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1 INTRODUCTION 





2 AIM OF THIS WORK 



Fig. 2.1  



3 STATE OF THE ART 

3.1 PEMFCs for automotive application 

3.2 Design and function of PEMFCs 



2𝐻2 → 4𝐻+ + 4𝑒− Eq. 3.1 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 Eq. 3.2 

𝑂2 + 2𝐻2 →  2𝐻2𝑂 Eq. 3.3 

3.2.1 Polymer electrolyte membrane (PEM) 

Fig. 3.1   



3.2.2 Catalyst layer (CL) 
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in-situ

in-situ 

3.2.3 Gas diffusion layers (GDL) 

3.2.4 Bipolar plates 



4 EXPERIMENTAL 

4.1 CCM manufacturing and applied characterization techniques 

4.1.1 Catalytic dispersions 

Static light scattering. 
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4.1.2 Catalyst layers (CLs) 

ex-situ

Fig. 4.2
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Laser confocal microscopy.
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Fig. 4.3 A B

 

Nanometer-Scale X-ray computed tomography (nanoCT).
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Fig. 4.4 

Transmitted light photography.

Scanning electron microscopy.



Nitrogen physisorption. 
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Fig. 4.6
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Adhesion test (adhesion CL/decal substrate).

Fig. 4.8

4.1.3 Catalyst coated membranes (CCMs) 





5 RESULTS AND DISCUSSION 

5.1 Descriptive analysis of cathodic electrode production 

5.1.1 Size reduction process of catalytic ink for cathodic catalyst layers 

Fig. 5.1 
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Fig. 5.2 A B
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5.1.1.1 Summary catalytic ink analysis 
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5.1.2 Determining the electrode´s microstructure by morphological analysis 

5.1.2.1 Surface analysis of cathodic electrodes 
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Fig. 5.7 

5.1.2.2 Cross-sectional cathode characterization 
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5.1.2.3 Micropore analysis by gas sorption 
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Fig. 5.10 A
B  
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Fig. 5.11 A
B

Fig. 5.12 
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Fig. 5.13 
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5.1.3 Electrochemical component testing 

Fig. 5.14 
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Fig. 5.15 
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5.2 Does the ionomer loading influence the pore size distribution and the overall electrode 

microstructure characteristics? 

5.2.1 Catalyst dispersion analysis 
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5.2.2 Electrode analysis 

5.2.2.1 Surface analysis using imaging techniques 

5.2.2.2 Cross-sectional characterization 



 (A) Keyence, 3D (B) SEM (C) TLP 

1.00 

1.10 

1.20 

1.35 

Fig. 5.18 A
B C

 



 (A) SEM cross-section (B) EDX: fluorine (C)EDX: platinum 

1.00 

1.10 

1.20 

1.35 

Fig. 5.19 A
B C

5.2.2.3 Gas sorption analysis 
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Fig. 5.24 

5.2.3 Electrochemical component testing 
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Fig. 5.27 

 

5.2.4 Conclusion 
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5.3 CL microstructure tuning by particle size distribution variation of catalytic inks 

5.3.1 Catalyst dispersion analysis 
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Fig. 5.28 A
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5.3.2 Electrode analysis 

5.3.2.1 Surface analysis 

(A) Laser confocal 3D (B) SEM 

Fig. 5.30 A B
 



Fig. 5.31 

(A) SEM cross-section (B) TLP 
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Fig. 5.33

5.3.2.2 Pore size analysis using gas sorption technique 
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Fig. 5.35 

Fig. 5.36 
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Fig. 5.38 
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Fig. 5.39 
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Fig. 5.41 
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5.3.3 Electrochemical component testing 

Fig. 5.42
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Fig. 5.43  
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Fig. 5.44 (A) (B)

A B 

Fig. 5.45 (A) (B)  
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Table 5.2 

Sample # design mean 
(NOC) 

ANOVA grouping 
(NOC) 

mean 
(HOT) 

ANOVA grouping 
(HOT) 

5.3.4 Conclusion 
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5.4 Discussion: Do the ink property settings determine the electrode microstructure inde-

pendent of the deployed mixing technology? 
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Fig. 5.47 (A) (B)

0

25

50

75

100

0,01 0,1 1 10 100

v
o
lu

m
e
 d

e
n
s
it
y
 (

%
) 

size (µm) 

Tech 1

Tech 2* * 

** 

** 

10

100

1000

0,1 1 10 100 1000 10000

v
is

c
o
s
it
y
 (

m
P

a
 s

) 

shear rate (1/s) 

Tech 1

Tech 2



A B 

Fig. 5.48 (A)

(B)

Fig. 5.49 



Fig. 5.50 

A B 

Fig. 5.51 (A)
(B)

0,50 

0,44 

0

0,2

0,4

0,6

0,8

Tech 1 Tech 2

p
o
re

 v
o
lu

m
e
 (

c
m

³/
g
) 

75,5 

48,7 

0

25

50

75

100

Tech 1 Tech 2

B
E

T
 S

A
  
(m

²/
g
) 

0

100

200

300

400

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

v
o
lu

m
e
 a

b
s
o
rb

e
d
 (

c
m

³/
g
 @

S
T

P
) 

partial pressure P/Po 

Tech 1

Tech 2

50

200

350

0,9 1,0 1,0



A B 

C  

Fig. 5.52 (A) (B) (C)

0,000

0,001

0,002

0,003

0,004

0 20 40 60

d
V

(r
) 

(c
m

³/
n
m

/g
) 

pore diameter  (nm) 

Tech 1

Tech 2

0,001

0,01

0,1

1

10

1 10 100 1.000

d
V

(l
o

g
 r

) 
(c

m
³/

g
) 

pore diameter  (nm) 

Tech 1

Tech 2

* 



A B 

Fig. 5.53 (A)
(B)

A B 

Fig. 5.54 (A)
(B)

0

200

400

600

800

1000

0,0 1,5 3,0 4,5 6,0

  
  

  
  

  
  
  

  
  

  
  

  
  
  

  
c
e
ll 

v
o
lt
a
g
e
 M

A
T

 (
m

V
) 

current density (A/cm²) 

Tech 1

Tech 2

625

675

725

775

0,8 1,8 2,8

0

200

400

600

800

1000

0,0 1,0 2,0 3,0 4,0 5,0 6,0

c
e
ll 

v
o
lt
a
g
e
 C

A
T

 (
m

V
) 

current density (A/cm²) 

Tech 1

Tech 2

500

700

0,8 1,8 2,8

706 700 

633 613 

500

550

600

650

700

750

500

550

600

650

700

750

Tech 1 Tech 2

c
e
ll 

v
o
lt
a
g
e
 C

A
T

 (
m

V
) 

c
e
ll 

v
o
lt
a
g
e
 M

A
T

 (
m

V
) 

68°C, MAT 
68°C, CAT 

637 
628 

592 566 

500

550

600

650

700

750

500

550

600

650

700

750

Tech 1 Tech 2

c
e
ll 

v
o
lt
a
g
e
 C

A
T

 (
m

V
) 

c
e
ll 

v
o
lt
a
g
e
 M

A
T

 (
m

V
) 

80°C, MAT 
80°C, CAT 







6 CONCLUSION 
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7 OUTLOOK 

7.1 Hg-intrusion 

A B 

Fig. 7.1 A B
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Fig. 7.2 
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7.2 Functional properties of cathodic catalyst layers 

7.2.1 Sheet resistance 

A B 

C 

Fig. 7.3 A
B C  
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(i) MT variation.

(ii) I/C variation. 

(iii) PGV variation. 



7.2.2 Adhesion force between catalyst layer and a substrate 
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Fig. 7.4 
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 PGV variation. 



8 APPENDIX 

8.1 Samples for chapter 5.1 “Descriptive analysis of cathodic electrode production”. 

MT project name DMC KCD DMC Ink  

 Samples for chapter 5.2 “Does the ionomer loading influence the pore size distribution 

and the overall electrode microstructure characteristics?

I/C project name DMC KCD DMC Ink  

 Samples for chapter 5.3 “CL microstructure tuning by particle size distribution variation 

of catalytic inks

# project name DMC KCD DMC Ink  



 Samples for 5.4 Discussion: Do the ink property settings determine the electrode mi-

crostructure independent of the deployed mixing technology?”.

# project name DMC KCD DMC Ink  



9 REFERENCES 

(1)

(2)

(3) Polymer electrolyte fuel cells: Science, applications, and challenges

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)



(15)  

(16)

(17) Polymer electrolyte fuel cells: Physical principles of materials 

and operation

(18) Polymer electrolyte membrane and direct methanol fuel cell technology

(19) Proton exchange membrane fuel cells

(20)

Electrochimica Acta 2012 60

(21)

J. Electrochem. Soc. 2002 149 

(22) 

J. Electrochem. Soc. 2004 151 

(23)

Electrochemistry Communica-

tions 2005 7 

(24)

Electrochimica Acta 2005 50 

(25)

Electrochemistry Communications 2006 8 

(26)

Electrochimica Acta 2007 52 

(27)

Journal 

of Power Sources 2008 183 

(28) 

ECS Transactions 2014 64 

(29)

J. Electrochem. Soc. 1996 143 



(30)

International Journal of Hydrogen Energy 2012 37 

(31) Fuel cells - A realistic alternative for 

zero emission?

(32) 

(33)

(34) 

(35) Polymer Membranes for Fuel Cells; 

(36) Polymer electrolyte fuel cells: Science, applications, and challenges

(37)

Journal 

of Power Sources 2009 190 

(38) Brennstoffzellentechnik: Grundlagen, Komponenten, Systeme, Anwendungen

(39) Neue Charakterisierungsmethoden für die Gasdiffusionslage in PEM-

Brennstoffzellen vor dem Hintergrund produktionsprozessbedingter Materialschwankungen

(40) Der Decal-Prozess zur Herstellung katalysatorbeschichteter Membranen für PEM-

Brennstoffzellen

(41)

Polymer electrolyte fuel cells 

1995 40 

(42)

Eighth Ulmer Electrochemische Tage 2004 127 

(43)

J. Electrochem. Soc. 2010 157 

(44)

Jour-

nal of Power Sources 2013 225

(45) 

J. Electrochem. Soc. 1995 142 



(46) 

ACS Appl. 

Mater. Interfaces 2010 2 

(47) 

J. Electrochem. Soc. 2011

158 

(48) 

J. Electrochem. Soc. 2006 153 

(49)

Electrochimica Acta 2007 52 

(50) Colloids and the Depletion Interaction

(51) Advances in Colloid and Interface Science 1987 28

(52) Stabilitäts- und Strukturmodifikationen in Katalysatordispersionen der Di-

rektmethanolbrennstoffzelle

(53) Fuel cell fundamentals

(54) Fluorinated ionomers

(55) CHEMICAL REVIEWS 2004

(56) Journal of 

Power Sources 1998 71 

(57)

ACS Appl. Mater. Interfaces

2011 3 

(58) PEM fuel cell electrocatalysts and catalyst layers: Fundamentals and applications

(59)

Pure and Applied Chem-

istry 1985 57 

(60) J. Electrochem. 

Soc. 2006 153 

(61) Particle size analysis - Laser diffraction meth-

ods 19.120 



(62) Part. Part. 

Syst. Charact. 1991 8 

(63) Representation of results of particle size anal-

ysis - Part 1: Graphical representation 19.120 

(64) Aerosol Science and Tech-

nology - AEROSOL SCI TECH 2001 35 

(65)

Advances in Colloid and Interface Science 

2002 95 

(66)

Journal of Colloid and Interface 

Science 2011 363 

(67) Light Scattering from Polymer Solutions and Nanoparticle Dispersions

(68) Determination of particle size distribution by 

centrifugal liquid sedimentation methods - Part 2: Photocentrifuge method 19.120 

(69) Tutorial LUMiSizer® & LUMiFuge® advanced

(70) Testspezifikation für SNA an Membranmaterialien: VA0102001

(71) IEEE Trans. Syst., Man, Cy-

bern. 1979 9 

(72) Characterization of Porous 

Solids and Powders: Surface Area, Pore Size and Density

(73) Determination of the pore size distribution and the 

specific surface area of mesoporous solids by means of nitrogen sorption - Method of Barrett, Joyner 

and Halenda (BJH)

(74) Pore size analysis - Representation of pore size distri-

butions ICS 17.040.20; 19.120 

(75) 

Carbon 2009 47 

(76) 

Langmuir 2006 22 

(77)

Chem. Mater. 2001 13 

(78) Determination of the specific surface area of 

solids by gas adsorption - BET method 19.120 



(79)

Chemical Engineering Science 1991 46 

(80)

Chemical Engineering Science 1992

47 

(81)

Chemical Engineering Science 1994 49 

(82) 

Langmuir 1999 15 

(83)

Journal of Colloid and Interface Science 

1987 120 

(84) Ill-Condensed Matter

(85) Determination of pore volume distribution and specif-

ic surface area of solids by mercury intrusion

(86)

Journal of Physics D: Applied Physics 2009 42 

(87)

Journal of 

Power Sources 2010. 

(88) Diagnostic method for an electrochemical fuel cell and fuel cell compo-

nents

(89)

Langmuir

2007 23 

(90) Phys. Rev. Lett. 1983 51 

(91) Langmuir

1993 9 

(92) Powder Surface Area and Porosity

(93) Journal of 

Catalysis 1965 4 



(94) 

Electrochimica 

Acta 2005 50 

(95)

J. Electrochem. Soc. 2003 150 

(96) Indus-

trial & Engineering Chemistry Fundamentals 1981 20 

(97)

Industrial & Engineering Chemistry Research - IND ENG CHEM RES 1991

30 

(98)

Industrial & Engineering Chemistry 

Research - IND ENG CHEM RES 2004 43 

(99)

Journal of Colloid and Interface Science 1970 33 

(100) 

Langmuir 2001 17 

(101)

Fresenius' Journal of Analytical Chemistry 1999 363 

(102)

Applied Ener-

gy 2011 88 

(103) 

Chemie Ing. Techn. 1973 45 

(104) Dispersionen und Emulsionen: Eine Einführung in die Kollo-

idik feinverteilter Stoffe einschließlich der Tonminerale

(105)

International Journal of Hydrogen Energy 2011 36 

(106)

Langmuir 1999 15 

C


