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Abstract: Graphite as a commercial anode for lithium-ion batteries has significant safety concerns
owing to lithium dendrite growth at low operating voltages. Li4Ti5O12 is a potential candidate to
replace graphite as the next-generation anode of lithium-ion batteries. In this work, fluoride-doped
Li4Ti5O12 was successfully synthesized with a direct double coating of carbon and nitrogen using a
solid-state method followed by the pyrolysis process of polyaniline. X-ray diffraction (XRD) results
show that the addition of fluoride is successfully doped to the spinel-type structure of Li4Ti5O12

without any impurities being detected. The carbon and nitrogen coating are distributed on the
surface of Li4Ti5O12 particles, as shown in the Scanning Electron Microscopy–Energy Dispersive
X-ray Spectroscopy (SEM-EDS) image. The Transmission Electron Microscopy (TEM) image shows a
thin layer of carbon coating on the Li4Ti5O12 surface. The fluoride-doped Li4Ti5O12 has the highest
specific discharge capacity of 165.38 mAh g−1 at 0.5 C and capacity fading of 93.51% after 150 cycles
compared to other samples, indicating improved electrochemical performance. This is attributed
to the synergy between the appropriate amount of carbon and nitrogen coating, which induced a
high mobility of electrons and larger crystallite size due to the insertion of fluoride to the spinel-type
structure of Li4Ti5O12, enhancing lithium-ion transfer during the insertion/extraction process.

Keywords: direct double coating; fluoride-doped Li4Ti5O12; solid-state method; lithium-ion battery

1. Introduction

Today, a lithium-ion battery is a secondary battery that is most widely used as an en-
ergy source. Especially in the modern era of transportation that prioritizes environmentally
friendly energy consumption such as hybrid or fully electric vehicles, lithium-ion batteries
are the only reliable energy source because of several advantages, namely high capacity,
large power density and long service life [1]. One of the important factors in designing
lithium-ion batteries relates to ensuring safety. Currently, commercial lithium-ion batteries
still use carbon as the anode material, which has potential safety concerns. Graphite still
has problems related to dendritic lithium growth (atomic lithium deposition) during the
charging process at low current density [2,3]. Moreover, the application of lithium-ion
batteries for a long duration and a high current density has a higher risk. Various strategies
(such as capacity balancing between anode and cathode) [4] and new alternative designs
for anode materials are continuously being promoted to overcome this problem without
sacrificing their capacity and stability capabilities. To date, many alternative anode materi-
als have been investigated, especially in the aspect of high-rate capability applications; one
of them is Li4Ti5O12 (LTO) [5].
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LTO is a strong candidate for the future anode of lithium-ion batteries as a carbon re-
placement because of several advantages, including its fast lithium-ion insertion capability,
excellent cycle reversibility, high thermodynamic stability and almost zero-percent change
in crystal volume during the charge–discharge process, for which it is well known as a
“zero-strain” material [6,7]. In addition, LTO can prevent the growth of lithium dendrites
on the surface of the electrode material because of its working potential of 1.55 V vs. Li/Li+,
which is higher than that of carbon; thus, LTO can avoid the occurrence of a reduction
reaction in the electrolyte so it can finally increase the safety factor of using LTO as an
anode for lithium-ion batteries, for both long-term and high-rate capability [8,9]. The
milder conditions of 1.55 V have more advantages. For example, a wider spectrum of
electrolyte materials can be considered for application; for example, butyronitrile-based
electrolyte [10]. However, this working potential conversely results in a decrease in the
specific energy of LTO compared to carbon-based anode materials.

Unfortunately, LTO still has several disadvantages of being used directly as a com-
mercial anode, and the most crucial is its low electronic conductivity and lithium diffusion
coefficient, thus causing a decrease in electrochemical performance in lithium-ion battery
applications [11–13]. Several strategies have been utilized to overcome this problem. Coat-
ing with conductive materials, doping with metal ions in the Li or Ti positions and replacing
oxygen with non-metal ions are only a few of them.

Doping with several metal cations has been reported previously, such as Zn2+, Mg2+,
Al3+, etc.; replacing Li or Ti ions has been shown to increase the rate capability and cycling
ability of LTO [14–16]. In addition, doping with non-metal anions such as Cl−, F− and
Br− was reported to improve the electrochemical performance of the LTO anode [17–19].
Previous research reported Br doping to LTO using a solid-state method. Br-doped LTO
showed a high specific discharge capacity of 172 mAh g−1 at 0.5 C, which is almost the same
as the theoretical capacity of LTO [17]. Cl-doped LTO has been successfully synthesized
by a similar method, with specific discharge capacity of 148.7 mAh g−1 at 0.5 C [19]. It
was also reported that F-doped LTO was successfully synthesized by solid-state reaction
and showed improved electrochemical performance after 1000 cycles with a successful
discharge capacity of 116.8 mAh g−1 at 11.4 C [20]. Although, the rate performance obtained
the highest specific discharge capacity for the sample Li4Ti5O11.7F0.3 of about 80 mAh g−1

at 5 C, the average electrochemical performance was degraded when tested at a high-rate
charge–discharge measurement from all the above experimental results.

In addition to using cation and anion doping, another strategy to improve the elec-
trochemical performance of LTO is to use a coating technique to coat the particle surface
with conductive agents such as carbon, CNT, graphene, conductive polymer, etc. [21–24].
Conductive polymers such as polyaniline (PANI) and polypyrole (PPy) are polymer types
widely used for the N-doped porous carbon synthesis process because the pyrolysis results
of the two polymers show a distinctive morphology and controlled nitrogen content in the
carbon-coating process [25,26]. As reported, the N-doped carbon-coated LTO-TO micro-
spheres showing specific discharge capacities of 184 and 123 mAh g−1 were obtained at
0.2 C and 20 C, respectively [27]. It is even able to withstand a specific discharge capacity of
121 mAh g−1 after 300 cycles at 5 C. This shows that N-doped carbon has a high potential
to increase the rate capability and cycling ability performance. However, to date the use
of the carbon and nitrogen double-coating technique combined with ion-doped LTO has
rarely been discussed.

In this study, F-doped LTO was synthesized by the solid-state method, which was
then double-coated with carbon and nitrogen by the pyrolysis of polyaniline. N-doped
porous carbon succeeded in coating the surface of F-doped LTO by forming a thin layer
with a thickness of several nanometers. The results of the galvanostatic charge–discharge
tests using a combination of coating and doping techniques succeeded in significantly
improving electrochemical performance, especially when testing charge–discharge at a
high-rate current density.
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2. Results

Figure 1a depicts the XRD pattern of pure LTO with doping variations of 0.1, 0.15 and
0.2 mol fluoride calcined at 700 ◦C. The XRD peaks were successfully indexed as lithium
titanate spinel structure with the JCPDS card No. 49-0207. The diffraction peak of LTO was
formed at 2θ around 18◦ (111), 35◦ (311), 43◦ (222), 47◦ (400), 57◦ (331), 63◦ (333), 66◦ (440),
74◦ (531), 75◦ (533), 79◦ (622) and 82◦ (444).
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Figure 1. (a) XRD pattern of LTO with doping variation F and (b) magnified (111) peaks of LTO and
F-doped LTO at a temperature of 700 ◦C.

Figure 1b shows the magnified XRD pattern observations on plane (111), one of the
highest peaks of LTO with a 2θ from 17.0◦ to 20.0◦. It can be clearly seen that the doping
of fluoride has been shifted the peak of the F-doped LTO to a lower degree. It indicates
that atom F was successfully inserted into the crystal structure of LTO. The addition of
the fluoride has shifted the diffraction peak to the lower degree of diffraction, affecting
a change in the lattice parameter and the cell volume of the F-doped LTO samples. The
calculated lattice parameter and cell volume are presented in Table 1.

Table 1. Lattice parameter and cell volume for all LTO samples.

Sample Lattice Parameter a (Å) Cell Volume (106 pm3)

Pristine LTO 8.351 582.392

LTO 0.1F 8.353 582.810

LTO 0.15F 8.354 583.019

LTO 0.2F 8.355 583.229

SEM images present the morphology transformation of the pristine LTO, LTO 0.1F,
LTO 0.15F and LTO 0.2F, as seen in Figure 2a–d. All LTO samples have irregular grain-
shaped particles with a homogeneous particle size distribution, as shown in Figure 2a–d.
TEM images (Figure 2e,f) show morphological details and the results of carbon coating on
the surface of LTO 0.2F. It is clearly observed that the thin layer-surrounded particle could
be a carbon layer with a thickness of about 5–10 nm, as presented in Figure 2f.
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LTO 0.2F (e) low and (f) high magnification.

To ensure the presence of elements C, N and F, Energy Dispersive X-ray Spectroscopy
(EDS) was carried out, which showed that the elements of C, N and F were distributed
over the entire LTO 0.2F surface, as seen in Figure 3a–e. In this EDS, the presence of N from
the pyrolysis of polyaniline process was successfully observed (Figure 3d). Meanwhile,
to calculate the percentage of carbon that was successfully coated on the surface of LTO,
thermogravimetric analysis (TGA) was performed on the LTO 0.2F where the curve was
obtained, as shown in Figure 3f.
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The electrochemical performance of pristine LTO and LTO 0.2F was evaluated using
cyclic voltammetry (CV) and galvanostatic charge–discharge cycling tests, as shown in
Figure 4a,b. Figure 4a,b shows the initial two cycles of the CV of the LTO and LTO 0.2F
samples with a potential window range from 1.0 to 3.0 V.

Figure 4c,d shows the charge–discharge curve profiles of all LTO samples in the first
and tenth cycles at 0.5 C in the potential window range of 1.0–3.0 V. All LTO samples
present a flat discharge plateau of around 1.5 V, which matches with the CV results. In the
initial cycle, pristine LTO delivers a specific discharge capacity of 127.74 mAh g−1, LTO
0.1F (136.71 mAh g−1), LTO 0.15F (147.10 mAh g−1) and LTO 0.2F (165.38 mAh g−1). Next,
in the tenth cycle, pristine LTO has a specific discharge capacity of 115.77 mAh g−1, LTO
0.1 F (125.47 mAh g−1), LTO 0.15F (135.57 mAh g−1) and LTO 0.2F (160.91 mAh g−1).

Figure 4e,f presents the profile of the pristine LTO and LTO 0.2F charge–discharge curve
at varying current densities of 0.5 C, 1 C, 2 C, 5 C and 10 C. With increasing current density,
the discharge curve tends to decrease steadily because of increased ohmic polarization and
polarization concentration [28]. The pristine LTO delivers specific discharge capacity of 127.74,
121.71, 101.19, 65.25 and 42.35 mAh g−1 with currents of 0.5 C, 1 C, 2 C, 5 C and 10 C,
respectively, whereas LTO 0.2F delivers specific discharge capacity of 165.38, 157.95, 140.24,
103.02 and 80.15 mAh g−1 with currents of 0.5 C, 1 C, 2 C, 5 C and 10 C, respectively.

Figure 5a represents the rate performance of the pristine LTO and LTO 0.2F, where it is
clear that LTO 0.2F has higher specific discharge capacities of 165.38, 157.95, 140.24, 103.02
and 80.15 mAh g−1 with currents of 0.5 C, 1 C, 2 C, 5 C and 10 C compared to pristine LTO.
In the long-term cycling performance test, as shown in Figure 5b, LTO 0.2F has a stable
performance of a specific discharge capacity of 140.42 mAh g−1 at 1 C after 150 cycles with
a retention capacity of 93.51%, which is higher than that of pristine LTO.
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Figure 4. Cyclic voltammetry (a) pristine LTO, (b) LTO 0.2F; charge–discharge curve profile of all
LTO samples at 0.5 C (c) initial cycle, (d) 10th cycle; high-rate charge–discharge curve of (e) pristine
LTO and (f) LTO 0.2F.
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Figure 5. High−rate capability (a), cyclability (b), Nyquist plot with inserted equivalent circuit (c)
and Li+ diffusion profile (d) of pristine LTO and LTO 0.2F.

To explore the reaction kinetics of LTO and LTO 0.2F, electrochemical impedance
spectroscopy (EIS) was applied. The Nyquist plot and equivalent circuit are shown in
Figure 5c, which shows the single semicircle and inclined line from the high- to low-
frequency range. Figure 5d shows the diffusion rate of Li (D) ions; calculations are carried
out using the following formula [29,30]:

D =
R2T2

2A2F4C2
Liσ

2
(1)

Meanwhile, the Warburg factor (the slope of the line curve) is found using the follow-
ing formula:

Zreal = Rs + Rct +
(

σω−0.5
)

(2)

The detailed description D is the diffusion coefficient (cm2 s−1); R, gas constant
(J mol−1 K−1); T, absolute temperature (K); A, surface area of electrode (cm2); F, Faraday’s
constant; C, the molar concentration of Li+ ions (1 × 10−3 mol cm−3); and ω is the angular
frequency at low frequency (s−1) [31].

3. Discussion

No impurities were found in all LTO samples. The presence of carbon in the XRD
pattern around 25◦ was not observed; this could be because of the lower amount of carbon
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as shown in the TGA results. Table 1 shows that the lattice parameter increases with the
increasing mol of fluoride. The increase in the lattice parameter may occur because of the
F− ion occupying the position of the O2− ion. However, the ion size of F− (0.133 nm) is
smaller than that of O2− (0.140 nm), which is opposite to Vegard’s rule for substitution [32].
The increase in the crystal size and lattice parameter for F-doped LTO could be described as
follows: when the F− ion substitutes the position of the O2− ion at the 32e site position, Ti3+

at the 16d site position will move randomly at the 8b, 48f or 16c positions, causing charge
compensation, which ultimately causes an increase in the lattice parameter [33]. Therefore,
the lattice parameter of F-doped LTO would increase with the addition of F− ions.

In the SEM images, the grain size of F-doped LTO does not seem too different from
that of the pristine LTO sample. Many grains have a diameter range of 300–500 nm in
size, as presented in Figure 2e, and the carbon coating appears to form a thin layer on the
surface of LTO 0.2F, as seen in TEM images in Figure 2f. In the TGA results, as shown in
Figure 3f, the weight loss before the temperature of 150 ◦C could be due to the evaporation
process of the water absorbed in the sample, and then drastic weight loss occurs in the
temperature range of 300–500 ◦C, which is the range at which the combustion process of
carbon occurs [34]. Next, the curve undergoes a flat slope, indicating a stable process of
sample oxidation to a temperature of 700 ◦C, at which the combustion residue is formed.
From this curve, the percentage C is calculated to be approximately below 8.0 wt.%.

In Figure 4a,b, the first curve of the CV has a slightly different shape from the second
CV curve, which shows the decomposition of the electrolyte and the solid electrode interface
(SEI) formation process [35]. It can also be seen that the reduction curves from the first and
second cycles have shifted to a greater potential, indicating an electrochemical activation
process. The first cathodic curves of LTO and LTO 0.2F are located at 1.41 V and 1.43 V,
which can be considered a gradual process of Li ions inserting into the LTO crystal structure
to form LiO [36]. Next, the overlap between the anodic peaks at 1.68 V of both the CV
curves shows the stability of the reversible process from the electrochemical reactions that
occur in LTO and LTO 0.2F. To see the effect of fluoride addition, compared to the CV of the
pristine LTO curve, the peak intensity of the LTO 0.2F CV curve is much higher and sharper
than that of the pristine LTO. As can be seen in Figure 4b, LTO 0.2F has higher and sharper
redox peaks, with a potential difference of 0.25 V less than pristine LTO, which indicates
the low polarization degree of LTO 0.2F. F-doping on LTO is thought to be particularly
beneficial for minimizing electrode polarization. Furthermore, for LTO 0.2F, a higher peak
current suggests increased conductivity, which could be due to the substitution of O ions
with F ions, resulting in an excess charge as compensation for the difference in the charge
of Ti4+ turning into Ti3+, which generates electrons that ultimately increase the electronic
conductivity of LTO 0.2F [37].

The galvanostatic charge–discharge profile in Figure 4c,d shows that pristine LTO
experiences a drastic decrease in specific discharge capacity, followed by LTO 0.1F and
LTO 0.15F samples, whereas LTO 0.2F does not experience a significant decrease in its
specific discharge capacity. The increase in—and stable discharge capacity of—LTO 0.2F
are probably due to the addition of coatings as well as fluoride doping, which can increase
the conductivity of LTO 0.2F. Therefore, the LTO 0.2F sample was selected for further
experiments and compared to the pristine LTO sample.

Figure 4e,f presents the rate-performance of pristine LTO and LTO 0.2F, of which
the latter has a higher specific discharge capacity than pristine LTO. This could be due to
F-doping on the LTO crystal structure, causing an increase in lattice parameters and cell
volume, as shown in Table 1, which is a wider path for the mobility of Li+ ions during the
insertion and extraction process [38]. It is beneficial for enhancing Li+ ion transport during
the charge–discharge process. In addition, LTO’s electronic conductivity increased because
of the carbon and nitrogen coating, which provides an additional channel for electrons to
move faster, thereby increasing the electronic conductivity of the LTO [39].

In EIS, fitting results in an equivalent circuit, where Rs represents the resistance of
the electrolyte, separator and electrodes which for LTO 0.2F is smaller than that of pristine
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LTO. Meanwhile, at high and moderate frequencies, Rct is represented by the diameter of a
semicircle, whereas at low frequencies, the inclined line is related to Warburg impedance.
From the fitting results, it is found that the Rct of LTO 0.2F is smaller than that of LTO. This
shows that the high charge transfer capability of LTO 0.2F is higher, which causes the fast
kinetic insertion and extraction process of lithium ions. This may be due to the synergy
effect of F-doping on the LTO structure, which produces excess charge and carbon-nitrogen
coating on the surface of LTO 0.2F.

From the calculation results of the plotted curve as shown in Figure 5d, the diffusion
coefficients for LTO and LTO 0.2F are 1.64 × 10−15 cm−2 s−1 and 2.82 × 10−14 cm−2 s−1,
respectively. This provides evidence that F-doping on the LTO structure can increase
the diffusion rate of Li+ ions. This may be due to the wider path opening in the crystal
structure of LTO 0.2F (Table 1) for the Li+ ion transport during the insertion and extraction
process [40]. In addition, Table 2 compares the electrochemical performance for the current
F-doping on the LTO with similar works. It shows that the LTO 0.2F sample has competitive
electrochemical performance in terms of capacity and rate capability.

Table 2. Summary of the F-doped LTO materials and their electrochemical performance.

Materials System Modification/Treatment Voltage (V) Initial Discharge
Capacity (mAh g−1) Current Density Ref.

Li4Ti5O12−xFx (x = 0.3) Solid-state reaction 0.01–2.5 168.0 1.0 C for 100 cycles [37]

Carbon-encapsulated
F-doped Li4Ti5O12

Hydrothermal process
and solid state

lithiation
1.0–3.0 158 1.0 C for 200 cycles [18]

Fluoride doping
Li4Ti5O12 nanosheets

Hydrothermal process
and calcination 0.5–2.5 172 1.0 C for 20 cycles [20]

Li4Ti5O11.9F0.1 Solid-state reaction 1.0–3.0 160 1.0 C for 5 cycles [41]
Li4Ti5O11.7F0.3 Solid-state reaction 1.0–3.0 139.7 1.0 C for 100 cycles [32]
Li4Ti5O12 0.2F Solid-state reaction 1.0–3.0 157.95 1.0 C for 150 cycles This work

4. Materials and Methods
4.1. Preparation of Double-Coated F-Doped LTO

Li2CO3 (Merck, Darmstadt, Germany, 99%), TiO2 (Merck, 99%) and LiF (Merck, 99%)
powders were used as precursor materials. All precursor powders were weighed according
to the mol variation in which 1 mol of LTO is mixed with 0.1, 0.15 and 0.2 mol of LiF.
The mass of 1 mol of LTO is equivalent to 4.6 g, and the mol of LiF with 0.1, 0.15 and
0.2 mol is 0.0259, 0.0389 and 0.0519 g, respectively. The precursor powders were then
put into a chamber of a ball mill, and 8 mL of ethanol (99%) was added as solvent. All
precursor powders were mixed and ground for 6 h in a high-energy ball mill at 600 rpm.
Following the ball-milling operation, the powder was placed in an alumina crucible and
calcined for 10 h at 700 ◦C. The preparation of the F-doped LTO sample was completed.
Moreover, the LTO sample without doping F was also prepared by the same method, then
all the samples were labeled as pristine LTO, LTO 0.1F, LTO 0.15F and LTO 0.2F. Finally, the
as-prepared material after calcination was coated with carbon and nitrogen by the pyrolysis
of Polyaniline (Merck, 99%) at temperature 700 ◦C in an Argon gas tube furnace for 1 h.

4.2. Material Characterization

X-ray Diffraction (XRD) tests were performed utilizing PANAnalythical equipment
(Phillips, The Netherlands) at an angle range of 10◦–90◦ and CuKα wavelength of 1.54056 Å
to analyze the phases of all samples. Phillips-Inspect S50 Scanning Electron Microscopy–
Energy Dispersive X-ray Spectroscopy (SEM–EDS) with 20 kV energy (FEI Technologies
Inc., Hillsboro, OR, USA) was used to study the morphology of LTO. Thermogravimetric
Analysis (TGA) was carried out to measure the percentage of carbon by TGA 2 Mettler
Toledo (Mettler-Toledo International Inc., Switzerland). High-resolution of Transmission
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Electron Microscopy (TEM) images were obtained by Talos™ F200X TEM (Thermo Scien-
tific™, Waltham, MA, USA).

4.3. Electrochemical Measurement

Electrochemical performance testing was carried out with a half-cell system using a
CR2032 coin cell. The cell assembly process was carried out in a glove box filled with argon
gas (Vigor Tech, Houston, TX, USA). The slurry of the electrode material consisted of a
mixture of active material, acetylene black and polyvinylidene fluoride with a weight ratio
of 80:10:10 dissolved in N-methyl-2-pyrrolidinone (NMP). The slurry was then coated with
sufficient thickness on the current collector of a copper foil cut with area of 1 cm2 and dried
in a vacuum oven at a temperature of 80 ◦C for 12 h. Li metal was used as a reference, as
well as a counter electrode, and the separator was polypropylene microporous membrane
(Celgard®, Charlotte, NC, USA). LiPF6 (1 M) was dissolved in ethyl methyl carbonate and
ethylene carbonate solvents to make the electrolyte for the test (7:3 volume ratio). The
Neware CT-4008 instrument (Neware Technology Limited, Shenzhen, China) was used to
perform a galvanostatic charge–discharge test in the voltage range 1.0–3.0 V with C-rates
of 0.5 C, 1 C, 2 C, 5 C and 10 C. The CorrTest CS310 electrochemical workstation (Wuhan
Corrtest Instruments Corp., Ltd., Wuhan, China) was used to conduct a cyclic voltammetry
(CV) test at a voltage range of 1.0–3.0 V vs. Li/Li+ at a scan rate of 0.1 mV/s. The CorrTest
CS310 electrochemical workstation was used to perform an electrochemical impedance
spectroscopy (EIS) test on the sample using a sine wave of 10 mV amplitude across a
frequency range of 0.1–100 kHz.

5. Conclusions

A direct double coating of F-doped LTO was successfully synthesized by the solid-state
method, followed by the pyrolysis process of polyaniline. The carbon content was confirmed
at about 8.0 wt.%. XRD results showed that the increased F ion enhanced the cell volume of
LTO. LTO 0.2F particles are an irregularly shaped, with the carbon coating covering the surface
of the LTO sample. With the highest specific discharge capacity of 165.38 mAh g−1 at 0.5 C and
capacity fading of 93.51% after 150 cycles, LTO 0.2F has the best electrochemical performance.
The electronic conductivity and mobility of Li+ ions in the LTO 0.2F are improved because of
the synergy effect of the carbon-nitrogen coating and F-doping.
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