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Abstract
In the development of lithium (Li)–oxygen (O2) rechargeable batteries, the improvement of the rechargeability is one of the
key issues to be solved. Herein, a novel strategy to solve this issue is explored using polymer-wrapped single-walled carbon
nanotubes (SWCNTs) as the cathode material. Poly[2,2’-(2,6-pyridine)-5,5’-bibenzimidazole] (PyPBI), employed as the
wrapping polymer of the SWCNTs, served to coordinate Li ions and to facilitate a favorable deposition of the discharge
products on the SWCNTs during the discharge reaction at the cell cathode. As a result, the rechargeability of the cell
(SWCNT/PyPBI-cell) was improved compared to the cell having nonwrapped SWCNTs as the cathode (SWCNT-cell).

Introduction

Nonaqueous lithium (Li)–oxygen (O2) batteries have attracted
significant attention as a promising rechargeable battery due
to their highest theoretical specific energy (11428W h kg−1

when excluding O2 mass) [1–6]. In the nonaqueous Li–O2

battery, the Li ions delivered from the anode react with O2

(air) and electrons as 2Li+ +O2+ 2e−→ Li2O2 [2, 7]. The
battery shows a rechargeability since the reaction is rever-
sible. The Li–O2 batteries possess an exceptionally high-
energy density since (1) Li metal has the lowest atomic
mass and a low electronegativity (–3.04 V vs. SHE

(Standard Hydrogen Electrode)) among all solid electrode
materials, and (2) O2 is abundantly stored in the surround-
ing environment. Critical problems in the current system
include (1) the low specific energy density of the cell
compared to the theoretical values, (2) the large over-
potential (especially for the charging process), and (3) the
poor discharge–charge repeatability (rechargeability). The
reasons for these issues include the stability of the electro-
lyte and the nature of the discharge products [8, 9]. Espe-
cially, since the Li2O2 is an insoluble and insulating
material and deposits as micron-size particles [10], the
clogging of the cathode occurs, which prevents the diffusion
of the electrolyte and O2, limits the capacity [11] and
increases the charging overpotential [12, 13]. As a result,
the cell loses its rechargeability.

To overcome these issues, developments in a novel
cathode that can accommodate a substantial amount of
Li2O2 were designed [14–19]. Along this line, carbon
nanotubes (CNTs) were extensively investigated as a
replacement for the typical electrode based on carbon
black (CB) since CNTs can form a continuous porous
network with a stiff structure in the absence of binder
materials [20–23]. However, an investigation into the con-
trol of the discharge product using a CNT cathode has not
been carried out.

In this study, we propose a polymer coating for CNTs as
a novel electrode in which a homogenous and ultrathin
polymer layer is wrapped around the CNT surface to
facilitate a favorable deposition of the discharge products by
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the affinity of Li+ toward the wrapped polymer. As the
coating polymer, we chose poly[2,2’-(2,6-pyridine)-5,5’-
bibenzimidazole] (PyPBI; Fig. 1a) since (1) we found that
PyPBI can coat CNT surfaces homogeneously with a
thickness of ~ 1 nm [24–27], and (2) it is expected to pro-
mote the formation of the discharge products through the
coordination of Li+ to the PyPBI ligand, which leads to a
favorable deposition of the discharge products.

Experimental procedure

Materials

N,N-dimethylacetamide (DMAc); ethylene carbonate (EC),
lithium battery grade; diethyl carbonate (DEC), lithium
battery grade; lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), lithium battery grade; and tetraethylene glycol
dimethyl ether (TEGDME), lithium battery grade were
purchased from Kishida Chemical Co., Ltd. Concentrated
hydrochloric acid (HCl), methanol, and 2-propanol were
purchased from FUJIFILM Wako Pure Chemical Industries,
Ltd. The single-walled carbon nanotubes (SWCNTs, ~2 nm
in diameter) were purchased from Meijo Nanocarbon, Ltd.
Poly[2,2’-(2,6-pyridine)-5,5’-bibenzimidazole] (PyPBI) was
synthesized according to a previously reported method [28].

Material characterization

X-ray photoelectron spectroscopy (XPS) and SEM images
were measured using an AXIS-ULTRADLD (Shimadzu
Corporation) and SU9000 (Hitachi High-tech), respectively.
The specific surface area and micropore distribution were
determined by the Brunauer–Emmett–Teller (BET) method

and Horvath–Kawazoe (HK) method (applying the carbon-
N2 interaction parameter at 77 K), respectively, as based on
the N2 adsorption isotherm measurements (77 K, 10−8 < P/
Po < 1) using a BELSORP-max (BEL Japan, Inc.) instru-
ment that was upgraded by changing the connection of the
sample tube to a VCR® metal gasket to avoid gas leakage
and to measure pressures as low as P/Po= 10−8 to 10−6,
which correspond to the micropore region. The gas
adsorption measurements were conducted under high
vacuum after a pretreatment at 150 °C for over 12 h. X-ray
diffraction (XRD) was performed by a SmartLab (Rigaku)
with a plastic bag to protect the cathodes from moisture.

Purification of SWCNT

A 50-mg portion of the as-produced SWCNTs was heated at
450 °C in air for 15 min in order to remove any amorphous
carbon. The obtained powder was then shaken in aq. HCl
(2.0 M) at room temperature for 2 h to remove any metal
impurities. These procedures were repeated one more time.

Synthesis of SWCNT/PyPBI

The SWCNTs wrapped by the PyPBI (denoted SWCNT/
PyPBI) were prepared according to our previous method
[29]. Briefly, the purified SWCNTs (7.0 mg) were added to
a DMAc solution (25.0 mL) of PyPBI (15.0 mg) and then
sonicated for 20 min using a probe-type sonicator (UD-200,
TOMY SEIKO Co., Ltd.). The dispersion was then cen-
trifuged at 5000 × g for 1 h (Himac CS100 GXL, HITACHI
Koki Co., Ltd.), and the supernatant was filtered using a
PTFE filter (100-nm pore size, ADVANTEC), followed by
vigorous washing with DMAc to remove any unbound
PyPBI. After washing with methanol and drying under
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Fig. 1 a Chemical structure of
PyPBI. b Schematic illustration
of the preparation of the
SWCNT sheet and SWCNT/
PyPBI sheet. SEM images of the
c SWCNT/PyPBI sheet and
d SWCNT sheet as cathodes.
Scale bars; 500 nm. Inset: photo
of the cathode fabricated with
the SWCNT/PyPBI sheet on a
SUS sheet
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vacuum, the SWCNT/PyPBI was obtained as a black
powder (3.5 mg).

Preparation of SWCNT/PyPBI electrode

The electrodes were prepared using a filtration method. The
SWCNT/PyPBI (0.8 mg) was dissolved in DMAc (3.0 mL)
and then sonicated for 1 h using a bath-type sonicator
(Branson 5510). The obtained solution was then slowly
casted on an SUS mesh (SUS316, 100 mesh). After wash-
ing with methanol, the electrode was dried under vacuum at
160 °C. In a similar manner, a control electrode (SWCNT-
electrode) having no PyPBI was prepared from the
SWCNTs (0.8 mg) dispersed in DMAc. No binder was used
during the electrode fabrication processes.

Electrochemical measurement

The electrode was pressed onto a stainless steel mesh, and
the cathode was dried in a vacuum oven at 160 °C for 9 h.
Lithium foil (thickness: 0.1 mm, Shinji Metallic Co., Ltd.)
was used as the anode and was separated from the cathode
by two pieces of a glass fiber separator (GA-200, Φ=
26 mm, ADVANTEC). A mixed solution of EC and DEC
(3:7= vol/vol) or TEGDME containing 1.0 M LiTFSI was
used as the electrolyte. All the cells were gas-tight sealed
except for the stainless steel mesh window used to admit 1
atm of oxygen gas. Discharge–charge measurements were
performed in the voltage range of 4.5–2.0 V at a current
density of 0.1 mA cm−1. For the SEM observations of the
electrodes after the discharge–charge measurements, the
disassembled electrode was washed with DEC, dried under
vacuum, and then mounted on an SEM holder in the glove
box under a nitrogen atmosphere.

Results and discussion

Characterization of SWCNT/PyPBI

For the CNTs, we used single-walled carbon nanotubes
(SWCNTs) due to their specific surface area being higher
than that of multi-walled carbon nanotubes (MWCNTs),
which can lead to a higher specific capacity [20]. PyPBI-
coated SWCNTs (SWCNT/PyPBI, Fig. 1b) were prepared
according to our previous report [28]. The SWCNTs were
sonicated in a DMAc solution of PyPBI for 60 min, which
were filtered and vigorously washed with DMAc to remove
any unbound PyPBI from the composite. The composition
ratio determined by elemental analysis was SWCNT:PyPBI
= 64:36 (in weight). Based on this result together with the
Brunauer–Emmett–Teller (BET) surface area of the
SWCNTs (810 m2 g−1) determined from the N2 adsorption

measurements and the density of the PyPBI (1.33 g cm−3)
[30], the thickness of the coating polymer layer was cal-
culated to be ca. 0.5 nm. The value is almost comparable to
that of the PyPBI coating on MWCNTs in which the
homogeneous coating was well visualized by SEM obser-
vation [31]. Fig, 1c, d shows SEM images of the electrode
fabricated on an SUS mesh in which SWCNT/PyPBI
(Fig. 1c) was placed by a filtration method. A control
electrode using the nonwrapped SWCNTs was also fabri-
cated (Fig. 1d) in a similar manner. For both electrodes,
fibrous network structures were formed. As seen in the inset
of Fig. 1c, the fabrication of the electrode film was possible
without using any binder materials due to the stiff entan-
glement of the fibrous SWCNTs, which is favorable for
increasing the specific capacity of the cell.

The SWCNT sheet showed a slightly higher BET surface
area (294 m2 g−1) than that of SWCNT/PyPBI (242 m2 g−1)
[32]. It is noted that these values were significantly smaller
than that of as-grown SWCNT powder (810 m2 g−1). Most
likely, the preparation of the sheet by the vacuum filtration
method resulted in the close packing and bundling of the
tubes, leading to the large decrease in the surface area.

Cell performance

Figure 2 shows the typical discharge–charge curves of the
cells using SWCNTs (SWCNT-cell, Fig. 2a) and SWCNT/
PyPBI (SWCNT/PyPBI-cell, Fig. 2b) as the cathode elec-
trodes. The measurements were carried out using TEGDME
containing 1.0 M LiTFSI as the electrolyte at a current
density of 0.1 mA cm−2 and voltage cut-offs of 2.0 and 4.5
V vs. Li/Li+. TEGDME was used since ether-based sol-
vents are more stable than carbonate-based solvents, such as
ethylene carbonate (EC) and diethyl carbonate (DEC)
[33, 34], and Li2O2 is the predominant discharge product
[35]. In the 1st discharge, the capacity of the SWCNT-cell
(980 mAh g−1) was higher than that of the SWCNT/PyPBI-
cell (480 mAh g−1). On the other hand, in the 1st charging,
the capacity of the SWCNT-cell significantly dropped to
420 mAh g−1, while that of the SWCNT/PyPBI-cell (480
mAh g−1) was comparable. After the 1st cycle, the dis-
charge capacity of the SWCNT-cell dropped, while that of
the SWCNT/PyPBI-cell kept increasing and reached 850
mAh g−1 after ten cycles (Fig. S1).

To explore the origin of this difference, ex situ SEM
images of the cathodes of the two cells were measured after
the 1st discharge since the importance of the Li2O2 mor-
phology in influencing the performance in terms of dis-
charge capacity and rechargeability has been well discussed
[8, 36, 37]. In the SWCNT-cell, we found that the cathode
surface was fully covered by the discharge product and that
large toroid particles characteristic of the Li2O2 [16, 38] had
been deposited (Fig. 2c), while for the SWCNT/PyPBI-cell,
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a fibrous structure coated with depositions (Fig. 2d) together
with the Li2O2 toroid particles was observed (for lower
magnification images, see Fig. S2). The formation of Li2O2

in the cells was also supported by the X-ray diffraction
(XRD) measurements showing the characteristic (100),
(101) and (110) (JCPDS No. 09-0355) (Fig. S3). Since the
formation of the toroidal morphology is beneficial to the
diffusion of oxygen and to increase the discharge capacity,
the larger discharge capacity of the SWCNT-cell was
explained by the differences in the Li2O2 morphology.
However, we assumed that the insulating Li2O2 toroid
particles were too large to decompose during the charging
of the SWCNT-cell, resulting in an incomplete charging
with a high overpotential (Fig. 2a). On the other hand, the
quantitative discharging–charging of the SWCNT/PyPBI-
cell in the 1st cycle (Fig. 2b) indicated the smooth
decomposition of the discharge products due to the pre-
ferential formation of small discharge products during
the 1st discharging. The increase in the capacity of the
SWCNT/PyPBI-cell in the 2nd discharge was probably
the result of an increase in the contact interface between the
electrolyte and the PyPBI-wrapped SWCNT surface due to
wetting, and this action increased the surface available for
the deposition, as reported in the other systems [39]. The
importance of such electrolyte filling was also pointed out
by Zhang et al. [40]. Similar phenomena were also observed
when EC/DEC was used as the solvent (Fig. S4).

To compare the behaviors of the cells with the same
discharge/charge capacity, the rechargeability of the
SWCNT-cell and SWCNT/PyPBI-cell cycled at a cutoff
capacity of 300 mAh g−1 was tested (Fig. 3a, b). In the first
charging of the SWCNT/PyPBI-cell, we observed a clear

two-step potential increase (below 4.0 V and above 4.0 V),
while the SWCNT-cell exhibited a gradual increase, which
is also presented in Fig. 2. In the two-step increase, the
lower potential region was assigned to delithiation and
disproportionation reactions (Li2O2→ LiO2+ Li+ + e− and
LiO2+ LiO2→ Li2O2+O2), and the higher potential
region was assigned to the bulk oxidation of Li2O2

(Li2O2→ 2Li+ +O2+ 2e−) [38, 41–43]. The difference in
the shapes often originated from the morphology difference
of the discharge products [43, 44], and the results indicated
the PyPBI layer supported the formation of a more favor-
able morphology of Li2O2 for charging. Indeed, in the SEM
images of the SWCNT-cell and SWCNT/PyPBI-cell after
the first discharge, the cathode surface was fully covered by
thin plates with large particles for the SWCNT-cell
(Fig. 3c), while a fibrous structure, with fibers thicker
than the original fiber diameter (Fig. 1d), was clearly
observed for the SWCNT/PyPBI-cell (Fig. 3d). Mitchell
et al. [45] reported that Li2O2 thin plates were formed first
on CNTs, and then, the secondary nucleation of new plates
eventually developed into a toroidal shape, which was
comparable to the morphology observed for the SWCNT-
cell. We considered that in the SWCNT-cell, the Li2O2 was
deposited preferentially on the cathode surface due to
nucleation at the surface (Fig. 3e), whereas a homogeneous
deposition occurred on not only the sheet surface but also
the deeper sites for the SWCNT/PyPBI-cell due to the better
wettability, as illustrated in Fig. 3f.

The capacities of the SWCNT-cell (Fig. 3g) and
SWCNT/PyPBI-cell (Fig. 3h) were plotted as a function of
the cycle number. We achieved a constant discharge capa-
city for the SWCNT/PyPBI-cell until the 50th cycle

Fig. 2 Charge–discharge profiles
of the (a) SWCNT-cell and (b)
SWCNT/PyPBI-cell in
TEGDME between 2.0–4.5 V
(vs. Li/Li+) at a current density
of 0.1 mA cm−2. Only selected
cycles are displayed for clarity.
All the specific capacities are per
gram unit of total electrode
weight (i.e., SWCNTs and
SWCNT/PyPBI for the
SWCNT-cell and SWCNT/
PyPBI-cell, respectively). SEM
images of the (c) SWCNT-cell
and (d) SWCNT/PyPBI-cell as
cathodes after the 1st discharge.
For lower magnification images,
see Fig. S2
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(Fig. 3g), whereas the capacity of the SWCNT-cell
decreased after the 25th cycle (Fig. 3h). This deterioration
in the capacity before the cycle limitation (40–50 cycles for
charging in Fig. 3h) was often observed, indicating that the
discharge product was not sufficiently oxidized probably
due to the accumulation of the discharge product in the
cathode. A similar superiority of the SWCNT/PyPBI-cell
was also observed when the cell capacity was not limited
(Fig. S1). We assumed that the homogenous deposition in
the SWCNT/PyPBI-cell enabled the good rechargeability
compared to that of the SWCNT-cell, in which preferential
deposition on the cathode surface occurred.

The question remained as to the reason why the PyPBI
coating enabled the better wettability and more favorable
deposition. To investigate the mechanism, XPS narrow
scans of the N 1s region of SWCNT/PyPBI before and after
the discharge–charge test were measured (Fig. 4). Interest-
ingly, the two peaks at 398.0 and 400.3 eV observed for the
SWCNT/PyPBI before the test (black line) changed to a
single peak at 399.5 eV after the test (red line), which was
similar to the metal coordination on PyPBI (Fig. S5). Of
further note is that the peak profile returned to its initial
shape by washing the cathode with water (blue line). This
result indicated the weak coordination of Li+ to PyPBI.

Fig. 3 Charge–discharge profiles
of the (a) SWCNT-cell and
(b) SWCNT/PyPBI-cell in
TEGDME between 2.0–4.5 V
(vs. Li/Li+) at a current density
of 0.1 mA cm−2 for the 1st, 5th,
10th, 15th, 20th, 25th, and 30th
cycles. The capacities were
limited to 300 mAh g−1. All the
specific capacities are per gram
unit of total sample weight.
SEM images of the (c) SWCNT-
cell and (d) SWCNT/PyPBI-cell
cathodes after the 1st discharge.
Scale bars: 500 nm. Schematic
illustrations of the Li2O2

deposition for the (e) SWCNT-
cell and (f) SWCNT/PyPBI-cell.
Plots of the capacity from
charge–discharge cycles as a
function of cycle number for the
(g) SWCNT-cell and (h)
SWCNT/PyPBI-cell in
TEGDME between 2.0–4.5 V
(vs. Li/Li+) at a current density
of 0.1 mA cm−2
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Zundel and coworkers [46] reported the coordination of Li+

to the pyridine-based ligand, which supports the complex
formation of Li+ and PyPBI, as proposed in Fig. 4. Fur-
thermore, on a graphitic surface, such as the CNT surface,
the discharge intermediate product is able to migrate away
from the charge transfer centers and settle at the structural
defect sites, thus, forming large aggregates [47, 48]. Based
on the above facts, we considered that the homogeneous
PyPBI layer acted as binding sites to prevent the migration
of the intermediates and to form a uniform deposition layer
on the SWCNT surface, which realized a higher overall
charge capacity as well as a lower overpotential [49].

Conclusion

We developed a novel cathode for the Li–O2 battery using
polymer-coated SWCNTs as the electrode material and
studied the effect of the coating polymer, PyPBI, on the cell
performance in terms of rechargeability. As a result, the
cycle stability improved by the PyPBI coating. We assumed
that the coordination of Li+ to PyPBI played an important
role in the favorable growth of the discharge product on
SWCNT/PyPBI, which realized a smooth decomposition of
the product upon charging. Our finding will lead to further
ideas, such as the grafting of polyethylene oxide, known to
show strong Li+ coordination, on SWCNTs, and a series of
studies using a similar concept will offer advanced Li–O2

cathodes with better performances.
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