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€> PENOX Introduction

Targets:Analysethe Limits of the Positive Active Mass (PAM) in terms of:
A Effective Formation by the addition of optimal grade RL
A FunctionaRL+n cured and transformation to formed PAM

A Optimal performance of PAM (over an extended time)

Study Elements:
A Extended Formation study using different dosingRef@45C
A PbO2 and structural conversion in formationsing Laser microscopy

A ' v RS NA (iReyk&#\- Capacidy study based on PAM porosity parameters



€ PENOX Formation Studygxtended

A PAM Mixes:

I Standard: Red lead (RL) with d50 = 4.5 pm and Lead dioxidg @t0 27%
I Red lead0% (Reference), 5 w% to 50 witth focus on 5 w% to 25w%

I Comparison of cured positive active masses (PAM)asic (3BSystetra-basic (4BS)

A Conditions of the Formation study:

I 45°C Standard formation profile (as presented in ABC 2023)

I Laser microscopic study of cured plate (rd@structive), after formation, and again after several C20,

C5 cycles (first phase of operatiQentropy analysis, ongoing study)

i Includingd A vV (1 S NNXHzLJ(  eestiFage My dtrictural ¥hanges during formation




€> PENOX

Average 4BSenght/um
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€ PENOX RL+ =3mpact on 4BSuredStructure

A Cured Plates (templated structure):

I Allows control of the porosity by RL+ Dosing
I Crystal length can be systematically varied
I Pore size and pore interconnection can be controlled and influenced

I This structure has a direct influence on the mass transport and the conductive backbone of the PAI

A Formed Plates (transformed structure):

I The target is to keep the beneficial structure generated in the curing process
I The transformation process in formation (cured to formed PAM) was investigated

I Optimal porosity structure was investigated



€>» PENOX FormationProfiles(Standard, 25% RL+, FF =2.5)

Formation Profile 2V cell 12.5 Ah: Standard Current 7A
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€& PENOX FormationFactor(FF) & Formation Energy (FE)

Formation Charge Q (Ah)

FormationFactor(nom. or act.)= _ :
Nominal or ActualCapacity(Ah)

There argwo different definitions of the formation factomominal capacitybasedandactual capacity
based Depending on the definition, mass utilisation affects the formation factor.

Formation Energy (Wh)

Formation Ener ecifig=
epectlo Weight of PAM DuBf

TheFormation Energyllows for easy calculation of Energy savings.
For simplicity, the value refers to the weight of the dry unformBdHR Positive Active Mass (PAM)



€ PENOX LocalResolutionof Formation Grade (LM)

85.2% PbOZ, FuInyormed PM < 4 Underformed PAM
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€ PENOX Formationmonitored by LaserMicroscopy

Soaking | Act Main Formation Formation (as steps)
‘[‘ ~ 25 woof RL+
StopO : £ StopO:
;.- tUU0) | | F (i AiNationStep
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€ PENOX Formationmonitored by LaserMicroscopy

Soaking | Act Main Formation

Stop1:
Midofaa l Ay C 3BtHi |
T2 /2 = 2.5hdf 5h)

Q=(0.7+1.4)=21Ah

Y 80%o0f C20 (2.5 Ah)
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PbO2measuredvas52%

Surfaces sulphated
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» PENOX  Formationmonitoredby LaserMicroscopy

Soaking | Act Main Formation

Stop2:

Endofaal Ay C BR@E I |
T2 =5h

Q = (0.7 + 2.8) = 3.5 Ah

Y 140%of C20 (2.5 Ah)

Y 56%o0f total Qformation
PbO2measuredwvas75%

Structureisvisible!
Someremaingelectrolytevisible
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€ PENOX  Formationmonitored by LaserMicroscopy

Soaking | Act Main Formation Formation (as steps)

Stop3:

Endof Formation

T3 =8h

Q =6.3 Ah

Y 250%of C20 (2.5 Ah)

Y 100%of total Qformation

PbO2measuredvas84%

Structurefully developed
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€@ PENOX Cured(0.3% 4BS =5 % RL+) => Formation

CuredPAM 5% RL+ & 20% RL
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€@ PENOX Cured(1.5 % 4BS = 25 %RL+) => Formation

CuredPAM 25% RL FormedPAM 25% RL+ (= 1.5% 4BS s g
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Source: ABC _Gereifte PAM_ PV 1.1 25%RL+
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€> PENOX FormationFactorc RL+or 4BS / Ror 3BS

Formation Factor FF (Ah based)— normalized to 85%
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€ PENOX Optimal Formatiorwith RL+

A Using RL allows for the reduction of formation energy by, e.g. increasing conductivity
A Initial conductivity is enlarged by the decomposition of RL, forming active PbO2

Please remember that RL needs to be decomposed to PbO2 during soaking stefi_)T >30

A RL+between 10w% and 25w% is allowing for a beneficial structure of the PAM

Optimal 4BS crystal size is about 10 to 20 um in cured PAM
Larger 4BS crystals (>>30 um) require significantly higher formation factor and energy
Cured PAM can be transformed into a formed PAM with a similar structure

In the laser microscopic study, we have seen the growth of prismatic crystals similar in length ar
width to the tetrabasic lead sulphate crystals

Thus, the 4BS seeding allows systematic control of the structure of the formed PAM
Battery ageing by cycling is presently investigated by laser microscopy

Remember: Typically, smaller 4BS crystals (< 10 um) create a less stable structural template



€> PENOX

4BS in PAM Simple Modelling

10-Schicht-Modell
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A 10layerswith definedorientation entropy are calculated

A Porosityper layeris 50%

A Poresare calculatedfrom this overlaystructure

A Lengthof 4BScrystalsis without variation(could be included

MW 10
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Themodelshowsthe right trend, but needssomemore detailsof the structure.
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