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Single-wall carbon nanotubes (SWNTs) are promising mate-
rials for nanoelectronics owing to their unique properties,
including their large surface areas, specific electrical con-
ductivity, excellent gas-adsorption characteristics, and signifi-
cant mechanical strength.!!! In fact, as the best and most
available one-dimensional nanomaterials, they have wide
applications in materials science,”) sensor technology,
catalysis* and biomedical fields.”! They are also applicable
to nanostructured electrodes to realize high-performance
rechargeable batteries® and super-capacitors,”! as they can
provide fast transport pathways for both electrons and lithium
ions.

We have recently proposed molecular cluster batteries
(MCBs)® that consist of a lithium anode and cathode-active
material based on polynuclear metal complexes (molecular
clusters) to achieve both high battery capacity and fast
charging/discharging. We prepared an MCB of Mnl2
(Mn;,0,,(CH;COO0),4(H,0),), which is well known as a
single-molecule magnet,”! because this molecule undergoes
a multi-electron redox reaction.'”’’ Mn12-MCBs can possess
an extremely high capacity over 200 Ahkg™', which is larger
than that of the lithium ion batteries, owing to a multi-
electron redox process between Mn12° and Mn12%~." We
have previously shown that the molecular clusters are
promising cathode-active materials, but their most important
feature has not yet been utilized. More specifically, as we
made the cathodes by mixing microcrystals of the molecular
clusters and vapor-grown carbon fibers (VGCF) with a binder
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(Supporting Information, Figure S1), there was no nanoscale
dispersion of the cluster molecules, so that the battery
reaction was associated with frictional penetration/removal
of lithium ions into/from the microcrystals and with non-
smooth electron transfer between the cluster molecules and
the electrode. These drawbacks brought about problems such
as a slow charging/discharging rate and insufficient cyclability.

Herein, we examine nanohybridization between a well-
known molecular cluster, namely a polyoxometalate (POM),
and SWNTs, to achieve both smooth electron transfer
through SWNTs and quick lithium-ion diffusion (Figure 1).

Figure 1. Expected battery reactions in the POM/SWNT hybrid
materials.

POMs exhibit a rich diversity of properties such as lumines-
cence, catalysis, and magnetism."? Their reversible multi-
electron redox behavior has also been utilized for recharge-
able batteries; some of POMs, such as [PMo;,0,)*" and
[PW,,0,) 7% can be cathode-active materials of lithium
batteries with large capacities. Although POM-integrated
SWNTs have been prepared for spintronics!'* and catalysis, !
there has been no report of their applications to battery
cathodes. We will present herein the selective adsorption of
POMs on SWNTs and the battery performance of this POM/
SWNT hybrid material.

A representative Keggin-type POM, TBA;[PMo;,0,]
(TBA = [N(CH,CH,CH,CH),]*; see Figure 1), was prepared
according to the literature method."” SWNTs were purchased
from UNIDYM and were purified using a procedure reported
by Nakashima et al.l'"”! (Supporting Information, Figure S2).
To graft the POM molecules onto the surface of SWNTs, an
acetonitrile solution (5mL) of TBA;[PMo,,0,] (40 mg,
16 mmol) was added to a toluene suspension (50 mL) of the
purified SWNTs (80 mg) under vigorous stirring at room
temperature.’™™ After stirring until the turbidity of the
solution disappeared, the solution was filtered using a
membrane filter with a pore diameter of 0.1 um. Finally, the
precipitation was washed with toluene and dried under
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Figure 2. TEM image of the POM/SWNT hybrid material.

vacuum. The POM concentration in this POM/SWNT hybrid
material was about 30 wt %.

Figure 2 shows a transmission electron microscopy (TEM)
image of the POM/SWNT hybrid. The SWNT bundles are
decorated by dark spots with a diameter of about 1.5 nm,
which corresponds to the molecular size of [PMo;,04]*". It is
considered that the individual POM molecules are separately
grafted onto the surfaces of the SWNTs. A low-magnification
TEM image (Supporting Information, Figure S3) also sup-
ports this feature. Figure 3a depicts the energy-dispersive
X-ray (EDX) spectrum for the TEM image area shown in
Figure 2. It confirms the presence of molybdenum and also
carbon; the peaks for copper are ascribed to TEM grids. The
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Figure 3. a) EDX and b) Mo K-edge EXAFS spectra of the POM/SWNT
hybrid material.

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

surface coverage of the POM molecules on the SWNTs is
estimated to be 10 % from the TEM images, assuming that the
contact area of one POM molecule is 1.5 nm? and the surface
area of SWNT is 4.4 nm? per unit length (1 nm). It is notable
that the surfaces of the SWNTs appear to be rough compared
with those of the purified pristine SWNTs (Supporting
Information, Figure S2). This difference is probably caused
by the tetrabutylammonium cations adsorbed onto the
surfaces, as it is known that organic cations coat SWNTs.!"”!
It is speculated that the anionic [PMo,;,04]’" ion is electro-
statically attracted by the organic cations on SWNTs.

Mo K-edge XAFS analyses were performed on both
authentic TBA;[PMo;,04] and the POM/SWNT hybrid
material to examine the structure of [PMo,Oy ] after
nanohybridization. Fourier transforms of the k*y(k) functions
for the two samples (the k range is 3.5-13.0 A™') are
compared in Figure 3b. TBA;[PMo;,0,] exhibits four main
peaks at 1.0, 1.8, 2.3, and 3.1 A; the first three peaks are
assignable to the Mo—O distances and the last to Mo—Mo. The
curvature and peak positions of the hybrid material com-
pletely agree with those for TBA;[PMo,,0,], indicating that
[PMo0,,04]*" on the surface of SWNTs suffers from little
structural change.

The resonant Raman spectra were measured on the
purified SWNTs and the POM/SWNT hybrid at an excitation
wavelength of 514 nm (Supporting Information, Figure S4).
These two samples exhibit three bands, assigned to the radial
breathing mode (RBM) at 200230 cm ', the defect mode (D)
at 1344 cm™', and the longitudinal and transverse modes (G)
at 1590 cm ™. The intensity ratio of the D and G modes, which
is known to reflect the degree of surface defects on SWNTs, is
4.75 or 6.21 for SWNT or POM/SWNT, respectively. This
small difference between the two values means that the
nanohybridization does not bring about a significant increase
of surface defects in SWNTs. A cyclic voltammogram of the
POM/SWNT material is depicted in the Supporting Informa-
tion, Figure S5. This figure shows a broad redox wave, which
is typical of solid-state redox active materials, and indicates a
multielectron reaction of the POMs on SWNTs.

We examined the battery performance of the POM/
SWNT hybrid material as a cathode-active material for
MCBs. The cathode was made by mixing POM/SWNT,
carbon black, and polyvinylidenefluoride (PVDF) at a
weight ratio of 30:50:20, and a lithium foil was used as the
anode. The electrolyte was a 1m LiPFg solution of 1:1 v/v
ethylene carbonate (EC)/diethyl carbonate (DEC). The
battery coin cells were fabricated in an inert atmosphere.
For a control experiment, we also prepared the coin cells
using POM microcrystals; the cathode (Supporting Informa-
tion, Figure S6) was fabricated by mixing POM microcrystals,
carbon black, and PVDF. In these cathode fabrications, the
POM concentration was regulated to be 10wt%. The
charging/discharging measurements were carried out in the
voltage range of 1.5-4.2 V on a Hokuto HJ1001-SM8A, and
the specific charging/discharging capacities were calculated
based on the weight of TBA;[PMo,,04] in the cathode.

Figure 4a shows the first charging/discharging curves for
the POM/SWNT (solid line) and microcrystalline POM
(broken line) batteries, obtained with a constant load current
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Figure 4. a) First charging (black) and discharging (red) curves of the
MCBs based on the POM/SWNT hybrid material (——) and the POM
microcrystals (-----). b) First discharging curves of the POM/SWNT
hybrid material with load currents of 1 mA (red) and 2 mA (blue).

of /=1.0mA. In the first charging processes of the two
batteries (black curves), the voltage quickly increases from
the initial value (ca. 3.0 V) to 4.2 V. It is likely that these
pristine batteries are nearly in the charged states. The first
discharging of the microcrystalline POM battery (red, broken
curve) indicates a gradual voltage decrease and a high battery
capacity of ca. 260 Ahkg™' at 1.5 V. This value, which is
similar to the one reported previously for POMs,[®! can be
explained by assuming a redox change between Mo®" and
Mo*" on the 12 molybdenum ions in the POM. The first
discharging curve for the POM/SWNT hybrid MCB (red,
solid) shows a similar behavior, but the capacity reaches
about 320 Ahkg™', which is larger than that of the micro-
crystal-POM MCB by 60 Ahkg™'. To confirm the effect of
nanohybridization, we fabricated a cathode by mixing micro-
crystals of POM, SWNTSs carbon black, and PVDF without
nanohybridization between POMs and SWNTs and examined
its battery performance. The obtained battery capacity was
very similar to that of the microcrystalline POM MCB
(Figure S7), thus indicating that the excess capacity of the
POM/SWNT hybrid battery cannot be explained by an
electron storage effect of SWNTs. The large capacity of the
POM/SWNT battery suggests a further reduction of the
POMs in it.

The cycle performance, as determined from the first ten
charging/discharging processes, is given in the Supporting
Information, Figure S8. There is no significant decrease in
capacity for either the POM/SWNT or the microcrystalline
POM MCBs, indicating that POMs are very stable under the
solid-state electrochemical redox changes.
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Figure 4b shows the first discharging curves of the POM/
SWNT MCBs with load currents of /=1.0 and 2.0 mA. With
this increase in load current, the voltage drop is enhanced, but
the curve of /=2.0 mA still indicates a battery capacity of
250 Ahkg™" at 1.5V, which is similar to that of the micro-
crystalline POM MCBs obtained with /=1.0 mA. These
results indicate that the nanohybridization enables the
charging/discharging rate to be twice as large as that of the
microcrystalline POM MCBs. This difference is probably
caused by the nanohybrid structure bringing about smooth
electron transfer and lithium ion diffusion.

In summary, we have developed a nanohybrid system
between the POM clusters and the SWNTs in which
individual POM molecules are adsorbed onto the surfaces
of SWNTs without chemical decomposition. The charging/
discharging measurements for the MCBs in which the cathode
includes the POM/SWNT hybrid material indicate a higher
battery capacity and faster charging/discharging compared
with those of the microcrystalline POM MCBs. It is concluded
that nanohybridization of molecular clusters with SWNTs is a
promising method for improving smooth electron transport
and lithium ion dispersion in battery reactions.
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