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A B S T R A C T

Vanadium redox flow batteries (VRFBs) have attracted much attention as next-generation large-scale
energy storage devices. However, they suffer from a drop in the energy efficiency induced by the large
activation polarization during vanadium redox reactions. In this study, we designed electrode materials
with a high energy efficiency that are a macroporous monolith composed of three-dimensionally
entangled graphitic nanoribbons. These materials were denoted as macroporous graphitic nanowebs (M-
GNWs), possessing a high specific surface area of 213 m2g�1 and a large pore volume of 0.82 cm3g�1. A
large number of oxygen functional groups (C/O ratio of 4.4) were introduced after immersing the M-
GNWs in the acidic electrolyte used in VRFBs. These properties of M-GNWs led to beneficial
electrochemical catalytic effects such as low anodic and cathodic peak potential separation (4Ep) values
of �73.4 mV (catholyte) in a cyclic voltammetry test conducted at a sweep rate of 2 mV s�1. Furthermore,
the VRFBs based on an M-GNW anode and cathode pair exhibited a significantly improved energy
efficiency of 85.8%, which is 12.4% higher than that (73.4%) of the commercial carbon felt-based VRFBs.
© 2017 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

Large-scale electric energy storage (EES) devices are becoming
increasingly important for a stable and on-demand supply of clean
energies generated from renewable energy resources such as solar,
wind, and tidal power [1,2]. Redox flow batteries, one of the large-
scale EES devices, have advantages of design flexibility for a target
application and a long-term electrochemical stability owing to
their unique structural feature. Their active redox-couples with a
no host structure are dissolved in two separate electrolytes that are
individually stored in containers of the desired sizes [3,4]. In
particular, all the vanadium redox flow batteries (VRFBs) based on
V2+/V3+ and VO2+/VO2

+ redox couples for the anolyte and catholyte,
respectively, show a relatively high working voltage (�1.26 V) and
a low ion crossover that effectively suppresses the energy loss by
self-discharge, making the VRFBs promising candidates as a large-
scale EES device [5–7]. However, the VRFBs suffer from a decline in
the energy efficiency originating from the large activation
polarization during vanadium redox reactions, hindering their
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extensive application [8–10]. To address this issue, various
electrode materials exhibiting catalytic effects for the vanadium
redox reactions have been explored [8–20]. Among several
materials, nanocarbon-based electrodes such as graphene, carbon
nanotube, and electrospun carbon nanofiber showed superior
catalytic effects for the vanadium redox reactions owing to their
high active surface area with numerous redox-active heteroatoms
and a good electrical conductivity [19–26]. The catalytic effects of
the oxygen functional groups on the poly-hexagonal carbon
structures are well-known and are represented in the following
equations for catholyte Eq. (1) and anolyte Eq. (2) [27,28]:

R � OH R � COOHð Þ þ VO2þ þ H2O$R � OH R � COOHð Þ þ VOþ
2

þ 2Hþ þ e� ð1Þ

R � OH R � COOHð Þ þ V3þ þ e�$R � OH R � COOHð Þ þ V2þ ð2Þ
Park et al. reported that the oxygen functional groups of

graphene nanoplatelets play a key role in the electrocatalytic
activity of the vanadium redox couples [20]. Han et al. showed
outstanding catalytic effects of the nanohybrids based on graphene
oxide nanosheets and multi-walled carbon nanotubes that include
a large number of oxygen functional groups [23]. It was also
reported that the edge sites of the poly-hexagonal carbon
hed by Elsevier B.V. All rights reserved.
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structures show superior catalytic effects compared with their
basal plane [29]. Hence, most of the studies highlight the intrinsic
oxygen functional groups of active carbon materials with a large
number of edge sites [8–13,20–24]. However, the nanocarbon-
based active materials have a limitation that an additional
conducting carbon substrate, e.g. carbon felt (CF), is essential for
their practical use in a full-cell system. This is because their
unstable carbon surfaces can be fully oxidized in strong electro-
lytes, resulting in non-conducting carbonaceous materials. There-
fore, in order to design a feasible nanocarbon-based active
electrode, it is important to realize a monolith with a highly
ordered graphitic nanostructure and a large number of edge sites.
In addition, a macroporous structure is inevitable to facilitate an
efficient flow of vanadium-based electrolytes.

In this study, standalone macroporous graphitic nanowebs (M-
GNWs) were prepared from a microbial-induced cellulose by
heating at 2800 �C. The M-GNWs are composed of entangled
graphitic nanofibers containing numerous carbon edge sites and a
poor oxygen content (C/O ratio of 89.1). After immersion in an
acidic electrolyte, the carbon structure of the M-GNWs was fully
functionalized by the oxygen groups, showing superior catalytic
effects for the vanadium ions compared with that of the
conventional CFs. In contrast, a similar sample prepared by
heating at a relatively low temperature of 1200 �C had an
amorphous carbon structure, which was fully oxidized in the
acidic condition, leading to poor electrochemical performances.
This study reveals several important features of the electrode
materials for VRFBs. They are as follows: (1) Not only the intrinsic
oxygen groups on the electrode surface but also the functionalized
oxygen groups under the acidic electrolyte can affect the catalytic
effects of the carbon-based electrode for the redox reaction of
vanadium ions, (2) Carbon microstructure is very important for the
electrode stability when operated in the strong acid media, in
particular for a nanostructured carbon material, and (3) Macro-
porous graphitic nanostructures with numerous carbon edge sites
can deliver a much improved electrochemical performances
compared with the typical CF electrodes.

Experimental

Preparation of microbial-induced cellulose cryogels

Microbial-induced cellulose pellicles were synthesized by
Acetobacter xylinum BRC 5 in a Hestrin and Schramm (HS) medium
using a reported procedure [30]. The cells were precultured in a
test tube for 3 days. Then, 50 mL of the active cells was poured in an
erlenmeyer flask with 100 mL of HS medium and was incubated at
30 �C for 7 days. To purify the cells and remove the residual HS
medium, the prepared cellulose hydrogels were immersed in a
0.25 M aqueous sodium hydroxide solution (NaOH, 97.0%, Daejung,
Republic of Korea) for 2 days at room temperature. The purified
cellulose hydrogels were then neutralized by washing with
deionized water and immersed in tert-butanol at room tempera-
ture. After freezing at �30 �C for 6 h, the frozen cellulose pellicles
were freeze-dried at �45 �C and 4.5 Pa for 3 days.

Preparation of M-GNWs

The as-prepared cellulose cryogels were heated to 1200 �C in a
tubular furnace for 2 h. A heating rate of 5 �C min�1 and an Ar flow
of 200 mL min�1 were applied during the heating process. The
resultant product was named as M-CNWs. The M-CNWs were
further heated to 2800 �C in a graphite furnace under an Ar
atmosphere. After loading the M-CNWs into the graphite furnace,
step by step heating rates of 10, 5, and 3 �C min�1 were applied up
to 1800, 2300, and 2800 �C, respectively. The final product
(M-GNW) was stored in a vacuum oven at 30 �C without further
treatment.

Characterization

Morphologies of the samples were examined by field-emission
scanning electron microscopy (FE-SEM, S-4300, Hitachi, Japan) and
field-emission transmission electron microscopy (FE-TEM,
JEM2100F, JEOL, Japan). X-ray diffraction (XRD, DMAX-2500,
Rigaku,) analysis of the samples was performed using Cu-Ka
radiation (wavelength l = 0.154 nm) at 40 kV and 100 mA. Raman
spectra were recorded using a continuous-wave linearly polarized
laser (514.5 nm wavelength, 2.41 eV, 16 mW power). The laser
beam was focused by a 100 � objective lens, resulting in a spot of
�1 mm diameter. Acquisition time and number of circulations to
collect each spectrum were 10 s and 5 cycles, respectively. The
porous properties of the samples were analyzed using nitrogen
adsorption and desorption isotherms that were obtained using
surface area and porosimetry analyzer (ASAP 2020, Micromeritics,
USA) at �196 �C. The chemical composition of the samples was
examined by X-ray photoelectron spectroscopy (XPS, PHI 5700
ESCA, USA) with a monochromatic Al Ka radiation (hn = 1486.6 eV).

Electrochemical characterization

The electrochemical performance of the samples and their
flow-cell devices were characterized with the aid of a potentiostat
(PGSTAT302N, Autolab), Wonatech automatic battery cycler, and
single-cell test equipment (Standard Cell — Blue, Standard Energy
Co., Ltd., South Korea). For the half-cell, a hand-made, three-
electrode configuration system was used as shown in Fig. S1 [31].
The M-CNWs and M-GNWs with a diameter of 5 mm (area:
0.196 cm2), commercial CFs (c-CF, XF-30A, thickness: 4.3 mm,
Toyobo, Japan), and Ag/AgCl were used as the working, counter,
and reference electrodes, respectively. VOSO4 (0.1 M, 99.5%, Sigma-
Aldrich) was dissolved in H2SO4 (2 M, 96.5%, Sigma-Aldrich) and
was used as the electrolyte for the half-cell tests. For a full-cell test,
a single cell based on a symmetric M-GNW//M-GNW electrode pair
was assembled with copper current collectors, bipolar plates, and
cation exchange membranes (Nafion 115, DuPont Co., Ltd., USA).
The working electrodes with an area of 4 cm2 were used as both
cathode and anode. The electrolyte was prepared by dissolving
1.6 M VOSO4 in 4 M H2SO4 solution and a volume of 60 mL was
taken in each of the catholyte and anolyte tanks. Optical image of a
single flow cell is shown in Fig. S2. Galvanostatic charge/discharge
and cyclic voltammetry tests of the single flow cell were performed
at various current densities and sweep rates, respectively. Similar
tests were conducted using c-CF pair as electrodes for comparison.

Results and discussion

Morphologies of M-CNWs and M-GNWs characterized by FE-
SEM are shown in Fig. 1(a) and (b). Both the samples show a similar
three-dimensional macroporous structure composed of entangled
nanofibers with diameters of about 10–20 nm. It is noteworthy that
despite a high temperature heating at �2800 �C, the initial
macroporous structure of M-GNWs is well-maintained. On the
contrary to the pore structure, the microstructure of M-GNWs is
distinguished from that of M-CNWs. The FE-TEM image of M-
CNWs reveals an amorphous carbon structure without a long-
range carbon ordering [Fig. 1(c)], while M-GNWs exhibit an
ordered graphitic nanoribbon structure [Fig. 1(d)]. Further, the
specific differences in microstructures were investigated by Raman
spectra and XRD patterns [Fig. 2(a) and (b)]. The Raman spectra of
M-CNWs and M-GNWs show distinct D and G bands. The D bands
represent the intrinsic phonon modes with the A1g symmetry of



Fig. 1. Morphological characteristics of the M-CNWs and M-GNWs. (a), (b) FE-SEM and (c), (d) FE-TEM images of M-CNWs and M-GNWs.
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the infinite aromatic ring that is activated by the structural
disorder and G bands represent the hexagonal structure related to
the E2g vibration mode of the sp2-hybridized C atoms [Fig. 2(a)]
[32]. The D and G bands of M-CNWs are broad and connected with
each other, while that of M-GNWs are relatively sharp and
separate. In addition, the D to G intensity ratio (ID/IG) of M-CNWs is
1.02 which is much larger than that of M-GNWs (0.28). These
Fig. 2. (a) Raman spectra and (b) XRD pattern of M-CNWs and M-GNWs. (c) Nitrogen 

distribution data of M-CNWs and M-GNWs.
results indicate that M-GNWs have a much more ordered
hexagonal carbon structure than M-CNWs. The approximate size
of the ordered hexagonal carbon layers for M-CNWs and M-GNWs
as calculated from the Raman bands corresponds to about 4.4 and
15.7 nm [33,34]. In addition, the XRD pattern of M-GNWs shows a
relatively sharp graphite (002) peak at 25.7�, which is in contrast
with the broad pattern of M-CNWs [Fig. 2(b)]. These results
adsorption and desorption isotherms of M-CNWs and M-GNWs, and (d) pore size
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indicate that M-GNWs have a more ordered graphitic structure
than M-CNWs.

The pore structure of M-CNWs and M-GNWs was characterized
using nitrogen adsorption and desorption isotherm curves
[Fig. 2(c)]. In a low relative pressure region of <0.02, a sharp
increase in the adsorbed nitrogen quantity of �70 and �45 cm3 g�1

was observed for M-CNWs and M-GNWs, respectively. This
adsorption of nitrogen molecules at a low relative pressure is
attributed to their monolayer adsorption on the surface of M-
CNWs and M-GNWs [35]. Owing to a more disordered carbon
structure with smaller hexagonal carbon domains, M-CNWs can
have a larger monolayer adsorption quantity than that of M-GNWs.
In addition, both the isotherms show a dramatic increase in the
adsorbed nitrogen quantity in a high relative pressure region above
0.9 and a small hysteresis between the adsorption and desorption
curves. These results indicate that both M-CNWs and M-GNWs are
mainly macroporous structures corresponding to IUPAC type-II
[36]. The pore size distribution data of M-CNWs and M-GNWs
exhibit that they have numerous pores with various pore widths
[Fig. 2(d)]. The specific surface area of M-CNWs and M-GNWs is
317 and 213 m2g�1, respectively, which are about 160 and 110
times higher than that of c-CFs. Furthermore, the pore volume of
M-GNWs is �0.82 cm3 g�1, which is about 1.8 and 82 times higher
than that of M-CNWs and c-CFs, respectively. The detailed textural
properties of M-CNWs and M-GNWs are recorded in Table S1.

The surface properties of M-CNWs and M-GNWs were
investigated by XPS [Fig. 3]. The XPS C 1s spectra of M-CNWs
and M-GNWs show several similar configurations such as C¼C,
C��C, C��O, and O��C¼O bonding [Fig. 3(a) and (b)], while C/O
ratios in both the samples are significantly different, i.e., 11.2 and
89.9 for M-CNWs and M-GNWs, respectively [Fig. 3(c)]. It is also
Fig. 3. XPS analysis of the M-CNWs and M-GNWs. High-resolution spectra of (a) C 1s (a
ratio of heteroatoms and (d) chemical composition contents of functional groups from
noteworthy that the surface properties of M-CNWs and M-GNWs
were highly affected by immersing them into the acidic electrolyte.
After soaking both the samples in the electrolyte containing 2 M
H2SO4 for 12 h, their surface carbon strongly oxidized, thereby, the
C/O ratios of M-CNWs and M-GNWs dramatically decreased to 1.3
and 4.4, respectively [Fig. 3(c)]. The detailed surface properties are
shown in Table S2. Additionally, the XPS O 1s spectra of M-CNWs
and M-GNWs are added in Fig. S3, which shows that the oxygen
configurations in both the samples are similar to each other. The
changed surface properties after immersion in the electrolyte
strongly affected their electrochemical performances.

The electrochemical performances of M-CNWs and M-GNWs
were measured by using a hand-made three-electrode configura-
tion system using a 0.1 M VOSO4 dissolved in 2 M H2SO4 solution as
the electrolyte over the voltage windows between 0.4 and 1.3 V vs.
Ag/AgCl [Fig. 4]. The cyclic voltammetry (CV) curves of c-CFs and
M-GNWs conducted at a sweep rate of 2 mV s�1 show distinct
anodic and cathodic peaks. The peak potential separation (4Ep) is
�130 mV and �73.4 mV in catholyte for c-CFs and M-GNWs,
respectively [Fig. 4(a)]. A better catalytic effect of M-GNWs could
be induced from the unique nanostructure with numerous edge
sites that are functionalized by the oxygen groups in the acidic
electrolyte. As shown in Fig. 4(b), the slopes of the sweep rate
versus the oxidation and reduction peak current density plots also
are larger for M-GNWs than for c-CFs in catholyte, indicating better
performances in M-GNWs. In contrast, M-CNWs are fully oxidized
in the acidic condition, thus exhibiting poor electrochemical
performances owing to the deteriorated electrical properties
[Fig. S4]. The practicability of M-GNWs as electrodes for VRFBs
was further tested in full-cell VRFB systems that were assembled
using the same M-GNW electrode pairs for both anolyte and
s-prepared) and (b) C 1s (after immersion in electrolyte). (c) Chemical composition
 O 1s spectra for M-CNWs and M-GNWs.



Fig. 4. Cyclic voltammetry with c-CF and M-GNW electrodes for (a) VO2+/VO2
+ redox couple in 0.1 M VOSO4+ 2 M H2SO4 aqueous solution at a sweep rate of 2 mV s�1,

respectively. (b) Peak current densities of c-CFs and M-GNWs in catholyte.

Fig. 5. Electrochemical performance of VRFB employing the c-CF and M-GNW electrodes in flow-type single cell at room temperature: (a) Charge-discharge profiles at current
density of 40 mA cm�2. (b) Discharge capacity of VRFBs with each electrode as functions of cycle number at different current densities. (c) Coulombic and voltage efficiency at
current densities in the range of 40–100 mA cm�2. (d) Energy efficiencies (EE) of c-CF and M-GNW electrodes in a VRFB single cell operation for a continuous charge-discharge
cycles at different current densities.
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catholyte [Fig. S5]. The electrochemical performance of this
assembly was compared with that of the c-CF electrode pair
system. The galvanostatic charge/discharge profiles of c-CFs- and
M-GNWs-based VRFBs characterized in a voltage window between
0.8 and 1.6 V are exhibited in Fig. 5(a). The profiles show a
considerable gap in their specific capacities. M-GNWs-based
VRFBs exhibit a specific capacity of 34.2 Ah L�1 at 40 mA cm�2

corresponding to �150% of that (22.7 Ah L�1) of c-CFs-based VRFBs
[Fig. 5(a)]. Note that M-GNWs-based VRFBs have superior rate
capabilities at current densities from 40 to 100 mA cm�2, as shown
in Fig. 5(b). While c-CFs showed an abrupt decrease at the current
density of 100 mA cm�2, M-GNWs-based VRFBs maintained �50%
of their initial capacity. In addition, when the current density is
returned to 40 mA cm�2 after 16 cycles with a continuous increase
in the current rates, the initial specific capacity value of M-GNWs-
based VRFBs was fully recovered, indicating the high reversibility
of the capacity. Moreover, M-GNWs-based VRFBs revealed a high
voltage efficiency of �87.5%, which is about �11.9% higher than
that of c-CFs-based VRFBs (75.6%) [Fig. 5(c)]. Because both the
systems have a high Coulombic efficiency of above 98%, their
energy efficiency is highly dependent on the voltage efficiency.
Thereby, M-GNWs-based VRFBs showed higher energy efficiencies
at all the current densities from 40 to 100 mA cm�2, as shown in
Fig. 5(d). A maximum energy efficiency of 85.8% and 73.4% was
achieved for M-GNWs- and c-CFs-based VRFBs, respectively. In
addition, stable cycles were maintained over 30 cycles. These
results demonstrate that M-GNWs have a great potential as an
electrode for VRFBs.

Conclusion

In summary, monolithic M-GNWs were fabricated from freeze-
dried microbial cellulose pellicles by heating at 2800 �C. M-GNWs
have a three-dimensional macroporous structure composed of
entangled graphitic nanofibers with diameters of about 10–20 nm
and numerous carbon edge sites. In addition, M-GNWs have a high
specific surface area of 213 m2g�1 and a large pore volume of
0.82 cm3 g�1, which are �110 and 82 times higher than those of c-
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CFs, respectively. After the M-GNWs were immersed in the acidic
electrolyte, numerous oxygen functional groups were introduced
to their surface carbon structures, leading to high catalytic effects
with a4Ep value of �73.4 mV (catholyte) in a CV test conducted at
2 mV s�1. In addition, M-GNW-based VRFBs demonstrated their
feasible electrochemical performances such as high voltage,
Coulombic, and energy efficiencies of 87.5, 98.0, and 85.8%,
respectively, which was superior to those of the c-CFs-based
VRFBs.
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