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co� a-MnO2/XC-72 shows the highest ORR activity among 7 types of MnOx/XC-72.
� The mean electron transfer number of the ORR on MnO2 crystallites is above 3.8.
� The ORR activity of MnO2-based composites is higher than other MnOx-based ones.
� The maximum peak power density of Zneair battery is 102 mW cm�2.
� The full-cell discharge capacity is 798 ± 20 mAh g�1 by using MnO2/XC-72 cathodes.
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ma b s t r a c t

Manganese oxides (MnOx) in a-, b-, g-, d-MnO2 phases, Mn3O4, Mn2O3, and MnOOH are synthesized for
systematically comparing their electrocatalytic activity of the oxygen reduction reaction (ORR) in the Zn
eair battery application. The optimal MnOx/XC-72 mass ratio for the ORR is equal to 1 and the oxide
crystalline structure effect on the ORR is compared. The order of composites with respect to decreasing
the ORR activity is: a-MnO2/XC-72 > g-MnO2/XC-72 > b-MnO2/XC-72 > d-MnO2/XC-72 > Mn2O3/XC-
72 > Mn3O4/XC-72 > MnOOH/XC-72. The textural properties of MnOx are investigated by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), N2 adsorption/desorption iso-
therms with BrunauereEmmetteTeller (BET) analysis, X-ray diffraction (XRD), and thermogravimetric
analysis (TGA). Electrochemical studies include linear sweep voltammetry (LSV), rotating ring-disk
electrode (RRDE) voltammetry, and the full-cell discharge test. The discharge peak power density of
Zneair batteries varies from 61.5 mW cm�2 (a-MnO2/XC-72) to 47.1 mW cm�2 (Mn3O4/XC-72). The
maximum peak power density is 102 mW cm�2 for the Zneair battery with an air cathode containing a-
MnO2/XC-72 under an oxygen atmosphere when the carbon paper is 10AA. The specific capacity of all
full-cell tests is higher than 750 mAh g�1 at all discharge current densities.

© 2015 Elsevier B.V. All rights reserved.
w
w1. Introduction

With the arousing awareness of environment protection, the
power sources have been gradually transformed from the high
pollution energy sources (e.g., fossil fuel) into low carbon
Engineering, National Tsing
hu, 30013, Taiwan.
consumption/low pollution types (e.g., wind power, solar power,
fuel cells, and metaleair batteries). In comparison with common
rechargeable batteries such as lead-acid and Li-ion batteries, met-
aleair batteries [1e5], especially Zneair batteries, are of the char-
acteristics of low cost, low pollution, light weight, relatively high
specific capacity/energy density, and good safety. Since the theo-
retical charge capacity and energy density are respectively equal to
820 mAh g�1 and 1312 Wh kg�1 [3], Zneair batteries have been
currently applied to the fields such as hearing aids, wireless
messaging devices, traffic signal light, and even electric vehicles
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(EVs). To meet the high-power and high-energy storage demand,
Zneair batteries are still under investigations in order to promote
the performances, such as specific capacity, power capability,
durability, rechargeable ability, etc.

Mechanically, the structure of a Zneair battery is considered a
hybrid cell of batteries and fuel cells, which contains three main
parts: metal anode, air cathode, and electrolyte [6e8]. The air
cathode employs a gas diffusion layer to obtain the unlimited and
free supply of oxygen from ambient air which is not stored in the
device. Due to such special characteristics, Zneair batteries gener-
ally show the high charge capacity and high energy density.
Accordingly, they are considered to be one of the most promising
candidates in electrochemical energy storage devices and power
sources.

Among previous reports on non-Pt electrocatalysts for the ox-
ygen reduction reaction (ORR), manganese oxides (denoted as
MnOx), especially MnO2 [9e15], exhibit considerable performances
and possess many advantages such as low toxicity, low cost, and
environmental friendliness. Hence, various forms of MnOx have
been widely studied for metaleair batteries in both aqueous and
non-aqueous systems [16e19]. However, the performances of
MnOx toward the ORR strongly depend on their morphologies, Mn
valence state, preparation methods, crystalline phases, and struc-
tures [10,20e24], etc. Despite the worse chemical stability in mild
acidic environments [25e27], various types of MnOx have been
demonstrated to be promising catalysts in the air cathode of fuel
cells or metaleair batteries in alkaline media. Table 1 compares the
ORR performances of various MnOx crystals reported in the litera-
ture and in this work. Clearly, with the exception of this work, there
is no article systematically investigating the seven main types of
MnOx for the ORR at the same time. Moreover, several conflict re-
sults in the electrochemical performances were reported, probably
due to the fact that these data were obtained from different groups
through various evaluation methods, including rotating-disk elec-
trode (RDE), rotating ring-disk electrode (RRDE), half-cell, and full-
cell measurements. For example, the electrocatalytic performances
of MnOx for the ORR were reported to follow the order: (1) a- > b-
> g-MnO2 [22], (2) b- > g- > a-MnO2 [28], (3) a-z d- > g- > l- > b-
MnO2 [29], (4) b-MnO2 > Mn3O4 > Mn2O3 [30], and (5)
MnOOH > Mn2O3 > Mn3O4 > Mn5O8 [11]. Moreover, most conclu-
sions on the electrocatalytic activity of MnOx for the ORR were
obtained from the RDE, RRDE, or half cell tests rather than the
discharge behavior of a full cell [11e13,22,29,31,32]. Although the
above electroanalytical methods are applicable to judge the elec-
trocatalytic activity of newly developed materials, it is uncertain
that the results deduced from these methods are consistent with
those obtained from the full-cell discharge test. Hence, it is
necessary to carry out the full cell measurement for realizing
wwTable 1
Comparisons of the ORR performances of MnOx catalysts evaluated by various electroch

The ORR activity order of MnOx Electrochem

MnOOH > Mn2O3 > Mn3O4 > Mn5O8 RRDE (LSV,
MnOOH > Mn2O3 > Mn3O4 > Mn5O8 CV
MnO2 z MnOOH > Mn2O3 > Mn3O4 RRDE (LSV)
a-MnO2 > d-MnO2 RDE (CV, LS
a > b > g-MnO2 RDE (LSV), T
a-MnO2 > d-MnO2 LSV, Zneair
b > g > a-MnO2 CV, polariza
a z d > g > l > b-MnO2 LSV, potent
b-MnO2 > Mn3O4 > Mn2O3 RRDE (LSV)
MnO2 > Mn3O4 > MnO RRDE (LSV)
a > g > b > d-MnO2 > Mn2O3 > Mn3O4 > MnOOH RRDE (LSV)
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various MnOx-based Zneair batteries.
Since the full cell information of Zneair batteries employing

MnOx catalysts was insufficiently provided, a complete comparison
study on the full cell performance of a Zneair battery using various
types of MnOx, including a-, g-, b-, d-MnO2, Mn3O4, Mn2O3, and
MnOOH, is performed in this work. Hence, this work is a typical
reference systematically investigating MnOx in various crystalline
structures and their corresponding composites for the ORR in the
application of Zneair batteries. In addition, the effect of air
permeability of carbon papers on the discharge performances of
Zneair batteries is compared to show the importance of the gas
diffusion layer on the discharge performances. Based on our pre-
vious work [33], the optimal mass ratio between a-MnO2 and XC-
72 is approximately equal to 1. Meanwhile, our very recent pre-
liminary study tried to determine the optimal mass ratios of g-
MnO2/XC-72 and b-MnO2/XC-72. The optimal mass ratio of g-
MnO2/XC-72 and b-MnO2/XC-72 exhibiting the highest ORR activ-
ity was found to be equal to 1. Consequently, all MnOx/XC-72
composites at a mass ratio of 1 (denoted as MOCs) are employed for
the ORR catalyst layers on the air cathode to measure their elec-
trochemical performance through the three-electrode and full cell
tests in this work.

2. Experimental

2.1. Chemicals and preparation of MnOx/XC-72 catalysts

XC-72 carbon black (Vulcan XC-72, Cabot Corp., USA),
Mn(CH3COO)2$4H2O, (NH4)2S2O8, KOH, NaOH, MnSO4$H2O, KMnO4
(Showa Chemical Industry Co., Ltd.) and Nafion® perfluorinated
resin solution (5 wt.% in mixture of lower aliphatic alcohols and
water with 45 vol.% water), D-Glucose (Alfa Aesar®), MnCl2$4H2O
(J.T. Baker), ethylene glycol (Hayashi Pure Chemical Industry Co.,
Ltd.), were all analytical grade and used without further purifica-
tion. Carbon paper (SGL carbon paper 25BC and 10AA, 4 cm� 4 cm)
was used as the air cathode substrate. A zinc foil (2 cm � 2 cm, Alfa
Aesar®, 0.25 mm in thickness) was employed as the anode of the
Zneair battery. The synthesis procedures of oxides and MnOx/XC-
72 composites (denoted as MOCs) as well as the configuration of
the Zneair battery (see Fig. S1) are shown in the Supporting
information.

2.2. Materials characterization

The morphologies and microstructures of all MnOx and com-
posites were examined using a field-emission scanning electron
microscope (FE-SEM, LEO 1530) and a transmission electron mi-
croscope (TEM, JEOL JEM-2100). The powder X-ray diffraction
emical methods.

ical measurement Reference
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patterns were measured from an X-ray diffractometer (CuKa, Ul-
tima IV, Rigaku) at an angular speed of (2q) 1� min�1. The Bru-
nauereEmmetteTeller (BET) method was utilized to calculate the
specific surface areas (SBET) using the adsorption data from the N2
adsorption/desorption isotherms in the relative pressure range
between 0.02 and 0.2 (Quantachrome Instruments NOVA 1200e).
Prior to running N2 adsorption/desorption isotherms, the samples
were degassed at 85 �C for 6 h. By the BarretteJoynereHalenda
(BJH) model, the pore volumes and pore size distributions in the
mesopore range (>2 nm) were derived from the adsorption
branches of the isotherms, and the total pore volumes (Vt) were
estimated from the adsorbed amount of N2 at a relative pressure
equal to 0.995. The carbon content of composites was determined
by thermogravimetric analysis (TGA, TA Instruments SDT Q600),
which was performed in an air flow at 10 �C min�1 from room
temperature to 800 �C. The TGA data of MnOx and MOCs are shown
in Fig. S2 (see Supporting information) and demonstrate that the
onset temperature and rate of XC-72 decomposition into CO2 and
H2O are significantly affected by the type of MnOx in MOCs. The
surface roughness of the catalyst layers on the disk electrode of the
RRDE was determined by an atomic force microscope (AFM, Kar-
altay Instruments CSPM5500) under the tapping mode.

2.3. Preparation of MnOx and MnOx/XC-72 air cathodes

An air cathode consists of 25BC or 10AA carbon papers coated
with a catalyst layer on the electrolyte side. The catalyst pastewas a
homogeneous mixture containing 0.1 g MOC (or MnOx) powders,
0.035 g Nafion, and 0.25 g ethylene glycol. This paste was coated
onto the 4 cm � 4 cm carbon paper to form an air cathode sheet
with an exposed surface area of 2 cm� 2 cm for the electrocatalysts
by means of the doctor-blade method. Finally, the air electrodes
were dried in an oven at 85 �C for 24 h.

2.4. Electrochemical measurements

Linear sweep voltammograms (LSV) and RRDE voltammograms
were measured by electrochemical system modules (CH In-
struments 660C or CH Instruments 730D) at a scan rate of 5 mV s�1

and a rotation rate of 900 rpm. The exposed geometric area of all air
cathodes to the KOH electrolyte was 4 cm2 for measuring the po-
larization curves. The exposed disk area on the RRDE is 0.247 cm2.
An Ag/AgCl electrode (Argenthal, 3 M KCl, 0.207 V vs. RHE at 25 �C)
in a Luggin capillary was used as the reference electrode and a large
piece of platinum gauze was employed as the counter electrode.
The Luggin capillary was used to minimize errors due to iR drop in
the electrolytes. In addition, an Ag/AgCl electrode without a Luggin
capillary was employed as the reference electrode for the RRDE
voltammetric measurements. The RRDE was polished with Al2O3
slurry and cleaned in ultrasonic bath with ethanol and de-ionized
water before coating catalysts. Suspensions of MnOx or MnOx/XC-
72 powders were prepared through adding 1.32 mg sample pow-
ders, 8 mL 5 wt.% Nafion® (E.I. du Pont de Nemours & Co., USA), and
0.392 mL 99.5% ethanol (Kanto Chemical Co. Inc., Japan). The
resultant solutionwas agitated in an ultrasonic bath till the solution
dispersed uniformly. The homogeneous suspensions were coated
on the glassy carbon disk electrode with the loading mass of
0.2 mg cm�2. The 0.1 M KOH electrolyte was bubbled with O2 or N2

gas (purity 99.995%) for more than 30 min before each RRDE test,
and also the solution was under the O2 or N2 atmosphere at room
temperature during the RRDE measurement. The applied potential
on the ring electrodewas fixed at 1.03 V vs. RHEmeanwhile the disk
was scanned from 1.17 to 0.18 V vs. RHE at a scan rate of 5 mV s�1.

The Zneair battery discharge curves were measured by CH In-
struments 660C in 6 M KOH, where a Zn foil and a MOC-coated
m
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electrode served as the anode and cathode, respectively. The bat-
teries were galvanostatically discharged at three current densities
(2, 10, and 20 mA cm�2) with respect to the electroactive geometric
area of the air cathode (2 cm � 2 cm) at room temperature. The
specific discharge capacity of the cells was calculated on the basis of
the consumed mass of the Zn foil. To avoid any unperceived dis-
turbances, fresh air cathodes, Zn foils, and electrolytes were used in
every measurement. All the solutions used in this work were pre-
paredwith 18MU-cmDI water produced by a reagent water system
(Milli-Q SP, Japan).

3. Results and discussion

3.1. Characterization of MnOx/XC-72 catalysts

To investigate and compare the electrochemical performance of
MnOx/XC-72 toward the ORR, MnOx in various phases were suc-
cessfully synthesized by the reflux or hydrothermal methods in this
work. Fig. 1 shows the typical XRD patterns of all samples to
identify the phase of MnOx. According to an examination of pattern
1 in Fig. 1aeg, the diffraction pattern of individual MnOx is in good
agreement with its corresponding standard XRD card although the
crystal size of these Mn oxides is different from each other.
Furthermore, a comparison of patterns 1 and 2 in Fig. 1aeg reveals
that the crystalline phase of MnOx is not significantly affected by
introducing XC-72 when the weight ratio of MnOx:XC-72 is equal to
1:1. In other words, (a-MnO2, MOC-a), (g-MnO2, MOC-g), (b-MnO2,
MOC-b), (d-MnO2, MOC-d), (Mn2O3, MOC-B), (Mn3O4, MOC-H), and
(MnOOH, MOC-M) are respectively identified to be a-MnO2 (JCPDS
No. 44-0141), g-MnO2 (JCPDS No. 14-0644), b-MnO2 (JCPDS No. 24-
0735), d-MnO2 (JCPDS No. 80-1098), Mn2O3 (JCPDS No. 41-1442),
Mn3O4 (JCPDS No. 24-0734), andMnOOH (JCPDS No. 41-1379). Note
that a-MnO2 is of a general formula “M0MnxOy”where the y/x ratio
is equal to 2 and M0 represents alkali metal ions such as Liþ, Naþ, or
Kþ. Since one of the precursors is KMnO4, the resultant a-MnO2
may bemore precisely expressed as KMnxOy (e.g., KMn8O16) [34]. In
addition, d-MnO2 possesses a special two-dimensional lamellar
structure with the interlayer spacing of 0.73 nm, which can be
intercalated with potassium ions [21,35,36]. Structurally, a-, g-, b-
MnO2 with different tunnel structures are constructed with the
chains of edge-sharing MnO6 octahedral unit (e.g., a-MnO2:
(2 � 2) þ (1 � 1), g-MnO2: (2 � 1) þ (1 � 1), and b-MnO2:
(1� 1)þ (1� 1), respectively) [21,22,24,36,37]. Since the structures
of these MnO2 possess either interlayer space or tunnel structures,
some cations such as Liþ, Naþ, Kþ could be introduced during the
synthesis process although the tunnels of g-MnO2 and b-MnO2 are
too small to be effectively intercalated with these cations. In gen-
eral, the layered structure of d-MnO2 needs more cations to stabi-
lize its structure than the tunneled structure of a-MnO2. Therefore,
the space in d-MnO2 is larger than that in a-MnO2 [21,37].

The surface morphology and microstructure of all oxides pre-
pared in this work were systematically examined by means of
FESEM and TEM analyses. The FESEM images of pure oxides are
shown in Fig. S3aeg (see Supporting information), which reveal
that the morphology of MnOx varies with the crystalline phase. For
example, a-MnO2 shows a nanowire-like morphology with its
diameter and length mainly around 15 and 300 nm, respectively.
Meanwhile, g-MnO2 and b-MnO2 are of the nanorod structure
while the diameter and length (ca. 20 and 250 nm) of the former
phase are shorter than those of the latter one (ca. 50 and 550 nm).
The d-MnO2 sample mainly consists of spherical particles with its
grain size varying from 50 to 100 nm Mn2O3 appears the form of a
special cube with its edge length between 500 and 700 nm. The
Mn3O4 crystallites mainly consist of hexagonal nanoplates with an
average thickness and edge length equal to about 55 and 40 nm,
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Fig. 1. The XRD patterns of (1) MnOx and (2) MOCs synthesized in this work.

Table 2
The physicochemical properties of MnOx.

BET surface area
(m2 g�1)

Mesopore volume
(cc g�1)

Micropore volume
(cc g�1)

a-MnO2 75 0.271 0.057
g-MnO2 25 0.079 0.018
b-MnO2 17 0.041 0.012
d-MnO2 29 0.126 0.021
Mn2O3 12 0.109 0.009
Mn3O4 21 0.071 0.016
MnOOH 2 0.007 0.002
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respectively. The rod morphology with a diameter and length
around 300 nm and 1e3 mm is visible for MnOOH. Table 2 shows
that a-MnO2 provides the highest specific surface area (75 m2 g�1)
among all MnOx samples while the MnOOH rods exhibit the lowest
specific surface area of 2 m2 g�1, reasonably due to its large
micrometer size in comparison with the other sub-micrometer or
nanometer MnOx crystallites.

Fig. 2aeg shows the typical HRTEM images of all MnOx crys-
tallites. The measured d spacing equal to 0.682, 0.4, 0.312, 0.709,
0.273, 0.248, and 0.343 nm are respectively assigned to the lattice
www

Fig. 2. The HRTEM images of (a) a-MnO2, (b) g-MnO2, (c) b-M
.co
mspacing of the (110) plane of a-MnO2, the (120) plane of g-MnO2,

the (110) plane of b-MnO2, the (001) plane of d-MnO2, the (222)
plane of Mn2O3, the (211) plane of Mn3O4, and the (11-1) plane of
MnOOH. The results of HRTEM are consistent with the XRD pat-
terns. Moreover, we confirm that the crystalline phase of MnOx is
not transformed by introducing XC-72 carbon black powders in the
precursor solutions.

Table 3 reveals that the specific surface area of MnOx is signifi-
cantly increased by introducing XC-72 carbon powders, probably
due to the much higher specific surface area of XC-72 carbon
powders in comparison with MnOx crystallites prepared in this
work. Clearly, the micropore volumes of all composites are signif-
icantly lower than that of XC-72 carbon powders, meanwhile, with
the exception of MOC-a, the mesopore volumes of all the other 6
composites are significantly lower than that of XC-72 carbon
powders. The above phenomena are attributable to the dispersion
of XC-72 powders within all MOCs. Moreover, the textural prop-
erties (specific surface area, mesopore volume, and micropore
volume) of MOCs are mainly determined by the introduction of XC-
72 carbon powders. Again, the possible reason is attributable to the
much larger specific surface area of XC-72 in comparison with all
MnOx crystallites.
nO2, (d) d-MnO2, (e) Mn2O3, (f) Mn3O4, and (g) MnOOH.



Table 3
The physicochemical properties of MOC composites with the mass ratio between MnOx and XC-72 equal to 1.

XC72
(wt%)

MnOx

(wt%)
BET surface area
(m2 g�1)

Mesopore volume
(cc g�1)

Micropore volume
(cc g�1)

Weight loss error
(wt%)

XC72 100 0 191 0.292 0.133 ±2
MOC-a 50 50 98 0.338 0.072 ±2
MOC-g 53 47 67 0.216 0.050 ±2
MOC-b 48 52 62 0.218 0.039 ±2
MOC-d 52 48 82 0.211 0.055 ±2
MOC-B 50 50 56 0.114 0.038 ±2
MOC-H 51 49 56 0.108 0.037 ±2
MOC-M 54 46 57 0.116 0.037 ±2
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3.2. The oxygen reduction reaction

The electrochemical catalytic activities of all MnOx andMOCs for
the ORRwere examined by the RRDE voltammetry. In general, there
are two typical pathways for the ORR mechanism: the direct four-
electron pathway and the successive two-electron pathway [38].
The direct four-electron transfer pathway can be simply express as
follow:

O2 þ 2H2Oþ 4e/4OH� (1)

The successive two-electron pathway involves the formation of
peroxide (e.g., HO2

�, see Eq. (2)) with the subsequent reduction of
peroxide to OH� (Eq. (3)) or the disproportionation of peroxide (Eq.
(4)):

O2 þ H2Oþ 2e/HO�
2 þ OH� (2)

HO�
2 þH2Oþ 2e/3OH� (3)

2HO�
2/2OH� þ O2 (4)

The mechanism of the ORR on the Mn oxide-based catalysts has
been summarized in the literature, which is conceptually expressed
as Eqs. (5)e(8) [11,22,29,30,32,39,40]:

Mn4þ þ e%Mn3þ (5)

O2 þ Mn3þ / Mn3þ � O2,ads (6)

Mn3þ � O2;ads/Mn4þ � O�
2 ads (7)

Mn4þ � O�
2 ads þH2Oþ e/Mn4þ �HO�

2 ads þ OH� (8)

where HO�
2 ads may further react via Eq. (3) or (4). According to Eqs.

(5)e(8), the reduction of Mn4þ to the intermediate Mn3þ species is
available for the adsorption of O2 molecules (i.e., Mn3þ is the active
site). Moreover, Eq. (7) was proposed to be the rate-determining
step involving the electron transfer from Mn3þ to the adsorbed
oxygen molecule. Consequently, the electrochemical reduction of
O�
2 ads to HO�

2 ads (and OH�) is much faster than Eq. (7), completing
the overall two-electron pathway proposed in Eq. (2). Based on the
above mechanism, the redox couple of Mn4þ/Mn3þ play an
important role in the ORR. Some reports even proposed that MnO2

would be reduced to Mn oxides of lower valence states (e.g., Mn3O4
and Mn(OH)2) at lower potentials in the ORR process [20,23,30,32].
Accordingly, the usage of Mn oxides under the lower valence states
may be favorable for the ORR, which can be clarified in this work
(see below).

Fig. 3a shows the ieE curves of the ring and disk electrodes for
all MnOx samples on the RRDE. Note that the ring and disk currents
m
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are the difference in voltammetric currents obtained from the 0.1 M
KOH solutions saturated with an O2 flow and degassed with a N2

flow for more than 30 min. Based on an examination of Fig. 3a,
three features need to be discussed here. First, the ring current of
the ORR on XC-72 is significantly higher than all Mn oxides pre-
pared in this work. This phenomenon is reasonably due to the fact
that the mean electron transfer number of the ORR on carbons
without heteroatom doping is significantly lower than 3.5 [41,42].
Second, due to the good electric conductivity and large specific
surface area of XC-72, the disk current of the ORR on XC-72 is
obviously higher than those on most MnOx samples with the
exception of a-MnO2. This exception reveals that a-MnO2 exhibits
an excellent electrocatalytic activity for the ORR among all MnOx
prepared in this work. Third, the order of MnOx with respect to the
negative shift in the half-wave potential of the ORR (vs. RHE) is: a-
MnO2 (0.67 V) > XC-72 (0.63 V) > g-MnO2 (0.61 V) > b-MnO2 z d-
MnO2 z Mn2O3 (0.59 V) > Mn3O4 z MnOOH (0.58 V). In addition,
the limiting current density plateau of the ORR obtained at 0.4 V (vs.
RHE) is: a-MnO2 (�2.52 mA cm�2) > XC-72 (�1.73 mA cm�2) > g-
MnO2 (�1.20 mA cm�2) > b-MnO2 (�1.01 mA cm�2) > d-MnO2
(�0.85 mA cm�2) > MnOOH (�0.56 mA cm�2) > Mn2O3
(�0.51 mA cm�2) >Mn3O4 (�0.43 mA cm�2). The above significant
difference in the limiting current density of the ORR measured by
the RRDE method is attributed to combined effects of several fac-
tors, such as the intrinsic activity (e.g., electron transfer number),
the catalyst mass/thickness on the disk electrode [43], and the
surface roughness of catalysts coated onto the disk electrode
[44,45].

Based on Eq. (9), the mean electron transfer number (n) of the
ORRwas estimated from the ring and disk currents (IR& ID) [10,46]:

n ¼ 4ID
ID þ ðIR=NÞ

(9)

where ID, IR, and N represent the disk current, ring current, and the
current collection efficiency of the electrode (0.38 ± 0.02), respec-
tively. In this work, the dependence of n on the disk potential (vs.
RHE) for all MnOx samples is shown in Fig. 3b. Since the ring and
disk currents are strongly dependent upon the type of MnOx, the
larger ring current does not guarantee a smaller value of n. Note
that the order of MnOx with respect to decreasing the mean elec-
tron transfer number is: a-MnO2 z g-MnO2 (3.9) > b-MnO2 z d-
MnO2 z Mn2O3 (3.8) > MnOOH z Mn3O4 (3.6) > XC-72 (3.1). The
ORR on MnO2 is believed to undergo the two-electron pathway but
it has been called as a quasi-4e reduction pathway [10]. This
statement is supported by the fact that MnO2 is a well known
catalyst for the disproportionation of H2O2 (i.e., disproportionation
of HO2

� into OH� and O2 via Eqs. (2) and (4) [11e13,29,47,48]). In
addition, the detailed mechanism of the ORR on MnO2 proposed in
the literature generally follows Eqs. (5)e(8). Hence, the mean
electron transfer number of the ORR on all types of MnO2 is
generally higher than that of the other Mn oxides (see Fig. 3b). Due
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Fig. 3. The ieE curves of (a, c) ring and disk electrodes on the RRDE and (b, d) the mean electron transfer number (n) of the ORR against the disk electrode potential of (a, b) (1) XC-
72, (2) a-MnO2, (3) g-MnO2, (4) b-MnO2, (5) d-MnO2, (6) Mn2O3, (7) Mn3O4, and (8) MnOOH and (c, d) (1) XC-72, (2) MOC-a, (3) MOC-g, (4) MOC-b, (5) MOC-d, (6) MOC-B, (7) MOC-
H, and (8) MOC-M.
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www.sto the largest disk current, the most positive half-wave potential,
and the largest mean electron transfer number of the ORR for a-
MnO2, this oxide has been demonstrated to be the best electro-
catalyst for the ORR among all MnOx samples synthesize in this
work.

According to Eqs. (5)e(8), the redox couple of Mn4þ/Mn3þ (or
even Mn3þ/Mn2þ) plays an important role in the ORR. However,
MnO2 crystallites in various types generally show more positive
half-wave potentials of the ORR than the other Mn oxides. The
above results imply that the adsorption of O2 onto the surface Mn3þ

species of Mn2O3, Mn3O4 or MnOOH via Eq. (6) cannot significantly
reduce the activation overpotential of the ORR (i.e., a positive shift
in the onset potential of the ORR). Accordingly, the electrochemical
reversibility of Mn4þ/Mn3þ (and Mn3þ/Mn2þ) is believed to deter-
mine the rate of the ORR on MnOx, consistent with the proposed
rate-determining step of the ORR on MnOx (i.e., Eq. (7)). Hence, the
usage of Mn oxides under the lower valence states (i.e., Mn2O3,
Mn3O4 and MnOOH in this work) cannot promote the ORR rate.

Due to the poor electronic conductivity of MnOx, introducing
suitable amount of XC-72 to form MnOx/XC-72 composites (i.e.,
MOCs) for practical applications is unavoidable. Since we found
that the best weight ratio between MnOx and XC-72 is equal to 1,
the ORR activity of all MOCs with the MnOx/XC-72 ratio ¼ 1 are
compared to reveal the best MOC sample here. Fig. 3c shows the
ieE curves of the ring and disk electrodes for all MOCs on the RRDE.
Clearly, a comparison of the ieE curves in Fig. 3a and c reveals that
both the ring and disk currents are obviously increased by the
introduction of XC-72 to form MOCs when the type of MnOx is
specified. This result may be due to the relatively large ring and disk
currents of XC-72 for the ORR without considering the possible
contribution from the improved conductivity of MOCs through
adding XC-72. Note that the order of MOCs with respect to the
negative shift in the half-wave potential of the ORR (vs. RHE) is:
MOC-a (0.72 V) >MOC-g (0.69 V) >MOC-b (0.67 V) >MOC-dz XC-
72 (0.63 V) > MOC-B (0.61 V) > MOC-H z MOC-M (0.60 V). Obvi-
ously, all MOCs exhibit a more positive half-wave potential of the
ORR than their corresponding MnOx, even for the best electro-
catalyst, a-MnO2, attributable to the improved conductivity of all
MOCs.

Note that the limiting current density of all catalysts investi-
gated in this work is not directly proportional to the mean electron
transfer number of the ORR. This phenomenon, in principle, does
not follow the prediction from the KouteckyeLevich equation
which indicates that the limiting current density should be only
affected by their mean electron transfer number of the ORR. In fact,
some articles found the same phenomenon [49e52] while these
reports gave unclear explanations (e.g., the difference in the oxygen
diffusion coefficient and oxygen concentration in the bulk solution,
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the quantity of active sites, and the variation in electronic con-
ductivity of catalysts) without direct evidences for this phenome-
non. Fortunately, some reports investigated the relationship
between the surface roughness of the catalyst layer on the RDE/
RRDE electrode and the limiting current density of the ORR [44,45].
These articles showed that the limiting current density of the ORR
increases with increasing the surface roughness of the catalyst
layer. This finding is reasonably due to the possible generation of
localized eddies on the rough surface of catalyst layers when RDE or
RRDE is rotated. Consequently, transformation from a laminar flow
(on an ideally smooth layer) to a turbulent flow (on a really rough
surface) may occur when the surface of catalyst layers on the RDE/
RRDE electrodes is not ideally flat. This hydrodynamic effect results
in a higher oxygen diffusion rate, leading to a higher limiting cur-
rent density of the ORR than the predicted value from the Kou-
techyeLevich equation since this equation is based on the
assumption of a laminar flow. The above concept is tested here and
a positive correlation between the limiting current density of the
ORR and the surface roughness of a-MnOx is obtained (see Fig. S4 in
the Supporting information). Therefore, the mean electron transfer
number of the ORR estimated from the RRDE technique coupled
with Eq. (9) is preferred in comparison with the usage of the
KoutechyeLevich equation. This viewpoint is supported by the
report (demonstrated by Hancock et al. [53]) that the Kouteck-
yeLevich equation is suitable for simple materials (e.g., Pt, Au)
because the usage of more complicated materials usually results in
the more significant deviation from the prediction deduced by the
KouteckyeLevich equation. Furthermore, a comparison of themean
electron transfer number derived from the KouteckyeLevich
equation and Eq. (9) in their article clearly revealed that the elec-
tron transfer number through the KouteckyeLevich equation is
larger than that by Eq. (9). This phenomenon always occurs when
the catalytic materials contain carbon, suggesting the complicated
interactions between MnOx and carbons on the ORR.

Since the mean electron transfer number and onset potential of
the ORR are obviously affected by the crystalline structure of MnOx,
our results imply that the ORR activity of MnOx is mainly deter-
mined by the crystalline phase and specific surface area of MnOx. In
addition, the improved electronic conductivity of MOCs may favor
the step of Mn4þ reduction into Mn3þ (i.e., Eq. (5)) and significantly
reduce the iR drop in the high-current density region of the ORR,
positively shifting the half-wave potential of the ORR. On the other
hand, the half-wave potential of the ORR on MOC-B, MOC-H, and
MOC-M is slightly lower than that on XC-72 meanwhile the best
mass ratio of MnOx/XC-72 was found to be equal to 1. These results
reveal the significant influences of MnOx phases and XC-72 content
on the ORR, which cannot be simply explained by the improved
electronic conductivity due to introduction of XC-72. Also note the
order of MOCs with respect to decreasing the limiting current
density plateau of the ORR (measured at 0.4 V vs. RHE): MOC-a
(�2.73 mA cm�2) > MOC-g (�2.37 mA cm�2) > MOC-
d (�2.20 mA cm�2) > MOC-b (�2.00 mA cm�2) > MOC-M z XC-72
(�1.73 mA cm�2) > MOC-B (�1.36 mA cm�2) > MOC-H
(�1.26 mA cm�2). This order of MOCs is still different from that of
MnOx by neglecting the XC-72, further supporting the complicated
interactions between MnOx and XC-72 for the ORR, probably due to
the complicated steps of the ORR (see Eqs. (3)e(9)). For instance,
the decrease in the mean electron transfer number by introducing
XC-72 is probably due to the fact that both MnO2 and XC-72 are
catalysts of the ORR. In addition, a significant amount of the ORR
intermediates generated on XC-72 powders are expected to be
further reduced by the well-dispersed MnOx crystallites, especially
for a-, g-, d-MnO2 and Mn2O3, leading to a mean electron transfer
number�3.6. This statement is supported by the fact that the mean
electron transfer number of the ORR on XC-72 is about 3.1.
m
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The mean electron transfer number (n) of the ORR as a function
of the disk electrode potential (vs. RHE) for all MOCs with the mass
ratio of MnOx/XC-72 equal to 1 is shown in Fig. 3d. The order of
MOCs with respect to decreasing the mean electron transfer
number of the ORR is: MOC-a (3.8) > MOC-g z MOC-d z MOC-B
(3.6) > MOC-b (3.4) > MOC-H (3.3) > MOC-M (3.2) > XC-72 (3.1) in
the potential range from ca. 0.6 to 0.2 V (vs. RHE). Unfortunately, n
decreases with introducing XC-72 from a comparison of Fig. 3b and
d although the disk current corresponding to the ORR is promoted
by this action. The former result is reasonably due to the lower
electrocatalytic activity of XC-72 on the ORR in comparison with
MnOx. Furthermore, due to the quasi-4-eletron transfer mechanism
of all types of MnO2 crystallites, the MnO2-based MOCs reasonably
exhibit a mean electron transfer number �3.4. Based on all the
above results and discussion, MOC-a with its n of the ORR equal to
3.8, an limiting current density of �2.73 mA cm�2, and the most
positive half-wave potential of the ORR is recommended for the
electrode material of the air cathode in Zneair batteries.

To confirm the electrochemical activity of all electrocatalysts
for the ORR, the polarization curves of resultant air cathodes were
measured under the ambient atmosphere in 0.1 M KOH. Typical
LSV curves of all MnOx crystallites and MOC composites measured
at 5 mV s�1 are shown in Fig. 4a and b, respectively. In general, it is
not easy to obtain the limiting current density from such polari-
zation curves [54,55] although oxygen diffusion should be an
important issue at a relatively high current density
(e.g., �40 mA cm�2). Note in Fig. 4a that only a-MnO2 and g-MnO2

shows more positive onset potentials of the ORR than the other
MnOx. Moreover, the order of air cathodes containing various
MnOx with respect to decreasing the LSV current density of the
ORR at 0.4 V is: a-MnO2 (�29.0 mA cm�2) > g-MnO2
(�23.8 mA cm�2) > b-MnO2 (�20.6 mA cm�2) > d-MnO2 zMn2O3
(�20.1 mA cm�2) > Mn3O4 (�18.1 mA cm�2) > MnOOH
(�15.4 mA cm�2). This order, however, is somewhat different from
that with respect to decreasing the limiting current density
plateau from the RRDE voltammetry. This phenomenon may be
due to that the LSV current density of the ORR on air cathodes is
also determined by the oxygen diffusion rate which should be
similar to each other because of using the same carbon paper
(25BC carbon paper). Accordingly, the ORR performances of cat-
alysts should be evaluated by not only the RRDE/RDE method but
also the polarization curves of their corresponding air cathode and
the full cell discharge tests, supporting our concerns discussed in
the Introduction. Also note that the order of air cathodes con-
taining various MOCs is similar to that of air cathodes containing
MnOx from a comparison of Fig. 4a and b. Based on the RRDE and
LSV results, certain interactions between MnOx and XC-72 for the
ORR should exist, including improvements in exposure and elec-
tric conductivity of electrocatalysts, actives sites from both MnOx
and XC-72, and further reduction of ORR intermediates generated
by carbons. For example, due to the large surface area, high
porosity, good electric conductivity, and relatively hydrophobic
property of XC-72, the LSV current density of the ORR on all MOCs
are obviously larger than their corresponding MnOx. This result
suggests that the well mixing between MnOx and XC-72 favors to
build up the three-phase zone, providing much more active sites
for the ORR. This proposal is supported by many investigations
which showed that the ORR performance of the transition metal
oxides could be promoted by introducing carbon materials
[14,20,22,43,56e58]. According to all the above results and dis-
cussion of the RRDE data and LSV curves, a-MnO2 and its corre-
sponding MOC respectively exhibit the highest ORR activity
among all MnOx crystallites and MOC composites, which are
considered the best electrocatalysts for the air cathode of Zneair
batteries.
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nFig. 4. The LSV curves measured at 5 mV s�1 in 0.1 M KOH for the air cathode containing: (a) (1) a-MnO2, (2) g-MnO2, (3) b-MnO2, (4) d-MnO2, (5) Mn2O3, (6) Mn3O4, and (7)
MnOOH and (b) (1) MOC-a, (2) MOC-g, (3) MOC-b, (4) MOC-d, (5) MOC-B, (6) MOC-H, and (7) MOC-M. The side of the gas diffusion layer is exposed to ambient air.
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3.3. The discharge performance of Zneair batteries

The typical discharge behavior of a Zneair battery (a full cell)
using the air cathodes containing MOC-a, MOC-B, and MOC-M in
6 M KOH at 2 and 20 mA cm�2 are shown in Fig. 5a. In addition, the
corresponding discharge curves of the Zn anode and air cathode are
shown in Fig. 5b to examine their individual performance. It can be
observed that the cell voltage rapidly reaches the steady-state value
at both current densities from the full-cell discharge curves in
Fig. 5a (at 2 mA cm�2, 1.35, 1.29, and 1.28 V for MOC-a, MOC-B, and
MOC-M, respectively; at 20mA cm�2,1.15,1.09, and 1.06 V for MOC-
a, MOC-B, and MOC-M, respectively), indicating the easy con-
struction of the three-phase zone on the air cathode. This statement
is supported by the fast approach of the steady-state discharge
responses on the air cathodes within 20 s during the 600-s test in
Fig. 5b since the potential of the Zn anode is approximately con-
stant during the whole discharge period at both current densities.
Therefore, the air cathodes containing MOCs with the mass ratio of
MnOx/XC-72 equal to 1 are considered to be an excellent electrode
for the ORR in both Zneair batteries and alkaline fuel cells.

Fig. 6a and 6b respectively show the quasi-steady-state cell
voltages of various Zneair batteries as well as the corresponding
steady-state discharge potentials of the air cathodes containing
various MOCs and the Zn anode in 6 M KOH at three current
densities (i.e., 2, 10, and 20 mA cm�2). Here, the discharge time of
all Zneair batteries was fixed to be 600 s, meanwhile the quasi-
steady-state discharge data were obtained at the 600th second.
According to an examination of Fig. 6a, the order of Zneair bat-
teries with respect to decreasing the cell voltage measured at
ww

Fig. 5. The discharge curves of (a) a full cell and (b) the corresponding air cathode and Zn an
6 M KOH under the ambient air atmosphere at 2 and 20 mA cm�2.
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.c2 mA cm�2 is the cell employing: MOC-a (1.346 V) > MOC-g
(1.316 V) > MOC-b (1.306 V) z MOC-d (1.304 V) > MOC-B
(1.296 V) > MOC-H (1.283 V) > MOC-M (1.278 V). This order is
generally independent of the applied current density of discharge,
which follows the same trend obtained in the LSVmeasurement of
air cathodes. However, the cell voltage difference by varying the
discharge current density from 2 to 10 mA cm�2 is larger than that
from 10 to 20 mA cm�2. The former result indicates that the LSV
curves of air cathodes suitably describe the polarization behavior
of the ORR, which can be used to evaluate the electrochemical
activity of electrocatalysts. The latter result may be due to the high
activation overpotential of the ORR onMOCs since the open circuit
voltage (VOC) of the MOC-a Zneair battery is about 1.45 V. When
the current density becomes large (e.g., 10 or 20 mA cm�2), iR drop
and oxygen diffusion may dominate the discharge behavior
because of the transition from activation polarization to ohmic/
concentration polarization. Furthermore, three interesting fea-
tures have to be mentioned from a comparison of Fig. 6a and b.
First, the cell voltage of a Zneair battery is mainly determined by
the polarization behavior of the air cathode since the discharge
potential of the Zn anode is very stable and its discharge over-
potential is small under any specified current density (see Fig. 5b).
In other words, the discharge cell voltage of a Zneair battery is
mainly determined by the electrochemical activity of the air
cathode which is a strong function of the intrinsic catalytic ac-
tivity, microstructure, and specific surface area of the ORR cata-
lyst. Second, as mentioned previously, the order of the cell voltage
is in a good agreement with the LSV polarization data in Fig. 4
meanwhile the LSV performances of all samples are generally
ode for a Zneair battery with its air cathode containing MOC-a, MOC-B, and MOC-M in



cnFig. 6. The quasi-steady-state (a) cell voltage and (b) electrode potentials of the air cathode and Zn anode measured from a Zneair battery with its air cathode employing various
MOC composites at 2, 10, 20 mA cm�2 under the ambient air atmosphere.
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consistent with the RRDE results with the exception of MnOOH
and MOC-M as shown in Fig. 3c. The above conflict phenomenon
may be due to the lowest surface area of MnOOH (ca. 2 m2 g�1),
resulting in the lower density of active sites on MnOOH and MOC-
M for oxygen adsorption under the ambient condition. Third, the
electrode potentials of the air cathodes containing MnO2 in
different phases, especially a-MnO2, are higher than those of the
air cathodes containing the other types of Mn oxides at all
discharge current densities. This phenomenon can be explained
by three factors: specific surface area, Mn valence state, and
crystallographic structure. In addition, the specific surface areas of
MnO2 in different phases, especially a-MnO2, are generally higher
than that of the other types of Mn oxides as shown in Table 2. The
difference in the specific surface area between various Mn oxides
may directly affect the active sites of oxygen adsorption.
Furthermore, due to the ORR mechanism on Mn oxides (see Eqs.
(5)e(8)), the discharge performance of the Zneair battery is also
affected by the valence state of surface Mn species. In addition,
Mn3þ (3d4) species (MnOOH, Mn2O3, and Mn3O4) exhibit longer
and weaker Mn3þ-O bonds than Mn4þ-O (MnO2) in the edge-
sharing octahedral due to the occupation of the anti-bonding eg
orbital, which is a well-known JahneTeller effect [8,24,59,60].
Hence, MnO2 (3d3) exhibits the better ORR activity than the other
Mn oxides because of the strong and stable Mn4þ-O bonds which
favor the charge transfer between Mn3þ and O2,ads to form Mn4þ

and O�
2 ads. The difference in the ORR electrocatalytic ability of

various MnO2 crystallites is attributable to their crystalline
structure and morphology. Alpha-MnO2 is of the largest tunnel
www

Fig. 7. (a) The long-time discharge curves of Zneair batteries with their air cathodes conta
10 mA cm�2. (b) The specific capacity of long-time discharge from Zneair batteries with the
at 2, 10, 20 mA cm�2.
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.structure which is accessible to proton insertion and diffusion in

the lattice network among the four types of MnO2 prepared in this
work [61e63].

Fig. 7a shows the long-time discharge behavior of the Zneair
batteries with their cathode containing MOC-a, MOC-B, and MOC-
M measured at 10 mA cm�2. Here, the long-time discharge mea-
surement indicates the continuous discharge curve of a battery to
the state where the Zn foil has been almost completely consumed.
Clearly, all Zneair batteries investigated in this study can sustain for
about 10 h with the average discharge plateaus of ca. 1.20, 1.17, and
1.16 V for the cells employing MOC-a, MOC-B, and MOC-M cath-
odes, respectively. In addition, the capacity of these cells is higher
than 750 mAh g�1. Fig. 7b compares the difference in the discharge
capacity measured at 2, 10, and 20 mA cm�2 among the cells using
various MOCs synthesized in this work. Clearly, the capacity of the
Zneair batteries employing variousMnO2 crystallites is higher than
800 mAh g�1, very close to the theoretical value (820 mAh g�1) at
both 10 and 20mA cm�2. Even at 2mA cm�2, the discharge capacity
of the above 4 cells is about 785 mAh g�1 which is much higher
than that of the cells using the other types of Mn oxides at 2 and
10mA cm�2, and similar to their capacity measured at 20 mA cm�2.
These results demonstrate the excellent discharge performance
and specific capacity of the full cells with their air cathodes con-
taining MnO2 crystallites, especially MOC-a, which exhibit high
ORR activities. Note that in this long-time discharge test, the Zn foil
may be broken into few tiny pieces when the anodic dissolution of
Zn foils is not uniform. This non-uniform corrosion phenomenon is
usually visible when the discharge current density is low, probably
ining MOC-a, MOC-B, and MOC-M in 6 M KOH under the ambient air atmosphere at
ir air cathodes containing various MOCs in 6 M KOH under the ambient air atmosphere
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leading to the loss in the specific discharge capacity of Zneair
batteries at 2 mA cm�2.

The gas diffusion layer of the air cathode also plays an important
role in the discharge performance of Zneair batteries, which is
controlled by the carbon paper substrate. Here, two types of carbon
paper with different gas permeation rates were tested. The typical
discharge curves and the corresponding power density against the
discharge current density are respectively shown in Fig. 8a and b.
According to curves 1 in Fig. 8a, VOC of the cells employing MOC-a
and MOC-d is about 1.45 V, which is about 0.2 V deviated from the
theoretical value, reasonably attributed to the high activation
overpotential of the ORR. The VOC values of the cells containing
MOC-B (1.40 V) and MOC-M (1.37 V) are much lower than that of
the cells containing MOCs of MnO2 crystallites, indicating their
severe activation polarization. The obvious drop in the cell voltage
at current densities lower than ca. 8 mA cm�2 also indicates the
high activation polarization of all Zneair batteries for all curves in
Fig. 8a, mainly contributed from the air cathodes. The approxi-
mately linear decrease in the cell voltage with the current density,
as it is larger than 8 mA cm�2, suggests the transition from the
activation polarization situation to the ohmic/diffusion polarization
state. Moreover, the maximum power density (61.5 mW cm�2) of
the Zneair battery occurring at a current density equal to
99.75 mA cm�2 is generally much higher than the values reported
in the literature [28,64e67], indicating the successful development
of an excellent air cathode. However, the maximum power density
(61.5 mW cm�2) of the cell containing MOC-a synthesized in this
work is slightly lower than that of our previous work
(67.5mW cm�2) [33]. This difference is probably due to the fact that
the air permeability of the 10AA carbon paper (air permeability
>85 cm3 cm�2 s�1) in our previous work is much higher than that of
the 25BC one (z1 cm3 cm�2 s�1) employed in this work. To test the
www.sp
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Fig. 8. (1) The polarization curves and (2) power density against the discharge current den
various MOCs on 25BC carbon paper under the ambient air atmosphere and (b) the Zneair ba
supplies of O2 and air. (c) The peak power density (Pmax), cell voltage at peak power density (V
KOH for Zneair batteries with their air cathodes employing various MOCs on 25BC carbon
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influences of gas permeability of carbon paper (10AA and 25BC) as
well as the supply of gases (ambient air and pure oxygen), the
discharge behavior of the Zneair battery with an air cathode con-
taining MOC-a is compared in Fig. 8b. According to Fig. 8b, the
performance of the cell with the 10AA carbon paper substrate is
better than that of the cell with the 25BC carbon paper substrate
under both ambient air and pure oxygen supplies. These results
demonstrate that the discharge performance of a Zneair battery is
strongly affected by the air permeability of the gas diffusion layer.
Note that the polarization at any specified current density is lower
for the cells discharged under the pure oxygen supply in compar-
ison with the cases under the ambient air atmosphere, which is
reasonably attributed to a higher rate of oxygen supply under the
pure oxygen conditionwhen the ORR is under the diffusion control.
Accordingly, the maximum power (102 mW cm�2) of the Zneair
battery with its cathode containing MOC-a with a 10AA carbon
paper substrate under the pure oxygen supply (denoted as MOC-a-
10AA-O2) is much higher than the other three conditions (MOC-a-
10AA-air, 81.7 mW cm�2; MOC-a-25BC-O2, 62 mW cm�2; MOC-a-
25BC-air, 61.5 mW cm�2). Moreover, the gas permeability of carbon
paper is a more important factor in comparisonwith the gas supply
type for obtaining the peak power density since the peak power
density of MOC-a-25BC-O2 (62 mW cm�2) is significantly lower
than that of MOC-a-10AA-air (81.7 mW cm�2). This phenomenon is
understandable since the difference in the gas permeability be-
tween 10AA and 25BC carbon papers is huge and the peak power
density must result from the situation where the ORR is under the
diffusion control.

Fig. 8c compares the difference in four discharge performance
parameters (i.e., peak power density (Pmax), cell voltage at Pmax,
current density at Pmax, and VOC) among Zneair batteries with their
air cathodes employing various MOC catalysts on 25BC carbon
sity plot measured in 6 M KOH for (a) Zneair batteries with their air cathodes using
ttery with an air cathode employing MOC-a on 10AA and 25BC carbon paper under the
cell at Pmax), current density at peak power density (i at Pmax), and VOC measured in 6 M
paper under the ambient air atmosphere.
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paper under the ambient air supply. Note that the tendency of these
four parameters is almost the same, which follows the performance
order: MOC-a > MOC-g > MOC-b > MOC-d > MOC-B > MOC-
H > MOC-M. Clearly, the discharge performances of the Zneair
battery with an air cathode using MOC-a are the best among all
cells with various MOCs; the Pmax for the cell with MOC-a is about
4/3 times of that for the cell with the lowest Pmax (containing MOC-
M). In summary, on the basis of the information from discharge
capacity, rate capability, stable discharge cell voltage, VOC, Pmax,
activation overpotential and mean electron transfer number of the
ORR, MOC-a is the most promising electrocatalyst for the air
cathode of Zneair batteries.

4. Conclusions

Manganese oxides in various crystalline phases have been suc-
cessfully synthesized by either reflux or hydrothermal methods for
systematically evaluating their ORR activity. The optimal mass ratio
between MnOx and XC-72 carbon black was confirmed to be 1:1
and the ORR activity of such composites was compared accordingly.
The electrocatalytic activity of MnOx and MOCs is strongly related
to their morphology, specific surface area, crystalline phase, and the
valence state of Mn. The mean electron transfer number of the ORR
on various MnO2 crystallites was above 3.8 (a-MnO2 with the
highest value of 3.95) and higher than the other Mn oxide crystals
in the RRDE analysis, revealing the excellent electrocatalytic ac-
tivity of MnO2 toward the ORR. The VOC and discharge cell voltage
of Zneair batteries with their air cathodes containing MnO2 were
higher than those of Zneair batteries with their air cathodes using
the other Mn oxides at all current densities. The Zneair batteries
with the air cathode employing MOCs of various MnO2 crystallites
exhibited a high specific capacity (798 ± 20 mAh g�1), close to the
theoretical value (820 mAh g�1), under various discharge current
densities. The maximum power density (102 mW cm�2) was ob-
tained from a Zneair battery with its air cathode using MOC-a on
10AA carbon paper under the pure oxygen supply at a current
density of 165.75 mA cm�2. According to the information from
discharge capacity, rate capability, stable discharge cell voltage,
VOC, Pmax, activation overpotential and mean electron transfer
number of the ORR, MOC-a is the most promising electrocatalyst
for the air cathode of Zneair batteries. The order of MOCs with
respect to decreasing the electrochemical activity toward the ORR
is: MOC-a >MOC-g >MOC-b >MOC-d >MOC-B >MOC-H >MOC-
M.
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