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ABSTRACT

The development of highly active and stable electrocatalysts for the water
splitting using the earth-abundant transition metal as precursor is important for
the renewable energy application. Prussian blue analogues (PBAs) are regarded
as an ideal precursor for the preparation of electrocatalysts because of its
abundant metal elements and various derived porous nanostructures. In this
work, the (NiCo),P hollow nanocubes, which are firmly grown on Ni foam, are
prepared by PBAs and used as an water splitting electrocatalyst with high
activity and stability in 1 M KOH solution. Benefiting from the synergistic effect
of nickel and cobalt, hollow structure and high double-layer capacitance, the as-
synthesized (NiCo),P/NF catalyst shows an excellent electrocatalytic perfor-
mance for the water splitting. To achieve current density of 10 mA cm™2, for
HER and OER, this material requires overpotentials of 162 mV and 220 mV,
respectively. As an integrated electrocatalyst for water splitting, the (NiCo),P/
NF needs a cell voltage of 1.62 V to achieve current density of 10 mA cm 2.
Furthermore, this material has long-term electrocatalytic stability (over 30 h).
The high catalytic activity of this material is attributed to the synergistic effect of
component and the hollow structure of catalyst. This facile and novel method of
preparing bimetallic phosphide electrocatalysts with hollow structure provides
a broadened space for the design and synthesis of non-noble metal catalysts in
the future.

Introduction attention [1, 2]. The water splitting is composed of
two half-reactions of hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). These
Electrocatalytic water splitting to produce H, and O,,  reactions should be driven by effective catalysts with

as one of the promising methods to resolve the  high activity, long-term stability and low cost [3]. The

energy consumption, has

attracted  increasing  noble metal catalyst such as Pt is the most effective
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HER catalyst, and Ir/Ru is the state-of-the-art OER
catalyst. However, the scarcity and high cost of noble
metal catalysts restrict their widespread application.
Various types of transition metal catalysts have been
developed as a substitute for the noble metal [4-8].
The unique electrocatalytic properties of transition
metal phosphide have attracted wide attention in the
past few years. Among them, bimetallic phosphide,
such as Ni—Co-P, has been explored as promising
electrocatalyst in the water splitting [9, 10]. Com-
pared with monometallic catalysts, the mixed metal
catalysts exhibit enhanced activities due to the
increased number of active sites and the synergistic
effects of components [11, 12]. However, the limited
active area of electrodes and the number of exposed
active sites of most reported bimetallic phosphides
result in poor catalytic activity. It remains a great
challenge to design and synthesize catalysts with
high active area.

Metal-cyanide compound, i.e., Prussian blue ana-
logues (PBAs) with abundant element composition
(Ni, Co, Fe, Cu, Mn et al.), and various derivative
structures (microboxes, hollow cage or frame and
core-shell structure) have been widely studied in the
field of electrocatalysis and energy conversion/stor-
age [13-20]. The abundant metal composition of
PBAs makes them an excellent precursor for the
design and synthesis of bimetallic/polymetallic cat-
alysts. Furthermore, the controllable pyrolysis of
PBAs at high temperature results in various porous
nanostructures with high surface area. Therefore, the
PBAs should be an ideal precursor to prepare hollow
bimetallic phosphides catalysts with high active area
and active sites. However, the poor electrical con-
ductivity of metallic phosphides and the weakness of
traditional powder materials, such as cumbersome
and time-consuming electrode preparation process,
extra added polymeric binders, easy peeling of
coated materials, limit them for large-scale practical
applications [21]. Recently, catalysts directly grown
on self-supporting electrodes have attracted wide-
spread attention. Compared with traditional powder
materials, self-supporting electrode materials have
many advantages, such as enhanced electron con-
ductivity, larger electrode area and high mechanical
stability. Many studies have shown that the PBAs
nanoparticle catalysts grown in situ on self-support-
ing electrodes have enhanced catalytic activity and
stability [22-24]. Hence, by fine-tuning the metal
species and phosphating conditions, hollow
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bimetallic phosphide electrocatalysts grown on self-
supporting electrodes in situ can be obtained and
show promising applications in the field of
electrocatalysis.

Herein, a nickel-cobalt phosphide bimetallic hol-
low catalyst in situ grown on a Ni foam (abbr.
(NiCo),P/NF) is fabricated by means of phosphating
method using PBAs Ni; [Co(CN)gl, as precursors.
The as-synthesized (NiCo),P/NF catalyst shows an
excellent electrocatalytic performance for the water
splitting under alkaline conditions. To achieve cur-
rent density of 10 mA cm ™2, for HER and OER, this
material requires overpotentials of 162 mV and
220 mV, respectively. As an integrated electrocatalyst
for water splitting, the (NiCo),P/NF needs a cell
voltage of 1.62 V to achieve current density of
10 mA cm 2. Furthermore, this material has long-
term electrocatalytic stability (over 30 h). The high
catalytic activity and stability of this material are
contributed to the synergistic effect of component
and the hollow structure of catalyst and the strong
adhesion between catalysts and Ni foam. This facile
and novel method of preparing bimetallic phosphide
electrocatalysts with hollow structure provides a
broaden space for the design and synthesis of non-
noble metal catalysts in the future.

Results and discussion

The preparation of (NiCo),P/NF contains two steps
and is shown in Fig. 1 and supporting information.
First, the Niz[Co(CN)g], nanocubes on the surface of
the Ni foam are prepared by a facile coprecipitation
method using Ni foam immersed in the mixed solu-
tion of Ni*" and [Co(CN)s]>". The second step is
using NaH,PO, as phosphorus source to calcinate the
Ni3[Co(CN)gl,/NF precursor at low temperature. The
hollow bimetallic phosphide (NiCo),P/NF is
obtained after calcination at 350 °C in N, atmosphere.
Thermogravimetric (TG) test of Niz[Co(CN)l, is
conducted to understand the formation mechanism
of the hollow bimetallic phosphide. The TG curve of
Niz[Co(CN)gl, is shown in Fig S1; Niz[Co(CN)gl»
suffers clear weight loss below 300 °C, which should
be attributed to the removal of crystallized water and
coordinating water in Niz[Co(CN)¢l,. The second
weight loss in the range of 300-500 °C, which is
ascribed to the decomposition of cyanogens ligands
(CN). The CN group decomposed and further
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Figure 1 A schematic .

diagram of preparation of ) / (
hollow (NiCo),P/NF >

nanocubes grown on Ni foam.

Ni foam

released carbon/nitrogen oxide, which leads to the
final hollow nanostructure of bimetallic phosphide.
The XRD patterns of Niz[Co(CN)slo/NF and
(NiCo),P/NF are shown in Fig. 2. The diffraction
peaks at 44.9°, 52.2° and 76.6° are indexed to the
substrate of Ni foam. The diffraction peaks of Ni[-
Co(CN)¢l2/NF are in good agreement with the stan-
dard diffraction patterns of Niz[Co(CN)l, (JCPDS
No. 89-3738), which indicates that the PBAs
nanocrystals have been successfully prepared. The
main diffraction peaks of (NiCo),P/NF can be mat-
ched with Ni,P (JCPDS No. 65-9706). Because the
partial substitution of Ni ions by Co ions does not
affect the crystal structure, there are just only slight
changes in the lattice parameters (Fig. 2b).

The valence states and surface compositions of
(NiCo),P/NF are investigated by X-ray photoelectron
spectroscopy (XPS) analysis. The survey XPS spec-
trum shows the element of C, O, Ni, Co and P
(Fig. 3a). The Ni 2p XPS spectrum is deconvoluted
into six peaks, and the binding energies at 852.4 eV
and 870 eV are attributed to the Ni-P species (Fig. 3b)
[25]. The peaks located at binding energies of
855.9 eV and 873.8 eV with satellite peaks at 861.5 eV
and 879.7 eV are assigned to the Ni-O species. The
Co 2p XPS spectrum is deconvoluted into six peaks.
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Figure 2 a XRD patterns of Ni3;[Co(CN)s]o/NF and b (NiCo),P/NF.
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The binding energies at 778.1 eV and 793.0 eV are
attributed to the Co-P species (Fig. 3c). The peaks
located at binding energies of 782.0 eV and 797.2 eV
with satellite peaks at 786.8 eV and 800.6 eV are
assigned to the Co-O species [26]. The Ni/Co-O
metal oxides are resulted from the superficial oxida-
tion of bimetallic phosphide (NiCo),P/NF when it is
exposed in the air condition [27]. The P 2p XPS
spectrum is shown in Fig. 3d, and the peaks with
binding energies of 129.2 eV and 133.3 eV are attrib-
uted to the P-Ni/Co and P-O species, respectively
[28].

The morphology and structure of the obtained
materials are characterized by scanning electron
microscopy (SEM) and transmission electron micro-
scopy (TEM). The SEM images of Niz[Co(CN)gl,/NF
are shown in Fig. 4a, S2. It is obvious that the Nij[-
Co(CN)gl> nanocubes on the Ni foam surface have a
cubic morphology with an average size approxi-
mately 50 nm and smooth surfaces. After phosphi-
dation at low temperature, the morphology of as-
obtained (NiCo),P bimetallic phosphide nanocubes
becomes irregular and the surface becomes rough
(Fig. 4b). The TEM image (Fig. 4c) clearly shows that
the (NiCo),P bimetallic phosphide has a hollow
structure. The organic ligand cyanogens decompose
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Figure 3 XPS spectrum of a survey spectral, b Ni 2p, ¢ Co 2p and d P 2p of (NiCo),P/NF.

and release C and N oxide gases under heating,
resulting in the hollow nanocubes structure. The
hollow structural feature of (NiCo),P is beneficial to
increase the active area of materials, which can
expose more active sites and accelerate the
mass/electron transfer. The HRTEM image is shown
in Fig. 4d. The lattice fringes with interplanar dis-
tance of 0.221 nm are observed obviously, corre-
sponding to the (111) plane of Ni,P (Fig. 3e). The
HRTEM result is in agreement with the XRD results.
The SEM image and associated element mappings
show that Ni, Co, O and P elements are distributed
throughout the materials (Fig. 4e, f).

The electrocatalytic performance of the (NiCo),P/
NF catalyst and the control samples for oxygen evo-
lution reaction (OER) were evaluated in an N»-satu-
rated 1 M KOH solution. The IrO,, Niz[Co(CN)gl,/
NF and NF are also tested for comparison. The cat-
alysts grown on Ni foam are directly used as working
electrodes  with a  typical three-electrode

@ Springer

electrochemical system in the CHI 760E electro-
chemical station. The counter electrode and the ref-
erence electrode are carbon rods and saturated
calomel electrodes, respectively. The OER linear
sweep voltammetry (LSV) polarization curves for
these catalysts are depicted in Fig. 5a. The polariza-
tion curves show that the (NiCo),P/NF requires
lower overpotential (220 mV) than IrO, (330 mV),
Ni[Fe(CN)g]/NF (340 mV) and NF (400 mV) to drive
the current density of 10 mA cm 2. The anode cur-
rent density of (NiCo),P/NF increases rapidly. The
(NiCo),P/NF can deliver a current density of 100 and
300 mA cm ™2 at overpotential of 360 mV and
530 mV. Furthermore, the Tafel plots derived from
OER polarization curves are used to evaluate the
OER kinetics of these catalysts. As shown in Fig. 5b,
the Tafel slope of the (NiCo),P/NF (69 mV dec™") is
smaller than the control samples of IrO, (74 mV
dev™"), Niz[Co(CN)gl/NF (117 mV dec™ ') and NF
(125 mV dec™"). The lower Tafel slope of the
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Figure 4 a The SEM image of Niz[Co(CN)],/NF and b (NiCo),P/NF, ¢ TEM image of (NiCo),P/NF, d HRTEM image of (NiCo),P/NF,

e and f the corresponding element mappings of Ni, Fe, O and P.

(NiCo),P/NF indicates the more favourable kinetics
and faster electron transport for the (NiCo),P/NF
than other control samples. The fast reaction kinetics
of the (NiCo),P/NF should be assigned to the hollow
structure of (NiCo),P with enhanced charge transfer
ability. The OER performance of the (NiCo),P/NF
catalyst is favourably comparable to those of other
reported non-noble metal OER catalysts (Table S1). In
addition, the hollow structure of (NiCo),P/NF gives
the catalyst higher double-layer capacitance
(16.7 mF cm™?) than other control samples, such as
IrO; (10 mF cm™?), Ni3[Co(CN)lo/NF (3.2 mF em™?)
and NF (1.7 mFcm ?. The high double-layer
capacitance of the (NiCo),P/NF helps to expose more
active sites and accelerate the mass/charge transfer
(Fig. 5¢, d). In order to further provide an insight into
the electrode reaction kinetics of the catalysts, the
electrochemical impedance spectroscopy (EIS) is
studied. The Nyquist plots of the catalysts are shown
in Fig. 5e, and the charge transfer resistance (R
order is: (NiCo),P/NF < Nis[Co(CN)el,/NF < NF.
The observed semicircles are attributed to the charge
transfer resistance (R.) between the interface of
electrode and electrolyte. The R, value of (NiCo),P/
NF is 10.6 Q, much smaller than that of other sam-
ples. These results indicate that the rapid charge
transfer reaction kinetics occur at the (NiCo),P/NF-
electrolyte interface. The low charge transfer

resistance of (NiCo),P/NF is in good consistency
with the Tafel slopes and LSV curve results discussed
before. Such low charge transfer resistance benefits
for the charge transfer and reaction kinetics. Finally,
the long-term stability of (NiCo),P/NF is investi-
gated by chronoamperometry at a certain potential.
The i—t curve is shown in Fig. 5f, and the (NiCo),P/
NF retains its current density of 110 mA cm > over
30 h. These results suggest that the (NiCo),P/NF is
highly stable, which is important for its industrial
application.

The electrocatalytic performance of the (NiCo),P/
NF catalyst and the control samples for hydrogen
evolution reaction (HER) is further evaluated in
1 M KOH solution. The LSV curves are shown in
Fig. 6a. As expected, the Pt/C has the best HER
performance with the smallest overpotential of
29 mV to reach 10 mA cm™2. The (NiCo),P/NF
exhibits the superior electrocatalytic activity with
lower overpotential (119) of 162 mV to achieve
10 mA cm™2, which is substantially lower than that
of Niz[Co(CN)glo/NF (226 mV) and NF (287 mV).
Furthermore, the current density of (NiCo),P/NF
increases rapidly with the increase in potential and
exceeds that of Pt/C at high overpotential
(= 310 mV). The Tafel slopes can reflect the intrinsic
activities and HER mechanism of electrocatalysts
under equilibrium conditions. As shown in Fig S3,
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scan rates. d Cyclic voltammograms (CVs) of (NiCo),P in 1 M

the Tafel slope of the (NiCo),P/NF (135 mV dec™ ") is
smaller than that of the control samples of Nij[-
Co(CN)gl/NF ~ (172mV dec’)  and  NF
(237 mV dec™"). The lower Tafel slope of (NiCo),P/
NF indicates that the HER on (NiCo),P/NF proceeds
via the Volmer-Heyrovsky mechanism and the rate-
limiting step is electrochemical desorption. Such
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lower Tafel slope also indicates the remarkable
reaction kinetics and rapid hydrogen generation for
HER. The stability of electrocatalyst is an important
factor to determine whether it can be used in practical
applications. Therefore, the chronoamperometry test
of the (NiCo),P/NF is performed at an overpotential
of 320 mV. The i~t curve shows that the current
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density decrease in (NiCo),P/NF is negligible after
30-h electrocatalysis (Fig. 6b). The above-mentioned
electrocatalytic results indicate that the (NiCo),P/NF
should be a highly active and stable bifunctional
electrocatalyst used as both anodic and cathodic
electrodes for OER and HER in water splitting. To
verify this hypothesis, a two-electrode integrated
electrolyser with (NiCo),P/NF as anode and cathode
is assembled in 1 M KOH solution. As shown in
Fig. 6c, the (NiCo),P/NF catalyst exhibited high
activity for overall water splitting with the voltage of
1.62 V to reach 10 mA cm™2, which dramatically
lower than that of noble metal catalyst Pt/C-IrO,
(1.6 V), Niz[Co(CN)el,/NF (1.73 V) and NF (1.93 V).
The electrocatalytic performance of the (NiCo),P/NF
is comparable to that of other non-noble metal cata-
lysts (Table S1). Furthermore, the (NiCo),P/NF also
maintained superior stability, as confirmed by the
chronoamperometry curve at 90 mA cm™> for 30 h
(Fig. 6d). Such high efficiency and long-term stability

7093
-80
(b)

“g 100
o
E
< 1204
2
(7]
&
8 -140-
I
S 1604
(3]

-180 . . : : T

0 5 10 15 20 25 30
Time (h)
140
(d)

" 120
(3]
£
= 100+
=y
(7]
S M
8 8o
-
e
o
5 60-
o

40 T L) Ll L} T

0 5 10 15 20 25 30
Time (h)

¢ The LSV curves of catalysts for water splitting in 1 M KOH.
d it curve of (NiCo),P/NF as cathode and anode at constant
potential 1.82 V.

of electrocatalytic performance make the (NiCo),P/
NF have potential to replace the noble metals cata-
lysts in the field of electrocatalytic overall water
splitting.

The (NiCo),P hollow nanocubes grown on Ni foam
used as electrocatalyst exhibited competitive HER,
OER and water splitting performance. The superior
performance of (NiCo),P/NF can be interpreted by
the following items: (1) the synergistic effects of
transition metals (Ni, Co) with intrinsic high catalytic
activity; (2) the unique porous hollow nanostructure
of metal phosphide that provided abundant accessi-
ble active sites and high surface area, which is ben-
eficial for the adequate contact between the
electrolytes and the active sites. (3) Compared with
metal oxides, the metal phosphides have optimized
electronic structure and enhanced conductivity,
which makes them have better catalytic activity for
water splitting. (4) The hollow metal phosphide
nanocubes are firmly grown on the conductive
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porous Ni foam substrate, which not only helps to
improve the catalytic activity, but also enhances the
stability of the electrode material, so that it has good
prospects for large-scale application.

Conclusion

In summary, the unique bimetallic phosphide hollow
nanocubes firmly grown on Ni foam (NiCo),P/NF as
bifunctional electrocatalysts for overall water split-
ting have been prepared by phosphorization Nij[-
Co(CN)gl,/NF. The hierarchically porous structure of
the as-obtained materials can reduce charge/mass
transfer resistance and promote the generated gas
diffusion. Benefiting from the synergistic effect of
nickel and cobalt, hollow structure and high double-
layer capacitance, the as-synthesized (NiCo),P/NF
catalyst shows an excellent electrocatalytic perfor-
mance for the water splitting. To achieve current
density of 10 mA cm~?, for HER and OER, this
material requires overpotentials of 162 mV and
220 mV, respectively. As an integrated electrocatalyst
for water splitting, the (NiCo),P/NF needs a cell
voltage of 1.62 V to achieve current density of
10 mA cm™2. Furthermore, this material has long-
term electrocatalytic stability (over 30 h). This facile
and novel method of preparing bimetallic phosphide
electrocatalysts with hollow structure based on the
Prussian blue analogues provides a new strategy for
the design and synthesis of metal catalysts for
replacing precious metals in the future.
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