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Solid State Battery
* Glass in energy storage




Solid State Batteries

Design
Nature 414 235 (2001)
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Methods

LivP Li,O V505 P,0s | V*Vtot %e/Z:r:?)/
LivP10 45 10 45 0.25 2.58
LivP30 10 30 60 0.4 2.64
LivP33 33 33 33 0.26 2.66
LivP50 10 50 40 0.31 2.78

CG Li,O Cu,0 P,0s | Cu?*/Cutot '(Dgigrsr']?)’

CG5 45 5 50 0.72 2.49

CG10 40 10 50 0.84 251

CG15 35 15 50 0.8 2.69

CG20 30 20 50 0.82 2.88

G. Broglia, C. Mugoni, J. Du, C. Siligardi, M. Montorsi” J. Non Cryst. Solids, , 403, 53-61, 2014

doi: 10.1016/j.jnoncrysol.2014.07.003
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Coordination V

LiVP
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Linkages

LiVP

33Li,0-33V,0,-33P,0,

V3*-0-V* is independent by the V4*/Vt°tratio

but is strongly affected by the structural
rearrangement taking place for increasing
content of V,0O¢ in glass composition.

glass ceramic g-LiVOPO,

V4*+/Vtot =0.48

MID
V4+/Vtot
V5+-0-V4+ P5*-0-P>** | gTambS/cm ¢ T=180°S/cm| v Experimental bulk

LivP10 0.25 0.75 19.81 conductivity increases
LiVP30 0.4 39 18.28 2.79X10° 7.69X1008 when the number of
LivP33 0.26 6.35 10.2 3.00X10° 4.30X10°% the V-0 v
LiVP50 | 0.31 12.76 4.91 1.70X10%  1.13X10°% linkages(MD) increase

§ Mixed electronic-ionic

conduction

5X10-19S/cm

? Lo\,

1,7X107 S/cm
* K. Nagamine, T. Honma, T. Komatsu, J. Am. Ceram. Soc., 2008, 91, (12) 3920.

Complex impedance analysis
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v" Conductivity of LiVP33 results one order
magnitude more than the correspondent
composition in literature.
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Consuelo Mugoni, Monia Montorsi, Cristina Siligardi, Himanshu Jain Electrical conductivity of copper lithium phosphate

glasses, Journal of Non Crystalline Solids, 383, 137 -140, 2013
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1088 cmL Intensity decreases can be
attributed to the existence of
P - O - Cu bonds

1265 cm™*| The decrease of (PO,),. intensity
confirms that the (O-)P-O- - Li*
bonds are substituted by P-O-Cu
bonds when Li,O is replaced by

Cu,0.

v Slight NBO/NBO+BO 890 cmY} The intensity decreases could
depolymerization CG5 CG10 CG15  (CG20 be associated to a
dependendent of 0.63 0.63 0.71 0.71 depolymerization of phosphate
the Cu,O content. 0.66 0.69 0.71 0.72 chains.

A. Mogus-Milankovic et al. “Structural and electrical properties of Li O-ZnO-P205

glasses” Journal of Non-Crystalline Solids 536, (2010), 715-719 Bi¥oPhihgdsy. Ding, S.Y. Lee Materials Chemistry and Physics 80 (2003) 391-396 “




CONDUCTIVITY MEASUREMENTS

Two possible conduction mechanism
Electron hopping lonic conductivity

CG

The conductive
value decreases
(2 order of

Conductivity vs Cu,0 mol%
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DIFFUSION ANALYSIS CG
Mobile ion 1.5 ocul a
1 ul+ T
Only Cu* | _ 1: 1 BLit+ /H wo
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811 b e cad o
Only Li*+ = 3 1 the Li* diffusion in glass
509 - structure
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The diffusion of Li*
promotes the diffusion of
Cu* in the glass network

N2

The diffusion of Li* ions is
higher than Cu* in all glasses

The increase of Cu,O content
leads to a decrease of both
Cu* and Li* motion.

Mode C: Cul+

Cu'*-O-Cu?* 0.2240.03 0.4910.09 1.66+0.07 2.00+0.58

1800K
~—2200K

~=2600K

Mode C: Lil+
1800K
——2200K
~=2600K

The amount of Cul*-

O-Cu?* remains too

small to create

conductive path in the
systems,




Conclusion
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Application of DOE to design
and production of ceramic
tiles




Multivariate Statistical Methods

GET MAXIMUM AMOUNT OF DESIGN OF PRINCIPAL

EXPERIMENTS
INFORMATION PERFORMING A COMPONENT EXTRACTING MAXIMUM
MINIMUM SET OF EXPERIMENTS DOE ANALYSIS AMOUNT OF INFORMATION

PCA FROM COMPLEX DATA SET

RELATE THE INFORMATION TO DESCRIBE THE PARTIAL LEAST
OBSERVED DATA AND TO MAKE REASONABLE SQUARE
PREDTICIONS FOR NEW OBSERVATIONS PLS
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Design of Experiment

1. Aims

Reduction of time and cost process
Improve the performance

and the product quality

Improve process control

2. Response Variables

Quantity and quality properties of final
product, time and cost of the process

6. Analysis Design of 3. Factors
ANOVA : Raw materials
Response Surface EXpe riment Process Parameters
Fitting Model Uncontrallable variables

5. Collecting Data 4. Models
Worksheet Screening
Random experiments Optimization

Best practies Model Validation




Case Study

Tile Manufacturing & Digital Ink-jet printing
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PROCESS MAP

7 VARIABLES

T of green body

Engobe thickness
I N PUT & Glaze thickness

] Glaze Type

[TGB]
[TH1]
[TH2]
[GTY]
[DPI]

[TH3]
[TMX]

RANGE

80-110 °C
40-60 gr

10-30 gr
SM963-SM918B
200-400 dpi
10-30
1200-1210°C

Printer resolution
Glass thickness
Max T of Firing Cycle

IN-LINE TILE PRODUCTION |

b BEST

PRACTIES

% | PANELTEST

[ CIELab SPACE




DOE APPROACH

-
| factorial 2¢ .
.
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AN <

Linear Model
y = Bo + X4 Bl+ X5 Bz+ N Bn + X1,2 B1'2+ X1,3 Bl,3+ ..+ €




Response Variables

[ CIELab SPACE }

GOAL: HOW TO CONTROL THE

COULOR QUALITY

L* |[ black K—>
a* | green <:>
b* blue <:>

[ PANEL TEST J

white

~

L

~

magenta |

yellow

% Ink amount

GOAL: HOW TO PREVENT
DEFECT FORMATION

Colours
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Sl HaS
SR
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CIELab: MOST INFLUENTIAL VARIABLES

T os |t |2 o | om | o |
L 4 4 4 v

b v

MODELS

Weights of the variables
coefficients : for L28 the printer
resolution (dpi) increasing lead to
the luminosity decrease.

4
4

v
v

v
v

v
v

7 VARIABLES
T of green body
Engobe thickness
Glaze thickness
Glaze type
Printer resolution
Glass thickness
Max T of Firing Cycle

[TGB]
[TH1]
[TH2]
[GTY]
[DPI]

[TH3]
[TMX]

8.0

6.0

4.0

2.0

v
E 0.0
£
§ 2.0

-4.0

6.0

8.0

w00 L28-1 | L28-2 | L28-3 | L28-4 | L28-5 | L28-6 | L28-7 | L28-8 | L28-9 |L28-10 | L28-11|L28-12|L28-13|128-14
ETMX| 0.0 0.0 0.0 0.0 -0.5 0.0 0.0 0.0 0.0 0.0 -0.8 0.0 0.0 0.0
ETH3 | 1.0 2.7 0.9 -0.6 3.2 2.2 2.0 0.0 2.1 0.4 3.2 2.4 2.0 2.2

DPI | -8.2 -5.2 -5.0 0.0 -3.5 -6.6 -3.8 -6.9 -2.9 -3.5 -3.1 -2.9 -4.6 -2.3
EGTY | 0.0 1.7 0.5 0.0 1.4 1.2 2.1 0.0 2.0 0.7 1.7 1.5 1.8 2.0
ETH3 | 0.0 0.0 0.0 0.0 1.1 0.7 0.0 0.0 -1.1 0.0 13 0.9 0.0 -0.7
ETH1| 0.0 0.0 0.5 1.0 0.0 0.0 0.0 0.0 0.5 0.5 0.0 0.0 0.0 0.4
BTGB | 0.5 0.8 0.0 0.0 0.5 0.0 0.4 0.5 0.0 0.0 0.4 1.0 0.0 0.3

Y =B+ X Byt Xy Byt et X Bt Xy, Brot Xy 3 Bygt .t €




CIELab: MOST INFLUENTIAL VARIABLES

Influential
| Variables

S Most affected Less Affected
colours colours

DPI (-)
|28 GTY (+)
TH3 (+)

1 cyan 4 yellow 7 VARIABLES
2 brown 10 beige+giallo T of green body
5 brown+ciano Engobe thickness

6 cy§n+beige _ Glaze thickness
11 ciano+brown+beige Glaze type

Influential
Variables

Printer resolution

Most affected Less Affected |l Glass thick.n-ess
colours colours Max T of Firing Cycle

[TGB]
[TH1]
[TH2]
[GTY]
[DPI]

[TH3]
[TMX]

DPI (-)
GTY (+)
L14 TH3 (+)

1 cyan

2 brown

5 brown+cyan

7 brown+beige

11 cyan+braown+beige

4 yellow
3 beige
10 beige+yellow

Influential
| Variables

Most affected Less Affected
colours colours

DPI (-)
i TH2(-)
I-2 TH3 (+)

== TH1 (+)

5 brown+cyan

6 cyan+beige

11 cyan+brown+beige
12 brown+yellow+cyan

4 yellow
3 beige
10 beige+yellow




DEFECT: MOST INFLUENTIAL VARIABLES

TGB
White Dots v (4 vV Vv
Stains (V4 v Vv
Rougness v (V4 v vV

BEST OPERATING CONDITION

7 VARIABLES

T of green body [TGB]
Engobe thickness [TH1]
Glaze thickness [TH2]
Glaze type [GTY]
Printer resolution [DPI]

Glass thickness [TH3]
Max T of Firing Cycle | [TMX]

WHITE DOTS
T of green body.............. 80
Glaze thickness.............. 30
Printer resolution.......... 400
Glass thickness.............. 10

STAINS ROUGHNESS
Glaze type.....ccvvueee. SM693 Glaze thickness.......... 30
Printer resolution....... 200 Glaze type......eeuuen.... SM693
Glass thickness........... 10 Printer resolution....... 200
Glass thickness............ 10




CAUSE-EFFECT RELATIONS

White Dots ¢/ v

WHITE DOTS

Stains

(4
Glassy: Rougness vV Vv
Glass fraction

Ink Ink viscosity Vs Temperature
Glassy:
Clay fraction —~
——
.°_.; . BROWN
5 -#-BEIGE
o
2 CYAN
>
~“<YELLOW
20 40
Temperature [°C]
BUBBLS FORMAT|ONDE TO ﬂ STAINS FORMATION DUE TO | STAINS
THE NOT SUITABLE VISCOSITY & ;’0%\;;65 1E|\Ejsl\||(c)); leJZI'SF,:/:BnglESS(lSJF:;ECE
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