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Abstract: The development of sustainable chemical transformations has become increasingly critical
in addressing global environmental and resource challenges. Transition metal catalysts, particularly
those based on earth-abundant metals, have emerged as pivotal enablers of green chemistry and
sustainable industrial processes. This comprehensive review examines the role of transition metal
catalysts in facilitating sustainable chemical transformations, with emphasis on biomass conversion,
carbon dioxide reduction, and coordination polymer applications. The review explores various
catalyst systems including transition metal carbides, dichalcogenides, and copper-based
coordination polymers, highlighting their mechanisms, advantages, and applications in renewable
fuel production and value-added chemical synthesis. Special attention is given to the design
principles that enhance catalytic efficiency and selectivity while maintaining environmental
compatibility. The integration of earth-abundant metals such as iron, copper, cobalt, and nickel
offers economically viable alternatives to precious metal catalysts, thereby advancing the
commercial feasibility of sustainable chemical processes. This review provides insights into current
challenges and future directions for developing next-generation transition metal catalysts that can
meet the demands of sustainable chemistry.

Keywords: transition metal catalysts; sustainable chemistry; biomass conversion; earth-abundant
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1. Introduction

The global imperative for sustainable development has positioned catalysis at the
forefront of green chemistry innovation. Transition metal catalysts represent a
cornerstone technology for achieving sustainable chemical transformations, offering
pathways to convert renewable feedstocks into valuable products while minimizing
environmental impact [1]. The increasing depletion of fossil resources and mounting
concerns over climate change have accelerated research efforts toward developing
efficient catalytic systems based on earth-abundant transition metals [2]. These metals,
including iron, copper, cobalt, nickel, and manganese, offer distinct advantages over
precious metal catalysts in terms of cost-effectiveness, availability, and reduced toxicity.
The strategic utilization of transition metal catalysts enables the transformation of
biomass-derived compounds, facilitates carbon dioxide valorization, and supports the
production of renewable fuels and platform chemicals essential for a sustainable circular
economy [3].

Contemporary catalyst design increasingly draws inspiration from natural
enzymatic systems, where earth-abundant metal centers orchestrate complex chemical
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transformations with remarkable efficiency and selectivity. This biomimetic approach has
opened new avenues for developing synthetic catalysts that can rival or exceed the
performance of precious metal-based systems while maintaining economic viability for
large-scale industrial applications [2]. The versatility of transition metals stems from their
variable oxidation states, diverse coordination geometries, and tunable electronic
properties, which collectively enable precise control over reaction pathways and product
distributions. Furthermore, the development of heterogeneous transition metal catalysts,
including carbides, nitrides, phosphides, and coordination polymers, has expanded the
toolkit available for sustainable chemical transformations, offering enhanced stability,
recyclability, and process intensification opportunities [4, 5].

The scope of this review encompasses the fundamental principles governing
transition metal catalysis in sustainable processes, the classification and characterization
of key catalyst families, and their applications in strategically important transformations.
Particular emphasis is placed on biomass conversion technologies that enable the
production of biofuels and biochemicals, carbon dioxide reduction strategies for climate
change mitigation, and the development of multifunctional coordination polymer
catalysts [6]. By examining recent advances and identifying persistent challenges, this
review aims to provide a comprehensive framework for understanding how transition
metal catalysts can accelerate the transition toward sustainable chemical manufacturing.

2. Earth-Abundant Transition Metal Catalysts
2.1. Fundamental Properties and Catalytic Mechanisms

Earth-abundant transition metals possess unique electronic configurations that
enable diverse catalytic functionalities essential for sustainable chemical transformations.
The partially filled d-orbitals characteristic of these metals facilitate electron transfer
processes, coordinate substrate binding, and stabilize reactive intermediates during
catalytic cycles [2]. The catalytic activity of earth-abundant metals fundamentally derives
from their ability to undergo facile oxidation-reduction reactions, form multiple
coordination bonds with organic substrates, and activate otherwise inert chemical bonds
through orbital interactions. The mechanistic pathways in transition metal catalysis
typically involve substrate coordination, oxidative addition, migratory insertion,
reductive elimination, or radical-mediated processes depending on the metal center and
ligand environment.

The electronic structure of transition metals can be systematically tuned through
ligand design, supporting material selection, and nanostructure engineering to optimize
catalytic performance for specific transformations. First-row transition metals exhibit
greater oxophilicity compared to their heavier congeners, which proves advantageous for
activating oxygen-containing biomass substrates but may complicate catalyst
regeneration in certain reaction environments [3]. The coordination chemistry of earth-
abundant metals enables the design of catalysts with precisely controlled active sites,
where the metal center works synergistically with coordinated ligands to create unique
reactivity profiles. Understanding these fundamental properties provides the foundation
for rational catalyst design and optimization strategies that maximize activity, selectivity,
and longevity under practical operating conditions.

2.2. Classification and Design Principles

Transition metal catalysts for sustainable applications can be classified into several
major categories based on their structural characteristics and functional properties.
Homogeneous catalysts comprising discrete metal complexes with organic ligands offer
well-defined active sites and facilitate mechanistic studies but often suffer from stability
and recyclability limitations [7]. Heterogeneous catalysts including supported metal
nanoparticles, metal oxides, carbides, and coordination polymers provide advantages in
catalyst separation and recovery while potentially sacrificing some degree of site
uniformity. The emergence of single-atom catalysts represents a convergence of
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homogeneous and heterogeneous paradigms, combining atomic-level precision with the
practical benefits of solid supports [8].

Design principles for earth-abundant metal catalysts increasingly emphasize
multifunctionality, where catalytic sites are engineered to perform sequential or tandem
transformations within a single system [3]. The incorporation of secondary functional
groups, such as acidic or basic sites adjacent to metal centers, enables cascade reactions
that improve overall process efficiency and reduce separation requirements. Electronic
modifications through metal-support interactions, defect engineering, or heteroatom
doping provide additional handles for tuning catalytic behavior [6]. Table 1 summarizes
the key characteristics and representative applications of major earth-abundant transition
metal catalyst classes.

Table 1. Classification of Earth-Abundant Transition Metal Catalysts.

Catalyst Type Representative Key Advantages Primary Applications
Metals
Supported Metal Fe, Co, Ni, Cu High surface_ area, Hydrogenatlo-n,
Nanoparticles tunable size dehydrogenation
Metal Oxides Feng, CuO, Thermal ste.lb?hty, Oxidation, oxygen
NiO, CoO redox activity transfer
le-metal-lik H ti
Metal Carbides ~ Mo,C, WC, Fe;C Noble metalike ydrodeoxygena 1on
activity reforming
Coordination Cu, Co, Zn Structural d.1ver51ty, Selective Cat.al}.lsw,
Polymers porosity enzyme mimics
. . Maximum atom Electrocatalysis, fine
Single-Atom Catalysts Fe, Co, Ni, Cu . .
efficiency chemicals

2.3. Collaborative Development Approaches

The advancement of earth-abundant metal catalysis requires sustained collaboration
between academic researchers, industrial practitioners, and regulatory stakeholders to
bridge fundamental discoveries and practical implementations [9]. Academic institutions
contribute mechanistic insights, synthetic methodologies, and conceptual frameworks
that expand the boundaries of catalytic science. Industrial partnerships provide essential
perspectives on scalability, process economics, robustness requirements, and integration
challenges that must be addressed for commercial viability. Collaborative research
models have proven particularly effective in accelerating the development timeline from
initial discovery to pilot-scale demonstration, as evidenced by numerous successful
technology transfers in sustainable catalysis [10].

Effective collaboration necessitates open communication channels, shared
experimental protocols, and complementary expertise that spans synthetic chemistry,
materials science, chemical engineering, and computational modeling [11]. The
establishment of dedicated research consortia and public-private partnerships has
facilitated resource pooling, knowledge exchange, and risk sharing for high-impact
catalyst development projects. Standardized benchmarking protocols enable objective
performance comparisons across different catalyst systems and help identify the most
promising candidates for further optimization. Moreover, collaborative frameworks that
incorporate life cycle assessment and techno-economic analysis from early research stages
ensure that catalyst development priorities align with broader sustainability objectives
and market realities [9].

3. Biomass Conversion Catalysis
3.1. Transition Metal Carbides for Biomass Processing

Transition metal carbides have emerged as highly promising catalysts for biomass
conversion due to their unique combination of properties that bridge metallic and ceramic
characteristics [6]. These materials exhibit platinum-like catalytic behavior in certain
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reactions while maintaining superior resistance to poisoning by sulfur and other
heteroatoms commonly present in biomass feedstocks. The catalytic performance of metal
carbides derives from their electronic structure, which features both metallic d-band
electrons and carbon-induced electronic modifications that create novel active sites [7].
Molybdenum carbide, tungsten carbide, and iron carbide represent the most extensively
studied systems for biomass transformation applications, demonstrating activity in
hydrodeoxygenation, hydrogenation, reforming, and dehydration reactions essential for
producing drop-in biofuels.

The synthesis of transition metal carbides typically involves high-temperature
carburization of metal oxides or metal precursors in carbonaceous atmospheres, though
recent advances have introduced lower-temperature routes that better preserve surface
area and prevent sintering [8]. The carbide surface chemistry can be modulated through
partial oxidation to create oxycarbide phases that exhibit enhanced activity for oxygen-
containing substrates characteristic of biomass-derived feedstocks. Molybdenum carbide
catalysts have shown particular promise for hydrodeoxygenation of bio-oils, where they
facilitate removal of oxygen functionalities while preserving carbon chain length and
hydrogen economy. The resistance of carbide catalysts to deactivation under
hydrothermal conditions makes them especially suitable for processing aqueous biomass
streams, overcoming a major limitation of conventional metal catalysts [6].

3.2. Selective Transformation Pathways

The selective conversion of biomass constituents into targeted products represents a
central challenge in renewable chemical production, as the structural complexity of
lignocellulosic materials can lead to numerous competing reaction pathways [3].
Transition metal catalysts enable control over selectivity through several mechanisms
including geometric site blocking, electronic structure tuning, and cooperative effects
between multiple active sites. Copper-based catalysts have demonstrated exceptional
performance in selective hydrogenolysis of ester and ether bonds present in lignin
derivatives, producing aromatic monomers with high yields [1]. Iron catalysts facilitate
selective oxidation of carbohydrate substrates to produce valuable platform chemicals
such as gluconic acid, levulinic acid, and formic acid under relatively mild conditions.

Cobalt and nickel catalysts show remarkable activity in C-C bond cleavage reactions
necessary for converting larger biomass molecules into smaller fuel-range hydrocarbons
[4]. The selectivity patterns observed with different transition metals reflect their distinct
preferences for activating specific bond types, which can be rationalized through
computational modeling of bond dissociation energies and reaction coordinate diagrams.
Strategic combination of metal catalysts with acidic or basic co-catalysts enables tandem
reaction sequences where initial depolymerization steps are followed by upgrading
transformations in single-pot processes [5]. Table 2 presents key biomass conversion
reactions and the transition metal catalysts that exhibit optimal performance for each
transformation type.

Table 2. Transition Metal Catalysts for Key Biomass Conversion Reactions.

Reaction Type Target Products Optimal Catalysts Operating Conditions

Hydrodeoxygenatio  Hydrocarbons, -\~ \j1/6i09,, FesC 250-400°C, 20-80 bar H;
n alcohols
Hydrogenolysis ~ Aromatic monomers Cu/ALOs, Ni/C  180-260°C, 10-50 bar H,

Selective Oxidation Carboxylic acids Fe;O3, Cu/CeO, 80-160°C, O, or air

Dehydration Furan derivatives Ni/ALLOs, Co/ZrO, 180-280°C, atmospheric
_ Ni/MgAlLQO,, 600-900°C,
Reforming Syngas, hydrogen Fe/CeO, H,0/biomass
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3.3. Catalyst Stability and Regeneration

Long-term catalyst stability remains a critical consideration for economically viable
biomass conversion processes, as frequent catalyst replacement significantly impacts
operational costs and process sustainability [4]. Transition metal catalysts face several
deactivation mechanisms during biomass processing including sintering, coking, leaching,
and poisoning by impurities present in real feedstocks. Sintering occurs at elevated
temperatures required for certain biomass transformations, leading to growth of metal
particles and loss of active surface area [7]. Carbon deposition from incomplete conversion
or side reactions can block active sites and modify catalyst surface chemistry. The high
oxygen content and presence of sulfur, nitrogen, and chlorine compounds in biomass
streams pose additional challenges for maintaining catalyst activity over extended
operation periods.

Strategies for enhancing catalyst stability include engineering metal-support
interactions that anchor metal particles and resist sintering, designing pore structures that
constrain particle growth, and incorporating promoters that facilitate coke oxidation
during reaction [8]. The selection of appropriate support materials proves crucial, with
mixed metal oxides, carbon materials, and zeolites offering different advantages in terms
of stability, reactivity, and regenerability. Regular regeneration protocols involving
oxidative coke removal followed by reduction can restore catalyst activity, though
repeated regeneration cycles may lead to gradual performance degradation [6].
Development of self-regenerating catalyst systems that incorporate oxygen carriers or
utilize process conditions to continuously remove carbonaceous deposits represents an
emerging approach to overcome stability limitations in biomass conversion applications.

4. Copper-Based Coordination Polymers
4.1. Structural Features and Synthesis

Copper-based coordination polymers represent a versatile class of catalytic materials
that combine the catalytic activity of copper centers with the structural diversity and
tunability afforded by organic ligands [1]. These materials are constructed through
coordination bonds between copper ions and multidentate organic linkers, creating
extended network structures with well-defined porosity and spatial arrangement of active
sites. The synthesis of copper coordination polymers typically employs solvothermal or
hydrothermal methods where copper salts are reacted with organic ligands under
controlled temperature and pH conditions to promote crystal growth and framework
formation [12]. The choice of auxiliary ligands plays a crucial role in determining the final
structure, with V-shaped ligands inducing distinctive two-dimensional layered
architectures that exhibit unique catalytic properties.

The structural flexibility of coordination polymers enables rational design of catalytic
sites by selecting appropriate organic linkers that position copper centers at optimal
distances and geometries for substrate binding and activation [13]. Secondary building
units comprising multinuclear copper clusters can be incorporated into the framework to
create cooperative catalytic sites that facilitate multi-electron transformations or stabilize
reactive intermediates. The porosity inherent in many coordination polymer structures
provides channels for substrate diffusion and product egress while preventing excessive
aggregation of catalytic centers. Spectroscopic characterization techniques including X-
ray diffraction, infrared spectroscopy, and electron microscopy confirm the crystalline
nature and structural integrity of synthesized coordination polymers, while thermal
analysis establishes their stability ranges for catalytic applications [1].

4.2. Catalytic Applications and Enzyme Inhibition

Copper-based coordination polymers have demonstrated catalytic activity across a
diverse range of sustainable chemical transformations including oxidation reactions, C-C
coupling processes, and cycloaddition reactions [14]. The redox-active nature of copper
enables facile electron transfer between different oxidation states, facilitating oxidative
catalysis with molecular oxygen or peroxides as environmentally benign oxidants. The
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confined environment within coordination polymer pores can enhance reaction selectivity
by restricting substrate orientation or limiting access of larger molecules while permitting
entry of target substrates. Size-selective catalysis in coordination polymers represents a
powerful strategy for achieving product distributions that would be difficult to obtain
with conventional homogeneous or supported metal catalysts [1].

An emerging application of copper coordination polymers involves their use as
urease inhibitors, which holds significance for agricultural and biomedical applications
where control of urease activity is desired [12]. The interaction between copper centers in
the coordination polymer framework and the active site of urease enzyme results in
inhibition of enzymatic activity through mechanisms that may involve metal coordination
to critical amino acid residues or disruption of the enzyme's catalytic machinery. Table 3
compares the structural features and catalytic properties of different copper coordination
polymer systems synthesized with various auxiliary ligands.

Table 3. Copper Coordination Polymers with Different Auxiliary Ligands.

Auxiliary Ligand Structural Cu-Cu Primary Inhibition
Type Dimensionality  Distance (A)  Applications Efficiency
Y—shailp.ed 2D layered 3.8-4.2 Urease inhibition High (ICs0 <30
bipyridine uM)
, Linear 3D framework 5.2-6.8 Ox1dat1?n Moderate
dicarboxylate catalysis
Trle.mgular 2D network 4.5-5.0 C-C coupling Moderate-High
triazole
Tetrahedral ize-selecti
_etlja edra 3D porous 6.0-7.5 Size-se ec.t V€ Low-Moderate
imidazole catalysis

4.3. Structure-Activity Relationships

Understanding the relationships between structural features of copper coordination
polymers and their catalytic performance enables systematic optimization of these
materials for specific applications [13]. The coordination geometry around copper centers
strongly influences their electronic properties and reactivity, with square planar,
tetrahedral, and octahedral geometries exhibiting distinct catalytic behaviors. The nature
of organic linkers affects not only the framework topology but also the electronic
environment of copper sites through inductive and resonant effects. Electron-
withdrawing groups on ligands typically enhance the electrophilicity of copper centers,
promoting their activity in oxidation reactions, while electron-donating groups may
facilitate reductive processes [14].

The dimensionality of coordination polymer structures impacts substrate
accessibility and mass transport properties, with two-dimensional layered materials often
providing more open access to catalytic sites compared to dense three-dimensional
frameworks [1]. However, three-dimensional structures may offer advantages in terms of
mechanical stability and prevention of framework collapse during catalytic turnover. The
influence of auxiliary ligands on catalytic activity extends beyond simple structural effects
to include direct participation in substrate activation or stabilization of reactive
intermediates through secondary coordination sphere interactions. Systematic variation
of auxiliary ligand properties including size, shape, functionality, and flexibility enables
fine-tuning of catalytic performance and provides insights into the molecular-level factors
governing activity and selectivity in copper coordination polymer catalysts [12].

5. Carbon Dioxide Reduction and Valorization
5.1. Dual-Metal Site Catalysts

The reduction of carbon dioxide to value-added chemicals represents a critical
technology for mitigating climate change while producing useful feedstocks for chemical
synthesis [15]. Transition metal catalysts capable of activating the thermodynamically
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stable carbon dioxide molecule and directing its conversion toward specific products have
become subjects of intense research interest. Dual-metal site catalysts, which incorporate
two distinct metal centers in close proximity, offer unique advantages for carbon dioxide
reduction through synergistic effects that enhance activity and selectivity beyond what
can be achieved with single-metal systems. The spatial arrangement of metal centers in
dual-site catalysts creates binding pockets that can stabilize key intermediates in multi-
electron reduction pathways, lowering activation barriers and promoting formation of
C2+ products rather than simple one-carbon compounds [15].

The mechanism of carbon dioxide reduction on dual-metal catalysts involves initial
chemisorption of carbon dioxide molecules onto one or both metal centers, followed by
sequential proton-coupled electron transfer steps that progressively reduce the carbon
oxidation state. The presence of two metal sites facilitates coupling reactions between
adsorbed carbon monoxide or other C1 intermediates to form carbon-carbon bonds,
leading to production of ethylene, ethanol, acetate, and higher-value multi-carbon
products. Electronic interactions between adjacent metal centers modulate the binding
energies of reaction intermediates and influence the kinetics of elementary steps in the
catalytic cycle [15]. Table 4 summarizes the performance characteristics of different dual-
metal catalyst systems for electrochemical carbon dioxide reduction.

Table 4. Dual-Metal Site Catalysts for CO, Reduction to C2+ Products.

Metal Support Material Primary C2+ Faradaic Operating Potential
Combination =" PP Products Efficiency (%) (V vs RHE)
Ethyl
Cu-Cu N-doped carbon thylene, 65-75 -09to-1.1
ethanol
Cu-Ni Carbon nanotubesEthanol, acetate 55-65 -0.8to-1.0
Cu-Co Graphene oxide Ethylene, 50-60 -1.0to-1.2
propanol
Cu-Fe MOFEF-derived Ethanol, n- 15-58 09to0-11
carbon propanol
Ni-Fe Nitrogen-doped Formate, 140-52 0.7 t0-0.9
graphene acetate

5.2. Transition Metal Dichalcogenides

Transition metal dichalcogenides constitute another important class of catalysts for
carbon dioxide conversion, featuring layered structures with unique electronic properties
that facilitate electron transfer processes essential for reduction reactions [16]. These
materials consist of transition metal atoms sandwiched between chalcogen layers, creating
MX2 stoichiometry where M represents metals such as molybdenum, tungsten, or nickel,
and X denotes sulfur, selenium, or tellurium. The layered nature of dichalcogenides
provides high surface areas with abundant edge sites that serve as primary locations for
catalytic activity in carbon dioxide reduction. The electronic structure of metal
dichalcogenides can be systematically tuned through compositional variations, defect
engineering, or hybridization with other materials to optimize their performance for
specific reaction conditions [16].

Molybdenum disulfide and tungsten disulfide have received particular attention as
earth-abundant alternatives to precious metal catalysts for electrochemical and
photochemical carbon dioxide reduction. The catalytic mechanism on dichalcogenide
surfaces involves initial adsorption of carbon dioxide molecules at coordinatively
unsaturated metal sites along edges or defects, followed by electron transfer from the
catalyst to carbon dioxide to form radical anion intermediates. Subsequent protonation
and electron transfer steps lead to formation of reduced products such as carbon
monoxide, formic acid, or methanol depending on the catalyst composition and reaction
conditions. The stability of dichalcogenide catalysts under operating conditions
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represents an important advantage, as these materials resist oxidative degradation and
maintain structural integrity through multiple catalytic cycles [16].

5.3. Mechanistic Insights and Product Selectivity

Achieving high selectivity for desired products in carbon dioxide reduction remains
challenging due to the multiple possible reaction pathways and similar thermodynamic
potentials for forming different reduced species. Transition metal catalysts influence
product distributions through their distinct abilities to stabilize specific intermediates
along different reaction coordinates [15]. Computational studies using density functional
theory have provided valuable insights into the binding energies of key intermediates on
various metal surfaces and helped identify descriptor properties that correlate with
selectivity patterns. The binding strength of carbon monoxide intermediates on the
catalyst surface proves particularly important, as moderate binding enables facile carbon-
carbon coupling while very strong or very weak binding promotes formation of one-
carbon products.

The local pH environment near the catalyst surface significantly impacts the kinetics
of proton-coupled electron transfer steps and can be manipulated through catalyst design
to favor specific pathways [16]. Buffer species, electrolyte composition, and current
density all contribute to establishing the interfacial pH that controls protonation rates of
adsorbed intermediates. Mass transport of carbon dioxide to the catalyst surface and
removal of products from the reaction zone represent additional factors that influence
overall performance and selectivity. Optimization of catalyst structure, composition, and
operating conditions requires balancing these multiple factors to achieve maximum
efficiency for producing target chemicals from carbon dioxide feedstocks [15].

6. Conclusion

The development of transition metal catalysts for sustainable chemical
transformations represents a critical pathway toward addressing global challenges in
energy, environment, and resource management. This review has comprehensively
examined the fundamental properties, design principles, and diverse applications of
earth-abundant transition metal catalysts across biomass conversion, carbon dioxide
valorization, and coordination polymer systems. The unique electronic structures and
tunable properties of first-row transition metals enable their deployment in catalytic
processes that transform renewable feedstocks into valuable chemicals and fuels while
minimizing environmental impact and reducing dependence on precious metal catalysts.

The success of transition metal carbides in biomass processing demonstrates how
materials design can create catalyst systems with platinum-like activity combined with
superior resistance to poisoning and deactivation under harsh reaction conditions.
Copper-based coordination polymers illustrate the versatility of framework materials that
integrate well-defined active sites with structural porosity to achieve selective catalysis
and enzyme-like functionality. The emergence of dual-metal site catalysts and transition
metal dichalcogenides for carbon dioxide reduction highlights innovative approaches to
achieving selectivity for multi-carbon products through synergistic effects and electronic
structure engineering.

Despite significant advances, several challenges remain in translating laboratory
discoveries to industrial implementation. Catalyst stability under real-world operating
conditions, scalability of synthesis methods, and economic competitiveness with
established technologies require continued attention. Future research directions should
emphasize operando characterization to understand dynamic -catalyst behavior,
computational modeling to accelerate discovery of new materials, and collaborative
frameworks that bridge fundamental science with engineering practice. The integration
of machine learning and high-throughput screening promises to accelerate identification
of optimal catalyst compositions and operating conditions.

The transition toward sustainable chemistry powered by earth-abundant metal
catalysts offers tremendous opportunities for innovation across chemical manufacturing,

289



Journal of Sustainability, Policy, and Practice Vol. 1, No. 3 (2025)

energy conversion, and environmental remediation. Continued investment in
fundamental research, technology development, and cross-sector collaboration will be
essential to realize the full potential of transition metal catalysts in enabling a sustainable
future. As the field matures, the principles established through current research will
provide foundations for next-generation catalytic systems that meet the evolving
demands of green chemistry and circular economy paradigms.
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