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Abstract. Non-precious metal electrocatalysts for water splitting to produce hydrogen are of
great interest in the context of reducing CO: emissions. In this study, NiFe alloy materials and
their nitrogen-modified form, N-NiFe, were synthesized from the Prussian Blue Nis[Fe(CN)s]2
(NiFe PB) precursor for application as electrocatalysts in the hydrogen evolution reaction
(HER). XRD results revealed that NiFe PB decomposed to form an fcc-structured NiFe alloy
phase, while the subsequent nitrogen doping process (N-NiFe) resulted in reduced crystallinity
and smaller crystal size. Electrochemical measurements demonstrated that N-NiFe exhibited
superior HER performance, achieving the lowest overpotential at 10 mA cm™ (468 mV), the
smallest Tafel slope (171 mV dec™), and the highest double-layer capacitance (Cdl) and
electrochemically active surface area (ECSA) among the investigated samples. These
improvements are attributed to increased electron density, the formation of new active sites, and
enhanced charge transfer capability due to nitrogen doping. The research results indicate that the
N-NiFe material is a promising catalyst for water splitting to produce hydrogen.
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1. INTRODUCTION

In the context of the growing demand for clean energy, the development of sustainable
energy conversion technologies plays an increasingly critical role. Among these, water
electrolysis for hydrogen production is considered one of the most promising solutions to
replace traditional fossil fuel sources, as hydrogen is a clean fuel with high energy density and
produces no CO: emissions upon utilization [1]. However, the electrochemical water-splitting
process involves both the hydrogen evolution reaction (HER) and the oxygen evolution reaction
(OER), which require a substantial amount of electrical energy [2]. To reduce the electrical
energy input for water splitting, a highly efficient and robust electrocatalyst is essential to
accelerate the kinetics of both OER and HER [3]. Precious metal materials such as Pt, IrO2, and
RuO:, while possessing high catalytic activity, are expensive and rare hinders commercial
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application [4]. Consequently, the search for high-performance, durable non-precious
electrocatalysts has become a major research focus in recent years.

In this context, Prussian blue analogues (PBAs), a subclass of crystalline metal-organic
frameworks (MOFs) with diverse compositions and morphologies, have been extensively
studied as precursors for synthesizing various functional materials [5]. The PBA-based
materials possess various advantages suitable for HER catalysts, such as flexibility in transition
metal replacement, high specific surface area, and homogeneous dispersion of active sites in a
three-dimensional structure. The potential of these materials in the electrochemical water
splitting, especially in HER, has been demonstrated [6—8]. Despite the diversity of structural
and catalytic properties of PBAs, their low electrical conductivity and inactivation of the
catalytic sites due to ligand coordination prohibit the electrocatalytic activity of these materials
in HER applications. Therefore, strategies have been investigated including synthesis of PBAs
derivatives using thermal treatment to turn PBAs into metal alloys, or metal compounds such as
oxides, sulfides, phosphides [9, 10]. Accordingly, PBA-based materials have great potential in
HER electrochemical catalytic applications and should be investigated more extensively.

Notably, PBA-derived metals, metal oxides/hydroxides and metal sulfides have been
reported as promising electrode materials for electrochemical energy storage and conversion
applications [11]. Furthermore, due to their abundance in nitrogen-containing organic ligands
(CN™- groups) and transition metal cations, PBAs are regarded as promising precursors for
synthesizing nitrogen-doped materials with high nitrogen content, potentially leading to the
formation of metallic or alloy nanoparticles.

Alloys of 3D transition metals, such as NiFe, FeCo, and CoNi, have been demonstrated to
be highly active and cost-effective for water splitting [9]. The alloying of transition metals alters
the electronic structure of the constituent metal atoms due to the influence of neighboring
dissimilar metal atoms, leading to optimized interaction strengths and reduced adsorption free
energy of HER and OER intermediates [10]. As an example, NiFe alloys exhibit superior
electrocatalytic activity compared to their monometallic Ni and Fe counterparts [12]. In NiFe
alloys, the electronic structure of Ni atoms is modulated by adjacent Fe atoms, resulting in
enhanced water-splitting performance [13]. However, most metal alloys, when exposed to harsh
electrolyte environments, tend to be susceptible to oxidation, dissolution, and corrosion, leading
to poor electrocatalytic durability [14]. Doping a non-metal element, such as nitrogen, into the
NiFe lattice can significantly improve electrical conductivity and create a higher density of
active sites, thereby boosting catalytic performance. Nitrogen doping effectively regulates the
electronic structure of the Ni and Fe surface active sites. Due to its high electronegativity, N
induces charge redistribution, which can optimize the binding energy of reaction intermediates,
such as H* for HER. Specifically for HER, N-doping provides more favorable adsorption sites
for H*, lowering the energy barrier for the Volmer step and thus enhancing intrinsic HER
activity. In this work, the NiFe system primarily focuses on HER optimization. The nitrogen
doping via urea treatment was specifically designed to address the sluggish HER kinetics often
found in Ni-based alloys in acid media by creating high-density M-Nx [15].

In this study, novel nitrogen-doped NiFe alloy (N-NiFe) was synthesized via a simple
thermal treatment of NiFe with urea under an inert atmosphere. The nitrogen doping process
introduces lattice defects and generates new active sites, while also enhancing the material’s
conductivity through the formation of electron-rich regions. The results indicate that the N-NiFe
material reduces the overpotential for the HER, facilitating efficient water splitting.
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2. EXPERIMENTAL SECTION
2.1. Chemicals

All chemicals were used as received, including nickel sulfate hexahydrate (NiSO4-6H20, >
98 %), potassium ferricyanide (Ks[Fe(CN)s], > 99 %), ethanol (C:HsOH, > 99.5 %), N-methyl-
2-pyrrolidone (NMP, CsHoNO, > 99 %), Nafion solution (a perfluorinated polymer resin
dissolved in solvent) from Sigma Aldrich; urea (H-NCONH:, 99 %) and sulfuric acid (H2SOa4)
from Xilong, China.

2.2. Material synthesis

2.2.1. Prussian blue Nis[Fe(CN)s/-

The Nis[Fe(CN)s]: material was synthesized via a co-precipitation method at room
temperature. In a typical process, 20 mL of a 0.1 M Ni** solution was prepared by dissolving
1.3142 g of NiSO4-6H20 in distilled water. Simultaneously, 20 mL of a 0.1 M Ks[Fe(CN)s]
solution was prepared by dissolving 1.6462 g of Ks[Fe(CN)s] in distilled water. The Ni*
solution was added dropwise into the continuously stirred Ks[Fe(CN)s] solution to ensure
uniform precipitation of Nis[Fe(CN)s].. The obtained precipitate was thoroughly washed and
then dried at 60 °C for 12 hours in a vacuum oven. The final blue product was denoted as PB
NiFe.

2.2.2. NiFe alloy

The as-prepared PB NiFe was calcined at 700 °C under an Ar atmosphere for 2 hours with
a heating rate of 10 °C min™', followed by natural cooling in the furnace. The resulting material
was ground into a fine powder and denoted as NiFe.

2.2.3. Nitrogen-doped NiFe (N-NiFe)

The as-synthesized NiFe powder was thoroughly mixed with urea at a mass ratio of 1:1,
ground finely, placed in a covered alumina crucible, and wrapped with aluminum foil. The
mixture was then calcined at 700 °C for 2 hours under an Ar atmosphere with a heating rate of
10 °C min™'. The resulting sample was washed repeatedly with water and ethanol and
subsequently dried. The final material was denoted as N-NiFe.

2.3. Material characterization

X-ray diffraction (XRD) patterns of the samples were recorded on a Bruker D2 Advance
diffractometer using a Cu X-ray source (Cu Ka radiation, A = 1.5406 A) operated at 40 kV and
40 mA. The scan range was from 2° to 80° (20) with a step size of 0.008° and a step time of 0.6
seconds. Fourier-transform infrared (FT-IR) spectra were recorded on an IRAffinity-1S
spectrometer (Shimadzu) in the range of 400 to 4000 cm™. The surface morphology and
elemental composition (via energy-dispersive X-ray spectroscopy, EDS) of the materials were
examined using field-emission scanning electron microscopy (FE-SEM, JSM-IT800/JEOL).

2.4. Electrochemical measurements

The electrocatalytic properties of the materials for the HER were evaluated using a
standard three-electrode electrochemical workstation (Corrtest, China). A platinum wire served
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as the counter electrode (CE), an Ag/AgCl electrode (immersed in saturated KCl solution) as the
reference electrode (RE), and a glassy carbon electrode coated with the prepared catalyst as the
working electrode (WE). The electrolyte was a 0.5 M H.SOa. aqueous solution. Linear sweep
voltammetry (LSV) was performed at a scan rate of 50 mV s to obtain polarization curves
(current vs. potential, I-V). Cyclic voltammetry (CV) was then conducted in a non-faradaic
potential region at various scan rates to determine the double-layer capacitance (Cdl) and
subsequently estimate the electrochemically active surface area (ECSA). The catalyst loading on
the glassy carbon electrode was 0.235 mg cm 2. The CV curves were recorded at various scan
rates, including 5, 10, 20, 50, 100, and 200 mV s™'. The charging current density difference, Aj
= (Ju - je)/2 (where j, and j. are the anodic and cathodic current densities, respectively), was
plotted against the scan rate. The Cdl value was then extracted from the slope of the resulting
linear fit. The ECSA was subsequently calculated using the following equation: ECSA4 = Cdl/Cs,
where Cs is the specific capacitance of a flat surface, which was assumed to be 0.035 mF cm™
based on reported literature for similar systems [16].

3. RESULTS AND DISCUSSION
3.1. Material characterization

The structural characteristics of the synthesized materials were investigated by XRD, as
shown in Figure 1. The XRD pattern of PB NiFe (Figure 1a) shows several moderate-intensity
diffraction peaks at 26 of 17°, 24°, 35°, 39°, 43°, 51°, 57°, and 68°, which are characteristic of
the cubic crystal structure of Prussian Blue Analogue (PBA) with the space group Fm-3m (PDF
Card: 00-014-0291). The high intensity and sharpness of these peaks indicate good crystallinity
of the as-synthesized PBA [17]. Thermal treatment significantly altered the material structure,
as evidenced by the markedly different XRD pattern of the NiFe alloy. The diffraction pattern
changed dramatically, typically the characteristic PBA peaks disappeared, and new, sharp
diffraction peaks corresponding to the (111), (200), and (220) planes of a face-centered cubic
(fcc) FeNis alloy appeared at 44.3°, 51.6°, and 76.1°, respectively [18]. This confirms the
complete decomposition of the PBA precursor and the successful formation of a well-
crystallized NiFe alloy.

For the N-NiFe sample, the XRD pattern in Figure 1b reveals that the characteristic fcc
NiFe peaks ((111), (200), (220)) are retained, indicating that the fundamental alloy crystal
structure was not destroyed during the nitrogen doping process. However, the diffraction peaks
of N—NiFe exhibit a slight shift toward lower 26 angles compared to pristine NiFe, suggesting a
minor lattice expansion associated with the incorporation of nitrogen atoms into interstitial sites
rather than substitutional positions. In addition, the N—NiFe sample shows weaker peak
intensities and a broader diffraction background, indicative of reduced crystallinity and smaller
crystallite size. These observations suggest that nitrogen is primarily incorporated as an
interstitial and/or surface species, influencing lattice strain and crystallinity without significantly
changing the overall crystal structure. Based on the Scherrer equation, the crystallite sizes of the
materials were calculated to be 19.0, 4.0, and 3.5 nm for PB NiFe, NiFe, and N-NiFe,
respectively.

The bonding features of the materials were examined using FT-IR spectroscopy (Figure 1).
As shown in Figures 1c and 1d, the FT-IR spectra of the PB NiFe, NiFe, and N-NiFe samples
(Figures 1c) show clear differences in their bonding structures. For PB NiFe, a characteristic
absorption band in the ~2100-2150 cm™ region corresponds to the stretching vibration of the —
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C=N group within the Prussian Blue framework (Fe-C=N), confirming the presence of the
cyanide network typical of PBAs. Simultaneously, the PB NiFe spectrum also shows a peak at
~600 cm™! (Figure 1d), assigned to the Fe*’~CN—Fe*" bending vibration, a common feature of
PBAs [19]. In contrast, NiFe, obtained after the cyanide framework removal, no longer exhibits
the C=N band, and its IR spectrum only shows weak vibrations in the low-frequency region.
This demonstrates the complete collapse of the PB framework during thermal treatment and the
phase transition to a Ni-Fe alloy matrix [20]. Remarkably, for the N-NiFe sample, the IR
spectrum reveals a significant increase in the absorption along with vibrational bands in the
wavenumber ranges of approximately 410450 cm™ and 650-750 cm™ (Figure 1d). The
broadening and distortion of the metal framework vibration region are considered indicative of
the formation of Ni-N/Fe—N bonds [21, 22].
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Figure 1. XRD patterns and FT-IR spectra of PB NiFe, NiFe, and N-NiFe (a, c¢) and a magnified view
comparing NiFe and N-NiFe (b, d), respectively.

The IR spectra of PB NiFe and NiFe exhibit a broad, strong band in the 3440-3430 cm™
region, characteristic of O-H stretching vibrations (H-O-H), and a narrower, weaker band at
1632-1626 cm™, assigned to O—H bending vibrations (H-O-H). This confirms the presence of
adsorbed water molecules and coordinated water within structure of these materials [23].

The surface morphology of the materials was examined by SEM, as shown in Figure 2.
The results reveal significant changes in morphology and surface structure between the initial
PB sample and the post-thermal treatment samples.
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Figure 2. SEM images and EDS spectra of (a, d) PB NiFe, (b, ¢) NiFe, and (c, f) N-NiFe.

For PB NiFe, the SEM image (Figure 2a) shows small particles aggregated into porous
clusters with a surface containing numerous pores and a loose, three-dimensional framework
structure, typical of Prussian Blue Analogues. Figure 2b presents NiFe in the particles
exhibiting a tendency to grow into larger, polyhedral shapes with higher crystallinity, consistent
with the characteristics of a metallic NiFe alloy phase, which typically has a rough surface but a
lower pore density compared to the PBA-derived precursor. This indicates that the calcination
process reduces porosity and surface area. However, nitrogen doping may induce the formation
of clusters, including the smaller particles observed in Figure 2c. This nitrogen-induced surface
reconstruction can affect the catalytic activity of the material. The elemental composition of the
samples was further confirmed by energy-dispersive X-ray spectroscopy (EDS) (Figure 2). As
shown in Figure 2d, PB NiFe exhibits distinct peaks corresponding to Ni, Fe, C, and N,
confirming the existence of the Ni—Fe cyanide framework derived from Prussian Blue. For the
NiFe alloy sample, Figure 2e shows strong signals only for Ni and Fe, with no nitrogen peak,
demonstrating the formation of a pure NiFe alloy phase. In contrast, the N-NiFe sample (Figure
21) clearly shows a higher N content compared to the pristine alloy, confirming the successful
incorporation of nitrogen into the alloy lattice. The results indicate that the molar ratio of Ni to
Fe across all three samples is approximately 3:2. The presence of oxygen in all three samples is
attributed to absorbed oxygen on surface, a common phenomenon for NiFe-based catalysts.

3.2. Electrocatalytic properties for HER

3.2.1. Linear sweep voltammetry

In principle, materials achieving higher current densities at lower electrode potentials
signify superior catalytic performance, as a lower HER overpotential indicates a more facile
water electrolysis process with lower energy consumption.
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Figure 3. (a) LSV curves and (b) Tafel plots for the PB NiFe, NiFe, and N-NiFe catalysts in 0.5 M
H>SO.4, measured on a glassy carbon (L-shape) working electrode.

Figure 3a presents the linear sweep voltammetry (LSV) polarization curves for PB NiFe,
NiFe, and N-NiFe. At a current density of 10 mA cm™, the required potential decreases in the
order: PB NiFe (—1.04 V) > NiFe (-0.68 V) > N-NiFe (—0.47 V), demonstrating that N-NiFe
possesses the highest electrochemical activity. This result indicates that nitrogen doping
significantly reduces the activation energy and enhances the electron transfer rate, thereby
improving the HER performance. This can be explained by the modulation of the NiFe
electronic structure upon N-doping, which increases electron density around the Ni/Fe active
centers and creates defect sites favorable for the adsorption of the H* intermediate.
Simultaneously, the incorporation of N atoms into the crystal lattice enhances electrical
conductivity and expands the electrochemically active surface area (ECSA), facilitating a more
efficient reaction [24]. In contrast, the PB NiFe material, despite its open framework structure
which facilitates uniform distribution of active sites, suffers from poor electrical conductivity,
leading to inferior performance [15].

The Tafel slope, the one of the linear region, directly reflects the kinetic rate. A smaller
slope value indicates that the catalyst requires less energy to achieve high current density, and
thus possesses better HER performance. Figure 3b reveals slopes of 171 mV dec™ (N-NiFe),
254 mV dec! (NiFe), and 287 mV dec™' (PB NiFe), confirming that the HER kinetics are fastest
for the N-NiFe sample. The smallest Tafel slope suggests favorable proton adsorption and
reduction kinetics, where the H- release step is facilitated by the electron-rich catalytic surface.
Both LSV and Tafel results confirm that nitrogen doping significantly optimizes the
electrochemical performance of the NiFe alloy, reducing the overpotential and accelerating the
reaction rate, promising effective application in HER/water electrolysis catalysis.

To further substantiate the superior HER performance of N-NiFe, the electrochemical
active surface area (ECSA) was evaluated via cyclic voltammetry. The change in current density
AJ (mA cm™) with respect to scan rate (mV s™') for each material was analyzed, where the slope
of the linear fit represents the double-layer capacitance (Cdl, mF cm™). Since Cdl is
proportional to the ECSA, it can be qualitatively described by the Cdl value [25]. The Cdl value
reflects the electrode’s charge storage capacity and is directly related to the number of
electrochemically active sites on the surface. Therefore, a larger Cdl implies a greater charge
storage capacity and a higher density of electrochemically active sites.

The cyclic voltammetry (CV) scans for the three materials recorded in the non-faradaic
potential region at scan rates ranging from 5 to 200 mV s are presented in Figures 4a-c. The
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potential window investigated was from 0.05 V to 0.17 V (vs. RHE), with current densities
ranging from —2.0 to 1.4 mA cm2. For PB NiFe (Figure 4a), the CV curves appear nearly linear,
and the background current increases slightly with increasing scan rate, indicating a relatively
low surface charging capacity and a limited number of electrochemically active sites (ECSA).
This phenomenon is characteristic of Prussian Blue analogue materials, which typically exhibit
poor conductivity and a crystalline structure not fully activated in the electrolyte environment
[26]. For NiFe (Figure 4b), the CV loop expands noticeably as the scan rate increases,
demonstrating improved conductivity and charge transfer efficiency compared to PB NiFe. This
change reflects the role of alloying in enhancing the electronic interaction between Ni and Fe
and promoting surface redox processes. Notably, the N-NiFe sample (Figure 4c) exhibits the
most expanded CV loops and significantly higher current values at the same scan rates,
indicating that nitrogen doping has created numerous defects and active sites while increasing
the material's conductivity and substantially improving its electrochemical activity.

Figure 4d shows that the Cdl of the three materials follow an increasing order: PB NiFe <
NiFe < N-NiFe. Specifically, the Cdl values are 0.20, 0.53, and 2.44 mF.cm™, respectively,
indicating that N-NiFe has a charge storage capacity and electrochemically active surface area
nearly 12 times higher than that of the PB NiFe sample. These differences reflect the structural
changes in the material after modification. This is further confirmed in Figure 4e, where the N-
NiFe sample exhibits the largest ECSA, demonstrating its superior number of active sites. The
primary reason is that nitrogen doping creates lattice defects and increases electron density
around the Ni and Fe metal atoms, thereby improving electrical conductivity and leading to a
significantly expanded electrochemically active surface area. Conversely, the PB NiFe sample
has a relatively dense structure with fewer defects, limiting the contact area with the electrolyte,
resulting in low Cdl and ECSA. This, once again, confirms that doping contributes to an
increased density of active sites and improved charge storage capacity, thereby facilitating the
HER catalysis process.
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4. CONCLUSIONS

In this study, we successfully synthesized two Prussian blue analogue derived materials,
NiFe alloy and its nitrogen-doped counterpart, N-NiFe, via a simple thermal treatment. The N-
NiFe material demonstrated superior electrochemical performance for the hydrogen evolution
reaction compared to both the pristine PB NiFe source material and the undoped alloy, NiFe.
Specifically, N-NiFe exhibited a low overpotential at 10 mA cm™ and a small Tafel slope,
confirming the crucial role of nitrogen doping in optimizing reaction kinetics and accelerating
electron transfer. This performance enhancement stems from the combined effects of a stable
crystal structure, improved charge storage capacity, and electron density redistribution induced
by nitrogen doping. The obtained results indicate that nitrogen-doped NiFe alloy holds promise
as a potential non-precious metal electrocatalyst for application in water electrolysis for
hydrogen production. Furthermore, this work opens prospects for developing NiFe alloys
modified by doping with other elements for clean energy applications.
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