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a b s t r a c t

Reversible air electrodes integrated with a polymer electrolyte membrane have been proposed for use in
rechargeable metal–air batteries or unitized regenerative fuel cells to reduce the impact of atmospheric
carbon dioxide. Reversible air electrodes were prepared with an anion-exchange membrane (AEM) as
a polymer electrolyte membrane and platinum-based catalysts. The AEM at the interface between the
alkaline electrolyte and the air electrode layer plays major roles in AEM-type air electrodes as follows:
eywords:
ir electrode
nion-exchange membrane
xygen reduction reaction
xygen evolution reaction

it blocks (a) the permeation of cations in the alkaline electrolyte into the air electrode layer to prevent
carbonate precipitation, (b) penetration of the alkaline solution itself, and (c) neutralization of the alkaline
electrolyte by carbon dioxide, all of which prevent performance degradation of oxygen reactions. Catalysts
for decreasing the overvoltage of oxygen reactions were also investigated with the AEM-type air electrode,
and the overall efficiency was improved due to a remarkable decrease in the potential for the oxygen

t–Ir c
etal–air battery
arbon dioxide

evolution reaction with P

. Introduction

Electrochemical reactions of oxygen are still challenging issues
n electrocatalysis, due to their slow kinetics, despite a long
esearch history [1–3]. Reversible air electrodes that participate
n both the reduction and evolution of oxygen are essential for
he development of electrically rechargeable metal–air batteries
nd unitized regenerative fuel cells (URFCs). Electrically recharge-
ble zinc–air batteries with high energy density have been studied
s a potential power source for electric vehicles [4–6]. Recently,
echargeable lithium–air secondary batteries have also been con-
idered and the use of a lithium anode protected by a solid
lectrolyte and a bi-functional air electrode in aqueous electrolyte
as been proposed [7,8]. The problems and trends in the devel-
pment of reversible air electrodes are described taking those for
inc–air batteries as an example.

Zinc–air primary batteries composed of air electrodes for the
athode and zinc for the anode have already been put into practical
pplication as button cells for use in hearing aids. The theoretical
nergy density is calculated to be 1312 Wh kg−1 of zinc anode [2],
hich is greater than that of the lithium ion battery, since they can

se atmospheric oxygen as a cathode active material. In zinc–air
atteries, the reactions described by Eqs. (1) and (2) occur at the
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atalysts.
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anode and the cathode, resulting in the overall reaction in Eq. (3).

Zn + 2OH− → ZnO + H2O + 2e− (1)

O2 + 2H2O + 4e− → 4OH− (2)

Zn + 1/2O2 → ZnO (3)

The theoretical voltage of the batteries can be calculated to be
1.65 V based on the potentials of −1.25 V and 0.40 V versus a stan-
dard hydrogen electrode, respectively, under standard conditions.
The forward and reverse reactions in Eqs. (1)–(3) corresponding
to the dissolution and deposition of zinc on the metal electrode
and the reduction and evolution of oxygen on the air electrode,
take place during the discharging and charging processes of the
batteries. Metal–air secondary batteries are promising candidates
for next-generation power sources with a high energy density.
However, several problems still remain in the development of
rechargeable electrodes for both metal and air electrodes.

The development of a reversible air electrode has been challeng-
ing for the following reasons. First, the reversibility of the oxygen
reduction reaction (ORR) and the oxygen evolution reaction (OER)
is poor, since the potentials for the ORR and OER are below and
above the theoretical values due to their large overvoltage. This is
considered to be a major reason for the reduced energy efficien-

cies of metal–air secondary batteries. There is an urgent need for
the development of bi-functional catalysts that are highly active for
both the ORR and OER and are durable under high potential con-
ditions during the OER in the charging process, as an alternative to
MnO2 which is used as a catalyst in zinc–air primary batteries.

dx.doi.org/10.1016/j.jpowsour.2010.07.074
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Several catalysts have been developed for reversible air elec-
rodes, such as perovskite, pyrochlore, and spinel-type metal oxides
2,3]. Perovskite-type La0.6Ca0.4Co0.8Fe0.2O3 is a typical exam-
le that has been shown to be stable over 240 cycles during
harge–discharge experiments at 100 mA cm−2 [9,10]. Other stud-
es have reported that pyrochlore oxides, Pb2Ru2O6.5 and partial
ubstitutions, enable the ORR with a four-electron process and
how excellent reversibility [11,12]. Spinel-type oxides such as
iMn2−xCoxO4 and CuxCo3−xO4 have also been reported to be effec-
ive in both the ORR and OER [13–15]. Despite the improved
erformance of air electrodes, these catalysts do not reach the level
equired for practical use in secondary batteries.

There are more problems in air electrodes due to their use under
ighly concentrated alkaline conditions [16,17]. The influence of
O2 at around 400 ppm in the air on metal–air batteries is unavoid-
ble to some extent, since it is impossible to seal metal–air batteries,
hich need to take in atmospheric O2 as an active material. The

eaction of alkaline electrolyte with atmospheric CO2 neutralizes
he alkaline electrolyte during long-term operation, which results
n a decrease in the ionic conductivity of the electrolyte. Carbon-
tes that precipitate inside the pores of the gas-diffusion electrode
y the reaction impede the progress of the ORR and OER on the air
lectrode. Excessive permeation of the alkaline electrolyte into the
ir electrode inhibits the diffusion of oxygen to increase the over-
oltage of the oxygen reaction on air electrodes and also increases
he risk of leakage of alkaline solution for practical use.

A previous study investigated the impact of CO2 on the
harge–discharge behaviors of air electrodes with La0.6Ca0.4CoO3
atalysts in a 15% KOH electrolyte solution by supplying O2 con-
aminated by CO2 [16]. While the potentials for both the ORR and
ER are stable for longer than 2500 h with pure O2, that for the
RR drastically decreased within the first 250 h with O2 containing
09 and 1000 ppm CO2. 10,000 ppm CO2 caused a rapid decrease
nd increase in the potentials for the ORR and OER within only 10
nd 60 h after the start of the experiment, respectively. This rapid
ncrease in the overvoltage was explained by the precipitation of
arbonate such as K2CO3 on the air electrodes, which has also been
onsidered to be the main factor to explain the degradation of alka-
ine fuel cells [17]. To overcome these problems, air was supplied to
he air electrode after it was passed through a CO2-filter containing
oda lime (Ca(OH)2/NaOH), LiOH, and Ca(OH)2 to reduce the CO2
oncentration.

Several problems related to the negative metal electrode, such as

endrite growth of zinc electrodes while charging remain unsolved,

n addition to those for the air electrodes described above [18]. Due
o these technical challenges for the electrical recharge of metal–air
atteries, previous papers have proposed an alternative charging

Fig. 1. Schematic illustrations of convention
Sources 196 (2011) 808–813 809

mode including mechanical charging, in which both the metal used
as a negative electrode and the electrolyte solution are changed
[19], or an auxiliary third nickel electrode is installed for charging
[20].

The present paper proposes a novel solid polymer-type struc-
ture of air electrodes. A solid polymer electrolyte was used at the
interface between an aqueous alkaline electrolyte and an electro-
catalyst of an air electrode layer as a separator and an electrolyte to
diminish the problems associated with their use under highly alka-
line conditions. The technology related to polymer electrolyte fuel
cells (PEFCs) has remarkably progressed and reached a practical
level with cation exchange membranes, typically perfluorosul-
fonate membrane, e.g. Nafion, as polymer electrolyte membranes.
Gas-diffusion electrodes that consist of a solid polymer electrolyte
and electrocatalysts have achieved improved performance so that
they can be operated at a higher current density with smaller
Pt content, since a solid polymer electrolyte in the catalyst layer
provides three-phase boundaries suitable for the ORR. The use
of a solid polymer-type structure is effective for improving the
charge–discharge performance of air electrodes at a high current
density.

Recently, FCs that use an anion-exchange membrane (AEM) as
an alkaline polymer electrolyte membrane have also been devel-
oped to decrease the overvoltage or for the use of non-precious
metal catalysts [21–24]. In this work, a novel air electrode with an
AEM and platinum as the polymer electrolyte membrane and cata-
lyst, respectively, were prepared as a first model to demonstrate
this concept, which is represented schematically in comparison
with the conventional scheme in Fig. 1. Reduction of the overvolt-
age was also investigated using AEM-type air electrodes with Pt–Ir
catalysts.

2. Concept

The structures of the conventional and AEM-type air elec-
trodes are schematically represented in Fig. 1(a) and (b). In the
conventional air electrode composed of a gas-diffusion electrode
with permeated alkaline electrolyte solution (KOH) (Fig. 1(a)),
atmospheric CO2 easily dissolves in and reacts with the alkaline
electrolyte, which decreases its ionic conductivity and leads to the
precipitation of carbonate (K2CO3) in the pores of the gas-diffusion
electrode. Precipitated carbonate salts in the pores inhibit the diffu-

sion of oxygen, block electrolyte pathways and reduce the effective
area for the reaction [1,17,25]. Furthermore, the precipitation of
carbonate salts results in expansion and destruction of the elec-
trode structure. In addition, the progressive penetration of the
alkaline electrolyte into the electrode may contribute to the inhi-

al (a) and AEM-type air electrodes (b).
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ition of oxygen diffusion to reduce the performance of the oxygen
eaction and bring about electrolyte leakage.

On the other hand, in the AEM-type air electrode, an AEM is
laced at the interface between an air electrode layer and the aque-
us alkaline electrolyte (Fig. 1(b)). The permeation of cations (K+)
n the alkaline solution into the air electrode is expected to be
uppressed by electrostatic repulsion from the cationic functional
roups in the AEM, resulting in the inhibition of carbonate precipi-
ation. This inhibition of carbonate precipitation is considered to be
ne of advantages of AEM-type PEMFCs compared to conventional
lkaline fuel cells [26]. An AEM itself can block the incorporation
f CO2 from air to aqueous alkaline electrolyte to some extent. The
nterfacial structure between the air electrode layer and an AEM is

agnified on the right in Fig. 1(b), which shows a structure similar
o that of the gas-diffusion electrode in PEFCs. The surface of the cat-
lyst particles is covered with ion-exchange resin (ionomer), and
he three-phase boundary between oxygen, catalysts, and ionomer
cts as a reaction site. These solid-state structures of AEM-type air
lectrodes possibly reduce the overpotential and block the perme-
tion or leakage of the alkaline electrolyte into the gas-diffusion
ayer. In addition, recent developments regarding AEM-type FCs
hould provide new insights regarding the design of AEM-type air
lectrodes to enable operation at a high current density comparable
o that with PEFCs.

. Experimental

.1. Materials

Carbon cloth attached to a hydrophobic fluorocarbon sub-layer
n one side with or without Pt black (3 mg cm−2) (purchased from
-TEK) was used as a gas-diffusion electrode or air electrode,
espectively. Unsupported Pt and Ir black catalysts (Johnson-
atthey, specific surface area of 27 m2 g−1 for Pt, > 20 m2 g−1 for

r) were used as electrocatalysts to prepare air electrodes. An
EM (hydrocarbon-type membrane with quaternary ammonium
roups, ion-exchange capacity: 1.4 meq. g−1, thickness: 27 �m) and
nion-exchange resin solution (2.0 meq. g−1), both provided by
okuyama Corporation, were used to prepare polymer electrolyte-
ype air electrodes. All other chemicals were of analytical grade and
sed as received.

.2. Preparation of air electrodes

Air electrode layers were purchased from E-TEK or prepared in-
ouse. In the former case, carbon cloths with Pt black (3 mg cm−2)
repared by E-TEK were used as gas-diffusion electrodes and
ttached to one side of an AEM by the hot-pressing method. On the
ther hand, home-made electrode layers were prepared as previ-
usly reported for the preparation of electrodes in AEM-type fuel
ells [23,24]. Pt and Ir black used as catalysts were suspended in
he anion-exchange solution, and the obtained slurry was spread
n a PTFE sheet. The catalyst layers (catalysts 3.0 mg cm−2, anion-
xchange resin 5 wt.%) were prepared after drying in a vacuum at
0 ◦C for 1 h. The electrode layers were decal-transferred onto one
ide of an AEM and further hot-pressed on the hydrophobic-layer
ide of a carbon cloth supplied as gas-diffusion media.

.3. Evaluation of air electrode performance

The prepared air electrode with a geometric electrode area of

cm2 was mounted in the cell as shown in Fig. 2. The air electrodes
ere pushed onto titanium mesh to maintain electrical contact for
se as a working electrode (WE). The air electrode was open to the
ir atmosphere and the opposite side contained 11 ml of KOH elec-
rolyte solution with a reversible hydrogen electrode (RHE) and Pt
Fig. 2. Cell configuration for evaluating the air electrode properties.

black electrode fixed in position, which were used as a reference
electrode (RE) and a counter electrode (CE), respectively. The dis-
solved O2 in the KOH solution was purged by flowing N2 gas during
the evaluation of the air electrode properties. Current–voltage (I–V)
characteristics for the ORR and OER were obtained galvanostati-
cally using a current pulse generator (Hokuto Denko HC-113) and
a digital multimeter at room temperature along with the internal
resistance determined by the current-interrupting method. After
the initial properties of the ORR and OER were obtained, 100% CO2
gas was supplied to the air electrode side (right compartment in
Fig. 2) for 2 h to accelerate the deterioration of the air electrode. A
similar measurement was carried out to obtain I–V curves for the
ORR and OER, after the air electrode was again exposed to the air
atmosphere. Comparison of the results before and after CO2 flow
gave information regarding the effect of CO2 on the air electrode
performance.

4. Results and discussion

4.1. ORR and OER properties of air electrodes with various KOH
concentrations

The ORR and OER properties of air electrodes were evaluated
in the alkaline electrolyte with various concentrations of KOH.
Fig. 3 shows I–V curves for the ORR and OER of the AEM-type
air electrodes with a Pt catalyst layer from E-TEK obtained in a
KOH aqueous solution, at concentrations of 0.5–8.0 M, and the
internal resistance obtained by current-interrupting technique at
5 mA cm−2 is shown in parentheses (� cm2). Potentials for the ORR
increased with an increase in the KOH concentration up to 6.0 M,
whereas those for OER decreased with an increase in the KOH con-
centration up to 4.0 M. The resistance decreased from 38 to 9 � cm2,
and from 38 to 12 � cm2 with an increase in the KOH concentra-
tion from 0.5 M to 8.0 M, for the ORR and OER, respectively. The
potentials that compensate for the internal resistance obtained in
0.5–8.0 M KOH almost correspond to each other, suggesting that the
potential difference is the result of an ohmic drop. A KOH concentra-
tion of 4.0 M was sufficient for diminishing the resistance between
the WE and the RE to evaluate the performance of air electrodes

for both the ORR and OER in this cell configuration. Based on these
observations, subsequent experiments were carried out by filling
the left compartment of the cell shown in Fig. 2 with 4.0 M KOH
aqueous solution.
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ig. 3. Potential versus current density curves for the ORR and OER of AEM-type air
lectrodes with a Pt catalyst in 0.5 M (©), 2.0 M (�), 4.0 M (�), 6.0 M (�), and 8.0 M
�) KOH electrolyte solution at room temperature, with the resistance at 5 mA cm−2

n parentheses (� cm2).

.2. Effect of CO2 on the air electrode properties

Comparison of the air electrode properties before and after CO2
ow gives valuable information about the effect of CO2 on the air
lectrode. Fig. 4(a) shows the change in the I–V curves for the ORR
nd OER by the flow of CO2 for 2 h obtained for the conventional
ir electrode with a Pt catalyst layer from E-TEK. The potentials
hanged from � to �, and showed about a 0.16 V decrease and
ncrease for the ORR and OER at 10 mA cm−2, accompanied by an
ncrease in resistance at 10 mA cm−2 from 13 to 27 � cm2 for the
RR and from 14 to 28 � cm2 for the OER. CO2 lowered and raised

he potentials for the ORR and OER, respectively, which corresponds
o the remarkable deterioration of air electrode performance by
O2. The increasing ohmic drop is due to the neutralization of KOH
lectrolyte solution by CO2. The potential values that compensated
or the internal resistance determined by the current-interrupting

ethod are also shown in Fig. 4(a) by � and © before and after
O2 was supplied, respectively, which change 0.03 V for the ORR
nd 0.02 V for the OER. The current densities at the iR compensated
otentials of 0.85 V in the ORR and 1.65 V in the OER dropped by
bout 40% and 24%, respectively after CO2 was supplied. Therefore,
his experiment caused an increase in overvoltage in both the ORR
nd OER. The same experiments were carried out without a CO2
upply to consider the reason for the deterioration. The I–V curves
f the conventional air electrode did not change for either the ORR
r OER after 2 h without CO2 flow. Thus, the increase in overvoltage
as not caused by the inhibition of gas diffusion due to the pene-

ration of KOH solution into the gas-diffusion layer, independent of
O2. Therefore, the increased overvoltages in Fig. 4(a) are consid-
red to correspond to a reduced effective reaction area, probably
ue to the deposition of carbonate in the gas-diffusion electrode.
owever, the cause of this reduced effective reaction area is not
asy to specify, since we must also consider the effect of increased
onic resistivity of the electrolyte near the three-phase boundary

y the dissolution of CO2. Consequently, the conventional air elec-
rode was severely deteriorated by CO2 with regard to both internal
hmic resistance and electrode overpotential.

Fig. 4(b) shows the results obtained by similar experiments as in
ig. 4(a) for an AEM-type air electrode with a Pt catalyst layer from
Fig. 4. Potential versus current density curves for the ORR and OER of conventional
(a) and AEM-type (b) air electrodes with Pt catalysts before (�, �) and after (�, ©)
CO2 supply obtained in 4 M KOH at room temperature.

E-TEK. The potential change during CO2 flow for 2 h is shown as �
to �, which reflects only a 0.02 V decrease in the potentials for the
ORR and a decrease of 0.03 V in those for the OER at 10 mA cm−2,
with an increase in the resistance from 9 to 12 � cm2 for the ORR
and from 11 to 15 � cm2 for the OER. The potential changes for the
ORR and OER were quite small compared to those obtained for the
conventional air electrode. The potentials that compensated for the
internal resistance did not change before and after CO2 supply, as
shown in Fig. 4(b) from � to ©. This result shows that there appears
to be little deterioration after CO2 supply. AEM used as a separator
in the AEM-type air electrode functions to reduce the impact of CO2
with regard to increasing both the ohmic drop and overvoltage, due
to the neutralization of KOH and K2CO3 deposition, respectively.
This behavior can be explained as follows. AEM serves to reduce
the incorporation of CO2 into the alkaline electrolyte to prevent the
neutralization reaction of KOH with CO2. Although CO2 can per-
meate through the AEM as carbonate ion or gas, the presence of
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he AEM delays deterioration. An AEM with anion permselectiv-
ty also blocks the permeation of K+ in the alkaline electrolyte to
he air electrode, which presumably suppresses the precipitation
f K2CO3 in the pores of the air electrode. In addition, the perme-
tion of alkaline electrolyte into the air side (right compartment of
he cell shown in Fig. 2) was also lowered by the AEM, suggesting
hat the AEM also helps to reduce the danger of leakage of highly
oncentrated alkaline solution.

Other studies have examined zinc-air cells with a polyelec-
rolyte containing a sulfonium cation group as a separator [27]. It
as reported that the polysulfonium prevented the permeation of
etal cations (Zn2+) from the anode to the cathode and effectively

ncreased the discharge capacity six fold greater than a commercial
eparator under alkaline conditions. The AEM-type air electrode
roposed in this work is also expected to block the permeation
f metal cations besides those from the alkaline electrolyte (K+),
escribed above. Even though zinc forms anionic complexes such
s [Zn(OH)4]2− in alkaline solution, the AEM may control the pen-
tration of the zinc complex based on the higher permselectivity
f OH− to protect against the deposition of zinc oxide on the air
lectrode.

Lithium–air batteries that use a lithium metal anode have
ttracted considerable attention as power sources with a theo-
etically large energy density of 11,140 Wh kg−1. The deposition
f lithium oxide on the air electrode is a serious problem for the
evelopment of Li–air batteries. Several studies have elucidated
he structure of Li protected by a water-stable lithium-conducting
olid electrolyte in combination with an aqueous electrolyte in the
icinity of the air electrode [7,8]. Our proposed structure of the
ir electrode is applicable to that used in the Li–air batteries with
n aqueous electrolyte to inhibit the permeation of Li+ to the air
lectrode and oxide deposition.

.3. Catalysts for reducing overvoltage of the AEM-type air
lectrode

The low reversibility of the air electrode is known to be a major
actor in diminishing the energy efficiency of metal–air batteries,
s mentioned above. Catalysts with high activities and low over-
oltage toward both the ORR and OER are urgently needed for the
evelopment of metal–air secondary batteries. A feasible option to
ecrease the overvoltage is the use of Pt–Ir catalyst as reported

n our previous paper on the development of reversible oxygen
lectrodes in URFCs using cation exchange membranes [28].

In the present study, mixed Pt black and Ir black in arbitrary
atios were used as catalysts in the AEM-type air electrode pre-
ared in-house to evaluate the ORR and OER properties, as shown in
ig. 4. The results obtained for the AEM-type electrode with various
ompositions of Pt–Ir catalysts are shown in Fig. 5 with the poten-
ials that compensated for the internal resistance. The potentials
or the OER remarkably decreased as much as 0.29 V at 20 mA cm−2

pon the addition of 20 wt.% of Ir and also decreased slightly with an
ncrease in the Ir content to 30 and 50 wt.% to diminish the overvolt-
ge for the OER. It has been demonstrated that Ir in Pt–Ir catalysts
erforms a crucial function in reducing the overvoltage in the OER

n alkaline medium, the same as in acid medium [28]. Furthermore,
hile the ORR characteristics were little influenced by the Ir con-

ent, the addition of 20–50 wt.% of Ir slightly increased the potential
ompared with Pt, unlike the decrease in activity with the addition
f Ir in acidic medium [28]. Although platinum is the most active
nd often-used precious-metal catalyst in the cathode of alkaline

Cs, this interesting result shows that Ir is a promising bi-functional
atalyst in a reversible air electrode in alkaline media.

The thermodynamic potential of the H2O/O2 redox couple is
.23 V versus RHE. Deviation from this value during the OER or ORR

ndicates the degree of irreversibility, which deteriorates the effi-
Fig. 5. Potential versus current density curves for the ORR and OER of AEM-type
air electrodes with Pt–Ir catalysts of various compositions in 4 M KOH at room
temperature.

ciency of devices that use an air electrode such as secondary air
batteries or URFCs. In this paper, an index of the overall efficiency
of an air electrode during discharge (ORR)/charge (OER) cycles was
defined as follows. Generally, the terminal voltage values of a device
are needed to calculate the energy efficiency. However, the scope of
this paper is not limited to a specific negative electrode, and mainly
we have considered the single electrode potential of air electrodes.
Therefore, to calculate the efficiency, some virtual negative elec-
trode should be assumed as a counter electrode. Thus, a hydrogen
electrode is selected for the calculation as a counter electrode on
behalf of the negative electrode, i.e.,

Total efficiency = (ORR potential vs. RHE) ÷ (OER potential vs. RHE)

× 100%

With this definition, the total efficiency is calculated to be 60%,
51%, 45% at 1, 10, 30 mA cm−2, respectively, for an AEM-type air
electrode with a Pt catalyst. The efficiencies improved upon the
addition of Ir to Pt catalysts: to 66%, 61%, 58% at 1, 10, 30 mA cm−2

for an AEM-type air electrode with a Pt–Ir (Ir: 50 wt.%) catalyst.
The present paper proposed a novel structure for air electrodes

using an AEM at the interface of an electrode layer and alkaline
electrolyte solution and described the decrease in overvoltage for
the ORR and OER, using a Pt-based catalyst. This structure may
be effective for improving the performance of aqueous secondary
air batteries. This air electrode may also be useful in alkaline-type
URFCs. The durability and stability of Pt catalysts at high potential
during the OER under charging conditions over the long term have
not been experimentally supported. The use of precious-metal cat-
alysts such as Pt may cause problems in terms of their cost and
availability for practical use, even though their catalytic activities
are relatively excellent. Thus, the development of non-precious
metal catalysts for the air electrode in an alkaline electrolyte is
desirable for future applications.
5. Conclusions

This work investigated an air electrode that shows excellent
activity for both the reduction and evolution of oxygen, as well
as good durability during long-term operation in alkaline medium,
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hich is desired for electrically rechargeable metal–air batteries
nd alkaline regenerative fuel cells. A polymer electrolyte-type
ir electrode with an AEM at the interface between the air elec-
rode layer and alkaline electrolyte was proposed to diminish the
mpact of atmospheric CO2 on the oxygen reaction properties. The
EM-type air electrode was less influenced by CO2 even in the
ccelerated experiment with pure CO2 compared to conventional
ir electrodes without an AEM. The AEM blocked the incorpora-
ion of CO2 into the alkaline electrolyte to prevent neutralization of
he alkaline electrolyte by CO2. The AEM with anion permselectiv-
ty presumably inhibited the permeation of cations in the alkaline
lectrolyte to the air electrode to suppress the precipitation of car-
onate in the pores of the air electrode. The AEM-type air electrode
lso successfully reduced the overvoltage for the oxygen evolution
eaction with the use of Pt–Ir catalysts.
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