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= Floor space: ~ 4,000 m?, Lab space: ~1,140 m?
= R&D personnel: 100

= R&D battery technologies: Lithium-, Sodium-, Zinc-
based Batteries

= Transfer of basic research to industrial level

Motivation: One-Stop-Shop

Production and Optimization  pj|ot Li-ion Cell
of active materials

Module- and

Production System development

Recycling Battery (Abuse) Testing Applied Testing
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Introduction of Zinc-lon Batteries =
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Introduction of Zinc-lon Batteries

Motivation
®
agueous electrolyte
‘\=’/ environmental raw material ﬁ.
friendliness abundancy 7
=,
[e ] 2
low material costs cycle stability z

@ energy density
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Introduction of Zinc-lon Batteries
Overview on Zinc-based Batteries

~ . R
«» Mn-based ( s Zn foll
% V-based % electrodeposited Zn
% PBAs % Zn powder
% Air % Znslurry
« other
\ M
Cathode*
Reaction
— Mechanism
“» Zn?*intercalation
«» H* intercalation Sulfate-based
% Deposition/dissolution Acetate-based
«» Chemical conversion Triflate-based
J e Additives |
* in discharge direction - -
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Introduction of Zinc-lon Batteries
Overview on Zinc-based Batteries

Zn Folie Mn-basiert

O 0:0\
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)

J

% galv. abgesch. Zn % V-basiert
% Zn Pulver % PBAs
% Zn Slurry Luft

) /7
0.0 0‘0

weitere

\_ S
Kathode
Reaktions-
— mechanismus
% Zn%*Interkalation Sulfat-basiert
% H* Interkalation Acetat-basiert
% Auflosung/Abscheidung Triflat-basiert
% Chemische Konversion Halogen-basiert
J — Additive |
* in discharge direction - -
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Introduction of Zinc-lon Batteries
Overview on Zinc-based Batteries

?

* in discharge direction
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Introduction of Zinc-lon Batteries
Overview on chemical formula in literature

Z1B"
”

Reaction
Mechanism

% Znl*intercalation
< H*intercalation
< Deposition/dissolution
% Chemical conversion

Reaction equation

Zn/Zn?* plating/stripping

Zn & Zn’t + 2e

HER

2H"+2e — Hyt

Zinc Hydroxide Sulfate (ZHS) > numerous suggestions for reaction mechanisms in
6 OH + SO,> + 4 Zn?* + n H,O = Zn,(OH)SO, - n H,O literature
MnO,/Mn?* dissolution/deposition

MnO, + 4 H* + 2 e= Mn?*+ 2 H,0

Zn?* intercalation/deintercalation

MnO, + x Zn** + 2x e = Zn,MnO,

H* intercalation/deintercalation

MnO, + H* + e = HMnO,

ZnMn,0, formation

Zn%* + 2 Mn?*+ 8 OH- — ZnMn,0, + 4 H,O0 + 2 e

OER/ORR

O,+4H*+4e=2H,0

Anode

Cathode

= reversible  — irreversible

] ] ] Fitz, Bischoff, et al., Electrolyte Study with in Operando pH Tracking Providing Insight into the Reaction
8|  76th Annual ISE Meeting | Dr.-Ing. Oliver Fitz | 11.09.2025  Mechanism of Aqueous Acidic Zn//MnO, Batteries, ChemElectroChem (2021), 8 (18), % Fraunhofer
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Introduction of Zinc-lon Batteries

Overview on chemical formula in literature

Anode

Cathode

9

Reaction equation

pH effect
(DCH)

pH effect
(CH)

Zn/Zn?* plating/stripping

Zn & Zn’t + 2e

HER

2H"+2e — Hyt

Zinc Hydroxide Sulfate (ZHS)

6 OH + SO,* + 4 Zn’* + n H,0 = Zn,(OH)sSO, - n H,0
MnO,/Mn?* dissolution/deposition

MnO, + 4 H* + 2 e= Mn?*+ 2 H,0

Zn?* intercalation/deintercalation

MnO, + x Zn** + 2x e = Zn,MnO,

H* intercalation/deintercalation

MnO, + H* + e = HMnO,

ZnMn,0, formation

Zn%* + 2 Mn?*+ 8 OH- — ZnMn,0, + 4 H,O0 + 2 e
OER/ORR

O,+4H*+4e=2H,0

= reversible  — irreversible

) ] ] Fitz, Bischoff, et al., Electrolyte Study with in Operando pH Tracking Providing Insight into the Reaction
76th Annual ISE Meeting | Dr.-Ing. Oliver Fitz | 11.09.2025  Mechanism of Aqueous Acidic Zn//MnO, Batteries, ChemElectroChem (2021), 8 (18),

DOI: 10.1002/celc.202100888.

Y VYV

Reaction
Mechanism

% Znl*intercalation
< H*intercalation
« Deposition/dissolution
% Chemical conversion

numerous suggestions for reaction mechanisms in
literature

many redox-reactions with pH effects

main discussion: intercalation vs.
deposition/dissolution
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Zinc-lon Battery research at Fraunhofer ISk
The key role of the pH
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Zinc-lon Battery research at Fraunhofer ISE
The key role of the pH

|
1 " | " " " " " " L
1.9 - -
= Cell cycling with pH indicator * 2 5] i
© _ I
= Local pH changes 2 15102 i
at different state of charge [ 5] ' i
at cathode [ ] :
0.9 - B
I » I v I J I J I ¥ I » I » I *
0 50 100 150 200 250 300 350 400 5
time / min ‘
‘ !
(a) (b) (c) (d) (e) (f) (9 (h)
0 min 126 min 232 min 243 min 247 min  255min 284 min 375 min
148V 155V 170V 190V 170V 148V 138V  0.90V
* Bromocresol green, colour change from to to deep blue in pH range 3.8-5.4

\
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Zinc-lon Battery research at Fraunhofer ISE %
The key role of the pH

pHelectrode zincwire
\_ /(ref‘ electrode)

= CC-CV cycling: periodic pH contactral ~-

ChangeS carbon fibre paper
= Cyclovoltammetry: pH- .

dependent redox processes (“eg-e'edmde’\ i sledrodeposted
> pH-dependency of reaction “om fl” (pos electrode)

processes

CUVEL L 0Bl | mmmmmmefp
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Zinc-lon Battery research at Fraunhofer ISE

The key role of the pH

= CC-CV cycling: periodic pH
changes

= Cyclovoltammetry: pH-
dependent redox processes

» pH-dependency of reaction
processes

pHelectrode zincwire

\_ /(ref‘ electrode)
contact rail \]_

zinc

(neg. electrode)
elecrolyte
~10 ml

CUVEL € Col|

carbon fibre paper

electrodeposited
MnO;
(pos. electrode)

CCCV cycling

S 1.3}

2 M ZnSO, + 0.5 M MnSQ,[15->

12 24 36 48 60 72 84 96

t/h
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Zinc-lon Battery research at Fraunhofer ISE

The key role of the pH

= CC-CV cycling: periodic pH
changes

= Cyclovoltammetry: pH-
dependent redox processes

» pH-dependency of reaction
processes

pHelectrode zincwire

\_ /(ref‘ electrode)
contact rail \]_

zinc

(neg. electrode)
elecrolyte
~10 ml

CUVEL € Col|

carbon fibre paper

electrodeposited
MnO;
(pos. electrode)

CCCV cycling

S 1.3}

2 M ZnSO, + 0.5 M MnSQ,[15->

12 24 36 48 60 72 84 96

t/h
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Cyclic voltammetry

[/ mA

[/ mA
o N A N O N B~ O ®

8 - ./ |

6 i 2M2ZnSO, + 0.5 M MnSO, 1.56 1

.| Charge i
. Oxidation

2 B -
] i 1.37 T

.| Discharge I
. Reduction

6k
To.05 mvs 1 W

_80.6 ' 078 ' 170 ' 172 ' 174 ' 176

E/V vs Zn/Zn®*

2IM ZnSO4+0.'5 M MnSO4I
ﬁ |

d(pH).dt™ / pH.t"

O. Fitz et al. (2021), DOI: 10.1002/celc.202100888.
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Zinc-lon Battery research at Fraunhofer ISE
The key role of the pH T o '

Bin=In* + 2e

— b5 L

TH +2e o Ht : t
Zinc Hydroxide Sulfate (ZHS)

6 OH + SO.% + 4 Zn* + n H,0 = Zn,(OH);50, - n H,0 t !
MnO,/Mn?* dissolution/deposition

MnO; + 4 Hr +2 & = Mn* + 2 H,0 t !

Zn?** intercalation/deintercalation
o MnO, + x Zn’* + 2x e = Zn,Mn0O,
o H* intercalation/deintercalation

£ MnO; + H* + & = HMnO, ! !
Y ZnMn,0, formation
Zn?* + 2 Mn?* + 8 OH" — ZnMn,0, + 4 H,0 + 2 & : !
OER/ORR
O,+4H"+4e=22H,0 t !

Cathode: Mn?*/MnO, deposition/dissolution
MnO, + 4AH+2e” & Mn?t +4 A~ + 2H,0

pH-dependent NERNST equation

E = El(\)/anZ/an"' — 0.12(pH)— 0.013 In(ay,,2+)*

*here: z=2; aynoy = funzs X Cunze With o, ~ 0,4...0,5 [4]

Mateos, M., et al. Nanostructured Electrode Enabling Fast and Fully Reversible MnO2 -to-Mn2+ Conversion in Mild
: _ : : Buffered Aqueous Electrolytes. ACS Appl. Energy Mater. 3, 7610-7618; 10.1021/acsaem.0c01039 (2020). =
15 | 76th Annual ISE Meeting | Dr-Ing. Oliver Fitz | 11.09.2025 Fitz, O. et al. The Key Role of pH for the Aqueous Acidic Electrolyte of Zn-MnO, Batteries. Konferenzposter 4 Frau nhOfer
(Berlin, 2022). ISE
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Zinc-lon Battery research at Fraunhofer ISE
The key role of the pH et

Bin=In* + 2e

— Z|HEE ; 1
2ZH +2e - Hyt
Zinc Hydroxide Sulfate (ZHS)

pH effect pH effect
(DCH) (CH)

6 OH + SO.Z + 4 Zn?* + n H,0 = Zn(OH):50; - n H,0 t !
MnO,/Mn?* dissolution/deposition t !
MO, + 4 H + 2 & = Mn2* + 2 H,0

Zn?** intercalation/deintercalation
o MnO, + x Zn?* + 2x e = Zn,Mn0,
o H* intercalation/deintercalation

',F-'; MnO; + H* + e & HMnO, t !
Y ZnMn,0, formation
Zn?* + 2 Mn?* + 8 OH — ZnMn,0, + 4 H,0 + 2 & ) !
OER/ORR
O,+4H"+4e=22H,0 ! !

Cathode: Mn?*/MnO, deposition/dissolution

- 2 — . .
MnO, + 4AH+ 2e~ = Mn“* + 4 A~ + 2 H,0 » pH increase - potential decrease,

pH-dependent NERNST equation pH decrease > potential increase

E = El(\)/anZ/an"' — 0.12(pH)— 0.013 In(ay,,2+)*

*here: z=2; aynoy = funzs X Cunze With o, ~ 0,4...0,5 [4]

Mateos, M., et al. Nanostructured Electrode Enabling Fast and Fully Reversible MnO2 -to-Mn2+ Conversion in Mild
: _ : : Buffered Aqueous Electrolytes. ACS Appl. Energy Mater. 3, 7610-7618; 10.1021/acsaem.0c01039 (2020). ——
16 | 76th Annual ISE Meeting | Dr-Ing. Oliver Fitz | 11.09.2025 Fitz, O. et al. The Key Role of pH for the Aqueous Acidic Electrolyte of Zn-MnO, Batteries. Konferenzposter 4 Frau nhOfer
(Berlin, 2022). ISE
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Zinc-lon Battery research at Fraunhofer ISE

The key role of the pH

= pH-unbuffered vs buffered electrolytes:
acetate-based buffer composition

= titration for determination of buffer capacity

Unbuffered electrolyte: 2 M ZnSO,
Buffered electrolyte: Zn(CH;COO), + Mn(CH;COO0), + CH;COOH

17| 76th Annual ISE Meeting | Dr.-Ing. Oliver Fitz | 11.09.2025
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Zinc-lon Battery research at Fraunhofer ISE
The key role of the pH

= pH-unbuffered vs buffered electrolytes:
acetate-based buffer composition

= titration for determination of buffer capacity

» ZnSO,-solution: no pH-buffer capacity,
precipitation (ZHS)

c(H") / mol.I"* c(OH) / mol.I"?

Unbuffered electrolyte: 2 M ZnSO,
Buffered electrolyte: Zn(CH;COO), + Mn(CH;COO0), + CH;COOH

\

_—
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Zinc-lon Battery research at Fraunhofer ISE %
The key role of the pH

= pH-unbuffered vs buffered electrolytes:
acetate-based buffer composition

= titration for determination of buffer capacity

. . 8 . . .
» ZnSO4-solution: no pH-buffer capacity, ' unbuffered (Znslo4) |
precipitation (ZHS) "I~ buffered (Acetate-based) ]
» Acetate-based electrolyte: pH-buffer 6 -
capacity 5L §
Laf -
3L .
5L .
1L .
0 -_| . N L L X | L I=
-3 -2 -1 0 1 2 3

c(H") / mol.I'* c(OHY) / mol.I'*

Unbuffered electrolyte: 2 M ZnSO,
Buffered electrolyte: Zn(CH;COO), + Mn(CH;COO0), + CH;COOH

\

_—
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Zinc-lon Battery research at Fraunhofer ISE

The key role of the pH

= Cycling pH-buffered electrolytes
(e.g. acetate-based buffer systems)

» Reduction of pH fluctuations

20| 76th Annual ISE Meeting | Dr.-Ing. Oliver Fitz | 11.09.2025

Unbuffered electrolyte

Buffered electrolyte

O. Fitz et al. (2021), DOI: 10.1002/celc.202100888.

U/Vv

U/Vv

2,0
1,8
1,6
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0,8
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1,8
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1,4
1,2
1,0
0,8

unbuffered 16
B 15
- T
- ] 4 Q
B 413
Uze”e pH [ TP N SR N N SR S ] 2
0 1 2 4 5 6 7 8 9 10 11 12 13
t/h
buffered 16
06 UZelle : pH | . | | . :
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t/h
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Zinc-lon Battery research at Fraunhofer ISE

The key role of the pH

= Cycling pH-buffered electrolytes
(e.g. acetate-based buffer systems)

» Reduction of pH fluctuations & discharge plateau
increase

I But: still strong degradation & Zinc anode corrosion
in prototype cells

1,8
A\
14
1,2
./

0,8

= unbuffered
buffered

>
]

00 05 10 15 20 25 30 35 40 45 50
Q/ mAh.cm?2
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Unbuffered electrolyte

Buffered electrolyte

U/Vv

U/Vv

2,0
1,8

1,6:
14}

1,2
1,0
0,8
0,6

2,0
1,8
1,6

1,4:

1,2

1.0
0,8

unbuffered | | - 16
i 15
il |, T
i "=
i 13
—— Uzee -~ PH , L L ] 2
0O 1 2 3 4 6 9 11 12 13
t/h
buffered | | | | 16
N R R
06 Uzele = PH | . . . .
0 10 20 30 40 50
t/h
—

O. Fitz et al. (2021), DOI: 10.1002/celc.202100888.
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Zinc-lon Battery research at Fraunhofer ISE
Reason for cell degradation?

1. operando pH measurement with surface pH sensor
= Unbuffered Electrolyte (1 M ZnSO, & 1 M MnSQO,),

» significant reduction of excess electrolyte volume

operando pH measurement in Swalelok® cell

— Reference

-~ Cathode

pH electrode £
for anode Y Housing > 1.8

\ 1
pH electrode
for cathode

./

=
'S
i

ell potenti

C
c o = =
o w o N

—— Cell potential |[
|~ pH Anode
pH Cathode 2

| ; ' . : :
| 0 5 10 15 20 25
Separator Time / h

Brandt, N., Pross-Brakhage, J., Bertram, N., Akthar, H., Cojocaru-Mirédin, O., Dsoke, S., Fitz, O.

22| 76th Annual ISE Meeting | Dr.-Ing. Oliver Fitz | 11.09.2025 Novel Method for Locally Resolved In Situ and Operando pH Measurement in Aqueous Zinc- % Fraunhofer
Manganese Dioxide Batteries. ChemSusChem, in preparation ISE



Zinc-lon Battery research at Fraunhofer ISE
Reason for cell degradation?

operando microscopy
in window coin cell

1. operando pH measurement with surface pH sensor
= Unbuffered Electrolyte (1 M ZnSO, & 1 M MnSQO,),

2. operando digital microscopy in window coin cell

Unbuffered Electrolyte

= Cathode: stainless steel mesh

Voltage (V)

» Periodic pH-changes & precipitation of ZHS

10.0 12.5
Time (hours)

operando pH measurement in Swalelok® cell

— Reference

_~ Cathode
2.2

2.0 ré

pH electrode |

for anode A Housing = 1.8
/

pH electrode
for cathode

ell potential /
[
2 oo

1.2

010 —— Cell potential [ 3
~—— pH Anode
0.8 | F2
pH Cathode
0.6 T T T T T
0 5 10 15 20 25
Separator Time / h

Brandt, N., Pross-Brakhage, J., Bertram, N., Akthar, H., Cojocaru-Mirédin, O., Dsoke, S., Fitz, O.
23| 76th Annual ISE Meeting | Dr.-Ing. Oliver Fitz | 11.09.2025 Novel Method for Locally Resolved In Situ and Operando pH Measurement in Aqueous Zinc- % Fraunhofer
Manganese Dioxide Batteries. ChemSusChem, in preparation ISE



Zinc-lon Battery research at Fraunhofer ISE
Reason for cell degradation?

operando microscopy
in window coin cell

1. operando pH measurement with surface pH sensor
= Unbuffered Electrolyte (1 M ZnSO, & 1 M MnSQO,),

2. operando digital microscopy in window coin cell

Unbuffered Electrolyte

A

Voltage (V)

= Cathode: stainless steel mesh

» Periodic pH-changes & precipitation of ZHS

7.5 10.0 12.5 15.0 17.5 20.0
Time (hours)

'ya Further insights: Presentation Nathanael Brandt High resolution local pH-tracking in Zinc-Manganese Dioxide Batteries,
@ 4th International Zinc and other Aqueous Batteries Workshop (IZABW) r 17th-19th 2025

L
pH electrode b s
for anode / Housing > 1.8 Ls
© 1.6
pH electrode £
for cathode g 1.4 1 4 :Ic:x.
o
~~_/ 212
8104 —— Cell potential [ 3
08 _ = pH Anode
| : pH Cathode [2
}‘ 0.6

0 5 10 15 20 25

Separator Time / h

Brandt, N., Pross-Brakhage, J., Bertram, N., Akthar, H., Cojocaru-Mirédin, O., Dsoke, S., Fitz, O.
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Zinc-lon Battery research at Fraunhofer ISE
summary

n MnO, dissolution/Mn?+ deposition & Zn?+ plating/stripping

E H+ (De-)Intercalation
B ZHS* precipitation/dissolution

n O./H, gassing

» pH significantly influences the functionality and
performance of ZIBs

» Zn?* intercalation of minor importance

* ZHS = Zinc Hydroxide Sulfate, Zn,(OH)sSO, - n H,O or generally “metal hydroxide”

\
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Zinc-lon Battery research at Fraunhofer ISE
summary

n MnO, dissolution/Mn?+ deposition & Zn?+ plating/stripping

E H+ (De-)Intercalation
B ZHS* precipitation/dissolution

n O./H, gassing

» pH significantly influences the functionality and
performance of ZIBs

» Zn%* intercalation of minor importance

Next steps:

7 Optimization of electrolyte formulations with pH buffers and
additives

7 Strategies to improve the electrode-electrolyte interface

* ZHS = Zinc Hydroxide Sulfate, Zn,(OH):SO, - n H,O0 or generally “metal hydroxide” (e.g. separator modifications)

\
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Thank You!

1. Freiburg Battery
Days

April 28th-29t,
2026

FREIBURGER
BATTERIETAGE

Dr. Oliver Fitz
Group Manager Battery Cell Technology
Department Electrical Energy Storage

oliver.fitz@ise.fraunhofer.de

Fraunhofer fir Solare Energiesysteme
Heidenhofstral3e 2

79110 Freiburg
www.ise.fraunhofer.de



Zinc-lon Batteries (ZIB)
Motivation: application examples

Application examples for stationary battery storage (according to [3]).

storage
: >128| <100 kwh SEA
discharge

UPS™,
<1h Emergency
power
S1h- Home
1d storage,
micro-grid

>1d-

Off-Grid

>1w
*UPS = Uninterruptible Power Supply
29| 76th Annual ISE Meeting | Dr.-Ing. Oliver Fitz | 11.09.2025

Peak-
Shaving

Quarter
storage

Off-Grid

large-scale
isolated
systems

isolated
systems

central
large-scale
systems

central
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systems
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Zinc-lon Batteries (ZIB)
Motivation: material examples

Materials (examples):

positive electrode (MnO,)

* current collector: e.g. stainless
steel foil/mesh, carbon fiber/felt

« conductive component: e.q.
carbon black, carbon nanotubes
(CNT)

*binder: e.g. CMC, SBR, ABS, PTFE
solvent: e.g. DI-water, NMP

" \*

carbon fiber |
paper

separator

e.g. polyester, cellulose, glass fiber
electrolyte

e.g. ZnSO,, Zn(CF;S0,),,
Zn[(CF5S0O,),N],, Zn(CH;COO0),, ZnCl,
Zn(Cl0O,),, Zn(NOs),, and Mn?+-
additive, pH buffer etc.

negative electrode (Zn)

* pure zinc metal
(= active material & current collector)

« current collector: copper/nickel
foil/foam, carbon fiber
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Zinc-lon Batteries (ZIB)
Reaction mechanism: differentiation of two main types

no final definition of the reaction mechanism so far intercalation

differentiation of two main reaction mechanisms (pos.
electrode):

AN
PO

}/ U
2.7\
2.2\

$e

intercalation: discharge

L physical process Zn2+/H* >

conversion: o charge
deposition/dissolution,
acid/base reactions ...

L chemical process
(change of chemical bonds) conversion

\
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Zinc-lon Batteries (ZIB)

Reaction mechanism: history of theories

|
zmc ion insertion
Shoji et al. 1988 S | ang et al. 2018 [9 atvsnsi
Jiang et al. 2017 [5]: \J * H*/Zn?*-Co-insertio g 2 W
Zn%*-insertion mn .
0-Mn,O;  «——> Zn-birnessite cal P e
Mn(III) Mn(II) ‘fgfﬁf{.ﬁ? i; "r:iztl:: ‘f{fﬁf&‘ﬁr ‘Zgzomlns;rgzn
OM@o0 Q zn ‘qt xﬂ n
e Discharge &
Li et al. 2019 [8]: Co-Insertion,
MnO, electrodeposits Inma(l1dzc3)arge Furlh?::lss:t;arge Recharge
Lee et al. 2016 [7]: Mo, _"“m’_yﬂf R —— MOy
ZHS* precipitation '”..:'_ vl
MnO, dissolution -
(Electrolyte) .*r
(Positive Electrode) (Negative Electrode) ] :ﬁm i o
* ZHS = zinc hydroxide sulfate, Zn,(OH)sSO, - n H,0 A SRR . PSS S e
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Zinc-lon Batteries (ZIB)

Reaction mechanism: history of theories

Li et al. 2020 [10]:
no Zn%* intercalation, H* intercalation,
mainly MnO, dissolution/deposition,
ZHS precipitation

(A LB ® D) LE
.ooo. e @ e @ eeoe @ Si eoee
++ + +++ ++e oo +++O
eooe (XK X J (XK X J eoe & Eé eeee
+++ eee ®oo LT XY iTX X
eceo @ (XY (XY ) e @ g; eeoe @
(Y Y + oo Y R Heeoe O
(A

= £-MnO, electrode *H* & Zn?** & Mn?
1 ZnMn,0, o Gas

®

w Zn,SO,(OH),'nH,0
&3 Deposited MnO,

1.6

Voltage (V)
5

0 200 400 600 800 1000
Time (min)
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Mateos et al. 2020 [11]:

no Zn?* intercalation, only

MnO, dissolution/deposition, ZHS
precipitation

-> using pH buffers against pH changes
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Zinc-lon Batteries (ZIB)

Reaction mechanism: history of theories

Li et al. 2020 [10]:
no Zn?* intercalg*

o plausible explanation so far: s
i MnO,/Mn?* dissolution/deposition, affecting pH ﬁf
o R
Ty
1,89 = -MnO, clecrode Wi _ NO Zn<" INtercalation, only
w ZnSO,(OH)¢'nH, O  ¥#ZnMn,0, O Gas . . .
o 16]\ =Deposiedrn0, ) ] MnO, dissolution/deposition, ZHS
% 14 o ] precipitation
= 12 : -> using pH buffers against pH changes
M08 200 400 600 800 1000

Time (min)
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Zinc-lon Battery research at Fraunhofer ISE %
The key role of the pH

L 1 L 1 L 1 L | L | L | L | L |
3.040. 1M Mn &2.0MZn Zn0 -
= Cell cycling with pH indicator * - MnO,~ NEE
. =27 Y
= Local pH changes at different state of charge -M e [
. . . F ==-_MnO, (s
= Potential-pH-diagrams can describe the 2.0 T : 7
. . 171 L
reactions visually Z 154 7/ >
& : <
Srolesv "
c I ---_ V)
N Tt - - %
s 054 zn* R >
r—>0 Mn?2* 3
,E, 0.0 _'GC_-,’
9 i @)
o -0.5 o
-1.0 4
-1.5 4
-2.0 4 pH 0.9 pH 4.3 pH 5.5
: ’. Y Y 3
I I I I I I I I
2 0 2 4 6 8 10 12 14 16

* Bromocresol green, colour change from to to deep blue in pH range 3.8-5.4

\
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Zinc-lon Batteries (ZIB)

pH value: usage of potential-pH diagrams (Pourbaix diagrams)

theoretical reflection:
potential-pH diagram

visualization of redox- & acid-base reactions of metals in aqg. solution

ZIB: thermodynamical operating window

adding cycling data (potential vs. pH, s. previous sheet)

into potential-pH-diagram

L understanding pH phenomena

36 |

stability <x

1 1 1
3040.1 M Mn & 2.0 M Zn|

MnO,~
ZnO (s)

4

O, gassing

MnQO, dissolution

window of > 9/ 7 N
Water 09V %
el s
Zn2* ."‘ﬂa-'-.,“_ g)
Mn2* =
=
o
o
o
pH 0.9 pH 4.3 pH 5.5
T T T T T T -3
2 0 2 4 6 8 10 12 14 16
pH
losssaaaas Lasssaaaas Lasasaaaag |IFTETER RN Lassaaaaas .
S '/// 1.138 Cycllng
@} T~ o < 3
> 26
)
o L7 v [efSchargée /-'/{_ O,f- 0.938 z data
< _|C
= charge L L
N T
S 15 T -0.738 O
S S ¢
0 2+
Z —_
: 1.3 1 M’;B L 0538 ®
v e
S ] f N 2
S initial discharge\ "v &
Q ] %€\ v |5Lo0338 ©
o v | e a
| v 12
L
09 | AR | AR T | RARARRREE] Trr oo 0138
1 2 3 4 5 6
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Bischoff, Fitz et al., J. Electrochem. Soc. 2020. DOI: 10.1149/1945-7111/ab6c57 ?
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Zinc-lon Batteries (ZIB)

Cycling characteristics

| | | ' | | | i ' | ' | ' | '
1,9 | y End-of-charge .
N : \1.7-1.9 V vs Zn/Zn?+
c1,7t ; i _
N . Two plateaus
N - Two plateaus 1
> characteristic potential bend
> ]
S~
= 1.3 r ----------------------- =~1.3V
% °
§_ 11 = [initial discharge charge + discharge i
05 I | End-of-dischargel |
’ i ~0.5-0.9 V vs Zn/Zn?*

time / h Fitz, Fraunhofer ISE (ELS/BZT)

* Typical potential curve for ZIB with standard cell setup
(Zn/ZnSO,+MnSO,/Mn0O,)

\
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Zinc-lon Batteries (ZIB)

EIS spectra

———————— 1 charged
. . 1.9 F _
EIS spectra change during cycling .
S 1stplateau
(=
N
further details in section 11.5.1 goT '
> 2hd plateau
s B3 i Ve =V
»difference to LIB (s. lecture 2/3) £ 11 b [l dscrergs] ——— [harge] = [Fschge -
09 a
e /h discharged
Fitz, Fraunhofer ISE (ELS/BZT)
200 L— e — ——— e e
|| ® SOC 100 % |- charged ]
150 L SOC ~80 %|-> 1 plateau )/./.\'\1 i
o ® 50C~30%|—> 2nd plateau
~ = S0C0% |5 discharged
N 100 |- fit .
c . .
= dischargin i
50 |- - g > -
1
0 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0 50 100 150 200 250 300 350 400 450 500
Re(2)/ Q
Bischoff, Fraunhofer ISE (ELS/BZT)
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Zinc-lon Batteries (ZIB)
ECM: Link to ZIB cell components/layers

£ -
T ssnssssssne } . 4 ! ?ﬁ
132385028594 A Discharged 0y DT
MEREO DY 0.7 v+ R r&& - &K
7 il 1/ [ % SOCO
n 111} il
I wo'+o: Ral
1 CPE PE.
1 *
:I RE o ‘: :
|I Charged ¥ SOC 30/80
=* 1.8 V* : 4:5 &l LE L] L 2
1 A R
* vs Zn/Zn%* Retmo :g
E MnO, coating R, M3 é
" SOC 100
. MnO, deposition illa~ 27
ZHS precipitation 2289289242
Zn?* & Mn?* containing electrolyte
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Zinc-lon Batteries (ZIB)
Why do the ECM parts change? Assigning processes

ECM 1 (SOC 100 %) ECM 2 (SOC ~80%) ECM 3 (SOC ~30 %, 0 %)

CPEp,

Re -2,§ 3T L.
|I| Re,mo CPEy
1. electrolyte resistance 1.electrolyte resistance 1. electrolyte resistance
2. MnO, coating 2.MnO, coating 2. MnO, coating

3. Surface MnO,, deposition (pH 3.Surface MnO,
decrease) dissolution (pH increase)

no surface MnO,

4.growing ZHS

precipitation layer 3. ZHS precipitation layer (high
pH)

*no ZHS precipitation layer

E = electrolyte, ct = charge transfer (MO = MnQ,), Diff = diffusion layer, HDL = Helmholtz double layer,
DL = double layer (diffusible layer)

\
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Battery Cell Technology
Zinc lon Battery — publications

= Pross-Brakhage, Meyer, Mehlich, Fitz, et al. New Insights to Electrolyte Design for Aqueous Zinc-Manganese Dioxide Batteries:
The Role of Anion Complexes and pH Dynamics. J. Electrochem. Soc.; 10.1149/1945-7111/add387 (2025).

= Fitz, Wagner, et al., Introducing a Concept for Designing an Aqueous Electrolyte with pH Buffer Properties for Zn-MnO,
Batteries with Mn?*/MnQO, Deposition/Dissolution, Energy Tech. (2023), 11 (12), DOI: 10.1002/ente.202370123.

= Pross-Brakhage, Fitz, et al., Post-Lithium Batteries with Zinc for the Energy Transition, Batteries (2023), 9 (7), DOI:
10.3390/batteries9070367.

= Fitz, Bischoff, et al., Electrolyte Study with in Operando pH Tracking Providing Insight into the Reaction Mechanism of
Aqueous Acidic Zn//MnQO, Batteries, ChemElectroChem (2021), 8 (18), DOI: 10.1002/celc.202100888.

= Fitz, Ingenhoven, et al., Comparison of Aqueous- and Non-Aqueous-Based Binder Polymers and the Mixing Ratios for
Zn//IMnQ, Batteries with Mildly Acidic Aqueous Electrolytes, Batteries (2021), 7 (2), DOI: 10.3390/batteries7020040.

= Bischoff, Fitz, et al., Revealing the Local pH Value Changes of Acidic Aqueous Zinc lon Batteries with a Manganese Dioxide
Electrode during Cycling, J. Electrochem. Soc. (2020), 167 (2), DOI: 10.1149/1945-7111/ab6c57.

= Bischoff, Fitz, et al., Investigating the Impact of Particle Size on the Performance and Internal Resistance of Aqueous Zinc lon
Batteries with a Manganese Sesquioxide Cathode, Batteries (2018), 4 (3), DOI: 10.3390/batteries4030044.

\
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Battery Cell Technology
Zinc lon Battery — cell chemistry

= |nvestigation of electrode cross-sections before and after cycling
= Method: SEM-EDX vor Zyklierung
= Ageing mechanisms:
precipitation reaction
clogged pore spaces

nach Zykl

] ;
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Battery Cell Technology

Cycling of Symmetrical MnO2//MnO2 Cells Without Zn Metal Anode

= Investigation of a Zn/MnO, cell without the influence of Zn/zn?+

= Symmetrical MnO,//MnO, cell with reference electrode for potential
simulation > Mn2*/MnO, mechanism forced

= Potential behaviour comparable to

= Results support the primary role of Mn?*/MnO, mechanisms in
cycling, with Zn?+intercalation playing a minor or negligible role.

charge
e «—
e —
discharge WE

-

[¢]

o
o 3 o 3 o
B a g e
= P9l charge o Q (=3
e o Mn2 | MnO, BER
" B : Sl
o u S » o
o o a ® (o
Yo, . -
SN disch x. e
==l discharge | H,SO, or o B

) o

MnSO,

Working electrode (WE) | Mn?* + 2 H,O 2MnO, + 2 e+ 4 H*

Counter electrode (CE) | MnO, + 2 e + 4 H* 2 Mn?* + 2 H,0
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b) T T T T T T T T
18 MnSO, (Paper) 1
N = =MnSO, (sym, Zn-ref)
;;‘C 16 S MnSO, (sym, HgO-ref*)|
N I A
T 14+t \ i
N N
Qi12t REh Y b
> T
~ B ~ ~ _
= 1.0
IS
8 08} _
o
o
0.6 - -
" linitial discharge
04 ml 1 1 1 1 1 1 1 -
0 50 100 150 200 250 300 350
specific capacity / mAh.g*
d) T T T T T T T T T T T T T
181 p i
3 MnSO, (Paper)
% 16| 3 . = =MnSO, (sym, Zn-ref) |
N N MnSO, (sym, HgO-ref*)| 1
T l4r -
N PR
Q12| » . .
3 10H \ B
IS I 1
8 08F i
=t -
0.6 - B
'
0-4 ml 1 1 1 1 1 1 1 -
0 50 100 150 200 250 300 350
specific capacity / mAh.g*

O. Fitz et al. (2021), DOI: 10.1002/celc.202100888.
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Ref 1: 2 M ZnSO,, ]
= = Ref 2: 1 M ZnSO,/MnSO,

Puffer 1: EZ4
= = = Puffer 2: EZ6

Battery Cell Technology
Zinc lon Battery — cell chemistry

3
-
.-,

= Cycling pH-buffered electrolytes
(e.g. acetate-based buffer systems)
= Reduction of pH fluctuations
= Increasing discharge potential plateau

00 05 10 15 20 25 30 35 40 45 50

Q/ mAh.cm™
4 T T T T T T T T T T v o)
= Referenz 1: 2 M ZnSO,, A
Referenz 2: 1 M ZnSO, + 1 M MnSQ,|
3L 2 e Puffer 1: EZ4 |
“.'E .
L). L]
< 2L = i
% .
~ .". ..ﬂh-
T 1 J—— M ° ¢
LI:Q) r . R\ﬁ v 1 N B 1 7
~
ok =
(I) . ZIO . 4IO . 6IO . 8IO . 1(I)O . 12IO . 1;10 . 1é0 . 1;30 . 200
Zyklus
|
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Battery Cell Technology
Zinc lon Battery — cell chemistry

a b
) 1.8 ) 1.8 l:
S 1.6 Acetate S 1.6 ' Sulfate
= - =
14 ' Plar
3 ! 3
> 1.2 . 1 > 1.2 .
w/o stirrer w/o stirrer
| = = w/ stirrer : 1 w/ stirrer
0 0.02 0.04 0.06 0 0.02 0.04 0.06
Areal capacity (mAh cm'z) Areal capacity (mAh cm'z)
a) b)
pH| | Sulfate Mf o |Acetate
3+ —
M
HHO . n e %
/ ....... s \
MnOOH + 3H" Mn"*"
a8 +2H. O
¥ ool
MnO2 +H MnO2 + 4H 1 2 3 4
x M Ac” (mol I'")
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Pross-Brakhage, J., Meyer, J., Mehlich, C., Fitz, O. & Birke, P. New Insights to Electrolyte

Figure 7. Influence of transport conditions on
electrochemical performance. (a) No significant
voltage difference for acetate-based electrolyte under
stirred and unstirred conditions.

(b) Pronounced changes in the voltage plateau for
sulfate-based electrolyte, highlighting the transport of
species as a limiting factor.

Figure 10. (a) Schematic representation of the favored
reaction pathways of MnO, deposition for different
anions.

(b) Effect of acetate concentration and pH on the CE.
As the acetate content increases, the process
increasingly follows the right pathway, leading to a
decrease in CE. Additionally, lower pH further
promotes the right pathway.

Z Fraunhofer
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Battery Cell Technology
Zinc lon Battery — cell chemistry

NERNST equation & pH Galvanostatic cycling & in operando pH tracking

43 21 Mn2+/MnO, conversion:
N1 ” H H | 2 M ZnSO, + 0.5 M MnSO, 5.5
N 17 %4 MnO, + 4H* + 2e” =& Mn?* + 2H,0 Evaluation of electrolyte pH behavior s :j | 4 4
215 7 " : N
> 1 b Standard potential (s. electrochemical series): ® Initial pH increase S 1.5f
T 11 B Periodic pH changes (ApH ~1) > 213
E >Ey = 1.986 V vs Zn/Zn** (pH 0) : ) . ’
£ MnO/Mn** / _ P H* formation/consumption during 214
sor T | P pH-dependent NERNST equation [2]: Mn2+/MnO, conversion £osf
451+ . - . I . 50,
L4 PH 1 ﬂﬁm E = E&nolen2+ —0.12 pH — 0.013 In(ay,2+)* o pH |Im|tf?t ~5 |2| = ZHS precipitation 82; . —— poer B
Qiig"'&t’[ | v 1| Egcy = 1.675 Vvs Zn/Zn?* (pH 2,75) as pH buffer 0 12 2a 36 t;;r:eff:]o 72 84 % "
2 |Rest |initial DCH| |1%'CH st ] . .
20l 2 ST L 2;!1 — ZHS precipitation: (here: M = Zn)
fmell [M(H;0)6]** +20H™ = M(OH),+6H,0
< Overpotential[1]dependent of pH: J

pH increase - potential decrease, pH decrease = potential increase

*here: z = 2; aynas = fuinze X Cuinze With o, ~ 0,4...0,5 (4]

Mateos, M., et al. Nanostructured Electrode Enabling Fast and Fully Reversible MnO2 -to-Mn2+ Conversion in Mild

: _ : : Buffered Aqueous Electrolytes. ACS Appl. Energy Mater. 3, 7610-7618; 10.1021/acsaem.0c01039 (2020). ?
46| 76th Annual ISE Meeting | Dr.-Ing. Oliver Fitz | 11.09.2025 Fitz, O. et al. The Key Role of pH for the Aqueous Acidic Electrolyte of Zn-MnQO, Batteries. Konferenzposter % FraunhOfer
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Battery Cell Technology
Nernst equation & pH

ct._ Cathode: Mn?*/MnO, conversion:
gi;& >  MnO,+4AH+2e” = Mn?* +4 A" + 2 H,0
N L7 S 1 Standard potential (s. electrochemical series):
2 157 0 2+
2 13} N EMno, vn2+ = 1.986 Vvs Zn/Zn=" (pH 0)
.‘_é‘ 11 pH-dependent NERNST equation [2]:
*;i 3:3 E = Ep.o w2+ — 0.12 pH)— 0.013 In(ay,2+)*
5.0
4.5} Overpotential 1 dependent on pH:
4.0t pH increase 2> potential decrease, pH decrease 2> potential increase
L5357
301 »explanation for plateau behaviour?!
257 |Rest |finitial DCH| [15tcH | [15tDCH| "
2007710 12 14 16 18 20 22 24 26

time / h

*here: z = 2; aynas = funzs X Cunze With s, ~ 0,4...0,5 [4]

Mateos, M., et al. Nanostructured Electrode Enabling Fast and Fully Reversible MnO2 -to-Mn2+ Conversion in Mild
: _ : : Buffered Aqueous Electrolytes. ACS Appl. Energy Mater. 3, 7610-7618; 10.1021/acsaem.0c01039 (2020). %
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Battery Cell Technology
Zinc lon Battery — cell chemistry

In-operando pH measurement

—— Cathode
2.2
Buffered 5
2.0-
> 1.8 5
161 pH electrode y ” ,
g14 L4 T for anode NP Housing
212
S
3 —— Cell potential
1.0 — Cellpe j%: pH electrode
0.81 —— pH Cathode |2 for cathode
0-6 T T T T T T
22 Unbuffered
- ° o nopuirere L6
2. 1.8 1 L5
T 1.6
g 1.4 45
212
3 1.0 Cell potential 3
pH Anode
0.8 oH Cathode |2 Separator
0.6 :
0 5 10 15 20 25
Time / h
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Introduction of the speaker

Dr.-Ing. Oliver Fitz

Group Manager Battery Cell Technology
Department of Electrical Energy Storage
Fraunhofer ISE, Freiburg, Germany

at Fraunhofer ISE since 01/2018

Studies: Environmental Engineering B.Sc./Energy Technology M.Sc., University of Stuttgart
Research: PhD on zinc-ion batteries with water-based electrolytes, University of Stuttgar, finished 2023

Project management/coordination of various projects in the field of sodium/zinc-ion technology

\
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Battery Materials and Cells
Research @Haidhaus

Research on sustainable and high-performance material
systems for batteries based on

= |ithium (including all-solid-state), sodium, zinc (aqueous)

= development of advanced battery materials in cooperation
with the University of Freiburg

Facilities & Capabilities
= Semi-automatic pouch cell assembly line inside the drying
room (120 m?, dp -55°C)

for drying the films

Characterization and analytics
Post-mortem analysis, SEM (EDX, EBSD, SXES), BET, Raman and
IR spectroscopy, elemental analysis, ICP-OES, ...
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(1) ©Fraunhofer ISE/O. Fischer, (2-7) ©Fraunhofer ISE/Dirk Mahler

Fraunhofer Institute for Solar Energy Systems ISE

Business Areas

Photovoltaics — Materials,
Cells, Modules

Photovoltaics — Production
Technology and Transfer

I
7]

~sumsnrnnl]
'y 51

Solar Power Plants and
Integrated Photovoltaics

Climate-Neutral Heat and
Buildings
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1

Electrical Energy Storage

Hydrogen Technologies

System Integration

Z Fraunhofer

ISE



Alternative Technologien fur stationare Anwendungen
Zink-lonen-Batterie

/@' Zink-Mangandioxid-Batterie:
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Sekundarbatterie

moOOZD>»

Mangandioxid Zink
Stromableiter  Separator & wasserbasierter Elektrolyt

U1 Trueb et al. (1998), ISBN: 3-540-62997-1 | [21 Shoji et al. (1988) (18), DOI: 10.1007/BF01022245 —
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Alternative Technologien fur stationare Anwendungen
Zink-lonen-Batterie

/@' Zink-Mangandioxid-Batterie:
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Mangandioxid Zink
Stromableiter  Separator & wasserbasierter Elektrolyt

U1 Trueb et al. (1998), ISBN: 3-540-62997-1 | [21 Shoji et al. (1988) (18), DOI: 10.1007/BF01022245 —
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Alternative Technologien fur stationare Anwendungen
Zink-lonen-Batterie

Rohstoffsituation

= Zink: z.B. NL, SW, PL

= Aktivmaterialebene >60% EOL-Recyclingrate
LIB (LFP) 380 Wh.kg"

ZIB (MnO,) 75 Wh.kg!

= Modulebene
AM-Modul-Effizienz ~50\%
LIB (LFP) 200 Wh.kg"'
ZIB (MnO,) 50 Wh.kgi'

Energiedichte

Kosten = Mangan:

= Kosteneinsparpotential z.B. GE, UA, NL, ES
Materialverfigbarkeit, = Mangansulfat:

Beschichtungsprozess, Mangancarbonat +
Produktionsbedingungen, Schwefelsaure

Sicherheit = Zinksulfat: Zink +
= LIB (LFP): 200 €. kWh2 Schwefelsaure

ZIB (MnO,): <100 € kWh-.
[*]

[*] Abschatzungen basierend auf experimentellen Ergebnissen

U.S. Geological Survey (USGS), Mineral commodity summaries 2023, Reston, Virginia (USA) 2023. | Bundesanstalt fiir Geowissenschaften und Rohstoffe (BGR), Deutschland - Rohstoffsituation 2021, Hannover 2022.
mann, M. _Hériniger, M. Schmidt, L. Schneider J. F. Peters, W. Bauer, J. R. Binder, M. Weil, Adv. Energy Mater. 2022, 2202636. DOI: 10.1002/aenm.202202636
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Alternative Technologien fur stationare Anwendungen
Zink-lonen-Technologie: Marktsituation

Name Technologie Stand der Technik

Urban Electric Zn//MnO,, e Pilotprojekte (GroBenordnung 20-1000 kWh)

Power alkalischer Elektrolyt e 300-1000 Zyklen (bei DOD 50-10 %), C-Rate 1/2-1/24 Yoz v
USA, 2012 e Kostenangabe 50 $/kWh pro Batterie

www.urbanelectricpower.com

Enerpoly ADB Zn//Mn0O, e Zellchemie basiert auf veroffentlichter Literatur

Schweden, 2018  [saurer Elektrolyt e Patent fiir nanopordse Zink-Schaum Anoden enerpoly
www.enerpoly.com (Zn5S0,/MnS0,) e bisheriger Stand: Zellkonzept

Eos Energy Znyth ® e Carbonvlies-Kathode mit Keramik-beschichtetem Titan-Stromableiter
Enterprises Zn//X (X=Halogenid) e jahrlicher Kapazitatserhalt von 98,2 % nach 20+ Betriebsjahren, 100 % DOD,
USA, 2008 neutraler Elektrolyt (ZnBr,, | C-Rate 1/3-1/12

e KBr, KCI, Additive) e Kostenabschatzung bis zu 95 $/kWh (Systemebene) €05
Salient Energy  |Zn//V,O,- bzw. Mo,O,- e Kapazitat 60 Ah, Zellspannung 1,3V,

Kanada, 2016 basierte Kathode e Energiedichte 100 Wh.I"" bzw. 60 Wh.kg"", SALIENT
wwwsalientenergvnccom | Zn?*-Elektrolyt (pH 1-9) o Zellfertigung mit 100 Stiick/Monat

ZincFive Zn//Nickel, e Nickel-haltige Zelltechnologie, ahnlich NiIMH

USA, 2000 alkalischer Elektrolyt (KOH) |[¢ Anwendung: USV, Peak-Shaving (hohe C-Raten) Five
www.zincfive.com/

\

Weitere: https:/zafsys.com/ | https://www.aesirtec.com/

~ Fraunhofer

ISE
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http://www.urbanelectricpower.com/
http://www.enerpoly.com/
http://www.eose.com/
http://www.salientenergyinc.com/
http://www.zincfive.com/
https://zafsys.com/
https://www.aesirtec.com/
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