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Abstract

Sustainable energy involves energy from solar, heat, wind,
hydroelectric sources. Its utilization can lower the reliance of human daily
life on petroleum and the emission of global warming gas of CO,. The
sustainable energy needs to be converted into the electrical energy for
accessible application. However, the amount of electrical energy and its
usage frequency are different at the different periods in the daily life. To
have stable electrical power output and to store the excessive sustainable
energy, battery, especially Li battery, is a required device to work out. The
energy can store in battery for electric car, handheld device, 3C supplies,
home appliance etc. Li battery is an unavoidable device in the near future
due to the acceleration of Tesla electric car on market.

Rechargeable Li* ion batteries are leading in performance but suffer
from safety concerns augmented by the use of liquid electrolytes. Current
lines of research are therefore directed towards the development of non-
flammable, non-toxic solid Li electrolytes for use in all-solid-state Li* ion
batteries with similar power densities. In view of the delicate nature of the
solid—solid contacts they are particularly relevant for thin film battery
applications. To solve the brittle nature, the flexible all-solid-state
batteries are highly needed.

There are two kinds of all-solid-state batteries. One is using the
ceramic electrolyte thin film deposited on electrode by sputtering thin film
technology. Although it has the sufficient Li ion electrical conductivity, it
has the brittle problem. The other one is the conjugated polymer thin film.
This type of polymer can have the electron transfer capability but not for
the Li ion transport.

In this study, organic/inorganic hybrid solid electrolyte is used to



form the flexible all-solid-state batteries. The chosen ceramic/polymer
hybrid solid-state electrolyte to achieve the demand of thin-film are the
newly developed material. Considering the cost and properties of

Li,0SnP,S;, ~ Lige(Lip2Sngs)S, with a Li-intercalated layer structure and

this experiment exclusive solid state ceramic lithium-ion-conducting

powder, the Li;o0SnP,S;, ~ Lig6(Lip2Sno )S, will be prepared by mechanical

alloying together with the calcination under the protection environment.
The LiM,S will be prepared by chemical precipitation method with the
calcination under the protection environment. The procedure of synthesis
LiM,S will be revised according to volatile properties. The electrolyte
powders will be characterized for its structure, microstructure, and
electrochemical properties. The ceramic powder will be blended with the
polymer to form the casting solution for hybrid film, which will be
characterized for its electrical properties in terms of the composition and
volume ratio of ceramic electrolytes. At last, the Li metal /hybrid solid
electrolyte/ LiCoO, batteries will be made and its performance will be
evaluated.

From the results of the study, powders of Li;oSnP,S;, and
Ligs(Lip2Snos)S, after being prepared by mechanical alloying and
calcination were abandoned because they were not stable in air. The Li
sulfide powders prepared by the chemical precipitation method following
with calcination were successfully synthesized as the fast Li-transport
conductor because they were stable in air without the need of the glove
box during the synthetic process. The achieved Li transport conductivity
was 2.487 x 10 S/cm. The organic/inorganic hybrid formed by mixing
Ligs(Lip2Mos)S, with polymer electrolyte had the Li-transport
conductivity of 1.277 x 102 S/cm. After combining with the high voltage



LCO electrode for the C-V measurement on a half-cell for 500 cycles, the
cell tested for the charge-discharge tests reached 60 laps without
degradation and kept its energy density at 583 Wh/L. It is expected that
our cell can reach the goal of the 200-lap charge-discharge test, after it

passed the 60-lap tests.
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Overview over the activation energies and pre-exponential factors obtained from Arrhenius fits in a temperature range from —140 °C to —60 °C. Furthermore, conductivity
wvalues at 25 °C obtained from an extrapolation of the Arrhenius fit and from measurements are compared.

E4 [eV] log A #(25 °C) extrapolated [mS cm™'] (25 °C) measured/estimated [mS cm ™|

LiyoSioa3Sng7P2S12 grain = total 029 29 13 8’
Liyg3Alp3Sng 7P2S:2 grain 029 28 8 ca. 5"

grain boundary 029 25

total 029 23 2 2¢
LiygSnP;S4; grain — total 031 32 9 6
LiioGeP2512 grain 030 33 17 ca. 10°

grain boundary 031 35

total 030 31 9 9¢
Li1oSiP2S12 total (# grain) 030 25 2 2°

# Measured values, in bold.
b Estimated values.
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LEF R XS 10°Semt s A4 » @E(LIBr ~ Lil ~ LiCl ~ LiSCN -
LiCLO:4 ~ LiCFsSOs ~ LiBFs 4= LiAsFe)2_ {8 » 3BT » 7 B ¥ U
3] 107 Scm[15] - ¢ F % @40 G A 100°C 2+ » o i # & PEO-
salt 24 4ok 4 8T f2in % T A 10°Sem? o ¥ 4733 {2 & PEO ¥
¥ Lit € 4% rapped f PEQ #77) = e sk 27 > 4o B 1.9
(PEO:LiAsFs) [16] -

B 19. PEO+LiASFs i %5 -7 -

i 8 a2t 5 F (Amorphous) ® 38 4 0 F AR B R
BB Tg BFo B AT ORI RS A OLR R @ W
beoi2m BB ETH - Polymergels & 43 E£ET A 4 10%~107 Semr
TR g g - AR N AR A F LT e MRl

3 A (7 5 ¥ %% (plasticizers ) » 25 = hybrid film » 4ot ¥ 12 % g
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h
-9

L
BB ETRG17] e TfRF T 22 & solvent free ¥ ik B 4
B % 4~ F %25 (Gel polymer electrolyte ) o #* #f 4] cH 7 f2
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carbonate ) ¥ " A # [ x| e FRE > TP FG RS RIE TR (18,
19] - r2 PAN (poly acrylonitrile ) §= PVDF ( poly vinylidene fluoride )

SRASMT T H 50 0 BAR 2ARELH%o 19 PAN
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21 1P,Ss 45 B8R & 15 8l & LijoSnP,S1, 45 %8 (B 3.1(d)) » F %G it
fed2 1587 Bron & A 3t 2013 &% £ LioSnP,S, 4z 3+ E48[10]~ }*Jc
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AT EF e kAol o B 32 ¢ BB L 6 A5 LTS-750(H]
3.2(b))¢r % ik # #r L& ¢ Lioo(Lio2Snos)S2 77 (W] 3.2(a) t & ]
k2 en3 o e EDS ehX 2 8 A 4 ¢ 5 FARA 2 8% o F 3.2(c)(d)
H A 447 e B 38 (7 LTPS-500 % & 255 EDS £ % § 4 45
FIRSn~P~S a2 5 @ SEM 447 > HAk i B REFT 5 1
oSk B35 & 7 0 3R LTS-750 4o LTPS-500 © 522 % 4 » &n
kF A4 F Rtz EDS P gL 2 > LTPS-500 F P geiiss &2 &
392 B A R

FAS Z AR 2 XRD A3 o LT K
FEEFSMYEFBRE ﬁﬁg@tin@u&o

Spectrum S Sn

Expected 7143 | 2857
Spectum | | 70.60 | 29.40
Spectrum 2 | 70.59 | 29.4]

Spectum 3 | 70.14 2086
Sbectmm 4 7055 2045

Spectum 3 | 7069 | 2931

Mean 70.51 20.49

Element | Weight | Atomic

S 29.79 61.10

Sn 70.21 38.90

totals 100.00

Vijim 1 Elactree Image 1
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Element | Weight | Atomic

Sn 81.40 53.95

totals 100.00

1y . Fiactron rmage 1

Element | Weight | Atomic

P 33.88 | 53.10

S 17.97 | 27.20

Sn 48.16 | 19.70

totals 100.00

1y . Fiactron rmage 1

B 3.2 (a) Holzmann % + »% 2016 & 3 % #7 4] & & % # 2
Lios(Lio2SNos)Ss Az 4+ ¥ 48[11]H SEM B2 # EDS 4 45; (b)) ## 3
* 750°C T #rl § en LTS £ 45 R A At 22 EDS ~ % & 7 815 (c)(d)
ka3 4 500°C T Ar L& 40 LTPS 4 4 3 ARl 2 47 - = 4p EDS =~
* 4 15 B

MR % 8*
AT FFREEZHEEECTAE R HEARY B P
IG5 fRAERA R R ATy Bk B 2 R

BT E A 0 A& &5 Lige(LioaSnos)So Ap M A= MR & &t k43 F 2
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Az if o AP LR Ligr ME B 1i] i Sgde 0 1Y B F AT
E AR 5 (LM,S) £ #5# @5 LM,S 5 S5 14+ 2
Nh g F(ADEFLRF 4 T 0 A u[3 450°C ~ 500 °C ~ 550°C ~ 600
°C ~ 650 °C T B4 3 ] pF o 2 g iE & 4 10°C/min o d »+ {4 5 w52
PBRA R Y 22 ¢ BER R SR MET ¢ 0 4o 3.3 91 o
3 450~650°C % B > 5 F R R F S B S8k 450°C it ¥ A
Rr@EHAF I 0 650°C PIEH L AZ I o P BT SR ArR
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3.4(b))% LisSnS, (B 3.4(c)) % 4247 f it & $+ 2. XRD ] 2. 4 it i »
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*+ 7 e (d) 500 °C ~ (e) 550 °C ~ (f) 600 °C Fri* JE B (TATE £ iy » 4+
HCSEBTHE (2 B SR — R 0 & é;gki#%z{@é ve Lot A e PR B EE T
F R XRD 68 o3t v ¥r I Li- My 5 1011 @45
B g B BT s X iE %o ¥ 1 SEM-EDS £ {7 % b Bpde oA 3 7
Fariv B R F RYTE 0 SEM e 8882 kot 2 3% 8 ik % EDS =
A A% o] 3.5 4% o d 2T EDS BRI E m i LR RIILI RS
TS AREE M IS vt B0 @ R R Y 0 3 PR R AP g
PR E- AR EEFERARG o PR S LB A o
EDS = & > @St Li: M=1.1:1~Li:M=1:1-Li:M=l:

29



LISEF M 3 B3 40 2 9 EDS #71 B F] e M vt b 52 H 4o

g wSEpF LI M=1:12Li:M=1:13F3 &% M3 &>

Aride M 2 RATARE T 'R o L IR %22 XRD FHMESTE 5 33 1L AP

B13.3 o 2 3 4 A 8| F_ %% 450 °C ~ 500 °C ~ 550 °C ~ 600 °C £

650

Intensity (a.u.)

°C % 7 iR BBUMETT 2ok AR it 8 & & LM,S 48

(a)
1\ ) I A LiSns, r=01)
‘ I * A LiS, = 0.20)

‘ I A . LS50S, (x=0.25)

A | ‘\ A Li.Sn§, [x=0.33)

1 I A L L

§ 10 15

30

Intensity (a.u.)

()

|I|l| | P W |

s ™™ 25 W B W@
20(7)



A

10

TB00

5100

1700

10200

8a00

00

5400

3600

1800

57000

19000

13500

o000 [
4500 F

12800
3600
4300

28(*)

LM1.35-500 |

()

TIM1.25-500 |

“TMI1.1S-500]

— 1LM1.08-500 |

L1.1MS-500 |

LM1.38-550 [ '

LM1.2S-550

LM1.15-550

LM1.0S-550

T LL.IMS550]

31



o0 [LM1.3S-600 |~ 7 T -
8600 | | ® ]

3300 f ]
11700 [— LM1.25-600 | ]
300 . -'

] S D U S —
18500 [—] LM1.1S-600 | -
11000 [ ]
gm0 |- ]

© [ T T i
12300 |— LM1.08-600 | :
s200 [ | ]
4100 [ _ ]

P T P R B
13500 |—{ L1.1MS-600 | -
8000 [ ' .
4500 [ ]
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550°C
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LM1.3S
Atom% M:S = 4402“;98
LMI1.2S
Atom% M:S : 37.55:'6‘;.:.’; M:S = 37.59:;’;: M:S =47.01:52.99
LMI.1S
Atom% M:S =37.35:62.65 M:S : 4775‘52Yj25
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Atom% M:S =40.78:5922 | M:S =4273:5727 | M:S =36.01:63.99

B35 2 FZ%FEEAF Li-M 1 blendh Sgirie 7-kip 1t 8 £ 22 4
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SR AT AeB 360 FAMT R F A EF TR
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By v 8l & 2 48~ 22 NEI Corporation 2 & #7 & = LijoSnP,S,

2 FEH LB 0 dofl 37)0 7 0 AP T P B

ppiu|

D LipSnPoSp 8 ez F ¢ & ¥ 18 € § SRR % 0 58 XRD & R1H
A SR 4oF] 3.7(00) > wche? ¥ ATk 0 LinSnPoSp 7 i S
B X REERWIZFY o B 3T(NDT g AN PATE S
LM,S HHE T 2 € LT 2572 BFm 5 PRI ¥ &3
F 7 A5 % XRD SES A7+ A P A4 L2 NS
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LMS # 3 ¢ £ 2k el 5 »

SERER Y T

(a). LM1.3S-550

B AP LM,S 4

aum Eltronimae

(¢) LMI.18-550

element | Weight% | Atomic%
X 1.92 7.28
S 30.75 58.26
M 67.33 34.46
element | Weight% | Atomic%
X 1.72 6.47
S 31.9 59.88
M 66.38 33.66
element | Weight% | Atomic%
X 231 8.60
S 31.39 58.19
M 66.30 33.21
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(d) ! LM1.0S-550

element | Weight% | Atomic%
X 1.98 7.29
S 32.71 60.22
M 65.32 32.49

= TItm__ Bximingl
(&) L1.1MS-550

element | Weight% | Atomic%
X 0.40 1.63
S 29.80 60.25
M 69.79 38.12

T30 ERchioey mags 1

Bl 3.6 7 st 2 5 Bgde 5 550 °C T gAY B 0 A7

LxMyS 2_# 482 2 3% % EDS &= &~ 47
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