
Modeling of Electrochemical Cells:
Proton Exchange Membrane Fuel CellsProton Exchange Membrane Fuel Cells

HYD7007 – 01

Lecture 08. Composite Membranes

Dept. of Chemical & Biomolecular Engineering
Yonsei University

Spring, 2011

Prof. David Keffer
dkeffer@utk.edu



Lecture Outline

● Motivation
● Silica

○ Structure of Nanoparticles
○ Performance Enhancements in Fuel Cells

● Titania
○ Structure of Nanoparticles
○ Performance Enhancements in Fuel Cells○ Performance Enhancements in Fuel Cells

● Platinum
○ Structure of Nanoparticles
○ Performance Enhancements in Fuel Cells



Motivation

An increase in the operating temperature of the PEM fuel cell would 
have the following advantages: 

● increase the activity of the catalystsincrease the activity of the catalysts
● reduce catalyst poisoning
● lower the amount of catalyst required
● reduce the cost of the fuel cell

But higher operating temperatures would have the following 
disadvantages

● dry out the membraney
● diminish the connectivity of the aqueous domain 
● lower the diffusivity and conductivity of charge within the 

membrane

One potential solution to this problem is to incorporate hydrophilic 
entities within the membrane that are better at retaining water at high 
temperature.  These hydrophilic entities are typically metal or metal 
oxide nanoparticles.  The resulting membranes are called composite 
membranes.



Structure of Nanoparticles

Sili SiOSilica:  SiO2

‐quartz (sand)

Bulk silica has many crystalline forms. At room temperature

http://www.quartzpage.de/gen_mod.html

Bulk silica has many crystalline forms.  At room temperature 
and pressure, a-quartz is the most stable.
If melted and quenched, amorphous silica or glass is formed. quartz glass



Structure of Nanoparticles

SiliSilica

V.V. Hoang, J. Phys. Chem. B, 2007.

Silica nanoparticles also have a variety of forms.  They can be 
amorphous (without long-range crystalline structure).



Structure of Nanoparticles

SiliSilica

Mesoporous silica (MCM materials) were first synthesized in the 1990s.
They have large surface area and regular pore network.

Meynen, Microporous and Mesoporous Materials, 2009.
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Structure of Nanoparticles

SiliSilica

Meynen, Microporous and Mesoporous Materials, 2009.

The silica is amorphous but is arranged in a regular array around pores.



Structure of Nanoparticles

SiliSilica

O bt i diff tOne can obtain different 
morphologies depending 
upon the synthesis 
conditions.  

MCM-48 has two non-
intersecting pore networks.

The silica is again 
amorphous.

Meynen, Microporous and Mesoporous Materials, 2009.



Structure of Nanoparticles

SiliSilica

Mesoporous silica can be made into nanoparticles.
These particles are not solid They are penetrated by a regular porous

Lebedev, Solid State Sciences, 2004.

These particles are not solid.  They are penetrated by a regular porous 
network.



Structure of Nanoparticles

SiliSilica

Presumably, one could also have crystalline silica nanoparticles but these have 
received much less attention than amorphous silica particles or mesoporous

Lebedev, Solid State Sciences, 2004.

received much less attention than amorphous silica particles or mesoporous
silica particles.



Fuel Cell Performance

SiliSilica

Silica nanoparticles can be 
dispersed within Nafiondispersed within Nafion
membranes.

Tang, J. Phys. Chem. C, 2008.



Fuel Cell Performance

SiliSilica

Silica nanoparticles can 
be used to enhancebe used to enhance 
conductivity at higher 
temperatures compared 
to pure membrane.  The 
mesoporous silica 
perform better than 
particle silica.
All composites are atAll composites are at 
5wt% here.

Tominaga, J. Power Sources, 2007.



Fuel Cell Performance

SiliSilica

If you put too much 
nanoparticles into thenanoparticles into the 
membrane, then you 
lose conductivity, 
because the 
nanoparticles are not 
proton conductors.

Tominaga, J. Power Sources, 2007.



Tit i (Tit i di id ) TiO

Structure of Nanoparticles

Titania:  (Titanium dioxide)  TiO2

Bulk titanium dioxide is 
t llicrystalline.

Nie et al., Int. J. Photoenergy, 2009.



Tit i (Tit i di id ) TiO

Structure of Nanoparticles

Titania:  (Titanium dioxide)  TiO2

Wang and Ying, Chem. Mater., 1999.In contrast to silica, nanoparticles of titania are crystalline.



Tit i (Tit i di id ) TiO

Structure of Nanoparticles

Titania:  (Titanium dioxide)  TiO2

Predota, J. Phys. Chem. B, 2004.The surface of wet titania will provide protons.



Fuel Cell Performance

Tit i (Tit i di id ) TiOTitania:  (Titanium dioxide)  TiO2

Abbaraju, J. Electrochem. Soc., 2008.

Water retention at higher temperatures is superior for composite membranes.  n = 
nanoscale (n) and sm = sub-micron.



Fuel Cell Performance

Tit i (Tit i di id ) TiOTitania:  (Titanium dioxide)  TiO2

Abbaraju, J. Electrochem. Soc., 2008.

Water retention leads to better performance curves.



Fuel Cell Performance

Tit i (Tit i di id ) TiOTitania:  (Titanium dioxide)  TiO2

Abbaraju, J. Electrochem. Soc., 2008.

Nanoscale (n) particles had better performance than larger sub-micron (sm) particles, 
especially at low humidity.



Fuel Cell Performance

Tit i (Tit i di id ) TiOTitania:  (Titanium dioxide)  TiO2

Chalkova, J. Electrochem. Soc., 2005.

How the nanoparticles are synthesized and integrated into the membrane can make a 
significant difference in performance.



Fuel Cell Performance

Tit i (Tit i di id ) TiOTitania:  (Titanium dioxide)  TiO2

These two membranes 
gave the different 
performance shown onperformance shown on 
the previous slide.

Chalkova, J. Electrochem. Soc., 2005.



Pl ti

Structure of Nanoparticles

Platinum

Bulk platinum has an FCC structure.p

Pt Nanoparticles
Qi H W Yi d Li (J N t R 2009) t di d th ti lQi, Huang, Wang, Yin and Li  (J Nanopart Res, 2009) studied the nanoparticle
size influence on the lattice parameters.   Specifically they looked at spherical, 
cubic and cuboctahedral Pt nanoparticles with a number of atoms ranged from 
79 to 2243, 108 to 2048 and 86 to 2436 respectively. They found that all the , p y y
particles retained the fcc structure except for the cube with 108 atoms which 
was amorphous. 



Pl ti

Structure of Nanoparticles

Platinum

There are various geometries of Pt 
nanoparticles that can be p
synthesized today.

Peng, Nano Today, 2009.



Pl ti

Fuel Cell Performance

Platinum

Platinum particles might not only work to retain moisture but also create 
water by reacting cross-over gaseswater by reacting cross over gases.  

Watanabe, J. Electrochem. Soc., 1998.



Pl ti

Fuel Cell Performance

Platinum

Pt or Pt/SiO2 nanoparticles can be uniformly dispersed with Nafion.

Hagihara, Electrochimica Acta, 2005.



Pl ti

Fuel Cell Performance

Platinum

The presence of Pt inside the PEM 
improved the performance of the fuelimproved the performance of the fuel 
cell.

Watanabe, J. Electrochem. Soc., 1998.



Pl ti

Fuel Cell Performance

Platinum

The presence of Pt or Pt on SiO2 inside the PEM allows for the use of p 2
unhumidified (dry) fuels.

Hagihara, Electrochimica Acta, 2005.



Pl ti

Fuel Cell Performance

Platinum

Ordered nanoparticle Pt on C particles performed better than non-order 
NPtC, which both performend better than pure Nafion (NN).

Yang, Int. J. Hydrogen Energy, 2008.



Pl ti

Fuel Cell Performance

Platinum

The presence of Pt or Pt on 
TiO2 reduces the cross-over 
gases.

Watanabe, J. Electrochem. Soc., 1996.



Conclusions

The inclusion of relatively small amounts of inorganic nanoparticles acts to 
retain moisture in the membrane, allowing higher performance of aqueous 
based PEMs like Nafion at elevated temperatures.based PEMs like Nafion at elevated temperatures.

If too much inorganic material is added, it has a negative effect on fuel cell 
performance since the inorganic material is not a proton conductor.

The structure of the material 
● solid nanoparticles of silica or mesoporous silica
● different methods of incorporating titania into the membranep g
● Pt or Pt on SiO2, TiO2 or carbon

can have a significant impact on the observed performance.  A predictive 
understanding of this effect is not currently available. 

The optimization of these systems is highly dependent not only on the 
nanostructure of the membrane but also on the operating conditions of the 
fuel cell.  The improvement of these composite membranes is only observed 
under certain optimized operating conditions. 


