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Due to the environmental pollution and high energy consumption associated with the conventional
industrial Bosch—Meiser method, electrocatalytic urea synthesis emerges as a promising and sustainable

alternative route. In this work, we constructed and utilized nitrogen-doped porous carbon loaded with

bimetallic FeNiz alloy nanoparticles as an efficient electrocatalyst for synthesizing urea from carbon
dioxide (CO,) and nitrate (NO3z™). The created FeNisz alloy within FeNi/NC served as the active site for the
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C—N coupling reaction, generating a higher urea yield of 496.5 ng h™ mg... ~* with a correlating faradaic
efficiency (FE) of 16.58% at —0.9 V versus the reversible hydrogen electrode (vs. RHE), when in comparison
to monometallic Fe/NC and Ni/NC catalysts. Moreover, we also monitored the urea generation process

via in situ Raman spectroscopy technology, which enabled the identification of two critical reaction spe-

rsc.li/frontiers-materials

1. Introduction

Urea, an indispensable nitrogen source in agricultural fertili-
zers, plays a pivotal role in promoting robust crop growth.™
However, the conventional industrial technique employed for
urea production necessitates the harsh reaction between
ammonia (NH;) and CO, with extreme conditions of elevated
temperatures (150-200 °C) and pressures (100-200 atm).>”
Regrettably, this approach not only engenders substantial
energy consumption but also exacerbates environmental con-
cerns by contributing to the release of CO, emissions.>™° To
surmount these formidable challenges and foster the principles
of sustainable development, it is imperative to explore alter-
native methodologies enabling the synthesis of urea under
milder conditions.'®™* One particularly promising avenue lies
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cies, namely O-C-0O and N-C-N, inferring that C—N coupling acted as the key reaction step.

in harnessing the potential of electrocatalytic C-N coupling to
urea, which effectively utilizes CO, and NO;™ as reactants and
operates under ambient conditions. However, the main issues
present with NO;™ pollutants, i.e., low concentration, compli-
cated composition, heavy metals and chemical oxygen demand,
will lead to decline in electrocatalytic performance.'® For other
nitrogen sources, the intrinsic chemical inertness and low
solubility of N, significantly restrict urea yield and faradaic
efficiency (FE);'* NO,  is unstable and susceptible to nitrate
formation in aqueous solution.'® Thus, NO;~ is more appealing
from an application standpoint as a nitrogen source for the
electrocatalytic production of urea with CO,. This indicates that
the innovative approach of electrocatalytic synthesis of urea,
which holds tremendous prospects for attaining efficient con-
version to urea while significantly alleviating the demands for
energy resources, still has a number of challenges that need to
be addressed."®™*°

As widely acknowledged, the composition and structure of
catalysts are of utmost significance in the realm of electrocata-
lytic urea synthesis.>*> Such as, the metal alloying strategy
promotes electronic interactions among the various compo-
nents, which facilitates the creation of more different active
sites for the electrocatalytic reaction to cooperatively activate
the reactants/intermediates and reduce the occurrence of side
reactions.>* > Thus, alloy catalysts have been widely applied in
electrochemical application.’*?® As an exemplification of this
concept, Wang et al. reported an AuPd nanoalloy, with Pd and
Au as the active sites for carbon dioxide reduction reactions
(CO,RR) and nitrate reduction reactions (NO3;RR), respectively,
to synergistically catalyze the formation of urea by C-N
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coupling reaction.?® Given the great potential of alloy electro-
catalysts in the relevant electrocatalytic reaction of urea gen-
eration, and through extensive literature it can be found that
bimetallic FeNi catalysts are expected to be the superior candi-
dates for urea synthesis, ie. nickel-based catalysts exhibit
excellent performance in CO,RR, whereas iron-based catalysts
display remarkable efficacy in NO;RR. For CO,RR, Chen et al.
developed a nickel phthalocyanine (NiPPc) electrocatalyst,
achieving up to 99.8% selectivity of CO.*° Similarly, Lu et al.
introduced a pyridine nitrogen-coated nickel nanoparticle with
core-shell structure, showing up to 90% FE in reducing CO, to
CO.>° For NO;RR, Zhang et al used ultra-thin graphene
nanosheets as protective armor, ensuring long-term catalytic
performance by preventing oxidation and leakage of iron
nanoparticles.® Cu-doped hematite particles also achieved
nearly 100% FE in converting NO;~ to NH;.>> While cobalt-
doping can precise tuning of the d-band center of Fe@Fe,03,
thus achieving NH; selectivity up to 99%.

Taking into consideration the individual advantages of Fe-
based and Ni-based catalysts showcased in the aforementioned
respective reactions, this study designed a FeNi; alloy catalyst
(FeNi/NC) capable of simultaneously adsorbing and activating
CO, molecules and NO;™ ions, leading to efficient urea synth-
esis through the construction of C-N coupling active sites. The
synergistic effect between Fe and Ni components yields remark-
able improvements in the electrochemical synthesis of urea,
with an impressive urea yield of 496.5 pg h™" mg.,. " and a
corresponding FE of 16.58%. This work emphasizes a feasible
methodology for sustainable urea synthesis through metal
alloying and C-N coupling.

2. Experimental section
2.1 Chemicals

Polyvinylidene chloride (PVDC), sodium ethylate (C,HsONa,
96%) were bought from MACKLIN; lignin (Alkaline), Melamine
(99%), and Nickel chloride hexahydrate (NiCl,-6H,0) were
received from Aladdin Biochemical Technology; Iron chloride
(FeCly), nitrate of potash (KNOj;, >99.99% metals basis),
potassium hydroxide (KOH) were acquired through Sinopharm
Chemical Reagent Co., Ltd; Carbon papers (HCP020N) were
provided from Hesen company (Shanghai, China) and
rinsed with acetone, ethanol, and distilled water before being
used. Urease was purchased from Sigma, its activity and
batch number are 20KU and Lot#SLCJ5647, respectively. Milli-
Q ultrapure water (>18 Q) was used in all experiments. All
chemicals were used without further purification.

2.2 Synthesis of FeNi/NC

Firstly, 1 g PVDC, 1 g lignin, 1 g KOH, 0.5 g melamine, 2.04 g
C,H;ONa, 0.3 g FeCl;, 0.15 g NiCl,-6H,0O were meticulously
mixed in an agate mortar and thoroughly ground. The resulting
viscous liquid was then solidified by freezing it with liquid
nitrogen and subsequently transferred to a freeze dryer where
it underwent an 8 hour drying process. Following that, the
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carbonation procedure was initiated. The prepared precursors
were carefully transferred to a quartz boat and placed in a tube
furnace under a N, atmosphere. The temperature was gradually
increased at a rate of 5 °C per minute until reaching 950 °C, and
the samples were maintained at this temperature for 2 h.
Subsequently, the excess fractions of Fe and Ni were eliminated
by subjecting the black powder to a reaction with 1 M H,SO, at
90 °C for a duration of 12 h. The resulting powder was washed
with deionized water until reaching neutrality and subse-
quently dried under vacuum conditions. Lastly, the obtained
powder was once again subjected to carbonization at 950 °C
under a N, atmosphere for 2 h, resulting in the final formation
of the FeNi/NC catalyst. In the aforementioned synthesis pro-
cess, a combination of C,H;ONa and KOH can be employed to
eliminate the Cl element from PVDC. Melamine is served as the
nitrogen source.** It is worth noting that lignin, which contains
abundant hydroxyl and carboxyl groups, plays a vital role in
effectively adsorbing metal ions and facilitating the dispersion
of metal elements on the nitrogen-doped carbon carrier during
the carbonization.**?®

2.3 Synthesis of Fe/NC

The synthesis procedure for Fe/NC followed a similar process to
that of FeNi/NC, with the only difference being the use of
0.389 g of FeCl; instead of the combination of 0.3 g of FeCly
and 0.15 g of NiCl,-6H,0.

2.4 Synthesis of Ni/NC

The synthesis procedure for Ni/NC is the same as that for FeNi/
NC, except that 0.3 g of FeCl; and 0.15 g of NiCl,-6H,0 are
replaced by 0.570 g of NiCl,-6H,0.

2.5 Materials characterization

The morphology of catalysts was investigated by field emission
Scanning electron microscopy (SEM, ZEISS VLTRA-55) and
transmission electron microscopy (TEM, FEI Tecnai G2 F20).
The Raman spectra were acquired on a Renishaw in via Raman
microscope with the 532 nm laser. X-ray diffraction (XRD)
measurements were performed on a D8 ADVANCE X-ray dif-
fractometer (Bruker). The X-ray photoelectron spectroscopy
(XPS) analyses were performed with an ESCALAB 250 Xi X-ray
photoelectron spectrometer. The gaseous products for electro-
catalytic reaction were quantified on a GC9790 plus (FULI
instruments). The '"H NMR spectra were measured on an
Ascend 800 MHz NMR spectrometer (Bruker) equipped with
an ultralow temperature probe.

2.6 Electrochemical characterization

All electrochemical characterizations were conducted using a
CHI 760E workstation integrated with a three-electrode
configuration within a two-compartment cell, which was
divided by a Nafion 117 membrane. The catalyst loading on
the carbon paper (Hesen, HCP-020) was served as the working
electrode, and the carbon rod and the Ag/AgCl (saturated KCl
solution) were applied as the counter and reference electrodes,
respectively. For the preparation of catalyst ink, 2 mg of catalyst
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was dispersed in the mixed solution of deionized water
(500 pL), isopropanol (450 uL) and 5 wt% Nafion (50 pL). After
ultrasonic treatment for 1 h, the homogenous ink was formed
and 50 pL of the catalyst ink was drop-casted onto the carbon
paper with a geometric surface of 1 x 1.5 ecm?, thus the catalyst
loading is 0.1 mg cm ™.

For the electrocatalytic synthesis of urea, the electrolyte was
initially purged with CO, (purity: 99.999%, flow rate: 100 sccm)
for 0.5 h for degassing and CO, saturation. The flow rate was
then adjusted to 30 sccm and the continuous feeding of CO,
was kept during the electrochemical test of 1 h. Then, the
cathode electrolyte was extracted for further analyzation. The
all applied potentials in this work have been converted to the
RHE scale:

E(vs. RHE) = E(vs. Ag/AgCl) + 0.0591 x pH + 0.197

The pH was 3.9 or 6.8 in the presence or absence of CO,
saturation, respectively.

In situ Raman test. A three-electrode flow cell with a quartz
window (C031-3, Gaoss Union, Tianjin) was applied to collect in
Raman spectra data (Renishaw: laser, 2 = 532 nm; power, 5
mW). A gold plate loaded with powder catalyst, Ag/AgCl (Satu-
rated KCl) and graphite rod were used as working, reference
and counter electrode, respectively. The cathode and anode
chambers were separated by the membrane (Nafion 117), and a
CO,-saturated 0.1 M KNOj; electrolyte was continuously passed
into the cathode chamber. The Raman signals at different
applied potentials or electrolysis time were recorded using a
10 s acquisition time.

2.7 Determination of urea and NH;

The generated NH; was quantified using the indophenol blue
method. Three aqueous colorants were employed: (a) 1 M
NaOH (5 wt% sodium citrate, 5 wt% salicylic acid); (b)
0.05 M NaClO; (c) 1 wt% sodium nitroferricyanide. Subse-
quently, the solution was added sequentially with the follow-
ing volumes: 2 mL electrolyte, 2 mL (a) 1 mL (b) and 0.2 mL (c).
The resulting mixture was then incubated under dark environ-
ment for 2 h, followed by the absorbance measurement, and
obtain the amount of NH; according to the calibration curve
between NH; concentration and the absorbance at 662 nm."°
The concentration of urea was determined utilizing the urease
decomposition.>**> The 1.8 mL electrolyte comprising urea
underwent hydrolysis employing 0.2 mL urease (5 mg mL ")
for a duration of 1 h at 37 °C. The quantification of NH;
concentration before and after the hydrolysis experiment was
accomplished utilizing the previously established calibration
curve of NH;. The quantification of urea quantity was based
on the stoichiometric conversion, whereby 1 urea molecule
yields 1 CO, and 2 NH;.

Calculations of urea yield and the faradaic efficiency. The
mole concentration of yielded urea (m,,e,) can be calculated as
followed:

Y _ (my —my)60.06
Turea = 2% 17
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m, and m, are the NH; concentrations before and after the
urease decomposition experiment, respectively.

The urea yield rate of urea was calculated from the following
equation:

R(urea) = [C—V
m

R (urea) represents the urea yield (mg h™" mg... '); ¢ for urea
mass concentration (mg mL~"); v for electrolyte volume (mL); ¢
presents the reaction time (h); m for catalyst mass (mg).

The FE of urea can be acquired through the following
equation:

nkFcv

100
where F for the Faraday constant (96485.3 C mol '), Q for
electric quantity, ¢ for generated urea concentration, v for
electrolyte volume, 7 is the number of electron transfer, which
is 16 for electro-coupling of CO, and NO; ™.

Calculations of the NH; faradaic efficiency. The FE of NH;
was calculated through the following equation:

x 100

nkey
FE(%) =
(%) 170
where F denotes the Faraday constant (96 485.3 C mol %), Q for
electric quantity, ¢ for generated NH; concentration, v for
electrolyte volume, and n represents the number of electron
transfer, which is 8.

2.8 Determination of CO and H,

The thermal conductivity detector (TCD) on the gas chromato-
graph is used to identify H,, while its the flame ionization
detector (FID) is used to detect CO and other hydrocarbons.

Calculations of the CO and H, faradaic efficiency. The FE of
gas product is calculated as following equation:

where n represents the number of transferred electrons (n = 2),
v (mL min') represents the gas flow rate of CO,, and the S,
represents the product peak area, the C, represents the stan-
dard gas product concentration, the S, represents the standard
gas product peak area. The i is the total current measured
during gas collection. P = 101325 Pa, F = 96485 C mol %, R =
8.314 J mol ' K™%, and T = 298.15 K.

2.9 Determination of NO,~

4 g of aminobenzenesulfonamide, 0.2 g of N-(1-teayl) ethylene-
diamine dihydrochloride, 10 mL of phosphoric acid (p =
1.685 g mL "), and 50 mL of deionized water were mixed well
as a coloring agent. Take 0.2 mL of electrolyte, dilute it to 5 mL,
then add 0.1 mL of colouring agent and mix thoroughly. After
the reaction at room temperature for 20 min, the absorption
spectrum was measured by UV-Vis spectrophotometer, and
recorded the absorption intensity at 540 nm. The NO,™
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standard concentration-absorbance curves were obtained using
a series of standard solutions of different concentrations of
KNO,.*”

Calculations of NO,  faradaic efficiency. The FE of NO, ™ is
calculated as the following equation:

FE(%) = nkFcv

= %60 x 100

where F stands for the Faraday constant (96 485.3 C mol %), Q
for electric quantity, ¢ for produced NO, , v is electrolyte
volume, n for the number of electron transfer, which is 2.

3. Results and discussion

The fabrication process of FeNi/NC was illustrated in Fig. 1a.
After the metal source, carbon source, and nitrogen source were
thoroughly mixed, this mixture was sequentially subjected to
the procedures of freeze-drying, carbonization, acid washing,
and pyrolysis to obtain the FeNi/NC sample. And the detailed
procedures could be acquired in the Experimental section. The
morphology of the FeNi/NC, Fe/NC and Ni/NC catalysts were
characterized by SEM in Fig. 1b and Fig. S1 (ESIt), which
revealed a porous structure with thinner carbon nanosheets
randomly anchored or wrapped with metallic nanoparticles
(from ~20 nm to 200 nm in diameter). And high-angle annular
dark-field scanning TEM (HAADF-STEM) also clearly showed
uniform dispersion of the brighter metal nanoparticles in the
porous carbon matrix (Fig. 1c). Meanwhile, in Fig. le-i, ele-
mental mapping showed that C, N, and O elements are
well distributed overall, while Fe and Ni elements are more

a)
PVDC, Lignin, Melamine,
FeCl;, NiCl,-6H,0
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concentrated on the alloy nanoparticles. Moreover, the inter-
planar spacing of 0.355 nm and 0.335 nm, corresponding to the
(100) plane of FeNiz, and (111) plane of graphite carbon,
respectively, can be seen by high-resolution TEM (HRTEM) in
Fig. 1d and Fig. S2 (ESIt). Therefore, it can be inferred that
FeNi/NC forms a nitrogen-doped porous carbon structure with
a large specific surface area of randomly distributed FeNi; alloy
nanoparticles, which facilitates the exposure of active sites and
promotes electron transfer and mass transfer.*®

XRD analysis was employed to investigate the composition
properties of the theses materials. As shown in Fig. 2a, the
diffraction peaks of FeNi, (PDF#88-1715), Fe;0, (PDF#75-0449),
and graphitic carbon (PDF#75-2078) were observed in the XRD
spectra of FeNi/NC, indicating the successful generation of a
FeNi; alloy. However, for Fe/NC and Ni/NC (Fig. S3 and S4,
ESIY), only the respective Fe (PDF#87-0721), Fe;O, (PDF#75-
0033) and Ni (PDF#87-0712) metals were found. Fig. 2b showed
the Raman spectra of these samples to characterize their degree
of graphitization, which exists two typical D (~1350 cm ™) and
G (~1580 cm™ ') bands associated with lattice carbon defects
and sp” hybridized carbon, respectively. Among them, Fe/NC
(1.01), Ni/NC (1.02), and FeNi/NC (1.06) exhibited similar
intensity ratio of Ip/Ig, indicating that there is no significant
difference in the degree of graphitization of these samples.*
Fig. 2c presented the Fe 2p XPS spectrum, where four peaks at
733.5, 728.3, 725.7, and 723.9 eV correspond to Fe** (satellite),
Fe*" (satellite), Fe**, and Fe®" in the Fe 2py,, region, respec-
tively. And in the Fe 2P;/, region, similar peaks at 718.8, 714.7,
712.8, and 710.2 eV were found and attributed to Fe*" (satellite),
Fe®* (satellite), Fe®", and Fe*", respectively. While the remaining

950°C, 2h :))“) Acid picking
— o [ — Y —h
7 freeze drying < N,, 5°C/min Filtration

Fig. 1 (a) Schematic illustration of the synthesis procedure. (b) SEM, (c) HAADF-STEM, (d) HRTEM, and (e—i) elemental mapping images of FeNi/NC.
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Fig. 2 (a) XRD pattern of FeNi/NC. (b) Raman spectra of FeNi/NC, Fe/NC, and Ni/NC. (c) Fe 2p and (d) Ni 2p XPS spectra of FeNi/NC.

peaks at 720.5 of Fe 2p,,, and 707.7 eV of Fe 2p;, are assigned
to Fe(0).*” In the deconvolution analysis of Ni 2p XPS spectra
(Fig. 2d), there are two groups of peaks of Ni** (876.6/859.2 €V)
and Ni (872.2/854.4 eV) accompanied by two shake-up satellite
peaks (879.9/862.3 eV) in the Ni 2p;,, and Ni 2ps/,.*°

The electrochemical performance of FeNi/NC, Fe/NC, and
Ni/NC have been investigated by using a 0.1 M KNO; solution as
the electrolyte, CO, as feeding gas were continuously bubbled
into the H-shaped cell (Fig. S5, ESIt). Linear sweep voltammetry
(LSV) curves for FeNi/NC, Fe/NC, and Ni/NC in Ar or CO,
saturated electrolytes are shown in the Fig. 3a and Fig. S6
(ESIf). Their current densities from —0.2 to —1.4 V (vs. RHE) are
significantly higher in CO,-saturated electrolyte than in Ar-
saturated electrolyte, and the current densities of FeNi/NC were
higher than those of Fe/NC and Ni/NC, indicating FeNi/NC
possess better electrocatalytic activity towards the synthesis of
urea from CO, and NO; . Meantime, the above three materials’
electrochemical impedance spectroscopy (EIS) data (Fig. S7,
ESIT) were also shown to analyze their kinetics properties. Both
of them presented similar charger transfer resistance of ~20 Q,
while the slope of FeNi/NC in low frequency region was more
vertical compared to the other two, which implies that it has
the lowest Warburg impedance, fast ion diffusion and short
diffusion distance.*’ And in the double-layer (C4) measurement
(Fig. S8, ESIY), it can be observed that the Cyq; value of FeNi/NC
is about 1.3 times that of Fe/NC and 1.6 times that of Ni/NC,
which implies that the former has a larger electrochemically
active surface area (ECSA).*>

To further quantitatively assess urea electrosynthesis activ-
ity, chronopotentiometry procedure with different applied
potential from —0.8 to —1.1 V vs. RHE was carried out in CO,
saturated 0.1 M KNO;. The obtained liquid by-products, such
NH; and NO, ", were estimated through chromogenic method,
the corresponding calibration curves of them are shown in
Fig. S9 and S10 (ESIt). While the generated urea was analyzed
by the urease method according to the principle that 1 mol urea
can be decomposed into 2 mol NH; (Fig. S11, ESIt)."* Mean-
while, "H NMR was also employed to identify the produced urea
and NH; after 1 h electrolysis at —0.9 V vs. RHE (Fig. S12 and
S13, ESIt). Moreover, the gaseous products, such as H, and CO,
were monitored by gas chromatography. As shown in Fig. 3b
and c, the urea yield rate and corresponding FE on different
potentials could be calculated through UV-vis spectra and
corresponding calibration curve. It can be observed that as
the applied potential increases, the urea yield rate and FE also
increase, reaching a maximum yield of 496.5 ug h™' mge..
and FE of 16.58% at —0.9 V (vs. RHE). FeNi/NC exhibited
comparable or better urea production activity than previously
reported catalysts (Table S1, ESIT). Furthermore, comparison of
the variability of the crystalline compositions of the three
catalysts mentioned above, it could be seen that FeNi/NC, Fe/
NC, and Ni/NC each corresponded to FeNis/Fe;0,4, Fe/Fe;0y,
and Ni. Among them, the electrocatalytic activity, both in terms
of urea yield and FE, was the highest in FeNi/NC, and it differed
significantly from the other samples as follows the presence of
FeNi; alloy nanoparticles, which implied that FeNi; part played

4956 | Mater. Chem. Front., 2023, 7, 4952-4960 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023


https://doi.org/10.1039/d3qm00627a

Published on 16 d' agost 2023. Downloaded on 15/2/2026 15:52:10.

Research Article

(@)
0 -
& e
£ -5 .
2] v
<
)
= -101
z
Z
=
= -151 ’
§ CO,+KNO,
£ 20 Ar+KNO,
&)
225
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
Potential (V vs.RHE)
25
(c) Fe/NC | 1 FeNVUNC Ni/NC
204
é 154
-
=3
£
3
510
=
=
2
F 5
Il
=
B .
0 T - — I T ]

-0.8 -0.9 -1 -1.1
Potential (V vs.RHE)

Fig. 3

(b)

—~
(="
-~

View Article Online

Materials Chemistry Frontiers

Fe/NC | 1 FeNi/NC Ni/NC

=

-]

S
n

o

00 4
400

300

2004 ' |

-0.8 -(;.9 -Il -ll,l
Potential (V vs.RHE)

Urea Yield (pg h'lmg““'l)

s

o

<
=
S

Urea Yield (ug h'mg,,;") Faradic Efficiency|

-
=3
S
h

5004

]

A\

400 4

w
=1
S

o
=]
S

Urea Yield (pg h"mgm,'l)
Faradic Efficiency (%)

2
S

0 T T T T T T

1 2 3 4 5 6
Cycle number

(a) LSV curves of FeNi/NC measured in Ar and CO, saturated 0.1 M KNOg3 electrolytes. (b) The urea yield and (c) urea FE for FeNi/NC, Fe/NC, and

Ni/NC on the different applied potentials. (d) The cyclic stability test of FeNi/NC for urea synthesis.

an indispensable role as an active part in the urea synthesis
process.

However, these two values including yield and FE gradually
decrease when the potential exceeds —0.9 V vs. RHE, mainly
due to possible competitive hydrogen evolution reaction (HER),
CO,RR, and NOzRR. To verify this speculation, all possible
products during the electrocatalytic urea synthesis process were
identified, including H,, CO, NH3, NO, ", and urea (Fig. S14,
ESIT). It was found that the FE of the by-products increased
significantly at higher negative potentials, leading to a poorer
selectivity of urea. Subsequently, electrocatalytic stability tests
of FeNi/NC, including cyclic experiments and chronoampero-
metry electrolysis, were carried out in CO,-saturated 0.1 M
KNO;. The cyclic test was carried out for 6 cycles at —0.90 V
vs. RHE with each cycle lasting 1 h of electrocatalysis and
almost no decay in urea yield and FE (Fig. 3d), and the current
density profile did not decay significantly after 30 h of con-
tinuity (Fig. S15, ESIt), showing the good reproducibility and
durability of FeNi/NC materials. Also, after 30 h stability test,
the XRD pattern and SEM image of the as-obtained FeNi/NC
were demonstrated Fig. S16 and S17 (ESIt), respectively. It
could be observed that the crystal structure and thinner carbon
nanosheets morphology of FeNi/NC were well preserved,
demonstrating its better robustness. In order to exclude the
possible influence of environmental and chemical interfer-
ences on the experimental results, a series of control experi-
ments were performed to further verify that the urea generated
came from the simultaneous reduction of CO, and NO;~ and
not from pollutants: (i) open-circuit potential of FeNi/NC in

CO,-saturated 0.1 M KNO; for 1 h; (ii) chronoamperometry of
FeNi/NC at —0.9 V (vs. RHE) in Ar-saturated 0.1 M KNO; for 1 h;
(iii) chronoamperometry of FeNi/NC at —0.9 V (vs. RHE) in CO,-
saturated 0.1 M KHCO; for 1 h. In all three cases mentioned
above, the absorbance of the two electrolytes (open circuit and
blank electrolyte; with and without urease) was measured by
UV-vis spectra, and no significant difference was found
between them, which indicated that no urea was detected
(Fig. S18 and S19, ESIt), suggesting that the urea generated
via FeNi/NC catalysis was indeed from the coupling reaction of
CO, and NO; ™.

Moreover, electrochemical in situ Raman spectroscopy was
employed to detect the evolution of bond structures of inter-
mediate species generated during the electrocatalytic process of
FeNi/NC (Fig. 4a and Fig. S20, ESIt). In a CO,-saturated 0.1 M
KNO; solution of Fig. 4b, compared to the noticeable charac-
teristic peak of O-C-O antisymmetrical stretching at 1050 cm ™"
originating from CO;>~ in the open circuit potential,****> peak
intensity of other potential gradually decreases with higher
applied potential from —0.8 V to —1.1 V (vs. RHE), indicating
that growth in the consumption rate of CO;>~, which implies
that for the urea synthesis provides sufficient key intermediates
of *COOH and *CO.**"*® Meanwhile, in situ Raman spectra also
appeared a weak peak at 1000 cm ™ * with prolonged electro-
reduction time (Fig. 4c and d),*”*° which could be attributed to
the N-C-N symmetric stretching model of the urea molecule
and confirmed by the high concentration of the urea solution
(Fig. S21, ESIY), indicating that a C-N coupling reaction
between CO, and NO,~ was indeed occurred.’*>®
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Fig. 4 (a) In situ Raman schematic diagram, (b) in situ Raman spectra at different potentials, (c) in situ Raman plots at different reaction time at —0.9 V vs.

RHE, and (d) corresponding contour plots.

4. Conclusions

In summary, numerous FeNi; nanoparticles loaded on
nitrogen-doped porous carbon were constructed through a
simple carbonization strategy. Conductive carbon substrates
with porous structures not only promote electrocatalytic
kinetics, but also enhance full exposure of active sites. The
obtained catalyst achieve the highest urea yield rate of 496.5 pg
h™' mg.,. ' and FE of 16.58% in CO,-saturated 0.1 M KNO; at
—0.9 V vs. RHE. The in situ Raman spectroscopy and control
experiments confirmed that the generated urea was originated
from the C-N coupling reaction of CO, and NO;.
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