathways, activation barriers, and intermediate stabilization under near physiological or operando
conditions. In enzymology, it has been instrumental in elucidating catalytic strategies such as acid—
base catalysis, metal-assisted activation, and proton-coupled electron transfer, where long-range
electrostatics and conformational dynamics play decisive roles [22, 23]. In heterogeneous catalysis,
QM/MM allows explicit modeling of support effects, defects, and solvent interfaces that strongly
influence activity and selectivity but are difficult to capture in small cluster models. Recent advances
including polarizable force fields, adaptive QM/MM schemes, and coupling with enhanced sampling
or machine-learning potentials are further improving accuracy and scalability. As a result, hybrid
quantum/classical methods now serve as a practical bridge between fundamental electronic structure
theory and experimentally relevant, large-scale catalytic systems [24, 25].

ROLE OF QUANTUM CHEMISTRY IN DIFFERENT TYPES OF CATALYSIS
Homogeneous Catalysis

Quantum chemistry elucidates:

(a) Metal-ligand bonding

(b) Oxidative addition and reductive elimination steps

(c) Ligand effects on activity and selectivity

Electronic descriptors derived from quantum calculations help design ligands that optimize
catalytic performance [26, 27].

Heterogeneous Catalysis
In surface catalysis, quantum chemistry explains:
(a) Adsorption energies of reactants on catalyst surfaces
(b) Activation barriers for bond dissociation
(c) Electronic structure—reactivity relationships

DFT studies of metal and metal-oxide surfaces have been crucial in understanding reactions such as
ammonia synthesis, CO oxidation, and hydrogen evolution [28-29].
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Enzymatic Catalysis

Quantum chemical calculations reveal how enzymes stabilize transition states, control proton and
electron transfer, and achieve remarkable rate enhancements. QM/MM simulations are especially
valuable for mapping enzymatic reaction pathways [30-31].

MECHANISTIC INSIGHTS FROM QUANTUM CHEMISTRY
Quantum chemistry provides:

Quantitative Activation Energies

Quantum chemistry enables the direct calculation of activation energies by locating transition states
on the potential energy surface and evaluating the energy barriers separating reactants and products.
Methods such as density functional theory (DFT) and post—Hartree-Fock approaches provide
quantitative free-energy barriers that can be directly compared with experimentally derived Arrhenius
parameters. These computed activation energies help rationalize why certain reactions proceed rapidly
while others are kinetically hindered, and they allow researchers to predict how changes in catalyst
composition, ligand environment, or reaction conditions influence reaction rates. As a result,
quantum-chemical activation energies form a rigorous theoretical foundation for interpreting and
predicting catalytic efficiency [32].

Identification of Rate-Determining Steps

By mapping complete reaction pathways and calculating the energetic profile of each elementary
step, quantum chemistry makes it possible to identify the rate-determining step (RDS) with
molecular-level precision. The step associated with the highest free-energy barrier typically controls
the overall reaction rate, and its nature can vary depending on catalyst structure or operating
conditions. Quantum-chemical analysis clarifies whether bond formation, bond cleavage, adsorption,
desorption, or electron/proton transfer limits the reaction. This insight is crucial for catalyst
optimization, as it directs design efforts toward selectively stabilizing the transition state of the RDS
or modifying the catalyst environment to lower the dominant kinetic barrier [33-34].

Visualization of Electron Density Flow During Reactions

Beyond energetics, quantum chemistry provides powerful tools to visualize how electron density
redistributes as a reaction proceeds. Analyses based on electron density difference maps, molecular
orbitals, charge transfer, and bonding descriptors reveal when and where electrons are donated,
accepted, or delocalized during bond breaking and formation. Such visualizations offer intuitive
insight into catalytic mechanisms, including metal-ligand cooperation, back-donation, and proton-
coupled electron transfer. By making abstract electronic processes observable, quantum chemistry
bridges the gap between macroscopic experimental kinetics and microscopic electronic behavior,
deepening mechanistic understanding and guiding rational catalyst design. These insights bridge the
gap between experimental kinetics and molecular-level understanding [35].

QUANTUM CHEMISTRY GUIDED CATALYST DESIGN

One of the most significant impacts of quantum chemistry is rational catalyst design.
Computational screening of catalyst compositions, surfaces, and ligands reduces experimental cost
and accelerates discovery. Descriptors such as adsorption energy, d-band center, and frontier orbital
energies are widely used to predict catalytic performance. Quantum chemistry—guided catalyst design
transforms catalyst discovery from a trial-and-error process into a predictive, mechanism-driven
workflow. Using first-principles methods such as density functional theory (DFT), researchers can
compute reaction energetics, surface structures, and electronic properties for large libraries of
candidate materials before any synthesis is attempted. By systematically screening catalyst
compositions, crystal facets, dopants, and ligand environments, computational studies identify trends
that govern activity, selectivity, and stability. This approach is especially powerful for heterogeneous
catalysis, where surface structure sensitivity and composition effects are difficult to isolate
experimentally [36]. Virtual screening dramatically reduces experimental cost and time by narrowing
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thousands of possibilities to a few high-value candidates with optimal binding characteristics and
reaction energetics.

Central to this strategy is the use of quantitative descriptors that link electronic structure to catalytic
performance. Adsorption energies of key intermediates provide insight into binding strength and
reaction feasibility, often revealing Sabatier-type relationships where neither too strong nor too weak
adsorption is optimal. The d-band center concept explains trends in transition-metal catalysts by
correlating the position of metal d-states relative to the Fermi level with adsorbate binding strength
and reactivity. For molecular and homogeneous catalysts, frontier molecular orbital energies
(HOMO-LUMO gap, orbital symmetry, and metal-ligand back-donation) govern activation barriers
and selectivity has shown in Figure 3. These descriptors enable the construction of scaling relations
and volcano plots, which guide rational optimization rather than isolated calculations. More recently,
machine-learning models trained on quantum-chemical data are extending this framework to multi-
component catalysts and complex reaction networks, enabling rapid, data-driven catalyst design
grounded in fundamental electronic structure theory [37].

Quantum Chemistry Guided Catalyst Design
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Figure 3. Quantum cheistry and catalyst design overview.
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Case Studies of Quantum Chemistry in Catalyst Design
Case Study 1: Ammonia Synthesis on Iron Catalysts

Ammonia synthesis via the Haber—Bosch process is one of the most important catalytic reactions in
the chemical industry, responsible for producing over 180 million tons of ammonia annually for
fertilizer production. The reaction involves the conversion of nitrogen and hydrogen into ammonia
(N2 + 3H2 — 2NHs) under high temperature and pressure in the presence of iron-based catalysts.
Because the N=N triple bond is extremely strong (bond dissociation energy ~ 945 kJ mol™),
activation of molecular nitrogen represents the most critical step in the catalytic cycle. Quantum
chemistry, particularly density functional theory (DFT), has played a pivotal role in revealing the
detailed reaction mechanism occurring on iron catalyst surfaces.

DFT studies have shown that nitrogen adsorption and dissociation on iron surfaces constitute the
rate-determining step of ammonia synthesis. When molecular nitrogen approaches the Fe surface, it
initially absorbs in a weakly bound molecular state. Subsequent dissociation into two adsorbed
nitrogen atoms requires overcoming a significant activation barrier. Calculations performed on
Fe(111) and Fe (100) surfaces indicate that the activation energy for nitrogen dissociation typically
lies in the range of 1.2-1.8 eV, depending on the surface structure and coordination environment of
the active sites [38-40]. Stepped or defect-rich surfaces often exhibit lower barriers because
undercoordinated iron atoms provide stronger interaction with the antibonding orbitals of Na,
facilitating bond cleavage.

Quantum chemical analysis further reveals that the catalytic activity of iron originates from its
electronic structure. The partially filled d-orbitals of iron interact with the n antibonding orbitals of
nitrogen*, leading to electron back-donation that weakens the N=N bond. This orbital interaction
mechanism explains why transition metals with appropriate d-band positions particularly effective
catalysts for nitrogen activation are. DFT calculations also show that the adsorption energies of
nitrogen intermediates must follow a delicate balance: overly strong binding would poison the catalyst
surface, whereas excessively weak binding would hinder bond activation. This concept is consistent
with the Sabatier principle, which predicts optimal catalytic activity when intermediate binding
energies are moderate.

Promoter elements, particularly potassium and aluminum oxides, play a crucial role in enhancing
catalytic performance in industrial iron catalysts. Quantum chemical calculations demonstrate that
potassium promoters donate electron density to the iron surface, effectively raising the Fermi level
and increasing electron back-donation into the antibonding orbitals of nitrogen. As a result, the N=N
bond becomes easier to cleave, lowering the activation barrier and improving catalytic activity.
Additionally, potassium modifies the surface electronic structure in a way that stabilizes reaction
intermediates involved in hydrogenation steps following nitrogen dissociation.

After nitrogen dissociation, the catalytic cycle proceeds through a sequence of hydrogenation steps
forming NH, NH:, and finally NHs species. DFT calculations provide quantitative values for the
activation barriers associated with each hydrogenation step and allow construction of the full potential
energy profile of the reaction. These calculations demonstrate that once the nitrogen bond is broken,
subsequent hydrogenation reactions occur with significantly lower activation barriers, typically below
1 eV, indicating that nitrogen dissociation remains the dominant kinetic bottleneck.

The integration of quantum chemistry with experimental surface science has significantly improved
understanding of ammonia synthesis catalysts. Microkinetic models constructed from DFT-derived
activation energies successfully reproduce experimentally observed reaction rates and temperature
dependencies. These studies have also guided the development of improved catalysts such as
ruthenium-based systems, which exhibit lower nitrogen dissociation barriers and higher catalytic
activity under milder conditions.
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Overall, the ammonia synthesis reaction provides one of the clearest demonstrations of how
quantum chemistry can reveal atomic-level catalytic mechanisms and guide rational catalyst
optimization. By identifying the rate-determining step, quantifying activation barriers, and explaining
the role of promoters and surface structure, DFT calculations have become an indispensable tool for
improving catalytic materials used in industrial ammonia production [41, 42].

RECENT ADVANCES AND EMERGING TRENDS
High-Throughput Quantum Calculations for Catalyst Screening

High-throughput quantum chemistry has emerged as a transformative approach for accelerating
catalyst discovery by enabling the rapid evaluation of thousands of candidate materials using
automated workflows. Advances in density functional theory (DFT), workflow management software,
and high-performance computing have made it feasible to systematically compute adsorption
energies, reaction barriers, surface stabilities, and electronic descriptors across large chemical spaces.
Databases generated from these calculations allow researchers to identify activity trends across
metals, alloys, oxides, and supported catalysts, significantly reducing the reliance on intuition-driven
experimental trial and error. This strategy is particularly effective for reactions such as CO2 reduction,
hydrogen evolution, ammonia synthesis, and selective oxidation, where performance is strongly
linked to surface electronic structure.

Beyond simple screening, high-throughput studies enable the construction of descriptor-based maps
and volcano plots that guide rational optimization. By correlating computed properties with catalytic
activity and selectivity, researchers can rapidly down-select promising candidates for experimental
validation. Recent efforts increasingly focus on realistic models that include surface defects, strain,
dopants, and solvent effects, improving the relevance of computational predictions. As automation
and computational efficiency continue to improve, high-throughput quantum calculations are
becoming an integral component of data-driven catalyst design pipelines.

Machine Learning Combined with Quantum Chemistry to Predict Reactivity

The integration of machine learning (ML) with quantum chemistry represents a major paradigm
shift in catalyst modeling and reactivity prediction. Quantum-chemical calculations generate high-
quality training data such as adsorption energies, reaction barriers, and electronic descriptors that ML
models use to learn complex, non-linear relationships between structure and catalytic performance.
Once trained, these models can predict properties for new catalysts orders of magnitude faster than
direct quantum calculations, enabling exploration of vast chemical spaces that would otherwise be
inaccessible. This synergy dramatically accelerates catalyst discovery while maintaining a strong
foundation in physical chemistry.

More advanced ML frameworks are now being used not only for property prediction but also for
reaction pathway identification and uncertainty quantification. Active learning strategies iteratively
combine ML predictions with targeted quantum calculations to continuously improve model accuracy
while minimizing computational cost. Importantly, interpretable ML models are helping uncover
hidden structure—property relationships, offering new chemical insight rather than acting as black
boxes. This combination of speed, accuracy, and interpretability positions ML-augmented quantum
chemistry as a cornerstone of next-generation catalytic research.

Quantum Computing Prospects for Solving Complex Catalytic Systems

Quantum computing holds long-term promises for overcoming fundamental limitations of classical
quantum chemistry, particularly for strongly correlated catalytic systems where conventional methods
struggle. Problems involving transition-metal complexes, multi-electron redox processes, and bond
rearrangements often require approximations that limit accuracy on classical computers. Quantum
algorithms, in principle, can represent electronic wave functions more efficiently, enabling exact or
near-exact solutions to electronic structure problems that are currently intractable. This capability

© STM Journals 2026. All Rights Reserved 10



Journal of Catalyst & Catalysis
Volume 13, Issue 1
ISSN: 2349-4344

could revolutionize the modeling of catalytic active sites with complex electronic behavior.

Although practical applications are still in early stages, hybrid quantum—classical algorithms such as
the variational quantum eigen solver (VQE) are already being explored for small catalytic models. As
quantum hardware matures and error rates decrease, these methods are expected to scale to
increasingly realistic systems. In the future, quantum computing may enable accurate simulation of
full catalytic cycles, excited-state dynamics, and electron correlation effects beyond the reach of
classical approaches, opening entirely new frontiers in catalyst design and mechanistic understanding.

Multiscale Modeling Integrating Electrons, Atoms, and Reactors

Multiscale modeling addresses the challenge of connecting quantum-level insights to macroscopic
catalytic performance by integrating multiple theoretical levels into a unified framework. At the
smallest scale, quantum chemistry describes electronic structure, bond formation, and reaction
energetics. These results feed into atomistic models such as molecular dynamics and kinetic Monte
Carlo simulations, which capture surface diffusion, coverage effects, and time-dependent behavior.
Finally, mesoscale and reactor-level models translate microscopic kinetics into observable quantities
such as conversion, selectivity, and yield under industrial operating conditions.

This hierarchical approach enables a truly predictive description of catalytic systems across length
and time scales. By linking electronic structure calculations to reactor simulations, researchers can
evaluate how catalyst design choices influence real-world performance under non-ideal conditions,
including mass transfer limitations and thermal gradients. Recent advances in coupling quantum
chemistry with process modeling and digital twin concepts are making multiscale simulations
increasingly realistic and actionable. As a result, multiscale modeling is emerging as a critical tool for
bridging fundamental chemistry with practical catalysts and reactor design [43]. These developments
are pushing catalysis research toward predictive, data-driven science has shown in Table 2.

Table 2. Recent advances and emerging trends in quantum chemistry driven catalysis.

Trend Core Concept Key Techniques / Tools Impact on Catalyst Design
High-throughput |Automated first-principles|Density ~ Functional = Theory|Rapid identification of promising catalyst
quantum screening of large catalyst|(DFT), workflow automation,|compositions, surfaces, and dopants;
calculations libraries high-performance computing reduced experimental trial-and-error
Machine learninglML models trained on|Neural networks, Gaussian|Accelerated prediction of adsorption
+ quantum|quantum-chemical data to|process  regression, active|energies, reaction barriers, and selectivity
chemistry predict reactivity learning, descriptor-based|across vast chemical spaces
models

Quantum Use of quantum algorithms|Variational Quantum FEigen|Potentially exact treatment of strongly
computing for|to solve complex electronic|solver (VQE), hybrid quantum—|correlated systems and transition-metal
catalysis structure problems classical algorithms catalysts beyond classical limits
Multiscale Integration of electronic,|QM/MM, molecular dynamics,|Direct linkage between molecular-level
modeling atomistic, and reactor-scale|kinetic Monte Carlo, reactor|mechanisms and macroscopic catalytic

simulations modeling performance under real conditions

CHALLENGES AND LIMITATIONS
Despite its power, quantum chemistry faces challenges:

Computational Cost for Large or Dynamic Systems
One of the most significant challenges in applying quantum chemistry to catalysis and complex

materials is the steep computational cost associated with large system sizes and dynamic behavior.
First-principles methods scale poorly with the number of electrons, making accurate quantum-
mechanical treatment of realistic catalysts such as enzyme active sites, nanoparticle surfaces, or
supported catalysts with solvents computationally demanding. Including finite-temperature effects,
surface reconstruction, solvent dynamics, and coverage-dependent phenomena further increase the
cost, as these require extensive sampling through molecular dynamics or multiple static calculations.
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As a result, simulations often rely on simplified models that may neglect important structural or
environmental effects. To address this limitation, researchers are developing more efficient algorithms
and hybrid approaches. Linear-scaling methods localized orbital techniques, and mixed
quantum/classical schemes such as QM/MM reduce the computational burden while preserving
chemical accuracy in key regions. In addition, machine-learning potentials trained on quantum-
chemical data are increasingly used to model large systems and longtime scales at near—first-
principles accuracy. These advances are gradually extending the applicability of quantum chemistry to
systems that were previously beyond reach.

Accuracy Limitations of Exchange—Correlation Functionals

The accuracy of many quantum-chemical predictions, particularly those based on density functional
theory (DFT), is fundamentally limited by the approximations used in exchange—correlation (XC)
functionals. While modern functionals provide a reasonable balance between accuracy and efficiency,
they can struggle to describe key catalytic phenomena such as dispersion interactions, strong electron
correlation, charge transfer, and localized d- or f-electron states. These limitations can lead to
systematic errors in adsorption energies, reaction barriers, and electronic structure descriptors,
ultimately affecting the reliability of mechanistic conclusions and catalyst screening results. Ongoing
methodological development aims to mitigate these issues by improving functional design and
benchmarking strategies. Hybrid functionals, dispersion-corrected approaches, meta-GGAs, and
range-separated functionals offer enhanced accuracy for many catalytic systems. In parallel, higher-
level methods such as coupled-cluster theory and multireference approaches are increasingly used to
validate DFT predictions on smaller models. Careful cross-validation with experimental data and
uncertainty quantification are also becoming standard practices to ensure that quantum-chemical
results are interpreted within their known limitations [44].

Bridging Time and Length Scales Between Simulations and Experiments

Another major limitation lies in connecting the time and length scales accessible to quantum-
chemical simulations with those relevant to real catalytic processes. Quantum chemistry typically
operates on angstrom-length scales and femtosecond-to-picosecond time scales, whereas experimental
catalysis involves nanoparticles, porous materials, and reactors operating over seconds to hours.
Important phenomena such as catalyst deactivation, sintering, mass transport, and heat transfer occur
far beyond the direct reach of quantum-level simulations, creating a gap between molecular insight
and macroscopic observables. Bridging this gap requires multiscale modeling frameworks that
systematically link quantum chemistry to higher-level descriptions. Rate constants derived from
quantum calculations feed into kinetic Monte Carlo and microkinetic models, which capture long-time
dynamics and surface coverage effects. These, in turn, inform reactor-scale simulations that predict
conversion and selectivity under realistic operating conditions. Continued progress in multiscale
integration, enhanced sampling techniques, and data-driven upscaling is essential for translating
quantum-chemical insight into experimentally and industrially relevant predictions. Ongoing
methodological improvements aim to overcome these barriers [45] .

Limitations of DFT in Catalysis

Although density functional theory has become the dominant computational tool in catalysis, it is
not free from limitations. Conventional generalized gradient approximation (GGA) functionals often
underestimate adsorption energies and may incorrectly predict catalytic trends. In systems containing
strongly correlated electrons, particularly transition metal oxides and open-shell metal centers,
standard DFT approaches may fail to accurately describe electronic structure. Benchmark studies
comparing DFT predictions with experimental kinetic data and high-level coupled-cluster calculations
have revealed significant deviations in reaction barrier predictions. Consequently, careful functional
benchmarking and validation against experimental results remain essential for reliable catalytic
modeling.
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CONCLUSIONS

Quantum chemistry has become a cornerstone of modern catalysis research by providing atomic-
and electronic-level understanding of chemical reactions. Through methods such as density functional
theory (DFT), wave-function based approaches, and hybrid QM/MM techniques, researchers can
analyze chemical bonding, reaction pathways, and energy landscapes in detail. These computational
tools bridge the gap between experimental observations and molecular-scale processes, enabling
scientists to explain catalytic activity, selectivity, and reaction mechanisms in homogeneous,
heterogeneous, and enzymatic systems. As a result, quantum chemistry plays a crucial role in guiding
rational catalyst design and accelerating innovation across chemical, energy, and biological
applications.

Recent advances including high-throughput quantum calculations, machine learning integration,
multiscale modeling, and emerging quantum computing approaches are transforming catalysis into a
predictive and data-driven field. These developments reduce reliance on experimental trial-and-error,
speed up catalyst discovery, and allow the study of complex catalytic environments with greater
realism. Despite ongoing challenges such as computational cost, methodological accuracy, and
bridging different time and length scales, continuous improvements and stronger collaboration
between theory and experiment are steadily overcoming these limitations. Consequently, quantum
chemistry will remain central to the development of efficient, selective, and sustainable catalysts for
energy conversion, environmental protection, and green chemical manufacturing.
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Abbreviation
DFT Density Functional Theory
HF Hartree—Fock
MP2 Mpgller—Plesset Perturbation Theory (Second Order)
CCSD Coupled Cluster with Single and Double Excitations
CCSD(T) Coupled Cluster with Single, Double, and Perturbative Triple Excitations
QM Quantum Mechanics
MM Molecular Mechanics
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QM/MM Quantum Mechanics / Molecular Mechanics
PES Potential Energy Surface

HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
RDS Rate-Determining Step

XC Exchange—Correlation

ML Machine Learning

VQE Variational Quantum Eigensolver
kMC Kinetic Monte Carlo

MD Molecular Dynamics

HPC High-Performance Computing

CO: Carbon Dioxide
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