Communication

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Hollow Carbon-Nanotube/Carbon-Nanofiber Hybrid Anodes for Li-

lon Batteries

Yuming Chen,dr’”’L

Xjaoyan Li,Jr’l Kyusung Park,” Jie Song,” Jianhe Hong,II Limin Zhou,*’T

Yiu-Wing Mai,”¥ Haitao Huang,i and John B. Goodenough*’||

"Department of Mechanical Engineering and *Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong,

China

SCentre for Advanced Materials Technology (CAMT), School of Aerospace, Mechanical and Mechatronics Engineering J07, The

University of Sydney, NSW 2006, Australia

ITexas Materials Institute and Materials Science and Engineering Program, The University of Texas at Austin, Austin, Texas 78712,

United States

© Supporting Information

ABSTRACT: By a novel in situ chemical vapor
deposition, activated N-doped hollow carbon-nanotube/
carbon-nanofiber composites are prepared having a
superhigh specific Brunauer—Emmett—Teller (BET) sur-
face area of 1840 m” g™' and a total pore volume of 1.21
m® g™, As an anode, this material has a reversible capacity
of ~1150 mAh g™" at 0.1 A g™* (0.27 C) after 70 cycles. At
8 A g' (21.5 C), a capacity of ~320 mAh g™' fades less
than 20% after 3500 cycles, which makes it a superior
anode material for a Li-ion battery .

here has been an increasing demand for long-term and

high-performance rechargeable lithium-ion batteries
(LIBs) for a wide range of applications ranging from consumer
devices and portable electronics to electric vehicles, hybrid
electric vehicles, and large-scale grid energy storage.l_4
Unfortunately, the energy density and power capability of
graphite that is the current commercial anode material remains
insufficient for next-generation LIBs.>® Over the years,
development and research efforts have been made to address
these problems, including decreasing the material size,”
designing one-dimensional (1D) nanostructured carbon
including carbon nanotubes (CNTs) and carbon nanofibers
(CNFS),&9 creating porous, hollow, and defect structures,'*™'2
doping other elements such as boron and nitrogen,'>'* and
increasing the degree of graphitization.'" Therefore, various
nanostructured carbonaceous materials with high energy
density or power capability have been successfully prepared.
However, insufficient emphasis has been placed on solving the
durability of electrodes with high energy density and power
capability. Recently, significant progress has been made in
combining these advantages (for example: 1D porous CNTs or
CNFs,"*'® 1D N-doped nanostructures,'” N-doped graphene,'
and nanoscaled hybrid materials'®) to develop new high-
performance and long-lasting carbon anodes. But it can be
difficult to control and produce a good combination of pore
size, pore number, N-doping, and a high degree of
graphitization. Therefore, exploring and developing a novel
approach to the synthesis of controlled 1D N-doped porous
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graphitic carbon nanomaterials for high-performance and long-
term LIBs is urgently required.

In this communication, we design a novel in situ chemical
vapor deposition to grow CNTs on the surface of N-doped
CNFs by calcining a polymer to produce C,H, that serves as a
carbon source under the effect of Ni nanoparticles, yielding the
activated N-doped hollow CNT-CNF hybrid materials with a
superhigh specific Brunauer—Emmett—Teller (BET) surface
area of 1840 m* g™'and a total pore volume of 1.21 m*® g™". In
the resulting structure, the CNT's occupy the space between the
CNFs while retaining access on all sides to the electrolyte.
Compared to that of ref 11, this architecture enhances the
density of actived material and improves remarkablely the
anode volumetric capacity at high rates of charge/discharge.
The inside and outside diameters of the CNTs grown on the
surface of porous CNFs with attached hollow spheres are ~20
and 30 nm, respectively. The walls of the hollow carbon
nanospheres and CNTs contain many defects. The prepared
novel material has a doping level of ~1.4 wt % nitrogen and, as
an anode, shows an exceptional reversible capacity of ~1530
mAh g_1 at 0.1 A g_l, outstanding rate capability, and long
cycling stability of over 3500 times while retaining more than
80% capacity at 8 A g\,

Polyacrylonitrile/nickel acetate/poly(methyl methacrylate)
(PAN/Ni(Ac),/PMMA) composite nanofibers were first
prepared by coaxial electrospinning. The as-collected nano-
fibers were stabilized at 250 °C for 2 h and then pyrolyzed at
700 °C in H,/N, (5%/95%) for 6 h. The PMMA was
completely decomposed to produce pores and C,H, that served
as a carbon source for the growth of CNTs under the effect of
Ni nanoparticles formed by the decomposition of Ni(Ac),.'*~**
The PAN with a high N content (~26.4 wt %) on the surface
of the Ni nanoparticles was carbonized into N-doped graphitic
carbon under the catalytic effect of Ni.'? As shown in Figure 1la,
N-doped CNT—CNF—Ni hybrid materials were fabricated.
Finally, activated N-doped hollow CNT—CNF hybrid materials
were prepared by a combination of KOH activation and HNO;
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Figure 1. (a) Schematic of the activated N-doped hollow CNT—CNF
hybrid material design. The PMMA was decomposed to produce pores
and C,H, that served as a carbon source for the growth of CNTs on
the surface of CNFs under the effect of Ni nanoparticles. (b) SAED
pattern and TEM image of the N-doped CNT—CNF-Ni hybrid
material. (c) SAED pattern and TEM image of the activated N-doped
hollow CNT—CNF hybrid material, and line profiles of the d-spacing
of graphene sheets of the wall of CNT. (d) TEM and HRTEM images
of CNT, revealing the presence of defects in the wall of hollow
structure.

treatment to remove the Ni and achieve high BET surface area
with high total pore volume.

Transmission electron microscopy (TEM, Figure 1b) and
high-resolution TEM (HRTEM, Figure S-1a) images show that
the multiwalled CNTs formed from Ni/carbon composite
nanofibers and the Ni nanoparticles were encapsulated in
graphitic carbon with a thickness of ~5 nm as compared with
CNFs and Ni/carbon nanofibers (Figure S-2). The interplanar
spacing of ~0.23 nm corresponds to the (010) plane of Ni. The
spot- and ring-like patterns in the selected area electron
diffraction (SAED;inset of Figure 1b) and X-ray diffraction
pattern (XRD, Figure S-3) further confirm the presence of
crystalline Ni and carbon. The low- and high-magnification
TEM images in Figure 1c,d show that the inside and outside
diameters of CNTs are ~20 and 30 nm, respectively. Figure S-
1b,c shows that the CNFs possess many pores and hollow
carbon nanoparticles. Line profiles exhibit that the d-spacing of
the graphene sheets in the CNFs and CNTs, which is due to
the (002) plane of carbon, is in the range of 0.34—0.42 nm
(Figure 1c inset, and Figure S-1e). The SAED pattern displays
(Figure lc, inset) ring-like patterns, suggesting that the
synthesized hybrid material is graphitic. Additionally,
HRTEM images (Figure 1d inset and Figure S-1d) show that
the wall of the hollow structure consists of many defects
between discontinuous graphene sheets as indicated by the
arrows.

Raman-spectrum analyses in Figure 2a indicate that the G-
band of the activated hybrid materials has a greatly enhanced
intensity. The ratio (R = Ig/Ip) of the intensity of the G-band
to the intensity of the D-band is ~1.46, which is higher than
that of amorphous CNFs (~0.95), indicating a great increase in
the degree of graphitic crystalline structure because of the use
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Figure 2. (a) Raman spectra of amorphous carbon and the activated
N-doped hollow CNT—CNF hybrid materials. (b) EELS spectra of
the activated N-doped hollow CNT—CNF hybrid material. (c) N1
XPS spectra of the activated N-doped hollow CNT—CNF hybrid
material. Three components represent pyridinic (N1, ~398.6 eV),
pyrrolic (N2, 400.1 eV), and graphitic (N3, ~401.4 eV) N atoms,
respectively. (d) Nitrogen and CO, adsorption—desorption isotherms
and pore-size distributions (inset) of the activated N-doped hollow
CNT-CNF hybrid material.

of Ni nanoparticles as a catalyst for promoting the
graphitization of carbon. The electron energy loss spectrum
(EELS) of the prepared materials in Figure 2b shows a prepeak
of carbon located at ~258 eV corresponding to the transitions
to z* states in the sp2 carbon, which confirms the existence of
graphene sheets in the activated N-doped hollow CNT—CNF
hybrid materials.”> A doping level of ~1.4 wt % nitrogen in the
activated hollow hybrid carbon was determined by element
analysis. In the XPS Nls spectrum of the obtained carbon
shown in Figure 2c, three components represent pyridinic (N1,
~398.6 V), pyrrolic (N2, 400.1 eV), and graphitic (N3,
~401.4 eV) N atoms, respectively.'”> The N binding
configuration includes 26.6% pyridinic N, 38.0% pyrrolic N,
and 35.4% graphitic N. XPS Cls spectra were also obtained,
and similar conclusions were reached (Figure S-4). The specific
BET surface area of the activated hybrid carbon is 1840 m* g™*
with a total pore volume of 1.21 m® ¢!, which is much higher
than that of hybrid carbon (371 m* g™"). Figure 2d shows the
nitrogen adsorption—desorption isotherms of the activated
hollow hybrid materials. The strong nitrogen adsorption below
the relative to atmospheric pressure of 0.1 is characteristic of
micropore filling. The continuous rise of adsorption—
desorption isotherms in the relative pressure range from 0.1
to 1 indicates the presence of mesopore (0.1—0.6) and
macropores (0.6—1) in the resultant materials.* Figure 2d
(inset) displays the results of a pore size analysis by applying a
hybrid nonlocal density functional theory (NLDFT). It is
evident that the activated hybrid materials possess many
micropores peaked at ~0.35, 0.48, 0.64, 0.9, 1.1, 1.3, and 1.9
nm, respectively. A broad peak from 3 to 151 nm can also be
observed (Figure S-5). These findings are due to the defect,
porous structure and hollow structure in the obtained carbon.
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These results are consistent with the TEM and HRTEM
observations.

Figure 3a shows the galvanostatic charge—discharge profiles
of the activated N-doped hollow CNT—CNF hybrid materials
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Figure 3. (a—c) Charge—discharge voltage profiles, capacities at
various rates, and cycling performances of the activated N-doped
hollow CNT—CNF hybrid electrodes tested between 3 and 0 V versus
Li*/Li.

at 0.1 A g_1 in the voltage range 0—3 V versus Li*/Li. During
the first cycle, the voltage plateau at ~0.7 V is ascribed to the
formation of a solid electrolyte interface (SEI) layer and
electrolyte decomposition.”” The first charge and discharge
specific capacities are ~2458 and 1530 mAh g~'. The large
irreversible capacity can be attributed to SEI formation.'”** In
addition, the prepared materials also show remarkable high-
power rate capability. At current densities of 0.5, 1, 3, 5, and 8
A g7, the reversible capacities of the activated hollow hybrid
materials are ~940, 700, 500, 380, and 320 mAh g_l,
respectively (Figure 3c). Figure S-6 shows a typical cyclic
voltammogram of the activated N-doped hollow CNT—CNF
hybrid electrode. There are two reduction peaks of ~1.3 and
0.7 V in the first cycle that are ascribed to the irreversible
reactions between the activated hollow hybrid carbon electrode
and electrolyte and the cointercalation of solvated lithium ions
into graphene sheets.'”'> During the third cycle to the fifth
cycle, there is no clear change, suggesting that the activated
hollow hybrid carbon electrode is stable with reversible
reactions during the following charge—discharge cycles. The
cycling performance of the activated N-doped hollow CNT—
CNF hybrid electrodes is present in Figure 3b,c. The capacity
of synthesized materials becomes stable and reversible after the
initial few cycles. The Coulombic efliciencies of the activated
hollow hybrid materials at both low and high current density
remain more than ~95% after the initial few cycles. The
capacity remains ~1150 mAh g™' at 0.1 A ¢! (0.27 C) after 70
cycles and has a fading of less than 20% at 8 A g™ (21.5 C)
after 3500 cycles. Moreover, the volumetric capacity of the
synthesized hybrid electrode can be up to ~1.7 Ah cm™ at 0.1
A ¢!, which is ~2.0 times higher than that of graphite (~0.84
Ah cm™). This performance is superior to that of other carbon
materials, metal oxide, metal, and hybrid materials.'®?° 733

Additionally, this material still has high capacities of ~913, 606,
381, 268, 214, and 181 mAh g™" at current densities of 0.1, 0.5,
1,3, 5 and 8 A g_l, respectively, tested between 2 and 0 V
versus Li*/Li (Figure S7). The low Coulombic efficiency
observed for the hybrid in the first cylce (Figure 3a and Figure
S7a) can be improved by introducing closed pores that only
allow the access of Li" without the electrolyte, and forming a
passivation layer on the surface of the anode.®

The remarkable electrochemical performance of the activated
N-doped hollow CNT—CNF hybrid materials is the result of
their novel structure, N-doping, 1D nanostructure, and high
electrical conductivity of 20.2 S cm™*' Many defects in the
obtained materials, large numbers of pores and hollow spheres,
and the large d-spacing of graphene sheets would serve as
reservoirs for the storage of Li*.'*7'® CNTs on the surface of
CNFs are favorable for lithium-ion diffusion from different
directions and provide sufficient contact between active
material and electrolyte for absorbing Li ions and increasing
the rapid charge-transfer reaction.” The porous structure and
high specific surface area can reduce the diffusion length of Li
ions. On the other hand, many defects in the hybrid materials
can allow the diffusion of Li* from outside carbon into the
inner carbon, which activates all the carbon material. Addition-
ally, N-doping in the hybrid materials can enhance the
electrochemical reactivity and electronic conductivity, which
further promotes the excellent electrochemical performance.'”

In summary, we have developed a novel in situ chemical
vapor deposition for preparing activated N-doped hollow
CNT—CNF hybrid materials with a superhigh specific surface
area of 1840 m” g™'. The prepared hybrid materials as anode
electrodes showed excellent electrochemical performance with
a good combination of a high reversible specific capacity and a
remarkable volumetric capacity, outstanding rate capability, and
long cycling stability. The novel method can be extended to
obtain various porous carbon—CNT hybrid materials for
applications in sensors, electronic and electrochemical devices,
catalysts, and hydrogen storage materials.
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Detailed experimental methods, TEM, HRTEM, XRD, XPS,
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