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Complete decarbonization of hard-to-abate industrial sectors is critical to reach the carbon neutrality goal
set for 2050. The production of nitrogen-containing fertilizers (N-fertilizers) is responsible for 2.1% of the
overall global carbon dioxide emissions. Urea is the most common N-fertilizer, and it is currently produced
through the Bosch—Meiser process starting from ammonia (NH3) and carbon dioxide (CO,). Electrochemical

Received 4th February 2024, production of urea can reduce drastically the emission of greenhouse gases and the energy required for the

Accepted 19th April 2024 process. Promising results were recently reported using nitrate (NOs~) and CO, as reagents with increasing
DOI: 10.1039/d4ee00561a production rate and faradaic efficiency. In this mini-review, we summarize the most recent studies, including

reaction mechanisms, electrocatalysts, and detection methods, highlighting the challenges in the field. A
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Broader context

roadmap for future developments is envisioned with the scope of reaching industrial requirements.

To reach the complete decarbonization goal set at 2050, much effort and investment must be pursued in many sectors to decrease their emissions. Chemical
industries contribute importantly to greenhouse gas emissions. In particular, nitrogen fertilizers are responsible for 2.1% of the CO, emissions worldwide. The

most used N-fertilizer is urea, synthesized using ammonia and CO, following the Bosch-Meiser process. Electrifying urea synthesis using electrochemistry is
viewed as a potentially disruptive technology for decarbonizing this strategic sector. However, only a few attempts have been carried out using CO, and a nitrogen
containing molecule, e.g. N,, NO, NO, ™, or NO; . The results are promising despite the low activity and selectivity. Attention has recently focused on nitrate due to
its high solubility and low bond dissociation energy. This mini-review collects the recent literature and helps to understand the advantages of urea electrosynthesis

from CO, and NO;™, the complex reaction mechanisms and the recent developments in the related electrocatalysis. An in-depth exploration of the in situ and
ex situ urea detection methods is presented to help unravel the reaction mechanisms. This work provides a useful overview of the recent achievements in urea

electrosynthesis highlighting limitations and challenges and further steps to be pursued for achieving higher technology readiness level.

Introduction

Manmade greenhouse gas emissions are a significant contribu-
tor to climate change, with detrimental consequences that are
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now becoming more and more visible worldwide. Industry is one
of the major contributors to greenhouse gas (GHG) emissions.
Particular attention has been given in recent years to the so-
called hard-to-abate industrial sectors, where carbon dioxide
formation and emission are part of the process. These sectors
are responsible for more than 30% of CO, emissions worldwide.
New technologies are required in order to address this issue.

The need for fertilizers has been rising throughout the years,
along with population growth and an increase in average income
per capita, which increases the strain on industrial resources.’
Synthetic nitrogen-containing fertilizer (N-fertilizer) production
is responsible for 2.1% of the world’s CO, emissions.> Ammonia
(NHj;) is the building block used in most N-fertilizers.

The most common method for ammonia production today
is the Haber-Bosch process™® which is considered to be energy-
intensive and utilizes natural gas to produce hydrogen, a
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reagent of the process, through steam methane reforming
(SMR) and water gas shift reaction (WGSR), as illustrated in
Fig. 1(A).* In this process, 1.9 tons of CO, are emitted per ton of
NH; produced.?

In 2020 alone, more than 50% of the synthesized NH; was
used for urea synthesis.> NH; can be used directly as a fertilizer
in its anhydrous form; however, it can be dangerous if not used
properly due to its propensity to dehydrate soil, and handling it
is also risky for humans.® NH; can also be used in compressed
liquid form but its storage, transport, handling, and applica-
tion is energy consuming and dangerous.®

Urea, the main nitrogen-containing fertilizer (N-fertilizer) pro-
duced and consumed globally, due to its high nitrogen composi-
tion and ease of handling, features low transport and storage
costs. Urea is currently produced using the Bosch-Meiser process,
which involves the reaction between NH; with CO, (Fig. 1(B)).”
The overall production of urea is extremely energy-intensive, costly
and is responsible for large emissions of CO,. Urea production is
a significant contributor to GHG emissions, as evidenced by a
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recent life cycle analysis.® The authors found that at a plant
production scale of 1800000 tons, the ammonia synthesis stage
alone contributes to GHG emission with 9.32 x 10® kg CO, eq.,
overshadowing the 3.58 x 10° kg CO, eq. attributed to the urea
synthesis stage from CO, and NHj;. Indeed, the cost of urea
production is strictly related to the cost of energy and natural
gas, which in turn are volatile due to many factors, including
geopolitical issues. The cost of urea reached its highest peak of
more than 1000 USD per ton in 2022,° concurrent with the spike
in the cost of natural gas skyrocketing due to the Russia-Ukraine
war. An increase in the cost of urea increases the cost of crops and
the derived processed food. This logical connection is paramount
because it underlines how fertilizers are strategically important
for every country and their food supply independence. High cost
and negative environmental effects are the two main drivers for
pursuing more sustainable routes to decarbonize this strategic
hard-to-abate sector, while ensuring economic viability.
Electrochemical processes have already proven to be instru-
mental in the transition to sustainable energy and can be
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utilized also to decarbonize industrial processes and lower
geopolitical tensions. In 2013, Bardi et al. showed that the
electrification of intensive agriculture has a big potential in
climate change mitigation and that, in this context, electro-
chemical processes might provide a breakthrough route for the
synthesis of agrochemicals.'® Electrochemical reactions have
recently been shown to be effective in the production of urea
starting from nitrate (NO; ™) and CO,. This is a remarkable step
as the environmental impact of producing ammonia, a building
block for urea synthesis, extends significantly beyond its energy
consumption. Indeed, the hydrogen needed for the reaction is
derived mainly from natural gas, which emits CO, during the
transformation processing. The CO, emissions from producing
hydrogen through the steam methane reforming (SMR) and the
water-gas shift reaction (WGSR) represent over half of the total
emissions from the entire ammonia production process.'!
From the perspective of urea electrosynthesis from NO;~ and
CO,, the step of hydrogen electrolysis or hydrogen produced
from SMR and WGSR would be avoided. In the review, we
survey and comment on the most recent developments in this
important field of research.

Electrochemical production of urea

Electrochemical devices have proven to be useful in decarbo-
nizing energy-intensive sectors through electrocatalysis of var-
ious reactions. This has been demonstrated, for example, by the
exponential growth of green H, production using water electro-
lyzers for reducing the emission of sectors such as transporta-
tion, energy storage and utilization, steel manufacturing,
cement production and other chemical industries.">'® H, is a
critical reagent in the Haber-Bosch process and green H,

Plamen Atanassov is a Chancellor’s
Professor of Chemical & Biomole-
cular Engineering, University of
California  Irvine, Wwhere his
research focuses on the deve-
lopment of non-platinum electroca-
talysts for fuel cells, nano-stru-
ctured platinum-based catalysts
and advanced supports, catalysts
for CO, electroreduction and pro-

duct valorization, ammonia
electrosynthesis and new materials
Plamen Atanassov and technologies for energy

conversion and storage. He is
participating in the effort to build California’s hydrogen hub by
serving on the executive team for Alliance for Renewable Clean
Hydrogen Energy Systems (ARCHES) and interfacing with hydrogen
technology demonstration and research efforts regionally and
Nationwide. Plamen Atanassov was inducted into the National
Academy of Inventors, and he is a Fellow of both: The
Electrochemical ~Society and the International Society of
Electrochemistry, for which he is the current President-elect.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Minireview

produced through water electrolysis could seamlessly substi-
tute grey hydrogen (from SMR and WGSR), and pave the road
for a significant reduction in CO, emissions.> More recently,
electrocatalysis has been used for reducing CO, into CO or other
valuable commodities.'* The co-production of CO and H,,
known as syngas, is of particular interest for many industrial
processes, which today use methane.'” In the past few years,
electrochemical technologies have been used to produce NH;
starting from nitrogen gas (N)'° or nitrate (NO;~)."” However,
for the production of effective fertilizers, NH; has to be com-
bined with CO, to form urea through the Bosch-Meiser process.
All of the above-mentioned electrochemical processes require
electric energy, which in principle could be provided from
sustainable sources and thus regarded as fully climate-neutral.
Two recent reviews survey urea electrosynthesis from CO,
and N,, CO, and NO, CO, and NO,~ and CO, and NO,.'®*°
These routes have significant drawbacks. The selection of NO; ™
rather than N, is dictated by the lower bond dissociation energy
of N—O0 compared to that of N=N, which is equal to 204 and
941 kJ mol ", respectively.?® Moreover, N, has limited solubility
in water (0.02 v/v, 298 K, 1 atm) and this impedes its efficient
utilization for urea synthesis. NO has a higher solubility than
N,; however, at higher concentrations (i.e. >150 ppm), it is
toxic.>' NO;~ has a known tendency to form solid-state coordi-
nation complexes with the metals that are active in the synth-
esis of urea. Indeed, Cu and Zn tend to form mixed complexes
with urea and nitrate, with the latter acting as a secondary
ligand.** The selection of NO;~ is also encouraged by its high
solubility in water. On the other hand, NO;™ is considered as a
water pollutant, leading to severe human and environmental
issues such as cancer and eutrophication,> respectively. Thus,
nitrate-rich contaminated water derived from industrial
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Fig. 1 (A) Schematic of the Haber—Bosch process for synthesizing ammonia-producing hydrogen through methane. (B) Schematics of a urea

production process following the Bosch—Meiser synthetic method. (A) Adapted with permission.® Royal Society of Chemistry under CC-BY 3.0
(https://creativecommons.org/licenses/by/3.0/). (B) Adapted with permission.*?> Copyright 2018, Elsevier LTD.

processes can be practically used as a reagent for urea produc-
tion. For example, in aquaculture, the NO;~ concentration can
reach 500 mg L ™" (~8 mM),>**® and in other industrial pro-
cesses such as cellophane, explosive, pectin and metal finishing,
this value can be higher than 1000 mg NO;-N L' (>16
mM).>*® The usage of nitrate-rich wastewater in urea electro-
chemical production would avoid direct release into the environ-
ment or the costly denitrification in wastewater treatment plants.

NH; and CO, can also be used to produce urea electro-
chemically. However, as mentioned above, the NH; synthesized
through the Haber Bosch process and used to synthesize urea
in the Bosch-Meiser process is responsible for roughly 2 of the
GHG emitted;® therefore, its utilization for urea electrochemical
synthesis is not environmentally friendly compared to the other
routes. Hence, the one-step electrosynthesis of urea using NO;™
and CO, as the reagents is extremely appealing because it can be
achieved without using H, produced through SMR and WGSR.”®
In addition, the one-step electro-synthesis route also contributes

3742 | Energy Environ. Sci., 2024, 17, 3739-3752

to lowering the overall energy compared to the two steps starting
from NO;~ or from N, as below.?*

One step (electrochemical, eqn (1)): overall 13.3 GJ per
metric ton urea

CO, + 2NO;~ + 3H,0 — CO(NH,), + 40, + 20H~

1)

Two steps (electrochemical + Bosch-Meiser): overall 20.8 GJ
per metric ton urea.
Step 1 (electrochemical, eqn (2)): 13.7 GJ per metric ton urea

NO;~ + 2H,0 — NH; + 20, + OH~ (2)
Step 2 (Bosch-Meiser, eqn (3)): 7.1 GJ per metric ton urea
2NH; + CO, — CO(NH,), + H,O (3)

Two steps (Haber-Bosch + Bosch-Meiser): overall 19.7 GJ per
metric ton urea.

This journal is © The Royal Society of Chemistry 2024
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Step 1 (Haber Bosch, eqn (4)): 12.6 GJ per metric ton urea

N, + 3H, — 2NH; (4)

Step 2 (Bosch-Meiser, eqn (5)): 7.1 GJ per metric ton urea

2NH; + CO, — CO(NH,), + H,0 (5)

Step 1 + Step 2 (Haber-Bosch + Bosch-Meiser, eqn (6)):
19.7 GJ per metric ton urea

NZ + 3H2 + C02 i CO(NH2)2 + HZO (6)

The two step traditional process to synthesize urea including
step 1 Haber-Bosch (eqn (4)) followed by Bosch-Meiser
(eqn (5)). In step 1 (eqn (4)), hydrogen is widely produced
through the SMR as described in eqn (7):

CH, + H,O — CO + 3H, (7)

Followed by the WGSR presented in eqn (8):

CO + H,0 - CO, + H, (8)

Therefore, the overall reaction including SMR (eqn (7)) and
WGRS (eqn (8)) to produce valuable hydrogen for step 1 is the
following:

CH, + 2H,0 — CO, + 4H, (9)

Therefore, the overall step 1 can be also extensively written
as the following (eqn (10))*° highlighting the usage of methane
as a reagent and the emission of carbon dioxide.

3.5 5 1 1
—CH4 +-H,0 + -0, + =N
g 4+ 3 325 + g2 + 2
— NH; + ?COZ +44.5k]) (10)

Based on the above calculations, the one-step urea electro-
synthesis will decrease the energy consumption by 32-36% with
over 50% CO, reduction.

Reaction mechanisms for urea electrosynthesis using NO; ™~
and CO,

The mechanism of transformation of CO, and NO;™ into urea
is still not completely clarified. The reaction pathways are
complicated, involving 16 electrons and over 70 intermediate
steps. Indeed, it seems that the C-N formation, which in the
case of urea takes place twice, is the most critical step(s). It is
generally accepted that the first C-N coupling can proceed
mainly via two mechanisms: the Eley-Rideal (E-R) mechanism
involving an early coupling between (unreduced) CO,
and adsorbed NOj to form the CO,NOj species and the
Langmuir-Hinshelwood (L-H) mechanism that proceeds by
coupling adsorbed CO* and NH* species to form NHCO*,
depending on the electrocatalyst type and morphology. Both
mechanisms lead eventually to the hydrogenation of the
adsorbed intermediate and subsequent combination with
another NO3 /NH* adsorbed species followed by reduction to
form eventually CO(NH,),.****

This journal is © The Royal Society of Chemistry 2024
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It was also found that the formation of intermediates such
as CO* and NHJ is a key step independent of the nitrogen
sources used as reagents (e.g. N,, NO, NO,  and NO; ).'®
Remarkably, to date, to our best knowledge, only a scant few
studies (around 21) have been published in the past three years
related to urea electrosynthesis starting from NO;~ and CO,.>*?
These manuscripts provide a solid starting point for the research,
but fundamental investigations are needed to clarify the steps that
determine the most activity and selectivity: no direct experimental
evidence has yet been reported showing the formation of
CO,NOj intermediate species, but many DFT studies suggest
that that pathway is energetically favourable for the formation of
urea, at least on some electrocatalytic structures. For example
Sargent et al. showed by DFT calculation that the CO,NO;
pathway seems to be favoured on Zn, rather than on Cu, in a ZnCu
electrocatalyst.>® The same result for copper was published by
Chen et al. for a Cu-based MOF.*® Another DFT study suggests the
CO,NOj pathway on a molybdenum oxide-based electrocatalyst
for urea electrosynthesis.”® Some studies suggest instead the
reduction of NO3 species down to NH*/NH} species, followed
by coupling with CO, or via separate CO, reduction to CO* and
then coupling (L-H mechanism).**»*%>"33

Fig. 2 shows a more detailed schematic of the reported
mechanisms that differ mainly in the C-intermediate and N-
intermediate that participate in C-N coupling. A comprehen-
sive analysis of the literature summarizes 6 distinct reaction
pathways.>* First, the C-N coupling may originate from *CO,
with either *NO, or *NH,. The early coupling of *CO, and *NO,
(E-R mechanism) can be effective in mitigating by-products
such as NH; or CO. Second, the C-intermediate *CO could
couple with N-intermediate *NO, *NH, *NH, or *H,NOH (L-H
mechanism). In the C-N coupling reactions of *CO and *NH,,
NH} acts as a base and attacks the positively charged center of
CO*, promoting the formation a C-N bond and consequently
the formation of urea.>® A comprehensive understanding of the
potential urea formation mechanisms is imperative for
researchers in this field and could aid in the development of
rational electrocatalyst designs and enhance urea selectivity.

In parallel, in Fig. 2, it is also shown the possibility of
synthesizing methylamine (CH3;NH,) and ethylamine (C,H,N).
Urea electrosynthesis involves the utilization of *CO as the
carbon source. Instead, the electrosynthesis of methylamine
utilizes another carbon source such as *HCHO.>* Compared to
urea electrosynthesis, methylamine electrosynthesis shares a
similar pathway on the nitrogen side until *H,NOH (L-H
mechanism) and then it reacts with *HCHO, being rapidly
attacked by the *NH,OH nucleophile to produce H,C = NOH.
The methoxime is further electrochemically reduced to
H,CNHOH (N-based methyl hydroxylamine) and then finally
to methylamine.

Some examples of the competitive transformation of CO,
and NO;  into compounds other than urea are reported.’®
Interestingly, the electrochemical production of methylamine
was proven with low faradaic efficiency quantified as 13% over
a multiphase molecular cobalt catalyst supported on carbon
nanotubes.”” In general, low F. E. is measured. This route can

Energy Environ. Sci., 2024,17, 3739-3752 | 3743
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be inhibited by avoiding the electrocatalyst to have efficient
selectivity towards CO,RR to formate or formaldehyde.*®

Electrocatalysts for urea electrosynthesis using NO;~ and CO,

The pursuit of developing efficient electrocatalysts for C-N
coupling started in the late 90s. In fact, Shibata et al. probed
the concurrent reduction of nitrates and CO, on the gas-
diffusion electrodes (GDEs) based on various transition metals
and observed the highest faradaic efficiency of urea formation
(around 35%) on Zn-containing GDEs at —1.75 V vs. SHE.>
However, different families of electrocatalysts for urea electro-
synthesis using NO;~ and CO, have evolved over the past 3
years. Quite interestingly, contrary to the initial aforemen-
tioned findings of Shibata et al., very recently, metallic Ag
displayed a urea selectivity and faradaic efficiency close to
100% at —1.25 V vs. RHE, thus becoming an outstanding
electrocatalyst for urea production.*® Such a remarkable ability

3744 | Energy Environ. Sci., 2024,17, 3739-3752

of the Ag electrocatalyst was justified by easy initial and
secondary C-N coupling steps with an endergonic formation
of formamide from *CONH,, which improves the selectivity
and kinetics when the NO; ™~ concentration is adequately high.
Lately, Shin and coworkers created an atomic spacing of ~6 A
between the Cu facets via lithiation and realized an encoura-
ging urea yield of 7541.9 mg h™" mg.,. " due to a considerable
reduction in the energy barrier for C-N coupling, kinetically
and thermodynamically favoring the C-N bond formation for
urea synthesis.®® On the other hand, an oxygen-coordinated
cobalt single-atom electrocatalyst (Co-O-C) achieved a urea
yield rate of 2704.2 + 183.9 mg h™" mg., ' due to reliable
interactions between neighboring Co—(0O-C,), sites promoted
the C-N coupling for urea electrosynthesis.*® Moreover, atom-
ically dispersed nitrogen-coordinated single transition metal
sites (e.g., Cu-N,~C)***”% (Fig. 3(A)) and diatomic (e.g., Fe-
Ni)** electrocatalysts have also been studied. In contrast to

This journal is © The Royal Society of Chemistry 2024
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Fig. 3

(A) Schematic of a single atom containing Cu coordinated with nitrogen, DFT reaction coordinates with this specific electrocatalyst and related

faradaic efficiency at different potentials. (B) Schematic of a tandem electrocatalyst based on Cu and ZnO at different ratios with related urea yield and
faradaic efficiency. (C) TEM, SEM and SEM/EDX images of a CuO,Zn, electrocatalyst with different metal ratios and the related faradaic efficiency are
reported indicating also the partial current densities towards urea. (A) Reproduced with permission.®” Copyright 2022, Wiley-VCH GmbH. (B) Reproduced
with permission.®® Copyright 2023, American Chemical Society. (C) Reproduced with permission.** Nature Portfolio under CC-BY 4.0 (https://

creativecommons.org/licenses/by/4.0/).

single-atom and isolated diatomic electrocatalysts, the bonded
Fe-Ni pairs provided efficacious active sites for adsorption and
activation of multiple reactants and hence uplifted the urea
yield.”* However, Zn-Mn diatomic electrocatalysts axially coor-
dinated with chlorine exhibited high resilience against CO
poisoning and realized the faradaic efficiency of 63.5%.>® While
approaching it from another viewpoint, Zhang et al. have
recently demonstrated that Re-Mn electrocatalysts favor the
generation of *C entities due to higher CO binding energies

This journal is © The Royal Society of Chemistry 2024

resulting in ammonia production.®® Whereas the lower binding
of CO on Zn-Mn sites fosters CO migration and its coupling
with adsorbed nitrogen and hence urea formation with up to
89% N-selectivity can be realized.®

Furthermore, metal oxides containing oxygen vacant sites
such as ZnO*? or coupled with Cu such as Cu-ZnO (Fig. 3(B)),*
CuO,-ZnO, (Fig. 3(C))"" and Cu-TiO,”” were also used as
electrocatalysts. In these cases, the oxygen vacancies are
attacked by the nitrite-nitrate ions and through a multi-step
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proton-coupled electron transfer reaction, an NH; intermedi-
ate is formed. In one case, Nafion™-modified TiO, without Cu
was used as the electrocatalyst.®” Mimicking the high-valence
Mo-based reaction center of nitrate reductase, the CuwO,
catalyst with the high valence of the W catalytic center reached
an outstanding 98.5 + 3.2 pg h™' mg .. ' urea yield and 70.1 &
2.4% at —0.2 V vs. RHE.*”> Zn-Cu nanoparticles were also
proposed with a maximum faradaic efficiency of 75%.*° In
another recent work, symbiotic carbon-encapsulated amorphous
iron (Fe(a)@C) and iron oxide nanoparticles (Fe;0, NPs) on
carbon nanotubes (denoted as Fe(a)@C-Fe;0,/CNTs) were
proposed.®* By the same token, FeOOH electrodeposited on
carbon paper delivered 512 pg h™" em™ urea production
rate.®® Combining the theoretical calculations with experimenta-
tion revealed that low spin states in Fe act an electron acceptors
and facilitate the electron pair donation from the filled c orbitals
of the *NO intermediates to vacant Fe d orbitals. This electronic
transfer contributes to a decrease in the rate-determining step’s
energy barrier and enhances the urea yield. Recently Ru/Pt/Pd
nanoparticles were deposited over Cu foam (CF) showing pro-
mising urea productivity with Ru-CF being more effective com-
pared to Pt-CF and Pd-CF.** In(OH); was also studied
successfully as an electrocatalyst for urea electrosynthesis.*®

As shown above, different families of electrocatalysts have
been reported in the literature in recent years.'® These electro-
catalysts contain diverse atomically dispersed (single or dia-
tomic) metal nanoparticles as alloys or oxides or nanoparticles
anchored over the support (Fig. 2). All these materials can be
fabricated using different synthetic processes resulting in dis-
tinct morphologies, and structures and in turn, possess differ-
ent activities and selectivity towards urea formation as
highlighted by a few examples presented in Fig. 2.

In Table 1, the applied potentials, obtained selectivity and
faradaic efficiency of the electrocatalysts used for synthesizing
urea electrochemically are reported.

View Article Online
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As can be seen, all these quantities are very scattered in the
cited literature, indicating that the route pursued is promising
but more investigations need to be conducted for a deeper
understanding of the reaction mechanisms and, consequently,
for synthesizing the optimized electrocatalysts.

Detection methods

In order to avoid ‘“‘false positive” results of urea formation,
isotope-labelled (e.g. *C or '°N) experiments can be performed
to produce and verify clear results regarding the source and the
mechanism of urea formation. For example, NO, as contami-
nants are predominantly present in chemicals and in the
atmosphere, so it is extremely important to validate and prove
that urea produced through the electrocatalysis technique arises
due to the reduction reactions of the reactants and not due to the
presence of unwanted contaminants. Detection methodologies
involving isotope assignments are efficaciously applied to avoid
any misleading indications of urea production, while allowing
the identification of the origin of the produced urea with reason-
able sureness. State-of-the-art characterization tools such as
Fourier-transformed infrared spectroscopy (FTIR), UV-Vis
spectroscopy and nuclear magnetic resonance (NMR) can be
employed to qualitatively and, to some extent, quantitatively
assess the urea formation while determining the chemical
functionalities and isotope assignments, respectively.™®

It is noteworthy that most of the developed electrocatalysts
for urea electrosynthesis lack product selectivity as the reaction
may undergo various inappropriate pathways, leading to the
formation of sub-products and unreacted intermediates.®* Such
sub-products could be of both gaseous and liquid natures and
hence their accurate detection for the precise estimation of
faradaic efficiency becomes a complicated and laborious task.
The sub-products of gaseous nature can involve H,, CO and
unreacted CO, whereas the liquid sub-products could be
HCOO™, CH3;NH, and NH; NO,  and unreacted NO; .'®

Table 1 Comparison of the electrocatalysts used and the urea electrosynthesis performance

Applied potential

Faradaic

Material [V vs. RHE] Urea production rate Selectivity efficiency [%] Ref.
1 ZnO-V nanosheets —0.79 16.56 pmol h™* 23.26 33
2 Zn/Cu —0.8 16 umol h™* 75 29
3 Fe(a)@CFe;0,/CNTs —0.65 1341.3 + 112.6 pg h™" mge, ! 165+ 6.1 34
4 Nitrogen-doped carbon (NC) —0.5 596.1 ug mg~ ' h™! 62 35
5 Cu/ZnO stacked tandem gas-diffusion ~ —0.3 3.2 pmol h™ ' em™ 37.4 36
electrode (GDE)
6 Cu-GS-800 —-0.9 43nmols 'cem? 28 37
7 ZnMn-N,Cl -0.3 413 mmolg ' h™* (N-selectivity 100%) 63.5 38
8 Cu with atomic-scale spacing —0.41 7541.9 mg h™' mge, " 51.97 £ 0.8 39
9 Ag —1.25 (N-selectivity ~100%) ~100 40
10 Ru/Pt/Pd-Cu CF 0.13 151.6 pgh ' em™ 25.4 44
11 B-FeNi-DASC -1.5 20.2 mmol h™* g~* 17.8 43
12 CuOs5¢Zn0s, —0.8 41 41
13 CuWO, nanoparticles —0.2 98.5 + 3.2 ug h™ ' mge, " (N-selectivity 76.2 + 1.7%) 70.1 +2.4 42
14 In(OH); —0.6 533.1 ug h™" mgeq (N-selectivity 82.9%) 53.4 45
15 Co-O-C —1.5 2704.2 + 183.9 mg h™"' mg., " 31.4 + 2.1 16
16 FeNi/NC loaded with FeNi; nanoparticles —0.9 496.5 ug h™' mge, ' 16.58 47
17 Cu-HATNA —0.6 146 gh ' g ! 25 48
18 Mo0O,/C —0.6 1431.5 pg h™' mgeq ' (NH," selectivity over 90%) 27.7 49
19 AuPd nanoalloy —0.5 204.2 pgmg ' h! 15.6 50
20 Core-shell Cu@Zn nanowires -1.02 7.29 pmol em 2 h™* 9.28 51
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Therefore, different in situ and ex situ methods involving
spectroscopic and colorimetric techniques have been used to
identify the targeted products.

One of the established methods used for colorimetric quan-
tification of urea is the diacetyl monoxime method.®® This
method involves the mixing of the standard urea solution,
diacetyl monoxime and thiosemicarbazide solution and acid-
ferric solution in definite proportions and taking absorbance
readings at a particular wavelength, i.e. 1 =525 nm through UV-
Vis spectroscopy followed by driving the calibration curves.? It
should be noted, the by-product NO, ™ is a major interferent to
this method and could largely affect its reliability.*® Yet,
another paper suggests that the concentration of urea may be
affected by NH,".°”%®

Another colorimetric way to quantify the produced urea
could be the decomposition of urea into CO, and ammonia
using urease and then by analyzing the ammonia content prior
to and after the enzymatic decomposition, the quantity of the
produced urea can be estimated.”> However, this method
should not be applied in the electroproduction routes of urea
where ammonia is present as a by-product. Therefore, the
indirect urease method should be coupled with additional
direct methods for urea identification and quantification.?®*?
Recently, Huang et al. employed high-performance liquid chro-
matography-mass spectrometry (HPLC-MS) for urea determi-
nation by getting its benefits of superior resolution,
reproducibility and lower impurity disruption.®® HPLC can
effectively separate the products considering the variance in
the adsorption capacity and affinity, the molecular sizes and
partition coefficient between the mobile and stationary phases.

NMR is an advanced tool able to not only detect the
produced urea and by-products by identifying their signature
peaks but also indicate the nitrogen origin as various nitrates
are present as common contaminants in the environment.'®
"H-NMR spectra can help in effectively figuring out the nitrogen
origin whereas the ">C-NMR spectral examination can identify
the carbon origin in the produced urea. However, it must be
pointed out that the signal-to-noise ratio of an NMR experiment
is proportional to By?, where B, is the magnetic field.”® For this
reason, in the case of urea small concentration, ie. below
5 ppm, the right practice is to use spectrometers equipped with
magnets stronger than 14 T (corresponding to 600 MHz 'H
Larmor frequency) which, today, are accessible to most users.

Another important method for the detection of urea is FTIR.
Lately, Li et al. employed operando synchrotron radiation-FTIR
(SR-FTIR) to probe the bending, wagging and rocking modes of
-NH, in the urea at 1635, 1307 and 1107 cm™* along with the
stretching mode of C-N at 1419 cm ™', evidencing successful
C-N coupling in the urea formation during electrocatalytic
reactions.®® Similarly, Geng and coworkers verified the mecha-
nism of C-N coupling via in situ FTIR that categorically con-
firmed the C-N coupling via the coupling reaction of CO, and
NO; . They further confirmed the formation of the C-N
stretching mode with A; symmetry (at 1000 cm™") via in situ
Raman spectroscopy®* since the in situ Raman can effectively
screen the superficially located species during electrocatalytic

This journal is © The Royal Society of Chemistry 2024
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reactions. By using this technique, Y. Zhao et al. found that the
C-N bond formation, i.e. the rate-determining step according to
the authors, comes from the coupling between the intermediate
*NO, and *CO on the bridging configuration, whose peaks were
observed at 1428 and 1979 cm™' Raman shift, respectively.*?
Along with urea detection, the identification and quantification
of the by-products and intermediates is also an important task
since their involvement not only influences the reaction mecha-
nism but also affects the faradaic efficiency. In addition to the
aforementioned techniques, ammonia can be effectively deter-
mined via the robust indophenol blue or Nessler’s methods
using color reagents,*®”"”> whereas hydrazine can be detected
by the Watt and Chrisp method.*® The gaseous products for
instance CO, H,, N, and methane can be analyzed through gas
chromatography (GC) whereas to quantify NO,™ ion exchange
chromatography (IC) can be used.’” Moreover, the Griess
method is also a suitable way to examine the nitrite content
using UV-Vis spectroscopy.”® Moreover, a very modern techni-
que of operando attenuated total reflection surface-enhanced
FTIR (ATR-SEIRAS) has an outstanding potential to critically
allow the understanding of the NO;~ and CO, co-reduction
mechanism on the electrocatalyst surface in a definite potential
window.? In the achieved ATR-SEIRAS spectrum, the consump-
tion/depletion of particular species or functional groups can be
identified by negative peaks whereas the positive peaks signify
the production or increase in the concentration of specific
species or functionalities. The detection methods used in some
of the recent studies are summarized in Table 2.

A combination of more than one method is anyway strongly
suggested to the operators in order to double-check the results,
have additional confirmations and overcome the limitation of a
specific detection method.

Challenges to overcome and future research directions

Urea electrosynthesis has freshly captured the interest of the
scientific community with the important goal of finding alter-
natives to the energy-intensive and heavily polluting chemical
industries producing fertilizers such as urea. Electrochemical
urea production might be a resolutive solution to replace this
hard-to-abate process with positive economic, environmental,
and social implications. However, despite the fact that urea
electro-synthesis seems to be advantageous, several important
issues and bottlenecks need to be faced and overcome:

(1) The reaction mechanisms are still under debate and may
change between different families of electrocatalysts.

(2) The selectivity is still relatively low, with a few cases
above 70%, with the formation of undesired by-products.

(3) Higher productivity and improved reaction rates need to
be pursued by investigating novel electrocatalyst combinations.

Although a few manuscripts have shown high selectivity
(Table 1), a value up to 100% is needed for industrial applica-
tions. The generation and separation of intermediates and
byproducts necessitate additional installations, posing chal-
lenges to economic viability and system stability. Moreover, to
meet the requirements of the technological process, higher

Energy Environ. Sci., 2024,17, 3739-3752 | 3747
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productivity and improved reaction is also required to be
competitive with the state-of-the-art Bosch-Meiser process.

Ideally, an efficient electrocatalyst should promote C-N
coupling while restricting or suppressing the side reactions,
including  hydrogen  evolution,”>*>*¢  carbon  dioxide
reduction®” and nitrate reduction reactions.*° However, it is
not yet clear which family of electrocatalysts is the most
selective for urea electrosynthesis from the perspective of the
aforementioned considerations. Nevertheless, recent scientific
endeavors on a variety of electrocatalysts including transition
metal-based, single-atom, heteroatomic and bimetallic systems
are intuitive, but still rational design and proper benchmarking
are primarily missing. Strategies to enhance mass transport,
charge delocalization, defect inducement and engineering of
the local coordination of the metal-based active moieties can
augment the activation and durable ultimate transformation of
the intermediates. Therefore, it is essential to elucidate the
exact origin of the electrocatalytic activities during C-N cou-
pling and corresponding urea formation while considering the
physiochemical features and surface chemistry of the given
electrocatalysts. To date, apparently, the presence of two metals
in a bimetallic configuration can boost C-N formation and the
following hydrogenation. However, optimization of reactor
configuration such as the application of a GDE in flow cells
instead of typical H-type cells to provide CO, in gaseous form
other than dissolved form and increasing the nitrate concen-
tration may also help improve the efficacy of the single metal-
based electrocatalysts.*®®® But again, the reaction mechanisms
carried out among bifunctional, tandem, co-catalysis or cas-
cade reactions need to be analyzed thoroughly and well-
understood in order to enhance conversion and selectivity.
Moreover, up to now, urea electrosynthesis has been carried
out simply by applying a fixed electrochemical potential. This
might not be the most suitable route to be pursued, as each
step of the reaction might have its optimum at different
potentials; therefore, alternating the potential might be pur-
sued to effectively transform the intermediates and improve the
overall faradaic efficiency. Similarly, pulsed potentials within
the designated window may help locally increase the concen-
tration of CO, and NO;~ while reducing the pH to help C-N
coupling enriched by *CO and *NH, intermediates.”*

Detection of urea ex situ might encounter issues related to
the presence of by-products that might not be detected. NMR is
a strong solution to this aim. Consolidated methods for study-
ing in situ urea formation and detection during electrochemical
operation are required and needed. The recognition of inter-
mediates and other by-products is not fully developed and not
yet accurate. In situ detection methods are paramount to
decipher the intermediates and product formation during the
reaction and more importantly, to understand the reaction
mechanisms and their coordinates. Having insights into the
reaction mechanisms, in turn, would be beneficial for improv-
ing the electrocatalyst’s behaviors during operation.

Alongside the detection techniques, we highlight the need
for the introduction of model systems that, by a precise control
of surface termination, element distribution, and morphology,
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may allow the deconvolution of the contributions to reactivity.
By simulating various scenarios and parameters, model sys-
tems would provide invaluable insights into designing more
effective electrocatalyst solutions.

Development of novel electrocatalysts and understanding of
the electrocatalysis to be used run in parallel with the need for a
robust method for detecting urea in situ during electrochemical
operations. Many questions remain unanswered and thus
many challenges need to be overcome before this critical
electrochemical reaction will be selective towards urea produc-
tion. However, these initial results seem to be promising and
encouraging for further investigations of the electrochemical
community.
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