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Green hydrogen: Important link in the energy transition

Overarching challenge: Converting fluctuating electrons into usable molecular energy
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Fabrication: Black box mystery

Moving beyond empirical trial-and-error approach to knowledge-based understanding
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Result: irreproducible structures, thus unscalable anodes
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Solution: Process-structure-property-performance framework

A rational design approach for knowledge-based anode fabrication
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Function by J. Krekel and R. Polke (1992)

Structure = f(Processing, composition)

Thesis presentation | Adarsh Jain
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Property = f(Structure, composition)

Function by GB. Olson (1997)

Performance = f(Properties)
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Research objectives

Three systematic approaches to understand anode design principles

1. Enable systematic and representative surface analysis

Development of a statistical framework that allows the extraction of machine-readable surface features

2. Establish a systematic relationship between macroscopic anode layer properties and electrochemical performance

Development and characterization of anodes with different structures but similar chemical compositions

3. Elucidate the influence of different wetting states on the oxygen-electrolyte-anode interface during OER

Design and fabrication of anodes with varied wetting characteristics via tuning the binder chemistry and coating parameters

Thesis presentation | Adarsh Jain 19.02.2026
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Research objective 1

Three systematic approaches to understand anode design principles

1. Enable systematic and representative surface analysis

Development of a statistical framework that allows the extraction of machine-readable surface features

ChemCatChem [y Cormistey

The European Society Journal for Catalysis Sorreas Pumoning

A. Jain, D. Segets et al, ChemCatChem, 2024, hitps://doi.org/10.1002/cctc.202301461

Thesis presentation | Adarsh Jain 19.02.2026
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Measurement dilemma: From microscale to macroscale

Scale mismatch: How do we know if an atomic scale microscopic scan is representative of the whole electrode?

Atomic force microsco AFM

* High-resolution 3D surface imaging via AFM
* Non-destructive analysis of sample surface

+ Can’t measure larger surfaces in AFM (e.g. > 100 x 100 ym?)
+ Time consuming for suitable features extraction

+ Multi-stage data quantification (MSDQ)
—) + Matrix-based image analysis

1cm
AFM scan window (< 100 x 100 ym?2)

Thesis presentation | Adarsh Jain 19.02.2026

7



With funding from the:

Flagship Project PR | Federal Ministy i BSR ke L
5 2> | of Research, Technology the European Union EISISIEN Plznd Materiais Prozesses
H,Giga and Space NextGenerationEU Offen im Denken

Background and inspiration for MSDQ

Census approach to extrapolate small-area observations to the full anode with confidence

Simple random sampling
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Tuning structures

Developing anode layers with varying structures and their features

N

Initial components
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anode support
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MSDQ: Calculating the ‘Truth’ of a surface

A statistical framework to turn visual inspection into representative machine-readable data

Stage 1: ROS Quantification Stage 2: Unbiased localization Stage 3: Features extraction
(How many spots?) (Where to look?) (Which metrics are relevant?)
Moving beyond ‘Rule of thumb’ to Compartmentalization & Center-Periphery Converting topology into quantitative data
statistical confidence rule

Region of selection

IﬁOS (0.01 cm?) 1 2 3 | ¢t compartment

Surface
roughness (R,)

Roughness
factor (R¢

Homogeneity
score (Hs)

Anode layer (1 cm?)

For A1-0.35, x = 09 ROSs For A1-0.35,n =1 v(E)

For A2-2,5, x =18 ROSs For A2-25, n=2 H =1 -
s m(E)

Thesis presentation | Adarsh Jain Ramirez-Orozco et al., Forests, 2022, 13. 19.02.2026 10
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Visualizing structure: MSDQ-based topological heatmaps

A statistical framework to turn visual inspection into representative machine-readable data
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Quantifying structure: From images to data

Converting topographical data into quantitative distributions

Surface roughness (R,) Roughness factor (Ry) Homogeneity score (Hs)
0.4 | A1-0.35 .o HE A1-0.35
__03F . .
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A1-035 * variation
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Thesis presentation | Adarsh Jain 19.02.2026 12
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Plausibility analysis: Heat treatment (HT)
Can MSDQ framework detect subtle changes? Anode A1-0.35 was heat-treated at 600 °C

Before HT After HT
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—
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0.2 —
0.1 Mostly unchanged
0.0 Puzzle pieces are the same
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Thesis presentation | Adarsh Jain Heat treatment by Christian Marcks, and Prof. Anna Mechler, RWTH Aachen 19.02.2026 13
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Electrochemical analysis: Scanning droplet cell (SDC)

Utilizing local-scale electrochemical analytics to measure the performance data

SDC spots AFM spots 7 ( :
® 1 ®, 0.3 o i Black and red line represent
E the maximum and minimum
Low . . . < 8 current recorded in each anode
flowrate| o 4 0 5 o' 6 & ]
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e7 e L4 &
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0y 00, 00, than A2-2.5
1) 2 [ N 4 ([ I 6
1
High | ®*7 o*® * ‘.
flowrate |[®* 8 44 ® 3
12
A2-2.5 f,_/
1% 15. [ ] 17‘. 1 g
o PP °e 1.0 12 14 16 164 165 166  1.67
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Thesis presentation | Adarsh Jain Analysis with Dr. André Olean-Oliveira, and Prof. Corina Andronescu, UDE 19.02.2026 14
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Mapping correlations: 2D Kernel plot

Can we visualize a correlation in an easy and understandable way?

Input =———b Mechanism =% Insight

Structural Performance
features matrices

(x) (y
4 " w
03 93
04 9.8 Input: ]
= measurement
points
Xn Yn
\. o et
Raw state: Discrete, scattered data The transforn_1ation: Kernel_s_ at each (x, _y) sum to Visualization: Spread of
form a continuous probability surface (in built correlated data

function in OriginPro)

Thesis presentation | Adarsh Jain S. Kernel, ITM Web Conf. 2018; 23: 37 19.02.2026 15
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Structure-activity correlation

Does structure have an influence on activity?
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Noticed dependency of surface features on activity

Thesis presentation | Adarsh Jain Zhang et al., Electrochim Acta, 2022, 429 19.02.2026 16



With funding from the:

i i Federal Ministry Funded by
FlagShlp PI’OJECt * I of Research, Technology “ the European Union

H,Giga and Space NextGenerationEU Offen im Denken

E]M Institute for Energy
L and Materials Processes

Applications and comparisons

Is the method transferable to other systems, and are MSDQ-based measurement points sufficient?

Fuel cell cathode Surface roughness Homogeneity score
Pt coated cathode Traditional Additional MSDQ
measurement spots measurement
6 00 reeemeseeeeen coeeesesesens T " rananas L L e Y "
T Pt 09F: :
53 s} T i 7
4E _ : I
2 E Pl Tosl'
3 = = L 08}
o o o [ IR | = :
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MSDQ based measurements sufficient

Thesis presentation | Adarsh Jain A.S. Amin et al., Int. J. Hydrog. Energy 2025, 10.1016/j.ijhydene.2025.04.450 19.02.2026 17
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Summary: MSDQ method development and application

What did we go through so far?

Surface modification
(via heat treatment)

Systematic statistical Representative
framework characterization
. Central pillar .
Quality control MSDQ method Correlations

(via flow rate adjustment) ~ (Structure-activity)

development

Unbiased measurement New feature development
protocol (Homogeneity score)
Transferability

(to fuel cell cathode)

Thesis presentation | Adarsh Jain 19.02.2026 18
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Research objective 2

Three systematic approaches to understand anode design principles

2. Establish a systematic relationship between macroscopic anode layer properties and electrochemical performance

Development and characterization of anodes with different structures but similar chemical compositions

ADVANCED MATERIALS

A. Jain, C. Marcks, D. Segets et al, Advanced Functional Materials, 2025, https://doi.org/10.1002/adfm.202421352

Thesis presentation | Adarsh Jain 19.02.2026 19
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Missing point: Property

How do structures translate into properties?

State-of-the-art

Performance

Performance

Missing link

Properties Performance

Thesis presentation | Adarsh Jain 19.02.2026 20
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Strategy for rational design of anode layers

How do layer properties translate into performance metrics?

Ink properties ] Anode properties
Layer Electrochemical
Deposition J Analysis

f i |

Thesis presentation | Adarsh Jain 19.02.2026 21
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Developing anodes

Developing anode layers with varying structures and keeping chemical composition and mass loading constant

Initial components

Formulation 1

Ni plate ;
Probe sonication |, formulation . - -
- g NCONi

Ultrasonic spray
coating Layer formation

(Drying Temp.)

Final products (anode layers)

Thesis presentation | Adarsh Jain 19.02.2026 22
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Ink analysis: Analytical centrifuge (AC)

How can we characterize inks in native state?

Initial sedimentation i i i Hi
| Light source i | i ‘ Transmission I

Initial " -
Sedimentation
| Fams :
L o\agerate g Sedimentation
Initial Final Initial Final o front 2
Transmitted ©
- 7 - 5 Sedimentation
| Detector ' light | ' E front 3
Final — S
High Transmission fingerprints Stability trajectory
§ High c : :
5 = 3
s 2 %)
- ) o )
Low - — Low H — ' ' :
Initial Radial position Final Radial position Initial Time Final

Thesis presentation | Adarsh Jain S. Bapat et al., ACS Appl. Nano Mater. 2020, 3, 8, 73847391 19.02.2026 23
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Ink properties

How water-based ink and water-ethanol-based ink affects ink properties?

ﬁ m @ 2500 RPM
Water Transmission Water-Ethanol (1:1) Transmission Water
105 100 105 100 1.2 Water-Ethanol (1:1)
T 3
E 75 = 75 ,_‘1 .04
=112 =142 =
3 2 © 0.8
g 50 g 50 e}
S 119 S 119 0.6
L—1 — 1
= 2 |5 25 D4l
S 126 S 126 .
0 0 0.2
0 15 30 45 0 15 30 45
Sedimentation time (min) Sedimentation time (min) 0.0 v r r r
0 10 20 30 40 50
Ink stability: Agglomerate formation in water in contrast to stable inks in water- Sedimentation time (min)

ethanol mixtures

Thesis presentation | Adarsh Jain 19.02.2026 24



With funding from the:

PARTICLE SCIENCE ANE
%H Institute for Energy
[= and Materials Processes

i i Federal Ministry Funded by
Flag,Shlp PI’OJeCt * of Research, Technology “ the European Union
H,Giga and Space NextGenerationEU Offen im Denken

Morphology of the anode layers

How solvent compositions and drying temperature affects the morphology?

~owsec ] [Twasme | [ wesie
Top-view ¢ cﬂ\
SEM e
( ) , : Concave
. ; hemisphere
\ | shape: Faster
L e evaporation
! I‘\ : ‘;:‘. o
J .\ ~
Topography | } P ol
(AFM) T &

. : & Surface height (um Morphology: Islands (50 °C) and
stands: Siower eveporation ¢(( () B Sl | concave hemisphore shapes (180 “C)
VSN 0 5 formation

Thesis presentation | Adarsh Jain 19.02.2026 25
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Cross-section of the anode layers (FIB-SEM) for pore network
assessment

1.'

! 2ppm
1 —
i
1
4

VR KR

PC:221% ¥ PC:19.2 % @ PC:25.6% ¥ PC:209% ¥

Pore coverage (PC): Area-percentage covered by pores in the cross-section
PC order: WE-50C > W-50C > WE-150C > W-150C

Thesis presentation | Adarsh Jain A.S. Odungat et al., Adv. Energy Sustainability Res. 2025, 6, 2500043 19.02.2026 26
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Surface features of the anode layers

Quantitative understanding of the structures

and Materials Prggesses

Lateral distance (um) __

m hill ke  concave  hilllike  concave
MSDQ-based islands  hemisphere islands hemisphere
Ts / analysis 22.1 19.2 25.6 20.9
24 Anode support L4 M. 4

g g .......... i 042050 é.Q-.‘?.Q.‘.Q:Z.G..E 0.35-0.37
31 068073 083-087 067-077 0.86-0.88
=00 20 40 0 80 100

Surface features:
Clear impact of wetting and drying during the

?

52 Anode support ;
p / coating process
w3 \
e vl o £ 2 Chemical properties of anodes:
x -
e ey and | 2t No changes among all anodes (XPS, RAMAN,
depths o ol
0 20 40 60 80 100 )

Thesis presentation | Adarsh Jain

Lateral distance (um)

Chemical analysis by Dr. Jacob Johny, Dr. Marc F. Tesch, MPI CEC 19.02.2026
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Wetting analysis: Contact angle measurements

A physics-informed model for wettability understanding and structural effects

Settling drop measurement

Superhydrophobicity/
Superlyophobicity
Syringe (6>150 °)

Camera 1 MKOH llluminating ]

system

.,
0

W-50C
8

0.4 0.6 0.

Surf_a'ce roughness (um)

Contact angle (°)
P
(3]

Contact angle (°)
P
[3,]

Cassie-Baxter equation:

o Relative deviation .
o Relative deviation

CosB°B = fy(1+cos 6fat)-1

.
D
oo

ecs - contact angle on the rough surface 123 °
g - solid/liquid contact area Hydrophobicity/
gfat - Young's contact angle of the flat Lyophobicity
surface (6=90-150 °)
Cassie-Baxter A 0

Thesis presentation | Adarsh Jain 19.02.2026 28
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Mechanical strength analysis

Centrifugal detachment testing for powder-based coatings

Anode Copper test
layer mass

Steel 7 mm adapter Guiding Detector
backplate with adhesive tape sleeve unit

Thesis presentation | Adarsh Jain L. Grebener et al., J. Power Sources. 2025, 635, 236457 19.02.2026 29
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Cohesion and adhesion

Can solvent compositions play an important role on mechanical stability ?

Cohesive failure: Weaker particle-particle connectivity Cohesion

@
Ad hesion
I Anode support

But why?
Stable ink (WE) [FS|es

- Nafion swelling (WE) =2

=  Lyophobicity of the O
surface (W)

No failure: Stronger particle-particle connectivity

Thesis presentation | Adarsh Jain L. Grebener et al., J. Power Sources. 2025, 635, 236457 19.02.2026 30
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Static contact resistance within beaker cell (uncompensated)

Does mechanical cohesion affect the uncompensated resistance?

EH Institute for Energy
and Materials Processes

Anodes with weaker

/ intraparticle connectivity \

1. Anode support -
layer interface

= = 5 h = .
Pre-OER measurement Post-DER measurement| | & 2 el -
09}: . 09} : . = particle interface
5 : 5 : ®
S 3. Catalyst -
. 0.8F: . . 08F = . < electrolyte interface
<} : . <} : :
o 0.7 o 07k { 4. Anode support -
:m = = = { electrolyte interface
0.6 [ Booooooooooooood® 0.6} 3000000000000000F : -
Interparticle connectivity
. . . y - : : ; defines the resistance within the
W-50C W-150C WE-50C WE-150C W-50C W-150C WE-50C WE-150C

layers and between the
electrolyte and the anode layers
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Electrochemical testing: Stability and activity

What is the role of contact angles on activity?

1.66

Conditions [« W-50C +2mV *W-150C +12mV
S 164} WE-50C £2mV = WE-150C £5mV S
RT % Ni99.2 +10mV o
© 162} %:I . Structure | 2
4 ? effects ¢
T ) oA e AR T, . ,
. . w
1.58 |- :
1 M KOH >8 . .
200 ppb Fe Tennnas T resnnmaauns Ll 120 140 160
0 20 40 60 80 100 120 Contact angle (°)
,, Time (min)
| § Final activity order: WE-50C > W-50C > Ni99.2 ~ WE-150C ~ W-150C
.
i J] Beaker cell Poor performance # poor catalyst (not necessarily)
Py @100 mA cm?
— Poor performance = bad processing parameters (often)
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Summary

A proof-of-principle demonstration of PSPP relationships

/ Process \ / Structure \ / Properties \ / Performance \

Well-defined anode layers Structure characterisation

&

Structure to properties Performance correlation

-,M jj”

Levers
. Lyophobicity = » Resistance =
roughness and PC cohesion

=  Cohesion = particle = Activity =

&WE-1 50C / L / k connectivity / k lyophobicity /

Thesis presentation | Adarsh Jain

Anodes
= W-50C
= W-150C
= WE-150C
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Research objective 3

Three systematic approaches to understand anode design principles

IEJAPPLIED MATERIALS

XINTERFACES

A. Jain, C. Marcks, D. Segets et al., ACS Applied Materials and Interfaces, 2025, hitps://doi.org/10.31224/4749

3. Elucidate the influence of different wetting states on the oxygen—electrolyte—anode interface during OER

Design and fabrication of anodes with varied wetting characteristics via tuning the binder chemistry and coating parameters
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Wettability spectrum and transferability

A systematic comparison between superlyophilic and superlyophobic anodes

Wetting categories

Ysv
Lyophilic Lyophobic

(8>90°) (6 =150 - 180 °)

Superlyophobic

I Superlyophilic

(6=0-10°) (6 <90 °)

Ysv - solid—vapor interfacial tension
ys. - solid-liquid interfacial tension

yrv - liquid—-vapor interfacial tension
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Developing anode layers

Developing anode layers with varying wetting characteristics

Initial components

Sustainion NiFe-LDH

‘ Formulation 1

| Formulation 2

A 4

NiFe-LDH

I Probe sonication I Ink formulation

v v

Ultrasonic spray

coating Layer formation
(Drying Temp.)
Ilslololc AEEEEEEEREREDR 1lsl0l:gll§0I:9 ANEEEEEEEERER 1I59I°ICI
S-50C N-50C
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How binders impact the ink properties?

Transmission (%)

@ 2500 RPM
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©
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-
nN
-4
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Radial position (mm)

Bulk sedimentation|
— No binder
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Noise-induced
variance

105 Nafion
0.6
112
o
S04
119 £
0.2
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15 30 45
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ENCE AND

UNIVERSITAT EM ¥
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Ink stability: No adsorption (physio- or

chemisorption) in inks system.

Ink understanding (Desig_;n of Experiments)

Sustainion

0.4 0.6 K 1.0
B/C ratio

s

C/S ratio
w

Experimental
points

0.4 0.6 i 1.0
B/C ratio
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Morphology of the anode layers

Can we see similar morphology formation as NCO?

Top-view
(SEM)

Topography
(AFM)

Defects: Cracks Stifacelherhtinm Morphology: Islands (50 °C) and concave
formation i i

0 16 hemisphere shapes (150 °C) formation
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Possible interactions
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Mobility of catalysts and binder molecules on Ni support during coating

Catalyst-free coatings (binders + solvents)

Thesis presentation | Adarsh Jain

Mean temperature (°C)

L. Grebener et al., J. Power Sources. 2025, 635, 236457

Drying kinetics of inks (Infrared camera

Sustainion-ink 50 g
35} n n Nafion-ink o
5
30f; :kg\ . g
,. 4 358
£
'-. '0 3
o n L
II ’
20s
0 80
Time (s)

= Binder agglomerations
» Irregular distribution of an Sustainion ink
= Faster evaporation

19.02.2026
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Surface features

Surface roughness and pore networks

Mercury intrusion
x10°3 porosimeter (MIP)

2.8 1.6
* Meso Macro e S-150C
= 3D optical microscopy pores  pores N-50C
324 r - =12} 2-50 nm_ > 50 nm e N-150C
? AFM with error bars =
£20} S8
o = 0.
=2
o 1‘ o
) 5 o
& 16 > 0.4
‘= o
=
P12}
0.0
S$-150C N-50C N-150C 0.01 0.1 1
Sample Pore diameter (um)
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= High roughness
in S-150C

= Mesopores only
present in N-50C
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New approach to quantify the contact angles

How can we understand highly mobile droplets?

Rebound +  N-50C

Repeat
vd
/ ° 2" rebound ¢ ovity-nduced

Descent
/| o

Drop Retraction

Dispensing tip

-
=

-
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nam

Normalized height to initial drop (-)
5 o
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e ” «—1M KOH drop Hopping
o6l spreading-.... ...... @ oenan ., ®eees Py -, ~oacee ... — — . 0.6F : I Cassie-Baxter state
0 10 20 30 40 50 0 10 20 30 40 50
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Single-drop wettability vs. Three-phase contact line

Understanding of fluid dynamics at the interface

1.65} = §-150C +3mV Binder Super-lyophilicity Super-lyophobicity Super-lyophobicity
S N-50C +3mV KON (pronounced rebound)
% 1.62F aitui Structure O;Bubble Transient
o T i haodl o sy effects wetting Coalescence Coalescence

p . o ot
g 1.59 } " Non wgﬁt_mg | B . "
w
Buoyancy force W Anode (N-50C) Anode (N-150C)
1.56 | 0 | -
Surface force Anode holder

0 20 40 60 80 100 120

7 Tlme (min) 7

Reactant accessibility: Lyophilic > Lyophobic
Bubble size: Lyophobic > Lyophilic
Bubble detachment: Lyophilic > Lyophobic (N-50C > N-150C)
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Overview and transferability
Superlyophilicity Superlyophobicity
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Lyophobicity (90-1

B AAAas04 s AsaiAAAA A §§§§i.?.'.§$"te" model
A A A A
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Concluding remarks

From empirical to rational design of anode layers

(" Method development ) 4 Structure = Properties ) /v Wetting states = Performance \

Scientific & ) — & Wettablllt
contributions 5 and ] b " ‘? < y
e B o, "
Bl (T, et g Mechanlcal
f' stability ! i
Convention to systematic i ipti i
Knowledge K y ) \ Hidden bridge j K Descriptive to mechanistic j
translation
( Quality control via MSDQ \ [ Parameter space \ [ PSPP integration \
= Initial screening =  Solvent selection Pr
. ocess
= Reproducibility check ] Drying temperature control ~73 mV ﬂ
Technological o - *  Flowrate
guidelines V- . Binder types Performance
v - Product tuning

\_ =1/ \_ /\\/

“Understanding enables scalability”
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Outlook

A futuristic view on PSPP relationships

In-situ/Operando diagnostics

Beyond alkaline water electrolysis

s ©

e

| N

Thesis presentation | Adarsh Jain

PSPP Framework

T
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Multiscale modelling
Al & High-throughput
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Scientific contributions

Publications and conferences (2022 - present)

Publications

© N g s D=

©

10.
1.
12.
13.
14.
15.
16.
17.

A. Jain et al., ACS Appl. Mater. Interfaces, 2025

A. Jain et al., Adv. Funct. Mater., 2025,

A. Jain et al., ChemCatChem, 2024

M. Hammad et al., ACS Appl. Mater. Interfaces, 2025
M. Kraenbring et al., Chem. Eng. J., 2025

V. Vinayakumar et al., Chem. Eng. J., 2025

A. S. Amin et al., Int. J. Hydrogen Energy, 2024

A. Olean-Oliveira et al., ACS Catal., 2024

M. Hammad et al., J. Water Process Eng., 2024

A. Olean-Oliveira et al., Electrochim. Acta, 2025

B. Toplak et al., Chem. Eng. J., 2025

C. Marcks et al., Electrochim. Acta, 2025

J. Hoffmann et al., ACS Appl. Mater. Interfaces, 2025
M. Chatwani et al., Int. J. Hydrogen Energy, 2025

G. Mahler et al., manuscript submitted, 2026

V. Vinayakumar et al., ChemElectroChem, 2025

V. Vinaykumar et al., Appl. Surf. Sci., 2026
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Conferences

European Coating Symposium 2023, Paris
ECCE-ECAB 2023, Berlin

ECS PRIME 2024, Honolulu (2 talks)

ZBT Hydrogen Energy Symposium 2024, Duisburg
ACAMEC 2022, Milheim

EFCF 2023, Lucerne

H,Giga Status Conference 2024, Berlin

GDCh Energy Division 2025, Duisburg

NRW Nano Conference 2025, Dortmund

EAPPLIED MATERIALS
INTERFACES
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MATERIALS
The European Society Journal for Catalysis

19.02.2026 46



With funding from the:

H,Giga and Space

NextGenerationEU Offen im Denken

Acknowledgements

Thanks to...

Supervisors: Prof. Dr. Doris Segets, Dr. Vineetha Vinayakumar
External Collaborators:
RWTH Aachen University: Christian Marcks, Prof. Dr. Anna Mechler
University of Duisburg-Essen: Dr. André Olean-Oliveira, Prof. Dr. rer. nat. Corina Andronescu
University of Kiel: Gereon Mahler, Prof. Dr. Malte Behrens
Max Planck Institute for Chemical Energy Conversion: Dr. Jacob Johny, Dr. Marc F. Tesch
PrometH,eus project mate: Mohit Chatwani
Student Assistants: Abhishek Shaji, Hao Yun, Aneeta Jose
Internal PST collaborators: Amin S. Amin, Ahammed S. Odungat, Lars Grebener, Simon Heckenbach, Mena-Alexander Kréaenbring
Research Group: EMPI-PST team
Institutional Support: IMPRS-RECHARGE, ICAN, CENIDE, PrometH,eus and H2Giga coordination team
Funding: Federal Ministry of Research, Technology and Space (BMFTR), funding code 03HY 105F
Examination Committee: Prof. Dr. Dieter Bathen, Dr. Magnus Liebherr

Family and friends

Thesis presentation | Adarsh Jain 19.02.2026

* + Federal Ministry Funded by :";}El";'mu RG EH #
FlagSh]p PFOJECt * | of Research, Technology the European Union ESSEN Iannsé“l\‘/jllae(e'?iralzn;rrggesses

47



|
UNIVERSITAT PARTICLE SCIENCE AND O —

TECHNOLOGY cc (b7 RWTH
DUISBURG TRCOLO) NETZ xS RE/| |CHARGE
ESSEN .PI ansdll\l;l; o‘ra| ngrgy NANO Verfahrenstechnik
. n erials Frocesses L MAX PLANCK INSTITUTE
Offen im Denken ZENTRUM

N\
CENIDE

CENTER FOR NANOINTEGRATION
DUISBURG-ESSEN

Thank you for your attention

contact@adarshjain.de

www.adarshjain.de

Wasserstoff . L T
Leitprojekte Leitprojekt Leitprojekt Leitprojekt

Griin. Grop. Global. H,Giga H;Mare TransHyDE


mailto:Contact@adarshjain.de
http://www.adarshjain.de/

	Slide 1: Interface Engineering of Anode Layers for Alkaline Water Electrolysis 
	Slide 2: Green hydrogen: Important link in the energy transition Overarching challenge: Converting fluctuating electrons into usable molecular energy
	Slide 3: Fabrication: Black box mystery Moving beyond empirical trial-and-error approach to knowledge-based understanding 
	Slide 4: Solution: Process-structure-property-performance framework A rational design approach for knowledge-based anode fabrication 
	Slide 5: Research objectives Three systematic approaches to understand anode design principles 
	Slide 6: Research objective 1 Three systematic approaches to understand anode design principles 
	Slide 7: Measurement dilemma: From microscale to macroscale Scale mismatch: How do we know if an atomic scale microscopic scan is representative of the whole electrode? 
	Slide 8: Background and inspiration for MSDQ Census approach to extrapolate small-area observations to the full anode with confidence 
	Slide 9: Tuning structures Developing anode layers with varying structures and their features 
	Slide 10: MSDQ: Calculating the ‘Truth’ of a surface A statistical framework to turn visual inspection into representative machine-readable data 
	Slide 11: Visualizing structure: MSDQ-based topological heatmaps A statistical framework to turn visual inspection into representative machine-readable data 
	Slide 12: Quantifying structure: From images to data Converting topographical data into quantitative distributions 
	Slide 13: Plausibility analysis: Heat treatment (HT) Can MSDQ framework detect subtle changes? Anode A1-0.35 was heat-treated at 600 °C 
	Slide 14: Electrochemical analysis: Scanning droplet cell (SDC) Utilizing local-scale electrochemical analytics to measure the performance data
	Slide 15: Mapping correlations: 2D Kernel plot Can we visualize a correlation in an easy and understandable way?   
	Slide 16: Structure-activity correlation Does structure have an influence on activity?   
	Slide 17: Applications and comparisons Is the method transferable to other systems, and are MSDQ-based measurement points sufficient? 
	Slide 18: Summary: MSDQ method development and application What did we go through so far? 
	Slide 19: Research objective 2 Three systematic approaches to understand anode design principles 
	Slide 20: Missing point: Property  How do structures translate into properties? 
	Slide 21: Strategy for rational design of anode layers How do layer properties translate into performance metrics? 
	Slide 22: Developing anodes Developing anode layers with varying structures and keeping chemical composition and mass loading constant 
	Slide 23: Ink analysis: Analytical centrifuge (AC) How can we characterize inks in native state?
	Slide 24: Ink properties How water-based ink and water-ethanol-based ink affects ink properties? 
	Slide 25: Morphology of the anode layers How solvent compositions and drying temperature affects the morphology?
	Slide 26: Cross-section of the anode layers (FIB-SEM) for pore network assessment
	Slide 27: Surface features of the anode layers Quantitative understanding of the structures
	Slide 28: Wetting analysis: Contact angle measurements A physics-informed model for wettability understanding and structural effects
	Slide 29: Mechanical strength analysis Centrifugal detachment testing for powder-based coatings
	Slide 30: Cohesion and adhesion Can solvent compositions play an important role on mechanical stability?
	Slide 31: Static contact resistance within beaker cell (uncompensated)  Does mechanical cohesion affect the uncompensated resistance?
	Slide 32: Electrochemical testing: Stability and activity What is the role of contact angles on activity?
	Slide 33: Summary A proof-of-principle demonstration of PSPP relationships 
	Slide 34: Research objective 3 Three systematic approaches to understand anode design principles 
	Slide 35: Wettability spectrum and transferability  A systematic comparison between superlyophilic and superlyophobic anodes 
	Slide 36: Developing anode layers Developing anode layers with varying wetting characteristics 
	Slide 37: Ink properties How binders impact the ink properties? 
	Slide 38: Morphology of the anode layers Can we see similar morphology formation as NCO?  
	Slide 39: Possible interactions Mobility of catalysts and binder molecules on Ni support during coating 
	Slide 40: Surface features Surface roughness and pore networks 
	Slide 41: New approach to quantify the contact angles How can we understand highly mobile droplets?
	Slide 42: Single-drop wettability vs. Three-phase contact line Understanding of fluid dynamics at the interface
	Slide 43: Summary Overview and transferability
	Slide 44: Concluding remarks From empirical to rational design of anode layers
	Slide 45: Outlook A futuristic view on PSPP relationships
	Slide 46: Scientific contributions Publications and conferences (2022 - present)
	Slide 47: Acknowledgements  Thanks to...
	Slide 48:  Thank you for your attention

