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A perovskite type lithium-ion conductor Li, ;;La, s,TiO; was prepared and the influence of the addition of nano-cellulose in
different amounts was investigated in this paper. The powders for making the pellets were prepared via the sol-gel method.
The calcined powders were pressed into green pellets, which were subsequently sintered at high temperatures to attain
densified pellets. Upon doping, the particle sizes of the calcined powders prepared via the sol-gel method were reduced.
The total conductivities and the grain-boundary conductivities of the sintered pellets were enhanced with the addition of the
nano-cellulose, while the grain conductivities were not necessarily increased. The total conductivity peaked at the addition of
1.5 gof nano-cellulose. The enhancement in the total conductivity resulted from an increase in the grain-boundary conductivity,
which was attributed to the fact that the boundaries between the grains became indistinct. The indistinct grain boundaries
facilitate the migration of lithium ions across the boundaries, thereby increasing the grain-boundary conductivity.

INTRODUCTION

Lithium-ion batteries with a high energy density
and high potential have been widely investigated in
order to meet the ever-growing demands of home elec-
tronics, battery-powered electric vehicles, as well as in
military and aerospace applications. The current elec-
trolytes used in lithium-ion batteries are normally
organic liquid electrolytes, which pose safety hazards
since they are flammable. Solid state electrolytes offer
the advantages of higher safety and better stability over
those of organic liquid electrolytes. Nitrides [1, 2],
oxides [3-5], phosphates [6-9], sulfides [10, 11] and hy-
drides [12] are currently being investigated as potential
solid state electrolytes. Among these potential electro-
lytes, oxides exhibit a good overall performance, espe-
cially perovskite-type Liy La,; TiO; (LLTO). A typical
perovskite structure consists of a TiO4 octahedra and
La-site cages formed by 12 oxygen ions belonging to
the 8 octahedra. The vacancies on the La sites allow
the lithium ions to migrate from one dodecahedral La-
site cage to the next one through square planar bottle-
necks between the La sites. The ionic conductivity of
LiyLa,; TiO; depends on the Li ion concentration and

the highest grain conductivity (10~ S-cm™) at room tem-
perature, which is comparable to that of organic liquid
electrolytes, was found at x = 0.11 [13]. However, the
major drawback of this material, just like other poly-
crystalline lithium conductors, is its intrinsically low
grain-boundary conductivity, which is normally two
orders of magnitude lower than the grain conductivity.
Thus, the total conductivity of perovskite Liy La,;  TiO,
is low, in the order of 10° S-cm™. In recent years, in-
tensive research has been carried out to improve the
total conductivity of Li;La,;  TiO;. According to the
published results [14, 15], the elimination of resistive
grain boundaries and the densification of the micro-
structure were found to be beneficial to enhance the total
conductivity of LiyLa,; TiO;. In addition, doping the
La-site with Nd [16], Ag [17] or Al [18], incorporating
insulating second phases like SiO, [19], Al,O,4 [20] and
Bi,0; [21], or mixing with other lithium conducting
materials, such as Li,La;Zr,0,, [22], Li,,, Al Ti, (PO,),
[23] and Li;PO, [21] have also been adopted by many
groups. Apart from these previously-mentioned studies,
a total conductivity of 1.52 x 10* S-cm™ was reported for
a nano-sized LLTO [24], which indicates that a reduction
on sizes could be helpful.
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Nanostructured cubic Li,La;Zr,0,, was successful-
ly prepared by templating onto various cellulosic fibres
[25]. Reducing sizes via templating seems feasible.
Therefore, with the aim to enhance the conductivity,
Liy La,, ,TiO; was prepared via templating onto nano-
cellulose fibres by using the sol-gel method in this study.
The subsequent thermal treatment was carried out in a
microwave oven to crystallise and densify the LLTO
pellets.

EXPERIMENTAL

Stoichiometric La,0; (Aladdin, 99.9 %) and Li,CO,
(Huadong, 98 %) were first weighed and dissolved in
acetic acid (Damao, 99.9 %). The mixture solution was
continuously stirred at 70 °C until a white homogenous
solution was formed. Then titanium (IV) isopropoxide
(Macklin, 99.9 %) was added in a stoichiometric ratio.
Subsequently, the solution turned from white in colour
to being transparent. The transparent solution was con-
tinuously stirred at 100 °C until a thick solution was
formed. Different amounts of nano-cellulose (0, 1, 2.5,
2,2.5,3 g) were put in a watch-glass and the formerly-
obtained LLTO gel (10 ml) was added to allow sufficient
saturation. Then the nano-cellulose saturated with LLTO
was dried in air before being annealed in a microwave
oven (INNOV-CS-03M1600, Hunan Innvo-Tech Co.
Ltd.). The annealing programme was set at 600 °C for
a duration of 1 h followed by 900 °C for a duration of
2 h and the heating rate was 5 °C'min”'. After sufficient
grinding (the grinding time was kept at 30 min for all the
powders), the annealed powder was pressed into a coin-
shaped pellet 15 mm in diameter under the pressure of
10 MPa for 10 min. The green pellets were then sintered
at 1200 °C for 4 h in the microwave oven.

The microstructures were examined using a field
emission scanning electron microscope (JSM-7800F).
The particle size distribution was characterised by the
laser diffraction method (BT-9300H). All the sintered
pellets were polished and painted with silver paste on
both sides in order to perform the electrochemical impe-
dance spectra (EIS) analysis. The EIS measurements
were carried out using a Princeton Versasta3 station by
applying a stimulus amplitude of 10 mV over the fre-
quency range of 0.1 — 1 x 10° Hz.

The conductivities o were calculated as follows:

o =d/(R*A) (1

where d is the thickness of the pellet, R is the impedance
and A4 is the electrode area of the pellet. The grain im-
pedance and grain boundary impedance were determi-
ned by the equivalent circuit from the Nyquist plots.
Therefore, the grain conductivity and grain-boundary
conductivity were calculated using Equation 1 accor-
dingly.

RESULTS AND DISCUSSION

The particle size distributions of LLTO + x g nano-
cellulose powders after calcination are shown in Figu-
re 1. The LLTO powders without nano-cellulose exhi-
bited a tetra-modal distribution with distinct maxima
centred at 4 um, 14 pm, 31 pm and 107 pm and its D50
was close to 38.48 um. When added to the 1 g nano-
cellulose, the powder of LLTO + 1 g exhibited a tri-mo-
dal distribution with distinct maxima centred at 4 pum,
21 pm and 117 pm and its D50 reduced to 21.44 pm. The
reduced D50 indicated that the particle size of the LLTO
was reduced under the influence of the nano-cellulose.
The powder of LLTO + 1.5 g still presented a tri-modal
distribution with distinct maxima centred at 4 pm, 28 pm
and 117 pm and its D50 was close to 26.90 um. When
added to the 2 g nano-cellulose, the powder of LLTO +
2 g evolved into a tetra-modal distribution with a D50
reduced to 26.26 pm. When the amount of nano-cellulose
increased to 2.5 and 3 g, the D50 of the powders was
reduced greatly to 13.67 and 10.07 um, respectively. In
general, the particle size was reduced by the addition
of nano-cellulose. The specific surface area for LLTO,
LLTO+1g LLTO+1.5g, LLTO+2 g, LLTO +2.5¢g
and LLTO + 3 g nano-cellulose was determined as
22.12 m>g', 29.03 cm*g”, 24.57 cm*g', 27.83 cm?®-g”,
31.85 cm*-g"'and 39.72 cm?-g”, respectively. The specific
area basically decreased as the amount of nano-cellulose
increased.
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Figure 1. Particle size distribution of the LLTO + x g nano-
cellulose.

The SEM photos of the LLTO and LLTO + x g
nano-cellulose powders after calcination are shown in
Figure 2. The particles of the LLTO powders without the
nano-cellulose had a spherical shape. Upon adding 1 g
of nano-cellulose, the shape of the particles started to
become elongated. When the addition of nano-cellulose
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reached 1.5 g, the spherical shape in the LLTO evidently
changed into a thin laminar shape. Moreover, the particle
sizes became much smaller. As the amount of nano-
cellulose increased further, the particles changed into
irregular multifaceted ones. Another feature about the
particles after adding the nano-cellulose was that they
tended to agglomerate more.

The electrochemical impedance spectra of the sin-
tered LLTO and LLTO + x g nano-cellulose pellets were
measured at room temperature and the Nyquist plots are

shown in Figure 3. The equivalent circuit is shown in the
inset of Figure 3, comprising one resistor, one Warburg
element in series with two pairs of a resistor and a CPE
(constant phase element) in parallel.

The total conductivity, grain conductivity and
grain-boundary conductivity were plotted against the
amount of nano-cellulose, shown in Figure 4. Generally,
the total conductivity increased under the influence of
the nano-cellulose. Compared to the sample without
the nano-cellulose, the grain-boundary conductivities

493 <

e)LLTO+2.5¢g

[

fLLTO+3 g

Figure 2. SEM photos of the LLTO and LLTO + x g nano-cellulose after calcination.
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of the samples with nano-cellulose were all increased
to varying degrees. The total conductivity followed the
same trend as the grain-boundary conductivity and both
maximised at 1.5 g nano-cellulose. While the maximum
grain conductivity resided at a slightly different doping
amount, 2 g. The SEM photos of the fractured surfaces
of the LLTO and LLTO + x g nano-cellulose pellets are
shown in Figure 5. It was found that the boundaries
between the grains were very clear in the LLTO without
the nano-cellulose, while the boundaries became not so
distinct and inseparable with the addition of the nano-
cellulose. It was thought that the enhanced conductivity
of the LLTO with the nano-cellulose was attributed to
the indistinct grain boundaries, which indicated that the
nano-cellulose effect was mainly facilitating the mi-
gration of lithium ions across the grain boundary. The
densities of the samples with the nano-cellulose were all
higher than the density of the sample without the nano-
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Figure 3. Nyquist plots and fitting curves of the LLTO and
LLTO + x g nano-cellulose.
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Figure 4. The conductivities of the samples against the nano-
cellulose amount.

cellulose. The density of the samples with the nano-
cellulose did not show a clear trend with the amount of
nano-cellulose. However, the densities of the samples
corresponded well with the total conductivities.

b)LLTO + 1 g

¢)LLTO+15¢g

Figure 5. SEM photos of the LLTO and LLTO + x g nano-
cellulose pellets. (Continue on next page)
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Figure 5. SEM photos of the LLTO and LLTO + x g nano-
cellulose pellets.

CONCLUSIONS

A perovskite-type Lij;;La;ssTi10; was tuned by
nano-cellulose via the sol-gel method. The particle
sizes were reduced after adding nano-cellulose and the
total conductivity was enhanced under the influence of

the nano-cellulose. The total conductivity of the doped
samples peaked at 1.5 g of nano-cellulose. Upon the
addition, the boundaries between the grains became in-
distinct, which was thought to contribute to the enhan-
cement of the total conductivity.
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