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ABSTRACT: Nitrogen-doped carbon is coated on lithium titanate (Li4Ti5O12, LTO) via a simple chemical refluxing process,
using ethylenediamine (EDA) as the carbon and nitrogen source. The process incorporates a carbon coating doped with a
relatively high amount of nitrogen to form a conducting network on the LTO matrix. The introduction of N dopants in the
carbon matrix leads to a higher density of C vacancies, resulting in improved lithium-ion diffusion. The uniform coating of
nitrogen-doped carbon on Li4Ti5O12 (CN-LTO) enhances the electronic conductivity of a CN-LTO electrode and the
corresponding electrochemical properties of the cell employing the electrode. The results of our study demonstrate that the CN-
LTO anode exhibits higher rate capability and cycling performance over 100 cycles. From the electrochemical tests performed,
the specific capacity of CN-LTO electrode at higher rates of 20 and 50 C are found to be 140.7 and 82.3 mAh g−1, respectively.
In addition, the CN-Li4Ti5O12 anode attained higher capacity retention of 100% at 1 C rate after 100 cycles and 92.9% at 10 C
rate after 300 cycles.
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■ INTRODUCTION
Lithium-ion batteries (LIBs) are widely used in many portable
electronic devices because of their high energy and power
densities.1 However, the rate performance of LIBs must be
further improved for application in large-scale energy-storage
devices such as electrical vehicles (EVs),2−4 which require fast
charge and discharge rates to decrease the time required for
charging to about 2 h for the current generation of EVs.
Therefore, in addition to investigating advanced nanostructured
electrode materials that are capable of improving the rate
performance of LIBs, it is imperative that these materials also
exhibit enhanced kinetics of solid-state diffusion of Li+ ions
during intercalation and deintercalation, as well as high values
of electronic conductivity.
Recently, extensive research has been dedicated to lithium

titanante (Li4Ti5O12, LTO) spinel as a promising anode
material for LIBs. Compared with commercial graphite-based

anode materials, LTO exhibits a flat and relatively high lithium
insertion−extraction potential plateau at approximately 1.55 V
(vs Li/Li+). As most of the organic electrolytes are stable at this
potential, the formation of a solid−electrolyte interface (SEI)
layer and the safety problems associated with dendritic lithium
formation can be avoided. Moreover, because of its negligible
volume change upon lithiation and delithiation, LTO
demonstrates excellent cycling stability. Lithiation in LTO is
a two-phase system, which allows fast Li+ ions cooperative
motion, thereby avoiding Li plating at high C rates.5−8

Therefore, these intrinsic advantages of LTO contribute to
the stability and safety of LIBs and would enable them to fulfill
the requirements for application in EVs.9,10 However, LTO
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possesses insulating properties originating from the empty Ti
3d states with a band gap energy of 2 eV, as well as a moderate
lithium-ion diffusion rate (DLi

+) of 2 × 10−8 cm2 s−1, which
results in poor rate capability of the LTO-based cells. This is
one of the main factors hindering commercial applications of
the material.11−13 To date, various strategies have been adopted
to optimize the rate performance of LTO, and the most
commonly used methods are reducing the particle size,14−16

doping with supervalent cations,17−19 and coating the LTO
surface with conductive materials.20,21 Reducing the particle
size shortens the Li+-diffusion pathway and increases the
electrochemical active area between the electrolyte and the
electrode, which is expected to improving the rate capability of
the electrode material. Doping with supervalent cations
decreases the area-specific impedance (ASI) of the LTO
electrode and increases the rate capability. Coating the LTO
surface with conductive materials, such as carbon, provides a
continuous electron pathway from the outer to inner part of the
LTO particle and thus improves the electron conductivity; the
conductive coating can also be permeable for Li+ ions from the
surrounding electrolyte solution. Among these approaches, the
coating method is the simplest and most convenient way for
commercially available LIBs because it preserves the physical
properties of pristine LTO, such as the morphology, particle
size, and powder tap density.20,21

In our previous study, we reported that a carbon coating on
LTO anode material improved the electronic conductivity and
subsequently enhanced the electrochemical performance of the
cell.10,20 Furthermore, a carbon coating can effectively improve
the electrochemical performance of the electrode when
nitrogen is introduced in the carbon structure as a dopant.22

The nitrogen-doped-carbon-coated active material is believed
to further improve the electronic conductivity, Li+-ion diffusion
through the carbon layers, and the charge transfer at the
interface, which contribute significantly toward a good
reversible capacity and an enhanced rate capability of the
anode.23,24 The electronic conductivity is increased by the
formation of metallic conductive TiN between the active
material and the coating, which causes reduction of Ti4+ to a
more conductive Ti3+ phase. The facilitation of Li+-ion
permeability is ascribed to defects in the carbon matrix caused
by the existence of nitrogen dopants.
In this work, we developed a simple coating technique using

ethylenediamine (EDA) as a carbon and nitrogen source to
form a thin layer of nitrogen-doped carbon on the surface of
LTO (CN-LTO) nanoparticles, which was aggregated to form
micrometer-sized spherical secondary particles. We demon-
strated that the as-obtained spherical CN-LTO exhibited
significant improvements in electronic conductivity and
electrochemical performance when used as an anode material
for LIBs.

■ EXPERIMENTAL SECTION
Synthesis of Pristine and Nitrogen-Doped-Carbon-Coated

LTO Materials. The two-step synthetic process used to prepare CN-
LTO is schematically illustrated in Scheme 1. In the first step, the
spherical LTO powder was synthesized using a spray-drying process
followed by solid-state calcination, as previously reported.25 The
precursor materials containing LiOH (Sigma-Aldrich), anatase TiO2
nanoparticles (Sigma-Aldrich), and a polyvinylpyrrolidone (Sigma-
Aldrich) as dispersant (5 wt %, relative to TiO2) were dissolved and
dispersed in distilled water and the molar ratio of lithium to titanium
was 4:5. The prepared precursor slurries were mixed with zirconia balls
by a planetary mill at a speed of 300 rpm for 12 h. The homogeneously

mixed slurries were atomized by a two-fluid nozzle at a pressure of 3 kg
cm−2 at 250 °C. The collected, spray-dried precursor powder was
further calcined at 900 °C for 20 h in air to obtain pristine LTO.

In the second step, 1 g of as-prepared pristine LTO and 0.5 g of
cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich) were
dispersed in 100 mL of an EDA solution (Sigma-Aldrich) with
continuous stirring and refluxing at 120 °C for 48 h. After this step, the
precipitate (LTO covered by EDA) was obtained by centrifugation at
7000 rpm and dried in an oven overnight. Finally, the obtained powder
was calcined for 4 h at 600 °C in a furnace purged with Ar gas.

Characterization of Synthesized Materials. The morphologies
of the resulting samples were examined using a field-emission scanning
electron microscope (FE-SEM; S-4200, Hitachi, Japan). The
crystalline structures of the synthesized materials were characterized
by powder X-ray diffraction (XRD; Rigaku D/MAX-2500 V/PC,
Japan) measurements, using Cu Kα radiation to obtain diffraction data
in the 2θ range of 10−80°. The amounts of doped carbon and
nitrogen in the synthesized materials were determined by an elemental
analyzer (EA1108/CHNS-0, Carlo Erba/Fisons/CE Instrument,
Milan, Italy). A four-point probe (CMT-SR2000N, AIT Co., Korea)
was employed for the direct volt−ampere method to measure the
electrical conductivity of disc-shaped pellets of the final products. To
prepare disc-shaped pellets of LTO and CN-LTO, measured amount
of powders were respectively put in one round-shaped die body above
one round-shaped die base. A piston was thereupon inserted to press
the powders into pellets. Two pellets of both LTO and CN-LTO must
have similar thickness such as 2 mm due to accuracy. In addition, the
presence of carbon coatings and the reaction of nitrogen with other
elements in either the coating or the active material were observed
through a high-resolution transmission electron microscope (HR-
TEM; JEM-2010, JEOL, Japan) and an X-ray photoelectron
spectroscope (XPS; PHI 5000 VersaProbe, Ulvac-PHI, Japan),
respectively. An Al Kα X-ray monochromator (hν = 1486.6 eV; 25
W; 15 kV anode) was used as a source in the spectroscope and the
XPS was calibrated against a binding energy of 284.6 eV (C 1s peak).

The electrochemical performances were evaluated using CR2032
coin-type cells. The LTO electrode was prepared by mixing 80 wt %
active material (pristine and CN-LTO), 10 wt % carbon black
conducting agent (acetylene black), and 10 wt % polyvinylidene
fluoride (PVdF) binder with N-methyl-2-pyrrolidone (NMP) solution
to form a slurry, which was then pasted on the copper-foil current
collector. Li metal foil was used as the counter electrode and the
electrolyte was 1.2 M LiPF6 solution in ethylene carbonate−diethyl
carbonate (EC−DEC, volume ratio of 1:1) absorbed in a porous
polyethylene separator (Celgard). The electrodes were assembled in
the CR2032 coin-type cells with the electrolyte and the separator, and
it was performed inside a dry glovebox filled with argon gas. The cells
were used for further electrochemical characterization.

Scheme 1. Schematic Diagram of Nitrogen-Doped-Carbon
Coating Process
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The galvanostatic measurements were carried out using a battery
testing system (Series 4000, Maccor, USA). The cells were cycled at
room temperature (25 °C), high temperature (60 °C) by channels
located in a heated oven, and low temperature (−10 and −20 °C) by
channels located in a refrigerator, with a potential window between 1.0
and 3.0 V. The electrochemical performances of the cells were
measured at various current densities: 35 (0.2 C rate), 87.5 (0.5 C
rate), 175 (1 C rate), 525 (3 C rate), 875 (5 C rate), 1750 (10 C rate),
3500 (20 C rate), and 8750 mA g−1 (50 C rate).

■ RESULTS AND DISCUSSION
Figure 1 shows the XRD patterns of the synthesized pristine
LTO and CN-LTO samples. All the peaks in both patterns

correspond to the standard Li4Ti5O12 spinel (JCPDS card no.
26-1198), which confirms that the EDA used for nitrogen-
doped-carbon coating did not affect the pristine LTO’s cubic
phase with Fd3m space group. The pattern of CN-LTO also
confirms the characteristic pure cubic spinel structure, with no
evidence of impurity phases. As shown in Table 1, which
summarizes the physical properties of synthesized samples, the
cubic lattice parameters a of pristine LTO and CN-LTO were
calculated by the least-squares method to be 8.345 and 8.359 Å,
respectively, which agree well with values obtained in previous
studies.5−21 The lattice parameter of CN-LTO was slightly
larger than that for the pristine sample, which was expected if
some of the Ti4+ with smaller ionic radius (0.605 Å) were
transformed to Ti3+ with larger ionic radius (0.67 Å).20 In
addition, the XRD pattern of CN-LTO reveals that its carbon
constituent was amorphous in nature, with no discernible
diffraction features.
The morphologies of the synthesized samples were observed

using the SEM and HR-TEM, as shown in Figure 2. The size of
the secondary spherical particles comprising ∼100 nm primary
particles was found to be 5 μm in Figure 2a. The presence of
nanometer-sized particles is believed to reduce the Li+-ion-
diffusion pathways and could therefore improve the kinetics of
lithium-ion intercalation into the LTO host structure. In

addition, the agglomeration of primary nanoparticles into a
micrometer-sized secondary particle shows that the tap density
of the resulting electrodes was higher than that of LTO
nanoparticles. As shown in Figure 2b, the spherical morphology
and microstructures were maintained even after nitrogen-doped
carbon from the EDA precursor was coated on LTO at a high
temperature. In addition, the high-resolution TEM image in
Figure 2c shows that the doped carbon layer with a thickness of
2 nm was uniformly coated on the surface of the primary
particles. This carbon layer offered a few advantages. First,
when compared with pristine LTO, the carbon-coated powder
was protected from the corrosive environment at the interface
between LTO and the electrolyte during long cycling. Second,
the electrons could find a simple conduction pathway through
the carbon layer. Third, the thin outer carbon layer with
randomly distributed defects and vacancies could facilitate the
Li+ ions’ migration to the LTO particle surface. Thus, this
balance between the electronic and ionic transport led to
improved electrochemical performance of the Li4Ti5O12
electrode, which would be beneficial for the enhanced power
densities of lithium-ion batteries.26 The selected-area electron
diffraction (SAED) pattern, as shown in the inset of Figure 2c,
also confirms the crystallinity of the LTO phase, which is in
good agreement with the properties estimated from XRD
analysis.
We carried out XPS analysis to investigate the properties of

the carbon coating on Li4Ti5O12. The XP spectra of the pristine
LTO and CN-LTO are shown in Figure 3a, where the peaks
correspond to O 1s, N 1s, Ti 2p, and C 1s. In contrast to the
pristine LTO sample, the spectrum of CN-LTO clearly shows a
new peak centered at 399 eV (Figures 3a and b), which can be

Figure 1. X-ray diffraction patterns of the synthesized pristine
Li4Ti5O12 and CN-Li4Ti5O12 samples.

Table 1. Physical Properties of Pristine Li4Ti5O12 and CN-Li4Ti5O12

lattice parameters

sample carbon content (wt %) nitrogen content (wt %) electronic conductivity (S cm−1) tap density (g cm−3) a (Å) volume (Å3)

Li4Ti5O12 1.58 × 10−9 1.062 8.345(7) 581.290
CN-Li4Ti5O12 5.9 1.7 4.29 × 10−6 1.416 8.359(5) 584.185

Figure 2. SEM images of (a) pristine Li4Ti5O12 and (b) CN-Li4Ti5O12
samples. (c) High-resolution TEM image of CN-Li4Ti5O12 after
calcination at 600 °C.
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attributed to the N 1s peak, indicating the presence of nitrogen
in the carbon coating. As shown in Figure 3b, the high-
resolution XP spectrum of N 1s for CN-LTO sample can be
deconvolved into five peaks, indicating the presence of multiple
states of N. The peaks with binding energies of 398.3, 399.5,
400.5, and 401.5 eV can be attributed to pyridinic (N1),
pyrrolic (N2), graphitic (N3), and oxide of pyridinic (N4)
nitrogen, respectively.27−29 More specifically, N1 represents the
pyridinic configuration of nitrogen (CN−C), originating
from N atoms with two sp2 hybridized C neighbors, where the
N atom replaces a carbon atom in the C6 ring. N2 is pyrrolic
nitrogen in a C5 ring and donates two electrons to the system.

30

The pyridinic and pyrrolic N are located at the edge of the
graphite sheets and are known as vacancy generators in the
carbon matrix, which would enhance Li-ion diffusion.
As shown in Scheme 2, pyridinic N, with a valence electron

pair in a nonbonding sp2 orbital, did not participate in the
conjugated bond system, whereas the pyridinic N atom played a
role as a p-type dopant and was able to create C vacancies in
the carbon layer. The large adsorption energies of the Li+ ions
at the pyridinic and pyrrolic defects with low energy barrier for
lithium penetration guaranteed the high rate capability for
lithium intercalation and deintercalation. The graphitic N (or
quaternary N) with three sp2 carbon neighbors is represented
by the N3 peak. The graphitic N atom was located in the
graphitic carbon plane where it replaced a carbon atom and had
two of the valence electrons occupying the pz orbital of
nitrogen. Hence, the nitrogen atoms could be ionized and
liberated electrons could contribute to the system (compared
to one electron per carbon atom). The excess electrons could
produce the “-doping” effect. Therefore, the graphitic N
accounted for the increase in electronic conductivity.31−33 In
summary, these three states of nitrogen have equal benefits on
the battery performance instead of owning individual one.

Consequently, these have to be balanced so that the material
can satisfy criteria of high electronic conductivity and high ionic
diffusion for battery applications.
Furthermore, a peak was observed at 397.3 eV, which is close

to the binding energy of TiN (397.0 eV) reported in the
literature,34 and the slight shift was caused by the formation of a
Ti−N−C-like compound.35 To reveal the bonding nature of
nitrogen to titanium in TiN, the nitrogen atom was assumed to
be an electron donor in the carbon plane and would thus
increase the electron-donating ability to the titanium atom. By
trapping electrons from the nitrogen atom, the titanium atom
would have the tendency to reduce Ti4+ cations to the Ti3+

state,36 which would increase the electronic conductivity. In
addition, the reduction of Ti4+ to Ti3+ was confirmed by peaks
of the Ti 2p spectrum in Figure 3c. The binding energies of

Figure 3. (a) X-ray photoelectron (XP) spectra of pristine Li4Ti5O12 and CN-Li4Ti5O12. High-resolution XP spectra showing the (b) N 1s, (c) Ti 2p,
and (d) C 1s peaks of pristine Li4Ti5O12 and CN-Li4Ti5O12.

Scheme 2. Schematic Representation of Nitrogen-Doped
Carbon
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Ti3+ 2p3/2 and Ti3+ 2p1/2 correspond to the peak positions at
457.9 and 463.6 eV, respectively, which are similar to previously
reported values.37 The presence of Ti3+ in the structure
appeared to have directly affected the lattice parameter so that
the coated LTO had a larger lattice parameter than the pristine
LTO sample, as indicated by the values in Table 1.
Nevertheless, the presence of nitrogen in the carbon layer is
confirmed by the XP spectrum of C 1s in Figure 3d, with the
186.7 eV peak corresponding to the presence of the C−N
bond.38

Table 1 also shows the physicochemical properties of the
pristine LTO and CN-LTO samples. As determined by
elemental analysis, the mass ratios of carbon and nitrogen in
the CN-LTO sample were 5.9 and 1.7 wt %, respectively. The
electronic conductivities of pristine LTO and CN-LTO were
found to be 1.58 × 10−9 and 4.29 × 10−6 S cm−1, respectively.
With increased electronic conductivity, the nitrogen-doped
carbon layer could improve the transportation of electrons
between LTO and the current collector, as confirmed by the
high rate with high density in the electrochemical perform-
ances. The CN-LTO exhibited a significantly higher tap density
of 1.416 g cm−3, which is ascribed to the tighter packing of the
secondary particles.
The lattice parameters of the pristine and coated LTO

samples are important indicators of the effects of either carbon
coating or nitrogen-doped-carbon coating on the cell perform-
ance because the valence state of Ti could be estimated. As
shown in Table 1, the lattice parameters of CN-LTO (a =
8.359(5) Å, V = 584,185 Å3) were larger than those of pristine
LTO (a = 8.345(7) Å, V = 581.290 Å3). We believe that the
carbon coating source, EDA, and the strong reduction
atmosphere (Ar) during calcination both contributed to the
partial transformation of the initial Ti4+ to Ti3+. The increase in
lattice parameter was related to the presence of Ti3+, formed by
the reduction of Ti4+ to Ti3+, because the radius of Ti3+ is larger
than that of Ti4+. In addition, electrons that hopped from Ti4+

to Ti3+ created oxygen vacancies; therefore, more oxygen
vacancies meant more Ti3+ were present, leading to an increase
in the lattice parameters.39 Furthermore, the reduction of Ti
sites, which was induced by oxygen-vacancy generation in LTO,
could improve the electronic conductivity of the samples, as
reported in previous studies,40 although there were also serious
drawbacks. First of all, the conductivity was gradually degraded
over time because in the oxygen vacancy site, Ti3+ was readily
reoxidized into the original Ti4+ by accepting an electron from
O2− in air, which mostly affected the cyclic performance of the
electrode.41,42 Second, the oxygen-vacancy generation could
lead to distortion of the LTO lattice, thereby decreasing the Li+

diffusion.43 However, in the case of CN-LTO, the reduction
process of the Ti4+ cations was possibly facilitated by accepting
the electrons of the nitrogen atom in the carbon matrix, as
suggested in the analysis of the TiN peak in the XP spectrum,
which would have partially overcome the issues of oxygen
vacancy. Indeed, the electrochemical performances clearly
demonstrate the effects of nitrogen in the layer.
To further investigate the effects of nitrogen-doped-carbon

coating and trivalent Ti, we performed cell tests with anodes
composed of the as-synthesized LTO samples. The initial
charge and discharge curves are shown in Figure 4 for the cells
with pristine and CN-LTO anodes at the same charge and
discharge current densities ranging from 0.2 (35 mA g−1) to 50
C rate (8,500 mA g−1) between 1.0 and 3.0 V. The pristine
LTO cell delivered a discharge capacity of 161.2 mAh g−1 at 1

C rate, while the CN-LTO cell achieved a higher discharge
capacity of 173.8 mAh g−1 at the same rate, which is very close
to the theoretical capacity of LTO (175 mAh g−1). At low
current densities from 0.2 to 1 C rate, both cells with and
without nitrogen-doped-carbon coating showed a flat operating
potential plateau of 1.55 V (vs Li/Li+), which is attributed to
the redox reaction of Ti3+/Ti4+.25 However, at higher current
densities from 5 to 50 C rate, the potential plateau of both cells
became shorter and showed a relatively high overpotential
profile. The discharge capacities gradually decreased as the
current density increased, thereby demonstrating polarization
and slowing of the reaction kinetics.38 A comparison of the two
samples showed that the pristine LTO exhibited relatively
higher degree of polarization and lower reaction kinetics than
CN-LTO at a higher current density, which is caused by the
more electrically conductive nitrogen-doped-carbon coating on
the CN-LTO surface, the mixed valence state change of Ti
(coexistence of trivalent and tetravalent Ti), and the improved
electrochemical performance of CN-LTO. The Coulombic
efficiency of the cells had a constant value of about 100%,
indicating that the Li+ intercalation and deintercaltion of the
synthesized LTO samples were completely reversible even at
extremely high currents.
The discharge capacities of the cells with pristine LTO and

CN-LTO anodes at various discharge and charge rates between
0.2 (35 mA g−1) and 50 C rate (8750 mA g−1) were sustained
for 5 cycles at each setting, as shown in in Figure 5. The
discharge capacities of the CN-LTO cell were higher than those
of the pristine LTO cell at all tested current densities. At 20 C
rate, the rate capability of CN-LTO was higher with a capacity
retention of 78.0%, compared with the capacity retention of

Figure 4. Charge−discharge curves of pristine (a) Li4Ti5O12 and (b)
CN-Li4Ti5O12 at various current densities from 0.2 to 50 C rate. The
charging rates were the same as the discharging rates.
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only 48.9% for the pristine LTO cell. The enhanced
performance of the CN-LTO electrode is attributed to the
characteristics of the nitrogen-doped-carbon coating on LTO.
Moreover, even at a current rate as high as 50 C rate, the CN-
LTO cell delivered the excellent discharge capacity of 82.3 mAh
g−1 while the pristine LTO could only deliver 28.3 mAh g−1.
The electrochemical properties of the nitrogen-doped-

carbon-coated LTO anode was carried out under the harshest
conditions of cycling at high current density (Figure 6) and in a
wide operating temperature range (Figure 7). Figure 6a shows
the capacity retention of the CN-LTO cells at 1, 5, 10, and 20
C rate over 100 cycles. The capacity retentions after 100 cycles
at 1, 5, 10, and 20 C rate were 100, 98.5, 98.4, and 90.0%,
respectively, at room temperature. As shown in Figure 6b, the
capacity and curves at the initial and final cycles remained at
about 100% with stable and low polarization. To obtain better
evidence of the effects of nitrogen-doped-carbon-coated LTO
on the electrochemical performance, a comparison of the
cycling performance of the cells with pristine LTO and CN-
LTO anodes was evaluated at 10 C rate for 300 cycles. As
shown in Figure S1 in Supporting Information, the CN-LTO
cell showed a capacity retention of 92.9% after 300 cycles, while
the pristine LTO showed a gradual drop in capacity with a
capacity retention of only 54.3% after 300 cycles.
The performance of the coated LTO samples was evaluated

over a temperature range of −20 to +60 °C. Being able to
maintain high performance at extreme temperatures is required
for the efficient operation of energy-storage devices such as
storage of renewable energy, as well as the powering of electric
car engines. Figure 7a shows that the cells completely satisfied

this requirement with a very stable capacity delivery even at
these extreme temperature limits, with a capacity retention of
95.4% after 100 cycles at −20 °C. It also showed a higher
discharge capacity at 60 °C, than at room temperature, which
could be attributed to the enhanced kinetics of Li+-ion
diffusion. In addition, the initial charge−discharge curves at 1
C rate (Figure 7b) showed lower polarization than at room
temperature. These results indicate that CN-LTO with
enhanced electronic conductivity would be a promising anode
material for high-performance lithium-ion batteries with high
energy and power density.

■ CONCLUSIONS
We synthesized CN-LTO powder with a simple chemical
refluxing process, using EDA as the carbon and nitrogen source
and CTAB as a surfactant. The CN-LTO cell exhibited
excellent discharge capacities of 173.8, 153.6, and 140.8 mAh
g−1 at 1, 10, and 20 C rate, respectively. CN-LTO showed
complete cycle stability, with negligible capacity fading over 100
cycles at 1 C rate and 92.9% of capacity retention at 10 C rate
after 300 cycles. This impressive electrochemical performance
of the CN-LTO anode is attributed to (i) the effect of
uniformly coated conductive carbon to provide an easy pathway
for electrons, (ii) the effect of graphitic N and pyridinic N in
donating extra electrons for increasing electronic conductivity,
and (iii) the appearance of the reduction of Ti4+ to more a
conductive phase, Ti3+. We suggest that this new approach of
nitrogen-doped-carbon coating can be applied to design various

Figure 5. (a) Rate capability and (b) capacity retention of pristine
Li4Ti5O12 and CN-Li4Ti5O12 electrodes at C rates between 0.2 and 50
C. The charging rates were the same as the discharging rates.

Figure 6. (a) Cycling performance of CN-Li4Ti5O12 at rates varying
from 1 to 20 C. (b) Charge−discharge curves of CN-Li4Ti5O12
between various cycles at 1 C rate (b). The charging rates were the
same as the discharging rates.
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electrode materials for high-energy and high-power density
batteries for hybrid and electric vehicles.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional results of electrochemical performances of nitrogen-
doped-carbon-coated Li4Ti5O12. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsami.5b00776.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: hungi@kist.re.kr.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Research Foundation
of Korea Grant funded by the Korean Government (MEST)
(NRF-2010-C1AAA001-2010-0028958) and by the KIST
institutional program.

■ REFERENCES
(1) Hsiao, K. C.; Liao, S. C.; Chen, J. M. Microstructure Effect on the
Electrochemical Property of Li4Ti5O12 as an Anode Material for
Lithium-Ion Batteries. Electrochim. Acta 2008, 53, 7242−7247.
(2) Guo, X. F.; Wang, C. Y.; Chen, M. M.; Wang, J. Z.; Zheng, J. M.
Carbon Coating of Li4Ti5O12 Using Amphiphilic Carbonaceous
Material for Improvement of Lithium-Ion Battery Performance. J.
Power Sources 2012, 214, 107−112.

(3) Yoshio, M.; Wang, H.; Fukuda, K.; Hara, Y.; Adachi, Y. Effect of
Carbon Coating on Electrochemical Performance of Treated Natural
Graphite as Lithium-Ion Battery Anode Material. J. Electrochem. Soc.
2000, 147, 1245−1250.
(4) Scrosati, B.; Hassoun, J.; Sun, Y.-K. Lithium-Ion Batteries: A
Look into the Future. Energy Environ. Sci. 2011, 4, 3287−3295.
(5) Colbow, K. M.; Dahn, J. R.; Haering, R. R. Structure and
Electrochemistry of the Spinel Oxides LiTi2O4 and Li4/3Ti5/3O4. J.
Power Sources 1989, 26, 397−402.
(6) Ohzuku, T.; Ueda, A.; Yamamoto, N. Zero-Strain Insertion
Material of Li[Li1/3Ti5/3]O4 for Rechargeable Lithium Cells. J.
Electrochem. Soc. 1995, 142, 1431−1435.
(7) Ronci, F.; Reale, P.; Scrosati, B.; Panero, P.; Rossi Albertini, V.;
Perfetti, P.; di Michiel, M.; Merino, J. M. High-Resolution In-Situ
Structure Measurements of the Li4/3Ti5/3O4 “Zero-Strain” Insertion
Material. J. Phys. Chem. B 2002, 106, 3082−3086.
(8) Zaghib, K.; Mauger, A.; Groult, H.; Goodenough, J. B.; Julien, C.
M. Advanced Electrodes for High Power Li-Ion Batteries. Materials
2013, 6, 1028−1049.
(9) Takami, N.; Inagaki, H.; Kishi, T.; Harada, Y.; Fujita, Y.; Hoshina,
K. Electrochemical Kinetics and Safety of 2-V Class Li-Ion Battery
System Using Lithium Titanium Oxide Anode. J. Electrochem. Soc.
2009, 156, A128−A132.
(10) Jung, H.-G.; Jang, M. W.; Hassoun, J.; Sun, Y.-K.; Scrosati, B. A
High-Rate Long-Life Li4Ti5O12/Li[Ni0.45Co0.2Mn1.45]O4 Lithium-Ion
Battery. Nat. Commun. 2011, 2, 516 DOI: 10.1038/ncomms1527.
(11) Ouyang, C. Y.; Zhong, Z. Y.; Lei, M. S. Ab Initio Studies of
Structural and Electronic Properties of Li4Ti5O12 Spinel. Electrochem.
Commun. 2007, 9, 1107−1112.
(12) Brousse, T.; Fragnaud, P.; Marchand, R.; Schleich, D. M.;
Bohnke, O.; West, K. All Oxide Solid-State Lithium-Ion Cells. J. Power
Sources 1997, 68, 412−415.
(13) Zaghib, K.; Simoneau, M.; Armand, M.; Gauthier, M.
Electrochemical Study of Li4Ti5O12 as Negative Electrode for Li-Ion
Polymer Rechargeable Batteries. J. Power Sources 1999, 81−82, 300−
305.
(14) Borghols, W. J. H.; Wagemaker, M.; Lafont, U.; Kelder, E. M.;
Mulder, F. M. Size Effects in the Li4+xTi5O12 Spinel. J. Am. Chem. Soc.
2009, 131, 17786−17792.
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