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CONTENT 

FC 

RAD 

Application 

Proton Exchange Membrane fuel cells or polymer 
electrolyte membrane (PEM) fuel cells (PEMFC) 

RAD = Radiography 
NRad = Neutron radiography 



What is a fuel cell (FC) 

• An electrochemical device that  
• continuously converts the chemical 

energy of  
• fuel (hydrogen) and oxidant (oxygen) 
• directly to electrical energy and heat, 
• without combustion. 
• Overall reaction:  

H2 + 
1

2
O2 →  𝐻2𝑂 + 𝐻𝑒𝑎𝑡        Δ𝐻 = −286 𝑘𝐽/𝑚𝑜𝑙 



SCHEMATIC: FUEL CELL TECHNOLOGY 

ELECTRICITY PRODUCTION 

No Combustion =  No Pollution 

𝑯𝟐  → 𝟐𝑯+  +   𝟐𝒆− 

½𝑶𝟐 + 𝟐𝑯
+  +   𝟐𝒆− →  H2O  

Polymer Electrolyte Membrane (PEM) 
Allow H-protons to pass but not electrons 

ANODE 

CATHODE 

Theory:  1.2V 
Prac:  0.7 – 0.9V 
Power:  1W/cm2 



APPLICATIONS FOR FC TECHNOLOGY 



APPLICATIONS FOR FC TECHNOLOGY 



Current FC technologies 



Fuel Cell internal structures. 

 

Nafion 



Environment 
adaptability 
e.g. Sub-zero 

startup 

Driving 
range 

Hydrogen 
Storage 

Performance 
Size / Weight 

reduction 

Durability / 
Reliability 

Thousands of hours 

Quality 
Control 

Cell 
Uniformity 

Cost 
Platinum? 

Mass 
production? 



Improving the efficiency, reliability, and cost 
effectiveness of a PEMFC system. 

 

• Non-destructive analysis.  
• In situ visualisation of the internal cell processes an 

operating fuel cell.  
• Transportation of water throughout the cell.  

 
THUS: Efficient water management has become 
increasingly important in the effort to optimize fuel cell 
energy production. 

NEED A TOOL: Radiation as probe 

RESEARCH NEEDS 



INTRODUCTION: Interaction of radiation 

𝐼 𝐸 = 𝐼0 𝐸 𝑒−[ (𝜌𝑖𝜇𝑖(𝐸)𝑥𝑖)] 
 

𝜇𝑖(𝐸) = 𝜇𝑎𝑏𝑠(𝐸) + 𝜇𝑠𝑐𝑎𝑡(𝐸) 
 
 

Beer–Lambert law 

PROPERTIES 
OF RADIATION 

INSTRUMENT / 
TECHNIQUE 

RESOLUSION 

Wave Diffraction Å (Atomic spacing) 

Particle 2D Radiography  nm -  µm -  mm 
(Physical properties) 



INTRODUCTION - PROCESS 

VOIDS (LACK of MATERIAL) 

ρsµs > ρvµv 



INTRODUCTION - PROCESS 

INCLUSION 

ρsµs < ρiµi 



Introduction – Use of Radiation 

X-rays discovery:  
1895: Roentgen  



Introduction – Use of Radiation 



Attenuation coefficients with X-ray [cm?¹] 
 

1a 2a 3b 4b 5b 6b 7b 8 1b 2b 3a 4a 5a 6a 7a 0 

H He 

0.02             0.02 

Li Be B C N O F Ne 

0.06 0.22 0.28 0.27 0.11 0.16 0.14 0.17 

Na Mg Al Si P S Cl Ar 

0.13 0.24   0.38 0.33 0.25 0.30 0.23 0.20 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

0.14 0.26 0.48 0.73 1.04 1.29 1.32 1.57 1.78 1.96 1.97 1.64 1.42 1.33 1.50 1.23 0.90 0.73 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

0.47 0.86 1.61 2.47 3.43 4.29 5.06 5.71 6.08 6.13 5.67 4.84 4.31 3.98 4.28 4.06 3.45 2.53 

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 

1.42 2.73 5.04 19.70 25.47 30.49 34.47 37.92 39.01 38.61 35.94 25.88 23.23 22.81 20.28 20.22   9.77 

Fr Ra Ac Rf Ha 

  11.80 24.47                               

                  

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu    

*Lanthanides 5.79 6.23 6.46 7.33 7.68 5.66 8.69 9.46 10.17 10.91 11.70 12.49 9.32 14.07    

Th Pa U Np Pu Am Cm Bk Vf Es Fm Md No Lr    

**Actinides 28.95 39.65 49.08                     x-ray    
 

 

Legend 
 

Attenuation coefficient [cm?¹]  =  sp.gr. * / 

sp.gr.: Handbook of Chemistry and Physics, 56th Edition 1975-1976. 

/: J. H. Hubbell
+
 and S. M. Seltzer Ionizing Radiation Division, Physics Laboratory National Institute of Standards and Technology Gaithersburg, MD 20899,    

http://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html. 

 

 

 

 

 

X-ray 

INTRODUCTION: X-RAYS 



Attenuation coefficients with neutrons [cm?¹] 
 

1a 2a 3b 4b 5b 6b 7b 8 1b 2b 3a 4a 5a 6a 7a 0 

H He 

3.44             0.02 

Li Be B C N O F Ne 

3.30 0.79 101.60 0.56 0.43 0.17 0.20 0.10 

Na Mg Al Si P S Cl Ar 

0.09 0.15   0.10 0.11 0.12 0.06 1.33 0.03 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

0.06 0.08 2.00 0.60 0.72 0.54 1.21 1.19 3.92 2.05 1.07 0.35 0.49 0.47 0.67 0.73 0.24 0.61 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

0.08 0.14 0.27 0.29 0.40 0.52 1.76 0.58 10.88 0.78 4.04 115.11 7.58 0.21 0.30 0.25 0.23 0.43 

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 

0.29 0.07 0.52 4.99 1.49 1.47 6.85 2.24 30.46 1.46 6.23 16.21 0.47 0.38 0.27       

Fr Ra Ac Rf Ha 

  0.34                                 

                   

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu    

*Lanthanides 0.14 0.41 1.87 5.72 171.47 94.58 1479.04 0.93 32.42 2.25 5.48 3.53 1.40 2.75    

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr    

**Actinides 0.59 8.46 0.82 9.80 50.20 2.86               neut.    
 

Legend 
              -total * sp.gr. * 0.6023  

Attenuation coefficient [cm?¹]   =   
         at.wt. 

-total:  JEF Report 14,  TABLE OF SIMPLE INTEGRAL NEUTRON CROSS SECTION DATA FROM JEF-2.2, ENDF/B-VI, JENDL-3.2, BROND-2 AND CENDL-2, 

AEN NEA, 1994. 

 and Special Feature: Neutron scattering lengths and cross sections, Varley F. Sears, AECL Research, Chalk River Laboratories Chalk River, Ontario, Canada KOJ 

1JO, Neutron News, Vol. 3, 1992, http://www.ncnr.nist.gov/resources/n-lengths/list.html.  

sp.gr.: Handbook of Chemistry and Physics, 56th Edition 1975-1976. 

at.wt.: Handbook of Chemistry and Physics, 56th Edition 1975-1976. 

thermal neutrons 

INTRODUCTION: NEUTRONS 





INTRODUCTION: TOOLS  

•TOOLS? 
• RESEARCH EQUIPMENT 



USA = 5 Europe = 
5 

SA = 1 

Brazil = 1 

RESEARCH TOOLS: NRAD facilities 

Necsa 
- P-LABS 
- SAFARI-1 



NRAD Research tool @ Necsa 

SOUTH AFRICAN NEUTRON 
RADIOGRAPHY (SANRAD) 
FACILITY 



FUEL CELL OPTIMISATION & NRad 



PEM FUEL CELL WORKING 

Working PEM Fuel Cell & NRad 

Io/I 

I Io 

𝑙𝑛
𝐼0
𝐼
= µρ𝑥 



R. Satija et al. / Journal of Power Sources 129 (2004) 238–245 

Working PEM Fuel Cell & NRad 



NIST / PSI / BERII / FRM-II 

IN-SITU 
DETECTION OF 
WATER 
PRODUCTION 
IN A FUEL CELL 
 
(Black = Water) 



Working PEM Fuel Cell & NRad 

<2mm 

cathode catalyst/GDL interface 

cathode catalyst/membrane interface 

membrane/anode GDL interface 

Hussey, et.el.  
ECS Transactions, 58 (1) 293-299 (2013) 



Neutron Production Institution 

Title: Neutron radiography of electrolysis using a fuel cell concept. 
Necsa: 
HySA / NWU:  



Electrolysis 

Hydrogen Production 

Electrolytic Process: 
 
Use of electric current to split water into 
Hydrogen & Oxygen 
 
Electricity required: Generated by renewal 
technologies: 
 Wind; Solar; Geothermal; hydroelectric 



Electrolysis 

ELECTROLYSIS: 
HYDROGEN PRODUCTION 



Schematic: Electrolysis 

2𝐻2𝑂 → 4𝐻+ + 4𝑒− + 𝑂2 4𝐻+ + 4𝑒−  → 2𝐻2 



NEUTRON RADIOGRAPH 

Neutrons 

CATHODE  ANODE 

2mm x 2mm x 21mm 
Resolution obtained: = 
10µm/pixel 

21mm 

Ti 



Quasi-dynamic electrolysis 

Current Density:           1A 
Water flow:             37ml/min 
Temp:   27°C  80°C 
Camera Frame rate:    2 sec/frame     

Should be only 
H2O and O2 Should 

be only 
H2 

VERTICAL ORIENTATION 



Quasi-dynamic electrolysis 

Current Density:           1A 
Water flow:             37ml/min 
Temp:  CCD Frame 
 Rate  
 
 
 
 
27°C 0.8 spf  
 
 
 
 
 
 
80°C        2 spf 

HORIZONTAL ORIENTATION 



Discussion & Future  

• Electrolysis 

– Derive Quantitative results 

– Formulate proper investigation 

• Fuel Cell 

– Learned from International 

– Approach role players in SA 

• Utilisation Local SA Nrad facility @ Necsa 

• Non-destructively : In situ : Real time 

• Use neutron as microscope – high resolution 
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