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ABSTRACT: Electrochemical nitrogen reduction reaction (NRR) to ammonia (NH3) driven
by renewable electricity is a promising alternative to the current energy-intensive and fossil
feedstock-dependent Haber�Bosch (H�B) process. The intrinsic inertness of N2 molecule and
competition of hydrogen evolution reaction (HER) are the primary challenges for NRR.
Although transition metal-based electrocatalysts can solve the kinetic limitation of N�N
activation through the �-back-donation process, the d-orbital electrons of transition metal
atoms facilitate the formation of a metal-H bond, boosting the undesirable HER. Carbon-based
materials featuring tunable electronic structures and facile formation of defects have
signi�cantly improved electrocatalytic NRR activity in the past few years. Therefore, a review
on state-of-the-art carbon-based catalysts for NRR is timely to provide a summary of recent
developments in theoretical and experimental aspects. In this review, various defect engineering
strategies for the evolution of the desired carbon-based electrocatalysts are comprehensively
summarized. The intrinsic relationships between the structures of the defective carbon
materials and NRR performance are also discussed in detail. This review aims to stimulate greater interests for developing more
e�cient electrocatalysts for NRR in the future.
KEYWORDS: Nitrogen reduction reaction, Electrocatalysis, Carbon-based materials, Defect engineering

1. INTRODUCTION
In 1909, Fritz Haber invented a process for converting N2 and
H2 to NH3 which was rapidly converted to a commercial
process by Carl Bosch in 1913.1 Since then, NH3 has been
widely used in producing nitrogen fertilizers essential for
agriculture, resulting in the expansion of the world’s population
from two to more than seven billion in the last century. Even
today, more than 80% of world population bene�ts indirectly
from this conversion process.2

For the Haber�Bosch (H�B) technology, the reaction
between N2 and H2 is carried out under harsh conditions (e.g.,
400�600 °C and 20�40 MPa).3 The high bond energy of N�
N (941 kJ mol�1) in the N2 molecule results in large energy
barriers requiring high temperature for cleaving the triple bond
with a reasonable rate.4 The H�B process is exothermic
(�H298K° = �45.9 kJ mol�1, �G298K° = �16.4 kJ mol�1, Keq =
750), meaning that high temperature is unfavorable for
equilibrium shift to NH3 formation.5 When the operation
temperature is higher than 400 °C at 0.1 MPa, 99% NH3 is
decomposed to N2 and H2.

6 Therefore, high pressure is also
necessary to get acceptable NH3 yields. However, even at
pressures as high as 40 MPa, the single pass conversion to NH3
is only 15%. The unconverted H2 and N2 are recycled
repeatedly, and an eventual conversion e�ciency of 97% can
be ultimately obtained; however, enormous energy input is
necessary to maintain the multistep high temperature and

pressure operations.7 Additionally, H2 used for NH3 synthesis
is usually produced by highly endothermic reactions from fossil
feedstock such as natural gas and petroleum.3 The harsh
reaction conditions and fossil feedstock dependence cause the
H�B process to be currently one of the largest energy
consumers and greenhouse gas (e.g., CO2) emitters.8
Considering the shortage of fossil feedstock and continuous
global warming, an environmentally friendly and energy-
e�cient strategy for reducing N2 to NH3 at mild conditions
is very much desired.9

In the past decades, electrochemical catalysis lying at the
heart of several carbon-free energy systems has received great
attention,10�13 opening a new avenue for NH3 synthesis.14�27

The chemisorption of reactant on active sites and the
subsequent activation process induced by the electron transfer
demonstrate an alternative conversion route in which the free
energy barrier is low.28�30 Therefore, enormous e�orts have
been devoted recently to catalyst design which circumvents the
large energy barrier of N2 reduction. Transition metal-based
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catalysts (e.g., Ru and Mo) have been theoretically predicted
to solve the kinetic limitation of N�N activation through the
�-back-donation process.31�34 Especially, the empty d-orbitals
of the transition metals receive the lone-pair electrons from N2
molecule, and the occupied d-orbitals of transition metal atoms
can give electrons to the antibonding orbital of N2. This
weakens the N�N bond, forming an “acceptance�donation”
reaction route. However, the electrons in d-orbital of transition
metals can also facilitate the formation of a metal�H bond and
therefore can enhance the undesirable side reaction, hydrogen
evolution reaction (HER).35 As a result, the majority of the
experimental studies of transition metal-based catalysts show
NH3 producing rates below 10�8 mol cm�2 s�1 and faradaic
e�ciencies (FEs) lower than 10%, which is far from the
threshold needed for practical application in industry.36,37

According to the suggestions from Giddey et al., an NH3
formation rate near 10�6 mol cm�2 s�1 and FE more than 50%
would be reasonable for practical applications.38 Therefore,
further advances are needed to explore new active catalysts that
allow for a large variation in the electronic structure enabling
satisfactory catalytic performance.

Carbon-based nanomaterials, especially sp2-hybridized car-
bon nanomaterials, have occupied a dominant position in
electrocatalysis applications bene�ting from their superior
electric conductivity, excellent mechanical properties, and high
speci�c surface areas. For nanostructured sp2 carbon, the basal
planes, assembled by sp2-bonded carbon atoms arranged in a
honeycomb lattice are low active centers for chemisorption of
the reactants or reaction intermediate. High energy sites are
located at the edge of the basal planes of carbon atoms. These
sites are associated with high concentrations of unpaired
electrons and can be saturated by hydrogen atoms or by
heteroatoms, serving as active sites for the activation or
dissociation of adsorbing reactants. If the graphitic sheets
contain nonhexagonal (such as pentagonal, heptagonal, or
octagonal) defects, the additional charge present in such
defects can promote the conversion of adsorbed molecules and
increase the poor reactivity of the basal plane. In the
nanocarbons with well-de�ned crystal structures, the edge
area and defect units are small compared to that of the basal
plane in the graphitic structure. Therefore, these materials
usually do not exhibit signi�cant catalytic activity for
heterogeneous catalysis, which necessitates the engineering of
defects to make them active.39�42

Doping with heteroatoms, creating topological and defects
edge sites, and surface functionalization have been widely used
to facilitate the electrochemical performance of carbon-based
catalysts for a couple of energy conversion reactions (e.g.,
HER, oxygen reduction reaction (ORR), oxygen evolution
reaction (OER), and carbon dioxide reduction reaction
(CO2RR).43�47 In one of our previous reviews, the types of
catalytic sites for several mainstream nanocarbons were
discussed in detail. It was shown that, by properly tuning the
electronic structure and or geometric morphology of the
nanocarbon catalysts, the activation and/or dissociation of
adsorbing molecules on basal planes of the graphitic sheets are
optimized, resulting in improved electrocatalytic perform-
ance.43

Following these early studies, carbon-based materials are
rationally expected to enhance electrocatalytic nitrogen
reduction reaction (NRR) activity and extensive research has
been carried out recently. However, the following issues are yet
to be addressed: (1) the current research on carbon-based

NRR electrocatalysts is fragmented and lacks comprehensive
and systematic overview; (2) the structure/composition-
performance relationships are not yet well understood and
common trends in catalyst design are still not established.
Here, we review the state-of-the-art in carbon-based materials
for electrochemical NRR, considering various strategies for
e�cient catalyst design, including heteroatom doping, edge site
and topological defect engineering, and single-atom metal
coordinated with nitrogen or other heteroatoms in carbon
matrix (Figure 1). Importantly, we also summarize the intrinsic

relationships between the structures of defective carbon-based
materials and NRR performance using experimental as well as
theoretical aspects, and then give a �nal summary with
perspectives on critical challenges and outlooks in the �eld.

2. FUNDAMENTALS OF ELECTROCHEMICAL NRR
For electrochemical NRR, the N2 molecule is di�used to the
surface of the working electrode and then reduced by electrons
with simultaneous proton addition forming NH3.48 There are
several obviously potential advantages of electrochemical NH3
synthesis compared to the H�B process. First, the activation of
N2 molecules in this electrochemical cell is driven by electrical
energy rather than thermal energy enabling mild operation
conditions. Therefore, catalysts with low endurance for high
temperature and pressure can be used for electrochemical
NRR. Second, the mild liquid-phase reaction conditions enable
a great chemical space to optimize catalytic performance by
tuning pH, type of electrolyte, and potential range in
electrochemical NRR. Third, H2O rather than H2 acts as the
proton source and the reducing agent during electrochemical
NH3 synthesis, eliminating the dependence on the fossil fuels
and reduction of energy input the electrochemical systems can
directly use renewable electricity produced from solar or wind
sources, enabling decentralized NH3 production.

Electrochemical NRR is a complex process in gas�liquid�
solid three-phase interfaces: N2 molecules need to di�use to
the working electrode surface �rst. This should be followed by
further reduction by electrons with simultaneous proton
addition. However, solubility of N2 in water is only 0.66
mmol L�1 under ambient conditions, which signi�cantly limits
NH3 yields.19 The following adsorption and activation of N2

Figure 1. Defect engineering on carbon-based catalysts for electro-
chemical NRR.
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