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 ABSTRACT 

Flexible lithium ion batteries (LIBs) have recently attracted increasing attention

as they show unique promising advantages, such as flexibility, shape diversity,

and light weight. Similar to conventional LIBs, flexible LIBs with long cycle life

and high-rate performance are very important for applications of high performance

flexible electronics. Herein, we report a three-dimensional (3D) web-like binder-

free Li4Ti5O12 (LTO) anode assembled from numerous 1D nanowires exhibiting

excellent cycling performance with high capacities of 153 and 115 mA·h·g–1 after 

5,000 cycles at 2 C and 20 C, respectively, and excellent rate property with a 

capacity of 103 mA·h·g–1 even at a very high current rate of 80 C. Surprisingly, a 

flexible full battery assembled from the web-like LTO nanostructure and LiMn2O4

(LMO) nanorods exhibited a high capacity of 125 mA·h·g–1 at high current rate 

of 20 C, and showed excellent flexibility with little performance degradation even

in seriously bent states. 

 
 

1 Introduction 

The design of flexible and portable electronic systems, 

such as rollup displays, smart cards, wireless sensors, 

and wearable devices, requires flexible, and environ-

mentally friendly energy storage devices with shape- 

conformability, aesthetic diversity and excellent 

mechanical properties [1–6]. As one type of flexible 

power source, flexible lithium ion batteries (LIBs) have 

drawn great interest, and recently, many devices 

based on conductive paper [7, 8], three-dimensional 

electrodes [9, 10], and cable-type structures [11–15] 

have been successfully fabricated. Similar to conven-

tional LIBs, flexible LIBs with high safety, long cycle 

life and high-rate performance are very important for 

applications of high performance flexible electronics. 

To meet the high-rate and long-life requirements, 

many strategies have been developed, such as reducing 

the transport path lengths of lithium ions and electrons 

[16–18], increasing the lithium diffusion coefficient 

[19], improving the electronic conductivity [20, 21], 

and enhancing the active surface between electrode 
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materials and the electrolyte [22–24]. Nevertheless, 

the state-of-the-art electrodes, especially for the 

flexible LIB systems, still suffer from short cycle life 

and insufficient rate performance. Fabricating novel 

structured electrodes with ultralong-life and high-rate 

performance is still strongly desirable for flexible 

batteries. 

Spinel lithium titanate Li4Ti5O12 (LTO) has been 

regarded as one of the most promising anode materials 

for long-life and high-rate LIBs because of its zero 

volume change during lithiation and the improved 

safety owing to an extremely flat discharge and charge 

plateaus at about 1.55 V vs. Li/Li+, which make it  

safe by avoiding the formation of a solid-electrolyte 

interphase (SEI) [25–30]. However, the kinetic problems 

associated with low electrical conductivity (10–13 S·cm–1) 

and lithium diffusion coefficient (10–9 to 10–13 cm2·S–1) 

indicate that only a limited area of the outer surface 

layer is available for Li+ insertion/extraction, especially 

at high charge–discharge rates [25, 31]. As a result, a 

great deal of effort has been devoted to the synthesis 

of LTO nanostructures with large surface area and 

reduced size, such as nanowires and nanosheets, to 

enhance the active sites for Li+ insertion/extraction 

[25–28]. Benefiting from their kinetically favorable 

structures, these nanostructures have indeed exhibited 

significantly improved rate capability and prolonged 

cycle life. In addition, binder-free and self-supported 

LTO nanostructures on carbon fabric and titanium 

(Ti) foil have been demonstrated with ultrafast power 

rate and long lifespan because of the enhanced active 

surface and electrochemical environment for lithium 

storage reactions [27, 28]. However, charge–discharge 

cycling of such LTO anodes for more than 5,000 times 

has seldom been attained, and their applications in 

flexible batteries still need to be further developed. 

In this work, we have designed a three-dimensional 

(3D) web-like LTO electrode assembled from numerous 

1D nanowires grown directly on Ti foil by using a 

facile template-free route. When used as a binder-free 

anode for LIBs, the as-synthesized web-like LTO 

nanostructure manifest excellent cycling performance 

with high capacities of 153 and 115 mA·h·g–1 after 

5,000 cycles at 2 C and 20 C, respectively, and excellent 

rate properties with capacity of 103 mA·h·g–1 even at 

a very high current rate of 80 C (1 C rate is taken to 

be 175 mA·g–1) due to the enhanced active surface, 

and the reduced transport path lengths of lithium 

ions and electrons. Excitingly, a flexible full battery 

assembled from the web-like LTO nanostructure and 

LiMn2O4 (LMO) nanorods exhibited a high capacity 

of 125 mA·h·g–1 at high current rate of 20 C. More 

importantly, the as-fabricated full battery showed 

excellent flexibility with little performance degradation 

even when it was bent to a radius of < 8 mm. The 

realization of this flexible battery with high-rate 

performance will benefit the development of flexible 

electronics. 

2 Experimental 

2.1 Synthesis and characterization of web-like 

Li4Ti5O12 nanostructures on Ti foil 

The web-like Li4Ti5O12 nanostructures were synthesized 

via a modified hydrothermal method, similar to the 

previous report [26]. In a typical process, a piece of Ti 

foil (5 × 1 cm ) was ultrasonically cleaned in water, 

acetone and ethanol for 15 min, and then placed in a 

50 mL Teflon-lined stainless steel autoclave which 

was filled with 40 mL of 1 M NaOH aqueous solution 

and then kept at 220 °C for 16 h. After hydrothermal 

growth, the Ti foil covered sample was immersed in 

0.5 M HCl solution for 1 h to replace Na+ with H+, 

which was followed with immersion in 2 M LiOH 

solution at 60 °C for 8 h. After rinsing with deionized 

water and drying under ambient conditions, the Ti 

foil covered with white product was calcined in N2 at 

a temperature of 600 °C for 1.5 h to obtain the LTO 

phase. The loading density of LTO was calculated to 

be 0.8 mg·cm–2 by carefully measuring the total weights 

of the Ti foil before and after the growth of LTO. 

2.2 Fabrication of LiMn2O4 nanorods 

LiMn2O4 nanorods were fabricated via a solid state 

reaction between β-MnO2 nanorods and lithium 

hydroxide according to our previous report [19]. 

Typically, β-MnO2 nanorods were first synthesized 

using a simple hydrothermal method with manganese 

sulfate and potassium chlorate as the reaction materials. 

Then the as-obtained β-MnO2 nanorods were mixed 

with lithium hydroxide with molar ratio of 1:0.55, 
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followed by annealing at 750 °C for 10 h in air to 

obtain the LiMn2O4 nanorods. 

2.3 Materials characterization 

The crystal structure of the obtained samples was 

characterized by X-ray diffraction (XRD) (X’Pert PRO) 

with Cu Kα radiation. The microstructural properties 

were characterized using transmission electron micros-

copy (TEM) (Tecnai G2 F30), and scanning electron 

microscopy (SEM, Sirion 200). The X-ray photoelectron 

spectroscopy (XPS) analysis was performed on a AXIS- 

ULTRA DLD-600W system with a monochromatic 

aluminium anode X-ray source.  

2.4 Electrochemical measurements 

Electrochemical characterization of the half cells were 

was performed in laboratory-made two-electrode 

CR2032 coin cells assembled in an argon-filled glovebox 

using a pure lithium foil as the counter electrode. The 

conventional binder-enriched electrode was prepared 

by mixing 70 wt.% active material (LTO nanowires), 

20 wt.% carbon black, and 10 wt.% polyvinylidene 

fluoride (PVDF) in N-methyl pyrrolidinone (NMP). 

The slurry was then spread uniformly on a Cu foil 

current collector and dried under vacuum at 110 °C for 

12 h. A separator membrane (Celgard 2300) was used 

to isolate the two electrodes. The electrolyte was 1 M 

LiPF6 dissolved in a mixture of ethylene carbonate 

(EC) and dimethyl carbonate (DMC) (v/v = 1:1). The 

coin cells were discharged/charged at different 

current densities with potential window of 1.0 – –2.5 V 

(vs. Li+/Li) for the Li4Ti5O12 anode (1 C = 175 mA·g–1) 

and 3.2 – –4.5 V (vs. Li+/Li) for the LiMn2O4 cathode  

(1 C = 145 mA·g–1) by using a battery testing system 

(LAND, China). Cyclic voltammetry (CV) was mea-

sured on an electrochemical workstation (CHI 760D, 

CH Instruments Inc., Shanghai) at a scan rate of 

0.5 mV·s–1. For the full battery, each electrode was cut 

into a rectangle of 3 × 1 cm with a narrow strip on edge 

to connect with wires. The electrodes and separator 

were immersed in electrolyte for 12 h before the whole 

battery was assembled and sealed by poly(dimethyl 

siloxane) (PDMS) gel. The capacities and C-rate 

currents were calculated based on the anode active 

material (1 C corresponding to 175 mA·g–1). The 

calculation of the capacities for both the half-cell and 

full-cell were based on the mass of the LTO. 

PDMS gel was fabricated by vigorously mixing 

base and curing agent (Sylgard 184; Dow Corning), 

followed by degassing in a freezer at a temperature 

of 4 °C for 1 h and thermally curing at 50 °C for 3 h. 

3 Results and discussion 

3.1 Structural characterization 

Figure 1(a) shows a photograph of a Ti foil with size 

of 5 × 1 cm. After reaction, the titanium foil was 

uniformly covered with a white product. The material 

grown on the Ti foil with excellent flexibility (Fig. 1(b)) 

can be directly used as a binder-free electrode for 

LIBs. The XRD pattern of the material on Ti foil is 

given in Fig. 1(c). All the peaks in this pattern (except 

those marked with # coming from the Ti substrate) 

can be assigned to a spinel LTO phase (JCPDS No. 

049-0207). The high-resolution O 1s and Ti 2p core 

level XPS spectra are shown in Fig. S1 (in the Electronic 

Supplementary Material (ESM)). One peak centered 

at 530.0 eV in the O 1s spectrum can be ascribed to the 

Ti–O bonds, and two broad peaks centered at 464.4 

and 458.9 eV correspond well with the characteristic 

Ti 2p1/2 and Ti 2p3/2 peaks of Ti4+ [32–34], revealing the 

purity of the as-synthesized LTO material. 

 
Figure 1 (a) Photographs of the titanium foil (5 × 1 cm) before 

and after the reaction and (b) the excellent flexibility. (c) XRD 

pattern of the as-synthesized LTO nanostructures on Ti foil. 
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A low-magnification field-emission scanning electron 

microscope (FESEM) image of the LTO material is 

shown in Fig. 2(a). It is observed that a 3D web-like 

architecture consisting of many wire-like nanostruc-

tures with length of about 20 μm are formed on the 

Ti foil. The higher magnification image in Fig. 2(b) 

reveals that the architecture is assembled from 

numerous nanowires with uniform diameters, which 

may increase the effective surface area, providing more 

active sites for electrochemical reactions. In addition, 

the large open space between neighboring nanowires 

should allow facile electrolyte diffusion throughout 

the thin film electrode. A TEM image of the LTO 

nanowires is depicted in Fig. 2(c), where a diameter 

of about 50 nm can be observed. A lattice spacing   

of 0.48 nm was seen from the High-resolution TEM 

(HRTEM) image (Fig. 2(d)), in good agreement with 

the d-spacing of 0.48 nm associated with the (111) 

direction of the spinel LTO structure, corresponding 

well with the XRD result. The 3D web-like LTO 

architecture on Ti foil possesses large available 

electrochemical active surface and shortened paths 

for fast ion diffusion and electronic transportation 

[35]. Thus, they can be directly used as a binder-free 

electrode for LIBs to enhance the electrochemical 

performance for lithium storage. 

3.2 Ultralong-life and high-rate performance 

In order to show that the binder-free 3D architecture  

 

Figure 2 (a) and (b) SEM images of the as-synthesized web-like 

LTO nanostructures assembled from nanowires. (c) TEM and  

(d) HRTEM image of the LTO nanowires. 

offers long-life and high-rate lithium storage, a coin- 

type cell configuration was first used to evaluate  

the electrochemical properties of the as-grown LTO 

nanostructures on Ti foil. The long cycle performance 

of the binder-free anode was performed at current rates 

of 2 C and 20 C and the results are shown in Fig. 3(a). 

After 5,000 charge–discharge cycles, the discharge 

capacities of the web-like anode were found to be 153 

and 115 mA·h·g–1 at 2 C and 20 C, corresponding to  

a small capacity loss of 12% and 17%, respectively.  

In contrast, for the conventional binder-enriched  

LTO nanowires on Cu foil, the discharge capacity 

decreases sharply after 500 cycles and is only 

33 mA·h·g–1 after 2,000 cycles at a current rate of 2 C 

(also shown in Fig. 3(a)). The results demonstrate that 

the 3D web-like binder-free LTO architecture effectively 

enhances lithium-ion storage capacity and cycling 

stability. To our knowledge, this is the first report of 

an LTO-based flexible electrode with ultralong cycle 

life up to 5,000 times. The charge–discharge profiles of 

the web-like anode in the voltage range of 1.0–2.5 V at 

current rate of 2 C are also demonstrated in Fig. 3(b). 

The electrode achieved a first discharge capacity as 

high as 173 mA·h·g–1, which is very close to the 

theoretical capacity of 175 mA·h·g–1. In addition, the 

electrode showed a flat voltage plateau at the potential 

of 1.55 V ascribable to the redox of Ti4+/Ti3+, even after 

5,000 charge–discharge cycles, revealing its excellent 

cycling stability. 

Figure 3(c) shows the discharge profiles of the 

web-like LTO anode at different current rates from 1 

to 80 C. As can be seen, at a low C rate of 1 C, the 

electrode achieved a first discharge capacity as high 

as 180 mA·h·g–1, which is a little higher than the 

theoretical capacity of LTO (175 mA·h·g–1) because of 

the enhanced active surface and improved electro-

chemical activity. [27] As the current rate increased, 

the discharge capacity decreased slightly, and even at 

high rate of 80 C, the anode still retains a capacity as 

high as about 103 mA·h·g–1, indicating the excellent rate 

capability of the LTO material. Benefiting from its 

unique web-like structure assembled from 1D nano-

wires, the binder-free LTO anode exhibits exceptional 

cycling response and enhanced rate capability to 

continuously varied current rates when compared  
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with the conventional binder-enriched LTO anode,  

as revealed in Fig. 3(d). Compared with the binder- 

enriched electrode, the specific capacities of the 

binder-free web-like LTO anode are substantially 

increased at all investigated charge–discharge rates 

from 1 C to 80 C. For instance, at a rate of 80 C, the 

web-like LTO architecture exhibited a capacity of 

103 mA·h·g–1, about two times greater than that of the 

LTO nanowire coating on Cu foil. After 300 cycles, 

the discharge capacity of the LTO nanostructures 

returned to their original value without degradation, 

revealing their excellent reversibility. Furthermore, 

the capacities of the binder-free web-like LTO anode 

decrease slowly with the increase of rate, illustrating 

its superior rate performance. 

The enhanced lithium-ion storage capacity, cycling 

performance and improved storage kinetics, particularly 

at high C rates, of the binder-free electrode can be 

ascribed to the increased number of active sites, the 

reduced transport path for ions and electrons due  

to the 1D nanostructures, and the enhanced contact 

surface between the electrode material and electrolyte 

attributed to the 3D architecture. To give more direct 

evidence, the morphologies of the anode after 500 

and 2,000 charge–discharge cycles at 2 C were com-

pared. As can be seen in Fig. 4, there was no significant 

structural degradation of the LTO nanowires on Ti 

foil, confirming their excellent morphological stability 

during the electrochemical reactions, which contributes 

to the superior electrochemical performances of the 

binder-free LTO anode. A low-magnification SEM 

image of the anode after 500 charge–discharge cycles 

is also given in Fig. S2 (in the ESM) and confirms the 

structural stability of the LTO nanowires. 

 

Figure 3 (a) Electrochemical performances of the web-like LTO anode: (a) Long-life cycling performance at 2 C and 20 C, 

(b) galvanostatic charge–discharge curves at 2 C, and (c) discharge curves ranging from 1 C to 80 C. (d) Specific discharge capacities of 

the web-like and binder-enriched anodes at various C rates. 
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Figure 4 SEM images of the LTO anode after (a) 500 and (b) 

2,000 charge–discharge cycles at a current rate of 2 C. 

3.3 Flexible full batteries 

To explore the potential application of the ultralong- 

life and high-rate web-like LTO architecture as the 

anode for a flexible full battery, spinel LMO nanorods 

were synthesized and selected as the cathode material 

because of their 3D tunnel structure for the migration 

of lithium ions and advantage of fast charging resulting 

from the stable delithiated structure [19, 36–38]. The 

structures and electrochemical performance of the 

LMO nanorods are shown in Figs. S3–S6 (in the ESM). 

Using the LMO nanorods coated on flexible stainless 

steel cloth, with over-capacity relative to that of LTO 

anode, as the cathode, a flexible full battery was 

assembled, and the device structure is shown in 

Fig. 5(a). The photograph of the full battery with an 

active area of 3 × 1 cm is shown in Fig. S7 (in the ESM). 

Figure 5(b) shows the charge–discharge voltage pro-

files of the as-fabricated LTO half-cell, LMO half-cell 

and flexible LTO//LMO full-cell, respectively. As 

expected from the operating voltages of the LTO anode 

and the LMO cathode, their combination produces a 

battery with an operating voltage of about 2.4 V. 

The cycling performance of the as-fabricated full 

battery is shown in Fig. 5(c). When tested at low current 

rate of 2 C, the capacity remains at 168 mA·h·g–1 after 

70 charge–discharge cycles, which is even higher than 

its initial value (163 mA·h·g–1). In addition, the voltage 

platforms show little change over the whole charge– 

discharge cycle processes (Fig. 5(d)), demonstrating the 

excellent stability of the flexible battery. An additional 

great advantage of the flexible full battery is that the 

battery can be operated at high C rate, as revealed in 

Fig. 5(c). The capacity remains at 120 mA·h·g–1 at a 

high rate of 20 C after 70 cycles, thus retaining about 

98% of its initial value. The results demonstrate the 

outstanding cycling stability of the flexible full battery 

even at high C rate. More importantly, compared with 

the capacity at 2 C, there is only a 25% capacity loss at 

a high current rate of 20 C for the flexible full battery, 

indicating its superior rate performance. 

Real applications of flexible batteries depend on 

their mechanical properties and stability under various 

bending conditions. Figures 6(a)–6(c) show the robu-

stness tests of our fabricated flexible battery at different 

fixed bending states on a bending stage machine. At 

bending conditions from states 1 to 3 (corresponding 

to Figs. 6(a)–6(c)), the charge–discharge profiles were 

recorded during the galvanostatic cycling tests at a 

rate of 2 C. In the first charge–discharge process, there 

is only a small capacity loss with increasing bending 

degree (Fig. 6(d)), and after 60 charge–discharge cycles, 

the voltage platform under bending states 2 and 3 also 

suffers from little degradation (Fig. 6(e)), demon-

strating the excellent mechanical stability. The cycling 

performance of the flexible full batteries under 

bending states 2 and 3 are depicted in Fig. 6(f). The 

capacities remain at 147 and 133 mA·h·g–1 after 60 

cycles, about 93% and 88% of their initial values under 

bending states 2 and 3, respectively. The reduction  

in specific capacity can be attributed to the charge 

transfer of lithium ions from and into the electrode 

and the contact resistance existing between the anode 

and cathode, which are greatly affected by residual 

internal stresses of the flexible battery. After being 

fully charged, the flexible battery was able to light a 

blue light-emitting diode (LED) even in the bent state, 

as shown in Fig. 6(g). The high-rate and outstanding 

flexibility of the LTO-based full battery make it very  
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Figure 5 (a) Schematics of the as-fabricated flexible battery. (b) Galvanostatic charge–discharge curves at 2 C of the LMO, LTO half 

cells and the assembled full battery. (c) Cycling performance at 2 C and 20 C, and (d) charge–discharge curves at 2 C of the full battery.

 
Figure 6 (a)–(c) Photographs of the as-assembled flexible battery at different bending states. Charge–discharge curves of the full 

battery at different bending states at the (d) 1st cycle and (e) 60th cycle at 2 C. (f) Cycling performance of the battery at state 2 and 3 at 2 C. 

(g) Lighting a blue LED device under bending. 
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promising for flexible electronics that require shape- 

conformability and excellent mechanical properties. 

4 Conclusions 

A web-like LTO architecture formed by assembly of 

numerous nanowires on Ti foil has been directly 

used as the binder-free anode for LIB, and exhibited 

ultralong life up to 5,000 cycles at 2 C and 20 C 

without obvious performance degradation, with 

enhanced rate capabilities at various current rates 

ranging from 1 C to 80 C compared with the con-

ventional binder-enriched LTO nanowire electrode. 

The excellent electrochemical performance can be 

ascribed to the improved number of active sites, 

reduced transport path for ions and electrons due  

to the 1D nanowires, and enhanced contact surface 

between the electrode material and electrolyte attri-

buted to the 3D architecture and binder-free anode. 

More importantly, a flexible full battery assembled 

from the binder-free web-like LTO anode and LMO 

nanorods cathode demonstrated high capacity and 

cycling stability even at a high current of 20 C, and 

excellent mechanical stability with acceptable capacity 

loss under severe bending. The superior flexibility  

of the battery coupled with its outstanding cycle 

reversibility, high rate performance, and excellent 

mechanical stability make it very promising for the 

next-generation flexible electronics. 
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