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Abstract Apple-derived porous carbon (denoted as APC) is
successfully prepared and analyzed as a potential carbon ma-
terial by hydrothermal carbonization and pyrolysis, which ex-
hibits a high specific surface area and porous structure.
Furthermore, nickel–cobalt double hydroxide (Ni–Co DH) is
synthesized by design of hybrid nanowires on APC for
supercapacitors via a simple hydrothermal process. The fabri-
cated electrode produces a capacitance of 1519 F g−1 at
1 A g−1, and 90.2% of the capacitance is retained after 2000
cycles at a high current density. An asymmetric supercapacitor
(ASC) is assembled using the Ni–Co DH@APC as the posi-
tive electrode and active carbon as the negative electrode. The
ASC exhibits a prominent energy density of 61.2Wh kg−1 and
high power density of 14,400W kg−1 at 5 A g−1. The desirable
electrochemical performance can be attributed to the suitabil-
ity of APC as a support and the Ni–Co nanostructure con-
structed on the surface of APC as an effective active material
for high-energy and long-life cycling supercapacitor applica-
tions. The fabricated composite provides a potential design of
low-cost functional carbon materials that can be produced in
large scale by using biomass as starting materials.

Keywords Porous carbon . Nickel–cobalt double
hydroxides . Supercapacitor . Electrodematerial . High
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Introduction

Supercapacitors, which possess high power density, fast charge–
discharge rate, and long life cycles and are environment friendly,
gained substantial attention in the field of energy storage in recent
years [1]. Up to now, tremendous efforts were devoted to develop
electrode materials for capacitors, including research on conduc-
tive polymers, such as polyaniline or polypyrrole, and transition
metal oxides or hydroxides, such as MnO2, RuO2, NiO,
Ni(OH)2, Co3O4, V2O5, and FeOOH [2–12]. Among the various
active materials, Ni- and Co-based materials are potential candi-
dates because of their low cost, low toxicity, and abundant re-
serve [13]. These materials have high specific capacitances but
are limited by poor electric conductivity and cycling stability,
resulting in rapid loss of capacity. To overcome these obstacles,
double hydroxides (DHs), such as Ni–Co DH, exhibit high con-
ductivity, rich redox ability, increased capacitance, and consider-
able cycle stability unlike pure Ni(OH)2. However, many issues
exist because of the inferior supercapacitor performance of pris-
tine DH materials induced by their relatively poor electron con-
ductivity and lowmass diffusion. A new tendencywas presented
on hybrid capacitors, which apply nanostructured carbon as con-
ductive agent and metal hydroxides as active materials and im-
prove the high specific surface area, electrical conductivity, and
the electrochemical performance [14].

Among various carbons, porous carbon is a commonmaterial
for catalyst support and supercapacitors. In supercapacitors, car-
bons with high surface area and porosity have widely been used
due to their excellent cycling stability, safe operation, high power
density, and stable physicochemical properties [15, 16]. Zhou
et al. reported NiCo binary hydroxide nanosheets and titanium
carbide–carbon nanofiber with high specific capacitance of
2224 F g−1 and excellent cyclic stability [17]. Chang et al. syn-
thesized Co(OH)2/Ni(OH)2 nanomaterials loaded on conducting
carbon fiber paper with a higher cycling stability (92.4% specific

Electronic supplementary material The online version of this article
(doi:10.1007/s10008-017-3617-0) contains supplementary material,
which is available to authorized users.

* Jinwei Chen
jwchen@scu.edu.cn

1 College of Materials Science and Engineering, Sichuan University,
Chengdu 610065, People’s Republic of China

J Solid State Electrochem (2017) 21:2975–2984
DOI 10.1007/s10008-017-3617-0

http://dx.doi.org/10.1007/s10008-017-3617-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-017-3617-0&domain=pdf


capacitance remains) over 20,000 charge–discharge cycles [18].
Therefore, it is significant to choose an advisable type of carbon
material to overcome the aggregation and poor electrical conduc-
tivity of Ni–Co DH. Much research on porous carbon materials
was conducted by extracting fossil fuel sources under relatively
harsh conditions, which involve toxic organics, high temperature,
complicated steps, and uncontrollable factors and significantly
affect the environment [19]. Low-cost, sustainable, and environ-
mentally benign electrode materials derived from biomass mate-
rials have caused widespread concern over the recent years.
Apple is a common fruit because of its abundance worldwide
and availability in any season. The heterogeneous structure of
apple includes carbohydrates, pectins, nicotinic acid, free sugars,
proteins, and crystalline cellulose.Most of the components above
favor the formation of carbon at appropriate pyrolysis tempera-
tures [20]. Various biomass-derived porous carbon materials,
such as from cocoon silk, crab shell corn, shiitake mushroom,
celtuce leaves, and ginkgo shells, were reported [21]. These ma-
terials are applied as electrode materials for sensors,
supercapacitors, and Li-ion batteries. Thus, biomass-derived po-
rous carbon can be potentially applied in energy storage.

Thus, we adopted a simple hydrothermal carbonization
process to prepare porous carbon. A Ni–Co DH, which was
constructed using nanowires covered on apple-derived porous
carbon (APC), was prepared by a facial hydrothermal method
for supercapacitors where APC acted as support to disperse
the Ni–CoDH. This unique structure provides sufficient chan-
nels for the access of electrolyte, the high utilization rate of
electrode materials, and high electrical conductivity.
Electrochemical measurements demonstrated that the Ni2Co1
DH@APC exhibited high Csp (approximately 1519 F g−1 at
1 A g−1) and excellent cycling stability. The asymmetric
supercapacitor (ASC) exhibits a prominent energy density of
61.2 Wh kg−1 and high power density of 14,400 W kg−1 at
5 A g−1.

Experimental

Preparation of APC

The carbonaceous precursor was prepared by a simple hydro-
thermal reaction. Fresh apples, which were obtained from a
market, were cut into pieces, and 1 g apple sheets were placed
into a Teflon-lined stainless steel autoclave without any sol-
vent. The autoclave was heated in an oven at 180 °C for 12 h
to achieve the brown carbonaceous product. The product was
cleaned in deionized water and 1 M KOH solution, boiled for
2 h to remove the soluble impurities, and dried in a vacuum
oven at 80 °C for 8 h. As-prepared carbonaceous precursor
was mixed with KOH powder at a mass ratio of 1:4. The
mixture was heated to 700 °C for 2 h in a tube furnace under
Ar protection to obtain a black resultant. The as-formed

carbon materials were washed in 2 M HCl at 50 °C for 4 h
to remove the residual KOH. The resulting product was
washed again and dried overnight. For comparison, the prod-
ucts without KOH activation were also prepared by
employing the same method.

Fabrication of Ni–Co DH nanowires

Different molar ratios of Ni(NO3)2 and Co(NO3)2 were used
to synthesize Ni–Co DH. For example, 182 mg of Co(NO3)2·
6H2O and 90 mg of Ni(NO3)2·6H2O were dissolved in 40 mL
deionized water, and 600 mg urea and 50 mg APC powders
were added to synthesize 60 wt% Ni2Co1 DH@APC. The
mixed solution was transferred into a Teflon-lined stainless
steel autoclave and maintained at 180 °C for 10 h. After
cooling the solution to room temperature, the sample was
washed with deionized water and dried at 80 °C overnight.
For comparison, the DH composites with different Ni/Co
molar ratios were also prepared under the same condition.
All the samples preserved the mass ratio of 60 wt% hydrox-
ides in the composites.

Material characterization

To investigate the structure and composition of the samples,
powder X-ray diffraction (XRD, DX-2700, Dandong) was
performed using Cu Kα radiation. The Brunauer–Emmett–
Teller (BET) specific surface area and pore size were deter-
mined by nitrogen adsorption or desorption measurement.
The morphologies of the samples were characterized by scan-
ning electron microscopy (SEM, JSM-5900LV, JEOL Co.)
and transmission electron microscopy (TEM, Carl Zeiss
SMT, Libra 200FE). Thermal gravimetric analysis (TGA)
was performed on STA 2500 (NETZSCH, Germany). The
chemical composition of the Ni–Co DH@APC was charac-
terized by energy-dispersive X-ray spectroscopy (EDS, INCA
300) and X-ray photoelectron spectroscopy (XPS, Kratos
AXIS ULTRA).

Electrochemical measurement

The cyclic voltammetry (CV), galvanostatic charge or dis-
charge, and electrochemical impedance spectroscopy (EIS)
measurements were conducted out in a 6-M KOH solution
with an Autolab PGSTAT302N (Metrohm Autolab,
The Netherlands) with a three-electrode system. Nickel
foam was cut into 10 mm × 10 mm portions and cleaned
before being used as a substrate for the working electrode.
Hg/HgO electrode was used as the reference electrode, and
a carbon plate was utilized as the counter electrode, respec-
tively. The working electrode was prepared by mixing the
active material, acetylene black (conductive additive), and
polytetrafluoroethylene emulsion (PTFE, 60 wt%) at a weight
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ratio of 85:5:5 in ethanol. The mixture was ultrasonically
stirred for 30 min to obtain a homogeneous slurry. The mod-
erate slurry was repeatedly extracted by a pipettor, dropped
onto the nickel foam, and dried at 80 °C for 6 h. The loading
content of the active material was maintained at 1–2 mg cm−2

in each electrode. The specific capacitance (Csp, F g−1) can be
calculated from the CV curve by adopting Eq. (1),

Cs ¼ ∫IdV
.
mvdV ð1Þ

where dV is the potential window (V), m is the mass of active
materials in the electrodes, and v means scan rate. The gravi-
metric specific capacitance can also be calculated based on the
galvanostatic charge or discharge curves, as indicated in
Eq. (2):

C ¼ IΔt
.

mΔVð Þ ð2Þ

where m is the mass of active material, I is current density of
discharge, Δt represents time of discharge, and ΔV is the
potential window. Electrochemical impedance spectroscopy
(EIS) measurement was carried out in a frequency range of
0.01–106 Hz with amplitude of 5 mV.

The ASCs based on as-prepared Ni–Co DH@APC and
active carbon (AC) were fabricated in a two-electrode cell,
where Ni–Co DH@APC served as the positive electrode

and AC as the negative electrode with electrolyte. The energy
densities (E, Wh kg−1) and power densities (P, W kg−1) can be
obtained by Eq. (3) and Eq. (4),

E ¼ 1
.
2

� �
CspV2 ð3Þ

P ¼ 3600 E
.
t ð4Þ

where Csp (F g−1) is the specific capacitance of the
supercapacitor, t is the discharging time, and V is the cell voltage
for charging and discharging excluding the IR drop.

Results and discussion

Characterizations of APC

TGAwas performed on the carbonaceous precursor after the
HTC process. Figure 1a shows that the first step, which was
conducted at around 100 °C, is related to the loss of adsorbed
water. The next step (100–450 °C) is correlated with the de-
composition of carbohydrates. The main weight loss occurs at
approximately 450–500 °C, which is attributed to the conver-
sion of volatile organic species to carbon. The last step (above
700 °C) shows that the sample is gradually stabilized, indicat-
ing the formation of carbon. After pyrolysis, the residual mass

Fig. 1 a TG curve of
carbonaceous precursor after
HTC process, b XRD pattern of
APC, c N2 adsorption–desorption
isotherms and BJH pore size
distribution (inset) of APC
without KOH activation, and d
APC prepared via KOH
activation
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of roughly 16% indicates the yield of the type of biomass-
derived carbon. The XRD pattern of APC (Fig. 1b) shows
two broad diffraction peaks at 21.7° and 43.3°, which corre-
spond to the (002) and (100) diffractions of amorphous car-
bon. The synergistic effect between the large surface area and
good electrical conductivity in electrode materials can signif-
icant ly enhance the electrochemical property of
supercapacitors [22]. The BET surface area and the BJH pore
size distribution of the samples are presented in Table S1,
indicating that the porous structure of our sample provides
efficient transport pathways inside, which plays a dominant
role on high-rate applications. Porous carbon without KOH
activation (as shown in Fig. 1c) was directly obtained by sim-
ple thermal treatment with a surface area of 498 m2 g−1. Types
of pores can be divided intomicropores (d < 2 nm), mesopores
(d = 2–50 nm), and macropores (d > 50 nm) [23]. This type of
porous carbon possesses an average pore size of 3.88 nm. The
APC prepared via KOH activation (Fig. 1d) has a higher sur-
face area of 1680 m2 g−1. A decomposition reaction occurred
with the presence of KOH, involving two processes: 6
KOH + 2 C → 2 K + 3H2 + 2K2CO3 and the decomposition
of K2CO3 and/or reactions of K/K2CO3/CO2 with the carbon
[21, 24]. As gas escaped, a large amount of nanoscale pores
was generated. Several researchers determined that the acti-
vated carbons increase the amount of mesopores, which facil-
itates the mass diffusion in electrodes during an electrochem-
ical reaction [25, 26]. Figure 2a presents an overview of the
carbon material with a sponge-like nanostructure. The TEM
image indicates that the porous nanoparticles interconnected
together, which facilitates ion and electron transport (Fig. 2b).

Characterizations of Ni–Co DH@APC

APC, which was used as a support to synthesize Ni/Co/NiCo
hydroxide composites, was specifically investigated. The
XRD pattern of the Ni–Co DH@APC is presented in Fig. 3,
and it confirms the presence of crystalline Co(OH)2 and
Ni(OH)2. For the Ni–Co DH@APC with a Ni/Co molar ratio
of 2:1, three main characteristic peaks appear at 11.9°, 34.1°,
and 60.3°, which corresponded to the (003), (101), and (110)

crystalline facets of α-Ni(OH)2 (referred to as JCPDS no. 38-
0715). These peaks indicate that the crystalline α-Ni(OH)2
particles are dominant in the composite. For a Ni/Co molar
ratio of 1:2, the diffraction peaks at 33.4° and 38.1° are the
characteristic peaks of the Co(OH)2 phase (referred to as
JCPDS no. 51-1731). Distinguishing Ni(OH)2 and Co(OH)2
phase is difficult because of the similar structures and the
approximated diffraction peaks of these phases. TG analysis
of 60 wt% Ni–Co DH@APC was adopted to estimate the
transformation of hydroxides and the APCweight percentages
of the composites, as shown in Fig. S1. Weight was reduced at
around 100 °C because of the removal of physically adsorbed
water molecules. The second stage from 100 to 350 °C oc-
curred because of the transformation of hydroxides to oxides
[27]. No weight loss occurred when the temperature exceeds
450 °C, indicating the complete removal of APC and the pres-
ence of Ni/Co-containing oxides. The calculated weight ratio
is close to 60%, which corresponded to its prospective mass
fraction. The Ni:Co atomic ratio in Ni–Co DH@APC is de-
termined to be 1:1, 1:2, and 2:1 by EDS, as shown from
Fig. S2. As shown in Fig. S3, Co(OH)2 and Ni2Co1 DH were
grown to be needle-like nanowires by hydrothermal process.
The SEM images of the prepared Ni2Co1 DH@APC are pre-
sented in Fig. 4a, b, which show that the nanowires tightly
adhered to APC. The SEM image of APC indicates that the
nanowires grew on the surface of APC after the hydrothermal
reaction. However, the NiCo nanowires can serve as a direct
electroconductive pathway to enhance the transfer of electrons
and APC provides a large surface area for the attachment of
the Ni–CoDH nanowires. Figure 4c shows the TEM image of
the composite, which reveals the Ni–Co DH nanowires are
intimately attached to the surface of APC and the fabrication
reduces the transport resistance between the active material
and carbon support. The schematic of Fig. 4d shows that
Ni–Co DH nanowires provide a conductive network for elec-
tron transport and more active sites exposed in the electrolyte.
On the other hand, APC acts as a support with a large surface
area for loading the Ni–Co DH nanowires. The survey spec-
trum of Ni2Co1 DH@APC (Fig. 5a) shows that the formed
materials are mainly composed of Ni, Co, C, and O. The main

Fig. 2 a SEM image of APC and
b TEM image of APC
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peak of the O 1s spectrum was located at around 531.1 eV,
which is attributed to hydroxide groups (OH−). The Ni 2p
spectrum (Fig. 5b) was fitted considering the two peaks at
873.5 eV in 2p1/2 and 855.9 eV in 2p3/2, which correspond
to Ni2+ in Ni hydroxides [28, 29]. The Co 2p spectrum
(Fig. 5c) was also deconvoluted into two peaks both assigned
to Co2+, which indicate that the element Co exists in the
Co(OH)2 state [30]. The deconvoluted C 1s spectrum
(Fig. 5d) confirms the presence of oxygen-containing func-
tional groups, such as C–C, C–O, and O=C. These groups

on the surface of APC play a key role in fabricating the Ni–
Co DH@APC nanocomposite. The observed binding energy
values of the Ni, Co, O, and C atoms are consistent with that in
the literature, which indicate the formation of Ni–Co DH.

Figure 6a shows CVs of the Ni–Co DH electrode with
different Ni:Co molar ratios of 1:0, 1:1, 1:2, 2:1, and 0:1 were
recorded at the scan rate of 5 mV s−1, indicating that the Ni–
CoDH@APC electrodes possessed a significantly higher spe-
cific capacitance (according to the comparison of areas) than
that of individual Ni(OH)2 or Co(OH)2 electrodes. The pure
Ni(OH)2 exhibited a pair of high and well-defined redox peaks
in the potential range from 0.25 V (vs. Hg/HgO) to 0.45 V.
Pure Co(OH)2 showed a couple of small redox peaks at the
potential range of 0.10 to 0.30 V. The redox peaks shifted to a
positive potential and broadened with increased Co(OH)2 con-
tents, which indicates improved capacitance. This result can
be attributed to the redox potential of Ni(OH)2 to NiOOH,
which is more positive than that of Co(OH)2 to CoOOH. In
Fig. 6b, the capacitance of the individual Ni2Co1 DH electrode
is lower than that of Ni2Co1 DH@APC. It can be concluded
that APC in this composite acts as an electroconductive sup-
port to connect and extremely disperse the DH nanowires. The
discharge curves were also obtained at different current den-
sities of 1, 2, 5, and 10 A g−1, as shown in Fig. S4. Especially,
Fig. 6c shows that the CVs obtained from Ni2Co1 DH@APC
exhibit a pair of symmetrical cathodic and anodic peaks, indi-
cating the favorable reversibility of the oxidation and reduc-
tion processes and good pseudocapacitance behaviors of
Co(OH)2 and Ni(OH)2. The two pairs of redox peaks also

Fig. 4 a, b SEM images of
Ni2Co1 DH@APC with different
magnifications, c TEM images of
Ni2Co1 DH@APC, and d
schematic illustration of the
electrical pathway in Ni–Co DH
nanowires supported on APC

Fig. 3 XRD patterns of Ni–CoDH electrodes with different Ni:Comolar
ratios
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show that the capacitance is mainly determined by faradaic
reactions, corresponding to the following mixed reactions in
Eqs. (5)–(7) [31, 32]:

Ni OHð Þ2 þ OH−→NiOOHþ H2Oþ e− ð5Þ

Co OHð Þ2 þ OH−→CoOOHþ H2Oþ e− ð6Þ
CoOOHþ OH−→CoO2 þ H2Oþ e− ð7Þ

At a scan rate of 20 mV s−1 (marked with the red line in
Fig. 6c), Co(OH)2 was first oxidized to CoOOH at roughly
0.32 V before the oxidation of Ni(OH)2 to NiOOH (near
0.38 V). Furthermore, a higher theoretical Csp was obtained be-
cause the CoOOH is oxidized to CoO2 around the potential of
Ni2+/Ni3+ [33]. Figure 6d shows that the charge or discharge
curves exhibit a nonlinear charge–discharge feature from the
redox reaction, which also confirms the pseudocapacitance be-
havior because the quasi-reversible redox reactions occurred at
the interface between the electrode and electrolyte. Discharge
time reduced with increased charge current density because of
the low diffusion or migration of charges through the electrodes
at higher current densities. At the discharge current densities of 1,
2, 5, and 10 A g−1, the Csp of the Ni2Co1 DH@APC electrodes
were approximately 1519, 1454, 1411, and 1357 F g−1,

respectively. Figure 6e shows the specific capacitance of all the
electrodes at different current densities, which is calculated by the
discharge CVs from Fig. S4. Ni2Co1 DH@APC exhibits better
Csp values at all the current densities compared to that of other
electrodes, which implies the better charge storage performance
of this electrode than that of other electrodes. The increasedCsp is
also better than that in other reports presented in Table 1. The
prolonged discharge time from the sample prepared by the given
molar ratio is probably attributed to the multiple phases existing
at the intermediate Ni/Co ratios and the broadened redox prop-
erties [34]. The mechanism of this untrivial synergetic effect
originated from the given Ni/Co ratio can be explained as fol-
lows: (i) the Ni–Co DH phase possess the layered crystal struc-
ture with broadened interlayer spacing, which can facilitate the
ion diffusion within active materials; (ii) as shown in Fig. S3, the
length of Ni–Co DHs is shorter than that of Co(OH)2, indicating
that the electrolyte could easily access active sites; (iii) the Ni–Co
DH structure can improve the electron transportation from active
materials to the current collector.

The EIS measurement result was fitted based on an equiv-
alent circuit, and the resulting Nyquist plot is shown in Fig. 6f.
The Ni2Co1 DH@APC electrode shows a substantially small-
er charge transfer resistance (Rct, 0.72Ω cm−2) compared with
that of Ni2Co1 DH, indicating that the APC can evidently
reduce charge transfer resistance, thus improving the transport

Fig. 5 a XPS survey, b XPS
peaks of Ni 2p, c XPS peaks of
Co 2p, and d XPS peaks of C 1s
of Ni2Co1 DH@APC
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and collection of electrons in the electrode. The major limita-
tion of pseudocapacitor electrode materials is their inferior
long-term stability, particularly at higher current densities
[41]. Cycle stability is another crucial factor for supercapacitor
application [42]. The CVs and EIS of the Ni2Co1 DH@APC
composite before and after 1000 cycles are shown in Fig. 7.

The anodic current around 0.42 V decreases significantly,
which means that Co(OH)2 is more easily converted to be
condensed and dehydrated than that of Ni(OH)2 during the
long-term test, thus leading to slower kinetic activity and de-
creased current density. This phenomenon further confirmed
that the content of Ni(OH)2 plays a crucial role in improving

Fig. 6 a CV curves of Ni–Co
DHs prepared with different
Ni:Co molar ratios at a scan rate
of 5 mV s−1 in 6 M KOH; b CV
curves of Ni2Co1 DH with and
without APC as support; c CV
curves of Ni2Co1 DH@APC
electrode at different scan rates in
6 M KOH; d galvanostatic
charge–discharge curves of
Ni2Co1 DH@APC electrode at
various current densities of 1, 2, 5,
and 10 A g−1; e the dependence of
Csp on scan rate for Ni–Co DHs
prepared with different Ni:Co
molar ratios; f Nyquist plots of
Ni2Co1 DH@APC and Ni2Co1
DH electrodes recorded in the
frequency range from 0.01 to
100 kHz

Table 1 Comparison of specific
capacitances of Ni/Co composites
based on different carbon
materials

Composite Ni/Co
content

Scan rate or current
density

Specific capacitance
F g−1

Reference

Ni(OH)2/RGO – 10 A g−1 1125 [35]

α-Ni(OH)2/CNT 66 wt% 0.5 A g−1 1144 [36]

GO/Co(OH)2/chitosan – 10 mV s−1 402 [37]

Nicl-LDH/GNS 89.7 wt% 1 A g−1 1255.8 [38]

Co(OH)2/RGO/NiO – 5 mV s−1 1470 [30]

Ni–Co LDH Ni/Co = 1:2 1 A g−1 2184 [39]

Ni–Co DH/RGO Ni/Co = 1:1 1 A g−1 835 [40]

Ni–Co DH@APC Ni/Co = 2:1 1 A g−1 1519 This
work
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specific capacity. Figure 7b indicates the Rct value of Ni2Co1
DH@APC tested after 1000 cycles only displays a little
change. This may be attributed to the partial detachment of
the active material from the nickel foam with an increase on
contact resistance and Ni–Co DH particle size. The stability of
Ni2Co1 DH@APC was also studied using galvanostatic
charge–discharge with 2000 cycles at a high current density
of 20 A g−1 (Fig. 7c). 90.2% of the Csp value was retained
even after 2000 cycles; however, that of Ni2Co1 DH without
APC just remained 78%. This result clearly indicated that the
APC was a better support and significantly improved the sta-
bility of the electrodes at a high current density.

To expand the application of electrodes, an ASC cell illus-
trated in Fig. 8a was assembled using as-prepared composite
(Ni2Co1 DH@APC/nickel foam) as positive electrode and
AC/nickel foam as negative electrode. Figure S5 presents CV
curves of the positive and negative electrodes in a three-
electrode system. The Ni2Co1 DH@APC (0–0.55 V) and AC
(−1–0.2 V) offer a different potential range and indicate the
combination could afford the cell a largely extended potential
window, which is beneficial to improve the energy density of
supercapacitors. Figure S6 shows the CV curves recorded at
different potential windows for the ASC cell, in which the
weight of positive and negative electrode was 1.6 and 1.7 mg,

Fig. 7 a CV curves of Ni2Co1 DH@APC electrode before and after 1000 cycles at 5 mV−1, b Nyquist plots of Ni2Co1 DH@APC electrode before and
after 1000 cycles, and c charge/discharge test at a current density of 20 A g−1 for the Ni2Co1 DH@APC and Ni2Co1 DH electrodes

Fig. 8 a Schematic illustration of
the ASC cell configuration, b CV
curves of the ASC system
recorded at different scan rates, c
galvanostatic charge/discharge
curves at different current densi-
ties, and d Ragone plot related to
energy and power densities oper-
ated at 1.6 V
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respectively. The stable electrochemical windows of the ASC
system can be extended to 1.6 V. Moreover, galvanostatic
charge–discharge curves of the ASC cell were tested within
the potential window of 0–1.6 V. Figure 8b indicates typical
CV curves of theASC cell at different scan rates show similarity
in shape and retain relatively rectangular shapes even at a scan
rate of 50 mV s−1, indicating high rate capability at fast charge
and discharge. As shown in Fig. 8c, all the charge–discharge
curves at different current densities generally show typical
triangle-shaped curves, indicating well-balanced electrochemi-
cal reversibility at a relative high current density. The Csp of the
ASC at 0.5 A g−1 is calculated to be 47.8 F g−1. The specific
energy density (E) and specific power density (P) of the ASC
cell can be calculated according to the charge–discharge curves
in Fig. 8c and further converted into the Ragone plots, as shown
in Fig. 8d. It exhibits a high energy density of 12 Wh kg−1 at a
high power density of 14,400W kg−1 at 5 A g−1. In general, the
participation of APC in the nanocomposite improves the elec-
trical conductivity and dispersivity of active material. In addi-
tion, the supported Ni–Co DH nanowires possess a highly po-
rous structure with more exposed active area and favorable sur-
face modification. The synergistic mechanism further confirms
the electrode based on APC assembled with Ni–Co DH nano-
wires has an excellent electrochemical performance and exten-
sive potential in supercapacitor applications.

Conclusion

A biomass-derived porous carbon was obtained from apples
through a simple hydrothermal carbonization. The results in-
dicate the APC with a large surface area exhibits good con-
ductivity, which is suitable as a support for NiCo double hy-
droxide nanowires. The Ni2Co1 DH@APC composite ex-
hibits high specific capacitance, low charge transfer resis-
tance, and superior capacitance retention because of its well-
defined nanoporous structure and conductive network.
Furthermore, the asymmetric supercapacitors exhibit a maxi-
mum energy density of 61.2 Wh kg−1. The enhanced electro-
chemical performance can be ascribed to the synergistic ef-
fects, in which APC acts as an excellent support for dispersion
and Ni–Co DH nanowires provide a conductive pathway for
electron transport in redox reaction. This biomass-derived
concept opens new research opportunities in identifying elec-
trode materials from low-cost sustainable sources.
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