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ped Co heterostructured
electrode for efficient electrocatalytic hydrogen
evolution reaction

Yuanze Wei, Shiyu Yang, Danyang Yu, Zhifan Xue and Benxue Zou *

A high-performance CoP-nanorod doped Cometal on Ni foam (CoP/Co/NF) electrocatalytic electrode was

designed via a two-step strategy involving electrodeposition and low-temperature phosphorization. The

heterogeneous structures of metallic Co and CoP on the Ni foam are expected to provide hierarchical

interfaces, which promote the synergistic effect in the electrocatalysis process. The electrode surface

shows a hierarchical architecture of sea-urchin-like arrays directly grown on conductive substrates with

a large electrochemical active surface area (ECSA) of 537.5 cm2, which facilitate rapid bubble release and

ensure stable low-energy operation even at high current densities. Electrochemical test results show that

the CoP/Co/NF catalyst electrode exhibits an excellent catalytic activity for the hydrogen evolution

reaction in 1 M KOH electrolyte. The optimized overpotential reached 23 and 56 mV at a current density

of 10 and 100 mA cm−2 with a low Tafel slope of 27.1 mV dec−1. The electrode shows good stability

after catalytic hydrogen evolution reaction for 100 h at 100 mA cm−2. Theoretical DFT calculations

reveal that the CoP/Co interface serves as an electron-rich center that lowers the energy barrier for

water dissociation and optimizes DGH*.
1 Introduction

Currently, the greenhouse effect has driven the global average
temperature to a critical threshold, which will trigger irrevers-
ible changes in the global ecosystem. The primary root cause of
the greenhouse effect lies in the excessive exploitation and
utilization of traditional fossil fuels, such as coal, oil, and
natural gas. Hydrogen, distinguished by its high gravimetric
energy density and zero-carbon emission prole, is universally
recognized as the cornerstone of future decarbonized energy
systems, particularly for hard-to-abate sectors such as steel
manufacturing and heavy transport.1–3 Among the various
hydrogen production technologies, water electrolysis is a green
and environmentally friendly method that directly decomposes
water to produce high-purity hydrogen, which is independent of
traditional fossil fuels. Proton exchange membrane (PEM) water
electrolysis offers rapid response and high current densities; its
mass deployment is severely constrained by the scarcity and
exorbitant cost of iridium and platinum group metals (PGMs).
Alkaline water electrolysis (AWE) remains the predominant
industrial standard for large-scale hydrogen production.
However, the widespread efficiency of AWE is currently
hampered by the sluggish kinetics of the Hydrogen evolution
reaction (HER) in alkaline media. Unlike in acidic environ-
ments, alkaline HER involves an additional, energy-intensive
ong University, Dandong, 118001, China.

the Royal Society of Chemistry
water dissociation step (H2O + e− / H* + OH−), which
imposes a substantial activation energy barrier (Volmer step)
and high overpotentials.4–7 Noble metal catalysts are still
considered the state-of-the-art electrocatalysts for water elec-
trolysis owing to their ultra-high electrical conductivity and
favorable H* adsorption and H2 desorption capabilities.
However, their high cost and poor long-term stability prevent
their large-scale production. Therefore, developing cost-
effective electrocatalysts with optimal water dissociation effi-
ciency and hydrogen adsorption energetics is the critical
bottleneck for the hydrogen economy.

Transition metal catalysts including transition metal oxides
(TMOs), nitrides (TMNs), suldes (TMS), phosphides (TMPs),
carbides and selenides have become crucial objectives in HER
catalyst research.8–13 TMPs, particularly cobalt phosphides
(CoP), have emerged as front-runners to replace platinum due
to their metalloid characteristics and the unique “ensemble
effect”, wherein negatively charged phosphorus centers act as
effective proton acceptors.14–16 Despite their promise, single-
phase CoP catalysts oen suffer from suboptimal water
adsorption capabilities and moderate electronic conductivity,
which restrict their catalytic performance and stability under
industrial-grade high current densities. Various modication
strategies, such as heteroatom doping, defect engineering, and
heterostructure construction, have been employed to enhance
its performance. For instance, Liu et al. proposed a HER catalyst
based on a nickel foam substrate with Fe doped into CoP (Fe-
CoP/NF), which demonstrated signicantly improved
RSC Adv., 2026, 16, 8761–8771 | 8761
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performance compared to pristine CoP.15 This enhancement
was attributed to the regulation of the electron density around
Co atoms by the introduced Fe, resulting in more active sites
and thus enhanced reaction activity. Liu et al. utilized the
introduction of a pure metallic Co phase to improve the effi-
ciency of electron transfer within the catalyst.16 They developed
a highly efficient overall water-splitting catalyst with an HER
overpotential of only 78 mV@10 mA cm−2 in alkaline media by
optimizing the hydrogen adsorption free energy (DGH*). Wang
et al. employed a method involving hydrothermal treatment
followed by high-temperature phosphidation to incorporate
CoP into a NiP system, forming a heterostructured catalyst
(CoP/NiP).17 Through density functional theory (DFT) calcula-
tions, they concluded that NiP acts as an ‘electron pump’ for
CoP, facilitating interfacial electron transfer. Owing to the
synergistic effects of the catalyst's microstructure and unique
interfacial electronics, the H* adsorption/H2 desorption at the
CoP/NiP heterointerface was optimized, reducing the HER
energy barrier and endowing the catalyst with high HER activity.

Recent theoretical and experimental breakthroughs suggest
that heterostructure engineering can effectively modulate the
electronics, active sites, adsorption/desorption free energy, and
activation energy within the catalyst. The formation of a Mott–
Schottky interface between a metal and a semiconductor can
induce a built-in electric eld (BIEF), triggering interfacial
electron redistribution that optimizes the d-band center of
active sites.18 Specically, metallic cobalt (Co) or iron (Fe) can
function as an “electron pump”, donating electrons to the TMPs
phase to enhance intrinsic conductivity andmodulate the Gibbs
free energy of hydrogen adsorption toward thermo-neutrality,
thereby synergistically lowering the kinetic barrier for water
cleavage. Beyond intrinsic electronic modulation, the macro-
scopic morphology of the electrode plays a pivotal role in mass
transport, particularly at high current densities where gas
bubble accumulation can block active sites and induce severe
ohmic losses. Three-dimensional (3D) hierarchical architec-
tures, such as sea-urchin-like arrays directly grown on conduc-
tive substrates, offer a dual advantage: they maximize the
electrochemically active surface area (ECSA) and create
“superhydrophilic” surfaces that facilitate rapid gas bubble
detachment, ensuring continuous electrolyte-catalyst
contact.19,20 Although various CoP-based catalysts have been
reported, the synergistic coupling of metallic Co nanorods with
CoP in a cohesive, binder-free 3D architecture to simultaneously
tackle the kinetic barrier of water dissociation and the hydro-
dynamic challenge of gas release remains relatively
underexplored.

Herein, we fabricated a high-performance heterostructured
electrocatalyst comprising CoP nanorods doped with metallic
Co, anchored on nickel foam (CoP/Co/NF), via a facile electro-
deposition followed by a controlled low-temperature phospho-
rization strategy. This heterogeneous design leverages the
synergistic interaction between metallic Co and CoP to create
hierarchical interfaces that signicantly enhance electro-
catalytic activity. Density functional theory (DFT) calculations
reveal that the CoP/Co interface serves as an electron-rich center
that lowers the energy barrier for water dissociation and
8762 | RSC Adv., 2026, 16, 8761–8771
optimizes DGH*. The unique sea-urchin-like morphology
provides abundant active sites and facilitates rapid bubble
release. Consequently, the CoP/Co/NF electrode exhibits
exceptional HER performance with an ultralow overpotential of
23 and 56 mV at 10 mA cm−2 and 100 mA cm−2, and
outstanding long-term stability in alkaline media, positioning it
as a robust candidate for next-generation advanced alkaline
water splitting.
2 Experimental section
2.1 Preparation of CoP/Co/NF

Prior to the deposition of metallic Co, nickel foam (NF) was
immersed in acetone for 3 minutes, rinsed with distilled water
and air dried for later use. Two-electrode system was used to
electrodeposite the metallic Co by chronopotentiometry tech-
nique (CP) in 0.1 M CoCl2 and 2 M NH4Cl electrolyte with Ni
foam as the working electrode and a carbon rod as the counter
electrode. The electrodeposition was performed at a constant
current density with a geometric deposition area of 0.5 × 0.5
cm2. The obtained Co-modied lm on Ni foam (Co/NF) was
then washed with deionized water and dried in air at room
temperature. Subsequent phosphorization was carried out with
1 g NaH2PO2$H2O on the upstream of the quartz boat at 400 °C
for 2 h under 20 SCCM N2 ow with a temperature increase rate
of 5 °C min−1. The obtained sample was denoted as CoP/Co/NF.
For comparison, CoP/Co/NF-x (abbreviated as CoP-x) were ob-
tained by varying electro-deposition current from 0.10 A to 0.25
A, deposition time (300–600 s) and phosphorization time (40–
160 min). To illustrate the advantage of CoP/Co/NF, the CoP
directly grown on the Ni foam without using metallic Co
precursor (denoted as CoP/NF) was prepared according to the
ref. 21.
2.2 Characterization

The morphology and elemental composition of the samples were
studied by eld-emission scanning electron microscopy (SEM,
Carl Zeiss, Germany) and JEOL-2100F FETEM transmission
electron microscopy (TEM). The composition was determined by
X-ray photoelectron spectra (XPS) on Thermo ECSALAB 250
electron spectrometer using Al Ka radiation. X-ray diffraction
(XRD) patterns were collected by an X-ray diffractometer (XRD,
PANalytical B.V., Thermo Scientic, Netherlands). Electro-
chemical measurements were performed on a CHI660e poten-
tiostat using a three-electrode system with a carbon rod as
counter electrode and Hg/HgO (1.0 M KOH) as reference elec-
trode. Electrocatalystic performances of the electrodes were
evaluated by linear sweep voltammetry (LSV), cyclic voltammetry
(CV), chronopotentiometry (CP) and electrochemical impedance
spectroscopy (EIS) with 1.0 M KOH electrolyte as the electrolyte.
To eliminate the inuence of ohmic impedance to reveal the
intrinsic catalytic properties, the potential was calibrated to the
reversible hydrogen electrode (RHE) value with iR correction
according to the following equation:

EHER = EHg/HgO + 0.059 × pH + 0.098 − iR
© 2026 The Author(s). Published by the Royal Society of Chemistry
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LSV tests were conducted with 75% iR compensation.
Electrochemical surface areas (ECSA) were evaluated using
a series of CV curves between 0.25 V and 0.35 V vs. the RHE at
scan rates of 20, 40, 60, 80, 100, 120, 140, 160, and 180 mV s −1.
The number of active site (N) was measured by cyclic voltam-
metry measurements in pH 6.86 phosphate buffer at a scan rate
of 50 mV s−1.22 The N of the catalyst can be calculated using the
following equation:

N ¼ Q

2� F

where Q is the voltammetric charge calculated by integrated
area of the CV curve minus the blank area, F is the Faraday
constant (96 485.3 C mol−1). The turnover frequency (TOF) of
the catalyst is calculated by the formula:

TOF = j/2 × F × N

where j is the current density given by the LSV measurements at
overpotential of 100 mV in 1M KOH and N is the number of
active sites of the electrode. EIS spectra were measured at
frequency range at−0.2 V vs. RHE from 100 kHz to 10 mHz with
potential amplitude of 5 mV.
2.3 Theoretical calculation

DFT calculations were conducted using the materials studio
(MS) with CASTEP calculation module. Moreover, the exchange-
correlation between electrons was characterized using general-
ized gradient approximation (GGA) and Perdew–Burke–Ernzer-
hof (PBE) functions. The cutoff energy for plane waves was set at
600 eV, with a 3 × 3 × 3 Monkhorst–Pack k-point grid sampling
the Brillouin zone. To avoid interaction from other planes, we
used 15 Å the vacuum layer thickness. The optimization criteria
for the model structure's energy and force convergence were
established at 2 × 10−4 eV and 0.05 eV Å−1, respectively. The
optimized structure model for DFT calculation was derived
Fig. 1 Schematic diagram of the synthesis of the CoP-nanorods/Co/NF

© 2026 The Author(s). Published by the Royal Society of Chemistry
from XRD data, and the CoP/Co heterojunction structure model
was constructed by connecting CoP crystal (111) plane to Co
crystal (111) plane. For comparison, pristine CoP and Co
models were established, aligning with their respective (111)
and (111) crystal planes. Gibbs energy for the adsorption of
hydrogen can be calculated as the follow formula:

DGH* = DEH*+DEZPE − TDS

where, DEH* represents the energy change associated with the
binding of an H atom at the adsorption location, DEZPE is the
zero-point energy correction, T is the room temperature (298.15
K), DS is the entropy change.23 Similarly, the formula for DGH2O*

is as follows:

DGH2O* = E(H2O*) − E(*) − E(H2O) + DEZPE − TDS

where E(H2O*) is the total energy of water molecules adsorbed at
the active site, E(*) is the total energy of the active site, and E(H2O)

represents the overall energy of an individual water molecule.
3 Results and discussion
3.1 Structural and morphological characterization

The fabrication route of the three dimensional hierarchical
CoP-nanorods/Co/NF is illustrated in Fig. 1 The three-
dimensional (3D) Ni foam was used as the substrate to
provide a conductive surface for the deposition of the porous
metallic Co lm by electrochemical method. Subsequently, Co-
precursors are partially converted to CoP nanorods by a low-
temperature phosphorization process. The morphology and
elemental distribution of the sample are characterized by
scanning electronmicroscopy. Fig. 2 shows the SEM photos and
EDS spectrum of the CoP/Co-modied electrode. The three-
dimensional reticular pore structure of the modied lm is
clearly seen from the SEM image. These porous structures arise
from the water molecules hydrolyzed to evolve hydrogen gas at
electrocatalyst.

RSC Adv., 2026, 16, 8761–8771 | 8763
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Fig. 2 (a–c) SEM images of CoP/Co/NF with different magnifications; (d) TEM images of CoP/Co/NF and (e and f) EDX elemental mapping of Co
and P of CoP/Co/NF.
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the electrode surface during the deposition of metal Co. The
SEM images reveal the hierarchical architectures of sea-urchin-
like arrays directly grown on conductive substrates. This sea
urchin-like structure radiates countless nano-needles/rods
outward from its center. Compared to smooth lms or micro-
particles, this open-topology structure signicantly increases
the specic surface area. This means that when outputting the
same total current, the local current density on each active site
is lower, thereby reducing the local overpotential requirement
Fig. 3 (a–d) SEM images of Co precursors/NF with different magnificat
foam.

8764 | RSC Adv., 2026, 16, 8761–8771
and extending the catalyst lifespan. The sea urchin-like nano-
needle array creates a rough surface with micro-nano composite
structures. These structures facilitate exposure of more active
catalytic sites for rapid gas bubble detachment, ensuring
continuous electrolyte-catalyst contact, thus enhancing the
catalytic activity for water splitting reaction.24

From the EDS surface spectrum, it can be seen that the
nickel foam is uniformly distributed with the molecule ratio
about 1.6 : 1 for Co and P elements, indicating partial Co
ions and the corresponding EDX elemental mapping of Co on the Ni

© 2026 The Author(s). Published by the Royal Society of Chemistry
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element on the electrode were phosphorized to form abundant
heterostructures of the catalyst electrode. The multiple inter-
faces between CoP, Co and Ni foam can effectively regulate the
d-band center and electronic structure of Co, meanwhile
increase the number of reactive sites and improve the HER
activity of catalysts. The SEM images and EDS spectrum of the
rstly electrodeposited metallic Co precursors on the Ni foam
were also shown in Fig. 3 The images exhibit the micrometer-
sized seaweed-liked clusters constructed with a large number
of nanosheets on its surface. This hierarchical architecture
provides a signicantly more specic surface area for the
following formation of heterostructured CoP on themetallic Co.
The EDS elemental mapping reveals the existence of Co (94.4%)
and O (5.5%) atom, demonstrating the successful deposition of
the metal Co on the Ni foam.

XRD is used to identify the composition and crystal structure
of the catalyst. As shown in Fig. 4a, the XRD pattern of the
prepared CoP/Co/NF shows Co2P (DB card no. 9009202) with the
diffraction peaks at 44.5°, 51.9° and 76.5°, which can be
assigned to the crystal faces of (111), (200) and (220) for the
Co2P material.23 The cobalt is typically considered to be near
zero-valent or slightly positively charged (d+, 0 < d < 1) in Co2P,
exhibiting a metallic bond with strong covalent characteristics.
X-ray photoelectron spectroscopy (XPS) was further used to
characterize the composition and electronic structure of the
sample. The XPS spectra Fig. 4b shows characteristic peaks at
around 140, 530 and 810 eV, corresponding to the P 2p, O 1s,
and Co 2p regions, respectively. The presence of oxygen species
could result from supercial oxidation of cobalt phosphide in
air. In the XPS spectrum of Co 2p for the CoP/Co/NF Fig. 4c, the
spin coupling of Co 2p were deconvoluted into 781.4 eV and
Fig. 4 (a) XRD patterns, (b) survey XPS spectrum and (c–e) high-resolutio
Co 2p for the Co precursors/NF.

© 2026 The Author(s). Published by the Royal Society of Chemistry
797.8 eV, corresponding to the Co 2p3/2 and Co 2p1/2.24,25 Note
that the integral area of Co 2p1/2 was almost half of the area
corresponding to Co 2p3/2. The intense satellite peaks in Co 2p
spectra observed at 786.7 and 802.7 eV can be ascribed to shake
up excitation of the high-spin Co2+ ions in the sample. There
observed small peak at 778.0 eV which can be ascribed to
metallic Co, suggesting the existence of Co metal in the
composite.26 All spin coupling peaks shi to higher binding
energies aer phosphorization process, compared with those of
Co 2p for the metallic Co precursors on the NF Fig. 4d, indi-
cating the introduction of negative P atom leads to electron
deciency in metallic cobalt, which may facilitate the adsorp-
tion of the H2O molecules on the catalyst. The high resolution
XPS spectrum of P 2p shown in Fig. 4f, the spin–orbit peak at
129.8 eV can be ascribed to P2p3/2 (Co–P bond) and peak at
134.0 eV ascribed to oxidized phosphorus (P–O), respec-
tively.27,28 From the high resolution of XPS of Co 2p core level,
the metallic Co0 content is calculated about 8.6 at% from the
integral area of peak at 778.0 eV, Co2+ (e.g. Co–P) is about 51.1%
and Co3+ (e.g. Co3O4, Co–P–O) at 783.3 eV is about 40.4%.
3.2 Catalytic hydrogen evolution performance test in
alkaline electrolyte

3.2.1 Effect of deposition time and deposition current on
hydrogen evolution performance. Linear sweep voltammetry
(LSV) was used to test the catalytic activity of the catalyst for the
hydrogen evolution reaction. All potentials were relative to the
standard hydrogen electrode (RHE), and the current densities
were calculated on the basis of the geometric surface areas of
electrodes. The LSV testing of hydrogen evolution catalysts
n XPS spectra of Co 2p and P 2p for the CoP/Co/NF electrocatalyst and

RSC Adv., 2026, 16, 8761–8771 | 8765
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Fig. 5 (a) LSV hydrogen evolution polarization curves of CoP/Co/NF prepared at different current densities, scanning rate: 2 mV s−1; (b) Tafel
curves and slopes of CoP/Co/NF prepared at different current densities. (c) AC impedance spectra of CoP/Co/NF electrodes at −0.2 V vs. RHE.
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requires appropriate iR compensation to eliminate the voltage
drop caused by solution resistance (Rs). This ensures that the
true overpotential reects the intrinsic electrochemical perfor-
mance of the catalyst. The polarization curves were carried out
at a low scan rate of 2 mV s−1 using the online 75% iR
compensation. The observed curve was smooth and oscillation-
free. As shown in the Fig. 5a, CoP/Co/NF catalysts prepared
under different deposition currents showed good electro-
catalytic activity for the HER. The over-potential (h) of the CoP-
0.15 A catalyst electrode exhibits superior over-potential (h) of
40 mV to reach current density of 10 mA cm−2, lower than that
of the CoP-0.25 A, CoP-0.20 A and CoP-0.10 A. The CoP-0.15 A
catalyst electrode shows an overpotential of 120 mV to produce
high current density of 100 mA cm−2.

Fig. 5b shows the Tafel curves of the catalysts based on their
respective polarization curves. The Tafel slope of CoP-0.15 A
(52.9 mV dec−1) is signicantly lower than those catalysts,
indicating that CoP-0.15 A provides higher catalytic kinetics and
hydrogen production rate for the HER. Impedance technology
was used to test the reaction resistance of the catalyst-modied
electrode. The test voltage was applied as −0.2 V vs. HRE. As
shown in the Fig. 5c, the frequency response of the CoP/Co/NF
electrode is approximately semicircular, and the radius of the
semicircle represents the charge transfer resistance Rct. From
Fig. 6 (a) LSV hydrogen evolution polarization curves; (b) Tafel slopes
deposition times.

8766 | RSC Adv., 2026, 16, 8761–8771
the AC impedance diagram, it can be seen that the reaction
resistance of the CoP-0.15 A catalyst electrode was 1.5 U at
a voltage of −0.2 V, lower than that of the catalysts prepared at
other current densities, suggesting the higher conductivity of
the catalyst and improved kinetic rate of the HER, which is
consistent with the result of LSV.

The effect of deposition time on catalyst activity was also
examined. The experimental results show that the catalyst
samples obtained by deposition for 400 s and 500 s show better
hydrogen evolution catalytic performances (Fig. 6a and b). From
the AC impedance diagram Fig. 6c, the CoP-500 s catalyst
electrode exhibits the smallest reaction resistance compared
with the other samples. The optimized electro-deposition
condition (0.15 A cm−2, 500 s) is crucial as it determines the
formation of the sea urchin-like nanoneedle morphology in the
precursor. This binder-free growth method ensures strong
ohmic contact between the catalyst and the substrate, thus
reduces the contact resistance for the HER.

3.2.2 Effect of phosphorization time on hydrogen evolu-
tion performance. Controlling the degree of phosphorization is
a key factor for ensuring the formation of the highly active CoP
phase while retaining a portion of the metallic Co. This hier-
archical structure not only preserves the high activity of CoP but
also leverages the high conductivity of the metallic Co. The
; and (c) AC impedance spectra of CoP/Co/NF prepared at different

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) LSV hydrogen evolution polarization curves; (b) Tafel curves and slopes and (c) AC impedance spectra of CoP/Co/NF prepared at
different phosphorization times.
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effect of phosphorization time on catalyst activity was exam-
ined. The experimental results indicate that the degree of
phosphidation has a signicant impact on catalytic perfor-
mance. When the phosphidation time is 80 min, the catalytic
activity reaches its maximum. The catalyst sample CoP-80 min
shows the best hydrogen evolution catalytic performance with
the over-potential (h) of 23 mV to reach current density of 10 mA
cm−2 (Fig. 7a and b). The Tafel slope of CoP-80 min is 27.1 mV
dec−1, signicantly lower than those of CoP-40 min (83.5 mV
dec−1) and CoP-120 min (80.9 mV dec−1), which indicates faster
kinetics and a higher hydrogen generation rate during the HER
process. From the AC impedance diagram shown in Fig. 7c, the
Fig. 8 (a) LSV hydrogen evolution polarization curves of the optimized C
at different scan rate of 20–180 mV s−1 and relationship between scannin
of CoP/Co/NF before and after HER at J = −100 mA cm−2 for 100 h, sca
CoP/Co/NF; (d and e) SEM images and the corresponding EDX elemen
spectra of Co 2p and P 2p for the CoP/Co/NF after HER at 100 mA cm−

© 2026 The Author(s). Published by the Royal Society of Chemistry
reaction resistance of the CoP-80 min catalyst electrode was 1.7
U, comparable with those of the catalysts. The mechanism of
the HER in alkaline media is typically treated as a three
elementary steps: rst the Volmer reaction, that is, the water
decomposition reaction and the formation of a reactive inter-
mediate Hads (H2O + e− / Hads + OH−) with Tafel slope about
120 mV dec −1;followed by Heyrovsky reaction (Hads + e− + H2O
/ H2 + OH−) and Tafel reaction (Hads + Hads / H2) with Tafel
slope about 30–40 mV dec−1.9,10 The Tafel slope of the CoP-
80 min electrode demonstrates the hydrogen evolution reaction
of this electrode is kinetically controlled by the Tafel reaction. It
has been suggested that metal may facilitate adsorption of the
oP/Co/NF, CoP/NF, Co/NF and Ni foam; (b) cyclic voltammetry curves
g speed and current density of the CoP/Co/NF. (c) Polarization curves
nning rate: 2 mV s−1, the insets shows chronopotentiometric curve of
tal mapping of CoP/Co on the Ni foam; (f and g) high-resolution XPS
2 for 100 h.
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produced atomic hydrogen and its subsequent association to
form H2 from these intermediates. But it is generally inefficient
in the water dissociation. Metal phosphoride may provide the
active sites for dissociation of water. The combination of
a metal Co andmetal phosporide (CoP) may improve the kinetic
rate of the HER in alkaline media.

3.2.3 CoP-nanorod/Co/NF catalytic performance for HER.
Fig. 8a shows the HER polarization curves with 75% online
compensation of the optimized CoP/Co/NF, together with CoP/
NF, Co/NF and nickel Foam electrodes in 1.0 M kOH electrolyte.
The composite CoP/Co/NF catalysts showed higher HER activity
than those of other referenced samples, suggesting signicantly
improved performance by incorporating CoP into metallic Co
system and the synergistic interaction between metallic Co and
CoP with hierarchical interfaces. The CoP/Co/NF catalyst elec-
trode exhibits a lower over-potential (h) of 23 mV to reach
current density of 10 mA cm−2 with the Tafel slope of 27.1 mV
dec−1. The electrode requires the h of 56 and 103 mV to produce
high current densities of 100 and 1000mA cm−2. The composite
electrode exhibited superior catalytic activity for HER to many
reported CoP/NF based samples.29,30 The catalytic performance
of the prepared CoP/Co/NF is very close to the reported
commercial Pt/C/NF (a h of 28 mV at 10 mA cm−2 and Tafel
slope of 38 mV dec−1), indicating an excellent HER kinetics of
the composite catalyst in 1.0 M KOH.21 The double layer
capacitance (Cdl) of the electrode is calculated to be 21.5 mF
cmgeo

−2 from the CV curves shown in Fig. 8b. The electro-
chemical active surface area (ECSA) is calculated by the formula
ECSA= Cdl/Cs, Cs is generally taken as 40 mF cm−2 for transition
metal phosphides.27 so the ECSA of the catalyst electrode is
obtained 537.5 cm2, which is superior to the water electrolysis
hydrogen evolution catalysts previously reported cobalt-based
phosphides in the literature.21–23 The higher Cdl and ECSA
indicate that more active sites can be effectively utilized. It
should be noted that the formula for ECSA calculation, ECSA =

Cdl/Cs, is highly dependent on Cs. The surface electronic
structures, ionic properties, and solvation characteristics of
different materials may vary signicantly. Turnover frequency
(TOF) refers to the number of hydrogen molecules generated at
a single active site per unit of time under a given over potential,
which is used to reect the intrinsic HER activity of catalysts.
The TOF of CoP/Co/NF reaches 4.26 s−1 at an overpotential of
Table 1 Comparison of the performance of the prepared CoP/Co/NF w

Materials h (mV) (10 mA cm−2) h (mV) (100 mA cm

Fe-CoP/NF 66 151
CoP/Ni2P/NF 67.4 139.2
NiCo-hydroxide/Ni 93 —
Pt@NiFc-MOF — 71
Ni3N/Co2N 35 111
Ru-based 13 60
NiS-Ni2P/Ni/NF 53 139
Ni76Mo20W4 354 556
NiFeO/NiMoO/NF 46 178
CoP/Co/NF 23 56

8768 | RSC Adv., 2026, 16, 8761–8771
100 mV in 1 M KOH on the basis of ECSA values, which is
comparable to the reported TOF data in the literature.28–30 It
should be mentioned that the exactly identifying the number of
active sites remains challenging, giving rise to a tough explo-
ration of the intrinsic activity of catalysts.31,32 The reproduc-
ibility of a composite electrode evaluated by three repetitive
measurements of the Tafel slope gave an R.S.D of 18.12%. These
experiment data show a good reproducibility of CoP/Co/NF.

The stability of the catalyst-modied electrode is also an
important factor for practical application. The long term
stability of the electrode was tested by galvanostatic technique
in a three-electrode system, with 1.0 M KOH as the electrolyte
and a current density of −100 mA cm−2 for 100 h. As shown in
Fig. 8c, the electrode exhibited an overpotential of approxi-
mately −256 mV to sustain a current density of −100 mA cm−2,
which remained almost unchanged aer HER for 100 h. The
hydrogen evolution overpotential decreased slightly, but the
change was not signicant, indicating that the hydrogen
evolution stability of CoP/Co/NF was good. The SEM image and
EDSmapping of the test CoP/Co/NF catalytic electrode in Fig. 8d
and c show no signicant morphological change and compo-
sition aer HER for 100 h. The EDS elemental mapping of CoP/
Co/NF shows a Co/P mole ratio of 2 : 1 with the at% value of
36.86% Co, 18.13% P, 1.95% Ni and 43.06% O, which is
consistent with the initial molecular structure of CoP/Co/NF
(Co/P value of 1.8 : 1) before electrolysis. The post-HER XPS of
Co 2p and P 2p Fig. 8f and g exhibit no signicant change for the
composition and electronic structure of cobalt and phospho-
rous. The existence of the spin–orbit peak at 129.8 eV ascribed
to P 2p3/2 (M–P bond) illustrate the Co–P bond remain largely
intact aer 100 h HER, indicating the composite CoP/Co/NF has
a good enduring stability under alkaline condition. Table 1
listed the comparison of the performance of the prepared CoP/
Co/NF with the reported catalysts in recent references.

3.3 DFT calculations

To further reveal the interfacial synergistic effect between CoP
nanorod and metallic Co and the interfacial charge distribu-
tion, DFT calculations were carried out. The geometrically
optimized congurations of CoP, CoP/Co and CoP-O/Co (with
a partially oxidized surface) are shown in Fig. 9a For HER in an
alkaline electrolyte, a water molecule is rst adsorbed onto the
ith the reported catalyst in recent references

−2) Tafel slop (mV dec−1) Cdl (mF cm−2) References

48.34 — 15
73.9 — 17

116.7 — 24
21 17.3 33
34 23.2 34
30 — 35
44.3 60.9 22
87.6 2.96 36
85 24.08 37
27.1 21.5 This work

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Schematic diagram of H2Omolecule adsorption on CoP, CoP/Co and CoP–O/Co surfaces; (b) free energy diagram of H adsorption on
CoP/Co, CoP amdCoP–O. (c) Schematic diagramof HER onCoP/Co/NF; (d–f) TDOS and PDOS calculation for Co, CoP and CoP/Co; (g–i) WF of
Co, CoP, and CoP/Co.
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catalytic active site to form H2O*, and then undergoes two
kinetic steps: (A) the H2O dissociation step (Volmer step)
producing H* and OH−, and (B) the H2 formation stage (Heyr-
ovsky or Tafel step). The rate of alkaline HER is determined by
the signicant kinetic barriers associated with both the water
dissociation and hydrogen generation stages. HER efficiency
under alkaline conditions is also strongly inuenced by H2O*
due to the fact that poor adsorption capability for H2O leads to
a scarce source of H2O for the Volmer reaction.16 Therefore, the
water molecule adsorption capabilities of CoP, CoP/Co and CoP-
© 2026 The Author(s). Published by the Royal Society of Chemistry
O/Co were evaluated using DGH2O*. The calculated DGH2O* of
CoP/Co (−1.30 eV) shows more negative than those of the
DGH2O* of CoP–O/Co (−0.94 eV) and CoP (−1.00 eV), indicating
a stronger charge interaction with water molecules on the CoP/
Co surface. This implies that the CoP/Co surface can effectively
promote the adsorption of water molecules. It is worth
mentioning that the adsorption effect of CoP–O/Co is reduced
due to its partially oxidized surface.

A DGH* value close to zero is considered the optimal condi-
tion for HER, meaning the adsorption strength of H* is neither
RSC Adv., 2026, 16, 8761–8771 | 8769
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too strong nor too weak.38 The DGH* (shown in Fig. 9b) for the
CoP/Co is −0.15 eV, very close to thermodynamic neutrality,
indicating that the CoP/Co surface possesses favorable H*

adsorption and desorption capabilities. The DGH* values for
partially oxidized CoP-O/Co and single CoP are −0.20 eV and
−0.59 eV, respectively, suggesting that the oxidized CoP-O/Co
and single CoP surfaces have weaker H adsorption capabil-
ities, leading to more difficult for the H* formation. Impor-
tantly, the density of states (DOS) calculations results in Fig. 9d–
f shows the highest total density of states (TDOS) of the CoP/Co
near the Fermi level due to the introduction of metallic Co sites,
compared with that of the single Co and CoP. The results
indicate that CoP/Co hasmore electronic states than single CoP,
which demonstrates that the introduction of metallic Co
enhances the electronic conductivity of the catalyst, endowing it
with stronger catalytic capability. The highest TDOS means the
signicant hybridization between the Co 3d and P 3p orbitals,
indicating strong electronic interaction and a synergistic effect
between Co and P, which contributes to the highly efficient HER
activity of the CoP/Co catalyst.

The work function (WF) value may exhibit the direction and
feasibility of electron transfer.39,40 As shown in Fig. 9g–i, the WF
of CoP/Co, CoP and Co are 4.089 eV, 4.326 eV, and 4.277 eV,
respectively. This further reects the optimization of the inter-
facial structure aer introducing CoP, which attracts electrons
from Co to CoP and reduces the energy barrier for the hydrogen
evolution reaction. Based on the theoretical calculations, the
fundamental HER mechanism on the CoP/Co surface can be
illustrated in Fig. 9c. By introducing the metallic Co as an
“electron pump” into the CoP system, the CoP/Co hetero-
structure exhibits excellent hydrogen adsorption and desorp-
tion capabilities, the lower water dissociation energy barrier,
thus improving the efficiency of the HER process. Studies have
shown that when a metal Co and a semiconductor CoP come
into contact, if their Fermi levels differ, electrons will sponta-
neously ow across the interface until the Fermi levels equili-
brate. This electron ow creates a space charge region at the
interface, generating a built-in electric eld (BIEF). BIEF can
cause the bending of the energy bands on the semiconductor
side, thereby altering the electron density and d-band center
positions of the surface active sites. BIEF can accelerate electron
transfer from the electrode to the active sites while polarizing
water molecules adsorbed on the surface, making them more
prone to dissociation.

4 Conclusions

The high-performance hetero-structured electrocatalyst of CoP
nanorods doped with metallic Co on nickel foam was designed
via a facile electrodeposition followed by a controlled low-
temperature phosphorization strategy. The electrode has
a nanoporous sea-urchin-like arrays with a large electro-
chemical surface area, which is benecial to the rapid transfer
of charges and gas bubble detachment. By introducing the
metallic Co as an “electron pump” into the CoP system,
donating electrons to the CoP phase to enhance intrinsic
conductivity, the CoP/Co heterostructure exhibits excellent
8770 | RSC Adv., 2026, 16, 8761–8771
hydrogen adsorption and desorption capabilities, the lower
water dissociation energy barrier, thus improving the efficiency
of the HER process. The electrode has high catalytic activity for
the water electrolysis hydrogen evolution reaction in 1.0 M KOH
electrolyte. The overpotential is 56 and 103 mV at a high current
density of 100 and 1000mA cm−2, and the Tafel slope is 27.1 mV
dec−1. Aer 100 h of galvanostatic HER at 100 mA cm−2, the
electrode shows high stability and has considerable practical
application prospect.
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