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ABSTRACT: Electrochemical co-reduction of CO, and
nitrogen sources (N, or NO3") provides a promising route for
ambient urea synthesis, yet suffers from low conversion
efficiency or reliance on fossil fuel-derived NH3/NO5™. Herein,
we present an integrated plasma-electrocatalytic route for
sustainable urea synthesis from ambient air, which involves
the initial plasma-driven air oxidation to form NO, and
followed by electrocatalytic co-reduction of CO, + NO, to
produce urea. Specially, a bifunctional Biga/a-MoO3 catalyst
(isolated Bi single atom on amorphous MoQO;) was designed to
promote both plasma and electrocatalytic processes,
consequently achieving the exceptional urea yield rate of
55.9 mmol-h™'-g”" and Faradaic efficiency of 59.7%. The

combined theoretical calculations and in situ spectroscopic measurements reveal the synergy of Bigx, and unsaturated Mo
sites in boosting the C—N coupling of *COOH and *NH, intermediates for selective urea formation.

KEYWORDS: urea electrosynthesis, plasma activation, electrocatalysis, atomically dispersed catalysts

1 Introduction

Urea (CO(NH,),), a cornerstone of global agriculture, is vital for
enhancing crop productivity and maintaining food security [1].
Industrially, urea is predominantly synthesized via the
Bosch-Meiser process, which combines CO, and NH; under
energy-intensive conditions (150-200 °C, 150-250 bar) [2]. Such an
industrial method consumes large amounts of fossil fuels to
produce enormous CO,, exacerbating significant environmental
challenges.

Renewable energy-driven urea electrosynthesis using CO, and
nitrogen resources offers a promising route to sustainable urea
synthesis under ambient conditions [3]. In particular, urea
electrosynthesis using N, and CO, as feedstocks receives extensive
attention [4-6], whereas its practical application is hampered by the
inert N=N triple bond (941 kJ-mol”) and poor N, solubility,
severely limiting conversion efficiency [7]. Alternatively, NO5
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presents distinct advantages of lower N=O bond dissociation
energy (204 kJ-mol') and higher aqueous solubility [8-11],
enabling more efficient co-reduction with CO, for urea synthesis
[12-17]. Nevertheless, a key bottleneck of using NO;™ feedstock still
remains, as NO;™ generation relies on the fossil-fueled Ostwald
process, which generates significant carbon emissions [18]. This
dependency on carbon-intensive NO;  feedstock weakens the
decarbonization potential of urea electrosynthesis and highlights the
need for more sustainable nitrogen sources.

Non-thermal plasma technology provides a breakthrough
strategy, as it can efficiently cleave the inert N=N bond of N, in the
ambient air to generate active NO, [19-21]. The generated NO, can
be favorably absorbed in an alkaline solution and converted
predominantly into NO, [20]. As a major product of plasma-
driven air oxidation, NO,™ offers a key advantage as the nitrogen
feedstock for urea electrosynthesis, as the NO; -driven route is a 16-
electron process while NO,™ enables a more efficient 12-electron co-
reduction with CO, to produce urea [22]. Accordingly, the NO,™
driven pathway can effectively reduce kinetic barriers and minimize
the competitive side reactions to improve the urea Faradaic
efficiency (urea-FE) and yield rate (urea-YR). In addition, this
plasma-electrocatalytic process replaces the fossil-fuel-derived
NH,/NO; with air-derived NO,, thereby establishing a truly
sustainable route to urea synthesis which minimizes indirect carbon
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emissions while harnessing ambient air as an infinite and green
nitrogen source.

In this work, we present an integrated plasma-electrocatalytic
route to sustainable urea synthesis from ambient air, which involves
the initial plasma-driven air oxidation to form NO, and followed
by co-electrolysis of CO, and plasma-derived NO,™ to produce urea
(ECNU) (Fig. 1(a)). A bifunctional Bigy/a-MoO; catalyst
comprising isolated p-block Bi single atoms on amorphous MoO,
(a-MoO;) was designed to enhance both plasma-driven air
oxidation and ECNU, exhibiting the excellent urea-YR of
55.9 mmol'h™g" and urea-FE of 59.7% in flow cell. The ECNU-
catalyzed mechanism on Bigy/a-MoO; systematically
investigated by combining theoretical calculations with in situ
spectroscopic measurements.
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2 Results and discussion

As shown in Fig. 1(a), the plasma-electrocatalytic process first
employs a non-thermal plasma discharge reactor (Fig. S1 in the
Electronic Supplementary Material (ESM)) to dissociate N, and O,
from air into N/O radicals, which recombine to generate the
reactive NO,. During the discharge, a bright electric spark appears
inside the reactor tube (Fig. 1(b)). After 10 min discharge, the initial
colorless gas stream turns reddish-brown (Fig. 1(c)), confirming
NO, formation. The plasma-derived NO, is then bubbled into an
alkaline KOH solution, where NO, is absorbed and converted into
NO,. From Fig. S2 in the ESM, the control tests (no plasma
discharge or Ar gas) show the negligible NO,~ detection, indicating
that the synergy of plasma and air is essential for NO,~ production.
The NO, and NO;™ concentrations are then quantitatively detected
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Figure1 (a) Schematic of plasma-electrocatalytic process for urea synthesis. (b) Photograph of the tube during the plasma discharge. (c) Photographs of gas color change
in the tube before and after plasma discharge for 10 min. (d) NO," concentrations in different solutions after plasma discharge for 1 h. (¢) NO,” concentrations at varying

discharge times.
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by the ultraviolet-visible (UV-vis) absorption spectroscopy (Figs.
S3 and $4 in the ESM).

Air flow rate is an important parameter that affects gas residence
time and energy conversion efficiency. As the air flow rate
progressively increases, the NO, concentration also rises and
reaches the maximum at 23 L-min™ (Fig. S5 in the ESM). In
addition, as compared to acidic or neutral solutions, NO, is more
likely absorbed in alkaline solution (0.5 M KOH, Fig. 1(d)) and
then converted to NO,~ with the highest yield rate, suggesting that
alkaline solution facilitates the generation of NO,". After 60 min of
plasma discharge at the optimal gas flow rate (23 L'min™) and in
0.5 M KOH solution, the NO, concentration reaches the
maximum of 153.2 mM with a corresponding NO," selectivity of
93.1% (Fig. 1(e)). Moreover, after five successive cycles (Fig. S6 in
the ESM), the produced NO, remains above 150 mM and NO,
selectivity shows minor fluctuations, indicating the excellent system
stability. All these findings corroborate that our plasma process
enables efficient and stable NO,~ generation, delivering a sustainable
nitrogen feedstock for the downstream ECNU-driven urea

(a) (b)

(d) (e)

Bigs/2-MoOj3

electrosynthesis. Specially, the plasma-derived NO,~ production rate
is substantially increased by 35% after using Bis/a-MoOj; catalyst
assembled in the plasma tube (Fig. S7(a) in the ESM), which is
attributed to the enhanced activation and coupling of N,/O, species
on Mo/Big sites (Fig. S7(b) in the ESM).

Bisy/a-MoO; catalyst was prepared by a supercritical CO,
method [23]. The X-ray diffraction (XRD) patterns of a-MoO; and
Bigy/a-MoQjs are shown in Fig. S8 in the ESM. It is observed that no
sharp diffraction peaks are detected for both samples, confirming
the amorphous structure of a-MoO;. The transmission electron
microscopy (TEM) image (Fig. 2(a)) shows that Bigs/a-MoO,
exhibits a typical nanobelt structure. The high-resolution TEM
(HRTEM) image (Fig. S9 in the ESM) reveals a disordered lattice
with no apparent crystalline facets, consistent with the amorphous
structure of XRD patterns (Fig. S8 in the ESM). The aberration-
corrected scanning TEM (AC-STEM) image (Fig. 2(b)) clearly
displays a large number of bright spots, corresponding to Bi single
atoms, which are uniformly distributed on a-MoO; substrate. The
corresponding atom intensity analysis and three-dimensional (3D)
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Figure2 (a) TEM and (b) AC-STEM images of Bis,/a-MoOs. (c) Element mapping images of Bigy/a-MoO;. Bi L;-edge (d) XANES and (e) EXAFS spectra. (f) Wavelet
transform analyses of different samples. (g) EXAFS fitting curves of Bigy/a-MoQO;. (h) Charge density difference of Bis,/a-MoOs.
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surface plot (Fig. S10 in the ESM) reconfirm the isolation of Bi
atoms [24]. In addition, the uniform distribution of Bi atoms
on a-MoO; can also be seen from the elemental mapping images
(Fig. 2(c)). In the electron paramagnetic resonance (EPR) spectra
(Fig. S11 in the ESM), strong and similar g signals appear on
a-MoO; and Big,/a-MoOj; as compared to bulk MoO;, indicating
the presence of abundant oxygen vacancies (O,) on both catalysts.
X-ray absorption near edge structure (XANES) spectra
(Fig. 2(d)) of the Bi L;-edge were recorded to elucidate the Bi
valence state in Bigy/a-MoO;. The white line intensity of Bigs/a-
MoOQ; is between that of Bi’ in Bi foil and Bi** in Bi,O;, which
indicates that Bi carries a partial positive charge. The extended X-
ray absorption fine structure (EXAFS) analysis (Fig. 2(e)) reveals
the coordination environment of Bi. The major peak at 1.53 A
corresponds to Bi-O coordination bond while no Bi-Bi bond
(296 A) is observed, suggesting an atomic-level dispersion of Bi
with no formation of metal clusters or alloy phases [25-28]. The
wavelet transform (WT) analysis (Fig. 2(f)) shows that, unlike the
typical Bi-Bi intensity maximum (8.41 A™) for Bi foil, there is a sole
Bi-O intensity maximum at 546 A" for Bisy/a-MoOj, confirming

(a)

again that Bi exists as a single atom in Bis,/a-MoO;. Moreover, a
quantitative EXAFS fitting (Fig. 2(g) and Table S1 in the ESM)
shows that the isolated Bi atom is coordinated with five O atoms to
form a Bi;—O; structure.

Density functional theory (DFT) calculations reveal the
electronic interactions between isolated Bi atoms and a-MoO,
substrate in Biy/a-MoO;. Charge density difference analysis
(Fig. 2(h)) shows that there is a charge transfer of —1.56e| from Bi
to the neighboring O atoms. This charge redistribution can stabilize
the reaction intermediates in the catalytic process [29-31]. In
addition, the calculated work functions (Fig. S12 in the ESM) reveal
that the addition of Bi reduces the work function of Big,/a-MoO,
(5.972 eV) compared with a-MoO; (7.480 eV). The reduction of
work function facilitates the transfer of electrons between catalysts
and adsorbed species, thereby facilitating the decreased activation
barrier for C-N coupling [32-35].

The ECNU performance of Bigy/a-MoO; was evaluated in a flow
cell (Fig. 3(a)), which can overcome the inherent limitations of CO,
solubility and interfacial mass transfer in a traditional H-cell [36].
The electrochemical tests were performed in a CO,-saturated
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Figure3 (a) Schematic diagram of flow cell. (b) LSV curves of Bigy/a-MoO:;. (c) Urea-YR and urea-FE of Bigy/a-MoO; at different potentials. (d) Comparison of ECNU
performances between a-MoOs, Bis,/a-MoO; and (e) reported catalysts. (f) FEs of various by-products. (g) Cycling measurement of Bigy/a-MoO; at —0.5 V. (h) "C NMR

spectra using “CO, as feeding gas.
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aqueous electrolyte containing plasma-derived NO, (diluted to
0.1 M) and 0.1 M KHCO;. The electrocatalytic activity of Big,/a-
MoO; for ECNU in different gas environments was evaluated using
linear scanning voltammetry (LSV). As shown in Fig. 3(b), the
current density of Bigy/a-MoO; in CO,-saturated electrolyte
increases dramatically compared with that in Ar-saturated
electrolyte, which indicates that Bigy/a-MoO; is catalytically active
for the ECNU. To quantify the urea yield of Bigy/a-MoO;-catalyzed
ECNU  process, chronoamperometric —measurements were
performed (Fig. S13 in the ESM) and the urea concentration was
analyzed by UV-vis absorption spectroscopy. By-products were
monitored simultaneously by both colorimetric and gas
chromatographic methods (Fig. S14 in the ESM). From Fig. 3(c),
the urea-FE of Bigy/a-MoOj; reaches a remarkable 59.7% and the
corresponding urea-YR is 55.9 mmol-h™-g" at the optimal potential
of —0.5 V. In contrast, the performance of a-MoQO; under the same
conditions is obviously lower (Fig. 3(d)), thus highlighting the
crucial role of Big, in substantially improving the ECNU
performance. Notably, the ECNU performance of Bigy/a-MoO; is
superior to the majority of reported catalysts (Fig. 3(e) and Table S2
in the ESM).

The selectivity of Bigy/a-MoO; for ECNU was evaluated by
analyzing the FEs of by-products, including H,, NH;, and CO. As
shown in Fig. 3(f), the urea-FE of Big,/a-MoO; surpasses that of all
by-products, indicating that Bis,/a-MoOs can effectively inhibit the
competing side reactions while promoting the C-N coupling for
urea synthesis. To verify the electrocatalytic stability of Bigs/a-
MoO;, 10-cycle continuous electrolysis and long-time stability tests
were performed. From Fig. 3(g), the fluctuations of urea-FE and
urea-YR during 10-cycle electrolysis are minimal. In addition, the
current density remains stable during 100 h of continuous
electrolysis (Fig. S15 in the ESM), which confirms the excellent
stability of Bigs/a-MoO; in the ECNU process. During and after
stability tests, Bigy/a-MoO; maintains its original structural states
for both Big, (Fig. S16 in the ESM) and a-MoO; (Fig. S17 in the
ESM), confirming the robust catalyst structure.

The nuclear magnetic resonance (NMR) experiments using
®CO, and K"NO, as feedstocks were carried out to clarify C and N
sources in the ECNU electrolysis. It is shown in Fig. 3(h) that the
“"C NMR spectra reveal obvious resonance peaks which are
consistent with the chemical shifts of “"C-labeled urea, proving that
CO, is the only C source [37]. Meanwhile, 'H NMR analysis (Fig.
S18 in the ESM) with K®NO, as the electrolyte shows the
characteristic peaks identical to the standard CO("NH,),
spectra, which identifies NO, as the only N precursor [37].
Moreover, the energy consumption calculations (Fig. S19 in the
ESM) show that our plasma-electrocatalytic route (~ 37.4 kWh-kg™
urea) is less energy efficient than the mature Bosch-Meiser process
(~ 117 kWhkg' wurea) [38]. Nevertheless, our plasma-
electrocatalytic process operates at ambient conditions and avoids
fossil-derived NH/NO;~. Future work will focus on the
optimization of ECNU catalyst and plasma reactor scaling to close
this energy consumption gap while leveraging renewable electricity.

The catalytic mechanism of Big/a-MoO; was analyzed by the
combined DFT calculations and in situ  spectroscopic
measurements. Since NO,  accounts for 93.1% of the plasma-
derived NO,  solution (Fig. 1(d)), the theoretical ECNU analysis
focuses on the NO,/CO, co-electrolysis process. In addition, Big,
site and O,-induced unsaturated Mo (u-Mo) site serve as the
potential active sites for catalyzing the ECNU. As the adsorption of
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NO,™ and CO, on catalyst surface is crucial for triggering the
ECNU, we firstly investigated the NO,/CO, adsorption behaviors
on both Big, site and u-Mo site of Big,/a-MoO;. It is seen from
Fig. 4(a) that Big, site exhibits a more negative CO, adsorption
energy over u-Mo site, whereas a reverse trend is observed for NO,
adsorption, suggesting that Bis, site tends to adsorb CO, while u-
Mo site prefers to adsorb NO,". Hence, in Bigy/a-MoO;-catalyzed
ECNU process, Big, site and u-Mo site serve as the active sites for
activating CO, and NO,, respectively.

During the ECNU process, it is generally categorized into three
steps of NO,” > *NH,, CO, > *COOH (*CO) as well as C-N
coupling of *NH, with *COOH (*CO) > urea [37, 39, 40].
Accordingly, we firstly investigated the free energy diagrams of
NO,™ > *NH, reduction on u-Mo sites for both Bigy/a-MoO; and
bare a-MoQ; catalysts (Fig. 4(b) and Figs. S20 and S21 in the ESM).
It can be seen that there is a similar tendency for both catalysts with
a rate-determining step (RDS) of *NO, > *NO,H. However, a
lower RDS energy barrier is found on Bigy/a-MoO; (0.36 eV)
compared to a-MoO; (0.58 eV), suggesting that NO,” > *NH, is
energetically more favorable to take place on Bigs/a-MoOs. For CO,
> *COOH (*CO) process, it is seen in Fig. 4(c) (Figs. S22 and S23
in the ESM) that both Bigy/a-MoO; and bare a-MoO; facilitate
*COOH formation while retarding further *COOH reduction to
*CO. Likewise, Bigs/a-MoO; (Bigs site) shows a much larger
downbhill energy change (0.88 eV) of CO, > *COOH compared to
0.36 eV for a-MoO; (u-Mo site). These findings demonstrate that
Big, not only facilitates CO, > *COOH, it also stimulates the
adjacent u-Mo site to boost NO,” > *NH,, thereby delivering an
overall enhancement in NO,/CO, co-activation to *COOH/*NH,
on Bigy/a-MoO;.

After *COOH/*NH, formation on Big,/u-Mo sites, we further
investigated the C-N coupling process of *COOH/*NH, for urea
formation. Before *COOH/*NH, coupling, *COOH or *NH, are
required to migrate close to each other (Fig. S24 in the ESM).
Figures 4(d) and 4(e) show that the transition state (TS) energy
barrier (0.65 eV) for *COOH migration from Big, site to u-Mo site
is much higher than that for *NH, migration from u-Mo site to
Big, site (0.37 eV), suggesting that the migration of *NH, is
energetically more favorable and thus the *COOH/*NH, coupling
primarily occurs on Big, site. An additional free energy analysis was
performed for C-N coupling of *COOH/*NH, towards urea
generation (Fig. 4(f) and Fig. S25 in the ESM). It can be seen that
Bigy/a-MoOQ; exhibits a much lower energy barrier of 0.38 eV for
C-N coupling reaction (*COOH + *NH, » *COOHNH,) than a-
MoO; (0.79 €V), confirming the much enhanced ECNU energetics
on Bigy/a-MoOj; towards the urea formation. These results reveal
the synergy of Big, and u-Mo sites on Bigy/a-MoO; in promoting
the C-N coupling of critical *COOH and *NH, intermediates for
target urea formation.

Figure 4(g) shows in situ Fourier transform infrared (FTIR)
spectra on Bigy/a-MoO; from open circuit potential (OCP) to
-0.6 V (Fig. S26 in the ESM). The infrared signal belonging to
*COOH is monitored at 1350 cm™ [39], while the infrared signals at
1660 cm™ correspond to *COOHNH, intermediate [41]. In
addition, the infrared bands assigned to —NH, in urea appear at
1240 and 1180 cm™ [42], and the C-N coupling bond is found at
1420 cm™ [42, 43]. The formation of *NH,, *COOH, and
*COOHNH, can be further verified by the online differential
electrochemical mass spectrometry (DEMS) analysis (Fig. S27 in
the ESM). These collected in situ FTIR and online DEMS findings
are consistent with the above DFT results, demonstrating that
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Figure4 (a) Calculated adsorption energies of *CO, and *NO, on u-Mo site and Big, site of Bigy/a-MoOs. (b) Free energy maps of NO, > *NH, pathway on u-Mo sites
of a-MoOj and Bis/a-MoOs,. (c) Free energy maps of *CO, > *CO pathway on a-MoO; and Bigy/a-MoOs. ((d) and (e)) Calculated TS energy barriers for the migration
of (d) *COOH from Big, site to u-Mo site and (e) *NH, from u-Mo site to Bi, site. (f) Free energy maps of the C-N coupling process for urea generation (*COOH +
*NH, > urea). (g) In situ FTIR spectra of Bis,/a-MoO; during the ECNU electrolysis from OCP to —0.6 V.

Bigy/a-MoO; can efficiently promote the generation of key *COOH (1532 mMh™ and 93.1% NO, selectivity) and excellent urea
and *NH, intermediates and their C-N coupling towards the synthesis performance (urea-YR: 55.9 mmolh™g' and urea-FE:
formation of *COOHNH,, which is finally converted into urea. 59.7%) using a bifunctional Bigy/a-MoO; catalyst. Mechanistic
To investigate the selectivity of Bigy/a-MoO; for urea synthesis, investigations unveil the synergistic effect of Big, and u-Mo sites on
the calculations show that *NH, intermediate on Biss/a-MoO; promoting the C-N coupling of *COOH and *NH, intermediates
preferentially couples with *COOH to generate *COOHNH, rather for selective urea formation, while inhibiting the competitive NH;
than undergoes further hydrogenation to form *NH; (Fig. 528 in generation and HER. By replacing fossil-fuel-derived NH;/NO;
the ESM). In addition, the molecular dynamics (MD, Fig. $29 in the with air-derived NO,, our plasma-electrocatalytic approach paves
ESM) simulations elucidate that Big/a-MoO; can inhibit the the way for scalable and green fertilizer production and
hydrogen evolution reaction (HER) effectively. The radial decarbonization of the chemical industry.
distribution function (RDF) analysis (Fig. S30 in the ESM) indicates
that the interaction between Big,/a-MoO; and NO,/CO, species is . . .
stronger than the interaction bsetween Big,/a-MoO; and Hpspecies. Electronic Supplementary Material: Supplementary material

These results demonstrate that Bigy/a-MoO, can well suppress NH; (experimental and calculation details, additional electrochemical
generation and HER, eventually enhancing the ECNU selectivity measurements, and additional theoretical results) is available in the

for urea synthesis. online version of this article at https://doi.org/10.26599/NR.2025.
94907910.
3 Conclusions Dat dabili
ata avauaopun
In conclusion, the plasma-electrocatalytic approach was successfully ty
developed to realize a truly sustainable urea synthesis from air as All data needed to support the conclusions in the paper are
nitrogen resource, exhibiting high NO,  production rate presented in the manuscript and the Electronic Supplementary
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Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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