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O
ne-dimensional (1D) heterostruc-
tured nanomaterials have been of
great scientific and technological

interests due to their high versatility and
applicability as essential components in
nanoscale electronics, catalysis, chemical
sensing, and energy conversion storage
devices.1�3 Currently, tremendous efforts
have been devoted to the rational synthesis
of advanced core/shell nanowire hetero-
structures with fascinating synergetic prop-
erties or multifunctionalities offered by the
composite nanostructures. Various core/
shell nanowire heterostructures such as
semiconductor/semiconductor,4�6 semi-
conductor/metal,7metal/metal oxide,8�10me-
tal/metal,11�13 metal oxide/metal oxide,14�22

andmetal oxide/conductive polymer23 have
been explored, and enhanced properties
have been demonstrated. The hetero-
structured nanowire architecture canmake
use of the advantages of both components
and offer special properties through a
reinforcement or modification of each
other. Transition metal oxides such as Co3O4,
NiO, and ZnO are technologically important
materials for applications in lithium-ion bat-
teries, gas sensing, catalysis, and electrochro-
mic devices. To meet these applications, it is
desirable to integrate these oxides into core/
shell nanowire arrays to achieve enhanced
electrical, optical, electrochemical, andme-
chanical properties.
The fabrication of core/shell nanowire

arrays with well-defined morphologies and
tunable functions still remains a challenge.
Progress has been achieved in developing
cost-effective and simple methods for con-
trolling nanowire growth as well as creating
more complex heterostructures.24 Core/
shell nanowire arrays are generally grown
by the catalyst-assisted vapor�liquid�
solid mechanism and template-based ap-
proaches.1 However, there is still no simple

and high-efficiency method to synthesize
transition metal oxide or hydroxide core/
shell nanostructure arrays with precise struc-
ture control, even though a few successful
strategies (electrodeposition,16 oxidation,18

wet-chemical methods based on sacrificial
templates,19 and physical technique such
as sputtering and pulsed laser deposition15)
have been reported.
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ABSTRACT

The high performance of a pseudocapacitor electrode relies largely on a scrupulous design of

nanoarchitectures and smart hybridization of bespoke active materials. We present a powerful two-

step solution-based method for the fabrication of transition metal oxide core/shell nanostructure

arrays on various conductive substrates. Demonstrated examples include Co3O4 or ZnO nanowire

core and NiO nanoflake shells with a hierarchical and porous morphology. The “oriented

attachment” and “self-assembly” crystal growthmechanisms are proposed to explain the formation

of the NiO nanoflake shell. Supercapacitor electrodes based on the Co3O4/NiO nanowire arrays on 3D

macroporous nickel foam are thoroughly characterized. The electrodes exhibit a high specific

capacitance of 853 F/g at 2 A/g after 6000 cycles and an excellent cycling stability, owing to the

unique porous core/shell nanowire array architecture, and a rational combination of two

electrochemically active materials. Our growth approach offers a new technique for the design

and synthesis of transition metal oxide or hydroxide hierarchical nanoarrays that are promising for

electrochemical energy storage, catalysis, and gas sensing applications.

KEYWORDS: core/shell . nanowire arrays . cobalt oxide . nickel oxide .
supercapacitor . electrochemical storage
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Transition metal oxides/hydroxides store electro-
chemical energy by revesible surface faradaic (redox)
reactions. MnO2, NiO, Ni(OH)2, CoOx, and their com-
pounds are under recent focus in the design of high-
energy-density pseudocapacitor electrodes.19,23,25�31

To meet the requirement of higher specific capaci-
tance and structural stability, one promising route is to
have scrupulous design of nanoarchitectures and
smart hybridization of bespoke pseudocapacitive oxides.
In the present work, we present a simple but power-

ful two-step solution method to synthesize transi-
tion metal oxide core/shell nanoarrays on a variety of
substrates including transparent conducting glass,
nickel foil, and nickel foam. The superior supercapaci-
tor performance of electrodes based on Co3O4/NiO
nanowire arrays grown on nickel foam will be demon-
strated, followed by discussion on the enhancement
mechanism. Due to the unique properties of these
core/shell nanoarrays, such as high surface areas,
crystallinity, and good conductivity and direct growth
on conductive substrates, they have potential applica-
tions in lithium-ion batteries, chemical sensing, elec-
trochemical or photocatalysis, field emission, electro-
chromic devices, and energy conversion storage.

RESULTS AND DISCUSSION

Figure 1 illustrates the two-step synthesis of the
Co3O4/NiO and ZnO/NiO core/shell nanowire arrays
by combining hydrothermal synthesis and chemical
bath deposition methods. The hydrothermally synthe-
sized Co3O4 or ZnO nanowire arrays serve as the
backbone for the subsequent deposition of NiO nano-
flakes. The resulting core/shell nanowire arrays can be
realized on a variety of conductive substrates including
fluorine-doped tin oxide glass (FTO), nickel foil, and
nickel foam (see Supporting Information, Figures S1
and S2). There is no apparent difference in the array
morphology on different substrates, indicating the
generality of this two-step solution method. The mor-
phologies of the Co3O4 nanowires and final Co3O4/NiO
core/shell nanowires on FTO substrate are shown in
Figure 2. The Co3O4 nanowires have an average dia-
meter of 70 nm and length up to around 10 μm. After
chemical bath deposition, the Co3O4 nanowires are
decorated with NiO nanoflakes that are ∼10 nm thick.
TheNiO nanoflake shells are interconnected but still do

not fully cover the entire Co3O4 core. Cross-sectional
SEM images of the core/shell nanowires (Figure 2e,f)
confirm the unique core/shell heterostructure.
The Co3O4 core nanowire and NiO shell nanoflake

can be easily distinguished from the TEM images
(Figure 3). The Co3O4 core nanowires are highly porous,
composed of nanocrystallites of 10�20 nm in size and
pores of 2�4 nm. However, the nanowires are crystal-
line in whole, as revealed by the SAED pattern, which
implies that nanocrystallites are oriented in order
(Figure 3a,b and Figure S3 in Supporting Information).
The as-prepared mesoporous Co3O4 nanowire is quite
different from ammonia-evaporation-induced meso-
porous Co3O4 nanowires, which show a quasi-single-
crystalline hollow structure.26,27 The nanoflake shell
(Figure 3e) shows a polycrystalline SAED pattern cor-
responding to the cubic NiO phase. This core/shell
heterostructure is also supported by energy-dispersive
X-ray spectroscopy (EDS) elementalmapping of Co and
Ni (Figure 3g). X-ray diffraction (XRD) pattern shows
that the core/shell nanowire arrays contain spinel
Co3O4 phase (JCPDS 42-1467) and cubic NiO phase
(JCPDS 4-0835) (Figure S4), which is also supported by

Figure 1. Schematic illustration of the two-step synthesis of metal oxide core/shell nanowire arrays directly on various
substrates.

Figure 2. SEM images of (a,b) Co3O4 nanowire arrays and
(c,d) Co3O4/NiO core/shell nanowire arrays grown on FTO
substrate. (e,f) Enlarged view of the core/shell nanowires
showing the flake morphology of the NiO.
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Fourier transform infrared (FTIR) results (Figure S5). Be-
cause of the porous core and flake shell, the Co3O4/NiO
nanowire arrays exhibit a quite large surface area of
415 m2/g (Figure S6). The NiO shell thickness and
Co3O4 nanowire length can be easily controlled by
changing the reaction time. This provides us with the
ability to tune electrochemical properties of the core/
shell nanowire arrays.
Given the wide application of hydrothermal growth

and chemical bath deposition for metal hydroxides
and oxides, the synthesis protocol presented here is

robust and efficient and can be extended to the fab-
rication of other core/shell nanowire arrays, such as
ZnO/NiO core/shell nanowire arrays (see Figure 4).
Herein, the hydrothermally synthesized ZnO nano-
wires are single-crystalline solid rods with an average
diameter of 100 nm. The same chemical bath deposi-
tion of NiO results in ZnO/NiO arrays that exhibit similar
core/shell heterostructure with the above Co3O4/NiO
arrays. Using the samemethodology, we have recently
obtained TiO2/NiO core/shell nanoarrays (data not
shown). This implies that the chemical bath deposition
of NiO is not restricted by the nanowire scaffold.
The growth mechanism of the shell structure is

proposed as follows (also shown schematically in
Figure 5). Most likely, it is due to the “oriented attach-
ment” and “self-assembly” processes,28,32,33 which in-
volve a spontaneous self-organization of adjacent
particles so that they share a common crystallographic
orientation, followed by joining of these particles at a
planar interface. The process is particularly relevant in
the nanocrystalline regime, where bonding between
the particles reduces overall energy by removing sur-
face energy associated with unsatisfied bonds.28,34 In
our case, the Co3O4 or ZnO nanowire acts as the
backbone to guide theNi-based hydroxide preferential
deposition. Heterogeneous nucleation occurs after
supersaturated solution with numerous Ni-based hy-
droxide mesocrystals is formed. Then Ni-based hydro-
xidemesocrystals attach to the surface of Co3O4 or ZnO
nanowires, forming active nucleation centers by reduc-
ing the surface energy. These active sites would mini-
mize the interfacial energy barrier for the subsequent
growth of Ni-based hydroxide.35 Finally, these Ni-
based hydroxide mesocrystals self-assemble, leading

Figure 3. TEM characterization of (a,b) Co3O4 nanowire and
(c�f) Co3O4/NiO core/shell nanowire. (e) NiO nanoflake shell
(inset: SAED pattern). (f) Porous nature of the Co3O4 core
nanowire. (g) EDS maps of Co and Ni.

Figure 4. ZnO/NiO core/shell nanowire arrays grownon FTOusing similar growthmethod. (a,b) SEM images, (c,d) TEM images
(SAED pattern in inset).
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to the formation of the quasi-2D flake structure. The
above hypothesis is supported by inspecting the mor-
phologies at different growth stages by controlling the
time (Figure 6). One can see that nanoparticles start to
attach to the surface of the nanowire at the early stage
(deposition for 2 min, Figure 6a). As the deposition
proceeds, these nanoparticles self-assemble to form
large nanoflakes (Figure 6b,c) and finally produce the
interesting core/shell heterostructured nanowires
(Figure 6d). It is noteworthy that potassium persulfate
here plays an important role in the formation of the
nanoflake shell. Potassiumpersulfate acts as an oxidant
to drive the whole reaction and facilitate the hetero-
geneous nucleation in the supersaturated solution.
Without potassium persulfate, no nanoflake shell will
be formed on the Co3O4 nanowire.
We now study the supercapacitor performance of

the Co3O4/NiO core/shell nanowire arrays for their
potential application in electrochemical energy sto-
rage.We choose the results of samples grown on nickel
foam for discussion because the 3D macroporous
nickel form is a superior substrate to Ni foil or FTO

(see more discussion on this in Supporting Information).
Results are presented in Figure 7 to demonstrate notice-
able pseudocapacitive properties. The Co3O4/NiO core/
shell nanowire arrays present a lower charge plateau and
higher discharge plateau (Figure 7a), indicating their
enhanced electrochemical reactivity and lower polariza-
tion, confirmed by cyclic voltammetry (CV) analysis
(Figure 7b). For the individual Co3O4 nanowire arrays
(see SEM images in Figure S7),36 two typical redox
couples characteristic of Co3O4 are observed in the CV
curve. The first redox couple A1/C1 corresponds to the
conversion between CoOOH and Co3O4 as follows.

29,37

Co3O4 þOH� þH2O T 3CoOOHþ e� (1)

The second redox couple A2/C2 is attributed to the
changebetween CoOOHandCoO2, represented by the
following reaction:29,37

CoOOHþOH� T CoO2 þH2Oþ e� (2)

For the individual NiO nanoflake arrays (see SEM
images in Figure S7), one redox couple N1/N2 is
observed, represented by the following electrochemi-
cal reaction:38

NiOþOH� T NiOOHþ e� (3)

For the Co3O4/NiO core/shell nanowire arrays, only
one oxidation peak P1 is observed in the anodic
process and three reduction peaks P2, P3, and P4 are
noticed in the cathodic process. It is justified that the
oxidation peak P1 is an integrated peak of A1, A2, and
N1. The reduction peaks P2, P3, and P4 correspond to
peaks C2, C1, and N2. Therefore, all of the redox peaks
fromboth Co3O4 andNiO are presented. Obviously, the
peak currents of the core/shell nanowire arrays are
much higher than the single components, indicating
that the core/shell nanowire arrays have higher elec-
trochemical reaction activity. Electrochemical impe-
dance spectroscopy (EIS) results (Figure S8) show that
the Co3O4/NiO core/shell arrays have the lowest
charge transfer resistance and ion diffusion resistance,
which are both beneficial to the rate capability.
The specific capacitances at various discharge cur-

rent densities for the three array electrodes without
activation are calculated and shown Figure 7c (see
their corresponding discharge curves in Figure S9). In
our experiment, all specific capacitances are calculated
by subtracting the discharge time of nickel foam
and reducing the substrate effect to the lowest level
(FigureS11). TheCo3O4/NiOcore/shell nanowire arrays ex-
hibit evidently higher specific capacitances and better
rate capability than the single components; 85% of
capacitance is maintained (from 452 to 384 F/g) for
the Co3O4/NiO core/shell nanowire arrays when the
charge/discharge rate changes from 2 to 40 A/g, much
higher than those for the Co3O4 nanowire arrays (76.7%)
and NiO nanoflake arrays (66.6%). Meanwhile, the
discharge areal capacitance of the Co3O4/NiO core/shell

Figure 5. Schematic illustration of the growth mechanism
of the NiO nanoflakes on Co3O4 or ZnO nanowire backbone.
Red balls represent Ni-based hydroxide mesocrystals in
the aqueous solution. Green rhombuses are self-assembled
Ni-based hydroxide nanoflakes.

Figure 6. TEM images of the nanostructure obtained after
chemical bath deposition for different times, showing the
morphology evolution of the core/shell nanowires: (a)
2 min; (b) 4 min; (c) 6 min; (d) 8 min.
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nanowire arrays is measured to be 1.35 F/cm2, which is
about 2 and 5 times larger than the Co3O4 nanowire
arrays (0.68 F/cm2) andNiOnanoflake arrays (0.25 F/cm2),
respectively.
The enhancement in the supercapacitor perfor-

mance of the core/shell nanowire arrays can also be
manifested by their excellent cycling stability andgood
capacitance retention (Figure 7d). The cycling life of
these array electrodes essentially consists of three
processes: an activation period, steady state, and a
degradation period. In our case, the capacitance in-
crease of the Co3O4/NiO electrode in the activation
period (1�1000 cycles) is quite large. Generally, only a
fraction of material is active during the first cycles,
while the rest is not activated. As the electrolyte
gradually penetrates into the Co3O4/NiO core/shell
nanowires, more andmore of the core/shell nanowires
become activated and contribute to the increase of
capacitance. The core/shell nanowire arrays show an
areal capacitance of 2.56 F/cm2 after 6000 cycles and
keeps 95.1% of the highest value, much higher than
those of the Co3O4 nanowire arrays (1.36 F/cm2 with
85.5%) and NiO nanoflake arrays (0.16 F/cm2 with
56.7%). Similar result can also been obtained by com-
paring the specific capacitances after 6000 cycles (see
Figure S10). A high specific capacitance of 853 F/g is

achieved at 2 A/g for the core/shell nanowire arrays,
compared to 642 F/g of the Co3O4 nanowire arrays and
178 F/g for the NiO nanoflake arrays.
It is known that the substrate has a nontrivial

influence on the electrochemical performance. To
check the substrate effect, we further investigated
the pseudocapacitive behavior of the Co3O4/NiO
core/shell nanowire arrays grown on the FTO substrate
(data presented in Figure S12). Different from the
nanowire arrays on nickel foam, here only one redox
couple is observed in the CV curve. The signal of the
FTO substrate is negligible. The pseudocapacitance
values are also much lower than those on the nickel
substrate. Particularly, the high-rate capability on the
FTO substrate is quite unsatisfactory. Generally, the
active material deposited on 3D porous substrates
(such as nickel foam) shows better electrochemical
performance than their counterparts on the flat sub-
strate, due to the fact that the 3D porous substrates
provide higher active surface area and inner space for
fast ion/electron transfer and higher energy conver-
sion efficiency.
The enhanced supercapacitor performance of the

core/shell nanostructure arrays can be ascribed to
the unique architecture including the porous Co3O4

core nanowire, NiO nanoflake shell, and ordered array

Figure 7. Electrochemical characterizationof three array electrodes grownonnickel foam. (a) Charge/discharge curves at 2A/
g at the 10th cycle. (b) CV curves at a scanning rate of 5 mV/s at the 10th cycle. (c) Specific capacitances at different current
densities. (d) Cycling performances at 2 A/g.
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configuration. First, the porous core/shell array config-
uration enables the full exposure of both active mate-
rials to the electrolyte and thus enhances ion and
electron diffusion.39,40 The NiO nanoflake shells are
well separated and construct a porous layer surround-
ing the Co3O4 nanowire core, making both the shell
and core fully accessible to the electrolyte. Meanwhile,
the highly porous and crystalline Co3O4 nanostruc-
tures are also electrochemically active, as previously
demonstrated.26,27,29 Second, the array structure en-
sures good mechanical adhesion and electrical con-
nection to the current collector and, therefore, avoids
the use of polymer binders and conducting additives.
In our case, the sheet resistance for the hydrothermally
synthesized porous Co3O4 nanowire array and chemi-
cal-bath-deposited NiO film is about 40 and 1500
Ω/square, respectively, measured by four points probe
technique. Lastly, the core/shell configuration has a
super strong mechanical stability. The structure of the
core/shell nanowire arrays after 6000 cycles still re-
mains intact (see SEM image in Figure S13). In this
respect, it is possible that the Co3O4 core and flexible
NiO shell synergistically prevent the whole nanowires
from significant collapse and disassembly during the
redox reactionswith harsh and frequent phase variations.
Finally, to further demonstrate the versatility of our

fabrication method, we also obtained Co3O4/Co(OH)2
core/shell nanowire arrays by electrochemical deposi-
tion of Co(OH)2 nanoflakes on the same Co3O4 nano-
wire array. This also serves a check if the conductivity of

the porous Co3O4 nanowire array is good enough as a
conductive connection. SEM images of the obtained
nanotree-like array are presented in Figure S14. The
high success of electrochemial depostion strongly
indicates that the Co3O4 nanowires have a good
electrical conductivity as well as physical contact to
the nickel foam.

CONCLUSION

We have presented a facile and high-efficiency,
solution-based method for the direct growth of
Co3O4/NiO and ZnO/NiO core/shell nanowire arrays
on various conductive substrates. In this hierarchical
structure, the nanowire core is coated with a shell of
nanoflakes with a porous morphology. On the basis of
control experiments for the Co3O4/NiO arrays, a plau-
sible growth mechanism is proposed which involves
self-assembly and oriented attachment of nancrystal-
lites. The synthesis route presented here is robust and
may be extended to fabricating other core/shell nano-
wire arrays for various applications in electrochemical
energy storage and optical devices. The Co3O4/NiO
core/shell nanowire arrays grown on the nickel foam
exhibit excellent supercapacitor performance with
high specific capacitance and good cycling stability,
making it one of the best electrode materials for
high-performance supercapacitors. The enhanced
electrochemical properties can be atributed to the
unique porous and conductive, core/shell, and array
architecture.

METHODS

Preparation of Co3O4/NiO Core/Shell Nanowire Arrays. First, self-
supported Co3O4 nanowire arrays were prepared by a facile
hydrothermal synthesis method. The solution was prepared by
dissolving 5 mmol of Co(NO3)2, 10 mmol NH4F, and 25 mmol of
CO(NH2)2 in 70mL of distilled water. Then this resulting solution
was transferred into Teflon-lined stainless steel autoclave linears.
Various substrates (2� 6 cm2 in sizes) such as FTO glass, nickel foil,
and nickel foam were immersed into the reaction solution. Top
sides of the substrates were uniformly coated with a polytetra-
fluoroethylene tape to prevent the solution contamination. The
linear was sealed in a stainless steel autoclave and maintained at
120 �C for 5 h and then cooled to room temperature. The samples
were collected and rinsedwithdistilledwater several times. Finally,
the sampleswereannealedat 350 �C innormal purity argon for 2h.
The chemical reactions involved in the preparation process of
Co3O4 nanowire arrays can be illustrated as follows:27,36

Co2þ þ xF� f [CoFx ]
(x � 2)� (4)

H2NCONH2 þH2O f 2NH3 þCO2 (5)

CO2 þH2O f CO3
2� þ 2Hþ (6)

NH3 3H2O f NH4
þ þOH� (7)

[CoFx ](x � 2)� þ 0:5(2 � y)CO3
2� þ yOH� þ nH2O

f Co(OH)y (CO3)0:5(2 � y) 3 nH2Oþ xF� (8)

Co(OH)y (CO3)0:5(2 � y) 3 nH2Oþ 1
2
O2sf

Annealing
Co3O4

þ (3nþ 1:5y)H2Oþ 1:5(2 � y)CO2 (9)

Then, the self-supported Co3O4 nanowire arrays were used
as the scaffold for NiO nanoflake growth in a simple chemical
bath. Co3O4 nanowire arrays grown on the different substrates
(masked with polyimide tape to prevent deposition on the back
sides) were placed vertically in a 250 mL Pyrex beaker. Solution
for chemical bath deposition (CBD) was prepared by adding
20mL of aqueous ammonia (25�28%) to themixture of 100mL
of 1 M nickel sulfate and 80 mL of 0.25 M potassium. The
reactions for chemical bath deposition are represented as
follows:35

[Ni(H2O)6 � x (NH3)x ]2þ þ 2OH� f Ni(OH)2 þ (6 � x)H2Oþ xNH3

(10)

2Ni(OH)2 þ S2O
2�
8 f 2NiOOHþ 2SO4

2� þ 2Hþ (11)

Immersing into the CBD solution for 8 min at 20 �C, the
substrates were taken off and rinsed with distilled water. The
samples were annealed at 350 �C in argon for 1.5 h. The thick-
ness of the Co3O4/NiO core/shell nanowire arrays was approxi-
mately 10 μm. It is noted that the potassium persulfate acts as
an oxidant to drive the whole reaction; without it, no formation
of nanoflakes is observed. As a control sample, self-supported
Co3O4 nanowire arrays and NiO nanoflake arrays on nickel foam
were prepared using the same methods as described above.

Preparation of ZnO/NiO Core/Shell Nanowire Arrays. To facilitate the
nucleation of ZnO nanowire growth, a 5 nm thick ZnO thin film
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was first deposited on the FTO substrate by sputtering. The
hydrothermal reaction solution for ZnO nanorod array fabrica-
tion was prepared by mixing 0.05 M zinc acetate and 0.05 M
hexamethylenetetramine (C6H12N4). Then the homogeneous
solution was transferred into Teflon-lined stainless steel auto-
clave linears and heated to 90 �C for 5 h inside a conventional
laboratory oven. Subsequently, the sample was rinsed with
distilled water. Then the self-supported ZnO nanowire arrays
were used as the scaffold for NiO nanoflake growth in a simple
chemical bath as mentioned above leading to the formation of
ZnO/NiO core/shell nanowire arrays.

Characterization of Co3O4/NiO Core/Shell Nanowire Arrays. The sam-
ples were characterized by X-ray diffraction (XRD, RIGAKU
D/Max-2550 with Cu KR radiation), field emission scanning
electronmicroscopy (FESEM, FEI SIRION), high-resolution transmis-
sion electron microscopy (HRTEM, JEOL JEM-2010F), and Fourier
transform infrared (FTIR) measurements (Perkin-Elmer System
2000 FTIR interferometer). The surface area of the film that
scratched from the substrate was determined by BET mea-
surements using a NOVA-1000e surface area analyzer.

Electrochemical Measurements. The electrochemical measure-
ments were carried out in a three-electrode electrochemical cell
containing 2 M KOH aqueous solution as the electrolyte. The
core/shell nanowire arrays were used as the working electrode.
Cyclic voltammetry (CV) measurements and electrochemical
impedance spectroscopy (EIS) tests were performed on a
CHI660c electrochemical workstation (Chenhua, Shanghai). EIS
tests were made with a superimposed 5 mV sinusoidal voltage
in the frequency range of 100 kHz�0.01 Hz. CV measurements
were carried out at a scanning rate of 5 mV/s between 0 and
0.6 V at 25 �C, core/shell nanowire arrays (≈3 � 7 cm2, Co3O4

mass ≈ 2.1 mg/cm2, NiO mass ≈ 0.9 mg/cm2) as the working
electrode, Hg/HgO as the reference electrode, and a Pt foil as
the counter electrode. The galvanostatic charge/discharge tests
were conducted on a LAND battery program-control test
system. The core/shell nanowire array electrodes, together with
a nickel mesh counter electrode and a Hg/HgO reference
electrode, were tested in a three-compartment system. The
specific capacitance is calculated according to the following
equation:

C ¼ IΔt

MΔV
(12)

where C (F/g) was specific capacitance, I (mA) represented
discharge current, and M (mg), ΔV (V), and Δt (s) designated
mass of active materials, potential drop during discharge, and
total discharge time, respectively.
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