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A B S T R A C T

The high performance of a–MnO2/NGNF catalyzed air cathode for Li–O2 battery is reported in this article.
The a–MnO2 nanorods are successfully grown on highly conductive nitrogen doped graphite nanofibers
with caterpillar like morphology by a simple hydrothermal technique. The as–prepared a–MnO2/N–GNF
catalyst exhibits better electrocatalytic performance in terms of oxygen reduction and evolution
reactions in the air cathode exhibiting comparatively low overpotential. In addition to the low
overpotential, a–MnO2/NGNF catalyzed Li–O2 battery also show high capacity, reversibility and rate
capability. The combined effect of a–MnO2 and N–GNF for facilitating electrochemical reactions between
Li and O2 is described for improving energy and columbic efficiency of Li–O2 battery.

ã 2015 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Electrochimica Acta

journa l home page : www.e l sev ier .com/ loca te /e le cta cta
1. Introduction

Li–air battery has taken a massive leap forward with increased
number of research publications in the past few years. This
attention is mainly because of its exceptionally higher gravimetric
energy storage density comparable to that of gasoline [1,2]. Yet
there are various aspects to be considered to make this technology
practically possible. The overall electrochemical reaction of the
battery can be expressed as 2(Li+ + e-) + O2 , Li2O2; during which
oxygen reduction reaction (ORR) takes place on discharge process
(forward), followed by the oxygen evolution reaction (OER) on
charging (reverse). One of the major problems in Li–air batteries is
the formation of undesired discharge products besides Li2O2. In
many cases the discharge product from oxygen reduction reaction
(ORR) on cathode is not only Li2O2. There are other products which
are also formed that can easily react with the electrolytes to form
organic lithium salt degrading the cell cyclability rapidly. Another
major problem which hurdles this technology is the very large
potential difference between the ORR and OER in cathode resulting
in low round trip efficiency [3]. The former problem is being
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investigated with various suitable electrolytes, while it is hoped
that the development of better electrocatalysts can solve the latter
by reducing the overpotential and increasing the cyclability of the
battery [4,5].

Catalysts are one of the most important materials that influence
the charge/discharge process in Li–air batteries. The ORR and OER
at the air–cathode of Li–O2 batteries are important processes
which control the overall cell performance [5]. Hence it is
necessary to develop efficient ORR and OER bi-functional electro-
catalyst. Precious metal catalysts such as Au, Pd, Pt etc., [6–8] and
metal oxide catalysts like Fe2O3, Co3O4 and MnO2 [9,10] have been
investigated as potential catalyst materials that control the
performance of oxygen electrodes. Particularly, after the signifi-
cantly high capacity with a–MnO2 nanowires catalyst was
reported by Debart et al. in 2008 [10], there have been vigorous
investigations on a–MnO2 nanomaterials to optimize the perfor-
mance. Recently Kang et al. [11] also reported a high capacity Li–O2

battery with a–MnO2 nanowires as catalysts with a stable
cyclability for 20 cycles with limited depth of discharge. In our
previous report, we have reported the high electrocatalytic activity
of 3 dimensional a–MnO2 nanourchins on air cathode. The
a–MnO2 catalyzed electrodes exhibited a stable cycling perfor-
mance with increased discharge capacity and reduced over-
potential [12]. Hu et al. [13] also reported the application of
porous manganese oxide nanostructures in Li-O2 batteries. Even
though a–MnO2 with different structures and morphologies have
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Fig. 1. X–ray diffraction of spectra of a-MnO2, GNF, N–GNF and a–MnO2/NGNF
nanomaterials.

300 A. Zahoor et al. / Electrochimica Acta 157 (2015) 299–306
been synthesized and applied as suitable catalysts in Li–O2

batteries, the catalytic activity is still far below the commercial
Pt based catalysts.

The reason for the underperformance could be the low
electrical conductivity of manganese oxide nanomaterials. In
order to improve the electrocatalytic activity, one of the desirable
methods is to combine or grow the a–MnO2 catalysts on a highly
conductive support. Guan et al. [14] optimized the a–MnO2

catalysts by coating them directly on multi-walled carbon nano-
tubes. They observed enhanced oxygen reduction and evolution
reactions, and improved energy efficiency and cyclability. Yu et al.
and others [15–17] have assured that rGO/a–MnO2 composite can
potentially make a good cathode for Li–air batteries and other
energy storage devices. They have identified the roles of reduced
graphene oxide and other graphene based materials in sustaining
relatively high capacities with a–MnO2 composite electrodes.
Chen et al., [18] introduced nitrogen–doped exfoliated graphene
and a–MnO2 nanotube composite as ORR active air cathode
material for Li–O2 battery applications. They observed improved
ORR activity of the material due to the addition of superior
electronic property of graphene and the defective sites generated
by nitrogen doping. Graphite nanofibers (GNF) with its unique
properties like high conductivity and decreased impurities are
suitable catalyst support which has been investigated intensively
for various applications [19–21]. Owing to the large surface area,
flexibility, and chemical stability, graphite has always been an
excellent substrate to host active nanomaterials. Also, preferred
crystallographic orientation of a–MnO2 can be attained as a result
of interaction in the highly ordered GNF substrate [19–21]. But GNF
has not yet been utilized as catalyst support for Li–O2 battery
applications to the best of our knowledge even though CNF
electrodes can provide gravimetric energies up to 2500 Whkg�1 at
powers up to 100 Wkg�1, which are among the highest values
reported for Li–O2 batteries to date (including carbon-only and
catalyst-containing electrodes) [22].

In this work, we have grown a–MnO2 nanorods on highly
conductive graphite nanofibers (GNF) with caterpillar like
morphology for electrocatalytic application. In addition we doped
the GNF with nitrogen (N) (here after called as N–GNF) before
growing a–MnO2, because it is well established that incorporation
of nitrogen increases the activity by introducing structural defects
[23,24]. The as-prepared a–MnO2/N–GNF nanomaterials were
examined for ORR and OER activities in the air cathode of Li–O2

cell. The a–MnO2 nanorods grown on N–GNF exhibited high
capacity and reversibility with low overpotential. The better
performance of Li–O2 battery with caterpillar shaped a–MnO2/N–
GNF obtained in our experiment is far better than other previous
reports [10,15,23].

2. Experimental method

GNF materials were commercially purchased from (Carbon
nanomaterial technology, co., Ltd) and doped with nitrogen. We
employed the nitrogen doping process that was utilized in our
previous report [24] with negligible modification. The a–MnO2

nanorods were then grown on N–GNF by simple hydrothermal
technique [12] based on our mechanistic study on phase and
morphology conversion of MnO2 nanostructures [26]. KMnO4 was
mixed with N–GNF under mortar and pestle condition and
dispersed the mixture into 30 ml DI water. Later 250 ml H2SO4

was added into the solution. Finally hydrothermal treatment was
performed at 80 �C for one hour. The as-prepared sample was wash
with DI water and dried under vacuum. Thus obtained final
product was a–MnO2/N–GNF nanostructure.

The as–prepared material was characterized by x–ray diffrac-
tion spectrum (XRD, X’PERT–MRD, Philips) to identify the phase
and crystal structure. The morphology of the prepared composite
was analyzed by field emission scanning electron microscopy
(FESEM) (S–4700, HITACHI) and transmission electron microscopy
(TEM). X–ray photoelectron spectroscopy (XPS) analysis was
performed using a thermo scientific Ka x–ray source, which
was used to confirm the nitrogen doping in GNF. EDX analysis was
utilized to identify the chemical composition of the grown
nanostructure. Brunauer–Emmett–Teller (BET) (BEL SORP Bell
Japan Inc.) surface area analysis was employed to study the specific
surface properties of the synthesized nanocomposite.

For lithium battery studies, the a–MnO2/N–GNF catalyst and
conductive KB carbon were mixed in the ratio of 1:2 with
teflonised acetelyn black binder in iso–propyl alcohol and made
into a pellet type electrode. The pellet was pressed on Ni mesh
current collector, dried over night at 100 �C and employed as
cathode. The performance of a–MnO2/N–GNF catalyst for ORR/
OER in Li–O2 air cathode was evaluated in a SwagelokTM type cells
with 1 M LiTFSI (TEGDME) electrolyte and Li anode. The Li–O2 cell
performance was tested galvanostatically in a potential window of
2�4.3 V in a BTS 2004 (JAPAN) battery tester at different current
densities (0.1, 0.2 and 0.3 mA/cm2) in room temperature and 1 atm
O2 atmosphere.

3. Results and Discussion

3.1. Physical properties

Shown in Fig. 1 are the XRD spectra for a–MnO2, GNF, N–GNF
and a–MnO2/N–GNF, respectively. The synthesized MnO2 material
shows characteristic a–MnO2 XRD peaks at 2u (110), (2 0 0),
(310), (211), (3 0 1), (411), (6 0 0), (5 2 1) and (0 0 2), which
coincide with JCPDS 44-0141, and GNF material exhibits charac-
teristic carbon peaks around 2u = 26� corresponding to (0 0 2)
graphitic planes, as shown in Fig.1. The a–MnO2/NGNF shows both
the a–MnO2 and graphite related peaks, which identify the growth
of a–MnO2 over N–GNF. To confirm the doping of nitrogen in N–
GNF, XPS spectrum was obtained. The XPS spectrum in Fig. 2(a)
shows the presence of N and O in N–doped GNF (N–GNF) by
identifying N1s and O1s at binding energies of 397.7 and 533 eV,
respectively [25]. EDX elemental analysis clearly given in Fig. 2(b)
shows that the surface of a–MnO2/N–GNF structures are mainly



Fig. 2. (a) XPS spectrum of N–GNF and (b) EDX spectrum of a–MnO2/NGNF. (Inset Table 1 shows EDX elemental analysis).
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composed of MnO2 (inset Table 1 in Fig. 2(b)), indicating the
growth of a–MnO2 structures on N–doped GNF.

The morphological characteristics of the synthesized a–MnO2/
N–GNF material are given in Fig. 3. The as-purchased graphite
nanofibers in Fig 3(a) show rich fibrous structures of 130–170 nm
diameters with some organic and carbon residues. After N doping,
however, the residues are completely removed and the smoothly
surfaced N–GNF structure appears as shown in Fig 3(b). During the
N–doping process, it is considered that NH3 gas is decomposed into
highly active chemical radicals, which could react with the
residues to leave the smooth surface [24,25]. From Fig 3(c), it is
seen that a–MnO2 structures consisting of small nanorods are
grown all over N–GNF nanostructures with caterpillar like
structures. The TEM images given in Fig. 3(d) also show the
formation of a–MnO2 consisting of small nanorods grown on N–
GNF. The HRTEM of the nanorod has a lattice distance of 0.52 nm,
which corresponds to the (2 0 0) plane of a–MnO2 [26]. This value
Fig. 3. SEM images of (a) GNF, (b) NGNF and (c) a–MnO
corresponds to the characteristic (2 0 0) plane of a–MnO2 as
observed in XRD pattern.

The surface properties of synthesized a–MnO2/N–GNF nano-
materials were investigated with BET analysis. The surface area and
pore properties are deduced in inset Table 2 of Fig. 4 for clear
understanding. From Table 2, the GNF material has a surface area of
8.5 m2g�1 which is significantly increased to 155 m2g�1after N–
doping. After a–MnO2 is grown on N–GNF, the surface area of
a–MnO2/N–GNF is found to be 150 m2g�1 whereas the surface area
of a–MnO2 nanorod is 25.5 m2g�1. The surface area of a–MnO2/N–
GNF is still much better than the original surface area. Similarly the
pore volume and diameter of GNF also increased after N–doping.
During the preparation process of N–doped carbon materials,
nitrogen atoms substitute some carbon atoms that are located on
the reactive edge, and ammonia also reacts with carbon to form
hydrogen cyanide and hydrogen (C + NH3= HCN + H2). This process
consumed some carbon making the material more porous,
2/NGNF; and (d) HRTEM images of a–MnO2/NGNF.



Fig. 4. (a) N2 adsorption/ desorption isotherm of GNF, N-GNF and a-MnO2/NGNF; (b) BJH plot of a-MnO2/NGNF; (inset Table 2 BET surface area analysis of GNF, N-GNF,
a-MnO2 and a-MnO2/NGNF).
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resulting in the higher specific surface area and pore volume
[24,25]. It can be noticed that the pore volume and diameter
further increases for a–MnO2/N–GNF. This shows that the a–MnO2

grown on NGNF is also porous in nature. From the N2 adsorption/
desorption isotherm based on the adsorption of N2 gas on a
material surface, it can be seen that N–GNF has mesoporous
structure which is further improved with high N2 uptake for
a–MnO2/N–GNF. These observations clearly explain the porous
nature of as–prepared a–MnO2/N–GNF with improved surface
properties such as surface area and volume. The pore size
distributions were calculated using the BJH (Barrett–Joyner–
Halenda) plot from BET measurement. Fig. 4(b) shows the pore
size distribution patterns of a–MnO2/N–GNF from which the
average pore size is calculated to be 5.35 nm.

3.2. Electrochemical properties

The performance of caterpillar shaped a–MnO2/N–GNF catalyst
for ORR/OER in Li–O2 air cathode was evaluated in SwagelokTM

type cells with 1 M LiTFSI (TEGDME) electrolyte and Li anode. The
Li–O2 cell performance was tested galvanostatically in a potential
Fig. 5. (a) Charge–discharge curves of a-MnO2/NGNF cathode at 0.1 mA/cm2; inset Figur
(a); (b) First cycle capacities of a-MnO2/NGNF cathode at 0.1, 0.2 and 0.3 mA/cm2.
window of 2�4.3 V. Fig. 5 shows the discharge/charge curves for
Li–O2 battery measured at 0.1 mA/cm2. The first discharge starts
from the open circuit potential of 3.2 V with a steady plateau at
2.8 V and attains a maximum discharge capacity of 2943 mAh/g. On
charging a maximum of 99% capacity retention is achieved with a
capacity of 2907 mAh/g and a potential gap of DV = 1.5 V. This
discharge capacity is better than air cathode without any electro–
catalyst [27] and with other a–MnO2 based catalysts [7–10,15,23].
As the cycling number increases, the specific capacity dramatically
increases, while the decrease in DV is observed. The second
discharge capacity is 3066 mAh/g, and the third and fourth
discharge capacities are recorded to be 3736 and 4706 mAh/g,
respectively, as shown in Fig. 5(a). But it is seen that the specific
capacity starts to dwindle after a steady increase in capacity for
few cycles (1–4 cycles). The 5th and 6th discharge capacities are
recorded to be 4450 and 3900 mAh/g, respectively. Even after
7 cycles (2300 mAh/g), the discharge capacity remains above
2000 mAh/g. The specific capacity with respect to cycle number is
also shown in inset of Fig. 5. This charge–discharge characteristic is
unusual for most bifunctional catalysts to show the gradual
increase of the capacity with cycle number from the 1st cycle.
e shows specific capacity and efficiency with respect to cycle number derived from
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Similar observations have been previously reported for Li–O2

batteries [15,28–30]. It has been explained that the discharge
capacity behavior was because the ORR/OER activity of their
catalysts promoted the cell reaction near the active sites of the
catalyst resulting in the decrease in overpotential and the increase
in cycle performance [28], which is discussed in detail in the later
section. The a–MnO2/N–GNF catalyst employed in our experiment
also exhibit higher discharge voltage and lower charge voltage
with higher discharge capacities than pure carbon based cell
[15,28]. This indicates that our a–MnO2/N–GNF catalyzed Li–O2

battery is highly reversible during the discharge/charge processes.
To attain the reliability of the data, the discharge–charge profiles
were repeatedly measured for more than twice in this experiment.

In order to check the rate capability of our synthesized
a–MnO2/N–GNF catalysts, the first discharge capacities of the
Li–O2 battery were tested at higher current densities of 0.2 and
0.3 mA/cm2 as well, and compared with that at 0.1 mA/cm2. The
cycle rate capabilities of the a–MnO2/N–GNF catalyzed Li-O2

battery are 2943 mAh/g and 3260 mAh/g for 0.2 and 0.3 mA/cm2,
respectively, as given in Fig. 5(b). Even with higher current
densities we obtain better and almost similar specific capacity
(�3000 mAh/g). The overpotential observed for the higher current
densities also remains to be 1 �0.2 V, which is comparable to (or
better than) other MnO2 based catalysts. Kim et al. [15] has
compared the discharge capacities of cathode materials containing
MnO2 as the catalyst in Li–air batteries. According to Kim et al.,
their rGO/a–MnO2 catalyst exhibited better performance at
�0.3 mA/cm2 than other MnO2 based catalysts such as Pd/MnO2

[7], a–MnO2/Pd [8], a–MnO2/CNT/CNF [31], and a–MnO2 [9]. The
comparison of catalytic properties of our synthesized a–MnO2/
CNF to the reported data shows that our a–MnO2/N–GNF is one of
the best performing bifunctional electrocatalyst, better than the
other mentioned catalysts with high reversibility and rate
capability. This presents that our synthesized a–MnO2/N–GNF
catalyst shows a highly stable catalytic activity even at higher
electrochemical reaction kinetics.

In order to check the cyclability at a limited discharge capacity,
we limited the depth of discharge at 500 mAh/g and observed the
cycling properties of a–MnO2/N–GNF catalyst for 50 cycles. It can
be seen from Fig. 6(a) that there is a steady cycling property with
no significant change in discharge potential but with a slight
increase in the charge overpotential, while maintaining charge/
discharge capacities for 50 cycles with 100% efficiency (inset
Fig. 6(a)). The charge and discharge potentials of a–MnO2 were
also measured at a limited discharge capacity of 500 mAh/g and
depicted in Fig. 6(b) as a function of cycle number together with
Fig. 6. (a) (and inset) Cyclability of a-MnO2/NGNF cathode up to 50 cycles; (b) Discharge
those of a–MnO2/N–GNF extracted from Fig. 6(b) for comparison.
The potential gap is maintained between 1�1.5 V whereas the
discharge potential almost remains constant. The discharge
potential of a–MnO2/N–GNF is lesser than the a–MnO2 only cells
and is steadily maintained without any increase in potential for
50 cycles. Meanwhile, the charge potential of a–MnO2/N–GNF is
far lesser than a–MnO2 only cells. Even though a slight increase in
charge potential is observed at about 20 cycles, the potential is
maintained up to 50 cycles as shown in the Fig. 6(b). For the
a–MnO2 only catalyst, however, the voltage gap is initially higher
than that of a–MnO2/NGNF catalyst and starts to increase after
20 cycles. But it rapidly falls out of range from the cycle number
about 40 cycles. This identifies that our prepared a–MnO2/N–GNF
nanostructure exhibits a better catalytic activities for both ORR and
OER in Li–O2 battery. It has been reported that Li–O2 batteries
requires very high potential for OER on charging in cathode due to
the formation of solid discharge products during ORR on discharge.
The increase of overpotential with respect to cycle number causes
the degradation of cathode performance and the decomposition of
electrolytes, resulting in low round trip efficiency of the battery.
This is one of the main challenges being faced by the Li–O2 battery
technology. In our case, however, we observed a decrease in
overpotential in every cycle for the first few cycles (complete
cycling) as seen in Fig. 5(a). Even after the first 5 cycles, there was
not much observable increase in overpotential. When we exam-
ined the cyclability at a limited discharge capacity, the discharge
and charge potential difference, DV, of a–MnO2/N–GNF catalyst
was much smaller and stable than that of only a–MnO2 catalyst
maintaining 100% efficiency of charge/discharge capacities for
50 cycles as shown in Fig. 6(a). It was clearly shown from the
experiments that the main advantage of our synthesized a–MnO2/
N–GNF bifunctional electrocatalyst is to decrease the potential gap
and exhibits a better catalytic activity for both ORR and OER in Li–
O2 battery.

The reason why the better cycling profiles were attained from
our synthesized catalyst might be due to the additional carbon
support rendered by N–GNF to a–MnO2 catalyst. It is well known
that a–MnO2 catalysts exhibit better ORR characteristics [9–12].
The increased electrocatalytic activity of the a–MnO2 is mainly
because of the large 2 � 2 tunnel structures which favor the
accommodation of Li2O2. According to the mechanism reported by
previous literatures [10,32–34], Li2O2 can be incorporated within
the MnO2 tunnels with the O2 ions located at the tunnel centres
and the Li+ ions coordinated between these central O2 ions forming
the walls of the tunnels. In addition, a–MnO2 contains more
defects and OH� groups which are beneficial to surface adsorption
 and charge potentials of a-MnO2 and a-MnO2/NGNF with respect to cycle number.
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of O2 and dissociation of O–O bonds. Also a phase of MnO2 has an
average Mn–O bond length of 1.98 �A. This length is weaker than
other phases of MnO2 structures and hence a–MnO2 has less
reaction barriers which facilitate the reaction kinetics [35,36].
Meanwhile, GNF helps to connect the a–MnO2 nanorods to provide
high surface area and improves electron transfer by acting as a
conductive medium. GNF affords high electron conductivity due to
their high degree of graphitization and provides fast ion transport
because of their mesoporous network [22]. In addition, GNF
exhibits excellent electrocatalytic property than disordered
carbons due to its superior structural and electrochemical
characteristics which includes high specific surface area and
uniform porosity [19–21]. Thus it is considered that the synergic
effect of caterpillar structured a–MnO2/N–GNF bifunctional
catalyst enhances the overall efficiency of the Li–O2 battery.

It has been also reported that the N doping in GNF increases
both the reaction surface area in the electrocatalytic reaction and
the ORR activity of the material [23,24]. According to the BET data
shown in Table 2, the surface area of N–GNF was highly increased
on N doping. The surface area of a–MnO2/N–GNF hybrid was more
than 10 and 4 times higher than the original GNF and a–MnO2,
respectively. This shows that the widened surface area facilitates
the cell reaction by providing a large surface area for the formation
of Li2O2. In addition to the increased surface area, the material
showed higher porosity (Fig. 4) with increase in mesopore volume
on N doping. This increase in pore features helps to contain more
Li2O2 during the reaction process. In addition, porous surface
facilitates the O2 and electrolyte diffusion resulting in the
improved overall reaction mechanism. Regarding the ORR activity,
the incorporation of nitrogen increases the electrocatalytic activity
by introducing structural defects. The fact that N–doped carbons
exhibit better electrocatalytic activity has been well established
[23,24,37–42]. The doped nitrogen with lone electron pair provides
negative charges and increases the interaction with the adjacent
carbon atoms with high positive charge density which results in
the enhanced ORR activity [23,24].
Fig. 7. XRD spectra of air cathodes (i) without any catalyst and (ii) with our
synthesized a–MnO2/NGNF catalyst measured before and after discharge/charge.
Another important reason for the better Li–O2 battery perfor-
mance is the proper decomposition of discharge products on the
electrode surface. Many efforts have been focused on the
development of electrocatalysts active for Li2O2 formation and
decomposition reactions, but the most of the catalysts also
catalyzed the formation/decomposition of lithium carbonates on
the electrode surface as well as decomposition of electrolytes.
However, our synthesized a–MnO2/NGNF bifunctional catalyst
seems to actively participate only in the formation and decompo-
sition reaction of Li2O2. The columbic efficiency (99%) between
discharge and charge capacities at the 1st cycle (in the inset of
Fig. 5(a)) shows the proper formation and decomposition of
reaction products.

In order to confirm the reversible formation of Li2O2 during
discharge–charge cycling, post analysis of the electrode was
performed. For the analysis, the surface of air cathode before and
after discharge/charge processes were examined for the formation
and decomposition of Li2O2 using XRD and SEM techniques. Fig. 7
shows the XRD spectra which were measured before and after
discharge/charge during the first cycle for a–MnO2/NGNF cata-
lyzed air cathodes. For comparison same set of XRD spectra for KB
electrode without any catalyst was also measured. The carbon (for
active material KB at 2u = 23�, 44�), TAB (for binder at 2u = 17�), and
Ni (for current collector at 2u = 43.5�, 47.6� and 51�) peaks are
observed from all the XRD spectra. The traces of LiOH observed in
the XRD spectra after discharge process might be due to the
reaction of Li2O2 with the structural water content in MnO2 [43].
For the KB air cathode (i) without any catalyst, the XRD spectrum
before discharge cycling shows characteristic peaks for KB at
2u = 23�, 44�. After the first discharge, as expected, the XRD peaks
shows the formation of Li2O2 at 2u = 32�, 35� and 58� as discharge
product. After the first charge, the Li2O2 peaks almost remain on
the electrode surface as it was observed after the discharge
process. The appearance of Li2O2 peaks even after charging process
indicates the poor decomposition of Li2O2 on the surface of KB
electrode. In the case of our synthesized a–MnO2/N–GNF
catalyzed air cathode (ii), a–MnO2 and carbon (GNF) peaks are
clearly observed in the XRD spectrum before discharge. After
discharge, the XRD peaks clearly shows the formation of Li2O2 at
2u = 32�, 35� and 58� with a trace of LiOH at 2u = 32.4� and 35.6�.
After charging the Li2O2 peaks have almost disappeared from the
XRD spectrum as compared to that of the KB cathode, indicating
the decomposition of Li2O2. This confirms that our synthesized
a-MnO2/N–GNF catalyzed air cathode helps in the reversible
formation of Li2O2.

Fig. 8 shows the SEM images which were taken before and after
discharge/charge during the first cycle for air cathodes (i) without
any catalyst and (ii) with our synthesized a–MnO2/N–GNF catalyst.
From the SEM images taken before discharge, it can be seen that
both the air cathodes (i) without catalyst and (iii) with our
synthesized a–MnO2/N–GNF catalyst shows a smooth surface
without much differences. After the first discharge, the KB air
cathode without any catalyst shows the formation of agglomer-
ations all over the cathode surface. Also, the air cathode with our
synthesized a–MnO2/N–GNF catalyst shows the formation of
agglomerations on the cathode surface at a different configuration.
This formation of agglomerations after discharge processes clearly
shows the formation of Li2O2 as shown in Fig. 8. After charging,
however, the air cathode (i) without any catalyst shows almost
similar agglomeration to remain, as observed in the XRD,
indicating only poor decomposition of Li2O2. On the other hand,
the air cathode with our synthesized a-MnO2/N–GNF catalyst
shows almost similar cathode surface to that of the original one
before discharge/charge cycle indicating the decomposition of
Li2O2. This SEM data persistent with the XRD data explains that our
synthesized a–MnO2/N–GNF catalyst is an efficient ORR/OER
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catalyst for the reversible formation of Li2O2. Nonetheless, the
traces of remaining Li2O2 in both XRD and SEM attest to the fade in
capacity after first few cycles.

The increase in capacity in the first few subsequent cycles might
be due to the gradual activation mechanism of the electrocatalyst
which is favorable for the improvement of electrochemical kinetics
[28]. Similar behavior in the discharge–charge profiles of Li air
battery has been reported in previous literatures [28–30] etc. The
catalytic activity of the electrocatalyst promotes the formation of
discharge products near the active sites of catalyst followed by the
formation on carbon surface. Our synthesized a–MnO2/N–GNF
actively promoted the ORR and OER in the active sites of the air
cathode and during the first few cycles the carbon cathode surface
is also activated gradually. From Figs. 7 and 8, it can be seen that no
intermediate/insoluble products like Li2CO3 are formed during the
first discharging. Generally, formation of such intermediate
products will increase the OER potential on charging and degrade
the cell capacity upon cycling. In this case, however, the a–MnO2/
N–GNF catalyst activates the ORR/OER mechanism and promotes
the reversible formation of only Li2O2. Thus, while a–MnO2/N–
GNF maintains a steady cycling efficiency throughout, the
activation of carbon surface in every cycle might be the reasons
for the increasing capacity, high discharge voltage and low charge
voltage observed during the first four cycles in our a–MnO2/N–
GNF catalyzed air cell. Another reason for the subsequent increase
and decrease in the capacity during the first few cycles might be
attributed to the stability of our a–MnO2/N–GNF catalyst which
does not modify the cathode surface upon discharge–charge
cycling. However, it can be seen that the specific capacity started to
fade after a steady increase in capacity for four cycles (1–4 cycles).
During the reversible formation of Li2O2 in the charge discharge
process after few cycles, there are possibilities for the carbon in the
cathode surface to react with the discharge product Li2O2 and form
irreversible side products. So after the first few cycles, the capacity
starts to decrease since these side products could form a non–
conductive film on the cathode surface terminating any further
reactions. Another possible reason for the fade in capacity after
first four cycles might be that, sometimes, the Li2O2 might form
deep inside the pores on the electrode surface and do not reverse
Fig. 8. SEM images of air cathodes (i) without any catalyst and (ii) with our synt
back on charging, resulting in the attenuation of cell cycling. It is
assumed that the Li2O2 might be initially formed in a uniform size
all over the catalyst surface. In larger pores the Li2O2may be readily
removed during charge because of more flat and wide surface. But
deep inside the pores, however, the Li2O2 formed during discharge
are easy to agglomerate together to form larger clusters or a film
that covers or blocks the active sites of catalyst surface. This
degrades the catalyst activity which results in the gradual decrease
of the battery performance. In order to identify this explanation,
we calculated the coulomb’s efficiency for the capacities which is
shown in Fig. 5(a) inset. According to the inset in Fig. 5(a), up to
4 cycles when the cell shows increase of discharge capacity, the
efficiency is maintained more than 90%. But the Figure presents a
decrease of efficiency after cycle number 4 which supports that the
decrease of discharge capacity is due to the remaining Li2O2 after
charging process.

Apart from active electrocatalyst, selection of electrolyte is also
essential to determine the nature of discharge products and
rechargability of the battery. Tetra ethylene glycol dimethyl ether
(TEGME) used in this study is a popularly used electrolyte for Li–O2

batteries. Unlike other carbonate based electrolytes, Li2O2 was
found to be the main discharge product when glyme–based
electrolytes are employed [44–47]. Although ethers are relatively
stable electrolytes against nucleophilic attack, the long–term
stability is still lacking as they are prone to auto-oxidation under
oxygenated radicals to be converted into unstable peroxide species
[45,46]. This might be the reason why the fade in capacity is
observed after first few cycles even after the impressive behavior of
a–MnO2/N–GNF bifunctional catalysts. In order to improve the
stability of the Li–O2 battery with a–MnO2/N–GNF catalysts and
obtain over all better cyclability, further detailed studies based on
electrolytes are underway.

It is very clear that the combined effect of a–MnO2 and N–GNF
results in the increased reversibility of the battery. As explained in
the previous sections, the a–MnO2 in the a–MnO2/N–GNF exhibits
desirable catalytic activity for both ORR and OER processes. The N–
GNF in the a–MnO2/N–GNF helps to improve the conductivity, and
provides high surface area and pore properties. Other factors like
porosity of the cathode, oxygen pressure and suitable electrolyte
hesized a–MnO2/NGNF catalyst measured before and after discharge/charge.
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can also influence the cell efficiency. The electrocatalytic activity is
mainly determined by the reversible adsorption/desorption of
reactants/products. The a–MnO2/N–GNF nanostructures is con-
sidered to contributes its maximum for ORR and OER activity
resulting in almost complete reversibility on charge and discharge
capacity upon cycling.

4. Conclusions

We have successfully developed a–MnO2/NGNF nanomaterials
as bifunctional electrocatalyst for Li–O2 air cathodes. The superior
ORR and OER activity of a–MnO2 in the air cathode significantly
improved the reversible capacity of Li–O2 batteries. The highly
conductive nature of GNF connects the a–MnO2 nanorods and N
doping in NGNF increased the surface properties of the electrode.
The collective effects of developed caterpillar shaped a–MnO2/
NGNF resulted in the better performance of Li–O2 cell with high
capacity and reversibility of the battery. The main advantage of our
synthesized a–MnO2/NGNF bifunctional electrocatalyst is the low
potential gap. In addition to the high reversibility, a–MnO2/NGNF
catalyzed air cathode exhibited very good rate capability with
discharge capacity as high as �3000 mAh/g for 0.1, 0.2 and 0.3 mA/
cm2. Also a–MnO2/NGNF catalyzed air cathode was very stable up
to 50 cycles with high efficiency.
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