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Abstract—Carbon felt (CF) doped by catalyst including titanium oxide and ketjen black (TiO,/KB-CF) is used as neg-
ative electrode to enhance the redox reactivity of napthoquinone (NQSO) and thus the performance of aqueous
organic redox flow batteries (AORFBs). The redox reactivity of NQSO is better with TiO,/KB-CF than with pristine CF
(anodic current density of 13.3 and 19.8 mA-cm?, and cathodic current density of —15.7 and —21.9 mA-cm™> with
pristine CF and TiO,/KB-CF), while the reaction reversibility of NQSO is also enhanced in TiO,/KB-CF (ratio of peak
current density is 0.84 and 0.9 with pristine CF and TiO,/KB-CF). These results are due to the hydrophilic and conduc-
tive properties of the TiO,/KB catalyst. TiO, can hold many hydroxyl groups that are hydrophilic and electro-active
group, while KB is a conductive material that induces a fast electron transfer. With these benefits, the charge transfer
resistance of the electrode is reduced from 1.8 Q with pristine CF to 1.5 with TiO,/KB-CE In AORFB tests using
NQSO and potassium ferrocyanide under alkaline supporting electrolyte, energy efficiency increased from 58% (pris-
tine CF) to 61% (TiO,/KB-CF) with a low capacity loss rate of 0.006 Ah.L™' per cycle and the cross-over rate of active

materials during cycling of AORFB was very low.
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INTRODUCTION

Energy storage systems (ESSs) are important for renewable energy
to be used effectively; examples of ESSs are fuel cells, capacitors,
lithium ion batteries and redox flow batteries [1-13].

Among the various types of ESSs, the redox flow battery (RFB)
has a variety of advantages especially for large-scale applications be-
cause the power and energy can be scaled separately from each
other by stack and tank, respectively [14-19]. There are three main
factors that can determine the power and energy in RFBs: cell volt-
age, ionic conductivity, and the number of electrons involved in
the redox reaction [14]. These factors are predominantly affected
by the active materials and electrolytes, electrodes, and membrane
[15]. Supporting electrolytes of the RFBs are divided into non-aque-
ous RFB and aqueous REB. The non-aqueous RFB can provide a
high cell voltage because no hydrogen or oxygen evolution occurs
in the electrolyte [16]. However, the ionic conductivity of non-aque-
ous electrolyte is far lower than that of aqueous electrolyte [17].
Therefore, recently, it has been known that aqueous RFB may be
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better suited to provide high power and energy density [18]. In
addition, this is safer than non-aqueous RFB because of the non-
volatile property of supporting electrolyte and active materials in
the aqueous RFB [19].

Among aqueous RFB systems, vanadium redox flow battery
(VRFB) has been developed and utilized as commercial applications
due to its high performance [20-36]. VRFBs have various advan-
tages. First, vanadium ions can be used as active materials in both
electrolytes [20-27]. The use of the same active material in both elec-
trolytes can lead to less cross-over through the membrane, which
induces a better stability than for other metal-based RFB systems,
such as Fe-Cr RFB or Zn-Br RFB. Second, its cell voltage is 1.26 'V,
which is a relatively high value among aqueous RFB systems [20,
21]. Therefore, this can lead to high power and energy density. Third,
the solubility of vanadium ions in sulfuric acid is high (~1.8 M), and
this results in a high energy density [22,23]. However, the VRFB
system has some obvious limitations: First, vanadium is very expen-
sive because it is a rare-earth metal and, thus, the amount that can
be excavated is limited [24,25]. Second, there is still cross-over from
electrode to electrode of vanadium ions because of their small size,
and this may induce a rapid capacity decay during cycling. To alle-
viate the issue, an additional re-balancing process is required [26,
27]. Third, the temperature window is narrow due to precipitation
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of vanadium ions above 45 °C or below 0 °C [28,29]. This implies
that VREB can be operated in only a limited environment. Fourth,
additional catalyst has to be doped on the electrode to improve the
redox reactivity of vanadium ions, and this leads to a higher cost
of the RFB system [30-36].

To solve the problems of VRFBs, organic materials can be con-
sidered as active materials to replace vanadium. Aqueous organic
redox flow batteries (AORFB) using organic molecules as redox
active materials have many merits compared to conventional VRFB
[37-41]. First, the temperature range of organic materials is wide
because the organic materials do not induce the precipitation issue,
especially at high temperature [37,38]. Second, their projected cost
is much cheaper than vanadium because they can be obtained by
natural sources and further synthesized on a large scale [39]. Third,
the capacity of AORFBs can be twice as much as that of VRFBs
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when the same concentrations of active materials are used [40].
This is because the number of electrons involved in the redox reac-
tion of organic materials such as quinones is two, whereas that of
vanadium is only one. Fourth, the redox reactivity of organic materi-
als is high and, thus, it is less required to use catalysts [41].
Candidates as active material for AORFB are, among others,
quinones, aza-aromatics, methyl viologens as well as TEMPO deriva-
tives [37-41]. Among them, quinones have been used widely be-
cause they can be utilized in a wide range of supporting electro-
lyte pHs, depending on the functional groups doped on the qui-
none molecules [42-48] as well as for modifying its base structure
[49]. For example, quinones containing sulfonate groups are used
in acidic pHs such as sulfuric acid [50-52]. More specifically; anthra-
quinone-2,6-disulfonic acid and 4,5-dhydroxy-1,3-benzenedisul-
fonic acid were introduced and developed in sulfuric acid [50].
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Fig. 1. A schematic of (a) AORFB full cell structure using TiO,/KB-CF as negative electrode and the redox reactions of (b) NQSO and (c)

FeCN dissolved in alkaline electrolyte.

Korean J. Chem. Eng.(Vol. 39, No. 6)



1626 W. Lee et al.

However, a nucleophilic attack formed an undesirable side reac-
tion and transformation of 4,5-dihydroxy-1,3-benzendisulfonic acid.
Therefore, a new benzoquinone derivative was proposed and the
transformation process was optimized [51-53]. As another example,
quinones containing hydroxyl groups were used as active materi-
als in alkaline supporting electrolyte pHs [54-56]. More specifically,
dihydroxy anthraquinone and ferrocyanide were used as active
materials in potassium hydroxide [54]. Their cell voltage was 1.2 V
and the efficiency of AORFB using them was good. However, the
side reaction of anthraquinone derivatives induced the capacity fade
of AOREFB slightly. To overcome the bottleneck, chemically stable
anthraquinone derivatives were synthesized and optimized by com-
putational [55] and experimental methods. As a result, the stability of
AOREFBs using anthraquinone derivatives was improved [56]. Besides
the anthraquinone derivatives, naphthoquinone derivatives were
utilized [57]. Lastly, some quinones with hydrophilic groups were
used as active materials for neutral or near-neutral supporting
electrolyte pHs, and special additives were developed to enhance
the solubility of quinone derivatives in aqueous media [58-61].

In this study, mixed naphthoquinone derivatives (NQSO) and
potassium ferrocyanide (FeCN) were used as negative and posi-
tive active materials, while both were dissolved in 1 M KOH [57].
To improve the redox properties of NQSO that can be dimerized
during cycling of AORFB at high concentration conditions, a cata-
lyst including titanium (IV) oxide/ketjen black (TiO,/KB) was in-
troduced. The TiO,/KB was then doped onto the surface of car-
bon felt (TiO,/KB-CF) for use as negative electrode. Here, TiO, has
abundant oxygen functional groups that can improve the redox
reactivity of active materials for RFB [62], and KB combined with
conductive carbon materials can enhance the conductivity [63].
Thus, TiO, and KB can be used together to enhance the redox
properties of NQSO. With that, the electrochemical performance
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of TiO,/KB-CF was investigated to examine whether the TiO,/KB-
CF promoted the enhancement in the redox properties of NQSO,
which can increase the efficiency of AORFB.

A schematic of AORFB full cell structure using the modified
electrode, and the redox reactions of NQSO and FeCN dissolved
in KOH are shown in Fig. 1.

EXPERIMENTAL

1. Materials

Catholyte consists of supporting electrolyte and negative active
material, while anolyte consists of supporting electrolyte and posi-
tive active material, and they are the main components of AORFB.
To prepare the catholyte and anolyte consisting of NQSO and FeCN,
naphthoquinone-4-sulfonic acid sodium salt and 2-hydroxy naph-
thoquinone were purchased from Alfa Aesar. Potassium hexacy-
anoferrate(Il) trihydrate was from Sigma Aldrich. Potassium hy-
droxide (95.0%) that was used for supporting electrolyte solution
was obtained from Samchun Chemical. For fabricating the cata-
lyst solution, ketjen black, TiO, powder and ethanol were obtained
from Samchun Chemical and Nafion 117 solution was purchased
from Sigma Aldrich. In addition, the Nafion membrane (Nafion
117 (N117)) was from the Sigma Aldrich and put in de-ionized
(DI) water for 24 h before use.
2. Electrochemical Measurements
2-1. Electrochemical Characterization

To investigate the effect of temperature on the electrochemical
properties of NQSO and ferrocyanide, cyclic voltammograms (CVs)
were measured. Pt wire and Ag/AgCl were used as counter and
reference electrodes, respectively, and glass carbon electrode (GCE,
5mm diameter, active area 0.196 cm®) was considered as working
electrode. The scan rate used was 100mV-s ™. As electrolytes, 0.01 M
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Fig. 2. The synthetic procedure of TiO,/KB-CF electrode.
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of both NQSO and ferrocyanide was dissolved into 20 mL of 1.0 M
KOH solution.

To compare the redox properties at various concentrations of
NQSO, 0.0002 mol and 0.002 mol of NQSO were dissolved into
20mL of 1.0 M KOH solution, and their CV curves were measured.
In addition, to synthesize the TiO,/KB catalyst ink, Ketjen black,
TiO, powder, Nafion 117 solution, and ethanol were mixed by
using ultrasonic blending for 1h to disperse the materials uni-
formly [64]. Carbon felt (CF) and the catalyst ink doped carbon
telt (TiO,/KB-CF) were used as working electrode.

The samples before and after AORFB full cell testing were col-
lected and CV curves were measured with the samples to investi-
gate how the active materials crossed over through the membrane
during cycling.

2-2. Performance Evaluation of AORFB Full Cells

For AOREFB full cell tests, charge-discharge equipment (Wonat-
ech, WBCS3000) was used. As catholyte, 0.006 mol NQSO was
dissolved in 1.0 M KOH solution, and 20 mL of such prepared cathol-
yte was filled with tank, while 0.015mol ferrocyanide was dis-
solved in 1.0 M KOH solution as anolyte, and 50 mL of the anolyte
was filled with tank. The higher amount of ferrocyanide was used
to fix the redox reaction of anolyte as a rate determining step. Car-
bon felt (CF) (SGL 4.6 GFD, active area of 4 cm” and thickness of
4.7 mm) was used as electrode. During charge and discharge cycling
of the AORFB, 100 mA-cm* was applied under the cut-off volt-
age ranges of 0.2-1.6 V and the flow rate of 25 mL-min™".

To investigate the effect of TIO,/KB catalyst on the performance
of AORFB using NQSO and ferrocyanide, TiO,/KB catalyst ink
was prepared and doped onto CF (TiO,/KB-CF). To bind the TiO,/
KB catalyst on CE Nafion 117 solution was used as binder. After
mixing them, ultrasonication was performed, and with this pro-
cess TiO,/KB-CF was well formed. Fig. 2 shows the synthetic pro-
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cedure of TiO,/KB-CF electrode. This TiO,/KB-CF was used as
negative electrode for AORFB full cell tests. In addition, all mem-
branes were pre-treated in DI water for 24 h before use.

RESULTS AND DISCUSSION

1. The Effect of Concentration of NQSO on the Redox Reac-
tivity of NQSO

To evaluate the impact of the concentration of NQSO on the
redox reactivity of NQSO, a low concentration (0.01 M) and a high
concentration (0.1 M) of NQSO dissolved in 1 M KOH were eval-
uated by CV. As shown in Fig. 3, the peak separation between anodic
and cathodic potentials of NQSO at low concentration (0.01 M)
was 0.08 V, while that of NQSO at high concentration (0.1 M) was
0.13 V. This result means that the electron transfer rate of NQSO
at high concentration is slower than that at low concentration. A
possible reason for this result is the dimerization of NQSO mole-
cules occurring at their high concentration ranges [65]. This di-
merization can be facilitated during cycling of AORFB because a
large amount of the NQSO molecules that are reduced and oxi-
dized agglomerate together during cycling, and this increases their
viscosity and decreases the voltage efficiency (VE) of AORFB. To
alleviate this issue of NQSO, the adoption of advanced electrode
can be considered.
2. The Effect of TiO,/KB Catalyst on the Electrochemical Prop-
erties of NQSO

To further enhance the redox property of NQSO, the TiO,/KB
catalyst was prepared via ultrasonication method. Here, Ketjen black
(KB), which is a conductive material, can facilitate the electron
transfer rate, and it was then mixed with TiO, [66]. TiO, has many
hydroxyl groups that are hydrophilic, and the oxygen-containing
groups belonging to TiO, are electroactive. Both properties can

Fig. 3. (a) Dimerization process of NQSO molecules occurring at their high concentration ranges, and (b) CV curves representing the redox
properties of NQSO measured in the two different concentrations (0.01 and 0.10 M) with a scan rate of 100 mV s .
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Fig. 4. CV curves of NQSO dissolved in KOH that are measured in
both pristine CF and TiO,/KB-CE.

increase the redox reactivity of the electrode in combination with
the active material [67].

To evaluate the impact of the TiO,/KB catalyst on the electro-
chemical properties of NQSO, CV curves and impedance spectros-
copy measurements of NQSO dissolved in KOH were performed
in both pristine CF and TiO,/KB-CF (Figs. 4 and 5). According to
Fig. 4, the redox reactivity and reversibility of NQSO were enhanced
with the use of TiO,/KB catalyst. More specifically, in terms of the
redox reactivity of NQSO, its oxidation current peak was more
improved with TiO,/KB-CF than with pristine CE Next, in terms
of reversibility of NQSO redox reaction, the ratio of anodic to
cathodic peaks was improved from 0.84 (pristine CF) to 0.90 (TiO,/
KB-CF). This indicates that the redox reaction of NQSO becomes
faster with the use of TiO,/KB catalyst, and this is because of the
unique benefits of TIO,/KB catalyst, which are electroactive property,
abundant hydrophilic groups and excellent conductivity [66,67].

The above result is confirmed by the Nyquist plots using EIS of
NQSO measured in both pristine CF and TiO,/KB-CF (Fig. 5). The
charge transfer resistance of NQSO was reduced from 1.8 Q (pris-
tine CF) to 1.5 Q (TiO,/KB-CF). This finding indicates that when
TiO,/KB-CF is used, the charge transfer resistance of NQSO is
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Fig. 5. Nyquist plots of NQSO dissolved in 1.0 M KOH solution
measured with the use of pristine CF and TiO,/KB-CE

reduced and its electron transfer rate increases [66,67].
3. The Effect of TiO,/KB-CF Electrode on the Performance
of AORFBs using NQSO and FeCN

To identify the impact of the TiO,/KB catalyst on the perfor-
mance of AORFBs using NQSO and FeCN as redox couple in alka-
line pH supporting electrolytes, AORFB full cell tests using pristine
CF and TiO,/KB-CF as negative electrode were implemented. Here,
the other conditions for operating AORFB full cells (except the
negative electrode) were the same, which means that only TiO,/
KB catalyst doped on CF can affect the performance of AORFBs.
The charge-discharge curves and discharging capacity pattern are
shown in Fig. 6. There are two advantages that can be seen in Fig.
6(a). First, when TiO,/KB-CF was used, the over-potential of for
the reaction of NQSO was reduced, while this was well matched
with that obtained from half-cell results. Namely, with the use of
TiO,/KB-CE the electron transfer rate of NQSO that contacted the
TiO,/KB-CF electrode was improved, while its resistance and over-
potential were reduced [68]. Second, the capacity of the AORFB
full cell using TiO,/KB-CF increased. The average discharging capac-
ity was enhanced from 10.6 Ah-L™ (pristine CF) to 11.5 Ah-L™ (TO,/
KB-CF). Regarding capacity retention rate as shown in Fig. 6(b),
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Fig. 6. (a) Charge-discharge curve of AORFBs using NQSO and ferrocyanide as redox couple measured at 10” cycle and (b) their discharg-
ing capacities measured during cycling of AORFB. Here, as negative electrode, pristine CF and TiO,/KB-CF were used, while the

applied current density was 100 mA-cm .
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this was the same irrespective of the use of catalyst. More specifi-
cally, the capacity loss rate of both AORFBs was 0.006 Ah-L™" per
cyde for 15 cydles (the capacity loss rate of 0.062% per cydle) during
15 cycles). This means that the TiO,/KB catalyst plays an import-
ant role in increasing the capacity of AORFB full cell with the
reduced overpotential of NQSO without a meaningful sacrifice in
the cycling stability of AORFB.

The effect of TIO,/KB catalyst on the efficiency of AORFBs using
NQSO and ferrocyanide is represented in Fig. 7. According to Fig.
7, CE of the two AORFBs was almost same as 99% during cycling
of AOREFB irrespective of the use of catalyst. This means that the
size of NQSO and ferrocyanide that is included in electrolytes is
large enough, and it is difficult for these molecules to permeate
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through the membrane. However, different from CE, VE was sig-
nificantly affected by the type of electrode. Quantitatively, that of
AORFBs was improved from 59% (pristine CF) to 62% (TiO,/KB-
CF). This result can be explained that the excellent attributes of
TiO,/KB-CF promote redox reactivity, reversibility, and electron
transfer rate of NQSO molecules whose redox reaction is a rate
determining step. More specifically, the abundant hydroxyl groups
included in TiO, of TiO,/KB catalyst can lead to faster redox reac-
tivity of NQSO molecules, and the excellent conductivity included
in KB of TiO,/KB can also affect the increase in electron transfer
rate of NQSO molecules [66,67]. Accordingly, EE of AORFBs mea-
sured at high current density of 100 mA-cm™ was also improved
from 58% (pristine CF) to 61% (TiO,/KB-CF).
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Fig. 7. (a) Charge efficiency, (b) voltage efficiency and (c) energy efficiency graphs measured during cycling of AORFBs using NQSO and fer-
rocyanide as redox couple. Here, as negative electrode, pristine CF and TiO,/KB-CF were used, while the applied current density was
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To evaluate the crossover of active materials through the mem-
brane occurring during cycling of AORFBs using NQSO and FeCN
as the active materials, CV curves of NQSO and FeCN solutions
before and after AORFB full cell tests using TiO,/KB-CF as negative
electrode are measured (Fig. 8). As mentioned, due to the large
size of active materials and the Nafion membrane with high selec-
tivity, the crossover of active materials can almost be excluded during
the AORFB full cell test.

CONCLUSION

TiO,/KB-CF was considered as negative electrode to improve
the redox reactivity of NQSO and the performance of AORFB using
the NQSO as active material. The redox reactivity of NQSO was
better in TiO,/KB-CF than in CE In addition, the reaction revers-
ibility of NQSO was enhanced with the use of TiO,/KB-CF (ratio
of peak current density was 0.84 and 0.9 with CF and TiO,/KB-
CF). These results are due to the hydrophilic and conductive prop-
erties of TiO,/KB catalyst included in TiO,/KB-CF electrode. Here,
TiO, played a role in keeping as many as possible hydroxyl groups
that were hydrophilic and electro-active group, and KB was a con-
ductive material facilitating a fast electron transfer. With these, the
charge transfer resistance of electrode was reduced to 1.5 with
TiO,/KB-CE Based on that, in AORFB tests using NQSO and FeCN
as redox couple under alkaline supporting electrolyte, its EE in-
creased to 61% with the use of TiO,/KB-CE while its capacity loss
rate was low as 0.006 Ah-L™" per cycle and no cross-over of active
materials was observed during cycling of AORFB.
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