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Hi my name is Pavan Bhargava, and I am a rising sophomore studying electrical engineering at the university of maryland college park. My project this summer is to develop thin-film fuel cell models for degradation studies.
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But before I go into the details of my project, I’d like to talk a little bit about how fuel cells work and why they are important.



PEM fuel 
cells 

 
• Proton Exchange 
Membranes (PEM) only 

allow the protons to pass 
through 

 
• Electrons are conducted 

across an alternate path to 
power the load 

 
 

Presenter
Presentation Notes
This is the general structure of a Proton Exchange Membrane fuel cell. What happens is that when hydrogen gas is fed into the system, it comes into contact with platinum at the anode, which catalyzes its breakdown into its constituent protons and electrons. Now the Proton Exchange Membrane adjacent to the anode has the special property that only protons can pass through, while electrons, hydrogen and other gases cannot. This means that the protons from the hydrogen pass through to the other side, while the electrons do not. This creates a voltage that drives electrons through an alternate conduction path to power the load. On the other side, the electrons meet up with the protons and oxygen, where platinum again catalyzes a reaction to form water. Fuel cells have to potential to be a great power conversion technology for vehicles, so research to improve their efficiency is very valuable.



Nafion 
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The proton exchange membrane material we use is called Nafion, and its structure is shown here. It works well because its teflon-backbone is hydrophobic and impervious to electrons and gases like Hydrogen and Oxygen. But the sulfonic acid side chain is hydrophilic and conducts the movement of protons.



Fuel Cell Interfaces 

Identifying Contributing Degradation Phenomena in PEM Membrane 
Electrode Assemblies Via Electron Microscopy 
K. L. More, R. Borup, and K. S. Reeves 
ECS Transactions 3(1) pp. 717-733 2006 [doi:10.1149/1.2356192] 

Three Phase 
Region 

 
(where the gases, 

electrode, and PEM come 
together to allow the 

electrochemical reaction) 
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So how do the catalyst, PEM, and the gases interact in a real fuel cell? Nanoparticles of platinum catalyst are attached to a carbon support. Then the PEM material covers the top. This nanoscale region, called the three phase region, is central to how the fuel cell performs, but is tough to study in a typical fuel cell setup.



Fuel Cell Test Structures 
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So instead we construct a thin-film test structure that models the interfaces present in the three-phase region. A layer of platinum catalyst is sputtered on top of a substrate (which in our structure is silicon), and then spin coat it with the Nafion. We can use these test structures to experiment with, and examine the resulting structure using reflectometry.
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X-Ray reflectometry is our main method of data acquisition, and so I would like to go give a general overview of how it works…



X-Ray Reflectometry 
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Reflectometry is particularly apt for discerning the depth profile of our test structure because it can determine layer composition, layer thickness, and interfacial structures. It does this by firing a beam of X-Rays at the sample. Some of the light reflects off of the top, while some of the light reflects off of the next interface. There is a path difference between these two X-Rays, which creates interference. As you change the angle, you get oscillating constructive and destructive interference patterns. The pattern can be deconvoluted to create a depth profile like this. The Scattering Length Density on the Y-axis corresponds to the material composition of a layer, and the width corresponds to layers thickness. So imagine you had a sample like this and you turned it on its side. The blue low density layer is the substrate on the right, and the white layer is the thick high-density material to the left
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In the past, my mentors have constructed test structures and performed experiments on them, but the results have not been as good as we had hoped.



Previous Attempts 
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So first a layer of Pt was sputtered on top of a silicon substrate, and then the sample was spin coated with Nafion. One problem is that a layer of platinum silicide forms after sputtering. This extra layer tends to make data fitting more difficult because of the extra variables it introduces. The test structure was then put under cyclic voltammetry and scanned with neutrons. It was held 1.1V and scanned, held at the .2V and scanned, and then cycled back to 1.1V and scanned. One large problem that arose is that the PtSi and SiO2 layers changed over the course of the experiment, creating a moving target that is hard to hit. In addition, after cycling back to the initial voltage, the changes to these layers do not revert. This means that these layers are not stable, and could be interacting with the platinum and nafion that we are trying to study. This initial experiment served as the main motivation for my project
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So what do we want to actually do? Our main goal was to create and optimize the test structures for future experiments on Pt and Nafion degradation studies. In order to do this, we picked apart the past experiment step by step to optimize the process of creating a consistent and accurate test structure.



Fundamental Question 
• Do different substrate treatment methods affect the structure 

of the deposited catalyst? 

Si Si 

Cleaned with Detergent Cleaned with Detergent and Acid 

Pt Pt 
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First, we wanted to make sure to maintain a simple and consistent procedure for treating the silicon substrate that didn’t negatively affect the Pt layer to be sputtered on top. So we prepared two samples. The first we just scrubbed with detergent before sputtering. The second we scrubbed with detergent and cleaned with acid before sputtering.



Substrate Treatment 
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Then we x-rayed them to see their structure. The reflectivity curves are incredibly similar, with only a small difference in the center oscillation. After fitting this data, we saw that the structure is almost identical as well. The PtSi layers are very similar, and surface roughness is exactly the same. Based on this we concluded that we could skip the more involved acid cleaning step without any significant change to roughness.



Fundamental Question 
• How do varying annealing situations affect catalyst structure? 

• Can annealing the test structure before the addition of Nafion 
promote the growth of unwanted structures? 

Si 
Pt 
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After the Nafion is spin coated to the top of the Pt, the structure is typically annealed to promote adhesion. Films are annealed at 60 C for studies in water.  But for electrochemical cycling in a liquid electrolyte, a higher anneal temp of 210 C was used to give better adhesion. We wanted to study the effects of this heat treatment on the test structure, to determine if it promotes the growth of unwanted structures. So first we prepared the surface of the silicon substrate, and then sputtered platinum on top. We then x-rayed the sample before and after annealing at 210C.
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Effects of Annealing 
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The reflectivity curves are pretty similar here, with the main difference between the two being a change in the kink in the middle and a decrease in the arc of this long range oscillation. These manifest mainly in a slight decrease in platinum thickness.



Effects of Annealing 
• Does the addition of Nafion amplify structural changes under 

annealing? 

Si 
Pt 

Nafion 
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So the next question we asked is does annealing with Nafion amplify structural changes. So we took the sample that I just showed you, spun coat Nafion to its surface, and then annealed it at 210C.



Effects of Annealing 
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This is the data I showed you earlier from before and after annealing. After annealing this sample with Nafion, this is the curve that we get. The main change that we see is that the PtSi later has increased in thickness by quite a bit. If we overlay these reflectivity curves you can see that the as deposited film is drastically different from the annealed and annealed with nafion films. You can also see a large amplitude difference between the annealed and annealed with nafion films throughout the curve. Based on this data we have concluded annealing the test structure with Nafion does in fact amplify structural change during annealing.



Fundamental Question 
• How does electrochemical cycling affect PtSi and Platinum in 

the test structure? 

Si 
Pt 

Nafion 
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So our next goal is to essentially build the experiment that my mentors had done before to precisely determine the effect of electrochemical cycling on the test structure.
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Effects of Electrochemical 
Cycling 
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We built a sample the same way as before; preparing a silicon substrate, sputtering it with platinum, spin coating it with Nafion, and then annealing it. Then we cycled the test structure exactly as we had before in the previous study. After fitting the data we find results that are consistent with our previous findings. Annealing with nafion mainly increases the thickness of the PtSi layer. We also find electrochemical cycling further increases the PtSi thickness, in addition to degrading the Pt layer.



Fundamental Question 
• Can adding Cr before Pt prevent unwanted structure 

complexity? 
 

Si 

Pt 
Cr 
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In an effort to rid the PtSi from the test structure, we tested whether adding Cr to the top of the Si before sputtering Pt would prevent the penetration and formation of PtSi.



Addition of Cr 
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The data in black is a standard platinum on silicon substrate. The data in red is the Cr-Pt sample. Initial analysis suggests that the structure is silicon, silicon dioxide, a layer of Cr, a Cr-Pt alloy, and then the thick Pt layer. The fact that we did not produce PtSi is a good sign, but further experimentation will be needed to confirm our results. The Cr-Pt sample has the same Pt surface roughness, so it is a good candidate for future studies.



Conclusions 
• The substrate can be treated with just detergent; more 

aggressive cleaning methods do not improve roughness 
• Annealing the test structure with Nafion promotes the growth 

of the PtSi layer. 
• Electrochemically cycling the test structure increases PtSi 

thickness and degrades the Pt layer. 
• The addition of Cr before sputtering Pt does prevent the 

development of a PtSi layer. 
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Read slide. Further experiments with Neutron Reflectometry and cyclic voltammetry on Cr-Pt will need to be done to confirm that PtSi was not formed, and that the structure is stable under degradation studies.
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