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ABSTRACT

Electrochemical nitrogen reduction reaction (NRR) is considered as an alternative to the industrial Haber-Bosch process for NHs
production due to both low energy consumption and environment friendliness. However, the major problem of electrochemical
NRR is the unsatisfied efficiency and selectivity of electrocatalyst. As one group of the cheapest and most abundant transition metals,
iron-group (Fe, Co, Ni and Cu) electrocatalysts show promising potential on cost and performance advantages as ideal substitute
for traditional noble-metal catalysts. In this minireview, we summarize recent advances of iron-group-based materials (including
their oxides, hydroxides, nitrides, sulfides and phosphides, etc.) as non-noble metal electrocatalysts towards ambient No-to-NH3
conversion in agueous media. Strategies to boost NRR performances and perspectives for future developments are discussed to

provide guidance for the field of NRR studies.
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1 Introduction

NH; is an important chemical material that is widely used in
industrial and agricultural production, such as aqueous ammonia,
dye, plastic, explosive and fertilizer, etc. [1]. The annual global
ammonia production has exceeded 200 million tons, and 80%
of which is used to the synthesis of fertilizer, which contributes
important part to the rapid economic development and
population growth [2]. NHs is also considered as an attractive
hydrogen carrier (17.6 wt.%), due to the advantages of high
energy density (4.3 kWh-kg™), carbon-free nature and easy
transport (—33 °C, liquid) [3]. In traditional industry, NH; is
produced from N and H. feeding gases via the Haber-Bosch
process, which requires high pressure (150-350 atm), tem-
perature (350-550 °C) and Fe-based catalysts [4]. However,
industrial H, is mainly produced by the high-temperature
reactions between H,O and carbon-containing compounds,
e.g., C, CO, CH4, CH3OH, and the Haber-Bosch process using
this H. source suffers from heavy energy consumption and
serious CO: emission, contributing to 2% of global energy
consumption and 1% of greenhouse gas. Inspired by the
biological N fixation of nitrogenase [5, 6], ambient NH; synthesis
becomes an economic and environment-friendly strategy.
Electrocatalytic nitrogen reduction reaction (NRR), which can
synthesize NH; from N. and water at ambient conditions

without releasing greenhouse gas, becomes a promising
alternative to the Haber-Bosch process but needs efficient
electrocatalysts to drive the NRR [7-9].

Generally, noble-metal catalysts show remarkable perfor-
mances, but the high cost and scarcity limit their large-scale
applications [10-13]. Therefore, research focus has been shifted
to noble-metal-free alternatives [14-29]. Typically, transition
metal (TM)-based materials are promising NRR catalysts due
to the abundant d-orbital electrons and unoccupied orbitals
for the activation of strong N=N triple bond [30, 31]. Among
them, iron-group (Fe, Co, Ni and Cu) [32] electrocatalysts are
considered to be ideal substitute for noble-metal catalysts.
Moreover, iron-group elements are of active metals easy to be
compounded with other elements, such as modifying into
oxides, hydroxides, nitrides, sulfides and phosphides, which
may possess unusual and remarkable catalytic activation and
stability.

Here, we summarize the recent advances of iron-group
catalysts for electrochemical NRR under ambient conditions
in aqueous media. Firstly, we analyze the NRR mechanisms
and discuss the strategies to boost the NRR performances. Then,
we present the fabrication and application achievements of Fe—,
Co-, Ni—, Cu— and multi-iron-based catalysts, including their
oxides, hydroxides, nitrides, sulfides and phosphides, even metal
organic frameworks (MOFs), as noble-metal-free electrocatalysts

Address correspondence to Xunping Sun, xpsun@uestc.edu.cn; Dongwei Ma, dwmachina@126.com

TSINGHUA
2 UNIVERSITY PRESS

@ Springer

Qo
.0
T
<
=
(]
>
Q
o




556

for N»-to-NH; conversion. Finally, we outlook the future per-
spectives and provide some insights into the development of
electrochemical NRR.

2 Fundamental mechanisms of NRR

N atom has five valence electrons with an electronic configuration
of 2s*2p’, which means three unoccupied 2p orbitals and
hence the high reactive activity of single N atom. However, the
very stable N, molecule can be easily formed by the linear
combination of atomic orbitals between two N atoms. As shown
in Fig. 1(a), the hybrid orbitals consists of four bonding orbitals
(two o and two ) and four antibonding orbitals (two o* and
two 1*), in which two o, one ¢* and two m orbitals are fully
occupied by the coupled spin electrons while other orbitals
display empty state [2, 33]. It is well known that the o or ¢*
chemical bonds usually present very high bonding energy
such as that the highly inert diamond has four this type of
bonds [34]. For N, the three occupied ¢ and ¢* orbital bonds
also contribute to its inert properties. It needs a high energy
input of 945 kJ-mol™ to directly cleave the N=N triple bond,
which can well explain why the harsh conditions of Haber-Bosch
process [2, 35]. In addition, there is a large band gap (10.82 eV)
between the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO) and a high
ionization energy (15.58 eV), which certainly prevent the electron
transfer [2, 33]. As shown in Fig. 1(c), the basic mechanisms
for N»-to-NH; conversion can be classified into two types,
including dissociative and associative pathways [30, 35-37].
The dissociative pathway mainly concerns with the Haber-
Bosch process, where the high energy input firstly cleave the
N=N triple bond to obtain isolated N atoms which then react
with Hatoms to form NH; molecules. As to associative pathway,
hydrogenation process occurs but keeping the two N atoms of
N: bond with each other before the first NH; is generated.
According to the bonding pattern between N and active sites,
the associative pathway can be further divided into end-on
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and side-on patterns. For the end-on pattern, only one N atom
of N is bonded to active sites while in side-on pattern is the both
N atoms bonded to active sites [30, 35]. Further, according to
the hydrogenation order, the end-on pattern has two ways for
producing NHs, namely distal and alternating pathways, while
the side-on one only has enzymatic pathway. In the distal pathway,
proton-electron pairs firstly attack the N atom away from the
active N is reduced to NHs. As can be seen, the key step is to
promote the electron exchange between N, and catalyst.
Namely, after N, adsorption on catalyst surface, the N2 donates
the electrons from its bonding orbitals, and at the same sites to
generate one NH;, and then attack the other N atom of N,. In the
alternating pathway, the proton-electron pairs attack the two N
atoms alternatively, with the second NHj released just after the
first NHs. The enzymatic pathway has a similar hydrogenation
process with the alternating pathway [30, 35]. In addition, for
the end-on pattern, the hydrogenation may proceed through
a so-called hybrid pathway, where at the third hydrogenation
step the distal pathway may switch to the alternating one,
depending on the relative free energy change (as denoted by
the dotted arrow in Fig. 1(c)).

In fact, the associative pathway initially is inspired by the
biological nitrogenase (Fig. 1(b)). Typically, in the N; fixation
process of FeMo-dependent enzyme, the electrons are provided
by the hydrolysis of 16 adenosine 5’-triphosphate (ATP), then
the electrons are transferred by Fe-protein to the metal cluster
FeMo cofactor, where time, accepts the injected foreign electrons
into its antibonding m* orbital, which activate the N, and offer a
mild kinetic way for further hydrogenation to form NH; [2, 38,
39]. For the electrochemical NRR, the ATP-hydrolysis electrons
are replaced by the electrons driven from external electrode. No
matter which way, N adsorption, activation, hydrogenation and
NH; desorption are the essential steps. For the electrochemical
NRR, a typical way to promote N adsorption is selecting
appropriate catalyst to provide beneficial active sites. Besides
of the biological FeMo cofactor [36, 39], some other transition
metals also have this ability to adsorb and activate N> by using
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Figure 1

Associative pathways

(a) N atom orbitals and their linear combination to form N2 molecular orbitals. Reproduced with permission from Ref. [2], © WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim 2018. (b) N reduction reaction catalyzed by nitrogenase Fe protein and MoFe protein. Reproduced with
permission from Ref. [38], © American Association for the Advancement of Science 2016. (c) Schematic of reaction pathways for the N»-to-NH;
conversion, including the dissociative and associative pathways (distal, alternative, enzymatic and hybrid pathways). Reproduced with permission from
Ref. [36], © American Chemical Society 2016. Reproduced with permission from Ref. [37], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018.
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their abundant d-orbital electrons, empty or unoccupied
orbitals to drive the famous donation-acceptance process with
N [40—43]. Besides of this, the redistribution of charge density
of catalyst is also a feasible way to promote the N, adsorption,
such as by vacancy engineering [44—46], edge adsorption [47],
heterojunction [48] and heteroatoms doping [49-52]. Of course,
the catalyst with high specific surface area is another way to
enhance the N, adsorption because it can provide more exposed
active sites [53-56]. Finally, the N, concentration in the reaction
solvent should be considered because the animate gas-liquid-
solid interface exchange can raise the N, adsorption rate [57].
The N activation usually occurs in the donation-acceptance
process. However, in most cases the direct N, activation by
catalyst is underpowered, e.g., without obvious bond length or
bonding energy changes of N=N. Hence, for sufficient activation,
it is necessary to use a negative electrode potential to excite
electrons injecting into the antibonding m* orbital of N, [2].
Of course, there are other electron injecting method, such as
photo-induced electrons and plasmon-driven hot electrons
[58—60]. At this vital activation step, a free energy uphill usually
occurs concerning the formation of *N; or *N.H [35, 43, 61].
During the hydrogenation process, the catalytic environment
can influence the different hydrogenation orders and pathways,
resulting in different products such as NH;, N.H4 and H. [2].
As to NHs desorption, the density functional theory (DFT)
calculations reveal that the destabilizing of *NH,, especially on
strong-binding active site, is usually crucial because it is beneficial
to reduce the free energy uphill during the formation of *NH;
and the final desorption energy [35, 43, 61]. In fact, the produced
NH; can be easily dissolved into water, which effectively promotes
the release of the active sites for the next catalytic cycle. Finally,
electrons exchange occurs in the overall NRR process, hence
a conductive catalyst substrate is very necessary to facilitate
the injection of enough electrons to the active sites to support
continuous N reduction reaction [2, 62, 63].

To satisfy the practical application, another urgent problem
is to overcome the low NH; yield and Faraday efficiency (FE),
which mainly originate from the following reasons. Firstly,
there is nearly an overlap between the standard equilibrium
potential of electrocatalytic NRR (0.092 V vs. reversible hydrogen
electrode (RHE)) and that of the hydrogen evolution reaction
(HER, 0 V vs. RHE) [33, 64]. Hence, the competitive HER side
reaction consumes most of the reactive electrons. Secondly, the
N-related intermediates with high free energy barriers during
hydrogenation or NH; desorption may impede the active
sites and then facilitate the HER [43, 61]. Finally, the catalyst
features, such as intrinsic catalytic activity, porosity, specific
surface area and substrate conductivity, also can influence
the NH; production efficiency [65].

3 Iron-group NRR electrocatalysts

3.1 Fe-based electrocatalysts

Fe is not only the component element of the known nitrogenase
(Fe-protein and MoFe-protein) for biological N, fixation but
also widely utilized in the Haber-Bosch process for industrial
NH; synthesis [4, 38]. Transition metal oxides, nitrides, carbides
and sulfides are common catalysts for NRR. Among them, the
metal oxides have gathered the most attention owing to easy
synthesis on a large scale, tunable activity, considerable stability
and relative environment benignity [66]. In a theoretical study
by Nguyen et al. [67], DFT calculations were carried out to
investigate the catalytic action of Fe,Os. It suggests that N,
can be adsorbed on the Fe;O; (0001) surface by following an
associative mechanism. The Fe jon adsorbs and activates the N,
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molecule, with the first hydrogenation as the potential-limiting
step needing an energy barrier of 1.14 eV. Kong et al. [68]
reported that, in 0.1 M KOH electrolyte, the y-Fe.Os nanoparticles
cam catalyze the N-to-NHs conversion at low temperatures
(< 65 °C), attaining a NH; yield of 12.5 nmol-h™-mg e and a
FE of 1.9%.

To further improve NH; yield and FE, it is an effective
method to introduce defects in catalyst to redistribute charge
density and induce active sites. In Figs. 2(a)-2(d), as the surface
oxygen vacancies (OVs) of Fe.Os are enriched by annealing in
Ar, the catalyst loaded on carbon nanotubes (o-Fe;Os-Ar/CNT)
presents greatly improved NH; yield and FE in 0.1 M KOH with
the values of 0.46 ug-h™'-cm™ and 6.04% at —0.9 V, respectively
[45]. Catalyst substrate with high electrical conductivity is also
essential for NRR, because the abundant electrons in substrate
can increase the possibility of electron injection into the
antibonding orbital of N. and also facilitate the following
nitrogen reduction [69]. In Chen’s study, the beneficial role of
catalyst substrate was investigated. As the Fe;O; supported on
carbon nanotubes is used as catalyst (Fe;Os-CNT), a higher
NH; yield of 2.2 x 107 g-m™>h™! is obtained versus the 1.0 x
107 gom™>h" of Fe,Os [70]. Besides of this, the NRR stability
must be considered because the Fe,Os electrocatalyst will be
etched in acid electrolyte or reducd into Fe®/Fe™ in alkaline
electrolyte [45, 68, 70]. Based on this, the NRR performances
of Fe:O; nanorods and Fe;O3-rGO have been investigated in
neutral conditions such as 0.1 M Na,SO4 and 0.5 M LiClOs,
attaining higher NH; yields of 15.9 and 22.13 pg-h™-mgca,
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Figure2 (a) O 1s X-ray photoelectron spectroscopy (XPS) spectra of
0-Fe;0;-Ar, 0-Fe;Os-air and Fe;Os-untreated, where the dash lines show
the location of three individual peaks. (b) Concentrations comparison of
the three different oxygen species obtained from the O 1s XPS spectra.
(c) Average NH; formation rate and (d) FEs of the different catalysts.
Reproduced with permission from Ref. [45], © Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim 2018. (e) NH;s yields and FEs of the Fe;Os
nanorods catalyst at —0.8 V during recycling tests. (f) Time-dependent
current density curve for Fe;Osnanorods catalyst at the potential of —0.8 V.
Reproduced with permission from Ref. [71], © Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim 2018.
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respectively [71, 72]. As confirmed in Figs. 2(e) and 2(f), Fe;Os
nanorods display good cycling stability and long-term durability
in neutral electrochemical environment.

Our recent work suggests that -FeOOH nanorods perform
efficiently for NRR electrocatalysis [73]. DFT calculations reveal
that Fe active sites play a key role in activating N> molecules.
In 0.5 M LiClOs, p-FeOOH nanorods (Fig. 3(a)) achieve a high
NH; yield of 23.32 pg-h™-mg '« with a FE of 6.7% (Fig. 3(b)).
In addition, the favorable role of Li* in enhancing NRR
performances was also studied by using different electrolytes
such as LiClOs, NaClO. and KClO.. The NH; yields and FEs
drop with the cation size order of Li* < Na* < K*, which is
ascribed to the relatively strong interaction between counterions
and Na. The Li* counterion layer may restrict the approach of
H.O molecules to the reactive sites and hence suppress the
competitive HER [73, 74]. It further suggests the NRR activity
of B-FeOOH nanorods can be greatly enhanced by F doping
which was realized by adding NaF at the hydrothermal step
[75]. F has an electronegativity of 3.98 larger than that of O
(3.44) and Fe (1.83). F doping leads to significant charge
redistribution and positively charged Fe active site. This Lewis
acid site is beneficial to adsorbing N, which is of weak Lewis
base [33]. As a result, p-FeO(OH,F) nanorods (Fig. 3(c)) obtain
a NH; yield of 42.38 ug-h™"-mg " and FE of 9.02% (Fig. 3(d)),
outperforming pristine 3-FeOOH (10.01 pg-h™"-mg e, 2.16%).
Besides, F doping leads to a decrease in NRR overpotential for
highest NHs yield from —0.75 down to —0.6 V. DFT results
reveal that the next-nearest Fe atom from the F atom is the
favorable active site for N, adsorption and reduction. The
N=N is better activated as the bond length is elongated to
1.163 A versus 1.146 A for pristine f-FeOOH. Charge density
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Figure 3 (a) Scanning electron microscopy (SEM) images and (b)
corresponding NH; yields and FEs of p-FeOOH. Reproduced with
permission from Ref. [73], © The Royal Society of Chemistry 2018.
(c) Transmission electron microscopy (TEM) image and (d) corresponding
NH; yields and FEs of 8-FeO(OH,F). Reproduced with permission from
Ref. [75], © This journal is © The Royal Society of Chemistry 2019.
(e) High resolution TEM (HRTEM) image and (f) corresponding NH3
yields and FEs of FeOOH QDs-GS. Reproduced with permission from
Ref. [76], © Tsinghua University Press and Springer-Verlag GmbH
Germany, part of Springer Nature 2019.
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difference suggests enhanced charge exchange between Fe
active site and N; for B-FeO(OH,F). However, FeOOH suffers
from intrinsic low electrical conductivity. To solve this issue, we
developed FeOOH quantum dots decorated graphene sheet
(FeOOH QDs-GS, Fig. 3(e)) toward enhanced NRR perfor-
mances [76]. These nanocatalysts loaded on the graphene
are able to not only prevent the nanocatalyst aggregation from
stacking (1.3-1.5 nm) but improve the overall catalytic
performance owing to more exposed active sites and lower
charge transfer resistance. As shown in Fig. 3(f), the FE (14.6%)
of the catalyst is significantly improved.

Fe atom has an electronic configuration of 4s’3d°, which
means four unpaired d spin electrons. Fe** has two empty and
two half-occupied orbitals, while Fe’* has three empty but a
half-occupied orbitals. These electronic configurations are very
beneficial to drive the acceptance-donation process with the
adsorbed N.. Hence, except for the mainly focused Fe.Os and
FeOOH catalysts, Fe-based catalysts with low valence states
(e.g., Fe and Fe;04) are necessary to be investigated. We in situ
synthesized Fe;Os nanorods on Ti mesh (Ti/Fe;Os) for N,
reduction electrocatalysis, attaining a NH; yield of 5.6 x
10™ mol:s'.cm™ and a FE of 2.6% in 0.1 M Na,SO: [77].
Furthermore, the Fe’* of Fe;O; may be reduced under elec-
trochemical environment and the low-valence iron ions may
have surprising activity for NRR [78]. In Hu’s study [79], a
NRR catalyst was in situ synthesized by the electrochemical
reduction of Fe/Fe;O; into Fe/Fe;O.. The obtained Fe/Fe;O4
possesses a porous surface morphology and favorable con-
ductivity versus Fe;Os or Fe;O4. As a result, the Fe/Fe;O4 catalyst
displays enhanced NRR activity and effective suppression to
HER, attaining a high FE of 8.29% which is about 120 times
higher than that of bare Fe foil, also superior to that of Fe;O4
and Fe;O; nanoparticles. In addition, Fe can serve as an
effective dopant to enhance the NRR performances of TiO:
and the resulting Fe-TiO: attains a superior FE of 25.6 % and
a NH; yield of 25.47 ug-h™-mg™'c. in 0.5 M LiCIO. [80]. DFT
calculations indicate that introducing Fe into TiO. (101)
increases the number of OV, thereby further promoting N,
activation. The synergistic effect of bi-Tis* and OVs contributes
to the high NRR performances. The favorable role of OVs is
also adopted in Fe-based pervskite for NRR. In Zhang’s work
[81], OVs were introduced into LaFeOs perovskite by doping
Cs and Ni. The catalyst displays enhanced catalytic activity for
NRR, attaining a NH; yield of 13.46 pg-h™"-mg"'c and a FE of
1.99% under alkaline condition. We developed porous LaFeO;
nanofiber with abundant active sites and OVs by using
electrospinning technique and 600 °C Ha/Ar annealing. When
tested in 0.1 M HCI, 18.59 pg-h™-mg™'« NH; yield and 8.77%
FE are obtained [82]. DFT calculations indicate that the exposed
metallic ions with newly localized electronic states near the Fermi
level facilitate both the N, activation and the subsequent
hydrogenation via enzymatic pathway.

The nitrogenous carbon framework anchored with metal
atoms is also promising material for NRR under ambient
conditions. DFT calculations predicate that FeNs-embedded
graphene is a promising NRR catalyst, in which the FeN; centers
with high-spin polarization are considered as effective active sites
[37]. Wang et al. [83] designed a Fe-N/C-CNTs electrocatalyst
(Fig. 4(a)) by carbonizing Fe-doped zeolitic-imidazolate
framework (ZIF) deposited on the surface of carbon nanotubes
(CNTs). The porous structure, large active surface area, positively
charged surface, weak ferromagnetism and strong nitrogen
chemisorption are favorable for the NRR electrocatalysis. The
electrocatalyst exhibits a high NH; yield of 34.83ug-h™ mg™c.
and a FE of 9.28% at —0.2 V in 0.1 M KOH.Compared with
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Figure4 (a) Schematic of the synthesis of Fe-N/C-CNTs catalyst. Reproduced with permission from Ref. [83], © American Chemical Society 2019.
(b) Geometric structure of FePc. (c) NHj; yields and FEs of FePc/C. (d) Comparison of NHj; yields and FEs of FePc/C, Pc/C and porous carbon. Reproduced
with permission from Ref. [84], © American Chemical Society 2019. (e) Schematic of the synthesis of ISAS-Fe/NC catalyst. Reproduced with permission

from Ref. [87], © Elsevier Ltd. 2019.

CNTs or N/C-CNTs, the introduction of Fe atoms into N/C-
CNTs enhances the NRR performance. DFT calculations
indicate that the built-in Fe-N; species plays a primary role for
NH; synthesis. N2 can be spontaneously adsorbed on the Fe-Ns
species with a free energy of —0.75 eV, and the central Fe site
with significant spin moment is the active site. The Fe-Nsand
the around carbon atoms can interact and suppress HER. The
N: reduction favors a distal pathway with the energy barrier
of 0.84 eV from *N: to *N.H. Similarly, He et al. synthesized
a FePc/C electrocatalyst via 200 °C annealing the iron
phthalocyanine (Pc) which was loaded on porous carbon [84].
The built-in Fe-Nu species plays a crucial role for NH; synthesis,
demonstrating a percussive NH; yield of 137.95 pug-h™"mg™ e
and a FE of 10.50% at —0.3 V in 0.1 M Na,SOs (Figs. 4(b)-4(d)).
By DFT calculations, the Fe central in Fe-Njy is identified as
the most active site for NRR, and the preferred route is the
alternating pathway with an energy barrier of 0.85 eV at the
first hydrogenation step. Metal organic framework (MOF) is
another material to make Fe-N-C structures. Because of the
porous structure and the high specific surface areas, MOF
materials provide a large number of adsorption sites for N,
molecules. In Zhao's work, a series of MOFs (M = Fe, Co and Cu)
were hydrothermally prepared using 1,3,5-benzenetricarboxylic
acid or 2-methylimidazole as ligand [85]. The uniformly
distributed metal ions (Fe**, Co™ and Cu**) own empty d orbitals,
hence providing Lewis acid sites to accept electrons from N,
and loosen N=N bond. Among these catalysts, MOF(Fe)
offers the highest NH; yield of 2.12 x 10~ mol's-cm™ with a
FE of 1.43%. Single-atom catalysts may also promsing as NRR
catalysts with high catalytic efficiency and selectivity [61, 86].
In Lir's work [87], isolated single Fe atom sites were anchored
on N-doped carbon framework (ISAS-Fe/NC) via carbonizing
Fe-doped zeolitic imidazolate frameworks (ZIF-8) and then
etching away Zn>* (Fig. 4(e)). The formed Fe-Njs species plays
the key role of active sites. N2 can be adsorbed on Fe atom by a

favorable enzymatic pathway with energy barrier of 1.69 eV
from *NN to *NNH. In 0.1 M PBS, the ISAS-Fe/NC exhibits a
remarkable FE of 18.6% and a NH; yield of 62.9 ug-h™'-mg™"ca.

Last but not least to mention is the Fe-base sulfides and
phosphides. In Zhao's work [88], FesS: nanosheets with porous
structure were prepared via solvothermal synthesis using
polyethylene glycol 200 and thiourea as the deep eutectic solvent
as shape-controlling agent and in situ sulfur source. The Fes;S,
nanosheets (Fig. 5(a)) drive an efficient and stable electro-
chemical N, reduction in 0.1 M HCI with a high NH; yield of
75.4 pg-h™-mg '« and FE of 6.45% at —0.4 V (Figs. 5(d) and
5(e)). Similar to the above mentioned Fe;Os, the low valence
Fe’* of FeS may also have excellent catalytic activity for NRR.
By sulfurizing the surface of Fe foam, FeS/Fe (Fig. 5(b)) was
obtained as a catalyst electrode for NRR, and it achieves a NH3
yield of 4.13 x 10™"° mol-s™.cm™ and FE of 17.6% in 0.1 M
KOH [89]. DFT calculations (Figs. 5(f) and 5(g)) indicate that,
because of the well-suited Fe-Fe distance on the FeS(011)
surface, the adsorbed dinitrogen changes from the end-on
*NN configuration to the side-on *NNH* configuration at the
first hydrogenation step, where the two N atoms are separately
coordinated to two neighbor Fe atoms. The NRR prefers an
alternating pathway with the first hydrogenation step as the
potential-determining step (0.46 eV). Of note, phosphorous
also has an unusual role in modulating the N. reduction activity
of Fe-based catalyst. By controlling the amount of phosphorus
during the phosphidation of Fe;Os-rGO, we successfully prepared
FeP»-rGO and FeP-rGO [90]. With increasing coordinated P
to Fe atom, FeP,-rGO catalyst (Fig. 5(c)) shows superior NRR
performance to FeP-rGO because of the lower HER activity,
the more negative N adsorption energy and the more active
sites. As shown in Fig. 5(h) and (i), FeP,-rGO attains a larger
NH; vyield of 35.26pg-h™"-mg e and a higher FE of 21.99%
in 0.5 M LiClOs, outperforming FeP-rGO counterpart
(17.13 pg-h™-mg ™"« NH; yield and 8.57% FE).

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



560

(d);go
" —%— Faradaic efficiency L -3 a 3
2 o0 E, s m . =13
2 , Yield > E e g
o & 5 & M e
= 60 6§ £ 60 i —en| 188
s €8 i1 =2 s
2 40 5.8 5 40 L Ftllid o
D g 9 e 3
> 20 g 8 %20 2 g
= e % w
I 0 0
—07 —06 —05 —04 —03 Fe,S,  CoS, Nis,
( (9) N
05 N } N-N
o5 | — N
Fe Fe —Fe Fe_

Free energy (eV)
I

() 9

W FeP,rGO/CP
E 14.11 u FeP-rGOICP
il 3 = rGO/CP
g 20 ::} ;‘ macCP
°
. -
;n . . 034 031
Z " 06 -0.5 0.4 —0.3 -0.2

Potential (V vs. RHE)
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3.2 Co-based electrocatalysts

Co-based materials, e.g. CoO and Cos0s, have held great
promise for energy applications in lithium battery [91], fuel cell
[92], supercapacitor [93] and water splitting [94]. Co-based
oxides were also be used to catalyze electrochemical NRR process.
In Chu’s work [66], by ultrafast combustion (few seconds) of
GO/Co(Ac): aerogel, the growth of CoO nanocrystals can be
well restrained. Meanwhile, the combustion reduced the GO
into the rGO by thermal deoxygenation (Fig. 6(a)). As a result,
ultra-fine CoO quantum dots can be anchored on rGO substrate
(CoO QD/rGO) (Fig. 6(b)). Benefited from the enhanced
conductivity of rGO and the more exposed Co active sites,
CoO QD/rGO exhibits a NH; yield of 21.5 pg-h™-mg " and
FE of 8.3% at —0.6 V in 0.1 M Na;SOs for NRR (Fig. 6(c)).
DFT calculations show that the dominating CoO(200) crystal
surface has favorable N, adsorption capacity but poor HER
activity. The CoO(200) crystal surface exhibits a perfect NRR
selectivity with a negative *N adsorption energy of —1.208 eV
but positive *H adsorption free energy about 1.3 eV, which mean
the preferential adsorption order of N, before the hydrogenation
on *N.. By using ZIF-67 MOF template, Luo et al. synthesized
C03;0.@NCs with Co3;04 anchored on nitrogen-doped carbon
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structure [95]. The Co;04@NCs has a core-shell inner structure
(Fig. 6(d)). The electron spin resonance (ESR) spectra indicate
a high concentration of OVs. It is believed that the OVs can
trap the electrons in metastable state which may be injected
into the antibonding orbital of N, to weaken the N=N. The
temperature programmed desorption (TPD) results confirm a
favorable N, adsorption capacity. The core-shell structure also
promots the collision between the trapped N and the catalytic
surface. As a result, the catalyst shows an excellent NRR
performance, achieving a NHs yield of 42.58 pg-h™-mg e and
a FE of 8.5% at —0.2 V in 0.05 M H.SO. (Fig. 6(e)). Cobalt
doping may be another effective way to boost NRR perfor-
mances. In Zhang’s work [96], Co-dopd MoS;-« with S vacancies
were directly grown on carbon cloth for N fixation. Theoretical
analysis on the NRR mechanism demonstrates that the Co
doping can modify the powerful interaction between Mo and
*N; from three bond number to one (Figs. 6(f) and 6(g)), hence
cutting down the free energy barriers of N-related intermediates
during NRR hydrogenation process. The required maximal free
energy barrier decreases from 1.62 to 0.59 eV. The Co-doped
MoS; . achieves a NH; yield over 0.6 mmol-h™-g™" and a FE
over 10%, while the as-grown MoS,« only 0.32 mmol-h™.g™
and 1.7%.

Cobalt sulfides are also promising electrocatalysts for NRR
because of the high electroconductivity and high catalytic
activity [41, 97]. Chen et al. [98] constructed a Co-N/S-C
bridging bond at the interface between CoS; nanoparticles and
NS-G (nitrogen- and sulfur- doped reduced graphene), by
the sulfidation of CoCL/GO precursor using thiourea. The
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Reproduced with permission from Ref. [66], © The Royal Society of
Chemistry 2019. (d) Schematic of the synthesis process of Co;04@NCs for
NRR. (e) NH; yields and FEs of Cos04@NCs. Reproduced with permission
from Ref. [95], © American Chemical Society 2019. The geometry
configurations of (f) un-doped and (g) Co-doped defective MoS,-x with
N: adsorption. Reproduced with permission from Ref. [96], © American
Chemical Society 2019.
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Co-N/S-C bridging bond can accelerate the NRR reaction
kinetics by acting as the role of electron transport channel. As
a result, the CoS,-N/S-C catalyst shows higher current density
during linear sweep voltammetry test, and a high FE of 25.9%
with 25 pg-h™mg '« NH; yield are obtained. In our work,
Co@NC thermally reduced from ZIF-67 was further vulcanized
by heating with sulfur powder [41]. The structure of small-
sized CoS, nanoparticles (average 4.4 nm) embedded in the
surface of 3D nanobox (NCs) favours the exposure of more
active sites for NRR. Such CoS:@NC catalyst harvests a NH;
yield of 17.45 pug-h™-mg ™' and a FE of 4.6% at —0.15V in 0.1 M
HCL In Luos work [48], to avoid agglomeration and release
its 2D nature, CoS nanosheets were in situ grown on TiO:
nanofibrous dispersedly. To improve the conductivity, a thin
carbon layer was further covered on the CoS@TiO: by the
carbonizing of the deposited polydopamine (Figs. 7(a) and 7(b)).
The obtained C@CoS@TiO, enables more exposed active sits
and easier carrier transport during NRR process, hence
attaining a FE of 28.6% and the highest NH; yield of 8.09 x
10" mol-s™cm™ compared to its CoS@TiO. and TiO:
counterparts.

Guo et al. expected that the active sites with unsaturated
coordination on phosphide surface might be beneficial to
bond the N-related intermediates and promote the NRR process
[99]. They designed a CoP hollow nanocage (CoP HNC), which
were derived from ZIF-67 MOF template with subsequent
phosphidation of the deposited Co hydroxide via solvothermal
method, as shown in Fig. 7(c). In Fig. 7(d), the TEM image
shows that the hollow nanocages are covered with porous CoP
nanosheets which are assembled from ultrafine (< 5 nm)
nanoparticles. The abundant active sites and the beneficial
mass-transferring channels contribute to the NRR performance,
with a NH; yield of 10.78 pg-h™-mg~c. and a FE of 7.36% at
—-0.4 V in 1.0 M KOH. An interesting phenomenon should be
mentioned is that as the overpotential becoming more negative,
the FE decreases but the NH; yield increases, which are different
from the most reported catalysts where a peak performance of
NH; production usually appeares at the optimized potential. It
is easy to understand the decreased FEs by considering the
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Figure 7 (a) Synthesis process and (b) SEM image of C@CoS@TiOx.
Reproduced with permission from Ref. [48], © Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim 2019. (c) Synthesis process and (d) TEM image of
CoP HNC. Reproduced with permission from Ref. [99], © Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim 2018. (e) Synthesis process and
(f) TEM image of CoP/CNS catalysts. Reproduced with permission from
Ref. [100], © The Royal Society of Chemistry 2019.
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gradually enhanced HER. For the increased NH; yield, the
authors ascribe it to the high intrinsic activity of CoP HNC
toward NRR. In Zhang’s work [100], ZIF-67 MOF template
was pyrolyzed, followed by acid washing and phosphidation
(Fig. 7(e)). As observed in Fig. 7(f), the obtained catalyst
shows a surface morphology covered with carbon nanotubes
in which the CoP nanoparticles (CoP/CNS) were anchored.
The high intrinsic activity and the exposed active sites
promote the NRR performance, affording a large NH; yield of
48.9 pg-h™-mg e and a FE of 8.7% at 0.4 V in 0.1 M Na,SO4
electrolyte. DFT calculations reveal that the unsaturated three
coordinated Co sites are the effective active sites. By the distal
pathway, the N2 can be successfully activated except that the
first hydrogenation step has a free energy barrier of 1.29 eV.

3.3 Ni-based electrocatalysts

NiO is also effective for NRR. In Chu’s work [101], graphene
was used to enhance the conductivity of NiO and avoid the
aggregation of nanodots, by using the ultrafast combustion
of GO/Ni(Ac). aerogel. The resulting NiO/G catalyst (NiO
nanodots on graphene) shows large electrochemical double-
layer capacitance (Ca), which means more exposed active
sites. In 0.1 M Na»SOy, it exhibits a satisfied NH; yield of
18.6 pg-h™mg'cr and a FE of 7.8% at —0.7 V. Because of the
stable catalytic activity and the strong NiO-G binding, the
NiO/G also offers strong long-term durability. DFT results
indicate the significant electron exchange between the adsorbed
*N: and the Ni atom promotes the N, reduction to NH; by
following a preferable distal pathway as confirmed of no N>H,
species detected in electrolyte.

It suggests that the defect-induced electron-trapping region
is thermodynamically favorable for gas molecule adsorption
[102]. In Li’s work [103], by using Ar plasma to bombard NiO
nanosheet on carbon cloth (P-NiO/CC), nanoholes around by
OVs were created in the nanosheet plane (Figs. 8(a) and 8(b)).
The increased OVs are confirmed by the sharp ESR signal at g
= 2.004 and the larger OVs peak area deconvoluted from O 1s
XPS spectra (Figs. 8(c) and 8(d)). The introduced OVs tailor
the electronic structures of NiO by lowering the conduction
band of NiO (Fig. 8(e)) and inducing the electron-rich
configuration at the nearby Ni atom (Fig. 8(f)). As a result, the
P-NiO/CC has more exposed active sites (confirmed by Ca
measurement), more negative N adsorption energy (TPD
measurement), favorable conductivity (impedance spectroscopy)
and better NRR performance (reduced free energy barrier).
In 0.1 M Na,SOs, the electrocatalyst delivers a NH; yield of
29.1 pg-h™-mg'e and a FE of 10.8% at —0.5 V. More interestingly,
the P-NiO/CC shows even enhanced NRR activity after long-
term electrolysis, which is ascribed to the new induced OVs.

Because of different electronegativities, heteroatom doping
is an effective way to tailor electronic structures and modulate
catalytic properties by causing charge redistribution [8]. Wang
et al. [104] synthesized N-doped NiO nanosheet arrays on carbon
cloth (N-NiO/CC) for NRR, by annealing the hydrothermal
NiO/CC in Ar/NH; atmosphere (Fig. 9(a)). The N doping
concentration is determined to be 2.9 at.% with Ni-O-N and
N-O-N bonds as the main N-doping forms. The N-NiO/CC
catalyst attains a NH; yield of 22.7 ug-h™-mg " with FE of
7.3% at —0.5 V, higher than those of un-doped counterpart
(Fig. 9(c)). DFT results suggest that the N-NiO has better
conductivity with more occupied state electrons at the Fermi
level than NiO (Fig. 9(b)), which is consistent with the smaller
electron transport impedance. The project partial density
of states (LDOS) ofN-NiO also presents an upshift of the d
electrons band center of Ni- toward the Fermi level compared
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Figure 8 (a) SEM and (b) TEM images of P-NiO/CC. (c) O 1s XPS spectra
and (d) ESR spectra of NiO/CC and P-NiO/CC. (e) DOS of NiO and
SOV-NiO (NiO with single OV). (f) Different charge densities of absorbed
*N2 on NiO and SOV-NiO. Yellow and cyan denote the electron accumulation
and depletion, respectively. Reproduced with permission from Ref. [103],
© the Partner Organisations 2020.

to that of NiO, implying easier electron exchange between Ni-
and N as well as stabilized *NNH where the formation free
energy usually presents uphill feature. Interestingly, the N
label experiment indicates that LiClO4 electrolyte can avoid
the N atoms of N-NiO/CC to react with protons, nevertheless
catalyst corrosion occurs in acid medium.

The conductivity and stability of NiO can be enhanced by
coating with thin carbon layer. In Chen’s work [105], the NiO
nanosheets grown on graphite paper (NiO/GP) were further
coated with the N-doped porous carbon by hydrothermal
deposition of vitamin B8 followed by Ar annealing. The
obtained N-C@NiO/GP (Fig. 9(d)) shows faster NRR kinetics
(Fig. 9(e)) due to the smaller charge transfer resistance than
NiO/GP, and the electrocatalyst attains a remarkable FE of
30.43% and a NH; yield of 14.022 pg-h™'-mg e at —0.2 V. Even
though in acid (0.1 M HCI) after 20 h electrolysis, the X-ray
diffraction (XRD)/SEM/XPS results confirm that the N-doped
porous carbon can protect the initial NiO structure, chemical
components and valent states of N-C@NiO/GP, while the
NiO/GP shows destroyed morphology. As shown in Fig. 9(f),
the FE and NH; yield of N-C@NiO/GP have negligible
degeneration (30.38% and 13.977 ug-h™"-mg™"ca). This carbon-
coating method would provide a promising strategy to
preserve the NRR performance of metal-oxide catalyst under
harsh electrochemical environments.

Bimetallic oxide is also a promising NRR catalyst with enhanced
activity due to electronic redistribution and synergistic effect.
Wang et al. designed a bimetallic oxide of NiWO, electrocatalyst
for NRR via solvothermal method and O, annealing [106].
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derived from 2 h electrolysis before and after long-term stability tests.
Reproduced with permission from Ref. [105], © American Chemical
Society 2019.

The NiWOshas porous structure composed of nanoparticles,
which facilitates the transport of electrolyte and the exposure
of more active sites. The coexistence of Ni and W plays a key
role in boosting the NRR performance. Compared to NiO and
WO, the NiWO, delivers the highest NH; yield and FE in
both 0.1 M Na,SO4 and 0.1 M HCI, with the highest value of
40.05 pg-h™-mg e and 19.32% in acidic medium.

3.4 Cu-based electrocatalysts

In Guos’s study [107], Cu nanoparticles were anchored on rGO
by hydrothermal reaction of the mixture of Cu(Ac). and
graphene powder followed by Ar/H, annealing (Fig. 10(a)).
The uniform distribution of Cu nanoparticles can expose
more active sites, while the excellent conductivity of rGO
substrate enables efficient charge transfer to the active sites. As
a result, the obtained Cu NPs-rGO catalyst can successfully
perform N,-to-NH; conversion on the top sites of Cu (111)
surface, obtaining a high FE of 15.32% and a NH; yield of
24.58 pg-h™-mg '« at 0.4 V in 0.5 M LiClO4. Dendritic Cu
nanocatalyst was fabricated by us using a simple galvanic
replacement method from Zn foil and CuSO, [108]. As shown
in Fig. 10(b), the SEM images show that the dendritic Cu is
composed of the abundant-oriented nanospikes which can not
only expose abundant active sites but also amplify the local
electric field near the nanospikes, which may increase the local
reactant concentration and promote the reactive collision.
This material shows high catalytic activity, selectivity and
stability as the working electrode toward N fixation, with a
high FE of 15.12% and a NH; yield of 25.63 pugh™-mg e
at —0.40 V in 0.1 M HCIL. Lin et al. designed a Cu/PI catalyst
with the Cu nanoparticles supported on polyimide (PI) for
electrochemical N, fixation [109]. The interface interaction
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Figure 10 (a) TEM image of Cu NPs-rGO. Reproduced with permission
from Ref. [107], © Elsevier 2020. (b) SEM/TEM images of dendritic Cu.
Reproduced with permission from Ref. [108], © The Royal Society of
Chemistry 2019. (c) TEM image of PuCu/C-350. (d) Comparison of the
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(e) TEM image of AuiCu. (f) Comparison of the NH; yields and FEs of
different Au-based electrocatalysts at —0.2 V. Reproduced with permission
from Ref. [111], © The Royal Society of Chemistry 2020.

tunes the electron density and causes the electron-deficient Cu
nanoparticles, which suppress the HER by prohibiting the
direct H* adsorption on active site but simultaneously enhance
NRR by providing Lewis acid site to facilitate N, adsorption
of Lewis base. The Cu/PI catalyst exhibits a NH; yield of
12.4 ug-h™'mg " and a FE of 6.56% at 0.3 V in 0.1 M KOH.
Except for elemental Cu, another strategy is to alloy it with
noble metals. In Tong’s study, PACu nanoalloy with ~ 5 nm
spherical morphology was synthesized by a wet chemical
approach [110]. To obtain well crystallinity, the PdCu nanoalloy
was mixed with commercial carbon and further annealed at
350 °C. In Fig. 10(c), the obtained PdCu/C-350 remains the
monodisperse spherical morphology on carbon layer but with
the crystal structure transferring from face-centered cubic
to body-centered cubic. DFT calculations indicate a higher
electron transfer rate. Compared to PdCu/C counterpart without
annealing, PdCu/C-350 shows a favorable NRR performance
by the distal pathway with an energy barrier only 0.01 eV.
More importantly, due to the stable crystal structure and good
synergy interaction between Pd and Cu atoms, PdCu/C-350
exhibits better activity and stability. As observed in Fig. 10(d),
it achieves a high NH; yield of 35.7 pg-h™-mg e and a FE of
11.5% at —0.1 V in 0.5 M LiCl, which is nearly double times of
improvement in NH; yield compared with PACu/C. In Liu’s
study [111], to boost activity and avoid poor selectivity of
Au-based nanocatalyst, Cu was alloyed with Au to form Au,Cw
using the one-step NaBH4 co-reduction method (Fig. 10(e)). It
is believed that the alloy effect, which modifies the electronic
structure of Au, can tune its interaction with N, and N.H,
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intermediates, thus boosting the NRR performance. As shown
in Fig. 10(f), the AuiCu catalyst exhibits a superior NH; yield
of 154.91 pg-h™-mg e and a FE of 54.96% at 0.2 V in 0.05 M
H,SOs, outperforming its counterparts of AuAg;, AuPdi,
AuRui, AusCu and Au,Cus.

Cao et al. [112] reported a Cu2O-MOF with benzene-1,3,5-
tricarboxylate as organic ligand. The large specific surface area
favours the exposure of more active sites and greatly facilitates
N; adsorption. The unsaturated Cu(II) sites are favorable to N,
reduction. In 0.1 M Na:SOs, the electrocatalyst achieves a high
NH; yield of 46.63 pg-h™-mg . with FE of 2.45% at —0.75 V.
CuO also presents attractive catalytic properties. Wang et al.
[113] developed an active catalyst by supporting CuO nano-
particles on rGO (CuO/rGO), which delivered a high NRR
performance with a NH; yield of 1.8 x 107 mol's-cm™and a
FE of 3.9% at —0.75 V in 0.1 M Na;SOs, as well as remarkable
selectivity and long-term stability. DFT calculations reveal that
Cu atoms are the active sites, and the NRR follows a favorable
alternating pathway with the first hydrogenation as the rate-
determining step.

It is worth while mentioning that Cu is also effective dopant
for metal oxide toward boosted NRR activities. In our recent
study, mixed-valent Cu was utilized as an dopant to modulate
the VOs concentration and Ti** defect states to improve the NRR
performances of TiO, [20]. In 0.5 M LiClOs, this Cu-TiO:
nanoparticles are capable of attaining a high FE of 21.99%
with a large NH; yield of 21.31 pg-h™mg e at -0.55 V,
rivaling the performances of most reported Ti-based NRR
electrocatalysts. By employing hydrothermal method and Ha/Ar
annealing, Zhang et al. synthesized Cu-doped CeO. nanorods
with different doping concentrations [114]. It suggests that
Cu’" can replace Ce’* to form multiple OVs around Cu** sites,
which may act as the active sites for NRR electrocatalysis. The
Cu-CeO; with 3.9 wt.% doping concentration delivers a NH;
yield of 5.3 x 107 mol-s™-cm™ and a FE of 19.1% at —0.45 V
vs. RHE in 0.1 M Na,SO..

3.5 Multi-iron-based electrocatalysts

Because of the periodic electron configurations of iron group
elements, multi-iron-based electrocatalysts may also have
remarkable catalytic performances. In Huangs study [115],
Co-doped FePS; (Co-FePS:;) nanosheets were synthesized by a
NaCl-templated method (Fig. 11(a)). In the synthesis process,
the stable and smooth surface of NaCl microcrystal in ethanol
solvent provides inert planar substrate for guiding the growth
of few-layered Co-FePS; nanosheets (Figs. 11(c)-11(e)). The
thickness of FePS; decreases with increasing NaCl amount.
DFT results indicate that Co doping enhances the conductivity
of catalyst with the band gap becoming narrow, and the catalytic
activities of Fe-edge sites can be significantly enhanced by the
electronic orbital modulation after Co doping. The catalyst
exhibits a remarkable electrocatalytic NRR performance with
NH; yield of 90.6 pg-h™-mg«. and FE of 3.38% at —0.4 V in
0.1 M KOH. Ahmed et al. [116] designed bimetallic CoFe,Os
nanoclusters supported on rGO (CoFe:0./rGO) for N. fixation.
It is believed that Co doping can modulate the electronic
structure of catalyst because the 4s’d’ configuration of Co
atom means unpaired orbitals which can influence the N, and
N.H, adsorption on Fe atoms by providing beneficial electron
exchange. Due to the different types of active sites (Fe, Co,
rGO defects) and the more exposed active sites benefiting
from the 2D nature of rGO, CoFe:O. attains higher NH; yield
of 4.2 x 107" mol-s"-cm™ and FE of 6.2% at -0.4 V in 0.1 M
Na,SOs, compared with its monometallic counterparts [116].
In Lai's study [44], the OV-rich NiCo0.Os nanosheets were
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Figure 11 (a) Schematic of the synthesis process of Co-FePS; nanosheets.
(b) Charge density distribution of VO-rich NiC00:@HNCP on the interface
between VO-rich NiCo0.04 and HNCP. Reproduced with permission from
Ref. [44], © The Royal Society of Chemistry 2020. SEM images of (c) NaCl
template and (d) FePS;-coated NaCl. (e) TEM image of Co-FePS; nanosheets.
(f) Synthesis process of NiCoS/C hollow nanocages. (g) TEM image of
NiCoS/C hollow nanocages. (a), (c)-(e) Reproduced with permission from
Ref. [115], © Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim 2019.
(f) and (g) Reproduced with permission from Ref. [117], © The Royal
Society of Chemistry 2020.

anchored on hollow N-carbon polyhedron (HNCP) driven
from ZIF-67 template, followed by core acid etching and shell
carbonization. The NiCo.04@HNCP catalyst enables more
exposed active sites of NiCo0,Os. DFT calculations confirm
that the OVs promote the electroactivity on the interface
between VO-rich NiCo,Os and HNCP, with abundant charge
accumulating on the interface as confirmed in Fig. 11(b). The
synergistic effect between NiCo0.0: and HNCP reduces the
free energy barrier for NRR during the favorable enzymatic
pathway. The electrocatalyst harvests a NH; yield of
17.8 ug-h™"-mg e and FE of 5.3% at —0.25 V in 0.1 M Na,SOx. In
Wu's study [117], NiCoS/C hollow nanocages were fabricated by
etching the ZIF-67 with Ni(NOs); to obtain NiCo-LDH@ZIF-67
followed vulcanization at 350 °C for 2 h (Figs. 11(f) and 11(g)).
The TEM and XPS results confirm the strong chemical
coupling between NiCoS and C, which not only maintains
the structure stability but greatly promotes the N fixation.
Compared to NiCoS, NiCoS/C shows better N>-TPD adsorption
capacity. DFT results and NRR tests confirm that the coupling
effect between NiCoS and C can enhance the NRR selectivity
by suppressing the HER side reaction and lowering the free
energy barrier at the rate-limiting step of *N>,>*NNH. Add to
the more exposed active sites from the nanocage structure, the
electrocatalyst achieves a high NH; yield of 58.5 ug-h™-mgcat
at —0.2 V and a FE of 12.9% at 0 V in 0.1 M Li>SO.. Besides
of these, bimetallic alloy is another facile route to enhance
NRR performance. By employing a NaBH4 reduction method
in alkaline environment, Fu et al. [118] deposited Pd-Co
nanoparticles onto CuO nanosheets to obtain Pd-Co/CuO
electrocatalyst. The ultrathin sheet structure of CuO can support
the dispersive Pd-Co nanoparticles (4-6 nm) with enlarged
number of active sites. In HER tests, the amount of H and FEs
determined by gas chromatography show that the alloy
structure enhances the NRR selectivity by suppressing HER.
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Compared with its monometallic counterparts, this hybrid
between bimetallic alloy and nanosheet substrate greatly facilitates
the NRR performance with a NH; yield of 10.04 pg-h™"-mg et
and a FE 0f 2.16% in 0.1 M KOH.

4 Conclusions and outlook

In summary, we provide an overview of recent advances in
designing and developing iron-group catalysts for ambient
electrochemical NRR in aqueous media. As discussed above,
iron-group catalysts deliver impressive NRR performances,
and detailed comparisons according to the acidic, alkaline and
neutral electrolyes used for electroc hemical tests are listed in
Tables 1-3. Even so, deeper explorations of catalyst design and
performance improvement are still necessary to simultaneously
achieve large NH; yields and high FEs for large-scale industrial
application. In the future studies, the following aspects should
be considered:

(I) Rational design of efficient catalysts to promote their
intrinsic activities. To overcome the sluggish NRR kinetics,
an idea catalyst should adsorb and activate N, effectively by
enabling the vibrant electronic exchange between N. and
active site [2, 8]. Fe, Co, Ni and Cu atoms have the electronic
configurations of 4s°3d’, 4s°3d’, 4s°3d® and 4s'3d", respectively,
which mean empty and unoccupied orbitals of metal ions.
So, iron-group catalysts exhibit great potential to drive the
acceptance-donation process with the adsorbed N.. In addition,
the catalytic kinetics can be further optimized and improved
by introducing vacancies, heteroatom doping, heterojunction,
etc. to redistribute the charge density and tailor the electronic
structure for a favorable electrocatalytic environment. The
positively charged active sites can not only provide beneficial
Lewis acid site to adsorb N. of weak Lewis base but also
suppress the HER [33, 119]. The positively charged OVs can
trap local metastable electrons, which are beneficial to be
injected into the antibonding orbital of N=N [35]. It is even
indicated that the catalyst strain engineering can alter the
electronic structures and the catalytic performances [35].
Furthermore, the catalysts design should be based on effective
theory prediction and selectivity before carrying out exper-
iments. The most exposed crystal surface, possible active sites,
comparison between *N, and *H adsorptions, preferable NRR
pathway should be generally predicted. A high-throughput
screening is strongly recommended to quickly select out the
effective catalysts, where the free energy barriers of AGx,x,u
(*N2>*N.H) and AGxu,nu; (*NH2>*NHs) are set upper limit
to exclude the sluggish catalysts because these two steps usually
have the most positive value among the whole NRR process
for most catalysts regardless of the patways [43].

(II) Structural design of catalysts to promote their apparent
activities. Obviously, the number of active sites is proportional
to the quantity of NRR reactions occurring on catalytic surface.
Hence, except for promoting the intrinsic activity of single
active site, it is equally important to expose enough active sites
as many as possible. Rational arrangement of the favorable crystal
surface can expose more coordination atoms and beneficial
charge environment, such as by controlling the nanocrystal
growth directions along nanowire, nanorod, nanosheet, etc.
Moreover, single-atom or nanodot catalyst anchored on 2D
substrate is a very effective way to expose active sites, maintain
reaction space to relieve the site congestion, and improve the
utilization efficiency of metal atoms. Of course, MOF is also
very potential platform to capture N. molecules because of
its porous structure, high specific surface area and tunable
coordination atom.
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Table1 NRR performances of iron-group electrocatalysts tested in acidic electrolyes

Catalyst Electrolyte Potential (V vs. RHE) NH; yield (pg-h™mg ) FE (%) Reference
CoS:@NC 0.1 M HCI -0.15 17.45 4.6 [41]
porous LaFeOs nanofiber 0.1 M HCI -0.55 18.59 8.77 [82]
FesS4 nanosheets 0.1 M HCl -04 75.4 6.45 [88]
Co304@NC 0.05 M H.SO4 -0.2 42.58 8.5 [95]
Co-dopd MoS:-« 0.01 M H.SO4 0.3 0.6 10 [96]
CoS2-N/S-C 0.05 M H.SO4 -0.05 25 259 [98]
N-C@NiO/GP 0.1 M HCl -0.2 14.022 30.43 [105]
porous NiWO4 0.1 M HCl1 -0.3 40.05 19.32 [106]
dendritic Cu 0.1 M HCI -0.4 25.63 15.12 [108]
Au,Cuy 0.05 M H,SO4 -0.2 154.91 54.96 [111]

Table 2 NRR performances of iron-group electrocatalysts tested in alkaline electrolyes

Catalyst Electrolyte Potential (V vs. RHE) NH; yield (ug-h™-mg ) FE (%) Reference
0-Fe;O3-Ar/CNT 0.1 M KOH -0.9 0.46 6.04 [45]
v-Fe20s 0.1 M KOH 0.0 12.5 1.9 [68]
Cs/Ni-doped LaFeOs 2 M KOH 2 13.46 1.99 [81]
Fe-N/C-CNTs 0.1 M KOH -0.2 34.83 9.28 [83]
MOF(Fe) 2 M KOH 12 212x10° 1.43 [85]
FeS/Fe 0.1 M KOH ~03 413 % 10710 17.6 (89]
CoP HNC 1 M KOH ~0.4 10.78 7.36 (99]
Cu/Pl 0.1 M KOH ~03 12.4 6.56 (109]
Co-FePS; 0.1 M KOH -0.4 90.6 3.38 [115]
Pd-Co/CuO 0.1 M KOH -0.2 10.04 2.16 [118]

Table 3 NRR performances of iron-group electrocatalysts tested in neutral electrolyes

Catalyst Electrolyte Potential (V vs. RHE) NH; yield FE (%) Reference
NiC0.0:@HNCP 0.1 M Na;SO4 -0.25 17.8 pgh™'mgcat 5.3 [44]
C@CoS@TiO; 0.1 M Na,SO4 -0.55 8.09 x107* mol-s!-cm™2 28.6 (48]
CoO QD/rGO 0.1 M Na;SO4 -0.6 21.5 ugh™ mg e 8.3 [66]
Fe05-CNT KHCO; ) 22x107 gm2h! — [70]
Fe;0s nanorods 0.1 M Na;SO4 -0.8 15.9 ug-h“mgcat 0.94 [71]
Fe;03-rGO 0.5 M LiClO4 -0.5 22.13 pg-h'mg " cat. 5.89 [72]
B-FeOOH nanorods 0.5 M LiClO4 -0.75 23.32 pg-h'mgcat. 6.7 [73]
B-FeO(OH,F) nanorods 0.5 M LiClO4 -0.6 42.38 ug-h™\mgcat 9.02 [75]
FeOOH QDs-GS 0.1 M LiClOs —0.4 273 ugh™mg e 14.6 (76]
Ti/FesOs4 0.1 M Na,SO4 -0.4 5.6 x 107" mol-s!.cm™ 2.6 [77]
Fe/Fe;04 0.1 M PBS -0.3 0.19 ug-em >h™ 8.29 [79]
FePc/C 0.1 M Na;SO4 -03 137.95 pgth™-mg e 10.50 [84]
ISAS-Fe/NC 0.1 M PBS ~0.4 62.9 pgh™-mg e 18.6 87]
FeP,-rGO 0.5 M LiClO; ~04 35.26 pgh™':mg e 21.99 [90]
CoP/CNS 0.1 M Na;SO4 -0.4 48.9 pg'h™mg 8.7 [100]
NiO/G 0.1 M Na;SO4 -0.7 18.6 ug-h\mgcat 7.8 [101]
P-NiO/CC 0.1 M Na;SO4 -0.5 29.1 pgh'mg e 10.8 [103]
N-NiO/CC 0.1 M LiClOs -05 22.7 pgh ' mg e 7.3 [104]
Cu NPs-rGO 0.5 M LiClO; ~04 24.58 pg-h™:mg e, 15.32 [107]
PdCu/C-350 0.5 M LiCl -0.1 35.7 ugh ' \mg e 115 [110]
Cu,0-MOFs 0.1 M Na;SO4 -0.75 46.63 ug-h™-mgcat 245 [112]
CuO/rGO 0.1 M Na,SO4 -0.75 1.8 x 10 mol-s!.cm™ 3.9 [113]
Cu-doped CeO> 0.1 M Na,SO4 -0.45 5.3 x 107" mol-s!.cm™ 19.1 [114]
CoFe;04/rGO 0.1 M Na;SO4 -0.4 4.2x 10" mol-s™'.cm™ 6.2 [116]
NiCoS/C hollow nanocages 0.1 M Li2SO4 -0.2 58.5 ug-h™mg et 12.9 [117]
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(III) Conductivity and stability of catalytic substrate. As
discussed, apart from the hydrogenation steps concerning the
participation of proton-electron pairs, the robust electron
exchange between N: and active site plays a key role in N
activation to determine the NRR process. Hence, a conductive
catalyst substrate is very necessary to facilitate not only the
injection of electrons to the antibonding orbital of N but also
the following hydrogenation reactions by supplying enough
reactive electrons to the active sites [2, 62, 63]. Furthermore,
even though the mainly focused iron-group oxides exhibit
good NRR performance, their intrinsic conductivities are poor
[35]. One effective solution is to anchor the nanocatalysts
on high conductive substrate. The other method must be
recommended is covering a thin porous carbon layer on the
catalyst surface by the carbonizing of the deposited MOF or
organic polymer [48, 105]. This layer not only greatly enhances
the total electrical conductivity by connecting the active sites
but also keeps the structural stability of catalyst by carbon
framework.

(IV) Suppressing HER. NRR is usually accompanied with
the competitive HER side reaction because of the approximate
standard equilibrium potentials, the possible better H* adsorption
than N, and the multiple free energy barriers during
hydrogenation process which may impede the active sites and
then facilitate the HER. To resolve this issue, improving the
catalytic selectivity to suppress HER is necessary for which it
is needed to control the competitive adsorptions between N
and H* by the order sequence of N, priority. Besides of the
DFT predictive comparison between *N, and *H adsorption
energies, it is suggested to adjust the electrolyte such as by
adding the organic additives to modify the H* adsorption
environment, or using the favorable role of counterion Li* to
increase the N, concentration in the Stern layer and restrict
the approach of H.O molecules to the active sites [74]. The
concentrations relation between N molecules and H* can be
optimized, such as by maintaining suitable N gas pressure of
electrolyzer, which may promote the N, capture on catalyst
surface meanwhile restrict the generation rate of H, gas 33, 37].
Further, the catalyst structures can be well exploited, such as
using the nano-meso-macro structure to capture more N,
molecules, or using N gas diffusion electrode to increase the
direct touching with active sites [70].

(V) Reducing the anode reaction potential and improving
the utilization of anode byproducts. Even though the main
goal of NRR is to obtain NH; at cathode, the total energy cost
should be taken onto account. In aqueous solution system,
oxygen evolution reaction (OER) occurs at anode, which
actually needs a standard equilibrium potential as high as
1.23 V vs. RHE (far larger than the 0.092 V of NRR) [33]. It
means heavy energy consumption at anode, and it is obligated
to reduce the reaction potential at anode to improve the com-
petiveness of electrocatalytic NRR with Haber-Bosch process.
The oxidation potentials of many organic molecules like alcohol,
hydrazine and urea are usually lower than H,O molecules [33,
120-122], and replacing OER with anodic oxidation reaction
of such molecules provides a more energy-efficient approach
towards electrochemical NH; synthesis. Secondly, the anode
materials can be optimized with highly active OER catalysts
for overall electrolysis.
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