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Abstract Recent progress in studies of several types of
core-shell structured electrode materials, including TiO,/C,
Si/C, Si/SiO,, LiCoO,/C, and LiFePO,/C nanocomposites,
including details of their preparation and their electrochemical
performance is briefly reviewed. Results clearly show that the
coating shell can effectively prevent the aggregation of the
nanosized cores, which are the electrochemically active
materials. In addition, the diffusion coefficients of lithium
ions can be increased, and the reversibility of lithium
intercalation and deintercalation is improved. As a result, the
cycling behavior is greatly improved. The reviewed results
suggest that core-shell nanocomposites are a good starting
point for further development of new promising electrode
materials.

Introduction

The development of lithium ion batteries has been rapid
since the early 1990s; currently, its capacity density can be
above 180 Wh/kg and the number of possible charge/
discharge cycles can be above 2,000 [1]. However, with
further development of electronics, electric vehicles, and
other equipment, even higher performance is required.
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Manufacturing technology as a conceivable source of
improvements has arrived at its limit. Consequently, further
improvements depend on advanced electrode materials
providing better performance in terms of energy and power
density, rate capability, and cycle number. In this paper, we
briefly review our recent progress on core-shell structured
anode and cathode materials with attention to synthetic,
solid-state chemistry, and electrochemical aspects [2-5].

Experimental

The preparation process for core-shell TiO,/C is shown in
Scheme 1. The details of a typical run are as follows [2].
OPy (1.2 g, a neutral surfactant from Guoyao Chem. Group)
was dispersed in deionized water (200 ml) to form micelles.
Titanium oxide nanoparticles (2.5 g, rutile structure,
average diameter 15 nm, Haitai Company, China, hydro-
phobic surface) were added and ultrasonicated for 30 min to
achieve uniform dispersion. A mixture of 2,2'-azobis
(isobutyronitrile) (0.015 g, initiator) and acrylonitrile
(3.0 g, monomer) was added. Degassing was carried out
for 1 h under gentle stirring; then, the temperature was
increased to 60°C, and the mixture was polymerized for
12 h under argon atmosphere to form a core-shell-shaped
TiO,/polyacrylonitrile (PAN) precursor. After precipitating
and drying, the TiO,/PAN precursor was heat-treated at
800 °C to turn the PAN shell into a carbon shell; thus, a
core-shell TiO,/C nanocomposite was synthesized.

The preparation process of a core-shell structured Si/C
nanocomposite is similar to Scheme 1. The silicon nano-
particles (spherical, <50 nm) were obtained from Zhongchao
Company, China. After getting Si/PAN precursor by centrifu-
gal filtration and drying, the precursor was heat-treated for 6 h
at 800 °C to carbonize the PAN to get Si/C nanocomposites.
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Scheme 1 Preparation process
for core-shell nanocomposites
based on polymeric carbon
shells

Monomer

+

nano-particles

A Si/SiO nanocomposite was synthesized by the
following process: 20 ml ethanol was mixed with 20 ml
deionized water and 10 ml (0.045 mol) tetracthoxysilane.
After stirring at 60 °C for 1.5 h, 1.26 g (0.045 mol) Si
nanoparticles was added and ultrasonicated for 1 h to
achieve a uniform sol by using ammonia solution to adjust
pH to 8-9. The as-obtained mixture was then aged at 60 °C
for 1 h to form a gel. The gel was further aged at room
temperature for 1-2 days and dried at 70 °C for 6 h to
remove volatile components, then milled to powder. The
obtained powder was heated at 200 °C for 3 h and then at
500 °C for 6 h under argon atmosphere; thus, the Si/SiO
nanocomposite was obtained.

The carbon-coated nano-LiFePO, samples were pre-
pared by a solid-state route. The starting materials Li,CO3,
FeC,042H,0, NH4H,PO,, and acetylene black (0, 5, 10,
and 20 wt.%) were mixed at a ratio of Li/Fe/PO4=1:1:1 in a
planet mixer (QM-BP) for 24 h. The mixtures were
calcified in a tube furnace at 750 °C for 15 h in an inert
atmosphere.

LiCoO, (no. 747), a commercial product purchased from
Ruixiang New Material Company (Changsha, Hunan,
China), was used as starting material and reference sample.
The purchased LiCoO, was firstly mixed with 5% sucrose
(weight) in an agate mortar, then transferred to a planet
mixer (QM-BP), and milled at 300 rpm for 24 h. After
milling, the mixture was calcined at 600 °C for half an hour
in the air.

X-ray diffraction (XRD) was performed with a Rigaku
RINT-2000 diffractometer equipped with Cu/K«x radiation.
Scanning electron micrographs (SEM) and transmission
electron micrographs (TEM) were obtained with a Philip
XL30 scanning electron microscope and a JEOL JEM 2011
instrument, respectively, the elementary composition was
primarily determined by energy dispersive spectroscopy.

Electrochemical performance was measured with coin-
type half cells assembled as follows. The active pristine
electrode materials or the core-shell nanocomposites were
mixed with acetylene black as a conductive additive and
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poly(vinylidene fluoride) as a binder. The mixture was
coated onto a copper (for anode) or aluminum (for cathode)
foil as carrier and current collector. After drying, the foils
were cut into small pieces and assembled into coin-type
model cells under argon atmosphere in a glove box. These
pieces were used as working electrodes, lithium metal as
the counter and reference electrode, Celgard 2400 as the
separator, and 1 mol "' LiPF4 diethyl carbonate, ethylene
carbonate, dimethyl carbonate (DEC/EC/DMC; w/w/w,
1:1:1 wt.%) as the electrolyte solution. Cycling tests of
the half cells were performed at a constant current. Cyclic
voltammograms (CV) of the electrodes were also measured.
For CVs, the working electrode was small in comparison to
the lithium metal electrode; thus, obtained results are
dominated by the working electrode despite the use of a
two-electrode arrangement. Electrochemical impedance
spectra (EIS) were obtained with an EG&G M273
potentiostat/galvanostat connected to a M5210 lock-in
amplifier electrochemical analysis system in the frequency
range 0.1-100 kHz.

Results and discussion
Core-shell structured anode based on TiO,

As Scheme 1 shows, this process is quite different from the
reported methods to synthesize core-shell nanocomposites,
which mainly include polymer coating, self-assembly, and
layer-by-layer formation [6]. The principle of our process is
as follows. It is known that OPy is a neutral surfactant with
hydrophilic —O— groups and hydrophobic —CH,~CH,—
groups; thus, stable micelles of OPg are formed in aqueous
solution with the hydrophobic groups inside. The added
nanoparticles of titanium oxide have hydrophobic surfaces
and were embedded into the inner volume of the formed
micelles to form a stable suspension. Monomeric acryloni-
trile is also hydrophobic and entered into the inner volume
of the micelles. After polymerizing at 60 °C, the monomer
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was turned into a polymer. As a result, a core-shell-shaped
nano-TiO,/PAN precursor was synthesized via emulsion
polymerization. Subsequently, after precipitation from
water and drying, the precursor was heat-treated under
argon atmosphere. It is well known that this kind of heat-
treatment will turn the polymer into carbon [7]. As a result,
core-shell structured TiO,/C nanocomposites were pre-
pared; a typical micrograph is shown in Fig. 1. It presents
a well-defined core-shell structure with the core attached
more closely to the carbon shell in comparison with
structures synthesized via other reported ways [8].
Discharge and charge curves of pristine TiO, and the
TiO,/C (87:13 w/w) nanocomposite electrodes in 1 mol-1”!
LiPFs DEC/EC/DMC (w/w/w, 1:1:1) are shown in Fig. 2. A
pristine TiO, nanoparticle anode shows a rapid capacity
fading. It is well known that nanoparticles have high
surface energy and can aggregate easily; this is a common
and serious problem affecting their stability. TiO, nano-
particles agglomerate more easily due to lithium intercalation
and deintercalation. As a result, the nanoparticles gradually
lost their “nano-characteristics” during cycling and showed
capacity fading. In the case of the TiO,/C nanocomposite,
the charge and discharge capacity of the carbon shell in the
nanocomposite can be ignored, since the intercalation
voltage of lithium ion into the amorphous carbon material
prepared in this study is below 0.8 V [7]. After ten cycles,
the charge capacity still remains at 96.7% (i.e., 118 mAh g
of titania) of its original capacity (i.e., 122 mAh g ' of
titania), which is much higher than that of the pristine TiO,
nanoparticles. The latter retained only 67.5% of the original
capacity after ten cycles. This demonstrates that TiO,/C
core-shell nanocomposite shows a better capacity retention.
The main reason is that the carbon shell suppressed the
aggregation of the TiO, nanoparticles. In contrast, in the case
of Sn/C core-shell nanocomposite, capacity still faded very

noparticles core

Fig. 1 Transmission electron micrograph of TiO,/C core-shell
nanocomposite
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Fig. 2 Discharge and charge profiles of TiO, nanoparticles and TiO,/
C core-shell nanocomposite at a constant current density of 0.25 C
between 1.4 and 2.5 V (solid line TiO,/C; dashed line TiO,)

evidently [8] since the tin core combines only loosely with
the carbon shell.

The apparent diffusion coefficient measured by CV for
the TiO,/C nanocomposite (1.07x10"® cm?/s) is about one
order of magnitude higher than that in the virginal TiO,
nanoparticles (1.97x10~° cm?/s), indicating that the carbon
shell at the surface of TiO, nanoparticles is beneficial for
the diffusion of lithium ions, since it favors the movement
of electrons; subsequently, the rate capability including the
abovementioned cycling performance will be greatly
improved.

Core-shell structured anode based on nanosized silicon

Since the preparation process is similar to that of TiO,/C
core-shell nanocomposite, the performance of Si/C core-
shell nanocomposites will be the same. TEM show that the
Si nanoparticles are linked by carbon shells uniformly and
do not aggregate together. The carbon shell, about 3—5-nm
thick, was successfully coated on the Si core [9].

The discharge and charge measurement shows that the Si
nanoparticles have a large irreversible capacity of about
1,200 mAh g~ '. In contrast, the irreversible capacity of the
Si/C nanocomposite is about 600 mAh g', only half that of
Si. This is mainly ascribed to the following two aspects: (1)
When the surface area of the anode is larger, usually the
corresponding area available for formation of the surface—
electrode interface’ (SEI) film will be larger [1]. After the
nanoparticles are coated with a carbon shell, the surface
area will decrease due to the smoothing effect of the shell,
and the corresponding amount for SEI film will decrease.

! Sometimes, SEI is used for solid—electrolyte interface also.
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(2) The SEI film on the carbon surface can be easily formed
due to small expansion after lithium insertion. In contrast,
the expansion of Si during lithium insertion results in
metastable noncrystalline phases, and the accompanying
formation of fresh SEI is almost always needed [10].

As mentioned above, the carbon shell is amorphous, and
lithium ions can pass through the micropores. It does not
affect the electrochemical performance of Si cores. However,
the original reversible capacity of Si/C nanocomposite
(1,137 mAh g ') is lower than that of pristine Si nano-
particles (1,831 mAh g "). The reversible capacity of carbon
shell lower than that of Si is the main reason [1]. CVs of Si
and Si/C electrodes measured between 0 and 2.0 V at a scan
rate of 0.5 mV-s ' show that the oxidation and reduction
peak currents (/) are much higher than those of the virgin Si
nanoparticles, demonstrating a better Li" activity of Si
nanoparticles after coating with the carbon shell. The
oxidation peak current at different scan rates is proportional
to the root of the scan rate, v'’2, indicating that the reaction
kinetics are controlled by diffusion. Based on the linear
relationship between [, and v the apparent diffusion
coefficients of lithium ions in both Si/C nanocomposite and
Si nanoparticles were calculated to be 9.68x 10" and 1.09x
103 em?® s, respectively, indicating that the carbon shell
on the surface of the Si nanoparticles is beneficial for the
diffusion of lithium ions since it is conductive.

When comparing the cycling behavior of Si and Si/C
electrodes, the former show a rapid capacity fading and
retain only 6.5% of the original capacity after 20 cycles.
However, in the case of the latter, after 20 cycles, the
charge capacity still remains at 52.5% (594 mAh g ") of its
original capacity (1,137 mAh g~ ') much higher than that of
the Si material. This shows that the Si/C core-shell
nanocomposite has better capacity retention. The carbon-
coating shell acting as a barrier, preventing the aggregation
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of Si nanoparticles, and thus increasing their structural
stability during cycling is the main reason.

After SiO was coated on the surface of Si naoparticles,
CV curves show that the separation between reduction and
oxidation peaks (AE) of Si/SiO nanocomposite in compar-
ison with that of the pristine Si nanoparticles is evidently
smaller, indicating that the reversibility of lithium insertion
and extraction of Si after coating with SiO nanoparticles is
improved. Moreover, compared with the pristine Si, the
ratio between the currents of reduction and oxidation peaks
for the Si/SiO is much smaller, suggesting a better
coulombic efficiency for the Si/SiO nanocomposite [3, 11].

The charge/discharge curves of the Si/SiO composite in
the first cycle (Fig. 3a) show that the Si/SiO nanocomposite
has higher columbic efficiency (75%) in the first cycle than
the virgin Si nanoparticles (70%), consistent with the
results from CV. In case of the cycling behavior of the Si/
SiO nanocomposite (Fig. 3b), after 20 cycles, the charge
capacity still remains at 65% (538.9 mAh g ') of its
original capacity (827.3 mAh g '), which is much higher
than that of the pristine Si, indicating that the capacity
retention of the Si/SiO nanocomposite is good. This
indicates that the coated SiO, like the above carbon coating,
can act as a barrier to prevent the aggregation of the Si
nanoparticles, which is clearly shown by the SEM (Fig. 4)
of the composite after 20 cycles.

Core-shell structured cathode based on LiFePOy,

LiFePQ,, is a cathode material considered to be an ideal
substitute for LiCoO, because of its high capacity of
170 mAh g_l, abundant resources, and environmental
benignancy. The main disadvantage is its low conductivity
[1, 12]; its capacity decreases rapidly with current density,
which hinders its practical application. It was reported that
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Fig. 3 Electrochemical performance of the Si/SiO core-shell composite: a discharge and charge curves in the first cycle and b the cycling

behavior

@ Springer



J Solid State Electrochem (2009) 13:1521-1527

Fig. 4 Morphology of the
S1/SiO core-shell composite
a before and b after 20 cycles

the drawbacks could be overcome by doping with multivalent
elements, admixing with carbons, and preparing in the form of
nanosized material [13, 14]. TEM of the carbon-coated
LiFePO, show that the carbon completely coated the surface
of LiFePQ, particles, the composite is homogeneous, and the
particles of the coated LiFePO, are spherical in shape with a
size around 100 nm, smaller than the one obtained by solid-
state reaction [15]. The unique morphology and size of the
carbon-coated nanocomposites are due to the admixing of
carbon in the starting material, which protected LiFePO,
from agglomerating into larger particles. In the case of
practical application, the spherical shape is preferred due to
good processing performance.

CV profiles of the original and carbon-coated LiFePO,
samples show that at the scan rate of 0.5 mV-s ', the
anodic/cathodic peaks of untreated LiFePO, are located at
4.08/2.88 V, and I, of the redox peaks is around 1075 A [4].
The big separation between redox peaks (AE) of 1.20 V
indicates that the electrochemical behavior is controlled by
the diffusion step. In contrast, the I, of the carbon-coated
LiFePO, materials apparently increases with the content of
carbon. When the content of carbon is 5, 10, and 20 wt.%,
the 7, increases to 4.95x107%, 8.69x107%, and 1.32x 10 A,
respectively. Meanwhile, the AE between redox peaks is
narrowed to 0.97, 0.70, and 0.64 V, respectively. Both 1, and
AE data confirm that the kinetics of lithium intercalation and
deintercalation are greatly improved by the carbon coating.
This in turn will enhance the reversibility and the rate
capability of the cathode composite and make its application
possible.

Charge and discharge curves in the first cycle of the
electrodes are shown in Fig. 5. The initial charge/discharge
capacity of the pure LiFePO, are 106 and 22 mAh-g'; the
irreversible capacity is as high as 85 mAh-g'. After
coating with 5, 10, and 20 wt.% carbon, the charge/
discharge capacity increases to 100/88, 158/136, and 159/
128 mAh-g !, respectively. This shows clearly that the
carbon coating can markedly improve the reversible
capacity of LiFePO, nanoparticles by increasing the
kinetics of lithium intercalation and deintercalation as
implied by these results obtained from CV.

Following this coating process to get core-shell struc-
tured LiFePO,/C nanocomposites, Zn>" ions can be further
doped into them to effectively improve the kinetics of
intercalation and deintercalation of lithium ions to and from
LiFePO,, since Zn" ions do not destroy the lattice structure
and enlarge the lattice volume. During deintercalation and
intercalation of lithium ions, the dopant zinc atoms protect
the LiFePO, crystal from shrinking. This kind of “pillar”
effect provides larger space for the movement of lithium
ions. Consequently, the conductivity is enhanced, and the
lithium ion diffusion coefficient is boosted after doping.
These favorable changes are beneficial to the improvement
of the electrochemical performance of LiFePQO,, including
discharge capacity and rate capability [16]. Besides, other
heteroatoms such as Ti, Zr, V, Nb, and W can also be doped
into the LiFePO, lattice [17, 18]. Though it was said that
the electronic conductivity was increased markedly, there
are some doubts on this result since carbon was introduced.
We found that with a small amount (1 mol%) of dopant, the
lattice structure of LiFePO4 was not destroyed, and the
reversibility of lithium ion intercalation and deintercalation
was improved. The diffusion coefficient of lithium ions

. 5% o
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Voltage / V

1.0—T"———T——71T 71T 71— L
0 20 40 60 80 100 120 140 160 180
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Fig. 5 The charge/discharge profiles in the first cycle of the LiFePO,
samples at a constant current density of 0.2 mA-cm > (C/10) at the
voltage range of 2.5-4.0 V
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Carbon
shell

Fig. 6 TEM micrograph of the core-shell structured LiCoO,/C

depends on the radius of the heteroatoms. When the radius
of the heteroatom is larger, the coefficient increases since
the lattice is enlarged [18].

The discussed processes are based on mechanical milling
to coat carbon on the surface of LiFePO,. If the precursor is
not carbon but another organic or polymeric materials such
as sugar, it is also possible to obtain carbon-coated LiFePOy,
nanocomposite, and there is not much difference between
their electrochemical performances [19].

Core-shell structured cathode based on LiCoO,

Transmission electronic micrograph of the core-shell
structured LiCoO,/C is shown in Fig. 6. A nanometer-
thick carbon shell on LiCoO, is clearly identified [4].
Evidently, a nanolayer carbon shell was formed during the
heat-treatment process. After milling in the planet mixer for
a long time, the sucrose was well mixed with the LiCoO,.
With further calcination, the sucrose decomposed into
conductive carbon and was coated onto the surface of
LiCoO, particles. Of course, the calcination time is an

Fig. 7 a Charge and discharge 4.4
curves at a rate of 0.1 C in the (@)
first cycle and b discharge 4.2+
capacity at different discharge 4.04

rates of the original and the
carbon-coated LiCoO,

3.6+

Voltage / V

3.4

3.2

3.0 virgin

important factor. Too long or too short is not a good choice.
XRD patterns show that the original LiCoO, and the core-
shell structured LiCoO,/C have well-defined rhombohedral
structure; there is only a slight decrease in the intensity of
the peaks for the core-shell composite. This indicates that
the amount of the coated carbon is very small. Since the
calcination temperature is below 1,000 °C, it is proposed
that the coated carbon is amorphous [1]. Though LiCoO,
is prone to be reduced by carbon during the heat-
treatment, however, no peaks of CoO or Co;0, are
observed. This indicates that this carbon-coating process
does not destroy the structure of LiCoO, or reduce LiCoO,.
It is well known that a good rhombohedral structure can
ensure good cycling of LiCoO, as cathode material for
lithium ion battery, so the cycling behavior of the carbon-
coated LiCoO, will be good.

Typical Nyquist plots of the core-shell structured and the
original LiCoO, electrodes show that the charge transfer
resistance R of the former material is markedly decreased
compared with the latter one. The calculated diffusion
coefficients of lithium ions in the original and the carbon-
coated LiCoO, are 1.21x107'% and 1.73x10°® cm? s !,
respectively. Obviously the diffusion coefficient of lithium
ion is greatly increased by carbon shell, suggesting that the
carbon shell contributes to the enhancement of conductivity
[4], which will be favorable for the electrochemical
performance during cycling at high rate.

The first charge—discharge curves of the original and the
core-shell structured LiCoO,/C at 0.1 C and the relationship
between the capacity and the discharge rate are shown in
Fig. 7. Both of them show typical characteristics of
LiCo0O,. After coating, the charge capacity increases from
128 to 141 mAh g ', and the discharge capacity increases
from about 110 to 130 mAh g '. The discharge capacity of
pristine LiCoO, is usually about 140 mAh g', higher than
our results. The main reason is due to the different
thickness of the electrode. In our case, the thickness is
about 300 um, much higher than the usual one (<100 pm).
The carbon-coated LiCoO, shows nearly no deterioration at
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the rates of 0.1 to 1 C. Even at 1 C the capacity can reach
123 mAh g ', whereas the capacity of the original material
degenerates greatly and the capacity remains at only
31.4 mAh g ' at 1 C. The results illustrate that the carbon
shell results in superior rate capability compared with the
original one, which is in accordance with the EIS results
and consistent with the results on other carbon shell
materials with cores of TiO,, LiFePQO,, and Si [2, 4].

Conclusions

The various nanomaterials reviewed above show good rate
capability and high reversible capacity due to their short
distance for diffusion of lithium ions. However, the nano-
particles will aggregate very easily, and the nanocharacteristics
will disappear. After coating a nanolayer of, e.g., carbon or
SiO, (0<x< 2), core-shell structured nanocomposites were
formed. The coatings prevent the aggregation of nano-
particles of, e.g., TiO, and Si, which are used as active
anode materials. As a result, their cycling behavior is greatly
improved. In addition, the reversibility of intercalation and
deintercalation of lithium ions and diffusion of lithium ions
are also better.

The carbon shell on cathodes such as LiFePO, and
LiCoO, can also greatly improve their rate capability and
reversible capacity due to the increase of electronic
conductivity and diffusion coefficient of lithium ions.

Of course, a shell of carbon and other materials can also
improve the performance of other electrode materials such
as spinel Li4TisO;, and LiCo;;Ni;5sMn;;30, [20-22],
which will be a promising direction for future development
of electrode materials for lithium ion batteries extending
well beyond this review.
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