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ABSTRACT

The catalytic electrochemical oxidation of ammonia is a structure-sensitive reaction that
will potentially play a role in future energy systems, including portable fuel cells and the
elimination of harmful pollutants. Platinum is an ideal catalyst for this reaction because of its
selectivity toward the formation of nitrogen gas. The Pt (100) facet shows much faster ammonia
electroxidation than other facets of Pt, however the elementary reaction steps responsible for this
phenomenon are not understood. Density functional theory (DFT) calculations are used to
determine elementary reaction thermodynamics and kinetics. Absorbed NH2* formation is rapid
and this intermediate is very stable on Pt (100). High coverage NH>* binds at atop sites, enabling
favorable N-N bond formation. The faster rate of ammonia oxidation on Pt (100) results from the
low barrier of NoHs* formation resulting from NH>* dimerization at high coverage. Understanding
the reactivity of ammonia oxidation of Pt (100) can aid in electrochemical reaction mechanism

development and catalyst design.
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Chapter 1

Introduction

Ammonia is one of the most widely produced chemicals; its production alone consumes
approximately 1.5% of the world’s energy supply.! It is used mainly as an industrial feedstock to
produce a variety of nitrogen containing compounds, and either directly as a fertilizer or as a
feedstock for fertilizer synthesis, where it is responsible for supporting food production for half of
the world population.?® The extended use of ammonia as a fertilizer has caused it to be a very
common water pollutant in continental waters as well as in industrial wastewater.*° In addition,
hydrogen carrying molecules, like ammonia, can be used to generate power in electrochemical fuel
cells as a more energy dense alternative to hydrogen.® Therefore, electrochemical ammonia
oxidation is an important reaction that can be involved in the elimination of harmful pollutants and
generation of sustainable power in portable fuel cells.

The catalytic electrochemical oxidation of ammonia is a structure-sensitive reaction that
produces electrons at the anode of an ammonia fuel cell. Electrochemical oxidation nullifies the
necessity of a synthetic oxidizer, meaning air can be used. Platinum is an ideal catalyst for
electrocatalytic oxidation of ammonia because of its relatively fast rate and selectivity toward the
formation of N gas.” 8 The rate of ammonia oxidation on the Pt (100) surface is much faster than
other facets of Pt as demonstrated with thermal desorption spectrometry and Kkinetic studies of
preferentially oriented nanoparticles.® 3% 32 The elementary reaction mechanisms responsible for
the higher rate on Pt (100) facets are not understood at the molecular level. Rosca and Koper

showed that Tafel slopes on the Pt (100) surface suggest the rate determining step is a chemical
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step following two electrochemical steps, while Tafel slopes on Pt (111) suggest two

electrochemical steps, with the latter being rate determining.’® Understanding the reactivity of
ammonia oxidation on the Pt (100) surface will help in designing a more economical catalyst with
similar efficiency, and aid in our broader understanding of electrochemical reaction mechanisms.*:
12 We use density functional theory (DFT) to investigate the NH3 electroxidation mechanism on
the Pt (100) surface, with comparison to literature data for the Pt (111) surface.

Density functional theory can be used to model ammonia oxidation on the molecular
(atomistic) level. DFT can describe the most active path of ammonia oxidation on Pt (100) and Pt
(111), enabling the calculation of elementary oxidation step thermodynamics and Kinetics
(activation energies) for each facet. Mavrikakis et al. described electrochemical oxidation of
ammonia on Pt (111) using DFT; our Pt (100) data will be compared to their reported energetics
throughout this paper.t® Katsounaros et al. used both experiment and DFT to examine ammonia
oxidation specifically on Pt (100), however, they did not examine the coverage dependence in the
adsorption of reaction intermediates and activation energies.** We will compare our coverage
dependent results with their calculations at the low coverage limit.

The Gerischer and Mauerer mechanism, proposed in 1970, is the most accepted ammonia
oxidation mechanism.3 This mechanism is outlined in Scheme 1, in which NH3* is deprotonated
by hydroxyl ions in the first three steps to release electrons and form water molecules. Adsorbed
NH,* and NHy* species bind together to form N-N bonds, creating HYNNHy™* species. N is formed
through deprotonation of these species, resulting in the desorption of N, from the surface. The two
paths considered are the Gerischer and Mauerer mechanism and a mechanism involving N-N bond

formation through N adatoms, denoted as the “N+N mechanism”.
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Scheme 1: Gerischer and Mauerer mechanism, where * denotes a surface site or adsorbed

species.

NHz + OH—+* > NHy*+H0 + e~
NH2* + OH—+* > NH* + H,0 + e
NH*+OH+* > N*+ H0 + e
NH,* + NHy* 2 HNNy* + *
HxNNHy* + (x+y) OH— = N2 + (x+y)H20 + (x+y)e- + *

The main objective of this study is to determine the path of ammonia oxidation to N2 on Pt

(100) and explain why NH3 oxidation is faster on Pt (100) than Pt (111).



Chapter 2

Methods

2.1 Electronic Structure Methods

Density functional theory was used to examine the electronic structure of surface
intermediates and transition states along the ammonia oxidation path on Pt (100) and Pt (111)
electrode surfaces. The Vienna ab initio simulation package (VASP) was used to perform
electronic structure calculations employing a plane-wave basis set and the Perdew-Wang (PW91)
exchange-correlation functional.*>*8 [on core potentials were modeled by the projector augmented
wave (PAW) approach!®?® A7 X 7 X 1 Monkhorst-Pack mesh was used to sample k-space for all
surface cells.?! The cutoff energy for the basis was 450 eV. Structural optimizations were
completed when the magnitude of the forces on the atoms was less than 0.02 eV Al A
convergence test with respect to the plane-wave cutoff energy and k-space sampling mesh was
performed and all energies are converged within 0.003 eV. Dipole corrections along the surface
normal direction were included (LDIPOL = TRUE, IDIPOL = 3). The experimentally measured
Pt lattice constant of 3.92 A was used.??2 All surface calculations utilized a 4-layer slab with the
bottom two layers frozen to simulate the behavior of the bulk metal during optimization. The
preferred adsorption site of each adsorbate was analyzed at 1/4 ML (in the 2 X 2 unit cell). Results
testing preferred adsorption sites are given in Table 2 of the Supporting Information. On Pt (100)

at ¥a ML, NHs* prefers the atop site, NH>* prefers the bridge site, NH* prefers the hollow site,
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and N2H4* prefers the atop site with only one of the nitrogen atoms bound to the surface; images

are illustrated in Table 2.

DFT and statistical mechanics were used to examine the thermodynamics and kinetics of
the ammonia oxidation reaction on Pt (100). The free energy of formation of each adsorbed
intermediate on Pt (100) (relative to nitrogen gas at standard state) was calculated as a function of
potential. Equilibrium potentials, representing the potential at which formation of a particular
intermediate becomes favorable, were also calculated for select intermediates. Reaction Kinetics
were investigated by using DFT to calculate transitions sites for nitrogen-nitrogen bond forming

reactions as well as for select proton transfer reactions.

2.2 Free Energy of Formation

The free energy of an adsorbed species X*, Gxx, is calculated as
Gy, = EPFT + ZPVEy, — TSYD

1)

The DFT energy of the adsorbed species is given as Ex/T, the zero-point vibrational energy
as ZPVEy.,, and the vibrational entropy of the adsorbate as TS5 . It is assumed that the vibrational
entropy of the adsorbed species is the major contribution to entropy, and that the surface phonon
modes are not perturbed by adsorption. Therefore, the free energy of the bare surface is calculated
as Equation (2).

G. = EPFT ()
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We reference adsorbate formation energies to N2(g). An example is below, Equation (3),

where the subscripts x and y represent the stoichiometric coefficients, the number of protons on

each nitrogen in the nitrogen containing adsorbates.

AGu nNHy = Gronnmy = Gny(g) = (X + V) [Ghs o + Getectron] — Ge @)
The free energy of the aqueous proton, GH+aq, and electron pair is calculated using the

computational hydrogen electrode:%’

GHioq T Getectron = Gy(gas) — le|Urng 4)

where Ugyg IS the electrode potential on a reversible hydrogen electrode scale.

2.3 Calculating Intermediate Formation Potentials with Coverage Dependence

We considered the coverage dependence of adsorption energies for a subset of adsorbed
intermediates by varying the number of adsorbates in the unit cell. The equilibrium formation
potential was then calculated for various coverages by plugging equation 4 into equation 3 and
solving for the potential at which the formation free energy is0. This gives the following equations
for adsorption equilibrium potentials with X mono-nitrogen species (equation 5) or Y di-nitrogen

species (equation 6) in the unit cell:
URne = (XGh,(gas) — Gxnm,« + Gn,(g) + G /X (5)

URng = (2YGh,(gas) — Gynyh,« + Gy + G /2Y (6)



2.4 ldentifying Transition States and Activation Barriers

Transition states along minimum-energy paths for all N-N bond formation and select NHx*
deprotonation steps are located using the climbing image nudged elastic band method (CI1-NEB).2%
26 Each reaction coordinate is discretized with either 6 or 10 images, including endpoints, with a
tangent force criterion of less than 0.05 eV Al at the transition state and atomic forces on each
adsorbate atom less than the same value. Each transition state was confirmed by vibrational
frequency calculations, resulting in a single negative curvature mode. An example of a nitrogen-
nitrogen bond formation barrier calculation is written as Equation (7) and a deprotonation barrier
as Equation (8).

AGftIyNNHx* = Grs — GNHX*+NHy* (7
AGI%H,C*+H* = Grs — GNHx+1* (8)

AG" is the activation energy to form species X* and Grs is the free energy of the transition
state. The free energy of the reactant(s) is subtracted from Grs to calculate AG".

Developing a DFT model to compute the barrier for proton transfer to solution is
challenging. We modeled deprotonation as occurring via dehydrogenation to form a surface H
atom. This method?’-?8 assumes that the barrier of proton transfer to solution is equivalent to the
deprotonation barrier at the potential where the free energy of the proton in solution is equal to
that of adsorbed hydrogen. We also analyzed the proton transfer barrier by shuttling the hydrogen
to the surface through an adsorbed water molecule. Since hydroxide adsorbs at potentials near the
onset of ammonia oxidation on Pt (100), we also considered the barrier for proton transfer to an

adsorbed hydroxide species adjacent to NH*.%°






Chapter 3

Results and Discussion

We examine the mechanism for electrochemical oxidation of ammonia on Pt (100) and
compared it to previously reported data on Pt (111). In section 3.1, we evaluate the full set of
elementary electrochemical reaction energies for ammonia oxidation to nitrogen on the Pt (100)
surface, with all adsorbates at ¥ ML coverage. In section 3.2, we report barriers for N-N formation
at ¥a ML coverage. We then consider the coverage dependence of adsorption energy at preferred
sites for key intermediates in section 3.3, followed by coverage dependence of activation barriers
in section 3.4. All equilibrium and transition state structures located with DFT are illustrated in

the Supplementary Information.

3.1 Overall NH3 Oxidation Path at 1/4 ML Coverage

Figure 1 reports the DFT determined NH3 oxidation free energy diagram on Pt (100) at
0.05 Vrue and all adsorbates at % ML coverage. 0.05 Vrue IS the nitrogen reduction to ammonia
(NRR) equilibrium potential.®® All NHx and HYNNHy species were optimized to their lowest free
energy state. These free energies are also tabulated in Supporting Information.

Mavrikakis et al. completed a similar DFT study of ammonia oxidation on Pt (111)
(adsorbates at 1/9 ML coverage), and their reported energetics are reproduced in Figure 2.2
Comparing the two surfaces, Pt (100) expresses a much stronger binding affinity for NH2 (0.58 eV

stronger). The large exergonic free energy for NH3z* to NH2>* on Pt (100) compared to Pt (111)
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suggests that the rate of NH>* formation is likely faster on Pt (100), and the rates of subsequent

steps could be slower on Pt (100), assuming a BEP type relation holds. In addition to binding NH>*
stronger, Pt (100) also binds N2H4* stronger by 0.60 eV. NH*, however, binds somewhat more
strongly to the (111) facet. Formation energies of these important intermediates are shown in
Figure 2 for both Pt (100) and Pt (111). NH2* and NH* are both candidates to participate in the
proposed rate limiting step involving dimerization to form an N-N bond. & 10 3 Sjgnificant
differences in NH*, NH>*, and N2Hs*, stability between the facets are suggestive that substantial

differences in ammonia oxidation rates may result, as observed experimentally. 3
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Figure 1. Free energy diagram of electrochemical ammonia oxidation on Pt (100) at 0.05
VrHE. All energies are given with an adsorbate coverage of 1/4 ML. The free energies are
calculated relative to N2(g), the bare Pt surface, and the appropriate number of protons
and electrons. N+N Mechanism is solid red, Gerischer-Mauerer mechanism is solid blue,
and the dashed line is the proposed N-N bond formation step for both facets.
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Figure 2. Free energy diagram of electrochemical ammonia oxidation on Pt (111) at 0 VRrHE.

All energies are given with an adsorbate coverage of 1/4 ML. The free energies are
calculated relative to N2(g), the bare Pt surface, and the appropriate number of protons
and electrons. In b.) all energies are given with adsorbates at a low adsorbate coverage of
1/9 ML.*3 N+N Mechanism is solid red, Gerischer-Mauerer mechanism is solid blue, and
the dashed line is the proposed N-N bond formation step for both facets.

15 [

10 }

05 |

00 [ oy
05 | I

]

Formation Energy (eV)

-1.0

a5 L

7

Figure 3. Formation energies (eV) of adsorbates at ¥4 ML on both Pt (100) and Pt (111).13
Pt (100) data is solid and blue. Pt (111) data is dashed and orange.
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Reaction free energies suggest that, at low coverage, it is more favorable to adsorb NH>*

onto the surface of Pt (100) than Pt (111), but it is less favorable to dimerize on Pt(100). This is
shown in Figure 4 with key elementary reaction energies. NH.>* formation is 0.6 eV more favorable
on Pt (100), however NH>* dimerization is 0.6 eV less favorable. As discussed in sections 3.3 and
3.4, the coverage dependence of these adsorption and reaction free energies must be examined

before considering how these energetics impact NH3 oxidation rates.
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NH,(g) to NH,* 2NH *toN,H * NH,*to NH*

Figure 4. Elementary reaction energies at 0 Vrue of adsorbates at ¥4 ML on Pt (100) and Pt
(111). Pt (100) data is solid and blue. Pt (111) data is dashed and orange.

3.2 N-N Formation Barriers at Low Coverage

Activation barriers to form dinitrogen species are reported in Figure 5. Barriers were
calculated at low coverage (1/4 ML) and compared to Pt (111) data reported by Mavrikakis et al.
in which adsorbed species are at low coverage (1/9 ML). The low coverage data demonstrate that
the strong adsorption of NH>* on Pt (100) results in large barriers for reactions where NH>* is a

reactant. In contrast, the slightly stronger binding of NoH* and N2H>* on Pt (100) than on Pt (111)
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result in smaller barriers for reactions which form these intermediates, with the smallest barriers

on Pt (100) coming from N-N bond formation between N* and NH* (~0.36 eV), as well as NH*
dimerization (~0.37 eV). This agrees with prior DFT data showing that NH>* dimerization is
unfavorable due to a high kinetic barrier, and with increased electrode potential, the pathway favors
N-N bond formation through NH* dimerization.® However, the high stability of NH2* on Pt (100)

may drive a higher coverage than considered here, as discussed in the next section.
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Figure 5. Low coverage barriers to from dinitrogen species from mono-nitrogen species on
Pt (100) and Pt (111).2 Pt (100) data is solid and blue. Pt (111) data is dashed and orange.

Figure 6 shows the initial, transition, and final state for NH>* dimerization on Pt(100).
These structures will be contrasted to the high coverage NH>* dimerization structures in a later
section. At low coverage, NH> dimerization requires significant rearrangement in which one of the
NH2* species leaves its bridge-bound position to enable N-N bond formation, leading to a high

activation barrier.
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Figure 6. Transition state images (side and top views) of 2NH2* to N2H4* on Pt (100) with
bridge site configuration for initial state. Pt atoms are shown in blue-grey, N atoms are shown
in royal blue, and H atoms are shown in white.

3.3 Coverage Dependence

Due to the significantly more favorable formation energy and strong binding of NH>* on
Pt (100) relative to Pt (111), and its importance as an intermediate in the proposed rate-limiting
steps in the ammonia oxidation reaction, we have examined the coverage dependence of formation
of NH2* on both Pt (100) and Pt (111). The coverage dependence of the equilibrium formation
potential of NH2* is significantly different on Pt (100) from Pt (111), shown in Figure 7. The atop
adsorption trend of a slight increase in adsorption favorability with increased NH2* coverage is
similar on both facets. Adsorption on a bridge site is significantly stronger at low coverage on Pt
(100) than on Pt (111), which agrees with a prior low coverage adsorption analysis.'® Though low
coverage NH2* binds much more strongly on Pt (100), high coverage NH: is only 0.3 eV more

stable on Pt (100) than on Pt (111). Both Pt (100) and Pt (111) coverage data shows a transition
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from bridge NH>* adsorption to atop NH>* adsorption at high coverage. At high coverages, the

atop configuration is more stable than the bridge site because neighboring NH>* adsorbates
hydrogen bond with each other, further justifying the suggestion made by Rosca and Koper that
the formation of NH>* adsorbates below ca. 0.5 V does not result in immediate dimerization of
NH2*, as more positive potentials are required to generate a sufficiently high NH.* coverage.'®
This motivates examination of NHy* adsorption in greater detail, looking into the coverage

dependent kinetics of N2H4* formation.
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Figure 7. Equilibrium potential for the formation of NH2* from NHs (g) as a function of
adsorbate coverage on Pt (100) (blue solid lines) and Pt (111) (orange dashed lines) surfaces.
The bridge and atop adsorption sites are shown at each coverage, with @ indicating the
bridge sites and B indicating the atop sites.

Additional analysis of coverage dependence was completed for the NH* and NoH4*
adsorbates on Pt (100), shown in Figure 8, to further compare our data with the reaction
energetics at low coverage. With increased coverage, the formation energy of all species
increases, except for atop NH>*. NH* showed the largest increase in required formation energy

(~1.7 eV from ¥ ML to 1 ML), suggesting that NH> dimerization will be more favorable than



16
deprotonation to NH* at high coverage. The small change in NoH4* formation energy (~0.4 eV

from ¥ ML to % ML) suggests that the competition between dimerization and deprotonation will

favor N2H4* formation at high coverage.

2 Pt 100 J]

0 0.2 04 0.6 0.8 1
Coverage (ML)

Figure 8. Equilibrium potential for the formation of key adsorbates on Pt (100) as a
function of coverage: NH* (® ), NH2* bridge (® ), NH2* atop (&), and N2H4* (‘).

At high coverage, the formation of NH2 on Pt (100) is still more favorable than on Pt (111).
Figure 9 compares the reaction energies for the elementary steps between Pt (111) and Pt (100)
surfaces at 1 ML coverage. 1 ML coverage of N2Hys is representative of 1 N2H4 per Pt atom since
the most favorable position of N2H4 is atop with only one of the nitrogen atoms bound to the

surface, as illustrated in Table 6 of the Supporting Information.
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Figure 9. Elementary reaction energies of adsorbates at high coverage (1 ML) on Pt (100)
and Pt (111) at 0.05 VrHE and 0 VrhE, respectively. Pt (100) data is solid and blue. Pt (111)
data is dashed and orange.

3.4 N-N Formation Barriers at High Coverage

Table 1 presents the NH2>* dimerization barriers for both Pt (100) and Pt (111) surfaces at
high coverage. Calculations were performed with 1 ML coverage to account for the buildup of
NHz* due to the rate-limiting nature of NoH4* formation on both surfaces.

Table 1. Activation barriers for NH2* dimerization at high coverage (1 ML) for both Pt
(100) and Pt (111) surfaces®®

Surface 2 NH2* to N2H4* Barrier
111 0.97 eV
100 0.30 eV

Based on both reaction energies and activation barriers, NH>* dimerization is more

favorable on Pt (100) than Pt (111). The lower barrier at high NH2* coverage compared to low
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NH2* coverage on Pt (100) agrees with the more favorable reaction energy at high coverage.

Figure 10 shows the initial state, transition state, and final state structures for NH>* dimerization
on Pt (100). The initial state has hydrogen bonding between NH>* adsorbates. A hydrogen bond
needs to be broken at the transition state, however, the significant rearrangement required for the
low-coverage transition state in Figure 6 is not required when high-coverage NH; is bound at atop

sites. High coverage, therefore, avoids the need to move NH>* from strongly bound bridge sites

and leads to the significant lowering of the dimerization activation barrier.

Figure 10. Transition state images (side and top views) of 2NH2* to N2H4+* on Pt (100) with
atop site configuration for initial state. Pt atoms are shown in blue-grey, N atoms are shown
in royal blue, and H atoms are shown in white.

The lowered barrier of NH>* dimerization on Pt(100) with high coverage may account for
the faster rate of NHz oxidation on this facet. We have assumed, however, that NH>* dimerization
is preferred over NH>* oxidation to NH*. We have also assumed that dimerization is rate limiting,

and therefore that NHs* oxidation to form NH>* occurs over a lower barrier than the dimerization
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step. We computed electrode-potential dependent activation barriers for these steps to assess these

assumptions.

NH.* dehydrogenation is used to model the electrode potential dependent barrier for the
equivalent electrochemical oxidation reaction via the method developed by Rostamikia et al.?’
Figure 11 compares the NH>* dimerization barrier to that for the NH>* oxidation to NH* plus a
proton and an electron. Barriers are computed with and without water assistance during N-H
dissociation, and with the presence of co-adsorbed hydroxide to accept the dissociating H species.
Initial, transition, and final states used to model these steps are illustrated in Table 9 of the
Supporting Information. Comparing the deprotonation barriers with the NH>* dimerization barrier
at low coverage, we would reach the same conclusion as Katsounaros et al.# that deprotonation is
much faster than dimerization. When high coverage is considered, however, NH>* deprotonation
generally has a higher barrier than dimerization, suggesting NH>* will dimerize before continuing
along an oxidative path. At higher overpotentials and in the presence of co-adsorbed OH%*,
deprotonation may occur over lower barriers than dimerization. However, we note that
deprotonation barriers were calculated at low coverage, and can be expected to increase with
higher coverage of NH>* due to the greater difficulty in breaking bonds with high coverage
adsorbates. We also qualify that the method used to determine deprotonation barriers is
approximate and sensitive to the number of water molecules included to represent solvation
effects. Based on the presented results, we suggest that NH>* dimerization will dominate over
NH2* oxidation, with the caveat that the conclusiveness of this result is limited by the difficulties
in determining potential dependent barriers for electrochemical reactions and the lack of a full

microkinetic analysis.
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Figure 11. NH2 dimerization activation barrier at high (flat solid orange line) and low (flat
dashed line) coverages compared to NH2 deprotonation barriers (dotted lines) as a function
of electrode potential. NH2* deprotonation barriers were determined with water-shuttling
(green), no-shuttling (blue), and OH-shuttling (red) of the proton, in descending order.

The presence of surface adsorbed hydroxide provides the possibilty of a lower NH.>*
deprotonation barrier than the NH2* dimerization barrier at high coverage, however, the likelihood
of hydroxide binding to the Pt (100) surface is low due to the strong adsorption potential of NHz*.
Additionally, the deprotonation barriers were calculated with NH>* bridged between Pt (100)
atoms, which is a charactersitic of low coverage NH>* rather than high coverage. When compared
to the NH2* initial state at low coverage, it can be assumed that high coverage NH2* would provide
a less stable transition state for deprotonation because of the additional molecular shifting needed
to achieve the the threefold configuration of the final state NH*, therefore increasing the overall
NH2* deprotonation barrier.

Our consideration of NH>* dimerization at high coverage was motivated by high NH>*

stability and an assumption that NHs* oxidation to NH* is significantly faster than NHy*
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dimerization. To validate this assumption, we calculated the activation barrier for NHs*

dehydrogenation. Figure 12 considers the involvement of water and hydroxide within NH3z*
deprotonation. Hydroxide adsorbs at potentials near the onset of ammonia oxidation on Pt (100)4%
41 and, therefore, could be present on the surface. The deprotonation mechanism of NHz* to NH,*
involves the removal of a hydrogen atom through hydroxide shuttling, and this is significantly
more favorable for NHs* deprotonation than without OH* co-adsorption. The formation of OH*
at lower potentials on Pt(100) than Pt(111) may also contribute to the faster NH3z* oxidation on the
Pt(100) facet. Additionally, all deprotonation steps of N2Hs* to N2(g) are fast, which agrees with
experimental data of dehydrogenation reactions occurring at lower temperatures than dimerization

on both Pt (100) and Pt (111).%8
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Figure 12. NHs* to NH2* + H* + e” activation barriers at low coverage (1/4 ML) and 0.05
Vrue for ammonia oxidation on Pt (100) using various deprotonation mechanisms.

Comparing energetics, Pt (100) will show faster NH>* dimerization due to lower barriers
than on Pt(111) at high NH>* coverage. The step was proposed by Gerischer and Mauerer and

further justified by Rosca and Koper as the rate limiting step; this lower barrier is likely the reason
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of the faster NH3 oxidation on Pt (100) versus Pt (111). Our calculated NH3* to NH>* barriers are

larger than dimerization at low over potentials, though the presence of water and favorable
formation of surface hydroxide on Pt (100) at low NRR overpotentials can accelerate NH3z*

oxidation to NH»*.
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Chapter 4

Summary and Conclusions

We studied the electro-oxidation of ammonia on the Pt (100) surface with density
functional theory and compared our results to those previously reported in the literature.314
Ammonia oxidation occurs via the Gerischer and Mauerer mechanism, with hydrogenated species
forming the N-N bonds rather than complete deprotonation preceding N*-N* bond formation.

NH2* is highly stable on Pt (100) and forms through rapid NHs* deprotonation, assisted
by water or co-adsorbed hydroxyl species. Greater NH,* stability on Pt (100) compared to Pt (111)
will lead to high NH2* coverage. High coverage of NH>* leads to a reduced N2H4* dimerization

barrier that leads to more rapid NHz oxidation on Pt(100) in comparison to Pt(111).
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Supporting Information

Table 2. Molecular images and energies for surface adsorbates on Pt (100)
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Adsorbate Image of Lowest Energy State Energy (eV)

N* -97.891
G O

NH* -101.934

NH2* -106.497

NH5* -110.290

N2H4* -121.343
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N2Hs* -117.590
HNNH* -114.088
NNH>* -113.418
NNH* -110.170
No* -106.921
H,* -93.879
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Table 3. The free energies of adsorbates calculated relative to N2(g), the bare Pt surface,
and the appropriate number of protons and electrons entropy and vibration corrections.

Adsorbate AG (eV)
2NH3* -0.18
NHs* + NHx* -0.57
2NH,* -0.96
NH>* + NH* -0.10
2NH* 0.76
NH* + N* 1.07
2N* 1.39
NoH4* 0.43
NoH3* 0.68
HNNH* 0.55
NNH2* 1.22
NNH* 0.80
N2 (9) 0.00

Table 4. Molecular Images for low-coverage barriers on Pt (100)

Barrier

Initial State

Transition State

Final State

NH2* + NHz* >
N2H,*

\ha
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NHo* + NH* >
NoH3*

NH*+ NH* >
HNNH*

NH2* + N* >
NNH*

NH* + N* > NNH*
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N* + N* > Nz*

Table 5. Low coverage barrier calculations for N-N bond formation on Pt (100)

Barrier AG! (eV)
NH* + NHx* -> | 290
NoH4*

NH,* + NH* -> | 254
N2H3*

NH* + NH* -5 |1.02
HNNH*

NH2*+ N* > NNH2* | 1.61
NH*+ N* > NNH* | 1.83

Table 6. Molecular images for coverage dependence on Pt (100) and Pt (111) in a 2x2 unit

cell
Surface Adsorbate | 1/4 ML 1/2 ML 3/4 ML 1ML
Bridge NHy* Pt
(100)
Did not

converge.
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Atop NH2* Pt (100)
N2H4*
Did not
converge.
NH*
Bridge NHy* Pt
(111)

Did not
converge.

Atop NH2* Pt (111)

Table 7. Equilibrium potential for adsorbates at varying coverage on Pt (100) and Pt (111)

Surface Adsorbate

U° (VrHe) 1/4
ML

U° (VrHe) 1/2
ML

U° (VrHE) 3/4
ML

U° (VrHE) 1 ML

Bridge NH>* Pt |-0.33 -0.11 0.36 Did not
(100) converge.
Atop NH>* Pt (100) | 0.62 0.37 0.34 0.34
NoHs* 0.27 0.28 0.30 Did not

converge.
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NH* 0.51 1.19 1.42 2.21
Bridge NH>* Pt |0.40 0.59 1.03 Did not
(111) converge.
Atop NH>* Pt (111) | 0.86 0.59 0.57 0.64

Table 8. Molecular images for high coverage barriers on Pt (100)

Barrier Initial State Transition State Final State
NH2* + NHz* >

N2H4* ;i ! : !

Table 9. Molecular images for deprotonation barriers on Pt (100)

Barrier Initial State | Transition State

NHs* > NH* + o

H*

NHs* + H,O* >
NH2>* + H,O* +
H*
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NH
NH3:':+O
2 +Hl-gce
,O*

NH
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+
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NH2* + OH* >
NH* + H,0*

Table 10. Deprotonation barrier calculations on Pt (100)

Barrier AG! (eV)
NHs* > NH* + | 1.17
H*

NHs*+ H,O0* > | 1.03
NH>* + H,O* +

H*

NHs* + OH* > 0.26
NH.* + H,O*

NH2* > NH* + 1.15
H*

NHy*+ H,O0* > | 1.35
NH* + H,0* +

H*

NH2* + OH* > 0.55

NH* + H0*
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