Open Access Article. Published on 30 March 2026. Downloaded on 4/20/2026 4:17:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of
Materials Chemistry A

ROYAL SOCIETY

»
PN OF CHEMISTRY

View Article Online

View Journal

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d6ta01534d

Interface-engineered integration of nickel—iron
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oxygen evolution in alkaline media
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The development of robust, efficient, and cost-effective electrocatalysts is essential to address the sluggish

kinetics of the oxygen evolution reaction (OER) in alkaline water electrolysis. This study prepared a novel
nickel-iron phosphide supported on carbon (NiFe—-P@C) composite via a two-step method: (i)
continuous coprecipitation of NiFe-layered double hydroxide (LDH) nanosheets on carbon supports in

a Couette—Taylor flow reactor and (ii) phosphidation at elevated temperature. Taylor vortex flow enables

uniform and rapid deposition of NiFe LDH onto the carbon surface, thereby promoting interfacial charge

transfer and enhancing reaction kinetics. By tailoring the carbon content and optimizing phosphidation

parameters, the resulting NiFe—P@C catalyst exhibited enhanced electrocatalytic performance and long-

term operational stability in an alkaline electrolyte. Specifically, it delivered a low overpotential of 233 mV

at a current density of 10 mA cm™2 and a Tafel slope of 44.8 mV dec™™. Furthermore, in situ Raman
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spectroscopy combined with density functional

theory calculations reveals that phosphorus

incorporation effectively modulates the electronic structure and promotes the formation of catalytically
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1. Introduction

To address the increasing global energy demand, various
strategies for sustainable energy generation have been
explored.”” Among them, green hydrogen has emerged as
a promising clean fuel, offering high energy density and
producing only water as a byproduct upon combustion.**
Depending on the production route, hydrogen can be classified
as gray hydrogen, produced from fossil fuel reforming with
substantial carbon dioxide emissions, or green hydrogen,
generated via water splitting without carbon byproducts. The
latter is particularly attractive for environmentally conscious
industrial applications. Among green hydrogen generation
technologies, water electrolysis stands out for its high energy
conversion efficiency and ability to produce ultrapure hydrogen
on demand.>® Within this process, the oxygen evolution reac-
tion (OER) plays a pivotal role; however, sluggish reaction
kinetics and the requirement for large overpotentials (7)
severely hinder overall energy efficiency.”® Although noble
metal-based catalysts, such as ruthenium dioxide and iridium
dioxide, currently offer excellent OER performance in
commercial applications,” their high cost and scarcity
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active surface species during OER. This flow-assisted synthesis strategy provides a scalable, efficient
route to high-performance bimetallic phosphide electrocatalysts for alkaline OER applications.

substantially hinder large-scale deployment. Consequently,
developing low-cost, earth-abundant electrocatalysts with
enhanced OER activity and durability is essential for advancing
practical water electrolysis.

Recent advances in electrocatalyst research have highlighted
the remarkable potential of transition metal-based compounds
as efficient OER catalysts.’™"* In particular, nickel (Ni)-iron (Fe)
layered double hydroxides (NiFe LDHs) have attracted consid-
erable attention owing to their two-dimensional (2D) frame-
work, economic viabilityy, and adjustable chemical
composition."** However, their application is limited by poor
electrical conductivity and a tendency toward agglomeration.
Thus, transforming NiFe LDHs into transition metal phos-
phides (NiFe-P) offers an effective strategy as this conversion
preserves the 2D layered morphology while adjusting the elec-
tronic configuration of the metal centers through anion incor-
poration.**** NiFe-P exhibits high electrical conductivity,
a suitable proton affinity, and optimized metal-hydrogen
bonding, properties governed by the negatively charged phos-
phorus (P) species.’*"” These characteristics make them attrac-
tive for OER catalysis."®" Interestingly, phosphide materials
readily undergo surface oxidation under ambient conditions,
forming thin oxide layers.*® The resulting oxides serve as active
catalytic interfaces for OER, lowering reaction energy barriers
and enabling efficient water splitting.> Moreover, the in situ-
formed oxide shell enhances water adsorption and facilitates
hydrogen intermediate transfer to the underlying phosphide
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core. The intimate contact and electronic coupling between the
phosphide core and oxide shell promote synergistic effects that
improve OER kinetics and, consequently, the overall efficiency
of electrochemical water splitting. Integrating such active pha-
ses into conductive carbon matrices further enhances perfor-
mance by improving morphology control, increasing exposed
active sites, and boosting electrical conductivity.**** Collec-
tively, these structural and surface features make phosphide/
oxide-carbon hybrids highly promising electrocatalysts for
efficient and scalable water electrolysis.

In addition to structural engineering, recent studies have
demonstrated that regulating the electronic structure, interfa-
cial charge transfer, and catalytically active sites plays a crucial
role in improving electrocatalytic performance.>*® For example,
Zheng et al. reported that V-doped MoS, coupled with a silico-
tungstic acid electron mediator can significantly accelerate
electron transfer and enhance hydrogen evolution kinetics,
highlighting the importance of electron-transfer modulation in
catalytic reactions.”® Furthermore, the durability of electro-
catalysts under practical operating conditions remains a key
challenge, particularly at large current densities relevant to
industrial electrolysis. Ge et al. developed a Mo-FeCoP@MnO,/
NF catalyst with a double protection mechanism that effectively
improves corrosion resistance and enables stable seawater
electrolysis at ampere-level current densities.”” Meanwhile,
growing attention has been devoted to the rational modulation
of electronic structure and local coordination environment,
which are critical factors for enhancing the catalytic perfor-
mance of oxygen evolution reaction (OER) catalysts. Recent
studies have shown that metal-organic framework-derived
nanosheets with optimized charge-transfer characteristics can
significantly improve catalytic activity, especially at high current
densities.”® In addition, engineering the coordination environ-
ment of transition-metal active sites has been proven to effec-
tively regulate the adsorption energies of key OER
intermediates, thereby accelerating reaction kinetics and
enhancing catalytic stability.>® In particular, tailoring the local
coordination structure in NiFe-based catalysts can optimize the
catalytic pathway and reduce the overpotential required for
efficient oxygen evolution.*® Collectively, these advances
demonstrate that precise regulation of the electronic structure,
active-site configuration, and structural stability is an effective
strategy for achieving high catalytic activity and durability.

Despite the promising electrocatalytic performance of NiFe-
based materials, achieving precise nanoscale structural control
and uniform dispersion remains challenging, particularly with
conventional batch or stirred-tank synthesis methods. To
address this limitation, Taylor vortex flow (TVF)—a highly
ordered and controllable hydrodynamic regime generated in
a Couette-Taylor (CT) reactor—has been proposed.*~** When
the inner cylinder rotates beyond a critical speed, stable toroidal
vortices form, enabling efficient radial mixing, uniform shear
fields, enhanced mass transport, and directed molecular
motion. These features favor the controlled nucleation and
growth of nanomaterials while accelerating reaction kinetics,
enabling reproducible and scalable synthesis. Previous studies
have demonstrated the successful use of TVF in synthesizing
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stabilizer-free metal nanoparticles and luminescent quantum
dots at industrially relevant throughputs.**** Building on this
concept, this study aims to exploit TVF for the controlled
synthesis of NiFe LDH nanosheets supported on conductive
carbon (NiFe LDH®@C). By fine-tuning parameters such as
rotational speed, mean residence time, and precursor concen-
tration, we achieve morphology-controlled and homogeneously
distributed NiFe nanostructures—features difficult to achieve
conventionally. The versatility of TVF has also been validated in
other layered systems, including the exfoliation of graphene
and molybdenum disulfide,***° highlighting its broader poten-
tial in nanomaterials engineering.

This study fabricated a nickel-iron phosphide supported on
carbon (NiFe-P@C) hybrid electrocatalyst through a two-step
interfacial design strategy: (i) continuous coprecipitation of
NiFe LDH onto carbon substrates using a CT reactor and (ii) in
situ phosphidation to transform the hydroxides into bimetallic
phosphides. This architecture improves electrical conductivity,
increases the density of catalytically active sites, and suppresses
the aggregation and delamination of active phases during pro-
longed electrochemical operation. A comprehensive study was
performed to elucidate the effects of the Ni/Fe molar ratio,
carbon loading, and crystallinity on structural features,
morphology, and OER performance. The optimized NiFe-P@C
catalyst exhibited remarkable OER activity, achieving a low 1 of
233 mV and a Tafel slope of 44.8 mV dec " at a current density
of 10 mA cm™? in 1.0 M potassium hydroxide (KOH). Further-
more, in situ Raman spectroscopy revealed the rapid formation
of surface-active y-NiOOH species during OER, which are
closely linked to improved catalytic activity. Density functional
theory (DFT) calculations further showed that P incorporation
modulates the electronic structure of NiFe LDH, improving
electrical conductivity and optimizing surface electronic prop-
erties, thereby contributing to superior OER performance.
Compared with the pristine NiFe LDH precursor, the phosphide
composite demonstrated markedly enhanced performance,
highlighting its potential as a low-cost and efficient electro-
catalyst for scalable water splitting and renewable energy
applications.

2. Experimental

2.1. Materials

Nickel nitrate hexahydrate (Ni[NO;],-6H,0), iron nitrate non-
ahydrate (Fe[NOs];-9H,0), sodium hydroxide (NaOH), form-
amide, a 5% Nafion™ 117 solution, and sodium hypophosphite
monohydrate (NaH,PO,-H,0) were all obtained from Sigma-
Aldrich and used directly without further purification. Vulcan
XC-72 carbon black was procured from Macklin.

2.2. Synthesis of NiFe LDH@C via a continuous CT reactor

NiFe LDH@C composites were synthesized using a CT reactor
(Fig. 1). This setup comprises a stationary outer cylinder and
a rotating inner cylinder, with an effective working volume of
12.2 mL. Detailed structural parameters of the reactor compo-
nents are provided in Table S1 (SI). Ni(NOj),-6H,O and

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta01534d

Open Access Article. Published on 30 March 2026. Downloaded on 4/20/2026 4:17:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Taylor vorté»
2
2
8 H

Ni(NO;),'6H,0 Formamide
Fe(NO;);'9H,0

Product

e 0 L

Inner cylinder

Motor

ég E%Q

Carbon NaOH
suspension

Taylor vortex flow

®eo0
Precursor

NiFe-LDH@C

View Article Online

Journal of Materials Chemistry A

Annealini
wes 2t i)

e

NiFe-P@C

i

NaH,PO, NiFe-LDH@C

Fig.1 Schematic of NiFe—P@C electrocatalyst preparation. (a) Experimental setup for synthesizing NiFe LDH on carbon (NiFe LDH@C) via the CT
reactor and the annealing condition. (b) Shear-assisted synthesis mechanism driven by CT flow.

Fe(NO3);-9H,0 served as Ni and Fe precursors, respectively,
while Vulcan XC-72 carbon black was used as the support.
Formamide was added to reduce excessive layer stacking of
LDHs during coprecipitation. After prefilling the reactor with
deionized water and achieving steady rotation, four feed solu-
tions were continuously introduced via three independent
channels using peristaltic pumps: a carbon dispersion (10.0 mg
mL "), NaOH (1.25 mM), formamide (23 vol%), and a metal ion
solution containing 0.2 M Ni** and 0.066 M Fe*". The carbon
suspension flow rate was 13.5 mL min~ ', while the other three
feeds were supplied at 1.2-1.8 mL min~'. TVF at 1200 rpm
ensured uniform mixing and controlled nucleation. After
maintaining flow conditions for 10 residence times (approxi-
mately 2 min per cycle), the resulting dispersion was collected,
centrifuged at 8000 rpm, and washed thoroughly with deionized
water. The solids were vacuum-dried at 50 °C for 6 h. To eval-
uate the effect of carbon content, the flow rate of the carbon
suspension was varied: 9.0 mL min ' for NiFe LDH@C-200, 4.5
mL min~" for NiFe LDH@C-100, and 2.25 mL min~" for NiFe
LDH®@C-50. Here, NiFe LDH®@C-50 denotes 100 mg of NiFe
LDH loaded onto 50 mg of carbon, whereas NiFe LDH@C-100
corresponds to 100 mg of NiFe LDH supported on 100 mg of
carbon. Unless otherwise specified, all carbon-containing
samples were prepared with a fixed carbon loading of 300 mg;
for example, NiFe LDH@C refers to 100 mg of NiFe LDH on
300 mg of carbon (denoted as NiFe LDH@C-300), and NiFe-
P@C indicates a material synthesized using 300 mg of carbon
support. For comparison, Ni(OH),@C and Fe(OH);@C were

This journal is © The Royal Society of Chemistry 2026

synthesized using the same procedure, excluding the Fe and Ni
precursors, respectively. A control sample of NiFe LDH was also
obtained without carbon support.

2.3. Synthesis of NiFe-P@C

Metal phosphides were synthesized via a phosphidation
process. Specifically, NiFe LDH@C and NaH,PO,-H,0 were
placed separately in two ceramic boats within a tubular furnace,
with NaH,PO,-H,0 positioned upstream and NiFe LDH@C
downstream. The system was purged with argon to maintain an
inert atmosphere. The furnace was heated to 350 °C at 2 °
C min~". After holding at this temperature for 2 h, the furnace
was cooled naturally to room temperature. The resulting
product, designated NiFe-P@C, was collected for further
characterization.

2.4. Synthesis of Ni-P@C, Fe-P@C, and NiFe@C

Ni-P@C and Fe-P@C were prepared following the same phos-
phidation procedure as NiFe-P@C, using Ni(OH),@C and
Fe(OH);@C precursors, respectively. For NiFe@C, the NiFe
LDH@C precursor underwent identical annealing conditions
under an argon atmosphere without NaH,PO,-H,0, thereby
excluding phosphidation.

2.5. Characterization

Morphology and nanostructure size were examined using
transmission electron microscopy (TEM; JEM-2100 F, Japan).

J. Mater. Chem. A
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The elemental composition was quantified using inductively
coupled plasma mass spectrometry (Leeman, USA). Crystallo-
graphic information was obtained via X-ray diffraction (XRD;
Rigaku D-MAX/A, Japan) operated at 35 kV and 35 mA with
copper Ko radiation (A = 1.5418 A). Surface chemical states and
electronic environments were investigated by X-ray photoelec-
tron spectroscopy (XPS; PHI 5000 VersaProbe, Japan) using
a monochromatic aluminum Ka source.

2.6. Electrochemical measurements

Electrochemical measurements were conducted on a CHI 760E
workstation in 1.0 M KOH electrolyte using a conventional
three-electrode setup: a graphite rod counter electrode, Hg/HgO
reference electrode, and glassy carbon (GC) working electrode
substrate (3 mm diameter). All potentials were converted to the
reversible hydrogen electrode (RHE) scale using the following
equation:

ERHE (V) = E(vx_ Hg/HgO) + 0.0591 x pH + 0.098.

For working electrode preparation, 5 mg of the as-
synthesized NiFe-P@C powder was dispersed in a mixture of
980 pL ethanol and 20 pL Nafion solution via ultrasonication for
20 min to form a homogeneous ink. Subsequently, 12 pL of the
ink was drop-cast onto the GC electrode to form the catalytic
layer. To ensure a fair comparison with as-synthesized catalysts,
including commercial catalysts (RuO, and Pt/C), all working
electrodes were prepared using an identical procedure. Linear
sweep voltammetry (LSV) was performed at a scan rate of 10 mV
s~ " with 90% iR compensation. Cyclic voltammetry (CV) was
performed in the potential range of 0.2-0.5 V versus a saturated
calomel electrode at 50 mV s~ '. The electrochemically active
surface area (ECSA) was estimated from the double-layer
capacitance (Cqj), determined from CV curves at various scan
rates, based on the following equation:

ECSA = Cy/C,,

where C, represents the specific capacitance, taken as 0.040 mF
ecm 2 in 1.0 M KOH. Electrochemical impedance spectroscopy
(EIS) was conducted over a frequency range of 0.1 Hz-1000 kHz
at different n to determine solution resistance (R;) and charge
transfer resistance (R.;) using an equivalent circuit model. The
long-term stability of the catalysts was evaluated by chro-
nopotentiometry (V-t) at constant potential.

All electrochemical measurements were carried out under
the same experimental conditions. For overall water splitting,
a two-electrode configuration was employed, in which NiFe-
P@C and Pt/C were used as the anode and cathode, respectively.
As a benchmark system, RuO, and Pt/C were assembled under
the same preparation procedure and catalyst loading to ensure
a reliable comparison.

For high-current-density stability tests at 500 mA cm 2, the
catalyst ink with the same concentration was drop-cast onto
a 0.25 cm? nickel foam (NF) substrate instead of GCE. This
modification was adopted to enhance mechanical stability and
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prevent catalyst detachment caused by vigorous bubble gener-
ation at large current densities.

The oxygen evolution during the electrocatalytic water
oxidation process was monitored using a gas collection system
under controlled electrolysis conditions. The electrochemical
measurements were performed in a standard three-electrode
configuration using 1.0 M KOH electrolyte. During electrol-
ysis, the evolved gas from the anode was collected using a gas-
tight setup connected to an inverted graduated cylinder filled
with electrolyte solution. For the quantitative measurement, the
volume of the evolved gas was recorded as a function of time
under a constant applied current. The oxygen production rate
was calculated from the slope of the gas volume versus time
curve. The measured gas volume was corrected for ambient
temperature and pressure conditions to obtain accurate oxygen
evolution rates. For the qualitative analysis, the collected gas
was analyzed using gas chromatography equipped with
a thermal conductivity detector to confirm the chemical identity
of the evolved gas. The gas chromatography analysis confirmed
that the generated gas was oxygen with negligible impurities,
indicating that the observed gas evolution originated from the
oxygen evolution reaction.

2.7. Calculation method

All DFT calculations were performed using the CASTEP module
implemented in the Materials Studio package. Electron
exchange-correlation effects were treated within the general-
ized gradient approximation using the Perdew-Burke-Ernzer-
hof functional.*” On-the-fly generated ultrasoft
pseudopotentials were employed to balance computational
efficiency and accuracy. Full geometric optimizations were
performed for NiFe-P@C and NiFe LDH@C models. A plane-
wave basis set with a kinetic energy cutoff of 400 eV was used,
and self-consistent field calculations were converged to 1.0 x
107° eV. Geometry optimization was considered converged
when the maximum residual force on each atom was below
0.03 eV A™*. Brillouin zone integrations employed a 5 x 5 x 2
Monkhorst-Pack k-point mesh.*® In addition, maximum atomic
displacement and residual stress were constrained below 0.001
A and 0.05 GPa, respectively, to ensure reliable structural
relaxation.

3. Results and discussion

3.1. Preparation and characterization of catalysts

In previous work, we demonstrated that uniform and periodic
TVF in a CT reactor enables the synthesis of highly uniform,
well-dispersed nanoparticles without stabilizing agents.*
Toroidal vortices substantially enhance micromixing, thereby
increasing nucleation rates and enabling the formation of
nanoparticles with small, consistent sizes. Additionally, the
persistent shear forces present in the CT reactor effectively
inhibit particle aggregation. This study employed a continuous
CT reactor to synthesize NiFe LDH supported on Vulcan XC-72
carbon (denoted as NiFe LDH@C). The carbon substrate
provides preferential nucleation sites, promoting adsorption

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) TEM image of NiFe LDH. (b) SEM and (c) TEM images of NiFe LDH@C. (d) SEM, (e) TEM, and (f) HRTEM images of NiFe—-P@C. (g)
Elemental mapping images of C, O, P, Ni, and Fe in the NiFe-P@C.

and accumulation of Ni*" and Fe*" and the formation of surface- gradual NaOH addition, thereby establishing the alkaline
bound Ni(OH), and Fe(OH); species. During coprecipitation, conditions necessary for the simultaneous precipitation of Ni**
the reaction mixture pH was maintained at approximately 10 via and Fe®* ions. At this pH, the concentrations of both metal

This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. A
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hydroxides surpass their respective solubility product
constants, ensuring complete precipitation and preventing
premature hydrolysis. Through continuous aggregation and
oxidation, Ni(OH), and Fe(OH); monomers progressively crys-
tallize into NiFe LDH nanosheets on the carbon substrate.
Heterogeneous nucleation sites may lead to irregular orienta-
tion and arrangement of the nanosheets. Finally, the as-
prepared NiFe LDH®@C was phosphidated in a tubular furnace
to yield NiFe-P@C.

As shown in Fig. 2a, pristine NiFe LDH nanosheets aggregate
owing to their high surface energy, limiting the utilization of the
available surface area and active sites. In contrast, NiFe LDH@C
displays a more homogeneous, interconnected architecture that
enhances electrolyte diffusion and promotes efficient charge
and mass transport during OER (Fig. 2b and c).** Elemental
mapping results confirm uniform distribution of Ni, Fe, O, and
C within NiFe LDH®@C (Fig. S1). Notably, oxygen originates from
hydroxide groups and oxides formed during coprecipitation.
The uniform dispersion of LDH nanosheets on the carbon
matrix effectively mitigates aggregation and indicates a strong
interfacial interaction between the active phase and conductive
support. Following phosphidation, NiFe-P@C largely retains its
network structure, demonstrating high structural stability
during thermal conversion (Fig. 2d and e). High-resolution TEM
(HRTEM) images show well-resolved lattice fringes (Fig. 2f),

J. Mater. Chem. A

(a) XRD patterns of NiFe LDH, NiFe LDH@C, and NiFe—P@C. XPS

spectra of (b) P 2p, (c) Ni 2p, and (d) Fe 2p for NiFe LDH, NiFe LDH@C,

with an interplanar spacing of 0.198 nm corresponding to the
(201) planes of Ni,P.* A uniform distribution of Ni, Fe, P, C, and
O across the nanosheets was verified by EDS mapping (Fig. 2g).
The observed morphological contrast between NiFe-P@C and
bulk NiFe-P emphasizes the critical contribution of the carbon
substrate in enhancing dispersion and retaining high surface
area. Additionally, uniform P incorporation confirms successful
phosphidation. Notably, some residual oxides are inevitably
formed during the high-temperature transformation from LDH
to phosphide.

The XRD pattern of pristine NiFe LDH exhibits several weak
reflection peaks at 12.2°, 22.5°, 34.6°, 44.3°, and 60.7°, corre-
sponding to the (003), (006), (012), (018), and (110) lattice planes
of the LDH structure, respectively (JCPDS No. 40-0215, Fig. 3a).**
These peaks confirm the successful synthesis of NiFe LDH via
the continuous CT reactor, and their relative sharpness indi-
cates well-developed crystallinity. In NiFe LDH®@C, a distinct
peak at 24.2° appears, attributable to the (002) plane of carbon,
confirming deposition of LDH nanosheets onto the carbon
substrate. This effect is attributed to steric hindrance intro-
duced by the nanosheets on the surface. Moreover, the
enhanced (018) reflection suggests that the carbon support
promotes NiFe LDH crystallization, potentially via epitaxial
alignment with the underlying carbon framework.”” Upon
phosphidation, the diffraction peaks associated with the LDH

This journal is © The Royal Society of Chemistry 2026
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structure disappear, implying full phase transformation. To
further resolve the complex phase constitution of the resulting
phosphides, slow-scan XRD (2° min~ ') was performed for NiFe-
P@C. Two dominant reflections at 51.5° and 75.8° correspond
to the (200) and (220) planes of NizFe (JCPDS No. 38-0419),*
while the peak at 24.2° arises from graphitic carbon. Additional
peaks at 40.6°, 43.9°, 47.2°, and 54.5° are indexed to the (111),
(201), (210), and (300) planes, respectively. These reflection
peaks fall between those of Ni,P (JCPDS No. 74-1385)** and Fe,P
(JCPDS No. 88-1803),** confirming the formation of a bimetallic
NiFe phase. Overall, these results indicate the successful
synthesis of carbon-supported NiFe phosphide composites.
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Further insights into the chemical environment and oxida-
tion states of elements in NiFe-P@C were obtained via XPS. The
wide-scan spectra confirm the coexistence of Ni, Fe, P, O, and C,
consistent with previous EDS results (Fig. S2). The high-
resolution P 2p spectra display a peak at 129.8 eV correspond-
ing to metal (Fe and Ni) phosphides (Fig. 3b), while a second
notable peak at 134.3 eV is attributed to oxidized P (P-0), likely
from the surface oxidation of phosphides exposed to air.***” The
Ni 2p region shows peaks at 857.0 and 874.4 eV assigned to Ni**
2ps/, and 2p;, states (Fig. 3¢).*® Additionally, peaks at 858.1 and
875.8 €V are attributed to Ni** species.* A distinct signal at
853.9 eV indicates Ni-P bonding in Ni,P, with satellite peaks at
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(a) LSV polarization curves of NiFe LDH, NiFe—P, NiFe LDH@C, NiFe-P@C, and commercial RuO, in 1.0 M KOH. (b) OER 5 at 10 and 50 mA
. (c) Tafel slopes. (d) Nyquist plots with the corresponding equivalent circuit model. (e) Cq values of ECSAs. (f) Chronopotentiometry curve
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862.7 and 880.8 eV.*® Notably, shifts to higher binding energies
in the Ni 2p spectrum after phosphidation reflect modifications
in the Ni electronic configuration. In the Fe 2p spectra, peaks at
710.0 and 723.8 eV correspond to Fe** 2p;;, and 2p,,,, while
those at 712.6 and 725.8 eV are linked to Fe** species (Fig. 3d).**
A signal at 707.0 eV indicates Fe-P bonds,* confirming Fe,P
formation. Compared with NiFe LDH@C, the appearance of Ni-
P and Fe-P signals verifies successful phosphidation. As previ-
ously reported, Fe doping often boosts the OER activity of Ni-
based catalysts.*® Moreover, metal phosphides could undergo
surface transformation under alkaline OER conditions, gener-
ating additional catalytically active sites.**** Collectively, the
XPS results reveal that NiFe-P@C comprises Ni(Fe)-P bonds
from metal phosphides and P-O bonds corresponding to
surface phosphate species. These phosphate entities, known for
their flexible coordination properties, enhance the stability of
transition metal sites under oxidative stress.*” The coexistence
of crystalline phosphide domains and amorphous phosphate
layers forms a protective interface that enhances the catalyst's
long-term structural integrity and electrochemical durability
during OER operation. To gain insight into the local electronic
interactions between NiFe-P and carbon support, high-
resolution XPS of pure NiFe-P was analyzed. As presented in
Fig. S3, Ni, Fe, P, and O were detected as the primary constit-
uents. Compared with NiFe-P, the Ni and P peaks in NiFe-P@C
shift slightly toward higher binding energies, whereas the Fe
peak shifts marginally to lower binding energies. These varia-
tions indicate electron transfer from the carbon support to the
phosphide species. This electronic coupling optimizes the local
electronic configuration of NiFe-P, thereby enhancing its cata-
lytic behavior. Furthermore, it strengthens phosphide
anchoring on carbon, suppressing particle agglomeration or
detachment during oxygen evolution and thereby enhancing
long-term stability.

3.2. Electrocatalytic performances

The OER performance of the synthesized catalysts was assessed
in 1.0 M KOH using a conventional three-electrode setup. The
thermodynamic potential for OER is 1.23 V versus RHE, and 7
was calculated as n = Egyg — 1.23 V. To benchmark the
electrocatalytic efficiency, LSV measurements were conducted
for NiFe-P@C, bare NiFe LDH, NiFe LDH@C, and NiFe-P. As
illustrated in Fig. 4a, unmodified NiFe LDH displays poor OER
activity, requiring an 7 of 585 mV to reach 10 mA cm ™2, mainly
owing to aggregation and low conductivity. Incorporating
carbon (NiFe LDH®@C) markedly reduces 7 to 260 mV, reflecting
improved charge transfer. Following phosphidation, NiFe-P
exhibits an 7 of 362 mV, benefiting from the catalytic nature of
NiFe-P. Notably, the NiFe-P@C catalyst exhibits the lowest 7 of
233 mV (Fig. 4b), indicating its superior activity. For compar-
ison, commercial RuO, was evaluated under identical condi-
tions with the same catalyst loading. As shown in Fig. 4a and b,
NiFe-P@C exhibits lower overpotentials of 233 mV and 264 mV
at current densities of 10 and 50 mA cm ™2, respectively, whereas
RuO, requires higher overpotentials of 283 mV and 407 mV to
reach the same current densities. This result highlights the
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superior intrinsic OER activity of NiFe-P@C compared to the
noble metal benchmark. Prior to the LSV analysis, CV was
employed to verify the catalyst's electrochemical stability.
Moreover, the Tafel slope for NiFe-P@C is 44.8 mV dec™ ',
substantially lower than that for bare NiFe LDH (284.5 mV
dec™), NiFe-P (106.6 mV dec '), and NiFe LDH@C (69.7 mV
dec™) (Fig. 4c). This enhanced performance stems from the
high conductivity of the carbon matrix and the preserved 2D
interconnected morphology that facilitates charge transport
and mass diffusion.

EIS was employed to investigate interfacial charge-transfer
behavior between the catalysts and the electrolyte. As depicted
in Fig. 4d, the resulting Nyquist plots display characteristic
semicircles reflecting the R, of each catalyst. Lower R.; values
indicate more efficient electron transfer and faster reaction
kinetics. The R values were obtained by fitting the impedance
spectra with an appropriate equivalent circuit model, and the
fitted parameters are provided in Table S2. Among all tested
samples, NiFe-P@C demonstrates the lowest R, (10.77 Q),
outperforming NiFe LDH@C (107.7 Q), NiFe-P (149.6 Q), and
NiFe LDH (187 Q), thereby accounting for its enhanced
electrocatalytic activity.

The ECSAs were further quantified based on Cy), obtained
from CV measurements in the non-faradaic potential region at
varying scan rates (Fig. S4).> The NiFe-P@C demonstrates the
highest Cq; of 5.62 mF cm ™2, markedly exceeding that of NiFe
LDH (0.05 mF cm™?), NiFe-P (0.16 mF cm™?), and NiFe LDH@C
(2.45 mF cm™?) (Fig. 4e). In general, larger ECSA values and
stronger intrinsic activity are beneficial for catalytic perfor-
mance. The increased surface area of NiFe-P@C is attributed to
its multidimensional architecture, which promotes efficient
nanosheet separation and enhances the exposure of active sites.
To assess the long-term OER stability, a chronopotentiometric
(V-t) test was conducted in 1.0 M KOH at a constant current
density of 10 mA cm™>. As shown in Fig. 4f, the NiFe-P@C
electrode maintains continuous operation for 50 h under these
conditions, exhibiting overall stable performance with only
a slight decay observed during prolonged electrolysis, indi-
cating good electrochemical durability. The slight performance
degradation can be attributed to the in situ surface recon-
struction of NiFe-P into (oxy)hydroxide species, as well as minor
active site loss and increased interfacial resistance during long-
term electrolysis.

The enhanced OER performance of the NiFe-P@C electro-
catalyst can be attributed to the synergistic integration of
conductive carbon and NiFe phosphides. While bare NiFe LDH
exhibits negligible catalytic activity and NiFe-P suffers from
agglomeration and poor conductivity, the incorporation of
carbon effectively addresses these limitations. The carbon
scaffold enhances electrical conductivity and charge-transfer
efficiency, while strong interfacial interactions between the
carbon matrix and NiFe phosphides inhibit particle agglomer-
ation and structural degradation during electrochemical
cycling. This structural stability ensures sustained exposure of
active sites and provides efficient pathways for electrolyte
diffusion, collectively contributing to markedly improved OER
performance.

This journal is © The Royal Society of Chemistry 2026
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(a) LSV polarization curves of NifFe—P@C, Ni-P@C, Fe—P@C, and NiFe@C in 1.0 M KOH, with corresponding (b) Tafel slopes and (c) Nyquist

plots. (d) Electrocatalytic OER performance of NiFe-P@C-300, NifFe-P@C-200, NiFe-P@C-100, and NiFe-P@C-50 in 1.0 M KOH, with cor-

responding (e) Tafel slopes and (f) Nyquist plots.

The XRD patterns of Ni-P@C (Fig. S5a) and Fe-P@C
(Fig. S5b) were further analyzed. During phosphidation of NiFe
LDH, the resulting phases in NiFe-P@C are identified as Ni,P
and Fe,P. However, individual phosphidation of Ni and Fe
precursors yields NisP, (JCPDS No. 18-0883)*” in Ni-P@C and
FeP (JCPDS No. 65-2595)*® in Fe-P@C, respectively. This
difference arises from the distinct structural and chemical
environments of the precursors. In the NiFe LDH framework, Ni
and Fe cations are homogeneously distributed in the layered
lattice, where strong electrostatic and coordination interactions
restrict ion diffusion and alter the phosphidation pathways.
This confinement favors the formation of kinetically stabilized

This journal is © The Royal Society of Chemistry 2026

intermediate phases (Ni,P and Fe,P) rather than the thermo-
dynamically favored NisP, and FeP formed in single-metal
systems. In contrast, isolated Ni and Fe precursors undergo
phosphidation without such spatial or chemical constraints,
enabling transformation into the most stable phases under
identical conditions. Therefore, the structural characteristics of
the NiFe LDH precursor impose kinetic control over phase
evolution, ultimately yielding distinct phosphide products
compared with those derived from monometallic counterparts.
As illustrated in Fig. 5a, NiFe-P@C achieves a current density of
10 mA cm ™2 at 7 of only 233 mV, which is substantially lower
than those of Ni-P@C (348 mV), Fe-P@C (344 mV), and
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NiFe@C (378 mV). Consistent with these results, the Tafel
slopes (Fig. 5b) and R, values (Fig. 5c) reveal a similar trend,
supporting the enhanced reaction kinetics of NiFe-P@C.
Notably, Ni-P@C and Fe-P@C show nearly identical 7, indi-
cating comparable intrinsic activities. The improved OER
behavior of NiFe-P@C could be attributed to the synergistic
electronic modulation induced by the co-introduction of Ni and
Fe species, which effectively alters the adsorption energetics of
key reaction intermediates. This electronic tuning, combined
with its structural advantages, enhances overall catalytic activity
through two primary factors: (i) increased exposure of active

View Article Online
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sites owing to high-surface-area nanostructures and (ii) accel-
erated charge transport enabled by interconnected porous
pathways that facilitate efficient electrolyte access.

In addition, the influence of carbon content on the OER
catalytic behavior was systematically examined by varying the
carbon dosage (50, 100, 200, and 300 mg), corresponding to
pump rates of 2.25, 4.5, 9, and 13.5 mL min ' during synthesis.
This investigation focused on how carbon incorporation affects
the interface between NiFe LDH nanosheets and carbon parti-
cles. The XRD patterns of NiFe-P@C-X samples with different
carbon levels are shown in Fig. S6. Without carbon, diffraction
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In situ Raman spectra of (a) NiFe—P@C and (b) NiFe LDH@C during OER at applied potentials of 1.25-1.70 V versus RHE, with corre-

sponding Raman contour plots shown in (c) and (d). (e) LSV curves of NiFe-=P@Cy,)||Pt/C(_) and RuO,||Pt/C_, for overall water splitting. The

inset displays the corresponding chronopotentiometric response curves. (f) Chronopotentiometry curve of NifFe—P@C at 500 mA cm
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peaks corresponding to NiFe,0, (JCPDS No. 10-0325)*° and NiO
(JCPDS No. 47-1049)*° are prominent, suggesting predominant
oxide formation. Without carbon, NiFe LDH nanosheets
aggregate, and limited contact with PH; gas (from NaH,PO,-
-H,0) during phosphidation results in insufficient phosphida-
tion and enhanced oxide generation. Consequently, catalysts
prepared without carbon primarily contain metal oxides formed
during calcination. In contrast, increasing carbon content
improves nanosheet dispersion and contact, allowing PH; to
more effectively suppress oxidation and favor phosphide
formation. The OER activity of NiFe-P@C-X samples synthe-
sized with different carbon contents was subsequently investi-
gated. Pristine NiFe-P exhibits 1 of 362 mV at 10 mA cm > and
a Tafel slope of 106.6 mV dec™ ', indicating relatively poor
performance, likely owing to low conductivity and limited
catalytic site availability. In contrast, carbon-modified samples
demonstrate substantially enhanced catalytic behavior (Fig. 5d
and e). Compared with NiFe-P, incorporating carbon notably
reduces the Tafel slope, highlighting the effectiveness of the
face-to-face assembly strategy and indicating possible modifi-
cation of the OER mechanism. With progressive increases in
carbon content (50-300 mg), the electrocatalytic performance
improves correspondingly (Fig. 5d). Notably, NiFe-P@C-300
displays superior activity, achieving n values of 241 mV at 10
mA cm > and 264 mV at 50 mA cm 2. Moreover, this sample
exhibits the lowest R, (10.77 Q; Fig. 5f), suggesting enhanced
exposure of active sites and accelerated charge transport crucial
for OER. These findings indicate that the structural recon-
struction approach strengthens electronic interactions at the
interface, thereby boosting catalytic efficiency. The improved
durability is attributed to carbon, which reduces charge accu-
mulation on the NiFe LDH surface during operation, effectively
preventing structural degradation.

To elucidate the origin of the enhanced OER performance of
NiFe-P@C, in situ Raman spectroscopy was employed to
monitor surface intermediates under operando conditions.
Spectra were collected for NiFe LDH@C and NiFe-P@C at
applied potentials of 1.25-1.70 V versus RHE (Fig. 6a and b). At
open-circuit potential and at potentials below 1.45 V versus
RHE, no Raman-active surface species were detected for either
catalyst. At 1.50 V versus RHE, two characteristic Raman bands
emerged at approximately 477 and 556 cm ™, assigned to the E,
bending mode (6[Ni-OJ) and the A, stretching mode (v[Ni-Q])
of NiOOH, respectively.®* With further increases in potential,
the intensity and bandwidth of these peaks increased, reflecting
the continuous generation and accumulation of NiOOH species
during surface reconstruction. For NiFe LDH@C, a similar
reconstruction behavior occurred (Fig. 6b), but the E; and A,
vibrations of NiOOH appeared only at 1.60 V versus RHE. This
notable difference demonstrates that NiFe-P@C undergoes
surface reconstruction to NiOOH at a lower potential, indicating
faster reconstruction kinetics than NiFe LDH®@C. Notably, no
Raman signals corresponding to Ni(OH), intermediates were
detected across the potential range; instead, NiOOH formed
directly once a critical potential was reached. The absence of
Ni(OH), and NiOOH signals at low potentials may result from
the initial self-oxidation of NiFe-P@C, during which the Ni

This journal is © The Royal Society of Chemistry 2026
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oxidation state increases without forming Raman-active oxide
phases. Subsequently, at approximately 1.50 V versus RHE, the
oxidized Ni species (Ni*") react directly with hydroxide ions in
the alkaline electrolyte to generate NiOOH during OER.

As illustrated in the Raman contour plots (Fig. 6¢ and d), the
NiOOH-related signals in NiFe-P@C exhibit a pronounced
intensity enhancement at lower potentials compared with those
in NiFe LDH@C, indicating a higher population of NiOOH
active species. To quantitatively evaluate the extent of recon-
struction, the relative intensities of the E; and A;; modes were
used as descriptors for NIOOH formation. When normalized to
the intensity at 1.70 V versus RHE, NiFe-P@C consistently
showed higher relative intensities than NiFe LDH®@C, con-
firming faster and more extensive surface reconstruction under
identical electrochemical conditions. Overall, these in situ
Raman results demonstrate that NiFe-P@C rapidly recon-
structs into NiOOH during OER, generating a higher density of
catalytically active NiOOH species at lower 1. Such rapid and
extensive reconstruction effectively prevents active site burial
and directly contributes to the superior OER performance of
NiFe-P@C. For comparison, the OER catalytic performance of
the prepared sample is compared with that of other transition
metal-based electrocatalyst materials from previous studies in
Table S3. The results indicate that this study has advantages
over similar work. To further evaluate the practical applicability,
overall water-splitting performance was tested in a two-
electrode system using the NiFe-P@C as the anode and Pt/C
as the cathode. For comparison, a benchmark system consist-
ing of RuO,||Pt/C was constructed under identical catalyst
loading and preparation conditions. As shown in Fig. 6e, the
NiFe-P@C-based electrolyzer requires a low cell voltage of
1.612 V to achieve 10 mA em™ >, which is significantly smaller
than that of the RuO,||Pt/C system (1.874 V, without iR correc-
tion), demonstrating its superior performance. The water elec-
trolysis durability of the NiFe-P@C|Pt/C electrolyzer was
assessed by V-t curve at J = 10 mA cm™ % As shown in Fig. 6e, V
increases to 1.77 V after 16 h, manifesting the acceptable
stabilities of both electrodes. Based on these results, the NiFe-
P@C materials described herein are a competent, nonprecious
catalyst for full water electrolysis. As illustrated in Fig. 6f, the
NiFe-P@C exhibits robust electrochemical durability, main-
taining a high current density of 500 mA cm > for over 45 h. A
negligible fluctuation in potential (totaling approximately 5%)
is observed during the long-term stability test. This minor
variation could be attributed to the local temperature elevation
at the electrode surface and the dynamic concentration gradi-
ents of the KOH electrolyte under industrial-level current
densities.”

Electrochemical measurements experimentally confirm the
enhanced OER activity of NiFe-P@C. To further understand the
origin of this enhanced activity from an electronic-structure
perspective, DFT calculations were performed, evaluating the
Gibbs free energy evolution along the OER pathway. Based on
optimized atomic models of NiFe LDH@C and NiFe-P@C
(Fig. S7), differential charge density distributions were
analyzed. As shown in Fig. 7a and b, pronounced charge
redistribution occurs upon P incorporation, indicating strong
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electronic interactions between the doped P atoms and the NiFe
LDH framework. This charge modulation is expected to influ-
ence the adsorption behavior of OER intermediates. According
to the d-band center theory, the electronic states near the Fermi
level (Er) govern the adsorption strength of reaction interme-
diates on catalyst surfaces. As illustrated in Fig. 7c, the d-band
center of Ni 3d orbitals in NiFe-P@C (—1.37 eV) is markedly
upshifted toward Er compared with that in NiFe LDH@C (—1.78
eV), suggesting more optimal adsorption of oxygenated inter-
mediates during OER. The electronic modulation induced by P
doping also improves charge transport, thereby facilitating
more efficient electron transfer between active sites and surface-
adsorbed intermediates, collectively enhancing OER kinetics of

J. Mater. Chem. A

NiFe-P@C. Fig. 7d presents the calculated Gibbs free energy
profiles for key OER intermediates (*OH, *O, and *OOH) on
both catalysts. For NiFe LDH@C and NiFe-P@C, the trans-
formation from *O to *OOH is identified as the rate-
determining step, characterized by the largest Gibbs free
energy change (AG). Notably, NiFe-P@C exhibits a substantially
reduced AG value of 2.06 eV, compared with 2.34 eV for NiFe
LDH@OC, indicating a lower theoretical 7 requirement and thus
superior intrinsic OER activity.

Based on these results, a plausible OER mechanism on NiFe-
P@C is proposed (Fig. 7e). The reaction follows the conven-
tional four-step proton-coupled electron transfer pathway
involving the sequential formation of *OH, *O, and *OOH

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta01534d

Open Access Article. Published on 30 March 2026. Downloaded on 4/20/2026 4:17:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

intermediates, ultimately yielding O,. Overall, the DFT calcu-
lations demonstrate that the enhanced OER performance of
NiFe-P@C originates from P-induced electronic structure
modulation, strengthened electronic coupling between P and
Ni/Fe sites, and a markedly reduced energy barrier for the rate-
determining step. In addition to the conventional adsorbate
evolution mechanism (AEM), the oxide-pathway mechanism
(OPM) has recently been proposed as an alternative OER
pathway, where O, is generated via direct coupling of surface
oxygen species (*O), bypassing the formation of *OOH inter-
mediates.”” Recent studies have suggested that OPM can be
identified by the presence of a characteristic Raman signal at
around ~1140 cm ™', which is assigned to the interfacial *O-O*
species as a key reaction intermediate.®® However, as shown in
the in situ electrochemical Raman spectra of NiFe-P@C in this
work (Fig. 6a-d), no discernible peak is observed in this region
under OER conditions, indicating the absence of detectable *O-
O* coupling intermediates. Combined with the lack of operando
evidence and the stable electrochemical performance, the OER
process over NiFe-P@C is therefore more reasonably attributed
to the AEM pathway.*® Nevertheless, the possible contribution
of OPM cannot be completely excluded and requires further
investigation.

The continuous coprecipitation of NiFe LDH on carbon
substrates using a CT reactor demonstrates a fluid dynamics—
driven strategy for electrocatalyst optimization. Rapid TVF
ensures uniform LDH growth on carbon surfaces. This strategy
effectively optimizes interfacial charge transport and reaction
kinetics, resulting in improved catalytic activity and electro-
chemical stability of the composite electrocatalyst. The
enhanced performance arises from the synergistic effects of
shear-induced particle dispersion, which minimizes agglomer-
ation, and strengthened substrate-catalyst adhesion. Overall,
the method offers a scalable pathway for designing high-
performance electrocatalysts with tailored interfacial
architectures.

Despite the advantages of the proposed synthesis strategy,
several potential limitations should be noted. The preparation
of NiFe-P@C involves a two-step process consisting of the
continuous coprecipitation of NiFe-LDH nanosheets on carbon
supports in a Couette-Taylor flow reactor, followed by a phos-
phidation treatment at elevated temperature. Although the
Taylor vortex flow reactor enables efficient mixing and uniform
deposition of LDH nanosheets on the carbon surface, the use of
such a reactor requires specialized equipment and precise
control of hydrodynamic conditions, which may limit its
accessibility compared with conventional batch synthesis
methods. In addition, the phosphidation process requires high-
temperature treatment and careful control of reaction param-
eters, which could affect the scalability and energy efficiency of
the synthesis. Therefore, future studies may focus on simpli-
fying the synthesis procedure and developing scalable contin-
uous processes for the practical production of NiFe-based
phosphide catalysts.

Looking forward, several directions can be pursued to
further advance this catalyst system toward practical applica-
tions. Despite the promising activity demonstrated at both low

This journal is © The Royal Society of Chemistry 2026
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and high current densities (up to 500 mA cm™?) and in overall
water splitting, rational electrode engineering will be essential
to optimize mass transport and gas evolution dynamics under
industrial operating conditions. Meanwhile, extended dura-
bility evaluation at high current densities is required to assess
long-term operational stability. Beyond performance optimiza-
tion, the flow-assisted Couette-Taylor synthesis strategy offers
opportunities for the controlled construction of more complex
multimetallic phosphides or heterostructured catalysts with
tunable electronic properties. In addition, integrating operando
spectroscopic techniques with theoretical simulations will be
crucial to uncover dynamic structure-activity relationships
under working conditions. Ultimately, the incorporation of
such catalysts into practical electrolyzer devices and the evalu-
ation of full-cell efficiency will be key steps toward scalable
hydrogen production.

4. Conclusion

A novel NiFe-P@C electrocatalyst was successfully designed
and synthesized via a two-step process: coprecipitation growth
of NiFe LDH nanosheets on a carbon substrate using a contin-
uous CT reactor, followed by phosphidation. This approach
effectively combines the intrinsic catalytic activity of metal
phosphides with the excellent conductivity and structural
stability of carbon. The resulting NiFe-P@C catalyst demon-
strates superior OER performance, with a low n of 233 mV and
a Tafel slope of 44.8 mV dec™ " at 10 mA cm ™2 in alkaline media.
Its enhanced activity and durability are primarily attributed to
NiFe growth on carbon, which facilitates rapid charge transfer
and prevents nanosheet agglomeration, and the interconnected
composite network, which ensures abundant active site expo-
sure and efficient mass transport. This study provides a facile,
scalable synthesis strategy for preserving favorable catalyst
morphology while optimizing interfacial properties, offering
valuable insights for developing advanced transition metal-
based electrocatalysts for water splitting.
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