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As conventional energy sources begin to deplete, the need for alternative, renewable 
energy becomes more necessary. Dimethyl ether (DME) fuel cells are a promising 
energy source that could fulfill these demands. Compared to well-known fuel cell 
fuels, such as methanol, DME has a low toxicity and high energy density. 
Experimental studies have shown that the reaction rate of DME differs between 
Pt(100) and Pt(111) anodes. To produce the most efficient direct DME fuel cells, it is 
necessary to understand the DME oxidation reaction to determine the most promising 
catalyst surface structures.  
  

Density functional theory (DFT) was used to study different adsorption sites and 
configurations for the dissociation of DME into CH3O and CH3 on platinum fcc(100) 
and fcc(111) surfaces. The predominant adsorption location was oxygen at the top 
site of a Pt(111) surface, with a -0.193 eV adsorption energy. The Nudged Elastic 
Band (NEB) method was used to calculate the activation energies at that site. The 
presumed reaction path resulted in the adsorption of CH3 to an adjacent top site. The 
first elementary step involved the carbon-hydrogen bond breaking with an activation 
barrier of 0.258 eV followed by the carbon-oxygen bond breaking with a barrier of 
1.12 eV.  
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Project Introduction 
  
To produce the most efficient and effective direct dimethyl ether (DME) fuel cells, it 
is necessary to understand the DME oxidation reaction on different catalyst 
structures. Experimental studies have shown that the reaction rate of dimethyl ether 
differs between Pt(100) and Pt(111) surfaces. Density functional theory (DFT) was 
used to study the structural sensitivity of the adsorption of DME on those surfaces 
assuming vacuum conditions. The dissociation of DME into CH3O and CH3 was then 
examined on Pt(111). Different adsorption sites, configurations, and reaction 
pathways were examined to provide information about the most stable 
decomposition. The overarching goal is to continue calculations with various metals 
to determine the most efficient anode. It is hoped that this research, and analysis of 
this sort, can eventually be used towards the development of a more efficient direct 
DME fuel cell catalyst. 
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Background 
 
In an attempt to transition away from the conventional energy systems, many 
alternative technologies are being developed. The world relies on fossil fuels to 
supply 80% of its energy needs, but many problems have arisen due to this high 
demand. These fuels are limited and will eventually be depleted. Petroleum 
companies have estimated that we have, or will soon hit peak oil, meaning that from 
now on the amount of petroleum and natural gas extracted will only decrease. With 
the search to find more oil also comes destruction to the environment. The land is 
being damaged to obtain the fuels while the atmosphere is being damaged with its 
use1. 
 
Fuel Cell Introduction 
 
Fuel cells are electrochemical devices that directly produce electrical energy through 
the conversion of chemical energy. A single cell can provide approximately enough 
energy to power a light bulb but when stacked in series they can power anything from 
a phone, a home, a car, or even an entire community1.  
 
The research of fuel cells is an ongoing process. There are many different types of 
fuel cells, each at a different place in their development process. While some are 
commercially viable, others are still working towards commercialization. The current 
technology is not yet capable of sustaining the world's high-energy demand, but fuel 
cells are a potentially viable alternative energy of the future1. 
 
Energy System Comparison 
 
Fuel cells were initially developed as an efficient way to utilize the energy of 
hydrogen gas. Theoretically, the electrochemical conversion of hydrogen within fuel 
cells is a more efficient process than converting fossil fuel to mechanical energy in 
combustion engines or into electrical energy within power plants. Fuel cells are not 
restricted to the Carnot cycle allowing them to have a higher efficiency in comparison 
with heat engines1. The Carnot cycle is a thermodynamic cycle that returns to its 
original state allowing the cycle to repeat continuously. The system is founded on the 
alternating processes of isothermal (no change in temperature) and adiabatic (no 
change in energy) expansion and compression. The efficiency of the system is based 
on the net work of the system compared to the heat required. The ideal Carnot system 
is the most efficient possible cycle. This cycle puts an upper limit on the overall 
efficiency of a thermodynamic engine to produce usable work from thermal energy2. 
For example, a typical car engine has a thermodynamic limit of approximately 37%. 
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The conventional process of converting fuels into usable energy requires many steps, 
each with the ability to reduce the overall efficiency and lose usable energy in the 
production process. The initial stage requires the combustion of the fuel to convert 
chemical energy into heat. That heat is then used to generate steam, which runs a 
turbine to convert thermal energy into mechanical energy or work. The mechanical 
energy is finally capable of running a generator to produce electricity. Fuel cells have 
the potential to be more efficient and cheaper since only one step is required to 
generate DC electricity from the fuel's chemical energy1. 
 
Fuel Cell Types 
 
Though there are many types of fuel cells, all possess an anode and a cathode 
separated by an electrolyte. Proton exchange membrane (PEM) and solid oxide fuel 
cells (SOFC) are some of the more common types3.  
 
Solid Oxide Fuel Cells 
The solid ceramic electrolyte and high operating temperatures are a few of the 
distinguishing characteristics of an SOFC. They are one of the most efficient fuel 
cells ranging around 60% and are capable of using a large variety of fuels while 
producing few emissions at a low cost. If the waste heat produced is utilized in a 
separate process, the overall efficiency could increase up to 85%, making them more 
competitive in the current market. They operate at high temperatures, approximately 
800-1000 °C, which removes the need for metal catalysts and allows for fuel 
reformation within the system. The drawbacks include greater degradation to the 
system and long start-up times3. 
 
Polymer Electrolyte Membrane Fuel Cell 
A PEM fuel cell, also known as a polymer electrolyte membrane, operates at much 
lower temperatures then an SOFC. It has a high energy density and a compact system, 
which allows it to have one of the smallest cell volumes and densities. Depending on 
the application, PEM fuel cells have an efficiency of 30 to 50%. Their electrolyte is 
made of a solid polymer, and the catalyst is a noble metal, often platinum. It is 
capable of operating at low temperatures of around 50 to 100 °C allowing for quick 
start-up times and better durability3.  
 
Direct Fuel Cells 
Direct fuel cells are a subcategory of PEM fuel cells. They have the ability to utilize 
fuel without requiring the creation of pure hydrogen through external reformation. Its 
capacity to operate directly on liquid fuel allows for easier refueling and increases 
device safety by eliminating the need for gaseous hydrogen. Methanol is the most 
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common fuel used in a direct fuel cell due to its abundance and the current 
infrastructure in place for its reformation. Methanol has only one fifth of the energy 
density of hydrogen by weight, but four times the energy density per volume as a 
liquid. Dimethyl ether has a higher energy density and lower toxicity than methanol, 
making it a promising fuel for direct fuel cells. Figure 1 portrays a process flow 
diagram of a direct dimethyl ether fuel cell (DDMEFC)4.  
 

 
Figure 1: Process flow diagrams of a direct dimethyl ether fuel cell portraying oxidation 
reaction at the anode and reduction reaction at the cathode. Adapted from Spegels’s text4. 

A current drawback of direct fuel cells is the potential for poisoning at the anode 
caused by intermediate hydrocarbons produced during the oxidation reaction. They 
have a lower efficiency compared to other fuel cells, but due to their compact size and 
low operating temperatures they are often used for smaller to mid-size applications as 
well as portable devices4. 
 
Chemical Reaction: 
 
Fuel cells operate through two half reactions consisting of oxidation at the anode and 
reduction at the cathode. Fuel cell electrodes initiate the reaction and transfer 
electricity to the load. Electrodes behave as anodes or cathodes depending on the 
charge. A chemical potential between the two sides drives the system. Reactions vary 
between fuel cells; here we will focus on the reaction mechanism of a DDMEFC. The 
oxidation reaction at the catalytic anode is shown in Equation 1.   
 
 !!!!"!! + 3!!! → 12!! + 12!! + 2!!! (1) 
 
After the fuel dissociates at the anode, the electrons proceed to the external circuit to 
power the load while the protons travel through the electrolyte to the cathode, where 
they react with oxygen to form water. For each DME molecule, 12 electrons are 
transferred in this process, compared to 6 electrons from methanol or 2 from 
hydrogen. The resulting oxidation reaction at the cathode is shown in Equation 2. 
 
 3!! + 12!! + 12!! → 6!!! (2) 

!H!OCH! + 3H!O → 3O! + 12H! + 12e! → 

DME,   Water, 

CO!  

DME/Water Air  (O!) 

H!O,   O!  

Air  (O!) 

    (Cathode) (Anode)   
Proton 

Exchange 
Membrane 

LOAD 

12H! + 12e! + 2CO!  6H!O 

12!!  12!! 
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Fuels 
 
The most basic fuel used is hydrogen, though most fuel cells are capable of 
converting a majority of hydrocarbons. Pure hydrogen is the only fuel that allows for 
zero carbon emissions throughout the fuel cell cycle, but its storage and transportation 
can be difficult. Though hydrogen is the most environmentally conscious fuel when it 
comes to the fuel conversion process, the standard method for industrial hydrogen 
production is catalytic steam reformation. This process utilizes natural gas to produce 
hydrogen and carbon monoxide. More environmentally friendly methods of 
production are being developed such as the electrolysis of water and biological 
synthesis, but they are currently not viable on a wide scale.  
 
Methanol has commonly been used in fuel cells due to its high energy density and 
ability for easy storage and transport. One of its major drawbacks is its high toxicity. 
Another is methanol crossover through the PEM membrane to the cathode side, 
which allows for the fuel to react with air on the cathode surface decreasing the cell 
voltage. Up to half of the methanol can be lost in this process causing a reduction in 
cell efficiency. 
 
Dimethyl ether (DME) is being explored as a promising alternative to conventional 
fuels such as petroleum. It has a high energy density comparable to methanol and 
ethanol, while having a lower toxicity. DME has a lower dipole moment than 
methanol allowing it to remain on the anode side of the fuel cell, a problem methanol 
fuel cells have not overcome5. DME is the most basic ether and can be derived from 
natural gas, coal or biomass. One of the more common industrial production methods 
for DME requires a two-step process. The first involves methanol synthesis from 
syngas and the second is dehydration of the methanol to produce DME6. 
 
DME has a boiling point of -25 °C at atmospheric pressure, but it can be stored in its 
liquid form at low pressures (around 4 to 5 bar) and room temperature. It expands 
when the pressure is decreased to atmospheric allowing it to become gaseous. It can 
then be fed into the fuel cell without heating. DME can be produced and shipped in 
bulk quantities, similar to natural gas, allowing it to keep up with conventional fuels. 
If it escapes during transport, it will react with air and decompose within a few hours 
and is therefore environmentally benign7. 
 
Direct DME fuel cells produce a low power density caused by slow kinetics and large 
activation energies associated with water dissociation. In order for dimethyl ether to 
be a successful fuel, catalysis at the anode has to be further developed. The reaction 
mechanisms are widely unknown and need to be understood to improve the efficiency 
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and surface activity within the fuel cell. DME has a lower activation barrier than 
many hydrocarbons, making it promising for the low-temperature environment of 
direct fuel cells. The unique atomic configuration of DME is expected to lead to high 
electrochemical potentials. There have been several studies on the plausibility and 
efficiency of utilizing DME, but there has been little agreement achieved. This is 
possibly due to the varying surface structures of the catalyst used in each of the 
studies. Studies have shown that the surface structure configuration of the Pt 
electrode has a large effect on the electrochemical potential of certain molecules, 
particularly methanol. It is presumed that DME will have a similar response8.  
 
The Anode 
 
The anode material must be a thin, porous, conductive layer capable of withstanding 
the oxidation environment over time. It must be chemically compatible with both the 
electrolyte and the cathode. Low activation losses are required while still maintaining 
electronic conductivity. In order for the cell to be competitive, the anode must sustain 
its stability for a long lifetime. Platinum is one of the most common anode catalysts 
due to its high stability. Some of its drawbacks include its short lifetime and its strong 
binding to carbon monoxide. Platinum is capable of increasing the slow reaction rate 
of oxygen reduction on the cathode, which is promising for PEM fuel cells since this 
problem prevents its large-scale use9. 
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Density Functional Theory and Software  
 
Density Functional Theory Background 
 
Density Functional Theory (DFT) uses mathematical models that describe and predict 
the properties of materials at the quantum level. The models are developed from first 
principles, also known as ab initio modeling, which is a bottom-up strategy that does 
not involve the use of empirical parameters. DFT is used in most computational 
modeling techniques that rely on first principles though it is most efficient with 
systems of less than 100 atoms10.  
 
In order to determine the energy and energy variation of atoms within a system, the 
nucleus and electrons are used to define the atom’s location. The increased size of the 
nucleus compared to electrons allows the electrons to respond quicker to changes in 
their surroundings. The movement of the nucleus and electrons can therefore be 
decoupled. This is called the Born-Oppenheimer approximation, which allows the 
system to be solved for all the electrons assuming a fixed position of the nucleus 
during initial calculations11.  
 
DFT has been used to study molecules, nanostructures, solids, surfaces and interfaces 
through the approximate solution of the Schrödinger equation. The Schrödinger 
equation is a partial differential that describes the change in state of a system at the 
quantum level. The solution yields the corresponding wave function of every 
quantum particle. The ground state occurs when a system is in equilibrium and 
exhibits the lowest energy state possible for a system10. DFT calculations are not 
exact solutions of the Schrödinger equation, which introduce a margin of error into 
the energies calculated11 but has been shown to predict trends well10. 
 
This technique can be utilized to understand the properties of existing materials or 
predict those of theoretical ones. This makes it useful for optimization and design. 
DFT is a universally transferable method allowing for the same technique to be 
applied to numerous systems and scenarios. The results obtained are usually very 
accurate and have the ability to match experimentally determined values within a few 
percent. The software is developed and used around the world, resulting in rapid 
advancements. Though it is insufficient in modeling certain materials and properties, 
including van der Waals binding, it provides a reasonable starting point10.  
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Software Tools 
 
DFT was used to computationally model the adsorption of DME onto the surface of 
the platinum anode. The analysis was performed utilizing various modeling software. 
Vienna Ab-initio Simulation Package (VASP)12 was used to perform DFT 
calculations on the adsorbate-surface system. The program models material at the 
quantum level and computes an approximate solution of the Schrödinger equation 
using DFT13. Python’s Atomic Simulation Environment (ASE)14 software was used 
for set up and to analyze data. The program, which is written in Python, simulates 
atomic structures for development, analysis, and visualization. Visual Molecular 
Dynamics (VMD)15 was used for 3-D visualization and animation of molecular 
simulations.  
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Surface Structures, Adsorption Sites and Lattice Constants 
 
Surface Structures 
 
Platinum is a metallic solid arranged in a face-centered 
cubic (fcc) unit cell, also know as cubic close-packing 
(ccp)16. An atom is positioned at each corner and one in 
the center of each face within the cube as shown in 
Figure 217. It is one of the simplest alignments, 
represented by identical hard spheres that are positioned 
in close-packed layers. This allows for the closest 
possible arrangement, which is indicative of the contact 
between the covalent radii of each atom18.  
 
Uniformly cutting the bulk crystal at the molecular level creates different surface 
structures. Some of the simplest cuts for an fcc crystal are (100), (111) and (110) as 
shown in Figure 318.  
 

 
Figure 3: Two unit cells representing (a) fcc(100) (b) fcc(111) and (c) fcc(110) cuts17.  

Fcc(111) and (100) surfaces are the most thermodynamically stable. The metal can be 
cut parallel to the unit cell’s front surface to obtain an fcc(100) cut, resulting in 
symmetry around the entire cell. A triangular cut through the diagonal of the unit cell 
is used to create an fcc(111) surface, which results in the most efficient method of 
packing18.  
 
The fcc(111) cut exposes a face with atoms arranged in close packed hexagons, while 
the atoms in an fcc(100) face form squares as shown in Figure 4. The layers of 
fcc(100) and fcc(111) cuts are aligned in a repeatable ABA and ABC pattern 
respectively. Each layer in an fcc(100) cell is positioned in the depression of the 
previous layer. For an fcc(111) arrangement the third layer lies within the depressions 
of the second such that it is arranged over the gaps of the first16.  
 

(a)               (b)               (c) 

       

Figure 2: Face Centered 
Cubic unit cell with atoms 
at each corner and one at 
the center of each face. 17 
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Figure 4: Atomic packing in an fcc(100) cut visualized from the (a) top view depicting a square 
arrangement and (b) side view representing the ABA pattern. An fcc(111) face is shown in (c) 
with atoms arranged in a hexagonal packing seen from the top view and (d) depicts the side view 
in an ABC pattern. The different colors represent the different depths of atom layers. Blue 
represents the top layer of atoms, with the next layer in white and the third in green. 

Experimental results have shown that different structures dissociate DME at varying 
rates. This paper will explore the adsorption onto Pt(111) and (100), to provide insight 
into the different reactivity since DME has shown particular variations between these 
surfaces19.  
 
Adsorption Sites 
 
There are three different adsorption sites on an fcc (100) surface: hollows, bridges, 
and top sites as shown in Figure 5a. Figure 5b depicts the addition of a second type of 
hollow site in the fcc (111) cut. The hollow with an atom directly below it is 
classified as an hcp hollow, whereas the hollow with no atom below it until the third 
level is an fcc hollow.  
 
 
 
 
 
 
 
 
 
 
 
Adsorption sites on the catalyst surface bind adsorbates differently. This is 
determined computationally by calculating the minimum energy configuration at 
different sites and comparing the energies of each adsorbate configuration. 
Adsorbates can bind in a variety of different orientations and the preferred orientation 
depends on both the metal and the surface structure. The distance between the atom 
and the surface, the bond length and bonding position all affect the molecular 

(a) (b)        (c)        (d) 

 
 

Figure 5: Adsorption sites on an (a) fcc (100) and (b) fcc(111) surface where blue 
represents the top layer of atoms, white for the second and green for the third. 

Top 
Site Bridge 

Site 

hcp 
Hollow 

fcc 
Hollow 

(b) 

Bridge 
Site 

Hollow 
Site 

Top 
Site 

(a) 
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adsorption. The orientation of the initial adsorbate can also dictate the adsorption 
location. Adsorption can occur at different sites depending on which atom forms the 
local bond with the surface as well as the configuration of the molecule around that 
atom. Each configuration can dissociate in different fashions, leading to a variety of 
dissociated and non-dissociated molecules adsorbed to the surface. The reaction 
pathway leading to dissociation depends on the surface, thus altering the 
intermediates formed. This indicates that the formation of intermediates is affected by 
the bonding between the adsorbate and the metal18.  
 
Lattice Constants  
 
Lattice constants describe the physical dimensions of a 
unit cells in a crystal lattice. The relationship between 
the locations of the atoms and the lattice constant 
within an fcc cell is shown in Figure 6. As depicted, the 
distance between an atom to its nearest neighbors from 
the center of one atom to center of the other is !/ 2   
where a represents the lattice constant. The distance to 
the second nearest neighbor is then equal to the lattice 
constant in an fcc arrangement. The fcc unit cell is a 
cubic structure, therefore all of the axes are equal and 
all of the angles are 90° causing the lattice constants to 
all be equal as well20.  
 
Pseudopotentials and Exchange Correlation Functionals 
 
Different pseudopotentials and exchange correlation functionals are supplied through 
the VASP software and lattice constant values were compared across various 
combinations. 
 
Pseudopotentials simulate the effects of atomic potentials resulting from core 
electrons, while still providing the same effect on the valence electrons. Core 
electrons require significant amounts of computational time and contribute little to 
bonding in comparison with the valence electrons10. Norm-conserving soft21, 
Vanderbilt ultrasoft22 and projector augmented wave (PAW)23 pseudopotentials are 
some of the primary types. Theses methods are used in VASP to describe the 
interactions between electrons and ions13. Norm-conserving pseudopotentials assume 
that the charge of electrons remain constant across the system. Ultrasoft 
pseudopotentials (USPP) focus on the valence electrons while using simpler 
pseudopotentials to describe the effects of the core electrons10. PAW is an all-electron 

Figure 6: Dimensions of 
one face of an fcc unit cell 
where r is the distance 
between nearest neighbors 
and a is the lattice 
constant20. 
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based pseudopotential that keeps the valence electron wave functions orthogonal to 
the core states13.  
 
The PBE24 (Perdew, Burke, Ernzerhof) and PW9125 (Perdew, Wang) exchange 
correlation functionals are two of the most common generalized gradient 
approximations (GGA). They are used to describe the core electrons in a system. In 
order to use GGA, it is required to know both the electron density and its gradient. 
For most simple calculations, such as lattice constants, their results tend to be similar. 
PBE is a simplified form of PW9126 and is the most universal GGA, capable of being 
applied to molecules and solids, including metals27.  
 
Methods and Results 
 
Here we compared three different and commonly used approaches to determine bulk 
lattice constants. Calculations used GGA-PW91 in conjunction with USPP and PAW 
potentials as well as the GGA-PBE functional with PAW potentials. All other 
calculations used the GGA-PBE/PAW approach. 
 
A 1x1x3 platinum bulk was 
used for lattice constant 
calculations. The lattice 
constant was varied 
between 3.795 and 4.186 Å 
in 0.04 Å increments and 
the energy of the bulk 
crystal was compared for 
each lattice structure as 
shown in Figure 7. A 
quadratic fit was used to 
generate a curve and 
determine the lattice 
constant associated with the minimum energy. Optimal platinum lattice constants of 
3.996, 3.985, and 3.986 were found for GGA-PW91/USPP, GGA-PW91/PAW and 
GGA-PBE/PAW respectively. The experimentally determined lattice constant for 
platinum has been found to be 3.912 Å, which is in reasonable agreement with the 
computational results obtained28. The smallest lattice constants obtained were for the 
two PAW pseudopotentials indicating that the atoms were held closest together. The 
VASP guide strongly recommends the use of PAW pseudopotentials since USPP is 
no longer supported by the developers. For this reason, GGA-PBE/PAW was chosen 
for all further calculations13. 

Figure 7: Lattice constant data for platinum obtained 
using USPP and PAW pseudopotentials. 
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Minimum Energy Sites and Adsorption Energies 
 
Methods 
 
DFT calculations, as implemented in VASP, were used to find the lowest energy 
adsorption sites and adsorption configurations for DME and DME dissociation 
products on platinum surfaces. These were determined by finding the minimum 
adsorption energies, which correlate to the strongest bonds between the adsorbate and 
the surface, indicating a more optimum adsorption location.  
 
The surface was modeled using a 3x3x3 platinum simulation cell with periodic 
boundary conditions. According to Logadottir and Norskov the addition of more 
layers to a Pt(111) bulk has little effect on the energies calculated29. Vacuum space of 
17.3 Å was placed above the bulk to separate the different slabs and prevent 
unwanted interactions between the absorbed molecule and the periodic image of the 
slab.  
 
In order to obtain the optimum configurations of the platinum surface and DME, both 
were relaxed separately before examining the adsorption onto the surface. Relaxation 
is observed within most surfaces, particularly in the top surface layer. This process 
involves the motion of an entire layer of atoms, though the first layer moves the 
greatest with respect to the lowest frozen layer. The position of atoms within an 
individual layer remains the same throughout the relaxation18. 
 
In order to simulate this in VASP, the platinum surface and DME were created in 
ASE. The surface energy was calculated by initially fixing the bottom layer of the 
platinum bulk, allowing the other layers to relax and reach their lowest energy before 
freezing all of the atoms. It was assumed that the change in location of the surface 
atoms during the adsorption process was negligible. The energy of DME within a 
vacuum was first calculated and minimized before placing it approximately 2.3 to 3.9 
Å above the frozen platinum bulk. The adsorption energies, !!"#, were then 
calculated using Equation 3 as depicted in Figure 8. 
 
 !!"#(!"/!"#) =   !!!!"!!!/!"#

!"#   −   !!"#!"#   −   !!!!"!!!
!"#  (3) 

 
where !!"#!"# and !!!!"!!!

!"#  are the total energies of the platinum surface and DME 

respectively and !!!!"!!!/!"#
!"# , is the energy of the DME adsorbed system.  
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This method was carried out for all adsorption sites with both oxygen and carbon 
adsorbing to an fcc(111) and fcc(100) platinum bulk. All calculations were considered 
converged when the forces were less then 0.05 eV/Å and the adsorption energies were 
found to be converged at 5x5x1 KPOINTS and 400 eV cut off energy. All calculations 
were carried out using 1x1x1, 3x3x1 followed by 5x5x1 KPOINTS to accelerate the 
convergence.  
 

 
 

Figure 8: Method for obtaining adsorption energy where the adsorbate and surface energies are 
that of DME and platinum independently. The system energy represents the energy of DME at 
varying adsorption sites and the adsorption energy is the energy of the bond between the DME and 
platinum surface.  

 
Results 
 
Figure 9 depicts the lowest energy adsorption sites for both oxygen and carbon down 
on the fcc(100) and (111) surfaces. All values presented were obtained after the final 
calculation at 5x5x1 KPOINTS. A complete list of values at all adsorption locations 
across all specified KPOINTS can be found in Appendix A. 
 
Lower adsorption energies were observed on fcc(111) surfaces particularly for the 
oxygen-down configuration. It is expected that oxygen adsorption would be more 
favorable due to the increased stability and polarity. The preferred adsorption site 
varied with adsorption configuration though oxygen bonding to the top site was the 
most dominant. The lowest calculated adsorption energy of -0.193 eV was obtained 
for oxygen adsorbing onto an fcc(111) top site, indicating this is the most favorable 
adsorption location. This value was obtained while the carbons were oriented above 
bridge sites. This lowest energy configuration was used for further calculations.  
 
 

Adsorption 
Energy 

System 
Energy 

Surface 
Energy 

Adsorbate 
Energy 
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Figure 9: Dominant adsorption locations for DME on Pt(100) and (111) surface structures where 
red represents oxygen, blue carbon, white hydrogen and brown platinum. 

 
The oxygen-down configuration at the top site was found to be the most stable on 
both Pt(100) and Pt(111) surfaces, though Pt(111) had an increased stability of ~0.02 
eV.  A few other atop configuration were found to be stable on Pt(111) suggesting a 
relatively easy rotation at that site. DME over the Pt(111) bridge was approximately 
one third of the binding energy, and hollow sites were found to immediately relocated 
after using 1x1x1 KPOINTS. On the other hand, oxygen bonding to a Pt(100) bridge 
site resulted in about 67% of the binding energy of the most favorable top site.  
 
The most stable carbon-down configuration was less stable on both surfaces by 0.04 
and 0.06 eV on Pt(111) and Pt(100) respectively. The favorable carbon-down 
configurations were significantly different as shown in Figure 9. The DME that 
adsorbed to the Pt(111) surface was twisted such that the CH3 groups were both 
positioned over tops sites with one of them 0.35 Å closer to the surface.  The lowest 
adsorption site for Pt(100) had both CH3 groups positioned over bridge sites and 
oxygen over a hollow. Both CH3 groups were at the same height above the surface 
suggesting that the overall interaction is divided equally between the two groups. This 
illustrates a much weaker CH3-Pt interaction compared to O-Pt. This configuration 
was also favorable on Pt(111) with a similar adsorption energy. All other carbon 
down configurations were much higher in energy, or more weakly bonded.      
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Energy Barriers and Reaction Energies 
 
Methods 
 
The Nudged Elastic Band (NEB) algorithm was utilized to find the minimum energy 
pathway, activation energies and transition states for the carbon-oxygen bond 
breakage on the platinum (111) catalytic surface. NEB uses a linear approximation as 
an initial guess for the minimum energy path between initial and final stages. The 
algorithm assumes that the two states are minimas and that each band only includes a 
single elementary reaction step and one energy barrier. To better pin point the saddle 
point and transition states the climbing image nudged elastic band (CI-NEB) method 
was used to position the existing images at transition states. The initial and final states 
were provided allowing the algorithm to optimize several intermediate images30. 
Calculations used between four and ten images depending on the reaction path. 
KPOINTS remained at 1x1x1 throughout due to the high computational expense of 
NEB calculations. Since the results are based on the comparison between trends in 
barrier size, higher KPOINTS were not necessary.     
 
Results 
 
The initial NEB calculations assumed that only one elementary step occurred in order 
for the carbon-oxygen bond to break. This resulted in the band shown in Figure 10.  
 

 
Figure 10: Initial estimate and presumed energy reaction path of C-O bond breakage from DME 
on the Pt (111) surface. 

 

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0  2  4  6  8  10  12  14  16  18

En
er

gy
 [e

V]

Reaction Coordinate [A]

E
ne

rg
y 

[e
V

] 

Reaction Pathway [A] 

C-H 
Bond 

Breaking 

H3C-O-CH3  → H3C-O-CH2 +H 

O-CH2 
Bond 

Breaking 

H Surface 
Diffusion 

H3C-O-CH2 +H  → H3C-O + CH3  



 17 

DME adsorbed to a top site in an oxygen-down configuration was used for the initial 
state and CH3 adsorbed to an adjacent top site was utilized for the final. Other 
locations for CH3 were examined though most resulted in the re-adsorption to DME. 
It is presumed that the initial pathway was positioned near the path for the hydrogen-
carbon bond breakage allowing for it to be included in the band as well. This 
indicates that the dissociation of DME requires multiple elementary steps using these 
initial and final states. The elementary steps of the reaction process are shown in 
reaction equations 4-7. 
 
 !!!!"!! +  ∗  ↔   !!!!∗!!! 

 
(4) 

 !!!!∗!!! +  ∗  → !!!!∗!!! + !∗  
 

(5) 

 !!!!∗!!! +  ∗  → !!!!∗ + !∗ !! 
 

(6) 

 !∗ !! + !∗ → !"!∗ +  ∗ (7) 
 
The band was then split in order to separate each elementary step before re-
optimizing the system. The energy reaction pathway for the elementary step in which 
the carbon-hydrogen bond breaking occurred is shown in Figure 11. Hydrogen moved 
between an fcc hollow and a bridge site before positioning itself at an adjacent bridge 
site for the final state. The activation barrier was found to be 0.258 eV while the 
thermochemical barrier (exothermic reaction energy) was -0.807 eV. 
 

 
Figure 11: Energy reaction path for DME dissociation into CH2OCH3 + H on the Pt (111) surface. 
A cross-sectional view of the initial and top view of the final state are shown where the red atoms 
are oxygen, dark grey are carbon, white are hydrogen and light grey are platinum. 

-1

-0.8

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0  1  2  3  4  5  6  7

En
er

gy
 [e

V]

Reaction Coordinate [A]

Activation Barrier (ΔEa) 

E
ne

rg
y 

[e
V

] 

Reaction Pathway [A] 

Transition State 

Final State 

Initial State 

Reaction 
Energy 
(ΔErxn), 

Exothermic 



 18 

These results show that atomic hydrogen doesn’t have a strong preference on location 
since it moved around throughout NEB optimization. This indicates that the potential 
energy surface was flat, which agrees with the results obtained from Greeley and 
Mavrikakis during their DFT investigation of methanol adsorption onto a Pt(111) 
surface31. Experimental results obtained by Si et al. have also shown weak hydrogen 
adsorption strength, which is desirable for fuel cells32. 
 
The next elementary step involving the carbon-oxygen bond breakage is shown in 
Figure 12. Once the carbon-oxygen bond broke, the resulting CH2 moved to a top site 
on an adjacent platinum atom. The resulting CH3O didn’t move significantly besides 
the occasional rotation around the top site. Based on the final state provided, the 
dissociated hydrogen re-bonded with the CH3 at the top site.  The activation barrier 
was found to be 1.121 eV while the thermochemical barrier (endothermic reaction 
energy) was 0.596 eV. Two additional NEB graphs depicting the carbon-oxygen bond 
breaking with a final state of CH3O + CH2 + H can be found in Appendix B.   
 
 

 
Figure 12: Energy reaction path for C-O bond breakage from CH2OCH3 to CH3 + CH3O on the Pt 
(111) surface. A cross-sectional view of the initial state and top view of the final state are shown 
where the red atoms are oxygen, dark grey are carbon, white are hydrogen and light grey are 
platinum. 

 
Figure 13 shows the complete reaction pathway for the dissociation of DME into CH3 
and CH3O in more detail.  
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Table 1 displays the bond lengths for the initial, transition and final states of both 
NEB pathways. The changes in bond lengths illustrate which bonds are going to 
break. As the energy initially increased, DME adjusted at the top site allowing the 
hydrogen to get closer to the platinum surface, prior to its dissociation. The bond 
length between that hydrogen and the bonded carbon simultaneously increased. Once 
the hydrogen bond broke, the bond between the carbon and oxygen increased 
moderately and the carbon adjusted closer to the platinum surface before further 
dissociation. The adsorbed hydrogen, formed prior to the C-O bond breakage, 
rejoined the carbon to form CH3. At the final state, the CH3 and OCH3 were adsorbed 
on adjacent top sites. This state resulted in the  O-CH3 group leaning towards the 
surface such that the CH3 lay significantly closer to the surface than the CH3 group 
previously had in the DME. This could be due to weak CH3-Pt interactions or could 
be contributed to the high surface coverage as a consequence of the periodic 
boundary conditions.  

 
 

DME Adsorption to 
Top Site in an O-

Down Configuration 
(Fig 11 IS)  

  

 
 
 

DME Dissociation 
to  CH2OCH3 + H  

 
 
 

Hydrogen Surface 
Diffusion (Fig 11 

FS/ Fig 12 IS) 

 
 
 

Hydrogen Surface 
Diffusion 

 
 
 
CH2OCH3 Dissociation 

to CH2 + CH3O  
(Fig 12 TS) 

 
 

CH3 Adsorption to 
an Adjacent Top Site 

(Fig 12 FS) 

Figure 13: Abbreviated DME dissociation path on Pt(111) surface including select initial 
states (IS), transition states (TS) and final states (TS) from Figures 11 and 12. Red atoms 
represent oxygen, blue carbon, white hydrogen and brown platinum. Images in which minor 
rotation occurred as well as further steps involving hydrogen surface diffusion were excluded.  
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Table 1: Bond lengths of initial states (IS), transition states (TS) and final states (TS) for the NEB 
calculations for C-H bond breakage followed by C-O bond breakage as portrayed in Figures 11 
and 12. H1 and C1 refer to the atoms breaking off. Distances between atoms and Pt bulk are all 
vertical within the z-plane. All lengths presented are in angstroms. Top and cross-sectional views 
are shown where the red atoms are oxygen, dark grey are carbon, white are hydrogen and light 
grey are platinum. 

States C1-O O-Pt C1-Pt C2-Pt H1-Pt H1-C1 
Top 
View 

Side 
View 

Fig 11 IS 1.444 2.259 2.939 2.976 2.393 1.102 

 
 

Fig 11 TS 1.434 2.204 2.452 3.158 1.747 1.159 

  

Fig 11 FS/ 
Fig 12 IS 

1.461 2.013 1.962 3.044 0.993 2.411 
 

 

Fig 12 TS 2.947 1.975 1.839 2.915 1.568 2.458 
  

Fig 12 FS 2.992 1.981 2.082 2.727 2.385 1.099 
  

 
 
Based on these results, it requires a decent amount of additional energy to break the 
carbon-oxygen bond. This indicates that the carbon-oxygen bond breakage is the most 
rate-limiting step. According to a recent study by Mavrikakis et al., the energy 
required to break that bond decreases as hydrogens are removed. Additionally, 
Mavrikakis found that the carbon-oxygen bond is more easily broken on Pt(100) 
surfaces. Further investigation into both of these areas should be taken33.  
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Conclusion 
 
Results indicated that DME adsorbs more favorably in the oxygen-down 
configuration on both Pt(111) and Pt(100) and more strongly to Pt(111). The most 
favorable adsorption location was oxygen adsorbing at a top site of a Pt(111) surface, 
with a -0.193 eV adsorption energy. The presumed dissociation pathway of DME at 
that site resulted in the adsorption of CH3 to an adjacent top site. The first elementary 
step involved the carbon-hydrogen bond breaking with an activation barrier of 0.258 
eV. Atomic hydrogen didn’t have a strong preference on adsorption location 
indicating a flat potential energy surface. The subsequent breaking of the carbon–
oxygen bond resulted in a barrier of 1.12 eV or less than one-third the energy needed 
to break the carbon-oxygen bond in the gas phase. A recently published paper by 
Mavrikakis et al. has found that the carbon-oxygen bond is more easily broken on the 
fcc(100) surfaces and as  more hydrogens are removed33. Further investigation should 
be taken into the reaction pathways of DME dissociation and compared to these 
findings. 
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Appendix A: Adsorption Energies 
 
Each surface was tested for all combinations of configurations, though not all proved 
to be stable. In many adsorption locations, the DME adjusted itself during the 
relaxation to a more favorable site. 
 
Platinum fcc(111) Adsorption with Oxygen-Down Configurations 
 

Table 2: Adsorption energies for oxygen-down configurations on a Pt(111) surface. All images 
were taken after 5x5x1 KPOINTS were run. The star indicates the configuration used in the NEB 
calculations as well as one of the configurations displayed in Figure 9. Top and cross-sectional 
views are shown where the red atoms are oxygen, dark grey are carbon, white are hydrogen and 
light grey are platinum.  

 
1x1x1 KPOINTS 3x3x1 KPOINTS 5x5x1 KPOINTS 

  
Binding 

Configuration 
Forces 
(eV/ Å) 

EAds  
(eV) 

Forces 
(eV/ Å) 

EAds  
(eV) 

Forces 
(eV/ Å) 

EAds  
(eV) 

Top View Side View 

Bridge 0.0279 -0.188 0.0294 -0.064 0.0295 -0.068 
 

 

Top* 0.0296 -0.512 0.0291 -0.188 0.0293 -0.193 

 

 

Top 0.0383 -0.193 0.0299 -0.092 0.0292 -0.095 

  

Top 0.0299 -0.439 0.0287 -0.141 0.0287 -0.145 

 

 

Top 0.0310 -0.419 0.0277 -0.149 0.0294 -0.153 

 

 

Top 0.0283 -0.485 0.0279 -0.182 0.0290 -0.185 
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Platinum fcc(111) Adsorption with Carbon-Down Configurations 
 

Table 3: Adsorption energies for carbon-down configurations on a Pt(111) surface. All images 
were taken after 5x5x1 KPOINTS were run. The star indicates one of the configurations displayed 
in Figure 9. Top and cross-sectional views are shown where the red atoms are oxygen, dark grey 
are carbon, white are hydrogen and light grey are platinum. 

 
1x1x1 KPOINTS 3x3x1 KPOINTS 5x5x1 KPOINTS 

  
Binding 

Configuration 
Forces 
(eV/ Å) 

EAds  
(eV) 

Forces 
(eV/ Å) 

EAds  
(eV) 

Forces 
(eV/ Å) 

EAds  
(eV) 

Top View Side View 

fcc and  
hcp 

0.0276 -0.109 0.0275 -0.050 0.0290 -0.047 

 

 

fcc and  
hcp 

0.0242 -0.133 0.0295 -0.039 0.0300 -0.039 

 

 

fcc 0.0371 -0.168 0.0245 -0.074 0.0287 -0.072 

 

 

Bridge and  
fcc 

0.0459 -0.211 0.0383 -0.065 0.0310 -0.088 
 

 

Bridge and  
hcp 

0.0250 -0.114 0.0283 -0.050 0.0298 -0.081 

 
 

Top and  
Bridge 

0.0258 -0.147 0.0284 -0.050 0.0299 -0.050 

 

 

Bridge 0.0372 -0.319 0.0282 -0.113 0.0298 -0.118 
 

 

Top and  
Bridge 

0.0437 -0.152 0.0285 -0.076 0.0291 -0.074 

 

 

Top and  
Bridge 

0.0326 -0.165 0.0397 -0.041 0.0281 -0.057 

 

 

Top* 0.0300 -0.392 0.0298 -0.145 0.0299 -0.150 

 

 

 
 
 
  



 26 

Platinum fcc(100) Adsorption with Oxygen-Down Configurations 
 

Table 4: Adsorption energies for oxygen-down configurations on a Pt(100) surface. All images 
were taken after 5x5x1 KPOINTS were run. The star indicates one of the configurations displayed 
in Figure 9. Top and cross-sectional views are shown where the red atoms are oxygen, dark grey 
are carbon, white are hydrogen and light grey are platinum. 

 
1x1x1 KPOINTS 3x3x1 KPOINTS 5x5x1 KPOINTS 

  
Binding 

Configuration 
Forces 
(eV/ Å) 

EAds  
(eV) 

Forces 
(eV/ Å) 

EAds  
(eV) 

Forces 
(eV/ Å) 

EAds  
(eV) 

Top View Side View 

Bridge 0.0264 -0.307 0.0300 -0.109 0.0299 -0.117 

 

 

Bridge 0.0107 -0.051 0.0209 -0.049 0.0219 -0.049 

 

 

Hollow 0.0291 -0.059 0.0284 -0.023 0.0286 -0.027 

 

 

Hollow 0.0245 -0.056 0.0289 -0.051 0.0132 -0.050 

 

 

Top* 0.0292 -0.364 0.0223 -0.168 0.0220 -0.175 

 

 

Top 0.0220 -0.064 0.0291 -0.054 0.0278 -0.054 

 
 

Top 0.0159 -0.057 0.0146 -0.054 0.0166 -0.054 
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Platinum fcc(100) Adsorption with Carbon-Down Configurations 
 

Table 5: Adsorption energies for carbon-down configurations on a Pt(100) surface. All images 
were taken after 5x5x1 KPOINTS were run. The star indicates one of the configurations displayed 
in Figure 9. Top and cross-sectional views are shown where the red atoms are oxygen, dark grey 
are carbon, white are hydrogen and light grey are platinum. 

 
1x1x1 KPOINTS 3x3x1 KPOINTS 5x5x1 KPOINTS 

  
Binding 

Configuration 
Forces 
(eV/ Å) 

EAds  
(eV) 

Forces 
(eV/ Å) 

EAds  
(eV) 

Forces 
(eV/ Å) 

EAds  
(eV) 

Top View Side View 

Bridge* 0.0254 -0.151 0.0188 -0.099 0.0173 -0.113 

 

 

Bridge 0.0288 -0.048 0.0447 -0.031 0.0275 -0.037 

 

 

Hollow 0.0290 -0.113 0.0414 -0.059 0.0271 -0.071 

 

 

Hollow and 
 Top 

0.0296 -0.140 0.0332 -0.060 0.0299 -0.069 

  

Hollow and 
 Top 

0.0325 -0.123 0.0401 -0.052 0.0360 -0.073 

 

 

Top 0.0241 -0.062 0.0299 -0.036 0.0284 -0.044 

  

Top and  
Bridge 

0.0346 -0.038 0.0350 -0.023 0.0289 -0.037 
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Appendix B: Supplementary NEB Graphs 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 14: Energy reaction path for C-O bond breakage from CH2OCH3 to CH3O + CH2 + H on 
the Pt (111) surface with the same initial state as Figure 12. Top view of the initial and final states 
are shown where the red atoms are oxygen, dark grey are carbon, white are hydrogen and light 
grey are platinum. 

 
 
 
 

 
 

 

 

 

 

 

 

 

 

Figure 15: Energy reaction path for C-O bond breakage from CH2OCH3 to CH3O + CH2 + H on 
the Pt (111) surface with the same final state as Figure 14. Top view of the initial and final states 
are shown where the red atoms are oxygen, dark grey are carbon, white are hydrogen and light 
grey are platinum.
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