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Lecture Outline

● Review of Macroscopic Structurep
● Conceptual Models of Electrode/Electrolyte Interface
● Scanning Electron Microscopy
● Molecular Dynamics simulation 

○ membrane/vapor interface○ membrane/vapor interface
○ membrane/vapor/platinum interface
○ membrane/vapor/graphite interface
○ membrane/vapor/platinum/graphite interface



how fuel cells work:  
conceptual level
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Overview of Structure

10 mm membrane/vaporcatalyst nanoparticle (gold)10 mm membrane/vaporcatalyst nanoparticle (gold)

A  membrane electrode assembly from the macroscale to the molecular scale
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Ideal Catalyst Layer

 Large three phase interface area in the catalyst layer

 ffi i f Efficient transport of protons

 Easy transport of reactant and product gases and removed of
condensed water

 Continuous electronic current passage between the reaction site and
the current collector



Possible Problems in Catalyst Layer

Pt alloy
catalystcatalyst

Pt alloy
catalyst

Pt alloy
catalyst

Too much film:
Barrier to H2. 

Too little film:
Barrier to H+. 

Detached catalyst,
Barrier to e-. 

Too much film:  mass transfer resistance for H2 to reach the catalyst.

Too little film:  no path for protons or hydronium ions to move from catalyst 
to PEM.

Detached catalyst: no path for electrons to move from catalyst to carbonDetached catalyst:  no path for electrons to move from catalyst to carbon 
electrode.  



Electrode/Electrolyte Interface

Non-Wetting Model:  only Pt at electrolyte interface contribute
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Electrode/Electrolyte Interface

Wetting Model:  only partially wet Pt contribute
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Include recast ionomer in electrode

● optimum loading of recast Nafion in catalyst layer

P. Gode et al. / Electrochimica Acta 48, 2003.

● optimum loading of recast Nafion in catalyst layer



Zeiss MERLIN SEM

0.5 to 30keV energy range
High beam current
Unique “Gemini” optical design 
gives ultra high resolution across 
the energy rangethe energy range 
Real time gas injection charge 
compensation – no coating required
Four quadrant BSE detector with 
“shape through shading” 3-D 
surface measurement and 
reconstruction
Peltier stage for temperaturePeltier stage for temperature 
control of sample -40C to +100C
High performance SiDD system 
for X-ray microanalysis and 

imapping



Catalyst Layer Preparation

20 weight% Pt  on Vulcan XC‐725 weight% nafion ( 1100 EW) solution solvent deionized water

Catalyst ink Sonication 15 min

Stir 12 h Brush onto Nafion membrane

Oven dry for 12 
h

Heat press 10 min 454 kgs/cm2

0.5 M/L H2SO4 wash 1 h Deionized water wash overnight

Oven dry 1 kgs/cm2=0.098 mPa



SE i F C l L 1
Catalyst layer

SE image For Catalyst Layer‐1mm

Nafion 
substrate

y y

Crack
substrate

All the samples used here contains 76 weight% nafion.



SE I F C l L 10
Rough surface 

SE Image For Catalyst Layer‐10μm
g

and cracks



SE I F C l L 1SE Image For Catalyst Layer‐1μm



SE I F C l L 200 Bi iSE Image For Catalyst Layer‐200nm Big size 
pores~150 nm

C bCarbon 
clusters>
200 nm



BSE I f C l L Catalyst clusterBSE Image for Catalyst Layer Catalyst cluster



S l C ISample Current Image

I =I I IIsc=Ib‐Ise‐Ibse

Where
Isc is the sample current.
I is the beam currentIb   is the beam current.
Ise is the secondary electron current.
Ibse is the back scattered electron current.Sample irradiation is determined by 
b t Th b i ht th lbeam current. The brighter the sample, 
the higher conductivity the sample.

http://www.geneseo.edu/~nuclear/nuclear%20home%20page/Research/Present%20Research%20Projects/Spider%20Silk/current.htm



S l C I d BSE ISample Current Image and BSE Image



M4PP Mi i F P i P bM4PP Microscopic Four‐Point Probes
 M4PP gives us great enhanced spatial resolution of sheet resistance 

measurement.
 h h l d i h f 0 The M4PP we use has an electrode pitch of 10 µm.
 We are using probe 2 and probe 3.

2 3



M4PP D f 76 % N fi C l LM4PP Data for 76 wt% Nafion Catalyst Layer



Microscopy observations

 The interface of electrode and electrolyte is not homogenous.
 The surface is rough, porous and has cracks.The surface is rough, porous and has cracks.
 Big size platinum agglomerate(~100 nm) is observed, which will

greatly decrease the catalyst utilization rate.
 Carbon clusters (50-300 nm) is observed, and different pore size

are formed accordingly.
 In plane sheet resistivity varies point to point.



Simulation of Interfaces
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Simulation of Interfaces

N fi /

interface – membrane side
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Simulation of Interfaces

N fi /Density Profiles
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Simulation of Interfaces

D it f ti f i t l l N fi /Density as a function of moisture level Nafion/vapor

Esai Selvan et al .J. Phys. Chem. C, 2008.



Simulation of Interfaces

Hydronium ion hydration N fi /Hydronium ion hydration Nafion/vapor



Simulation of Interfaces

Snapshots N fi /Snapshots Nafion/vapor

Esai Selvan et al .J. Phys. Chem. C, 2008.



Simulation of Interfaces

Snapshots N fi /Snapshots Nafion/vapor

Esai Selvan et al .J. Phys. Chem. C, 2008.



Simulation of Interfaces

Diffusion coefficients N fi /Diffusion coefficients Nafion/vapor

There is no observed resistance to vehicular mass transfer at the membrane vapor interface.
h i lik l d d l diff i f h d l h d i h d i

Esai Selvan et al .J. Phys. Chem. C, 2008.

There is likely a reduced structural diffusion of charge due to lower hydronium hydration.



Simulation of Interfaces

SnapshotsSnapshots
Nafion/vapor/catalyst(Pt)

There is no observed resistance to vehicular mass transfer at the membrane vapor interface.
h i lik l d d l diff i f h d l h d i h d i

λ = 3.44 (5 wt%) λ  = 11.83 (20 wt%)
CFx = grey; O of H2O and SO3‐ = red; O of H3O+ = green;

k h

Liu et al .J. Phys. Chem. C, 2008.

There is likely a reduced structural diffusion of charge due to lower hydronium hydration.S = orange; Pt = pink; H = white



Simulation of Interfaces

density profile of H2O

Nafion/vapor/platinum
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• a “dehydrated region” of the membrane near the interface• a  dehydrated region  of the membrane near the interface 
• a monolayer density of water on the catalyst surface

Liu et al .J. Phys. Chem. C, 2008.



Simulation of Interfaces

snapshots of the catalyst surface

Nafion/vapor/platinum

λ = 8.63 (15 wt%) λ = 11.83 (20 wt%)

• each H2O molecule has four nearest neighbors when the structure
is stable
• the monolayer coverage of catalyst surface suggests H2O molecules 

f b h f h dare from membrane phase, not from the vapor adsorption

Liu et al .J. Phys. Chem. C, 2008.



Simulation of Interfaces

simulation snapshots
Nafion/vapor/graphite

λ = 3.44 (5 wt%) λ = 11.83 (20 wt%)

CFx and graphite = grey; O of H2O and SO3‐ = red; 
O f H O+ S H hitO of H3O+ = green; S = orange; H = white 

Liu et al .J. Phys. Chem. C, 2008.



Simulation of Interfaces

Nafion/vapor/graphite
density profile of H2O
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• a “dehydrated region” of the membrane near the interfacea  dehydrated region  of the membrane near the interface 
• no adsorption of H2O on the graphite surface

Liu et al .J. Phys. Chem. C, 2008.



C t ?

Simulation of Interfaces

Can protons cross gaps?
Nafion/vapor/graphite/platinum

Liu et al .Fuel Cells, 2008.



Simulation of Interfaces

critical gap size

5 t% th i f 5 t% th i f5 wt%, the gap size of 
graphite is 7.4 Å

5 wt%, the gap size of 
graphite is 14.8 Å

At all water contents studied a gap of 15 Å is sufficient to completelyAt all water contents studied, a gap of 15 Å is sufficient to completely 
disrupt proton transport.

Liu et al .Fuel Cells, 2008.



Conclusions

Experiment and molecular simulation have given a pretty confident 
description of the molecular-level structure of electrode/electrolyte 
interface, including .interface, including .  

● a heterogeneous system, in which competition of three transport 
processes: 

(i) diff sion of molec lar h drogen to the catal st s rface(i)  diffusion of molecular hydrogen to the catalyst surface, 
(ii) conduction of electrons from the anode, and 
(iii) diffusion of protons to the membrane

are governed by the nanoscale structure of the interface.g y

● Molecular Dynamics simulation 
○ membrane/vapor interface poses little resistance to vehicular 

component of transportcomponent of transport
○ membrane/vapor/platinum interface is significantly wet by a mixture 

of water and ionomer
○ membrane/vapor/graphite interface is not wet by either water or 

ionomer
○ a small gap (~1 nm) between the catalyst and membrane is 

sufficient to disrupt proton transport. 


