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Oxygen Reduction Reaction promoting Ostwald Ripening of PbSO4 Crystals 

at NAM Electrode Surface

+ -

Oxygen Cycle in Lead-Acid Batteries:   Implications from 
Inhomogeneous Oxygen Reduction Reaction at Negative Mass

2 H2O ­ O2 + 4 H+ + 4 e-

O2 + 4 H+ + 4 e- ­ 2 H2O

+

-

SoC(Pb) < SoC(H2SO4) < SoC(PbO2)

SoC=100%

@PSoC
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Climate Change  - also for Batteries !

Most new Battery Applications require PSoC operation duty ! 

to cope with PSoC, (intended, long-term operation w/o regular full recharge)

some Topics of Lead-Acid Batteries become even more critical than in ñtraditionalò duties,  

compromising  DIScharge and REcharge, and a reliable SoC identification !

Å Acid stratification avoid  -do not accept and try to live with é

enhancing even more issues (cf. below) !

Å PbSO4 Coarsening / Recrystallization mechanisms, drivers [P2, P3, P4]

óOstwald Ripeningô, impeding NAM REcharge

Å PbSO4 inhomogeneity / re-location mechanisms, drivers [P4, P7, P8]

coarse PbSO4 at NAM surface / in cracks, impeding NAM REcharge

Å O2 Reduction & O2 Storage  mechanisms [P9, P10]

! impeding NAM REcharge ! 

Å Imbalance of SoC(PAM) vs. SoC(NAM) mechanisms  [P4, P5, P6]

óSoC(PAM) > SoC(NAM)ô, misleading SoC estimation 

Renewable Energy:  Load Levelling, Frequency Regulation

Traction:  Intermediate / Opportunity Charge Automotive:  Micro-Hybrid, AUX 

EFB
workshops

1

2

3
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O2 Reduction 

2 H2O ­ O2 + 4 H+ + 4 e-

O2 + 4 H+ + 4 e- ­ 2 H2O 

------------------------------

NO net cell reaction !  

+

-

O2 gas evolution at PAM

O2 reduction at NAM

separator 

/ electrolyte 

O2

red

H2ŷ O2ŷ

e-

­ « O2

e-

­

« e-

- +

H2 evolution
O2 evolution

with O2 cycle

O2

evolution

+ corrosion

corrosion

Figs. after[1] D. Berndt, Pre-Conference Seminar on Oxygen Cycle, 7ELBC, Dublin 2000 

cf. also [2] D. Berndt, JPS 100 (2001) 29-46  Valve-regulated lead-acid batteries

[3] D. Berndt, Maintenance-Free Batteries; 2nd ed., Wiley New York 1997; Chap. 8

[4] D. Berndt, E. Meissner, Proc.12. INTELEC Meeting, Orlando 1990, IEEE Comm. Soc., 148

[5] D. Berndt, E. Meissner, W. Rusch, Proc.15. INTELEC Meeting, Paris 1993, IEEE Comm. Soc., 139

A. when Battery is at (continuous) Charge  ( i > 0 )

(as addressed in Textbooks)

(part of) evolved O2 gas remains in cell 

Ÿ recovered:  water loss reduced

driven by external electrical (over)charge current   4 e-

a quasi-stationary situation - NOT PSoC !
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[1] P.Rüetschi et al., J. Electrochem. Soc. 105 (1958) 555; Self-Discharge Reactions In Lead-Acid Batteries 

[2] Armstrong et al., J.Appl.Electrochem. 7 (1977) 345; The anodic dissolution of lead in oxygenated and deoxygenated sulphuric acid solutions

O2 Reduction B. when Battery is NOT at Charge  ( discharge / rest;  i¢0 )

NO external electrical current providing electrons for O2 reduction at NAM

IF O2 present at surface of NAM, 

reduction of O2 proceeds !
O2 + 4 H+ + 4 e- ­ 2 H2O -

-=> MAIN Reaction provides electrons 4 e-

for O2 reduction, i.e. 

DIScharge of NAM: formation of PbSO4

2x { Pb + H2SO4 ­ PbSO4 + 2 H+ + 2 e- } -
net cell reaction: 2 molecules of PbSO4 per molecule of O2

NO overcharge required ! O2 reduction at NAM possible whenever F- < 0.0V vs. SHE  [1]

Case B)  Battery NOT at Charge

0 >  F->  F-
equil.

per O2 molecule:  

Ÿ 2 H2O formed

Ÿ Pb     consumed 

Ÿ PbSO4 formed
. at location of .

O2 reduction .

the difference

eólytesaturated with O2

eólytew/o O2

from [1]

Case A)  Battery at Charge

F-¢F-equil.

per O2 molecule: 

Ÿ 2 H2O formed

Case B).Case A).

F-equil.
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"Oxygen Cycle"

What is ñOxygenñ doing while it is ñdiffusingñ ? O2 diffusion:   
1. O2 dissolved (liquid)

2. O2 gas (AGM, gel) 

O2 storage:   
1. O2 dissolved (liquid)

2. O2 gas bubbles (eôlyte, PAM,  

AGM free pores, cracks in gel)

O2 evolution:   
1. from electrolysis 

of water at PAM

O2 reduction:   
1. formation 

of water at NAM

> intermediate STORAGE of Oxygen ! [P7, P8]

@PSoC, iO2-red@NAM (t)   NOT  SYNCHRONEOUS to  iO2 @PAM (t)

O2 storage

H2O diffusion

O2 diffusion-

O2 evolution.             .

2 H2O  ­ O2¬+ 4 H+ + 4 e-

+

Separator

O2 reduction .

O2 + 4 H+ + 4 e-­ 2 H2O 

PAMNAM

H2O diffusion:
1. in electrolyte

H2O formation H2O electrolysis
at different locations !
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"Oxygen Cycle" O2 Transport in Electrolyte

Fickós Law(@ high dilution)

-
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SKETCH of flooded cell (not to scale)

convection

Transport of O2 by Diffusion       

VRLA:      O2 in gas phase

flooded: O2 dissolved in eólyte
present 

all the time 

at high conc. 

formed at PAM

stored in cell

consumed at NAM

conc. cs [mol / l] @25°C

º2 in eólyte

º43 in eólyte

cså 41 Ā10
-3

å 0.65 Ā10-3

in O2 gas *)

diss. in eólyte**)« O2

H2O ­

« H+

species involved

*) @1bar 

**) saturation conc.

max.  O2 conc. in O2 gas bubble 

63x higher than O2 dissolved in liquid

Ióm breathing 

DISSOLVED 

oxygen !

é but I like the 

aquarium pump !
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[6]

[6] ñO2 reduction is quickò, c(O2) " 0  @NAM

e.g. Mahato et al., J.Electrochem.Soc.121 (1974) 73

Dcmax.(O2) " cs@PAM

(only) if p(O2) " 1bar :

ñO2reduction is ALWAYS diffusion controlledò,   e.g.  

Armstrong et al., J. Appl. Electrochem. 7 (1977) 345

O2 + 4 H+ + 4 e- ­ 2 H2O
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"Oxygen Cycle" O2 Transport in Electrolyte

Fickós Law(@ high dilution)

-
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SKETCH of flooded cell (not to scale)

Transport of O2 by Diffusion       

VRLA:      O2 in gas phase

flooded: O2 dissolved in eólyte

conc. cs [mol / l] D
[cm2/s]

DĀcs
[mol/cm/s]

@25°C

cså 41 Ā10-3 0.18 7.4Ā10-6 in O2 gas *)

å 0.65 Ā10-3 0.8 Ā10-5 5.2Ā10-12 diss. in eólyte**)

relative 

factor
max. 63

max.  

22ó5001.4Ā10 
6 gas : liquid

« O2

O2 gas phase vs. dissolved O2

*) @1bar 

**) saturation conc.

[6]

[6] ñO2 reduction is quickò,    

e.g. Mahato et al., J.Electrochem.Soc.121 (1974) 73

N.B.  órelative factorô significantly mitigated when considering the complex diffusion conditions,  

e.g. through an AGM separator:

å95vol% immobilized liquid, å5% gas pores;   AGM fibres oriented ƍto direction of diffusion !

" in AGM, the non-flooded pores are NOT isotropic distributed & unfavorably oriented  

"high tortuosity t  in direction of O2  diffusion,  estôdtå 
Ϸ

= 20

effective diffusivity  Deff å 5% / 20 
*D å D /400 

convection

Oxygen Cycle within Flooded Cells known since >60 years, e.g.

[1] Paul Rüetschi et al., J. Electrochem. Soc. 105 (1958) 555-563  Self-Discharge Reactions in LABs

[2] Eugene Willihnganz, J. Electrochem. Soc. 126 (1979) 1510-1513   Float Current of Stationary Batteries 

[3] Dietrich Berndt, Maintenance-Free Batteries, 2nd ed., New York 1997; miscalculation by factor 10 

in eq. (2.124)ff.  Ÿ  correction gives 0.2 mA/Ah for flooded thick-plate stationary battery design  

[4] Brecht, Proc.9. INTELEC, Stockholm 1987, 3-1; ñInvestigation of the .. negative Tafel breakò 

[5] Brecht et.al., 11th Ann.Batt.Conf.on Appl. and Adv., Long Beach 1996, 261-266  

References for D, cs data 

J. Mrha et. al.; J. Power Sources 27 (1989) 91 ; 

K. Gubbins et. al., J. Electrochem. Soc. 112 (1965) 469
O2 diffusion in O2 gas bubble 

22ô500xfaster than O2 dissolved in liquid
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"Oxygen Cycle" O2 Storage in Electrolyte

Storage of O2

VRLA:      O2 in gas phase

flooded: O2 dissolved in eólyte
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[6]
convection

conc. cs [mol / l] @25°C

cså 41 Ā10
-3

å 0.65 Ā10-3

in O2 gas *)

diss. in eólyte**)« O2

*) @1bar 

**) saturation conc.

max.  O2 conc. in O2 gas bubble 

63x higher than O2 dissolved in liquid

(only) if p(O2) " 1bar :

Electrolyte and O2 gas bubbles:    X O2 TRANSPORT medium ? O2 STORGE medium

O2ŷ excess« e-

O2 storage
tankthrottle O2 sourceO2 sink

O2

« O2

+-

Storage of dissolved O2 in electrolyte [1-8]

Ý in case of non-steady O2 formation at PAM,

O2 supply at NAM is smoothed by the O2 buffer !

@ Workshops ñHigh-Temperature Durability Tests for Advanced LeadïAcid 12-V Batteriesò 

- Kloster Eberbach, Gerrnany, Jan 2017:   [1] E. Meissner  [2] J. Wirth 

- Alcalá de Henares, Spain, May 2018:      [3] E. Meissner  [4] D. Hosaka [5] J. Wirth  [6] E. Karden

[7]  J. Wirth et al., 16ELBC, Vienna, 2018;  óWater Loss Testing on Automotive LeadïAcid Batteries: 

A Study on Gassing Characteristics in Dynamic Cycling in Comparison to Steady-State Overchargingô 

[8]  D. Hosaka, AABC Europe 2018 Mainz, Aug. 2018

Electrical Equivalent:  4 F/mol O2 ~ 3.9Ā105 As/mol  º107 Ah/mol

SKETCH of flooded cell (not to scale)

CR

capacitorresistorground current source

Dcmax.(O2) " cs@PAM

Ý signals damped when frequency  n> nc =  
1

2p(R Cz)

(like an electrical low-pass RC Filter)   [P9]
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"Oxygen Cycle" QUANTIFICATION: O2 Transport and Storage in Eôlyte

Transport and Storage of O2

Case of Flooded Cell Design
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convection

O2ŷ excess« e-

O2 storage

tankthrottle sourcesink

O2

« O2

+-

Storage of dissolved O2 in electrolyte has an Electrical Equivalent 

Q (O2-stored)å 2.5 As/Ah20 [P1, P6, P9] max.! case of EFB design

corresponds to 0.07% SoC change 

estôdfrom material data; from dissolved O2 only 

if O2 gas bubbles entrapped, this may come on top !

quantitative experimental verification

[9] J. Wirth, E. Karden, 16 ELBC, Vienna, Sept. 2018  

demonstrating oxygen reduction to continue during rest 

period in micro-hybrid duty cycle; flooded cell !  

ñOxygen cycleò  may carry up to ~50% of total overcharge 

Diffusion of dissolved O2 has an Electrical Equivalent [P1,  P6, P9]

i (O2 diff.)å 0.05 mA/cm2 i.e.  å 1.5 mA/Ah20 max. !   case of EFB

quantitative exp. verification (dissolved O2 diffusion through PE separator, flooded)

R. Waterhouse et.al. (ENTEK), 18 Asian Battery Conference, Bali, 2019

óBattery Separators -A Closer Look at Oxidation Mechanisms and Oxygen Transportô

from [9] 

from [9] 

SKETCH of flooded cell (not to scale)

cf. [P6] E. Meissner, 16 ELBC Vienna 2018

[P9] E. Meissner, 10 AABC Europe, Wiesbaden 2020 

Assumption:   EFB designs 

å10 ml eôlyte/Ah
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"Oxygen Cycle" O2 Transport and Storage in Flooded Eôlyte

High success / increasing market penetration

of VRLA since late 1980ies 

Ĕñstarved eólytedesignñ and ñopen gas poresñ were

implicitly assumed as prerequisites for O2 transport

ĔóhighóO2 transport capability seen as a target

several publications

- explicitly exclude O2 transport in liquid phase ! 

- assume significant portion of NAM pores (~ 10%) 

(mainly) filled with O2 gas; only ñthin liquid filmñ 

considered to cover walls of such large pores

- assume continuous (over)charge,  p(O2) >> 0 

max.  O2 conc. in O2 gas bubble 

63x higher than O2 dissolved in liquid

(only) if p(O2) " 1bar :

since ~1995, O2TRANSPORT (óO2Cycleô) in Flooded Cells was widely ignored in Literature

Dcmax.(O2) " cs@PAM

conc. cs [mol / l] D
[cm2/s]

DĀcs
[mol/cm/s]

@25°C

cså 41 Ā10
-3 0.18 7.4Ā10-6 in O2 gas *)

å 0.65 Ā10-3 0.8 Ā10-5 5.2Ā10-12 diss. in eólyte**)

relative 

factor
63 22ó5001.4Ā10 6 gas : liquid

« O2

O2 gas phase vs. dissolved O2

*) @1bar 

**) saturation conc.

max.  O2 diffusion in O2 gas
22ô500xfaster than O2 dissolved in liquid

assuming steady  i > 0 (starved eôlyte), óno O2ó with flooded, etc.,  e.g.

Khomskaya et al., Sov. Electrochem. 21 (1985) 331

R. Nelson, JOM 51,1 (2001) 28-33  Chemistry of Gas Recombination

Kirchev et al., J. Power Sources 113 (2003) 245

Moseley, Rand, J. Power Sources 127 (2004) 27;  133 (2004) 104 

Pavlov et al., J. Power Sources 144 (2005) 521

Kazarinov et al., J. Power Sources 209 (2012) 289 

considering O2 reduction in phases  i Ò 0, e.g.

Maja et al., J. Power Sources 25 (1989) 229

Bodoardo et al., J. Power Sources 55 (1995) 183

ĔĔ assuming quasi-stationary situation - NOT PSoC !

PSoC:  óhighóO2 transport capability not a target
1) discontinuous, non-steady O2 formation at PAM 

2) in time average, not a high O2 formation rate

3) intermediate storage of dissolved O2 Ý buffering O2

4)Ý smoothed supply of O2 to NAM (low-pass RC Filter, [P9])

Ý PSoC requires (ójustó)ósufficientóO2 transport
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- electrical equivalent of integral volume of such óGas Burstô (mix of H2 and O2 from cell headspace) calculated, 

- compared to storage capability 

for dissolved O2 in eôlyte

Experiments demonstrate:  

even with flooded cell design, 

storage and transport capability sufficient to smooth 

O2 supply for reduction of water loss by up to 50%

"Oxygen Cycle" QUANTIFICATION @ PSoC duty:  O2 Transport / Storage

EXPERIMENT:  gas evolution (EFB-type battery) during micro-hybrid urban / highway driving

reproduced from [P1] E .Meissner; Scientific Workshop Bruges, May 2019

[P9] E.Meissner; AABC Europe, Wiesbaden Jan. 2020

synchronous to any óRecuperationô event during Micro-Hybid Cycling, óGas Burstsô released from battery. 

Gas Burst Volume
[6 cells, 70Ah]

- urban:     <10ml/batt.

º0.2 As/Ah

- highway: <100ml/batt.

º2 As/Ah

V can be stored !  

ñO2 tankò Ó 2.5As/Ah
even more, if O2 bubbles are formed

Data in Figs. from p.14 of   J.Wirth, D.U.Sauer, E.Karden; 16ELBC, Vienna, Sept. 2018

Gas 

flow

[ml/

min]

urban Gas Bursts 

< 10ml 

º13As

º0.2As/Ah 

Gas Bursts

< 100ml 

º130As

º2As/Ah  

highway
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"Oxygen Cycle" Penetration of O2 from surface into NAM cf. [P10]

Where does O2 reduction take place ? 
inside NAM porous structure  

O2 + 4 H+ + 4 e- ­ 2 H2O

Current Distribution of electrochemical reactions inside porous electrodes: 

e.g. J.J.Coleman, J.Electrochem.Soc. 98 (1951) 26-30 Distribution of Current in Porous Electrodes

J.Euler, W..Nonnenmacher,  Electrochim.Acta 2 (1960) 268ï286, Stromverteilung in porösen Elektroden 

J.Newman, C.W.Tobias, J.Electrochem.Soc. 109 (1962) 1183-1191, Theoretical Analysis of Current Distribution in Porous Electrodes

A. Winsel, Z. Elektrochemie 66,4 (1962) 287-304,  Beiträge zur Kenntnis der Stromverteilung in porösen Elektroden 

E.A.Grens, C.W.Tobias, Ec.Acta 10 (1965) 761ï772,  The influence of electrode reaction kinetics on the polarization of flooded porous electrodes

dissolved O2 at outer NAM surface

NAM

B

a

c

k          

é

.

w

e

b

O2

O2O2

O2

O2

reaction 

zone

grid

2x { Pb + H2SO4 ­ PbSO4 + 2 H+ + 2 e- }
net cell reaction: 2 molecules of PbSO4 per molecule of O2

solutions depend on

(1) type of reaction  

(2) material properties (solid, eôlyte)  

(3) pore structure

Current Distribution of electrochemical reactions 

inside porous electrodes: 

Ĕ coupled partial differential equations

Where is PbSO4 formed ?
(case w/o overcharge, i Ò 0)

How deep is penetration of dissolved O2 into porous NAM structure ?

co

Complex mathematics é 
é  BUT  approximations / simplifications possible in many cases ! 

IF e.g.

- reaction is diffusion-controlled 

- a REDOX reaction

- low resistance solid phase: rPb_met <<  reôlyte

Haverkort, Electrochim. Acta 395 (2019) 846-860, ... Analysis of the Optimal Electrode Thickness and Porosity

with [refs] to (also historical) literature about optimization of  electrode thickness
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"Oxygen Cycle" Penetration of O2 from surface into NAM cf. [P10]

How deep is penetration of dissolved O2 ?

? O2

e-

e-

NAM

NAM

pore

Eólyte

ñgridñ NAM

pore

Eólytee-

Current Density 

i [A/m2]

rPb_met<< reôlyteX

O2

?

ñgridñ

co

i .

NAM

B

a

c

k          

é

.

w

e

b

O2

O2O2

O2

O2

reaction 

zone

grid

co

Ĕ simple Pore Model

X characteristic for (i) type of electro-chemical reaction

(ii) pore structure and electrode/eôlytematerial properties

L.G.Austin, Trans. Faraday Soc. 60 (1964) 1319-1324 Tafel slopes for flooded diffusion electrodes 

L.G.Austin et al., Electrochim. Acta 9 (1964) 1469ï1481 The mode of operation of porous diffusion electrodesé

R. de Levie, in: Delahay & Tobias (eds.), Adv. Electrochem. Electrochem. Eng., Wiley 1967, 329-397

concept of ñPenetration Depth X [cm] Ĕ optimize electrode thickness d of 

porous electrodes for batteries, fuel cellsé 
ñwasteñ of ressources

little contribution from  d > åX 

X ~ co / i co = conc. [mol/L] of decisive species

i = current density [A/cm2] 

at electrode 

geometrical surface

Ĕ Low co [mol/L] Ĕ Low Depth X [cm] 

Ĕ Low i [A/cm2]  Ĕ High Depth X [cm] 
(dominance of charge transfer resistance over ohmic losses in eôlyte+ solid)

X

Calculation [P10]: co(O2) < cs(O2) å0.65·10-3 mol/L  ower by >4 orders of magnitude than conc. co of species (H+, HSO4
-) consumed in NAM Main Reaction: co(H+, HSO4

-) >1 mol/L 

N.B.: co(O2) of dissolved O2 at NAM surface is lower than saturation conc. cs(O2), since gradient  cs > co is driving O2 diffusion through separator (flooded cells) 

current density of O2 Reduction i (O2) <å0.05mA/cm2

lower by 2-3 orders of magnitude than at typ. DIScharge

(e.g. 0.3-3 A/Ah)  Ĕ i (Main) å10-100 mA/cm2

ĔX of el. Main Reaction at NAM >>  X of O2 Reduction Reaction at NAM (by factor ~10+)
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"Oxygen Cycle" Intermediate Summary (case of flooded cell in dynamic operation, e.g. PSoC)

Å O2 formed at PAM iO2 @PAM (t)  from electrolysis while i > 0;   from PAM self discharge

Å O2 transport to NAM via electrolyte (dissolved O2 , O2 gas bubbles) 

Å O2 (intermediate) storage in electrolyte (dissolved O2 , O2 gas bubbles)

Å O2 reduction at NAM iO2-red@NAM (t) continues whenever O2 is available (i > 0 or i Ò 0)

i > 0  (charge) H2O formation

i Ò 0  (rest, discharge) H2O formation  AND  PbSO4 formation

@PSoC: dynamic !

iO2-red@NAM (t) NOT synchronous to   iO2 @PAM (t)

ÅDepth X ~ co / i of Current Penetration into NAM porous structure  
- specific for given structure and type of reaction

ÅO2 Reduction Reaction X å 0.1 mm   (order of magnitude) 

low conc. of dissolved O2 in front of NAM,   <<  conc. of H+, HSO4
-

ÅNAM MAIN Reaction X å   1mm (order of magnitude) (for e.g. 3 A/Ah, i.e. 20min rate)  

>> 1mm (for e.g. 0.3 A/Ah, i.e. 3h rate) 

cf. H. Bode, Lead-Acid Batteries, 

Wiley, New York 1977, p.155

Å O2 reduction and PbSO4 formation near geometric NAM surface
NAM

pore

Eólytee-

Current Density 

i [A/m2]

O2

?

ñgridñ

X

NO e-

supplied

case of i Ò 0  (rest, discharge)
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Distribution of PbSO4 over NAM depth
(in PSoC operation) 

"Oxygen Cycle" Intermediate Summary 

? experimental verification ?

PbSO4 PbSO4

ŷc(PbSO4)

ŹSoC(NAM)

fresh PbSO4 product

NAM

pore

Eólytee-

Current Density 

H3O
+

ñgridñ

X

C(H3O
+)

> 1

mol/L

i [A/m2]

by el. NAM Main Reaction

(åhomogeneous over depth)

HIGH depth

of penetration
C(H3O

+) > 1 mol/L

N.B.  INHOMOGENITY will accumulate

upon continuous PSoC cycling

(case of flooded cell in dynamic operation, e.g. PSoC)

Visualization ïnot to scale !
by Oxygen Reduction

(close to surface)

NAM

pore

Eólytee-

Current Density 

i [A/m2]

O2

?

ñgridñ

X

C(O2)

<<10-3

mol/L
LOW depth

of penetration
C(O2) <<10-3 mol/L

NO e-

supplied

penetration X å 0.1 mm   (order of magnitude)
penetration X å  1 mm   (for e.g. 20min rate) 

>> 1mm     (for e.g. 3h rate) 

! .

<<

Distribution of PbSO4 over NAM depth
(in PSoC operation) 

@ discharge by e.g. -0.1% SoC

case of i Ò 0  (rest, discharge)
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"Oxygen Cycle" experimental findings

Flooded

PbSO4 formation at 

electrode geometrical surface

EDX + Raman Spectroscopy

electrode

width

by

EDX
by

Raman 

electrode

width

Börger, Ebner et al., 

J. Energy Storage 12 (2017) 305-310;   On the use of Raman 

microscopy for sulfation analysis in lead-acid battery research

Standard Test, Starter Battery 12V/59Ah, 640CCA    

after extended 17.5% DoD cycling at pSoC
(similar to EN test)

ñPbSO4 contents are higher near the 

electrode surface than in the interiorò

Begüm Bozkaya, 

Fraunhofer R&D Center Electromobility FZE

ñThe physical attributes of the DCA óMemory 

Efffectô: a rapid shared esperiment ñ; 

Virtual Workshop ñDCA & Heatñ, 18 Nov 2020

by SEM

a) PbSO4 near plate surface 

b) accumulation of ócoarseô PbSO4 crystals

Laboratory Test  (lab cell) large PbSO4 crystals (å10mm) 

ñsurviveò close to(NAM) surface, 

despite cell was ñfully rechargedò

Pavlov et al., J. Power Sources 242 (2013) 380ï399 óCapacitive 

carbon and electrochemical lead electrode systems at the negative 

plates of lead-acid batteries and elementary processes on cyclingô

NAM plate surface NAM interior

less PbSO4 in 

electrode center

EDX + Raman Spectroscopy large PbSO4 crystals (å5-10mm) 

close to surface only  
ñIn the cycled reference negative plate, particles accumulated 

on the surfacewith size of 5- 10 mm is PbSO4, and the smaller 

particles in the interior with size of 2- 3 mm is Pb. That is to say, 

lead sulfate deposits mainly on the faces of reference plate, 

adjacent to the bulk electrolyte and little presents in the interior. 

J. Xiang et al., J. Power Sources 241 (2013) 150-158,  

óBeneficial effects of activated carbon additives on performance 

of negative LAB electrode for high-rate PSoC operationô

AGM

SoC(Pb) < SoC(H2SO4) < SoC(PbO2)

SoC=100%

@PSoC

PbSO4

by SEM

Cycling DoD:
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"Oxygen Cycle" experimental evidence: 

O2

++ -

O2

ielectricielectric

Ĕ symmetrical PbSO4 formation

from symmetrical setup with respect  to

NAM Main Reaction AND O2 transport  

O2

++ -

ieliel

electrolyte flow

O2 transport from LEFT only by forced-flow of electrolyte

A.F. Hollenkamp et al. (CSRIO), 

ALABC Project N1.2, Final Report 2002; 

Overcoming negative-plate capacity loss 

in VRLA batteries cycled under PSoC duty

R. Newnham et al. (Electric Applications, Inc. et al.)

ALABC (CBI) Project BS CNP3LC Final Report 2019

O2 supply is asymmetrical

Ĕ asymmetrical PbSO4 formation 

from O2 Reduction 

wt% 

PbSO4

electrode width

electrode width
electrode

width

M. Fernandez et al., J. Power Sources  195 (2010) 4458

..activated carbon..batteries for hybrid vehicle applications

PbSO4 at surface from O2 Reduction [P10]

Analysis by EMPA
(electron micro-probe analysis)

aquarium 

pump !

- what is the mechanism ?

eólyte

flow

from O2 Reduction X

the

evidence !


