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charge distribution on the P-
doped Ni3S2/Co9S8 interface for enhancing charge-
matched urea adsorption: boosting high current
hydrogen production via coupled urine
degradation†

Yan Sun,ab Xiannan Zhang,a Hairui Guo,a Wenjiang Li, c Huiling Liu *a

and Cheng Wang *a

The urea oxidation reaction (UOR) is emerging as a thermodynamically favorable alternative to the oxygen

evolution reaction, offering significant potential for energy-efficient H2 production and simultaneous

treatment of urea-rich wastewater. However, the 6 e− transfer process of the UOR results in sluggish

kinetics, necessitating the development of highly efficient electrocatalysts. Herein, a Janus charge

distribution surface is constructed by incorporating phosphorus (P) into the Ni3S2/Co9S8 heterojunction

to enhance the UOR performance and accelerate urea-assisted H2 production. The P incorporation

facilitates electron transfer from Ni3S2 to Co9S8, creating a local electrophilic/nucleophilic interface that

enhances the adsorption of urea molecules with the electron-withdrawing C]O group and electron-

donating amino groups. As a result, the modified P-Ni3S2/Co9S8 exhibits ultralow potentials of 1.22, 1.30

and 1.39 V (versus the reversible hydrogen electrode) to reach 10, 100 and 1000 mA cm−2 for the UOR,

respectively. Remarkably, when alkaline urine is used as the electrolyte, the P-Ni3S2/Co9S8 catalyst,

functioning as a bifunctional electrocatalyst in an anion-exchange membrane electrolyzer, can stably

deliver a high current density of 1000 mA cm−2 for H2 production over 180 h. This work highlights the

importance of designing electrocatalysts by activating interfacial charge distribution to enhance reactant

adsorption and trigger chemical bond cleavage.
1 Introduction

Urea is one of the simplest organic molecules and serves as
a crucial component for various life forms. For animals and
humans, urea is generated as a nitrogenous end product from
the decomposition of proteins and is excreted in urine.1

Approximately 265 million tons of urine containing 2–2.5 wt%
urea are produced daily, which is more than 500 times the
onal Porous Materials, Institute for New

gies, School of Materials Science and

gy, Tianjin 300384, P. R. China. E-mail:

m

ollege of Technology, Shuozhou 036000,

otoelectric Devices, School of Materials

f Technology, Tianjin 300384, P. R. China

(ESI) available: Experimental details,
patterns, TEM images, XPS spectra,

st plots, equivalent circuit model, OCP
lectrocatalysts, optimized adsorption
r electrochemical measurements, GC
i3S2/Co9S8 catalyst with reported
0.1039/d5sc01106j

the Royal Society of Chemistry
market demand for urea.2 Aer the urine-rich wastewater is
released directly into the environment, the untreated urea
decomposes naturally into toxic ammonia/nitrate, or nitrogen
oxide, causing irreversible environmental damage. Thus, the
treatment of urine-rich wastewater has become a major envi-
ronmental concern.3,4 Conventional methods for urea removal,
such as adsorption, thermal hydrolysis and chemical oxidation,
typically require high energy consumption and are ineffective in
treating high loads of urea nitrogen. The electrocatalytic urea
oxidation reaction (UOR) offers a promising approach for
treating urea/urine wastewater, operating efficiently under
ambient conditions with renewable electricity input. Moreover,
the UOR has a favorable thermodynamic equilibrium potential
of 0.37 V (all potentials are reported versus the reversible
hydrogen electrode, RHE), compared to the oxygen evolution
reaction (OER) of 1.23 V. Theoretically, replacing the OER with
the UOR for the coupled hydrogen evolution reaction (HER) can
reduce energy consumption for H2 production by up to 70%.5 In
addition to its energy-saving potential, the UOR not only has the
potential to save energy but also offers advantages in material
accessibility and environmental friendliness. Unlike water
electrolysis, which depends on abundant water resources, the
Chem. Sci., 2025, 16, 13401–13412 | 13401
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UOR utilizes urea from wastewater, converting it into valuable
products like hydrogen. This approach not only addresses
wastewater management challenges but also promotes resource
recycling.6 These dual benets make the UOR a more environ-
mentally friendly and sustainable hydrogen production method
compared to traditional water electrolysis.

Despite the thermodynamic advantages, the UOR involves
a 6e− transfer step (Co(NH2)2 + 6OH− / N2 + 5H2O + CO2 +
6e−), which results in sluggish reaction kinetics,5 making the
development of efficient electrocatalysts critical and urgent.7,8

In nature, urea decomposition is accelerated by the urease-
catalyzed process, where the amine group is bonded to one
nickel site of the enzyme and the oxygen atom is attached to
another. For the UOR occurring in a heterogeneous electro-
catalytic manner, the adsorption behaviors of electrocatalysts to
urea are crucial in determining the performance. Accordingly,
signicant efforts have been made to regulate the adsorption
energy or conguration of urea through heteroatom doping,9–11

vacancy incorporation12,13 and interface engineering.14,15 Among
these strategies, interface engineering is notable for construct-
ing heterojunctions with adjustable surface states.16,17 Strong
coupling between different components facilitates electron
transfer and redistribution at the interface, forming a Janus
charge distribution surface.18,19 Given that urea molecules
consist of one electron-withdrawing group (C]O) and two
electro-donating groups (amino), the electrophilic domain at
the interface benets the –NH2 group adsorption, while the
nucleophilic domain favors C]O group adsorption. Therefore,
constructing heterojunctions and optimizing the charge redis-
tribution at the interface are believed to enhance urea adsorp-
tion and improve the UOR performance. Additionally,
understanding the adsorption behaviors at the interface for
reactants is crucial for guiding the design of active hetero-
junction electrocatalysts.

Transition metal suldes, characterized by their unlled
outer d-orbitals and 3d valence electron structure, have
emerged as promising catalysts due to their high catalytic
activity, low cost, and excellent conductivity.20 The recent
advances of pentlandites for wastewater treatment further
exemplify the versatility and applicability of transition metal
suldes in addressing environmental challenges.21,22 These
materials exhibit unique advantages in applications such as the
organic electro-oxidation reaction,23 OER,24 and HER.25 Recent
studies have highlighted their signicant potential in bifunc-
tional catalysis, making them ideal alternatives to precious
metal catalysts. For example, Mo4+-doped NiS has demonstrated
remarkable performance in the UOR and HER, attributed to
synergistic effects that enhance electron transfer and provide
abundant active sites.9 Similarly, Fe-modied Ni hydroxysulde
(Fe-NiSOH) nanosheet arrays exhibit rapid self-reconstruction
through in situ sulfur leaching, promoting the formation of
active species.26 This design achieves low overpotentials and
excellent stability in both water and seawater oxidation. These
advancements underscore the potential of transition metal
suldes in developing efficient and durable electrocatalysts for
sustainable energy applications.
13402 | Chem. Sci., 2025, 16, 13401–13412
Herein, we construct a P-modied Ni3S2/Co9S8 hetero-
structure (P-Ni3S2/Co9S8) as a bifunctional electrocatalyst for the
UOR and HER. The incorporation of P aims to regulate the
charge distribution at the interface and further modulate the
adsorption behaviors of urea molecules. Experimental results
and theoretical calculations indicate that the introduced P
promotes electron transfer from Ni3S2 to Co9S8 and enhances
urea adsorption at the electrophilic (Ni3S2) and nucleophilic
(Co9S8) interfaces. Beneting from the modied heterointer-
face, P-Ni3S2/Co9S8 exhibits ultralow potentials of 1.22, 1.30 and
1.39 V at 10, 100 and 1000 mA cm−2, respectively, for the UOR.
Furthermore, as a bifunctional electrocatalyst, P-Ni3S2/Co9S8
requires only 1.70 V to drive 500 mA cm−2 in the UOR coupled
HER test, which is approximately 500 mV lower than the OER//
HER system. Importantly, a ow electrolyzer equipped with the
P-Ni3S2/Co9S8 electrode and supplied by urine can stably oper-
ate at 1000 mA cm−2 for over 180 h, further indicating its
potential for energy-saving H2 production and urine wastewater
treatment.

2 Results and discussion
2.1 Synthesis and characterization

The P-doped Ni3S2/Co9S8 heterojunction (P-Ni3S2/Co9S8) was
synthesized through a two-step process involving a hydro-
thermal reaction followed by phosphorization treatment, as
illustrated in Fig. 1a. Initially, the Ni3S2/Co9S8 precursor was
prepared on nickel foam (NF) via a facile hydrothermal reaction,
using NF as the Ni source and substrate and CoCl2$6H2O and
thiourea as the Co and S sources, respectively. Fig. 1b shows the
XRD pattern of the Ni3S2/Co9S8 precursor. The diffraction peaks
at 44.7°, 51.9° and 76.5° are attributed to the NF substrate (PDF
no. 04-0850). Additionally, the remaining peaks can be indexed
to hexagonal Ni3S2 (PDF no. 44-1418) and Co9S8 (PDF no. 02-
1459), indicating the coexistence of Ni3S2 and Co9S8 phases
aer hydrothermal synthesis. The Ni3S2/Co9S8 precursor
exhibits a structure composed of interconnected nanosheets
with a smooth surface, grown vertically on the NF substrate, as
shown in the scanning electron microscopy (SEM) images (Fig.
S1†). Aer phosphorization treatment, the diffraction peaks of
the Ni3S2 and Co9S8 phases become more pronounced due to
the annealing process at 400 °C for 2 h, while no diffraction
peaks from P-related species are detectable (Fig. 1b). Fig. 1c
displays that the framework of the nanosheets is basically
maintained in P-Ni3S2/Co9S8, but the surface becomes rough
with the formation of many tiny nanosheets. This hierarchical
structure signicantly enhances the exposure of the effective
surface, thereby promoting contact between reactants and
active sites and improving the electrochemical performance.27

During the phosphorization process, the doping level of P was
controlled by using different amounts of NaH2PO2 (P content
ranging from 5 to 30 mg). Fig. S2, S3,† and 1c present the XRD
and SEM results of P(5,15,20,30)-Ni3S2/Co9S8. As P(15)-Ni3S2/Co9S8
exhibits the highest electrocatalytic activity, this sample is
denoted as P-Ni3S2/Co9S8 and used for the following detailed
characterization. High-resolution transmission electron
microscopy (HRTEM) images of P-Ni3S2/Co9S8 (Fig. 1d and S4†)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration of the synthetic procedure of P-Ni3S2/Co9S8. (b) XRD patterns of Ni3S2/Co9S8 and P-Ni3S2/Co9S8. (c) SEM image,
(d) HRTEM image, and (e) HAADF-STEM image with the corresponding energy-dispersive spectrometry (EDS) mapping images of P-Ni3S2/Co9S8.
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clearly resolve the lattice fringes with spacings of 0.28 and
0.30 nm, corresponding to the (110) plane of Ni3S2 and (311)
plane of Co9S8, respectively, consistent with the XRD results.
Additionally, a clear interface is observed between the adjacent
Ni3S2 and Co9S8 regions. The high-angle annular dark-eld
scanning TEM (HAADF-STEM) and the corresponding energy-
dispersive spectrometry (EDS) mapping images (Fig. 1e)
display the homogeneous distribution of Co, Ni, S, and P
elements throughout the nanosheet, with a P-doping amount of
approximately 1.01 wt%. These results conrm the successful
fabrication of the P-doped Ni3S2/Co9S8 heterojunction structure
through phosphorization treatment of the Ni3S2/Co9S8
precursor. The surface chemical states and valence electron
states of P-Ni3S2/Co9S8 and Ni3S2/Co9S8 were investigated by X-
ray photoelectron spectroscopy (XPS). The XPS survey spectra
(Fig. S5†) show the presence of P along with Ni, Co and S
© 2025 The Author(s). Published by the Royal Society of Chemistry
elements in P-Ni3S2/Co9S8, further conrming the incorpora-
tion of P through phosphorization treatment. The P 2p spec-
trum of P-Ni3S2/Co9S8 presents two typical species
corresponding to P–Co/Ni (130.3 and 129.4 eV) and P–O (133.3
eV)28 (Fig. 2a). In the Ni 2p3/2 spectrum of P-Ni3S2/Co9S8, the
peaks at 855.9 and 857.1 eV are assigned to Ni2+ and Ni3+, while
the peak at 852.8 eV is attributed to the metallic Ni0 state.10

Similarly, the Co 2p3/2 spectrum exhibits three peaks at 778.0,
780.3, and 781.5 eV, corresponding to Co0, Co3+, and Co2+,
respectively.29 The peaks at 162.0 and 163.2 eV observed in the S
2p spectrum of P-Ni3S2/Co9S8 can be attributed to S 2p3/2 and S
2p1/2 of S2− species in Co/Ni sulde.30 Compared with Ni3S2/
Co9S8, the Ni 2p, Co 2p, and S 2p XPS spectra undergo shis in
binding energy aer P-doping (Fig. 2b–d).31 Specically, the Ni
2p peak shis toward higher binding energy by about 0.3 eV,
and the Co 2p peak shis toward lower binding energy by about
Chem. Sci., 2025, 16, 13401–13412 | 13403
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Fig. 2 XPS spectra of (a) P 2p, (b) Ni 2p, (c) Co 2p and (d) S 2p for Ni3S2/Co9S8 and P-Ni3S2/Co9S8. (e) Static water/bubble contact angle images of
Ni3S2/Co9S8 and P-Ni3S2/Co9S8. (f) Schematic illustration of the superhydrophilic and superaerophobic properties of P-Ni3S2/Co9S8.
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0.2 eV. The binding energy in the S 2p spectrum is reduced by
0.3 eV. These shis clearly indicate electron transfer from Ni3S2
to Co9S8 aer P decoration, forming a Janus charge distribution
at the P-Ni3S2/Co9S8 heterointerface. These results further
conrm the successful incorporation of P into Ni3S2/Co9S8,
which regulates the electronic environment at the
heterojunction.

For electrocatalytic reactions proceeding in aqueous elec-
trolyte with gaseous products, the hydrophilic/aerophobic
properties of the electrode are essential for practical applica-
tions at industrial current densities.32,33 As shown in Fig. 2e,
both Ni3S2/Co9S8 and P-Ni3S2/Co9S8 are superhydrophilic, with
the static water contact angle (qw) close to 0°, enhancing the
accessibility of the electrolyte to the catalyst surface during
high-current electrochemical reactions. Specically, the adhe-
sion of gas bubbles to the P-Ni3S2/Co9S8 surface is effectively
reduced compared to Ni3S2/Co9S8. The underwater gas bubble
contact angle (qb) of P-Ni3S2/Co9S8 (165.4 ± 2.5°) is signicantly
larger than that of Ni3S2/Co9S8 (120.3 ± 2.6°) due to the rougher
surface of P-Ni3S2/Co9S8 aer P doping. Moreover, the gas
bubbles do not stably adhere to its surface during the test and
are dispersed immediately upon contact, showing super-
aerophobicity.34 The superhydrophilic/superaerophobic prop-
erties of P-Ni3S2/Co9S8 not only ensure intimate contact between
the reactants and the electrode surface but also facilitate the
quick removal of gaseous products (Fig. 2f), which is critical for
stable operation at high current densities.35
13404 | Chem. Sci., 2025, 16, 13401–13412
2.2 Electrocatalytic performance for the UOR

The electrocatalytic performance of P-Ni3S2/Co9S8 for the UOR
was investigated in alkaline media with urea as the electrolyte
using a standard three-electrode system. All potentials in the
linear sweep voltammetry (LSV) polarization measurements
were 85% iR-corrected and referenced to the reversible
hydrogen electrode (RHE), unless otherwise stated. First, the
effects of urea and KOH concentrations on the UOR perfor-
mance were examined. The LSV curves of P-Ni3S2/Co9S8 in Fig.
S6a† indicate that the UOR performance is relatively insensitive
to urea concentration. In contrast, the KOH concentration
signicantly inuences the UOR performance of P-Ni3S2/Co9S8,
with the polarization current deteriorating as the KOH
concentration decreases (Fig. S6b†). The performance remains
high between 0.5 and 1.0 M KOH, which is advantageous for
treating waste urea resources with varying urea concentrations.
In this study, the electrolyte selected for UOR performance
measurement was 1.0 M KOH with 0.33 M urea (an average
concentration in urine). Subsequently, the inuence of P
doping level on the UOR performance was investigated, as
shown in Fig. S7.† Clearly, the introduction of different
amounts of P positively affects the catalyst kinetics of the UOR.
Upon comparison, P-Ni3S2/Co9S8 with a 15 mg P-doped
precursor exhibits the most outstanding UOR performance,
characterized by the most signicant increase in current and
the lowest Tafel slope. Given that the OER is the primary
competing reaction for the UOR, the LSV curves of the P-Ni3S2/
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Co9S8 electrocatalyst for the UOR and OER are compared in
Fig. 3a. For the OER measurement, the polarization curve was
reversely swept to avoid the inuence of Ni and Co oxidation.36

The current density of the OER starts to increase at 1.45 V and
reaches 500mA cm−2 at 1.65 V. In contrast, the LSV curve for the
UOR shis to a much lower potential range. The onset potential
is as low as 0.97 V, and P-Ni3S2/Co9S8 displays a lower potential
of 1.34 V to reach 500 mA cm−2. Notably, P-Ni3S2/Co9S8 can
deliver a high current density of 1000 mA cm−2 at a potential of
1.39 V, while the anodic current of the OER is almost negligible
at the same potential. These results indicate that the highly
active P-Ni3S2/Co9S8 can maintain high UOR selectivity at large
current densities, effectively mitigating the impact of OER
competition. To demonstrate the advantage of P doping in
Fig. 3 Anodic oxidation performance. (a) LSV curves of P-Ni3S2/Co9S8 fo
LSV curves, (c) Tafel slopes, and (d) Cdl values of P-Ni3S2/Co9S8, Ni3S2/C
Ni3S2/Co9S8, Ni3S2/Co9S8, and NF during the UOR. (f) Comparison of th
based electrocatalysts. Bode phase plots of (g) P-Ni3S2/Co9S8 and (h) Ni3S
Ni3S2/Co9S8 and Ni3S2/Co9S8.

© 2025 The Author(s). Published by the Royal Society of Chemistry
promoting UOR performance, the LSV curves of P-Ni3S2/Co9S8
and Ni3S2/Co9S8 for UOR are depicted in Fig. 3b. The UOR
potentials required for P-Ni3S2/Co9S8 to reach 100 and 500 mA
cm−2 are merely 1.22 and 1.28 V, respectively, which are
signicantly lower than the 1.33 and 1.37 V required for Ni3S2/
Co9S8. The NF substrate exhibits negligible activity toward the
UOR. In addition, the Tafel slope of P-Ni3S2/Co9S8 is determined
to be 57 mV dec−1, lower than that of the control electrocatalyst
(Fig. 3c). The low Tafel slope is also well supported by the
observed rapid increase in current density, indicating fast
reaction kinetics toward the UOR. The electrochemical surface
areas (ECSAs) of P-Ni3S2/Co9S8 and Ni3S2/Co9S8 were evaluated
by calculating their electrochemical double-layer capacitance
(Cdl) from the non-faradaic regions of cyclic voltammetry (CV)
r the UOR (1.0 M KOH with 0.33 M urea) and the OER (1.0 M KOH). (b)
o9S8, and NF during the UOR. (e) ECSA-normalized LSV curves of P-

e overpotential for the UOR of our catalyst and other reported Ni/Co-

2/Co9S8 at different potentials during the UOR. (i) Fitted Rct values of P-

Chem. Sci., 2025, 16, 13401–13412 | 13405
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curves (Fig. S8† and 3d). The Cdl value of P-Ni3S2/Co9S8 is 1.7
and 8.8 times higher than those of Ni3S2/Co9S8 and NF,
respectively, implying the positive effect of P doping on
increasing the ECSA. Moreover, the higher ECSA-normalized
current density of P-Ni3S2/Co9S8 in Fig. 3e further demon-
strates its superior intrinsic activity. The turnover frequency
(TOF) was employed to evaluate the intrinsic catalytic activity.
The number of active sites was calculated based on the charge
capacity obtained by integrating the CV curves (Fig. S9†). Fig.
S10† shows that the TOF values of P-Ni3S2/Co9S8 consistently
exceed those of Ni3S2/Co9S8. The high TOF of 8.47 s−1, is gained
for P-Ni3S2/Co9S8 at 1.4 V, which greatly surpasses that of the
Ni3S2/Co9S8 heterojunction (3.69 s−1), further conrming the
enhanced UOR intrinsic activity aer P doping. The excellent
UOR performance of P-Ni3S2/Co9S8 surpasses those of the state-
of-the-art Co/Ni-based electrocatalysts (Fig. 3f and Table S1†).

To investigate the dynamic evolution of the electrocatalyst
interface during the UOR, in situ electrochemical impedance
spectroscopy (EIS) measurements were performed with the
applied potential gradually increased from 1.10 to 1.40 V.37

Fig. 3g and h show the Bode plots of P-Ni3S2/Co9S8 and Ni3S2/
Co9S8. An apparent phase peak at 1.25 V in the low-frequency
region (0.1 Hz) for P-Ni3S2/Co9S8 implies the occurrence of
a charge transfer process associated with the UOR.38 As the
applied potential increases, the intensity of the phase angle
continuously decreases, and the position of the peak gradually
shis towards higher frequencies. The position of the peak
reects the time domain of the charge transfer process, which is
related to the kinetics of the electrochemical reaction.39 The
phase angle of P-Ni3S2/Co9S8 shis more rapidly towards the
high-frequency region compared to Ni3S2/Co9S8, indicating the
faster catalytic UOR kinetics aer P introduction. As displayed
in Fig. S11,† the Nyquist plots of P-Ni3S2/Co9S8 are steep lines at
low applied potentials (<1.25 V), indicating extremely high
charge transfer resistances and that the UOR has not yet
occurred. The Nyquist plot begins to deviate from the imaginary
part aer 1.25 V, which is associated with the charge transfer of
the UOR process, consistent with the corresponding Bode plots.
As the applied potential increases to 1.30 V, signicant muta-
tion occurs in the Nyquist plot of P-Ni3S2/Co9S8, and a complete
small semicircle appears, indicating the start of the UOR.39 In
contrast, the Nyquist plot of Ni3S2/Co9S8 changes at 1.30 V, and
a complete semicircle is observed at 1.35 V. Consequently,
according to the equivalent circuit (Fig. S12†), Ni3S2/Co9S8
shows a later decrease in Rct (charge transfer resistance)
compared to P-Ni3S2/Co9S8 (Fig. 3i), implying faster polarization
and oxidation behavior of the UOR on the surface of P-Ni3S2/
Co9S8.

In light of the UOR electrocatalytic mechanism, the CV
curves of P-Ni3S2/Co9S8 for the UOR and OER were compared
(Fig. 4a). In the CV curve for the OER (1.0 M KOH), a broad
oxidation peak is observed at 1.3–1.4 V, corresponding to the
oxidation reaction of M2+ (M = Co/Ni). Subsequently, a reduc-
tion reaction peak of M3+ appears during the backward sweep.
These observations suggest that P-Ni3S2/Co9S8 undergoes pre-
oxidation to produce catalytic high-valence species during the
OER process, which has been reported for other Co/Ni-based
13406 | Chem. Sci., 2025, 16, 13401–13412
electrocatalysts.40 Upon the addition of urea, the oxidation
peak disappears, and the current density increases rapidly at
the location where the M2+ oxidation begins. Following this,
a reduction peak appears during the reverse sweep, indicating
that the high-valence M3+ probably also act as the active species
in the UOR process.41 Given the similar active sites in the OER
and UOR, the adsorption and activation of OH−, which is the
rst step in the OER (OH− + * / OHads + e−),42 also plays
a crucial role in the UOR in alkaline solutions. Therefore, the
adsorption and activation behaviors were detected by evaluating
their OER performance. The LSV curves in Fig. 4b show that P-
Ni3S2/Co9S8 exhibits superior OER performance with a higher
polarization current than that of Ni3S2/Co9S8. Moreover, in a low
OH− concentration environment (Fig. S13†), P-Ni3S2/Co9S8 also
displays better OER performance. These results imply that the
introduction of P could facilitate the effective capture of OH− on
the P-Ni3S2/Co9S8 surface. Furthermore, changes in the active
sites at the electrode–solvent interface were monitored by open-
circuit potential (OCP) measurement to evaluate the urea
adsorption behavior on the catalyst surface. When 0.33 M urea
was injected, the potential equilibrium was disrupted due to the
exchange of urea and ions on the catalyst surface, resulting in
a signicant change in OCP.43 In Fig. 4c, the observed change in
OCP for P-Ni3S2/Co9S8 (0.38 V) is more pronounced compared to
Ni3S2/Co9S8 (0.33 V), conrming that more urea molecules are
adsorbed to the Helmholtz layer of the P-Ni3S2/Co9S8 electrode.
The faster decrease in OCP for P-Ni3S2/Co9S8 upon the addition
of urea (inset in Fig. 4c) further provides the evidence of the
promoting effect of P on dynamic urea adsorption.44

To further investigate the adsorption behavior of Ni3S2/Co9S8
and P-Ni3S2/Co9S8 towards the two functional groups (–NH2 and
C]O) of the urea molecule, urea analogues (acetamide, thio-
urea and ethylenediamine) with similar structural groups were
used for comparison. As shown in Fig. 4d–f, the LSV curves for
Ni3S2/Co9S8 and P-Ni3S2/Co9S8 in the acetamide electrocatalytic
oxidation reaction (AER), thiourea electrocatalytic oxidation
reaction (TER), and ethylenediamine electrocatalytic oxidation
reaction (EER) were shied to higher potentials compared to
the UOR, indicating a decrease in performance. In particular,
the degradation caused by the –NH2 alteration (AER) was much
more pronounced than that caused by the C]O alteration
(TER). P-Ni3S2/Co9S8 showed the least degradation performance
in the EER (Fig. 4f), which has two –NH2 groups like the urea
molecule, but Ni3S2/Co9S8 showed signicant degradation. As
displayed in Fig. S14,† the results of the OCP tests also showed
that P-Ni3S2/Co9S8 has a signicantly lower adsorption strength
in the absence of the –NH2 group (AER). Compared to Ni3S2/
Co9S8, P-Ni3S2/Co9S8 exhibits higher –NH2 adsorption (TER and
EER). These results suggest that the improved performance of P-
Ni3S2/Co9S8 is likely due to its enhanced adsorption strength of
–NH2 during the oxidation reaction. In parallel, programmed
temperature rise desorption (TPD) tests were conducted on P-
Ni3S2/Co9S8 and Ni3S2/Co9S8 to investigate the adsorption
behavior towards different groups of urea molecules. In
a butylamine/He atmosphere, the desorption temperature for P-
Ni3S2/Co9S8 is higher than that for Ni3S2/Co9S8, demonstrating
stronger adsorption of P-Ni3S2/Co9S8 for the –NH2 group
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) CV curves of P-Ni3S2/Co9S8 during the UOR and OER. (b) Backswept LSV curves of P-Ni3S2/Co9S8, Ni3S2/Co9S8, and NF in 1.0 M KOH.
(c) OCP curves of P-Ni3S2/Co9S8 and Ni3S2/Co9S8 in 1.0 M KOH before and after 0.33 M urea was injected. LSV curves of P-Ni3S2/Co9S8 and
Ni3S2/Co9S8 in 1.0 M KOH with 0.33 M urea or with (d) acetamide, (e) thiourea and (f) ethylenediamine. TPD spectra of P-Ni3S2/Co9S8 and Ni3S2/
Co9S8 in (g) butylamine/He and (h) CO atmospheres. (i) Schematic diagram of the initial reaction in the inner Helmholtz layer.
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(Fig. 4g). The desorption temperature of P-Ni3S2/Co9S8 for urea
molecules in the CO-TPD test was similar to that of Ni3S2/Co9S8
(Fig. 4h), but the desorption temperature of P-Ni3S2/Co9S8 was
slightly higher than that of Ni3S2/Co9S8. These results suggest
that the enhanced urea adsorption should be mainly attributed
to the –NH2 group, which is consistent with the LSV test results
for urea analogue substrates (Fig. 4i).

The surface electronic structures and chemical states of
P-Ni3S2/Co9S8 were investigated using XPS aer the OER and
UOR tests (Fig. S15†). Aer the OER test, the peak intensity of
the P/S element is considerably decreased, and the signals of
P/S-Co/Ni disappear. Compared to the initial P-Ni3S2/Co9S8, the
surface concentrations of Ni0/2+ and Co0/2+ species are signi-
cantly lower aer the OER test, while the ratios of Ni3+ and Co3+

increase. This suggests that the Ni0/2+ and Co0/2+ species were
oxidized to Ni3+ and Co3+, respectively.45 Furthermore, the O 1s
© 2025 The Author(s). Published by the Royal Society of Chemistry
spectrum reveals that the characteristic peaks corresponding to
O-MOx species become dominant aer the OER test, conrming
the reconstruction of the catalyst surface into metal oxyhydroxide
species. In contrast, the XPS results aer the UOR test
are signicantly different from those aer the OER test. The
proportion of P/S–O characteristic peaks increase aer the
UOR test, although a certain proportion of P/S–Co/Ni remains
detectable, implying partial surface oxidation on the catalyst. The
peaks corresponding to Ni0/3+ species disappear, and only Ni2+

species are present. For the Co element, the Co3+/Co2+ ratio does
not change signicantly. Similarly, the O 1s spectrum exhibits no
signicant changes. Based on these results, it is proposed that
the proton in the urea molecule may ll the hydrogen defect in
the intermediate metal hydroxyl species, thereby avoiding
a phase transition to metal oxyhydroxide. This nding is
Chem. Sci., 2025, 16, 13401–13412 | 13407
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consistent with the previously reported nucleophilic oxidation
mechanism mediated by metal redox pairs (M2+/M3+).46

Density functional theory (DFT) calculations were performed
to elucidate the effectiveness of P decoration in enhancing the
UOR performance of the P-Ni3S2/Co9S8 heterostructure. Based
on experimental results and theoretical calculations, the opti-
mized model for P-Ni3S2/Co9S8, where surface S atoms are
partially replaced by P atoms, was employed for the following
DFT study (Fig. S16†).47,48 The Ni3S2/Co9S8 model is similar to
that of P-Ni3S2/Co9S8, except for the absence of P atom substi-
tution. The effect of P incorporation on the charge distribution
at the Ni3S2/Co9S8 heterointerface was rst investigated via
analyzing the charge density difference. Fig. 5a and b indicate
that electrons transfer from Ni3S2 to Co9S8. Upon P incorpora-
tion, the charge distribution signicantly increases from 0.08 e−

(Ni3S2/Co9S8) to 0.28 e− (P-Ni3S2/Co9S8), forming a Janus charge
distribution interface with electrophilic P-Ni3S2 and nucleo-
philic P-Co9S8. This Janus interface facilitates the selective
adsorption of urea's electron-withdrawing group (C]O) and
electron-donating group (amino). For heterogeneous electro-
catalysis, the adsorption behaviors of reactants on electro-
catalysts typically play a crucial role in affecting the
corresponding reaction processes. To determine the adsorption
behaviors of urea, all possible NN-terminal and NO-terminal
adsorption congurations at the interfaces of Ni3S2/Co9S8 and
P-Ni3S2/Co9S8 were considered (Fig. S17†). As compared in
Fig. 5 Average charge density difference of (a) Ni3S2/Co9S8 and (b) P-N
energies for CO(NH2)2 on Ni3S2/Co9S8 and P-Ni3S2/Co9S8. (d) The differ
Co9S8 and P-Ni3S2/Co9S8, where the isosurface value is set to 0.0015
magenta, respectively. The green, orange, yellow, purple, red, white, blue
Projected crystal orbital Hamiltonian population (pCOHP) analysis betwe

13408 | Chem. Sci., 2025, 16, 13401–13412
Fig. 5c, the stable adsorptions for each sample were screened
according to the calculated adsorption energies. Accordingly,
urea tends to adsorb as a NN-terminal conguration with an
adsorption energy of −2.07 eV at the interface of Ni3S2/Co9S8.
For P-Ni3S2/Co9S8, a NO-terminal conguration (N adsorbed on
the Ni site and O adsorbed on the Co site) with a more negative
adsorption energy of −2.23 eV is favorable, conrming
enhanced urea adsorption upon P incorporation. Additionally,
the local charge density difference for Ni3S2/Co9S8 and P-Ni3S2/
Co9S8 adsorbed urea was calculated, and the results are shown
in Fig. 5d. Upon Bader charge analysis, the P-decorated heter-
ojunction displays a larger charge density difference of 0.13 e−

compared to 0.11 e− for Ni3S2/Co9S8. Thus, the incorporation of
P not only increases the charge density difference but also
promotes electron transfer from the adsorbed urea molecule to
the P-Ni3S2/Co9S8 interface, which is crucial for enhancing urea
adsorption. Thus, the incorporation of P favors electron transfer
from the adsorbed urea molecule to P-Ni3S2/Co9S8, thereby
enhancing urea adsorption. To further quantitatively investi-
gate the bonding strengths between active sites and the adsor-
bed urea, crystal orbital Hamiltonian population (COHP)
analysis was carried out.49 Fig. 5e–h compare the integrated
COHP (ICOHP) calculated by integrating COHP over all levels
up to the Fermi level. The ICOHP for P-Ni3S2/Co9S8 (−1.64 and
−0.94 eV) is more negative compared to Ni3S2/Co9S8 (−1.30 and
−0.04 eV), further conrming a stronger coupling between the
i3S2/Co9S8. (c) Three optimized adsorption structures and adsorption
ence charge density and Bader charge analysis for CO(NH2)2 on Ni3S2/
e Å−3 and the positive and negative charges are shown in cyan and
, and gray balls represent Co, Ni, S, P, O, H, N and C atoms, respectively.
en CO(NH2)2 and (e) and (f) Ni3S2/Co9S8 and (g) and (h) P-Ni3S2/Co9S8.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transition metal (Ni/Co) and urea (N/O) orbitals upon P incor-
poration. This stronger orbital coupling, induced by P incor-
poration, directly contributes to the enhanced adsorption and
activation of urea molecules on the heterojunction surface. All
these results indicate that the incorporation of P leads to
modication in the electronic structure of the heterojunction,
thereby enhancing adsorption and promoting UOR activity.
2.3 Electrocatalytic performance for the HER

In addition to its remarkable UOR activity, the electrocatalytic
HER performance of the P-Ni3S2/Co9S8 was also evaluated in an
alkaline electrolyte (1.0 M KOH) using a three-electrode system.
The LSV curves in Fig. 6a show that the potential of P-Ni3S2/
Co9S8 is signicantly lower than that of Ni3S2/Co9S8 in the
current density range of 0–1000 mA cm−2. Specically, to ach-
ieve current densities of 10, 100, and 500 mA cm−2, P-Ni3S2/
Co9S8 requires overpotentials of 63, 162, and 192 mV, respec-
tively, which are much lower than those of Ni3S2/Co9S8 (88, 232,
and 313 mV, Fig. 6b). Meanwhile, P-Ni3S2/Co9S8 shows a signif-
icantly lower Tafel slope of 85 mV dec−1 compared to 116 mV
dec−1 for Ni3S2/Co9S8 (Fig. 6c), indicating faster HER kinetics on
the surface of P-Ni3S2/Co9S8. Meanwhile, a high TOF value of
7.08 s−1 can be achieved at −0.2 V for P-Ni3S2/Co9S8 (Fig. S18†),
which is 4.9 times higher than that of Ni3S2/Co9S8, demon-
strating its exceptionally high intrinsic catalytic activity. The
Fig. 6 Electrocatalytic HER performance. (a) LSV curves of P-Ni3S2/Co9

different current densities between P-Ni3S2/Co9S8 and Ni3S2/Co9S8. (c) T
EIS characterization. Bode phase plots of (d) P-Ni3S2/Co9S8 and (e) N
response of the phase angle to the applied potential.

© 2025 The Author(s). Published by the Royal Society of Chemistry
HER performance of P-Ni3S2/Co9S8 exhibited a satisfactory level.
Compared with reported Ni-based catalysts, although it did not
reach the optimum, it was on a par with the upper-middle range
(Table S1†). Furthermore, in situ EIS was performed to further
probe the alkaline HER kinetics. As shown in Fig. 6d and e, the
Bode plots for P-Ni3S2/Co9S8 and Ni3S2/Co9S8 show similar
trends in phase angles, while P-Ni3S2/Co9S8 exhibits a greater
downward trend in the phase angle response due to more effi-
cient electron transfer (Fig. 6f).50 The Nyquist plots of P-Ni3S2/
Co9S8 and Ni3S2/Co9S8 at potentials of 0.2–0.45 V show a gradual
shi from a steep line to a semicircule (−0.2 V) as the applied
potential increases (Fig. S19†). Subsequently, the semicircle
diameter becomes progressively smaller as the potential
increases, suggesting that the reaction rate increases. P-Ni3S2/
Co9S8 consistently has a smaller semicircular diameter than
Ni3S2/Co9S8 at the same potential, further conrming the faster
electron transfer at the P-Ni3S2/Co9S8 interface. Consequently,
the introduction of P in the heterojunction structure enhances
electron transfer and accelerates the kinetics of the HER. The
HER activity of P-Ni3S2/Co9S8 was also evaluated in a 1.0 M KOH
solution containing urea to verify the feasibility of UOR as an
alternative to the OER for coupling with the HER. As shown in
Fig. S20,† the nearly overlapping LSV curves indicate that urea
has a negligible effect on the HER performance of P-Ni3S2/
Co9S8, ensuring its potential application in the energy-saving
UOR coupled H2 production.
S8, Ni3S2/Co9S8, and NF in 1.0 M KOH. (b) Comparison of potentials at
afel slopes of P-Ni3S2/Co9S8, Ni3S2/Co9S8, and NF for the HER. In situ
i3S2/Co9S8 at different potentials during the HER. (f) Corresponding

Chem. Sci., 2025, 16, 13401–13412 | 13409
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2.4 Electrocatalytic activity toward overall ow-mode urea
electrolysis

Considering the outstanding bifunctional electrocatalytic
activities of P-Ni3S2/Co9S8 towards the UOR and HER, we con-
structed a paired UOR//HER two-electrode cell, employing P-
Ni3S2/Co9S8 as both the anode and cathode (Fig. S21†). As
depicted in Fig. S21b,† the UOR//HER system in 1.0 M KOH
containing 0.33 M urea exhibits a signicantly lower onset
potential and a more rapid current increase compared to the
OER//HER system in 1.0 M KOH. Specically, to achieve a high
current density of 500 mA cm−2, the UOR//HER system requires
a potential of only 1.70 V, approximately 500 mV lower than that
of the OER//HER system. These results underscore the potential
of the bifunctional P-Ni3S2/Co9S8 for urea-assisted electrolysis
as an energy-saving H2 production pathway, potentially replac-
ing conventional water electrolysis. Inspiringly, to further eval-
uate the practicality of P-Ni3S2/Co9S8 for urea-assisted H2

production, an anion exchange membrane (AEM) ow electro-
lyzer was assembled, effectively enhancing mass transfer and
reducing concentration polarization (Fig. 7a and S22†). When
using articial urine (with pH adjusted to 14) as the electrolyte,
the LSV curve may uctuate due to the presence of impurities
such as Cl−, Mg2+, and Ca2+. The ow-mode UOR//HER device
operates efficiently, demonstrating a signicantly reduced cell
voltage compared to the OER//HER (Fig. 7b). At 25 °C and a high
current density of 1000 mA cm−2, the ow-mode UOR//HER
Fig. 7 Urea-assisted electrolysis performance in an AEM electrolyzer. (a
both the anode and cathode. (b) Polarization curves of P-Ni3S2/Co9S8(−
Co9S8(−)//P-Ni3S2/Co9S8(+) at a constant current density of 1000 mA cm
comprehensive performance of P-Ni3S2/Co9S8.

13410 | Chem. Sci., 2025, 16, 13401–13412
device achieves a 34.5 ± 0.98% reduction in electricity
consumption relative to the OER//HER system, demonstrating
the effectiveness of the UOR//HER system in minimizing energy
expenditure.51 The stability of an electrocatalyst under high
current density is a crucial metric for evaluating in practical
applications. As illustrated in Fig. 7c, the P-Ni3S2/Co9S8 catalyst
exhibits excellent stability across different temperatures. At 25 °
C, it maintains 92.1% of its initial voltage aer 180 hours of
continuous operation at 1000mA cm−2. Initially, a slight voltage
increase is observed, which can be attributed to pre-oxidation
effects.52 Subsequently, the voltage increases gradually, likely
due to the gradual depletion of urea concentration and minor
inuences from urine components on the catalyst. However,
these factors have a minimal impact on the overall perfor-
mance. Notably, the degradation rate of 0.044% corresponding
to the 92.1% voltage retention is signicantly better than those
reported in several literature references (Table S2†), where
higher degradation rates are typically observed under similar
conditions. Furthermore, the XRD pattern, SEM image, and EDS
spectrum of P-Ni3S2/Co9S8 following the durability test exhibit
negligible variation in morphology, phase, and composition
(Fig. S23 and S24†). The potential leaching of Ni and Co from
the P-Ni3S2/Co9S8 catalyst into the electrolyte was detected with
ICP-AES. Following a 180 h durability test, the amount of dis-
solved Ni and Co was found to be less than 1.0 mg cm−2 (cor-
responding to the geometric area of the electrode, Table S3†).
) Schematic illustration of the urea electrolyzer using P-Ni3S2/Co9S8 as
)//P-Ni3S2/Co9S8(+). (c) Durability cell voltage–time plots for P-Ni3S2/
−2 (the inset shows the photographs of the AEM electrolyzer). (d) The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This value is signicantly lower than the Ni and Co amounts in
the pristine P-Ni3S2/Co9S8, thereby effectively ruling out the
possibility of substantial dissolution of these metals from the
catalyst. These ndings reliably demonstrate that P-Ni3S2/Co9S8
possesses outstanding stability for the UOR. The faradaic effi-
ciency (FE) of H2 production was monitored during the stability
test by periodically comparing the amount of theoretical and
measured H2 (Fig. S25†). The FE for H2 is maintained at a high
level (97.8 ± 0.83%), with a productivity of 18.2 ± 0.15 mmol
cm−2 h−1, accompanied by a low energy consumption of 4.1 ±

0.05 kWh m−3 H2 (Fig. 7d). More impressively, when the
temperature is increased to 60 °C, the catalyst not only exhibits
remarkable enhancement in performance but also maintains
outstanding stability, achieving a voltage retention of 93.5%.
Gas chromatography (GC) analysis was conducted on the anode
gaseous products at different time intervals. The results reveal
the generation of N2 and O2 during the UOR process (Fig. S26
and Table S4†). Here, O2 is produced through the competitive
OER. Notably, N2 is identied as the predominant product,
exhibiting a high FE of 71.29 ± 1.67%, while the FE of O2 is only
0.51 ± 0.02%. This indicates that the majority of electrons are
utilized for catalyzing urea oxidation rather than the OER.
Analysis of the anolyte by ion chromatography (IC) reveals that
the primary liquid product is NO2

− (Fig. S27†), with a FE of
37.52 ± 1.90%. Therefore, taking all factors into account, aer
the long-term stability test, the main products from the UOR
were N2 and NO2

−.53 Overall, given its remarkable activity and
stability, the P-Ni3S2/Co9S8 electrocatalyst holds great promise
for industrial application in energy-saving H2 production via
urea-assisted electrolysis.
3 Conclusions

In summary, a P-modied Ni3S2/Co9S8 heterostructure with
a Janus charge distribution interface is constructed as an effi-
cient electrocatalyst for urea-assisted H2 production. The
incorporation of P effectively enhances the electron transfer
from Ni3S2 to Co9S8 at the interface. The resultant electrophilic
P-Ni3S2 and nucleophilic P-Co9S8 domains facilitate the
adsorption of electron-donating amino and electron-
withdrawing carbonyl groups of urea, thereby modulating the
adsorption energy and interaction. Consequently, the prepared
P-Ni3S2/Co9S8 exhibits enhanced UOR performance with low
potentials of 1.22, 1.30, and 1.39 V (vs. RHE) at current densities
of 10, 100, and 1000 mA cm−2, respectively. As a bifunctional
electrocatalyst, P-Ni3S2/Co9S8 also displays excellent HER
activity, requiring a minimal potential of 65 mV at 10 mA cm−2.
Accordingly, an AEM ow electrolyzer equipped with this
bifunctional P-Ni3S2/Co9S8 and supplied with alkaline urine
enables stable H2 production at 1000 mA cm−2 for 180 h.
Compared to conventional water splitting, the UOR//HER
system achieves a satisfactory H2 productivity of 18.2 mmol
cm−2 h−1 with 34.5% electricity saving. This work presents
a powerful strategy for activating the Janus charge distribution
at heterojunction interfaces, thereby optimizing the adsorption
behaviors of reactants and improving the performance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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