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Development of electrode materials and electrolytes with low overpotentials during oxygen reduction
reaction (discharging) and oxygen evolution reaction (charging) is essential for achieving high
efficiency in aqueous Li-air batteries. a-MnO, was hydrothermally synthesized and used as an
electrode to investigate its possible application in an aqueous Li-air battery. The electrolyte was
modified by the addition of trace amounts of halide anions and alkali metal cations. Fluoride anions
and potassium cations are most effective in reducing the overpotential of oxygen reduction and
evolution reactions. Electrochemical studies and XPS analysis support the fact that the specific
adsorption of F inside the double layer changes the oxidation state from Mn(1V) to Mn(l11), resulting
in an increase in catalytic activity for oxygen reduction/evolution reactions.

Keywords: Li-air battery, fluoride ion, oxygen reduction reaction, oxygen evolution reaction, aqueous
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1. INTRODUCTION

Rechargeable Li-air batteries have been investigated as energy storage and conversion systems
because their theoretical energy storage capacity is much greater than that of Li-ion batteries [1-4].
Based on the type of electrolyte used, Li-air batteries are classified into agueous and non-aqueous
systems [5-8]. A non-aqueous system has limited cyclability because the discharge products on air
cathodes are solid materials (Li,O and Li,O;) that cannot be completely dissociated during the
charging step. However, the aqueous Li-air battery system has an advantage over the non-aqueous
system in that its soluble discharge product (OH") does not accumulate during cycling [8,9]. Reactions
at the air electrode in an aqueous Li-air battery are considered to be an oxygen reduction reaction
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(ORR) (07 + 2H,0 + 4e — 40H") during discharging and an oxygen evolution reaction (OER) (40OH"
— O3 + 2H,0 + 4e) during the charging process [10-14].

In an aqueous Li-air battery, the ORR during discharging is the same as the cathode reaction of
the alkaline fuel cell, while the OER during the charging process corresponds to the anode reaction
during alkaline water electrolysis. An air electrode for an aqueous Li-air battery requires high catalytic
activities for both ORR and OER. Although manganese-oxide-based cathodes for ORR have been
extensively studied for alkaline fuel cell and non-aqueous metal-air battery applications [15-20], their
application in both ORR and OER has not yet been investigated for aqueous Li-air batteries. In
addition, battery performance is not only significantly affected by the high efficiency of the air
electrodes but also by electrolyte compositions.

With respect to electrolyte compositions, it has been reported that trace amounts of ions in the
electrolyte expedite the rate of electrode reactions by either electrostatic effects or ligand-bridged
electron-transfer pathways [21]. In the Cu-deposition process, the Cu?*/Cu” reaction is catalyzed by
chloride ions through a chloride-ion-bridged inner sphere reaction [21]. More recently, the effect of
solution additives on electrode activity has been reported for the hydrogen evolution reaction (HER),
2H,0 + 2e — H, + 20H", in alkaline water electrolysis. Either Li* or Ba®* reduces the HER
overpotential by forming an adsorbed state that suppresses the access of gas molecules, such as O, and
H, to the electrode surface [22]. These cations play a role in increasing the effective surface area, and
ultimately, improving cathode efficiency. Therefore, it can be suggested that specifically adsorbed ions
inside the inner Helmholtz layer of an electrode/electrolyte interface may catalyze the ORR and OER
in aqueous Li-air batteries.

In this study, we investigated the effect of trace amounts of different ionic species on the ORR
and OER for a hydrothermally prepared a-MnO, electrode in KOH solution. Reaction pathway and the
catalytic activity of a-MnO, were investigated with linear sweep voltammetry (LSV) and Koutecky-
Levich analysis.

2. EXPERIMENTAL

An 0-MnO, electrode was prepared by the hydrothermal method. 2 mmol KMnQO,4 and 1 mL
H,SO, were dissolved in 20 mL of deionized water and maintained at 150 C for 12 h in an autoclave
[23]. 1M KOH was used as the main electrolyte for the aqueous Li- O, batteries and trace amounts of
anions in the form of KF, KCI, and K1 were added to the 1 M KOH solution to investigate the effect of
anions on the ORR and OER. The electrochemical behavior of ORR on a-MnQO; was investigated with
a potentiostat (Autolab PGSTAT302N) and a rotating disc electrode system (RDE, Autolab). The
working electrode, a-MnO,, on the RDE system was prepared using the following procedure: a
mixture of water, a-MnO,, and nafion solution were homogeneously stirred for 1 h in an ultrasonic
bath, following which, 3 uL of this mixture was poured over the surface of a glassy carbon electrode
(GCE, 0.071 cm?) and dried overnight in air at room temperature. Pt foil and Hg/HgO/1M NaOH were
used as the counter electrode and reference electrode, respectively. The potential for ORR was varied
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from 0.3 to - 0.5 V vs. Hg/HgO/1M NaOH at a scan rate of 20 mV/s and the rotating speed was fixed

at 4000 rpm.
The structure of the a-MnO, electrode was analyzed with an X-ray diffractometer (XRD)

(Rigaku, D/Max-2200) and its surface elemental composition was investigated with X-ray
photoelectron spectroscopy (XPS, ULVAC-PHI) using monochromated Al Ka radiation (4v is 1486.6

eV).

3. RESULTS AND DISCUSSION
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Figure 1. XRD of the a-MnO, electrode synthesized using a hydrothermal method.

Fig. 1 shows the structure of the a-MnO, electrode prepared by using a hydrothermal method; the
XRD peaks are indexed to a body-centered tetragonal a-MnO; phase [24]. Fig. 2 shows that the a-
MnQO; electrode has a low catalytic activity for H,O + 2e — H;, + 20H in the absence of dissolved O,
but a high catalytic activity for O, + 2H,0 + 4e — 40H" in an O,-saturated 1M KOH. To investigate
the effect of halide anions on the ORR in an O,-saturated solution, 0.001 M of KF, KCI, and KI were
added to 1 M KOH to alleviate the cation effects on the ORR. The linear sweep voltammogram of Fig.
3 indicates that the addition of CI" and I" ions suppressed the ORR but that the F ions favored he rate
of ORR. In order to elucidate the effect of F on ORR, different concentrations of F~ ions, from 0.001M
to 0.01 M, were prepared and tested by LSV. Fig. 4 shows that the F ion affected the ORR
significantly. Catalytic activity of a-MnO; increases at concentrations below 0.006M F°, but it
decreases above 0.008 M F". At a potential of -0.25 V vs. Hg/HgO/1M NaOH, the cathodic current
density was -2.13 mA/cm? in the absence of F ions, and it reached -2.17 mA/cm? at 0.001 M F; -2.45
mA/cm? at 0.002 M F’; -3.48 mA/cm?® at 0.004 M F’; and -2.69 mA/cm? at 0.006 M F. The highest
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charge transfer rate and the lowest initial reduction potential, E;, for the ORR were observed after the
addition of 0.004 M F in 1M KOH.
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Figure 2. Polarization curves for the oxygen reduction reaction at the a-MnO, cathode in 1 M KOH
with a N, purged and an O, saturated environment. scan rate: 20 mV/s, rotation speed: 4000

rpm.
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Figure 3. Polarization curves for the oxygen reduction reaction at the a-MnO, cathode in pure 1 M
KOH and 1 M KOH containing 0.001 M of KCI, KF, and KI. scan rate: 20 mV/s; rotation
speed 4000 rpm.
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Figure 4. Polarization curves for the oxygen reduction reaction at the a-MnO, cathode in pure 1 M
KOH and 1 M KOH containing different amounts of KF. scan rate: 20 mV/s; rotation speed:
4000 rpm.

Polarization curves of ORR with oxygen saturated 1M KOH solution was rapidly decreased
below -0.02 V (vs. Hg/HgO/AIM NaOH), while 1M KOH with nitrogen purged solution cannot
appeared ORR activity of a-MnO; cathode. It can prove that oxygen within solution was reduced
rather than a-MnO; catalyst. In order to investigate the effect of halide anions on the ORR at the a-
MnQO; cathode, a linear sweep voltammogram was measured with the addition of 0.001 M KF, KClI,
and Kl in 1 M KOH. Fig. 3 indicates that the addition of a small amount of CI" and I" ions generates the
high overpotential for the initiation of the ORR and also increases the fast charge transfer rate below -
0.25 V (vs. Hg/HgO/1M NaOH). Unlike the CI" and I ions, the presence of F " ions increased the rate of
the ORR within the entire scan range of potentials by substantially increasing the catalytic activity of
the a-MnO,, cathode. The NO3 ions show an effect similar to that of the ORR with CI" and I" ions.

In order to elucidate the effect of F ions on the ORR at the a-MnQO; cathode, polarization data at
different rotation speeds and electrode potentials were exploited to plot the Koutecky-Levich (K-L)
equation. The number of electrons (n) participating in the ORR was obtained from the slopes of the K-
L curves [25]:

it =it +i.t = (NFKC,) ™ + (0.62nFD?3Cov M e™?)
where i is the measured current density, ix and i are the kinetic- and diffusion-limiting current
densities, respectively, F is the Faraday constant (96,485 C/mol), A is the geometric area of the RDE,
D is the diffusion coefficient of O, in 1 M KOH (1.76 x 10 cm?/s), C, is the concentration of O in 1
M KOH at 25 °C (1.103 x 10° mol/cm®), v is the kinematic viscosity (0.01 cm?%s), ® is the angular
velocity of the electrode, and k is the electron transfer rate constant. Fig. 5(a) and 5(b) show the K-L
plots (i* vs. ®™?) corresponding to the 1 M KOH and the 1 M KOH containing 0.004 M KF,
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respectively. The n value of the ORR was 2.50 in 1 M KOH and increased to 2.98 in the 0.004M KF-

containing KOH solution.
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Figure 5. Polarization curves and Koutecky-Levich plot for the oxygen reduction reaction at the
cathode in (@) 1 M KOH only and (b) 1 M KOH containing 0.004 M KF. scan rate: 20 mV/s;
rotation speed: 4000 rpm.

The exchange current density (i,) was obtained from the Tafel plot using the following equation:

logik = log iy + (1-0)nFn/2.303RT
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iowas 6.74 x 102 A/lcm? in 1 M KOH and 1.85 x 10 A/cm? in the 1 M KOH containing 0.004 M KF.
The exchange current density in the presence of 0.004M F" was three times higher than that in the pure
1 M KOH. Table 1 shows the initial reduction potential and exchange current density in different
solution compositions.
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Figure 6. XPS Mnyps spectra of the a-MnO, cathode after the oxygen reduction reaction in (a) 1M
KOH only and (b) 1M KOH containing 0.004M KF. The oxygen reduction reactions were
tested by linear sweep voltammetry. scan rate: 20 mV/s; rotation speed: 4000 rpm.
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Table 1. Initial reduction potential, E;, and exchange current density for the oxygen reduction reaction
at the a-MnO,, cathode in different compositions of the electrolyte.

Initial reduction potential, E;

Electrolyte composition io (Alcm?)
(V vs. Hg/HgO/1M NaOH)

1 M KOH -0.058 6.74 x 107

0.002 M KF” -0.052 7.38 x 107
0.004 M KF” -0.048 1.85 x 107
0.006 M KF” -0.052 8.83 x 107
0.008 M KF” -0.071 1.80 x 10

0.01 M KF~ -0.093 1.62 x 10°

* Specific concentration of KF is added in 1 M KOH.

The ORR at a-MnO, was assumed to proceed via a mixed two-electron and four-electron
pathway in the aforementioned electrolytes, pure KOH, and KOH containing KF. The reaction O, +
H.O + 2e — HO, + OH involved a two-electron pathway, whereas the ORR entailed a four-electron
pathway when the following disproportionation reaction ended: 2HO,” — O, + 20H". Lima et al.
asserted that the change in oxidation state from Mn(IV) to Mn(lIl) was responsible for the higher
catalytic activity for ORR [26]. Mn(I11) might have existed as Mn,O3, which was eventually converted
into MNOOH. However, the effect of a trace amount of F ions on the oxidation state of Mn(1V) has
never been investigated and still remains unclear. Since MnO; is known to be a good adsorbent of
arsenic and fluoride ions in water [26,27], it can be supposed that F~ ions are adsorbed onto the surface
of a-MnO,. Assuming an electric double layer structure on a negatively charged electrode [28], F
anions can be specifically adsorbed inside an inner Helmholtz layer. In order to investigate the
existence of Mn(l11) species during ORR in 1 M KOH containing 0.004 M F" solution, the Mnp3p
peak of the a-MnO; cathode was analyzed with XPS after the ORR in the pure 1M KOH and 1 M
KOH with 0.004 M KF solutions. Fig. 6 shows that the proportion of Mn(lll) components, such as
MnOOH and Mn,0s3, clearly increased in the 1 M KOH containing the 0.004 M KF electrolyte (Fig.
6(b), 59.61 %), as compared with the pure 1M KOH (Fig. 6(a), 44.64 %). This indicates that the
adsorption of trace amounts of F* onto an a-MnO, cathode may transfer electrons to a-MnO; and
change the oxidation state of Mn(IV) to Mn(l11), thereby increasing the catalytic activity for the ORR.
However, the cause for the decrease in catalytic behavior of a-MnO, above 0.008M F is still unclear.

With fixed concentration of the fluoride anion (0.004 M), which had the highest catalytic effect
on the ORR, different types of monovalent cations were tested in the form of LiF, NaF, and KF in 1 M
KOH. The corresponding linear sweep voltammograms for each cation in separate solutions are shown
in Fig. 7. Table 2 shows the initiation potential and exchange current density (i,) for the ORR. With the
addition of LiF, NaF, and KF, the initiation potential for the ORR decreased and the catalytic activity
of the electrode increased sharply, as indicated by the increase in the value of the exchange current
density in Table 2. At a potential of -0.25 V(vs. Hg/HgO/1M NaOH), the cathodic current density was
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-2.13 mA/cm? in 1 M KOH, but it can be verified -1.48 mA/cm? at 0.004 M Li*, -1.50 mA/cm? at
0.004 M Na', and -3.48 mA/cm? at 0.004 M K" containing 1M KOH solutions, respectively.
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Figure 7. Polarization curves for the oxygen reduction reaction at the a-MnO, cathode in pure 1 M
KOH and 1 M KOH containing 0.004 M of LiF, NaF, and KF. scan rate: 20 mV/s; rotation
speed: 4000 rpm.

The KF-containing electrolyte had the highest catalytic effect on the ORR, while the LiF and
NaF-containing electrolyte had the lowest catalytic activity rather than 1M KOH solution. The radii of
the hydrated cations decreased in the order, K" < Na* < Li*, because of ion-water solvent interactions
[17]. Therefore, it can be inferred that the hydrated cations are adsorbed onto the outer Helmholtz layer
inside the electric double layer structure and thereby inhibit the adsorption of dissolved O, at the
electrode surface, which can decrease the rate of the ORR. Therefore, the least hydrated alkali metal
ion, K, showed the highest catalytic activity for the ORR in the presence of 0.004 M fluoride ion.

Table 2. Initial reduction potential, E;, and exchange current density for the oxygen reduction reaction
at the a-MnO,, cathode in different compositions of the electrolyte.

Initial reduction potential, E;

B o e
(V vs. Hg/HgO/1M NaOH)

1 M KOH -0.058 6.74 x 107
0.004 M LiF" -0.072 4.78 x 107
0.004 M NaF~ -0.072 4.87 x10°
0.004 M KF” -0.048 1.85 x 107

* LiF, NaF, and KF are added in 1 M KOH.
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Figure 8. Polarization curves for the oxygen evolution reaction at the a-MnO, anode in pure 1 M KOH
and 1 M KOH containing 0.001 M of KCI, KF, and KI. scan rate: 20 mV/s; rotation speed:

In order for a-MnO, to be applied for aqueous Li-O, battery, it should have a high catalytic
activity for oxygen evolution reaction, which is the reaction during battery charging. Effect of a-MnO,
electrode on oxygen evolution reaction was investigated in different compositions of electrolyte and
linear sweep voltammetry was carried out by adding 0.001 M KF, KCI, KI in 1M KOH, following the

same procedure for ORR.
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Figure 9. Polarization curves for the oxygen evolution reaction at the a-MnO, anode in pure 1 M KOH
and 1 M KOH containing different amounts of KF. scan rate: 20 mV/s; rotation speed 4000
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Table 3. Exchange current density for the oxygen evolution reaction at the a-MnO; anode in different
compositions of the electrolyte.

Electrolyte composition i, (A/cm?)
1 M KOH 2.60 x 107

0.002 M KF 2.66 x 107
0.004 M KF 2.85 x 107
0.006 M KF 3.39 x 107
0.008 M KF 4.17 x 107

0.01 M KF 2.95 x 107

* Specific concentration of KF is added in 1 M KOH.
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Figure 10. Polarization curves for the oxygen evolution reaction at the a-MnO, anode in pure 1 M
KOH and 1 M KOH containing 0.008 M of LiF, NaF, and KF. scan rate: 20 mV/s; rotation
speed 4000 rpm.

Fig. 8 indicates that addition of 0.001M of F" ion did not affect the OER catalytic activity of a-
MnO; but CI', I' suppressed OER. Linear sweep voltammogram of Fig. 9 shows that the activity of a-
MnO, for OER was gradually increased up to 0.008M of F as the concentration of F" increases. Table
3 shows that exchange current density, i, for OER was 2.60 x 10 A/cm?in 1 M KOH and 4.17 x 10
Alcm? in the 1 M KOH containing 0.008 M F". With the same reasoning for oxygen reduction reaction,
it can be suggested that oxidation state change from Mn(IV) to Mn(l11) of a-MnO, by the adsorption of
F~ affects the charge transfer rate of oxygen evolution reaction. Fig. 10 shows the effects of different
cation species, LiF, NaF, and KF, on OER in the presence of 0.008M F". As indicated in Table 4, KF
shows the highest catalytic activity and highest exchange current density. This observation can be
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explained by the adsorption of smallest hydrated cation of K* on a-MnO;, as suggested in the
discussion of oxygen reduction reaction.

Table 4. Exchange current density for the oxygen evolution reaction at the a-MnO; anode in different
compositions of the electrolyte.

Electrolyte composition iy (A/cm?)
1 M KOH 2.60 x 107

0.008 M LiF 2.91x10°
0.008 M NaF 3.05 x 107
0.008 M KF 4.17 x10°

* LiF, NaF, and KF are added in 1 M KOH.

4. CONCLUSION

Oxygen electrodes of aqueous Li- O, batteries should have superior catalytic activities for ORR
during discharging and OER during the charging process. In this work, the effects of electrolyte
compositions on the ORR and OER on a hydrothermally prepared a-MnO; electrode were investigated
using an electrochemical method and XPS analysis. The presence of 1 M KOH containing 0.004M F
catalyzed the ORR significantly, resulting in an exchange current density 2.7 times higher than that
observed with pure 1M KOH. Electrochemical analysis and XPS results suggest that specifically
adsorbed F is responsible for the fast charge transfer rate for ORR by changing the oxidation state of
Mn(1V) to Mn(11) in a-MnO,. The observed higher activity of KF compared to that of NaF and LiF
with the same 0.004M F can be explained by the difference in the size of hydrated cations. In addition,
fluoride anions have a catalytic effect for the OER and 0.008M F in 1M KOH has an exchange current
density 1.6 times higher than that of pure 1M KOH. However, the other anions, Cl" and I', have
negative catalytic effects on both ORR and OER at a-MnO, electrodes. These results suggest that F in
the form of KF is a very effective additive in reducing the overpotential for the ORR and OER at o-
MnO, electrodes.
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