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a b s t r a c t
The rechargeable Li-air battery has a key role to play as a storage system for renewable energy and as
the power system for electric vehicles. Effective cathode materials are required to improve its capacity,
cycling ability and rate capability. In this work, an ionic conductive Li-Naﬁon® binder and Li-Naﬁon®
membrane materials were fabricated and used to construct a novel rechargeable Li-O2 /air and all-solid
battery. The battery achieved a high capacity over 1000 mA h (g solids)−1 with good rate capability and
capacity retention were achieved. Insight into the improved performance has been explored with the aid
of TEM, XRD, galvanostatic charge discharge test and impedance analysis.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction
In tackling the ever-growing challenges of security and diversity
of energy supplies and environmental sustainability, high capacity
energy storage devices are needed to store ﬂuctuating renewable
energy and to replace internal combustion engine for vehicles with
electric alternatives [1–12]. The rechargeable Li-air battery has
attracted intensive attention for such applications since it uses oxygen drawn from the air to replace expensive chemicals and is able
to produce very high speciﬁc energies, 3,505 Wh kg−1 based on
the reaction 2Li + O2 ↔ Li2 O2 in non-aqueous media [4]. In addition, it could be compact, lightweight and cost-effective. Therefore,
it has the potential to substantially outperform the best battery
system, such as lithium-ion [1–12]. To realise this potential, several challenges must be overcome, such as instability and low rate
capability. This requires innovations in materials science, chemistry
and engineering to create new materials, and especially to produce
advanced cathode materials [1–12]. A potential topic is the cathode binder, which is a core material and has a great inﬂuence on
micro-structure, function and stability of the air cathode [1–12].
In this work, a Li metal-compatible and stable Li-Naﬁon® binder
and membrane were prepared by a simple ion exchange procedure and subsequent heat treatment in argon. For the ﬁrst time, a
novel rechargeable Li-O2 /air battery was designed and constructed
with the Li-Naﬁon binder. The interaction between Li+ and Naﬁon
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greatly improved the porosity and structural stability of the binder.
Other properties, such as conductivity and ion transport, were also
improved. Consequently, the Li-Naﬁon® based battery achieved
larger capacity, greater rate capability and higher cycle stability
than its Kynar counterpart. Furthermore, we moved towards creating an all-solid rechargeable Li-air battery with the Li-Naﬁon®
binder and Li-Naﬁon® membrane, which has delivered promising
performance.
2. Experimental
2.1. Material synthesis
Li-Naﬁon binder and Li-Naﬁon® membrane were fabricated via
a simple ion exchange procedure; the key step is to create Li+ containing ion conductive products by removing free protons from
the Naﬁon® binder or membrane:
R-SO3 -H + Li+ +OH− → R-SO3 -Li + H2 O
An example of preparing Li-Naﬁon®

(1)

binder is given below. 20 ml
5 wt % Naﬁon perﬂuorinated resin solution (Aldrich) was mixed
with 11 ml 0.01 M aqueous LiOH (≥98%, Aldrich) solution. The solution was mixed thoroughly in an ultrasonic bath at 80 ◦ C for 1 h.
This Li-Naﬁon® binder solution had a perﬂuorosulfonic acid-PTFE
copolymer concentration of approximately 3.1 wt %. The binder
powder was obtained by drying at 105 ◦ C for 24 h, under Ar atmosphere, which was then kept in an oven at 105 ◦ C. A similar process
was used to fabricate Li-Kynar binder, but with Kynar powder, as
a liquid Kynar binder was unavailable. A Naﬁon® 117 membrane
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Fig. 1. Schematic diagrams of the electrochemical measurement setup and the battery. a. Battery. b. Cycling performance and impedance measurements.

(180 m in thickness, DuPont) has been used since it has high
chemical resistance and good mechanical stability [13]. In practice,
the Naﬁon® 117 membrane (5 cm × 5 cm) was heated at 80 ◦ C in
2 M aqueous HNO3 solution for 2 h, converting the polymer completely to the acid form. After washing, by repeated boiling in fresh
deionised water for 15 min, the sample was immersed in a saturated aqueous LiOH solution at 80 ◦ C for 1 h. Then, the sample was
boiled in deionised water to remove residual LiOH and washed in
fresh deionised water at least ﬁve times. Finally, the produced LiNaﬁon 117 membrane was dried at 105 ◦ C for 24 h under an Ar
atmosphere and then kept in oven at 105 ◦ C.
Synthesis of the nanoporous carbon supported MnO2 catalyst
used in this work is described previously in the literature [1,7,8].
2.2. Construction of novel Li-O2 /air batteries
Figure 1a shows a diagram of the battery. The Li-Naﬁon® binder
gas diffusion electrode (GDE) was prepared by a modiﬁed method
[14–16] using a weight ratio of 10:20:15:45 of C:MnO2 :Li-Naﬁon®
binder:solvent, where the carbon was used as support for the MnO2
[1,7,8]. To make a catalyst layer ink, the desired amounts of carbon and MnO2 catalyst were mixed with half of the Li-Naﬁon®
binder and one third of required battery solvent (tetraethylene glycol dimethyl ether, i.e. TEGDME, 99%, Sigma-Aldrich) together with
5 ml acetone in an ultrasonic bath for 1 h. The catalyst layer ink
was printed on a glass microﬁbre separator (Whatman), which was
pre-treated with 1 M lithium bis-triﬂuoromethanesulfonyl imide
(LiTFSI, 99.95%, Aldrich) in TEGDME. The gas diffusion layer ink,
consisting of carbon powder (0.5 mg cm−2 ), remaining Li-Naﬁon®
binder and solvents (ether and acetone), was printed onto the catalyst layer. Each layer was dried at 80 ◦ C under an Ar atmosphere
before spreading a new layer. Finally, a mixture consisting of the
remaining ether and several drops of acetone was spread onto the
electrode surface. All GDEs were dried overnight at 105 ◦ C under an
Ar atmosphere.
For comparison, Li-Kynar gas diffusion electrodes were prepared in a similar way but with Kynar 2801 powder (Elf Atochem)
instead of Naﬁon® .
To create an all-solid Li-air battery, the Li-Naﬁon® membrane
electrode assembly (Figure 1a) was obtained by spreading a thin
layer of Li-Naﬁon® binder solution (1 mg Naﬁon cm−2 ) onto the
GDE surface and then pressing the GDE on one side of a Li-Naﬁon®
117 membrane under a pressure of 50 kg cm−2 at 130 ◦ C for 3 min.

All processes of assembling and dismantling the batteries were
carried out in an argon atmosphere in a glove box (Unilab, MBRAUN,
Germany), which provided both water and oxygen levels less than
0.1 ppm.
2.3. Material characterisation
Transmission electron microscopy (TEM) images were taken
using a Philips CM100 transmission electron microscope. The TEM
sample preparation included embedding and sectioning steps. In
the embedding step, the electrode material was embedded in 100%
resin (Epoxy embedding resin kit (medium), TAAB Lab. Equip.,
Aldermaston, Berks) at 60 ◦ C for 24 hours. Then ultrathin sections
(80 nm approximately) were cut from the electrode material using a
diamond knife (Diatome 35◦ ) on a RMC MT-XL ultramicrotome. The
sections were stretched with chloroform to eliminate compression
and, ﬁnally, mounted on Pioloform ﬁlmed copper TEM grids (Agar
Scientiﬁc, Stansted, Essex). The grids were examined using a Philips
CM 100 Compustage (FEI) Transmission Electron Microscope and
digital images collected using an AMT CCD camera (Deben).
X-ray diffraction (XRD) analysis was performed using a Cu K␣
radiation with a Siemens D-5005 X-ray Diffractometer at a tube current of 100 mA and a tube voltage of 40 kV. The 2 angular regions
between 20 and 100◦ were explored at a scan rate of 2◦ min−1 .
The XRD patterns were compared to the International Centre for
Diffraction Data® (ICDD® ) [17].
2.4. Battery test
Figure 1b shows the equipment for cycling performance tests.
A Swagelok type rechargeable Li-air battery was assembled with
a Li foil anode (Sigma-Aldrich 265985), an air cathode (GDE) and
a glass microﬁber ﬁlter (Whatman) separator. The separator was
pretreated by soaking in 1 M lithium bis-triﬂuoromethanesulfonyl
imide (Aldrich) in tetraethylene glycol dimethyl ether (Aldrich).
The Swagelok battery was placed into a glass container (Figure 1b).
The glass container consisted of a sealed vacuum tube with two
Youngs’ taps for gas ﬂow and two electrical connectors (Tempatron Ltd.). The anode and cathode (both with a surface area of 1.0
cm2 ) were separated by a glass ﬁbre (ca. 150 m) and they were
connected via crocodile clips to the stainless cylinder or aluminum
tube contact points (Figure 1b). The battery was gastight except
for the Al mesh window that exposed the porous cathode to 1 atm
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Fig. 2. The equivalent circuit of rechargeable Li-oxygen/air batteries with the
carbon-supported MnO2 gas diffusion cathodes using the Li-Naﬁon and Li-Kynar
binders as well as using the Li-Naﬁon 117 membrane.

pure oxygen or air (both from BOC), as shown in Figure 1b. During
measurements, the battery was placed in an oven, which was set at
30 ◦ C. Charge–discharge curves were recorded galvanostatically by
ﬁrst discharging and then charging between 2.0 and 4.0 V (versus
Li/Li+ ) at different rates (in mA cm−2 ) using a Maccor-4200 battery
test station [1,7,8].
The electrochemical impedance spectra were measured insitu (also shown in Figure 1b), where the cathode was fed with
oxygen or argon, with a Metrohm Autolab PGSTAT302 N Potentiostat/Galvanostat ﬁtted with a frequency response analyser (FRA2
module, Eco Chemie, Holland). The anode served as both reference
electrode and counter electrode. The spectra were recorded in a frequency range of 100 kHz to 0.1 Hz with a perturbation amplitude
of the ac voltage of 5 mV under open circuit voltage (OCV) conditions [1,7,8]. The impedance spectra were analysed quantitatively
using an equivalent circuit, as shown in Figure 2, proposed for and
conﬁrmed in Li-O2 batteries [7,18]. In Figure 2, the external ohmic
resistance (Rex ) includes an uncompensated electrolyte resistance
(between the air cathode and the Li anode), an electronic resistance
of the current collector and contact resistances. The interface ohmic
resistance (Rin ) is a combination of the electrolyte resistance within
the electrode, the electronic resistance of the electrode material
and the contact resistance between the electrode components. The
interface double layer capacitance Cin represents the capacity of
the ﬁlm formed on the interface between the electrode and electrolyte. The charge transfer resistance (Rct ) indicates the resistance
for electrochemical charge transfer process. The capacity Cdl shows
the capacity related to the charge transfer process. The Warburg
(W) impedance is an indicator of the contribution from gas diffusion [7–9,18–20]. Values of the equivalent-circuit components
were obtained by curve ﬁtting using the Autolab Fra2 software.
During battery tests and electrochemical measurements, experimental errors have been taken into account; for each set of
quantitative data, experiments were repeated with at least three
samples, which resulted in similar values and the median of a set
of data was adopted. The experimental error was less than 1%.
3. Results
3.1. Surface morphology and electrochemical properties
The TEM image display differences between the use of LiNaﬁon® (Fig. 3a) or Kynar (Fig. 3b) as binder where a greater
agglomeration in Kynar samples was observed, suggesting a lower
surface area than with Naﬁon® . This micro-structure difference
could lead to a different active surface area and electrochemical properties, as shown in impedance spectra (Fig. 3c) and
by the values of the equivalent-circuit components (Table 1).
Lower resistances/impedances and higher capacitances were
observed for the Li-Naﬁon® cathode than its Kynar counterpart:
7.4 versus 7.7  in external ohmic resistances, 275 against 269

Fig. 3. TEM images (a, b) and impedance spectra (c) of the air cathode with LiNaﬁon® (a, c) or Li-Kynar (b, c) binder.

mF in charge capacitance and 0.12 against 0.13  in the Warburg
impedance. These data imply better charge transfer and mass transport characteristics of the Li-Naﬁon binder [9,18,19]. Although
the improvement in electrochemical properties was not so

54

H. Cheng, K. Scott / Electrochimica Acta 116 (2014) 51–58

Table 1
Equivalent circuit parameters of rechargeable Li-O2 batteries with the Li-Naﬁon and Kynar binder cathodesa
Binder

Rex /

Rin /

Cin × 106 /F

Rct /

Cdl × 106 /F

W/

Naﬁon (New)
Kynar (New)
Naﬁon 117 (New)
Naﬁon (after 60 cycles)b
Kynar (after 50 cycles)b

7.4
7.6
8.1
27.5
28.9

18.7
19.0
23.7
44.6
48.3

4.8
4.6
2.2
2.5
2.9

49.5
50.8
56.8
305.3
332.1

274.6
269.1
219.3
229.9
215.3

0.12
0.13
0.16
0.22
0.25

a
Rex: external ohmic resistance. Rin: interface ohmic resistance. Cin: interface capacitance. Rct: charge transfer resistance. Cdl: double layer capacitance. W: Warburg
impedance.
b
The cycling process was carried out at 0.1 mA cm−2.

signiﬁcantly, it did show that there were beneﬁcial interaction
between Li+ ions and the Naﬁon binder.
3.2. Capacity feature
A comparison of the Li-Naﬁon® binder battery with its Kynar
counterpart is shown in Fig. 4a and Table 2 The shape and voltages
of the discharge/charge proﬁle for both batteries are similar but the
Naﬁon battery delivered 10% higher initial discharge capacity than
its Kynar counterpart, i.e. 950 vs. 855 mA h (g solids)−1 . The increase
is not so signiﬁcant and may be due to the relatively small interaction between Li+ ions and the Naﬁon® binder. Since the medium
frequency impedance reﬂects the contributions of the ionic diffusion [9,19] and capacitance is proportional to the electrochemically
accessible surface area of the electrode [20,21], a smaller charge
transfer resistance and higher capacitance of the Li-Naﬁon® cathode indicate its better ionic diffusion and more accessible active
sites than its Kynar counterpart, which contributed to its higher
capacities. These data demonstrate again the beneﬁcial interaction
between Li+ ions and the Naﬁon binder, although the effect was
relatively small.
3.3. Cycling stability
Stability of all batteries was assessed in terms of capacity retention, which is deﬁned as the fraction of the capacity available from
a battery under speciﬁed conditions of discharge after it has been
cycled for a number of cycles. As shown in Fig. 4b and Tab. 2, the
Li-Naﬁon® binder battery retained a higher capacity than its Kynar

a: O2

4.5

4.0

Li-Nafion binder

counterpart, 86% vs. 67% and 65% vs. 34% after 10 and 20 cycles,
respectively; the difference was even greater after 20 cycles, e.g.
44% vs. 9% at cycle 50. These data suggest a higher cycling stability
of the Li-Naﬁon® binder over the Li-Kynar binder.

3.4. Rate capability
Rate capability was improved by using Li-Naﬁon® binder rather
than its Kynar counterpart at all rates, as shown in Fig. 4c. Even
at 2 mA cm−2 , the Li-Naﬁon® battery could survive after several
cycles, although its Kynar counterpart failed after 2 cycles. This
indicates higher rate capability of the Li-Naﬁon® binder than the
Li-Kynar binder. Moreover, higher stability of the Li-Naﬁon® binder
was also retained at higher rates, for instance, at 0.2 mA cm−2 ,
capacity retention of the Naﬁon® binder battery was three times
higher than that of the Kynar battery, 39% vs. 13% after 10 cycles
and even signiﬁcantly higher after 15 cycles: 20% vs. 1.6% (Fig. 4c).

3.5. Replacement of pure O2 by air
The working situation of Li-air batteries when air replaces pure
oxygen is of considerable importance for practical reasons, since
one of the main purposes of using this type of energy storage device
is to use oxygen from the surrounding atmosphere rather than from
an oxygen storage. For comparison, an industrial compressed dry
air from BOC was used, which has a composition of 20.95% O2 and
78.08% N2 and traces of other gases, such as 0.035% CO2 . As shown
in Fig. 5 and Table 2, the Li-air battery with dry air had similar
discharge and charge potentials but gave lower discharge capacities, than their oxygen counterparts. The Li-Naﬁon® binder battery
delivered larger capacity with higher retention than its Kynar counterpart: 528 vs. 406 mA h (g solids)−1 and 35% vs. 17% after15 cycles.
This indicates higher stability of the Li-Naﬁon® binder battery than
its Kynar counterpart under air-feeding conditions.

Potential/V

3.5

3.6. All-solid Li-Naﬁon® membrane battery
3.0

2.5

2.0
Li-Nafion membrane

Li-Kynar binder

1.5
0

200

400

600

800

1000

Capacity (solids)/mA h g-1
Fig. 4. Charge-discharge characteristics and cycle stability (between 2.0 and 4.0 V
at 0.1 mA cm−2 , 30 ◦ C) of rechargeable Li-O2 batteries with Li-Naﬁon® or LiKynar binder cathode. a. Initial charge-discharge curves. b. Cycling performance
at 0.1 mA cm−2 . c. Cycling performance at high rates.

Considering the success of all-solid membrane electrode assembly in fuel cells, we fabricated all-solid Li-air batteries with a
Li-Naﬁon® membrane. The battery could work even with ambient
air but showed smaller capacity (440 mA h (g solids)−1 ) and lower
capacity retention (48% and 15% after 10 and 20 cycles, respectively)
(Fig. 4a and 4c, Table 2). The performance decreased further under
air-feeding conditions (Fig. 5, Table 2). The data suggest challenges
for development of all-solid Li-Naﬁon® membrane batteries. A simple fact is that the solid membrane itself may be a barrier rather
than a free path for diffusion. Compared with fuel cells, the membrane electrode assembly does not appear to function correctly.
Therefore, further investigation is necessary to create a suitable
membrane electrode assembly, promoting good mass transfer of
all involved species.
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Fig. 6. X-ray powder diffraction patterns (XRD) of air cathode with Li-Naﬁon® or
Li-Kynar binder before and after cycling.

Fig. 5. Charge-discharge characteristics and cycle stability (between 2.0 and 4.0 V
at 0.1 mA cm−2 , 30 ◦ C) of rechargeable Li-air batteries with Li-Naﬁon® or Li-Kynar
binder cathode. a. Initial charge-discharge curves. b. Cycling performance.

intensity peaks, which can be matched to the proﬁle of -MnO2 ,
i.e. a mixture of ramsdellite (␣-MnO2 ) and pyrolusite (␤-MnO2 ),
corresponding to MnO2 (100), MnO2 (101), MnO2 (102) and MnO2
(110) at approximately 37.1◦ , 43.2◦ , 56.0◦ and 66.6◦ , respectively
[17]. The presence of broad and low intensity peaks means that the
MnO2 catalyst had a small crystallite size with a low degree of crystallinity [22]. After discharge/charge cycling, the Naﬁon® cathode
had lower catalyst loss than its Kynar counterpart, as indicated by
the smaller reduction in peak areas of the MnO2 catalyst.
Although there were difﬁculties in accurately establishing baselines and the peak positions were slightly shifted after cycling, we
approximately estimated the mean particle sizes of MnO2 (102)
(2 ≈ 56◦ ), which had better baselines and peak shapes than other
peaks, using the Scherrer’s formula [23–26]:
L=

4. Discussion
As mentioned above, the sample with the Li-Kynar binder exhibited higher agglomeration and thus a smaller active surface area
than its Naﬁon® counterpart (Fig. 3). This micro-structural difference could partly explain the improved electrochemical properties
of the Li-Naﬁon® battery. On the other hand, better stability of the
Li-Naﬁon® binder battery could originate from its lower cathode
catalyst loss than the Li-Kynar battery, as corroborated by the XRD
proﬁles (Fig. 6). Both new cathodes displayed four broad and low

0.9
ˇ cos 

(2)

where L is the crystallite size,  - is the radiation wavelength
(0.154056 nm for Cu K␣), ␤- is the bandwidths at half-height and 
is the diffraction peak angle.
The mean calculated crystallite sizes increased from 9.5 to
12.5 nm and from 9.8 to 22.1 nm before and after cycling, for the
Naﬁon® and Kynar samples, respectively.
In addition, there were fewer peaks and lower intensities of
Li2 CO3 (an insoluble cycling product [17,22,27,28]), suggesting less
Li2 CO3 formation inside the Li-Naﬁon® binder battery than its

Table 2
Charge/discharge voltages and discharge capacities of rechargeable Li-O2 /air batteries with Li-Naﬁon and Kynar bindersa
Binder

Cell potential/Vb (Discharge)

Cell potential/Vb (Charge)

Capacity/mA h/gb

Naﬁon (O2 )
Kynar (O2 )
Li-Naﬁon117 (O2 )
Naﬁon (Air)
Kynar (Air)
Li-Naﬁon117 (Air)

2.91
2.91
2.87
2.91
2.91
2.88

3.05
3.05
3.10
3.02
3.02
3.04

950
855
440
528
406
275

a
b

Discharge/charge rate: 0.1 mA cm−2 .
The ﬁrst cycle.

Capacity retention/% (after cycle)
5

10

15

20

50

94
86
72
78
62
40

86
68
48
49
34
16

75
51
28
35
17

65
34
15

44
9
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Fig. 7. TEM images of air cathode with Li-Naﬁon® (a, c) or Li-Kynar (b, d) binder after cycling between 2.0 and 4.0 V at 0.1 mA cm−2 and 30 ◦ C.

Kynar counterpart. The smaller catalyst loss meant that more catalyst particles were involved in the oxygen reduction reaction. The
smaller Li2 CO3 formation implies that there was less blocking of the
cathode surface by insoluble chemicals, which improved the mass
transfer environment for Li+ , oxygen species and reaction products
and hence produced a higher capacity and longer capacity retention. The XRD data suggest that the Li-Naﬁon® binder is better than
the Li-Kynar binder for battery cathode construction.
It is interesting to know if there is any link between binder
and the formation of Li2 O2 . We have attempted to identify Li2 O2
in discharge products using available facilities/equipment, such
as an X-ray diffractionmeter. Unfortunately, we failed to conﬁrm
the presence of Li2 O2 , may be due to several technical reasons,
such as:

(i) As peaks of Li2 O2 and MnO2 appear at similar angles in XRD
spectra and the Li2 O2 signals, if any, are much weaker than

those of MnO2 , so that the peaks of Li2 O2 were overlapped
with the peaks of MnO2 .
(ii) The peaks of Li2 CO3 might prevent the observation of peaks
from Li2 O2 for similar reasons as that of MnO2 peaks.
(iii) Li2 O2 may form in some reaction stages but disappears at the
ﬁnal stage when the XRD samples were collected. For example, a further reaction could occur in the presence of carbon
dioxide:

Li2 O + CO2 → Li2 CO3

(3)

Therefore, the difﬁculty of determining the presence of Li2 O2
prevents us going further, e.g. establishing the correlation between
the formation of Li2 O2 and binders. However, we could not ruled
out the possibility of formation of Li2 O2 either because, as reported
[6,10,11], Li2 O2 was formed under similar conditions as ours.
Accordingly, the link between the formation of Li2 O2 and binder
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Fig. 8. Impedance spectra of air cathode with Li-Naﬁon® or Li-Kynar binder or LiNaﬁon® membrane after cycling.

remains an open question. This indicates a new direction of
research, i.e. ﬁnding suitable methods and/or techniques to characterise Li2 O2 quantitatively, then establish the link between the
formation of Li2 O2 and binder.
The TEM analysis of the cathodes after cycling showed different
agglomeration patterns: smaller cauliﬂower-like catalyst particles
and more porous regions (shown as bright spots, Fig. 7a) versus
big cluster catalyst particles (bright spots, Fig. 7b). The TEM measurements at higher magniﬁcation provided evidence about this for
certain examples. At a magniﬁcation of 25000×, the MnO2 catalyst
(dark spots) were more separated and appeared to be less dense
with an open macrostructure (Fig. 7c) than the Kynar counterpart
(Fig. 7d). This indicates that the combination of Li+ with the Naﬁon®
binder produced higher resistance against catalyst agglomeration.
As a consequence, the Li-Naﬁon® cathode had more active sites
and higher active areas, higher catalyst dispersion and higher total
pore volume as well as shorter path length for diffusion, compared
with its Kynar counterpart. The loss and agglomeration of catalyst
could change the physicochemical characteristics of the electrode
materials, such as concentration of redox active sites, surface area,
pore volume and pore size distribution, particle size and morphology, making a critical impact on the charge–discharge behaviour of
batteries [19,29–33]. These structural changes qualitatively illustrate the major reasons for the performance improvement using
the Li—Naﬁon® binder rather than its Kynar counterpart. Quantitatively, TEM data were also used to evaluate the sizes of MnO2
particles. The average grain size from visible MnO2 particles in the
TEM images increased from a range of 5∼10 nm to 8∼15 nm and
from a range of 5∼10.5 nm to 9∼25 nm before and after cycling,
for the Naﬁon® and Kynar samples, respectively. The data approximately agreed with the XRD results.
We also observed the increase of the charge-transfer resistance
between the cathode and the electrolyte on cycling, such as increase
in resistances/impedances and reductions in capacitance (Fig. 8 and
Table 1). Although the change in impedance spectra was relatively
smaller than the structural change, it served as ancillary evidence
for the beneﬁcial inﬂuence of the Li-Naﬁon® binder.
Overall, the above data indicate that the combination of the
carbon-supported MnO2 catalyst with the Li-Naﬁon binder was
better, which enhanced the close interconnection between active
components of the cathode and possibly formed effective three
phase regions, consisting of oxygen gas, liquid electrolyte and solid
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active materials. This was a key factor affecting the performance of
Li-air batteries [31–33]. As well documented, the discharge capacity of Li-air batteries is determined more by the volume of the
pores, particularly those residing in the mesopore (2–50 nm) range,
because it affects mass transport of reactants (e.g. O2 ) and discharge
products [34–36]. In this work, the signiﬁcant change in the volume
of the pores was observed by the direct surface analysis (TEM and
XRD), which had a major inﬂuence on the function of three phase
regions, leading to changes in battery performance, particularly
cycling behaviour. As a consequence of such a signiﬁcant effect of
the structural change, the battery with the Li-Naﬁon® binder cathode showed higher capacities and larger capacity retention than its
Kynar counterpart.
As mentioned above, the use of the Li-Naﬁon® binder had a signiﬁcant inﬂuence on structural change of the cathode and had a
relatively small effect on electrochemical properties. This is something unexpected because, in general, a large structural change
usually corresponds to a large variation in impedance spectra.
However, the variation in impedance spectra did not contradict
the differences in the TEM images and XRD patterns; they all
demonstrated the beneﬁt of using the Li-Naﬁon® binder rather
than its Kynar counterpart, at least qualitatively. Therefore, such
a difference could not prevent us suggesting that the structural
change as the major reason for the performance; while using the
impedance data as ancillary evidence. Of course, it would be interesting to understand the difference thoroughly and to correlate the
relationship between structural change and impedance variation
quantitatively in further studies with the aid of other techniques,
including theoretical modelling.
5. Conclusions
The use of a Li-Naﬁon® binder improved the capacity, durability and rate capability of rechargeable Li-air batteries compared
to the use of the Kynar counterpart. The success was largely due
to improved resistance of the Li-Naﬁon® binder against catalyst
agglomeration and from its more robust micro-structure, promoting the formation of more effective three phase reaction zones and
a better mass transfer environment, compared with its Kynar counterpart. In addition, there was a benign interaction between Li+
ions and Naﬁon® binder particles, which beneﬁted the physicochemical properties, playing a part in improving the performance,
although such an effect was relatively smaller than the structural
change. An all-solid Li-Naﬁon® membrane battery could deliver
a reasonably high capacity and survive up to 20 cycles. The performance could be improved further by optimising materials and
by addressing several key areas, such as solvent, functional membranes and alternative anode.
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