
batteries

Article

The Influence of Li4Ti5O12 Preparation Method on Lithium-Ion
Capacitor Performance

Taofeek Akintola 1,2 , Annadanesh Shellikeri 1,2, Tawakalt Akintola 3,4 and Jim P. Zheng 1,2,5,*

����������
�������

Citation: Akintola, T.; Shellikeri, A.;

Akintola, T.; Zheng, J.P. The Influence

of Li4Ti5O12 Preparation Method on

Lithium-Ion Capacitor Performance.

Batteries 2021, 7, 33. https://doi.org/

10.3390/batteries7020033

Academic Editor: Seiji Kumagai

Received: 3 March 2021

Accepted: 26 April 2021

Published: 20 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Electrical and Computer Engineering, Florida A&M University-Florida State University,
Tallahassee, FL 32310-6046, USA; taofeek1.akintola@famu.edu (T.A.); ahs07e@my.fsu.edu (A.S.)

2 Aero-Propulsion, Mechatronics and Energy (AME) Center, Florida State University,
Tallahassee, FL 32310, USA

3 Department of Industrial and Manufacturing Engineering, Florida A&M University-Florida State University,
Tallahassee, FL 32310-6046, USA; tawakalt1.akintola@famu.edu

4 High-Performance Materials Institute, Tallahassee, FL 32310, USA
5 Department of Electrical Engineering, University of Buffalo, The State University of New York,

Buffalo, NY 14260, USA
* Correspondence: jzheng@buffalo.edu

Abstract: In this study, the importance of the preparation technique of Li4Ti5O12 (LTO) anode
on its performance in a lithium-ion capacitor (LIC) application was investigated. These desired
characteristics include energy density, rate capability, and cycle life. The samples were prepared
using three approaches, and the same sol-gel synthesis procedure is applied to obtain phase-pure
samples and keep the structural properties similar. The influence of these methods on the LTO anodes
was then explored in both half-cell and full-cell LIC devices with an activated carbon (AC) cathode.
It was observed that the samples had similar specific capacities and energy densities at low specific
currents. However, significant differences were observed in the samples’ morphological properties,
the rate capability, and the full-cell cycle life performance. Electrochemical impedance spectroscopy
was used to identify the electrochemical kinetics and revealed that the LIC with the best performance
was influenced by the LTO anode having the least charge transfer and diffusion resistances prepared
using a surfactant. This was due to the small particle size, good particle dispersion, and high
specific surface area of the LTO anode. This result points to the importance of the choice of synthesis
technique in LIC material’s overall performance.

Keywords: sol-gel; Li4Ti5O12 (LTO); anode; lithium-ion capacitor (LIC); supercapacitor

1. Introduction

The commercialization of lithium-ion capacitors (LICs) in recent years has led to a
wide range of applications such as automotive, emergency power backup, security equip-
ment, and military equipment, therefore underlining the importance of improving this
energy storage device [1–3]. LICs bridge the electrochemical gap between a traditional
electric double-layer capacitor (EDLC) and lithium-ion battery (LIB) by combining the fast
discharge features and long cycle in EDLC with the high capacity and high cell voltage of
LIB. Therefore, LIC can deliver higher energy densities than the EDLCs while maintaining
high power densities and long cycle life. In a typical LIC system, the positive electrode
(cathode) is usually a capacitive-type material (e.g., activated carbon, AC) having a sur-
face charge storage mechanism and a battery-type material (e.g., graphite, metal oxides)
that store charges using an insertion mechanism as the negative electrode (anode) [4–6].
Therefore, the power density and cycle life are always limited by the battery-type anode
material, whereas the capacitive cathode material limits the energy density.

Recently, many studies have been done to further improve the LIC’s power density,
cycle life, and safety. Since the limiting electrode is the battery-type material, many

Batteries 2021, 7, 33. https://doi.org/10.3390/batteries7020033 https://www.mdpi.com/journal/batteries

https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-2853-3709
https://orcid.org/0000-0002-7046-3508
https://www.mdpi.com/article/10.3390/batteries7020033?type=check_update&version=1
https://doi.org/10.3390/batteries7020033
https://doi.org/10.3390/batteries7020033
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/batteries7020033
https://www.mdpi.com/journal/batteries


Batteries 2021, 7, 33 2 of 15

studies are focused on enhancing the anode material for use in the LIC system. The
conventional material is still the carbonaceous anode material: graphite and hard carbon
(HC) [7–10]. These materials are used because of their attractive features, including high
specific capacities, low working potential (~0.01 V), environmentally friendly and cheap
costs. However, these materials pose a significant safety problem when used as an anode
in LIC because of the low Li insertion potential, close to lithium’s electrochemical plating
potential (Li), thereby leading to dendrite formation and short-circuit of the cell, especially
during high rate applications. In addition, because of the structure of the carbonaceous
materials that allows Li to be inserted into its interplanar spacing, there is severe volume
expansion and contraction during cycling of the material (>10%), thus leading to structural
degradation and subsequent capacity failure [8,11,12]. Therefore, in commercial LICs, the
anode-to-cathode balance is very high, e.g., 7:1 for an HC anode LIC cell and 10:1 for a
graphite anode LIC cell to compensate for the anode’s capacity degradation by reducing
the depth of insertion/extraction of Li in the anode material [9]. Hence, the specific energy
density is reduced as the manufacturing cost is increase. Another potential solution is
replacement with alternative anode material for LIC devices. Therefore, it is essential to
study potential anodes that could satisfy the LIC system’s requirements (power, cycle,
and safety).

One promising candidate as an alternative anode in LIC is Li4Ti5O12 (LTO). LTO
possesses attractive properties, which are suitable for use as an anode in LIC. These features
include (i) zero-strain ability, which is due to little volume expansion (<0.2%) during Li
insertion/extraction from the crystal structure, and therefore provides excellent extended
cycling capability [13–15]; (ii) high working potential (Li insertion/extraction) that occurs
typically at about ~1.55 V vs. Li/Li+, which is way above the dendrite formation potential,
and therefore provides excellent safety; (iii) absence of solid electrolyte interface (SEI) layer,
therefore providing a reduced pre-lithiation cost; and (iv) high thermal stability, low cost,
and nontoxicity [16]. However, there are some fundamental problems: low Li+ diffusion
(~10−8 to 10−13 cm2 s−1) and low electronic conductivity (~10−8 to 10−13 S cm−1), which
limit the use of LTO as an anode material in LIC [15,17].

Various ways to improve the performance of LTO have been studied and reported by
multiple works in literature. These methods include reducing the particle size (nanostruc-
turing), surface coating with conductive materials (e.g., carbon black, silver), conductive
polymers (e.g., PEDOT, PAN), doping (e.g., V5+, Cr3+), and compositing (e.g., graphene,
carbon nanotube) [15]. Reducing the particle size is one of the easiest, cheapest, and most
commonly reported methods, and many synthesis procedures have been proposed and
investigated. The sol-gel process is a facile synthesis method employed to reduce particle
size because of the ease in obtaining a phase-pure product, reasonable morphological
control, narrow particle size distribution, and low cost [18,19]. However, because of the
high-temperature heat treatment involved in obtaining a phase-pure product, it is challeng-
ing to achieve nanoparticles without high aggregation. Therefore, synthesis preparation
assistance, e.g., ball-mill, is always employed to help prevent aggregation and obtain
reduced particle size.

Earlier reports have studied the preparation of LTO using different synthesis meth-
ods and reported its structural and electrochemical half-cell performance. For instance,
Khomane et al. and Sandhya et al. [20,21] used CTAB surfactant as preparation assistance
in a sol-gel procedure to obtain dispersed LTO product and evaluated its electrochemical
performance in a half-cell system. Yan et al. and Wang et al. [22,23] used the ball-milling
approach to prepare pure LTO products and demonstrated improved electrochemical
performance. Jamin et al. [24] employed freeze-drying as the synthesis assistance and
reported performance improvement. Mahmoud et al. [25] used three different synthesis
procedures and reported the differences in the electrochemical performance in a LIB cell
with a LiCo2/3Ni1/6Mn1/6O2 cathode. However, the majority of these reports did not go
beyond the electrochemical testing in half-cell configuration or LIB full cell at a low rate
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and at low cycles. Moreover, the LIC device requirements are different than a LIB device
because of the high rate and long cycle performance desired in a LIC device.

There is no comprehensive study reporting on the influence of these preparation
methods of LTO on essential characteristics such as energy, power, and cycle life desired in
LIC devices, to the best of our knowledge. Some of these methods have been reported in
a half-cell and three-electrode cell format in separate literature works [22,26]. Still, they
cannot provide a deep comparative understanding needed in selecting the better synthesis
technique to obtain a high-performing LTO anode when designing LIC device. As a
result of this, we investigated the preparation methods’ influence on LIC characteristics
comparatively. Two commonly reported techniques that were also used in [22,26] were
selected and analyzed: ball-mill and surfactant. To ensure we only studied the effect of
the method on the performance, we kept other factors (i.e., structural purity, crystallinity,
and crystallite sizes) similar by using the same sol-gel synthesis process and the same
starting materials. The effect of the preparation method on the LIC performance is analyzed
and discussed.

2. Experimental
2.1. Synthesis of LTO

The sol-gel method used for the synthesis of LTO is similar to the one reported
in [22,26]. Tetrabutyl titanate [Ti(OC4H9)4] (Sigma Aldrich, St. Louis, MO, USA) was
used as the Ti source, and lithium acetate dihydrates (CH3COOLi·2H2O) (Sigma Aldrich,
St. Louis, MO, USA) as the Li source for all the samples. The precursors were prepared at a
Li:Ti ratio of 1:1. The ratio was chosen to compensate for lithium loss during calcination,
which might have subsequently led to impurities phase formation in the final LTO sample.
The sol was aged and then dried at 80 ◦C for 12 h to form the precursor. The resultant
precursor was calcined in a tube furnace at 350 ◦C for 4 h with a ramp rate of 5 ◦C min−1,
followed by calcination at 800 ◦C for 12 h in air. The sample is referred to as sol-gel
no-assistance (SG-NA).

For the surfactant prepared LTO, a triblock copolymer (HO(CH2CH2O)20(CH2CH
(CH3)O)70(CH2CH2O)20H) (P123) (Sigma Aldrich, St. Louis, MO, USA) was dissolved in
ethanol in the desired P123:Ti ratio (1:2) and was added during the precursor mixing.

For the ball-mill prepared LTO, the precursor was placed in a sealed jar with agate
balls and ball-milled in a planetary ball mill (MTI) with a speed of 250 rpm. The sample
was further heat-treated using the procedure mentioned earlier. The samples prepared
with ball-mill and surfactant are referred to as SG-BM and SG-S, respectively.

2.2. Material Characterization

X-ray diffraction (XRD, Rigaku D/max-γB) was done with monochromated Cu Kα

radiation at a step size of 2◦ min−1 and a counting time of 2 s step−1 in a range of 15–80◦.
The morphology and the particle size of the samples were examined using a transmission
electron microscope (TEM) and scanning electron microscope (SEM). The particle distribu-
tion was obtained using the commercial imaging software ImageJ on the micrographs taken
from the analysis. Surface analysis was done using a surface analyzer (Quantachrome,
Autosorb-iQ, VA, USA) using the nitrogen gas adsorption–desorption isotherms at 77 K,
and the sample was outgassed before analysis at 150 ◦C for 4 h.

2.3. Electrochemical Measurements

The samples’ electrochemical properties were studied in a two-electrode Li metal
vs. LTO half-cell format using a coin-cell (CR2032) and a full-cell pouch configuration
with activated carbon (AC) cathode. The AC preparation was described in our previous
reports [3,5], and the mass loading was 6 mg cm−2 for all full LIC cells. The LTO electrode
was prepared using the wet method, and the composition was 83:10:7 (by wt%) of LTO,
conductive carbon (TIMICAL super C65), and polyvinylidene fluoride (PVDF) binder,
respectively, blended using N-methyl-2-pyrrolidine (NMP) solvent. The electrodes were
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roll-pressed to similar thicknesses with a mass loading between 2–3 mg cm−2 and were
punched into an area of 1.27 cm2 for the half-cell and 24 cm2 for the full. It was subsequently
dried in a vacuum oven at 120 ◦C overnight before assembling. The coin cell was made in
an argon atmosphere glovebox (0.1 ppm H2O, 0.1 ppm O2) by stacking a Li metal anode
(0.025 cm, MTI), a porous separator (Celgard 2400, 25 µm), and an LTO cathode in sequence
into a 2032-type coin cell. Good interfacial contacts were ensured by pressing the sandwich
between two metallic plates with a spring. The electrolyte solution used for all the cells was
1M LiPF6 in 1:1 ethylene carbonate (EC) and dimethyl carbonate (DMC) (Sigma Aldrich,
St. Louis, MO, USA). The assembled LIC cells are referred to as LIC-SG-NA, LIC-SG-BM,
and LIC-SG-S.

The electrochemical characterization was done at room temperature (25 ± 1 ◦C). The
galvanostatic charge/discharge studies were done at a constant charge/discharge in a
potential range of 1.0–2.5 V (vs. Li/Li+) for the half-cell and a voltage range of 2.5 to 0.9 V
for the LIC full cell. The synthesized samples’ initial capacity was obtained after three
cycles at a specific current of 17 mA g−1 using a Neware test system. A rate capability study
on the LIC cell was done at a specific current range of 17 to 3500 mA g−1. The LIC full
cell electrochemical impedance spectroscopy (EIS) measurement was conducted at a fully
charged state of 2.5 V in the frequency range of 0.1 Hz to 1 MHz with an AC amplitude of
5 mV using Gamry Instruments. All EIS spectra were fitted using the Zview software. The
specific energy and maximum specific power were obtained using the equations below [27]:

E
(

Wh kg−1
)
=

i
mactive × 3.6

∫
V·dtd (1)

Pmax

(
W kg−1

)
=

V2
max

4 × ESR × mactive
(2)

where i is the current (A), V is the cell voltage (V), td is the discharge time (s), Vmax is the
maximum operating cell voltage of 2.5 V, ESR is the equivalent series resistance of the
LIC cell, and mactive is the total mass of the cathode and anode excluding the electrode
additives, i.e., binder and conductive carbon, current collectors, separators, electrolytes,
and cell packages.

3. Results and Discussion
3.1. Structural and Morphological Characterization

The first major determining factor on how well an anode material will perform in
the LIC system is its structural properties, and it significantly depends on the synthesis
process. Hence, the same synthesis process was employed to keep the structural properties’
effect constant on all the prepared LTO samples. Figure 1 shows the XRD patterns of
the samples. All the diffraction peaks of the samples were indexed as a cubic spinel
structure with Fd-3m space group [14,28–30] with ions located at the tetrahedral 8a sites,
and tetravalent ions and lithium-ions (Li+) were randomly distributed at octahedral 16d
sites, whereas oxygen ions were located at the 32e sites [Li]8a[Li1/3Ti5/3]16d[O4]32e. The
major diffraction peaks at 2θ = 18◦, 35◦, 43◦, and 63◦ corresponded to (111), (311), (400),
and (440) planes, respectively, which are well in accordance with those in JCPDS card No.
26-1198, confirming the formation of pure LTO samples. The sharp peaks detected were
indicative of the formation of a pure crystalline LTO sample. No other peaks that might
correspond to impurity peaks, e.g., TiO2 or Li2TiO3, were detected.

The unit cell parameter (ac) of the LTO crystal was obtained from the XRD result
and is listed in Table 1. The obtained cell parameters were within the range reported for
LTO crystal lattice, between 0.8352 and 0.8370 nm [15,25]. The average crystallite size was
calculated from the XRD line broadening using Scherer’s equation, below:

dnm =
kλ

B cosθ
(3)
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where d is the average crystallite size, k is a constant of 0.9, λ is the X-ray wavelength of
Cu, which is 0.1541 nm, B is the full width at half maximum (FWHM) of the peak; and θ is
the Bragg angle. The peaks were fitted using the Gaussian fit, and the full width at half
maximum (FWHM) was calculated and used to estimate the average crystallite sizes, which
is summarized in Table 1. It was observed from Table 1 that all LTO samples had similar
crystallite sizes. This was to be expected since the crystallite size is dependent on the
calcination time and temperature used to obtain the samples. In this case, the processing
step was the same for all the samples, hence the similarity. The samples’ crystal structure
was also investigated using TEM analysis, and the result further confirmed similarity in
the structure of the samples prepared (see Figure S1). Therefore, it was expected that the
effect of structural properties on the performance would be similar for all the prepared
LTO samples, hence ensuring a fair and reasonable conclusion.
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Table 1. Unit cell parameter (ac), the average crystallite size (d), average particle size (PS), specific surface area (BET), pore
volume, electrode tap density (Td), specific capacity (CSP), and volumetric capacity (CV) of SG-NA, SG-BM, and SG-S LTO.

Sample ac
(nm)

d
(nm)

PS
(nm)

BET
(m2 g−1)

Pore vol.
(cm3 g−1)

Td
(g cm−3)

Csp
(mAh g−1)

CV
(mAh cm−3)

SG-NA 0.835 32 900 2.20 0.005 1.6 100 160
SG-BM 0.837 40 600 9.60 0.011 1.0 150 150

SG-S 0.836 36 350 55.7 0.074 1.2 154 184

The anode material’s morphological properties are important parameters that were
needed to understand the anode performance in the LIC device. The morphological
properties of the samples were investigated by TEM and SEM analysis. Figure 2 shows
the prepared sample’s SEM images and the particle size distribution histogram. The
samples possessed a typical cubic morphology with faceted particles of well-defined edges.
The SEM image shown in Figure 2a for SG-NA shows densely aggregated particles. The
TEM image (Figure S2) also shows dark images, indicating the electron beams’ inability
to penetrate through the LTO sample because of the massive aggregation. The particle
size distribution histogram for SG-NA shows a broad particle distribution with a large
number of micron-sized particles and few nano-sized particles. The average particle size
for SG-NA was calculated to be 900 nm (Table 1). Figure 2b shows the SG-BM sample with
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irregular particle size distribution with a varied range from nanometers to micrometers.
The TEM image shows observable particle edges that formed together due to aggregation,
with micro-sized particles that seemed to be surrounded by nanoparticles. Obtaining a
uniform and narrow particle size distribution is a challenge due to the limitation on the
ball-milling time, energy, and sample purity requirement. Increasing the ball-milling time
may lead to the formation of unwanted surface effects (e.g., surface amorphization) or
the appearance of impurity phases due to the milling balls, which was also observed in
previous literature reports [31–33]. Therefore, keeping the milling time short prevented
the appearance of impurity phases. The presence of nanoparticles surrounding micron-
sized particles reduced the average particle size to 600 nm. For the SG-S sample, small,
well-defined particle edges with light contact were observed. This indicated the formation
of small particle sizes with good dispersion and uniformity. The particle distribution curve
(Figure 2c) showed a large number of nano-sized particles.
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The specific surface area was determined using the BET analysis method (Figure S3),
and pore size distribution was obtained from the Barrett–Joyner–Halenda (BJH) method
for the samples (Figure 3). All the LTO samples’ pores were mesoporous, with SG-S having
a little distribution of micropores and a larger pore volume compared to other samples
(Table 1). This was because the P123 surfactant acted as a structure-directing agent to
obtain mesoporous materials owing to the PEO–metal complexation interactions [34]. In
addition, the presence of P123 during the calcination process led to the creation of pores in
the samples, leading to the larger pore volume of the SG-S sample. Although the crystallite
sizes were similar, the specific surface area measured was different (Table 1), with the
SG-S sample having the highest value of 55 m2 g−1. This can be explained by the fact that
the SG-S sample had the smallest particle size, the least aggregation, and the presence of
micropores and mesopores. Therefore, more surface was exposed to the adsorption and
desorption of N2, hence a higher surface area. The SG-BM specific surface area increased
compared to SG-NA because of the larger number of nano-sized particles surrounding the
micro-sized particles, as seen from the particle size distribution curve. Hence, it can be
observed that the preparation method affected the physical properties of the prepared LTO
samples. Therefore, the first difference in the prepared samples was observed.

3.2. Electrochemical Characterization

The first performance desired in an anode material for a LIC device is its Li storage
capacity, which will determine its final energy density. Before assembling the LIC cells, the
samples’ electrochemical performance was studied in a half-cell setup vs. Li/Li+. Figure 4
shows the charge/discharge profile of the LTO samples recorded at a low specific current
(17 mA g−1). In all the samples, the voltage dropped rapidly below 2 V until it reached
~1.55 V vs. Li/Li+, where it then proceeded at a constant flat region until it reached another
smooth potential drop towards the end of discharge (1.0 V). This has been explained
as a single phase–two phase–single phase discharge mechanism typically exhibited by
LTO [14]. This process occurs in a reverse manner during the charging state. The discharge
specific capacity (based on active material) obtained for the samples is listed in Table 1.
The SG-NA sample had a low specific capacity and a high polarization towards the end of
charge, and is believed to be due to the aggregation and a large number of micron-sized
particles in the sample. Hence, irregular mixing of the active material with conductive
carbon occurred during the electrode fabrication process (Figure S4). The performance of
SG-BM and SG-S were similar at low specific current. This excellent performance at low
specific current is believed to be related to the increased distribution of small particles,
reducing Li’s diffusion length in the bulk active material, and facilitating Li storage and less
possibility for structural distortions at the surface. In addition, the high specific surface area



Batteries 2021, 7, 33 8 of 15

measured for SG-BM and SG-S compared to SG-NA meant a larger reaction site available
for electrode/electrolyte contact and better mixing with conductive carbon to reduce the
interparticle resistance, and hence, reduced polarization.
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In the LIC device, the volumetric capacity is an important property desired in anode
material to achieve a high energy density. The samples’ volumetric capacity was calculated
using the electrode’s tap density obtained during fabrication (Table 1). Although the SG-
BM sample outperformed SG-NA in terms of the specific capacity, the volumetric capacity
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was lower than the SG-NA sample. This high tap density resulted from the high packing
of the particles observed for SG-NA because of the larger particle size and aggregation,
unlike SG-BM and SG-S. The SG-S electrode had a slightly higher tap density compared to
SG-BM. Therefore, it edged out as the best sample in terms of the volumetric capacity.

So far, the prepared LTO samples using the ball-mill and the surfactant exhibited
similar electrochemical performance in half-cell configuration. Reporting only the specific
capacity would not fully explain how the material would perform in a LIC cell configura-
tion. Hence, the materials’ performance needed to be studied in a LIC cell configuration
with the cathode, and the electrodes’ capacity ratio all fixed to a similar value for all the
samples. In a LIC device, it is well known that the rate-limiting electrode is the anode
material due to the faradaic reaction, unlike the surface charge adsorption on the high
surface area of AC [5]. Therefore, all the LIC cells assembled with the AC cathode were
balanced in a classical way (i.e., AC/LTO capacity ratio: 1). Figure 5 shows the LIC voltage
and the electrodes’ potential change for LIC-SG-S at a low specific current. The cathode
worked at a safe potential region (2.78–4.0 V), whereas the LTO anode was almost fully
lithiated (1.9–1.50 V). A similar profile was exhibited by the other LIC cells, and the cell
voltages are shown in Figure S5. The cell voltage showed a curve that deviated from the
capacitive response at the beginning of charge and towards the LIC cell’s end-of-discharge.
This was due to the LTO anode’s influence with a sharp potential drop in the regions
observed from the half-cell performance in Figure 4. The calculated specific energy based
on the active material was 26 Wh kg−1, 36 Wh kg−1, and 39 Wh kg−1 for LIC-SG-NA,
LIC-SG-BM, and LIC-SG-S, respectively, at 87 mA g−1. The specific energy of LIC-SG-BM
and LIC-SG-S was similar because of the high specific capacity obtained from the half-cell
testing result. However, the specific energy of LIC-SG-NA was much lower than the rest of
the samples.
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An electrochemical impedance test was performed to better understand the assembled
LIC’s electrochemical kinetics with the prepared LTO anodes. The EIS measurement was
done in the lithiated state of the prepared LTO anode. All the curve shown in Figure 6
possessed a depressed semi-circle in the high- to middle-frequency region, which corre-
sponded to the charge transfer resistance, Rct. This was due to the charge exchange at the
electrode particles’ interface with the electrolyte during the insertion/extraction process
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that happened at the anode material. A 45◦ straight line was observed in the low-frequency
region, which corresponded to Warburg (Zw) impedance. It was the Li diffusion process
in the bulk of the active electrode material (solid-phase diffusion). The x-axis intercept on
the EIS spectra corresponded to the ohmic and ionic resistances, Rs, due to the separator’s
contributions, electrode contact resistance, and ion concentration in electrolytes [35]. From
the observed EIS spectra, all the LIC cells had similar contact resistance (Rs). However, all
the LIC cells’ charge transfer resistances (the depressed semi-circle) differed significantly
according to the prepared LTO anode since the faradaic process only contributed to the
charge transfer resistance. LIC-SG-S had the lowest charge transfer resistance, and this was
because of the small particle size, good particle dispersion, and large surface area exhibited
by the SG-S anode. This high surface area increased the electrode/electrolyte contact area,
ensuring more charge transfer processes could occur at multiples points on the active mate-
rial’s surface. Hence, more charge exchange could take place during high rate operation
at a short charge/discharge time. LIC-SG-BM had a slightly larger depressed semi-circle,
indicating higher charge transfer resistance compared to LIC-SG-S. This was because of
the large particles present in the SG-BM anode sample with more particle aggregation
and a lower specific surface area compared to the SG-S anode. Therefore, fewer reaction
sites to facilitate the charge transfer process, hence the increased charge transfer resistance.
The LIC-SG-NA had a significantly large depressed semi-circle in the high- to medium-
frequency region, suggesting higher charge transfer resistance compared to the rest of
the LIC cells. This was because of the high particle aggregation and low specific surface
area observed for the SG-NA anode compared to the SG-BM and SG-S anodes. Also, is a
result of poor mixing with conductive carbon (Figure S4b), which increased its interparticle
resistance, increasing the charge transfer resistance. Moreover, the low-frequency tail was
different for all the cells, which was a major contribution from the LTO anode material.
The tail for the LIC-SG-S cell was shorter compared to the LIC-SG-BM and LIC-SG-NA
cells. This indicates reduced diffusion resistance of Li in the bulk of the SG-S anode. This
was due to the small particle size reducing the diffusion length for Li. The LIC-SG-NA
had the largest diffusion resistance due to the massive aggregation and larger particle
size. Therefore, LIC-SG-S exhibited the least electrochemical impedance that would help
facilitate the LIC device’s rate capability.
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The LIC cells’ rate capability was carried out at different specific currents and is pre-
sented in Figure 7. When the specific current was increased from 87 mA g−1 to 1750 mA g−1

and 3500 mA g−1, the LIC-SG-BM, LIC-SG-S had capacity retention of 18% and 55% of
the initial capacity, respectively, whereas the LIC-SG-NA discharge capacity retention
dropped rapidly to 3%. It is believed that the source of this poor performance was the LTO
anode due to less surface area that could facilitate charge transfer at high discharge current,
which was also backed up by the EIS measurement. This markedly low-rate performance
of LIC-SG-NA was due to the increased cell resistance as a result of the morphological
properties obtained for the SG-NA anode, i.e., large particle size, particle aggregation, and
small surface area, which was also reflected in the IR-drop measured (Figure S6b). The
constant capacity retention at 1750 and 3500 mA g−1 is believed to have resulted from
the conductive carbon’s surface adsorption added during the anode fabrication. This was
evident from the cell voltage profile deviating from the curved shape to a more linear form,
indicating adsorption was the main charge storage process at high specific current with
less insertion process by the anode material (Figure S6a). LIC-SG-S had the best retention
at a very high rate, indicating the LIC cell’s excellent power capability assembled with a
surfactant prepared anode. Although the LIC-SG-BM cell had a similar energy density
with LIC-SG-S at a low rate, the material performance differences began to appear in
the high-rate performance test. This was due to the significant difference in the material
morphological properties obtained with different preparation methods.

Figure 7b presents the Ragone plot of the energy density (E, Wh kg−1) and power
density (W kg−1) of the LIC full cells assembled using the obtained LTO anodes. It can be
seen that at all power densities, the LIC cell based on SG-S delivered higher energy density
than the other anode materials, hence indicating the suitability of the synthesis process for
LIC applications. There is still potential for further improvement in the investigation of
different mass ratio balancing between the anode and cathode.

The LIC cells’ maximum power density was calculated based on a matched load
at a maximum voltage using the AC-ESR, which is the x-axis intercept value at the low-
frequency region measured from the EIS spectra (Table 2). The LIC-SG-S had the highest
maximum power density based on active material weight due to the low AC-ESR value
compared to the LIC-SG-NA and LIC-SG-BM cells. This low ESR value was due to the
morphological properties exhibited by the SG-S anode in the cell, hence the suitability of
SG-S anode to achieve a high power density LIC device.

Table 2. Summary of energy density and max. power density of the LIC cells based on active
material mass.

Parameters LIC-SG-NA LIC-SG-BM LIC-SG-S

Specific energy (Wh kg−1) 26 36 39
Max. specific power (kW kg−1) 0.8 2.9 8.0

AC-ESR (Ω) @ 0.1 Hz 12 2.8 1.1

The LIC cells’ cycling performance at a high specific current of 875 mA g−1 is shown
in Figure 8a. After 3000 cycles, the capacity retention of the LIC cells with SG-NA, SG-
BM, and SG-S anodes was 79%, 65%, and 93%, respectively. The LIC-SG-S had a drop in
capacity to around 500 cycles, then picked back up and subsequently leveled out. This
was due to a small variation in the room temperature during cycling. The LIC cell with
the SG-BM anode showed a rapid drop in capacity retention, and it was already below
80% capacity after 250 cycles. Based on our paper reviews, there are no reports on the long
cycle performance of the LTO anode prepared by ball-milling and surfactant in LIC. Most
of the synthesis papers only reported the LTO material’s electrochemical performance in
half-cell configuration and a full-cell lowcycling current. For example, Zukalova et al. [33]
reported a ball-milling prepared LTO with only 50 cycles at 5 C. Lai et al. [36] reported
ball-mill prepared LTO performance characterization in half-cell, and only 50 cycles were
reported. Sandhya et al. [21] did a comparative study of the type of surfactant, but no
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cycle performance was reported. Zhang et al. [37] reported a surfactant prepared LTO with
250 cycles at varying current rates. Therefore, our work is the first to comparatively study
the influence of these preparation methods on the LIC device’s long cycle stability.Batteries 2021, 7, x FOR PEER REVIEW 12 of 17 
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The three-electrode profile was obtained to distinguish the anode and cathode poten-
tial swing during cycling for LIC-SG-BM. Figure 8b shows the AC cathode swing and the
SG-BM anode swing. It was observed that at the first cycle, the LTO anode potential was
around the region where electrolyte decomposition starts (0.8 V vs. Li/Li+) and was pushed
below the region after 100 cycles. Therefore, the rapid drop in cycle performance at high
discharge current was due to increased cell resistance caused by electrolyte decomposition
when the SG-BM potential was pushed below the electrolyte decomposition potential.
Hence, the surfactant prepared anode exhibited more stable cycling performance at a high
cycling current.
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In summary, the preparation method of the LTO anode had a significant effect on LIC
device characteristics. Although the structural properties, specific capacity, and energy
density of LIC cells made with SG-BM and SG-S anode were similar, the performance
differences showed up in the rate capability, electrochemical impedances, and the long cycle
stability. This was observed to be due to the differences in the morphological properties of
the samples.

4. Conclusions

We have demonstrated that the preparation method of the LTO anode has a signifi-
cant impact on lithium-ion capacitor (LIC) device characteristics. To ensure a meaningful
and fair comparative study, the crystallite domain sizes were kept similar by using the
same sol-gel synthesis process. Hence, only the influence of the preparation method
i.e. ball-mill and surfactant were studied. The samples had similar specific capacities of
150 and 154 mAh g−1 when measured in a half-cell configuration. The LIC cell assembled
using the same cathode, and the same AC/LTO capacity ratio had similar energy density
based on active material weight at low specific current, suggesting the excellent perfor-
mance of the anode using the preparation method. However, the first difference was found
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to be the morphological properties i.e., particle size, particle dispersion, and specific surface
area. The next differences were found in the rate capability performance, maximum power
density, and long cycle stability. Electrochemical impedance analysis helped us identify the
source of the performance differences. The main contributions were identified as (i) the
difference in charge-transfer resistance and (ii) the difference in the diffusion resistance,
which were because of the differences in particle size, particle aggregation, and surface
area of the LTO anodes prepared.

Therefore, this study demonstrates the significance of selecting a suitable prepara-
tion method in preparing LTO anode material to achieve a high-performing LIC device.
Although most methods may have good specific capacity at a low rate, not all meth-
ods can achieve the LIC properties desired, i.e., energy density, power density, and long
cycle stability.

Supplementary Materials: The following are available in the https://www.mdpi.com/article/10.3
390/batteries7020033/s1, Figure S1: TEM diffraction of a single crystallite of (a) SG-NA, (b) SG-BM,
and (c) SG-S samples. (inset STEM image), Figure S2: TEM images of the synthesized LTO samples:
(a) SG-NA, (b) SG-BM, and (c) SG-S, Figure S3: Nitrogen adsorption-desorption isotherm of the
synthesized LTO samples, Figure S4: SEM image of the fabricated LTO anode electrodes: (a) SG-S,
(b) SG-NA. Red circle indicates active material with no contact with the red arrow (carbon black),
Figure S5: Voltage profile of LIC full cell balanced with a cathode to anode capacity ratio of 1, and
Figure S6: (a) Rate performance of the LIC cell with SG-NA anode, (b) IR drops of LIC cells.
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