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ABSTRACT: A graphite-reduced graphite oxide (rGO) core−sheath
structured fiber was synthesized through chemical exfoliation of graphitic
carbon fiber. The graphitic carbon fiber was oxidized to form a graphite−
graphite oxide core−sheath fiber and followed by thermal exfoliation to
form a graphite−rGO core−sheath fiber. The core−sheath fiber with a
three-dimensionally (3D) structured rGO sheath possesses a high surface
area and pore size around 5.5 nm. A two-electrode supercapacitor
constructed with this core−sheath fiber-based paper exhibited a high
specific capacitance (140 F g−1 at a current density of 1 A g−1), high power
density of 45 kW/kg, and good cycling stability (10% capacity loss after
3000 cycles). The surface area normalized capacitance reached as high as
59.4 μF cm−2, indicating the effective use of surface area. The low equivalent series resistance value of 0.45 ohm in the Nyquist
plot indicates an extremely small resistance between the graphite core and rGO sheet sheath. The hierarchical three-dimensional
structure enables one to maximize the advantages of both graphite and rGO sheets. The 3D-structured rGO sheets sheath with
regular pore structure is favorable for ion diffusion due to its interconnected porous system, while the graphite core provides an
electron transport pathway with high conductivity.
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1. INTRODUCTION

Graphene, with unique properties such as high surface area,
electrical and thermal conductivity, is a promising candidate for
applications in nanoelectronic devices, energy storage, and
other applications.1−4 Currently, graphite oxide (GO), available
in bulk quantities at low cost,5 has been used as a building block
for production of many graphene-based materials.6−12 How-
ever, these graphene-based materials show poor electrical
conductivity due to severe structural defects in the graphene
sheets caused by chemical oxidation and reduction. Moreover,
the specific surface areas are usually decreased during the
processes of synthesizing graphene-based materials owing to
the π−π stacking between graphene sheets. The construction of
a three-dimensional (3D) porous framework can partially
overcome the problem of restacking and aggregation. A variety
of methods have been developed for fabricating such materials
from GO, including self-assembly, template-guided growth, and
organic sol−gel reaction.13 However, these methods failed to
prevent the defects on graphene sheets, which can severely
change the intrinsic physic properties of graphene, such as high
electrical conductivity and elasticity, and affect the performance
of the resultant graphene-based materials.14

Thermal exfoliation of GO is believed to be a promising
approach for the mass production of graphene materials.15

Through this convenient method, the exfoliation and reduction
can be achieved simultaneously without the introduction of
impurities. The most important factor for thermal exfoliation is
the temperature.16 A high temperature requires more energy
consumption and causes more defects on graphene sheets than
at low temperature. Moreover, higher temperature also causes
more topological defects due to violent decomposition of
functional groups.17 Therefore, a mild condition for thermal
exfoliation will be of great importance to eliminate the
disadvantages caused by the high temperature.
Based on the above, we developed a new material called

graphite-reduced graphite oxide (rGO) core−sheath fiber,
which was produced by directly using carbon fiber as a raw
material. The new material shows a 3D-structured rGO sheet
(GS) sheath with a graphite core architecture. The 3D-
structured GS sheath is favorable for ion diffusion due to its
interconnected porous system. The graphite core still
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maintained its stacked graphitic structure, which enables fast
electron transport. Different from approaches producing
graphene-based fiber using aqueous GO suspensions as raw
materials,11 we fabricated the G@3D-GS fiber from graphitic
carbon fiber, the outer layer of which was chemically converted
to 3D-structured rGO sheets. We denote the fiber as G@3D-
GS. This paper describes the process of the production and
studies the properties of this 3D structure fiber and the
supercapacitor performances of this material.

2. EXPERIMENTAL SECTION
2.1. Preparation of Graphite@Graphite Oxide Core−Sheath

Fiber. Carbon paper (Toray TGP-H-60 and 190 μm thick), based on
graphitic carbon fibers, was employed to synthesize G@GO fiber. A
piece of carbon paper (25 × 40 mm) was put into a mixture of
concentrated H2SO4 (12 mL), K2S2O8 (2.5 g), and P2O5 (2.5 g),
which was kept at 80 °C for several hours using a water bath. After the
above preoxidation, the carbon paper was then taken out of the
solution carefully and washed with deionized water until the rinsewater
pH became neutral. This preoxidized carbon paper was then subjected
to oxidation described as follows. KMnO4 (10 g) was gradually added
into concentrated H2SO4 (80 mL), which was kept and stirred in an
ice-bath. After the potassium permanganate was dissolved completely,
the preoxidized carbon paper was put into the mixture. The mixture
was then moved into a water bath and stirred at 35 °C for several
hours. Subsequently, the brownish-gray oxidized carbon paper,
containing concentrated sulfuric acid, was taken out of the mixture.
This oxidized carbon paper was placed in water vapor at 50 °C for ∼4
h to dilute the concentrated sulfuric acid. After the vapor treatment,
the product was washed with deionized water to remove residual
sulfuric acid and soluble salt, followed by 1% hydrogen peroxide to
reduce the residual permanganate and manganese dioxide to soluble
manganese sulfate. Finally, the product was dried at 60 °C for 24 h.
After the above treatment, the outer layer of the carbon fiber was
oxidized to GO with the inner core remaining as graphite. We denote
this core−sheath structure fiber as G@GO.
2.2. Exfoliation and Reduction of G@GO. Oxidized carbon

paper, prepared as described above, consisted of G@GO fibers.
Oxygen-containing groups make the atomic-thick layers hydrophilic.
As a result, these oxidized layers can be exfoliated in water under
ultrasonication, causing breakage of the G@GO fibers. To obtain
undamaged fiber, the G@GO fiber was thermally exfoliated. The dried
G@GO was thermally exfoliated in a simple horizontal quartz tube.
After being flushed with nitrogen for 15 min, the sample was inserted
into a tube furnace preheated to 300 °C. This process removes a large
portion of the oxygen groups attached to the sheets and exfoliates the
GO layer into 3D rGO sheets.18 Afterward, the furnace was heated to
600 °C at a heating rate of 5 °C min−1 and then dwelled at 600 °C for
30 min for further deoxidation. The final product was designated as
G@3D-GS. N2 gas flowed at 120 cm

3 min−1 during the full duration of
the thermal treatment.
2.3. Sample Characterization. X-ray powder diffraction (XRD)

patterns were obtained with an X’Pert PRO Powder diffractometer
(PANalytical Co., The Netherlands), using Ni-filtered Cu Kα radiation
scanned from 5 to 70° (in 2θ). Scanning electron microscopy (SEM)
was carried out in a JSM 6301F instrument (JEOL, Japan). High-
resolution transmission electron microscopy (HRTEM) was carried
out in a JEM-2100F instrument (JEOL, Japan). X-ray photoelectron
spectroscopy (XPS) analysis was performed with a Kratos AXIS Ultra
X-ray photoelectron spectrometer. A Confocal Raman Microscope
(inVia-Reflex, Renishaw, England) was used to obtain Raman spectra
and a linearly polarized He−Ne laser Spectra Physics model 127, (λ =
532 nm, nominally 60 mW output) was used as the excitation source.
Thermogravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) analysis were carried out in a TGA/DSC 1/1600
thermogravimetric analyzer (Mettler Toledo, Switzerland), in which
G@GO was studied under N2 atmosphere with a heating rate of 1 °C
min−1 from 30 to 800 °C. Surface area and pore size characterization

analysis was performed by nitrogen (77 K) adsorption/desorption
experiments with an ASAP 2020 instrument (Micromeritics, USA).

2.4. Electrochemical Measurement. The electrochemical
properties of the samples were characterized using a two-electrode
system with a CHI660C electrochemical workstation at room
temperature. The freestanding paper-like G@3D-GS sample was
directly used as the electrodes. Free-standing G@3D-GS fiber paper
was used as the working electrodes directly, with 6 M KOH as the
electrolyte, and TF4035 (NKK, Japan) as the separator (see Figure S1,
Supporting Information). Each working electrode contained 5 mg of
G@3D-GS fiber paper with a coating area of 1 cm2. The cyclic
voltammetry (CV) and galvanostatic charge/discharge (GC) measure-
ments were carried out in a voltage range between 0 and 0.9 V. The
electrochemical impedance spectroscopy (EIS) measurements were
performed in a frequency range from 100 kHz to 10 mHz with an AC
amplitude of 5 mV.

3. RESULTS AND DISCUSSION
As we have described above, the G@3D-GS fiber was produced
in three steps: preoxidation of carbon fiber with persulfate,
followed by oxidation with permanganate and thermal
exfoliation. Graphite@graphite oxide (G@GO) fiber was
obtained after the first two steps. The thermal exfoliation and
reduction of G@GO gave the final G@3D-GS (Figure 1).

Thermal exfoliation of GO can create defects in the form of
holes and vacancies within the basal plane of rGO sheets. High-
resolution SEM images of the as-produced G@3D-GS fiber are
shown in Figure 2a,b. Compared with previous work showing a
worm-like structure,19 a fluffy appearance, highly porous and
three-dimensional microstructure was readily observed for G@
3D-GS. The SEM images show this core−sheath structure, with
a fluffy rGO sheath and graphite core. After dispersing G@3D-
GS in solvent using ultrasonication, the fluffy rGO sheath was
exfoliated from the fiber and transformed into a wrinkled paper-
like structure (Figure 2c). As shown in Figure 2d,e, a large
amount of lattice defects are homogeneously distributed
throughout the rGO sheets. A previous study reported that
rGO sheets generated by thermal exfoliation of GO at
moderate temperature tend to overlay with each other, forming
aggregated structures with large pores.20 The selected area
electron diffraction pattern (Figure 2f) shows clear electron
diffraction rings, indicating that the honeycomb-like network of
carbon atoms partially remained although a certain amount of

Figure 1. Schematic illustration of the synthesis of G@3D-GS: (a)
graphitic carbon fiber; (b) G@GO obtained by chemical oxidation of
carbon fiber; (c) G@3D-GS, obtained by thermal exfoliation and
reduction of G@GO; (d) SEM image of G@3D-GS.
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defects were generated during thermal exfoliation process. The
interconnected 3D microstructure of the rGO sheath
contributed by the lattice defects and large pores would favor
ion diffusion when the G@3D-GS fiber is used as the electrodes
of a supercapacitor.
The Raman spectrum of pristine carbon fiber shows three

prominent bands of graphitic structures, the D band at 1355
cm−1, G band at 1581 cm−1, and 2D band at 2702 cm−1 (Figure
3). After oxidation, the positions of the G band and the 2D
band shift to 1596 and 2685 cm−1, respectively. The change of
band positions indicates the destruction of the graphitic
structure.21 The relative intensity of the D band is significantly
increased upon oxidation of graphite on the carbon fibers, as
graphite oxides contain a certain fraction of sp3 carbons. The
intensity of the 2D band decreases after oxidation, which is
mainly attributed to the disorder along the c-axis,22 and is
proportional to the change in crystalline graphite crystallite
size.23

The intensity ratio ID/IG (Table 1) clearly increases after
oxidation, from 0.09 to 0.85, indicating the defects in the
graphitic structure and the formation of oxygen-containing
functionalities on the carbon basal plane.24 Furthermore, the
ratio ID/IG of G@3D-GS increased to 1.34 after exfoliation.
This change suggests that G@GO to G@3D-GS trans-
formation leaves behind lattice defects and vacancies, and can
also be explained by GO layers on the carbon fibers
transforming into small size sp2 domains after exfoliation.25

The full width at half-maximum (fwhm) of bands depends on
the disorder.26 Thus, combining with the ID/IG ratio, going
from carbon fiber to G@GO, the increase of both the fwhm
(D) and fwhm (G) is mainly attributed to the increasing
disorder after oxidation (Table 1). However, from G@GO to
G@3D-GS, the increase of ID/IG ratio and the decrease of
fwhm show the increasing number of defects and the decrease

of disorder after the thermal treatment. The defects were
perhaps due to the formation of various polygons by sp2 carbon
atoms during the thermal treatment.27 The existence of lattice
defects on rGO sheets can act as nanochannels between large
pores, which enable the rGO sheath to form an interconnected
3D microstructure.
X-ray photoelectron spectroscopy was employed to study the

transformation of carbon fiber (Figure 4). The C 1s spectrum
of G@GO and G@3D-GS is shown in Figure 4c,d. The peaks
ranging from 286 to 289 eV are typically assigned to oxygen-
containing functionalities such as epoxide, hydroxyl, and
carboxyl groups.28,29 The XPS results suggest that the O/C
ratio in G@3D-GS decreased remarkably after the above
thermal treatment (oxygen content from 29.1% to 8.7%
calculated from XPS results), and most of the epoxide and
carboxyl functional groups were finally removed (Figure 4d),
leaving a larger amount of sp2-bonded carbon. Furthermore, a π
→ π* shakeup satellite around 291 eV, which was mainly
contributed by aromatic or conjugated structures, was observed
in the C 1s spectrum of G@3D-GS. These results strongly
indicated that the GO was reduced. From the results of both
Raman spectra and XPS, it can be deduced that the exfoliation
and reduction of G@GO results in the re-establishment of
conjugated carbon atoms, to form a variety of different
structures, not only hexagons.27

To investigate the structure of G@GO, we performed X-ray
diffraction analysis (Figure 5). Pristine carbon fibers showed a
strong (002) peak at ∼26.4°, corresponding to highly
crystalline graphite with d spacing of 0.337 nm. After oxidation,
two diffraction peaks at ∼11.8 and ∼26.4° were observed. The
(001) peak at ∼11.8° corresponds to graphite oxide with d
spacing of 0.75 nm. Interestingly, a (001) peak split was
observed for the least oxidized carbon paper, with two peaks at
∼11.8 and ∼12.5°. The splitting of the (001) peak in the XRD
pattern can be attributed to the fact that the carbon−carbon
bonds go through an intermediate state when the carbon
hybridization changes from sp2 to sp3 during the oxidation
process.30 With the increasing level of oxidation, G@GO shows
a predominant peak at ∼11.8°, and the (002) peak becomes
broader and shifts toward smaller angles (from ∼26.4 to
∼24.2°), indicating the destruction of the stacked graphitic
structure. It is noted that the native graphite (002) peak persists
for various oxidation levels, indicating the incomplete oxidation
of the carbon fiber. By analyzing the oxidation mechanism, we
can conclude that the graphite core of G@GO fiber is
composed of this incompletely oxidized graphite. Thermal
treatment is an effective technique for exfoliating stacked
graphite oxide sheets.20,31 After thermal treatment, the (001)
peak at ∼11.8° disappears, while the intensity of the (002) peak
at ∼25.6° is significantly increased. Compared with pristine
carbon fibers, the peak at ∼25.6° is broad and weak,
presumably because of the moderate exfoliation leading up to
stacked rGO layers.
Graphite oxide on G@GO fiber possesses oxygen-containing

functionalities such as carbonyls, carboxyls, and hydroxyls.32

These oxygen-containing functionalities expand the interlayer
distance and make the oxidized layers hydrophilic. As a result,
these layers can be exfoliated into single (or few)-layer graphite
oxide through mild sonication in water, causing the damage of
the core−sheath structure. Therefore, sonication is considered
to be inapplicable to the exfoliation of G@GO. Rapid heating
of the graphite oxide makes the oxygen-containing function-
alities decompose and spontaneously generates a tremendous

Figure 2. SEM and HRTEM images of G@3D-GS. (a) Cross-section
view of G@3D-GS fiber. (b) Detail of graphite core and rGO sheet
sheath. (c-e) rGO sheets exfoliated from G@3D-GS fiber. (f) Selected
area electron diffraction of rGO sheets.
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amount of gaseous species, which create enough pressure
between the oxidized layers to separate the stacked graphite
oxide sheets, resulting in an increase in structural defects and
yielding a highly porous material.33 Such a thermal treatment
not only exfoliated but also reduced these GO layers. The dual
effects enable the thermal treatment to be very suitable for the
exfoliation of G@GO.
TGA/DSC experiments were performed to determine the

critical temperature for G@GO exfoliation (Figure S2,
Supporting Information). The sharp weight loss at approx-
imately 200 °C is commonly associated with thermal
decomposition of GO layers. However, we found that around
this critical temperature (∼200 °C), no core−sheath structure
was formed. This was probably due to the fact that the pressure
generated was not high enough, leading an insufficient reaction.

However, an excessively violent reaction results in peeling off
rGO from the fiber. By varying the exfoliation temperatures
from 200 to 600 °C, we finally found that the appropriate
temperature was ∼300 °C (Figure S3, Supporting Informa-

Figure 3. Transformation of carbon fiber to G@3D-GS shown by SEM and Raman spectra. SEM images of the surface of carbon fiber (a), G@GO
(b) and G@3D-GS (c). Raman spectra were taken on the surface of fibers shown in SEM images.

Table 1. Comparison of Raman Band Positions, fwhm and
ID/IG Ratio

sample

D band
position
(cm−1)

G band
position
(cm−1)

D band
fwhm
(cm−1)

G band
fwhm
(cm−1) ID/IG

carbon
fiber

1355 1581 32 22 0.09

G@GO 1354 1596 179 105 0.85
G@3D-
GS

1332 1574 63 46 1.34

Figure 4. Transformation of carbon fibers shown by XPS analysis. (a)
XPS spectra of carbon fiber, G@GO, and G@3D-GS. (b−d) C 1s
peak of carbon fiber, G@GO, and G@3D-GS.
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tion). Furthermore, G@GO exfoliated at 300 °C possess a
lower ID/IG ratio than at 600 °C (Figure S4, Supporting
Information), which implies that lower temperature (300 °C)
can cause less defects than higher temperature (600 °C). For
the above reasons, a moderate temperature of 300 °C was used
to properly exfoliate these GO, followed by 600 °C for further
deoxidation.
The above results show that the oxidation reaction appears to

occur on the surface of the carbon fiber. Therefore, GO layers
could be produced on the surface of the carbon fibers.
Incomplete oxidation of graphite particles results in the
formation of graphite/GO core−shell particles,34 thus preox-
idation and oxidation of carbon fiber could influence the
formation of GO layers. We find that the moderate
preoxidation/oxidation results in partial oxidation of carbon
fibers, to yield the G@GO core−sheath structure.
Surface and pore size characterization of G@3D-GS was

performed by a nitrogen (77 K) adsorption/desorption
experiment (Figure 6). G@3D-GS has a surface area of 255

m2 g−1. The weak adsorption at relative pressure of P/P0 < 0.1
indicates that no micropores exist in the sample (Figure 6a).
The N2 isotherm shows type H3 hysteresis, which often is
associated with slit-shaped pores observed from plate-like
materials.35 The type II isotherm implies that slit-shaped meso-
or macropores exist in the rGO sheets. Strong nitrogen
adsorption at P/P0 > 0.9 reveals the large open-pore structure
of aggregated rGO caused by thermal exfoliation, which can be
clearly seen in SEM observation (Figure 2a,b). Pore size
distribution analysis was based on density functional theory
(DFT).36 Figure 6b displays the result of pore size distribution
analysis using the NLDFT model, assuming a slit/cylindrical
pore according to the characteristics of the graphene-based
material and the N2 isotherm. The majority of the pore sizes are
narrowly distributed at 5.5 nm. The larger pore size distribution
ranging from ∼8 to ∼30 nm may be attributed to the violent
release of gas, which enables rGO sheets to form a large open-
pore system.
3D Graphene-based frameworks exhibit interconnected

porous architectures, low mass density, and large surface area,
which are suitable in many applications, such as Li-ion batteries,
capacitive deionization, and supercapacitor electrodes.37 How-
ever, the defects and vacancies caused by chemical oxidation
and thermal exfoliation greatly affect the electrical conductivity
of the resultant graphene-based materials. In comparison with
pure rGO sheets, G@3D-GS possesses more regular pore
structures and conductive paths. The graphite core of G@3D-
GS fiber can preserve its high conductivity and also bridge the
defect rGO sheet sheath for electron transfer, facilitating
transport of electrons to the outer region of the fiber. The
interconnected 3D microstructure of the rGO sheath
contributed by the lattice defects and large pores would favor
ion diffusion when the G@3D-GS fiber is used as the electrodes
of a supercapacitor. More significantly, there is no need for
extra binders or conductive additives, which can greatly simplify
the electrode-manufacturing process and enable large-scale
applications. The G@3D-GS fiber is expected to provide fast
ion diffusion and charge transfer, which are desirable for many
applications.
Figure 7a shows the CV curves collected from 0 to 0.9 V with

different scan rates ranging from 20 to 100 mV s−1. No obvious
distortion was observed as the scan rate increased, indicating a

Figure 5. Transformation of carbon fiber to G@3D-GS shown by X-
ray diffraction analysis. (a) Pristine carbon fibers; (b−f) G@GO
obtained at different oxidation levels; (g) G@3D-GS, by thermal
exfoliation of G@GO at 300 °C.

Figure 6. N2 adsorption/desorption analysis of G@3D-GS. (a) N2 (77 K) isotherms. (b) Pore size distribution of N2 calculated using slit/cylinder
NLDFT model.
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highly reversible characteristic within the applied potential
range. The CV curves are near rectangular in shape without
obvious Faradaic current at the scan rate of 100 mV s−1,
reflecting the characteristic of electric double layer capacitance
with an excellent capacitive behavior and low internal
resistance. This performance can be attributed to the
combination of 3D frameworks for accessibility of the
electrolyte ions, and conductive paths based on the graphitic
core structure. The triangular shape of the galvanostatic charge/
discharge plots indicated good charge transfer behavior of ions
in the G@3D-GS electrode and ideal capacitor behavior. The
specific capacitance was calculated from the discharge curve
using the formula Cs = I/(m(ΔV/Δt). Based on the above
formula, the specific capacitances of G@3D-GS paper were
140, 124, and 108 F g−1 obtained at current densities of 1, 2,
and 5 A g−1, respectively (Figure S5, Supporting Information).
Figure 7c shows the Nyquist plot of the G@3D-GS paper

electrode. The imaginary part sharply increases at low
frequency and a nearly vertical line is observed, indicating a
pure capacitive behavior for G@3D-GS. The Warburg curve in
Figure 7c (inset) is quite short, indicating good accessibility for
electrolyte ion transfer to the rGO sheet surface. The low
equivalent series resistance (RESR) value of 0.45 ohm and small
loop at high frequency indicate an extremely small resistance
between the graphite core and rGO sheet sheath. This is mainly
because the rGO sheets are grown rather than coated on the
graphite core. The small resistance is also confirmed by
observing the negligible internal resistance drops of the
discharge curves in Figure 7b. The power density, calculated
from the discharge curve using P = V2/4MRESR was 45 kW/kg
(RESR is equivalent series resistance; M is the total weight of the
two carbon electrodes). The galvanostatic charge/discharge
cycling of G@3D-GS was performed to study the long-term
stability of this material. After 3000 cycles performed at a
current density of 1 A g−1, there is a 10% loss of capacity
compared with the starting value, indicating the good cycling
stability of G@3D-GS (Figure 7d).
The excellent electrochemical performance of G@3D-GS

makes it possible to engineer supercapacitor electrodes to

achieve a high specific capacitance, high power density, and
especially low cost. The 3D rGO sheets sheath with high
surface area and regular pore structure facilitate ion diffusion
between the electrolyte and electrodes. The surface area
normalized capacitance reached as high as 59.4 μF cm−2,
indicating the effective use of surface area (Table S1,
Supporting Information).38 Importantly, unlike other gra-
phene-based materials without such an excellent electron
transfer path, the graphite core of G@3D-GS fiber offers an
“electric cable” that enables fast electron transfer. This G@3D-
GS material can be easily produced from carbon fiber, which
could be obtained at low cost. The processes used to synthesize
this material can easily be put into practice. For supercapacitor
manufacturing, we propose that the convenient method
presented will provide an efficient process and open the
possibility to produce high performance supercapacitor
materials at low cost for future energy storage applications.

4. CONCLUSIONS
We report an economic and easy method to synthesize
graphite-rGO core−sheath fiber. This G@3D-GS fiber was
manufactured by moderate oxidation of graphitic carbon fiber
to form G@GO, followed by critical thermal exfoliation. The
G@3D-GS fiber with a unique 3D framework rGO sheath
offers an ideal pore structure and large surface area. The
graphite core preserves the high conductivity of carbon fiber,
which enables fast electron transfer between the 3D rGO
sheath and the electrolyte. We propose that this work will
benefit the development of graphene-based materials and
various advanced energy electrochemical storage devices.
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