
Senior Project Proposal: Investigating the Catalyst Stability of Palladium on Aluminum 
Oxide for Methane Combustion Reactions 

 
 

Research Questions: 
What is the mechanism which changes the size of palladium particles on aluminum 

oxide, thus reducing their ability to catalyze methane combustion? How can this catalyst’s 
stability be improved?  

 
Background and Significant Definitions: 

Catalysts are materials that catalyze, or increase the rate of, chemical reactions. The more 
a catalyst can increase the desired reaction rate, the higher its catalytic activity.  

One important section of catalysis research focuses on nanomaterial-based catalysts. 
Nanomaterials have dimensions on the nanoscale―10-9 m. At these miniscule sizes, materials 
often have new properties which aren’t seen in their larger forms, like a higher catalytic activity, 
because the ratio of surface area to volume is comparatively larger. 

Small changes in the size and shape of nanocatalysts can lead to drastic differences in 
catalyst activity. When used in industrial processes, catalysts are often in high-temperature, 
high-pressure environments, which can cause them to become unstable -- leading to changes in 
their size and shape. Because these changes can drastically decrease catalytic activity, stability is 
critical for catalyst use.  

Methane, CH4, is the main component of natural gas. The methane combustion reaction 
involves methane and oxygen as reactants to produce carbon dioxide, water, and energy.

 
Methane combustion reaction: methane (CH4) and oxygen (O2) react to form carbon dioxide 
(CO2) and water (H2O).1 
 

Palladium is a metal often used to catalyze methane combustion reaction because of its 
high activity and stability. Aluminum oxide is a common catalyst support, or a surface where 
actively catalyzing particles are attached, due to its high surface area and thermal stability. This 
catalyst has a high initial catalytic activity that decreases with use. However, the way palladium 
particle sizes change is not understood. After determining how this catalyst becomes unstable, 
these problems can be addressed to design more stable catalysts. 



 
Motivations for Choosing Topic of Interest and Research Question: 

In this project, I hope to deduce why palladium particles are unstable and offer potential 
solutions to increase catalyst stability. This answer has significant implications for natural gas 
usage and future development of sustainable energy sources. 

In recent decades, scientists have raised concerns about the environmental consequences 
of fossil fuel usage, which makes up approximately 80% of energy used in the US. Methane is 
the main component of natural gas, a nonrenewable fossil fuel used for heating, cooking, 
electricity generation, transportation, and manufacturing of various plastics and organic 
chemicals. Natural gas is the source of approximately 30% of US energy consumption; compared 
to other fossil fuels, it emits far lower levels of greenhouse gases and other pollutants. It is found 
in relative abundance in the US and can be transported and stored affordably. While the end goal 
may be a completely renewable and non-polluting energy source, natural gas is slated to play a 
critical role in reducing climate change and making the transition to a low-carbon future―it is 
cheap, abundant, and already integrated into energy infrastructure.  

However, one concern with methane is its global warming potential when released into 
the atmosphere; methane is actually more harmful than carbon dioxide as a greenhouse gas, with 
a greenhouse warming potential of 28 (over a 100-year time scale) and 84 (over a 20-year time 
scale) times that of carbon dioxide.2 Incomplete combustion of natural gas may cause methane to 
be released into the atmosphere rather than converted into its less harmful products. Furthermore, 
methane may be emitted due to inefficiencies in natural gas production, storage, and distribution. 
Other sources of methane include livestock emissions, landfills, and methane-producing 
microorganisms. To address these concerns and to make natural gas a better energy source, it is 
imperative to improve the catalysts used for methane combustion reactions. 

This research has importance beyond the specific methane combustion reaction. Catalysts 
are critical to convert sustainable, alternative energy sources to usable fuels. After developing 
methods to observe the mechanism by which catalyst activity degrades and thus laying the 
foundation for increasing catalyst stability, these results can be applied to other catalyst 
materials.  
 
Prior Research / Literature Review: 

The first observation of palladium catalyzing the methane combustion reaction occurred 
in 1817, when Sir Humphrey Davy found that palladium could spontaneously release heat when 
in contact with coal-mine gas and air.3 Indeed, noble metals like platinum, palladium, and 
rhodium are now known to have high catalytic activity on the nanoscale. Specifically, palladium 
and platinum have been used most for methane combustion catalysis because of their higher 
activity and stability.4 

The causes of decreases in catalyst activity can be divided into four main categories: 
poisoning, sintering, coking or fouling, and phase transformation.5 For methane combustion 



catalysis by palladium on aluminum oxide, the main identified problem is sintering, an 
irreversible process in which particles or fragments of particles clump together. This reduces 
their surface area, decreasing catalyst activity. There are two main types of sintering: particle 
migration and coalescence, in which entire particles stick together, and atomic ripening, in which 
one particle will lose a fragment to another, decreasing the first particle’s size and increasing the 
second particle’s size.6  

 
Simplified visual representation of sintering mechanisms of catalyst active phase. (a) Shows 
particle migration and coalescence (PMC); (b) and (c) shows atomic ripening (AR). (d) Final 
state after sintering shows a larger particle.6 

These two methods are distinct and require different prevention techniques. However, it 
is not yet known what specific mechanism decreases the activity of palladium particles on 
aluminum oxide for the methane combustion reaction. This research project involves devising 
methods to determine how palladium on aluminum oxide becomes less active. Once this 
mechanism is shown, solutions can be specifically devised to prevent this method of catalyst 
destabilizing. 
 
Data and Information Needed to Answer Research Question: 

I would need data characterizing the size and structure of the palladium nanoparticles and 
their dispersion on the aluminum oxide support (ex: how close together or evenly spread they 
are) both before and after they are used for catalysis. This would show any physical changes that 
occur to the size and location of the particles, which can give some indication of how they 
changed.  

Furthermore, the amount of defects in the catalyst support material must be measured. 
One method of catalyst change involves small pieces leaving the nanoparticle, and these small 
pieces can attach to other particles or become trapped in small gaps in the catalyst support 
materials, defects. By altering the density of defects in the catalyst support material and viewing 



the size/location of the nanoparticles after, it can be determined whether the catalysts change by 
this method. 

Clearly, the catalyst activity over time also needs to be measured to determine the effect 
of catalyst instability. The catalysts will be used to catalyze the methane combustion reaction, 
and the amount of product produced over time can be measured to calculate catalyst activity. The 
magnitude and time pattern of any decrease in activity can help determine the mechanisms by 
which catalysts change. 

 
Research Method to Collect and Analyze Data, Rationale:  

Transmission electron microscopy produces images to observe the size, shape, and 
location of palladium nanoparticles on aluminum oxide support. This technique can only be used 
to observe one section of the sample at a time, but if the entire sample is created with the same 
process then the results can be generalized to the entire sample. ImageJ software can be used to 
quantitatively analyze the produced images. 

 
Example: Transmission electron microscope images of unused palladium particles on aluminum 
oxide support with distribution showing particle size.7 
 

Aluminum oxide catalyst support samples with different density of defects can be created 
by changing aspects of the synthesis method. Different amounts of palladium particles will be 
dispersed on different surfaces to determine what effect particle proximity has on catalyst 
activity.  

Catalyst activity will be tested through a fixed-bed continuous flow reactor; the gaseous 
reactant will be introduced into contact with the catalyst, and the compositions of gases exiting 
the reactor will be measured via mass spectrometry/gas chromatography to determine catalyst 
activity.  
 
 



 

 
Simplified visual of continuous flow reactor: the reactant in gas form flows into a tube               
containing the catalyst. The composition of the gas flowing out is analyzed to determine catalytic               
activity.8 
 

In order to better present my results to a general public, I must determine how to 
concisely and clearly explain these results. I can improve in this by observing researchers in the 
Cargnello group present their work in meetings and by observing other scientific experts present 
their research to the general public in TED Talks. Finally, to better follow the senior project 
format, I will also watch some of last year’s senior project presentations (like those by Sharvani 
Jha and Sara Subbanna) to understand how they explained their research clearly. 
 
Equipment and Resources Needed to Collect Data: 

To do these experiments, I would need access to a materials science or engineering lab 
and more high-tech equipment (which may be shared across departments or institutions). As the 
Cargnello Lab’s focus is on catalysis, they already have access to all materials and instruments 
needed to synthesize and test materials for catalysis. 

I already have relatively broad access to scientific journals and databases through 
school-provided research databases and a SUNY university account I obtained from my summer 
program. Furthermore, I’ll likely have access to Stanford’s library and online databases. I don’t 



anticipate needing additional paper access for background or continuous literature review during 
my project. 

 
Anticipated Limitations or Challenges and Possible Solutions: 

One key challenge I will face comes from the ongoing progress of this project before I 
begin my lab work in February. I will be able to do my own research and collect my own data, 
but my mentor will have already begun some work, and the results may slightly shift the 
direction of the project. To stay up-to-date, I will regularly check in on the work done and the 
results to make my integration into the lab as smooth as possible. 

Communication with my advisors outside of the lab will naturally be slow, as they have 
their own work and priorities. I will try to set up regular communication schedules or meeting 
times with them so that I can avoid long stretches of time without guidance. At the Cargnello 
Lab, my primary mentor is a Ph.D. candidate, who be my first point of contact at the lab for 
questions and will hopefully be able to respond quicker than the lab primary investigator. My 
faculty advisor, Dr. Bozidarevic, will be available by email or office hours. 

Finally, the goals and methods of my research project may change as my project 
proceeds, depending on progress made or lack thereof. I will have to constantly read background 
literature in similar fields in order to see potential changes I could make. I can also ask school 
and external advisors for specific knowledge of findings in other fields.  

With the help of the administrative assistants of the Cargnello Lab, I will need to navigate 
the specific tests, contracts, or permissions needed so I can work in the lab. It is already 
confirmed that I will be able to work in the lab, but I will need to more thoroughly review any 
additional restrictions I will likely have. 
 

  



References 
1. Chapter 6, Lesson 1 Multimedia. Middle School Chemistry. American Chemical Society. 

http://www.middleschoolchemistry.com/multimedia/chapter6/lesson1 (accessed Nov. 4. 
2017). 

2. IPCC. Chapter 8: Anthropogenic and Natural Radiative Forcing. In Climate Change 
2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 
University Press: New York (USA) and Cambridge (UK), 2013; 659-740. 

3. Davy, H. Some New Experiments and Observations on the Combustion of Gaseous 
Mixtures, with an Account of a Method of Preserving a Continued Light in Mixtures of 
Inflammable Gases and Air without Flame. Philosophical Transactions of the Royal 
Society of London, 1817, 107, 77-85. JSTOR. http://www.jstor.org/stable/107574 
(accessed Nov. 4, 2017). 

4. Lee, J. H.; Trimm, D. L. Catalytic combustion of methane. Fuel Process. Technol. 1995, 
42 (2-3), 339-359.  

5. Thevenin, P. Catalytic Combustion of Methane. Ph.D. Thesis [Online], KTH Royal 
Institute of Technology, Stockholm, Sweden, 2002. 
http://www.diva-portal.org/smash/record.jsf?pid=diva2%3A9198&dswid=6766 
(accessed Nov. 4. 2017). 

6. Goodman, E; Schwalbe J. A.; Cargnello, M. Mechanistic Understanding and the Rational 
Design of Sinter-Resistant Heterogenous Catalysts. ACS Catal. 2017, 7 (10), 7156-7173.  

7. Setiawan, A.; Friggieri, J.; Hosseiniamoli, H.; Kennedy, E. M.; Dlugogorski, B. Z.; 
Adesina, A. A.; Stockenhuber, M. Towards understanding the improved stability of 
palladium supported on TS-1 for catalytic combustion. Phys. Chem. Chem. Phys. 2016, 
18, 10528-10537. 

8. Web Exclusive: Design and Selection of Laboratory Reactors for Catalyst Testing. 
Chemical Engineering. 
http://www.chemengonline.com/catalyst-testing-design-selection-laboratory-reactors-2 
(accessed Nov. 4, 2017).  

http://www.middleschoolchemistry.com/multimedia/chapter6/lesson1
http://www.jstor.org/stable/107574
https://www.sciencedirect.com/science/article/pii/0378382094000917
http://www.diva-portal.org/smash/record.jsf?pid=diva2%3A9198&dswid=6766
http://pubs.acs.org/doi/abs/10.1021/acscatal.7b01975
http://pubs.acs.org/doi/abs/10.1021/acscatal.7b01975
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c6cp00319b
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c6cp00319b
http://www.chemengonline.com/catalyst-testing-design-selection-laboratory-reactors-2

