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Nitrogen-doped carbon nanomaterials (NC), originating from melamine, decorated nano-Li4Ti5O12 composites (LTO/NC) 

have been prepared by a simple high-energy ball milling with further heat treatment under nitrogen atmosphere. The as-

prepared LTO/NC composites had a regular structure with a size of 300 to 500 nm. The optimum designed LTO/NC 

composites showed the best performance with a high rate capacity of 161.5 mAh·g
-1

 at 1 C and showed excellent stability 

with 97.2% capacity retention after 100 cycles, as well as a remarkable rate capacity by maintaining 103 mAh·g
-1

 of the 

capacity at 20 C. The composites also exhibited excellent performances because of the NC decoration, which enhanced the 

electrochemical reactivity and electronic conductivity. These results provide a facile, general, and cost-effective strategy 

for the synthesis of LTO composites anode materials for high-performance lithium-ion batteries.

 Introduction 

With the increasing applications of electric vehicles and 

portable electric devices, lithium-ion batteries (LIBs) with high 

energy and power density are extremely considered as the most 

suitable candidates.
1-3

 Among the various electrode materials, 

Li4Ti5O12 (LTO) has been extraordinarily investigated for LIBs 

because of its excellent reversibility, relatively higher operating 

voltage (1.55 V vs. Li/Li
+
), and high safety and thermodynamic 

stability.
4-7

 More importantly, the solid-electrolytes interphase (SEI) 

layer does not form during the lithiation and delithiation 

processes.
8
 However, the poor intrinsic electrical conductivity (<10

-

13
 S cm

-1
) and the moderate Li

+
 diffusion coefficient (10

-9
 to 10

-13
 

cm
2
·
 
s

-1
) of LTO seriously hinder its scalable application as high 

energy density and rata performance batteries. 

Various effective strategies have been performed to improve 

the rate capability and shorten the distance of the Li
+
 and electron 

transport, such as nanostructure reconstruction, doping, and 

coating.
9-13 

Carbon-coated LTO nanostructures have been 

demonstrated to improve electrochemical performance.
14-16

 In fact, 

coated carbon layer, which originates from organic compounds, 

cannot be completely graphitized under the common synthesis 

temperature (<1000 °C), which causes the low conductivity of the 

carbon layer. At present, hetero-atoms (such as N and B) doped 

carbon materials are widely used to enhance electrochemical 

reactivity and electronic conductivity.
17,18

 NC materials can induce 

significant defects and form a disordered carbon structure to 

stabilize the anode structure, which may serve as additional active 

sites for enhancing lithium storage properties and preventing the 

collapse of the anode structure. Moreover, NC can increase the 

interlayer distance, ensuring the penetration of Li
+
.
19

 Thus, adopting 

advanced hetero atoms doped carbonaceous materials to coat the 

nanostructure LTO anode for enhancing electrochemical 

performances is worthwhile. In the present work, we design a facile 

way to prepare the NC-coated LTO nanomaterials using melamine 

as the nitrogen and carbon sources. Melamine is one of the 

superior N contents (about 67%) and low cost organic compounds. 

Electrochemical studies show the promising capacity and stability of 

the NC-decorated LTO nanomaterials for LIBs. 

Experimental  section 

Preparation of pristine Li4Ti5O12 (LTO) and nitrogen-doped carbon 

nanomaterials decorated Li4Ti5O12 (LTO/NC) 

The pristine LTO was prepared through a typical wet-milling 

procedure as the follows: 5 mmol TiO2 nanospheres with the 

diameter 100–200 nm diameters were mixed with a 4.05 mmol 

LiOH in 20 mL ethanol and redistilled water (1:1, in volume) mixed 

solution, which was milled by high energy mechanical-milling (the 

ball-to-power weight ratio of 20:1). The after-milling mixture was 

dried at 60 
o
C overnight, sintered at 700

 o
C for 3 h in air, and 

naturally cooled.  

To prepare the LTO/NC cathode composites, LiOH, TiO2 

nanospheres, (molar ratio of Li:Ti = 4.05:5) and melamine were 

used as the starting material. Melamine was used as the nitrogen 

and carbon source. The weight ratios of melamine and the two salts 

were 2.5%, 5%, 7.5% and 10%, respectively. The reactors were 
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mixed by high energy mechanical-milling (the ball-to-power weight 

ratio of 20:1) in 20 mL ethanol and redistilled water (1:1, in volume) 

to ensure homogeneous mixing. The mixture was dried at 60 
o
C 

overnight, sintered at 700 
o
C for 3 h in N2, and naturally cooled. The 

final composites were named LTO-1, LTO-2, LTO-3, and LTO-4, 

respectively. 

Physical characterization 

The materials were characterized by X-ray diffraction 

measurement (XRD, Bruker D8 Advance using Cu Ka radiation, 

within the 10.00°-80.00° 2θ range), scanning electron microscopy 

(SEM, Hitachi S3400N), high-resolution transmission electron 

microscopy (HR-TEM, JEOL JEM-2010), inductively coupled plasma 

emission spectroscopy (ICP, OPTIMA 8000DV), thermogravimetric 

analyses (TG, SDT Q600, 10 °C·min
-1

 from room temperature to 800 

°C under air or nitrogen atmosphere with an air or nitrogen flow 

rate of 20 mL·min
-1

), and Raman measurements (Raman, LabRAM 

HR Evolution, equipped with a laser that provide excitation 

wavelength at 633 nm). X-ray photoelectron spectroscopy (XPS) 

measurements were carried out by a Kratos Axis UltraDLD 

spectrometer (Kratos Analytical-A Shimadzu group company) using 

a monochromatic Al Ka radiation (hγ = 1486.6 eV). The binding 

energies of the samples were calibrated by taking C1s peak as a 

reference (284.6 eV). 

Electrochemical tests 

Electrochemical performances of the composites were 

performed with a CR2016-type coin cell battery. The electrode was 

fabricated by pasting a mixture of 85% active material, 10% super P, 

and 5% polyvinylidene fluoride on a copper foil and dried at 100 
o
C 

for 5 h in vacuum. The thickness and radius of the electrodes are 

about 100μm and 1cm, respectively. Metallic lithium slice was used 

as the counter electrode. The electrolyte was 1 mol L
-1

 LiPF6 in 

mixed solvents of ethylene carbonate (EC)/dimethyl carbonate 

(DMC)/ethylmethyl carbonate (EMC) (1:1:1, in volume); and Celgard 

2400 membrane was used as the separator. The cells were 

assembled in an argon-filled glove box (Mikrouna Universal 

2440/750). The galvanostatic charge and discharge experiments 

were performed at a rate of 1–20 C between cutoff voltages of 1.0 

V and 2.5 V on a LAND-CT2001A battery-testing system. Cyclic 

voltammetry (CV) was performed at different scan rates with a 

CHI660E electrochemical workstation (CHI Instruments TN). 

Electrochemical impedance spectroscopy (EIS) was performed to 

compare the conductivities at an amplitude of 5 mV and 

frequencies ranging from 100 kHz to 100 mHz. 

Results and discussion 

Our strategy for preparing the LTO/NC composites consists of 

two steps. First, the precursors are mixed through wet-ball milling 

with water/ethanol. Second, the mixture is sintered at 700 
o
C in air 

(LTO) or nitrogen (LTO/NC) atmosphere. In these processes, 

melamine is used as the nitrogen and carbon sources. Notably, 

there are not needed templates substances and rigorous 

conditions, which provide a facile and cost-effective strategy for the 

synthesis of LTO composites anode material for high-performance 

LIBs. 

 

 
 

 
 

 
Fig.1 The X-ray diffraction of the pristine LTO and LTO/NC (a), SEM images and HR-TEM 

images of pristine LTO (b) and LTO-2 (c), TEM image of LTO-2 (d). 

The XRD, SEM, and TEM patterns of the as prepared LTO and 

LTO/NC are shown in Fig. 1. The XRD diffraction peaks (Fig. 1a) of 

the synthesized LTO and LTO/NC composites at 2θ = 18.4, 35.6, 

43.2, 47.3, 57.2, 62.8, and 66.1 belonged to the (111), (311), (400), 

(331), (333), (440), and (533) planes, which can be indexed as the 
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face-centered cubic spinel phase LTO (Fd3m space group, JCPDS No. 

49-0207). Secondary phase peaks, such as TiO2 or Li2TiO, were not 

detected, indicating the purity of the LTO phase. However, no 

 
Fig. 2 The TG-DSC curves of LTO-2. 

obvious peaks correspond to NC because of its low content. The 

obvious difference is that the white LTO becomes black after NC 

coating. Moreover, the lattice parameter a had a slight change of 

LTO (0.8349 nm) and LTO-2 (0.8337 nm), obtained by analyzing the 

XRD pattern, which indicates that the LTO/NC nanoparticles were 

small. The ICP results indicate that the mole ratio of Li: Ti was 0.78, 

which is close to that in Li4Ti5O12. Well-defined crystals are shown in 

Fig. 1c. The nanoparticles reveal quite uniform sizes, at 300–500 

nm. After being decorated by NC, the SEM image exhibited more 

uniform of LTO. Furthermore, the TEM image (Fig. 1d) shows that 

the LTO nanoparticles dispersed in the NC matrix. The HR-TEM 

image (Fig.1c, inset) clarify that the LTO-2 is surrounded by a thin 

layer NC with the thickness of about 2 nm. The lattice spacing of 

0.48 nm corresponds to the (111) plane of LTO (Fig.1b, inset), which 

is not changed in LTO-2.  

The dehydration processes of LTO-2 were investigated by TG-

DSC analysis. The TG curve of the LTO-2 shown in Fig 2 indicates 

that a sharp weight loss near 200 
o
C continued until 500 

o
C, which 

can be attributed to the skeleton degradation and the slow 

oxidation and decomposition of the NC material.
20

 The strong 

endothermic peak at between about 200 and 500 
o
C corresponds 

with the decomposition of the melamine from NC. After 600 
o
C, 

there was no weight loss in further temperature increases. The TG-

DSC analysis indicates that the amount of NC in LTO-2 was 

estimated to be 3.11 wt%, which is in according with the element 

analysis of 3.53%.  

The XPS survey spectra of LTO-2 are shown in Fig. 3. The 

wide survey spectrum confirmed the presence of Ti, O, N, and 

C elements in LTO-2. The high resolution Ti2p spectrum (Fig. 

3b) exhibits two peaks at 464.1 eV (Ti2p1/2) and 458.3 eV (Ti 

2p3/2), which is in accordance with the previous reports.
5,21

 

The Ti2p3/2 peak of Ti
3+

 is located at about 458.0 eV.
21

 

Accordingly, the Ti2p3/2 peak of the LTO and LTO-2 at 458.0 

eV and 458.3 eV represents a state close to Ti
3+

 (ESI Fig. S1), 

respectively. After the NC decorated, the partial reduction of 

Ti
4+

 on the LTO surface to Ti
3+

 would enhance the electronic 

conductivity.
21

 The high resolution C1s spectrum (Fig. 3c) can be 

deconvoluted into four peaks. The two stronger peaks at 284.2 and 

285.1 eV may be attributed to the sp
2
-hybridized graphite carbon 

and the sp
3
-hybridized diamond carbon, respectively, whereas the 

weaker ones may have originated from the oxygenated carbon 

atoms (285.6 eV for C–O; 288.3 eV for C=O).
22,23

 The peak of N1s  

 

 

 

Fig.3 The X-ray photoelectron spectroscopy of LTO-2. 

that appeared in the XPS indicates that the LTO surface was doped 

with nitrogen. In the high resolution N1s spectrum (Fig. 3d), two 

peaks at 398.1 and 400.1 eV may belong to pyridinic nitrogen (N1) 

and pyrrolic nitrogen (N2), respectively, and the peak at the binding 

energy of 401.3 eV may indicate the presence of quaternary 
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nitrogen (N3).
20,24

 The three different types of nitrogen doping in 

the carbon layer cause the defects in the symmetrical arrangement 

of aromatic rings carbon.
25

 These defects can enhance the 

penetration of Li
+
 in the LTO bulk.

19,20
  

 

 
Fig.4 The Fourier transform infrared spectroscopy (a) and Raman spectra (b) of the bare 

LTO and LTO/NC composites. 

 

 

Fig.5 Cyclic voltammograms curves of LTO (a) and LTO-2 (b). 

The FT-IR and Raman spectra of the LTO and LTO/NC 

composites are shown in Fig. 4. Compared with that of the bare 

LTO, the characteristic features of the composites with C=N or C=O 

stretching vibration (1500–1715 cm
-1

) are present.
22

 There are 

strong peaks at 927 and 623 cm
-1

 in the procursor and final 

composites, which are attributed to the Li–O and Ti–O stretching 

bands. The Raman spectra of LTO-2 display the G band at 1598 cm
–1 

and D band at 1395 cm
–1

, and the peak intensity ration (ID/IG) is 

0.71, which indicates that a considerable amount of structure 

defects exists in the LTO/NC composites.
26-28

 

 

 

 

 
Fig.6 Cyclic voltammetry curves of the bare LTO (a) and LTO-2 (b) at an increasing scan 

rate from 0.5 to 2 mV·s
−1

, respectively; A linear relationship between ip and scan rate 

υ
1/2

 is detected for the bare LTO and LTO-2 (c); The plots of | Ep-E
o
 | vs. lnυ for the bare 

LTO and LTO-2 (d). 

The electrochemical performances of LTO and LTO/NC were 

systematically investigated using a coin-type half cell. The cyclic 

voltammograms (CVs) curves of LTO and LTO-2 are shown in Fig. 5. 

There was a pair of similar reversible redox peaks at 1.70 V (vs. 

Li/Li
+
) and 1.45 V (vs. Li/Li

+
) for LTO and LTO-2, which correspond to 

the processes of Li deintercalation and intercalation,
9
 respectively, 

as shown in reaction (1).
29

 The cathodic and anodic peaks of the 
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LTO-2 are much stronger and sharper than that of the LTO, which 

indicate the better electrode kinetic of the LTO/NC. In addition, the 

potential differences between the cathodic and anodic peaks of LTO 

and LTO-2 are 0.25 and 0.15 V, respectively, which suggests that N- 

doping could improve the electronic conductivity, easy kinetic  

 
Fig.7  Cycling performance of  LTO and LTO/NC at 1 C rate. 

 
Fig.8 The initial and after 100 charge/discharge cycles electrochemical performances 

profiles of the LTO and LTO-2 at 1 C rate. 

properties, and good stability of materials and is favorable for 

reducing the electrode polarization.
30,31

  

[Li]8a[Li1/3Ti5/3]16d[O4]32e + Li
+
 +e

-
 ↔ [Li2]16c[Li1/3Ti5/3]16d[O4]32e  (1) 

Fig. 6 shows the cyclic voltammetry curves of LTO and LTO-2 at 

an increasing scan rate of 0.1 to 10 mV·s
−1

. A linear relationship 

between the ip and scan rate υ
1/2

 was detected for LTO and LTO-2, 

as show in Fig. 6c. The diffusion constant for the Li
+
 ions in the LTO-

2 was calculated according to the Randles-Sevcik equation,
32,33

 ip = 

268600 n
3/2

A D
1/2 

CLi υ
1/2

. The lithium diffusion coefficients of 

lithium (DLi) of LTO and LTO-2 were 1.15 × 10
-15

 and 1.62 × 10
-14

 

cm
2
·s

-1
, respectively. Therefore, the NC that originated from the 

melamine in LTO-2 was uniform, and with a larger lithium ion 

diffusion coefficient and higher electronic conductivity than that of 

the LTO.
21

 Fig. 6d shows the plots of | Ep-E
o
 | versus lnυ for the 

pristine LTO and LTO-2. Both plots showed good linearity within the 

entire range of scan rates studied, which means that the 

electrochemical reaction of LTO and LTO/NC is a single electron 

pseudo first-order reaction and the lithiation and delithiation 

processes are pseudo reversible. 

The LTO and LTO/NC composites were further subjected to 

cycling performance evolutions at 1 C for 100 cycles, as shown in 

Fig. 7. At 1 C, LTO/NC composites exhibited better electrochemical 

performances than the pristine LTO. The LTO-2 showed the best 

electrochemical performances and reached a reversible capacity of 

156.9 mAh·g
-1

 after 100 cycles, which retained 97.2% of its initial 

discharge capacity (161.5 mAh·g
-1

) and the Coulombic efficiency 

was almost 100%  (ESI Fig. S2). While reconsidering the cycling 

performance of the pristine LTO, the initial discharge capacity was  

 

Fig.9 The electrochemical impedance spectroscopy of LTO and LTO-2 at OCV and after 

100 charge/discharge cycles. 

 

Fig.10 The rate capabilities of the pristine LTO and LTO/NC electrodes 

224.8 and 86.8 mAh·g
-1

 after 100 cycles, which is only one third of 

the initial cycle. Fig. 8 shows the initial and after 100 

charge/discharge cycles electrochemical performances profiles of 

the LTO and LTO-2 at 1 C rate. Both electrodes presented voltage 

plateaus around 1.55 V, which agrees with the CVs results. 

Obviously, LTO-2 presents a flattering plateau profile and a larger 

plateau capacity than the bare LTO, and the potential differences 

between the charge and discharge plateau was 80 mV (1.59–1.51) 

for LTO and only 20 mV (1.56–1.54) for LTO-2, which became 110 

mV (1.62–1.51) of LTO and 60 mV (1.60–1.54) of LTO-2 even after 

100 charge/discharge cycles, as shown in Fig. 8. The potential 

plateau of the pristine LTO became shorter and slightly bent down, 

while that of the LTO-2 remained flat. 

The EIS of LTO and LTO-2 at the open circuit voltage (OCV) and 

after 100 charge/discharge cycles are shown in Fig. 9. Both EIS 

profiles were composed of a depressed semicircle at high 

frequencies and a spike at low frequencies. LTO-2 evidently had a 

smaller charge-transfer resistance (Rct, 71.4 and 157.8 ohm) and 

seclusion resistance (Rs, 3.11 and 4.32 ohm) than those of the 

pristine one (201.1 and 423.5 ohm, and 7.57 and 8.56 ohm, 
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respectively), which was ascribed to the enhanced 

electroniccontacts between the LTO particles because of the 

presence of highly conductive NC.
34

 The decrease in Rct was 

probably expected to overcome the kinetics restrictions in the 

process of charge/discharge and consequently enlarge the depth of 

Li-ion insertion/extraction. 

Fig. 10 compares the rate capabilities of pure LTO and LTO/NC 

electrodes. For each stage, the charge-discharge processes of the 

samples were taken at 10 cycles. The LTO/NC composites exhibited 

excellent electrochemical performances. The LTO-2 electrode 

delivered capacities of 165.2, 143.7, 133.4, 114.3, and 103.1 mAh·g
-

1
 at 1, 2, 5, 10 C, and 20 C, respectively. As for the bare LTO 

electrode, the capacities were 154.7, 93.2, 73.4, 53.1, and 28.3 

mAh·g
-1

, respectively. Moreover, as the current rate returned to 1 

C, a stable capacity of 161.6 mAh·g
-1

 was obtained with rare 

decaying in the following 10 cycles, demonstrating that the LTO/NC 

electrode has an excellent reversibility and stability.  

The high specific capacity, extraordinary cyclability, and 

superior rate capability of LTO/NC composites make them potential 

anode materials for commercial LIBs. Accompanying the simple 

annealed process, the NC layers were dispersed uniformly on the 

surface of LTO, which favoured the quick migration of the inserted 

Li ion, increasing the Li ion diffusion coefficient and electronic 

conductivity, and reducing the polarization. Therefore, the 

synergetic effects of NC and LTO can enhance the high capacity and 

impressive rate capability. 

Conclusions 

NC material decorated Li4Ti5O12 nanograins were successfully 

prepared via a simple high-energy ball milling, followed by sintering 

in N2 atmosphere. NC is beneficial in improving the conductivity of 

the composite. When LTO/NC composites were used as anode for 

LIBs, LTO-2 showed a better rate capability and cycle stability. After 

100 cycles, its discharge capacity was 156.9 mAh·g
-1

 at 1 C. The 

specific capacity of LTO-2 was 103 mAh·g
-1 

even at the rate of 20 C. 

The excellent rate capability can be attributed to the enhanced 

conductivity of the N-doped modification combined with the short 

ion and electron transfer paths of nanomaterials. Therefore, we 

provide a facile and cost-effective strategy for the synthesis of LTO 

composites anode material for high performance LIBs.  
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