
High Capacity and Energy Density of Zn−Ni−Co−P Nanowire Arrays
as an Advanced Electrode for Aqueous Asymmetric Supercapacitor
Xueyan Lei, Shicheng Ge, Yihong Tan, Zhi Wang, Jing Li, Xuefeng Li, Guojing Hu, Xingqun Zhu,
Meng Huang, Yanwu Zhu, and Bin Xiang*

Cite This: ACS Appl. Mater. Interfaces 2020, 12, 9158−9168 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Developing multicomponent transition-metal phos-
phides has become an efficient way to improve the capacitive
performance of single-component transition-metal phosphides.
However, reports on quaternary phosphides for supercapacitor
applications are still scarce. Here, we report high capacity and
energy density of Zn−Ni−Co−P quaternary phosphide nanowire
arrays on nickel foam (ZNCP-NF) composed of highly conductive
metal-rich phosphides as an advanced binder-free electrode in
aqueous asymmetric supercapacitors. In a three-electrode system
using the new electrode, a high specific capacity of 1111 C g−1 was
obtained at a current density of 10 A g−1. Analysis of this aqueous asymmetric supercapacitor with ZNCP-NF as the positive
electrode and commercial activated carbon as the negative electrode reveals a high energy density (37.59 Wh kg−1 at a power density
of 856.52 W kg−1) and an outstanding cycling performance (capacity retention of 92.68% after 10 000 cycles at 2 A g−1). Our results
open a path for a new design of advanced electrode material for supercapacitors.
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1. INTRODUCTION

Supercapacitors have attracted extensive attention in the
development of high-performance energy storage devices
around the world because of their ultrahigh power output,
ultrafast charging and discharging rates, long cycling life, safety,
and eco-friendliness.1−5 However, supercapacitors are limited
in practical applications due to their intrinsically lower energy
density.6 Obtaining higher operating voltage and specific
capacity is the entry point to improving energy density.
Although the operating voltage can be raised to beyond 2 V
and even 3 V by using organic electrolytes, these organic
electrolytes are poor ionic conductors and are especially
expensive and toxic.6 In contrast, the electrolytes of aqueous
symmetric supercapacitors are not toxic. However, the
operating voltage of aqueous symmetric supercapacitors is
usually kept lower than 1.0 V to avoid the water-splitting
reaction.6,7 Therefore, an increasing amount of attention has
been devoted to aqueous asymmetric supercapacitors (AASs),
which can make full use of the different potential windows of
the cathode and anode to offer a wider working voltage, and
thereby distinctly enhance the energy density.8

Recently, transition-metal phosphides (TMPs) have at-
tracted intense interest for applications in anodic materials of
asymmetric supercapacitors because of their high conductivity,
superior redox activity, metalloid characteristics, and good
thermal and environmentally friendly properties.9−11 However,
due to the irreversibility of the faradic reaction, poor structural

stability, and electrochemical stability, the rate performance
and cycling life of single-component TMPs still need to be
improved compared to those of commercial supercapaci-
tors.11−13 Fortunately, compared to single-component TMPs,
mixed TMPs by introduction of hetero-metal ions can be
utilized to improve the rate performance, electrochemical
capacitive performance, and electrochemical stability, for
example, Ni−Co−P.14 This improvement is due to the richer
faradic reaction kinetics benefited from metallic characteristics
of mixed TMPs and multiple oxidation states of different
metals.12−15 Research on quaternary phosphides has been
focused on further improvement of the performance of TMPs
in asymmetric supercapacitors because of the special structure
and components of quaternary phosphides. For example, the
nickel−cobalt−molybdenum phosphides on carbon cloth10

have exhibited a specific capacitance as high as 433 F g−1 at a
current density of 1 A g−1 and a long-term cycling stability
characterized by 82.4% retention after 10 000 cycles. In
addition, because Zn presents high chemical activity and
good electrical conductivity, it has been reported that the
electrochemical properties of materials can be improved by Zn
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doping.1,5,13 For example, metal-organic framework (MOF)-
derived NiZnCoP nanosheet arrays16 on carbon nanotube
fibers have displayed impressive electrochemical performance
with a capacity of 0.092 mAh cm−2 and energy density of 30.61
mWh cm−3.
It is worth noting that the P content in the phase

composition of the TMPs greatly influences the conductivity
since P atoms with more electronegativity cause electrons in
TMPs to be localized around P atoms.17 Too many P atoms in
the phase composition of the TMPs can weaken their
conductivity, but a proper metal content in the phase
composition of TMPs can enhance their conductivity
instead.18 However, how to design a structure of quaternary
TMPs with an effective composition remains challenging.
Herein, we report high capacity and energy density of Zn−

Ni−Co−P quaternary phosphide nanowire arrays on nickel
foam (ZNCP-NF) composed of metal-rich phosphides as a
binder-free electrode for aqueous asymmetric supercapacitors.
The morphology, structure, and chemical composition of
ZNCP-NF were characterized by field emission scanning
electron microscopy (FESEM), transmission electron micros-
copy (TEM), high-resolution TEM (HRTEM), scanning
transmission electron microscopy (STEM), energy-dispersive
X-ray spectrometry (EDS), N2 adsorption/desorption iso-
therms experiment, elemental mapping, X-ray diffractometry
(XRD), and X-ray photoelectron spectroscopy (XPS). Cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanostatic charge/discharge (GCD) and cycling
stability tests were carried out to investigate the electro-
chemical properties of ZNCP-NF utilized as the electrode
material in our new aqueous asymmetric supercapacitors.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. The chemicals with analytical

grade purity, such as nickel nitrate hexahydrate [Ni(NO3)2·6H2O],
zinc nitrate hexahydrate [Zn(NO3)2·6H2O], cobalt nitrate hexahy-
drate [Co(NO3)2·6H2O], ammonium fluoride (NH4F), urea
[(NH2)2CO], sodium hypophosphite monohydrate (NaH2PO2·
H2O), acetone (CH3COCH3), absolute ethyl alcohol (C2H5OH,
99.5%), and potassium hydroxide (KOH, ≥99%), were purchased
from Sinopharm Chemical Reagent Co., Ltd. and used directly
without any further treatment. The model number of commercial
activated carbon (AC) is YP50F.
2.2. Synthesis of Materials. A few pieces of nickel foams (2 cm

× 1 cm) were pretreated with acetone, deionized (DI) water, and
ethanol in an ultrasonication bath each for 30 min to remove
impurities from the foam surface. Zn−Ni−Co precursors were
prepared in a mixed solution containing 3 mmol Zn(NO3)2·6H2O,
3 mmol Ni(NO3)2·6H2O, 6 mmol Co(NO3)2·6H2O, 4 mmol NH4F,
12 mmol urea, and 70 mL of deionized (DI) water. The mixture was
stirred for 30 min and then transferred into a 100 mL Teflon-lined
stainless steel autoclave. Before the cleaned nickel foams were
immersed in the solution, the back of the nickel foams were protected
with tape to avoid contamination with reactants. The reaction was
carried out at 130 °C for 5 h and then cooled down to room
temperature. The as-prepared Zn−Ni−Co precursors were immersed
in DI water in an ultrasonication bath for 20 min to remove the loose
reaction product and then carefully rinsed with DI water and ethanol.
Then, the Zn−Ni−Co precursors were dried at 80 °C for 24 h in an
oven and the amount of the Zn−Ni−Co precursors loaded on the
substrate was 2.46 mg cm−2 on average. ZNCP-NF was synthesized
by an effective phosphorization treatment of Zn−Ni−Co precursors
with NaH2PO2·H2O. In detail, the Zn−Ni−Co precursor was loaded
into a quartz boat and NaH2PO2·H2O (mass ratio with the precursor,
1:5) was placed at the adjacent side of the upstream 3 cm away from
the Zn−Ni−Co precursors. Then, the Zn−Ni−Co precursors were

heat-treated at 350 °C for 2 h with a heating rate of 2 °C min−1 in an
argon atmosphere. For comparison, ZNCO-NF was fabricated
according to ref 1 by heat treatment of the as-obtained Zn−Ni−Co
precursors at 300 °C for 2 h with a heating rate of 2 °C min−1 in the
air atmosphere. The amount of ZNCP-NF and ZNCO-NF loaded on
the substrate was 2.50 and 2.41 mg cm−2 on average, respectively. The
change of mass loading after hydrothermal and phosphating
treatments is 0.04 mg cm−2.

2.3. Materials Characterization. A field emission scanning
electron microscope (FEI Apreo), energy-dispersed X-ray spectrom-
eter (FEI Apreo), transmission electron microscope (Japan JEM-
2100F), high-resolution transmission electron microscope (Japan
JEM-2100F), scanning transmission electron microscope (Japan JEM-
2100F), elemental mapping device (Japan JEM-2100F), X-ray
diffractometer with Cu Kα radiation (MXPAHF, Mac Science Co.
Ltd., Japan), X-ray photoelectron spectrometer (ESCALab 250,
Thermo-VG Scientific), and N2 adsorption/desorption apparatus
(American Micromeritics Instrument Corporation TriStar II 3020M)
were used to characterize the obtained samples.

2.4. Electrochemical Measurements. All electrochemical
measurements were carried out at room temperature. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) for both the three-electrode system and two-electrode system
were tested on CHI 660E electrochemical workstation. Galvanostatic
charge/discharge (GCD) measurement for the three-electrode system
was conducted on a CHI 660E electrochemical workstation. All
electrochemical tests were performed after activation by 50 cycles at a
scan rate of 20 mV s−1 using the CV test. GCD and cycling
performance test for the two-electrode system were carried out by
applying a LAND battery program control test system (CT2001A,
LANHE Co. Ltd., Wuhan).

For three-electrode system tests, ZNCP-NF and ZNCO-NF were
selected as the working electrode, respectively. Pt foil was used as the
counter electrode and Ag/AgCl as the reference electrode, with 3 mol
L−1 KOH aqueous solutions as the electrolyte. The mass-specific
capacity Q (C g−1) of the as-prepared samples for the three-electrode
setup was calculated according to eq 1

= Δ
Q

I t
m (1)

where I is the discharge current (mA), Δt is the discharge time (s),
and m is the mass of the active materials (mg).

The asymmetric two-electrode system was assembled by directly
employing the ZNCP-NF electrode without binder as the positive
electrode and commercial activated carbon (AC) as the negative
electrode in 3 mol L−1 KOH aqueous electrolyte. The preparation of
the AC negative electrode was proceeded as follows: active material
(80 wt %), acetylene black (15 wt %), and an aqueous emulsion of
poly(tetrafluoroethylene) (5%) (5 wt %) were mixed with a moderate
amount of absolute alcohol to form a homogeneous slurry under
continuous grinding in a mortar. The as-prepared mixture was pressed
by a tablet machine to form a thin sheet. Finally, the thin sheet was
pressed onto the nickel foam and then dried in an oven at 80 °C for
24 h. Finally, the AC electrode was obtained. The amount of AC
loaded on the substrate was 2.04 mg cm−2 on average. The mass-
specific capacitance C (F g−1) of the as-prepared AC electrode was
calculated according to eq 2

= Δ
Δ −

C
I t

m V (2)

The optimum mass ratio of ZNCP-NF to AC in the asymmetric two-
electrode system was calculated according to eq 3

= × Δ+

−

− −

+

m
m

C V
Q (3)

where C− is the specific capacitance of the negative electrode (F g−1),
Q+ is the specific capacity of the positive electrode (C g−1), m is the
mass of the positive (+) and negative (−) electrodes (mg), and ΔV−
is the potential range of the negative (−) electrodes (V).
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The mass-specific capacity Q (C g−1) and Coulombic efficiency η
(%) of the as-prepared sample for the two-electrode setup were
calculated from the GCD test according to eqs 4 and 5

= Δ
Q

I t
M (4)

η =
Δ
Δ

t
t

(%) 1

2 (5)

where M is the total mass of the active materials on the positive and
negative electrodes (mg), Δt1 is the discharge time (s), and Δt2 is the
charge time (s). The energy density (E, Wh kg−1) and power density
(P, W kg−1) were calculated via eqs 6 and 7, respectively

∫
=

×
E

I V t

M

d

3.6 (6)

=
Δ

×P
E

t
3600

(7)

where V is the operating potential of the discharge curve (V), dt is the
time integration, and Δt is the discharge time (s).

3. RESULTS AND DISCUSSION

3.1. Structure Characterizations. The schematic process
in Figure 1a demonstrates the synthesis of ZNCP-NF using
nickel foam as the skeleton through a hydrothermal process
followed by a phosphorization treatment process. The FESEM
images of the precursors (Figure S1a,b, Supporting Informa-
tion) present a morphology of one-dimensional (1D) uniform
nanowire arrays grown densely on the surface of three-
dimensional (3D) NF. After the phosphorization treatment,
the morphology of ZNCP-NF (Figure 1b) remains uniform
and hierarchical nanowire arrays, just as appeared in the
precursor. Due to gas release and the erosion by PH3 during
the phosphorization process, the nanowire surface becomes
slightly rough, which implies more active sites have formed on
the surface. HRTEM analysis was utilized to investigate the
detailed structure of the as-prepared ZNCP-NF. The lattice
fringes with lattice spacings of 1.883, 2.762, 2.448, 2.036, and
2.272 Å are shown in Figure 1c, corresponding to the (120),
(110), (111), (201), and (111) lattice planes. The EDS

Figure 1. (a) Schematic illustration of the hierarchical ZNCP-NF materials synthesis strategy, (b) FESEM image, (c) HRTEM image, and (d)
STEM image and the corresponding elemental mapping images of ZNCP-NF.
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(Figure S2a, Supporting Information), STEM, and correspond-
ing elemental mapping results (Figure 1d) reveal the ZNCP-
NF elemental compositions with uniform distribution of Zn,
Ni, Co, and P elements.
To gain insight into the specific surface area and porosity of

the ZNCP-NF and ZNCO-NF material, N2 isothermal
adsorption/desorption experiments were carried out (Figure
S2b,c, Supporting Information). ZNCP-NF exhibits a large
total pore volume and a large specific surface area of ZNCP-
NF with a value of ∼154.45 m2 g−1 according to the
Brunauer−Emmett−Teller (BET) model. The specific surface
area of ZNCP-NF is higher than that of the ZNCO-NF and
recent reports.19−21 A typical type-IV curve and an H3-type
hysteresis loop at P/P0 = 0.45−1.0 in Figure 2Sb (Supporting
Information) indicate the presence of mesopore structures.22

The inset in Figure 2Sb (Supporting Information) shows the
pore size distribution of ZNCP-NF obtained by the Barrett−
Joyner−Halenda (BJH) method, which reveals a typical
mesoporous architecture with a suitable pore size distribution
of 2.7−6 nm. The detailed specific surface area and porosity of
the ZNCO-NF and ZNCP-NF are listed in Table S1
(Supporting Information).
XRD is a good tool to examine the crystalline phases of the

as-synthesized materials. The XRD patterns of the Zn−Ni−Co
precursors and the ZNCO-NF are depicted in Figure S2d
(Supporting Information) and Figure S3 (Supporting
Information), respectively. The diffraction peaks for ZNCP-
NF (Figure 2a) can be well indexed to the representative peaks

of the Co2P phase (JCPDS 54-0413), Ni2P phase (JCPDS 03-
0953), and Ni crystalline (JCPDS 65-2865). In detail, the
peaks at 40.6, 44.8, 48.4, 52.9, and 55.4° can be indexed to the
(111), (021), (120), (002), and (030) planes of Co2P,
respectively.23 The peaks at 40.7, 44.5, 47.3, 54.1, and 55.0°
can be indexed to the (111), (201), (210), (300), and (211)
planes of Ni2P, respectively.24 In addition, three sharp
diffraction peaks of the nickel foams could be clearly seen in
the XRD pattern of ZNCP-NF, indicating the nickel foams
were not involved in the reaction and still remained intact. The
diffraction peaks corresponding to ZnxPy are not observed in
the XRD pattern of ZNCP-NF, which may be ascribed to low
content and poor crystallinity. With the above analysis, we can
derive the chemical formulas for producing ZNCP-NF as
follows19

·

≜ + +

2NaH PO H O(s)

Na HPO (s) PH (g) 2H O(g)
2 2 2

2 4 3 2 (8)

+

= + +

6Ni(OH) (s) 4PH (g)

3Ni P(s) P(s) 12H O(g)
2 3

2 2 (9)

+

= + +

6Co(OH) (s) 4PH (g)

3Co P(s) P(s) 12H O(g)
2 3

2 2 (10)

The elemental compositions and the valence states of ZNCP-
NF were analyzed by XPS as shown in Figure 2b−f. The XPS

Figure 2. (a) XRD pattern, (b) XPS survey pattern, (c) high-resolution Zn 2p spectrum, (d) high-resolution Ni 2p spectrum, (e) high-resolution
Co 2p spectrum, and (f) high-resolution P 2p spectrum of ZNCP-NF.
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survey spectrum for ZNCP-NF (Figure 2b) indicates the
existence of the elements Ni, Co, Zn, and P, consistent with
the results of EDS and elemental mapping characteristics. The
high-resolution Zn 2p spectrum (Figure 2c) shows two strong
peaks at the binding energies of 1022.77 and 1045.92 eV,
assigned to Zn 2p1/2 and Zn 2p3/2, respectively.

5 The high-
resolution Ni 2p3/2 spectrum (Figure 2d) shows the main
peaks at the binding energies of 853.29 eV (Ni2+), 857.07 eV
(Ni3+), and 861.13 eV (the last is a shake-up satellite peak,
identified as “sat.”). Also, the high-resolution Ni 2p1/2
spectrum (Figure 2d) shows main peaks at the binding
energies of 870.44 eV (Ni3+), 871.72 eV (Ni2+), and two
shake-up satellite peaks at binding energies higher than those
of the main peaks.13 The high-resolution Co 2p spectrum
(Figure 2e) has two peaks at 778.56 and 782.14 eV as well as a
shake-up satellite peak at 784.5 eV corresponding to the spin−
orbit splitting values of Co 2p3/2.

25 The peak at 798.5 eV and
the shake-up satellite peak at 802.64 eV correspond to the
spin−orbit splitting values of Co 2p1/2.

25 The binding energy
at 778.56 eV for Co 2p3/2 is the characteristic of Co

3+.26 The
binding energies at 782.14 eV for Co 2p3/2 and 798.5 eV for
Co 2p1/2 are the characteristic of Co

2+.25 The binding energies
at 129.49 and 130.52 eV were indexed to P 2p3/2 and P 2p1/2,
respectively (Figure 2f).27 The peak at 134.12 eV is assigned to
phosphate species due to exposure to air.26 The XPS analysis
reveals that the atomic weight percentages of Zn, Co, Ni, and P
in ZNCP-NF were 10.9, 15.35, 16.38, and 57.37 atom %,
respectively.
3.2. Electrochemical Performance Characterizations

in Three-Electrode System. The CV, GCD, and EIS tests
were carried out to investigate the electrochemical properties
of ZNCP-NF when it was used as the working electrode in the
three-electrode system with a Ag/AgCl electrode as the
reference electrode and a Pt foil as the counter electrode in
3 mol L−1 KOH aqueous electrolyte, compared to the
electrochemical performance of the ZNCO-NF, as shown in
Figure 3. The CV curves of the ZNCP-NF and ZNCO-NF

electrodes within the voltage window of 0−0.5 V at a scanning
rate of 5 mV s−1 are shown in Figure 3a. A pair of nearly
symmetrical redox peaks in the CV curve of ZNCP-NF
indicated that favorable reversible redox reactions were
observed.1 The CV curve of ZNCP-NF displays a larger CV
integral area and a higher peak current density of the redox
reaction than the ZNCO-NF electrode, manifesting the better
energy storage ability and ion diffusion.28 The appearance of
oxidation peaks at ∼0.31 and ∼0.18 V for ZNCP-NF
electrodes can be attributed to the valence state changing
from M2+ to M3+ (M = Co or Ni, Co2+/Co3+, and Ni2+/Ni3+

transitions)11 The related reaction mechanism can be
described by the following chemical formulas19

+ ↔ +− −Ni P 2OH Ni P(OH) 2e2 2 2 (11)

+ ↔ +− −Co P 2OH Co P(OH) 2e2 2 2 (12)

When the scanning rates increase from 5 to 30 mV s−1 (Figures
3b and S4a, Supporting Information), the response current
density of the anodic and cathodic peaks increases, which may
be related to the rapid redox reactions occurring at the active
material/electrolyte interface.10 And the positions of the
anodic and cathodic peaks shift toward the positive and
negative potentials, respectively, due to the polarization
effect.20 However, the shapes of the CV curves of ZNCP-NF
(Figure 3b) are well maintained, indicating excellent rate
capability.2

Figure 3c shows the GCD curves of ZNCP-NF and ZNCO-
NF measured at the current density of 3 A g−1 within the
potential range of 0−0.45 V. The nonlinear and nearly
symmetrical GCD curves with obvious charge/discharge
plateaus further certify the behavior of redox reaction and
the high Coulombic efficiency of ZNCP-NF.29,30 According to
eq 1, the longer the discharge time, the higher the specific
capacity. Obviously, the discharge time of ZNCP-NF was
much longer than that of the ZNCO-NF, indicating a higher
specific capacity. The reason for this high specific capacity may

Figure 3. (a) CV curves of the ZNCP-NF and ZNCO-NF electrodes within an operating voltage range of 0−0.5 V at a scanning rate of 5 mV s−1.
(b) CV curves within an operating voltage range of 0−0.5 V of the ZNCP-NF electrode at different scanning rates. (c) GCD curves of ZNCP-NF
and ZNCO-NF within an operating voltage range of 0−0.45 V at a current density of 3 A g−1. (d) Specific capacity of the ZNCP-NF and ZNCO-
NF electrodes at different current densities.
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be the special composition and that the ordered nanofiber
arrays grown on nickel foams facilitate the diffusion of
electrolyte ions. This morphology may make electrolyte ions
take more time to diffuse from the top end of nanowire arrays
to the bottom.30 Thus, the discharge time is longer.
The galvanostatic charge/discharge curves of ZNCP-NF and

ZNCO-NF (Figure S4b,c, Supporting Information) were
measured at different current densities of 3−20 A g−1 within
operating potential range of 0−0.45 V. In detail, the specific
capacities of ZNCP-NF were calculated to be ∼1269 C g−1

(2820 F g−1), 1216 C g−1 (2702 F g−1), 1185 C g−1 (2633 F
g−1), 1111 C g−1 (2469 F g−1), and 920 C g−1 (2044 F g−1),
respectively, when the current densities were 3, 4, 5, 10, and 20
A g−1. The relationship between the specific capacity and
current density of the ZNCP-NF electrode is shown in Figure
3d, which displays a high rate performance. The rate capability
of ZNCP-NF is ∼72.5% when the current densities increase
from 3 to 20 A g−1, which is higher than that of the ZNCO-NF
(56.1%). According to the above analysis, because of the
special composition and structure of ZNCP-NF, the capacitive
performance is far superior to those of the reported
supercapacitors; the details are shown in Table S2 (Supporting
Information).
Figure S4d shows the EIS curves of ZNCP-NF and ZNCO-

NF acquired in the range of frequency of 105−0.01 Hz under
an open-circuit voltage of 1200 s (inset in Figure S4d is its
corresponding high-frequency amplification), which consists of
small circles in the high-frequency regions and a sloped line in
the low-frequency regions. The intercept on the real axis
represents the equivalent series resistance (RESR), which is the
sum of the ionic resistance of the electrolyte, the intrinsic
resistance of the electrode material, and the interface resistance
between the electrode active material and the substrate.22 The
diameter of small circles in the high-frequency regions reflects
the charge transfer resistance (Rct). The linear plots in low
frequency correspond to the Warburg impedance (W). To
obtain the impedance parameters, Nyquist plots were fitted by
Zview and the corresponding equivalent circuit is shown in
Figure S5 (Supporting Information). The equivalent circuit
impedance parameters are listed in Table S3 (Supporting
Information). It shows the lower resistance of the ZNCP-NF
electrode, which is the key factor allowing the higher specific
capacity and better rate performance of ZNCP-NF than
ZNCO-NF. In addition, the slope of ZNCP-NF is nearly
vertical in the low-frequency region, unlike that of ZNCO-NF,
indicating better ion diffusion behavior in ZNCP-NF than
ZNCO-NF.6

To better understand the charge storage mechanism of
ZNCP-NF, it is of importance to study the relationship
between the response current (i) and the scanning rate (v) of
CV curves using eqs 13 and 1431

= + =i i i avb
cap diff (13)

= +i a b vlog log log (14)

where icap is the current related to the capacitive surface-
controlled process (mA), idiff is the current related to the slow
diffusion-controlled process (mA), i is the peak current (mA),
v is the scanning rate (mV s−1) of CV measurements, and a
and b are two adjustable parameters, respectively. The value of
b can be obtained from the slope of the plots of log(v) versus
log(i), which is generally used to identify material type and
charge storage mechanism.32 Two well-defined conditions can

be described as follows: (i) b = 0.5 represents the diffusion-
controlled process and battery-type materials; (ii) b = 1
elucidates surface-controlled process and pseudocapacitive
materials.31 The larger the value of b, the greater the capacitive
contribution.31 For our as-prepared ZNCP-NF, the plot of
log(v) versus log(i) of cathodic peak current (Figure S6a,
Supporting Information) gives the b value of 0.96. The slope of
log(v) versus log(i) of anodic peak current (Figure S6a,
Supporting Information) is 0.88. Those b values indicate that
the charge storage mechanism of ZNCP-NF is dominated by
the capacitive surface-controlled process. The corresponding
capacitive contribution can be analyzed by eq 1533

= + = +i V i i k v k v( ) cap diff 1 2
1/2

(15)

where i and V are total current (mA) and specific potential (V)
of CV curves, respectively, k1v represents the capacitive
surface-controlled current (mA), and k2v

1/2 represents the
diffusion-controlled current (mA). The total capacity consists
of two contributions: diffusion-controlled and capacitive
contributions. The corresponding percentage contributed was
calculated (Figure S6b, Supporting Information), which
manifests the capacitive contributions in ZNCP-NF of 77,
88, 92, 94, 95, and 97% at 5, 10, 15, 20, 25, and 30 mV s−1,
respectively. As the scanning rate increases, the capacitive
contribution increases and dominates the total contribution,
which is consistent with the conclusion obtained from the
value of b.

3.3. Discussion. As demonstrated above, the as-synthe-
sized ZNCP-NF nanowire arrays as electrode material exhibit
impressive electrochemical performance. The reasons why the
ZNCP-NF material has such high performance are as follows.
First, FESEM characterization reveals the 1D well-aligned and
hierarchical nanowire structure of ZNCP-NF, which may help
to improve the infiltration of the electrolyte, accelerate the
transport and diffusion of the electrolyte ions/electrons, and
shorten the charge transfer path.11,34

Second, TEM result reveals that the ZNCP-NF nanowire
arrays are composed of nanoparticles with a rough surface,
which may help to improve the infiltration rate of materials and
add electrochemical active sites. Moreover, N2 isothermal
adsorption/desorption experiments prove the existence of a
large specific surface area with suitable mesoporous distribu-
tion and large total pore volume structure in ZNCP-NF. This
structure may provide a shorter distance and unhindered
channel for electron transfer and ion diffusion during the
electrochemical reaction, facilitating the electrochemical
reactions.20

Third, XPS analysis demonstrates that the ZNCP-NF
nanowire arrays contain multimetal ions (Zn2+, Ni2+, Ni3+,
Co2+, and Co3+) and XRD confirms the ZNCP-NF nanowire
arrays consist of two phases (Ni2P and Co2P), revealing that
Zn2+ may take the form of metal ions doping the ZNCP-NF
material. The doping by Zn2+ may not only facilitate high
redox reaction kinetics because of its high chemical activity but
also adjust the band gap to modify the electronic property of
ZNCP-NF.13,15 In addition, with the introduction of Zn2+, the
Zn doping may cause certain lattice defects due to lattice
mismatches that actuates P atoms with a strong electro-
negativity to attract more bonding electrons.6 As a result, the
electron-conduction channels for electrochemical reactions
may be extensively enhanced by involving Zn2+ to form the
ZNCP-NF material.6 In multimetal components, there may be
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a potential synergistic effect between the different metal ions.
Due to the similarity of the d electron density of states between
Ni−P/Co−P on one side and Pt on the other side, metal
phosphides can behave in the same manner as noble metals,
which means metal phosphide systems are highly attractive for
catalysis.17 These systems may mutually promote each other’s
Faraday reactions (Ni2+/Ni3+ and Co2+/Co3+) with a low
Gibbs free energy, thereby exhibiting stronger electrochemical
activities, enhancing the reversibility of electrochemical
reactions.
Fourth, the lower electronegativity of P atoms compared to

O in transition metal oxides (TMOs) plays an important role
to ensure fast electron transport and facilitate redox reactions,
leading to better electrochemical performance than TMOs.11

In addition, previous reports used density functional theory
(DFT) calculations to verify that the P atoms at active sites in
TMPs can achieve a nearly zero Gibbs free energy,35 which
may make the redox reaction more likely to occur.

Besides, TMPs can be classified into three types according to
the atomic ratio of metal to phosphorus in chemical formula of
TMPs (setting the ratio of metal to phosphorus as M/P = x):
(i) x > l, metal-rich phosphides (e.g., M3P, M2P, MP), (ii) x =
l, monometal phosphides (e.g., MP), and (iii) x < 1,
phosphorus-rich metal phosphides (e.g., MP2, MP3).

18 For
phosphorus-rich metal phosphides, P atoms can greatly restrict
the electron delocalization in TMPs since P atoms with more
electronegativity compared to the lower electronegativity of
metals could drag most of the valence electrons in metals.36

The degree of electron delocalization promptly decreases along
with the increase of P content, resulting in the TMPs gradually
changing from having electrical conductivity to being a
semiconductor and even an insulator.17 This phenomenon
explains why most phosphorus-rich metal phosphides are
semiconductors and insulators with weak conductivity,17 which
usually weakens the electrochemical performance of super-
capacitors. However, TMPs with an appropriate difference in

Figure 4. (a) Schematic illustration of the as-prepared asymmetric ZNCP-NF//AC supercapacitors. (b) CV curves of the ZNCP-NF//AC device
within a different potential range of 1.3−1.9 V at a scanning rate of 30 mV s−1. (c) CV curves of the ZNCP-NF//AC device within an operating
voltage range of 0−1.6 V at different scanning rates of 2−50 mV s−1. (d) GCD curves of the ZNCP-NF//AC device within an operating voltage
range of 0−1.6 V at different current densities of 0.2−2 A g−1. (e) Specific capacity and Coulombic efficiency of the ZNCP-NF//AC device at
different current densities.
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electronegativity between metal and phosphorus, and proper
atomic ratio of metal to phosphorus, especially for the metal-
rich phosphides, can exhibit a metalloid characteristic and
highly conductive properties.17,18 Therefore, we designed two
phases of Ni2P and Co2P constituting our as-prepared ZNCP-
NF materials, both of which are metal-rich phosphides with
strong electrical conductivity, high thermal stability, and
resistance to chemical attack.18 In addition, ZNCP-NF was
directly used as an electrode without any binder and polymer
additive was directly grown on NF, which avoid “dead weight”,
enlarge the ion-accessible surface, reduce contact resistance,
shorten the efficient ion transport pathway, and strengthen the
mechanical/chemical robustness of the electrode materials,
thus improving the rate performance and cyclic stability.13

3.4. Electrochemical Performance Characterizations
in Two-Electrode System. To further verify the practical
application of ZNCP-NF, an aqueous asymmetric super-
capacitor device (ZNCP-NF//AC) was assembled by using
ZNCP-NF as the positive electrode and commercial activated
carbon (AC) as the negative electrode in 3 mol L−1 KOH
aqueous electrolyte. Detailed electrochemical characteristics of
the AC electrode are presented in Figure S7a−d (Supporting
Information). According to the CV curves at a scanning rate of
5 mV s−1 that the ZNCP-NF (0−0.5 V) and AC (0 to −1 V)
electrodes obtained from the three-electrode system test
(Figure S8a, Supporting Information), the overall capacity of
the ZNCP-NF//AC device is derived from the combined
contributions of the double-layer specific capacitance of the
AC and the redox pseudocapacitance of ZNCP-NF.2 To
optimize the electrochemical performance of the ZNCP-NF//
AC device, the optimized mass ratio of the AC and ZNCP-NF
was calculated to be ∼8.9 by eq 3 according to the specific
capacity obtained from the three-electrode system measure-
ment at 3 A g−1. The practical total loading mass of the active
materials is ∼25.5 mg. A schematic illustration of the as-
prepared asymmetric ZNCP-NF//AC supercapacitors is
shown in Figure 4a. To choose a suitable potential window,
the CV tests within various operating windows ranging from
1.3 to 1.9 V were carried out at a scanning rate of 30 mV s−1

(Figure 4b). When the voltage increases to 1.6 V, the shape of
the CV curve remains almost constant without obvious
polarization. Therefore, 1.6 V was selected as the potential
window of ZNCP-NF//AC.
The CV, GCD, EIS, and cycling life tests were utilized to

inspect the electrochemical properties of the ZNCP-NF//AC
device. The CV curves at different scanning rates of 2−50 mV
s−1 in ZNCP-NF//AC (Figure 4c) show similar shapes,
indicating fast charge/discharge properties.1 The GCD curves

at different current densities of 0.2−2 A g−1 in ZNCP-NF//AC
(Figure 4d) exhibit nearly symmetrical triangular shapes,
manifesting splendid capacitive performance and high rate
performance.37 The specific capacity was maintained at
∼45.15% of its initial capacity when the charge density
increased to 2 A g−1 from 0.2 A g−1. The EIS curve of the
ZNCP-NF//AC device acquired at a frequency range of 105−
0.01 Hz under an open-circuit voltage of 1200 s is shown in
Figure S8b (Supporting Information). The plots of the specific
capacity and Coulombic efficiency of the ZNCP-NF//AC
device versus the different charge/discharge current densities
(Figure 4e) confirm that the as-prepared device possesses a
high Coulombic efficiency of ∼100% at a current density of 2
A g−1 and a high specific capacity (∼181.6 C g−1 at the current
density of 0.2 A g−1).
Cyclic stability is another evaluation criterion for the ZNCP-

NF electrochemical performance. In the 10 000 cycles test at 2
A g−1 (Figure 5a), the specific capacity of the ZNCP-NF//AC
device increases first, then decays slowly, and finally stabilizes.
The reasons for specific capacity fluctuations could be as
follows: the electrode soaking time and activation time in the
electrolyte increase with the cycle number. Thus, the electrode
material was gradually infiltrated from the surface into the
interior and gradually activated, leading to the increase of
effective electrochemical active sites.21,26,30 In addition,
repeated charging and discharging improve the electrolyte
ion accessibility in the electrode material, leading to improved
electrode utilization and enhanced effective contact area
between the electrode material and electrolyte.9 Therefore,
the specific capacity gradually increases. After a period of cyclic
charging and discharging, the electrolyte ions are repeatedly
embedded and dislodged in the electrode material, resulting in
the collapse and destruction of the electrode material
morphology and structure. Therefore, the specific capacity is
attenuated. When the electrode material is fully infiltrated and
activated, with no obvious serious damage to the electrode
morphology and structure, the specific capacity tends to be
stable. After 10 000 cycles test at 2 A g−1, the ZNCP-NF//AC
device still showed high cyclic stability (capacity retention of
92.68%). The Ragone plot (energy density versus power
density) of the ZNCP-NF//AC device compared to that of
other previously reported transition-metal-based asymmetric
supercapacitors devices is shown in Figure 5b. Our as-prepared
asymmetric device exhibits an ultrahigh energy density of 37.59
Wh kg−1 at a power density of 856.52 W kg−1 and maintains an
energy density of ∼22.11 Wh kg−1 at a high power density of
∼1941.46 W kg−1 at 2 A g−1, which outclass the previously
reported results (Figure 5b).1,9,11,38−45 The inset in Figure 5a

Figure 5. Cycle performance of the ZNCP//AC device at a current density of 2 A g−1 with 10 000 cycles; the inset shows a commercial red LED
lighted by two ZNCP-NF//AC devices in series. (b) Ragone plots (energy density versus power density) of the ZNCP//AC device and reported
asymmetric supercapacitors devices.
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shows that a commercial red light-emitting diode (LED) with a
rated voltage of 2 V was lighted successfully by two ZNCP-
NF//AC devices in series, verifying the feasibility of practical
application. We attribute the remarkable electrochemical
performance of the ZNCP-NF//AC device to the rational
employment of the ZNCP-NF pseudocapacitive materials with
high specific capacity as the positive electrode.

4. CONCLUSIONS
In summary, we have successfully developed nickel foam-
supported ZNCP-NF by a simple hydrothermal approach. The
ZNCP-NF nanowire arrays deliver a high specific capacity of
1111 C g−1 at 10 A g−1 and a rate capability of 72.5% capacity
retention when the current densities increase from 3 to 20 A
g−1 in the three-electrode system. ZNCP-NF//AC exhibits a
high specific capacity of 181.6 C g−1 at 0.2 A g−1, a high energy
density of 37.59 Wh kg−1 at a power density of 856.52 W kg−1,
and an outstanding cyclic stability (capacity retention of
92.68% at 2 A g−1 after 10 000 cycles). These excellent
electrochemical behaviors demonstrate that the ZNCP-NF
nanowire arrays are highly desirable for applications as
supercapacitor electrode material.
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