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ABSTRACT 

The rational design of heterostructured electrocatalysts with efficient charge 

transfer pathways is crucial for advancing sustainable water-splitting technology. In this 

work, a bimetallic Co2P/Fe2P heterojunction catalyst is successfully synthesized on 

nickel foam (NF) through a hydrothermal method followed by controlled 

phosphorization. The heterointerface between Co2P and Fe2P induces a strong built-in 

electric field (BEF) due to their distinct Fermi level alignment, as confirmed by Mott-

Schottky analysis and Kelvin probe force microscopy (KPFM). This BEF gives rise to 

electron-deficient Co regions and electron-enriched Fe regions near the heterointerface, 

which is expected to modulate the local electronic structure and facilitate interfacial 

charge transfer, thereby benefiting the overall HER/OER kinetics. The as-prepared 
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Co2P/Fe2P@NF exhibits exceptional bifunctional activity in alkaline media, achieving 

low overpotentials of 109 mV for the hydrogen evolution reaction (HER) and 165 mV 

for the oxygen evolution reaction (OER) at 20 mA cm-2, with Tafel slopes of 54.8 mV 

dec-1 and 31.5 mV dec-1, respectively. A two-electrode electrolyzer assembled with 

Co2P/Fe2P@NF as both anode and cathode requires only 1.50 V to deliver 20 mA cm-

2, surpassing most reported non-noble metal catalysts. Systematic characterizations 

(XPS, TEM, EIS) reveal that the hierarchical nanoplate structure with abundant 

heterointerfaces provides a high electrochemical surface area (17.4 mF cm-2) and 

facilitates electrolyte penetration. Moreover, the catalyst exhibits outstanding long-term 

durability, retaining at least 98% of its initial performance after 20 h of continuous 

operation at 20 mA cm-2 under both oxygen evolution reaction (OER) and hydrogen 

evolution reaction (HER) conditions. This work highlights the pivotal role of interfacial 

BEF engineering in developing high-performance electrocatalysts for practical water-

splitting applications. 

 

1. Introduction 

Facing the worsening global energy crisis and environmental problems caused by 

the overuse of fossil fuels, developing green and efficient hydrogen production 

technology through water electrolysis has become a key solution to achieving carbon 

neutrality goals [1]. The water-splitting process faces limitations due to the four-

electron transfer mechanism in the anodic oxygen evolution reaction (OER) and the 
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high energy barrier in the cathodic hydrogen evolution reaction (HER), leading to low 

overall efficiency [2, 3]. Currently, noble metal-based catalysts (e.g., Pt/C, IrO₂) show 

excellent performance, but their high cost and scarcity severely hinder large-scale 

applications [4]. Therefore, developing low-cost transition metal-based bifunctional 

catalysts with high activity has become a research hotspot [5, 6]. Recent reviews on 

non-precious transition-metal-based HER catalysts further emphasize that transition-

metal phosphides, heterostructure construction, defect modulation, morphology 

engineering, and electronic-structure tailoring are key strategies for developing durable 

and cost-effective water-electrolysis catalysts [7, 8]. 

Transition metal phosphides (TMPs), especially Co2P and Fe2P, exhibit promising 

HER/OER bifunctionality in alkaline media owing to their good electrical conductivity 

and tunable semiconducting electronic structures [9]. However, single-component 

TMPs still face several inherent challenges. Single-phase catalysts often struggle to 

balance the adsorption/activation requirements of HER intermediates (H*) and OER 

intermediates (OH*, O*, and OOH*) [10, 11]. In addition, bulk materials usually suffer 

from limited electrochemically accessible surface area, while conventional synthesis 

routes tend to induce agglomeration of active sites [12, 13]. More importantly, under 

harsh anodic OER conditions, TMPs tend to undergo surface oxidation/reconstruction 

into metal oxyhydroxide-related active layers; although such self-reconstruction can 

generate catalytically active species, it may also cause structural instability, metal 

leaching, and electron-transport losses [14-17]. Therefore, recent TMP catalyst design 
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has increasingly shifted from merely improving apparent activity toward regulating the 

parent phosphide framework, reconstructed surface species, and interfacial electronic 

structure simultaneously[9, 16]. 

Recent CoFeP phosphide heterostructures further demonstrate that 

crystalline/amorphous interfacial engineering can induce work-function-driven charge 

redistribution and generate built-in electric fields, thereby modulating the electronic 

structure and improving bifunctional HER/OER kinetics under alkaline water-

electrolysis conditions [18]. In particular, constructing heterojunctions with a built-in 

electric field (BEF) has emerged as an effective strategy to promote directional electron 

transfer, generate electron-rich/electron-deficient interfacial regions, and lower kinetic 

barriers during electrocatalysis [19-21]. For example, a recent NiCoP/FeP p-n 

heterojunction study demonstrated that the work-function-driven BEF can induce 

electron accumulation/depletion zones at the phosphide interface, optimize the d-band 

center and hydrogen adsorption free energy, and thereby improve alkaline HER activity 

and stability [19]. Similarly, a Ni2P/CoP2 heterojunction nanoarray was reported to 

accelerate charge redistribution through a BEF directed from Ni2P to CoP2, leading to 

enhanced alkaline overall water-splitting performance [20]. Beyond activity 

enhancement, recent studies have also highlighted that BEF engineering can guide OER 

surface reconstruction by promoting electron transfer and asymmetric charge 

distribution, thereby improving catalytic activity and stability [22]. Recent CoP-

containing heterostructures further confirm that BEF-driven directional electron 
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transfer can create electron-deficient and electron-rich interfacial regions that regulate 

the adsorption of key reaction intermediates [23]. Therefore, it is highly desirable to 

select appropriate building blocks to construct TMP-based bifunctional catalysts and to 

explore in depth how the BEF strength correlates with interfacial charge transfer and 

catalytic behavior in both HER and OER. While Co2P/Fe2P composites have shown 

promise, prior studies have mainly focused on apparent activity enhancement [24, 25]. 

A quantitative understanding of the interfacial BEF and its relationship with charge-

transfer behavior and intrinsic catalytic activity remains elusive. This knowledge gap 

limits the rational design of p-n heterojunctions in which the direction and magnitude 

of the BEF are pivotal for regulating interfacial electronic structure and improving 

water-splitting kinetics. 

Herein, we deliberately design and fabricate the bimetallic heterostructure of 

Co2P/Fe2P nanoplates arrays grown on nickel foam (NF) for alkaline overall water 

splitting. Using CoFe-LDH as a precursor, the phosphorization process retains a 3D 

porous nanoplate structure (Fig. 1a-b), ensuring abundant active sites and fast 

electrolyte penetration. Combining KPFM with Mott-Schottky analysis, we estimated 

an effective interfacial built-in electric field of ~9.26 × 106 V m-1 across the n-Co2P/p-

Fe2P junction (ΔV = 0.25 V and Δx = 27 nm; Fig. 3a-f), which supports directional 

charge transfer from Co2P to Fe2P and efficient charge separation [26]. The resulting 

asymmetric interfacial electron redistribution is expected to modulate the local 

electronic environments of Co and Fe sites, thereby facilitating interfacial charge 
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transfer and promoting dual-functional electrocatalytic kinetics [27]. Electrochemically, 

Co2P/Fe2P@NF exhibits excellent bifunctional activity in 1 M KOH (HER: η₂₀ = 109 

mV; OER: η₂₀ = 165 mV) together with good stability (>20 h @ 20 mA cm-2). Moreover, 

a homemade electrolyzer assembled with Co2P/Fe2P@NF as both the cathode and 

anode requires only 1.50 V to achieve 20 mA cm-2, outperforming most previously 

reported non-noble-metal-based electrocatalysts [28, 29].    

 

2. Experimental section  

2.1. Reagents and materials 

All materials and chemical reagents were purchased from Chengdu Cologne 

Chemical Co., Ltd., or Aladdin and used without further purification. The chemicals 

included cobalt nitrate hexahydrate, ammonium fluoride, ferric nitrate nonahydrate, 

sodium hypophosphite monohydrate, and urea. 

2.2. Pretreatment of NF 

Before the subsequent experiments, several pieces of nickel foam (NF, 1 × 2 cm, 

surface density: 350 mg cm-2, thickness: 1.0 mm) were sequentially ultrasonically 

cleaned in dilute hydrochloric acid, acetone, and anhydrous ethanol for 30 minutes 

each, then rinsed thoroughly with deionized water, and dried under vacuum at 60°C for 

6 hours. 

2.3. Preparation of Co2P/Fe2P 

CoFe-LDH nanoarrays were grown on nickel foam (NF) through a hydrothermal 

Jo
ur

na
l P

re
-p

ro
of



 

8 

 

synthesis protocol. Specifically, 0.5 mmol cobalt nitrate hexahydrate Co(NO3) 2·6H2O, 

0.5 mmol ferric nitrate Fe(NO3)3·9H2O, 10 mmol urea, and 4 mmol ammonium fluoride 

(NH4F) were dissolved in 30 mL deionized water under vigorous stirring to form a 

homogeneous precursor solution. A clean piece of nickel foam was then immersed in 

the reaction solution, transferred to a 50 mL autoclave, and heated at 120°C for 6 hours. 

After cooling to room temperature, the resulting CoFe-LDH/NF was washed 

thoroughly with deionized water and dried in a vacuum oven at 60°C for 12 hours. 

Using the same method, Co(OH)2/NF and Fe(OH)2/NF were also obtained. 

For phosphorization, 200 mg of sodium hypophosphite monohydrate 

(NaH2PO2·H2O) was placed in a porcelain boat at the upstream side of the tube furnace, 

while the precursor CoFe-LDH/NF was placed in another porcelain boat at the 

downstream side. The furnace was then heated to 350 °C at a ramping rate of 5 °C min⁻¹ 

and maintained for 2 h under flowing Ar (50 sccm). 

The catalyst loading amount on the nickel foam was approximately 1.7 mg cm-2. 

All electrodes used for electrochemical comparison were prepared on nickel foam 

substrates with the same geometric area (1 × 2 cm2) under identical synthesis 

conditions. 

2.4. Physical characterization 

The obtained samples were characterized using various techniques to analyze their 

morphologies and properties. Optical microscopy (OM, SDPTOP CX40M), scanning 

electron microscopy (SEM, FEI Inspect F50), and atomic force microscopy (AFM, 
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Korea Park NX10) were employed for morphological assessment. To study the 

microstructure of the synthesized samples, transmission electron microscopy (TEM, 

JEM-F200) was carried out, with an acceleration voltage of 200 kV. The constituent 

elements of the samples were confirmed through X-ray powder diffraction (XRD, 

PANalytical diffractometer, Cu-Kα radiation) and X-ray photoelectron spectroscopy 

(XPS, Thermo Scientific K-Alpha). Ultraviolet-visible (UV-Vis) spectroscopy was 

performed using a Shimadzu UV-2600 spectrophotometer to examine the optical 

properties. Scanning transmission electron microscopy (STEM, JEOL ARM200F) was 

used for detailed imaging, while Kelvin probe force microscopy (KPFM) enabled the 

measurement of the sample’s work function and surface potential. 

2.5. Electrochemical measurements 

All electrochemical tests were conducted at room temperature using a three-

electrode system on a CHI 660E electrochemical workstation, with 1.0 M KOH as the 

electrolyte (purged with nitrogen for 15 minutes to remove dissolved oxygen). The 

Hg/HgO electrode served as the reference electrode, while a graphite rod was employed 

as the counter electrode. 

Linear sweep voltammetry (LSV) was carried out at a scan rate of 5 mV s−1. In 

this study, each LSV curve was corrected with 90% iR compensation according to the 

equation: Ecorr = Emea − iRs. Here, Ecorr denotes the corrected potential, Emea the directly 

measured potential, and Rs the ohmic resistance of the solution as determined by EIS. 

All potentials were converted to the reversible hydrogen electrode (RHE) scale 
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according to the following equation: ERHE= EHg/HgO + 0.098 + 0.059 pH, where the pH 

of 1 M KOH is 14. Electrochemical impedance spectroscopy (EIS) was employed to 

assess the charge-transfer resistance at the interface between the electrode and 

electrolyte. The measurements were carried out at applied potentials of 0.6 V and -1.2 

V (vs. RHE) over a frequency range from 105 Hz to 0.01 Hz, with an AC voltage 

amplitude set to 5 mV. Cyclic voltammetry (CV) measurements were conducted at scan 

rates from 20 to 120 mV s-1 within the non-faradaic potential regions of 0.2-0.3 V and 

1.05-1.15 V (vs. RHE) to determine the double-layer capacitance (Cdl), and the 

electrochemically active surface area (ECSA) was calculated by dividing Cdl by the 

specific capacitance (Cs). The ECSA-normalized current density (𝑗𝐸𝐶𝑆𝐴) was calculated 

according to jECSA=jgeo×Cs/Cdl, where jgeo is the geometric current density, Cs is the 

specific capacitance of bare NF. Because the specific capacitance of bare NF depends 

on the non-faradaic potential window, the Cs values used for normalization were 

determined separately in the HER and OER regions, giving 0.98 mF cm-2 for HER and 

3.64 mF cm-2 for OER, and Cdl is the double-layer capacitance of the catalyst. The 

calculated ECSA values are summarized in Table S3, and the corresponding ECSA-

normalized HER and OER polarization curves are shown in Fig. S15. To evaluate the 

catalyst's intrinsic activity, the Tafel slope was derived using the equation: η = a + x log 

|j|, where “η” represents the overpotential, “|j|” is the absolute current density, “a” is the 

Tafel constant, and “x” is the Tafel slope. Long-term HER and OER stability tests were 

conducted by chronopotentiometry at a constant current density of 20 mA cm-2 for 20 
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h in 1.0 M KOH. No stirring, gas purging, or electrolyte replacement was applied during 

the measurements. Tafel slopes were obtained by linear fitting of the well-defined 

kinetically controlled regions (i.e., the low-overpotential linear regions) of the 

polarization curves. For the Co2P/Fe2P catalyst, the representative fitting ranges were 

approximately 100-160 mV for HER and 150-195 mV for OER. 

To ensure the reliability of the electrochemical data, HER and OER polarization 

measurements were repeated at least three times using independently prepared 

electrodes. The catalytic performance was highly reproducible with negligible 

variations (Fig. S14), and the representative curves are presented in the manuscript. 

2.6. Density functional theory (DFT) calculations 

Spin-polarized density functional theory (DFT) calculations were carried out using 

the Vienna ab initio simulation package (VASP) with the projector augmented wave 

(PAW) method and the generalized gradient approximation in the Perdew-Burke-

Ernzerhof (GGA-PBE) form. A plane-wave cutoff energy of 500 eV was adopted. All 

structures were relaxed until the total-energy change was below 1×10-5 eV and the 

residual forces were less than 0.02 eV Å. Monkhorst-Pack k-point meshes of 7×7×7 for 

bulk models and 5×5×1 for slab/interface models were employed. A coherent Co2P 

(112)/Fe2P (111) interface with a lattice mismatch below 3% was constructed. A 

vacuum layer thicker than 15 Å was introduced along the surface normal, the bottom 

atomic layers were fixed during relaxation, and a dipole correction was applied along 

the normal slab. For density-of-states (DOS) calculations, a denser k-mesh (up to 
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9×9×1) together with a Gaussian smearing of 0.05 eV was used. The charge-density 

difference (CDD) was defined as Δρ = ρhetero − ρCo2P − ρFe2P, where ρCo2Pand ρFe2P 

were calculated in the same supercell and grid as the heterostructure with atomic 

positions fixed. Isosurfaces of ±2 × 10−3 e Å−3 were used for visualization. The Fermi 

level (EF) was set to 0 eV as energy reference. 

 

3. Results and discussion 

3.1. Phase and microstructure 

The synthetic route of the Co2P/Fe2P heterostructure can be briefly divided into 

two steps, as schematically illustrated in Scheme 1. First, CoFe-LDH nanoplate arrays 

were grown on an NF substrate (denoted as CoFe-LDH/NF) via a facile hydrothermal 

method [30]. Subsequently, CoFe-LDH/NF was used as a precursor and converted to 

bimetallic phosphides through a low-temperature phosphorization process, resulting in 

the fabrication of the Co2P/Fe2P heterostructure on NF (denoted as Co2P/Fe2P@NF). 
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Scheme 1. Schematic illustration for the synthetic process of Co2P/Fe2P nanoplates. 

 

Field-emission scanning electron microscopy (FE-SEM) images of Co2P/Fe2P 

@NF are shown in Fig. 1a-b. After phosphorization, the resulting Co2P/Fe2P exhibits 

large-scale lamellar-structured nanoplates with a thickness of approximately 60 to 100 

nm and a length of about 0.5 to 1.5 µm, interconnected with each other. These 

nanoplates are oriented either slantwise or perpendicular to the NF substrate, creating 

numerous apparent porous structures. The macroporous Co2P/Fe2P 3D nanoarray 

skeleton derived from CoFe-LDH retains its structural integrity (Fig. S1). However, the 

thickness significantly increases, with no reduction in the number or size of the pores. 

Consequently, this augments the specific surface area and enhances the exposure of 

catalytically active sites. A high specific surface area and large porosity can provide 

abundant active regions between the electrode and electrolyte, which is beneficial for 

electron transport [31]. This usually proves highly beneficial in augmenting catalytic 

performance. 
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SEM-EDS elemental mapping (Fig. 1c) reveals the homogeneous distribution of 

Co, Fe, and P throughout the Co2P/Fe2P nanoplates, confirming the successful 

formation of the heterostructure. SEM-EDS analysis further indicates slight surface 

oxidation, while phosphorization remains successful (Fig. S2 and Table S1).  

 

Fig. 1. SEM images of (a, b) Co2P/Fe2P nanoplate; (c) SEM-EDS mapping of Co2P/Fe2P; (d) TEM 

and HRTEM images of Co2P/Fe2P. 

 

To further examine the detailed nanostructure of Co2P/Fe2P nanoplates, TEM and 
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HRTEM analyses were conducted. As shown in Fig. 1d, the Co2P/Fe2P nanoplates can 

be readily exfoliated into thinner nanosheets, exhibiting extensive cracking and 

numerous holes uniformly distributed throughout the nanoplates. After phosphating, the 

original morphology is preserved, facilitating electrolyte penetration into active sites 

and the removal of gas bubbles during the water-splitting process. The as-obtained 

Co2P/Fe2P nanoplates become rougher and thicker with porous nanostructures, which 

is expected to increase the catalyst surface area and improve mass transport capability. 

HRTEM images reveal that the crystalline nanoparticles of Co2P and Fe2P, tightly 

embedded into the nanoplates, are in close contact with each other, producing 

heterogeneous interfaces. The well-resolved lattice fringes with spacing distances of 

0.2195 nm correspond well to the (1 1 2) planes of Co2P. Similarly, the high-resolution 

lattice fringes with d-spacings of 0.2255 nm, 0.1960 nm, and 0.1670 nm correspond 

well to the (1 1 1), (0 1 3), and (2 1 1) planes of Fe2P, respectively, further confirming 

the heterointerface structure between Co2P and Fe2P. These results are also verified by 

the Fast Fourier Transformation (FFT) pattern in the Fig. S4. 
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Fig. 2. (a) XRD patterns of Co2P/Fe2P, Co2P, and Fe2P. XPS spectra: (b) Co 2p, (c) 

O 1s, and (d) Fe 2p of Co2P/Fe2P and FeCo-LDH. X-ray diffraction (XRD) was then 

used to further analyze the crystal structure of the material (Fig. 2a). Fe2P, Co2P, and 
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Co2P/Fe2P are used as comparisons, and both perfectly match their respective standard 

cards. The X-ray diffraction (XRD) pattern of Co2P/Fe2P@NF shows characteristic 

peaks at 2θ values of 40.72°, 40.98°, 43.3°, 48.76°, and 52.07°, which can be indexed 

to the (1 1 2), (2 1 0), (2 1 1), (0 1 3), and (0 2 0) crystal planes of orthorhombic Co2P 

(PDF#04-001-9150). Meanwhile, other characteristic peaks at 40.28°, 42.19°, 47.31°, 

54.10°, and 54.62° match well with the (1 1 1), (2 0 1), (2 1 0), (3 0 0) and (2 1 1) planes 

of tetragonal Fe2P (PDF#00-027-1171). Additionally, a slight oxidation is observed for 

both Co2P and Fe2P. In the XRD pattern of Co2P, the peak at 38.61° corresponds to the 

(1 0 2) crystal plane of Co2O₃. Similarly, the peaks of Fe2P at 62.26° and 63.69° are 

assigned to the (2 1 4) and (3 0 0) crystal planes of Fe2O₃, respectively. Three strong 

peaks at 2θ values of 44.5°, 51.8°, and 76.4° are assigned to the Ni foam substrate 

(PDF#00-04-0850). X-ray photoelectron spectroscopy (XPS) was employed to 

investigate the elemental composition and surface chemical states of CoFe-LDH and 

Co2P/Fe2P nanoplates. The XPS survey spectrum in Fig. S3a confirmed the presence of 

Co, Fe, O and P elements in the Co2P/Fe2P heterojunctions, in good agreement with the 

elemental mapping results shown in Fig. 1c. The high-resolution P 2p XPS spectrum of 

Co2P/Fe2P in Fig. S3b displayed three characteristic peaks at 129.50, 130.33, and 

133.85 eV, which were attributed to P 2p3/2, P 2p1/2, and oxidized P species, respectively. 

In the high-resolution Co 2p XPS spectrum (Fig. 2b), Co2P/Fe2P exhibited peaks 

corresponding to Co3+ at 781.47 eV and 797.11 eV, and Co2+ at 783.56 eV and 798.55 

eV. These peaks were accompanied by two satellite peaks at 786.56 eV and 802.10 eV. 
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The peaks at 778.56 eV and 793.60 eV were attributed to Co-P bonds. Notably, the Co 

2p peaks in Co2P/Fe2P showed a positive shift compared to the original CoFe-LDH, 

suggesting a reduction in the charge density around the Co atoms after the formation of 

the heterostructure. Regarding the Fe element (Fig. 2d), Co2P/Fe2P exhibited Fe3+ peaks 

at 712.49 eV and 725.89 eV, and Fe2+ peaks at 710.12 eV and 723.35 eV. The presence 

of both Fe3+ and Fe2+ species suggests their origin from surface-oxidized Fe-POx 

species. These peaks were also accompanied by two satellite peaks at 715.67 eV and 

728.48 eV. The peaks at 705.48 eV and 718.28 eV were attributed to Fe-P bonds. 

Compared to CoFe-LDH, the Fe 2p peaks in Co2P/Fe2P exhibited a negative shift in 

binding energy, indicating an increase in the charge density around the Fe atoms after 

the formation of the heterostructure [32]. These results further confirm the electron 

transfer from Co2P to Fe2P and the successful establishment of a built-in electric field 

(BEF) in the Co2P/Fe2P heterojunction, which leads to electron-deficient Co regions 

and electron-enriched Fe regions near the interface. These results support the formation 

of an interfacial BEF from Co2P to Fe2P, which is expected to facilitate charge 

separation and interfacial charge transfer. The resulting local electronic modulation is 

further consistent with improved HER/OER kinetics [32]. Beyond these favorable 

structural features, the intrinsic interfacial electronic coupling within the Co2P/Fe2P 

heterojunction was further investigated to understand its underlying catalytic 

mechanism. 

3.2. Electronic structure and built-in electric field analysis 
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To reveal the origin and magnitude of the interfacial built-in electric field (BEF) 

in the Co2P/Fe2P heterostructure, we analyzed the semiconductor type, band alignment, 

and local surface potential distribution. 

Semiconductor type and band alignment. As shown by the Mott-Schottky (M-S) 

responses (Fig. 3d, e), Co2P and Fe2P behave as oppositely doped semiconductors, 

which enables the construction of a p-n junction. This assignment is consistent with our 

overall electronic-structure analysis, where Co2P exhibits n-type characteristics and 

Fe2P shows p-type characteristics. Accordingly, the band alignment derived from the 

M-S results together with the optical bandgap information (Fig. 3f) indicates a favorable 

junction configuration that drives spontaneous interfacial charge redistribution upon 

contact [33]. 
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Fig. 3. (a) AFM topography and (b) KPFM surface potential maps of Co2P/Fe2P. (c) 

Corresponding height and potential profiles across the interface. Mott-Schottky plots of (d) Co2P 

and (e) Fe2P. (f) Band alignments of the pristine phases. (g) Schematic of the charge transfer and 

built-in electric field in the Co2P/Fe2P p-n heterojunction. 
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Experimental evidence of interfacial charge redistribution. XPS corroborates the 

interfacial electron transfer after heterojunction formation: the Co 2p peaks show a 

positive shift while the Fe 2p peaks shift negatively, confirming electron migration from 

Co2P to Fe2P and the generation of electron-deficient Co sites and electron-enriched Fe 

sites. This interfacial charge redistribution is the thermodynamic origin of the BEF and 

underpins the electronic modulation at the heterointerface. 

KPFM visualization and quantitative BEF estimation. Scanning Kelvin probe 

force microscopy (SKPFM) was further employed to directly probe the local contact 

potential difference across the heterointerface. The SKPFM height and surface-

potential maps (Fig. 3a, b) and the corresponding line profile (Fig. 3c) show a clear 

potential step across the Co2P/Fe2P boundary, with two plateau potentials of 0.67 V and 

0.42 V, yielding an interfacial potential drop of ΔV = 0.25 V. To avoid subjective 

estimation of the transition width, we adopted the standard 10%-90% step-width 

method using the values marked in Fig. 3c (V90 = 0.645 V at x90 = 1.559 μm; V10 = 

0.445 V at x10 = 1.586 μm), giving Δx = x10 − x90 = 0.027 μm = 27 nm. Therefore, the 

effective interfacial built-in electric field is estimated as Eavg=ΔV/Δx≈9.26 × 106 V m-1 

[30, 34, 35]. It should be noted that Δx represents an apparent transition width that can 

be affected by electrostatic averaging and tip convolution in KPFM; nevertheless, the 

pronounced ΔV and the derived 𝐸avg provide quantitative evidence for a strong solid-

solid interfacial driving force that facilitates directional charge migration across the 

junction.  
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Furthermore, since electrocatalysis proceeds in liquid electrolyte, the interfacial 

charging behavior was evaluated by zeta-potential measurements (Fig. S8). The 

Co2P/Fe2P heterojunction exhibits a higher zeta potential (35.2 mV) than Co2P (25.5 

mV) and Fe2P (9.58 mV), indicating enhanced interfacial charge density and a 

strengthened electric double layer (EDL), which is beneficial for ion accumulation and 

interfacial reaction kinetics at the catalyst-electrolyte interface [26]. 

3.3. Electrochemical performances and mechanism analysis of HER and OER 

Given the electronic modulation by the strong BEF in Co2P/Fe2P heterojunctions, 

the intrinsic electrocatalytic activity of Co2P/Fe2P is expected to be largely influenced 

[36].  
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Fig. 4. HER of Co2P/Fe2P, Fe2P, Co2P, CoFe-LDH, Fe2.67O4/Co3O4 and pure NF. (a) LSV curves at 

a scan rate of 5 mV s-1; (b) the overpotentials at 10, 20, and 80 mA cm−2; (c) Tafel plots; (d) 

double-layer capacitance measurements (plot of scan rate vs. current density) for HER of 

Co2P/Fe2P, Fe2P, Co2P, CoFe-LDH, Fe2.67O4/Co3O4 and pure NF; (e) Nyquist plots of Co2P/Fe2P, 

Fe2P, Co2P, Fe2.67O4/Co3O4, FeCo-LDH, and NF; (f) Chronopotentiometry curve of Co2P/Fe2P at 

20 mA cm-2 for 20 h in 1.0 M KOH.  

 

 HER measurements were first performed in a typical three-electrode system in 1 

M KOH. As compared, pure NF, pristine CoFe-LDH, Co2P, Fe2P, and CoFe oxides were 

Jo
ur

na
l P

re
-p

ro
of



 

24 

 

also measured under the same conditions. As shown in the IR-corrected linear sweep 

voltammetry (LSV) curves in Fig. 4a, Co2P/Fe2P reveals a low overpotential of 79 mV 

at a current density of 10 mA cm-2, significantly lower than that of pure NF, pristine 

CoFe-LDH, Co2P, and CoFe oxides. Importantly, this excellent HER activity is highly 

reproducible across independently prepared electrodes (Fig. S14a). Meanwhile, 

corresponding Tafel plots in Fig. 4c indicate a small value of 54.8 mV dec-1 for 

Co2P/Fe2P via fitting the linear region from the Tafel equation (η=b log j+a, where η 

refers to overpotential, b for Tafel slope, j for current density, and a for Tafel constant), 

superior to the other counterparts, confirming the distinctly preferred HER kinetics of 

Co2P/Fe2P [37, 38]. The electrochemically active surface areas (ECSA) were further 

explored to evaluate their intrinsic activities. The double-layer capacitances (Cdl) 

extracted by plotting the capacitive current densities of non-Faradaic regions as a 

function of scan rates (Fig. S9) are utilized to obtain ECSA. As shown in Fig. 4d, the 

calculated double-layer capacitance (Cdl) value of 17.4 mF cm-2 for Co2P/Fe2P is 

significantly higher than that of CoFe-LDH/NF, which is 1.93 mF cm-2. This indicates 

a substantial increase in the active surface area of LDHs before and after the 

phosphating process, attributed to the formation of phosphides during the 

phosphorization process [39]. Notably, the ECSA increases by 17-fold for the 

Co2P/Fe2P/NF compared to the CoFe-LDH/NF. However, from the pristine LDHs to 

Fe2.67O4/Co3O4, there is no significant difference in ECSA, but the overpotential shows 

a notable variation. This comparison demonstrates conclusively that ECSA alone 
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cannot account for the enhanced catalytic performance, which aligns with the 

significantly reduced Tafel slope discussed earlier. To further decouple the contribution 

of active surface area from intrinsic catalytic activity, the ECSA-normalized HER 

polarization curves were calculated (Fig. S15a) based on the ECSA values summarized 

in Table S3. Even after normalization by ECSA, Co2P/Fe2P still exhibits the highest 

HER activity among all samples at the same overpotential, indicating that the superior 

HER performance cannot be attributed solely to the enlarged active surface area [40]. 

Instead, the result supports intrinsically enhanced HER kinetics induced by the 

heterointerface and BEF-driven electronic modulation. It is worth mentioning that the 

phosphating process not only increases the number of active sites but also significantly 

enlarges the overall electrochemically accessible surface area [39, 41]. Electrochemical 

impedance spectroscopy (EIS) measurements were performed to study the charge-

transfer capability at the electrode/electrolyte interface. As shown in Fig. 4e and Table 

S2, Co2P/Fe2P shows the smallest charge-transfer resistance (Rct), demonstrating that 

Co2P/Fe2P favors the electrocatalytic kinetics of HER by improving the charge transfer 

rate [42].  

Table 1 Comparison of OER and HER performances of phosphides. 

Catalysts Electrolyte 
Overpotential 

(mV) (oer) 

Overpotential 

(mV) (her) 

Tafel slope 

(mVdec-1) 
Refs. 

CoP2 FeP4/IF 1 M KOH 253 (10 mA cm-2) 115 (10 mA cm-2) 35.8 / 87.4 [43] 

FeP-CoP 1 M KOH 230 (10 mA cm-2) - 90.3 / - [10] 

FeP/CoP 1 M KOH 247 (10 mA cm-2) - 68.1 / - [44] 

NiCoP 1 M KOH 101 (10 mA cm-2) 250 (10 mA cm-2) 57.5 / 72.3 [34] 

PtP2/CoP 1 M KOH 298 (100 mA cm-2) 115 (100 mA cm-2) 44.7 / 72.0 [45] 
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MnNiCo2P 1 M KOH 245 (10 mA cm-2) 129 (10 mA cm-2) - / -  [46] 

Co2P/Ni2P/CNT 1 M KOH - 202 (10 mA cm-2) - / 58.0  [47] 

Co-Fe2P 1 M KOH 274 (100 mA cm-2) 138 (100 mA cm-2) 45.0 / 57.0  [32] 

FeCoP/Ni(OH)₂ 1 M KOH 206 (10 mA cm-2) 91 (10 mA cm-2) 32.0 / 48.0  [48] 

NiCoP 1 M KOH  238 (10 mA cm-2) 43 (10 mA cm-2) 96.0 / 64.1  [49] 

Co2P/Fe2P 1 M KOH 157 (10 mA cm-2) 77 (10 mA cm-2) 31.5 / 54.8  This 

The OER measurement of Co2P/Fe2P was also conducted in a three-electrode 

system. As shown in Fig. 5a, the LSV curves exhibit superior OER activity for the 

heterostructure Co2P/Fe2P compared to pure NF, pristine CoFe-LDH, Co2P, Fe2P, and 

CoFe oxide. The heterostructure Co2P/Fe2P achieves the lowest overpotential of 157 

mV at a current density of 10 mA cm-2 (Fig. 5b), significantly lower than most reported 

transition metal phosphides (Table 1) [10, 12, 50]. Moreover, the heterostructure 

Co2P/Fe2P demonstrates more rapid reaction kinetics with a low Tafel slope of 31.5 mV 

dec-1, as shown in Fig. 5c. Additionally, Co2P/Fe2P exhibits the largest Cdl value of 31.7 

mF cm-2 and the smallest Rct of 0.509 Ω, as determined by EIS and ECSA 

measurements, respectively, as shown in Fig. 5d (Table S2) and Fig. 5e. This indicates 

enhanced charge transfer dynamics and a higher density of active sites on the surface. 

Similarly, the ECSA-normalized OER polarization curves (Fig. S15b) further confirm 

the intrinsic catalytic advantage of Co2P/Fe2P. After eliminating the surface-area 

contribution using the ECSA values listed in Table S3, Co2P/Fe2P still outperforms the 

single-phase phosphides and oxide/LDH controls at the same normalized current 

density. This result indicates that the outstanding OER activity arises not merely from 

a larger electrochemically accessible surface area, but also from intrinsically enhanced 

kinetics associated with the heterointerface [51, 52]. The long-term stability test reveals 
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excellent stability for the heterostructure Co2P/Fe2P, with negligible degradation of 

current density over an extended period (Fig. 5f) [28, 37]. An increase in the anodic 

peak around 1.4 V, associated with the oxidation of Co(II)/Fe(II), is observed after 

phosphating (Fig. S11), suggesting that the phosphating process makes more active 

sites accessible [13, 53, 54]. After conducting long-term stability tests under high 

current densities during OER and HER, XRD pattern analysis was performed 

comparing Co2P/Fe2P and Fe2.67O4/Co3O4 before and after the tests. The study revealed 

that the characteristic peaks indicative of phosphorization did not significantly diminish 

or disappear after prolonged operation, and no new peaks indicative of oxidation 

appeared [55]. This further corroborates the material’s excellent long-term stability (as 

shown in Fig. S12). 

To further probe the surface evolution of the Co2P/Fe2P catalyst after OER, post-

OER XPS measurements were carried out (Fig. S16). The survey spectrum (Fig. S16 a) 

confirms that Co, Fe, O, and P remain present on the catalyst surface after OER, while 

the strong O signal indicates the formation of an oxygen-rich reconstructed surface. In 

the high-resolution O 1s spectrum (Fig. S16 b), two major components centered at 

530.30 and 531.26 eV can be assigned to metal-oxygen (M-O) species and 

hydroxyl/oxyhydroxide- and phosphate-related oxygen species, respectively, indicating 

a hydroxylated/oxidized surface environment. The post-OER Co 2p spectrum (Fig. S16 

c) is dominated by oxidized Co species with mixed Co²⁺/Co³⁺ characteristics, 

accompanied by broad shake-up satellite features, whereas the characteristic Co-P 
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signal is strongly weakened or nearly absent. Similarly, the Fe 2p spectrum (Fig. S16 d) 

is mainly governed by oxidized Fe species with Fe²⁺/Fe³⁺ characteristics and broad 

high-binding-energy multiplet/satellite-related features, while only a weak residual Fe-

P component can still be resolved, suggesting that the original phosphide environment 

is largely suppressed after OER. In the P 2p region (Fig. S16 e), the low-binding-energy 

phosphide-P component is strongly weakened, whereas oxidized phosphorus species in 

the ~133 eV region become dominant, indicating substantial phosphorus oxidation and 

the formation of a phosphate/POx-rich reconstructed surface layer. Taken together, 

these post-OER XPS results demonstrate that the Co2P/Fe2P precatalyst undergoes 

pronounced in-situ surface oxidation/reconstruction during OER, leading to an 

oxidized/oxyhydroxide- and phosphate-rich surface layer, while the bulk phosphide 

framework is still largely retained according to the post-test XRD results [56]. 
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Fig. 5. OER of Co2P/Fe2P, Fe2P, Co2P, CoFe-LDH, Fe2.67O4/Co3O4 and pure NF. (a) LSV curves at 

a scan rate of 5 mV s-1; (b) the overpotentials at 10, 20, and 80 mA cm−2; (c) Tafel plots; (d) 

double-layer capacitance measurements (plot of scan rate vs. current density) for OER of 

Co2P/Fe2P, Fe2P, Co2P, CoFe-LDH, Fe2.67O4/Co3O4 and pure NF; (e) Nyquist plots of Co2P/Fe2P, 

Fe2P, Co2P, Fe2.67O4/Co3O4, FeCo-LDH, and NF; (f) Chronopotentiometry curve of Co2P/Fe2P at 

20 mA cm-2 for 20 h in 1.0 M KOH.  

 

Finally, a two-electrode electrolyzer applying Co2P/Fe2P@NF as both cathode and 

anode was assembled to investigate the overall water splitting (OWS) performance. As 
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indicated in Fig. S13a, the LSV curves show that the electrolyzer using Co2P/Fe2P/NF 

as catalysts only requires a cell potential of 1.50 V to drive the current density at 20 mA 

cm-2, which is significantly lower than the 1.624 V needed for the benchmark 

Pt/C/NF//RuO₂/NF system. This improvement is attributed to the electronic synergy at 

heterointerfaces and the efficient transport of the self-supported structure [55, 57-59]. 

The stability tests of Co2P/Fe2P/NF//Co2P/Fe2P/NF in Fig. S13b show remarkable long-

term durability, with 97.62% potential retention after 20 h of continuous electrolysis, 

indicating promising potential for practical applications.  

3.4. DFT insights into electronic structure and interfacial charge transfer 

 
Fig. 6. DFT-calculated Density of States (DOS) and DFT-calculated Charge Density Difference 

(CDD). (a) Projected DOS for pristine Co2P and Fe2P systems. (b) Total DOS for the Co2P/Fe2P 

heterostructure. (c) Side view of the CDD at the Co2P (112)/Fe2P (111) interface. 

 

To unravel the origin of the interfacial built-in electric field (BEF) and the 

Co2P

Fe2P

a

b
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enhanced charge-transport characteristics, we performed spin-polarized DFT 

calculations on the Co2P (112) and Fe2P (111) surfaces and on their coherent interface 

(computational details in Section 2.6). The electronic structures were analyzed through 

spin-resolved projected density of states (PDOS) and charge-density-difference (CDD). 

The PDOS of the isolated slabs (Fig. 6a) exhibits only a modest density at the 

Fermi level (EF) with well-defined band edges. Notably,  

EF is pinned closer to the conduction-band edge in Co2P, whereas it lies nearer to 

the valence-band edge in Fe2P. This alignment is diagnostic of n-type Co2P and p-type 

Fe2P, respectively, and is fully consistent with the Mott-Schottky slopes and the band 

alignment constructed from UV-Vis analysis (Fig. 3), in line with previous work on 

work-function-governed interfacial electric fields and internal-field-assisted catalysis 

[26, 33]. The states around EF are dominated by transition-metal 𝑑 orbitals, providing 

the frontier manifold that participates in interfacial hybridization. 

Upon constructing the Co2P/Fe2P junction, the total DOS near EF becomes 

broadened and enhanced (Fig. 6b), indicating strong interfacial orbital hybridization 

and the emergence of delocalized states that bridge the band edges of the two 

constituents. Such hybridized states are expected to lower the electronic transport 

barrier across the interface and rationalize the experimentally observed reduction of 

charge-transfer resistance (EIS), which is consistent with the general role of internal 

electric fields in facilitating interfacial charge transport [60]. Concomitantly, the CDD 

map (Fig. 6c) reveals electron accumulation on the Fe2P side and electron depletion on 
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the Co2P side, establishing a BEF directed from n-type Co2P to p-type Fe2P. The 

direction of charge transfer (Co2P → Fe2P) agrees with the opposite binding-energy 

shifts of Co 2p and Fe 2p in XPS, as well as with the KPFM-measured interfacial 

potential step across the heterojunction. 

This interfacial electron redistribution is expected to have important catalytic 

consequences. The electron accumulation on the Fe2P side and electron depletion on 

the Co2P side indicate distinct local electronic environments across the heterointerface. 

Together with the increased DOS near EF supplied by interfacial hybridization, these 

results are consistent with facilitated interfacial charge transport and intrinsically 

improved electrocatalytic kinetics in Co2P/Fe2P. It should be noted that the present DFT 

calculations were designed to elucidate the band alignment, interfacial charge 

redistribution, and electronic coupling associated with the built-in electric field. 

Therefore, they should be interpreted as qualitative descriptors of the BEF effect rather 

than direct quantitative proof of the adsorption energetics of specific HER/OER 

intermediates. Nevertheless, the qualitative trends revealed by PDOS and CDD are well 

corroborated by the Mott-Schottky, KPFM, XPS, EIS, and ECSA-normalized 

electrochemical results [60]. 

4. Conclusions 

We demonstrate a binder‑free Co2P/Fe2P p-n heterojunction on Ni foam that 

exploits an interfacial built‑in electric field (BEF) to accelerate alkaline HER/OER. 

Mott-Schottky/KPFM identify n-type Co2P and p-type Fe2P with a strong interfacial 
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potential, while DFT (spin-resolved PDOS and CDD) reveals electron transfer from 

Co2P to Fe2P and hybridized states near EF, which are consistent with improved 

interfacial charge transport and intrinsically enhanced HER/OER kinetics. Together 

with the ECSA-normalized electrochemical results, these findings support that the 

superior catalytic performance of Co2P/Fe2P arises not only from its enlarged active 

surface area, but also from interfacial electronic modulation associated with the built-

in electric field. Electrochemically, Co2P/Fe2P@NF delivers low overpotentials of η₂₀ 

= 109 mV (HER) and 165 mV (OER), and a two-electrode cell reaches 20 mA cm-2 at 

1.50 V, retaining ~98% of the initial potential over 20 h. 

Despite the encouraging results, the present evidence for the built-in electric field 

is still mainly based on ex situ or dry-state characterization, and the current DFT 

calculations focus primarily on band alignment and interfacial charge redistribution 

rather than explicit adsorption energetics of specific HER/OER intermediates. Future 

work combining operando interfacial characterization with more quantitative 

theoretical modeling will be valuable for further clarifying the structure-electronic 

structure-activity relationship in phosphide heterojunctions. 
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Highlights 

• Co₂P/Fe₂P p-n heterojunction arrays are built on Ni foam via 

phosphorization.  
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• Interfacial built-in electric field is quantitatively confirmed by KPFM.  

• BEF optimizes charge distribution to boost bifunctional catalytic activities.  

• The electrolyzer achieves 20 mA cm⁻² at a low cell voltage of 1.50 V.  
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