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vironmentally friendly synthesis of
an Al3+ and Mn4+ co-doped Li4Ti5O12 composite
with carbon quantum dots as an anode for lithium-
ion batteries

Hui Nan,a Yiming Zhang,a Haomin Wei,a Huiyuan Chen,a Caihong Xue,a Guijun Yang,a

Shuai Zou, *a Gang Wang*b and Hong Lin c

To increase the specific capacity and conductivity of lithium titanate (LTO), low-cost and environmentally

friendly carbon quantum dots (CQDs) were used to composite with Al3+ and Mn4+ co-doped Li4Ti5O12

(LTO-Al/Mn) to improve its electrical properties. The Al3+ and Mn4+ were successfully substituted for Ti

located at (16d) sites in the LTO and the CQDs formed a composite with LTO-Al/Mn. The specific

capacity of the first cycle at 0.1C increased to 296.5 mA h g�1, and the impedance decreased to 16.8 U.

The specific capacity maintained 236.0 mA h g�1 after 100 cycles.
Introduction

With the increasingly serious environmental problems caused
by the gradual exhaustion of non-renewable energy, lithium ion
batteries (LIBs) have become one of the most promising tech-
nologies for energy storage batteries. Spinel lithium titanate
(Li4Ti5O12, LTO) is a new kind of electrode material for energy
storage batteries, especially as a potential long-life anode
material in LIBs, which has aroused wide attention due to its
zero-strain character. In the charge/discharge process, the
volume change is less than 1%. Furthermore, it has a at
potential plateau at about 1.55 V (vs. Li/Li+), which is higher
than the reduction potential of most organic electrolytes.1,2 This
is benecial in avoiding the formation of lithium dendrites.
However, LTO has important shortcomings; for example, the
theoretical specic capacity is only 175 mA h g�1, and the
intrinsic conductivity is only 10�13 S cm�1.3–7 Thus, the
commercial application of LTO in LIBs is hindered by these
weaknesses.

To promote the process of commercial application,
numerous research studies have been conducted to improve the
performance of LTO, including nano-sized synthesis,8–10 coating
a second phase with high capacity or conductivity such as Ag,
Cu, or carbon,11–16 and doping with ions such as Na+, Mg2+, Fe3+,
Ag+, Zn2+ and F� in Li, Ti, or O sites.16–19 To our knowledge, the
ionic radii of Al3+ and Mn4+ are approximately equal to Ti4+. The
performance of the material makes it possible for elemental
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hemistry 2019
substitution without changing the crystal structure, which is
useful to improve the conductivity and retain the high cycling
performance at the same time. Carbon quantum dots (CQDs)
were easily fabricated via the electrochemical anodic oxidation
of alcohol. Batteries and electrochemical capacitors (ECs),
which are also called super capacitors, are the two most
important applications for CQDs. Javed et al.20 prepared CQDs
from the chemical oxidation of D-(+)-glucose. The CQDs possess
a quasi-spherical structure with facile storage and transport
channels for lithium and sodium-ions. The specic capacity
retained 869.4 mA h g�1 at 0.5C aer 500 cycles and
340.2 mA h g�1 at 20C aer 500 cycles. The performance of
CQDs is excellent in cycling and the high C rate cycle. The
quantum effects, efficient ion diffusion, and the charge transfer
performance benet from the extreme downsizing of the
diameter.
Experimental section

Hulless barley straw and wheat straw were soaked in an 80%
H3PO4 solution for 0.5 h and then placed in a blast drying oven
at 140 �C for an activation time of 1 h. The activation of both
mixtures was carried out in a laboratory muffle furnace under
N2 ow. In the tubular furnace, the temperature was increased
at approximately 5 �C min�1 from room temperature to 450 �C
and maintained at 450 �C for 2.5 h. Aerward, the two activated
carbons were washed several times with deionized water and
adding 0.1 M HCl to remove ash byproducts. Then, washing
products with deionized water until pH ¼ 7 were reached. The
CQDs were dried at 110 �C for 24 hours and stored in a dryer.

In this experiment, 5–10 nm TiO2, Al(NO3)3$9H2O, MnO2,
LiOH$H2O and CQDs were used as rawmaterials. Tween-80 and
RSC Adv., 2019, 9, 22101–22105 | 22101
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span-80 served as surfactants; ethylene glycol (EG) was the
solvent; and 30 wt%NH3$H2O acted as the pH regulator. Tween-
80 and span-80 were mixed together in a beaker, and the
Hydrophile Lipophilic Balance (HLB) value of mixture was
adjusted to 9.5. The EG wasmixed with deionized water in equal
portions. The mixture was stirred for 5 min while heating at
50 �C in a water bath. Then, TiO2 (1.5250 g), MnO2 (0.0469 g),
Al(NO3)3$9H2O (0.0109 g) and CQDs (0.0500 g) were added to
the mixture and stirred in a water bath for 5 min. Next, the
beaker was placed on a magnetic stirrer, and the LiOH$H2O
(1.0507 g) was added and stirred for 30 min at 500 rpm. The
mixture was then transferred to polytetrauoroethylene (PTFE)
lining, and 10 mL of 30% (wt) NH3$H2O was added. The reac-
tion kettle was sealed and placed in a drying oven at 170 �C for
36 h. Samples were washed by deionized water and anhydrous
ethanol three times and dried at 50 �C for 10 h in a vacuum
oven. Then, the samples were ground and transferred to
a corundum crucible.

The temperature was raised to 800 �C at a rate of 10 �Cmin�1

and was heated at 800 �C for 3 h in the tube furnace cooling to
room temperature with N2 protection. The samples were ground
by wet ball-milling for 12 h at 250 rpm in a zirconia ceramic jar.
Anhydrous ethanol was used to wash the samples three times,
and they were then dried in a vacuum oven for 10 h at 50 �C. The
sample of CQDs composite with Al3+ and Mn4+ co-doped LTO
(LTO-Al/Mn-CQDs) were nally obtained. Fig. 1 shows the entire
schematic diagram of the formation of LTO-Al/Mn. All of the
raw materials were mixed evenly and synthesized the new
material.
Characterization

The microstructure of the electrode materials was analyzed
using transmission electron microscopy (TEM, JEM-2100F)
equipped with an EMSA/MAS energy dispersive spectroscope
(EDS), and X-ray diffractometry (XRD, D/max2500PC).

All of the half-cell tests were performed in standard CR2032-
type coin cells using lithium foil as the cathode current
collector. The doped samples acted as the working electrodes
and Celgard 2400 as the separator. The electrode was prepared
as follows: 80 wt% doped LTO, 10 wt% acetylene black, and
10 wt% polyvinylidene uoride (PVDF) were dispersed in 1-
methyl-2-pyrrolidinone (NMP) to prepare a slurry. The resultant
slurry was then coated on aluminum foil and dried at 120 �C for
12 h in a vacuum oven. The thickness of the LTO electrode was
roughly 40 mm. The electrolyte was 1 mol L�1 LiPF6 dissolved in
Fig. 1 Schematic diagram of the formation of LTO-Al/Mn-CQDs.

22102 | RSC Adv., 2019, 9, 22101–22105
a 1 : 1 : 1 (vol%) mixture of ethylene carbonate (EC), dimethyl
carbonate (DMC), and ethyl methyl carbonate (EMC). The cells
were assembled in an Ar-lled glove box where both moisture
and oxygen content were less than 0.1 ppm. The charge/
discharge cycles were performed at room temperature. Elec-
trochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) were measured on an electrochemical workstation
(Zennium E, Zahner, Germany). The charge/discharge
measurements were conducted on a multichannel battery test
system (Arbin BT200, America).
Results and discussion

An XRD pattern is shown in Fig. 2. The diffraction pattern is
similar with all of the diffraction peaks corresponding to the
single-phase cubic spinel structure with group Fd�3m (JCPDS
card no. 49-0207), and no distinct peaks were detected. Close
inspection of the XRD patterns revealed that the peaks shied
to high degrees with the doping of Al3+, Mn4+, and Al3+/Mn4+.
For a clear observation, the peak position variation of the (1 1 1)
plane was magnied and shown in Fig. 2(b).

The characteristic peak of CQDs is shown at 25.9�. It is
a direct evidence to prove the composites are successfully
synthesized. The lattice parameters of LTO, LTO-Al/Mn and
LTO-Al/Mn-CQDs were 8.3612, 8.3188 and 8.3553 Å, respec-
tively. The decrease of the lattice parameter indicated that Al3+

and Mn4+ were successfully substituted for titanium located at
(16d) sites in the LTO and the composites were successfully
formed with LTO-Al/Mn; this slight change was attributed to the
smaller size of the Al3+ (0.535 Å) and Mn4+ ions (0.530 Å) than
the Ti4+ ion (0.605 Å).

To further study the morphology of the materials, high-
resolution (HR) TEM images and elemental mapping images
provide further illustration. Fig. 3 exhibits the TEM image and
elemental mappings of LTO-Al/Mn-CQDs. From Fig. 3(a) and (b)
we can clearly observe the CQDs and LTO-Al/Mn, showing that
the composites were successfully obtained. The distribution of
Al, Mn and C can be seen in the Fig. 3(c)–(g), which is the
powerful evidence for proving the uniform doping of the
elements in the LTO crystal structure and the composites were
nally obtained. The results are consistent with the XRD
patterns.

The percentage of CQDs in the composite was characterized
by TGA in air. The temperature was raised to 800 �C at a rate of
10 �C min�1. As shown in Fig. 4, the mass of LTO retained
Fig. 2 (a) XRD patterns of pure LTO, LTO-Al/Mn and LTO-Al/Mn-
CQDs samples; (b) enlarged XRD patterns of (1 1 1) peaks.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 TEM image and elemental mapping images of LTO-Al/Mn-
CQDs. Fig. 5 (a) Charge/discharge curves in the first cycle; (b) capacity

stability of samples; (c) C-rate performance of samples; (d) the
comparison of commercial LTO with synthetic LTO-Al/Mn-CQDs in
the first cycle.
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91.30% and the LTO-Al/Mn-CQDs retained 90.25%. The loss of
LTO contains the oxidation and the decomposition of surfac-
tant and the loss of LTO-Al/Mn-CQDs contains the oxidation
and the decomposition of surfactant and CQDs. The difference
of the loss percentage is the content of CQDs. The percentage of
CQDs in the composite is 1.05%.

Fig. 5(a) shows the rst charge–discharge curves of the LTO,
LTO-Al/Mn, and LTO-Al/Mn-CQDs samples at 0.1C rate in the
potential window between 1.0 V and 3.0 V. The cycling behavior
is typical of LTO with a at plateau at an average potential of
1.55 V, which is attributed to a two-phase phenomenon per-
taining to Li4Ti5O12 and Li7Ti5O12 phases. The migration of Li+

is between Li4Ti5O12 and Li7Ti5O12 phases during charge/
discharge processes, and the capacities of LTO, LTO-Al/Mn,
and LTO-Al/Mn-CQDs are 169.4, 240.1 and 296.5 mA h g�1,
respectively. All of the above samples improve the specic
capacities of LTO to different degrees. The sample of LTO-Al/
Mn-CQDs has the largest capacity of all samples. The main
reason is that Al, Mn co-doped and CQDs can provide more Li+

active storage sites,21–23 causing the sample to have higher
lithium storage performance.

The cycling performances of the samples at a rate of 2C are
exhibited in Fig. 5(b). As is shown in Fig. 5(b), the cycling
performances of all samples are steady. The specic capacity of
LTO-Al/Mn-CQDs still maintains a high value of 236.0 mA h g�1

aer many cycles.
Fig. 4 TGA curves of LTO and LTO-Al/Mn-CQDs.

This journal is © The Royal Society of Chemistry 2019
High rate performance is one of the most important elec-
trochemical characteristics of LIBs. It plays a key role in fast
charge/discharge processes. As shown in Fig. 5(c), the specic
capacities of LTO-Al/Mn-CQDs vary from 295.8 to
233.8 mA h g�1 with the C rate varying from 0.5C to 5C. The
sample recovers from 233.8 to 266.1 mA h g�1 when the C rate
returns to 0.5C. The capacity decreases only 10.0% aer the
high C rate cycles. The stable high rate cycling performance is
vital to fast charge/discharge processes.

A comparison of the synthetic LTO-Al/Mn-CQDs with
commercial LTO in the rst cycle is shown in Fig. 5(d). The
specic capacity of commercial LTO is only 166.47 mA h g�1.
However, the specic capacity of the synthetic LTO-Al/Mn-CQDs
is 296.5 mA h g�1. This serves as an important evidence to prove
that the LTO-Al/Mn-CQDs perform better than the commercial
LTO.

The charge/discharge reaction and the reversibility of the
samples were examined by CV between 0 and 3 V at a scan rate
of 0.2 mV s�1. The oxidation peaks and reduction peaks repre-
sent the processes of insertion and extraction of Li+, respec-
tively. The peaks have a good symmetry, which demonstrates
that the reversibility of the samples is perfect. This type of
performance plays a key role in long lifetime of LIBs. The LIBs
can have a long active time, which can greatly reduce the
amount of retired batteries. It was also discovered that the
maxima of the peaks are different. The CV curve of LTO-Al/Mn-
CQDs is sharper, larger, and higher than that of pure LTO, and
LTO-Al/Mn. In general, a sharp and large peak represents a fast
insertion/extraction of Li+, while a broad peak indicates
a lagging process.24 Therefore, LTO-Al/Mn-CQDs has a faster
insertion and extraction of Li+ and better charge/discharge
kinetics. The performance can provide a huge advance in fast
charging and discharging.

Electrochemical impedance spectroscopy (EIS) may be
considered as one of the most sensitive tools for researching
electrode behaviors in LIBs. EIS results of the coin cells with the
samples are shown in Fig. 6(b). The measurements were carried
out aer the rst cycle. The impedance spectra are composed of
RSC Adv., 2019, 9, 22101–22105 | 22103
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Fig. 6 (a) CV curves of LTO, LTO-Al/Mn and LTO-Al/Mn-CQDs; (b) EIS
curves of LTO, LTO-Al/Mn and LTO-Al/Mn-CQDs.
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one semicircle at higher frequencies followed by a linear part at
the lower frequency end. The semicircle in the high-frequency
region represents the migration of the lithium ions at the
electrode/electrolyte interface. The low-frequency region of the
straight line is attributed to the diffusion of the lithium ions
into the bulk of the electrode material, the so-called Warburg
diffusion. The impedance is smaller with a smaller radius, and
the slope decreasing. Fig. 6(b) shows that the radius and the
slope of the EIS curve of LTO-Al/Mn-CQDs is the smallest of all
samples. The change is due to the abundant micro-pores, which
are provided by the CQDs; it increases the number of trans-
mission channel and the active storage sites of Li+, thus
reducing the impedance of the material.
Conclusions

In this paper, the low-cost and environmentally friendly CQDs
were used to synthesize LTO-Al/Mn-CQDs by using a sol-
vothermal method with a surfactant. Al3+ and Mn4+ were
successfully substituted for Ti located at (16d) sites in the LTO
and the composite was nally obtained. The specic capacity
and the speed of charge/discharge have been greatly improved.
The obvious diminution of the impedance of the samples can
greatly improve the speed of charge/discharge processes. It was
proven that binary doping and composite can effectively
improve the properties of materials.
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