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ABSTRACT: Rapid and cost-effective synthesis of electrocatalysts for oxygen
evolution reaction (OER) poses a significant technical challenge for the
commercialization of water electrolysis. We, herein, report a facile strategy that
couples quick Joule heating with mechanical ball milling for synthesizing well-
defined Ni100−xFex (0 ≤ x ≤ 100) alloy nanoparticles on carbon substrate toward
high-efficiency OER and water splitting. This synthetic strategy involves first
simply mixing the precursors and carbon substrate through ball milling and
subsequent Joule heating on an electrical device for fast forming carbon-supported
alloy nanoparticles with fine sizes and uniform distribution. In particular, the
single-component Ni/C nanoparticles (i.e., x = 0) synthesized by this way include
both fcc and hcp crystal phases, with the highest proportion of hcp phase at 370
°C, which endows the Ni/C nanoparticles with better OER activity than that of
Ni/C samples synthesized at other temperatures. In addition, the Ni100−xFex/C
nanoparticles at an appropriate Ni/Fe ratio of 72/28 (Ni72Fe28/C) exhibit the best OER electrocatalysis, with a low overpotential of
only 276 mV at a current density of 10 mA cm−2, due to the optimal electronic interaction between Ni and Fe in the alloys. More
importantly, under simulated industrial electrolysis conditions (30 wt % KOH at 60 °C), a two-electrode alkaline electrolyzer
assembled with Ni72Fe28/C at the anode and commercial Pt/C at the cathode (Ni72Fe28/C||Pt/C) requires only 1.39 V to deliver the
current density of 100 mA cm−2, along with an excellent 120-h durability at the same current density.
KEYWORDS: Electrocatalyst, Oxygen evolution reaction, Water electrolysis, Joule heating, Ball milling

■ INTRODUCTION
Hydrogen (H2), a clean, carbon-free product with high energy
density, holds great promise for replacing fossil fuels.1,2 Water
electrolysis is a commercially valuable and promising method
for the large-scale production of high-purity H2. Unfortunately,
the key half-reaction of water electrolysis, i.e., oxygen evolution
reaction (OER) that involves four proton-coupled electron
transfer steps,3 results in inherently sluggish kinetics and
necessitates high overpotentials to proceed.4,5 To date, noble
metal oxides such as IrO2 and RuO2 have been regarded as the
best OER electrocatalysts in terms of activity and durability.
However, their high cost and scarcity severely hinder their
commercialization in the water electrolysis toward industrial
H2 production.

6,7

In recent years, nickel (Ni)-based electrocatalysts, including
Ni nanoparticles,8,9 NiOOH,10−12 layered double hydrox-
ides,13−15 and phosphides,16−18 have been extensively studied
as excellent alternatives to noble metal-based catalysts for
water electrolysis due to their abundant raw material sources
and high electrocatalytic activity.19−22 Among them, Ni
nanoparticles stand out for their simple preparation process

and low cost, making them highly marketable as OER catalysts
in alkaline electrolytes. By modifying the surface structure and
composition through the strategies like carbon support
hybridization,23,24 metal doping,25−27 and phase control,28,29

the initial OER activity of Ni nanoparticles could be improved
to the level of existing industrial OER catalysts. Particularly,
due to synergistic electronic interactions, alloys formed by Ni
and other transition metals exhibit better OER activity than
pure Ni.18 For example, the diverse chemical states of iron
(Fe) endow the NiFe bimetallic alloys at an appropriate Ni/Fe
ratio with enhanced OER activity.30−32 Additionally, different
crystalline phases that have various metal atom stackings
usually have different electronic properties, which would also
greatly affect the intrinsic catalytic performance of metal
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nanoparticles.33,34 For instance, the hexagonal close-packed
(hcp) bimetallic NiFe nanoparticles exhibit better OER activity
than that of face-centered cubic (fcc) phase with consistent
morphology and similar carbon shell structures.35 Notably,
recent studies have also highlighted the importance of high-
valence Ni species (Ni3+δ) as active sites in enhancing OER
activity.36−38

Furthermore, the synthesis of OER electrocatalysts is often
time-consuming and complex, posing a significant technical
challenge for the rapid development and commercialization of
water electrolysis. Traditional preparation methods, such as
solvothermal synthesis39 and electrochemical deposition,40

require multiple operational steps and long reaction times,
making them costly and inconvenient for practical applications.
Additionally, organic solvents and other impurities used during
synthesis typically remain adsorbed on the catalyst surface and
are difficult to fully remove, inevitably hindering the contact
between active sites and the electrolyte, thus suppressing the
overall electrochemical performance. Recently, Joule heating
devices have been widely applied in catalyst preparations due
to their highly sensitive temperature control and capability to
generate ultrahigh temperatures.41,42 The Joule heating
method enables the simple, low-cost, and efficient synthesis
of uniformly sized and well-dispersed nanoparticles.43,44 Ball
milling is a mechanical technique that rapidly, cleanly, and
efficiently grinds and homogenizes precursors.45,46 Unlike the
synthetic strategies that prepare precursors in the liquid phase,
ball milling only requires mixing and milling precise quantities
of reagents, thereby avoiding the attachment of impurities from
the liquid phase to the precursors, which could affect catalyst
preparation and performance. To the best of our knowledge,
the combination of ball milling with Joule heating for catalyst
preparation has yet to be applied for overall water splitting.
In this context, this study proposes a simple and rapid ball

milling-Joule heating method for synthesizing carbon-
supported Ni100−xFex nanoparticles at different temperatures,
which are denoted as Ni100−xFex/C-T, where the T means
temperature and 0 ≤ x ≤ 100. In this strategy, we use an
efficient vibrating ball mill to grind the mixture of carbon
substrate and metal precursors with different Ni/Fe feeding
ratios, and then reduce them on an electrical device that is
capable to generate Joule heat. We noticed that for single-
component Ni/C nanoparticles (i.e., x = 0), in addition to
common fcc structure, their crystal phase also contains a
certain proportion of hcp structure, and the latter reaches its
maximum at an appropriate temperature (370 °C), which also
endows the Ni/C-370 °C nanoparticles with better OER
activity than that of Ni/C synthesized at other temperatures.
Further, owing to the electronic interaction between Ni and
Fe, the Ni100−xFex/C nanoparticles at a Ni/Fe ratio of 72/28
and 370 °C (Ni72Fe28/C-370 °C) exhibit the best electro-
catalysis for OER, with a low overpotential of 276 mV at a
current density of 10 mA cm−2. In particular, under simulated
industrial electrolysis conditions (30 wt % KOH at 60 °C), a
two-electrode alkaline electrolyzer assembled with Ni72Fe28/C-
370 °C at anode and commercial Pt/C at cathode (Ni72Fe28/
C-370 °C||com-Pt/C) requires only a voltage of 1.39 V to
deliver the current density of 10 mA cm−2, along with a
excellent 120-h durability at the current density of 100 mA
cm−2. This study therefore provides a fast and economical
approach for producing high-efficiency electrocatalysts for
practical anion exchange membrane water electrolysis
(AEMWE).

■ EXPERIMENTAL SECTION

Reagents and Materials
Nickel acetylacetonate (Ni(acac)2, 95%), iron acetylacetonate (Fe-
(acac)2, 98%), and potassium hydroxide (KOH, 90%) from Shanghai
Macklin Biochemical Co., Ltd., Nafion solution (5% in a mixture of
low-fat alcohol and water) from DuPont, ethanol (>99.7%) from
Beijing Chemical Works, carbon paper from Shanghai Hesen
Company, Vulcan XC-72 carbon black (XC-72C, particle size of
40−50 nm) from Cabot Corporation, IrO2 from Alfa Aesar,
commercial Pt/C (20% Pt) from Johnson Matthey, Fumasep FAS-
PET-75, a nonreinforced anion exchange membrane (AEM), from
Fumatech (Germany) were used as received. An ultrasonic precision
sprayer, model UC320, from Siansonic was used to spray the catalyst
onto the carbon paper. The anion exchange membrane water
electrolyzer (AEMWE) setup was assembled by using an electrolysis
cell DA102 from Sinero. Ultrapure water was used throughout the
study.
Preparation of Ni100−xFex/C-T Precursors
To synthesize the Ni100−xFex/C-T precursors with a mass loading of
20%, the theoretical mass ratio of Ni100−xFex to the carbon substrate
was set at 1:4. The masses of Ni and Fe were calculated based on their
theoretical atomic ratios, which were set at 1:0, 10:1, 2:1, 1:1, 1:2,
1:10, and 0:1. Below are preparation details for a typical Ni100−xFex/
C-T precursor: For the preparation of Ni2Fe/C-T precursors, 135.3
mg of Ni(acac)2, 90.1 mg of Fe(acac)2, and 173.3 mg of XC-72C were
added to a ball milling jar along with 1.6 mL of zirconia microbeads.
The jar was then sealed with a lid. The ball milling jar was placed in a
high-speed vibrating ball mill, secured with clamps, and the milling
parameters were set to a rotational speed of 4200 rpm for 120 s. The
entire precursor preparation process involves 10 ball milling cycles.
After each cycle, the jar was cooled to prevent overheating, which
could affect the precursor and the milling jar. The high-speed impacts
of the zirconia microbeads in the ball milling jar cause the precursor
to agglomerate, affecting the milling efficiency. Therefore, after every
two milling cycles, the mixture was removed, ground in a mortar to
break up the aggregates, and then returned to the ball milling jar for
continued milling. After ten cycles of ball milling, the Ni2Fe/C-T
precursor was obtained. The preparation steps for other Ni100−xFex/
C-T precursors were the same as those described above.
Synthesis of Ni100−xFex/C-T Nanoparticles
A 3 × 5 cm2 piece of carbon cloth is clamped between two carbon
rods, with 50.0 mg of Ni100−xFex/C-T precursor placed on it. The
assembly is then placed into a custom vacuum chamber with the two
carbon rods connected to electrode wires. The vacuum chamber door
is closed to ensure a proper seal. Air is evacuated from the chamber
using a vacuum pump to achieve a pressure of −14 atm. Subsequently,
a 5% H2 and 95% Ar gas mixture is introduced continuously into the
chamber until it is filled with the gas mixture. During the entire
heating process, the 5% H2 and 95% Ar gas mixture is introduced at a
flow rate of 20 mL min−1.The heating temperature is controlled by
adjusting the current with a Joule heating device. The initial current is
set to 1.00 A, increased by 0.40 A every 5 min until the temperature
reaches 200 °C. During the gradual heating process, Ni(acac)2 and
Fe(acac)2 decompose to form NiOn and FeOn. The current is then
further adjusted to raise the temperature to T (T = 220 °C, 270 °C,
320 °C, 370 °C, or 420 °C), and heating is continued for 30 min.
During this stage, the oxides are reduced by H2 to form Ni100−xFex
alloys, resulting in Ni100−xFex/C-T catalysts.
Characterizations
Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) imaging were performed by using a JEOL JEM-2010F
electron microscope. The element distributions in the as-prepared
samples were analyzed using an energy-dispersive X-ray spectroscopy
(EDX) analyzer attached to TEM in scanning transmission electron
microscopy (STEM) mode. High-angle annular dark-field scanning
TEM (HAADF-STEM) imaging was conducted on an aberration-
corrected JEM-ARM 200F at 300 kV, with a nominal image resolution
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of 0.07 nm, and the element distribution was analyzed by using an
EDX analyzer. Powder X-ray diffraction (XRD) patterns were
recorded on a Rigaku SmartLab (9KW) using Cu Kα radiation (λ
= 0.154056 nm). X-ray photoelectron spectroscopy (XPS) was
conducted on an AXIS SUPRA+ spectrometer to characterize the
chemical states of relevant elements. Inductively coupled plasma
atomic emission spectrometry (ICP-AES) measurements were
performed on an Agilent 5800VDV instrument to analyze the
elemental composition. In situ (electrochemical) Raman spectra were
obtained by using a confocal Raman spectrometer with a 532 nm laser
(Horiba LabRAM HR Evolution, Japan). Electrochemical tests were
carried out using potentiostats (Biologic VMP3 and PRINCETON
PARSTAT 4000A).

Electrochemical Measurements
The catalyst inks were prepared as follows: 5 mg of catalyst was
ultrasonically dispersed in 1 mL of a solution consisting of 800 μL of
anhydrous ethanol, 680 μL of ultrapure water, and 20 μL of Nafion
solution to form a suspension. Then, 37.5 μL of the ink was taken and
dropped onto a glassy carbon electrode, followed by drying using an
infrared lamp.
Electrochemical measurements were conducted in a standard three-

electrode cell connected to a potentiostat. The working electrode was
an L-shaped glassy carbon electrode (d = 8 mm); the counter
electrode was a Pt mesh (1 × 1 cm2) attached to a Pt wire, and the
reference electrode was a leak-free Ag/AgCl electrode. All potential
values in the electrochemical measurements were calibrated against
the reversible hydrogen electrode (RHE) using the equation ERHE =
EAg/AgCl + 0.059 × pH + 0.197. The overpotential (η) was calculated
using the equation η = ERHE − 1.23 V. High-purity N2 was bubbled
through the electrolyte of 1.0 M KOH to purify it. The catalyst was
fully activated by cyclic voltammetry (CV) with different scan rates of
200, 100, and 50 mV s−1 over the potential range of 0.824−2.024 V vs
RHE. After purging the electrolyte with high-purity O2 for 30 min to
ensure saturation, the polarization curves were measured in O2-
saturated 1.0 M KOH using linear sweep voltammetry (LSV) at a
scan rate of 5 mV s−1 over the potential range of 0.824−1.724 V vs
RHE. The LSV curves from the three-electrode cell tests were
corrected using 100% iR compensation. The current density was
normalized by the electrode area (0.503 cm2)) and the corresponding
catalyst mass loading to obtain the specific activity and mass-based
activity of the catalysts. The electrochemical active surface area
(ECSA) was evaluated using the double-layer capacitance (Cdl),
which was measured by cyclic voltammetry (CV) at different scan
rates (50, 100, 150, 200, and 250 mV s−1) within the non-Faradaic
potential window (0.524−0.624 V vs RHE).The Cdl value was
calculated from the slope of the plot of the average current density
(javg) versus the scan rate (v), where javg = (jpos + |jneg|)/2 at 1.074 V vs
RHE, using the equation javg = Cdl · V. Electrochemical impedance
spectroscopy (EIS) measurements were conducted at 1.624 V vs RHE
with a sinus amplitude of 5 mV over a frequency range of 200−0.01
Hz. The stability of the catalysts was assessed at an overpotential
corresponding to a current density of 10 mA cm−2.

Overall Water Splitting Measurements
Overall water splitting was conducted using a two-electrode
configuration with carbon paper as both the anode and cathode
supports. The as-prepared Ni100−xFex/C-T and commercial IrO2
(com-IrO2) powder loaded on the XC-72 carbon substrate were
used as the anode catalysts, while the commercial Pt/C catalyst was
used as the cathode catalyst. Catalyst inks were prepared by
ultrasonically mixing 10 mL of anhydrous ethanol, 7.5 mL of
ultrapure water, 420 μL of Nafion solution, and the corresponding
catalyst powders. All catalysts have a loading of 2.0 mg cm−2. The
catalyst inks were uniformly applied onto 1 × 1 cm2 carbon paper
using an ultrasonic precision sprayer at a flow rate of 2.0 mL min−1.
The LSV curves of the overall water splitting device were recorded in
1.0 M KOH at a scan rate of 5 mV s−1 (without iR compensation).
The stability of the overall water splitting was evaluated using
chronoamperometry at an overpotential corresponding to a current

density of 10 mA cm−2. Additionally, water electrolysis was driven by
a commercial AA battery with a nominal voltage of 1.5 V.
AEMWEs Measurements
Using carbon paper as the gas diffusion layer for both the cathode and
the anode, Ni100−xFex/C-T or com-IrO2 was sprayed onto the carbon
paper as the anode catalyst layer, and commercial Pt/C was used as
the cathode catalyst layer. Fumasep FAS-PET-75 was employed as the
anion exchange membrane, and AEMWEs were assembled using
metal bipolar plates (gold-plated). The preparation method for the
catalyst-loaded carbon paper was the same as in the two-electrode
configuration, with a spraying rate of 4.0 mL min−1. The carbon paper
has an area of 4 × 4 cm2, with the anode catalyst layer loading of 1.3
mg cm−2 and the cathode catalyst layer loading of 2.0 mg cm−2. The
area resistance of the membrane electrode assembly (MEA) was
evaluated in the cell using a two-electrode electrochemical impedance
spectroscopy (EIS) method. The sinus amplitude and frequency range
of the EIS locator were set to 10 mV and 1−0.1 Hz, respectively. The
MEA, with an active area of 4 cm2, was immersed in an electrolyte (30
wt % KOH) at 25 °C for area resistance measurements. A heating rod
and thermocouple were inserted into the AEMWEs ports and
connected to a temperature controller for constant temperature
heating.

■ RESULTS AND DISCUSSION

Syntheses and Characterizations of Single-Component
Ni/C-T
As shown by Figure 1A for the synthetic scheme, we first mix
the Ni and Fe precursors as well as carbon substrate using
vibration ball milling and then subject the mixture to Joule
heating on an electrical device for forming Ni100−xFex alloy
particles on the carbon substrate. Our synthesis starts with the
preparation of single-component Ni/C particles at different
temperatures (Ni/C-T), i.e., x = 0. The crystal structure of the
Ni/C-T nanoparticles was examined by X-ray diffraction
(XRD). As disclosed by Figure 1B, a number of unique
features could be noticed for the single-component Ni/C
samples: (1) At low temperature, e.g. 220 °C, the Ni
precursors cannot be reduced on carbon substrate, and
hence, no characteristic diffraction peaks corresponding to
Ni metal could be identified; (2) impressively, with the
increase of temperature, on the XRD patterns of Ni/C-T
samples, in addition to the diffraction peaks corresponding to
the conventional fcc structure, i.e. the peaks located at 2θ of
44.5°, 51.8°, and 76.4° that match well with the (111), (200),
and (220) planes of fcc Ni metal (JCPDS 04−0850),
diffraction peaks corresponding to the hcp phase also appear,
e.g. the peaks at 2θ of 39.1°, 41.5°, 44.5°, 58.4°, 71.0°, and
78.0°, which correspond to the (010), (002), (011), (012),
(110), and (103) planes of hcp Ni (JCPDS 45−1027),
suggesting that the carbon-supported Ni nanoparticles
synthesized by coupling Joule heating with ball milling strategy
possess a mixed structure of cubic and hexagonal phases; (3)
initially, as the synthetic temperature increases, the character-
istic peaks corresponding to hcp-Ni phase become more
visible, e.g. the Ni/C samples from 270 to 370 °C, but the
diffraction intensity of these characteristic peaks decreases at
higher temperature, e.g. Ni/C-420 °C. By deconvoluting the
peaks at 2θ of ca. 44.5 °C that contain both (111) signal of fcc-
Ni and (011) signal of hcp-Ni, we can determine the
percentages of hcp phase in different Ni/C-T samples, which
are 42.19%, 47.50%, 54.50%, and 16.56% for Ni/C-270 °C,
Ni/C-320 °C, Ni/C-370 °C, and Ni/C-420 °C, respectively, as
seen in Figure S1 of Supporting Information (SI). The results
indicate that the proportion of hcp-Ni in the Ni/C
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nanoparticles first gradually increases with the increase of
synthetic temperature, reaching its highest value at 370 °C, and
then decreases with further increase of the temperature.
Although both of them are close-packed structures, the

three-dimensional fcc and hcp crystals are not identical as the
stacking arrangement of Ni atomic planes are different, i.e.,
stacking sequence of ABCABC�for the former, while
ABAB�for the latter.47 In general, the Ni atoms tend to
adopt a fcc arrangement mode; however, the rapid temperature
increase caused by Joule heating and the hydrogen reduction
atmosphere may lead to alterations in the kinetic parameters of
crystal growth such as changes in growth rate, driving force,
atomic diffusion coefficient, and deviations from the
equilibrium state of the system, all of which could potentially
contribute to the emergence of the hcp-Ni phase. At even
higher temperatures, the intensified thermal vibrations make
the atoms within the lattice become more unstable, and the
hcp-Ni gradually transforms again into the more stable fcc-Ni
as the latter is less prone to structural relaxation. This can
explain the experimental observations that hcp-Ni first
increases and then decreases in the Ni/C-T samples as the
temperature rises.
Figure 1C and D show the TEM image and particle size

histogram of the carbon-supported Ni nanoparticle synthesized

at 370 °C (i.e., Ni/C-370 °C) using the ball milling-Joule
heating method, which illustrate the Ni nanoparticles with an
average size of 5.33 nm uniformly distribute on the carbon
substrate. The HAADF-STEM image (Figure 1E) clearly
shows that the Ni particles in the Ni/C-370 °C sample possess
high crystallinity, in which the hcp-Ni and fcc-Ni domains
could be clearly observed through a partial amplification
technique (Figure 1E1 and E2, respectively). The amplified
HAADF-STEM image, i.e., Figure 1E3, reveals that the hcp and
fcc domains in a Ni nanoparticle are separated by a boundary
line. Particularly, in the hcp-Ni domain that has a
corresponding fast Fourier transform (FFT) pattern with a
[110] zone axis (Figure 1E4), two crystal planes with different
orientations and an interplanar angle of 61.6° have interplanar
spacings of 2.07 and 1.95 Å, respectively. In contrast, in the
fcc-Ni domain having a corresponding FFT pattern with a
[01̅1] zone axis (Figure 1E5), the interplanar spacings of the
two nonparallel crystal planes with an interplanar angle of
55.2° between them are1.98 and 1.72 Å, respectively. Figure S2
for the magnified HAADF-STEM image of a Ni nanoparticle
with different phase domains and Figure 1F for a schematic
diagram vividly demonstrates the detailed atomic stacking
arrangements along the [111] direction in the fcc phase and
along the [001] direction in the hcp phase, respectively.
The TEM images as well as their corresponding particle size

histograms for the carbon-supported Ni nanoparticles
synthesized at other temperatures (i.e., 220 °C, 270 °C, 320
°C, and 420 °C) are shown in Figure S3. As seen, under all
temperatures, the particles have uniform dispersion on the
carbon substrate, and the average sizes for Ni nanoparticles in
Ni/C-220 °C, Ni/C-270 °C, Ni/C-320 °C, and Ni/C-420 °C
are 1.49, 1.91, 3.56, and 8.82 nm, respectively. The gradually
increasing particle size with the increase of synthetic
temperatures indicates that despite the presence of carbon
substrate, the Ni nanoparticles still undergo rapid ripening at
high temperatures.
Electrocatalytic Evaluation of the Ni/C-T for OER

Before preparing the carbon-supported Ni100−xFex alloy
nanoparticles, we first tested the OER electrocatalytic activity
of the Ni/C-T samples, so as to determine the optimal
temperature for producing the NiFe alloys. The OER
electrocatalysis of Ni/C-T nanoparticles and commercial
IrO2 catalyst (com-IrO2) were measured in 1.0 M KOH
electrolyte using a typical three-electrode system. In general,
the overpotential for delivering a current density of 10 mA
cm−2 (η10) and mass-based activities is adopted to indicate the
activities of the electrocatalysts. The actual Ni mass loading on
carbon substrate for all Ni/C-T was determined using ICP-
AES and is listed in Table S1.
As shown by Figure 2A and B for the linear sweep

voltammetry (LSV) curves of Ni/C-T and com-IrO2, which
are normalized by the geometrical area of electrode and total
metal mass loaded on the electrode, respectively, the Ni/C-370
°C sample has the best OER activity with an overpotential of
302 mV at η10 and mass-based activity of 80.3 mA mg−1,
respectively, which are better than those of carbon-supported
Ni nanoparticles synthesized at other temperatures and com-
IrO2 catalyst. Further, as observed from the histograms
showing the comparison of overpotentials for Ni/C-T and
com-IrO2 at current density of 10 mA cm−2 and mass activities
at 1.53 V vs RHE, the overpotential first decreases with
increasing synthetic temperature until 370 °C and then begins

Figure 1. (A) Schematic illustration showing the synthesis of
Ni100−xFex/C-T nanoparticles by coupling Joule heating with ball
milling strategy; (B) XRD patterns of single-component Ni/C-T
nanoparticles (from top to bottom: T = 220 °C, 270 °C, 320 °C, 370
and 420 °C); (C) TEM image and (D) histogram showing particle
size distribution of the Ni/C-370 °C nanoparticles; (E) aberration-
corrected HAADF-STEM image of a typical Ni nanoparticle of the
Ni/C-370 °C sample; (E1−E3) magnified HAADF-STEM images of
(E) showing the fcc and hcp domains, and (E4,E5) corresponding fast
Fourier transform patterns; (F) atomic scale schematics showing the
stacking sequence of hcp/fcc phase and domain boundary.
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to increase as the temperature continues to rise. This trend
aligns with changes in the proportions of hcp phase in the
carbon-supported Ni nanoparticles prepared at different
temperatures. In specific, as disclosed by the XRD analyses,
the Ni/C-370 °C has the highest proportion of hcp phase,
manifesting that the hcp-Ni might have better OER catalytic
activity than that of fcc-Ni.
It has been well documented that the electrochemically

active surface areas (ESCAs) calculated from the double-layer
capacitances (Cdl) could be used to estimate the intrinsic
activity of the electrocatalysts for the OER. Figure S4 shows
the cyclic voltammetry (CV) curves of the Ni/C-T and com-
IrO2 samples recorded at scan rates ranging from 50 to 250
mV s−1 in a non-Faradaic potential window of 0.524−0.624 V
vs RHE. As shown in Figure 2D for the acquired Cdl values, the
Ni/C-370° has the largest Cdl (5.14 mF cm−2), which is higher
than that of Ni/C-220 °C (1.54 mF cm−2), Ni/C-270 °C (2.52
mF cm−2), Ni/C-320 °C (3.06 mF cm−2), Ni/C-420 °C (4.07
mF cm−2), and com-IrO2 (3.06 mF cm−2), rationally reflecting
that the Ni/C-370 °C sample has more active sites for the
OER electrocatalysis. Notably, although the carbon-supported
Ni nanoparticles synthesized at higher temperature (i.e., Ni/C-
420 °C) have a larger average size (8.82 nm), their Cdl value
can still reach 4.07 mF cm−2. This may be attributed to the

following reasons: (1) High temperature causes particle
agglomeration, where multiple small particles fuse into larger
ones. During this process, the surface of the particles may
become irregular and rough; (2) thermal expansion at high
temperature and subsequent contraction during cooling down
process introduce stresses within and on the surface of
particles, which may lead to the formation of cracks and other
defects on the surface, thereby increasing surface roughness;
(3) high temperatures encourage the accumulation of crystal
defects, such as dislocations and vacancies, on the surface of
the particles, which could create additional surface area by
introducing irregularities and deviations from a perfectly
smooth surface. A combination of the above-mentioned factors
can explain why the effective surface area may not decrease
significantly even as the Ni nanoparticles grow larger. On the
contrary, in some cases, the ECSAs may actually increase due
to the increase in roughness.
The kinetics of OER electrocatalysis on the Ni/C-T samples

was investigated by electrochemical impedance spectroscopy
(EIS). Figure 2E shows the Nyquist plots of these carbon-
supported Ni catalysts, in which the Ni/C-370 °C has the
smallest charge transfer resistance (Rct) of 4.01 Ω, much lower
than that of Ni/C-220 °C (45.92 Ω), Ni/C-270 °C (9.25 Ω),
Ni/C-320 °C (5.62 Ω), Ni/C-420 °C (6.93 Ω), and com-IrO2

Figure 2. (A,B) OER polarization curves of the Ni/C-T and commercial IrO2 catalyst (com-IrO2) in O2-saturated 1.0 M KOH solution where the
current densities were normalized by geometric surface area of the electrode and the mass of total metal loaded on the electrode, respectively; (C)
histograms showing the comparison of overpotentials for relevant catalysts at current density of 10 mA cm−2 and mass activities at 1.53 V vs RHE;
(D) current densities at 0.574 V against scan rate for the Ni/C-T and com-IrO2 catalyst; (E) Nyquist plots of the Ni/C-T and com-IrO2 catalyst, in
which the inset shows the equivalent circuit model; (F) Tafel plots derived from the polarization curves of corresponding catalysts.
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(5.97 Ω), indicating that the carbon-supported Ni nano-
particles synthesized at 370 °C have the fastest reaction
kinetics. In addition, Figure 2F shows a relatively lower Tafel
slope of the Ni/C-370 °C sample (34.2 mV dec−1) compared
to that of Ni/C-220 °C (64.8 mV dec−1), Ni/C-270 °C (64.3
mV dec−1), Ni/C-320 °C (54.9 mV dec−1), Ni/C-420 °C
(55.3 mV dec−1), and com-IrO2 (44.3 mV dec−1), thus
verifying that Ni/C-370 °C favors the OER electrocatalysis
under experimental conditions.

Syntheses and Characterizations of Bimetallic Ni100−xFex/C
Alloy Particles

Based on the investigations into the structure and the OER
electrocatalysis of single-component Ni nanoparticles, we use
Ni/C-370 °C as the matrix for Fe doping to prepare bimetallic
NiFe alloys with different Ni/Fe molar ratios on the carbon
substrate through a ball milling-Joule heating approach; that
means the synthetic temperature for the Ni100−xFex alloys was
fixed at 370°, and only the feeding ratio of Ni and Fe
precursors was changed. Therefore, in the sections that follow,

Figure 3. TEM images as well as corresponding particle size histograms of (A) Ni94Fe6/C, (B) Ni72Fe28/C, (C) Ni58Fe42/C, (D) Ni43Fe57/C, (E)
Ni13Fe87/C, and (F) Fe/C, respectively.
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we will label the as-prepared carbon-supported alloy samples as
Ni100−xFex/C, and we will no longer display the temperature
value.
XRD was once again used first to analyze the structure of the

binary NiFe samples obtained by ball milling-Joule heating
approach under hydrogen reduction atmosphere. The XRD
patterns of the binary NiFe samples at different Ni/Fe feeding
ratios are shown in Figure S5, in which the Ni/C-370 °C
matrix and single-component Fe/C sample are also included
for convenient comparison. Apparently, the XRD patterns of

binary NiFe samples have only a set of homogeneous
diffraction peaks that shift gradually to lower 2θ values as
the Fe content increases, indicating the formation of alloy
nanoparticles. Also as observed, unfortunately, although we
select the temperature that leads to the highest hcp proportion
in single-component Ni/C sample, the as-produced bimetallic
NiFe alloy samples with different Ni/Fe ratios supported on
carbon substrate only display the fcc phase, as evinced by the
diffraction peaks at 2θ at ca. 43.8°−44.5° and ca. 50.9°−51.9°,
which correspond to the (111) and (200) planes of fcc

Figure 4. 2p XPS spectra of (A) Ni in single-component Ni/C-370 °C, Ni72Fe28/C, and Ni43Fe57/C samples; (B) the 2p XPS spectra of Fe in
Ni72Fe28/C, NNi43Fe57/C and single-component Fe/C samples.

ACS Applied Engineering Materials pubs.acs.org/acsaenm Article

https://doi.org/10.1021/acsaenm.4c00591
ACS Appl. Eng. Mater. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsaenm.4c00591/suppl_file/em4c00591_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00591?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00591?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00591?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00591?fig=fig4&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.4c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


structure, revealing that the Fe doping has a significant effect
on the Ni phase during the formation of alloy particles.
Notably, for the single-component Fe/C sample, Figure S5
shows that most of the Fe element is in an oxidized state,
meaning that Fe is very easy to oxidize.
The morphology and size of the Ni100−xFex/C samples were

observed by using TEM. Figure 3A−F clearly show that the
Ni100−xFex alloy particles uniformly distribute on the carbon
substrate, with average sizes ranging from ca. 4 to 8 nm.
Notably, the morphology of the Ni100−xFex alloy particles with
different Ni/Fe ratios is very similar, implying that the changes
in the proportion of Fe element have a negligible impact on the
morphology of the final alloy product. The Ni72Fe28/C was
taken as a typical sample to conduct high-resolution TEM
(HRTEM) characterization of the alloy particles, which reveals
their crystalline nature, with a lattice spacing of 1.82 Å in

Ni72Fe28/C that corresponds to the (200) plane of the cubic
Ni3Fe phase, as seen in Figure S6A. In addition, the HAADF-
STEM image and corresponding energy-dispersive X-ray
spectroscopy (EDX)-based element maps over a large area of
the Ni72Fe28/C sample were obtained (Figure S6B1−B4), from
which we do not succeed to analyze the Ni and Fe
distributions by spotting on one single Ni72Fe28 particle due
to its small size. Fortunately, the element maps in Figure S6
reveal a consistent distribution of Ni and Fe on the carbon
substrate, which can serve as a strong evidence of the
formation of binary NiFe alloys.
X-ray photoelectron spectroscopy (XPS) was used to

examine the chemical states on the surfaces of the
Ni100−xFex/C samples, which are closely associated with their
OER electrocatalysis. Here, we chose Ni72Fe28/C and
Ni43Fe57/C as two typical samples to conduct the XPS surveys

Figure 5. (A,B) OER polarization curves of the Ni100−xFex/C as well as the Ni/C-370 °C and com-IrO2 catalyst in O2-saturated 1.0 M KOH
solution where the current densities were normalized by electrode surface area of the and the total mass loading, respectively; (C) histograms
showing the comparison of overpotentials for relevant catalysts at current density of 10 mA cm−2 and mass activities at 1.53 V vs RHE; (D) current
densities at 0.574 V against scan rate for the Ni100−xFex/C as well as the Ni/C-370 °C and com-IrO2 catalyst; (E) Nyquist plots of the Ni100−xFex/C
as well as the Ni/C-370 °C and com-IrO2 catalyst, in which the inset shows the equivalent circuit model; (F) Tafel plots derived from the
polarization curves of corresponding catalysts.
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and benchmarked them against single-component Ni/C-370
°C and Fe/C for studying the possible electronic interactions
between Ni and Fe atoms. For a wide XPS spectrum of
Ni72Fe28/C, the presence of Ni, Fe, C, and O elements could
be confirmed, as shown in Figure S7. Then as shown in Figure
4A, the high-resolution Ni 2p XPS spectra of the Ni72Fe28/C,
Ni43Fe57/C, and Ni/C-370 °C samples exhibit the Ni 2p3/2 and
Ni 2p1/2 regions, each of which includes four peaks. In detail,
the doublet at binding energies of ca. 852.9−853.5 eV and ca.
870.2−871.0 eV is attributed to zerovalent Ni metal, while the
doublets at ca. 855.7−856.2 eV and 873.4−873.6 eV, and at ca.
857.5−857.8 eV and 874.8−875.2 eV are assigned to Ni2+ and
Ni3+ species, respectively, with satellite doublet at ca. 861.7−
862.3 eV and ca. 879.3−879.8 eV. Obviously, the binding
energies of Ni 2p electrons for the Ni72Fe28/C and Ni43Fe57/C
are higher than those of the Ni/C-370 °C, suggesting that the
Fe dopant can modulate the Ni electronic structure.48

Correspondingly, as seen in Figure 4B, the Fe 2p XPS spectra
for the Ni72Fe28/C, Ni43Fe57/C and Fe/C samples can all be
deconvoluted into two doublets, i.e. the binding energies at ca.
711.4−711.9 eV and at ca. 724.6−725.0 eV for Fe3+ 2p3/2 and
2p1/2 peak, respectively, accompanied by two broad satellite
doublet at ca. 718.0−718.6 eV and 731.2−731.8 eV, indicating
that the Fe component on the particle surfaces is primarily
present in Fe3+ form.
When Ni2+ couples with Fe3+, charges might partially

transfer from the Ni2+ to Fe3+, generating Ni3+δ species with
a higher valence state. Also, the electronic interaction between
the Ni2+ and Fe3+ species results in higher binding energies for
the Fe3+ species in the Ni72Fe28/C and Ni43Fe57/C samples
relative to those of Fe3+ in the single-component Fe/C sample
(Figure 4B). The increase in Ni valence would promote charge
transfer between the Ni100−xFex/C and OH− species through
enhancement of adsorption of the latter, thereby helping to
improve the OER performance. We also probed the O 1s XPS
spectra for the Ni72Fe28/C, Ni43Fe57/C, and Ni/C-370 °C
samples. As shown by Figure S8, all the O 1s XPS spectrum of
the Ni72Fe28/C, Ni43Fe57/C, and Ni/C-370 °C samples can be
fitted by three peaks located at ca. 530.1−530.6, 532.2, and
533.8 eV corresponding to oxygen in lattice oxides (Ni−O/Fe-
O), metal hydroxides (M−OH), and surface adsorbed water
(H2Oads), respectively.

49 In specific, the binding energy of the
lattice oxygen in the Ni72Fe28/C and Ni43Fe57/C shifts by 0.5
eV compared to that in the Ni/C-370 °C sample, also
indicating higher metal oxidation states on the alloy surface.50

This shift could be due to charge transfer between Ni and Fe
upon alloying, which affects the binding energy of the 1s
electrons.
Electrocatalytic Evaluation of the Ni100−xFex/C for OER

Using the standard three-electrode configuration, we system-
atically evaluated the OER performances of the Ni100−xFex/C
samples in an O2-saturated 1 M KOH and compared them
with the single-component Ni/C-370 °C and commercial IrO2
catalyst (com-IrO2). The actual metal (Ni + Fe) mass loadings
on the carbon substrate for all Ni100−xFex/C samples were also
determined by ICP-AES (Table S1).
Figure 5A and B show the linear sweep voltammetry (LSV)

curves of the Ni100−xFex/C samples as well as the Ni/C-370 °C
and com-IrO2 normalized by electrode area and total metal
mass loading, respectively, in which the Ni72Fe28/C displays
the best OER activity, with the η10 of only 276 mV, which is
lower than that of the Ni/C-370 °C (302 mV), Ni94Fe6/C

(309 mV), Ni58Fe42/C (306 mV), Ni43Fe57/C (317 mV),
Ni13Fe87/C (357 mV), Fe/C (454 mV), commercial IrO2 (343
mV), and many other reported OER electrocatalysts (Table
S2). It is noteworthy that the peak around 1.38 V vs RHE
observed for the Ni100−xFex/C samples corresponds to the
transformation of Ni(OH)2 to NiOOH.

51 In addition, the
mass-based activity of the Ni72Fe28/C catalyst reaches 863.2 A
g−1 at 1.53 V vs RHE, which is also the highest value among
the catalysts tested, as those compared in Figure 5C. It has
been reported that the presence of Fe lowers the reaction free
energy for the conversion of Ni2+ to Ni3+δ,36,52 where the Ni3+δ

is a key active species for OER catalysis. Therefore, forming an
alloy with iron can improve the performance of Ni in catalyzing
the OER. The high OER electrocatalysis of Ni72Fe28/C is easy
to understand. When the Ni content is high, the small Fe
amount in the alloy is insufficient to produce more active Ni3+δ

species; however, when the Fe content in the alloy is too high,
the dilution effect it brings can also lead to insufficient Ni
active sites on the catalyst surface. Therefore, only at an
appropriate Ni/Fe ratio can the NiFe alloy particles exhibit the
best OER catalytic performance.
To further investigate the key active species on the surface of

the Ni72Fe28/C sample and the critical reaction intermediates
during the OER process, potential-dependent in situ Raman
spectroscopy was performed. The in situ Raman spectra of the
Ni72Fe28/C anode collected under multiple potential steps in
1.0 M KOH are shown in Figure S9. As observed, during the
OER process in 1.0 M KOH, the Raman spectra in the range
from open-circuit voltage to 1.22 V exhibit two characteristic
peaks at 441 and 512 cm−1, corresponding to the Eg bending
vibration and A1g stretching vibration of the Ni−O bond in
Ni(OH)2, respectively. The Raman peak at 680 cm−1 can be
attributed to the Fe−O bond in α-FeOOH, indicative of iron
hydroxide nanoparticles.53 When the applied potential exceeds
1.30 V vs RHE, characteristic peaks of NiOOH can be
observed at 466 and 545 cm−1, corresponding to the Eg
bending vibration and A1g stretching vibration of Ni3+-O in
NiO6 units,

54 respectively. These peaks indicate the trans-
formation from Ni(OH)2 to NiOOH, driven by the applied
potential, which is consistent with the observation for the
oxidation peaks in the LSV curve of the Ni72Fe28/C during
OER testing, suggesting that the NiOOH is the key active
species catalyzing the OER.50 The intensity of the dual peaks
increases with rising potential and stabilizes at 1.42 V vs RHE,
suggesting that the Ni(OH)2 has fully transformed into
NiOOH. Simultaneously, as the potential increases, the
characteristic peak of α-FeOOH gradually disappears, possibly
due to the dissolution of Fe at the catalyst-electrolyte
interface.38 After the transformation from Ni(OH)2 to
NiOOH, the Eg bending vibration peak of the latter becomes
more intense than the A1g stretching vibration peak, indicating
a stronger bending vibration and potential changes in its crystal
structure. The shortening of the Ni−O bond length can lower
the activation energy, thereby enhancing the OER activity.
Additionally, strengthening the Ni−O bond improves the
durability of the catalyst by reducing structural changes and
deactivation during the electrochemical reaction.
Figure S10 shows the cyclic voltammetry (CV) curves of the

alloy Ni100−xFex/C samples at scan rates of 50−250 mV s−1
under the non-Faradaic potential window of 0.524−0.624 V vs
RHE, which can be used to calculate their double-layer
capacitances (Cdl) for evaluation of the ECSAs. As marked in
Figure 5D, the Cdl of the Ni72Fe28/C is 6.42 mF cm−2, slightly
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higher than or comparable to that of carbon-supported NiFe
alloy particles at other Ni/Fe ratios, also supporting its better

electrocatalysis for the OER. Notably, although a single-
component Fe/C sample has relatively higher Cdl (6.59 mF

Figure 6. (A) Schematic diagram showing the alkaline water electrolysis, in which carbon papers were used as the liquid/gas diffusion layers for
both cathode and anode; (B) polarization curves of the Pt/C||Ni72Fe28/C, Pt/C||Ni/C-370 °C and Pt/C||com-IrO2 in 30 wt % KOH at 60 °C; (C)
Nyquist plots of the AEMWEs equipped with different catalyst as the anode in 30 wt % KOH at 60 °C; (D) cell voltage−time plots for the Pt/C||
Ni72Fe28/C, PtC/CP||Ni/C-370 °C and Pt/C||com-IrO2 at a constant current density of 100 mA cm−2 at 60 °C.
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cm−2), the easy oxidation nature of Fe makes it difficult to
apply in the electrocatalysis of the OER.
The Nyquist plots shown in Figure 5E evince that the

Ni72Fe28/C sample has the smallest arc diameter, meaning its
fastest electron transfer rate at the catalyst-electrolyte interface.
In detail, the Rct of the Ni72Fe28/C sample is 2.26 Ω, followed
by 2.77 Ω for Ni94Fe6/C, 2.82 Ω for Ni58Fe42/C, 2.85 Ω for
Ni43Fe57/C, 4.25 Ω for Ni13Fe87/C, and 76.88 Ω for Fe/C,
respectively. Besides, as shown in Figure 5F, the Tafel slope of
the Ni72Fe28/C is 30.2 mV dec−1, smaller than that of the
carbon-supported NiFe alloys at other Ni/Fe ratios, Ni/C-370
°C and com-IrO2 as well as most reported Ni-based
electrocatalysts (Table S2). This indicates that the Ni72Fe28/
C possesses a faster kinetic process that is favorable for
electron transfer during the OER electrocatalysis.
The stability of the Ni72Fe28/C sample was evaluated by

using an electrochemical overall water splitting test in a two-
electrode electrolyzer with a scan rate of 5 mV s−1 in 1 M
KOH. Figure S11A shows the schematic setup of the two-
electrode electrolyzer, in which the Ni72Fe28/C, Ni/C-370 °C,
or com-IrO2 catalyst was spray-coated onto carbon paper as
the anode, while Pt/C from Johnson Matthey was used as the
cathode, with a metal loading of 2 mg cm−2. As shown in
Figure S11B, the Pt/C|| Ni72Fe28/C system achieves a voltage
of only 1.485 V at the current density of 10 mA cm−2 (without
iR compensation), outperforming the Pt/C||Ni/C-370 °C and
Pt/C||com-IrO2 systems and a number of other reported two-
electrode water splitting systems (Table S3). The long-term
stability of the Ni72Fe28/C is featured by Figure S11C for the
chronopotentiometry at the current density of 10 mA cm−2. As
shown, after a 20-h durability test, the Ni72Fe28/C sample still
maintain lower voltage than that of the Ni/C-370 °C and com-
IrO2 catalyst, indicating its better stability for OER.
The two-electrode electrolyzer here can even be run by a

commercial AA battery with a nominal voltage of 1.5 V, in
which the bubbles staying on the electrode are clearly visible
(Figure S12). In a sealed H-type electrolyzer, the overall water
splitting driven by the Pt/C|| Ni72Fe28/C system was
performed, and H2 and O2 produced at the anode and
cathode were collected by the drainage method (Figure S13A).
Figure S13B,C show the volumes of H2 and O2 gas collected at
specific time intervals, while Figure S13D shows the gas
bubbles generated on the electrode. The volume changes at
different times are plotted in Figure S13E, in which the 2/1
volume ratio H2/O2 definitely confirms that the gases are
produced from water splitting.
Performance in the Anion Exchange Membrane Water
Electrolyzers (AEMWEs)

We built an anion exchange membrane water electrolyzer
(AEMWE) to investigate the performance of the Ni72Fe28/C in
practical devices, as schematically shown by Figure 6A, in
which the Ni72Fe28/C particles were coated on carbon paper
(CP) by an ultrasonic precision sprayer with the loading of 1.3
mg cm−2 as the anode catalyst. This was compared with Ni/C-
370 °C and commercial IrO2 as the anode catalysts with the
same mass loadings. The membrane electrode assembly
(MEA) was prepared using an anion exchange membrane
and the same loading of 20% Pt/C as the cathode catalyst. At
60 °C, a 1 M KOH solution was pumped into the device at a
flow rate of 4.8 mL min−1 from both the anode and cathode,
with an active area of 4 cm2. In particular, the Pt/C|| Ni72Fe28/
C system achieves a cell voltage of only 1.39 V at the current

density of 100 mA cm−2, lower than that of Ni/C-370 °C,
com-IrO2, and some other reported cells (Figure 6B and Table
S4). It is noteworthy that the cell performance is greatly
affected by temperature and electrolyte concentration (Figure
S14) and the high temperature and electrolyte concentration
help to boost the performance. EIS tests were conducted at 1.9
V to probe the resistance in AEMWEs.55 Figure 6C shows that
the cell resistance for Ni72Fe28/C has the smallest charge
transfer resistance (0.16 Ω cm2), also meaning that its good
performance for overall water splitting.
In practical applications, the stability of a catalyst is often

more crucial than its activity. In this regard, the durability of
the Pt/C||Ni72Fe28/C system for alkaline water electrolysis was
evaluated at a current density of 100 mA cm−2 (see Figure S15
for the testing setup and supplementary video for its dynamic
operation). As shown in Figure 6D, the Pt/C||Ni72Fe28/C
system maintains stable for over 120 h in a 30 wt % KOH
solution, with a voltage increase rate of 69.2 μV h−1, which is
much lower than that of the Pt/C||com-IrO2 system (4174.0
μV h−1). Also, the Pt/C||Ni/C-370 °C system exhibits good
stability, with the voltage increasing by only 71.2 mV after 120-
h operation. All electrochemical evaluations indicate that the
Ni72Fe28/C synthesized by ball milling-Joule heating method is
a highly active and durable OER catalyst, suitable for practical
applications in AEMWEs.
Coupling Joule heating with solid-phase ball milling offers

several notable advantages in the preparation of metal
nanoparticles, including: (1) Joule heating enables rapid
heating and cooling, facilitating the formation of fine particles;
(2) ball milling allows for solid-phase mixing, ensuring uniform
distribution of precursors on the substrate surfaces; (3) it is
easy to adjust the stoichiometric ratio of the final product by
altering the precursor ratios; (4) the surfaces of the final
particles are clean, which favors the sufficient exposure of
active sites. However, this preparation method also has
significant drawbacks. First, we have observed that the selected
metal precursors often undergo sublimation during rapid
heating, resulting in considerable waste. Additionally, due to
the limited adjustable parameters during the synthesis process,
it is challenging to control the size, morphology, and structure
of the final particles. In light of this, we hypothesize that
combining the rapid heating and cooling characteristics of
Joule heating with the advantages of wet chemistry methods,
which offer more adjustable parameters, may optimize the
particle size, morphology, and structure, further enhancing the
electrocatalytic performance.

■ CONCLUSION
In summary, we have developed an efficient Joule heating
coupled ball milling method for preparing Ni100−xFex alloy
nanoparticles on a carbon substrate as high-efficiency and
stable OER electrocatalysts. By simply mixing the precursors
and carbon substrate through ball milling and subsequently
subjecting them to Joule heating, carbon-supported alloy
nanoparticles with fine sizes and uniform distribution are
rapidly formed. In specific, the single-component Ni/C
nanoparticles (i.e., x = 0), synthesized by this ball milling-
Joule heating strategy have both fcc and hcp crystal phases, and
the proportion of the latter reaches its maximum at 370 °C,
which endows the Ni/C nanoparticles synthesized at 370 °C
with better OER activity than that of Ni/C samples
synthesized at other temperatures. In addition, an optimal
electronic interaction between Ni and Fe equips the
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Ni100−xFex/C nanoparticles at the Ni/Fe ratio of 72/28
(Ni72Fe28/C) with the best OER electrocatalysis, with a low
overpotential of only 276 mV at a current density of 10 mA
cm−2. Further, under simulated industrial electrolysis con-
ditions (30 wt % KOH at 60 °C), a two-electrode alkaline
electrolyzer assembled with Ni72Fe28/C at the anode and
commercial Pt/C at the cathode (Ni72Fe28/C||Pt/C) requires
only a voltage of 1.39 V to deliver the current density of 100
mA cm−2, along with an excellent 120-h durability at the
current density of 100 mA cm−2. This study therefore provides
a fast and economical approach for producing high-efficiency
electrocatalysts for the practical anion exchange membrane
water electrolysis.
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