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a  b  s  t  r  a  c  t

A  composite  bifunctional  catalyst  (MnO2–NCNT)  was prepared  from  manganese  dioxide  (MnO2) nano-
tubes  and nitrogen-doped  carbon  nanotubes  (NCNT)  for the  purpose  of  oxygen  reduction  (ORR)  and
evolution  (OER)  catalysis  in  the rechargeable  zinc-air  battery.  From  the  half  cell  test,  the  MnO2–NCNT
composite  illustrated  excellent  activities  towards  ORR  and  OER  in alkaline  conditions.  Based  on the
battery  test,  the  composite  catalyst  displayed  outstanding  discharge  and  charge  performance  while
maintaining  good  stability.  In  both  cases,  the  marked  performance  improvements  from  MnO2–NCNT
eywords:
itrogen-doped carbon nanotubes
anganese dioxide nanotubes
xygen reduction reaction
xygen evolution reaction
ifunctional catalysts

compared  favourably  to the NCNT  and  MnO2, which  are  the  constituents  of  the  composite.  In  particular,
MnO2–NCNT  exhibited  improved  half  wave  potential  by  220  mV compared  to  MnO2 and  much  superior
OER  stability  compared  to  NCNT  based  on the rotating  ring  disk  voltammetry  results.  According  to  bat-
tery test,  MnO2–NCNT  decrease  the  battery  resistance  by 34%  and  concurrently  improved  the  durability,
discharge  and  charge  performance  in comparison  to the  MnO2 nanotubes.
echargeable zinc-air battery

. Introduction

Electrochemical devices such as fuel cell, battery and super-
apacitors are potential alternatives for energy conversion and
torage apart from the burning of fossil fuels. Among the different
nergy storage systems, the rechargeable zinc-air battery displays
reat promise due to many attractive features; for example, high
nergy density, cost-effective and environmentally friendly design,
s well as low operating risks [1].  The excellent properties of
echargeable zinc-air batteries lead to potential applications in
reas, such as stationary and portable power applications includ-
ng electric vehicles [2,3]. In a rechargeable zinc-air battery, oxygen
volution (OER) and oxygen reduction (ORR) reactions occur on
he air electrode during battery charge and discharge, respectively.
he sluggish reaction kinetics and large overpotential associated
ith OER and ORR greatly limit the performance of rechargeable

inc-air batteries [2,4]. Bifunctional catalysts can greatly improve
he kinetics of OER and ORR making it the most critical determin-
ng factor to the performance and lifetime of the battery [2].  As

 result, an affordable, active and stable bifunctional catalyst is

n great demands to improve to the performance of rechargeable
inc-air batteries.
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Currently, the most effective bifunctional catalysts are based on
precious metals, for example, Pt-IrO2 and PtIrRu [5,6]. However,
the high cost and scarcity of the precious metals greatly hinder the
large scale implementation. Non-precious metal catalysts includ-
ing mixed metal oxides with perovskite [7],  or spinel [8] structures
have been studied extensively, however further improvements to
the performance are required before successful commercializa-
tion. Recently, perovskite oxide has been combined with nitrogen
doped carbon nanotube (NCNT) in a core-corona fashion to pro-
duce bifunctional catalyst with excellent activity and stability [9].
In this paper, similar idea is explored where transition metal oxides
and NCNT will be integrated. Transition metal oxides, in particular,
the manganese oxide, has demonstrated great potential due to high
ORR activity [10,11] and low cost. Furthermore, manganese oxide
is an appealing candidate of bifunctional catalyst for air electrode
based on previously documented OER activity [12]. Nevertheless,
the poor electrical conductivity of manganese oxide greatly inhibits
the catalyst performance in term of high electrical resistance. This
problem can be mitigated through the use of different catalyst
supports such as graphene and carbon nanotubes [13,14].  Using
catalyst supports, increase performance and stability of MnO2 could
be achieved similar to the commercial carbon supported platinum
catalyst in polymer electrolyte membrane (PEM) fuel cell [15,16].
Recently, NCNT has been used as catalyst support which enhanced

the performance of the cathode catalyst in PEM fuel cell [17–19].
Similar to many other non-precious metal catalysts [20–22],  NCNT
has shown ORR activity comparable to that of Pt/C in alkaline condi-
tions [19–25],  which leads to recent applications in the air cathode
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f zinc air battery [26]. As a result, combining NCNT and MnO2
ould be beneficial in two-folds, where improvements to the elec-
rical conductivity and the overall activity of the manganese oxide
re expected. In this paper, we report the preparation of a compos-
te bifunctional catalyst—MnO2–NCNT by simple mixing of MnO2
anotube and NCNT. The catalytic performance towards ORR and
ER was evaluated in a home-made zinc-air battery under alkaline
onditions. The contribution of NCNT catalyst towards the perfor-
ance of the composite was evaluated, and it is compared to that

f pure MnO2 to assess the potential use of MnO2–NCNT as the air
lectrode catalyst for rechargeable zinc-air batteries.

. Experimental methods

MnO2 nanotubes were synthesized by a hydrothermal treat-
ent at 140 ◦C for 12 h. The sample was washed with de-ionized
ater and dried overnight before use. NCNT was  prepared by

hemical vapour deposition of a precursor admixture contain-
ng ethylenediamine (99%, Aldrich) and ferrocene (98%, Aldrich),
t 700 ◦C under N2 protection in a horizontal tube furnace. The
nO2–NCNT was prepared by mixing the MnO2 nanotube and
CNT in 1:1 weight ratio in ethanol followed by drying in oven.

To characterize the pure MnO2 and MnO2–NCNT composite,
canning electron microscopy (SEM) (JEOL, Leo 1530) was used to
xamine the morphology of the catalysts. X-ray diffraction (XRD)
Bruker AXS D8 Advance) was used to study the crystallogra-
hy structure of the MnO2 nanotubes and X-ray photoelectron
pectroscopy (XPS) was used to investigate the surface elemen-
al composition of the NCNTs. The electrocatalytic activity and
tability of the catalyst were measured using rotating ring disk
lectrode (RRDE) voltammetry, which employed a bipotentiostat
Pine Instrument Co., AFCBP1) and a rotation speed controller (Pine
nstrument Co., AFMSRCE). Battery test was conducted using a mul-
ichannel potentiostat (Princeton Applied Research, VersaSTAT MC)
nd a home-made zinc-air battery.

Prior to the RRDE voltammetry, 0.5 wt.% Nafion solution was
repared by dilution of 15 wt.% Nafion stock solution from Ion
ower Inc. (Liquion Solution LQ-1115 1100EW 15 wt.%). This solu-
ion was used to prepare the catalyst ink by adding to it 4 mg  of
atalyst and sonicating to homogenous dispersion. The working
lectrode was deposited with 20 �L of catalyst ink, and once dried,
mmersed into a glass cell containing 0.1 M KOH electrolyte. A dou-
le junction Ag/AgCl reference and a platinum wire were employed
s the reference and counter electrodes, respectively. ORR exper-
ments were carried out in O2 saturated electrolyte with different
lectrode rotation speeds, and the background measurements were
erformed in N2 saturated electrolyte solution without electrode
otation. The potential range of ORR and background measure-
ents was from −1 to 0.2 V vs. Ag/AgCl at a scan rate of 10 mV/s. The

apacitive current was measured by the cyclic voltammetry (CV)
ethod in N2 saturated electrolyte solution and the potential was

wept from −1 to 0.2 V at 50 mV/s. The evaluation of OER catalysis
as performed in N2 saturated electrolyte and the working elec-

rode potential was swept from 0 to 1 V at 50 mV/s. In addition, the
lectrode was rotated at 900 rpm to remove the evolved O2 from
urface of the electrode during the OER test.

Prior to the battery test, the air electrode was prepared by
praying the catalyst on to a gas diffusion layer (Ion Power Inc.,
GL Carbon 10 BB, 2.5 cm × 2.5 cm)  to achieve catalyst loading of
.5 mgcatalyst/cm2. The electrolyte used in the zinc-air battery was

 M KOH, and a polished zinc plate was used as the anode. Galvano-

ynamic method was used to discharge or charge the battery from

 to 200 mA.  Battery cycling experiments were performed using
he recurrent galvanic pulse method, where one cycle consisted
f a discharge step at 50 mA  for 300 s followed by a charging step
cta 69 (2012) 295– 300

of the same current and duration. Impedance measurements were
carried out from 100 kHz to 0.1 Hz while applying an AC potential
of 20 mV.

3. Results and discussion

SEM and TEM techniques were used to investigate the morphol-
ogy of the MnO2 nanotubes and NCNT. The tubular structures of
MnO2 and the bamboo compartments of NCNT are clearly shown
in Fig. 1. Based on the SEM image, the diameter of MnO2 nanotube
is estimated to be approximately 100 nm and the diameter of the
NCNT is about 20-50 nm.  XRD pattern of MnO2 nanotubes (Fig. 1c)
confirms the alpha-MnO2 structure (JCPDS: 44-0141), which has
been proposed to be favourable for ORR in the past [10]. The sur-
face nitrogen content of NCNT is approximately 4 at.% according
to the XPS analysis (Fig. 1d). The nitrogen content and the surface
morphology of the NCNT have been reported to correlate with ORR
activity and stability in alkaline conditions [27,28].

The electrochemical behaviours of the catalysts towards ORR
and OER in half cell setup were evaluated using RRDE voltammetry
(Fig. 2). Based on the voltammetry results, a significant positive shift
(+0.22 V) in the half wave potential and a doubled limiting current
density are observed for the MnO2–NCNT in comparison to the pure
MnO2 (Fig. 2a). The marked enhancements in the half cell perfor-
mance observed for the MnO2–NCNT composite can be attributed
to the higher electrical conductivity as a consequence of NCNT addi-
tion. The effect of support on the performance of MnO2 catalyst has
been investigated where the addition of carbon support drastically
improves the performance of the catalyst [11,29]. Furthermore,
NCNT has been reported to be an efficient ORR catalyst via the four
electron transfer reaction pathway [30]. The incorporation of NCNT
in the composite catalyst not only improves the electrical conduc-
tivity, but also the overall activity for ORR catalysis. Besides the
ORR activity, excellent OER activity and stability are particularly
critical for bifunctional catalysts. Poor OER performance of NCNT
is immediately apparent in Fig. 2b, where 94% decrease in current
density at 1 V is observed after 50 cycles. The fast degradation asso-
ciated with NCNT is in sharp contrast to the stable OER behaviour
of pure MnO2 nanotube, where only 3% decrease in current density
is observed (Fig. 2b). However, the obvious disadvantage of pure
MnO2 is the low current density obtained at 1 V. In order to simul-
taneously achieve high electrical conductivity and OER  stability,
NCNT was added to the MnO2 nanotubes to obtain the MnO2–NCNT
composite material, and the advantage is evident through Fig. 2.
The MnO2–NCNT composite has retained 96% of the OER current
density at 1 V after 50 cycles, which is drastically higher compared
to NCNT (only 4% remained) indicating excellent OER stability of
the composite material (Fig. 2b). Additionally, the MnO2–NCNT
compared demonstrates 7.4 times higher OER current density in
comparison to the pure MnO2. Excellent OER stability and current
density have been exhibited by the MnO2–NCNT composite, which
suggest high catalyst activity and stability during charge operation
of the battery.

The Koutecky–Levich (K–L) plots were constructed for poten-
tials from −0.5 V to −0.65 V (Fig. 3b and d) using the following
equation,

1
j

= 1
jk

+ 1
B
√

ω
(1)

where jk is the kinetic current density, B is the Levich slope, ω is

the rotation speed and j is the observed current density. The Levich
slope can be further defined as:

B = 0.62nFCO2 D2/3
O2

�−1/6 (2)
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ig. 1. Material characterization of MnO2 nanotubes and NCNT, (a) SEM image of M
c)  XRD pattern of MnO2, and (d) deconvoluted high resolution XPS of the N1S sign

here n is the number of electrons transferred, F is the Faraday
onstant, CO2 is the bulk oxygen concentration, DO2 is the diffu-
ion coefficient of oxygen, and � is the viscosity of the solution.
imilar slopes are extracted from the K–L plots of the pure MnO2
nd the MnO2–NCNT composite, which indicate first order reac-
ion of ORR catalysis [31–33].  By extrapolation of K–L plot to the
-axis, the kinetic current density of different catalyst was  deter-
ined. The kinetic current density at −0.55 V is 25 mA cm−2 for
nO2–NCNT, approximately 10 times greater than that of pure
nO2 (2.5 mA  cm−2). The results of K–L analysis further accentuate
he beneficiaries of using MnO2–NCNT composite as bifunctional
atalysts for rechargeable zinc-air battery. More importantly, the
ubstantial improvements in regard to both ORR and OER catalysis
llustrate the effectiveness of the simple approach adapted in this

ig. 2. RRDE voltammetry results showing (a) ORR polarization curves of the pure MnO2

f  the pure MnO2, NCNT and the MnO2–NCNT composite obtained at 900 rpm.
anotubes, inset shows the TEM image of MnO2 nanotubes, (b) TEM image of NCNT,
CNT, inset shows the composition of the surface nitrogen groups.

work in creating composite bifunctional catalyst for rechargeable
zinc-air battery.

Based on the promising data obtained from the half cell tests,
battery evaluation of the pure MnO2 and the MnO2–NCNT compos-
ite was  carried out. The polarization curves for battery discharge
illustrates an activation loss region followed by a pseudo-linear
ohmic loss region (Fig. 4a). Evidently, the MnO2–NCNT compos-
ite exhibits lower ohmic loss compared to MnO2. The lower ohmic
loss experienced by the MnO2–NCNT composite contributes to 62%
improvement in discharge current density at 0.8 V. With respect

to battery charging (Fig. 4a), similar current density was  observed
for the MnO2–NCNT composite and the pure MnO2. To further
understand the electrode processes of the air electrodes, electro-
chemical impedance spectroscopy was performed. The Nyquist

and the MnO2–NCNT composite obtained at 900 rpm, and (b) OER polarization plot
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ig. 3. ORR polarization curves of (a) the pure MnO2, and (c) the MnO2–NCNT com

lots of both catalysts illustrate two semicircles at high and low
requency regions (Fig. 4b). To identify the resistance and electrode
rocesses of the battery, the impedance data was fitted using the
quivalent circuit showed in Fig. 4b. Five elements are shown in the
quivalent circuit, Rs, Qint, Rint, Qdl and Rct. Similar equivalent circuit
as been proposed by various researchers to investigate the elec-
rode processes of the air electrode for zinc air battery [34,35]. The
s component of the equivalent circuit represents the resistance
ssociated with various battery components, such as the electrolyte
nd contact resistances. Additionally, the solid to electrolyte inter-
ace resistance can be present in the battery and is illustrated by Rint.
urthermore, Rct represents the charge transfer resistance incurred

uring electrochemical reactions taking on the electrode [34,35].
he constant phase elements, Qint and Qdl are included in the equiv-
lent circuit for modeling the non-faradaic processes in the battery.

ig. 4. Battery performances prior to C–D cycling, (a) battery discharge and charge pola
ure  MnO2 and the MnO2–NCNT composite, inset shows the equivalent circuit of the Nyq
. Koutecky–Levich plot of (b) the pure MnO2, and (d) the MnO2–NCNT composite.

The constant phase elements are used in place of the conventional
capacitance due to the use of porous electrodes as well as the non-
homogeneity in the system. The Qint refers to the capacitance arises
from the solid electrolyte interface on the air electrode, and Qdl
represents the double layer capacitance [34,35]. Using the equiva-
lent circuit, the value of the different electrochemical elements is
extracted and summarized in Table 1. The value of Rs differs greatly
for the two  catalysts investigated, the MnO2–NCNT composite dis-
plays much smaller overall battery resistance (by 34%) in contrast to
the pure MnO2. Compared with the pure MnO2, the MnO2–NCNT
composite shows 50% smaller Rct, which suggests more efficient
ORR catalysis by the MnO2–NCNT coated air cathode.
Building on the battery performance, the stability of pure
MnO2 and MnO2–NCNT composite was investigated (Fig. 5) using
charge–discharge (C–D) cycling. The upper potential regime of the

rization of the pure MnO2 and the MnO2–NCNT composite. (b) Nyquist plot of the
uist plots.
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Fig. 5. Number of C–D cycles of (a) the pure MnO2, and (b) the MnO2–NCNT composite.
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ig. 6. Battery performances after C–D cycling, (a) battery discharge and charge po
nO2 and the MnO2–NCNT composite.

–D plot gauges the performance of the catalyst during charge.
n this aspect, a smaller value is desirable as it indicates lower
verpotential. The opposite is true regarding the lower potential
egime of the C–D plot, which gauges the battery performance dur-
ng discharge. For a highly stable catalyst, minimal fluctuation in
he charge and discharge potential is required. The battery volt-
ge during charge and discharge fluctuates greatly for the pure
nO2, whereas the MnO2–NCNT composite displays better sta-

ility. In particular, 10% and 31% change in charge and discharge
otentials are observed for the pure MnO2 (Fig. 5a). With respect
o MnO2–NCNT, the charge potential and discharge potential dur-
ng C–D cycling varied by 5% and 20%, respectively (Fig. 5b). The
elatively more stable C–D potentials displayed by MnO2–NCNT
irectly indicate good recharge capability in addition to the out-
tanding ORR and OER activities displayed previously.
Battery discharge and charge were evaluated after C–D cycling
Fig. 6a). The MnO2–NCNT composite illustrates superior perfor-

ance repeatedly when compared to the pure MnO2 in terms of
harge and discharge current densities. Specifically, 36% higher

able 1
quivalent circuit elements and their respective values for the air electrodes coated
ith the pure MnO2 and the MnO2–NCNT composite.

MnO2 MnO2–NCNT

Rs 2.36 1.54
Rint 0.21 0.25
Rct 1.38 0.77
Qint 0.0024 0.0027
Qdl 0.029 0.104
ion of the pure MnO2 and the MnO2–NCNT composite. (b) Nyquist plot of the pure

current density was  obtained for the composite bifunctional cat-
alyst at 0.8 V and 2.5 V. Electrochemical impedance spectroscopy
was performed to investigate the potential causes for performance
decrease (Fig. 6b). As evident from the Nyquist plot of the pure
MnO2 and the MnO2–NCNT composite, the impedance behaviours
after cycling are significantly different from the initial results. The
small depressed semi-circle present in the initial Nyquist plots no
longer exists at the high frequency region. Meanwhile, the semi-
circle associated with the charge transfer during the electrode
reactions at the low frequency region persists after cycling. From
the frequency dependent semi-circle, the value of Rct and Qdl can be
estimated. Based on the new Nyquist plots, the value of Rct for the
MnO2–NCNT composite is approximately 50% smaller compared to
that of the pure MnO2 after C–D cycling. The lower resistances of the
MnO2–NCNT composite after C–D cycling can be correlated with
the higher battery performance. The superior electrical and electro-
chemical performance of the MnO2–NCNT from impedance and the
polarization data works in tandems to show that the MnO2–NCNT
composite is a better bifunctional catalyst than the pure MnO2
nanotubes for rechargeable zinc-air battery. In addition, the dis-
tinctively superior performance of the MnO2–NCNT composite is
a testament to the effectiveness of the simple preparation method
for the composite bifunctional catalyst investigated in this study.

4. Conclusion
Successful preparation of the MnO2 nanotubes, NCNT and the
MnO2–NCNT composite as well as the physiochemical and electro-
chemical characterizations were reported in this work. From half
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ell and battery evaluations, the MnO2–NCNT composite illustrates
xcellent bifunctional activity, and superior discharge, charge as
ell as cycling capability compared to MnO2 nanotubes. The high
RR activity and electrical conductivity of NCNT can be correlated
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hus far. This work demonstrates the potential application of the

nO2–NCNT composite towards catalysis applications in recharge-
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