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     1.1    Origins and Evolution of Small-molecule Catalysis 
for Electrochemical Energy Conversion 

 The pursuit of sustainable energy sources has led to significant interest in electro-
chemical energy conversion (EEC) technologies, which offer an efficient pathway for 
transforming chemical energy into electrical energy and vice versa. One key compo-
nent in these technologies is catalysts, specifically small-molecule catalysts, which 
facilitate the electrochemical conversion processes. The roots of small-molecule 
catalysis trace back to early studies in electrochemistry and surface chemistry, where 
fundamental reactions like hydrogen evolution, oxygen evolution, and oxygen 
reduction were identified as critical steps in energy conversion processes [ 1 ]. 

 Early discoveries focused on platinum and other noble metals due to their excep-
tional catalytic activity. However, the high cost and limited availability of these 
metals raised concerns about their scalability for large-scale applications. This led 
to a surge of interest in alternative catalysts, particularly small molecules, which 
could mimic the catalytic properties of noble metals. As the field of EEC expanded, 
researchers recognized that the key to unlocking sustainable energy solutions lies in 
developing cost-effective, efficient, and stable catalysts [ 2 ]. 

 In recent decades, advancements in materials science, surface chemistry, and 
catalytic design have brought forth a wide array of small-molecule catalysts, such 
as molecular catalysts, non-precious metal-based catalysts, and hybrid materials. 
These catalysts are capable of promoting a variety of electrochemical reactions, 
including hydrogen oxidation, CO 2  reduction, and nitrogen fixation, which are 
central to the development of green energy technologies. Understanding the prin-
ciples of small-molecule catalysis and developing efficient, sustainable catalysts 
remains one of the most active areas of research in EEC. 
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1 Introduction2

  1.2    Current State of Small-molecule Catalysis   
in Electrochemical Energy Conversion 

 Small-molecule catalysis has gained significant traction as a promising approach 
for advancing EEC technologies. The development of non-precious metal cata-
lysts, molecular catalysts, and atomically dispersed catalysts has revolutionized 
the field, offering higher efficiency and sustainability compared to traditional 
platinum-based catalysts. These small-molecule catalysts are crucial for key electro-
chemical reactions such as hydrogen evolution, oxygen reduction, carbon dioxide 
reduction, and nitrogen fixation. 

  1.2.1    Hydrogen Evolution and Oxygen Evolution Reactions 

 Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are the 
cornerstone reactions in water electrolysis, which splits water into hydrogen and 
oxygen. The development of efficient HER and OER catalysts has been a major 
focus of electrochemical energy research. Traditionally, platinum-based cata-
lysts have been the benchmark for HER due to their high activity, but the scar-
city and cost of platinum have led to extensive efforts in discovering non-precious 
metal alternatives. Transition metal-based catalysts, including phosphides, sul-
fides, and nitrides, have demonstrated remarkable activity for HER [ 3 ]. Similarly, 
non-precious metal-based OER catalysts such as cobalt-based oxides have shown 
high performance in alkaline media [ 4 ]. 

 Furthermore, molecular catalysts that mimic natural enzymes, such as hydrog-
enases and oxygenases, have been designed for both HER and OER. These molec-
ular catalysts offer significant advantages in terms of structural tunability, enabling 
researchers to optimize their catalytic properties for energy conversion [ 5 ]. This has 
led to the development of catalysts with improved efficiency and stability, which are 
essential for practical large-scale applications in green hydrogen production. 

  1.2.2    Oxygen Reduction Reaction 

 The oxygen reduction reaction (ORR) is another key process, particularly for fuel 
cell technologies. ORR involves the reduction of O 2  to H 2 O or H 2 O 2 , depending 
on the reaction pathway, and is considered the rate-determining step in fuel cells 
[ 6 ]. While platinum remains the most efficient catalyst for ORR, research into 
small-molecule catalysts has made significant strides in developing alternatives. 
Additionally, other non-precious metal catalysts, such as cobalt-based complexes, 
are being actively studied for their potential to replace platinum in ORR, offering 
both cost and performance advantages [ 7 ]. 

  1.2.3    CO 2  Reduction 

 Electrochemical CO 2  reduction is another exciting area in the field of EEC. It involves 
the conversion of CO 2  into valuable products such as carbon monoxide, methane, 
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and formic acid, using renewable electricity. Small-molecule catalysts, including 
copper-based catalysts and metal–organic frameworks (MOFs), have shown prom-
ising results for CO 2  reduction [ 8 ]. Copper-based catalysts, in particular, are unique 
in their ability to selectively reduce CO 2  to a wide range of carbon-based products, 
making them central to the development of carbon-neutral fuels and chemicals. 
This area of research has gained significant attention due to its potential to mitigate 
climate change and provide alternative pathways for chemical production [ 9 ]. 

  1.2.4    Nitrogen Fixation 

 Nitrogen fixation, the process of converting atmospheric nitrogen (N 2 ) into ammonia 
(NH₃), is crucial for sustainable agriculture. The traditional Haber–Bosch process 
for nitrogen fixation is energy-intensive and relies on fossil fuels. Electrochemical 
nitrogen fixation, on the other hand, offers a cleaner, more energy-efficient method 
for synthesizing ammonia from atmospheric nitrogen. Small-molecule catalysts, 
such as molybdenum and tungsten-based catalysts, have shown promise in facili-
tating nitrogen reduction reactions under milder conditions [ 10 ]. This represents a 
transformative approach to ammonia synthesis, with the potential to revolutionize 
the agricultural industry while reducing the environmental impact of fertilizer 
production. 

  1.3    Challenges in Small-molecule Catalysis   
for Electrochemical Energy Conversion 

 Despite the promising advances in small-molecule catalysis for EEC, several chal-
lenges remain to be addressed. One of the main challenges is the stability of these 
catalysts under the harsh operating conditions of electrochemical reactions. Many 
catalysts, especially non-precious metal and molecular catalysts, degrade over time, 
losing their activity and leading to reduced performance. The development of more 
stable catalysts, particularly those that can withstand corrosion and degradation in 
the long term, is critical for enabling their widespread application [ 11 ]. 

 Another challenge is the optimization of catalyst selectivity. The electrochemical 
environment is complex, with competing reactions that can lead to unwanted side prod-
ucts. Achieving high selectivity for a specific reaction, while minimizing the formation 
of undesired products, is crucial for improving catalytic efficiency and reaction yields 
[ 12 ]. Researchers are focusing on fine-tuning the electronic structure of small-molecule 
catalysts to enhance their selectivity, but this remains a challenging task. 

 Furthermore, scaling up the use of small-molecule catalysts from labora-
tory studies to industrial applications presents significant hurdles. While many 
small-molecule catalysts exhibit impressive performance in controlled environ-
ments, scaling these processes to larger systems often reveals issues related to cost, 
catalyst stability, and system integration [ 13 ]. To overcome these barriers, a multi-
disciplinary approach is required, combining advances in catalyst design, reaction 
mechanism understanding, and process engineering. 
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  1.4    Opportunities and Future Outlook 

 The future of small-molecule catalysis in EEC holds significant promise, with 
continued research focusing on overcoming current challenges and unlock-
ing the full potential of these catalysts. Advances in computational chemistry, 
high-throughput screening, and in-situ characterization techniques are providing 
new insights into catalyst design, reaction mechanisms, and performance [ 14 ]. 
These tools will play a crucial role in accelerating the development of efficient and 
stable small-molecule catalysts for key electrochemical reactions. 

 Additionally, hybrid catalysts that combine the benefits of small-molecule cat-
alysts with solid-state materials, such as MOFs and conductive polymers, are an 
exciting area of research. These hybrid systems could offer enhanced performance, 
stability, and scalability, paving the way for more efficient energy conversion systems 
[ 15 ]. The integration of small-molecule catalysis with renewable energy sources, 
such as solar and wind power, is also a key area of focus, enabling energy storage 
and conversion solutions that can help address the global energy crisis. 

 In conclusion, small-molecule catalysis represents a promising approach for 
advancing EEC technologies. Continued progress in catalyst design, performance 
optimization, and system integration will be essential for overcoming the current 
challenges and realizing the full potential of these catalysts in practical applications, 
including energy storage, green hydrogen production, and sustainable chemical 
synthesis [ 16 ]. 
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