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ABSTRACT

Carbon fibers, with reduced oxidized graphite layers on the surface obtained

using a facile method, were developed as one-dimensional electrodes. The

oxidized layers directly formed from the surface of the carbon fibers had a

strong interconnectivity with the fiber core, and their conductivity was appar-

ently improved after reduction by hydrazine hydrate. With an abundance of

oxygen functional groups induced by oxidation, the one-dimensional electrodes

showed a specific capacitance of 213.3 F g-1 at a current density of 0.1 A g-1,

which was forty times more than that of the original carbon fibers when tested

in a three-electrode configuration. The innately stability in aqueous solutions

and the graphite layers from the carbon fibers themselves made the electrodes

based on the carbon fibers endowed optimal cycling ability without a decline in

specific capacitance after 10000 cycles. The device made of CF-R had a good

energy density performance. This strategy provided a facile way to obtain a one-

dimensional electrode with a high specific capacitance and good durability for

energy storage systems.

Introduction

With the continuous increase in the electrical device

usage, energy storage systems have attracted con-

siderable attention from several researchers and

companies all over the world. In particular, super-

capacitors have been regarded as one of the most

promising energy storage devices because of their

higher power density and greater endurance than

those of secondary batteries, while they can maintain

nearly the same energy density as that of batteries

[1, 2]. Supercapacitors are usually categorized into

two different types according to their different charge

storage processes, one is the electric double-layer

capacitor (EDLC) and the other one is the pseudo-

capacitor [3]. In the past, various types of carbon

materials have been used as electrode materials for

EDLCs, such as activated carbon [4], carbon black [5],

mesoporous carbon [6], carbon nanotubes [7], gra-

phite [8] and graphene [9, 10]. And a variety of metal
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oxides, metal nitrides and conductive polymers, such

as manganese dioxide [11, 12], copper oxide [13],

ruthenium oxide [14], Stannic oxide [15], Molybde-

num dioxide [16], titanium dioxide [17], titanium

nitride [18], polyaniline [19], polypyrrole [20] and

polyethylenedioxy thiophene [21], have been widely

used for the fabrication of pseudocapacitors via

reversible faradaic reactions to store charges.

With the development of new technologies, one-

dimensional flexible electronics are more in need in

the future, and the demand for one-dimensional

electrodes faces rapid growth. The topic has pro-

pelled researchers and companies to invent and fab-

ricate new one-dimensional electrodes to fill the

requisition of the electric devices. Firstly, metallic

fibers have been traditionally used because of the

advantages of high conductivity and availability, but

their tendency to oxidize under humid conditions

and their heavy weight limit their use in one-di-

mensional electronics [22]. Carbon fibers are well

known not only for their high conductivity and high

mechanical strength but also for their low density

and inertness under ambient conditions, as well as

their ability to be easily woven into fabrics, which

make them attractive as one-dimensional electrode

materials for various energy storage devices [23].

Until now, electrodes based on carbon fibers have

mostly adopted a core–shell structure or engaging

layers on the surface of carbon fibers, which may

easily falloff of the carbon fibers. This is usually

caused by weak contact with the core or a lack of

strong molecular interactions between layers, as well

as volume changes during the charge–discharge

process of the electrode. Another shortage that pre-

vents actual applications of carbon fibers is that they

traditionally rely on the storage of charge in the

electric double layer, which usually cannot provide a

large specific capacitance.

Herein, we adopted a facile method to make layers

directly from the surface of carbon fibers. Because the

layers were formed directly from the carbon fibers,

there is a strong interconnection between the layers

and the carbon fibers to avoid unwanted flaking from

the main body during the electrochemical reaction

process or under external forces when materials

fabricated using the electrodes are actually used. An

adjusted Hummers’ method was used to make oxi-

dized graphite layers on the surface of carbon fibers,

containing oxygen functional groups that could pro-

vide a pseudocapacitance, which could largely

improve the specific capacitance of the carbon fiber

electrodes.

Experimental section

Materials

All of the reagents were purchased from Sinopharm

Chemical Reagents Co., Ltd. and used as received.

Carbon fibers were purchased from Zhongfu-Sheny-

ing Carbon Fiber Co., Ltd.

Electrode preparation

A bundle of carbon fibers (CFs) was immersed in

concentrated sulfuric acid (H2SO4) at room tempera-

ture for 2 h, and then three-times washed using

deionized water and dried at 60 �C in the oven for

12 h. Processed CFs (0.5 g) were immersed in 20 mL

of H2SO4 with slowly stirring. Then, 10 mL of nitric

acid (HNO3) was added. The container was placed in

an ice bath for 1 h, and 3 g of potassium perman-

ganate (KMnO4) was slowly added. Afterward, the

temperature of the container was set to 35 �C for 3 h,

and 100 mL of deionized (DI) water was slowly

added. After 3 h, hydrogen peroxide (H2O2) was

slowly added until no gas bubbles evolved, and the

solution became transparent. The CFs were dried in

an oven at 60 �C for 12 h after five-times cleaning

with DI water. The resultant oxidized CFs were

designated as CF-O.

The CFs (100 mg) were uniformly distributed in

the bottom of a Teflon beaker. The thickness of a

covering of CFs was very thin so the bottom of the

beaker was even almost seen. And put the beaker in

the middle of the pallet and processed in a micro-

wave using low power (the rated power of the

microwave was 700 W) for different durations. The

samples after being treated by the microwave were

designated as CF-X (X = 1, 2, 4, 6, 8, and 10 min).

CF-6 (100 mg) was reduced in a 50-mL

hydrothermal reaction vessel with 0.5 mL hydrazine

hydrate at 80 �C for 15 h. During the reduction pro-

gress, the vessel was sealed and opened in fume hood

when it cooled down. Then, the resulting sample was

dried in an oven at 60 �C for 1 h after five-times

cleaning with DI water (designated as CF-R).
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Characterization

Field-emission scanning electron microscopy

(FESEM) was performed using a Hitachi S-4800.

Fourier transform infrared spectroscopy (FTIR) was

performed with a Thermo Nicolet 6700 from 4000 to

400 cm-1, and Laser Raman spectrometry was car-

ried out on a Renishaw inVia Reflex with He-Ne laser

excitation at 633 nm from 150 to 3200 cm-1. The

elemental analysis utilized the elemental analyzer

VarioEI III. The X-ray photoelectron spectroscopy

(XPS) analysis was conducted with a 5000 C ESCA

System (Mg Kahm = 1253.6 eV) to characterize the

chemical state of the samples.

Cyclic voltammetry (CV), galvanostatic charge–

discharge curves and electrochemical impedance

spectroscopy measurements were conducted using a

PGSTAT302 N AutoLab electrochemical workstation.

Cycling stability measurements used a LANHE

CT2001A testing device. The electrochemical mea-

surements of the samples were carried out in a three-

electrode electrochemical cell containing

1.0 mol dm-3 H2SO4 aqueous solution as the elec-

trolyte, a platinum gauze counter electrode, and a

saturated calomel electrode as the reference electrode

at room temperature. A two-electrode configuration

was fabricated with two electrodes in parallel and a

1 M H2SO4 aqueous solution as the electrolyte.

The specific capacitance of a single electrode in the

three-electrode configuration was calculated from the

charge–discharge curves using the following

equation:

Celectrode ¼
I � Dt

melectrode � DV
ð1Þ

where I is the discharge current (A), melectrode is the

mass of the electrode (g), v is the scan rate (V s-1), DV
is the potential window (V), and Dt is the discharge

time(s).

The specific capacitance of the two-electrode

supercapacitors (SCs) was determined from their

charge–discharge curves by the following equation:

Ccell ¼
IDt

mcellDV
ð2Þ

where I is the discharge current (A), mcell is the mass

of the two electrodes (g), v is the scan rate (V s-1), DV
is the potential window (V), and Dt is the discharge

time (s).

The volumetric energy density (Ev) and power

density (Pv) of the cell were calculated by the fol-

lowing equations:

Ev ¼
1

2
Cv;cellDV

2 ð3Þ

Pv ¼
Ev

Dt
ð4Þ

where DV is the potential window (V), Dt is the dis-

charge time (s), Cv,cell is the volumetric capacitance of

the device (F cm-3), EV is the volumetric energy

density (mWh cm-3) of the device, and PV is the

volumetric power density (w cm-3) of the device.

The densities of each electrode and each device

were measured by a densitometer (Quantachrome,

Ultrapycnometer 1000), and then the volume (Velec-

trode or Vcell) was obtained by dividing the mass by

the density.

Results and discussion

The fabrication process of the reduced CFs via

microwave treatment is illustrated in the

scheme (Fig. 1). A commercially available CF bundle,

with an individual fiber diameter of * 7 lm, was

oxidized using a revised Hummers’ method with

concentrated H2SO4, concentrated HNO3 and KMnO4

after being washed by a 10 M H2SO4 solution and DI

water at room temperature. Then, the oxidized CFs

(designated as CF-O) were processed using a micro-

wave for different times while uniformly laid under

the bottom of a Teflon beaker. The resultant CFs were

marked as CF-X (X denoting the processing time). To

obtain reduced CFs (designated as CF-R), hydrazine

hydrate was used to process the microwave-treated

CFs in hydrothermal reaction vessel at 80 �C for 15 h.

The FESEM image (Fig. 2a) shows that the surfaces

of the original CFs were smooth, and after oxidation

(Fig. 2b), the surface became rough and some pores

with diameters of dozens of nanometers appeared on

them. Then, after the microwave processing, the

surface of the CFs became rougher, and more pores

were distributed uniformly on the surface, which was

covered by the resultant oxidized graphite layers

(Fig. 2c). With increasing microwave processing time,

significantly more pores appeared on the CF surface.

When the processing time reached 10 min, the

overextended duration of microwave treatment

resulted in the exfoliation of graphite layers from the
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CF surface (Figure S1). However, there were still

nanosized pores distributed uniformly on the bare

surface (Figure S1e and S1f). With the reduction by

hydrazine hydrate, the structure of the CF surface

was well maintained with the pores and graphite

layers distributed uniformly (Fig. 2d).

The FTIR spectrum (Fig. 3a) exhibited a band at

3433 cm-1 and shoulder band at 3258 cm-1 corre-

sponding to the stretching vibrations of structural

OH groups and physisorbed water molecules

because the oxygen functional groups on the CF

surface were strongly affected by humidity. The

small band at 1733 cm-1 has often been related to the

C=O stretching of COOH groups situated at the

edges of graphite, while the peaks near 1258 and

1054 cm-1 were assigned to the C–O stretching

vibration and C–OH stretching vibration, respec-

tively [24]. All of the above proved that carboxyl and

hydroxyl groups were formed on the CF surfaces. A

relatively strong band situated near 1100 cm-1 indi-

cated the stretching vibration of C–O–C. The two

strong peaks at 2923 and 2854 cm-1 were related to

the CH2 symmetric and antisymmetric stretching

vibrations. A quantum chemical study of model car-

bon compounds showed OH groups, via cooperative

effects, induced ring vibrations near 1630 cm-1 and

an IR absorption in the 1420–1480 cm-1 range [25].

For the peak at 1258 cm-1, after oxidation, its relative

intensity increased, which means more C–O bonds

are formed. For the sample from CF-1 to CF-10, its

Figure 1 Schematic

illustration of the fabrication of

oxidized, microwave-treated

and reduced carbon fibers.

Figure 2 SEM images of a the original CFs, b CFs after

oxidation, c CF-6 with microwave processing and d CF-R after

reduction.

Figure 3 a FTIR spectra of

CFs, oxidized CFs,

microwaved CFs and reduced

CFs. b Raman spectra of CFs,

oxidized CFs, microwaved

CFs and reduced CFs.
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relative intensity decreased. Because with much more

microwave processing time, parts of oxygen func-

tional groups could be consumed, and oxidized gra-

phite layers will be exfoliated and detached from the

CFs. For CF-R, the C–N bonds those formed during

the reduction progress may contribute for the relative

increase in the intensity at 1258 cm-1.

The pair of bands at 1330 and 1580 cm-1 in the

Raman spectrum are the most diagnostic features and

are designated as the D band and G band (Fig. 3b).

The D band accounts for the presence of defects, and

the G band represents the graphitic order [26]. The

band at approximately 2750 cm-1 is characteristic of

crystalline CFs, although its detailed appearance is

affected by the presence of disorder [27]. The D/G

intensity ratio (ID/IG) has been widely used for the

relationship between both band intensities, which

should be proportional to the degree of structural

order with respect to the graphitic structure [28]. The

values of ID/IG showed no significant fluctuations,

which indicated that the oxidation, microwave

treatment and reduction induced no additional

defects to the original structure (Table S1).

From the elemental analysis, the oxygen content

increased significantly for CF-O, which was nearly

twelve times more than that of the original CFs, while

the nitrogen content slightly decreased (approxi-

mately 1.4%, Fig. 4). The process and results con-

tained within are nearly the same as those obtained

for the preparation of oxidized graphene using

Hummers’ method. With increasing microwave time,

the oxygen content exhibited a slightly decreasing

trend, and the nitrogen content trend was the oppo-

site. The number of surface graphite layers that

exfoliated and detached from the CF-O increased

with microwave processing time, which was also

proved by the SEM images (Figure S1). After the

reduction using hydrazine hydrate, the oxygen con-

tent apparently decreased to 12.9%, which was nearly

half of that of CF-O and the microwave-treated CFs;

while CF-R had a nitrogen content of 7.5%, which

increased twofold compared with the sample pro-

cessed with oxidation and treated with microwave

irradiation.

The compositions of the CF surfaces were also

investigated by XPS. The survey scans clearly

showed that N 1 s and O 1 s peaks existed on the

surface of CF-R (Fig. 5a), while those for CF, CF-O

and CF-6 showed the N 1 s peaks were insignificant

(Figure S2). From the narrow scans for CF-R, the peak

at 285.6 eV belonged to C–N, while the other four

peaks at 284.73, 286.9, 288.32, 289.98 eV were

assigned to the carbon atoms of C–C, C–O, C=O,

COOH functional groups, respectively (Fig. 5b) [29].

The assignments were the same for the CFs, CF-O

and CF-6 (Figure S2). The N 1 s narrow scan showed

that pyridinic N (C=N–C), pyrrolic N (H–N–(C)2),

graphitic N (N–(C)3) and graphitic N–O existed on

the surface of CF-R, corresponding to the peaks at

399.24, 399.92, 401.16, 402.2 eV, respectively (Fig. 5c)

[30]. The elemental contents derived from XPS had

the same trend as the results of elemental analysis

(Table S2). After oxidation, there was an increase in

the C content, and the N contents had a significant

increase after the reduction (Fig. 5d).

The specific capacitances of the obtained samples

were firstly evaluated with the three-electrode system

by cyclic voltammetry (CV) in the voltage range of

0–0.8 V (Fig. 6). The area derived from the CV curve

for the CFs was significantly smaller than those of

Figure 4 a Oxygen and b nitrogen contents of different samples.
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CF-O, CF-6, CF-R at a scan rate of 1 mV s-1 (Fig. 6a),

indicating an improvement in the specific capacitance

after oxidization, microwave and reduction treat-

ments. It is said that in an acidic aqueous electrolyte,

the electrons on oxygen functional groups attract

H3O
?, which leads to the separation of the positive

and negative charges, thus, facilitating the redox

reaction. Especially, for hydroxyl and quinone, this

can provide a substantially higher pseudocapacitance

than that provided by other oxygen functional

groups [31, 32]. The CV curves of CF-O, CF-6, and

CF-R exhibited symmetric characteristics at the axis

of zero current and approached the quasi-rectangular

shape over a full scan range at 1 mV s-1, which

indicated that those samples had a typical capacitive

behavior [33]. The reason for the capacitance increase

in CF-6 compared with that of CF-O may be the result

of increased spacing between the graphite layers

caused by the microwave exfoliation. Furthermore,

more pores inside the graphite layers facilitated the

migration of the electrolyte, which could promote an

increase in the capacitance. At a scan rate of

50 mV s-1, the CV curves of CF-O, CF-6 and CF-R

changed, exhibiting a different shape from those at

the scan rate of 1 mV s-1, indicating a resistance

caused by the oxygen functional groups existed,

Figure 5 a Wide XPS scan of

CF-R; the C 1 s (b) and N 1 s

(c) XPS spectra of CF-R; d the

elemental contents of different

samples derived from XPS.

Figure 6 CV curves of

different samples collected at

a 1 mV s-1 and b 50 mV s-1.

J Mater Sci (2018) 53:11050–11061 11055



while the CV profiles of the CFs without oxidized

graphite layers on the surface could maintain a nearly

rectangular shape at a scan rate of 50 mV s-1

(Fig. 6b). This showed that the functional contained

groups had a great effect on the electron transport at

a high scan rate.

The galvanostatic charge–discharge curves showed

the same results as the CV curves. The CR-R and CR-

6 had nearly the same specific capacitances, which

were 213.3 and 218.9 F g-1, respectively; both were

nearly twice as much as that of CF-O and forty times

more than that of the CFs, again indicating the con-

tribution of the surface oxygen functional groups

(Fig. 7a, b). The results also showed that N-doping

could make up for the loss of capacitance from the

decrease in oxygen functional groups, which was

confirmed by the elemental analysis [34, 35]. The best

microwave processing time was 6 min, which was

confirmed by galvanostatic charge–discharge curves

at a current density of 0.1 A g-1 (Figure S3). The

trend in capacitance change proved that the disorder

degree of oxidized graphite layers increased with the

microwave processing time within 6 min, while

longer than 6 min exfoliated the oxidized graphite

layers from the CF main body (Fig. 7b). The electro-

chemical performance of the CFs that was directly

processed with microwave without oxidation has

also been studied (Figure S4). The discharge time of it

was almost the same with that of CFs when tested at

the current density of 0.1 A g-1.

The calculated IR drops showed that there was a

big change in the resistance of all the samples (Inset

of Fig. 7a). After oxidization, the IR drop for CF-O

increased to 0.28 V from 0.02 V of CF, which indi-

cated an abundance of oxygen functional groups

formed on the surface of the CFs. There were little

effects on the IR drop from the microwave treatment

when the period of processing was less than 6 min.

However, after 6 min, the IR drop had a slight drop

corresponding to the CF microwave process shown in

the SEM images (Figure S1). EIS measurements were

also conducted to show the charge transfer resistance

of the samples (Fig. 7c). Compared with the CFs, the

EIS plots of CF-O, CF-6, and CF-R all had a large

semicircle at the lower frequency region, which was

probably from the slow electron transfer caused by

the electrochemical reaction of the oxygen functional

groups. The equivalent simulation circuits also con-

firmed that a charge transfer process consisted of two

steps through two electrical parts connected in series

(Figure S5), and the equivalent series resistances

showed the same trend with those of the resistances

Figure 7 a Charge–discharge

curves of various samples with

the inset of the IR drop for

those with different microwave

processing times; b specific

capacitances of different

samples at 0.1 A g-1;

c Nyquist plots of various

samples with the inset showing

the enlarged profiles; d the

curve of cycling life for CF-R

at a current density of

0.2 A g-1.
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calculated from the galvanostatic charge–discharge

curves (Table S3). The resistance of a bundle of fibers

with the length of 1.5 cm has also been performed

(Table S4). The results proved it again that CF-R has a

better conductivity than that of CF-O and CF-6. From

the specific capacitances derived from the simulation,

the electrodes based on CF-O, CF-6, and CF-R had

smaller double-layer capacitances than those of the

electrodes made of the CFs, which indicated the

surfaces of the oxidized CFs consisted of multiple

graphite layers with an abundance of oxygen func-

tional groups on them. Meanwhile, there was little

bare carbon surface remaining to provide double-

layer capacitance [36, 37]. The influence of oxygen

functional groups was greater than that of the specific

surface area of carbon materials [38]. From the Bode

plots, CF-O, CF-6, and CF-R reached high resistance

plateaus at 3 Hz, while the CFs only had a smaller

resistance, which revealed that large resistances

existed for CF-O, CF-6, and CF-R on the surface

(Figure S5). This result was caused by the abundant

oxygen functional groups. From the phase plots, CF-

O, CF-6, and CF-R each had a symmetric phase angle

peak, meaning a semicircle in the Nyquist plots,

while the CFs only had a half-angle phase peak,

meaning a quarter-circle (Figure S5). All of this

showed that CF-O, CF-6, and CF-R had a slow charge

transfer process, caused by the surface oxygen func-

tional groups, compared with that of the CFs.

The cycling test showed that the electrode made of

CF-R had a good durability, and the specific capaci-

tance retention was 113.6% after 10000 cycles

(Fig. 7d). Before 2000 cycles, an increasing trend

developed and then declined. It is said that the wet-

tability of carbon materials can be improved by

oxygen functional groups, which are helpful for

enhancing the ion diffusion in an aqueous electrolyte

[39, 40]. Additionally, the reason for the decrease is

that the oxidation/reduction processes of the oxygen

functional groups are quasi-reversible processes [41].

To further evaluate the practical applications of the

as-prepared samples, two electrodes were used in

parallel to fabricate a symmetric supercapacitor with

a 1 M H2SO4 aqueous solution as the electrolyte. The

CV curves of devices with CF-O, CF-6, and CF-R

were nearly rectangular in shape, indicating the good

capacitive behavior of all the electrodes at a scan rate

of 1 mV s-1 (Fig. 8a). The areas under the CV curves

of CF-R and CF-6 were larger than that of CF-O,

which was consistent with the results from the three-

electrode configuration measurements. Although

there was little change in the CV curves for the

symmetric supercapacitors from the quasi-rectangu-

lar shape at a scan rate of 50 mV s-1, they were even

closer to a rectangle than those of the electrodes tes-

ted in the three-electrode configuration (Fig. 8b). In

addition, at high scan rates, the electrical double-

layer capacitance would dominate the capacitive

performance, while a few oxygen functional groups

from the outside graphite layers continued to con-

tribute to the capacitance, which was responsible for

the tilt to the quasi-rectangular shape.

The galvanostatic charge–discharge curves showed

the same results as those using the three-electrode

configuration (Fig. 8c). The specific capacitances of

symmetric supercapacitors fabricated using CF-6 and

CF-R were 30.3 and 29.2 F g-1, respectively. Both

were larger than that of the symmetric supercapacitor

made of CF-O. Furthermore, the IR drop of the CF-R

supercapacitor was 0.18 V, smaller than those of the

CF-O and CF-6 supercapacitors (0.26 V and 0.31 V,

respectively), which again confirmed that the reduc-

tion using hydrazine hydrate was effective in

removing parts of the electrode surface oxygen

functional groups to improve the conductivity, while

maintaining the high specific capacitance by N-dop-

ing. The semicircle in the Nyquist plots also showed

the symmetric supercapacitor using CF-R as the

electrodes had a smaller charge transfer resistance

than those of the devices made of CF-O and the CFs,

which also was proved by the equivalent series

resistance diagrams (Figs. 8d and S6). The charge

transfer process contained two steps including a fast

electron transportation caused by the electrical dou-

ble layers and a slow one caused by the electro-

chemical reaction of the oxygen functional groups on

the outside graphite layer of the electrodes. The

cycling durability of the assembled device was good,

and 57.8% of the specific capacitance remained after

10000 cycles (Fig. 8e). The specific capacitance of the

supercapacitor made from CF-R in this study com-

pares favorably with other studies in terms of energy

and power densities (Fig. 8f). The Ragone plots show

that the device exhibited volumetric energy densities

of 3.22 mWh cm-3 (80 mW cm-3) and

6.50 mWh cm-3 (40 mW cm-3) at current densities of

0.1 and 0.05 A g-1, respectively, which revealed good

energy densities when tested at low current densities

[42–49].
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Conclusions

In conclusion, a facile method was used to fabricate

one-dimensional and high electrochemical perfor-

mance electrodes based on CFs with oxidized gra-

phite layers and subsequently reduced by hydrazine

hydrate. The core of the CFs provided good con-

ductivity as the underlying material, while the oxi-

dized graphite layers, endowed with a large number

of oxygen functional groups, greatly contributed to

the pseudocapacitance of the electrodes, which was

accounted for by the good electrochemical perfor-

mance. The resultant CF-R electrode reached

213.3 F g-1, forty times greater than that of pure CFs

at a current density of 0.1 A g-1. The electrodes also

showed outstanding cycling stability (nearly 100%

retention after 1000 cycles). The symmetric superca-

pacitors based on CF-R also showed high energy

densities of 3.22 mWh cm-3 (80 mW cm-3) and

6.50 mWh cm-3 (40 mW cm-3) at current densities of

0.1 and 0.05 A g-1, respectively. Although the con-

ductivity remains to be improved, this strategy

Figure 8 CV curves of

symmetric supercapacitors at

scan rates of a 1 mV s-1 and

b 50 mV s-1; c charge–

discharge curves of different

samples at a current density of

0.1 A g-1; d Nyquist plots of

CF-O, CF-6, and CF-R

symmetric supercapacitors;

e the cycling life of the

supercapacitor based on CF-R

at a current density of 0.1 A

g-1; f Ragone plots of the

assembled device compared

with reported results.
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provides direction for the design of large-scale one-

dimensional electrodes with good specific capaci-

tance for future energy storage systems.
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