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Huiting Sun, “ Xiaoping Song,  Minwei Xu,* “” Yin Zhang, * Wenxiu Que * and
Sen Yang *“

Mesoporous CuO nanosheets threaded with carbon nanotubes (CNTs) were synthesized via a
simple solution-phase method, where the Birch reduction chemistry was introduced for the
functionalization of CNTs. Selective loading of CuO nanosheets was achieved due to the in
situ nucleation and growth of CuO near the functional bands. Finally, discrete CuO nanosheets
distributed along the axis direction of CNTs were revealed. The obtained CuO nanosheets
exhibited the features of extremely thin thickness, mesoporous structure and high surface area.
More importantly, the CNTs go through the inner part of the CuO nanosheets, which ensures
the enhanced conductivity for electron transportation. When served as anode materials for
lithium ion battery, these CuO/CNT hybrids exhibited much lower charge transfer resistance,
in contrast with that of the pure CuO nanosheets. The construction of the necklace-like

CuO/CNT hybrids can largely enhance the kinetics performance of the CuO anodes.

Introduction

Attaching functional nanostructures to carbon nanotube (CNT)
sidewalls is of interest for targeting CNT hybrid materials with
attractive features and promising applications!'?. The
combination of the two classes of material (functional materials
and CNTs) may lead to a successful integration of the
properties of the two components that present important feature
for biotechnology'* !, catalysis'® 7, and energy storage and
conversion® ! ! etc. In recent years, for instance, many efforts
have led to the development of oxide/CNT hybrids as anode
materials for next-generation lithium ion batteries, which
reveals enhanced properties both in high capacity and good
cyclic performance!’*"!. Basically, the introduced CNTs in
oxide anode can not only buffer the volume changes during Li*
insertion/extraction but also provide a reliable 3D conductive
scaffold for electron transportation. There have been numerous
reports of this type of CNT composite anodes. For example,
Jeong’s group propose a scalable production of CuO/CNT
nanocomposites in which each mesoporous oval-shaped CuO
particles is threaded with a CNT in the long-axis direction!'®!.
Such composites exhibited significant advances in the
electrochemical performances, including a high reversible
capacity (650 mAh g at 0.1C), a stable capacity retention, and
a high rate capacity (580 mAh g at 5C). Similarly, the
enhanced electrochemical performances are also demonstrated
in other CNT hybrid electrodes, where SnO, nanoparticles''”],
MnO, nanoflakes“s], mesoporous TiOz[m], Fe, 05 nanohorns[zo],
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winterweet-flower-like CoFe,0,2), and MoS, nanosheets
[22lare decorated on CNT sidewalls.

It is of fundamental interest to develop synthetic strategies
for controlled loading of oxide materials onto the surfaces of
CNTs without disturbing the electrical contacts between the
CNTs, so that such materials can be used as high-performance
anode materials for lithium ion batteries. However, the optimal
construction of oxide/CNT hybrids has been highly
challenging, mainly due to the following questions: First, the
pristine CNTs hold the inert sidewalls, which always results in
hardly dissolving in solvents and/or loading foreign materials.
Usually, the surface functional groups introduced via the
covalent or noncovalent modification are necessary to get a
uniform CNT solution and serve as nucleation centers for
loading oxide components® >, Second, the functionalization
location on the CNT surface remains a major challenge due to
the lack of control™®!. To date, although massive approaches for
the chemical functionalization of CNTs have been reported,
most of the functional groups can only be randomly introduced
both in covalent and noncovalent modifications. In most cases,
the reported hybrid heterostructures refer to the nanoparticles
adorned CNTs while the location for foreign component
loading is still out of control. Thirdly, the manipulation
windows for functional CNT (f-CNT) solution, such as
concentration, pH values or solvents, are extremely limited.
Therefore, it is difficult to modulate the growth of foreign
materials when CNTs were involved. Finally, the interfacial
adhesion between the oxide component and CNTs should be
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enhanced for practical applications. In most cases, the
electrostatic interaction is considered as the driving force for
bonding the oxide particles onto CNTs. Nevertheless, few
works address the question that if the bonding is strong enough
for maintaining the conductive statement since the complex
charge/discharge processes can easily disturb the electrostatic
interaction. To the best of our knowledge, however, the
previous attempts had not been fully successful. Most of the
works for oxide/CNT hybrid electrodes are individual, which
keep claiming the enhanced electrochemical performances
rather than reasonable design of oxide/CNT anodes with well-
defined structures.

Recently, Wang’s group proposed a defect-activated
propagation method based on Birch reduction chemistry to
decorate the CNTs surface with functional group® 27!, This
method undergoes a mild chemical treatment process as well as
maintains the CNT honeycomb lattice. Furthermore, it can
confine the reaction fronts in the tubular direction and obtain a
segmented functionalization patterns along the axis of CNTs.
These works give the chance to achieve the controllable
functionalization of CNTs, which can be used for selectively
loading of foreign materials. As expected, by using these
unique f-CNTs, a new class of CNT hybrid anodes with
beaded-string geometry or necklace-like architecture was
achieved, in which the CNTs serve as the thread element and
the activated beads are threaded on the CNTs**3% For the
further exploration of unique CNT hybrids, herein, the
selectively adorned CNTs with mesoporous CuO nanosheets
was achieved and the enhanced kinetics performance for
lithium storage was also demonstrated.

Experimental

The functionalization of CNTs via Birch reduction
chemistry to yield —(CH,)sCOOH groups decorated f-CNTs
was achieved as follows: Firstly, 100ml liquid ammonia was
obtained by cooling with the mixture of dry ice and acetone.
After that, 50 mg raw multiwall carbon nanotubes and 145 mg
sodium was added with continuous magnetic stirring. Then, 6-
bromo-hexanoic acid (1.625 g) was added and allowed to react
for about 50 minutes. Sodium and 6-bromo-hexanoic acid could
be alternatively added for two or three times to get highly
functionalized CNTs. Then, the mixture remained stirring
overnight until the liquid ammonia evaporated. Finally, the f-
CNTs solution was obtained by filtration washing and repeated
extractions from hexane using NaOH solution (pH = 11).

The procedure for CuO Nanosheets loading was conducted
as follow: 160 pl of CuCl, solution (1 M) mixed with 160 ul
concentrated ammonia solution was diluted with 5 ml deionized
water. Then, 5 ml f-CNT solution were added under stirring.
The mixture was then maintained at 80 °C for about 2 h. The
formed precipitates were harvested by centrifugation and
washed thoroughly with deionized water. For comparison, the
CuO nanosheets were also synthesized as mentioned above
with the absence of CNTs.

The working electrodes were prepared by mixing the
CuO/CNT hybrids, carbon black, and binder polyvinylidene
fluoride (PVDF) at a mass ratio of 80:10:10. Test cells were
assembled in argon filled glove box. Metallic lithium foil was
used as counter electrode. The electrolyte was made of 1 M
LiPF6 dissolved in the mixture of ethylene carbonate (EC) and
diethylene carbonate (DEC) with the volume ratio of 1:1. For
EIS measurement, the carbon black is not introduced and the
mass ratio for active materials and PVDF is 90:10. The EIS
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analysis was performed on Ametek VMC-4 electrochemical
system between a frequency range of 0.05 Hz ~ 100 kHz.

Results and discussion

Na/NH;(L) Br(CH,);COOH f-CNTS
CNTs == [CNT salts] Na* —— +
NaBr
o
(CH,)sCO0
(CH,)sCO0"
(CH,);c00" | B2
&

Scheme 1. Schematic illustration for the functionalization of CNTs via Birch
reduction chemistry. A segmented functionalization patterns along the axis of
CNTs were obtained based on the defect-activated propagation mechanism.

The functionalization of CNTs via the Birch reduction
chemistry to yield —(CH,)sCOOH groups decorated f-CNTs is
illustrated in scheme 1. Liquid ammonia is an ionising solvent.
It can dissolve the metallic sodium to form a strong reducing
agent solution. The solvated electrons add to the CNT surfaces
and cause the negative charge of CNTs to form the named
[CNT salts] Na* compositesm]. When 6-bromo-hexanoic acid is
added, the (CH,)sCOOH group serves as proton to attach the
radical CNT anion with covalent bond, which leads the
formation of f-CNTs.

G band
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Figure 1. Raman spectra of pristine CNTs and f-CNTs, showing the increased D
band after functionalization. Inset is a photograph of f-CNTs dispersions in
NaOH solution (pH = 11).

The covalent attachment of alkylcarboxy group can be
demonstrated by Raman spectra. As shown in Figure 1, The D
band observed at ~1320 cm™ is aroused by the first-order zone
boundary phonons, which presents the presence of defects
associating with the chemical disruption of the sp*-hybridized
carbon network. The G peak located at ~1580 cm™ and G’ peak
at ~ 2700 cm™" are originated by in-plane optical vibrations of
sp> carbon atoms and second-order zone boundary phonons,
respectively™. By compared, It is observed that the relative
intensity of D band for f-CNTs is much larger than that of
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pristine CNTs. The increase of Ip/Ig ratio indicates that the sp>
electrons of CNTs were partly damaged due to the covalently
attachment of alkylcarboxyl groups, which is characteristic of
the introduction of sp*-hybridized carbon within the nanotube
framework. Similar changes were observed when CNTs were
functionalized with 4-carbon-methoxyphenyl®. On the other
hand, after being functionalized, the f-CNTs can be easily
dispersed in basic water (NaOH, pH = 11) due to the
hydrophilic nature of carboxyl groups (Figure 1 inset). The
obtained f-CNT solution is stable at room temperature, which
can be maintained for several weeks without any precipitation.

Recent works reveals that the attachment of the functional
groups start at the defect position and propagate along the
tubular direction’". Thus, the discrete functionalization bands
along the axis of CNTs are likely formed (as illustrated in
scheme 1). Meanwhile, the obtained f-CNTs are negatively
charged due to the electronegative carboxyl groups when they
are dispersed in water. Consequently, these functional bands
could serve as nucleation centers for the growth of CuO due to
the electrostatic interaction between the functional groups and
the cations (Cu?** or Cu(NH,),*"). The nucleation happened near
the functional bands results the selective loading of foreign
components while the deposition can hardly be achieved on the
raw sidewalls.

Figure 2. SEM images of the CuO/CNT hybrids in (a), (b) low magnification and
(c)-(e) high magnification, showing the necklace-like architecture due to the
selective loading. (f)-(i) The individual CuO nanosheets decorated on CNT
sidewalls or tips.

Figure 2 shows the SEM images of the CuO/CNT hybrids
obtained by a simple and mild solution-phase synthesis. The
low magnification images shown in Figure 2(a) and (b) reveal
that the CuO nanosheets are formed on a large scale. The size
of the CuO nanosheets is estimated to be about 1 um while the
thickness is extremely thin. As expected, it is found that most
of the CuO nanosheets are threaded together with the CNTs.
Different from the random decorated CNT hybrids, the
obtained CuO/CNT hybrids reveal the selective loading of CuO
nanosheets along the axis of CNTs. Discrete CuO nanosheets
decorate the CNTs and the naked CNT segments can be found
simultaneously. Figure 2(c)-(e) shows the necklace-like
architecture of the CuO/CNT hybrids. It is obvious that the
CNTs go through the inner part of the CuO nanosheets, which
prevents the peeling of the CuO nanosheets and ensures good
electrical contact. The overall pictures for the joint section of
the CuO/CNT hybrids can be found in Figure 2 (f) and (g). In
addition, Figure 2 (h) and (i) demonstrated that the loading of
CuO nanosheets can also be achieved at the tip area of the
CNTs. For Comparison, the control experiments were also
carried out in the absent of CNTs while the essential conditions
were kept the same. The results were shown in Figure SI,
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where the individual CuO nanostructures without the CNT
strings were obtained. Several nanosheets assembled together to
form the hierarchical/flower-like architecture.
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Figure 3. XRD pattern and (inset) EDS analysis of the CuO/CNT hybrids.

Figure 3 shows the XRD pattern of the obtained CuO/CNT
hybrids, which indicates that the hybrids consist crystallized
CuO. All the diffraction peaks can be indexed to a monoclinic
phase of CuO (JCPDS No. 48-1548). Figure 3 inset shows the
EDS analysis of the CuO/CNT hybrids, which reveals the
presence of C, Si, O and Cu. The Cu and O are dominated
while the Si originate from the Si substrates for measurement.
Figure S2 shows the TG and DSC curves of the CuO/CNT
hybrids in air atmosphere. The mass loss below 285 °C can be
attributed to the release of adsorbed species such as alcohol and
water. The decomposition of the CNTs starts from 285 °C,
which cause the mass loss in the temperature range of 285-700
°C. It is found that the CNTs only account for about 6.5% of
the CuO/CNT hybrids.

The major chemical reactions involved for the formation
of CuO can be described as follows:

Cu(NH;),>* +2 OH — CuO | + NH; + H,0 (1)

Firstly, complex ion: Cu(NH;),>* was formed due to the
coordination reaction between Cu®* and excessive ammonia.
When the mixture was maintained at 80 °C, the releasing of the
NH; gas as well as the high temperature would induce the
decomposition of Cu(NH;),** and subsequent formation of CuO
clusters. Of course, the CuO clusters likely formed near the
functional groups due to the electrostatic interaction. Actually,
it is obvious that each CuO nanosheet shows the hierarchical
structure, which consists of nanosized subunits, such as
nanorods or nanoribbons (Figure 2c-i). Thus, it seems that the
aggregate-mediated growth mechanism is much more
reasonable for the growth process of CuO nanosheets, which is
similar to the other reported CuO nanostructures based on the
solution-phase synthesis™*.
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Figure 4. TEM and HRTEM images of the CuO nanosheets. The mesoporous
features are revealed. The area marked in (b) shows the vacancies formed at
the adjacent area of the rod-like building blocks.
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Figure 5. N> adsorption-desorption isotherms of the CuO/CNT hybrids at 77K.
The inset is the corresponding pore size distribution.

Figure 4 reveals the TEM images of the CuO/CNT
hybrids. The fringe spacing of 0.235 nm represents the spacing
of (111) plane of the CuO and the 0.326 nm fringe spacing
indicates the interlayer distance of the CNTs (Figure 4b). From
the tip areas of the CuO nanosheets, it is found that the final
products indeed are built from the nanorods by aggregation
along identical directions. Different from the atom-to-atom
growth mechanism, the aggregation-mediated growth easily
give the chance to form mesoporous structures. As shown in
Figure 4(a), the CuO nanosheets exhibit the rough surface,
edges and a lot of vacancies can be observed as well. In
particular, the mesoporous can be easily formed at the adjacent
area due to the irregular shapes and the misorientation of the
building blocks (marked area in Figure 4b). The surface area of
the CuO/CNT hybrids is further characterized by Brunauer -
Emmett - Teller (BET) method. Figure 5 exhibits the N,
adsorption - desorption isotherms at 77K while the insets show
the corresponding pore size distribution. It is found that the
CuO/CNT hybrids have a higher BET surface area of 51 m* g
The presence of mesopores with the size near 3.6 nm is
demonstrated.
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Figure 6. (a) Discharge-charge curves of the CuO/CNT hybrids in the appointed
cycles and (b) the differential capacity, dC/dV versus voltage plots extracted
from the Discharge-charge curves. (c) the cycle performance and (d) Nyquist
plots of the CuO/CNT hybrids.
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Basically, the high porosity and extremely thin thickness
of the obtained CuO nanosheets allow easy access of Li ions™
31 Meanwhile, the CNTs could provide a 3D matrix with
continuous electron transport channel, which ensures the good
electronic conductivity for the improved electrochemical
performance. Herein, the obtained CuO/CNT hybrids were
employed as anode materials for lithium ion batteries and the
lithium storage properties were investigated.

Figure 6(a) displays the discharge-charge curves of the
CuO/CNT hybrids. The discharge-charge behaviours are
corresponding well with the reported CuO anodes. Three
discharge plateaus correspond to a multistep electrochemical
reaction, which is generally attributed to the formation of an
intermediate phase (solid—solution process), the reductive
reaction from CuO to Cu,O and further decomposition to Cu
and Li,O, respectively®”!. Figure 6(b) shows the differential
plots, which clearly reveals that these reactions occur near the
potentials of 2.12 V, 1.30 V and 0.85V, respectively. For the
charge process, the reaction potentials in the range of 2.3 — 2.7
V are recorded, which are ascribed to the oxidation of CuO to
Cu,0O and/or CuO. The cyclic voltammogram (CV) curves
shown in Figure S3 also reveal the similar mechanism for the
CuO anodes, which can be expressed as follows*® *%!

CuO +2Li*+2¢€ < Li,0 + Cu 2)

Figure 6(c) exhibits the cycle performance of the
CuO/CNT hybrids. It can be seen that the CuO/CNT hybrids
exhibit a high initial discharge capacity of 972 mAh g™’ and a
reversible capacity of 690 mAh g'. Then the CuO/CNT hybrids
demonstrates a slow capacity fading and shows a capacity
above 400 mAh g after 40 cycles. The cycle performance is
comparable with the former reported CuO nanostructures™+?!,
However, the cycle stability is not good enough, which should
be further improved for practical application.

EIS measurements were employed to deeply understand
the kinetics performance of the CuO/CNT hybrids. Figure 6(d)
shows the Nyquist plots of the fresh prepared CuO/CNT anode
from 100 kHz to 0.05 Hz, which is composed of a high-
frequency semicircle and a low-frequency line. These
impedance results were analyzed by fitting to an equivalent
electrical circuit (Figure 6d inset)** **l. The intercept on the Z
real axis in the high frequency region corresponds to the R,
while the medium frequency range is related to the R. R, is the
ohmic resistance of the electrolyte and R, is the charge transfer
resistance, relating to the charge transfer through the
electrode/electrolyte interface. The Warburg impedance (Z,) is
related to the inclined line in the low-frequency region, which
represents solid-state diffusion of Li* in the electrode
materials™ *!. For comparison, the pure CuO nanosheets were
also characterized and the results were shown in Figure S4. It
clearly finds that the R, of the CuO/CNT hybrids (~756Q) is
much smaller than that of the pure CuO nanosheet electrode
(~9.19E4Q). It should be pointed out that no carbon black was
introduced in the electrodes during the EIS measurements.
Thus, the CNT plays an important role in making charge
transfer much easier, and consequently decreases the internal
resistance. Moreover, the inclined line in the low-frequency
region is not obvious for the pure CuO nanosheet electrode
(Figure S4). It indicates that the electrochemical activity of the
pure CuO nanosheets is much lower due to the lack of electrical
contact. These results reveal that the introduction of CNTs can
largely enhance the kinetics performance of the CuO anodes.

This journal is © The Royal Society of Chemistry 2012
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Conclusions

Based on the functional carbon nanotube obtained via the Birch
reduction chemistry, we have achieved the selective loading of
copper oxide nanosheets on carbon nanotube sidewalls and
developed a unique copper oxide/carbon nanotube hybrids with
necklace-like architecture. These hybrids show the advantages
both in nanoscaled thickness, mesoporous structures, and good
electrical contact. As expected, enhanced kinetics performance
is demonstrated when they are employed as anode materials for
lithium ion batteries. This approach could be extended to design
other carbon nanotube hybrids for the applications in catalysis,
fuel cells, super-capacitors and lithium ion batteries.
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