-
™
<
[
-l
wd
=
™

6100 wileyonlinelibrary.com

www.afm-journal.de

'a\
Me \Iii"§

www.MaterialsViews.com

Covalently Tethered Polyoxometalate—Pyrene Hybrids for
Noncovalent Sidewall Functionalization of Single-Walled
Carbon Nanotubes as High-Performance Anode Material

Dui Ma, Liying Liang, Wei Chen, Haimei Liu, and Yu-Fei Song*

A covalently tethered polyoxometalate (POM)—pyrene hybrid (Py-SiW,) is
utilized for the noncovalent functionalization of single-walled carbon nano-
tubes (SWNTs). The resulting SWNTs/Py-SiW,; nanocomposite shows that
both SiW;; and pyrene moieties could interact with SWNTs without causing
any chemical decomposition. When used as anode material in lithium-ion
batteries, the SWNTs/Py-SiW;; nanocomposite exhibits higher discharge
capacities, and better rate capacity and cycling stability than the individual
components. When the current density is 0.5 mA cm~2, the nanocomposite
exhibits the initial discharge capacity of 1569.8 mAh g~', and a high discharge

capacity of 580 mAh g~ for up to 100 cycles.

1. Introduction

Polyoxometalates (POMs) represent a diverse range of molec-
ular clusters of V, Mo, W, Nb, and so on, in their highest oxi-
dation state with unmatched range of physical properties such
as electronic versatility, redox character, and unique molecular
structures, etc.'’”) Compared with the large number of crystal
structures of POMs reported in the literature, the development
of POMs-based functional assemblies and materials is one of
the most important research fields. Recently, the investigation
of the POMs-modified carbon nanotubes (CNTs) became a fas-
cinating topic. For example, Chen and colleagues®* reported
H;PMo;,04,-modified carbon nanotubes as new catalyst sup-
port for methanol electro-oxidation. Bonchio and co-workers,*?!
reported efficient water oxidation at the POM-CNTs interface.
Giusti et al¥ reported new assemblies of magnetic POMs
on single-walled carbon nanotubes (SWNTs). The group of
Yoshikawa and Awaga developed an interesting nanohybrid
system of [PMo1,040]> /SWNTs as cathode material with a
higher battery capacity and faster charging/discharging proper-
ties compared with those molecular cluster batteries.!

SWNTSs, as a new allotropic form of carbon, show superior
and in many cases unique properties.’! It has been demon-
strated that noncovalent sidewall functionalization of SWNTs
with polycyclic aromatic compounds such as pyrene proves
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to be able to improve their dispersion
and chemical compatibilities.”® Given
the excellent structural and electronic
properties of SWNTS, the application of
SWNTs as anode material for lithium-ion
batteries (LIBs) have been investigated
extensively.>!% It is known that the LIBs
of “purified” SWNTs are generally in the
range of 400 and 460 mAh g=1,!1 and the
attempt to shorten and induce sidewall
defects in the SWNTs have resulted in the
capacity reaching =1000 mAh g! so far.[1?!
Nevertheless, the design and development
of functional materials that can further
increase the capacity remains hard to pre-
dict and highly challenging.

Considering that pyrene and its derivatives exhibit strong
affinity to SWNTs,7® and POMs could be spontaneously
adsorbed onto SWNTs, 13 it is highly interesting to ask a ques-
tion whether the co-existence of pyrene and POMs can induce
more sidewall defects in the SWNTs. Here, covalently teth-
ered a POM-pyrene hybrid with the molecular structure of
(BuyN).o{(SiW;,03)[O(SiCH,CH,CH,NH-COOCH,C,sHo),]}
(Py—SiW1;) for noncovalent functionalization of SWNTs results
in the formation of the SWNTs/Py-SiW;; nanocomposite
(Scheme 1). The investigation of the Py—SiW,; modified SWNTs
nanocomposite as anode material has been carried out for the
first time, exhibiting large enhancement of the discharge capac-
ities, excellent rate capacity, and good cycling stability than the
individual components of POM or pyrene.

2. Results and Discussion

Noncovalent functionalization, based on the 77 stacking of the
pyrene derivatives with SWNTs, has been widely used to dis-
perse nanotubes,!'l and to combine the nanotubes with photo-/
electroactive species'”! and biomolecules.>'8] Herein, the
apolar POM-pyrene hybrid of Py-SiWy, is designed to generate
both m—m and electrostatic interactions with the SWNTs.

One of the most interesting aspects of POMs lies with the
fact that the clusters can be viewed as transferable building
blocks. As such, the controlled assembly of POM-based
building blocks defines a crucial challenge to engineer the
POM building blocks into novel architectures with function-
ality. An important extension to this building block concept is
realized by the use of POMs to form organic/inorganic hybrid
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Scheme 1. Schematic description of the SWNTs/Py-SiW;; nanocom-
posite as anode material.

assemblies,! which comprise covalently connected cluster
and organo fragments. As shown in Scheme 2, reaction of the
pyren-1-ylmethanol (Py-CH,OH) with 3-(triethoxysilyl)-propyl
isocyanate in the presence of triethylamine (Et;N) leads to the
formation of the pyren-1-ylmethyl-(3-(triethoxysilyl)propyl)-
carbamate (Py-Si(OEt);). Reaction of Py-Si(OEt); with the
lacunary POM of Kg[SiW;,030]-13H,0 (SiW;;)["*] affords new
inorganic/organic hybrid assembly with the molecular struc-
ture of (BuyN),{SiW,;036[0(Si(CH,);NH-COOCH,C;Ho),]}
(Py—SiWy;), which has been fully characterized by Fourier
transform IR spectroscopy (FTIR), 'H NMR, 3C NMR, and #Si
NMR (Figures S1-S4, Supporting Information). Electrospray
ionization mass spectrometry (ESI-MS) of Py-SiW;; shows
two signals at m/z 1932 and 1812, which could be assigned
to [(Py-SiW;;)-2(TBA)*> and [(Py-SiW;;)-3(TBA)*+H"]>",
respectively.

As shown in Figure 1a, the presence of chemisorbed SiWy;
onto SWNTs is evident from FTIR spectrum since the unique
bands of both SiW;; and SWNTs can be observed in the nano-
composite material. For example, FTIR spectrum of pristine
SWNTs displays two weak C-H stretching bands at 2919 and
2848 cm™, and the aromatic C=C vibration bands at 1653,
1439 cm™\. In contrast, the C-H stretching bands at 2913
and 2842 cm™!, and the C=C vibration at 1656 and 1450 cm™,
respectively, could be observed in the corresponding SWNTs/
Py-SiW;; nanocomposite. The C=0 and Si-O-Si vibration
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Figure 1. a) FTIR spectra of the pristine SWNTs, SWNTs/Py-SiW;;, and
Py-SiW;;. b) TGA measurements of pristine SWNTs, SWNTs/Py—SiW;,
and Py-SiW;; in N (10 °C min).

bands shift from 1716 and 1044 cm™ in the Py-SiW;; to 1736
and 1044 cm™ in the SWNTs/Py-SiW;; nanocomposite, which
indicates the interactions between Py—SiW,; and SWN'I5. Ther-
mogravimetric analysis (TGA) results of SWNTs, Py-SiW,y,
and SWNTs/Py-SiW,; have been presented
in Figure 1b. It can be seen that the pris-

CCO |:|'}:| C‘N/\/\s| O‘ N/\/\s| tine SWNTs do not exhibit any decomposi-
O oo™\ ’ Pys(om) 6o\ tion before 525 °C, while the Py-SiW;; and
W SWNTs/Py-SiW;; nanocomposites show the

Scheme 2. The synthetic pathway for the preparation of covalently functionalized Py—SiW;;.
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weight loss of 31.2 and 13.2 wt%, respectively.
If a similar weight-loss behavior of Py—SiW;
and SWNTs is assumed to take place,'*? the
Py-SiW;; content in the SWNTs/Py-SiWy,;
nanocomposite can be roughly determined to
be 42.3 wt%.

Further characterization of the SWNTs/
Py-SiW,; nanocomposite has been studied
by Raman spectra excited at 633 nm. As
shown in Figure 2a, the tangential vibration
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Figure 2. a) Raman spectra of the purified SWNTs and SWNTs/Py-SiW,;,
respectively; excitation A =633 nm. Inset: photographs of the DMF solu-
tion of 1) pristine SWNTs and IlI) SWNTs/Py-SiW;;. b) Fluorescence

spectra of Py—SiW;; and SWNTs/Py-SiW;; in dimethylformamide (DMF):
Aex = 344 nm.

mode (G band)?% at 1586 cm™ is clearly observed for both
SWNTs and SWNTs/Py—SiW;; nanocomposite. Meanwhile, the
disorder-induced D band shifts slightly from 1326 in SWNTs
to 1329 cm™! in SWNTs/Py-SiW;;. Contrast experiment shows
that no Raman absorption can be observed at =1300 cm™ for
Py-SiW;; alone. Moreover, it is noted that Raman spectra of
SWNTs/Py—SiWy; exhibit a D mode with similar intensity
to the high-energy G mode, whereas the intensity of D band
is much lower than that of G band in pristine SWNTs. Such
result in the SWNTs/Py-SiW;; nanocomposite could be attrib-
uted to the dislocation of more surface defects of SWNTs under
the experimental conditions. The second disordered D* band
shift significantly to higher frequency from 2628 in SWNTs to
2637 cm™! in SWNTs/Py-SiW;; nanocomposite. The shift of
D band to higher frequency indicates the loss of electrons on
SWNTs, and the presence of the intermolecular interactions
between SWNTs and Py—SiW;.121

The fluorescence spectroscopy provides proof for the interac-
tions between Py-SiW;; and SWNTs. Pyrene is a well-known

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. SEM images of a) the pristine SWNTs and b) SWNTs/Py—
SiW;; nanocomposite. ¢,d) EDX elemental maps of SWNTs/Py-SiWy;
nanocomposite.

luminophore and its dilute and concentrated solutions exhibit
monomer and excimer emissions in the UV and visible regions,
respectively.2%22l The steady-state fluorescence emission spec-
trum of Py-SiW;; shows two monomer emission at 377 and
396 nm, and one excimer emission at 476 nm. In contrast, the
emission spectrum of the SWNTs/Py—SiW;; nanocomposite
is almost completely quenched, which indicates that the decay
of singlet excited pyrene moieties is affected by their binding
to SWNTs. In other words, the emission quenching of the
SWNTs/Py-SiW,; nanocomposite may be caused by the pro-
nounced electron and/or energy transfer between Py—SiW,; and
SWNT since it is well-known that SWNTs are non-emissive.2!]
Figure 3 exhibits scanning electron microscopy (SEM)
images of the Py—-SiW;;/SWNTs nanocomposite and the pris-
tine SWNTs as control. It can be seen that the agglomeration of
SWNTs is clearly visible in the SEM images of pristine SWNTs.
In contrast, the SWNTs bundles are found to be loosened upon
treatment with Py-SiWy;, which indicates the improved dis-
persion of SWNTs in the nanocomposite sample. To confirm
the formation of the SWNTs/Py-SiW,;; nanocomposite, the
spatial distribution of metal elements in the SWNTs/Py—SiW,
nanocomposite has been examined using energy-dispersive
X-ray (EDX) elemental mapping analysis. As illustrated in
Figure 3c,d, the silicon and tungsten are homogeneously dis-
tributed in the SWNTs/Py—SiW;; nanocomposite materials.
Transmission electron microscopy (TEM) images of pris-
tine SWNTs do not reveal any externally grafted objects
(Figure S6, Supporting Information). In contrast, TEM images
of the SWNTs/Py-SiW;; nanocomposite show the presence
of bundles decorated by dark spots that can be clearly distin-
guished as Py-SiW;; by EDX measurement (Figure S6, Sup-
porting Information), which confirms the presence of tung-
sten, silicon, and potassium (the peak for copper is ascribed
to the used copper grids). High resolution (HR) TEM images

Adv. Funct. Mater. 2013, 23, 6100-6105
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Figure 4. HRTEM images of a) the pristine SWNTs and b) SWNTs/Py—
SiW;; nanocomposite.

(Figure 4) of the SWNTs/Py-SiW;; nanocomposite suggest
that the grafted objects (the dark spots) possess a diameter of
about 1-1.5 nm, which is in good agreement with the size of
Py-SiWy;. This result indicates that the individual Py-SiW,
molecules have been attached to the surface of the SWNTs.
Electrochemical properties of the SWNTs/Py—SiW,; nano-
composite as anode material for lithium-ion batteries have
been investigated. Figure 5 shows the charge-discharge voltage
profiles of the SWNTs/Py-SiW;; nanocomposite and Py-SiW,;
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Figure 5. First and second charging and discharging curves of the lithium

rechargeable battery; current density was 0.5 mA cm™2: a) SWNTs/Py—
SiW,; electrode and b) Py—-SiW;; electrode.
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Figure 6. a) First charging (up) and discharging (down) curves of the
SWNTs/Py-SiW;; with current densities of 0.1 mA (solid line) and

0.5 mA cm2 (dashed line). b) Discharge capacity and Coulombic effi-

ciency vs cycle number; current density was 0.5 mA cm™2.

electrode with the current density of 0.5 mA cm™ for the
first two cycles. The first discharge capacity of the SWNTs/
Py-SiWy; and Py-SiW;; electrode are 1569.8 mAh g! and
1165.9 mAh g!, and in the second cycle, the discharge
capacities of 707.1 and 566.6 mAh g™! have been achieved,
respectively. The above results reveal that the SWNTs/Py—SiW;
electrode has a bigger specific capacity than the individual com-
ponents of Py—SiW;; or SWNTs electrode, which indicates that
noncovalent functionalization of SWNTs by Py-SiW;; leads to
the large enhancement of the performance as anode material
when compared with SWNTs. It should be noted that for both
SWNTs/Py—SiW,; and Py-SiW; electrodes, the specific capac-
ities decrease in the first two cycles due to some irreversible
surface reactions on both electrodes. However, the capacities
remain stable up to 100 cycles after the 2nd cycle.

Figure 6a shows the first charge—discharge curves of the
SWNT/Py-SiW;; nanocomposite at the current densities of
0.1 and 0.5 mA cm™2, respectively. It is observed that the ini-
tial discharge specific capacity of the SWNTs/Py-SiW,; nano-
composite increases from 1569.8 to 2453 mAh g! with the
decrease of the current density from 0.5 to 0.1 mA cm™2, and
the capacity retention is as high as 64%. Figure 6b shows the
cycling stability and capacity retention of the SWNTs/Py—SiW;
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and Py-SiW;; electrode at the current density of 0.5 mA cm™.
For the SWNTs/Py-SiW,; nanocomposite, the first discharge
capacity is 1569.8 mAh g!, and then it exhibits the capacity
decay from the second cycle. After 20 cycles, the capacity
remains stable and a capacity of 580 mAh g™! could be achieved
after 100 cycles, with high capacity retention of 37%. In con-
trast, the reversible capacity of the bare Py-SiW;; electrode
drops rapidly from the 20" cycle at 0.5 mA cm2, and after
100 cycles, the capacity retention is just 19%. Such a prominent
difference between SWNTs/Py—SiW,; and bare Py—SiW; high-
lights the efficiency of the SWNTs/Py-SiW;; nanocomposite
material as high-performance anode material.

High electrode reversibility is another very important para-
meter for practical battery applications. Although the first Cou-
lombic efficiency of the SWNTs/Py—SiW;; nanocomposite is
only 37.4%, those of the following cycles are up to 99%. The
above results suggest that the SWNTs/Py-SiW;; nanocom-
posite shows a much better cycle stability than that of bare
Py-SiW, electrode. This is because that the sidewall defects of
SWNTS, due to the noncovalent functionalization of Py—SiWy;,
shorten the diffusion length of lithium ions and enable effec-
tive electrolyte transport.

The rate performance and the cycling stability during the
lithium ion insertion/extraction processes are key factors for
practical application. Herein, the rate capability of SWNTs/Py—
SiW,; has been evaluated at various currents in the range of
0.05-1 mA cm™2 at the cut-off voltage between 0 and 3.0 V Lit/
Li, and the results are presented in Figure 7a. The discharge
capacities of 920, 775, and 640 mA h g! have been obtained at
the current densities of 0.05, 0.1, and 0.2 mA cm™2, respectively.
The capacities at a higher current of 1 mA cm™, although,
fading rapidly, could still deliver 360 mAh g~'. Moreover, even
after 70 cycles, when the current is restored to 0.05 mA cm™,
the SWNTs/Py-SiW;; nanocomposite delivers 950 mAh g
without fading. The stable cycle performance of the SWNTs/
Py-SiW,; nanocomposite at high rates indicates the ultra-fast
solid-state diffusion of Li ions in bulk owing to the short diffu-
sion path length and stable structure.

Figure 7b shows the cyclic voltammograms of the SWNTs/
Py-SiW;; nanocomposite at a scan rate of 0.1 mV s over
the range of 0-3 V. In the first cycle, an irreversible reduction
peak at about 0.7 V indicates the formation of solid electrolyte
interphase (SEI), however, this peak disappears in the fol-
lowing cycles. The peak of 0.01-0.2 V in the reduction process
is caused by the insertion of Li. The oxidation peak at =0.2 V
shown in the charge process can be ascribed to the Li-extraction
from the SWNTs. Such Li-extraction process could be observed
in the following cycles, suggesting the good reversibility of the
SWNTs/Py-SiW;; nanocomposite.

3. Conclusions

The noncovalent sidewall functionalization of SWNTs by a
covalently modified POM-pyrene hybrid of Py-SiW;; has been
carried out for the first time. The experimental results suggest
that the Py-SiW,; modified SWNTs results in the quench of the
emission spectrum, which might be due to the electron and
energy transfer between Py-SiW,; and SWNTs. The SWNTs/
Py-SiW;; nanocomposite exhibits a high discharge capacity
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Figure 7. a) Rate performance of the SWNTs/Py-SiW;; composite
electrode at various current densities of 0.05, 0.1, 0.2, 0.4, 0.8, and
1 mA cm™2. b) Cyclic voltammograms for SWNTs/Py-SiW,; with a scan
rate of 0.1 mV s7' in the potential range 0-3 V.

of 580 mAh g! for up to one hundred cycles, with a relatively
stable performance at a current density of 0.5 mA cm™. The
excellent electrochemical performance can be attributed to the
sidewall defects of SWNTs by introducing Py-SiW,;, which
shorten the diffusion length of lithium ions and enable effec-
tive electrolyte transport. Further investigation of the applica-
tion of such SWNTs/Py-SiW;; nanocomposite is in progress.
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