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Abstract—As an alternative to the graphite-based anode in lithium-ion battery (LIBs), the TiO,-based anode has con-
tinuously drawn attention due to its high stability and long operating life, especially in the field of electric vehicles
(EVs). Although a spinel structure lithium titanate (LTO, Li,Ti;O,,) anode is commercially available, there has been a
constant need to improve the anode capacity with TiO,-based materials because they have much higher theoretical
capacity compared to LTO. In this regard, nanostructured TiO,-based materials with high surface area are thought to
be ideal for LIB anode application. In this study, a lotus-root shaped meso-/macroporous TiO, (LR-700) material was
prepared and employed as an anode material for LIB with expectancy to have large channels for easy Li" insertion and
thus show better electrical property. Coin cell tests were carried out with the anodes prepared from LR-700, LTO, and
nano-sized TiO, powder (known as P25) for comparison by charging and discharging at 0.5 C. Despite the presence of
large macroporous channels and mesopores in the walls for LR-700, the capacity of 158 mAh/g for LR-700 anode was
found to be slightly lower than the LTO’s theoretical discharge capacity of 175 mAh/g. We envision that less thicker
walls would enhance the performance through effective ion diffusion and electronic conduction.
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INTRODUCTION

Owing to the tremendous increase of various applications, such
as portable electronic devices and energy storage systems (ESS),
the need for lithium-ion batteries (LIBs) with excellent performance
has exploded as well [1]. In particular, the current spread of elec-
tric vehicles (EVs) does not only demand the capacity of batteries,
but also the stability and operating life, or long-term cyclability, of
rechargeable batteries. In this regard, new stable anode materials
for LIBs with superior performance have been sought in the past
decades [2]. The graphite anode for LIBs is known to have excel-
lent capacity (372 mAh/g), well compatible with the lithium cobalt
oxide (LiCoO,, LCO) cathode [3]. To increase the capacity of bat-
teries, there have been numerous researches on the silicon-based
anode having a very large capacity of 4,200 mAh/g [4,5]. However,
the volume expansion was very severe during the lithium alloying
and dealloying and thus long operation life is hardly guaranteed
[6,7]. Although the graphite anode has a decent operation life, it
would not be sufficient for EVs and the graphite anode does not
go with the cheap lithium manganese oxide (LiMn,O,, LMO) cath-
ode due to severe capacity decrease followed by manganese (Mn)
dissolution [8]. On the contrary, titanium (Ti)-based anode materi-
als have a very low volumetric expansion rate with their structural
stability, and thus can be operated for a long time, being robust to
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the Mn dissolution [9,10]. For example, although lithium titanate
(LiyTis0,,, LTO) with a spinel structure is commercially available,
it has a limited theoretical discharge capacity of 175 mAh/g, less than
the half of the graphite’s [11,12]. Moreover, the structural stability
of Ti-based anodes comes with a lower open circuit voltage (V)
of 1.62 'V, compared to 2.0 V of the graphite [13].

Therefore, there have been intense research efforts to use TiO,
as an alternative to LTO because it has a large theoretical capacity
of 336 mAh/g (one Li" ion per TiO,), close to that of the graphite
[14]. Generally, TiO, anode is structurally very stable, environmen-
tally benign, and cost-effective. Several polymorphs of TiO, have
been investigated for LIBs [15]. Both anatase and TiO,(B) with
monoclinic phase have been considered as the most promising
anode materials among other polymorphs due to their fast Li* inser-
tion/deinsertion [16]. Various TiO, materials with mesoscale poros-
ity have been being tested to overcome the low ionic or electrical
conductivity and the shallow Ti diffusion into a bulk shape of TiO,
[17-21]. Porous anatase TiO, anode has been known for its stable
cyclability with a constant operating potential [16]. The low vol-
ume expansion (<4%) during Li" charge/discharge process is another
merit for LIBs [15]. Several 3D and 2D structures of TiO, materi-
als were also tested as an anode for LIBs. Generally, porous 3D TiO,
structures are thought to be more ideal than 1D or 2D structures
due to effective ion transport and better electronic conductivity.
For example, the hierarchical mesoporous TiO, spheres showed a
capacity of 181 mAh/g after 100 cycles [18]. MTNHTS (mesoporous
TiO, hierarchical tubular superstructure) also displayed a high capac-
ity of 210mAh/g at 1 C [20]. The 3D mesoporous anatase TiO, nano-
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crystals of BET surface area of 258 m*/g showed capacity of 158-
163 and 96-110 mAh/g at rates of C/10 and 1 C, respectively [15].
Hierarchically structured mesoporous anatase TiO, microspheres
also showed a capacity as high as 210 mAh/g [22]. Thick TiO, films
with vertically oriented large mesopores (7-9 nm) exhibited a remark-
ably high capacity of 254 mAh/g after 200 cycles at C/3 rate. The
reason for this exceptional capacity (76% of the theoretical value)
was attributed to short Li* diffusion length together with high sur-
face area [23]. Contrarily, 2D anatase TiO, nanosheets (thickness
~10 nm) displayed a capacity of 150 mAh/g [24]. TiO, hollow spheres
also exhibited a very similar capacity of 148 mAh/g [25]. Petal-like
TiO, nanosheets showed enhanced capacity of 180 mAh/g [26].
Mesoporous single-grain layer of anatase TiO, nanosheets showed
very stable operation up to 4,000 cycles of charge/discharge with a
relatively low capacity of 73 mAh/g [27].

Recently, we prepared unique lotus-root shaped meso-/macrop-
orous TiO, (LR-TiO,) materials with hierarchical porosity and
applied LR-700 (LR-TiO, heat-treated at 700 °C) to the photo-elec-
trode of dye-sensitized solar cells (DSSCs) [28]. The phase of LR-
700 is mainly anatase with a very small portion of rutile. Interest-
ingly, the longitudinal macroporous channels of LR-700 rendered
the supply and withdrawal of electrolyte ions more efficiently to
improve the performance of DSSCs with increased photo-current.
Based on these results, we envision that LR-700 can be a good anode
material for LIBs due to its unique hierarchical bimodal pore struc-
ture. In this study, we applied the LR-700 to the anode of LIBs and
compared its performance (capacity and capacity retention) to those
of LTO and nano-sized P25 anodes. By using electrical impedance
spectroscopy (EIS) data, equivalent circuits were constructed for
more detailed analysis.

EXPERIMENTAL

1. Preparation of LR-700 TiO,

LR-700 TiO, material was prepared according to our previous liter-
ature method using cetyltrimethylammonium hydroxide (CTAOH)
template [28].

2. Preparation of Coin Cells

TiO, electrode for coin cell tests was prepared by casting the
slurry containing 80 wt% LR-700 (or LTO and P25), 10 wt% car-
bon black (Super PTM Conductive, 99%, Alfa Aesar, USA) and
6wt% carboxymethyl cellulose (CMC)/4wt% styrene-butadiene
rubber (SBR) in Di-water on Cu foil. The slurry was applied onto
the Cu foil uniformly to a thickness of 140 pm. It was dried at 150 °C
in vacuum for 12h and the coated Cu foil was placed between
two steel plates and pressed. And then, it was designed to have
material loading of ~1.73 mg/cm’. The tested cells had a typical
three-electrode construction using lithium foils as both the counter
and reference electrodes, Celgard 2400 microporous membrane as
separator, and 1 M LiPF, dissolved in ethylene carbonate (EC),
dimethyl carbonate (DMC), and ethyl methyl carbonate (EMC)
(1:1:1, v/v/v) as the electrolyte. CR2032 coin half-cells were assem-
bled in an argon-filled glove box.

3. Measurements

SEM (S-2400, TESCAN (Czech), VEGA II LSU), and gas sorp-

tion analyzer (Quantachrome autosorb-iQ) were used to character-

ize LR-700 TiO, and P25 powder. The coin half-cells were gal-
vanostatically discharged to 0.01 V and charged to 3.0V at a C/5
rate using a cycler (WBCS300L, WonAtech Co., Korea). Electro-
chemical impedance spectroscopy (EIS) was performed using an
impedance analyzer (ZIVE SP1, WonAtech Co., Korea) after
charging at a C/5 rate to 3.0 V or discharging at a C/5 rate to 0.1 V.
EIS measurements were carried out using a 30 mV of amplitude
in the frequency range of 0.1 Hz to 100 kHz.

RESULTS AND DISCUSSION

To characterize the performance of LR-700 as an anode for LIB,
standard coin cells were fabricated and tested. LTO and P25 were
similarly investigated as reference samples. LTO and P25 are Ti-
based powder with very small particle sizes of ~200 nm and ~21
nm, respectively. LTO can be considered as a promising alterna-
tive anode material for graphite due to its three-dimensional (3D)
channel structure ideal for Li* transport [29]. Ohzuku et al. noted
that substantial chemical changes of LIBs made of LTO occurred
during the transition between the two phases of the Li-rich phase
(rock-salt-LTO) and Li-deficient phase (spinel-LTO) [30]. Despite
this change, the corresponding volume change was reported to be
only 0.2-0.3%. Due to the negligible volume change, this type of
material is called a zero-strain insertion material, exhibiting excel-
lent reversibility as an anode for LIBs. During the two-phase tran-
sition from spinel-LTO to rock-salt-LTO, three Ti*" are reduced to
Ti™". The corresponding electrochemical reaction can be described
as follows:

LiyTi;0;, (spinel-LTO)+3Li"+3e «>Li; TisOy, (rock-salt-LTO) 1)

As seen from Eq. (1), the amount of Li" per weight is small,
equivalent to the theoretical capacity of 175 mAh/g. On the other
hand, the half-cell reaction formula between TiO, and Li" is writ-
ten differently as follows:

TiO,+xLi" +xe” — Li, THO, (x<1) )

The amount of lithium ions that TiO, reacts per unit weight is
larger than that of LTO, equivalent to the theoretical capacity of
336 mAh/g [14,15,31]. It was revealed that tetragonal anatase TiO,
showed the maximum reversible Li" insertion at x=0.5, resulting
in orthorhombic Liy;TiO,, and the corresponding capacity was
168 mAh/g [14]. Further Li" insertion process becomes sluggish at
x>0.5. Thus, the theoretical capacity is hardly reached, mainly due
to the active surface area and pore size limitations. Accordingly,
nanostructured porous TiO, materials having high surface areas
with suitable pore dimensions and particle sizes are thought to be
ideal anodes for high capacity [18-21]. Sufficiently large pore dimen-
sions also render the movements of ions more freely and the per-
formance of LIBs can be significantly improved.

Fig. 1 shows particle morphologies of LR-700 and nanocrystal-
line P25 samples characterized by scanning electron microscopy
(SEM). The featured difference is that LR-700 has longitudinal large
macropores with diameters of ~1 pm which can behave as effec-
tive reservoirs for ions. Meanwhile, the Brunauer-Emmett-Teller
(BET) surface area of P25 is two-fold larger than that of LR-700 by
cryogenic nitrogen gas sorption measurements: 49 and 27 m’/g,
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Fig. 1. SEM images of LR-700 (a), (b) and P25 (c), (d) at different magnification.

respectively [28]. Meso-/macroporous LR-700 showed bimodal
porosity with mesopores (28.3 nm) and randomly distributed macro-
pores (ca. 1-3 um). Considering that Li" is inserted into the TiO,
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surface, the capacity of LIBs with P25 is expected to be higher than
LR-700: the larger the surface area, the more reactive Li*. None-
theless, the results showed the opposite trend, as given in Fig. 2 and
Table 1. The capacity of LR-700 after the 50" cycle is above three-
fold larger than that of P25; 158 mAh/g and 45 mAh/g, respectively.
It suggests that the surface area of P25 was not effectively used for
the reaction with Li". Similar to our previous results with DSSCs
[28], very small pores were formed between P25 nanoparticles and
it was very hard for Li" dissolved in the electrolyte to penetrate deep
into the interior. Thus, the surface area in the deep interior por-
tion did not contribute effectively to the Li* insertion. The resis-
tance thus increases as Li" moves deeper from the surface to the
unreacted interior. However, bimodal meso-/macroporous LR-700
has many longitudinal macroporous channels to convey Li" to the
interior surfaces more easily with much less resistance. Although
the specific capacity of LR-700 is lower than the theoretical capac-

Table 1. The specific capacity and capacity retention of TiO, anodes

0 10 20 30 40 50
Cycle number

Fig. 2. Lithium-ion battery cycling performances of LR-700, LTO,
and P25 anodes up to 50 cycles at 0.5 C rate.

May, 2023

LR-700 LTO P25
1* cycle capacity (mAh/g) 240 204 197
50™ cycle capacity (mAh/g) 158 160 45
Retention rate (%) 66 78 23
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Fig. 3. Galvanostatic discharge-charge curves vs. Li/Li" for LR-700,
LTO, and P25 after 25" cydle at a rate of 0.2 C. The voltage
range is from 1.0 to 3.0 V.

ity of THO, (336 mAh/g), it is quite comparable to LTO, which has
the specific capacity of 160 mAh/g after 50 cycles. However, the
retention rate for LR-700 (66%) is smaller than that of LTO (78%).
The retention rate for LR-700 is much larger than that of P25 (23%).
The specific capacity of LR-700 anode is closely similar to 2D ana-
tase TiO, nanosheets and TiO, hollow spheres [24,25].

The three TiO, anode materials were compared more in detail
by analyzing the discharge (Li" insertion)-charge (Li" extraction)
curves of the TiO, electrodes after 25" cycle, as depicted in Fig, 3.
LTO displays a typical ultraflat biphasic transition voltage plateau
for discharge (Li" insertion) process at around 1.55 V vs. Li/Li" and
the plateau for charge (Li" extraction) process at 1.60 V [29,32].
Constant voltage was maintained over these discharge-charge pro-
cesses, indicating low polarization effect and good reaction kinetics
[29]. LR-700 showed a similar biphasic plateau after initial mono-
tonic voltage drop (~0.77 V) from the open circuit voltage for dis-
charge process. This biphasic (Li-poor phase and Li-rich phase)
process is like the known anatase TiO, anode [14,22]. Interestingly;
LR-700 showed a biphasic transition plateau at higher voltage for
charge process (1.91-1.94 V) with a specific capacity range 48-128
mAh/g. LR-700 showed slightly less efficient Li" extraction com-
pared to LTO. This phenomenon can be attributed to the thick
TiO, walls despite the hierarchical meso-/macroporous pore struc-
ture of LR-700. P25 indicates much poorer performance compared
to both LTO and LR-700.

The rate dependent performance of the three TiO, anodes was
also investigated by measuring capacity under varying rate condi-
tions as shown in Fig. 4 and Table 2. All TiO, samples showed grad-
ual decrease of the capacity upon the increase of the charge-discharge
rate from 0.1 C to 2.0 C. LR-700 showed slightly smaller capacity
under the tested rates compared to LTO at 0.1 C, 0.2 C, and 0.5C.
The capacity differences between LR-700 and LTO became larger
at high rates of 1.0 C and 2.0 C. This indicates LR-700 is less effec-
tive to maintain its capacity at high rates than LTO. Despite the
presence of both large macropore and mesopore in the walls, Li"
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Fig. 4. The potential-capacity profiles of three TiO, anodes upon
changing current rate (0.1 C—0.2C—0.5C—1.0C—>20C—~>
0.1 C) every 10 cycle. All measurements were conducted in
the voltage range 1-3 V.

Table 2. The C-rate dependent performances of TiO, anodes

Capacity (mAh/g)

C-rate Cycle pacity &
LR-700 LTO P25
0.1 1ot 164 170 107
0.2 201 155 163 53
0.5 30" 140 153 36
1.0 40™ 126 146 27
2.0 50" 109 138 20
0.1 60™ 160 166 49

cannot insert substantially into the deeper part of the TiO, walls of
LR-700 due to its thick wall structure. Nonetheless, both LR-700
and LTO exhibited specific capacity (160 and 166 mAh/g) very dose
to their original values at the rate of 0.1 C (164 and 170 mAh/g)
when the rate was changed down to 0.1 C again. Thus, the cycling
stability of LR-700 seems to be good like LTO. Interestingly, the
capacity of LR-700 is only marginally different from LTO at 0.1 C.
To compare the performance of the three TiO, anodes more in
detail, each anode was investigated by AC impedance spectros-
copy. The EIS data of LIBs were measured after being charged to
3V. The Nyquist plots were fitted by using ZView program (ver. 3.0)
as shown in Fig. 5(a). The corresponding modified Randles equiv-
alent circuits for the three samples are shown in Fig. 5(b)-5(d). All
figures of merit indicated by y* values were satisfactorily low. In
most of the voltage range, the Nyquist plots are composed of two
partially overlapping semicircles at high frequency and midfre-
quency regions and a straight slopping line at low frequency end,
as shown in Fig. 5(a). This curve profile is typical of the electro-
chemical reaction associated with Li" intercalation [33-36]. The
first semicircle is rooted in the formation of surface film (Ry), or
solid electrolyte interface (SEI), on TiO, anode. The second semi-
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Fig. 5. Nyquist plots of batteries made of LR-700, LTO, and P25 (a). The fitted lines are obtained from the corresponding equivalent circuits
of LR-700 (b), LTO (c), and P25 (d). The corresponding ;> values are 3.37x107° (LR-700), 9.15x10"° (LTO), and 1.18x10™* (P25). R,,
Ry and R, are the ohmic, surface film, and charge transfer resistances, respectively. CPEs are the constant phase elements describing
nonhomogeneous behavior of electrodes and W describes the solid state diffusion process inside the TiO, particles.

circle is thought to be from the charge transfer between the SEI
layer and TiO, anode (R,). The sum of these two resistances is often
called an overall impedance [37]. Thus, the overall impedance rep-
resents the resistance of Li" migration through the SEI film and the
charge transfer at the SEL The overall impedance and the ohmic
resistance (R,) are considered as an intrinsic resistance of the corre-
sponding anode. The R; stems from the electrical contacts of elec-
trodes and electrolyte, and other cell components. The impedance
of Li* diffusion in the solid state is responsible for the straight line,
also known as the Warburg impedance (Z,). Therefore, imped-
ance plots generally represent the resistance of the electrolyte at
high frequency, the interface at medium frequency, and ion at low
frequency [11]. The resistance data for the three TiO, anodes are
summarized in Table 3. The ohmic resistances (real parts of the
impedance) are almost similar, 3.83, 3.12, and 2.47 Q for LR-700,
LTO, and P25, respectively. These small R, values indicate that the
cells were properly assembled. Because all test cells used the same
lithium metal as the counter and reference electrode and the same
electrolyte, the resistance difference mainly arises at the anode and
electrolyte interfaces. Thus, the difference in the graphs (see Fig. 5(a))
mainly comes from the different resistance at the interface between
the electrolyte and the anode. As mentioned, the easy supply and
withdrawal of electrolyte ions seem to reduce the resistance. LR-
700 anode containing the longitudinal channels as shown in Fig. 1
exhibits much lower resistance than P25 based on the measured
overall impedances. The spherical TiO, nanoparticles of P25 have

Table 3. Comparison of the fitting parameters for EIS curves

LR-700 LTO P25
R, (Q) 383 3.12 247
R (Q) 9.26 - 50.33
R, (Q) 5.87 15.02 4952

May, 2023

a large difference between the theoretical capacity and the actual
capacity due to the limitation of the surface area to be reacted.
However, the longitudinal channels of LR-700 allowed many areas
to be used and reacted. Although the equivalent circuit model of
LR-700 was slightly differently built compared to LTO, the overall
impedances are very similar each other. On the other hand, P25
anode showed a very high overall impedance. These impedance
data are well correlated to the performance of the three TiO, anodes.

CONCLUSION

Lotus-root shaped meso-/macroporous TiO, (LR-700) was fab-
ricated using a CTAOH template and applied to the anode of LIBs.
We prepared LIBs with P25 nano-sized TiO, having different par-
ticular characteristics as a comparative group and LTO as well
for a reference sample. The electrical performance measurements
showed that LR-700 has much higher capacity of 158 mAh/g even
after the 50" cycle, compared to 45 mAh/g of P25, probably because
of its hierarchical longitudinal macroporous channels containing
mesopores to make the supply and withdrawal of electrolyte easy.
Although the surface area of P25 is two-fold larger than that of
LR-700, too small pores of P25 might prevent the electrolyte from
diffusing into the interior effectively. The capacity of LR-700 is also
comparable to LTO (160 mAh/g) and the operating voltage of LR-
700 is higher than LTO. The longitudinal macroporous channels
of LR-700 play the role of passage for fast Li" migration, also sup-
ported by EIS measurements. However, the rate performance of
LR-700 was slightly worse than LTO. Therefore, efforts to enhance
the rate capability are needed in the future.
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