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The production of ammonia (NHs) from molecular dinitrogen (N;) under

mild conditions is one of the most attractive topics in the field of chemistry.
Electrochemical reduction of N, is promising for achieving clean and sustain-
able NH; production with lower energy consumption using renewable energy
sources. To date, emerging electrocatalysts for the electrochemical reduction
of N, to NH; at room temperature and atmospheric pressure remain largely
underexplored. The major challenge is to achieve both high catalytic activity
and high selectivity. Here, the recent progress on the electrochemical nitrogen
reduction reaction (NRR) at ambient temperature and pressure from both
theoretical and experimental aspects is summarized, aiming at extracting
instructive perceptions for future NRR research activities. The prevailing theo-
ries and mechanisms for NRR as well as computational screening of prom-
ising materials are presented. State-of-the-art heterogeneous electrocatalysts
as well as rational design of the whole electrochemical systems for NRR are
involved. Importantly, promising strategies to enhance the activity, selectivity,
efficiency, and stability of electrocatalysts toward NRR are proposed. More-
over, ammonia determination methods are compared and problems relating

reactions involved.!! In recent years, tre-
mendous progress has been achieved in
the field of heterogeneous electrocatalysis,
with rapid development of multifarious
electocatalysts toward oxygen reduction
reaction (ORR), oxygen evolution reac-
tion (OER), hydrogen evolution reaction
(HER), and carbon dioxide reduction
reaction (CO,RR). However, electrocata-
lysts for the reduction of dinitrogen (N,)
to ammonia (NHj3;) at room temperature
and atmospheric pressure remain largely
underexplored, despite the fact that inves-
tigations on catalysts and reaction systems
for artificial nitrogen fixation have been
continued for more than 100 years.>
Ammonia is primarily used for pro-
ducing fertilizers to sustain the world’s
population.’! It also serves as a green
energy carrier and a potential transpor-
tation fuel.®! Currently, ammonia syn-

to possible ammonia contamination of the system are mentioned so as to
shed fresh light on possible standard protocols for NRR measurements.

1. Introduction

With the ever increasing global population, the impending
depletion of fossil fuels and pressing worldwide environ-
mental concerns, the search for sustainable, renewable, and
eco-friendly energy pathways is strongly demanded to secure
our energy future. As an essential part of sustainable energy
systems, electrochemical energy conversion devices enable the
production of valuable chemicals including hydrogen, hydrocar-
bons, oxygenates, and ammonia from the abundant feedstock of
water, carbon dioxide, oxygen, and nitrogen on earth. In these
energy conversion devices, electocatalysts play an indispensable
role, facilitating the efficiency and selectivity of the chemical
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thesis is dominated by the industrial
Haber-Bosch process using heteroge-
neous iron-based catalysts at high tem-
perature (300-500 °C) and high pressure
(150-300 atm),”! accounting for more
than 1% of the world’s energy supply and generating more than
300 million metric tons of fossil fuel-derived CO, annually.®
Hence, it is desirable to develop alternative processes that have
the potential to overcome the limitations of the Haber-Bosch
process including harsh conditions, complex plant infrastruc-
ture, centralized distribution, high energy consumption, and
negative environmental impacts.

In nature, biological N, fixation occurs under mild condi-
tions via nitrogenase enzymes that contain FeMo, FeV, or FeFe
cofactor as catalytic active sites.['>!!] Developed man-made cata-
lysts are therefore stimulated to reduce N, upon the addition
of protons and electrons, which is similar to the nitrogenase
catalytic process. Transition metal-dinitrogen complexes such
as the molybdenum-, iron—, and cobalt-dinitrogen complexes
have been proposed as homogeneous catalysts for the reduction
of N, into NH; under ambient conditions;'?! however, the sta-
bility and recycling issues are challenging.[']

On the other hand, electrochemical and photochemical
reduction processes using heterogeneous catalysts benefit
from clean and renewable energy sources and are promising
for achieving NH; production directly from N, and water.!
The electrochemical reduction of N, to NH; can be more effi-
cient than the photochemical counterpart. This is because not
all of the photons in the photochemical reduction process can
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be utilized due to multiple wavelengths and fast charge carrier
recombination. In contrast, a fixed potential can be used in
the electrochemical reduction process to generate the desired
product.’ Compared to the conventional Haber-Bosch pro-
cess, the electrochemical reduction process under mild con-
ditions renders the feasibility to reduce the energy input, cut
down the carbon footprint, simplify the reactor design, and
ease the complexity of ammonia production plants.

In theory, electrochemical reduction of N, to NH; on a het-
erogeneous surface is possible at room temperature and atmos-
pheric pressure as long as a sufficient voltage is applied.!'’!
However, in practice there is a lack of catalysts available that
can produce NHj in significant yields and with high Faradaic
efficiencies (FEs). The grand challenge is that heterogeneous
catalyst surfaces that are active for the reduction of N, to NH;
in the presence of water are also highly active for the reduction
of water molecules to hydrogen gas. Most of the protons and
electrons in the system go toward the hydrogen evolution reac-
tion (HER) rather than the nitrogen reduction reaction (NRR),
resulting in a severe selectivity issue.'”] In recent years, there is
a blossoming interest in the field of electrochemical reduction
of N, to NH; under mild conditions. Prolific achievements have
been made, yet major obstacles remain for improving both cat-
alytic activity and selectivity.18-21]

In this review, we present recent progress in electrochem-
ical reduction of N, to NH; under ambient temperature and
pressure from both theoretical and experimental perspectives,
aiming at extracting instructive perceptions for future NRR
research activities. Herein we begin by introducing the pre-
vailing mechanisms for the reduction of N, to NH; at a het-
erogeneous surface under ambient conditions. The advances
and bottlenecks in electrocatalytic NRR are reviewed from
computational investigations. Furthermore, we briefly review
the pioneering classical electrochemical literatures in this area,
and then move on to state-of-the-art electrocatalysts and devices
capable of electrochemical reduction of N, to NH; under
ambient conditions. In addition, different methods for the
determination of ammonia are compared to promote possible
standard protocols for NRR testing.

Finally, we summarize the existing challenges in electrocata-
lytic dinitrogen reduction and propose promising strategies
for improving the activity, selectivity, efficiency, and stability of
heterogeneous electrocatalysts toward NRR (Figure 1). In this
context, the intrinsic activity of an individual active site is influ-
enced by the electronic structure, whereas the apparent activity
(such as the turnover and yield) is impacted by the material
structure and morphology (crystal facets, size, shape, dimen-
sion, etc.) and associates with the number of and the diffusion
to the active sites. Hence, on one hand, cationic/anionic regu-
lation, heteroatom doping, and defect/strain engineering can
change the electronic structure to achieve high intrinsic activity.
On the other hand, the surface area, pore structure, along with
hybridization of active sites and supports that ensure adequate
exposure and utilization of active sites can boost the apparent
activity.??l Importantly, the selectivity governs the purity of the
desired products and directly correlates to the chemical fea-
tures of the electrocatalyst surfaces. The surface adsorbing/
desorbing properties can influence the activation of the N=N
triple bond and the addition of protons to the nitrogen atoms
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in order to form ammonia. Moreover, rational design of the
catalyst/electrolyte interface and the electrode/catalyst inter-
face can suppress the competing HER via controlling the
proton availability and the electron transfer rate. The efficiency,
in other words, the energy cost of the process, depends on the
electrochemical properties of the whole system. To improve the
efficiency, both mass and electron transport should be consid-
ered. For porous materials, the number of active sites that are
exposed to the feed gas is limited. The mass transport issue
can be mitigated by tuning the thickness of the electrocatalyst
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Figure 1. Schematic overview of strategies to enhance heterogeneous
electrocatalytic conversion of N, to NH; at ambient conditions.

layer, whereas the electron transport issue can be solved by
growing the catalysts on conductive substrates and rational
design of the electrochemical reactor. The NH; Faradaic effi-
ciency (FE) or current efficiency (CE) is often used to roughly
represent the NH; selectivity of the electrochemical system.
Additionally, the stability relates to the deactivation and decom-
position of the catalysts in an electrochemical system, which
can be problematic for practical application and should be
taken into consideration when searching for effective electro-
catalysts toward NRR.

2. Reaction Mechanisms of NRR

2.1. Thermodynamics of NRR

The inertness of the dinitrogen (N,) molecule is only partly
due to the high bond energy (941 k] mol™) of the triple
bond. Considering the fact that the triple bond energy
(962 kJ mol™) in acetylene (C,H,) is higher but C,H, is much
more reactive than N,, the much higher first bond cleavage
energy of N, (410 k] mol™) than that of C,H, (222 k] mol™!) is
an apparent reason for the reactivity difference. The addition of
the first H atom to N, is endothermic (AH® = +37.6 k] mol™}),
whereas the reaction to C,H, is exothermic (AH® = 171 k]
mol™). Consequently, direct protonation is often permitted
for C,H,, but thermodynamically forbidden for N,.?3l The
negative electron affinity (—-1.9 eV) and high ionization poten-
tial (15.8 eV) add to the resistance of N, to Lewis acid/base.
The large energy gap (10.82 eV) between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied mole-
cular orbital (LUMO) of N, does not favor electron transfer
processes.[24+2]
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The fundamental bottlenecks in the electrochemical reduc-
tion of N, to NH; can be understood from the thermodynamic
constraints imposed by the intermediates of the reaction. The
equilibrium potentials required for different NRR products with
either normal hydrogen electrode (NHE), standard hydrogen
electrode (SHE), or reversible hydrogen electrode (RHE) as ref-
erence can be expressed as follows:[>2%7]

N, +6H" +6e” = 2NH,(g), E® =+0.55 V vs NHE (R1)
2H"+2e" =H, E°=0VvsSHEatpH=0 (R2)
Nz + GHZO +6e” = 2NH3 + GOH_, (R?})
E°=-0.736 V vs SHE at pH = 14

2H,0(l) +2¢” = H,(g)+20H", (R4)
E°=-0.828 VysSHEat pH =14

N,+H"+e =N,H,E®=-3.2V vs RHE (R5)
N, +2H"+2¢" = N,H,(g),E* =-1.10 V vs RHE (R6)
N, +4H" +4e” =N,H,(g),E* =-0.36 V vs RHE (R7)
Nz + 4HZO +6e” = N2H4 +4OH7, (Rg)
E°=-1.16 V vs SHE at pH =14

N, +e =N;(aq),E’=—4.16 V vs NHE or (R9)

E°=-337VvsRHEatpH =14

The equilibrium potentials of the electrochemical reduction
of N, to NH; are comparable to that of the competing HER
(Reaction (1) vs Reaction (2); Reaction (3) vs Reaction (4)). This
is in agreement with the fact that H, is the major side product
for NRR in aqueous electrolytes. Nevertheless, the NRR is car-
ried out via multiple proton—electron transfer reactions, and
multiple intermediates are involved. The much negative redox
potentials for the formation of the N,H intermediate indicate
the difficulty of initial H atom addition (Reaction (5)). A suffi-
ciently high pH is requested for Reaction (9) to compete with
Reaction (5). Moreover, adding the second H atom can be more
difficult than adding the third H, resulting in larger redox poten-
tials for the two-electron and four-electron reduction processes
than the six-electron reduction processes (Reactions (6), (7), and
(8)). These much negative potentials of the intermediates illus-
trate the thermodynamic difficulty of N, hydrogenation.

The thermodynamic approach has revealed critical limita-
tions of multistep catalytic reactions involving many interme-
diates. These intermediates have energetic relationships with
each other, namely that the relative adsorption energies of the
multiple intermediates correlated with each other, called the
“scaling relations.”?8l Hence, the unfavorable scaling relation
between the adsorption energies of two (or more) interme-
diates makes it difficult to reach an optimal catalyst that has
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Figure 2. a—c) Schematic depiction of the dissociative pathway and the associative pathways (including distal, alternating, and enzymatic pathway) for
catalytic conversion of N, to NH;. Reproduced with permission.[®® Copyright 2016, American Chemical Society.

all reaction steps being thermodynamically neutral or down-
hill for the overall reaction to take place. For ORR and OER,
the scaling between the OOH and the OH intermediates
demands a minimum overpotential for both ORR and OER of
~0.25-0.35 V.[223% For NRR, the binding energies of the NH,
and N,H intermediates are not independent, and the unfa-
vorable scaling between them leads to a minimum overpoten-
tial of =0.4 V.’ Fortunately, recent theoretical calculations have
revealed that the scaling relations of NRR can be broken or cir-
cumvent with some new strategies to reduce the overpotential,
which will be discussed in latter sections of this review.

Moreover, it is not clear that whether NRR prefers to
follow a concerted proton—electron transfer (CPET) pathway
or a sequential proton—electron transfer (SPET) pathway yet.
For solid metallic electrocatalysts, the CPET pathway was
often assumed; however, there is growing evidence for the
significance of the SPET pathway nowadays.’!32 Recent
reports elicit that selectivity between CPET and SPET is pH
dependent;*?! however, most of the computational work on
NRR so far did not take the pH effect into account. In the
CPET pathway, the HER is more probably to occur as H*
and e are transferred in a coupled hydrogen atom-like
manner. In the SPET pathway, H* tends to attack the activated
nitrogen, and an electron is added to the positively charged
protonated nitrogen intermediate. It has been estimated that
the activation barrier for the SPET reaction is lower than the
activation barrier for the CPET reaction for NRR; hence, the
SPET pathway is preferred compared to the CPET pathway.’]
Still, more investigations are requested to address the selec-
tion or competition between CPET and SPET pathways in
electrocatalytic NRR mechanisms over heterogeneous cata-
lysts at ambient conditions.

2.2. Reaction Mechanisms of NRR

Generally speaking, the proposed mechanisms for electro-
chemical reduction of N, to NH; can be classified into 1) the
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dissociative pathway and 2) the associative pathway. In the
dissociative pathway, the N=N triple bond is broken before the
addition of H to the N atoms (Figure 2a), whereas in the associ-
ative pathway, the N—N bond is cleaved simultaneously with the
release of the first molecule of NH;. The associative pathway
can be further divided into the distal pathway and the alter-
nating pathway according to different hydrogenation sequences.
In the distal pathway, the remote nitrogen atom is hydrogenated
first and released as NHj;, whereas in the alternating pathway,
the two N atoms are hydrogenated simultaneously (Figure 2b).
Notably, the enzymatic pathway, which belongs to the associative
pathway, exhibits a distinctive feature of its side-on adsorption
mode of N atoms (Figure 2c), instead of an end-on adsorption
mode of N atoms proposed on most heterogeneous surfaces.

Recently, Abghoui and Sktlason proposed that a Mars—van
Krevelen (MvK) mechanism is more favorable than the routine
dissociative mechanism and associative mechanism on the sur-
face of transition metal nitrides (TMNs). In the MvK mecha-
nism for TMNs, a lattice N atom on the surface of metal nitrides
is reduced to NHj; and the catalyst later regenerated with gaseous
N,, which differs from the conventional dissociative mechanism
and associative mechanism. Density functional theory (DFT) cal-
culation revealed that the dissociative mechanism is inhibitive
for that the dissociation of N, on the clean surfaces of TMNs is
endothermic and the activation barriers are large. The overpo-
tential predicted for N, reduction and NH; formation is smaller
via MvK mechanism than that via associative mechanism.4

3. Recent Theoretical Advances in NRR

The advances of computational methods not only facilitate the
exploration of efficient catalysts and trend prediction in chem-
ical reaction rates, but also provide emerging understanding of
the mechanisms and interpret experimental data with mecha-
nistic insights and structure—reactivity correlations. Herein we
describe recent theoretical practices on various kinds of het-
erogeneous surfaces based on DFT calculations for material
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screening and prediction of promising catalysts for electro-
chemical reduction of N, to NH; at ambient conditions.

3.1. The Scaling Relations

In heterogeneous catalysis, the Sabatier principle has provided
a qualitative framework for the optimum catalyst: catalyst that
binds atoms and molecules neither too weakly to activate the
reactants nor too strongly to desorb the products. If the binding
is too weak, the catalyst is unable to activate the reactant; if
the binding is too strong, the catalyst will be poisoned by the
strongly adsorbed intermediates. This leads to a volcano-type
relationship between bond strength and catalytic activity.*”! In
order to quantify the bond strength, descriptions of the interac-
tion between the surface and the chemical species involved in
the reactions are highly desired. However, a heterogeneous sur-
face can be too complex to be quantitatively modeled in their
entirety because a variety of adsorbed intermediates and transi-
tion states of many different classes of elementary steps interact
with the surface. Hence, linear energy relations were used to
simplify the theoretical analysis and provided new insight into
the underlying trends of catalytic reactions across a vast space
of catalytic surfaces. The linear energy relations in question
include the Brensted—Evans—Polanyi relations which relate the
transition state activation energy of elementary reactions to the
thermodynamics of those reactions,?*%”] and the scaling rela-
tions which describe correlations between the adsorption ener-
gies of different adsorbed species in a full reaction.’¥l Based
on the linear energy relations, the search for new catalysts for
ammonia synthesis can be facilitated by an initial screening
without the need for performing full DFT calculations.>¥ Since
activation energies can be estimated from adsorption energies
using linear relations, the scaling relations are often sufficient
to be used as predictors of catalytic performance.

The adsorption energy can be given by DFT calculations with
reasonable accuracy. The adsorption energy of hydrogen-con-
taining species AH, (where A can be N, O, C, or S) is linearly
correlated with the adsorption energy of atom A adsorbed onto
metal surfaces!*®l

AE,u, =0(x)AEs + B (E1)

(%) = (¥max — %)X (E2)
where o(x) is the slope of the scaling relation that closes to a
constant for different surface types, f is a constant influenced
by the geometric structure such as a close-packed surface or
a stepped surface. The slope is given to a good approxima-
tion by the number of H atoms in AH,. The x,,,, is the max-
imum number of H atoms that can bond to the central atom
A (¥ =3for A=N,x=0, 1, and 2 for N), and x is the actual
number of H atoms that bond to A.

Such scaling relations have been used to generate free energy
diagrams and volcano plots for electrochemical ammonia syn-
thesis from N, reduction as a function of the N adsorption
energy, and to predict the qualitative trends in catalytic activity
of metal surfaces and other extended surfaces.*** For multiple
proton—electron transfer reactions, two (or more) intermediates
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involved in the mechanism may bind to a catalyst in a similar
manner so that there is very little room to adjust the energy dif-
ferences between them, leading to a fundamental overpotential of
the catalytic reaction in question. To reduce such a fundamental
overpotential requested for NRR, emerging strategies are needed
to overcome the scaling relations between key intermediates.*’]

3.2. NRR on Metal Surface

A pure metal surface is the simplest model to be analyzed
for electrochemical ammonia formation. In a landmark work
in 2012, Skalason et al. evaluated the catalytic activity toward
NRR on a range of flat and stepped transition metal surfaces by
assuming that the activation energy scales with the free energy
difference in each elementary step of NRR.*Y A volcano plot
relating the theoretical limiting potential to the adsorption ener-
gies of nitrogen species on different metal surfaces is illustrated
in Figure 3a, with Fe and Mo to be the most active surfaces for
ammonia formation. However, these surfaces were predicted
to be more active at promoting HER rather than NRR. Most
of the metals investigated in this study, in particular, metals
on the right legs of the volcano plot including Rh, Ru, Ir, Co,
Ni, and Pt, are prone to be covered with H-adatoms instead of
N-adatoms. As a result, there is a lack of available sites for N,
adsorption and large overpotentials are requested to activate N,
which mainly leads to HER instead of NRR on most surfaces.
Gratifyingly, the flat metal surfaces of some early transition
metals such as Sc, Y, Ti, and Zr are expected to bind N-adatoms
more strongly than H-adatoms, allowing for the reduction of N,
to NH; at a theoretical applied bias of =~1.0 to —1.5 V vs NHE.
However, these early transition metal surfaces are also known
to easily form oxides so that the question remains whether they
can be effective NRR catalysts or not.

Transition metal nanoclusters with highly under-coordinated
sites were found capable of enhancing the catalytic activity
toward NRR. However, the competing HER still has a lower
onset potential than NRR, suggesting that hydrogen evolution
is the major challenge even for the very under-coordinated
nanoclusters.*!l Mo and Fe are expected to be the most prom-
ising candidates for electrochemical NH; formation via the
associative mechanism (Figure 3b). However, the active sites on
catalyst surfaces can be blocked due to preferential adsorption
of oxygen rather than nitrogen at the presence of water, thereby
reducing the efficiency of theses catalysts. A recent computa-
tional study showed that the Mo nanoclusters will preferentially
bind oxygen over nitrogen and hydrogen at neutral bias.*4
Therefore, a negative potential (-0.72 V or lower) is required
to reduce oxygen off the surface and thereby to allow nitrogen
molecules to be adsorbed to the surface.

The NRR mechanisms have been theoretically explored for
nanoparticles that possess a variety of active sites as the cata-
lyst. The NHj synthesis reaction via the Haber—Bosch process
on the surface of Ru is generally believed to follow a dissocia-
tive pathway.*! Notably, recent computational studies on stepped
Ru surfaces have revealed a low activation barrier in the rate-
determining step of the associative mechanism for stepped Ru
surfaces, ™! and that the thermodynamic limiting potential of
the associative pathways was similar to that of the dissociative
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Figure 3. a) The dissociative (solid lines) and associative (dashed lines) mechanisms on both flat (black) and stepped (red) metal surfaces. Repro-
duced with permission.l“?) Copyright 2012, The Royal Society of Chemistry. b) Volcano plot for the associative and dissociative mechanisms on metal
nanocluster surfaces. Reproduced with permission.[*!l Copyright 2013, The Royal Society of Chemistry. ) Comparison of limiting-potential volcanoes
of HER (blue) and NRR (black) on different metal (111) (left) and (211) (right) surfaces. Reproduced with permission.*"l Copyright 2015, Wiley-VCH.

pathway.*l Consequently, all possible reaction pathways in addi-
tion to the conventional associative and dissociative mechanisms
should be taken into account to effectively predict ideal candi-
dates and correctly understand NRR mechanisms. In a recent
study, the NRR reaction rates were found to decrease in the order:
Ru > Os > Rh, where the dissociation of N, was assumed to be
the rate-determining step.*”] Ru exhibited high activity because
it satisfied the key factors including the activation energy barrier,
surface vacant sites, and the number of step sites. However, the
energy barrier for the first protonation of N, can be substantially
influenced by the partial coverage of H atoms on the Ru surfaces,
leading to a change of the potential determining step and thereby
an increase in the overpotentials.*®l Recently, an alternating
pathway was proposed for NRR on Au surfaces with {730} crystal
facets.*8! However, there is a lack of theoretical calculations for
other reactive surfaces of Au nanoparticles or Au nanoclusters/
Au single atom on supports toward NRR, albeit some recent
experimental studies have shown that Au can be a promising
candidate for electrocatalytic NRR at ambient conditions.[*>%]
The electrochemical reduction of N, to NH;3 on transition
metal surfaces is severely limited by the linear scaling between
the energetics of two key intermediates, *N,H and *NH,.> The
*N binding energy was chosen for both NRR and HER because
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the N and H adsorption energy scales. The overpotentials for
NRR are consistently larger than those for HER (Figure 3c),
which explains the lack of experimental observations of NRR on
transition metals. The authors pointed out the challenge to design
a system that can selectively stabilize *N,H or destabilize *NH,.
One promising approach to meet this challenge may be the use
of metal alloys, which can either be multifunctional in their inter-
actions with the absorbed intermediates®? or facilitate active sites
in a beneficial way.>’l However, it should be noted that alloying
may not breaking the scaling for *N,H and *NH,, as both of
them form a bond to the surface similarly through a single N
atom. Therefore, the active sites must be designed to change
the binding configurations of these intermediates. For example,
designing 3D active sites that can (de)stabilize one intermediate
without affecting the other may help to mitigate the scaling
limitation. Recently, a surface single-cluster catalyst with singly
dispersed bimetallic M;A, sites was proposed for thermal con-
version of N, to NH;.’* Based on ab initio molecular dynamics
simulations and static DFT calculations, isolated Rh;Co; cluster
on CoO (011) surface was found to follow the enzymatic associa-
tive mechanism in an alternating pathway, with H, activation on
both metal sites to deliver the active H species. The charge buffer
capacity of the doped metal M with low chemical valence can be
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Figure 4. a) Schematic for electrochemical N, reduction to NH; on transitional metal nitrides (TMNs) at ambient conditions. b) Comparison of the
proposed applied bias (U) for electroreduction of N, to NH; via a MvK mechanism on stable facets of promising nitrides. Reproduced with permis-
sion.l®% Copyright 2015, American Chemical Society. c,d) Onset potential of ammonia formation as a function of the chemisorption energy of two
N-adatoms in the N-vacancy on the RS (111) and ZB (110) facets of TMNs, respectively. Reproduced with permission.l®] Copyright 2016, Elsevier B.V.

Reproduced with permission.[®2 Copyright 2017, American Chemical Society.

used to tune the barriers in the alternating mechanism and to
optimize the catalytic activity for NH; formation. The idea pro-
posed in this study can be well extended to guide catalyst design
for electrochemical reduction of N, to NHj.

3.3. NRR on Metal Oxide/Nitride/Carbide Surface

On the background of electrochemical NH; synthesis from
N, and steam electrolysis in molten hydroxide suspensions of
nano-Fe,O; reported by Licht et al.P” iron oxide has drawn
strong attention as potential electrocatalyst toward NRR under
more benign conditions. Given that hematite (o~Fe,03) is the
most thermodynamically stable form of various iron oxides,
DFT study was carried out on the electrochemical reactivity of
hematite (0001) surfaces with either Fe—O;—Fe— or Fe-Fe—0;—
termination.® The NRR mechanism was identified to follow
the associative pathway, and the most demanding step is the
addition of the first proton to the adsorbed molecular nitrogen,
which requires an applied bias of —1.14 V (-1.84 V vs NHE) for
the Fe—Fe—0O;— (Fe—O;—Fe—) surface. This sheds a fresh light
on the reactivity of Fe sites, and the predicted potential bias
coincided with the experimental electrolysis potentials in Licht
et al.’s work of electrochemical ammonia synthesis using Fe,0;
nanoparticles in molten salt electrolytes at 200 °C.1>!

Very recently, the possibility of nitrogen activation for electro-
chemical NH3 synthesis under ambient conditions on the (110)
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facet of several metal oxides in the rutile structure was investi-
gated.’”) The most promising candidates turned out to be the
(110) facets of NbO,, ReO,, and TaO, with low onset potentials
of —0.57, -1.07, and —1.21 V vs SHE, respectively. Though rutile
IrO, was found to have the highest reactivity toward NRR with
an onset potential of —0.36 V, its surface was susceptible to be
poisoned by adsorbed hydrogen atoms.

Metal nitrides can to be more active than pure metal catalysts
toward NRR than toward the competing HER. Abghoui et al. car-
ried out a series of DFT-based analyses on a range of transition
metal nitride surfaces toward NRR at ambient conditions in elec-
trochemical media (Figure 4a).’®%2 The required onset potential
was predicted via the MvK mechanism. The possibility of sur-
face vacancy poisoning and the likelihood of catalyst decompo-
sition and active sites regeneration under operating conditions
were also scrutinized. The best material should have both high
reactivity and good stability toward NRR. Mononitrides in both
rocksalt (RS) and zincblende (ZB) structures were investigated.
The most promising candidates turned out to be VN, CrN, NDbN,
and ZrN of the RS (100) structure with a low onset potential
(Figure 4b). Among them, polycrystalline surfaces of VN exhib-
ited a —0.5 V overpotential, which is possible to avoid both HER
and catalyst decomposition.®¥ Later, the same group used DFT
calculations to screen a stable and active candidate toward NRR
among a range of TMNs with either RS (111) facets or ZB (110)
facets. In terms of the RS (111) facets, CrN, VN, MoN, WN, and
NDN were predicted to have low onset potentials (Figure 4c).!
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However, only NDN can regenerate itself and endure the catalytic
cycle of nitrogen activation and NH; formation under operating
conditions, and the others should decompose to the parental
metals. In terms of the ZB (110) facets, RuN, CrN, and WN were
predicted to be active at very low onset potentials (from —0.23 to
—0.55 V vs RHE, Figure 4d).[°”] They can be regenerated and sus-
tain the catalytic cycle of electrochemical reduction of N, to NH;
at ambient conditions. Such knowledge about the reactivity and
stability of various mononitrides with different crystal structures
and crystal facets is helpful to obtain polycrystalline materials
with excellent NRR performance.

2D materials have been strongly considered in electrocatalysis
applications. However, the possibility of 2D transition metal
oxide/nitride/carbide as potential electrocatalysts toward NRR
has rarely been analyzed from a theoretical perspective. Recently,
Zhang and co-workers reported that pure MoN, nanosheets
demonstrated excellent performance for N, adsorption and acti-
vation at room temperature, but required large energy input for
surface refreshment.%3 Iron doping can improve the surface
reactivity toward NRR with a calculated overpotential of 0.47 V.

www.advenergymat.de

Another computational study conducted by Azofra et al. suggests
that 2D transition metal carbides (MXenes of the d?, d3, and d*
series with the general formula M;C,) are promising for N, cap-
ture and reduction based on DFT investigations.l* Chemisorbed
N, on MXene nanosheets can elongate/weaken the N=N triple
bond, thus promoting its catalytic conversion into NHj. The
overpotential can be as low as 0.64 V vs SHE in the case of V;C,.

3.4. NRR on Single-Atom—Based Surface

Single-atom catalysts (SACs) composed of isolated metal atoms
anchored to support have emerged as promising candidates
for heterogeneous catalysis. Distinguishing performances have
been achieved for various electrocatalytic reactions.®>% How-
ever, the investigation on the reactivity of SACs for electrocata-
lytic N, reduction and NH; formation is very limited up to now.

In 2014, Tian and co-workers evaluated the catalytic profile
of a molybdenum-graphene-based catalyst (Mo/N-doped gra-
phene with a C33H;sMoN; model, as shown in Figure 5a) for
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9
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Figure 5. a) Model for the proposed Mo/N-doped graphene catalyst. Reproduced with permission.®”] Copyright 2014, The Royal Society of Chemistry.
b) Schematic illustration of the FeNs-embedded graphene catalyst for NRR. Reproduced with permission.®®l Copyright 2016, American Chemical
Society. c) Minimum Gibbs free energy path and structures of minima and transition states (TS) for NRR catalyzed by Fe deposited on MoS, 2D sheets.

Reproduced with permission.’% Copyright 2017, Wiley-VCH.
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nitrogen fixation.l®”! The system was designed in the hope that
the merits of the following three parts could be combined:
the Mo/N that acts as active centers, the graphene periphery
region that acts as an electron donor or acceptor (i.e., an elec-
tron reservoir) and provides electrons for protonation and
reduction, and the graphene body that acts as electron bridge
for electron transportation. Later, FeNj;-embedded graphene
formed by embedding single Fe atom in the single vacancy
formed in graphene by nitrogen doping was proposed for
promoting N, adsorption and activation owing to the highly
spin-polarized FeN; center (Figure 5b).°®! The synergetic
effect between FeN; and graphene enabled the conversion of
N, into NHj at room temperature, where the graphene acts
as electron reservoir and the FeN; acts as N,-fixation sites
and electron transmitters. Recently, Zhao and Chen investi-
gated the potential of single transition metal atoms supported
on defective boron nitride (TM-BN) monolayer with a boron
monovacancy as electrocatalysts toward NRR.) The most
active one is the single Mo atom supported by a defective BN
nanosheet with a very low overpotential of 0.19 V for NRR at
room temperature via an enzymatic mechanism. This supe-
rior catalytic performance can be ascribed to the synergetic
role of the BN monolayer that acts as an electron reservoir
and the MoN; moiety (i.e., Mo and its surrounding three N
atoms) that serves as a transmitter to charge transfer between
the adsorbed N H, species and BN monolayer. Very recently,
Azofra et al. investigated the feasibility of electrocatalytic
reduction of N, to NH; on Fe-deposited 2D MoS, sheets in an
aqueous media under mild conditions.””! The material is cal-
culated to spontaneously and selectively capture N,, relative to
chemisorption of CO, and H,O. The limiting step is proposed
to be the first proton—electron pair transfer for chemisorbed
NNH* radical, requiring an activation barrier of 1.02 eV
(Figure 5c). Moreover, the lower binding energy between NH;
and the material compared with that for N, capture indicates
that the material can auto-regenerate, and thus be used for
successive NRR cycles.

To date, there are very limited theoretical studies to examine
the possibility of metal-free catalysts for electrochemical reduc-
tion of N, to NHj. Recently, the nitrogen activation and reduc-
tion capability of boron nitride nanotubes (BNNTs) have been
investigated using DFT-based calculations.’¥] The catalytic
activity toward NRR was associated with the boron antisite,
and the reaction energetics indicated that the distal mechanism
is more favorable than the alternative mechanism for BNNTs
under ambient conditions.

4. Recent Experimental Advances in NRR

The pioneering experimental work on electrochemical
ammonia synthesis from N, can be dated back to the 1960s,
using nichrome cathodes and aluminum anodes, with tita-
nium tetraisopropoxide and aluminum chloride in 1,2-dimeth-
oxyethane as the electrolyte.’?”? Since the aluminum anode
was consumed by conversion to aluminum nitride and then
hydrolyzed, the process is not suitable for long-time reaction
and large-scale production. In 1983, Sclafani et al. have dem-
onstrated the feasibility of the reduction of N, over iron cathode
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under ambient conditions in 6.0 M KOH aqueous electrolyte.”!

It was found that the NH; production rate depended on the
temperature and the applied cathodic potential. The NH3 pro-
duction rate reached a peak value of 0.5 umol h™! at —1.07 V
vs saturated calomel electrode (SCE) with a NH; Faradaic effi-
ciency of around 1% at 45 °C and 1 atm. Later, Furuya and
Yoshiba reported electrochemical reduction of N, to NH; using
gas-diffusion electrodes modified by Fe-phthalocyanine in var-
ious aqueous electrolytes at 25 °C and 1 atm.’# Both the NH;
production rate and the current efficiency (CE) dropped quickly
after 10 min of electroreduction. The best performance was
obtained in KOH electrolyte, with a CE of 0.11% after 10 min
under galvanostatic conditions at —47.8 mA cm™2. In 1990, the
NRR current efficiencies for electrocatalytic NH; production
over Fe fine powder, various metal oxides, and metal sulfides,
ZnSe, TiB, and SiC were investigated.””! The CE was found
to rely on the metal and its oxidation state. The metal sulfide
seemed to be better than the corresponding oxides. Notably, a
high CE of =2.24% was found on the ZnSe catalyst after 10 min
at 0.5 V vs RHE, yet the CE quickly dropped to =0.1% after
30 min. These early experimental studies have found very low
selectivity and poor stability toward ammonia formation.

It was not until the advent of the 21st century that electro-
chemical ammonia synthesis over heterogeneous catalysts
under ambient conditions has aroused much more interest in
the field. Attempts have been made using noble metal (such as
Ru, Rh, Pt, and Au), transition metal (such as Fe and Ni), metal
oxide (such as Fe,03), metal-free materials, and their hybrids
as catalysts. Different kinds of electrochemical cell have been
developed with the use of either liquid or solid electrolytes. The
electrochemical reactors reported in recent experimental inves-
tigations can be divided into four categories based on the differ-
ences in the cell configuration, as illustrated in Figure 6. In the
following part, we summarize recent experimental advances
with an emphasis on rational design of the whole electrochem-
ical system including electrode materials, electrolytes, and cell
configurations.

4.1. Back-to-Back Cell

The back-to-back cell illustrated in Figure 6a with solid-state
electrolyte has been widely used for solid-state electrochemical
synthesis of NH; over a wide temperature range (25-800 °C).
Details have been reviewed by Amar et al.! Giddey et al.,!*
Kyriakou et al.,l” and Garagounis et al.’® The key compo-
nents are two porous electrodes (anode and cathode) separated
by a dense membrane. Among the various types of polymer
membranes that can be used as electrolyte at ambient condi-
tions, perfluorosulfonic acid proton-conducting membranes
such as Nafion membranes from Dupont are the most pop-
ular. The benefits of using Nafion membranes include the
high proton conductivity at ambient temperature and a good
knowledge of proton exchange membrane fuel cell tech-
nology. In 2009, Xu et al. reported the use of perovskite oxide
SmFe,,CuqNiy,0; cathode with Nafion membrane electro-
lyte and Ni—Ce;gSm(,0,_5 anode for NH; synthesis from
wet hydrogen and dry nitrogen at temperatures ranging
from 25 to 100 °C."”! The maximum NHj; production rate of
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Figure 6. a—d) Schematics of different cell configurations for electrocatalytic NRR at ambient conditions. Note that the hydrogen evolution reaction

is not shown here.

1.13 X 107® mol s7! cm™ (current density: 3.5 mA cm™2) was
achieved at 80 °C, with a FE of 90.4% at 2 V cell voltage. Later
in 2010, using the same reactor configuration, a peak reaction
rate of 1.05 x 1078 mol s™' cm™ was observed on Sm; sSrysNiO,
cathode at 80 °C.8I The decrease of the NH; production rate at
temperatures higher than 80 °C was ascribed to the decrease
of water content. The lack of water reduces the proton conduc-
tivity of the Nafion membrane and hence reduces the ammonia
production rate.

A significant contribution to the promotion of electrochem-
ical ammonia synthesis directly from air and water was done
by Tao and co-workers. They have demonstrated the use of
platinum supported on carbon black (Pt/C) catalyst as both the
cathode and the anode electrode for NH; production.””) When
water was used as the proton source, a maximum NH; pro-
duction rate of 1.14 x 107° mol s cm™ was obtained at a cell
voltage of 1.6 V. The FE in both cases was smaller than 1.0% due
to the competing hydrogen evolution. Later, Tao and co-workers
investigated the ammonia formation rate using a H*/Li*/NH,"
mixed conducting Nafion membrane and Pt/C electrodes.’®%
The presence of Li* ions hinders proton transfer and renders
lower current at higher applied voltage. Increasing the reaction
temperature leads to a higher ammonia formation rate, with
the highest rate (9.37 X 1071° mol s7' cm™2) and FE (0.83%)
achieved at 1.2 V and 80 °C. For these two studies, it has to be
pointed out that the authors used a mixed NH,*/H* conducting
Nafion membrane to increase the chemical compatibility of the
acidic Nafion membrane with NH;. However, it is difficult to
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completely rule out the contribution of NH,* ions dissolved
from the treated Nafion membrane from the apparent NH;
production rates.

In contrast to proton exchange membrane such as Nafion,
anion exchange membrane (AEM) selectively conducts
hydroxide anion to the anode and enables a more advanta-
geous basic cell environment. Recently, a team of researchers
has proven the feasibility of AEM as electrolyte for NH; genera-
tion.®! Fe, FeNi, and Ni nanoparticles were applied as cathode
catalysts, and their efficiency was tested for comparison. The
initial efficiency of the Fe-only materials was as high as 41%,
but quickly dropped to 1.6% in a matter of hours. In con-
trast, the Ni-only materials exhibited single-digit efficiencies
(around 3%) initially, and the efficiency slowly increased with
reaction duration. The estimated NH; production rate of the
Fe, FeNi, and Ni catalysts was in the range of (1.33-3.80) x
1072 mol s7! em™ at 1.2 V and 50 °C, which was lower than
that of the Pt/C catalyst using PEM.

Apart from the use of solid-state electrolyte, the back-to-back
type cell can also enable the use of liquid electrolyte, which extend
the selection of catalysts and electrolytes. Very recently, electro-
chemical NHj synthesis at low temperature (<65 °C) and atmos-
pheric pressure using nanosized y-Fe,0; electrocatalysts incorpo-
rated into an AME electrode has been reported (Figure 7).82 In
a half-reaction experiment conducted in a KOH electrolyte, the
¥Fe, 05 electrode presented an FE of 1.9% and a weight-normal-
ized activity of 12.5 nmol h™! mg! at 0.0 V vs RHE. In contrast,
when the y-Fe,0; nanoparticles were coated onto porous carbon
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Figure 7. a) Electrochemical cell using an anion exchange membrane. b) Ammonia production rates and Faradaic efficiencies of a y-Fe,O; catalyst in
dependent with the applied potential. Reproduced with permission.®4 Copyright 2017, American Chemical Society.

paper to form an electrode, the weight-normalized activity for
NRR was found to increase dramatically to 55.9 nmol h™' mg™'.

4.2. Polymer Electrolyte Membrane (PEM)-Type Cell

In 2000, Kordali et al. described electrochemical synthesis of
NH; from N, gas and water using Ru catalyst deposited on
carbon felt (Ru/C) in a polymer electrolyte membrane (PEM)-
type cell (Figure 6b).% A 2.0 m KOH aqueous electrolyte was
placed in the anode chamber and a Nafion membrane was
employed to separate the cathode and anode chambers. N,
was supplied to the cathodic chamber and the NH; produced
was absorbed by a weak acid solution. Compared to the routine
solid-state polymer membrane cell, the use of liquid electrolyte
in the anode chamber has two advantages: 1) the convenience
of adding a reference electrode that enables the measurement
of the potential of the working electrode; and 2) the adequate
wetting of the membrane that reduces the conductivity loss of
the membrane. The NH; formation rate is largely depended on
the applied potential and the temperature. The NH; produc-
tion rate reached a peak value of 1.30 ug h™! cm™2 at -1.02 V
vs Ag/AgCl at 90 °C with a CE of 0.24%. In contrast, a much
lower rate of 0.21 pg h™! em™ and a CE of 0.28% were obtained
at —1.10 V at 20 °C. It is worth noting that hydrazine was not
detected in their experiments, indicating that NH; was pro-
duced via a dissociative mechanism.
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Very recently, Chen et al. demonstrated direct synthesis of
NH; from N, and H,0 under room temperature and atmos-
pheric pressure over iron oxide supported on carbon nanotubes
(Fe,03—CNT) as cathode catalyst in an electrochemical cell sim-
ilar to that shown in Figure 6b.# NaHCOj; aqueous electrolyte
was placed in the anode compartment to generate the protons
and electrons used on the cathode. A maximum ammonia yield
of 0.22 ug h™! cm™ was obtained at —2.0 V vs Ag/AgCl, whereas
a maximum FE of 0.15% was obtained at —1.0 V vs Ag/AgCL
The Fe,0;-CNT catalyst was fabricated by wet impregnation
of 0-CNTs with Fe(NOs); and calcination at 350 °C. The use of
nitrate during the synthetic process might affect the NH; meas-
urement. Moreover, the iron oxide would probably be reduced
during the activation stage of the electrocatalytic tests at the
negative potential of —2.0 V vs Ag/AgCl. Nevertheless, the struc-
ture and surface chemical state of the reduced iron oxide were
not mentioned. Later, the same researchers further investigated
the effects of iron content, electrolyte (type, pH, and concen-
tration), and the applied voltage.®® An optimal performance
toward NRR was obtained on a 30 wt% Fe,O;—CNT catalyst,
with an NH; formation rate of 1.06 x 107" mol cm™ s7! and
an NH; FE of 0.164%. The electrolyte (type, pH, and concentra-
tion) demonstrated a minor effect on the NH; formation rate,
but a significant influence on the selectivity of NH; formation
(Figure 8a). A good stability was observed when the cell is set at
a voltage of —1.0 V vs Ag/AgCl. Importantly, NH; was detected
in both the cathode and the anode chambers, indicating the
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Figure 8. a) The average ammonia formation rate and Faradaic efficiency with different electrolyte. b) Schematic view of the improved design in the
three-phase reactor for electrochemical ammonia synthesis. Reproduced with permission.l®% Copyright 2017, American Chemical Society.
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Figure 9. a) Schematic for electrocatalytic NRR (MFC is the mass flow controller, membrane is Nafion 211). b) Yield rate of ammonia (cyan), hydrazine
hydrate (red) formation, and Faradic efficiency (blue) at each given potential. Reproduced with permission.*8l Copyright 2016, Wiley-VCH.

crossover of ammonia through the Nafion membrane. To miti-
gate the ammonia crossover effect, an additional gas diffusion
layer was added between the electrocatalyst layer and the Nafion
membrane (Figure 8b). Lately, our group has demonstrated that
introducing more surface oxygen vacancies (OVs) to the com-
mercial hematite (o-Fe,O3) nanoparticles can promote the elec-
trocatalytic NRR at room temperature and atmospheric pres-
sure. A PEM-type cell was employed with 0.10 M KOH as the
electrolyte in the anode chamber. Considering the ammonia
crossover effect, a maximum ammonia production rate of
0.46 pg h™! cm™ and a maximum FE of 6.0% were achieved for
the OV-enriched o-Fe,0;/CNT catalyst when a voltage of —0.9 V
vs Ag/AgCl was applied.

4.3. H-Type Cell with Liquid Electrolyte

Recently, Bao et al. demonstrated electrochemical reduction
of N, to NH; at ambient conditions over tetrahexahedral gold
nanorods (THH Au NRs enclosed by stepped 730 facet) in a
double-chamber H-type cell (Figure 9a).*®! The two chambers
of the H-type cell were separated by a Nafion membrane, and
both were filled with 0.10 M KOH aqueous solution. An NH;
yield of 1.648 pug h™' cm™ and an FE of 4.0% at —0.2 V vs RHE
were achieved (Figure 9b). The THH Au catalyst was proposed
to follow an associative alternating pathway; in that both NH;
and N,H,-H,0 were detected in their experiment. Later, efforts
were made to further improve the NH; FE as well as to reduce
the Au loading.***% Another example using the H-type cell
was the construction of a Li* incorporation system in 0.50 m
Li,SO, electrolyte.®®) Amorphous poly(N-ethyl-benzene-1,2,4,5-
tetracarboxylic diimide) (PEBCD) was used as the catalyst to
associate Li* with the imide C=0 groups on the surface. None-
theless, it is unclarified that whether the leaching of N from the
PEBCD would contribute to the amount of ammonia detected
or not. Very recently, ultrathin Rh nanosheet nanoassemblies
(Rh NNs) were used as electrocatalyst for NRR in a H-type cell
separated by a Nafion 211 membrane.®”l A high NH; yield of
23.88 ug h™! mg,~! was achieved with no N,H, detected at low
potential (0.2 V vs RHE). However, the NH; FE of Rh NNs
was only 0.217% at —0.2 V vs RHE, much lower than that of
the previously reported THH Au catalyst due to the severe
competing HER. Additionally, the amount of ammonia meas-
ured was from the cathodic chamber and the absorber, without
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considering ammonia crossover to the anodic chamber. None-
theless, since the catalyst was synthesized from an inorganic
polymer RhCl3-K;Co(CN)4 cyanogel, it remains unknown that
whether the CN~ would lead to ammonia contamination during
the electrocatalytic measurements.

In the H-type cell, both the working electrode and the refer-
ence electrode are located in the cathode chamber, making it
more accurate to measure the applied potentials, exerted on
the working electrode than using the PEM-type cell, in which
the reference electrode has to be placed in the anode chamber
filled with electrolyte. However, the H-type cell with Nafion
membrane as the separator also exhibits similar ammonia/
ammonium crossover effect as in the case of PEM-type cell.
Therefore, it is recommended that both the cathode electrolyte
and the anode electrolyte have to be taken to measure the total
ammonia/ammonium production. Moreover, membranes that
can largely prevent the ammonia/ammonium crossover effect
or additional antidiffusion layers should be used to avoid pos-
sible ammonia/ammonium oxidation at the anode.

4.4. Single Chamber Cell with Liquid Electrolyte

In 2006, the Koleli and Ropke have investigated electrochem-
ical NH; production in aqueous systems on a polyaniline elec-
trode using a single chamber cell which was able to operate
under high pressure (Figure 10a).®8 This is the first report
of electrocatalytic NH; synthesis on a metal-free catalyst. The
NH; yield and CE depended on the applied pressure on the
polyaniline film coated on a Pt plate in methanol/LiClO,/
H,SO, electrolyte at ambient temperature. The NH; yield and
the CE obtained at atmospheric pressure were much smaller
than those obtained at high pressure (Figure 10b). The NH;
formation rate was 2.25 x 10~ mol h™! cm™ at a potential of
—0.12 V vs NHE at 1 bar and 25 °C. In 2010, Kéleli and Kayan
tested NH; formation on a polypyrrole electrode and reported
a 10 umol L' NH; concentration after 5 h electrolysis duration
in aqueous 0.10 M Li,SO,/0.03 m H* electrolyte at —0.165 V
vs NHE at atmospheric pressure and room temperature.®
The first step of electrochemical N, reduction on the polypyr-
role electrode was proposed to be a Volmer reaction where H*
in the aqueous solution forms H,y. Then H,q is added on the
N, molecules adsorbed on the polymer via hydrogen bonds to
generate NH;. These two studies demonstrated the possibility
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Figure 10. a) High-pressure single chamber cell used for electrocatalytic ammonia synthesis. b) Current efficiency versus pressure diagram of the NH;
formation on a polyaniline electrode (1.5 mm) after 5 h electrolysis time, at =0.12 V vs NHE and 25 °C. Reproduced with permission.[®8 Copyright

2005, Elsevier B.V.

of electrochemical reduction of dinitrogen on nonmetal
materials. It has to be pointed out that both polyaniline and
polypyrrole are amine-containing polymers, which bring for-
ward the question that whether the nitrogen in the materials
participates in the NRR process and contributes to the meas-
ured NH; or not.

In 2015, Wessling and co-workers galvanically deposited
Rh and Ru on randomly structured Ti felts as electrocatalyst
for NRR.® The tests were conducted in a single chamber
cell with 0.50 m H,SO, as an electrolyte at 30 °C. The NH;
production rate was found to be eight times higher for Ru
(1.2 x 1071 mol s7! cm™2) than for Rh (1.5 x 107! mol s cm™).
However, it has to be mentioned that a Ru complex containing
NH,* was used for the galvanic deposition of Ru. Possible pres-
ence of the residual NH,* in the electrochemical system might
affect the measurement of NH; from N, reduction.

The main problems for the aqueous electrolyte-based electro-
chemical cell for NRR are the dominant H, evolution occurred
at the same region of potential for NRR and the very limited N,
solubility in aqueous media. Attempts to suppress HER using
a mixture of electrolytes and Ni catalysts have been made by

N, |

2-propanol:water = (9:1, v/

Anode
(Pt)

Cathode
(porous Ni)

Kim et al.®V? In a single chamber cell system (Figure 11a), a
mixture of 2-propanol/water (9:1, v/v) was used since the addi-
tion of 2-propanol can suppress HER.P!l The concentration of
H,SO, and the applied current density were found to influence
the NH; yield and the NH; FE. Optimized conditions led to an
NH; formation rate of 1.54 x 107! mol s™" cm™ and an FE of
=~0.9%. However, the 2-propanol was found to be instable in a
reducing environment and led to FE far from optimal (less than
1%). Comparatively, in a H-type cell system (Figure 11b), ethyl-
enediamine (EDA) in 0.10 M LiCl was employed as the cathodic
electrolyte and 0.05 m H,SO, as the anodic electrolyte.’?l A high
NH; FE of 17.2% was obtained, producing 7.73 x 10”7 mol NH;
for 1 h electrolysis at a cell voltage of 1.8 V. EDA was found
to be a promising solvent for electrochemical NH; synthesis
under ambient conditions. However, optimizing of the reactor
configuration is requested to suppress its crossover effect.
Importantly, it is worth noting that EDA, with the formula
C,H4(NH,),, may as well lead to the formation of NH;. When
Ar was purged instead of N,, NH; began to be detected from
40 min, which was a false-high NH; resulted from EDA cross-
over and oxidation. Hence, the formation of NH; with Ar was

» N, + 6H* + 6e" > 2NH,;

(b)
e
CcMX

o, NH,

......... > H* v
H;0 N,
0.05 M H,S0, 0.1 M LiCI/EDA
Anode Cathode (Ni)
(glassy carbon)

Figure 11. a) Schematic of NRR over porous Ni cathode in a single chamber cell with a mixture of 2-propanol/deionized water as the electrolyte
medium. b) Schematic of NRR over Ni wire cathode in a double-chamber cell filled with different electrolytes. Reproduced with permission.®!:92

Copyright 2016, The Electrochemical Society.
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used as a baseline to obtain meaningful values of NH; synthe-
sized from N, reduction. To prove that the supplied N, did turn
into NHj, electrocatalysis was carried out in the alternating
presence of Ar and the isotope °N,.

A disadvantage of the single chamber cell is that gaseous
products at the anode may be oxidized at the anode. In con-
trast, the double-chamber cell with an ion-exchange membrane
as the separator makes it possible to prevent further oxidation
of the gaseous products by only allowing the transfer of desired
ions. Moreover, different electrolytes can be incorporated in the
cathodic and anodic chambers of the H-type cell so that reac-
tions on the cathode can be tuned independently with little
influence to the anode.

5. Strategies for an Active, Selective, and Efficient
Electrochemical System

The major problem of current NRR is associated with a lack of
effective electrocatalysts for electrochemical N, reduction and
NH; formation under ambient conditions. Large overpotentials
for N, reduction and very low Faradaic efficiencies toward NH3
formation are always detected. The thermodynamics of NRR
suggest that the electrochemical reduction of N, should pro-
ceed at negative potentials that are dominated by the competing
HER, leading to a tough selectivity issue. On the other hand,
owing to the complicated electrochemical system, the key fac-
tors that affect the NH; formation rate are also quite complex,
including the electrode materials (catalysts, additives, current
collectors, etc.), the conductivity of the working electrode, the
electrolyte, the reactor configuration, temperature, the applied
potential/current, the N, partial pressure and the proton flux,
etc. Hence, the experimentally measured NH; formation rates
used to evaluate the NRR activity of the electrocatalysts actually
reflect the properties of the whole electrochemical system. The
NH; FE or CE which is employed to evaluate the NH; selec-
tivity also strongly depends on the properties of the whole elec-
trochemical system.

Up to now, various strategies to either suppress or cir-
cumvent HER have been proposed for electrochemical NH;
synthesis aiming at boosting the activity and increasing the
selectivity toward NRR. These strategies can be roughly general-
ized to follow three routes: 1) electrocatalyst design with altered
intrinsic reactivity and selectivity toward NRR, 2) interface engi-
neering with limited proton/electron transfer rate beneficial for
NRR, and 3) decoupled N, fixation and NH; production to cir-
cumvent HER.

5.1. Boosting NRR by Rational Catalyst Design

Rational design of the electrocatalysts is requested to improve
their intrinsic catalytic reactivity and selectivity toward NRR.
Various strategies include crystal facets effect,*®% crystal
size effect,® and amorphous phase effect®” have been dem-
onstrated on metal catalysts. For instance, on the aspect of
the crystal facet effect, Yang et al. reported an improved cata-
lytic activity toward NRR with the increase of (110) orienta-
tion value of Mo nanofilm.”l’ A maximum NH; formation
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rate of 3.09 x 107 mol s7! cm™ was achieved at —0.49 V vs
RHE and a maximum FE of 0.72% was obtained at —0.29 V
vs RHE in 0.010 m H,SO, electrolyte. To demonstrate the size
effect of Au, Shi et al. compared the NRR performance of
tannic acid (TA)-reduced (=0.5 nm) Au/TiO,, NaBH,-reduced
(=4 nm) Au/TiO,, and photoreduced (=37 nm) Au/TiO, and
found that the TA-reduced Au/TiO, exhibited the highest NH;
yield (21.4 ug h™! mg~l., at =0.2 V vs RHE) with a high FE of
8.11%.1*1 Reducing the size of metal nanoparticles induces the
creation of low-coordination sites apart from the original close-
packed sites, thereby resulting in the decoupling of site prefer-
ence of different adsorbates and thus facilitates NRR at a low
overpotential. In terms of the amorphization strategy, defec-
tive sites can be induced to promote the catalytic activity. For
instance, Li et al. synthesized amorphous Au/CeO,-reduced
graphene oxide (RGO) hybrid catalysts with an Au loading
of 1.31 wt%, achieving an FE of 10.10% at —0.2 V vs RHE.®
The presence of CeO, was found to be necessary for the for-
mation of amorphous Au, which possessed a higher concen-
tration of unsaturated coordination sites toward NRR, thereby
improving the Faradaic efficiency. In another case, an amor-
phous Bi,V,0,;/CeO, was reported to show excellent NRR per-
formance with a high NH; yield (23.21 ug h™ mg~!,;at 0.2 V
vs RHE) and a high FE (10.16%).°Y The amorphous Bi,V,0q;
with multiple defects served as the active ingredient, whereas
the CeO, triggered the formation of the amorphous phase and
participated in establishing band alignment for charge transfer.
It is worth noting that NH,VOj; and polyvinylpyrrolidone were
used to synthesize the material, which causes ammonia con-
tamination during the electrochemical measurements.

In terms of the defect engineering strategy, N-doped porous
carbon (NPC) was reported recently as a cost-effective electro-
catalyst toward NRR under ambient conditions.””! Pyridinic
nitrogen and pyrrolic nitrogen were proposed to be the active
sites for ammonia synthesis. Additionally, the porous structure
of NPC favored the trapping of N, and stabilizing of the inter-
mediates. Again, once precursor containing CN™ is applied, the
accurate measurement of the generated NH; from N, is quite
challenging. Moreover, it is unclear that whether the nitrogen
atoms in the NPC participate in the NRR or not.

The effective tailoring of surface OVs on metal oxide catalysts
can regulate the surface electronic structure, which is beneficial
to improve the NRR catalytic activity.”®%l The surface nitrogen
vacancies of metal nitrides play a key role for electrochemical
N, reduction. Theoretical calculation has demonstrated the
importance of surface nitrogen vacancy regeneration to main-
tain the reactivity for N, reduction. Previous DFT calculations
shed light on the effect of surface defects, crystal structure, and
crystal facets on rational synthesis of metal oxide and metal
nitride catalysts.[56:60.62.97]

In recent years, strain engineering for tuning the elec-
tronic structure of catalysts has become an effective strategy
to enhance the electrocatalytic activity toward ORR/OER/
HER,%1%] and methanol oxidation reaction (MOR).1%U For
instance, strain-induced splitting of the e, orbitals can dramati-
cally affect the catalytic activity of perovskite oxide LaNiO;.%®!
Another study demonstrated that the introduction of tensile
strain into the surface of CoO can lead to the creation of a large
quantity of oxygen vacancies that facilitate water dissociation.”!
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Recently, photoreduction of N, to NHj in water at 25 °C under
visible-light irradiation has been achieved using ultrathin lay-
ered double hydroxide (LDH) photocatalysts.l'%] The excellent
photocatalytic activity of the LDH nanosheets toward NRR was
ascribed to an abundance of OVs that enhanced the adsorption
and activation of N, and H,0, as well as the severely distorted
structure and compressive strain in the LDH nanosheets that
enhanced N, chemisorption and thereby promoted NH;j for-
mation. Therefore, it is reasonable to believe that tuning the
surface reactivity of transitional metal oxides by controlling the
strain and surface defects might as well induce modulations
in atomic and electronic structures to facilitate electrocatalytic
NRR.

Recently, anion regulation has emerged as an effective way to
improve the OER activity of transition metal compounds, owing
to the composition-structure regulating effect.'%! For instance,
0% or OH™ is capable of replacing the original anions of transi-
tion metal-based catalysts during the electrocatalytic process in
alkaline electrolytes. Such a phenomenon indicated that most
transition metal-based compounds (including chalcogenides,
nitrides, and phosphides) are actually anion-regulated when
catalyzing the reaction, and such anion regulation can be effec-
tive in enhancing the OER activity. A recent study on anion
regulation of NiFe (oxy)sulfide catalysts showed that the mate-
rial structure and electronic structure can be modulated via
changing the sulfide content of the NiFe (oxy)sulfide catalysts,
thereby significantly promoting their OER reactivity.'* Strat-
egies including crystal facet engineering,1%1%! defect engi-
neering,!1971%1 strain engineering,''% and anion regulation for
ORR/OERM112 are expected to inspire insights into rational
design of effective NRR electrocatalysts.!'*]

Metal-organic frameworks (MOFs) and covalent-organic
frameworks (COFs) that represent a platform with ordered
and metrically defined organic backbones allow for the integra-
tion of well-defined, highly selective molecular catalysts. These
reticular materials are capable of being tailed in terms of pore
structure and specific surface area, allowing for facile mass
transport. The electron transport issue is solved by growing
the MOF/COF films on conductive substrates. Hence, both the
selectivity and the efficiency can be improved.>! Moreover, the
functional groups and the metal ion centers in MOFs/COFs can
be directly designed as effective catalytic active sites. A recent
study employing a series of MOFs (i.e., MOF(Fe), MOF(Co),
and MOF(Cu)) as electrocatalysts toward NRR exhibited a high
ammonia formation rate of 2.12 x 10 mol s™' cm™ and an
FE of 1.43% at 1.2 V and 90 °C for the MOF(Fe) catalyst.'!4l
Moreover, it has been shown that COF catalysts can meet the
criteria for high activity, high selectivity, and high efficiency.l']
COFs are unique primarily owing to their highly designable
skeletons and pores using topology diagrams. COFs offer con-
fined molecular spaces for mechanistic studies of correlated
organic m-systems in which the confined space triggers inter-
actions with electrons, holes, spins, ions, and molecules.[''¢
Hence, unique physical, chemical, and electrochemical proper-
ties can thus be tuned, thereby contributing to the design of
active, selective, and efficient NRR catalysts. To improve the
efficiency of the system, the interplay between the mass and
electron transport should be regulated. The mass transport can
be optimized by tuning the pore structure and film thickness of
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the electrode based on porous materials, whereas electron trans-
port to active sites can be optimized by enhancing the charge
carrier mobility in the interconnected electron pathways.!!]

To achieve both high activity and selectivity for electrochem-
ical reduction of N, to NHj, the electrocatalysts shall be devi-
ated from the scaling relations shown for metals. Montoya et al.
proposed strategies such as surface functionalization with co-
adsorbates, utilization of promoters and electrolytes to tune the
adsorption energies of the key adsorbates involved in NRR,5!
which will be discussed in Section 5.2. On the other hand,
strategies to break the scaling relations to enhance CO, elec-
trochemical reduction reactions (CO,ERR) are very helpful.'”]
For instance, doping p-states’ elements into the metal catalysts
by modulating reaction energetics via p-block elements and
enhancing catalytic activity well beyond modulations via d-block
dopants are also proposed.'8!

5.2. Suppressing HER at the Catalyst/Electrolyte Interface

According to the analysis made by Nerskov and co-workers,
limiting either proton or electron availability at the catalyst
surface can be a promising way to retard HER and improve
NRR selectivity.'”! Their qualitative model suggested that
HER should always dominate at normal proton concentrations
outside a metal surface. If there are very few protons or elec-
trons provided, NRR preferentially occurs. This hypothesis is
in agreement with recent experimental studies. For instance, a
promising strategy to suppress HER via deliberate design of the
catalyst/electrolyte surface in aqueous media has been demon-
strated recently.®%l A Li*-incorporation system was constructed
by associating Li* in the electrolyte with the imide C=0 groups
on the surface of PEBCD. Owing to the active O—Li" sites in
PEBCD, either the Tafel or the Heyrovsky reaction path for
HER can be obstructed, resulting in a larger potential window
to achieve a higher-selectivity NRR (Figure 12). The best NH;
formation rates and the corresponding NH; FE are obtained as
1.58 ug h™t cm2 and 2.85%, respectively.

To limit the proton concentration available to the catalyst sur-
face, a mixture of electrolyte was often used for aqueous sys-
tems.[Zl Recently, a polymer-based gel electrolyte was employed
for NRR at low temperature and pressure for the purpose of
controlling the rate of HER by limiting the water transport.['!%]
Extremely, ionic liquid electrolyte with trace amounts of water
can serve as an excellent electrolyte for HER suppression
owing to limitation of the proton transfer rate. Very recently,
Macfarlane and co-workers reported the use of [Cympyr]|[eFAP]
and [Pg ¢ 6,14][eFAP] with trace amounts of water (as the proton
source) and Fe-based catalysts deposited on fluorine-doped tin
oxide glass (FTO), stainless steel (SS) mesh, and nickel foam
(NF) for NRR at ambient conditions (Figure 13a,b).'?% The FE
in [Cympyr]|[eFAP] is lower than that in [P 14][eFAP], coin-
ciding with the differences in N, solubility, whereas the NH;
yield in [Cympyr][eFAP] is higher due to its lower viscosity
(Figure 13c,d). The highest FE of 60% was obtained on FTO-
[Pe,6,6.14)[eFAP] with a very low NH; yield due to a very tiny cata-
lyst loading, whereas the highest NHj yield (14 mg h™! m~2) was
obtained on SS—[C,mpyr|[eFAP] with a moderate FE of 30%. It
is worth noting that the purity of the gas stream was analyzed,
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Figure 12. a) CV curves for the PEBCD/C electrode recorded in 0.50 m Li,SO, electrolytes with various pH values and the C cloth electrode in 0.50 m
H,SO, electrolyte. b) FTIR spectra of PEBCD before and after Li* incorporation. c) Schematic illustration of Li* system to obstruct either the Tafel or
the Heyrovsky reaction path for HER. Reproduced with permission.8 Copyright 2017, American Chemical Society.
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Figure 13. a) Schematic of an electrocatalytic NRR system with a single chamber cell using ionic liquids as electrolytes. b) NRR process on a Fe-
stainless steel mesh electrode. Lower panels: structures of the ionic liquid ions and their interaction with N,. c) The NH; Faradaic efficiency. d) The
NH; production rate on different electrodes using N,-saturated ionic liquids at 0.8 V vs NHE. Reproduced with permission.'2% Copyright 2017, The
Royal Society of Chemistry.
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and the impact of the NO, present in the gas stream was evalu-
ated by control experiments. Additionally, to clarify the origin of
the nitrogen in the ammonia produced, >N, reduction experi-
ment was carried out and the ammonia was quantified by using
a 'H-NMR measurement.

Apart from limiting the proton transfer rate by reducing the
concentration of protons in the bulk solution, adding protec-
tion layers that can increase the barrier for proton transfer to
the surface is possible to reduce the effective proton concentra-
tion near the surface without changing the number of proton
donors in the bulk solution. The strategies for suppressing HER
in rechargeable metal-based battery systems in aqueous media,
such as the incorporation of bismuth or stannate additives to
iron electrodes,'2122 and the use of organo-sulfur compounds
in alkaline electrolytes as steric hindrance,'?3] may also shed
light on suppressing HER in the electrochemical system for
improving NRR selectivity. In fact, steric hindrance by ligand
tethering was proposed to stabilize and protect key intermedi-
ates from intermolecular side reactions of molecular catalysts
for NRR.'}I Moreover, the electronic flexibility of the ligand also
contributed to the stabilization of different oxidation states of
the metal active sites during catalysis. Similarly, it is reasonable
to believe that surface tethering of the heterogeneous catalysts
can as well help stabilizing key intermediates and metal active
centers to boost NRR activity and selectivity.

Moreover, controlling the electron transfer rate at the inter-
face of the electrode current collector and the catalyst,!'?l or
at the interface of the electrolyte and the catalyst,'?l may also
help to suppress HER and facilitate N, reduction. Note that
limiting the electron transfer rate to suppress HER may come
at the cost of reducing the efficiency of the system. Therefore,
the balance between selectivity and efficiency should be consid-
ered for achieving optimal performance.

5.3. Avoiding HER by Decoupling N, Fixation and NH;
Production

An alternative route for electrochemical N, reduction is to
utilize the spontaneous reaction of lithium metal with dini-
trogen to form lithium nitrides at room temperature, which
then reacts with proton donors to generate ammonia. This
method was first applied to NH; synthesis by Tsuneto et al. in
the early 1990s.['%¢127] N, was reduced at —4.0 V vs Ag/AgCl
on different metal electrodes (Al, Ti, Mo, Fe, Co, Ni, Cu, Ag,
etc.) in a solution of LiClO, (0.20 M) in tetrahydrofuran/eth-
anol (99:1 v/v). The Li* ions form metallic Li at the cathode
and then turn to lithium nitride intermediates which react
with the proton source to form NH;. Hence, metal electrodes
that readily alloy with Li give poor conversion efficiencies to
NHj;. Both Ag and Ti afford the best CE of =8% for NHj for-
mation under 1 atm of N,. A much higher CE of 48.7% was
achieved under 50 atm of N,.['26l The CE was found to rely on
the type of cathode metal and the type and concentration of
the proton source. Moreover, NH; was even formed when air
was used as the N, source with a CE of 3.7%.1%7) The reduced
CE was presumably due to the side reaction of metallic Li with
O, in the air. Given that the presence of water was believed to
inhibit NH; formation, hydrophobic ionic liquids were used
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as electrolyte with LiClOy as the Li* ion source in a study con-
ducted by Pappenfus et al. using ethanol as the proton source
and a Ni cathode.['?8] A current efficiency of 3-5% (with a cur-
rent density of 2 mA cm™2) was achieved at room temperature
and atmospheric pressure. However, breakdown of the ionic
liquid electrolyte was observed, resulting in serious stability
issues.

A rechargeable lithium-nitrogen battery prototype has been
demonstrated.?”) The battery system consists of a Li anode,
a glass fiber separator, ether-based electrolyte, and a carbon
cloth cathode (Figure 14a). The charging/discharging process
corresponds to N, evolution/fixation, respectively. The FE
during N, fixation increased from 32% (5 h) to a maximum
value of 59% (7 h) and then reduced to 39% (9 h) in galvano-
static tests. In contrast, the FE was found to be up to 64% at
1.08 V after 5 h of potentiostatic testing. The incorporation of
Ru or ZrO, catalysts to a carbon cloth cathode improved both
the stability of the Li-N, battery and the FE at 1.08 V. This
promising research on nitrogen fixation batteries affords an
advanced N,/Li;N cycle for reversible N, fixation and future
energy-storage system. More efforts should be made to further
improve the stability of the Li-N, battery system and elucidate
the underlying reaction mechanism. Lately, a lithium-medi-
ated cycling process for NH; synthesis from N, and H,0 at
ambient pressures has been reported, in which molten LiOH
electrolysis, Li nitridation, and Li;N hydrolysis were combined
in a step-wise way (Figure 14b), enabling NH; production with
an initial overall current efficiency of 88.5%.113% This electro-
chemical cycling strategy is capable of exceptional efficiency
and selectivity compared to typical aqueous electrochemical
approaches due to the ability to circumvent the otherwise com-
peting and dominant H, evolution reaction. However, this
molten approach for LiOH electrolysis required high tempera-
ture, resulting in potential complexity during the separation of
liquid Li from the molten salt system. Very recently, a hybrid
electrolytic system that enables the deposition of Li under
ambient temperature was reported.3!] A Li-ion conducting
glass ceramic material was used to separate the aqueous side
from the organic side where Li was deposited on a Ni substrate
and then exposed to a N, atmosphere for nitridation (Figure
14c). The Li3N formed on Ni was then immersed in dilute sul-
furic acid to trigger instantaneous formation of NH,*. Notably,
the formation of a solid-electrolyte interface (SEI) layer during
Li deposition can lead to the loss of active metallic Li, pre-
venting Li from directly reacting with N, at room temperature,
thereby lowering the overall FE for NH; formation. Hence, a
high temperature (220 °C) was chosen for Li deposition and
nitridation, and the deposited Li was washed with 2-methyl-
tetrahydrofuran before nitridation to inhibit side reactions
between the metallic Li and the solvent. Finally, a maximum
FE of 52.3% was obtained.

Considering that the nitridation properties of lithium metal
are strongly affected by its surface, whereas the hydrolysis of
lithium nitride is also dependent on the reaction rate and tem-
perature,[132 further investigation to improve the performance
of such a lithium-mediated system is requested. For instance,
new strategies to minimize lithium-consuming side reactions
at low temperatures are in demand for the system to operate
under more benign conditions.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(a) CENC Bt (b)
dide I- atie
s, @ =700
N N Fiuﬁgn 3 =
TL 6Li + Nz—;:o'ﬁw; 2Li3N|| J‘z
‘o
[ 4
»
[ 4
r
tainless steel

Anode

www.advenergymat.de

NH,
H,0

7

Solid Alumina
Crucible

Cathode

0,+ n,oT luon

(C Ly Power n €
) SICON a —._I
Deposited Ui
6H* + 3/,0,
)' ... - GL{* <
3H,0 6Li* o—
1M Li,SO, 1 M LICIO/PC
Anode Cathode
(PYC) (Ni)

Li electro-deposition

Nitridation

.\[H’
NH
o 3
s | e

H;S0,

Ammonia formation

Figure 14. Different kinds of lithium-mediated systems for N, fixation and NH; formation under ambient conditions. a) Schematic structure of the
reversible Li-N, battery. Reproduced with permission.['?’l Copyright 2017, Elsevier Inc. b) Schematic cross section of the electrolysis cell for Li pro-
duction and an illustration of the Li-LsN-LiOH cycle. Reproduced with permission.[3% Copyright 2017, The Royal Society of Chemistry. c) Three-step
Li-mediated synthesis of NH;. Reproduced with permission.l'*l Copyright 2017, Wiley-VCH.

6. Methods for Determination of Ammonia

Methods for determining ammonia-nitrogen (NH;-N) in
aqueous media after NRR electrochemical measurements have
been proposed, including ion chromatography methods,['3%134
spectrophotometric/colorimetric methods,[3>13¢ ion-selective
electrode (ISE) methods,”] and fluorescence methods.[3l
Among them, ion chromatography, though requires expen-
sive and complex instrumentation, has the advantages of high
sensitivity, good reproducibility, simultaneous determination
of multiple ions in a short time, and the possibility of using
different detectors (conductometric, fluorimetric, UV-vis,
etc.).'®] For the determination of ammonium ions (NH,"), the
main interference is the overlapping of the Na* peak and the
NH,* peak.l"*% This problem can be tackled by using a column-
switching technique or by applying the appropriate columns
and eluents that enable facile determination of trace-level cat-
ions even in a high-ionic-strength matrix.[!33134141]

The spectrophotometric methods, also known as the colori-
metric methods, are widely used for ammonia nitrogen detec-
tion in freshwater/seawater/wastewater. Among them, the
indophenol blue method based on the Bethelot reaction, in
which ammonia reacts with phenol and hypochlorite in alka-
line solution, is commonly employed as a standard reference
method for determining low-concentration ammonia nitrogen
(0-0.6 mg NH;-N L1).I1*2 The reaction is catalyzed by sodium
nitroprusside for intensified color development. However, the
blue color of indophenol sometimes is replaced by a yellow or
green color, resulting in unreliable results.'*! The salicylate
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method based on a modified Bethelot reaction is more widely
used than the phenate method nowadays, in which sodium
salicylate is substituted for phenol to eliminate the formation
of toxic and highly volatile reagents.l'*3l To achieve a sensitivity
comparable to that in the case of phenol, large amounts of
reagents are used in the salicylate method. The color develop-
ment of the salicylate method is more stable than the phenate
method.l'*] The Nessler’s reagent method, in which ammonia
reacts with the Nessler’s reagent (alkaline solution of mer-
curic potassium iodide, K,Hgl,) to give a color complex, is less
time consuming and requires less reagents than the standard
salicylate method. Pretreatments are requested to eliminate
the interfering effect of metal ions, residual chlorine, sulfides,
and organics. For instance, Rochelle salt (KNaC,H,O¢-4H,0)
solution is usually added to remove residual hardness cations
that might react with the Nessler’s reagent.l'*] Note that the
Nessler’s reagent contains mercury, which is very toxic and
dangerous to the environment, causing disposal problems. It
is worth noting that commercial products based on the colori-
metric methods such as ammonia colorimetric assay kits have
been used for much simpler procedures,*®24 and ammonia
test strips for quick and simple detection.!

There are two types of ISE for sensing ammonia nitrogen con-
centration. One is the ammonia-selective electrode that consists
of a pH-sensing electrode, an internal reference electrode, and
a hydrophobic ammonia permeable membrane. When a strong
base is added, ammonium ions in the sample solution turn to
ammonia gas. The gas then diffuses through the membrane
and causes a potential difference that can be measured by a high
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impedance voltmeter. The measured potential, in accordance
with the Nernst equation, is proportional to the ammonia/
ammonium concentration in the solution. The other is the
ammonium ion-sensing electrode that has a polyvinylchloride
(PVC) membrane containing an ammonium-ion carrier. The
sample is acidified to convert all NH; to NH," for measure-
ment. The ion-selective method is much more convenient and
rapid than the spectrophotometric methods, with much larger
detection range (0.03-1400 mg NH;-N L) and possibility for
continuous monitoring."** However, the precision, accuracy,
repeatability, and stability for ammonia nitrogen at low con-
centration (e.g., <0.5 mg L7!) is not as good as those at higher
concentration of ammonia nitrogen. It is necessary to ensure
good sealing of the standard solution and the sample before
measuring, and use containers with small opening to prevent
the escape of ammonia when measuring. It is worth noting that
for solutions with low ammonia/ammonium concentration but
high in total ionic strength, a calibration solution with a back-
ground composition similar to the sample should be used for
accurate measurements. Samples and standard solutions should
be at the same temperature. Interferences including volatile
amines, ionic strength of the solution, metallic ions that com-
plex ammonia, and pH effect should be considered. To inhibit
the formation of some common metal complexes in the sample
and to avoid the pH effect, an ionic strength adjustor solution is
often added to the sample. The total ammonia—nitrogen meas-
ured is strongly affected by the presence of sodium and potas-
sium ions in the solution for the NH,*-sensing electrode.[3>14]
Commercial ion-selective electrodes are available, such as the
Orion 9512HPBNWP NH; electrode and the Radiometer Ana-
lytical ISE25NH4-9 NH," electrode.

Table 1. A comparison of different ammonia determination methods.

www.advenergymat.de

In terms of overall accuracy and precision, neither the
Nessler’'s reagent method or the ion-selective electrode
method was superior to the standard indophenol blue method.
However, the routine manual spectrophotometric methods do
not excel at determining ammonia at nanomolar concentra-
tions. In contrast, the fluorometric method based on the reac-
tion of ammonium with o-phthaldialdehyde (OPA) and sulfite
is of high sensitivity. This method is often combined with flow
analysis for the determination of ammonium at nanomolar
concentrations in natural waters,1*-148l yet suffering from
interferences such as amines and amino acids.'*®¥ The OPA
fluorometric method is not suitable for determining ammo-
nium at micromolar and millimolar level, because too much
dilution to fit the linearity range of the method leads to serious
errors. In recent years, flow injection techniques combined
with spectrophotometry have been widely used for online
determination of ultratrace ammonium in water samples. For
instance, a detection limit of 3.6 nmol L7 and a linearity of
10-500 nmol L~ ! were achieved by an automatic indophenol
blue spectrophotometric method combined with flow injection
analysis using a long-path liquid waveguide capillary cell.*%]
The upper limit can be extended to 30 pmol L~ ! by lowering
the reaction temperature or choosing a less sensitive detection
wavelength.

A comparison of differentammonia determination methods is
given in Table 1. There is an urgent demand for developing more
selective and more accurate ammonia determination methods
at nanomolar concentrations, as well as continuous monitoring
and rapid on-site determination for NRR tests. Moreover, a
combination of different methods can be more reliable and
more convincing.

Method (including commercial products) Detection range

[mg NH;-N L7]Ref]

Wavelength and pH Interfering factors and other issues

lon chromatography 0.02-400'331
Phenate method 0.01-2.0013
Salicylate method 0.01-1.0013%
Nessler's reagent method 0.025-5.0113%]
Ammonia colorimetric assay kit (BioVision K370) <0.28
Ammonia colorimetric assay Kit (BioVision K470) <0.14
Ammonia (nitrogen) test strips (Hach 2755325) 0-6.0
Hach Nessler kit, 0-3.0
Model NI-8

Ammonia-ion selective electrode (AISE) (Hach) 0.067-17 000
Ammonia electrode (Orion 9512HPBNWP) 0.01-17 000
NH," selective electrode (Radiometer Analytical 0.06-20 000

ISE25NH4-9)
OPA fluorometric method coupled with flow injection 1.0x 104 -2.8x 1073047

Indophenol blue method coupled with flow injection 1.4 1074 - 0.42014

- Selected amino acids, aliphatic amines, and
some metal ions, Na*

630-640 nm Mg?*, Ca?* complex, occasional color development
pH>11 error, time consuming, toxicity

667-697 nm pH effect, time consuming, low toxicity
pH > 11

410-425 nm Metallic ions, chlorine, sulfides, and organics
pH>11 interfering, stability issue, toxicity
=570 nm Check the user manual
~670 nm Check the user manual

- Check the user manual

- Check the user manual

pH > 11 and lonic
strength adjustor (ISA)

Volatile amines, ionic strength, and metallic ions
interfering, less precise and accurate at low
ammonia concentration, escape of ammonia gas

pH>11 and ISA

pH>11 and ISA Na'*, K* interfering for NH," electrode, other

issues are the same as above AISE
- Complex instrument

~690 nm Complex instrument
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7. Conclusions and Outlook

Recent theoretical studies that provide material screening and
catalyst structure design guidance for electrochemical nitrogen
reduction and ammonia formation under ambient conditions
have been discussed. Rational design of catalysts along with
favorable electrochemical cell configurations has been pre-
sented, and strategies for constructing an active, selective, and
efficient electrochemical system have been provided. Moreover,
ammonia determination methods were evaluated. Rapid and
accurate measurements are in great demand. A performance
summary of various NRR catalysts along with the cell configu-
ration and ammonia determination method is given in Table 2.
In spite of the enormous progress made in the past years, it is
still very challenging for designing effective NRR catalysts and
constructing excellent NRR electrochemical systems capable
of operating under ambient conditions. Problems including
high overpotential, low NHj yield, poor NH;j selectivity and
efficiency, as well as unsatisfied catalyst stability call for sub-
stantial further research efforts in to this field. To realize elec-
trochemical NRR to a more practical level, the following aspects
demand to be scrutinized:

i) Better Understanding of the NRR Mechanism to Accelerate Fur-
ther Development in This Field:. Theoretical calculations and
computational methods have made it feasible to investigate
electrocatalysts at the atomic level. Nevertheless, further im-
provements of the computational methods and models for
NRR at heterogeneous catalyst surfaces are highly demand-
ed. Computational studies on heterogeneous electrocatalysis
typically employ the so-called computational hydrogen elec-
trode (CHE) methodology that has been successful in predict-
ing the thermodynamics of CPET steps. However, the CHE
methodology cannot account for SPET pathways. Therefore,
theoretical methods to describe possible SPET pathways are
requested. Moreover, the vacuum-calculated adsorption ener-
gies are not sufficient in electrochemical reactions under op-
erating conditions. Guiding principles and predictive models
capturing medium effects (e.g., pH, the proton sources, and
the buffer cations/anions) and surface reconstruction of cata-
lysts under electrochemical conditions are desirable. Further-
more, both theoretical calculations and experiments should
be combined to provide deeper insights into the reaction in-
terfaces between the electrocatalysts and the electrolytes.

Rational Design of the Catalysts and the Electrochemical System..
The catalytic activity and selectivity toward NH; formation of
almost all current NRR electrocatalysts in aqueous systems
are extremely low mainly due to the dominating HER that
shuttles electrons and protons to form hydrogen. Therefore,
strategies to suppress or even circumvent HER are requested
to significantly improve the catalytic activity and selectivity.
Crystal facet engineering, defect engineering, strain engineer-
ing, cation/anion regulating, heteroatom doping, reticular
chemistry, surface tethering, and electrode/catalyst/electrolyte
interface engineering are highly expected to suppress HER
and boost NRR. The breaking of scaling relations for elec-
trocatalytic NRR is important to reduce the overpotentials
and achieve better performance. Both the surface properties
and the electrochemical environments can substantially

ii

=
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change the overpotentials of electrocatalytic reactions.??
Successful examples in the field of CO,ERR,["7] as well as
effective catalyst design for high-temperature N, activation
and NH; synthesis can be helpful #3°% Using nonaqueous
proton donor is another possible way to break the scaling be-
tween the limiting potential and the binding energies.'>!/ On
the other hand, approaches to decoupling the reduction of
N, from subsequent protonation to NHj to completely cir-
cumvent HER should also be further investigated. The grand
challenge does not lie solely in catalyst design, but rather in
implementing the catalyst within suitable electrochemical
system, so as to control the interplay between activity, se-
lectivity, efficiency, and stability. Currently, the activity and
selectivity issues are more urgent to be tackled. For future
research activities, the efficiency and stability issues should
be considered more seriously when exploring effective cata-
lysts and constructing an excellent electrochemical system.
Theoretical studies indicated that some transition metal ni-
trides decomposed at certain potentials upon electrochemical
tests.[°061] The NHj; yields and the NH; Faradaic efficiency
apparently decreased experimentally after certain time.P%8!]
The active sites can be poisoned or deactivated during long-
term electrochemical tests. Therefore, durability tests are
highly requested for improving the commercial viability of
the electrochemical system.

iii) Clarification of the Origin of Nitrogen in the Ammonia Gener-
ated: Importantly, N, isotope labeling experiments are re-
quested to clarify the origin of the nitrogen in the ammo-
nia/ammonium generated in the electrochemical system,
especially when nitrogen atoms were presented in the elec-
trode/catalyst/electrolyte. Experiments must be carried out to
prove that nitrogen is coming from the molecular dinitrogen
applied to the system, instead of other sources of activated
nitrogen generated by nitrogen-containing compounds being
present either in the catalysts or in the electrolytes. The ori-
gin of nitrogen can be convincingly proved by using isotopi-
cally labeled N, and be quantified using mass spectroscopy,
NMR, or IR spectroscopy. For instance, the 'H NMR signal
of PNH," and the Fourier-transform infrared spectroscopy
(FTIR) spectra for isotopically labeled ammonia indicative-
ly synthesized from N, have been used in previous stud-
jeg.[120,130]

iv) Standard Protocols for the Electrochemical NRR Measurement
Techniques: Though no complete consensus has been reached
on the mandated, fixed procedures for implementing NRR
measurements, there are some strict instructions for further
research activities in this field. In terms of the catalysts for
NRR, if the catalyst itself contains N atoms, then N isotopic
measurements are needed to clarify that the N atoms in the
generated NH; are indeed originated from the applied N,.
In contrast, if the catalyst itself does not contain N atoms
in principle, whereas nitrogen-containing reagents or sur-
factants are employed during the synthetic processes, then
clarification of the origin of N atoms in the generated NH;
is still requested. One way to rule out such misleading fac-
tors is to avoid using nitrogen-containing chemicals during
the synthetic processes and avoid contamination during the
washing and drying of the catalyst materials. In terms of the
electrolytes and the electrode (current collector, gas diffusion
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Table 2. A brief summary of the representative experimental studies on N, electroreduction and NH; formation using various heterogeneous

catalysts.

CatalystlRef]

Cell type, electrolyte

Conditions [all at 1 atm]

Methods for ammonia

Ammonia formation rate

Faradaic efficiency

determination ug h' em™] [%]
Ru/Cl83] PEM-type cell, 90 °C Phenate method and ion 0.25, at —0.96 V vs Ag/AgCl 0.92
2.0 m KOH 20°C Chromatography 0.21, at =1.10 V vs Ag/AgCl 0.28
30 wt% Pt/C7? Back-to-back cell, Room temperature (RT) Nessler’s reagent method 69.8, at 1.6 V cell voltage 0.5
0.50 M H,S0,
30 wt9% Pt/ClE0 Back-to-back cell, 80 °C Nessler’s reagent method 47.2,at 1.2V cell voltage 0.83
Li*/H*/NH " mixed
electrolyte
Ru/Til% single chamber cell, 30°C Salicylate method 7.31,at 2 mA cm™? N/A
0.50 m H,S0,
Rh/Til*0l single chamber cell, 30°C Salicylate method 0.918, at 2 mA cm™? N/A
0.50 M H,S0,
P19l Back-to-back cell, 30°C Indophenol blue method 0.191 at 0.5 V cell voltage 0.01
6 M KOH/polymer gel
119 Back-to-back cell, 60 °C Indophenol blue method 0.130 at 0.25 V cell voltage 0.1
6 M KOH/polymer gel
Ru nanosheets®’] H-type cell, RT Indophenol blue method 23.88 ugh' mg” 0.217
0.10 m KOH at—0.2 Vvs RHE
Au nanorods!*® H-type cell, RT NH; assay kit and Nessler’s 1.648, at —0.2 V vs RHE 4.0
0.10 m KOH reagent method
Au/TiO,* H-type cell, RT Salicylate method 214 ugh™ mg 8.11
0.10 m KOH at—0.2 V vs RHE
Au-CeOx/RGOI® H-type cell, RT Salicylate method 83ugh ' mg, 10.1
0.10 m KOH at—0.2 Vvs RHE
Fe platel”®! H-type cell, 45 °C Indophenol blue method 2.8 %107, at—1.07 V vs SCE 1
6.0 m KOH
Fe-phthalocyaninel’4l H-type cell, 25°C Nessler’s reagent method 10.0-26.8 (within 20 min) 0.12-0.35
1.0 M KOH at—47.8 mA cm™?
Fe, FeNi, Ni®'] N/A 50 °C N/A 0.067-0.191, 1.1-41
basic electrolyte at 1.2V cell voltage
Fe on stainless steel H-type cell, RT Indophenol blue method 1.4, at-0.8 Vvs NHE 30
mesh(120 lonic liquids with trace (with [C4mpyr][eFAP])
amounts of water
Porous Nil®'] single chamber cell, RT Indophenol blue method 0.942, at 0.5 mA cm 0.89
2-propanol/H,SO,
Ni wirel H-type cell, RT N/A 32.8, at 1.8 V cell voltage 17.2
Cathode: EDA/LICI,
Anode: 0.050 m H,SO4
Mo nanofilml®3] H-type cell RT Salicylate method 1.89, at —0.49 V vs RHE 0.72,
0.010 m H,SO, at—0.29 Vvs RHE
MOF (Fe)[''4l PEM-type cell, 90 °C Nessler’s reagent method 129.74, at 1.2 V cell voltage 1.43
2.0 m KOH
Fe,05-CNTI®4l PEM-type cell RT Salicylate method and 0.22, at —2.0 V vs Ag/AgCl 0.15
2.0 M NaHCO;, ion-selective electrode at—1.0 V vs Ag/AgCl
30 wt% Fe,0;—CNTI] PEM-type cell RT Salicylate method 0.649, at —2.0 V vs Ag/AgCl 0.164
0.50 m KOH
0-Fe,03/CNT, our work PEM-type cell 25°C Nessler's reagent method 0.459, at —0.9 V vs Ag/AgCl 6.0
0.10 m KOH
1-Fe, 0,182 Back-to-back cell with 65 °C Indophenol blue method and 0.95, at 1.6 V cell voltage 0.044
AEM, 0.50 v KOH Nessler's reagent method
Single chamber cell, 0.74, at 0 V vs RHE 1.96

0.10 m KOH
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Table 2. Continued.
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CatalystiRef]

Cell type, electrolyte

Conditions [all at 1 atm]

Methods for ammonia
determination

Ammonia formation rate
[ugh™ cm?|

Faradaic efficiency
[%]

Nessler's reagent method

Nessler's reagent method

Nessler's reagent method
Nessler's reagent method

Indophenol blue method

Nessler's reagent method

Indophenol blue method

Nessler's reagent method

345.96, at =1.0 V vs RHE

393.87,at-1.0 Vvs RHE

691.56, at 3.5 mA cm™
642.6, at 2.5 V cell voltage

3.82,at—0.12 Vvs NHE

1.58, at —0.5 Vvs RHE
4.33,at-0.5Vvs RHE

23.21 ug h_1 mg_.‘cat
at-0.2 Vvs RHE

11.76 at -0.9 V vs RHE

0.964

1.29

90.4
N/A
2.0
2.85
487

10.16

1.42

ZnS73l single chamber cell, 25 °C
1.0 m KOH
ZnSel”8 single chamber cell, 25 °C
1.0 m KOH
SmPFeq 7Cug1Nig 057 Back-to-back cell 80 °C
Smy 5SresNiO,78 Back-to-back cell 80 °C
Polyaniline!2?] single chamber cell, 25°C
methanol/LiClO,/H,SO,
PEBCD/Cl® H-type cell, 25°C
0.50 m Li,SO, 40°C
Bi;V,04;/CeOx*4 H-type cell, RT
HCl, pH =1
N-doped carbonl®l H-type cell, RT
0.05 m H,SO,

layer, etc.), if these parts contain N species, clarification of the
origin of N atoms in the generated NHj is also requested. To
accelerate the experimental material screening for efficient
NRR electrocatalysts, there is an urgent need for developing
more accurate ammonia determination method at nanomolar
concentrations, as well as continuous monitoring and rapid
on-site measurements. Importantly, since the spectrophoto-
metric methods and the ion chromatography methods allow
for the detection of ammonia down to the ppm or even ppb
level, contamination of ammonia on the ppm level will result
in erroneous conclusions. It is therefore recommended that
the electrochemical system as well as the environment where
the measurements are carried out should be checked for pos-
sible ammonia contamination.

v) Advanced Characterization Techniques for NRR Electrocatalysts
in the Electrochemical System: In recent years, in situ and oper-
ando studies have played a crucial role in describing the local
and electronic structures of electrocatalyst in its functional
form and under operating conditions.["¥ For instance, phase
changes associated with ORR and OER activities upon applied
potentials have been observed by using in situ X-ray absorp-
tion near edge structure and extended X-ray absorption fine
structure.’3] In another case, real-time attenuated total re-
flection, surface-enhanced infrared absorption spectroscopy
(SEIRAS), isotopic labeling, and electrochemical techniques
were combined to investigate the CO,RR mechanisms on a
Cu thin-film electrode, allowing for direct observation of re-
action intermediates and understanding the role of the elec-
trolyte in the reaction.!'>¥ Similarly, the adsorbed species on
its surface during NRR under operating conditions demand
to be scrutinized by in situ and operando techniques for bet-
ter understanding of the catalytic reaction mechanisms. For
instance, SEIRAS was recently employed to study the NRR
mechanisms on a Au thin film.'**! Adsorbed N,H, species
were detected, indicating an associative reaction mechanism
on Au surfaces. Moreover, possible dynamic changes of the
catalyst surface as well as the role of the electrolyte during
the NRR process are to be discovered in the near future by
employing advanced in situ and operando techniques.
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vi) Development of Electrochemical Methods for NRR: So far, there are
very limited reports on the Tafel plots of NRR. Besides, rotating
disk electrode and rotating ring disk electrode measurements
are desirable for exploring the electrode kinetics and the elec-
tron transfer behaviors with the applied potential which is com-
monly used in electrocatalysis such as ORR, OER, and HER.

In summary, the great progress in the field of NRR has con-
firmed the possibility of electrochemical reduction of N, to NH3
on heterogeneous surfaces under ambient conditions. Despite
the grand challenges ahead, we believed that a combination of
theoretical and experimental investigations, together with the
use of in situ/operando characterization techniques and online
fast and accurate ammonia/ammonium nitrogen measure-
ments will further push the development of more active, more
selective, more efficient, and more stable heterogeneous electro-
catalysts for N, reduction and NH; formation in the near future.
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