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Although high mechanical and electronic properties have made carbon nanotube (CNT) a promising
active material for lithium ion batteries, the relatively low theoretical speciﬁc capacity (372 mAh g1) of
CNT has hindered its application. Here we have developed a general and efﬁcient template strategy in
synthesizing a new family of CNTs with controllable hollow walls and explored their promising applications in LIBs. The hollow structure formed between CNT core and nitrogen-doped graphene shell can
be effectively used for lithium storage, and a reversible speciﬁc capacity of 635 mAh g1 was achieved as
anode material in LIB. Interestingly, the hollow structure has been further incorporated with silicon to
offer even higher speciﬁc capacity of 930 mAh g1 with good cyclic stability.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction
Modern electronics have witnessed the emergence of various
energy storage devices that are widely used in our daily life [1e4].
Particularly, lithium ion batteries (LIBs) have attracted broad interests from both academy and industry due to the demonstrated
high performances [5e7]. Among a broad range of active materials,
carbon nanotube (CNT) has been mostly explored as a promising
one due to its high mechanical and electronic properties [8e10].
However, based on the lithium storage mechanism, i.e., one lithium
atom for six carbon atoms, a relatively low speciﬁc capacity is
available for CNTs, which largely hinders their applications as highperformance anode materials for LIBs [11e16].
The speciﬁc capacity of CNTs may also be affected by its
morphology [17e20], and the design of hollow structures in their
walls is expected to obviously enhance their energy storage capability because the resulting hollow space may store more charges
and greatly increase stability by accommodating large volume
variation during charge and discharge. It is necessary while remains
challenging to synthesize such CNTs with hollow walls based on the
available synthetic approaches.
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In this Communication, we have developed a general and efﬁcient template strategy in synthesizing a new family of CNTs
(Fig. 1a) with controllable hollow walls and explored their promising applications in LIBs. The hollow structure formed between
CNT core and nitrogen-doped graphene shell can be effectively
used for lithium storage, so the novel CNTs (denoted as HNCNTs)
showed a reversible speciﬁc capacity of 635 mAh g1 as anode
material in LIB. In addition, the hollow structure also provided ideal
platform for incorporation of active materials such as silicon, so the
silicon volume change can be well accommodated during charge
and discharge, which produced even much higher speciﬁc capacity
of 930 mAh g1 with good cyclic stability.
2. Experimental section
The synthesis of spinnable CNT arrays was discussed previously
[21] and further summarized in the Supporting Information.
Aligned CNT sheets were dry-drawn from spinnable CNT arrays and
transferred to a curved polytetraﬂuoroethylene board that was kept
suspending. After the deposition of Al2O3 on both sides of a CNT
sheet by electron beam evaporation, nitrogen-doped graphene
layers were grown on the outer surface of Al2O3 layer through
chemical vapor deposition. The Al2O3-coated CNT sheet was ﬁrst
transferred to a silicon wafer with two ends ﬁxed, then the
chemical vapor deposition process was applied with Ar (110 sccm)
and H2 (10 sccm) as the carrying gas. When the temperature
reached 1060  C, Ar (40 sccm) and CH3CN were further introduced
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Fig. 1. (a) Schematic illustration to the structure of the aligned HNCNTs. (b) Scanning electron microscope (SEM) image of an aligned CNT sheet. (c) SEM image of a nitrogen-doped
graphene/Al2O3/CNT ﬁlm. (d) Transmission electron microscope (TEM) image of nitrogen-doped graphene/Al2O3/CNT after HF etching. Thickness of Al2O3 in c and d, 10 nm. (A
colour version of this ﬁgure can be viewed online.)

to the tube furnace, and the reaction time was controlled from 5 to
30 min to synthesize nitrogen-doped graphene shells with
different thicknesses. The obtained samples were then immersed in
HF (10 vol%) for 24 h to thoroughly remove the Al2O3 layer. The
obtained samples were then washed with deionized water for three
times and dried in vacuum oven at 80  C for 24 h. In the case of Siincorporated HNCNTs, Si was deposited on both sides of the CNT
sheet before the deposition of Al2O3. HCl instead of HF was used to
etch Al2O3 layer. All the other experimental conditions were kept
the same to the HNCNTs.

3. Results and discussion
Spinnable CNT arrays were synthesized via chemical vapor
deposition using Fe/Al2O3 as catalysts. The as-synthesized CNTs
were multi-walled with an average diameter of ~15 nm. Aligned
CNT sheets could be then continuously drawn from aligned CNT
arrays (Fig. 1b), followed by deposition of Al2O3 onto their surfaces
through electron beam evaporation. Another nitrogen-doped graphene layer was then grown onto the surface also by chemical
vapor deposition but at a higher temperature of 1060  C (Figs. 1c
and S1). Based on the XPS test, the atomic content of nitrogen was
~5% as shown in Fig. S1. The graphitization of the re-grown layer
can be conﬁrmed by high-resolution TEM image (Fig. S2). Both
Al2O3 and nitrogen-doped graphene layers were coaxially deposited on CNTs, which was veriﬁed by energy-dispersive X-ray spectroscopy (Fig. S3). On the basis of aligned CNT templates, the
resulting nitrogen-doped graphene/Al2O3/CNT also demonstrated
high alignment conﬁrmed by the dependence of electrical resistance on angle (Fig. S4). The Al2O3 layer was further thoroughly
etched by HF solution to produce the hollow structure between
CNT and nitrogen-doped graphene layer (Fig. 1d). Fig. S5 shows the

nitrogen-doped graphene sheet peeled off the HNCNT, and it was
ﬂexible with well-maintained structure.
The parameters of the hollow structure can be well controlled
by varying the thicknesses of Al2O3 and nitrogen-doped graphene
layers (Fig. 2a). For instance, the size of the hollow structure was
varied from 10 to 30 nm by controlling the thickness of Al2O3 from
10 to 30 nm (Fig. 2bed and S6). As the lengths of HNCNTs were
hundreds of micrometers, it remained challenging to accurately
measure the speciﬁc surface area and pore distribution by the
traditional method of measuring the typical nitrogen adsorptiondesorption isotherms [22]. After etching the Al2O3 layer, the CNT
template was observed randomly distributing within the interspace. In addition, the thickness of the nitrogen-doped graphene
layer can also be tailored, e.g., from 20 to 100 nm by increasing the
re-growth time from 5 to 30 min (Fig. 2e and f, S7 and S8). It should
be noted that occasionally more than one CNT had been bundled
together within the nitrogen-doped graphene layer (Fig. S9). Besides, some cross-structured HNCNTs were also observed due to the
crossed CNT templates (Fig. S10). Interestingly, more sophisticated
hybrid structures can be synthesized on the basis of similar strategies. For instance, the deposition and growth of Al2O3 and
nitrogen-doped graphene layers were repeatedly performed to
form a Matryoshka-like structure. Both the Al2O3 and nitrogendoped graphene layers had a thickness of ~20 nm, contributing to
a total diameter of about 200 nm for the hybrid structure (Fig. S11),
which was a magnitude larger than that of bare CNT. After complete
removal of Al2O3, two hollow layers formed: one between CNT and
the inner nitrogen-doped graphene layer, and the other sandwiched between two nitrogen-doped graphene layers (Fig. 2g).
The electrochemical properties of HNCNTs were investigated by
assembling coin cells with lithium wafers as counter electrodes. It
was found that the samples with 30 nm of Al2O3 layer and 5 min of
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Fig. 2. (a) Schematic illustration to the HNCNT synthesis. (bed) TEM images of nitrogen-doped graphene/Al2O3/CNT after HF etching with different Al2O3 thicknesses of 10, 20 and
30 nm, respectively. (e) and (f) TEM images of HNCNTs with different shell thicknesses of ~50 and ~100 nm, respectively. (g) HNCNTs with a “Matryoshka” structure containing two
alternate Al2O3 and nitrogen-doped graphene layers. NG and HS in g represent nitrogen-doped graphene and hollow structure, respectively. (A colour version of this ﬁgure can be
viewed online.)

re-growth time showed the highest speciﬁc capacity and had been
used if not mentioned below. Cyclic voltammetry (CV) test showed
irreversible capacity at the ﬁrst cycle (Fig. 3a), mainly due to the
formation of solid electrolyte interphase. The HNCNTs demonstrated a high discharge capacity of over 1500 mAh g1 but a low
coulombic efﬁciency of 50% (Fig. S12). The galvanostatic discharge
took much more time than CV test, which enables effective diffusion of electrolyte and formation of more SEI ﬁlms. After the ﬁrst
cycle, the coulombic efﬁciency reached over 80%. A capacity of
635 mAh g1 was observed at the ﬁfth cycle. As a comparison,
nitrogen-doped graphene/CNT without the hollow structure in the
wall displayed a much lower speciﬁc capacity of 360 mAh g1 at the
ﬁfth cycle, indicating that the unique hollow structure can effectively increase the lithium storage capacity of CNTs.
The rate performance was further tested at different current
densities (Fig. 3c). As the current density increased from 0.1 to
2 A g1, the discharge capacity decreased from 635 to 355 mAh g1
and recovered to 540 mAh g1 (85% of the initial value) when the
current density returned to 0.1 A g1. The cyclic charge-discharge
performances of HNCNTs were further measured at a current
density of 2 A g1. Interestingly, an unexpected capacity increase
was observed (Fig. S13), which was also found in the other N-doped
carbon materials [23,24]. Liþ intercalation and de-intercalation at
the beginning resulted in a more disordered structure with more
sites for Liþ storage. The speciﬁc capacity increased from 320 to
900 mAh g1 after 2000 charge-discharge cycles. On the contrary, a
slow capacity decay was detected in the other samples with higher
thicknesses of ~50 and ~100 nm, corresponding to the samples with
re-growth time of 10 and 30 min, respectively (Fig. 3d and S14). It
may be explained by the fact that the defects introduced by
nitrogen-doping were favorable for the diffusion of Liþ into the

hollow structure, while thicker layers led to larger diffusion resistance for Liþ. The inﬂuence of the thicknesses of Al2O3 and
nitrogen-doped graphene layer on speciﬁc capacity was further
studied. HNCNTs with the thickest Al2O3 layer and thinnest
nitrogen-doped graphene layer displayed the highest speciﬁc capacity (Fig. 3e). High Coulombic efﬁciencies above 90% were
demonstrated for HNCNTs with a variety of thicknesses of Al2O3
and nitrogen-doped graphene layers, and the maximal value came
to the samples with the thicknesses of 10 and 100 nm for Al2O3 and
nitrogen-doped graphene layers, respectively (Fig. 3f).
The designed hollow structure had been veriﬁed as an efﬁcient
platform for lithium storage. The lattice of HNCNTs became fuzzy
after discharging, indicating that Liþ had diffused from the electrolyte into the inner space through the defects on nitrogen-doping
graphene layer (Fig. S15). Furthermore, several lithium clusters can
be observed within the hollow structure. In high-resolution TEM
image, neat crystal lattice of lithium ions can be observed with an
interplanar spacing of 0.24 nm which corresponded to uniformly
distributed lithium ions. Therefore, a high speciﬁc capacity
enhancement was produced for the HNCNTs with a re-growth time
of 5 min (Fig. S16).
Note that HNCNTs can not only serve as promising anode materials for LIBs, but also as ideal hosts for incorporation of the other
active materials. For instance, Si with a high theoretical speciﬁc
capacity of 4200 mAh g1 represents a promising candidate for
high energy density anode material of LIBs [25e29]. However, the
huge volume change during charge-discharge processes had largely
hindered their applications towards high-performance LIBs
[30e34]. Herein, Si was introduced to HNCNTs to further enhance
the lithium storage performance (Fig. 4a). Si (50 nm) and Al2O3
(20 nm) were deposited on CNTs layer by layer, and another
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Fig. 3. Electrochemical properties of HNCNTs. (a) Cyclic voltammograms of HNCNTs at a scan rate of 0.5 mV/s (3.0e0.01 V). (b) Galvanostatic charge-discharge curves of nitrogendoped CNT and HNCNTs in the 5th cycle. (c) Rate performance of HNCNTs. The thicknesses of Al2O3 and nitrogen-doped graphene layer in a-c are 30 and ~20 nm, respectively. (d)
Long cycle stability of HNCNTs. Current densities in b and d are 0.1 and 2 A g1, respectively. The thicknesses of Al2O3 and nitrogen-doped graphene (NG) layer in d are 30 and
~50 nm, respectively. (e) Dependence of speciﬁc capacity on thickness of Al2O3 and nitrogen-doped graphene layer. (f) Dependence of Coulombic efﬁciency on thickness of Al2O3
and nitrogen-doped graphene layer. (A colour version of this ﬁgure can be viewed online.)

nitrogen-doped graphene layer (20 nm) was further grown outside
(Fig. 4b). Here HCl was used in replacement of HF as the etching
solution to avoid the etching of Si by HF (Fig. 4c and S17). The
incorporation of Si resulted in a higher speciﬁc capacity of 930 mAh
g1 and lo5w discharge platform of 0.2 V (Fig. 4d). The Coulombic
efﬁciency reached 90% since the second charge-discharge cycle.
High rate performance was also demonstrated with 82.5% of the
capacity retention when the current density increased from 0.1 to
2 A g1 and returned to 0.1 A g1 (Fig. 4e). The capacity was mainly

limited by the expansion of Si. The effective volume for accommodating Si volume expansion Vhollow ¼ p (R21 e R22) *L, and the Si
volume VSi ¼ p (R22 e R23) *L, where R1, R2 and R3 are the diameters of
hollow structure (80 nm), silicon (60 nm) and CNT (10 nm),
respectively. The ratio of Vhollow to VSi was thus calculated as 80%, so
Si may expand by 80%. As a result, the maximum capacity of Si was
4200 * (80%/280%) ¼ 1200 mAh g1. Furthermore, 81% of the initial
capacity had been maintained after 100 charge-discharge cycles at
2 A g1 (Fig. S18). As a strong comparison, nitrogen-doped
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Fig. 4. (a) Schematic illustration to the synthesis of Si-incorporated HNCNTs. (b) and (c) TEM images of Si-incorporated HNCNTs before and after the formation of hollow structure.
The thicknesses of Si and nitrogen-doped graphene layer are 50 and 20 nm, respectively. (d) Charge-discharge curves of Si-incorporated HNCNTs. (e) Rate performance of Siincorporated HNCNTs. (A colour version of this ﬁgure can be viewed online.)

graphene/Si/CNT hybrids without the hollow structure demonstrated poor electrochemical performances (310 mAh g1 at the
beginning), because the nitrogen-doped graphene layer was too
rigid to accommodate the large volume change of Si (Figs. S19 and
S20).
The as-synthesized HNCNTs show several advantages compared
with the other CNT-derived materials. Firstly, the hollow structure
has been veriﬁed as a novel platform for efﬁcient lithium storage,
and an ideal host for incorporation of the other active materials to
enhance the energy storage performances. Secondly, the lone pair
electrons in nitrogen-doped graphene facilitates the electron
transport process along the axial direction of CNTs. Thirdly, the
active sites and defects introduced by nitrogen-doped graphene
layers are beneﬁcial for electrochemical property enhancement of
the hybrids. Last but not the least, the alignment of HNCNTs largely
decreases the contact resistance among CNTs, contributing to
reduced inner resistance for the assembled devices.

4. Conclusion
In summary, a new family of CNTs with desired hollow walls had
been synthesized. The unique hollow structure can be used for
lithium storage and as host for other active materials. When Si was
embedded to serve as anodes for LIBs, a high capacity of 930 mAh
g1 was achieved. This work presents a general and promising

strategy in developing high-performance energy storage materials.
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