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A B S T R A C T

We demonstrate TiO2@graphitic-like carbon core@shell (TiO2@C) nanostructures using chemical vapor
deposition as the heating process under a CH4 atmosphere at 700 �C (TiO2@C-700). The TiO2@C-
700 nanostructure consists of a TiO2 core coated by a carbon shell. The carbon shells on TiO2

nanostructures generally have 2�3 layers exhibiting graphitic-like properties. The
TiO2@C-700 nanostructure is homogeneously covered with a graphite-like carbon layer, resulting in
excellent contact between the TiO2 and carbon and improving the electrical conductivity. The improved
specific capacity and electrochemical properties of the TiO2@C-700 nanostructure are attributed to the
graphitic-like carbon acting as a conductive region, resulting in improved electron transport properties
on the electrode surface and enhanced lithium ion intercalation, leading to lower charge transfer
resistance and high diffusion coefficient. The combination of electrochemical data and structural
properties of the TiO2@C-700 nanostructure makes it a promising candidate for the anode in lithium ion
batteries.

ã 2014 Published by Elsevier Ltd.

Contents lists available at ScienceDirect

Electrochimica Acta

journa l home page : www.e l sev ier .com/ loca te /e le cta cta
1. Introduction

Lithium ion batteries (LIBs) are excellent power sources for
portable and transportation applications, because of their rela-
tively high energy density, high voltage, high power density, long
operating life, etc [1–4]. In LIBs, the cathodes consist of transition
metal oxide containing lithium sources (e.g., LiCoO2, LiMn2O4, and
LiMnPO4, etc.), which typically show a higher voltage and lower
capacity than the anodes [5–7]. On the other hand, the anodes
mainly utilize carbon-based materials (e.g., carbon black, carbon
nanotube, carbon nanofiber, and graphene) having a higher
conductivity and initial capacitance, and typically show a lower
voltage and higher capacity than the cathodes [8–10]. Besides, in
the anodes, transition metal oxides have been utilized due to their
low cost, good safety features, environmental friendliness, and
especially their high lithium intercalation potential in comparison
with carbon-based materials [11–13]. Among the transition metal
oxides, TiO2 is regarded as a promising lithium ion
insertion/desertion material with a low production cost, high
abundance, non-toxicity, very low volume change during lithium
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ion insertion/desertion (3–4%), good structural stability, and long
cycle life [14–17]. However, TiO2 has limitations such as a lower
initial-practical capacity than the theoretical value (335 mAh g�1)
and low high-rate capability, due to its poor ionic conductivity and
electrical conductivity [18–20]. There have been many reports in
the literature on the improvement of the electrochemical
properties by structure-controlled or complex nanostructures.

Structure-controlled TiO2 nanostructures show improved
lithium ion intercalation properties due to their large specific
surface area or short transport distance [21–23]. Also, complex
nanostructures show improved electrical conductivity or pseudo-
capacitive contribution due to the formation of a complex with the
carbon-based materials or conducting polymers (e.g., polyaniline
and polypyrrole, etc.) [24–26]. However, the above approaches
have several problems such as the non-homogeneity of the
composition in the complex nanostructures and low composition
yield during the synthesis process. In order for them to have
excellent electrochemical properties, the TiO2-based nanostruc-
tures employed as the anode must consist of nanocrystalline
structures having a uniform size and homogeneous composition in
the complex nanostructures, as well as an increased number of
active sites for lithium ion insertion/desertion [27–29].

In this work, the use of a TiO2@graphitic-like carbon
nanostructure was investigated as a possible anodic material for
LIBs. As shown in Fig. 1, the TiO2 nanostructure has active sites for
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Fig. 1. Relationship between the electrical characteristics of the fresh TiO2 and
TiO2@C-700 nanostructure.
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the lithium ion insertion/desertion reaction. This leads to a low
capacity at high rates and high interface resistance. Meanwhile, the
TiO2@graphitic-like carbon nanostructure has active sites and an
active region, leading to higher electrical conductivity, high
capacitance at high rates and enhanced pseudocapacitive proper-
ties. The main objectives of this study were to investigate: a) the
conductivity change resulting from the graphitic-like carbon shell
and b) the high-rate performance of lithium ion insertion/
desertion, cyclability, and interface capacitance afforded by the
TiO2@graphitic-like carbon nanostructure as compared to that of
the fresh TiO2 nanostructure.

Herein, we suggest the use of a complex nanostructure
consisting of a TiO2 core and graphitic-like carbon shell as the
anodic materials for LIBs. The TiO2@C nanostructure consists of
TiO2with a carbon shell formed by heat treatment of TiO2 at 700 �C
in CH4. The morphology and structure of the as-prepared
nanostructures were characterized using field-emission transmis-
sion electron microscopy (FE-TEM), X-ray diffraction (XRD), and
Raman spectroscopy. The chemical properties of the
as-prepared nanostructures were characterized using X-ray
photo-electron spectroscopy (XPS) and thermogravimetric
analysis (TGA). To evaluate their performance in LIBs, the
charge-discharge and high-rate curves, cyclic voltammograms
(CVs), and electrochemical impedance spectroscopy (EIS) spectra
of the electrodes were measured using a lithium coin cell.

2. Experimental

2.1. Synthesis of the TiO2@C nanostructures.

The nanostructures consisting of a TiO2 core and carbon shell
used commercial TiO2 (Degussa, P-25) as the starting material and
were prepared by means of heat treatment under a CH4

atmosphere at 700 �C. The TiO2 powders (0.2 g) were put into a
quartz boat which was placed in a quartz tube system under a flow
of CH4 gas. First, a flow of N2 gas was maintained for 15 min to get
rid of the air inside the tube. Then, under a CH4 flow rate of
100 mL min�1, the furnace was heated from room temperature to
700 �C and then maintained at this temperature for 3 h. After the
heat treatment for 3 h, the furnace was cooled down to room
temperature under a methane gas atmosphere. Also, for compari-
son with the TiO2@C-700 sample, an annealed TiO2 sample
(TiO2-700) was prepared by means of heat treatment at 700 �C for
3 h under an air atmosphere.

2.2. Structural analysis.

The TiO2@C-700 and TiO2-700 nanostructures were character-
ized by FE-TEM using a Philips Tecnai F20 electron microscope
system at 200 kV and FEI company Tecnai G2 F30 electron
microscope system at 300 kV. The FE-TEM samples were prepared
by placing a drop of the catalyst suspension with ethanol on a
copper grid. Structural analysis of the samples was carried out
using a Rigaku diffractometer equipped with a Cu Ka radiation
source of l = 0.15418 nm with a Ni filter. The tube current was
100 mA with a tube voltage of 40 kV. 2u values between 20 and 60�

were explored at a scan rate of 4� min�1. Raman spectra were
recorded on a high resolution Micro-Raman spectrometer
(LabRAM HR UV/Vis/NIR PL) using an Ar ion laser with
l = 514.5 nm. XPS (Thermo Scientific, K-Alpha) analysis was carried
out with an Al Ka X-ray source of 1486.8 eV at a chamber pressure
below 1 �10�8 Torr and beam power of 200 W. All of the high
resolution spectra were collected using a pass energy of 46.95 eV.
The step size and time per step were chosen to be 0.025 eV and
100 ms, respectively. Both ends of the baseline were set sufficiently
far, so as not to distort the shape of the spectra, including their tails.
A small variation of the range of the baseline did not affect the
relative amount of fitted species (less than 1%). The C 1s electron
binding energy was referenced at 284.6 eV and a nonlinear least-
squares curve-fitting program was employed with a Gaussian–
Lorentzian production function. TGA curves were obtained in a
thermal analyzer (SDT Q-600, TA Instruments) in the range of
25–800 �C at a heating rate of 10 �C min�1 in an air flow of
60 cm3min�1. Also, the electrical conductivity was calculated by
equation (1):

s ¼ 1=r ¼ 1=RA (1)

where s is the electrical conductivity (Siemens, S cm�1), r is the
specific resistance, l is the thickness of the pellet, R is the
resistance, and A is the area of the pellet.

2.3. Preparation of the anodes for electrochemical estimation in LIBs.

The anodes for the LIBs were prepared by mixing 70 wt.%
TiO2@C-700 or TiO2-700 as the active material, 10 wt.% carbon
black (Ketjan Black) as a conducting agent, and 20 wt.% polyvinyli-
dene fluoride (PVDF) as a binder. In order to obtain the slurry,
several drops of N-methyl-pyrrolidone (NMP) were added to the
mixture of the as-prepared nanostructures with carbon black and
PVDF. The prepared slurry was homogenized by stirring and then
coated uniformly on 15 mm thick copper foil substrates. The
electrode with an area of 1.3273 cm2was dried in a vacuum oven at
110 �C. The cells were assembled in a high purity argon filled glove
box (< 5 ppm, H2O and O2) using the TiO2@C-700 and
TiO2-700 nanostructures as the working electrode, lithium foil
(FMC Co.) as the counter electrode and a separator that was
saturated with an electrolyte solution consisting of 1.1 M LiPF6
dissolved in a solvent mixture (Techno Semichem Co.) of ethylene
carbonate (EC) and di-methyl carbonate (DMC) with a volume ratio
of EC/DMC = 1:1.

2.4. Electrochemical measurement.

The electrochemical properties of the assembled cells were
recorded with charge/discharge curves in the voltage window
between 1.0 and 3.0 V (V vs. Li/Li+). The charge/discharge tests
were galvanostatically cycled between 1.0 and 3.0 V (V vs. Li/Li+) for
40 cycles at a current rate of 0.2 C. All of the electrochemical
measurements were carried out at 25 �C. For the EIS analysis, the
excitation potential applied to the cells was 5 mV in the frequency
range between 100 kHz and 0.01 Hz at full charge. The CVs of the
electrodes were measured at different scan rates between 1 and 3 V
(V vs. Li/Li+) using a potentiostat (Eco Chemie, AUTOLAB). To
estimate the capacitance of the electrodes, the CVs were measured
in a three-electrode cell at different scan rates between 0 and 1 V (V
vs. Ag/AgCl) in 0.5 M H2SO4 solution using a potentiostat.



Fig. 2. (a)FE-TEM and(b)HR-TEMimagesof theTiO2@C-700nanostructure. (c) HR-TEM imageof theTiO2@C-700nanostructurecontaining{002}facetofgraphitic-likecarbonand
{110} facet of rutile phase. (d) Particle size distribution histogram of the TiO2@C-700 nanostructure. (e) FE-TEM and (f) HR-TEM images of the TiO2-700 nanostructure. (g) HR-TEM
image of the TiO2-700 nanostructure containing {101} facet of anatase phase. (h) Particle size distribution histogram of the TiO2-700 nanostructure.

Fig. 3. Wide-range XRD patterns of (a) commercial TiO2, (b) TiO2-700, and (c)
TiO2@C-700 in comparison with XRD reference data of anatase phase (red, JCPDS
No. 89–4921) and rutile phase (blue, JCPDS No. 89–4920) of TiO2.
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3. Results and discussion

Fig. 2(a)-(c) shows the TEM images of the TiO2 nanostructures
heated at 700 �C in a CH4 gas atmosphere. As shown in Fig. 2(a and
b), the carbon-shell structures were homogeneously coated on the
surface of the TiO2 nanoparticles. The TiO2 core material of the
TiO2@C-700 nanostructure consists of the {110} facet with a
d-spacing of 0.325 nm in the TiO2 rutile phase, whereas the carbon
shell material consists of the {002} facet with a d-spacing of
0.339 nm in the graphitic layers, as shown in the HR-TEM image of
Fig. 2(c), which is similar to the {002} facet with d-spacing of
0.335 nm of typical graphite. It is evident that the TiO2@C-
700 nanostructure consists of a TiO2 core coated with a graphitic-
like carbon shell. Furthermore, the graphitic-like carbon shells on
TiO2 generally consist of 2�3 layers. The graphitic-like carbon
layers are formed by the heat treatment process under a CH4

atmosphere. The formation of the TiO2@C nanostructure may take
place according to equation (2) [30]:

TiO2 + CH4! iO2 + Cad + 2H2! TiO2@C (2) (2)

Fig. 2(e)-(g) shows the TEM images of the TiO2 samples heated
at 700 �C for 3 h in an air atmosphere. The TiO2-700 nanostructure
consists of the {101} facet with a d-spacing of 0.352 nm in the TiO2

anatase phase, as shown in the high-resolution TEM (HR-TEM)
image of Fig. 2(g). The average particle sizes of the TiO2@C-700 and
TiO2-700 nanostructures in Fig. 2(d) and (h) are 25.9 � 7.4 and
24.8 � 10.2 nm, respectively. In particular, the average particle size
of the TiO2-700 nanostructure is similar to that of the TiO2@C-
700 nanostructure including the carbon layers (3–4 nm), but the
particle distribution of the former is wider than that of the latter.
This explains why the formation of the carbon shell during the heat
treatment process of the TiO2@C-700 nanostructure prevents the
aggregation of the TiO2 nanoparticles. Thus, the TiO2@C-700 nano-
structure may have a homogeneous graphitic-like carbon shell and
uniform particle size of TiO2.

Fig. 3 shows the XRD patterns of the TiO2@C-700, TiO2-700, and
TiO2 in comparison with the XRD reference data of TiO2 anatase
and rutile phases. Typically, commercial TiO2 consists of dominant
anatase and rutile phases of TiO2, as indicated in Fig. 3(a), and
shows an intensity ratio of the (101) plane of the anatase phase to
the (110) plane of the rutile phase of 5.9. In contrast, the annealed
TiO2 samples (e.g., TiO2@C-700 and TiO2-700) display a mixture of
anatase and rutile phases of TiO2, with rutile being dominant,
which means that the phase transformation of anatase into rutile
phase takes place during the heat treatment process, as shown in
Fig. 3(b) and (c). It is observed that the anatase phase is
transformed into the rutile phase in CH4 and air atmospheres. In
general, it is known that the phase transformation from metastable
anatase to stable rutile occurs at around 600 �C [31].

Fig. 4shows the XPS spectra of the individual curves of Ti 2p, O
1s, and C 1s measured at high resolution on the TiO2@C-700 and
TiO2-700 nanostructures. As shown in Fig. 4(a), the Ti 2p3/2 and
2p1/2 peaks of TiO2@C-700 nanostructure appear at �458.9 and
�464.6 eV, respectively. On the other hand, the Ti 2p3/2 and 2p1/2



Fig. 4. Ti 2p XPS spectra of (a) TiO2@C-700 and (b) TiO2-700 nanostructures. (c) O 1s and (d) C 1s spectra of TiO2@C-700
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peaks of TiO2-700 nanostructure appear at �458.5 and �464.2 eV,
respectively, in Fig. 4(b). The Ti 2p peaks of TiO2@C-700 nano-
structure appear slightly negative shifting toward higher binding
energy in comparison with TiO2-700 nanostructure, suggesting a
strong interaction between TiO2 as a core and graphitic-like
carbon as a shell [32]. The XPS spectrum of O 1 s of TiO2@C-
700 nanostructure consists of two peaks in Fig. 4(c). The main
peak with a binding energy of �530.2 eV is attributed to the Ti-O
bond of the TiO2 crystal structure, and the positive peak at
�531.6 eV is attributed to the C-O bond, which acts as the binding
bond between the TiO2 core and graphitic-like carbon shell.
Meanwhile, the C 1 s spectrum of the TiO2@C-700 nanostructure
includes five peaks, as shown in Fig. 4(d). The peaks at �284.1,
�285.6, �286.6, �287.5, and �289.1 eV correspond to the
C&9552;C bond of the sp2-hybridized graphitic carbon, C-C bond
of the sp3-hybridized carbon, C-O bond, C&9552;O bond, and
carbonate bond, respectively [33,34]. Among them, the intensity
area ratios of the C&9552;C and C-C bonds (�80%) are higher than
those of the other carbon bonds. This means that the carbon shell
on the TiO2 surface consists entirely of graphitic-like carbon.
Fig. 5. Raman spectrum of the TiO2@C-700 nanostructure.
Furthermore, the XPS spectra and fitting curves of Ti 2p, C 1s, and O
1s suggest that the Ti-O-C bond is present, which is formed from
the perfect contact between the TiO2 core and graphitic-like
carbon shell [35].

ThenatureofthecarbonformedintheTiO2@C-700nanostructure
was investigated by Raman spectroscopy, as shown in Fig. 5. The
spectrum of the TiO2@C-700 nanostructure shows two Lorentzian
peaks around 1349�1356 and 1583–1596 cm�1. The Raman-active
E2 gmode at 1596 cm�1 is characteristic of graphitic sheets. The well-
defined G-band for the TiO2@C-700 nanostructure confirms the
presence of sp2-hybridized graphitic carbon structures within the
carbonaceous layers. The D-band at around 1341 cm�1 can be
attributed to the presence of defects within the hexagonal graphitic
structure, and implies the presence of sp3-hybridized carbon.
Typically, the intensity ratio of the D-band to G-band of amorphous
carbon (e.g., carbon black) is �0.59 [36]. However, that of the
TiO2@C-700 nanostructure is �0.80. By comparing the TEM, XPS,
and Raman data of the TiO2@C-700 nanostructure, it can be inferred
Fig. 6. TGA curve of the TiO2@C-700 nanostructure in the range of 25–800 �C with a
heating rate of 10 �C min�1 in an air flow of 60 cm3min�1.



Fig. 7. Electrical conductivity of the fresh TiO2 (Degussa Co.), TiO2-700, and TiO2@C-
700 nanostructures. nanostructures.
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that it consists of well-defined core-shell nanostructures compris-
ing a TiO2 core and graphitic-like carbon shell. Fig. 6 shows the TGA
curve of the TiO2@C-700 nanostructure in the range of 30–800 �C in
an air flow. The normalized weight reduction of the TiO2@C-
700 nanostructure is �2.4 wt.%, which is dominantly attributed to
the oxidation of the graphitic-like carbon shell.
Fig. 8. Charge/discharge curves of (a) TiO2-700 and (b) TiO2@C-700 nanostructures at a cu
(c) TiO2-700 and (d) TiO2@C-700 at 1st, 2nd, and 3rd cycles. (e) Cycling performance of th
impedance data of the TiO2-700 and TiO2@C-700 nanostructures in the frequency rang
Fig. 7 shows a comparison of the electrical conductivity of the
as-prepared samples. The fresh TiO2 used as the starting material
appears to have an extremely low electrical conductivity
(1.37 � 10�6 S cm�1). The electrical conductivity of the
TiO2-700 nanostructure formed through the heat treatment
process for 3 h at 700 �C under an air atmosphere is 2.43 � 10�5

S cm�1. On the other hand, the electrical conductivity of the
TiO2@C-700 nanostructure is 105�106 times higher (0.65 S cm�1)
than those of the other samples and is similar to that of carbon
black (Vulcan XC-72, 1.07 S cm�1). The improved electrical
conductivity of the TiO2@C nanostructure may be due to its
graphitic-like carbon shell, as compared to the TiO2-700 nano-
structure having semiconductor properties.

Fig. 8(a) and (b) show the charge/discharge curves of the
TiO2-700 and TiO2@C-700 nanostructures, respectively, obtained
at a current density of 0.2 C between 1 and 3 V. The first discharge
curves of both samples show three plateau regions at around 1.75,
1.4, and 1.25 V. These three plateau regions are typically attributed
to the anatase and rutile phases of the TiO2 structure. The first
plateau region at around 1.75 V is attributed to the phase transition
between the tetragonal and orthorhombic phases with Li
intercalation on the anatase phase of the TiO2 structure [37,38].
The second and third plateau regions are attributed to structural
rearrangement during lithium ion intercalation on the rutile phase
of the TiO2 structure from the original rutile P42/mnm to its
lithiated form P2/m at 1.4 V and finally to a layered structure at
1.25 V [18,39–41]. At a cycling rate of 0.2 C, the first charge
capacities of the TiO2@C-700 and TiO2-700 nanostructures are
rrent density of 0.2 C. Specific charge/discharge capacity and coulombic efficiency of
e TiO2-700 and TiO2@C-700 nanostructures at 0.2 C for 40 cycles. (f) Nyquist plots of
e between 0.01 Hz and 100 kHz.



Fig. 10. CVs of (a) TiO2-700 and (b) TiO2@C-700 nanostructures at different scan rates between 0 and 3 V. (c) Specific capacity plots and (d) specific current plots of the charge
potential in Fig. 5(a and b) as a function of the scan rates of the TiO2-700 and TiO2@C-700 nanostructures.

Fig. 9. The charge-discharge curves of (a) TiO2-700 and (b) TiO2@C-700 nanostructures at different C-rates from 0.5 to 5 C between 1 and 3 V.
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253 and 174 mAh g�1, respectively. The second charge capacities of
the TiO2@C-700 and TiO2-700 nanostructures are 145 and 77 mAh
g�1, respectively, representing irreversible intercalation properties.
However, the low coulombic efficiency of the as-prepared
Fig. 11. Relationship between interface capacitance and electron density characteristi
electrodes can result from phase transition from rutile to spinel
and then rock salt and small particle size (Fig. 8(c) and (d)).
However, to design a full-cell battery configuration, the efficiency
of the electrodes through an optimized nanostructure should be
cs of (a) TiO2-700 and (b) TiO2@C-700 nanostructures according to Stern model.



Fig. 12. CVs of (a) TiO2-700 and (b) TiO2@C-700 nanostructures at different scan
rates between 0 and 1 V in 0.5 M H2SO4 solution at 25 �C. (c) Specific capacitance of
the TiO2-700 and TiO2@C-700 nanostructures as a function of the scan rate.
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improved. The cycling performance of the TiO2@C-700 and TiO2-
700 nanostructures at a current rate of 0.2 C is indicated in Fig. 8(e).
The TiO2@C-700 nanostructure has much improved performance
up to 40 cycles with a reversible capacity of 111 mAh g�1, compared
to that of the TiO2-700 nanostructure (61 mAh g�1). The capacity of
the TiO2@C-700 nanostructure (48.4 mAh g�1) is 2.56 times higher
than that of the TiO2-700 nanostructure (18.9 mAh g�1) at a high
rate of 5 C. To further understand the improved specific discharge
capacity of the TiO2-700@C nanostructure, the Nyquist plots of the
TiO2@C-700 and TiO2-700 nanostructures were obtained in the
range between 100 kHz and 10 mHz after five cycles of charge/
discharge, as shown in Fig. 8(f). The equivalent circuit was
measured from the electrochemical impedance spectra in the inset
of Fig. 8(f). The value of the diameter of the semicircle on the Zreal
axis is related to the charge transfer resistance (Rct) [42]. The values
of Rct of the TiO2@C-700 and TiO2-700 nanostructures are 56.6 and
111.4 V, respectively, indicating the much improved charge
transport properties of the TiO2@C-700 nanostructure due to its
high electrical conductivity. The graphitic-like carbon shell acts as
a conductive region, which improves the electron transport
properties on the electrode surface and stabilizes its electronic
and ionic conductivity, thereby lowering the charge transfer
resistance.

As the C-rate increases from 0.2 to 5 C (Fig. 9), the specific
discharge capacity of the lithium ions in the TiO2@C-700 nanostruc-
ture remains higher than that of the TiO2-700 nanostructure at all C-
rates. The improved specific discharge capacity of the TiO2@C-
700 nanostructure cannot be due to the lithium intercalation
capacity of the graphitic-like carbon shell, because the lithium ion
intercalationincarbon-based anodic materials occurs between0 and
1.0 V. However, the graphitic-like carbon shell with high electrical
conductivity can increase the capacitance at the interface between
the electrolyte and electrode. To evaluate the electrochemical
properties of the TiO2@C-700 and TiO2-700 nanostructures, the CVs
were obtained at different scan rates in the range from 0.2 to
20 mV s�1 after activation at 0.2 mV s�1 for three cycles, as shown in
Fig.10(a) and (b). As the scanning rate increases from0.2to 20 mV s�1

(Fig. 10(c)), the capacity of lithium ion intercalation of the TiO2@C-
700 nanostructure remains higher than that of the TiO2-700 nano-
structure at all scan rates. At a scan rate of 0.2 mV s�1, the TiO2@C-
700 nanostructure (583.2 mC) exhibits a 1.52 times higher capacity
than that of the TiO2-700 nanostructure (382.5 mC). This outcome
can be explained by the fact that the TiO2@C-700 nanostructure has a
fast diffusion rate during lithium ion intercalation and high
capacitance, due to the graphitic-like carbon shell with its high
electrical conductivity. Fig. 10(d) shows the relationship of the
maximum peak current in the charge curve and the square root of the
scan rate for the as-prepared nanostructures. The linear relationship
between the peak current and square root of the scan rate
demonstrates the diffusion limitation of the lithium ion intercala-
tion, which is related to the behavior of the lithium ion insertion/
desertion reaction [43,44]. The intercalation rate of lithium ions on
an anode can be explained by their diffusion coefficient (DLi). The
diffusion coefficient was calculated using the Randles–Sevcik
equation (3) as follows [45]:

Ip ¼ 2:69 � 105n3=2AD1=2
Li C�

Liy
1=2 (3)

where IP is the peak current, n is the number of electrons assuming
a reaction electron number of 0.5 for typical TiO2, A is the area of
the electrode, C�

Li is the bulk concentration of lithium ions in the
electrode, and y is the scan rate. The slopes of the linear curves for
the TiO2@C-700 and TiO2-700 nanostructures are 0.02049 and
0.01108, respectively. The diffusion coefficients of lithium ions
calculated from the slopes are 2.1 �10�8 and 0.6 � 10�8 cm2 s�1 for
the TiO2@C-700 and TiO2-700 nanostructures, respectively. This
outcome is explained by the high diffusion coefficient of the
TiO2@C-700 nanostructure due to its high electrical conductivity.

According to Fig. 11, the improved lithium ion intercalation of
the TiO2@C-700 nanostructure can be explained by the basic
principles of electrochemical storage, namely the functions of
capacitor and battery. The graphitic-like carbon shell of the
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TiO2@C-700 nanostructure with its high electrical conductivity
leads to a higher electron density on the active electrode in
comparison with the TiO2-700 nanostructure. Furthermore, the
enhanced electron density on the active electrode may induce the
wide electrical double layer required for achieving a high charge
density. In the case of capacitor applications, a wide electrical
double layer means a low interface resistance. According to the
Debye-Huckel theory, the electric double layer is approximated to
a diffusion double layer 1/k [46]. The electrode with high electrical
conductivity shows an improved electric double layer and
enhanced specific capacitance. Theoretically, the conducting
electrode can have a high electron density between the electrode
and collector, and induce a high lithium ion density at the interface.
These electrical properties may give rise to a high lithium
intercalation capacity and high-rate performance in LIBs. Thus,
the TiO2@C-700 nanostructure having high electrical conductivity
would be expected to have a wider electrical double layer and
enhanced specific capacitance in comparison with the
TiO2-700 nanostructure.

To estimate the capacitance of the TiO2@C-700 and
TiO2-700 nanostructures, their CVs were measured at different
scan rates between 0 and 1 V in 0.5 M H2SO4 solution using a
potentiostat, as shown in Fig. 12(a) and (b). To estimate the specific
capacitances at the interfaces between the electrode and electro-
lyte, 0.5 M H2SO4 solution containing hydrogen ions was selected
as the electrolyte, because the CV performance in a non-aqueous
electrolyte containing lithium ions incorporates the intercalation
behavior of the lithium ion. At 50 mV s�1, the TiO2@C-700 nano-
structure (7.22 F g�1) exhibits a 4.13 times higher specific capaci-
tance in comparison with the TiO2-700 nanostructure (1.40 F g�1),
as shown in Fig. 12(a and b). When the scanning rate is increased
from 5 to 100 mV s�1 (Fig. 12(c)), the specific capacitances of the
TiO2@C-700 nanostructure are higher than those of the
TiO2-700 nanostructure at all scan rates. Furthermore, the
TiO2@C-700 nanostructure exhibits a CV with a rectangular shape,
which means that it should have a low interface resistance in
capacitor applications. Thus, the excellent lithium ion intercalation
properties of the TiO2@C-700 nanostructure may be attributed to
its high electrical conductivity, improved interface capacitance,
and low interface resistance in comparison with the
TiO2-700 nanostructure.

4. Conclusions

We reported the use of a complex nanostructure consisting of a
TiO2 core and carbon shell as the anodic materials for LIBs. The
TiO2@C nanostructure was successfully synthesized by a heating
process under a CH4 atmosphere at 700 �C. The TiO2@C-700 nano-
structure having a graphitic-like carbon shell shows improved
electrical conductivity. The improved specific capacity and
electrochemical properties of the TiO2@C nanostructure are
attributed to its graphitic-like carbon which acts as a conductive
region affording improved electron transport properties on the
electrode surface and enhanced lithium ion intercalation, thus
leading to lower charge transfer resistance and high diffusion
coefficient. Thus, by combining the electrochemical data and
structural analysis, it can be concluded that the TiO2@C nano-
structure is a promising anode candidate for LIBs. However, the
efficiency of the electrodes through an optimized nanostructure
should be improved.
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