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 ABSTRACT 
The morphology and electronic structure of a Li4Ti5O12 anode are known to 
determine its electrical and electrochemical properties in lithium rechargeable 
batteries. Ag–Li4Ti5O12 nanofibers have been rationally designed and synthesized
by an electrospinning technique to meet the requirements of one-dimensional (1D)
morphology and superior electrical conductivity. Herein, we have found that 
the 1D Ag–Li4Ti5O12 nanofibers show enhanced specific capacity, rate capability,
and cycling stability compared to bare Li4Ti5O12 nanofibers, due to the Ag 
nanoparticles (<5 nm), which are mainly distributed at interfaces between
Li4Ti5O12 primary particles. This structural morphology gives rise to 20% higher
rate capability than bare Li4Ti5O12 nanofibers by facilitating the charge transfer 
kinetics. Our findings provide an effective way to improve the electrochemical
performance of Li4Ti5O12 anodes for lithium rechargeable batteries. 

 
 

1 Introduction 

Ti-based oxide anode materials have attracted much 
attention due to their potential advantages, which 
include excellent thermal stability, low cost, and 
environmental friendliness [1, 2]. In particular, spinel 
Li4Ti5O12 has been intensively studied as a promising 
anode to meet the requirements for electric vehicles 
(EVs) and large-scale energy storage systems (ESSs) 

[3–6]. It is well known that Li4Ti5O12 shows some 
promise, largely due to its two key advantages: (i) long 
cycle life arising from its zero-strain structure and 
(ii) little electrolyte decomposition due to its higher 
equilibrium potential, showing a voltage plateau at 
1.55 V vs. Li/Li+ [7–9]. In addition, Li4Ti5O12 can store 
three Li+ ions per formula unit (rock-salt phase), with 
a theoretical capacity of 175 mA·h·g–1 [10]. Li4Ti5O12 has 
a low electrical conductivity of about 10–13 S·cm–1 [11], 

Nano Research 2013, 6(5): 365–372 
DOI 10.1007/s12274-013-0313-y 

Address correspondence to Jung Ho Kim, jhk@uow.edu.au; Goojin Jeong, gjeong@keti.re.kr 



 

 | www.editorialmanager.com/nare/default.asp 

366 Nano Res. 2013, 6(5): 365–372

however, resulting in poor rate capability and an 
initial capacity loss. To improve this, several methods 
have been considered to enhance the electrical con- 
ductivity. The most efficient methods involve applying 
a surface coating or doping to achieve metallic sub- 
stitution [12–23]. Surface coating with a conductive 
material, such as carbon, is not an ideal solution, 
because it is hard to make a homogeneous thin layer. 
Severe aggregation of metallic additives is also known  
to be difficult to avoid.  

According to our previous work [24], one-dimensional 
(1D) nanostructures have remarkable electrical, thermal, 
and mechanical properties. It is accepted that 1D 
nanostructures have clear morphological advantages 
due to the shortened Li+ diffusion pathways and 
improved electron transport in lithium rechargeable 
batteries. Compared to other complicated synthetic 
methods, the electrospinning method suggested in this 
study can readily fabricate 1D nanostructures with 
various diameters, compositions, and morphologies, 
including hollow structures and uniaxially aligned 
arrays [25–33]. Furthermore, it enables mass production 
for commercialization with multiple nozzles and is 
capable of any sort of metallic doping. Even although 
the synthesis of small-sized Li4Ti5O12 particles through 
solid-state reaction, hydrothermal, or sol–gel methods 
is known to be the most direct approach [34–36], using 
these methods with metallic dopants/additives usually 
leads to severe inhomogeneity or difficulty in mass pro- 
duction [37]. Liu et al. reported that Ag nanoparticles 
(<10 nm in size) located within Li4Ti5O12 particles led 
to improved rate performance and long cycling life 
due to enhanced electrical conductivity [38]. However, 
no quantitative analysis has ever been carried out. 
From this point of view, it might be expected that the 
electrochemical performance of 1D Li4Ti5O12 nano- 
structures in energy storage could be improved if 
metal nanoparticles were distributed all throughout 
the Li4Ti5O12 material. To the best of our knowledge, a 
1D architecture of Li4Ti5O12 with incorporation of Ag 
nanoparticles has never been reported, and we expect 
that the Ag additive might improve the electrochemical 
performance of Li4Ti5O12 nanofibers by enhancing 
intra- or inter-grain connectivity. In this context, we 
report a simple one-step synthesis for 1D Ag–Li4Ti5O12 
nanofibers using the electrospinning method. The as- 

prepared Ag–Li4Ti5O12 nanofibers show excellent rate 
capability and cycling stability with enhanced electrical 
conductivity and maximized kinetic properties because 
of the shortened diffusion length for Li+ transport and  
the fast electron transport. 

2 Experimental 

2.1 Bare Li4Ti5O12 and Ag–Li4Ti5O12 nanofibers and 
their structural characterization 

For the Li4Ti5O12 nanofibers, 1.48 mL of titanium(Ⅳ) 
isopropoxide and 0.413 g of lithium acetate were mixed 
with 10 mL of ethanol and 7 mL of acetic acid. After 
dissolving over 1 h, 0.8 g of polyvinylpyrrolidone (PVP) 
was added to this solution, followed by magnetic 
stirring for 1 h. For Ag-doped Li4Ti5O12 nanofibers, 
0.045 g of silver nitrate was dissolved in 16 mL of 
ethanol and 1.48 of mL of titanium(Ⅳ) isopropoxide, 
and 0.413 g of lithium acetate and 1 mL of acetic acid 
were added to the dissolved Ag salt solution. The 
yellow transparent solution was immediately loaded 
into a plastic syringe equipped with a 23 gauge needle. 
The needle was connected to a high voltage supply, and 
the feed rate for the precursor was set at 0.7 mL·h–1.  
A distance of 13 cm and a voltage of 20 kV were 
maintained between the tip of the needle and a drum 
collector. A schematic illustration of the electrospinning 
set-up for obtaining Li4Ti5O12 and Ag–Li4Ti5O12 nano- 
fibers is shown in Fig. 1(a). After the electrospinning, 
the electrospun nanofibers were detached from the 
drum collector. Finally, the nanofibers were heat-treated 
at 750 °C for 3 h in air. The morphology and micro- 
structure of the nanofibers were characterized by 
X-ray diffraction (XRD), field emission-scanning 
electron microscopy (FE-SEM), and transmission  
electron microscopy (TEM).  

2.2 Electrochemical performance 

The electrodes were prepared by coating aluminum 
foil substrates with slurries containing the active 
material, carbon black (Super-P), and polyvinylidene 
fluoride (PVDF) in a weight ratio of 80:10:10 using 
N-methylpyrrolidone (NMP) as the solvent. After 
coating the slurry on Al foil, the electrodes were dried 
at 120 °C for 12 h under vacuum. The mass of the active  
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Figure 1 (a) Schematic illustration of the electrospinning apparatus. 
SEM images of (b) Li4Ti5O12 and (c) Ag–Li4Ti5O12 nanofibers after 
calcination. (d) XRD patterns of Li4Ti5O12 and Ag–Li4Ti5O12 
nanofibers after calcination at 750 °C. (e) and (f) HAADF STEM 
images of Ag–Li4Ti5O12 nanofibers 

material was approximately 2 mg·cm–2. 2,032 coin cells 
were assembled in a dry room. A porous polyethylene 
film was used as the separator, 1 M LiPF6 dissolved in 
a 1:2 (by volume) mixture of ethylene carbonate (EC) 
and dimethyl carbonate (DMC) was employed as the 
electrolyte solution, and lithium foil was used as the 
counter electrode. Discharge (Li+ intercalation)–charge 

(Li+ de-intercalation) tests were performed for up to 
200 cycles in a voltage window of 1 to 3 V (vs. Li/Li+). 
The first and second cycles were conducted galvano- 
statically at a current density of 0.1 C (where 1 C was 
set as 170 mA·g–1), and measurements of the rate 
capability at various current densities and cycling tests 
at 1 C were performed. Electrochemical impedance 
spectroscopy (EIS) was performed after the first dis- 
charge with a three-electrode electrochemical system, 
in which the reference and counter electrodes were Li 
metal. The EIS frequency ranged from 106 to 10–2 Hz, 
and the voltage perturbation amplitude was 5 mV. 
Data acquisition and analysis were carried out using 
the electrochemical impedance software packages ZPlot 
and ZView (Version 3.0, Scribner Associates, Inc., USA),  
respectively. 

3 Results and discussion  

The morphology and crystalline microstructure of the 
two kinds of nanofibers were directly confirmed by 
XRD, SEM, and TEM analyses. As shown in Figs. 1(b) 
and 1(c), only small differences were observed between 
the bare Li4Ti5O12 (LTO) and the Ag–Li4Ti5O12 nano- 
fibers. The randomly aligned nanofibers have average 
diameters of 50–200 nm and lengths extending to 
several tens of micrometers. Interestingly, it is hard  
to distinguish the Ag particles in the SEM image of 
Ag–Li4Ti5O12 nanofibers in Fig. 1(c). From the XRD 
patterns in Fig. 1(d), however, we found that all 
reflections were identical to the standard peaks of 
Li4Ti5O12 and metallic Ag. This indicates that the 
Li4Ti5O12 and Ag–Li4Ti5O12 nanofibers were successfully 
synthesized during the heat treatment without 
introducing any impurity such as rutile TiO2. The 
microstructure of the Ag–Li4Ti5O12 nanofibers was 
further observed by high-angle annular dark-field 
(HAADF) scanning TEM (STEM), as shown in Figs. 1(e) 
and 1(f). The Ag–Li4Ti5O12 nanofibers exhibited smooth 
and uniform surfaces, and the Ag particles were 
distinguished in the STEM images by their bright 
contrast. We were able to conclusively prove that the 
Ag–Li4Ti5O12 nanofibers have the form of a secondary 
1D Ag–Li4Ti5O12 composite consisting of Ag and  
Li4Ti5O12 primary particles, as shown in Fig. 1(f).  

The schematic diagram of the structure of an 
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Ag–Li4Ti5O12 nanofiber in Fig. 2(a) illustrates the TEM 
results. The Ag particles (~100 nm) have been success- 
fully incorporated and are interconnected between 
the Li4Ti5O12 nanoparticles, as can be seen in Fig. 2(b). 
These interconnected Ag particles improve the 
electrical contact between the Li4Ti5O12 particles and 
the current collector. Furthermore, the Ag nanoparticles 
were observed to be less than 5 nm in size, mostly 
spherical in shape, and embedded in the Li4Ti5O12 host 
matrix (Fig. 2(c)). In fine detail, the high-resolution TEM 
(HRTEM) images confirmed that the interconnected 
Ag particles were single-crystal from their selected 
area electron diffraction (SAED) patterns, and the 
exposed surfaces of the Ag particles were determined 

 
Figure 2 (a) Schematic illustration of Ag–Li4Ti5O12 nanofibers. 
(b) and (c) Low magnification TEM images of Ag–Li4Ti5O12 nano-
fibers. HRTEM images of (d) Ag and (e) Li4Ti5O12 nanoparticles 
and the corresponding SAED patterns. 

to be {002} and {02
—

2} facets, as shown in Fig. 2(d). The 
Li4Ti5O12 particles also show a highly crystalline 
structure. The lattice spacing parallel to the side wall 
is ~2.95 Å, in accordance with the (2

—

20) planes of 
Li4Ti5O12 as shown in Fig. 2(e). As a result, the two 
important configurations that could enhance the 
electrical conductivity are (i) interconnected large-sized 
Ag particles and (ii) embedded Ag nanoparticles. It is 
generally argued that embedded Ag nanoparticles 
mainly play a supporting role in term of electrical 
conductivity, and it is difficult to conclude that they 
are the predominant factor. For that purpose, the 
interface between the Li4Ti5O12 particles was further 
investigated using a Cs-corrected STEM, as shown in 
Fig. 3. Here, the nanosized Ag particles were observed 
to be concentrated along the grain boundaries. Their 
size was less than 5 nm, which can improve charge 
transfer between the Li4Ti5O12 nanoparticles, pre-
dominantly due to enhanced electrical conductivity. 
The insets show the grain boundaries (dashed lines) 
and Ag nanoparticles (dots). If conducting agents, such 
as RuO2 or Fe2P, were distributed at the boundaries of 
active material, it would affect rate capability due to 
the enhanced electrical conductivity, according to the 
literature [23, 39]. In our study, Li4Ti5O12 primary 
particles have an intimate electrical contact with the 
aid of Ag particles at the grain boundaries, and this 
might be effective for fast electron transfer. We thus 
argue that since the Ag particles could be observed all 
over the Li4Ti5O12 nanofibers, this would be expected  
to enhance electrochemical performance.  

To explore the possibility of using Ag–Li4Ti5O12 
nanofibers as the anode in Li rechargeable batteries, 
galvanostatic discharge–charge cycling was carried 
out to investigate the lithium storage properties of 
the Li4Ti5O12 and Ag–Li4Ti5O12 nanofibers. Figure 4(a) 
shows the first discharge–charge voltage profiles of 
the Li4Ti5O12 and Ag–Li4Ti5O12 nanofibers at a current 
density of 0.1 C. The discharge and charge capacities 
of the Ag–Li4Ti5O12 nanofibers were 195.7 and 164.2 
mA·h·g–1, respectively, in the first cycle. They exhibited 
a larger initial discharge capacity than the bare Li4Ti5O12 
nanofibers (178.1 mA·h·g–1). The initial irreversible 
capacities of both types of nanofibers were estimated 
to be 21.1 (Li4Ti5O12) and 31.5 mA·h·g–1 (Ag–Li4Ti5O12).  
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Figure 3 HAADF STEM images of grain boundaries in Ag– 
Li4Ti5O12 nanofibers. The insets show the grain boundaries (dashed 
lines) and Ag particles (dots). 

Although the Ag–Li4Ti5O12 exhibited a slightly larger 
initial irreversible capacity, which probably originated 
from different electrolyte decomposition behavior 
[21, 41], this electrode still showed increased reversible 
capacity compared to the bare Li4Ti5O12. The rate- 
capability and cycling performances of the Li4Ti5O12 
and Ag–Li4Ti5O12 nanofibers were also evaluated at 
various current rates from 0.1 to 30 C, as shown in 
Fig. 4(b). The Ag–Li4Ti5O12 nanofibers show enhanced 
rate performance compared to the bare Li4Ti5O12 nano- 
fibers at all current rates. At current densities below 
10 C, the capacities of the Ag–Li4Ti5O12 nanofibers 
vary from 150 to 165 mA·h·g–1. Furthermore, the Ag– 
Li4Ti5O12 nanofibers still have a specific capacity of 
140 mA·h·g–1 at the high current density of 10 C, which 
is larger than that of the bare Li4Ti5O12 nanofibers. 

 
Figure 4 (a) Discharge–charge curves in the first cycle, (b) rate 
performance and coulombic efficiency (inset), and (c) differential 
capacity (dQ/dV) vs. voltage curves of Li4Ti5O12 and Ag– 
Li4Ti5O12 nanofibers, with the inset showing the overpotentials of 
the samples at different current densities. 

Most notably, the Ag–Li4Ti5O12 nanofibers exhibit 
remarkable rate performance at 10 C, which is much 
better than the performances of carbon-coated, surface- 
nitrided, phosphidated, or nanostructured Li4Ti5O12  
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materials reported in the literature [14, 28, 41, 42].  
At the highest rate of 30 C, corresponding to a time of 
2 min to fully discharge/charge the materials, the 
specific capacity of the Ag–Li4Ti5O12 nanofibers is 
107.5 mA·h·g–1, which is significantly higher than that 
of the bare Li4Ti5O12 nanofibers (82.2 mA·h·g–1). After 
the galvanostatic rate capability test, an additional 
cycling performance test was carried out at a current 
density of 1 C. The Ag–Li4Ti5O12 nanofibers regained 
their Li+ de-intercalation capacity of around 163.5 
mA·h·g–1, while further cycling led to a capacity of 
around 160 mA·h·g–1 being retained after 200 cycles. 
Figure 4(c) shows differential capacity plots of the 
Li4Ti5O12 and Ag–Li4Ti5O12 nanofibers at various current 
densities. The inset figure shows the overpotential  
of both nanofibers at various current densities from 
0.1 to 30 C. Even if there is only a small difference  
in overpotential between the bare Li4Ti5O12 nano- 
fibers and the Ag–Li4Ti5O12 nanofibers at 0.1 C, the 
Ag–Li4Ti5O12 nanofibers exhibit significantly lower 
overpotential than the bare Li4Ti5O12 nanofibers with 
increasing current density, which results from a 
decrease in the polarization resistance because of the 
improved electrical conductivity of the Ag–Li4Ti5O12 
nanofibers. These results indicate that the superior rate 
capability and cycling performance can be attributed 
to the increased electrical conductivity of the Li4Ti5O12 
nanofibers due to the incorporation of Ag nanoparticles, 
which greatly enhances the charge transport during the 
charge/discharge process and thus leads to significant  
improvement in the electrochemical performance. 

EIS measurements were also conducted to examine 
the internal conductivity of the Li4Ti5O12 and Ag–Li4Ti5O12 
nanofibers. Nyquist plots of the AC-impedance spectra 
obtained for the lithiated Li4Ti5O12 and Ag–Li4Ti5O12 
nanofibers are presented in Fig. 5. The parameters 
were determined by the complex nonlinear least 
squares (CNLS) fitting method with an equivalent 
circuit (inset) and are summarized in Table 1. Rel is 
the resistance of the electrolyte solution, the high 
frequency semicircle can be attributed to the surface 
layer resistance associated with the solid electrolyte 
interphase (RSEI), and the medium frequency semicircle 
indicates the charge transfer resistance (Rct) at the 
interface between the electrolyte and the electrode 

 
Figure 5 Nyquist plots of the Li4Ti5O12 and Ag–Li4Ti5O12 
nanofibers. The inset figure shows the equivalent circuit used to 
interpret the impedance spectra. 

Table 1 Best-fit values of EIS data with the equivalent circuit 
in Fig. 5. 

 L4Ti5O12 (Ω) Ag–L4Ti5O12 (Ω) 

RSEI 263 203 

Rct 1143 788 

 
material. The more modest medium frequency 
semicircle of the Ag–Li4Ti5O12 nanofibers (788 Ω) 
compared to that of the Li4Ti5O12 nanofibers (1,143 Ω) 
clearly proves that the electrode material with incor- 
porated Ag particles features enhanced charge transfer 
due to improved electrical conductivity. The inclined 
lines in the Warburg region correspond to the Li+ 
diffusion process inside the electrode material (W). 
The Ag–Li4Ti5O12 nanofibers exhibit a larger slope than 
the bare Li4Ti5O12 nanofibers, which implies high Li+ 
mobility in the solid phase [43]. This result clearly 
demonstrates that incorporated Ag particles can boost 
electron transfer and Li+ transfer, which significantly  
influence electrochemical performance. 

4 Conclusions  

As an anode material, Li4Ti5O12 is a promising 
candidate for use in lithium rechargeable batteries  
in order to solve the safety issues, although the low 
kinetics associated with its poor electrical conductivity  
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limits the electrochemical performance from the view-
point of practical application. We have demonstrated 
an effective way to improve the kinetics of Li4Ti5O12 
toward fast Li+ intercalation/de-intercalation by incor-
poration of Ag nanoparticles. The Ag–Li4Ti5O12 nano-
fibers exhibit high specific capacity, and remarkably 
high rate capability and cycling performance due to 
higher conductivity and faster Li+ diffusion compared 
with pristine Li4Ti5O12. The controlled incorporation 
of Ag nanoparticles into 1D Li4Ti5O12 nanostructures 
is a promising approach to improve electrochemical  
performance in advanced Li+ storage devices.  
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