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ABSTRACT

With the emergence of intelligent society, high energy density and safety of

flexible capacitive energy storage units are increasingly important in wearable

devices. MnO2 as a flexible supercapacitor electrode material possesses the

merits of high theoretical specific capacitance, low cost, and environmental

friendliness. However, its poor conductivity, fragility, and low utilization hin-

der large-scale practical application. The rGO has excellent properties due to its

unique sp2-hybridized carbon atom monolayer, such as high strength and high

electrical conductivity. MnO2 can improve its own conductivity and specific

capacitance by compounding with rGO. Both MnO2 and rGO can cooperate

with each other to play their respective advantages and achieve a win-win sit-

uation. Herein, a facile brush electroplating technology is developed to fabricate

flexible electrode materials composed of reduced-graphene oxide (rGO)@MnO2

composites grown on carbon cloth (CC) (denoted as rGO@MnO2/CC). A flexible

rGO@MnO2/CC electrode prepared in an electrolyte with a rGO content of 1.0 g

L-1 (denoted as 1.0-rGO@MnO2/CC) achieves high mass, area, and volume

specific capacitances of 267 F g-1, 400 mF cm-2, and 13.3 F cm-3, respectively, at

a charge–discharge rate of 0.25 A g-1. This is mainly due to the nanoporous

structure formed by rGO and MnO2 nanosheets, which has higher electrical

conductivity and good interfacial bonding. The rGO@MnO2/CC//active carbon

(AC)/CC flexible aqueous asymmetric supercapacitor possesses a high energy

density of 27.7 Wh kg-1 at a power density of 250 W kg-1 (0.9 mA cm-2) and a

good capacitance retention of 76% after 10,000 charge–discharge cycles at a

charge–discharge current density of 17.5 mA cm-2 (5 A g-1). This study
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provides a novel facile method for the large-scale fabrication of high-perfor-

mance flexible aqueous supercapacitors.

1 Introduction

Electric energy is the most common and cleanest

energy in daily life, and its conversion sources are

diverse, such as solar energy, wind energy, and bio-

mass energy. However, due to periodic effects, the

conversion of these energy sources into electricity is

intermittent and uncertain. Therefore, the develop-

ment of energy storage devices is urgent. Superca-

pacitor with high power density and suitable energy

density has to be a medium between tradition battery

and static condenser, which has been researched

several decades [1–5]. With the rapid development of

wearable devices, high-performance flexible super-

capacitor electrode materials are becoming increas-

ingly in demand [6–10]. Various materials have been

explored, such as metal oxides, conducting polymers,

and carbon-based nanostructured materials. Among

various materials for positive electrodes, MnO2 is

considered as one of the most promising superca-

pacitor materials owing to its broad charge–discharge

potential window, low cost, ideal specific capacity

(1370 F g-1), abundant source, and environmental

friendliness [11–13]. However, pure MnO2 is unsuit-

able for use as a flexible supercapacitor electrode due

to its low conductivity (10-5–10-6 S cm-1), low uti-

lization, and fragility [14–16].

To solve this problem of MnO2, we usually com-

bine MnO2 with highly conductive nanocarbon

materials, for example, activated carbon, carbon

nanotubes, and graphene. Among these nanocarbon

materials, graphene is widely used due to its unique

single layered structure, which shows excellent

properties such as high strength, great conductivity,

and big theoretical specific surface area. Besides, it is

also compatibility with carbon cloth substrates

[17–20]. Nanocarbon and MnO2 composite electrodes

have been prepared by anodic electrodeposition

hydrothermal, electrospinning, and coating meth-

ods[21, 22]. For example, Zhang et al. fabricated a

FeII3[Fe
III(CN)6]2/MnO2 composite material grown

on carbon cloth (CC) by two-step electrodeposition,

possesses a stable potential window of 2.4 V and a

high energy density of 46.13 Wh kg-1 [23]. Zhang

et al. fabricated a H-MnO2/active carbon cloth (ACC)

composite electrode via anodic electrodeposition

process that exhibited a high capacitance perfor-

mance of 400 F g-1 at 0.5 A g-1 [24]. Meng Chen et al.

prepared a Na-MnO2@CC cathode by electrodeposi-

tion first, and then cyclic voltammetry (CV) in 1 M

Na2SO4, achieving a high area energy density of 475.7

mWh cm-2 at a power density of 5 mW cm-2 [25].

However, the anodic electrodeposition method is not

a desirable way to fabricate nanocarbon composite

MnO2 flexible composite electrodes due to the agita-

tion solution as shown in our previous work [26]. To

resolve this problem when no binder was added,

brush electroplating, an electrochemical coat process

involving brush movement on the surface of the

current collector, was explored to fabricate a flexible

electrode composite of nanocarbon material and

MnO2 in one step.

In this work, a facile method for brush electro-

plating was used to fabricate flexible rGO@MnO2/

CC composite electrodes. rGO is effective in

improving the conductivity, and increasing the

specific capacity and flexibility of MnO2. The nano-

porous structure of rGO@MnO2 with the morphology

of ultrathin nanosheets is favorable to improve the

diffusion rate of Na? ions. The flexible rGO@MnO2/

CC composite electrode delivers an excellent mass

specific capacity with a high mass loading. Moreover,

the aqueous flexible asymmetric supercapacitor

(ASC) was assembled by adopting rGO@MnO2/CC

as the cathode and active carbon (AC)/CC as the

anode in 0.5 M Na2SO4 solution, achieving a great

energy density of 27.7 Wh kg-1 at the power density

of 250 W kg-1.

2 Experimental

2.1 Reagents and materials

Flexible CC(HCP330N) was purchased from Hesen,

Industries, Co., Ltd. The rGO (TNIRGO, layers\ 10

and scale\ 6 lm) and graphene water dispersant

(TNRDIS) were ordered from Chengdu Organic

Chemicals Co., Ltd, Chinese Academy of Sciences.
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MnSO4�H2O (Xilong Scientific Co., Ltd.) was of ana-

lytical grade and used without any further purifica-

tion. Active carbon (AC, YP-50F) and acetylene

carbon black (DENKA BLACK Li250) were ordered

from Kuraray China Co., Ltd. and Denka Co., Ltd.,

respectively. Poly tetrafluoroethylene (PTFE) was

purchased from Thermo Fisher Scientific (China) Co.,

Ltd.

2.2 Electrode preparation

Commercial flexible CC (20 mm 9 20 mm 9 0.3 mm)

was used as the current collector to fabricate the flex-

ible rGO@MnO2/CC electrode. After surface pre-

treatment in 0.1 MH2SO4 for approximately 5 min, the

CC was washed with purified water until the wash

solution became neutral. The rGO was dispersed in

TNRDIS solution to form the rGO suspension in an

ultrasonic water bath for approximately 45 min at

room temperature. The electrolytes were composed of

MnSO4 aqueous solution and rGO suspension with

different mole ratios (Table S1). A flexible CC was

employed as the anode, and a flannelette brush was

used as the cathode. The mixed electrolyte was con-

tinuously stirred at a speed of 800 r min-1 to ensure a

good dispersion. The rGO@MnO2 composite was

uniformly electrodeposited onto the CC surface by

operating and moving the electrobrush with a voltage

of 8.0 V and amovement speed of 2.0 cm s-1 at 65 �C in

a brush electroplating device (LGD-10). After the

electrochemical coating process, all the electrodes

were washed with deionized water and then dried at

60 �C for 12 h in vacuum. For comparison, the mass

loading of all composite electrodes was controlled at

approximately 1.5 mg cm-2.

2.3 Supercapacitor unit assembly

The aqueous asymmetric supercapacitor (ASC) was

assembled by using flexible rGO@MnO2/CC elec-

trode as the cathode and a flexible AC/CC electrode

as the anode. The 0.5 M Na2SO4 solution was used as

the electrolyte. The flexible AC/CC electrode was

prepared by mixing active carbon (AC, 80 wt%),

acetylene carbon black (10 wt%), and polytetrafluo-

roethylene (PTEF, 10 wt%) in alcohol solution, which

was then coated onto the surface of flexible CC

(20 mm 9 20 mm 9 0.3 mm) with an active material

mass loading of 2.5 mg cm-2 (denoted as AC/CC

electrode). The as-coated flexible AC/CC electrode

was dried at 50 �C for 8 h in vacuum. The mass ratio

for the active material on the cathode and anode was

3:5, which was determined by the Coulomb equality

equation.

2.4 Material characterizations

Field emission scanning electron microscopy

(FESEM, Nova Nano SEM 450) and transmission

electron microscopy (TEM, FEIG2-20-TWIN) were

employed to analyze the structures and morpholo-

gies of all samples. The phases of all samples were

distinguished by X-ray diffraction (XRD,

D8ADVANCE-A25). X-ray photoelectron spec-

troscopy (XPS, XPSINCA 250 X-max 50) was applied

to investigate the species and valence states of the

constituent elements. The mass loading of the

rGO@MnO2 was measured by a microelectronic bal-

ance (Mettler Toledo, XS205 Dual Range) with a

sensitivity of 0.1 mg. The resistivity of all samples

was tested by four-probe resistance meter at 25 �C. A
confocal Raman spectrometer (Thermo Fisher Dxi)

was employed to characterize composite electrodes

with a laser wavelength of 532 nm.

2.5 Electrochemical measurements

The electrochemical performance of all samples was

measured with a three-electrode configuration in

0.5 M Na2SO4 aqueous solution by an electrochemical

workstation (CHI660C) at 25 �C. A platinum plate,

the as-prepared composite electrode, and a saturated

calomel electrode (SCE) were employed as the

counter electrode, working electrode, and reference

electrode, respectively. Cyclic voltammetry (CV) was

performed at scan rates of 1–100 mV s-1. Galvanos-

tatic charge–discharge (GCD) was carried out at

charge–discharge rates of 0.25 A g-1–20 A g-1 from 0

to 1.0 V (vs. SCE). Electrochemical impedance spec-

troscopy (EIS) was adopted to test the impedance

performance of all samples at the frequency ranges of

0.01 Hz–100 kHz with a voltage perturbation of 5

mV.

The electrochemical performance of the ASC was

measured by a two-electrode system. The specific

capacity of all samples was evaluated using Eq. 1:

C ¼ IDt
mDV

; ð1Þ
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where the I is the constant discharge current density,

Dt is the discharge time, m is the mass loading of the

composite electrodes, and DV represents the potential

windows.

The energy density (E) and power density (P) for

the ASC were calculated by using following Eqs. 2

and 3, respectively.

E ¼ 1

2
CV2; ð2Þ

where C is the specific capacitance calculated by Eq. 1

and V is the voltage windows, and

P ¼ E

t
; ð3Þ

where t represents the discharge times at different

charge–discharge current densities.

3 Results and discussion

A schematic illustration of the fabrication of flexible

rGO@MnO2/CC composite electrodes is exhibited in

Fig. 1. The rGO@MnO2 composites can be uniformly

formed on the surface of carbon fibers by the well-

distributed movement of electric brushes with a

composite electrolyte. Figure 2 displays the FESEM

images of the 1.0-rGO@MnO2/CC composite elec-

trode. As shown in the figure, a polyporous

rGO@MnO2 composite with a MnO2 nanosheet

thickness of approximately 15 nm and a pore diam-

eter of nanoporous structure from 60 to 120 nm is

homogeneously grown on the surface of the carbon

fibers, which is favorable for improving the diffusion

rate of Na? in the electrode interior and increasing

MnO2 utilization[27–30]. Figures S1–S3 exhibit

FESEM images of the rGO@MnO2 composite elec-

trodes prepared in composite electrolytes with dif-

ferent rGO contents of 0.0 g L-1, 0.5 g L-1, and 1.5 g

L-1, which are denoted as MnO2/CC, 0.5-

rGO@MnO2/CC, and 1.5-rGO@MnO2/CC,

respectively. Figures S1-S3 show FESEM images of

MnO2/CC, 0.5-rGO@MnO2/CC, and 1.5-

rGO@MnO2/CC at different magnifications. As dis-

played in Fig. S1, the MnO2/CC electrode possesses

denser morphology compared to the other electrodes,

which should be attributed to the absence of a gra-

phene water dispersant. Obviously, the different rGO

contents in the electrolyte show no large influence on

the surface morphology of the rGO@MnO2/CC

composite electrodes (see Fig. 2, S2 and S3). rGO is

also observed to be compounded into the MnO2 bulk,

indicating the successful formation of the

rGO@MnO2 composite, as shown in Fig. S4.

Figure 3a and b shows TEM images of the 1.0-

rGO@MnO2/CC composite electrode. As mentioned

above, MnO2 is a brittle material and is not suit-

able for use as a flexible electrode material. However,

as shown in Fig. 3a, b, and f, MnO2 nanosheets grow

on the rGO, which is effective for improving con-

ductivity, reducing the interface resistance and

increasing the mechanical properties [31–33]. As

shown in Fig. 3b, MnO2 is nucleated and grown on

the rGO surface via lattice epitaxial growth, which is

favorable to achieve a perfect interface between

MnO2 and rGO [13, 14, 32, 34]. Figure 3c and d shows

HRTEM images of the 1.0-rGO@MnO2 composite.

The two interplanar spacings of 0.24 and 0.33 nm

correspond to the (101) facet of c-MnO2 and the (002)

facet of rGO, respectively, confirming the com-

pounding of rGO into bulk MnO2 by the brush elec-

troplating method. The EDX elemental mappings in

Fig. 3f, g, and h show that the C, Mn, and O elements

are homogenously distributed in the rGO@MnO2

composites. Figure 3i displays the SAED pattern for

the 1.0-rGO@MnO2 composite.

Figure 4a displays the XRD patterns for the MnO2/

CC and rGO@MnO2/CC composite electrodes. To

highlight the diffraction peak due to MnO2, the car-

bon peaks derived from rGO and CC are partially

omitted, as shown in Fig. 4a. Clearly, the diffraction

peaks due to MnO2 are located at 29.2�, 36.8�, 44.5�,

Fig. 1 Schematic of the

fabrication process for

rGO@MnO2/CC composite

electrodes
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47.5�, and 48.5�, corresponding to the (110) and (101)

facets of pyrolusite (JCPDS No. 72-1984) and the

(401), (311), and (302) facets of ramsdellite (JCPDS

No. 42-1316), respectively, which belong to the c-
MnO2 structure [35]. The diffraction peaks located at

26.5�, 43�, 54.5�, and 77.4� correspond to the (002),

(101), (004), and (110) facets of carbon (JCPDS No.

41-1487) derived from CC and rGO, which proved

that rGO was indeed doped on the electrode [36],

respectively. The XRD pattern for the rGO@MnO2/

CC composite electrodes with varying rGO content

demonstrates that the crystal type of MnO2 corre-

sponds to c-MnO2, which is similar to our previous

research [37] and is further confirmed by HRTEM

analysis. The broad diffraction peaks due to MnO2

nanosheets confirm that c-MnO2 is nanoscale in size

with a low degree of crystallinity, this may be

because doping rGO changes the crystallinity of

MnO2 [38]. According to previous studies, amor-

phous MnO2 is favorable for improving the electro-

chemical performance of electrodes [39, 40]. Figure 4a

demonstrates that there is no influence on the crystal

type of MnO2 nanosheets under varying rGO content

in the electrolyte. Figure 4b displays the Raman

spectra of rGO@MnO2/CC with different rGO con-

tents in the electrolyte. Clearly, the peak located at

approximately 640 cm-1 can be ascribed to the Mn-O

stretching vibration in the MnO6 octahedra, as shown

in Fig. 4b [14, 20]. The other peaks located at

1350 cm-1 and 1600 cm-1 in Fig. 4b should corre-

spond to the D band (due to defects generated by the

introduction of sp3 C) and G band (representing in

plane vibration of the sp2 C pair), respectively

[41–45]. The degree of graphitization in the electrode

material was evaluated by calculating ID/IG. As

shown in Fig. 4b, the ID/IG of rGO is 1.12, there is no

doubt that there are no D-band and G-band in

MnO2/CC. Undoubtedly, the ID/IG value for 0.5-

rGO@MnO2/CC (1.20), 1.0-rGO@MnO2/CC (1.10),

and 1.5-rGO@MnO2/CC (1.26) further confirms the

existence of a good rGO compound in the compos-

ites. This conclusion is consistent with the XRD

analysis.

The XPS spectra for the 1.0-rGO@MnO2/CC com-

posite electrode are shown in Fig. 5. Figure 5a dis-

plays three spectrum peaks, which can be assigned to

C=C (284.8 eV from sp2 carbon atoms), C-C (285.8 eV

from sp3 carbon atoms), and C–O (287.7 eV) [46–50].

Fig. 2 a, b, c, d FESEM

images of the 1.0-

rGO@MnO2/CC composite at

different magnifications
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These peaks may be attributed to the introduction of

rGO. As shown in Fig. 5b, the O 1s spectrum for 1.0-

rGO@MnO2/CC can be divided into two character-

istic spectrum peaks: Mn–O–Mn (located at 529.8 eV)

and C–O (located at 531.3 eV) [51, 52], which corre-

spond to the analysis of the C 1s spectrum. The Mn

2p3/2 and Mn 2p1/2 spectrum peaks in Fig. 5c are

located at 654.1 eV and 642.3 eV, respectively, with a

spin energy separation of 11.5 eV, which confirms the

existence of Mn4?. As shown by the Mn 3s spectra in

Fig. 5d, there are pairs of peaks located at 84.2 eV

and 89.15 eV, with a spin energy separation of

Fig. 3 a, b TEM images, c,

d HRTEM images, e HAADF

image, f, g, h EDX elemental

mapping of C, Mn, and O and

i SAED of the 1.0-

rGO@MnO2 composite
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4.95 eV [6, 53]. The peak separation energy (DE) of

Mn 3s is linearly related to the average oxidation

state of Mn in MnOx, and the values for Mn4? and

Mn3? are 4.7 and 5.4 eV, respectively. It can demon-

strate that both Mn3? and Mn4? species exist in the

1.0-rGO@MnO2/CC composite electrode. Figure S5

confirms the existence of C, Mn, and O elements in

the XPS wide spectra for 1.0-rGO@MnO2/CC, which

is consistent with the EDS results shown in Fig. 3.

CV, GCD, and EIS are typical electrochemical test

methods used to estimate electrochemical electrode

performance. Figure 6a exhibits a similar approxi-

mately rectangular shape for the CV curves for all the

composite electrodes. The CV curve area of

rGO@MnO2/CC, especially 1.0-rGO@MnO2/CC, is

higher than that of the MnO2/CC electrode, which

should be attributed to a better pseudocapacitive

performance and higher conductivity owing to the

rGO codeposition in the MnO2 bulk. Figure 6b dis-

plays the GCD curves for all the rGO@MnO2/CC

composite electrodes at a charge–discharge rate of

0.25 A g-1 in 0.5 M Na2SO4. The 1.0-rGO@MnO2/CC

composite electrode possesses a longer discharge

time compared to the other electrodes, which is

consistent with the CV analysis. Figure 6c exhibits

the EIS curves measured for the MnO2/CC and

rGO@MnO2/CC composite electrodes. All the EIS

curves for all the electrodes prepared by the brush

electroplating method in Fig. 6 show an approxi-

mately vertical angle similar to the x-axis, indicating

a similar characteristic for the pure capacitance. Fig-

ure 6d displays the specific capacity of all the com-

posite electrodes calculated on the basis of the data

shown in Fig. 6b. When the same charge–discharge

rate is increased from 0.25 to 10 A g-1, the specific

capacities of the MnO2/CC, 0.5-rGO@MnO2/CC, 1.0-

rGO@MnO2/CC, and 1.5-rGO@MnO2/CC composite

electrodes decrease from 188 to 73 F g-1, 208 F g-1 to

80 F g-1, 267 F g-1 to 120 F g-1, and 205 F g-1 to 84 F

g-1, respectively, as shown in Fig. 6b. Figure 6e dis-

plays the mass, area, and volume specific capacity for

all the composite electrodes. The 1.0-rGO@MnO2/CC

composite electrode achieves the highest mass, area,

and volume specific capacity of 267 F g-1, 400 mF

cm-2, and 13.3 F cm-3, respectively, at a charge–

discharge rate of 0.25 A g-1 (see Table S2), which

should be ascribed to the higher conductivity, ultra-

thin rGO@MnO2 nanosheets, nanoporous structure,

and good interfacial bonding between rGO and

MnO2, compared to the other composite electrodes.

The higher capacity performance of 1.0-rGO@MnO2/

CC composite electrode at high rate suggested that

rGO introduced is benefit for improving the rate

performance due to the huge specific area and good

conductivity [54]. Table S3 exhibits the competitive

capacitance performance of 1.0-rGO@MnO2/CC and

compares it with reported advanced composite elec-

trodes based on MnO2 in a Na2SO4 aqueous medium.

Table S4 shows that the resistivity of rGO@MnO2/CC

increases with increasing rGO content in the elec-

trolyte. Although the resistivity of the 1.5-

rGO@MnO2/CC composite is lower than that of 1.0-

rGO@MnO2/CC, the specific capacity is adversely

affected. This consequence may be attributed to the

higher rGO content, leading to a decrease in the Na?

Fig. 4 a XRD patterns and b Raman spectra for rGO@MnO2/CC

with varying rGO content in the electrolytes

13332 J Mater Sci: Mater Electron (2022) 33:13326–13338



ion diffusion rate owing to the impedance of excess

rGO in the composite [55]. The ion diffusion rates for

all the samples prepared in electrolytes with varying

rGO content are calculated using Eq. 4:

ip ¼ 26; 900� n
3
2 � AD

1
2CV

1
2; ð4Þ

where ip represents the current density peaks at dif-

ferent scan rates, n denotes the number of electrons

transferred in the redox process, and A, D, C, and

V represent the electrode area, ion diffusion rate,

electrolyte concentration, and scan rate, respectively.

As shown in Fig. S6, the D values are calculated

based on the slope of the ip-V
1/2 line chart. The

D value for 1.0-rGO@MnO2/CC

(1.16 9 10-13 cm-2 s-1) is higher than that of MnO2/

CC (9.08 9 10-14 cm-2 s-1), 0.5-rGO@MnO2/CC

(9.56 9 10-14 cm-2 s-1), and 1.5-rGO@MnO2/CC

(8.32 9 10-14 cm-2 s-1), confirming that an appro-

priate rGO content in the composite is necessary for

balancing the ion diffusion rate under the discharge–

charge process.

To understand the energy storage mechanism for

the composite electrodes, the contribution ratio of the

electric-double layer capacitance and the Faradic

process is explored. According to Eq. 5, the b values

were calculated and fitted to quantifiably analyze the

energy storage mechanism for all the samples on the

basis of the measured CV curves [56].

ip ¼ avb; ð5Þ

where ip represents the cathode current density CV

peaks and v denotes the scan rate. The a and b vari-

ables are adjustable parameter in Eq. 5.

According to the CV curves measured for all the

samples shown in Fig. S7, the b values were fitted to

the log(V)–log(ip) curves shown in Fig. 6f. On the

basis of previous research, when the b value is equal

to 0.5, the energy storage process for the electrode is a

complete ion diffusion-controlled Faradic process.

When the b value reaches 1.0, the electrode involves a

complete electric-double layer capacitance process

[57, 58]. According to the log(V)–log(ip) curve, the b

values for the MnO2/CC, 0.5-rGO@MnO2/CC, 1.0-

rGO@MnO2/CC, and 1.5-rGO@MnO2/CC composite

electrodes reach values of 0.78, 0.76, 0.82, and 0.75,

respectively, indicating the synergistic reaction of the

electric-double layer capacitance process and ion

diffusion-controlled Faradic process. The

Fig. 5 XPS spectra for the

1.0-rGO@MnO2/CC

composite electrode. a C 1s,

b O 1s, c Mn 2p, d Mn 3s

J Mater Sci: Mater Electron (2022) 33:13326–13338 13333



contribution ratio between the electric-double layer

capacitance process and ion diffusion-controlled

Faradic process is further calculated by using Eq. 6

[59]:

i ¼ k1vþ k2v
1=2; ð6Þ

where i is the current density, v denotes CV curve

scan rate, and k1v and k2v
1/2 represent the electric

double layer capacitance process and ion diffusion-

Fig. 6 a CV curves measured

for all the rGO@MnO2/CC

composite electrodes at a scan

rate of 100 mV s-1 in 0.5 M

Na2SO4. b GCD curves

measured for all the

rGO@MnO2/CC composite

electrodes at a charge–

discharge rate of 0.25 A g-1 in

0.5 M Na2SO4. c Nyquist

plots measured for all the

composite electrodes over the

frequency range of 0.01 to

100,000 Hz. d Specific

capacities of all the composite

electrodes calculated

according to the data shown in

(b). e Area specific capacities,

volume specific capacities, and

mass specific capacities of all

the composite electrodes

measured at a charge–

discharge rate of 0.25 A g-1.

f The ‘‘b’’ values for all

composite electrodes

calculated from the cathode

current peaks measured at

different scan rates. g The

contribution ratio of the

electric-double layer

capacitance for all composite

electrodes. h The cycle

performance of 1.0-

rGO@MnO2/CC under flat

and bent states over 10,000

cycles
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controlled Faradic process, respectively. Figure 6g

displays the line charts for the electric double layer

capacitance ratio-scan rates. The electric double layer

capacitance contribution ratio of the 1.0-rGO@MnO2/

CC composite electrodes possesses a higher capaci-

tive contribution of 50% at a scan rate of 5 mV s-1

than that of MnO2/CC (40%), 0.5-rGO@MnO2/CC

(37%), and 1.5-rGO@MnO2/CC (37%), which can be

ascribed to the dense composite surface morphology

shown in Fig. S1. As shown in Fig. 6g, the electric

double layer capacitance contribution ratio for all the

samples increases with an increase in the scan rate.

Figure 6h exhibits the cycle performance of the 1.0-

rGO@MnO2/CC composite under flat and bent states

over 10,000 cycles. After 10,000 cycles at a charge–

discharge rate of 10 A g-1, 1.0-rGO@MnO2/CC

under the flat and bent states achieves a capacitance

retention of 87% and 90%, respectively.

To further achieve a higher energy density and

evaluate the reliability of the 1.0-rGO@MnO2/CC

composite electrode, a 1.0-rGO@MnO2/CC//AC/

CC asymmetric supercapacitor was assembled by

using the cathode of the flexible 1.0-rGO@MnO2/CC

composite electrode and the anode of the flexible

AC/CC electrode. To balance the coulombic value

(charge) between the cathode and anode, a 1.0-

rGO@MnO2 to AC mass ratio of 1 to 1.3 was used,

which was calculated by using Eq. 7 [60]:

CþVþMþ ¼ C�V�M�; ð7Þ

where C?, V?, and M? denote the specific capacity,

voltage windows, and mass loading of the cathode,

respectively. C-, V-, and M- denote the specific

capacity, voltage windows, and mass loading of the

anode, respectively. Figures 6b and S8 exhibit the

specific capacities and GCD curves for the 1.0-

rGO@MnO2/CC electrode and AC/CC electrode at

different charge–discharge rates, respectively. As

shown in Fig. 7a, the CV curves for the cathode and

anode electrodes were obtained using a three-elec-

trode system with 0.5 M Na2SO4 electrolyte with a

voltage windows of 0 to 1.0 V for the 1.0-

rGO@MnO2/CC electrode and -1.0 V to 0 V for the

AC/CC electrode. The CV curves measured for the

1.0-rGO@MnO2/CC//AC/CC flexible ASC at scan

rates ranging from 5 to 100 mV s-1 shown in Fig. 7b

exhibit an approximately rectangular shape, indicat-

ing good reversibility of the ASC and coexistence of

an electric-double layer and diffusion-controlled

Faradaic process under the discharge–charge process.

Figure 7c shows the GCD curves measured for the

flexible 1.0-rGO@MnO2/CC//AC/CC ASC at dif-

ferent charge–discharge rates with a voltage window

from 0 to 2.0 V. The 1.0-rGO@MnO2/CC//AC/CC

flexible ASC possesses a mass and area specific

capacity of 50 F g-1 and 175 mF cm-2, respectively, at

the discharge current density of 0.9 mA cm-2. With

an increase in the area current density, the area

specific capacity of the flexible 1.0-rGO@MnO2/

CC//AC/CC ASC gradually decreases [60]. The

flexible 1.0-rGO@MnO2/CC//AC/CC ASC displays

good cycling charge–discharge stability with a

capacitance retention of 76% after 10,000 cycle times

under a charge–discharge current density of 17.5 mA

cm-2 (5 A g-1), as shown in Fig. 7d. Figure 7e exhi-

bits the Ragone plots for the flexible 1.0-rGO@MnO2/

CC//AC/CC ASC device and a comparison with

some advanced flexible supercapacitors. The as-

assembled flexible ASC possesses an energy density

of 27.7 Wh kg-1 at a power density of 250.2 W kg-1

(0.9 mA cm-2). When the power energy is increased

to 10,000 W kg-1 (35 mA cm-2), the energy density of

the flexible 1.0-rGO@MnO2/CC//AC/CC ASC

remains 8.6 Wh kg-1. In summary, the as-assembled

flexible ASC is competitive with the existing

advanced MnO2-related supercapacitors shown in

Fig. 7e, such as 3D-C@MnO//AC ASC (8.1 Wh kg-1

at 360 W kg-1) [29], rGO/C/MnO2//AC (21.15 Wh

kg-1 at 190.4 W kg-1) [48], MnO2/FAFSC//FAFSC

(16 Wh kg-1 at 2501 W kg-1) [61], MnO2@R//NR-

800 (9.2 Wh kg-1 at 1284 W kg-1) [30], and MnO2@-

Co9S8/NF// AC/NF (12 Wh kg-1 at 3927 W g-1)

[62]. The as-assembled flexible ASC is used to suc-

cessfully power a red light-emitting-diode (LED:

1.8 V, 20 mA), indicating the good reliability of the

flexible 1.0-rGO@MnO2/CC//AC/CC ASC, as

shown in Fig. 7f.

4 Conclusions

A facile brush electroplating method is successfully

employed to fabricate flexible rGO@MnO2/CC com-

posite electrodes with outstanding performance,

which is very suitable for the large-scale production

of flexible supercapacitors. The 1.0-rGO@MnO2/CC

composite electrode achieves a highest mass, area,

and volume specific capacity of 267 F g-1, 401

mF cm-2, and 13.3 F cm-3, respectively, at a dis-

charge–charge current density of 0.25 A g-1.
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Outstanding cycle stability with a capacitance reten-

tion of 87% and 90% for the composite electrode

under the flat and bent states, respectively, is

obtained after 10,000 cycles at a charge–discharge

rate of 10 A g-1. The as-assembled flexible 1.0-

rGO@MnO2/CC//AC/CC ASC has an energy den-

sity of 27.7 Wh kg-1 at a power density of 250.2 W

kg-1 (0.9 mA cm-2) and maintains an energy density

of 8.6 Wh kg-1 at a power density of 10,000 W kg-1

(35 mA cm-2) with a good capacitance retention of

76% obtained after 10,000 cycles at a charge–dis-

charge current density of 17.5 mA cm-2. The fabri-

cation of a flexible rGO@MnO2/CC composite

electrode provides an innovation for the industrial-

ization of flexible supercapacitors.
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