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Urea (CO(NH,),) is a vital industrial product with an irreplaceable role in the
production of agricultural fertilizers, pharmaceuticals, and basic chemicals.
Conventionally, urea is synthesized under intense conditions via a two-step
process: the Haber—Bosch process (N, and H, as feedstock to produce
ammonia, 400-500°C, 10—-20 MPa), followed by the Bosch—Meiser process
(NH5 and CO, as feedstock, 180—200°C, 15—25 MPa). These both consume a
vast quantity of fossil fuels, accounting for more than 2% of global energy
consumption, while emitting significant amounts of greenhouse gases (GHG).
The size of this energy and GHG footprint is unsustainable. Research is now
focused on developing low-emission, energy efficient, and sustainable routes
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for urea synthesis. A promising route is the direct synthesis of urea via
renewably-driven electrochemistry, utilizihng CO, and nitrogen-containing
small molecules as feedstocks and bypassing the intermediate step of NH;
formation." This pathway not only avoids GHG emissions but actively
converts the CO, into high-value-added chemicals, thus neatly addressing
both energy and environmental challenges.

The electrochemical synthesis of urea was first achieved by Furuya and
coworkers in 1995 through the co-reduction of CO, and nitrate/nitrite ions
(NO5/NO,) on a copper-loaded gas diffusion electrode.” The C-N coupling is
considered to be the critical step in the process. The adsorption and conver-
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Figure 1. Schematic of interactions between reactants and IL@Cu-ZIF-8 for urea electrosynthesis.

sion of electrophilic *CO/*COOH (» denotes the adsorption site) species from
CO, reduction and nucleophilic *NO/*NH, species from nitrogen precursor
reduction control the reaction kinetics and selectivity. A direct coupling of
*NO, and CO, followed by *CO,NO, — *CO,NH, — *COOHNH, — *CONH, —
*CONO,NH, — *CO(NH,), has also been reported to favor the formation of
the desired C-N bond.’

Construction of a multi-active-center electrocatalyst, that can co-activate
both CO, and NO;/NO,7/NO to faciliate selective C-N coupling, would greatly
assist in efficient urea synthesis. To this end, the kinetics of CO, reduction
and NO5;/NO,/NO reduction should be matched. Given the carbon-to-nitro-
gen stoichiometry of CO(NH,),, a maximized urea selectivity tends to occur
when the generation rate of C-based intermediates is tuned to approach half
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of the formation rate of N-based intermediates. Equally importantly, the
neighbouring active sites should act to effectively stabilize the carbon and
nitrogen intermediates and facilitate C—N coupling by reducing its energy
barrier. The formation of by-products from the competing reduction reac-
tions (e.g., CH, CO, HCOOH, and CH30H from CO, reduction; NO,~, NH,0H,
NHs, and N, from NO;™ reduction; H, from proton/water reduction) also needs
to be suppressed.

Compared to N, with its high triple bond energy of 941 kJ mol™, NO5~
possesses a much lower bond energy (204 kJ mol™). This makes it easier to
reduce to the key intermediate *NO, thus facilitating subsequent C-N
coupling reactions to yield urea. Relative to NO and NO,™ that are highly toxic
and unstable, NO3~ exhibits superior chemical stability and markedly lower
toxicity. Therefore, urea electrosynthesis utilizing CO, and NO3™ has recently
triggered much interest. Among various metal catalysts, Cu stands out for its
unique capability to bind *NO and *CO while exhibiting low affinity for *H
species. Nevertheless, pure Cu catalysts display poor urea faradaic efficiency
(FE) and also require application of strongly negative potentials; usually from
—-0.6 to =1.5 V versus (vs.) reversible hydrogen electrode (RHE). To address
these limitations, several strategies have been adopted, including adjusting
morphological structure, altering composition, regulating chemical state, and
optimizing local microenvironments.’ Despite these research efforts, Cu-
based catalysts still suffer from poor long-term durability and slow urea yield
rate.

Recently, Han et al. presented an innovative “ionic liquid (IL) bridge" strat-
egy toenhance urea electrosynthesis.” The as-prepared catalyst (IL@Cu-ZIF-8)
incorporated  1-butyl-3-methylimidazolium  bis  (trifluoromethylsulfonyl)
imide (BmimNTf,) and Cu(ll) into the zeoliticimidazolate framework-8 (Figure 1).
It delivered a urea generation rate as high as 140 ymol h™" cm™ (42,000 mg
h™' get ) and a urea FE of up to 55.3% at an applied potential of —0.5 V (vs.
RHE). 94% of the FE was retained even after 100 hours of continuous elec-
trolysis. In particular, 0.53 g of pure urea was attained after 5 hours of elec-
trolysis on a 25-cm” electrode with the cathodic current above 1.8 A and yield
rate exceeding 0.1 g h™', which underscores its potential for practical applica-
tion. It was found that urea production was siginificantly affected by the
cation structure rather than the anion, with limidazolium cations with a
C(2)—H atom being more effective in boosting urea yield.

Electrochemical impedance spectroscopy and kinetic isotope effect
measurements suggested a higher *H coverage on the surface of IL@Cu-ZIF-8
compared to Cu-ZIF-8. Molecular dynamics simulations, validated by attenu-
ated total reflection surface enhanced infrared absorption spectroscopy,
confirmed strong and specific interactions between the Bmim* and reactants
and intermediates. A possible reaction pathway was proposed based on
density function theory calculations: *CO + *NO, — *CONO, — *CONOOH —
*CONO — *CONOH, — *CON — *CONH — *CONH, — *CO(NH,), — urea.
The calculated potential determining steps were *CO, — *COOH for CO,
reduction reaction and *NO5; — *NOsH for NO5~ reduction reaction. Mecha-
nism studies revealed the IL on the catalyst acted as a dynamic molecular
bridge, efficiently connecting active copper centers and reactant molecules
via charge-quadrupole, electrostatic, and hydrogen bonding interactions. This
configuration optimally confines and concentrates the reactants near the
active sites, thereby enhancing the generation of key *CO and *NO intermedi-
ates and bringing them into closer proximity. Concurrently, the IL effectively
inhibited the hydrogen evolution reaction, as evidenced by a lower kinetic
isotope effect and a higher Gibbs free energy for hydrogen adsorption.

By lowering the energy barriers for the critical steps in the formation of key
intermediates, this IL-based strategy significantly increased the efficiency of
the electrocatalytic reactions required for urea production. In conclusion, this
work provides an effective strategy for designing advanced electrocatalysts
to expedite complex reactions involving multi-step and multi-proton/electron

transfers. This IL-bridge protocol can be applied to other electrocatalytic
reactions, paving the way for more sustainable chemical synthesis and
energy conversion opportunities. However, whether the IL and Cu(ll) in the
catalyst will retain stability after longer electrolysis, such as over 100 h, or at
higher current densities, exceeding the 110.5 mA cm™ reported, needs to be
further explored.

The electrocatalytic coupling of C—N bonds for urea synthesis holds great
promise for broadening application prospects. Using NO5™ as a reactant offers
an ingenious way to integrate two energy-intensive processes—urea synthe-
sis and wastewater denitrification—into a sustainable pathway. However,
most electrocatalysts were tested under ideal lab conditions with high-
concentration nitrate and high-purity CO,. In reality, nitrogen-containing
wastewater has much lower nitrate levels (e.g, ~200 ppm) and a more
complex composition. To reduce reliance on purified reagents and accelerate
commercial production, it is crucial to directly use actual wastewater or
simulate realistic wastewater environments and industrial waste gases (such
as CO, from coal-fired power plants). In addition, to meet the demands of
industrial-scale application, the design and development of electrocatalysts
that can sustain extended cycles (thousands to tens of thousands of hours)
at high current densities (exceeding 200 mA cm™) will be crucial. Integrating
alternative sources like N,, CO, and formic acid could lead to new reaction
systems, expand candidate feedstock materials, and enhance process
sustainability. Combining additional energy sources (e.g., pulsed electrolysis)
into the urea production process could improve energy efficiency. The yields
of urea could also be further enhanced by integrating electrocatalytic oxida-
tive coupling of CO and NHj at the anode.
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