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Abstract Spinel Li4Ti5O12 nanoparticles were pre-

pared via a high-temperature solid-state reaction by

adding the prepared cellulose to an aqueous dispersion of

lithium salts and titanium dioxide. The precursors of

Li4Ti5O12 were characterized by thermogravimetry

and differential scanning calorimetry. The obtained

Li4Ti5O12 nanoparticles were characterized using X-ray

diffraction, transmission electron microscopy (TEM) and

electrochemical measurements. The TEM revealed that

the Li4Ti5O12 prepared with cellulose is composed of

nanoparticles with an average particle diameter of

20–30 nm. Galvanostatic battery testing showed that

nano-sized Li4Ti5O12 exhibit better electrochemical

properties than submicro-sized Li4Ti5O12 do especially

at high current rates, which can deliver a reversible

discharge capacity of 131 mAh g-1 at the rate of 10 C,

whereas that of the submicro-sized sample decreases to

25 mAh g-1 at the same rate (10 C). Its reversible

capacity is maintained at *172.2 mAh g-1 with the

voltage range 1.0–3.0 V (vs. Li) at the current rate of

0.5 C for over 80 cycles.
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Introduction

It is well known that lithium ion batteries with high

energy and power density have attracted much atten-

tion due to be extensively used for consumer elec-

tronic devices, portable power tools and vehicle

electrifications (Kim et al. 2008). In the present

commercial lithium ion batteries, graphite has been

widely used as the lithium ion battery anode due to its

even discharge–charge potential profile and low cost.

Unfortunately, graphite has some disadvantages and

cannot meet satisfactorily the performance require-

ments of some important applications, especially in

the safety and rate performance (Qiao et al. 2008;
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Ge et al. 2008; Shen et al. 2006; Wang et al. 2006). As a

result, alternative anode materials have attracted much

interest. One promising candidate is spinel Li4Ti5O12,

which has a theoretical capacity of 175 mAh g-1, a flat

discharge potential of 1.56 V versus Li/Li? and other

advantages, such as low cost, environmental friendli-

ness, excellent electrochemical properties and high

safety. In addition, this spinel material, as a zero-strain

insertion material, was proposed for anodes in lithium

secondary batteries since there is no structural change

during the insertion/extraction of lithium ions (Liu et al.

2009; Gao and Tang 2008; Gao et al. 2006). In recent

years, spinel anode material Li4Ti5O12 has been

extensively and deeply studied as an attractive anode

material for lithium ion batteries.

However, as an insulator, the low rate capacity of

Li4Ti5O12 resulting from poor electronic conductiv-

ity and its low tap density is the main impediment to

commercialization. In fact, many new approaches

have suggested solutions to improve the conductiv-

ity as follows (Jin et al. 2008; Gaberscek et al.

2007; Qi et al. 2009; Wang et al. 2006): (1) coating

with an electron-conducting phase; (2) ionic substi-

tution to enhance the electrochemical properties; and

(3) particle size minimization while synthesizing the

nano-sized particles as one of the most effective

methods. Synthesizing the nano-sized Li4Ti5O12

could heighten the electrochemical performance of

electrode materials, because small particle size will

not only obviously shorten Li? diffusion path and

broaden the electrode/electrolyte contact surface, but

also decrease the charge-transfer resistance of the

electrodes (Jiang et al. 2006; Croce et al. 1998; Yi

et al. 2010). However, it is very difficult to control

the Li4Ti5O12 sizes via an easy way of solid-state

reaction at high temperature.

We report a facile method with simple raw

materials to synthesize Li4Ti5O12 nanoparticles. The

rate capability of the nano-sized Li4Ti5O12 has been

improved significantly compared to that of submicro-

sized Li4Ti5O12 prepared by the same method.

Although Yuan et al. (2009a, b, 2010) have indeed

used cellulose during the preparation process, the

obtained particle size is 0.2–0.8 lm and its discharge

capacity is around 120 mAh g-1 at 10 C. In our paper,

the transmission electron microscopy (TEM) image of

the as-prepared Li4Ti5O12 used cellulose shows that

all the particles are nano-sized and well distributed;

the particle diameter is in the range of 20–30 nm, and

discharge capacity is about 130 mAh g-1 at the same

current rate (10 C).

Experimental

Synthesis of cellulose

20 mL concentrated H2SO4 (98%) and 10 mL con-

centrated HNO3 (68%) were mixed together and

stirred, and then absorbent cotton was added and

immersed in this mixture for 30 min. Thereafter, the

product was washed with distilled water several times

to remove other ions and the acid, and then dried at

60 �C for 12 h. The obtained cellulose was milled for

further use (Shen et al. 2006).

Li4Ti5O12 preparation

42 mmol LiAc�H2O, 50 mmol TiO2 and the prepared

cellulose (2 g) were put in deionized water and stirred

for 6 h. Excess Li was added to compensate for lithium

volatilization loss during the high temperature of

synthesis (Qi et al. 2009; Huang et al. 2011). The

mixture was dried at 100 �C to remove water and the

solid precipitated product was obtained. Then the solid

precipitated product was preheated at 300 �C for 2 h

to produce powder, which was put into an agate mortar

and ground with a pestle for 0.5 h to get a well-mixed

powder, and then it was calcined in air at 800 �C for

10 h in a muffle furnace. The Li4Ti5O12 nanoparticles

were obtained. The submicro-sized Li4Ti5O12 was

synthesized as above but without adding cellulose.

Characterization

The thermal decomposition behavior of the Li4Ti5O12

precursor powders was examined by means of ther-

mogravimetry and differential scanning calorimetry

(TG-DSC; STA449F3, NETZSCH, Germany) at a

heating rate of 10 �C min-1. Powder X-ray diffraction

(XRD; MXP18AHF, MAC, Japan) using Cu Ka
radiation (k = 1.54056 Å) was used to identify the

phase composition of the synthesized powders. The

grain size and structure of the samples were observed

using TEM (H-600, HITACHI, Japan) with an accel-

erating voltage of 100 kV. The electronic conductivity

of the samples was measured by using 4-point probes
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resistivity measurement system (RTS-9; PROBES,

China). The surface areas of the samples were

estimated by Brunauer-Emmett-Teller (BET; JW-BK,

China).

Electrochemical measurements

The anodes were prepared by mixing 75 wt% Li4Ti5O12

powders with 15 wt% acetylene black, and 10 wt%

polyvinylidene fluoride (as binder) in N-methylpyrroli-

done and with Cu foil as the current collector. Lithium

foil was used as the counter electrode, and the separator

was a Celgard 2400 microporous polyethylene mem-

brane. The electrolyte was 1 M LiPF6/EC ? DEC (1:1,

v/v). CR2032-type coin cells were assembled in an

argon-filled glove box. Galvanostatic charge and dis-

charge were controlled between 1.0 and 3.0 V on a cell

test instrument (LAND CT2001, KINGNUO, China) at

room temperature. The cyclic voltammetry was carried

out on a CHI600B Electrochemical Workstation (CHI,

600B, CHENHUA, China) in the potential range of

1.0–3.0 V at a scan rate of 0.1 mV s-1. Electrochemical

impedance spectroscopy measurements were per-

formed using an impedance system (IM6ex, ZAHNER

ELEKTRIK, Germany). The spectrum was potentio-

statically measured by applying an ac voltage of 5 mV

over the frequency range from 0.01 Hz to 100 kHz.

Results and discussion

Figure 1 exhibits the result of simultaneous TG-DSC of

the Li4Ti5O12 precursors obtained by adding cellulose or

not. Figure 1a exhibits the result of simultaneous TG-

DSC of a mixture containing LiAc�H2O and TiO2. Two

significant weight losses can be detected in Fig. 1a: the

first one occurs between 60 and 260 �C (Dm = 4.57%)

and is associated with release of physically adsorbed

water process; the second one (Dm = 16.41%) occurs

between 260 and 600 �C and can be related to release of

the water of crystallization and thermal decomposition

of the partial reactants. Figure 1b exhibits the result of

simultaneous TG-DSC of a mixture containing

LiAc�H2O, TiO2 and the prepared cellulose. The TG

curve of Fig. 1b presents two steps of weight loss.

Release of an amount of physically absorbed water and

cellulose occurs between 60 and 260 �C (Dm = 19.62%),

and because of loss of cellulose, there is more weight

loss than that shown in Fig. 1a. A continuous weight

loss between 260 and 600 �C can be related to the

release of the water of crystallization and thermal

decomposition of the partial reactants. Judging from

the difference of the weight loss between Fig. 1a and b,

the decomposition of cellulose can be confirmed by

the TG-DSC curves between 60 and 260 �C as shown

in Fig. 1b. There is an obvious exothermic DSC

peak at 650 �C, suggesting that the crystallization of

Fig. 1 TG-DSC analyses conducted on Li4Ti5O12 precursors

obtained by a without cellulose; b adding cellulose; c TG

analyses about the synthesized Li4Ti5O12 with/without cellulose

in air to 900 �C
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Li4Ti5O12 forms above this temperature. Therefore,

it is necessary to calcine the Li4Ti5O12 precursor

above 650 �C to obtain the crystallized phase (Shen

et al. 2006; Wang et al. 2006). In this study, thermal

conversion into Li4Ti5O12 and subsequent crystal-

line growth was finished by preheating the precursor

at 300 �C for 2 h to produce powder. The obtained

powder was then calcined at 800 �C in air for 10 h.

Figure 1c shows a small amount of weight loss of

carbon in Li4Ti5O12 synthesized with cellulose. The

presence of carbon can improve the electrical

conductivity of Li4Ti5O12.

Figure 2 shows the XRD patterns for Li4Ti5O12

synthesized by adding cellulose or not, which were

collected using Cu Ka radiation (k = 1.54056 Å).

The diffraction patterns confirm that both the crystal

structures are coincident with the spinel Li4Ti5O12

standard in the Joint Committee on Powder Diffrac-

tion Standards database (JCPDS No. 49-0207). No

impurity was detected from the XRD patterns of the

samples, indicating that the two samples have the

cubic spinel structure (Liu et al. 2009). From the XRD

patterns, we can see that Li4Ti5O12 were synthesized

successfully by adding cellulose or not, and the added

cellulose does not change the cubic structure of spinel

Li4Ti5O12.

TEM image of the synthesized Li4Ti5O12 without

adding cellulose reveals that the particles are mainly

submicro-sized, and the particle shapes are not regular

as shown in Fig. 3a. Figure 3b shows the TEM image

of the Li4Ti5O12 by adding cellulose, in which we can

clearly see that all the particles are nano-sized, well-

distributed and the particle diameter is in the range of

20–30 nm. Here cellulose works as an absorbing agent

and a kind of dispersant, which could easily absorb

metal ions so that the metal ions could be effectively

distributed on the surface of cellulose. The aggrega-

tion of metal ions can be prevented (Shen et al. 2006).

It is obvious that addition of cellulose avoids effec-

tively the growing of crystal grain exceptionally to

overcome the agglomeration of particles. The sample

added cellulose can provide higher surface area and

better electrical conductivity. In order to confirm this,

Fig. 2 The XRD patterns for Li4Ti5O12 synthesized by adding

cellulose or not

Fig. 3 TEM images of the samples: a Li4Ti5O12 prepared without adding cellulose; b Li4Ti5O12 prepared by adding cellulose
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we have carefully tested the electrical conductivity

and BET surface area for comparison with both of the

samples as shown in Table 1. It can been seen clearly

that the surface area of the sample prepared by adding

cellulose is almost three times of that of the sample

without adding cellulose, and the electrical conduc-

tivity of the sample prepared by adding cellulose is

higher than that of the sample without adding cellu-

lose. The results indicate that the Li4Ti5O12 prepared

with cellulose has ideal spinel structure, regular shape,

narrow particle size distribution, higher surface area

and electrical conductivity improved by residual

carbon from calcining of cellulose.

Figure 4 shows the cyclic voltammograms (CVs) of

nano-sized Li4Ti5O12 and submicro-sized Li4Ti5O12

in the potential range of 1.0–3.0 V at the scan rates of

0.1 mV s-1. Each curve clearly demonstrates that

there is one pair of redox peaks in the range of

1.0–3.0 V, which is in accordance with the typical CV

characteristics of spinel Li4Ti5O12. The redox peaks

should be attributed to the oxidation and reduction of

Ti3?/Ti4? accompanied along with Li? insertion/

extraction in the materials (Wang et al. 2009; Yi et al.

2009). However, compared with submicro-sized

Li4Ti5O12, the peak currents and integrated peak area

of nano-sized Li4Ti5O12 are much higher, indicating

that nano-sized Li4Ti5O12 have a higher capacity and

reactivity. These confirm that the Li4Ti5O12 nanopar-

ticles have good reversibility and the nano-sized

structure is very advantageous for the transportation

of Li?.

Figure 5a shows the rate performance of the nano-

sized Li4Ti5O12 and submicro-sized Li4Ti5O12 at

different current densities (0.1, 0.5, 1, 5 and 10 C).

We have observed that nanostructured Li4Ti5O12 has a

much higher discharge capacity with increasing in

current density. At the lowest current rate of 0.1 C

(from cycles 1–10), both the samples have a specific

Table 1 Electrical conductivity and BET area of the samples

Samples Electrical

conductivity

(S cm-1)

BET area

(m2 g-1)

Li4Ti5O12 submicron particles \10-8 16.6

Li4Ti5O12 nanoparticles 1.8 9 10-7 48.9
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Fig. 4 Cyclic voltammograms of nano-sized Li4Ti5O12 and
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Fig. 5 a Rate performance of the nano-sized Li4Ti5O12 and

submicro-sized Li4Ti5O12 at different current densities. b Graph

of specific discharge capacity versus cycle number for

Li4Ti5O12 nanoparticles at the current density of 0.5 C
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discharge capacity around 173 mAh g-1, which is

close to the theoretical capacity, but with increasing

current density from 0.5 to 10 C (from cycles 11–50),

it leads to a large difference in performance, especially

at 10 C; the specific discharge capacity of the nano-

sized Li4Ti5O12 remains almost 128 mAh g-1, while

that of the other sample decreases to 25 mAh g-1.

This improvement might be attributable to the high

surface area and high electrical conductivity of the

nanostructured materials (Liu et al. 2009). The data

indicate that the large surface-to-volume ratio of nano-

sized particle enhances the kinetics of the Li4Ti5O12

electrodes. To evaluate the discharge capacity reten-

tion, the nano-sized Li4Ti5O12 was performed 80

cycles at 0.5 C (Fig. 5b). The sample shows very good

discharge capacity retention and the discharge

capacity retention after 80 cycles is about 99.4%.

The results come from the nano-sized active materials

which can supply larger electrode/electrolyte contact

area. Therefore, the nano-sized Li4Ti5O12 material

shows excellent discharge capacity retention through

the reduction of particle size (Kim et al. 2008; Croce

et al. 1998; Yi et al. 2010).

The electrochemical results are shown in terms of

voltage versus discharge capacity (Fig. 6a) and volt-

age versus differential capacity (dQ/dV) (Fig. 6b) in

the 1st and 80th discharge process at 0.5 C of nano-

sized Li4Ti5O12. The 1st and 80th discharge capacities

were 173.3 and 172.2 mAh g-1, respectively, with a

voltage plateau at about 1.56 V versus Li/Li?. From

the 1st cycle to the 80th cycle, the capacity loss is

about 0.6%, which illustrates that discharge capacity

retention remains at 99.4% throughout the cycling

process. The voltage versus dQ/dV curves clearly

display a spike peak at about 1.56 V (Fig. 6b), which

corresponds to a flat discharge plateau (Fig 6a). The

voltage versus dQ/dV curve over 80 cycles is nearly

the same as that of the 1st cycle, which can be inferred

that Li4Ti5O12 nanoparticles have better cycling

behavior and stability.

The curves of Fig. 7 present typical Nyquist plots of

the nano-sized Li4Ti5O12 and submicro-sized

Li4Ti5O12. The plots are similar to each other in shape,

with a semicircle line appearing in the high-frequency

domain and a straight line in the low-frequency region.

The depressed semicircle in the moderate frequency

region is attributed to the charge-transfer process (Liu

et al. 2009; NuLi et al. 2008). Compared with the results
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shown, it can be seen that the semicircle for the nano-

sized sample is smaller. The charge-transfer resistance

of the nano-sized Li4Ti5O12 electrode is around 140 X,

while that of submicro-sized Li4Ti5O12 electrode is

above 270 X. This indicates that the nano-sized parti-

cles decrease charge-transfer resistance (Maier 2007),

which is in good agreement with the electrochemical

test results above.

Conclusions

Nano-sized Li4Ti5O12 was obtained by adding cellu-

lose to TiO2 and LiAc�H2O by a high-temperature

solid-state reaction. The added cellulose does not

affect the spinel structure. Moreover, due to the fine

particle size and large surface area, nano-sized

Li4Ti5O12 showed better electrochemical perfor-

mance, with the good discharge capacity retention of

99.4% after the 80th cycle at 0.5 C and less inner

resistance, higher reversibility and the discharge

capacity of 131 mAh g-1 at 10 C, which is remark-

ably higher than that of the submicro-sized Li4Ti5O12.
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