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In situ self-catalyzed core-shell LiFePO,@CNT nanowires can be
fabricated by a two-step synthesis, where one-dimensional LiFePO,4
nanowires with a diameter of 20-30 nm were encapsulated into
CNTs, and 3D conducting networks of CNTs were obtained from
in situ carbonization of a polymer. LiFePO,@CNT nanowires deliver a
capacity of 160mAhg 'at17mAg ', and 65mAh g ' at8500 mA
g~ (50 C, 1.2 minutes for charging and 1.2 minutes for discharging).

LiFePO, with an olivine structure is an attractive cathode
material applied in lithium ion batteries (LIBs) because of its
low cost, high thermal and chemical stability, and acceptable
operating voltage (3.4 V versus Li'/Li)." The poor electronic
conductivity (~107° S cm ') of LiFePO, is usually circumvented
by carbon coating on the surface of LiFePO,.>* The current
focus for LiFePO, applied in large-size batteries (electric vehi-
cles and hybrid electrical vehicles) is on ultrafast battery
discharge. This goal can be achieved by decreasing the size of
LiFePO,.** According to the formula,® L = VDt (where D is the
diffusion coefficient, 7 is the diffusion time and L is the diffu-
sion distance), the short diffusion lengths could shorten the
diffusion time of Li ions in LiFePO, during the intercalation—-
deintercalation process and the relatively high surface area of
the nano-sized particles also enables fast charge transfer.”®
Unfortunately, more undesirable chemical reactions occurring
at the electrolyte-electrode interface layer will produce HF,
which attacks the surface of LiFePO,, leading to poor cycle
performance.* One effective way to eliminate this problem is
complete carbon coating.*”**" Insufficient use of LiFePO,
occurs in places where carbon is unattached during the
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intercalation process, thus resulting in polarization of the
electrode.” Full carbon coating plays a bifunctional role
(conductivity improvement and protection barrier), ensuring
that LiFePO, particles get electrons from all directions, avoiding
direct contact with the electrolyte, thus alleviating polarization
and improving cycle life.*®**

Another strategy is hierarchical nanostructure design.”>” An
electrode consisting of carbon-coated, high-crystalline LiFePO,
in the nanoscale with three dimensional (3D) conductive
networks is desired for high power LIBs."*** Wu et al.** recently
synthesized hierarchical carbon-coated LiFePO, nanoplates,
which possess a unique geometrical structure that is helpful in
facilitating the fast transport of mass and charge, hence they
exhibit considerable discharge capacity and rate capability. In
the case of carbon, carbon nanotubes (CNTs) are superior
conducting materials for hybridization of active materials.*
Incorporation of CNTs into LiFePO, has demonstrated
improved specific capacity and rate capability of the composi-
tes.**'® Nevertheless, in these composites, CNTs were randomly
dispersed into micro-sized LiFePO,, hence the ways of combi-
nation of LiFePO, and CNTs are limited.

Herein we synthesized, for the first time to our knowledge,
one-dimensional LiFePO, nanowires with a diameter of 20—
30 nm encapsulated into CNTs (LFP@CNTs); 3D conducting
networks of CNTs were simultaneously obtained during the
solid state reaction. One-dimensional LiFePO, nanowires
reduce the diffusion path of Li ions, while the CNT shell ensures
a full coating and a fast electron conduction path. By combining
the advantages of one-dimensional core-shell LFP@CNTs and
3D CNT conducting networks, a hierarchical nanostructure
design of electrode materials for high power and high energy
LIBs can be realized.

LFP@CNT core-shell nanowires were fabricated by a two
step process: (1) a sol-gel route to get one-dimensional LiFePO,
nanowire precursor; (2) a solid state reaction to obtain core-
shell high-crystalline LFP@CNT nanowires and CNT networks
by in situ carbonization of polymers. The schematic drawing of
the synthetic procedure is demonstrated in Scheme 1. First,
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Scheme 1

one-dimensional nanowire structure is obtained by polymeri-
zation of polymethylmethacrylate (PMMA) during the sol-gel
process. It is also noted that the PMMA polymer can restrict the
size of the LiFePO, precursor. This is caused by in situ poly-
merization of PMMA on the outer surface of the generated
LiFePO, precursor precipitate, followed by formation of a shell
to restrict the growth of LiFePO,.° In contrast, micro-sized
particles are obtained without PMMA. Subsequent heat treat-
ment at 700 °C for 10 h under argon leads to formation of core—-
shell LFP@CNT nanowires and the CNT network (LFP@CNTs-
10 h). During this step, Fe*>" provided by the composites facili-
tates the formation of the CNT shells® and network through
PMMA carbonization. Meanwhile, the CNT shell restricts the
in situ crystallite growth of LiFePO, nanowires.

The scanning electron microscopy (SEM) image shown in
Fig. 1a suggests that the one-dimensional core-shell LFP@CNT
nanowires can be created on a large scale basis. The corre-
sponding magnified SEM images shown in Fig. 1b indicate that
the typical diameter of the prepared LFP@CNT nanowires is in
the range of 20-30 nm, and the needle-like LiFePO, nanowires
are encapsulated into CNTs, which are in situ generated by
carbonization of the PMMA polymer. A transmission electron
microscopy (TEM) image (Fig. 1c) further demonstrates the
core-shell structure of LFP@CNTSs-10 h. It is interesting to note
that LFP@CNT nanowires are inter-connected by the 3D CNT
network (indicated by arrows), which results from in situ
carbonization of PMMA (more images are shown in Fig. S1t).
The electrons can easily reach the LFP@CNT nanowires
through the 3D conducting network. The specific BET surface
area of the LFP@CNT nanowires is 34.3 m> g~ "

A high-resolution TEM image (Fig. 1d) clearly reveals that a
transparent CNT shell with a thickness of 3 nm encapsulates
LiFePO, nanowire, and the number of walls is around 5-8 layers
for typical CNTs as shown in Fig. S1.1 Lithium ions can easily
diffuse in the framework of LiFePO, through the thin carbon
shell during the intercalation and deintercalation process.' The
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Schematics to illustrate the synthetic procedure of the LFP@CNT nanocomposites.

CNT shell has an approximate diameter of 15 nm and less near
the tip. The lattice fringes with a width of 0.18 nm correspond to
the (131) plane of LiFePO,. Selected-area electron diffraction
(SAED) patterns suggest that the fabricated LiFePO, nanowires
are highly crystalline (Fig. S2t). Energy-dispersive X-ray (EDX)
line scanning (Fig. 1e) of a single LFP@CNT nanowire (inset in
Fig. 1e) shows the evidence for a core-shell structure with
the carbon signal peak at the shell of the nanowire and the Fe,
P and O signal peaks at the core of the nanowire. As illustrated
in Fig. 1f, Li ions could easily diffuse in and out of the high-
crystalline LFP@CNT nanowire, due to its nanometer scale
dimension and large surface area. Electrons could also be
effectively supplied into the LiFePO, core through the CNT shell
and the 3D CNT networks during cycling.

The crystallite size of LFP@CNTSs-10 h is similar to the size of
its precursor (Fig. S31), indicating that the formed CNT shell
effectively restricts the crystallite growth of LiFePO,. As we
know, carbon can be consumed by the residual oxygen in the
argon-filled tube furnace during the calcination process. In
order to further investigate the protective effect of the CNT
shell, we performed the annealing process at 5 h and 20 h. It is
noted that a core-shell nanowire structure can be obtained for
the 5 h treated sample (LFP@CNTs-5 h), while for 20 h annealed
sample (LFP@CNTs-20 h), LiFePO, nanowires were cracked into
nanorods and agglomerated within a diameter of 50-100 nm
(Fig. S4t). The HRTEM images show a typical example of core-
shell LFP@CNT nanowires annealed for different times (Fig. 2).
It is clearly observed that an amorphous CNT shell (5 h) evolves
into a graphitized CNT shell (10 h) and the CNT tip (20 h)
disappears in the core-shell structure, which is consistent with
the TGA results (Fig. 3b). After calculation,’*** the carbon
contents in LFP@CNTs-5 h, LFP@CNTs-10 h and LFP@CNTs-
20 h are about 4.1 wt%, 3.9 wt% and 3.1 wt%, respectively,
providing evidence for carbon loss when prolonging the
annealing time. Graphitized carbon shown in the Raman
spectrum (Fig. S5f) guarantees high electronic transfer
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Fig. 1 (a and b) SEM images of the as-prepared needle-like LFP@CNTs. (c) TEM
image of the fabricated core-shell nanowires, and (d) the corresponding HRTEM
image of a LFP@CNT nanowire. (e) EDX line scanning of a LFP@CNT core-shell
nanowire. HRTEM image of a single LFP@CNT nanowire (inset). (f) Schematic
illustration of LFP@CNT core—shell nanowires.
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capability of the LFP@CNT composites.”* The XRD patterns of
the prepared samples can be indexed as olivine LiFePO, (JCPDS
no. 40-1499), and the precursor is completely transformed into
LiFePO, (Fig. 3a), indicating that high-crystalline and pure
LiFePO, was obtained in the calcination step.

In order to investigate (i) the interaction (chemical bonding)
between the CNT shell and LiFePO, core and (ii) the local
chemistry environment of elemental Fe in LFP@CNT compos-
ites, C K-edge and Fe K-edge X-ray absorption near edge struc-
ture (XANES) spectra were studied (Fig. 3c and d). The Fe K-edge
XANES spectra exhibit a pre-edge and an edge jump (Fig. 3c).
The pre-edge peak is centered at the lower energy side of the
sharply rising absorption edge (white line), corresponding to
the 1s to 3d electronic transition of Fe.?* All of the LFP@CNT
composites exhibited an edge feature characteristic of Fe(u) and
a distinct increased white line located at ~7126 eV, indicating
an Fe bivalence feature with some depleted p character with
increasing annealing time.”»** The gradually increasing reso-
nance at ~7141 eV indicates the improved crystallinity of the
composites when prolonging the annealing time. Three regions
of resonance in the C K-edge XANES spectra can be observed
(Fig. 3d). Two patterns located at ~285 eV and 291 eV (ataand ¢
positions) correspond to graphitic w* and o* transitions,
respectively.> The presence of graphitic ©* and o* transitions
implies that the graphitic framework exists in LFP@CNT
nanocomposites. The most interesting feature in the spectra is
the obvious resonance at ~288 eV (at the b position), which
arises from the oxygen containing functional group of
carboxylate bonding among other C-O single bond functiona-
lities.** Many groups attribute this resonance to the chemical
bonding between active materials and carboxylate groups.?*>*
The intensity of peak b from LFP@CNTs-20 h is lower than that
of the other two composites, indicating the weakened carboxy-
late bonding in the composites. This is further proved by the
increase in the intensity of the m* resonance, pending no
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Fig. 2 TEM images of LFP@CNT composites annealed for different times: (a) 5 h, (b) 10 h, (c) 20 h. (d) Schematics of morphology evolution.
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Fig. 3 XRD patterns (a) and TGA curves (b) of LFP@CNT composites. Normalized XANES spectra for LFP@CNT composites: (c) Fe K-edge; (d) C K-edge.

countervailing arguments of texture for these random powder
samples; this observation strongly indicates that a more
ordered graphitic situation is restored. Considering that
carboxylate bonding is related to the interaction between the
CNT shell and LiFePO, core, this phenomenon provides direct
spectroscopic evidence that the interaction between the CNT

shell and LiFePO, core is stronger in LFP@CNTs-10 h than
LFP@CNTSs-20 h.

Fig. 4 shows the electrochemical performance of the
LFP@CNT nanocomposite. A couple of redox peaks are
observed for the three cyclic voltammetry (CV) curves (1%, 5%
and 10™) of LFP@CNTs-10 h (Fig. 4a). It is noted that the gap
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Fig.4 (a) Cyclic voltammetry (CV) profiles for LFP@CNTs-10 at a scan rate of 0.1 mV s~ . (b) Galvanostatic cycle charge-discharge profiles in the voltage range of 2.5—
4.2V at 0.2 C. (c) Cyclic performance at 0.2 C of composites annealed for different annealing times. (d) Rate capabilities of LFP@CNTs-10 nanocomposites.
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between the redox peaks gradually decreases and the peak
intensity increases in conjunction with the increase in cycle
number (inset zoom in Fig. 4a), suggesting that the kinetics for
lithium insertion and extraction are improved during cycling.
The charge and discharge curves in different cycles (1%, 10,
50™ and 100™) show the same trend (Fig. 4b). The gap between
the redox peaks becomes increasingly narrow from the initial
cycle to the 100™ cycle, and the value of the potential interval
(AE) decreased from 83 mV in the initial cycle to 52 mV in the
10™ cycle, 47 mV in the 50" cycle and 44 mV in the 100™ cycle
(Fig. S6T). LFP@CNTs-10 h nanocomposite delivers a discharge
capacity of 155 mA h g~ ' in the initial cycle at a current density
of 34 mA g~ (0.2 C), and the discharge capacity remains almost
constant till 100 cycles.

The cycle performances of LFP@CNT composites at a
current density of 34 mA g ' (0.2 C) are shown in Fig. 4c. It is
found that specific capacity does not fade over 100 cycles and
the coulombic efficiency remains about 100%, demonstrating
that LFP@CNT nanocomposites have an excellent cycling
stability. Because of the amorphous CNT shell, LFP@CNTs-5 h
delivers a capacity of 127 mA h g~ *. LFP@CNTs-20 h displays a
capacity of 120 mA h g~ ', which is lower than that of
LFP@CNTs-10 h, due to the agglomeration of LiFePO, nano-
rods and weak chemical bonding between the CNT shell and
LiFePO, core. The discharge specific capacity of LFP@CNTs-
10 h decreases from 160 to 102 mA h g~ with an increasing
current rate from a value of 0.1 C to 5 C regularly (Fig. 4d), and
it still delivers a capacity of 65 mA h g~ ' even at a high current
density of 8500 mA g~ * (50 C, 1.2 minutes for charging and 1.2
minutes for discharging) with almost no fading up to 35 cycles,
thereby indicating its high power performance. The results
shown in Fig. 4b obviously demonstrate the remarkable elec-
trochemical performance benefiting from the one dimen-
sional core-shell LFP@CNT nanowire structure and 3D CNT
network.

In summary, one-dimensional core-shell LFP@CNT nano-
wire composites are successfully synthesized via a facile sol-
gel route followed by post-heating treatment. By using PMMA,
the core-shell structure is obtained in the calcination step,
and the structures display an encapsulated architecture with
LiFePO, embedded inside and CNTs outside. The homoge-
neous CNT shells and 3D network act as a continuous
conductive network since electrons are easily transferred
between the surface of LiFePO, nanowires and CNTs. The
small size of LFP nanowires confined by the polymer decreases
the lithium ion diffusion path and increases the contact areas
between the electrolyte and active materials; therefore, our
LFP@CNT nanowires offer excellent cycling stability and rate
capability. By conducting calcinations in argon, 10 h post-
heating time is found to be optimal. Longer annealing time
leads to agglomeration of LiFePO, nanorods and poor inter-
action with CNTs, resulting in poor electrochemical perfor-
mance. In addition, the one dimensional core-shell
nanostructures can be easily extended to other cathode or
anode materials, and the performance of electrodes in
lithium-ion batteries of electric or hybrid electric vehicles can
then be optimized.
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