Korean J. Chem. Eng., 39(12), 3315-3322 (2022)
DOI: 10.1007/s11814-022-1262-5

PISSN: 0256-1115
eISSN: 1975-7220

Performance evaluation of zero-gap vanadium redox flow battery using composite

electrode consisting of graphite and buckypaper

Kyuhwan Hyun*, Mingyu Shin**, and Yongchai Kwon*****#"

*Energy & Environment Research Institute, Seoul National University of Science and Technology,
232 Gongneung-ro, Nowon-gu, Seoul 01811, Korea
**Department of Chemical and Biomolecular Engineering, Seoul National University of Science and Technology,
232 Gongneung-ro, Nowon-gu, Seoul 01811, Korea
***Department of Energy and Chemical Engineering, Seoul National University of Science and Technology,
232, Gongneung-ro, Nowon-gu, Seoul 01811, Korea
(Received 17 June 2022 « Revised 12 August 2022 « Accepted 17 August 2022)

Abstract—A composite electrode consisting of graphite felt and buckypaper (GF-BP) was developed. GF-BP is used
for fabricating a zero-gap structure for all-vanadium redox flow battery (VRFB), which minimizes the distance between
two electrodes. With this zero-gap structure, performance of VRFBs is improved, while its flexible design becomes pos-
sible. GF and BP are used as base and reinforced materials to combine the proper porous structure of GF and the
excellent redox reactivity of vanadium ions promoted by BP. The properties of GF-BP electrode and its applicability to
VREFB were evaluated electrochemically and spectroscopically. As a result, its total pore volume and double layer capac-
itance (0.200 cm’ g ', 1,547.95 mF g ) are higher than those of pristine GF electrode (0.040 cm’ g, 94.59 mF g ").
When the optimized GF-BP electrode and zero-gap structure are adopted, performance of the zero-gap VRFB using
the optimized GF-BP electrode is excellent with energy efficiency (EE) of 60% and discharge capacity of 14.6 Ah L' at
160 mA cm™>, while the EE (67.8%) is 20% better than that using pristine GF electrode (72.4%) at 120 mA cm>. The
significant increase in actual active sites of the optimized GF-BP electrode is the main reason for the performance

enhancement of the zero-gap VRFB using this.
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INTRODUCTION

Renewable energies are essential energy sources to overcome the
fatal problems occurring by excessive coal consumption, while they
can offer benefits regarding cleanness and sustainability [1,2]. How-
ever, when renewable energies are used, electric grids are limited
because the power produced from the renewable energy is inter-
mittent and irregular [3]. To alleviate the drawback of renewable
energy, establishing large-scale energy storage systems (ESSs) is re-
quired [4]. ESS stores various types of energies and then uses them
when needed. As the ESS devices, lithium-battery, redox flow bat-
tery, flywheel, and supercapacitor have been mainly considered so
far [5-10]. These have played a critical role in minimizing the over-
loading and frequency fluctuation of renewable energy [11,12]. Each
ESS device has its pros and cons related to power density, energy
density, and safety. Of the candidates, recently, redox flow batteries
(REBs) have received deep attention thanks to their high energy
storage capacity, and low explosion and fire risks despite their low
energy density [7,13-15].

Among the various RFBs, the most studied are the all-vanadium
redox flow batteries (VRFBs) [16-18]. VRFB uses vanadium ions
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as active material for both anolyte and catholyte. This can produce
a cell voltage of ~1.26 V; and its solubility in sulfuric acid (H,SO,)
is 1.8 M, which is higher than that of other active materials used
for RFB [19,20]. In addition, since the vanadium ions are used for
both electrolytes, the capacity loss of VRFB occurring by crossover
of vanadium ions is considerably reduced [21-23]. However, in spite
of these advantages, the conventional cell design of VREFB still has
some limitations [24-26]. One of the limitations is its thick elec-
trode. For example, when graphite felt (GF) electrode is used, its
thickness is too thick as 3-5 mm [27-29]. When such a thick elec-
trode is used in VRFB, areal specific resistance (ASR) of the cell is
higher than when thin electrode is used, while the pathway of charges
of active materials is long, and such long a transport path and ASR
may weaken the redox reactivity of active materials and the power
density of VRFB [24,30].

For the above reason, recently, there have been some efforts to
develop thin electrode (e.g., carbon papers) for VRFB [24,26,30,31].
When the thin electrode is used, both ASR of VRFB and the dis-
tance for transport path of charges of active material are reduced,
and these can promote the redox reactivity of active material and
the power density of VRFB. VRFBs using thin electrode are denoted
as zero-gap VREBs [32,33].

Since these zero-gap VRFBs have the above benefits, there have
been researches. Zeng et al. used thin and porous polybenzimidaz-
ole (PBI) membrane with a porous layer for VRFB [34]. With that,
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the permeability and thickness of membranes could be optimized.
Xu et al. suggested zero-gap electrode including micron- and nano-
scale structure for VRFB to increase the catalytic effect and elec-
tron transfer [35]. Wei et al. used electrocatalysts consisting of hol-
low Ti;C, Tx spheres on divided GFs for VRFB to enhance electrical
conductivity of active materials [36]. With that, the redox reactiv-
ity of V**/V** reaction was enhanced in the zero-gap structure.

Although the performance of VRFBs was improved by the above
researches, they had still serious drawbacks. For example, for incor-
porating the above researches, complicated catalyst manufacturing
and electrode preparation processes were required. In addition, their
fabrication cost was expensive.

In this study, to overcome the above problems of VRFBs and
turther improve their performance, a new composite electrode con-
sisting of graphite felt and buckypaper (GF-BP) is suggested. Bucky-
paper (BP) has clear pros and cons [37-40]. This is a sheet of thin
thickness attributed to carbon nanotube and has excellent flexibil-
ity. However, since its density is higher than that of other carbon-
based electrodes, permeability of charge carriers within electrolytes
through BP is very low. To alleviate the permeability issue of charge
carriers, GF is considered as a reinforced material [41-43]. With
the use of GF and BP, the thickness of electrode is preserved, while
its flexibility is improved.

Based on the above advantages, properly manufactured GF-BP
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Scheme 1. (a) Schematics showing the manufacturing process of BP-GF electrode, and (b) difference in cell structure of general RFB and

zero gap RFB single cells.
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electrodes were prepared. Their properties were electrochemically
and chemically evaluated, while double layer capacitance and cyclic
voltammetry were used for the electrochemical evaluation, and
SEM and BET were used for the structural analysis. The charge-dis-
charge curves were used to measure the performance of VRFBs
using the corresponding electrodes.

EXPERIMENTAL

1. Materials

Vanadium (IV) oxide sulfate hydrate (97%), Sodium dodecyl-
benzenesulfonate (SDBS, technical grade), and Nafion 117 solution
(~5% in a mixture of lower aliphatic alcohols and water) were pur-
chased from Sigma-Aldrich and used without further purifications.
Sulfuric acid (95.0%) and 2-propanol (isopropyl alcohol, IPA, 99.5%)
were purchased from Samchun Chemical (Korea) and used with-
out further purifications. Multi-walled carbon nanotube (MWCNT,
outer diameter: 5-15nm) were from Avention (Korea) and used.
As membrane that was used for this study, Nafion 117 (purchased
from Chemours™ (USA)) was used, while SIGRACELL® Battery
Felts (GFD 4.6) manufactured by SGL Carbon SE (Germany) was
considered as GF electrode.
2. Preparation and Structural Characterization of New Elec-
trodes

Three electrodes were prepared for this study, denoted as BP-GE,
CNT/GF and BP. For producing BP-GF electrode, 160 mg SDBS
was initially dispersed into 100 mL DIW, and the solution was son-
icated for 5 min. Then, 80 mg of MWCNT was included into the
above solution, and a new solution including MWCNT particles
was sonicated for 5min to increase the distribution capability of
the MWCNT particles. Such sonicated solution was then vacuum
filtrated using cellulose acetate filter (Advantec membrane filter,
0.45 um pore size, 47 mm diameter). Then, polyacrylonitrile (PAN)
based GF substrate (GFD 4.6, Sigracell) was sliced to 1mm thick-
ness, and this thin GF substrate was put on the cellulose acetate
filter to form BP layer onto the GF substrate (Scheme 1(a)) [40].

For forming CNT/GF electrode, 40 mg MWCNT was dispersed
into 5mL IPA, and 20 mL Nafion 117 solution was further included.
Such produced solution was sonicated for 5min to increase the
distribution capability of the MWCNT particles. Then, GF substrate
is included into the solution containing MWCNT particles and
stirred for 24 h. Over time, MWCNT particles are supposed to be
stuck to the surface of GE When the coating process of MWCNT
particles onto GF substrate was well completed, the solution became
transparent. Such formed CNT/GF was then collected and dried
in the vacuum oven for 24 h at 70 °C. The manufacturing proce-
dure of BP electrode is very similar to that of BP-GF electrode.
Only difference is that BP electrode does not import GF substrate.

To examine the surface properties of such formed electrodes,
Brunauer-Emmett-Teller (BET) was used [44,45]. The data col-
lected by BET measurements was examined by using a special sur-
face analyzer (BELSORP-mini II, BEL Japan). Furthermore, SEM
(JSM-7610E JEOL) was considered surficial feature of electrodes.
3. Electrochemical Characterizations of New Electrodes

Electrochemical properties of the electrodes were evaluated using
cyclic voltammetry (CV) measurements. Bio-Logic VSP-128 poten-

tiostat was used to obtain their CV graphs. A three-electrode cell was
configured for the CV tests. Each of electrode was used as work-
ing electrode (0.5 cm®), while silver chloride electrode (Ag/AgCl)
and Pt wire were used as reference and counter electrodes [46].
For preparing for proper electrolytes, 1.5 M VOSO,+3 M H,SO,
and 1.5 M V**+3 M H,SO, were fabricated. Then, 1 mL in each of
the electrolyte was extracted and they were diluted by 19 mL of
3M H,S0,. Of the two electrolytes, 1.5 M V>*+3M H,SO, was
obtained by electrochemical oxidization of 1.5M VOSO,+3M
H,SO, [4748]. For the CV measurements of catholyte, the scanned
potential range was 0.2-1.4V vs. Ag/AgCl, while that was —0.9-
0V vs. Ag/AgCl for anolyte. The potential scan rate used was 50
mV s [4,49].

For DLC analysis of electrodes, their CV curves were measured.
Here, 3 M H,SO, was considered as electrolyte, while the different
potential scan rates of 5, 10, 20 and 30mV s were used and the
scanned potential range was 0.0-0.4 V vs. Ag/AgClL
4. Performance Evaluation of VRFB Single Cells Using the
Corresponding Electrodes

VREB single cell tests were conducted to measure and compare
the effects of three electrodes (pristine GE CNT/GE and GF-BP
electrodes) on the performance of VRFBs (Scheme 1(b)). Each elec-
trode was used as both cathode and anode (active area of 4 cm?).
The electrolyte tank was filled with 17 mL of electrolyte, and Nafion
117 (Chemours, USA) was used as ion exchange membrane. The
first step of VRFB single cell tests was to charge active materials up
to 1.7V (pre-activation step). After that, catholyte was removed
and refilled by 17 mL of 1.5 M VOSO,+3 M H,SO, solution. Then,
charging and discharging steps were run. The cut-off voltage was
set from 1.65V (for charging) to 0.8 V (for discharging), and the
operating current densities were in the range of 40 to 200 mA cm ™.
All the experiments were carried out under N, purge state.

RESULTS AND DISCUSSION

1. Structural Evaluation of New Electrodes

To increase the synergetic effect of the appropriate porosity of
GF and the excellent reactivity of BP, thin GF was used as a base
material and BP was coated onto the thin GF (GF-BP electrode).

As control groups of GF-BP electrode, pristine BP, Imm thick
pristine GE and CNT doped GF (CNT/GF) electrodes were con-
sidered. To optically inspect the state of each electrode, their SEM
images were taken (Fig. 1). As shown in Figs. 1(a) and 1(b), in
CNT/GF electrode, CNTs were partially covered onto the carbon
fiber of GF substrate. Furthermore, some CNTs were agglomer-
ated. This means that when the same amount of CNT is doped to
GF substrate, CN'Ts in CNT/GF electrode are agglomerated and,
thus, they cannot act as the active sites for redox reaction of vana-
dium ions. Figs. 1(c) and 1d show SEM images of pristine BP elec-
trode. Its surface is very uniform and CNTs within pristine BP are
tightly packed. Despite such benefits, the surface density of pris-
tine BP electrode was so high that this was not porous enough.
Such a tightly packed pristine BP may prevent a facile flowing of
electrolyte, followed by the mass transfer of electrolyte, while its
overpotential may increase.

In contrast to BP electrode, the surface density of GF-BP elec-
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Fig. 1. SEM images of (a) and (b) CNT doped graphite felt, (c) and (d) buckypaper, (e) and (f) graphite felt-buckypaper composite electrodes.

trode is not excessively high (Figs. 1(e) and 1(f)). This is because
carbon fibers of GF substrate are porous enough and, thus, when
thin BP layer is well covered onto the carbon fibers of GF substrate,
the surface density of such prepared GF-BP electrode is not exces-
sively high.

With that, it is summarized that the porosity of GF-BP electrode
is better than that of pristine BP electrode, while the uniformity of
CNT doped onto GF-BP electrode is better than that of CNT/GF
electrode. Thus, it is expected that the active surface area of GF-BP
electrode will be larger than that of CNT/GF electrode.

To confirm the above expectations regarding the porosity and

December, 2022

active surface area of electrodes, nitrogen adsorption and desorp-
tion of each sample was measured, and the electrode surface area
was calculated using the BET isotherm (Fig. 2 and Table 1).
According to the analysis, the active surface area of BP-GF and
CNT/GF electrodes was larger than that of pristine GF electrode.
Furthermore, although the equivalent amount of CNT was loaded,
the specific surface area of CNT/GF electrode (7.3984 m’g ') was
35% larger than that of BP-GF electrode (10.055 m’g'). Regarding
pore size distribution, BP-GF electrode showed well-distributed pore
size due to the uniformly dispersed CNTs (Fig. 2(b)). In addition,
in average pore diameter, that of CNT/GF electrode (35.6 nm) was
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Fig. 2. (a) BET adsorption and desorption graphs of electrode samples. (b) Pore size distribution graphs of pristine GE, CNT/GFE, BP-GF elec-

trodes.

Table 1. Data measured by BET of each electrode sample

Pristine GF  CNT/GF BP-GF

Specific surface area (m*g™") 15382 7.3984  10.055
Total pore volume (cm’ g') ~ 0.03958  0.06585  0.1997

smaller than that of BP-GF electrode (79.4 nm). This trend was
well matched with that observed by SEM. Namely, in BP-GF elec-
trode, as CN'Ts were dispersed uniformly; its active and specific
surface areas increased.

Besides structural properties of the electrodes, their electrochem-

ical performance was evaluated to estimate whether the electrodes
were appropriate for VRFBs. Furthermore, it was necessary to investi-
gate that the trend in specific surface area measured in Fig. 2 is
well matched with that in electrochemical reactivity of vanadium
ions contacting the electrodes.

To measure the electrochemical reactivity of vanadium ions,
double layer capacitance (DLC) was calculated by measuring CV
curve (Fig. 3 and Table 2) [50]. DLC is an indicator determining
electrochemical active surface area (ECSA). To calculate this DLC,
the current of each electrode sample was measured at various scan
rates. Here, the current was collected in the region where a non-
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Fig. 3. Non-faradaic CV curves of (a) pristine GE (b) CNT/GE, (c) BP-GF electrodes, and (d) double layer capacitance data of each electrode.
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Table 2. Double layer capacitance data of each electrode sample

pristine GF  CNT/GF  BP-GF
Double layer capacitance 4, 125641  1,547.95
(mFg)
faradaic reaction occurred.
DLC (F)= Current (mA)

Scan rate (mV/s)

As a result, DLC in pristine GE CNT/GE and BP-GF electrodes
was 94.6, 1,256.4, and 1,547.9 mF g, respectively. This indicates
that DLC shows a similar trend to BET measurement, confirming
that the actual electrochemical surface area of BP-GF electrode is
largest. Moreover, as already expected, although the same amount
of CNT was loaded onto CNT/GF and BP-GF electrodes, DLC of
BP-GF electrode was higher than that of CNT/GF electrode by
23%, implying that CNTs were more efficiently dispersed in BP-
GF electrode.

2. Effects of Electrodes on Redox Reactivity of Vanadium Ions
and VRFB Performance

The previous evaluations verified that BP-GF electrode was well
formed. More specifically, its electrochemical and physical surface
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T
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= -804y T T y T g T
=] 02 04 06 08 10 12 14
(&

Potential (V vs. Ag/AgCl)

area increased and this was due to the uniform dispersion of CNTs
loaded onto GF electrode. Moreover, the pore volume of BP-GF
electrode was also well configured. It is expected that these charac-
teristics will positively affect the redox reactivity of vanadium ions
that are the active material for the operation of actual VRFBs. To
confirm whether such BP-GF electrode played a role in improv-
ing the redox reactivity of vanadium ions, reactivity of the three
electrodes (pristine GE CNT/GF and BP-GF) was examined elec-
trochemically by measuring their CV curves (Fig. 4).

Such CV curves were measured for both anolyte and catholyte
of VREB. According to Fig. 4, BP-GF electrode showed a higher
level of peak current than pristine GF and CNT/GF electrodes.

Quantitatively; in catholyte, the peak current of BP-GF electrode
increased more than that of CNT/GF and GF electrodes by 46 and
143%, respectively, while the differences were 10 and 50% in ano-
Iyte. Since the condition of electrolyte is same, this result indicates
that currents in both electrolytes depend on electrode.

When the results obtained so far are summarized, in both CNT/
GF and BP-GF electrodes, active area increased by doping CNT,
and this further induced in the enhancement in redox reactivity of
vanadium ions. In a comparison of CNT/GF and BP-GF electrodes,
due to the difference in CNT dispersion (Fig. 2 and Table 1), when
BP-GF electrode was used, redox reactivity of vanadium ions in-
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20] —CNTIGF
——BP-GF

-804
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5

Fig.4.CV graphs of pristine GE CNT/GE and BP-GF electrodes representing (a) VO**/VO; redox reaction measured under 0.15M
VOSO,+3 M H,SO, at 50 mV s™* and (b) V**/V** redox reaction measured under 0.15 M VOSO,+3 M H,SO, at 50mV s™".

Table 3. Performance evaluation of VRFB single cells using three electrodes

Average values 80 mA cm ™ 120 mA cm™’ 160 mA cm™ 200 mA cm™
Vol i Pristine GF 67.65 53.33 - -
© age( ; )mency CNT/GF 79.72 68.35 55.78 -
° BP-GF 81.75 72.37 64.49 60.39
o Pristine GE 94.97 97.05 ] -
C°”l°mb(f; )efﬁaency CNT/GF 94.84 94.78 9425 ;
° BP-GF 94.66 94.42 94,98 9591
. . Pristine GE 63.79 4825 - -
N
ergy(;) cency CNT/GF 7472 64.27 50.85 -
BP-GF 76.49 67.83 60.40 51.84
Disch . Pristine GF 15.82 3.15 - -
8¢ (a:lgleLc_?faaty CNT/GF 24.80 16.80 494 ;
BP-GF 25.83 20.67 14.58 6.20
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Fig. 5. (a) Energy efficiency, (b) coulombic efficiency, (c) voltage efficiency and (d) discharge capacity graphs of VRFBs using pristine GE
CNT/GF and BP-GF electrodes measured by the step tests of 80 mA cm > (1-5 cycles), 120 mA cm > (6-10 cycles), 160 mA cm ™~ (10-15

cydles), 200 mA cm > (16-20 cycles) and 80 mA cm ™ (21-31 cycles).

creased. Once again, this is because CNTs are efficiently dispersed
in BP-GF electrode and, thus, redox reactivity of vanadium ions
was promoted.

Next, charge and discharge tests using the related VREB single
cells were conducted to measure the effect of electrochemical active
area on the performance of VRFB single cells. In the tests, the per-
formance parameters of VRFB single cells, such as efficiency and
capacity, were measured with the change in current density. As test
sequence, current density was changed every five cycles, and this
was raised to 80, 120, 160, and 200 mA cm?, and finally returned
to its initial value (80 mA cm ). Then, the tests were conducted
for another ten cycles to evaluate the stability of VRFB single cells
(Fig. 5, Table 3).

According to Fig. 5, the performance of VRFB single cell using
BP-GF electrode was best. VREB single cell using CNT/GF elec-
trode also showed excellent performance at low current density
region. However, when CNT/GF electrode was used, the perfor-
mance of the VRFB were significantly decreased as current den-
sity increased. Even in a high current density region of 200mA cm™,
VREB single cell using BP-GF electrode was well operated, whereas
that using CNT/GF electrode did not work. For the VRFB single
cell using CNT/GF electrode, the maximum operable current den-
sity was 160 mA cm >, More quantitative prospect, when 160 mA
cm™* was applied, energy efficiency and capacity of VRFB single
cell using CNT/GF electrode were 50.9% and 4.9 Ah L™, while
those of VRFB single cell using BP-GF electrode were 60.4% and

14.6 Ah L', Furthermore, when 200 mA cm™ was applied for VRFB
single cell test using BP-GF electrode, the operation of the VRFB
was possible even if its capacity was only 6.20 Ah L™". Such differ-
ent performance of VRFBs using CNT/GF and BP-GF electrodes
is due to the increased electrochemical surface area of BP-GF elec-
trode and its CNT utilization.

There was one noticeable thing in Fig. 5. During the data col-
lection, spikes in CE and EE were observed. In our expectation,
these spikes might occur during a rapid current density change and
the CE and EE were well stabilized in subsequent cycles performed
at a constant current density.

CONCLUSIONS

We have suggested the use of thin GF-BP as a new electrode for
zero-gap VREBs. By use of the zero-gap structure for VRFBs, the
distance between two electrodes is reduced considerably, while per-
formance and design flexibility of the VREBs are improved. Here,
GF and BP are used as base and reinforced materials to combine
the proper porous structure of GF and the excellent redox reactiv-
ity of vanadium ions promoted by BP. For clarifying the benefits of
thin GF-BP electrode, the properties of the electrode and its appli-
cability to VRFBs were evaluated. According to the evaluations,
total pore volume and double layer capacitance of GF-BP electrode
(0200 cm’ g, 1,547.95 mF g ') were higher than those of pristine
GF electrode (0.040 cm® g, 94.59 mF g '). Then, in actual VRFB

Korean J. Chem. Eng.(Vol. 39, No. 12)
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single cell evaluations, the performance of the zero-gap VRFBs using
the optimized GF-BP electrode was excellent with EE of 60% and
discharge capacity of 14.6 Ah L' at 160 mA cm ”. It was revealed
that the performance enhancement of the zero-gap VRFBs using
GF-BP electrode was due to the large increase in actual active sites
of the optimized GF-BP electrode and its CNT utilization.
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