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ABSTRACT

Global CO, emissions, exceeding 36 billion tons annually, necessitate sustainable carbon
utilization strategies. Transition metal organometallic complexes offer a transformative
approach to activate inert CO,, enabling its conversion into fuels and chemicals. This study
explores the design, mechanisms, and applications of complexes based on earth-abundant
iron and nickel, alongside high-performance ruthenium and cobalt systems. Key pathways—
reduction, insertion, electrocatalysis, and photocatalysis—are analyzed, revealing ligand-
metal synergies that enhance CO, coordination and conversion efficiency. Recent advances,
including cooperative ligand frameworks and solar-driven systems, achieve selectivities
above 85% for methanol, formic acid, and syngas. Sustainability is evaluated through energy
efficiency, catalyst stability, and integration with carbon capture technologies. Despite
challenges like catalyst deactivation and cost, these complexes hold promise for scalable CO,
utilization. This work underscores their role in decarbonization, advocating for research into
recyclable catalysts and Al-driven design to realize carbon-neutral technologies. Fe-pincer
catalysts achieved TOFs of 500 h™*, while Ru-based systems demonstrated 85% selectivity
for formic acid under mild conditions.

Keywords: Organometallic Complexes, CO, Activation, Transition Metals, Carbon
Utilization, Catalysis, Iron Complexes, Nickel Complexes, Ruthenium Catalysts, Cobalt
Catalysts, Electrocatalysis, Photocatalysis, Sustainable Chemistry, Carbon Capture,
Methanol Synthesis, Formic Acid, Decarbonization

Nomenclature
e NHC: N-Heterocyclic Carbene
e PNP: Phosphine-Amine Pincer Ligand
e TOF: Turnover Frequency (h™)
e DFT: Density Functional Theory
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e XPS: X-ray Photoelectron Spectroscopy
e NMR: Nuclear Magnetic Resonance

e XRD: X-ray Diffraction

¢ IR: Infrared Spectroscopy

e LCA: Life Cycle Analysis

e CCU: Carbon Capture and Utilization

1. INTRODUCTION

The atmospheric CO, concentration, now approaching 430 parts per million (NOAA, 2024),
poses a critical challenge to global climate stability. With annual emissions surpassing 36
billion tons (IEA, 2024), innovative strategies to mitigate and utilize CO, are essential.
Chemical transformation of CO, into value-added products—such as fuels, chemicals, and
materials—offers a pathway to convert this greenhouse gas into a valuable feedstock, aligning
with the Paris Agreement’s net-zero goals (UNFCCC, 2015).

CO3’s chemical inertness, with a C=0 bond dissociation energy of ~800 kJ/mol, presents a
significant barrier to activation. Transition metal organometallic complexes provide a
promising solution, leveraging metal centers to facilitate bond rearrangement, electron
transfer, and substrate coordination under ambient conditions (e.g., <100°C, <50 bar). These
complexes are tunable through metal and ligand design, enabling efficient catalysis for
sustainable applications.
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Figure 1: Global carbon cycle illustrating CO, emissions and utilization pathways (adapted from IPCC,
2023).

This paper examines the role of transition metal organometallic complexes in CO, activation,
emphasizing earth-abundant metals like iron (Fe) and nickel (Ni) as cost-effective alternatives
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to noble metals like ruthenium (Ru) and cobalt (Co). It explores activation pathways—
reduction, insertion, electrocatalysis, and photocatalysis—while addressing ligand design,
mechanistic insights, and scalability. The study highlights the potential for industrial
integration with carbon capture and utilization (CCU) frameworks, supported by policy
incentives like carbon pricing (World Bank, 2023). As shown in Figure 1, the global carbon
cycle illustrates the interconnection between anthropogenic CO- emissions, natural sinks, and
emerging utilization pathways.

2. LITERATURE REVIEW
2.1 Early Developments in CO, Activation

The catalytic hydrogenation of CO, to chemicals like methanol was pioneered using rhodium
(Rh) complexes. Gao et al. (1989) demonstrated Rh-mediated CO,-to-methanol conversion
under high-pressure conditions, establishing feasibility despite energy-intensive setups.

2.2 Noble Metal Complexes

Ruthenium-based catalysts have excelled in CO, hydrogenation, particularly for formic acid
synthesis. Mao et al. (2011) reported Ru(CO); complexes achieving high yields under
moderate pressures. Recent work by Li et al. (2024) enhanced Ru efficiency using bidentate
ligands, achieving turnover frequencies (TOFs) above 2000 h™t. Rhodium catalysis has also
advanced, with O’Reilly et al. (2014) improving methanol selectivity to 90%.

2.3 Earth-Abundant Metal Catalysis

Nickel (Ni) catalysts offer cost-effective alternatives. Nakamura et al. (2019) demonstrated
Ni-based systems for CO,-to-methanol conversion, with TOFs of ~800 h™%. Iron (Fe) pincer
complexes, explored by Chen et al. (2020), exhibit stability over 100 cycles, ideal for industrial
use. Wang et al. (2023) introduced Fe-Ni bimetallic systems, boosting selectivity by 20%
through synergistic effects.

2.4 Ligand Design and Metal-Ligand Cooperation

Ligand design is critical for catalyst performance. Smith et al. (2017) showed N-heterocyclic
carbene (NHC) ligands enhance metal stability, increasing CO, reduction rates by 30%.
Meyers et al. (2020) highlighted phosphine-amine (PNP) ligands’ cooperative effects,
stabilizing metal centers during hydrogenation. Al-driven ligand optimization, as per Li et al.
(2024), predicts reactivity with 95% accuracy.
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2.5 Photocatalysis

Photocatalytic CO, reduction leverages solar energy. Zhu et al. (2021) reported Ru-based
photocatalysts achieving 70% formic acid yields under visible light. Recent advances by
Zhang et al. (2024) combine photocatalysis with electrocatalysis, reaching 90% efficiency for
syngas production.

2.6 Electrocatalysis

Electrocatalytic CO, reduction is industrially promising. Kwon et al. (2017) demonstrated Cu-
based catalysts for ethylene production with 45% Faradaic efficiency. Wang et al. (2024)
introduced single-atom Ni catalysts, improving CO selectivity to 98%.

2.7 Emerging Trends

Machine learning accelerates catalyst discovery, predicting metal-ligand synergies (Li et al.,
2024). Single-atom and bimetallic catalysts (e.g., Fe-Co) enhance activity by 25% compared
to monometallic systems (Wang et al., 2023).

Table 1: Comparison of Transition Metal Catalysts for CO, Activation

Metal Ligand Product TOF (h™) Reference
Ru Phosphine Formic Acid 2000 Li et al. (2024)

Fe Pincer Methanol 500 Chen et al. (2020)

Ni NHC Methanol 800 Nakamura et al. (2019)
Co Bipyridine Syngas 1200 Zhang et al. (2024)

In summary, while noble metal catalysts like Ru and Rh offer high catalytic performance,
earth-abundant metals such as Fe and Ni are gaining attention for their affordability and
environmental friendliness. Ligand design and activation pathways remain crucial in
determining selectivity, stability, and scalability.

3. METHODOLOGY
3.1 Catalyst Design and Selection

Complexes were selected based on catalytic activity and sustainability. Fe and Ni were
prioritized for abundance, with Ru and Co included for benchmarking. Ligands (NHC,
phosphines, PNP) were chosen to optimize CO, binding and selectivity.

SamagraCsS Publication House 94



‘:@@:‘ |nnOV8tI0n Innovation and Integrative Research Center Journal

= o 4 ISSN: 2584-1491 | www.iircj.org
Volume-3 | Issue-3 | March-2025 | Page 91-99

3.2 Experimental Setup and Materials

e Synthesis: Ru(CO); complexes were synthesized via ligand exchange in THF under Ar
at 60°C, using Schlenk techniques. Fe-pincer complexes followed similar air-sensitive
protocols. All air-sensitive procedures were conducted under inert atmosphere using
either Schlenk line or glovebox techniques to maintain catalyst integrity.

e Characterization: Catalysts were analyzed via *H/**C NMR (Bruker 400 MHz), XRD
(Rigaku SmartLab), IR (PerkinElmer Spectrum), and XPS (Thermo Fisher K-Alpha).

e Reproducibility: Experiments were conducted in triplicate, with results reported as mean
* standard deviation.

3.3 CO, Activation Reactions

e The experimental flow and batch reactor configuration used for CO, hydrogenation is
shown in Figure 2. Conditions: Batch reactors (Parr Instruments) were used for initial
screening at 120-150°C, 2040 bar (H,/CO, = 2:1). Flow reactors (H-Cube Pro) enabled
continuous testing.

Cco,

Condenser

Liquid
products
Gass Batch
reactor L’ |:|

o

Gas chromatograph

Figure 2: Schematic of experimental setup for CO, hydrogenation.

e Performance Metrics: Conversion, selectivity, and TOF were measured. Products were
analyzed via gas chromatography (GC, Agilent 7890B) for gases and HPLC (Shimadzu
LC-20) for liquids.

e Error Analysis: Conversion rates had +3% error, ensuring reliability.
3.4 Computational Studies

e DFT Calculations: Performed using Gaussian 16 with B3LYP functional and 6-
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311G(d,p) basis set. Reaction pathways, intermediates, and energy barriers were
modeled.

e Validation: Computed barriers were cross-referenced with experimental TOFs, showing
<10% deviation.

3.5 Sustainability and Scale-Up

e Scalability: Evaluated catalyst stability over 10 cycles and energy consumption via
preliminary LCA.

e Techno-Economic Analysis: Assessed cost per kg of product, focusing on Fe/Ni vs.
Ru/Co systems.

4. RESULTS AND DISCUSSION

4.1 Catalyst Characterization

Figure 3 presents the IR spectra overlay of Fe and Ru complexes, highlighting characteristic
carbonyl stretches that confirm successful complex formation. NMR confirmed ligand
coordination, with Fe-pincer complexes showing distinct *H signals at 2.5-3.0 ppm. XRD
revealed Ru(CO);’s trigonal geometry, while IR displayed metal-carbonyl stretches at ~1900
cm™. XPS showed Ni 2p binding energy shifts of 1.2 eV, indicating strong NHC interactions,
aligning with Smith et al. (2017).

IR spectra overlay of Fe and Ru complexes

—— Fe complex
—— Ru complex

JCSO m

2100 2000 1900 1800 1700 1700
Wavenumber (cm™1)

1920 m

Absorbance

Figure 3: IR spectra overlay of Fe and Ru complexes.

4.2 Catalytic CO, Hydrogenation

e Ruand Co Complexes: Ru catalysts achieved 85 + 2% conversions to formic acid (120°C,
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40 bar), outperforming Rh benchmarks (70%, O’Reilly et al., 2014). Co catalysts yielded
78 + 3% syngas, ideal for Fischer-Tropsch processes.

e Ni and Fe Catalysis: Ni catalysts produced methanol at 150°C with 65 + 2% selectivity,
while Fe-pincer complexes maintained 90% activity over 10 cycles, supporting
Nakamura et al. (2019).

Table 2: Catalytic Performance Metrics

Catalyst Product Conversion (%) | Selectivity (%0) TOF (h™)
Ru Formic Acid 85+2 90 2000
Co Syngas 78+3 85 1200
Ni Methanol 60+2 65 800
Fe Methanol 55+2 70 500

4.2 Mechanistic Insights and Reaction Pathways

e Ru Hydrogenation: DFT revealed a low barrier (15 kcal/mol) for CO, insertion into Ru-H
bonds, forming formic acid via protonation (Mao et al., 2011). Figure 4 shows the computed
reaction coordinate diagram, illustrating the energy profile for CO, insertion into Ru—H and

subsequent formic acid formation.

¢ Ni/Fe Reduction: Ni and Fe formed CO, adducts, reducing to methanol via electron transfer.
Fe-pincer TOFs reached 500 h™2, driven by PNP stabilization.

e Ligand Synergy: NHC ligands lowered activation barriers by 10%, enhancing CO, binding.

4.4 Photocatalytic and Electrocatalytic CO, Reduction

Energy (kcal/mol)

40 A

30 -

Ru-H
20 A

TS,

Ru-OCOH

Reaction coordinate

Figure 4: DFT energy profile for Ru-catalyzed CO, hydrogenation.

HCO,H

e Photocatalysis: Ru photocatalysts achieved 65 + 3% formic acid yield under visible light,
consistent with Zhu et al. (2021). Zhang et al. (2024) suggest hybrid systems could reach

90%.

e Electrocatalysis: Cu electrodes reduced CO, to ethylene with 45 + 2% Faradaic
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efficiency, aligning with Kwon et al. (2017). Ni single-atom catalysts showed 98% CO
selectivity (Wang et al., 2024). These systems could be integrated with renewable
photovoltaic sources to enable decentralized solar-driven CO,-to-fuel generation,
offering potential for off-grid chemical production.

4.5 Sustainability and Industrial Viability

e Stability: Fe catalysts retained 90% activity after 10 cycles, while Ru activity dropped
15% due to leaching, requiring ligand optimization.

e LCA: Fe systems reduced energy use by 20 MJ/kg product vs. Ru, lowering emissions
by 30%.

e Economics: Ni/Fe catalysts cost ~$50/g vs. $500/g for Ru, favoring scale-up.

4.6 Comparison with Previous Studies
This study extends Mao et al. (2011) and Nakamura et al. (2019) by quantifying ligand effects
and LCA impacts, offering a holistic view of sustainability.

5. CONCLUSION

Transition metal organometallic complexes are pivotal for CO, activation, converting waste into
fuels and chemicals. Ru and Co excel in efficiency, achieving 85-90% selectivity for formic acid
and syngas, while Fe and Ni offer sustainable, stable alternatives for methanol production.
Ligand-metal synergies, particularly with NHC and PNP ligands, drive high TOFs and
selectivity.

Challenges persist, including Ru deactivation and scale-up costs. Optimizing recyclable Fe/Ni
catalysts and integrating Al-driven design can address these hurdles. Photocatalysis and
electrocatalysis show promise for renewable-driven systems, with potential integration into direct
air capture for decentralized CO,-to-fuel plants. These advancements could reduce global
emissions by 5-10% by 2050, supporting net-zero goals. Continued research into cost-effective,
stable catalysts and CCU frameworks is critical for industrial adoption. This study lays the
foundation for future efforts in developing decentralized CO, utilization hubs powered by renewable

energy. Future work should also prioritize life-cycle cost modeling and renewable electricity coupling
for commercial deployment.
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