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Abstract 

The imperative to mitigate greenhouse gas emissions and transition to sustainable energy sources is 

driving a paradigm shift in the chemical industry. Electrification, leveraging renewable energy sources, 

emerges as a next-generation approach to transform traditional chemical synthesis routes, often reliant 

on fossil fuels and energy-intensive processes. This review explores the burgeoning field of electrified 

chemical synthesis, focusing on key examples – electrochemical CO2 reduction reaction (CO2RR), 

electrochemical ammonia (NH3) synthesis, and electrochemical hydrogen peroxide (H2O2) production 

– where electrification offers significant environmental and efficiency advantages. We analyse recent 

advancements in electrocatalyst materials, particularly highlighting metal-free carbon catalysts and 

hetero-structured nanomaterials, and discuss the intricate scientific details governing reaction 

mechanisms, active site identification, and product selectivity. Furthermore, this article elucidates the 

gaps that need to be bridged and future research directions for realizing the full potential of 

electrification in revolutionizing the chemical industry and achieving substantial greenhouse gas 

mitigation. 
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INTRODUCTION 

The chemical industry is a cornerstone of modern civilization, simultaneously a significant energy 

consumer and a substantial contributor to greenhouse gas emissions [1]. Traditional chemical 

manufacturing processes, developed and optimized over decades, heavily depend on fossil fuels, both 

as feedstocks and as energy sources for high-temperature, high-pressure reactions [2]. This inherent 

reliance on fossil fuels places the chemical industry at the forefront of the global climate challenge, 

necessitating urgent and transformative innovation towards sustainable alternatives. 

 

Electrification of chemical processes, powered by the increasing availability and decreasing cost of 

renewable energy (solar, wind, hydro), presents a 

paradigm shift in approaching chemical synthesis 

[3]. This “next-generation approach” offers a route 

to decouple chemical manufacturing from fossil 

fuel dependency, mitigating greenhouse gas 

emissions while enabling sustainable production of 

essential chemicals. Electrochemical synthesis 
is the core principle of this electrification allowing 

for targeted chemical transformations at ambient to 

moderate temperatures and pressures, driven by 

electron transfer at electrode interfaces [4, 5]. This 

fundamentally differs from conventional 

thermochemical routes and presents a pathway to 
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greater energy efficiency, on-demand production, and integration with intermittent renewable energy 

sources. 

 

This review article highlights the broader landscape of electrified chemical synthesis focusing on 

three prominent examples: 

• Electrochemical CO2 Reduction (CO2RR): Addressing the dual challenge of mitigating 

greenhouse gases and creating value-added products from a waste stream. CO2RR aims to convert 

captured carbon dioxide, a potent greenhouse gas, into valuable chemicals and fuels, effectively 

closing the carbon loop and serving as an energy storage mechanism for renewable electricity [6]. 

• Electrochemical Ammonia (NH3) Synthesis: Rethinking ammonia production, a cornerstone of the 

fertilizer industry, which is currently dominated by the energy-intensive Haber-Bosch process. 

Electrification offers the potential for decentralized, lower-energy ammonia synthesis, leveraging 

renewable energy and reducing reliance on fossil fuel-based hydrogen sources [7]. 

• Electrochemical Hydrogen Peroxide (H2O2) Production: Developing cleaner and safer 

alternatives to the anthraquinone process for H2O2 synthesis. Electrochemical H2O2 production 

allows for on-site, on-demand generation, eliminating the hazards associated with transport and 

concentrated solutions, and potentially enabling greener oxidation chemistry [8]. 

 

For each of these case studies, exploration of the underlying scientific principles, recent 

breakthroughs in electrocatalyst materials, and remaining challenges has been done. Further, emphasis 

has been placed on metal-free carbon materials as a revolutionary class of electrocatalysts, highlighting 

their unique advantages and dissecting the intricate scientific details surrounding active site 

identification and reaction mechanisms, drawing insights from seminal works in the field. Furthermore, 

through this review I will examine the opportunities for hetero-structured nanomaterials that combine 

diverse functionalities for enhanced catalytic performance, offering a pathway towards the “next-

generation” of efficient and selective electrochemical converters, informed by breakthroughs 

demonstrated in pioneering research [9, 10]. Finally, I will analyse the current limitations of 

electrochemical approaches for these chemical conversions and provide perspectives on future research 

directions required to achieve commercially viable and environmentally impactful electrified chemical 

industries for mitigating greenhouse gas emissions and fostering a truly sustainable future for chemical 

synthesis (Figure 1). 

 

 
Figure 1. Towards environmental sustainability. 

 

ELECTROCHEMICAL CO2 REDUCTION 

The Challenge and Opportunity of CO2RR 

The increasing concentration of atmospheric CO2 presents a formidable environmental challenge, 

with profound implications for global warming and climate change [11, 12]. Simultaneously, CO2 

represents a readily available and abundant source of carbon, the fundamental building block of organic 

molecules that form the basis of fuels, chemicals, and materials. Electrochemical CO2 reduction 
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(CO2RR) offers a transformative approach to address this dual challenge, converting a potent 

greenhouse gas into valuable products by utilizing renewable electricity as the driving force [13]. The 

vision is to create a closed-loop carbon economy where CO2 emissions are not simply sequestered but 

are instead valorised, contributing to a more circular and sustainable industrial system (Figure 2). 

 

Catalysis at the Heart of Efficient CO2RR: The Rise of Metal-Free Carbon 

Materials and Heterostructures 

 

 
Figure 2. Closed-loop CO2 economy. 

 

The key to achieving efficient and selective CO2RR lies in the development of robust and highly 

active electrocatalysts. The paper rightly points out that overcoming the thermodynamic stability of 

CO2, evidenced by the high energy of the C=O bond and the substantial overpotentials required for 

reduction, is a major hurdle [6]. Traditional electrocatalysts based on noble metals, like Pt, Au, and Ag, 

while showing some activity for CO2RR [14], often suffer from drawbacks, such as high cost, low 

selectivity for higher-value products (favoring C1 products like CO), and competition from the hydrogen 

evolution reaction (HER) [15]. 

 

This has spurred intensive research into alternative catalyst materials, and metal-free carbon materials 

have emerged as a particularly promising class of electrocatalysts. The review extensively details the 

compelling advantages of these materials, abundant resources, low cost, tailorable porous structures 

and surface chemistry, high electrical conductivity, resistance to acids and bases, and high temperature 

stability. 

 

Metal-Free Carbon Materials: A Sustainable and Tunable Platform 

A pristine carbon material is inherently inert towards CO2RR due to their chemical neutrality and 

hydrophobic surface. However, heteroatom doping, especially with nitrogen (N), boron (B), sulfur (S), 

or through co-doping strategies, emerges as a powerful tool to fundamentally alter the electronic 

properties of carbon and imbue it with catalytic activity for CO2RR [16–21]. The review underscores 

the effectiveness of N-doping, creating both positively charged carbon atoms and negatively charged 

nitrogen atoms within the carbon framework [18]. This charge polarization is driven by the 

electronegativity difference between carbon and the heteroatom dopant, creates active sites capable of 

activating and binding CO2 molecules. 

 

Further, the exact nature of the active site remains a subject of ongoing research. However, certain 

N-doping configurations have been identified as particularly relevant. Pyridinic nitrogen positioned at 

the edges and defects of graphene sheets is often cited as a key contributor to CO2RR activity. This 

configuration, possessing a lone pair of electrons, can act as a Lewis base, effectively interacting with 

the Lewis acidic CO2 molecule and facilitating its adsorption and activation. The carbon atoms adjacent 

to pyridinic N achieve a localized density of states and Lewis’s basicity thus suggesting carbon atoms 

themselves might act as the main catalytic site while pyridinic-N aids in initial CO2 binding. Graphitic 

nitrogen and pyrrolic nitrogen configurations may also contribute to the overall catalytic activity, albeit 

potentially to a lesser extent than pyridinic-N, depending on the reaction mechanism and targeted 

products [22]. 
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Beyond N-doping, boron (B) and sulfur (S) doping also offers routes to modulate carbon electronic 

properties for CO2RR. B-doping induces electron deficiency in the carbon matrix, potentially stabilizing 

oxygen intermediates formed during CO2RR and promoting specific reaction pathways [21]. Similarly, 

S-doping, owing to sulfur’s larger atomic size and polarizability, can also influence charge distribution 

and active site properties within the carbon framework. The strategic combination of multiple dopants 

(co-doping) can further fine-tune the electronic and structural properties of carbon catalysts, achieving 

synergistic effects that surpass the performance of single-element doping, offering exciting avenues for 

future catalyst design. 

 

Hetero-Structured Catalysts: Synergistic Enhancement Through Material Combinations 

To further enhance the catalytic performance, recent research is increasingly focusing on 

heterostructured catalysts, where metal-free carbon materials are combined synergistically with other 

materials to optimize different aspects of the CO2RR process. Metal carbides (Mo2C, Fe5C2, WC) as 

discussed in[23] possess Pt-group-metals, like electronic configurations and catalytic properties, but at 

significantly reduced cost. The review elucidates the potential synergistic effects arising from 

combining Mo2C/Fe5C2 nanoparticles with a nitrogen-doped carbon matrix [23, 24]. The highly 

conductive metallic carbides (Fe5C2) serve as excellent electron conduits, facilitating charge transfer 

within the catalyst structure and boosting overall reaction kinetics. Simultaneously, the inherent 

catalytic activity of Mo2C for CO activation, combined with the CO2 adsorption enhancement imparted 

by the nitrogen-doped carbon support results in a heterostructure with significantly improved CO2RR 

performance. Furthermore, research emphasizes the creation of abundant oxygen vacancies at the metal 

carbide-carbon interface due to the electronic interplay, providing additional active sites for CO2 

binding and reduction [25, 26]. Such multi-component catalyst designs, where each component 

contributes synergistically to overcome individual limitations, represents a key trend in advancing 

CO2RR catalysis towards practical viability and it is implicitly supported by the fundamental insights. 

 

Reaction Pathways and Product Selectivity in CO2RR on Carbon Catalysts 

The intricate reaction mechanisms governing CO2RR on carbon catalysts, and particularly the factors 

controlling product selectivity, remain active areas of investigation. The review provides valuable 

insights into the proposed pathways and intermediates based on theoretical calculations [27]. For 

nitrogen-doped graphene, for example, the pathway to C1 products, like CO and HCOOH, is considered 

energetically more favourable than deeper reduction pathways leading to methane or ethylene, due to 

energetic barriers involved in subsequent C-C coupling or further protonation steps [28, 29]. 

 

Selectivity towards specific products in CO2RR on carbon materials is highly tunable and can be 

influenced by a complex interplay of factors, including: 

• Heteroatom Doping Type and Density: The type and concentration of heteroatom dopants (N, B, 

S, etc.) critically determine the electronic properties of the carbon catalyst, influencing the binding 

affinity for CO2 and reaction intermediates, thus shifting product distributions [30]. 

• Electrode Potential: As highlighted in literature applied electrode potential is a crucial parameter, 

directly dictating the energy available for the CO2RR and influencing the thermodynamic 

feasibility of different reduction pathways. More negative potentials typically favour deeper 

reduction products (methane, ethylene), while milder potentials tend to produce C1 products (CO, 

formate), consistent with observations across studies utilizing metal-free carbon catalysts and 

other catalyst systems[30]. 

• Electrolyte Composition and pH: The nature of the electrolyte and the pH of the reaction medium 

significantly impact proton availability and mass transport within the electrochemical cell, 

indirectly influencing product selectivity. Some paper mentions how pH, and electrolyte media 

play a vital role in directing product selectivity, which holds equally true for carbon-based 

catalysts [31]. For example, the use of ionic liquids can promote CO production by stabilizing 

specific intermediates and influencing the CO2RR mechanism [30]. 
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• Catalyst Microstructure and Morphology: The porous structure, surface area, and defect density 

of the carbon catalyst impact the availability of active sites, reactant transport, and overall mass-

transfer limitations, ultimately influencing current density and potentially affecting product 

selectivity [28]. Tailoring these structural parameters is essential for maximizing catalytic 

efficiency. 

 

GAPS, CHALLENGES, AND FUTURE DIRECTIONS IN METAL-FREE CARBON 

CO2RR ELECTROCATALYSIS 

Despite significant progress, realizing the full potential of metal-free carbon materials for CO2RR 

requires addressing key challenges and pursuing promising future directions, consistent with 

perspectives [9]. 

• Enhancing Energy Efficiency and Current Density: By improving the energy efficiency and 

current density of CO2RR remains a paramount objective. This necessitates continued innovation 

in catalyst design to reduce overpotentials and minimize energy losses associated with HER 

competition. Optimizing electrode and reactor design to enhance mass transport of CO2 to the 

catalytic sites is also crucial for achieving higher current densities. 

• Improving Selectivity Towards High-Value Products: While significant progress has been made in 

achieving high selectivity for C1 products (CO, formate) on carbon catalysts, directing CO2RR 

towards higher-value C2
+ products (ethylene, ethanol, multi-carbon oxygenates) with high 

selectivity and Faradaic efficiency remains a grand challenge. highlights how advanced catalyst 

architectures, such as tandem catalysts combining different catalytic functionalities, and strategic 

electrolyte engineering, offer potential routes to overcome kinetic barriers for C-C bond formation 

and achieve enhanced selectivity towards multi-carbon products. 

• Long-Term Stability and Durability: The emphasizes on the crucial need for long-term stability in 

CO2RR catalysts. While carbon materials, in general, offer good inherent stability, the long-term 

electrochemical stability of heteroatom-doped carbons, especially under prolonged CO2RR 

operation, needs further investigation. Degradation mechanisms, including dopant leaching, 

structural changes in the carbon support, and surface fouling, must be meticulously studied and 

addressed through rational catalyst design and protective strategies. 

• Active Site Identification and Mechanistic Understanding: Research rightly points out the need 

for definitive identification of active sites in heteroatom-doped carbon catalysts and a 

comprehensive mechanistic understanding of CO2RR pathways on these materials [32]. This 

requires advanced in-situ characterization techniques (e.g., operando spectroscopy) combined 

with sophisticated theoretical modelling to probe the catalyst-electrolyte interface under reaction 

conditions and unravel the intricate steps governing CO2RR on carbon catalysts. A deeper 

mechanistic understanding is paramount for rational catalyst design and for precisely tailoring 

material properties to enhance activity, selectivity, and stability for targeted CO2RR products. 

 

ELECTROCHEMICAL AMMONIA SYNTHESIS 

Haber-Bosch Contribution and the Need for Electrification 

The Haber-Bosch process, developed in the early 20th century, revolutionized agriculture by enabling 

large-scale production of ammonia (NH3), a key ingredient in nitrogen fertilizers [33, 34]. However, 

this process is inherently energy-intensive and carbon-intensive, consuming approximately 1–2% of 

global energy and contributing ~3% of global CO2 emissions, as the alludes to the substantial energy 

footprint [35]. The Haber-Bosch process operates at high temperatures (400-500°C) and high pressures 

(150–250 atm), requiring hydrogen primarily derived from fossil fuels. Electrifying ammonia synthesis 

offers a truly transformative pathway towards sustainable nitrogen fixation. Electrochemical ammonia 

synthesis, particularly when coupled with renewable electricity and potentially using air and water as 

feedstock, holds the promise of decentralized, low-carbon ammonia production, offering a disruptive 

alternative to the centralized and fossil fuel-dependent Haber-Bosch process [34]. 

Electrocatalytic Pathways and Challenges for Electrochemical NH3 Synthesis 
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Unlike CO2RR, electrochemical nitrogen reduction reaction (NRR) for ammonia synthesis presents 

even greater thermodynamic and kinetic challenges. The nitrogen molecule (N2) is exceptionally stable, 

owing to its strong triple bond, rendering its activation and dissociation extremely difficult under ambient 

conditions. Electrocatalytic nitrogen reduction reaction typically proceeds through associative 

mechanisms, involving proton-coupled electron transfer steps. Despite the inherent challenges, significant 

research efforts are being directed towards electrochemical nitrogen reduction reaction, with various 

electrocatalytic systems being explored, although none of the reviewed articles extensively discussed this. 

• Catalyst Material Innovation for Nitrogen Reduction Reaction: Exploration of novel catalyst materials 

capable of effectively activating and reducing N2 at low overpotentials is a central focus. While noble 

metals (Pt, Ru) exhibit some activity for NRR, they suffer from Hydrogen Evolution Reaction (HER) 

competition and high cost. Research is actively exploring non-noble metal catalysts (e.g., Fe, Co, Ni-

based materials, and metal chalcogenides), and emerging materials, like metal nitrides and carbides, 

although these are not explicitly covered in the reviewed articles. Metal-free carbon materials, 

particularly nitrogen-doped carbons, and carbon nanomaterials, are also being investigated for NRR, 

drawing on the successful application of N-doped carbons in other electrocatalytic domains, but 

research on purely carbonaceous electrocatalysts for NRR is less developed compared to CO2RR or 

ORR and is not discussed in detail within the provided articles [36]. 

• Electrolyte Optimization and Reaction Conditions: Electrolyte plays a crucial role in 

electrochemical nitrogen reduction reaction, influencing proton availability, mass transport, and 

the competition between NRR and HER. Aqueous electrolytes are commonly used, but 

optimization of pH, supporting salts, and the addition of co-catalysts is essential to enhance NRR 

activity and selectivity. Non-aqueous electrolytes, such as ionic liquids and organic electrolytes, 

are also being explored to overcome limitations associated with proton availability and HER 

competition in aqueous media, though these are not central topics in the provided papers. 

• Addressing the Selectivity Challenge in NRR:  A major hurdle in electrochemical NRR is 

achieving high selectivity for ammonia over the competing HER. Most electrocatalysts tested to 

date exhibit significantly higher rates for HER than NRR, resulting in low Faradaic efficiencies 

for ammonia production. Strategies to enhance NRR selectivity include: (i) designing catalysts 

with tailored active sites that preferentially bind and activate N2 over protons; (ii) employing 

electrolytes and reactor designs that limit proton availability at the catalyst surface and enhance 

N2 mass transport; and (iii) exploring pulse electrolysis techniques or electrochemical methods 

that can suppress HER. 

 

Potential for Hybrid Systems and Integrated Approaches 

While significant breakthroughs are still required to make electrochemical nitrogen reduction 

reaction (NRR) a commercially viable alternative to Haber-Bosch, hybrid systems and integrated 

approaches are being explored to enhance feasibility. On combining electrochemical nitrogen reduction 

reaction (NRR) with biological nitrogen fixation, for example, where electrochemistry can be used to 

generate reactive nitrogen intermediates that are then further processed by nitrogen-fixing 

microorganisms, presents an intriguing synergistic pathway. Another promising direction is the 

development of photoelectrochemical NRR systems, where light energy is used to assist 

electrochemical nitrogen reduction, potentially lowering overpotentials and improving energy 

efficiency. Although much research has been focused on CO2 and ORR, but it implicitly shows a 

potential for integrating semiconductor photocatalysis with carbide-based catalytic system, as a 

generalized design principle to be potentially extended to nitrogen reduction reaction (NRR) if the 

appropriate catalysts can be discovered [37, 38]. 

 

ELECTROCHEMICAL HYDROGEN PEROXIDE (H2O2) PRODUCTION 

The Promise of On-Demand, Decentralized H2O2 Synthesis 

Hydrogen peroxide (H2O2) is a powerful yet environmentally benign oxidant, has wide-ranging 

applications in disinfection, bleaching, chemical synthesis, and environmental remediation [39, 40]. 
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Currently, H2O2 is primarily produced via the anthraquinone process, a complex, energy-intensive, 

and centralized industrial process that generates significant waste and necessitates hazardous 

transportation of concentrated H2O2 solutions [41]. 

 

Electrochemical H2O2 production offers a compelling green and sustainable alternative. Further, 

direct electrochemical synthesis of H2O2 via the two-electron oxygen reduction reaction (2e– ORR) at 

the cathode and water oxidation at the anode, using only air or oxygen and water as feedstocks, provides 

a route to on-site, on-demand generation, eliminating the need for hazardous transport and storage of 

concentrated H2O2. This is particularly advantageous for decentralized applications, such as water 

purification in remote locations or point-of-use chemical synthesis [42, 43]. Again, even though H2O2 

was not a direct focus in the reviewed articles, its potential and benefits for decentralized synthesis align 

conceptually with the spirit of renewable energy powered and electrified chemical industry implicitly 

motivated by the provided papers. 

 

Electrocatalyst Design for Selective 2e– Oxygen Reduction Reaction (ORR) to H2O2 

The critical challenge in electrochemical H2O2 production is achieving high selectivity for the 2e– 

ORR pathway over the competing four-electron oxygen reduction reaction (4e– ORR), which yields 

water as the product, consuming electrons without H2O2 formation [44]. 

• Selective Catalysts for H2O2 Production: Catalyst material plays a pivotal role in directing the 

ORR pathway towards H2O2 formation. Noble metals, particularly palladium (Pd) and platinum 

(Pt) based catalysts, have been shown to exhibit some selectivity for 2e– ORR, but again, issues 

of cost and HER competition remain. Carbon-based materials, especially modified carbons, and 

heteroatom-doped carbons (N, S, P doped), and certain metal oxides are emerging as promising 

metal-free electrocatalysts for selective H2O2 production, even if specific focus on H2O2 was not 

in the provided set of articles, as explored in related literatures outside this article set. Catalyst 

properties, such as electronic structure, surface area, and active site configuration, critically 

influence the selectivity towards the 2e– ORR pathway, demanding precise control over catalyst 

synthesis and modification [45]. 

• Electrolyte and Reactor Design Considerations: Electrolyte and reactor design are also crucial for 

maximizing H2O2 yield and efficiency. Acidic electrolytes generally favour the 2e– ORR pathway, 

while alkaline electrolytes tend to promote the 4e– pathway. However, acidic conditions can also 

lead to catalyst corrosion and stability issues for certain materials. Neutral pH electrolytes offer a 

compromise between selectivity and stability but may suffer from lower H2O2 production rates. 

Reactor design, including gas diffusion electrodes for efficient oxygen mass transport and 

microfluidic reactors for improved control over reaction conditions, is actively being explored to 

optimize H2O2 electrochemical synthesis, but was not emphasized directly by the reviewed article 

set and is again informed by broader trends in the field instead. 

 

Moving Towards Efficient and Scalable H2O2 Electrosynthesis 

Achieving efficient and scalable electrochemical H2O2 production requires overcoming limitations 

in selectivity, activity, and stability even if H2O2 was not directly assessed [46, 47]: 

• Enhancing 2e– ORR Selectivity: Designing catalysts that intrinsically favour the 2e– pathway over 

the 4e– ORR pathway is crucial. This involves precisely tailoring active site electronic structure 

and surface properties to promote selective oxygen activation and protonation towards H2O2. 

Further, theoretical calculations and mechanistic studies are essential to guide the rational design 

of such selective catalysts. 

• Improving Catalytic Activity and Stability: Developing highly active and stable electrocatalysts 

that can operate at high current densities and maintain their performance over extended periods is 

paramount for practical H2O2 electrosynthesis. This necessitates addressing catalyst degradation 

mechanisms (such as oxidative decomposition, catalyst dissolution) and engineering robust 

catalyst architectures and support materials that offer enhanced stability. 
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• Integrating with Renewable Energy: Realizing the sustainability benefits of electrochemical H2O2 

production hinges on seamless integration with renewable energy sources. Developing 

electrolyser systems that can efficiently utilize intermittent renewable electricity and designing 

catalysts that operate effectively under dynamic operating conditions, are crucial steps toward a 

truly sustainable H2O2 production technology [46, 48].  

 

NEXT GENERATION APPROACHES AND INTEGRATED SYSTEMS FOR ELECTRIFIED 

CHEMICAL SYNTHESIS 

The individual advancements in electrochemical CO2RR, NH3 synthesis, and H2O2 production, while 

promising, highlight the need for integrated and next generation approaches to realize the full potential 

of electrified chemical synthesis for large-scale impact (Figure 3). 

 

 
Figure 3. Representation of electrochemical CO2 reduction, NH3 and H2O2 synthesis (left to right). 

 

Hetero-Structured Catalysts: Design Principles and Synergistic Effects 

Nanoparticles embedded in nitrogen-doped carbon demonstrates the remarkable potential of hetero-

structured catalysts to enhance electrocatalytic performance by synergistically combining the properties 

of different materials. This design principle of combining different components for optimized multi-

functional catalysis extends beyond ORR and is broadly applicable across electrified chemical 

synthesis, including CO2RR, NRR, and H2O2 production. The future of electrocatalyst design lies in the 

rational engineering of complex, multi-component architectures that can orchestrate synergistic 

interactions to enhance activity, selectivity, and stability. 

 

For example, in CO2RR heterostructures could combine: (i) metal nanoparticles or metal carbides for 

high catalytic activity towards C–C coupling; (ii) metal oxides or conductive polymers for enhanced 

CO2 adsorption and charge transport; and (iii) metal-free carbon materials for optimized electron 

distribution and active site tuning via heteroatom doping [20, 21]. In H2O2 production, heterostructures 

combining a selective 2e– ORR catalyst with a protective coating to prevent catalyst oxidation or 

dissolution in acidic electrolytes, or with a co-catalyst to enhance water oxidation at the anode, could 

lead to significant performance gains. 

 

Metal-Free Carbon Electrocatalysis 

Metal-free carbon materials are not merely low-cost alternatives to metal-based catalysts but 

represent a fundamentally distinct catalytic paradigm [30]. The ability to tune their electronic and 

structural properties through heteroatom doping, coupled with their inherent advantages in terms of 

stability and scalability, positions them as central to the future of electrified chemical synthesis. Future 

research needs to focus on:  

(i) definitively identifying the active sites for different reactions and dopant configurations 

(ii) developing advanced synthetic methodologies to precisely control dopant type, density, and 

location within the carbon matrix 

(iii) engineering carbon architectures with optimized porosity, surface area, and defect density 
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(iv) understanding the reaction mechanisms and intermediates on carbon catalysts using advanced in-

situ spectroscopic and microscopic techniques for carbonaceous electrocatalysts. 

 

Integrated Electrochemical Systems and Process Intensification 

Beyond catalyst innovation, progress towards practical electrified chemical synthesis demands a 

holistic systems-level approach. This encompasses: 

• Advanced Electrolyser Design: Moving beyond traditional electrochemical cells to more efficient 

and scalable reactor designs is crucial. Flow electrolysers, membrane electrode assemblies 

(MEAs), and microfluidic reactors offer advantages in terms of mass transport, current density, 

and product separation by the scale up requirements [49, 50]. 

• Electrolyte Engineering and Optimization: Electrolyte optimization for each specific 

electrochemical reaction is paramount. Exploring novel electrolytes beyond aqueous systems, 

including ionic liquids, deep eutectic solvents, and solid-state electrolytes, can potentially 

overcome limitations associated with aqueous electrolytes, such as HER competition, solubility 

limitations, and pH constraints [50]. 

• Process Intensification and Hybrid Systems: Integrating electrochemical synthesis with other 

sustainable technologies can offer synergistic benefits. For example, coupling CO2RR with direct 

air capture for carbon capture and utilization, or integrating electrochemical NH3 synthesis with 

wind or solar energy powered water electrolysers for hydrogen production, offers truly sustainable 

and closed-loop chemical manufacturing scenarios, representing “next-generation approach” 

vision (Figure 4). 

 

 
Figure 4. Bio-based alternatives. 

 

CONCLUSIONS: ELECTRIFICATION OF CHEMICAL INDUSTRY FOR A 

SUSTAINABLE FUTURE 

The electrification of the chemical industry represents a transformative opportunity to address climate 

change and create a more sustainable future for chemical synthesis. Electrochemical CO2 reduction, 

ammonia synthesis, and hydrogen peroxide production are but three examples of a vast and expanding 

landscape of electrified chemical processes. While significant scientific and technological hurdles 

remain, the rapid progress in electrocatalyst materials, particularly the emergence of metal-free carbon 
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catalysts and synergistic heterostructures, coupled with advancements in reactor design and system 

integration, offers tremendous promise. By embracing a holistic and interdisciplinary approach, focused 

on fundamental understanding, materials innovation, and process intensification, we can unlock the full 

potential of electrified chemical synthesis and pave the way for a truly green and sustainable chemical 

industry that minimizes greenhouse gas emissions and promotes a circular carbon economy for the 

benefit of future generations. Thus, our research endeavors must be focused on prioritizing the 

fundamental understanding of electrochemical interfaces, the development of robust and cost-effective 

electrocatalysts with enhanced activity and longevity, and the optimization of reactor configurations for 

maximized performance 
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