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Abstract: Multi-metal catalytic systems have emerged as powerful platforms for achieving selective
product formation in various chemical transformations. These systems leverage synergistic
interactions between different metal centers to enhance catalytic activity, improve selectivity, and
enable reactions that are challenging for single-metal catalysts. The strategic combination of metals
creates unique electronic and geometric properties that facilitate targeted reaction pathways while
suppressing undesired side reactions. This review examines the fundamental principles governing
multi-metal catalysis, including electronic effects, geometric modifications, and cooperative
mechanisms between metal sites. The application of bimetallic and trimetallic catalysts in
hydrogenation reactions, carbon dioxide reduction, biomass conversion, and other industrially
relevant processes is comprehensively discussed. Special attention is given to the design strategies
that enable precise control over product distribution, including support selection, metal
composition optimization, and surface engineering approaches. Recent advances in characterization
techniques have provided deeper insights into the structure-activity relationships in multi-metal
systems, facilitating rational catalyst design. The challenges associated with maintaining selectivity
under various reaction conditions and strategies for catalyst stability enhancement are also
addressed. This comprehensive analysis demonstrates that multi-metal catalytic systems represent
a promising avenue for developing sustainable and efficient chemical processes with enhanced
selectivity.

Keywords: multi-metal catalysts; selective catalysis; bimetallic systems; synergistic effects; product
selectivity; catalytic transformations

1. Introduction

The development of catalytic systems capable of achieving high selectivity in
chemical transformations represents a fundamental challenge in modern catalysis
research. Traditional single-metal catalysts often struggle to provide the desired product
selectivity, particularly in complex reaction networks where multiple pathways compete
simultaneously. Multi-metal catalytic systems have emerged as sophisticated solutions to
this challenge, offering unprecedented control over reaction pathways through the
synergistic interaction of different metal species [1]. These systems exploit the
complementary properties of constituent metals to create catalytic sites with tailored
electronic and geometric characteristics that favor specific reaction pathways while
suppressing alternative routes.

The significance of selective product formation extends beyond academic interest, as
it directly impacts the economic viability and environmental sustainability of chemical
processes. Unwanted byproducts not only reduce the yield of desired compounds but
also necessitate additional separation and purification steps, increasing both costs and
energy consumption. Multi-metal catalysts address these concerns by providing
molecular-level control over reaction mechanisms through carefully designed metal
combinations [2, 3]. The ability to tune catalytic properties by varying metal composition,
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spatial arrangement, and electronic interactions has opened new avenues for optimizing
selectivity in diverse applications ranging from biomass conversion to fine chemical
synthesis.

Recent advances in synthesis methodologies and characterization techniques have
accelerated the development of sophisticated multi-metal catalytic systems. Modern
approaches enable precise control over metal distribution, particle size, and interfacial
properties, which are critical parameters determining catalytic performance. The
emergence of computational modeling has further enhanced our understanding of
structure-activity relationships, facilitating rational design strategies [4, 5]. These
developments have led to the realization of catalysts exhibiting remarkable selectivity
enhancements compared to their monometallic counterparts, demonstrating the potential
of multi-metal systems to revolutionize chemical manufacturing processes.

2. Fundamental Principles of Multi-metal Catalysis
2.1. Synergistic Effects and Electronic Modifications

The superior performance of multi-metal catalysts fundamentally derives from
synergistic interactions between different metal species that create catalytic properties
unattainable by individual components. Electronic modifications constitute a primary
mechanism through which synergy manifests, as the introduction of a secondary metal
alters the electronic structure of the primary metal through charge transfer and orbital
hybridization. These electronic perturbations modify the binding energies of reaction
intermediates, thereby influencing activation barriers and reaction kinetics [6]. The d-
band center theory provides a conceptual framework for understanding how electronic
modifications affect catalytic activity, with shifts in the d-band position relative to the
Fermi level correlating with changes in adsorbate binding strength.

The magnitude and direction of electronic effects depend critically on the identity
and arrangement of constituent metals. In bimetallic systems, metals with significantly
different electronegativities induce substantial charge redistribution, creating electron-
rich and electron-deficient sites that can selectively activate specific functional groups.
This electronic heterogeneity enables bifunctional catalysis, where different steps of a
reaction sequence occur at distinct sites optimized for their respective transformations [7,
8]. The resulting enhancement in overall reaction rates and selectivity demonstrates the
power of electronic engineering in multi-metal catalyst design. Furthermore, the extent of
electronic interaction can be modulated through factors such as metal composition,
particle size, and support properties, providing additional handles for catalyst
optimization.

Experimental and computational investigations have revealed that electronic effects
extend beyond simple charge transfer, encompassing more complex phenomena such as
ligand effects and ensemble modifications. The presence of one metal can alter the
coordination environment and oxidation state of another, leading to unique catalytic sites
with distinct reactivity patterns. These subtle electronic perturbations can dramatically
influence selectivity by differentially stabilizing transition states along competing reaction
pathways [9, 10]. Understanding and harnessing these electronic effects represents a
central challenge in multi-metal catalyst design, requiring sophisticated characterization
techniques and theoretical modeling to establish meaningful structure-property
relationships.

2.2. Geometric and Ensemble Effects

Geometric modifications in multi-metal catalysts arise from differences in atomic
radii and crystal structures between constituent metals, leading to lattice strain and
altered surface arrangements. These structural perturbations significantly impact catalytic
properties by modifying the geometry of active sites and creating new types of surface
ensembles. The concept of ensemble effects is particularly relevant in multi-metal catalysis,
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as the arrangement and composition of surface metal atoms determine which reaction
pathways are accessible. Certain reactions require specific atomic arrangements or
coordination numbers that can only be achieved through deliberate combination of
different metals [11, 12].

The spatial distribution of metals within catalyst particles profoundly influences
geometric effects and subsequent catalytic behavior. Core-shell structures, alloys, and
intermetallic compounds represent distinct architectural motifs, each offering unique
advantages for selectivity control. In core-shell configurations, the shell metal dominates
surface chemistry while benefiting from electronic modifications induced by the core
material. Alloy catalysts feature intimate mixing of metals, creating diverse surface sites
with varying compositions and geometric properties. Intermetallic compounds possess
well-defined crystal structures with ordered metal arrangements, offering exceptional site
uniformity and stability [13, 14].

Table 1. Structural configurations of multi-metal catalysts and their characteristic features.

Configuration Metal Electronic Geometric Stabili  Selectivity
Type Distribution Effects Control ty Advantages
H Limi i E 1
Random Alloy OMOBENCOUS ) foderate m'uted S.lte Good r'15em"b ¢
mixing uniformity diversity
L Excell f
Core-Shell ayered . Strong Shell-dominated . Sur ace
structure interfacial nt selectivity
Intermetallic Ordered Pronounced Precise site  Superi H1g1.1 N
arrangement geometry or  reproducibility
1 -on- Di - i T 1
Cluster-on 1sp§rsed Support Size-dependent Variab una‘r.) e
Support particles mediated le composition
Layered Stratified metals Directional Interfacial sites Good Spatial control
Structure transfer

The preparation method critically determines the resulting geometric structure and
metal distribution in multi-metal catalysts. Sequential deposition, co-precipitation, and
reduction techniques lead to different architectures with distinct catalytic properties.
Recent advances in controlled synthesis have enabled the fabrication of catalysts with
precisely engineered geometric features, facilitating systematic studies of structure-
activity relationships. The ability to independently manipulate geometric and electronic
parameters through judicious choice of metals and synthesis conditions represents a
powerful approach for optimizing selectivity [15].

2.3. Cooperative Catalytic Mechanisms

Cooperative mechanisms in multi-metal catalysts involve the participation of
multiple metal centers in different steps of a reaction sequence, enabling transformations
that are kinetically or thermodynamically unfavorable on single-metal catalysts. This
cooperativity manifests in various forms, including bifunctional catalysis where one metal
activates reactants while another facilitates subsequent transformations, and tandem
catalysis where sequential reactions occur at different metal sites. The spatial proximity
of metal centers with complementary properties enables efficient intermediate transfer
and minimizes unwanted side reactions, thereby enhancing overall selectivity [1, 2].

The mechanism of cooperativity depends on the specific reaction and catalyst
architecture. In some systems, one metal serves primarily to modify the electronic
properties or coordination environment of the active metal, indirectly influencing
catalytic behavior. Other systems feature truly cooperative catalysis where both metals
directly participate in bond-making or bond-breaking steps. The distinction between these
modes has important implications for catalyst design, as the optimal metal combination
and spatial arrangement differ significantly. Advanced spectroscopic techniques and
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theoretical calculations have begun to elucidate these mechanistic details, providing
insights that guide the development of improved catalysts [3, 4].

Understanding cooperative mechanisms requires consideration of factors beyond the
intrinsic properties of individual metals, including support effects, reaction conditions,
and the chemical nature of substrates. The support material can play an active role in
catalysis by facilitating electron transfer, providing additional binding sites, or
influencing metal dispersion and stability. Temperature, pressure, and the presence of
promoters or poisons can shift the balance between cooperative and competitive
pathways, affecting selectivity. Comprehensive mechanistic studies that account for these
complexities are essential for developing robust design principles for multi-metal catalytic
systems [5, 6].

3. Applications in Selective Hydrogenation and Reduction Reactions
3.1. Selective Hydrogenation of Biomass-Derived Compounds

The conversion of biomass-derived platform molecules into valuable chemicals
requires highly selective hydrogenation catalysts capable of targeting specific functional
groups while preserving others. Multi-metal catalysts have demonstrated exceptional
performance in these transformations, particularly in the hydrogenolysis of cellulose-
derived compounds such as hydroxymethylfurfural. The selective reduction of these
multifunctional molecules presents significant challenges due to the presence of multiple
reducible groups, making selectivity control paramount. Polymetallic composites
incorporating combinations such as nickel-copper and ruthenium-palladium have
achieved remarkable selectivity enhancements through synergistic effects that modify
adsorption geometries and reaction pathways [1].

The mechanism of selective hydrogenation in multi-metal systems involves
preferential activation of hydrogen and substrate at different metal sites, creating an
environment conducive to targeted bond cleavage. Electronic modifications induced by
metal-metal interactions tune the binding strength of reaction intermediates, influencing
which products predominate. Support materials also contribute significantly to selectivity,
with porous frameworks such as metal-organic frameworks providing additional control
through confinement effects and metal-support interactions. The rational design of these
complex systems requires understanding the interplay between multiple factors including
metal composition, particle size, support properties, and reaction conditions [7, 8].

Table 2. Performance comparison of multi-metal catalysts in selective biomass hydrogenation.

Catalyst Target Primary Selectivity Temperature Key Synergistic
System Substrate Product Range Range Effect
25- Electronic
Ni-Cu/MOF  5-HMF  dimethylfura 85-92% 180-220°C ) .0 .
0 modification
Ru- Furfuryl
Furfural -95% 120-160° E 1 1
Pd/Carbon urfura alcohol 88-95% 0-160°C nsemble contro
. Levulinic Y- Hydrogen
Pt-Co/Silica . 90-96% 150-200°C .
acid valerolactone activation
Cu- . o o S
Zn/Alumina Xylose Xylitol 82-89% 100-140°C  Cooperative sites
N Glucose  Sorbitol 78-86% 140-180°c ~ Confinement
Fe/Zeolite effect

Recent developments in synthesis methodologies have enabled the preparation of
multi-metal catalysts with unprecedented structural control, facilitating systematic
optimization of selectivity. Techniques such as atomic layer deposition and galvanic
replacement allow precise manipulation of metal composition and distribution, creating
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catalysts with tailored properties. The integration of these materials with renewable
hydrogen sources represents a promising avenue for sustainable biomass valorization,
potentially transforming waste biomass into high-value chemicals with minimal
environmental impact [9, 10].

3.2. Carbon Dioxide Reduction to Value-Added Products

The electrochemical and thermochemical reduction of carbon dioxide to useful
chemicals represents a critical technology for addressing climate change while generating
valuable products. Multi-metal catalysts have emerged as leading candidates for these
transformations due to their ability to control product distribution in the complex reaction
network of carbon dioxide reduction. The challenge lies in achieving high selectivity
toward desired multi-carbon products such as ethylene and ethanol while suppressing
competing pathways that yield less valuable single-carbon products. Dual-metal site
catalysts featuring combinations of copper with secondary metals have demonstrated
significant improvements in selectivity toward multi-carbon products through
cooperative mechanisms [11, 12].

The mechanism of enhanced selectivity in multi-metal carbon dioxide reduction
catalysts involves several interconnected phenomena. The secondary metal can modify
the local electronic environment around copper sites, altering the binding energies of key
intermediates such as carbon monoxide and facilitating carbon-carbon coupling reactions.
Geometric effects also play crucial roles, as the spacing and arrangement of metal atoms
influence the probability of carbon-carbon bond formation. Tandem catalytic pathways,
where initial reduction occurs at one metal site followed by subsequent transformations
at another, provide additional routes for selective product formation. The interplay of
these mechanisms creates opportunities for rational catalyst design based on fundamental
understanding of reaction pathways [13, 14].

Layered multi-metallic catalysts represent an innovative architectural approach for
carbon dioxide reduction, offering directional control over electron transfer and
intermediate transport. These structures facilitate sequential reactions by creating distinct
environments for different steps of the reduction process. The stability of multi-metal
catalysts under reducing conditions presents challenges that must be addressed through
careful design, as segregation or restructuring can diminish performance. Strategies such
as formation of intermetallic compounds or stabilization within conductive supports help
maintain the desired metal arrangement during operation [15].

3.3. Selective Methane Reforming and Hydrogen Production

Steam methane reforming represents a major industrial process for hydrogen
production, and multi-metal catalysts offer advantages in terms of activity, stability, and
selectivity toward hydrogen over undesired byproducts. Bimetallic and polymetallic
systems combining nickel with noble metals or transition metals have demonstrated
enhanced performance through multiple synergistic mechanisms. The addition of
secondary metals can suppress carbon formation, a major cause of catalyst deactivation,
by modifying the electronic properties of nickel and altering the thermodynamics of
carbon deposition. These modifications enable operation at lower temperatures while
maintaining high activity and selectivity [3].

The design of multi-metal reforming catalysts must balance several competing
factors including activity for methane activation, resistance to coking, thermal stability,
and cost considerations. Noble metal promoters such as platinum and ruthenium enhance
activity but increase costs, necessitating optimization of metal loading and distribution.
Earth-abundant transition metals offer economically attractive alternatives, with
combinations such as nickel-iron and nickel-cobalt showing promising performance. The
support material influences both activity and stability, with high-surface-area oxides
providing thermal stability while facilitating metal dispersion [9].
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Table 3. Multi-metal catalyst performance in methane reforming applications.

Catalyst Support Activity Coking Operating Stability
Composition Material Enhancement Resistance Temperature Duration
Ni-Pt/Alumina vy-ALO; 45% increase Excellent 650-750°C >1000 hours

Ni-Fe/Ceria CeO, 38% increase  Very good 600-700°C >800 hours
Ni-
Co/Magnesia
Ni-Cu/Zirconia ZrO, 35% increase  Moderate 650-750°C >500 hours
Ni-Ru/Silica SiO, 52% increase Excellent 600-700°C >1200 hours

MgO 42% increase Good 700-800°C >600 hours

Process intensification through multi-metal catalyst development enables more
efficient hydrogen production with reduced environmental impact. The ability to operate
at lower temperatures while maintaining high selectivity toward hydrogen reduces
energy requirements and improves process economics. Integration of these advanced
catalysts with carbon capture technologies could enable near-zero-emission hydrogen
production from natural gas, serving as a bridge technology toward fully renewable
hydrogen systems [4, 5].

4. Advanced Applications and Emerging Technologies
4.1. Electrocatalytic Transformations

Multi-metal catalysts have revolutionized electrocatalytic processes by enabling
selective transformations under ambient conditions with electricity as the primary energy
input. The electrochemical environment provides unique opportunities for controlling
selectivity through applied potential, which can be used to tune the oxidation state and
electronic properties of metal sites. Trimetallic systems incorporating palladium, gold,
and nickel have demonstrated exceptional performance in electrochemical oxidation
reactions, achieving selectivity patterns unattainable with single or bimetallic catalysts.
The complex interplay of electronic effects in these systems creates distinct catalytic sites
with tailored reactivity [14].

The rational design of multi-metal electrocatalysts requires understanding how
different metals distribute under electrochemical conditions and how applied potential
influences their catalytic properties. Surface segregation phenomena can lead to dynamic
restructuring during operation, potentially creating transient active sites with unique
selectivity. Advances in operando characterization techniques have enabled observation
of these dynamic processes, providing insights that guide catalyst optimization. The
integration of multi-metal catalysts with renewable electricity sources represents a
sustainable approach for chemical manufacturing, potentially replacing energy-intensive
thermal processes [6].

4.2. Oxidation and Coupling Reactions

The selective oxidation of organic substrates and carbon-nitrogen coupling reactions
benefit significantly from multi-metal catalysis, as these transformations require precise
control over oxidation states and bond formation pathways. Metal-based catalysts
featuring multiple active sites enable tandem reactions where substrate activation and
subsequent coupling occur in a coordinated manner. The spatial arrangement of metals
within catalyst structures determines the efficiency of intermediate transfer between sites,
directly influencing overall selectivity. Recent developments in multi-metallic
nanoparticle synthesis have enabled creation of structures with precisely controlled metal
distributions optimized for specific coupling transformations [11].

The mechanism of selective coupling in multi-metal systems often involves
cooperative activation of both coupling partners at adjacent metal sites, lowering the
energy barrier for bond formation while suppressing competing pathways. Electronic
modifications induced by metal-metal interactions fine-tune the reactivity of
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intermediates, preventing over-oxidation or unwanted side reactions. Support materials
can provide additional functionality by facilitating electron transfer or offering sites for
ancillary reactions. The versatility of multi-metal catalysts in coupling chemistry has led
to applications in pharmaceutical synthesis, where selectivity is paramount for producing
specific isomers or functionalized products [7].

Table 4. Multi-metal catalysts for selective oxidation and coupling reactions.

. Catalyst  Substrate Product Reaction Mechanism
Reaction Type . . .-
System Class Selectivity =~ Conditions Type
. Pd- . o o Cooperative
C-N Coupling Cu/Carbon Anilines 88-94% 80-120°C, base activation
Aerobic Au- Bifunctional
Alcohol -91% -100°C, _
Oxidation Pt/Titania conos 85-91% 60-100°C, O: sites
A'llyh‘c Cu-Fe/Silica Alkenes 82-89% 40-80 .C/ Electronic
Oxidation peroxide synergy
Amination Ni- .. Aromatics 79-86% 100-140°C  Ensemble effect
Co/Zeolite
Selective A Oxygen
o Au/Alumin  Olefins  90-96%  50-90°C, O, Ve
Epoxidation a activation

The development of multi-metal catalysts for oxidation and coupling reactions has
expanded the scope of achievable transformations, enabling reactions that were
previously impractical or required harsh conditions. The ability to perform these reactions
under mild conditions with high selectivity reduces waste generation and energy
consumption, aligning with principles of green chemistry. Continued advances in
understanding structure-activity relationships will facilitate development of even more
selective and efficient multi-metal catalysts [8, 13].

4.3. Biocatalytic and Biomimetic Systems

The intersection of multi-metal catalysis with biological systems has led to innovative
approaches for selective transformations inspired by metalloenzymes. Natural systems
employ multiple metal centers to achieve remarkable selectivity in complex biochemical
transformations, and synthetic multi-metal catalysts can mimic these principles.
Coordination polymers featuring multiple metal ions have demonstrated enzyme-like
selectivity in various reactions, including urease inhibition and selective substrate binding.
These biomimetic systems offer advantages such as tunable metal spacing and controlled
microenvironments that enhance selectivity [4, 8].

The design of biomimetic multi-metal catalysts draws inspiration from the structural
features of metalloenzymes, including metal coordination geometry, spatial arrangement,
and the role of ligand environments. Artificial systems can incorporate non-natural metal
combinations not found in biology, potentially accessing new reactivity patterns. Metal-
organic frameworks and coordination polymers provide versatile platforms for creating
biomimetic active sites with precise control over metal positioning. The application of
these materials extends beyond traditional catalysis to areas such as sensing, drug
delivery, and environmental remediation [10].

Table 5. Biomimetic multi-metal systems and their catalytic applications.

1 T lectivi -
System Type Meta Bio-inspiration arg.et Selectivity Unique
Centers Reaction Feature Property
Cu-based Cu (I) Oxidase Phenol Substrate- .
: - s pH-responsive
MOF dimers enzymes oxidation specific
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Fe-Ni Mixed . . Proton-
Hydrogenase H, evolution Stereoselective
Complex valence coupled
Zn-Cu  Heterobimet  Carbonic CO; L. Reversible
. . Kinetic control .
Polymer allic anhydrase hydration binding
Mn-Ca . Water . . .
Oxo-bridged Photosystem II . O-O formation Light-driven
Cluster oxidation
Mo-Fe Sulfide- Electron

Assembly bridged Nitrogenase N, reduction N-N activation

reservoir

The translation of biomimetic principles into practical catalytic systems faces
challenges related to stability, scalability, and reaction scope. However, the exceptional
selectivity achievable through biomimetic design provides strong motivation for
continued development. Hybrid systems combining synthetic multi-metal catalysts with
biological components represent an emerging frontier, potentially enabling cascade
reactions with unprecedented selectivity and efficiency. These systems could find
applications in pharmaceutical synthesis, where complex molecules require multiple
selective transformations [15].

5. Challenges and Future Perspectives

The field of multi-metal catalysis faces several significant challenges that must be
addressed to realize the full potential of these systems for selective product formation.
Stability under reaction conditions remains a critical concern, as multi-metal catalysts can
undergo structural changes including metal segregation, particle sintering, and oxidation
state modifications that diminish performance. The development of strategies to maintain
desired metal arrangements and compositions throughout catalyst lifetime represents an
ongoing research priority. Approaches such as encapsulation within stable supports,
formation of intermetallic phases, and surface passivation show promise for enhancing
stability [2].

The scalability and cost-effectiveness of multi-metal catalyst synthesis present
additional challenges for industrial implementation. Many laboratory-scale preparation
methods produce small quantities at high cost, limiting practical applications.
Development of scalable synthesis routes that maintain precise control over catalyst
structure while reducing costs is essential for commercialization. The use of earth-
abundant metals in place of expensive noble metals offers one avenue for addressing cost
concerns, though this often requires accepting some performance trade-offs.
Computational screening methods can accelerate identification of promising multi-metal
combinations, reducing the experimental burden of catalyst optimization [6, 11].

Understanding and predicting the behavior of multi-metal catalysts under realistic
operating conditions requires advanced characterization and modeling capabilities.
Operando spectroscopy techniques that probe catalyst structure during reactions provide
valuable mechanistic insights but remain technically challenging and require specialized
equipment. Theoretical modeling of multi-metal systems presents computational
challenges due to the large number of possible configurations and the need to accurately
describe metal-metal interactions. Machine learning approaches show promise for
navigating this complexity, potentially enabling prediction of optimal catalyst
compositions and structures for specific applications [12, 13].

Future developments in multi-metal catalysis will likely focus on creating
increasingly sophisticated systems with multiple levels of structural control. Hierarchical
architectures incorporating nanoscale metal distributions within mesoporous or
microporous frameworks could provide unprecedented control over selectivity through
combined effects of metal synergy and spatial confinement. Integration of multi-metal
catalysts with advanced reactor designs enabling precise control of temperature, pressure,
and reactant concentrations will further enhance selectivity. The convergence of advances
in synthesis, characterization, theory, and reactor engineering promises to establish multi-
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metal catalysis as a cornerstone technology for selective chemical transformations in
sustainable manufacturing processes.

6. Conclusion

Multi-metal catalytic systems represent a powerful and versatile platform for
achieving selective product formation across diverse chemical transformations. The
synergistic interactions between different metal species create unique electronic and
geometric properties that enable precise control over reaction pathways, offering
advantages unattainable with single-metal catalysts. Through careful design of metal
composition, spatial arrangement, and support materials, researchers have developed
catalysts exhibiting remarkable selectivity enhancements in applications ranging from
biomass conversion and carbon dioxide reduction to fine chemical synthesis and
electrocatalytic transformations. The fundamental principles governing multi-metal
catalysis, including electronic modifications, geometric effects, and cooperative
mechanisms, provide a framework for rational catalyst design and optimization.

Despite significant progress, challenges remain in areas such as stability
enhancement, scalable synthesis, and mechanistic understanding under realistic
operating conditions. Addressing these challenges will require continued advances in
characterization techniques, theoretical modeling, and materials synthesis. The future of
multi-metal catalysis lies in developing increasingly sophisticated systems with multiple
levels of structural control, potentially incorporating biomimetic principles and
hierarchical architectures. As the field matures, multi-metal catalysts are poised to play a
central role in enabling sustainable chemical manufacturing processes with improved
selectivity, efficiency, and environmental performance. The continued development of
these systems will contribute significantly to addressing global challenges in energy,
environment, and materials production.
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