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In this work, we report an environmentally friendly and low-cost approach to synthesize an all biomass-
derived electrode from cotton through a pyrolysis process and apply this novel electrode to a VRFB for the
first time. It is demonstrated that this carbonized cotton (CC) electrode presents a higher BET surface area,
alarger number of oxygen-containing functional groups, a better wettability and higher catalytic activity
for vanadium reactions than commercial carbon papers (CPs) do. As a result, the CC electrode improves
the reversibility toward VO?*/VO," by 100 mV lower peak separation as compared with commercial CPs.
Moreover, the VRFB assembled with the prepared electrodes delivers a high voltage efficiency of 75.4% at
a current density of 100 mA cm 2, outperforming the oxidized CPs (68.3%), and a better rate performance
during the charge-discharge test at various current densities. These results suggest that the carbonized
cotton electrode offers a great promise for the large-scale application in VRFBs.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The gradual depletion of traditional fossil fuels and the
increasing environmental pollution have promoted the rapid
development of clean and sustainable energy sources, such as solar
and wind energy [1]. However, the renewable energy sources
encounter many issues during their applications, for instance,
intermittence, distribution and fluctuation [1,2]. The energy
storage systems such as redox flow batteries (RFBs), therefore,
are developed to attenuate the mismatch between the supply and
demand of electricity [3,4]. Among various RFBs, all vanadium
redox flow batteries (VRFBs) proposed by Skyllas-Kazacos have
received extensive attention due to their attractive features of
design flexibility, long lifespan and decoupled power and energy
capacity [1,5]. In particular, VRFBs employ the same element
(vanadium) in both positive and negative electrolytes to minimize
the cross-contamination, thereby resulting in a long cycle life and
high energy efficiency [6].
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Despite their compelling merits, a critical issue that hampers
the commercialization of VRFBs is the high capital cost. In this
regard, a VRFB capable of operating under high charge/discharge
current density is highly desired, mainly because the improved
power density can lead to a reduced stack size, thus achieving a
much lower capital cost of the system [7]. However, the large
polarization at higher current densities in flow battery is a critical
issue in attaining a high efficiency and rate capability. Normally,
the overall polarization consists of ohmic polarization, activation
polarization, and concentration polarization. These polarizations
are largely affected by the morphology and surface chemistry of
electrode materials [7-9]. Therefore, many researchers have
focused on developing effective electrode materials to reduce
the cell overpotential.

The electrodes in VRFB system are mainly carbonaceous
materials owing to their high electrical conductivity, good stability,
corrosion resistance and a wide range of operating potential
[8,10,11]. Thereinto, graphite felts and carbon papers, which are
generally derived from polyacrylonitrile (PAN) processed at ultra
high temperatures (>2000 °C), are the most widely-used electro-
des in VRFBs. Nevertheless, the intrinsic poor electrochemical
activity and bad wettability of these electrodes deliver an inert
electrochemical reaction and mass transfer process, inducing a
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large activation loss during the course of battery operation [12,13].
Moreover, relatively high cost is another issue should be concerned
in large-scale commercial application [14-16]. To overcome the
aforementioned drawbacks, a variety of approaches including
thermal treatments, plasma treatments, electrochemical activa-
tion and hydrothermal treatment [ 17-22] have been performed on
commercial carbon electrodes to improve the wettability of
electrodes and enhance the catalytic effect for vanadium redox
reactions. Nevertheless, these surface modifications showed
limited improvement on the battery performance owing to the
relatively low surface area [23]. Recently, carbon electrocatalysts
such as CNTs, graphene and carbon nanofibers [24-30] have been
suggested as effective candidates by depositing on electrodes and
have led to outstanding cell performance owing to their high
surface area and good electric conductivity. Besides, metal oxides
(Mn304, TiC, WO3 and Nb,0s) [30-34] have also been reported as
catalysts to promote the vanadium redox reaction. However, these
approaches may be not suitable for practical applications due to
the harsh synthesis conditions, high price of metal precursors or
limited enhancement of battery performance [29]. It is worth
mentioning that the low-cost catalysts (ZrO,, CeO,) [23,35] were
synthesized through a facile precipitation method and have
displayed a highly improved performance in VRFBs. More recently,
the electrospun carbon nanofibers with nanoparticle catalysts
[36,37] were reported as novel electrodes and exhibited good
performance in VRFB due to their attractive features of large
surface area, high electron conductivity and electrocatalytic
activity. Nevertheless, to implement the large-scale application,
developing more cost-effective and mass-produced electrodes
through a facile way may be of great importance for VRFBs in the
near future.

In the past decades, biomass-derived materials have gained
much attention and are widely used in energy devices such as
supercapacitors and lithium batteries owing to their advantages of
light weight, flexibility and low cost [38-43]. However, few efforts
have been reported for redox flow batteries till now. Very recently,
Srinivasan et al. demonstrated that the mesoporous carbon derived
from coconut shell had good catalytic effect for the V(II)/V(III)
redox reaction [44]. Besides, corn protein-derived nitrogen-doped
carbon materials synthesized by Park et al. were also reported as
effective catalyst for VRFBs [45]. In their work, the biomaterials
were ground into powders and converted to functional nano-
particles after a series of complex synthesis procedures including
hydrothermal process and thermal treatment, then the conven-
tional graphite felt decorated with the aforementioned nano-
particles with Nafion as binder was applied in VRFB. That was to
say, the biomaterials just took effect as the supported catalysts and
the electrodes used in their work were still restricted to
conventional graphite felt and carbon felt. Up to now, all
biomass-derived electrodes have not been reported in VRFBs yet.

Hence, we want to fabricate a flexible and integrated electrode
from biomass material that can be directly applied in VRFBs. The
natural cotton, as an inexpensive, high-yielding and environment-
friendly plant material consisting of cellulose fibers, can serve as
precursor to prepare novel electrode due to the low preparation
cost, simple preparation process and high production. In this work,
we fabricated a new biomass-derived electrode through a facile
carbonization process from the natural cotton and denoted it as
carbonized cotton (CC) electrode. After pyrolysis, the CC electrode
showed a porous structure interconnected with the carbonized
fibers, similar with commercial graphite felts, but presented a
much larger surface area. Furthermore, the CC electrode exhibited
excellent hydrophilicity and electrochemical activity due to the
abundant oxygen functional groups on the surface of the fibers,
which were beneficial to reduce the concentration and kinetic
overpotentials. The CC electrode was then applied in a VRFB system

and found to deliver a good performance. To the best of our
knowledge, this is the first attempt to use all bio-derived material
as an integrated electrode in VRFBs. Comprehensive character-
izations and electrochemical studies of this new electrode were
performed and described in detail.

2. Experimental
2.1. Preparation of cotton-based electrode

The pristine cotton pads purchased from Watsons with non-
woven fabric structure were adopted as precursor materials in this
work. The raw cotton, used as received, were pyrolyzed at 1000°C
for 1h with a heating rate of 5°Cmin~! in a quartz tube furnace
with a flow of inert argon gas. The cotton-derived electrode with
the thickness of about 300-400 wm was denoted as carbonized
cotton (CC) electrode. Carbon papers (SGL-10AA 300 wm) and
oxidized carbon papers which were thermally treated in air at
400°C for 6 hours, were prepared for comparison and denoted as
CP and oxidized CP electrodes respectively. Afterwards, all of these
samples were cut into pieces of 2cm x 2 cm for further usage.

2.2. Physical characterization and electrochemical tests

The morphologies of the prepared CC electrode were observed
using a scanning electron microscope (SEM, JEOL-6700F) at an
acceleration voltage of 10kV. Transmission electron microscopy
(TEM) images of the carbonized fiber from CC electrode were
collected in a high-resolution JEOL 2010F TEM system at 200 kV.
For TEM observation, the samples were dispersed in ethanol,
sonicated and dripped onto the holey carbon-coated Cu grids. X-
ray diffraction (XRD) patterns of CC, CP and oxidized CP electrodes
were obtained on XRD system (model PW 1825) with the angle
range from 10° to 70° with scanning rate of 5° min—!. Raman
spectra were recorded by Renishaw RM 3000 with 532 nm laser.
The Brunauer-Emmett-Teller (BET) surface area and pore distribu-
tion of CC, CP and oxidized CP were determined via nitrogen
adsorption-desorption method at 77 K after the degassing process
at 150°C for 180 min. X-ray photoelectron spectroscopy (XPS) was
performed using a Physical Electronics PHI 5600 multi-technique
system equipped with an Al monochromatic X-ray source at a
power of 350 W to study the surface chemical state. In addition, the
wettability of all electrodes was analyzed by the contact angle
tester.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were conducted in a three-electrode cell in
which platinum mesh and Ag/AgCl were used as the counter and
reference electrodes, respectively. The CC, CP and oxidized CP
samples with a diameter of 5mm punched from the prepared
electrodes were used as working electrodes. Before testing, the
working electrodes were immersed in the electrolyte and air
bubbles were removed in a vacuum chamber. The CV tests were
carried out between 0.0V and 1.4V at 5mVs~—'in 1M VOSO4+3 M
H,S0,4 and AC impedance was measured in a frequency range from
102 to 10°Hz with an amplitude of 5mV at the open circuit
potential.

2.3. Single cell test

To further demonstrate the practical application of the prepared
CC material, the single cells with various electrodes were
assembled for the charge-discharge tests. The CC, CP and oxidized
CP with the active area of 4cm? were used as both positive and
negative electrodes. Nafion 212 was employed as the separator and
placed between two electrodes. Two pieces of graphite plates with
parallel flow fields, copper current collectors, and stainless steel
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end plates were assembled. The WT600-2] pump with pump heads
of YZ1515X (Baoding Longer Precision Pump Co., Ltd) was used for
pumping electrolytes. At the beginning of the test, 25ml 1 M V(IV)
in 3M H,SO,4 solution and 25 ml 1 M V(III) in 3 M H,SO,4 solution
were pumped into the positive side and negative side respectively
with a flow rate of 46 mLmin~! (60 rpm). The charge-discharge
test was carried out at different current densities of 40, 60, 80 and
100mAcm—2. The cut-off voltage was set as 1.65V for charge
process and 0.9V for discharge process.

3. Results and discussion

Fig. 1a visually shows the morphologies of the cotton pad before
and after carbonization. The pristine cotton has a rectangle
structure (10 cm x 6.5 cm) with a weight of 0.80g. After thermal
annealing, the white cotton pad is converted to the black CC
electrode with a shrunken area of 5.5cm x4cm and a largely
reduced weight of 0.11 g. For one piece of electrode used in the
battery with the size of 2cm x2cm, the carbonized cotton
electrode has a weight of 0.02 g, which is lighter than one piece
of carbon paper (0.03 g). Fig. 1b shows that the CC electrode can be
folded into various multilayer structures, stating that the direct
conversion of cotton into carbonized cotton by simple thermal

treatment maintains its mechanical property and flexibility. The
morphologies of the cellulose fibers in the raw cotton, as presented
in SEM image of Fig. 1c, are shaped like curled strips with the
diameters ranging from a few micrometers to tens of micrometers.
After the pyrolysis process, the carbonized microfibers are much
thinner than the pristine fibers and show the partially helical and
twining morphologies, as illustrated in Fig. 1d, indicating that the
fibrous frameworks undergo an obvious shrinkage during carbon-
ization due to burn-off of the non-carbon elements and carbon-
containing compounds. However, the 3D carbon framework of the
cotton-derived electrode is well-preserved, which allows the
electrolyte to deliver fast ion transport in the porous structure. The
typical high-resolution individual fibers are presented in Fig. 1e
and f, it can be seen many wrinkles formed on the surface during
the pyrolysis process, thus providing a larger surface area. More
interestingly, a tubular character of the fiber can be seen from the
hollow structure of the cross profile, as shown in Fig. 1f.

Fig. 2a is a typical low magnification TEM image showing the
morphology of the carbonized cotton fiber. Although the tube wall
is very thick for the electron transmission, the tubular structure of
the fiber can still be observed with the inner diameter of 1 um and
wall thickness of 0.5 wm. The high magnification image in Fig. 2b
clearly shows a higher crystallinity layer at the inner part which

Fig. 1. (a) The photograph of the pristine cotton pad and carbonized cotton (CC); (b) Excellent mechanical flexibility of CC electrode in different folded states; SEM images of
(c) pristine cotton and (d) CC; SEM images of (e) the surface of individual carbonized cellulose fiber and (f) cross profile of carbonized fibers.
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20 nm

Fig. 2. A typical TEM morphology of an individual carbonized cotton fiber (a) and the corresponding high-resolution TEM image (b).

serves as the effective pathway for electron transport, and a 40 nm
thick amorphous carbon layer at the outer edge, which provides
adequate active sites due to the large amounts of defects and
functional groups.

XRD and Raman were also conducted to further study the
microstructure of the samples. As illustrated in Fig. 3a, the XRD
patterns for CP and oxidized CP show a significant diffraction peak
located at 26.4° and two weak diffraction peaks at about 43.6° and
54.3°, corresponding to the (002), (100) and (004) planes of
graphitic carbon, respectively. The XRD peaks for CC exhibit a
lower diffraction intensity due to the amorphous carbon and
structure defects on the surface. However, two broad peaks at
20=26.4° and 43.1° observed in the enlarged figure suggest the
formation of graphitic carbon in the carbonized fiber. The Raman
spectra of CC, CP and oxidized CP (Fig. 3b) present a D-band and a
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G-band at around 1340 cm ! and 1580 cm !, corresponding to the
disordered carbon defects and graphitized carbon structure in the
carbonaceous materials, respectively [46]. The integrated intensity
ratio of D-band to G-band (Ip/lg) is used to estimate the
crystallinity of carbon materials. The Ip/lg values for CP and
oxidized CP were 0.80 and 0.86 respectively, revealing a highly
graphitic structure of commercial electrode materials. The CC
electrode had a larger Ip/Ig value of 1.05 because of the amorphous
structure and abundant defects. Nevertheless, there was still much
sp? type carbon formed in CC, which presented a relatively high
graphitization and good electric conductivity [47].

BET measurements were performed and the nitrogen adsorp-
tion-desorption isotherms and pore size distribution curves of all
samples are given in Fig. 3c and d. As presented in Fig. 3¢, the
pronounced hysteresis loop in the range of 0.40-0.99 P/P, for CC is
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Fig. 3. XRD patterns (a), Raman spectra (b), N, adsorption/desorption isotherms (c) and pore size distribution (d) of CP, oxidized CP and CC.
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indicative of the formation of mesoporous structure [48]. The BET
specific surface area of CC electrode (16.6 m?g ') is much larger
than that of CP (1.2m?g ') and oxidized CP (5.2m?g™ ),
confirming the high porosity of CC. Two apparent peaks at ~4
and ~28 nm are observed in Fig. 3d for CC electrode, which are well
within the mesoporous range. Therefore, this porous structure and
high surface area of CC electrode reduce the mass transport
resistance of the electrolytes and provide plenty of active sites for
redox reactions.

The surface chemistry of the three types of electrodes was
investigated with X-ray photoelectron spectroscopy (XPS). The
results are presented in Fig. 4, where all spectra are calibrated by
the Cls peak of carbon at 284.5eV [30]. The O1s peak for CC
electrode at the binding energy of 532 eV shows much higher
intensity than that of untreated CP and oxidized CP, owing to the
retained oxygen-containing species after the pyrolysis process. The
high-resolution spectra and peak fittings of C1s and O1s are carried
out to identify the composition of each functional group and the
corresponding ratio, as illustrated in Fig. 4b and c. It can be seen
that the untreated CP shows a sharp graphitic carbon (sp? C=C)
peak at 284.3eV and an obvious sp3-bonded carbon peak at
285.1 eV appears for the oxidized carbon paper [49], whereas the
corresponding high-resolution Cls spectra for CC electrode
exhibits obvious sp®> C—C and C—O0 (286eV) peaks due to the
presence of amorphous carbon and functional groups [50]. The O1s
peaks in Fig. 4c at 530.6, 531.5 and 532.9 eV [30] can be attributed
to C=0, C—OH and C—C=0, respectively. The untreated and
oxidized CP electrodes only show two weak peaks of C-OH and
C—C=0, while three independent and strong peaks can be
observed clearly for CC, indicating the presence of large amounts
of C=0, C-OH and C—C=0 functional groups on the surface.

201

Surface wettability was also evaluated through the contact
angle of water on the electrode surface. As observed in Fig. 5, both
the CP and oxidized CP have the highly hydrophobic surface with
contact angles of more than 90°. The contact angle of oxidized CP is
slightly smaller than that of untreated CP, ascribing to the
introduction of hydrophilic functional groups during the thermal
treatment process. By comparison, the water droplet on the CC is
soaked instantly as long as it is dropped on the surface, suggesting
the good wettability of CC electrode. As a result, the CC electrode
with a large surface area and highly hydrophilic surface ensures
the fast diffusion of electrolyte and provides abundant active sites
to improve the kinetics of vanadium redox reaction, which are
favorable to enhance the performance of the battery [23].

Cyclic voltammetry tests were performed on the three-
electrode system to evaluate the electrochemical activity of CC,
CP and oxidized CP electrodes. The CV curves of three electrodes at
the scan rate of 5mVs~! are shown in Fig. 6a. Two main peaks
corresponding to the VO?*/VO," redox reaction are observed in all
curves, stating that this redox reaction is a typical quasi-reversible
process. The peak separation of potential (AE = E,o-Ep,c), anodic (Iq)
and cathodic peak current (I,.) are used to estimate the
reversibility of vanadium redox reaction. The oxidized CP electrode
shows a potential separation of 256 mV, slighter lower than that for
pristine CP (278 mV). By contrast, the potential separation for the
CC electrode is 180 mV, almost 100 mV lower than the pristine CP
electrode, indicating a reduction in mass transport and charge
transfer resistance resulting from the hydrophilic surface with
oxygen functional groups. Besides, the CC electrode exhibits the
highest anodic and cathodic peak currents of 13.36 mA and
10.57 mA, larger than that for oxidized CP (Ip,=11.63mA and
I,c=9.34mA) and pristine CP (I, =9.34 mA, I, =7.85 mA), owing to
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Fig. 4. (a) XPS survey of the CC, CP and oxidized CP electrodes. XPS analysis and its fitting from high resolution (b) C1s peak, (c) O1s peak.
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©

Fig. 5. Contact angle measurement of (a) CP (b) oxidized CP and (c) CC.

the higher specific area and plentiful catalytic functional groups.
The CV tests of CC electrode with different scan rates from 5 mVs~!
to 50mVs~! are presented in Fig. 6b. The mass transfer property
can be assessed by plotting the peak current versus the square root
of scan rate. The value of the coefficient of determination (R?) in the
inset figure in Fig. 6¢ is 99.98%, implying that a diffusion process
controls the vanadium redox reaction on the electrode. The
electrochemical impedance spectra (EIS) recorded in 1 M VOSO4 +
3 M H,SO,4 solution at the open circuit potential are shown in
Fig. 6d. The Nyquist plot consists of a semicircle part at high-
frequency region and a linear part at the low-frequency region,
associated with the charge transfer process occurring at the
electrolyte/electrode interface and the vanadium ion diffusion
through solutions [51,52]. The oxidized CP electrode shows much
smaller charge transfer resistance than CP does due to the
improved activity through thermal treatment, and the CC electrode
exhibits the smallest semi-circle at high-frequency region and

more vertical line at low-frequency region. The lower charge
transfer resistance and faster mass transfer process are achieved
on CC electrode ascribing to the abundant exposed active sites and
lower surface energy induced by the functional groups, which
agree well with the results of the cyclic voltammetry tests.

To further demonstrate the practical application of the prepared
electrodes, three single cells were assembled with pristine CP,
oxidized CP and the CC electrodes respectively to evaluate the
electrochemical performance. The charge/discharge cycling tests
were performed within the current density from 40 to 100 mA
cm~2. The voltage profiles of the oxidized CP and CC electrodes at
various current densities are shown in Fig. 7a and b, respectively. It
is observed the CC electrode presents a lower charge and higher
discharge plateaus than oxidized CP electrode due to the lower
overpotentials, suggesting that the defects and functional groups
on CC surface have greatly enhanced the electrochemical activity
for redox reaction and improved the performance of VRFB.
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Fig. 6. (a) Cyclic voltammograms (CV) of the CC, CP and oxidized CP at a scan rate of 5mV s~ with a potential window of 0.3 to 1.4V versus Ag/AgCl, (b) CV of the CC electrode
at different scan rates, (c) The fit line of pear current versus the square root of scan rate for CC electrode, (d) Nyquist plots of CC, CP and oxidized CP in the frequency range from

1072 to 10°Hz in 1M VOSO,4+3 M H,S0, solution at open circuit potential.
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Correspondingly, the battery with CC electrode exhibits longer
charge/discharge time and achieves higher discharge capacity. At
the current density of 100mA cm 2, the VRFB with CC electrode
presents a discharge capacity of 366 mAh, more than 100 mAh
higher than that for oxidized CP.

The coulombic efficiency (CE) and voltage efficiency (VE) are
obtained from the ratio of discharge/charge capacity and
discharge/charge voltage, respectively. The three batteries with
various electrodes present close CEs, which increase from
approximately 95% to 98% within the current density range from
40 to 100 mA cm™2, as illustrated in Fig. 7c. However, the VE of the
battery with CC electrodes is the highest among three batteries,
particularly at high current densities, stating that the voltage
efficiency is highly dependent on the electrochemical activity and
surface chemistry of the electrode. The VE of the battery with CC
electrode ranges from 91% to 75.4% with current density increasing
from 40 to 100 mA cm 2, higher than that for oxidized CP electrode
(from 90% to 68.3%). Remarkably, the VE of CC electrode is more
than ten percent higher than that of pristine CP, and it is notable
that VRFB with the pristine CP electrode is even incapable of
working within the given voltage range at 100 mA cm 2 due to its
poor electrochemical activity. Therefore the high voltage efficiency
of CC electrode can be attributed to the large amounts of active
sites and catalytic effect of oxygen functional groups. Fig. 7d shows
the plot of discharge capacities of various batteries as a function of
cycle number under various current densities. The capacity
declines due to the increasd overpotential with the increasing
current density. It is seen that the battery with CC electrode
exhibits the highest discharge capacity under all current densities,
attributing to the excess surface functional groups and excellent
hydrophicity. Moreover, the VRFB with CC electrode presents the
best capacity retention by delivering the discharge capacity from
580 mAh to 366 mAh within the current density range from 40 to

100mAcm~2. In contrast, the battery with oxidized CP only
provides 228 mAh at 100 mAcm 2 and the pristine CP could not
even work at this current density.

Then cycling tests were performed to investigate the stability of
flow batteries with various electrodes. The energy efficiencies
illustrated in Fig. 8 shows the battery with CC electrode achieves
the highest EE from 87.1% to 74% within the current density range
from 40 to 100 mA cm~2. When the current density is switched
from 100 to 40 mA cm 2, the energy efficiency of the battery with
CC electrode recovers from 74% to 86.3%, much higher than that of
CP (77.9%) and oxidized CP electrodes (84.2%). During the cycling
test, the battery with CC electrodes shows a steady trend and
retains the highest energy efficiency at the end of the test,
demonstrating the robustness and chemical stability of the
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Fig. 8. Energy efficiencies of CC, CP and oxidized CP electrodes during cycling test.
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prepared electrodes. Overall, the battery with CC electrodes
exhibits the best performance with respect to the VE, EE, rate
capability and stability due to the fast mass transfer and good
reaction kinetics resulting from the large amounts of active sites
and oxygen-containing species in the carbonized cotton surface.

4. Conclusions

In summary, the biomass-derived electrodes were synthesized
from low-cost and environmental benign cotton by a simple one-
step pyrolysis method and applied to a VRFB for the first time. The
CC electrode possessed a large surface area, excellent hydrophilic-
ity and abundant functional groups, therefore while applied in
VRFB it provided a fast electrolyte diffusion rate, adequate active
sites and exhibited excellent catalytic activity towards vanadium
redox reactions. The battery with CC electrode exhibited an energy
efficiency of 73.5% and discharge capacity of 366 mAh at a current
density of 100mAcm~2, much higher than that of oxidized CP
electrode (67%, 234 mAh). Moreover, the VRFB with CC electrode
provided the highest discharge capacity under various current
densities, and achieved the best rate capability ascribing to the
large surface area and abundant active sites. Therefore, this study
has demonstrated the successful application of cotton-derived
electrodes in VRFB system and showed great promise of biomass
derived material for high-performance VRFBs.
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