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Abstract

This research synthesizes a double Al-B doped LLZO following a composition of Liz+osxLai.14Al1 43xBosxZr2-3x012-5
through a solid-state reaction. The materials were sintered at a low temperature of 900 °C, giving an advantage
in reducing Li loss. The material was analyzed to understand the phase content, the crystal structure and cell
parameters, the surface morphology, the impedance, the electrical conductivity, and the activation energy for
ionic migration. As a result, the Al-B doped-LLZO with x composition of 0.3 (Liz.15La1.14Alp.420B0.152r1.1012-5)
and ball milling time of 120 h, LLZBAO(0.3)120 h, provides the highest ionic conductivity of 6.898x10* Scm™*
at room temperature, and it increases as the temperature increases confirming activation energy of 0.135 eV. A
prototype of LCO-LLZBAO(0.3)120h-Li metal battery was produced and tested to investigate the solid
electrolyte performance. A cyclic voltammetry analysis confirms a quasi-reversible reaction involving
extraction-insertion of Li ions into LiCoO,. However, the excess capacity and a long plateau at low voltage also
indicate the reduced Li* into zero valent-metal, which is poorly reversible, causing the battery capacity to
decrease and become stable after 20 cycles.
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1 Introduction the problems because of their non-flammable properties,

high energy, and power density [7], better

Lithium batteries are widely used because of their high
current and voltage densities, long cycle life, and their
environmentally friendly [1], [2]. However, the liquid
electrolyte application deals with the issues of
explosion risk, less safety for transportation [1], [3],
poor thermal stability, and high reactivity toward Li
metal [4]. It reduces the potential use of Li metal
anode, even though Li metal anode provides a high
energy densities with a theoretical capacity of 3860
mAh/g and a low negative potential of metallic lithium
anode (—3.04 V vs standard hydrogen electrode) [4]-[6].
Therefore, solid electrolyte is a good option to overcome

compatibility with Li metal anode compared to liquid
electrolyte [8], and less growth of Li dendrite on the
interface of electrolyte-electrode [9], [10].

Some solid electrolytes have been investigated,
such as lithium superionic conductor, LisPOa
(LISICON)[11], Lithium titanate perovskite-type
[12], sodium superionic conductor (NASICON) [13],
and garnet-type LisLaszZr,012[14]. The cubic garnet
Lithium Lanthanum Zirconate (LizLasZr,O1,, LLZO)
is getting more attention due to its good
electrochemical performance with ionic conductivity
in the range of 10%-10° Scm™, and low electronic
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conductivity [15], good thermal and chemical stability
to Li metal, and has a large electrochemical window
(~ 6 V) [16], [17]. To obtain a cubic LLZO at room
temperature, some researchers modified LLZO with
APF* [18], Ga®* [19], Sm®* [20], and Ta%* [21] doping
[22]. The AIR* dopant stabilizes cubic structure, and
reduces the cubic transformation to a tetragonal phase
[23], and also increases the ionic conductivity because
of Li vacancy formation [24], [25]. Meanwhile,
Boron, B%, doping to LLZO could decrease the
sintering temperature to 900 °C because of liquid
phase formation between particles, allowing the
particle arrangement. Low-temperature material
preparation is essential to prevent Li loss that degrades
their electrochemical performance [22]. The boron
doping to LLZO has successfully produced ASS-LIB
with a voltage range of 2.2-4.7 V at 1C of current
drawn [26].

Based on the capability of AI** to stabilize the
LLZO cubic phase [18], [27] and increase the ionic
conductivity [24], [25] and the capability of B** to
reduce the sintering temperature [28], a previous study
on AIl-B doping into LLZO was conducted by
following a non-stoichiometric  formula  of
Liz+xLasBosxAlosxZr2«O12 at various x of 0.15; 0.2;
0.4; and 0.7 [29]. XRD analysis equipped with Le Bail
refinement found the presence of cubic phase at
around 82%. However, secondary phases of LiCOsg,
H3:BOs, and LiOH.H,O are also available. After
sintering at 1100 °C 6 h, the green pellet densified;
however, it turned into powder after being stored at
room temperature for 12 h [29]. It seems that the
presence of 4% B promoted boric acid, HsBOs,
formation, which caused the material to be
hygroscopic and turned into powder quickly after
being stored at ambient conditions.

Therefore, to overcome the hygroscopic problem
due to a high B composition, this research applied a
different formula of Li7+o5xLa1A14AI1,43xBo,5er2.3x012»5.
The formula was chosen based on previous research
conducted on AI** doping in LLZO [25]. Meanwhile,
to prevent Li loss during sintering, a low- temperature
sintering of 900 °C was chosen [24]. Low-temperature
sintering also allows the sintering of the material
without mother powder because less possibility of Li
loss would not require Li compensation. This research
applied 12 h, 100 h, and 120 h ball milling times to get
high purity by reducing the presence of secondary
phases.

The result was characterized by PXRD followed
by Le Bail refinement to understand their crystal
phases. The structure, cell parameters, and mole

percentage. Impedance analysis of the prepared
materials reveals their electric properties under
various temperatures. Finally, this research studies the
feasibility of the prepared material as a solid
electrolyte in a lithium metal battery by assembling
the prepared AI-B doped-LLZO (LLZABO) with
LiCoO;, cathode and Li anode. The battery
performance was tested through charge-discharge
analysis. Meanwhile, cyclic voltammetry analyzes
electrochemical reactions within the battery.

2 Method and Materials
2.1 Synthesis of the LLZBAO

The material was synthesized by conventional solid-
state reaction method according to a formula of
Liz+05xLa114Al1.43xBo.5xZr2-3x0125  (LLZBAO)  with
composition of x=0.3; 0.6. The precursors were LiOH
(99%, Merck), La,Oz (95%, Merck), ZrO, (99%,
MSE), B20s (99.98%, Sigma Aldrich), and Al(OH)3
(99%, Merck). Prior to use, the La,O3 and AI(OH);
were heated at 900 °C for 12 h, meanwhile LiOH and
ZrO; were heated at 200 °C for 12 h. The precursors
were weighed stoichiometrically and then mixed
thoroughly in isopropyl alcohol, followed by ball-
milling at 450 rpm for 12 h. 10 wt% of LiOH was
added to the mixture to compensate the potential
lithium loss during calcination and sintering. After
ball milling, the powder was separated from zirconia
balls and added to the ball milling tube, which served
as a powder crusher. The separated powder was heated
inan oven at 70 °C for 12 h followed by calcination at
900 °C for 12 h. The calcined powder was then
crushed in an agate pestle and pressed under 5 t
(Hydraulic press, Mezler max.12 t) to produce a green
pellet. The green pellets were sintered at 900 °C for 12
h under air without mother powder, producing
LLZBAOO(0.3) and LLZABO(0.6).

The produced powder was then analyzed by
PXRD (Rigaku miniflex 600 Cu-ray) equipped with
Le Bail refinement (Rietica, a free version) to
investigate the phase inside and fitted with a definite-
crystal structure and cell parameters [30], [31]. The
XRD patterns were merged and processed with
OriginPro 2023 Serial No. GF3S5-6089-7181518,
Reg.ID 8ZK-ZT7-L7K. The surface morphology of
the powder was investigated by SEM-EDX (JEOL-
JSM-6510LV). The SEM images were analyzed by
ImageJ (a free software) to understand the pore’s
percentage and roughness [32]. Impedance analysis
(EUCOL U-2826 frequency 20 Hz-5 MHz)
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investigated the electrical properties [33]. Then, the
prepared composition with higher ionic conductivity
was further studied by applying different ball milling
times of 12 h, 100 h, and 120 h. All the resulting
powders were subjected to PXRD to investigate the
phase content available.

2.2 Electrochemical analysis

The material was subjected to a 5-t hydraulic press and
then sintering at 900 °C 12 h under air without mother
powder. Impedance analysis at 20 Hz-5 MHz was
done through the silver blocking method by applying
the silver paste and the silver wire on both surface of
the sintered-pellet. The study was conducted at 30, 50,
100, and 125 °C. ZView software embedded in CS
Studio 5 for Electrochemical Workstation fitted the
impedance data based on the R-C network model. The
ionic conductivity, o (Scm™), was then calculated
from resistance, R () value found by the fitting step
by applying Equation (1), with | as the pellet thickness
(cm), and A as the surface of the active area (cm?).
Surface active area, A is the area of silver paste cast on
the sample.

o=-— 1)

To investigate the electrochemical performance
of the material as a solid electrolyte, the SE was
assembled with LiCoO, (LCO) cathode and Li metal
anode in a coin cell CR2032. The LLZBAO was
polished until 1 mm thick with a sandpaper No. 500.
The LCO powder was mixed with PVDF, NMP, and
acetylene black at 80:10:10, respectively [20] and
stirred for 1 h. The cathode slurry was then painted on
the LLZBAO pellet and was kept in an argon glove
box for 12 h. Then, Li was melted on the other side of
LLZBAO. Cu foil was attached on the Li side, and Al
foil was on the LCO side. After being punched, the
coin cell was analyzed by cyclic voltammetry
(Corrtest Electrochemical Workstation CS-150, scan
rate of 5 mVs™?) and charge-discharge analysis with
NEWARE Battery Testing System 1A5V under 1.2—
3.8V of 0.1C current drawn.

3 Result and Discussion
3.1 X-Ray diffraction

In this research, the LLZBAO was synthesized in two
compositions of x = 0.3 and x = 0.6. Initially, the

synthesis was conducted with 12 h of ball milling
producing LLZBAO(0.3)12h and LLZBAO(0.6)12h.
The powder provides XRD patterns, as shown in
Figure 1.

LLZBAO(0.¢) | ™ LLZ0 ¢
mLZot
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| Luco
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Figure 1: The diffraction patterns of LLZBAO(0.3)12
h and LLZBAO(0.6)12 h, which are compared with
cubic LLZO 1CSD#422259 and tetragonal LLZO
ICSD#246816

Table 1: List of molar percentages, and cell
parameters of the LLZO phase and the secondary
phase in LLZBAO.

Composition LLZABO (x=) x=0.3 x=0.6
LLZO ¢ (mol%) 46.84 45.46
LLZO t (mol%) 46.31 45.72
Cell Parameter :
LLZOc cubic/ cubic/
Structure/space group (la-3d) (la-3d)
a=b=c (A) 13.0165 (21)  12.9940 (10)
LLZOt Tetragonal/ Tetragonal/
Structure /space group (14/acd) (14/acd)
a=b#c (A) 13.1226 (16)  13.1950 (15)
12.6621 (22)  12.6446 (16)
Rp (%) 9.41 11.38
Rwp (%) 9.90 12.25
Secondary phase (mol %)
H3;BOs 291 2.89
Li,COs 2.48 2.42
Zr0O, 147 1.46
Al,O, - 1.95

LLZBAO(0.3)12h shows cubic diffraction at 26
16.64°, 30.7°, 33.6°, and also tetragonal peak at 26 of
31.65°. Meanwhile, LLZBAO(0.6)12h shows an
intense peak at 26 of 33.6° and 42.70° corresponds to
cubic structure, and at 26 of 31.65° refers to tetragonal
structure. Le Bail refinement to the XRD data found
that LLZBAO(0.6)12h provides lower mol% of cubic
structure than LLZBAO(0.3)12 h, which is 45.46%
and 46.84% for LLZBAO(0.6)12h and LLZBAO(0.3)12h,

F. Rahmawati et al., “Low Temperature Sintering Al-B Doped-LLZO for All-Solid-State Lithium Battery.”



Applied Science and Engineering Progress, Vol. 18, No. 2, 2025, 7551

respectively. Meanwhile, LLZBAO(0.6)12h has
secondary phases, including H3BOs, Li,COs, ZrO;
and Al,Os, with a total composition of 8.71% (Table 1).
The secondary phases are the precursors, which
indicates that the reaction did not proceed completely.
Therefore, an effort to homogenize the mixture is
required, such as by increasing milling time.

3.2 Conductivity of LLZBAO

Impedance measurement analyzed the effect of
composition on the ionic conductivity. The results are
depicted in Figure 2. ZView analysis found that both
prepared materials show ionic conductivity with
capacitance of 5.96x10° F and 1.32x107° F for
LLZBAO(0.3)12 h and LLZBAO(0.6)12 h, respectively
(Table 2). It indicates that grain boundary conduction
dominates the conduction mechanism, as the
capacitance of ~0.1 pF refers to grain capacitance,
~1.4 nF refers to grain boundary capacitance, and more
than 1 uF is electrolyte-electrode capacitance [34], [35].

Figure 2 shows that at room temperature,
LLZBAO(0.3)12 h provides lower impedance than
LLZBAO(0.6)12 h. The ionic conductivity calculation
found a wvalue of 5.656x10° Scm? for
LLZBAO(0.3)12 h, and 6.25x10°% Scm?* for
LLZBAO(0.6)12 h. The 0.6 composition shows an
order lower than the 0.3 composition. The lower cubic
content and higher secondary phases are responsible
for the lower conductivity value (Table 2). The Cubic
structure allows Li ions to migrate freely within the
structure because Li ions in the cubic LLZO (LLZO c)
structure only partially occupy 24 d tetrahedral (Td)
and 48 g/96 h octahedral (Oh) sites. Meanwhile, in
tetragonal LLZO (LLZO t), three different Li sites are
fully occupied [36], leaving less space for Li ions to
migrate and provide conductivity.

Rs R R2
-25 .\ CPE1 CPE2 i
T ‘ *
o= %
o ¢ ‘o LLZBAO(0.6)12h
NI -
; o - ‘.
S .
s -104
N L
0 Rs R1
L
548 3 |
LLZBAO(0.3)12h
0 : - - : -
0 20 40 60 80 100 120

Z' (x10% Ohm)
Figure 2: The impedance plots of LLZBAO(0.3)12 h
and LLZBAO(0.6)12 h.

Table 2: Fit result of the impedance plots.

Sample LLZBAO LLZBAO
(0.3)12h (0.6)12 h

Thickness (cm) 0.101 0.222
Active area (cm?) 0.067 0.214
R1(Q) 27147 54954
R2 (Q) - 51816
CPE1 (F) 5.96 x 107° 1.32x 10710
CPE2 (F) - 598 x 10°
Chi square 0.0186 0.0129
lonic cond (Scm™) 5.528 x 107 9.703 x 10

3.3 SEM of LLZBAO(0.3) and LLZBAO(0.6)

SEM images show that LLZBAO(0.3)12 h has larger
grains (Figure 3(a) and (b)) than LLZBAO (0.6)12 h
(Figure 3(c) and (d)). The LLZBAO(0.3)12 h grains
are connected or well-sintered. Meanwhile, small
grains of LLZBAO(0.6)12 h are poorly connected,
which causes lower ionic conductivity. Figures 3(a)
and (b) show that LLZBAO(0.3)12h has a spherical
particle shape that sticks together and is tightly
packed. Grains appear to be covered by a glassy layer.
By increasing Al-B-dopants to x = 0.6, more pores are
formed, and a melt or liquid phase is formed, resulting
in intergranular connections (Figure 3(d)), which are
often called abnormal grain growth[26]. Analysis by
Image) software (a free software) found that
LLZABO(0.3)12h provides a larger pore size of 7.501
+ 5.725 um? than LLZBAO(0.6)12 h, i.e., 5.683
3.674 um? However, the pore number in

LLZABO(0.3)12h is fewer than in LLZABO(0.6)12 h,
with  0.88% and 1.99%, respectively (Figure 4).
LLZBAO(0.3)12 h provides a smoother surface than
LLZBAO(0.6)12 h (Figure 4).

)

Figure 3: SEM images of LLZBAO(0.3)12 h (a), (b)
and LLZBAO(0.6)12 h (c), (d) at different
magnifications.
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Figure 4: The ImageJ results of SEM images: (a) the
pores of LLZBAO(0.3)12 h, (b) the roughness of
LLZBAO(0.3)12 h, (c) the pores of LLZBAO(0.6)12
h, and (d) the roughness of LLZBAO(0.6)12 h.
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Figure 5: The diffraction patterns of LLZBAO
(0.3)12 h, LLZBAO (0.3)100 h, and LLZABO
(0.3)120 h.

The abnormal grain growth, as also found by
previous research [26], is caused by a high grain
boundary movement driven by a large amount of
liquid phase. The larger grain boundary will engulf the
smaller grain boundary to form much larger grains due
to the large driving force of the curved boundary
between the large grain and the matrix. Very high
grain boundary movement rates will detach the
boundaries of the pores and leave isolated pores in the
interior of the grain because the pores move slower
than the grain boundaries. Thus, the separation of
these pore boundaries forms closed pores, causing
abnormal growth grains [19], [26].

Considering the result, especially the ionic
conductivity properties, this research further studied
LLZBAO(0.3) for application tests. However,
LLZBAO(0.3)12h still consists of many secondary
phases of LiCOs, HsBOs, ZrO,, and Al,Os, which are
identified as precursors. Incomplete mixing was
predicted as the reason for the precursor’s availability
within the final product. Therefore, in this research,
after having the suitable composition LLZBAO(0.3),
which is Li7,15Lal,14A|o,4ngo,1sz|’1,1012-5, ball miIIing
time was extended to 100 h and 120 h.

3.4 Le Bail refinement of LLZBAO

As shown previously, LLZABO(0.3) provided higher
cubic content, lower pores percentage, and higher
ionic conductivity. However, the material still consists
of secondary phases of precursors, i.e., Li,COs,
HsBOs, ZrO;, and Al,Os. Mechanical mixing is
suspected to be the cause of some precursors
remaining. Therefore, further treatment was done by
applying a longer ball milling time of 100 h and 120
h. The resulting powder shows a diffraction pattern as
depicted in Figure 5. Ball milling at 100 h reduced the
peak intensity of the secondary phases. Furthermore,
ball milling at 120 h made the diffraction peaks more
intense and sharper (Figure 5) indicating high
crystallinity. The zirconia peak was removed, while
the Li,CO3; and H3BOj3 are still available in minor
peaks. The result is in line with other results in LLZO
production which found that longer ball milling will
increase the homogeneity of the starting material
because it is able to provide a mechanical mix and
chemical reactions among the starting materials to
react more completely [37] without remaining ZrO;
and LaOHj3 characteristic peaks [38].

Le Bail refinement (Figure 6) confirms that
extending the ball milling time to 120 h could remove
the ZrO, peak, and increase the cubic percentage to
89.63% (Table 3). It also reduces the cubic cell
parameters from 13.046(2) A to 12.9722(4) A,
indicating a lower unit cell volume without any
disruption from the zirconia atom outside the LLZO
structure. The map of electron distribution (Figure 6,
inserted) shows that by eliminating ZrO, from the
secondary phase, electrons were more evenly
distributed, and the positive charge became connected
to support ionic migration conveniently.
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Table 3: Refinement result to LLZBAO (0.3)100h and LLZBAO(0.3)120 h.

Materials Cell Parameter Cubic Secondary Phases
H;BOs LizC03 Zr0O,
LLZBAO (0.3) a (A 13.046(2) 7.096(1) 8.377(2) 5.083(2)
100h
b (A) 13.046(2) 7.053(2) 4.996(1) 5.249(1)
c(A) 13.046(2) 6.625(1) 6.218(1) 5.348(3)
mole % 87.15(3) 5.45(0) 4.64(0) 2.76(0)
Rp (%) 8.96
Rwp 11.01
(%)
lonic conductivity (Scm™) 5.528 x 10°
LLZBAO (0.3) a (A 12.9722(4) 6.990(1) 8.315(1)
120h
b (A) 12.9722(4) 6.993(1) 4.9804(9)
¢ (A) 12.9722(4) 6.6146(5) 6.1818(9)
mole % 89.63(1) 5.59 4.78
Rp (%) 8.90
Rwp (%) 8.83
lonic Conductivity (Scm™) 6.898 x 10
e [L7BA0(0.3)120h E
LLZBAO(0.3)100h - :
g:: ‘ g
(a) S

LU WA U R W
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Figure 6: Le Bail and Fourier plots (inserted) of LLZBAO (0.3)100 h (a) and LLZBAO (0.3)120 h (b).

Table 4: Crystallyte size and lattice strain by

Williamson-Hall method.

Materials Crystallyte Size

Lattice Strain

(nm) (GS)
LLZBAO(0.3) 12h 3790+1.868  0.037+0.017
LLZBAO(0.6) 12h 7.159+2.992  0.174+0.007
LLZBAO(0.3) 100h  6.690+3.989  0.020 + 0.008
LLZBAO(0.3) 120h  7.165+3.885  0.019 + 0.008
The  Williamson-Hall method  evaluates

crystallyte size and lattice strain of the prepared
materials. The results are listed in Table 4.
LLZBAO(0.6) shows the highest lattice strain of 0.174
+ 0.007 A? confirming higher crystal imperfection
such as by lattice dislocation [39].

Figure 7(a) shows an SEM image of
LLZBAO(0.3)120h with cubic particles connected to
each other, even though some connection losses are

still available. ImageJ analysis (Figure 7(b)) found
that LLZBAO(0.3)120 h has a smaller pore size of
3.265 + 4.149 um?, but a larger pore number with
1.146% of pore percentage. The sintering temperature
at 900 °C seems insufficient to completely dense the
material. However, this research has chosen a low-
temperature sintering to prevent Li loss that causes a
decrease in Li* ion conductivity and eliminate the
usage of mother powder during sintering.

Another research on compositing LLZO with
NASICON type LATP also found that sintering at 800
°C provides higher electrical conductivity than
sintering at 900 °C and above because a high
temperature initiates high reactivity, allowing more
secondary phases to form [15]. This research found
that even though the sintered-pellet is not fully dense,
as shown by Figure 7(a), however the high cubic
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content and the absence of ZrO, as a secondary phase
in LLZBAO(0.3)120 h (Table 3) has successfully
increased the ionic conductivity from 5.528x10°°
Scm for LLZBAO(0.3)12h (Table 2) to 6.898x10*
Scm for LLZBAO(0.3)120h at room temperature.
Increasing the temperature even decreases the
impedance value (Figure 8), indicating an increase in
ionic conductivity.

3.5 lonic Conductivity of LLZO

The impedance plots show wide semicircles indicating
the presence of grain and grain boundary conduction,
which was modeled by two R-CPE networks (inserted
in Figure 8). The ionic conductivity of the
LLZBAO(0.3)120 h is 6.898x10* Scm™ at room
temperature. The ionic conductivity increases as the
temperature increases, i.e., 12.335x10* Scm,
22.397x107 Scm?, and 30.043x10~ Scm at 50 °C,
100 °C, 125 °C, respectively. Arrhenius’s plot
confirms that the activation energy of the ionic

movement is 0.153 eV. Table 5 lists some related
LLZO-hased solid electrolytes and shows the position
of this research among them.

Figure 7: SEM Images of LLABAO(0.3)120 h (a) along
with its imageJ pore analysis (b) and roughness (c).

Table 5: The ionic conductivity of some LLZO based-solid electrolyte

Materials Sintering Method lonic Conductivity
(Scm™?) and the Reference
LigglasZr; 9M0og 101, 1230 °C 4h in air 6.82 x 107° [40]

Li7 La3zl'2012

Double step sintering 900 °C / 6h then 1130 °C 18h

2.40 x 10°[41]

Lis.75L.83Zr1.75Ta0.25012

Double step sintering 900 °C / 6h then 1130 °C 18h

4.30 x 10°[41]

Lis.sLaz.osBao.0sZr1.75 Ta0.5012

Double step sintering 900 °C / 6h then 1130 °C 18h

6.50 x 10*[41]

Lis.03LasZr; 533 Ta0.46012 1000°C /12h 521 x10° [42]
Li7La3Zr1_4Ti0_6012 950°C /12h 1.01 x 1076 [42]
Li;LasZr,01, 1200°C /12h 1.2 x10° [43]
Li;LasZr,0;;, sol-gel synthesis 1200°C /12h 4.0 x 10°[43]
Li§_25A|0_25La3Zr2012 1200°C /12h 8.9 x 1075 [43]

Y-Al doped-LLZO

1050 °C /1h + 1200 °C /6h and CIP 40 MPa

1.06 x 10 °[44]

B-Al doped-LLZO

900°C /12 hiin air

5.528 x 10~ (this research)
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Figure 9: CV analysis of full cell LCO-
LLZBAO(0.3)120 h-Li at 10 mV/s of scan rate vs
Li/Li* (a). The inserted figure presents voltage vs log
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reaction (b).
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3.6 Cyclic voltammetry

Cyclic voltammetry to LCO-LLZBAO(0.3)120 h-Li
found a quasi-reversible voltammogram confirming
the reversible oxidation-reduction reaction. The
oxidation started at 0.28 V vs Li/Li* and reached a
maximum at 1.95 V vs Li/Li*. The Li* was reversibly
reduced at 0.3 V vs Li/Li* (Figure 9). The voltage vs.
log i plot confirms a little shift between oxidation and
reduction starting or onset potential, as inserted in
Figure 9. The oxidation-reduction voltages are similar
to another result on Au-Ta doped LLZO-Li, which
shows 0 V vs. Li/Li* according to Li dissolution and
Li deposition [45]. Another research on LCO-
Lis.7sLasZr1.7sNbg25012-Li solid-state battery found a
similar oxidation start with a potential anodic peak at
3.8 V vs Li/Li* corresponds to Li ions intercalation to
LCO [46].
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Figure 10: Charge-Discharge result (a) to LCO-LLZBAO(0.3)120h-Li under 0.1C current drawn, and its

Coulombic Efficiency (b).
3.7 Charge - Discharge

Charge-discharge analysis to LCO-LLZBAO(0.3)120
h-Li found a very high initial discharge capacity of
over 500 mAh/g (Figure 10), due to the transport of Li
ions extracted from Li metal (theoretical specific
capacity of 3860 mAh/g [47]) and transported to LCO
as defined in Equation (2) based on an LCO-Carbon
battery [48]. The second charge-discharged capacities
are 325 mAh/g and 395 mAh/g, respectively, which
notably exceeds the theoretical LCO capacity, i.e., 274
mAh/g for a 100% Li extraction. The surplus
discharge capacity evinces Li* deposition to LCO
(Equation (3)) was not only inserted to the LCO

crystal structure with a maximum of 1.0Li*, but the
excess of 0.5Li* was deposited as zero-valent
transition metal [49] on the LCO surface. Further
investigation is essential to understand the case. A
capacity surplus in another Li metal battery with LMF
cathode (Li1.2MnFe1 2Fsg) mostly occurs below 2.9 V
as a gradient of discharge curve changed [49]. During
the subsequent cycle, discharge capacity decreases to
128 mAh/g at the 10th cycle, providing 78% of
Coulombic Efficiency (Figure 10). Disappearing of a
long plateau under low voltage indicates that the zero-
valent lithium deposited on LCO was poorly
reversible [49]. After 20 cycles, the capacity remains
stable at 100 mAh/g and discharged at around 70 mAh/g,
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confirming an average efficiency of 75% (Figure 10).
Another research on Al doped-LLZO analyzes stress-
strain distribution and cracking phenomena within the
solid electrolyte that impedes Li ions transport and
reduces electrochemical performance [27].

Charging:
LiCoO; = Li1-nCo0O; + nLi* + ne
nLi* + ne = Lij, 2

Discharging:
Li, = nLi* + ne
Li1-nCoO; + nLi* +ne - LiCoO; 3)

4 Conclusions

Dual doping Al-B to LLZO produces a zirconia-based
electrolyte mainly consisting of a cubic structure. The
cubic content increases significantly by increasing the
ball milling time to 120 h. A low sintering temperature
of 900 °C 12 h in air without mother powder has
successfully produced a solid electrolyte of
LLZBAO(0.3)120h with a high ionic conductivity of
6.898 x 10 Scm* at room temperature. The prototype
Li metal battery with LCO cathode and
LLZBAO(0.3)120h electrolyte provides a quasi-
reversible reaction at -1.5 V to 4.0 V vs Li/Li*. The
reaction is identified as the extraction-insertion of Li*
to LCO. Charge-discharge analysis confirms that the
battery initially shows an excess discharge capacity
over theoretical LCO capacity, indicating a reduction
to zero-valent lithium deposited on the LCO surface.
The poor reversible zero-valent Li reduces the
subsequent charge-discharge capacity until a stable
value reached an average efficiency of 78%.
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