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Abstract: Bifunctional electrocatalysts play a key role in the
performance of rechargeable metal-air batteries. Herein, we
report a hybrid catalyst, Ag1.8Mn8O16/rGO, self-assembled by
Ag1.8Mn8O16 nanorods and reduced graphene oxide (rGO)
nanosheets through electrostatic attraction. The hybrid
catalyst exhibits a better oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) activity than commercial

Pt/C in alkaline medium. When employed as an air-cathode
catalyst in Zn-air cells, the hybrids enabled higher and more
stable output voltage and better durability of the cells,
benefitting from the improved electrode conductivity, larger
surface area, and synergetic coupling as a result of its high
structural integrity.

Introduction

Rapid development of global economy demands more sustain-
able energy supply, stimulating intense research on highly
efficient, environmentally benign, and cost-effective alternative
energy conversion and storage systems.[1–3] The renewable-
energy technologies such as Zn-air batteries are excellent
candidates, thanks to their high energy density, good safety,
and environmental benignity. The performance of Zn-air battery
is mainly determined by the electrochemical reaction of air
electrode. The chemical processes involve the mass transfer on
the interface in multi-phase system. Moreover, the reaction
kinetics, including the ORR during the charging process and the
OER during the discharging process, is the main reason for high
polarization and poor cycling performance of Zn-air batteries.
The active bifunctional catalyst can accelerate the reaction
kinetics, decrease the overpotential between charging and
discharging process, and thus improve the performance of Zn-
air batteries.[4–6]

To enable high-performance Zn-air batteries, a key is to
develop efficient yet low-cost catalysts for oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER).[4–7] Pt
group metal and oxides are good model catalysts for
fundamental studies and as benchmarks;[8–10] while it is a natural
choice for practical applications to turn to materials of high
abundance, such as transition metal oxides[11–18] and carbona-
ceous materials.[19–25]

An interesting candidate for bifunctional catalysts towards
ORR and OER is Ag-hollandite manganese oxide (Ag1.8Mn8O16)
studied in ethanol oxidation catalysis,[26] emission control,[27]

and as electrode material for lithium-ion secondary batteries.[28]

It possesses the merits of low cost, high abundance, low toxicity
and multiple valence state, but lacks good electron transport
required for high catalytic activity. Compositing with conductive
carbonaceous materials is a viable solution, where highly
conductive graphene stands out for its additional merits of high
thermal and chemical stability, accessible large specific surface
area, and good mechanical properties which are keys to
practical applications.[29–32] Moreover, synergistic coupling be-
tween metal oxides and graphene is proven to benefit the ORR
and OER activities.[33–36] Liang and co-workers reported rGO-
supported Co3O4 nanocrystals with high ORR and OER catalytic
activity.[33] Similarly, Liu et al. demonstrated promising ORR and
OER catalysis using nanohybrid of LaCoO3/N-doped reduced
graphene oxide (LaCoO3/N-rGO).

[34] Loading of catalysts onto
carbon support in these works was more of spontaneous
deposition.
We hence anticipate that the combination of Ag1.8Mn8O16

and rGO could lead to the production of bifunctional electro-
catalysts with substantially improved electrocatalytic activity for
both ORR and OER. The combination of one-dimensional (1-D)
Ag1.8Mn8O16 nanorods and two-dimensional (2-D) rGO offers
several advantages: (i) better charge transport ability, (ii) low
mass loading, (iii) better mass transport of the solvated ions,
and (iv) better mechanical toughness.[16]

In this work, we report directed formation of Ag1.8Mn8O16/
rGO via a self-assembling process. Surface functionalized
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Ag1.8Mn8O16 nanorods with positive charges bind with rGO
nanosheets with opposite charges on their surfaces through
electrostatic attractions. The resultant Ag1.8Mn8O16/rGO nano-
hybrids show good activities in ORR and OER catalysis, out-
performing commercial Pt/C as cathode electrocatalyst in
rechargeable Zn-air batteries.

Results and Discussion

Synthesis, morphological, structural characterization

The preparation of the Ag1.8Mn8O16/rGO is schematically illus-
trated in Scheme 1. Ag1.8Mn8O16 nanorods were hydrothermally
prepared, followed by surface grafting of aminopropyltrimeth-
oxysilane (APTMS) to introduce positive charges. rGO nano-
sheets dispersion was prepared by reducing GO using Vitamin
C. The APTMS-functionalized Ag1.8Mn8O16 nanorods were then
mixed with oppositely charged rGO nanosheets to allow for
self-assembling to produce Ag1.8Mn8O16/rGO via electrostatic
attraction. The Zeta potentials of rGO and APTMS modified
Ag1.8Mn8O16 are � 21 mV and +28 mV, respectively. According
to the Zeta potential, rGO and APTMS modified Ag1.8Mn8O16 can
be self-assembled by electrostatic attractions.
The X-ray diffraction patterns of Ag1.8Mn8O16, rGO and

Ag1.8Mn8O16/rGO are presented in Figure 1a. All major diffraction
peaks of Ag1.8Mn8O16 match well with the tetragonal structure
(JCPDS No. 77–1987; a=9.725 Å, c=2.885 Å; space group: I4/m)
of pure silver manganese oxide. The absence of any other
characteristic peaks suggests high phase purity for the as-
prepared Ag1.8Mn8O16. rGO shows only one broad peak centered
at 24.3°, corresponding to (002) crystal plane of graphene. The
diffraction peaks of Ag1.8Mn8O16/rGO match those of

Ag1.8Mn8O16, and no-show of rGO diffraction peak is likely due
to the strong coupling between Ag1.8Mn8O16 and rGO. Nitrogen
adsorption-desorption isotherms (Figure 1b) give specific sur-
face areas of 45, 142, and 76 m2g� 1 for Ag1.8Mn8O16, rGO, and
Ag1.8Mn8O16/rGO hybrids, respectively. The increased specific
surface area Ag1.8Mn8O16/rGO as compared to that of
Ag1.8Mn8O16 further approves the successful incorporation of
rGO which has a notably large specific surface area. The content
of rGO in the hybrids, based on the TGA data (Figure S1), is
estimated to be 34 wt%, similar to that added at the start of
synthesis.
TEM and HRTEM images of Ag1.8Mn8O16 and Ag1.8Mn8O16/

rGO are shown in Figure 2. The reduced graphene oxides sheets
are ultrathin and wrinkled (Figure 2a, b), and Ag1.8Mn8O16 are
nanorods with average diameter of about 25 nm and length up
to 2 μm (Figure 2c). In the HRTEM image (Figure 2d) the lattice
spacing is 0.276 nm for Ag1.8Mn8O16 nanorods, corresponding to
the (101) planes of tetragonal Ag1.8Mn8O16. TEM image of
Ag1.8Mn8O16/rGO hybrids (Figure 2e) shows nanorods
(Ag1.8Mn8O16) attached to nanosheets (rGO), and no free nano-
rod is identifiable. HRTEM image features a single nanorod on
rGO nanosheet (Figure 2f), where the lattice spacing of
0.343 nm is from the (220) planes of tetragonal Ag1.8Mn8O16. The
TEM (Figure 2e) and SEM images (Figure S2) unanimously
approve well-integrated nanorods/nanosheets structure of
Ag1.8Mn8O16/rGO. With improved interface contact, the hybrid
catalyst is expected to exhibit excellent electrochemical activity
and stability. The mass transfer and electron transfer can be

Scheme 1. Synthetic process of the Ag1.8Mn8O16/rGO hybrids.

Figure 1. a) XRD patterns and b) the N2 adsorption/desorption isotherm of
the rGO, Ag1.8Mn8O16 and Ag1.8Mn8O16/rGO hybrids.

Figure 2. TEM images of rGO (a-b); Ag1.8Mn8O16 (c) and Ag1.8Mn8O16/rGO
hybrids (e). HRTEM images of the Ag1.8Mn8O16 (d) and Ag1.8Mn8O16/rGO
hybrids (f).
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greatly improved due to the increasing interface contact. In
addition, the novel nanorod/nanosheet structure have better
mechanical toughness, which is beneficial for the enhancement
of catalyst activity.[2,4]

The composition and chemical states of Ag1.8Mn8O16/rGO
hybrids are examined using X-ray photoelectron spectroscopy
(XPS). The presence of Ag, Mn, O and C is confirmed (Figure S3).
The binding energies of Ag (3d5/2) and Ag (3d3/2) peaks
centered at 366.8 and 372.7 eV (Figure 3a), respectively, suggest
Ag+ as the species in the nanorods,[37] differentiating from Ag0

with Ag (3d5/2) at 368.2 eV.[38] The binding energies of Mn
(2p3/2) and Mn (2p1/2) centered at 641.6 and 653.2 eV
(Figure 3b), respectively, can be attributed to a mixture of Mn4+

and Mn3+ species. This is in good agreement with those of Mn
(2p3/2) and Mn (2p1/2) in Ag1.8Mn8O16 as reported previously.

[37]

Four types of oxygen species are identified (Figure 3c), with the
peaks at 529.1, 530.2, 531.4 and 532.5 eV ascribed to lattice
oxygen (Mn� O), O=C� O on rGO, surface adsorbed molecular
oxygen, and oxygen in adsorbed molecular water,
respectively.[39] The Oads species are readily activated by the
oxygen vacancies in Ag1.8Mn8O16 during the ORR.[40] The
deconvolution of C1s XPS spectrum (Figure 3d) gives three
peaks, with the symmetrical one at 285.0 eV assigned to C� C of
rGO. The other two peaks at 286.2 and 288.8 eV associate with
C� O and C=O, respectively. Similar assignment was reported
previously.[39]

Electrocatalytic activity on ORR and OER

The ORR and OER catalytic activities were evaluated by linear
sweep voltammetry with a rotating disk electrode using a
three-electrode system. In details, catalyst activity toward the
ORR was evaluated in oxygen-saturated electrolyte solution
from 0.2 to � 0.8 V. The catalytic performance for OER was
measured in the electrolyte solution from 0.2 to 1.0 V. The
rotation rate is 2000 rpm and the scan rate is 5 mVs� 1. As

shown in Figure 4a, the onset potential for Ag1.8Mn8O16/rGO
hybrids is detected at 0.18 V, whereas it is 0.06 V and 0.14 V for
rGO and Ag1.8Mn8O16 nanorods, respectively. In addition, the
onset potential of commercial Pt/C is 0.17 V, tested following
the same procedures. The ORR half-wave potential for
Ag1.8Mn8O16/rGO hybrids, rGO, Ag1.8Mn8O16 nanorods and Pt/C is
� 0.21 V, � 0.26 V, � 0.36 V and � 0.11 V, respectively. At � 0.8 V,
the Ag1.8Mn8O16, rGO and Ag1.8Mn8O16/rGO afford an ORR
current density of 5.7, 6.4 and 8.4 mAcm� 2, respectively. The
ORR current density of the hybrid is even higher than that of
commercial Pt/C (7.5 mAcm� 2). Although the ORR half-wave
potential of Ag1.8Mn8O16/rGO hybrids is more negative than that
of commercial Pt/C, the more positive onset potential and
larger cathodic current suggest higher catalytic activities for
Ag1.8Mn8O16/rGO hybrids as compared to Ag1.8Mn8O16 or rGO,
and the commercial Pt/C. OER current density at 1.0 V for
Ag1.8Mn8O16 nanorods, rGO, Ag1.8Mn8O16/rGO hybrids, and Pt/C
are measured to be 11.5, 17.0, 18.9 and 18.6 mAcm� 2,
respectively (Figure 4b). The results show that the OER activity
of Ag1.8Mn8O16 nanorods is notably improved by incorporating
rGO to form Ag1.8Mn8O16/rGO.
To further understand the enhanced performance in

Ag1.8Mn8O16/rGO hybrid, ORR activities of Ag1.8Mn8O16/GO and
mechanical mixture of bare-Ag1.8Mn8O16 nanorods and rGO
(mix-Ag1.8Mn8O16/rGO), were also studied. The mix-Ag1.8Mn8O16/
rGO and Ag1.8Mn8O16/GO were prepared following the same
procedure except no surface functionalization of Ag1.8Mn8O16
for the former and no reduction of GO for the latter. At � 0.8 V
the ORR current density of Ag1.8Mn8O16/GO, mix-Ag1.8Mn8O16/
rGO and Ag1.8Mn8O16/rGO is 2.2, 6.8 and 8.4 mAcm

� 2, respec-
tively (Figure 4c). The poorest performance of Ag1.8Mn8O16/GO is

Figure 3. High resolution XPS analysis of Ag(3d) (a), Mn(2p) (b), O(1 s) (c)
and C(1 s) (d) for the Ag1.8Mn8O16/rGO hybrids.

Figure 4. a) ORR polarization and b) OER polarization curves of the
Ag1.8Mn8O16, rGO, Ag1.8Mn8O16/rGO hybrids, commercial Pt/C and glassy
carbon. c) ORR polarization curves of the Ag1.8Mn8O16/GO, mix-Ag1.8Mn8O16/
rGO and Ag1.8Mn8O16/rGO hybrids. The catalyst load is 0.5 mgcm

� 2. d)
Rotating-disk voltammogram of Ag1.8Mn8O16/rGO hybrids in O2-saturated
0.1M KOH at a sweep rate of 5 mVs� 1 and different rotation rates. The inset
shows the corresponding Koutecky-Levich plot (J� 1 versus ω� 0.5) at different
potentials. The catalyst load is 0.1 mgcm� 2.
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due to low electrical conductivity of GO, and use of its
conductive counterpart, rGO, improves the catalytic activity.
Ag1.8Mn8O16/rGO is also superior to mix-Ag1.8Mn8O16/rGO in ORR
activity, where the enhancement of catalytic activity arises from
synergetic chemical coupling when Ag1.8Mn8O16 is closely
attached onto rGO. Moreover, high surface area generally
provides more active sites for ORR and hence enhances the
catalytic performance. Ag1.8Mn8O16/rGO with higher electric
conductivity and nearly doubled surface area that of
Ag1.8Mn8O16 (Figure 1b) naturally give the former improved ORR
activity.
The ORR kinetics was studied using rotating-disk electrode

(RDE) tests at different rotating speeds. Figure 4d shows the
ORR curves of in 0.1 M KOH at a sweep rate of 5 mVs� 1 and
different rotation rates. With increased rotation rate, the
diffusion limiting current density rises due to the improved O2
diffusion. The corresponding Koutecky-Levich plots (inset of
Figure 4d) shows good linearity and parallelism of the fitting
lines, suggesting a first-order reaction kinetics toward the
concentration of dissolved oxygen.[33] The electron transfer
number (n) was calculated to be about 3.97 at � 0.60~ � 0.80 V
from the slopes of Koutecky-Levich plots (illustration in the
Experimental Section). This shows that Ag1.8Mn8O16/rGO favours
4 electron-transfer in ORR, similar to a high-quality commercial
Pt/C catalyst measured in the same 0.1 M KOH electrolyte.[33]

The 4 electron-transfer reaction pathway is preferred for ORR
due to the higher efficiency and the mitigated detrimental
peroxide species.[6]

Zn-air battery performance

Zn-air cells were built using Ag1.8Mn8O16/rGO or Ag1.8Mn8O16
nanorods as air-cathode catalyst to evaluate their performance
in batteries. A typical polarization curve (V~ i) and the
corresponding power density plot are shown in Figure 5a. With
Ag1.8Mn8O16/rGO-based electrode the cell delivers a current
density of up to ~39 mAcm� 2 at a discharging voltage of 1 V,
higher than that of its counterpart with Ag1.8Mn8O16-based
electrode. The peak power density of the former is 42 mWcm� 2

at 25 °C, superior to zinc-air cells with similar electrode catalysts
of MnO2/Co3O4 (33 mWcm

� 2)[16] and for PbMnOx (35 mWcm
� 2)[41]

tested at similar conditions.
According to the discharge curves of primary Zn-air

batteries with Ag1.8Mn8O16/rGO as the cathode catalyst under
continuous discharge until complete consumption of Zn at
20 mAcm� 2 (Figure S4), the specific capacity normalized to the
mass of consumed Zn was 594 mAhg� 1, corresponding to a
high energy density 683 Whkg� 1.
The zinc-air cells were cycled by discharging and charging

(10 min each in a cycle) at 20 mAcm� 2 using recurrent galvanic
pulses method, and the results are shown in Figure 5b. The
lower charge voltage plateau and higher discharge voltage
plateau are seen for the cell with Ag1.8Mn8O16/rGO-based
electrode as compared to its counterpart using Ag1.8Mn8O16-
based electrode. The deterioration of charge potential and
discharge potential after 100 cycles is less serious for the

former, about 9% and 10% as opposed to about 10% and 13%
for the latter, respectively. Moreover, the zinc-air cell with
Ag1.8Mn8O16/rGO-based electrode delivers stable output voltage
(no change in charge and discharge voltage) from 90 cycles
onwards (Figure 5b). This notable stability is attributed to the
decent ORR and OER activities, structural integrity and stability
of the Ag1.8Mn8O16/rGO catalyst.
For comparison, a Zn-air cell with commercial Pt/C-based

electrode was also cycled under similar conditions. With an
initial discharge potential plateau of 1.25 V, similar to that of
the cell with Ag1.8Mn8O16/rGO-based electrode, its voltage gap is
quickly widened with the cycling. After 10 cycles the charge
and discharge voltages already reached the limited of 2.8 and
0.5 V, respectively, signalling the end life of the cell.

Figure 5. a) Discharge and charge polarization curves (V~ i) and the
corresponding power density plot of the Ag1.8Mn8O16/rGO hybrids. b) Cycling
charge-discharge performance of the batteries using the Ag1.8Mn8O16 and
Ag1.8Mn8O16/rGO hybrids as bifunctional air cathode catalysts at 20 mAcm

� 2.
c) Cycling charge-discharge performance of the batteries using Pt/C as the
catalyst at 20 mAcm� 2.
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The zinc-air cells were also cycled by discharging and
charging (10 min each in a cycle) at 40 mAcm� 2 using recurrent
galvanic pulses method, and the results are shown in Figure S5.
As shown in the Figure S5, the result is similar to Figure 5b and
c. The cycling performance of Ag1.8Mn8O16/rGO hybrids is better
than that of Ag1.8Mn8O16 or Pt/C. Due to the polarization effect,
all the batteries demonstrate the higher charging potential and
the lower discharging potential.[42] This unanimously results
show the importance of having a catalyst with high stability
(e.g. Ag1.8Mn8O16/rGO) to avoid fast degradation of cell (e.g.
with catalysts like Pt/C). The Ag1.8Mn8O16/rGO hybrids are stable
after electrochemical test from XRD and SEM results. As shown
in Figure S2b and S6, the morphology of the catalyst does not
change after electrochemical test, which indicates the catalyst
are stable. We also carried out the XRD measurement of the
catalyst after electrochemical test. The results are shown in
Figure S7. As shown in Figure S7, the two patterns are almost
the same, which illustrates the structure of Ag1.8Mn8O16/rGO
hybrids is stable. The reasons for battery failure may be caused
by the increasing interface resistance rather than the structure
collapse of the catalyst.[43]

Conclusion

In summary, a self-assembling approach is used to produce a
structurally integrated highly stable air electrode bifunctional
catalyst, Ag1.8Mn8O16/rGO. This catalyst shows better onset
potential and current density in OER and ORR than that of
commercial Pt/C. RDE data suggest 4-electron transfer pathway
in ORR of Ag1.8Mn8O16/rGO, which is highly efficient with
minimal production of detrimental peroxide species. The high
activity and good cycle stability in zinc-air cells may be
attributed to the improved electrode conductivity, large surface
area, as well as the synergetic coupling effects. With its facile
preparation and low cost, Ag1.8Mn8O16/rGO hybrids catalyst
promises great potential as ORR/OER bifunctional electrocata-
lyst for large scale adoption of zinc-air rechargeable battery.

Experimental Section

Materials preparation

Ag1.8Mn8O16 nanorods were prepared using hydrothermal
method.[28] The nanorods were then modified with (3-aminopropy)-
trimethoxysilane (APTMS). The details of preparation for
Ag1.8Mn8O16 nanorods and reduced graphene oxide (rGO) sheets
are provided in Supporting Information. The Ag1.8Mn8O16/rGO
hybrids were fabricated via self-assembly of APTMS-functionalized
Ag1.8Mn8O16 nanorods and rGO on the basis of electrostatic
attraction. In a typical reaction, 24 mg modified Ag1.8Mn8O16 and
36 mg rGO were dispersed in 20 mL DMF, respectively, denoted as
solution A and solution B. Then solution A was added into solution
B in a dropwise manner while stirring. The mixed solution was then
ultrasonic treated for 60 min at 0 °C. Finally, the composite products
were separated from the solution via centrifugation, and thor-
oughly washed with ethanol.

Materials characterization

The Zeta potential measurement was carried out on a Zeta
potential Analyzer (Malvern ZEN3690). X-ray diffraction (XRD)
measurement was performed on an X-ray diffractometer (Bruker D8
GADDS) with Cu Kα source (λ=0.15406 nm) at 40 kV and 30 mA.
Scanning electron microscopy (SEM) images were obtained using a
JEOL JSM-6700F microscope. The content of Ag, Mn and O element
was determined by Oxford INCA Energy Dispersive X-ray (EDX)
Spectrometer. Transmission Electron Microscopy (TEM) character-
ization was performed using a Philips CM300-FEG instrument with
operating voltage at 300 kV. X-ray photoelectron spectroscopy
(XPS) data were recorded with a Theta Probe electron spectrometer
from Thermo Scientific using Al Kα (hν=1484.6 eV) radiation. The
binding energies were corrected by the C 1s line at 285.0 eV. The
N2 adsorption/desorption isotherm was performed on a Quantach-
rome Autosorb 1–1 C automated adsorption system at liquid
nitrogen temperature. The specific surface areas were calculated by
a multipoint Braunauer-Emmett-Teller (BET) method. The thermal
property was studied by the thermogravimetric analyzer (TGA
Q500).

Electrochemical measurements

Linear sweep voltammetry (LSV) and rotating disk electrode (RDE)
measurements were performed on an Autolab potentiostat/
galvanostat (PGSTAT302 N) station using a three-electrode system
consisting of a Ag/AgCl (in saturated KCl) reference electrode, a Pt
foil counter electrode and a glassy carbon working electrode (GC,
5 mm diameter). The working electrode was fabricated by casting
Nafion-impregnated catalyst ink onto a glassy carbon disk electrode
(5 mm in diameter). For LSV test of different catalysts at 2000 rpm,
10 mg catalyst was dispersed into 1 mL of the 0.5 wt% Nafion
solution under sonication to form a catalyst ink. 10 μL of the
catalyst ink was deposited on the disk and dried at room temper-
ature. The working electrode was allowed to achieve a catalyst
loading of 0.5 mgcm� 2. The working electrode was immersed in a
glass cell containing 0.1 M KOH aqueous electrolyte. A platinum foil
and an Ag/AgCl electrode were used as the counter and reference
electrodes, respectively. Catalyst activity toward ORR was evaluated
in oxygen-saturated electrolyte solution from 0.2 to � 0.8 V. The
catalytic performance for OER was measured in the electrolyte
solution from 0.2 to 1.0 V. The rotation rate is 2000 rpm and the
scan rate is 5 mVs� 1. Commercial Pt/C catalyst (30 wt% platinum on
carbon) and other benchmarks were tested using the same
procedures.

For RDE test of Ag1.8Mn8O16/rGO hybrids, the catalyst loading was
decreased to 0.1 mgcm� 2 in order to reduce the error of electron
transfer number. The rotation rate was 400, 625, 900, 1225, 1600
and 2000 rpm, respectively. Catalyst activity toward the ORR was
evaluated in oxygen-saturated electrolyte solution from 0.2 to
� 0.8 V and at a scan rate of 5 mVs� 1. The number of electrons
transferred (n) can be calculated by the following Koutecky-Levich
equation:[44]

1=J ¼ 1=JL þ 1=JK ¼ 1=ðBw1=2Þ þ 1=JK (1)

B ¼ 0:2nFCoDo
2=3n� 1=6 (2)

Jk ¼ nFkCo (3)

where J is the measured current density, JK and JL are the kinetic-
and diffusion- limiting current densities, ω is the angular velocity, n
is transferred electron number, F is the Faraday constant (F=

96485 Cmol� 1), Co is the bulk concentration of O2 in 0.1 M KOH
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solution (Co=1.2×10� 6 molcm� 3), Do is the diffusion coefficient of
O2 in 0.1 M KOH solution (Do=1.9×10� 5 cm2s� 1), ν is the kinematic
viscosity of the electrolyte (ν=0.01 cm2s� 1).

A home-made zinc-air cell device was designed for the battery test.
As shown in Figure S8, the air electrode was prepared by spraying
the catalyst onto a gas diffusion layer (SGL carbon paper, Germany,
2 cm×2 cm) to achieve a loading of 1 mg cm� 2. The electrolyte
used in the zinc-air battery was 6 M KOH, and a polished zinc plate
(7 cm×6 cm×0.05 cm) was used as the anode. Battery testing and
cycling experiments were performed at 25 °C using the recurrent
galvanic pulse method, where one cycle consisted of a discharging
step (20 mAcm� 2 for 10 min) followed by a charging step of the
same current and duration time.
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