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Abstract: Carbon nanotubes (CNTs) possess excellent structural and electronic properties, and have been

widely investigated as anode materials. Polyoxometalates (POMs) exhibit superior physical properties

such as electronic versatility, redox character and unique molecular structures. In this paper, covalent

modification of carbon nanotubes (CNTs) with organosilica-containing polyoxometalate (POM) of
[BuyN]4[SiW;;039{O(SiCH,CH,CH,NH,*HCl),}] (SiW{;-NH,) leads to the formation of the
nanocomposite material of CNTs-SiW;, which has been characterized by FT-IR, XRD, HR-TEM, XPS
and Raman spectrum etc. At a current density of 0.5 mA cm™, the application of CNTs-SiW,

nanocomposite as anode material in lithium battery exhibits the 1* discharge capacity of 1189 mAh g,
and the 2™ discharge capacity of 650 mAh g™, which remains stable for up to 100 cycles. The CNTs-
SiW,; nanocomposite exhibits high discharge capacity, good capacity retention and cycling stability.

Introduction

Carbon nanotubes (CNTs) have attracted wide attention with the
the determination of the unique physical and chemical
properties.'" Recent efforts have been focusing on the
development of CNTs-containing functional materials and the
investigation of potential application. Among so many trials,
chemical functionalization of CNTsP®! is particularly interesting
since it can not only increase solubility of CNTs, but also develop
advanced multifunctional materials.l”! Meanwhile, it is noted that
the combination of different materials with CNTs has resulted in
the formation of a number of new functionalized CNTs with
unprecedented properties.®! With their unique one-dimensional
structure, high electrical and thermal conductivities, large surface
area and outstanding mechanical properties, CNTs have been
considered as ideal materials to improve the electrochemical
properties of electrode materials for lithium ion batteries (LIBs)
with enhanced energy conversion and storage capacities. Recent
development of LIBs has involved design of CNTs-based
nanocomposites for electrode materials to make better use of
attractive properties of CNTs.

Polyoxometalates (POMs) represent an unmatched range of
architectures and chemical properties. As transferable building
blocks, POMs can be covalently modified in a predefined
manner, which allows the development of sophisticated
assemblies, multi-functional materials and devices.”'? Recently,
the investigation of POMs-modified CNTs has become a
fascinating subject. For example, Biochio et al reported efficient
water oxidation can be performed at the POM/CNTs interfaces
Giusti et al developed new POMSs/SWNTs (single-walled

[13]

nanotubes) magnetic materials.'"" Awaga er al. reported the first

nanohybrid system of [PMo,04]> /SWNTs!'" as cathode
so material with high battery capacity, and later on, they confirm the

POMs can act as electron sponges using the in-operando X-ray

absorption fine structure studies.!'®! Recently, we reported the

first example of covalently tethered polyoxometalate-pyrene

hybrids for non-covalent sidewall functionalization of SWNTs as
ss anode material.

H,S0,
—

OH

CNT-COOH CNTs-COCI

®

SiW,q41-NH,

CNTs

CNTs-SiW;q

Sheme 1 Synthesis of Carboxyl-functionalized CNTs (CNTs-COOH), acyl
chloride-functionalized CNTs (CNTs-COCI) and CNTs-SiW 4.

Given the excellent structural and electronic properties of
¢ CNTs and POMs, the development of POMs modified CNTs as
electrode materials for LIBs have attracted wide attention.
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Compared with non-covalent modification of CNTs, the covalent
bonding results in the formation of stable link between POMs and
CNTs, and can induce more sidewall defects'”! and thereby more
pathways for Li" transfer. Nevertheless, almost all the POMs
modified CNTs examples reported so far exhibit the non-covalent
interactions between POMs and CNTs. As such, the scientific
question is whether it is possible to connect the POMs onto CNTs
via covalent bonds and how is the performance of the resultant
nanocomposite as electrode materials. In this paper, we have
reported for the first time by covalently grafting SiW,;-NH,
([BusN]4[SiW1;039{O(SiCH,CH,CH,NH,*HCl),}]) onto CNTs,
and the resulting CNTs-SiW;; nanocomposite shows excellent
electrochemical performance with the high discharge capacity,
good capacity retention and cycling stability.

Experimental Section

All the starting materials and reagents were purchased from Alfa
Aesar Company and were used as supplied without further
purification. The solvents used in the reactions were dried
according to standard procedures. All reactions were carried out
under N, atmosphere and anhydrous conditions.

[BuyN]4[SiW;;039{O(SiCH,CH,CH,NH,*HCl),}] (denoted as
SiW;;-NH,) was synthesized and described previously.

Synthesis of carboxyl-functionalized carbon nanotubes
(denoted as CNTs-COOH): This compound was prepared as
described previously with slight modification. 100 mg of CNTs
was added to the H,SO4//HNO; (3:1 by volume) solution with
vigorous stirring. The flask was then immersed in an ultrasonic
bath for 30 min, and the mixture was stirred for 3 h under reflux.
After cooling to room temperature, the mixture was diluted with
100 mL of deionized water and then vacuum-filtered through a
glass filter. The filtered solid was washed with deionized water
until the pH of the filtrate close to 7. After that, the solid was
washed with 50 mL of THF and acetone, respectively. And it was
further dried under vacuum for 24 h at 120 °C, giving 72 mg of
CNTs-COOH.

Synthesis of acyl chloride-modified carbon nanotubes (denoted
as CNTs-COCI): The as-prepared CNTs-COOH (50 mg) reacted
with excess amount of SOCI, (10 mL) for 24 h under reflux at
60-70 °C. After that, the reaction mixture was evaporated under
vacuum to give the CNTs-COCI, which was immediately used for
the next step reaction without further purification.

Preparation of CNTs-SiW,;: In a 100 mL round-bottomed flask
under nitrogen, CNTs (20 mg) was dispersed in MeCN (60 mL)
using an ultrasonic bath. Then Et;N (0.5 mL) was added to the
solution and it wa degassed under vacuum, purged with nitrogen
for three times to remove the oxygen and then cooled to 0 °C. A
solution of 1 g of SiW;;-NH, in MeCN (10 mL) was added to the
flask for 30 min. The temperature was keep at 0 °C for 2 h, and
then heated to 70 °C for 24 h. After that, the resulting mixture
was cooled to room temperature, and it was filtered through a 200
Om filter and wash with MeCN to remove the excess amount of
SiW,;-NH,. The final product was dried under vacuum at 120 °C
for 3 days.
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Results and Discussion

To engineer the POMs modified CNTs as anode material, CNTs
was oxidized by H,SO,/HNO; firstly and then treated with SOCl,,
to which the POM cluster of SiW,;-NH, was added.'®!”) The
resulting SiW;;-NH, modified CNTs has been characterized by
using different spectroscopic techniques. The obtained
nanocomposite material has been washed thoroughly with pure
CH;CN to insure that the SiW;; won’t be adsorbed on CNTs by
electrostatic interaction because of the high solubility of SiW; in
polar solvents such as CH;CN. By doing so, only covalently
grafted SiW,; onto CNTs can be formed with the amide bonds.
FT-IR spectra of SiW;;-NH,, carboxyl-functionalized carbon
nanotubes (CNTs-COOH) and CNTs-SiW,; provide evidence for
the characteristic vibrations of the attached groups. As shown in
Figure la, FT-IR spectrum of CNTs-COOH shows a very broad
stretching band for hydroxyl groups at 3450 cm™, and the
W(C=0) stretching of carboxyl groups at 1628 cm'. The
characteristic W(W=0) and v(W-O-W) stretching bands can be
observed at 748 cm !, 808 cm ™! in SiW,;-NH,. In contrast, FT-IR
spectrum of CNTs-SiW; exhibits the v(N-H) and v(C-H) can be
seen at 3321 cm™' and 2970-2848 cm’, respectively; A strong
characteristic v(C=0) stretching band at 1631 cm, w(N-H) at
1550 cm™ and the w(C-N) at 1296 and 1213 ecm™ correspond to
amide bond, which indicates the formation of amide bonds
between CNTs and POMs, and the v(W=0) and vw(W-O-W)
stretching bands can also been found at 770 cm’l, 824 cm’,
which means the structure of SiW;; maintained during
covalently connected to CNTs.

a) W
CNTs-SiW,,
2000 1500 1000 500

Wavenumber (cm™)

100+
95+
Q\O
% 90-
g ac] ——SIW, NH,
—CNTs
80 ——cnTssiw,,

400 600 800

Temperature (°C)

200

85 Fig. 1 a) FT-IR spectra of CNTs-COOH, SiW4-NH; and CNTs-SiW14. b)

TGA measurements of CNTs, SiW,4-NH,and CNTs-SiW4;.
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Thermal-gravimetric analysis (TGA) of SiW;;-NH,, CNTs and
CNTs-SiW; has been presented in Figure 1b. It can be seen that
the pristine CNTs do not exhibit any decomposition before 600
°C, while the SiW;;-NH, and CNTs-SiW |, nanocomposites show
the weight loss of 28.26 and 7.24 wt%, respectively. If a similar
weight loss behavior of SiW;-NH, and CNTs is assumed to take
place, the SiW;;-NH, content in the CNTs-SiW;; nanocomposite
can be roughly determined to be 45.13 wt%.1*"!

Further characterization of the CNTs-SiW;; nanocomposite has
been studied by X-ray photoemission spectroscopy (XPS). As
shown in Figure 2a. The W(4f) photoemission peak can be
clearly observed and shows two peaks from the spin orbital

Moreover, it is noted that for CNTs-COOH and CNTs-SiW,,, the
intensity of D band is higher than that of G band, whereas the

40 intensity of D band is much lower than that of G band in pristine

CNTs. Such result in the CNTs-COOH and CNTs-SiWy,
nanocomposite could be attributed to the surface defects of CNTs
by oxidation under the H,SO,/HNOj; solution to form carboxyl
group. The relative intensity of D/G in CNTs-COOH and CNTs-

45 SiWy is alike, suggesting that the modification by SiW,;-NH,

does not further damage the surface of CNTs. The second
disordered D* band and the second vibration mode G* band shift
significantly to higher frequency from 2639, 2894 cm™ in CNTs,
2644, 2904 cm™ in CNTs-COOH and to 2666, 2923 cm™ in

Page 4 of 7

splitting of the 4f;, and 4f5, at 36.52 eV and 38.61 eV,

respectively, which means no valence change of W in SiWy,
15 during connected to the CNTs. The XPS analysis of Cj; spectra
(Figure 2b) show detailed surface functional groups on the CNTs. L
An asymmetric peak from sp? hybridized carbons centred at -
284.5 eV with an extended tail at the higher energy region is
generated for CNTs-SiW,;. Using this asymmetric peak as a
reference, the Ci; peak of the oxidized CNTs can be fitted to five
Gaussian-Lorentzian shape peaks, which are attributed to sp? and
sp® hybridized diamond-like carbons (284.55 and 284.98 eV),
carbonyls C-O (286.46 eV), and carboxyls (O=C-OH), N-C=0O
(288.04 ¢V). The XPS analysis N;; of CNTs-SiW;; (Figures 2d)
clearly shows the presence of amide bonds N-C=0 (288.04 eV in
C,; and 400.8 ¢V in Ny,), and residual amines NH, (NH;") (286.2
eV in Ciz and 402.6 in Ny,), which indicates successful formation
of amide bonds™"!

so CNTs—SiW,; nanocomposite.
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Fig. 3 Raman spectra of CNTs, CNTs-COOH and CNTs-SiW ;.
45 40 35 30 292 200 288 286 284 282
d) Figure 4 exhibits the morphological study of the CNTs and

CNTs-SiW,; nanocomposite samples. SEM images show that the
ss CNTs tend to aggregate together (Figure 4a), while the CNTs-
SiW,, are found to be loosened (Figure 4b), indicating the
improved dispersion of the latter samples. Figure 4c displays the
stability of the CNTs and CNTs-SiW; in organic solution. The
CNTs solution forms a colorless clear solution, whereas the
60 CNTs-SiW;; solution is still deep gray. TEM images of the
pristine CNTs do not reveal any externally grafted objects (Figure
4d). In contrast, TEM images of the CNTs-SiW,; nanocomposite
show the presence of bundles decorated by dark spots that can be
clearly distinguished as SiW,; (Figure 4e). HR-TEM images
os (Figure 4f) clearly indicate that the CNTs have been modified by
SiW,;. The small black point with a homogeneous dispersion
around 1~2 nm can be define as a single SiW;; molecule. In
vibration mode (G band) and the acromial peaksmb] at 1570, addition, no free SiW;; molecules can be observed beyond CNTs,
1607 cm™ for CNTs, 1573, 1602 cm™! for CNTs-COOH and 1579, which suggest the successful immobilization of SiW,; onto CNTs.
1610 cm' for CNTs-SiW,,, respectively. Meanwhile, the ™ Energy dispersive X-ray (EDX) spectroscopy provides further
disorder-induced D band shifts slightly from 1319 cm” in CNTs evidences to confirm the presence of W on the surface of the

to 1324 cm™ in CNTs-COOH and 1331 cm in CNTs-SiW,,. CNTs, which is consistent with the XPS results. .
Electrochemical properties of the CNTs-SiW;; nanocomposite

= .
520 410 405 400 395
Binding Energy (eV)

540 530
Binding Energy (eV)

30 Fig. 2 XPS core level spectra of (a) W4 bands; (b) C4s bands; (c) O4s bands;
(d) N4 bands.

As shown in Figure 3, Raman spectra show the tangential

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], oo—oo0 | 3
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as anode material for lithium-ion batteries have been investigated.
Figure 5a shows the charge-discharge voltage profiles of the
CNTs-SiW,; nanocomposite electrode with the current density of
0.2 mA cm’ for the first two cycles. The first discharge capacity
s of the CNTs-SiW|, electrode is 1527 mAh g'l, and in the second
cycle, the discharge capacity of 759 mAh g' is achieved. It
should be noted that the capacities decrease in the first two cycles
is due to the irreversible surface reactions on both electrodes.
Figure 5b shows the cycling stability and capacity retention of
10 the CNTs-SiW,, electrode at the current density of 0.5 mA cm™.
In the CNTs-SiW; nanocomposite, the first discharge capacity is
1189 mAh g', and then it exhibits the capacity decay from the
second cycle.

15 Fig. 4 SEM images of (a) CNTs and (b) CNTs-SiW4; (c) The CNTs (left)
and CNTs-SiW 4 (right) in MeCN for one month; TEM images of (d) CNTs
and (e) CNTs-SiW,+; (f) HR-TEM image of CNTs-SiW 44, and the black points
is SiW11.
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20 Fig. 5 a) The 1% and 2™ charging and discharging curves of the lithium
battery; a) current density is 0.2 mA cm™.;b) current density is 0.5 mA cm™2.

After 20 cycles, the capacity remains stable and a capacity of
650 mAh g' could be achieved after 100 cycles, with high
capacity retention of 54.6%. Such a prominent difference
between CNTs-SiW,; and the physical mixture of CNTs an
SiW,;-NH, highlights the efficiency of the CNTs-SiWy,
nanocomposite material as high-performance anode material.
High electrode reversibility is another very important parameter
for practical battery applications. And those of the following
s0 cycles are up to 99%. This result indicates that covalent

functionalization of CNTs by SiW;; leads to the Ilarge

enhancement of the performance as anode material when
compared with the discharge capacity of 400~450 mAh g by

CNTs alone,'” and that of 300 mAh g by the physical mixture
35 of CNTs and SiW;; with low capacity retention of 33.3%,

indicating the important role of covalent connection of CNTs to

SiW,; as showing in Figure 6.
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Fig. 6 Discharge capacity and coulombic efficiency vs cycle number of

40 Physical mix CNTs/SW44and CNTs-SiW4; current density is 0.5 mA cm™.

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 CNTs-SiW;
has been evaluated at various currents in the range of 0.05~1 mA

ss cm’ at the cut-off voltage between 0 and 3.0 V vs. Li'/Li, and the

results are presented in Figure 7a. The discharge capacities of 802,
770, and 704 mA h g have been obtained at the current densities
of 0.05, 0.1, and 0.2 mA cm, respectively. The capacities at a
higher current of 1 mA cm’, although, fading rapidly, could still

so deliver 584 mAh g 1. Moreover, even after 70 cycles, when the

current is restored to 0.05 mA cm? the CNTs-SiW,,
nanocomposite delivers 890 mAh g without fading. The stable
cycle performance of the CNTs-SiW;; nanocomposite at high
rates indicates the ultra-fast solid-state diffusion of Li ions in bulk

ss owing to the short diffusion path length and stable structure.

Figure 7b shows the cyclic voltammograms of the CNTs-SiWy;
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

4 | Journal Name, [year], [vol], oo—oo

This journal is © The Royal Society of Chemistry [year]
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indicates the formation of solid electrolyte interphase (SEI),
however, this peak disappears in the following cycles. The peak
0f 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
s can be ascribed to the Li-extraction from the CNTs. Such Li-
extraction process could be observed in the following cycles,

suggesting the good reversibility of the CNTs-SiWy,
nanocomposite.
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10 Fig. 7 a) Rate performance of the CNTs-SiW 4 composite electrode at
various current densities of 0.05, 0.1, 0.2, 0.4, 0.8, and 1 mA cm™. b) Cyclic
voltammograms for CNTs-SiW 44 with a scan rate of 0.1 mVs"in the
potential range 0-3 V.
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Fig. 8 Nyquist plots of the CNT-SiW,4 nanocomposite, the physical mixture
electrode, and the randles equivalent circuit for the CNT-SiWq,
nanocomposite and the physical mixture electrode/electrolyte interface.

To take insight into the prominent electrochemical behavior of
the CNTs-SiW,; electrode with respect to the physical mixture
electrode, the AC impedance measurements is carried out for the
each fresh coin cell. As shown in Figure 8, Nyquist plots of each
cell in the frequency range of 10 to 10° Hz at the very potentials
of 2.4V in the open voltage circuit are shown. To study the
internal resistance of the test system, the equivalent circuit model
is established as the inserted graph in Figure 8. In the model, R, is
the electrolyte resistance, Ry is the resistance of the surface film
formed on the electrode R, is the charge-transfer resistance inside
the battery, CPE; and CPE,, represent the constant phase element,
and Zy is the Warburg impedance related to the diffusion of
lithium ions into the bulk electrodes. It can be seen that both plots
are consisted of a semi-circle in the high-middle frequency region
related to the impedance behaviour of surface film and charge-
transfer processes, and a nearly vertical line following the first
semi-circle in the low frequency region related to the ion
diffusion processes. Fitting by the equivalent circuit model, the
values of surface film resistance (Ry) and charge-transfer
resistance (R.) are 94.77 and 209.6 Q for the CNTs-SiW,
electrode, respectively. These values are lower than those of the
physical mixture electrode (111.3 and 1282 Q), which indicates
that connecting POMs to CNTs via covalent bond can not only
provides more pathways for the lithium diffusion, but also results
in better electrochemical performances of CNTs toward lithium
during the lithium intercalation/extraction reaction.

Conclusions

In summary, the connection of SiW;;-NH, to CNTs via covalent
bonds for the first time results in the formation of new CNTs-
SiW;; nanocomposite material. Investigation of the CNTs-SiW;
nanocomposite as anode material at a current density of 0.5 mA
cm™ exhibits the discharge capacity of 650 mAh g', which
remains stable for up to at least 100 cycles. The electrochemical
performance of the CNTs-SiW;; nanocomposite can be attributed
to the formation of sidewall defects of CNTs by introducing
SiW,; covalently, which shorten the diffusion length of lithium
ions and enable effective electron transfer. This study provides
the first example of POMs modified CNTs by the formation of
amide bond, and opens a new pathway for the preparation of
CNTs-based advanced anode materials.
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