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Abstract

As one of the world’s most produced chemicals, ammonia (NH;) is synthesized by Haber—Bosch process. This century-old
industry nourishes billions of people and promotes social and economic development. In the meantime, 3%—5% of the world’s
natural gas and 1%—2% of the world’s energy reserves are consumed, releasing millions of tons of carbon dioxide annually
to the atmosphere. The urgency of replacing fossil fuels and mitigating climate change motivates us to progress toward more
sustainable methods for N, reduction reaction based on clean energy. Herein, we overview the emerging advancement for
sustainable N, fixation under mild conditions, which include electrochemical, photo- , plasma-enabled and homogeneous
molecular NH; productions. We focus on NH; generation by electrocatalysts and photocatalysts. We clarify the features and
progress of each kind of NH; synthesis process and provide promising strategies to further promote sustainable ammonia

production and construct state-of-the-art catalytic systems.
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Introduction

Occupying 78% of the atmosphere on the earth in volume
and being the fifth most abundant element in solar system,
nitrogen is essential for the synthesis of nucleic acids and
proteins, which are the most important building blocks of
life [1]. This condition is based on the reactive nitrogen that
entails dinitrogen (N,) fixation to its fully hydrogenated
product: ammonia (NH;). However, N, fixation is a grand
challenge because N, molecule is thermodynamically stable
with an extremely high triple-bond energy (941 kJ/mol) and
insurmountable first-bond cleavage energy (410 kJ/mol) [2].
In nature, only a small group of microorganisms could bio-
logically fix N, to NH; with the enzyme nitrogenase [3-5].
The most common molybdenum (Mo)-based nitrogenase is a
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two-component system, with Fe protein as electron-transfer
media and FeMo protein as the N,-binding and reduction site
(Fig. 1a) [6, 7]. During reaction, electrons flow from a pair
of adenosine triphosphate (ATP) molecules to the Fe—S clus-
ter within the Fe protein, pass through the P cluster on FeMo
protein and finally arrive at the FeMo cofactor (FeMoco),
where the reduction of N, to NH; occurs. The accumulation
of 8e™ results in the reduction of one N, molecule along with
the reductive elimination of one H, molecule [8, 9]:

N, + 8H* + 8¢~ + 16MgATP — 2NH; + H, + 16MgADP + 16P,
ey
Figure 1b illustrates the structure of FeMoco, which con-
tains seven Fe atoms and one Mo atom that are bonded to the
sulfur bridge with an interstitial carbon atom [10].
Although nitrogenase has long existed in nature, artificial
N, fixation was invented not until the early twentieth cen-
tury by Fritz Haber, and Carl Bosch developed the neces-
sary engineering skills [11]. This pioneering work, known
as the Haber—Bosch (H-B) process, successfully converts
atmospheric N, to NH; on a large scale by reacting with H,
using an iron metal-based catalyst under high temperature
(400-500 °C) and pressure (100-200 bar):

N, +3H, — 2NH; A H, = —91.8 kJ/mol )

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12209-020-00243-x&domain=pdf

68

C.Lietal

N2 + 8H* + 8e™ + 16ATP —2NH3 + Ho + 16ADP/P;

ATP MoFe Protein
ADP + P, <40
Fe Protein H\Q
ADP + P, m
ATP No + 8H+ 2NHg + Hp
(a)
)
“0,CH,C "o \F 35S
~0,CH CH C Fe . el
o j\ A Wi W
Mo S Fe /C-;Fe / S(Cys)
(Hls}N s/ ez* Fe2\o

S

(b)

Fig. 1 Biological N, fixation. a Reaction pathway of N, reduction to
NH; on nitrogenase. Reproduced with permission from Ref. [7]. Cop-
yright 2016, AAAS. b Structure of the resting-state FeMoco. Repro-
duced with permission from Ref. [10]. Copyright 2016, American
Chemical Society

To date, the worldwide output of NH; by H-B process
has exceeded 200 million metric tons per year, which
contributes to half of the global nitrogen fixation [12].
A total of 80% of the produced NHj; is used for fertilizer
production [13], whereas the remaining reserves are used
in refrigeration, explosives, pharmaceuticals, plastics and
other industrial processes [14]. NH; is a promising chemi-
cal energy carrier candidate, and it could be converted
into hydrogen at point of use, showing great application
potential in fuel cell technology [15, 16]. Nitrogen fer-
tilizer has supported nearly 4 billion people born since
1908 [17], and more than half of the nitrogen found in
the modern human bodies originates from the H-B pro-
cess [18]. Nonetheless, H-B process consumes 3%—5%
of the world’s natural gas for H, extraction and 1%-2%
of the world’s energy reserves, belching out millions of
tons of carbon dioxide (CO,), which accounts for 1.5%
of all greenhouse gas emissions, annually to the atmos-
phere [19, 20]. Over the past 150 years, atmospheric CO,
concentration has increased from 280 x 107 to 408 x 107°
as a result of intensive fossil fuel consumption [21]. The
urgency of limiting global warming and fossil energy
use has led to intense research on N, reduction driven by
renewable sources, thus providing effective strategies to
close the gap in carbon cycle and address the food supply
in the future [22]. On the other hand, H-B process is a
highly centralized industry, but fertilizer consumption is
distributed throughout agricultural territories [23]. This
condition results in elevated transportation costs and emis-
sions, especially for remote and underdeveloped regions.
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Therefore, sustainable strategies that would allow NH;
production under benign conditions at distributed sources
must be developed [22].

In addition to enzymatic N, fixation in nature, several
alternative methods for N, reduction reaction (NRR),
including electrocatalysis [13, 24-30], photocatalysis [19,
23, 29, 31-33], plasma catalysis [14, 34] and homoge-
neous molecular catalysis, have been developed [2, 35].
Compared with the H-B process that requires high tem-
perature and pressure, the reactions of these alternative
methods are induced under mild conditions, which include
partially reduced temperature/pressure [36], high or inter-
mediate temperature with atmospheric pressure [37, 38]
and room temperature (RT) with atmospheric pressure
(ambient conditions) [39]. On the other hand, the hydro-
gen of synthesized NHj; in these alternative methods origi-
nates from H, (same as in H-B process) or H,O molecules.
From a thermodynamic point of view [22], NH; synthesis
using N, and H,O at ambient conditions is extremely chal-
lenging, but such process will result in profound influence
on the sustainable future once achieved.

Electrochemical Ammonia Synthesis

Motivated by the urgent targets of CO, emission reduction
and decreasing costs of renewable energy such as solar and
wind, the electrical grid is rapidly transforming toward
a low-carbon system. The necessity of protons/electrons
for the completion of natural enzymatic N, fixation (reac-
tion 1) indicates that NH; could be synthesized via an
electrochemical process. Investigating electrochemi-
cal N, reduction could not only realize distributed NH;
production but also balance the supply in electrical grids
due to the intermittency of renewable sources. Thus far,
several kinds of electrolytes [13, 26] are used for elec-
trochemical NH; synthesis: (1) solid electrolytes, such
as solid polymer or perovskites, which are operated from
RT to high temperature (7> 500 °C); (2) molten elec-
trolytes which are operated at intermediate temperature
(100 °C < T <500 °C); (3) liquid electrolytes which are
operated at near RT. In the first decade of this millennium,
research was focused on NH; synthesis in solid electro-
lytes or molten salts, and relatively high NH; production
rate up to the order of 1078 mol/(cm? s) has been achieved
at elevated temperature [13]; however, these methods
remain inapplicable for practical use. Research on N, fixa-
tion at ambient conditions in liquid electrolytes, especially
aqueous media, has experienced an explosive growth in
the last 4 or 5 years [40], aiming at harvesting NH; from
ubiquitous nitrogen and water by renewable electricity.
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Solid-State Electrochemical Ammonia Synthesis
(SSAS)

The reaction kinetics of NH; synthesis is favored at high
temperatures. However, general electrolytes could not be
operated in the high-temperature region. Highly proton-
conductive solid-state materials working at high tempera-
tures were discovered in 1980s [41]. In 1998, Marnellos and
Stoukides [37] first demonstrated the electrochemical syn-
thesis of NH; from N, and H, using a solid proton conduc-
tor. Typically, the SSAS system is composed of two porous
electrodes (anode and cathode) separated by a dense solid
electrolyte, which blocks gas diffusion and facilitates ion
transport of protons or oxide anions [42] (Fig. 2).

Proton-Conducting SSAS

In Marnellos’s work [37], the electrolyte was a solid pro-
ton conductor composed of strontia—ceria—ytterbia (SCY)
perovskite in the form of SrCe ¢5Yb o505, whereas two
porous polycrystalline palladium electrodes were deposited
on the two sides of the SCY electrolyte as anode and cathode
(Fig. 2a). NH; was successfully generated from N, and H,

[Egs. (3), @]
3H, — 6H* + 6e~ (anode) 3)

N, + 6H* + 6e~ — 2NHj, (cathode) )

At 570 °C and atmospheric pressure, a current efficiency
of 78% was observed, leading to NH; production rate of
4.5% 107° mol/(cm? s). Hereafter, dozens of proton-con-
ducting electrolyte materials were tested, including perovs-
kite-type oxides [43, 44], pyrochlore-type oxides [45, 46],
fluorite-type oxides [47], polymers [48-50] and composite
electrolytes [51, 52].

(@) N, + 3H, — 2NH, (b) N, + 3H,0 — 2NH;, + 3/20,

I i

H, I N, 0> N,+H,0
= =
H o
— <
H* 02—
=) NH; 0, =

Anode ¢ Cathode Anode ¢ Cathode
Electrolyte Electrolyte

Fig.2 Schematic of SSAS systems using a solid-state proton-con-
ducting electrolyte and b solid-state oxygen anion-conducting electro-
lyte. Inert carrier gas is omitted. Adapted with permission from Ref.
[42]. Copyright 2014, Frontiers Production Office

Liu and coworkers [44] synthesized perovskite-type
oxides BaCe o,Sm,, ;,O5_s and BaCe 4;Gd,, ;,:Smg 1005_5
by sol-gel method. Both materials showed high proton con-
ductivity for SSAS, leading to a maximum NH; production
rate of 5.82x 10~ mol/(cm? s) at 620 °C. Chen and Ma [53]
fabricated perovskite-type BaCe,_,Gd,O5_, (0.05 <x<0.20)
ceramic by microemulsion method and sintering. This
ceramic exhibited proton-conducting properties from 300
to 600 °C in hydrogen atmosphere. When 90 um thick
BaCe 3sGd, 505_,, film was used as the electrolyte, a NH;
formation rate of 4.63 x 10~ mol/(cm? s) was obtained.

Xie et al. [45] prepared pyrochlore-type oxides of
La, ¢Ca, Zr,0g¢ 95 via sol-gel method as proton-conducting
electrolyte for SSAS. The rate of NH; evolution was up to
2.0x 107 mol/(cm? s) at 520 °C. When Zr was replaced
by Ce, a rate of 1.3 X 107° mol/(cm2 s) was observed [46].
The same group also studied proton conduction properties of
fluorite-type oxide ceramics CeygM,),0,_s (M=La, Y, Gd,
Sm) from 400 to 800 °C [47]. At 650 °C, the rate of NH;
evolution varied from 7.2 mol/(cm? s) to 8.2x 10~ mol/
(cm? s) depending on various M elements.

The aforementioned perovskite, pyrochlore and fluorite-
type electrolytes belong to high-temperature proton conduc-
tors for NH; synthesis at atmospheric pressure. Nonetheless,
high temperature would increase energy consumption and
cause NH; decomposition. Solid polymers, such as Nafion,
are good proton conductors that can be used as electrolytes
for SSAS at atmospheric pressure and low temperature. Kyr-
iacou and coworkers [54] first introduced Nafion membrane
to SSAS with Pt and Ru, which were used as anode and
cathode, respectively. At —1.02 V and 90 °C, this system
achieved an ammonia formation rate of 2.12x 10~ mol/
(cm? s) with a current efficiency of 0.24%. The performance
of Nafion-based SSAS was greatly improved when metal
electrodes were replaced by composite oxides. Liu’s group
[48] adopted fluorite-type Ce, ¢Sm,,,0,_s and perovskite-
type SmFe, ;,Cu, ;_,Ni, O; as the anode and cathode, respec-
tively, in a Nafion-based SSAS cell. At —2 V and 80 °C,
this system yielded NH; with a fast rate of 1.13 x 1078 mol/
(cm? s) and a high current efficiency of 90.4%. This rate is
the highest among SSAS cells to date.

0%*-Conducting SSAS
In addition to proton-conducting electrolytes,

O’~-conducting solid electrolyte cells could realize NH;
production from N, and H,O (Fig. 2b):

30%" = 3/20, + 6e~ (anode) 6)

N, + 3H,0 + 6e~ — 2NH, + 30%~ (cathode) (6)
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N, +3H,0 — 2NH; + 3/20,(overall) A H, = 765.6 kJ/mol
(N
Stoukides’s group [55] reported yttria-stabilized zirconia
(8% Y,04/Zr0,) as O*~-conducting electrolyte for SSAS using
N, and H,0 as feed gases. At 650 °C and atmospheric pressure,
an ammonia rate of 1.50x 1073 mol/(cm? s) was obtained.
Amar et al. [56] presented ammonia synthesis from wet nitro-
gen (with H,0) at 375-425 °C in an O*"-conducting com-
posite electrolyte: Ce, 3Gd, ;5Cag (,O0,_s—(Li/Na/K),CO;. A
maximum ammonia formation rate of 4.0 x 10~'° mol/(cm? s)
with a current efficiency of 3.87% was observed at 375 °C and
1.4V on a Lag 7581 55Cry sFep s05_5~Ceg sGdy 15Ca9,0,0,5
composite cathode.

Pros and Cons of SSAS

NH; synthesis in solid-state electrolytes is usually conducted
at elevated temperatures, because of not only hastened reaction
kinetics but also substantially boosted conductivity of electro-
lytes. An appreciable production rate of up to 10~ mol/(cm? s)
can be achieved from N, and H, [Eq. (2)], but this exothermic
reaction is not thermodynamically favorable at high tempera-
tures, necessitating a trade-off for maximizing NHj; yield. H,
production from natural gas reforming is energy intensive
and causes most of CO, release. Although NH; production
from N, and H,O [Eq. (7)] is endothermic and theoretically
carbon-free, the weak reducing power and low conductivity of
0%~ greatly restrict NH; yield.

Electrochemical Ammonia Synthesis in Molten
Electrolytes

Compared with SSAS, molten electrolytes enhance the ionic
conductivity and reduce the operating temperature of the reac-
tions. In molten alkali metal salts, N>~ is stabilized and acts as
intermediate product from N, to NH;. Moreover, protic sol-
vents are avoided, which eliminates the competitive hydrogen
evolution reaction (HER).

Ito and coworkers [57, 58] discovered that N, gas
could be electrochemically reduced to N3~ in molten
LiCI-KCI-Li;N eutectic melts. Afterward, they used the
molten salt system for electrochemical NH; synthesis (Fig. 3a)
[59]. N*~ is the conducting ion in molten LiCl-KCI-Li;N or
LiCI-KCI-CsCI-Li;N electrolytes. The reactions on the two
electrodes are as follows:

N, + 6e~ — 2N>~ (cathode) 8)

2N~ 4 3H, — 2NH; + 6e~(anode) 9)

In this system, the NH; synthesis rate was correlated to
hydrogen partial pressure in the gas electrode instead of
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electrolysis potential [60]. The rate-determining step was
proposed to be the dissolution/diffusion of hydrogen in the
molten electrolytes. The highest NH; production rate was
3.33 % 107® mol/(cm? s) with a current efficiency of 72%
at 400 °C [60]. In the presence of N3-, however, a portion
of NH; could dissolve to form imide (NH?") and amide
(NH,") anions, which might lower the NH; production rate
[61]. Apart from H,, other hydrogen sources, such as H,O
[62, 63], HCI [64], H,S [65] and CH, [66], were explored
for electrochemical NH; synthesis in LiCl-KCI-CsCl
eutectic melts.

Licht and colleagues [36] illustrated a configuration
for electrochemical NH; synthesis, where NH; was gen-
erated by electrolysis of air and water steam in molten 0.5
NaOH/0.5 KOH in the presence of nano-Fe,O; catalysts.
At 200 °C and 1.2 V, NH; was produced under 2 mA/cm?
of applied current with a current efficiency of 35%. At the
largest current density of 200 mA/cm?, the production rate
of NH; was as high as 1.0 x 1078 mol/(cm? s). The high
surface area of the nano-Fe,O; that remained colloidal
in electrolysis was critical to the NH; synthesis process,
whereas macro-Fe,0; descended and accumulated at the
cell bottom without discernible NH; production. Notably,
solar thermal energy could be introduced into the sys-
tem, resulting in a solar thermal electrochemical process
(Fig. 3b) [67].

McEnaney et al. [68] reported an ammonia synthesis
system from N, and H,O using a lithium cycling electri-
fication strategy at atmospheric pressure (Fig. 3¢). This
lithium-mediated cycling process combines three steps:

Step 1: Electrolyzing molten LiOH to metallic Li at
400 °C-450 °C:

6LiOH — 6Li + 3H,0 + 3/20,, (10)

Step 2: Nitridation of metallic Li to form Li;N:

6Li + Ny — 2Li3N( (11)

Step 3: LisN hydrolysis to release NH; and regenerate
LiOH:

2Li;N,, + 6H,0 — 6LiOH + 2NH, (12)

This stepwise approach circumvents direct N, protona-
tion and therefore substantially inhibits undesired HER,
leading to a high initial current efficiency of 88.5%. The
ease of dissociation of the strong N-N bond over metallic
Li and diffusion processes to form Li;N at RT are keys to
the demonstrated cycle. This strategy could be coupled
with renewable sources of electricity to facilitate localized
sustainable NH; synthesis.
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Fig.3 Electrochemical NH; (a)
synthesis in molten electrolytes.

Power supply

(b)

a Schematic of the principle [
of electrolytic synthesis of

NH; from N, and H, in molten Je
LiCl-KCI-CsCl salts containing
N3~. Adapted with permission
from Ref. [59]. Copyright 2003,
American Chemical Society. b
INlustration of electrochemical
NH; synthesis by electrolysis of
air and water steam in a molten
hydroxide suspension of nano-
Fe,O; catalysts. Reproduced
with permission from Ref. [67].
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such as

Copyright 2014, American
Chemical Society. ¢ Schematic
of a stepwise lithium-mediated
cycling process for the sustain-
able NH; production from N, (c)
and H,O driven by renewable

energy sources. Reproduced

with permission from Ref. [68].

Copyright 2017, The Royal \
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Electrochemical Ammonia Synthesis in Liquid
Electrolytes

Low-temperature electrochemical NH; synthesis in liquid
or aqueous electrolytes has attracted considerable research
attention. On the one hand, NH; production at low RT could
substantially reduce the energy consumption. On the other
hand, ubiquitous H,O is used as the proton source instead of
H,, which reduces the process cost and inhibits greenhouse
gas emission fundamentally. Solid or molten salt electrolyte-
mediated N, reduction systems contain limited or zero water
molecules, resulting in an insignificant hydrogen evolution.
Therefore, research on NH; synthesis in solid or molten salt
media mainly focuses on electrolytes and the system design
to reduce operating temperatures and enhance ion conduc-
tivity. In liquids, especially aqueous media, however, the
abundance of water results in an extremely competitive elec-
trolysis to hydrogen. In theory, given a highly active elec-
trocatalyst, NRR can proceed in a narrow region of negative

Cathode

Exothermic Release of Ammonia
2Li,N(s) + 6H,0 — 6LIOH + 2NH,

potentials without inducing H,O reduction (line a in Fig. 4)
at any pH condition [22]. However, most electrocatalysts
have an insufficient activity toward NRR. Therefore, NH,
could only be generated at more negative potentials than
water reduction, where most electrons would favor H, gen-
eration. Normally, the current efficiency of NH; production
in aqueous electrolyte hardly exceeds 5%. The selectivity
challenge necessitates the delineation of a mechanistic
understanding of catalytic dinitrogen reduction to ammo-
nia, based on which efficient heterogeneous electrocatalysts
could be reasonably designed.

Reaction Mechanisms

The hydrogenation of N, to NH; on heterogeneous cata-
lysts can be divided into dissociative and associative
mechanisms (Fig. 5) [69, 70]. As for the dissociative
mechanism, the N=N molecule is cleaved into adsorbed
atomic nitrogen, which is subsequently hydrogenated to
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potential, V vs SHE

Fig.4 Partial Pourbaix diagram for the N,—H,O system. Red line
represents N, reduction to NH," or NH;, whereas blue line denotes
N, oxidation to NO;™. Dotted lines a and b represent H,O reduction
to H, and oxidation to O,, respectively. Reproduced with permission
from Ref. [22]. Copyright 2018, AAAS

generate NH; (Fig. 5a). Dissociative pathway is assumed
to dominate ammonia synthesis in H-B process, where the
nitrogen chemisorption/dissociation is considered as the
rate-determining step [71]. In the associative pathway, pro-
tonation on adsorbed N, primarily occurs. The N-N link-
age is maintained during the initial reduction steps. Based
on the hydrogenation sequences on two nitrogen atoms in

Fig.5 Nitrogen reduction (a)
pathways on heterogeneous N,
catalysts. a Dissociative path- E’ }

way where N=N bond is broken
before hydrogenation. Associa-
tive pathways including b distal
or asymmetric hydrogenation
and c alternating or symmetric
hydrogenation. Adapted with
permission from Ref. [70].
Copyright 2014, The Royal
Society of Chemistry

N,, the associative mechanism can be specifically assigned
to the distal or alternating pathways. In the distal pathway
(Fig. 5b), hydrogenation is asymmetric: the distal (relative
to the substrate) nitrogen atom is hydrogenated first until one
NH; molecule is released, followed by subsequent hydro-
genation on the proximal nitrogen atom and the second NH;
release. In the alternating pathway (Fig. 5c), the two N atoms
are hydrogenated simultaneously (symmetrically) until NH;
is released, which is analogous to the mechanism of nitro-
genase [6].

In a particular electrocatalytic system of NRR, the
explicit pathways (Fig. 5) remain obscure. Density func-
tional theory (DFT) is often used to calculate the free
energy changes of possible intermediates and delineate
the possible mechanism on specific catalysts. For exam-
ple, Ngrskov’s group [72] systematically evaluated the
electrocatalytic activity of NH; formation on both flat and
stepped surfaces of a range of transition metals. Based on
the approximate linear relations between the adsorption
energies of nitrogen-containing intermediates NH /N,H
and the chemisorption energy of N-adatom, the free energy
changes in elementary reactions (AG) were calculated, and
the rate-limiting AG reflected the onset potential (U) for
NH; synthesis. Combined volcano diagrams were plotted
[72, 73] to show the estimated onset potential as a function
of the nitrogen-binding energy for dissociative (solid lines)

NH NH
© ¢ al > o
= Y
“ S ¢ 7
= _ _ ;
= \ ' A \“ i \1 o \:_: 1 \ b /
] =l > 1T = = 1 |
= s Y - > n - ok
- L 4% A, P '\—F} \'..s ¥ — 3
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and associative (dashed lines) mechanisms on either flat
(blue) or stepped (red) surfaces (Fig. 6). On the left sides
of the volcanoes, the dissociative pathway dominates, and
the onset potential for NH; formation is slightly more posi-
tive on the flat surfaces than that on the stepped ones. This
slight difference is attributed to the smaller free energy
change from *NH to *NH, (rate-limiting step on flat sur-
faces) than that from *NH, to NH; (rate-limiting step on
stepped surfaces). On the right sides of the volcanoes, N,
splitting is the rate-limiting step for dissociative mecha-
nism on either flat or stepped surfaces (overlapped as black
solid line) due to the same free energy change from N, to
*2N, whereas the first hydrogenation step on adsorbed N,
determines the onset potential for the associative mecha-
nism (blue and red dashed lines). Different transition met-
als prefer different reaction pathways. Reactants on early
transition metals (Sc to Fe; Y to Ru) follow a dissociative
pathway with one of the hydrogenation reactions as the
rate-limiting step. Several late transition metals prefer a
dissociative mechanism with N, splitting as the limiting
step (Rh, Ir, Co and Ni), whereas others prefer an associa-
tive mechanism at more negative potentials (Pd, Cu, Ag
and Au). Notably, the surfaces in most part of the dia-
grams are dominated by H-adatoms, resulting in the rapid
formation of H, other than N,. Ru and Rh with theoreti-
cally the highest activity (top of volcano diagrams) exhibit
poor selectivity due to strong H adsorption. Only the flat
metal surfaces of Sc, Y, Ti and Zr (shaded green area) are
assumed to be covered by N instead of H. However, the

U versus SHE (V)

Flat surface Stepped surface
— Llissociative - Dissociatve
- Associalive .= ASSOCIAtvE
=31 ® -AG, *NH —"NH ® -AG, "NH, — NH
O -AG N, —"2N O -AG, !
0 -AG N, = "NH @ -AG, N, = "N,
-3 -3 -1 0

strong binding of N might lead to the difficult desorption
of reaction intermediates.

Theoretical screening provides limited guidance for cata-
lyst design. The actual surface environment on the catalyst
could occasionally be located distantly from that in calcu-
lations. For example, surface reconstruction occurs during
reactions, and certain metal catalysts would form surface
oxide layers under reduction potentials. Nanosized catalysts
also have more complexed exposed faces and defects than
their bulk counterparts [74—79]. In recent years, various
electrocatalysts have been explored for NH; synthesis from
N, and H,O in liquid or aqueous media [80].

Metal Catalysts

Thus far, limited experimental reports are available regard-
ing electrochemical NRR (ENRR) on metal bulks or films in
aqueous media. One chemically deposited Au thin-film elec-
trode produced NH; at potentials below 0 V versus revers-
ible hydrogen electrode (Vgyg) [81]. The authors used sur-
face-enhanced infrared absorption spectroscopy (SEIRAS)
to successfully detect N,H, species in the reaction process.
The current efficiency was 0.12%, and the NH; formation
rate reached 3.84 x 10™'? mol/(cm? s) at —0.5 Vg NoH,
intermediates indicated an associative mechanism on Au,
which is consistent with the calculations in Fig. 6. A parallel
experiment on Pt film showed no intermediate absorption
bands under the same conditions. Another active metal film
reported is a (110) orientation Mo, which achieved a current
efficiency of 0.72% for NH; generation [82].

-1
H
§ ?'_';
2 9
% ’
e f;"éfé -« 18
Yran
1 2 3

AE,. (eV)

Fig.6 Combined volcano diagrams evaluating onset potential (U) on
different transition metals. Solid lines represent dissociative mecha-
nisms, and dashed lines denote associative ones. Blue and red lines
represent reactions on flat and stepped surfaces, respectively. Black
line indicates an overlap between blue and red lines. The green

shaded area indicates the region where surface is likely to be covered
by adsorbed nitrogen, and white area denotes the region where sur-
face is likely to be covered by adsorbed hydrogen. Adapted with per-
mission from Refs. [72] and [73]. Copyright 2012, The Royal Chemi-
cal Society. Copyright 2019, Macmillan Publishers Limited
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More active results were observed on nanosized metal
catalysts. Yan and colleagues [83-85] tested a series of Au
electrocatalysts with different nanostructures. Tetrahexahe-
dral (THH) Au nanorods (NRs) by a seeded growth method
showed good electrocatalytic N, reduction performance
in 0.1 mol/L KOH [83]. THH—Au NRs exposed abundant
high-index facets of (310) and (210), which facilitated N,
activation and reduction. The THH-Au achieved the high-
est ammonia production rate of 2.69x 107 !! mol/(cm’ s) at
—0.2 Vyyg with a current efficiency of ~4%. Although high-
index faces on THH—-Au play important roles in N, reduc-
tion, the relatively large size of NRs (~50 nm in length)
restricts the atomic utilization. Subnanometer Au clusters
(0.5 nm) on TiO, support showed enhanced electrocatalytic
NRR, where the low-coordination sites on small Au clus-
ters are considered crucial. An ammonia production rate of
1.12x 107" mol/(cm? s) with a current efficiency of 8.11%
was achieved at — 0.2 Vg [84]. Amorphous nanocatalysts
with highly unsaturated coordination sites are occasionally
more active than the crystalline ones in catalysis. This con-
dition is illustrated by anchored amorphous Au nanoparti-
cles (a-Au NPs, ~5 nm) on a bisubstrate of CeO,/reduced
graphene oxide (CeO,—~RGO), where CeO, transforms the
crystallized Au into its amorphous form, and RGO acts as
the substrate to anchor and disperse the Au NPs [85]. The
obtained a-Au/CeO,-RGO exhibited a current efficiency of
10.1%, which was considerably higher than that of crystal-
line Au on RGO.

On a carbon-supported nano-Pd catalyst, an overpoten-
tial as low as 56 mV was reported for N, reduction [86].
a-Palladium hydride was assumed to form during reaction
and to lower the free energy barrier of N, hydrogenation

Fig.7 Boosting ENRR with (a) *+N,+H +e
Bi metal catalysts and K* » *"NNH
cations. a Free energy changes
(AG.ynp) for the rate- 3.0
limiting step forming *NNH %,
(*+N,+H* +e”— *NNH) on < 28
Bi (012), (110), (104), and Au Z 26
(111) facets. b AG.yny on Bi 9
(012), (110), and (104) facets S 24-
without (patterned bars) and poy
with (filled bars) K. Mass Q@.\%\G\. '9‘;\ \»_{‘R\
transfer of H* and N, to the & & & ®
catalyst surface in electrolytes
without ¢ and with d K. (b)
Adapted with permission from
Ref. [87]. Copyright 2019, Mac- ~ 2.8 +K*
millan Publishers Limited o +K*
26
S
+K*
G4 i m
.@’0'\ .\'}'9\ .Q&\
VT ¥ &
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to *N,H, the rate-limiting step for NH; electrosynthesis. A
current efficiency of 8.2% was attained at 0.1 Vyyg.

A record-breaking activity and selectivity for ENRR at
ambient conditions were recently realized on a main-group
metal bismuth nanocrystals with K* promoters in aqueous
electrolyte [87]. At the optimum potential of —0.6 Vyyg,
the NH; generation rate reached as high as 1.44 X 107# mol/
(cm? s) with a remarkable current efficiency of 66%. This
production rate outperforms other works of ENRR in aque-
ous media by one to three orders of magnitude and paral-
lels the levels in molten salt electrolyte cells operating at
elevated temperature or pressure. During the long-term
operation of up to 50 h, the Bi nanocrystal catalyst retained
its activity and metallic state. The authors proposed a dis-
tal pathway of associative mechanism (Fig. 5b), with the
reductive protonation of N, to *NNH as the rate-limiting
step. The projected density of states revealed a remarkable
overlap between 2p orbitals of adsorbed N and Bi 6p bands
both below and above the Fermi level. By comparison, Au
as a transition metal showed minimal overlap between its
5d band and N 2p orbital. Therefore, a stronger interaction
existed between Bi surface and *NNH intermediate, whose
formation energy barrier (AGuyyy) Was considerably lower
compared with that on Au (Fig. 7a). More importantly,
K* acted as a strong promoter in this system, boosting the
current efficiency from 9.8% to 67%. On the one hand, K*
shifted the 2p orbital of adsorbed N to lower energy and
decreased AG.ny (Fig. 7b), leading to a stronger Bi—-N
bond and a better N-N activation. On the other hand, high-
concentration K* hindered proton migration from the bulk
solution to the Bi electrode surface, suppressing HER and
enhancing ENRR selectivity (Fig. 7c, d, respectively).

() H* «H, &H,0 ocoN,
00 HER-f :
ner-favourea
x o' B° o '
o o ”
': 'r‘_ ’ 'f‘
: : 5O
(d) . K* (hydrated)
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% :
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As illustrated in the “Reaction Mechanisms” section, the
electrocatalytic conversion of N, to NH; on transition metal
relies on the linear scaling relationship between *N,H and
*NH,. The overpotentials of ENRR are larger than those
of HER, leading to the limited success of NRR on transi-
tion metals. Metal alloys might be an approach to meet this
challenge because of their synergetic interactions with the
absorbed intermediates. Nonetheless, alloys cannot break
the scaling relationship for *N,H and *NH,, as each kind of
metal bonds to the intermediates through a single N atom.
How to design the active sites to change the intermediates’
binding modes remains an important question.

Metal Compound Catalysts

As mentioned in the “Electrochemical Ammonia Synthesis
in Molten Electrolytes” section, nano-Fe,O; shows excel-
lent electrocatalytic performance for NRR in molten base
electrolyte, but the possible mechanism was not discussed
[36]. A DFT study on hematite (0001) revealed an associa-
tive pathway where the potential demanding step is *NNH
formation from N, [88]. The calculated applied bias needed
is — 1.1 V, which is consistent with the conducted 1.2 V
for nano-Fe, 05 [36]. Apart from molten electrolytes, Fe,05
electrocatalyst was also applied either in gas diffusion layer
(GDL) electrode [89-91] or directly immersed in aqueous
media [92]. Chen et al. [89, 91] studied carbon nanotube-
supported iron oxide (Fe,0;-CNT) as N, reduction electro-
catalyst on GDL electrode in a three-phase cell separated by
a proton exchange membrane. The liquid chamber contained

Fig.8 ENRR on metal com- (a)
pound catalysts. a Interfacial
charge transfer in BVC-A

for ENRR. Reproduced with
permission from Ref. [93].
Copyright 2018, Wiley—VCH.
b Ru/MoS, catalyzes an ENRR
process in which Ru cluster
acts as an NRR active site,
whereas S-vacancy of MoS,
acts as a hydrogenation site.
Adapted with permission from
Ref. [97]. Copyright 2019,
American Chemical Society. ¢
NRR pathway on the surface (c) \\\\"‘h
of VN, ;0 45 via a Mars—van N
Krevelen (MvK) mechanism N N N
and the catalyst deactivation

mechanism. Adapted with
permission from Ref. [104].
Copyright 2018, American
Chemical Society |
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aqueous electrolyte for H,O electrolysis to produce H* and
electrons. The protons migrated through proton exchange
membrane to the GDL electrode, where N, gas was reduced
by electrons and hydrogenated to form NH;. The current
densities were determined by proton concentration in acid
electrolyte and by water transport in the base electrolyte.
The 30% Fe,0;-CNT was the best electrocatalyst among all
Fe,0;-CNT samples [89]. Kong et al. [90] also investigated
y-Fe,0; electrocatalyst for NH; synthesis in a three-phase
cell separated by an anion-exchange membrane. Using KOH
electrolyte, the y-Fe,O; electrode achieved a current effi-
ciency of 1.9% at 0 Vypg.

Through an electrospinning/calcination method, a hybrid
metal oxide Bi,V,0,,/CeO, with an amorphous phase
(BVC-A) was fabricated and used as the cathode for electro-
catalytic nitrogen reduction [93]. The amorphous Bi,V,0,;
contains abundant oxygen vacancies (O,,.), which acted
as active sites for N, reduction. CeO, not only induced the
amorphous structure but also established suitable band
alignment with Bi,V,0,, to facilitate interfacial charge
transfer (Fig. 8a). A high current efficiency of 10.16% was
achieved at —0.2 Vg

MoS, as one hot-spot two-dimensional (2D) material
has attractive catalytic properties. The NH; formation by
MoS, was first reported in 0.1 mol/L Na,SO, [94]. Defects
on the monolayer of MoS, boosted N, reduction [95]. A
DFT simulation assumed that single Fe atom deposited
on MoS, would mimic FeMoco and endow inactive MoS,
the capability to convert N, to NH; electrocatalytically.
Fe center yields electron charge to MoS, and turns into an

(b)
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extremely rare and reactive Fe' species [96]. Interestingly,
Ru instead of Fe on MoS, was experimentally discovered
as an active catalyst for ENRR [97]. As shown previously
in Fig. 6, Ru is near the top of volcano plot but exhib-
its considerable hydrogen evolution due to dominant H
adsorption. In the work on Ru/MoS, [97], dispersed Ru
clusters provide N,-binding sites, whereas nearby S-vacan-
cies on the 2H-MoS, serve as centers for H reduction to
adsorbed *H (Fig. 8b). These hydrogenated S-vacancies
act as the H-provider because the formed *H can be trans-
ferred directly to nearby N, on Ru, forming *NNH as an
intermediate. The *NNH was unstable on Ru/MoS, and
spontaneously cleaved into *N and *NH, following which
a dissociative pathway was proposed.

M;C, transition metal carbides (M stands for met-
als from d?, d® and d* series), as a kind of Mxene, have
shown capabilities for N, capture and reduction in a DFT
study [98]. V;C, and Nb;C, exhibited the most promising
features for reduction to NH;. In another metal carbide
system, Mo,C nanodots embedded in carbon nanosheets
were developed for electrochemical nitrogen fixation [99].
At — 0.3 Vyyg, the NH; production rate reached 11.3 pg/
(h mg). Carbon-supported Mo,C is proposed to be rich
in nitrogen adsorption active sites, and the unique elec-
tronic structure is favorable to N=N bond cleavage and
hydrogenation.

Transition metal nitrides draw great attention because
they have the potential to activate adsorbed N, via the MvK
mechanism [100-103]. Specifically, one surface N atom on
the nitride is hydrogenated and reduced to one NH; mol-
ecule, forming a lattice vacancy which is subsequently
restored by reductive incorporation of a N, molecule. One
good example was demonstrated by vanadium nitride (VN)
NPs, where surface VN, ;0 45 acted as the active phase
[104]. The use of "N, feed gas produced '*NH; and '°NHj,
indicating a MvK mechanism. In a catalytic cycle, a native
surface N atom of VN was extracted by hydrogen atoms
and left behind a N vacancy (N,,.), which could activate/
adsorb a N, molecule and be healed after the desorption
of one NH; molecule. Moreover, only the surface N sites
adjacent to a surface O are active toward nitrogen reduction,
and the removal of surface O would deactivate the catalyst
(Fig. 8c). The 2D MoN material is also a promising candi-
date for ENRR in theoretical and experimental demonstra-
tions [105, 106].

As illustrated, in metal compound catalysts, introducing
anion vacancies, such as oxygen, nitrogen, sulfur and sele-
nium vacancies, plays an important role in ENRR. The anion
vacancies could trap metastable electrons, which are trans-
ported into an antibonding orbital of adsorbed N, molecules,
contributing to enhancing nitrogen triple-bond cleavage for
subsequent catalytic reaction. The regeneration capability of
vacancies during reaction needs further investigation.

@ Springer

Metal-Free Catalysts

Scalable hierarchically structured nitrogen-doped nano-
porous carbon membranes with embedded CNTs were
developed for ENRR [107]. In this hierarchically porous
membrane structure, micropores and small mesopores pro-
vided large and accessible surface areas up to 432 m%/g.
Meanwhile, large mesopores and macropores formed
interconnected 3D conductive framework to expedite mass
diffusion and enhanced N, reduction efficiency on active
sites, which are proposed to be pyridinic and pyrrolic N
atoms in N-doped carbons [107, 108].

A polymeric carbon nitride (PCN) abundant in N, was
proposed as an electrocatalyst to enable ammonia synthe-
sis under ambient conditions [109]. DFT calculations illus-
trated that dinitrogen molecule can be chemisorbed on N,
of PCN in a dinuclear end-on bound structure, which dra-
matically increases N—N bond length and improves spatial
electron transfer. A high current efficiency of 11.59% was
therefore obtained at — 0.2 Vyyg, leading to an ammonia
production rate of 9.64 X 10719 mol/(cm? s).

Black phosphorus (BP) with a few layers of nanosheet
structure is a nonmetallic electrocatalyst for nitrogen
reduction under ambient conditions [110]. DFT calcula-
tions propose an alternating hydrogenation pathway. The
zigzag and diff-zigzag edges of BP are active centers for
nitrogen adsorption and activation.

Battery Configurations for NRR

In addition to electrolysis, proof-of-concept batteries have
led to new directions toward N, fixation. Minteer and col-
leagues [111] combined nitrogenase and hydrogenase into
a H,/N, fuel cell, with a 3-morpholinopropane-1-sulfonic
acid buffer as the electrolyte (Fig. 9). The electron transfer
between cathode/nitrogenase and anode/hydrogenase was
realized by using methyl viologen (MV, N,N'-dimethyl-
4.,4'-bipyridinium) as the sole electron donor. The coupling
of this nitrogenase cathode to reduce N, with a hydroge-
nase anode to oxidize H, resulted in an enzyme-assisted
fuel cell (EFC), generating NH; from H, and N, while
simultaneously outputting an electrical current. A current
efficiency of 26.4% was obtained on this H,/N, EFC. Ma
et al. [112] reported a successful illustration of a reversible
nitrogen cycle based on a rechargeable lithium—nitrogen
(Li-N,) battery with the proposed reversible reaction of
6Li+ N,=2Li;N. The N, fixation battery assembly was
composed of a lithium anode, an ether-based electrolyte,
and a carbon cloth cathode and exhibited a promising elec-
trochemical current efficiency of 59%.
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Fig.9 Incorporation of hydro-

genase and nitrogenase proteins

into a H,/N, fuel cell with MV
as the electron mediator in both
chambers. This fuel cell pro-
duces NHj; and electrical energy

from H, and N, at RT and ambi- o Q
ent pressure. Reproduced with - V4 Mv* v Mv* KX -8
permission from Ref. [111]. (=] r.J
Copyright 2017, Wiley—VCH E ©
&)
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Methods to Suppress HER

In protic (e.g., aqueous) electrolytes, HER is a serious com-
petitive reaction that greatly restricts the selectivity of N,
reduction to NH; in the presence of protons. For example,
recent publications [83-86, 93, 109, 113-115] reported elec-
trochemical NH; synthesis in aqueous solutions: The highest
current efficiency for NH; and the highest NH; production
rate depend on small applied potentials, whereas further
enlarged negative potentials result in a significantly reduced
current efficiencies and NH; production rates (Fig. 10). —0.2
Vyrue is the most frequently reported potential [83-85, 93,
109, 113, 114] at which the fastest NH; generation is attained
(Fig. 10a—c). For a palladium-catalyzed N, reduction sys-
tem, the highest current efficiency of 8.2% was achieved at
as high as 0.1 Vi (Fig. 10d) [86]. At such small applied

potentials, the current densities are in the range of several
hundred microamperes to several microamperes, which are
inapplicable to practical applications. This effect could be
amplified when current densities are larger.

Ngrskov and colleagues [116] presented in-depth per-
spectives on the selectivity challenges for electrochemical
NH; synthesis. They suggested that limiting either proton
or electron availability at the surface is a promising way to
improve the selectivity of NH;. Detailed methods include
limiting the proton transfer rates by reducing proton con-
centration in the electrolyte or increasing proton transfer
barriers to the catalyst surface or limiting the electron trans-
fer rates by constructing thin insulators or supplying slow
streams of electrons.

By reducing proton concentration using ionic liquids
as the electrolytes, MacFarlane and coworkers [117]

Fig. 10 Low selectivity of NH; (a) (b)
in ENRR compared with H, — 25 15 ~10 oo o 12
generation, shown by the yield '__'q' s B é S g
and current efficiency of NHj; at © 20w NH, yield - otk WL >
various potentials on differ- £ —#— Faradaic Efficiency 110 2 ,E 5
ent electrocatalysts. a BVC-A. 15 % = 6 ‘©
Adapted with permission from o E 2 &
Ref. [93]. Copyright 2018, s e = 4 £
Wiley—VCH. b a-Au/CeO,- ° s = 2
RGO. Adapted with permission * 8 g S22 s
from Ref. [85]. Copyright 2017, z w3 *- _ w
Wiley-VCH. ¢ Pd,,Cu, ¢/rGO. O e — o —0.7 — 0 "=%5 -04 -03 -02 -01
Adapted with permission from Potential (V vs. RHE) Potential (V vs. RHE)
Ref. [114]. Copyright 2018, (c) (d) s 10
Wiley—VCH. d Pd/C. Adapted M -y Lg ==
with permission from Ref. [86]. “r « 2.80 18  Es e | =3 ¥ &£
Copyright 2018, Macmillan vash \ 2.36 > o 2 ’% ks o kR =
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reported a highly selective system for NH; electrosyn-
thesis on a nanostructured iron catalyst at ambient tem-
perature and pressure. The solubility of N, in [C,mpyr]
[eFAP] and [P ¢ ¢ 14][eFAP] is notably higher than that
in aqueous solutions. In addition, these ionic liquids can
serve as aprotic electrolytes where H, evolution can be
effectively suppressed. Notably, a trace amount of water
(20 x 107°-250 x 107%) is the only proton source. As a
result, an unprecedented current efficiency of 60% for NH;
synthesis in liquid electrolytes at ambient conditions was
achieved.

High current efficiency of ENRR was also realized in
a solution of LiCIO, (0.2 mol/L) in tetrahydrofuran/etha-
nol (99:1 V/V) on metal electrodes [118]. Lithium in the
electrolyte acted as a mediator because Li™ was reduced on
the electrode to deposit metallic Li, which reacted with N,
to form Li;N. Li;N underwent a subsequent ethanolysis to
generate NH;. Moreover, in this Li-mediated system, the
metal electrode can be modified with a functional layer such
as superhydrophobic metal-organic framework to suppress
the proton availability and accumulate N, molecules at the
electrode surface [119].

Although reducing proton concentration surrounding
the catalyst is an effective way to improve the selectivity of
ENRR, the sacrifice of current density or NH; generation
rate cannot be overlooked. The operating current density

at several microamperes [117, 119] is insufficient. New
approaches need to be developed to solve this dilemma.

Summary and Protocols for Electrochemical
Ammonia Synthesis

The past three decades have witnessed a flourishing of inter-
est in electrochemical NH; synthesis. Table 1 summarizes
several representative developments in this realm. For SSAS
using N, and H, as the reactants, NH; generation rate could
reach the order of 10~ mol/(cm? s) to 1078 mol/(cm? s), and
the current efficiency is considerable. However, either the
high temperature [37] (usually larger than 500 °C) or the
large cell potential [48] limits the energy utilization; further-
more, H, production is energy consuming and carbon inten-
sive. Molten electrolytes enhance the ionic conductivity and
reduce the operating temperature to 200—400 °C. The current
efficiency in molten electrolytes is as high as that in SSAS,
whereas the NH; generation rate is faster at the order of 1078
mol/(cm? s). Notably, reaction from N, and H,O achieves
a NH; production rate of 1.0 X 1078 mol/(cm? s) in molten
NaOH/KOH at a moderate temperature of 200 °C [36]. From
the perspective of sustainable development, harvesting NH;
from N, and H,O at ambient conditions is the most tempt-
ing goal. Nonetheless, this process is extremely challenging
because of the competitive hydrogen evolution and difficult

Table 1 Summary of representative developments in electrochemical NH; synthesis

Electrolyte type Reactants Electrode/catalyst Conditions® NH; yield Current effi-  Applied potential® References
[mol/(cm?s)]®  ciency (%)

Solid N,/H, Porous Pd SrCe 95 YD, (505, 570 °C 45%107° 78.00 N.A 4 [37]

N,/H, Ag-Pd BaCe 4,Gdy 1oSmy 1003_s, 5.82x107° N.A. 0.6V [44]
620 °C

N,/H, Ag-Pd CeysSm,0,_s, 650 °C 8.2x107° N.A. 0.6V [47]
N,/H, SmFe, ,Cug;_Ni O3 Nafion, 80 °C 1.13x1078 90.40 2V [48]

Molten N,/H, Porous Ni Molten LiCI-KCI-CsCl with 3.33%1078 72.00 0.7 V versus Li*/Li [60]

0.5 mol% Li;N, 400 °C
N,/H,0 Ni electrode, nano-Fe,O;  Molten NaOH/KOH, 200 °C 1.0x1078 35.00 12V [36]
catalyst

Aqueous N,/H,0 Au film 0.1 mol/L KOH 3.84x 10712 0.12 —0.5 V versus RHE [81]
N,/H,0 Au nanoclusters 0.1 mol/L HCI 1.12x1071%  8.11 —0.2 V versus RHE [84]
N,/H,0 Pd NP 0.1 mol/L PBS 1.7x107"" 820 0.1 V versus RHE [86]
N,/H,O Bi nanocrystals 0.5 mol/L K,SO,, pH 3.5 1.44x1078 66.00 —0.6 V versus RHE [87]
N,/H,0 Bi,V,0,,/CeO, 0.1 mol/L HC1 7.6x10710 10.16 —0.2 V versus RHE [93]
N,/H,0 Ru/MoS, 0.01 mol/L HCl, 50 °C 1.14x1071%  17.60 —0.15 V versus RHE [97]
N,/H,O VN NP 0.05 mol/L H,SO, 3.3x10710 6.00 —0.1 V versus RHE [104]

Nonaqueous liquid N,/H,0 Nanostructured Fe [Pg 6,6,141[eFAP] 2.1x107! 60.00 —0.8 V versus RHE [117]
N,/H,0 Ag-Au@ZIF LiCF;S0; (0.2 mol/L) in THF/ 9.5x10712 18.00 29V [119]

ethanol (99:1 V/V)

#Conditions indicate electrolyte, temperature, and pressure. Unless otherwise specified, the experiments were conducted under RT and ambient

pressure

“From given or calculated data based on reference data in the literature. Normalized based on the geometric areas of the electrodes

“The potentials without a reference refer to the cell potentials

IN.A. stands for not applicable

@ Springer



Alternative Strategies Toward Sustainable Ammonia Synthesis

79

N, activation. The NH; yield in aqueous electrolytes ranges
from the order of 1072 mol/(cm? s) to 107'° mol/(cm? s)
with a current efficiency less than 10%. Reducing the proton
availability, such as by using aprotic solvents, is an approach
to notably boost the current efficiency; however, the operat-
ing current density is extremely small, leading to a low NH;
yield [117, 119]. One Bi nanocrystal catalyst in aqueous
media achieves a high NH; yield of 1.44 X 1078 mol/(cm?
s) and a high current efficiency of 60% [87]. This result is
exciting, but more study is needed to solve the problems
of high overpotential and the narrow operating potential
window.

In spite of the reported progress thus far, electrochemical
NH; production will need to achieve considerable progress
toward practical applications that require a minimum NH;
production rate in the order of 10~7 mol/(cm? s) [13]. More
importantly, electrochemical NH; production needs both
scientific and engineering design to make the process less
energy consuming than the well-developed H-B process.

Another challenge is that the slow NH; generation rate
of ENRR causes difficulty in attributing the detected NH;
to real electrochemical N, fixation given the existence of
numerous exogenous nitrogen contaminants. In addition,
N, as a robust and nonpolar molecule is extremely diffi-
cult to fix under ambient conditions. Although ENRR has
achieved great enhancement in ammonia production rates in
the past 4 years, limited papers provide rigorous evidence
to prove that ammonia truly comes from N,. In any given
experiment, adventitious ammonia can be introduced in the
reaction system in various ways, as illustrated by a rigorous
protocol by Andersen et al. [120]. Ammonia contamination
could be present in air, atmosphere, human breath or Nafion
membranes or originate from nitrogen-containing com-
pounds that are normally present in the nitrogen gas supply.
Numerous electrocatalysts are also nitrogen-containing com-
pounds or fabricated from nitrogen-containing precursors.
Therefore, excluding the interference of exogenous con-
tamination and confirming the source of fixed nitrogen are
the prerequisites to reporting a positive result. Fortunately,
benchmarking protocols are being progressively estab-
lished to identify and eliminate contamination sources [40,
73, 120], to prevent false positives and standardize ENRR
experiments. Upon successful detection of ammonia after
running electrolysis, one must conduct control experiments
with Ar gas supply under the exact same conditions and
with N, gas in the open-circuit condition. Isotope labeling
using 15N2 is a necessary confirmation procedure. Numer-
ous papers reported the qualitative detection of 15NH3 or
SNH,* from °N,, thereby alleging the successful fixing of
N,. However, °N, gas stock normally contains '*N-labeled
nitrate or ammonia, which invalidates the detected results
[121]. Therefore, gas-cleaning unit must be applied before
bubbling N, stream to the electrolyte. Meanwhile, the yield

of >NH; should be quantitatively consistent with that of
“NH; during identical reduction experiments. Andersen’s
work demonstrates excellently how to perform quantitative
isotope measurements. A copper catalyst trap was used to
eliminate N-containing contaminations, and a gas circulation
system was used to maximize the use of expensive 1°N, gas
[120]. The developing rigorous protocols will enable the
identification of ENRR results by preventing false positive
data and contribute to the development of more efficient
processes toward electrochemical NH; production.

Photocatalytic Ammonia Synthesis

Effectively capturing solar energy for the production of fer-
tilizers and fuels is an ambitious and challenging goal [122].
Green ammonia from nitrogen photofixation has drawn
increasing attention in recent years [19, 123]. Abiotic pho-
tofixation of dinitrogen in soils and sands has been suggested
to be the third most significant source of natural nitrogen
fixation, apart from biological N, fixation and lightning dis-
charges [23, 124]. The investigation of solar-driven N, fixa-
tion is significant for people to comprehend and modulate
the nitrogen cycle. Although early studies mainly focused on
titania-based catalysts, a sharp increase occurred in recent
years regarding photocatalytic N, fixation on emerging cata-
lytic systems.

Ammonia Synthesis on Powdered Photocatalysts
Titania-Based Photocatalysts

Rutile TiO, in sands or soils is considered to be the N,
reduction catalyst in the presence of light and water [124].
The first experiment on N, photoreduction with water split-
ting was reported by Schrauzer and Guth [125] on outgassed
rutile TiO, powders. H, evolution was notably inhibited in
N, atmosphere, whereas iron doping enhanced the photo-
catalytic reactivity. Since then, titania has been intensively
explored as the photocatalyst for N, fixation, although
other metal oxide semiconductors, such as tungsten oxide
[126] and iron oxide [127], were also investigated. Ranjit
et al. [128] studied photocatalytic reduction of N, to NH;
on noble-metal-loaded TiO,. They observed a correlation
between NH; yield and the M-H bond strength, where a
high-bond strength gives rise to a high NH; yield. Hoshino
et al. [129] reported N, photoreduction on needle-like solid
ammonium perchlorate (NH,C10,) using a TiO,/conducting
polymer (poly 3-methylthiophene, P3MeT) catalyst. Under
illumination, photogenerated carriers at the TiO,/P3MeT
interface contributed to NH; synthesis in the presence of
water. Meanwhile, C10,~ was doped from P3MeT driven
by electrons, and the acid—base reaction formed mesoscale
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NH,CIO, needles. Kisch and colleagues [130] reported
nitrogen fixation at nanostructured iron titanate films, where
the highest NH; generation rate was realized on iron titan-
ate film with Fe:Ti ratio of 1:1. Zhao et al. [131] fabricated
Fe-doped TiO, NPs with highly exposed (101) facets by a
two-step hydrothermal method. Optimal doping of Fe** is
essential to the improvement of photocatalytic activity.
Recently, the introduction of O, has drawn new insight
into N, photofixation on TiO, catalysts. Hirakawa et al.
[132] introduced a large number of O, in a commercially
available TiO, by H, treatment. Under UV light illumina-
tion, N, molecules were reduced to NH; by Ti** species
on O, (Fig. 11a), leading to a solar-to-chemical energy
conversion efficiency of 0.02%. However, methods such as
H, reduction do not avoid the introduction of O,  to the
bulk to form bulk defects, which potentially act as carrier
traps and induce charge recombination [133]. Therefore, the
introduction of O, on the outermost surface is highly desir-
able for TiO, and many other reducible oxides. Gong and
coworkers [39] reported the conversion of N, to NHj; in pure
water using a plasmon-enhanced rutile TiO, NR array modi-
fied with surface O,,., which were created by atomic layer
deposition (ALD). This method ensures the introduction of
O,,. on the surface without affecting bulk structure. Com-
pared with the less active rutile TiO, surface, the amorphous
ALD TiO, layer (a-TiO,) with catalytic centers of surface

O,,. could promote N, adsorption and activation, greatly
Flg. 11 Solar N, fixation on (a) NEN i
TiO, photocatalysts. a Proposed ~
photocatalytic cycle for N, fixa- Nt i of
: 3+ g : e .
tion on the Ti”™ sites of rutile O-Ti¥ ~ Ti*
~0 K

TiO, (110) surface. Reproduced
with permission from Ref. [97].
Copyright 2017, American
Chemical Society. b Illustration
of the synergistic effect of sur-
face O,,. and plasmonic Au NPs
for photocatalytic N, reduction
on TiO,/Au/a-TiO,. Reproduced
with permission from Ref. [39].
Copyright 2018, Wiley—VCH. ¢
Transmission electron micros-
copy (TEM) image of Au/TiO,-
OV nanosheet. d NH; concen-
tration on the four catalysts as

a function of time. Reproduced
with permission from Ref.
[134]. Copyright 2018, Ameri-
can Chemical Society

surface defect
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enhancing the N, photofixation rate. Meanwhile, surface
plasmons of Au extended the absorption range of TiO, to
the visible region and provided high-energy hot electrons for
N, reduction (Fig. 11b). Accordingly, the TiO,/Au/a-TiO,
photoelectrode exhibited a notably higher NH, production
rate than bare TiO,, achieving 13.4 nmol/(cm? h) under 1 sun
illumination [39]. Similarly, Yang et al. [134] illustrated a
“working-in-tandem” nitrogen photofixation system, which
was realized by assembling plasmonic Au nanocrystals
on O,,-rich ultrathin TiO, nanosheets (Fig. 11c, d). The
O,,. on the TiO, nanosheets chemisorbed and activated N,
molecules, which were further reduced to ammonia by hot
electrons generated from plasmonic gold nanocrystals. The
apparent quantum efficiency for the conversion of incident
photons to NH; reached 0.82% at 550 nm. The N, photofixa-
tion rate can be further improved by optimizing the absorp-
tion of visible light with the mixture of Au nanospheres and
NRs.

2D-Layered Photocatalysts

Layered bismuth oxyhalides for nitrogen photofixation were
first reported by Zhang and coworkers [31, 135]. Under visi-
ble-light illumination and ambient conditions, efficient NH;
was generated from N, and water on bismuth oxybromide
(BiOBr) nanosheets of O,,, in the absence of any organic

scavengers and precious-metal cocatalysts. O,,. on the
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exposed (001) facets provided localized electrons for z-back-
donation and activated adsorbed N,, which could be reduced
to NH; by the transferred electrons from the conduction
band of excited BiOBr nanosheets (Fig. 12a). The result-
ant N, photofixation rate on BiOBr was 104.2 umol/(h g)
[135]. Zhang and coworkers [136] further demonstrated that
O,,. on BiOClI could act as the catalytic centers and con-
tribute to the solar light driven N=N triple-bond cleavage
via a proton-assisted electron-transfer pathway. In addition,
different BiOCI facets strongly influence the N, reduction
pathways by affecting both the adsorption structure and the
activation level of N,.

Graphitic carbon nitride (g-C;N,) is a burgeoning mate-
rial for N, photofixation, either as a catalytic or a supportive
material [137-143]. Dong et al. [137] observed that N,
endowed g-C;N, with the photocatalytic N, fixation capa-
bility because N,,. could selectively adsorb and activate N,
given their same shape and size with the nitrogen atom in N,.
Cao et al. [138] reported a Z-scheme heterojunction-struc-
tured photocatalyst: 3,4-dihydroxybenzaldehyde-functional-
ized Ga,Oj/graphitic carbon nitride (Ga,05-DBD/g-C;N,).
The interaction between aromatic aldehydes in Ga,05-DBD
and the terminal —-NH, groups in g-C;N, improved the dis-
persion of Ga,0;-DBD NPs and resulted in the formation of
a well-combined interface, which enhanced the charge trans-
fer rates. Aromatic rings with good conductivity acted as
electron mediators and promoted the recombination between
photogenerated electrons from the conduction band of Ga,0,

Fig. 12 Solar N, fixation on 2D (a)

and photogenerated holes from the valence band of g-C;N,,
boosting the overall photovoltage [138]. Hu et al. [139, 140]
anchored Fe*™ and Cu'™ at the interstitial position of g-C;N,,
where coordinative M—N bonds were formed. The metal-
doped g-C;N, exhibited notably higher photoactivity for
N, reduction compared with bare g-C;N,. DFT simulations
showed that a high nitrogen adsorption energy was obtained
on anchored metal sites, and N-N bond could be elongated.
DOS results indicate that the electrons of ¢,2p orbital
(highest-occupied molecular orbital) in nitrogen atom were
substantially delocalized when N, adsorbed on metal-doped
sites, and the orbital energy almost crossed that of r,*2p
orbital (LUMO), illustrating that Fe** or Cu'* sites can actl—
vate the N, molecule effectively. Jiang and colleagues [142]
designed and fabricated a new TiO,@C/g-C;N, photocata-
lyst through thermal treatment of a mixture of melamine and
MXene Ti;C,T,. This method endowed carbon nanosheet-
supported TiO, with abundant Ti** species that were tightly
wrapped by in situ-formed g-C;N, nanosheets. This hetero-
junction enhanced light absorption and charge separation,
where electrons were injected from g-C;N, to Ti** on TiO,
for N, activation and reduction (Fig. 12b).

Graphene could generate a high density of hot elec-
trons well above the Fermi level under visible light [144,
145]. Chen and colleagues [146] noted that light-generated
highly energetic hot/free electrons of graphene could act as
a promising reducing agent for NH; synthesis from N, and
H, under ambient conditions. They fabricated an iron- and

photocatalysts. a Schematic of Visible light N > '.Hzo s © Bi
N, reduction on O, of excited %. = & NH,

BiOBr nanosheets. Repro- ® Br
duced with permission from o N e O
Ref. [135]. Copyright 2015, OeE> =

American Chemical Society. b OVs-induced ’ k c H
Schematic of the energy band defect states on oxygen vacancy

structure and electron—hole m e N
separation of TiO,@C/g-C;N,.

Adapted with permission from " e:::::v
Ref. [142]. Copyright 2018, the

Royal Society of Chemistry. ¢ B S

Proposed pathway for the NH, (b) “"."' (c)

synthesis using Fe@3DG cata-
lyst under light illumination.
Adapted with permission from
Ref. [146]. Copyright 2016,
American Chemical Society
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graphene-based catalyst, Fe @3DGraphene, for NH; photo-
synthesis. Hot electrons from graphene induced by visible
light were ejected onto the Fe catalytic sites, where N, acti-
vation and NH,/H, generation occurred directly, without any
other agents (Fig. 12¢). Alumina as a structural promoter
enhanced the stability of Fe@3DGraphene up to 50 h [146].
The same group further proved that nano-Al,O; acting as a
barrier among nano-Fe,O; could significantly prevent the
aggregation of Fe,O; particles, improving the stability of
catalysts [147].

A series of ultrathin layered-double-hydroxide (LDH)
nanosheet photocatalysts of the type MM"-LDH (where
M"=Mg, Zn, Ni, Cu; and M = Al, Cr) were synthesized by
simple coprecipitation routes [148]. These LDH nanosheets
were engineered with O,,. defects to enhance the absorp-
tion and activation of N,. Especially, the CuCr-LDH pho-
tocatalyst exhibited a high activity under visible light for
the photoreduction of N, to NH;. Cu** ions in the LDH
nanosheets were assumed to introduce additional structural
distortions and compressive strain, which boosted the inter-
action between the nanosheets and N, and thereby enhanced
NH; formation.

Other Semiconductor Photocatalysts

Bismuth oxyhalide is susceptible to photocorrosion, where
surface O, is easily oxidized to lose the catalytic sites.
Wang et al. [149] resolved this problem using self-assembled
5 nm diameter Bi;O,Br nanotubes (NTs) through a low-tem-
perature wet chemical method. The Bi;O,Br NTs contained
abundant and light-switchable O, realizing excellent and
stable photosynthesis of NH; in pure water. The NH; genera-
tion rate was as high as 1.38 mmol/(h g), with an apparent
quantum efficiency of 2.3% at 420 nm.

Bismuth monoxide (BiO) quantum dot is a low-valence
metal oxide semiconductor that has fewer coordination
atoms than its high-valence states [150]. This condition
endows BiO with high electron-donating power and empty
6d orbitals for N, adsorption and activation. The N, mole-
cule could be stretched and activated by alternately arranged
Bi atoms by donating electrons to the empty Bi 6d orbitals.
Without hole scavengers, BiO quantum dots exhibited a high
NH; generation rate of 1226 pmol/(h g).

Biohybrid and Biomimetic Photocatalysts

In a bioinorganic system, cadmium sulfide (CdS) nanocrys-
tals were used to photosensitize the nitrogenases molyb-
denum—iron (MoFe) protein, where light harvesting from
CdS replaced ATP hydrolysis on the Fe protein to trans-
fer electrons for enzymatic reduction of N, into NH; [7].
This CdS:MoFe protein biohybrid system achieved an
optimal turnover rate of 75 per minute, which is 63% of
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the ATP-coupled reaction for nitrogenase. Kanatzidis and
coworkers [151] reported a nitrogenase-inspired biomimetic
chalcogel system that exhibited photoactivity for N, reduc-
tion to NH; in aqueous media under ambient pressure and
RT. The high-surface-area amorphous chalcogels were com-
posed of Mo,Fe(S¢(SPh); or Fe,S, with Sn,S¢ clusters and
exhibited strong optical absorption. Compared with chalco-
gels with Mo,FeSq(SPh); cluster [151], Mo-free chalco-
gels containing only Fe,S, clusters are more efficient for N,
reduction to NH; [152]. This result suggests that Fe might be
the active site for N, binding, similar to that in nitrogenase.

Ammonia Synthesis on Photoelectrodes

Unlike photoelectrochemical (PEC) water splitting [153,
154] or CO, reduction [155], N, fixation in PEC systems
was rarely investigated. Limited studies reported N, photo-
fixation on photoelectrodes [39, 156—162].

The first trial was realized in a PEC cell that contained a
p-GaP cathode and an Al metal anode immersed in a non-
aqueous electrolyte. N, was reduced to NH; on illuminated
p-GaP electrode, whereas Al was continually consumed
as the reducing agent [156]. Hamers and coworkers [157]
used diamond as a solid-state source of solvated electrons
for N, reduction. The conduction band edge of diamond lay
at about 1 eV above the vacuum level, which enabled the
electrons to be directly ejected into the inert N, molecules
with negligible barrier (Fig. 13a). Oshikiri et al. [158, 160]
investigated Au-decorated SrTiO; photoelectrode with Ru or
Zt/ZrO, as the cocatalysts. Water was oxidized by holes on
the Au side, whereas excited hot electrons were conducted
through the conduction band of SrTiO; to the catalyst side
for N, reduction (Fig. 13b). MacFarlane and colleagues
[159] presented a solar-driven PEC cell based on plasmon-
enhanced black silicon nanowires (NWs) for the reduction
of N, to ammonia. When sulfite was used as a reactant, the
process could produce ammonium sulfate, an important fer-
tilizer with high economic value (Fig. 13c). Li et al. [161]
fabricated GaN NW array on a silicon substrate by plasma-
assisted molecular beam epitaxy. Afterward, finely dispersed
sub-nanoclusters of Ru were deposited on GaN with a high
load of 5 wt% (Fig. 13d), forming a Schottky barrier junction
between Ru and GaN (Fig. 13e), which resulted in partially
negatively charged Ru species for elevated N, reduction per-
formance under illumination. Zheng et al. [162] designed an
aerophilic-hydrophilic heterostructured Si-based composite
photocathode for PEC reduction of N, to NH;. Polytetra-
fluoroethylene (PTFE) porous framework was used as the
N, diffusion layer, whereas Au NPs acted as the active sites
and the electric contact between PTFE framework and Si.
This structure formed an aerophilic—hydrophilic functional
layer, which enriched N, concentration at the Au active sites
and suppressed HER by reducing proton availability. This
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Fig. 13 Solar nitrogen fixation on photoelectrodes. a Energy-level
diagram of diamond. Reproduced with permission from Ref. [157].
Copyright 2013, Macmillan Publishers Limited. b Scheme of PEC N,
reduction cell composed of Nb—SrTiO; photoelectrode loaded with
Au NPs and a Zr/ZrO, catalytic layer. Reproduced with permission
from Ref. [160]. Copyright 2016, Wiley—VCH. ¢ Schematic of PEC

photocathode exhibited an NH; yield rate of 3.1x 10~ mol/
(cm? s) and a current efficiency of 37.8% at —0.2 Vg at
ambient condition.

Summary for Photocatalytic Ammonia Synthesis

Table 2 lists the important developments in photocatalytic
NH; synthesis. In photocatalyst systems, the NH; yield
has enhanced from the order of umol/(h g) to mmol/(h g).
This increase is a notable improvement, but the produc-
tion rate is only realized at the laboratory scale and still
cannot meet the requirements for practical use. In PEC
systems, the NH; yield is evidently smaller than that in
ENRR at present. In addition to the low yields, several
other issues need to be addressed for photocatalytic NH;
synthesis. First, many photocatalytic systems require an
electron-donating scavenger to consume photogenerated
holes, which would otherwise oxidize H,O to O, (kineti-
cally unfavorable) or oxidize the generated NH; to NO,
(decrease NH; production). However, the hole scavenger
itself (e.g., alcohols) often comes from fossil fuels and

5 =
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Ru Size I nm &

(b) g
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Nz gas ‘(OA"'MPa) N,
with acidic soluliou’ C .
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® NH;

(e) n-GaNNWs

5 wt% Ru
L |
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N, reduction cell with Au-decorated black silicon NW array. Repro-
duced with permission from Ref. [159]. Copyright 2016, Macmillan
Publishers Limited. d TEM image of 5 wt% Ru-modified GaN NW.
e Schematic for the formation of the Schottky barrier between n-type
GaN NWs and metallic Ru clusters. d, e Reproduced with permission
from Ref. [161]. Copyright 2017, Wiley—VCH

would increase costs. Second, most papers reported did
not specify the light intensity, which is one of the most
important parameters in photocatalytic reactions. There-
fore, comparison of different works or evaluation of the
energy conversion efficiency is difficult. Third, standards
and protocols must be established to confirm that NH;
is derived from N,, similar to the procedures in ENRR.
The residual contaminations in photocatalysts, which are
dispersed in the solution, are more likely to be released
than those on electrodes, which might lead to false posi-
tive results.

Despite the persistent interest and significance of pho-
tocatalytic NH; synthesis, little advancement has been
made in comprehending the fundamental mechanisms in
the reaction. The band gap must be systematically tuned for
effective absorption of sunlight and high photoactivity for
solar-to-ammonia conversion. Moreover, advanced in situ
or operando characterization techniques are indispensable.
For instance, in situ Fourier transform infrared spectroscopy
(FTIR) helps in examining the adsorbed nitrogen interme-
diates on photocatalyst surfaces. Photocorrosion under
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Table2 Summary of representative developments in photocatalytic NH; synthesis
Catalyst/electrode Light source® Hole scavenger NH, yield® References
Photocatalyst 0.24 wt%Ru/TiO, Xe lamp Ethanol 29.4 pmol/(h g) [128]
JRC-TIO-6 (rutile) Hg lamp (4> 280 nm) 2-PrOH 0.73 pmol/(h g) [132]
Au/TiO, nanosheet Xe lamp (4> 420 nm) Methanol 74.7 pmol/(h g) [134]
BiOBr nanosheet Xe lamp (4> 420 nm) None 104.2 pmol/(h g) [135]
TiO,@C/g-C5N, Xe lamp (4> 420 nm) Methanol 250.6 pmol/(h g) [142]
Cu-Cr LDH Xe lamp None 73.9 pmol/(h g) [148]
Fe—Al@3DGraphene Hg lamp None 25.3 pmol/(h g) [147]
BisO,Br NT Xe lamp (4> 400 nm) None 1380 pmol/(h g) [149]
BiO quantum dots Xe lamp None 1226 pmol/(h g) [150]
FeMoS chalcogel Xe lamp, 100 mW/cm? Sodium ascorbate 91.6 pmol/(h g) [151]
Photoelectrode Au/Nb-SrTiO5/Zr/ZrO, Xe lamp, 550-800 nm ethanol 1.8 x 1072 mol/(cm? 5)° [160]
Cr/black-Si/Au Xe lamp, 200 mW/cm? Na,SO, 2.2%x 107" mol/(cm? s)° [159]
Au-PTFE/Ti/Si Xe lamp, 100 mW/cm? Na,SO0, 3.1x107'% mol/(cm? s)¢ [162]

*Unless otherwise specified, the light intensities were not mentioned in the literature

From given or calculated data based on reference data in the literature
“Operated without external applied potential
dOperated under — 0.2 Vg

long-term reaction is also an issue for future applications
[163]. More progress will be made with the development of
characterization and calculation techniques.

Plasma Catalysis for Ammonia Production

Plasma catalysis has drawn attention in the past few decades
as a possible alternative to the H-B process for NH; produc-
tion [14, 34]. By ionizing the source gases via an electric
discharge, nonequilibrium plasma is generated; it contains
highly excited atomic, molecular, ionic, and radical spe-
cies. The energy transfer to form excited species is realized
by collisions between reactant molecules and high-energy
electrons, where the huge mass discrepancy results in the
relatively low background temperature. For example, in non-
thermal plasmas, the temperature of electrons reaches 10° K
because of their small mass, whereas large-mass ions/mol-
ecules and background gas are observed at RT. This finding
is favorable for an exothermic process such as NH; synthesis
[164] and could also reduce sintering or coking of catalysts.
The highly reactive electrons, ions, atoms, and radicals in
the plasma also greatly boost the kinetics, enabling NH;
production at RT and atmospheric pressure [165].

On the other hand, the composition and properties of
plasma are complicated, posing a challenge to the control
and understanding of plasma-incorporated process, espe-
cially when catalysts are involved. For example, dielectric
catalyst would change electric field distribution and affect
the plasma characteristics [166]. In addition, the lifetime of
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short-lived active species can be extended on the catalyst
surface, making the media more favorable for reaction [167].

As an external stimulus, plasma could also help heteroge-
neous catalysts to overcome scaling relations by converting
N, into vibrationally or electronically excited states, which
decrease the activation energy for N, dissociation without
affecting subsequent reaction steps.

In a nonthermal plasma reactor induced by dielectric bar-
rier discharge (DBD), the highest energy efficiency of 2.3 g
NH,/kWh was achieved at a frequency of 10,000 Hz, an
applied voltage of 6000 V, and a supplied N,/H, ratio of
3:1. Ru catalyst with CNT support outperformed the oth-
ers, where cesium acted as a promoter, and Molecular Sieve
13X and Amberlyst 15 served as microporous absorbents
[168]. Iwamoto and colleagues [169] designed a wool-like
copper electrode, which was found to be an effective catalyst
for NH; synthesis, using nonthermal atmospheric-pressure
plasma by glow discharge. The energy efficiency of NH; pro-
duction reached 3.5% with an NH; production rate of 3.3 g
NH;/kWh. The catalytic activity increased during reaction
runs, and this phenomenon was also observed on a series of
other wool-like metal electrodes. This finding might be due
to the increased catalyst surface area [170]. Mehta et al. [38]
demonstrated that DBD-induced nonthermal plasma could
overcome the scaling relations through vibrational excita-
tion of N, in a plasma-enabled catalytic process. Based on a
kinetic model that incorporates the effect of N, vibrational
excitation in a nonthermal plasma, they observed that NH;
production rates could be significantly improved over ther-
mal catalytic rates at the same temperature and pressure.
Additionally, the optimal catalyst shifted to sites that bind
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nitrogen weakly, such as Co and Ni, instead of those for
thermal catalysis, which were illustrated by both calcula-
tions and experiments (Fig. 14). This work represents the
first demonstration of the computationally guided design of
plasma-catalyst system for NH; synthesis.

Homogeneous Molecular Catalysis
for Ammonia Production

Another important artificial nitrogen fixation system focuses
on stoichiometric transformation of coordinated dinitrogen
or homogeneous catalytic reduction of N, on transition
metal—dinitrogen complexes [35]. As a synthetic functional
analogue to nitrogenase, well-defined homogeneous catalysts
allow researchers to gain more insights into the N, reduction
mechanism because these materials can be thoroughly inves-
tigated through various spectroscopic techniques, which aid
in identifying molecular reactivity and elementary reactions
that occur in nitrogenases. The first report of catalytic reduc-
tion of N, by transition metal complexes came up in 2003,
when Schrock and colleagues [171] synthesized a mononu-
clear molybdenum complex HIPTN;NMo(N,) (HIPT refers
to hexa-iso-propyl-terphenyl) to convert N, into NH;, with
8 equivalents of ammonia per Mo atom. Nishibayashi and
coworkers [172] observed that dimolybdenum-dinitrogen
complex bearing 2,6-bis(di-zert-butylphosphinomethyl)
pyridine pincer ligands acted as an effective catalyst for N,
reduction to NH;, with 23 equivalents of NH; being gener-
ated (12 equivalents of NH; produced per Mo atom). Early
studies emphasized the effect of Mo as an essential element
of nitrogenases. With the development of biochemical and
spectroscopic studies on nitrogenase, Fe instead of Mo was
determined as the site of N, binding in the FeMo cofactor
[8], and the central atom in FeMo cofactor was confirmed to
be carbon [173, 174]. In 2011, Holland and coauthors [175]

reported for the first time an example of complete stoichio-
metric N, reduction by Fe complexes, although this reac-
tion was not a catalytic process. A tris(phosphine)borane-
supported iron complex was discovered in 2013; it catalyzes
the reduction of N, to NH; under mild conditions, where a
single iron site can stabilize various N,H, intermediates gen-
erated during catalytic N, reduction. A flexible iron—boron
interaction possibly plays an important role in this catalytic
process [176]. Holland further studied a synthetic complex
with a sulfur-rich coordination sphere, which provides struc-
tural and spectroscopic implication for FeMoco-N, binding
and nitrogenase mechanism. The results illustrate that the
sulfur-rich Fe site in the FeMoco causes N, activation, and
that Fe-S bonds can be easily reduced and broken to allow
N, binding [177]. In addition to Mo- and Fe-based transition
metal complexes, other molecular complexes incorporating
metals, such as titanium and uranium, were also investigated
to understand the mechanism behind enzymatic or thermal
NH; synthesis [178-180].

Summary and Outlook

Developing NH; synthesis using sustainable or distributed
approaches is becoming important to face the challenges of
energy, environment, and transport issues. Homogeneous
molecular catalysts are ideal for deep mechanism studies and
show high activity due to their well-defined structures and
facile mass transfer in the single liquid phase. Nonetheless,
the difficulty in separating and recovering costly catalysts
limits their practical applications. Heterogeneous catalysts
normally possess complicated structures, where the explo-
ration of the reaction mechanism is challenging. Still, these
materials are the most widely studied catalysts for ENRR at
present given their easy separation properties, relatively high
activities, and great practical application potential.

Fig. 14 a Computed com- (a) 0 (b)
parison of N, vibrational—dis- 0.07 4
tribution-weighted (plasma-on)
and thermal (plasma-off) NH, 0.06
synthesis rates on step sites.
b Measured plasma-catalytic — 0.05 4
NH; site—time yield on metal/ '00_ e
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of the DFT-calculated nitrogen = £
adsorption energy. Reproduced g'; L 0.03 - Ru Ni
with permission from Ref. [38]. L ’ @ Q
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In an era when electricity is becoming more reliable
for clean energy, electrochemical NH; synthesis is highly
expected. With a tremendous potential, this process will
need considerable advancement toward practical applica-
tions and require a minimum production rate in the mag-
nitude of 107 mol/(cm? s) [13]. In systems using aprotic
electrolytes, the investigations should focus on enhancing
current densities, improving catalyst/electrode lifetime, and
reducing process temperatures. In systems using aqueous
electrolytes, the utmost concern is how to prohibit HER as
much as possible. Although limiting proton or electron avail-
ability at the electrode surface could improve the selectivity
of NH;, it is not feasible for application under high current
conditions.

Photocatalytic NH; synthesis uses photo-responsive cata-
lysts or photoelectrodes, and the yields demonstrated are still
far from meeting the requirements for practical use. Stand-
ardization of the operation conditions is significant for future
researchers for fair evaluation and comparison.

Electron transfer and reactions on the catalyst surface are
critical steps in both electro- and photocatalytic N, reduc-
tion. Therefore, surface reaction mechanism must be under-
stood, and strategies that promote surface kinetics must be
designed accordingly. Inspiration from enzymes and homo-
geneous systems demonstrate the potential to design com-
plex active sites to improve catalyst performance at ambient
conditions [181]. In situ characterization techniques, such as
attenuated total reflectance—FTIR, SEIRAS, and in situ near
ambient-pressure X-ray photo-electron spectroscopy, can
detect reaction intermediates or active sites [81, 182]. Along
with DFT simulations, the reaction mechanism and screen
principles would be reasonably deduced [183]. Moreover,
the structure of catalysts could be analyzed more precisely
by X-ray absorption fine-structure and aberration-corrected
TEM, which in turn contributes to the development of new
catalytic materials such as single-atom catalysts [184—186].
In addition, designing new reaction configuration, such
as semiconductor—biological systems [7], lithium cycling
electrosynthesis [68], bio-electrochemical [187], or (solar
thermal) chemical looping [188, 189], could decouple the
linear scaling between nitrogen-binding energy and activa-
tion barrier for N, dissociation [190].

Considering the small NH; yield at present, a significant
issue in (photo)electrocatalytic NH; synthesis is the rigor-
ous protocol to prove that NH; truly comes from N, reduc-
tion. Ammonia contamination is caused by various potential
sources during an experiment cycle, which would lead to a
fake positive result. Special attention must be paid to cata-
lysts that are either nitrogen-containing or prepared from
nitrogen-containing precursors. In the premise of eliminat-
ing every possible exogenous contamination, a proper 1°N,
control experiment is essential before drawing a convinc-
ing conclusion. In addition, utilizing various NH; detection
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methods simultaneously could make the results more accu-
rate (for instance, NMR/indophenol method).

In plasma-enabled catalytic NH; synthesis, limited
knowledge is available about the fundamental reaction
mechanisms of the activated species. Further development
in this direction could draw inspiration from traditional het-
erogeneous catalysis and focus on building kinetic models,
which are based on in situ characterization and computa-
tional simulations.

Although molecular catalysis for N, reduction still
requires development toward practical use, catalytic sys-
tems for N, fixation have been successfully developed, and
molecular structures that reveal essential components for the
N, reduction mechanism have been offered. More insightful
molecule design and experimental/theoretical investigations
could broaden the understanding behind reactions, providing
insights into the design of heterogeneous catalysts.

Overall, flourishing alternative catalytic systems have
been making great contributions to N, reduction reaction.
With the intensive and collaborative research worldwide,
sustainable NH; synthesis will eventually arrive and create
renewable wealth for human society.
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