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Abstract

Using the ∆G of adsorption of O2 gas, three doped
catalyst supports were selected for a complete optimiza-
tion of all the steps of the oxygen reduction reaction as
well as their transition states using density functional
theory. A single oxygen doped substrate, a 3.79Å N-N
doped substrate, and a hemoglobin-like substrate are all
compared to the undoped graphene case. It was found
that the transition states were not significant so the en-
ergy required to dissociate water from the catalyst and
the difficulty to create hydrogen peroxide were used to
compare the four systems. Given these considerations,
the 3.79Å N-N doped system showed the most positive
characteristics versus the undoped case.

Keywords: density functional theory, proton exchange
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1 Introduction

Commercialization of the proton exchange membrane
fuel cell (PEMFC) is still not feasible due to many fac-
tors. One significant obstacle yet to over come is that
the oxygen reduction reaction (ORR) on the cathode is
still very inefficient resulting in a large Pt catalyst load-
ing making the overall unit prohibitively expensive[1].
By changing the catalyst support there have been both
experimental and theoretical evidence that the activity
and durability of the catalyst changes. For instance,
it has been shown experimentally that nitrogen doping
of a carbon catalyst support can increase the durabil-
ity and activity of a Pt catalyst[2], [3]. Computationally,
the authors have demonstrated that the closer and more
numerous nitrogen substitutions are to the carbon which
binds to the Pt atom, the stronger the binding energy.
This is due to the fact that the nitrogen atoms mod-
ify the bonds in the support around the carbon atom
and allows it to use deeper orbitals to interact with the
Pt. This was demonstrated for both graphene and single
walled carbon nanotubes[4], [5].

In the literature, a combination of experimental and
theoretical studies have shown that measuring the change
in Gibbs free energy of gas adsorption (∆Gad) is a good
indicator of activity of a catalyst[6]. As the |∆G| of
gas adsorption on the catalyst decreases the activity of

the catalyst increases. Density functional theory (DFT)
will be used to calculate the ∆Gad of O2 gas on a va-
riety cathode systems. Once that is complete, the sur-
faces with a ∆Gad of O2 gas closest to zero will have
their zero point energy (ZPE) calculated for every re-
action step along the ORR along with examining the
transition state energies of each state according to the
following ORR reaction mechanism:

O2 + ∗ → O∗
2

O∗
2 + (H+ + e−)→ HO∗

2

HO∗
2 + (H+ + e−)→ H2O + O∗

O∗ + (H+ + e−)→ HO∗

HO∗ + (H+ + e−)→ H2O
∗

H2O
∗ → H2O + ∗

where the * indicates a reaction site.

2 Computational Procedure

All calculations were performed using Gaussian 03[7]
either on the High Performance Computing Virtual Lab-
oratory (HPCVL) using revision C.02 or on a native Mac
OSX running revision E.01. DFT was used to calculate
both ∆Gad data and the ZPE values. Due to the pres-
ence of large atoms, an effective core potential (ECP)
was used to reduce the computational cost of each cal-
culation. To increase the precision of these results, the
GenECP basis set was employed so that an ECP could
be mixed with the split valence basis set in the same
system. It has been shown that using the GenECP ba-
sis set so that 6-31G(d) can be used for light elements
such as hydrogen, carbon, nitrogen and oxygen while
the ECP SDD is used for heavier elements from the first
transition metal proved to be more precise than simply
applying the ECP Lanl2DZ to the entire system assum-
ing that the B3LYP hybrid functional [8] was used on
both cases [9]. As a result, the combination of the 6-
31G(d) split valence basis set [10], [11] was used for all
non-transition metal elements, and the ECP SDD [12],
[13] was used for all transition metal elements in all cal-
culations unless otherwise noted. For all hydrogens be-
ing adsorbed to form water the 6-31G(d,p) basis set was
used
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(a) Single oxygen doped surface. (b) 3.79Å N-N doped surface. (c) Hemoglobin-like surface.

Figure 1: The three doped substrates selected to have each reaction intermediate optimized in the ORR. Hydrogen
is in white, carbon is in grey, nitrogen is in dark blue, oxygen is in red, Platinum is in light blue, and iron is in slate
blue.

To determine which substrates would be used when
calculating the ZPE for each reaction step as shown
above, a ∆G calculation of O2 gas absorption was per-
formed on many graphene systems. This includes all the
nitrogen doped systems examined in [4], single doped
berellym, boron, and oxygen doped graphene substrates
as well as the pure carbon surface. This pure carbon sur-
face is formed by using 42 carbon atoms in a sheet. The
outer carbon atoms are all terminated with hydrogen
atoms. Any dopants to the system are exchanged in the
lattice for a carbon atom. These surfaces were all geo-
metrically optimized before adding a lone Pt atom which
represents the catalyst and optimized again. From this
optimization a value for the Gibbs free energy is eval-
uated. A second optimization is performed on an O2

molecule and its Gibbs free energy is evaluated. These
two values add to be the Gibbs free energy of the reac-
tants. The Gibbs free energy of the products is calcu-
lated after a geometry optimization where O2 is added
to the already optimized Pt/surface structure. From
this the ∆Gad is calculated.

Evaluating the ZPE of each reaction step meant per-
forming a geometry optimization for each molecule in
each step and adding up the results. It is also important
to account for everything not listed in each step. For in-
stance, in the first step, there are still four protons and
four electrons, evaluated as four single hydrogen atoms,
to include in the total ZPE value for the products and
the reactants for that step. This is to ensure that each
step stays consistent in terms of total energy with ev-
ery other step. To determine the transition states, first
a fixed scan is performed where only the atom being
adsorbed on the surface is moved to characterize the
position of where the saddle point. If a maximum is
found during the scan then it becomes the initial guess
in a QST3 optimization [14] to determine the transition
state. These two calculations are performed using the

smaller 3-21G basis set on the surface while the transi-
tion metal still uses SDD. The oxygen being adsorbed
still had 6-31G(d) applied while the adsorbed hydrogen
used 6-31G(d,p) in order to still retain the effects the
d and p orbitals potentially contribute to the process
respectively. Once this was completed, the system was
optimized again using the full basis set outlined above.

3 Results and Discussion

As previously mentioned, many substrates were eval-
uated using ∆Gad of O2 to select for the systems to
be studied step by step. Three surfaces, an oxygen
doped graphene system, the 3.79Å two nitrogen doped
graphene system, and a hemoglobin-like system, all shown
in figure 1 were selected to be compared to the undoped
case for the full ORR. The ∆G of O2 adsorption for
these four systems can be found in figure 2. The oxygen
doped system represents the best single dopant system
measured, while the 3.79Å two nitrogen doped system
represents the best multiple doped with a single element
system. The hemoglobin-like system was selected due to
its novelty in that iron is a much cheaper element than
platinum. If its reaction kinetics are somewhat compa-
rable to the other three cases then more catalyst sites
can be created to offset its limited activity.

The results from the zero point energy optimizations
for each reaction intermediate is shown in figure 3. Ev-
ery step is exothermic except for when water dissoci-
ates from the surface. Finding the transition states for
each of these steps proved to be difficult. For the cases
when they were found they only confirmed that there
was not any significant transition state. One example
of the potential energy surface can be found in figure
4. It shows the dissociation of O2 gas onto the oxy-
gen doped catalyst structure. Each reaction coordinate
reflects a fixed position along the path that the two oxy-
gen atoms are thought to take between being adsorbed
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Energy (kJ/mol) 1st H2O 2nd H2O
Undoped 8.5 25.2
3.79Å N-N 11.0 14.4
Hemo 9.7 23.5
O doped 8.5 22.0

Table 1: The energy, in kJ/mol, necessary to dissociate
each water molecule from the catalyst.

onto the platinum and as an O2 molecule well above the
platinum. After the initial interaction between the O2

molecule and the platinum atom, there is a small tran-
sition state. The minimum before the transition state
can not be found via optimization as it is too shallow
so and is not considered significant. Similar results are
found for every other adsorption and desorbtion step.
Since no significant transition states have so far been
found, the rate determining step seems to be the water
dissociation steps as they are endothermic.

The change in energy required for these two water
dissociation steps are outlined in table 1. Based on
this it would seem that the 3.79Å N-N doped substrate
would be the most favourable cathode surface. Even
though it requires the largest energy gain to shed the
first water molecule, it only requires about half the en-
ergy to lose the second water relative to all the others.

Figure 2: The ∆G of O2 adsorption for the oxygen
doped, 3.79Å two nitrogen doped, hemoglobin-like, and
undoped substrates.

An important side reaction which also requires some
attention is the water/hydrogen peroxide reaction that
can occur instead of dissociating the first water from the
catalyst site. The transfer of one of the protons between
the two oxygen molecules when adsorbed onto the plat-
inum catalyst does have a measureable transition state
and can be seen in figure 5.

This result shows that all three substrate combina-

Figure 3: The zero point energy optimization results for
the four systems analyzed for the ORR.

Figure 4: An example of a potential energy scan of the
dissociation of an O2 molecule along a hypothesized re-
action pathway on the oxygen doped surface. The ex-
tremes in the coordinate domain represent O2 adsorp-
tion (O-O distance is 1.38Å) and O2 gas when it is not
interacting with the platinum. The pathway involves
the two oxygen molecules rotating around the platinum
atom until they are 1.21Å from each other. They then
move away from the platinum together in 0.02Å incre-
ments.
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Figure 5: The optimized transition state energies as
well as the products and reactant energies for the wa-
ter/hydrogen peroxide reaction. The reference energy is
the same as in figure 3.

tions are an improvement over the undoped surface in
that they all require more energy to overcome the tran-
sition state energy to form hydrogen peroxide, and re-
quire at most the same amount of energy to overcome
the transition state to form water. It would seem that
the 3.79Å N-N doped substrate is again the best suited
since it requires the least amount of energy to go from
hydrogen peroxide to water, and the most energy for
the reverse reaction. In all four cases, the dissociation
of water requires less energy than the activation energy
which would form hydrogen peroxide. The difference,
however, is not large so it would not be inconceivable
that the ORR would be slowed down by this side re-
action which makes the large activation energy to form
hydrogen peroxide and a small activation energy to form
water desirable.

What is positive to see is that the other two cat-
alyst support combinations also show stronger results
when compared to the undoped case. This is important
since creating this particular nitrogen doped arrange-
ment might prove to be difficult given that different
surface-platinum interactions can occur when the nitro-
gen atoms are moved closer or further away. The distri-
bution of nitogen dopants may not be easily controlled
creating regions of the catalyst with different activities.
The simpler oxygen doped system would be easier to
create since it does not rely on the precise positioning
of dopants. The hemoglobin-like system while complex
would be cheaper to create since it uses iron as the main
catalyst. The lower success rate in creating catalyst sites
could be offset by the ability to cost-effectively create
many more than a platinum based catalyst.

4 Conclusion

Of the three novel catalyst supports analyzed, the
3.79Å N-N doped substrate had the most favourable
characteristics. The transition states of all the reaction
intermediates seem to not be significant so the small
energy to dissociate water and difficulty to create hy-
drogen peroxide were used as the primany indicators
of efficiency. The other two supports also had positive
characteristics compared to the undoped version which
is important since they might prove to be simpler to
fabricate.
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