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they can find wider applications.[4] One of
the toughest problems is the low electrochemical activity of their electrodes (typically
carbon or graphite felts) which decrease
the battery’s energy efficiencies significantly.[5–10] In contrast to the electrodes of
conventional lithium ion batteries that convert electric energy to chemical energy via
lithium ion insertion/extraction processes,
the electrodes of VRFBs only provide active
surfaces (sites) for redox reactions without
being involved in them.[11] So the most
effective way to enhance the electrochemical activity of electrodes is to increase their
surface area and thus the number of active
sites on them. Moreover, compared with
the negative redox reactions (V3+ + e− = V2+,
only one electron transfer), the positive redox
reactions (VO2+ + 2H+ + e− = VO2+ + H2O)
involve at least three elementary steps
(one electron transfer and two proton
exchanges), which make kinetics of the VO2+/VO2+ reaction
much slower.[12] Therefore, the electrochemical kinetics of VRFB
are limited by the positive reactions, leading to the significance of
developing positive electrodes with high electrochemical activity
toward VO2+/VO2+ redox processes.[13–15]
Over the past few years, intensive efforts have been devoted
to address the above-mentioned challenge by modifying the
electrode surface to introduce more active sites or to enhance
their catalytic activities. For example, noble metals such as Au,
Pt, Ru, and Ir have been deposited on the carbon felt (CF) electrodes and exhibited improved catalytic activity toward VO2+/
VO2+ redox couple. However, in addition to the high cost of
these metals, they are also active toward water splitting. As a
result, electrical energy will be wasted on the undesirable water
splitting process instead of the redox reactions of vanadium
ions. This not only decreases the energy efficiency (EE), but also
leads to oxygen evolutions which in turn causes stability and
safe problem in the battery.[16,17] Recently, some low cost metal
or metal oxides were successfully introduced on CFs though
hydrothermal or electrochemical deposition method, which
shows better electrochemical performance than noble metals,
especially at high charge–discharge current density.[18–21] For
example, Li et al. have successfully demonstrated low cost bismuth and niobium oxide nanoparticles modified CF electrodes,
which can effectively reduce the electrochemical polarization

3D graphene-nanowall-decorated carbon felts (CF) are synthesized via an
in situ microwave plasma enhanced chemical vapor deposition method
and used as positive electrode for vanadium redox flow battery (VRFB). The
carbon fibers in CF are successfully wrapped by vertically grown graphene
nanowalls, which not only increase the electrode specific area, but also
expose a high density of sharp graphene edges with good catalytic activities
to the vanadium ions. As a result, the VRFB with this novel electrode shows
three times higher reaction rate toward VO2+/VO2+ redox couple and 11%
increased energy efficiency over VRFB with an unmodified CF electrode.
Moreover, this designed architecture shows excellent stability in the battery
operation. After 100 charging–discharging cycles, the electrode not only
shows no observable morphology change, it can also be reused in another
battery and practical with the same performance. It is believed that this novel
structure including the synthesis procedure will provide a new developing
direction for the VRFB electrode.

1. Introduction
Vanadium redox flow battery (VRFB) has attracted wide attention
for its merits of high capacity, fast response time, tolerance to
over-loading and low maintenance which make it an ideal energy
storage solution for loading shifting in power grid as well as in
wind and solar energy conversion systems.[1–3] Despite the great
promise of VRFB, many challenges need to be addressed before
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of the electrode during charge–discharge
processes.[22,23]
On the other hand, graphene materials
have also been found to have promising
applications on electrodes for VRFB.[24–26]
First, the excellent conductivity of graphene
materials would decrease the contact resistance and facilitate efficient electron transfer
during the electrode reactions. Second, their
large specific surface areas and easy surface
functionalization can also provide considerably increase in active reaction sites (oxygen
containing functional groups) for vanadium
ions. Third, the graphene materials are
inert to the strongly acidic electrolyte and
thus avoiding contamination of the electrolyte by the metal oxides’ dissolving products.[3] González et al. have prepared carbon
nanowalls thin films on gold substrate
and analyzed their catalytic activity toward
VO2+/VO2+ couple, these thin films show
good electrochemical activity ascribing to
their high specific area and oxygen containing
groups on them.[27] Han et al. have electro- Figure 1. Illustration of fabrication process and the designed structure of 3D graphene-nanosprayed simultaneously carbon nanotube and wall-modified CF.
reduced graphene oxide onto a glassy carbon
disk to prepare an electrode with enhanced electrocatalytic perwith diameters form several to tens micrometers. Pristine CF
formance toward the positive VO2+/VO2+ couple.[28] By soaking
was first cleaned with a hydrogen plasma for 10 min to remove
contamination. 3D graphene nanowalls were then grown onto
CF in a dispersion of functionalized graphene nanoplatelets,
carbon fibers of the CF by MPCVD (experimental parameters
Park et al. have demonstrated an electrode with superior elecare summarized in Table S1, Supporting Information).
trochemical activity toward vanadium ion couples.[29] On top of
these promising results, it is expected that there is still much
A typical photograph of an as-prepared electrode material
room for further performance enhancement via (1) avoiding
(CF-G-1) is shown in Figure 2a. Except that the surface color
stacking of the graphene material which limits the effective area
of the graphene modified CF becomes darker than the pristine
of the electrodes and (2) improving the bonding between the
CF, little change can be observed. The pristine CF used in here
graphene and the electrode for enhancing the system’s stability.
contains carbon fibers of 15 µm diameter with smooth surface
To achieve these improvements, we designed and prepared a
(Figure 2b). After the MPCVD process, the carbon fibers are
unique hierarchical structure by growing a uniform and dense
successfully wrapped by vertically standing graphene nanowlayer of 3D graphene on CF via a simple microwave plasma
alls, with the diameter increasing to 20–30 µm (Figure 2c,d). It
enhanced chemical vapor deposition (MPCVD) process. It was
was found that the density and the morphology of the nanowalls
observed that the carbon fibers in CF were successfully wrapped
can also be easily controlled by changing the ratio of reactant
by vertically grown graphene nanowalls, which not only increase
gases and deposition time (Figure S1, Supporting Information).
the electrode specific area, but also exposing a high density of
Specific surface area (S) of the electrodes increase significantly
sharp graphene edges with good catalytic activities to the vanaupon graphene deposition. For example, the S value for CF-G-1
dium ions. We applied the electrode in VRFB and observed
is about 11.8 m2 g−1 while that of CF is only about 1.9 m2 g−1
+
2+
about three times higher reaction rate toward VO2 /VO redox
(Figure S2, Supporting Information). In addition, compared
with bare CF sample, all CF-G samples show significantly
couple and 11% increased EE over VRFB with an unmodified
decreased area electric resistance after the 3D graphene in situ
CF electrode. It was also found that the graphene-coated CF
growth process (Figure S3, Supporting Information), implying
electrode show excellent stability in the battery operation. After
smaller physical polarization for CF-G electrodes during the
100 charging–discharging cycles, the electrode not only shows
VRFB operation.
no observable morphology changes, it can also be reused in
another battery and practically with the same performance.
The CF-G-1 material was grinded into powder, dispersed in
alcohol solution and dropped onto a porous carbon film for
transmission electron microscopy (TEM) observation. Figure 2e
shows an interface region between a carbon fiber and the gra2. Results and Discussion
phene nanowall. It can be seen that the interface is clean and
shows no observable transition layer hinting a good bonding
Figure 1 shows schematically the preparation process for the
between the materials. Figure 2f shows that most of the gragraphene-nanowall-modified CF (CF-G). CF, a commonly used
phene walls consist of about 6–10 graphene layers.
electrode for VRFB, is comprised of cross-linked carbon fibers

1500276 (2 of 7)

wileyonlinelibrary.com

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Sci. 2016, 3, 1500276

www.advancedscience.com
www.MaterialsViews.com

FULL PAPER
Figure 2. a) A typical photograph of the as-prepared graphene-nanowall-decorated CF (CF-G-1) and pristine CF. b) SEM images of CF and c.d) CF-G-1
under different magnification and e,f) HRTEM images for CF-G-1.

Crystal structures of the CF and the CF-G-1 samples were
characterized with X-ray diffraction (XRD). As shown in
Figure 3a, the two diffraction peaks at 26.5° and 44.0° can
be assigned to the (002) and the (100) planes of graphite.[30]
After the deposition process, the (002) peak intensity of
CF-G-1 becomes much stronger than that of CF, suggesting
the well-ordered structure of the vertically nanowalls. Raman
spectroscopy was used to provide more information on structural

properties of the obtained vertically nanowalls decorated CF
materials (Figure 3b). The enhancement in Raman signal at
the 1584 cm−1 (G band) and the appearance of shape peak at
2668 cm−1 (2D band) confirming the TEM observation that the
vertically nanowalls are several layer graphene materials.[31,32]
These characteristics can also be observed for other samples of
CF-G materials (Figure S4, Supporting Information). To better
understand the oxygen containing functional groups on the

Figure 3. XRD patterns a) and Raman spectra b) of CF-G-1 and CF materials. c) XPS C1s and d) O1s high-resolution spectra for CF-G-1 materials.
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surface of graphene nanowalls, we employed X-ray photoelectron spectroscopy (XPS) analysis. For the CF-G-1 sample, the
high-resolution C1s region displays three carbon peaks corresponding to C C, C OH, and O C OH bonds (Figure 3c).[29]
As shown in Figure 3d, the O1s peak of the CF-G-1 assigned to
531.5 and 533.2 eV can be attributed to C OH and C C OH
bond, respectively, consistent with the C1s analysis result.
The detailed elemental compositions for CF-G samples are
presented in Figure S5 of the Supporting Information. These
oxygen containing functional groups will provide effective reaction sites for VO2+/VO2+ redox reactions.[29]
Figure 4a shows cyclic voltammetry (CV) curves for different
electrodes obtained at a scanning rate of 5 mV s−1 (the values
of peak current, peak potential and peak potential difference are
listed in Table S2, Supporting Information). The peaks at about
1.1 V correspond to the oxidation process of VO2+ → VO2+, with
the oxygen transferring from water to VO2+ and electron output
(this process is also presented in Figure 1).[33,34] Accordingly, the
peaks at about 0.75 V can be assigned to the reduction process of
VO2+ → VO2+.[35] Peak current, peak potential difference as well
as the redox onset potentials can be used to estimate the catalytic
activity of electrode materials.[36] Obviously, the peak currents for
the graphene-nanowall-decorated CF electrodes (CF-G-1, 2, 3,
and 4) are about three to four times the value obtained on the
pristine CF electrode, and the redox onset potentials and peak
potential difference values of the pristine CF electrode are much
larger than those for the CF-G electrodes, implying considerably
improved catalytic activity of the CF-G electrodes. CV curves of
the CF-G-1 and the CF electrodes were measured at different
scanning rates in 0.1 M VOSO4 + 2 M H2SO4 solution are exhibited, respectively, in Figure 4b and Figure S6 of the Supporting
Information. Corresponding data for the other CF-G electrodes
are shown in Figure S7a–c of the Supporting Information. These
oxidation/reduction processes on all the electrodes studied here
show the same features that both the peak currents and the peak
potential difference values increase with the scan rate, indicating
these electrode processes are irreversible.[37] The mass transfer
properties can be assessed by plotting the peak current density
versus the square root of scan rate from the Randles–Sevcik
equation.[38] The good linearity of the plots as shown in Figure 4c
indicates that a diffusion process controls the vanadium redox
reaction on the surface of graphene nanowalls.[39] In addition,
the slopes of the graphene-nanowall-decorated CF electrode are
larger than that of CF electrode samples, suggesting that a faster
mass transfer process could be achieved on the graphene-nanowall-modified electrode.[11] In order to get more accurate values
to compared all these electrode, reaction rate constant (K°) for
all oxidation and reduction reactions are calculated (details are
described in the Supporting Information, Figure S7d–f, Equations (S1) and (S2), and Table S3).[40] The K° values for oxidation
and reduction processes on the CF electrode are only 1.84 × 10−3
and 2.43 × 10−3 cm s−1, respectively, which are much smaller
than those of corresponding values on the CF-G electrodes (e.g.,
5.79 × 10−3 and 7.20 × 10−3 cm s−1 for CF-G-1).
Electrochemical impendence spectroscopy (EIS) was used to
measure the charge transfer resistance (Rct) during the redox
reactions. As shown in Figure 5a, all the EIS plots comprise
one semicircle in the high-frequency region and a straight line
in the low-frequency region.
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The solution resistance (Re) and the Rct (summarized in
Table S2, Supporting Information) can be respectively estimated
from the starting point and the diameter of the semicircles.
The resistance of diffusion (Zw) during the reaction process

Figure 4. a) CV comparison of the CF, CF-G-1, CF-G-2, CF-G-3, and
CF-G-4 at a scan rate of 5 mV s−1. b) CV curves of CF-G-1 electrodes
under different scan rates range from 5 to 50 mV s−1. c) Plot of the anodic
(Ipa) and cathodic (Ipc) peak current versus the square root of each scan
rate for different samples.
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Figure 5. a) EIS plots for CF, CF-G-1, CF-G-2, CF-G-3, and CF-G-4 at open-circuit potential, b) the voltage profiles for CF and CF-G-1 electrodes,
c) energy efficiency values for CF and CF-G-1 electrodes within 100 cycles at the current density of 25 mA cm−2. d) Rating capability of VRFB with the
CF-G-1 as positive electrode.

can be determined from the slope of the straight line.[41–43] An
equivalent circuit diagram of these electrodes is also shown in
Figure 5a. The Rct value for the CF electrode is about 392 Ω,
much larger than that for graphene-nanowall-modified CFs
(e.g., the Rct value for CF-G-1 is only 55 Ω), suggesting the
redox reactions can be accelerated significantly on the surface
of the graphene nanowalls. As analyzed above, the CF-G-1
shows the highest electrochemical activity among these samples and was shown as electrode to test the battery performance.
Charge–discharge voltage profiles of the VRFBs with CF-G-1
and CF are shown in Figure 5b. For CF-G-1 sample, the onset
potential of charging branch is lower than that of CF, opposite
behavior is observed for the discharging branch, implying the
redox reactions on the CF-G-1 endures much smaller electrochemical polarization during the battery operation.[44–46] As
a result, more capacity can be obtained over the same operation potential window (0.7–1.7 V), about 20.5 Ah L−1 discharge
capacity for CF-G-1 and 14.3 Ah L−1 discharge capacity for CF.
For VRFB, the EE value is a key performance indicator for evaluating the energy conversion efficiency between chemical and
electric energies. The energy efficiency (EE) within 100 cycles
at the current density of 25 mA cm−2 for CF-G-1 and CF are
shown in Figure 5c, the battery with a CF-G-1 electrode can
still be maintained at ≈90% even after 100 cycles; while, the
EE value for battery with a CF electrode is below 80%. More
importantly, due to the dominant advantage on charge transportation afforded by the in situ grown graphene nanowalls,
outstanding rate performance of ≈90%, ≈85%, 80%, 76%,
and 73% EE values at current densities of 25, 50, 75, 100, and

Adv. Sci. 2016, 3, 1500276

125 mA cm−2 is obtained, respectively (Figure 5d). Remarkably,
when the current density returns to 25 mA cm−2, the EE value
reverts to ≈90%. This favorable high rate performance is supported by abundant specific surface area of the modified electrode and fast oxygen and electron transfer rate facilitated by
the graphene nanowalls.[29,35,47]
To further test operation stability of the VRFB with a CF-G-1
electrode, we measured its capacity changes for 100 cycles at
a current density of 25 mA cm−2, the capacity decreases from
20.5 Ah L−1 for the initial value to 9.7 Ah L−1 after 100 cycles
(Figure S8, Supporting Information). As explain, degradation
caused by the vanadium ion counter diffusion through the
membrane is well-known main cause for capacity fading in
VRFB.[48–50] To isolate its effects, we replace the membrane in
the VRFB after 100 cycles without changing any other components. Capacity of the battery recovers to a value of 21.3 Ah L−1
which is larger than its initial value of 20.5 Ah L−1, indicating
the present CF-G-1 electrode practically not only having no electrochemical degradation after 100 cycles, but also completing
an activation process. The surface chemical status of CF-G-1
after 100 cycles was further analyzed by XPS method. As shown
in Figure S9 of the Supporting Information, the surface oxygen
content increases from 7.13% to 12.3%, suggesting some of
the graphene (probably the edge part with more defects) has
been oxidized in the strong oxidation electrolyte during the
charge–discharge processes.[51–53] The ratio between C OH
and O C OH functional groups for the fresh CF-G-1 is about
1:1 which increase to 2:1 after 100 cycles. These increased
oxygen functional groups will provide more reactive sites for

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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VO2+/VO2+ redox reactions. Inspired by this interesting phenomenon and previous reported activation method,[5,8,24] we
treated the CF-G-1 sample in concentrated nitric acid to introduce more surface oxygen functional groups and further evaluated as positive electrode for VRFB. As shown in Figure S10a–c
of the Supporting Information, the oxygen atom percentage of
CF-G-1 increases to 12.8% after the oxidation process which is
even more than that of the CF-G-1 electrode after 100 cycles.
The battery performance of the modified CF-G-1 is exhibited
in Figure S10d of the Supporting Information, 21.9 Ah L−1 of
initial discharge capacity can be obtained and the Coulombic
efficiency keep above 96% at 50th cycle, further demonstrating
that introducing of surface oxygen functional groups can
improve the electrochemical activity of graphene toward VO2+/
VO2+ redox reactions. The proposed catalytic mechanism is
schemed in Figure S11 of the Supporting Information. For the
oxidation process, VO2+ ions connect with the surface oxygen
containing groups first, then the oxygen atom transfer from the
H2O molecule to the VO2+ with the assistance of surface oxygen
containing groups. Finally, the reaction product (VO2+) diffuses
from the electrode surface into the electrolyte. For the reduction process, the reaction is opposite and can also be facilitated
by the surface oxygen functional groups.[33,35] Due to the synergistic effect between the large specific surface area of graphene
and abundant oxygen functional groups on them, robust battery performance can be achieved.
The structural stability is also crucial for stable cycling. The
battery was disassembled and CF-G-1 electrode was washed
and dried after battery test. SEM images for this used CF-G-1
electrode are shown in Figure S12a of the Supporting Information; the vertically standing characteristic of the graphene nanowall is well maintained without any sign of peeling off. Other
than the electrode, operation stability of VRFB is also limited
by the membrane which makes the battery couldn’t operate for
a long time. To eliminate the effects from this reason, we have
specially designed a testing setup as shown in Figure S12b of
the Supporting Information, the CF-G-1 electrode was putted
into a glass container with flowing electrolyte (no membrane
and current were applied during this adhesion strength test).
After 10 d scouring test in the electrolyte, the CF-G-1 electrode
was taken out and characterized by SEM (Figure S12c, Supporting Information). No obvious change can be observed and
the graphene nanowalls still possess 3D structure and are well
connect with the CF substrate, which further confirm that the
bonding between carbon fibers and graphene nanowalls are
strong enough to withstand the battery’s mechanical operation.

3. Conclusion
In summary, graphene nanowall decorated CF was successfully fabricated via a simple MPCVD method and used as
positive electrode for VRFB for the first time. Compared with
previous reported graphene based catalysts, this unique structure can provide more active sites for vanadium redox reactions. Excellent cycle stability (the EE value can keep at ≈90%
even after 100 cycles) and rate capability can be obtained when
employing the composite materials as positive electrode during
VRFB test. Moreover, this in situ growth process ensures good
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bonding between the graphene nanowalls and the carbon
fibers. The electrode show no observable degradation in long
time scouring test and 200 charge–discharge cycles. We believe
this fabrication method and this novel structure will have a very
good promise in VRFB electrode application. Moreover, this all
carbon based material may also have applications in catalyst
substrate and other battery electrodes.

4. Experimental Section
Preparation of 3D Graphene Modified Carbon Felt Electrode: The
graphene nanowall decorated carbon felt was prepared by a simple
MPCVD process, as reported elsewhere with modification.[54,55] Typically,
dried carbon felt was cut into 2.5 × 2.5 cm and used as the substrates,
which is placed on top of a molybdenum anode. The graphene nanowalls
were grown on the carbon felt by a commercial 1.5 kW ASTeX MPCVD
system. Plasma was ignited in hydrogen at 7 Torr. After the carbon felt
was exposed to hydrogen plasma for 10 min to remove contamination,
it is followed by a CH4/H2 gas mixture at a constant flow rate ratio at
30 Torr. The microwave power was kept at 1200 W, and the substrate
was heated to about 800 °C as monitored by an infrared pyrometer
and maintained for 2 h. After the plasma was switched off, the sample
was cooled down naturally. Details on the growth conditions are listed
in Table S1 of the Supporting Information. Samples synthesized under
different conditions are marked as CF-G-1, CF-G-2, CF-G-3, and CF-G-4,
respectively. CF-G-1 sample was further modified in concentrated nitric
acid at 80 °C for 6 h, and then washed by deionized water and alcohol
for several times and dried in vacuum.
Characterization: Structures of the materials were characterized with
an X-ray powder diffractometer (XRD, D8-Advance, Bruker, Germany).
Morphologies of the carbon felt and graphene-modified carbon felts
were observed with a transmission electron microscope (TEM, Philips
CM-200 FEG) at 200 kV and a scanning electron microscope (SEM,
Philips XL30 FEG SEM). Raman spectroscopy was carried out with
a Renishaw 2000 Raman microscope with 633 nm excitation source.
Surface areas of the samples were measured with nitrogen sorption
isotherms 77 K on a Micromeritics ASAP 2020 apparatus. The surface
chemical status for CF-G materials was analyzed by X-ray photoelectron
spectroscopy (XPS, VG Scientific ESCALab220i-XL). Electric conductivity
of all samples is tested by the equipment shown in Figure S3 and the
test method is also described in detail in the Supporting Information.
Electrochemical Measurement: Electrochemical measurements
were carried out using a three-electrode cell on an electrochemical
workstation (Autolab 302N). A working electrode with a geometric area
of 1 cm2 was clamped by an electrode holder where only a small part of
the carbon felt was contacted with the platinum current collector was
equipped with a platinum plate counter electrode and Ag/AgCl reference
electrode in 0.1 M VOSO4 (Sigma-Aldrich, 99.5%) in 2 M H2SO4 solution.
A salt bridge was used to eliminate the liquid junction potential.
Cyclic voltammetry (CV) was recorded over a fixed voltage window
between 0 and 1.4 V versus Ag/AgCl under different scan rates at room
temperature. Electrochemical impendence spectroscopy (EIS) was
recorded over a frequency range from 100 kHz to 10 mHz at open-circuit
voltage. For battery test, thickness of ≈4 mm graphene modified carbon
felt electrode and pristine carbon felt (Liao Yang Carbon Fiber Sci-tech.
Co., Ltd. China) with an active area of 6.25 cm2 (2.5 × 2.5 cm) were
used as the positive and negative electrode, respectively. The batteries
were fabricated by sandwiching the proton exchange membrane (Nafion
212) between two pieces of electrodes placed in polytetrafluoroethylene
frames. Copper sheet and conductive plastic were served as current
collector and bipolar plate, respectively. Flexible graphite was place
between the current collector and bipolar plate which was used to
reduce the contact resistance during the battery operation due to the full
contact between them. The carbon felt compression ratio in the battery
apparatus is about 75%. The starting electrolytes for both the positive
and the negative part were 2.5 M VOSO4+ 2.5 M H2SO4 (15 mL). The
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FULL PAPER

test batteries were charged and discharged over the operating potential
range of 0.7–1.7 V.

