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. . . . ) 1. Introduction
Despite recent achievements in the co-reduction electrosynthesis of urea from

nitrogen wastes and CO,, the selectivity and yield of the products remain fairly
average because of the competition of the NITRR, CO,RR, and HER. Here,

Owing to the urgent need for environmen-
tal protection, energy conservation, and car-

a strategy involving FeNC catalysts disperse with oxygen-vacancy-rich CeO,
(FeNC-Ce) is illustrated, in which the reversible hydrogenation of defects,
and bimetallic catalytic centers enable spontaneous switching between

the reduction paths of NO;~ and CO,. The FeNC-Ce electrocatalyst exhibits
an extremely high urea yield and Faraday efficiency (FE) of 20969.2 pg mg~!
h=" and 89.3%, respectively, which is highly superior to most reported values
(maximum urea yield of 2002300 ug mg=" h=", FE,,, of 11.5%-83.4%).
The study findings, rationalize by in situ spectroscopy and theoretical
calculations, are rooted in the evolution of dynamic NITRR and CO,RR
co-reduction involving protons, alleviating the overwhelming single-system

bon dioxide (CO,) fixation to mitigate cli-
mate change and environmental energy
crises, studies have recently focused on the
electrochemical synthesis of urea.l!> Urea
is one of the most commonly used nitro-
gen fertilizers and can be synthesized by
a continuous reaction of N, + H, - NH,
and NH; + CO, — urea, both of which are
energy-intensive and demanding.[®”] Urea
production powered by renewable electric-
ity using nitrate (NO;~) and CO, as feed-
stocks is a promising alternative to the
traditional method. However, the research

reduction of reactants and thereby minimizing the formation of by-products.
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demonstrating practical solutions for large-
scale urea electrosynthesis is limited.!®]
The challenge is that the hydrogenation
processes for NO,~ and CO, compete with each other. Further-
more, both processes should occur in nearly the same location
for smooth C—N coupling.[*12) With a few exceptions, side reac-
tions, rather than urea production, dominate on multiple electro-
catalysts owing to the overreduction of one reactant.'*!*] Thus, it
is extremely important to develop an efficient electrocatalyst that
can improve the C—N coupling efficiency of reduction reactions
and inhibit harmful hydrogen evolution reactions (HER).

To date, numerous metal-based electrocatalysts have been
investigated for C—N coupling to synthesize urea from CO,
and NO,~, including noble metal- and non-noble metal-based
catalysts.['>2%] However, the high price of precious metals and
rare reserves in the earth’s crust limit the large-scale commer-
cial application of rare metal-based catalysts.*!) Among many
non-precious metal catalysts, iron and iron carbon-based cata-
lysts have attracted considerable attention because of their simple
preparation, environmental protection, low cost, electrochemi-
cal activity, durability, and large-scale industrial application.[22-24]
Owing to the isolated Fe—N active site, Fe—N—C exhibits high
activity and selectivity for the electrocatalytic reduction of NO;~
or CO,.[»] However, questions regarding the role of Fe—N—C
coordination in determining the activity and product selectivity
of such reactions remain. For example, the Fe—N—C site is rela-
tively single, and the selectivity is insufficient in complex multi-
systems (such as NO;~ and CO, co-reduction).l?*?’] This easily
leads to the dominantrole of the side reaction of the NO, ™ electro-
catalytic reduction to NH; (NITRR).[28] To improve the efficiency
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and selectivity of urea electrocatalytic synthesis, it is important to
construct a multi-coupling catalytic center. Cerium oxide (CeO,)
is an inexpensive reducible metal oxide and an excellent carrier
for metal catalysts in many catalytic processes,23% such as CO,
hydrogenation reactions.?!! As a catalyst carrier, CeO, can uni-
formly disperse metals at various scales from the nanoscale to
single atoms.*2] Among them, Ag monatomically anchored CeO,
(Ag,/CeO,) demonstrated an excellent performance owing to the
presence of oxygen vacancies (OVs). This led to the formation
of an Ag—O—Ce** atomic interface, promoting CO, adsorption
and activation and reducing the “COOH-to-"CO reaction poten-
tial barrier.** Although the co-reduction reaction of NO,~ and
CO, can improve the reduction ability of NO,~ and CO,, the
complex multi-proton- and multi-electron-transfer reaction path-
way still hinders urea formation.[****! The co-reduction reaction
involves the tandem generation and consumption of active hy-
drogen (H,4) from water splitting in an aqueous medium.363]
Considering that the high solubility of NO,~ and CO, is not fully
harnessed, the excessive inhibition of water splitting (or compro-
mise to competitive HER) results in an inadequate supply of H,4,
for co-reduction reactions.*®*% Thus, for urea electrosynthesis,
rational strategies are urgently required to regulate the NITRR,
electrochemical CO, reduction (CO,RR), and HER processes to
improve the key reaction kinetics.

In the complex process of urea electrosynthesis, reasonable
strategies are required to scientifically regulate the NITRR,
CO,RR, and HER processes to improve the electrochemical syn-
thesis rate and Faraday efficiency (FE). However, according to
the existing literature, no research exists on this aspect presently,
and the reaction mechanism remains unclear. Here, we selected
a metal iron and cerium-based center, which is cheap, environ-
mentally friendly, and has engineering application potential, to
design a highly dispersed FeNC (FeNC-Ce) catalyst with OV-rich
CeO, for urea electrosynthesis. In situ characterization and den-
sity functional calculation (DFT) were employed to reveal the
mechanism and catalytic role of FeNC-Ce in urea electrosynthe-
sis. The electrochemical properties of the FeNC and FeNC-Ce cat-
alysts in single NITRR, CO,RR, HER, and coupling systems were
verified. The study showed that although FeNC performed well
during a NITRR and was active against the CO,RR and HER,
the intense competition among the three reduction processes led
to low urea yields throughout the reaction pathway. Contrarily,
FeNC-Ce triggered the moderate reduction of NO,~, CO,, and
H, O and enabled simple C—N coupling, providing extraordinary
catalytic properties for urea electrosynthesis.

2. Results and Discussion

2.1. Synthesis and Structural Characterization of Electrocatalysts

FeNC was prepared via a two-step method using 2-
aminoterephthalic acid and ferric chloride as nitrogen, carbon,
and iron sources, respectively, whereas FeNC-M was obtained
by the further addition of CeO, (Figure 1a). Scanning elec-
tron microscopy (SEM) showed that FeNC-Ce evolved from
a triangular pyramid to an orderly hook shape (Figure 1b-f).
The corresponding energy-dispersive X-ray spectroscopy (EDS)
mapping of FeNC-Ce indicated the distribution of Fe/N/O/C/Ce
atoms. The proportion of FeNC-Ce was as high as 84.04%,

Adv. Funct. Mater. 2025, 35, 2423568

2423568 (2 of 12)

www.afm-journal.de

and the high metal content was conducive to the exposure of
metal active centers during the reaction (Table S1, Supporting
Information). Figure 1g shows low-magnification transmission
electron microscopy (TEM) images of the sample, revealing hook
structures. A HRTEM image (Figure 1h) revealed the interplanar
spacings of 0.310 and 0.190 nm, assignable to the (1 1 1) and
(2 0 0) planes of CeO, and Fe, ,N, respectively.[***!] Figure 1i
shows the X-ray powder diffraction (XRD) patterns of FeNC
and FeNC-Ce. The diffraction peaks at the 26 values of 44.992°
and 64.816° were attributed to the (3 1 1) and (3 2 1) crystal
planes of Fe;C (PDF#35-0772), respectively.*?! For the prepared
FeNC-Ce, the peaks of 28.549°, 33.083°, 47.834°, and 69.581°
corresponded to the (11 1), (2 0 0), and (2 0 0) crystal planes of
CeO, (PDF#75-0151)) as well as Fe, ,N (PDF#03-0955),!
respectively. XRD analysis suggested that NM8B tended to
convert to Fe,C and NM8B@CeO, tends to convert to FeNC at
elevated temperatures. As shown in Figure 1j, the surface of
the metallic oxide particles was negatively charged, promoting
the adsorption of positively charged organic ligands onto the
metallic oxide surface. This resulted in the acquisition of positive
charges by FeNC-Ce (1.59 + 0.43 mV) and FeNC (1.9 + 0.33 mV),
which enhanced the adsorption of NO,~.

X-ray photoelectron spectroscopy (XPS) was conducted to
ascertain the chemical functionalization and surface compo-
sition of FeNC and FeNC-Ce. In the O 1s spectra of FeNC
and FeNC-Ce (Figure 2a), characteristic peaks at 529.2 + 0.2,
531.0 + 0.2, and 533.2 + 0.2 eV corresponded to lattice O,
C=0, and O=C—O,*" respectively. In the C 1s spectra of
FeNC, and FeNC-Ce (Figure 2b), characteristic peaks at 284.6
+ 0.1, 285.7 + 0.2, and 288.8 + 0.2 eV corresponded to
C=C/C—C,*] C—N, and O—C=0!**! groups, respectively. The N
1s spectrum (Figure 2c) could be deconvoluted to identify pyri-
dine N (=398 eV),[*’] graphitic N (~400.5 eV), and oxidized N
(~402.6 eV) contributions.**) The Fe 2p; , signals (Figure 2d) ex-
hibited one peak assignable to Fe** (710.0 + 0.2 eV).[*] The Ce 3d
signals (Figure 2e) exhibited peaks assignable to Ce** (885.2 eV),
(898.9 eV) and (904.5 eV) and Ce** (882.00 eV), (897.9 eV), and
(916.2 €V).’% Vacancy defects in the sample were further iden-
tified via Electron paramagnetic resonance (EPR) spectroscopy
(Figure 2f). FeNC-Ce exhibited higher signal peak intensity at g
= 2.003 than FeNC, suggesting more OVs in the CeO,-modified
metal-organic framework (MOF) derivatives, which was consis-
tent with the results of the Raman characterization.®!] In Raman
spectroscopy (Figure S1a, Supporting Information), the I, /I ra-
tio is an index to characterize the degree of graphitization of car-
bon components, 2! and the I, /1 ratio of FeNC-Ce (3.17 + 0.26)
is higher than that of FeNC (1.78 + 0.16). This suggested that
FeNC-Ce exhibited increased porosity and a large number of de-
fective structures.

Figure S1b (Supporting Information) illustrates the magnetic
curves of FeNC and FeNC-Ce. The metal oxide regulated the MIL-
88B(Fe)-derived structure; it had been endowed with magnetic
properties. Owing to the magnetic properties of the FeNC-Ce, the
FeNC-Ce can be easily separated from the electrolyte. In addition,
the FeNC-Ce composite maintained its magnetic properties after
use, confirming its stable structure. Fourier-transform infrared
spectroscopy (FT-IR) revealed two peaks at 1641 and 3456 cm™!
in all the samples, attributed to the stretching vibrations of
the C=C/C=NI>] and OH bonds, respectively (Figure Sic,
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Figure 1. a) Schematic of the synthetic process. SEM images of b,c) FeNC-Ce and d,e) FeNC. f) EDS mapping of FeNC-Ce composition. g) TEM images.

h) HRTEM images of FeNC-Ce. i), XRD patterns. j), Zeta potential.

Supporting Information). At different hydrothermal durations,
no changes in surface groups were observed in FT-IR spectra.
The CeO, modifications preserved some —C(=0)O— bonds,>*]
whereas the M—O bond remained largely untouched.>!

2.2. Evaluation of Catalytic Performance

The electrocatalytic selectivity of FeNC-M and FeNC for urea syn-
thesis was evaluated by chronoamperometry. FeNC exhibited an
FE of below 40% toward urea with the overproducing by-products
(Figure 3a), among which NITRR products (NO,” and NH,)
dominated in the entire potential range investigated. Unexpect-
edly, cerium-modified catalyst (FeNC-Ce) urea was the predomi-
nant reaction product (Figure 3b and Figure S4, Supporting In-
formation). The FeNC-Ce catalyst enabled urea electrosynthesis
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at a yield rate of 2690 + 88.3 pg mg~' h~! with a promising FE of
64.6% at —0.5 versus RHE (Figure 3c and Figure S5, Supporting
Information). The maximum urea yield of FeNC-Ce was ~3.79
times that of FeNC, and the effect significantly improved. Fur-
thermore, the N-selectivity was determined based on the molar
yield of N-containing products, indicating a high proportion of
NO,~ conversion to NO,. However, the FE of the NO,™ prod-
uct was rather limited, compared with that of urea, consider-
ing the extremely smaller number of transferred electrons for
conversion into NO,~ than urea. In addition, the yields of the
by-products (H, and CO) were low (Figure S6, Supporting In-
formation). This property is one of the most critical character-
istics of FeNC-Ce for its excellent urea selectivity. Considering
that the synthesis process of FeNC and FeNC-Ce is almost the
same, the main difference between them may stem from whether
FeNC and O-Ce are added with or without Ce ions. Therefore,
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Figure 2. XPS spectra of a) O 1s, b) C 1s, ¢) N 1s d) Fe 2p, ) Ce 3d, and f) EPR spectra.

we assume that the huge difference in the performances of the
urea synthesis was attributable to the two substances mentioned
above, both of which can act as catalytic centers for the reduction
of NO;™ and CO,.

To evaluate the urea synthesis efficiency of FeNC-Ce, we per-
formed electrocatalytic measurements in electrolytes with differ-
ent NO;~ concentrations (0.01, 0.1, and 1 M) (Figure S7, Sup-
porting Information). The maximum urea electrosynthesis rate
of the FeNC-Ce catalyst at 1 M KNO, + 0.1 m KHCO; and poten-
tial of —0.5 versus RHE reached 20 969.2 yg mg=' h~! and FE_,
of 89.3% (Figure S8, Supporting Information). The FeNC-Ce
electrode exhibited considerable potential for the conversion of
NO,~/CO, into urea, with the associated FEs exceeding 40% un-
der these conditions, reflecting the excellent sensitivity of the pre-
pared electrode. The results showed that the yield of urea quanti-
fied by NMR method was equivalent to that obtained by the ure-
ase decomposition method (Figure S2, Supporting Information),
which confirmed the reliability of this study in product quanti-
tative analysis. These values were superior to those of recently
reported catalysts (maximum urea yield of 200-2300 pg mg™!
h=!, FE,,, of 11.5%-83.4%) working at similar potentials(?836-63]
(Figure 3d). The durability test of FeNC-Ce revealed practically no
degradation in either activity or urea selectivity for 16 successive
runs for a total of 8 h (Figure 3e). After the 16 successive runs,
SEM was performed (Figure 3f), and the results showed that the
morphology of FeNC-Ce catalyst remained basically intact. The
sustained electrocatalytic activity demonstrated the long-term sta-
bility of FeNC-Ce. This stability not only highlights its potential
for practical applications but also provides support for further op-
timization of catalyst design. After 16 cycles of testing, the corre-
sponding XPS results were analyzed (Figure S9a—e, Supporting
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Information). The species of C, Fe, and Ce changed little before
and after the catalyst reaction, while the O and N signals of the
non-metals showed slight variations. After the reaction, the lat-
tice oxygen undergoes transformation and the non-metallic ni-
trogen changes from graphite nitrogen to pyridine nitrogen. In
addition, it can be seen from the FT-IR analysis before and af-
ter the reaction that the main bond structure of the catalyst is
still maintained (Figure S9f, Supporting Information). This re-
sult further proves the stability of the catalyst.

We examined other metal oxide support catalysts, including
FeNC-Ti, FeNC-W, and FeNC-Zn, to co-reduce NO,~ and CO,
(Figures S10 and S11, Supporting Information). Owing to the
competitive NITRR, the urea production of the three catalysts was
negligible. The seesaw between NO,~ and CO, reduction was al-
ways tilted to the former, thereby hindering C—N coupling, which
seems to be a common situation in carbon-supported metal cata-
lysts. Figure S12 (Supporting Information) shows the effect of ap-
plied potentials on the yield rate of urea. Compared with FeNC-Ti,
FeNC-Zn, and FeNC-W, the FeNC-Ce catalyst produced consider-
ably higher yields within the range of —0.4 to —0.9 V versus RHE.
Despite a larger total current density delivered by FeNC-Ti, FeNC-
Zn, and FeNC-W, FeNC-Ce consumed most electrons to generate
by-products, resulting in remarkably poor selectivity toward C—N
coupling. Electrochemical impedance spectroscopy (EILS) tests re-
vealed that the FeNC-Ce exhibited low charge-transfer resistance
and excellent ion-transfer capacity (Figure S13 and Table S2, Sup-
porting Information), probably due to the abundant porosity of
the MOF-derived porous carbon, which enhanced ion transport,
resulting in sufficient electron contact. The introduction of CeO,
species increased resistance slightly, with the R, varying be-
tween 0.329 and 5.751 Q, and the effect on overall resistance was
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Figure 3. FEs of urea and N-selectivity of N-containing products on a) FeNC and b) FeNC-Ce. c) Urea yield rates. d) Comparison of urea formation rate
and FE between FeNC-Ce and reported catalysts. e) Stability test of FeNC-Ce. f) SEM images of before and after the stability test.

negligible. The charging current was plotted at different scan
rates (Figure S14a—e, Supporting Information) to obtain the
double-layer capacitance (Cy) from the slope. Figure S14f (Sup-
porting Information) shows a difference in the orders of magni-
tude in the C;, between the films depending on the composition.
Compared with the contrast electrode, the large specific capac-
itance of FeNC-Ce was 29.3 mF cm™2, indicating that FeNC-Ce
has great potential in electrochemical applications.

2.3. Origin of C—N Bond Formation and Reaction Mechanism

2.3.1. Tracking of Electrochemical Processes and Evolution of
Catalyst

Operando ATR-SEIRAS can provide a better understanding of
the NO,~ and CO, co-reduction mechanism on the FeNC-Ce cat-
alyst. Three bands around 893, 1127, 1600-1700, and 900-1000
cm~! were assignable to C—0, C=0, and N—H, respectively,!64©]
both of which exhibited a marked increase in intensity from —0.3
to —0.9 V (Figures 4a-b and S15, Supporting Information). In
the same system, there may have been a certain mismatch be-
tween the rates of the NITRR and CO,RR. This was because the
strength of the N—H bond exceeded that of the C—O bond during
the co-reduction process. The bands centered around 1228 cm™!
corresponded to the C—N stretching vibration of the reaction
intermediates.[?8] In the voltage range of —0.3 to —0.9 V, their
intensity increased steadily and modestly evolved afterward, re-
flecting the successful coupling of C—N and the production of
urea during the co-reduction of NO;~ and CO,.

ATR-SEIRAS revealed that the CO,RR process may be slower
than the NITRR process. In addition, FeNC-Ce had better urea
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synthesis yield and selectivity than FeNC, which may be related
to the CO,RR process. To further verify the aforementioned spec-
ulation, CO,-TPD and CO-TPD were conducted to evaluate the
thermodynamic adsorption energy of “CO, and the intermediate
“CO on the surface of FeNC and FeNC-Ce. For the CO,-TPD mea-
surements (Figure 4c), the peak strength of CO, desorption for
FeNC-Ce in high-temperature regions exceeded that in the case
of FeNC, indicating that FeNC-Ce exhibited a stronger chemical
adsorption capacity. Thus, compared with FeNC, FeNC-Ce exhib-
ited better adsorption and stabilization capacity for “CO, and “CO
intermediates, which may have helped to accelerate the CO,RR
process. As shown in Figure 4d, FeNC and FeNC-Ce exhibited
good adsorption capacity for CO with a desorption peak in the
low-temperature region (<200 °C) and multiple desorption peaks
in the high-temperature region (200-400 °C). This represented
the chemical and physical adsorptions of CO on the surface, re-
spectively. Under the influence of CeO,, the physical and chem-
ical adsorption of CO by FeNC-Ce significantly increased, along
with the favorable adsorption capability of Ce sites for the “CO
intermediate.

The HER process is one of the key steps in urea production.
Hydrogen content from FeNC-Ce was significantly lower than
that from FeNC, indicating that the hydrogen protons in FeNC-
Ce primarily facilitated the production of urea or intermediates
rather than yielding hydrogen by-products (Figure S6, Support-
ing Information). Thus, we believe that the NITRR is stronger
than the CO,RR during co-reduction. FeNC-Ce exhibited a better
performance of urea production because the introduction of Ce
species enhanced the CO,RR and reduced the production of the
by-product (H,), thereby improving the activity and selectivity of
urea electrosynthesis.
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Figure 4. a) ATR-SEIRAS and b) 3D ATR-SEIRAS spectra of FeNC-Ce at different applied potentials during the co-reduction of CO, and NO; . ¢) CO,-
temperature program desorption (TPD). d) CO-TPD. e) In situ and f) 3D Raman spectra of FeNC-Ce at different applied potentials during the co-reduction

of CO, and NO; ™.

To determine the role of each catalyst component in the elec-
trochemical synthesis of urea, in situ Raman spectroscopy was
used to monitor the FeNC-Ce during the catalytic reaction. A
peak at 1050 cm™! corresponding to the symmetrical stretch-
ing mode of NO,~ was observed (Figure 4e—f and Figure S16,
Supporting Information).°®¢”] The peaks observed at 1170 and
1417 cm™! were assignable to the stretching vibrations of —NH,
and C—N,[%8:] respectively, which increased with an increase in
potential, indicating their formation in the co-reduction of NO,~
and CO,. Furthermore, we observed that the intensity of the D-
band corresponding to 1580 cm™! increased as the co-reduction
progressed, indicating that the defective carbon played a crucial
role in the co-reduction stage.

2.3.2. Mechanism of C—N Coupling via Cooperative
Electroreduction Through NITRR, CO,RR, and HER

To better understand the electrocatalytic property of FeNC-Ce, we
conducted different experiments to evaluate its activity during the
NITRR, CO,RR, and HER, separately. In the individual NITRR,
argon gas was fed into the electrolyte, instead of CO,. FeNC de-
livered a considerably higher NITRR current density than FeNC-
Ce (Figure 5a). This suggests that the simple NM8B-derived sys-
tem (FeNC) promoted the maximum reduction of NO;~ com-
pared with the modified system (FeNC-Ce). However, as shown
in the figure below, the urea selectivity would be adversely af-
fected by the simple NITRR process when the CO,RR process
demonstrates considerably inferior activity during the NITRR.
Although the derived CO,RR current densities were similar for
FeNC-Ce and FeNC, they were one order of magnitude smaller
than the NITRR current densities in individual NO,~ reductions
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(Figure 5b and Figure S17, Supporting Information). For another
side reaction of the HER process, a simple HER process may ad-
versely affect the urea selectivity or current utilization efficiency
if the cathode current is mainly contributed to the HER."®7! We
observed that FeNC can deliver a significantly higher HER cur-
rent density than FeNC-Ce (Figure 5c). With the balance between
the NITRR, HER, and CO,RR achieved during the co-reduction
of NO;~ and CO,, there would be limited opportunity for urea
formation at a single catalytic center if the activity of this site re-
mained unchanged during the reactions.

On FeNC-Ce, the CO, conversion rate obtained by the coreduc-
tive yield of urea and CO exceeds the conversion rate of individual
CO,RR (Figure 5d). This indicates that the presence of NO;~ can
activate the electrochemical conversion of CO,. Based on previ-
ous studies, we ruled out the possibility of CO, coupling with
C—N, the main intermediate of NITRR.I?®] Thus, urea formation
requires CO, hydrogenation, particularly the rate-determining
*CO,—*CO step in CO,RR. In this case, facilitating CO, conver-
sion implied that the NITRR process played an important role
in reducing the energy consumption of this fundamental step.
This reduction can be explained by NITRR-induced changes in
catalytic activity. Over the FeNC-Ce catalyst, the conversion rate
of NO,~ significantly increased after the introduction of CO, as a
reactant (Figure 5e). This implied that the NITRR intermediates
could participate in urea formation but appeared capable of be-
ing activated from the CO,RR intermediates.[?®] In this context,
NO,~ was first reduced at the catalytic center, and the reaction
proceeded to NO,~ through two hydrogenation steps (change
in valency of N from +5 to +3). Here, various NO;~, NO,",
and CO, coupling systems were designed, and NO, -coupled
CO, systems were observed to be more conducive to C—N cou-
pling than NO,~-coupled CO, systems (Figure S18, Supporting
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Figure 5. Control experiments of individual NITRR, HER, and CO,RR. Current density during the individual reduction of a) NO;~, b) CO,, and c) H,O.
d) Rate of conversion of CO, into C-containing products on FeNC-Ce during individual CO, RR compared with co-reduction reaction. ) Rate of conversion
of NO; ™ into N-containing products on FeNC-Ce in individual NITRR compared with co-reduction reaction. f) urea FEs and g) EPR spectra of solutions

catalyzed by FeNC-Ce with different cNO;~

Information). When NO, ~-coupled CO, systems were injected at
different concentration gradients, C—N coupling became more
intense with an increase in the concentration of NO, ™, suggest-
ing that the switch of the reaction path to CO,RR was probably
accomplished in the period of N intermediate formation. Sub-
sequently, CO,RR occurred in the vicinity of the formed NITRR
products, and the CO,RR intermediates readily combined with
the N intermediate to produce urea.

Owing to the remarkable performance of FeNC-Ce under vari-
ous electrolyte conditions, we conducted experiments to describe
the relationship between the urea production and H, ;.. Consider-
ing that the N-containing intermediates that react with H, ;, were
derived from initial NO,~, the concentration of NO;~ (cNO;")
significantly affected the consumption capacity of H,,,. We as-
sessed the urea efficiency of FeNC-Ce at different cNO;~ in 0.1 M
KHCO, (Figure S7, Supporting Information). In the low poten-
tial range (—0.3 V vs RHE), cNO,~ had no significant effect on
urea production due to the limited rate of H, 4, production, which
constrained NO,~ conversion (Figure 5f). However, the urea yield
increased with an increase in FE as cNO, ™ increased at more neg-
ative potentials, suggesting that an adequate supply of H, ;. under
these conditions sustained the H,;, homeostasia and inhibited
competing HER, thereby optimizing the urea production.l’? To
substantiate the rapid conversion of H, 4, cNH; was quantified
via uv-vis spectroscopy under various test configurations. The
findings revealed that Cy;;; on FeNC-Ce was consistently lower
than that of urea under the same potential with different elec-
trolyte configurations, indicating that the utilization efficiency of
H, 4, was very high (Figure S7, Supporting Information). A posi-
tive correlation between cNO,~ and cNO,~ suggested that an ade-
quate supply of H,;, markedly enhanced the conversion of inter-
mediates into urea. The EPR spectra of FeNC-Ce were recorded in
0.1 m KHCO, with varying NO,~ concentrations (Figure 5g). The
intensity of the 5,5-dimethyl-1-pyrroline N-oxide (DMPO) signals
decreased with an increase in cNO,~, vanishing entirely at 1.0 m
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. h) Urea yield rates over FeNC-Ce with and without 0.5 M tertiary butanol (t-BuOH) as a quencher.

cNO;". This demonstrated that H,;, produced by water splitting
was consumed during the NITRR process, which was consistent
with the results of the H,,, trapping experiment (Figure 5h), and
highlights the critical role of H, 4, balance in NITRR.

2.3.3. Theoretical Investigation of Catalysts and Cooperative
Electroreduction Processes

To further determine the fundamental origin of the high selec-
tivity of FeNC-Ce, DFT calculations on the FeNC-Ce crystal cor-
responding to the TEM and XRD results were conducted. The
adsorption process is the premise and cornerstone of catalytic re-
actions, and understanding the adsorption process that plays an
important role in all electrocatalytic reactions is essential for de-
signing effective electrocatalysts.l”>7# Thus, we first investigated
the adsorption behavior of CO, and NO;~ on the surface of the
aforementioned model. For CO, adsorption, the negative adsorp-
tion free energy of FeNC-Ce was —0.99 eV (AG.,), exceeding
that of FeNC (—0.96 eV), which was consistent with the CO, ther-
modynamic results obtained after TPD (Table S3, Supporting In-
formation). The NO; ™~ adsorption free energy (AG.y;) values for
FeNC-Ce and FeNC were —1.99 and —2.26 eV, respectively (Table
S4, Supporting Information). The introduction of Ce sites helped
the catalyst to adsorb CO, and reduce NO,~ adsorption to an
extent.

Considering that urea electrosynthesis involves nitrate reduc-
tion and CO, reduction, understanding the intrinsic links among
single-system NITRR, CO,RR, and HER processes and catalysts
is critical for efficient urea systems. The generation of “"NHj is
an important step in urea production, reflecting the difficulty of
NO;~ reduction. Figure 6a shows the free energy profiles of the
reduction of NO;~ into “NHj; the reduction steps of NO,~ into
“NH; in the two modes were not spontaneous processes. The
main potential-determination step (PDS) on FeNC-Ce was the
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“NOH—"NHOH process with an energy barrier of 2.14 eV. For
comparison, the PDS on FeNC was the "NHOH—"NH with a
high energy barrier of 2.00 eV. The role of FeNC and Ce centers
is shown in the multistage step map of NITRR, indicating that
the free energy required for the introduction of Ce sites exceeded
that of pure FeNC sites. Thus, FeNC sites are mainly respon-
sible for the reaction with NO,~ on FeNC-Ce. The experimen-
tal results showed that the reduction process of CO, was slower
than that of NO;~; however, the relationship between the key in-
termediates and catalyst has not been revealed. Thus, we estab-
lished a relationship between the most important intermediate
“CO for CO,RR and the catalytic center. The “CO, electroreduc-
tion to “CO was endothermic by 0.028 and 3.45 eV for FeNC-Ce
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and FeNC, respectively (Figure 6b). The direct conversion of “CO,
into “CO on the FeNC-Ce surface was energetically more favor-
able than that on the FeNC surface. The innovative coupling of
the Ce site and FeNC significantly improved the CO,RR. As pre-
viously mentioned, the HER process is a key step in urea pro-
duction. The experimental results showed that the right amount
of H,4, can promote the co-reduction reaction; however, the rela-
tionship between the HER process and the NITRR, CO,RR, and
co-reduction processes was competitive. The DFT calculation re-
sults (Figure 6¢ and Table S5, Supporting Information) showed
that the FeNC-Ce catalyst was inert toward the HER, a side re-
action with a reaction-free energy of 0.75 eV, demonstrating the
superior resistance of the HER. Conversely, the reaction free
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energy of HER on FeNC was —1.07 eV. This showed that between
the electrosynthetic urea and HER, FeNC was more competitive
than FeNC-Ce in the HER process. After theoretical studies on
multiple side reactions, we observed that FeNC active species
were frequently associated with a high NITRR and HER. Further-
more, coupling to promote CO,RR active species (such as cerium
species) reduced the overwhelming single-system reduction and
minimized the formation of by-products.

For the co-reduction system, experiments showed that various
nitrogen and carbon intermediates may have contributed to the
urea synthesis. To clarify the possible synthesis path of this sys-
tem, we simulated various N-containing intermediates and cou-
pled reported C—N intermediates and catalysts!”>77] to determine
the relationship between the rate-limiting steps in urea synthe-
sis and the catalytic active center. Figure 6d and Table S6 (Sup-
porting Information) show the free energies of the intermediates
in each step of the urea synthesis. The FeNC decisive steps in-
cluded the formation process of “CONO, — “CONO, "CONHO
— "NCO, "NCO(NOH) - “NCO(NH), with free energies of 1.19,
0.51, and 3.21 eV, respectively. Unexpectedly, for FeNC-Ce sam-
ples, the overall reaction pathway exhibited a kinetically feasible
downward trend, indicating that FeNC-Ce had a naturally opti-
mized catalytic site for electrocatalytic urea synthesis under en-
vironmental conditions. The introduction of the Ce species sig-
nificantly promoted the co-reduction process and alleviated the
one-sided NITRR process.

2.3.4. Catalytic Reaction Mechanism
Based on the above discussion, the electron transfer conver-

sion mechanism within FeNC-Ce mainly encompasses three
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stages: NITRR, CO,RR, HER, and cooperative electroreduction
(Figure 7). In this system, the FeNC co-reduction process is
mainly NITRR, whereas the CO,RR process is relatively slow,
indicating an overwhelming single-system reduction. The intro-
duction of Ce species accelerated the adsorption of CO, and
the intermediate CO and significantly decreased the energy bar-
rier of "CO,—"CO (3.45—0.028 eV). With the introduction of
CeO, species, the HER changed from spontaneous to non-
spontaneous (—1.75—0.75 eV), which reduced the competitive
reduction of the HER. Furthermore, the intermediate product
(H,4s) can promote the hydrogenation process. Surprisingly, the
overall reaction pathway showed a kinetically feasible downward
trend, except that the (NH)CO(NH,)—CO(NH,), showed a cer-
tain rate-limiting step (0.34 eV), suggesting that FeNC-Ce has a
naturally optimized catalytic site for electrocatalytic urea synthe-
sis under environmental conditions. Thus, the system regulates
the HER, NITRR, CO,RR, and coupling processes through dual
active centers (FeNC and Ce—O), thereby mitigating overwhelm-
ing monoreduction and achieving high urea yield and FE.

3. Conclusion

This study proposed the competitive role of three reduction reac-
tions (NITRR, CO,RR, and HER) in the electrochemical synthe-
sis of urea and achieved a balance among the three competitive
reactions in the co-reduction system using the FeNC-Ce electro-
catalyst as a paradigm. The FeNC-Ce had a maximum urea yield
of 20 969.2 pg mg' h~' and FE__, of up to 89.3%, which were
the highest values among all the reported values for urea pro-
duction. This high yield suggested a high application potential
for CO, capture, NO;~ reduction, etc. Various characterizations
and DFT calculations showed that the dominant reaction of the
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FeNC cathode system was the NITRR reaction, and the CO,RR
process was the major rate-limiting step. When coupled with an
OV-rich Ce metal center, the CO,RR process was enhanced, and
the moderate H,,, accelerated the co-reduction reaction, thereby
increasing urea yield and current efficiency. This coupled sys-
tem can confer a high propensity to urea production, resulting
in an unprecedented inhibition of side reactions and providing
a strategy for designing highly selective urea electrosynthesis
catalysts.

4. Experimental Section

Syntheses of FeNC and FeNC-M: Syntheses of NM8B@MO: 2-
aminoterephthalic acid, FeCl; 6H,0, as well as CeO,, WO3, ZnO, and
TiO, were dispersed in N, N-dimethylformamide (30 mL) via ultrasoni-
cation at a molar ratio of 3:3:1. The obtained mixture was reacted in the
oven at 160 °C for 12 h, and the product (NM8 B@MO) was washed three
times with deionized water and ethanol, respectively. NM8B was synthe-
sized in the same way as NM8 B@MO, except that MO was not added.

Syntheses of FeNC-M: NM8B or NM8 B@MO was heated under flow-
ing N, at 900 °C for 2 h to form FeNC or FeNC-M.

Ex Situ and In Situ Characterizations: Ex situ characterizations: Fur-
ther details on XRD, SEM, EDS, TEM, XPS, Raman spectroscopy, FT-IR,
zeta potential, Inductively coupled plasma—-optical emission spectroscopy
(ICP-OES), EPR spectra, thermal conductivity detector (TCD), TPD, were
available in the supporting information.

In Situ Characterizations: Electrochemical attenuated Total Reflec-
tion surface-enhanced infrared absorption Spectroscopy (ATR-SEIRAS)
was performed using INVENIO R FTIR spectroscopy (Bruker). The ref-
erence electrode and the counter electrode were consistent with the
electrochemical test. The co-reduction reaction of NO;~ and CO, was
carried out with CO, saturated electrolyte (0.1 m KNO; and 0.1 m
KHCQO3). In situ Raman characterization was performed using the con-
focal microscope Raman System (Renishaw inVia) at a test wavelength of
532 nm.

Electrochemical Measurements: ~ All the electrochemical measurements
were conducted using a CHI 760E electrochemical station in a three-
electrode H-cell electrolyzer. The catalyst powders (0.01 g) and Nafion
solution (100 ul) were dissolved in ethanol (900 ul) as the ink. Then,
the catalyst ink was coated on 1 x 1 cm? copper foam, and the working
electrode with a load capacity of 2 mg cm~2 was obtained after drying. In
addition, a platinum foil and an Ag/AgCl (saturated KCl) electrode were
used as counter electrode and reference electrode, respectively, and the
chamber was separated by Nafion 117 membrane (DuPont). For each ex-
periment, the applied potential was converted using a reversible hydrogen
electrode. Linear sweep voltammetry (LSV) curves and Cyclic voltamme-
try (CV) with/without NaNOj in the circulating electrolyte were performed
at a scan rate of 5 mV s~'. Electrochemical double-layer capacity (EDLC)
was determined via CV, which was recorded within a potential range of
0.1V around open-circuit potential (OCP) to prevent apparent Faradaic
processes. The response current values (I, and I.) and Cy were deter-
mined from the CV test. The Cy was calculated using the I, and I, and
regarded as an indicator of the active site number.

la—lc
2

—Cyv M

EIS measurements were conducted in an impressed potential window
with —0.02 V. The urea FEs and yield were determined by potentiostatic
test for 0.5 h at the stirring rate of 400 rpm under different potentials (from
—0.5to —0.9 V vs RHE).

Further details on the materials, determination of the concentration
of N-containing species and gas, ex situ characterizations, and compu-
tational methods, are available in the Supporting Information.
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