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Abstract: Li4Ti5O12 (LTO) is an alternative anode material to substitute commercial graphite for
lithium-ion batteries due to its superior long cycle life, small volume change (zero strain), good
thermal stability, and relatively high power. In this work, iodide-doped LTO is prepared by solid-
state reaction method via ball milling method and subsequently calcined at 750 ◦C for 10 h in
air atmosphere. X-ray diffraction (XRD) of iodide-doped LTO reveals the spinel cubic structure
without any impurities detected. The 0.2 mol lithium iodide-doped LTO shows enhanced high-rate
capability with a specific discharge capacity of 123.31 mAh g−1 at 15 C. The long cyclic performance
of 0.2 mol lithium iodide-doped LTO delivers a specific discharge capacity of 171.19 mAh g−1 at
1 C with a capacity retention of 99.15% after 100 cycles. It shows that the iodide-doped LTO is
a promising strategy for preparing a high electrochemical performance of LTO for the anode of
lithium-ion batteries.

Keywords: iodide; doping; Li4Ti5O12; anode; lithium-ion batteries

1. Introduction

A conventional lithium-ion battery consists of a LiCoOx cathode and a graphite anode.
The graphite has a theoretical capacity of 372 mAh g−1. The lithium insertion in graphite
occurs at a voltage lower than 0.1 V (vs. Li/Li+) [1]. The graphite will be polarized to form
lithium dendrites that are highly active on the electrode surface at high discharge rates [2,3].
These dendrites easily penetrate into the separator pores, causing an electric short circuit.
Therefore, it is necessary to develop alternative anode materials with high safety, good
performance, and long cycle stability in high-power batteries.

Carbon-based materials, tin, and silicon have been studied as ideal anode materials for
lithium-ion batteries [4,5]. These materials have a high theoretical capacity and broad work-
ing potential. On the other hand, these materials exhibit significant volume changes during
the charge–discharge cycles, thus limiting their practical application. Other materials,
such as transition-metal oxides (TiO2, MoO2, SnO2, etc.), were investigated for lithium-ion
batteries with high energy density [6]. However, transition-metal oxides experience high
initial irreversible discharge capacity and poor cycle capability at high-rate current density.
High specific capacity and rate capabilities have been demonstrated by phosphorene-based
anode materials in lithium-ion batteries [7]. It is reported that the exfoliated phosphorene
in acetone had initial capacities of 1732 and 545 mAh g−1 at 100 mA g−1, respectively.
The rate capability performance has a specific capacity of 345 and 200 mAh g−1 for the
exfoliated phosphorene in acetone at 1 Ag−1. However, the significant volume expansion of
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phosphorene is what causes the enormous capacity fading that was observed after 20 cycles
(480 and 250 mAh g−1). It is the biggest challenge for phosphorene-based anode materials
for lithium-ion battery application.

Titanium-based compounds such as Li4Ti5O12 (LTO) are attracting attention as al-
ternative anodes for high-power lithium-ion batteries. Compared to graphite, LTO has a
three-dimensional crystal lattice that supports the insertion/separation of Li+ ions, and
LTO has a higher working voltage (about 1.5 V vs. Li/Li+) in the potential window of
1.2–4.3 V [8,9]. In addition, LTO has low polarization at high current levels and negligi-
ble lattice strain (volume change equal to 0.2%, significantly lower than that of graphite)
during lithiation/delithiation [10,11]. These characteristics lead to good cycling capability
as the anode of lithium-ion batteries. Recent studies of LTO reported that lithium-ion
batteries had shown good safety even at fast charging rates above 20 C [12,13]. However,
such anodes have certain drawbacks which are manifested in some of the lower battery
energy densities [14].

LTO has low electronic conductivity and poor lithium-ion diffusion, so it limits its
performance at high rate levels [15]. The specific capacity of LTO is also relatively low (the
theoretical value is 175 mAh g−1) [16]. In addition, the relatively high redox potential of
LTO also reduces the potential window and weakens the energy storage performance of
lithium-ion batteries [17].

Several strategies have been carried out to improve the electrochemical properties
of LTO in recent years. Incorporating metal ions or atoms (Na+, Mg2+, Ca2+, Zn2+, Cu2+,
La3+, Al3+, Cr3+, Mn4+, Nb5+, W6+) into LTO crystals can improve performance in high-rate
lithium-ion batteries due to increased electronic conductivity [18–27]. However, some
of the preparation and synthesis methods are time consuming, high cost, and requiring
complicated equipment which prevents them from being used in commercial applications.
Furthermore, this strategy distorts the LTO crystal, resulting in the loss of the zero-strain
characteristic to a certain extent so that the battery life is reduced [28]. Doping non-metal
ions (F− and Br−) is also expected to be an effective way to optimize the electrochemi-
cal properties of LTO anode materials [29]. It is reported that fluoride-doped LTO with
Li4Ti5O12−xFx (0 ≤ x ≤ 0.5) has improved rate capability when x = 0.174 [30]. The electronic
conductivity of fluoride-doped LTO increased through Ti3+ generation delivering high-rate
capability of 144, 123, 108, 91, and 60 mAh g−1 at 5, 10, 30, 60, and 140 C, respectively.
Doping bromide to LTO structure has enhanced the electronic conductivity and increased
Li+ diffusion coefficient of Li4Ti5−xWxO12−xBrx (x = 0.025, 0.050, 0.100) [31]. Doping F−

and Br− is expected to replace the oxygen anion site (32e) on the octahedral site of spinel
cubic structure promoting Ti3+ formation in the lattice, thereby increasing the electron
concentration in the bulk.

In a previous study, we successfully synthesized the fluoride-doped LTO using a
solid-state reaction [32]. The F− anion added to the LTO contributes a good discharge
capacity of 172 mAh g−1 at 0.5 C, close to the theoretical capacity (175 mAh g−1). F-doped
LTO through solid-state reactions showing improved electrochemical performance. The F−

anion added to LTO can increase the electronic conductivity of LTO [33]. However, these
anode materials still experienced severe degradation at high-rate performance. In addition
to fluoride and bromide as a dopant for oxygen site, iodide was selected as alternative
doping for LTO based on previous results showing successfully enhanced conductivity
of various materials such as TiO2 [34], carbon nanotubes [35], polyaniline [36], etc. As far
as we know, iodide doping for LTO is still rarely explored, therefore there are still wide
opportunities to investigate by simple preparation method the phenomena occuring due to
iodide doping, especially in LTO as the anode of lithium-ion batteries.

In this work, iodide-doped LTO was synthesized through a solid-state route by ball
milling, followed by calcination at a high temperature of about 750 ◦C for several hours.
The effect of iodide doping on crystal structure and electrochemical performance has
been systematically investigated. The 0.2 mol lithium iodide-doped LTO exhibits highly
improved rate capability and cycling performance compared to pristine LTO.
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2. Results

The XRD pattern of pristine LTO and iodide-doped LTO calcined at 750 ◦C for 10 h
are shown in Figure 1a. According to JCPDS card No. 49-0207, the peaks of the XRD were
completely identified as lithium titanate spinel structure. In all of the iodide-doped LTO
samples, no impurity can be detected. With increasing iodide doping, the intensity peaks
of iodide-doped LTO increase.
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Figure 1. (a) XRD pattern of pristine and iodide-doped LTO and (b) magnification of (111) peaks of
pristine LTO and iodide-doped LTO.

Although the doping of iodide does not change the spinel structure of LTO, it seems
the diffraction peaks of iodide-doped LTO have shifted to a lower degree. For further
observation, the peak position of (111) plane is magnified, as shown in Figure 1b. The
fitting results of XRD patterns are shown in Table 1, presenting the lattice parameter and
cell volume of pristine and iodide-doped LTO. It appears that the increasing amount of
iodide has increased the lattice parameter and cell volume of LTO.

Table 1. Lattice parameter and cell volume of pristine and iodide-doped LTO.

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

Pristine LTO 8.299 571.722

0.1 LTO 8.313 574.506

0.15 LTO 8.321 576.128

0.2 LTO 8.326 577.374

Figure 2a–d shows the morphology particles of the pristine LTO and iodide-doped
LTO. Figure 2 depicts the irregular grain-shaped particles in all LTO samples (a–d). It is
observed that some particles are of rectangular-like shape with big agglomeration. The
particles are distributed randomly with interconnected grains. The grain size of iodide-
doped LTO appears to be similar to that of pristine LTO. All grains are smaller than 1 µm,
and some are smaller than 500 nanometers.

The distribution of each element on iodide-doped LTO is investigated by EDS mapping,
as shown in Figure 3. It is clearly observed that the Ti, O, and I elements are evenly
distributed on the surface of iodide-doped LTO. The iodide element really exists, even
though the intensity is low.
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Figure 4 presents the electrochemical performance of pristine LTO and iodide-doped
LTO. Figure 4a depicts the initial CV curve of all LTO samples in the potential window range
of 0.75 to 2.75 V and a scan rate of 0.1 mV s−1. It is clearly observed that individual LTO
samples have a couple of redox peaks. The initial reduction curves of pristine LTO, 0.1 LTO,
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0.15 LTO, and 0.2 LTO are located at 1.41, 1.42, 1.43, and 1.48 V, respectively, and can be
associated with the intercalation process of Li ions into the spinel structure of Li4Ti5O12
transferred to Li7Ti5O12 [37]. Next, the oxidation (anodic) peaks in all CV curves overlap at
1.68, 1.70, 1.69, and 1.68 V, demonstrating the reversible process of electrochemical reactions
in pristine LTO, 0.1 LTO, 0.15 LTO, and 0.2 LTO.
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Figure 4b displays the initial charge–discharge curves of pristine and iodide-doped
LTO at 0.5C with the potential range of 0.5–2.5 V vs. Li+/Li. A flat voltage plateau of
about 1.52 V is observed for all LTO samples attributing to a typical character of LTO. The
charge–discharge voltage plateau of 0.2 LTO is significantly longer than that of all LTO
samples. From Figure 4b, it is determined that the pristine LTO has an initial specific dis-
charge capacity of 151.46 mAh g−1, 0.1 LTO (162.28 mAh g−1), 0.15 LTO (169.67 mAh g−1)
and 0.2 LTO (172.43 mAh g−1). It is clear that 0.2 LTO has the most excellent initial specific
discharge capacity, followed by 0.15 LTO, 0.1 LTO, and pristine LTO samples.

The initial charge–discharge profiles of pristine LTO and 0.2 LTO are shown in
Figure 4c,d at varying current densities of 0.5, 1, 2, 5, 10, and 15 C. The charge–discharge
curve decreases steadily as current density increases due to increased ohmic polarization
and polarization concentration [37]. At currents of 0.5, 1, 2, 5, 10, and 15 C, respectively,
the pristine LTO delivers specific discharge capacities of 151.46, 145.49, 137.54, 127.26,
99.29, and 78.82 mAh g−1, whereas 0.2 LTO has specific discharge capacities of 172.43,
171.19, 167.42, 161.40, 143.45, and 123.31 mAh g−1. These results verify that the specific
discharge capacity of the 0.2 LTO sample in high-rate current density is greater than that of
pristine LTO.

The comparison of the rate performance of the pristine LTO and iodide-doped LTO is
shown in Figure 5a. All LTO samples demonstrated excellent rate and cyclic performance
in the low current density due to the stable structure characteristic of LTO. However,
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the gap in specific discharge capacity between LTO samples becomes more noticeable
when the current density increases. The 0.2 LTO has higher specific discharge capacities
of 123.31 mAh g−1 with currents of 15 C compared to other LTO samples. The specific
discharge capacity of other iodide-doped LTO at different rates lies between 0.2 LTO and
pristine LTO. It is indicated that the rate performance of 0.2 LTO was enhanced by doping of
iodide. Figure 5b presents the stable cyclic performance of 0.2 LTO with a specific discharge
capacity of 171.19 mAh g−1 at 1 C after 100 cycles. In general, 0.2 LTO has an excellent
retention capacity of 99.15% compared to the other LTO samples (LTO 93.04%, 0.1 LTO
96.33%, and 0.15 LTO 98.12%) in the long-term cycling performance test.
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Figure 5. Electrochemical performance of pristine LTO and iodide-doped LTO: (a) capability in
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equivalent circuit (c), and Li+ diffusion profile (d) of pristine LTO and LTO 0.2F.

The enhanced electrochemical performance of iodide-doped LTO was also investigated
by electrochemical impedance spectroscopy (EIS), as seen in Figure 5c. Figure 5c depicts a
Nyquist plot and an equivalent circuit with the resistance of the charge transfer process
represented by the semicircle in the high-frequency region of the impedance curve and
lithium diffusion by the inclined line intercept in the low frequency, respectively. In the
equivalent circuit, where R1 or Rs represents the electrolyte, separator, and electrode
resistance, R2 or Rct is charge transfer resistance represented by a semicircle, CPE is an
abbreviation of constant phase element and the Warburg impedance for sloping line at low
frequencies. According to the fitting results, the Rct of 0.2 LTO is 83.26 Ω.cm−2 less than



Batteries 2023, 9, 38 7 of 12

that of pristine (134.95 Ω.cm−2) and other iodide-doped LTO (0.1 LTO 112.50 Ω.cm−2, and
0.15 LTO 104.13 Ω.cm−2). It demonstrates that the 0.2 LTO has a higher charge transfer
capability and lower electrochemical polarization, resulting in a faster kinetic reaction
of lithium ions. The improved electrochemical of 0.2 LTO was also supported by the
calculation of the diffusion rate of Li (D) ions using the following equation [38,39]:

D =
R2T2

2A2F4C2
Liσ

2
(1)

The Warburg factor is calculated using the following formula:

Zreal = Rs + Rct +
(
σω−0.5

)
, (2)

where detailed description D is the diffusion coefficient; R is gas constant; T is absolute
temperature; A is the surface area of the electrode; F is Faraday’s constant; C is the molar
concentration of Li+ ions; andω is the angular frequency [40]. The diffusion coefficient is
calculated from the curve in Figure 5d for pristine LTO, 0.1 LTO, 0.15 LTO, and 0.2 LTO
is 8.97 × 10−14, 2.10 × 10−13, 3.35 × 10−13, and 8.23 × 10−12 cm−2s−1, respectively. The
0.2 LTO has a higher diffusion lithium-ion coefficient.

To evaluate the morphology and microstructural integrity before and after cycling, the
SEM analysis was conducted to observe the top surface and cross-section of the 0.2 LTO
electrode. Figure 6a,b shows the top surface and cross-section of the 0.2 LTO electrode
before and after the 100 cycling test. It is observed that the structural integrity of 0.2 LTO
is maintained after 100 cycles without any significant degradation detected. This demon-
strated that the stability and integrity of 0.2 LTO electrodes are well maintained during the
cycling test even at high-current density. The present structure of 0.2 LTO is beneficial to
prevent volume expansion and relieve the structure from damage during the cycling test.
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Furthermore, the electronic conductivity and kinetic transfer of 0.2 LTO were evalu-
ated by EIS measurement before and after 100 cycles as shown in Figure 6c. The spectra
were fitted with a modified Randles equivalent circuit [41]. It is determined that the initial
charge transfer resistance of 0.2 LTO is 83.26 Ω.cm−2 and that after cycling it decreased
(59.18 Ω.cm−2) compared to before cycling. It is attributed to the Li-ion effectively transfer-
ring and diffusing to the electrode/electrolyte interface [42].

3. Discussion

In all of the iodide-doped LTO samples, no impurity can be detected as seen in Figure 1.
With increasing iodide doping, the intensity peaks of iodide-doped LTO increase. It is
indicated that the iodide-doped LTO has a high degree of crystallinity. Although the doping
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of iodide does not change the spinel structure of LTO, it seems the diffraction peaks of
iodide-doped LTO have shifted to a lower degree. It appears that the increasing amount of
iodide has increased the lattice parameter and cell volume of LTO. It is possible that the
I− ion taking the place of the O2− ion causes the lattice parameter to increase. Ions of I−

have a larger ion size (0.206 nm) than those of O2− (0.142 nm). This agrees with Vegard’s
substitutional principle [43]. As a result, the addition of I− ion would increase the lattice
parameter of iodide-doped LTO [44].

Compared to all LTO samples in cyclic voltammetry measurement presented in
Figure 4a, the peak intensity of 0.2 LTO has the highest peak with a potential difference
(0.22 V) that is less than that of other LTO samples, indicating that 0.2 LTO has a low polar-
ization degree. It is demonstrated that iodide doping on LTO is useful for reducing electrode
polarization. In addition, 0.2 LTO has the most significant redox peak current, indicating
higher lithium storage and increasing the electronic conductivity performance [33].

It is clear that 0.2 LTO has the most excellent initial specific discharge capacity, followed
by 0.15 LTO, 0.1 LTO, and pristine LTO samples as shown in Figure 4b. The higher initial
discharge capacity of 0.2 LTO is most likely due to the addition of iodide doping to LTO
that has contributed to increasing the conductivity. These results verify that the specific
discharge capacity of the 0.2 LTO sample in high-rate current density is greater than that
of pristine LTO. It is determined in Figure 4c,d that the polarization voltage as defining
the difference between charge potential and discharge potential of 0.2 LTO is much lower
than those of pristine LTO, which is implicated in the 0.2 LTO owing to higher reversible
capacity compared to pristine LTO.

The 0.2 LTO has higher specific discharge capacities of 123.31 mAh g−1 with currents
of 15 C compared to other LTO samples. The specific discharge capacity of other iodide-
doped LTO at different rates lies between 0.2 LTO and pristine LTO. It is indicated that the
rate performance of 0.2 LTO was enhanced by doping of iodide. It can be because 0.2 LTO
has a higher volume cell than pristine LTO as shown in Table 1. The increased crystal
volume widens the paths for lithium ions to travel during insertion and extraction [45].

Figure 5c presents the fitting results of Nyquist plot; it is determined that the Rct of
0.2 LTO is 83.26 Ω.cm−2 less than that of pristine (134.95 Ω.cm−2) and other iodide-doped
LTOs (0.1 LTO 112.50 Ω.cm−2, and 0.15 LTO 104.13 Ω.cm−2). It demonstrates that the
0.2 LTO has a higher charge transfer capability and lower electrochemical polarization,
resulting in a faster kinetic reaction of lithium ions. The calculated results from Figure 5d
show that the 0.2 LTO has a higher diffusion lithium-ion coefficient. It is demonstrated that
iodide-doped LTO has enhanced the Li-ion diffusion capability and ionic conductivity. It
can be a result of the bigger path opening in the spinel structure of 0.2 LTO (as shown in
Table 1) for the transport of Li+ ions during the charging and discharging process.

In addition, Table 2 compares the electrochemical performance of the current iodide
doping on the LTO with similar works. It shows that the 0.2 LTO has competitive electro-
chemical performance in terms of capacity and rate capability.

Table 2. Comparison of high-rate performance of the anion-doped LTO materials.

Material System Synthesis Process Voltage (V) Discharge Capacity
(mAh g−1)

High-Current
Density Ref.

Li4Ti5O12−xFx (x = 0.3) Solid-state reaction 0.01–2.5 71.6 1700 mA g−1 [33]
Carbon-encapsulated

F-doped Li4Ti5O12

Hydrothermal process
and solid-state lithiation 1.0–3.0 123 10 C [30]

Fluoride doping
Li4Ti5O12 nanosheets

Hydrothermal process
and calcination 0.5–2.5 131.9 2 A g−1 [29]

Li4Ti5O11.9F0.1
Li4Ti5O11.7F0.3

Solid-state reaction
Solid-state reaction

1.0–3.0
1.0–3.0

99.2
82

10 C
5 C

[46]
[43]

Iodide-doped Li4Ti5O12 Solid-state reaction 0.5–2.5 143 10 C This work
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4. Materials and Methods
4.1. Preparation of Double-Coated F-Doped LTO

Firstly, the pristine and Iodide-doped LTO were synthesized by using a solid-state
method with a precursor of Li2CO3 (Merck, Darmstadt, Germany, 99%), TiO2 (Merck,
99%), and LiI (Merck, 99%). The stoichiometric amount of all precursors was weighted
and mixed based on 1 mol of LTO for preparation of pristine LTO, and iodide-doped LTO
was prepared with 1 mol pristine LTO with the addition of 0.1, 0.15, and 0.2 mol of LiI.
Then, 8 mL of 99% ethanol was added to the precursor powders in a ball mill chamber as a
solvent. All powders were pulverized for six hours at 600 rpm in a high-energy ball mill
with the zirconia type of ball for the milling process and the ball-to-powder ratio of 10:1.
The powder mixture was dried and then heated to 750 ◦C for 10 h for calcination. Finally,
pristine and iodide-doped LTO were obtained and assigned the following labels: pristine
LTO, 0.1 LTO, 0.15 LTO, and 0.2 LTO.

4.2. Material Characterization

The phases of all samples were examined using an X-ray Diffraction (XRD) test
using PANAnalythical (Phillips, Eindhoven, The Netherlands) at a 2θ angle ranging from
10◦ to 90◦ and CuKα wavelength of 1.54056 Ǻ. The surface morphology and element
distribution of iodide-doped LTO were observed by scanning electron microscopy and
energy-dispersive X-ray spectroscopy SEM/EDS (Phillips-Inspect S50 FEI Technologies
Inc., Hillsboro, OR, USA).

4.3. Electrochemical Measurement

The electrochemical performance testing of the half-cell system was conducted using
a CR2032 coin cell. A glove box containing argon gas was used for the cell fabrication
procedure (Vigor Tech, Houston, TX, USA). The electrode slurry was composed of an
80:10:10 weight ratio of active material, acetylene black, and polyvinylidene fluoride dis-
solved in N-methyl-2-pyrrolidinone (NMP). The slurry was then coated on the copper
foil as a current collector before being dried for 12 h at 80 degrees in a vacuum oven.
The electrode was prepared by cutting the coated copper foil into a circular form with a
diameter of 1.2 mm and a loading mass of approximately 12 mg. Polypropylene micro-
porous membrane (Celgard®, Charlotte, NC, USA) was used as a separator, and lithium
metal as a counter electrode and reference electrode. The electrolyte for the test was pre-
pared by dissolving 1 M LiPF6 in ethyl methyl carbonate and ethylene carbonate solvents
(7:3 volume ratio). Galvanostatic charge–discharge tests were carried out using the Neware
CT-4008 (Neware Technology Limited, Shenzhen, China) instrument over a voltage range of
0.75–2.5 V with varying C-rates. Specific discharge capacity (Cdisch) from Galvanostatic
Charge–Discharge (GCD) for the battery was calculated with following equation:

Cdisch = I∆t/(m), (3)

where I is representative of current (A or mA), ∆t is attributed to the period (h), and m
signifies the active mass of the electrode (g).

Cyclic voltammetry (CV) test was performed using the CorrTest CS310 electrochemical
workstation (Wuhan Corrtest Instruments Corp., Ltd., Wuhan, China) with a voltage range
of 0.75–3.0 V vs. Li/Li+ and a scan rate of 0.1 mV s−1. The sample was tested using
electrochemical impedance spectroscopy (EIS) over a frequency range of 0.1–100 kHz using
the CorrTest CS310 electrochemical workstation.

5. Conclusions

The solid-state method was successfully carried out to synthesize iodide-doped LTO.
The XRD results show that increasing the content of iodide has increased the lattice param-
eter of the LTO spinel structure without any impurities detected. The doping of iodide
does not significantly impact the particle size and shape of LTO. In all, 0.2 LTO has the best
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cyclic capability, with an initial specific discharge capacity of 171.19 mAh g−1 and capacity
fading of 99.15% at 1 C after 100 cycles. In addition, 0.2 LTO shows the best high-rate
performance with a specific discharge capacity of 123.31 mAh g−1 at 15 C. Furthermore,
the 0.2 LTO has a low charge transfer resistance and higher diffusion lithium-ion coefficient.
It is indicated that iodide-doped LTO has enhanced the Li-ion diffusion capability and
ionic conductivity because of the more significant path opening in the crystal structure
of 0.2 LTO as shown in XRD results. Therefore, in this work, doping iodide significantly
enhances the electrochemical performance of LTO, which shows higher rate capability and
excellent cycle performance.
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