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for HER and OER

Shimin Li1,2 & Lei Bai1,2 & Haibiao Shi1 & Xianfeng Hao1
& Ling Chen1

& Xiujuan Qin1,2
& Guangjie Shao1,2

Received: 15 December 2020 /Revised: 31 March 2021 /Accepted: 21 April 2021
# The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Transition-metal doping and structural improvement are facile and feasible strategies to obtain highly active catalysts for
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). Herein, we prepare Mo-CoP with a nanosheet
structure via hydrothermal reactions and phosphorization. Taking advantage of the nanosheet array, the good electrocatalytic
performance of Co-based materials for HER and excellent performance of Co-based phosphide for OER are fully demonstrated.
Mo-CoP requires only 112 and 329.9 mV to achieve a current density of 100 mA/cm2 for HER and OER in 1.0 M KOH,
respectively. Furthermore, when it was used as bifunctional electrocatalyst, Mo-CoP could deliver 10 mA/cm2 at a low cell
voltage of 1.54 V. It was found that the activity ofMo-CoP could be ascribed to the structure of nanosheet and the synergistic role
of two different metal phosphides. The most important is that the introduction of Mo improves the activity of the catalyst.
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Introduction

Hydrogen fuel, as a sort of environmentally friendly re-
source which could displace the status of conventional
fossil fuel, is of paramount significance for sustainable
development and environmental protection [1]. Among
various hydrogen production strategies, water electrolysis,
a kind of clean and cost-effective strategy, had aroused
gigantic attention due to its feasibility and sustainability
[2, 3]. As a part of the reaction of the water splitting
system, hydrogen evolution reaction (HER) which

proceeds in two steps had caught intense attention [4,
5]. Owing to their splendid kinetics for enhancing the
HER and their negligible overpotentials (η), Pt-based ma-
terials are thought to be state-of-the-art electrocatalysts [6,
7]. Additionally, oxygen evolution reaction (OER) is also
an indispensable and vital part of the process of overall
water splitting [8]. Owing to the complicated four proton-
coupled electron transfer (PCET) steps, OER is harder to
achieve those steps than HER [9]. To date, Ru-/Ir-based
materials are regarded as the most efficient catalysts to-
ward OER [10]. Unfortunately, to a large extent, the scar-
city and high-cost production of both Pt-based and Ru-/Ir-
based electrocatalysts seriously impede their large-scale
practical applications [11]. For these reasons mentioned
above, it is highly imperative to design electrocatalysts
based on earth-abundant materials to replace those
noble-metals-based electrocatalysts.

Recently, the efficient electrocatalysts with environmental
benignity for water splitting have caught intense attention,
such as metal alloys [12, 13], phosphides [14, 15], sulfides
[16, 17], nitrides [18, 19], and carbides [20]. Among these
materials, transition-metal phosphides (TMPs) show palmary
catalytic capabilities owing to the oxidation state changes of
those transition metals. In addition, owing to its long-term
stability, TMP is a suitable substitute for precious metal ma-
terials because of its good wettability and stability [19]. As a
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transition metal, Co is regarded as one promising raw material
to synthesize the efficient catalysts for water splitting because
its facile oxidation state changes [21]. Therefore, CoP which
has caught the intense attention of many researchers was
regarded as an outstanding catalyst for water splitting.
Therefore, CoP in a variety of morphologies was investigated
for HER and OER, including nanosheet [22], nanowire [23],
and nanotube [24]. Liu and co-workers reported self-standing
CoP nanosheet (CoP NA/CC) array promoted HER and OER
in alkaline media with good activity [25]. For overall water
splitting, the catalysts reach 10 mA/cm2 with 1.65 V in 1.0 M
KOH. Additionally, Zhang and co-workers obtained CoP
nanowires via anion-exchange and phosphating process [23].
Despite having good performance for water splitting, the sta-
bility of CoP nanowire they reported is not as good as CoP
nanosheets. CoP nanotubes have also been designed via an
organic solvent-free method [24], but the catalyst, without a
template, is difficult to be prepared.

In addition, incorporation of metallic (e.g., Al) and
nonmetallic elements (e.g., N) into Co-based catalysts
had been confirmed to improve catalytic activities; in
the work of Zhang, Al-doped CoP nanoarray was synthe-
sized to improve the effectiveness of water splitting, man-
ifesting that the introduction of Al could enhance the ac-
tivity of CoP [26]. Furthermore, Mo-doped cobalt phos-
phide nanosheets with exceptional activity for HER were
successfully prepared on carbon cloth [27], while its per-
formance toward OER has not been discussed in detail.
Besides, in the study of Liu and co-workers, with N in-
corporation, the nitrogen-doped CoP nanoarray exhibits
higher HER activity than CoP due to the amount of avail-
able active sites that increased obviously, and the intrinsic
catalytic activity was promoted [28].

In light of such motivation, we design an efficient bi-
functional electrocatalyst for overall water splitting.
Herein, we take an easily manipulated and efficient meth-
od to prepare efficient and stable Mo-doped CoP nano-
sheets on nickel foam (Mo-CoP). The introduction of Mo
not only could improve the structure of the catalyst but
could also enhance the activity. This approach substantial-
ly optimizes the surface area of the catalyst, thus leading
to outstanding activity. During the second hydrothermal
process, Mo ions imbedded in the CoCO nanosheets to
form abundant Mo-Co interface sites. After calcining with
NaH2PO2, two different metal phosphides were formed.
As a result, the as-prepared material delivers a current
density of 100 mA/cm2 at overpotentials of 112 mV for
HER and 329.9 mV for OER in 1.0 M KOH. Besides,
Mo-CoP catalyst showed high durability under alkaline
electrolytes. When used as bifunctional electrocatalyst,
Mo-CoP could deliver 10 mA/cm2 at a low cell voltage
of 1.54 V. This work offers a facile methodology for the
development of a heterojunction catalyst.

Experimental section

Synthesis of Mo-CoP nanosheets on nickel foam

In a typical synthesis, Co (NO)3·6H2O (3.33 mmol), NH4F
(13.33 mmol), and urea (16.67 mmol) were dissolved in
60-mL distilled water. After that, the as-prepared solution
was transferred into a 100-mL autoclave with one piece of
clean nickel foam (1 × 6 cm2). Secondarily, the autoclave
was sealed and heated at 100 ° C for 6 h. After cooling to
room temperature, the samples were taken out, and then they
were rinsed and dried. In order to synthesize CoMoO4,
0.4 mmol of Na2MoO4 was dissolved in 30 mL of distilled
water. After that, the as-prepared solution was transferred to a
100-mL autoclave with one piece of nickel foam covered with
CoCO. Thereafter, the autoclave was sealed and heated at 140
° C for 6 h. After cooling to room temperature, the samples
were taken out, and then they were rinsed and dried. In order
to synthesize Mo-CoP, CoMoO4 and NaH2PO2 were put at
two different positions with NaH2PO2 of 1 g at the upstream
side of the tube furnace. Subsequently, the samples were heat-
ed at 350 °C with 2 °C/min and kept for 2 h under argon flow,
and then cooled to room temperature. The calculated area
mass loading of NF (10 × 10 mm2) was calculated to be
0.0168 g.

Synthesis of Mo-CoP nanosheets with different pro-
portions (Mo-CoP-x) on Nickel Foam

In order to synthesize Mo-CoP-x, 0.2, 0.6, and 0.8 mmol
Na2MoO4 were dissolved in 30 mL of distilled water respec-
tively. After that, the as-prepared solution was transferred to
three 100-mL autoclaves where there is one piece of nickel
foam covered with CoCO. Thereafter, the autoclave was
sealed and heated at 140 ° C for 6 h; CoMoO4-x (x = 0.2,
0.6, and 0.8) was obtained. Finally, CoMoO4-x is processed
through the same phosphating process to obtain Mo-CoP-x.

Synthesis of pure CoP nanosheet array on Nickel foam

In order to synthesize pure CoP, CoCO and NaH2PO2 were
put at two different positions with NaH2PO2 of 1 g at the
upstream side of the tube furnace. The other reaction condi-
tions are the same as those of Mo-CoP.

Physical characterization

XRD patterns of as-prepared materials were performed on a
Rigaku Smart Lab X-ray diffractometer operated at 40 kV
using Cu kα radiation source at a scan rate of 5°. The mor-
phology of as-prepared samples was characterized by field
emission scanning electron microscopy (FESEM, Zeiss
Supra 55) with an accelerating voltage of 15 kV and a
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transmission electron microscope (TEM) with an accelerating
voltage of 100 kV. X-ray photoelectron spectroscopy (XPS)
with a Kratos XSAM-800 spectrometer was used to investi-
gate the valence state of the elements.

Electrochemical measurements

Electrochemical measurements were carried out in a typical
three-electrode cell with a CHI 660E electrochemical work-
station (CH Instruments, Inc., Shanghai) at room temperature
(~25 °C) in 1MKOH. TheMo-CoP (10 mm× 10mm), Pt foil
(10 mm× 10mm), and Hg/HgO electrode are used as working
electrode, counter electrode, and reference electrode, respec-
tively. The polarization curves of HER and OER were obtain-
ed at a scan rate of 1.0 mV/s in 1.0 M KOH at room temper-
ature. All the potentials were calibrated to a reversible hydro-
gen electrode (RHE) by the formula E (vs RHE) = E (vs Hg/
HgO) + 0.059×pH + 0.0977 V. For comparison, the electro-
catalytic performance of NF, Pt/C, and other related electrodes
were tested. Electrochemical impedance spectroscopy (EIS)
measurements were performed in the frequency range of
0.01~105 Hz with a 5-mV AC voltage amplitude at different
potentials (125 mV for HER and 250 mV for OER). The
durability test was performed for 12 h at a current density of
50 mA/cm2. To calculate the electrochemically active surface
area (ECSA), the double-layer capacitance (Cdl) is calculated
from the cyclic voltammetry (CV) which is performed at var-
ied scan rates in the potential range of 0.1~0.2 V (vs RHE).

Result and discussion

Scheme 1 visually depicts the entire process of catalyst pro-
duction and the changes on the surface of NF during the pro-
cess. The Mo-doped CoP nanosheet arrays were successfully
grown on NF by hydrothermal and phosphidation procedure.
Additionally, the corresponding morphology changes from
CoCO to CoMoO4 were revealed via the SEM images in
Fig. 1. At first, NF which could provide a three-dimensional
(3D) skeleton was used as a substrate to fabricate two-
dimensional (2D) CoCO via hydrothermal reaction (Fig. 1a).
As shown in Fig. 1b, quite a few nanosheets of uneven thick-
ness dispersed on NF irregularly, CoMoO4 nanosheet array
was obtained after the second hydrothermal reaction, and the
thickness of the nanosheets on NF decreased obviously. From
Figure S1, the thickness of CoMoO4 nanosheet is about 20
nm. The as-prepared CoMoO4 was used as the template to
synthesize the Mo-CoP via phosphidating and the nanosheet
structure of the precursor was preserved intact. Meanwhile,
compared with CoMoO4 nanosheets, the surface of Mo-CoP
nanosheets is rougher than those of CoMoO4. And the top
view of NF, CoCO, CoMoO4, and Mo-CoP strongly proves
that the prepared material is uniformly distributed on the

surface of NF (Figure S2). Besides, the EDS element map-
pings of Mo-CoP (Figure S3) further exhibit a uniform distri-
bution of Co, Mo, and P throughout the structure.
Furthermore, from the EDS spectrums of Mo-CoP
(Figure S4), the atomic ratio of Mo: Co: P is 1.27 : 6.9 :
10.91. As depicted in Figure S5, the surface of CoP is covered
by an array of nanorods, and Co and P are evenly distributed
on the CoP surface. In addition, the atomic ratio of Co: P is
25.37: 19.88 (Figure S6).

In order to study the effect of reaction time on the morphol-
ogy ofMo-CoP, some samples were synthesized at 140 °C for
different reaction time. In Fig. 2a, after treating with
Na2MoO4 at 140 °C for 2 h and then calcined with
NaH2PO2, the nanosheets disappeared, and many irregular
nanosheets are shrouded above the nanowires. As the reaction
time is prolonged to 4 h, the nanowires are completely con-
verted into a regular nanosheets array (Fig. 2b), but the surface
of the nanosheets is so smooth that it will not be conducive to
the display of the active site. When the reaction time is
prolonged to 6 h, the nanosheet array obtained is cruder
(Fig. 2c). However, as the reaction time prolonged to 8 h,
the nanosheet array is destroyed (Fig. 2d). Set the reaction
time to 6 h, and the structure of the material will be more
conducive to the diffusion of electrolyte and the precipitation
of gas.

For the electrocatalytic activity is sensitive to the valence
state and the coordination environment of metal centers, the
X-ray photoelectron spectroscopy (XPS) ofMo-CoPwas con-
ducted to investigate the chemical composition and valence
state of the elements on the surface of it. As shown in
Figure S7, the survey spectrum manifests the existence of
Co, Mo, and P. Figure 3a displays the Co 2p XPS spectrum,
in which the peaks at 777.9 and 793.4 eV are attributed to Co
2p3/2 and 2p1/2, demonstrating the presence of the Co0. The
peaks of Co 2p3/2 and 2p1/2 appear at 782.3 and 798.2 eV,
respectively, demonstrating the presence of the Co2+ species
in the Mo-CoP [29–31]. Additionally, the peaks at 787.0 and
802.8eV could be ascribed to the charge-transfer satellite
structure. Figure 3b shows the XPS spectrum in the P 2p
region, the peak at 134.4 eV belongs to the P-O. And the
peaks at 129.8 and 129.1 eV could be ascribed to P 2p1/2
and P 2p3/2, respectively, demonstrating the presence of Mo-
P or Co-P in the metal phosphide. In the XPS spectrum of Mo
3d (Fig. 3c), the peaks at 232.61 (3d5/2) and 235.39 eV (3d3/2)
could be ascribed to the oxidizedMo species (MoO3) resulting
from the surface oxidation of Mo-CoP, and the two peaks at
230.47 (Mo 3d5/2) and 233.67 eV (Mo 3d3/2) could be as-
cribed to Mo5+ [32]. Sodium hypophosphite generates reduc-
ing phosphine during the calcination process, which is one of
the reasons for the existence of Co0 and Mo5+. For compari-
son, the XPS data of CoP was shown as well. The survey
spectrum of CoP (Figure S8) manifests the presence of Co
and P. Compared with Mo-CoP, in the high-magnification
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XPS spectra of CoP (Fig. 3d), the chemical states of Co and P
are different from those ofMo-CoP. The binding energy of Co
2p of CoP at 778.7 (Co 2p3/2), 782.2 (Co 2p3/2), 792.9 (Co
2p1/2), and 798.4 eV (Co 2p1/2) shifts toward higher binding
energies compared with that of Co 2p of Mo-CoP. Mo doping
enhances the interaction between Co and P so that the binding

energy of Co decreases. Figure 3e shows the XPS spectrum in
the P 2p region, and the binding energy of P 2p of CoP at
129.3 and 130.0 eV shifts toward higher binding energies
compared with P 2p of Mo-CoP as well. The change in bind-
ing energy indicates that the charge is redistributed. The redis-
tribution could be ascribed to the strong interaction between

Scheme 1 Synthetic procedure of
Mo-CoP/NF

Fig. 1 SEM images of NF (a),
CoCO (b), CoMoO4 (c), and Mo-
CoP (d)

3112 Ionics (2021) 27:3109–3118



the interfaces of CoP and CoMoP [33] which could signifi-
cantly improve the electrocatalytic activity.

The XRD patterns were recorded to figure out the crystal-
lographic information of precursors and as-prepared catalysts.
In Figure S9, XRD patterns of the samples confirm the

formation of CoCO and CoMoO4. Among them, the XRD
pattern of CoCO could be well indexed to Cobalt Oxalate
Hydrate (JCPDS 25-0250). The emerging new peaks after
the reaction with the Na2MoO4 can be attributed to CoMoO4

(JCPDS 16-0309) and basic cobalt carbonate (JCPDS 48-

Fig. 2 SEM images of the CoCO
reacted with Na2MoO4 at 140 °C
for 2 h (a), 4 h (b), 6 h (c), and 8 h
(d)

Fig. 3 High-magnification XPS spectra of Mo-CoP: Co 2p (a) P 2p (b), andMo 3d (c); high-magnification XPS spectra of CoP: Co 2p (d) P 2p (e), and
the XRD patterns of Mo-CoP (f)
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0083), which could confirm that the CoCO is partially convert-
ed to CoMoO4, mostly by hydrothermal reaction into basic
cobalt carbonate (JCPDS 48-0083). As shown in Figure S10,
the XRD pattern of precursor changes dramatically after
phosphating. The new peaks at 31.60°, 36.32°, and 48.12° cor-
responding to (011), (111), and (211) planes of orthorhombic
CoP (JCPDS 29-0497) in CoCO were converted to CoP after
phosphating. The XRD pattern of Mo-CoP (Fig. 3f) could be
well indexed to the orthorhombic CoP (JCPDS 29-0497), and
the other peaks at 39.13°, 39.28°, 41.57°, and 42.87° could be
ascribed to the (112), (210), (211), and (103) planes of ortho-
rhombic CoMoP (JCPDS 32-0299), respectively. Mo-CoP is
composed of CoMoP and CoP.

The electrocatalytic HER performance of Mo-CoP was
evaluated. Additionally, CoMoO4, CoP, Pt/C, and NF elec-
trodes were also investigated. As shown in Fig. 4a and b, Mo-
CoP electrode delivers high HER performance that could de-
liver 100 mA/cm2 with a low overpotential of 112 mV which
is much smaller than CoMoO4 (η100 =213.5 mV), CoP (η100
=188 mV), and NF (η100 =380.4 mV), and even close to that
of the benchmark Pt/C (η100 =99.7 mV). Figure 4b shows the
overpotential of Mo-CoP and other references at the current
density of 100 mA/cm2. Comparing Figure S11 with S12, it is
not difficult to find that phosphating reshapes the morphology
of CoCO, and the structure of the material is transformed from
a nanoplate array to a nanorod array. Although the CoMoO4

obtained after reacting with Na2MoO4 was sufficiently im-
proved in terms of morphology, the inherent activity of the
material still needs to be improved. From the TEM image

(Figure S13), it is not difficult to find that the nanosheets on
the surface of CoMoO4 are too thin to be broken during the
ultrasonic treatment, even after phosphating, which indicates
that there are ultra-thin nanosheets on the surface of Mo-CoP.
The improvement of morphology and the synergy between
different phosphides are the main reasons for the distinctive
activity of Mo-CoP. Besides, comparing with other Co-based
electrocatalysts (Table S1 [34–40]), Mo-CoP is not inferior in
terms of electrochemical performance. Combined with the
structure of the catalyst, the reason for its distinctive perfor-
mance should be ascribed to the 2D structure.

The Tafel plots of catalysts are shown in Fig. 4c. Mo-CoP
possesses a Tafel slope of 69.1 mV/dec which is lower than
that of CoMoO4 (161.5 mV/dec), CoP (101.6 mV/dec), and
NF (126.9 mV/dec). Typically, the Tafel slope is used to
identify the kinetic process of electrochemical reactions.
There are three kinds of reactions involved in HER: the
Volmer, Heyrovsky, and Tafel reactions [41]. The Volmer
reaction represents the initial electron transfer process and
corresponds to the slope value of 30 mV/dec. The
Heyrovsky reaction belongs to the electrochemical desorp-
tion step and corresponds to the slope value of 40 mV/dec.
The Tafel reaction represents the compound desorption pro-
cess and corresponds to the slope value of 120 mV/dec.
Therefore, there are two feasible reaction ways for HER:
Volmer-Heyrovsky and Volmer-Tafel. Herein, the Tafel
slope of Mo-CoP is in the range of 40~120 mV/dec, indicat-
ing that the corresponding hydrogen evolution reaction takes
in the Volmer-Heyrovsky pathway.

Fig. 4 a The HER polarization curves and of Mo-CoP, CoMoO4, CoP,
Pt/C, and NF. b The comparison of overpotential at 100 mA/cm2 for Mo-
CoP and other references. c The Tafel plots derived from (a). d Nyquist

plots of various catalysts. e Chronopotentiometry curve of Mo-CoP/NF
was performed at geometric current densities of −50 mA/cm2. f Cdl of
different electrodes
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Additionally, charge-transfer resistance (Rct) and electro-
chemical adsorption resistance (Rad) were obtained by an
equivalent circuit (Figure S14). As shown in the Nyquist plots
(Figure 4d), Mo-CoP (0.5927 Ω) exhibits a smaller Rct than
CoMoO4 (2.657 Ω) and NF (210.6 Ω). It is worth noting that
Rad of Mo-CoP is even lower than that of CoP, implying that
the incorporation of molybdenum may accelerate electro-
chemical adsorption on the electrode surface which could be
attributed to the nanosheet structure. During the second hy-
drothermal reaction, the morphology of the precursor changes
from a thicker nanoplate array to a rougher nanosheet array,
and the surface of the precursor becomes rougher. The mor-
phology of the precursor was retained after phosphating,
which makes it possible to expose more active sites. The mor-
phology of the precursor is preserved after phosphating, which
not only provides the possibility for more active sites to be
exposed but also provides convenience for the full contact
between the electrode and the electrolyte.

For studying the stability ofMo-CoP, chronopotentiometry
was conducted at −50 mA/cm2 for 12 h. In Fig. 4e, no con-
spicuous increase in the potential could be found, confirming
that Mo-CoP has superior operational stability. As shown in
Figure S15, after the test for 12 h, the IR-corrected polarization
curves of Mo-CoP for HER had occurred a negative shift,
indicating the improvement of the catalytic performance of
the catalyst. In addition, comparing the SEM images before
and after the durability test (Figure S16), it is not difficult to
find that the nanosheet structure on the surface of the catalyst
is well retained, which further illustrates the excellent stability
of the catalyst.

The Cdl was also evaluated to investigate the electrochem-
ical surface area (ECSA). Here, the Cdl is extracted from CV
curves with different scan rates (20~120mV/s) (Figure S17).
The Cdl can be calculated by plotting the current density ΔJ
(ΔJ = Ja - Jc, Ja is anodic current density, Jc is cathodic current
density) against the scan rates, and half of the slope is Cdl. As
shown in Fig. 4f, Mo-CoP exhibits a larger Cdl value of 78.70
mF/cm2, almost 2.2-fold than that of CoP (36.03 mF/cm2)
which confirmed that the introduction of Mo could improve
the morphology and activity of the catalyst. Besides, the Cdl

value of CoMoO4 (6.11 mF/cm2) is less than eight-tenths of
that of Mo-CoP which contributed to the fact that phosphating
could increase the active sites of the catalysts. And these elec-
trochemical tests demonstrated that the synergistic effect be-
tween CoP and CoMoP plays an important role in enhancing
the catalytic activities.

The electrochemical OER activities of Mo-CoP, CoMoO4,
CoP, and NF were evaluated through cyclic voltammetry
(CV). As shown in Fig. 5a, Mo-CoP exhibits the OER activity
that reach 10 mA/cm2 with a low overpotential of 269 mV,
which outperforms those of CoP (280 mV), CoMoO4 (291
mV), and NF (453 mV). And Mo-CoP exhibits better electro-
chemical kinetics than CoP and CoMoO4. As shown in Fig.

5b, the Tafel slope of the Mo-CoP at approximately 86.8 mV/
dec is smaller than that of CoMoO4 (96.8 mV/dec) and CoP
(87.6 mV/dec). It is worth noting that Mo-CoP outperforms
many reported OER electrocatalysts (Table S2 [42–49]). And
compared with other catalysts, the load transfer resistance of
Mo-CoP is smaller (Fig. 5). Another thing worth mentioning
is its good stability (Fig. 5d). After a 12-h durability test, the
electrocatalytic oxygen evolution performance of the catalyst
remained basically unchanged (Figure S18). Meanwhile, the
morphology of the catalyst was completely destroyed after
12 h of durability test, which can be attributed to electrochem-
ical remodeling (Figure S19).

In order to study the relationship between the concentration
of sodium molybdate and the morphology and properties of
the material, Mo-CoP-0.2, Mo-CoP-0.4, and Mo-CoP-0.8
were prepared. Mo-CoP exhibits much better electrocatalytic
performance for HER (Figure S20) and OER (Figure S21). As
shown in Figure S20a, the Mo-CoP obtained with 0.4 mol
Na2MoO4 exhibits the lowest overpotential at 100 mA/cm2

current densities compared to Mo-CoP-0.2, Mo-CoP-0.6,
and Mo-CoP-0.8, indicating that the samples prepared with
0.4 mmol Na2MoO4 are the best. Meanwhile, as shown in
Figure S20b, the Tafel slope of Mo-CoP is lower than that
of Mo-CoP-0.2, Mo-CoP-0.6, and Mo-CoP-0.8. Otherwise,
as described in Table S3 and Table S4, Mo-CoP possesses
much lower charge-transfer resistance (0.5927 Ω) than Mo-
CoP-0.2 (0.9967 Ω), Mo-CoP-0.6 (0.9139 Ω), and Mo-CoP-
0.8 (1.245 Ω), which will help accelerate the progress of the
electrochemical reaction. For OER, Mo-CoP exhibits much
better electrocatalytic performance (Figure S21), which is pos-
sibly due to the rough nanosheet array, as revealed in the SEM
images in Figure S21. As shown in Figure S21a, the Mo-CoP
obtained with 0.4 mmol Na2MoO4 exhibits the lowest
overpotential at 10 mA/cm2 compared to Mo-CoP-0.2, Mo-
CoP-0.6, and Mo-CoP-0.8. Meanwhile, Mo-CoP exhibits
stronger electrochemical kinetics. As shown in Figure S21b,
the Tafel slope ofMo-CoP is lower than those ofMo-CoP-0.2,
Mo-CoP-0.6, and Mo-CoP-0.8, and such excellent electro-
chemical kinetics could improve the efficiency of the electro-
chemical reaction. As revealed in the SEM images in
Figure S22, even if the concentration of Na2MoO4 is changed,
the overall morphology of the catalyst is similar, but there are
still differences in details. When the concentration of
Na2MoO4 is 6.67 mM, as shown in Figure S22a, the nano-
sheet array is relatively sparse. When the concentration of
Na2MoO4 is increased to 20 mM, as shown in Figure S22b,
the nanosheet array is too dense, and this structure will not be
conducive to electrolyte diffusion and gas precipitation.When
the concentration of Na2MoO4 up to 26.67 mM, as shown in
Figure S22d, some nanoplatelets cluster together to form a
hill, and this structure will cause more active sites to be
masked. However, when the amount of Na2MoO4 is 13.33
mM, the surface of the nanosheets is sufficiently rough and
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facilitates gas evolution. For electrocatalysts toward HER, the
improvement of morphology is usually closely related to
ECSA. As shown in Figure S23, Mo-CoP exhibits larger
ECSA, and the ECSA of Mo-CoP-0.8 is larger than CoP,
which further proves that the introduction of Mo could in-
crease the active sites and improve the performance of the
material.

Additionally, as shown in Figure S24 and S25, the reac-
tion temperature during the second synthetic step also plays
an important role in the electrocatalytic HER and OER ac-
tivity of Mo-CoP. For HER, as shown in Figure S24a, the
Mo-CoP obta ined at 140 °C exhibi ts the lowest
overpotential at 100 mA/cm2 compared to Mo-CoP-120
and Mo-CoP-160. Moreover, as shown in Figure S24b, the
Tafel slope of Mo-CoP obtained at 140 °C is lower than that
of Mo-CoP-120 and Mo-CoP-160. Otherwise, as described
in Table S3, Mo-CoP possesses much lower charge-transfer
resistance (0.66 Ω) than Mo-CoP-120 (1.02 Ω) and Mo-
CoP-160 (1.39 Ω). In addition, the reaction temperature
during the second synthetic step plays an important role in
the electrocatalytic OER activity. As shown in Figure S25a,

the Mo-CoP obtained at 140 °C exhibits the lowest
overpotential at 100 mA/cm2 compared to Mo-CoP-120
and Mo-CoP-160. Moreover, as shown in Figure S25b, the
Tafel slope of Mo-CoP obtained at 140 °C is lower than that

Fig. 5 Oxygen evolution reaction in 1 M KOH: a IR-corrected polarization curves for OER. b The Tafel plots derived from (a). c Nyquist plots of
various catalysts with the fitting curves. d Chronopotentiometry curve of Mo-CoP/NF was performed at geometric current densities of 50 mA/cm2

Fig. 6 CV curve of an alkaline electrolyzer using Mo-CoP||Mo-CoP as
two electrodes in 1 M KOH with a scan rate of 1 mV/s
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of Mo-CoP-120 and Mo-CoP-160. As shown in the SEM
images in Figure S26, the Mo-CoP obtained at 140 °C has a
larger active surface. In summary, 140 °C should be the
most reasonable reaction temperature.

Inspired by the outstanding catalytic activity of Mo-CoP
toward bothHER andOER,we further investigated its potential
application via employing it as both anode and cathode for over
water splitting. The catalytic activity of Mo-CoP was measured
by CV at a scan rate of 1mV/s. we can learn from Fig. 6 that the
Mo-CoP||Mo-CoP electrode couple exhibit superior properties
with an onset potential of 1.42 V and deliver a 10 mA/cm2 with
a voltage value of only 1.54 V, which outperforms that of the
Pt/C/NF||RuO2 NPs/NF water electrolyzer (1.61 V)[50]. The
voltage value also lower than those of the recently reported
water electrolyzers (Table S5). In addition, the performance of
the catalyst is still outstanding at higher current densities. This
water electrolyzer displays superior performance that requires a
cell voltage of 1.59, 1.70, and 1.82 V to provide 20, 50, and 100
mA/cm2 water splitting current in 1.0MKOH respectively. But
it is a pity that after the water splitting, the morphology of the
cathode and anode was damaged to varying degrees
(Figure S27). Therefore, there still a long way to go to improve
the performance of this catalyst to meet the need of a practical
application.

Conclusions

In this report, Mo-CoP, an electrocatalyst with high perfor-
mance for HER, was successfully prepared by the develop-
ment of CoCO on NF via hydrothermal processes and thermal
treatment method. For shortening the charge diffusion path,
the catalyst is made into nanosheets. The surface area of the
rough nanosheets obtained after phosphating is further in-
creased. The incorporation of Mo could enlarge the electro-
chemically active surface area of the catalyst and adjust the
electronic structure of Co. And the intimate contact between
Mo-CoP nanosheets and NF fastens the electron transport.
Mo-CoP has improved OER (η10=235 mV) and HER
(η10=47 mV, η100=114 mV) bifunctionality. Moreover, Mo-
CoP||Mo-CoP electrode couple exhibit superior properties as
well. This work offers a facile and practicable method for the
development of effective and low-cost electrocatalysts for
HER and OER and will open up a promising avenue toward
exploring the design of catalysts.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11581-021-04071-4.
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