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How neutrons can help us address these challenges


Transportation fuels (away from
gasoline)
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There’s a general consensus that moving away from fossil fuels is in all of our best interests. The advantages include reducing fossil fuel emissions, reducing our dependence on foreign oil, and reducing transportation costs. Some of the candidate fuel sources include ethanol, natural gas, and hydrogen



Congress initiative

$1.2 Billion to develop the
technology for commercially
viable hydrogen-powered fuel
cells (2003)
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In particular, the second bush administration showed much interest in developing hydrogen fuel cell technologies, mainly driven by the desire to decrease the US’s dependence on foreign oil. In order to accelerate research and development, Bush appropriated $1.2 billion. 


Why hydrogen is special

H, has 3x energy content by mass c.f. gasoline

Gasoline has 4x energy content by volume c.f. H,

Schlapbach and Zuttel (2001) Nature 414: 353-358
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What makes hydrogen so special? Well, it has 3x the energy content by mass of gasoline. So every 1 kg of hydrogen will have 3x the energy content of gasoline. At the same time, gasoline has 4x the energy content by volume. This is where a major problem occurs. How do we store enough hydrogen in order to have enough to power a small car? Here are some common ways 4kg hydrogen is stored, where total volume is scaled relative to the size of a car. The first two are composite materials with very promising properties, including fast and reversible sorption, and good cycling life. But they fall short of achieving a high enough mass density in order to power the car. Condensing H2 into a liquid is a promising route, but the critical temperature of hydrogen is -241 C, above this temperature is a gas and you risk overpressured. So you either have an oboard system that keeps the H2 cool, or you find a way to collect the hydrogen that evaporates. Either option is expensive and complicated. How about storing our 4kg of hydrogen as a gas? Well this is how much space that would take up, so no .


Challenges

e Weight and
volume

e Efficiency

e Refueling time
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So here’s a quick summary of the main stumbling blocks. How do we conveniently store a sufficient volume of hydrogen without compromising safety? Because driving around with a highly pressured can of H2 is not viable. Current methods also rely on cryogenic temperatures, which is not cost effective. New hydrogen storage technologies should also enable reasonable refueling times. If we can stuff a tank with an adsorbate material, a material that interacts with hydrogen stronger than itself, we can dramatically increase the density of hydrogen. 


DoE 2020 Storage Targets

Gravimetric capacity
Volumetric capacity
Operating temperature
Maximum pressure
Refueling rate

Cost

NIST

5.5 mass% H,
40 g H,/L

-40 to 60 °C
100 bar

1.67 kg H,/min

$333 per kg H,
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In response to these challenges, the Department of Energy has set goals for hydrogen storage. The purpose of these targets is to enable a driving range of over 300 miles, while meeting cost, safety, and performance requirements in order to be competitive with comparable vehicles in the market place. 



A Metal Organic Framework (MOF) with a high
density of exposed M?* sites
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A promising route for achieving these targets focuses on a class of materials called metal organic frameworks, or MOFs. Metal organic frameworks are made by linking inorganic and organic units with very strong bonds. One aspect that makes them special is their customizability. By varying the metal, or the ligand, you can alter the structure and hence the properties of the material. The MOF-74 series contains a high density of metal cations, which are highly polarizing, and so we would expect them to have very strong interactions with small gas molecules. We expect this material to display a significant amount of gas storage abilities. 
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Discovering new frameworks with a high density of metal sites is not an easy task. An alternative is to fine tune promising existing structures by either altering the metal or the linker. Here’s a series of MOFs where the inorganic metal centers are connected by so called “dobdc” which is a di carboxylate di hydroxyl benzene ligand. Since the dobdc series has been shown to be thermally stable, contains a high density of metal sites,  and shows a high capacity for binding small gas molecules, it seemed like a good place to start. This structural isomer of the dobdc framework has meta hydroxyls, and metal carboxylic acids, as opposed to para oh and para ca. This change in the electronic structure of the ligand, and overall connectivity, is expected to enhance interactions with small gas molecules by changing the local env around the open metal sites. So then, how do we measure this material’s affinity for hydrogen? The goal is to measure the interaction between hydrogen and the metal site on the atomic scale. How would you do this? You can’t use microscopy, spectroscopy wouldn’t tell you much, and even x-rays don’t interact that much with hydrogen, so it’s a very difficult problem. 


How and Why
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In order to do this, we perform neutron powder diffraction experiments. Neutrons tell us where the atoms are located, including the atoms of the framework, and where the gas molecules go. Neutrons also give us insight into the strength of interaction between the framework and the adsorbate, based on atomic distances. We use neutrons because hydrogen and deuterium are essentially invisible to x-rays. We use deuterium because it allows us to better distinguish it from the hydrogens on the framework. 


Where are the deuteriums-Bare
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This is what a neutron powder diffraction experiment looks like. On the x axis, is 2theta, which is inversely proportional to atomic scale distances, vs intensity which is neutron counts.  You’ll notice several lines on the plot, where black is observed data, and red represents a crystallographic model computed using the corresponding powder diffraction data. The blue represents the difference between the experimental and calculated diffraction patterns. Chi squared represents the goodness of fit between the observed and calculated lines. My main role this summer was to minimize this function which analyzes the difference between the calculated profile and the observed data. 

Contaminating peaks from the sample envionrment-were removed- special sample environment because of high pressure experiment


Refinements in GSAS

False minimum
Least-squares cycles
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This simulated profile is calculated with a least squares refinement by varying a number of parameters until a global minimum  is achieved. Unit cell parameters are varied until a crystallographic model is achieved that makes chemical sense, including atomic xyz positions, site occupancies, and thermal parameters.   You can then use this model to obtain values for a host of unit cell parameters, including atomic positions, mean squared displacement, and site occupancies. 


Where are the deuteriums?

—— Bare
—2.7D, per Co
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Once we obtain a reasonable model for the bare framework, we can apply the same technique to locate the D2s. Notice that when the framework is dosed with deuterium, some of the peaks go up and some go down. There’s a change in the ratios of intensities, directly related a change in contrast in certain reflection planes. I used these differences in intensities to calculate the location of the D2 adsorption sites, how occupied these sites are, how far away , in angstroms, the deuteriums are from the metal center, and how far away the deuterium adsorption sites are from each other. This is where the fact that we’re using deuterium is important, with deuterium we achieve much more contrast than with hydrogen. This makes the analysis more robust. 



Where are the deuteriums?

Fourier difference to locate D, in Co, (m-dobdc)
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The way that we locate those deuteriums is with a technique called fourier difference mapping. In the previous slide, we saw that there was a difference between the bare framework and the dosed framework, we can take that difference, and perform a fourier transform in order to map in real space the most probable location of deuterium occupancy. Blue corresponds to low scattering intensity, while the red blobs represent the highest scattering density, or the most likely place where D2 molecules hang out. It makes sense that this region would be located near the Co metal center, given Co’s ability to strongly polarize small gas molecules. 





Gas adsorption isotherms
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Using this technique to calculate gas uptake, we were actually able to get consistent results with a very different technique. This is a gas adsorption isotherm, where gas uptake is measured over a range of pressures, at a constant temperature. With our powder diffraction approach, at the same temperatures and pressures, we were able to obtain values for total adsorbed hydrogen within error of the isotherm. This consistency is a reassurance that our calculated model is consistent with other experimental measurements. 



- Future directions-Hydrocarbon
separations

—— Ethene
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Future work will focus on studying this material’s ability to adsorb small hydrocarbon gasses. For example, the seperation of ethane and ethene is a vital step in the production of plastics, rubbers, and films. Currently, this step is done via cryogenic distillation, which is a very expensive process that requires large amounts of energy. If we could instead use a smart material to perform this separation closer to ambient temperatures, it would enable huge savings. Here’s some prelimanry data of Comdo dosed with ethane, and Comdo dosed with ethene. Clearly there are differences, much like we saw with hydrogen, the structure itself doesn’t change, but the intensities do change, which indicates variations in adsorption sites and occupancies. 


Future directions-Hydrocarbon
separations
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We can perform the same experiment with propane and propene, and agin we clearly see differences in the intensities of these peaks. So the next step will be to perform a least squres refinemnet, in order to obtain a crystallographc models which we can use to calculate relative affinities. The big picture idea would be to have a series of MOF membranes, with affinities for particular gasses, through which you can pass a hydrocarbon mixture and obtain a paritcular seperation. 


Conclusions

 Neutrons used to validate storage capacity

— Reveal location of gas at angstrom scale

e Diffraction shows clear differences in affinities
for small hydrocarbons

— Refinements coming soon
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Neutrons are uniquely suited for this purpose, because x-rays are not sensitive to hydrogen or lighter gasses. 
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