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Developing advanced carbon materials 
for electrocatalysis and energy technologies 
Paula Colavita

Carbon materials are ubiq-
uitous in every day applications, from 
electrode materials to medical implantable 
devices. Their success is largely due to 
their versatility and the wide range of 
properties they display. Carbons can adopt 
tetrahedral, trigonal or linear bonding 
arrangements. Crystalline forms, such as 
diamond or graphite, display long-range 
order with a well-defined periodic arrange-
ment of centres of the same bonding type; 
however, if long-range order is sacrificed, a 
vast range of non-crystalline carbons can 
be obtained. Depending on the presence 
and distribution of carbon centres, these 
can have wide ranging electronic, optical 
and chemical properties.

Interest in tailoring the proper-
ties of non-crystalline carbons for elec-
trocatalysis has increased exponentially 
over the last few years. Currently, elec-
trochemical energy technologies such 
as fuel cells and eletrolyzers rely on the 
use of precious and/or scarce elements 
for catalysing electrochemical reactions 
and this poses severe limitations due to 
cost and sustainability concerns. 

However, it has now been dis-
covered that carbon materials that don’t 
rely on precious metals (or are entirely 
“metal-free”) can display electrocata-
lytic activity in reactions that are critical 
for electrochemical technologies. The 
dual role of carbon as support and as an 
intrinsic electrocatalyst, in combination 
with its low cost and high availability, has 

prompted an explosion of research aimed 
at exploiting the potential of advanced 
carbons in electrocatalysis.

This is a new research area and 
much remains to be discovered about 
these extraordinarily versatile advanced 
carbons and how they work. Understanding 
more about substitution and function-
alization with either heteroatoms (e.g. 
nitrogen) or low-cost transition metals will 
further expand the materials landscape 
in carbon electrocatalysis. 

Understanding the role of nitrogen-sites 
and oxygen reduction reaction — My 
research work in Trinity’s School of 
Chemistry has focused on addressing 
this knowledge gap by developing model 
carbon surfaces with controlled density 
and type of chemical sites, with the aim 
of understanding the bulk and surface 
properties that translate into high per-
formance in electrocatalysis. Through the 
use of well-defined carbon material and 
nanomaterial platforms we have proposed 
structure-activity relationships to aid  
in the interpretation of activity trends  
in fundamental interfacial charge- 
transfer reactions. 

My team has developed model 
disk electrodes with smooth topography 
to investigate the role of nitrogen-sites 
(N-sites) and graphitization degree on 
charge-transfer rates to diagnostic 
outer-sphere and inner-sphere redox 
species. We then used nanofiber carbon 

electrodes with nanostructured morphol-
ogy to explore the role of surface defects 
in the oxygen reduction reaction (ORR), a 
process critical to fuel cell and metal-air 
battery technologies. More recently, we 
developed model electrodes with con-
trolled topography and N-site chemistry 
to understand the correlation between 
onset and selectivity in the ORR, and  
the distribution of N-sites at non-crys-
talline carbons. 

Importantly, in collaboration 
with Prof García-Melchor’s group in the 
School of Chemistry, we offered a new 
vision for cooperativity among N-sites 
that explains ORR selectivity. These recent 
results have enabled a new understand-
ing of charge-transfer at non-crystalline 
electrodes, including the development 
of predictive models applicable to these 
highly disordered materials. 

Our findings provide new guide-
lines for the rational design of catalytically 
active carbons and are currently guiding 
our synthetic efforts towards developing 
novel sustainable electrocatalyst materials 
to expand the use of renewable energy 
to industrial transformations and to the 
valorisation of untapped bio-resources. 
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Fig 1. Voltammetry of oxygen-saturated alkaline solutions (top-right) obtained using graphene 
nanofiber carbon electrodes grown with the varying morphology shown in the electron microscopy 
images (bottom). Adapted from Stamatin et al. ACS Catalysis 2016, 6, 5215-5221.

Fig 2. Trends in the onset potential for materials with selected  
N-functionalities. Adapted from Behan et al. Carbon 2019, 148, 224-230.
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