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In spite of their high theoretical energy density and potentially low cost, li-
thium-sulfur batteries face several challenges in their path toward wide-
spread adoption, among which introduction of an appropriate anode seems to
be one of the most difficult. We report herein on a modified anode based on
lithium titanate oxide (Li4TisO12) (LTO) doped with praseodymium (Pr) ele-
ment. A fairly simple sol-gel procedure was employed to prepare praseody-
mium-doped lithium titanate oxide (Pr-LTO). Different techniques were then
applied for structural and morphological characterization of LTO and Pr-LTO,
including x-ray diffraction analysis, Brunauer—-Emmett-Teller surface area
measurements, and scanning electron microscopy. Although the LTO and Pr-
LTO electrodes were prepared using similar procedures, the Pr-LTO electrode
exhibited higher capacity as well as better cycling efficiency compared with
LTO. The Pr-LTO electrode demonstrated high rate capability along with
reversible capacity of 173 mAh g~ !, 116 mAh g !, and 62 mAh g ! at 0.05 C,
1 C, and 2 C, respectively. Electrochemical impedance spectroscopy also con-
firmed that Pr-LTO had higher electronic conductivity and faster lithium-ion
diffusion compared with LTO.

Key words: Lithium-sulfur batteries, lithium titanate oxide, praseodymium,

doping

INTRODUCTION

In the future, petroleum-based energy will be
limited, so development of alternative, sustainable,
and clean energy technologies will be necessary to
supply or replace fossil-fuel energy. Solar and wind
energy sources are candidates, but their practical
application is greatly limited because they are not
controllable and suffer from intermittency.’* Sec-
ondary batteries, such as lithium-ion batteries
(LBs), are an important component of energy stor-
age devices in the field of new energy technologies,
owing to their high energy conversion efficiency and

(Received November 6, 2017; accepted July 25, 2018;
published online August 9, 2018)

energy density.® Rechargeable lithium batteries
have been used extensively as power sources in
various portable electronic devices.* Recently, much
effort has been dedicated to promoting their appli-
cations in hybrid electric vehicles and dispersed
energy storage systems, due to their many advan-
tages such as high energy density, small volume,
required light weight, and safety.>® Although
lithium-ion batteries are one of the best candidates
for these fields, their applications are limited for
many reasons, including high cost and limited
theoretical energy density.” To overcome these
obstacles, lithium-sulfur (Li-S) batteries are the
most promising candidates, due mainly to their high
theoretical energy density.®® However, many tech-
nical challenges must be faced, including choice of
appropriate electrolytes,'® cathodes,''? and anodes
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for Li-S batteries. In these batteries, lithium metal
is used as the lithium source (anode). Lithium metal
is regarded as a preferred electrode material for the
anode of lithium-sulfur batteries, mainly due to its
excellent performance in terms of gravimetric den-
sity (0.59 g em ™), high theoretical specific capacity
(3860 mAh g '), and good negative redox potential
(—3.040 V versus standard hydrogen -electrode).
However, two main problems must be solved before
use of such lithium anodes.'®

One is that lithium metal can easily react with
the electrolyte, usually resulting in poor charge—
discharge cycling efficiencies due to severe growth
of the solid electrolyte interface (SEI) layer.'* The
other problem is formation and growth of lithium
dendrites on the lithium anode surface, seriously
hindering practical applications of lithium-sulfur
batteries.

Several modifications have been proposed to
enhance the applications of such batteries, includ-
ing modification of the surface of the Li anode,'®
deposition of Li with carbon nanospheres,'” protec-
tion of the Li anode via polymerization,'* applica-
tion of lithiated silicon instead of Li metal,'®
implementation of silicon-, carbon-,'>?° and tin-
based anodes,” Li-B (boron) alloys,?**? and hybrid
anodes.”

Spinel LTO offers many advantages over cur-
rently used anodes®* for application in LIBs; For
instance, there is a trivial change in the unit cell
volume of LTO during lithium insertion and extrac-
tion, making it a zero-strain material.?® Further-
more, offering a very stable, flat voltage plateau at
around 1.55 V versus Li/Li*, which is higher than
the reduction potential of most organic electrolytes,
LTO is considered to be much safer and more
stable than other anode materials such as carbon.
Despite these advantages, further applications of
LTO face various major challenges. One of the main
intrinsic obstacles to development of LTO is its low
electronic conductivity, which leads to low rate
capacity. To overcome this problem, three methods
have been proposed: (1) synthesis and use of nano-
materials, because nano particle size obviously
shortens lithium-ion diffusion paths and broadens
the electrode—electrolyte contact surface!®26-28; (2)
addition of a second conductive phase into the LTO,
such as metal powder and carbon®®~3!; (3) substitu-
tion of Li or Ti by other metal cations, such as Cr®*,
V5 Mn?*, Fe3*, Zrt, AI%*, Ga®*, Co®*, Ta®, and
CuZ+ 32-35

The aim of this study is to prepare and charac-
terize Pr-LTO as a new anode material for lithium-
sulfur batteries. To the best of the authors’ knowl-
edge, no investigation has hitherto been conducted
on the electrochemical characteristics of Pr-doped
LTO as anode material for Li-S batteries. For this
work, Ti** was partially substituted with Pr®*,
causing a certain amount of Ti** to change to Ti®*
to achieve charge compensation. The transition
from Ti** to Ti** in LTO leads to an increase in
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the electronic conductivity and thus improves the
electrochemical performance of the electrode, espe-
cially its rate capability.

EXPERIMENTAL PROCEDURES
Chemicals

Lithium acetate (CH3COOLi), titanium tetraiso-
propoxide Ti[OCH(CHjz)sls, praseodymium nitrate
[Pr(NO3)s3], polyvinyl difluoride (PVDF), and N-
methyl-2-pyrrolidone (NMP) were obtained from
Merck (Germany), and lithium sulfide (LisS),
LisS, lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), polyethylene (Celgard 2400), dimethyl
ether (DME), and 1,3-dioxolane (DOL) were all
purchased from Sigma—Aldrich (USA). Carbon black
(Akzo Nobel) was purchased from Fluka (USA).
High-purity water was prepared using a Millipore
water purification system (Billerica, MA, USA).

Apparatus

X-ray diffraction (XRD) patterns were obtained
from powders directly using a Bruker diffractometer
(AXS, D8) with Cu K, radiation. Field-emission
scanning electron microscopy (FE-SEM) was carried
out using a Mira 3-XMU. Specific surface area and
nitrogen adsorption—desorption isotherms of the
synthesized LTO and Pr-LTO were measured using
a BELSORP-minill (MicrotracBEL, Japan) instru-
ment. Cyclic voltammetry and electrochemical
impedance spectrum (ESI) measurements were
performed using a VSP 300 (Biologic, France)
electrochemical workstation. The capacity, cyclabil-
ity, and rate capability of the manufactured cells
were analyzed based on the charge—discharge char-
acteristics obtained using a battery cycler system
(Kimiastat 126, Kimiapardaz Iran, Iran).

Synthesis of LTO and Pr-LTO

Pr-LTO was synthesized via a sol-gel method,*® with
stoichiometric amounts of lithium acetate (CH3COOLi),
titanium tetraisopropoxide Ti[OCH(CHjs)zl4, and pra-
seodymium nitrate [Pr(NOs)s] as starting materials.
The resulting gel was dried at 100°C for 24 h to
evaporate excess ethanol, yielding organic precur-
sors that were then calcined in an oven at 800°C for
12 h to obtain the final powders, whose color was
light green in comparison with the white pristine
LTO powder prepared using the same procedure.
The crystal structure of the powders was charac-
terized by x-ray diffraction analysis. Particle size
and morphology were observed by scanning electron
microscopy.

Cell Assembly and Electrochemical
Measurements

Electrodes were fabricated by mixing active mate-
rial [lithium sulfide (Li,S) for cathode, LTO and Pr-
LTO for anode], carbon black, and polyvinylidene
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fluoride (PVDF) at ratio of 80:10:10 (w/w/w) in N-
methyl-2-pyrrolidine (NMP) as solvent, to obtain a
slurry that was subsequently uniformly coated on a
copper current collector and dried at 70°C for 1 h to
remove the solvent. The electrode foil was punched
into circular discs, which were used to assemble coin
cells in an argon-filled glovebox with oxygen and
moisture content below 1 ppm. Solution containing
1.0 mol dm 2 lithium bis-(trifluoromethanesul-
fonyl)imide (LiTFSI) in mixed solvent of 1,3-diox-
olane (DOL) and 1,2-dimethoxyethane (DME) (1:1,
V/V) with addition of 0.5 M LiNOs; was used as
electrolyte, and Celgard 2400 as separator.

Electrochemical measurements were performed
in the potential range of 1.0 V to 3.0 V (versus Li/
Li*) at scan rate of 0.1 mV s '. Before cycling the
cells, the LisS cathodes were 1n1t1a11y activated by
charging up to 4.0V at current rate of C/20.
Electrochemical impedance spectroscopy (EIS) mea-
surements were carried out using a frequency
response analyzer in the frequency range of
0.01 Hz to 100 kHz with potentiostatic signal ampli-
tude of 5 mV. The charge and discharge properties
of the examined cathodes were measured galvano-
statically (Kimiastat 126, Kimiapardaz Iran, Iran)
at different currents (rates) in the range of 1.0 V to
3.0 V (versus Li/Li*). All electrochemical tests were
carried out at room temperature.

RESULTS AND DISCUSSION

To characterize the synthesized LTO and Pr-LTO,
their XRD patterns were studied, as shown in
Fig. 1. The diffraction peaks conformed to cubic
spinel structure in Joint Committee on Powder
Diffraction Standards Joint Committee on Powder

Diffraction Standards (JCPDS) card no. 49-0207,
indicating that Pr®" ions were successfully intro-
duced into the lattice of the spinel.

The relation between the interplanar spacing (d)
and diffraction angle (0) can be expressed by the
Bragg equation:

ni = 2dsin0, (1)

where 1 is the x-ray wavelength.

According to the Bragg equation, the interplanar
spacing is inversely proportional to the diffraction
angle. The Bragg equation (Eq. 1) was applied to
both LTO and Pr-LTO for several Akl lattice planes,
namely (111),(311),(400),(330), and (4 4 0).

The XRD pattern shown in Fig. 2 reveals that the (1
1 1) peak of Pr-LTO shifted to smaller angle, indicat-
ing that the lattice parameter may be increased.

The results calculated for the (1 1 1) peaks of LTO
and Pr-LTO were 8.288 A and 8.313 A, respectively.
The larger lattice constant of Pr- LTO compared
with LTO may be due to two reasons: (1) Pr3*
(1.14 A7 is larger in size than Ti** (0.61 A) S0
doping with Pr will increase the constant lattice of
LTO; (2) doping of PI'3+ at Ti sites w111 cause a
certaln amount of Ti** to change to Ti%* for charge
compensation,®® leading to an increase in the lattice
constant of LTO as Ti%* (0.67 A) is larger than Ti**
(0.61 A). Figure 3 shows SEM images of the LTO (a)
and Pr-LTO (b) powders. Both powders exhibited a
uniform particle size distribution, with average
particle diameter of 50 nm.?°

To provide further insight into the porous structure
of the LTO and Pr-LTO nano/micro superstructures
BET measurements were performed. The BET s ec1-
fic surface area for LTO and Pr-LTO was 205.0 m” g *
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Fig. 1. XRD patterns of LTO and Pr-LTO.
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Fig. 2. Magnified (1 1 1) peaks of LTO and Pr-LTO.

0

and 319.1 m? g1, respectively. As shown in Fig. 4,
the nitrogen adsorption—desorption isotherms could
be attributed to type IVa, corresponding to capillary
condensation accompanied by hysteresis, according to
the International Union of Pure and Applied Chem-
istry (IUPAC) classification.?®

Figure 5 shows the cyclic voltammograms (CV) of
Pr-LTO. The curves show two peaks, one cathodic
(at about 1.74 V versus Li/Li*) and one anodic (at
2.05 V versus Li/Li*), corresponding to the process
of Li insertion into the spinel Pr-LTO and Li
deintercalation from the spinel Pr-LTO, respec-
tively. By comparison, Fig. 5 also shows the CV
curve of LTO. It can be seen that the CV curves of
LTO and Pr-LTO are similar. Because of the higher
diffusivity of lithium ions and lower electrode
polarization for Pr-LTO than LTO, the potential
window (difference between the anodic and cathodic
peaks) for Pr-LTO (310.0 mV) was much smaller
than that of LTO (350.0 mV). Also, on doping with
Pr, the kinetic characteristics of the LTO electrode
were greatly improved and the pair of reversible
redox peaks were enlarged and sharpened for Pr-
LTO compared with pure LTO. These phenomena
confirm that doping with Pr favored reversible
intercalation and deintercalation of lithium ions.*°

Figure 6 shows the cycling performance of LTO
and Pr-LTO at rates of 0.5 C and 1 C. At 0.5 C, the
50th  discharge capacity of Pr-LTO was
126 mAh g !, much higher than that (104 mAh g~')
of LTO. The specific capacity retention of Pr-LTO
and LTO during 50 cycles at 0.5 C was 94% and
80%, respectively, compared with the initial capac-
ity in the first discharge cycle. At 1 C, the 50th
discharge capacity of the Pr-LTO electrode was
96 mAh g, whereas the corresponding value for
LTO decreased to 66 mAh g~ '.
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ETa
500 nm

Fig. 3. SEM images of (a) LTO and (b) Pr-LTO.

In practical applications, lithium-sulfur batteries
will be charged and discharged at low and high
current density, respectively, and correspondingly,
the anode could be charged and discharged in the
same way. On doping Pr®* into LTO, the lattice
volume of Pr-LTO expanded, and this phenomenon
is useful for insertion and extraction of Li* ions.3°
As the charging current was increased, Pr-LTO
showed excellent capacity retention. Even at 1 C,
the charge capacity was 96 mAh g~ !, which is about
76% of the charge capacity at 0.5 C. According to
these results, it can be deduced that Pr-LTO is a
promising anode material with high rate capability
and good cycling reversibility.

The initial discharge—charge curves of the LTO
and Pr-LTO electrodes at different current rates
from 0.05C to 4 C are shown in Fig. 7. The
discharge voltage plateau drops with increasing
current rate for both electrodes. Despite the
increase in current rate, a discharge plateau was
not observed even at 2 C for either electrode. In the
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Fig. 4. Nitrogen adsorption—desorption isotherms (a, c) and size distribution (b, d) for synthesized LTO and Pr-LTO, respectively.

case of Pr-LTO, the discharge plateau lay at around
1.70 V at 0.05 C, while an evident discharge plateau
could always be observed even when the current
rate was 1 C. Meanwhile, the discharge and charge
capacities decreased with increasing current rate.
Compared with LTO, the Pr-LTO electrode exhib-
ited excellent rate capability. At 0.05 C, Pr-LTO
presented discharge capacity of 173 mAh g, while
LTO exhibited discharge capacity of only
158 mAh g !. The discharge capacity of Pr-LTO
was slightly higher than the theoretical capacity of
spinel LTO (175 mAh g~ '), which may be related to
the nanocrystalline particles of carbon black used as
electronic conductor during electrode preparation.
At 4 C, the capacity of LTO was only 43 mAh g~ !;
however, the discharge capacity of Pr-LTO
remained at 52 mAh g~ . This improvement in the
high-rate capacity of Pr-LTO could be attributed to
the enhanced electronic conductivity caused by the
certain amount of Ti ions changed from Ti** to
Ti3+.30

EIS plots for LTO and Pr-LTO are shown in
Fig. 8. The EIS plots can be divided into high- and
low-frequency regions, consisting of a semicircle and
straight line, respectively. The intercept of the
impedance with the Z axis yields the ohmic resis-
tance of the electrolyte. The semicircle in the high-
frequency region represents migration of lithium
ions at the electrode—electrolyte interface. Also, the
straight line in the low-frequency region can be
attributed to diffusion of lithium ions into the bulk
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Fig. 5. Cyclic voltammograms of LTO and Pr-LTO obtained at scan
rate of 0.1 mV s~".

of the electrode material, which is called Warburg
diffusion. Fitting these EIS results using an equiv-
alent circuit gives the ohmic resistance of the
electrolyte (Rg), the charge-transfer resistance at
the active material interface (R.), the double-layer
capacitance, and the passivation film capacitance
(CPE). Z,, is the Warburg impedance caused b87
semiinfinite diffusion of Li* ions in the electrode.?

As seen in Fig. 8, the charge-transfer resistance
of LTO (48.3 Q) was dramatically decreased by Pr
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doping to 28.1 Q in Pr-LTO, revealing improved
surface electrochemical activity of the anode.
These EIS results and conductivity measure-
ments demonstrate that the Pr-LTO electrode
exhibited much higher conductivity than the LTO
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Fig. 8. (a) EIS Nyquist plots of experimental data and fitting results
for LTO and Pr-LTO, (b) equivalent circuit for EIS data fitting.

electrode. This confirms that Pr-LTO has potential
as a high-rate anode material with higher electronic
conductivity and lithium-ion diffusivity compared
with LTO, indicating that Pr doping has positive
effects on the reversible process of Li* intercalation
and deintercalation.

CONCLUSIONS

LTO and Pr-LTO powders were synthesized using
a simple sol-gel method. XRD analysis proved that
Pr-LTO possessed comparable crystallinity and
appropriate phase purity with respect to LTO.
Compared with the LTO electrode, the Pr-LTO
electrode obtained using the same method exhibited
higher capacity and better cycling efficiency. The
capacity exhibited by Pr-LTO was 126 mAh g~ ! at
0.5 C and 96 mAh g ! at 1 C, even after 50 cycles.
These results indicate that Pr-LTO could represent
a promising material for anodes in Li-S batteries.
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