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Nanostructured y-MnO,/M CM B (mesocarbon microbeads) composite
has been prepared as electrocatalyst for application in solid-state zinc-
air cell. Scan electronic microscopy and X-ray diffraction show that the
MnO, uniformly covers on the surface of MCMB with the typical y-MnO,
composition. The electrocatalytic activity of the composite for oxygen
electrode was examined by cathode pol arization curve, chronoampero-
metry and el ectrochemical impedance spectroscopy (EIS). Resultsindicate
that the electrocatalytic activity for oxygen reduction of the composite
isbetter than that of singley-MnO,. All solid-state zinc-air cell fabricated
using this electrocatalyst exhibits good discharge performance. An energy
density of 320 wh kg™ was obtained with a power density of 27.4 w kg*
at discharge current of 10 mA cm2 The y-MnO,/MCMB composite
has potential application in zinc-air cells.

Key Words: Nano-structures, Zinc-air cell, Electrocatalyst, Oxygen
reduction reaction.

INTRODUCTION

Zinc-air battery, possessing many advantages such as a higher specific energy,
i.e., more than 200 Wh kg* compared with other zinc-based akaline batteries, a
much flatter working voltage, a higher capacity density, which is independent of
load and temperature, has been focused in the past years'”’. Gas diffusion oxygen
electrode (i.e. air cathode), where molecular oxygen is electrocatal ytically reduced
isvital to zinc-air battery. The power output of zinc air cellsis mainly limited by
the high polarization of air cathode that is ascribed to aslow catalytic reduction of
oxygen. Air cathode used in zinc air cells is designed to optimize contact between
reactant and el ectrolyte to maximizereaction rate. Catalysts are commonly incorpo-
rated into air cathode structure to increase the rate of oxygen reduction. There have
been many attempts over the past years to find inexpensive highly active catalysts
and a process for making them. Noble metals such as platinum as electrocatalyst
for molecular oxygen reduction in gas diffusion oxygen electrode are well known.
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They offer the advantages of high catalytic activity, electronic conductivity and
stability, their high costs and susceptibility to catalyst poisoning are aserious concern
for commercial applications. As one of promising pathway to replace platinum,
manganese oxide as el ectrocatal yst for oxygen reduction has been long-timeinvesti-
gated®™. It has been discovered that manganese oxide can be act asasuitable catalyst
for air cathode. As an electrocatalyst for oxygen electroreduction, catalytic activity
of manganese oxideis closely related to its electrochemical activity'?. Among various
types of manganese oxides, an electrochemically active formisy-MnO,, which has
been commercially used as cathode material in alkaline batteries. So, y-MnO; is
the most favourable form of manganese oxide for oxygen electroreduction.

Brenet™ proposed that the electrochemical reduction of molecular oxygen
occured through reduction and oxidation of the redox couple Mn*/Mn*". Matsuki
and Kamada® also examined the oxygen reduction reaction on some crystalline
manganese oxides in alkaline solutions using a rotating ring-disk electrode and
Teflon-bonded electrode. They suggested that manganese oxides with much more
active sitesincreased its el ectrocatal ytic activity for the oxygen reduction reaction.
Because the electrocatalytic process for oxygen reduction involves the reduction
and oxidation of surface manganese ions, the number and activity of the redox
centers would be important factors for the electrocatalytic performance.

Since Honda and Yamada®™® first separated spheres from the mesophase pitches
naming mesocarbon microbeads (MCMB), thismaterial has been used asthe precu-
rsor for high performance carbon material, such as high density carbon material**®,
filler for high-performance liquid chromatography™, active carbon with super-high
surface® and anode of lithium ion battery?#. To the best of our knowledge, all
solid state zinc-air cell by using y-MnO./M CMB as el ectrocatalyst has yet not been
reported. In present work, we reported nanostructured y-MnQO, coating on the surface
of MCMB as an electrocatalyst for the oxygen reduction reaction and examined its
electrocatalytic performance in solid state zinc-air primary cells.

In thefabrication of solid state zinc-air cell, an alkaline polymer gel electrolyte
based on potassium salt of cross-linked poly (acrylic acid) was used. This akaline
polymer electrolyte is attractive due to its capability to store much more KOH
solution?, which leads to very high ionic conductivity. At the same time, as an
electrolyte, it can avoid rapid evaporation of water from the gel.

EXPERIMENTAL

Synthesis of electrocatalyst: y-MnO, was synthesized by following route. A
solution was prepared firstly by adding 12 g of MnSO,-H-O (A.R) to 180 mL distilled
water. According to chemical stoichiometric ratio, 16.9 g NaS;0s (A.R) was added
to the prepared solution, stirred and then refluxed 18 hat 50 °C, 3hat 75°C, 1 hat
85 °Cand 0.5 hat 100 °C. Until the reaction was completed, pH decreased to less
than 0.5. After the suspension cooled to room temperature, it wasfiltered and washed
with several portions of distilled water until the filtered solution was neutrality.
The obtained solid was dried at 100 °C for 8 hin an oven.
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y-MnO,/MCMB composite was synthesized as the same route. Mesocarbon
microbeads (MCMB) was provided by Shanshan Science and Technology Corp
(Shanghai). 1.54 g of MCMB (specific area = 3.5 m? g*) and 12 g MnSO,-H,O
(AR) were added into 180 mL distilled water to prepare a suspension. According to
chemical stoichiometric ratio, 16.9 g Na.S;0s (A.R) was added to the solution,
stirred and then refluxed. The other process was the same as preparing y-MnO..
Theresulted composite consisted of y-MnO; coating on the surface of MCMB with
weight ratio of 4:1.

Preparation of electrode: Infabrication of air electrode, onelayer gasdiffusion
electrode was made. y-MnO,/M CMB was used as electrocatalyst and Na.SO, (AR)
aspore-forming filler. A mixture containing y-MnO,/M CMB, acetylene black (AB),
NaSO, and polytetrafluoroethylene (PTFE, from Aldrich) with weight ratios of
5:1:4:1 was mixed and ground in excess ethanol. Then the mixture was placed onto
aporous nickel substrate followed by roll-pressing it at 3 x 107 kg cmfor 5minto
prepare cathode sheet. The cathode sheet was controlled at 1~4 mm of thickness
and cut into a circular shape (14 mm diameter) to prepare air cathode plate. As a
comparison, y-MnO, was also used as electrocatalyst to prepare air €lectrode with
the same method described above.

Compacted zinc electrode was made of Zn powder (Toho Zinc Co. Ltd, Japan)
and PTFE binder. The mixture containing 0.5 g zinc powder and 60 % PTFE solution
was placed onto a circular nickel substrate mesh (14 mm diameter) followed by
pressing it at 3 x 107 kg cm? for 5 min to prepare anode plate.

Cell assembly: All solid state zinc-air cell assembly isthe same as literature”.
All components were enclosed in a cylindrical plastic casing of dimensions. 20
mm (height), 14 mm (diameter). Both ends were attached with screwed, L -shaped,
plastic rings. The electrodes were placed on to the L-shaped rings. First, ring with
theair cathode was attached to the container. The gel electrolyte wasthen introduced.
Finally, the container was encapsul ated with the zinc anode ring.

Structure characterization of the y-MnO,/MCMB was performed by means of
X-ray diffractometer (MAC M18XCE) with CuKa radiation. Morphology was
investigated with scanning electron microscope (SEM) (Leo-1430VP). Polarization
character-istic of the oxygen el ectrodeswas carried out by CHI 660A €l ectrochemical
workstation (CH Instrument, Cordova TN). Measurements were performed in a
typical three-electrode cell with the air electrode as the working electrode, Hg/HgO
electrode as the reference electrode and a platinum foil as the counter electrode.
The prepared akaine polymer gel el ectrolyte was used as e ectrolyte. Electrochemical
impedance spectroscopy and equivalent circuit investigation of air-electrode was
performed by means of Autolab Modular Electrochemical Instruments (Autolab/
PGSTAT30). Fabricated zinc-air cellswere characterized with gal vanostatic charge-
discharge unit (Arbins AT2042, U.S.). Discharge currents applied were 15.37 mA
(10 mA cm?), 30.74 mA (20 mA cm?) and 76.85 mA (50 mA cm’).
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RESULTSAND DISCUSSION

XRD analysis: X-ray diffraction pattern of y-MnO,/MCMB isshowninFig. 1.
The pattern indicates well-defined reflection, which means crystalline structure.
The diffractive peaks of y-MnO,/MCMB were assigned as 22.45° (120), 34.49°
(031), 37.15° (131), 38.81° (230), 42.64° (300), 56.19° (160), 62.50° (401), 65.65°
(421) and 68.94° (003) (JCPDF-14-0644) except 26.4° (002) that is attributed to
that of MCMB. Structura analysis further reveals that MnO. is composed of typical
hexagonal y-MnQ,, which has lattice parameters of a= 6.36 A, b =10.15 A, c =
4,09 A. This kind of manganese oxide is widely considered as the most electro-
chemical active material for battery. The electrocatalytic activity of manganese
oxide for oxygen reduction is closely related to the electrochemical activity, there-
fore it is predicted that this composite would be outstanding electrocatalyst for
oxygen reduction reaction.
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Fig. 1. XRD patterns of y-MnO; (&), y-MnO./MCMB (b) and MCMB (c)

Morphology analysis. It would be interesting to examine the morphology of
the material, which has been in the form of powders. From SEM images presented
in Fig. 2, at alow magnification, both y-MnO, and y-MnO,/MCMB tend to form
irregular spherical particles having rod-like protrusions from each particle surface.
Average spherica particlesizeisaround 2-40 um. At ahigh magnification of 100,000,
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Fig. 2. SEM images of y-MnO; (a, b) and y-MnO./MCMB (c, d)
SEM of the y-MnO,/MCMB shows the existence of bird's nest morphol ogies and

rod-like protrusions. The composite is actually made up of solid rods of y-MnO,
with about 200 nm Iength and nanoscal e pores between rods coating on the surface
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of MCMB. Rod-like y-MnO, protrusions and small pore size offer the material
with high surface area and more available space to electrolyte. This morphology
might be favourable for oxygen reduction reaction. Especially, MCMB acting as
el ectrocatal yst support would be sharply increased the conductivity of the material.
It isimportant to design agas diffusion electrode that el ectrolyte can penetrate into
but not over-flood and that the electrode has good conductivity. In the gas diffusion
oxygen electrode, increasing of electrocatalyst conductivity would be decrease the
over-potential of the oxygen reduction reaction. Special morphology like that of
the y-MnO,/M CMB would provide much convenienceto the electrode design. The
pores of the composite can provide channelsfor the electrolyte and air moving into
the catalyst, which can increase the gas-liquid interfacial areaand give much more
opportunity for oxygen dissolution and diffusion. Also, the presence of these
nanostructured y-MnO, protrusions resulted in materials having a high density of
active sites for promoting fluid/solid reactions and pores between y-MnO, provide
arelatively easy path for percolation of the reactive fluid or gas through composite.
The short diffusion distance into and out of the chemically or catalytically active
agglomerates ensures a high reaction rate?®. In addition, due to the submicron radius
of these pores, the capillary force would be strong enough to hold the electrolyte
and prevent it from over flooding the el ectrode. Thusthe gas can reach the catalytic
sites on the internal surface of y-MnO./MCMB while the electrolyte partialy fills
the channels.

Polarization characteristics: The polarization curves for oxygen electrodes
are shown in Fig. 3. The cathode current for the y-MnO, catalyzed electrode starts
to emerge at about -0.1 V and increases slowly as the potential becoming more
negative. Whereas the cathode current for the y-MnO,/MCMB catalyzed electrode
starts at about -0.01 V and increases rapidly. During tests, the cathode current of
later is always higher than that of the former electrode. This difference can be
attributed to catal ytic properties of electrocatalysts used. y-MnO,/MCMB hasy-MnO,
protrusions and more pores between rod-like y-MnO, and the increased conductivity
attributed to using MCMB as €electrocatalyst support. This is in good agreement
with the large current observed for the oxygen electrode catalyzed by y-MnO,/
MCMB.

Chronnamperometry curve of y-MnO,/M CM B-catalyzed air electrodeis shown
in Fig. 4. The chronoamperometery technique consists of applying apotential jump
on the electrode from rest potential to a negative potential and recording the transient
current. It is seen from the figure that the cathode currents of air electrode under
-0.2,-0.3and -0.4V areall increased sharply within short time and then achieve to
arelatively stable value. These series of curves show that the cathode current at
various potential jumps has an increasing tendency. This characteristic indicates
that the air electrode using y-MnO./MCMB can sustain high current discharge.
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Galvanostatic discharge: Discharge profiles at various constant currents are
givenin Fig. 5. During discharge, zinc at the anode is consumed by conversion to
zinc oxide and at the cathode, oxygen from the air is electrochemically reduced to
hydroxide ions. It can be seen from Fig. 5 that the cells are able to sustain the
current drains, as demonstrated by theflat discharge curves. The open circuit potentia
al reaches about 1.4 V. At current drain of 15.37, 30.74 and 76.85 mA for the cells
with y-MnO,/MCMB electrocatalyst, the average voltage plateaus are about 1.07,
0.78 and 0.6 V and discharge last 11.7, 2.8 and 0.34 h, respectively. It is clear that
the discharge time of the cellswith different electrocatalystsis prolonged significantly
at low discharge current. The average working voltage of the cells with y-MnO./
MCMB isalso promoted about 80-100 mV. From the changes of the dischargetime
for the zinc-air cells with the different electrocatalysts, it was found that the the
catalytic activity of y-MnO,/MCMB is higher than that of y-MnO..
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Fig. 5. Typical discharge curves of the zinc-air cells with y-MnO. (a, b, ¢) and y-MnO,/
MCMB (a, b', ') as electrocatalyst at different discharge currents (a, &) 15.37
mA,; (b, b") 30.74 mA; (c, ') 76.85 mA
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The energy density and power density of acell can be calculated by using the
following equations:

E=C,xAV (D)
| xt

C ="

" @

_E_IxAV 3
. - (©)

where C,, is the specia capacity of the cell, AV, | and t is the operating voltage,
discharge current and time; m is the mass summeation of positive and negative el ectrode.
By calculation, an energy density of 320 wh kg* and a power density of 27.4 w kg*
was obtained at discharge current of 10 mA cmfor the zinc-air cell using y-MnQO,/
MCMB.

EISAnalysis. Typical electrochemical impedance spectra for air electrodes
are shown in Fig. 6, in which Nyquist and Bode plot are also presented. The x axis
and y axis represent the real part of the impedance (Z') and the imaginary part of
the impedance (Z"). In general, the measured impedance spectra are depressed
semicirclesin the complex plane and they do not show the “ semicircle centered on
thereal axis’ feature that istypically observed in systems that can be represented
by a simple resistance-capacitance (RQ) equivaent circuit. The origin of the deviation
can be ascribed to the presence of inhomogeneous and porosity upon the electrode
surface, which gives rise to a frequency-dependent penetration depth for the ac
wave. From the Nyquist impedance spectra, two different sizes of semicircles between
the measuring frequencies can be observed. At a high frequency (f >1 kHz), besides
the existence of induction, the Nyquist plot is composed of asmall-depressed semi-
circle and Bode plot has a wave peak indicating the presence of reactant, which is
attributed to the ohm polarization of theair electrode. At theintermediate frequency
(10Hz <f <1kHz), the semicircleis caused by the electrochemical polarization of
the air electrode. It can also be seen from the Nyquist plot that at low frequency (f <
10 Hz), the plot has atendency to change to astraight line that has an angle of 45 °C.
This straight line is a characteristic of the semi-finite diffusion (Warburg impedance
Zw). The electrolyte resistance is determined by the point of intersection of the
high-frequency semicircle with the real axis.

Thefitted circuit isshownin Fig. 7. It can be seen from the Fig. 6 that the Fig. 7
represents the structure of the measured system and some actually kinetic parameters,
inwhich, L isinductance, R; isthe electrolyte resistance between el ectrode surface
and reference electrode, R; represents the surface contact resistance between electrode
and electrolyte addition to ohm resistance of air electrode, here, Q, and Q, represent
constant phase element caused by e ectrode roughness or by inhomogeneous reaction
rates on electrode surface, R; describes electrochemical polarization resistance, Zy
is Warburg impedance. The calculated kinetic parameters for air electrodes
are given in Table-1. From thistable, it is evident that the difference of electrolyte
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Fig. 7. Equivalent circuit of air electrode for EIS analysis

TABLE-1
ELECTRODE KINETIC PARAMETERS MODIFIED BY EQUIVALENT SSIMULATION
Air electrode L(H) R,(Q) R(Q) QVYon QYyun Ry(Q) W(Q)
0.5068e-3  0.1367
y-MnO,-catalyzed 0.2688e-5  0.803 0637 06033 n=0.7546 L1205 1.626
y-MnO,/MCMB- 0.8252e-3 0.2285e-1
catalyzed 0.8166e-6  0.505 0201 “osan n=0gooz 0092 0.1322

resistance (R,) is very small for two air electrodes, whereas ohm resistance addition
to interface resistance (Rz) and electrochemical polarization resistance (Rs) are
clearly different. Specially, y-MnO,/M CM B-catalyzed air electrode haslower values
of Ry, Rs and Z,, than that of the y-MnO,-catalyzed air electrode. So, it can evidently
conclude that employing y-MnO,/MCMB as catalyst can reduce R; and R, i.e.,
prepared y-MnO./MCMB isfavourable to the oxygen reduction reaction. The reason
may be attributed to the high surface area, special surface morphology and high

conductivity of the material.
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Conclusion

A nanostructured y-MnO,/M CM B composite prepared by awet chemical method
was investigated as electrocatalyst for oxygen reduction reaction both in alkaline
solution and all solid-state zinc-air cell system. Polarization and discharge tests
show that y-MnO,/MCMB enhanced electrochemical catalytic activity for the oxygen
reduction reaction. Rod-likey-MnO, protrusionsand small poresizeof y-MnO,/MCMB
resulted in asmall contact resistant, ohm resistant and electrochemical polarization
of catalyzed air eectrode, which caused y-MnO,/MCMB having potential application
in zinc-air cells.
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