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A B S T R A C T

Among numerous transition metal hydrogen evolution reaction catalysts, nickel-based catalysts have garnered 
significant attention for their relatively better electrocatalytic activity. The hydrothermal-electrodeposition 
method provides an effective route for preparing relatively better nickel-based catalysts. Building upon this, 
this study successfully synthesised NiCo-LDH@PPy. Under alkaline conditions, NiCo-LDH@PPy-100 exhibits a 
HER overpotential of 210.7 mV at 50 mA cm− 2 and a double-layer capacitance of 0.013 mF cm− 2. Following 28 h 
of constant current testing, XPS experiments revealed minimal changes in elemental composition, suggesting 
good stability of the sample under electrochemical conditions. To more accurately evaluate the practical 
application potential of the catalyst, when the electrolyte was switched to alkaline seawater, NiCo-LDH@PPy- 
100 exhibits HER and OER overpotentials of 223.7 mV and 270 mV at 50 mA cm− 2, respectively. The overall 
water splitting potential was 1.64 V at a current density of 10 mA cm− 2, and the catalyst demonstrated excellent 
electrochemical stability during 50 h of continuous testing, offering a viable alternative to precious metal cat
alysts for seawater splitting.

1. Introduction

Renewable energy's intermittency requires energy storage and con
version and hydrogen (143 MJ/kg high energy density, with no carbon 
dioxide emissions) from electrolysis turns its electricity into chemical 
energy for the green hydrogen economy [1–6]. However, industrial 
water electrolysis for hydrogen production suffers from low energy 
conversion efficiency primarily due to the slow four-electron transfer 
kinetics of the anode oxygen evolution reaction (OER) [7–9]. Currently, 
Noble metal-based catalysts (Pt for the cathode, IrO2/RuO2 for the 
anode) exhibit relatively higher activity compared to non-noble metal- 
based catalysts. However, their extremely low abundance in the Earth's 
crust leads to excessively high costs, making them unsuitable for the 
commercial application of water electrolysis technology [10–14]. 
Against this backdrop, transition metal compounds based on Earth- 
abundant elements—particularly iron, cobalt, and nickel-based mate
rials-demonstrate significant potential to replace precious metal cata
lysts. This stems from their tunable d-orbital electronic structure, 

excellent conductivity, intrinsic stability under alkaline conditions, and 
ease of large-scale preparation [15–18].

Nickel-based layered double hydroxides (Ni-LDH), with their unique 
two-dimensional layered structure, tunable chemical composition, and 
relatively more electrochemical activity, demonstrate significant po
tential in the field of electrocatalytic water splitting [19–21]. NiFe-LDH 
shows efficient OER performance due to its intrinsic electronic structure 
and the presence of catalytically active metal centers. Similarly, NiFe 
and CoFe layered double hydroxides exhibit relatively more electro
catalytic activity for alkaline OER in water splitting [22–26]. Beyond 
catalysis, nickel also offers economic advantages. Moreover, nickel with 
loosely bound valence electrons represents a more cost-effective elec
trode material compared to platinum group metals. Of particular note, 
nickel‑cobalt layered double hydroxide (NiCo-LDH) emerges as an 
electrocatalyst with distinctive advantages, demonstrating prominent 
performance in alkaline OER [27,28]. The polypyrrole (PPy) shell-core 
architecture creates synergistic effects by combining PPy's high con
ductivity and corrosion resistance with the metal oxide core's abundant 
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active sites, resulting in enhanced charge transfer and significantly 
reduced activation energy for water splitting reactions. For instance, in 
NiCo2O4@PPy, the PPy shell confers superior corrosion resistance (50 h 
stable operation), enabling an overpotential of 203 mV and a Tafel slope 
of 46 mV dec− 1 at 10 mA cm− 2 while optimizing OER kinetics [29]. 
Similarly, in ZnCo2O4@PPy-200, the PPy shell enhances conductivity 
(ECSA: 0.119 mF cm− 2) and corrosion resistance (42 h stability), 
translating to an overpotential of 254 mV and a Tafel slope of 60.77 mV 
dec− 1 at the same current density, significantly lowering OER activation 
energy [30].

Thus, in the present study, NiCo-LDH materials were synthesised via 
a hydrothermal approach, and a series of NiCo-LDH@PPy nanowires 
were fabricated through electrochemical deposition. Electrochemical 
evaluations of OER and HER activities revealed that, within this series, 
NiCo-LDH@PPy-100 displayed superior electrocatalytic performance. 
Under alkaline electrolytic conditions at a current density of 50 mA 
cm− 2, the overpotential for the hydrogen evolution reaction (HER) was 
210.7 mV, corresponding to a Tafel slope of 298.03 mV dec− 1. The 
overpotential for the OER was 360.2 mV, with a Tafel slope of 79.83 mV 
dec− 1. Notably, the material maintained excellent stability after 28 h of 
continuous cycling at a current density of 10 mA cm− 2. In an alkaline 
seawater electrolysis environment, at a current density of 50 mA cm− 2, 
the overpotential for hydrogen evolution was 223.7 mV and that for 
oxygen evolution was 270.1 mV. The material also exhibits excellent 
stability during 28 h of continuous cycling. Furthermore, the 
hydrothermal-electrodeposition synthesis of NiCo-LDH@PPy yields a 
high-specific-surface-area hierarchical structure, facilitating active site 
exposure and mass transfer processes. The electrocatalytic performance 
of NiCo-LDH@PPy-100 approaches that of precious metals such as 
iridium, while delivering robust overall water-splitting capabilities in 
seawater. This offers novel prospects for the large-scale industrial 
application of electrocatalytic technologies.

2. Experiment

2.1. Preparation of NiCo-LDH nanowires

Prior to the experimental synthesis of the material, four pieces of 
nickel foam (NF) measuring 4 × 4 cm2 were immersed in a 1 M HCl 
solution for cleaning. Subsequently, the NF was rinsed multiple times 
sequentially with deionised water and ethanol. Finally, the treated 
sponge nickel was placed in an oven to dry for subsequent use. Material 
synthesis was then carried out using the following preparation method: 
First, 2 mmol Ni(NO3)2⋅6H2O and 3 mmol Co(NO3)⋅6H2O were added to 
60 mL of deionised water and stirred until completely dissolved. Sub
sequently, 0.3 g of urea was added to the mixed solution and stirred for 
30 min. Four identical samples were prepared using the same experi
mental method. Subsequently, the four pretreated NF samples (each 
measuring 4 × 4 cm2) were transferred together with the aforemen
tioned solution into a 100 mL autoclave. The autoclave was placed in an 
oven and heated at 120 ◦C for 5 h. After the reaction system had fully 
reacted, allow it to cool naturally to room temperature. Subsequently, 
wash the resulting precursor alternately with deionised water and 
anhydrous ethanol to remove impurity ions and residual reaction 
products. Finally, place the washed samples in a constant-temperature 
drying oven and dry at 60 ◦C for 12 h to obtain the dried NiCo-LDH 
nanomaterial product.

2.2. Synthesis of NiCo-LDH@PPy composite structures

The experiment employed electrochemical deposition to coat the 
material with polypyrrole (PPy). First, 1 mL of pyrrole solution and 4 g 
of p-benzenesulfonic acid were weighed and added to 100 mL of 
deionised water, then stirred magnetically until completely dissolved. 
The solution was subsequently transferred to a three-electrode cell to 
serve as the electrolyte for the coating reaction. The electrode system 

configuration was as follows: an Ag/AgCl electrode served as the 
reference electrode, a Pt electrode as the counter electrode, and a pre- 
prepared NiCo-LDH precursor as the working electrode. Electro
chemical deposition of PPy was conducted using the constant voltage 
method on an electrochemical workstation. During the experiment, a 
constant voltage of 0.9 V was applied for deposition durations of 50 s, 
100 s, and 200 s, respectively. Depending on the deposition duration, the 
resulting electrode discs were designated NiCo-LDH@PPy-50, NiCo- 
LDH@PPy-100, and NiCo-LDH@PPy-200, respectively. Finally, the 
samples underwent multiple rinses with deionised water and anhydrous 
ethanol before being dried in a 60 ◦C oven.

2.3. Structure characterization

The morphology and crystal structure of the prepared products were 
characterized using X-ray diffraction (XRD, Shimadzu-7000, Cu Kα ra
diation), X-ray photoelectron spectroscopy (XPS, ESCALAB 250 equip
ped with Al Kα source), Fourier transform infrared spectroscopy (FTIR, 
4000–500 cm− 1), scanning electron microscopy (SEM, Gemini 300–71- 
31), and transmission electron microscopy (TEM, JEM-2100 PLUS).

2.4. Electrocatalytic characterization

The electrochemical performance of all electrocatalysts was evalu
ated using a CHI660E electrochemical workstation. Linear sweep vol
tammetry (LSV), cyclic voltammetry (CV), and chronoamperometry 
(CA) were measured in a three-electrode system employing electrolytes 
comprising 1 M KOH aqueous solution (pH = 13.7) and 1 M KOH 
seawater solution (pH = 13.5). For these tests, a 95 % compensation 
factor was applied to prevent potentiostat oscillations and minimize 
overcorrection artifacts, in line with standard practices recommended in 
the electrocatalysis literature. The synthesised samples served as the 
working electrode, with Ag/AgCl acting as the reference electrode. 
Platinum foil and graphite rod were employed as counter electrodes for 
the OER and HER, respectively. All potentials were converted to 
reversible hydrogen electrode (RHE) potentials via the Nernst equation 
ERHE = EAg/AgCl + 0.197 + 0.059 × pH, where EAg/AgCl represents the 
experimentally measured potential relative to the Ag/AgCl reference 
electrode. Overpotential (η) was calculated using the following formula: 
η = ERHE − 1.23. It should be noted that the catalyst loading was 
nominally controlled but not quantitatively determined; therefore, the 
electrocatalytic performance discussed in this work is intended for 
relative comparison among the studied samples rather than absolute 
benchmarking.

3. Results and discussion

Fig. 1a presents the XRD patterns of the prepared samples NiCo-LDH, 
NiCo-LDH@PPy-50, NiCo-LDH@PPy-100, and NiCo-LDH@PPy-200. 
Through these XRD patterns, the crystalline structures of the prepared 
samples can be observed. Strong diffraction peaks at 2θ values of 44.4◦, 
51.6◦, and 76.1◦ correspond to the nickel foam. However, the magnified 
XRD pattern (Fig. 1b) allows for better observation of these peaks, which 
are less pronounced due to the significant influence of the nickel sponge 
substrate on the XRD measurement. The peaks at 2θ values of 15.6◦, 
26.2◦, 28.7◦, and 38.3◦ can be indexed to the (111), (204), (115), and 
(131) planes of the NiCo-LDH phase (JCPDS: 24–0523). (115) planes of 
the NiCo-LDH phase (JCPDS: 24–0523). Additional peaks at 2θ values of 
23.2◦, 34.1◦, and 38.3◦ correspond to the (006), (012), and (015) crystal 
planes of the NiCo-LDH phase (JCPDS: 40–0216). Notably, diffraction 
peak intensity varies with PPy deposition time: NiCo-LDH@PPy-100 
exhibits the highest intensity, suggesting improved crystalline 
ordering or signal transmission from uniform PPy encapsulation. In 
contrast, NiCo-LDH@PPy-50 shows lower intensity (likely due to 
incomplete coverage), while NiCo-LDH@PPy-200 shows no further in
tensity increase but a slight decrease—attributed to an overly thick or 
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disordered PPy layer that may attenuate LDH diffraction signals.
These results indicate an favourable PPy deposition time (100 s) that 

balances encapsulation and LDH crystallinity, which is crucial for pre
serving the material's catalytic activity.

To further validate the presence of PPy, FTIR spectroscopy was 
conducted, with results presented in Fig. 1c. Within the spectrum, the 
absorption peak at 3000 cm− 1 corresponds to the stretching vibration of 
C–H bonds in the sample, whilst the peak at 1550 cm− 1 is attributed to 
the stretching vibration of C––C bonds. Furthermore, absorption peaks 
at 2353 cm− 1 and 2917 cm− 1 are respectively assigned to N–H bond 
vibrations, whilst the peak at 1618 cm− 1 originates from C––N bond 
stretching vibrations [31]. The presence of these characteristic peaks 
further confirms the successful coating of PPy onto the sample surface.

Beyond the characteristic peaks of PPy, the fingerprint region 
(800–1400 cm− 1) shows several absorption bands that likely correspond 

to δ(M-OH) bending vibrations and carbonate species. Particularly 
notable is the band around 1380 cm− 1, which appears consistent across 
samples and likely represents ν₃ vibration of intercalated CO₃2− ions. 
The broad absorption features visible around 500–600 cm− 1 correspond 
to M-O and M-O-M stretching vibrations (where M represents Ni or Co). 
These bands appear to maintain relatively consistent positions across all 
samples, suggesting the LDH layer structure remains intact after PPy 
coating.

Based on the aforementioned experimental results, we further 
employed XPS to analyse the chemical composition and valence states of 
the synthesised material. The elemental contents of Ni, Co, O, C, and N 
were determined to be 7.63 %, 5.71 %, 32.42 %, 47.94 %, and 6.3 % 
respectively, as shown in Fig. 1d. Fig. 1e displays the refined Ni 2p 
spectrum, clearly revealing Ni3+, Ni2+, and satellite peaks. In NiCo- 
LDH@PPy-100, the characteristic peaks of Ni2+ in the Ni 2p orbital re
gion exhibit typical spin-orbit splitting, with the two characteristic 
peaks of Ni 2p3/2 and Ni 2p1/2 located at binding energies of 855.7 eV 
and 873.3 eV, respectively, which may originate from the formation of 
nickel oxide through the bonding between Ni and O elements [32]; the 
spin-orbit splitting of Ni3+ in the Ni 2p3/2 and Ni 2p1/2 orbitals is pri
marily positioned at 857.8 eV and 875.6 eV, which may result from the 
formation of Ni–C compound phases [33–35]. Compared to NiCo-LDH, 
the Ni3+ peak in NiCo-LDH@PPy-100 exhibits a positive shift due to 
electron density transfer from NiCo-LDH to PPy, confirming interfacial 
electronic interactions. In NiCo-LDH@PPy-100, the four split peaks at 
861.4 eV, 863.8 eV, 879.0 eV, and 881.2 eV represent satellite peaks of 
Ni. Fig. 1f presents the Co 2P fine spectrum. It displays two diffraction 
peaks from Co 2p1/2 and Co 2p2/3, alongside two satellite peaks arising 
from spin-orbit coupling between Co 2p1/2 and Co 2p3/2 orbitals. In 
NiCo-LDH@PPy-100, the diffraction peaks originating from the Co 2P3/2 
orbital are predominantly centred at binding energies of 780.9 eV and 
783.3 eV, corresponding to Co3+ and Co2+, respectively. Similarly, the 

Fig. 1. Structure characterization of as-fabricated samples (a) XRD patterns (b) XRD 10–40◦ Enlarged View (c) FTIR profile (d) NiCo-LDH@PPy Elemental Ratios Pie 
Chart (e) XPS of Ni 2p (f) Co 2p (g) O 1 s.

Table 1 
OER electrocatalytic performance of several electrode materials.

Materials Overpotential 
(mV)

Tafel (mV 
dec− 1)

Electrolyte Ref.

NiCo-LDH/NF 391 (50 mA cm− 2) 117 1.0 M KOH [38]
FeCoNi-LTH/CC 386 (50 mA cm− 2) 166 1.0 M KOH [39]
P123-NiCo2O4 405 (25 mA cm− 2) 109.88 1.0 M KOH [40]
Ni(OH)2 380 (50 mA cm− 2) 123.4 1.0 M KOH [41]
NiFe-LDH 390 (50 mA cm− 2) 104 1.0 M KOH [42]

NiCo-LDH 370.3 (50 mA 
cm− 2)

100.65 1.0 M KOH This 
work

NiCo-LDH@PPy- 
50

400.4 (50 mA 
cm− 2) 115.71 1.0 M KOH

This 
work

NiCo-LDH@PPy- 
100

360.2 (50 mA 
cm− 2) 79.83 1.0 M KOH

This 
work

NiCo-LDH@PPy- 
200

380.9 (50 mA 
cm− 2)

109.74 1.0 M KOH
This 
work
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peaks from the Co 2P1/2 orbital are concentrated at 795.9 eV and 798.4 
eV, also attributed to Co3+ and Co2+. These binding energy peaks likely 
originate from the formation of oxides through the bonding of Co and O 
elements, where both the divalent and trivalent states of Co may coexist 
within the oxides [36]. Furthermore, the split peaks at 787.1 eV and 
802.2 eV are attributed to satellite peaks of Co. Relative to NiCo-LDH, 
NiCo-LDH@PPy exhibits a positive shift in Co 2p binding energy, indi
cating that the PPy coating withdraws electron density from the cobalt 
centers and modulates the electronic structure through interfacial 
charge transfer, thereby enhancing the electrochemical activity of the 
material. Fig. 1g presents the O 1 s fine spectrum. In NiCo-LDH@PPy- 
100, the O 1 s diffraction peak is resolved into two peaks at 531.0 eV 
and 532.0 eV, corresponding to the metal‑oxygen (M-O) and hydroxide 
groups, respectively [37]. The O 1 s spectrum of NiCo-LDH@PPy shows 
a positive shift in binding energy for the M-O peaks, demonstrating that 
the PPy coating induces electron redistribution at the oxygen sites, 
which strengthens the metal‑oxygen interactions.

The microstructure of the synthesised samples was investigated by 
characterising the materials using SEM. TEM was employed to observe 
and analyse high-resolution regions of the nanomaterials and their 

interplanar spacings, as illustrated in Fig. 2. The pristine NiCo-LDH 
sample (Figures a, b) displays densely packed nanowires with di
ameters of several tens of nanometers. The open interwire spacing cre
ates a porous network that facilitates electrolyte penetration and 
exposes numerous electrochemically active sites. Following 50 s of PPy 
deposition, the NiCo-LDH@PPy-50 composite (Figures c, d) retains the 
nanowire morphology with sparse polymer coating. The discontinuous 
coverage indicates insufficient polymer network formation, which limits 
electronic conductivity enhancement. The NiCo-LDH@PPy-100 sample 
(Figures e, f) exhibits a uniform PPy coating that conformally covers the 
substrate while preserving the inherent porosity. This moderate coating 
thickness enables effective electron transport while maintaining acces
sibility to active sites and open channels for ion diffusion, achieving a 
favourable balance between conductivity and electrochemical accessi
bility. The NiCo-LDH@PPy-200 sample (Figures g, h) exhibits densely 
packed nanowires with a thick PPy coating. Although electronic con
ductivity is improved, the excessive accumulation of PPy obscures the 
original nanostructure, reducing the effective surface area and hindering 
ion transport. Fig. 2i and j show the TEM images of NiCo-LDH@PPy-100 
at different magnifications. In Fig. 2i (low magnification, 100 nm scale 

d

Fig. 2. Morphology and structure characterization of the as-prepared products (a, b) SEM images of NiCo-LDH (c, d) SEM images of NiCo-LDH@PPy-50 (e, f) SEM 
images of NiCo-LDH@PPy-100 (g, h) SEM images of NiCo-LDH@PPy-200 (i-k) TEM images of NiCo-LDH@PPy (l) EDS mapping NiCo-LDH@PPy.
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bar), the nanorod-like morphology of NiCo-LDH@PPy-100 is observed. 
Fig. 2j (higher magnification, 50 nm scale bar) further demonstrates that 
these nanorods are uniformly coated with a thin layer of conductive PPy, 
verifying the successful encapsulation of PPy on NiCo-LDH. The HRTEM 
image in Fig. 2k clearly demonstrates the highly crystalline, plate-like 
nanostructure of the material, with well-defined crystalline striations 
readily observable. Measurement of the lattice spacing yields a value of 
0.256 nm. Cross-referencing with the XRD analysis reveals correspon
dence to the (012) crystal plane displayed in the XRD pattern, con
firming the successful synthesis of NiCo-LDH@PPy. Fig. 2l presents the 
elemental mapping analysis of the sample. This reveals the distribution 
of constituent elements within the material, with distinct colours 
assigned to different elements. Ni, Co, O, C, and N elements are uni
formly distributed throughout the region. This further validates the 
successful synthesis of the precursor material and the effective encap
sulation of PPy.

To evaluate the HER activity variations of the synthesised materials, 
a 1 M KOH solution was employed as the alkaline electrolyte. A series of 
electrochemical performance tests was conducted using a three- 
electrode system, with the experimental results presented in Fig. 3. 
Fig. 3a demonstrates that at a current density of 50 mA cm− 2, the noble 
metal material Pt/C exhibits an overpotential of 87.4 mV, while the 
NiCo-LDH@PPy-100 sample shows an overpotential of 210.7 mV. This 
value is significantly lower than those of NiCo-LDH (220.7 mV), NiCo- 
LDH@PPy-50 (237.7 mV), and NiCo-LDH@PPy-200 (224.7 mV). The 
lower overpotential reduces the additional energy input required for the 
reaction, thereby substantially decreasing operational energy con
sumption. Fig. 3b displays the overpotentials corresponding to the LSV 
curves. NiCo-LDH@PPy-100 exhibits the lowest overpotential at both 
50 mA cm− 2 and 100 mA cm− 2, demonstrating its superior 

electrocatalytic performance. Fig. 3c presents the Tafel plots derived 
from the polarization curves recorded at 1 mV/s with iR compensation. 
The Tafel slopes were determined across 50–80 mA/cm2 where the 
observed values reflect the combined contributions of charge transfer 
kinetics, mass transport limitations, and ohmic resistance characteristic 
of high current density operation. The NiCo-LDH@PPy-100 sample ex
hibits a Tafel slope of 175.81 mV dec− 1, compared to 264.95 mV dec− 1 

for NiCo-LDH, 298.01 mV dec− 1 for NiCo-LDH@PPy-50, and 216.05 mV 
dec− 1 for NiCo-LDH@PPy-200. While Tafel slopes provide insight into 
reaction kinetics and mechanisms, they do not serve as direct indicators 
of catalytic activity. The superior electrocatalytic performance of NiCo- 
LDH@PPy-100 is primarily established through its lower overpotential 
requirements at defined current densities (Fig. 3a and b), which repre
sents the most reliable metric for assessing HER activity. Fig. 3d sum
marizes the double-layer capacitance (Cdl) of the samples. NiCo- 
LDH@PPy-100 exhibits the highest Cdl (0.013 mF cm− 2), compared 
with NiCo-LDH (0.010 mF cm− 2), NiCo-LDH@PPy-50 (0.008 mF cm− 2), 
and NiCo-LDH@PPy-200 (0.009 mF cm− 2). Accordingly, NiCo- 
LDH@PPy-100 is expected to provide the largest ECSA estimated from 
Cdl. This trend is consistent with a moderate, conformal PPy deposition 
that improves electronic pathways while largely preserving the porous 
framework and exposure of electrochemically active sites. In contrast, 
PPy over-deposition in NiCo-LDH@PPy-200 may partially fill inter-wire 
voids and reduce electrolyte accessibility, leading to a lower apparent 
ECSA. Overall, these results highlight that the PPy deposition level plays 
a key role in balancing electronic conductivity and electrochemical 
accessibility.

A series of electrochemical testing methods was employed to sys
tematically characterize the OER catalytic activity of the samples, with 
the corresponding polarization curves shown in Fig. 4.

Fig. 3. HER properties of NiCo-LDH@PPy in 1 M KOH (a) LSV curves (b) overpotential for HER (c) Tafel plots (d) double-layer capacitance (Cdl).
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Fig. 4a presents the LSV curves of the prepared samples under oxygen 
evolution conditions. It can be observed that at a current density of 50 
mA cm− 2, the noble metal oxide IrO₂ exhibits an overpotential of 330.4 
mV, while NiCo-LDH@PPy-100 demonstrates an overpotential of 360.2 
mV, which is lower than that of NiCo-LDH (370.3 mV), NiCo-LDH@PPy- 
50 (400.4 mV), and NiCo-LDH@PPy-200 (380.9 mV). As expected, 
NiCo-LDH@PPy-100 exhibits superior catalytic performance compared 
to the other three materials. (See Table 1) Fig. 4b displays the over
potentials of the four samples at current densities of 50 mA cm− 2 and 
100 mA cm− 2. Through comparative analysis, it can be clearly observed 
that NiCo-LDH@PPy-100 consistently exhibits the lowest overpotential 
under different current density conditions. This characteristic fully 
confirms that its OER performance is superior to that of the other three 
comparative materials. The Tafel plots derived from the polarization 
curves were analyzed to evaluate OER kinetics (Fig. 4c). The NiCo- 
LDH@PPy-100 sample exhibits a Tafel slope of 79.83 mV dec− 1, 
which is lower than those of NiCo-LDH (100.65 mV dec− 1), NiCo- 
LDH@PPy-50 (115.71 mV dec− 1), and NiCo-LDH@PPy-200 (109.74 
mV dec− 1). These results suggest that the introduction of PPy (with 

excellent conductivity) may facilitate electron transfer to the electrode 
surface, thereby improving the catalytic reaction kinetics. To investigate 
the impedance characteristics of the samples, electrochemical imped
ance spectroscopy (EIS) measurements were performed on the prepared 
materials to study their kinetic performance under alkaline conditions, 
as shown in Fig. 4d. Due to the absence of a resolvable semicircle in the 
Nyquist plots, the impedance spectra obtained in 1 M KOH were fitted 
using a simple series Rs-CPE model, since a reliable charge-transfer 
resistance could not be extracted under these conditions. As summa
rized in Table 2, NiCo-LDH@PPy-100 exhibits the lowest series resis
tance (Rs = 3.398 Ω), indicating reduced ohmic loss, which is consistent 

Fig. 4. OER properties of NiCo-LDH@PPy in 1 mol/L KOH (a) LSV curves (b) overpotential for OER (c) Tafel plots (d) EIS curves (e) double-layer capacitance (Cdl) (f) 
chronoamperometric stability tests of NiCo-LDH@PPy-100 (g) Before and after cycling: Comparative XPS spectra of Ni 2p (h) Co 2p (i) O 1 s.

Table 2 
Fitted Rs-CPE impedance parameters of the electrodes in 1 M KOH.

Materials Rs / Ω CPE-T (Q) CPE-P (n) Ceff(1 Hz) / F⋅cm− 2

NiCo-LDH 4.006 0.0100 0.452 0.01461
NiCo-LDH@PPy-50 3.56 0.00341 0.552 0.00599
NiCo-LDH@PPy-100 3.398 0.00439 0.489 0.00687
NiCo-LDH@PPy-200 3.689 0.00237 0.611 0.00464
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with its lowest OER overpotential. NiCo-LDH and NiCo-LDH@PPy-200 
show comparable OER overpotentials despite different Rs values 
(4.006 and 3.689 Ω, respectively), which can be rationalized by their 
relatively higher interfacial polarization contributions compared with 
NiCo-LDH@PPy-50. In contrast, NiCo-LDH@PPy-50, although exhibit
ing a moderate Rs (3.56 Ω), presents a reduced interfacial capacitance 
and increased non-ideality, suggesting limited interfacial accessibility, 
which correlates with its inferior OER activity. Overall, the Rs-CPE 
fitting parameters qualitatively reflect the combined influence of ohmic 
resistance and non-ideal interfacial polarization on the observed OER 
activity trend. As shown in Fig. 4e, NiCo-LDH@PPy-100 delivers the 
highest Cdl (0.191 mF cm− 2), compared with NiCo-LDH (0.177 mF 
cm− 2), NiCo-LDH@PPy-50 (0.176 mF cm− 2), and NiCo-LDH@PPy-200 
(0.173 mF cm− 2). Accordingly, NiCo-LDH@PPy-100 exhibits the 
largest ECSA, as estimated from Cdl. This improvement is attributed to a 
moderate, conformal PPy coating that preserves the inter-nanowire 
porosity, thereby maintaining open channels for electrolyte infiltration 
and ion transport while facilitating electron transfer. In contrast, 
insufficient PPy coverage (PPy-50) provides limited conductivity 
enhancement, whereas over-deposition (PPy-200) tends to partially 
block interstitial voids and reduce electrolyte accessibility, leading to a 
lower apparent ECSA. The sample material NiCo-LDH@PPy-100 un
derwent cyclic stability testing for hydrogen evolution and oxygen 
evolution reactions over a period of 28 h, as depicted in Fig. 4f. It 
demonstrated reliable electrochemical stability with no discernible 
current fluctuations.

Subsequently, the cycled NiCo-LDH@PPy-100 material was sub
jected to XPS to analyse the chemical composition and valence states of 
the synthesised material. Fig. 4g presents the refined Ni 2p spectrum, 
where the splitting gap between the Ni2+ spin orbitals Ni 2p3/2 and Ni 

2p1/2 primarily occurs at 855.7 eV and 873.3 eV. For Ni3+, the splitting 
gaps in the Ni 2p3/2 and Ni 2p1/2 spin orbitals are primarily located at 
857.9 eV and 875.6 eV. The four splitting peaks at 861.4 eV, 863.8 eV, 
878.8 eV, and 881.2 eV correspond to satellite peaks of Ni. Fig. 4h 
presents the Co 2p fine spectrum. It displays two diffraction peaks cor
responding to Co 2p1/2 and Co 2p2/3, alongside two satellite peaks 
arising from spin-orbit coupling between the Co 2p1/2 and Co 2p3/2 
orbitals. The diffraction peaks originating from the Co 2P3/2 orbital are 
predominantly centred at binding energies of 780.9 eV and 783.3 eV, 
corresponding to Co3+ and Co2+, respectively. Similarly, the peaks from 
the Co 2P1/2 orbital are concentrated at 796.2 eV and 798.3 eV, also 
attributed to Co3+ and Co2+. The split peaks at 787.1 eV and 802.2 eV 
are attributed to satellite peaks of Co. Fig. 4i presents the O 1 s fine 
spectrum. The O 1 s diffraction peaks are resolved into two peaks at 
531.0 eV and 531.9 eV, corresponding to the M-O and hydroxide groups, 
respectively. Comparison reveals minimal shifts in the XPS peak posi
tions. This indicates that the presence of PPy prevents significant surface 
binding energy shifts during oxygen evolution cycles in NiCo-LDH, 
maintaining its chemical bonding state and structural stability, 
thereby demonstrating robust chemical stability.

As shown in Fig. 5, given the excellent OER and HER catalytic ac
tivities of the NiCo-LDH@PPy-100 sample, its overall water splitting 
performance was investigated using a simple two-electrode configura
tion in a regular electrolytic cell with 1 M KOH. Specifically, the widely 
accepted benchmark of 10 mA cm− 2 was adopted for overall water 
splitting, while 50 mA cm− 2 was used for individual HER and OER to 
better assess performance under practical conditions. Based on the data 
presented in Fig. 5a, it can be clearly observed that the NiCo-LDH@PPy- 
100 material demonstrates relatively better performance. At a current 
density of 10 mA cm− 2, the cell voltage of NiCo-LDH@PPy-100 is 1.61 V, 
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Fig. 5. Total hydrolysis properties of NiCo-LDH@PPy in 1 mol/L KOH (a) LSV curves (b) EIS curves (c) double-layer capacitance (Cdl) (d) chronoamperometry 
stability tests of NiCo-LDH@PPy-100.
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which is lower than that of NiCo-LDH (1.63 V). Fig. 5b presents the 
impedance spectra of the synthesised materials. In 1 M KOH overall 
water splitting, both electrodes show quasi-linear Nyquist responses 
without a resolved semicircle and were fitted using a series Rs–CPE 
model. NiCo-LDH@PPy-100 exhibits a lower series resistance (Rs =

3.62 Ω) than NiCo-LDH (Rs = 3.82 Ω), while the similar n values 
(0.66–0.67) indicate non-ideal interfacial polarization dominated 
impedance behavior under gas evolution. Fig. 5c presents the CV test 
results for the material. It can be observed that the Cdl value of NiCo- 
LDH@PPy-100 is 0.180 mF cm− 2, which is greater than that of NiCo- 
LDH (0.033 mF cm− 2). This indicates that NiCo-LDH@PPy-100 pos
sesses a larger ECSA and more reactive sites. Finally, full water-splitting 
stability testing was conducted, as shown in Fig. 5d. The chro
noamperometry stability test of the NiCo-LDH@PPy-100 electrode was 
performed in 1 M KOH aqueous electrolyte at a cell voltage of 1.65 V. 
After 40 h, the current density remained essentially unchanged, indi
cating satisfactory stability for water splitting.

In summary, the four materials were fabricated via a straightforward 
method on nickel foam. The deposition time of PPy significantly in
fluences the catalytic performance of the electrode. The NiCo- 
LDH@PPy-100 sample exhibits superior OER and HER performance, 
featuring low overpotentials and notable durability. Concurrently, the 
water electrolysis cell demonstrates superior functionality, primarily 
benefiting from the unique structure and synergistic effects between 
NiCo-LDH and PPy materials. The incorporation of PPy enhances elec
trode conductivity and facilitates efficient electron transfer during both 
OER and HER.

To evaluate the variation in HER performance of the synthesised 
materials under different environments, the electrocatalytic properties 
of the four samples were subsequently investigated in seawater 

solutions, as depicted in Fig. 6. Fig. 6a displays the IR-corrected LSV 
polarization curves for these samples. The NiCo-LDH@PPy-100 sample, 
with a PPy deposition time of 100 s, exhibits relatively more active 
performance, featuring a minimum overpotential of 223.7 mV at a 
current density of 50 mA cm− 2. This performance surpassed that of 
NiCo-LDH (281.7 mV) and NiCo-LDH@PPy-50 (309.7 mV), and NiCo- 
LDH@PPy-200 (275.7 mV). Fig. 6b presents the overpotentials of the 
four materials at current densities of 50 mA cm− 2 and 100 mA cm− 2. The 
figure clearly demonstrates that NiCo-LDH@PPy-100 exhibits the lowest 
overpotential compared to the other three materials. This enhancement 
is primarily attributed to the conductive PPy effectively improves the 
electronic conductivity of NiCo-LDH. Concurrently, the moderately 
thick PPy coating layer optimizes interfacial ion transport kinetics be
tween the electrolyte and NiCo-LDH, thereby substantially enhancing 
the overall electrochemical performance. Subsequently, we analyzed the 
Tafel plots to evaluate the HER reaction kinetics (Fig. 6c). NiCo- 
LDH@PPy-100 exhibits the smallest Tafel slope of 110.35 mV dec− 1, 
which is lower than those of the other samples: NiCo-LDH (111.12 mV 
dec− 1), NiCo-LDH@PPy-50 (128.63 mV dec− 1), and NiCo-LDH@PPy- 
200 (118.17 mV dec− 1). Collectively, the reduced Tafel slope of NiCo- 
LDH@PPy-100, combined with its relatively lower overpotential, un
derscores that PPy modification enhances charge transfer kinetics, 
thereby synergistically contributing to comparatively better HER per
formance. Fig. 6d presents the Cdl values of the materials. The NiCo- 
LDH@PPy-100 electrocatalyst exhibits a Cdl value of 0.053 mF cm− 2, 
which exceeds those of NiCo-LDH (0.007 mF cm− 2), NiCo-LDH@PPy-50 
(0.003 mF cm− 2), and NiCo-LDH@PPy-200 (0.004 mF cm− 2). The 
experimental results demonstrate that the NiCo-LDH@PPy-100 elec
trocatalyst possesses the largest reactive surface area. The ECSA exhibits 
a positive correlation with the number of exposed active sites, and 

Fig. 6. HER properties of NiCo-LDH@PPy in seawater (a) LSV curves (b) overpotential for HER (c) Tafel plots (d) double-layer capacitance (Cdl).
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higher ECSA values are beneficial for promoting electrocatalytic re
actions. This finding confirms that by regulating the thickness of the PPy 
shell layer, the electrocatalytic activity of electrode materials can be 
effectively modulated, providing an important pathway for optimizing 
electrode performance.

To evaluate the catalytic performance of the material in practical 
application environments, this study employed multiple electrochemical 
experiments to systematically characterize its OER properties in 
seawater electrolyte, with results presented in Fig. 7. Fig. 7a displays the 
OER polarization curves for NiCo-LDH@PPy samples loaded with 
varying amounts of PPy over time. NiCo-LDH@PPy-100 exhibits 
improved OER performance compared to other samples, demonstrating 
a minimum overpotential of 270.1 mV at a current density of 50 mA 
cm− 2. This performance markedly surpasses that of the other samples: 
NiCo-LDH (300.2 mV), NiCo-LDH@PPy-50 (311.3 mV), and NiCo- 
LDH@PPy-200 (317.3 mV). Fig. 7b presents the overpotentials of the 
prepared samples at different current densities. The material deposited 
with PPy for 100 s exhibits the lowest overpotential and the most 
favourable OER activity across all current densities. Subsequently, Tafel 
plots were analyzed to investigate the OER kinetic mechanism (Fig. 7c). 
The Tafel slopes for NiCo-LDH, NiCo-LDH@PPy-50, NiCo-LDH@PPy- 
100, and NiCo-LDH@PPy-200 were found to be 54.26, 52.52, 47.53, 
and 55.91 mV dec− 1, respectively. The smallest Tafel slope of NiCo- 
LDH@PPy-100 indicated more favourable OER charge transfer ki
netics. Furthermore, EIS was conducted to investigate the interfacial 
reaction kinetics and electron transfer characteristics of the catalysts. As 
depicted in Fig. 7d, in the seawater electrolyte, the impedance spectra 
were fitted using a series Rs-CPE model due to the absence of a resolv
able semicircle. As summarized in Table 3, NiCo-LDH@PPy-100 exhibits 
the lowest series resistance (Rs = 3.47 Ω), which is consistent with its 
lowest OER overpotential. NiCo-LDH@NiCo-LDH and NiCo-LDH@PPy- 
50 show comparable OER activities despite different Rs values (3.54 
and 3.52 Ω, respectively), indicating a trade-off between ohmic resis
tance and interfacial polarization. In contrast, NiCo-LDH@PPy-200 

presents the largest Rs (3.59 Ω) together with a relatively reduced 
effective interfacial capacitance, suggesting constrained interfacial 
accessibility and correlating with its inferior OER performance in 
seawater. Fig. 7e presents the CV curves for the samples, with the ECSA 
of the prepared samples in the OER calculated using the same HER 
method. The Cdl value of NiCo-LDH@PPy-100 was 0.390 mF cm− 2, 
whereas those of NiCo-LDH, NiCo-LDH@PPy-50, and NiCo-LDH@PPy- 
200 were 0.260 mF cm− 2, 0.157 mF cm− 2, and 0.308 mF cm− 2, 
respectively, indicating that the synergistic interaction between NiCo- 
LDH and PPy resulted in low overpotentials and enhanced electro
catalytic performance. Fig. 7f displays the HER and OER durability of 
the four samples under seawater conditions. During the 28-h test, the 
NiCo-LDH@PPy-100 electrocatalyst showed notable stability across 
current densities from 10 to 100 mA cm− 2. It thus demonstrates strong 
structural and electrochemical stability for OER. The protective PPy 
shell also grants it favourable OER durability in seawater solutions.

To comprehensively evaluate the bifunctional catalytic performance 
of the prepared materials, their HER and OER catalytic activities in 
seawater splitting reactions were further investigated, with the corre
sponding overall water splitting performance shown in Fig. 8. Fig. 8a 
presents the LSV polarization curves of the samples, demonstrating 
excellent overall water splitting performance at a current density of 10 
mA cm− 2. The cell voltage of NiCo-LDH@PPy-100 is 1.64 V, which is 
lower than that of the NiCo-LDH sample (1.69 V). Fig. 8b displays the 
EIS measurements of the samples. In seawater overall water splitting, 
the Nyquist plots of both electrodes exhibit quasi-linear responses 
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Fig. 7. OER properties of NiCo-LDH@PPy in seawater (a) LSV curves (b) overpotential for OER (c) Tafel plots (d) EIS curves (e) double-layer capacitance (Cdl) (f) 
chronoamperometric stability tests of NiCo-LDH@PPy-100.

Table 3 
Fitted Rs-CPE impedance parameters of the electrodes in seawater.

Materials Rs / Ω CPE-T (Q) CPE-P (n) Ceff(1 Hz) / F⋅cm− 2

NiCo-LDH 3.54 0.0061 0.47 0.0148
NiCo-LDH@PPy-50 3.52 0.00049 0.78 0.00241
NiCo-LDH@PPy-100 3.47 0.0027 0.53 0.00405
NiCo-LDH@PPy-200 3.59 0.0016 0.59 0.00316
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without a resolvable semicircle; therefore, the impedance spectra were 
fitted using a series Rs-CPE model. NiCo-LDH@PPy-100 shows a slightly 
lower series resistance (Rs = 3.61 Ω) than NiCo-LDH (Rs = 3.69 Ω), 
indicating reduced ohmic loss in the full cell. Meanwhile, the n values 
for both electrodes (0.57–0.60) deviate significantly from unity, sug
gesting that the impedance response is dominated by non-ideal inter
facial polarization and transport effects under vigorous gas evolution. 
Overall, the lower Rs of NiCo-LDH@PPy-100 contributes to its improved 
performance in seawater overall water splitting. Fig. 8c presents the Cdl 
values of the catalysts, revealing that the NiCo-LDH@PPy-100 sample 
exhibits a Cdl value of 0.180 mF cm− 2, which is greater than that of the 
NiCo-LDH sample (0.033 mF cm− 2), indicating relatively more active 
behavior. The practical application performance of the materials was 
evaluated through overall seawater splitting stability testing (Fig. 8d), 
with results demonstrating that NiCo-LDH@PPy-100 exhibits robust 
electrochemical stability during 50 h of continuous testing.

The substantial enhancement in material stability originates from the 
following mechanisms: The PPy protective layer serves dual functions, 
both suppressing the dissolution and loss of active components while 
constructing an efficient charge transport network. The surface recon
struction process induced by in situ electrochemical activation signifi
cantly increases the density of active sites. The synergistic effect 
between the PPy modification layer and surface reconstruction not only 
optimizes the electronic structure of the material but also enhances its 
durability under harsh seawater electrolysis conditions, thereby 
achieving simultaneous improvement in both HER and OER catalytic 
performance.

4. Conclusion

In response to the limitation of poor industrial-scale hydrogen pro
duction performance exhibited by NiCo-LDH, a core-shell structured 

composite with polypyrrole coating (NiCo-LDH@PPy) was fabricated 
using NiCo-LDH as the substrate.The overpotential of NiCo-LDH@PPy- 
100 achieved 210.7 mV and 360.2 mV for HER and OER current den
sity of 50 mA cm− 2, with overpotentials of only In 1 M KOH electrolyte, 
respectively. Furthermore, when NiCo-LDH@PPy-100 was employed as 
both cathode and anode, the decomposition voltage was only 1.61 V. 
The catalyst demonstrated excellent stability during a prolonged 50-h 
stability test. In seawater solution at a current density of 50 mA cm− 2, 
the NiCo-LDH@PPy-100 electrode material exhibits HER and OER 
overpotentials of 223.7 mV and 270.1 mV, respectively. For overall 
seawater splitting, this electrode material achieves a current density of 
10 mA cm− 2 at an applied voltage of 1.64 V. Furthermore, the NiCo- 
LDH@PPy-100 electrocatalyst maintains remarkable stability during 
seawater testing. The formation of the PPy composite structure signifi
cantly enhances both electrochemical activity and stability, thereby 
providing an excellent reference case for the industrial hydrogen pro
duction sector.
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