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Ammonia is the second-most produced chemical throughout the world to maintain the global food
supply and other chemical stocks. The annual worldwide ammonia production is currently more than
200 million tons through the Haber—Bosch process, which consumes an enormous amount of energy
due to the requirement of high pressure (>10 MPa) and relatively high temperature (400-500 °C). In
recent years, electrochemical N, reduction reaction (ENRR) under ambient conditions has received para-
mount attention in the scientific community. However, large-scale production of ammonia from the
ENRR is limited by the lack of efficient cost-effective catalysts. The success of ENRR firmly depends on
the efficiency of the electrocatalyst in a suitable electrolyte. However, identification and generation of
the active sites in the electrocatalysts for ENRR remain elusive, impeding the development of the cata-
lysts. In this review article, recent progress made in the development of efficient electrocatalysts for
ENRR under ambient conditions is focused on with special attention on the physicochemical properties
and active sites of the catalyst towards the NHz production rate by considering experimental as well as
theoretical aspects. This review elaborates on key aspects for the development of an efficient and stable
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electrocatalyst for NH3 production. In addition, the role of electrolytes and different sources of errors in
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1. Introduction

Over the last few decades, the industrialization of populous
developing countries has been demanding huge energy that
primarily comes from fossil fuels leading to increased green-
house gas emissions, not only resulting in depletion of non-
renewable fossil fuel resources but also rapidly disturbing the
climate. It has thus become an imperative objective of the
scientific community to develop cleaner energy resources and
technologies to mitigate fossil fuel use and maintain environ-
mental sustainability. Ammonia (NH;3) is the second-most
manufactured synthetic chemical, which is extensively used
as an agricultural fertilizer, chemical feedstock, and hydrogen
carrier as well. For more than a century, the Haber-Bosch
method has been the primary process of NHj; production
worldwide using nitrogen (N,) and hydrogen (H,) gas as pre-
cursors. The N, to NH; conversion is a multi-step complex
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the ENRR measurement for NHz production are outlined briefly.

process, which requires a large amount of energy due to the high
bond dissociation energy of the N=N bond (940.95 kJ mol *)."
In particular, the Haber-Bosch process requires temperature and
pressure in the range of 350-550 °C and 150-350 atm, respec-
tively, to convert N, to NH; (N, + 3H, = 2NH;). Most impor-
tantly, the H, consumed for NH; production is exclusively
produced from steam reforming of natural gas (CH, + 2H,0 =
4H, + CO,), which emits around 450 million metric tons of CO,
to the earth’s atmosphere. Hence, it is one of the primary
sources of environmental pollution and cause of rising global
temperature. Therefore, an alternative energy-efficient and
sustainable route for NH; production without hampering its
supply chain is urgently required to protect our environment.
The electrochemical nitrogen reduction reaction (ENRR) at
ambient temperature and pressure is one such highly promis-
ing alternative method that requires only N, and H,O for NH;
production, making the process completely green if solar/
renewable energy is used. Hence, a great amount of effort has
been directed toward ENRR research in the past couple of years
indicating the prospects of this method.

In any chemical reaction, the catalyst plays a central role not
only in increasing the yield and selectivity of the products but
also in seamlessly driving the reaction with minimum inputs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Catalysts are thus the key and core ingredient for any electro-
catalytic reaction. In heterogeneous catalysis, solid materials
are majorly used as catalysts and thus their physicochemical
properties have paramount importance to catalytic perfor-
mance. The microstructure, especially steps, kinks, edge atoms,
and surface electronic structures of the solid catalyst play
significant roles in the efficiency and selectivity of the reaction.
The literature reveals that a greater percentage of solid catalysts
are noble and rare earth elements that have less abundance and
are expensive. For those catalysts, support materials play an
equally important role in reducing their amount for use in
catalytic reactions while enhancing the overall performance. In
particular, the support material controls the catalyst distribu-
tion and nucleation, and protects the nanostructure-based
catalysts from agglomeration.

The morphology and composition of the catalysts play
primary roles in the catalytic reactions including ENRR. The
suitably designed surface controls the active sites for the
adsorption/desorption of the reactive species while composi-
tion determines the surface oxidation state and electronic
structure. Therefore, the design of efficient electrocatalysts is
highly desirable for ENRR. Electrocatalysts for ENRR can be
categorically placed in three groups: (i) metallic catalysts, (ii)
metal-based catalysts including oxides, carbides, phosphides,
and nitrides, and (iii) metal-free electrocatalysts. Understand-
ing the reaction mechanism at these catalyst surfaces is impor-
tant for developing and increasing their efficiency. For
example, competitive hydrogen evolution reaction (HER) is an
obstacle associated with ENRR, which leads to a decrease in its
Faradaic efficiency (FE). The suppression of HER and the
enhancement of the ENRR process are thus obvious funda-
mental objectives in the development of ENRR catalysts. So far,
noble metal-based electrocatalysts such as Au,” Pd,® and Ru*
have shown promising results towards ENRR. Similarly, non-
noble metal-based electrocatalysts have also been explored. As
compared to a sole electrocatalyst, a nanostructured electro-
catalyst integrated with a suitable support material shows
better activity.”> The high electrocatalytic activity arises from
the synergistic effect between the support and the catalyst,
which mitigates the competitive HER. Therefore, the rational
design of stable, active, and cost-effective catalysts to obtain a
high yield rate and selectivity of NHj; is the prime requirement
for ENRR.

1.1 ENRR versus HER

To synthesize highly efficient ENRR electrocatalysts, it is impor-
tant to understand the challenge associated with the ENRR
kinetics at the catalyst surface. The electrochemical heteroge-
neous conversion process of N, to NH; at room temperature
occurs via multiple proton-coupled electron transfer (PCET)
reactions. In particular, electrochemical conversion requires six
protons and six electrons for one N, molecule to produce NH;
as per the following equations:®”

N, (g) + 2H,0 (1) + 6H' (aq.) + 6~ = 2NH;
E° =0.148 V vs. RHE (pH = 0)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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N, (g) + 6H,O (1) + 6e” = 2NH; + 60H
E° = —0.763 V vs. SHE (pH = 14).

Here, RHE and SHE stand for the reversible hydrogen electrode
and the standard hydrogen electrode, respectively.

On the other hand, the competitive HER reaction requires
only two electrons to produce one H, molecule. In addition, the
potential required for HER is much closer (or lower than) that
of the ENRR. Thus HER becomes a complementary reaction at
the cathode for ENRR, which leads to poor selectivity towards
NH; production. The HER at the cathode occurs as per the
following equations:®

2H" (aq.) + 2" =H, (g) E° =0.00 Vvs. NHE in an acidic
electrolyte (pH = 0)

2H,0 + 2e~ = H, (g) + 20H E° = —0.828 V vs. SHE in an
alkaline electrolyte (pH = 14)

NHE stands for the normal hydrogen electrode. Both HER and
ENRR thus fall into the same category of PCET reaction.
Although many in situ techniques have been employed to
understand the exact mechanism of ENRR, it remains unclear.
Therefore, much more research endeavour is required to estab-
lish the ENRR reaction mechanism. Each PCET reaction step
depicts its complexity and demands a higher potential for the
progression of the reaction.

As ENRR proceeds via multiple electron and proton transfer
processes, various intermediates are formed as presented in
Fig. 1. Even though ENRR appears to be very favourable for NH;
production as per the standard reduction potential chart, the
achieved FE for ENRR remains mostly below 10%, which is far
lower than the expected results. This is believed to be due to the
kinetically preferred HER, which requires only two electrons
whereas ENRR proceeds through a multi-step six electron
process. This competing HER thus leads to a comprehensive
FE loss for ENRR. The performance of ENRR further depends
significantly on the electrolyte medium and its pH. Therefore,
elimination of the unwanted HER from the electrolyte
reduction becomes the most concerning issue for ENRR as it
is difficult to avoid the protic medium. Furthermore, ENRR is
highly affected by the mass transport of N,. The low solubility
of N, in water, ie., only about 2 vol%, is another hurdle for
ENRR. Therefore, the choice of electrolyte is another important
factor to be considered in which ENRR should be preferred
over HER.

1.2 ENRR mechanisms

ENRR over a heterogeneous catalyst follows two distinct path-
ways, named dissociative and associative pathways, with differ-
ent intermediates and rate-limiting steps in terms of free
energy.”! According to the dissociative pathway (Fig. 1),""
the adsorbed N, molecule undergoes dissociation at the
catalyst surface followed by hydrogenation of the adsorbed N
atom to form NH;. However, because of the high binding
energy of the N=N bond, the dissociative path requires more
energy. On the other hand, the associative pathway is
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Fig. 1 The possible reaction mechanisms of ENRR. * represents an adsorption site.

subdivided into two pathways: (i) associative distal pathway and
(if) associative alternating pathway. The ENRR mechanism
usually follows the associative distal pathway or alternating
pathway and/or both as shown in Fig. 1. The density functional
theory (DFT) calculation reveals that the associative mechanism
during the ENRR is governed by the specific active site of the
catalyst."” The active site controls the adsorption of different
active intermediate species during the progression of the reac-
tion. In the distal pathway, the end atoms are attached to the
active site, where the terminal atoms get hydrogenated by the
PCET process through the formation of *NNH and *NNH,
intermediates, and then desorb from the catalyst surface as
NH;. In the alternating pathway, both the terminal and the end
atoms are hydrogenated simultaneously by a PCET through the
formation of *NNH, *NHNH, and *NH,NH, intermediates and
desorb from the catalyst surface as an NH; molecule conse-
quently. Apart from that, in nature, nitrogenase enzymes per-
form biological N, fixation under ambient conditions, where
active sites have Fe and S along with Mo atoms, and the
detailed mechanism of it remains elusive.'® Nevertheless, both
enzymatic and ENRR mechanisms require six protons and six
electrons for the production of NHj, which is the common

890 | Mater. Adv,, 2022, 3, 888-917

point in all the reaction mechanisms."® The ENRR mechanism
was theoretically studied in an acid medium over transition
metal surfaces by Nerskov and co-workers.'* The free energy
change for the N,,4s molecule and N,qs atoms towards catalytic
NH; conversion was calculated. Fig. 2 shows the volcano
diagram of N, reduction reaction considering a Heyrovsky-
type reaction, which includes both dissociative (solid lines)
and associative (dashed lines) mechanisms on both flat (black)
and stepped (red) surfaces. The H-bonding effect is presented
without (solid lines) and with (dotted lines). The DFT calculated
negative free energy (—AG) values are presented with data
points for a given reaction step. The right-hand side of the
volcano plot represents the first proton transfer step, i.e., Ny +
H' + e — *N,H, indicating the activity of the metals for the
associative mechanism whereas the N, splitting is the rate-
determining step for the dissociative mechanism. The metals
on the left side have the same rate-determining steps for both
the mechanisms (associative and dissociative). The x-axis repre-
sents the binding energy of N-adatoms. The large grey area
inside the plot suggests the surface that is more favourable to
be covered with H-adatoms. Mo, Fe, Rh, and Ru can be found at
the top of the volcano plot suggesting their higher activity for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Combined volcano diagrams (lines) for the flat (black) and stepped
(red) transition metal surfaces for reduction of nitrogen with a Heyrovsky
type reaction, without (solid lines) and with (dotted lines) the H-bond
effect. Reproduced with permission from ref. 14. Copyright 2012, RSC.

ENRR. However, the surfaces of these catalysts are also pre-
dicted to be active sites for HER thereby leading to low FE
for ENRR.

A completely different pathway named the Mars-van Kreve-
len (MvK) mechanism is proposed for transition metal nitride
(TMN) catalysts which require relatively small overpotentials.'
Different from the associative and dissociative pathways,
here lattice N atoms are hydrogenated to produce NH;
from the surface of the TMNs and thus creating N vacancies.
Subsequently, these N vacancies react with the dissolved N,
and generate a second NH; molecule. Recently, Nash et al
experimentally proved the MvK mechanism over the Cr,N
catalyst.'® Detailed bulk and surface analyses using XRD and
XPS, respectively, reveal that the bulk of the catalyst is a pure
Cr,N phase whereas the surface possesses CrN, CrN,O,, and
CrO, along with Cr,N. The bulk CrN phase exhibits negligible
ENRR activity compared with Cr,N indicating that the latter is
the active phase for ENRR. The isotopic batch cell study using
°N, indicates the formation of **NH, and ’NH; as identified
from NMR analysis, which suggests active participation of
surface N of Cr,N to activate dinitrogen through the MvK
mechanism as presented in Fig. 1. The authors also identified
two possible reasons for the deactivation of the catalyst.
Those are leaching of surface N from Cr,N at lower potentials
(<—0.4 V) and silent conversion of the active Cr,N to the
inactive CrN at —0.2 V. Using advanced instrumental tools
such as surface-enhanced infrared absorption spectroscopy
(SEIRAS) and differential electrochemical mass spectrometry
(DEMS) Yao et al. studied ENRR on a Rh catalyst."” The authors
identified the formation of N,H, (0 < x < 2) species during
the progression of ENRR with an N=N stretching mode at
~2020 cm™ ' from SEIRAS analysis and the DEMS signal at
m/z = 29. The study proposed a new two-step ENRR reaction
pathway on the Rh surface, in which the ENRR involved two-
electron transfer to N, to form N,H, first and subsequent
decomposition to NH;.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1.3 Performance evaluation of electrocatalysts for NRR

The yield rate and Faradaic efficiency (FE) are the important
indicators to define the catalytic conversion efficiency of an
electrocatalyst. Therefore, it is important to describe the pro-
cedure for yield rate and FE calculation along with the factors
that affect them. In an ideal condition, FE is supposed to be one
or 100%. However, practically obtained FE for ENRR is much
lower than the theoretical value. The Faradaic loss is a promi-
nent issue, which is associated with the catalyst. Two major
factors that strongly influence the FE of ENRR are applied
potential and competitive HER. The ENRR at a lower potential
leads to a higher FE. However, a higher reduction potential
facilitates HER at the catalyst surface and thus loss of FE for
ENRR. Another important point is the selectivity of ENRR. So
far only two nitrogen-containing products are identified from
ENRR, i.e., NH; and N,H,. The product selectivity of ENRR is
another criterion to obtain high FE for NH; conversion.

The yield rate is usually calculated from the salicylate
method. The concentration of ammonia and hydrazine pro-
duced from ENRR is estimated from the calibration curve
obtained from the UV-Vis absorption data. The ammonia yield
rate is estimated by using the following equation:'®

ANH,] = ([NH,] x V)/(t x A)

where [NH;] is the concentration (ug mL~") of ammonia, V is
the volume (mL) of the electrolyte, ¢ is the electrolysis time (h),
and A is the surface area (cm?®) of the electrode.

The hydrazine yield is estimated from the following
equation:

N,H,] = ([NoHy] x V)/(¢ x A)

where [N,H,4] is the concentration (ug mL™ ") of the produced
hydrazine, V is the volume (mL) of the electrolyte, ¢ is the
electrolysis time (h), and 4 is the area (cm?) of the electrode.

Taking into account that three electrons are required for one
ammonia molecule synthesis and four electrons for one N,H,
from N,, FE is calculated from the following equation:

FEni, = (3 X F x [NH;3] x 107° x V)/(17 x Q)
+(4 x Fx [NyH,] x 107° x V)/(32 x Q)

where F is the Faraday constant, Q is the total charge, and other
terms have their standard meaning.

2. Noble metal catalysts
2.1 Platinum (Pt)

Among the different noble metals, Pt and Pt-based materials
are studied in almost every branch of catalyst science due to
their high intrinsic conversion efficiency. Especially in fuel cell
technology, Pt is considered as the benchmark catalyst due to
its inherent HER activity, with HER being a competitive reac-
tion for ENRR. As a result, Pt shows very poor FE towards ENRR
as evident from the experimental results.'?® A few reports on
Pt-based materials as electrocatalysts reveal their poor selectiv-
ity towards ENRR and very high activity towards HER." For

Mater. Adv.,, 2022, 3, 888-917 | 891
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example, Lan et al. studied ENRR using commercial Pt/C in a
0.5 M H,S0, electrolyte in a membrane electrode based assem-
bly, where a mixed NH,'/H" pre-exchanged Nafion membrane
was used. The report shows a maximum NH; yield rate of
1.14 x 107> mol m~> s™" with a FE of ~0.52% only at a cell
voltage of 1.6 V.'® Later on, Lan and Tao modified the experi-
mental setup using a 0.1 M Li,SO, electrolyte with a mixed Li'/
NH,"/H" Nafion membrane and achieved an NH; yield rate of
9.37 x 10" ® mol m™~? s~ ' with an improved FE of 0.83% at 80 °C
temperature.>°

2.2 Other noble metals (Rh and Ir)

Rhodium (Rh) and iridium (Ir) have been explored for ENRR.
Like Pt, Ir is an important catalyst for the electrochemical
water-splitting reaction. Ir has very limited performance
towards ENRR due to its dominating HER activity over ENRR
activity.”"** Recently, Sheet and Botte reported an Ir/C loaded
gas-diffusion electrode as the cathode for ENRR and imple-
mented it in a PEM-type electrochemical cell using a strong
alkaline polymer-based gel electrolyte developed with a combi-
nation of polyacrylic acid and 6 M KOH. The best performance of
Ir/C was achieved with an NH; yield of 2.763 x 10" mol cm ?s™*
and a FE of 0.108% at 60 °C temperature and 0.25 V cell
voltage.”” Rh, another noble metal, has also been tested in
the search for an efficient catalyst towards ENRR for NH;
production."**? Liu et al. reported a surfactant-free approach
to synthesize atomic-level ultrathin two-dimensional Rh
nanosheet (1 nm thick) nanoassemblies (Rh NNs) as an elec-
trocatalyst for ENRR from the inorganic cyanogel polymer
precursor RhCl;-K3Co(CN)e.>* The Rh NNs exhibited an
impressively high NH; yield rate of 23.88 ug h™' mge, ' in
a 0.1 M KOH electrolyte at —0.2 V. The as-synthesized electro-
catalyst showed good selectivity (no hydrazine detected)
and higher NH; yield rate compared to Rh nanoparticles

View Article Online
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(11.45 pg h™" mg., ). However, the FE was found to be only
0.217% at —0.2 V due to vigorous hydrogen generation. Chen
et al. fabricated unusual 3D Rh particles with nanowires as the
subunits using a reactive ionic liquid.*® n-Octylammonium
formate was used as a reaction medium, reducing agent, and
template simultaneously for the successful construction of 3D
Rh particles. Under ambient conditions, the as-prepared 3D Rh
particles exhibited an excellent activity for ENRR with a high
NH; yield of 35.58 ug h™"' mg... " at —0.2 V and a FE of only
0.52% in 0.1 M KOH.

2.3 Gold (Au)

Au-based nanostructures are extensively explored in the field
of nanoscience and nanotechnology.>® Due to their specific
electronic, optical, plasmonic, and catalytic properties, Au
and Au-based materials are extensively studied in the field of
biosensors, optoelectronics, and heterogeneous catalysis.”®*’
The intrinsic catalytic as well as the electronic properties of the
catalyst can be manipulated by tuning the microstructure
shape, size, and surrounding environment of the Au
nanostructures.”®* The theoretical study revealed that the
ENRR on the Au surface follows associative mechanisms that
precede adsorption of the N, molecule at the electrode surface
followed by hydrogenation of the N atoms. The success of the
Au-based electrocatalysts towards ENRR is due to the strong N,
adsorption ability of the Au surface composed of multifaceted
facets with various steps and/or nanoclustering that facilitate
the adsorption and reduction of N,.>*** Wang et al. synthesized
flower-like Au nanostructures for ENRR with an NH; yield rate
of 25.57 pg h™' mg.,. * and a FE 6.05% at —0.2 V (Table 1).*?
Zhang et al. correlated the coordination of the surface gold
atoms with ENRR.** They found that the nanoporous Au film
exhibits 5.8 times higher ENRR activity than the {111} facet
exposed octahedral Au nanocrystal with an NH; production rate

Table 1 ENRR performance of metal, bimetallic, and trimetallic alloy ENRR electrocatalysts

Catalyst Electrolyte Temperature Yield rate (ug h™" mge.. ") FE (%) Potentials vs. RHE (V) Ref.
Au LiClO, 20 °C 3.9 (ugem>h™h 30.2 —0.4 35
Au/Ni Ambient 7.4 60 —0.14 42
Au HCI Ambient 25.57 6.05 —0.20 32
npPdH 0.1 M PBS Ambient 20.4 43.6 —-0.15 56
B Na,SO, Ambient 13.22 4.04 —0.80 81
Ru SA/N-C H,S0, 120.9 29.6 —-0.2 46
Rh KOH Ambient 23.88 0.217 —0.2 24
Mo KOH Room temp. 34.0 14.6 -0.3 82
Cu HCI Ambient 25.63 15.12 —0.40 83
Au,Cu, H,SO0, Ambient 154.91 54.96 —0.2 84
Ag;Cu Na,SO, Ambient 24.59 13.28 -0.5 79
RhCu KOH Ambient 95.06 1.5 —-0.2 85
PtsCu Na,SO, Ambient 16.5 6.15 —0.2 86
Pt;Fe KOH Ambient 18.3 7.3 —0.05 87
a-FeB, LiClO, Ambient 39.8 (—0.3 V) 16.7 0.2 88
Rh,Sb Na,SO, Room temp. 228.85 1.54 —0.45 89
Pd PBS Ambient 4.5 8.2 0.1 53
Pd;Agy KOH Ambient 24.1 ~1.15 —0.2 90
Pd;Cu, KOH Ambient 39.9 1.22 —0.25 78
PdCulr Na,SO, Ambient 13.43 5.29 —0.30 91
Pd;Pb Na,SO0, Ambient 18.2 21.46 —0.2 92
PdRu HCl Ambient 25.92 1.53 —-0.1 93
PdRu KOH Ambient 37.23 1.85 —0.2 77
892 | Mater. Adv., 2022, 3, 888-917 © 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) LSV curves of 8 nm Au/C. (b) Chronoamperometric curves of the 8 nm Au/C catalyst at different potentials. (c) Faradaic efficiency of the Au/C

catalyst with different Au particle sizes. (d) Ammonia yield of the Au/C catalyst with different Au particle sizes. The error bar represents standard deviations
of the results from three independent experiments. (Error bars in the figures represent standard deviations determined from three individual experiments.)

Reproduced with permission from ref. 34. Copyright 2020, Elsevier.

of 30.5 ug h™" mg~". The higher ENRR activity of the nanopor-
ous Au film was further theoretically confirmed by the binding
energy of the intermediate species which depends on the
coordination number of the surface atoms. Unlike Au (111)
surface, the Au film favours the adsorption of the *NNH
intermediate species due to low corrdination number Au atoms
and thus facilitates the NH; production. Later on, Chen et al.
reported a size-dependent ENRR rate over Au NPs.** Au NPs of
8 nm size among the as-synthesized Au NPs in the range of
4 nm to 10 nm showed the highest ENRR activity with FE and
NH; production rate at 5.79% and 17.49 pg h™' mga, ',
respectively (Fig. 3). The theoretical analysis revealed that the
8 nm size Au NPs have an optimum number of surface edge
sites to suppress the HER and hence facilitate the ENRR. The
rate-limiting step for NH; production was reported to be the
formation of *NNH from *NN.** The free energy calculation
revealed that Au(211) has the potential active site for ENRR.>*
The density of state of different Au models suggested that the
5d band of the Au(211) facet has a higher tendency to overlap
with the 2p orbital of N,gs in *NNH than that of the Au(111)
facet. Such stronger binding stabilizes the intermediate species
and hence increases the NH; production rate.**

Nazemi et al. synthesized hollow Au nanocages to enhance
ENRR under ambient conditions.** The hollow Au nanocages
showed a FE of 30.2% at —0.4 V (vs. RHE) with an NH; yield of
3.9 ug em > h™* at —0.5 V (Table 1). The FE increased from
30.2% to 40.5% with the temperature increasing from 20 °C to
50 °C at —0.4 V indicating the role of temperature. The increase
in FE with temperature is due to the high mass transportation
rate at higher temperatures even though the solubility of N,

© 2022 The Author(s). Published by the Royal Society of Chemistry

decreases. The hollow cages offer a large surface area for the
reactant molecules than a solid one leading to three times more
ENRR activity compared to the latter one. This suggests the
urgency to develop an advanced microstructure for ENRR. In
addition, a suitable support material for catalysts plays an
important role. Support materials not only increase the stability
of the catalyst but also facilitate adsorption and diffusion of
the reactant molecules.*® Qin et al. synthesized single Au
atom supported hierarchical N-doped porous carbon to
enhance ENRR. The N-doped porous carbon (NDPC) supported
Au catalyst showed a FE of 12.3% with an NH; yield of
2.32 ug h™' em™2 at —0.2 V. Both the NDPCs and Au single-
atom sites participated in ENRR under ambient conditions.
The metal-free NDPCs reached a FE of only 2.1% at a potential
of —0.6 V further highlighting the significance of Au-NDPC
heterojunction catalyst synthesis. The highly porous architec-
ture of NDPCs provided more active sites and enhanced mass
transportation during the ENRR process. The N and C sites
stabilized the single atomic Au catalyst and retained the dur-
ability of the catalyst. The catalyst also selectively yielded NH;
without the signature of N,H,. Li et al. reported amorphous Au
NPs supported by the CeO,~RGO hybrid (a-Au/CeO,~RGO) for
ENRR under ambient conditions.”> Amorphous Au has higher
chemical reactivity than the crystalline nanostructure towards
small molecules. The a-Au/CeO,~RGO showed a FE of 10.10%
with an NH; yield of 8.3 pg h™' mg. ' at —0.2 V, which is
much higher than its crystalline counterpart (c-Au/RGO, FE:
3.67%, NH; yield: 3.5 ug h™" mg .~ '). The role of CeO, was to
increase the amorphous nature of Au NPs leading to increased
catalyst performance. The surface oxidation state (M°") of metal
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Reproduced with permission from ref. 37. Copyright 2019, Wiley-VCH.

catalysts is another factor that plays a significant role in the
electrochemical reaction by the redistribution of the surface
electronic structure to enhance the adsorption ability of the
catalyst towards reactant and radical species.’”° Zheng et al.
introduced the CoO, layer to manipulate the local electronic
structures of Au NPs with a positive valence site (Au’) to
enhance the NH; production rate.*” By using the vapour
deposition method, small-sized Au and Co islands were homo-
geneously deposited onto the Si surface, followed by fast
annealing at 800 °C forming a Au NPs/CoO, layer (Au/CoO,)
(Fig. 4a). The CoO, layer created Au’ active sites due to the
strong charge exchange between them.*® High-resolution trans-
mission electron microscopy (HRTEM) images (Fig. 4b) indi-
cated that the Au NPs had penetrated into the CoO, layer on the
Si substrate. The cross-section analysis of the Au/CoO, sample
(Fig. 4c) using scanning transmission electron microscopy
(STEM) coupled with EDS mapping revealed the intimate con-
tact between Au and CoO,. Elemental mapping showed the thin
CoO, layer surrounding the bottom of the Au NPs while the top
portion of the Au NPs was directly exposed to the external
environment. Quasi in situ XPS after 10 h electrolysis showed a
positive chemical shift of about 0.4 and 0.2 eV compared to the

894 | Mater. Adv, 2022, 3, 888-917

original Au/CoO, sample. The down-field shift of the f-band
centre of Au suggests the hybridized band formation through a
strong electronic effect by Au NPs within an atomic dimension
during ENRR.*' The as-synthesized catalyst with the highest
average oxidation state (ca. 40%) achieved an NHj yield of
15.1 ug em > h™ ' and a FE of 19% at —0.5 V. On the other
hand, the Au catalyst showed much lower NH; yield and FE in
the range of 2.0-6.1 ug cm™> h™" and 0.4-5.4%, respectively, in
the potential range of —0.3 to —0.7 V.

Unlike the Au NP and oxide combination, Xue et al. reported
the Ni and Au NP combination by a galvanic replacement
method where Au was deposited over Ni for ENRR.** The
atomic ratio of the Au-Ni catalyst was tuned by controlling
the Au®" precursor concentration. The pristine Ni catalyst
produced a negligible amount of NH;. The NH; yield rate
significantly increased after the incorporation of Au. The high-
est NH; yield of 7.4 pg h™* mg.,, * and FE of 67.8% at —0.14 V
were obtained with Aug/Ni. In this metallic couple, Ni acts as an
electron donor and enriches the Au surface electron density by
a combination of support and size effects. XPS analysis pro-
vided clear evidence for the gradual shift of the Au 4f spectra
towards lower energy binding, whereas Ni 2p shifted towards

© 2022 The Author(s). Published by the Royal Society of Chemistry
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higher binding energy confirming the acceptor behaviour of the
former. Moreover, the optimal Ni-Au donor-acceptor pair
enhanced the pre-adsorption and activation of N, and the
desorption of NH; from the catalyst surface.

2.4 Ruthenium (Ru)

Ruthenium (Ru), known for its use in the Haber-Bosch process,
is another example of an efficient catalyst for ENRR.** The
theoretical analysis revealed favourable nitrogen adsorption
energy leading to a lower ENRR overpotential in both associa-
tive and dissociative mechanisms compared to that of Pt and
Pd electrocatalysts.'* Moreover, Ru is placed almost at the top
of the volcano plot (Fig. 2) suggesting it to be one of the most
active catalysts for ENRR. Thus, Ru-based nanostructured cata-
lysts have been explored in recent years for ENRR. The funda-
mental role of the Ru catalyst towards the ENRR mechanism is
highlighted here based on experimental and theoretical find-
ings. Back et al. studied the mechanism of ENRR through both
associative and dissociative pathways and compared with the
energy state of Ru theoretically.** The calculated free energy
diagram revealed that the kinetically facile intermediate of the
dissociative pathway required a thermodynamic limiting
potential of —0.71 V, which is comparable to the associative
pathway (—0.68 V). The study highlighted that both associative
and dissociative reaction pathways are probable during the
ENRR. Previously, it was believed that the associative pathway
is energetically more feasible than the dissociative pathway
because of the high energy requirement to dissociate the N=N
bond (9.79 eV).** In addition, NH; formation is energetically
more favourable than N,H, formation making Ru nanostruc-
tures more selective for NH; synthesis. However, the competi-
tive HER prohibits the ENRR by blocking the active sites
due to the energetically preferential adsorption of *H."* Geng
et al. developed Ru single atoms on nitrogen-doped carbon
(Ru SAs/N-C), which showed very high activity toward ENRR.*®
At —0.2 V, Ru SAs/N-C attained a FE of 29.6% with a partial
current density of —0.13 mA cm > and a yield rate of
120.9 pgnm, Mg - h™'. The high electrocatalytic activity of

View Article Online
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Ru SAs/N-C arises from the strong chemical bond between
Ru and N, as confirmed by the N,-temperature program
desorption analysis. Zhang et al. demonstrated the synthesis
of Ru dispersed N-doped carbon by the carbonization of Ru
dispersed ZIF-8. The catalyst showed a maximum NH; yield rate
at about 16.68 pgn, h™' mge, ' at —0.4 V and a FE of 14.23%
at —0.3 V for the 16 wt% Ru loaded catalyst.*” The N-doped
carbon frameworks not only ensured uniform dispersion of the
Ru NPs but also protected the catalyst from dissolution during
electrocatalysis. The residual hydrophobic nature of ZIF-8
remained in the carbon matrix which prohibited competitive
HER. Furthermore, among the different N-doped carbons, the
pyridinic N-type carbon moiety facilitated the adsorption of N,
in which Ru atoms accelerated dissociation.

Yao et al. studied the ENRR kinetics on a Ru thin film using
infrared absorption
spectroscopy and electrochemical measurements.*® Fig. 5a
shows the voltammetry plots of the Ru thin film performed in
a N, and Ar-saturated HClIO, electrolyte. The cathodic scan
reveals the onset of NRR and HER at 0 V and an increase in
reduction current with decreasing potential. It is worth noting
that the NRR current (solid red line) is slightly lower than the
HER current (solid black line), suggesting that some active
species adsorbed on the Ru surface get oxidized in the back-
ward scan and thus showing a small peak between —0.1 and
0 V. To identify the probable intermediate, surface-enhanced
infrared absorption spectroscopy was used during the ENRR
measurements. The *N,H, (0 < x < 2) species was identified
and the stability of the species was further studied. The *N,H,
species was detected at a potential below 0.2 V in an N,
saturated HClO, solution (Fig. 5b). The N—N stretching band
at 1940 cm ™' was observed at —0.1 V and remained constant
above 0.1 V. The N=N stretching band intensity was accom-
panied by the oxidation current in between the potential of
—0.1 and 0 V during the positive scan (Fig. 5a). The oxidation
current is believed to arise from the electrochemical oxidation
of the *N,H, species. The results (Fig. 5a and b) reveal that the
oxidation current (dashed line) below 0 V potential arises from

a combination of surface-enhanced

(b)
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solutions. An Ag/AgCl electrode was used as the reference. Potential scan rate: 2.5 mV's

(a) Cyclic voltammograms of a Ru film electrode deposited on the Si prism in Ar- (black line) and N,-saturated (red line) 0.1 M HClO,4 aqueous

~1 (b) FTIR spectra recorded during the potential scan from —0.2

to 0.4 V on the Ru film electrode in an N,-saturated 0.1 M HCLO, solution. The reference spectrum was taken at —0.4 V. Reproduced with the permission

of ref. 48. Copyright 2019 ACS.
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the oxidation of the *N,H, species whereas in the potential
range of 0 and 0.4 V, the oxidation of *N,H, and H,qs surface
species occurred. They also studied the ENRR kinetics in alka-
line electrolytes and revealed that the N-related signal at the
electrode surface is very weak in an alkaline medium. This
observation highlights the feasibility of the Ru-based catalyst in
an alkaline medium. Recently, Ru NP loaded Tiz;C, MXene
(Ru@MXene) was tested for ENRR which showed an NH; yield
of 2.3 pmol h™' em ™2 at —0.4 V with a FE of 13.13%."°

2.5 Palladium (Pd)

The Pd-based materials are widely explored as electrocatalysts
in the field of the fuel cell, especially for ORR,*® OER,”" and
HER,** as well as anode catalysts for alcohol electrooxidation
reaction. Pd has thus been studied as an electrocatalyst for
ENRR. Wang et al. reported carbon-supported Pd NPs (Pd/C) for
ENRR under ambient conditions.>® Under a potential, Pd can
form Pd hydride, which promotes the surface hydrogenation
reaction. The Pd/C catalyst showed an NHj; yield rate of around
4.5 ng mgpg ' h™' and a high FE of 8.2% at 0.1 V. The Pd/C
catalyst showed higher catalytic activity than Pt/C and Au/C
with similar wt% mass loading. Interestingly, the HER activity
of Pd was effectively suppressed in the neutral PBS electrolyte
and N, hydrogenation followed the Grotthuss-like hydride
transfer mechanism. Free energy calculation suggested that
the *N, to *N,H hydrogenation is the rate-limiting step for
ENRR. Lv et al. reported a PdO/Pd heterojunction for ENRR.>*
The desired compositions of PdO/Pd decorated carbon nano-
tubes (PAO/Pd/CNTs) were synthesized through laser irradia-
tion of PAO/CNTs in distilled water. The optimized PdO (82%)-
Pd (18%) interface provided maximum active sites for N,
activation and proton transportation. In PdO/Pd/CNTs, both
Pd and PdO sites were exposed for electrocatalysis where the Pd
site strongly bound the N, molecule while the PdO site facil-
itates the subsurface activated H protons to imitate o-PdH and
hydrogenate the adsorbed N, molecule. The synergy of Pd
and PdO contributed to the efficiency of the catalyst. They
further studied defect-engineered titanium dioxide and the
interfacial effect of supported palladium or platinum for ENRR,
which demonstrated 1847.3 pg mge. ' h™' (Pd/TiO,) and
2520.5 pg mge,. | h™' (Pt/TiO,) yield at potential —0.1 V,
respectively.>® Interestingly, the FE for NRR was higher on Pd/
TiO, (2.63%) as compared to Pt/TiO, (1.57%). Xu et al. reported
nanoporous palladium hydride (np-PdH) as an electrocatalyst
for ENRR under ambient conditions, which showed a high NH;
yield rate of 20.4 pg h™" mg™" with a FE of 43.6% at a low
overpotential of —150 mV.>® Isotopic hydrogen labelling studies
suggested that the lattice hydrogen atoms present in the np-
PdH acted as the active hydrogen source. In situ Raman analysis
and DFT calculations further revealed that the *N, to *N,H
reduction energy barrier is the rate-limiting step of ENRR. The
unique protonation nature of the np-PdH could provide a new
dimension for designing efficient and robust electrocatalysts.
To study the ENRR mechanism, the authors studied the iso-
topic labelling experiments on np-PdH, 43, as presented in
Fig. 6. In the presence of "°N,, two peaks with a coupling
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constant of 73.2 Hz were detected in the baseline-subtracted
'H NMR spectra (Fig. 6b), which is consistent with a hetero-
nuclear coupling constant between "H and *°N of >NH,". The
FTIR band at 1439 cm ' corresponds to the N-H bending,
which further provides evidence for NH; generation. Three
weak FTIR bands that appeared at 1177, 1241, and 1325 cm ™'
were ascribed to the bending modes of NH,D," and NH;D"
(Fig. 6¢). XRD data suggest that there is no shift in the
characteristic (111) peak at different potentials which under-
lines the structural durability of the catalyst. In situ Raman
spectra of np-PdH, 45 indicate a broad peak at 1644.4 cm™ ' that
relates to the overlapping of H-N-H/H-O-H bending and the
peak intensity increase with potential indicates the adsorption
of ammonia on the catalyst surface (Fig. 6d and e). Recently,
Wang et al. achieved a record-high FE of up to 97% for ENRR in
aqueous solution using a Pd/activated carbon cloth.>” The high
electrocatalytic activity is demonstrated by adjusting the three-
phase interface, i.e., gas/solid catalyst/liquid electrolyte, which
favours ENRR over HER. The complete suppression of HER is
facilitated by the three-interface contact due to high N, cover-
age on the catalyst surface that weakens H adsorption as
evidenced by the DFT calculations and experimental results.
The authors further confirm the merits of a three-phase inter-
face strategy for selective electrochemical reduction of N, to
NH; using Ir- and RuPd-based catalysts, which are known to
have strong H adsorption ability.

2.6 3d- and 4d-transition metal catalysts

Even though noble metals such as Au, Pd, and Ru show
promising electrocatalytic activity towards ENRR, the scarcity
and cost-ineffectiveness associated with these prompt the
researchers to explore alternate materials without compromis-
ing the performance. In recent years, a variety of noble metal-
free transition metal electrocatalysts have been studied for
ORR,>® OER,” and HER.°® These were also extensively
employed for ENRR. Transition metals are largely abundant
in the mother earth and inexpensive, making them suitable
alternatives to noble metal-based catalysts. Mukherjee et al.
reported an atomically dispersed Ni site on N-doped
carbon (Ni-N,-C), which exhibited an optimal NH; yield of
115 pg em > h™" at —0.8 V in a neutral medium.®' The as-
prepared Ni-N,—C catalyst showed a FE of 21 £+ 1.9% at —0.2 V
under alkaline conditions although the NH; yield was lower.
The atomically dispersed Ni sites were stabilized with nitrogen
in the carbon matrix. The active site and probable reaction
pathways through the DFT calculations reveal that the Ni-N;
sites are responsible for the experimentally observed catalytic
activity and selectivity. The N, molecule adsorbs on the top of
the central Ni atom in an end-on configuration (Fig. 7) in which
one N atom is chelated with Ni by a bond length of 1.76 A,
whereas another one is tilted along with a Ni-N bond of the Ni-Nj
site. The proximal N of the adsorbed N, undergoes two hydrogena-
tion steps to form *NHNH, and *NH,NH,. The N=N bond length
in *NH,NH, is increased about 28% than that of the N, gas
molecule. Therefore, subsequent hydrogenation on the distal N is
believed to break the N=N bond and release one NHj.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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combination of experimental and theoretical calculation.®?
The single-atom copper site exhibits high-density active sites
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and the porosity of the catalyst leads to an NH; yield rate of
~53.3 ug(NH;) h™" mg ., " with a FE of 13.8% in 0.1 M KOH,
and these were decreased to ~49.3 pg(NH;) h™' mg., " and
11.7% in the acidic medium (0.1 M HCI). The N, temperature-
programmed desorption (N,-TPD) on NC-Cu SAC indicates a
stronger desorption peak at higher temperature due to its
higher binding energy for N, and ability towards N, fixation.
The theoretical study revealed that the Cu-N, sites are more
active than any Cu-N,/N; site energetically. The Gibbs free
energy change for carbon vacant and two N atoms connected
Cu is favourable. To improve the electrocatalytic activity of Cu
NPs towards ENRR, Lin et al. reported electron-deficient Cu
nanocrystals for ENRR.®* The Cu nanocrystals were interfaced
with polyimide (Cu/PI). This strategy was found to be very
efficient in boosting the ENRR activity of Cu nanocrystals by
nurturing the electron density over the Cu nanocrystals and
simultaneously suppressing the HER activity. Cu/PI showed a
high yield rate of NH; (17.2 ug h™' em™?) in addition to a
turnover frequency (TOF) value of 0.26 h™". Moreover, tuning of
the Cu work function leads to improved N, reduction and could
achieve a high TOF value of 0.26 h™".

Molybdenum (Mo) is another transition metal used for N,
reduction because the d-electrons of Mo can weaken the N=N
triple bond. In the early experiments, Yandulov et al. reported
the use of a single Mo centre for N, reduction with efficiencies
second to Fe/Mo nitrogenase.®* Chen et al. successfully synthe-
sized super small-sized Mo species through reduction of large-
sized molybdenum oxide in a H, atmosphere on a carbon
support (carbon cloth).®> The particle size decreased with
increasing synthesis temperature. Remarkably, up to an aver-
age particle size of 0.95 nm was demonstrated using the
developed method. The synthesized Mo catalyst showed an
excellent activity towards ENRR with FE as high as 22.3% and
ayield rate of 7.02 pg h™" mg.,, " at 0 Vvs. RHE under ambient
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conditions using a 0.1 M KOH electrolyte. The high electro-
catalytic activity is attributed to large active sites of super small-
sized Mo NPs.

2.7 Bismuth (Bi)

The potential of the Bi metal towards ENRR arises from its poor
HER activity due to the high Gibbs free energy barrier for
hydrogen adsorption on its surface.®® Thus Bi nanostructures
have been widely investigated for ENRR. N, molecules selec-
tively adsorb on the Bi surface due to the overlap of the Bi 6p
band and the N 2p orbital, which enhances the ENRR.%”*®
Moreover, due to the weak binding of H,y atoms on the Bi
surface, it can selectively promote N, to N,H* reduction, and
restrict surface electron accessibility for the HER process thus
enhancing the NH; production rate.®”® Li et al. reported two-
dimensional mosaic Bi nanosheets (NSs) fabricated by an
in situ electrochemical method as shown in Fig. 8.”° The Bi
NSs exhibited an average NH; yield of 2.54 & 0.16 ugnu, em >h™!
(~13.23 pg Mg, ' h™ ") with a FE of 10.46 + 1.45% at —0.8 Vin a
0.1 M Na,SO, electrolyte. The enhanced ENRR electrocatalytic
activity was due to the semiconducting nature of the mosaic
bismuth NSs, which limits surface electron accessibility and
exposes effective p-orbital electron delocalized edge sites. Wang
et al. successfully synthesized defect-rich Bi nanoplates by a
low-temperature plasma bombardment approach as an ENRR
electrocatalyst for NH; production. The defect-rich Bi(110)
nanoplates showed an NH; yield rate of 5.453 pg mgg - h™*
at —0.9 V and a FE of 11.68% at —0.6 V in aqueous solution
under ambient conditions.”* Xia et al. synthesized carbon fiber
paper supported single-crystalline Bi NSs by in situ electrocata-
lytic topotactic transformation of BiOI NSs.”” These Bi NSs
exhibited an NHj; yield of 12.49 pug h™' mg.. ' and a FE
of 7.09% at —0.3 V in a 0.1 M NaHCO; electrolyte.
Although the basal (001) plane of Bi NSs is relatively inert,

(a) XRD patterns of the BiOl precursor and Bi NSs; (b) SEM and (c) dark-field TEM images showing the nanosheet feature of Bi NSs; (d) TEM image

of Bi NSs showing the mosaic structure; (e) high-resolution TEM image of Bi NSs; (f) SAED pattern of mosaic Bi NSs. Reproduced with permission from ref.

70. Copyright 2020, ACS.
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the engineered exposed edge sites/planes (010) are conducive
toward the adsorption and activation of N, molecules as con-
firmed by the DFT calculations. Recently, Qiu and co-workers
prepared multi-yolk-shell bismuth@porous carbon (MB@PC)
composites via a facile simple hydrothermal reaction followed
by pyrolyzation. This MB@PC composite showed an excellent
performance with an NH; yield of 28.63 ug h™' mg.,. " and a
FE of 10.58% at —0.5 V in N,-saturated 0.1 M HCI solution. The
synergetic effect of good conductivity, the highly porous feature
derived from the carbon framework, and the intrinsic electro-
catalytic ENRR activity of Bi NPs was the primary reason for
excellent ENRR performance.”®

Xu et al. demonstrated the ENRR activity using ultrathin Bi
NSs prepared through the in situ electrochemical reduction-
assisted exfoliation of BiOCl nanoplates (BiOCl NPs). This
method facilitated an increase in electrochemically active sur-
face area and under-coordinated Bi sites which accelerate
electron transport capability. With these unique features, the
as-converted Bi NSs exhibited a FE of 14.14% and an NHj
yield of 11.11 mg h™" mg.,. ' at —0.5 V (vs. RHE) in 0.1 M
Na,S0,4, and high NH; selectivity (nearly 100%).”* One of the
most significant breakthroughs has been achieved by Yan’s
group, attaining a very high FE of 66% and an NH; yield of
200 mmol g~' h™" in aqueous solution and under ambient
conditions by utilizing a unique strategy of combining Bi
nanocrystals (NCs) and K -supporting cations in water.®” These
studies suggest the potential of Bi-based electrocatalysts
towards ENRR for producing a sizable amount of NH3.

3. Bimetallic catalysts

Nanostructured metal catalysts such as Ru, Au, and Pd show
significant electrocatalytic responses towards ENRR as dis-
cussed earlier.’> However, the electrocatalytic activity of bime-
tallic alloy nanostructured catalysts is superior to their
monometallic counterparts. The electrocatalytic performances
of bimetallic nanostructured electrocatalysts depend on their
surface electronic structure and thus on the shape, size, surface
area, exposed facets, and compositions.”> The high electroca-
talytic activity of the bimetallic or alloy nanostructures arises
from the synergistic effect of the component metals.”® Thus
bimetallic nanostructures have also been explored towards
ENRR in recent years. Wang et al. reported ENRR using
bimetallic PdRu nano tripods (TPs).”” The highest average
NH; yield of 37.23 mg h™" mg.,, ' and a corresponding FE of
1.85% was achieved at —0.2 V for PdRu TPs, which is higher
than that of PdRu dendrite nanostructures and Pd NPs. This is
attributed to the microstructures and alloying of Pd and Ru.
Porous bimetallic alloys were synthesized and employed for
ENRR. Bimodal porous Pd;Cu, exhibited an NH; yield rate of
39.9 ng h™' mge *.’® Yu et al reported bimetallic Ag;Cu
porous networks which exhibited excellent ENRR performance
with an NH; yield of 24.59 ug h™" mg . ' and a FE of 13.28% at
—0.5 V for ENRR.”® The bimetallic catalyst showed higher
activity than monometallic Cu and Ag in which its composition

© 2022 The Author(s). Published by the Royal Society of Chemistry
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played a significant role. Wang et al. reported bullet-like M-Te
(M = Ru, Rh, Ir) porous nanorods (PNRs) for ENRR.** Among
the MTe, optimized IrTe, showed the highest FE and NH; yield
rate of 15.3% and 51.1 pg h™' mg.,. ' at —0.2 V, respectively.
Strong chemical adsorption between N, and IrTe, PNRs was
indicated by N, temperature-programmed desorption (N,-TPD)
and valence band X-ray spectroscopy measurements, which is
the key feature towards the high ENRR of IrTe, and suppression
of HER. The high adsorption arises from the synergistic effect
between the electron-rich Ir and highly electroactive surround-
ings of the Te atom.

Table 1 compares the ENRR performance of single metal
and bimetallic/trimetallic alloys under ambient conditions.

4. Transition metal oxides and defect-
based catalysts

Over the years, transition metal oxides (TMOs) are explored
almost in every type of energy conversion and storage device
with reasonably satisfying results.’*®® The catalytic activity of
TMO-based materials arises from a combination of inherent
electronic structure, microstructure, edges, defects, and inter-
facial structure in heterojunction and/or with support materi-
als. Several TMOs such as TiO,,’® Fe,0;,”” Mn;0,,”® NiO,*
C0304,"% and ZnO®® have been studied as electrocatalysts for
ENRR, which have demonstrated quite comparable perfor-
mances with metal NP based catalysts (Au, Pd, and Ru). In
oxides, oxygen vacancy defects play a crucial role in ENRR. An
oxygen vacancy is created in an oxide-based semiconductor to
form a defect centre.'® A defect-rich oxygen vacancy exposes
co-ordinately unsaturated metal sites, which enhances the
chemisorption and activates inert N, molecules. Fang et al.
reported oxygen vacancy-contained TiO, nanosheets as an
electrocatalyst towards ENRR.'°> Oxygen vacancies were created
by annealing the as-prepared TiO, nanostructures under a H,/
Ar atmosphere. The high activity of the as-prepared oxygen
vacant TiO, is attributed to the synergistic effect between the
structural features and microstructure of the catalyst. The DFT
calculations suggest that the oxygen vacancies (OVs) can signifi-
cantly lower the activation energy barrier of N=N bond dis-
sociation during N, fixation (Fig. 9). Without OVs, TiO,
required a free energy of 4 eV for N, activation, which makes
TiO, (without OV) inert to ENRR. The surface of the OV TiO,
site has much higher catalytic activity than the perfect TiO,
surface. The uphill energy of the first hydrogenation step is only
0.25 eV on the OV site, whereas as large as 2.29 eV is required
for the perfect surface. After the first hydrogenation step,
free energy changes for all steps toward the formation of
NH; are thermodynamically favourable on the OV site except
for the desorption of NH;. The two-dimensional TiO,
nanosheets provide a large number of active sites on their
surface. The oxygen vacant TiO, shows a 2.83 times higher NH;
yield rate than that of the as-prepared TiO, nanostructures.
Li et al. reported Ti** self-doped TiO,_, nanowires on Ti mesh
(Ti**-TiO,_,/TM) as the catalyst for ENRR.'®® The theoretical
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(a and b) Adsorption configurations of the N, molecule on the perfect TiO, surface and at the OV site of OV-TiO,. (c) Free energy profile of the

NRR process on the anatase(010) surface with and without OV at a potential of 0.0 V versus RHE. (d) Free energy profile of the NRR process on the
anatase(010) surface with and without OV at a potential of —0.8 V versus RHE. The asterisks denote the adsorption. Reproduced with permission from

ref. 102. Copyright 2020, Wiley-VCH.

calculation further suggests that the presence of Ti*" decreases
the ENRR energy barrier and facilitates more number
of active sites on the TiO, surface. In 0.1 M Na,SO,, Ti*'-
TiO,_,/TM achieves a FE of 14.62% with an NH; yield of 3.51 x
10" mol s™* em 2 at —0.55 V. Qin et al. reported a carbon-
doped TiO,/C (C-Tiy0,/C) material synthesized from the MIL-
125(Ti) metal-organic framework (MOF) with an impressive FE
of 17.8%. The high catalytic activity arises from the combi-
nation of C-Ti bond formation and oxygen vacancy.'®* The C-Ti
binding is more favourable for N, activation than the non-
substituted OV in TiO, catalysts.

Huang et al. reported the Mn;O, NPs@rGO composite
(Mn;0,@rGO) for ENRR.'% The theoretical study revealed that
the N, molecule specifically adsorbed to a particular facet over
the other. Mn;0,@rGO showed ENRR activity with excellent
selectivity for NH; formation in 0.1 M Na,SO, solution with an
NH; yield of 17.4 ug h™' mg.,, " and a FE of 3.52% at —0.85 V.
The rGO significantly improved the catalytic performance of
Mn;0, by increasing the conductivity, surface area, and charge
transfer kinetics across the electrode. The calculated binding
energies (BE) of the N, molecule on the (221), (112), and (103)
surface were —0.035, —0.32, and 0.29 eV, respectively, which
suggest very weak adsorption of the N, molecule on the (221)
surface whereas no adsorption on the (103) surface. On the
other hand, the (112) surface exhibited decent adsorption of the
N, molecule (Epinging = —0.32 €V). The calculated binding
energies also well agreed with the bond length between the
N, molecule and the Mn atoms on different surfaces. Liu et al
reported ZnO quantum dot supported rGO (ZnO/rGO) for
ENRR.'” The DFT calculation revealed that the synergistic
electronic coupling between ZnO and rGO significantly reduces
the activation energy barrier for *N,H species stabilization,

900 | Mater. Adv, 2022, 3, 888-917

which is the rate-limiting step for ENRR. The as-synthesized
ZnO/RGO showed an NH; yield of 17.7 pg h™" mg™" and a FE of
6.4% in 0.1 M Na,SO, at —0.65 V, which is higher than that of
pure ZnO quantum dots and RGO.

5. Perovskite-based catalysts

Materials having the general formula ABO; are regarded as
perovskite-type oxide materials where A is a rare-earth or alkaline
earth element and B is a transition metal element. Though most of
them have been used as electrolytes in ENRR, earlier studies have
also used them as catalysts for NH; synthesis."®”'*® Co-based
perovskites such as Smy 5Sro sC00;_s, Bag 551 5C00.gFe 2035 and
Lag ¢St 4Coy ,Fe,s0;_s have been tested as cathodes for electro-
chemical ENRR. However, the high thermal expansion coefficient,
easy reduction of the active site, and evaporation of cobalt at
higher temperatures raise a concern about their practical
applicability.'*"'® Therefore it is highly desirable to develop
cobalt-free perovskite oxide catalysts for NH; synthesis. In this
regard, Amar et al developed a new perovskite oxide
Lag 6Sro4FegsCup,0;5_s as a cathode catalyst for the electro-
chemical synthesis of NH; with a maximum production rate of
5 x 10" °mol s~ ' em ™2 at 450 °C.""* Similarly, cobalt-free perovskite
oxide SmFe,,Cugy;_,NiyO; as the cathode material, a Nafion
membrane as the electrolyte, and Ni-doped Ce, gSm,,0,_s as the
anode have been tested for ENRR. The obtained ammonia yield
rate was 1.13 x 10 ¥ mol cm > s~ * at 80 °C.""? Recently, a different
effective approach was demonstrated by Liu et al The authors
introduced oxygen vacancies into perovskite oxide LaCoO; (denoted
as Vo-LaCoO;) that remarkably increased the yield rate for NH;.'"?
The Co atom and its adjacent oxygen vacancy created an active

© 2022 The Author(s). Published by the Royal Society of Chemistry
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centre that facilitated N, activation. The obtained NH; yield rate
reached a maximum value of 182.2 pgn, mgcatf1 h™?, which was
2.8 times higher than that of pristine LaCoOj; (65.3 pgne, mg™ ' h ™)
leading to a FE of 7.6%. Further computational studies were carried
out by the authors to understand the mechanism. The DFT calcula-
tion revealed that the oxygen vacancy increased the charge density
around the valence band edge of Vo-LaCoO; resulting in increased
activation of N, at the Vo-LaCoO; surface. The thermodynamic
limiting potential for ENRR as compared to HER is also favourable
for Vo-LaCoO; in comparison to pristine LaCoO;.

6. Spinel-based catalysts

Spinels, having the general formula AB,O,4, have been explored
to some extent as electrolytes and catalysts for ENRR. The first
report on a spinel oxide, ie., CoFe,O, prepared by a co-
precipitation method was investigated by Amar et al., which
showed a maximum ammonia production rate of 2.32 X
107" mol s™! em™? at 400 °C at 0.8 V."'* A cost-effective sol-
gel technique was also utilized to synthesize the same spinel
oxide CoFe,0,, which produced 6.5 x 10~'" mol s~* cm™>
ammonia through ENRR at 400 °C and 1.6 V, twice that of the
value reported previously, using water vapour and nitrogen
under atmospheric pressure.''® This suggests that the synthesis
techniques of catalyst materials have a strong impact on their
ENRR performance. Ahmed et al. employed a one-pot solvother-
mal approach to synthesize CoFe,0, nanoclusters anchored on
reduced graphene oxide as a nanocomposite catalyst for ENRR.
They obtained a FE of 6.2% with a high NH; yield rate of
4.2 x 100" mol s em™? in 0.1 M Na,SO, under ambient
conditions along with excellent stability and durability for the
long term ENRR performance."'® Besides that, a low-cost
material, i.e., Mn;0,, known to be naturally abundant has been
reported as an efficient electrocatalyst for ENRR. Sun and co-
workers prepared Mn;O, nanocubes through a hydrothermal
route and tested for ENRR in 0.1 M Na,SO, solution.
The catalyst delivered a FE of 3.0% with an NH; yield of
11.6 pg mge. ' h™" at —0.8 V.°® So far Mn;O, has been
successfully tested as an ENRR electrocatalyst.'” To further
improve the performance of Mn;0, and suppress the HER, Li*
ions were incorporated into the Mn;O, spinel. The spinel
LiMn,0, was prepared by electrospinning and tested in 0.1 M
HCI at —0.50 V. The as-synthesized catalyst showed a FE of
7.44% and an NH; yield rate of 15.83 pg mg.,.. ' h™', which are
much higher than those of pristine Mn;0, reported earlier.""”

Oxygen vacancies (OVs) were created in spinels to enhance
the ENRR activity. Various OV-rich nanostructured spinel
wrapped hollow nitrogen-doped carbon polyhedra such as
OV-rich NiCo,0,@HNCP, OV-rich ZnCo,0,@HNCP, and OV-
rich Co;0,@HNCP were reported to facilitate the ENRR. Among
these, OV-rich NiCo,0,@HNCP showed a high NH; production
yield of 4.1 pgh™' em ?/17.8 pg mg™ ' h™' and a FE of 5.3%.""®
However, there is still a vast opportunity to explore these spinel-
based materials with rational design for enhancing the effi-
ciency of ENRR.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of oxides, perovskites, and spinels as ENRR electro-
catalysts reported in recent years and their catalytic performance

Yield rate

(ngh™ FE  Potentials vs.
Catalyst Electrolyte Temperature mge... ') (%) RHE (V) Ref.
B-TiO, Na,SO, Ambient 14.4 3.4 —0.8 119
V-TiO, LiClO, Ambient  17.73 —  —0.50 120

— 15.3 —0.40
C-TiO, Na,SO, Ambient 16.22 1.84 —0.7 121
Fe-TiO, LiClO,  Ambient 25.47 25.6 —0.40 122
VO, Na,SO, Ambient 14.85 3.97 —0.7 123
Cr,03 HCI Ambient 28.13 8.56 —0.75 124
Mn,O, Na,SO, Ambient  11.6 3.0 —0.8 98
Mo- Na,SO, Ambient 36.6 7.9 —0.5 125
MnO,
Fe,O5 Na,SO, Ambient 15.9 0.94 —0.8 126
NiO Na,SO4 Ambient 29.1 10.8 —0.5 127
NiwO, HCI Ambient 40.05 19.32 —-0.3 128

Na,S0, 23.14 10.18

FeMoO, Na,SO, Ambient 17.51 10.53 —0.6 129
Fe-SnO, HCI Ambient 82.7 204 —0.3 130
B-Bi,0; Na,SO, Ambient 19.92 43 —0.8 131
r-CeO0, Na,SO, Ambient 16.4 ~3.5 —0.5 132
Cr-CeO, Na,SO, Ambient 16.82 3.84 —0.7 133
Ta,0s HCI Ambient 15.9 8.9 —0.7 134
La,0; Na,SO, Ambient 17.04 4.76 —0.8 135
La,Ti,0, HCl Ambient  25.15 4.55 —0.55 136
LaCrO; Na,SO, Ambient 24.8 15 —0.8 137
LaFeO; HCI Ambient 18.59 8.77 —0.55 138

The ENRR performance of more oxides, perovskites, and
spinels under ambient conditions is presented in Table 2 for
comparison.

/. Phosphide-based catalysts

Transition metal phosphides (TMPs) have emerged as highly
active and inexpensive electrocatalysts as well as cocatalysts
for HER with performance comparable to that of the state-of-
the-art Pt/C. A wide range of TMPs such as CoP,'*° Ni,P,**°
MoP,"*! CusP,'** and FeP'*® have thus been studied for
HER. Over the years, different compositions, microstructures,
hetero-microstructures, and doped TMPs have been synthe-
sized to enhance the performance. A review article by
Wang et al. provides the details on the development of TMPs
and their potential application for (photo) electrochemical
water splitting."** However, TMPs for ENRR have not been
largely explored. The same challenge, i.e., suppression of HER
activity, remains the limiting factor to enhance ENRR with
TMP-based catalysts. Zhu et al. reported phosphorus as a
modulating agent of the FeP, catalyst towards ENRR
performance."*® The synthesized P rich FeP,-reduced graphene
oxide (FeP,-rGO) showed a FE and NH; yield rate of 21.99%
and 35.26 ug h™" mg.,. * at —0.40 V, respectively. On the other
hand, the FeP-rGO catalyst showed a lower FE and NH; yield of
8.57% and 17.13 ug h™* mg., * at —0.40 V, respectively. The
ENRR suffers from the competitive HER at the electrode surface
due to the low H adsorption energy to the catalyst surface in the
latter case. AG(-y) is used as a parameter to quantify the metal
hydrogen bond strength. The theoretical calculation of AGy,
for FeP(211) and FeP,(101) indicates that FeP(101) is more
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active towards HER than FeP,(211). The ENRR mechanism
follows the distal pathways, which are energetically more
favourable than the alternating pathways. The rate-
determining step for ENRR is *N, to *NNH. The N, adsorption
free energy for FeP,(101) is higher than that for FeP(211), which
suggests the former to be more selective towards ENRR. The P-
rich FeP,-rGO decreases HER activity, increases N, adsorption,
and facilitates a large number of active sites towards ENRR
compared with FeP. Jin et al. reported partially electrochemi-
cally reduced oxygen-doped CuszP nanosheets (RO-CuzP) with
rich surface phosphorus vacancies for the ENRR process.'*®
Both NH; and N,H, were formed during the ENRR process
indicating that the reaction follows the alternating pathways.
An NH; yield of 28.12 ug h™' em ™ with a FE of 17.5% was
achieved under ambient conditions for the RO-CuzP catalyst
with abundant phosphorus vacancies, which is 3.4 times higher
than that of the pure CuzP catalyst. The surface phosphorus
vacancy acts as an active site for ENRR, which is proven by
controlled experimental as well as DFT calculations. The free
energy change (AG«ynu) On a phosphorus vacancy on the sur-
face of CuzP(110) is found to be 0.97 eV (at 0 V, pH = 0) for *N,
to *NNH. The AG.«yni on the surface phosphorus vacancy of O-
Cu;P structures was calculated to be 1.25 eV for CuzPy 950,02
and 2.47 eV for CuzPy960¢.04, Which is higher than that
required on the surface phosphorus vacancy of CusP. This
demonstrates that the superfluous oxygen doped in the phos-
phide crystal phase is not conducive to ENRR activity. The
experimental and theoretical investigations suggest that the
phosphorus vacancies on the surface of Cu;P and O-Cu;P are
the highly active species that lead to enhanced ENRR activity.
Yang et al. synthesized IrP, anchored P, N co-doped porous
carbon nanofilms (IrP,@PNPC-NFs) by the plasma-assisted
method."” The IrP,@PNPC-NFs showed a FE and NH; yield
rate of 17.8% and 94.0 ug h™' mg.,. ', respectively. The edge
site of IrP, was found to be very irregular and the low coordi-
nated step atoms at the edge site of the IrP, nanocrystals
lowered the reaction energy barrier towards the ENRR while
inhibiting the HER activity. The plasma-assisted strategy also
makes it possible to synthesize other high-melting-point noble-
metal phosphides (such as OsP,@PNPC-NFs, Re;P,@PNPC-
NFs) at lower temperatures.

8. Nitride-based catalysts

Transition metal nitrides (TMNs) are another class of materials
that have high electronic conductivity with rich N,4 atoms.
Theoretical as well as experimental investigations suggest that
TMNs have huge potential for ENRR.'*®'*° However, the
chemical stability of the nitride-based materials is an obstacle
in addition to competent HER."*® Moreover the generation of
NH; from the nitrogen atom of the catalyst can give false-
positive results (discussed later). Abghoui and Skulason theo-
retically investigated TMNs for ENRR under ambient condi-
tions and provided possible mechanistic insights considering
several nitrides such as ZrN, MoN, CrN, MnN, NbN, and VN
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with a rocksalt structure."®* The free energy diagrams were
constructed on the rocksalt (100) structure using the associated
mechanism to evaluate their performance in terms of onset
potential for ENRR. The free energy of each intermediate was
calculated at room temperature, pH = 0, and an applied
potential of 0.0 V, which indicates that the potential determin-
ing step (PDS) is the first protonation of *N, to *NNH for all the
candidates except for VN and NdN where the formation of
*NNHj; is the PDS. Among these nitrides, MoN showed promis-
ing results with AGpps = 0.83 eV."*! Zhang et al. demonstrated a
MoN nanosheet array on carbon cloth (MoN NA/CC) as an
ENRR electrocatalyst in 0.1 M HCl under ambient
conditions.”® This catalyst showed an NH; yield of 3.01 x
107" mol s™! em ? and a FE of 1.15% at —0.3 V with high
electrochemical durability and selectivity. DFT calculations
suggested that MoN NA/CC catalyzes ENRR via the Mars-van
Krevelen mechanism rather than the associative/dissociative
Heyrovsky mechanism. Jin et al. reported nitrogen vacant
2D layered W,N; (Fig. 10) as an efficient and stable electro-
catalyst for ENRR with a steady NH; yield rate of 11.66 +
0.98 pug h™" mge,. ' (3.80 + 0.32 x 107" mol cm™ > s™') and
FE of 11.67 + 0.93% at —0.2 V for 12 cycles (24 h).">® The ex situ
synchrotron-based characterization of the catalyst before and
after the catalytic cycle revealed the stability of 2D W,Nj3, which
was attributed to the vacancies on 2D W,N; with the combina-
tional effect of the high valence state of tungsten atoms and 2D
morphology induced surface distortion. The DFT calculations
suggested that the electron-deficient environment in the 2D
layered W,N; effectively facilitates the electron acceptance from
N, and enhances the subsequent reduction rate.
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Fig. 10 (a) TEM image of NV-W;,Ns. (b) XRD patterns of W,N3 and NV-
W>N3. (c) HAADF-STEM images of NV-W,Ns3 that show the single-layered
thickness and interlayer spacing of NV-W;,Ns. (d) HAADF-STEM image and
the corresponding SAED pattern (inset) of NV-W,Ns. Reproduced with
permission from ref. 153. Copyright 2020, Wiley-VCH.
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Ren et al. synthesized Mo,N nanorods and studied the same
as a catalyst for ENRR."*® Mo,N/GCE delivered an NHj yield of
78.4 ug h™' mg.. ' with a FE of 4.5% at —0.3 V. The as-
synthesized catalyst was found to be durable up to 10 cycles as
confirmed by XPS and XRD analysis after the stability test.
However, Hu et al. found that the decomposition of the tetra-
gonal Mo, N catalyst led to NH; evolution, which was confirmed
by isotope experiments and thus contradicts the previous
report entirely.">® The authors of the latter report suggested
that isotope experiments are needed to evaluate the catalytic
activity of the TMNSs. Yang et al. reported VN nanoparticles as a
stable electrocatalyst for ENRR with a yield rate of 3.3 x 10~ "°
mol s em™? and a FE of 6.0% at —0.1 V within 1 h.">® The
ex situ XPS measurement indicated the presence of the oxide
and oxynitride species in the catalyst. However, the conversion
of VN, ;09 45 to the VN phase leads to catalyst deactivation. The
study highlights that the N site adjacent to the surface O atoms
is the active site towards ENRR. Zhang et al. reported VN
nanosheets on Ti mesh for ENRR as an active and selective
electrocatalyst for ENRR in 0.1 M HCI at room temperature and
atmospheric pressure and obtained an NH; yield of 8.40 X
107" mol s™! em™? at —0.50 V with a FE of 2.25%."°

9. Carbide-based catalysts

Transition metals carbides (TMCs) have also been explored in
the search for a noble metal-free catalyst for ENRR. TMCs
exhibit specific properties which are desirable for electrocata-
lysis, such as corrosion resistance, and high stability, melting
point, and mechanical strength.'*”"*° These specific properties
have attracted increasing research interest for their potential
application as electrocatalysts,"®® catalyst supports,"®" lithium-
ion battery materials,'®* and solar cell materials,'®* particularly
for energy generation and storage purpose.'®* The carbides are
referred as an interstitial alloy. The electronic structure of the host
metal of the carbide is altered due to the inclusion of the carbon
atoms through the charge transfer process. The distinct electro-
catalytic activity of the TMC arises from the electronic structure,
due to the presence of carbon atoms in the metal lattice. For
example, the excellent HER performance of the tungsten carbide
arises from the filling of the d-states at the Fermi level of tungsten
by alloying it with carbon.'®® Thereby, TMCs are investigated as
electrocatalysts without certain disadvantages such as chemical
susceptibility and durability. So far, TMCs are employed as HER,
OER, and ORR cathode catalysts with excellent activity.'**"*® How-
ever, there are relatively few reports on the use of TMC materials for
ENRR through nanostructuring,'”’ combination with another
material,"®® and exploiting hybrid structures.

The DFT calculation suggests that the metal site of the
carbide can activate the N, molecule and stabilize the inter-
mediate N H, species while destabilizing the -NH, species
during the desorption as NH;.#* Although the carbide-based
materials show promising ENRR activity theoretically, the
experimental performance is not up to the mark due to the
competitive HER under similarly applied potentials.*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Therefore different fabrication methods have been adopted to
enhance the ENRR performance of the carbide-based catalysts
by creating heterojunction interfaces with the generation of
active sites for various elementary steps. DFT analysis indicates
that all the crystallographic surfaces of the cubic MoC
catalyst have the ability for adsorption and dissociation."”®
Ramaiyan et al. reported an origami-like Mo,C cathode catalyst
for ENRR and achieved a maximum NH; synthesis rate of
2.16 x 10~ mol em > s™" with a FE of 1.8% at 30 °C using
Nafion-212 as an electrolyte."””" The authors revealed that
numerous kinks at the surface of the origami-like structures
are responsible for the catalytic ENRR. However, the synthe-
sized origami-like Mo,C catalyst was found to be unstable
during the ENRR process. XPS analysis after the electrolysis
process indicates the formation of molybdenum oxycarbide
which raises concern about catalyst susceptibility for long term
uses. Qu et al. reported oxygen doped molybdenum carbide
(O-MoC) embedded in nitrogen-doped carbon layers (N-doped
carbon) for ENRR."?> The O-MoC embedded N-doped
carbon was synthesized from dopamine and molybdate.
The catalyst showed a FE of 25.1% and an NHj; yield rate of
22.5 pg h™' mg. "' in 0.1 mM HCl + 0.5 M Li,SO,. The
competitive HER was suppressed due to the interaction
between O-MoC and N-doped carbon. The catalyst retained its
performance after continuous electrolysis for 30 h. The carbon
shelling around O-MoC provides physicochemical protection to
O-MoC in the acidic electrolyte from structural dissolution. Liu
et al. reported a Mo/Mo,C/MoC (Mo/Mo,C) heterostructure
supported rGO for ENRR."”® The catalyst showed an excellent
yield rate of 20.4 pg h™* mg™* at —0.2 V and a FE up to 18.9%
at —0.3 V. By controlling the precursor, well-dispersed Mo,
Mo,C, binary MoC/Mo,C (Mo,C), and ternary Mo/MoC/Mo,C
(Mo/Mo,C) NPs were synthesized on rGO and the authors
experimentally and theoretically studied the influence of com-
position and hetero-interface on the ENRR performance
(Fig. 11). The heterostructured Mo,C and Mo/Mo,C showed
significantly enhanced ENRR activity. The heterojunction facil-
itates a higher number of available active sites compared to that
of Mo and Mo,C only catalysts. DFT calculations further con-
firmed that the introduction of metallic Mo into binary and
ternary carbides appreciably lowered the energy demand for
NH; desorption from the catalyst surface.

Peng et al. reported the bio-inspired synthesis of a Fe;C@C
core-shell structured catalyst for ENRR.'”* The core-shell
structure acts as an active site and selectively contributes
toward the NH; synthesis at low potentials. A FE of 9.15%
and an NH; yield rate of 8.53 pug h™"' mg.,. ' at —0.2 V were
achieved with the same catalyst. The degree of graphitization
during the synthesis of the catalyst plays a prominent role in
the ENRR. The catalyst prepared at 900 °C showed higher ENRR
activity than the catalyst prepared at 700 °C. With increasing
temperature, the degree of graphitization increases, whereas on
further increasing the temperature to 1100 °C, the performance
significantly decreases. The graphitization at 900 °C improved
the electron transportation with optimum Fe content. With a
further increase in graphitization, the Fe contribution towards
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Fig. 11

(@ and b) SEM, (c) TEM, (d) STEM, and (e) EDS mapping images of the Mo/Mo,C heterostructure. (f) TEM and (g) STEM images of the Mo,C

heterostructure. Reproduced with permission from ref. 173. Copyright 2020, RSC.

ENRR decreases. DFT analysis suggested that the free energy
change of the rate-limiting step over the Fe;C@C core-shell
towards formation and desorption of NH; is more favourable
than that of Fe;C. The observation indicates that the inter-
action between the carbon shell and the Fe;C core facilitates
the charge transport in the catalyst.

MXene represents another group of novel 2D materials with
the general formula M,,,,C,,, where M represents transition metals
such as Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W with n = 1, 2, 3 along
with the terminal functional groups (F, OH, and/or Q).'7>'7¢
Azofra et al. computationally investigated the possibility of
d,-d, transition metal-based MXene (M;C,) as a model mate-
rial for N, capture and reduction. The DFT calculation revealed
that the transition metal atoms present at the terminal surface
can activate the adsorbed N, and facilitate the ENRR under
mild conditions."”® Zheng et al. theoretically investigated the
possible prospect of boron-doped MXene towards ENRR.'”® The
B-doped Mo,CO, and W,CO, MXenes exhibited decent catalytic
activity and selectivity with limiting potentials of —0.20 and
—0.24 V, respectively. The boron centre mimics the empty and
filled d-orbital electronic structure of transition metals and
activates the N, molecule effectively. In addition, a high B-to-
adsorbate electron donation tendency facilitates the hydroge-
nation of *N, to *N,H during the ENRR. A recent study further
suggested that the terminal oxygen groups act as active sites for
the HER and CO, reduction.'®® Even though there is a huge
prospect for MXene materials toward ENRR, competitive HER
mitigation is the main issue that needs to be addressed to
unveil the higher efficiency of MXene towards ENRR. Luo et al.
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reported TizC,0, 2D MXene for ENRR."”” The surface Ti atoms
act as active sites for N, adsorption in the single-layer T-Ti-C-
Ti-C-T-T (T = terminal atoms) sandwich structure with max-
imum binding energy. The N, adsorption energy indicates that
the middle Ti atoms are energetically preferable to the C and O
sites. The terminal O atoms cannot overcome the high energy
barrier for ENRR whereas the Ti site at the edge plane is
preferred. Ti;C,T, MXene with a smaller sheet size shows
higher performance than that with a large sheet size under
—0.1 V. The study also revealed that vertically aligned Ti;C,T,
MXene has more active sites than the randomly oriented one.
Vertically aligned Ti;C,T, MXene with a FeFOOH nanosheet host
was synthesized to overcome the thermodynamic obstacles.
The FE of MXene/FeOOH reached 5.78% under —0.2 V, which
is 1.25 times higher than the maximum value of the MXene.
The improved performance of the MXene was ascribed to a
higher number of active sites of the vertically aligned MXene
and the sluggish nature of FeEOOH towards HER.

10. Sulfide-based catalysts

Over the past few years, metal sulfides have been widely studied
as a potential candidate for various electrocatalytic
activities."”® % Inspired by the natural nitrogenase enzymes
(Mo-Fe protein), MoS, has been investigated as a catalyst for
ENRR."" Sun and co-workers were the first to introduce
and experiment on MoS, as a catalyst under room temperature
and atmospheric pressure. The catalyst showed a FE of 1.17%

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and an NH; yield of 8.08 x 10" mol s " em™ " at —0.5 V in
0.1 M Na,S0,.'®? Later on, they further improved the FE to
8.34% with an NH; yield of 29.28 ug mg.,. *h™ ' at —0.40 V, by
designing defect-rich MoS, nanoflowers.'®* Zeng et al. devel-
oped nanoflower-like N-doped MoS, electrocatalysts and intro-
duced rich sulfur vacancies to further enhance the FE to 9.14%
with an NH; yield of 69.82 mg mg.,. " h™'at —0.3 Vin 0.1 M
Na,S0, solution.'®* Suryanto et al. developed MoS, nanosheets
decorated with Ru clusters and obtained a FE of 17.6% and an
NH; yield rate of 1.14 x 10~ ' mol s~ * cm > attributed to the
polymorphic engineering in Ru/2H-MoS,."®* Thereafter several
other studies based on MoS, have been reported to date
achieving FE from as low as 4.58% to 20.6% using different
strategies.’®®*°° Apart from MoS,, other transition metal
dichalcogenides such as WS, have been tested as an ENRR
catalyst with the lowest potential of —0.24 V through an
enzymatic mechanism using DFT."" Flower-like SnS, and
forest-like ZnS nanoarrays directly grown on Ni foam showed
certain abilities towards ENRR. The NH; yield and FE of °N,
with flower-like SnS, were 9.08 x 10 '° mol s ecm 2 and
10.3%, whereas for ZnS, they were 5.27 x 10~ mol s~ cm™?
and 5.62%, at —0.5 V, respectively.'®> Similarly, cobalt disulfide
(CoS,) NP-embedded N-doped carbon nanoboxes (CoS,@NC)
derived from ZIF-67 have shown effective electrochemical NH;
production under ambient conditions. The catalyst showed an
NH; yield of 17.45 pg mg.,. ' h™" and a high FE of 4.6% at
—0.15 V vs. RHE.'”

11. Metal-free electrocatalysts:
heteroatom doped carbon-based
catalysts

Metal and metal-based oxide, phosphide, carbide, nitride, and
sulfide catalysts have been explored as potential ENRR electro-
catalysts as discussed earlier. In addition to these, metal-free
electrocatalysts have also been studied as ENRR electrocatalysts
due to their N, adsorption ability and weak interaction with H"
ions that specifically suppressed the HER."*'°® However, pure
carbon-based materials are inactive towards ENRR."”” This led
to the synthesis of a variety of heteroatom doped carbons for
ENRR that exhibit considerable ENRR performance. In parti-
cular, N-doped porous carbon (NC) exhibited ENRR activity,
where pyridinic and pyrrolic N-sites are identified as active sites
for N, adsorption and subsequent dissociation.’®® Polymeric
carbon nitride (PCN),"*® N-doped carbon synthesized from
biomass,”*® and zeolitic imidazolate frameworks (ZIF-8) have
shown considerable ENRR activity.>’* The ENRR performance
of these catalysts is attributed to the defects arising from the
heteroatom doping. However, a recent study has shown that
heteroatom-doped carbon materials are also efficient HER
electrocatalysts.”> Thus, suppression of HER is the fundamen-
tal task to obtain efficient carbon-based catalysts for ENRR.
Yu et al. studied boron-doped graphene for ENRR.>*® Boron
doping redistributed the electron density in the graphene
framework, where the electron-deficient boron sites enhanced

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the binding capability of N, molecules. DFT calculations based
on different boron carbon models revealed that the BC; site
facilitates the lowest energy barrier for ENRR. At 6.2% of boron
doping on graphene, an NH; yield of 9.8 mg h™* cm 2 and a FE
of 10.8% were achieved at —0.5 V in aqueous solutions under
ambient conditions. Qiao et al. revealed that the addition of
boron (B) to nitrogen-doped graphene yields a higher Gibbs
free energy of hydrogen adsorption (DGH*) indicating that *H
species were not easily adsorbed onto the active sites and hence
suppressed HER.>** BC; sites in the boron-doped graphene
exhibit as active centres for better ENRR activity compared to
that of raw graphene.”®* Song et al. reported ENRR using N and
P co-doped porous carbon with a trace of iron (0.028 wt%) (Fe-
NPC).>** The Fe-NPC catalyst was synthesized from solid-state
pyrolysis of polyaniline aerogels with phytic acids and FeCl;,
which showed significantly enhanced electrocatalytic activity in
an alkaline medium as compared to NPC. The Fe sites acted as
active sites towards ENRR. In the presence of SCN™, the ENRR
was significantly decreased due to the strong affinity of the
SCN™ ions towards the Fe site. Fe-NPC showed a FE and NH;
yield rate of 5.3% and 4.36 ug h™" mg™" at —0.1 V. The in situ
FTIR spectra at —0.1 V for the Fe-NPC catalyst showed
four peaks at 1126, 1273, 1412, and 3256 cm™ ". The peak at
1126 cm ™ ' indicates the cleavage of N= N whereas the peaks at
1273, 1412, and 3256 cm™ " correspond to -NH, wagging and
H-N-H bending, suggesting the intermediate species formed
during the ENRR process. It is to be noted that the ENRR
process over the Fe-NPC catalyst follows associative pathways.

Wu et al. reported P-doped graphene (PG) for ENRR with a
FE and NH; yield of 20.82% and 32.33 ug h™* mg ™" at —0.65 V,
respectively.'”” Two different types of bonded P atoms were
present in PG, namely P-O and P-C, with an atomic percent of
0.47 wt%. The DFT calculation showed that the O functional
group prefers to adsorb on P than the OH functional group
energetically. Therefore, the O functional group is considered
to be active for ENRR, and N, adsorbs preferentially at the C site
adjacent to the P-O bonding. This study also revealed that the
PDS is *N, to *NNH hydrogenation. Song et al. modified
reduced graphene oxide (rGO) with tannic acid (TA) and
studied the ENRR.”*® TA-TGO showed a yield rate and FE of
17.02 pgh™' mg ™" and 4.83% at —0.75 V, respectively. Qiu et al.
reported boron carbide (B,C) nanosheets as an electrocatalyst
for ENRR with an NH; yield rate of 26.57 g h™' mg.,. " and a
FE of 15.95% at —0.75 V."°® The N, atom adsorption on the B,C
nanosheets (110) follows either end-on terminal N atom
adsorption or adsorption to the adjacent B,C site. Both config-
urations show a similar energy profile for N, adsorption on the
B,C nanosheet. Free energy calculations showed that hydro-
genation of *NN to *NH,NH, proceeds almost without a
barrier. The *NH,—*NH, — *NH, + *NH; step is the rate-
limiting step of the ENRR on the B,C(110) surface, which
requires a free energy of 0.34 eV at a potential of 0 V.

Liu et al. developed a metal-free F-doped carbon catalyst by
introducing F atoms into a 3D porous carbon framework for
ENRR.””” The F-doped carbon catalyst exhibited the highest FE
of 54.8% for NH; at —0.2 V, which is 3.0 times higher than that
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of pristine carbon frameworks (18.3%), and a yield rate of
197.7 pgnm, mgflcat h™" at —0.3 V. The improved performance
of the F-doped carbon catalyst is due to the binding strength of
N, which facilitates dissociation of N, into *N,H as revealed by
mechanistic studies. Due to the different electronegativity
between the F and C atoms, a Lewis acid site is created when
the F atom is bonded to the C atom. As a result, the HER activity
is suppressed significantly. On the other hand, the selectivity of
N, electroreduction into NH; is enhanced because of the
repulsive interaction between the Lewis acid site and proton
H.”®” Wang and co-workers identified oxygen-doped graphene
(O-G) derived from sodium gluconate as a new promising
catalyst for the effective production of NH; by catalyzing
ambient electro-hydrogenation of N,.>°® They obtained a siz-
able NH; yield of 21.3 pg h™" mg,.. " at —0.55 V (vs. RHE) and a
high FE of 12.6% at —0.45 V in 0.1 M HCI solution with
electrochemical and structural durability. The DFT calculations
revealed that the C=0 and O-C=O0 groups primarily contrib-
uted to the catalytic mechanism of ENRR as compared to the
C-0 group. Xia et al. reported sulfur-doped graphene (S-G) as
an electrocatalyst towards ENRR under ambient conditions.>*
In 0.1 M HCI, an NH; yield of 27.3 ug h™" mg ...~ " at —0.6 V (vs.
RHE) and a high FE of 11.5% at —0.5 V (vs. RHE), which are
significantly higher compared to the undoped graphene
catalyst (6.25 ug h™" mge... '; 0.52%), were achieved. The ENRR
mechanism was further explored by DFT calculations, which
revealed that carbon atoms nearest to substituted sulfur atoms
act as underlying active sites for the ENRR on S-G. Further, they
prepared S doped carbon nanospheres (S-CNSs) as an electro-
catalyst with excellent selectivity towards ENRR, demonstrating
an NH; yield of 19.07 pg h™' mg.. * and a FE of 7.47% at
—0.7 V in a 0.1 M Na,SO, electrolyte.>’° The S-doped CNS
showed much higher catalytic activity than that of the undoped
CNS (3.70 pg h™" mg.. ", 1.45%) which is similar to the
previous discussion.?®® Importantly, this S-CNS catalyst also
showed high stability for ambient N, to NH; conversion.
Cheng et al. adopted a novel one-step synthesis protocol to
synthesize defect-rich S and N co-doped carbon cloth (CC) by
using ammonium persulfate (APS) as the source of nitrogen
and sulfur. The S/N co-doped CC catalyst, prepared at 800 °C
(CC-APS 800), exhibited a higher number of defects and hetero-
atom sites and acted as an active and stable electrocatalyst for
ENRR with an NH; yield of 9.87 x 107" mol s cm™>
and a FE of 8.11% at —0.3 V in 0.05 M H,SO, solution.'!
Kong et al. synthesized B and N co-doped porous carbon
nanofibers (B/N-CNFs) that exhibited much higher electrocata-
lytic performance than the only N- or B-doped carbon materials
towards ENRR with a FE of 13.2% at —0.5 V and an NH; yield of
32.5 mg h™" mg.,. " at —0.7 V in an alkaline electrolyte. The
synergistic effect of the B-N bond enhances the ENRR process,
where N atoms increase the electronic conductivity and B
atoms enhance the adsorption of N, and charge transfer.>'?
Boron and nitrogen dual-doped carbon nanospheres (BNC-
NSs), prepared by another group, exhibited ENRR activity with
an NH; yield rate of 15.7 pgwu, h™' mge. ' and a FE of
8.1% at —0.4 V (vs. RHE) in a 0.05 M H,SO, electrolyte.”™®
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Table 3 Summary of phosphide, nitride, carbide, sulfide, and metal-free

(heteroatom doped carbon) ENRR electrocatalysts reported in recent
years and their catalytic performance

Yield rate

(ngh™ FE Potentials
Catalyst  Electrolyte Temperature mge,.. ') (%)  vs. RHE (V) Ref.
BP HCI Ambient 26.42 12.7 —-0.60 215
CoP KOH Ambient 10.78 0.03 —0.4 216
AuPdP Na,SO, Ambient 18.78 15.44 —-0.3 217
Mo-FeP  HCI Ambient 13.1 — -0.3 218

— 7.49 —0.2
Fe-Ni,P HCI Ambient 88.51 7.92 —-0.3 219
BN HCI Ambient 22.4 4.7 —-0.75 220
FeS, Li,SO,  Ambient 11.5 146 —0.2 221
O-doped HCI Ambient 18.03 — —0.55 222
carbon — 10.3 —0.45
B-N KCl Ambient 7.75 13.79 —-0.3 223
enriched
carbon
N,P-co- HCl Ambient 1.08 0.0754 —0.1 224
doped
carbon

Recently, Zhang et al. reported a rationally synthesized boron,
nitrogen, and fluorine ternary-doped carbon (BNFC) from the
carbonization of cigarette butts saturated with the ionic liquid
1-butyl-3-methylimidazolium tetrafluoroborate (CgH;sN,BF,).*'* In
this case, the high electrocatalytic activity toward the ENRR was due
to the capability of N atoms in BNFC for the adsorption of hydrogen
ions while the adjacent B or F heteroatoms offered Lewis acid sites
for chemisorption of N,. An NH; yield rate of 41 mgy h™ ' mgea, "
and a FE of 14% at —0.4 V (vs. RHE) in a 0.05 M H,S0, electrolyte
were recorded for BNFC electrocatalysts. However, in a 0.1 M NaOH
electrolyte, a relatively high NH, yield rate of 39 mgyy;, h™' mge. "
with a FE of 16% at —0.4 V (vs. RHE) was achieved. This is due to
the capability of water dissociation and adsorption of generated
protons by the doped nitrogen atoms present in BNFC
electrocatalysts.*'*

Table 3 presents the ENRR performance of recently reported
metal phosphide, nitride, carbide, sulfide, and metal-free elec-
trocatalysts, indicating their potential.

12. Effect of electrolytes

To achieve ENRR activity with high FEs, several other factors
are needed to be considered to tackle the challenges in addition
to suppressing the competing HER. In particular, besides
having an efficient electrocatalyst, the choice of a suitable
electrolyte (in terms of ions and pH) is one of the fundamen-
tally important factors to enhance ENRR activity. For instance,
acidic, neutral, and alkaline electrolytes have been tested tak-
ing into consideration pH adjustment. The pH value for ENRR
systems is needed to be well adjusted using dilute H,SO,, HCI,
Na,S0,4, KHCOj;, and KOH aqueous solutions. Chen et al. tested
ENRR using a 30% Fe,O;-CNT electrocatalyst in different electro-
lytes with different pH values at a constant potential.>*> The highest
NH;, yield rate of 1.06 x 10" mol em™? s~ was obtained in the
0.5 M KOH electrolyte, which was higher than that obtained in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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0.25 M KHSO, (7.87 x 107> mol em™> s~ ). In acidic electro-
lytes, due to the higher proton concentration, HER is signifi-
cantly increased and thereby suppressing ENRR. In contrast,
HER activity is significantly reduced in alkaline electrolytes.
Recently, the effective suppression of HER activities was found
for the ENRR using the neutral phosphate buffer solution (PBS)
electrolyte.”>>*® PBS has a higher barrier for mass and charge
transfer, which prohibits HER kinetics. Upon using Pd/C as an
electrocatalyst, the authors were able to obtain a FE of 2.4% in
0.1 M PBS (pH = 7.2) as compared to <0.1% with 0.05 M
H,S0, (pH = 1.2) and 0.1 M NaOH (pH = 12.9) electrolytes.>
All these electrolytes were Ar-saturated. Zhang et al. showed a
higher ENRR selectivity and a FE of 1.17% with MoS,/CC in
0.1 M Na,SO, as compared to 0.09% in 0.1 M HCI due to the
strong HER activity of the latter.'®* Moreover, to suppress
HER and increase N, solubility in the electrolyte, a mixture of
water and low-proton (alcohols) solvents was also taken.**”
Kim et al. studied the water and 2-propanol (1:9, v/v) mixture
as an electrolyte along with H,SO, as the supporting
electrolyte.>”® The mixed solvent gave rise to a FF of 0.89%
as compared to 0.07% for pure water. The observed result is
far from being optimal as the FE could not exceed more than
1%. Alkali metal ions are also known to suppress the HER and
have a strong ability to interact with molecular N, in an
electrolyte. Selection of counterions in the aqueous electrolyte
was found to have a significant role with an order of Li* >
Na® > K' in terms of NH; yield rate, which suggests a most
favourable role of the smallest counterions. The steric effect
and the relatively strong interaction between counterions and
N, play important roles in ENRR.>**?° To enhance the FE,
0.1 M LiCl/ethylenediamine (EDA) and 0.05 M H,SO, solution
were used as an electrolyte in the cathode and anode compart-
ment, respectively, to study the effect of EDA towards ENRR. A
much higher FE of 17.2% was obtained under ambient
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conditions under this condition, possibly due to the wide
electrochemical window of EDA in the negative potential
region.”*® Similarly, a mixture of water/alcohols and aproto-
genic (tetrahydrofuran, dimethyl sulfoxide) solvents were used
as an electrolyte for ENRR.>*"?3? In this regard, Lee et al. used
a hydrophobic MOF (ZIF) coated Ag-Au catalyst to accumulate
N, molecules at the catalyst surface to suppress competitive
HER. A mixed solvent containing ~1% ethanol in dry tetra-
hydrofuran (THF) was used as an electrolyte to enhance ENRR
selectivity. Ag—Au@ZIF showed a FE of 18 £ 4% under ambient
conditions, far superior to many other ENRR studies having
<1% FE at elevated temperature/pressure.”*® Electrolytes
consisting of a mixture of water and an ionic liquid (IL) were
also reported.”****®> MacFarlane and co-workers reported a
combination of hydrophobic and high nitrogen-solubility IL
electrolytes, namely [C,mpyr][eFAP], [Pgg¢6,14][eFAP], and
[HMIM][NTY,], as electrolytes and tested ENRR using a nanos-
tructured Fe-based electrocatalyst.>*® The Fe-based catalyst
deposited on a FTO substrate in the presence of [Pg ¢ 6,14][eFAP]
showed the highest FE of 60%, which is much higher than that
obtained with [C,mpyr][eFAP] (30%) and [HMIM]NTf,]
(0.64%). The high efficiency with [Ps ¢ ¢ 14][eFAP] is attributed
to the high solubility of N, in ILs due to the strong interaction
between N, and the IL as confirmed by the DFT calculations.
The DFT calculation suggests that the N, molecules interact
with ions such as ClI™ and fluorinated anions BF,  and PFq~
weakly, whereas they strongly interact with [eFAP] . Two modes
of favourable interactions were identified, namely in complex 1,
the N, atoms interact with the F atoms of the alkaline chains,
and in complex 2, the N, atoms interact with F atoms bonded
with phosphorus as presented in Fig. 12. The N, binding energy
depends strongly on the delocalization of the negative charge.
The interaction further increases with the addition of the

cation.>*®

(a) s ‘ ° (c)
/9 %09, S'zu 3.13,3.18 >
y > N
4.08 4.08 - e -
3.70 o -4
o= 319,320 3.20,3.21
=9
[PFgJ-N, [Cl-N [eFAP] ":NZ [eFAP] N2
E, =-0.01 2 complex 1, via —C,Fg complex 2, via —F
b . E,=0.18
b E,=-0.53 E,=-0.42
(b) 3.77
? ‘ [BF,J=N,
> E,=-0.02
& 3.61
e ¢ 23 [NTF,]=N,
' via —CF;
‘, 9 4] E,=-0.16 [C,;mpyr][eFAP]-:N,
- E,=-0.62

Fig. 12 (a)-(c) N, binding energies (in kcal mol™) and bond distances in A for various anions. The interaction with [eFAP]~ in panel (c) shows two distinct
modes: complex 1 exhibits C—F interactions and complex 2 exhibits P—F interactions. Panel (d) introduces the cation to show the interaction with an ion
pair of [C4mpyrl[eFAPI; the interaction is the strongest of all those studied. Reproduced with permission from ref. 236. Copyright 2017, RSC.
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Licht et al. used a molten hydroxide suspension of nano-
Fe,0; named the NaOH-KOH eutectic electrolyte, which
showed high rates of ammonia generation upon addition of
nano-Fe,0; at modest temperatures of 200-250 °C.> As per the
recent reports on ENRR, electrolytes play a vital role in HER
suppression and enhancement of ENRR. Nevertheless, more
experimental and theoretical studies could further improve
ENRR under ambient conditions.

12.1 Lithium-mediated N, reduction reaction

As mentioned in the previous section, not only the catalyst but
also the electrolyte plays an important role in ENRR. Among the
different electrolytes tested for ENRR, a lithium-mediated
ENRR is found to be the most promising one. Typically the
lithium-mediated ENRR is performed in tetrahydrofuran sol-
vent that can dissolve a high amount of N, (as high as ~6 mM)
at 25 °C. The mechanism of Li-mediated N, reduction is
hypothesized as the reduction of Li' ions in the presence of
N, forming lithium nitride (Li;N) at the cathode. The Li;N
species react with a proton source and produce NH;. Ethanol
has been used as a proton source for nitride to NH; conversion.
In 1994, Tsuneto et al. reported a Li-mediated ammonia synthe-
sis with a yield rate of ~2 to 4 nmol s~ ' ecm ™2 at 50 bar of N,
pressure.”*® McEnaney et al. experimentally proposed Li-
recycling as a tool to produce NH; using renewable energy.>’
First, a highly active Li metal surface was synthesized from
LiOH electrolysis in a proton-free environment and then
exposed to N, to form Li;N. Suryanto et al. recently demon-
strated a phosphonium based cation such as trihexyltetrade-
cylphosphonium ([Peg614]') as a proton source for lithium-
mediated NH; synthesis.”*® [Pg 66 14]" is known to have excel-
lent thermal, chemical, and electrochemical durability. The
schematic reaction of electrochemical synthesis of NH; is
presented in Fig. 13. Herein, electrochemically generated Li;N
is reacted with the phosphonium cation to produce NH; and
form aylide as a derivative. The original phosphonium cation is

S
[ H* H,
Phosphonium

cation g H Ry Ylide

C>> R, \\P"_C/_—R,, % \/P;C<— R4
Lit ‘#g & \% H NH, + Li*
P 20020 298 5009

LizN

Fig. 13 Schematic illustration of sustainable electrosynthesis of ammonia
from H, and N». The cathode process involves the reduction of Li* to the
lithium metal that rapidly reacts with N, to produce LisN, which is
protonated to release the target product, NHsz. The proton carrier is the
phosphonium cation, which forms an ylide structure in its deprotonated
state; this cycles to the anode where it is regenerated back to the
phosphonium form through the reaction with H* derived from the oxida-
tion of H,. Reproduced with permission from ref. 238. Copyright 2021,
AAAS.
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regenerated from the protonation of phosphonium ylide which
is a strong base. The author and his group have achieved the
best performance at —0.75 V versus Li”" with N, to NH;
conversion FE as high as 69 + 7% and an NH; yield rate of
58 + 14 nmol s~' cm ™2, at an average current density of about
—22.5 mA cm 2. The high reduction potential for the genera-
tion of the Li plate simultaneously leads to degradation of the
electrode interface over time. The continuous regeneration
from the Li salt thus limits the scalability of the process.
Moreover, Schwalbe et al. observed the development of a solid
electrolyte interface (SEI) layer as well as the accumulation of
lithium and lithium-containing species at the electrode
surface.>*® In this regard, Andersen et al. succeeded in devel-
oping a stable cycle of Li-mediated NRR through the imple-
mentation of the pulse deposition strategy as presented in
Fig. 14.>"° Using this method, the authors achieved a FE of
~30%. They revealed that the SEI layer not only prevents the
catalyst from poisoning but also maintains its long-term Li
cycling ability. The SEI layer is further found to control the
diffusion rate during the electrolysis process.

13. Sources of false positives in ENRR
and their elimination

Electrochemical N, reduction has gained momentum in recent
years due to its potential feasibility under ambient conditions,
unlike the Haber-Bosch process. However, the large difference
in yield rate and FE raised serious concerns about its actual
applicability. Therefore, it is important to evaluate the pitfalls
of ENRR, in particular, the inconvenient sources of error and
their elimination from ENRR during the estimation of FE and
yield rate. The recent developments of the catalyst for ENRR
have been discussed in detail in the previous sections. How-
ever, a question may arise whether all the catalysts catalyze
ENRR under ambient conditions? As we have seen, the conver-
sion rates are in the range of nano or micromolar range with
most of the catalysts. Such a low value could be contributed
from other sources and/or impurities. For example, Ru is
considered as one of the prominent candidates for ENRR in
aqueous electrolytes. Theoretical as well as experimental evi-
dence for the same is discussed earlier. However, Andersen
et al. reported false-positive results with Ru-based catalysts.**"
Interestingly, the same catalyst does not reduce N, at all under
ambient conditions in aqueous electrolytes. The author and his
group carried out a thorough investigation and revealed that
the false-positives arise from NO, impurities present in the N,
feed stream. Thus it is very important to eliminate such
impurities to find the true nature of the catalyst in ENRR. In
this regard, the authors have further proposed modified meth-
ods to carry out ENRR as presented in Fig. 15. The readers are
urged to go through the modified methods for accurate
measurement of NH; production through ENRR using a suita-
ble catalyst. In this regard, Suryanto et al. and Choi et al
reported excellent perspectives on the steps and missteps made
in the ENRR study and suggested the directions to minimize

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Cycling method between —2.0 and 0.0 mA cm™2 (red), for a total of 100C of charge passed (black). The WE potential (blue) and the CE
potential (green) are stable across the entire experiment by varying the resting time. (b) A close-up of the cycling. Immediately after switching to a
deposition current, the absolute value of the WE potential increases for the entire 1 min duration. When switching back to resting, the WE potential is
initially stable just above 0 V vs. Li*/Li, until it eventually starts becoming anodic after some minutes, suggesting dissolution of all surface Li species that
were deposited in the preceding deposition pulse. At this point, another Li depositing pulse is applied. As the experiment did not have constant
supervision, there are occasional points where the resting WE potential becomes very positive (e.g. around 22 and 40 hours) before the deposition pulse

is applied. This is simply changed by shortening the resting time. Reproduced with permission from ref. 240. Copyright 2020, RSC.

missteps during the ENRR under ambient conditions.>***** A

few recent studies thus clearly suggest sources of error for the
estimation FE and yield rate of ENRR under ambient condi-
tions in an aqueous electrolyte. It is important to identify such
errors and eliminate those for correct measurements of NH;
yield and FE. In the following sections, the sources of errors
that could potentially provide false positives in ENRR are
elaborated.

13.1 Nitrogen-containing catalyst

Nitrogen-containing electrocatalysts, especially metal nitrides
have been explored as efficient catalysts for ENRR. The mecha-
nism of ENRR is generally explained by the Mars van Krevelen
(MvK) mechanism which is discussed earlier. Recently Du et al.
investigated the ENRR on vanadium nitride (VN) and niobium
nitride (NbyN;) as model electrocatalysts to validate the
ENRR at different pH and raised serious questions about the
feasibility of these catalysts toward ENRR."™° The authors
revealed that VN and Nd N5 do not catalyze N, under ambient
conditions. The false-positive for NH; arises from the nitrogen
atoms present in the catalyst instead of true ENRR. The N-
species present in the catalyst surface may lead to an erroneous
conclusion. Therefore, it is important to take necessary precau-
tions to avoid such missteps during ENRR. One simple
strategy that could be implemented to avoid and remove the

© 2022 The Author(s). Published by the Royal Society of Chemistry

contaminants from the catalyst is rigorous prewashing and
following the pre-treatment method several times before study-
ing the ENRR performance. The obtained pretreatment results
must be subtracted from the final FE and yield rate.

13.2 Electrolyte

The false-positive detection of NH; can arise from the electro-
Iyte. Li et al. reported the identification process and elimination
of contamination in an electrolyte which provides the false-
positive.>** The investigation found that a trace amount of
nitrate and nitrite salts exist in the lithium-based electrolyte.
Thus a significant amount of NH; is produced with excellent
reproducibility in the presence of bare electrodes (Ti foil,
carbon paper, or copper foam) without loading any catalyst in
both N, and Ar-saturated Li,SO, solution. The detected NH;
arises from the trace amount of nitrate and nitrite present in
the electrolyte which is electrochemically reduced to NH; rather
than N,. In this regard, the author studied the ENRR using bare
Ti foil as the working electrode and Li,SO, as the electrolyte.
The false ENRR to NH; as measured using the indophenol
method is presented in Fig. 16. In particular, an apparent
increase in absorbance is found in the experiments performed
in both N, and Ar atmospheres, which confirms that the NH;
yield is not from ENRR but due to contamination in the
electrolyte. To eliminate the NO, contamination from the
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Fig. 15 Suggested protocol for the benchmarking of electrochemical nitrogen reduction. Reproduced with permission from ref. 241. Copyright 2019,

Nature Research.
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Fig. 16 False positive NRR performance observed in both N, and Ar atmospheres using a bare Ti foil without loading any catalyst in a 0.5 M Li,SO4 solution.
(a) UV-Vis spectra for the indophenol blue indicator stained electrolytes after electrolysis at —0.1, —0.5, —1.0, and —2.0 mA cm2 in N, for 1 h and (b) the
corresponding ammonia yield rates at each current density. (c) UV-Vis spectra for the indophenol blue indicator stained electrolytes after electrolysis at
—1.0mAcm~2in N, for 1, 2, and 3 h. (d) UV-Vis spectra for the indophenol blue indicator stained electrolytes after electrolysis at —0.5 and —1.0 mA cm ™2 in Ar for
1 h. (e) UV-Vis spectra for the indophenol blue indicator stained electrolytes after electrolysis at —1.0 mA cm™2 in Ar for 1-16 h and (f) the corresponding
accumulative ammonia yield. In (a) and (d), the solid lines represent the results for the second cycle and the dashed lines show the results for the third cycle. In (a),
(c), (d), and (e), the lowest line shows the result for the fresh electrolyte before electrolysis. Reproduced with permission from ref. 244. Copyright 2019, ACS.
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electrolyte, the author annealed the Li,SO, salt at 800 °C in an
argon atmosphere. After annealing the electrolyte, the NH;
yield was found to be significantly reduced. This suggests that
the presence of contamination in the electrolyte contributed to
NH; formation, thus giving the false-positive test. Therefore it
is important to identify the source of contamination in aqueous
electrolytes and eliminate it to estimate the correct NH;
yield rate.

13.3 Membrane separator

Currently, most of the reported ENRR studies are carried out in
an H-cell with Nafion membrane as a separator. However, the
Nafion membrane can absorb and release NH; during the
ENRR as reported by Liu et al.>* This suggests that the Nafion
membrane is a possible source of error in the ENRR process.
On the other hand, Celgard 3401 and 3501 has poor ability to
absorb NH; as compared to Nafion and other membranes and
thus must be considered for use in ENRR studies.

13.4 Gas purity

The feed gas must be ultrapure and devoid of any atmospheric
contamination. The main source of contamination is NO,
species present in the N, feed gas (“*N, as well as N,).
Dabundo et al. reported that the trace amount of NO, in the
N, feedstock is enough to give a false positive test.>*® It must be
noted that the electrochemical reduction of NO, species to N, is
energetically favourable.?** Thus enough care must be taken to
eliminate any signal due to the contamination in the gas feed.
Choi et al. suggested NO, scrubbing to eliminate NO, from the
N, feed gas.>** To evaluate the FE and yield rate of NHj, it is
thus necessary to subtract the background signal from the
ENRR signal obtained in the presence of N,.

13.5 Background subtraction

To eliminate false positives from the experimental results, it is
necessary to perform control experiments at open circuit
potential and in the absence/presence of a catalyst in the
absence and presence of Ar/N,. The control experiments will
provide clarity on the actual performance of the catalyst.
However, many studies either ignore or do not perform suffi-
cient and satisfactory control experiments.****** This leads to
potential errors in the assessment of the FE and yield rate of
ENRR. Likewise, some reports have presented control experi-
ments where the background NH; is significant, and thus it
cannot be ignored.**>*** Therefore the researchers are sug-
gested to perform control experiments as prescribed above to
eliminate the potential error from the results.

14. Conclusions

For a sustainable global energy economy, persistent effort is
needed through research and development to generate pro-
ducts from renewable resources through different strategies.
The present context reveals that ENRR could serve as a
potential alternative to synthesize NH; against the conventional

© 2022 The Author(s). Published by the Royal Society of Chemistry
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fossil fuel-based energy economy even though ENRR is an
energy-intensive reaction. In the present review, we have
detailed the roles of the electrocatalysts in facilitating the ENRR
at room temperature, which is the ultimate goal of the scientific
community. To date, noble metal electrocatalysts such as Pd,
Au, and Ru along with a few non-noble metal electrocatalysts
have exhibited promising ENRR efficiency while keeping a lot of
space for further improvement. This review highlights several
key aspects that are important to develop efficient catalysts
while taking into account the key features that control the
catalyst efficiency and selectivity including nicks, steps, facets,
porosity, and coordination number of the surface atoms.
Designing nanostructured electrocatalysts with an optimized
surface structure facilitates N, adsorption and thereby ENRR.
In particular, nanostructuring increases the active site density
with a specific structure. To obtain enormous active sites on the
catalyst surface, various synthesis routes have been developed
in recent years. Furthermore, to improve the mass transport
kinetics across the electrode/electrolyte interface, the catalyst
can be anchored on a suitable support material, which allows
minimal use of the catalyst while improving the product yield.
Herein, we summarize the key achievements in catalyst devel-
opment for ENNR.

(1) The catalytic activity significantly increases especially for
the single atomic electrocatalyst supported and/or stabilized by
the N-site over the pure bulk catalyst. The single atomic catalyst
site at the surface is coordinated by different numbers of
N-sites, which act as active sites to control the N, reduction
kinetics steps. The metal to N site coordination number
strongly influences the rate-limiting step for ENRR.

(2) The oxygen vacancy in the oxide-based catalysts intrinsi-
cally enhances the catalytic conversion rate of N, to NH;. The
oxygen vacant site of the catalysts plays a predominant role in
the activation of N, during the progression of the reaction and
hence decreases the activation energy barrier for ENRR.

(3) Doping is another approach to obtain efficient catalysts
that generate active sites for ENRR. The doping sites facilitate
the adsorption as well as activation of N,.

(4) Support materials integrated with catalysts play a crucial
role in the suppression of HER. Especially, carbon shelling
around the catalyst is found to play a prominent role in
suppressing HER activity at the catalyst surface under a
potential and facilitate the ENRR. Support materials also
increase the catalyst distribution in the synthesis process and
enhance mass transfer kinetics during the electrolysis process.

15. Challenges

Although impressive progress has been made in ENRR, there
are still several major challenges that need to be addressed for
the commercialization of the process. One of the major chal-
lenges associated with ENRR is the yield rate and FE. So far, the
yield rate and FE are not up to the mark. In particular, the yield
rate is mostly in micrograms per hour per milligram of catalyst
or per centimetre square and FE is mostly less than 10% with a
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few exceptions. Therefore, more efforts are needed for the
enhancement of the yield rate and FE of ENRR. The require-
ment of higher negative potential for ENRR is another major
obstacle that is associated with HER with almost every catalyst.
Thus, efficient electrocatalysts must be explored which could
show ENRR at lower negative potentials to make it viable for
commercial application. Hence, efforts should be directed to
suppress the HER activity while increasing the FE of the catalyst
for ENRR. The theoretical calculation provides a certain model
to mitigate HER; however, the feasibility of this active model is
still unclear. Identification of suitable electrolytes is another
feature that can increase the solubility of N, while reducing the
mass transport for HER and thereby increase the ENRR effi-
ciency. Another important challenge associated with ENRR is
measuring the evolved NH; through the ENRR correctly and
precisely. Considering a very small yield of NH; (in microgram
quantity per hour) through ENRR, it could be from other
sources such as the atmosphere, supplied N,, and nitrogen-
containing chemicals or catalysts used in ENRR. Among these,
the supplied N, source is the main source of error as it often
contains NO, species that are easily reducible to NH;. Similarly,
nitrogen-containing catalysts and electrolytes are other
potential sources of NH; release through ENNR. Thus precau-
tions must be taken to avoid these errors which show erroneous
results. Furthermore, the most commonly used indophenol
blue method is not suitable for low NH; yield measurement.
For detecting small quantities of NH; yield, the need for
sophisticated spectroscopy techniques including isotope label-
ling is another challenge. To meet these challenges more
attention is required from the scientific community.

16. Future directions

As highlighted in the previous sections, the development of
catalysts, effective methods of measurement, and improvement
of NH; yield are the immediate needs to make progress in
realizing the ENRR in future. Although several electrocatalysts
have been studied and they were suitably modified, the
research on the same remains not substantial. In particular,
the small-sized or single atomic catalytic centre could be a
possible candidate to increase the active sites drastically and
thus increase the NH; yield and FE. The synthesis of desired
reactive facets and forming uniform defects such as oxygen
vacancies appear to be a couple of promising strategies for the
development of catalysts for ENRR. Not only an electrocatalyst
but also an appropriate electrolyte is another important aspect
to make the ENRR process practically viable. The theoretical
investigation along with experimental study can rationalize the
ENRR and provide further insights to improve the performance.
As ENRR is a more complex process than the HER and not well
understood at the molecular level, computational studies could
be highly beneficial. Considering that the active intermediates
form during the ENRR, the role of the active site in the
stabilization of active intermediates remains ambiguous. Some
investigations suggested that the N, adsorption ability of the
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catalyst is the key step whereas others suggested that co-
ordinately unsaturated atoms are primarily responsible. There-
fore, further experimental as well as theoretical investigation is
necessary to understand the active species of the catalysts
under the given conditions. The adsorption of N, and
electron-coupled proton transfer to adsorbed N, are energeti-
cally uphill processes. Therefore, in situ measurements could
provide clues to precisely identify the active site for ENRR.
Finally, it is very important to follow the correct steps to
measure the effective reduction of N, to NH; and measure
the evolved NH; accurately. The possible sources of NH; con-
tamination must be avoided and appropriate spectroscopic
techniques must be followed to measure the low yield NH;.
In summary, the ENRR to form NH; has strong potential for the
production of fertilizer and for use as an energy carrier after
addressing the shortcomings which might take a few years
from now. If progress is made in the right direction, reduction
of N, to NH; will significantly reduce the global energy demand
and carbon emission.
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