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A B S T R A C T

We report the fabrication of mesoporous tubular graphene (MTG) by a chemical vapor deposition method
using MgO@ZnO core-shell structure as the template. The unique bi-directional ions transfer in unstack
graphene layers and high mesopore ratio of MTGs allows capacitance reach 15 mF/cm2 at 0.5 A/g, and
11 mF/cm2 at 10 A/g, which is closer to theoretical value (21 mF/cm2) than SWCNTs and DWCNTs at either
low or high rate. Meanwhile, MTGs exhibited good structural stability, high surface area (701 m2/g), high
conductivity (30 S/cm) and low oxygen ratio (0.7 atom%), allowing excellent SC performance. The 4 V
EDLC using MTGs and EMIMBF4 electrolyte exhibited high energy density in wide range of high power
density and excellent cycling stability, showing strong potential in EDLC and other electrochemical
energy storage systems, in addition, showing significant factor of ion transfer distance for high
performance SCs especially operating at high voltage using ionic liquid electrolyte.
© 2018 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Electrochemical energy storage device, such as supercapacitor
(SC) and secondary battery, contributed a lot to the clean,
sustainable development of human society considering the
negative environmental effect of the direct use of fossil fuel in
metro city. SC exhibited high power density, fast charge and
discharge properties, and ultra-long device life, playing a growing
role in start-up, acceleration and bracing of various vehicles [1]. To
meet the demands of sustainably increasing the energy density of
electric double layer capacitor (EDLC), next-generation electrode
should exhibit not only high capacitance value, but also high
chemical stability working in the electrolyte with high potential
window. Emerging carbon nanomaterials, such as carbon nanotube
and grapheme [2,3], were intensively investigated, owing to their
higher specific surface area (SSA), more exohedral surface
accessible to ions of electrolyte, better chemical stability. In
addition, the morphology of electrode, especially the pores
structures, influenced the diffusion of ions and therefore the
performances of SCs [4–12]. For instance, ordered carbon nano-
tubes (CNT) array exhibited better performance than disordered
CNT network. Vertically aligned graphene (to the current collector
plate) gave a fast charge and discharge performance. 3D graphene
performed better than 2D graphene under the compression since

the latter is apt to stack with each other. Recently, under the
assistance of the 1D porous inorganic substrate, we are able to
deposit graphene inside the pores. This method produced a
graphene nanofiber (GNF) [13], which have 1D morphology in
macroscopic scale, but was still a 2D structure in microscopic scale.
Such structure is capable of meeting the requirements of the
transfer of electrons along the axial direction and the diffusion of
ions cross the radial direction. However, the diameter of this GNF is
still 340 nm, maybe still large for the ions of ionic liquids type
electrolyte, which ion size is larger than those in aqueous and
organic electrolytes [14].

We proposed here, for the first time, the fabrication of small
diameter, mesoporous tubular graphene (MTGs) by a substrate
assisted-CVD method. The special structure was prepared by the
chemical vapor decomposition (CVD) [15] of CH4 over the template
of MgO@ZnO core-shell fiber at 950 �C. It looks like fiber on
macroscopic scale, but has unstacked graphene of a high degree of
graphitization with average 2 layers on microscopic scale. It allows
ions adsorption on carbon surface from both outside and inside of
the hollow structure, compared to graphene nanofiber [13] and
single-walled carbon nanotubes (SWCNTs), and axial transfer of
electron like SWCNTs. It exhibited an SSA of 701 m2/g and
mesopore in a large amount, which is higher than double-walled
carbon nanotubes (DWCNTs) [16]. Its relatively large diameter of
200–500 nm allowed them free of bundling, but offered the short
diffusion distance of ions of electrolyte (1-ethyl-3-
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methylimidazolium tetrafluoroborate, EMIMBF4). As a result, the
capacitance value is 15 mF/cm2 at 0.5 A/g, and 11 mF/cm2 at 10 A/g
in 4 V SCs, respectively, higher than those of DWCNTs. Energy
density is 55 Wh/kg, higher than that of DWCNTs with SSA of 500–
860 m2/g in the present work [16]. In addition, the electrical
conductivity of MTGs exhibited several times higher than CNT
powder and more excellent than activated carbon (AC), carbide-
derived carbons (CDC) and zeolite-templated carbon (ZTC),
exhibited very small resistance in SCs, showing strong potential
in EDLC and other electrochemical energy storage systems.

The synthesis of MTGs consists of four steps (Fig. 1a). First,
synthesize ZnO whisker, which has been described in previous
literature (Fig. 1b) [17]. Next, ZnO whisker was sheathed by the
precursor of MgO (Fig. 1c) [18]. In detail, ZnO whisker was
immersed in a solution of 10 mmol/L Mg(NO3)2 at 99 �C, then
0.2 mol/L NaOH was added to the solution for 40 min to obtain a
white precipitate, which was the precursor. Third, synthesize
hollow porous MgO fiber and remove ZnO particle, the white
precipitate was calcined and reduced by a gaseous mixture (Ar:
H2 = 200:50 sccm) at 950 �C for 1 h in a tube furnace to ensure the
entire remove of ZnO. After that, graphene was in-situ deposited
on porous MgO template from CH4 by CVD method (Ar:H2:
CH4= 200:50:80 sccm). At last, MgO particle was totally removed
by 1 mol/L hydrochloric acid for 12 h and pure MTGs was obtained.
Then followed by water washing and freeze-drying, the dry, fluffy,
black MTGs was fabricated.

Considering the morphology of graphene depends on the
substrate directly, the design of the structure of substrate would be
one of the most important factors in the process. Fig. 1a presented
our synthesis route. First, ZnO whisker was 1D material and easily
prepared, which is the support base to the growth of the 1D
material on its external surface. However, ZnO or Zn with high
activity is not easy for the growth of thin layer graphene. So MgO
layer with inert chemical property and even some basic property
was then deposited on the surface of ZnO whisker to form a co-
axial tube structure. In the third step, ZnO was reduced by H2 and
the Zn species were carried away by gases to left a MgO porous
tube. In methane-CVD process, methane is decomposed and
carbon deposited on the pores of MgO layer. Finally, the removal of
MgO species gave a pure carbon product. In detail, the diameter of
ZnO whisker is 50–400 nm, and the length is several microns
(Figs. 1b and d). The thickness of the precipitate shell is 20–50 nm

(Figs. 1c and e), validated by energy dispersive spectrometer (EDS)
(Fig. 1f). After calcination, MgO crystal with the size of 20–30 nm
was obtained, which uniformly coated on the external surface of
ZnO. The phase composition was observed by XRD (Fig. S1 in
Supporting information). Note that, when ZnO whisker was
reduced to Zn by H2, its low melting point (419 �C) and low
boiling point (907 �C) produced a high partial pressure in gases
and, therefore, all Zn species can be removed by the treatment in
1 h. The MgO tube is not regular, considering it is stacked with
various MgO nanoparticles (Fig. 2a). As further shown in Fig. S2
(Supporting information), the MgO substrate had a length of
around 1 micron and a diameter of 150–200 nm. The shell is
relative thick under TEM, but the middle is relatively thin,
exhibiting a tubular structure. Furthermore, the total removal of
MgO by hydrochloric acid after carbon deposition really gave a
transparent, tubular graphene structure, shown in Fig. 2b.
Graphene layers (mostly 1-5 layers) on MTGs were not paralleled
to each other, different from those in carbon nanotube, suggesting
it is a new carbon structure (Fig. 2c). In detail, the size of MgO
particles is 20–50 nm (Fig. 2a), bigger than the pore size of MTGs
(Fig. 2b), suggesting the MTGs experienced the volume shrinkage
in the removal of MgO substrate by HCl and during the drying
process.

TGA characterization suggested that the burning peak of
MTGs@MgO is located at 471 �C in oxygen, but the peak is at
604 �C for pure MTGs (Figs. 3a and b), confirming the thickening
and stacking of graphene layer after MgO template remove. In
addition, the intensity ratio of 2D band (2642 cm�1) to G band
(1599 cm�1) in Raman spectra is 0.33 for MTGs@MgO, but
decreased to 0.17 for MTGs (Fig. 3c), in agreement with the TGA
result. Intensity ratio of D band (1324 cm�1) to G band is increased
from 1.83 for MTGs@MgO to 1.99 for MTGs, suggesting the self-
assemble of graphene layer resulted in the formation of some
defective edge after acid washing and freeze drying. Even though,
the 2D peak position (2635 cm�1) in Raman still validated that it is
a mixture of few layer graphene [19]. XPS characterization reveals
that carbon content is 99.2 atom%, and oxygen content is 0.7 atom%
(Fig. S3 in Supporting infromation), which is much lower than that
of reduced graphene oxide made by Hummers method. Low
oxygen content implied the high chemical stability for the use of
4 V electrode discussed below [20–24]. Besides, magnesium
content is 0.1 atom%, suggesting HCl is accessible to nearly all
MgO species and MgO species were not fully encapsulated by thick
carbon layer. In addition, MTGs powder exhibited a conductivity of
30 S/cm under 10 MPa by a four-point probe method, higher than
that of DWCNTs and AC.

Nitrogen adsorption-desorption isotherms indicated that the
SSA of MgO in porous MgO template is 14.6 m2/g (Fig. S4 in
Supporting infromation). Since the mass ratio of graphene in
MTGs@MgO is 1.8% (Fig. 3a), MTGs had surface area of 797 m2/g
before removing of MgO. The real value of MTGs after removing
MgO and after drying is 701 m2/g (Fig. 3d), suggesting the volume
shrinkage did not result in too serious stacking of graphene. The
SSA value of MTGs is close to that of DWCNTs [16], much higher
than that of MWCNTs and thermally reduced graphene oxide
[25,26].

The pore distribution of MTGs size is shown in Fig. 3d. The pore
volume of micropores of 1–2 nm, mesopores of 4–7 nm and 10–
40 nm contributed to 0.2%, 11.6% and 88.2%, respectively. Ions
transport rely on the size, structure, and distribution of pores in
carbon materials [27]. Micropores (1–2 nm) of graphene contrib-
ute to the highest capacitance, but limited rate performance owing
to low conductivity and high viscosity of ionic liquids. Note that
there have several wide peaks in the range of 10–40 nm, which may
be associated to the cylindrical holes of MgO fiber after the removal
of ZnO. Further mercury intrusion test suggested that the MTGs

Fig.1. (a) A schematic illustration of MTGs from our synthesis approach. SEM image
of ZnO before (b) and after (c) precipitation reaction. TEM image of a ZnO whisker
before (d) and after precipitation (e). (f) EDS images of O, Mg and Zn elements of the
ZnO whisker after precipitation corresponding to (e), the signal area of Mg is bigger
than Zn, and signal density of Mg is lower than O and Zn.
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