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Abstract—Carboxylic acid functionalized alloxazine (alloxazine-COOH) and ferrocyanide are utilized as active spe-
cies for aqueous redox flow battery (ARFB), and the effect of operating temperature on the performance of ARFB was
investigated. Based on electrochemical characterization, although ferrocyanide is in a quasi-reversible state at room
temperature, the state becomes irreversible as temperature increases. By the use of carbon felt (CF) containing carbon-
oxygen functional groups, the activity of ferrocyanide is enhanced without side effect, such as irreversible redox reactiv-
ity. This is because the hydrophilic (charge-dipole) interaction between dipole groups (hydroxyl and carbonyl groups)
onto CF and ferricyanide ions promotes the oxidation reaction of ferricyanide. Though alloxazine-COOH coated on
glassy carbon electrode shows irreversible state compared to ferrocyanide as temperature increases, the activity of allox-
azine-COOH is also enhanced by using the hydrophilic group doped CFE. To prove whether the redox reactivity of the
two active species is improved with increase in temperature, the performance of ARFBs using them was evaluated in
the different temperature conditions. When the temperature of both anolyte and catholyte is 45 °C, average discharge
capacity and state of charge are 24 Ahr-L™' and 90%, and the values are reduced to 23 Ahr-L™" and 86% in ARFB of
only catholyte heating, 22 Ahr-L" and 82% in ARFB of only anolyte heating and 21.3 Ahr-L™" and 80% with no heating,
Based on that, it is speculated that the operation temperature can be a factor in determining the performance of ARFB.
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INTRODUCTION

Renewable energy, such as solar, wind, and wave power, is a very
useful resource because it is sustainable and ecofriendly. However,
utilization has an obvious limitation because of their intermittent
generation. Therefore, many researchers have attempted to over-
come the drawback of renewable energy sources using energy
storage system (ESS). The ESS can store and convert the electrical
energy to the chemical energy and vice versa, while there are vari-
ous ESS options, such as capacitor, supercapacitor, flywheel energy
storage, lead-acid battery, redox flow battery, and lithium-ion bat-
tery [1-7].

Among them, the redox flow battery (RFB) is widely considered
as one of the appropriate ESSs due to the advantages such as long
calendar life, excellent system scalability, and proper flexibility. The
most attractive point is that this RFB can use two external tanks
for storing active species, and its energy density can be determined
by controlling tank size [8-10]. In spite of that, the main compo-
nents for operating RFB, such as membrane, electrode, catalyst, and
redox couple, should be further developed [11-18]. Selecting the
proper redox couple is the most important because the performance
and stability of RFB mainly depend on how the redox couple is
decided. Of the redox couple candidate, to date, the all-vanadium
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redox flow battery (VRFB) has been in the spotlight because this
alleviates the crossover problem by employing the same vanadium
element for anolyte and catholyte, and has an excellent cell poten-
tial of 1.259 V and a proper level of sulfuric acid solubility utilized
as supporting electrolyte [19-21].

However, the VREB still has shortcomings. First, the vanadium
is rare and very expensive, and is only reserved in the limited regions
[22]. Second, the available temperature range of VRFB is very nar-
row, meaning that V** and V** ions can be precipitated at tem-
peratures outside 10-40 °C [23]. Third, the redox reactivity of V**/
V** reaction is relatively low. Thus, the use of catalysts to promote
the slow reaction is essentially required and leads to an increase in
cost [24]. Fourth, in the case of V**/V*" reaction, the way to sup-
press hydrogen evolution reaction (HER) should be considered
because the two reactions occur at a similar potential. For that,
catalysts and additives for controlling HER are needed [25,26].

As an alternative to VREB, aqueous organic materials can be con-
sidered because they have the merit of low cost, scalability, good
biodegradability, excellent structural diversity;, and abundant amount
in nature [27]. So far, many candidates of aqueous organic mate-
rial have been applied as the redox couple replacing vanadium, and
the aromatic compounds, such as aza functional group, alloxazine,
ferrocyanide, ferrocene, and methyl viologen, are one group of them
[28-30].

In this study, we used the alloxazine derivative and ferrocyanide
as catholyte and anolyte, respectively. The alloxazine has advantages
like proper aqueous solubility; excellent safety and desirable poten-
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Fig. 1. Schemes showing (a) the ARFB full cell structure and the redox reactions of (b) alloxazine-COOH and (c) ferrocyanide.

tial value as catholyte, and is further modified by carboxylic acid
(COOH) to increase aqueous solubility (alloxazine-COOH) [29,31].
On the other hand, ferrocyanide can offer advantages like excel-
lent alkali-based aqueous solubility and favorable potential value as
anolyte [32].

Aqueous organic RFB (AORFB) using alloxazine-COOH and
ferrocyanide as redox couple was already suggested with excellent
performance. However, there have been no previous reports repre-
senting the effect of operating temperature on the performance of
AOREFB using this redox couple, although the temperature is an
important parameter to affect the performance of AORFB [29,31].
Thereby, in this study, we first investigated how the performance
of AORFB is affected by the operating temperature and this is the
major originality of this study. Fig. 1 shows the scheme of AORFB
using alloxazine-COOH and ferrocyanide as redox couple and the
redox reaction sequence of alloxazine-COOH and ferrocyanide.

EXPERIMENTAL

1. Materials

To prepare the catholyte and anolyte consisting of alloxazine-
COOH and ferrocyanide, 3,4-dimaninobenzoic acid and alloxan
monohydrate were purchased from Alfa Aesar. Acetic acid and
boric acid were from Sigma Aldrich. Potassium hexacyanoferrate(IT)
trihydrate and potassium ferricyanide (III) were also from Sigma
Aldrich. Potassium hydroxide (95.0%) that was used for support-
ing electrolyte solution was obtained from Samchun Chemical.
2. Synthesis of Alloxazine-COOH

To synthesize alloxazine-COOH, 3.04 g (20 mmol) of 3,4-diam-
inobenzoic acid was dissolved in 170 mL of acetic acid with stirring,
and then 1.36 g (22 mmol) of boric acid and 3.36 g (21 mmol) of
alloxan monohydrate were further added. The entire solution was

stirred for 3 h at room temperature. After the process, precipitated
product was filtered off and washed, first with 50 mL of acetic acid
and then with 50 mL of diethyl ether (purchased by Sigma Aldrich),
100 mL of de-ionized (DI) water, and last 50 mL of diethyl ether.
3. Electrochemical Measurements
3-1. Half-cell Electrochemical Characterization

To evaluate the electrochemical properties of alloxazine-COOH
and ferrocyanide, cyclic voltammogram (CV) curves were measured
in three electrode cells using a potentiostat (SP-240, BioLogic). Here,
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 the working electrode.
From the CV curves, the redox reactivity of alloxazine-COOH and
ferrocyanide was investigated, and that of alloxazine and allox-
azine-COOH at different temperatures (20, 35, and 45 °C) were
compared. The scan rates used were 10 and 100mV-s™". As elec-
trolyte, 0.01 M of both alloxazine-COOH and ferrocyanide that
was dissolved into 20 mL of 1.0 M potassium hydroxide (KOH)
solution was used.
2-2. AOREFB Full Sell Measurements

For AOREFB full cell tests, charge-discharge equipment (Wonat-
ech, WBCS3000) was used. 0.5M of the alloxazine-COOH was
prepared in 2.5M KOH solution as catholyte, and then the pre-
pared solution filled a tank of the volume of 15 mL. 0.4 M of ferrocy-
anide was dissolved into 1 M KOH solution as anolyte, and it was
filled a tank of volume of 56.3 mL. A carbon felt (XF30A, Toyobo,
Japan) that was 3 mm thick was used as the electrode for AORFB
full cell. The active area of the carbon felt used was 4 cm’, while
Nafion 117 membrane was used as separator. During charge and
discharge steps, a current density of 100 mA-cm ™ was applied under
the cut-off voltage ranges of 0.5-1.8 V for 100 cycles. To compare
the performance of alloxazine and alloxazine-COOH at different
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temperatures (20, 35, and 45 °C), the capacity and efficiency of the
AOREB full cell were measured. To investigate the effect of operat-
ing temperature on the performance of AORFB, the following four
different types of experiments were conducted: (i) heating of 45 °C
in both anolyte and catholyte, (ii) heating of 45 °C only in anolyte,
(iii) heating of 45 °C only in catholyte, and (iv) no heating,

RESULTS AND DISCUSSION

1. Evaluation of Electrochemical Characterization

According to the Arrhenius equation, temperature is an import-
ant parameter for determining chemical reaction, and in general,
as temperature increases, reaction rate increases, and kinetic energy
of active species becomes higher than their activation energy. Thus,
increasing the operation temperature for ARFB can be a way to
improve its performance [33]. To investigate how temperature affects
the redox reactivity of active species, electrochemical evaluations
were performed under different temperature conditions (20, 35, and
45°C). At first, the effect of temperature on the redox reactivity of
ferrocyanide was measured (Fig 2). In terms of anodic and cathodic
peak current densities (I, and L), those of ferrocyanide measured
at 45°C were 2.79 and —2.33 mA cm’, while those at 20 °C were
2.15and —2.06 mA cm . This means that when the operating tem-
perature increases, redox reactivity also improves. This is due to the
improvements in the mobility and reaction rate of ferrocyanide by
the increase in temperature. In addition, electrochemical reversibil-
ity and peak potential difference of ferrocyanide were measured at
45°C are 1.2 and 0.072'V; respectively, while those at 20 °C were
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0.96 and 0.050 V. This is explained as that the oxidation reactivity
of ferrocyanide is more sensitive to temperature than its reduction
reactivity. The difference between the reactivity is because ferricya-
nide has five unpaired electrons in d-orbital, while ferrocyanide
that is a recued form of ferricyanide has no unpaired electron (Fig.
2(c)) [34,35]. Usually, the unpaired electrons belonging to transition
metal can easily provide the electrons for ligand, such as water, to
form a coordination bond. Thus, ferricyanide can interact with an
aqueous solution like KOH, and its reactivity becomes higher than
that of ferrocyanide [36,37]; since the redox reactivity generally
increases as temperature increases, the solubility of ferricyanide
will be proportional to temperature, while the tendency to be fer-
ricyanide from ferrocyanide can be more activated. This result
also indicates that the oxidation reaction of ferrocyanide for form-
ing ferricyanide occurs more spontaneously as temperature increases.
Namely; as temperature increases, the oxidation reaction rate of ferro-
cyanide is higher than its reduction reaction rate [38].

Next, to investigate the effect of temperature on the redox reac-
tivity of alloxazine-COOH, its reaction kinetic parameters were
measured (Fig. 3). As shown in Fig. 3, as temperature increased, the
redox reactivity of alloxazine-COOH was improved. For instance,
L, and I, measured at 45 °C were 1.201 and —1.976 mA cm? and
the values were 11.8% and 25.8% higher than those measured at
20°C (I, and L, are 1.071 and —1.467 mA cm ). This indicates that
the reduction reactivity of alloxazine-COOH is more sensitive to
temperature than its oxidation reactivity. It is because the interac-
tion of chemical bonds within alloxazine-COOH induces the changes
in polarity and hydrogen bonding capabilities. Namely; the reduced
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Fig. 2. (a) CV curves representing the redox reactivity of ferrocyanide and ferricyanide measured at different temperatures (20, 35 and 45 °C)
with a scan rate of 100mV s, (b) peak current density versus square root of scan rate graphs for evaluating temperature effect on the
redox reactivity of ferrocyanide and ferricyanide, and (c) schematics representing d orbital state of ferrocyanide and ferricyanide.

October, 2019



Effect of temperature on the performance of aqueous redox flow battery

form of alloxazine-COOH is more stable than the pristine allox-
azine-COOH in aqueous solution due to the hydrogen bonding
stemming from the nitrogen element of alloxazine-COOH (Fig.
3(c)) [39]. In summary, as temperature increases, the reduction
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reaction rate of alloxazine-COOH significantly increases, while the
oxidation reaction rate of that slightly increases [38].

2. The Performance of ARFB Full C

ells

To evaluate the stability and performance of AORFB using allox-
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Fig. 3. (a) CV curves representing the redox reactivity of alloxazine-COOH measured in the different temperatures (20, 35 and 45 °C) with a
scan rate of 100 mVs ', (b) peak current density versus square root of scan rate graphs for evaluating temperature effect on the redox
reactivity of alloxazine-COOH, and (c) a schematic representing the reduction reaction of alloxazine-COOH.
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Fig. 4. (a) Voltage-time curves, (b) voltage-capacity curves at 1*-5" cycles, (c) voltage-capacity curves during cycling and (d) capacity or SOC
graphs of AORFB single cell using 0.5 M alloxazine-COOH (15 mmol) under 2.5M KOH 15 mL and 0.4 M ferrocyanide (45 mmol)
under 1 M KOH 56.3 mL. Current density used was 100 mA-cm , while cut-off voltage range was 0.5-1.8 V.
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azine-COOH and ferrocyanide at different temperatures, the effect
of temperature on the performance of ARFB using the redox cou-
ple was measured. Initially, the ARFB full cell was run at 20 °C (room
temperature). In that state, the average discharging capacity and
state of charge (SOC) of ARFB measured during 50 cycle were
20.3 Ahr-L™" and 76% (Fig. 4). After that, the performance of three
different ARFB full cells - (i) only anolyte heated ARFB, (ii) only
catholyte heated ARFB and (iii) both anolyte and catholyte heated
ARFB - was measured.

Regarding “only anolyte heated AORFB” that was heated to 45 °C,
when charge and discharge cydle tests were performed (Fig. 5), the
time elapsed during the five cycles of ARFB single cell was 8.5h
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and the starting charging and discharging voltages were 1.44 V and
0.92'V, while the average discharging capacity and SOC of ARFB
single cell measured during 50 cycle were 22 Ahr-L™" and 82%. In
a comparison with the performance of ARFB single cell measured
at 20 °C, the values obtained with only anolyte (ferrocyanide) heat-
ing increased a little, although this result did not match up with the
electrochemical evaluation observed in Fig. 2.

According to the electrochemical characterization of ferrocya-
nide, its redox activity measured at 45 °C showed asymmetrical pat-
tern, and due to the asymmetrical pattern, it is expected that the
performance of “only anolyte heated ARFB” increases slightly more
than that of non-heated ARFB. However, its actual ARFB perfor-
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Fig. 5. (a) Voltage-time curves and (b) voltage-capacity curves measured for 1*-5" cycles of AORFB single cell. (c) Voltage-capacity curves of
AOREFB single cell measured during 50 cycle and (d) capacity or SOC graphs of AORFB single cell. All the tests were performed using
0.5M alloxazine-COOH dissolved in 25M KOH and 0.4M ferrocyanide dissolved in 1M KOH. Current density used was
100 mA-cm?, while cut-off voltage range was 0.5-1.8 V with only anolyte heating (ferrocyanide side). Heating temperature was 45 °C.
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cm , while cut-off voltage range was 0.5-1.8 V with only catholyte heating (alloxazine-COOH side). Heating temperature was 45 °C.

mance was more than expected. This result is partly due to the differ-
ence in electrode, meaning that GCE is used for half-cell tests, while
carbon felt (CF) electrode is used for ARFB full cell tests. Unlike
GCE, the CF contains functional groups like hydroxyl and carbonyl
groups, which can improve the hydrophilicity of ferrocyanide that
can affect its redox reactivity. To evaluate the effect of temperature
on the electrochemical properties of ferrocyanide occurring onto
the CE, its kinetic parameters were measured (Fig. 6(a)). In terms
of electron transfer rate in the redox reaction of ferro/ferricyanide
that is measured in different temperatures, the lower the anodic and
cathodic peak potential difference is, the higher the electron trans-
fer rate is. The potential peak difference of ferro/ferricyanide mea-
sured at 45 °C was 0.148 V; while the value measured at 20 °C was
0.152'V, meaning that the electron transfer rate was enhanced with
elevated temperature. According to Fig. 6(a), with the use of CE
the redox reactivity of ferrocyanide was facilitated and occurred
symmetrically. It is explained that the ferrocyanide/ferricyanide can
exhibit a quasi-reversible electron-transfer kinetic onto the CF that
has the carbon-oxygen terminal functional groups with hydrogen.
Namely; the hydrophilic (charge-dipole) interaction between dipole
groups (hydroxyl and carbonyl groups) onto the CF and ferricya-
nide ions promotes the oxidation reaction of ferricyanide, improving
the asymmetric tendency of redox reaction of ferricyanide [40,41].
In Fig. 6(b), regarding electron transfer rate in the redox reaction
of alloxazine-COOH that is measured in different temperatures,
the lower the anodic and cathodic peak potential difference is, the
higher the electron transfer rate is. The potential peak difference of

alloxazine-COOH measured at 45 °C is 0.259V, while the value
measured at 20 °C is 0.286 V, meaning that the electron transfer rate
was enhanced with elevated temperature.

Next, charge and discharge cycle tests of “only catholyte heated
ARFB” were conducted; their charge/discharge curves are repre-
sented in Fig. 7. According to Fig. 7, “only catholyte heated ARFB”
heated at 45 °C exhibited 9 h of charge-discharge time during the
five cycles. In addition, the starting charging and discharging volt-
ages were 1.42 V and 0.95 V, and the discharging capacity and SOC
measured during 50 cycles were 23 Ahr-L™ and 86%. In a compari-
son with the performance of ARFB single cell measured at 20 °C,
the values increased a little, although this result did not match up
with the electrochemical evaluation observed in Fig. 3.

According to the electrochemical characterization of alloxazine-
COOH, its redox activity measured at 45 °C exhibited asymmetri-
cal pattern. This is because the hydrophilic (dipole-dipole) interac-
tion between dipole groups (hydroxyl and carbonyl groups) onto
CF and dipole groups (nitrogen group) of alloxazine-COOH can
activate the oxidation reaction of alloxazine-COOH [40-42]. This
result leads to improvement in the performance of “only heated
catholyte heated ARFB”. In addition, according to our previous study,
the redox reaction of alloxazine-COOH was a rate determining step
(RDS), and thus for improving the performance of AORFB single
cell, the redox reactivity of alloxazine-COOH should be enhanced.
Therefore, the performance of “only catholyte heated ARFB” is fur-
ther improved than that of “only anolyte heated ARFB” as tempera-
ture increases. It is proved that the reaction rate increases and the
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cm , while cut-off voltage range was 0.5-1.8 V with both anolyte and catholyte heating. Heating temperature was 45 °C.

kinetic energy of active species becomes higher than their activa-
tion energy with the increase in temperature.

Finally, for investigating heating impact on “both anolyte and
catholyte heated ARFB’, charge and discharge curves were meas-
ured (Fig. 8). According to Fig. 8, the ARFB exhibited 9.5 h of charge-
discharge time during the five cycles. Furthermore, the starting
charging and discharging voltages were 1.38 V and 0.99 V. Nota-
bly, the charging time of “both anolyte and catholyte heated ARFB”
was much longer than that of “only anolyte heated ARFB” and “only
catholyte heated ARFB”. This means that as temperature increases,
the solubility and kinetic energy of the two active species dissolved
in aqueous solution increase. This indicates that as charging capacity,
which is proportional to the solubility of active species, increases,
the amount of available active species also increases during dis-
charge, and finally, the discharging capacity and SOC increase (24.9
Ahr-L™" and 93%).

Taken together, it is speculated that heating both alloxazine-
COOH and ferrocyanide to 45 °C can be one solution for improv-
ing the performance of AORFB using alloxazine-COOH and fer-
rocyanide.

CONCLUSION

The effect of operating temperature on the performance of ARFBs
using alloxazine-COOH and ferrocyanide as redox couple was evalu-
ated. According to electrochemical characterizations, the redox reac-
tion of ferrocyanide followed a quasi-reversible state at room tem-
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perature, and as temperature increased, the state became irrevers-
ible. To alleviate the irreversibility in redox reaction, CF electrode
containing carbon-oxygen functional groups was effective. In case
of the alloxazine-COOH, it preserved its reversible state relatively
well, and its reduction activity increased with temperature due to
the changes in polarity and hydrogen bonding capabilities occur-
ring during redox reaction. This result could be explained that as
temperature increased, the kinetic energy of the two active species
also increased. The performance of ARFBs using them as redox cou-
ple was measured in the different temperature conditions. When
the temperature of both anolyte and catholyte was 45 °C, average
discharge capacity and state of charge were 24 Ahr-L™' and 90%,
and the values were best. In ARFB of only catholyte heating up to
45°C, the values were reduced to 23 Ahr-L™" and 86%, while ARFB
of only anolyte heating up to 45 °C, they were reduced to 22 Ahr-
L' and 82%. With this result, it is expected that the operation
temperature is one of the important factors in deciding the perfor-
mance of ARFB, and we believe that this result can provide im-
portant information for establishing commercial RFB system and
be connected with other high temperature renewable energy sys-
tems, such as geothermal energy, because the extra heat produced
from geothermal power can be used for effective charging this kind
of ARFB system.

ACKNOWLEDGEMENT

This study was supported by the Research Program funded by the



Effect of temperature on the performance of aqueous redox flow battery 1739

SeoulTech (Seoul National University of Science and Technology).
REFERENCES

1. H. Chen, T.N. Cong, W. Yang, C. Tan, Y. Li and Y. Ding, Prog. Nat.
Sci., 19, 291 (2009).

2.K-J. Lee, S. Koomson and C.-G. Lee, Korean J. Chem. Eng., 36,
600 (2019).

3.S. Ghosh, S. M. Jeong and S.R. Polaki, Korean J. Chem. Eng., 35,
1389 (2018).

4. M. Christwardana, J. Ji, Y. Chung and Y. Kwon, Korean J. Chem.
Eng, 34, 2916 (2017).

5.]. H. Ryu, Korean J. Chem. Eng, 35, 328 (2018).

6. M. Christwardana, Y. Chung and Y. Kwon, Korean J. Chem. Eng,
34, 3009 (2017).

7. M. Christwardana, Y. Chung, D. C. Tannia and Y. Kwon, Korean J.
Chem. Eng., 35, 2421 (2018).

8. W. Wang, Q. Luo, B. Li, X. Wei, L. Li and Z. Yang, Adv. Funct. Mater.,
23,970 (2013).

9. A. Parasuraman, T. M. Lim, C. Menictas and M. Skyllas-Kazacos,
Electrochim. Acta, 101, 27 (2013).

10.H. Kaneko, K. Nozaki, Y. Wada, T. Aoki, A. Negishi and M.
Kamimoto, Electrochim. Acta, 36, 1191 (1991).

11. M. Jung, W. Lee, N. N. Krishnan, S. Kim, G. Gupta, L. Komsiyska,
C. Harms, Y. Kwon and D. Henkensmeier, Appl. Surf. Sci., 450, 301
(2018).

12.C. Noh, M. Jung, D. Henkensmeier, S. W. Nam and Y. Kwon, ACS
Appl. Mater. Interfaces, 9, 36799 (2017).

13. W. Lee, C. Jo, S. Youk, H. Y. Shin, J. Lee, Y. Chung and Y. Kwon,
Appl. Surf. Sci., 429, 187 (2018).

14. H. Y. Jung, M. S. Cho, T. Sadhasivam, J. Y. Kim, S. H. Roh and Y.
Kwon, Solid State Ion., 324, 69 (2018).

15. 1. Struzynska-Piron, M. Jung, A. Maljusch, O. Conradi, S. Kim,
J. H. Jang, H.-J. Kim, Y. Kwon, S.-W. Nam and D. Henkensmeier,
Eur. Polym. ], 96, 383 (2017).

16.H. Y. Jung, S. Jeong and Y. Kwon, Electrochem. Soc., 163, A5090
(2016).

17.G. Oriji, Y. Katayama and T. Miura, Electrochim. Acta, 49, 3091
(2004).

18.S. Jeong, L. H. Kim, Y. Kwon and S. Kim, Korean J. Chem. Eng,
31, 2081 (2014).

19. W. Wang, Z. Nie, B. Chen, E Chen, Q. Luo, X. Wei, G.-G. Xia, M.
Skyllas-Kazacos, L. Li and Z. Yang, Adv. Energy Mater, 2, 487 (2012).

20.M. H. Chakrabarti, R. A.W. Dryfe and E.P.L. Roberts, Electro-

chim. Acta, 52, 2189 (2007).

21.M. Lopez-Atalaya, G. Codina, J.R. Perez, ].L. Vazquez and A.
Aldaz, J. Power Sources, 39, 147 (1992).

22.M. Zhang, M. Moore, ].S. Watson, T. A. Zawodzinski and R. M.
Counce, J. Electrochem. Soc., 159, A1183 (2012).

23.C. Noh, S. Moon, Y. Chung and Y. Kwon, . Mater. Chem. A, 5,
21334 (2017).

24.C. Noh, C.S. Lee, W.S. Chi, Y. Chung, J. H. Kim and Y. Kwon, J.
Electrochem. Soc., 165, A1388 (2018).

25.B. Li, M. Gu, Z. Nie, Y. Shao, Q. Luo, X. Wei, X. Lij, J. Xiao, C.
Wang, V. Sprenkle and W. Wang, Nano Lett., 13, 1330 (2013).

26.D.]. Suérez, Z. Gonzélez, C. Blanco, M. Granda, R. Menéndez and
R. Santamaria, ChemSusChem, 7, 914 (2014).

27.Z. Gonzélez, A. Sanchez, C. Blanco, M. Granda, R. Menéndez and
R. Santamarfa, Electrochem. Commun., 13, 1379 (2011).

28.B. Yang, L. Hoober-Burkhardt, E Wang, G.S. Prakash and S.R.
Narayanan, J. Electrochem. Soc., 161, A1371 (2014).

29.K. Lin, R. Gémez-Bombearelli, E. S. Beh, L. Tong, Q. Chen, A. Valle,
A. Aspuru-Guzik, M. J. Aziz and R. G. Gordon, Nature Energy, 1,
16102 (2016).

30.B. Hu, C. DeBruler, Z. Rhodes and T. L. Liu, J. American Chem.
Soc., 139, 1207 (2017).

31. W. Lee, B. W. Kwon and Y. Kwon, ACS Appl. Mater. Interfaces, 10,
36882 (2018).

32.]. Luo, A. Sam, B. Hu, C. DeBruler, X. Wei, W. Wang and T. L. Liu,
Nano Energy, 42, 215 (2017).

33.C. Zhang, T.S. Zhao, Q. Xu, L. An and G. Zhao, Appl. Energy, 155,
349 (2015).

34. K. W.H. Stevens and M. H. L. Pryce, Proc. R. Soc. Lond. A Math.
Phys. Sci., 219, 542 (1953).

35. W. T. Oosterhuis and G. Lang, Phys. Rev,, 178, 439 (1969).

36. K. R. Dunbar and R. A. Heintz, Prog. Inorg. Chem., 45, 283 (1997).

37. M. Gembicky, R. Bo¢a and E Renz, Inorg. Chem. Commun., 3, 662
(2000).

38. L. Bahadori, M. H. Chakrabarti, N.S. A. Manan, M. A. Hashim, ES.
Mijalli, I. M. AlNashef and N. Brandon, PloS. One, 10, €0144235
(2015).

39.K. Nishimoto, Y. Watanabe and K. Yagi, Biochim. Biophys. Acta
Enzymol., 526, 34 (1978).

40.K.]. Kim, S. W. Lee, T. Yim, J. G. Kim, J. W. Choi, J. H. Kim, M. S.
Park and Y. J. Kim, Sci. Rep., 4, 6906 (2014).

41. M. M. Titirici and M. Antonietti, Chem. Soc. Rev,, 39, 103 (2010).

42.S. Dutta Choudhury, J. Mohanty, A. C. Bhasikuttan and H. Pal, J.
Phys. Chem. B, 114, 10717 (2010).

Korean J. Chem. Eng.(Vol. 36, No. 10)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


