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ABSTRACT A low-cost, highly efficient and strong durable
bifunctional electrocatalyst is crucial for electrochemical
overall water splitting. In this paper, a self-templated strategy
combined with in-situ phosphorization is applied to construct
hollow structured bimetallic cobalt-nickel phosphide
(CoNiP,) nanocages. Owing to their unique hollow structure
and bimetallic synergistic effects, the as-synthesized CoNiP,
hollow nanocages exhibit a high electrocatalytic activity and
stability towards hydrogen evolution reaction in all-pH elec-
trolyte and a remarkable electrochemical performance for
oxygen evolution reaction in 1.0 mol L' KOH. Meanwhile,
with the bifunctional electrocatalyst in both anode and cath-
ode for overall water splitting, a low voltage of 1.61 V and
superior stability are achieved at a current density of

20 mA cm .

Keywords: bimetallic cobalt-nickel phosphide, hollow nanocage,
electrochemical water splitting, all-pH electrolyte

INTRODUCTION

The increasing energy consumption and serious en-
vironmental problems have forced us to develop sus-
tainable and environment-friendly energy systems [1,2].
Among numerous renewable energies, hydrogen (H,) is
regarded as one of the promising energy carriers to re-
place fossil fuels, owing to the high energy efficiency and
non-polluting product [3,4]. In recent decades, the fast
development and wide application of H, fuel cells have
led to a huge demand for H, preparation. Electrochemical
water splitting, a clean and efficient technology, is con-
sidered as one of the most promising approaches to ob-
tain H, with high purity. However, because of the sluggish
reaction kinetics and non-negligible overpotential (1) for
both hydrogen evolution reaction (HER) and oxygen

evolution reaction (OER) during water electrolysis [5-8],
the large-scale H, preparation is seriously restricted,
which has driven the exploration of high-efficiency elec-
trocatalysts. Nowdays, the most widely used electro-
catalysts for HER and OER are noble metals and their
oxides, such as platium (Pt) [9,10], iridium (Ir) [11,12],
iridium dioxide (IrO,) [13,14] and ruthenium (Ru) [15-
17]. Unfortunately, the scarcity and high-costs hinder
their industrial applications. Therefore, to develop bi-
functional electrocatalysts with low-cost but high activity
and stability towards both OER and HER is extremely
urgent [18-20].

In recent years, transition-metal oxides and corre-
sponding transition metal phosphides [21-24], sulfides
[25,26], nitrides [27,28], and selenides [29-31] have been
extensively studied as non-precious bi-functional elec-
trocatalysts for overall water-splitting. In particular,
transition metal phosphides, especially bimetallic transi-
tion metal phosphides have attracted significant atten-
tions as bi-functional electrocatalysts for water-splitting
owing to their remarkably enhanced catalytic activities
[32,33]. To maximize the electrochemical performance of
the catalysts, endowing the electrocatalysts with hollow
nanostructures is regarded as an effective approach,
which can significantly increase their specific surface
areas and expose more reactive sites [34-37]. Moreover,
the ion diffusion length and transport resistance for water
splitting can be effectively reduced by their large void
spaces, which has been fully demonstrated by previous
studies [38-40]. Therefore, the rational design of bime-
tallic transition-metal phosphides with hollow nanos-
tructures is of great significance for improving their
electrocatalyitc activities towards both HER and OER.

Encouraged by the above analysis, a hollow structured
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bimetallic cobalt-nickel phosphide (CoNiP,) was con-
structed via a self-templated strategy combined with the
subsequent in-situ phosphorization. The as-synthesized
CoNiP, hollow nanocages exhibited an excellent pH-
universal electrocatalytic activity towards HER in all of
the basic, neutral and acidic electrolytes, which is com-
parable to the commercial 20% Pt/C. Moreover, a su-
perior OER catalytic activity in basic electrolyte was
obtained, when the current density was 50 mA cm °, and
a low overpotential of 320 mV was achieved. Specifically,
the as-synthesized CoNiP, was further used as the bi-
functional electrocatalyst in both anode and cathode for
electrochemical water-splitting. A high current density of
20 mA cm © was obtained when the cell voltage was as
low as 1.61 V. After 12 h measurement, the slightly de-
creased current density indicated an excellent durability.

EXPERIMENTAL SECTION

Materials

Cobalt acetate tetrahydrate (Co(OAc),-4H,0, 99.5%),
nickel nitrate hexahydrate (Ni(NO;),-6H,0, 99%), poly-
vinylpyrrolidone (PVP, M,, = 40,000), sodium hypopho-
sphite monohydrate (NaH,PO,-H,O, 99%), methanol,
potassium hydroxide (KOH, > 85.0%), sulfuric acid
(H,SO,, > 96.0%), instant premixed granules of phos-
phate buffered saline (PBS, pH 7.4) were purchased from
Shanghai Chemical Reagents. All of the chemicals used in
this experiment were analytical grade and used without
further purification. Deionized (DI) water from a Milli-Q
System (Millipore, Billerica, MA) was used in all experi-
ments. Carbon paper (Toray, TGP-H-60) and graphite
powder were purchased from Alfa Aesar.

Synthesis of cobalt acetate hydroxide nanoprisms
Co(OAc),-4H,0 (1.28 g) and 3.5 g of PVP were dissolved
into 200 mL of ethanol with continuous stirring at room
temperature to form a clear pink solution. Then the so-
lution was transferred into a 500-mL round-bottom flask
and heated to 85°C under refluxing conditions. After
reacting for 24 h, the precipitate was collected by cen-
trifugation at 9000 rpm, washed with ethanol several
times and dried at 80°C under vacuum overnight.

Synthesis of Co-Ni LDH

The prepared cobalt acetate hydroxide nanoprism pre-
cursors were dispersed into 200 mL of ethanol in a
500-mL round-bottom flask under sonication. Then
0.55g of Ni(NO;),-6H,0 was added and stirred for
30 min. Then, the mixture was refluxed at 85°C for 6 h.

862

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

After cooling to room temperature, the product (Co-Ni
LDH) was collected by centrifugation at 9000 rpm, wa-
shed with ethanol several times and dried at 60°C under
vacuum overnight.

Synthesis CoNiP, hollow nanocages

The prepared Co-Ni LDH and 1 g of NaH,PO,-H,0 were
placed at two positions of the tube furnace in two por-
celain boats and then heated at 300°C for 3 h in Ar at-
mosphere. After cooling down to room temperature, the
CoNiP, hollow nanocages were obtained.

Characterization

Powder X-ray diffraction (XRD) patterns of the samples
were recorded on a Rigaku Miniflex-600 operating at
40 kV voltage and 15 mA current with Cu Ka radiation (A
= 0.15406 nm). Transmission electron microscopy (TEM)
images were recorded on a Hitachi-7700 working at
100 kV. The high-resolution TEM (HRTEM), high angle
annular dark field-scanning transmission electron mi-
croscopy (HAADF-STEM) and energy dispersive X-ray
spectroscopy (EDS) mapping were recorded by a Titan
ETEM microscope (FEI) with a spherical aberration
corrector working at 200 kV. The scanning electron mi-
croscopy (SEM) was performed on JSM-6700F. The in-
ductively coupled plasma-optical emission spectroscopy
(ICP-OES) was performed on Optima 7300 DV. X-ray
photoelectron spectroscopy (XPS) was collected on a
scanning X-ray microprobe (PHI 5000 Verasa, ULAC-
PHI, Inc.) using Al Ka radiation with the C 1s peak at
284.8 eV as the internal standard.

Electrochemical measurements

All measurements were performed by a CHI 760E elec-
trochemical workstation with a standard three-electrode
system at room temperature, with the NiCoP, hollow
nanocages coated on carbon paper, Pt mesh, and Ag/
AgCl (saturated KCI) electrode as the working, counter,
and reference electrodes, respectively. HER tests were
carried out in 0.5mol L' H,SO, solution, 1.0 mol L™’
KOH solution and 1.0 mol L™ PBS solution, respectively.
The measured potentials were converted to reversible
hydrogen electrode (RHE) using the following equation:
E(RHE) = E(Ag/AgCl) + 0.197 V + 0.059pH. The linear
sweep voltammetry (LSV) curves were recorded at a scan
rate of 5mV's . Electrochemical impedance spectro-
scopy (EIS) was performed from the frequency of
100 kHz to 0.1 Hz with a 10-mV alternating current
voltage amplitude at different applied potentials. Before
the electrochemical measurement of HER, the electrolytes
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(0.5mol L' H,S0,, 1.0molL" PBS and 1.0 mol L
KOH) were degassed by bubbling pure hydrogen for
30 min. OER tests were recorded in 1.0 mol L~ KOH,
and before OER, the KOH solution was degassed by
bubbling pure Ar for 30 min.

RESULTS AND DISCUSSION

The preparation procedure is schematically illustrated in
Fig. 1a. The cobalt acetate hydroxide nanoprism pre-
cursors were firstly synthesized by a surfactant-mediated
method [41], which possessed an average size of 400 nm
with a smooth surface (Figs S1, S2). Then the precursors
reacted with nickel nitrate in ethanol under reflux,
forming an ultrathin Co-Ni layered double hydroxide
(LDH) on the surface. As the reaction continued, the

lon-exchange I Annealing '

Co precursor Co-Ni LDH CoNiP,

N

Figure 1 (a) Schematic illustration of the formation of the Co-Ni bi-
metalic phosphides. (b, c) SEM images of the synthesized CoNiP, hollow
nanocages with different magnifications. (d) TEM and (e) HRTEM
images of the synthesized CoNiP, hollow nanocage. (f-h) The magnified
HRTEM images and the corresponding 3D overlapping Gaussian-
function fitting maps. (i-m) HAADF-STEM image and the corre-
sponding EDS elemental mapping images for the CoNiP, hollow na-
nocages.
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inner precursors would be gradually dissolved and finally
generate a hollow structured Co-Ni LDH (Fig. S3). Fi-
nally, the hollow structured Co-Ni LDH was chemically
converted into Co-Ni bimetalic phosphides (CoNiP,) by
annealing with sodium dihydrogen hypophosphite
(NaH,PO,) at 300°C under argon. The SEM images
shown in Fig. 1b, c reveal that all the structures of CoNiP,
are well maintained, and no obvious damage and collapse
can be observed. All the CoNiP, exhibit a hierarchical
structure with numerous curved nanosheets on the sur-
face. As shown in Fig. 1d and Fig. S4, TEM images reveal
a hollow structure of CoNiP, with ultrathin nanosheets
assembling the shells, the thickness of the shell is about
15 nm. In particular, many homogeneous nanoparticles
can be observed on the surface of the nanosheets (Fig. 1d,
Figs S5, S6), which were proved to be CoNiP, nano-
crystals with the assistance of HRTEM (Fig. S5). In the
HRTEM image shown in Fig. le, three types lattice
fringes with interplanar distances of 0.202 nm (Fig. 1f),
0.167 nm (Fig. 1g) and 0.249 nm (Fig. 1h) can be ob-
served, which are in good agreement with the (201),
(002), and (111) planes of NiCoP,, respectively [42,43],
confirming the successful synthesis of NiCoP,. As ex-
hibited in Fig. 1i and Fig. S6, the HAADF-STEM images
further confirm the hollow feature, and the correspond-
ing EDS mapping (Fig. 1j-m) demonstrates the uniformly
distributed P, Co and Ni throughout the hollow nano-
cages.

The crystallinity of CoNiP, and control samples were
studied by XRD, as exhibited in Fig. 2a. The peaks cen-
tered at 41.0° 47.6° and 54.7° are ascribed to the (111),
(210), and (002) planes of NiCoP, (PDF: 01-071-2336)
[42,44], and there are still some peaks corresponding to
the impurity phases. The control samples of NiP, and
CoP, were confirmed to be Ni,P (PDF: 03-0953) and
Co,P (PDF: 54-0413). To confirm the molar ratio of the
Co, Ni and P in CoNiP,, ICP-OES was applied and the
obtained molar ratio is 1:0.96:1.34, which is very close to
the theoretical value of CoNiP,. XPS was applied to in-
vestigate the surface chemical composition of CoNiP, and
the oxidation states of the Co and Ni. The survey scan
(Fig. S7a) of CoNiP, further confirms the presence of P,
Co, Ni, O, and C in the product, which is in good
agreement with the EDS mapping. Two obvious peaks at
781.3 and 797.7 eV in high-resolution Co 2p spectrum
shown in Fig. 2b are assigned to the Co 2ps;, and Co 2p,
and the peaks located at 785.7 and 803.6 eV are ascribed
to the satellite peaks of Co 2p;/, and Co 2p,,,, which are
corresponding to the Co”* and Co™" species in CoNiP,. In
addition, the peak at 777.7 eV (Fig. 2b) is attributed to the
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Figure 2 (a) XRD patterns of NiCoP,, Co,P and Ni,P. High-resolution XPS spectra of the Co 2p (b), Ni 2p (c) and P 2p (d) for the CoNiP, hollow

nanocages.

Co-P bond [22,43,45,46]. Similarly, in the high-resolu-
tion Ni 2p XPS spectrum (Fig. 2c), the obvious peak at
856.3 eV with a satellite peak at 861.2 eV is related to the
spin-orbit splitting value of Ni 2p,,, and the peak at
874.3 eV with a satellite peak at 880.1 eV is attributed to
the spin-orbit splitting value of Ni 2p,,,, indicating the
existence of Ni’" and Ni’* species. Moreover, the peak
located at 852.6 eV in Fig. 2c indicates the formation of
Ni-P bond [22,43,45,46]. Fig. 2d exhibits the XPS spec-
trum for P 2p, and the obvious peak at 134.1 eV is as-
signed to the surface P-O species because of the exposure
to air. The other two peaks at 129.2 and 130.2 eV can be
indexed to the P-Co and P-Ni species in CoNiP,, which
agree well with the 777.7 eV in Co 2p and 852.6 eV in Ni
2p, respectively [22,43,45,46]. The C 1s peaks at 288.6,
285.6 and 284.6 eV (Fig. S7a) are ascribed to O-C=0, C-
O and C-C species, respectively [22]. Similarly, XPS
spectra of the Co,P and Ni,P were also analyzed carefully
in Figs S8, S9, which demonstrate the existence of Co, P
and Ni, P in Co,P and Ni,P, respectively. The high re-
solution XPS spectra of Co,P and Ni,P both exhibit the
same position peaks of Co 2p and Ni 2p in CoNiP,, which
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indicates the Co species and Ni species in Co,P and Ni,P
are same with those in CoNiP,. In addition, the obvious
peaks near 134 eV can also be found in high-resolution P
2p of Co,P and Ni,P, which are attributed to the P-O
species. The other two peaks near 129 and 131 eV are
ascribed to the Co-P and Ni-P species, respectively.
The electrochemical performance of the CoNiP, hollow
nanocages towards HER was investigated via a standard
three-electrode method in 1.0 mol L' KOH, 1.0 mol L'
PBS, and 0.5 mol L' H,SO,, respectively. As a compar-
ison, Co,P, Ni,P, and the commercial 20% Pt/C were used
as the references. The LSV curves of the electrocatalysts
shown in Fig. 3a were measured in 0.5 mol L' H,S0,
with a scan rate of 10 mV's \. As expected, the HER
catalytic activity of the CoNiP, hollow nanocages is worse
than commercial 20% Pt/C, but much better than that of
the contrast Co,P and Ni,P. At a current density of
10 mA cm , the overpotential of the CoNiP, hollow na-
nocage is 54 mV, and it is superior to 104 mV of Co,P
and 124 mV of Ni,P. The corresponding Tafel slope of
the CoNiP, hollow nanocages in Fig. 3b is 51 mV dec
also smaller than those of Co,P (62 mV dec ') and Ni,P

April 2021 | Vol.64 No.4
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Figure 3 Linear sweep polarization curves obtained in (a) 0.5 mol L H,SO,, (d) 1.0 mol L™ PBS, and (g) 1.0 mol L KOH. (b, e, h) The corre-
sponding Tafel slopes of the HER polarization curves. (c, f, i) The comparison of HER polarization curves before and after 30 h measurements at

~10 mA cm 2.

(102 mV dec '). The significantly enhanced HER perfor-
mance of the CoNiP, hollow nanocages may be attributed
to the hollow structure and the synergistic effect of the Co
and Ni inside. The overpotential and Tafel slope of the
CoNiP, hollow nanocages obtained in 0.5 mol L’ H,SO,
were compared with the recently reported non-noble
metal electrocatalysts in Table S1, and they are compar-
able or superior to these electocatalysts. To further in-
vestigate the influence of electrochemically active surface
area (ECSA) on the HER performance, the electro-
chemical double layer capacitance (Cy) of the catalyst was
estimated by conducting cyclic voltammetry (CV) mea-
surements with different scan rates in non-Faradaic in-
terval. As exhibited in Fig. S10, the Cy of CoNiP, is
31.5mF cm?, which is larger than those of Co,P
(24.4 mF cm %) and Ni,P (21.7 mF cm ), indicating more
exposed reaction active sites of the CoNiP, hollow na-
nocages for HER. The HER specific activities of CoNiP,,
Co,P and Ni,P were normalized by ECSA and compared
in Fig. S11. The distance between the LSV curves are

April 2021 | Vol.64 No.4
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smaller than those in Fig. 3a, indicating a decreased ac-
tivity gap between the catalysts. This result further proves
that the ECSA plays an important role in the HER ac-
tivity, but not the only dominant factor. The specific
activity of the CoNiP, hollow nanocages is still better than
those of Co,P and Ni,P, which reveals an intrinsic activity
of the CoNiP,. To further gain insight into the catalytic
kinetics and interfacial properties of the electrocatalysts
for HER, EIS measurements were conducted in
0.5mol L' H,S0, with an overpotential of 200 mV. As
exhibited in Fig. S12, the CoNiP, exhibits the smallest
diameter of the Nyquist plot semicircles, indicating the
best electrical conductivity, fastest charge transfer and
most favorable reaction kinetics. These results further
demonstrate the hollow nanostructures can significantly
decrease the ion transport resistance and ion diffusion
length. The durability is a crucial factor for the electro-
catalyst, and the stability of CoNiP, for HER in
0.5mol L' H,S0, was performed through the chron-
opotentiometry (CA) technique to maintain a current
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density of 10 mA cm . After 30 h measurement, a
slight decrease can be observed in Fig. 3c and Fig. S13a,
suggesting a long-term catalytic durability of CoNiP, for
HER in 0.5 mol L' H,SO,.

The electrocatalytic HER performance of the CoNiP,
towards HER in 1.0 mol L' PBS was also tested and the
LSV curve is compared with the commercial 20% Pt/C,
Co,P and Ni,P in Fig. 3d. The overpotential of these
electrocatalysts at —10 mA cm ~ are 105, 166, 196 and
217 mV, respectively. Except the commercial 20% Pt/C,
the CoNiP, shows the smallest overpotential value, re-
vealing a better HER activity of CoNiP, than Co,P and
Ni,P in neutral media. In addition, the Tafel slop of
CoNiP, (Fig. 3e) is 151 mV dec ', which is very close to
the commercial Pt/C (147 mV dec ') and much smaller
than those of Co,P (189 mVdec') and NiP
(211 mV dec '), suggesting a more favorable HER ki-
netics of CoNiP,. After 30 h running at —10 mA cm " in
1.0 mol L' PBS, the overpotential value of CoNiP, in Fig.
S13b almost keeps the same with the initial value, and the
HER LSV curve exhibits a tiny shift towards negative
direction, indicating an excellent stability of CoNiP, for
HER in neutral electrolyte. Compared with the reported
noble-metal-free electrocatalysts in neutral media shown
in Table S2, the catalytic activity of CoNiP, surpasses
most of the reported materials. Similarly, the LSV curves
of CoNiP,, Co,P, Ni,P and the commercial 20% Pt/C
obtained in 1.0 mol L' KOH with 10mV's ' scan rate
were compared in Fig. 3g, in which CoNiP, reveals a
overpotential of 52 mV, and it is much lower than those
of Co,P (108 mV) and Ni,P (129 mV), exhibiting a higher
HER activity of CoNiP,. In Fig. 3h, the Tafel slop of
CoNiP, is 78 mV dec ', which is larger than 59 mV dec '
of the commercial 20% Pt/C and smaller than
84 mV dec ' of Co,P and 115 mV dec ' of Ni,P, further
proving the better catalytic activity and reaction kinetics
of CoNiP, in alkaline electrolyte. The durability test at
—10 mA cm ~ shown in Fig. $13c indicates a good stabi-
lity of CoNiP,, the almost coincide LSV curves in Fig. 3i
further demonstrates the strong durability of CoNiP, in
alkaline media. The overpotential and Tafel slope of
CoNiP, were compared with the similar electrocatalysts
in Table S3, and smaller than most of the contrast ma-
terials. In conclusion, owing to the unique hollow struc-
ture and the synergistic effect between cobalt and nickel
phosphides, the prepared CoNiP, hollow nanocages ex-
hibit an outstanding HER activity in all-pH electrolyte.

The OER catalytic activity of CoNiP, was investigated
in 1.0 mol L' KOH, and the linear sweep polarization
curve was compared with the Co,P, Ni,P and the com-

866 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

mercial IrO, in Fig. 4a. As shown in Fig. 4a, the obvious
oxidation peaks at around 1.35 V can be observed in the
LSV curves of CoNiP,, Co,P and Ni,P, which are ascribed
to the redox reactions of Co>"/Co’* and Ni**/Ni’* in these
catalysts [47,48]. To avoid the effects of these oxidation
peaks, the current density of 50 mA cm ~ was selected
and used as the evolution criterion. The 5 of CoNiP, at
50 mA cm ° is 320 mV, which is close to 310 mV of the
commercial IrO, and much smaller than 390 mV of Co,P
and 393 mV of Ni,P, suggesting an excellent OER cata-
lytic activity of CoNiP,. As shown in Fig. 4b, the Tafel
slops of CoNiP,, Co,P and NiP are 140, 197 and
142 mV dec ', respectively, and the smallest Tafel slop of
CoNiP, indicates a more favorable OER kinetics. More-
over, the overpotential and Tafel slop of CoNiP, are
comparable or superior to most of the similar reported
electrocatalysts (Table S4). EIS in Fig. 4c displays a lower
transfer resistance of CoNiP, (10 Q) than those of Co,P
(13.7 Q) and Ni,P (16€2), which reveals a faster charge
transfer and more favorable OER kinetics of CoNiP,. To
investigate the stability of CoNiP, for OER in 1.0 mol L'
KOH, long-term measurement was performed (Fig. 4d).
After 30 h, the current density of CoNiP, almost keeps
the same, and the LSV curve is nearly coincident with the
original one (Fig. 4d), indicating an outstanding stability
for OER.

According to the excellent electrocatalytic activities of
CoNiP, for both HER and OER, the overall water-split-
ting with CoNiP, as bifunctional electrocatalyst in both
anode and cathode was conducted in 1.0 mol L' KOH.
As exhibited in Fig. 4e, at a current density of
20 mA cm 7, the cell voltage is as low as 1.61 V, which is a
little larger than that of the commercial IrO,(+)//Pt/C(-)
(1.56 V), and comparable or superior to most recently
reported bifunctional electrocatalysts (Table S5). During
the water electrolysis, plenty of H, and O, bubbles can be
obviously observed on the surfaces of the cathode and
anode, respectively (Fig. 4f). Moreover, the long-term
durability measurement was performed at 10 mA cm ~,
and the cell voltage can keep constant after 12 h (Fig. 4f).
The HAADF-STEM image and the corresponding EDS
elemental mapping images of the CoNiP, hollow nano-
cages after long-term durability measurement are shown
in Fig. S14, in which the homogeneously distributed Co,
Ni and P can be observed in the whole structure, further
indicating a good stability of the CoNiP, hollow nano-
cages. The superior bifunctional electrocatalytic perfor-
mance of the CoNiP, hollow nanocages is mainly ascribed
to their structural characteristics. The numerous curved
nanosheets on the surface significantly increase the

April 2021 | Vol.64 No.4
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number of active sites to catalyze the HER and OER, and
the hollow structure can accelerate the mass transfer and
decrease the ion diffusion length. In addition, the sy-
nergistic effects between cobalt phosphide and nickel
phosphide would facilitate the electron transfer during
the HER and OER.

CONCLUSIONS

In summary, the hollow structured CoNiP, nanocages
have been successfully synthesized via a self-templated
strategy followed by an in-situ phosphorization. Benefit-
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ing from the unique hollow structure and bimetallic sy-
nergistic effects, the as-synthesized CoNiP, hollow
nanocages exhibit an excellent electrocatalytic activity
towards HER in all-pH electrolyte and a remarkable OER
electrochemical performance in 1.0 mol L' KOH. Ad-
ditionally, high stabilities for both HER and OER are also
proved by the long-term durability measurements.
Moreover, as the bifunctional electrocatalyst in both an-
ode and cathode for overall water-splitting, the cell can
achieve a current density of 10 mA cm * with a low vol-
tage, and also a superior stability. This work can enrich
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the bifunctional electrocatalysts for overall water-split-
ting, and provide a reference for further design and
synthesis of bifunctional electrocatalysts for HER and
OER.
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