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a b s t r a c t

In this work, a facile single-step hydrothermal technique is used to prepare a spherically concomitant
foamy NiCoP as positrode for supercapatteries. Similarly, the nitrogen-doped carbon nanofibers are
prepared by simple electrospinning technique to use as negatrode. The prepared materials are raptly
examined through primary studies for both energy conversion and storage applications. Fascinatingly,
NiCoP electrode encourages oxygen evolution reaction, and the carbon nanofiber electrode emboldens
hydrogen evolution reaction with the minimum overpotential of 257mV and 160 mV, respectively. In
addition, a supercapattery is designed and operated at a full voltage window of 1.6 V using the fusion of
carbon nanofiber as the negatrode and the cutting-edge NiCoP as the positrode, which presents a su-
perior energy (56Wh kg�1) and an improved power density (5333Wkg�1) with a long cyclic stability
(5000 cycles). Finally, the fabricated supercapattery device is used to power the constructed hybrid water
electrolyser that requisites a low cell voltage of 1.71 V to afford a current density of 10mA cm�2. Overall,
the prepared electrodes reveal its superiority of handling the multifunctional challenges for both water
electrolyzer and supercapatteries.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The discovery and production of exceedingly cheap and profi-
cient energy conversion and storage (ECS) systems are in full swing
to meet the future energy needs. Budding researchers are in an
exciting context to sense and sight an electrode material that jus-
tifies all the multifunctional necessities to promote an economi-
cally thriving ECS system. Accordingly, the water electrolyser is
ensnaring a great deal of interest as an energy conversion approach
as it uses prompting renewable and clean energy resources to
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replace the use of limited fossil fuels [1]. The oxygen and hydrogen
evolution reaction functions as pivotal points of reference for the
on-demand water electrolysers [1,2]. The operational efficiencies of
OER and HER reactions are explicitly reliant on their catalysts.
Habitually, ruthenium or iridium-based noble metals are employed
as efficient electrocatalysts to promote the OER while the noble
platinum-based electrodes are engaged as active electrocatalysts
for the HER [3]. The relatively high price, as well as the limited
resources of these noble metals, restrict the commercial compe-
tence of this application. Hence, swapping these noble metals by
non-noble or metal-free electrocatalysts with improved catalytic
activity is an effective way to loom this system in large-scale ap-
plications. Earlier, transition metal-based hydroxides and oxides
were vastly investigated as an imminent bifunctional electro-
catalyst to promote both the OER and HER activities [4]. However,
the sluggish kinetic rate engendered by these materials massively
affected its OER and HER catalytic activity [5].
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Similarly, the electrochemical capacitors or supercapacitors are
making a high impact as a prospect of proficient energy storage
approach, which delivers a high power density with the rapid rate
of charging and discharging, extended life, high safety, and sus-
tainability [6]. Although supercapacitors are a proficient energy
storage system, concerns are outstretched over its marginally shaky
energy density to encounter the commercial scenarios. With the
aim of recovering this energy density insufficiency, a flexible
supercapattery was fabricated, which capable of delivering excel-
lent power density in conjunctionwith boosted energy density. The
supercapattery devices are sprouting to be a dominant energy
source by the execution of a non-Faradaic electric double layer
capacitor (EDLC)-type electrode as an anode (negatrode) and the
Faradaic battery-type electrode as a cathode (positrode) [7]. Here,
the carbon-based materials are used as EDLC electrodes which
indeed provide excellent power density while the transition metal-
based electrodes are ensuring enhanced energy density.

In prospect of a developed multifunctional electrode material
including oxides [8], hydroxides [9], double hydroxides [10], sul-
phides [11] and phosphides [12], bimetallic phosphides are
receiving great deal of attention owing to its unusual properties
especially the introduction of hetero-metal ions shows synergistic
effect that ensures rich redox sites and further improves the elec-
trochemical conductivity and stability. Moreover, the single metal
phosphides suffer either poor cycling stability or relatively low
specific capacitancewhich is found to get counterbalancedwith the
bimetallic phosphides [13e15]. Among these, the ternary NiCoP is
far superior to the binary phosphides (Ni-P & Co-P) due to its
enhanced crystallinity, upgraded electronic configuration and
improved electrical conductivity by stimulating electrochemical
properties, holding high eco-friendly properties [16]. The bimetallic
phosphide is envisioned to prove itself as a highly active and du-
rable electrocatalyst towards OER since the synergistic effect of two
metals with more active sites, and control the intrinsic electrical
properties of the bimetallic compound. Specifically, Li et al. have
grown NiCoP nanowire arrays on 3D Ni foam by a two-step method
enabled the electrocatalysts with remarkable electrocatalytic per-
formance and stability (28 h) for OER (370mV) and HER (197mV)
[17]. Similarly, Du et al. have provided a sequential hydrothermal,
oxidation, and phosphatization technique to develop a three-
dimensional NiCoP/carbon cloth electrocatalyst that has yielded a
current density of 10mA cm�2 at 1.52 V [16]. Likewise, Liang et al.
presented a PH3 plasma-assisted approach to convert NiCo hy-
droxides into ternary NiCoP, which was used as both cathode and
anode for overall water splitting and a current density of
10mA cm�2 was achieved at a cell voltage of 1.58 V [18]. Corre-
spondingly, Yu et al., has prepared NiCoP films with different
nickel-to-cobalt ratios by an electrodeposition technique that
exhibited the best state-of-the-art performance with a voltage of
1.57 V, delivering 10mA cm�2 in a two-electrode electrolyzer [19].
Also, Li et al. have reported Co-doped nickel phosphides (Ni2�x-

CoxP) and their hybrids with reduced graphene oxide (rGO) as
bifunctional electrocatalysts for HER (42mV) and OER (270mV)
[20].

Considering the supercapacitor applications, Liang et al. have
reported the electrochemical performance of the asymmetric
supercapacitor devices based on the NiCoP nanoplates and gra-
phene films, which delivered a high energy density of 32.9Wh kg�1

at a power density of 1301Wkg�1 [21]. Likewise, Kong et al.
demonstrated NiCoP/NF prepared by the phosphorization of hy-
drothermally obtained NiCo(OH)xF/NF, which delivered a high en-
ergy density of 1.16mWh cm�2 at a power density of 1.6mWcm�2

[22]. Similarly, Wang et al. prepared NiCoP/G hybrid electrode
which has shown excellent electrochemical properties with a
specific capacitance of 646 F g�1 at 4 A g�1 and maintained 91% of
this initial capacitance after 2000 cycles [23]. Also, Hu et al. have
proposed bimetallic nickel cobalt phosphides with high electrical
conductivity and different Ni/Co molar ratios, and achieved a high
energy density of 32Wh kg�1 at a power density of 0.351 kWkg�1

[24]. Previously, we have reported the multifunctional applications
of NiCoP embedded CNF prepared by single step electrospinning
method [25]. On the other hand, in the present work, we have
prepared the NiCoP by the simple hydrothermal method.

Besides, the nanostructured carbon materials, with its distin-
guished demand, exist in various forms such as carbon/graphene
quantum dots, carbon nanofiber (CNFs), carbon nanotubes (CNTs),
graphene, carbon nanosheets, 3D carbon nanostructures, porous
carbon and carbon nanorods (CNRs) [26,27]. Among them, CNFs are
peculiarly renowned because of its intrinsic advantages, such as the
large surface area, lightweight, good electrical conductivity, and
high thermal/chemical/mechanical stability, which all make CNFs
to be a perceptible contender in numerous electrochemical appli-
cations [26,27]. Additionally, heteroatoms doping has been proved
to be an effective way to functionalised CNFs as working electrodes
in the electrochemical applications such as supercapacitors, Li-ion
batteries and Li-air batteries [28]. Besides, they can also be used
as efficient electrocatalysts in water electrolysis, oxygen reduction
reaction and CO2 reduction [29]. Hence the functionalised CNFs and
the promoted ternary NiCoP are grasping a huge deal of impact over
the prospect of the ECS systems.

Even though bimetallic NiCoP has been emerging as a note-
worthy electrocatalyst, these NiCoP electrocatalysts were prepared
via multifaceted two-step synthesis encompassing high-
temperature treatment, which increased the production cost that
foiled the large-scale commercialization. Therefore, this work em-
phasizes the facile single-step hydrothermal technique to fabricate
unique bimetallic spherically concomitant foamy NiCoP (SCFN)
nanostructures to divulge as an efficient OER electrocatalyst and a
supercapattery electrode. As well as the nitrogen-doped CNF elec-
trocatalysts with its massively subjugated active catalytic sites and
unique surface chemistry functionalities delivered a superior HER
activity. As a final point, the fabricated supercapattery was inte-
grated with the assembled hybrid water electrolyser (SCFNkN-CNF)
and the performance was studied.

2. Experimental section

2.1. Preparation of SCFN as positrode

Stoichiometric amounts of nickel nitrate (Merck), cobalt nitrate
(Merck) and red phosphorus (Alfa Aesar) were dispersed in a me-
dium of double distilled water (40ml), and the solution was left
under stirring for 10min. The homogeneous mixture was then
transferred to the Teflon-lined autoclave and maintained at 160 �C
for 24 h to obtain a black product which was centrifuged, and dried
at 80 �C under vacuum. The collected NiCoP sample was subjected
to various structural and surface-associated studies.

2.2. Preparation of N-CNF as negatrode

Polyacrylonitrile (2.4 g) was dissolved into 30 g N-dime-
thylformamide under unceasing mechanical stirring for 24 h at
80 �C. The attained viscous and homogeneous solution was trans-
ferred into a plastic syringe. Successively, the needle-collector
distance was optimized to be 15 cm, while the stream rate was
adjusted to 0.75ml/h. Finally, the prepared solution was electro-
spun into nanofibers under a high voltage of 15 kV. The as-spun
nanofibers were first stabilized at 250 �C for 2 h in the air with a
heating rate of 5 �C min�1, and then carbonized under a nitrogen
atmosphere at 900 �C for 2 h through a heating rate of 2 �C min�1.
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The nitrogen atmosphere was used to functionalize the CNF by
inoculating hetero atom over the carbon site [30].

2.3. Characterizations techniques

The phase formation and structural analysis were carried out
using powder X-ray diffraction (Rint 1000, Rigaku, Japan) with Cu
Ka radiation (l¼ 1.5418 Å). The morphological features and
elemental mapping were evaluated using Field-emission scanning
electron microscopy (FE-SEM, S-4700, Hitachi, Japan) coupled with
energy-dispersive X-ray spectroscopy (EDX) module, and high-
resolution transmission electron microscopy (HR-TEM; JEM-2000,
EX-II, JEOL, Japan). The Scion Image software was employed for
the particle size measurements and plotting of size distribution
histogram. The XPS analysis (Multilab 2000, UK) was performed to
determine the oxidation states and chemical bonding between the
constituent elements. The Bio-Logic VMP3 multichannel electro-
chemical workstation was engaged in analysing the electro-
chemical properties of the samples.

2.4. Electrode preparation

Both the positive and negative electrodes were prepared by
brush coating a homogenous slurry containing 8:1:1 ratio of active
material (SCFN or N-CNF), carbon black and polyvinylidene
difluoride (PVDF) in 0.4ml of N-methyl 2-pyrrolidine (NMP) on the
carbon cloth substrate. The coated electrodes were dried overnight
at 80 �C in a vacuum oven. Here, a conventional three-electrode
system involving 1M KOH electrolyte, Hg/HgO reference elec-
trode, and a graphite counter electrode was employed to carry out
all the electrochemical measurements. The potentials reported in
Fig. 1. (a) XRD pattern and (bec)
the electrocatalytic analysis were provided against the RHE
(Reversible Hydrogen Electrode). The electrochemical measure-
ments of the supercapattery device were performed using a sealed
coin cell (CR2032). The working electrodes were stacked back-to-
back within the coin cell with the active material making direct
contact with the current collector. The electrolyte used was
aqueous 1M KOH.

3. Results and discussion

3.1. Physicochemical properties of NiCoP positrode

The structural analysis of the prepared NiCoP was characterized
by the X-ray diffraction (XRD), and the obtained diffraction pattern
is shown in Fig. 1a. The diffraction peaks elucidate the formation of
pure hexagonal NiCoP phase with a space group of P-62m. Besides,
no characteristic peaks from other impurities were observed in the
XRD pattern, which depicts the high purity of the prepared NiCoP
nanostructures. Further, the grain size of the product was estimated
using the Scherrer's formula, which is around 27 nm. Also, the
lattice constants were calculated from the diffraction data using the
CELREF software, which are consistent with the JCPDS card No. 71-
2336. The obtained lattice constants are a¼ b¼ 5.8601 Å,
c¼ 3.3691 Å, and the cell volume is V¼ 99.19� 106 pm3. Similarly,
the calculated structural parameters such as lattice density, the
theoretical specific surface area and dislocation density are
7.38 g cm�3, 30.12m2 g�1 and 1.37� 1015 lines m�2, respectively.
Hence, the prepared SCFN nanoparticles are a pure and highly
crystalline phase with enhanced structural parameters of smaller
crystallite size and higher theoretical specific surface area.

The X-ray photoelectron spectroscopy (XPS) analysis was
XPS spectra of SCFN sample.
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performed to investigate the surface chemical compositions and
valence states of the prepared SCFN sample. The comprehensive
core level spectrum of Ni (2p), Co (2p) and P (2p) are shown in
Fig. 1bed, respectively. A peak at a binding energy of 852.84 in the
Ni 2p deconvoluted spectrum (Fig. 1b) can be assigned to the Ni-P,
which possesses a partial positive charge Nidþ than the elemental
Ni (852.30 eV). As well as, the two corresponding satellite peaks
observed at around 856.72 eV and 875.66 eV can be assigned to the
spin-orbital splitting of oxidized Ni species [31]. Similarly, in the Co
2p spectrum (Fig. 1c), a peak at 778.12 eV is positively shifted from
the binding energy of elemental Co (777.90 eV), which evidences
the partial positive charge of Codþ in Co-P compound. Subsequently,
the peaks positioned at 798.28 eV and 782.21 eV with their two
respective satellite peaks are endorsed by the Co 2p1/2 and Co 2p3/2
characteristic peaks of oxidized Co species [19]. In the P 2p spec-
trum (Fig.1d), the peak located at 129.83 eV can be consigned to Pd�

in the form of metal phosphide, which is negatively shifted from
the elemental P (130.02 eV). Besides, the two broad P-O peaks
positioned at 133.78 and 138.01 eV can be ascribed to the phos-
phate species, formed likely due to the superficial passivation of
phosphide particles due to air contact on the surface [32]. Overall it
is evident from the energy shifts of Ni, Co and P that there is a small
transfer of electron density from the positively charged metals (Ni
&Co) to the negatively charged phosphorous [2]. These shifts of
binding energies also divulge the shift of the d-band centre relative
to the Fermi level, which could decisively facilitate the kinetics of
the electrocatalysis [19].

High resolution scanning electron microscopic images of the
prepared SCFN is shown in Fig. 2. Fig. 2a shows the uniformly
assimilated spherically concomitant nanoparticles of SCFN with a
foamy framework. The improved foamy framework has enriched
the surface abrasiveness, which influences the creation of active
sites that are wide-open to exchange reactions. The calculated
particle size of the prepared SCFN was found to be 20-30 nm ac-
quired from the histogram presented in Fig. S1. Also, to improve the
vision into the inner structure of SCFN nanoparticles, high-
resolution transmission electron microscopy (HR-TEM) character-
izations and elemental mapping were carried out. The presence of
dark, spherically concomitant, and foamy frameworks of NiCoP
(SCFN) nanoparticles was apparently visible in Fig. 2b. The HR-TEM
image in Fig. 2c shows distinct lattice fringes with interplanar
distances of 0.2 nm, corresponding to the (201) plane of the hex-
agonal SCFN crystal structure. This further specifies that the
bimetallic phosphides are thriving a great possession with respect
Fig. 2. (a) FESEM image, (b) TEM image, (c) HR-TEM image, (
to the obtained XRD pattern. The SAED pattern in Fig. 2d elucidates
the polycrystalline nature of the SCFN nanostructure. Elementally
mapped images of SCFN in Fig. 2eeh confirms the composition Ni
(cyan), Co (purple), and P (yellow) elements present in the pre-
pared SCFN compound. Further, the domination of the signals
substantiates that the Ni, Co and P elements were homogeneously
distributed all through the ternary SCFN compound.

3.2. Physicochemical properties of N doped carbon nanofiber as
negatrode

Fig. 3a illustrates the HRSEM image of carbonized PAN nano-
fibers, where the nanofiber structure is precisely discernible. The
nanofibers are continuous and have an average diameter of 30 nm,
proposing an intertwined assembly. Fig. 3b shows the XRD pattern
of the electrospun N-CNF. The XRD profile exhibits two broad
diffraction peaks at around 2q values of 25� and 44�, which are
close to the reflections of graphitic planes (002) and (100),
respectively. The incidence of a significant peak at 25� unveils the
dominant presence of amorphous carbon phase attributing to the
low amount of highly crystalline graphitic phase in the CNF. Since
the sp2 hybridized carbon typically enriches the electronic con-
ductivity, the prepared CNF with its dominant carbon phase is ex-
pected to provide enhanced electrochemical performance.

The surface chemistry of the prepared CNF was characterized by
Raman and X-ray photoelectron spectroscopy. Raman spectrum
inferred the degree of structural defects caused by the oxygen and
nitrogen moieties within the graphitic planes of the prepared CNF.
The analysis of the peak positions and intensities deduce the
structural variations in the carbon materials in terms of ID/IG ratio.
Fig. 3c embodies the typical Raman spectrum of CNFs with two
identical peaks, D and G band at 1350 and 1584 cm�1, respectively
[33]. The G band can be apportioned to the E2g vibration mode of
the hexagonal graphitic lattice, which reveals the presence of well-
graphitized carbon while the D band corresponds to the A1g mode
that exemplifies the disordered carbon or defective graphitic
structures [34]. The ID/IG ratio is calculated to be 0.92 in the pre-
pared CNF. This endorses the presence of defects in the carbon
lattice introduced by the existence of oxygen and nitrogen-rich
functional groups in the CNF.

The XPS analysis stipulates the existence and chemical structure
of nitrogen and oxygen atoms on the surface of the carbon nano-
fibers (Fig. 3def). The de-convoluted C 1s spectrum (Fig. 3d) con-
sists of five carbon functional groups namely, graphitic carbon: C-C/
d) SAED pattern, and (eeh) elemental mapping of SCFN.



Fig. 3. (a) FESEM image, (b) XRD pattern, and (c) Raman spectrum and (d) C 1s, (e) N 1s and (f) O 1s deconvoluted XPS spectrum of N-CNF sample (inset (d): schematic repre-
sentation of nitrogen and oxygen functionalities in N-CNF).
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C¼C (284.85 eV), C-N (285.64 eV), C-O (286.24 eV), C¼O (287.45 eV)
and O-C¼O (289.09 eV) [35]. These peaks of C1s evidences the
occupancy of O and N species at the carbon structure. The O 1s core
level spectrum as shown in Fig. 3e comprises C¼O, C-OH, C-C-O, C-
OOH and C-O at the binding energies of 531.88, 532.47, 533.15,
534.03 and 534.80 eV, respectively [36]. The high-resolution spec-
trum of N 1s (Fig. 3f) is deconvoluted into three significant peaks at
the binding energies of 398.44, 400.49 and 401.76 eV correspond-
ing to graphitic (N1), pyridinic (N2) and pyrrolic (N3) species of
nitrogen [37]. Inset of Fig. 3d shows the schematic representation
signifying the tenancy of various oxygen and nitrogen functional-
ities in the place of carbon atoms in the prepared CNF. The graphitic
nitrogen is sited inside the graphitic carbon plane and bonds with
three sp2 carbon atoms; the pyridinic N alternates a carbon atom in
the C6 ring and bondswith two sp2 carbon atoms and the pyrrolic N
in a five-membered ring donates two electrons to the p system
[38]. The functional groups can offer carbon materials with an acid/
base character that instigate pseudocapacitive Faradaic reaction
between the electrolyte ions and the surface functionalities [39].
Among the three N moieties, the pyridinic-N is associated with the
pseudocapacitive Faradaic reactionwhich renders excellent specific
capacitance and makes its prevalence more favourable for the
supercapacitor applications [40]. Besides, the graphitic nitrogen
module existing in the carbon milieu can modify the polarity and
electron distribution which could enhance the conductivity of the
electrode material [40]. Furthermore, the nitrogen atoms possess
lone pair electrons that make them inherently interactive to the
reactants (i.e., protons/water) than the carbon atoms. Also, the
relatively higher electronegativity of nitrogen than C, render higher
positive charge density on their adjacent carbon atoms, on account
of which these carbon atoms could become the active catalytic sites
[41]. Moreover, the modification of CNFs with oxygen and nitrogen
functionalities provide surface defects which act as electrocatalytic
active sites and enhance the catalytic activity [36]. Hence the pre-
pared CNFs are expected to thrive hard for both the energy storage
and conversion applications.
3.3. Electrocatalytic properties of the electrodes

3.3.1. Oxygen evolution reaction
The electrochemical studies were carried out to identify the

electrocatalytic activity of the prepared SCFN and N-CNF electrodes
by a conventional three-electrode system, where the proposed
electrodes used as working electrode (1� 1 cm2), a graphite rod as
an auxiliary electrode (1� 1 cm2) and an Hg/HgO as a reference
electrode [42]. The observed potential with respect to Hg/HgO is
converted to reversible hydrogen electrode (RHE). The details were
given in the supportive information. The OER activities of the
prepared electrocatalysts were executed by linear sweep voltam-
metry (LSV) analysis in 1M KOH electrolyte at 5mV s�1. Fig. 4a
shows the LSV curves acquired for the prepared SCFN, N-CNF,
commercial carbon cloth, and ruthenium oxide electrocatalyst. The
peak observed around 1.2e1.45 V (vs RHE) is endorsed to the
oxidation reaction related to the Co2þ/Co3þ and Ni2þ/Ni3þ redox
couples. The prepared SCFN electrocatalyst has shown a low onset
potential of 1.45 V (vs RHE) and has requested an overpotential of
257mV to attain an elevated current density of 20mA cm�2,
whereas the prepared N-CNF and commercial RuO2 electrocatalysts
required seemingly high overpotentials of 330mV and 300mV to
attain a similar current density, respectively. The prepared SCFN
electrocatalyst offered a relatively enhanced OER activity compared
to the other reported Ni-based electrodes, as listed in Table 1. A
tremendous amount of gas bubbles was seen as the potential
increased further. Fig. 4b illustrates the required OER overpotential
to achieve a current density of 20mA cm�2 for all the prepared
electrocatalysts. Among the studies systems, the prepared SCFN
electrocatalyst performed a better OER catalytic activity than the N-
CNF and RuO2 electrocatalysts.

Fig. 4c shows the Tafel plot for OER electrocatalyst, which is
fitted to obtain the Tafel slope [43]. The Tafel slope is used to deduce
the rate-determining step in the electrocatalytic system. Here, the
SCFN electrocatalyst provides the minimum Tafel slope of 116mV
dec�1, which depicts the single-electron transfer step. According to
the literature, the oxy-hydroxide formation is the key intermediate



Fig. 4. (a) LSV polarization curves for OER activity, (b) The necessary overpotential to achieve a current density of 20mA cm�2 for different electrocatalysts, (c) Corresponding OER
Tafel plots, and (d) Chronoamperometry of SCFN.

Table 1
Comparison of OER and HER performance in 1.0 M KOH with other non-noble-metal electrocatalysts.

Catalyst Substrate OER Overpotential [mV]
@ 10 mA cm-2

HER Overpotential [mV]
@ 10 mA cm-2

Ref.

NiCoP/Ti Ti 310 102 [6]
Hierarchical NiCoP nanocone arrays Ni foam 270 @ 20mA 104 [17]
Plasma-Assisted NiCoP Ni foam 280 32 [18]
Ni0.71Co0.29P Ni foam 341 232 [19]
Ni0.62Co0.38P 285 166
Ni0.51Co0.49P 239 82
Ni0.23Co0.77P 265 128
NiCoP/rGO Carbon fibre paper 270 209 [20]
NiCoP NW/NF Ni foam 43 [31]
Nickel Cobalt phosphide nanowires Ni foam 118 [32]
NiCoP NSA Ni foam 308 @ 50 mA 133@ 50 mA [43]
h-CoNiP/rGO GCE 280 [45]
NiCoP/NC PHCs GCE 297 [46]
urchin-like NiCoP GCE 87 [47]
Ni2P/NiCoP@NCCs GCE 116 [48]
Ni2P/NiCoP@NHCCs 168
NiCoP hollow quasi-polyhedron GCE 124 [49]
NiCoP 330 [50]
NiCoP-CNTs 320
SCFN Carbon cloth 257 @ 20 mA 184 This work
N-CNF Carbon cloth 330 @ 20 mA 160 This work
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for the NiCo-based electrocatalysts and Ni/Co (II) / Ni/Co (III) /
Ni/Co (IV) is the most favourable OER mechanism through the
formation of b-(Ni/Co)OOH intermediate [20,43]. Fig. 4d shows the
chronoamperometry (CA) curvemeasured at a constant potential of
1.47 V (vs RHE) for 25 h. The negligible changes in the current with
the continuous evolution of gas bubbles from the electrode surface
corroborates the highly stable nature of the SCFN electrocatalyst for
OER activity. The improved OER catalytic activity of the SCFN
sample can be ascribed to the concurrence of the two utmost
electrochemically active transition metals Ni and Co in the phos-
phide. Moreover, the improved exposure of catalytically active sites
on the surface enhances the efficiency during OER, which is
attributed to the spherically concomitant foamy morphology of the
electrode material [31,44].
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3.3.2. Hydrogen evolution reaction
The HER catalytic activities of the prepared SCFN and N-CNF

electrodes were executed by the LSV analysis in the negative po-
tential range of 0 to �0.6 V (vs RHE) in 1M KOH electrolyte at
5mV s�1 and are shown in Fig. 5a. Among these, the onset potential
of N-CNF electrocatalyst was �0.11 V (vs RHE) with an over-
potential of 160mV to achieve a current density of 10mA cm�2 for
HER activity. However, the overpotential of N-CNF is comparatively
higher side than the commercial Pt/C electrocatalysts (130mV) to
attain the same current density. The prepared N-CNF electro-
catalyst offered a relatively enhanced HER activity compared to the
reported HER electrocatalyst listed in Table 1. Fig. 5b illustrates the
HER overpotentials required by the prepared electrocatalysts to
achieve a current density of 10mA cm�2 and the corresponding
Tafel plot is presented in Fig. 5c. Mostly, the possible reaction steps
of HER under alkaline conditions follow the VolmereHeyrosky-
Tafel mechanism that it involves a discharge reaction (bz 120 mV/
dec), followed by electrochemical desorption (bz 40 mV/dec) and
recombination reaction (bz 30 mV/dec). In the case of N-CNF
electrocatalyst, a Tafel slope of 119mV dec�1 is obtained, and hence
the discharge reaction is deemed to be the rate-determining step
for hydrogen evolution. Fig. 5d shows the measured CA analysis of
the N-CNF electrode at a constant potential of �0.28 V (vs RHE) for
25 h. It can be seen that the slight rise in current with respect to
time, rather than a drop with the continuous evolution of H2

bubbles from the electrocatalyst elucidates the excellent electro-
catalytic properties. This improved HER performance of the N-CNF
electrode is mainly due to the presence of various nitrogenmoieties
and the degree of graphitization of carbon, which are the essential
parameters for HER reactions. Pyridinic and graphitic nitrogen in
Fig. 5. (a) LSV polarization curves for HER, (b) The necessary overpotential to achieve a cu
plots and (d) Chronoamperometry of N-CNF.
the carbon frame is recognised to stimulate asymmetry in charge
distribution around their adjacent carbon atoms and attain an ideal
value of Gibbs free-energy for hydrogen adsorption (jDGH*j) [51].
Thus, the N-dopants can synergistically co-activate the neigh-
bouring carbon atoms, leading tomore active catalytic sites for HER
[52]. Meanwhile, the decidedly graphitized carbon background also
facilitates the electron transfer process during the evolution
reaction.
3.4. Electrochemical capacitive properties of the prepared
electrodes

3.4.1. SCFN as a positive electrode for supercapatteries
The electrochemical properties were studied by a conventional

three-electrode system involving the prepared SCFN as a working
electrode (1� 1 cm2), a graphite rod as an auxiliary electrode
(1� 1 cm2) and a Hg/HgO as a reference electrode. The cyclic vol-
tammetry (CV) curves of the SCFN electrode at a different scan rates
from 1 to 10mV s�1 with a potential range from 0 to 0.6 V (vs Hg/
HgO) is shown in Fig. 6a. The observed pair of redox peaks in the
SCFN electrode reveals the battery-like charge storage behaviour
[6]. The anodic and cathodic peaks give the impression to be much
broader than they usually exist and the peaks corresponding to the
communal oxidation and reduction reactions of Co and Ni atoms on
the surface of the electrode. The corresponding Faradaic electro-
chemical reaction involved as follows [7,53,54].

NiCoP þ 2OH� 4 NiCoP(OH�)2 þ 2e‒ (1)

The calculated specific capacitance at 1mV s�1 is 1477 F g�1.
rrent density of 10mA cm�2 for different electrocatalysts, (c) Corresponding HER Tafel



Fig. 6. (a) CV curves of SCFN with different scan rates, (b) GCD curves of SCFN with different current densities, (c) Current density vs Specific capacity plot of SCFN electrode, (d) CV
curves of N-CNF with different scan rate, (e) GCD curves of N-CNF with different current densities, and (f) Current density vs Specific capacitance plot of N-CNF.
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Fig. S2 shows that the anodic and cathodic peak current increases
with the square root of scan rate (1e10mV s�1), which agrees well
with the Randles-Sevick equation with an adjacent R-square value
of 0.999 and 0.999, respectively, revealing that the process is under
a diffusion-controlled system [55,56]. Fig. 6b shows the galvano-
static charge-discharge (GCD) curves of the SCFN electrode at
different current densities from 1 to 10 Ag-1. Substantiating the CV
results, the GCD curves also transpire the battery behaviour of the
SCFN electrode through the incidence of the plateau-like region.
The calculated specific capacity of SCFN electrode is 967 C g�1 (1935
F g�1 or 269mAh g�1) at 1 A g�1 [57e59]. The accomplished
extraordinary specific capacity of the SCFN electrode surpasses the
reported NiCoP based electrodeswith a hugemargin as tabulated in
Table 2 [21e24]. The obtained high specific capacity of the SCFN
electrode may be attributed to the foamy nature of the material.
Also, the spherically concomitant particles possess substantial or-
ifices at their junctures that anticipates the ions to penetrate into it,
generating upsurge exposure of the electrode materials from the
surface to the depth. As a result, a massive volume of ions gets
occupied in the orifices on the surface of the electrode that en-
hances the capacity of the electrode to a greater extent. Hence, the
natural existence of these orifices is well-thought-out to be more
than a benefit, which is liable to the high specific capacity accom-
plished by the SCFN electrode. Fig. 6c displays the specific capacity
retention of the prepared SCFN electrodes which has delivered a
high specific capacity of 852 C g�1, by upholding 88% of its initial
specific capacity even at a high current density of 10 Ag-1. Further,
to investigate the stability of the SCFN electrode, the cyclic life tests
Table 2
Comparison of SCFN electrode with other NiCoP electrodes.

Materials Substrate Electroly

NiCoP Carbon Paper binder free 1M KO
NiCoP/NF Nickel Foam (NF) 2M KO
NiCoP/G NiCoP/G 2M KO
NiCoP Nickel Foam (NF) 6M KO
SCNF CC 1M KO
were carried out for 6000 cycles at a constant current density of 10
Ag-1 in Fig. S3. It reveals that the SCFN electrode performs a steady
state behaviour throughout the cycle life with a negligible loss of its
initial specific capacity. Fig. S4 shows the EIS spectrum of SCFN
electrode with its equivalent circuit. The obtained parameters from
the equivalent circuit are given in Table S1. The diameter of the
semi-circle at high frequency is very much smaller around 1.4U. It
infers the enhanced conductivity of the prepared SCFN that ac-
counts for the faster reaction kinetics of the electrode [60,61].

3.4.2. N-CNF as a negative electrode for supercapatteries
As reported to the above positive electrode, the similar assess-

ments were carried out for the prepared N-CNF as a negative
electrode. Fig. 6d represents the CV curves obtained at different
scan rate with a potential ranging from 0 to �1 V (vs Hg/HgO). The
occurrence of the rectangular CV curves embodies the EDLC
behaviour and non-faradaic charge storage mechanism of the
electrode [6]. The non-Faradaic electrochemical reaction involved
as follows [7].

N-CNF þ xKþ þ xe� 4 N-CNF (xe‒) k xKþ (2)

The obtained specific capacitance of the prepared negative
electrode was 337 F g�1 at 1mV s�1. The corresponding GCD curves
at different current densities in the potential range of 0 to�1.0 V (vs
Hg/HgO) are shown in Fig. 6e. The observed triangular behaviour
exposes the EDLC nature of the electrode material. The specific
capacitance of 275 F g�1 at a current density of 1 Ag-1 was obtained
te Capacity/Capacitance Ref

H 194mAh g�1 at 1 A g�1 [21]
H 9.20 F cm�2 at 2mA cm�2 [22]
H 675 at 2 A g�1 [23]
H 571 C g�1 at 1 A g�1 [24]
H 967 C g�1 at 1 A g�1 This work
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from the GCD curves. The prepared N-CNF has retained 92% of its
specific capacitance at a high current density of 10 Ag-1 as shown in
Fig. 6f. Fig. S5 shows the cyclic stability of N-CNF electrode with an
improved coulombic efficiency and a negligible loss of its initial
specific capacitance even after 2000 cycles. Additionally, the EIS
spectrum of N-CNF electrode fitted with respect to its equivalent
circuit is shown in Fig. S6. The obtained parameters from the
equivalent circuit are given in Table S2. The diameter of the semi-
circle at high frequency is very much smaller inferring the
enhanced conductivity of the prepared N-CNF electrode [60,61].

3.5. Electrochemical properties of fabricated (SCFNkN-CNF)
supercapattery

Successful exploration of both SCFN and N-CNF electrodes has
persuaded to paradigm a coin-type supercapattery by separating
both the electrodes with a separator bounded by an aqueous
electrolytemedium and sealed as illustrated in Fig. 7a [7]. To ensure
the mass balance, the mass loading of the negative electrode ma-
terial is adjusted with respect to the positive electrode, and the
corresponding mass ratio is ~1.5:0.5mg. Fig. 7(b and c) shows the
CV and GCD curve of the fabricated supercapattery measured in the
potential range from 0 to 1.6 V. The obtained specific capacity of the
device from the CV and GCD curves are 181 F g�1 at 10mV s�1 and
189 C g�1 at 0.5 Ag-1, respectively. Subsequently, the calculated
Fig. 7. (a) Schematic representation of the fabricated device, (b) CV curves of the device at v
capacity vs current density plot, (e) Cycling stability for 6000 cycles, and (f) The Ragone plo
(inset of (e) and (f) shows the real time applications of the fabricated device).

Table 3
Comparison of fabricated supercapattery with other NiCoP based capacitors.

Device materials Substrate Electrolyte Cell voltage
(V)

NiCoP jj Graphene films Carbon paper binder free 1M KOH 1.5 V
NiCoP/NF jj Activated

Carbon (AC)
Nickel foam (NF) 2M KOH 1.6 V

NiCoP jj AC Nickel foam (NF) 6M KOH 1.6 V

SCFN Carbon Cloth 1M KOH 1.6 V
energy densities of 56 and 42Wh Kg�1 with respect to the power
densities of 533 and 5333Wkg�1 at a current density of 0.5 and 5
Ag-1, respectively. The fabricated device has seen to afford an
enhanced specific capacity retention, which retains a reasonable
volume of its initial specific capacity after a high current density of
5 Ag-1 as shown in Fig. 7d. The cyclic stability of the fabricated
supercapattery was measured at the current density of 5 Ag-1 for
about 6000 cycles (Fig. 7e). The obtained initial specific capacity
(140 C g�1) increases initially for ~500 cycles and reached a specific
capacity of 172 C g�1 and further retained the specific capacity of
131 C g�1 for the rest of the 6000 cycles. In Fig. S7 the EIS spectrum
of a fabricated device fitted to its equivalent circuit reflects with a
smaller diameter of the semi-circle at higher frequency confirming
faster reaction kinetics of the device was due to its improved
conductivity [60,61]. The obtained parameters from the equivalent
circuit are given in Table S3. The Ragone plot in Fig. 7f comprises in
comparison of the prepared hybrid capacitor with reported hybrid
NiCoP capacitors. The reported hybrid NiCoP capacitors show a
sufficient loss of its initial power density with respect to its increase
in energy density. However, our device has grabbed immense
control over it. Table 3 illustrates the comparison of the fabricated
device with the reported NiCoP based capacitors. It elucidates in
detail the disparities of the reported and the present work with
respect to the used substrate, the concentration of the electrolyte,
and the device performance. From the above results, it is confirmed
arious scan rates, (c) GCD curves of the device at various current densities, (d) Specific
t comprises the Ni-based compounds reported in recent times with the current work

Specific capacity/
capacitance

Energy density
(Wh kg�1)

Power density
(W kg�1)

Ref.
No.

43.8mAh g�1 at 2 A g�1 32.9 & 20.8 1301& 8509 [21]
3.26 F cm�2 at 2mA cm�2 1.16 mWhcm�2

at 2mAcm�2
1.6mWcm�2 [22]

164 C g�1 at 0.5 A g�1 32 & 18 351 &
5586

[24]

189 C g�1 at 0.5 A g�1 56 & 42 533 & 5333 This work



Fig. 8. (a) Schematic representation of the assembled lab-scale hybrid water electrolyser, (b) LSV polarization curves of the device before and after 70 h durability test, (c) CA curves
of the device for 70 h (inset) shows the fabricated supercapattery supported water electrolyser and (d) Photographic image of the generated O2 and H2 bubbles obtained by self-
supported water electrolyser.
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that the assembled SCFNjjN-CNF supercapattery with the carbon
cloth substrates has provided an enhanced performance when
compared to other reported capacitor devices [21,22,24].
3.6. Lab scale hybrid water electrolyser driven by fabricated
supercapattery

As a result of the improved electrocatalytic activity and energy
storage capability of the prepared SCFN and N-CNF electrodes, the
fabricated supercapattery driven lab-scale hybrid water electro-
lyser was designed. The lab-scale hybrid water electrolyser was
assembled by a two-electrode set up encompassing SCFN and N-
CNF electrodes as anode and cathode as illustrated in Fig. 8a. Fig. 8b
shows the LSV curves of the water electrolyser, which offers a
minimum potential of 1.71 V to attain a current density of
10mA cm�2. The CA analysis (Fig. 8c) of the water electrolyser
measured at a constant potential (1.75 V). It reveals the steady-state
evolution of H2 bubbles and resilient strength of SCFN and N-CNF
electrodes further substantiated by the obtained LSV curves before
and after CA analysis with no significant differences. Inset of Fig. 8c
exhibits the designed water electrolyser powered by three fabri-
cated coin-type supercapatteries. Fig. 8d portraits the O2 and H2
bubbles generated by the proposed supercapattery driven water
electrolyser.
4. Conclusions

Here, a simplistic electrospinning technique is used to develop
an encouraging nitrogen-doped carbon nanofiber (N-CNF) as a
negatrode, while a facile single-step hydrothermal technique is
implemented to propose a unique bimetallic nickel cobalt phos-
phides as a positrode. The prepared electrodes were keenly scru-
tinised through the basic electrochemical characterizations of both
the energy conversion and energy storage systems. The SCFN and
the N-CNF electrodes embolden a superior OER (257mV) and HER
(160 mV) electrocatalytic activity, respectively. Also, both the
electrodes expressed an enhanced energy storage capacity with a
remarkable rate capability and resilient cycling stability. Overall, a
coin-type supercapattery (SCFNkN-CNF) was fabricated providing
an astounding energy density (56Wh kg�1) and an improved po-
wer density (5333Wkg�1). The fabricated storage device was in-
tegrated with an assembled hybrid water electrolyser (SCFNkN-
CNF) and demonstrated. The proposed supercapattery driven
hybrid water electrolyser system demanded a low cell voltage of
1.71 V to afford a high current density of 10mA cm�2. Overall, it can
be concluded that the prepared SCFN and N-CNF electrodes pro-
foundly proved its superiority of handling the multifunctional
challenges in terms of both supercapattery and water electrolyser.
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