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Abstract A highly active bi-functional electrocatalyst
towards both hydrogen and oxygen evolution reactions is
critical for the water splitting. Herein, a self-supported
electrode composed of 3D network nanostructured NiCoP
nanosheets grown on N-doped carbon coated Ni foam
(NiCoP/NF@NC) has been synthesized by a hydrothermal
route and a subsequent phosphorization process. As a
bifunctional electrocatalyst, the NiCoP/NF@NC electrode
needs overpotentials of 31.8 mV for hydrogen evolution
reaction and 308.2 mV for oxygen evolution reaction to
achieve the current density of 10 mA-cm™? in 1 mol-L™*
KOH electrolyte. This is much better than the correspond-
ing monometal catalysts of CoP/NF@NC and NiP/
NF@NC owing to the synergistic effect. NiCoP/NF@NC
also exhibits low Tafel slope, and excellent long-term
stability, which are comparable to the commercial noble
catalysts of Pt/C and RuO,.

Keywords bimetallic phosphides, N-doped carbon, self-
support, hydrogen evolution, oxygen evolution

1 Introduction

With the growing concern of energy crisis and global
warming [1,2], the need for exploration of novel energy
sources to replace the ever-being-exhausted tradition fossil
fuels is a top priority [3,4]. Hydrogen is a promising
alternative due to its environmental friendliness and
recyclability [5]. Nowadays, electrochemical water split-
ting has been widely regarded as an efficient and
environmentally friendly technology for producing hydro-
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gen energy [6—10]. However, the cathodic hydrogen
evolution reaction (HER) and anodic oxygen evolution
reaction (OER), two vital half reactions of water electro-
lysis, are kinetically sluggish. Although Pt-based [11] and
IrO,/RuO,-based [12] catalysts, which are the state-of-the-
art catalysts towards HER and OER, respectively, can
reduce the overpotential to drive the reactions, their further
application is limited from a long-term perspective due to
the scarcity and high-cost nature of noble metals. Besides,
these catalysts could not satisfy the bifunctional electro-
catalysis for both HER and OER [13—-17]. Accordingly, it
is highly desirable to develop an alternative, low-cost, and
efficient electrocatalyst for water splitting [18—20] with the
highest possible energy efficiency by reducing over-
potentials.

Recently, considerable efforts have been devoted to non-
noble metal compounds such as transition metal nitrides
(FeN, Co4N) [21-23], carbides (Mo0,C) [24], sulphides
(CoS,, MoS,) [25-28], selenides (WSe,, MoSe,) [29-32]
and borides (Mo,B4) [33] as HER and/or OER electro-
catalysts because of the low cost. Transition-metal
phosphides have also drawn much attention because they
show much better performance than the other bifunctional
electrocatalysts towards HER and OER. Bimetallic-
structured phosphide such as NiCo,P, [34-40] could
exhibit better HER and OER performances than the
corresponding monometal phosphides (CoP and NiP)
[41] owing to the synergistic effect. Moreover, the
microstructure and morphology of electrocatalysts directly
affect their active sites and catalytic performance. Three-
dimensional (3D) network structures have attracted a
tremendous amount of attention because the abundant
interior space and large surface areas could be responsible
for fast diffusion of ions and enhanced reaction kinetics.
Undoubtedly, the use of self-supported substrates (such as
Ni foam) is the most effective and facile strategy for
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synthesis of the special 3D network nanostructures [42—
44]. Moreover, the introduction of N-doped carbon
nanostructures could enhance the catalytic properties due
to the asymmetrical electron spin density and charge
polarization produced by the electronegativity difference
between carbon and N atoms. Besides, the carbon
nanostructures could improve the dispersion and stability
of metal phosphides. Therefore, the effective combination
of NiCoP and N-doped nanostructures on Ni foam may be
an effective strategy to prepare the HER and OER
bifunctional electrocatalyst.

Herein we have constructed a self-supported electrode
composed of 3D network nanostructured NiCoP grown on
N-doped carbon coated Ni foam (NiCoP/NF@NC) by a
hydrothermal route and a subsequent phosphorization
process.

2 Experimental
2.1 Synthesis of NiCoP/NF@NC

NiCoP/NF@NC was prepared by a simple hydrothermal and
a subsequent carbonized route. A piece of NF (3 x 4 cm?)
was firstly soaked in 2 mol-L™' HCI solution for 20 min to
remove the oxide layer. After washed with deionized water
and acetone, the NF was dried for standby application. In a
typical synthesis, the pre-treated NF was soaked in a 5%
dopamine aqueous solution for 20 min to obtain the
dopamine coated NF sample. The coated NF was then
heated at 900 °C for 2 h under N, to afford the N-doped
carbon coated NF (namely NF@NC). Subsequently, Ni
(NO3),-6H,0O (4 mmol) and 2 mmol Co(NOj3), 6H,O
(2 mmol) were dissolved into deionized water (40 mL) and
stirred for 10 min. Then an aqueous solution (20 mL)
composed of NH4F (18 mmol) and urea (6 mmol) was
poured into the above solution and stirred for 5 min. The
resulting solution was transferred into a Teflon-lined
stainless autoclave (100 mL) and reacted with NF@NC
at 120 °C for 8 h. The resulting product, named as NiCo/
NF@NC, was washed with deionized water for several
times and then dried in vacuum at 60 °C for 6 h. To prepare
the phosphides, NaH,PO,-H,O (1.5 g) was placed at the
upstream side of the tube furnace and the NiCo/NF@NC
was placed at the downstream side. The sample was heated
at 350 °C for 3 h with an Ar gas flow at a flowrate of
40 mL-min™' to produce NiCoP/NF@NC. As compared,
the Ni/NF@NC and Co/NF@NC samples were also
prepared by the similar procedure.

2.2 Characterizations
X-ray diffraction (XRD, Rigaku D/max-IIIB, Bruker) was

used to analyze the crystalline structures. Scanning
electron microscopy (SEM, Hitachi S-4800) and (TEM,

JEOL JEM-2100) were used to characterize the micro-
structures. The composition was determined by X-ray
photoelectron spectroscopy (XPS, VG ESCALABMK II).

2.3 Electrochemical tests

All OER and HER activities were investigated by a
standard three-electrode system on CHI660 electrochemi-
cal workstation in a 1.0 mol-L™' KOH electrolyte. The
prepared NiCoP/NF@NC composite was adopted as a
working electrode, a graphite rod served as a counter
electrode and a saturated calomel electrode (SCE) were
used as a reference electrode. The current density was
normalized to the geometrical area. The measured potential
was calibrated with RHE according to the formula in
1.0 mol-L™' KOH electrolyte and the following equation:
E(RHE) = E(SCE) + 1.059 V.

The HER and OER performances were tested in N, and
O,-saturated 1.0 mol-L™' KOH electrolytes, respectively.
Cyclic voltammetry was run at least for 50 cycles at
50 mV-s' to completely stabilize the catalyst before
recoding the data. Polarization curves were performed by
using linear sweep voltammetry (LSV) at a scan rate of
5mV-s'. Electrochemical double-layer capacitances (Cq))
were determined by cyclic voltammetry at a scan rate of
20-200 mV -s'. In the test of stability performance, cyclic
voltammetry (CV) scan at a rate of 50 mV-s' was
performed in 1.0 mol-L" KOH electrolyte for 10000
cycles, then the LSV curve was recorded. The average total
mass-loading on the NF substrate was about 2.7 mg-cm™,
with loadings of NiCoP and N-doped carbon being about
1.2 and 1.5 mg-cm™, respectively.

3 Results and discussion

The NiCoP/NF@NC was synthesized by a hydrothermal
and phosphorization process. Firstly, the Ni foam was
coated with N-doped carbon to prepare NF@NC by using
dopamine as the N resource. Then, the NiCo/NF@NC
precursor could be prepared by a hydrothermal route. The
crystal structure of each process is confirmed by XRD as
shown in Fig. 1. The NiCo/NF@NC exhibits the main
crystalline phase of NiCo,0O, (PDF#20-0781). The Ni
characteristic peaks should be originated from the Ni foam
substrate. After phosphorization, NiCo,0,4 was converted
to NiCoP (PDF#71-2336) as evidenced by XRD, so the
NiCoP/NF@NC was obtained. As compared, the CoP/
NF@NC and NiP/NF@NC were also prepared without
using Ni(NO3),'6H,O and Co(NO3),-6H,0, respectively.
It can be seen that CoP, (PDF#26-0481) and NisP,
(PDF#18-0883) exhibit in CoP/NF@NC and NiP/
NF@NC, respectively.

Microstructures and morphologies of NiCoP/NF@NC
were further investigated by SEM and TEM. As shown in
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Fig. 1 XRD patterns of NiCo/NF@NC, NiCoP/NF@NC, CoP/
NF@NC and NiP/NF@NC

Fig. 2(A), Ni foam is uniformly covered by 3D network
structured NiCoP nanosheets. The enlarged SEM images
(Figs. 2(B,C)) further show that the surface of nanosheets
is rough, which could increase the active sites and facilitate
the ion diffusion. Figure 2(D) shows a representative TEM
image of NiCoP nanosheets shaved off from NiCoP/
NF@NC. A carbon layer with a thickness of 8-10 nm
coated on the NiCoP nanosheets was observed (Fig. 2(E)).
The HRTEM image in Fig. 2(F) displays a lattice spacing
0f 0.22 nm, corresponding to the (111) interplanar spacings
of hexagonal NiCoP.

XPS was used to further analyze the composition and
surface structure of NiCoP/NF@NC. The XPS survey
spectra in Fig. 3(A) shows that Ni, Co, P, N, C and O
coexist in the NiCoP/NF@NC. The high-resolution spectra

were further used to analyze the valences of Ni 2p, Co 2p,
P 2p, N 1s and C 1s. As shown in Fig. 3(B), the Ni 2p3/2
energy level peak at 853.1 eV is attributed to Ni‘" in
NiCoP, whereas the peak at 856.9 eV is originated from Ni
oxide species. In the Ni 2p1/2 energy level, the peaks at
870.3 and 875.2 eV correspond to the Ni*" in NiCoP and
Ni oxide species, respectively. The other two peaks at
862.2 and 881.1 eV are ascribed to the satellites of the Ni
2p3/2 and Ni 2pl/2, respectively [45]. For Co 2p spectra
(Fig. 3(C)), peaks at 778.6 and 782.2 eV belong to Co*"
and Co*" of Co 2p3/2, respectively, which originated from
Co-P and Co oxidized state. In the Co 2p1/2 energy level,
the peaks at 798.5 and 801.7 eV are assigned to Co** and
Co®*, respectively. Moreover, the peaks at 786.4 and
804.4 eV could be assigned to the satellite peaks of
Co 2p3/2 and Co 2pl/2 [45]. For P 2p XPS spectra in
Fig. 3(D), the two peaks at 129.4 and 130.5 eV belongs to
P 2p3/2 and P 2pl/2, respectively, derived from NiCoP.
The peak at 134.8 eV corresponds to phosphate radical or
P,O5 [45]. The above results demonstrate the main phase is
NiCoP, and some oxidized species also exist due to surface
oxidation of NiCoP. The N 1s XPS spectrum can be
deconvoluted to pyridinic N at 397.5 eV, pyrrolic N at
399.2 eV and graphitic nitrogen atoms doped in the carbon
matrix at 402.9 eV (Fig. 3(E)), which are favorable for the
electrocatalytic performance [45]. Figure 3(F) displays the
XPS of the C 1s; the peaks at 284.6, 285.9 and 288.7 eV
correspond to the C = C, C-N and —C-0, respectively. The
existence of C—N bond further indicated the successful
doping of nitrogen in the carbon matrix [46,47].

The HER catalytic performance was first investigated by
a three-electrode system in 1.0 mol-L ' KOH electrolyte.

d=022 nm

NiCoP (111)

5 nm

Fig. 2 (A-C) SEM, (D) TEM and (E, F) HRTEM images of NiCoP/NF@NC
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Fig. 3 (A) Wide XPS spectra of NiCoP/NF@NC; high-resolution XPS spectra of (B) Ni 2p, (C) Co 2p, (D) P 2p, (E) N Is and (F) C 1s

for NiCoP/NF@NC

As compared, the NiP/NF@NC and CoP/NF@NC were
also tested. Similarly, the commercial 20% Pt/C catalyst
and NiCoP powder were coated on NF@NC for
comparison, respectively, named as Pt/C-NF@NC and
NiCoP-NF@NC. Polarization curves were obtained from
linear sweeping voltammetry (LSV) at a sweeping rate of
5 mV-s' as shown in Fig. 4(A). The NiCoP/NF@NC
shows an overpotential of 31.8 mV at the current density of
10 mA-cm™?, whereas Pt/C-NF@NC needs an over-
potential of 10.5 mV to achieve the same current density
(Table S1). However, the overpotential of NiCoP-NF@NC
at the current density of 10 mA -c¢m? is much higher than
those of the NiP/NF@NC (126.6 mV) and CoP/NF@NC
(112.1 mV), indicating the HER activity of NiCoP-
NF@NC is much better than that of the corresponding
monometal phosphide owing to the synergistic effect.
Moreover, the overpotential of NiCoP/NF@NC electrode
at 10 mA-cm™? is much lower than that of the NiCoP-
NF@NC electrode (279.3 mV). It is attributed to the
intimate contact between NiCoP and NF@NC substrate
originated from the in-situ growth strategy to facilitate the
transfer of electron and ions.

The Tafel plot, overpotential versus log (j), is always
applied to reveal the catalytic mechanism of HER. The
Tafel slope for NiCoP/NF@NC is 62.3 mV -dec', which
suggesting that the electrochemical desorption Heyrovsky
step is the rate-determining step and the NiCoP/NF@NC
as electrocatalyst for HER follows a Volmer-Heyrovsky
mechanism (H,O 4+ ¢ = H,qs + OH, H, O+ ¢ + Hyys =

H, 4+ OH"). The Tafel slope of NiCoP/NF@NC is much
less than those of NiP/NF@NC (80.1 mV-dec™"), CoP/
NF@NC (77.8 mV-dec') and NiCoP-NF@NC (109.6
mV -dec™), implying the more favorable catalytic kinetics
of NiCoP/NF@NC towards HER. Calculation the double
layer capacitance at the solid-liquid interface based on CV
is an alternative method to measure the relative effective
active area. The capacitance of NiCoP/NF@NC is about
11.5 mF-cm™, indicating a plenty of active sites in the
NiCoP/NF@NC. The stability of NiCoP/NF@NC elec-
trode was tested by CV scan between + 0.20 and —0.30 V
versus RHE at a scan rate of 50 mV-s™ in 1.0 mol-L™'
KOH electrolyte. As shown in Fig. 4(D), it is almost no
degradation in current density and overpotential after
continuous 10000 CV scanning, further confirming its
excellent long-term electrochemical stability.

The polarization curves of OER performance of NiCoP/
NF@NC was also tested in 1.0 mol- L' KOH at a scan rate
of 5mV s, and the commercial RuO, catalyst coated on
NF@NC (RuO,-NF@NC) was also estimated for compar-
ison. Figure 5(A) shows the LSV curves of NiCoP/
NF@NC, NiP/NF@NC, CoP/NF@NC, NiCoP-NF@NC
and RuO,-NF@NC. The RuO,-NF@NC exhibits a lowest
overpotential of 210.4 mV at a current density of
10 mA -cm 2. NiCoP/NF@NC shows the higher current
density at relative lower overpotential compared to other
three electrodes. The NiCoP/NF@NC only demands a
lower overpotential of 308.2 mV to achieve the current
density of 10 mA -¢cm 2 compared to NiP/NF@NC (349.1



Miaomiao Tong et al.

0F (A)
~20 |- — NiCoP/NF@NC
_ | — NiP/NF@NC
= 4o} — CoPNF@NC
3 —— PU/C-NF@NC
5 NiCoP-NF@NC
= 60
_80 -
_1 n 1 n L i L i 1 " il L 1 i 1 i L i
-0.8 0.7 0.6 0.5 —0.4 -03 -02 -0.1 0.0
Potential /V vs. RHE
2+ © 200
0F 20
§ -2t
ﬁ o
£ 5
N <!
¢k 70
L 2 0 50 100 150 I_UO
3 ) . lScan rate -"un\'-]s 7y
0.12 0.16 0.20 0.24

Potential /V vs. RHE

Fig. 4

3D Network nanostructured NiCoP nanosheets 421

0.5F

(B) » NiCoP/NF@NC
I < NiP/NF@NC

g 04r CoP/NF@NC
= E

sa G ® PUC-NF@NC
2 03F W09 6™ NiCoP-NF@NC
é 0.2 A A
2 dec o
= . o

2 01f @
o] 1 ,

(]'{}_.1.1.1.1.1.:,1.t,|

02 04 06 08 1.0 12 14 16 1.8 240
log j/(mA-cm 2)
0F (D)

-20
o I —— Intial
'E 40 | — After 10000 cycles
5
<
=
= 60

_80 [

—100 1 1 L L 1

i 1 i n i i i 1 i 1 i "
-0.8 -0.7 -0.6 0.5 =04 -03 -0.2 -0.1 0.0
Potential /V vs. RHE

(A) HER LSV curves of NiCoP/NF@NC, NiP/NF@NC, CoP/NF@NC, NiCoP-NF@NC and Pt/C-NF@NC in 1.0 mol-L™' KOH

electrolytes with a scan rate of 5 mV-s . ®) corresponding Tafel slopes of the five catalysts; (C) electrochemical cyclic voltammogram of
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mV), CoP/NF@NC (383.3 mV) and NiCoP-NF@NC
(362.7 mV) (Table S2). Moreover, the previous study
reported that the Ni,P-CoP composites at 10 mA-cm?
exhibit overpotentials of 105 mV for HER and 320 mV for
OER [48], which are much higher than those of NiCoP/
NF@NC. The synthetic NiCoP/NF@NC exhibits better
performance towards HER and OER compared with the
reported similar materials, such as NiCoP nanosheets and
spheres [35,39]. It is further demonstrated the special
structures of 3D network nanostructured NiCoP
nanosheets enhance the electrocatalytic performance. As
shown in Fig. 5(B), the Tafel slope for NiCoP/NF@NC is
94.5 mV -dec !, which is much lower than those for NiP/
NF@NC (390.4 mV-dec'), CoP/NF@NC (394.9
mV-dec™), NiCoP-NF@NC (155.2 mV-dec') and
RuO,-NF@NC (135.0 mV-dec™). This indicates that
NiCoP/NF@NC has a more efficient OER electrocatalytic
activity, and is even better than one of the best commercial
RuO, catalysts, probably because the 3D network
nanostructures facilitate the exposure of active sites, and
the synergistic effect between N-doped carbon and
network structured NiCoP may also be responsible for
the superior OER activity.

Electrochemical impedance spectroscopy (EIS) was

further used to study the electrode kinetics under the
OER operating conditions as shown in Fig. 5(C). In the
Nyquist plots, it is clearly revealed that the charge-transfer
resistance is lower for the NiCoP/NF@NC electrode than
for the NiP/NF@NC, CoP/NF@NC and NiCoP-NF@NC
electrodes (Table S3), suggesting that NiCoP/NF@NC has
the fastest charge transfer process. It is probably related to
the good electrical contact between the NiCoP catalyst and
NF@NC substrate derived from the in-situ growth
strategy, resulting in the rapid electron transfer from the
substrate to the catalyst surface. The long-term electro-
chemical stability is a critical criterion to estimate the
electrocatalysts, and the 10000 cycles stability test results
of NiCoP/NF@NC are shown in Fig. 5(D). Notably, after
the 10000 cycles test, the LSV curve is almost coincident
with the initial curve, indicating that no degradation
happens during the long-term test. According to the
previous studies, the surface-bound phosphates and
phosphides of NiCoP can be oxidized to oxides or
oxyhydroxides, and this is a common phenomenon for
metal phosphides after OER catalysis [45,49]. Notably, the
resulting NiCoP/Ni,Co,O (or Ni,Co,OOH) heterojunction
could promote the OER activity by accelerating the
electron transfer from the metallic NiCoP to the surface
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catalysts; (D) LSV curves of NiCoP/NF@NC before and after continuous potential sweeps at a scan rate of 50 mV - s !

KOH electrolyte

layer [50], resulting in the high activity and stability of
NiCoP/NF@NC. The above results demonstrate that
NiCoP/NF@NC is a good bifunctional electrocatalyst
towards HER and OER.

4 Conclusions

A self-supported electrode composed of 3D network
nanostructured NiCoP grown on N-doped carbon coated
Ni foam (NiCoP/NF@NC) has successfully been synthe-
sized by a hydrothermal route and a subsequent phosphor-
ization process. The special structure has the following
advantages: (i) 3D network structures could accelerate the
diffusion of ions and improve the electrocatalytic perfor-
mance; (ii) the N-doped carbon nanostructures could
enhance the electrical conductivity and facilitate the
transfer rate of electron; and (iii) the self-supported
substrate could avoid the use of binder and enhance the
performance. NiCoP/NF@NC can be used as an efficiency
bifunctional electrocatalyst for both HER and OER in
1 mol- L™ KOH electrolyte. NiCoP/NF@NC can reach a
current density of 10 mA -cm 2 and has low overpotentials
(31.8 mV for HER and 308.2 mV for OER), which are

! (B) corresponding Tafel slopes of the five catalysts; (C) EIS spectra for all the compared

in 1.0 mol-L!

much better than the monometal catalysts of CoP/NF@NC
and NiP/NF@NC. In addition, NiCoP/NF@NC also
shows excellent long-term stability, as evidenced by that
its performance has no obvious attenuation after 10000
time cycles. The present design strategy could be used for
synthesis of bimetallic phosphide as a bifunctional
electrocatalyst for water splitting.
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