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• Strategy: Correlating mechanical, electrochemical, and morphological changes under
controlled external pressure to understand pressure-driven degradation mechanisms in
alkaline Zn-MnO2batteries.

• Why this approach: Initial studies at ~5% DOD Zn and 20% DOD MnO2 utilization
show that applied pressure can reduce cell impedance during electrochemical cycling,
improve morphology, enhance cycling stability, and minimize capacity degradation.5

• Lab capabilities: University of Kentucky offers advanced capabilities, e.g., pouch cell
fabrication, pressure cell studies, electrode characterization using nanoindentation,
AFM, TEM, and cross-section ion beam polisher that help understand the underlying
mechanism for advancing AZBs.

Approach
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Electrochemical measurements and cell repair experiments

• Background: Rechargeable alkaline zinc batteries (AZBs) offers safe, abundant, and
low-cost pathway for large-scale grid applications but face significant challenges,1,2
including short cycle life and poorly understood degradation mechanism.

• Objectives: To understand the pressure-driven degradation in alkaline Zn-
MnO2 batteries to achieve stable and long-lasting performance tailored for grid-scale
energy storage.

• Technical challenge: Pressure-dependent degradation pathways remain poorly
understood due to tightly coupled mechanical-electrochemical-morphological
interactions.

• Motivation & alignment: Understanding pressure-driven degradation mechanism with
a domestic, facile Zn-battery manufacturing processes provides a pathway for
advancing durable, low-cost storage technologies that supports affordable, scalable, and
secure U.S. grid modernization efforts.

• Current practice: AZBs are under-studied and often assumed to follow Li-ion
mechanism with insufficient experimental validation, leaving a critical knowledge gap.

Studies have shown that applied pressure improves Zn-battery performance,3,4 but the
role of external pressure in degradation has not been extensively studied.

Cell Status Cell  OCV 
(V)

R1 (Ω) R2 (Ω)

After cell failure 0.28 19.56 7.19

After adding fresh 
electrolyte 

0.31 19.10 5.78

New Kimwipe/Cellophane 0.32 0.78 29.78

New PE + Original NE 0.38 2.41 568.2

New NE + Original PE 1.485 0.48 18.86

 Surprisingly, the cells failed mainly due to Zn negative electrode degradation, despite
zinc being utilized at only ~5% DOD.

Conclusions and Impact

Future Directions

• Cell-repair experiments indicate that cell failure is primarily driven by early
degradation of the Zn negative electrode.

• Cycled at 2.12 MPa, the repaired cell shows little capacity fade and stable resistance
for 70 cycles.

• Top-down and cross-sectional SEM/EDS observations reveal significant ZnO
accumulation (passivation) on the cycled negative electrode surface.

• With applied pressure, electrode ionic conductivity increases, while separator
conductivity decreases.

Impact: Our experimental results show that applied pressure helps reduce internal 
resistance and improves cycling stability, but early Zn electrode failure ultimately limits 
cycle life, despite Zn being utilized at just ~5% DOD−a condition under which much 
longer cycle life be expected. This project will guide the development of more durable 
AZBs for affordable, large-scale energy storage systems.

• Understand pressure effects on morphology, composition of electrodes, and cycle life.
• Establish the relationship between electrochemical and mechanical properties of cells

before and after cycling.
• Perform detailed characterization using SEM, EDS, and XRD.
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Conductivity measurements using EIS

0 5 212 465 845 Back to 0
0

1

2

3

4

5

Io
ni

c 
co

nd
uc

tiv
ity

 (S
/c

m
)

Force (N)

 Zn (×10-5)
 MnO2(×10-3)
 Separator (×10-6)

SEM of negative electrode

ZnO

To
p-

do
w

n
C

ro
ss

-s
ec

tio
n

Degradation 
mechanism

Electrochemical 
performance

Mechanical 
properties

Structure 
characterization

Acknowledgments
This material is based upon work supported by the U.S. Department of Energy, Office of 
Electricity (OE), Energy Storage Division. This work was performed, in part, at the 
Center for Integrated Nanotechnologies, an Office of Science User Facility operated for 
the U.S. Department of Energy (DOE) Office of Science. Sandia National Laboratories is 
a multi-mission laboratory managed and operated by National Technology and 
Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell 
International, Inc., for the U.S. Department of Energy’s National Nuclear Security 
Administration under contract DE-NA-0003525. 

Original cell After Zn electrode replacementDegradation analysis

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10

12

14

16

-Im
(Z

)/O
hm

Re(Z)/Ohm

 Before cycling
 Cycle 10
 Cycle 20
 Cycle 40 
 Cycle 60 
 Cycle 80 

0 20 40 60 80 100 120 140
0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

 Cycle 1
 Cycle 10
 Cycle 20
 Cycle 30
 Cycle 40
 Cycle 50
 Cycle 60
 Cycle 70
 Cycle 80

Ce
ll 

V
ol

ta
ge

 (V
)

Capacity (mAh/g)
0 10 20 30 40

0

10

20

30

40  After failure
 Fresh electrolyte
 New Kimwipe/Cellophane
 New PE + Original NE
 Original PE + New NE

-Im
(Z

)/O
hm

Re(Z)/Ohm

0 200 400 600
0

200

400

600  New PE + Original NE

-Im
(Z

)/O
hm

Re(Z)/Ohm

0 20 40 60 80 100 120 140
0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7
 Cycle 1
 Cycle 10
 Cycle 20
 Cycle 30
 Cycle 40
 Cycle 50
 Cycle 80
 Cycle 100
 Cycle 120
 Cycle 130
 Cycle 140

Ce
ll 

V
ol

ta
ge

 (V
)

Capacity (mAh/g)

0 5 10 15 20 25 30
0

5

10

15

20

25

30

-Im
(Z

)/O
hm

Re(Z)/Ohm

 Before cycling
 Cycle 10
 Cycle 20
 Cycle 40
 Cycle 60
 Cycle 80
 Cycle 100
 Cycle 120
 Cycle 130
 Cycle 140

2.12 MPa 2.12 MPa

2.12 MPa 2.12 MPa

Table: Data from degradation analysis
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