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Abstract: The electro-oxidation of urea (EOU) is a remarkable but challenging sustainable technology,
which largely needs a reduced electro-chemical potential, that demonstrates the ability to remove a
notable harmful material from wastewater and/or transform the excretory product of humans into
treasure. In this work, an NiyP-nanoparticle-integrated porous nickel oxide (NiO) hetero-structured
nanosheet (NipP@NiO/NiF) catalyst was synthesized through in situ acid etching and a gas-phase
phosphating process. The as-synthesized NipP@NiO/NiF catalyst sample was then used to enhance
the electro-oxidation reaction of urea with a higher urea oxidation response (50 mA cm~2 at 1.31 V
vs. RHE) and low onset oxidation potential (1.31 V). The enhanced activity of the Ni;P@NiO/NiF
catalyst was mainly attributed to effective electron transport after Ni,P nanoparticle insertion through
a substantial improvement in active sites due to a larger electrochemical surface area, and a faster
diffusion of ions occurred via the interactive sites at the interface of Nip P and NiO; thus, the structural
reliability was retained, which was further evidenced by the low charge transfer resistance. Further,
the Ni, P nanoparticle insertion process into the NiO hetero-structured nanosheets effectively enabled
a synergetic effect when compared to the counter of the Ni,P/NiF and NiO/NiF catalysts. Finally,
we demonstrate that the as-synthesized Ni,P@NiO/NiF catalyst could be a promising electrode for
the EOU in urea-rich wastewater and human urine samples for environmental safety management.
Overall, the Ni,P@NiO/NiF catalyst electrode combines the advantages of the Ni, P catalyst, NiO
nanosheet network, and NiF current collector for enhanced EOU performance, which is highly
valuable in catalyst development for environmental safety applications.

Keywords: hetero-nanostructures; Ni,P@NiO nanosheets; electro-oxidation of urea; wastewater;
environmental safety

1. Introduction

Urea has been recognized as an active Hj transporter and CO, storage system for
constant energy sources owing to its intrinsic features: mainly its high energy density
(16.9 MJ L1, 6.67 wt.% of hydrogen), nonflammability, extensive accessibility as a major
component in human urine, natural abundance, eco-friendliness, simplicity of transport,
and low storage cost [1,2]. Urea-rich wastewater has been increasing environmental con-
tamination owing to industrial plant effluents [3,4]. It is well-known that the manufacturing
effluent of urea might yield large quantities of urea-rich wastewater when compared to
the urine discharge by human and animals. Notably, 0.75 kg urea-rich waste effluents is
discharged through the manufacturing of 1 kg urea with nearly 1 wt.% content of urea.
Although urea is not a poisonous chemical, its degradation leads to severe issues for
eco-systems [5].
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Urea-rich wastewater is a conventional nitrogen-comprising wastewater; day-by-day,
urea is merged with composts and feed-covered substances. It is mainly unsafe to the
environment when urea is distributed via the air and followed by a typical modification
to hazardous substances, and medicinal disorder is also produced when drinking water
contaminated by urea. Henceforth, the progress of a sustainable approach to the elimina-
tion of urea-rich wastewater is extremely crucial. However, from the numerous available
approaches, electro-oxidation is one of the favorable techniques for urea oxidation owing
to its prominent characteristics [6,7]. The electro-oxidation of urea produces a valuable
energy product (Hj), a nontoxic product (N), and CO,; although if the urea is a run-off
from natural bases, the production of CO; is a portion of the biological carbon cycle [8].
The electro-oxidation of urea has received growing consideration in the electrochemical
method of the ecofriendly catalysis of urea—wastewater management [6,9-18]. Hydrogen
can be generated by the dissociation of urea, and it can also be immediately served to
fuel cell systems to produce electricity [19,20]. In addition, urea oxidation is a favorable
alternate reaction for water oxidation when used for the generation of hydrogen [21-25].
However, the EOU can suffer with sluggish kinetics due to a six-electron transfer proce-
dure. Thus, a high-performance and low-cost catalyst for the EOU is significantly crucial
to speed up the slow kinetic reaction [26,27]. As a significant electrochemical reaction
for energy transformation and catalysis, several studies have been developed regarding
nanostructured catalysts for the electro-oxidation of urea [28]. For instance, several studies
have demonstrated that noble metal catalytic nanostructured materials such as Ru, Pt-, and
Pd-based nanocomposites when used as anode catalysts exhibited a higher catalytic activity
of the EOU [29-32]; however, their industrial use is restricted by cost-value and shortage.
Hence, continuous studies are being undertaken to develop inexpensive, earth-abundant
and low-cost non-noble metallic electrocatalyst materials for the EOU.

Among the available earth-abundant catalyst materials for the EOU, nickel (Ni)-based
catalysts have fascinating widespread benefits, together with nickel hydroxide, nickel
phosphide, nickel oxide, and so on [33-35]. Particularly, nickel hydroxide has revealed
an outstanding catalytic activity that is comparable to noble metals based on the electro-
oxidation of urea. Notably, nickel hydroxide has shown two polymorphs: «-Ni(OH),
and 3-Ni(OH),. During the preoxidation process before the EOU or the oxygen evolution
reaction (o()-Ni(OH); + OH™ « v(3)-NiOOH + H,O + e~ ), NiOOH with a higher valence
of Ni** can be produced in both phases, which has been known as a dynamic surface site in
electrochemical reactions [36,37]. However, the inadequate active sites and lower electronic
carriage ability still limit their potential usage in nickel-based fuel cell applications. To solve
the above issues, inserting active nanoparticles has been demonstrated to be an efficient
technique to alter the electronic structure of catalysts.

For instance, He et al. grew NiFe;O4 nanoparticles on NiFe(OH)x nanosheets through
a laser ablation approach. Notably, the NiFe(OH)x/NiFe,O, hybrid catalysts exhibited an
electrocatalytic performance toward the EOU (with a potential of 1.343 V at 10 mA cm~2 and
a Tafel slope of 19.9 mV dec1) [38]. Liu et al. synthesized Ni/Mop,C@CN nanocomposites
composed of porous carbon shell and a hetero-junction Ni/Mo,C core through an in
situ self-confinement approach. The combined catalytic activity of Ni and Mo,C had
increased activity of both urea oxidation and hydrogen evolution reactions simultaneously
by applying 1.51 V to reach 10 mA /cm? of complete urea oxidation on an Ni/Mo,C@CN
catalyst [39]. On the other side, Zhang and coworkers prepared a sequence of Ni-Co
on carbon cloth (Ni-Co@CC) using a hydrothermal process and then treated it with a
phosphidation reaction. The morphology of the nanomaterials and electronic configuration
were controlled by the content of the Ni and Co precursors. Notably, Ni-Co@CC showed a
low operational potential in the urea-containing electrolyte; thus, Ni-Co@CC exhibited the
greatest EOU catalytic display, with a potential of 1.362 V at 11 in 1.0 M KOH + 0.33 M
urea [40]. Inspired by the above reports, we synthesized Ni, P nanoparticle-inserted NiO
nanosheets on an NiF substrate (Ni;P@NiO/NiF) as a bifunctional catalyst using in situ
acid etching and a phosphating method. Thereafter, Ni,P@NiO/NiF can be used for the
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enhanced electro-oxidation of urea; the EOU current response of 10 mA cm~2 was achieved

at 1.338 V, which is superior to other catalysts, NiO, Ni; P, and commercially available RuO,
nanoparticles.

2. Experimental Section
2.1. Chemicals and Reagents

Sodium hypophosphite hydrate (NaH,PO,-H,O, 99.0%) and HCl (37.0%) were obtained
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The working electrode material,
nickel foam (thickness 1.5 mm, porosity greater than 95-98%, density > 0.1 g/cm?) was received
from Shanxi LZY Battery Materials Co., Ltd., Shanxi, China.

2.2. Synthesis of the NiO/NiF Catalyst Sample

Initially, nickel foam (NiF, 2 x 2 cm) was dipped into 1.0 M HCl, then ultrasonicated
for 15 min to clean surface oxides and thereafter, washed with Millipore water for few
times. Pretreated NiF was kept in 20.0 mL of 3.6 mM HCI and treated at 100 °C for 20 h in
Teflon-lined stainless steel autoclave vessel; afterwards, it was rinsed with Millipore water
a few times and immediately vacuum-dried at 60 °C. The above synthesized substrate
was designated as Ni(OH), /NiF. For comparison purposes, NiO/NiF was fabricated by
Ni(OH), /NiF electrode treated at 350 °C for 2 h.

2.3. Synthesis of the NipP@NiO/NiF Catalyst Sample

The as-fabricated NiO/NiF substrate was placed in a porcelain boat and carefully
kept inside a tubular furnace; simultaneously, 0.5 mmol of NaH,PO, was taken in another
porcelain boat, and it was placed in an upstream position. Thereafter, the tubular furnace
was blushed with nitrogen gas for 10 min and heated to 350 °C at the ramp of 5 °C/min.
The NiO/NiF substrates with various phosphating times (20, 40, and 60 min) were prepared
at 350 °C. The phosphatized substrates were denoted as NiP@NiO/NiF-N, where “n”
indicates the different phosphating periods. The mass loading of electrocatalysts on Ni
foam substrate was about 36.53, 36.92, and 38.31 mg cm 2 for NipP/NiF, NiO/NiF, and
Ni, P@NiO/NiF, respectively.

2.4. Characterizations of the As-Synthesized Nanostructures

Size and surface morphology of as-synthesized Nip P@NiO/NiF nanostructures were
examined using JEOL JSM-7100F scanning electron microscope, JEM-2000 FX JEOL trans-
mission electron microscope functioning at 200 kV with STEM, and SAED techniques. XRD
was performed using Shimadzu XD-3A equipment fitted with Cu-Ko radiation source
(k = 0.15418 nm) and worked at 30 mA and 40 kV. XPS was recorded using VG Escalab-210
equipment with Mg-300-W X-ray supply. Reference value was selected for adjusting influ-
ential deviations mainly from binding energy of C 1 s, i.e., 284.8 eV, and total number of
scans was measured with a difference of 0.1 eV.

2.5. Electrochemical Measurements

Electrochemical setup connected to a CHI 760 electrochemical workstation (CH In-
struments, Bee Cave, TX, USA) was used to investigate electro-oxidation of urea. The
Hg/HgO and graphite rod were used as reference and counter electrodes, respectively. For
comparison analysis, commercial RuO, nanoparticle-modified NiF electrode was fabricated
by dissolving 8.0 mg of the catalyst sample, 1.0 mL of PTFE polymer binder, and 1.0 mg
of acetylene black in 150 pL of isopropyl alcohol treated in ultrasonic bath for 15 min to
produce homogenous ink. In addition, 1.0 M KOH + 0.33 M urea and 1.0 M KOH alone
were used as electrolytes for systematic study. All the measured electrode potentials were
converted to reversible electrode (RHE) potential according to the formula:

ERHE = EHg/HgO +0.059 pH + 0.098 (1)
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3. Results and Discussion
3.1. Synthesis of the NipP@NiO Nanostructures

The fabrication procedure of the hetero-structured Ni,P nanoparticle-inserted NiO
nanosheets on an NiF surface is demonstrated in Scheme 1. First, the etching of NiF
was carried out through a weak acid treatment based on the given chemical reactions:
Ni + 2H* <+ Ni?* + Hj (i); and Ni?* + 20H~ <« Ni(OH); (ii); after the completion of the
reaction, the nanosheets of Ni(OH), were developed on the NiF surface. The construction of
the identical 3D networked nanosheets of Ni(OH), were achieved using the NiF substrate
hydrothermally treated with HCl (Figure 1A-D). The fairly even, upright, external, compact
and united, thin, solid, wall-like 3D formation of the nanosheet layers on the surface of the
NiF substrate were observed, which was promising for the exploitation of active materials
(Figure 1A-D) for an EOU reaction. The solid wall-like nanosheets were composed of
numerous discrete nano-walls with the lengths of 1-2 um and the thickness of 30-50 nm
(Figure 1D). Further, the acquired 3D networked Ni(OH); solid wall-like nanosheets were
treated at 350 °C for 2 h, which ensued in the decomposition of Ni(OH), to produce
NiO/NiF. Figure 1E-H reveals the unique robust and stable wall-like 3D nanosheet-like
morphologies of the NiO/NiF retained after calcination, demonstrating the robustness
of the 3D networked wall-like nanosheet structure at a higher temperature. Next, the
above NiO/NiF substrate was phosphated by NaH,PO; at different periods. The obtained
Nip P@NiO/NiF-x samples restored the similar wall-like nanosheet morphology (see later).

A comprehensive study was carried out for the formation of various Ni;P@NiO/NiF-x
(x is 20, 40, and 60 min) catalysts using SEM and TEM microscopes. Several layers of
highly uniform 3D interconnected wall-like nanosheets formed on the NiF surface; on
further examination, the insertion of time-dependent Ni,P nanoparticles is illustrated, as
shown in Figure 2A-L. It is important to mention here that only a few Ni, P nanoparticles
(20 min growth time) were formed on the surface of the smooth wall-like NiO nanosheets
(see Figure 2A-D); whereas as the growth time increased (40 min), the toughness and
roughness of the wall-like NiO nanosheets were slightly altered due to the formation of a
large amount of Ni, P nanoparticles (see Figure 2E-H). However, the Ni, P nanoparticles
tended to aggregate on the surface of the wall-like NiO nanosheets due to an extended
reaction time (60 min), which resulted in more roughness and the uneven nature of the NiO
nanosheets as well as the formation of irregular-sized Ni,P nanoparticles on the surface of
the NiO nanosheets (Figure 2I-L). The formation of Ni,P nanoparticles on the surface of the
NiO wall-like networked nanosheets was further characterized using TEM measurements.
The porous nanostructure was observable in all of the TEM images of Nip P@NiO/NiF
(Figure 3A-N); however, the insertion of the Ni, P nanoparticles varied in the nanosheets,
depending on the phosphating process reaction time. Low- to high-magnification TEM
images revealed that a 20 min growth time resulted in only a few Ni,P nanoparticles with
a size range of 5 + 1 nm, randomly inserted on the surface of the NiO wall-like networked
nanosheets, which are shown in Figure 3A-D (yellow circled marks in Figure 3D). Notably,
the uniform distribution of a large amount of the uniform Ni,P nanoparticles with a size
range of 4 = 1 nm were inserted on the surface of the NiO wall-like networked nanosheets
upon the 40 min reaction time, indicating the significance of growth time. The TEM
images revealed the existence of several surface pores occupied by numerous nanoparticles
(Figure 3E-H). Notably, a well-poised lattice pattern with interplanar spaces of ca. ~0.21
and ~0.19 nm were observed in the HRTEM (Figure 3I), which is ascribed to the existence
of NiO (200 plane) and Ni, P (210 plane), respectively, demonstrating the existence of the
NiO nanosheets and the Ni,P nanoparticles embedded within their pores [41]. Further,
a selected area of the electron diffraction (SAED) image of the Ni,P@NiO/NiF catalyst
revealed the presence of the (200) and (220) planes of the NiO nanosheets along with the
(210) and (300) planes of the NiyP nanoparticles (Figure 3]), indicating that both hetero-
elements were found in the sample. The insertion of the Ni, P nanoparticles continued with
an increasing phosphidation reaction time (60 min) that resulted in uneven and aggregated
nanoparticles with a size of 20 & 4 nm on the NiO wall-like networked nanosheet structures
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(Figure 3K-N), implying that the 40 min phosphating process was optimal to obtain an
optimal catalyst for further studies.

Acid etching Oxidization

—p

NiF Substrate Ni(OH), Nanosheets NiO Nanosheets Ni,P@NiO Hetero-Nanosheets

Scheme 1. Pictorial representation showing the growth of porous hetero-structured Ni;P@NiO

nanosheets on the surface of NiF substrate.

Figure 1. Low- to high-magnified SEM images of Ni(OH), /NiF-40 (A-D) and NiO/NiF (E-H), which
showing the porous layered nanosheets network structures. Scale Bars: 10 um (A,B,EF); 1.0 um
(C,G), and 100 nm (D,H).
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Figure 2. Low- to high-resolution SEM images showing formation of Niy nanoparticles on NiO/NiF
wall-like networked nanosheet surface at different time intervals. (i) 20 min (images A-D), (ii) 40 min
images (E-H), and (iii) 60 min (images I-L). Scale Bars: 10 um (A,E,FI), 1 um (B,C,G,J K), and 100 nm
(DH,L).

s
d=0.21
(200)

Ni,P

d=0.19 “
(210)

Figure 3. Low- to high-resolution TEM images showing the insertion of Ni,P nanoparticles on
the surface of NiO/NiF wall-like networked nanosheets at different time intervals. (i) 20 min
(images A-D), (ii) 40 min images (E-I), corresponding selected area diffraction pattern (SAED; J), and
(iii) 60 min (images K-N). Scale Bars: 100 nm (images A, E,K); 50 nm (images B,F,L); 20 nm (images
C,G,M); and 2 nm (images D,H,I,N). Scale bar for SAED (J): 5 nm.
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The NipP nanoparticle formation on the NiO/NiF wall-like networked nanosheets
can be ascribed to the Kirkendall effect [42,43]. The NaH;PO, precursor decomposition
occurred at 273 °C, produced the gas phases of PH3, and further decomposed to H; that,
in turn, reduced the NiZ* ions to a zerovalent Ni state, which permitted them to diffuse
in an outward direction during the phosphating process. At the same time, P cumulated
inside and reacted with Ni?* to produce the Ni,P nanoparticles. The diffusion level of Ni
was rapid in contrast to P, and it moved into reverse paths due to the Kirkendall process.
The variance in the migration rate initiated the generation of numerous pores on the NiO
nanosheets, which allowed the Ni, P nanoparticles. This Kirkendall effect becomes more sig-
nificant with respect to the phosphating time (see Figure 3). We further performed an EDX
analysis of the Ni P@NiO/NiF catalyst sample, which clearly confirmed the existence of Ni,
O, and P components on its surface (Figure S1A). In addition, the STEM and EELS elemental
mapping evidenced the presence of Ni, O, and P in the NiO/NiF catalyst sample with a
significant coverage of the Ni,P nanoparticles in the inner pores and surface walls (Figure
S1B-E). The hetero-nanostructure was then characterized using XRD pattern analysis. As
shown in Figure 4A, the diffraction patterns of the as-prepared NiO wall-like networked
nanosheets fitted well with that of the standard NiO (JCPDS No. 75-0197) phases. Partic-
ularly, the four characteristic peaks at 37.4°, 43.6°, 63.6° and 74.4° corresponded to the
(111), (200), (220), and (222) diffraction planes, respectively [44,45]. Notably, no other
peaks were detected in the catalyst sample, demonstrating the purity of the product. In
addition, no peaks from the Ni substrate were detected, indicating that the NiO nanosheets
consistently grew up on the surface of the Ni foam substrate. The insertion of the Ni,P
nanoparticles on the surface of the NiO wall-like nanosheets resulted in five new peaks
at 40.8°,47.9°, 54.6°, 55.2°, and 73.8° accredited to the (111), (210), (300), (211), and (311)
planes of NiyP (JCPDS No. 03-0953) (Figure 4B) [46,47]. The intensity of the NiO diffraction
peaks was slightly diminished due to the phosphidation process. In addition, the evolution
of the NipP peaks was predominant at 40 min phosphating time (Figure S2), which could
be potentially used for an electro-oxidation reaction (see later). The XPS analysis was
performed to examine the chemical state and surface composition of the Ni(OH), /NiF,
NiO/NiF, and NipP@NiO/NiF-40 catalyst samples. The Ni 2p XPS of the Ni(OH), /NiF
nanosheet structure was deconvoluted into two doublets at 855.4 and 872.9 eV, and its
shake-up satellites potentially evidenced the existence of Ni** (Figure S3A). Further, the
deconvoluted O 1 s XPS of the Ni(OH), /NiF sample displayed three peaks in the position
of 529.4, 530.8 and 531.8 eV (Figure S3B) that can be ascribed to the presence of the 0%,
OH™, and H,O,q4s species, respectively. Notably, the existence of the OH™ and H,Oy,}, peaks
demonstrated the growth of the Ni(OH); nanosheets over the NiF during the process of the
acid-etching [48,49]. Next, the Ni 2p XPS of NiO/NiF displayed two peaks at 853.1 eV and
871.2 eV that were attributed to Ni 2p3,, and Ni 2p; /,, respectively (Figure 4C), evidencing
the occurrence of Ni?*. However, the peaks at 855.6 eV and 872.5 eV corresponded to Ni**
and confirmed the presence of NiOOH on the surface of the NiF substrate via the oxidation
process [50]. Notably, the Ni 2p XPS of Nip P@NiO/NiF deconvoluted into two doublets
along with their shake-up satellites peaks located at 853.5 eV and 871.7 eV, originating at
the Ni?* component and shifted to a binding energy range by 0.38 eV and 0.48 eV that
related to the NiO/NiF catalyst (Figure 4D). The above observed shift was mainly ascribed
to the binding of the O, P, and Ni elements on Ni;P@NiO, which clearly confirmed the
insertion of the NiyP nanoparticles on the NiO nanosheet structure [51,52]. The O 1 s XPS
of the NipP@NiO/NiF-40 and NiO/NiF samples are displayed in Figure 4D. The O 1 s
deconvoluted into three components at 528.9, 530.7, and 531.5 eV, corresponding to the
lattice oxygen, the hydroxyl component, and the structurally adsorbed water, respectively.
The O% position moved from 528.9 eV to 529.3 eV due to the phosphidation reaction, which
was associated with the reorganization of the charges on the Ni;P@NiO interface and made
the connection between the NiyP and NiO [53]. The P 2p region of the Ni, P@NiO/NiF-40
sample showed two peaks at 129.8 eV and 131.0 eV, which were mainly associated with
2p3/» and 2pq s, respectively (Figure 4E) [53]. This result distinctly demonstrates the pres-
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ence of Ni-P-O chemical bonding and evidences the insertion of the Ni,P component in the
NipP@NiO/NiF-40 sample.
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Figure 4. XRD pattern profiles of NiO/NiF (A) and Nip P@NiO/NiF (B) catalyst samples. XPS spectra
obtained for Ni 2p of Ni;P@NiO/NiF and NiO/NiF (C); O 1s of Nip P@NiO/NiF and NiO/NiF
(D); and P 2p of Ni; P@NiO/NiF (E) catalyst samples.

3.2. Electro-Oxidation of Urea (EOU) at the Ni Catalyst-Based Electrodes

The three different EOU, as-synthesized catalysts, Ni, P@NiO/NiF-20, NiP@NiO /NiF-
40, and Ni;P@NiO/NiF-60 were used to examine their catalytic activities using a linear
sweep voltammetry (LSV) method in nitrogen-saturated 1.0 M KOH + 0.33 M urea at
a scan rate of 5 mV s~ 1. As can be seen in Figure 5A, there was no oxidation peak;
however, the onset potential of the EOU in the presence of 0.33 M urea is consistent with
the onset potential of a urea oxidation peak, proving that the oxidized catalysts were
electro-active substances toward the electro-oxidation reaction of urea [1,54]. In particular,
Ni,P@NiO/NiF-20 displayed distinguished EOU at an onset potential of 1.34 V, and it
reached 50 mA cm 2 at a potential of 1.36 V (Figure 5A; curve a). Next, the NipP@NiO /NiF-
40 catalyst electrode significantly displayed a much better EOU profile with a comparatively
lower onset potential (1.31 V), and the above catalyst electrode reached 50 mA cm~Zata
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potential of 1.35 V (Figure 5A; curve b). Lastly, the Ni;,P@NiO/NiF-60 catalyst electrode
showed a diminished EOU profile with an onset of 1.37 V and reached 50 mA cm 2 ata
potential of 1.40 V (Figure 5A; curve c). We have compared the EOU catalytic activities
using other catalysts such as Ni, P nanoparticles, NiO nanosheets, and commercial RuO,
nanoparticle-modified NiF and unmodified NiF electrodes under identical experimental
conditions. As shown in Figure 5B, the unmodified NiF electrode displayed a low catalytic
EOU activity (Figure 5B; curve a), which indicated that the NiF substrate alone was not
sufficient to oxidize urea. Next, the RuO; nanoparticle-modified electrode (RuO, NPs/NiF)
displayed a slightly improved EOU reaction with the onset potential of 1.35 V, and this
RuO, NPs/NiF electrode reached 50 mA cm~2 at a potential of 1.45 V (Figure 5B; curve b).
On the other side, the catalysts such as the NiO nanosheets (NiO NS/NiF; Figure 5B;
curve c) and the Niy P nanoparticle-modified electrodes (NipP NPs/NiF; Figure 5B; curve d)
showed an almost identical EOU profile, i.e., the onset oxidation potentials were at 1.34 V
and 1.38 V, and both the electrodes reached 50 mA cm 2 at a potential of 140 Vand 1.45V,
respectively. Interestingly, the Ni;P@NiO/NiF-40 catalyst electrode showed a significantly
higher electro-oxidation current density (Figure 5B; curve e: 50 mA cm~2 at 1.34 V) with an
onset oxidation potential of 1.31 V (vide supra) at a scan rate of 5mV s~ 1.
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Figure 5. (A) LSVs obtained for Nip P@NiO/NiF-20 (curve a), Ni;P@NiO/NiF-40 (curve b), and
Nip, P@NiO/NiF-60 (curve c) catalyst electrodes in 1.0 M KOH + 0.33 M urea at a scan rate of 5 mV s L
(B) LSVs obtained for unmodified NiF (curve a), RuO, NPs/NiF (curve b), NiO/NiF (curve c¢), NipP
NPs/NiF (curve d), and NipP@NiO/NiF-40 (curve e) catalyst electrodes in 1.0 M KOH + 0.33 M urea
at a scan rate of 5 mV s~ L. (C) Tafel plots obtained for Ni,P NPs/NiF (line a), NiO/NiF (line b),
and Ni; P@NiO/NiF (curve c). (D) EIS and corresponding electrochemical double-layer capacitance
(E) obtained for unmodified NiF (curve a), NioP NPs/NiF (curve b), NiO NPs/NiF (curve c¢), and
Nip,P@NiO/NiF-40 (curve d) catalyst electrodes in 1.0 M KOH + 0.33 M urea solution.

The enhanced EOU activity is mainly ascribed to the following reasons: (i) Ni, P@NiO/
NiF-40 showed a good electrical conduction and highly stable mechanical property, which
enables the rapid flow of electrons; (ii) the uniform Ni, P@NiO/NiF-40 wall-like networked
nanosheets were interconnected to each other and composed of several mesopores, which
not only displayed electrically networked dense active sites but also enabled the diffu-
sion of electrolyte and urea molecules for an efficient and sustained oxidation reaction;
(iii) the Ni;P@NiO/NiF-40 catalyst showed a synergism between Ni,P nanoparticles and
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NiO nanosheets, which improved the electrocatalytic reaction kinetics and thus, resulted in
higher catalytic current responses toward the electro-oxidation of urea. During the EOU
process, the NiO species was electrochemically transformed to NiOOH, and subsequently,
the active species of NiOOH catalyzed the urea oxidation, and simultaneously, NiO was re-
generated. This cycling generation and reduction in the NiOOH process was considered as
a key step in the mechanism of urea oxidation [55]. Thus, the electro-oxidation mechanism
of urea can be derived based on Equations (1) and (2) below as well as Scheme 2 because
Ni(OH), was oxidized to the active oxidation state of Ni** in NiOOH, and subsequently,
the adsorbed urea molecules approached the NiOOH surface to form end-products such as
N,, CO,, and H,0, and simultaneously, NiO was regenerated on the electrode [56,57]. The
NiyP NPs catalyst acted as a co-catalyst (synergy) to boost the urea oxidation process in the
same electrochemical oxidation reaction.

6NiO + 60H™ — 6NiOOH + 6e™ 2)

6NiOOH + CO(NHa), — 6NiO + CO, + N, + 5H,0 3)

6NiOOH + 6~ G 6NiOOH + CO(NH,),
/ : 3 K
/ \ !

I".. ..\

| (g L 1
\ o9 A
6NiO + 6OH I / 6NiO + CO, + N, + 5H,0

Ni,P@NiO Hetero-Nanosheets

Scheme 2. Graphic illustration showing that the oxidation mechanism of urea occurring on the
surface of the porous hetero-nanostructured Ni; P@NiO/NiF nanosheets.

Here, it is important to mention that without urea in the 1.0 M KOH solution, an
oxidation peak appeared at about 1.36 V vs. RHE, which is attributed to the oxidation of
the Ni catalyst, and further scanning resulted in only the OER process that occurred at
1.7 V (Figure S4; curve a) and clearly revealed the EOU occurrence only in the existence
of 0.33 M urea in 1.0 M KOH (Figure S4; curve b). In addition, mass activity-based EOU
profiles were obtained, which clearly revealed that the Ni;P@NiO/NjiF catalyst electrode
showed a considerably higher electro-oxidation response toward urea (Figure S5). A Tafel
slope was acquired to assess the electro-catalytic kinetics of the EOU [58]. A Tafel slope
is plotted by using the LSV method to study the EOU via plotting the electrode potential
vs. the logarithm of the absolute current density. The Tafel value from the plot (mV
dec™!) revealed the exact EOU mechanism; the lower Tafel value evidenced that the charge
transfer reaction between the analyte/electrolyte and electrode was faster. As shown in
Figure 5C, the Tafel slope values of 74.4, 71.8, and 66.2 mV dec~! were obtained for the Ni,P
NPs/NiF (line a), NiO/NiF (line b), and Ni;P@NiO/NiF (line c) electrodes, respectively.
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The Ni;P@NiO/NiF catalyst displayed a lower Tafel slope value than the other catalyst-
modified electrodes (Ni,P/NiF, and NiO-NiF) demonstrating rapid kinetics of the urea
oxidation response by scanning more positive over-potential side. The EOU kinetics of
the catalysts was further examined using the EIS technique, which is assembled using an
equivalent circuit model comprising three key components: R (charge transfer resistance),
Rs (bulk solution resistance), and CPE (constant phase element) [9,59]. The fitted result
(Figure 5D) shows that the Ni, P@NiO/NiF nanosheets (6.8 (); curve d) showed the lowest
charge transfer impedance when compared with the unmodified NiF (25.2 (); curve a),
NipP NPs/NiF (16.5 Q); curve b), and NiO NS/NiF (14.1 ); curve c) catalyst-modified
electrodes, suggesting a greater electron transfer rate and improved kinetics for the EOU
reaction. The lower charge transfer resistance of the Nip P@NiO/NiF nanosheets is mainly
attributed to the introduction of the Ni2P nanoparticles into the porous NiO nanosheets,
which exposed a large active surface area and enhanced the electrocatalytic activity during
the EOU reaction. Next, to study the EOU catalytic activity, the ECSA of all the catalyst-
modified electrodes was evaluated using double-layer capacitance (Cq;) because of its
linear relationship with ECSA [60]. The C4; was attained using CV responses at various
scan rates (Figure S6), which can be used to calculate the effective electro-active surface
area of catalysts [61]. Plotting Ai = 1/2 (iznodic — icathodic) at —0.04 V was mainly associated
with applied scan rates, and the respective slope revealed the Cy4 value [62], as shown
in Figure 5E. The Ni;P@NiO/NiF nanosheet-modified electrode exhibited a larger Cg;
value (30.74 mF cm—?2) than the other catalyst-modified electrodes such as the unmodified
NiF (1.96 mF cm~2), NiyP NPs/NiF (3.06 mF cm~2), and NiO NS/NiF (13.34 mF cm™2),
indicating that the Ni; P@NiO/NiF nanosheet-modified electrode had the highest ECSA
and excellent intrinsic catalytic activity for enhanced EOU.

3.3. EOU Stability and Wastewater Analyses at the Ni Catalyst-Based Electrodes

The stability of the catalysts is an important factor to evaluate the EOU performance;
thus, a longer durability of catalysts might deliver significant activity in real samples
for practical application (wastewater treatment). We performed a chronopotentiometry
measurement to investigate the stability of the as-synthesized Ni P@NiO/NiF nanosheets
electrode at a constant current density of 50 mA cm ™~ for 24 h. The current density revealed
a slight decrease at the first 1 h, which may be due to the activation of the catalyst. As
the electrochemical reaction proceeded, the Ni,P@NiO/NiF nanosheet electrode showed a
stable anodic current density profile due to the consumption of urea. After 12 h and 24 h of
the electrochemical scan, the measured voltage values were 1.49 V and 1.47 V, retaining 98%
of its initial chronopotentiometry response (Figure 6A; curve a). In addition, the LSV curves
(Figure 6B) were obtained using an Ni;P@NiO/NiF nanosheet electrode before (curve a)
and after 24 h (curve b) of the chronopotentiometry stability test, which showed that the
catalyst has excellent stability. We further studied the extended durability or robustness of
the as-synthesized Ni,P@NiO/NiF nanosheet catalyst using LSV measurements in 1.0 M
KOH + 0.33 M urea at a scan rate of 5mV s~ 1. The LSV profiles recorded for the freshly
prepared, 1-, 3-, 5-, and 7-day stored Ni; P@NiO/NiF nanosheet-modified electrode (the
Ni, P@NiO/NiF nanosheet-modified electrode was stored in Millipore water in ambient
temperature under nitrogen atmosphere) displayed stable EOU responses (Figure 6C; curve
a—e). The initial and 7-day stored Ni,P@NiO/NiF nanosheet-modified electrode showed
the potential values of 1.36 V and 1.38 V at 50 mA cm 2 current density, respectively
(only 20 mV shift), indicating long lasting stability and durability. Next, we performed a
chronopotentiometry measurement to investigate the robustness of the Ni,P@NiO/NiF
nanosheet electrode after 7 days at a constant current density of 50 mA cm~2 for 15 h
(Figure 6D; curve a). The obtained result reveals a stable anodic current density profile
with a 50 mA cm~2 at 1.39 V, indicating the longer durability of the catalyst. It is important
to mention here that the longer durability of the Ni, P@NiO/NiF nanosheet catalyst at large
current densities along with other catalysts can be applied for practical applications, i.e., for
the EOU in urea-rich wastewater. As shown in Figure 6E, the EOU reaction was performed
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in 1.0 M KOH with urea-rich wastewater using the unmodified NiF (curve a), RuO,
NPs/NiF (curve b), NipP NPs/NiF (curve c), NiO NPs/NiF (curve d), and Ni, P@NiO/NiF-
40 (curve e) catalyst electrodes. Among these electrodes, the Ni,P@NiO/NiF-40 catalyst
electrode showed enhanced electro-oxidation of urea (50 mA cm~2 at 1.55 V) with a low-
onset potential (1.42 V), indicating its excellent practicality for use in urea degradation for
environmental safety and management applications. Finally, we compared the performance
of the Ni, P@NiO/NiF-40 catalyst electrode toward EOU activity in urea-rich wastewater
(curve a) and a human urine sample (curve b). We added 5 mL of human urine into a 1.0 M
KOH solution and then tested it using the Nip P@NiO/NiF-40 catalyst electrode at a scan
rate of 5mV s~!. The LSV results exhibit that a fairly similar onset potential is essential to
achieve an identical current response in human urine. However, it has a marginally positive
potential side in 1 M KOH + urea-rich wastewater (Figure 6F; curve a), which is mainly
due to the effect of the complex of other organic components in human urine (Figure 6F;
curve b). The higher activity as well as the long-term stability of the Ni;P@NiO/NiF-40
catalyst can be considered as a highly efficient candidate for the EOU process in fuel cell
catalyst development and environmental safety applications.

Potential (V vs. RHE)
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Figure 6. (A) Chronopotentiometry curve obtained for Ni P@NiO/NiF-40 (curve a) catalyst electrode
in 1.0 M KOH + 0.33 M urea at applied current density of 50 mA cm~2. (B) LSVs obtained for
Nip, P@NiO/NiF-40 (initial: curve a, and after 24 h: curve b) catalyst electrode in 1.0 M KOH + 0.33 M
urea at a scan rate of 5mV s~ 1. (C) LSVs obtained for Ni, P@NiO/NiF-40 catalyst electrode at different
days (curves a—e: fresh, 1, 3, 5, and 7 days) in 1.0 M KOH + 0.33 M urea at a scan rate of 5 mV s~ 1.
(D) Chronopotentiometry curve obtained for Nip P@NiO/NiF-40 (curve a) catalyst electrode (7 days
stored) in 1.0 M KOH + 0.33 M urea at applied current density of 50 mA cm~2. (E) LSVs obtained
for unmodified NiF (curve a), RuO, NPs/NiF (curve b), NiO/NiF (curve c), NioP NPs/NiF (curve
d), and Ni,P@NiO/NiF-40 (curve e) catalysts electrodes in 1.0 M KOH + urea-rich wastewater at a
scan rate of 5mV s~1. (F) LSVs obtained for Ni,P@NiO/NiF-40 catalyst electrode in 1.0 M KOH +
urea-rich wastewater (curve a), and 1.0 M KOH + human urine sample (curve b) at a scan rate of
5mV s

4. Conclusions

We fabricated 3D wall-like Ni, P@NiO networked nanosheet hetero-structures on an
Ni foam substrate via acid etching followed by a vapor-phase phosphating process. The
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morphological characterizations (SEM and TEM) exhibited that Ni,P nanoparticles were
grown on the surface of the wall-like NiO nanosheets with respect to various phosphating
process times. Notably, a 40 min phosphating process displayed the uniform growth of Ni, P
nanoparticles on the surface as well as inside the pores via the Kirkendall effect. Among the
developed catalyst materials, the 3D wall-like Ni;P@NiO networked nanosheet electrode
showed an enhanced EOU reaction with a current response of 50 mA cm~2 at 1.35 V as
well as a lower onset potential (1.31 V). The obtained enhanced electrocatalytic response of
the wall-like Ni, P@NiO networked nanosheets offered a large active surface area and an
amplified rate of mass transfer, which highly ascertained the synergism between the Ni,P
nanoparticles and NiO nanosheets. The examination on the mechanism of the EOU on the
wall-like Ni; P@NiO networked nanosheets reveals that the oxides in the components may
be regularly transformed into corresponding oxyhydroxides, which play a pronounced
role in EOU electrocatalysis. For practical applications, the wall-like Ni;P@NiO networked
nanosheets showed a notable EOU response on urea-rich wastewater as well as human
urine sample. Thus, the synthesized wall-like Ni;,P@NiO nanosheet hetero-structured
nanomaterial could be promising catalysts for the efficient electro-oxidation of urea in
urea-rich wastewater remediation for energy and environmental safety applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /nano12203633/s1, Figure S1: EDX and STEM analysis of Ni2P@NiO/NiF—40
catalyst; Figure S2: XRD of Ni2P@NiO catalyst prepared at 20, and 60 min phosphating time; Figure
S3: XPS spectra for Ni 2p and O 1s of Ni(OH)2/NiF catalyst; Figure S4: LSVs of Ni2P@NiO/NF-40
catalyst electrode displaying OER and EOU profiles; Figure S5: Mass activity based EOU responses at
Ni2P NPs/NiF, NiO/NiF, and Ni2P@NiO/NiF; Figure S6: CVs obtained at different scan rates (20 mV/s
to 100 mV/s) of Ni2P@NiO/NF-40, NiO/NF, Ni2P/NF and NiF toward EOU; Table S1: Comparison of
UOR performance of some representative reported Ni-based catalysts. References [33,63—69] were cited in
the Supplementary Materials.

Author Contributions: Formal analysis, and investigation, K.M.; Resources, data curation, supervi-
sion, and writing—review and editing, H.W.; Conceptualization, methodology, writing—original
draft preparation, and writing—review and editing, P.K. and P.S.; Funding acquisition, and project
administration, P.K.; All authors have read and agreed to the published version of the manuscript.

Funding: Palanisamy Kannan thanks Jiaxing University (Grant No: CD70518066) for financial support.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Wang, X.; Wang, J.; Sun, X.; Wei, S.; Cui, L.; Yang, W.; Liu, J. Hierarchical coral-like NiMoS nanohybrids as highly efficient
bifunctional electrocatalysts for overall urea electrolysis. Nano Res. 2018, 11, 988-996. [CrossRef]

Wang, D.; Vijapur, S.H.; Wang, Y.; Botte, G.G. NiCo,0O4 nanosheets grown on current collectors as binder-free electrodes for
hydrogen production via urea electrolysis. Int. |. Hydrog. Energy 2017, 42, 3987-3993. [CrossRef]

Theerthagiri, J.; Lee, S.J.; Karuppasamy, K.; Arulmani, S.; Veeralakshmi, S.; Ashokkumar, M.; Choi, M.Y. Application of advanced
materials in sonophotocatalytic processes for the remediation of environmental pollutants. J. Hazard. Mater. 2021, 412, 125245.
[CrossRef] [PubMed]

Yu, Z.-Y;; Lang, C.-C.; Gao, M.-R.; Chen, Y.; Fu, Q.-Q.; Duan, Y.; Yu, S.-H. Ni-Mo—-O nanorod-derived composite catalysts for
efficient alkaline water-to-hydrogen conversion via urea electrolysis. Energy Environ. Sci. 2018, 11, 1890-1897. [CrossRef]
Alajami, M.; Yassin, M.A.; Ghouri, ZK.; Al-Meer, S.; Barakat, N.A.M. Influence of bimetallic nanoparticles composition and
synthesis temperature on the electrocatalytic activity of NiMn-incorporated carbon nanofibers toward urea oxidation. Int. J.
Hydrog. Energy 2018, 43, 5561-5575. [CrossRef]

Sun, X.; Ding, R. Recent progress with electrocatalysts for urea electrolysis in alkaline media for energy-saving hydrogen
production. Catal. Sci. Technol. 2020, 10, 1567-1581. [CrossRef]

Xing, P; Zhou, E; Zhan, S. Catalytic conversion of seawater to fuels: Eliminating N vacancies in g-C3Ny to promote photocatalytic
hydrogen production. Environ. Res. 2021, 197, 111167. [CrossRef]

Wang, D.; Yan, W.; Botte, G.G. Exfoliated nickel hydroxide nanosheets for urea electrolysis. Electrochem. Commun. 2011, 13,
1135-1138. [CrossRef]


https://www.mdpi.com/article/10.3390/nano12203633/s1
https://www.mdpi.com/article/10.3390/nano12203633/s1
http://doi.org/10.1007/s12274-017-1711-3
http://doi.org/10.1016/j.ijhydene.2016.11.048
http://doi.org/10.1016/j.jhazmat.2021.125245
http://www.ncbi.nlm.nih.gov/pubmed/33545645
http://doi.org/10.1039/C8EE00521D
http://doi.org/10.1016/j.ijhydene.2018.01.163
http://doi.org/10.1039/C9CY02618E
http://doi.org/10.1016/j.envres.2021.111167
http://doi.org/10.1016/j.elecom.2011.07.016

Nanomaterials 2022, 12, 3633 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gopi, S.; Al-Mohaimeed, A.M.; Elshikh, M.S.; Yun, K. Facile fabrication of bifunctional SnO-NiO heteromixture for efficient
electrocatalytic urea and water oxidation in urea-rich waste water. Environ. Res. 2021, 201, 111589. [CrossRef]

Li, J.; Zhang, ].; Yang, J.-H. Research progress and applications of nickel-based catalysts for electrooxidation of urea. Int. . Hydrog.
Energy 2022, 47, 7693-7712. [CrossRef]

Hu, L, Jin, L.; Zhang, T.; Zhang, J.; He, J.; Chen, D.; Li, N.; Xu, Q.; Lu, J. Self-supported MoO,-MoOj3/Ni,P hybrids as a
bifunctional electrocatalyst for energy-saving hydrogen generation via urea—water electrolysis. J. Colloid Interface Sci. 2022, 614,
337-344. [CrossRef] [PubMed]

Guo, C.; Shen, S.; Li, M.; Wang, Y.; Li, J.; Xing, Y.; Wang, C.; Pan, H. Rapid in situ synthesis of MgAl-LDH on n-Al,Oj for efficient
hydrolysis of urea in wastewater. J. Catal. 2021, 395, 54-62. [CrossRef]

Chouki, T.; Machreki, M.; Topi¢, J.; Butinar, L.; Stefanov, P; Jez, E.; Summers, ].S.; Valant, M.; Fait, A.; Emin, S. Iron Phosphide
Precatalyst for Electrocatalytic Degradation of Rhodamine B Dye and Removal of Escherichia coli from Simulated Wastewater.
Catalysts 2022, 12, 269. [CrossRef]

Li, S.-H.; Qi, M.-Y,; Tang, Z.-R.; Xu, Y.-J. Nanostructured metal phosphides: From controllable synthesis to sustainable catalysis.
Chem. Soc. Rev. 2021, 50, 7539-7586. [CrossRef]

Fu, X,; Lin, Y,; Yang, C.; Wu, S.; Wang, Y.; Li, X. Peroxymonosulfate activation via CoP nanoparticles confined in nitrogen-doped
porous carbon for enhanced degradation of sulfamethoxazole in wastewater with high salinity. . Environ. Chem. Eng. 2022,
10, 107734. [CrossRef]

Yu, H.; Ji, J.; Yan, Q.; Xing, M. Transition metal phosphides for heterogeneous Fenton-like oxidation of contaminants in water.
Chem. Eng. J. 2022, 449, 137856. [CrossRef]

Zhang, J.; Huang, S.; Ning, P; Xin, P; Chen, Z.; Wang, Q.; Uvdal, K.; Hu, Z. Nested hollow architectures of nitrogen-doped
carbon-decorated Fe, Co, Ni-based phosphides for boosting water and urea electrolysis. Nano Res. 2022, 15, 1916-1925. [CrossRef]
Feng, H.; Yu, J.; Tang, L.; Zeng, G.; Tang, W.; Wang, J.; Luo, T.; Peng, B.; Song, B.; Wang, L.; et al. Tuning Electron Density Endows
Fel-xCoxP with Exceptional Capability of Electrooxidation of Organic Pollutants. Environ. Sci. Technol. 2019, 53, 13878-13887.
[CrossRef] [PubMed]

Sayed, E.T.; Eisa, T.; Mohamed, H.O.; Abdelkareem, M.A.; Allagui, A.; Alawadhi, H.; Chae, K.-]. Direct urea fuel cells: Challenges
and opportunities. |. Power Sources 2019, 417, 159-175. [CrossRef]

Zhang, Y.; Wang, C. Yolk-shell nanostructural Ni,P/C composites as the high performance electrocatalysts toward urea oxidation.
Chin. Chem. Lett. 2021, 32, 2222-2228. [CrossRef]

Sun, W,; Li, J.; Gao, W.; Kang, L.; Lei, F; Xie, J. Recent advances in the pre-oxidation process in electrocatalytic urea oxidation
reactions. Chem. Commun. 2022, 58, 2430-2442. [CrossRef] [PubMed]

Li, J.; Wang, S.; Chang, ].; Feng, L. A review of Ni based powder catalyst for urea oxidation in assisting water splitting reaction.
Adv. Powder Mater. 2022, 1, 100030. [CrossRef]

Ye, K.; Wang, G.; Cao, D.; Wang, G. Recent Advances in the Electro-Oxidation of Urea for Direct Urea Fuel Cell and Urea
Electrolysis. Top. Curr. Chem. 2018, 376, 42. [CrossRef]

Singh, T.I; Rajeshkhanna, G.; Singh, S.B.; Kshetri, T.; Kim, N.H.; Lee, ]. H. Metal-Organic Framework-Derived Fe/Co-based
Bifunctional Electrode for Hy Production through Water and Urea Electrolysis. ChemSusChem 2019, 12, 4810-4823. [CrossRef]
Li, J.; Yao, C.; Kong, X; Li, Z.; Jiang, M.; Zhang, F,; Lei, X. Boosting Hydrogen Production by Electrooxidation of Urea over 3D
Hierarchical NiyN/CusN Nanotube Arrays. ACS Sustain. Chem. Eng. 2019, 7, 13278-13285. [CrossRef]

Wang, C.; Lu, H.; Mao, Z; Yan, C.; Shen, G.; Wang, X. Bimetal Schottky Heterojunction Boosting Energy-Saving Hydrogen
Production from Alkaline Water via Urea Electrocatalysis. Adv. Funct. Mater. 2020, 30, 2000556. [CrossRef]

Zhu, X.; Dou, X,; Dai, J.; An, X,; Guo, Y.; Zhang, L.; Tao, S.; Zhao, J.; Chu, W.; Zeng, X.C.; et al. Metallic Nickel Hydroxide
Nanosheets Give Superior Electrocatalytic Oxidation of Urea for Fuel Cells. Angew. Chem. Int. Ed. 2016, 55, 12465-12469.
[CrossRef]

Zhu, B.; Liang, Z.; Zou, R. Designing Advanced Catalysts for Energy Conversion Based on Urea Oxidation Reaction. Small 2020,
16, 1906133. [CrossRef]

Pérez-Sosa, M. A.; Ramirez-Meneses, E.; Manzo-Robledo, A.; Mateos-Santiago, J.; Hernandez-Pérez, M.A.; Garibay-Febles, V.;
Lartundo-Rojas, L.; Zacahua-Tlacuatl, G. Enhanced performance of urea electro-oxidation in alkaline media on PtPdNi/C,
PtNi/C, and Ni/C catalysts synthesized by one-pot reaction from organometallic precursors. Int. ]. Hydrog. Energy 2021, 46,
21419-21432. [CrossRef]

Abd-elnaby, A.E.; Shoueir, K.R.; Wazeer, W.; Kashyout, A.E.-H.B.; El-Kemary, M. Synthesis of binary nanohybrid-based polygonal
Pd nanoparticles for proficient photoelectrochemical oxidation of methanol and urea. J. Mater. Sci. Mater. Electron. 2022, 33,
13255-13270. [CrossRef]

Wang, Y.; Wang, C.; Shang, H.; Yuan, M.; Wu, Z; Li, ].; Du, Y. Self-driven Ru-modified NiFe MOF nanosheet as multifunctional
electrocatalyst for boosting water and urea electrolysis. J. Colloid Interface Sci. 2022, 605, 779-789. [CrossRef]

Lera, I.L.; Khasnabis, S.; Wangatia, L.M.; Femi, O.E.; Ramamurthy, P.C. An innovative catalyst of PANiP nanosphere deposited
PEDOT:PSS/rGO hybrid material as an efficient electrocatalyst for alkaline urea oxidation. Polym. Bull. 2022. [CrossRef]
Zheng, S.; Zheng, Y.; Xue, H.; Pang, H. Ultrathin nickel terephthalate nanosheet three-dimensional aggregates with disordered
layers for highly efficient overall urea electrolysis. Chem. Eng. J. 2020, 395, 125166. [CrossRef]


http://doi.org/10.1016/j.envres.2021.111589
http://doi.org/10.1016/j.ijhydene.2021.12.099
http://doi.org/10.1016/j.jcis.2022.01.129
http://www.ncbi.nlm.nih.gov/pubmed/35108631
http://doi.org/10.1016/j.jcat.2020.12.024
http://doi.org/10.3390/catal12030269
http://doi.org/10.1039/D1CS00323B
http://doi.org/10.1016/j.jece.2022.107734
http://doi.org/10.1016/j.cej.2022.137856
http://doi.org/10.1007/s12274-021-3810-4
http://doi.org/10.1021/acs.est.9b04859
http://www.ncbi.nlm.nih.gov/pubmed/31697480
http://doi.org/10.1016/j.jpowsour.2018.12.024
http://doi.org/10.1016/j.cclet.2020.11.040
http://doi.org/10.1039/D1CC06290E
http://www.ncbi.nlm.nih.gov/pubmed/35084411
http://doi.org/10.1016/j.apmate.2022.01.003
http://doi.org/10.1007/s41061-018-0219-y
http://doi.org/10.1002/cssc.201902232
http://doi.org/10.1021/acssuschemeng.9b02510
http://doi.org/10.1002/adfm.202000556
http://doi.org/10.1002/anie.201606313
http://doi.org/10.1002/smll.201906133
http://doi.org/10.1016/j.ijhydene.2021.03.231
http://doi.org/10.1007/s10854-022-08266-x
http://doi.org/10.1016/j.jcis.2021.07.124
http://doi.org/10.1007/s00289-022-04100-w
http://doi.org/10.1016/j.cej.2020.125166

Nanomaterials 2022, 12, 3633 15 of 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Ji, X.; Zhang, Y.; Ma, Z.; Qiu, Y. Oxygen Vacancy-rich Ni/NiO@NC Nanosheets with Schottky Heterointerface for Efficient Urea
Oxidation Reaction. ChemSusChem 2020, 13, 5004-5014. [CrossRef] [PubMed]

Li, Q; Li, N,; An, J; Pang, H. Controllable synthesis of a mesoporous NiO/Ni nanorod as an excellent catalyst for urea
electro-oxidation. Inorg. Chem. Front. 2020, 7, 2089-2096. [CrossRef]

Xie, J.; Gao, L.; Cao, S.; Liu, W.; Lei, F; Hao, P; Xia, X.; Tang, B. Copper-incorporated hierarchical wire-on-sheet x-Ni(OH);
nanoarrays as robust trifunctional catalysts for synergistic hydrogen generation and urea oxidation. J. Mater. Chem. A 2019, 7,
13577-13584. [CrossRef]

Xie, J.; Liu, W.; Lei, F,; Zhang, X.; Qu, H.; Gao, L.; Hao, P; Tang, B.; Xie, Y. Iron-Incorporated «-Ni(OH), Hierarchical Nanosheet
Arrays for Electrocatalytic Urea Oxidation. Chem. Eur. ]. 2018, 24, 18408-18412. [CrossRef]

He, G.-Y,; Wang, Y.-T.; Chen, X.-M.; Zhou, Y.; Meng, C.; Li, FE-T. Laser in situ synthesis of NiFe,O4 nanoparticle-anchored
NiFe(OH)x nanosheets as advanced electrocatalysts for the oxygen evolution and urea oxidation reactions. Electrochim. Acta 2022,
411, 140074. [CrossRef]

Liu, Z.; Xue, S.; Zhou, S.; Li, ].; Qu, K.; Cai, W. Mutual promotion effect of Ni and Mo2C encapsulated in N-doped porous carbon
on bifunctional overall urea oxidation catalysis. J. Catal. 2022, 405, 606-613. [CrossRef]

Liu, Y.; Guan, J.; Chen, W.; Wu, Y;; Li, S.; Du, X.; Zhang, M. Nickel-cobalt derived nanowires/nanosheets as electrocatalyst for
efficient H, generation via urea oxidation reaction. J. Alloys Compd. 2022, 891, 161790. [CrossRef]

Wu, Y,; Wang, H.; Ji, S.; Pollet, B.G.; Wang, X.; Wang, R. Engineered porous NiyP-nanoparticle/NiyP-nanosheet arrays via the
Kirkendall effect and Ostwald ripening towards efficient overall water splitting. Nano Res. 2020, 13, 2098-2105. [CrossRef]

Joo, J.; Kim, T.; Lee, J.; Choi, S.-I.; Lee, K. Morphology-Controlled Metal Sulfides and Phosphides for Electrochemical Water
Splitting. Adv. Mater. 2019, 31, 1806682. [CrossRef]

Tianou, H.; Wang, W.; Yang, X.; Cao, Z.; Kuang, Q.; Wang, Z.; Shan, Z.; Jin, M_; Yin, Y. Inflating hollow nanocrystals through a
repeated Kirkendall cavitation process. Nat. Commun. 2017, 8, 1261. [CrossRef] [PubMed]

Wei, Z.; Qiao, H.; Yang, H.; Zhang, C.; Yan, X. Characterization of NiO nanoparticles by anodic arc plasma method. J. Alloys
Compd. 2009, 479, 855-858. [CrossRef]

Yan, H.; Zhang, D.; Xu, J.; Lu, Y;; Liu, Y,; Qiu, K.; Zhang, Y.; Luo, Y. Solution growth of NiO nanosheets supported on Ni foam as
high-performance electrodes for supercapacitors. Nanoscale Res. Lett. 2014, 9, 424. [CrossRef] [PubMed]

Wang, H.; Zou, H,; Liu, Y;; Liu, Z.; Sun, W,; Lin, K.A,; Li, T;; Luo, S. NipP nanocrystals embedded Ni-MOF nanosheets supported
on nickel foam as bifunctional electrocatalyst for urea electrolysis. Sci. Rep. 2021, 11, 21414. [CrossRef]

Feng, L.; Vrubel, H.; Bensimon, M.; Hu, X. Easily-prepared dinickel phosphide (Ni,P) nanoparticles as an efficient and robust
electrocatalyst for hydrogen evolution. Phys. Chem. Chem. Phys. 2014, 16, 5917-5921. [CrossRef]

Hao, J; Liu, J.; Wu, D.; Chen, M,; Liang, Y.; Wang, Q.; Wang, L.; Fu, X.-Z.; Luo, J.-L. In situ facile fabrication of Ni(OH), nanosheet
arrays for electrocatalytic co-production of formate and hydrogen from methanol in alkaline solution. Appl. Catal. B Environ.
2021, 281, 119510. [CrossRef]

Liu, G,; Qin, Y,; Lyu, Y;; Chen, M.; Qi, P; Lu, Y.; Sheng, Z.; Tang, Y. Low-crystalline 3-Ni(OH); nanosheets on nickel foam with
enhanced areal capacitance for supercapacitor applications. Chem. Eng. J. 2021, 426, 131248. [CrossRef]

Liu, Z.; Zhang, C.; Liu, H.; Feng, L. Efficient synergism of NiSe, nanoparticle/NiO nanosheet for energy-relevant water and urea
electrocatalysis. Appl. Catal. B Environ. 2020, 276, 119165. [CrossRef]

Zhang, H.; Wu, X,; Chen, C; Ly, C,; Liu, H,; Lv, Y;; Guo, J.; Li, J.; Jia, D.; Tong, F. Spontaneous ruthenium doping in hierarchical
flower-like NiyP/NiO heterostructure nanosheets for superb alkaline hydrogen evolution. Chem. Eng. ]. 2021, 417, 128069.
[CrossRef]

Yan, Y;; Ran, Z.; Zeng, T.; Wen, X,; Xu, H,; Li, R.; Zhao, C.; Shu, C. Interfacial Electron Redistribution of Hydrangea-like NiO@Ni, P
Heterogeneous Microspheres with Dual-Phase Synergy for High-Performance Lithium-Oxygen Battery. Small 2022, 18, 2106707.
[CrossRef] [PubMed]

Chen, M.-T,; Duan, J.-J.; Feng, J.-J.; Mei, L.-P; Jiao, Y.; Zhang, L.; Wang, A.-J. Iron, rhodium-codoped Ni,P nanosheets arrays
supported on nickel foam as an efficient bifunctional electrocatalyst for overall water splitting. J. Colloid Interface Sci. 2022, 605,
888-896. [CrossRef] [PubMed]

Sha, L.; Ye, K.; Wang, G.; Shao, J.; Zhu, K.; Cheng, K,; Yan, J.; Wang, G.; Cao, D. Rational design of NiCo,S4 nanowire arrays on
nickle foam as highly efficient and durable electrocatalysts toward urea electrooxidation. Chem. Eng. J. 2019, 359, 1652-1658.
[CrossRef]

Tammam, R.H.; Saleh, M.M. On the electrocatalytic urea oxidation on nickel oxide nanoparticles modified glassy carbon electrode.
J. Electroanal. Chem. 2017, 794, 189-196. [CrossRef]

Daramola, D.A; Singh, D.; Botte, G.G. Dissociation Rates of Urea in the Presence of NiOOH Catalyst: A DFT Analysis. . Phys.
Chem. A 2010, 114, 11513-11521. [CrossRef]

Vedharathinam, V.; Botte, G.G. Understanding the electro-catalytic oxidation mechanism of urea on nickel electrodes in alkaline
medium. Electrochim. Acta 2012, 81, 292-300. [CrossRef]

Ion-Ebrasu, D.; Andrei, R.D.; Enache, S.; Caprarescu, S.; Negrila, C.C.; Jianu, C.; Enache, A.; Boerasu, I.; Carcadea, E,;
Varlam, M.; et al. Nitrogen Functionalization of CVD Grown Three-Dimensional Graphene Foam for Hydrogen Evolution
Reactions in Alkaline Media. Materials 2021, 14, 4952. [CrossRef] [PubMed]


http://doi.org/10.1002/cssc.202001185
http://www.ncbi.nlm.nih.gov/pubmed/32662934
http://doi.org/10.1039/D0QI00316F
http://doi.org/10.1039/C9TA02891A
http://doi.org/10.1002/chem.201803718
http://doi.org/10.1016/j.electacta.2022.140074
http://doi.org/10.1016/j.jcat.2021.11.005
http://doi.org/10.1016/j.jallcom.2021.161790
http://doi.org/10.1007/s12274-020-2816-7
http://doi.org/10.1002/adma.201806682
http://doi.org/10.1038/s41467-017-01258-0
http://www.ncbi.nlm.nih.gov/pubmed/29093444
http://doi.org/10.1016/j.jallcom.2009.01.064
http://doi.org/10.1186/1556-276X-9-424
http://www.ncbi.nlm.nih.gov/pubmed/25276099
http://doi.org/10.1038/s41598-021-00776-8
http://doi.org/10.1039/c4cp00482e
http://doi.org/10.1016/j.apcatb.2020.119510
http://doi.org/10.1016/j.cej.2021.131248
http://doi.org/10.1016/j.apcatb.2020.119165
http://doi.org/10.1016/j.cej.2020.128069
http://doi.org/10.1002/smll.202106707
http://www.ncbi.nlm.nih.gov/pubmed/35032095
http://doi.org/10.1016/j.jcis.2021.07.101
http://www.ncbi.nlm.nih.gov/pubmed/34371432
http://doi.org/10.1016/j.cej.2018.10.225
http://doi.org/10.1016/j.jelechem.2017.04.023
http://doi.org/10.1021/jp105159t
http://doi.org/10.1016/j.electacta.2012.07.007
http://doi.org/10.3390/ma14174952
http://www.ncbi.nlm.nih.gov/pubmed/34501044

Nanomaterials 2022, 12, 3633 16 of 16

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Yan, X.; Hu, Q.-T;; Liu, J.; Zhang, W.-D.; Gu, Z.-G. Ultrafine-grained NiCo layered double hydroxide nanosheets with abundant
active edge sites for highly enhanced electro-oxidation of urea. Electrochim. Acta 2021, 368, 137648. [CrossRef]

Yan, W.; Wang, D.; Diaz, L.A.; Botte, G.G. Nickel nanowires as effective catalysts for urea electro-oxidation. Electrochim. Acta 2014,
134, 266-271. [CrossRef]

Shen, E; Jiang, W.; Qian, G.; Chen, W.; Zhang, H.; Luo, L.; Yin, S. Strongly coupled carbon encapsulated Ni-WO, hybrids as
efficient catalysts for water-to-hydrogen conversion via urea electro-oxidation. J. Power Sources 2020, 458, 228014. [CrossRef]
Yu, T.; Xu, Q.; Qian, G.; Chen, ]J.; Zhang, H.; Luo, L.; Yin, S. Amorphous CoOx-Decorated Crystalline RuO, Nanosheets as
Bifunctional Catalysts for Boosting Overall Water Splitting at Large Current Density. ACS Sustain. Chem. Eng. 2020, 8, 17520-17526.
[CrossRef]

Yan, L.; Sun, Y;; Hu, E.; Ning, ].; Zhong, Y.; Zhang, Z.; Hu, Y. Facile in-situ growth of Ni2P/Fe2P nanohybrids on Ni foam for
highly efficient urea electrolysis. J. Colloid Interface Sci. 2019, 541, 279-286. [CrossRef]

Zhang, ].-Y.; He, T.; Wang, M.; Qi, R;; Yan, Y.; Dong, Z.; Liu, H.; Wang, H.; Xia, B.Y. Energy-saving hydrogen production coupling
urea oxidation over a bifunctional nickel-molybdenum nanotube array. Nano Energy 2019, 60, 894-902. [CrossRef]

Feng, Y.; Wang, X.; Huang, ].; Dong, P,; Ji, ].; Li, J.; Cao, L.; Feng, L.; Jin, P.;, Wang, C. Decorating CoNi layered double hydroxides
nanosheet arrays with fullerene quantum dot anchored on Ni foam for efficient electrocatalytic water splitting and urea electrolysis.
Chem. Eng. |. 2020, 390, 124525. [CrossRef]

Wang, T.; Wu, H.; Feng, C.; Zhang, L.; Zhang, ]. MoP@NiCo-LDH on nickel foam as bifunctional electrocatalyst for high efficiency
water and urea—water electrolysis. J. Mater. Chem. A 2020, 8, 18106-18116. [CrossRef]

Zhao, Z.; Zhao, J.; Wang, H.; Li, X,; Yang, L.; Zhao, Z; Liu, X.; Liu, Y.; Liu, P; Cai, Z. Porous flower-like nickel nitride as highly
efficient bifunctional electrocatalysts for less energy-intensive hydrogen evolution and urea oxidation. Int. J. Hydrog. Energy 2020,
45, 14199-14207. [CrossRef]

He, M,; Feng, C.; Liao, T.; Hu, S.; Wu, H.; Sun, Z. Low-Cost Ni2P/Ni0.96S Heterostructured Bifunctional Electrocatalyst toward
Highly Efficient Overall Urea-Water Electrolysis. ACS Appl. Mater. Interfaces 2020, 12, 2225-2233. [CrossRef] [PubMed]

Gu, X,; Yang, D.; Liu, Z.; Wang, S.; Feng, L. Iron oxide promoted nickel/nickel oxide rough nanorods for efficient urea assisted
water splitting. Electrochim. Acta 2020, 353, 136516. [CrossRef]


http://doi.org/10.1016/j.electacta.2020.137648
http://doi.org/10.1016/j.electacta.2014.03.134
http://doi.org/10.1016/j.jpowsour.2020.228014
http://doi.org/10.1021/acssuschemeng.0c06782
http://doi.org/10.1016/j.jcis.2019.01.096
http://doi.org/10.1016/j.nanoen.2019.04.035
http://doi.org/10.1016/j.cej.2020.124525
http://doi.org/10.1039/D0TA06030E
http://doi.org/10.1016/j.ijhydene.2019.11.007
http://doi.org/10.1021/acsami.9b14350
http://www.ncbi.nlm.nih.gov/pubmed/31850739
http://doi.org/10.1016/j.electacta.2020.136516

	Introduction 
	Experimental Section 
	Chemicals and Reagents 
	Synthesis of the NiO/NiF Catalyst Sample 
	Synthesis of the Ni2P@NiO/NiF Catalyst Sample 
	Characterizations of the As-Synthesized Nanostructures 
	Electrochemical Measurements 

	Results and Discussion 
	Synthesis of the Ni2P@NiO Nanostructures 
	Electro-Oxidation of Urea (EOU) at the Ni Catalyst-Based Electrodes 
	EOU Stability and Wastewater Analyses at the Ni Catalyst-Based Electrodes 

	Conclusions 
	References

