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1. Introduction

NH3 is not only widely utilized as an essential activated nitrogen
source to manufacture agricultural fertilizers, dyes, polymers,
explosives, etc., but also provides a carbon-free chemical energy
carrier solution for the transportation sector.1–3 As the domi-
nant route for industrial-scale NH3 production using N2 and H2

as the feed gases, the century-old Haber–Bosch process suffers
from harsh reaction conditions, complicated factory infra-
structure, high energy consumption, and serious CO2 emis-
sions.4 One alternative approach to solve the NH3 synthesis
problem is to use electricity to drive the NH3 production reac-
tion,5 and this electrically driven process is compatible with
intermittent operation and enables utilization of renewable
electricity without needing transmission capacity expansion.
Electrochemical N2 reduction has emerged as an attractive
method for articial N2-to-NH3 conversion under ambient
conditions; however it is severely challenged by N2 activation
and needs efficient electrocatalysts to break the rather inert
molecular structure of N2 with an extremely high bond energy of
about 941 kJ mol�1.6–11 One big issue for the NRR in aqueous
electrolytes is that the competitive hydrogen evolution reaction
(HER) limits its current efficiency and leads to a low overall
reaction rate (Fig. 1).12 Although they have better NH3 selectivity,
molecular catalysts are fragile, which can be circumvented by
using heterogeneous NRR catalysts.

Two basic mechanisms (Scheme 1) are involved in the NRR
over heterogeneous catalysts: the dissociative and associative
mechanisms.13 In the dissociative mechanism, the N^N triple
bond is broken before its hydrogenation, leaving individual N-
adatoms on the catalyst surface which are transformed into
NH3 independently (Scheme 1a). The NRR based on the asso-
ciative mechanism proceeds via an alternating (Scheme 1b) and
a distal (Scheme 1c) pathway. For the alternating pathway, each
J. Mater. Chem. A, 2020, 8, 1545–1556 | 1545
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Fig. 1 Competition between the electrocatalytic NRR and HER
processes on the catalyst. The NRR process involves the transfer of six
electrons for one N2 molecule: N2 (g) + 6H2O (l) + 6e� ! 2NH3 (aq.) +
6OH� (aq.) (Eo ¼ 0.092 V vs. the reversible hydrogen electrode, RHE).
In this process, N2 reacts with protons from the electrolyte on the
surface of the catalyst to form NH3 using electrons from the electrode.
Because of the involvement of only two electrons per H2 molecule,
2H+ (aq.) + 2e� ! H2 (g) (Eo ¼ 0.00 V vs. RHE), the HER is kinetically
preferred over the multi-step six-electron NRR process.

Scheme 1 Generic NRR mechanisms on heterogeneous catalysts: (a)
dissociative pathway; (b) associative alternating pathway; and (c)
associative distal pathway. Reproduced from ref. 13 with permission
from Elsevier, copyright 2018.
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of the two N atoms of adsorbed N2 is hydrogenated in turn until
one N atom is converted into NH3 and the triple bond is broken.
For the distal one, preferential hydrogenation of the N atom
furthest away from the surface releases one equivalent of NH3,
followed by the hydrogenation of the other N-adatom to release
a second equivalent of NH3.

In this Minireview, we summarize the recent advances in
developing NRR electrocatalysts including noble-metal, non-
noble-metal and non-metal catalysts. Following this, we
discuss the strategies to boost the NRR performances including
electronic structure tailoring, active site enrichment and HER
1546 | J. Mater. Chem. A, 2020, 8, 1545–1556
suppression. Finally, future research directions are also
proposed in the concluding remarks.
2. Advances in NRR electrocatalysts
2.1. Noble-metal catalyst

Based on previous density functional theory (DFT) calculations
predicting a stronger binding of intermediates to the stepped
facets than to the at terraces on a N2-xing metal catalyst,14

Yan and co-workers demonstrated a proof-of-concept that a Au
nanorod with a tetrahexahedral structure is capable of cata-
lyzing the NRR with an NH3 yield of 1.648 mg h�1 cm�2 and
a faradaic efficiency (FE) of 4.02%.15 Wang et al. reported that
Pd/C is superior in NRR activity to Au and Pt in phosphate
buffer solution (PBS), attaining a FE of 8.2%.16 Theoretical
calculations further reveal that the in situ formed a-PdH enables
N2 activation through a thermodynamically more favorable
Grotthuss-like hydride transfer pathway compared to direct
surface hydrogenation or proton-coupled electron transfer
steps. Ru is industrially used as an alternative to conventional
Fe catalysts for more efficient NH3 synthesis at lower tempera-
tures.17 Recent work also shows that Ru nanoparticles perform
efficiently in ambient electrocatalytic N2 reduction to NH3

(5.5 mg h�1 m�2; 5.4%).18 Of note, Ag nanosheets also provides
quite positive results (4.8%).19
2.2. Non-noble-metal catalysts

Compared with noble-metal materials, non-noble-metal ones
have much higher earth abundance and hence hold greater
promise for application as attractive NRR catalysts. Biological
nitrogenases containing Mo, Fe and V are involved in natural N2

xation,20,21 and a variety of NRR electrocatalysts made of these
metals have been developed for articial electrochemical NH3

synthesis under ambient conditions.
Inspired by the fact that Mo and S elements play signicant

roles in nitrogenases, we performed theoretical calculations to
study the electronic structures of MoS2 and mapped out the
energy prole of the NRR on MoS2, which suggests that the
positively charged Mo-edge is the key to polarizing and acti-
vating the N2 molecules (Fig. 2).22 To prove this, we hydro-
thermally grew a MoS2 nanosheet array on carbon cloth (MoS2/
CC) to catalyze the NRR with a FE of 1.17%. Interestingly, other
Mo compounds are also active for the NRR. For instance, an
MoN catalyst can suppress electron transfer from Mo to the
adsorbed N2, facilitating the release of produced NH3 and thus
enhancing the NRR performance, andMoN nanosheets achieve
an NH3 yield of 3.01 � 10�10 mo1 s�1 cm�2 with a FE of
1.15%.23 Superior NRR performances have been reported for
Mo2C nanorods24 and Mo2C nanodots embedded in ultrathin
carbon nanosheets25 with FEs of 8.13% and 7.8%, respectively.
The exposed Mo atoms of the Mo2C(121) surface have large
adsorption energies to dissociate N2 and the subsequent
exothermic hydrogenation reactions are energetically prefer-
able via the alternating pathway.25 Compared with the above
Mo-based catalysts, its oxide counterpart can be more easily
prepared on a large scale, and our study also veries that MoO3
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Isosurface of deformation charge density as viewed from the
top. Red and green represent charge accumulation and loss, respec-
tively. The isosurface is 0.0025 a.u. (b) Free energy profiles for the NRR
at the MoS2 edge site. The asterisk (*) denotes the adsorption site. (c)
Structures of key intermediates of the potential-determining step
(PDS). (d) A schematic diagram to illustrate the electrochemical setup
for the NRR tests. (e) Scanning electron microscopy (SEM) images for
MoS2/CC. (f) Average NH3 yields and FEs of MoS2/CC at different
potentials in 0.1 M Na2SO4. Reproduced from ref. 22 with permission
from Wiley-VCH, copyright 2018.

Fig. 3 Transmission electron microscopy (TEM) images of non-metal
catalysts: (a) B nanosheet. Reproduced from ref. 56 with permission
from The Royal Society of Chemistry, copyright 2019; (b) black P
nanosheet. Reproduced from ref. 57 with permission fromWiley-VCH,
copyright 2019; (c) B4C nanosheet. Reproduced from ref. 58 with
permission from the Nature Publishing Group, copyright 2018; (d) BP
nanoparticles. Reproduced from ref. 59 with permission from The
Royal Society of Chemistry, copyright 2019; (f) PCN. Reproduced from
ref. 62 with permission from Wiley-VCH, copyright 2018; (e) atomic
force microscopy image and corresponding height profile for BN
nanosheets. Reproduced from ref. 61 with permission from Tsinghua
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nanosheets are active for electrocatalytic N2-to-NH3 xation
(4.80 � 10�10 mol s�1 cm�2; 1.9%).26

As the cheapest and one of the most abundant transition
metals, Fe-based NRR catalysts have also been widely explored.
Licht et al. reported efficient N2 reduction using Fe2O3 in
a molten hydroxide electrolyte cell at temperatures $200 �C.27

At room temperature and pressure, however, only a low FE of
0.15% was obtained for Fe2O3 nanoparticles supported on
carbon nanotubes in a ow electrochemical cell operating in
the gas phase.28 Since then, much effort has been made to
explore Fe oxides with higher NRR activities in aqueous
media.29–31 An Fe3S4 nanocatalyst was also shown by Zhao et al.
to be active with a FE of 6.45% for NH3 formation.32 For the rst
time, we demonstrate that FeOOH nanorods achieve a FE of
6.7%, and DFT calculations evidence that the Fe-edge atom of
the FeOOH(110) surface plays a key role in polarizing and
activating the N2 molecules for both charge exchange and
transfer.33 Quite surprisingly, a more recent study by us
suggests that a P-rich FeP2 nanoparticle-reduced graphene
oxide hybrid exhibits superhigh performances with a large NH3

yield of 35.26 mg h�1 mgcat.
�1 and a high FE of 21.99%.34 DFT

calculations reveal decreased HER activity, higher N2 adsorp-
tion energy, and a larger number of NRR active sites for FeP2
compared to FeP.
This journal is © The Royal Society of Chemistry 2020
VN has previously been identied by DFT analysis as
a promising candidate for the NRR under ambient conditions,35

but only recently has this prediction been experimentally veri-
ed.36–38 For transition metal nitrides, a Mars-van Krevelen
mechanism is considered for NH3 generation: a surface N atom
is reduced to form NH3 aer which the resulting vacancy is
replenished by a N2 molecule from the electrolyte. The N-
vacancy must be stable at the surface, thus avoiding migra-
tion into the bulk of the catalyst. If not so, the reacted N on the
surface is only replaced with more N atoms from the catalyst
itself until all the N atoms of the metal nitrides are completely
depleted, leaving only pure metal. V oxides are also able to
catalyze the NRR.39,40 It should be noted that many other metals
without biological implications, including Ti,41–43 Nb,44,45 Cr,46

Mn,47 Co,48 Cu,49 Bi,50,51 Sn,52 La,53 etc., have also been identied
to actively electrocatalyze the reduction.
University Press and Springer-Verlag, copyright 2019.
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2.3. Non-metal catalysts

From economic and environmental viewpoints, using non-
metal catalysts could lower the cost and avoid the residues of
metal ions. Nanocarbons, which are mainly composed of
carbon and can even be made directly out of biomass, feature
wide potential windows and structural diversity, which make
them promising for electrochemical application as sustainable
materials.54 Unfortunately, pristine nanocarbons have poor
NRR activities and effective strategies must be implemented to
improve their catalytic performances (see the following section
for details).

Interestingly, nanomaterials of elemental B55,56 and black P57

perform efficiently in electrochemical NH3 synthesis. Other
non-metal materials including B4C,58 BP,59 BN,60,61 and poly-
meric carbon nitride (PCN)62 are highly active NRR catalysts.
Fig. 3 presents the morphologies and the performance metrics
are detailed in Table 1.

3. Strategies for boosting the NRR
performances

The catalytic performances of current catalysts are still far from
meeting the needs of practical applications. From the point of
view of thermodynamics, the NRR should proceed at negative
potentials that are dominated by the competing HER, leading to
a tough selectivity issue and thus unsatisfactory current effi-
ciency. It is clear that strategies should be developed to enable
more efficient N2 reduction electrocatalysis. In the following
section, we will summarize the most recent progress in strate-
gies to boost the NRR performances, which include: (1) tailoring
the electronic structures to promote intrinsic NRR activity; (2)
enriching active sites to increase the apparent NRR activity; (3)
suppressing the HER to improve the selectivity.

3.1. Tailoring the electronic structures of catalysts

Tailoring the electronic structure of a catalyst is the most
common method to change the adsorption behaviour and tune
the intrinsic activity of each active site.63 Defect engineering and
heteroatom doping have been proven to be the two most
effective methods to boost the intrinsic activity of NRR elec-
trocatalysts. Surface functionalization and interface engi-
neering provide us with two other good choices for this purpose.

3.1.1 Defect engineering. O vacancies (VO) can manipulate
the electronic structure of metal oxides to achieve enhanced
conductivity and could also act as the active sites to adsorb the
reactants and reaction intermediates leading to a lowered acti-
vation energy barrier.64 Li et al. reported that VO in amorphous
TiO2 promote the adsorption and activation of N2 facilitating N2

photoreduction to NH3.65 Recently, we found that a TiO2

nanosheet array can electrocatalyze the NRR with a FE of 2.50%
in Na2SO4, and the in situ generated VO during the NRR are
supposed to be responsible for the enhanced adsorption and
activation of N2.41 To gain further experimental and theoretical
support for this, VO were intentionally introduced into TiO2 via
cathodic polarization, and the resulting defective TiO2 achieves
a much higher FE (9.17%) than the pristine one (0.95%) in
1550 | J. Mater. Chem. A, 2020, 8, 1545–1556
acid.66 Such an enhancement is also observed for other metal
oxides like MnO2,67 WO3,68 Fe2O3 (ref. 69) and CeO2.70

The Yu group reported experimentally and theoretically that
electrochemical N2 reduction can be achieved by using PCN
with N vacancies (VN) which chemisorbs and signicantly
increases the bond length of N2 resulting in strong N2 activa-
tion.62 Because of the lack of 15N2 isotopic experiments, one
cannot conrm that the N of NH3 only comes from the N2 feed
gas. A more recent study by the Qiao group shows that VN

conned on 2D W2N3 nanosheets provide an electron-decient
environment to facilitate N2 adsorption and lower the thermo-
dynamic limiting potential of the NRR.71 A nuclear magnetic
resonance (NMR) test using 15N2 as the feed gas veries that the
NH3 was indeed generated via the NRR instead of decomposi-
tion of the catalyst or other contaminants.

The intrinsic high HER activity of MoS2 limits its current
efficiency for NH3 formation.22,72 We have addressed this issue
by designing S-rich defective MoS2 nanoowers.73 This catalyst
attains a much higher FE of 8.34% than its defect-free coun-
terpart (2.18%). The DFT results suggest that the defects lead to
the d-band center of Mo atoms moving close to the Fermi level
(�0.26 eV/ –0.14 eV) related to a stronger interaction between
the catalyst surface and N2 molecule (�0.65 eV). Moreover, the
defective MoS2 has a lower energy barrier of the PDS (0.60 eV)
than the pristine one (0.65 eV).

For pure metal catalysts, the defect effect is rarely studied. A
recent study by the Yan group demonstrates the modulation of
the electronic properties of Bi via defect engineering (Fig. 4).74

In their study, Bi(110) nanoplates with a high fraction of iso-
lated Bi vacancies were fabricated from Bi2O3 nanoplates using
a low-temperature plasma bombardment approach. This defect-
Bi achieves an NH3 yield of 5.453 mg h�1 mgcat.

�1 and a FE of
11.68%. Theoretical calculations indicate that defect-Bi(110)
has a much lower activation energy (0.56 eV) in comparison
with perfect-Bi(110) (1.03 eV) for the rate-determining step.

3.1.2 Heteroatom doping. Chemical doping with hetero-
atoms has also been proven to be an effective strategy to
improve the electrocatalytic NRR activity. In Liu's study, N-
doped porous carbon with a high N content and tunable N
species was derived from zeolite imidazole framework-8 (ZIF-8)
pyrolysis and tested for the NRR leading to an NH3 yield of 23.8
mg h�1 mgcat.

�1 and a FE of 1.42%.75 Although the authors
established the correlation between the level of N doping and
the NRR performance based on their experimental and theo-
retical data, a persuasive conclusion is still pending because of
the unavailability of 15N2 isotopic experiment results. Wang
et al. directly utilized a hierarchically structured N-doped
nanoporous carbon membrane (NCM) as the working elec-
trode for electrochemical N2-to-NH3 conversion with a FE of
5.2% and an NH3 yield of 0.08 g m�2 h�1.76 Decorating this NCM
electrode with Au nanoparticles further improves the perfor-
mance metrics to 22% and 0.36 g m�2 h�1, respectively.

As a 2D nanocarbon with high conductivity and chemical
stability, graphene with B doping attains an NH3 yield of 9.8 mg
h�1 cm�2 and a FE of 10.8%.77 B incorporation causes redis-
tribution of electron density and the as-formed electron-
decient B sites have higher N2-binding capability. The much
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Illustration of the synthesis of a defect-Bi nanoplate and its
application for the NRR; (b) TEM image of defect-Bi nanoplates; (c)
free–energy diagrams for the NRR on the perfect-Bi(110) and defect-
Bi(110) facets via a reaction pathway; (d) activation energy of the rate-
determining step. Reproduced from ref. 74 with permission from
Wiley-VCH, copyright 2019.

Fig. 5 (a) DFT prediction of the NRR activity for adjacent bi-Ti3+ on
anatase (101) with VO (light-blue spheres: lattice oxygen at the bridge
sites where the surface VO are formed most easily; red spheres: other
lattice oxygens on the surfaces; gray spheres: titanium cations; DG:
free energy; DE: electronic energy. (b) TEM image for Zr–TiO2 nano-
tubes. (c) NH3 yields and FEs of Zr–TiO2 at each given potential.
Reproduced from ref. 88 with permission from the Nature Publishing
Group, copyright 2019.
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larger electronegativity of O with respect to C endows it with
a stronger ability to manipulate the electronic properties of
carbon catalysts. O-doped graphene derived from sodium
gluconate was also identied by us as a superior NRR catalyst
with a larger NH3 yield of 21.3 mg h�1 mgcat.

�1 and a higher FE of
12.6%.78 DFT data show that both C]O and O–C]O groups
make a greater contribution to the NRR than the C–O group.
Other heteroatoms like S79 and F80 also work effectively as
dopants to boost the NRR performances of graphene.

Like carbon materials, metal-based catalysts can also be
doped with non-metal and metal heteroatoms to boost the NRR
performances. F was utilized by us to dope FeOOH to decrease
the reaction energy barrier, and the performance metrics are
greatly boosted from 10.01 mg h�1 mgcat.

�1 and 2.16% to 42.38
mg h�1 mgcat.

�1 and 9.02%, respectively.81 The same idea was
followed by Liu et al. for SnO2 mesoporous nanosheets,82 and it
could also be applicable to other metal oxides. Cu doping in
CeO2 was reported to form multiple VO for dramatically
enhanced catalytic activities.83 For such a strategy, TiO2 is the
most extensively studied metal oxide and several dopants like
C,84,85 B,86 V,87 and Zr88 work effectively. The C-doped TiO2/C
material derived from MIL-125(Ti) affords a high FE of 17.8%,
which is attributed to the doping of C atoms into VO and the
formation of Ti–C bonds, which enable energetically more
favourable N2 activation.85 In Zheng's work, given that Zr4+ has
a similar d-electron conguration and oxide structure but
relatively larger ionic size, it was doped into TiO2 to induce the
formation of adjacent bi-Ti3+ pairs as the most active centers for
efficient N2 lying-down chemisorption and activation (8.90 mg
h�1 mgcat.

�1; 17.3%) (Fig. 5).88 Impressively, high-performance
NRR catalysis can also be enabled over TiO2 using Fe as
a dopant due to the synergistic effect of bi-Ti3+ and VO (25.47 mg
h�1 mgcat.

�1; 25.6%).89

3.1.3 Surface functionalization and interface engineering.
To avoid using high-temperature thermal annealing to prepare
carbon-based NRR catalysts, carbon nanotubes were acidically
This journal is © The Royal Society of Chemistry 2020
oxidized to introduce functional groups (C–O, OH, COOH, C]
O) on their surface, and as a NRR catalyst, they exhibit superior
performances (32.33 mg h�1 mgcat.

�1; 12.50%).90 Our recent
work further shows an enhancement in the NRR activity of
reduced graphene oxide (rGO) aer surface modication with
oxygen-rich tannic acid (TA).91 The strong p–p stacking inter-
actions between p-rich TA and rGO brings TA into very close
proximity with rGO, which leads to intimate contact between
the oxygen functional groups of TA and rGO favouring more
effective manipulation of its electronic properties. The same
strategy has also been used to improve the NRR performances of
Pd catalysts (24.12 mg h�1 mgcat.

�1; 9.49%).92 Compared to Pd,
the much larger electronegativity of the O of TA could drive the
formation of electron-decient Pd with enhanced N2-adsorption
ability,69 but the exact enhancement mechanism is not
completely understood at the present time.

Because amorphous catalysts are in a metastable state with
abundant unsaturated coordination sites, they exhibit higher
catalytic activity than the crystalline ones. To this end, Shi et al.
achieved the amorphization of Au nanoparticles anchored on
rGO using CeOx as a trigger, and the resulting a-Au/CeOx-rGO
hybrid shows superior NRR performances (8.31 mg h�1 mgcat.

�1;
10.10%) to other control catalysts.93 The Yu group also reported
highly active NRR electrocatalysis enabled by a CeO2/amor-
phous Bi4V2O11 hybrid (23.21 mg h�1 mgcat.

�1; 10.16%).94 The
amorphous phase has more abundant defective sites and lowers
the energy barrier, and CeO2 triggers its amorphization during
calcination. More recently, metal/metal interface engineering
has also been applied to boost NRR catalysis, and the donor–
J. Mater. Chem. A, 2020, 8, 1545–1556 | 1551
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acceptor couple of Ni and Au nanoparticles with a strong elec-
tronic connection attains a superhigh FE of 67.8%.95 In this
study, Au nanoparticles were directly deposited on Ni nano-
particles via Galvanic replacement, and the electron-rich Au
nanoparticles accepting electrons from Ni nanoparticles facili-
tate the adsorption and activation of N2 molecules.
3.2. Enriching the active sites of catalysts

Enriching the active sites to increase the apparent activity is
regarded as the most straightforward way to boost the catalytic
performances of electrocatalysts. To obtain a more active cata-
lyst, one promising approach is nanostructuring of the catalyst
to signicantly increase the number of active sites. Previous
studies point out that the size and shape of catalysts have a large
inuence on their NRR activities. The Yan group reported using
Au sub-nanoclusters on TiO2 as a more efficient catalyst (21.4 mg
h�1 cm�2; 8.11%) due to the fact that the small size of the sub-
nanoclusters with high surface energy facilitates the formation
of strong Au–O–Ti bonds and the resulting positively charged
Au centers favour N2 adsorption.96 Au owers were also reported
to show higher performances than Au spheres, which is attrib-
uted to the exposure of more active sites by the dendritic
structures of Au owers.97 Using hollow gold nanocages as
a NRR catalyst, Nazemi et al. attained a FE of 30.2% with an NH3

yield of 3.9 mg h�1 cm�2.98 Such a unique hollow nanostructure
not only exposes abundant active sites, but also provides
a conned reaction environment that increases the residence
time of N2 molecules on its inner surface to enhance the
conversion of N2 to NH3. In another study, we analyzed the
performances of Cr2O3 catalysts, including hollow micro-
spheres, solid microspheres, and nanoparticles with the
following performance metrics: 25.3 mg h�1 mgcat.

�1 & 6.78%,
11.4 mg h�1 mgcat.

�1 & 2.94%, and 13.8 mg h�1 mgcat.
�1 &

4.73%.46

Another attractive approach is to disperse electrocatalysts on
supports with a high surface area and conductivity. Using such
a support can better disperse and reduce aggregation of the
nanocatalysts on one hand and enhance the charge transport
on the other hand. Thus far, graphene has been largely used to
support CoO,48 CuO,49 Au/CeOx,93 TiO2,99 Mn3O4,100 Cr2O3,101

SnO2,102 Fe2O3,103 FeOOH,104 PdCu,105 PdP2,106 Ru2P,107 S dots,108

and perylene-3,4,9,10-tetracarboxylic acid nanorods.109 Gra-
phene is electrocatalytically inert for the NRR, and its use as an
inactive support would thus have an adverse effect on NH3 yield
per unit mass. The high conductivity and large surface area of
2D Ti3C2Tx MXene,110 together with its intrinsic NRR
activity,43,111 are promising for its use as an ideal support for
NRR catalysts. We grew whisker-like MnO2 on Ti3C2Tx akes
and the MnO2–Ti3C2Tx hybrid attains a large NH3 yield of 34.12
mg h�1 mgcat.

�1 and a high FE of 11.39%, superior to those of
each component due to the synergistic catalytic effect.112 In
another study, Ti3C2Tx MXene nanosheets act as both the
support and Ti source for in situ solvothermal development of
VO-rich TiO2 nanoparticles, and this hybrid efficiently catalyzes
the NRR (32.17 mg h�1 mgcat.

�1; 16.07%).113 More recently, black
P quantum dots were stably conned on electrochemically
1552 | J. Mater. Chem. A, 2020, 8, 1545–1556
active, electrically conductive black SnO2–x nanotubes via Sn–P
coordination, and both components in the hybrid synergisti-
cally catalyze the NRR to afford amazing performance metrics
(48.87 mg h�1 mgcat.

�1; 14.6%).114

Single-atom catalysts (SACs) with maximum atom-utilization
efficiency and unique properties enable reasonable use of metal
resources and achieve atom economy, and they have recently
emerged as a new Frontier in materials and catalysis sciences.
Encouragingly, the establishment of reliable synthetic strate-
gies to guarantee the stabilization of single metal atoms against
migration and agglomeration has aroused huge recent interest
in exploring their electrocatalytic applications.115 Several recent
studies have described highly active N2 reduction electro-
catalysis enabled by SACs. Wang et al. synthesized atomically
dispersed Au catalysts on carbon nitride for the NRR with a FE
of 11.1% and an NH3 yield of 1.305 mg h�1 mgAu

�1, which is
�22.5 times as high as that for supported Au nanoparticles.116

Au single sites stabilized on N-doped porous and highly
oxidized carbon also enable efficient N2 electroreduction (2.32
mg h�1 cm�2; 12.3%).117 An NH3 yield of 120.9 mg h�1 mgcat.

�1

was reported by Geng et al. over single Ru atoms anchored on N-
doped carbon (Ru SAs/N–C).118 Han et al. prepared single Mo
atoms anchored to N-doped porous carbon, and the high-
density active sites and hierarchically porous carbon frame-
works led to an NH3 yield of 34.0 � 3.6 mg h�1 mgcat.

�1 and a FE
of 14.6 � 1.6%.119 Another recent study by Wang et al. conrms
that single-atom Fe on N-doped carbon achieves a much lower
NH3 yield of 7.48 mg h�1 mgcat.

�1 than Ru andMo-based SACs.120

These studies would open up an exciting new avenue to explore
using SACs for electrocatalytic N2 reduction, but care should be
taken regarding these and other N-containing catalysts because
they may decompose and leach N leading to inaccurate results.
3.3. Suppressing the HER

Suppressing the HER at the catalyst/electrolyte interface by
manipulating the availability of H+ is an attractive route to
improving NRR selectivity. DFT calculations predict that poly-
imide has intrinsic sluggish HER activity with a large activation
barrier and Li+ association can further reduce the active sites to
passivate the HER.121 Inspired by this, Chen et al. reported a Li+-
incorporated poly(N-ethyl-benzene-1,2,4,5-
tetracarboxylicdiimide) (PEBCD) to boost NRR selectivity, and
the NRR and HER processes are effectively promoted and
retarded, respectively, by associating Li+ ions with the O atoms
in the PEBCD matrix.122 Although it achieves signicant HER
passivation, this catalyst attains a FE of only 2.85%, which could
be due to its intrinsic low NRR activity. In another study by the
Zhao group, in-operando created strong Li–S interactions
endow S-rich MoS2 with superior NRR activity (43.4 mg h�1

mgcat.
�1; 9.81%).123 Such interactions suppress the HER, facili-

tate N2 adsorption and increase NRR activity.
Hao et al. recently reported a strategy to simultaneously

promote NRR selectivity and activity using Bi nanocrystals and
K+ cations (Fig. 6).124 The K+ cations not only stabilize the key
nitrogen-reduction intermediates but also regulate proton
transfer to increase the selectivity. A previous study suggests
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Mass transfer of H+ and N2 to the catalyst surface in electrolytes
(a) without and (b) with K+. (a) In acidic solutions without K+, H+ can be
transferred to the surface readily, and the HER will dominate. (b), K+

hinders H+ transfer to the catalyst surface. N2 will be adsorbed pref-
erentially, and the NRR is promoted. (c) High-resolution TEM image of
BiNCs, showing the exposed surfaces of {012}, {104} and {110}. (d) FE
vs. c(K+). Gibbs free–energy diagrams for the NRR on (e) Bi(012), (f)
Bi(110), and (g) Bi(104) facets in the presence or absence of K+ (pH
0 andU¼ 0 V vs. SHE). Reproduced from ref. 124 with permission from
the Nature Publishing Group, copyright 2019.
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that supporting cations with high concentration can retard H+

migration from the bulk solution to the electrode surface
leading to signicant HER suppression.125 In Hao's work, opti-
mized NRR performances (200 mmol g�1 h�1; 66%) were ob-
tained in acidic 0.5 M K2SO4 electrolytes (pH ¼ 3.5). Of note,
such NRR promotion and HER suppression by K+ can also apply
to Au and Pt catalysts.

Coating a porous hydrophobic nanolayer over a NRR catalyst
to repel water molecules could be another attractive alternative.
This concept was rst demonstrated in Ling's work.12 The
authors deposited Ag nanocubes onto an Au electrode, followed
by coating with a bifunctional ZIF-71 thin lm as a sorption
layer for conning N2 molecules to improve reactant–catalyst
interactions and as a superhydrophobic barrier to inhibit water
access. This structure affords a FE of 18 � 4%, which is boosted
by 10% compared to that of the uncoated catalyst. However, this
system is neither cost-effective nor environmentally friendly
because of the use of tetrahydrofuran and ethanol as the
medium and proton source, respectively. An improved catalyst
was recently designed by Yang et al.126 In their work, nano-
porous gold (NPG) as the core was coated with a ZIF-8 shell
which weakens hydrogen evolution and retards reactant diffu-
sion, leading to a superb aqueous-based NPG@ZIF-8 catalyst
(28.7 � 0.9 mg h�1 cm�2; 44%). However, the authors have not
commented on why the hydrophobic ZIF-8 can operate effi-
ciently in an aqueous electrolyte.
This journal is © The Royal Society of Chemistry 2020
The higher barrier for mass- and charge-transfer of neutral
electrolytes leads to less favourable HER kinetics.127 Wang et al.
tested a Pd/C catalyst in PBS with a FE of 8.2%, but this catalyst
only affords a FE lower than 0.1% in both H2SO4 and NaOH.16 It
is argued that PBS is a promising electrolyte for the electro-
chemical NRR due to its effective suppression of HER activity.
Given the wide variety of experimental parameters tested in
each study, this conclusion should be taken with caution
because the large amount of research experience of our group
suggests that the choice of electrolyte for optimized NRR
performances also relies strongly on the catalyst itself.

4. Conclusions and outlook

The electrocatalysis community has made some recent progress
in the design and development of catalytic systems to enable
efficient electrochemical N2 reduction to NH3 under ambient
conditions. An ideal catalyst should effectively adsorb and
activate N2 molecules to overcome the slow kinetics. By
manipulating the electronic structures of NRR catalysts, we can
promote their intrinsic activities. Increasing the number of
exposed active sites provides us with the most straightforward
way to enhance the apparent catalytic activity. As the HER has
lower overpotentials, the NRR in aqueous electrolytes always
suffers from strong HER competition, leading to limited selec-
tivity for NH3 formation. Despite some successful examples
demonstrating the effective suppression of the HER to boost
NRR selectivity, the versatility of this strategy has not been fully
exploited. New strategies for catalyst design and HER suppres-
sion are still needed. Obviously, the selectivity issue will be
better addressed by more general HER-retarding strategies like
adding organic additives in the electrolytes or modifying the
catalyst surface with water solvable H+-repelling molecules. We
shoud point out that it is not appropriate to only emphasize
current efficiency, and NH3 yield should also be treated seri-
ously as an important metric for evaluating the overall perfor-
mances of a NRR catalyst.

Recently, the reliability of the NRR results has provoked
discussions of experimental protocols,128 and strict standards
have been set to obtain correct scientic reports.129 Control
measurements with Ar under the exact same conditions and
with N2 at open circuit potential are required to probe NH3

contamination within the cell, catalyst, and feed gas.130 Possible
contaminants like NOx and other labile nitrogen compounds
can be effectively removed through adsorption on a reduced Cu
catalyst,129 and possible NH3 and NOx impurities can also be
removed through a saturator lled with 0.05 M H2SO4 (aq.)130

Provided that all these protocols are carefully taken into
consideration,129–131 both isotope-specic nuclear magnetic
resonance and colorimetric measurements should give similar
quantied results.129 As a well-established technique for ion
analysis, ion chromatography (IC) also provides quantitative
results which are consistent with those of colorimetry.47,66,80

Both colorimetry and IC measurements should also be consid-
ered as reliable alternatives to quantitatively gauge the NH3

product. The future development of electrochemical NH3

synthesis will heavily rely on establishing more efficient
J. Mater. Chem. A, 2020, 8, 1545–1556 | 1553
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catalytic systems to achieve high selectivity and large current
density for massive NH3 production, which however will still
remain a big challenge for quite a long time.
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S. Zhao, E. Stavitski, J. Luo, R. R. Adzic and H. L. Xin, Angew.
Chem., Int. Ed., 2019, 58, 2321–2325.

120 M. Wang, S. Liu, T. Qian, J. Liu, J. Zhou, H. Ji, J. Xiong,
J. Zhong and C. Yan, Nat. Commun., 2019, 10, 341.

121 Y. Wang, X. Cui, Y. Zhang, L. Zhang, X. Gong and G. Zheng,
Adv. Mater., 2016, 28, 7626–7632.

122 G. Chen, X. Cao, S. Wu, X. Zeng, L. Ding, M. Zhu and
H. Wang, J. Am. Chem. Soc., 2017, 139, 9771–9774.

123 Y. Liu, M. Han, Q. Xiong, S. Zhang, C. Zhao, W. Gong,
G. Wang, H. Zhang and H. Zhao, Adv. Energy Mater.,
2019, 9, 1803935.

124 Y. Hao, Y. Guo, L. Chen, M. Shu, X. Wang, T. Bu, W. Gao,
N. Zhang, X. Su, X. Feng, J. Zhou, B. Wang, C. Hu, A. Yin,
R. Si, Y. Zhang and C. Yan, Nat. Catal., 2019, 2, 448–456.

125 Y. Mukouyama, R. Nakazato, T. Shiono, S. J. Nakanishi and
H. Okamoto, J. Electroanal. Chem., 2014, 713, 39–46.

126 Y. Yang, S. Wang, H. Wen, T. Ye, J. Chen, C. Li and M. Du,
Angew. Chem., Int. Ed., 2019, 131, 15506–15510.

127 D. Strmcnik, P. P. Lopes, B. Genorio, V. R. Stamenkovic and
N. M. Markovic, Nano Energy, 2016, 29, 29–36.

128 L. F. Greenlee, J. N. Renner and S. L. Foster, ACS Catal.,
2018, 8, 7820–7827.
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