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1 | INTRODUCTION

Yvette van Beek'>* |

Emiel J. M. Hensen' |

Abstract

The interest in electrochemical processes to produce ammonia has increased in
recent years. The motivation for this increase is the attempt to reduce the carbon
emissions associated with its production, since ammonia is responsible for 1.8%
of the global CO, emissions. Moreover, green ammonia is also seen as a possi-
ble transportation fuel in various renewable energy transition scenarios. Several
electrochemical processes are being investigated such as N,, NO3z~, or NO conver-
sion. Since nitrates are an attractive source of nitrogen, due to their role as water
contaminants and facility to break N-O bonds, this mini review is focused on the
electrocatalytic synthesis of ammonia from NO;~ reduction. Here, we summa-
rized the important work on reaction mechanisms and electrocatalysts for this
reaction.

KEYWORDS
Ammonia, catalytic activity, electrochemical reduction, electrocatalyst, mechanism, nitrate,
reaction pathway

sity in liquid anhydrous NH; is significantly higher than
that of liquid H, and compared to common liquid fuels

Ammonia (NHj;) is a gas lighter than air (under 60% of the
density of air) with a strong odor and is one of the most
used chemicals in the world. It is mainly used to produce
fertilizers, refrigerants, explosives, as well as textiles and
pharmaceuticals, but further uses are expected to arise.!'!
For example, NH; can be used as a transport fuel through
combustion in an internal combustion engine or for elec-
tricity generation in alkaline or Proton exchange mem-
brane fuel cells!?! (Figure 1). As such, it also represents
a medium to store thermal or chemical energy.’! NH;
can also be decomposed to its elements, providing a good
source of hydrogen (H,). The volumetric H, energy den-

(methanol, ethanol, gasoline, LPG) has the advantage of
being carbon-free.[*! At ambient temperatures, NH; stays
in liquid form above 9 bar, which makes its storage, trans-
portation, and distribution relatively easy. Furthermore,
safe handling procedures of large quantities of NH; are
well established, along with the infrastructure for its trans-
portation by pipelines, rails, and roads.!"]

Ammonia’s commercial production was started by
Haber and Bosch at the beginning of the 20th century.
It is considered as one of the most important industrial
processes ever developed, since it caused the world pop-
ulation to sprout. The annual NH; production based on
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FIGURE 1 Concept for electrochemical ammonia synthesis from agricultural and industrial waste streams to create a closed N-cycle

Haber-Bosch is about 176 million tons!®! and due to a
large number of applications and products where NH;
is utilized, a production capacity growth of 1.2 billion
metric tons is expected by 2050.!7! Haber-Bosch synthesis
requires the reaction of H, and nitrogen (N,) over typically
iron-based catalysts at temperatures in the range of 500°C
and pressure up to 300 bar. The H, used, is currently
sourced from natural gas, which undergoes desulphuriza-
tion, followed by methane steam reforming and water-gas
shift reaction to convert carbon monoxide (CO) and H,O
to H, and carbon dioxide (CO,).!*! This process is highly
energy-intensive and consumes around 1.8% of the global
yearly energy output, and produces 500 million tons of
CO,. NH; along with cement, steel, and the production of
ethylene is one of the biggest carbon-emitting industrial
processes.*] Therefore, the need to decarbonize NH; pro-
duction by less energy-intensive alternatives is currently
being investigated.

Several electrochemical routes to synthesize NH; are
currently under development.[®) For example, the H,
required for the Haber-Bosch reaction can be sourced from
water electrolysis.[®] In addition to providing green H,,
the use of water as a starting material would help to pre-
vent catalyst poisoning from CO or sulfur compounds,
which can be found in H, obtained from natural gas. An
alternative electrochemical route that is under preliminary
investigation is the direct NH; synthesis via the electro-

chemical reduction of N, or nitrate (NO;~).["1] Despite
widespread interest, electrochemical reduction of N, is
a great challenge.l''! The cleavage of the N, molecule
requires the breaking of three bonds and, thus, needs
substantial dissociation energy. This leads to high ovepo-
tential for N, electroreduction, and favors H, evolution.
The intermediates from H, evolution can also poison the
surface and inhibit catalytic activity."'! In this context,
the direct electrosynthesis of NH; through NO; ™ presents
some advantages. First, the amount of energy required
to dissociate the N = O bond is much less than for the
N = N bond, that is, 607 kJ/mol compared to 941 kJ/mol,
respectively.l'2] Moreover, NO;~ has nearly a 40,000-fold
higher solubility in water than N,!"*! and its utilization
as a source for NH; can help in decreasing NO;~ con-
taminations in water. NO3;~ is a pollutant, commonly
found in surface and groundwater due to geogenic and
anthropogenic activities, like the manufacture of explo-
sives, nuclear energy, and metal finishing industries.['*'°]
These usages led to a significant increase in the NO;~ con-
centration in drinking water in the last decades.!'®! Excess
of NO;~ induces human health problems such as methe-
moglobinemia, clinical cyanosis (blue baby syndrome),
and carcinogenic nitrosamines which are formed by the
reduction of NO; ™~ to nitrite (NO,~) in the human body.["*!
Thus, the World Health Organization set a maximum of
50 mg/L NO;~ in drinking water (3 mg/L for NO,") to
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avoid such health risks.'”! Furthermore, NO;~ is account-
able for other environmental issues like mineral depletion
from the soil as well as increased acidity of downstream
or coastal water.!'8] Consequently, the removal of NO;~
(and NO,7) from water has become important for pub-
lic health. Several technologies have been implemented
for this purpose including electrodialysis, reverse osmosis,
ion exchange resins, and biological processes.!'”! Unfortu-
nately, these processes result in the formation of additional
products and require extra processing steps.!2°! Thus, elec-
trochemical processes like NO3;~ reduction to NH; are
promising, because they limit the formation of harmful
byproducts while allowing the use of renewable energy. In
this review, we will focus on NH; production via the elec-
trochemical reduction reaction of NO5™.

2 | REACTION MECHANISM

The electrochemical production of NH; from NO;~ fol-
lows an eight-electron transfer process, with oxidation
states ranging from +5 in NO5" to -3 in NH;.[?! Previous
works!?2"28] have shown that the electrochemical reduc-
tion of NO3 ™ can result in the formation of several possible
nitrogen species as products through different pathways
(Figure 2). The preferred pathway depends on the electro-
catalyst (and its composition), the applied potential, and
the electrolyte conditions.!2228

What is evident in mechanistic studies is that the
rate-determining step (RDS) is the conversion of NO3~
to NO,~ (Figure 2A and B). In acidic media (Figure 2A),
this step proceeds by following an electrochemical—
chemical—electrochemical reaction (ECE*). Initially,
NO;~ is adsorbed and reduced to the dianion NO;>".
Subsequently, hydrolyzation of adsorbed NO;*~ yields a
nitrogen dioxide radical (NO,e), and, eventually, NO,.
is reduced to NO,". In alkaline media (Figure 2B), the
RDS follows a similar pathway as in acidic media, but it is
adjusted following the appropriate reduction steps.

Under highly acidic conditions and high NO;~ concen-
trations (1.0 to 4.0 M NO;"), protonation of the adsorbed
NO,~ to nitrous acid (HNO,) induces two autocatalytic
mechanisms as proposed by Vetter and Schmid!*-**]
(Figure 2C and D). When a sufficient amount of HNO,
is present (>107° M), it dominates over NO,~ leading to
the spontaneous formation of several products, including
nitric oxide (NO), nitrogen dioxide (NO,), and HNO, as
a result of disproportionation reactions.!**] According to
the Vetter mechanism,[*) HNO, reacts with nitric acid
(HNO3) resulting in H,O and a nitrogen dioxide dimer
(N,0,) that is subsequently reduced into two NO, species.
On the other hand, the Schmid mechanism/*>*3] sup-
ports that NO™ is the electrochemically active species that

originates from the protonation of HNO,. According to
Schmid,*'] NO* is electrochemically reduced to NO and
further converted to HNO,. This either follows the pro-
posed pathway by Schmid via N,0O, and H,O or the HNO;
and NO g reaction as proposed by Abell**! (Figure 2E).

The previous pathways are preferred when NO,™ is
unstable. However, if NO, ™4, is stable, it is electrochemi-
cally reduced to NO,4,, which opens an alternative reac-
tion pathway to NH;. These steps are influenced by the
adsorption energy of NO,4s on the catalyst. A high adsorp-
tion energy results in catalyst poisoning while a low
adsorption energy leads to the desorption of NO. In the
case of NO, 4 desorption, the literature suggests that N,O
and N, are the only products formed.!?”*5! Vooys and
Koper!*®! support this through mechanistic studies with
differential electrochemical mass spectrometry (DEMS), in
which the reaction proceeds via dimerization of solvated
NO and NO, 4 via the Eley-Rideal mechanism (Figure 2F).
The formed N, 0, gets protonated to HN,O,, which is then
electrochemically reduced to N,0,4; and H,0. Further
reduction to N, via N,O is confirmed by Chumanov and
coworkers (Figure 2F).[*7]

Besides the formation of N, in acidic media, N, has also
been detected in basic media.[**! Providing that NO des-
orption is prevented, the Duca—Feliu-Koper mechanism
suggests the hydrogenation of NO,q4 in a basic solution
to NH, 4, (Figure 2G).I*8] Subsequently, NH, .4, reacts
with NO,4 and desorbs to form N, and H,0. In weakly
acidic conditions, Katsounaros and Kyriacoul**! propose
an alternative surface reaction pathway according to the
Langmuir-Hinshelwood mechanism (Figure 2H). NO 4 is
protonated and potentially dimerizes into hyponitrous acid
(H,;N,0,), which decomposes to N,O and H,O at ambient
conditions. In the presence of HNO or HNO,, Katsounaros
and Kyriacoul*! also propose pathways for the formation
of N, and N,O from H,NOH,4, (Figure 2I). The N,O is
believed to be the precursor of N,, as proposed by Vooys
and Koper.*>*°! Although not experimentally confirmed
yet, an alternative route toward N, has been proposed via
dimerization of N*. According to Chun and coworkers,!*!
the energy barrier for the N, formation is higher than the
hydrogenation of N*. Additional density functional theory
(DFT) studies show that the migration barrier for N4 lies
higher than H,4y, which supports the favorable hydrogena-
tion of Npgq.1*%)

In addition the proposed pathways to N,O and N,,
NO,4 can be reduced to hydroxylamine (NH,OH) and
NH; if desorption of NO,q is prevented (Figure 2J).[%%]
Two direct electrocatalytic pathways are proposed for NH;
synthesis (Figure 3)I*33%%]. The first is direct electrore-
duction of NO;~[*>%°] (Figure 3A), whereas the second
pathway follows an H-assisted route, where H,O is first
reduced to result in H,4 (Figure 3B).[*}! For the pathway
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FIGURE 2
[15]. Copyright (2018) Applied Catalysis B: Environmental

following the direct electroreduction of NO3~, studies on
Pt and Sn suggest the hydrogenation of NO,4s to HNO,
H,NO, H,NOH, and eventually NH; (Figure 3C).[**I
This pathway is supported by mechanistic studies on
Cu-based catalysts, where NH,OH was observed as a
byproduct.[?7-2%44] For the H-assisted pathway, hydrogen
absorbs concurrently with NO5;~, which is in turn stepwise
reduced to NO,~ and NO,4,.[**] Again, through concurrent
adsorption of hydrogen, NO,4s is hydrogenated to form
HNO,q45, H;NO,q45, NH, 545, and finally NH; (Figure 3D).
A recent study!**] on strained Ru clusters supported
this mechanism by creating a reductive environment to
form hydrogen radicals for the H-assisted electroreduction
of NO5™.

Along with these two proposed pathways, the reaction
conditions (e.g., concentration, pH, and potential) also
have a strong influence on the reaction mechanism of elec-
trochemical NO;~ 1 reduction. Koper and coworkers!?"]
studied the mechanism of NO; ™~ reduction on Cu(100) and
Cu(111) surfaces in basic and acidic media using Fourier
transform infrared spectroscopy. Their results show that
the formation of NH; increases in acidic media while that

ko

aues H*

Lo
o 2H* H,0
NZOads_’ NZO-ads'L;:t’ N2

...............................................................................

Overview of the proposed mechanisms for the electrochemical reduction of nitrate in aqueous media. Adapted from Ref.

of NO,~ decreases. For basic conditions, the main product
was NH,OH, but NO, ™ appeared to be present as well, indi-
cating a change in pathway depending on the pH of the
bulk electrolyte. Furthermore, recent DFT studies!*>*°]
suggest different mechanistic pathways. Calculations on
a Fe single-atom catalyst propose the hydrogenation of
NO;~ as the first step, followed by its reduction to NO, ™,
HNO,, NO, and NH; (Figure 3E).[**] Another study on
transition metals discussed that the formation of NOH,4
as a precursor is key for NH; production (Figure 3F).[40]
The formation of NOH,4 proceeds via water-mediated
hydrogenation of NO,, since it has a lower activation bar-
rier than the dissociation of NO,4,. A similar mechanism
was found by Chen et al.[*’] studying Cu-molecular solid
catalysts (Figure 3G). Yao et al.[*! investigated the reaction
intermediates in alkaline media with surface-enhanced
infrared-absorption spectroscopy and DEMS on a Rh cata-
lyst. N,H, was observed in a low potential range (0.2 to -0.4
V vs. RHE) and suggested as an intermediate in NH; pro-
duction. It was proposed that N,H, decomposes into NH;
and N,. However, dissociation into N, and H, or further
reduction cannot be ruled out.
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Based on the above, it can be concluded that the
adsorption energy of intermediate NO,4s is one of the
critical parameters affecting the product distribution in
electrochemicalNO;~ reduction. Subsequent reduction of
NO,qs is, therefore, believed to be the step that deter-
mines the selectivity.[*>>°! Further theoretical studies on
NO reduction on different metals indicated that the bind-
ing strength of NO* on the surface is a good descriptor
to predict the reactivity of NO, one of the reaction inter-
mediates in NO;~ reduction.!*!] Nevertheless, the applied
potential should also be carefully taken into account as
a parameter of influence in the product distribution, as
demonstrated in a recent work from Rossmeisl et al.l?]
Hence, the nature of the catalyst and the applied potential
play an important role in determining selectivity.

3 | ELECTROCATALYSTS

Precious metal catalysts, such as Pt and Rh, have been
commonly used to study NO;"RR to NHj, focusing on
the reaction mechanisms and kinetics concerning the

N Oz_ads D NO3_ads

H,0+e  — H,4 + OH"
@ Rh based catalyst 42 Formation of H_,,

NV :
ads: -—-> 3N H — 2 NH3ad5+2NZadS

lw e DFT on Pt
’,I
NOHads H_e; HNOHads
e H* e H*
H,0 H,0
Nads —>H+ 7 NHads _>—> NH3,ads

2H*2e

Molecular solid catalyst 47

Fe single atom catalyst #°

Mechanisms proposed by literature for ammonia synthesis from electrochemical nitrate reduction. N. Y. I. = not yet

adsorption of anions and hydrogen.[?>>*-58] Even though
Pt is not the most active metal for NO;~ reduction, it
has been studied the most for an in-depth understand-
ing of the reaction mechanism.[?>>>>8] Pt was chosen
for NH; formation due to the high adsorption energy of
the intermediate NO, consequently inhibiting solvation
of NO, which is a precursor for N,O and N,. Studies on
Pt single crystals by Dima et al.l®*] showed that struc-
ture sensitivity plays an important role, mainly due to
the adsorption of hydrogen and anions instead of NO;~
adsorption, dissociation, or reduction. In a more recent
study, Lim et al.[5] investigated the influence of the struc-
ture sensitivity of Pd on NO3;~ and NO,~ reduction. The
fabrication of shape-controlled nanoparticles shows that
the presence of Pd(111) facets catalyze NO;~ reduction at
a higher rate than Pd(100) and Pd(hk0O) (and for NO,~
Pd[100] > Pd[hkO] > Pd[111]) in alkaline media. Cubocta-
hedrons that contain both Pd(100) and Pd(111) facets show
the highest NH; production (306.8 ug/h/mgpq) (Figure 4).
This bifunctional nature facilitates the side-by-side con-
version of NO;~ to NO,~ on Pd(111) and NO,~ to NH; on
Pd(100), leading to a higher amount of NH;.

85U8017 SUOLULLOD dAIERID B|edldde 2y} Ag peunob 8 Sap1Le YO ‘88N JO SaINI 10} AReIq 1T BUIIUO 81/ UO (SUORIPUOD-PUR-SWLR}WID B 1M ARe1d1BU1UO//SANY) SUORIPUOD PUB S L 83 885 *[E202/0T /2] U0 ARiqiauliuo A81im ‘Uenoypui3 AisBAIUN Ea1uyde L Ad 02200T20Z BS/Z00T OT/10p/L0d" M| imAteiqjeuluo adons-AnsIweld//sdny woiy papeojumod ‘G ‘eE0Z ‘£L65869C



Chemistry
Europe

European Chemical
Societies Publishing

Mini Review
doi.org/10.1002/elsa.202100220

6of1l Electrochemical Science Advances

(a) (b) ()

_ 400 o . 400 _. 400 _

: B - @ X

-3 o . .

£ 300 £ 300 £ 300

c Pd Nanocube/C ‘ c c “

02 “— NO.~-N o Pd Cuboctahedron/C o Pd Octahedron/C

§ 200 :. T 200 =~ NOy-N ® 200 =—NO,y-N

s —e—NO,-N s . = .

5 —A— NH.N 5 —e—NO,-N g 5 —e—NO,-N =
B 3™ 4 4

g 100 ‘g, 1004 _a— NH,-N / . § 1004 _a— NH,-N ./.

O o] e——t g——=1R = O o] —2 . o= o ) ‘/2 A A A

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Reduction hour

(d)
— 400
£ =
Q. =
£ 300 -
c Pd Concavel/C
2 200 o
|- —e—NO,-N
s —A— NH,-N
3 1001 3
5
(5] o o ‘_‘._—7‘—_‘—:1"1:
0 1 2 3 4

Reduction hour

Reduction hour

Reduction hour

(e)
—~ 400
£
S
£ 3004 )
g Polycrystalline PdIC  ©
% 200 "—NOy“N
£ —e—NO,-N
3 100{ —A—NHyN
c
(=} 7-
o 04 ‘_.z::lﬁiﬂx
0 1 2 3 4

Reduction hour

FIGURE 4 Concentration changes of NO;—N, NO,—N, and NH;-N over reaction time during chronoamperometry tests using an
H-cell at -0.2 V vs. RHE for (A) Pd nanocube/C, (B) Pd cuboctahedron/C, (C) Pd octahedron/C, (D) Pd concave/C, and (E) polycrystalline
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Cu and Cu-based materials have also been extensively
investigated for NO;"RR. The main interest in this metal is
due to its low cost and high selectivity toward NHj; in basic
and neutral media.[?5444760.61] Cy single crystal studies
in alkaline media by Pérez-Gallent et al.l*®! showed
again evidence of NO3; RR being structure sensitive. The
results showed that Cu(100) reduces NO,~ with a higher
rate than Cu(111), reaching almost negligible diffusion
limitations. During the reduction, Cu(111) exhibited a
higher deactivation of Cu(100). The authors suggested
that the deactivation was caused by the formation of
H,4s and increased hydrogen evolution reaction (HER)
activity of the Cu(111) electrode. Fu et al.l®®! reported
corrosive behavior during NH; production on a Cu(111)
nanosheet electrode. This was attributed to the formation
of a soluble Cu(NH;)," complex, resulting in corrosion
of the electrocatalyst during electrolysis.[®?] Nevertheless,
the synthesized Cu(111) nanosheets produced NH; with a
low overpotential (-0.15 V vs. RHE in 0.1 M KOH) and a
FE of 99.7%.1°! The critical role of oxygen vacancy defects
(with one free electron) within CuO nanomaterials for
NO; RR was reported by Daiyan et al.[%*] In combination
with DFT calculations they revealed that the presence
of oxygen vacancies (OVs) can lead to the adsorption of
NO;~ intermediates. They reported a direct correlation of
oxygen vacancy density with NH,* yield and a maximum

faradaic efficiency of 89%. CuO nanowire arrays (NWAs)
were also tested for NO;~ reduction with a reported FE
of 95.8% for NH;.l°!l Using in situ Raman, the authors
showed that CuO was electrochemically converted to
Cu/Cu,0O NWAs, suggesting that latter are the active
phases. It was suggested that Cu/Cu,O NWAs lower the
energy for *NOH formation due to an increased electron
density and subsequently suppress HER.

A Cu-molecular solid catalyst, Cu-3,4,9,10-perylene
tetracarboxylic dianhydride (Cu-PTCDA), was synthesized
and showed a unique electronic structure of Cu. This struc-
ture could suppress HER and simultaneously boost H-
N bond formation through proton and electron transfer
between PTCDA and the Cu active site. The maximum
FE reached was 85.9% at —0.4V versus RHE in a neu-
tral medium after 4 h. This result was attributed first to
the highly occupied d-orbital of the Cu-based active cen-
ter accommodating the charge injection to the LUMO of
NO;" and, second, to the presence of PTCDA.I*’] Others
studies on Cu-based molecular catalysts indicated similar
performance, suggesting that the activity originated from
the Cu active site and that there were no contributions of
the PTCDA structure.[°06!]

Besides the large interest in Cu-based catalysts, Co
has attracted attention from researchers as well.[2%6465]
Investigations on cobalt molecular solid catalysts showed
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promising results for NH; production on Co-PTCDA with
a FE of 62.9%.7) Deng et al.l®l also reported the use
of metallic Co, synthesized as Co nanoarrays (NAs), to
catalyze NH; production at high current densities (>2
A/cm?). The Co NAs proved to be HER-inert, which makes
them interesting electrocatalysts for NH; synthesis. In
addition, a wide operational potential range was reported
(0.11 to -0.24 V vs. RHE in 1 M KOH) with FEs close to
100%. Moreover, the stability of the Co NAs was promising
since only a mild structural degradation was observed with
scanning electron microscopy and a FE of 98% was main-
tained for 10 h during electrolysis.l®*] Yu et al.[??] devel-
oped nanostructured Co electrocatalysts via electrodeposi-
tion of Co(OH), onto Ni foam followed by calcination to
Co0, Co/Co0, and Co nanosheet arrays (NSAs). High FE
(93.8%) and selectivity (91.2%) toward NH; were observed
for mixed metal-metal oxide Co/CoO NSAs. It was sug-
gested that the increased catalytic performance was a con-
sequence of electron deficiency of Co induced by the rec-
tifying Schottky contact in the mixed metal-metal oxide
structures. It was suggested that the electron transfer at the
interphase of Co and CoO suppressed HER and increased
the energy barrier for byproducts. The most recent study
on Co-based catalysts included CoP nanorings, which
showed good activity toward HER and NO; RR.[®°] A
FE of 97.1% toward NHj (yieldyygz = 30.1 mg/ h/mg,)
was achieved in neutral media at -0.5 V versus RHE. The
improved activity of the nanorings was attributed to their
morphology which included a lot of high-indexed facets
and coordinately unsaturated active sites.

Further studies included the investigation of Ti as an
electrocatalyst material due to its high corrosion resis-
tance, poor HER activity, large operating window, abun-
dance, and low cost.[?7%8] McEnaney et al.[*”] studied the
impact of electrochemical conditions such as pH, NO;~
concentration, and applied potential on a Ti electrode. A
high concentration of protons and NO;~ was necessary to
achieve a high selectivity toward ammonia with a FE of
82% (-1 V vs. RHE and -22 mA/cm?). Besides metallic Ti,
TiO, is a feasible electrocatalyst through the introduction
of OVs.19%] An NHj; yield of 0.045 mmol/h/mg was reported
with a selectivity of 87.1% toward NH;. Both the catalyst
and production rate proved to be stable for eight cycles of 2
h. However, for it to be applicable in industry, the stability
and selectivity of these catalysts must be improved.®°]

Poor stability and high material costs have led to the
investigation of bimetallics and alloys as well as modified
electrocatalysts by the addition of dopants or surface mod-
ifiers. The addition of a second metal or dopant can lead
to electronic effects (e.g., strain effect or a shift in d-band
energy), third body effects, or bifunctional effects. These
effects can help to tune the adsorption energy of reaction
intermediates, the pathway of the reaction, and the forma-

tion rate of the desired product while suppressing byprod-
ucts and side-reactions. Studies on Pt focused on Pt(100)
surface and its modification via adatoms.[**7°-72] The
results of these studies showed that Pt(100) can lead to dif-
ferent products depending on the reaction medium: alka-
line media promoted the production of N,, whereas acidic
solutions led to the preferential formation of NH;.I772]
When this surface was modified by Cu or Sn adatoms,
the electrode showed no NH; production but N, or N,O
instead.!”>7!! In alkaline media, only Rh-Pt(100) electrodes
resulted in the formation of NH;.[7?] Li et al.l*}l used
oxygen dopants to develop strained Ru nanoclusters and
reported a FE of NH; of almost 100% with current densi-
ties higher than 120 mA/cm?. The catalyst showed good
stability over 100 h. Its stability was attributed to subsur-
face Ru—O coordination and the high NHj; selectivity to
the strains induced from the oxygen dopant to the Ru unit
cell.l*] The authors argued that such strain suppressed
HER but favored hydrogen radical formation by lifting
the barrier of hydrogen—hydrogen coupling. Finally, the
hydrogenation of reaction intermediates to NH; was pro-
moted via the resulting hydrogen radical (Hs). Using 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) to trap the hydro-
gen radical, the effect of the strain-dependent NO; ™ reduc-
tion reaction performance can be visualized (Figure 5A).
Alteration of the surface composition through alloying
has also been used to improve efficiency and selectivity
toward NH; production from NO;~. Preliminary studies
focused on the use of bimetallic electrodes based on pal-
ladium including Cu-Pd, Ag-Pd, Ni-Pd, and Rh-Pd.[”>-77]
These all showed an acceptable selectivity toward NHj;,
however, only Rh-Pd showed adequate NO,~ reduction
rates, yielding 75% NH;. On Cu-Ni alloys,!”37°] an effect
of the Cu-Ni ratio was found. Mattarozzi et al..”] showed
that the Cu-rich alloys have a selectivity of 88% toward NH;
from NO3™ and an even higher selectivity of 96% for NO,~
electroreduction (both at a reduction potential of -1.2 V vs.
Hg/HgO for 4 h). Based on upshifts observed in UV pho-
toelectron spectroscopy (UPS), Wang et al.l’8! explained
this effect with changes in the bandgap of the Fermi level
induced by the different Cu-Ni ratios. This led to a decrease
in the antibonding occupation in the absorbed reactant.
Hence, the adsorption energy of the intermediate species
increased for Cus,-Niy (Figure 5B). This affected the RDS,
resulting in an improved selectivity toward NHj; for the Cu-
rich alloys. Additionally, an 0.12 V versus RHE (pH = 14)
increase in the half-wave potential was suggested to be a
descriptor for improved catalytic activity. The overpoten-
tial required for NH; was also lowered by 0.2 V, indicating
the improved performance of the Cu-Ni catalyst.[ 7!
Other studies focused on the electroanalysis of porous
Cu-based catalysts, decorating the surface through elec-
trodeposition of Cu-Ni or galvanic exchange of Rh and Cu
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FIGURE 5 (a)Nitrate reduction reaction partial current densities and activation energies of Ru-ST-12, Ru-ST-5, and Ru-ST-0.6 with and

without DMPO involvement. (b) UPS spectra and d-band center positions of pure Cu catalysts and CuNi alloys. Reprinted with permission

from Refs. [43] and [78]. Copyright 2021, American Chemical Society

to obtain Rh-modified Cu electrodes.!*°] The porous Cu-Ni
proved most stable, whereas the Rh-modified Cu showed a
significant enhancement of NO;~ and NO,~ electroreduc-
tion, which in turn seemed promising for further inves-
tigation. Binder-less Fe-Ni alloy nanoparticles on graphi-
tized mesoporous carbon on Ni foam (Fe-Ni/g-mesoC/NF,
7.3 wt.% Fe) were fabricated to improve the stability of
the electrocatalyst.!®!] Fe has a high NO;~ removal effi-
ciency and Ni is thermodynamically stable over a larger
potential range and active for NO,~ hydrogenation.[”"]
The fabricated Fe-Ni/g-mesoC/NF composite electrode
showed enhanced catalytic activity, which is introduced
by the micro-/nanostructure with OVs in the passivation
layers.[®!] The NH; selectivity was 80% and the catalyst
was stable over 30 cycles over 1 month. It must be noted
that 0.03 wt.% of Fe leached in 24 h, which eventually
resulted in reduced performance over time. Nevertheless,
the subsurface OVs appeared to be stable and were regen-
erated during the electrocatalytic reduction according to
their XPS spectra before and after the reaction.

Figure 6 shows an overview of the Faradaic efficiency
toward NH;~ (FEyy3) and the total current density reached
for the catalysts discussed in this review. The correlations
are plotted with respect to the Ag/AgCl potential scale to
provide a catalyst comparison independent of the solu-
tion’s pH. From Figure 6A, it is apparent that, besides the
nature of the catalyst, the applied potential plays a signifi-
cant role in the FEy;3 Unfortunately, most of the studies
focus on the quantification of particular products, omitting
a full analysis of the products. Therefore, no conclusions
can be made on the electrochemical potential effect on the
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FIGURE 6 (A)Overview of the Faradaic efficiency of NO;~

electroreduction to NH;, FE\;y3 (%) at different applied potentials, E
vs. Ag/AgCl (V). (B) Overview of the total current density, I
(mA/cm?) of NO,~ electroreduction at different applied potentials,
E versus Ag/AgCl (V)

product distribution based on these data. The majority of
the catalysts in Figure 6A show a high FEyg3; (>80%) but
only a few reach these values at low overpotential (> -1.0
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V versus RHE). In addition to the high overpotential, the
majority of the catalysts studied so far showed a total cur-
rent density below 100 mA/cm? (Figure 6B). However, the
Ru nanoclusters!**) showed a current density higher than
200 mA/cm? but at potentials where H, evolution is promi-
nent. Co NAs!®! seem to be the best-performing catalyst
because they showed a significantly higher current den-
sity at low overpotential, while obtaining a FEy3; above
90%. To conclude, even though a significant advancement
has been made in terms of FEyy3; from NO;™, the rate
and selectivity of the reaction are still low. Studies that
include the overall product distribution are still scarce, and
reported FEyp3 on bimetallics are missing. Finally, the sta-
bility of the catalysts studied so far is another important
aspect yet to be evaluated.

4 | CONCLUSIONS AND OUTLOOK

Besides the clear importance of NH; in the agricultural
industry, NH; has the potential to become one of the cen-
tral molecules of future energy as a dense energy carrier.*!
Its carbon-free nature, high energy density, and estab-
lished infrastructure make it an excellent candidate for the
replacement of fuel from hydrocarbons. This review sum-
marized the most recent advances in the field of NO;~
electroreduction from diluted aqueous solutions (wastew-
ater) with an emphasis on potential electrocatalyst to pro-
duce NH;. Aqueous NO;™ solutions are of high fundamen-
tal interest to understand the catalysis and reaction mech-
anisms. However, due to low NO3~ concentrations, such
a process would only produce low amounts of NH;. For
an efficient electrochemical NH; production from NO;~,
a more concentrated source of NO;~, such as NO3;7/NO,~
derived from air plasma activation, can be explored.[5%%]
Despite the recent advances in the NO;~ electroreduc-
tion reaction, no reported system is yet viable. Significant
improvements are needed to make a step toward imple-
menting such technology at a larger scale. In terms of cat-
alyst development, noble metals show high performance
for NO; ™ reduction, but their high cost is daunting to con-
sider for industrial applications.[**] Other materials, like
bimetallics or alloys, are being developed as a potential
solution to this challenge.l”®%° To successfully advance
these materials, the synergistic work of in situ surface sci-
ence investigations is required. An in-depth understand-
ing of the catalyst behavior under reaction conditions will
help tackle challenges like catalyst dissolution and stabi-
lization, which are aspects that require further attention.
In addition, other catalyst examples can be obtained from
different research areas as a source of inspiration like the
addition of ligands or dopants.'*>7] Looking at the current
research of NO;~ reduction and its mechanisms, atten-

tion should be paid to the adsorption strength of NO and
H,4s when developing a catalyst.[%] It has been proven
that catalysts with high adsorption strength for hydrogen
limit the conversion rate of NO3;~ due to the unavailabil-
ity of active sites. On the contrary, the HER takes over
when the H adsorption is too low. The binding strength
of the reaction intermediates can be controlled by chang-
ing the local electronic structure of the catalyst surface.
This can be controlled with oxide-derived materials by tun-
ing the surface oxidation state,!>*! or with alloys, since
surface interactions between two different elements can
change their electronic state and chemical properties. Cat-
alyst structure and morphology are additional factors that
can be adjusted to improve catalytic activity and selectiv-
ity toward the desired product.!**>*%°! Grain boundaries,
edges, and steps can result in significantly different adsorp-
tion energies and interactions with reactants and interme-
diates. So far, there is limited research on the impact of
particle size, shape, exposed facets, and defects of nano-
materials (e.g., atom vacancies) but in the past couple of
years, more studies are emerging.[®>%°! In situ character-
ization and visualization of catalysts under working con-
ditions accompanied by theoretical simulations can also
add valuable information on the topic. They would pro-
vide insights on how to modify the catalyst structure to
regulate strengths between the active intermediates and
the catalyst sites. Aspects, such as thermodynamics, kinet-
ics, and infrastructure must be deeply understood and opti-
mized. Undoubtedly, there are still a lot of opportunities to
further optimize this reaction. The works cited show the
efforts that the electrochemical community is putting into
understanding the NO;~ reduction reaction as such, and
certainly in the context of NH; production. The main key
advances to arrive at the current stage from the catalyst
perspective were formulated in this work.
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