
Full paper

1800584 (1 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advelectronicmat.de

Flexible Asymmetric Microsupercapacitors from 
Freestanding Hollow Nickel Microfiber Electrodes

Ahiud Morag and Raz Jelinek*

DOI: 10.1002/aelm.201800584

prevented wide applicability of MSCs for 
energy storage in microelectronics.

Planar MSCs composed of interdigi-
tized electrodes have been proposed as 
viable technological solutions for energy 
storage devices. Such electrodes facilitate 
rapid diffusion of molecules participating 
in the redox reactions; they are also gener-
ally thin and accordingly can be integrated 
in microelectronic devices.[16–18] However, 
such MSCs also exhibit practical limita-
tions since in many instances they do not 
contain sufficient electrochemical surface 
areas. Several studies have addressed 
these issues by fabricating planar MSCs 
using porous carbon ink,[17] laboratory 
filter paper,[19] and electrostatic spraying of 
reduced graphene oxide (rGO) and carbon 
nanotube mixtures.[20] Yet, such processes 
are elaborate and often produce devices 
exhibiting low energy densities.

Other strategies have focused on chemical means for crea-
tion of porous electrode exhibiting high surface areas, serving 
as a scaffold for deposition of the electrochemically active mate-
rial.[21,22] Varied porous-electrodes have been reported, com-
prising, for example, Au nanostructures,[23] carbon cloth,[24] 
aligned carbon nanotubes,[25] and nickel foam.[26] While such 
electrode designs provide high capacitance, they usually exhibit 
considerable thickness,[23–26] making them less suitable for inte-
gration in microelectronics. Recent studies have shown that 
deposition of nickel on various substrates yield high surface 
area electrodes, which are particularly attractive because of the 
very low cost of Ni compared with other metals employed in 
electrode fabrication.[27–29] Yet, even in those systems, removal 
of the electrode substrate-supports was difficult, thereby lim-
iting their usefulness.

In addition to energy consideration, flexibility is another cru-
cial aspect in varied microelectronic devices. Thin MSCs that 
can withstand folding without significant degradation in per-
formance are highly sought.[30,31] While MSCs exhibiting high 
flexibility and mechanical resilience have been reported, they 
are either too bulky,[27,32] or the devices display limited electro-
chemical performance.[19,33] Indeed, construction of flexible, 
thin electrodes which can also provide high energy and power 
densities in MSCs is still a significant challenge.

In this work, we demonstrate construction of an innovative 
MSC device consisting of hollow nickel microfiber electrodes. 
The electrodes were prepared by electroless deposition of nickel 
on carboxylated polystyrene (PS), followed by Ni electrodeposi-
tion. Further coating of either MnO2 or a mixture of polypyrrole 
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Flexible Microsupercapacitors

1. Introduction

Flexible microelectronics is a rapidly expanding field encom-
passing diverse applications, including sensors, health-mon-
itoring patches, and energy-harvesting devices.[1–5] Flexible 
microelectronic devices usually require the use of microbat-
teries as energy sources. Current battery designs are mostly 
based upon lithium-ion (Li-ion) technologies.[6,7] Li-ion micro-
batteries, however, suffer from a low power density and low 
cycle stability[8,9] and alternative technologies are intensively 
pursued. In this context, micorsupercapacitors (MSCs) have 
emerged as promising substituents for energy storage.[10,11] 
MSCs, based on either electric double-layer capacitance[12,13] 
or fast faradaic redox reactions (i.e., pseudo-capacitance),[14] 
exhibit higher power densities compared with Li-ion batteries, 
and can withstand numerous charge/discharge cycles.[15] How-
ever, MSCs display very low energy densities due to the fact that 
only the surfaces of the electrochemically active material par-
ticipate in the electrochemical reactions;[10,14] this limitation has 
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(PPy) and rGO generated high areal capacitance electrodes. An 
asymmetric MSC (AMSC) device was assembled, using MnO2-
coated electrode as the cathode and PPy/rGO as the anode, 
exhibiting high areal energy density and power density, further 
displaying excellent mechanical stability and flexibility.

2. Results and Discussion

2.1. Nickel Microfiber Electrode Synthesis and Characterization

Figure 1 illustrates the fabrication process of the porous hollow 
Ni microfiber electrode. The procedure starts with genera-
tion of PS microfibers through electrospinning, employing a 
PS/dimethylformamide (DMF) solution (Figure 1A).[34] The 
PS microfibers were subsequently annealed at 100 °C to pro-
vide more pronounced interfaces between microfibers and 
enhance film stability. This was followed by carboxylation of 
the PS microfibers’ surfaces using KMnO4;[35] the carboxylic 
residues constitute nucleation sites for the subsequent electro-
less deposition nickel, generating a thin-layer Ni coating.[36] As 
indicated in Figure 1, the electroless Ni-coated PS microfibers 
were further subjected to Ni electrodeposition designed to 
increase the stability and conductivity of the nickel layer. A final 
step of toluene-induced dissolution of the PS cores yielded a 
freestanding electrode comprising an interspersed network of 
hollow metallic nickel microfibers.

Figure 2 depicts microscopic and electrical characteriza-
tion of the nickel electrode, underscoring the unique hollow 
microfiber morphology, flexibility, and mechanical resilience. 
Scanning electron microscopy (SEM) images in Figure 2A–C 
show the intertwined network of highly uniform Ni micro-
fibers, exhibiting outer diameters of 3.4 ± 0.6 µm and inner 
diameter of 1.8 ± 0.2 µm. Importantly, Figure 2A demonstrates 
that ample space exists between the Ni microfibers—cru-
cial for allowing efficient diffusion of electrolyte ions within 
the MSC.[37,38] The SEM image in Figure 2B further confirms 
that the microfibers adopt a continuous Ni coating. The cross-
sectional image in Figure 2C reveals an overall electrode thick-
ness of approximately 25 µm and highlights the remarkable 
hollow morphology of the Ni microfibers. Attesting to the high 
surface area of the Ni microfiber electrode, the areal density 

of 6 mg cm−2 is lower than scaffolds used in recently reported 
electroless-deposited nickel electrodes.[19,27]

The mechanical resilience of the hollow microfiber Ni elec-
trode upon physical deformation was evaluated (Figure 2D,E). 
Figure 2D depicts the effects of bending and twisting upon the 
electrical resistance of an ≈2.0 × 0.5 cm2 electrode. Importantly, 
as shown in Figure 2D, the electrode exhibited less than 1% 
resistance change even upon significant physical deformations. 
Similarly, very small resistance changes were apparent upon 
application of 800 bending cycles (Figure 2E). Overall, the data 
in Figure 2D,E attest to the extraordinary mechanical and elec-
trical stability of the hollow Ni microfiber network.

2.2. Fabrication of Electrodes for an Asymmetric Microsuperca-
pacitor (AMSC)

The hollow Ni microfiber electrode was used as a free-
standing conductive substrate for construction of both cathode 
(Figure 3) and anode (Figure 4) in a flexible AMSC. Figures 3  
and 4 present morphological and electrochemical characteriza-
tion of the two electrodes—MnO2-coating Ni microfibers in case 
of the cathode (Figure 3) and PPy/rGO for the anode (Figure 4). 
Electrodeposition of MnO2 was carried out using manganese ace-
tate as the precursor;[27] X-ray photoelectron spectroscopy (XPS) 
analysis confirmed that the deposited layer indeed comprised of 
MnO2 (Figure S1, Supporting Information).[39] The SEM images 
in Figure 3A indicate that the microfiber morphology was pre-
served after coating with MnO2. While the SEM analysis in 3A 
shows that the overall porosity of the electrode was reduced 
compared with the bare Ni microfiber network (e.g., Figure 2A)  
due to the MnO2 deposition, the appearance of cracks in the 
MnO2 layer (also reported, for example, in RuO2-coated Au elec-
trodes[23]) contributes to high electrochemical surface area and 
diffusion of the electrolyte within the MnO2 layer. The high-
magnification SEM image of the MnO2 layer in Figure 3A,iii 
reveals nanoscale surface roughness, further increasing the 
electroactive surface area of the electrode.[21] Cross-sectional 
SEM image of the MnO2-coated Ni electrode shows uniform 
coating over the entire Ni electrode with just a small increase 
in the overall thickness of the electrode (Figure S2, Supporting 
Information).
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Figure 1. Fabrication of the hollow nickel microfiber electrode. Polystyrene (PS) fibers are deposited via electrospinning (left inset); the PS fibers are 
carboxylated, and coated with nickel via combined electroless deposition and electrodeposition. Final dissolution of the PS cores through application 
of toluene yields a network of hollow metallic nickel microfibers.
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Figure 3B,C depicts the electrochemical properties of the 
MnO2-coated Ni microfiber electrode. The experiments were 
carried out in a three-electrode system using 1 m Na2SO4 solu-
tion as the electrolyte. Figure 3B,i presents the cyclic voltam-
metry (CV) curves recorded at different scan rates. At low scan 
rate, the shape of the curve is almost rectangular (Figure S3, 
Supporting Information), indicating pseudocapacitive behavior. 
The graph in Figure 3B,ii demonstrates that a high areal capaci-
tance of 1200 mF cm−2 was obtained at a low scan rate of 
1 mV s−1; when the scan rate was increased to 100 mV s−1, the 
capacitance decreased to 170 mF cm−2. Capacitance decrease 
and concomitant loss of rectangular shapes of the CV curves 
are common upon high loading of the active materials in pseu-
docapacitors and ascribed to the higher resistance developed in 
the pseudocapacitive layer.[27,40] Nevertheless, the capacitance 
exhibited by the MnO2-coated Ni microfiber electrode exhibits 
superior performance compared with recently reported thin-
film supercapacitor electrodes.[33,41,42]

The galvanostatic charge/discharge curves in Figure 3C indi-
cate high areal capacitance of 1150 mF cm−2 at a current density 
of 5 mA cm−2 (Figure 3C,ii). Increasing the current density to 
25 mA cm−2 yielded more than 50% capacitance retention, 
underscoring potential use of the electrode in high-power 
microelectronics applications. Indeed, the pronounced capaci-
tance retention at high current density, which translates to 
high charge/discharge rate, is on par or greater than previously 
reported thin electrodes.[33,43] Based upon impedance meas-
urements in a frequency range of 100 kHz–10 mHz, the cal-
culated electrolyte resistance and charge transfer resistance of 
the electrode were 0.4 and 1.17 Ω cm2, respectively (Figure S4, 

Supporting Information); the almost linear dependence at low 
frequencies indicates a near-ideal capacitor behavior.[27,40] Cycle 
stability measurements of the electrode yielded 110% reten-
tion after 5000 cycles (Figure S5, Supporting Information). 
This capacitance increase is attributed to electrode wetting and 
results in more effective participation of the active material in 
the electrochemical reactions.[44,45]

In order to assemble a complete AMSC, preparation of the 
anode through electrodeposition of a mixture of PPy and rGO 
was carried out (Figure 4).[46] Similar to the MnO2-coated Ni 
cathode (Figure 3A), surface analysis of the PPy/rGO-coated 
Ni electrode confirms that the microfiber network was retained 
(Figure 4A). Specifically, the electrode surface displayed inter-
twined rGO sheets coated with PPy, yielding a high electrochem-
ical surface area. In addition, much the same as the MnO2-coated 
cathode (e.g., Figure 3A), PPy/rGO treatment did not disrupt the 
hollow microfiber morphology of the Ni electrode (Figure S6, 
Supporting Information). XPS analysis verified the PPy coating 
in the electrode (Figure S7, Supporting Information).[47]

Electrochemical analysis of the PPy/rGO-coated Ni elec-
trode shows capacitance values comparable to the MnO2-coated 
cathode at low charge/discharge rates (Figure 4B,C; Figure S8, 
Supporting Information). While the MnO2-coated electrode did 
not give rise to distinct oxidation–reduction peaks (Figure S3, 
Supporting Information), the PPy/rGO-coated electrode fea-
tured such peaks at −0.3 and −0.5 V (Figure S8, Supporting 
Information), ascribed to the PPy layer.[46] It should be noted 
that when higher charge/discharge rates were examined, the 
capacitance of the PPy/rGO-coated Ni anode decreased faster 
than the MnO2-coated cathode (Figure 4B,ii), attributed to 
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Figure 2. Characterization of the hollow Ni microfiber electrode. A,B) Top view scanning electron microscopy (SEM) images of the Ni electrode.  
C) Cross-sectional SEM image of the Ni electrode. The inset shows high magnification of individual hollow wire. D) Relative resistance of the Ni elec-
trode upon bending and twisting; the photographs depict the configuration analyzed. R0 corresponds to the initial measured resistance of the planar 
electrode. E) Relative resistance of the Ni electrode as a function of bending cycles.
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higher electrolyte and charge transfer resistance of the PPy/rGO 
coating compared with the deposited MnO2. Indeed, the Nyquist 
plot recorded for the PPy/rGO-coated electrode (Figure S9,  
Supporting Information) features a 45° slope in the low-fre-
quency region, indicating diffusion-limited behavior which 
might account for the lesser performance of the PPy/rGO/Ni 
electrode in higher current densities.[48] Cycle stability of the 
PPy/rGO-coated electrode yielded 53% capacitance retention 
after 4000 cycles (Figure S10, Supporting Information), similar 
to previously reported electrodeposited PPy electrodes.[49]

2.3. Electrical and Mechanical Performance of an AMSC  
Comprising Hollow Ni Microfiber Electrodes

Figures 5 and 6 present the electrochemical and mechanical 
properties of an AMSC comprising a MnO2/Ni cathode and 

PPy/rGO/Ni anode. Figure 5A shows the AMSC design. The 
electrolyte employed in the device was Na2SO4 interspersed 
within carboxymethyl cellulose gel.[50] A filter paper soaked 
with the gel electrolyte was used as a spacer and the device 
was encapsulated between two scotch tapes. Importantly, the 
entire AMSC device was compact and extremely thin (≈330 µm; 
Figure S11, Supporting Information).

Galvanostatic charge/discharge curves recorded in a voltage 
window of 1.5 V (Figure 5B) yield capacitance of 370 mF cm−2 
at a current density of 1.5 mA cm−2, which is high compared 
with recently published thin flexible MSCs.[19,33,41–43] When 
the current density was elevated to 25 mA cm−2, a capacitance 
of 42 mF cm−2 was retained. This capacitance is more pro-
nounced than previously reported MSCs, for example, devices 
based upon carbon nanotubes (4 mF cm−2 at current density 
of 0.125 mA cm−2),[33] and PPy MSCs (10 mF cm−2 at a cur-
rent density of 3.3 mA cm−2).[43] The energy densities calculated 
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Figure 3. Characterization of the MnO2-coated Ni electrode. A) SEM images of the MnO2-coated Ni microfiber network at different scales. B.i) Cyclic 
voltammetry curves of the electrode using 1 m Na2SO4 as the electrolyte at scan rates of 1, 5, 10, 20, 50, and 100 mV s−1; ii) calculated areal capacitance 
as a function of the scan rate. C.i) Galvanostatic charge/discharge curves at current densities of 5, 10, 15, 20, and 25 mA cm−2; ii) calculated areal 
capacitance as a function of the current density.
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are significantly high—0.112 and 0.013 mWh cm−2 for power 
densities of 2.25 and 37.5 mW cm−2, respectively. Notably, these 
values attest to the potential of the Ni-microfiber AMSC to pro-
vide high-energy bursts.

It should be noted that the performance and operation 
parameters of the new nickel microtube AMSC device are on 
par or better than many previously reported flexible devices 
(Table S1, Supporting Information). In particular, inspection of 
Table S1 (Supporting Information) reveals that the freestanding 
nature of the Ni electrode enables assembly of a thin device 
exhibit comparable electrochemical performance to electrodes 
containing much higher loading of active materials, sometimes 
approaching thicknesses of thousands micrometer (an order 

of magnitude thicker).[27] The data presented in Table S1 (Sup-
porting Information) underscore the high-capacitance values 
achieved by the AMSCs we developed, which are in the range 
of hundreds mF cm−2 while the corresponding capacitance 
values reported for numerous thin MSCs are, in fact, in the 
tens of mF cm−2 for the same charging rates.[19,33,41,42,51,52] Simi-
larly, the Ragone plot in Figure 5C attests to the excellent areal 
energy of the Ni microtube AMSC, calculated as a function 
of the power densities, and shows the higher power densities 
that can be used by the AMSCs in comparison to previously 
reported MSCs.[19,33,41–43]

Considering the dimensions of the device, a volumetric 
capacitance of 1.3 F cm−3 at a current density of 750 mA cm−3 
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Figure 4. Characterization of the polypyrrole (PPy)/reduced graphene oxide (rGO)-coated Ni electrode. A) SEM images of the PPy/rGO-coated Ni elec-
trode. B.i) Cyclic voltammetry of the PPy/rGO-coated Ni electrode using 1 m Na2SO4 as the electrolyte at scan rates of 1, 5, 10, 20, 50, and 100 mV s−1; 
ii) calculated areal capacitance as a function of the scan rate. C.i) Galvanostatic charge/discharge curves at current densities of 5, 10, 15, 20, and 
25 mA cm−2; ii) calculated areal capacitance as a function of the current density.
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was calculated; this is an especially high value accounting for 
the fact that the final AMSC device is thin as the nickel electrode 
constitutes both the support substrate and current collector. 
The Nyquist plot, recorded at a frequency range of 100 kHz 
to 10 mHz, yields electrolyte resistance and charge transfer 
resistance of ≈10 and ≈20 Ω cm2, respectively (Figure S12, Sup-
porting Information), pointing to the potential of the device to 

work in high power densities. Notably, these resistance values  
are higher than the bare electrodes, due to the use of gel elec-
trolyte compared with an aqueous electrolyte (in case of the 
bare electrodes). Cycle stability analysis, conducted at a cur-
rent density of 12 mA cm−2, produced excellent capacitance 
retention of 103% after 5000 cycles (Figure S13, Supporting 
Information).

Adv. Electron. Mater. 2019, 5, 1800584

Figure 5. Electrochemical and mechanical performance of the asymmetric microsupercapacitor (AMSC). A) AMSC design. B.i) Galvanostatic charge/
discharge curves at current densities of 1.5, 3, 6, 9, 12, 15, 20, and 25 mA cm−2; ii) areal capacitance as a function of the current density. C) A Ragone 
plot depicting the areal energy density as a function of areal power density; datapoints obtained in this work are highlighted in bold. D) Digital photo-
graphs of the AMSC bended in different radii. E) Cyclic voltammetry (CV) curves, recorded at a scan rate of 50 mV s−1, of the unbent AMSC, and bent 
in the different diameters shown in (D). The overlap between the CV curves indicates minimal change in electrochemical performance.
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The experiments summarized in Figure 5D,E highlight 
the remarkable mechanical flexibility and resilience of the Ni 
microfiber–based AMSC. The photographs in Figure 5D show 
the AMSC bent upon solid tubes exhibiting different diam-
eters (effectively yielding distinct device curvatures). Impor-
tantly, the CV curves recorded for the AMSCs having different 
curvatures show negligible changes in capacitance compared 
with the unbent device (Figure 5E), indicating that the extent 
of bending hardly affected the electrochemical performance of 
the AMSC. Overall, the electrical and mechanical features sum-
marized in Figure 5 underlie the potential of the Ni microfiber-
based AMSC to function as a useful energy source in flexible 
microelectronics.

To demonstrate usage of the hollow Ni microfiber-based 
AMSC as an energy source, a device composed of several AMSCs 
connected in parallel and series was assembled (Figure 6).  
Linking the AMSCs in parallel resulted in higher capacitance, 
whereas the series connection increased the voltage window of 
the device, overall yielding higher capacitance and operation 
voltage. Figure 6A illustrates the electric circuit diagram of the 
assembled device, where three AMSCs connected in parallel 
were linked in series to another three AMSCs connected in 
parallel. Importantly, the freestanding MnO2/Ni and PPy/rGO/
Ni electrodes can be stacked (in the parallel-connected AMSCs) 
on top of each other, still producing an overall extremely thin 
device (inset in Figure 6A); such stacking also provides a short 
diffusion path for electrolyte ions, resulting in higher overall 
capacitance.[53]

The galvanostatic charge/discharge curve of the assem-
bled MSC at a current density of 3 mA cm−2 in Figure S14 

(Supporting Information) confirms an excellent capacitance 
of around 370 mF cm−2, corresponding to high energy of 
0.463 mWh at a power of 9 mW. To demonstrate practical 
applicability of the device, we utilized the AMSC to turn on 
a green light-emitting diode (LED; Figure 6B). The photo-
graphs in Figure 6B demonstrate high initial light inten-
sity, retained even after 10 min of continuous operation, 
reflecting the high energy density of the Ni microfiber–based 
device. Confirming the mechanical stability of the AMSC, 
the photographs in Figure 6C further demonstrate that sig-
nificant bending did not adversely affect the light intensity 
of the LED.

3. Conclusions

We synthesized new freestanding high surface area electrodes 
comprising hollow nickel microfibers. The Ni microfiber elec-
trodes constituted substrates for fabrication of MnO2-coated 
cathode and PPy/rGO anode in a flexible asymmetric micro-
supercapacitor. Both the electrodes and the complete AMSC 
exhibited excellent electrochemical properties, including high 
areal capacitance at high current densities, cycle stability, and 
substantial areal energy and power densities. Thin AMSCs, 
prepared from the two electrodes and a gel electrolyte, could 
be integrated in a complex electrical circuit, generating high 
voltage and displaying remarkable flexibility and mechanical 
resilience. The hollow Ni microfiber electrodes may constitute a 
useful platform for diverse flexible devices in varied microelec-
tronic applications.

Figure 6. Linked AMSCs as an energy storage device. A) Diagram of the device, comprising three parallel-connected AMSCs, further linked in series 
with another three parallel-connected AMSCs. B) Using the device as an energy source to turn on a light-emitting diode (LED). High intensity observed 
immediately after connection (0 min); light is still generated even 10 min after operation of the device. C) Bending of the device did not affect the 
power generated and light intensity.
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4. Experimental Section

Materials: Mn(Ac)2⋅4H2O, NaH2PO4⋅H2O, SnCl2, PdCl2, PS, NaNO3, 
KMnO4, pyrrole, and citric acid were purchased from Sigma Aldrich. 
H2O2 and graphite flakes were purchase from Alfa. NiSO4⋅6H2O was 
purchased from LOBA Chemie. DMF, HCl 32 wt%, and H2SO4 96 wt% 
were purchased from BioLab LTD. All chemicals were used as received. 
The water used in the experiments were doubly purified by a Barnstead 
D7382 water purification system (Barnstead Thermolyne, Dubuque, IA), 
at 18.3 MΩ resistivity.

Synthesis of Nickel Electrode: PS fibers were electrospun from a 
PS solution in DMF (30% w/v), on a glass for 40 min (under a 20 kV 
voltage and 22 cm between needle and collector) and were annealed 
at 100 °C for 15 min. Following electrospinning, carboxylation of the 
PS microfibers was carried out[35] by placing the PS fibers at 70 °C in 
a 0.6 m H2SO4 solution containing KMnO4 (50 g L−1) for 10 min. MnO2 
precipitate was removed by immersing the PS fibers in a 6 m HCl for 
30 min. The PS fibers were then placed in a 0.12 m HCl solution 
containing SnCl2 (4 g L−1) for 20 min and for another 20 min in 0.06 m 
HCl solution containing PdCl2 (40 mg L−1). Between each step, the fibers 
were rinsed with water three times.

For the electroless deposition of Ni, the fibers were immersed in 
a 200 mL solution containing NiSO4⋅6H2O (20 g L−1) and citric acid 
(10 g L−1). The solution was heated to 70 °C and the pH was adjusted 
to 10.0 using ammonia. A 40 mL solution containing NaH2PO4⋅H2O 
(38 g L−1) was added slowly and the solution was left at 70 °C for 
30 min. The nickel-coated PS fibers were then rinsed with distilled water 
three times. Subsequent electrodeposition of Ni was conducted for 
15 min at 7 V in a two-electrode setup with Pt as the counter electrode 
in a solution containing NiSO4⋅6H2O (20 g L−1) and NH4Cl (6 g L−1). 
Finally, the PS cores of the Ni microfibers were removed by immersing 
the sample in toluene.

Synthesis of Graphene Oxide: Graphene oxide was synthesized through 
a modified Hummers method.[54] One gram of graphite flakes were 
added to a beaker containing 46 mL of H2SO4 cooled in an ice bath. The 
mixture was then stirred for 1 h to disperse the graphite. After shifting 
the flask to a water bath, 1 g of NaNO3 and 6 g of KMnO4 were added 
slowly (within 15 min). The temperature of the water bath was increased 
to 40 °C and stirred for another 3 h. 50 mL of deionized water was slowly 
added to the reaction mixture, followed by 5 mL H2O2. Stirring was 
continued for further 10 min. The reaction mixture was then centrifuged 
(5000 rpm, 20 min) to separate the precipitate. Centrifugation was 
repeated until the supernatant showed a neutral pH. Resulting brown-
colored residue of graphene oxide was immersed in liquid nitrogen and 
freeze-dried using lyophilizer. The GO was stored at 4 °C.

Synthesis of Nickel Electrodes Coated with MnO2 or PPy/rGO: Both 
depositions were carried out in a three-electrode system with Ni 
electrode as the working electrode, Pt wire as counter electrode, and Ag/
AgCl as reference electrode at 1.5 V for 12 min. The MnO2 precursor 
solution contained 0.5 m Mn(CH3COO)2 and 0.5 m Na2SO4. The PPy/
rGO precursor solution contained 0.4 m pyrrole and GO (8 mg mL−1).

Preparation of Asymmetric Microsupercapacitor With Gel Electrolyte: 
First, a gel electrolyte was prepared by dissolving carboxymethyl cellulose 
(1.5 g) and Na2SO4 (2 g) in 30 mL of water at 85 °C overnight.[50] The 
device was assembled by attaching one electrode to a scotch tape. A 
filter paper soaked in the gel electrolyte was placed upon the electrode 
and then another electrode on top of the filter paper. Sealing of the 
device was done with another scotch tape. All electric contacts were 
covered with epoxy to prevent contact with the electrolyte.

Electrochemical Characterization: For CV measurements, a three-
electrode configuration was used. Nickel electrodes coated with 
either MnO2 or PPY/rGO were used as working electrodes, platinum 
wire as counter electrode, and Ag/AgCl (in 3 m KCl) as reference. The 
measurements were conducted in a 1 m Na2SO4 solution at different 
scan rates or current densities for galvanostatic charge/discharge. 
Asymmetric devices measurements were characterized in a two-
electrode configuration. All electrochemical experiments were conducted 
on a BioLogic SP-150 instrument (Seyssinet-Pariset, France).

The capacitance from the CV experiments was calculated using the 
following equation:

C
I V dV

A V2
∫

υ
( )

= ⋅ ⋅ ∆ ⋅  (1)

where the integral of I over V is the area of the CV curve, A is the area 
of the electrode, ΔV is the operating potential window, and υ is the scan 
rate.

For galvanostatic discharge curves, the capacitance was calculated 
according to the following equation:

C I t
A V

= ⋅ ∆
⋅ ∆  (2)

where I is the discharge current, Δt is the discharge time, A is the area of 
the electrode, and ΔV is the operating potential window.

The energy density was calculated according to the following 
equation:

E C V1
2

2= ⋅ ∆  (3)

where C is the areal capacitance and ΔV is the operating potential 
window.

Power density was calculated through the following equation:

P E
t

= ∆  (4)

where E is the energy density and Δt is the discharge time.
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