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ABSTRACT

The implement of sustainable hydrogen production is a prerequisite to cater to

our further energy demand. Herein, an excellent electrocatalyst of CoMoP

nanosheet arrays grown on nickel foam (CoMoP NAs @NF) composite is con-

structed via a combination of hydrothermal and phosphating process for

hydrogen evolution reaction (HER). SEM and TEM characterizations indicate

the composite has a unique three-dimension structure, where CoMoP nanosh-

eets uniformly grow on NF substrate. Due to the unique structure and the

synergetic effect between CoMoP nanosheet and bare NF, electrochemical tests

suggest that the composite has an excellent HER performance with a low

overpotential of only 24 mV to achieve a current density of 10 mA cm-2 and

Tafel slope of 44.6 mV dec-1. Moreover, a certain overpotential can be main-

tained at 10 mA cm-2 for over 20 h, suggesting its superior stability. Consid-

ering its superior HER performance and stability, we envision that this

composite could be a prospective substitute for non-noble-metal HER catalysts

for practical applications.

Introduction

Since the increasing urgency of the environmental

and energy crisis facing the world today, developing

an efficient and clean new energy source to take place

of the present fossil-fuel-based energy system is of

great significance [1–3]. Hydrogen has been consid-

ered as a resource due to its minimal impact on the

environment [4, 5]. In recent years, because of the

high product purity, merits of simple process and

little pollution electrolytic hydrogen evolution reac-

tion (HER) attracted much attention. But, the strong

uphill reaction makes HER energy inefficient and

costly, which is unfavorable to its practical applica-

tions [6, 7]. Although Pt and its compounds are the

state-of-the-art electrocatalysts for the HER, the large-

scale industrial implementation is significantly ham-

pered by their low abundance and high cost [8, 9].
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Therefore, it is highly imperative to develop afford-

able catalysts with high efficiency and stability as

possible alternatives to noble metals. In fact, massive

efforts focus on transition-metal-based catalysts

which are proved to be catalytically active for the

HER, such as transition-metal phosphides [10, 11],

sulfides [12, 13], nitrides [14, 15] and carbides [16, 17].

Nevertheless, it is noted that most catalysts have

better HER performance under acidic environment,

while only a small part of them can express catalytic

activity and stability in alkaline conditions. Given

that both oxygen evolution reaction (OER) and HER

are half reactions of water splitting, compatibility of

them in the same electrolyte should be taken into

consideration. Since most of OER catalysts are

unstable in acid media, it has great industrial value to

explore satisfactory HER catalysts in alkaline condi-

tions [18, 19].

In the near future, because of their superior cat-

alytic activity and corrosion resistance toward HER

in alkaline conditions transition-metal phosphides

(TMPs) have attracted great attention [20, 21]. Due to

more contained electron-donating active sites and

synergistic effect of different atoms, binary transition-

metal phosphides usually show better HER perfor-

mance than that of unary phosphides. In addition, it

is an establishment that a desirable HER catalyst

should have ca. zero free energy for hydrogen

adsorption ðDGHÞ [22]. Specifically, three popular

active elements for HER are included in CoMoP and

it has a lower DGH value of - 0.555 eV according to

DFT calculations, which is a potential HER catalyst

substitute but has been rarely reported [10, 23, 24].

Despite the above mentioned, there is still plenty of

room to further improve its HER performance

because of its intrinsically poor electrical conductivity

for CoMoP. In particular, supporting CoMoP with

nickel foam (NF) is an effective approach to address

this issue. For one thing, NF substrate can improve

the electrical conductivity of composite; for another

thing, as a three-dimension (3D) network structure,

NF not only can provide a large surface area but also

a free channel for electrolyte, which is beneficial to

enhance the HER activity of catalysts [25]. Currently,

Bai et al. [26] prepared Co/CoP-NF catalyst by a

facile electrodeposition strategy, the catalyst demon-

strated an excellent HER activity, it only requires

35 mV can achieve a current density of 10 mA cm-2

and Tafel slope of 71 mV dec-1 as well as good long-

term durability. They attributed the excellent HER

performance to the optimized structure between bare

NF and Co/CoP film. Lin et al. [27] synthesized

porous CoMoP nanotubes and the catalyst displayed

a high HER performance with an overpotential of

220 mV at 10 mA cm-2, verifying the synergetic

effect between different components in binary TMPs.

Motivated by these, we fabricated the CoMoP on NF

as HER electrocatalysts in alkaline solution.

In this work, we inform a facile two-step combined

approach to fabricate the CoMoP nanosheets

anchored on NF substrate as a valid electrocatalyst

for HER in 1 M KOH. Characterizations indicate the

catalyst has a unique three-dimension structure, in

which CoMoP nanosheets vertically grow on NF

substrate. Furthermore, electrochemical measure-

ments indicate the catalyst possesses an outstanding

HER performance with an overpotential of 24 mV at

10 mA cm-2 and Tafel slope of 44.6 mV dec-1 as

well as superior stability, making it an ideal candi-

date for non-noble-metal HER catalysts in industrial

applications.

Experimental section

Synthesis of CoMoO4@NF

CoMoO4@NF is prepared as follows: In a typical

preparation, 1.18 g CoCl2�6H2O, 0.88 g (NH4)6
Mo7O24�4H2O and 1.2 g CO(NH2)2 are dissolved in

50 mL of distilled water and magnetic stirring for

30 min to form a homogeneous solution. Then, the

solution is transferred into a 100 mL Teflon-lined

autoclave, and a piece of NF (1 9 4 cm) is immersed

in the solution. Before the immersion, the Ni foam is

sonicated in 1.0 M HCl solution for 15 min to remove

the superficial oxide layer and then rinsed with dis-

tilled water and absolute ethanol. Then, it is auto-

claved at 120 �C for 10 h. After allowing the

autoclave cooled to room temperature naturally, the

CoMoO4 @NF is taken out and washed with distilled

water and absolute ethanol in turn, and then dried at

60 �C overnight.

Synthesis of the CoMoP@NF electrode

The CoMoO4@NF precursor is in center of the tube

furnace, and 2.0 g of NaH2PO2�H2O is placed into a

separate porcelain boat on the front side of the pre-

cursor. In a nitrogen atmosphere, the temperature of
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the furnace is increased to 350 �C with a ramp rate of

5 min-1 and then up to 400 �C at 1 min-1 and

maintain it for 120 min to phosphatize the precursor.

Finally, the reaction is cooled to room temperature

naturally and the CoMoP@NF is achieved.

Synthesis of the CoP@NF and MoP@NF
electrode

The synthesis of CoP@NF and MoP@NF electrode are

prepared using the same method as CoMoP@NF

electrode except without CoCl2�6H2O or (NH4)6
Mo7O24�4H2O, respectively.

Characterization

X-ray diffraction (XRD) is achieved by a Bruker D-8

(k = 1.54056 Å, Cu Ka radiation) with a range of 2h
from 20 to 70�. Field emission scanning electron

microscopy (FESEM) (Hitachi Regulus 8200, Japan)

and transmission electron microscopy (TEM) (Hitachi

HT7830, Japan) are employed to study the morphol-

ogy of samples. The energy-dispersive X-ray spec-

troscopy (EDX) is recorded by a FEI Tecnai F20

instrument at an accelerating voltage of 200 kV. X-ray

photoelectron spectrometry (XPS) measurements of

as-prepared samples are taken on a Perkin–Elmer

PHI5300 instrument with a monochromatic Al Ka as

X-ray source.

For XRD and TEM characterization, CoMoO4@NF

and CoMoP@NF are scraped off from the NF sub-

strate through continuous ultrasound in absolute

ethanol solution, then collect powder by centrifuga-

tion and washed with distilled water and absolute

ethanol in turn.

Electrochemical measurements

The electrochemical measurements are taken in 1 M

KOH solution with electrochemical workstation

(CHI660B, Inc, China), and saturated calomel elec-

trode (SCE) electrode, graphite rod electrode and

CoMoP@NF catalyst (1 9 1 cm) served as reference,

counter and working electrode, respectively. In order

to remove dissolved O2, nitrogen is injected contin-

uously for 30 min. Linear sweep voltammetry (LSV)

is performed in a range from 0 to - 0.2 V (vs. RHE)

with a scan rate of 2 mV s-1. The electrochemical

impedance spectroscopy (EIS) exams are executed

from 105 to 10-1 Hz at an overpotential g = 50 mV

with an AC voltage of 5 mV. The stability is tested at

a required constant overpotential to maintain

10 mA cm-2 over 20 h. To assess the double-layer

capacitance (Cdl), CV with different scan rates (10, 20,

30, 40, 50, 60 and 70 mV s-1) is taken under the

potential window of 0.05–0.25 V (vs. RHE). In this

study, all potential values are converted to reversible

hydrogen electrode (RHE) according to the equation:

ERHE = ESCE ? 0.241 ? 0.059 pH.

Results and discussion

Structural characterization

The morphologies of the NF, CoMoO4@NF and

CoMoP@NF catalysts are studied through scanning

electron microscopy (SEM) as shown in Fig. 1. SEM

examination of bare NF shows a 3D open-pore and

cross-linking lattice structure with a smooth surface

(Fig. 1a). After hydrothermal treatment, CoMoO4

nanosheet arrays are well-distributed and fully cov-

ered on the NF substrate (Fig. 1b). The large-magni-

fied SEM image exhibits that the vertically aligned

CoMoO4 nanosheet arrays form an interconnected

and ordered 3D porous architectures (Fig. 1c). As

shown in Fig. 1d, CoMoO4 nanosheet arrays are rel-

atively thin with 120 nm thickness and a smooth

surface. After the phosphatization process, the mor-

phology and structure are substantially retained. Just

like CoMoO4, the CoMoP nanosheet arrays vertically

aligned on NF, interconnected with each other

forming a 3D-porous architectures. As shown in

Fig. 1e, the CoMoP nanosheet arrays maintain the

original structure. Notably, the thickness of nanosh-

eet arrays become thinner (about 80 nm) and

numerous nanoparticles appear on the nanosheet

(Fig. 1f), which are likely attributed to a complex

process of decomposition on MoOx reduction in high-

temperature reduction reaction [21].

The unique structure after phosphatization pos-

sesses several advantages. Firstly, the 3D open

structure formed by vertically aligned nanosheet

arrays is beneficial to electrolyte and electron trans-

portation, as well as gas evolution process [28, 29]. As

known, to reach a high current density, mass trans-

portation and fast electron are preconditions for a

catalyst operation. The cooperation between CoMoP

nanosheet arrays and the substrate of NF can reduce

the resistance in the contact zone, so the electrons
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transfer between the NF substrate and the CoMoP

nanosheet arrays will become easier. The rapid gas

release will promote the reduce of the nanosheet–

electrolyte interface region resistance, and the unique

3D open structure forming an open space among

nanosheet arrays can facilitate the full use of vertical

space and reveal more active sites which will benefit

HER process. Secondly, compared with CoMoO4, the

CoMoP nanosheet arrays become rougher after

phosphatization. A rough surface typically has more

defects than smooth surface, which can be regarded

as active sites. Hence, owing to those advantages, the

CoMoP@NF may display superior function in HER.

The X-ray powder diffraction (XRD) patterns are

used to study the structural and crystalline informa-

tion of the as-prepared samples. Because of the strong

background of Ni foam, the CoMoO4 and CoMoP

have to scratch off from NF. XRD pattern of the

precursor (Fig. 2a) demonstrates that the diffraction

peaks are consistent with the standard patterns of

CoMoO4 phase. Four obvious and sharp diffraction

peaks located at 23.3�, 25.5�, 26.5� and 28.4� can be

indexed to the (021), (201), (002) and (311) planes of

Figure 1 SEM images of

different samples. a Bare NF

(inset: high magnification);

b low magnification of the

CoMoO4@NF; c, d high

magnification of the

CoMoO4@NF; e, f low and

high magnification of

CoMoP@NF.
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CoMoO4 (JCPDS No. 21-0868), respectively. Figure 2b

shows the XRD pattern of the CoMoP scratched off

from NF. The diffraction peaks located at 27.3�, 39.1�,
41.5� and 49.0� are observed, which are well in line

with the (011), (112), (211) and (020) planes of CoMoP

(JCPDS No. 32-0300), respectively. The above results

indicate that the CoMoP is successfully fabricated.

Figure 3 shows the transmission electron micro-

scopy (TEM) images of the as-prepared CoMoP

scratched off from NF. As shown in Fig. 3a, there is a

nanosheet structure loaded with small nanoparticles

forming a unique architecture, which is consistent

with the observation on SEM results. Noticeably,

those nanoparticles benefit electron transfer as well as

gas release. As a consequence, such a unique archi-

tecture with high specific surface area and rich

phosphorus atoms provide abundant active sites on

entire surface of CoMoP nanosheet arrays. High-res-

olution (HR) TEM images (Fig. 3b) shows that the

interplanar distance of the crystal fringes is 0.23 nm,

which is corresponding to the (112) crystallographic

planes of orthorhombic CoMoP (JCPDS No. 32-0300).

Moreover, elemental mapping (Fig. 3e–f) results

show that the surface of the area is mainly composed

of Co, Mo and P elements, and those three elements

are uniformly distributed and concentrated.

XPS tests are conducted to detect the surface

chemical composition and electronic states of

CoMoP@NF. The C1 s peak at 284.6 eV is corrected to

all data for accuracy. As shown in Fig. 4a, the XPS

survey spectrum of CoMoP@NF manifests that Co,

Mo and P elements truly exist. In Fig. 4b, in the Co 2p

regions, the XPS spectrum shows six distinct dou-

blets, which show typical split-spin orbit Co 2p3/2

and Co 2p1/2 components, and the corresponding

satellite peaks are accompanied. The binding

energies in Co 2p3/2 region at 778.2, 781.4 and

786.6 eV can be attributed to Co banded to P, oxi-

dized Co sorts and satellite peak, respectively. In Co

2p1/2 region, the binding energies at 792.9, 798.4 and

802.0 eV also can be ascribed to Co banded to P,

oxidized Co sorts and satellite peak [27], respectively.

In Fig. 4c, the high-resolution Mo 3d spectrum of

CoMoP@NF exhibits two peaks at 228.5 and 231.8 eV,

which can be owing to Mo 3d5/2 and Mo 3d3/2,

respectively, and higher than the metallic Mo0

(227.6 eV) species, which can be ascribed to Mod?

species [30]. The peak at 230.2, 233.3, 235.5 eV can be

assigned to oxidize Mo species [31]; it may be origi-

nated from the surface oxidation of CoMoP. In

Fig. 4d, the P 2p of CoMoP@NF shows peaks at 129.3,

130.3 and 133.2 eV. Meanwhile, the peak at 133.2 eV

can be assigned to PO4
3- and the peaks at 129.3 and

130.3 eV correspond to partially negatively charged P

(Pd-); it can capture more positively charged protons

during electrocatalytic process. Thus, results indicate

that both the Co and Mo species achieve a positive

charge (d?), the corresponding P has a negative

charge (d-), indicating that the electron density will

transform from Co and Mo to P. Thus, the features

described above can confirm the successful prepara-

tion of CoMoP@NF.

HER activity and stability

Before measurement, the working electrode is opti-

mized by cyclic voltammetry (CV). Figure 5a shows

the linear sweep voltammetry (LSV) results at a scan

rate of 2 mV s-1. As a comparison, 20% commercial

Pt/C, CoP@NF, CoMoO4@NF, MoP@NF and bare NF

catalyst have also been studied under the same con-

dition. Among all materials, bare NF shows fairly
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poor catalytic activity before - 0.2 V. This suggests

that the NF is inert against HER at a low overpo-

tential and suitable for loading active material. The

20% commercial Pt/C catalyst exhibits outstanding

activity toward HER as excepted, but the HER

activity of MoP@NF catalysts is not ideal because Mo

has strong hydrogen adsorption free energy so the

catalytic active sites are always occupied [32]. In

sharp contrast, the CoMoP@NF catalysts perform a

tiny onset potential of nearly zero and extremely

strong cathode current. Dramatically, it only needs

24 mV and 36 mV to reach current densities of 10 and

20 mA cm-2, respectively, which are 22 mV and

38 mV less than that of 20% commercial Pt/C.

Compared with CoMoO4@NF catalysts

(g10 = 114 mV), CoMoP@NF catalysts imply that the

introduction of phosphorus atom will greatly

improve the HER. And, relative to CoP@NF catalysts

(g10 = 86 mV), the promotional performance of

CoMoP@NF catalysts can be attributed to valence

state modification and synergistic effects of different

components [33]. Besides, the unique 3D porous

architectures in CoMoP@NF catalysts will certainly

possess a lot of active sites as well as good conduc-

tivity, which will promote the HER as well. The

excellent performance is comparable to most repor-

ted values of metal phosphide electrocatalysts and

most recently developed non-noble catalysts.

Tafel slope is further applied to probe the potential

HER mechanism of as-prepared catalysts, which can

be acquired from the curves polarization against log

j by the equation of g = b log j ? a (where b is Tafel

slope, j is the current density, and a is Tafel constant).

As shown in Fig. 5b, the Tafel slope of the different

electrocatalysts is achieved. The Tafel slope of

50.1 mV dec-1 for commercial Pt/C is agreed with

the value reported in literature [34]. The higher Tafel

slope can get to 128.8 mV dec-1 for MoP@NF cata-

lysts indicate its weak activity for HER. The Tafel

slopes of CoMoO4@NF catalysts and CoP@NF cata-

lysts are 116.4 and 85.5 mV dec-1, respectively. The

Tafel slope of 44.6 mV dec-1 of CoMoP@NF catalysts

proves that it has a high active profile toward HER

and this is in line with the result of the LSV test. This

Figure 3 TEM images of

samples. a Low and b high

magnification images of

CoMoP; c–f high angle

annular dark field scanning

transmission electron

microscopy (HAADF-STEM)

image and the corresponding

elemental mapping images of

CoMoP.
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suggests that the HER procedure on the CoMoP@NF

catalysts occurs via a typical Volmer–Heyrovsky

mechanism [35]. Therefore, we can reach a conclu-

sion: Heyrovsky step (electrochemical hydrogen

desorption) with lower rates works as the rate

determining step [36].

The HER catalytic activity of CoMoP@NF may be

related to the unique charge properties of Co, Mo and

P. As for transition-metal phosphides, it is reported

that the negatively charged P can capture protons,

while adsorbed H atom tends to bind to positively

charged metal. The synergistic effect between tran-

sition metal and P atoms gives rise to high catalytic

performance toward HER [11]. Similar to other

transition-metal phosphides, CoMoP@NF has the

same reaction mechanism. The negatively charged P

promotes the adsorption of H? acting as a cationic

center with strong electrostatic adsorption, and the

positively charged Co, Mo attracts adsorbed H atom

to form the adsorption H intermediate. In general,

CoMoP@NF catalysts demonstrate excellent HER

activity with a low overpotential and a small Tafel

slope.

To elucidate the electrode kinetics of the catalysts

during the HER process, the charge transfer kinetics

are analyzed at g = 50 mV (vs. HER) using electro-

chemical impedance spectroscopy (EIS) in the fre-

quency range of 100 kHz–0.01 Hz. The charge

transfer resistance is determined by the diameter of

semicircle at high frequencies in Nyquist plots. The

Nyquist diagram of Rct is related to the electrocat-

alytic kinetics, and a smaller value implies a faster

reaction rate. As shown in Fig. 5c, in 1.0 M KOH

solution, the Rs value of different catalysts is in a very

narrow scope (0.4–0.7 X). However, the Rct value is

completely different. For bare NF, the Rct is 86 X. The
Rct decreases to 43, 25 and 12 X for MoP@NF,

CoMoO4@NF and CoP@NF, respectively. In contrast,

the Rct of CoMoP@NF catalysts is 1.6 X, far lower

than that of others. The small charge transfer resis-

tance of CoMoP@NF indicates fast electron transport

and enhanced conductivity. This can be attributed to

the synergy between the CoMoP nanosheets and the

NF substrate, which increases the electrical conduc-

tivity of the composite and accelerates the rate of

electron transport in the composite. Thus, the resis-

tance is greatly reduced, thereby increasing the

activity of hydrogen evolution. The high electron

transfer capacity further demonstrates the high cat-

alytic activity of HER.

The electrochemically active surface area (ECSA) of

the electrodes in 1.0 M KOH is also evaluated.

According to the equation ECSA = Cdl/CS (where Cdl

is electrochemical double-layer capacitance and CS is

the specific capacitance of the sample), the Cdl is in

linear proportion to the ESCA. At a non-faradaic

region (0.15 V vs. RHE in this work), the Cdl of cat-

alysts can be calculated from CV tests by plotting the

current density DJac (DJac = Ja - Jc, where Ja is anodic

current density and Jc is cathodic current density)

against the scan rates, and half of the slope is Cdl

[37, 38]. As shown in Fig. 6a, the CoMoP@NF cata-

lysts show the largest Cdl value of 162 mF cm-2

compared to that of CoP@NF (52.6 mF cm-2),

CoMoO4@NF (6.3 mF cm-2) and MoP@NF (4.6 mF

cm-2), indicating that CoMoP@NF catalysts expose

more ECSA, and the higher ECSA means greater

effective surface area and more exposed electro-

chemically active sites. It can be attributed to the 3D

skeleton provided by the NF, which can greatly

enlarge the surface area of the material, thereby

increasing the contract and reaction of the electrolyte

with the surface of the material, explaining its supe-

rior HER performance.

For practical application, good stability is another

critical significance of HER catalysts. The chronopo-

tentiometry test is performed to evaluate the stability

of the CoMoP@NF catalysts in 1.0 M KOH. Figure 6a

exhibits the changes of current density with different

electrolytic time at a fixed overpotential of 24 mV.

The time-dependent current density curve shows that

the CoMoP@NF catalyst can maintain electrocatalytic

activity for at least 20 h. In addition, it can be seen

that after 5000 cycles (inset Fig. 6a), the loss of current

density is negligible compared to initial curve of the

LSV curve, confirming the excellent stability of the

CoMoP@NF catalysts in alkaline solution, which

suggests great possibilities for practical industrial

applications of CoMoP@NF electrocatalysts.

Active sites (n), which is used to evaluate the

intrinsic activity [8]. From CV curves (in the area of

- 0.05 to 0.3 V vs. RHE at the scan rate of 50 mV s-1),

we can calculate the n through integrating charges in

1 M KOH (Fig. 6b). If the n is calculated, the turnover

frequency (TOF) can be calculated and can be used it

to evaluate the intrinsic activity. At the same over-

potential (g = 100 mV vs. HER), CoMoP@NF shows

the largest TOF reached 0.45 s-1, which is 3.01, 4.07

and 5.84 folds higher than that of CoP@NF (0.15 s-1),

CoMoO4@NF (0.111 s-1) and MoP@NF (0.08 s-1),

11592 J Mater Sci (2019) 54:11585–11595



respectively. It indicates that the activity of active

sites in CoMoP@NF is higher (Table 1).

Based on the above results, the CoMoP@NF

shows excellent HER performance and well stability.

The high activity of CoMoP@NF catalyst can be

attributed to its special surface composition and

well-designed nanostructures: (I) The interconnected

CoMoP nanosheets are uniformly and vertically

grown on the NF forming a unique open-pore

structure, which facilitates the rapid transport of

ions in the electrolyte and vertical space can full

used; (II) due to the synergistic effect among Co, Mo

and P atoms (P is the negative electron center, Co

and Mo is the positive charge center), as well as the

valence state modification of Co and Mo, those can

contribute to good electron–proton acceptability; (III)

the NF can not only provide a 3D skeleton, which

enlarges the surface area of the material, thereby

increasing the contact and reaction area of the

electrolyte ions with the surface of the material, but

also can improve the overall conductivity of the

composite material which accelerates the electron

transfer rate in the composite material. In summary,

the as-prepared CoMoP@NF catalyst can offer a

valid strategy for hydrogen production in alkaline

solution (Table 2).

Conclusions

In our work, we successfully develop low-cost,

stable and high active CoMoP@NF catalysts as highly

efficient catalytic for HER via a two-step means of

hydrothermal and phosphatization. The nanosheets

grow uniformly and vertically on surface of the NF

forming a 3D open pores structure. Its unique
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(a) (b)Figure 6 a Time dependence

of cathodic current density

curve during electrolysis for

CoMoP@NF at an

overpotential of 10 mV. Inset:

HER polarization curves of

CoMoP@NF before and after

5000 CV cycles in 1 M KOH;

b CVs of the different

electrodes at the scan rate of

50 mV s-1 in 1 M KOH.

Table 1 HER parameters of

various as-prepared samples Catalyst g10 (mV) Tafel slopes (mV dec-1) Rct (X) TOF (s-1 at g = 100 mV)

CoMoP@NF 24 64 1.6 0.45

CoMoO4@NF 114 116.4 25 0.11

CoP@NF 86 85.5 12 0.15

MoP@NF 120 128.8 43 0.08

Table 2 Comparison of the

HER performance of different

electrodes

Catalysts Electrolyte g10 (mV) Tafel plot (mV dec-1) Refs.

CoMoP@NF 1 M KOH 24 44.1 This work

MoP@CoMoP 0.5 M H2SO4 215 50 [24]

CoMoP@C 0.5 M H2SO4 41 49.7 [39]

Co/CoP-NF 1 M KOH 35 71 [40]

NiCoP@NF 1 M KOH 59 39 [41]

MoP/NF 1 M KOH 114 54.6 [42]

Ni3S2@MoS2/FeOOH 1 M KOH 189 85 [43]
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structure exposes a great number of active sites pro-

viding excellent conductivity. Because of the close

contact and synergy between CoMoP and NF, elec-

trochemical measurements ascertain that the

CoMoP@NF catalysts exhibit excellent HER activity

with a low overpotential of 24 mV (vs. RHE) at

10 mA cm-2 and a smaller Tafel slope of

44.6 mV dec-1 indicates excellent electrocatalytic

activity for HER, even superior to 20% commercial

Pt/C in alkaline solution. In addition, stability tests

suggest that the as-prepared samples show excellent

durability in 1 M KOH. This work will provide an

alternative pathway for essential HER catalyst design

and potential practical applications in hydrogen

production.
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