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Recent research progress on building C—N bonds
via electrochemical NO, reduction

Shaktiswaran R. Udayasurian = and Tengfei Li &/ *

The release of NO, species (such as nitrate, nitrite and nitric oxide) into water and the atmosphere due to
human being'’s agricultural and industrial activities has caused a series of environmental problems, includ-
ing accumulation of toxic pollutants that are dangerous to humans and animals, acid rain, the greenhouse
effect and disturbance of the global nitrogen cycle balance. Electrosynthesis of organonitrogen com-
pounds with NO, species as the nitrogen source offers a sustainable strategy to upgrade the waste NO,
into value-added organic products under ambient conditions. The electrochemical reduction of NO,
species can generate surface-adsorbed intermediates such as hydroxylamine, which are usually strong
nucleophiles and can undergo nucleophilic attack to carbonyl groups to build C-N bonds and generate
organonitrogen compounds such as amine, oxime, amide and amino acid. This mini-review summarizes
the most recent progress in building C—N bonds via the in situ generation of nucleophilic intermediates
from electrochemical NO, reduction, and highlights some important strategies in facilitating the reaction
rates and selectivities towards the C—N coupling products. In particular, the preparation of high-perform-
ance electrocatalysts (e.g., nano-/atomic-scale catalysts, single-atom catalysts, alloy catalysts), selection
of nucleophilic intermediates, novel design of reactors and understanding the surface adsorption process
are highlighted. A few key challenges and knowledge gaps are discussed, and some promising research
directions are also proposed for future advances in electrochemical C-N coupling.

1. Introduction

The global environmental and energy crisis due to the com-
bustion of fossil fuels demands a transition in the synthetic
industry from dependence on fossil fuels to sustainable
energy, e.g., renewable electricity."”” Organic electrosynthesis
has emerged as a promising strategy as it can enable ambient
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reaction conditions and drive redox reactions by clean elec-
trons instead of toxic or expensive chemical reagents.’”
Electrochemical upgrading of pollutants and greenhouse gases
into value-added organic products is particularly attractive,
because it can not only be driven by clean electricity, but also
utilize the environmentally unfriendly wastes as the feedstocks
for synthesis.®™®

The emission of NO, species, such as nitrate (NO;3™), nitrite
(NO,7), nitric oxide (NO) and nitrogen dioxide (NO,), has
become a serious environmental challenge. For example, the
accumulation of NO;™ in water due to excessive fertiliser usage
and industrial sewage has disturbed the global nitrogen cycle
balance.” " Although NO; itself is not dangerous to human
beings, NO;™ can be easily reduced to NO,~, which is toxic as
it can cause damages of red blood cells.” Furthermore, the
emission of gaseous nitrogen oxide compounds has also sig-
nificantly contributed to the global warming effect: the green-
house effect of N,O is 265 times that of CO,.'> On the other
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side, organonitrogen compounds, such as urea, amide, amino
acid and oxime, are very important in agricultures and
polymer and pharmaceutical industries. Therefore, it is desir-
able to upgrade waste NO, species into value-added organoni-
trogen compounds, which can enable the removal of environ-
mental pollutants and the synthesis of high-value products
simultaneously.

Electrochemical NO, reduction reaction (NO,RR) offers a
sustainable method to convert the NO, species into ammonia
(NH;)."**° Compared to the electrochemical reduction of N,
into NH3;, NO,RR can utilize the activated N species in environ-
ment and avoid the requirement of breaking the stable N=N
bond, and thus can make NH; at higher faradaic efficiency
(FE) and current density. The state-of-the-arts NO,RR systems
can produce NH; with ~90% FE at ~1 A cm >.*'7* Although
NH; is a very important chemical building block, it is still
desirable to make nitrogen products via electrochemical
NO,RR that bear higher economic values than NHj3, such as
organonitrogen compounds.

Recently, a series of surface-adsorbed reaction intermedi-
ates have been identified in the electrochemical NO,RR
process, such as *NH,OH and *NH,. These intermediates are
typically stronger nucleophiles compared to the final product
of NO,RR (i.e., NH3), and therefore can be coupled with chemi-
cal reactions and undergo nucleophilic attack to carbonyl
species (e.g. ketone, aldehyde, CO,, CO) to build C-N bonds in
a wide range of organic products (Fig. 1). These C-N coupling
reactions are usually more difficult to occur between NH; and
the carbonyl species (i.e. typically require high temperatures/
pressures).>> Furthermore, these highly active N-containing
intermediates are unstable over long period of time. For
example, the transportation and storage of concentrated
NH,OH are challenged by the risk of explosion.?® Therefore,
the electrochemical NO,RR also enables an in situ generation
of nucleophilic N species on demand for the C-N coupling
reaction. Moreover, compared to the traditional chemical
methods, the electrosynthesis of organonitrogen compounds
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Fig. 1 Electrosynthesis of value-added organonitrogen products from
gas- and liquid-phase NO, compounds. The electroreduction of NO,
can generate a reaction intermediate that can undergo nucleophilic
attack to a carbonyl group, including organic ketone/aldehyde and CO,
reduction intermediates.

via NO,RR offers a more sustainable synthesis strategy, as it
can be performed under ambient conditions (e.g. room temp-
erature and pressure, aqueous media, without expensive or
toxic catalyst) and can be coupled with clean electrons to
replace redox reagents.

However, building organic C-N bonds by electrochemical
NO,RR is challenged by the generation of a series of by-pro-
ducts, such as N,, NH; and H,, as well as the hydrogenation
products of the organic species, which all decrease the selecti-
vity towards the desired C-N coupling products. In this minire-
view, we will highlight some emerging strategies to facilitate
the electrochemical C-N bond formation via NO,RR, such as
choosing a suitable nucleophile for C-N coupling, tuning the
composition and morphology of the electrocatalysts, making
catalysts with nano-/atomic-scale and single-atom structures,
designing novel reactors, and controlling surface adsorption
by understanding the reaction mechanism, etc. As this area is
developing quite rapidly, this minireview does not aim to
provide a complete compilation of publications (readers may
refer to other reviews to get a comprehensive understanding of
this area).>”*® Instead, we will first give a brief summary of
building C-N bonds by electrochemical NO,RR, and then
mainly focus the most recent reports in this area in the last
two years, and summarize the main challenges and emerging
opportunities to develop more efficient NO,RR systems to
drive electrosynthesis of organonitrogen compounds.

This journal is © The Royal Society of Chemistry 2024
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2. Electrochemical C—N bond
formation systems

2.1. Initial explorations on electrochemical C-N coupling:
which N species should be used to undergo nucleophilic
attack to carbonyl species?

The first electrocatalytic C-N coupling process was demon-
strated in 2019 by Jiao’s group.® During the electrochemical
reduction of CO on a commercial-available Cu nanoparticle
electrocatalyst, NH; was added into the electrolyte, which can
undergo a C-N coupling reaction to produce acetamide with a
FE of ~40% at 300 mA cm™2 and an operating potential at
—0.68 V vs. reversible hydrogen electrode (Vgyg). The mechan-
istic study showed that the C-N coupling process occurs
through the nucleophilic attack of NH; to the *C=C=0 inter-
mediate generated in CO electroreduction to make acetamide,
which is in competition with the nucleophilic attack of OH™ to
the same intermediate to generate acetate (Fig. 2a). This strat-
egy can be extended to produce other amide compounds by
co-electrolysis of CO with different amines, and an increase for
the selectivity towards amide was observed when the nucleo-
philicity of the N species increased, i.e., NH; < CH3;NH, <
CH;CH,NH, < (CH3),NH (Fig. 2b). It is also notable that
adding NH; into the electrolysis of CO, (instead of CO) did not
generate any amide. Later Kornienko et al. showed that the co-
electrolysis of NH; and CO, can generate a small amount of
formamide and acetamide (FE = 0.4% and 10%, respectively).*’
These results proved the importance of choosing a suitable
nucleophile (i.e., N species) and electrophile (ie., carbonyl
species) with high reactivities for the C-N coupling reaction.

In order to increase the nucleophilicity of the N species,
different N sources have been investigated for electrochemical
C-N bond formation, including NHj3, N,, and NO, species. The
intermediates generated in electrochemical NO,RR, such as
*NH,OH and *NH,, are particularly attractive as they are more
nucleophilic than NH;. One of the first successful C-N coup-
ling reactions via electrochemical NO,RR was reported in 2021
by Wang and coworkers,"! where the co-reduction of CO, and
NO;~ on a cobalt molecule catalyst (CoPc-NH,, previously
reported to drive CO,RR to methanol by the same group**) can
generate methylamine (CH;NH,) with a FE of 13% at ~25 mA
cm™ and an operating potential of —0.92Vryg. The key C-N
bond formation step was found to be the nucleophilic
addition-elimination reaction between the NH,OH intermedi-
ate generated by NO,RR and the formaldehyde (HCHO) inter-
mediate generated by CO, reduction reaction (CO,RR) to form
formaldoxime (H,C=NOH), which is then further reduced to
CH;NH, (Fig. 2c). Later, Wang’s group also investigated coup-
ling CO,RR with different N nucleophiles (e.g., NH,OH,
NH,NH,, primary and secondary amines) and demonstrated
that the C-N coupling efficiency was mainly determined by the
nucleophilicity of the N species (Fig. 2d).*> These works high-
lighted that the in situ generated *NH,OH in NO,RR process is
a promising nucleophile to build C-N bond, which can be
used to make a wide range of organonitrogen compounds (e.g.,

This journal is © The Royal Society of Chemistry 2024
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amine, oxime, amino acid) in following works as described in
section 2.2.

Another important organonitrogen compound that can be
produced by electrochemical NO,RR is urea, which accounts
for two thirds of the global fertilizer market. Urea is mainly
produced via the Bosch-Meiser process from CO, and NHj,
which requires harsh reaction conditions and is energy inten-
sive (150-200 °C, 150-250 bar, 7.1 GJ per ton).*
Electrochemical co-reduction of CO, and NO, can provide an
alternative method to produce urea under ambient conditions.
In 2021, Yu et al. reported that CO, and NO;~ can be reduced
by a single-crystal-facet In(OH); electrocatalyst to make urea
with a FE of 53% at 0.6 mA cm > and —0.6Vgyy (Fig. 2e).*
Despite of the relatively low current density, the nitrogen and
carbon selectivities towards urea are high (83% and 100%,
respectively), which are quite remarkable considering that
NO,RR and CO,RR can usually generate a series of by-products
such as NHj3, N,, CO and formate. The high selectivities were
attributed to the low energy barrier for the C-N coupling step
on the (100) facets of the In(OH); catalyst. The single-crystal-
facet In(OH); electrocatalyst with well-defined (100) facets via a
reported solvothermal approach®® (the structural characteriz-
ations of the -catalyst are shown in Fig. 2f and g).
Computational studies (Fig. 2h) revealed that C-N bond was
formed between the surface adsorbed *CO, and *NO, species
and the energy barrier for forming *CO,NO, (0.35 eV) was
lower than the protonation of *NO, to *HNO, (0.62 eV), thus
favoring the C-N coupling reaction over further NO,RR.
Although *NO, is not as nucleophilic as the more reduced
form of N species (e.g., *NH,OH, *NH,), the formation of C-N
bond at an early stage of *NO, can prevent the by-product
generation of NO,RR and CO,RR, and therefore enhance the
selectivities towards urea, highlighting that nucleophilicity is
not the only consideration when designing an in situ generated
NO,RR intermediate for C-N coupling.

A summary of key works in building C-N bond by electro-
chemical NO,RR is shown in Table 1 as below, which high-
lights the electrocatalyst, C and N sources, C-N coupling
product, reaction conditions and electrochemical perform-
ance. Reports that utilize N, as the nitrogen source*®*° are not
listed in the table, as those reactions do not involve NO,RR
processes. Next, we will focus on the most recent research that
couple NO,RR with organic compounds (section 2.2) and
CO,RR (or CO,-derived molecules such as CO and formate;
section 2.3).

2.2. Couple electrochemical NO,RR with organic com-
pounds: utilizing *NH,OH as the nucleophile

The strong nucleophilicity of the *NH,OH intermediate gener-
ated in NO,RR offers an ideal platform to undergo the C-N
coupling process with a ketone/aldehyde to make an oxime.
One of the most important oxime compounds is cyclohexa-
none oxime, as it can undergo Beckmann rearrangement to
make caprolactam, the monomer for Nylon-6.°® The NH,OH
required for cyclohexanone oxime production is typically gen-
erated via chemical hydrogenation of NO, on palladium cata-
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Fig. 2 Initial studies on electrochemical C—N coupling. (a) and (b) Formation of amides by adding NHz or amines into the electrochemical CO
reduction systems.>® Copyright 2019, Springer Nature. (c) Electrochemical co-reduction of NOs~ and CO, to form methylamine via the coupling of
*NH,OH and *HCHO intermediates.** Copyright 2021, Springer Nature. (d) Electrochemical C—N bond formation by coupling CO,RR with different
N nucleophiles.*? Copyright 2021, American Chemical Society. (e) Electrochemical co-reduction of NOz~ and CO, to produce urea on an In(OH)z
catalyst. (f) and (g) Structural characterizations of the In(OH)s catalyst by SEM and SAED. (h) Theoretical calculations for the free energy changes
during the reaction, where the key C—N coupling step is thermodynamically more favorable than NOs~ reduction.*® Copyright 2021, Springer
Nature.
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lysts®® or oxidation of ammonia (NHj3) by 0,/H,0,.°%7%"!
However, these chemical processes generally require harsh
reaction conditions (e.g., high temperatures and/or pressures,
strong acidic/alkaline solutions) and are also challenged by
the safety concerns for the downstream transportation and
storage of NH,OH.?® In contrast, electrochemical NO,RR pro-
vides an attractive alternative strategy to generate NH,OH
in situ as needed to produce cyclohexanone oxime (Fig. 3a).

Recently, Zhang and coworkers demonstrated the electro-
synthesis of cyclohexanone oxime by reduction of aqueous
NO,” on a Cu-S electrocatalyst.’® The *NH,OH intermediate
made in electrochemical NO,RR can undergo a subsequent
chemical reaction with cyclohexanone to produce oxime with a
FE of 26% at 100 mA cm™ > and >90% yield (carbon selectivity).
The Cu-S electrocatalyst was prepared by a sulfuration—electro-
reduction method that was previously developed by the same
group.”” A techno-economic analysis (TEA) was also performed
and confirmed that the electrosynthesis strategy is profitable.
Reaction intermediates were confirmed by in situ attenuated
total reflection infrared (ATR-IR) spectroscopy, including *NO,
*NH,OH, *NH,, and *C=N, demonstrating the key roles of the
surface-adsorbed intermediates. Moreover, this electrosynth-
esis strategy can also be extended to a variety of ketones and
aldehydes and produce the corresponding oximes with high
yields and carbon selectivities (Fig. 3c). It is notable that the
aromatic substrates that are usually quite active for electro-
chemical hydrogenation into alcohols (e.g. furfural, benz-
aldehyde) can still bear >90% selectivities towards oximes,
which can potentially be explained by the low loading of the
organic substrate (0.01 M ketone/aldehyde). This work demon-
strates a promising strategy to make oximes with NO,™ as the
N source. Li’s group has also reported a similar method to syn-
thesize a wide range of pyridine oximes via the *NH,OH inter-
mediate generated in NO,RR.”

In the meantime, the groups of Zou and Wang have also
developed an electrosynthesis method for cyclohexanone
oxime by utilizing the in situ generated *NH,OH in NO,RR.*>’
Compared to Zhang’s work, they used a 10-times higher con-
centration of cyclohexanone (0.1 M) and therefore the side
reaction of cyclohexanone reduction into cyclohexanol must be
considered. By comparing two catalyst materials (Fe and Pd,
which were prepared via an electrical explosion method and
an ethylene glycol reduction approach, respectively), they
demonstrated that a good electrocatalyst for this conversion
should have: (1) a strong adsorption of cyclohexanone, so that
the surface-enriched cyclohexanone and *NH,OH intermediate
can form C-N bonds on the catalyst surface; and (2) a poor
reduction activity for cyclohexanone to avoid the formation of
the cyclohexanol byproduct. The cyclic voltammetry (CV,
Fig. 3¢) showed that after adding cyclohexanone into the elec-
trolyte (without NO, species), the Pd electrode exhibited a
higher current which indicates a strong electrochemical
activity for cyclohexanone reduction reaction (CHR), while the
Fe electrode showed a lower current which suggests sup-
pressed CHR activity. Theoretical calculations for the CHR pro-
cesses on Fe and Pd (Fig. 3d) revealed that the adsorptions of
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cyclohexanone on Fe surface and Pd surface are both thermo-
dynamically favorable, while the first hydrogenation step is
endergonic (and potentially the rate determining step) for
both metals. The Gibbs energy change for this hydrogenation
step on Fe (+0.59 eV) is much higher than Pd (+0.20 eV), indi-
cating that Fe has a weaker activity for cyclohexanone
reduction compared to Pd. The computation results are also
consistent the CV data, as Fe has a strong surface adsorption
of cyclohexanone but the subsequent hydrogenation of cyclo-
hexanone is difficult, and therefore the surface-adsorbed cyclo-
hexanone would ‘poison’ the Fe catalyst for hydrogen evolution
reaction (HER) and decrease the electrochemical current.
Meanwhile, the surface-enriched cyclohexanone on Fe can
facilitate the nucleophilic reaction with the *NH,OH generated
in NO,RR, and therefore Fe exhibited a ~100% carbon selecti-
vity towards cyclohexanone oxime, whereas Pd mainly form
cyclohexanol, the hydrogenation product (Fig. 3e).

Zou and Wang’s work highlighted the importance of con-
trolling the surface coverage, particularly, the adsorption of
the organic substrate, in electrochemical C-N bond formation.
Recently, our group also reported an electrochemical method
to produce cyclohexanone oxime via NO,RR and investigated
the surface adsorption of NO,RR intermediates.”® We prepared
a series of Zn/Cu alloys via electrodeposition and conducted a
systematic study on the product selectivities on different Zn/
Cu catalysts (Fig. 3f). As the Cu content increased, the NO;RR
could be driven at lower potentials and the FE for NH; was sig-
nificantly enhanced, but the FEs for cyclohexanone oxime was
quite low (<1%). The highest FE for the oxime product was
achieved on Zng;Cu, (FE = 27% at 100 mA cm > and
—0.82Vzyg). These observations can be explained by the trend
that the weak surface adsorption of NO,RR intermediates on
pure Zn can lead to high potentials required for electroreduc-
tion, whereas strong adsorption on a Cu-rich catalyst'® can
promote this process at lower potentials but results in further
reduction of *NH,OH to NH; instead of forming oxime. The
surface-adsorbed species was analyzed by in situ Raman spec-
troscopy (Fig. 3g), where pure Zn only showed a Raman peak at
1045 cm™" for the NO;™ in solution,'®”* while Zny;Cu, exhibi-
ted a small peak at 865 cm™" that can be attributed to the
surface-adsorbed *NH,OH intermediate,’®”> providing direct
experimental evidence for this surface-adsorbed species. The
pure Cu electrocatalyst exhibited two peaks at 1005 cm™" and
1385 cm ™" corresponding to adsorbed *NO, ™ species,'”* indi-
cating that Cu provides a stronger binding for NO;~ compared
to Zn, which is beneficial for electrochemical NO;RR.
Theoretical calculations (Fig. 3h) revealed that pure Cu has a
lower kinetic barrier for the electroreduction of *NH,OH to
*NH, compared to pure Zn and Zny3;Cu,, and thus favours the
further electroreduction of *NH,OH to NH; (rather than the
nucleophilic reaction with ketone to make oxime).
Computational results also showed that pure Zn is disadvan-
taged by the competing NO;RR pathway towards N, (rather
than NH,OH or NHj;), which is consistent with the experi-
mental observation that a substantial amount of N, was pro-
duced on Zn (FE ~ 33%). These works collectively demon-

This journal is © The Royal Society of Chemistry 2024
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esis process. (b) Reaction scope for the synthesis of oximes compounds by electrochemical NO,RR.>® Copyright 2023, Springer Nature. (c)—(e)
Avoiding the production of cyclohexanol in electrosynthesis of cyclohexanone oxime, including the cyclic voltammetry (c) for cyclohexanone hydro-
genation reaction (CHR), energy diagram (d) for CHR process, and selectivities towards cyclohexanol and oxime (e) on Fe and Pd electrocatalysts.>*
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including the electrochemical performance of different Zn/Cu catalysts (f), in situ Raman for Zn, Zng3zCu; and Cu (g), and theoretical calculations (h)

to explain the product selectivities on different Zn/Cu catalysts.>? Copyright 2023.

strated that the surface adsorption of both organic substrate
and NO,RR intermediates plays a central role in the C-N coup-
ling process.

Following the findings that the *NH,OH generated in
NO,RR can be used to produce oxime and the Pd electrocata-
lyst favors the organic hydrogenation (instead of C-N coup-

This journal is © The Royal Society of Chemistry 2024

ling), Zou and Wang groups next utilized this technique to
drive the electrosynthesis of alanine (Ala), an important amino
acid, from pyruvic acid (PA) and NO;™.>* The *NH,OH gener-
ated in NO,RR can undergo nucleophilic attack to the ketone
group in PA to form pyruvate oxime (PO), which needs to be
electrochemically hydrogenated to produce Ala (Fig. 4a).
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can be used to

improve the selectivity towards analine. (b) Strategy 1, where two metals (Cu and Pd) are used to the two steps of the reaction in a one-pot system.
(c) and (d) SEM and TEM images for the Pd;Cu, alloy catalyst.>* Copyright 2023, Wiley-VCH GmbH. (e)—(h) Strategy 2, where two separate reactors

are used to drive the two steps of the reaction with the same OD—Ag catalyst. (e) EXAFS spectra of the OD—Ag catalyst and other

Ag materials. (f)

Electrochemical performance when the OD—Ag catalyst was used to drive the reaction in one-pot. (g) and (h) Electrochemical performance when

the OD-Ag catalyst was used to drive the reaction in two separate reactors.>® Copyright 2023, Springer Nature.
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In order to suppress the competing reactions, including further
reduction of *NH,OH to NH; and hydrogenation of PA to lactic
acid (LA), they developed a Cu-Pd alloy catalyst and drive the
one-pot synthesis of Ala (noted as strategy 1). Pure Cu (metal A)
can drive the NO,RR and C-N bond formation process to
produce PO, but the hydrogenation of PO into Ala is sluggish on
pure Cu (Fig. 4b). On the other side, pure Pd (metal B) is more
active for hydrogenation reactions and therefore mainly pro-
duces LA from PA. To combine the advantages of the two
metals, they prepared a Pd-Cu nanobead wires alloy catalyst via
a solvothermal method (SEM and TEM images shown in Fig. 4c
and d), where a maximum yield at 55% for Ala can be achieved
on the Pd,Cu, alloy catalyst (Fig. 4b). In a similar way, Li and co-
workers also demonstrated the electrosynthesis of 13 different
amino acids through NO,RR on a Co-Fe alloy electrocatalyst.>®
Another strategy to overcome the challenges in making Ala
is to spatially decouple the synthesis of PO and the subsequent
hydrogenation of PO to Ala, and drive the reaction in a two-pot
process. Zhang et al. recently developed an electrosynthesis
method to produce Ala from PA and NO with two separate
reactors (denoted as strategy 2, Fig. 4e-g), where NO,RR and
C-N coupling occur in reactor A, and the PO produced in
reactor A is further converted to Ala in reactor B.>® They pre-
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pared an oxide-derived Ag (OD-Ag) catalyst via in situ electrore-
duction to drive both steps. As the shown in the EXAFS spectra
(Fig. 4e), the Ag-O bond has been removed in OD-Ag, indicat-
ing the full conversion from Ag,0 to OD-Ag catalyst, and the
smaller Ag-Ag bond in OD-Ag compared to Ag foil also
revealed the low-coordination sites, which are also important
in the electrocatalysis process. When the OD-Ag catalyst was
used to drive the one-pot synthesis of Ala (Fig. 4f), the FE for
Ala was quite low (<20%) and a series of byproducts (e.g:,
NH,", LA) were formed due the rapid PO formation but the
slow PO hydrogenation steps. In contrast, when the OD-Ag
catalyst was used in two separate reactors (Fig. 4g and h), both
the PO formation (PA + NO — PO, reactor A) and the PO hydro-
genation (PO — Ala, reactor B) can be driven with high FEs.
The aforementioned works collectively demonstrated the
importance of designing complementary bi-metal (strategy 1)
or bi-reactor (strategy 2) systems to match the different require-
ments in PO formation and PO hydrogenation.

2.3. Couple electrochemical NO,RR and CO,RR

Based on the similarities between electrochemical CO,RR and
NO,RR, such as surface adsorption, electron transfer and cata-
lyst design, a series of bi-functional catalysts have been devel-
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Fig. 5 Electrochemical co-reduction of CO, and NO3™ into urea. (a) Schematic illustration of the Cu electrocatalyst with atomic scale spacings. (b)
TEM and STEM images of the bare Cu, Cu with 6 A spacing and Cu with 15 A spacing. (c) Electrochemical performance for urea production on the
6 A-Cu and bare Cu. (d) Kinetic barriers for the C—N coupling for CO, with possible NO,RR intermediates.>” Copyright 2023, Royal Society of
Chemistry. (e) Schematic illustration of the Zn—Cu alloy catalyst for urea production. (f) Elemental mapping of Zn and Cu in the alloy catalyst. (g) FE
for urea on different metals and alloys. (h) Theoretical calculations for the free energy changes during the reaction.>® Copyright 2023, Springer
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oped to enable the co-reduction of CO, and NO, into small
organonitrogen molecules. For example, urea is the most
widely studied co-reduction product due to its large market
demands as a fertilizer. Following the study by Yu’s lab in
2021, where urea is produced with a FE as high as 53% but a
relatively low current density at 0.6 mA cm > (as described in
2.1),® researchers have recently significantly improved the FE
and current density for the co-reduction of CO, and NO;™ into
urea. In 2023, Kwon and coworkers prepared a Cu electrocata-
lyst with atomic scale spacings (d;) between two facets of Cu,
which can facilitate the production of urea (Fig. 5a).” The
atomic-scale spacings were created by an electrochemical
lithiation process on the Cu nanoparticles and the size of spa-
cings was controlled by degree of lithiation, as revealed by
TEM and STEM in Fig. 5b. The Cu with a d; of 6 A can achieves
a FE for urea of 52% at 220 mA cm™2 and —0.41Vgyg, which
are significantly higher than the bare Cu without lithiation
treatment (Fig. 5c). Computational studies revealed that
atomic-scale spacings can efficiently lower the kinetic barriers
for C-N coupling (Fig. 5d): the kinetic barriers for CO, coup-
ling with a variety of possible NO,RR intermediates (*NO,
*NOH, *N, *NH, *NH,) are all decreased in the Cu with 6 A
spacing. Recently, Ye’s lab has also reported that an atomic-
ally-dispersed Cu in Pd catalyst (Pd,Cu,) can convert CO, and
NO;™ into urea with a FE of 66% and 436.9 mmol g.,. " h™" at
—0.6Vgug, as well as a long cycling stability of 1000 h.>® These
works highlighted the importance of controlling the mor-
phology of the electrocatalyst at atomic scale in facilitating the
electrochemical urea production.
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Similar to the electrosynthesis of Ala, another strategy to
enhance the electrochemical co-reduction of CO, and NO;~
into urea is making a bimetallic alloy catalyst, where one
metal can facilitate the key C-N coupling step, and the other
metal can facilitate the electron and proton transfer steps (co-
reduction of CO, and NO;~ into urea is a 16-electron process).
Recently, Sargent’s lab developed a Zn-Cu hybrid catalyst for
electrosynthesis of urea, where Zn can facilitate the C-N coup-
ling step and Cu can reduce the energy required for a key pro-
tonation step in making urea (Fig. 5e and f).® The Zn-Cu
hybrid catalyst was prepared by spray-coating an incomplete
layer of Zn on top of the Cu layer (Zn and Cu were both com-
mercially available nanoparticles). Compared to single metal
catalysts, bimetallic alloy catalysts such as Zn-Cu and Zn-Ag
can significantly improve the FE for urea (Fig. 5g). Theoretical
calculations indicated that the C-N bond formation (CO, +
*NO, — *CO,NO,) is more favorable on the surface of Zn com-
pared to Cu, whereas the endergonic step for the protonation
of *CO,NH, to *COOHNH, (potentially the rate determining
step) requires less energy on Cu compared to Zn (Fig. 5h).
With this relay catalyst design, CO, gas and simulated waste-
water containing 1000 ppm NO;3;~ can be converted to urea
with a FE of 75% and a total current density of 10 mA cm™? at
—0.8Vrug, which can last for 32 hours.

In addition to urea, other small organonitrogen molecules
can also be produced via the coupling CO,RR and NO,RR,
such as methylamine®" as described in 2.1. Researchers have
also proved that NO,RR intermediates can undergo nucleophi-
lic attack to CO,-derived molecules. For example, Nam and co-
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Fig. 6 Electrosynthesis of formamide from NO,™ and CO,-derived molecules. (a) and (b) Electrochemical co-reduction of NO,™ and formic acid
into formamide.5* Copyright 2023, American Chemical Society. (c) and (d) Electrochemical co-reduction of NO,~ and CO into formamide.®?

Copyright 2023, Springer Nature.
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workers reported in 2021 that oxalic acid, a CO,RR product,
can be converted to glycine via electrochemical NO;~
reduction.®® Recently, Zhang’s lab demonstrated that the
electrochemical co-reduction of NO, and the CO,-derived
formic acid can yield formamide on a Cu catalyst (Fig. 6a),
which was prepared by electroreduction of Cu,O nanocubes.®*
At —0.6Vzug, NO, ™ and formic acid can be converted to forma-
mide with a FE ~ 30% (Fig. 6b). Mechanistic studies suggested
that the C-N coupling step occurs between the *NH, and
*CHO intermediates (AG = —1.12 eV), which is thermo-
dynamically favored compared to thermoneutral step of
further reduction of *CHO (AG = —0.08 eV), whereas the
further reduction of *NH, is also thermodynamically feasible
(AG = —0.48 eV). These calculations results are consistent with
the experimental observations that NH; (i.e., over-reduction of
NO,”) was the main by-product, while the generation of
CH;O0H (i.e., over-reduction of CO,) is minimal.

Tan and Coworkers also reported an electrochemical
method to convert NO,~ and CO into formamide on a single-
atom alloy (SAA) electrocatalyst with atomically dispersed Ru
atoms on Cu nanoclusters.”> The Ru-Cu SAA catalysts were
prepared by thermal reduction of Cu®>" to make Cu nano-
clusters and then introducing Ru single atom onto the surface
of Cu nanoclusters through galvanic replacement reaction.
Formamide can be produced with a FE of 46% at —0.5Vryg,
which is significantly higher than pure Cu or Ru-Cu nano-
particles (Fig. 6¢), thus highlighting the importance of bi-
metallic alloy as well as single-atom catalyst. Computational
studies (Fig. 6d) showed that Ru can lower the energy barriers
for the hydrogenation steps of the *CO*NO, intermediate
(*CO*NO, — *CO*NOOH — *CO*NOHOH), and thus can
facilitate the formamide production compared to pure Cu.

3. Summary and outlook

The aforementioned works provide attractive methods to build
C-N bonds via electrochemical NO,RR. In particular, some key
strategies and considerations are highlighted to enhance the
selectivities towards the desired C-N coupling products, as
summarized as below:

(1) Choosing a suitable nucleophile for C-N coupling. The
NO,RR intermediates, such as *NH,OH and *NH,, are usually
more nucleophilic than both the reactants (e.g.,, NO;~, NO,")
and the final product of NO,RR (NH;) and therefore can facili-
tate the C-N coupling step. On the other side, utilizing a
NO,RR intermediate at the early stage (e.g., *NO,) as the
nucleophile for C-N coupling can prevent the formation of by-
products (e.g., Np, NH3).

(2) Controlling the surface adsorptions of both nucleophile
(i.e., NO,RR intermediates) and electrophile (i.e., CO,RR inter-
mediates or organic substrate). The electrocatalyst should have
sufficient adsorptions of the reactants and intermediates so
that the electroreduction can proceed at low potentials, but the
adsorptions should not be too strong so that the product can
desorb from the catalyst and avoid over-reduction.

This journal is © The Royal Society of Chemistry 2024
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(3) Designing bimetallic alloy catalysts or bi-reactor system
to drive the C-N coupling step and hydrogenation step separ-
ately. The C-N coupling step and electroreduction step can
have quite different requirement for reaction conditions, such
as catalyst, potential, pH, etc., and therefore it would be
helpful to decouple the two steps by designing an alloy catalyst
containing two metals or a tandem system with two separate
reactors.

(4) Preparing electrocatalysts with nano-/atomic-scale
surface structures, single-atom structures, single crystal facets,
or alloy compositions. The catalysts with nano-/atomic-scale
morphologies or single-atom structures can usually enhance
the reaction rate by lowering the energy barriers and a specific
single crystal facet can potentially improve the selectivity
towards a certain product. Making alloy electrocatalysts can
also tune the surface adsorptions of intermediates, meet
different requirements for C-N coupling step and electroreduc-
tion step, and allow synergetic effects to improve the FE.

Despite these distinctive methods, there are still some chal-
lenges and problems in this area as listed below:

(1) The formation of the desired C-N coupling product is in
competition of other reactions. For example, the co-reduction
of NO, and CO, can obviously generate a series of byproducts
without C-N coupling, such as NHj3, N,, CO, formate, etc. The
HER can also be a significant competing reaction. When
organic compounds (e.g. cyclohexanone) are present in the
electrolyte, the organic hydrogenation reaction can also lower
the FE for C-N coupling. Furthermore, the C-N coupling pro-
ducts could also be further reduced and the desired chemical
structures (e.g. oxime) may be lost.

(2) The reaction pathway and key intermediates for C-N
coupling are still not very clear, particularly for the formation
of urea. The NH,OH-mediated C-N coupling pathways (e.g. in
the formations of amine, oxime, amino acid) are relatively
better understood and researchers can confirm that the
surface-adsorbed *NH,OH is the key intermediate to build the
C-N bond. However, it is still unclear that the C-N bond in
urea is formed at which stage of electrochemical NO,RR.
Several possible intermediates have been proposed as key
species for C-N coupling, such as *NO,, *NO, *N, and *NH,,
but the direct experimental evidence is still rarely reported.
The intermediates at the early stage of NO,RR (e.g. *NO,, *NO)
can potentially avoid the generation of byproducts in NO,RR
and CO,RR, whereas the intermediates at the later stage (e.g.
*N, *NH,) are more nucleophilic and therefore more energy-
favorable. More in-depth mechanistic studies, ideally in situ
spectroscopies, are needed to better understand the reaction
pathway for making urea.

(3) The NO,RR to build C-N bond is also challenged by
similar factors in the pure electrochemical NO,RR (i.e. without
C-N coupling). For example, the electrochemical reduction of
NO;~ is usually limited by the large overpotential caused by
the sluggish rate-determining step of NO;~ reduction to
NO,™ *? (the theoretical potential is +0.69Vgyyr whereas the
operation potential is usually from —1.0Vgug to OVgyg). The
C-N coupling reaction is also challenged by other common
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problems in pure electrochemical NO,RR, such as catalyst poison-
ing caused by the excessive adsorption of *NO,,'® degradation
of metallic catalysts in concentrated NH; solution, difficulties
in utilizing diluted NO, in real-world wastewater, etc.

We also look into a few possible future directions that can
be pursued to improve the performance, profitability and
impact of this research area:

(1) The nitrogen selectivity/utilization efficiency should be
improved. Current electrochemical C-N coupling systems typi-
cally contain NO, species with a concentration that is about
one order of magnitude higher than the organic substrate to
allow the full conversion of organic substrate. However, the
high loading of NO, species also decreases the FE and N utiliz-
ation efficiency for the desired product. The main
N-containing product is usually NH; (and N, in some cases).
Considering many studies utilize the *NH,OH intermediate as
the nucleophile, it is necessary to tune the surface adsorption
of *NH,OH to prevent its over-reduction into NH; and reduce
the loading NO, required for full conversion of organic sub-
strate. For example, Zhang’s lab recently proved that the elec-
troreduction of NO favored the formation of NH,OH (FE up to
80%) on Co single-atom catalysts while the NO reduction on
Co nanoparticles mainly generated NH,.”° The selectivity
between NH,OH and NH; was tuned by regulating the adsorp-
tion configuration of NO: the linear adsorption of NO on the
single-atom catalysts can maintain the N-O bond and allow
the NO reduction to stop at the stage of NH,OH, while the
bridge adsorption of NO on the nanoparticles would weaken
the N-O bond to produce NHj;. It is also notable that the
NO,RR may not proceed through the *NH,OH-mediated
pathway (i.e., NO, - *NH,0OH — *NH, — NHj3;); instead, it
could also undergo the *N-mediated pathway: NO, — *N, and
then the surface-adsorbed *N can either make N, (2 *N — N,),
or produce NH; (*N — *NH — *NH, — NH;).>*’ In either case,
*NH,OH will not be produced. Therefore, the reaction mecha-
nism that involves surface-adsorbed intermediates should be
further understood (as discussed below) to prevent the *N-
mediated pathway and enhance formation of *NH,OH. In
addition, pulsed electrolysis methods, which are known to
tune the local concentration of NO, species near the electrode
and optimize the surface adsorption configuration of inter-
mediates in electrochemical NO,RR to NH;,”””° could also be
used to improve the N selectivity in C-N coupling.

(2) Mechanistic study by detecting the reaction intermedi-
ates with in situ technologies. The surface-adsorbed reaction
intermediates play a central role in electrochemical NO,RR
and C-N coupling, such as *NO, *NOH, *N, *NH,OH and
*NH,. Those intermediates can be studied by in situ spectro-
scopies, such as ATR-IR and Raman.***° The hydrogen rad-
icals at the electrode surface, which determine the electro-
chemical hydrogenation of NO,RR intermediates, can be inves-
tigated by electron paramagnetic resonance (EPR).'**? The
catalytic sites of electrocatalyst can be monitored by in situ
X-ray diffraction (XRD), X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
technologies.>**> Moreover, the gaseous products and inter-
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mediates can also be analyzed by on-line differential electro-
chemical mass spectrometry (DEMS) during the electro-
chemical reaction.'**? More in situ technologies should be
adapted together with computational studies to systematically
understand the reaction pathways towards different
N-containing products (N,, NH3, C-N coupling products, etc.),
and how the selectivities are controlled by catalyst structure
and reaction conditions (potential, concentrations, pH, etc.).

(3) Electrochemical co-reduction of CO, and NO, into C,.
organonitrogen molecules. Co-reduction of CO, and NO, to
form C-N bonds have provided an attractive route to produce
organonitrogen compounds. Despite these distinctive methods,
current studies mainly focus on producing C; organonitrogen
compounds. A co-reduction system that can build the C-N
bonds in C,, organonitrogen molecules, which tend to be more
valuable, has barely been reported. In CO,RR studies, a micro-
fluidic flow reactor has been developed:**®* an ion exchange
membrane and an aqueous alkaline liquid layer, which is
known to facilitate CO,RR towards C,. products,®®* are sand-
wiched between the anode and cathode. In a similar way, this
flow reactor design could also enhance the formation of C,.
organonitrogen molecules in CO,-NO, co-reduction. The reac-
tion can occur at the gas-liquid-solid interface, where the elec-
trocatalyst is in contact with aqueous electrolyte (OH™ and
NO;7/NO, ") and gaseous CO,. A key challenge here that making
C,. organonitrogen products will require the formation of both
C-C and C-N bonds, where the strategies of making bimetallic
alloy catalysts could be employed to facilitate the C-C and C-N
bonds formation separately.

(4) Utilize industrial/agricultural wastewater containing
NO;7/NO,~ to produce organonitrogen compounds. Compared
to the NO;7/NO,~ solutions in lab, the real-world wastewater
usually has lower concentrations of NO; /NO, ™, unsuitable pH
values, and complicated components such as organic residues,
metal cations that can poison the catalyst through electrodepo-
sition on the electrode,®®® anions that may change the
product selectivity (e.g.,, Cl~ is known to facilitate NO,RR
towards N,),5 "% etc., these factors will affect the C-N coupling
reaction. Therefore, some pre-treatment of wastewater may be
needed and a more robust electrocatalyst will be required.
Furthermore, the scalability, energy efficiency, economic cost,
separation of the organonitrogen products, and long-term
stability will also be important considerations to develop a
profitable NO,RR electrolyzer for industrial implementation.
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