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ABSTRACT 
Transition metal phosphides (TMPs) are promising candidates for noble metal free electrocatalysts in water splitting applications. In this work, 
we present the facile synthesis of nickel cobalt phosphide electrocatalyst with three-dimensional nanostructure (3D-NiCoP) on the nickel 
foam, via hydrothermal reaction and phosphorization. The as-prepared electrocatalyst exhibits an excellent activity for hydrogen evolution 
reaction (HER) in both acidic and alkaline electrolytes, with small overpotentials to drive 10 mA/cm2 (80 mV for 0.5 M H2SO4, 105 mV for 1 M 
KOH), small Tafel slopes (37 mV/dec for 0.5 M H2SO4, 79 mV/dec for 1 M KOH), and satisfying durability in long-term electrolysis. 3D-NiCoP 
also shows a superior HER activity compared to single metal phosphide, such as cobalt phosphide and nickel phosphide. The outstanding 
performance for HER suggests the great potential of 3D-NiCoP as a highly efficient electrocatalyst for water splitting technology. 
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1 Introduction 
The utilization of clean energy is drawing a lot of attention in recent 
years, considering the environmental and economic benefits [1]. 
However, solar power and wind power, as the most important sources 
of clean energy, cannot offer continuous supply of electricity and 
are inappropriate for being directly incorporated into the electrical 
grid [2]. One option is to convert the electricity generated by clean 
energy into hydrogen fuel through water splitting. The electrocatalyst 
is critical in hydrogen evolution reaction (HER), since it can greatly 
reduce the energy consumption during water splitting and thus achieve 
better energy efficiency. Up to date, noble metal-based materials, 
such as platinum (Pt), are the most prominent electrocatalysts for 
HER [3–5], while the scarcity and high-cost are the major drawbacks 
for the practical applications. Therefore, developing non-noble metal 
electrocatalysts with activity comparable to noble metal-based 
materials, becomes a very important topic of hydrogen economy 
[6–8]. There have been quite a lot of efforts devoted on utilizing 
inexpensive and earth abundant materials as efficient electrocatalysts 
for HER. Transition metal dichalcogenides [9–13], selenides [14–17], 
carbides [18–21], nitrides [22–24] and phosphides [25–32], are 
attracting considerable attention for their outstanding HER activity, 
featuring both low overpotential and facile HER kinetics. 

In recent years, transition metal phosphides (TMPs), which are 
well known as hydrogenation catalysts, are also studied as elec-
trocatalysts for HER. Several members of TMPs are especially 
important, such as molybdenum phosphide [33], tungsten phosphide 
[26, 34–36], iron phosphide [37–41], nickel phosphide [42–47] and 

cobalt phosphide [48–56], considering their low cost and outstanding 
electrocatalytic activity towards HER. Mu et al. successfully developed 
flexible MoP nanosheet array electrodes via hydrothermal reaction and 
phosphidation, which showed a superior electrocatalytic activity for 
HER in a wide pH range [33]. Sung et al. reported the fabrication of 
carbon-shell-coated FeP nanoparticles, with excellent HER activity 
in acidic electrolyte [41]. Wang et al. synthesized sponge-like nickel 
phosphide-carbon nanotube hybrid electrodes, featuring efficient 
hydrogen evolution over a wide pH range [42]. Furthermore, the 
electrocatalytic performance of TMP can be enhanced by doping 
with other transition metals [31, 57]. For example, Gu et al. reported 
the theoretical calculation and experimental fabrication of FexCoyNizP 
as a highly efficient HER electrocatalyst in acidic electrolyte, and the 
optimal HER performance was achieved when Fe, Co, and Ni had 
the same atomic ratio (x/y/z = 1) [57]. 

Although TMPs have drawn a lot of attention for their excellent 
activity on HER, few of them exhibited comparable performance to 
the state-of-the-art Pt/C catalyst in both acidic and alkaline electrolytes. 
Herein, we reported the fabrication of nickel cobalt phosphide with 
three-dimensional nanostructure (3D-NiCoP) as a highly efficient 
electrocatalyst for HER in both acidic and alkaline electrolytes. The 
overpotentials to drive the current density of 10 mA/cm2 are 80 mV 
for 0.5 M H2SO4 and 105 mV for 1 M KOH. The Tafel slopes are 
measured as 37 mV/dec for 0.5 M H2SO4 and 79 mV/dec for 1 M KOH, 
respectively. We also found that 3D-NiCoP can improve the HER 
performance compared to the single metal phosphide. Moreover, the 
as-prepared 3D-NiCoP showed excellent durability in both acidic 
and alkaline electrolytes, with negligible current decay for more 
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than 16 hours. This study provides a new route for fabricating 
TMP-based electrocatalyst towards HER, which could pave the way 
for the design and development of noble metal-free electrocatalyst. 

2 Experimental 

2.1 Materials 

Ni(Ac)2·4H2O, Co(Ac)2·4H2O, 1,3-propanediol, isopropanol and 
NaH2PO2·H2O were purchased from Aladdin Ltd. (Shanghai, China). 
Nafion solution (5 wt.%) was purchased from Sigma-Aldrich. All 
chemicals were used as received without any further purification.  

2.2 Preparation of 3D-NiCoP and control groups  

Synthesis of 3D-NiCoP on the Ni foam (NF). NiCo hydroxides 
(NiCo-OH) were hydrothermally synthesized on NF, which was 
pre-cleaned by acetone and 2 M HCl, followed by washing with 
water and ethanol. In a typical synthesis, 0.7 mmol of Ni(Ac)2·4H2O 
and 1.4 mmol of Co(Ac)2·4H2O were dissolved into 2.4 mL of 1,3- 
propanediol completely. Then, 37.6 mL of isopropanol was added 
into the above solution to form a homogeneous solution. Thereafter, 
the resulting mixture was transferred into a 50 mL Teflon-lined 
stainless-steel autoclave with three pieces of 1 cm × 2 cm NF (1.6 mm 
thickness) leaning against the wall, and heated at 160 °C in an oven 
for 12 h. After cooling down to room temperature naturally, the 
substrate was taken out and rinsed with ethanol and water. After 
dried under a flow of nitrogen gas, the NiCo-OH were then thermally 
phosphorized to give 3D-NiCoP. Briefly, the NF covered with 
precursor material and 1 g NaH2PO2·H2O were placed in two separate 
quartz boats, with NaH2PO2·H2O at the upstream side of a tube 
furnace and heated at 300 °C for 2 h under an Ar atmosphere with 
a heating rate of 5 °C/min. As control experiments, the samples 
fabricated with half and quarter concentrations of Ni(Ac)2·4H2O and 
Co(Ac)2·4H2O (0.35 and 0.7, 0.175 and 0.35 mmol) were synthesized 
with other conditions unchanged, which were denoted as NiCoP/2 
and NiCoP/4, respectively. 
Synthesis of NiPx and CoPx on the NF. The synthetic method was 
the same as 3D-NiCoP, except single metal acetate, i.e., 2.1 mmol  
of Ni(Ac)2·4H2O or Co(Ac)2·4H2O, was used for preparing the Ni or 
Co hydroxide precursor.  

2.3 Materials characterization  

The scanning electron microscopy (SEM) was conducted on a FEI 
Quanta FEG. The transmission electron microscopy (TEM) was 
performed on a JEOL JEM-2800. The X-ray diffraction (XRD) patterns 
were obtained on a Rigaku DMAX-2500 with Cu Kα radiation. 
The X-ray photoelectron spectroscopy (XPS) was conducted on a 

ThermoFisher Scientific Escalab 250Xi. 

2.4 Electrochemical characterization 

The electrochemical measurements for HER were carried out 
with a CHI 760E electrochemical workstation (Shanghai Chenhua 
Instrument Co., China) by using a three-electrode setup. The 
as-prepared electrodes (1 cm × 1 cm), a reversible hydrogen electrode 
(RHE, for 0.5 M H2SO4) or Hg/HgO (for 1 M KOH), and a platinum 
slice were used as the working electrode, reference electrode and 
counter electrode, respectively. 1 mg 20% Pt/C powder, 50 μL 5% 
Nafion solution, 475 μL ethanol and 475 μL deionized (DI) water were 
mixed with the assistance of ultrasonication to form a homogeneous 
ink. Then, 200 μL of the ink was dropcast onto one piece of NF  
(1 cm × 1 cm) to fabricate the Pt/C electrode for comparison of 
electrocatalytic activity. The polarization curves were recorded with 
a scan rate of 5 mV/s in Ar-saturated electrolytes (0.5 M H2SO4 and 
1 M KOH), and the data were iR-corrected for ohmic losses. The 
measured potentials (vs. Hg/HgO) in 1 M KOH were converted 
into RHE scale by ERHE = EHg/HgO + 0.925 V. The details of calibrating 
Hg/HgO reference electrode into RHE are shown in Fig. S1 in the 
Electronic Supplementary Material (ESM). Electrochemical impedance 
spectroscopy (EIS) was conducted from 100 kHz to 0.01 Hz with an 
amplitude of 5 mV.  

3 Results and discussion 
The schematic illustration of preparing 3D-NiCoP is displayed in 
Fig. 1(a). The 3D-NiCoP electrocatalysts are fabricated by the growth 
of NiCo-OH on the NF via hydrothermal reaction first, followed by 
phosphorization (see the Experimental Section).  

The XRD pattern of NiPx in Fig. S2(a) in the ESM displays the 
peaks corresponding to the Ni-P compound, in which Ni2P (PDF 
No. 65-3544) is the major component. According to the XRD pattern 
of CoPx in Fig. S2(b) in the ESM, there are peaks corresponding 
to CoP (PDF No. 29-0497), and the peaks corresponding to Ni-P 
compound can also be observed, which can be attributed to the 
surface phosphorization of NF. The XRD patterns (Fig. 1(b)) clearly 
suggest that the NiCo−OH precursor was converted into hexagonal 
NiCoP (space group 62P m, a = 5.834 Å) after phosphorization. 
The peaks of 3D-NiCoP at 41.0° and 47.6° can be ascribed to the 
(111) and (210) planes of hexagonal NiCoP (PDF No. 71-2336) [58]. 
The asterisk-marked peaks can be assigned to the NF, and the other 
small peaks can be attributed to the different chemical constitutions 
of Ni phosphide species [59]. The XRD patterns of NiCoP/2 and 
NiCoP/4 are very similar to 3D-NiCoP, as shown in Figs. S2(c) and 
S2(d) in the ESM. 

The SEM images show that the surface of bare NF is relatively 

 
Figure 1 (a) Schematic illustration of fabricating 3D-NiCoP electrocatalyst. (b) XRD patterns of NiCo-OH precursor and 3D-NiCoP. (c) SEM image, (d) elemental 
mapping of P, Ni and Co, (e) TEM image, (f) HRTEM image of 3D-NiCoP. 
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smooth (Fig. S3 in the ESM), while the surface of 3D-NiCoP  
were uniformly covered by densely packed nanocube-like material 
(Fig. 1(c) and inset). The corresponding energy dispersive X-ray 
(EDX) elemental mapping (see Fig. 1(d)) reveals that Ni, Co, and P 
are uniformly distributed over the surface. The EDX spectrum of 
3D-NiCoP is displayed in Fig. S4 in the ESM. The TEM image of 
3D-NiCoP is presented in Fig. 1(e). A high-resolution transmission 
electron microscopy (HRTEM) image of 3D-NiCoP (Fig. 1(f)) 
shows well-resolved lattice fringes with interplanar distances of 
0.22 nm, which corresponds to the (111) plane of NiCoP. The selected 
area electron diffraction (SAED) pattern (Fig. S5 in the ESM) exhibits 
discrete diffraction rings, which can be indexed to (111), (201), (210) 
and (211) planes of hexagonal NiCoP. In contrast, the NiCoP/2 and 
NiCoP/4 have small and sparse nanocube-like structure (Figs. S6(a) 
and S6(b) in the ESM), while the NiPx and CoPx cannot form the 
nanocube-like structure (Figs. S6(c) and S6(d) in the ESM).  

XPS was carried out to determine the chemical composition on 
the surface of 3D-NiCoP. The XPS survey spectrum is shown in  
Fig. S7 in the ESM, confirming the presence of Ni, Co, and P. As 
shown in Fig. 2(a), the peak at 853.5 eV for Ni 2p3/2 can be ascribed 
to the presence of partially charged Ni species (Niδ+, δ is likely close 
to 0) in Ni-P compound, while the peak located at around 857 eV can 
be assigned to Ni2+ in nickel oxide. For Ni 2p1/2, the peak corresponding 
to Niδ+ in Ni–P compound is located at 869.8 eV and the peak which 
can be assigned to Ni2+ is located at 874.8 eV. The peaks at 863.4 
and 880.3 eV are ascribed to the satellites of Ni 2p3/2 and Ni 2p1/2, 
respectively [60, 61]. Similarly, for Co 2p segment (Fig. 2(b)), the 
Co 2p3/2 peak at 777.8 eV suggests that there are reduced Co species 
(Coδ+, δ is likely close to 0) in the Co–P compound, which are also 
partially charged. In addition, the peaks at 782.2 eV in the Co 2p3/2 
region and 799.2 eV in the Co 2p1/2 region are assigned to the oxidized 
Co species (Co2+/3+). The remaining two peaks deconvoluted at 787 
and 804 eV are satellite peaks [49, 62]. A high resolution spectra of 
the P 2p region (Fig. 2(c)) presents the peaks at 129.5 and 134.5 eV, 
which can be assigned to the reduced phosphorus in the form of 
metal phosphides and the oxidized phosphorous (denoted as P5+) 
due to the exposure to air [63]. 

The HER activities of the as-prepared electrocatalysts were initially 
tested in Ar-saturated 0.5 M H2SO4 solution using a three-electrode 
setup. Figure 3(a) displays the polarization curves of 3D-NiCoP, 
control groups and commercial Pt/C. The overpotential required to 
drive the current density of 10 mA/cm2 (η10) is often used to compare 
the electrocatalytic activity for HER. 3D-NiCoP exhibits a small η10 
as low as 80 mV, which is comparable to commercial Pt/C, implying 
the low energy consumption during the electrocatalytic process. Pt 
and graphite rod are the most widely used counter electrodes for 
HER. The polarization curve of one freshly prepared 3D-NiCoP was 
measured in 0.5 M H2SO4 with graphite rod and compared with Pt, 
as shown in Fig. S8(a) in the ESM. 3D-NiCoP samples, which were 
measured with different counter electrodes, have almost overlapped 

polarization curves and equal η10 (80 mV), indicating that different 
counter electrodes have negligible impact on the performance. For 
other control groups, they show decreased HER activities, with η10 
determined as 95, 101, 120, 128 and 205 mV for NiCoP/2, NiCoP/4, 
NiPx, CoPx and NF, respectively. To study the HER mechanism of 
the as-prepared electrocatalysts, the Tafel slopes were obtained by 
fitting the linear portions of the Tafel plots (Fig. 3(b)) to the Tafel 
equation (η = blog |j| + a, where j is the current density and b is the 
Tafel slope). The typical HER process involves three steps distinguished 
by different Tafel slopes, including Volmer (120 mV/dec), Heyrovsky 
(40 mV/dec) and Tafel (30 mV/dec) reactions [64]. Pt/C exhibits 
the smallest Tafel slope of 27 mV/dec, indicating the Volmer-Tafel 
HER mechanism (H3O+ + e− → Hads, Hads + Hads → H2). For the 
as-prepared electrocatalysts, the Tafel slopes are 37, 57, 63, 66, 78, 
119 mV/dec for 3D-NiCoP, NiCoP/2, NiCoP/4, NiPx, CoPx and NF, 
respectively, suggesting the Volmer-Heyrovsky HER mechanism 
(H3O+ + e− → Hads, Hads + H3O+ + e− → H2 + H2O). It is noteworthy 
that 3D-NiCoP has a Tafel slope close to Pt/C, revealing the electron 
transfer during HER process is facilitated. The exchange current 
density (j0) of 3D-NiCoP was 0.094 mA/cm2, which was obtained 
by extrapolating the Tafel plot to x-axis (Fig. S9 in the ESM). EIS 
was conducted at the potential of −80 mV (vs. RHE) to study the HER 
kinetics of 3D-NiCoP and the other electrocatalysts. The Nyquist 
plots of the as-prepared electrocatalysts are displayed in Fig. 3(c). The 
diameter of the semicircle represents the charge transfer resistance 
(Rct). The values of Rct are obtained by fitting the data to an equivalent 
circuit (inset of Fig. 3(c)). 3D-NiCoP exhibits the smallest Rct value 
(3.37 Ω), while the Rct values for NiCoP/2, NiCoP/4, NiPx, CoPx 
and NF are 5.9, 6.9, 13.2, 14.7 and 88 Ω, respectively. The small Rct 
value of 3D-NiCoP indicates the facile charge transfer, leading to an 
enhanced HER activity. The series resistance (Rs) values in 0.5 M 
H2SO4 are shown in Table S1 in the ESM. In addition, the durability 
of electrocatalyst is also a critical factor for the water splitting 
application. The long-term electrolysis was conducted at a constant 
potential of −83 mV (vs. RHE) in 0.5 M H2SO4 to examine the 
durability of 3D-NiCoP in the HER process (Fig. 3(d)). The current 
density fluctuation, as shown in the inset of Fig. 3(d), can be attributed 
to the bubble formation and release. A 99.5% current retention 
was observed after 16 hours’ continuous operation, suggesting the 
satisfying long-term durability of 3D-NiCoP. The morphology of 
3D-NiCoP after the durability test in 0.5 M H2SO4 is very similar  
to original 3D-NiCoP, as shown in the SEM image in Fig. S10(a) in 
the ESM. 

The HER activity of electrocatalysts in alkaline electrolyte is also 
very important, considering the water splitting is often carried out 
in alkaline electrolyte in industry. The as-prepared electrocatalysts 
were tested again in Ar-saturated 1 M KOH solution with three- 
electrode setup. Figure 4(a) presents the polarization curves of the 
electrocatalysts in 1 M KOH. The values of η10 for 3D-NiCoP, NiCoP/2, 
NiCoP/4, NiPx, CoPx and NF are determined as 105, 139, 155, 148,  

 
Figure 2 High-resolution XPS spectra of the 3D-NiCoP. (a) Ni 2p, (b) Co 2p, and (c) P 2p. 
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Figure 3 HER activity of the as-prepared electrocatalysts in Ar-saturated 0.5 M 
H2SO4. (a) Polarization curves recorded with a scan rate of 5 mV/s. (b) Tafel plots 
derived from (a). (c) Nyquist plots with equivalent circuit (inset). The EIS was 
conducted at −80 mV (vs. RHE). (d) Long-term durability test at −83 mV (vs. RHE). 

 
Figure 4 The HER activities of as-prepared electrocatalysts in Ar-saturated  
1 M KOH. (a) Polarization curves recorded with a scan rate of 5 mV/s. (b) Tafel 
plots derived from (a). (c) Nyquist plots with equivalent circuit (inset). The EIS 
was conducted at −100 mV (vs. RHE). (d) Long-term durability test at −120 mV 
(vs. RHE). (e) Cyclic voltammetry of 3D-NiCoP by sweeping from 0.55 to 
0.65 V (vs. RHE) at different scan rates (10, 15, 20, 25, 30, 35, 40 mV/s). (f) The 
capacitive currents measured at the potential of 0.6 V (vs. RHE) were plotted 
against the scan rate for estimation of Cdl by linear fitting the corresponding plots. 

155 and 165 mV, respectively. The polarization curve of freshly 
prepared 3D-NiCoP in 1 M KOH with graphite rod as counter 
electrode is compared with Pt and shown in Fig. S8(b) in the ESM, 
which suggests almost equal η10 (105 mV for Pt and 109 mV for 
graphite rod) and the negligible impact on performance with different 
counter electrodes. The sluggish HER kinetics in alkaline electrolytes 
often impedes the practical application of electrocatalysts. In order 
to study the HER kinetics, the Tafel plots are presented in Fig. 4(b).  

Unsurprisingly, commercial Pt/C yields the smallest Tafel slope of 
43 mV/dec. 3D-NiCoP exhibits a Tafel slope of 79 mV/dec, suggesting 
3D-NiCoP proceeds through the Volmer-Heyrovsky mechanism 
(H2O + e− → Hads + OH−, H2O + e− + Hads → H2 + OH−) in 1 M KOH. It 
should be noted that 3D-NiCoP has a smaller Tafel slope than 
NiCoP/2 (100 mV/dec), NiCoP/4 (93 mV/dec), NiPx (93 mV/dec), 
CoPx (99 mV/dec) and NF (108 mV/dec), revealing the excellent 
HER kinetics of 3D-NiCoP among the as-prepared electrocatalysts. 
The Nyquist plots of the electrocatalysts are displayed in Fig. 4(c)  
to further examine the HER kinetics in 1 M KOH. The Rs values in 
1 M KOH are listed in Table S1 in the ESM. 3D-NiCoP still exhibits 
the smallest Rct value (14.8 Ω), while the Rct values for NiCoP/2, 
NiCoP/4, NiPx, CoPx and NF, are determined as 21.4, 25.4, 24.1, 
27.7 and 68.9 Ω, respectively. The EIS data indicates 3D-NiCoP is 
more favorable for rapid electron transfer during HER process, 
revealing the superior HER activity of 3D-NiCoP compared to other 
electrocatalysts. The long-term durability of 3D-NiCoP is also very 
encouraging, with a 95.1% current retention after 16 hours’ con-
tinuous electrolysis at the potential of −120 mV (vs. RHE), implying 
the negligible activity decay during HER process. Besides, the SEM 
image of 3D-NiCoP after the durability test in 1 M KOH is shown 
in Fig. S10(b) in the ESM, with similar morphology to the original 
3D-NiCoP. In order to compare the electrochemical active surface 
area (ECSA) of the electrocatalysts, double layer capacitances (Cdl) 
were measured by performing cyclic voltammetry from 0.55 to 0.65 V 
(vs. RHE) and then plotting the current density variation (Δj = janode – 
jcathode) at 0.6 V (vs. RHE) against scan rates, as shown in Figs. 4(e) and 
4(f). The cyclic voltammetry curves of NiCoP/2, NiCoP/4, NiPx and 
CoPx are presented in Fig. S11 in the ESM. The values of Cdl can be 
estimated by half of the slope in Fig. 4(f), which are determined as 
10.9, 4.3, 3.4, 1.6, 2.0 and 0.7 mF/cm2 for 3D-NiCoP, NiCoP/2, 
NiCoP/4, NiPx, CoPx and NF, respectively. Considering the ECSA 
is proportional to Cdl, 3D-NiCoP has the largest ECSA among the 
as-prepared electrocatalysts, which is more favorable for electrochemical 
reactions. 

The HER activities of 3D-NiCoP and other recently reported 
TMP-based electrocatalysts are listed in Tables S2 (acidic electrolyte) 
and S3 (alkaline electrolyte) in the ESM. 3D-NiCoP exhibits excellent 
electrocatalytic activities in both acidic and alkaline electrolytes, 
featuring a low η10, a small Tafel slope and remarkable long-term 
durability. More importantly, 3D-NiCoP showed an enhanced HER 
activity compared to NiPx and CoPx, revealing the advantage of 
combining different TMPs. The excellent electrocatalytic performance 
of 3D-NiCoP can be attributed to the following reasons. First, the 
electrocatalysts are commonly designed as one-dimensional nanowires 
or two-dimensional nanosheets to efficiently avoid the aggregation, 
while the surface coverage ratio of the as-synthesized nanomaterials 
on the substrate (carbon cloth and NF) is decreased accordingly. 
The three-dimensional nanostructure of 3D-NiCoP can efficiently 
avoid the aggregation for exposing more active sites, as well as 
achieving a high surface coverage ratio on NF. Secondly, the density 
functional theory (DFT) calculations showed that NiCoP can 
significantly lower the Gibbs free energy of hydrogen adsorption 
compared to the single metal phosphides, leading to an improved 
HER performance [58]. Thirdly, water molecules can be strongly 
adsorbed on the surface of NiCoP [58], with H–OH bonds weakened 
by the interactions between metal center and O atom as well as 
dangling P atom and H atom, which facilitates the dissociation of 
water molecules for rapid HER kinetics in alkaline electrolytes [31]. 

4 Conclusions 
In summary, 3D-NiCoP electrocatalysts were fabricated via 
hydrothermal reaction and phosphorization. 3D-NiCoP has a densely 
packed nanocube-like structure, with higher surface coverage ratio 
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of electrocatalysts on the substrate. As a demonstration, 3D-NiCoP 
exhibits excellent HER activity in both acidic and alkaline electrolytes, 
with low overpotentials, small Tafel slopes as well as satisfying long- 
term durability, which can be attributed to the synergistic effect of 
multiple factors, including the three-dimensional nanostructure, 
optimized Gibbs free energy of hydrogen adsorption and enhanced 
water molecules adsorption. The successful design, fabrication and 
characterization of 3D-NiCoP as a highly efficient HER electrocatalyst, 
demonstrate its promising future for scale-up applications of water 
splitting technology. 
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