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ABSTRACT: Ammonia (NHj;), one of the basic chemicals in most fertilizers and a promising
carbon-free energy storage carrier, is typically synthesized via the Haber—Bosch process with
high energy consumption and massive emission of greenhouse gases. The photo/
electrocatalytic nitrogen reduction reaction (NRR) under ambient conditions has attracted
increasing interests recently, providing alternative routes to realize green NH; synthesis.
Despite rapid advances achieved in this most attractive research field, the unsatisfactory
conversion efficiency including a low NHj; yield rate, and limited Faradaic efficiency or
apparent quantum efficiency still remains as a great challenge. The NRR performance is
intrinsically related to the electronic and surface structure of catalysts. Rational design and
preparation of advanced catalysts are indispensable to improve the performance (e.g,, activity
and selectivity) of NRR. In this Review, various strategies for the development of desirable
catalysts are comprehensively summarized, mainly containing the defect engineering, structural
manipulation, crystallographic tailoring, and interface regulation. State-of-the-art heteroge-
neous NRR catalysts, prevailing theories and underlying catalytic mechanisms, together with current issues, critical challenges, and
perspectives are discussed. It is highly expected that this Review will promote the understanding of recent advances in this area and
stimulate greater interests for designing promising NRR catalysts in future.
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1. INTRODUCTION Currently, the industrial production of NH; is mainly
realized with the Haber—Bosch process, at high temperatures
(300—600 °C) and pressures (150—300 atm).® This process
accounts for 1—2% of the total global energy consumption. In
addition to the heavy energy inputs, the used H, is primarily
stemmed from the natural gas reforming, discharging millions
of tons of CO, each year. Considering these energy and
environment costs, it is desirable to develop alternative
processes to achieve highly efficient N, reduction for NH;
synthesis.”

In the past few years, emerging photo/electrocatalytic
reduction processes have received enormous interests to
directly synthesize NH; from N, and H,O at ambient
conditions.”” These fascinating catalytic procedures possess
many advantages, for example, mild reaction conditions, simple
infrastructures, less environmental pollutions, and renewable
energy consumptions from solar energy or electrical energy
provided by solar cells and wind turbines.

Ammonia (NH,) is one of the basic chemicals widely used in
the agriculture, and in the chemical industry as an upstream
reagent for producing value-added chemicals." As a replace-
ment of hydrogen (H,), NH; containing 17.6 wt % H is also
considered as an important hydrogen carrier that can be easily
stored and transported compared with gaseous H,. Particularly,
serving as a carbon-free energy storage intermediate, the
complete burning of NH; generates nitrogen (N,) and water
(H,0), leading to no emission of harmful gases, like carbon
monoxide (CO) and greenhouse gases, for instance, carbon
dioxide (CO,), into the atmosphere.

In nature, biological N, fixation occurs under ambient
conditions (temperature and pressure) with the assistance of
nitrogenase enzymes in certain bacteria. As key catalytic
centers, the cofactors like FeMo, FeFe, and FeV in the
enzymes are responsible for binding, activating, and reducing
N,, by consuming the energy from the adenosine triphosphate
molecules.”” Enlightened by this attractive process, several
molecular catalysts have been reported to conduct N, Received:  March §, 2020
reduction via multiple proton/electron-involved procedures.*’ Revised:  May 19, 2020
However, the ultralow yield rate in the natural process could Published: May 26, 2020
not satisfy the actual demands. Moreover, the poor stability
and recycling issues of nitrogenase enzymes and molecular
catalysts also restrict their large-scale applications.

© XXXX American Chemical Society https://dx.doi.org/10.1021/acscatal.0c01081
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Figure 1. (a) Molecular structure of N,. (b) Schematics of N atomic orbitals and N, molecular orbitals. (c) Simplified schematic of N, bonding to
TMs. (d) Electronic configuration of pure B atom and B atom with sp® hybridization. (e) N, binding motifs to the B atom on the substrate.
Reproduced with permission from ref 12. Copyright 2018 American Chemical Society.

Table 1. Applied Potentials of Hydrogenation Reactions Related to the NRR”

reaction equilibrium

R1 N, + 6H" + 6e < 2NH,

R2 2HY +2¢” & H,

R3 N, + 6H,0 + 6e~ < 2NH, + 60H"~
R4 2H,0 + 2¢” < H, + 20H"

RS N, +e © N;

R6 N, + H" + ¢” o NH

R7 N, + 2H* + 2¢” & NH,

R8 N, + 4H' + 4¢” & NJH,

E°/V
+0.55 vs NHE (pH 0)
0 vs SHE (pH 0)
—0.736 vs SHE (pH 14)
—0.828 vs SHE (pH 14)
—4.20 vs NHE or —3.37 vs RHE (pH 14)
—3.20 vs RHE
—1.10 vs RHE
—0.36 vs RHE

“NHE: normal hydrogen electrode; SHE: standard hydrogen electrode; RHE: reversible hydrogen electrode.

2. PRINCIPLES AND CHALLENGES IN NITROGEN
REDUCTION REACTION (NRR)

2.1. Thermodynamics of NRR. The N, molecule consists
of two linearly combined N atoms (Figure 1a). Each N atom
has a pair of electrons located in the 2s orbital with the
opposite spin direction and three lone-pair electrons dispersed
in 2p orbitals with same spin direction (Figure 1b). After the
hybridization of atomic orbitals, new bonding orbitals (¢ and =
orbitals) and antibonding orbitals (¢* and z* orbitals) are
generated, with the shared electrons in 7 and 26 orbitals to
form a highly intensive triple bond (N=N). Attributed to the
intrinsically inert properties of N,, its cleavage and reduction at
ambient conditions are confronted with several challenges. For
example, (i) the N, molecule has a high bond energy of 941 kJ
mol ™', and the thermodynamically strong cleavage energy (410
kJ mol™") of the first bond demonstrates the critical challenge
in the N=N dissociation; (ii) the first-H addition process with
N, is endothermic (AH® = 37.6 kJ mol™"), revealing that direct
protonation process is forbidden in the thermodynamics; (iii)
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the negative electron affinity (—1.9 eV), as well as a high
ionization potential (15.85 eV) of N, molecule reduces its
reactivity; and (iv) even in view of kinetics, the large energy
gap (~10.82 eV) between its highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) is not favorable for electron transfer.'”""

The primary challenges in the catalytic NRR can be further
disclosed from the thermodynamic constraints arising from the
intermediates. The hydrogenation processes involved in the
NRR and the related equilibrium potentials are provided in
Table 1.">"* Obviously, these unfavorable potentials for the
intermediate reactions clarify the thermodynamic difficulty for
N, hydrogenation.

2.2. N, Molecule Chemisorption and Activation. It is
well-known that the chemisorption of N, molecules onto the
active centers and the subsequent activation with receiving
electron from the catalysts are considered as prerequisite steps
for NRR. Traditional transition metals (TMs, e.g., Fe, Mo, and
Ti) have been theoretically predicted to strongly interact with

https://dx.doi.org/10.1021/acscatal.0c01081
ACS Catal. 2020, 10, 6870—6899
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Figure 2. Figure 2. (a) Schematic illustrations of the dissociative and associative pathways (including distal, alternating, and enzymatic pathways)
for NRR. Reproduced with permission from ref 11. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Schematic diagram of
the photocatalytic H,O splitting and NH; synthesis. Reproduced with permission from ref 21. Copyright 2017 American Chemical Society. (c)
Electronic energy-level diagram of typical photocatalysts, e.g., BisO,Br,*

synthesis.

CuCr-LDH,*

and Cu-TiO,,** employed for the photocatalytic NH,

N, via the formation of N—metal bonds, thanks to their
advantageous coupling of empty and occupied d orbitals."*"°
The empty d orbitals in the TMs could receive the lone-pair
electrons of N,, and the separated electrons in TM atoms
would be donated into the antibinding orbital (7 back-
donation), forming an “acceptance-donation” route for the
electron transfer to weaken the N=N bond (Figure 1c)."* As
for the main-group compounds, the combination of empty and
filled orbitals is generally absent to form bonds of ¢ and &
symmetry, leading to the difficult 7 back-bonding. Interest-
ingly, the nonmetal B-based molecular catalyst showed a strong
interaction with N, following a similar “acceptance-donation”
route.'” The empty sporbitals of B atoms received the o-
orbital electrons of N,, while the occupied p-orbitals donated
the electrons back into the unoccupied z*-orbitals of N,.
Moreover, the B atom with sp* hybridization also contained
half occupied and empty orbitals, holding a great potential for
N, reduction (Figure 1d). Once the B atoms were decorated
into graphitic carbon nitride (g-C;N,) via the formation of two
N-B bonds, one occupied and one empty sp’ were generated
for a strong interaction with N, molecules (Figure le). These
investigations have shed light on the development of promising
NRR catalysts (e.g.,, TM- or p-block nonmetal based catalysts)
with high affinity toward N,.

2.3. Electrocatalytic Pathways and Challenges.
Following the initial N, chemisorption and activation steps,
the subsequent reactions involve multiple complicated electron
transfer and hydrogenation procedures. Generally, the
proposed pathways for electrocatalytic NRR are classified
into two categories: the dissociative and associative pathways
(Figure 2a)." According to the dissociative mechanism
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(pathway i), the N=N bonds are broken first, and isolated
N atoms on the catalyst surface will be converted into NHj; via
the hydrogenation reaction. The industrial Haber—Bosch
reaction usually follows the dissociative pathway, and that is
why harsh conditions are required to drive this process. As for
the associative pathways (pathway ii), it can be further divided
into alternating pathway and distal pathway on account of the
distinct hydrogenation sequences. For the associative alternat-
ing pathway, the two N atoms react with protons
simultaneously, which might result in the formation of
byproducts (e.g, N,H,). In the distal pathway, the terminal
N atoms preferentially participate in the hydrogenation
reaction, and the addition of protons at the surface N atoms
occurs once the remote NH; molecule is released. Following
this pathway, only NHj is produced, and no other byproducts
will be observed. In addition, there is another associative
pathway, that is, the enzymatic pathway (pathway iii), during
which both N atoms are anchored on the catalyst surface with
a side-on mode.

Recently, an emerging pathway following the Mars—van
Krevelen (MvK) mechanism was proposed for transition metal
nitrides (TMNS, e.g., VN, ZrN, and NbN)."*~*° Different from
the routine pathways, lattice N atoms on the surface of TMNs
are first hydrogenated to produce NHj, leaving N vacancies
behind. These N vacancies are subsequently refilled by the
dissolved N,, triggering the generation of second NHj;
molecule with the reduction of surface N atom. In contrast
to these dissociative and associative pathways, N, activation on
TMNs via the MvK mechanism requires relatively smaller
overpotentials, contributing to a favorable NH; generation.

https://dx.doi.org/10.1021/acscatal.0c01081
ACS Catal. 2020, 10, 6870—6899
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As depicted in Table 1, not only in acid (Rl and R2) but
also in basic solutions (R3 and R4), the equilibrium potentials
for electrocatalytic NRR are comparable to those of hydrogen
evolution reactions (HER). However, NRR is a multiple
proton/electron participated process (e.g., 6-electron transfer
in R1 and R3) and involves several kinds of intermediates,
making it kinetically difficult. As a consequence, most of the
electrons and protons would preferably participate in HER.
The much negative equilibrium potential in RS for the first
electron transfer shows a huge energy barrier, severely
hampering the overall reaction rates. Meanwhile, the high-
energy transition state in R6 for the formation of N,H confirms
the difficulty in the first-H addition. In view of smaller redox
potentials for the two-electron and four-electron reduction
processes (R7 and R8), the subsequent hydrogenation steps
are easier comparing with the first-H atom. Theoretically, the
process of electrocatalytic NRR is feasible provided with a
proper external voltage. Nevertheless, the fundamental
challenge is the lack of suitable catalysts with sufficient active
sites for the efficient N, reduction. The competitive HER is
usually predominant on the catalyst surface, leading to the
extremely limited NH; yield rates with low Faradaic
efficiencies (FEs).

2.4. Photocatalytic Pathways and Challenges. For the
photocatalytic NRR processes, the associative manner (path-
way ii, Figure 2a) including distal and alternating pathways has
been widely accepted.” Under the irradiation of a light source,
the photocatalysts trap energy to create photoinduced
electron—hole (e—h) pairs (Figure 2b).>! Then, electrons are
migrated to the conduction band (CB), and the holes are left
within the valence band (VB). Afterward, the photoexcited
electrons and holes are transferred to active sites on the
catalyst surface for the catalytic reactions. In the VB, the holes
are participated in the oxidation reaction, using electron
donors (e.g, H,O) to produce proton and O,. Simultaneously,
the NH; is generated via the reduction reaction utilizing the
trapped protons and adsorbed N, in the CB. In principle, to
realize such a NRR route, the CB and VB positions of designed
photocatalysts should be much more negative and positive
than the potentials for N, hydrogenation and O, evolution,
respectively.

In addition to the aforementioned N, reduction process, it
should be noted that the emerging N, oxidation reaction
(NOR) driven by the light irradiation has also received
enormous attention.”””” Utilizing the photoexcited holes, N, is
first oxidized to NO with H,O (R9). Meanwhile, O, consumes
the photogenerated electrons and is subsequently reduced to
H,0 (R10). Finally, NO interacts with O, and H,O and is
further oxidized to the nitrate (NO,~, R11).**

N, + 2H,0 + 4h" < 2NO + 4H* (R9)
0, + 4H' + 4¢” & 2H,0 (R10)
4NO + 30, + 2H,0 < 4HNO, (R11)

For the produced NO;~, some recent pioneering studies
have confirmed the feasibility of its photocatalytic conversion
to NH;. Following the probable routes (R12 and R13), the
photoinduced holes are consumed with the electron donors
(e.g, HCOOH), resulting in a high selectivity in NH;
production (up to ~97%).””*° Considering these promising
routes, it is highly anticipated to offer an alternative strategy for
the efficient photocatalytic NH; production.
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HCOOH + 2h" « CO, + 2H* (R12)

NO,”™ + 9H* + 8¢~ < NH, + 3H,0 (R13)

Actually, in the diverse N-containing species participated
photocatalytic reactions, there is still uncertainty on the
complicated reduction/oxidation routes, as well as the possible
interconverted procedures and side reactions. Probably, both
reductive/oxidative products (e.g, NH; and NO;™) could be
observed simultaneously within the system. To this end,
further exploration and understanding in the fundamental
reaction mechanisms are urgently required.

As the primary focus in this Review, photocatalytic N,
reduction process is still confronted with several challenges,
which are remained to be addressed to achieve a satisfactory
conversion efficiency. (i) N, activation: For most typical
photocatalysts (e.g., Bi;O,Br, CuCr-LDH nanosheets (NSs)
and Cu-TiO, NSs, Figure 2¢),”*7** their CB potentials (e.g,
—1.43 eV for BisO,Br, —0.2 eV for CuCr-LDH NSs, —0.25 eV
for Cu-TiO, NSs) are more positive than reduction potentials
for the intermediate reactions, making them difficult for
forming solvated electrons or direct N, fixation. Generally,
there are two kinds of thermodynamic considerations, e.g., the
thermodynamics of half- and global-reactions, and surface
reactions and photon-induced processes, respectively.”' The
former is catalyst independent, while the latter is catalyst
dependent. Despite the low probability in the electron transfer
to N, following these one-electron participated steps (e.g, N,
+e o N,,—420Vvs NHEand N, + H" + e~ & N,H, —
3.20 V vs NHE, pH 0), these promising catalysts demonstrated
the feasibility in photocatalytic NRR experimentally. Utilizing
versatile active sites on the photocatalysts, an alternative route
was established for triggering the chemisorption and activation
of N, molecules, finally realizing the NH; synthesis with the
successive transfer of electrons and protons. Although still with
limited conversion efficiencies in contrast to that of industrial
processes, these investigations demonstrate that an excellent
N, adsorption and activation ability of designed photocatalysts
plays a critical role in highly efficient photocatalytic NRR. (ii)
e—h recombination: Once e—h pairs are formed under
irradiations, the carriers would recombine with their counter-
parts of opposite charge trapped on the catalyst surface
(surface recombination), or the recombination of two carriers
occurs in the bulk of the photocatalysts (volume recombina-
tion).”> Both recombination processes are detrimental to the
efficiency of the photocatalytic reaction. Thus, to enhance the
solar conversion efficiency for photocatalytic NRR, it is
requisite to suppress such e—h recombination and to achieve
a longer lifetime of charge carriers. (iii) H,O splitting reaction:
Since solar H,O splitting and N, reduction occur simulta-
neously within the system, it is imperative to enhance the N,
reduction rate while suppressing the H,O splitting. Typically,
designed photocatalysts should specially adsorb N, molecules,
while reserve necessary active sites for H,O splitting to supply
desired protons. (iv) Visible light response: While satisfying
the critical preconditions toward efficient N, activation, it is
desirable to develop promising photocatalysts with excellent
response ability toward visible light. For instance, as a classical
photocatalyst, TiO, with an unfavorable band gap of ~3.2 eV
could merely be activated by UV or near-UV radiation,
severely hampering its solar spectrum-utilization efficiency. (v)
NH; oxidation. Because of the presence of photoinduced holes
or reactive oxygen-containing species, the generated NHj;

https://dx.doi.org/10.1021/acscatal.0c01081
ACS Catal. 2020, 10, 6870—6899
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would be further oxidized to NO,”/NO;~, which is
detrimental for the NH; production and performance
assessment of photocatalysts. Thus, developing catalysts with
preferable N, adsorption capacity, or designing proper
photocatalytic reactors to effectively remove these oxidative
species is the probable route to circumvent this issue.

Coupling with the electrocatalytic and photocatalytic N,
reduction pathways, an emerging route of photoelectrocatalytic
NRR has attracted great attention recently.’”** Essentially, the
photoelectrocatalysis involves a photocatalytic process in the
presence of an external bias, which has been widely utilized in
water splitting and CO, reduction reaction (CRR).*7%
Benefiting from the merits from both photocatalysis and
electrocatalysis, the reduction—oxidation abilities of photo-
excited electron—holes are significantly enhanced to drive the
reaction forward. In view of its comparable behaviors with
electrocatalytic and photocatalytic NRR, the photoelectroca-
talytic NRR pathway suffers similar challenges as mentioned
previously, such as proton competition and N, activation.

To effectively address these challenges in NRR encountered
in the photo/electrocatalysis, tremendous efforts have been
dedicated to promoting the catalytic performance of NRR,
mainly focusing on two aspects. On the one hand, the NRR
conversion efficiency could be significantly improved via
rational catalyst design, such as introducing versatile vacancies,
exposing active crystal facets, fabricating a specific structure,
and constructing a heterointerface.”® *’ For example, it was
revealed that oxygen vacancies (OVs) played a critical role in
N, reduction, through an effective improvement in N,
chemisorption and stabilization of some reaction intermedi-
ates.*’ On the other hand, additional strategies, including
tuning the electrolytes, enhancing N, mass transfer/reducing
H,O transport, designing a specific plasma electrolytic system,
or utilizin§ lithium-mediated N, fixation, have been widely
employed.”” " In this regard, a hydrophobic and high N,-
solubility (0.28 mg g™') ionic liquid was introduced as an
alternative electrolyte for electrocatalytic N, reduction.*®
Benefiting from the significantly enhanced interaction with
N, molecules and obvious suppression of HER, an impressive
electrochemical NH; synthesis with a FE of ~60% was
achieved. Nevertheless, despite this high performance, the
complex synthesis procedure and high cost of ionic liquid
would definitely hinder its wide applications in practice.

Given the rapid development in this hot research area in the
past few years, it is necessary to update timely progress for
various strategies employed for overcoming critical challenges
of the low conversion efficiency in NH; synthesis. Recently,
several reviews on electrocatalytic or photocatalytic N,
reduction processes have been reported, mainly regarding the
reaction mechanisms and processes, different components and
types of catalysts, as well as some discussions on cell
configurations.” > Some reviews are partially focused on
the preparation strategies for electrocatalysts, or one aspect of
defect engineering for designing desirable catalysts.> > Few
reviews have been reported on the comprehensive design
strategies for the construction of promising catalysts, for
instance, electrocatalysts, photocatalysts, and photoelectroca-
talyts as well. Therefore, it is extremely urgent to summarize
and discuss the research advances in this aspect, unveiling the
underlying factors for guiding the synthesis of high-perform-
ance catalysts.

In this work, we systematically review the state-of-the-art
research advancements to tackle the efficiency challenges in
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NRR, in the perspective of different strategies for rational
catalyst design, including defect engineering, structural
manipulation, crystallographic tailoring, and interface regu-
lation, as depicted in Figure 3. On the basis of interdisciplinary

De{e(:t enlgineering

atalyst Desig“
sirategieg

Tring

ic tajlg

In terface regulato

Figure 3. Schematic illustration of various design strategies for high-
performance NRR catalysts.

knowledge of nanotechnology, material science, and chemistry,
the precise manipulation toward catalysts at different
dimensions varying from atom-scale (e.g., defect engineering),
nanoscale (e.g, crystallographic tailoring) to microscale (e.g.,
interface regulation) is achieved with the proposed strategies.
Finally, critical challenges and future perspectives in the
research field are provided.

3. DEFECT ENGINEERING

3.1. Vacancies. Via introducing different vacancies into the
catalysts, for example, O vacancies (OVs), N vacancies (NVs),
and S vacancies (SVs), the vacancy engineering is considered
as one of the most effective defect strategies to improve their
catalytic behaviors in the NRR.*° It has been revealed that the
presence of various vacancies can effectively regulate the
intrinsic properties including the electronic structure, charge
transport, and surface adsorption capacity.””>® Accordingly,
these vacancies behave as dominant adsorption and active sites
for heterogeneous catalysis, lowering the activation energy
barriers and facilitating the catalytic reactions. Furthermore,
surface OVs and NVs with typical defect states are capable of
trapping the photoinduced electrons or holes, inhibiting the e—
h recombination process and promoting the migration of
charge carriers to the adsorbates.”

3.1.1. Oxygen Vacancies (OVs). Possessing abundant
localized electrons, OVs are extensively employed in efficient
adsorption and activation of various molecules, such as O, and
CO,.°°" Enlightened by these reports, the tremendous
potentials of OVs enriched catalysts toward accelerated N,
adsorption and activation have been explored recently.”*~*
For instance, Zhang et al. reported an efficient visible-light
NRR at OVs on the exposed BiOBr (001) facets (BOB-001-
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OV).”” Via coordinating with the partially reduced and OV-
connected Bi atoms, N, was adsorbed on OVs with an end-on
bound structure. Back transfer of charges from OVs to
adsorbed N, resulted in the N=N activation, elongating the
bond length from 1.078 to 1.133 A (Figure 4a). Serving as
electron trapping sites, the presence of OVs significantly
promoted the interfacial charge transfer and increased the
lifetime of charge carriers (r = 2.15 ns, Figure 4b), which was
over 2 times longer than that of the photocatalyst without OVs
(7 = 1.06 ns, BOB-001-H). As expected, the designed catalyst
with abundant OVs showed remarkably enhanced NH,
production (Figure 4c), and a fixation rate of 104.2 ymol
h™' ¢! was observed under visible light. Despite the attractive
advantages in N, fixation, most bismuth oxyhalides (BiOX, X =
Cl, Br, and I) are susceptible to photocorrosion, and the
surface OVs usually lose the catalytic activities due to easy
oxidization. Therefore, to realize sustainable photocatalytic
NRR procedures, designing highly stable photocatalysts with
abundant OVs is indispensable. To address this issue, Chen
and Ye et al. reported a novel NRR photocatalyst of Bi;O,Br
nanotubes with reproducible surface OVs, high specific area of
~96 m* g, and compatible absorption edge.”” On the one
hand, a greatly improved stability of bismuth-enriched bismuth
oxyhalides was secured via increasing the Bi/Br ratio,

compared with the traditional BiOX. On the other hand, the
light-switching OVs were first created with partial O atoms
escaping from the surface of Bi;O,Br nanotubes under visible
light irradiations. After the NRR, these OVs were refilled by
capturing O atoms from H,0, eventually recovering to the
initial stable state. Accordingly, a high NH; production rate of
1.38 mmol h™' g™ was achieved, with a superior apparent
quantum efficiency (AQE) over 2.3% at 420 nm. Particularly,
no noticeable loss in catalytic activity after 4 cycles, as well as
subtle changes in crystalline structure and morphology after
the reaction, confirmed a high stability of the designed
photocatalyst. In another work, it was manifested that the
presence of grain boundaries (GBs) in WO, could induce
plentiful operando OVs under light irradiations, thus
significantly promoting photocatalytic activity and stability
toward N, reduction.”® Given the concentration of OVs relying
on the density of GBs, nanoporous WQO; annealed at 600 °C
(W0,;-600) with abundant GBs exhibited an optimal NH;
production rate of 230 umol h™' g~! without any sacrificial
agents (~17-fold that of WO; without GBs). Attributed to a
much better tolerance of the operando OVs toward H,0/0,,
an impressive stability with ~100% catalytic activity was
maintained after 10 successive cycles. These pioneering studies
provide insights into the generation of operando OVs, opening
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new avenues to design highly active and stable catalysts for
NRR.

Intrinsically possessing sufficient surface defects such as
OVs, 2D ultrathin layered-double-hydroxides (LDHs) have
emerged as attractive catalysts or catalyst supports for a wide
variety of heterogeneous catalysis.”” The defect concentration
increases with the thickness of 2D LDHs approaching atom-
scales, creating abundant active sites that can not only facilitate
reactant adsorption but also enhance visible-light absorption
via reducing the bandgap. For instance, through decreasing the
thickness of ZnAI-LDH NSs to ~2.7 nm, sufficient OVs
accompanying with Zn"*—OVs complexes were generated as
trapping sites for the accelerated adsorption of CO, and H,O,
improving the charge separation and significantly enhancing
the performance in the photocatalytic CRR.”" Inspired by
these studies, a series of M"M".LDH photocatalysts (M"
Mg, Zn, Ni, Cu; M™ = Al, Cr) were fabricated and tested for
NRR via tuning their compositions and morphologies.”
Taking the CuCr-LDH with the remarkably high activity as
an example, it possessed an ultrathin nanosheet morphology
(CuCr-NS) with a thickness of ~2.5 nm. The introduction of
Cu’" strategically engineered OVs on the edge/surface of the
CuCr-NS, inducing the structural distortions and resulting in
slight lattice disorder and dislocations (Figure 4d). Playing
important roles in the adsorption and activation of N,, similar
distortions were widely observed in other NRR catalysts (e.g.,
S-enriched MoS, nanoflower).”” Meanwhile, the shorter
distance (1.989 A) of first Cr—O shell in CuCr-NS (1.990 A
in CuCr-Bulk, Figure 4e), as well as a reduced second Cr—Cu
distance from 3.060 A (CuCr-Bulk) to 3.056 A (CuCr-NS),
demonstrated a structural compression in the ab-plane of
CuCr-NS. As revealed in DFT simulations, the presence of
OVs and concomitant compressive strains imparted extensive
defect levels within the bandgap (Figure 4f). These addition-
ally generated energy states acted as trapping sites for
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photoinduced electrons, thus remarkably facilitating the
electron transfer from CuCr-NS to N, molecules. Accordingly,
an obviously enhanced NH; formation was realized on CuCr-
NS using H,O as a proton source, resulting in a high yield of
57.1 ymol h™" ¢! under the irradiation of visible light.

For practical applications, easily available and robust
photocatalysts that could efficiently promote water oxidation
and N, reduction are highly in demand. As an attempt, a
notable work focusing on the classical commercial photo-
catalyst of TiO, with OVs for NH; synthesis was performed by
Shiraishi et al.”” Exposed on the surface of TiO,, active Ti**
species on the OVs facilitated the N, adsorption through the
electron donation and further dissociation of the N=N bond.
Undergoing the photocatalytic cycle of Ti** (initial species) —
Ti*" (Ti*-azo and Ti**-azo’) — Ti’* (intermediate species) —
Ti* (Ti*-hydrazo and Ti**-amine) — Ti** (initial species),
these active surface Ti*" sites were regenerated, realizing an
efficient NH; production. Although exhibiting a low solar-to-
chemical conversion (SCC) efficiency of 0.02%, the
introduction of the low cost, highly stable, and noble-metal
free TiO, potentially shed new light on the artificial NH;
photosynthesis. Enlightened by this work, Wang and Jiang et
al. further developed the photocatalyst of Au nanocrystals
decorated on ultrathin TiO, NSs with abundant OVs (Au/
TiO,—OV) and demonstrated a photodriven NRR in the
“working-in-tandem” manner (Figure 4g).69 On the one hand,
N, was adsorbed on the OVs of TiO, NSs, utilizing the
electron transfer between the OV-induced Ti*" and N,. On the
other hand, triggered by the localized surface plasmon
resonance (LSPR) effect on the Au nanocrystals, generated
hot electrons were injected into the CB of TiO, NSs and
subsequently used for reducing activated N, molecules to NHj.
On account of the synergetic effect, proposed Au/TiO,—OV
showed a greatly boosted performance as compared to that of
other catalysts under the irradiations of visible light (Figure
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4h). The observed NH; formation rate was 78.6 ymol h™' g™*
(~98- and 35-fold those of Au/TiO, and TiO,—OV), and the
highest AQE of 0.82% was achieved at 550 nm (Figure 4i).
Considering the indispensable role of OVs in the photo-
catalytic N, reduction, it is highly desirable to develop reliable
synthetic strategies to realize precise modulation and control of
OV concentrations in photocatalysts. Through a facile copper
doping approach, Zhang et al. demonstrated a new pathway for
optimizing the OV concentrations on ultrathin TiO, NSs.**
The substitution of Ti*" (0.64 A) with larger Cu®* (0.73 A)
generated abundant OVs stemmed from the Jahn—Teller
distortions, as well as the concomitant lattice distortion and
compressive strain. Ascribed to these positive factors,
accelerated N, adsorption and favorable hydrogenation step
of N,* — N,H* were achieved on the TiO,—QV-Strain,
resulting in a higher adsorption energy (—0.37 eV) while lower
reaction energy (0.36S eV) than those of TiO,—OV
(adsorption energy: — 0.25 eV, reaction energy: 0.893 eV)
and TiO,—Pure (adsorption energy: — 0.17 eV, reaction
energy: 2.115 eV). As a consequence, the designed catalyst
exhibited an excellent photocatalytic activity in a wide solar
absorption range, affording NH; yield rates of 78.9 ymol h™
g~ under full solar illumination, 1.54 yumol h™" ¢! (quantum
yield of 0.08%) and 0.72 umol h™" ¢! (quantum yield of
0.05%) under 600 and 700 nm irradiations, respectively.
3.1.2. Nitrogen Vacancies (NVs). Inspired by the impressive
properties of OVs, the NVs have also received enormous
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interests in the NRR recently.74 Possessing a similar structure
and size with the N atom, NVs-enriched catalysts can be
regarded as the N,-imprinted polymer, which could be adopted
as N,-selective adsorbents and activators.”” Besides, it is known
that the defective NVs can capture photoinduced electrons and
hinder the recombination of e—h pairs. Carbon nitride is
widely selected as the common matrix to introduce NVs, on
account of its high N contents and typically layered structure
that can supply sufficient and uniformly distributed NVs.”®””
Recently, Yu and Chen et al. synthesized NVs-enriched
polymeric carbon nitride (PCN-NV) via recalcination treat-
ment of PCN in an Ar atmosphere.”® Treating with an optimal
recalcination time of 4 h, the catalyst (denoted as PCN-NV4)
retained the 2D sheet-like morphology and possessed a
transparent thin-layer structure (Figure Sa). Compared with
a high ratio of C-N=C/N—(C); of pristine PCN (3.7), the
drastically decreased value to 1.7 manifested that the
engineered NVs were preferentially located at N, sites
(Figure Sb). The introduction of NVs significantly enhanced
m-electron delocalization (Figure Sc) and further redistributed
additional electrons to adjacent C atoms. These electrons were
transported to the adsorbed N, via a back-donation process,
achieving a strong N, activation. Accordingly, the N=N bonds
were intensively weakened with the bond length increasing
from 1.0975 A in free N, to 126 A (Figure Sd). The
engineered PCN-NV4 remarkably enhanced the NHj; yield
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rate to 8.09 ug h™' mg™" (over 10-fold of PCN, Figure Se),
with a high FE of 11.59% at —0.2 V vs RHE (Figure 5f).
Moreover, the NVs-containing g-C;N, also demonstrated its
feasibility in the photocatalytic N, fixation, and various
sacrificial electron donors (e.g, CH;OH) were widely
introduced to boost the conversion efficiency. In addition to
acting as the hole scavenger, CH;OH possessed a high
solubility of N, and played the role as the proton supplier in
NRR, contributing to a high NH; evolution rate of 3.632 mmol
h™' ¢7" with an impressive AQE of 21.5% (~420 nm) on the
K* grafted g-C;N,.”” Despite this prominent performance, it is
highly desirable to conduct photocatalytic N, reduction
directly using H,O instead of CH3;0H as the proton supplier.
To this end, an ideal photocatalyst should meet the
requirements toward efficient H,O oxidation and N, reduction
simultaneously. In view of this point, a novel mesoporous
photocatalyst of P-doped carbon nitride containing NVs was
proposed for the NH; production from N, and H,O by visible
light irradiations.”® With doped P behaving as sites for H,O
oxidation and NVs facilitating N, reduction, a satisfactory SCC
efficiency of 0.1% was observed on the bifunctional catalyst.
Coupling with two strategies of vacancy engineering and
heteroatom doping (to be discussed in Section 3.2), this work
offered a promising paradigm for the design and fabrication of
highly efficient catalysts for artificial photosynthesis of NHj.
In addition to these pretreated NVs on the catalysts, the self-
formed NVs on the TMNs following the MvK mechanism
have been experimentally demonstrated to be active in eflicient
NH, production recently.*" As a paradigm, Xu and co-workers
synthesized the VN nanoparticles via the urea-assisted pathway
and performed a systematic investigation of catalytic
mechanisms in the N, reduction.®” Identified with the ex situ
XPS and operando X-ray absorption spectroscopy (XAS), the
VNp;Og4s (VNO) instead of the VN was confirmed as the
active species. The surface N atom adjacent to the O atom first
interacted with adsorbed H atoms, producing the NH; and
leaving the N vacancy on the catalyst surface (right circle in
Figure 6a). The subsequent capture of N, on the vacancy
triggered next reduction cycle, and a mixture of "*NH," and
SNH,* was produced in '*N, stream. However, the unstable O
atoms in the VNO were easily removable especially at more
negative potentials, leading to the generation of surface OVs
(left circle in Figure 6a). As further revealed in DFT
calculations, N possessed a stronger binding strength toward
the vacancy than that of O, resulting in the formation of the
inactive VN phase. Operating at an appropriate potential of
—0.1 V, the NH; yield rate of 330 pmol s™' cm™ with a FE of
6.0% was acquired within 1 h, and a steady-state evolution rate
of 110 pmol s™' cm™ was maintained up to 116 h. Despite a
higher NH; generation rate of 500 pmol s~ ' em™ (FE of 6.5%)
was achieved at a lower potential (e.g., — 0.2 V) within first 1
h, a severe activity loss (over 95%) was observed after 2 h,
mainly ascribed to the rapid removal of O atoms and
deactivation of the catalyst. To unveil the density of initial
and steady-state active sites of NVO, the authors further
developed an innovative exchange strategy through alternately
substituting surface active N sites in 15N/ 4N sources (Figure
6b).*> Under the SN, atmosphere, the produced “NH,*
plateaued at ~10 ug after 24 h, while the amount of *NH,"
gradually increased to 23 ug over 72 h (Figure 6c,d). As
estimated, only ~4.2% active N of the total N in the catalyst
participated in NRR. While further treating the spent catalysts
in the "N, stream, a low '*NH," amount of 2.5 ug indicated
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that merely ~25% of the active sites were available in the
steady state (Figure 6d). These important discoveries not only
open new horizons in designing high-performance TMN-based
catalysts (e.g., via increasing the amount and stability of surface
O atoms), but also provide a strong pathway to identify the
intrinsic active sites on the catalysts.

3.1.3. Sulfur Vacancies (SVs). As the important nonmetal
element in nitrogenases, the S element is confirmed to play a
significant role in biological N, reduction. Besides, considering
its comparable chemical properties with O, increasing attention
has been dedicated to engineering SVs into the S-containing
catalysts and exploring their potentials in the NRR. Lately, Li
et al. demonstrated that SVs formed in the multicomponent
ternary metal sulfide of ZnSnCdS exhibited an enhancement
effect on N, photofixation.”* In addition to the improvement
in the adsorption and activation of N, molecules, the presence
of SVs promoted the charge transfer from the metal sulfide to
N,, thus tremendously improving the N, photoreduction
efficiency. As another classical S-containing material, 2D-
layered MoS, with unique electronic, optical, and mechanical
properties has attracted enormous attention in the catalytic
fields.*>*® The amount of SVs in MoS, can be significantly
improved via regulating its layers to the ultrathin form or
atomic thickness. For this purpose, Wang et al. prepared
ultrathin MoS, NSs (3-S5 layers of S—Mo—S) with a
sonicating treatment and achieved a large amount of SVs
with stoichiometry Mo/S ratio of 1:1.75.” Owing to the
abundant SVs in the ultrathin MoS,, the captured N,
molecules on SVs were activated with donating electrons
from the bonding orbitals, and receiving electrons to the three
antibonding orbitals. Upon the light irradiation, the photo-
induced charged excitons located at Mo atoms interacted with
adsorbed N, molecules, resulting in the trion induced
multielectron reduction process. Compared with bulk MoS,
with subtle N, reduction activity, the ultrathin MoS, NSs
showed an obviously enhanced NHj; synthesis rate of 325
umol h™" g™'. Apart from the function for N, activation, SVs
on MoS, could act as efficient H-providers to directly transfer
*H to nearby bound N,, opening a new route for N,
reduction.”® More importantly, the H* reduction kinetics
could be tuned with different MoS, polymorphs (1T- and 2H-
MoS,). In contrast with the “metallic” type 1T-MoS,, the
semiconducting property of 2H-MoS, endowed a lower CB
level below H'/H, redox potential, exhibiting an effective
suppression toward HER. Coupling with amorphous Ru
clusters as N, binding sites, a novel catalyst of Ru/2H-MoS,
was designed for achieving a highly active and selective NRR.
Hydrogenated SVs (*VH) transferred *H to N, bound on the
Ru (*"N,) following the **'N, + *VH « *RN,H, with the
regeneration of SVs for further proton reduction procedures.
On the basis of this ingenious catalyst design, the NH,
formation rate of 114 pmol s™' cm™ with a high FE of
17.6% was obtained at 50 °C.

In virtue of rich physicochemical properties created on
versatile vacancies, it will inspire growing research interests for
designing qualified catalysts for NRR applications via vacancy
engineering. Despite these achievements, the research in this
area is still challenged with some critical issues and thus filled
with opportunities. To exactly elucidate the underlying factors
of vacancies that determine catalytic behaviors, the first
challenge is to select and establish advanced techniques and
approaches to reveal the existence, position, and concentration
of the vacancies. Second, most of the reported catalysts are
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engineered with OVs and NVs. The introduction and
application of other types of vacancies are still limited. To
expand the varieties of vacancies enriched catalysts, novel
vacancies (such as P, S, and C), as well as dual- or
multivacancies are deserved to be explored in future and
reliable approaches to manipulate the desired vacancies onto
catalysts are urgently required. Third, to clarify the vacancy-
mediated reaction pathways, it is highly imperative to monitor
the reaction intermediates during catalytic processes, using in
situ/operando characterization methods. For example, in situ
scanning tunneling microscopy (STM) was recently applied
for exploring the electrocatalytic dynamics on OVs enriched
TiO,-(110) surface in HER.* Finally, it is important to unveil
the critical factors to maintain a high stability of vacancies,
considering that the surface OVs/NVs are easily deactivated by
refilling the O/N atoms. To address this issue, partially filling
these vacancies with nonmetal dopants was demonstrated to
dramatically improve the stability.”””" As a paradigm, the
cycling stability of g-C3N, in electrocatalytic NRR was
significantly boosted through filling the NVs with S dopants.”!
All of these aspects are crucial in the further advancement of
designing promising NRR catalysts.

3.2. Heteroatom Doping. Doping with a heteroatom is
regarded as another effective approach to tailor electronic
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structures, manipulate surface features, and modify the
chemical composition of catalysts.”” Generally, there are two
kinds of heteroatom doping: nonmetal and metal doping. For
example, via inducing charge and spin densities on C atoms
near dopants, the nonmetal doping with B, N, S, Cl, and P
toward carbon materials can not only regulate the adsorption/
desorption behaviors of the reactants, intermediates and
products on the catalyst surface but also favor the electron
transfer.”>™° As a consequence, numerous active sites are
created and significantly enhanced catalytic activity is observed.
For the type of metal doping, various dopants of TMs (e.g.,
Cu, Fe, Co, and Ni) have been extensively investigated for
enhancing the catalytic activities of photocatalysts.”*”” It was
found that doping with metal ions would lead to the red shift
of the photoresponse. Moreover, in view of the impurity
energy levels produced within band gaps of photocatalysts,
metal doping could reduce the e—h recombination and thus
enhance the transfer of charge carriers.

3.2.1. Nonmetal Doping. Owing to the large specific area
and abundant pores providing sufficient binding sites and fast
mass-transfer routes, N-doped porous carbon (NPC) is
extensively used in supercapacitor, battery, and CO,
capture.”*™'*’ Notably, N doping modifies the electronic
structure and induces the defect formation and charge
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polarization, resulting in enhanced adsorption and catalytic
activity as demonstrated in the O, reduction reaction (ORR)
and NRR.'’"'%* Derived from the pyrolysis of zeolitic
imidazolate framework-8 (ZIF-8), a cost-effective NPC
electrocatalyst was first reported for NH; production (Figure
7a)."”> Composed of Zn as metal nodes and 2-methylimida-
zole as organic linkers, ZIF-8 is widely applied as a carbon
precursor for the preparation of NPC, leaving N-doped carbon
skeletons with homogeneous pores for the beneficial diffusion
of the reactants during catalysis.'”* Prepared NPC possessed a
high amount of N and controllable N species (pyridinic,
pyrrolic, and graphitic N) at different calcination temperatures
(Figure 7b), in which pyridinic/pyrrolic N were demonstrated
as active centers for N, chemical adsorption and N=N
cleavage. Undergoing a preferable pathway of *N=N —
*NH=NH — *NH,-NH, — 2NH,;, a maximum FE of
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1.42% with stable NH; yield rate of 1.40 mmol h™" g~' was
obtained on NPC calcinated at 750 °C (—0.9 V vs RHE,
Figure 7c). In similar studies, pyridinic-N in the NPC was
confirmed as critical sites to facilitate the N, adsorption and
dissociation of N=N bonds, thus contributing to the
significantly enhanced NH; production.'*>'% These explora-
tions provide new insights into the catalyst design with desired
N content and type, which would contribute to an efficient
NRR under ambient conditions.

Apart from the N doping, the doping with B element would
induce electron deficiency in carbon materials, resulting in
substantially improved electrocatalytic activities in ORR and
CRR."**'% Given a smaller electronegativity of B (2.04)
compared with C (2.55), an efficient redistribution of electron
density would be observed on the B-doped carbon ring
structure. Positively charged B atoms are favorable for N,
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adsorption, serving as excellent catalytic centers to form the
B—N bonds for the subsequent NH; production. Meanwhile,
the prohibited binding toward excessive H" will promote the
FE via the suppression of HER. In this regard, Zheng and Ma
et al. proposed an electrocatalyst of B-doped graphene (BG)
with a typical 2D layer morphology for the efficient NRR
(Figure 7d)."”” Containing four B—C structures of B,C, BC,
BC,0, and BCO, (Figure 7e), the doping of B enhanced the
chemisorption capability toward N, molecules (Figure 7f).
Among different B—C structures, G-like BC;-type structure
presented the most favorable binding capability and highest
catalytic activity, serving as major electrocatalytic sites in the
NRR (Figure 7g). In view of a preferable energy profile, a
lower reaction energy barrier of 0.43 eV was estimated in the
limiting step (NH* — NH,*) on BC, with the theoretical
calculations (Figure 7h), compared with those of BCO, (1.04
eV) and BC,0 (1.30 eV) for the N* — NH* process.
Accordingly, the resultant BG-1 catalyst with a high percentage
of BC; displayed excellent catalytic performance, with NH;
yield rate of 9.8 ug h™' cm™ and a FE of 10.8% (—0.5 V vs
RHE).

In addition to familiar doping with N and B, a recent study
proved that doping of S atom also strengthened the NRR
performance of carbon nanospheres (S-CNS)."'" With a
comparable behavior of N and B atoms, the presence of S
atoms improved the capability for physisorption and
chemisorption toward N,. Accordingly, designed catalyst
achieved a high NH; yield rate of 19.07 pug h™' mg™" with a
high FE of 7.47% at —0.7 V (vs RHE, ~ 3.70 ug h™' mg™" and
FE of 1.45% of CNS). More importantly, employing the earth-
abundant sucrose as the carbon source, this work offers a new
avenue to fabricate low-cost and easy-available NRR catalysts.

Furthermore, the codoping strategy with diverse heter-
oatoms, such as N/B, N/S and N/P, has been extensively
utilized to design efficient ORR, HER, and NRR cata-
lysts.'"''~'"? Inspired by these pioneering N and B doping
works, Wang and co-workers demonstrated that codoping of
both atoms into the carbon NSs significantly enhanced the
NRR performance via the synergetic effect.'* On the one
hand, a lower free-energy change (AG = 1.72 eV) was achieved
on the codoped catalyst in the protonation step (*N, —
*N,H) than those of single B (2.24 eV) or N (1.99 eV)
doping, indicating a favorable N,H bonding and excellent
activity after the codoping. On the other hand, a high
adsorption free energy of *H species (0.65 eV) confirmed that
the N/B codoping significantly retarded the HER activity.
Serving as the active triggers, the formed B—N pairs activated
near edge C atoms as the catalytic centers for N, reduction,
exhibiting a high NH,; yield rate of 7.75 ug h™ mg™" with an
enhanced FE of 13.79% at —0.3 V (vs RHE).

The doping of nonmetal elements into metal oxides (e.g., B-
doped MnO, NSs, F-doped SnO, NSs) or oxide-hydroxides
(e.g., F-doped p-FeOOH) has also received enormous
attention in NRR recently."'>~""7 In addition to those familiar
merits, such as effective regulation on the electronic structures,
improved conductivity, and reduced energy barriers for N,
reduction, the nonmetal doping into metal oxides could
exceptionally induce the desirable OVs. It was confirmed that
B doping into the MnO, NSs created abundant OVs, through
preferentially replacing the O atom instead of the Mn atom.' '
The combination of B-dopants and OVs resulted in an
enhanced NRR activity, displaying an ultrahigh NHj yield rate
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of 542 ug h™' mg™' (—0.4 V vs RHE) with a FE of 16.8%
(=02 V vs RHE).

3.2.2. Metal Doping. As the active sites in nitrogenase
enzymes, the FeMo-cofactor catalyzes the reduction reaction
to produce NH; with solvated protons, electrons, and
atmospheric N, at ambient conditions. Triggered by this
discovery, the doping of Mo has received great interests for the
development of promising NRR catalysts."'*'"” To this end,
Xiong and coauthors first confirmed the feasibility of Mo
doping into W3O, lattice for the development of an efficient
NRR catalyst.""” With a low substitution of W atoms with 1
mol % Mo (MWO-1), ultrathin nanowires (Figure 8a) with
sufficient exposed active sites grow along the [010] direction
with ordered lattice fringes (Figure 8b). The Mo doping
offered active sites for N, adsorption, and two N atoms were
more easily polarized on the Mo—W center, with a
substantially increased charge difference of 0.58e (0.4Se on
the W—W site, Figure 8c,d). Accordingly, a larger adsorption
energy of N, (—2.48 eV) was induced after the Mo doping, in
contrast to the —1.65 eV of pristine W30,9. Meanwhile, the
Mo doping facilitated the electron transfer from metal sites to
captured N,, showing a higher peak at 533 eV with the
enhanced metal—oxygen (M—O) covalency (Figure 8e).
Moreover, the doped Mo sites elevated the defect-band center
toward the Fermi level, accumulating more active electrons for
N, reduction. All of these merits synergetically accelerated the
N, adsorption and activation on MWO-1, achieving a high
yield rate of 195.5 umol h™ g™ (~7-fold that of W3O,
Figure 8f), with an AQE of 0.33% at 400 nm.

As another critical metal element in the cofactors, Fe was
also extensively applied as the dopant to improve the photo/
electrocatalytic performance in NRR. For instance, via
homogeneously substituting Ti*" sites in the TiO, lattice, the
doped Fe®" effectively inhibited the e—h recombination and
substantially improved the concentration of charge carriers.'”!
The resultant catalyst showed an enhanced quantum yield of
0.1827 m™* under UV light irradiation (~3.84 times compared
with pristine TiO,). Inspired by this research work, the doping
of Fe*" into g-C;N,, was proposed to realize an outstanding N,
photofixation performance under visible light.'"*> To this end,
Fe®* was anchored at the interstitial sites and stabilized via the
Fe—N bonds in the electron enriched g-C;N,. The doping with
Fe®" sites not only effectively promoted the chemisorption and
activation of N, molecules but also remarkably enhanced the
specific area of the catalyst to 45.5 m® g™' (~7.7 m* g™' of g-
C;N,), providing sufficient active sites for N, reduction. Thus,
a significantly boosted NH, production rate of 5.40 mg L™' h™"
g~ was acquired (~13.5-fold that of g-C;N,). Lately, Sun et al.
first demonstrated the Fe doped TiO, as an effective
electrocatalyst for boosting the N, reduction activity.'”> On
account of the charge compensation between the lattice defects
and metal dopants, the introduction of Fe into TiO,
substantially increased the concentration of OVs. Meanwhile,
the observed Ti*" active species were generated after the Ti*"
receiving electrons from adjacent OVs. As revealed in the
theoretical calculations, the presence of a pair of Ti** sites (bi-
Ti**) and OVs synergistically enhanced the back-donation of
electrons to N, and promoted the key conversion of
*NH,NH, — *NH, + *NHj;, contributing to an excellent
performance with a high NH; yield rate of 25.47 ug h™' mg™
and an impressive FE of 25.6% (—0.40 V vs RHE).
Comparably, the incorporation of Fe into CeO, not only
introduced rich OVs but also produced active Ce**—Ce*" pairs
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to improve the selectivity of NRR over HER."** Moreover, Fe

doping induced the morphology evolution from CeO,
nanoparticles (~38.5 m> g™') to nanosheets with a larger
surface area (~73.2 m®> g'). Ascribed to these synergetic
effects, a remarkably enhanced NH, yield of 26.2 ug h™' mg™
was realized on the Fe-CeO, (~7.6 ug h™ mg™" on Ce0,).

Enlightened by these doping researches with Mo and Fe,
Zhao and Liu et al. designed a novel photocatalyst of Fe doped
SrMoQ, for solar N, reduction.'”> On the one hand, the Fe
doping effectively regulated the bandgaps of doped SrMoO,
(from 3.98 to 2.93 eV), thus extending the light responses
from UV to visible light region. On the other hand, Fe doping
induced the formation of surface defects (e.g, OVs), which
were beneficial for the N, adsorption and interfacial electron
migration. Under the light illumination, the photoexcited
electrons from the CB of photocatalyst were migrated to these
active sites (e.g., surface defects or Fe—Mo centers) for the
reduction of adsorbed N,. Owing to the wide light absorption
range and newly created active centers, an improved
photocatalytic NH; production rate of 93.1 uM h™" g™! was
acquired (~66.7 uM h™"' g™" of undoped StMoO,).

On account of its comparable d-electron configuration,
similar oxide structure, and suitable atom size, Zr*" was first
doped into TiO, for the design of a novel NRR electrocatalyst
(Zr-Ti0,)."*° Different from the familiar low-valence metal
dopants utilized in the formation of OVs, the doping with
stable Zr*" introduced the tensile and compressive strain,
facilitating the generation of abundant OVs associated with
adjacent bi-Ti** sites. As revealed in the theoretical
calculations, these bi-Ti’* sites on anatase (101) surfaces
effectively enhanced the chemisorption of N, following a lying-
down manner (Figure 8g), realizing a significantly elongated
N/N bond length of 1.18 A (1.13 A in single Ti’* site)
coupling with a lower reaction free energy (AG = 0.24 eV) for
the first hydrogenation step (0.50 €V in single Ti*" site). The
successful occupation of original Ti*' sites with Zr*" was
confirmed with the HAADF-STEM (Figure 8hji), with a
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homogeneous distribution of Zr*" ions highlighted in red
circles. Besides, the Zr** incorporation elevated the content of
the unoccupied Ti 3d state and distorted Ti** coordination,
resulting in the peak shifts to lower energy at 457.5 (Ti-L;)
and 462.7 eV (Ti-L,) (Figure 8j). With a significantly
enhanced Ti** ratio of 29.1% (8.5% of undoped TiO,), the
designed Zr-TiO, showed a remarkably boosted performance
in NRR, with the NH; production rate of 8.90 ug h™ cm™
and a high FE of 17.3% at —0.45 V (vs RHE).

According to the above discussions, the doping strategy
offers an efficient pathway to regulate the properties of various
catalysts, making them qualified candidates for achieving high-
performance N, reduction at ambient conditions.'*° Although
reported FEs are far below the desired value (~90%) proposed
by the U.S. Department of Energy’s ARPA-E REFUEL
Program,'”’ some representative catalysts showed impressive
activities with FEs over 10%, exhibiting a great potential for
further investigations. However, several issues still exist in the
doping strategy. First, the precise manipulation on the doping
type of heteroatoms is a huge challenge. The regulation of
specific doping types (e.g, N type of pyridinic-N and B type of
BC;) is highly demanded for catalysis applications, and the
correlation between the activity and element type is required to
be explored and identified. Second, achieving controllable
doping at the desired positions and regulation of doping level
is unresolved. Third, a reliable approach for the mass
production of doped catalysts is still lacking, and developing
an appropriate route is urgently required. Finally, for some N-
doped or N-containing catalysts, their chemical and structural
stability should be carefully investigated to avoid any
ambiguous results arising from the exogenous contamination
or the catalyst decomposition.'**

In addition to these challenges, some aspects deserve further
efforts in the following research. To design efficient NRR
catalysts, particular attention can be paid on the metal-free
carbon nanomaterials. As a comparison to metal-based
catalysts, carbon nanomaterials have several distinct character-
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istics, such as large specific areas, abundant natural resources,
tailorable structures, excellent stability, and environmental
friendliness.'*”"*° Nonetheless, because of the easy contami-
nation with NHj; or other chemicals containing —NH, groups
on the carbon surface, it is necessary to properly store or
thoroughly wash such catalysts prior to measurements. Besides,
stimulated by the impressive performance achieved via the
codoping, it is highly desired to develop many other fascinating
catalysts via multicomponent doping strategy. Utilizing the
synergistic effect from different heteroatoms, it will open new
horizons for the development of promising NRR catalysts.
Moreover, advanced theoretical investigations are required to
provide further guidance on the doping strategy for rational
material design, via figuring out the doping types and
anchoring sites of heteroatoms.

3.3. Edge Engineering. Edge engineering plays a crucial
role in adjusting the growth kinetics and morphological
evolution in 2D materials, such as typical graphene,
transition-metal carbides, nitrides, or carbonitrides (MXenes)
and transition-metal dichalcogenides (TMDs), affording a
diversity of edge structures and endowing different electronic
structures and functionalities.">""** For example, possessing
higher charge densities, the edge C atoms of graphene was
confirmed to offer more active sites than the basal-plane C,
showing an efficient electrocatalytic activity in ORR.'*
Therefore, realizing the edge evolution in 2D materials is
highly desired for designing ideal and functional NRR catalysts.

MXenes have been extensively used in separation, energy
storage, and catalysis.'**~'?® A recent theoretical investigation
revealed that MXenes (e.g, V;C, and Nb,C,) with M atoms
composing the terminal surface were able to activate N,
molecules, exhibiting great potentials in NH; synthesis."*’
Unfortunately, when terminated with oxygen-containing
groups (e.g, OH* and O*) that directly bound with surface
M atoms, the basal plane of 2D MXene exhibited weak binding
ability to N, resulting in a limited catalytic efficiency in NRR
compared with the competitive HER.'*® Alternatively, through
intentionally exposing sufficient active sites at the edge plane,
an MXene of Ti,C,T, (T = O, F) with T-Ti—C—Ti—C—Ti—
T structure was demonstrated as an efficient NRR electro-
catalyst. As revealed in DFT calculations, the N, molecules
were preferably interacted with the middle Ti on the edge
plane, achieving low energy barriers (0.64 eV in *N, — *NNH
and 0.52 eV in *NNH — *NNH,) for NH; formation (Figure
9a). Unfavorably, higher energy barriers of 0.85 and 0.95 eV
were required on the basal plane terminated with oxygens.
Treated in the LiF-HCI solution, the Al from Ti;AlC, particles
was successfully extracted, resulting in a reduced interaction
between formed Ti;C,T, layers. To achieve the maximized
exposure of edge sites, ultrathin Ti;C,T, NSs (~1.5 nm in
thickness) with smaller sizes were acquired with a further
sonication-assisted exfoliation (Figure 9b). When applying a
vertically aligned FeOOH with sluggish activity toward HER to
host Ti;C,T, NSs, a high FE of 5.78% was observed at —0.2 V
(vs RHE) for NHj, synthesis (Figure 9c).

Analogously, the edges of MoS, were demonstrated as the
critical sites to polarize and activate the N, molecules, while
the basal plane was inert for NRR."*” The positively charged
Mo-edge facilitated the formation of the Mo—N bond and
significantly elongated the N/N bond length from 1.129 A in
*N, to 1.221 A in *NNH (Figure 9d). As confirmed in the
free-energy profile (Figure 9¢), a lower barrier of 0.68 eV was
estimated in the potential-determining step (PDS) of the
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protonation of adsorbed N, (*NN — *NNH), compared with
those of flat surfaces on the common metals (usually 1-1.5
eV). The favorable barrier in the PDS observed on the Mo-
edge enabled MoS, a potential catalyst toward NRR, achieving
a FE of 1.17% with NHj yield rate of 80.8 pmol s™' cm™ at
—0.5 V (vs RHE). More importantly, the designed catalyst
exhibited an excellent stability, showing no obvious changes in
the yield rate and FE within successive 10 times tests (Figure
9f). These pioneering investigations elucidate the significance
of edge sites in the improvement of the activity for NH;
synthesis. The edge engineering strategy can be readily
extended to other 2D catalysts to regulate their catalytic
properties, opening a new opportunity to design promising
catalysts for high-performance N, reduction at ambient
conditions.

4. STRUCTURAL MANIPULATION

4.1. Single-Atom Site. In view of the size of catalysts,
numerous metal nanoparticles/nanoclusters/nanocrystals and
metal-oxide quantum dots (QDs) have been synthesized for
NRR applications. For instance, utilizing the special interaction
between the N 2p orbitals and the Bi 6p band, an ultrahigh
NH, yield rate of 200 mmol h™' g™* with an impressive FE of
66% was obtained on the Bi nanocrystal catalyst in a high
concentration K* electrolyte, which stabilized key N, reduction
intermediates and regulated proton transfer.'*’ Besides, on
account of the unique property of balanced hydrogen evolution
and the reduced free-energy barrier for the rate-limiting step
(N, hydrogenation to *N,H) following the Grotthuss-like
hydride transfer mechanism on a-PdH, an efficient NRR
catalyst of Pd nanoparticles (NPs) was proposed for the N,
reduction in phosphate buffer solution (PBS).'*' The prepared
catalyst displayed an excellent activity with the NHj yield rate
of ~4.5 ug h™' mgps~' and a FE of 8.2% at 0.1 V (vs RHE),
outperforming other catalysts of Au and Pt NPs. Compared
with the large nanoparticles, quantum dots with smaller sizes
could provide larger specific area and sufficient active sites to
facilitate N, adsorption and reduction. Via a universal self-
propagating combustion approach, Chu et al. reported several
quantum-dot-based electrocatalysts (e.g., CoO QDs and SnO,
QDs modified reduced graphene oxide) for highly efficient N,
reduction.'*”'** As a paradigm, benefiting from the homoge-
neously anchored CoO QDs with considerable exposed
catalytic sites, superior NRR activities with significantly
enhanced NHj; yield rate (21.5 ug h™" mg™', over 2-fold
than that of CoO NPs) and a high FE (8.3%) were achieved.

At present, most advanced electrocatalytic systems heavily
rely on the utilization of noble-metal based catalysts.'**'** For
NRR by mentioned solid nanoparticles, the catalytic reactions
only occur on the outer surface with limited active sites.
Improving their utilization efficiency is an attractive approach
to reduce the metal consumption, which is critically important
for lowering the catalyst cost, improving the available active
atoms and promoting sustainability.'** In the past few years,
increasing studies have been focusing on the catalyst
preparation with smaller dimensions from the nanoparticle,
subnanosized cluster to single-atom (SA)."*” Ascribed to their
maximized atom utilization efficiency, unsaturated active sites
and unique size quantum effect, single-atom catalysts (SACs)
have received particular interests and emerged as the most
attractive candidates in heterogeneous catalytic reac-
tions."**~'** With isolated metal atoms dispersed on different
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supports, SACs exhibit remarkably boosted catalytic activity
compared with conventional catalysts.

To date, a mass of theoretical models of SACs have been
initially studied for NRR procedures.">'** For example, on
account of the electronic effects and the lack of ensemble
effects, Jung et al. proposed that SAs anchored on defective
graphene derivatives could be acted as promising NRR
catalysts by DFT calculations (Figure 10a).””®> The H
adsorption was sufficiently suppressed on SACs, in view of
that AGgyc(*H) — AG,upe(¥H) was positive for most metals
and highly delocalized in the positive region (Figure 10b).
Among a series of SACs, Ti@N, (0.69 eV) and V@N, (0.87
eV) with lower free energies were recommended, ascribed to
an intensive back-bonding within the hybridized d-orbital
metal atom and the #* orbital in *N,. Notably, the metal/
support interaction was confirmed to play an important role in
heterogeneous catalysis, via altering the charge densities on
SAs and further affecting the binding affinity toward N,. It
suggested that both suitable SAs and an appropriate support
were necessary to obtain satisfactory SACs.

Apart from the graphene, some other experimentally
available 2D materials (e.g,, MoSSe,156 MOSZ,157 boron nitride
(BN),"*® and g-C;N,"*”) were also employed as supports for
theoretical calculations because of their unique properties of
large specific area, excellent mechanical, and thermal stability.
Comparably, the catalytic activity of a series of SAs toward N,
fixation was explored on BN monolayer and g-C;N,. For the
BN, the anchored Mo SAs with a newly formed Mo—N,
moiety exhibited the superior activity toward N, fixation
(Figure 10c).”® Two configurations of end-on and side-on
were energetically favorable for NRR via the formation of Mo—
N bonds (Figure 10d), in which the N/N bond length in the
side-on was significantly elongated to be 1.20 A compared with
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that of end-on configuration (1.14 A). Following the
associative enzymatic mechanism, a smaller energy barrier of
0.35 eV for the protonation step (NH,* + H' + e <> NH;*)
and a lower overpotential (0.19 V) were calculated (Figure
10e), demonstrating that the anchored Mo atom on the BN
monolayer was a very promising SAC for the NRR. While
following the distal pathway, Ru instead of Mo on the g-C;N,
near to the ideal region was predicted to be the most promising
candidate for NRR (Figure 10f), with a more positive limitin,
potential (—0.33 V) and an enhanced NRR selectivity.'®
Furthermore, the durability investigation of N-containing
supports was first taken into consideration to avoid risks of
contaminations from the support decomposition. With a
decomposition potential of —0.81 V (vs SHE) observed on
the relatively stable g-C;N, (Figure 10g), the desired SACs
should possess more positive limiting potentials for reliable
tests. These evidence not only provide a solid theoretical
guidance on future development and preparation of SACs for
NRR, but reveal the importance of selecting proper substrates
for anchoring SAs.

In experimental progress, numerous achievements have been
observed in the fabrication of various SACs, mainly focused on
the noble-metal atoms of Ru@nitrogen-doped carbon
(NC),'°" Ru@ZrO,/NC,'” Au@NPC,'** and Au@g-
C,N,,'** and the rare-metal atom of Mo@NPC,'® and
Mo@PCN.'® For example, Zeng and Si et al. prepared the
Ru@NC via pyrolyzing the Ru-containing derivative of ZIF-8,
and isolated Ru atoms were highly dispersed on NC via the
formation of Ru—N bonds.'®" In addition to the abundant
active sites provided with Ru SAs, it was also demonstrated
that Ru@NC exhibited a stronger affinity toward N, compared
with that of Ru NPs/NC, thus remarkably improving both the
activity and selectivity in NRR. Impressively, an ultrahigh FE of
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29.6% with an impressive NH; yield rate of 120.9 ug h™' mg™
was realized on Ru@NC at —0.2 V (vs RHE). Similarly,
utilizing UiO-66-NH, as the hosting matrix, Sun and co-
workers reported novel NRR catalysts of Ru@NC and Ru@
ZrO,/NC prepared via a coordination-assisted strategy.'®> The
abundant —NH, in organic ligands effectively stabilized Ru
precursor and inhibited Ru assembling during pyrolysis.
Retaining the pristine octahedron morphology (Figure 11a),
the obtained Ru@ZrO,/NC displayed uniform distribution of
single Ru sites (0.1—-0.2 nm) on the NC (Figure 11b),
accompanying with the OV-enriched ZrO, as the byproduct.
Playing an indispensable role in efficient NRR, the Ru@NC,
sites were theoretically confirmed as the active centers of Ru@
NC and Ru@ZrO,/NC. More importantly, serving as a
promising catalyst support and promoter, as well as the active
specie, ZrO, induced synergy has widely contributed to the
exceptional performance in the many catalysis applications
(e.g, CRR), due to its versatile properties and weak
hydrophilic character.'”'*® As demonstrated in DFT calcu-
lations, the H adsorption was significantly suppressed on Ru@
Zr;,04; with a lower free-energy change (AG(*H) = —0.20
eV) (Figure 1lc), and a smaller difference of AG(*N,) —
AG(*H) (—0.40 eV) indicated a favorable N, adsorption on
Ru@Zr3,Og;. Accordingly, an ultrahigh NH; production rate
up to 3.665 mg h™' mgp, ™ was achieved on the Ru@NC at
—0.21 V (vs RHE), while the presence of ZrO, remarkably
enhanced the FE (~21%) on Ru@ZrO,/NC at a low potential
of —0.11 V (vs RHE, Figure 11d). As for Au based SACs, a
Au@g-C;N, catalyst with the +1 valent Au homogeneously
dispersed on g-C;N, NSs was reported to catalyze the N,

reduction under ambient conditions.'®* Following a favorable
alternating mechanism, a lower free-energy change (AG = 1.33
eV) in the rate-determining step (N, reduction to *NNH) was
estimated on the designed catalyst, showing a better catalytic
performance over Au (211) with a higher AG of 2.01 eV.
Benefiting from atomically dispersed Au SAs, an impressive
NH,; yield rate of 1,305 ug h™' mg,,”" was achieved with a FE
of 11.1%. Compared with the performance of Ru NPs (NH,
yield rate of 5.5 mg h™" m™ FE of ~54%) and Au
subnanoclusters (NH; yield rate of 21.4 ug h™' mg™’, FE of
~8.11%),"°”"7° the significantly enhanced yield rates or FEs
confirmed that SACs could not only utmost utilize the
available sites of catalyst but also improve the conversion
selectivity.

Besides noble-metal and rare-metal based SACs, earth-
abundant Fe- and Cu-based SACs have also received great
attention in the catalytic N, reduction.'”"”"”* For instance, a
novel Feg4,—N—C (Fe@NC) catalyst exhibited an impressive
conversion efficiency in the NH; synthesis.'”> Synthesized by
the calcination of a polypyrrole-iron complex, Fe SAs (bright
dots) were homogeneously isolated on the NC with a
graphene-like morphology (Figure 1le,f). These Fe SAs were
stabilized by N atoms with one unique peak corresponding to
Fe—N scattering paths at ~1.44 A (Figure 11g). Strikingly, the
proposed Fe@NC showed a sluggish HER kinetics with a high
energy barrier of 2.91 eV toward H,O dissociation to produce
*H (Figure 11h). While the N, adsorption exhibited a
desirable exothermic process, undergoing a downhill process
with the Gibbs free energy of —0.28 eV toward *N, binding.
Following a more feasible alternative pathway, a favorable first
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Table 2. Performance of Representative 2D Photo/Electrocatalysts in NRR

electrocatalyst electrolyte potential (vs RHE)
MoO, NSs 0.1 M HCI —-0.15V
W,N; NSs 0.1 M KOH -020V
Rh NSs 0.1 M KOH =020V
B NSs 0.1 M Na,SO, -08V
B,C NSs 0.1 M HCI 075 V
MoOj; NSs 0.1 M HCI -0.5/-03V
Bi NSs 0.1 M Na,SO, -08V
h-BN NSs 0.1 M HClI -0.75 V
black phosphorus NSs 0.01 M HCl -0.7/-0.6 V
photocatalyst reaction medium scavenger
CuCr-LDH NSs N,/H,0 none
SmOCI NSs N,/H,0 none
BiOBr NSs N,/H,0 none
Bi;O,Br NSs N,/H,0 none

NH, yield rate (ug h™' mg™) FE ref
12.20 8.2% 41
11.66 11.67% 74

23.88 0.217% 186

13.22 4.04% 187

26.57 15.95% 188

29.43 (-0.5V) 1.9% (—0.3 V) 189

13.23 10.46% 190

22.4 4.7% 191

31.37 (=0.7 V) 5.07% (—0.6 V) 192
light source NH, yield rate (umol h™' g™") ref

UV—vis 73.9 (UV—vis)/57.1 (vis) 23

UV-—vis 426 (UV—vis)/291 (vis) 193
UV—vis 54.70 (UV—vis)/49.04 (vis) 194
UV—vis 50.8 195

hydrogenation step and dramatically reduced overall reaction
barrier were revealed. By virtue of these remarkable merits, a
striking FE of 56.55% with a yield rate of 7.48 ug h™' mg™"' was
achieved (Figure 11i), and the NH; generation was
conclusively originated from the N, reduction as confirmed
in '*N isotope test (Figure 11j).

For Fe-based SACs, the Fe coordination states played critical
roles in their NRR performance. According to the theoretical
calculations, highly spin-polarized FeN; active center on
graphene with a local magnetic moment could remarkably
promote N, reduction than that of FeN,, due to the facilitated
N, adsorption and activation.'”* As a proof-of-concept
paradigm, Zheng and Cui et al. proposed the Fe—N/C—
carbon nanotube with favorable FeN; species for the
electrocatalytic NRR.'” Besides a larger spin moment of
FeNj species (3.16 #B) than that of 1.18 uB on FeN,, the
lower free energy (AG = —0.75 eV) for the spontaneous
chemisorption of N, on the FeNj species (~0.35 eV on FeN,)
indicated both a high adsorption and activation ability for N,
on FeNj. Despite the presence of trace Fe;C or metallic Fe
species in the catalyst, both experimental explorations and
theoretical calculations confirmed that FeN; species con-
tributed to an effective NHj; synthesis, achieving the high NH;
yield rate of 34.83 ug h™' mg™"' with a FE of 9.28% (—0.2 V vs
RHE). Nevertheless, recent studies identified that FeN, also
acted as an efficient active center for N, fixation."’*'”” For
instance, Liu and co-workers demonstrated homogeneously
dispersed active FeN, sites anchored on the NPC for an
efficient NRR."”° In a neutral aqueous electrolyte of 0.1 M
PBS, a high FE of 18.6% and NHj; production rate of 62.9 ug
h™' mg™' were achieved at —0.4 V (vs RHE). Despite the
present controversy, both FeN; and FeN, displayed excellent
activities in NRR, and the FeN, even demonstrated a better
performance than that of FeN; In addition to chemical
coordination states of Fe atoms, other underlying factors such
as supporting substrates and adopted electrolytes, should be
taken into consideration in theoretical studies to more
accurately estimate the overall performance of SACs. For
instance, because of the nonuniformity and unpredictable
defects of different supports, not all of the Fe SAs were equally
available or active. Thus, future studies will need to explicitly
explore the actual active centers, with the assistance of
advanced theoretical approaches and characterization techni-
ques.
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In spite of the rapid development of SACs and their unique
advantages in catalysis, several problems and challenges are
remaining in the current study to meet the ever-increasing
demand in basic research and practical applications with
SACs.'”® First, some catalytic procedures occur at the
surrounding support atoms instead of SAs alone. Thus, an
effective characterization approach is highly required to fully
reveal the true active sites in the vast majority of SACs.
Second, precisely regulating the coordination environment of
SAs (e.g, FeN; and FeN,) is extremely desirable, which
occupies a great promise to optimize and enhance the catalytic
properties of SACs. Third, achieving the facile approaches and
increasing the loading content of SAs are also critical
challenges in the synthesis of SACs. Last, with the help of
theoretical calculations, more attentions should be focused on
the exploration of the structure—function relationship, as well
as catalytic mechanisms at the atom-scale. Through effectively
tackling these fundamental challenges, specific SACs would be
rationally designed for the NRR, achieving high NH; yields
and FEs.

4.2. Morphological Regulation. In addition to the size
consideration of designed catalysts, another effective strategy
to enhance the exposed active sites is the controllable
regulation of desired morphologies (e.g., 1D ultrafine nano-
wires/nanofibers/nanorods, 2D ultrathin nanosheets, and 3D
porous/hollow structures). Among these micronano structures,
1D nanostructures have received extensive attentions in
catalysis flelds, owing to their unique physicochemical
properties."”” For example, 1D nanostructures could offer
direct transfer pathways and facilitate electron transport. With
large specific areas, they enable sufficient interactions at the
interface of the N,-electrolyte-catalyst, thus improving the
interfacial mass transport. In this aspect, Sun and co-workers
first demonstrated the superior performance of Nb,Oq
nanofiber for NRR at ambient conditions.'*® With the charge
exchange and transfer occurred between the Nb-edge atoms
and N,, a high polarization and activation of adsorbed N,
molecules were realized. Accordingly, an extraordinary catalytic
performance with the NHj yield rate of 43.6 ug h™' mg™' (FE
of 9.26%) was achieved at —0.55 V (vs RHE). Moreover,
through in situ growth of vertically aligned arrays with such 1D
nanostructures on the conductive substrates, the redundant
treatments involved in the catalyst loading with ex situ
prepared catalysts, such as the ultrasonic dispersion and
postdropping, could be avoided.'*""'** Besides, the in situ array
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growth is favorable to supply more available active sites,
maintain the intrinsic morphology, and enhance the binding
strength on the substrates. For instance, MacFarlane et al.
reported novel a-Fe nanorod arrays for NRR, which were
prepared with the thermal reduction of f-FeOOH in situ
grown on carbon fiber.'** The a-Fe(110) was confirmed as the
active surface for N, reduction, exhibiting a smaller reaction
free energy (AG = 0.15 €V) in the *N,H formation (*N, + H*
+ e~ & *N,H). Together with introducing a mixture
electrolyte consisting of the aprotic fluorinated solvent and
ionic liquid that effectively suppressed the HER, a substantially
improved performance in the NH; synthesis was acquired at
ambient conditions.

Compared with its counterparts, ultrathin 2D nanosheets
show many unique advantages and numerous unprecedented
physical, electronic, chemical, and optical properties.'** The
large lateral size with few layers endows them with ultrahigh
specific area, which is extremely attractive for surface-related
catalysis applications. Meanwhile, a high exposure of surface
atoms makes them appropriate for surface modifications and
functionalization (e.g., through element doping and vacancy
engineering). As discussed before, these strategies will facilitate
the N, adsorption and activation on the catalysts. Furthermore,
the atomic thickness and robust in-plane covalent bond could
achieve excellent flexibility, good mechanical strength, and
optical transparency. Lastly, the distinct changes in electronic
structures of 2D nanomaterials, especially in comparison with
their 3D structures, would offer new opportunities to use such
materials as catalysts in many chemical reactions.'® On the
basis of these merits, great efforts have been focused on the
investigations of catalytic performance of 2D catalysts in the
NRR (Table 2). Especially in the case of Rh NSs, its NH; yield
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rate (23.88 ug h™' mg™") was significantly enhanced compared
with that of Rh NPs (~11.45 ug h™" mg™'), confirming the
superiority of 2D ultrathin structures in NRR.'*® Despite the
considerable potential in NRR catalysis, the application-
orientated research in 2D nanomaterials is only just beginning.
On the basis of further explorations on the catalytic behaviors
of 2D nanomaterials and coupling with the development of
advanced preparation technology for mass production, the
researchers would be able to provide new directions of these
materials in the catalytic N, reduction.

As for catalysts with porous/hollow micronano structures,
several advantages are highly anticipated in their favorable
roles in expediting N, reduction rate and efficiency. For
instance, the porous/hollow structures could accelerate the
diffusion and transfer of the reactants and provide highly active
areas at inner and outer surfaces.'”*'®” Meanwhile, owing to
the cage effect, the reaction intermediates could be confined in
the hollow cavity, increasing the steady-state concentrations of
pivotal intermediates in rate-determining steps.'”® Further-
more, avoiding the excessive coverage of capping agents on the
outer surface, the less-capped inner surface might be more
active for N, reduction. As a paradigm, Au nanomaterials with
different morphologies (e.g, Au hollow nanocages, nanorods,
nanocubes, and nanospheres) were tested for evaluating their
NRR performance under ambient conditions.'”” Compared
with a high NH; production rate of 3.9 ugh™ ecm™ (—0.5 V vs
RHE) and an impressive FE of 30.2% (—0.4 V vs RHE)
obtained on the Au nanocages, significantly reduced yield rates
and FEs were observed on other morphologies, demonstrating
the advantages of porous/hollow structures in the NRR. To
reveal structure—activity interdependency, further explorations
on the inner Ag content, pore size/density, and available
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surface area of Au nanocages were performed.””’ Playing a
favorable role in HER, the presence of Ag in the cavity reduced
the NRR activity. Meanwhile, increasing the pore size was not
beneficial for enhancing the NH; yield rates and FEs, on
account of the adversely reduced active surface area, as well as
an inefficient confinement of reactants in the hollow cavity.
Apart from the noble-metal catalysts, noble-metal-free electro-
catalysts with porous/hollow structures, such as Cr,0,
microspheres and CoP nanocages, also showed impressive
activities in NRR.*°"?°* For instance, owing to the charge
transfer from Co to P on the steeped surface of CoP
nanocages, dissolved N, was captured on the positively
charged Co sites.””” Meanwhile, protons from H,0 were
anchored on negatively charged P sites, resulting in the
generation of stable N—H bonds and eventual breakage of N=
N bonds. Designed hollow CoP nanocages exhibited exciting
performance with a high FE of 7.36% (0 V vs RHE) and NH;,
production rate of 10.78 ug h™ mg™ (—0.4 V vs RHE). In
spite of significant superiority achieved on the porous/hollow
catalysts in NRR applications, there are still many issues. On
the one hand, it is challenging to prepare porous/hollow
structures with desired structural and compositional complex-
ity. For example, hollow structures with ultrathin shells are
highly required to provide tremendous inner space and
abundant active sites, which are usually important for catalysis
and energy storage.””> On the other hand, to meet the great
demands for practical applications, future investigations should
pay more attention to several aspects, such as the synthesis
method, production cost, and safety issues. Although most of
the present methods involving various hard and soft templates
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have been proven to be very useful for preparing porous/
hollow structures, direct synthesis with template-free or self-
template methods is more preferred, because of the
significantly reduced production cost and the ease of large-
scale production.””*

5. CRYSTALLOGRAPHIC TAILORING

5.1. Crystal Facet Control. Through precisely and
rationally exposing specific facets, the manipulation of crystals
with desired faces at the atom-scale is crucial for enhancing
their catalytic performances.””® Such crystal facet effect
inherently results from the atomic arrangement on different
exposed crystal facets. In this regard, high-quality anatase TiO,
single-crystal dominated by active {001} facets, BIOCl NSs
with (001) facets, Pt nanocrystals having {411} facets, and
octahedral Pd NPs dominated by Pd(111) facets displayed
outstanding photo/electrocatalytic ~activities.”’*™>*’ As re-
vealed in previous theoretical studies, favorable active sites
on catalysts mostly existed on the stepped facets instead of flat
terraces,”'’ and different selectivity limitations in N, reduction
were also observed on the (111) and (211) facets.”'' Using
these trends and predictions, a new strategy of crystal facet
engineering is introduced for guiding the NRR catalyst design
with specific facets.

To this end, several paradigms focusing on the Mo-(110)
nanofilm, tetrahexahedral gold-{730} nanorods (THH Au
NRs), and BisO,;1-{001} NSs were reported for NRR
tests.”'>~>'* For instance, using THH Au NRs enclosed by
multifaceted surfaces, Yan et al. demonstrated a feasible
electrocatalytic NRR at ambient conditions (Figure 12a).”"
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Composed of the active (210) and (310) subfacets (Figure
12b), the multistep facet of {730} significantly facilitated the
proceeding of NRR. As demonstrated in DFT calculations, N,
was preferentially adsorbed on stepped facets on the basis of
the unsaturated coordination, resulting in the formation of
Au—N bonds (Figure 12c). The subsequent generation of
stable N—H with the activated H effectively broke the N=N
bonds. Following the alternating pathway on THH Au NRs,
both NH; and N,H,-H,O were simultaneously observed after
NRR, achieving average production rates of 1.648 and 0.102
ug h™' ecm™?, respectively (Figure 12d).

Previous investigations have widely demonstrated that BiOX
exposed with {001} facets possessed an excellent photo-
activity.”'>*'® Enlighted by these discoveries, a recent study
explored the facet-dependent photocatalytic performance of
BisO,I NSs for N, fixation.”'* BisO,I NSs with different
dominant exposure of {100} and {001} facets (Bi;O,I-100 and
Bi;O,1-001) were controllably fabricated with hydrolysis and
calcination methods. Ascribed to a more negative CB position
with a higher reduction ability and a facilitated separation
efficiency of the photoinduced carriers, Bi;O,I-001 exhibited a
higher activity for N, fixation than Bi;O,I-100. Upon the light
irradiation at 365 nm, a high AQE of 5.1% was realized on
Bi;O,1-001, which was ~2.2 times larger than that of Bi;O-I-
100 (~2.3%). Undoubtedly, crystal facet engineering not only
sheds light on deeper explorations toward the relationship of
surface property—catalytic performance but also offers more
opportunities to develop and prepare highly active catalysts.

5.2. Amorphous Engineering. With respect to their
crystalline counterparts, amorphous nanomaterials with
disordered atomic arrangement possess a greater number of
active sites due to the “dangling bonds” in amorphous phases,
and have received much attentions in oxygen evolution
reaction (OER) and HER applications.”’”~>"" It was also
observed that amorphous catalysts with unsaturated coordina-
tion sites could significantly improve the NRR activity under
ambient conditions.

For instance, Yan et al. first reported amorphous Au NPs
anchored on bisubstrate of CeO,-reduced graphene oxide (a-
Au/Ce0,-RGO) for the electrocatalytic N, reduction (Figure
13a).”*° On the one hand, 2D RGO sheets facilitated the
homogeneous dispersion of nanoparticles, improved the
metallic utilization and avoided the aggregation due to the
high surface energy. On the other hand, the incorporation of
CeO, into the crystalline structure of Au, as well as the strain
around Ce**’*" sites induced the disorder of Au, transforming
the crystalline Au (c-Au) into the amorphous phase (Figure
13b). As anticipated, the prepared hybrid catalyst achieved a
higher FE (10.10%, 3.67% of ¢c-Au/RGO) and NHj; yield rate
(8.3 ug h™ mg™", 3.5 ug h™' mg™" of c-Au/RGO) at —0.2 V
(vs RHE, Figure 13c). Furthermore, the same group reported
an amorphous PdCu nanocluster dispersed on RGO for
NRR.**' The introduction of Cu not only accelerated the
hydrogen desorption on the metal surface thus effectively
suppressing the HER but also altered the electronic structures
of bimetallic components.”** Coupling with RGO as a support
for ultrafine nanocluster dispersion and continuous pathway
for rapid electron transfer, the prepared a-Pd,,Cu,s/RGO
catalyst showed an improved NHj; yield rate of 2.80 ug h™'
mg~' (—0.2 V vs RHE), which was much higher than Pd/RGO
(134 uyg h™' mg™") and Cu/RGO (1.17 ug h™" mg™).

Although exhibiting an energetic efficiency for NRR, the low
abundance and high cost of noble Au or Pd would greatly

restrict the large-scale applications of such heterogeneous
catalysts. To address this problem, Chen and Yu et al. designed
a noble-metal free hybrid catalyst of Bi,V,0,,/CeO, with
amorphous Bi,V,0,; (BVC-A) for electrocatalytic NRR
(Figure 13d).”*” With a similar function in the preparation
of a-Au, the introduction of CeO, nanocrystals retarded the
heat transfer thus inducing the amorphization of Bi,V,0;.
Besides, the presence of CeO, established the band alignment
with Bi,V,0; to realize a prompt interfacial charge transfer
(Figure 13e). Compared with its crystalline counterpart (BVC-
C), abundant OVs were simultaneously introduced with
removing oxygen ions from [VO;]*” layers in the
amorphization process, as verified by the increased peak
intensity in O 1s XPS spectra (Figure 13f). Attributed to these
merits, localized electrons in BVC-A were enhanced for 7-
back-donation, contributing to an efficient N, activation and
N=N cleavage. Remarkably, BVC-A showed outstanding
NRR performance, with a high NH; formation rate of 23.21 ug
h™" mg™" and FE of 10.16% at ambient conditions.

Comparably, another promising amorphous catalyst of
SmOCI NSs was proposed for the photocatalytic N, reduction
recently.'” Accompanying with the amorphization, sufficient
OVs were successfully engineered into the nanosheets,
substantially facilitating the chemisorption and activation of
N, molecules. Moreover, the observed Sm—O covalency with
an enhanced intensity demonstrated a favorable electron
migration from active sites to the surface bound N,. On
account of the attractive synergistic effect, an excellent
photocatalytic activity was realized on the amorphous
SmOCI NSs, achieving an impressive NH; formation rate of
426 umol h™' g™! under light irradiation and an AQE of 0.32%
at 420 nm.

In spite of the prominent property of amorphous phase in
the enhancement of NRR performance, challenges still remain
to controllably and precisely prepare the amorphous phase
without affecting bulk properties. To address this issue, Gong
et al. described a fine-tuning on a thin layer of amorphous
TiO, (a-TiO,) on the plasmon-enhanced Au-TiO, nanorods
(Figure 13§—i), utilizing the atomic layer deposition (ALD)
technique.””* ALD has been extensively aé)plied as an efficient
technique for depositing thin films.”>**° It is regarded as a
precise approach that meets the needs for atomic layer control
at the Angstrom.””’ Meanwhile, the conformal deposition
through the sequential and self-limiting reactions of ALD
enables a satisfactory step coverage especially on high-aspect-
ratio structures, such as arrays of nanorods, nanowires, and
nanotubes. Along with the formation of a-TiO,, abundant OVs
were uniformly deposited onto the surface of hybrid catalyst.
As well-known, the surface OVs are extremely desirable for the
catalysis, while bulk vacancies serving as carrier traps are
detrimental for the charge separation. Accordingly, the NH;
production rate on a-TiO,/Au-TiO, electrode was synergisti-
cally enhanced, achieving a yield rate of 13.4 nmol h™" cm™
(~2.6 times that of bare TiO,).

Amorphization induces several excellent properties into the
designed NRR catalysts, realizing enhanced conversion
efficiency in NH; production. Nevertheless, there is much
advancement needed for improving catalyst performance
through amorphous engineering. Easily suffering from
chemical corrosion, the poor chemical stability of amorphous
materials severely hinders their further development. In
particular, long-term stability is a key indicator for evaluating
the potency of designed catalysts in real applications.
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Meanwhile, there is still a lack of depth in the mechanistic
investigation on amorphous catalysts at an atomic level, which
in turn could provide theoretical instructions on the fabrication
of proper catalysts. Moreover, considering the high operation
cost of ALD, developing new and facile approaches to fabricate
amorphous structures is tremendously required in the near
future.

6. INTERFACE REGULATION

To improve the competitiveness of the NRR over HER,
another attractive strategy for catalyst design is the interface
regulation, which is dedicated to effectively mitigating H,O
splitting, while simultaneously promoting interactions between
solid catalysts and N, molecules. Via controlling the hydro-
phobic/hydrophilic or anaerobic/aerophilic properties of
catalysts, the manageable interactions among gas/electrolyte/
catalyst could be rationally regulated at the interfaces,
achieving superior performances in CRR and ORR.***7**
Lately, a qualitative calculation model of electrochemical NRR
with approximate production rates of NH; (ry) and H, (ry)
was proposed by Nerskov et al.**' Tt was revealed that ry was
first-order in surface N, concentration, while ry was first-order
in both the proton and electron concentrations. Accordingly,
reducing the availability of electrons or protons, while
increasing the N, solubility was regarded as an efficient
strategy to substantially enhance the NHj selectivity.

These pioneering studies stimulate greater interests toward
developing novel NRR catalysts with interface engineering. In
view of this point, Ling et al. first reported a promising NRR
system, via introducing a hydrophobic functional layer to
inhibit the HER and improve N,/catalyst interactions.”*”
Possessing the merits of superhydrophobicity and high gas
adsorption capacity, zeolitic imidazolate framework-71 (ZIF-
71) layer with a thickness of ~320 nm was homogeneously
coated on Ag nanocubes (~120 nm) modified Au substrate
(Ag—Au@ZIF). This ingenious configuration not only
inhibited the access of H,O but also enriched N,
concentrations toward encapsulated Ag active sites. Tested in
the organic electrolyte containing the ethanol as the proton
source, N, was effectively reduced at the interface with an
obvious reduction peak, which was absent in Ar atmosphere.
On the advantage of this exquisite interfacial design,
significantly boosted average NH; generation rate (~10 pmol
s cm ™%, 4-fold that of Ag—Au) and FE (~18%, 2-fold that of
Ag—Au) were achieved on the Ag—Au@ZIF, as well as an
excellent selectivity toward NRR (~90%, 14-fold that of Ag—
Au).

Considering H,O is the frequently used solvent and
environmentally friendly source of protons, developing a
water-based NRR system is of critical importance in practical
applications. For this purpose, an attractive aerophilic—
hydrophilic interface of Si-based photocathode catalyst was
proposed for N, reduction.”>® The functional interface was
composed of Si coated with a thin Ti layer (TS), poly-
(tetrafluoroethylene) (PTFE) framework, and deposited Au
NPs (Au-PTFE/TS, Figure 14a). The Au NPs with diameters
around 2—10 nm were homogeneously dispersed on the 3D
porous PTFE structure (Figure 14b). On the one hand, the
hydrophobic PTFE could significantly accelerate the N,-
diffusion process based on a gas molecular-concentrating
effect. Accordingly, a smaller contact angle of gas-bubble (CAg,
~ 88°) was observed on the Au-PTFE/TS surface (Figure
l4c), in stark contrast to a high CAg of ~111° on Au/TS
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Figure 14. (a) Schematic illustration of the preparation process of Au-
PTFE/TS. (b) Top view FESEM images of Au-PTFE/TS. Shapes of
(c) N, bubble and (d) liquid on the surface of Au-PTFE/TS. (e)
Free-energy profile of NRR on Au/TS and Au-PTFE/TS.
Reproduced with permission from ref 233. Copyright 2018 Elsevier.

surface. On the other hand, free-stacked Au NPs highly
dispersed on the PTFE framework not only provided an
intimate connection for electron transport but also improved
the hydrophilic property of the interface. Compared with a
higher liquid contact angle of pure PTFE/TS (CA;, ~ 133°), a
slightly reduced CA; of ~125° on Au-PTFE/TS ensured the
proton supply for N, reduction (Figure 14d). Attributed to the
unique aerophilic—hydrophilic interface of Au-PTFE/TS, a
smaller free-energy change (AG = 2.37 eV) was achieved in
the rate-determining step of N, hydrogenation to *NNH (2.52
eV on Au/TS, Figure l4e), implying a facile generation of
*NNH on Au-PTFE/TS. On account of the synergetic effect, a
high NH; yield rate of 18.9 ug h™' cm™ with a significantly
enhanced FE of 37.8% was achieved on Au-PTEE at —02 V
(vs RHE).

Via deliberately designing the hydrophobic/hydrophilic or
anaerobic/aerophilic interfaces, originally unfavored NRR
processes exhibited impressive competitiveness over dominant
HER. Inspired by these innovative discoveries, desirable
catalytic interfaces for water-sensitive reactions (such as
NRR), could be rationally established, even with intrinsically
active catalysts widely employed in HER (e.g.,, Ag nanocubes).

7. SUMMARY AND PERSPECTIVES

The great achievements in NRR have demonstrated the
teasibility of catalytic N, reduction on heterogeneous catalyst
surfaces under ambient conditions. To substantially improve
the energy utilization efliciency and suppress hydrogen
evolution (the major side reaction competing for protons
and electrons), versatile strategies for rational catalyst design
have been extensively introduced to improve the NRR
performance. Despite the remarkable progress observed in
the field, the research in this area is still faced with some
fundamental challenges, and tremendous efforts are required to
realize catalytic NH; production at practical levels.

7.1. Insights into N, Reduction Mechanisms and
Pathways. Theoretical simulations and calculations have been
demonstrated as powerful approaches to investigate the
underlying reaction mechanisms and pathways, which in turn
open attractive avenues for the rational design of promising
catalysts. On the strength of theoretical explorations, the
potential active sites of catalysts, free-energy changes of rate-
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limiting steps, and possible reaction pathways accompanying
with lower onset potentials or energy barriers could be
efficiently revealed. Nevertheless, present computational
studies still encounter several limitations, such as the available
theoretical method, model accuracy, and computational
strategy. For instance, (i) the electron transfer in the N,
reduction processes may follow different pathways, such as the
concerted/sequential proton—electron transfer (CPET/
SPET). Playing a critical role in predicting the thermody-
namics of CPET steps, the widely employed computational
hydrogen electrode (CHE) methodology could not account
for the SPET pathway.”>* Therefore, it is highly demanded to
establish novel theoretical methods to describe possible SPET
pathways. (ii) Meanwhile, the simplified models are generally
adopted in the theoretical explorations, while the imperative
considerations into the medium effects (e.g, pH, temperature,
proton source, N, transfer rate, and the cations/anions) are
neglected. In view of the significance of these factors, as well as
possible surface reconstruction of catalysts, novel guiding
principles and models are extremely anticipated in future. (iii)
Moreover, the large-scale screening of highly active catalysts
usually requires huge computational resource; therefore an
efficient screening strategy with simple descriptors is desirable
to enhance the screening efficiency. As an attempt, a general
two-step strategy was proposed for high-throughput screening
of 10 promising electrocatalysts out from 540 systems for N,
reduction, utilizing the descriptors of adsorption energy of N,
(AEy,) and free-energy change of AGy,_yy to exclude low-

active systems in the first step and the AGyy,. and

desorption
AGyp,-nm, in the second step to seek highly active catalysts.”*

7.2. Advanced In Situ/Operando Characterization
Techniques for NRR. To comprehensively investigate the
reaction procedures under practical operation conditions, it is
far from enough to probe the catalytic behaviors only based on
the theoretical calculations. As well-known, the reconstruction
of the surface structure, the changes in element valence state,
and the exposed active centers are difficult to be accurately
predicted by the theoretical simulations. For this sake, the
development of advanced characterizations, especially in situ/
operando techniques, is of critical importance to monitor the
transformations of reactive intermediates and changes in
textural properties on the catalyst surface. For instance, in
situ DRIFTS and quasi in situ XPS measurements have been
gradually introduced for the determination of reaction
intermediates, as well as their interactions with catalysts in
the NRR."'”'"* Extensively applied for the direct observation
of critical reaction intermediates in many catalytic reactions,
the surface-enhanced infrared absorption spectroscopy (SEI-
RAS) and high-resolution electron energy loss spectroscopy
(HREELS) also hold great potentials for the deeper under-
standing of NRR pathways because of the high surface
sensitivities.”**>*” Recently, in situ SEIRAS was successfully
employed to explore N, reduction mechanisms on Au and Ru
surfaces by Shao et al.>*®**° For instance, with the
confirmation of N,H, species, an associative reaction
mechanism was established on the Au surface, and N=N
bond tended to break simultaneously in the hydrogenation,
offering new routes for exploring the underlying mechanisms
on metal surfaces.

Considering the potential variations of the local environ-
ment, electronic property, and structural information on
catalysts under reaction conditions, it is highly demanded to
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reveal the critical active phase formation and transformation in
NRR with in situ monitoring techniques, such as the in situ
XRD and XAS widely performed in the CRR.*****' Recently,
Yan et al. observed the crystallinity change on the catalyst from
crystalline to amorphous phase associated with the NRR via in
situ XRD characterization.”**

Through the efficient combination of theoretical calculations
and experimental observations, deeper understanding into the
reaction processes and correlations between structures and
performance are highly anticipated to be realized, which will
enable researchers to precisely design various catalysts with
significantly improved activity and selectivity.

7.3. Benchmarking Protocols for NRR Measurements.
7.3.1. Elimination of Exogenous Contaminations. In
addition to the development of versatile catalysts, the reliable
experimental operations in the NRR are essential to accurately
assess their performance, which are currently encountered with
considerable scientific and technical challenges. For example,
NH, is ubiquitous in the air, experimental consumables (e.g,,
nitrile §loves), N-containing catalysts, and even from human
breath.”*® Because most reported studies only achieved low
conversion efficiencies and selectivities, it is difficult to
determine whether the detected NHj is produced in NRR or
stemmed from the exogenous contaminations. In addition to
the instability of the catalyst itself, the easy decomposition of
common capping reagents adopted in the catalyst preparation,
such as thioacetamide (TAA) and hexamethylenetetramine
(HMTA), would lead to NH; contaminations under the
irradiation.”** Therefore, the indispensable blank/control
experiments (e.g., in the Ar/'*N, streams) are highly
recommended to confirm that the detected NHj is actually
stemmed from the N, reduction.”*® Especially for the N-
containing catalysts, the isotope measurements with *N, are
essential to tracing the N-source in the generated NH,.

7.3.2. Reliable NH; Determination Approaches. Up to
now, several analysis approaches including the spectrophoto-
metric assay, ion chromatography, ion-selective electrode, and
"H NMR spectroscopy have been extensively used in the NH;
determination. The spectrophotometric methods containing
the Nessler’s reagent and indophenol blue approaches are most
popular because of the low cost, easy operation process, and
high sensitivity. Nevertheless, the accuracy of these spec-
trophotometric approaches would be disturbed with several
interference factors, such as the pH, ion strength, and sacrificial
reagents (e.g, methanol, ethanol, and isopropanol), severely
affecting the reliability of the reporting data. To this end, other
quantitative methods, such as ion chromatography and 'H
NMR, are required to perform more rigorous measurements to
eliminate potential interferences and achieve the accurate
quantification of NH; concentration.”*’

7.3.3. Standardized Testing Procedures. Furthermore,
widely accepted standardized systems by the community are
urgent to be established for the reproducible and credible
evaluation of NRR performance.””’ First of all, the
configurations of reaction cells, types of ion-exchange
membranes, light sources and intensity, and operating
conditions (temperature, pressure, gas flow rate, and stirring
velocity) involved in the NRR experiments should be provided.
Moreover, the currently reported NH; yield rates in the
electrocatalytic NRR are generally normalized to the electrode
geometric surface area (e.g, ug h™' cm™) or catalyst mass
(e.g, ug h™" mg™'). To eliminate the effects from the
differences in the dimensions of substrate electrodes, specific
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area of the catalysts and their loading amounts, the
electrochemically active surface area (ECSA) is suggested to
enable more meaningful comparisons of the results. Instead of
the actual catalyst amount, the mass of active structures/
compositions (e.g., single atoms in SACs) is sometimes applied
in calculating per mass yield rate. In this case, identification of
real active sites is critical to evaluate the performance,
especially the highly active centers in low densities. Last but
not least, to achieve meaningful results, appropriate benchmark
catalysts are highly desirable in the NRR, just like these
commercially available electrocatalysts of RuO,, IrO,, and Pt/
C widely used in the OER, ORR, and HER. Testing these
benchmark catalysts with the recommended experimental
setup and operating conditions, the researchers could check
whether the observed performance is in accord with the
literature data.

7.4. Efficient Integration of Multiple Design Strat-
egies. With preliminary achievements, an efficient integration
of multiple design strategies, such as vacancy engineering and
morphological regulation (e.g., ultrathin TiO, NSs with OVs),
heteroatom doping and vacancy engineering (e.g., P-doped
CN containing NVs), heteroatom doping and morphological
regulation (e.g., Fe-doped CeO, NSs), and amorphization and
vacancy engineering (e.g, amorphous BVC-A with OVs),
sheds new light on the development of NRR catalysts. For
instance, the controllable regulation on catalyst morphologies
could expose more available active sites, facilitate the electron
migration, and strengthen the accessibility of reactants.
Meanwhile, an efficient introduction of heteroatom dopants
or vacancies into the catalysts would enhance their adsorption
and activation ability toward inert N,. Utilizing the synergetic
effects, tremendously promoted catalytic performance in NRR
will be highly anticipated.

An efficient engineering of new catalysts relies heavily on the
development of attractive methodologies. To this end, great
efforts are still in huge demand to develop feasible and facile
synthetic approaches and to realize the controllable fabrication
and precise manipulation of catalysts. Furthermore, although
many classical synthetic routes such as hydrothermal and
calcination approaches have been extensively developed for the
catalyst synthesis, they are not easy for large-scale production.
To achieve a wide range of commercial applications, highly
efficient and productive routes are imperative to be developed.

In summary, it is envisioned that rational catalyst design,
coupled with reliable theoretical calculations, advanced in situ/
operando characterization techniques, and rigorous NH;
synthesis and measurement protocols, will greatly promote
the rapid development of N, reduction under ambient
conditions in the near future.
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