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A binder-free porous NiCu(CO5)(OH), composite was grown on a polyacrylonitrile (PAN) nanofiber
substrate using a hydrothermal method. PAN nanofibers were fabricated by the electrospinning method,
thus producing a substrate with a nano-sized diameter and high specific surface area. The composite
NiCu(CO;)(OH), nanowires on PAN nanofibers provided the large specific surface area required for the
redox reaction. Transition metal-based nanowires and nano-sized PAN substrates indicate a synergistic
effect in electrochemical performance. The NiCu(CO5)(OH), on PAN composite showed a remarkable
maximum specific capacity of 870 mAh g~' at a current density of 3 A g™', which indicates that it can

be a suitable electrode material. In addition, an asymmetric supercapacitor with NiCu(CO5)(OH), on

PAN composite as the cathode and graphene as the anode showed an ultra-high energy density of
89.2W h kg™' at a power density of 835 W kg™' and a capacitance retention of 90.1% after 5000 cycles.
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challenges that need to be addressed in the global context of »

. . . energy transition [3, 4]. In this regard, flexible energy devices 5

In recent years, energy consumption has increased worldwide &Y (3, 4] & &Y 3

as human well-being has become increasingly reliant on digital such as batteries and supercapacitors are key technologies for

owering body-worn consumer electronics, sensors, or low-
tools, and consequently, the need for high-performance energy P 5 | Y ki d Similarl
ener ioelectronics (e.g., on-skin diagnostics). Similarly,
storage systems has become prominent [1, 2]. The application of 8y ) (eg ) .g ) ) Y
decentralized energy resources and storage technologies in the supercapacitors (SCs) that can fit into various device structures
. . . and installation spaces are key enablers for buffering excess
field of portable, flexible, and smart electronics has significant P Y &
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energy. SCs have gained increasing attention owing to their fast
charge and discharge rates, high power density, long cycle life,
and high reliability [5-7]. However, endowing conventional SCs
with good flexibility as well as high energy density is challenging
because both charge collectors (substrates) and electrode mate-
rials can experience fracture and delamination during flexing.
These supercapacitors can be classified into two types: electri-
cal double-layer capacitors (EDLCs), which usually use carbon
active materials, and faradaic capacitors, which use redox-active
materials [8]. EDLC devices store electrochemical energy via
electrostatic accumulation of charges in the electric double layer
and currently dominate the SC market because of their ability
to accumulate large amounts of charge [9]. However, their rela-
tively low specific capacitance is inhibitive for the increasing
requirements of SCs with higher electrochemical performance,
which also restricts their potential large-scale applications [10,
11]. Recently, researchers have focused on exploring faradaic
capacitors owing to their high specific capacitance, which
is induced by fast reversible redox reactions [12]. Faradaic
capacitors generally use a metal oxide/hydroxide as the cath-
ode for efficient redox reaction on the electrode surface, which
requires an electrode material with a large specific surface area
and good electrochemical activity. Transition metal oxides and

Electrospinning
method

PAN nanofiber
Hydrothermal
method

Ni foam

hydroxides [13, 14], such as NiO [15], Ni(OH), [16], Co;0,
[17], MnO, [18], and RuO, [19], and their binary composites
have been considered as optimized materials for SCs. The revers-
ible redox reaction in faradaic capacitors occurs on the surface
of the electrode, and because the electrical energy is stored on
the electrode surface, the storage capacity of faradaic capacitors
is significantly influenced by electrode material properties. For
this reason, binary NiCu-oxide/hydroxide compounds, which
exhibit rich redox reactions due to their multiple oxidation
states, have been widely used as faradaic capacitors electrodes.
For example, Zhenyuan et al. fabricated NiO/Co;0, ultrathin
nanosheets that have a specific capacitance of 1775 Fg ' at 1 A
g_1 [20]. Jun et al. fabricated Cu-metal organic frameworks
(MOF) electrodes, which showed a specific capacitance of 318 F
g 'at1 A g'ina KOH electrolyte [21]. Heba et al. prepared
Ni-Cu binary phosphides, which exhibited a specific capaci-
tance of 1573 F g™ ' at 1 A g [22]. However, oxide and hydroxide
composites normally suffer from gradually decreasing stability
after several charging and discharging cycles [23]. In contrast,
nanostructured transition metal hydroxy-carbonates are prom-
ising alternatives because in addition to their longer cycling
lifetime, they offer better hydrophilic properties when reacting

to aqueous electrolytes due to the surface-attached carbonate

PAN@

Ni foam@
NiCu(COs3)(OH)2 nanowires

Scheme 1: The fabrication of the PAN@NiCu(CO;)(OH), composites and Ni-foam@NiCu(CO5)(OH), with SEM images of the as-prepared electrodes

morphology.
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(CO,™) groups. CO;*" ions substantially increase the wettability
of the electrode surface and thus can achieve higher capacitive
efficiency and electrochemical characteristics than the oxide/
hydroxide-based materials [24, 25]. Binary transition metal
carbonate hydroxide composite (MM’(CO3)X(OH)),) with the
general formula exhibit various oxidation states and hence can
undergo numerous redox reactions, resulting in good structural
stability, high electron conductivity, and reversible capacity [26].
In addition, faradaic capacitors that store electrical energy on the
surface of the electrode require a large specific surface area for
the redox reaction. To fabricate an electrode with a larger spe-
cific surface area, three-dimensional (3D) Ni foam was directly
researched as a substrate for SCs in a previous study [27]. 3D
binary composites of porous Ni foams have been widely used as
electrodes for supercapacitors because of their good electrical
conductivity and large specific surface area [28, 29]. However,
this type of electrode is unsuitable for use in wearable devices
because it can fracture and delaminate while bending. Typically,
carbon-based cloth, fibers, and metal foils are used to make flex-
ible electrode materials that are used in conjunction with various
polymers such as PAN and polyacrylamide (PAM) to support
flexible substrate shapes [30-32]. The current study is focused
on improving the electrochemical performance of composite
materials obtained by NiCu(CO;)(OH), on a PAN nanofiber
substrate. As shown in Scheme 1, PAN substrates have a much
larger surface area than that of Ni foam observed in scanning
electron microscopy images with the same magnification. This
area provides sufficient space for the growth of transition metal
compounds, and the substrate also possesses flexible proper-
ties [33]. PAN substrates with nanosized diameters result in a
high specific surface area, which can significantly enhance the
electrode/electrolyte contact area, shorten the ion paths, facili-

tate electrolyte penetration, and improve the ion and electron
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Figure 1: XRD patterns of the Ni-foam@NiCu(CO;)(OH), and PAN@
NiCu(CO;)(OH), composite electrodes.
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diffusion [34]. Thus, they exhibit a high electrochemical capacity
because the ions at the electrolyte interface are transported easily
[35]. Combining these advantages, NiCu(CO;)(OH), nanowires
on the PAN nanofibers substrate have a large specific surface
area and reacts well with an aqueous electrolyte for the positive
electrode of an SC. This study focuses on the development of
flexible SC electrodes with enhanced electrochemical perfor-
mance by synthesizing PAN nanomeshes via electrospinning of
conductive polymers and modifying their surfaces through the
growth of binary metal hydroxy-carbonates. This is the easiest
and cheapest method to produce a web of nanofibers, which is
helpful for commercial fabrication of faradaic capacitors elec-
trode. As a result, the synergy of crystalline metal hydroxy car-
bonate grown on PAN nanofiber meshes enabled the resulting
electrodes to have excellent electrochemical properties.

In this study, the challenge of improving the energy den-
sity of SCs while maintaining their high-power response will be
addressed by integrating two concepts: (i) hydrothermal growth
of transition metal hydroxy carbonates and (ii) electrospinning
of conductive polymers to obtain high surface area, porosity,
and flexible properties. Herein, the electrochemical properties
of NiCu(CO;)(OH), on a flexible PAN substrate were com-
pared with those of a previously researched NiCu(CO;)(OH),
electrode on a non-flexible Ni-foam substrate. The NiCu(CO;)
(OH), composite on the flexible PAN substrate with a large
surface area represented a significantly high specific capacity
of 870 mAh g™! at a current density of 3 A g™' and a cycling
characteristic of 84.1% retention after 5000 cycles. In contrast,
the Ni-foam@NiCu(CO;)(OH), composite showed a low spe-
cific capacity of 759 mAh g ! at a current density of 3 A g™\
Additionally, an asymmetric supercapacitor (ASC) made of the
PAN@NiCu(CO;)(OH), composite as the cathode and gra-
phene as the anode (PAN@NiCu(CO;)(OH),//graphene ASC)
had a good energy density of 90 W h kg™ at a power density of
835 W kg ™! and a current density of 2 A g”!, which was higher
than those of most previously reported transition composite
ASCs. Consequently, inorganic polymer nanostructures have
been shown to improve cell performance owing to the directed
charge carrier transport and high surface-to-volume ratios [36,
37]. This will optimally integrate material and electrochemi-
cal properties with new material fabrication technologies and

chemical processing.

Composition and morphology analysis

The as-synthesized composites of NiCu(CO;)(OH), on Ni-
foam substrate (Ni-foam@NiCu(CO,;)(OH),) and PAN sub-
strate (PAN@NiCu(CO;)(OH),) were examined using X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
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scanning electron microscopy (SEM), and Transmission electron
microscopy (TEM). The typical XRD patterns of the Ni-foam@
NiCu(CO;)(OH), and PAN@NiCu(CO;)(OH), composites are
shown in Fig. 1. They exhibit characteristic diffraction peaks at
14.8°,17.5°, 24.1°, and 34.6°, corresponding to the (020), (120),
(220), and (201) planes, respectively, which are well-indexed
to NiCu(CO;)(OH), (JCPDS 27-0178) [10]. In addition, the
electrodes generally showed peaks for Cu,(CO;)(OH), at 14.8°
and 17.5°, corresponding to the (020) and (120) planes (JCPDS
41-1390) [38]. All the NiCu(CO;)(OH), composites showed
clear peaks for Ni,(CO,)(OH), at 34.7° and 59.8°, correspond-
ing to the (201) and (002) planes, respectively (JCPDS 35-0501)
[39]. These results indicate that the electrodes are not a single
phase, but a multiphase material. Additionally, the Ni-foam@
NiCu(CO;)(OH), electrode exhibited higher peak intensities
than that of the PAN@NiCu(CO,)(OH), composite, which was
fabricated using amorphous PAN as the substrate. In conclusion,
the NiCu(CO;)(OH), electrode fabricated using Ni foam as a
substrate exhibited higher crystallinity than that using the PAN
substrate. The detailed chemical composition of the as-prepared
NiCu(CO;)(OH), nanowire portion was further evaluated using

the XPS technique, which indicates the corresponding results.
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The chemical composition of the sample was measured using a
powder of the NiCu(CO,)(OH), nanowire from the electrode
with scrapable Ni foam. Figure 2 shows the presence of Ni,
Cu, C, and O in the NiCu(CO;)(OH), nanowire. As shown in
Fig. 2a, two spin-orbit coupling peaks at 855.7 and 873.6 eV
ascribe to Ni 2p;;, and Ni 2p,,,. And two shake-up satellite
peaks (indicated as “sat”) are identified at 862.2 and 879.7 eV,
respectively, which clearly show the presence of Ni** [40]. In
the Cu 2p core spectrum displayed two satellite peaks at 943.4
and 963.5 eV and two peaks for Cu 2p;,, and Cu 2p,,, at 935.2
and 955.8 eV in Fig. 2b, respectively [41]. These peaks confirm
the presence of Cu®* in the NiCu(CO;)(OH), nanowire elec-
trode. The binding energy peaks at 284.8, 285.7, and 289.2 eV
could be marked to the typical bands of C-C, C-0O, and O-C=0
bonds in Fig. 2c¢, respectively. That represents the presence of
metal-carbonate and carbonate groups, indicating the presence
of carbonate [42]. Figure 2d indicates the four oxygen species,
assigned as O1, 02, O3, and O4. The peak of O1 at 530.2 eV is
a typical oxide with copper, and that of O2 at 531.0 eV can be
assigned to a hydroxide bond, and that of O3 at 531.6 eV cor-
responds to C-O (or O-C=0). The O4 peak at 532.8 eV was
attributed to the multiplicity of physisorbed and chemisorbed
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Figure2: XPS spectra of the NiCu(CO5)(OH), electrode: (a) Ni 2p, (b) Cu 2p, (c) C 1s,and (d) O 1s.
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PAN nanofibers

Figure3: SEM images of (a) the Ni-foam, (b) PAN nanofibers as the substrates at similar magnification; Low- and high-magnification SEM images of (c)
and (d) the Ni-foam@NiCu(CO5)(OH), composite, (e) and (f) the PAN@NiCu(CO;)(OH), composite.

water at the surface [43]. These XPS results prove that the pre-
pared NiCu(CO;)(OH), nanowires have composition con-
taining the Ni**, Ni**, Cu**, Cu®’, C and O, which can further
confirm the composition of NiCu(CO;)(OH), nanowires elec-
trode. Figure 3 shows the difference between the surface areas
of clean Ni foam and PAN nanofibers at similar magnifications.
The SEM image of the synthesized PAN nanofiber composite
shows a more porous structure than that of the Ni-foam, and
the specific surface area on which the NiCu(CO,)(OH), nanow-
ire can grow is much wider, as shown in Fig. 3b. These results
indicate that the PAN nanofiber substrate with a large surface

area is a suitable electrode material for the redox reactions of

© The Author(s) 2021

faradaic capacitors. The NiCu(CO;)(OH), nanowires on the Ni
foam exhibited morphology similar to that of the NiCu(CO,)
(OH), nanowires on the PAN nanofiber. These nanowires were
uniformly deposited on the Ni-foam and PAN substrates, which
grew freely over the surface without agglomeration, regardless
of the substrate type in Fig. 3c-f. Furthermore, the composite
grown on the PAN nanofiber has a much larger surface area than
that deposited on the Ni foam (Fig. 3¢ and e). The nanosized
PAN fibers and NiCu(CO;)(OH), composite can provide the
large specific surface area required for the redox reaction. As a
result, the synergetic effect of NiCu(CO,)(OH), nanowires and

PAN nanofiber substrates with the thin and uniform composite
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Figure 4: (a and b) Low-magnification TEM images, (c) HR-TEM image of the PAN@NiCu(CO5)(OH), nanowire composite; elemental mapping of PAN@
NiCu(CO;)(OH), nanowires with color coded contribution of Ni, Cu and O (d-f). (g) Elemental contribution according to EDS mapping in wt% of PAN@

NiCu(CO;)(OH), composite.

provided a remarkably increased electrolyte/electrode contact
area and decreased the length of the ion diffusion path. The
PAN@NiCu(CO;)(OH), nanowire electrode increased electron
transfer between the layers and enhanced the electrical energy
performance of the faradaic capacitors. The microstructures of
the PAN@NiCu(CO;)(OH), nanowires were further researched
using TEM. The NiCu(CO;)(OH), nanowire of the electrode
composite was ultrathin and had a stable structure. These
nanowires are straight and only a few nanometers thick with a
highly porous texture, as shown in Fig. 4. Thus, electrolyte ions
are able to diffuse deeply and easily inside the composite and
the electrode can achieve high-rate performance. In addition,
a defined, continuous heterointerface formed from the fringe
could be identified from the nanowires in the high-resolution
TEM (HRTEM) image in Fig. 4c. The HRTEM image of the
NiCu(CO;)(OH), composite shows lattice fringes with spacings
0f0.251, 0.258, and 0.367 nm, corresponding to the (240), (201),
and (220) planes, respectively. These spacings are in agreement

©The Author(s) 2021

with those of the NiCu(CO,)(OH), composite [10]. From the
morphology of this nanostructure, it can be confirmed that
NiCu(CO;)(OH), nanowires were grown on PAN nanofibers
well. Furthermore, to evaluate the surface properties of the
PAN@NiCu(CO;)(OH), nanowire composite, energy-dispersive
X-ray spectroscopy (EDS) maps verified the homogeneous com-
position of the nanofibers by the color-coded elemental distri-
bution corresponding to each ion. Figure 4d-g shows the EDS
values for the Ni, Cu, and O contents averaged over the wire area
of the PAN@NiCu(CO,)(OH), composite. Figure 4d-f show the
elements of the NiCu(CO,)(OH), nanowires grown on the PAN
nanofibers, respectively. This result confirms that Ni, Cu, and O
are uniformly dispersed inside the nanowire structures. When
the amount of Cu was half that of Ni, the electrochemical per-
formance of the electrode was optimized. As shown in Fig. 4e,
the EDS value of the PAN@NiCu(CO;)(OH), nanowire com-
posite shows that the weight % of Cu is half that of Ni. The EDS
mapping supports the XRD results that the NiCu(CO;)(OH),
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Figure 5: (a) The CV curves, (b) galvanostatic CD curves of the PAN@NiCu(CO;)(OH), electrode, comparison of (c) the specific capacitance of the
NiCu(CO;)(OH), composite at different current densities, (d) cycling stability of the NiCu(CO;)(OH), on the Ni-foam and PAN substrates.

composite with an Ni:Cu ratio of 2:1 formed, which represents

the stochiometric ratio of the educts added to the reaction.

Electrochemical properties

Figure 5a presents the redox curves of the electrodes with a three-
electrode cell, which shows the cyclic voltammetry (CV) curves of
the PAN@NiCu(CO,)(OH), composite in the potential window of
0.15-0.6 V at scan rates from 5 to 50 mV ' ina 1 M KOH electrolyte.
The oxidation and reduction peaks in the CV curves shifted toward
more positive and negative potentials, respectively; as the scan speed

increased because the internal diffusion resistance increased within

NiCu(CO3)(OH), + 40H™ = NiOOH + CuOOH + COg_ +2H,0 4+ 2e7,

the electrode surface. The typical CV peaks of the PAN@NiCu(CO;)
(OH), electrodes showed reduction peak at ~0.46 V; and an oxidation
peak at ~0.34 V, respectively, at 10 mV s™., As the scan rate increased,
the redox peak of the PAN@NiCu(CO;)(OH), electrode shifted to
an extent, indicating that there is the internal resistance of the PAN@
NiCu(CO;)(OH), electrode. And the CV of PAN@NiCu(CO,)(OH),
has a large internal area, which is proportional to its capacity value.
This result indicates that the PAN@NiCu(CO,)(OH), electrode has a
great electrochemical value. This electrode exhibits symmetric redox
peak property, indicating good performance for redox reactions and
largely porous morphology. The CV curves obtained for the PAN@
NiCu(CO;)(OH), nanowire electrode were standard for faradaic
capacitors. The faradaic redox reactions of the NiCu(CO;)(OH),
composite occurred according to Eqs. (1-3) [44, 45]:

1)

©The Author(s) 2021
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NiOOH + OH™ = NiO, + H,0 + ¢, @)

CuOOH 4 OH™ = CuO, + H,0 + . 3)

According to these equations, the redox reactions involve
OH™ from the electrolyte in the optimized NiCu(CO;)(OH),
composite. Figure 5b shows the galvanostatic charge-dis-
charge (GCD) measurements of the PAN@NiCu(CO;)(OH),
composite over a potential range of 0-0.45 V. The GCD
curves showed a nonlinear slope and triangular symmetry
owing to the occurrence of quasi-reversible redox reactions
at the electrolyte/electrode interface. As shown in Fig. 5b,
the PAN@NiCu(CO;)(OH), composite had a long discharge
time, indicating that it has high electrochemical performance,
which is consistent with the trend observed in the CV analy-
sis. The specific capacities of the previously tested Ni-foam@
NiCu(CO;)(OH), and PAN@NiCu(CO;)(OH), composites
were calculated using the following Eq. (4) [46]:

IAt
QD = (4)

m

where Qp, (mAh g™') is the specific capacity, I (mA) is the dis-
charging current, At (s) is the discharging time that is meas-
ured from 0.0 to 0.45 V, and m (g) is the designated mass of the
active material. Using this equation, it was found that the PAN@
NiCu(CO,)(OH), nanowire composite possessed high electro-
chemical values. As shown in Fig. 5¢, the PAN@NiCu(CO5)
(OH), electrode exhibited specific capacities of 870, 936, 1025,
960, 899, and 808 mAh g'l, while the specific capacities of the

Ni-foam@NiCu(CO;)(OH), electrode were calculated to be 759,
632, 496, 424, 364, and 348 mAh g ™! at current densities of 3, 4,
5,8, 10,and 15 A g”', respectively. This was attributed to the pos-
itive effect of the increased surface area of the PAN@NiCu(COs;)
(OH), electrode structure. As a result, PAN@NiCu(CO;)(OH),
had higher specific capacitance values than the NiCu(CO,)
(OH), composite on the Ni-foam substrate, which indicates the
synergetic effect of the PAN nanofibers and NiCu(CO,)(OH),
nanowire electrode. The cycling properties were also measured
to investigate the stability of the electrodes. Long-term electrical
retention is an important factor for electrodes in supercapacitor
applications and industrialization [47]. As shown in Fig. 5d, after
satisfactory cycles, the Ni-foam@NiCu(CO,)(OH), and PAN@
NiCu(CO;)(OH), electrodes exhibited retentions of 88.2%
and 84.1%, respectively, after 5000 cycles. The stability of the
electrodes was evaluated using the discharging time at a con-
stant current density of 10 A g™!. These results suggest that the
Ni-foam@NiCu(CO;)(OH), electrode exhibited better cycling
stability than the PAN@NiCu(CO;)(OH), electrode. The syner-
gistic effects of the PAN substrate and NiCu(CO,)(OH), com-
posite contributed to enhanced electrochemical performance for
a specific capacitance; however, this electrode possessed a lower
retention value owing to its weak polymer properties. Neverthe-
less, these results indicate better electrochemical properties than
those previously reported for NiCu-based electrodes (Table 1).
As aresult, although the electrode was damaged and the capac-
ity decreased with the increasing number of cycles, it had a high
retention value because of the positive influence of the transition

metal composites.

TABLE1: Comparison with the
capacitance and retention values

of the previously studied nickel-
and copper-based electrodes.

Positive electrodes C(Fg™ Current density Retention value Refs.
Ni(OH),/graphene 1735 TmVs™! 94.3% (after 3000 cycles) [48]
Nanospherical NiO 1201 05Ag”" 70% (after 500 cycles) [49]
NiO-3D graphene 1829 3Ag” 85% (after 5000 cycles) [50]
NiO/MWCNTs 1727 5mAcm™ 91% (after 2000 cycles) [51]
CuO cauliflowers 179 5mVs! 81% (after 2000 cycles) [52]
CuO nanostructure 820 5mVs! 90.2% (after 1000 cycles) [53]
CuO/PANI composite 185 5A g’1 75% (after 2000 cycles) [54]
CuO nanosheet 464 5mVs™ 89% (after 3000 cycles) [55]
CuCo,0,/Cu0 nanowire 79 1A g’1 83% (after 5000 cycles) [56]
CuCo,0, electrode 1006 1Ag™ 71.2% (after 5000 cycles) [57]
CuCo,0, nanosheet 1473 1Ag™ 93% (after 5000 cycles) [58]
CuCo,0, array 1330 2Ag”" 70% (after 5000 cycles) [59]
NiCu(CO;)(OH), nanowires 971 1Ag™" 91.5% (after 2000 cycles) [60]
NiCu(OH), nanoparticle 26491 1A g’1 75.8% (after 3000 cycles) [22]

Ni hexacyanoferrate 294 2mvVs™ 93% (after 2000 cycles) [61]
NiCu binary oxide 1711 5Ag” 85% (after 5000 cycles) [62]
Ni(HCO,),/(Cuy,Nigg)O 2000 1Ag™ 75.45% (after 3000 cycles) [63]
PAN@NiCu(CO5)(OH), electrode 1933 3Ag”" 84.1% (after 5000 cycles) This work
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To further investigate the viability of the electrodes in
energy storage devices, an ASC was fabricated using Ni-foam@
NiCu(CO;)(OH), and PAN@NiCu(CO;)(OH), composites as
the cathode and graphene as the anode. A cellulose separator
paper and 1 M KOH electrolyte were used for the ASC device.

©The Author(s) 2021

A schematic diagram of the cathode and anode ASC electrodes
is shown in Scheme 2. The electrochemical performance of
the graphene electrode was measured in the potential range
of —1to 0V, as shown in Fig. 6. The CV curves of graphene
showed typical rectangular shapes, which represent the ideal
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faradaic capacitor (Fig. 6a). The GCD curves exhibited lin-
ear and symmetric shapes, as shown in Fig. 6b. The specific
capacity (Fig. 6¢) of the graphene electrode was 122 mAh g™!
at2 A g 'and 60 mAh g ' at 15 A g, respectively. EIS analyses
were performed to investigate the conductivity behavior and
charge-transfer kinetics of the graphene electrode. In the high-
frequency region, the graphene electrode showed low R, and
R, values of 0.6 Q) and 0.82 (), respectively (inset of Fig. 6d).
The slope of the linear section of the graphene electrode has a
higher incline in the low-frequency region, which represents a
low Z,, value, as shown in Fig. 6d. These results confirmed that
the graphene electrode could be a suitable negative electrode
for ASCs. Figure 7 shows the CV curves of the assembled ASC,
which demonstrate electrical double-layer capacitor prop-
erties behavior at different scan rates in the voltage range of
0.0-1.5 V. This phenomenon indicates that PAN@NiCu(CO,)
(OH), electrode//graphene ASCs were significantly influenced
by graphene, which is a negative electrode material. As shown
in Fig. 7a, the PAN@NiCu(CO,)(OH), composite shows excel-

lent rectangular CV curves, which represent the ideal behavior

©The Author(s) 2021

of SCs. and this ASC device does not have the redox peaks at
all scan rates. Figure 7b represents the specific capacity values
of the Ni-foam@NiCu(CO;)(OH),//graphene ASC and PAN@
NiCu(CO;)(OH), electrode//graphene ASC from the discharge
times, which are calculated to be 64 mAh g™ and 126 mAh g™
at 2 A g, respectively. This improvement in electrical perfor-
mance is achieved by the electrical conductivity of the active
materials and electrolyte penetration provided by the PAN
nanofiber substrate to undergo a redox reaction. Therefore,
high-speed performance is achieved of the development for
high-performance faradaic capacitors. The retention values of
the ASCs were measured with respect to the discharge time at
a current density of 5 A ¢! in Fig. 7c. The assembled ASC of
the Ni-foam@NiCu(CO;)(OH), and PAN@NiCu(CO;)(OH),
electrodes retained 91.3 and 90.1% of their capacities, respec-
tively, after 5000 cycles. The retention values of the ASC were
similar after 5000 cycles, regardless of the substrate type. These
properties indicate that the PAN@NiCu (CO;)(OH), electrode
can facilitate a more stable cycle reaction when measuring the
electrochemical value with the ASC than with the half-cell
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electrode. In addition, the energy density and power density
were calculated using Eqgs. (5) and (6) [64, 65]:

B If th’ 5)
M3.6
P=E/At, (6)

where E (Wh kg’l) is the energy density, I(A) is the applied
current, [ Vdtis the galvanostatic discharge current area, M (g)
is the active mass, P (W kg™') is the power density, and At (s)
is the discharge time. Figure 7d presents the ragone plot of the
fabricated ASC devices. The PAN@NiCu(CO;)(OH), electrode
ASC shows that the highest energy density with 90 W h kg™ at
a power density of 835 W kg™! and current density of 2 A g™'.
As the current density changes to 15 A g, the energy density
decreases to 36 W h kg™! at a power density of 9268 W kg™'.
The PAN@NiCu(CO;)(OH), electrode achieved better energy
and power densities than that of the Ni-foam@NiCu(CO,)(OH),
electrode ACS, NiO//carbon [66], Ni(OH),//carbon [67], and
MnO,//carbon [68]. These results can aid the development of
flexible and wearable faradaic capacitors with enhanced electro-
chemical performance by synthesizing PAN nanomeshes and
modifying their surface through the growth of binary metal
hydroxy-carbonates. Thus, PAN@NiCu(CO5)(OH), nanowires
are promising materials of the positive electrode for high-per-

formance supercapacitors.

Faradaic capacitors require a large specific surface area for
redox reactions. To provide this large surface area, mesoporous
NiCu(CO;)(OH), composites were grown on PAN nanofiber
substrates using a hydrothermal method. PAN nanofibers were
fabricated via the electrospinning method, giving a substrate
with a nano-sized diameter and high specific surface area.
Thus, the beneficial properties of high-performance SCs can
arise from the structure as well as the material. The compos-
ite of NiCu(CO,)(OH), on PAN nanofibers provided a highly
porous structure and a large surface area, which significantly
improved the electrolyte penetration and electrical conductivity
of the active materials, while providing a convenient electron
diffusion path. The optimized PAN@NiCu(CO;)(OH), electrode
showed an excellent maximum specific capacity of 870 mAh g!
at 3 A ¢! and superior cycling stability with capacitance reten-
tion of 84.1% after 5000 cycles. An asymmetric supercapacitor
was fabricated using the PAN@NiCu(CO;)(OH), composite as
the cathode and commercial graphene as the anode. The ASC
delivered a high energy density of 90 W h kg ™! at a power den-
sity of 835 W kg ™! at 2 A g”! and maintained 36 W h kg ™! at a
high power density of 9268 W kg™! at 15 A g™! with satisfactory
cycling stability, retaining 90.1% of its capacitance after 5000

©The Author(s) 2021

cycles. On the other hand, the previously studied NiCu(CO,)
(OH),//graphene ASC of Ni-foam substrate showed a relatively
low energy density value with the energy density of 27 W h kg™
at 2 A g, These results suggest that the optimized unique
NiCu(CO;)(OH), composite on the PAN nanofiber substrate
electrode is a potential material for use in wearable devices
demanding flexibility. In conclusion, polymer and transition
metal composite electrodes will potentially lead to further
research and development of electrode industrialization and

high-performance supercapacitors.

Materials

The materials used in this study were Ni foam (110 PPI pore
density, 320 g m™* mass density), polyacrylonitrile (PAN),
dimethylformamide (DMF), nickel nitrate hexahydrate
(Ni(NO;),-6H,0), copper nitrate trihydrate (Cu(NO;),-3H,0),
CO(NH,), (urea), and KOH (potassium hydroxide). All chemi-

cal reagents were used without further purification.

Electrode preparation

Ni foam as substrate: Two pieces of Ni foam (2x4 cm) were
cleaned for 10 min by rinsing with 2.0 mol L™ of HCI, washing
with DI water and ethanol for 10 min each, and then drying at
50 °C in an oven for 12 h.

PAN nanofibers as substrates: PAN nanofibers were fab-
ricated using the electrospinning method. The experimental
conditions were set to PAN (0.72 g) and DMF (9 mL). As dem-
onstrated in our previous experiments, this condition allows
for the creation of an optimal nanofiber material. The applied
voltage was approximately 15 kV, and the current was adjusted
to a constant value. The PAN solution was poured into a syringe
attached to a capillary tip with a 0.5 mm diameter, and the flow
rate was uniform (20 mL h™!). The capillary tip and deposition
position were kept constant at 15 cm. The substrate for PAN was
not used separately, and the fabricated PAN nanofibers were
directly used as the electrode substrate.

Fabrication of the Ni-Cu electrode: Optimized quantities
of 6 mmol of Ni, 3 mmol of Cu, and 13 mmol of urea were
placed in 50 mL of DI water and this solution was stirred for
10 min. This solution was moved to a 50 mL autoclave vessel.
The Ni foam and PAN-nanofiber substrates were immersed in
the aqueous solution separately and heated at 160 °C for 12 h via
the hydrothermal method to synthesize NiCu(CO,)(OH),. To
remove surface impurities, the electrodes were washed several
times with DI water and ethanol. And then, to remove adsorbed
solvents, the samples were dried at 50 °C for 12 h. In the synthe-

sis, urea is the source of both carbonate and hydroxyl anions, as
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indicated in Egs. (7-9). The synthesis of NiCu(CO,)(OH), is as
follows (7-9) [10, 27].

CO(NH,), + 3H,0 — 2NH] 4+ CO, +20H™, (7)
CO, +20H™ — CO3 + H,0, (8)

Ni?* 4+ Cu?* + CO3™ +20H™ — NiCu(CO3)(OH),. (9)

Material characterization

The phases of the samples were characterized using X-ray dif-
fraction (XRD; STOE STADI MP), which were measured over
a range of 5-60° (26). X-ray photoelectron spectroscopy (XPS;
ESCALAB250, VG Scientifics) was examined to analyze the
valence states of the NiCu(CO;)(OH), composite powder. The
morphology analysis of the PAN@NiCu(CO;)(OH), nanowire
electrodes was performed through scanning electron micros-
copy (SEM; FEI Strata Dual Beam 235). Transmission electron
microscopy was measured using (TEM; JEOL JEM-2200 ES)
with energy-dispersive X-ray spectroscopy.

Electrochemical measurements

All electrochemical tests were performed on an electrochemi-
cal workstation (VersaSTAT, Princeton Applied Research)
using a three-electrode configuration using a 1 M KOH
aqueous solution as the electrolyte at room temperature.
NiCu(CO;)(OH), nanowire composites on PAN nanofib-
ers were directly used as the cathode electrode, and Pt and
Hg/HgO were used as the counter and reference electrodes,
respectively. The cyclic voltammetry (CV) curves were plotted
in a potential range between 0.15 and 0.6 V at different scan
rates from 5 to 50 mV s™!. The galvanostatic charge-discharge
(GCD) processes were evaluated by cycling the potential from
0to 0.45 V at current densities of 3,4, 5,8, 10, and 15 A g%,
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