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Herein, we describe the development and study of the relationship between the Ni molar ratio of amorphous
nickel phosphide (Ni-P) electrodes synthesized via electrodeposition on Ni foam (NF) applied as a non-precious
electrocatalyst for the Hydrogen Evolution Reaction (HER) in a pH-universal. The 3-Ni-P electrode displayed
outstanding HER performance in alkaline, neutral, and acidic conditions with an overpotential of 69, 165, and
56 mV at ~10 mA cm™2. Furthermore, the Ni-P films showed excellent stability under the different conditions

studied. The optimized 3-Ni-P electrode performance was attributed to its granular structure with a large surface
area, enabling good interaction with the electrolyte, which endorses the HER kinetics. These results are relevant
concerning an adequate choice of stable catalyst material, easy to synthesize and capable of operating in a wide
range of pH with high efficiency for HER.

1. Introduction

The aggravation of the environmental destruction derived from
massive fossil fuel consumption evidences the urge to transform the
global energy system (production, transport, and consumption)[1,2].
Hydrogen has been considered the optimal energy vector for achieving a
more sustainable energy system [3]. Electrochemical hydrogen pro-
duction by water electrolysis is a promising, environmentally-friendly
technique to produce highly pure hydrogen (99.999 %) with zero car-
bon footprints. The hydrogen production efficiency depends on the
electrocatalyst’s ability to get through the high energy barrier required
for the reaction. The state-of-the-art hydrogen evolution reaction (HER)
electrocatalyst is Pt/C; however, it is high-cost, and scarcity compro-
mises its widespread application, elevating electrolysis device costs [4,
5]. Therefore, developing low-cost, non-noble metal-based materials
with high activity for HER is imminent for achieving good
cost-effectiveness for Hy production.

For instance, transition metal phosphides (TMPs) are the most
promising candidates for replacing Pt-group catalysts. Metal phos-
phide’s intrinsic activity results from the P and metal atoms’ negative
and positive charge nature, inflicting an electronegativity difference
that weakens the metal-hydrogen bond strength, stimulating H desorp-
tion and hence the HER performance [6,7]. Among the TMPs, nickel
phosphides have been regarded as potential materials owing to their
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electronic structure and polytropic compositions. Moreover, Ni-P has
also shown interesting anticorrosive features in various pH (acidic,
neutral, and alkaline)[8-10]. Several approaches can be used to fabri-
cate Ni-P-based catalysts; most require multiple steps and a phosphori-
zation step under inert atmospheres. Hence, using the electrodeposition
technique brings the advantage of working at room temperature in
easy-scalable electrodes using different geometric-shaped substrates.

Moreover, electrodeposited metal phosphide electrocatalysts usually
lead to the formation of amorphous films [11]. Amorphous metal
phosphide films are interesting since their disordered structures possess
abundant active sites for the HER. Controlling the composition of
amorphous structured metal phosphide catalyst is vital to achieving an
optimum catalytic response and stability. Kucernak and Sundaram [12]
observed a direct correlation between P content and nickel phosphide
corrosion resistance. Laursen and co-workers [13] proved that even a
slow percent of P content could develop highly stable catalysts in
alkaline and acidic media.

Amorphous TMPs have advantages over crystalline materials, such
as the large specific surface area, and provide lower resistance in elec-
trolyte/electrode [11,14]. Some authors [15-17] have shown promising
results for electrodeposited Ni-P in acidic and alkaline electrolytes.
However, a consistent study of electrodeposited Ni-P films with good
performance for HER in a pH-universal range is still lacking. Most of the
reported top-performing nickel phosphide HER perform well in just one
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pH range, most alkaline or acidic, while the application in neutral
conditions is neglected. This work investigates the performance of
electrodes based on predominantly amorphous Ni-P films constructed by
one-step electrodeposition on a 3D Ni foam skeleton for HER under
acidic, neutral, and alkaline electrolytes (pH-universal). The effect of the
deposition bath Ni ratio on the electrodes’ structure and electrocatalytic
activity was investigated. The optimized electrode presented
outstanding performances in the HER for all the pH ranges studied with
low overpotentials for ~10 and ~100 mA cm™2. Furthermore, the elec-
trode presented excellent durability and stability in long-term electrol-
ysis for harsh and neutral conditions. The results demonstrate the
one-step electrodeposition method as promising to design highly effi-
cient and stable nickel phosphide electrodes for HER in pH-universal
conditions.

2. Experimental
2.1. Preparation of the Ni-P electrodes

Nickel phosphide films were synthesized via electrodeposition in a
single-compartment electrochemical cell, using an Ag()/AgCls)/KClsqt.
as reference and carbon rod electrodes as the counter electrode. Before
electrodeposition, the Ni foam (Goodfellow, 99.5 %) of 0.5 x 1.5 cm?
was cleaned in isopropanol, HCl 3.0 mol L™ solution, and distilled water
under ultrasonication for 10 min each. Finally, the Ni foam substrates
were treated under Ny plasma (Zhengzhou CY-P2L-B) with 80 W of
radiofrequency for 60 s. The deposition bath was prepared with the fixed
P concentration of 0.25 mol L™! and the different concentrations of Ni
(6.25; 12.5; 25; 37.5 mMol L™). The Ni-P coatings prepared with the
different Ni:P concentrations were nominated 1-Ni-P /NF, 2-Ni-P /NF, 3-
Ni-P /NF, and 4-Ni-P /NF for the 6.25; 12.5; 25; 37.5 mMol L L. The
precursors of metal phosphide deposition were NiCly-6H50, NaH,;PO,.
H-0, and 0.2 mol L' NH4Cl as supporting electrolytes. The pH of the
deposition bath was maintained at pH 4. All films were obtained from
potentiodynamic deposition at —-250 mA for 15 min under stirring at
room temperature. After electrodeposition, the films were dried under a
vacuum at 70 °C overnight.

2.2. Characterization

Scanning electron microscope images were obtained using an FEI
microscope model Inspect F5, to analyze the film morphologies. Atomic
compositions were obtained from an energy-dispersive spectroscopy
(EDS) unit, model Thermo Scientific Ultra Dry attached to a FEG (JEOL-
JSM-7500F) microscope operating at 10 eV. X-ray diffraction spectra
were performed using a Shimadzu instrument (XRD-6000) with Cu Ka
radiation (1.5406 A, 40 kV). X-ray photoelectron spectroscopy was
analyzed using a Scienta Omicron spectrometer, ESCA 2SR model with
radiation source Al Ka (1486.7). The elemental quantitation and
deconvolution of the Ni and P elements were performed using the Casa
XPS software (version 2.3). The high resolution transmission electron
microscope (HR-TEM) images were acquired using a Jem-2100 Jeon
under an accelerating voltage of 200 kV coupled with an INCA energy
TEM 200.

2.3. Electrochemical analysis

A potentiostat/galvanostat Autolab model PGSTAT302N was used
for all electrochemical tests using a three-electrode configuration cell.
For these measurements, an Ag/AgCl electrode was used in acidic and
neutral solutions (0.5 mol L~ H,SO,4 and 1 mol L! PBS, respectively),
and a Hg/HgO electrode for alkaline solution (1.0 mol L™! KOH) was
used as reference electrodes, and as the counter electrode a graphite rod.
The metal phosphide-modified Ni foam working electrodes were used
with an exposed area of 1 cm?. All the solutions were used at 25 °C. The
potential reference values were converted:
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Acidic and Neutral: E (vs. RHE) = E(Ag/AgClikcisar.)) + 0.197 + 0.059 x pH

Alkaline: E (vs. RHE) = E(Hg/HgO) + 0.098 + 0.059 x pH

The linear sweep voltammetry (LSV) curves were performed at 1 mV
s7! scan rate without iR compensation. The Pt/C electrode used for
electroactivity comparison was prepared by drop-casting an ink of
dispersed commercial Pt/C (20 mg, 20 wt.% Pt on graphitized carbon,
Sigma-Aldrich) in ethanol (1 mL) and Nafion® 117 solution (160 pL, 5
wt.%, Sigma-Aldrich). The electrode was prepared by depositing 200 uL
of the Pt/C ink onto Ni foam (1 x 2 cmz) and dried at 40 °C. Before
registering polarization curves, the prepared Ni-P electrodes were
polarized at -50 mA cm™2 for 15 min. EIS analysis was performed at —50
mVgyg and OCP with 10 mV amplitude in the frequency range of 10 kHz
to 10 MHz in alkaline electrolyte. Chronopotentiometry tests were
conducted by applying -100 mA em2 in acidic and alkaline solutions for
at least 16 h. The Electrochemical Active Surface Area (ESCA) was
determined by double-layer capacitance (Cg;) measurements in unequal
scan rates of 50, 75, 100, 125, and 150 mV s (see Supplementary
Material). Faradaic efficiency was determined using an H-type cell
assembled with the 3-Ni-P / P electrode as a cathode coupled with a gas
drainage system. The H-cell was separated using an N117 Nafion
membrane, and the electrolysis was performed at a constant applied
current density of —100 mA cm™2 for 1.5 h.

3. Results and discussion

The nickel phosphide films were prepared in situ and grown on the
3D metallic nickel foam substrate galvanostatically (Fig. 1) at —0.25 A.
The Ni-P film deposition occurs by simultaneous Ni*? and
HoPO5reduction. The XRD patterns of the as-obtained NiP films on the
NF (Fig. S1) show no measurable extra crystalline peaks compared with
the unmodified substrate, only a feeble swell in the catalysts diffraction
patterns suggesting a weak crystallinity of all the electrodeposited metal
phosphide coating.

Scanning electron microscopy was performed to characterize the Ni-
P coatings in the 3D substrate. SEM images for the 3-Ni-P coated 3D
substrate are presented in Fig. 2a and b. The SEM images showed that
the electrodeposition method provided a granular Ni-P film within the
3D NF integrated framework structure. The SEM images of the Ni-P with
different Ni molar ratios are presented in Fig. S2 (Supplementary Ma-
terial). The concentration of the Ni precursor influences the effective-
ness of the metallic support coating. The lowest Ni molar ratio presents
lower coverage of the NF, and the coating becomes more uniform as the
concentration increases. In addition, the 1-Ni-P and 2-Ni-P films present
globular morphology, while the 4-Ni-P electrode presents cracked clay
morphology. The 3-Ni-P film surface is composed of microspheres with
some cracked clay structure. The cracks on the surface of electro-
deposited films have already been observed in the literature [18-20]
and are attributed to the mutual extrusion of the metal phosphide mi-
crospheres [21]. The elemental composition of the 3-Ni-P/NF electrode
was confirmed by dispersive spectroscopy, which is Ni, P, and O ele-
ments (Fig. S3) with atomic content of 71.0 %, 19.0 %, and 10 %,
respectively (Table S1). The Ni-P film co-deposition mechanism induced
by the electrodeposition method enables the incorporation of 12-15 % P
[22,23] at high current densities.

The structure and morphology of the 3-Ni-P catalyst were analyzed
by transmission electron microscopy. TEM images for the 3-NiP/NF
sample presented in Fig. 2c and d shows the granular structure of the
nickel phosphide catalyst. High-resolution transmission microscopy
(HRTEM) demonstrates the highly amorphous structure of the nickel
phosphide catalyst along with a few weak crystalline regions. In Fig. 2e,
the lattice fringes with interplanar spacing of d = 0.22 and d = 0.24 nm
correspond to the NipP (111)[24,25] and NiPy (210)[26] crystal phases.
Despite these regions of low crystallinity, it appears that the material has
a predominantly amorphous structure, in agreement with the results of
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Fig. 1. Schematic illustration of the Ni-P/NF electrode synthesis.
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Fig. 2. (a-b) Scanning electron micrographs of the 3-Ni-P catalyst film on the Ni foam substrate with different magnifications. (c-d) TEM and (e) HRTEM images of
the 3-Ni-P/NF; (f) EDS-SEM mapping images for the 3Ni-P electrode.

the XRD analysis. As verified in contact angles analysis (Fig. S4), the film.

deposition of the amorphous 3-Ni-P film on the NF substrate resulted in a XPS analysis revealed the valence states of the elements and surface
more hydrophilic surface that can lead to better Hy gas bubble detach- chemical compositions of the 3-Ni-P deposited film. The survey spectra
ment during the HER. The EDS-SEM elemental mapping (Fig. 2f) shows in Fig. 3a of the electrode surface suggest that Ni, O, C, and P are present.
that nickel and phosphorus are uniformly distributed over the 3-Ni-P The calibration of the binding energies was made using the C 1 s equal to
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Fig. 3. XPS spectra of the 3-Ni-P/NF electrode: (a) the survey spectrum, (b) Ni 2p, and (c) P 2p.

284.5 eV [27]. The high-resolution Ni 2p region is shown in Fig. 3b with
Ni 2ps3/2 and 2p;,» regions, along with two satellites at 861.16 and
879.51 eV, respectively [28,29]. The deconvoluted peaks corresponding
to the Ni®“and Ni®* ions are at 856.81 and 875.11 eV, respectively [29,
30]. The absence of any peaks related to metallic nickel (Ni%) is indic-
ative that the substrate surface was fully covered by the NiP catalyst film
[31], as verified by the SEM analysis. Fig. 3c presents the high-resolution
spectrum of P 2p, and the deconvoluted peaks at 132.41 and 133.26 eV
correspond to 2ps,2 and 2pj 9, respectively, which is assigned to the P-O
bond in the PO3~ a species that appears due to the superficial oxidation
of the deposited film [32,33].

3.1. Electrocatalytic HER performances

The HER electrocatalytic activity of the amorphous nickel-phosphide
electrodes was investigated in alkaline media (1.0 mol L' KOH). The

HER performance for the bare substrate and Pt/C/NF were examined for
comparison. Fig. 4a shows all the LSV curves with IR-drop compensation
(the R values corresponding to each polarization curve were obtained
from EIS). The LSV curve for the 3-Ni-P/NF electrode without IR
compensation is presented in Fig. S5. The best-performing film would be
the one that presented lower overpotentials at 10 and 100 mA cm™2.
According to Fig. 4a, the 3Ni-P requires an overpotential to reach —10
mA cm2 of 69 mV, which is significantly lower than those for 1-Ni-P
(125 mV), 2Ni-P (91 mV), 4-Ni-P (98 mV) and bare NF substrate (250
mV). Although higher than the commercial Pt/C electrode overpotential
(36 mV). Fig. 4b displays the overpotentials ;¢ and 1199 for all the
prepared samples. The 3-Ni-P electrode possesses superior performance
even for large current densities. Remarkably, the Ni-P electrode per-
formed better for >250 mA cm™? than the Pt/C (20 %) electrode. Such
intrinsically superior HER activity should be attributed to the granular
Ni-P structure supported in the NF 3D network, which results in good
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Fig. 4. (a) HER Polarization curves registered in 1.0 mol L' KOHat1mVs?, (b) Comparison of the n;¢ and 1y values, (c) Tafel plots of NF, Pt/C NF, and Ni-P/NF
electrodes prepared with the different Ni ratios. (d) Nyquist plots at —50 mVygyg for the Ni-P/NF electrodes. Insert: d’ Equivalent circuit EIS.
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conductivity and hydrophilicity favoring Hy bubbles release, especially
at high current densities [34].

As a way to investigate the HER kinetics of the Ni-P electrodes, Tafel
slopes were derived from fitting the linear portion of the replotted LSV
curves. As seen in Fig. 4c, the 3Ni-P electrode possesses a slight Tafel
slope of 71 mV dec™! compared to the other electrodeposited Ni-P
electrodes, significantly smaller than the bare NF electrode (140 mV
dec™). The Tafel slope values (Table 1) indicate that the Ni-P electrode
follows the  Volmer-Heyrovsky = mechanism [35,36].  The
Volmer-Heyrovsky mechanism starts with the water molecule adsorp-
tion followed by cleavage of the O—H bond by electron transferring
from the electrode surface to form Hags* species. The Hy molecule is
produced from the reaction between the adsorbed hydrogen atoms and
water molecules from alkaline [35]. The Tafel slope value decrease with
the 3Ni-P electrode indicates that the water dissociation step has been
significantly accelerated compared to the Ni foam and the Ni-P elec-
trodes, implying higher catalytic activity. The calculated values
demonstrate a tendency to lower the Tafel coefficients with the increase
of the Ni ratio in the deposition. The positively charged nickel anions
will likely form nickel oxyhydroxide at the electrode/electrolyte inter-
face by adsorbing the hydroxide ions (OH )[37,38]. Previous reports
have observed the formation of interfacial oxide-hydroxides for
self-supported metal phosphide electrodes. These interfacial hydroxide
sites strongly promote the water dissociation step (Volmer step),
enhancing the kinetics for the HER [39] process, which results in the
lowest Tafel coefficient values. As observed previously, the 4Ni-P/ NF
cannot perform as well as the other prepared electrodes, presenting the
highest Tafel slope closer to NF. The poor performance suggests that the
excessive Ni(OH), [40] at the electrode surface hinders the performance
of the Ni-P phase, which is superior to the Ni(OH), electrodes reported
in the literature. The exchange current density (jo), related to the cata-
lyst activity at potential n=0, is also obtained from the Tafel plots. The
calculated jo values for the electrodeposited Ni-P electrodes are pre-
sented in Table 1. Notably, the jo of the 3Ni-P/NF is 2.289 mA cm 2,
slightly lower than the Pt/C electrode (2.59 mA cm2). The elevated jo
obtained with the optimized Ni-P electrode reflects in the enhancement
of the electrocatalyst electron transfer rate for the reaction [41], which
justifies the superior HER performance compared to the literature
(Table S7).

EIS measurements were carried out to compare the kinetics of the Ni-
P samples. Fig. 4d shows the Nyquist plots of the Ni-P / NF electrodes
performed at —50 mVgyg. The Nyquist diagrams were fitted using the
equivalent circuit in Fig. 4d’ to estimate the charge transfer resistance
values (Table S2). As displayed in Table S2, the 3-Ni-P/NF electrode
presented had a significantly smaller charge transfer resistance (4.22 Q
em?) than 1-Ni-P (11.30 @ em ™), 2-Ni-P (9.34 Q ecm™) and 4-Ni-P
(12.79 Q@ crn'z), demonstrating enhanced charge transfer that leads to
superior HER. The 3-Ni-P electrode has a much lower charge transfer
resistance than the 4-Ni-P electrode. These results endorse the genera-
tion of excessive Ni(OH), at the 4-Ni-P electrode surface since the
electrical conductivity of the electrode is significantly diminished [42,
43].

We estimated the electrochemically active surface area (ECSA) of the
Ni-P catalytic films to gain further insights into the Ni-P electrode’s
intrinsic activity. The cyclic voltammograms (Fig. 5a) registered from 50

Table 1
Parameters of HER for the Ni-P electrodes in KOH 1.0 mol L™': overpotentials
and Tafel parameters.

Electrode N1o N100 b Jo

(mA cm™2) (mA cm™2) (mV dec™) (LA em?)
1-Ni-P/NF 123 229 81.0 260
2-Ni-P/NF 91 185 74.5 490
3-Ni-P/NF 69 156 71 2289
4-Ni-P/NF 98 270 115 675
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to 150 mVs~! data displayed in Fig. S6 were used to estimate the double-
layer capacitance (Cqj). As presented in Fig. 5b, the 3-Ni-P electrode
exhibits a high Cg value of 10.03 mF cm ™2, remarkably larger than 1-Ni-
P (3.53 mF cm™2), 2-Ni-P (4.95 mF cm™2) and 4Ni-P (4.04 mF cm™2). This
value is superior to other Ni-rich phosphides reported in the literature
[44,45] 8.64 mF cm 2 and 5.82 mF cm 2 A higher Cq value observed
for the 3-Ni-P electrode may be associated with more exposure to the
active sites and indicate that the optimum nickel content in the depo-
sition bath is used to synthesize the film. This results in a structured
microsphere film that facilitates active site access. From the Cq values,
we estimated the electrochemical active surface area (ECSA), and the
roughness factor (RF) was estimated by the ratio of the electrode geo-
metric area [46] for the Ni-P films deposited with the different baths
(Table S3). The ECSA (Fig. 5¢) increases gradually with the nickel pre-
cursor concentration, achieving a maximum in the 3-Ni-P electrode. This
increase at ECSA and RF suggests the deposition of a more uniform and
porous coating at the NF substrate that can often provide more exposed
active sites, sufficient mass transport, and superior HER performance.

In contrast, there is a decrease in the ECSA and RF values for the
electrode prepared with the highest Ni concentration (4-Ni-P), resulting
from the aggregation of the electrodeposited particles that leads to a
more compact shrinkage morphology of the film hindering the exposure
of the active sites and even affects the interaction with the electrolyte
[47]. The normalization of the LSV curves by the ECSA was performed to
exclude the surface area effect and compare the intrinsic activity of the
Ni-P electrodes for HER (Fig. 5d). Even after the normalization, the
3-Ni-P electrode performs best among all the prepared electrodes. The
Ni-P films’ Turnover Frequency (TOF) was estimated from the ECSA
results to understand its intrinsic properties. As shown in Table S3, the
3-Ni-P electrode presents the highest TOF value of 0.64 s™! at ~100 mV,
justifying its superior HER performance compared with the other pre-
pared electrodes. In this sense, the excellent electrocatalytic activity of
the 3-Ni-P electrode for alkaline HER is attributed to the large ECSA and
low electron transfer resistance.

Long-term stability is a critical requirement for an efficient electro-
catalyst. Therefore, the 3Ni-P electrode stability was investigated by
constant current density chronopotentiometry at —100 mA cm2in 1.0
mol L~ KOH solution. The Ni-P electrode presented negligible degra-
dation during the long-term electrolysis, as shown in Fig. 6a. As fresh
electrolyte was added, the electrode returned to the initial overpotential
and remained stable. Moreover, the LSV curves showed insignificant
differences before and after polarization (previous and after adding fresh
electrolyte (see Fig. 6b). After the 30 h electrolysis, the 3-Ni-P sample
was characterized using SEM. Fig. 6¢ and d show a morphological
change in the shape of microspheres to a more compact structure. This
slightest change in the film morphology seems to result from a structural
reorganization but did not influence the nickel phosphide electrode
stability of the material. The EDS patterns (Fig. S7) show a significant
increase in the oxygen content in the Ni-P sample. Contact-angle anal-
ysis of the 3-Ni-P (Fig. S8) demonstrated the enhancement at the surface
hydrophilicity continuous electrolysis. This phenomenon is associated
with surface restructuration. The XPS analysis after long-term electrol-
ysis (Fig. $12) reveals a relative decrease in the Ni?*region (Fig. $12e) in
comparison with the freshly prepared electrode (Fig. 2). In addition, it
was possible to verify a doublet related to the nickel specie in metallic
form (Ni%. An interesting result in the P 2p high-resolution spectra
(Fig. S12f) was verified, showing deconvoluted peaks at 129.8 and
130.3 eV assigned to the P-Ni bond, indicating the removal of surface
oxides during the electrolysis test. The outstanding stability of the 3-Ni-P
electrode can be attributed to its relatively high roughness factor and
surface hydrophilicity, enabling a good interaction with the electrolyte
and facilitating the bubble release.

The H; production generated during the HER in alkaline media was
determined by a drainage method coupled with gas-chromatography
analysis. The Hy volume was collected during the 90-minute electrol-
ysis at ~100 mA cm 2. As observed in Fig. 7a, the 3NiP/NF electrode
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exhibited high efficiency for Hy production, consistent with the theo-
retical values. Furthermore, the electrode showed performance stability
during the high-current alkaline electrolysis during 7 cycles of 90 min
each. Fig. 7b shows that the nickel phosphide electrode catalytic activity
was maintained even after its application at a high current for the 7-
cycle test, presenting only small fluctuations mainly due to leakage
losses. The results confirm the excellent performance of the electro-
deposited nickel phosphide electrode towards the HER in alkaline media
with high efficiency and stability.

Considering an ideal electrocatalyst should operate efficiently in
various pH, the 3-Ni-P/NF optimized electrode was evaluated for HER in
acidic (0.5 mol L! H,S04) and neutral electrolyte (1.0 mol Lt PBS). As
for the alkaline medium experiments, all the potentials were corrected
with iR compensation. Fig. 8a presents the polarization curves registered
for the freshly prepared Ni-P electrodes in the different pH electrolytes.
In acidic media, the 3-Ni-P electrode delivers 45 and 122 mV to drive the
current densities ~10 and ~100 mA cm™2 respectively. Fig. 8b shows that
the 3-Ni-P electrode presents lower electrocatalytic activity in 1 mol L™

PBS than for extreme pH conditions. Although the overpotentials in
neutral are higher than for the acidic and alkaline conditions, the elec-
trode presented competitive and comparable performance to other
electrodes reported in the literature (Table S9). The kinetics for HER was
evaluated for the different pH range by constructing Tafel plots (Fig. 8c).
The 3-Ni-P electrode presented Tafel slopes of 49, 71, and 139.3 mV
dec! for acidic, alkaline, and neutral environments, respectively, indi-
cating that for pH universal, the 3-Ni-P electrode obeys the Volmer-
Heyrovsky mechanism. Under neutral conditions, the high Tafel slope
and overpotential values reflect the slow kinetics. This slow kinetics is
due to the HER mechanism’s complexity since water molecules and
dissociated H30™ ions participate in the H, production mechanism [48,
49].

Moreover, the higher electrolyte resistance of neutral electrolytes
requires extra energy input to drive the reaction. The electrochemical
HER is pH-dependent since it reflects in the reactant species and the
whole local electrochemical environment surrounding the catalyst’s
active sites. On the other hand, the performance in acidic and alkaline
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Fig. 8. HER activities of 3-Ni-P / NF in 0.5 mol L ™! H,S04, 1 mol L™! PBS, and 1 mol L ™! KOH, (a) Polarization curves, (b) Overpotential values 010, 150, and 0100, (¢)
Tafel plots for the 3Ni-P/NF electrode, (d) Comparison of the Cq at different pH, (e) TOF curves and (f) Stability test for the 3Ni-P / NF at -100 mA cm 2 for 16 h.
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conditions presented extremely low overpotentials for both -10, -50,
and 100 mA cm2 and small Tafel slope values, demonstrating excellent
reaction kinetics. The ECSA was also estimated for the 3-Ni-P at the
electrolytes. The Cq values obtained for the 3-Ni-P (Fig. 8d) show
extreme pH electrolytes are similar to 10.03 mF cm™2 for alkaline and
11.9 mF cm™? for acidic. The ECSA estimated from the Cq1 values were
also similar (Table S5), demonstrating that the electrodeposited elec-
trode presents large ECSA in both pHs that contribute to the excellent
performance of these electrodes.

Moreover, a normalization of LSV curves was made to exclude the
contribution of the ECSA (Fig. S9). It is observed that the intrinsic ac-
tivity observed for the 3-Ni-P electrode in alkaline and acidic media is
similar. As for the neutral condition performance, lower catalytic ac-
tivity is observed, probably due to the electrolyte’s lower conductivity
and lower kinetics towards HER. The higher intrinsic activity for alka-
line and acidic media is presented in the TOF curves in Fig. 8e. The 3-Ni-
P electrode presented TOF values of 1.14 s, 0.59 s> and 0.05 s! for
acidic, alkaline, and neutral conditions. The high TOF values are
attributed to the high density of surface exposed active sites that provide
excellent performance towards HER. These values are higher than the
reported for metal phosphide-based catalysts (see Table S6).

The electrode stability for the broad pH range was evaluated by
continuous electrolysis at —-100 mA cm™ (Fig. 8f). For the test in acidic
media, an overpotential fluctuation arises after 12 h of operation. Such a
phenomenon was not observed for alkaline and neutral electrolysis
(Fig. 8f). The 3-Ni-P/NF film surfaces were characterized by SEM and
XPS analysis after the continuous electrolysis. From the post-electrolysis
SEM images presented in Fig. S11, it is verified that for the electrode
tested in the acidic electrolyte, the exposure of the Ni foam substrate
indicates material loss during the electrolysis. This assumption is rein-
forced by the XPS analysis after long-term electrolysis (Fig. S12), in
which no peaks assigned to P species was verified (Fig. S12b). For the
post-electrolysis test in neutral conditions, the electrode morphology
remained composed by microspheres, but it was also possible to verify a
certain loss of material. This slightest change in the film morphology
seems to result from a structural reorganization but did not influence the
nickel phosphide electrode stability of the material. The XPS analysis
after long-term electrolysis test is shown in Fig. S12. The film mainte-
nance was verified not only by the Ni 2p high-resolution spectra
(Fig. $12¢), showing the deconvoluted peaks corresponding to Ni** and
Ni®* ions, but also with the preservation of P-Ni bond in the high-
resolution spectra of S 2p (Fig. S12d). Tables S7-S9 shows that the
electrodeposited 3-Ni-P film presented superior electrocatalytic perfor-
mance to almost all previously reported electrodeposited metal-
phosphide electrocatalysts in literature. Furthermore, the 3-Ni-P elec-
trode performance was comparable to the catalysts prepared with
multiple steps and high-temperature thermal treatment. Therefore, the
electrodeposited 3-Ni-P electrode presented excellent features for
application in HER at a wide pH range.

4. Conclusions

In summary, a highly efficient Ni-P/NF electrode was successfully
synthesized through one-step electrodeposition at high current density.
The Ni content in the deposition bath affected the Ni-P electrode per-
formance. An optimum Ni concentration leads to superior performance
at low overpotentials in a wide pH range. The distinct performance of
the 3-Ni-P/ NF electrode is attributed to its large surface area and
roughness, enabling better interaction with the electrolyte. Remarkably,
the 3-Ni-P can efficiently drive the HER with overpotentials in a wide pH
range with long durability. Furthermore, the 3-Ni-P electrode deposited
in a single step showed electrocatalytic activity superior in pH-universal
compared to different metal Ni-phosphide-based catalysts previously
described, which were synthesized via several steps and thermal treat-
ment. Thus, this work demonstrates that the electrodeposition method is
excellent for developing facile-scalable and highly stable NiP
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electrocatalysts for the hydrogen evolution reaction in pH-universal
conditions.
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