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Efficient Metal-Oriented Electrodeposition of a Co-Based
Metal-Organic Framework with Superior Capacitive
Performance
Yan Han,[a, b] Jian Cui,[a] Yue Yu,[a] Yunfeng Chao,[c] Dejun Li,*[a] Caiyun Wang,*[b] and
Gordon G. Wallace[b]

An efficient cathodic electrodeposition method is developed for
coating Co-based metal-organic frameworks (Co-MOF) on
carbon fiber cloth (CFC), a widely used substrate in energy
fields. The use of a highly active Co metal surface enables
nucleation and growth of Co-MOF in 3D rodlike crystal bundles.
When used as a binder-free electrode (Co-MOF/CFC) for super-
capacitors, it shows a high areal capacitance of 1784 mFcm� 2 at

1 mAcm� 2, good cycling stability and excellent rate capability.
The assembled asymmetric all-solid-state supercapacitor device
(Co-MOF/CFC//AC) delivers a high energy density and power
density. This work may open up an effective approach to realize
the electrosynthesis of MOF films, promoting use in energy
storage and conversion fields.

Introduction

Metal-organic frameworks (MOFs) are promising supercapacitor
electrode materials due to their large surface area, well-defined
pore structure and the redox-active metal centers.[1–5] However,
the application of MOFs in supercapacitors is largely hindered
by their poor electrical conductivity and low exposure of active
metal centers. To resolve these problems, directly growing
MOFs onto conductive substrates is an effective strategy that
imparts fast electron transport as well as avoiding MOF
aggregation ensuring high electrochemically active surface
area.[6–9] Removing the need for binders and conductive
additives decreases the “dead weight” and increases utility.

Electrochemical deposition is an elegant way to grow MOF
coatings directly on conductive substrates, which can be
performed at room temperature in a short timeframe and an
easily controllable manner without the use of expensive
specialized equipment.[10,11] MOF coatings can be constructed
through both oxidative and reductive reactions. For example,
on metal anodes (e.g., Cu, Co, Zn and Ni), MOF coatings were

deposited under high potentials through the binding of
oxidized metal ions and organic ligands (e.g., HKUST-1, ZIF-67,
ZIF-8, and 2D� Co� Ni mixed MOF).[12–15] During this process, the
anodes were corroded to provide metal ions for the formation
of MOFs, thus this anodic method places a limitation on the
choice of electrode substrates. In the cathodic method both
metal cations and organic ligands are present in the electrolyte
solution.[16–18] Under cathodic potentials, probases, such as
NO3

� , Et3NH
+ or H2O, are reduced near the electrode surface

and the local pH values increase, which cause the deprotona-
tion of organic ligands and the subsequent reaction with metal
cations to form MOF coatings on electrode surfaces. In theory,
MOF coatings could be formed on any conductive substrates
through this method. However, owing to the general incompat-
ibility between the substrates and MOF species, one main
challenge is how to achieve robust growth of well-intergrown
MOF coatings on conductive substrates.

The decoration of organic or inorganic modifiers (e.g.,
polydopamine, 3-aminopropyltriethoxysilane, ZnO, Cu2O and
ZnAl� CO3) on the substrate surface is commonly used to
improve the heterogeneous nucleation and growth of MOF
membranes.[19–24] Compared with organic modifiers, inorganic
modifiers have higher thermal stability, high affinity with the
substrate, and are environment- and eco-friendly. However, the
reported methods for introduction of inorganic modifiers are
complicated and time-consuming, and typically involve calcina-
tion or hydrothermal treatment.[21–23] A simple and facile
method is highly desired. Moreover, electrodeposition of MOFs
on carbon-based materials (e.g., carbon cloth, graphite paper),
which are widely used as substrates in energy devices, has not
yet been reported.

Herein, we report an innovative facile and efficient cathodic
electrodeposition of cobalt-based metal-organic framework (Co-
MOF) coating on flexible carbon fiber cloth (CFC). This is
realized by using a preformed highly reactive metal-oriented
surface modifier that provides nucleation sites for continuous
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growth of MOF. This method can be easily extended to cathodic
electrodeposition of different MOFs on the extensively used
substrates in industry (e.g., carbon paper, nickel foam and
stainless steel). The obtained Co-MOF coating is composed of
3D rodlike crystal bundles tightly bonded onto CFC. These Co-
MOF/CFC electrodes are directly used as binder-free and
integrated electrodes for supercapacitors and have displayed
excellent performance.

Results and Discussion

Characterization of Co-MOF/CFC complex

The synthetic scheme for continuous Co-MOF coating on CFC is
depicted in Figure 1a. The pre-electrodeposited cobalt coating
played a crucial role in the subsequent cathodic electro-
deposition of the MOFs. We had tried to synthesize Co-MOF
coating on bare CFC under different conditions, but all failed
(see the Supporting Information, Figure S1). It may be attrib-
uted to the difficulty in heterogeneous nucleation and growth
of Co-MOF crystals on bare CFC.[24] The cobalt coating acted as
the structure/interface coupling bridge providing active sites for
the nucleation and growth of MOF crystals, which ensured the
stable immobilization of MOF coating on carbon fibers. The
XRD pattern of Co-modified CFC (Co/CFC) confirmed the
formation of pure Co phase (Figure S2; JCPDF no. 1-1254).
Compared with bare CFC that had striations along the carbon
fiber axis, Co/CFC featured with an uneven and rough surface
with abundant defects (Figure S3). The fresh Co/CFC was then
used for the growth of Co-MOF, which was conducted at the
deposition potential of � 2.5 V for different durations. After
1 min, protuberant particles covered the surface of the carbon
fibers and some rodlike crystals were formed (Figure S4a, b).

With increased deposition time, more rodlike crystals with
different sizes were produced and were randomly distributed
on carbon fibers (Figure S4c–f). When the deposition time
reached 15 min, a uniform Co-MOF coating was obtained
(Figure 1b). It was composed of 3D rodlike crystals in length of
5–20 μm and thickness of 1–5 μm, which formed bundles and
were packed closely covering the whole carbon fiber surface of
CFC. This method achieved a high mass loading (up to
15 mgcm� 2). The relatively low number of large crystals led to
the assumption that the growth process was more pronounced
than the nucleation during the electrochemical deposition
procedure.[14] With increased deposition time, the coating
thickness increased and some crystals were grown into the
interstitial volume of the fibers. These materials easily separated
from the fiber/CFC and dropped into the solution because of
the poor adhesion (Figure S4g, h).

The proposed mechanism of cathodic electrodeposition of
Co-MOF coating on the Co-modified CFC is presented in
Figure 1c. The electrodeposited Co coating had considerable
reactivity ascribed to the intrinsic defects arising from the
electrodeposition at low temperature (e.g., room
temperature).[25] This Co-modified CFC was used directly for the
in situ growth of MOF coating without a pre-activation treat-
ment, the commonly used for the anodic electrodeposition of
MOF on Co substrate.[8,15] With the application of a constant
potential, the reduction of triethylammonnium (Et3NH

+) to
trimethylamine (Et3N) and H2 increased the local pH values near
the cathode surface, which caused the deprotonation of neutral
ligands (H3BTC). This triggered the self-assembly of Co2+ at the
negative potential and deprotonated ligand (BTC3� ) to form Co-
MOF crystal nucleus anchoring on the substrate of Co/CFC,
which tended to start from defects of the Co coating.
Consequently, nucleation was initiated next to the first nucleus
and in the meantime those already nucleated crystals kept

Figure 1. Electrodeposition of Co-MOF on carbon fiber cloth (Co-MOF/CFC): (a) Schematic representation of the electrodeposition procedure. (b) SEM images
of Co-MOF/CFC deposited for 15 min. (c) Proposed mechanism for the cathodic electrodeposition. (d) EDS mapping images for Co, O, and C.
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growing to several microns, eventually forming a dense,
intergrown and continuous layer. The elemental mapping by
energy-dispersive X-ray spectroscopy (EDS; Figure 1d) clearly
verified the coexistence and relatively homogeneous distribu-
tion of Co, O and C elements on Co-MOF/CFC. In addition, the
much higher percentage of cobalt signature between Co-MOF
crystals indicated that the pre-deposited cobalt coating was
retained along with Co-MOF formation.

The as-synthesized Co-MOF/CFC deposited for an optimal
time of 15 min was further characterized by XRD, XPS and FTIR.
The XRD pattern in Figure 2a showed that all diffraction peaks
corresponded well to the standard pattern of monoclinic
Co3(BTC)2 · 12H2O (space groups C2) and agreed with the
simulated pattern based on the single crystal structure data
(CCDC-1274034), confirming the high purity of Co-MOF
coating.[26,27] The high reflection intensities and sharp peaks
confirmed a well-crystallized MOF structure. The XPS wide
survey spectrum of Co-MOF/CFC (Figure 2b) indicated the
existence of Co, C and O elements, which are consistent with
the EDS analysis. The high-resolution Co2p XPS spectrum
(Figure 2c) showed the characteristic Co2p1/2 peak and its
satellite peak at 797.4 and 802.7 eV, while the characteristic
Co2p3/2 peak and its satellite peak located at 781.6 and
786.2 eV, respectively. The energy difference between Co2p3/2
and Co2p1/2 peaks was approximately 15.8 eV, which proves
that Co ions were predominantly in the Co2+ state in Co-MOF/
CFC.[28,29] The high-resolution O1s spectrum (Figure 2d) can be
divided into three peaks at 531.4, 532.1 and 533.0 eV. The
species at 531.4 and 532.1 eV are attributed to the oxygen

atoms on Co� O bands and O=C� O groups of terephthalic acid
linkers, whereas the species at 533.0 eV is assigned to
coordinated water. The high-resolution C1s spectrum is also
shown in Figure S5. Two characteristic peaks at 288.5 and
284.8 eV were respectively related to O=C� O and C� C/C=C
bond, further evidencing the presence of terephthalic acid
linkers.[30]

The FTIR spectra of Co-MOF/CFC and H3BTC (Figure 3a)
presented two important changes between them. First, the
characteristic bands of nonionized carboxyl groups (δC=O=

536 cm� 1; ν̄C=O=1722 cm� 1; ν̄OH=3082 cm� 1) for H3BTC disap-
peared in Co-MOF/CFC, revealing the complete deprotonation
of H3BTC linker upon reaction with Co2+ forming MOF. Second,
new strong bands arose in the regions of 1612–1520 cm� 1 and
1432–1370 cm� 1, which can be assigned to the asymmetric and
symmetric stretching vibrations of carboxylate anions. This
provided additional evidence of the coordination of organic
ligand with Co2+ ions. Furthermore, the broadband at around
3500 cm� 1 corresponding to the stretching vibration of O� H
bond indicates the presence of coordinated water molecules in
the sample. On the basis of these above results, cobalt ions had
been coordinated with the H3BTC ligand to form the Co-MOF
frame structure.

The thermal stability of Co-MOF/CFC was investigated by
TGA under air. As shown in Figure 3b, two weight-loss steps
were observed. The first weight loss took place between 100
and 140 °C, which corresponded to the removal of coordinated
H2O molecules and adsorbed solvent. The weight was kept
steady up to 460 °C. The second and main weight loss from 460

Figure 2. (a) XRD patterns of Co-MOF/CFC and simulated Co3(BTC)2 · 12H2O. (b–d) XPS spectra of full scan survey (b), Co2p (c), and O1s (d) for Co-MOF/CFC.
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to 570 °C may be ascribed to the degradation of tricarboxylate
linkers releasing CO and CO2, followed by the complete
decomposition of Co-MOF framework to cobalt oxides.[29,31]

These results indicate that the framework of Co-MOF was stable
up to 460 °C.

Electrochemical characteristics

The electrochemical properties of Co-MOF/CFC supercapacitor
electrodes were evaluated by using a three-electrode config-
uration in 1 m LiOH aqueous electrolyte. The CV curves of Co-

MOF/CFC and Co/CFC electrodes at 20 mVs� 1 (Figure S6)
showed that Co-MOF/CFC displayed much larger CV current
response than Co/CFC, which verified the major contribution
from Co-MOF. The representative CV curves of Co-MOF/CFC at
different scan rates (Figure 4a) showed a couple of redox peaks
during the anodic and cathodic sweeps, indicating that the
electrochemical capacitance of the electrode mainly came from
faradaic pseudocapacitance ascribed to the valence state
change of cobalt occurred in two quasi-reversible processes
[Eqs. (1) and (2)], similar to some reported MOF-based electrode
materials.[32–35]

Figure 3. (a) FTIR spectra of Co-MOF/CFC and H3BTC. (b) TG curve of Co-MOF/CFC under air.

Figure 4. (a) CV curves of the Co-MOF/CFC electrode at the scan rates ranging from 5 to 100 mVs� 1. (b) Determination of b value using the relationship
between peak current and scan rate. (c) Capacitive contribution (red area) at 5 mVs� 1. (d) Contribution ratio of surface-limited process and diffusion-limited
process at different scan rate
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CoIIs þ OH� $ CoIIðOHÞad þ e� (1)

CoIIðOHÞad $ CoIIIðOHÞad þ e� (2)

With increasing scan rate from 5 to 100 mVs� 1, the cathodic
peaks shifted towards negative potential and anodic peaks
shifted towards positive potential, which may be explained by
the limited charge transfer kinetics.

The electrochemical reaction kinetics can be analyzed by
using Equation (3):[36,37]

i ¼ avb (3)

where a and b are adjustable parameters, i and v are peak
current and scan rate, respectively. The value of b gives an
insight on the charge storage mechanism, which can be
obtained from the slope of log(i) vs. log(v) curve. In general, the
b value close to 1 indicates the main contribution is from
surface-limited capacitive process, whereas the b value close to
0.5 means the main contribution is from diffusion-controlled
intercalation process. The corresponding b values of Co-MOF/
CFC electrode for anodic and cathodic peaks were calculated to
be 0.57 and 0.70, respectively (Figure 4b). Both b values
approached 0.5, proving the electrochemical process of Co-
MOF/CFC was governed by diffusion-controlled intercalation
behavior. In addition, the percentage of capacitive contribution
and diffusion-controlled contribution at different scan rates
were further analyzed by using Equation (4):[38–40]

iðVÞ ¼ k1v þ k2v
1=2 (4)

where k1 and k2 are scan rate independent constants, k1v and
k2v

1/2 correspond to the current contributions from surface-
limited capacitive behavior and diffusion-controlled intercala-
tion behavior. As shown in Figure 4c, the contribution of
capacitive behavior (red shaded region) of the Co-MOF/CFC
electrode was around 18% at 5 mVs� 1. As the scan rate
increased from 5 to 100 mVs� 1, the capacitive effects gradually
increased from 18% to 47%, meanwhile the diffusion-con-
trolled intercalation contributions decreased, which was as-
cribed to the shorter time for electrolyte ions to diffuse into the
material at high scan rates (Figure 4d).

The GCD curves of Co-MOF/CFC electrode within a potential
window of 0–0.5 V at different current densities are shown in
Figure 5a. The existence of voltage plateau in the charge-
discharge curves was in accordance with the redox peaks of CV
curves (Figure 4a), further revealing the pseudocapacitive
behavior of Co-MOF/CFC. The areal and gravimetric specific
capacitances of the Co-MOF/CFC electrode were calculated
from the discharge time based on Equations (5) and (6):

Cs ¼ IDt=ðSDVÞ (5)

Cm ¼ ðIDtÞ=ðmDVÞ (6)

where Cs is the areal capacitance (Fcm
� 2), Cm is the gravimetric

capacitance (Fg� 1), I is the discharge current (A), Δt is the

Figure 5. (a) Galvanostatic charge-discharge curves and (b) corresponding areal specific capacitance of the Co-MOF/CFC electrode at different current
densities. (c) Cycling performance of the Co-MOF/CFC electrode at a current density of 5 mAcm� 2. (d) SEM image of the Co-MOF/CFC electrode after cycling.
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discharge time (s), ΔV is the potential window (V), m is the mass
(g) of active material, and S is the projected area of electrode
(cm2). The Co-MOF/CFC electrode delivered high areal specific
capacitances of 1784, 1716, 1620, 1584 and 1540 mFcm� 2 at
current densities of 1, 2, 5, 8, and 10 mAcm� 2, respectively
(Figure 5b). The corresponding gravimetric specific capacitance
were 137, 132, 125, 122 and 118 Fg� 1. With the increasing of
current densities, the capacitances declined due to the
increased internal diffusion resistance and relatively insufficient
utilization of electroactive material at high current densities.[41]

Importantly, a high capacitance retention rate of 86% was
retained with a 10-fold current increase from 1 to 10 mAcm� 2,
indicative of a superior rate capability. Furthermore, the electro-
chemical stability during the cycling was evaluated at
5 mAcm� 2 (Figure 5c), over 70% of the initial capacitance was
remained after 10000 cycles. This good cycling stability was
likely related to the excellent structural stability of Co-MOF/CFC.
The surface morphology of Co-MOF/CFC electrode after the
cycling was investigated by SEM (Figure 5d), which verifies that
the structure of Co-MOF/CFC was well maintained without
significant deterioration or structure changes during charging/
discharging processes. Overall, the areal/gravimetric specific
capacitance and capacitance retention rate of Co-MOF/CFC are
comparable to or even superior to those of most reported MOF
materials.[9,42–48]

To further evaluate the practical application of Co-MOF/CFC,
an asymmetric all-solid-state supercapacitor device (ASSC) was

assembled with active carbon (AC) anode and PVA/LiOH (PVA,
polyvinyl alcohol) gel electrolyte. The electrochemical perform-
ance of AC electrode was first tested using a three-electrode
configuration in 1 m LiOH. The rectangle-like CV and triangle
GCD curves of AC electrode confirmed the double-layer
capacitive behavior (Figure S7). The specific capacitance of AC
was about 160 Fg� 1 at 5 mAcm� 2. According to the charge
balance between two electrodes, the loading mass ratio of Co-
MOF/CFC and AC was about 2. Figure 6a shows the CV curves
of Co-MOF/CFC and AC at 10 mVs� 1, verifying a potential
window of 0.6 V for Co-MOF/CFC and 1.0 V for AC. So, it is
expected that the working potential window of the assembled
Co-MOF/CFC//AC ASSC device can reach up to 1.6 V, which was
verified (Figure S8). The CV curves of the ASSC at various scan
rates (Figure 6b) were approximately rectangular. At low scan
rate, broad oxidation and reduction peaks were observed,
verifying the capacitance contribution from both electric double
layer and pseudo capacitance.

The GCD curves of the ASSC at various current densities
(Figure 6c) were in symmetric triangular shape even when the
current density was increased to 10 mAcm� 2, suggesting a
good Coulombic efficiency and electrochemical reversibility.
The specific capacitances based on the total mass of active
materials on two electrodes were 74, 63, 54 and 50 Fg� 1 at 2, 5,
8 and 10 mAcm� 2, respectively. A high capacitance retention
rate of 68% suggests a good rate capability. As shown in
Figure S9, the ASSC retained more than 85% of its initial

Figure 6. (a) CV curves for Co-MOF/CFC and AC collected in different potential windows at a scan rate of 10 mVs� 1. (b) CV curves of the Co-MOF/CFC//AC
ASSC device at various scan rates from 10 to100 mVs� 1 over the 1.6 V potential window. (c) Galvanostatic charge-discharge curves of the ASSC device at
different current densities. (d) Ragone plot of the Co-MOF/CFC//AC ASSC device. The inset is a digital photograph of a red LED powered by three ASSC
devices connected in series.
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specific capacitance after 1500 cycles at 10 mAcm� 2. Addition-
ally, the energy density (E, Wh kg� 1) and power density (P,
Wkg� 1) of the ASSC were calculated from GCD curves based on
Equations (7) and (8):

E ¼ 0:5CmðDVÞ
2=3:6 (7)

P ¼ 3600� E=Dt (8)

where Cm is the gravimetric specific capacitance (Fg� 1), ΔV is
the voltage window (V), and Δt is the discharging time (s). As
shown in the Ragone plot (Figure 6d), the ASSC exhibited a
maximum energy density of 23.1 Whkg� 1 at a power density of
77.1 Wkg� 1, and still retained 15.6 Wh kg� 1 at a maximum
power density of 385.3 Wkg� 1. The maximum energy value was
comparable to or larger than those of recently reported MOFs//
AC SC devices, such as PNC//AC (16.0 Whkg� 1 at 749 Wkg� 1),[49]

2D-CMO//AC (36.4 Whkg� 1 at 90 Wkg� 1),[15] Ni-MOF/NF//AC
(26.2 Whkg� 1 at 152.7 Wkg� 1),[46] Ni/Co-MOF//AC (12.8 Whkg� 1

at 372.5 Wkg� 1),[50] and NiCo-MOF NSHS//AC (20.94 Whkg� 1 at
750.84 Wkg� 1).[51] Three ASSC devices connected in series could
light up a red light emitting diode (LED) for 10 min (inset in
Figure 6d). These results indicated that the Co-MOF/CFC
synthesized in this work could be well fitted in energy-related
fields.

Conclusion

In summary, a facile and effective cathodic electrodeposition
method has been developed for producing continuous uniform
Co-MOF coating on a CFC substrate, wherein 3D rodlike crystal
bundles are coated onto the carbon fibers. The pre-electro-
deposited cobalt modifier has played a crucial role to provide
active sites for nucleation and growth of MOF coating. The use
of the electrodeposited highly-active metal to promote the
nucleation and growth of MOF is a new approach and is
expected to be easily expanded to electrodeposit other MOF
coatings on different conductive substrates. The obtained Co-
MOF/CFC electrodes have shown high areal capacitances, good
cycling stability and improved rate capability, which can be
attributed to the high mass loading, excellent structural stability
and tight integration between MOF and CFC substrate. Such
characteristics endow the CFC supported Co-MOF coating with
great potential toward applications such as energy storage,
separation and catalysis.

Experimental Section

Material synthesis and characterization

The chemicals were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. and used without any further purification. CFC
was purchased from CeTech Co., Ltd. and was sequentially pre-
treated by sonication in acetone, water and ethanol each for
20 min, followed by the activization in H2SO4/HNO3 (3 : 1 v/v)
mixture at 70 °C for 3 h.

To electrodeposit Co-MOF on CFC, a cobalt coating layer was pre-
electroplated at a current density of � 10 mAcm� 2 for 5 min from
the CoSO4 aqueous solution (0.1 m) containing boric acid (0.2 m)
and Na2SO4 (0.2 m) at room temperature. The solution pH value
was 2. The obtained cobalt-coated/modified electrodes (Co/CFC)
were washed with water and ethanol, and then immediately
immersed into the electrodeposition solution for growing Co-MOF
coating at a cathodic potential of � 2.5 V for a designated
timeframe. The electrolyte contained 5 mmol Co(NO3)2 · 6H2O,
2.5 mmol H3BTC and 1 mmol supporting electrolyte, triethylamine
hydrochloride (Et3NHCl) in a mixed solvent of H2O (15 mL) and
ethanol (15 mL). The final sample was denoted as Co-MOF/CFC. The
electrodeposition process were carried out in a two-electrode cell
with CFC or Co/CFC electrode as working electrode (cathode) and
platinum plate as counter electrode (anode).

Samples were characterized using X-ray diffraction (XRD, Bruker D8
Advance with CuKα radiation), scanning electron microscopy (SEM,
Hitachi SU8010), Fourier transform infrared spectroscopy (FTIR,
Nicolet 460 spectrometer in the range of 4000–400 cm� 1 using KBr
pellets) and X-ray photoelectron spectroscopy (XPS, Kratos Axis
Ultra DLD with an AlKα X-ray source). Thermogravimetric analysis
(TGA) was carried out on a METTLER TGA-DSC 1 apparatus at a
heating rate of 10 °Cmin� 1 under air.

Electrochemical measurements

Electrochemical measurements were carried out in a three-
electrode system with Co-MOF/CFC, Pt plate (1×1 cm2), Hg/HgO
electrode and 1 m LiOH solution as the working electrode, counter
electrode, reference electrode and electrolyte, respectively. Cyclic
voltammetry (CV) was performed with a CHI 660D electrochemical
workstation. The galvanostatic charge-discharge tests (GCD) were
conducted using a LAND CT2001A instrument.

Fabrication of supercapacitor devices

The supercapacitor device was fabricated with Co-MOF/CFC (1×
1 cm2) as positive electrode, activated carbon (AC) as negative
electrode, and polymer gel (PVA/LiOHl) as electrolyte and separator.
Negative electrodes were prepared by mixing AC, acetylene black
and polyvinylidene fluoride (PVDF) at a mass ratio of 8 :1 : 1 in N-
methyl pyrrolidone (NMP). The resulting slurry was pasted on CFC
(1×1 cm2) and dried at 70 °C for 12 h. The mass loading of AC was
determined by balancing the charges between positive and
negative electrodes (Q+ =Q� ) according to Equation (9):

mþ=m� ¼ ðDV � C� Þ=ðDV � CþÞ (9)

where C and m stand for the specific capacitance and active
material mass of the positive (+) and negative (� ) electrodes,
respectively; ΔV is the potential window. The PVA/LiOH gel
electrolyte was prepared as follows: PVA powder (3 g) was dissolved
in H2O (12 mL) under vigorous stirring at 85 °C until the mixture
became a clear and transparent solution. After cooling down to
60 °C, LiOH aqueous solution (4 m, 8 mL) was slowly added to the
solution and stirred evenly.
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