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Design and synthesis of a free-standing carbon
nano-fibrous web electrode with ultra large pores
for high-performance vanadium flow batteries
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To improve the transport of active species in the carbon nano-fibrous electrodes of a vanadium flow battery
(VFB), a free-standing carbon nano-fibrous web with ultra large pores has been designed and fabricated
through the horizontally-opposed blending electrospinning method in this study. The morphology,
surface chemistry and electrochemical performances of the highly porous nano-fibrous web have been
investigated and compared with the carbon nano-fibrous web prepared by traditional electrospinning.
Benefiting from the much larger pore size and higher porosity of the carbon nano-fibrous web prepared
by horizontally-opposed blending electrospinning, the concentration polarization of the vanadium flow
battery is effectively reduced. As indicated by the single cell tests, the battery using horizontally-opposed
blending electrospun carbon nano-fibrous web electrodes delivers much improved performance,
especially at high current density. The voltage efficiency is 10.3% higher than that of the traditional

electrospun carbon nano-fibrous web electrodes and the electrolyte utilization efficiency is twice as
Received 4th July 2017

Accepted 22nd September 2017 much as that of the traditional electrospun carbon nano-fibrous web electrodes at 60 mA cm™2. The

results suggest that expanding the pore size could be one effective strategy to facilitate carbon nano-

DOI: 10.1039/c7ra07365h fibrous materials' applications for VRBs, and that the horizontally-opposed blending electrospun carbon
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Introduction

With the gradual depletion of non-renewable energies and
increasing concern about environmental issues, the develop-
ment and application of renewable energies such as solar
energy and wind energy are attracting worldwide attention.*
However, due to the intrinsic properties of unpredictability and
intermittence, renewable solar and wind energies cannot
produce a high quality, stable power output. Therefore, effective
energy storage technologies are urgently needed for load
leveling and peak shaving.>® Among these technologies of
energy storage, the vanadium flow battery (VFB) possesses
plenty of advantages, including long life cycle, high stability,
instant response, efficient energy conversion, adjustable design,
cost-effective operation and maintenance etc., and has received
overwhelming attention as a promising energy storage tech-
nology for large scale energy storage applications.*® In VFB,
VO**/VO," and V**/V** redox couples are utilized as the positive
and negative half-cells, respectively, which can deliver an open
circuit voltage approximately at 1.26 V.”* By deploying the same
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nano-fibrous web is a promising electrode candidate for VFBs.

element, the contamination of metal cations is eliminated.
Nevertheless, there are still some hindrances for VFB to the
commercial applications, especially the low energy efficiency
(EE) and low electrolyte utilization efficiency.® Since the EE of
VFB is closely relied on the physiochemical properties of the
electrodes where the electrochemical reactions of vanadium
ions take place, it is crucial to design and synthesis suitable
electrodes for high performance VFB.

Though a lot of materials have been introduced to act as
electrodes for VFB, carbon materials have dominated the
attention with their typical merits.'*** Carbon felt and graphite
felt, especially, have been widely used as electrodes in VFB
owing to their excellent chemical stability and conductivity.™
However, low electrochemical activity and limited reactive
surface area which result in the large polarization and low EE
during operation greatly restrain the performance of the power
storage. Therefore, it's of great importance to increase the
electrochemical activity and enlarge the reactive surface area of
VFB electrodes.””™ Lots of efforts have been devoted to
improving the electrochemical performance of carbon material
electrodes.”**** One common method is to modify the surface
of carbon materials with the N- or O-functional groups. For
example, due to hydrophobic property, the graphite felts have to
be subjected to surface treatments before being utilized as
electrodes to ensure their electrochemical activity and wetta-
bility. Flox et al.** introduced thermos-chemical treatments

This journal is © The Royal Society of Chemistry 2017
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based on NH;/O, to modify the surface of graphite felts. Lee
et al.”® used the hydrothermal method to develop a nitrogen-
doped carbon felt electrode. Kim et al.** investigated the effect
of surface treatment combining corona discharge and hydrogen
peroxide on the electrochemical performance of carbon felt as
electrodes for VFB, they explained the O-group on the surface of
carbon felt can improve the electrochemical activity. Another
method is to introduce electrocatalysts which could signifi-
cantly increase the electrochemical performance of carbon felt
electrodes for VFB.*>*® Li et al.*® introduced bismuth nano-
particles to decorate graphite felt as an electrocatalyst to
enhance the kinetics of the sluggish V**/V?* redox reaction.
While Yao et al.”” found W,0; had the catalytic activity for both
positive electrode and negative electrode. Kim et al.*® employed
a non-precious metal oxides MnzO, as a novel catalyst to
enhance the electrochemical performance of carbon felt elec-
trodes for VFB.

In addition to carbon felt and graphite felt electrodes, carbon
nano materials also attract tremendous attentions for their
large specific surface area and high electrochemical activity
properties. He et al.*® introduced carbon nanotube with Mn;0,
on it to VFB system as electrodes which appeared remarkable
electrochemical performance. At the same time, Li et al.** used
multiwall carbon nanotube as the electrochemical catalyst for
electrode reactions. However, those carbon nanomaterials are
complicated and costly to synthesis, and the powder materials
are not convenient to use in VFB, directly. Recently, electro-
spinning carbon nano-fibers in the form of electro-conducting
non-woven webs (ECNFWs) have been introduced into the
VFB. The promising technique is an efficient approach to
prepare free-standing carbon nanofibers with high activity and
electro-conductivity on a large scale. Yan et al.*® investigated the
effect of carbonization temperature, carbonization time on the
carbon structure of ECNFW and found the high electrochemical
activity of ECNFW towards VO**/VO," reaction. Then they used
it directly as the catalyst layer for VFB.** Fetyan et al.** found that
an increase in the energy efficiency of about 10% was achieved
when using five sheets of the free-standing ECNFWs compared
to the commercial carbon felts. Besides, researchers further
studied the optimal fiber size by modeling work and prepared
various sizes of electrospinning nano fibers by barely adjusting
the concentration of polyacrylonitrile (PAN) precursor.®* In
order to further enhance the electrochemical reversibility
between the electrode—-electrolyte interfaces, various oxides are
also introduced to decorate the ECNFWs, including Mn;Oy,,
V,03, CoO etc.>***> However, although the high activity, high
conductivity and free-standing properties of carbon nano-
fibrous electrodes have been achieved by the electrospinning
technique, the intrinsic low porosity, small pore diameter, and
poor wettability of electrospinning carbon nanofibers turn out
to be disadvantageous in VFB system.***” When using liquids as
reactants, the sluggish transport of the active species in dense
carbon nano-fibrous electrodes will induce a large concentra-
tion polarization, which is the main reason for the poor
performances, especially the low EE and low electrolyte utili-
zation efficiency.*® Many efforts have been tried to prepare
porous electrospinning nano fibers.**** The phase separation
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was coupled with electrospinning to produce polyacrylonitrile
(PAN) and polystyrene (PS) bicomponent electrospun fibers,
then, upon removal of the phase-separated PS domains by
solvent extraction, the fibers became nanoporous.**> However,
the investigation of porous ECNFWs for VFB is still lack of
study.

Herein, we rationally designed and synthesised a free-
standing carbon nano-fibrous web electrode with high porosity
and large pore size through a novel horizontally-opposed
blending electrospinning method (BECNFW) and compared it
with traditional ECNFW. Two precursors (PAN solution and PVP
solution) were employed for the electrospinning. When removing
PVP fibers, the ultra large pores were produced between residual
PAN fibers. As indicated by the single battery test and EIS results,
the concentration polarization of battery with BECNFW elec-
trodes is effectively reduced, which making the battery deliver
much improved performances.

Experimental
Materials synthesis

The facile synthesis procedures of BECNFW is outlined in Fig. 1,
while the details are mentioned below. Two kinds of precursor
solutions for electrospinning were prepared firstly. One was
PAN precursor solution made by dissolving 10 wt% PAN in N,N-
dimethylformamide (DMF) and stirring at 70 °C for 8 h. And the
other was PVP precursor solution prepared by dissolving 20 wt%
PVP in deionized water and stirring at 40 °C for 8 h. For the
horizontally-opposed blending electrospinning, one side was
the PAN precursor solution, and the horizontally-opposed side
was the PVP precursor solution. Then, a positive direct current
voltage of 15 kV was applied to both sides by a voltage regulated
DC power supply to generate the polymer jet. The PAN
precursor-feeding rate was 1 mL h™" with a metal needle with
the diameter 0.8 mm as a spinneret. The PVP precursor-feeding
rate was 0.5 mL h™" with a metal needle with the diameter of
0.6 mm as a spinneret. PAN and PVP nanofibers were collected
on a rotating drum collector that was placed between PAN and
PVP sides at a rotating speed of 200 rpm. The distance between
the PAN side metal needle and the metal collector was fixed at
15 cm. To the other side, the distance was 10 cm. After that, the
mixed PAN and PVP nanofibers were immerged in 10 wt%
ethanol/water solution for 12 h and then immerged in deion-
ized water for 12 h to remove the PVP nanofibers. The remained
PAN nanofibers were preoxidized at 250 °C for 1 h in air and
then carbonized by heating to 1100 °C for 1 h at a heating rate of
5°C min~" in Ar atmosphere. For comparison, ECNFW was also

: 200 rpm

Blending
Electrospinning

i PAN PVP

Roller
Collector

Fig. 1 Synthesis procedures of BECNFW.
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prepared by the reported traditional electrospinning method
without further 10 wt% ethanol/water treatment.*-** Only
10 wt% PAN in DMF was used as the precursor solution.

Physical properties

The surface morphologies of ECNFW and BECNFW were char-
acterized with a scanning electron microscopy (SEM, JEOL/EO,
JCM-6000 Instrument, Japan) at an accelerating voltage of 15
kV. The surface elements and the functional groups of ECNFW
and BECNFW were detected by X-ray photoelectron spectros-
copy (XPS, ESCALAB250 system) utilizing Al Ko monochromatic
(1486.6 eV) with a spot area of 500 um. The spectra was cali-
brated according to the C 1s (284.7 eV) peak.

Electrochemical properties

The electrochemical performances of as-prepared ECNFW and
BECNFW electrodes were evaluated by the cyclic voltammetry
(CV). For the electrochemical tests, a three-electrode system was
utilized with ECNFW or BECNFW as the working electrode,
a saturated calomel electrode (SCE) as the reference electrode
and the graphite plate as the counter electrode. The working
electrodes were prepared by sandwiching a piece of ECNFW or
BECNFW between two plastic sheets, and the working area was
fixed at 0.385 cm® by an open circular hole. A piece of Cu foil
contacted to the ECNFW served as the current collector. The
investigations for VO**/VO," and V**/V** redox couples were
carried out in 0.05 M VO** + 0.05 M VO," + 3 M H,SO, and 0.05 M
V" 4+ 0.05 M V** + 3 M H,SO,, respectively. CV results were
recorded on the CHI604E workstation (CH Instruments, USA).

VFB single cell performance

The performances of the VFB single cells using BECNFW or
ECNFW as symmetric electrodes were investigated. The positive
and negative electrodes were the same BECNFW or ECNFW with
an active area of 9 cm? (3.0 x 3.0 cm). A Nafion 115 membrane
(DuPont, USA) was used as the ion exchange membrane. The
graphite plates with serpentine channels on its surface served
as the current collector. The cell was sealed with rubber
washers. Charge-discharge test was conducted on a battery test
system Arbin-BT 2000 instrument (Arbin Co., USA) with
a constant current density from 20 to 80 mA cm 2. The charge/
discharge cutoff voltage was set as 1.65 V and 1.0 V, respectively.
30 mL 1.5 M V*" in 3.0 M H,S0, solution and 30 mL 1.5 M VO**
in 3.0 M H,SO, solution were used as negative and positive
electrolytes, respectively.

The EIS of VFB single cell was measured using a KFM2030
(Kikusui electronics Co., Japan) impedance meter in
a frequency range from 0.01 Hz to 10 kHz with an AC amplitude
of 165 mA. Before starting the EIS measurements, the cell was
charged at the state of charge (SOC) of 50% using the battery
test system.

Result and discussion

Morphologies of BECNFW and ECNFW were investigated with
scanning electron microscopy (SEM), and are demonstrated in
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Fig. 2. Both ECNFW and BECNFW samples exhibit the similar
fibers cross-linked structures. Carbon nanofibers are distrib-
uted randomly to form a 3-dimension web structure and the
surfaces of carbon nanofibers are generally smooth. The
diameters of ECNFW fibers are ranging from 200-400 nm,
which is similar previous reported result.*® While for BECNFW,
the diameters of fibers are ranging from 200-800 nm. However,
it can be clearly seen that BECNFW is much looser than
ECNFW, which is attributed to the sacrificing template effect of
PVP nanofibers. During the process of horizontally-opposed
blending electrospinning, both PAN and PVP nano fibers are
gathered by rotating drum collector. When the PVP nano fibers
were removed, the space among PAN nano fibers of BECNFW
will be enlarged than that of ECNFW. As shown in Fig. 2a and b,
the distance between adjacent fibers of BECNFW is as large as
16 um, while that of ECNFW is less 4 pm. The further magnified
pictures in Fig. 2b and d can support this conclusion. The
highly porous structure of the BECNFW will be beneficial to the
diffusion of active species in the electrode of VRB and promote
the performances of VRB.

The surface elements and the functional groups of ECNFW
and BECNFW were detected by XPS. As shown in Fig. 3, O-
groups or N-groups on the surface of BECNFW are all much
less than that of ECNFW. As listed in Table 1, the concentra-
tions of O-groups and N-groups on the surface of BECNFW are
0.89% and 1.49% while those for ECNFW are 4.17% and 3.59%,
respectively. It is possible that the using of 10 wt% ethanol
water solution to remove the PVP nano fibers from the mixture
of PAN and PVP nano fibers also dissolves a large amount of the
organic functional groups on the surface of PAN nano fibers,
which leads to the reduction of O-groups or N-groups on the
surface of BECNFW.

The electrochemical performance were assessed by cyclic
voltammetry (CV) test at a can rate of 10 mV s~ '. The CV
behaviors of cathode and anode half cells are shown in Fig. 4a
and b, respectively. Both BECNFW and ECNFW exhibit the
apparent anodic and cathodic peaks associated with the redox
potential of VO**/VO,". As concluded in Table 1, the anodic/
cathodic peak potential of ECNFW appears at around 0.947 V/

Fig.2 SEM images of ECNFW and BECNFW: (a and c) ECNFW; (b and
d) BECNFW.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Nitrogen species and oxygen species concentrations on the
surface of ECNFW and BECNFW.

Table 1 The contents of N-groups and O-groups on the surface of
the ECNFW and BECNFW and the electrochemical properties obtained
from CV curves for V3*/V2* and VO,*/VO,* redox couples

E,(V) E.(V) AE,(V) O-group N-group

ECNFW  VO*'/VO," 0.947 0.766 0.181  4.17%  3.59%
\aA —0.456 —0.572 0.116

BECNFW VO*'/VO," 0.962 0.753 0.209  0.89%  1.49%
V2 vE —0.196 —0.844 0.648
o -

0.002 0.001

0.001 0.000

Current (A)
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Fig. 4 CV curves of half cell: (a) VO?*/VO," redox couple on the
ECNFW and BECNFW; (b) V3*/V2* redox couples on the ECNFW and
BECNFW.

0.766 V, and that of BECNFW is 0.962 V/0.753 V. Compared with
ECNFW, the potential differences (AE,) between anodic peak
and cathodic peak are similar, and the ratio of the anodic peak
current and cathodic peak current density (I,a/Ipc) are both close
to 1, indicating that both ECNFW and BECNFW can exhibit the
excellent electrocatalytic activity and kinetic reversibility
towards VO>*/VO,” redox couples. However, though both
BECNFW and ECNFW can exhibit apparent anodic and
cathodic peaks associated with V>*/V*", the anodic and cathodic
peak currents of BECNFW are almost reduced to half of that of
ECNFW and the AE, increases from around 116 mV to 648 mV.
The reduction of O-groups or N-groups on the surface of
BECNFW is ascribed to lower electroactivity of the anode side,
since the O-groups or N-groups are reported to be electro-
catalysis for the redox reaction of V**/V>*, According to previous
reports, the electrochemical activity of electrospinning nano-
fibers are much higher than non nano-materials (carbon felt or
graphite felt) due to their large specific surface area which
introduces more active sites.***> So that it can be used as the
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catalyst layer directly for VFB.*>** Though the electrochemical
activity of BECNFW is impaired, especially the negative side,
since the amounts O-groups or N-groups are reduced, the
electrochemical activity is still higher than reported carbon
felt.** The highly porous structure with larger pore sizes still
possesses great advantages for VRB.

The performance of the VFB single cell using BECNFW or
ECNFW as symmetric electrodes was investigated, respectively.
As shown in Fig. 5a, the VFB with BECNFW electrodes can be
well charged and discharged from 20 to 80 mA cm ™2, and its
coulombic efficiency (CE), voltage efficiency (VE) and EE
reached 95.4%, 81.6% and 77.9% at a current density of 60 mA
cm 2, respectively. While as shown in Fig. 5b, the VFB with
ECNFW electrodes only can be well charged and discharged
from 20-60 mA cm 2, and its CE, VE and EE only reached
93.6%, 71.3% and 66.8% at a current density of 60 mA cm 2,
respectively. Table 2 summarizes the performances of the two
VFBs at different current densities. It is worth noting that the
energy efficiencies of VFB single cell with BECNFW electrodes
are all higher than that of the VFB with ECNFW electrodes. With
the current density increasing, the differences become more
distinguishable when operating at higher current density. The
VFB with ECNFW electrodes could not even work under the
current density of 80 mA cm > It indicates that though the
electroactivities of vanadium redox pairs are a bit poorer on
BECNFW electrodes than that on ECNFW, the performances of
VFB with BECNFW electrodes are much improved, especially
under high current density, attributing to higher porous struc-
ture and larger pore size of BECNFW.

Fig. 5¢ and d show a series of charge and discharge profiles
of VFBs with BECNFW and ECNFW as the electrodes, respec-
tively. As observed, the charging and discharging take-off
potentials of VFBs with BECNFW electrodes are 110 mV lower
and 150 mV higher than that of VFB with ECNFW electrode at

—e—o 4
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20mAica? ki
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Fig.5 Single cell performance of ECNFW and BECNFW: (a) CE, VE and
EE of single cell with BECNFW; (b) CE, VE and EE of single cell with
ECNFW; (c) charge—discharge curve of VFB with BECNFW:; (d) charge—
discharge curve of VFB with ECNFW.
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Table 2 Single cell performance of ECNFW and BECNFW under
different current density

20mAcm 2 40mAcm 2> 60 mAcm ? 80 mAcm 2
BECNFW CE 87.9% 91.9% 95.4% 93.2%
VE 92.6% 86.9% 81.6% 75.2%
EE 81.4% 79.9% 77.9% 70%
ECNFW CE 88.6% 90.5% 93.6% —
VE 87.6% 79.7% 71.3% —
EE 77.6% 72.2% 66.8% —

a current density of 60 mA cm™ 2, respectively. Besides, the
charging and discharging capacities of VFB with BECNFW
electrodes are almost twice as those of VFB with ECNFW elec-
trodes. It means that with the same quantity of electrolyte, the
electrolyte utilization efficiency of VFB with BECNFW electrodes
is also twice as that VFB with of ECNFW. The reason is that
BECNFW electrodes with its intrinsic advantages of high
porosity and the large pore size over the ECNFW electrodes,
facilitates penetration of the electrolyte to electrodes and reacts
more active species. EIS of the single cells were also conducted
to explain these results. As reported, on the polarizations of VFB
single cells, the Nyquist plots for VFBs obtained at the state of
charge (SOC) of 50% can be fitted by an equivalent circuit (EC)
model, as shown in the inset of Fig. 6.* The elements in the
equivalent circuit include ohmic resistance (R,), charge transfer
resistance (R,) and finite diffusion resistance (R3). Accordingly,
as shown in Fig. 6, VFB with ECNFW or BECNFW has almost the
same ohmic resistance. And the first arc belongs to the high
frequency region, which is related to the charge transfer reac-
tion reflected from the arc radius. The R, of BECNFW is a bit
lower than ECNFW, which is consistent with its poorer elec-
trochemical activity. However, the next arc belongs to the low
frequency region, reflecting the mass transport transfer kinetics
on electrodes. The battery with BECNFW electrodes exhibits
remarkably lower R; value, indicating the significant reduction
of concentration polarization by enlarging the pore size of
electrodes. Combining the results of the electrochemical tests
and single cell tests, it is demonstrated that the porous struc-
ture with large pore size is beneficial to facilitate the diffusion of
active species and hence reduce the concentration polarization
of VRB. Besides, the porosity and pore size of the self-standing

xﬂzﬂ“

/7 ,»

=— BECNFW
—e— ECNFW

Z' (ohm)

=2Z" (ohm)

Fig. 6 Nyquist plots of single cell with ECNFW and BECNFW.
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carbon nano-fibrous web are adjustable by controlling the
amounts of PVP in the horizontally-opposed blending electro-
spinning method. The electrochemical activity can also be
improved by changing the treatment method of the PVP or
modifying the porous web with additional O-groups or N-
groups.

Conclusion

In conclusion, this work proposes a novel strategy to facilitate
the application of carbon nano-fibrous materials in VFB. The
self-standing carbon nano-fibrous web with ultra large pores
and high porosity (BECNFW) was rationally designed and
successfully synthesized for VFB via the horizontally-opposed
blending electrospinning method. Compared with the tradi-
tional electrospinning carbon nanofibers web (ECNFW),
BECNFW remains its self-standing property and possesses
much higher porosity and larger pore sizes, which can be used
as symmetric electrodes for VFB directly and further reduce the
concentration polarization effectively. Though the electro-
catalytic activity of O-groups and N-groups for vanadium redox
pairs is impaired by the treatment of 10 wt% ethanol/water
solution, the VFB with BECNFW electrodes still exhibits
higher performances than that of VFB with ECNFW electrodes.
The CE, VE and EE of the single cell reach as high as 95.4%,
81.6% and 77.9%, respectively, at 60 mA cm >, while for VFB
with ECNFW electrodes, the performances are reduced to
93.6%, 71.3% and 66.8%, respectively. The VE and EE of VFB
single cell with BECNFW electrodes are even above 10% higher
than those of the VFB with ECNFW electrodes. Besides, the
utilization efficiency of electrolyte for BECNFW is approximately
as twice as that of ECNFW due to the reduction of concentration
polarization caused by BECNFW higher porosity and larger pore
sizes. The results suggest that expanding the pore size could be
one effective strategy to facilitate the carbon nano-fibrous
materials’ applications for VFB, and that BECNFW is a prom-
ising electrode candidate for VFB.
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