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Layered ammonium metal phosphate based
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This study unveils a highly efficient electrocatalyst based on hydrated ammonium metal phosphates
(NH4MPO4-H,0) with a layered crystal structure and expanded interlayer spacing, facilitating rapid
electron and ion transport for advanced oxygen evolution reaction (OER) applications. Addressing
inherent limitations in conductivity and electroactive surface area, we engineered a heterostructured
electrocatalyst by combining NH4NiPO4-H,O with CdIn,S4 and in situ formed NizS, on nickel foam (NF)
through a two-step hydrothermal process. The resulting NH4NiPO,4-H,0O/CdInyS4/NizS, (NPO/CINS)
system leverages phosphate-sulfide interfacial interactions,

significantly enhancing catalytic

performance. Electrochemical tests reveal impressive OER and urea oxidation reaction (UOR) activities,
achieving low overpotentials of 245 mV and 1.26 V at 10 mA cm™2 respectively. The obtained
exceptional UOR efficiency exceeds that of previously reported oxide and sulfide-based heterostructure
electrocatalysts. The NPO/CINS heterostructure demonstrates remarkable stability towards OER, with
only 2% degradation over 65 hours of continuous operation, affirming its durability for high-performance
applications. This work emphasizes the power of synergistic interfacial bonding, optimized electron

transfer, and strategic structural design, positioning the NPO/CINS heterostructure as a pioneering

rsc.li/sustainable-energy

1. Introduction

Globally, hydrogen (H,) stands as a clean, sustainable fuel with
transformative potential to address the pressing challenges of
climate change and the urgent transition from finite fossil fuels
to renewable energy sources." To date, materials such as plat-
inum (Pt), iridium oxide (IrO,), and ruthenium oxide (RuO,)
have set benchmarks as superior electrocatalysts for the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER), respectively.>* However, water electrolysis faces
two significant challenges: (i) the high costs of these advanced
catalysts and (ii) the inherently slow reaction kinetics of OER at
the anode, which contribute to notable efficiency losses.>® In
response, the pursuit of alternative anodic oxidation reactions
with lower thermodynamic potentials has gained considerable
attention as a route toward energy-efficient hydrogen produc-
tion. A promising candidate is the urea oxidation reaction
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catalyst for scalable energy solutions.

(UOR), which, with a notably lower thermodynamic potential
(0.37 V vs. RHE) than OER (1.23 V vs. RHE), positions UOR-
coupled electrolysis as a groundbreaking method to enhance
hydrogen production efficiency.”® Despite this, UOR's six-
electron transfer process (CO(NH,), + 60H~ — N, + 5H,0 +
CO, + 6e7) is hindered by slow kinetics, posing a critical chal-
lenge. To overcome these limitations, the development of
bifunctional electrocatalysts that can drive both OER and UOR
efficiently is essential for achieving low-energy, sustainable
water splitting and advancing hydrogen production toward
industrial feasibility.

An extensive research effort has been directed towards the
development of inexpensive and efficient electrocatalysts.
Transition metal catalysts particularly Ni-based phosphides,
oxides, sulfides and selenides hold promises for electrocatalysts
owing to their low cost, intrinsic catalytic activity and chemical
stability.”'® Metal phosphates have emerged as a widely studied
alternative to conventional oxygen evolution reaction (OER)
catalysts, addressing the high cost and scarcity of benchmark
catalysts.””*® Their open framework structure facilitates both
water oxidation and adsorption, while also acting as a proton
acceptor during the oxidation of metal atoms. Of particular
interest are hydrated ammonium metal phosphates

This journal is © The Royal Society of Chemistry 2025
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(NH4;MPO,-H,0), which have garnered considerable attention
in catalysis and energy storage due to their exceptional struc-
tural features that promote rapid electron and ion transport.**
NH,MPO,-H,0, with its layered crystal structure and relatively
large interlayer spacing, has demonstrated significant potential
for enhancing OER activity. This distinct architecture creates
efficient pathways for ion diffusion, accelerating electro-
chemical reactions and making these materials particularly
advantageous for high-performance applications such as energy
storage and electrocatalytic urea decomposition. However,
despite these promising characteristics, ammonium metal
phosphates still exhibit low intrinsic OER/UOR activity, largely
due to poor electrical conductivity, limited electroactive surface
area, and weak interfacial charge transfer."?* Enhancing these
properties is key to unlocking the full catalytic potential of these
materials, driving them toward superior performance in
advanced energy applications.

One of the effective way of boosting the catalytic efficiency of
electrocatalysts is to create heterostructures with additional
catalysts.”"** The heterostructure formation leads to leveraging
synergistic effects, tuning electronic structures, increasing
multiple active sites, improving mass transport properties, and
enhancing stability.>*** Specifically, transition metal sulfides
(TMSs) display inherent metallic characteristics attributed to
the uninterrupted network of M-M bonds in their struc-
tures.”*?* CdIn,S, is known to be one of the best TMSs for
photoelectrochemical water splitting due to its exceptional
catalytic prowess in both the HER and OER, thereby enabling
highly efficient water splitting.”® Furthermore, when integrated
with supplementary catalysts or semiconductor materials,
CdIn,S, demonstrates synergistic interactions that amplify the
overall efficiency of the water-splitting mechanism.*® Moreover,
it exhibits robust stability under electrocatalytic environments,
ensuring sustained performance over prolonged periods.

Herein, we report a facile two-step hydrothermal synthesis to
grow binder-free NH,NiPO,-H,0/CdIn,S,/NF electrocatalyst
and its assessment to electrocatalytic HER and OER reactions.
Firstly, Ni-foam (NF) itself was utilized as the source of nickel,
enabling uniform growth of NH,NiPO,-H,O nanostructures.
The direct transformation of the nickel foam surface into
a catalyst material enhances electrical conductivity, minimises
ionic diffusion resistance, facilitates efficient electrolyte pene-
tration, and maximizes the electroactive surface area. A unique
combination of NH,NiPO,-H,O and CdIn,S, is intended to
leverage the strengths of both materials. The hydrothermal
synthesis of NH,NiPO,-H,0/CdIn,S, electrocatalyst resulted in
in situ formation of new catalytic material Ni;S, which further
improved catalytic OER activity through a hybrid nanostructure.
Ni;S, has emerged as an appealing bi-functional catalyst that
facilitates both the HER and OER in alkaline electrolysis,
demonstrating its potential for practical and scalable use in
electrochemical devices.”” While several previous studies have
demonstrated the electrocatalytic activity of Ni-based NH,-
MPO,-H,0 and/or sulfides as electrocatalysts, a critical aspect
that has remained unexplored is the effect of phosphate-sulfide
interfacial interactions. Therefore, by systematically investi-
gating the ternary NH,4NiPO,-H,0/CdIn,S,/Ni;S,
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electrocatalyst, we highlight the benefits of unexplored
phosphate/sulphite interface phenomena and their significance
to advancing electrocatalytic activities.

2. Experimental

Nickel foam, ammonium phosphate monobasic (NH,H,PO,),
cadmium nitrate tetrahydrate (CdNO;),-4H,O and urea
(CH4N,0), thioacetamide (C,H;NS), indium nitrate hydrate
(In(NO3);-H,0) were all of Sigma-Aldrich and used as received.
NH,NiPO,-H,O was synthesized via a hydrothermal approach.
First, nickel foam was pre-treated in 3 M HCI and then rinsed
with water, each for 15 minutes, before being dried at 70 °C. In
a typical synthesis, 0.1 M NH,H,PO, and 0.1 M urea were dis-
solved in deionized water. This solution, along with the nickel
foam substrate, was placed into a 50 mL autoclave and heated to
180 °C for 12 hours. Upon cooling, the substrate was removed,
thoroughly rinsed and dried once more at 70 °C. The resulting
Ni-foam substrate was then used for further characterization
and synthesis steps.

The CdIn,S,/NisS, and NH,NiPO,-H,0/CdIn,S,/NisS, elec-
trodes were synthesized using a straightforward two-step
hydrothermal method. First, 0.09 g of Cd(NO;),-4H,0, 0.18 g
of In(NO3),-H,0, and 0.35 g of C,HsNS were dissolved in 35 mL
of deionized water. The resulting solution was then transferred
to a 50 mL Teflon-lined autoclave, containing both the pre-
synthesized NH,NiPO,-H,O/NF substrate and bare Ni foam
substrate, and heated at 160 °C for 10 hours. After the reaction,
the autoclave was left to cool naturally overnight. The precipi-
tate was collected, thoroughly washed with water and ethanol
several times, and dried at 70 °C. The synthesized materials are
labelled as follows: NH,NiPO,-H,O as NPO, CdIn,S,/Ni;S, as
CINS, and the composite NH,NiPO,-H,0/CdIn,S,/Ni;S, as
NPO/CINS.

The morphologies of the as-prepared electrocatalysts were
examined using field-emission scanning electron microscopy
(FESEM; S-4300, Hitachi) and field-emission transmission
electron microscopy (FE-TEM, JEM-2100F, JEOL). Their
elemental composition and distribution were determined via
energy-dispersive X-ray spectrometry (EDX; EX-250, Horiba).
High-resolution X-ray diffraction (XRD; X'Pert PRO MRD, Phil-
lips) was employed to identify the crystalline phases, and X-ray
photoelectron spectroscopy (XPS; K-Alpha, Thermos Scientific)
was utilized to analyze the surface elemental composition. The
Raman spectra were recorded in air using a Raman spectrom-
eter (LabRAM Revolution, HORIBA) equipped with a 532 nm
laser and 1800 lines per mm grating, with spectra collected at
a resolution of 0.5 cm ™" spanning from 50 to 2000 cm . The
analysis was conducted at the Inha University Core Facility
Center for Sustainable Energy.

All electrochemical measurements were carried out using
a biologic potentiostat workstation with a standard three-
electrode configuration. The prepared binder-free electrodes
served as the working electrodes, while a Hg/HgO electrode and
Pt mesh were utilized as the reference and counter electrodes,
respectively. Electrochemical measurements were conducted in
two distinct electrolytes: 1.0 M KOH and 1.0 M KOH with 0.33 M
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urea. A potentiostat (VSP, Bio-Logics) electrochemical worksta-
tion was employed for these measurements. Electrode activa-
tion was achieved via cyclic voltammetry (CV) until a stable
overpotential was reached, followed by linear sweep voltam-
metry (LSV) within a potential window of 0 to 0.6 V vs. SCE at
a scan rate of 5 mV s ', Electrode stability was assessed using
chronopotentiometry (CP) at a constant current density of 10
mA cm > The Tafel equation (n = blog|j| + @) was utilized to
derive Tafel curves from the LSV data, relating the overpotential
(m) to the current density (j) and the Tafel slope (b). Electro-
chemical impedance spectroscopy (EIS) measured interface
charge transfer resistance across a frequency range of 1 Hz to 10
kHz.

3. Results and discussion

The stepwise synthesis of the NPO, CINS, and the NPO/CINS
heterostructure on Ni foam via a hydrothermal method is
depicted in schematic I in ESL{ This schematic outlines the
sequential deposition and integration processes that yield
a robust and synergistic heterostructure. In step-I, the Ni foam
acts as a reactive substrate for the in situ formation of NPO
through a chemical dissolution process. The process begins
with the ionization and hydrolysis of (NH,),HPO, in the
hydrothermal environment, facilitated by the presence of urea.
Urea plays a crucial role as a slow-releasing source of ammonia
(NH;) and hydroxide ions (OH ™), which help to regulate the pH
and provide the necessary conditions for the reaction. The
dissolved phosphate ions react with nickel ions released from
the Ni foam surface during its partial dissolution. This reaction,
driven by the consumption of oxygen, leads to the nucleation
and growth of NPO directly on the Ni foam substrate. The
resulting NPO exhibits strong adhesion due to its in situ
formation, ensuring robust contact and electrical connectivity
with the underlying Ni foam. The subsequent step involves the
hydrothermal synthesis of CdIn,S, in the presence of the NPO-
coated Ni foam. During this process, sulfur precursors react
with nickel ions from the foam, forming Ni,S, in situ as an
intermediate layer. This dual process ensures intimate contact
between the Ni;S, and the growing CdIn,S, particles. The
coexistence of these phases enhances the heterostructure's
electronic and catalytic properties. In the final step, the inte-
gration of NPO and CINS occurs through a synergistic assembly
process, facilitated by the sequential reactions outlined in steps
I and II. The heterostructure combines the unique properties of
NPO, CdIn,S,, and Ni;S,, resulting in a highly interconnected
and multifunctional material. The NPO provides a stable and
conductive scaffold, while the CINS composite introduces
catalytic active sites and enhanced charge transfer capabilities.
The strong interfacial bonding between
mechanical stability and durability.

The XRD patterns of NPO and CINS and NPO/CINS hetero-
structure are shown in Fig. S1.f In Fig. S1a,7 the peaks can be
attributed to a pure orthorhombic phase of NPO (JCPDF no. 86-
1866), along with two sharp reflections from the Ni foam,
marked by the asterisks (*). The XRD pattern of the CINS film
exhibits two distinct sets of peaks, corresponding to CdIn,S,

layers ensures
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and NizS, (Fig. S1bt). Like NPO, CdIn,S, crystallized in the
cubic spinel structure, consistent with the JCPDS no. 27-060,
while the Ni;S, phase formed in a rhombohedral structure,
corresponding to JCPDS no. 03-0863. The X-ray diffraction
(XRD) pattern of NPO/CINS (Fig. Sict) exhibits prominent
diffraction peaks corresponding to the characteristic crystal
planes of all three constituent phases, with no detectable
impurity peaks, thereby confirming the successful synthesis of
the heterostructure between NPO and CINS. This structural
integrity and phase purity were further validated through
FESEM.

Fig. 1a and S2at present the FESEM images of NPO, show-
casing a highly textured and layered morphology characterized
by three-dimensional, flake-like formations. These flakes over-
lap and stack upon one another, creating a complex architec-
ture that offers a vast surface area, ideal for enhancing
electrocatalytic performance. The FESEM images of CINS
(Fig. 1b and S2bft) reveal a porous, interconnected network
structure, resembling a sponge-like framework. This material
features rough surfaces with numerous interconnected voids or
pores, giving rise to a continuous and convoluted texture
formed by thin, wrinkled sheets or layers. The high surface area
and porous nature make this structure highly advantageous for
electrocatalytic applications, promoting efficient mass trans-
port and active site exposure. The morphology of the NPO/CINS
heterostructure (Fig. 1c and S2ct) reveals an integration of both

Wt% Atomic %
0.00 0.00
3355 16.12
38.65 68.15
11.02 10.04
4.27 1.07
10.06 247
245 2,15
100 100

Fig. 1 FESEM images of (a) NH4NiPO4-H,0, (b) CdIn,S4/NisS;, and (c
NH4NiPO4-H,O/CdIn,S4/NisS,  heterostructure.  (d) Elemental
composition in NH4NiPO4-H,O/CdIn,S4/NisS,  heterostructure
determined from EDS. (e) TEM image of NPO flakes. The inset shows
the elemental mapping for Ni, P, N, and O. (f) TEM image of CdIn,S4/
NizS,. The inset shows elemental mapping for Cd, In, Ni, and S.

This journal is © The Royal Society of Chemistry 2025
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phases, where the randomly oriented flake-like NPO structures
are uniformly enveloped by the CINS, forming a net-like
network. This synergistic combination of high surface area
flakes and interconnected porous networks significantly
enhances the material's overall performance by optimizing
mass transport, increasing active site availability, and
improving structural stability. Such a heterostructure holds
great potential for high-performance applications in electro-
catalysis. The detailed elemental composition of all the
elements in NPO/CINS heterostructure from EDX spectrum is
tabulated in Fig. 1d, indicating the presence of all the elements
in the NPO/CINS heterostructure. The element nitrogen (N) may
not be detected due to its presence potentially falling below the
detection threshold of the EDX system.

The TEM images and corresponding elemental mapping in
Fig. 1e and f further corroborate the structural and composi-
tional characteristics of the NPO/CINS heterostructure. In Fig.
le, the TEM image reveals the presence of thin, layered struc-
tures consistent with the flake-like morphology of NPO. The
magnified inset shows a uniform distribution of Ni, P, N, and O
elements across these flakes, highlighting the homogeneous
composition of the NPO phase. Fig. 1f demonstrates the inte-
gration of CINS into the heterostructure. The TEM image
displays agglomerated, porous regions, indicative of the
sponge-like CINS framework consistent with FESEM image
(Fig. 1b). The elemental mapping shows a well-dispersed
distribution of Cd, In, Ni, and S, confirming the successful
formation of the heterostructure. The overlap of these elements
highlights the synergistic combination of NPO's flake-like
architecture and CINS's porous network. This combination
ensures enhanced active site availability, and increased struc-
tural stability, making the heterostructure highly favorable for
electrocatalytic applications.

The X-ray photoelectron spectroscopy (XPS) analysis was
employed to probe the surface composition and electronic
structure of the NPO/CINS electrocatalysts, as illustrated in
Fig. 2. In Fig. 2a, the high-resolution Ni 2p spectrum reveals two
prominent sets of spin-orbit doublets, with binding energies at
855.7 eV and 873.2 eV, corresponding to Ni 2p;/, and Ni 2p,,,
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Fig.2 High-resolution XPS spectra of (a) Ni 2p, (b) P 2p, (c) O 1s, (d) Cd
3d, (e) In 3d and (f) S 2p in NH4NiPO,4-H,0O, CdInyS4/NisS,, and NHg-
NiPO4-H,O/CdIn,S4/NisS, heterostructure.
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respectively. These peaks are further deconvoluted into Ni** and
Ni’*" states. Specifically, the Ni** states are centered at 855.5 eV
and 872.9 eV, while the Ni*" states are centered at 856.1 eV and
874.3 eV.”” Additionally, satellite peaks are observed at
861.4 eV and 879.6 eV, confirming the presence of Ni in both
Ni** and Ni** oxidation states.

To further explore the impact of the heterostructure between
NPO and CINS, XPS measurements were also conducted on NPO
and CINS as shown in Fig. 2a. Notably, the Ni 2p;/, and Ni 2p,,
peaks in the NPO/CINS heterostructure shift toward lower
binding energies compared to NPO and shift toward higher
binding energy compared to CNIS. This observation reveals
a pronounced electron transfer from CINS to NPO mediated
through Ni ions within the NPO/CINS heterostructure,
substantially enhancing electron density around these Ni sites.
Consequently, the intensity of Ni** oxidation states in the NPO/
CINS heterostructure markedly increased compared to that of
NPO and CINS, indicating a stabilized high-valence Ni envi-
ronment facilitated by interfacial charge transfer. The decon-
voluted P 2p spectra of NPO and the NPO/CINS heterostructure
are illustrated in Fig. 2b. For NPO, the P 2p spectrum reveals
a peak at 133.6 eV corresponding to P-O bonding. In the case of
the heterostructure, the peak was shifted to lower binding
energy (133 eV) compared to pristine NPO. As shown in Fig. 2c,
the O 1s spectrum of NPO can be deconvoluted into two peaks at
530.9 eV, 531.8 eV, and 532.8 eV attributed to M-O, M-OH and
adsorbed water species, respectively. Upon formation of the
NPO/CINS heterostructure, the peak intensity of absorbed water
decreased while that of OH increased, signifying an enhanced
stabilization of OH groups at the heterostructure interface due
to interfacial bonding and electron transfer effects. The Cd 3d
spectrum of CINS displays two prominent peaks at 406 eV and
412.0 eV, corresponding to Cd 3ds,, and Cd 3d;,, respectively
(Fig. 2d).> Upon coupling with NPO, these peaks shifted to
lower binding energies, indicating subtle electronic changes.
The In 3d spectrum of CINS, as depicted in Fig. 2e, exhibits two
distinct peaks at 444.7 eV and 452.4 eV, attributed to In 3ds,
and In 3dj),, respectively.” Notably, these binding energies
remain unchanged after coupling with NPO. For the S 2p
spectrum in Fig. 2f, the peaks at 162.8 eV and 168.6 eV corre-
spond to S 2p, associated with typical metal-sulfur bond and
surface SO,>~ species exposed to air, respectively.?® However, in
the NPO/CINS heterostructure, these peaks experience a nega-
tive shift, reflecting altered electronic environments. The vari-
ations in binding energies of Ni, O, Cd, and S can be ascribed to
surface charge redistribution upon heterojunction formation.
This redistribution likely induces a built-in electric field at the
NPO/CINS interface, facilitating enhanced charge transfer
across the heterojunction.

The oxygen evolution reaction (OER) performance of the
NPO/CINS electrocatalyst was evaluated using cyclic voltam-
metry (CV) in 1 M KOH at a scan rate of 5 mV s '. Before
evaluating the OER activity, the electrocatalysts were activated
via CV cycling (20 cycles) in the range of 0.8 to 1.8 V vs. RHE at
a scan rate of 100 mV s~ ' (Fig. S3at). This activation step is for
the reconstruction of a catalytically active surface by removing
adsorbed contaminants or passivating layers that could hinder

Sustainable Energy Fuels, 2025, 9, 1588-1595 | 1591
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Fig. 3 OER performance of the NH4NiPO4-H,O/CdIn,S4/NisS, het-
erostructure in 1 M KOH. (a) LSV curves of NH4NiPO,4-H,O, Cdln,S,/
NisS; and NH4NiPO,4-H,O/Cdln,S4/NisS, at scan rate of 5 mV s~ 2. (b)
Tafel plots illustrating the kinetics of the OER, (c) EIS spectra at 0.5V,
highlighting the charge transfer resistance, (d) CP curve of NH4-
NiPO4-H,O/CdIn,S4/NisS, recorded at a constant current density of
10 mA cm™2.

the catalytic performance of electrocatalyst. As shown in Fig. 3a,
the iR-corrected CV curves for NPO, CINS, and the NPO/CINS
heterostructure reveal that the NPO/CINS electrocatalyst
demonstrates superior OER activity, characterized by the lowest
onset potential and highest current density compared to its
counterparts. To avoid interference from the Ni**/Ni*" oxidation
during the positive-going scan (1.3-1.5 V vs. RHE range), the
polarization curves from the reverse scan (high to low potential)
were analyzed to estimate the overpotentials and assess the OER
activity. NPO exhibited notable overpotentials of 315 mV and
410 mV at current densities of 10 mA cm ™2 and 100 mA cm ™2,
respectively. CINS showed slightly better overpotentials of
283 mV and 380 mV at the same current densities. However, the
formation of the NPO/CINS heterostructure led to a dramatic
decrease in overpotentials, reaching 245 mV and 320 mV at 10
mA cm 2 and 100 mA cm ?, respectively. This remarkable
enhancement is attributed to the synergistic interaction within
the heterostructure, where interfacial bonding promotes effi-
cient electron transfer between components, significantly
enhancing the catalytic activity for OER. Moreover, due to
electron transfer from CINS to NPO, the increased electron
density on Ni sites reduces the adsorption energy of key inter-
mediates such as OH, OOH, and O, further boosting the OER
catalytic efficiency.

Further kinetic analysis, including the determination of
Tafel slopes, highlighted the superior performance of the NPO/
CINS electrocatalyst (Fig. 3b). The Tafel slope for the NPO/CINS
heterostructure, at just 43.65 mV dec ', is significantly lower
than those of NPO (68.64 mV dec™ ) and CINS (68.31 mV dec™ %),
underscoring its notably faster OER kinetics compared to its
components. This low Tafel slope, alongside the reduced over-
potential, confirms the rapid kinetic advantages of the NPO/
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CINS heterostructure, affirming its exceptional potential for
efficient water electrolysis. Additionally, electrochemical
impedance spectroscopy (EIS) measurements were conducted
to further probe the charge transfer dynamics during the OER
process (Fig. 3c). The NPO/CINS electrocatalyst exhibited
consistently lower charge transfer resistance compared to its
counterparts, revealing a significantly accelerated OER rate on
its surface. The turnover frequency (TOF) values were derived
using the eqn (S1) provided in the ESI and are presented in
Fig. S4.1 As illustrated in Fig. S4,7 the TOF values for NPO, CINS,
and NPO-CINS were calculated to be 0.02, 0.07, and 0.276 x
10? s~ per Ni site, respectively. Notably, the TOF value for the
NPO/CINS heterostructure is significantly higher than that of
the individual parent phases, thereby underscoring the
substantial enhancement in intrinsic catalytic activity facili-
tated by forming the heterostructure between NPO and CINS.
The long-term stability of the NPO/CINS electrocatalyst was also
evaluated through time-dependent potential measurements
(Fig. 3d). Impressively, the electrocatalyst showed only a 2%
variation in overpotential during 65 hours of continuous gal-
vanostatic electrolysis at a current density of 10 mA cm >,
demonstrating its remarkable stability and durability for pro-
longed OER operation.

Due to the significantly lower oxidation potential of urea
compared to OH ™, substituting the oxygen evolution reaction
(OER) with the urea oxidation reaction (UOR) at the anode can
substantially reduce the cell voltage. Accordingly, the urea
oxidation reaction (UOR) efficiency of the NPO/CINS electro-
catalyst was assessed via linear sweep voltammetry (LSV) in
a1 M KOH + 0.3 M urea solution, conducted at a scan rate of
5 mV s~ . Like the OER assessment, the electrocatalysts were
activated for UOR by CV cycling (20 cycles) within the potential
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Fig. 4 UOR performance of the NH4NiPO4-H,O/CdIn,S4/NizS, het-
erostructure in 1 M KOH. (a) LSV curves of NH4NiPO,4-H,0, CdIn,S,/
NizS, and NH4NiPO4-H,0/CdIn,S4/NisS, at scan rate of 5 mV s~2. (b)
Tafel plots illustrating the kinetics of the OER, (c) EIS spectraat 0.5V,
highlighting the charge transfer resistance, (d) CP curve of NH4-
NiPO,4-H,0/CdIn,S4/NisS, recorded at a constant j of 10 mA cm 2.
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range of 0.8 to 1.8 V vs. RHE at a scan rate of 100 mV s ', as
shown in Fig. S3b.} As depicted in Fig. 4a, the iR-corrected LSV
polarization curves for NPO, CINS, and NPO/CINS, reveal the
latter's remarkable UOR activity. The NPO/CINS heterostructure
demonstrates outstanding performance, requiring impressively
low potentials of just 1.26 V and 1.35 V to achieve current
densities of 10 mA cm ™2 and 100 mA cm 2, respectively. These
values are significantly lower than those of NPO (1.33 Vand 1.37
V) and CINS (1.30 V and 1.36 V) electrocatalysts. The NPO/CINS
heterostructure exhibits an impressively low Tafel slope of just
53 mV dec ', markedly lower than that of NPO (65.47 mV dec ™)
and CINS (61.31 mV dec '), highlighting its significantly
enhanced UOR kinetics compared to the individual compo-
nents (Fig. 4b). Electrochemical impedance spectroscopy (EIS)
measurements (Fig. 4c) were conducted to further investigate
charge transfer dynamics during the UOR process. The NPO/
CINS electrocatalyst demonstrated consistently lower charge
transfer resistance than its counterparts, indicating a notably
faster UOR rate on its surface. This confirms the superior UOR
kinetics and efficient electron transfer capabilities of the het-
erostructure. Additionally, durability tests of the NPO/CINS
heterostructure, recorded at a current density of 10 mA cm™>
(Fig. 4d), revealed only minimal potential degradation (~2%)
after 20 hours, underscoring its outstanding durability for long-
term operation.

Fig. 5a presents a comparative analysis of the CV curves of
NPO/CINS heterostructure electrocatalyst for its OER and UOR
activities at a scan rate of 5 mV s~ '. Notably, the UOR process on
the NPO/CINS electrocatalyst achieves current densities of 100
and 200 mA cm~ > at remarkably low potentials of 1.37 V and
1.39V, respectively which is 180 mV and 200 mV below the OER
potentials of 1.55 V and 1.59 V. This notable decrease in
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Fig. 5 (@) CV curves of NH4NiPO,4-H,O/CdIn,S4/NisS, hetero-
structure for OER and UOR at a scan rate of 5 mV s™*. (b) Comparison
of the UOR activity of the NH4NiPO4-H,O/CdIn,S4/NisS, hetero-
structure with various electrocatalysts. High-resolution XPS spectra of
(c) Ni 2p and (d) O 1s before and after OER and UOR activity.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Sustainable Energy & Fuels

overpotential highlights the superior kinetics and efficiency of
the UOR relative to the OER. The UOR performance of NPO/
CINS heterostructure not only demonstrates exceptional effi-
ciency but also exceeds that of previously reported oxide and
sulfide based heterostructure electrocatalysts, as depicted in
Fig. 5b.>%” To elucidate the enhanced OER and UOR perfor-
mance of the NPO/CINS electrocatalyst, post-reaction samples
were characterized through FESEM and XPS analyses. High-
potential electrocatalytic oxidation typically induces surface
oxidation, which can alter both the composition and
morphology of the catalysts. As shown in the FESEM images
(Fig. S51), the NPO and CINS maintain their structural integrity
post-OER and UOR, with minimal morphological changes.
However, XPS spectra reveal substantial surface oxidation of
NPO/CINS following these reactions. In the Ni 2p spectrum
(Fig. 5c), a pronounced increase in the Ni** valence state
intensity, along with a negative shift in the Ni 2p;/, and Ni 2p,
peaks relative to the untreated sample, signifies extensive redox
transformations of Ni ions under OER and UOR conditions.
Similarly, the O 1s spectrum (Fig. 5d) shows a significant
increase in the M-O peak intensity at 530.8 eV after the reac-
tions, while the M—OH and H,0O-bound oxygen peaks decrease,
indicating the formation of OOH-like species. A negative shift in
O 1s peaks post-reaction suggests nuanced structural reorga-
nization in the oxygen environment, enhancing reaction
kinetics. The emergence of a new peak near 500 cm ™" in the
Raman spectra (Fig. S67), attributed to the metal-O band of
NiOOH, further supports the partial transformation of the NPO-
CINS surface to metal (oxy)hydroxide. Transmission Electron
Microscopy (TEM) images provide compelling evidence of the
surface transformation of the NPO-CINS heterostructure into
a metal (oxy)hydroxide phase (Fig. 6).

The catalytic mechanism for OER and UOR is primarily
driven by the in situ formation of Ni**~OOH species on the

Fig. 6 (a) TEM image of the NH4NiPO4-H,O/CdIn,S4/NisS, hetero-
structure after the UOR process, highlighting the overall morphology
and nanoscale features. (b and c¢) HRTEM images illustrating the
formation of the NIOOH phase via surface reconstruction during UOR.
The bottom panel displays TEM elemental mappings, confirming the
uniform distribution of elements within the NH4NiPO4-H,O/CdIn,S,4/
NizS, heterostructure and validating the formation of NiOOH at the
reconstructed regions.
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catalyst surface, which are recognized as the true active sites for
these processes. For OER, the mechanism initiates with the
adsorption of hydroxide ions (OH") from the KOH electrolyte,
resulting in OH bond dissociation to form surface-bound *O
species. This intermediate *O subsequently binds with another
OH™ to yield the *OOH species, which then couples with
additional hydroxide to release molecular oxygen (*O,) from the
catalyst surface.*® XPS and Raman analyses highlight the critical
role of the high oxidation state Ni*" (NiOOH) species in
enhancing the electrocatalytic activity of the NPO/CINS elec-
trocatalyst. Ni** not only amplifies the intrinsic electronic
properties of the catalyst but also optimizes intermediate
stability, addressing rate-limiting steps in the reaction pathway
and elevating OER performance. The electron transfer from
CINS to NPO at the NPO/CINS heterointerface increases elec-
tron density on Ni sites, reducing the adsorption energy for
intermediates such as OH,q, OOH,q4, and O,q4, and thus signif-
icantly boosting OER activity. The improved electronic
conductivity, coupled with the higher oxidation state of Ni*",
facilitates electron transfer and stabilizes the OER intermedi-
ates, thus significantly boosting catalytic activity.

In parallel, the remarkable UOR activity of the NPO/CINS
catalyst is largely attributed to the dynamic formation of the
NiOOH phase, which actively oxidizes urea molecules, leading
to the efficient evolution of nitrogen (N,) and carbon dioxide
(CO,). This highly active NiOOH phase significantly boosts
electrochemical performance by amplifying the density of
catalytic sites, enhancing conductivity, and optimizing the
overall reaction environment for UOR. Moreover, the strategic
modulation at the NPO/CINS heterointerface facilitates
substantial electron transfer from CINS to NPO, creating high-
valence Ni sites with superior intrinsic activity, which further
accelerates the reaction.

The HRTEM image of the NPO/CINS electrocatalyst after
undergoing the UOR reaction provides compelling evidence of
a surface reconstruction phenomenon. As illustrated in Fig. 6a,
nanoscale morphological transformations are clearly discern-
ible, showcasing distinct reconstructed NiOOH regions
surrounding the NPO and CINS phases. These regions exhibit
an amorphous or partially crystalline structure, signifying the
dynamic evolution of the material during the reaction process
(Fig. 6b and c). Specifically, the HRTEM images in Fig. 6b and ¢
capture the reconstructed NiOOH species around the NPO and
CINS phases, respectively. The observed interplanar spacing of
0.14 nm is attributed to the (110) plane of NiOOH, in agreement
with the reference pattern (JCPDS no. 00-006-0075). The image
unequivocally reveals that the NPO and CINS phases establish
interfaces mediated by the reconstructed NiOOH species.
Complementary insights from EDX mapping, shown in the
bottom panel and Fig. S7,f confirm the uniform elemental
distribution of Ni, N, P, and O in the NPO phase, as well as Cd,
In, Ni, S, and O in the CINS phase. Notably, Ni and O dominate
the surfaces of both phases, further substantiating the forma-
tion of NiOOH layers as a result of surface reconstruction
around the NPO and CINS structures. This heterointerface is
critical for enhanced electron transfer and the formation of
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high-density active sites, which are crucial for the catalytic
activity during UOR.

At the molecular level, the electron-withdrawing C=0 group
in urea exhibits a strong affinity for electron-rich (negatively
charged) CINS sites on the catalyst surface, establishing a stable
adsorption configuration. Concurrently, the electron-donating
amino (-NH,) group is drawn toward electron-deficient (posi-
tively charged) regions associated with the NPO component.’
This complementary adsorption mechanism, engaging distinct
active sites, optimally aligns the urea molecule and facilitates
effective bond dissociation. Together, these synergistic inter-
actions expedite urea decomposition and drive enhanced reac-
tion Kkinetics, positioning the NPO/CINS catalyst as an
exceptional system for efficient urea oxidation.

4. Conclusion

This study presents a high-performance electrocatalyst based
on NH,NiPO,-H,4O, integrated with CdIn,S, and in situ formed
Ni;S, on nickel foam, which is engineered to achieve excep-
tional OER and UOR efficiencies. The heterostructure's layered
architecture and phosphate-sulfide interfacial interactions
enhance electron transport, achieving low overpotentials of
245 mV for OER and 1.26 V for UOR at 10 mA cm 2. The
exceptional UOR efficiency exceeds that of previously reported
oxide and sulfide-based heterostructure electrocatalysts. Tafel
slope and EIS data underscore the rapid reaction kinetics and
low charge transfer resistance, while stability tests reveal
minimal degradation over prolonged operation. The study
confirms that synergistic interfacial bonding and optimized
electron transfer significantly boost catalytic activity, setting
a new standard for durable, scalable catalysts in advanced
energy applications.
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