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ABSTRACT: We report the fabrication of one-dimen-
sional highly electroconductive mesoporous graphene
nanofibers (GNFs) by a chemical vapor deposition
method using MgCO3·3H2O fibers as the template. The
growth of such a unique structure underwent the first in
situ decomposition of MgCO3·3H2O fibers to porous
MgO fibers, followed by the deposition of carbon on the
MgO surface, the removal of MgO by acidic washing, and
the final self-assembly of wet graphene from single to
double layer in drying process. GNFs exhibited good
structural stability, high surface area, mesopores in large
amount, and electrical conductivity 3 times that of carbon
nanotube aggregates. It, used as an electrode in a 4 V
supercapacitor, exhibited high energy density in a wide
range of high power density and excellent cycling stability.
The short diffusion distance for ions of ionic liquids
electrolyte to the surface of GNFs yielded high surface
utilization efficiency and a capacitance up to 15 μF/cm2,
higher than single-walled carbon nanotubes.

As one of important carbon nanomaterials, graphene has
huge specific surface area (SSA), exohedral surface

accessible to ions of electrolyte, excellent chemical stability,
and potential application in clean electrochemical storage
systems such as supercapacitor (SC).1 To date, graphene was
always large in size,1,2 suffering from restacking between
neighboring layers, due to the van der Waals force attraction.
Consequently, it decreased the accessible surface area to ions of
electrolytes, increased the diffusion resistance of ions, and
degraded the performance of SCs significantly.1b,3 These
disadvantages became more significant when using ionic liquids
(ILs) with larger ion size, compared to aqueous or organic
electrolyte, as an electrolyte of SCs operated at 4 V to achieve a
high energy density.4 Creating an one-dimensional (1D) tubular
or fiber structure of graphene would be effective to keep their
dominant exohedral surface and to shorten the diffusion distance
of ions of electrolyte in radial direction.5 However, one should
care to avoid the bundling of 1D materials with too small a
diameter, i.e., like the graphene nanoribbons6 or single-walled
carbon nanotubes (SWCNTs),7a,b and to avoid the poor
electrical conductivity of porous carbon materials, such as
activated carbon (AC), carbide-derived carbons (CDC),7c or
zeolite templated carbons (ZTC),7d both of which have
remained great challenges for a long time.

We propose here, for the first time, the fabrication of highly
electroconductive mesoporous graphene nanofibers (GNFs), 1D
material on macroscopic scale, but 2D material composed of
graphene with an average 2 layers on microscopic scale. The
special structure was prepared by the decomposition of CH4 over
the template of MgCO3·3H2O fibers at 950 °C (Figure 1a). It

exhibited a SSA of 1280m2/g and mesopores in large amount. Its
relatively large diameter of 100−500 nm allowed it to be free of
bundling but offered the short diffusion distance for ions of
electrolyte (1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIBF4)). As a result, the capacitance value was 15 μF/cm2

and 10.8 μF/cm2 at current density of 0.5 and 10 A/g in a 4 V SC,
respectively, higher than those of SWCNTs and graphene/
SWCNT hybrid.1,8 Energy density, based on GNF electrode, was
107 Wh/kg, higher than that of SWCNTs with SSA of 1100−
2200m2/g.8a,c In addition, GNFs with high crystallinity exhibited
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Figure 1. (a) Growth mode of GNFs. (b) SEM image of starting
template ofMgCO3·3H2O fibers. (c) PorousMgO fibers produced from
the decomposition of MgCO3·3H2O fibers. (d) Carbon-MgO fibers
produced from carbon deposition on MgO fibers. (e) SEM image of
GNFs after removing MgO by acidic washing.
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excellent electrical conductivity (based on the powder), 3 times
that of CNT powder, and very small resistance in SCs, which
offered the excellent cycling stability of SCs. The special structure
represented a new choice of electrode for next generation high
voltage SCs.
Experimentally, the MgCO3·3H2O fibers with 200−1000 nm

in diameter and SSA of 3.56 m2/g (Figures 1b) were used as the
starting template and annealed directly in the reactor (Figure
S1). They were gradually decomposed with increasing temper-
ature and were transformed into pure MgO fibers at 500 °C
(Figures 1c and S2). During the process, the release of water at
164 °C and CO2 at 438 °C resulted in the formation of many
pores, which resulted in the SSA of MgO fibers increasing to 36
m2/g. In the subsequent decomposition of CH4 at 950 °C, the
void of MgO network was deposited by carbon to form carbon-
MgO fibers (Figures 1d and S3). The 1D macroscopic
morphology of MgO fibers or carbon-MgO fibers was well
kept in the processes above, which was crucial to prepare 1D
GNFs (Figures 1e and 2) after the removal of MgO by acidic
washing.

TEM characterization (Figure 2a) indicated the high porosity
of GNFs, which made GNFs nearly transparent under the
electrical beam of TEM. These pores, left by removing MgO
particles, had uniform diameter (10−20 nm) and uniform
density (20−23 pores in the radial direction) along the axial
direction of GNFs (Figures 2a,b and S3 and S5). Most of
graphene were curved and followed the shape of original MgO
crystals (Figure 2b). Compared to the wrinkled graphene with
disordered pore, GNFs had relatively ordered pore structure,
which was desirable as an electrode of SCs discussed below. The
GNF was composed of 1−2 graphene layers dominantly (Figure
2b). Selected area electron diffraction (SAED) indicated its
polycrystalline structure due to the small size and defective edge
in large amounts (Figure 2b inset). The use of the template of
MgCO3·3H2O fibers in large amounts was effective to produce

GNFs in a large amount, of which the average length was∼10 μm
and average diameter of 100−500 nm (Figure 2c). Since GNFs
were prepared without the use of metal catalyst, its purity was
close to 100% in TGA (Figure 3b) and 99.983% by ICP analysis

(Table S1). XPS analysis suggested the oxygen content of GNFs
was 0.68% (Figure S6), which was probably brought by the slight
oxidation in acidic washing. However, the value was far lower
than that (2−3%) of graphene from graphene oxide.1 These
results validated that the present method was effective to prepare
GNFs with high purity.
In addition, the hole size (10−20 nm) of GNFs was smaller

than the average size (100 nm) of MgO particles, and the average
diameter (100−500 nm) of GNFs was smaller than that (200−
1000 nm) of MgCO3·3H2O fibers. Apparently, wet GNFs
underwent the volume shrinkage after drying. To study the
structure evolution of GNFs, XRD, TGA, Raman, and nitrogen
adsorption characterizations were made on carbon-MgO fibers
and GNFs. XRD characterization suggested there was no peak
response at 22−26° in both samples (Figure S4), indicating the
carbon had a very thin layer. TGA analysis suggested that the
burning temperature of carbon in carbon-MgO fibers was 473 °C
(Figure 3a) but increased to 623 °C for GNFs (Figure 3b). We
also validated that the burning temperature of multilayer
graphene deposited on MgO surface was much higher (data
not shown here). This suggested pristine carbon in carbon-MgO
fibers was single layer graphene, which was overlapped to
become 2 layer graphene in the drying process after removing
MgO. Similarly, intensity ratio of 2D band (2621−2634 cm−1) to
G band (1588.4−1591.4 cm−1) in Raman spectra (Figure 3c)
decreased from 0.48 for carbon in carbon-MgO fibers to 0.33 for
GNFs, also confirming the thickening of graphene layer.
Intensity ratio of D band (1315−1323 cm−1) to G band
decreased from 2.9 for carbon in carbon-MgO fibers to 2.2 for
GNFs, suggesting the amount of defective edge of graphene was
decreased. The peak position of 2D band validated that it was a
mixture of 1 and 2 layer graphene, since the peak position of most

Figure 2. (a) TEM images of GNFs. (b) Enlargedmagnification of white
region in (a). Inset in (b) is the SAED. (c) SEM image of GNFs in large
amounts.

Figure 3. (a) TGA pattern of carbon-MgO fibers. (b) TGA pattern of
GNFs. (c) Raman spectra of carbon-MgO fibers and GNFs. (d) Pore
size distribution of GNFs and inset is isothermal curve in nitrogen
adsorption.
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2−4 layer graphene blue-shifted to 2650 cm−1 or much higher.9

Moreover, nitrogen adsorption indicated that the carbon in
carbon-MgO fibers had a surface area of 2411 m2/g, a value very
close to the theoretical one (2630 m2/g) of single layer graphene
(detailed calculation see SI-2). In sharp contrast, GNFs had a
surface area of 1280 m2/g, a value for typical 2 layer graphene.
Characterization results of XRD, Raman, TGA, and nitrogen
adsorption were all consistent and validated the self-assembly of
graphene from 1 to 2 layers after drying. It was a first sample of
1D structure composed of 1−2 layer graphene prepared by hard
template CVD method.
Although the drying of GNFs decreased their surface area, the

interaction between curved graphene layers, whether in axial or
radial direction, gave a robust structure, which was not destroyed
after the long time ultrasonic treatment with the power of 3 kW.
GNFs in large amounts were easily compressed (at 8 MPa) to
give a packing density of 623 kg/m3, larger than that (409 kg/m3)
of the powder of CNT with the diameter of 8−15 nm
compressed at 10 MPa. It is possible to use GNFs to fabricate
SCs with much higher volumetric energy density. GNFs
exhibited higher electrical conductivity (compressed at 8 MPa)
of 40 S/cm or 64 S* cm2/g. The latter was about 3 times that of
powder of CNTs above. Apparently, GNF was a bulk porous
material with higher electroconductivity, compared to AC, CDC,
and ZTC.
In addition, isothermal curve of nitrogen adsorption showed

the trend of slow filling in adsorption in the entire pressure range
and the rapid deadsorption in the middle pressure (Figure 3d
inset), suggesting a typical ink-bottle-like pore structure.1d,10 The
pore size distribution of this product indicated it had the maximal
peak at 3−5 nm, belonging to mesopores (Figure 3d). Pore
volume of these mesopores was larger than that of 10−20 nm
pores. In addition, the high purity of GNFs (Figure 3b, Table S1)
suggested MgO could be easily solvable by acids, which implied
that all carbon chambers in GNFs were fully accessible to ions. In
addition, ions of electrolyte should diffuse along the channel
(about micrometers long) between adjacent layers of large size
graphene without holes.1b In comparison, GNFs with small
diameter allowed the rapid diffusion of ions across their radial
direction. These features were crucial to increase the perform-
ance of SCs as discussed below.
The material with huge SSA, large amount of mesopores, and

high purity should be an ideal electrode for SCs at 4 V.
Capacitance performances of GNF electrode in EMIBF4 in a
two-electrode cell were studied by scanning cyclical voltammo-
grams (CV) at different scan rates (Figure 4a). They exhibited
nearly the trapezoid-shaped CV curves below 200 mV/s,
associated with the quantum capacitance of graphene flakes.1g,11

Triangle zone in the right bottom was very small, indicating the
insignificant redox reaction caused by impurities (oxygen, water,
or metal). Specific capacitance was 193 F/g at 0.5 A/g (Figure 4c,
Table S2). Although the value decreased with the increase of the
current density,4a,7b,8a it was still higher than 140 F/g at 10A/g.
The decreasing trend was not significant compared to a SWCNT
sample with SSA of 1355m2/g and purity of 99.018% (Table S1),
where capacitance was 125 F/g at 10A/g. Note here that the
strong interaction of SWCNTs with ILs allowed the nearly
monodispersion of SWCNTs in ILs,12 and consequently, the
outer surface of SWCNTs was nearly all accessible to ions of ILs
electrolyte.5a GNFs had far larger volume and smaller SSA but
exhibited the higher capacitance compared to SWCNTs above,
which validated that most surface of GNFs was accessible to ions
of ILs easily. Quantitatively, the capacitance based on SSA value

was 15 μF/cm2 at 0.5 A/g for GNFs, higher than those (12−14
μF/cm2) of SWCNTs (Figure 4c) and in ref 8a and much
approaching the theoretical value (21 μF/cm2) for graphene.1g

Energy densities of GNFs were 103.5 and 70 Wh/kg at 1 and 10
kW/kg, respectively (Figure 4d). These values were apparently
higher than those of large size graphene1d and composite of
SWCNTs with large size graphene.3c In comparison, GNFs
exhibited higher energy density in higher power density range of
5−20 kW/kg (Figure 3d, SI-4), further confirming the effect of
short diffusion distance of ions across their radial direction on the
rate performance of GNF electrode.
Galvanostatic charge−discharge test showed that charge and

discharge times were 790, 344, 155, 57.4, 34.2, 27.4 s for the
associated energy density of 105, 95.6, 86.3, 71.8, 61.2, and 55.4
Wh/kg, respectively (Figure 4e,d). That meant that the GNFs
were capable of storing 71.8 Wh/kg energy and could be
completely recharged in <1 min, shorter than the recharge time
(2 min) to the same energy density for large size graphene.1d

Equivalent series resistance before test and after test (Figure 4b)
was similar and smaller than 2.2Ω, far smaller than that (3.31Ω)
using large size graphene.1d The straight line in the low-
frequency region in Nyquist plot (Figure 4b) suggested that
process inside electrode was not ion diffusion limited and the SC
behaved more like an ideal capacitor.1d Note that there was
nearly no semi circle in the high-frequency region, indicating its

Figure 4. (a) CV curves of GNFs as electrode in 4 V SCs (two-electrode
coin cell) using EMIBF4 as electrolyte. (b) Nyquist plot for GNF
electrode. (c) Comparison of specific capacitance of GNFs and
SWCNTs (SI-3), obtained from the Galvanostatic charge−discharge
curve, at different current densities. (d) Energy density at different
power density. (e) Galvanostatic charge−discharge curve. (f) Retention
of the relative capacitance of GNFs based SCs for 5000 cycle tests.
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ultrasmall transfer resistance. The electrical resistance nearly did
not change after CV scanning. This explained well the excellent
charge and recharge ability of this SC and suggested the increased
ion diffusion barrier under high current density was not due to
the pore structure of electrode but to the intrinsic poor
conductivity and the high viscosity of IL electrolyte.4b

Cycling stability of GNF-based SCs was tested at current
density of 5 A/g for 5000 cycles (Figure 4f). The relative
capacitance, based on the initial capacitance value, decreased to
some degree in the first 500 cycles, probably due to the filling and
wetting the ink-bottle pores to achieve a stable charge−discharge
state. After that, the value recovered gradually, and the drop was
only 1.81% after 5000 times tested. The cycling stability was
better than that of a double-walled CNT (DWCNT) electrode as
using the same separator with the same thickness13 and was
attributed to the efficient ion and electron diffusion channel of
GNFs. The test of high temperature duration for GNF-based SCs
was underway for evaluating their potential practical applications.
From an engineering perspective, GNF has advantages over
SWCNTs, DWCNTs, and large size graphene prepared from
graphene oxide in free of bundling or restacking and in removing
impurities (metal or oxygen) easily.1,2b,c,8 In addition, the starting
template was prepared by a very simple coprecipitation method
in short time, and no complex hydrothermal step was needed.
This allowed the scale-up synthesis of GNFs to be very easy and
at low cost. In addition, the present method may be developed as
a general way to use other nanosized 1D templates to prepare 1D
GNFs with high porosity, excellent electrical conductivity, and
short diffusion distance for ions for SCs operated at high voltage.
In summary, we successfully synthesized highly electro-

conductive mesoporous GNFs using 1D metal oxide fibers as
the template in a CVD process. The preparation process of such a
unique structure underwent the decomposition of starting
template to become porous MgO fibers, followed by the
deposition of carbon on MgO surface and the removal of MgO
by acidic washing. The obtained sample exhibited good structural
stability, high surface area, large amount of mesopores and low
content of oxygen, excellent electrical conductivity, and,
consequently, excellent capacitance performance at 4 V. Energy
density and the capacitance value based on the surface area
ranked among the highest values reported ever. The highly
electroconductive mesoporous GNFs with large SSA but free of
bundling were suitable for the use as electrodes in next
generation SC with high energy density.
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