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A B S T R A C T

Finding a convenient low-cost method to prepare a promising charge storage material for high-performance
supercapacitors remains always a critical challenge. Herein, the facilely eco-friendly electroless electrolytic (EE)
technique was employed to deposit a worm-like Ni-Co-P nanofilm directly on nickel foam (NF) substrate. Gross
morphology and microstructure of the as-prepared active material were confirmed by SEM, EDS and XRD
techniques. The supercapacitive properties of Ni-Co-P/NF electrode was studied in 6.0 M KOH solution by cyclic
voltammetry (CV), galvanostatic charging/discharging (GCD) and electrochemical impedance spectroscopy
(EIS). CV curves displayed a pair of two broad current peaks (Ip) associated with the reversible redox reactions
within the fabricated Ni-Co-P. The high slope value of the linear relationship Ip vs. υ1/2 reveals readily accessible
diffuse pathways due to a porous texture of Ni-Co-P active material. Its specific capacitance increased with the
decrease in the scan speed achieving 222.16 F/g at a 1.0 mV/s. The observed definite plateaus in the charging/
discharging profile confirms the battery-like behavior of Ni-Co-P prepared material. Its pseudocapacitive charge
storage mechanism was analyzed based on the power law (I(v) = a υb). Ni-Co-P showed an excellent rate
performance, where its coulombic efficiency (η%) increases with the applied current density reaching 174.5% at
10 A/g. Besides, Ni-Co-P exhibited an outstanding long-term cyclability with enhanced capacitance retention
stabilized at around 105% over 1000 cycles at 50 mV/s. This was further evinced from the observed significant
decrease in the electrode total resistance after cycling. The study points to the viability of EE method for the
successful low-cost synthesis of efficient charge storage materials with excellent stability for high-performance
supercapacitor applications.

1. Introduction

Currently, searching for green renewable energy sources and energy
storage devices is among the most significant challenges for a sustain-
able life. This is due to the upsurge energy consumption in the world
and the adverse environmental impacts of fossil fuels, in addition to its
up-coming depletion in the near future [1]. The energy generated from
renewable energy sources can be stored electrochemically by either
batteries or supercapacitors. Therefore, it is needless to stress the im-
portance of finding a simple cost-effective approach to prepare a po-
tentially active materials having high storage performance. Super-
capacitors (SCs), which are also known as electrochemical capacitors
(ECs) or ultracapacitors constitute an important category of energy
storage devices that can bridge the gap between batteries (the high-
energy devices) and dielectric capacitors (the high-power devices) [2].
Generally, SCs can be classified into three basic categories depending

on their energy storage mechanisms. The first comprises electro-
chemical double layer capacitors (EDLCs) based on carbon allotropes
that have high surface area, in which energy is stored electrostatically
(i.e. non faradaic) by charge accumulation in the electrical double layer
at the electrode/electrolyte interface [3,4]. The second includes pseu-
docapacitors [5,6], mainly based on conducting polymers [7,8] and
metal oxides [9–14], where charge storage generate in the bulk elec-
trode material through redox faradaic reactions by electron-transfer
mechanisms. The third embraces those supercapacitors which display
electrochemical signature neither pure capacitive nor purely faradaic,
i.e. with battery-like behavior [15,16]. Indeed, SCs are considered as
one of the most prospective alternatives for the new generation high
performance power sources on account of their environmentally
friendliness, long cycle lifespan, high power density, fast charging
ability and high safety [17–20]. For those reasons, SCs could serve in a
variety of applications including smart electricity grids, hybrid electric
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vehicles, portable electronics and industrial energy management
[18,19].

Recently, nickel, cobalt and iron compounds have been widely in-
vestigated as battery-like electrode active materials for SCs [13,14].
Transition metal phosphides, such as Ni2P, Ni2P@rGO and Ni5P4 have
been also studied as SC electrodes due to their excellent electric con-
ductivities [21–23]. Compared to these single metal phosphides, Ni-Co-
P binary alloy possesses rich redox reactions, high electrochemical ac-
tivity and high capacitance due to the synergy effect between nickel
and cobalt ions [24]. In fact, materials deposition from solutions can be
achieved via electrolytic, thermal or electroless deposition approaches.
As electrode material for supercapacitors, Ni-Co-P with various shapes
and microstructures have been recently fabricated by hydrothermal
[24,25] and solvothermal [26] strategies. On the other hand, the
electroless Ni–Co–P approach offers coatings with good physical, elec-
trical, corrosion- and wear- resistance properties [27], and when ar-
ranged to deposit on a microporous current collector it can be utilized
as a promising binder-free supercapacitor electrode material. Binder-
free electrodes possess low mass loading, direct integration of active
material with the current collector and the absence of insulating binder
in the electrode, which can allow SCs to meet the demands of smart-
phones, tablets and wearable electrical devices [28,29]. The electro-
chemical properties of binder-free supercapacitor electrodes can be
extremely improved compared to binder-containing electrodes due to
the sufficient exposure of active sites to electrolyte, complete utilization
of the electroactive material and enhanced ion/electron transport ki-
netics [30–32].

In the present work, Ni-Co-P thin film was designed for the direct
coating of 3D NF surface via the electroless electrolytic (EE) technique,
to be used as a promising electroactive material for SC applications. The
as-synthesized material was physically characterized to confirm its
morphology and composition using field emission scanning electron
microscopy (FESEM), energy dispersive spectroscopy (EDS) and X-ray
diffractometry (XRD). Furthermore, its energy storage performance was
studied electrochemically by cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spectroscopy
(EIS) measurements.

2. Experimental section

2.1. Material synthesis and characterization

Nickel foam sheet (110 pores per inch, 1.6 mm thick), Nickel(II)
sulfate hexahydrate (NiSO4•6H2O, AR), Cobalt (II) sulfate heptahydrate
(CoSO4•7H2O, AR), Sodium hypophosphite hydrate (NaH2PO2.H2O,
AR), Sodium citrate (Na3C6H5O7, AR), ammonium sulfate ((NH4)2SO4),
acetone (C3H6O, AR), ammonium hydroxide (NH4OH), hydrochloric
acid (HCl, AR), and ethanol (C2H5OH, AR) were purchased from DOP
Organik Kimya SAN. VE TIC. LTD., OSTIM (Ankara, Turkey). All che-
micals were used as-received without further purification. Prior to the
synthesis, nickel foam (NF) strips of 2 cm × 1 cm were ultrasonically
cleaned in 1.0 M HCl for 15 min to remove the oxide layer followed by
degreasing with acetone, then washed with deionized water and finally
dried. Electroless Ni-Co-P plating baths with different weight ratios
from nickel sulfate and cobalt sulfate were prepared and tried for ob-
taining the most successful film deposition. Table 1 summarizes the
optimized bath composition and operating conditions that have
spawned to the formation of a good adhere and evenly uniform film on
the NF substrate with an average net weight of 8.0 mg. After EE plating,
the NF strip was rinsed with deionized water and ethanol, then dried at
60 ⁰C for 2 h in a vacuum oven.

The surface morphology of the deposited material and its elemental
composition were observed using a JEOL JXA-840A electron probe
microanalyzer (Japan) provided with an energy-dispersive X-ray spec-
troscopy (EDS) unit having an accelerating voltage of 30 kV, magnifi-
cation 14x up to 1000,000x and resolution for gun 1 n (FEI Company,

Netherlands). Crystallographic characteristics of the deposited material
was scrutinized via X-ray diffraction (XRD) using powder dif-
fractometer (Thermos ALT XTRA-Ray, Switzerland) with nickel filter
and Cu Kα radiation source of 35 kV at a scan rate of 0.05 V/s.

2.2. Electrochemical performance

All electrochemical experiments on the fabricated Ni-Co-P/NF
electrode were carried out in 6.0 M KOH solution prepared by dissol-
ving KOH pellets in deionized water. The measurements were taken for
a three-electrode cell setup consisting from the working electrode, Ag/
AgCl reference electrode and a counter electrode. The binder-free de-
posited Ni-Co-P film onto a 1 × 1 cm2 NF current collector served as
the working electrode and the Pt coil as a counter electrode. The
electrochemical performance of the EE prepared Ni-Co-P active mate-
rial as a supercapacitor electrode was investigated via cyclic voltam-
metry (CV), galvanostatic charging/discharging (GCD) and electro-
chemical impedance spectroscopy (EIS) using the electrochemical
workstation IM6e (Zahner electrik, Kronach, Germany) driven by
Thales software. CV measurements were recorded within the potential
window from 0.0 to 0.5 V (vs. Ag/AgCl) at different scan rates ranging
from 1.0 to 50 mV/s. GCD measurements were conducted at different
specific currents (ranging from 0.5 to 10 A/g). The EIS diagrams were
traced within the frequency range from 10 kHz down to 0.01 Hz with an
ac sinusoidal perturbation signal of 10 mV amplitude at the steady-state
open circuit potential. Experimental EIS data were analyzed by fitting
the spectra to the most suitable equivalent circuit (EC) model using EC-
Lab V10.40 software.

3. Results and discussion

3.1. Physical characterization

Ni-Co-P coating on NF was synthesized by EE deposition method
from a basic solution containing NiSO4•6H2O, CoSO4•7H2O, and
NaH2PO2•H2O. The formation process is considered as an autocatalytic
reduction reaction that takes place directly onto the nickel foam sur-
face. During the growth process, Ni and Co were deposited simulta-
neously on the solid substrate where Ni2+ and Co2+ cations are re-
duced autocatalytically by the action of H2PO2

ــ ion's reducing agent.
During the reduction process zero valent P was formed as a by-product,
resulting in a ternary Ni-Co-P alloy loaded onto the nickel foam. The
various chemical reactions included in this process can be described by
Eqs. (1) to (4) [33]:

Ni2+ + H2PO2ˉ + H2O → Ni + HPO3
2ˉ + 3H+ (1)

Co2+ + H2PO2ˉ + 3OHˉ → Co + HPO3
2ˉ + 2H2O (2)

3H2PO2ˉ → H2PO3ˉ + H2O + 2OHˉ + 2P (3)

H2PO2ˉ + H2O → H2PO3ˉ + H2↑ (4)

Fig. 1 (a, aˋ) shows the FESEM images at two different magnifica-
tions of the nickel foam surface after coating with Ni-Co-P active ma-
terial. The microstructure texture appears as a homogeneous worm-like

Table 1
Plating bath composition for the electroless electrolytic deposition of Ni–Co–P
material.

Nickel sulfate hexahydrate (NiSO4•6H2O) 14 g L−1

Cobalt (II) sulfate heptahydrate (CoSO4•7H2O) 14 g L−1

Sodium hypophosphite monohydrate (NaH2PO2•H2O) 20 g L−1

Sodium citrate (Na3C6H5O7) 60 g L−1

Ammonium sulfate ((NH4)2SO4) 65 g L−1

pH 9.0
Temperature 90 °C
Time 60 min
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morphology for the Ni-Co-P ternary alloy deposited on the Ni foam
substrate. The elemental composition of the deposit was confirmed by
EDS spectrum shown in Fig. 1(b), which reveals the presence of Ni, Co
and P elements over the NF surface with a quantitative ratio as re-
presented in Table 2. The wt.% of Ni and Co are found to be: 35.32%
and 33.22%, respectively, while that of P is 2.12%. This quantitative
result ascertains that the coated layer composed of Ni and Co with al-
most the same ratio. Normally, the low P content of typically 1–4 wt.%
is conducive to formation of metal-phosphide film with high crystal-
linity [34]. This can explain the sharp and well-defined peaks observed
in the XRD pattern of the as-fabricated Ni-Co-P active material con-
taining a relatively low P content of about 2.12 wt.% in the deposited
layer.

The crystallographic orientation of phases in the plated layer was
characterized by means of powder X-ray diffraction as shown in
Fig. 1(c). In the XRD pattern of the as-prepared coating, the sharp peaks

at around 2θ of 44.5∘ (111) and 52∘ (200) indicate the existence of Ni
planes of a face-centered cubic (fcc) phase (JCPDS card No. 04–0850).
The noticeable peak at 2θ of 65∘ corresponds to NiP (200) plane (JCPDS
card No. 34–0501), while CoP (103) plane (JCPDS card No. 29–0497)
appears at 2θ of 52.2∘ [35]. The well-defined peak at 78.2∘ is assigned
as due to the reflection from Ni2P (321) plane (JCPDS card No.
89–4864) [36]. Meanwhile, the diffraction peak located at 2θ of 77∘ can
be indexed to orthorhombic Co2P (411) plane (JCPDS card No.
32–0306) and Ni (220) plane (JCPDS card No. 88–2326) [37].

3.2. Electrochemical characterization

The electrochemical performance of the synthesized electrode ma-
terial (Ni-Co-P/NF) was investigated in 6.0 M KOH solution at room
temperature using cyclic voltammetry (CV), galvanostatic charging
discharging (GCD) and electrochemical impedance spectroscopy (EIS).
The KOH concentration of 6.0 M was chosen to give the highest specific
conductivity at room temperature [38], thus avoiding any energy losses
due to limited conductivity of the electrolytic solution. CV measure-
ment of I vs. E at different scan rates is a common technique employed
to study the reduction and oxidation processes associated with elec-
troactive species and provides an effective means for categorizing the
mode of charge storage [39]. Typical CV curves recorded for the Ni-Co-
P/NF electrode at various scan rates over the range 1.0 to 50 mV/s are

Fig. 1. (a) and (aˋ) SEM images of as-deposited Ni-Co-P grown on the Ni foam substrate, (b) EDS elemental composition spectrum of the coating, and (c) XRD pattern
of Ni-Co-P deposited film.

Table 2
Elemental composition (wt.%) of the surface coating as obtained from EDS
analysis.

Element Co K Ni K P K O K C K Na K S K

Wt.% 33.22 35.32 2.12 11.21 4.66 12.02 1.45

Fig. 2. (a) CV curves recorded for Ni-Co-P/NF electrode in 6.0 M KOH solution at different scan rates. Inset: Dependence of the calculated Csp on scan rate (υ), and (b)
the relationship between anodic peak current (Ipa) and υ1/2.
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displayed in Fig. 2(a). The CV profiles are all similar in shape indicating
high electrochemical reversibility of the redox reactions as well as high
rate capability of the electrode material. As can be observed, a couple of
distinct and wide oxidation and reduction current peaks in each CV
curve occurs, where at a scan rate of 50 mV/s, these peaks can be re-
cognized at around 0.30 V and 0.06 V (vs. Ag/AgCl), respectively. The
presence of redox peaks are indicative of a material with pseudocapa-
citive behavior due to a typical faradaic usage charge-storage me-
chanism [40]. This originate from the reversible oxidation and reduc-
tion transition of M2+/M3+ species (M = Ni or Co) by simple
movement of ions to-and-from the electrode surface with a very high
degree of reversibility in a repetitive charge/discharge cycling process
over the studied potential window 0.0 – 0.5 V (vs. Ag/AgCl). Upon
increasing scanning speed, the peak current becomes more significant
due to fast interfacial rate kinetics [41]. A concomitant shift in the
position of oxidation and reduction peaks towards more positive and
more negative potential values, respectively, can also be observed as
the sweeping rate is increased. This means that, the potential difference
(ΔEpp) between the anodic and cathodic peaks (the peak-to-peak se-
paration) increases with increasing the scanning speed. Such a behavior
is likely caused by the penetration limitation of ions and electrons to the
inner surface layer of the electrode at shorter time [42,43]. This would
generate unavoidable overpotential resulting from the increase in the
internal diffusion resistance at high scan speeds [30,41]. In con-
centrated alkaline electrolyte, the probable faradaic usage reactions
associated with the pseudocapacitive behavior of our synthesized active
material can proceed according to the following redox equilibria re-
presented by Eqs. (5) and (6) [29,40,44]:

Ni(OH)2 + OH− ⟷ NiO(OH) + H2O + e 5(ــ )

Co(OH)2 + OH− ⟷ CoO(OH) + H2O + e 6(ــ )

Interestingly, these single electron redox reactions have comparable
theoretical maximum capacity of 456.574 Ah/kg for Ni(OH)2 and
454.566 Ah/kg for Co(OH)2.

It is well-established that, specific capacitance is a significant
parameter for evaluating the supercapacitive performance of an elec-
trode-active material. Based on the CV measurements the specific ca-
pacitances of the EE as-deposited Ni-Co-P active material was calcu-
lated using Eq. (7) [5,30,44]:

∫=
−

C
mυ V V

I dV1
2 ( )

( )sp
V

V

2 1
1

2

(7)

where I is the recorded current strength (A), m is the mass of electro-
active material (g), υ is the scan rate (mV/s) and V1 and V2 are the limits
of the working potential window (V). Fig. 2(a) inset shows the depen-
dence of the calculated Csp value as a function of the potential scanning

rate (υ). The as-synthesized Ni-Co-P material demonstrates a high spe-
cific capacitance of 222.16 F/g at a scan rate of 1.0 mV/s, which de-
creases to 54.56 F/g with increasing scan rate to 50 mV/s. The decrease
in the specific capacitance is generally attributed to a reduction in the
utilization of active material caused by limited mass transfer of pre-
vailing ions in the electrolyte by diffusion/migration modes at high
scan rates [29]. In other word, some areas on the active material be-
come inaccessible for charge storage at shorter time. Regarding the
dependence of peak current on the scan rate, Fig. 2(b) displays a linear
relationship between current response of the anodic peak (Ipa) and the
square root of scanning rate (υ1/2) for Ni-Co-P/NF electrode-active
material in accordance with the well-known Randles-Sevčik equation
[30,40]:

= × ×I n AD υ C(2.69 10 )p
5 3/2 1/2 1/2 (8)

where Ip is peak current (anodic or cathodic) (A), n is the number of
electrons involved in the redox reaction, A is the effective surface area
(cm2), D is the diffusion coefficient (cm2/s), υ is the scan rate (V/s) and
C is the electrolyte concentration (mol/cm3). Indeed, this gives further
inference that charge storage in our Ni-Co-P/NF electrode proceeds via
a faradaic usage redox reaction. In other words, Ni-Co-P acts as a su-
percapacitive active material with battery-like behavior [15 16]. In
addition, the linear dependence of Ip vs. υ1/2 demonstrates a diffusion-
controlled electrode process, where the effective surface area is pro-
portional to the slope of this line (assuming the other parameters re-
main constant). The high slope value obtained here (~ 1.88) reveals
great readily diffusion pathways in the active electrode material ac-
cessible to the electrolyte ions due to its porous texture [40]. This is
consistent with the calculated specific capacitance (Csp), as well as the
SEM image shown in Fig. 1(a).

To better understand the mechanism of energy and charge storage
in the electrode-active material, its voltammetric response at various
scan rates can be theoretically expressed by the following power law,
Eq. (9) [5,43]:

=I a υ(V) b (9)

where I(V) is the potential–dependent current response at a given scan
rate (υ), a and b are arbitrary constants. The b-value is the slope of the
linear relationship (log I(V) vs. log υ), being used to determine the
predominant behavior of our Ni-Co-P/NF electrode. While a slope of
b = 0.5 indicates that the energy storage mode is mainly diffusion-
control process. A slope of b = 1.0 reveals surface redox process fol-
lowing fast redox kinetics for which the current varies linearly with the
scan rate according to: =I V AC υ( ) S [5], where Cs represent the surface
capacitance. Fig. 3(a) shows the plot of (log I vs. log υ), where the es-
timated b-value was found to be 0.61 at 0.28 V for the anodic (char-
ging) process and 0.74 at 0.11 V for the cathodic (discharging) process.
The b-value for the anodic or the cathodic scan is between 0.5 and 1.0

Fig. 3. (a) Dependence of log current on log scan rate (power law) at 0.28 V (anodic) and 0.11 V (cathodic), (b) Contribution (%) of capacitive and diffusion-
controlled charge storage.
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suggesting that charge storage mode is mixed one with more diffu-
sion–control battery characteristics. In order to deconvolute quanti-
tively the contribution from capacitive and diffusion–controlled pro-
cesses, the whole process of charge transfer can be given by Eq. (10)
[5,42,43]:

= +I V k υ k υ( ) 1 2
1/2 (10)

where k1υ and k2 υ1/2 represent, respectively, the capacitive current
and diffusion–controlled current contributions. Eq. (10) can also be
rearranged and written as: I(V)/υ1/2 = k1υ1/2 + k2. Accordingly,
plotting I(V)/υ1/2 vs. υ1/2 can give the values of both k1 and k2, and
then define the fractions of the currents arising from capacitive and
diffusion processes. Fig. 3(b) demonstrates that most charge is due to
the diffusion process, where 12.80% capacitive contribution is only
achieved at a scan rate of 1 mV/s. This value increases as the scan rate
is increased, being 49.53% at 30 mV/s, whereas the remaining is from
the diffusion process. Therefore, the capacitive contribution of our ac-
tive material is more noticeable at high sweep rate. All these results
validate the pseudocapacitive battery-like properties of the as-fabri-
cated Ni-Co-P/NF electrode.

The electrochemical performance of Ni-Co-P/NF immersed in 6.0 M
KOH solution as a supercapacitor electrode can be further investigate
quantitatively by galvanostatic charge-discharge (GCD) technique.
Measurements were recorded at various specific currents of 0.5, 1.0,
2.0, 4.0, 8.0 and 10 A/g, to further assess the rate capability of our
tested electrode. Fig. 4(a) shows the chronopotentiometry (E vs. time)
plots as a function of the constant specific current applied to the ma-
terial. Different from the concept of capacitive EDLC, the results of Ni-
Co-P active material establish at any applied current density a nonlinear
GCD profile. Where two apparent potential plateaus are displayed at
around 0.3 V and 0.1 V (vs. Ag/AgCl) in the anodic charging and
cathodic discharging responses, respectively. The presence of these two
steps are in good harmony with the behavior of the CV plots (Fig. 2(a)).
Results of both CV and GCD measurements indicate that Ni-Co-P/NF
electrode has the feature of a battery-type material characterized by a
pair of well-separated redox peaks in the CV profiles and distinct vol-
tage plateaus in the charging/discharging responses [4,15,16]. Values
for the specific capacitance of Ni-Co-P/NF electrode can be obtained
from the GCD curves using the following Eq. (11) [15,30,43,44]:

=C I t
m V

Δ
Δsp (11)

where Csp (F/g) is the specific capacitance, I (A) denotes the discharge
current, Δt (s) stands for the discharging time, m (g) is the mass of the
electrochemically active material, and ΔV (V) is the width of the po-
tential window. Obviously, upon reducing the applied current density

both charging and discharging processes will take longer time. There-
fore, high specific capacitance values are obtained at the lower current
densities (Fig. 4(b)), in the present work Csp value increases to 193.48
F/g at a gravimetric current of 0.5 A/g. More importantly, Fig. 4(b)
depicts that the value of coulombic efficiency (η% = Qd/Qc × 100, or
η% = td/tc × 100, since Id = Ic), shown on the right y-axis, decreases
from 89.3% to 71.1% with increasing specific current from 0.5 A/g to 2
A/g. Further increase in the applied current density leads to a sig-
nificant re-increase in the η% value, achieving 174.5% at 10 A/g. Such
a behavior indicates that the as-prepared Ni-Co-P/NF electrode can
electrochemically store energy efficiently through surface/near-surface
faradaic usage reactions at lower, and especially at higher current
densities, demonstrating a remarkably good rate capability.

Cycling stability is also another important parameter for super-
capacitor electrode material to ensure its long-term use and electro-
chemical robustness and performance [15]. Therefore, long-lasting CV
measurements has been conducted for Ni-Co-P/NF electrode over 1000
consecutive cycles at a scan rate of 50 mV/s to explore its durability.
Fig. 5(a) presents seven CV curves (for the 3rd, 50th, 100th, 250th,
500th, 750th and 1000th cycles) selected among the applied CV cy-
cling. It is obvious that the area under each curve for all those cycles are
very comparable. Likewise, the electrode experiences a small increase
in the corresponding calculated specific capacitance up to the first 100
cycles, and then tends to demonstrate a stable charge storage capability
(i.e. constant Csp value) throughout the long-term cycling test (Fig. 5b).
This behavior is confirmed by calculating the capacitance retention as
shown on the right y-axis in Fig. 5(b). It is important to note that, the
capacitance retention slightly increases during the first 100 life-cycle
exceeding 100%, then stabilizes at around 105% till the end of the test.
Such excellent durability and superior capacitance retention of the as-
fabricated Ni-Co-P/NF electrode can be due to electrochemical activa-
tion of its surface caused by successive charging/discharging action and
formation of secondary storing active sites through a slow infiltration of
the electrolyte into its porous microstructure during the cycling process
[29,45]. This assumption will be also confirmed from the EIS results.

To further approve the obtained superior cycling stability, and to
investigate the electrochemical charge transfer kinetics of our fabri-
cated Ni-Co-P/NF electrode, EIS measurements were recorded in 6.0 M
KOH at the open circuit potential. Fig. 6 displays the Nyquist diagrams
for the impedance responses traced over the frequency domain from
100 kHz down to 10 mHz before and after the cycling stability test.
Each plot appears as an open depressed semicircle denoting a system
with faradaic capacitive behavior. In order to numerically interpret the
obtained EIS outputs, the experimental impedance data were fitted
using the proposed electrical equivalent circuit (EC) shown as inset in
Fig. 6. This EC model is based on two parallel time constants in series

Fig. 4. (a) GCD curves of Ni-Co-P/NF electrode in 6.0 M KOH electrolyte at different current densities. (b) The corresponding specific capacitance and coulombic
capacitance efficiency (η%) of Ni-Co-P/NF electrode as a function of the current density.
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with the solution resistance (Rs) between the reference and working
electrodes [46]. The first time constant is the parallel combination
(R1C1) linked to the resistance and capacitance behavior of the system
at the low-frequency region aroused from the interface between the
coating layer (Ni-Co-P) and the NF substrate. While the second time
constant is the parallel combination (R2C2) related to the behavior at
the intermediate and high frequencies that corresponds to the charge
transfer resistance of the anodic and cathodic faradaic responses and
the double layer capacitance at the electrode material/electrolyte in-
terface [46,47]. Generally, due to the non-ideal behavior caused by
surface roughness and inhomogeneity, a constant phase element (CPE)
component is used instead of a real capacitor. The impedance of a CPE
is interpreted by the following equation [46,48]:

= −Z Q jω[ ( ) ]CPE
α 1 (12)

where α is the CPE empirical exponent ranging from zero to one (0 ≤ α
≤ 1), Q is the CPE admittance (Ω−1 sα/cm2) and j is the imaginary unit
( = −j 1 ). The two parameters Q and α are both independent of fre-
quency (f, s − 1) for the applied ac signal of the impedance response.
Deviation of α from unity is an indication for the deviation of Q from
ideal capacitance. At the point where =f π1/2 , the angular frequency

=ω 1, = −ω πf rad s2 ( )1 , and Q will be equal to the ideal capacitance C
(F/cm2) [49]. Table 3 summarizes the obtained fitted EIS parameters
using the approved EC model. As can be seen, R1 is higher than R2,
while C1 is lower than C2. The total resistance of the system
(Rt = R1 + R2) = 2.648 kΩ before the cycling test, whilst substantially
decreases to 0.741 kΩ after finishing 1000 continuous cycles. It is

generally accepted that the lower the equivalent surface resistance, the
better will be the electrochemical performance of the electrode. In
agreement with this fact, the decrease in Rt resistance value inferred a
boosting in the conductivity of our fabricated material upon cycling
which offers more stability for the supercapacitor active material [50].
A validation for this behavior can be given from the value of the total
capacitance (Ct = C1 + C2), being 492.3 µF before the cycling stability
test and significantly increases to almost double its value (978.3 µF)
after finishing the forgoing cycles. Such enhanced behavior can be at-
tributed to a considerable improvement in the conductivity of the EE
coated layer after cycling caused by a possible activation of the as-
prepared Ni-Co-P/NF supercapacitor electrode through the slow in-
filtration of electrolyte ions into the pores and defects of its micro-
structure during the long cycle lifetime [29].

4. Conclusions

In this work, a worm-like Ni-Co-P actively nanomaterial was suc-
cessfully designed directly on NF substrate using a simple, green and
cost-effective electroless electrolytic (EE) approach. The microstructure
of the as-fabricated deposit was characterized by SEM, EDX and XRD
techniques. The prepared Ni-Co-P/NF electrode material showed
pseudocapacitive traits with a maximum specific capacitance of 222.16
F/g at 1.0 mV/s, as it displayed a pair of two broad and distinct current
peaks in the CV curve. Furthermore, the nonlinear profile with definite
plateau in charging/discharging curve at any applied current density
confirms the battery-type behavior. The b-value in the power law
manifests a mixed charge storage mode with more diffusion–control
battery characteristics. At a scan rate of 1 mV/s, the capacitive con-
tribution is low (12.80%) and increases at high scan rates reaching
49.53% at 30 mV/s, whereas the remaining is from the diffusion pro-
cess. Long-term stability test at 50 mV/s demonstrates outstanding
durability for the as-prepared Ni-Co-P/NF electrode material with a
capacitance retention that stabilizes at 105% throughout 1000 cycles.
The noticeable decrease in the resistance of Ni-Co-P/NF electrode after
long-lasting cycling could explain why there is an excellent

Fig. 5. (a) Cycling stability test using CV measurements at a scan rate of 50 mV/s, and (b) The corresponding specific capacitance and capacitance retention
percentage.

Fig. 6. Nyquist diagrams for the EIS spectra recorded before and after cycling.
Inset: the equivalent circuit model used to fit the EIS experimental spectra.

Table 3
Equivalent circuit parameters obtained from EIS spectra of Ni-Co-P/NF in 6.0 M
KOH solution before and after cycling stability measurement.

State R1/ kΩ C1 / µF α1 R2/Ω C2/µF α2 RS/mΩ

Before cycling 2.642 104.8 0.991 6.203 387.5 0.871 888
After cycling 0.736 296.8 0.921 3.599 681.5 0.847 642
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improvement in the capacitive nature of the electrode after accom-
plishing the cycling stability test. The observed excellent rate capability
and cycle stability make our Ni-Co-P active material, prepared by EE
approach, a good candidate for high performance-supercapacitor ap-
plications. Hence, the present work plainly proves that, EE approach
can be a viable technique for the direct synthesis of self-assembled
active materials on the surface of NF electrode, without the necessity of
binders and conducting agents or any post-treatment, for high-perfor-
mance energy storage devices.
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