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Electrocatalytic urea oxidation reaction (UOR) with a low thermodynamic potential is a perfect substitute for
anodic oxygen evolution process (OER) in the effective generation of hydrogen. However, because of the slow
kinetics of UOR, its potential application for commercial use remains untapped. Nickel-based materials may be
an option for urea oxidation reaction but the heavily filled d orbital prevents enhanced adsorption and activity.
Here, taking into account the adsorption-energy scaling limitations, Co>* with partially filled d orbital is

introduced into nickel selenide to form a heterointerface catalyst (2D CoSey/Nig gsSe) that enhances UOR. As
anticipated, the 2D CoSe,/Nig gsSe electrode displays a low potential of 1.33 V to achieve 100 mA cm™~2 for UOR
while retaining strong durability for 300 h. Further, 2D CoSe,/Nig gsSe catalyst is used as an anode in an anion
exchange membrane flow electrolyzer, which achieved an industrial-level voltage of 1.91 V at 1 A cm ™2 and

robust durability.

1. Introduction

The generation of renewable hydrogen (Hy) from water electrolysis
has been suggested as a potential remedy to mitigate the energy crisis
and environmental problems [1-4]. Nevertheless, this electrochemical
process for large-scale generation of Hy cannot meet the global demand
for Hy due to the high cost needed to drive the kinetically sluggish ox-
ygen evolution reaction (OER) [5-7]. Urea oxidation reaction (UOR) is
industrially significant for the construction of renewable energy systems
mainly because of their lower thermodynamic potential when compared

with oxygen evolution reaction (0.37 V vs 1.23 V) for high-purity Hy in
energy conversion devices [8-11]. Moreover, urea is universally avail-
able in human urine, industrial and sanitary wastewater which makes its
electrolysis more feasible [12,13]. Nonetheless, the major challenges
associated with the 6e- transfer UOR, the slow kinetics, complicated
intermediate species, and high overpotential severely impede its prac-
tical use [14,15].

Noble metal catalysts including Ru-TiO2 and Ti-Pt have proven to be
excellent electrocatalysts for UOR, but their low durability, high cost,
and restricted availability prevent them from being used widely [16].
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Hence, searching for high-performance catalysts for UOR is highly
desired for attaining large-scale hydrogen production in energy-saving
water electrolyzers. Recently, various earth-abundant materials such
as Ni-based materials have been recognized as potential candidates for
urea water electrolysis. Ni-based materials such as oxides [17,18], sul-
fides [19,20], selenides [21,22], and nitrides [23] have been developed
with enhanced performance for UOR. Among these, nickel selenide is
identified as a promising catalyst for UOR [24]. To enhance the activity
of this catalyst, different approaches, including morphological engi-
neering, defect engineering, and heterostructure engineering have been
used in this research field [25]. The utilization of different nano-
structures through material synthesis can enhance the performance of
electrocatalysts. For example, NizSes/NiSe, rod-like nanoarrays [26],
and NiSe; nanoparticle/NiO nanosheets [27] have been fabricated for
superior UOR. In addition, heterostructure engineering allows for the
broad fabrication of hybrids using a variety of transition-metal electro-
catalysts, controlling electron transport and performance due to the
creation of coupling interfaces and the synergistic effects of the formed
heterostructures. For example, numerous heterostructures including
NiSep/MoSe; [28], Ni-TPA@NiSe/NF [29], and NiSe;-NiMoO4 [9] have
been fabricated and investigated.

However, the catalytic activity of nickel selenide is still unsatisfac-
tory in alkaline electrolytes, which is due to the poor adsorption capacity
of Ni sites toward UOR reactants, which makes it difficult to follow
dissociation steps [30]. The insufficient catalytic activity may be caused
by the Ni2* sites in nickel selenide with a densely packed d orbital (3d®)
interacting poorly with water or urea molecules oxygen atoms [31]. It is
challenging to balance the energies in nickel selenides with single-Ni
active sites because of the intrinsic scaling connection of adsorption
energies within reaction intermediates [32]. Hence, the addition of
different sites with strong interaction with oxygen atoms to design a
heterointerface catalyst is sought to be an efficient approach to break
through the adsorption-energy scaling limitations and enhance the
catalytic activity of nickel selenides towards UOR. An effective method
for overcoming the aforementioned issues with transition metal selenide
catalysts is heterostructure engineering. This is because the hetero-
structure interfaces that are created can produce favorable electronic
characteristics, such as optimized adsorption energy from charge
redistribution and enhanced active site from lattice mismatch, and de-
fects [33-36]. Currently, CoSe; has been suggested as a prospective
electrocatalyst promoter because of its distinctive properties, such as the
provision of active sites to adsorb urea molecules and its excellent
durability. Hence, designing cost-efficient heterointerface catalysts is
essential to enhance reaction kinetics for UOR and also promote the
efficiency of energy conversion devices.

Here, we designed a 2D CoSey/Nij gsSe heterostructure catalyst
through a feasible hydrothermal technique for efficient UOR catalysis.
The electronic coupling between the CoSe; and NiggsSe can initiate
enhanced activity for UOR and this is due to the robust electronic
interaction between metal cations and selenide. Moreover, the 2D
CoSey/Nij gsSe catalyst electrode displays a very low potential of 1.33 V
and strong stability for more than 300 h at 100 mA cm ™2 Theoretical
calculations show that a 2D CoSey/Nig gsSe heterostructure catalyst
optimizes the adsorption/desorption energy of the intermediates by
decreasing the Gibbs free energy barrier of each step in UOR. Addi-
tionally, adopting 2D CoSey/Nig gsSe as the anode for a single-cell AEM
urea electrolyzer enables this electrode to attain a current density of
1 A cm™2 at a voltage of 1.91 V while retaining robust durability for
potential industrial applications. This study provides insights into the
development of effective catalysts for urea oxidation reactions for the
generation of hydrogen (Hy).
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2. Experimental section
2.1. Materials and chemicals

Sinopharm Chemical Reagent Company in China was the source of
the following supplies: nickel (II) nitrate hexahydrate, cobalt nitrate
hexahydrate, urea, ammonium fluoride (NH4F), and ethanol. We bought
powdered selenium (Se) from Aladin Reagent in China. The chemical
reagent company Sigma-Aldrich was the source of Pt/C (20 wt%) and
Nafion (5 wt%). We utilized all of the other reagents we obtained
without purifying them further. Deionized water that has been refined
using a millipore system served as the solvent.

2.2. Preparation of Co(OH)F/Ni(OH)z on nickel foam

In this experiment, acetone, 3 M HCI, ethanol, and deionized water
were used to wash a 2*%4 c¢cm piece of nickel foam in an ultrasonic bath.
Subsequently, the pre-treated nickel foam’s weight was determined. Co
(OH)F/Ni(OH), was synthesized using the following procedures. To
create a homogeneous solution, 2 mmol of Ni(NO3),.6H20, 2 mmol of
Co(NO3)2.6H50, and 8 mmol of urea were combined with 40 ml of
distilled water. Subsequently, 4 mmol of NH4F was introduced into the
homogenous mixture and stirred for 20 mins. The uniform mixture,
together with the nickel foam that had been pre-treated, was put into an
autoclave made of stainless steel. The autoclave was preheated for 7 h at
120 °C in an oven. After the autoclave cooled down, Co(OH)F/Ni(OH)--
NF was treated with deionized water and dried in a vacuum oven set at
60 °C.

2.3. Preparation of 2D CoSez/Niy g5Se nanoplates on nickel foam

Next, using a hydrothermal process, the Co(OH)F/Ni(OH),-NF was
immersed in a solution that included 0.5714 g of NaOH and 0.05 g of
selenium powder in 35 ml of deionized water. After that, the hydro-
thermal process ran for 20 h at 180 °C. The resultant CoSey/Nig gsSe
catalyst was dried in an oven at 60 °C after being cleaned with deionized
water and ethanol. The finished product was designated as 2D CoSey/
Nig.gsSe. The prepared 2D CoSey/Nig gsSe on NF has a mass loading of
1.1 mg cm 2. For comparison, commercial RuO; on NF was coated with
the same mass loading (1.1 mg cm™2) as 2D CoSe,/Nig gsSe.

2.4. Characterizations

The material’s chemical phase was determined by X-ray photoelec-
tron spectroscopy utilizing a monochromatized Al ka excitation and a
PerkinElmer PHI 5000 C instrument. The JEOL JEM-F200 TEM equip-
ment was utilized to evaluate the microstructure and EDS mapping
images using transmission electron microscopy. The measurement of the
crystalline structure of materials was accomplished by X-ray diffraction
images captured using a Rigaku model Dmax/Ultima IV diffractometer
using monochromatized Cu ka radiation (A=0.15418). Elemental anal-
ysis was conducted with inductively coupled plasma-atomic emission
spectroscopy (ICP-AES).

2.5. Electrochemical measurements

In a three-electrode setup, the electrochemical evaluation of this
study was examined for UOR and OER in 1 M KOH with and without
0.5 M urea utilizing an electrochemical workstation (CHI 660E). 2D
CoSey/Nig gsSe and other control materials were applied as working
electrodes, graphite rod, and Hg/HgO were used as counter electrodes
and reference electrodes, respectively. Using the Nernst equation, the
measured potentials were transformed into reversible hydrogen elec-
trodes (RHE). Prior to testing the linear voltammetry, the working
electrode was subjected to many cyclic voltammetry scans at a rate of
100 mV/s. Linear sweep voltammetry was used to construct the
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polarization curves at a scanning rate of 5 mV/s. Additionally, the
electrochemical stability was examined using continuous CV curves for
2000 cycles, and a 5 mV/s scanning rate was used to quickly construct
the polarization curve. To evaluate the stability of 2D CoSey/Nig g5Se,
the chronopotentiometry test was examined at 100 mA cm ™2 for 300 h.

3. Results and discussion
3.1. Physicochemical characterization

To fabricate 2D CoSes/Nig g5Se on nickel foam (NF) substrate, a two-
step hydrothermal approach was employed, as displayed in Fig. la.
Initially, Co(OH)F-Ni(OH), was directly grown on a NF via hydrother-
mal technique with Co?" and Ni?* serving as the metal cations source.
Next, the obtained Co(OH)F-Ni(OH)s/NF was added into a prepared
NaHSe solution for hydrothermal reaction to synthesize CoSey/Nig g5Se
heterostructure. The X-ray diffraction (XRD) pattern was applied to
study the crystallographic structures of the synthesized catalysts. As
displayed in Fig. S1, the XRD pattern of Co(OH)F/Ni(OH), exhibited two
distinct phases Co(OH)F (JCPDS 050-0827) and Ni(OH), (JCPDS 014-
0117). The XRD pattern of as-obtained 2D CoSey/Nig gsSe, CoSey, and
Nig gsSe are illustrated in Fig. 2a. The XRD peaks at 34.2°, 38.6°, 52° and
58.8°, which corresponds to (210), (211), (311), and (321) planes of
cubic phase CoSe; (JCPDS 09-0234) [37] are seen along with Nig gsSe
peaks at 33.3°, 44.7°, 51.2° and 50.3° which correspond to (101), (102),
(110) and (103) planes of hexagonal phase Nig g5Se (JCPDS 018-0888)
[38], suggesting the formation of heterostructures. The morphology of
Co(OH)F-Ni(OH), was investigated with scanning electron microscopy
(SEM) and it showed a nanoplate structure (Fig. S2). The structure of 2D
CoSey/Nig gsSe was assessed with SEM and transmission electron mi-
croscopy (TEM), in which a plate-like structure of 2-5 pm lateral size is
exhibited (Fig. 1b-c and S3).

Note that the hydrothermally grown NipgsSe and CoSe; show

Process
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nanosheet and nanorod morphology which cover the entire substrate,
respectively (Fig. S4 and S5). The TEM of Nig g5Se and CoSey were also
investigated and the nanosheet and nanorods structures are confirmed
from their respective characterizations (Fig. S6a-b and S7a-b). The EDS
mapping of Nig gsSe (Fig. S6¢) displays a uniform distribution of Ni and
Se over the entire sheet. Similarly, the CoSes (Fig. S7c) nanorod shows
the uniform distribution of Co and Se. The HR-TEM of the as-constructed
CoSey/Nij gsSe exhibited lattice fringes of 0.239 and 0.27 nm (Fig. 1d)
which matches well with the (211) and (101) planes of CoSe; and
Nig gsSe, respectively, further depicting the formation of the hetero-
structure. The related energy-dispersive X-ray (EDS) elemental mapping
images exhibit the uniform dispersion of Co, Ni, and Se throughout the
entire plate (Fig. 1e and S8), indicating the successful formation of a
heterostructure catalyst.

The molar ratio of 2D CoSey/Nij gsSe was obtained using inductively
coupled plasma atomic emission spectroscopy (ICP-AES) and EDS
measurements, as depicted in Fig. S3 and Table S1. The atomic ratio of
Co/Ni/Se in the CoSey/Nig gsSe measured by ICP is around 1:1.31:2.32,
suggesting that the calculated molar ratio of CoSey/Nig gsSe is around
1:1.16, as displayed in Table S1. Additionally, the molar ratio of CoSes/
Nigp.gsSe determined by EDS is around 1:1.19, in agreement with the
ratio obtained from ICP analysis. Overall, the findings based on the
structural and morphological characterizations proved that Co®™ and
Ni2* dual cations successfully integrated in the form of metal selenides
as 2D CoSe,/Nig gsSe heterostructure.

X-ray photoelectron spectroscopy was applied to assess the surface
chemical states and electron distribution between Co and Ni of 2D
CoSey/Nig gsSe. The full XPS survey spectrum (Fig. S9) attests to the
existence of Co, Ni, and Se in 2D CoSey/NiggsSe. Two peaks were
revealed by the XPS of Ni 2p in 2D CoSey/Nig gsSe (Fig. 2b) at binding
energies of 872.8 and 854.9 eV. These peaks are credited to Ni%* 2p; 5
and 2p3,s, respectively [39]. This peak moved to high binding energy in
comparison to Nip gsSe, indicating that electrons are transferred from Co

L
H‘

ydrothermal
Process

2D CoSe,/Niy gsSe-NF

000

Fig. 1. (a) schematic diagram of the synthesis procedure for 2D CoSe,/Nig gsSe via hydrothermal method, (b) SEM image of 2D CoSe,/Nig gsSe, (¢) High magni-
fication TEM image of 2D CoSe,/Nig gsSe, (d) HRTEM image of 2D CoSe,/Nip gsSe, (e) EDS mapping of 2D CoSe,/Nig gsSe showing the various elements.
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Fig. 2. (a) XRD pattern of 2D CoSe,/Nig gsSe, CoSe, and Nig gsSe, High resolution XPS spectra (b) Ni 2p, (c) Co 2p and (d) Se 3d spectra of 2D CoSe,/Nig gsSe.

to Ni atoms. Note that the other two signals belonging to Ni satellite
peaks are also exhibited. This illustrates the optimized electronic
structure of Ni sites as the electrons of Co are transferred to Ni due to the
electronegativity difference between Ni (1.91) and Co (1.88). Further-
more, the high-resolution Co 2p XPS demonstrated binding energies of
780.2 and 796.4 eV, corresponding to Co*" 2ps/, and 2p;/, in 2D
CoSey/Nig gsSe. These peaks shifted to a low binding energy in com-
parison to CoSey [40], as displayed in Fig. 2c. After the formation of the
heterointerface, the XPS peak positions of Ni 2p and Co 2p differ
noticeably (Table S2-S3), further supporting the strong transfer of
electrons between catalysts. The two XPS peaks at 53.5 and 54.3 eV are
linked with Se 3ds/, and Se 3ds3,2 in 2D CoSey/Nig gsSe, respectively,
which also shifted to a lower binding energy when compared with CoSey
and Nig gsSe (Fig. 2d). Note that the peak at 57.7 eV corresponding to
Se-O species is observed as a result of surface oxidation [41]. Hence, the
combined study shows that the hierarchical transition bimetal selenides
heterostructure was successfully synthesized.

3.2. Electrochemical evaluation of UOR

The electrocatalytic performance of designed samples for UOR was
investigated in 1.0 M KOH with 0.5 M urea solution in a standard three-
electrode cell. Unless stated otherwise, all the potentials described here
are reported versus reversible hydrogen electrodes (vs RHE). As shown
in Fig. 3a, 2D CoSey/Nig gsSe exhibited lower onset potential in the
presence of 1.0 M KOH with 0.5 M urea compared to that in 1.0 M KOH.
The potential needed for UOR to attain the current density of
100 mA cm ™2 is about 1.33 V (vs RHE). The increased activity of 2D
CoSey/Nig gsSe for UOR was shown by the significant reduction in
voltage of 90 mV expected to achieve the same current density of
100 mA cm 2 in comparison to OER performance in 1.0 M KOH. Next,
the UOR activity of Co(OH)F/Ni(OH),, CoSes, Nij gsSe, and commercial

RuO; was also assessed in 1 M KOH + 0.5M urea (Fig. 3b), and a
relatively higher potential of 1.64, 1.59, 1.45, and 1.72 V, respectively,
is achieved as compared with the 2D CoSes/Nig gsSe (1.33 V). It is also
interesting to see that the 2D CoSey/Nip gsSe nanoplate showed the
lowest potentials of 1.33 and 1.43 V to attain 100 and 200 mA cm ™2, as
shown in Fig. 3c.

The resulting Tafel slopes derived from steady-state polarization
curves for all samples were calculated and displayed in Fig. 3d and S10
to reveal the UOR kinetics. The Tafel slope analysis was verified using
chronoamperometry measurements, which eliminate capacitive current
and improve accuracy [42]. Considerably, 2D CoSey/Niy gsSe revealed a
Tafel slope of 26 mV dec™ !, which is lower when compared with CoSe;
(36.7 mV dec’l), Nig.gsSe (32.4 mV dec’l), Co(OH)F/Ni(OH),
(52.5 mV dec™ 1) and RuO, (73.2 mV dec™), indicating higher activity
and increased kinetics for UOR. The superior performance of 2D
CoSey/Nig gsSe for UOR also surpasses most of the recently reported
works, as displayed in Fig. 3e and Table S4. The double-layer capaci-
tance (Cqp), which is correlated with the electrochemical active surface
area (ECSA), was analyzed using the CV test at various scan speeds at the
non-faradaic region to ascertain the reasons for a comparatively higher
UOR activity of 2D CoSey/Nig g5Se (Fig. S11). As shown in Fig. 3f, the
calculated Cq; values for the catalysts 2D CoSeo/Nig gsSe (4.62 mF cm™?)
are higher than Co(OH)F/Ni(OH); (1.44 mF cm’z), Nig.gsSe (2.96 mF
em™2), and CoSe; (2.46 mF cm™2), indicating 2D CoSey/Nig gsSe has
higher ECSA and the most exposed active sites in UOR. Moreover, as
displayed in Fig. S12, the specific activity of the designed catalysts was
analyzed by normalizing the current density with ECSA to determine the
catalyst’s intrinsic activity.

The turnover frequency (TOF) values for 2D CoSez/Nig gsSe, CoSes,
and NiggsSe were analyzed and compared using an electrochemical
approach (Fig. S13). The TOF for 2D CoSey/Nij gsSe (0.753 slat1.4V)
is higher than that for CoSe;, (0.53 s 1 and Nig gsSe (0.637 s D). From
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Fig. 3. Evaluation of the UOR electrocatalytic performance. (a) LSV curves of 2D CoSe,/Nij gsSe electrocatalysts in 1.0 M KOH with and without 0.5 M urea, (b)
Polarization curves of NF, Co(OH)F/Ni(OH),, Nig gsSe, CoSe,, and 2D CoSe,/Nig gsSe, (¢) Comparison of potentials at 100 and 200 mA cm 2 current densities, (d)

Tafel plots, (e) Comparison of the overpotential of 2D CoSe,/Nig gsSe at a current density of 100 mA cm

~2 with other reported works, (f) Plots of current density

against scan rates of Co(OH)F/Ni(OH),, Nig gsSe, CoSe, and 2D CoSey/Nig gsSe in 1 M KOH with 0.5 M urea, (g) ECSA and TOFs of the different catalysts, (h)

Chronopotentiometry test of 2D CoSe,/Nig gsSe at a current density of 100 mA cm™~.

Fig. 3g, the ECSA and TOF of 2D CoSey/Nig gsSe are superior to CoSe;
and Nig g5Se, suggesting that the formation of heterointerface with two
active sites (Co®"/Ni%") in 2D CoSey/Nig gsSe is the major contributor to
high intrinsic activity for UOR. Moreover, long-term stability is another
significant factor to take into account when assessing the performance of
a catalyst for UOR. As can be noted from Fig. S14, no change is seen in
the catalytic activity of 2D CoSey/Nig gsSe after 2000 CV cycles, sug-
gesting strong durability of the as-synthesized electrode for UOR. The
long-term stability of 2D CoSey/NipgsSe was further examined via
chronopotentiometry, and slight deactivation was seen at 100 mA cm ™2
during continuous operation for more than 300 h, highlighting the
catalyst potential for UOR-related processes (Fig. 3h). The gas generated
from 2D CoSey/Nig gsSe electrode was bubbled into a transparent Ca
(OH), solution using argon gas. The transparent Ca(OH), solution
exhibited turbidity, indicating the presence of CO; gas in the product
resulting from the UOR process (Fig. S15). Quantification of urea after
the stability test is displayed in Fig S16.

Post-UOR characterization was also investigated to uncover more

2

about the morphology and chemical composition of 2D CoSey/Nij gsSe.
As seen in Fig. S17-19, XRD, SEM, and EDS mapping showed strong
structural stability of 2D CoSes/Nigp gsSe, demonstrated by the well-
preserved nanoplate morphology and crystal structure. Moreover, XPS
spectra of the post-UOR samples were carried out to explore the chem-
ical state of 2D CoSey/Nig g5Se, as displayed in Fig. S20. The XPS spec-
trum of Ni 2p in 2D CoSey/Nij gsSe after UOR shifted to a lower binding
energy when compared with the fresh 2D CoSey/Nij gsSe sample and
showed two distinct peaks at 854.19 and 872 eV which is ascribed to
Ni®* in Nig gsSe [43]. The XPS spectra of Co 2p in 2D CoSey/Nij gsSe
slightly shifted to higher binding energy after the UOR stability test
when compared with 2D CoSey/Nig gsSe [44].

Quasi-in situ electrochemical impedance spectroscopy (EIS) is a
useful characterization method for monitoring the activity of the cata-
lysts’ evolving surface kinetics, electron, and mass transfer during the
catalytic reaction [45]. To unravel the electrochemical UOR mechanism,
Quasi-in situ EIS test was conducted in 1 M KOH with 0.5 M urea uti-
lizing the as-synthesized electrocatalysts 2D CoSey/Nig gsSe, CoSeq, and
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Nig.gsSe. According to Fig. 4a, the 2D CoSes/NiggsSe (5.9 Q) has
significantly lower charge resistance (Rc¢) than Nig gsSe (10.4 Q), CoSe;
(16.7 Q), and Co(OH)F/Ni(OH), (28.2 Q), signifying rapid reaction ki-
netics for 2D CoSey/Nig gsSe.

The potential dependent EIS test in Fig. 4b-d further depicts
measured impedance at different voltages for Rt and the reaction ki-
netics during the UOR process. The measured impedance of 2D CoSey/
Nig.g5Se exhibited the lowest R, when compared to CoSe; and Nig gsSe,
which confirms that the formation of heterostructure catalyst enhances
the Rt and adsorption of intermediates during the UOR process [46,47].
To determine the significant fitting parameters R, the Nyquist plots
should be fitted by similar circuit diagrams. When compared to CoSe;
and Nij gsSe, the fitting changes for R (Fig. 4e) demonstrate that 2D
CoSey/Nig gsSe R is lower, suggesting that the UOR activity exhibits
rapid reaction kinetics, as shown in Table S5-7. The Bode phase plots
also display the phase angle as a function of frequency at various po-
tentials, as seen in Fig. 4f-h. According to the Bode phase plots, the phase
angle of the low-frequency areas of the three catalysts considerably
reduced during the UOR process [3,13]. Additionally, the phase angle of

Applied Catalysis B: Environment and Energy 352 (2024) 124013

the low-frequency region for CoSe, (Fig. 4f) and Nig gsSe (Fig. 4g) cat-
alysts exceeded 1.35 and 1.40V vs. RHE, respectively, indicating
passivation reaction caused by the competition between UOR and OER
[13,48]. Furthermore, the diameter of the low-frequency phase angle of
2D CoSey/Nig gsSe heterointerface catalyst reduces throughout the
whole potential window, indicating high UOR selectivity of 2D
CoSey/Nig gsSe (Fig. 4h). The lower phase peak angle of 2D CoSey/N-
ip.gsSe as displayed in Fig. 4i in the low-frequency region suggests that
the formation of heterointerface is vital for rapid UOR kinetics.

3.3. Urea-assisted anion-exchange membrane electrolyzer

Considering the superior activity of 2D CoSey/Nig gsSe for UOR, we
designed an electrolyzer for urea electrolysis with 2D CoSey/Nig gsSe as
the anode and com Pt/C as the cathode. As displayed in Fig. S21, the 2D
CoSey/Nij gsSe heterostructure catalyst exhibited superior performance
when compared to RuO; at 100 mA c¢m ™2, Furthermore, we constructed
a urea-assisted anion exchange membrane (AEM) electrolyzer (Fig. 5a
and S22, Supporting Information). This electrolyzer was built using 2D
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CoSey/Nip gsSe as the anodic and Pt/C as the cathodic electrode,
respectively. The polarization curves for 2D CoSes/Nig gsSe and RuO, in
1 M KOH with and without 0.5 M urea are shown in Fig. 5b. As antici-
pated, at a cell potential of 1.73 V, the 2D CoSe;,/Nij gsSe catalyst ach-
ieved a UOR current density of 600 mA cm ™2, which is greater than the
RuO;, catalyst (400 mA cm2). The urea-assisted AEM electrolyzer also
showed strong durability for 2D CoSes/Nig gsSe catalysts. The urea-
assisted electrolyzer generated 500 mA cm™2 at 1.68 V for 120 h with
no discernible rise in voltage, demonstrating the possibility of large-
scale energy-saving Hy generation as illustrated in Fig. 5c. Addition-
ally, this electrolyzer is capable of realizing an industrial current density
of 1 A cm ™2 to attain a voltage of 1.91 V, which is superior to RuOs||Pt/
C under the same conditions and operates steadily for more than 20 h
with a slight degradation as exhibited in Fig. S23.

3.4. Mechanism of electrocatalytic urea oxidation reaction

Experimental efforts unveiled that the rationally synthesized 2D
CoSey/Nij gsSe showed superior catalytic activity and robust stability.
To further understand the reaction mechanism and the underlying
reason for the higher activity, in-situ infrared reflection-absorption
spectroscopy (IRRAS) and density functional theory (DFT) simulations
were conducted. From the in situ IRRAS result in Fig. 6a, the C-N
stretching vibration peak for urea adsorbate on 2D CoSey/Nig gsSe is
observed at 1410 cm_l, and its intensity rises with applied voltage [49].
Additionally, the 2D CoSes/Nig gsSe catalyst spectra showed a peak at
1701 cm™! which is attributed to the C=0 vibration intermediate [40].
As the potential is increased, it is found that the CO, vibration peaks at
2390 cm ! increased in 2D CoSey/Nig gsSe [50], which is in direct op-
position to NipgsSe and CoSey (Fig. S24) minimal change in COy vi-
bration peaks and indicates rapid reaction kinetics of CO, desorption in
2D CoSea/Nig gsSe. The urea molecule first undertakes a dehydrogena-
tion process to generate CO(NH3)2* on 2D CoSey/Nig gsSe, CoSep, and
Nip.gsSe which corresponds to an energy of —0.42, —0.35, and —0.38 eV,

respectively (Fig. 6f).

As observed in Fig. 6a, the N-H vibration in amide (-NH) groups,
which is thought to be the key intermediate during urea oxidation, was
responsible for the peak discovered at 2950 cm ™! [29]. In comparison
with the CoSe; and NipgsSe counterparts, the 2D CoSey/NiggsSe
enhanced C-N fragmentation facilitates *NH adsorption, resulting in a
high *NH adsorption and less OH- coverage, thus inhibiting OER during
UOR. As a result, the UOR energetics for the C-N fragmentation route
with various local concentrations of urea adsorbate on 2D CoSes/N-
ip.g5Se were observed. Further, DFT calculations were conducted to
investigate the distinct UOR reaction pathway on prepared 2D
CoSey/Nig gsSe heterointerface in more detail. The 2D CoSes/Nig gsSe
atomic structure model was designed based on findings corroborated by
experimental characterizations, where dual metal cations species
Co?*/3*/Ni%* are more dominant in the vicinity close to the surface and
Se atoms are mostly located on the surface sections (Fig. S25).

To further analyze the electronic structure of the catalyst, the pro-
jected density of states (PDOS) and partial DOS for 2D CoSey/Niy gsSe,
Nig gsSe, and CoSe; (Fig. 6b and Fig. S26-29) was computed. The results
indicated much distribution of density of states over the Fermi level for
the 2D CoSey/Nig gsSe heterointerface as compared to CoSey, and
Nig gsSe species. Moreover, PDOS studies of 2D CoSe,/Nig gsSe hetero-
interface (Fig. 6b) suggested high involvement of the d-orbital of both
transition metals in the density of states. This finding implies a signifi-
cant improvement in electrical conductivity and electron transport in 2D
CoSey/Nig gsSe, which is advantageous for boosting electron transfer
during UOR for enhanced activity. Hence, 2D CoSey/Nig gsSe can boost
the charge transfer for UOR which could be credited to the hetero-
interface formed. Fig. 6¢ depicts the primary UOR reaction pathway on
the 2D CoSey/Nip gsSe heterointerface catalyst. The Co element within
the heterostructure catalyst was primarily employed to increase the
activity of the NipgsSe catalyst due to an appropriate electronic
configuration Co-atom, which might promote electronic communication
at the CoSey/Nig gsSe materials heterointerface.
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Moreover, the formation of a heterointerface between CoSes; and
Nig gsSe material offered a dual-atomic arrangement in appropriate
proximity to catalyze the urea electrooxidation. In the initial stage, the
catalyst surface facilitated the adsorption of urea molecules. Subse-
quently, the removal of four hydrogen atoms resulted in the formation of
an intermediate species (*CON3). The Co- and Ni- atoms of this inter-
mediate species then underwent coupling with O- and N-atoms,
respectively, because of the high affinity of O-atom towards the Co-
element. It is important to note that the strong C-N bond must be
immediately broken with the evacuated energy of 1.89 eV. Nonetheless,
if the intermolecular N-N coupling mechanism is linked, C-N breaking
will be very simple since the energy produced during N-N coupling will
be equivalent to the energy needed for C-N cleavage. Based on pub-
lished studies, we conjectured that N-N coupling preceded the breakage
of the C-N bond [29,51]. When the potential is applied, the two N atoms
on the CON; intermediate separate to produce Ny and discharge Ni
active sites. Concurrently, the residue of C=0 was penetrated by OH™ to
generate the OH-C—O structure.

The adsorption behavior of intermediates and reaction mechanism
on the 2D CoSey/Nij gsSe heterostructure is further investigated after
analyzing its intrinsic electronic characteristics. Initially, the competi-
tive adsorption behavior between CO(NH)2* and OH* on 2D CoSey/
Nip gsSe was investigated. Urea may be able to fill the Ni active sites
more efficiently than OH*, as displayed in Fig. 6d, where the adsorption
energy of CO(NH3)2 on 2D CoSey/NipgsSe is —1.05 eV, which is
considerably lower than the adsorption of OH (-0.45 eV). This creates
the likelihood of UOR occurring before OER since UOR requires the
adsorption of urea molecules. According to the charge density difference
of 2D CoSey/Nig gsSe-CO(NH>), adduct, there are significant electron
transfers at the heterointerface between NijgsSe and CoSes, as well
linker site (O*) of urea, indicating the charge redistribution and elec-
tronic interaction within the 2D CoSey/Nij gsSe heterointerface as well
as urea adsorption on Co site, as shown in Fig. 6e. The calculated free
energy diagram for 2D CoSey/Nig gsSe heterointerface showed a lower
Gibbs free energy when compared to NipgsSe and CoSey, as shown in
Fig. 6f and Table S8. Thus, theoretical simulations show the
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thermodynamically favorable process of UOR on the surface of a 2D
CoSey/Niy gsSe heterointerface catalyst supporting the viability of trig-
gering UOR via the heterostructure engineering technique. This suggests
that the 2D CoSes/Nig gsSe heterointerface catalyst is preferable for the
desorption of CO; than the Nig gsSe and CoSey, which is consistent with
the observation of CO; release by the In-situ IRRAS analysis. Hence, the
suggested UOR mechanism on the 2D CoSey/Nig gsSe surface is CO
(NH3)2*— *OCNN*— *OCNy*—>COOH*— CO3* —*4+COy as seen in
Fig. 6g.

4. Conclusion

In summary, the 2D CoSey/Nig gsSe nanoplate heterostructure was
fabricated through a feasible two-step hydrothermal treatment as an
efficient and stable electrocatalyst for UOR. Benefiting from hetero-
structure engineering with synergistic effects within 2D CoSey/Nig gsSe,
the electrocatalyst exhibited UOR performance at a very low potential of
1.33 V at 100 mA cm 2, as well as impressive strong durability with no
noticeable deterioration for more than 300 h of operation. Additionally,
using 2D CoSey/Nig gsSe as the anode for a single-cell AEM urea elec-
trolyzer enables this electrode to attain an industrial current density of
1 Acm™2 at a voltage of 1.91 V while maintaining strong durability.
Density functional theory simulations indicate that the interface inter-
action between CoSe; and Nig gsSe enhances adsorption energies and
UOR kinetics, hence improving the electrocatalytic activity. This study
offers new perspectives on the development of efficient heterostructure
catalysts for potential applications in the electrosynthesis of chemicals/
fuels as well as green energy conversion and storage.
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