
1379

Korean J. Chem. Eng., 37(8), 1379-1386 (2020) ( (2020)
DOI: 10.1007/s11814-020-0587-1

INVITED REVIEW PAPER

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: shahn@cau.ac.kr
‡These authors contributed equally.
Copyright by The Korean Institute of Chemical Engineers.

Electrodeposited nickel phosphide supported by copper foam
for proton exchange membrane water electrolyzer

Kyurim Yeon‡, Junhyeong Kim‡, Hyunki Kim, Wenwu Guo, Gyeong Ho Han,
Seokjin Hong, and Sang Hyun Ahn†

School of Chemical Engineering and Material Science, Chung-Ang University,
84 Heukseokno, Dongjak-gu, Seoul 06974, Korea

(Received 24 March 2020 • Revised 6 May 2020 • Accepted 20 May 2020)

AbstractThe development of high-performance and low-cost electrodes is essential for hydrogen production using a
proton exchange membrane water electrolyzer (PEMWE). Herein, we report an electrochemical method for the fabri-
cation of a Ni-P based cathode for a PEMWE single cell. A porous copper foam (CF) is fabricated on carbon paper
(CP) by two-step electrodeposition to obtain a large number of active sites for Ni-P formation. The high conductivity
of the Cu metallic support is expected to reduce the charge transfer resistance. After the Ni-P electrodeposition on CF,
an anodic leaching process is conducted for the selective dissolution of the excess Ni metal formed during the electro-
deposition, thus enabling the modification of the electronic structure of the catalyst. The electrode optimized in half-
cell tests is used as the cathode for a PEMWE single cell. The PEMWE cells exhibit a current density of 0.67 A/cm2 at
2.0 Vcell which is higher than or comparable to the performance previously reported in the literature.
Keywords: Water Electrolysis, Copper Foam Support, Nickel Phosphide Catalyst, Gas Diffusion Electrode, Electrodepo-

sition

INTRODUCTION

Hydrogen is a clean energy source that can potentially replace
fossil fuels in the near future [1]. Among the existing hydrogen pro-
duction methods, water electrolysis is a promising technology that
splits water into hydrogen and oxygen using a photo/electrochem-
ical driving force derived from renewable energy sources with zero
pollutant emission [2-4]. Membrane electrode assembly (MEA)-
based electrolysis enables to increase the purity of the products by
separating the two electrodes, and a higher hydrogen production
rate can be obtained by using a proton exchange membrane (PEM)
[5,6]. However, due to the acidic environment, the potential cata-
lysts for electrolysis are limited to noble metals [7]. In the anode,
platinum-group metal (PGM) oxides such as IrOx and RuOx have
been used for the oxygen evolution reaction (OER) [8], whereas
PGMs that exhibit high activity for hydrogen evolution reaction
(HER) have been used in the cathode [7], thus inhibiting the com-
mercialization of water electrolysis systems [9]. In addition, conven-
tional MEAs employing a Pt cathode and an IrOx anode demon-
strated severe performance degradation in PEM-based water elec-
trolysis due to the crossover and agglomeration of the catalysts,
indicating that catalyst durability is also an important issue for the
commercialization of water electrolysis systems [10].

For the cathode, first-row transition metals have been consid-
ered to replace the PGMs because these transition metals are ther-

modynamically stable in the negative operating potential range
where the HER occurs [7]. However, their intrinsic HER activities
are much lower than those of PGMs due to the stronger energy of
hydrogen adsorption (GH

*) on their surfaces [11]. Thus, several
strategies for improving the intrinsic HER activity of transition metal-
based catalysts (e.g., metal alloys [12-14], phosphide- [15,16], sul-
fide- [17,18], boride- [19,20], and nitride- [21,22] compounds)
through the modification of the value of GH

* to approach zero
have been investigated based on the controlled changes of the elec-
tronic structure of the catalyst surface [23,24]. In particular, Ni-P
has been reported to show outstanding HER activity and durability
[25-27]. Furthermore, the Ni/P composition ratio can be adjusted
to alter the GH

* value related to the HER performance [26]. In
addition to compositional control, HER performance can also be
enhanced by the increase in the number of active sites through the
control of morphology or introduction of metallic support [15,28].
In previous studies, electrocatalysts loaded on a three-dimensional
(3-D) structured substrate such as Ni foam and CF have shown a
large electrochemical surface area and excellent HER performance
characteristics [29-31]. Additionally, a metallic support with good
electronic conductivity enables fast electron transfer to active sites
during the HER [32].

Generally, transition metal phosphide (TMP) catalysts have been
fabricated using gas-phase phosphidation [28,31]. However, this
method requires the use of a time-consuming process, high tem-
perature (~300 oC), and toxic gases such as PH3 [33]. Liquid-phase
synthesis is another typical method for the preparation of the TMP
catalysts, but it also requires a time-consuming (on the order of
days) fabrication process and the use of a ligand elimination step
after the catalyst synthesis [26,34,35]. In addition, the powders pre-
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pared by these chemical synthesis methods must be loaded on the
gas diffusion layer (GDL) by a coating process [36]. By contrast,
catalyst fabrication by electrodeposition can be performed in a
short time at room temperature and ambient pressure [12,37], and
the morphological and chemical properties of the catalyst can be
changed through simple modifications of the parameters such as
electrolyte composition and applied potential, current, and time.
In addition, the electrodeposited catalyst on GDL can be directly
applied as an electrode for PEMWEs without any additional pro-
cessing [38].

Unfortunately, the preparation of a thermodynamically stable
multi-component catalyst using the electrodeposition method is
challenging. Typically, when the electrolyte containing Ni and P
precursors is used for the electrodeposition of a Ni-P catalyst, metal-
lic Ni is obtained simultaneously with the desired Ni-P catalyst. This
excess Ni on the surface is more thermodynamically unstable than
the positively charged Ni coupled with P, so that corrosion of metal-
lic Ni occurs during the HER in an acidic environment [39,40]. To
solve the corrosion problem, post-treatment can be used to remove
the excess Ni selectively through electrochemical leaching at an
appropriate potential in an acidic medium [41,42]. In addition, the
removal of metallic Ni is expected to change the electrochemical
properties due to the modification of the atomic composition at
the catalyst surface [42,43].

In this work, Ni-P electrocatalyst for HER was fabricated by elec-
trodeposition and post-treatment. As a first step, porous CF was
electrodeposited on CP acting as the metallic support to provide a
greater number of active sites and good electrical conductivity. Then,
Ni-P was electrodeposited on the CF under controlled deposition
parameters, and the anodic leaching process was applied to remove
the excess Ni in order to obtain reasonable HER activity and sta-
bility. The optimized Ni-P electrocatalyst exhibited the HER over-
potential of 126 mV at 10 mA cm2 in an acidic environment. Fur-
thermore, a PEMWE single cell test demonstrated that the opti-
mized Ni-P cathode exhibited reasonable performance. The results
presented herein demonstrate an effective method for the fabrica-
tion of Ni-P cathodes that may be applicable to other transition
metal-based cathodes.

EXPERIMENTAL

1. Electrochemically Fabricated 3-D Structured CF
The 3-D structured CF was fabricated using a two-step electro-

deposition method. Prior to the electrodeposition, the porous CP
substrate was immersed in 30 wt% HNO3 at 50 oC for 30 min, and
then the pretreated carbon paper was washed using deionized water
[44]. The composition of the electrolyte used for CF electrodeposi-
tion was as follows: 0.1 M CuSO4∙5H2O (99.0%, Daejung), 1.0 M
(NH4)2SO4 (99.0%, Alfa Aesar), and 1.0 M H2SO4 (95.0%, Junsei)
[45]. The electrolyte was purged with N2 gas for 30 min to elimi-
nate the dissolved oxygen. A three-electrode cell system, used for
CF electrodeposition, was composed of pretreated CP (exposed area:
1.13 cm2) as the working electrode, a Pt mesh as the counter elec-
trode, and a saturated calomel electrode (SCE) as the reference
electrode. For the CF electrodeposition process, a two-step bubble-
templating strategy was used. The first step provided the nucleation

of Cu seeds on the pretreated carbon paper surface at 13.3 mA/
cm2 for 60 s, and the second step enabled the formation of 3-D
networked Cu with vigorous hydrogen generation at 885.0 mA/
cm2 for 40 s.
2. Ni-P Electrodeposition on CF/CP

Ni-P was also fabricated by electrodeposition carried out using
a three-electrode cell system. The prepared CF/CP was used as the
working electrode (exposed area: 1.13 cm2), and a Pt wire and SCE
were used as the counter and reference electrodes, respectively. The
electrolyte for the Ni-P electrodeposition consisted of 0.2 M NiSO4∙
6H2O (98.5%, Daejung), 1.0 M NaH2PO2∙H2O (86.0%, Daejung,
Korea), and 0.1 M C6H5Na3O7 (99.0%, Daejung). The electrodepo-
sition was performed at 1.2 VSCE for a constant deposition time
of 100 s. N2 gas was used to purge the electrolyte for 30 min prior
to starting the experiment.
3. Anodic Leaching Process for Electrodeposited Ni-P/CF/CP

The as-prepared Ni-P/CF/CP samples were post-treated in a N2-
purged 0.5 M H2SO4 solution, and an anodic leaching process was
also performed using a three-electrode cell system. NiP/CF/CP
(exposed area: 1.13 cm2) was used as the working electrode, and a
carbon rod and SCE were used as the counter and reference elec-
trodes, respectively. Prior to leaching the excess Ni, linear sweep
voltammetry (LSV) measurements were performed in the poten-
tial range of 0.5~2.0 VSCE with a scan rate of 10 mV/s to deter-
mine the appropriate leaching potential. All measured potentials
were converted to reversible hydrogen electrode (RHE) potentials
according to ERHE=ESCE+0.2412+0.0592*pH.
4. Characterization

For the prepared electrocatalyst samples, surface morphology
and bulk crystal structure were investigated by field emission scan-
ning electron microscopy (FESEM, SIGMA, Carl Zeiss) and X-ray
diffraction (XRD, New D8-Advance, Bruker), respectively. The
atomic composition and electronic structure at the surface of the
as-prepared and post-treated nickel phosphide catalysts were char-
acterized using X-ray photoelectron spectroscopy (XPS, K-alpha+,
ThermoFisher Scientific). Additionally, bulk atomic compositions
were investigated by energy-dispersive spectroscopy (EDS, Thermo
NORAN System 7).
5. Electrochemical Measurements

Electrochemical measurements were performed using a three-elec-
trode cell system connected to a potentiostat (Autolab PGSTAT302N,
Metrohm). The HER activity of the prepared samples was meas-
ured using LSV in the potential range of 0.2 VSCE~0.8 VSCE at a
scan rate of 10mV/s, with a carbon rod and SCE used as the counter
and reference electrodes, respectively. To analyze the electrochemi-
cal surface area (ECSA), repeated CV was conducted in the non-
faradaic potential range with varying scan rates of 25, 50, and 75
mV/s in 0.5 M H2SO4. All of the solutions used for the electro-
chemical measurements were purged with N2 gas for 30 min prior
to the experiment. All of the measured potentials were converted
to RHE potentials according to ERHE=ESCE+0.2412+0.0592*pH.
6. PEMWE Single Cell Test

To operate a PEMWE single cell test, sandwich-type MEA was
fabricated by placing a commercial Nafion membrane (212, Dupont.
Co.) between the cathode and anode. The fabricated electrode was
directly used as the cathode, whereas the electrodeposited IrO2/CP
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(loading: 0.1 mg cm2) served as the anode. Referring to the previ-
ous literature [8], IrO2 electrodeposition was conducted on the CP
substrate at a constant potential of 0.7 VSCE for 600 s in the deposi-
tion bath containing 0.1 M IrCl4 precursor. The active area of the
MEA was 1.0 cm2. Prior to the PEMWE operation, deionized water
(temperature: 95 oC) was injected into the anode side at a flow rate
of 10ml/min, while the PEMWE single cell was preheated to 90 oC.
After stabilizing for 30 min, the PEMWE single cell was operated
by stepping the current density to 0.02, 0.05, 0.10, 0.15, 0.20, 0.25,
0.30, 0.40, 0.50, 0.75, and 1.00 A/cm2. Each current density was
maintained for 1 min.

For overpotential analysis, the ohmic resistance (Rohm) of the sin-
gle cell was measured at a current density of 0.5 A/cm2 by electro-
chemical impedance spectroscopy (EIS, Autolab FRA32M, Metrohm)
in a frequency range of 106 Hz to 101 Hz. The ohmic overpoten-
tial (ohm=iRohm) was calculated, and the kinetic overpotential (kin)
was derived from the Tafel slope. The mass transfer overpotential
(mass) was determined by the remaining overpotential according
to mass=EE0kinohm, where E0 is the theoretical potential for
water electrolysis at 90 oC.

RESULTS AND DISCUSSION

As a metallic support, the CF was prepared on the pretreated CP
substrate (Fig. 1(a)) using a two-step electrodeposition method.
The first step was galvanostatic electrodeposition performed at a
low current of 13.3 mA/cm2 for 60 s for the formation of Cu
seeds on the CP surface. As shown in Fig. 1(b), a number of Cu
particles were observed with high coverage. In the second step, the
galvanostatic electrodeposition was conducted at a high current of

885.0 mA/cm2 for 60 s to facilitate simultaneous Cu2+ and H+

reduction. The vigorous H2 generation facilitated the formation of
3-D networked CF with a pore size of ~30m (Fig. 1(c)). In the
high-magnification FESEM image (inset of Fig. 1(c)), highly-rough-
ened Cu dendrites were observed, potentially indicating that the
CF can provide a large number of active sites for electrocatalyst for-
mation as well as facilitate the enhanced charge transport for the
catalyst surface-electrolyte interfaces in order to improve the HER
performance [32]. Subsequently, Ni-P was electrodeposited on CF/
CP. As shown in Fig. 1(d), spherical Ni-P particles were observed
with high coverage on the surface of CF/CP while the overall porous
structure of CF was maintained. The positive LSV scan of Ni-P/
CF/CP without a Cu oxidation peak obtained in 0.1 M KOH de-
monstrated that CF fully covered by Ni-P was obtained (Fig. S1)
[46]. In addition, the XRD pattern of Ni-P/CF/CP, which was the
same with CF/CP, demonstrated the amorphous structure of Ni-P
deposit (Fig. S2).

To investigate the electrochemical properties of the as-prepared
Ni-P/CF/CP, LSV was conducted in 0.5 M H2SO4 electrolyte (Fig.
S3). In the negative scan, an anodic current was observed in the
vicinity of 0.0 VRHE that may be due to the electrochemical dissolu-
tion of excess Ni metal in the Ni-P/CF/CP formed during the Ni-P
electrodeposition [39]. Therefore, an anodic leaching process was
performed as the post-treatment for Ni-P/CF/CP because it was
reported that an appropriate potential facilitated the selective dis-
solution of Ni in the electrodeposited Ni-P [42]. Fig. 2(a) shows
positive scans of LSV for CF/CP and Ni-P/CF/CP in the 0.5 M
H2SO4 electrolyte. For the CF/CP, the anodic peak observed at 0.65
VRHE corresponded to the Cu oxidation in the CF/CP catalyst. On
the other hand, for NiP/CF/CP, the anodic peak appeared in a

Fig. 1. FESEM images of (a) pretreated CP, (b) after first Cu electrodeposition, (c) after second Cu electrodeposition, and (d) after Ni-P elec-
trodeposition.
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more negative potential range before the Cu oxidation peak, thus
demonstrating the dissolution of excess Ni metal [42]. Further posi-
tive sweep showed two anodic peaks representing the oxidation of
Cu exposed by Ni dissolution and the oxidation of Ni-P, respec-
tively. Based on the LSV analysis, the anodic leaching process on
the Ni-P/CF/CP was conducted at the constant potentials of 0.07,
0.17, and 0.27 VRHE (Fig. S4). Considering the morphology of the
samples after these processes, the anodic leaching potential was
chosen as 0.17 VRHE, and the results of chronoamperometry meas-
urements carried out for 600 s are shown in Fig. 2(b). The anodic
current density decreased rapidly at the initial stage and then mostly
saturated at 0 after 300s, indicating the completion of Ni dissolution.

The anodic leaching process was performed at a constant poten-
tial of 0.17 VRHE for various leaching times, and the obtained sam-
ples were named L#Ni-P/CF/CP (#: anodic leaching time in s). As
shown in Fig. 3, as the anodic leaching time increased, the size of
the spherical Ni-P particles gradually decreased while the overall
porous structure was maintained. Fig. 4(a) demonstrates the posi-
tive scan of the LSV curves for the as-deposited Ni-P/CF/CP and
the L#Ni-P/CF/CP performed in the N2-purged 0.5 M H2SO4 elec-
trolyte. With the increase in the anodic leaching time, the first peak

Fig. 2. (a) LSV curves of CF/CP and Ni-P/CF/CP at a scan rate of 10 mV/s in the N2-purged 0.5 M H2SO4 electrolyte (b) Chronoamperome-
try of NiP/CF/CP for the anodic leaching process at 0.17 VRHE for 600 s.

Fig. 3. FESEM images of Ni-P/CF/CP after the anodic leaching process at 0.17 VRHE in N2-purged 0.5 M H2SO4 for durations of: (a) 20 s, (b)
50 s, (c) 70 s, (d) 100 s, (e) 300 s, and (f) 600 s.

current demonstrating the Ni dissolution gradually decreased, indi-
cating that the amount of the remaining Ni metal at the surface of
the L#NiP/CF/CP decreased continuously. Then, at the leaching
time of 300 s, the Ni metal was completely eliminated as indicated
by the absence of the anodic current. Meanwhile, the two anodic
peaks observed at more positive potential ranges were similar for
all of the samples. Fig. 4(b) shows the current density recorded at
0.17 VRHE in the LSV curves and the atomic Ni bulk composition
of the as-deposited Ni-P/CF/CP and the L#Ni-P/CF/CP. The atomic
Ni bulk composition first gradually decreased from 89.6% to 75.6%
as the anodic leaching time increased from 0 to 300 s, and then
became saturated, corresponding to the decrease in the current den-
sity at 0.17 VRHE.

Fig. 5(a) and 5(b) show the XPS spectra of the as-prepared Ni-
P/CF/CP and L#Ni-P/CF/CP. For Ni-P/CF/CP, its Ni 2p XPS spec-
trum was deconvoluted into four peaks at 852.4, 852.9, 856.3, and
860.3 eV. The Ni 2p3/2 peak binding energies of 852.4 eV and 852.9
eV represent metallic Ni and the oxidized Ni+ state, respectively
[47]. In addition, the peak at 856.3 eV reflected the formation of
Ni native oxide [47]. As the anodic leaching time increased, the
peak binding energy of metallic Ni shifted to higher energy due to
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the decrease in the Ni/P ratio at the surface of L#Ni-P/CF/CP after
the anodic leaching process. This indicates electron transfer from
Ni to P due to their different electronegativity. Supporting this con-
clusion, the P 2p spectra correspond to reduced electronic struc-
ture. Compared to that of elemental P, the P 2p3/2 peak binding
energy of the as-prepared NiP/CF/CP and L#/NiP/CF/CP showed
a binding energy shift to lower energies [48]. As the anodic leach-
ing time increased, the P 2p3/2 peak gradually shifted toward the
binding energy of elemental P due to the decrease in the Ni/P ratio
at the surface. The 2p3/2 peak binding energy for Ni and P is sum-
marized in Fig. 5(c) and 5(d), respectively. The binding energies
were saturated after the anodic leaching time of 300 s, indicating
that selective Ni dissolution was completed without Ni-P oxida-
tion at the anodic leaching potential.

The HER activities of CF/CP and L#Ni-P/CF/CP were meas-
ured by LSV in the N2-purged 0.5 M H2SO4 electrolyte, and the
obtained LSV curves with the iR correction applied are shown in
Fig. 6(a). The CF/CP sample showed negligible current density in
the potential range. Compared to the LSV curve of the as-prepared
Ni-P/CF/CP (Fig. S3), all L#Ni-P/CF/CP samples demonstrated
the absence of the anodic current density in the vicinity of 0 VRHE,
indicating the decreased surface proportion of the Ni metal in the
L#Ni-P/CF/CP after the anodic leaching process. The L20Ni-P/
CF/CP and L50Ni-P/CF/CP samples exhibited similar HER per-
formance, higher than those of the L300Ni-P/CF/CP and L600Ni-
P/CF/CP samples. Fig. 6(b) shows the Tafel plots of the LSV curves
for L#Ni-P/CF/CP. The Tafel slopes for all L#Ni-P/CF/CP samples
were in the range of 66-84 mV/dec, demonstrating that HER fol-

Fig. 4. (a) LSV curves of Ni-P/CF/CP and L#/NiP/CF/CP at a scan rate of 10 mV/s in the N2-purged 0.5 M H2SO4 electrolyte. (b) Current
density recorded at 0.17 VRHE from the LSV curves in Fig. 4(a) and atomic Ni bulk composition measured by EDS as a function of the
anodic leaching time.

Fig. 5. XPS spectra of the NiP/CF/CP and L#/NiP/CF/CP catalysts after various anodic leaching times: (a) Ni 2p and (b) P 2p regions. Bind-
ing energies of (c) Ni 2p3/2 and (d) P 2p3/2 plotted as a function of the anodic leaching time.
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lowed the Volmer-Heyrovsky reaction mechanism [49]. To estimate
the ECSA, CV measurements at varying scan rates were conducted
for the L#Ni-P/CF/CP samples in the non-faradaic potential range
(Fig. S5), and then their double layer capacitances (Cdl) were mea-
sured with the results shown in Fig. 6(c). It is observed that with
increasing anodic leaching time, the slope decreased, indicating
the decrease in the ECSA. Fig. 6(d) demonstrates the scaled cur-

rent representing the intrinsic HER activity of L#Ni-P/CF/CP as a
function of the anodic leaching time. The maximum intrinsic HER
activity was obtained for the L50Ni-P/CF/CP samples; this may be
related to the modified electronic structure of this sample that affects
the GH

* on the surface of L#Ni-P/CF/CP.
Based on the results described above, L50Ni-P/CF/CP was cho-

sen as the cathode for the PEMWE single cell operation. Fig. 7(a)

Fig. 6. (a) LSV curves of L#Ni-P/CF/CP at a scan rate of 10 mV/s in the N2-purged 0.5 M H2SO4 electrolyte. (b) Tafel plots for the curves
shown in (a). (c) Double layer capacitance measurements for L#/Ni-P/CF/CP. (d) Scaled current recorded at 0.14 VRHE as a function
of the anodic leaching time for L#Ni-P/CF/CP.

Fig. 7. (a) Polarization curve of a PEMWE single cell with the L50Ni-P/CF/CP cathode and IrO2 anode. Inset: overpotential analysis for vari-
ous current densities. (b) PEMWE single cell performance comparison: current densities at 2.0 Vcell.
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shows the I-V curve of the PEMWE single cell based on L50Ni-P/
CF/CP. The Nyquist plot obtained by EIS measurements shows a
low ohmic resistance of the 127 m·cm2, revealing the good elec-
trical conductivity and small contact resistance at the catalyst-mem-
brane interface (Fig. S6) [50,51]. The overpotential of the single cell
was divided into three contributions of ohm, kin, and mass (inset
of Fig. 7(a)). The kin contribution was dominant due to the lim-
ited performance of the non-noble cathode. On the other hand, the
low ohmic resistance facilitated the small ohm contribution. Both
of these contributions gradually increased with increasing current
density. Meanwhile, mass also accounted for a small fraction of the
total overpotential, particularly in the high current density region
where the gas evolutions were severely carried out. The porous struc-
ture of the L50Ni-P/CF/CP cathode enabled enhanced mass trans-
port compared to the conventional cathode prepared by the spray
coating method [18,52]. At a cell voltage of 2.0 V, the current den-
sity was measured as 0.67 A/cm2, higher or comparable to that ob-
tained using the state-of-the-art non-noble metal-based cathodes
reported in recent literature [13,18,38,52,53].

CONCLUSION

We have demonstrated a simple fabrication method for Ni-P-
based cathodes using electrochemical methods. As a metallic sub-
strate, the porous CF on CP provided a large number of active sites
for Ni-P electrodeposition and fast charge transfer at the catalyst/
electrolyte interfaces. By varying the anodic leaching time, it was
revealed that the electronic structure of L#/Ni-P/CF/CP was changed
by the gradual removal of the excess Ni metal in Ni-P, affecting its
intrinsic HER activity. The optimized sample (L50Ni-P/CF/CP)
was used as the cathode for the PEMWE single cell, and the analy-
sis of the overpotential results demonstrated the low ohm and mass

related to the low ohmic resistance and enhanced mass transfer
arising from the appropriate structure of the cathode. The PEMWE
single cell exhibited a current density of 0.67 A/cm2 at 2.0 Vcell that
was higher than, or comparable to, those obtained for other non-
noble metal-based cathodes reported in previous studies.
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Fig. S1. LSV curves of CF/CP and Ni-P/CF/CP at a scan rate of 10
mV/s in the N2-purged 0.1 M KOH electrolyte.

Fig. S2. XRD patterns of CF/CP and Ni-P/CF/CP.

Fig. S3. LSV curve of Ni-P/CF/CP at a scan rate of 10 mV/s in the
N2-purged 0.5 M H2SO4 electrolyte.
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Fig. S4. FESEM images of Ni-P/CF/CP after anodic leaching for 600 s at various potentials: (a) 0.07 VRHE, (b) 0.17 VRHE, and (c) 0.27 VRHE.
Chronoamperometry of the anodic leaching process for 600 s at various potentials: (d) 0.07 VRHE, (e) 0.17 VRHE, and (f) 0.27 VRHE.
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Fig. S5. Cyclic voltammetry curves in the N2-purged 0.5 M H2SO4 electrolyte obtained at different scan rates: (a) L20Ni-P/CF/CP, (b) L50Ni-
P/CF/CP, (c) L70Ni-P/CF/CP, (d) L100Ni-P/CF/CP, (e) L300Ni-P/CF/CP, and (f) L600Ni-P/CF/CP.

Fig. S6. EIS analysis of PEMWE single cell with L50/NiP/CF/CP and
an IrO2 anode recorded at 0.5 A cm2.
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