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Received: 10 April 2018 Zinc-air flow batteries exhibit high energy density and offer several appealing advantages. However,

Accepted: 16 July 2018 . their low efficiency of zinc utilization resulted from passivation and corrosion of the zinc anodes has

Published online: 26 July 2018 . limited their broad application. In this work, ethanol, which is considered as an environmentally

. friendly solvent, is examined as an electrolyte additive to potassium hydroxide (KOH) aqueous

electrolyte to improve electrochemical performance of the batteries. Besides, the effects of adding
different percentages of ethanol (0-50% v/v) to 8 M KOH aqueous electrolyte were investigated and
discussed. Cyclic voltammograms revealed that the presence of 5-10% v/v ethanol is attributed to the
enhancement of zinc dissolution and the hindrance of zinc anode passivation. Also, potentiodynamic
polarization and electrochemical impedance spectroscopy confirmed that adding 5-10% v/v ethanol
could effectively suppress the formation of passivating layers on the active surface of the zinc anodes.
Though the addition of ethanol increased solution resistance and hence slightly decreased the
discharge potential of the batteries, a significant enhancement of discharge capacity and energy
density could be sought. Also, galvanostatic discharge results indicated that the battery using 10% v/v
ethanol electrolyte exhibited the highest electrochemical performance with 30% increase in discharge
capacity and 16% increase in specific energy over that of KOH electrolyte without ethanol.

Zinc-air batteries are attractive for various future energy applications due to their low cost, high safety, high
specific energy density, and environment-friendliness'~. In recent years, zinc-air flow batteries, also known as
zinc-air fuel cells, have been demonstrated. These batteries can be swiftly refueled using zinc powder and gran-
ules*. Nevertheless, low efficiency of zinc utilization limits their extensive use®.

An electrolyte plays a significant role in battery electrochemistry that affects the transport properties of the
active species, energy and power density of batteries. Enormous research effort has been carried out to enhance
the battery performance by improving the electrolyte as this approach is simple and does not affect the specific
energy of the battery®s.

Alkaline aqueous electrolytes such as potassium hydroxide (KOH)?, sodium hydroxide (NaOH)° and lith-
ium hydroxide (LiOH)"! are widely implemented in various types of batteries®>. KOH is extensively applied due
to the desirable ionic conductivity of K™ (73.5 Q! cm?/equiv) compared to Na* (50.11 Q! cm?*/equiv) and Li*
(38.7 Q7' cm?/equiv). Previously, the influence of KOH concentration has been studied and reported'*". Zinc
oxide solubility increases with the increasing of KOH concentration. However, the increase in KOH concen-
tration decreases the electrode potential. Also, the rise of KOH concentration leads to its high viscosity, conse-
quently, a decrease in the transfer rate of hydroxide ion. The optimum level of KOH was found to be 6-8 M for
both ionic conductivity and exchange current associated with reaction kinetics.

There are some practical limitations to be aware of in using KOH aqueous electrolyte®. In particular, the
self-corrosion of the zinc anode leads to a decrease of discharge capacity. Also, the precipitation of discharged
products on the active zinc anode leads to undesirable passivation effect.

Neutral electrolytes exhibited a safer and more robust alternative to traditional alkaline aqueous electro-
lyte!*-17. However, their ionic conductivities are by far lower than conventional alkaline electrolytes. Besides,
non-aqueous electrolytes such as ionic liquids have been studied'®!?. Nevertheless, their high cost and sluggish
reaction kinetic of oxygen reduction reaction cathode hinder their practical use®.
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Figure 1. A schematic diagram of the zinc-air flow batteries.

There are some reports about introduction of additives into alkaline aqueous electrolytes to enhance battery
performances. The use of electrolyte additives is a simple, economical, and effective approach. Silicate (Si0527)
have been studied in alkaline electrolytes®'. Besides, it was reported that sodium dodecyl benzene sulfonate in
alkaline electrolyte can minimize the passivation of the zinc active surface and improve the discharge capacity*.
Also, the use of ionic liquids as electrolyte additives has been reported®.

Ethanol is an alcohol and considered a green solvent. In addition, it is a polar protic solvent containing a labile
H'". It has two carbon atoms in its chain, and the chain ends in OH group. Also, ethanol can completely dissolve in
water. Lee et al.* reported that alkoxide ions, resulted from the transformation of alcohols in alkaline solutions,
can compete with hydroxide ions for coordination to Zn?>" ions. Thus, the formation of zinc oxide (ZnO) could
be significantly suppressed by adding alcohols. Though this approach is simple but practical, there are only a few
studies on the application of ethanol as an electrolyte additive.

This work aims at enhancing electrochemical performances of zinc-air flow batteries by introducing ethanol
in 8 M KOH aqueous electrolyte to suppress corrosion and passivation effects of granular zinc anodes. Various
percentages of ethanol (0-50% v/v) were investigated to identify the optimum ratio of KOH/Ethanol. Cyclic
voltammetry, electrochemical impedance spectroscopy, potentiodynamic polarization measurements are used
to investigate the electrochemical characteristics and mechanisms of zinc oxidation/reduction. Also, the perfor-
mances of the zinc-air flow batteries using these electrolytes were examined and discussed.

Experimental

Chemical and Materials. Nickel (Ni) foam with a purity of 99.97%, 100 pores per inch (PPI) and 1 mm
thick, used as the cathode current collector, was purchased from Qijing Trading Co., Ltd. 100 mesh of woven
wire 304 stainless steel, used as the anode current collector, was purchased from Alikafeii Trading Co., Ltd. Zinc
granules with a purity of 99.99% and an average diameter of 0.8 mm, purchased from Sirikul Engineering Ltd.,
Part., were used as the anode. KOH pellets (99%) and ethanol (99.8%), purchased from CT Chemical Co., Ltd.,
were used to prepare the electrolytes. Manganese(IV) oxide (MnO,, 5 ;tm 99.99%, Sigma-Aldrich), carbon black
(Vulcan® XC-72, Cabot Corporation), and poly(tetrafluoroethylene) (PTFE powder, 1 um, Sigma-Aldrich) were
used to prepare the cathode. Poly(vinyl butyral) (PVB), purchased from Sigma-Aldrich, was used as a binder.
Whatman filter paper No. 1 (Sigma-Aldrich) and poly(vinyl acetate) (PVAc) (TOA Paint Public Co., Ltd.) were
used to prepare the separator. Graphite foil, purchased from Mineral Seal Corporation, was employed in electro-
chemical property characterization. All chemicals were used as received and without any further purification.

Electrode and battery fabrication. The behavior and performance of zinc-air flow batteries were exam-
ined using home-made batteries. The schematic diagram of the batteries is shown in Fig. 1. A stainless steel mesh
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cylinder (0.5 cm outer diameter), connected to stainless steel tube at both ends, was used as the anode current
collector. The cylinder was covered with the separator prepared by casting 2 g of 24 wt.% PVAc solution in water
over both sides of a filter paper (1.6 cm x 7 cm). After casting each side, the sample was then dried in an oven at
55°C for 10 min. Afterward, the cylinder was covered with a cathode sheet, composed of three layers namely a
gas diffusion layer, a cathode current collector, and a catalyst layer. The catalyst layer is placed in contact with the
separator. The active area of the cathode was 10 cm? Ni foam was used as the cathode current collector. To fabri-
cate the catalyst layer, a slurry prepared by mixing 2 g of MnO,, 7 g of carbon black, 1 g of PTFE powder, and 0.45g
of PVB in 10 ml of ethanol, was deposited on one side of the Ni foam. Totally 0.5 g of the slurry was deposited on
the Ni foam. To prepare the gas diffusion layer, the other side of the Ni foam was coated with a slurry prepared
by mixing 3 g of carbon black, 7g of PTFE powder, and 0.5g of PVB in 10 ml of ethanol. Totally 0.5 g of the slurry
was deposited on this side of the Ni foam. The coated Ni foam was then heat-pressed at 350 °C for 5 min using a
hot press machine. The gas diffusion layer exhibits hydrophobicity and keeps the electrolyte inside the cell while
allowing oxygen gas to diffuse to the catalyst layer. Besides, the hydrophobicity of the gas diffusion layer prevents
leakage of the electrolyte and water flooding in the cathode.

KOH aqueous solutions (8 M KOH) containing 0-50% v/v ethanol were used as the electrolyte. During dis-
charge, the electrolyte was circulated through the cell at a circulation rate of 20 mL/min using a peristaltic pump.

Characterization and measurement. The electrochemical characteristics of the electrolytes were exam-
ined using electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and potentiodynamic polar-
ization measurements using a potentiostat/galvanostat with impedance measurement unit (AMETEK, PAR
VersaSTAT 3A). These experiments were carried out using a three-electrode configuration cell with a platinum
plate (2cm x 2 cm) as the counter electrode, and a mercury/mercury oxide (Hg/HgO) electrode as the reference
electrode. Initially, CV experiments were performed using a stainless steel mesh tube (2 mm inner diameter) or
graphite foil (1cm X 1.cm) as the working electrode. Besides, the effects of ethanol in the electrolyte were studied
by CV using 0.5 g zinc electroplated on graphite foil (1 cm x 1 cm) as the working electrode. Finally, the effects of
ethanol/KOH in the system using a stainless steel current collector, which is similar to the flow batteries studied
in this work, were investigated by CV, EIS, and potentiodynamic polarization measurements using zinc granules
with total surface area 20 mm? in a stainless steel tube (2 mm inner diameter) as the working electrode. In most
cases, CV experiments were carried out from —1.8 to 0.6 V with a scan rate of 0.05 V/s unless otherwise specified.
In the forward scan referred as the anodic trace, the potential was swept from the initial potential of —1.8 V to
the switching potential of 0.8 V. The scan direction was then reversed, and the potential was swept back to —1.8 V
referred as the cathodic trace or reverse scan. The EIS measurements were carried out at the potential 0 V (vs.
OCV) with the frequency range from 0.01 Hz to 100 kHz with alternate current (AC) amplitude of 10mV. The
potentiodynamic polarization measurements were carried out using a scan rate of 0.065 V/s.

The flow batteries were fabricated and operated using the electrolyte circulation of 20 mL/s. The performance
of the batteries was examined using a battery analyzer (Battery Metric, MC2020).

Results and Discussion

The oxidation of zinc, also known as zinc dissolution, is the primary reaction determining the electrochemical
performance of the zinc anode. Zinc is amphoteric, and its oxidation product can dissolve in an alkaline solution
to form soluble zincate ion (Zn(OH);~)?*. Though, the flow batteries studied in this work employed a stainless
steel mesh tube as the anode current collector, the cyclic voltammograms of the stainless steel mesh tube and the
graphite foil in 8 M KOH electrolyte was examined. Then, the effects of ethanol in the electrolyte were studied
using the graphite foil.

Figure 2a displays cyclic voltammograms of the graphite foil and stainless steel mesh tube in 8 M KOH. For
both forward and reverse scans, no peaks were observed for the graphite foil at the potentials between —1.4 to
0.5V vs. Hg/HgO. The onset potential for oxygen evolution was at 0.5V vs. Hg/HgO. Besides, hydrogen evolution
occurred below —1.4V vs. Hg/HgO. In the same manner, the onset potentials for oxygen and hydrogen evolution
for the stainless steel mesh tube were similar to those of the graphite foil. Nevertheless, the evolution of oxygen
and hydrogen took place slightly on the graphite foil than those on the stainless steel mesh tube. Besides, one
anodic peak at 0.25-0.5V vs. Hg/HgO was observed for the stainless steel mesh. This peak is related to the oxida-
tion of chromium (Cr) on the surface of stainless steel?®. The results indicate that in the range —1.4 to 0.5V vs.
Hg/HgO, the graphite foil is inert. Thus, the graphite foil was employed as the substrate to examine the effects of
ethanol in 8 M KOH solution. The comparison between cyclic voltammograms of various ratios of ethanol/KOH
measured with a scan rate of 0.05 V/s was carried out using 0.5 g zinc electroplated on the graphite foil as the
working electrode. Figure 2b presents the cyclic voltammograms in 0, 5, 30, and 50% v/v ethanol/KOH electro-
lytes. In all cases, the onset potential of zinc dissolution occurred around —1.4 V vs. Hg/HgO on the forward scan.
This peak corresponds to zinc dissolution or zincate formation as shown in reaction (1). Also, the formation of
Zn(OH); ion resulted from the OH™ ion depletion at the electrode surface can also occur through reaction
(2)*78. The zincate formation plays the most crucial role in zinc dissolution and hence determining performance
of the batteries.

Zn 4+ 40H = Zn(OH)2™ + 2e~ (1)

Zn + 30H = Zn(OH); + 2e @)

The presence of 5% v/v ethanol increased the peak current density leading to higher zinc dissolution.
Nevertheless, adding a higher amount of ethanol, the peak significantly decreased and shifted toward more pos-
itive potential indicating the decrease of the zinc dissolution. Besides, on the reverse scan, the oxidation peaks
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Figure 2. Cyclic voltammograms: (a) graphite foil and stainless steel mesh tube in 8 M KOH electrolytes at scan
rate 0.05 V/s, and (b) 0.5 g of Zn electroplated on graphite foil in 0, 5, 30, and 50% v/v ethanol/KOH electrolytes
at scan rate 0.05 V/s.

were observed at the same range of potentials appeared on the forward scan. The oxidation peaks on the forward
scan may be resulted from a diffusive limiting of hydroxide ions. Thus, on the reverse scan, zinc continues to
oxidize in the oxidation potential range. The current density reached zero and switched to reduction at —1.4 V vs.
Hg/HgO, which is also the onset potential of zinc dissolution.

The dissolution of zinc in ethanol/KOH electrolytes was further examined using the stainless steel mesh tube
as this material was used as the anode current collector in the flow batteries. Figure 3a and b show the cyclic
voltammograms of the electrolytes containing ethanol ranging from 0% to 50% v/v in 8 M KOH solution. The
results present several cathodic and anodic peaks. Two upward anodic (oxidation) peaks were observed. The
first peak around —0.8 to —0.4V vs. Hg/HgO with onset potential around —1.4V vs. Hg/HgO is assigned to
zinc dissolution. The ethanol content significantly affected the shape of cyclic voltammograms. The peak of zinc
dissolution increased with the presence of ethanol in range of 5% to 20% v/v. Nevertheless, above 20% v/v etha-
nol, the peak significantly dropped and vanished. Also, by adding ethanol, the anodic peaks were shifted toward
more positive potential. The possible reason for the shifting may be due to the limit of the diffusion of discharge
products or formation alkali metal alkoxides. Alkali metal alkoxides are produced by reactions between alcohols
and alkaline solution as presented in reaction (3)%. Different ethanol concentrations affected the rate of zinc dis-
solution due to the formation of by-products such as potassium ethoxide.

MOH + ROH = ROM + H,0 3)

The slopes at the right end from 0.5V onward corresponds to the decomposition of hydroxide ion (OH")
and formation of oxygen (O,) and water (H,0) according to the oxidation reaction®® as shown in reaction (4). In
general, a shift of this slope due to the variation of concentration and activity of H and OH" is expected. By the
addition of ethanol, a decrease of this slope was observed. Besides, the highest slope was observed for 0% v/v eth-
anol due to the highest concentration of OH™. On the left end of the reverse scan, a sharp decrease in the current
was detected due to the hydrogen evolution reaction in alkaline media®'.

40H = O, + 2H,0 + 4¢~ (4)

The effects of scan rate from 0.01 to 0.09 V/s for the electrolyte containing 5% v/v ethanol are shown in Fig. 3¢
and d. The zinc dissolution peaks are shifted toward positive potential with an increase in the scan rate. The
shifting of the peak potential confirmed the irreversibility of the electron transfer reaction. For the irreversible
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Figure 3. Cyclic voltammograms: (a) Zn in 0, 5, 10, and 20% v/v ethanol/ KOH electrolytes at scan rate 0.05
V/s, (b) Zn in 30, 40, and 50% v/v ethanol/KOH electrolytes at scan rate 0.05 V/s, (¢) Zn in 5% v/v ethanol/KOH
electrolyte at various scan rates (0.01, 0.02, 0.03, 0.04, and 0.05 V/s), and (d) Zn in 5% v/v ethanol/KOH
electrolyte at various scan rates (0.05, 0.06, 0.07, 0.08, and 0.09 V/s).

systems, the peak current and the position of the potential are influenced by reaction kinetics and mechanisms.
Various mechanisms were suggested for zincate formation in the literature’>*. Zinc dissolution process can be
devided into a number of elementary first order reactions. Different reaction mechanisms were proposed with

three®** or four elementary reactions®>*°.
Zn 4+ OH™ = Zn(OH) + e~ )
Zn(OH) + OH™ = Zn(OH), (6)
Zn(OH), + OH = Zn(OH); + e (7)
Zn(OH); + OH™ = Zn(OH)>~ (8)

It was reported that the oxidation of Zn(OH), is found to be rate-limiting step. At low scan rate (slow electron
transfer), zinc anode has enough contact time with hydroxide ions to produce Zn(OH); . In contrary, by increas-
ing the scan rate, the electron transfer steps may be eliminated leading to precipitation of ZnO on the zinc
surface.

An examination of cyclic voltammetry for 0% v/v ethanol after immersed in the electrolyte for 0-180 min was
studied. As shown in Fig. 4a, the size of anodic peaks substantially changed with the immersion time. The signif-
icant decrease was observed after 30 min. Besides, when the immersion time was prolonged above 180 min, the
size of the characteristic peaks remained the same. At 30 min, the maximum formation of ZnO was reached and
the peaks size decreased and stabilized after 120 min due to the formation of passivation layers hindering further
zinc dissolution.

Figure 4b shows a comparison of cyclic voltamograms for 0%, 5% and 10% ethanol electrolytes at 30 min
immersion time. In comparison to 0% v/v ethanol electrolyte, the electrolyte containing 5% v/v and 10% v/v
ethanol exhibited improved zinc dissolution. The dissolution of zinc increased for both volume ratios of ethanol
whilst 0% v/v ethanol exhibited the lowest zinc dissolution.

The evaluation of time dependent changes of potentiodynamic polarization characteristics of 0% v/v eth-
anol was carried out for the immersion time 0 to 180 min as presented in Fig. 5a. At the beginning of immer-
sion (0 min), the sample exhibited the lowest rest potential. At longer immersion time, the rest potential shifted
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Figure 4. Cyclic voltammograms: (a) Zn in 0% v/v ethanol/KOH electrolytes at scan rate 0.05 V/s after
immersed for 0-180 min, and (b) Zn in 0-10% v/v ethanol/KOH electrolytes at scan rate 0.05 V/s after
immersed for 30 min.

upward. The results indicated that at the beginning the anode was fresh and showed the highest anodic activity.
The anodic potential gradually shifted to more positive values by increasing time, indicating the formation of
ZnO layer acting as a passivation layer and supprssing zinc dissolution. In comparison, the cathodic hydrogen
evolution reaction was not significantly affected by increasing immersion time from 0 to 180 min.

Figure 5b shows potentiodynamic polarization characteristics of 0%, 5%, 10% v/v ethanol electrolytes with
immersion time 30 min. The similar trends were observed in all cases. The hydrogen evolution observed in
cathodic branches was enhanced for the electrolytes containing ethanol. It was reported the effects of hydrogen
absorbed on metal surfaces on anodic polarization in several aspects including retarding the formation of passi-
vating film, changing the condition of electrode surface, decreasing the resistance toward charge transfer and ion
diffusion, and increasing the capacitance®”*,

The anodic reaction can be examined using the Tafel equation as shown in (9)*. The exchange current density
(iy) is determined by plotting the voltage versus the logarithm of current. The Tafel slope and intercept are related
to the electron transfer coefficient and exchange current density, respectively. The parameters « and i, can be
estimated by regression analysis. The corrosion potential E,,, and the corrosion current I, can be obtained by
Tafel extrapolation of the anodic and cathodic branches.

—RT
anF

! ©)

The highest electron transfer coefficient with lower potential corrosion was observed for 5% v/v ethanol. This
observation is consistent with CV results. It can be concluded that ethanol was significantly responsible for the
high dissolution rate of zinc anode and zincate formation.

The asymmetry of cathodic and anodic branches of the corresponding Tafel plots indicated an irreversible
electrochemical reaction where the cathodic branch is slightly larger than the anodic branch. The asymmetry may
be associated with major differences in the short-range solvent polarization between the oxidized and reduced
species. The estimated parameters by Tafel plots are listed in Table 1. Both E_,, and L, of the electrolytes con-
taining ethanol are more postive than those of 0% v/v ethanol electrolyte. Therefore, the electrolytes containing
ethanol provided lower corrosion rate.

Fig. 6a shows the Nyquist plots of the electrolytes containing 0-50% v/v ethanol. The Nyquist plots exhibit a
semicircle in the high frequency (charge transfer resistance, R;). The charge transfer resistance of 5 and 10% v/v

In(iy) + RT In(i)
anF
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Table 1. Parameters of Tafel analysis for the zinc anodes in 0%, 5% and 10% v/v ethanol electrolytes.
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Figure 5. Potentiodynamic polarization characteristics of the electrolytes using a scan rate 0.065 mV/s: (a) 0%
v/v ethanol with immersion time 0-180 min, and (b) 0, 5, and 10% v/v ethanol electrolytes with immersion time
30 min.

ethanol electrolytes are much smaller than that of 0% v/v ethanol electrolyte, confirming that the charge transfer
resistance is significantly reduced by adding ethanol to KOH solution. However, the charge transfer resistance
increased at higher concentration of ethanol electrolyte above 40% v/v. The smaller R, indicates that the surface
reaction is faster than that of 0% v/v ethanol electrolyte, which is more beneficial to the charge/discharge pro-
cess. Consistently with the CV results, the charge transfer resistance decreased when ethanol was added to KOH
solution less than 20% v/v, confirming an increase of zincate formation due to ethanol introduced. The charge
transfer resistance of 5% v/v ethanol is the smallest, which implies a highly efficient electron transport for oxida-
tion reaction.

Also, the Nyquist plots of the electrolytes containing 0, 5, and 10% v/v ethanol were modelled with an elec-
trical equivalent circuit model as shown in Fig. 6b. The model includes resistant R, constant phase element CPE,
charge transfer resistant R, and Warburg impedance W. In all cases, the shapes of the Nyquist plots were similar
indicating that there are no differences in zinc dissolution mechanism, and the process is charge transfer con-
trolled. The model includes the double layer capacitance Cy is placed in parallel to the charge transfer resistance
R, with a small inclined line at low frequencies related to the Warburg impedance associated with the diffusion
of soluble ions in the bulk electrolyte. The double layer capacitance is replaced by a constant phase element (CPE)
representing a frequency distributed double layer capacitance with a phase shift (#). The impedance of the CPE
is given in (10).
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Table 2. EIS parameters obtained by fitting the data to equivalent circuit models.
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Figure 6. (a) Nyquist plot of EIS performed at the potential 0 V in the frequency range 0.01 Hz to 100 kHz
with AC amplitude of 10 mV of the electrolytes containing 0-50% v/v ethanol, (b) Nyquist plot of EIS and the
simulation using an equivalent circuit model for the electrolytes containing 0, 5, and 10% v/v ethanol.

Cy= Q(zﬂfmax )n71 (10)

The parameters of the equivalent circuit used are shown in Table 2. R, represents the solution resistance that
increases with addition of ethanol because of the lower polarity of ethanol compared to water. The diameter of
semi-circle increases with the order of 0% v/v ethanol > 10% v/v ethanol > 5% v/v ethanol. The smaller R, are
observed for 5% v/v ethanol as compare to the others. The 0% v/v ethanol electrolyte revealed a decrease of the
double layer capacitance (C,) and an increase in the charge transfer resistance (R,) at the electrode/electrolyte
interface. The double-layer capacitance depends on different parameters such as ionic concentrations, electrode
potential, types of ions, temperature, electrode roughness, oxide layers, impurity adsorption, etc. C, of the elec-
trolytes containing ethanol is lower than that of 0% v/v ethanol electrolyte. The increase of C; may be resulted
from specific adsorption of ethanol and ethoxide ions on the zinc surface.

The flow batteries were fabricated using the anode made of zinc granules. The flow rate of the electrolytes
was set at a circulation rate of 20 mL/min. The polarization characteristics of the batteries with the electrolytes
containing ethanol 0%, 5%, and 10% v/v are shown in Fig. 7a. Also, the relationship between discharge power and
discharge current of the batteries is also shown Fig. 7a. The polarization characteristic for each case was similar
indicating that the same chemical reactions and phenomena occurred. In general, a high discharge potential at
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Figure 7. Performances of the zinc-air flow batteries with the electrolyte circulation rate of 20 mL/s: (a)
polarization characteristics, and (b) galvanostatic discharge profiles of the batteries using 0, 5, and 10% v/v
ethanol.

high discharge current is desirable. Nevertheless, all cases revealed a linear potential drop with an increase of
discharge current, indicating that ohmic losses dominated the cell performance. The addition of ethanol showed
adverse effects on polarization characteristics of the batteries by demonstrating relatively greater potential drop.

The performance of the batteries is further examined at a constant discharge current density of 25 mA/cm?.
Figure 7b presents the galvanostatic discharge profiles of the batteries. In all cases, the discharge profiles were similar
to typical discharge profiles for zinc-air batteries using porous zinc anode*® or a compact zinc plate anode*!. Ethanol
has a substantial effect on the discharge profile. Though, 5% and 10% v/v ethanol electrolytes exhibited relatively
lower discharge potential, the discharge period is much longer, confirming the positive effect of ethanol on the dis-
charge performance. The battery with 0% v/v ethanol electrolyte yielded the lowest specific capacity of 360 mAh/g
(494 mWh/g) at a cut-off voltage of 0.8 V. By adding 5% v/v ethanol, the batteries exhibited 450 mAh/g and 548
mWh/g (25% improvement in specific capacity and 11% improvement in specific energy). In comparison, the bat-
tery using 10% v/v ethanol electrolyte exhibited 470 mAh/g and 576 mWh/g (30% improvement in specific capacity
and 16% improvement in specific energy). The batteries with the electrolytes containing ethanol showed significantly
higher discharge capacity and energy in comparison with the battery without ethanol.

Conclusion

This work demonstrated the positive effects of the addition of ethanol to 8 M KOH aqueous solution as the electro-
lyte in zinc-air flow batteries. The utilization of ethanol was studied for a range of different concentrations ethanol
(0-50% v/v). Cyclic voltammograms, electrochemical impedance spectroscopy and potentiodynamic polarization
measurements showed that the presence of 5-10% v/v ethanol is attributed to the enhancement of zinc dissolution
and the hindrance of passivation of the zinc anode. Thus, 5-10% v/v ethanol electrolytes provided the highest elec-
trochemical performance. Besides, the galvanostatic discharge results showed that the battery with 10% v/v ethanol
electrolyte exhibited the highest improvement over that of 0% v/v ethanol electrolyte with 30% increase in discharge
capacity and 16% increase in specific energy. The proposed approach is simple yet effective approach to improve
performances of zinc-air batteries and can also be implemented in other zinc-based alkaline batteries.

Data Availability. The authors declare that all relevant data are within the paper.

References
1. Suren, S. & Kheawhom, S. Development of a high energy density flexible zinc-air battery. J. Electrochem. Soc. 163, A846-A850
(2016).
2. Gu, P. et al. Rechargeable zinc-air batteries: a promising way to green energy. J. Mater. Chem. A 5,7651-7666 (2017).
3. Rahman, M. A., Wang, X. & Wen, C. High energy density metal-air batteries: A review. J. Electrochem. Soc. 160, A1759-A1771
(2013).

SCIENTIFICREPORTS| (2018) 8:11273 | DOI:10.1038/s41598-018-29630-0 9



www.nature.com/scientificreports/

10.

11.

12.
13.

14.

15.

16.

17.
18.

19.

20.

21.
22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

. Amundtegui, B., Ibafiez, A., Sierra, M. & Pérez, M. Electrochemical energy storage for renewable energy integration: zinc-air flow

batteries. J. Appl. Electrochem. 1-11 (2017).

. Wongrujipairoj, K., Poolnapol, L., Arpornwichanop, A., Suren, S. & Kheawhom, S. Suppression of zinc anode corrosion for printed

flexible zinc-air battery. Phys. Status Solidi (b) 254, 1600442-n/a (2017).

. Yan, S., Young, K.-H. & Ng, K. S. Effects of salt additives to the koh electrolyte used in ni/mh batteries. Batteries 1, 54-73 (2015).
. Mainar, R. A. et al. Alkaline aqueous electrolytes for secondary zinc-air batteries: an overview. Int. J. Energy Res. 40, 1032-1049

(2016).

. Mainar, A. R. et al. An overview of progress in electrolytes for secondary zinc-air batteries and other storage systems based on zinc.

Journal of Energy Storage 15, 304-328 (2018).

. Patrice, R. et al. Understanding the second electron discharge plateau in MnO2-based alkaline cells. J. Electrochem. Soc. 148,

A448-A455 (2001).

Sapkota, P. & Kim, H. An experimental study on the performance of a zinc air fuel cell with inexpensive metal oxide catalysts and
porous organic polymer separators. J. Ind. Eng. Chem. 16, 39-44 (2010).

Minakshi, M., Singh, P., Carter, M. & Prince, K. The zn-MnO2 battery: The influence of aqueous lioh and koh electrolytes on the
intercalation mechanism. Electrochem. Solid State Lett. 11, A145-A149 (2008).

Zhang, X. G. Corrosion and Electrochemistry of Zinc, 1 edn (Springer US, New York, 1996).

Gilliam, R. J., Graydon, J. W,, Kirk, D. W. & Thorpe, S. J. A review of specific conductivities of potassium hydroxide solutions for
various concentrations and temperatures. Int. J. Hydrog. Energy 32, 359-364 (2007).

Sumboja, A. et al. Durable rechargeable zinc-air batteries with neutral electrolyte and manganese oxide catalyst. J. Power Sources
332, 330-336 (2016).

Thomas Goh, E. W. et al. A near-neutral chloride electrolyte for electrically rechargeable zinc-air batteries. J. Electrochem. Soc. 161,
A2080-A2086 (2014).

Wang, Z., Meng, X., Wu, Z. & Mitra, S. Development of flexible zinc4€“air battery with nanocomposite electrodes and a novel
separator. J. Energy Chem. 26, 129-138 (2017).

Chen, L. et al. New-concept Batteries Based on AqueousLi*/Na* Mixed-ion Electrolytes. Sci. Rep. 3 (2013).

Fu, J. et al. A flexible solid-state electrolyte for wide-scale integration of rechargeable zinc-air batteries. Energy Environ. Sci. 9,
663-670 (2016).

Liu, Z., Pulletikurthi, G., Lahiri, A., Cui, T. & Endres, F. Suppressing the dendritic growth of zinc in an ionic liquid containing
cationic and anionic zinc complexes for battery applications. Dalton Trans. 45, 8089-8098 (2016).

Xu, M., Ivey, D,, Xie, Z. & Qu, W. Rechargeable zn-air batteries: Progress in electrolyte development and cell configuration
advancement. J. Power Sources 283, 358-371 (2015).

Huot, J. Y. The effects of silicate ion on the corrosion of zinc powder in alkaline solutions. . Appl. Electrochem. 22, 443-447 (1992).

Yang, H., Cao, Y., Ai, X. & Xiao, L. Improved discharge capacity and suppressed surface passivation of zinc anode in dilute alkaline
solution using surfactant additives. J. Power Sources 128, 97-101 (2004).

Amaral, L., Cardoso, D. S. P, Sljuki¢, B., Santos, D. M. E. & Sequeira, C. A. C. Room temperature ionic liquids as electrolyte additives
for the her in alkaline media. J. Electrochem. Soc. 164, F427-F432 (2017).

Lee, J., Hwang, B., Park, M.-S. & Kim, K. Improved reversibility of zn anodes for rechargeable zn-air batteries by using alkoxide and
acetate ions. Electrochim. Acta. 199, 164-171 (2016).

Krezel, A. & Maret, W. The biological inorganic chemistry of zinc ions. Arch. Biochem. Biophys. 611, 3-19 (2016).

Julke, E, Rodriguez Yanez, J. & Saborio-Gonzalez, M. Evaluation of various steel types for the evolution of hydrogen in KOH.
Tecnologia en Marcha 27, 14-21 (2014).

Cai, M. & Park, S. Spectroelectrochemical studies on dissolution and passivation of zinc electrodes in alkaline solutions. J.
Electrochem. Soc. 143, 2125-2131 (1996).

Hassan, H. H. Perchlorate and oxygen reduction during zn corrosion in a neutral medium. Electrochim. Acta 51, 5966-5972 (2006).
Msayib, K. J. & Watt, C. I. E. Ion pairing and reactivity of alkali metal alkoxides. Chem. Soc. Rev. 21, 237-243 (1992).

Liu, W. et al. Enhancing ionic conductivity in composite polymer electrolytes with well-aligned ceramic nanowires. Nat. Energy 2,
17035-n/a (2017).

Yu, X. et al. Hydrogen evolution reaction in alkaline media: Alpha- or beta-nickel hydroxide on the surface of platinum? ACS Energy
Lett. 3, 237-244 (2018).

Sunu, W. G. & Bennion, D. N. Transient and failure analyses of the porous zinc electrode: Ii. experimental. J. Electrochem. Soc. 127,
2017-2025 (1980).

Stamm, J., Varzi, A., Latz, A. & Horstmann, B. Modeling nucleation and growth of zinc oxide during discharge of primary zinc-air
batteries. J. Power Sources 360, 136-149 (2017).

Chang, Y. & Prentice, G. A model for the anodic dissolution of zinc in alkaline electrolyte: Kinetics of initial dissolution. J.
Electrochem. Soc. 131, 1465-1468 (1984).

Prentice, G., Chang, Y. & Shan, X. A model for the passivation of the zinc electrode in alkaline electrolyte. J. Electrochem. Soc. 138,
890-894 (1991).

Bockris, J. O., Nagy, Z. & Damjanovic, A. On the deposition and dissolution of zinc in alkaline solutions. J. Electrochem. Soc. 119,
285-295 (1972).

Ejaz, A. et al. The effects of hydrogen on anodic dissolution and passivation of iron in alkaline solutions. Corros. Sci. 101, 165-181
(2015).

Banjade, D. R,, Porter, S. D., McMullan, B. M. & Harb, J. N. Hydrogen evolution during the corrosion of galvanically coupled
magnesium. J. Electrochem. Soc. 163, C116-C123 (2016).

Shinagawa, T., Garcia-Esparza, A. T. & Takanabe, K. Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis
for energy conversion. Sci. Rep. 5,163 (2015).

Masri, M. N., Nazeri, M. F. M., Ng, C. Y. & Mohamad, A. A. Tapioca binder for porous zinc anodes electrode in zinc-air batteries.
Journal of King Saud University-Engineering Sciences 27, 217-224 (2015).

Joseph, P., Denis, C. &Rodney, M. Button cell batteries: silver oxdie-zinc and zinc-air systems. In Reddy, T. B. (ed.) Linden’s Handbook
of Batteriess, chap. 13, 4 edn (McGraw-Hill Companies, Inc., New York, 2011).

Acknowledgements

National Science and Technology Development Agency and Electricity Generating Authority of Thailand are
acknowledged. The authors would like to thank Mr. Kijchai Kanjanapaparkul for his dedicated help in the
batteries fabrication. S.H. thanks the support from Rachadapisek Sompote Fund for postdoctoral Fellowship,
Chulalongkorn University. T.Y. thanks the partial support from Hokkaido University and Canon Foundation. S.K.
thanks Hokkaido University for the financial support for his stay in Sapporo.

SCIENTIFICREPORTS| (2018) 8:11273 | DOI:10.1038/s41598-018-29630-0 10



www.nature.com/scientificreports/

Author Contributions

S.K. conceived the experiments, S.H. and S.J.H. conducted the experiments. Data analyses were done by S.H. with
consultation with T.Y., A.A. and S.K. The paper was written by S.H. and S.K., and all authors contributed to the
subsequent drafts. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

. | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:11273 | DOI:10.1038/s41598-018-29630-0 11


http://creativecommons.org/licenses/by/4.0/

	Ethanol as an electrolyte additive for alkaline zinc-air flow batteries

	Experimental

	Chemical and Materials. 
	Electrode and battery fabrication. 
	Characterization and measurement. 

	Results and Discussion

	Conclusion

	Data Availability. 

	Acknowledgements

	Figure 1 A schematic diagram of the zinc-air flow batteries.
	Figure 2 Cyclic voltammograms: (a) graphite foil and stainless steel mesh tube in 8 M KOH electrolytes at scan rate 0.
	Figure 3 Cyclic voltammograms: (a) Zn in 0, 5, 10, and 20% v/v ethanol/ KOH electrolytes at scan rate 0.
	Figure 4 Cyclic voltammograms: (a) Zn in 0% v/v ethanol/KOH electrolytes at scan rate 0.
	Figure 5 Potentiodynamic polarization characteristics of the electrolytes using a scan rate 0.
	Figure 6 (a) Nyquist plot of EIS performed at the potential 0 V in the frequency range 0.
	Figure 7 Performances of the zinc-air flow batteries with the electrolyte circulation rate of 20 mL/s: (a) polarization characteristics, and (b) galvanostatic discharge profiles of the batteries using 0, 5, and 10% v/v ethanol.
	Table 1 Parameters of Tafel analysis for the zinc anodes in 0%, 5% and 10% v/v ethanol electrolytes.
	Table 2 EIS parameters obtained by fitting the data to equivalent circuit models.




