THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OFCHEMICAL ENGINEERING

AMMONIA ELECTRO-OXIDATION MECHANSIM ON THE PLATINUM (100) SURFACE

SPENCER WALLACE
SPRING 2019

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degree
in Chemical Engineering
with honors inChemical Engineering

Reviewed and approved* by the following:

Michael Janik
Professor of Chemic&ngineering
Thesis Supervisor and Honors Adviser

Xueyi Zhang
Assistant Professor of Chemical Engineering
Faculty Reader

* Signatures are on file in the Schreyer Honors College.



ABSTRACT

The catalytic electrochemical oxidati of ammonia is a structusensitive 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
selectivitytoward 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) calcidasice used to
determine elementary reaction thermodynamics and kinetics. Absorbgddihlation is rapid
and this intermediate is very stable on Pt (100). High coverag& bikds at atop sites, enabling
favorable NN bond formation. The faster rate ainmonia oxidation on Pt (100) results from the
low barrier of NH4* formation resulting from Nkt dimerization at high coverage. Understanding
the reactivity of ammonia oxidation of Pt (100) can aid in electrochemical reaction mechanism

development and caliyst design.
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Chapter 1

Introduction

Ammonia is one of the most widely produced chemicals; its production alone consumes
approximately 1.5% f t he wor | d¥bltdsused mainty gs as indpsiribl yeedstock 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 foaldigtion for half of
the world populatiod:®* 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 wastéwdneaddition,
hydrogen carrying molecules, like ammantan be used to generate power in electrochemical fuel
cells as a more energy dense alternative to hydrbdgdrerefore, electrochemical ammonia
oxidation is an important reaction that can be involved in the elimination of harmful pollutants and
generatbn of sustainable power in portable fuel cells.

The catalytic electrochemical oxidation of ammonia is a strudtansitive reaction that
produces electrons at the anode of an ammonia fuel cell. Electrochemical oxidation nullifies the
necessity of a synthie 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 kinetic studies of
preferentially oriented nanoparticles! 32The elementary reaction mechanismspuossible 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 Tafopes on Pt (111) suggest two

electrochemical steps, with the latter being rate determifikinderstanding the reactivity of
ammonia oxidation on the Pt (100) surface will help in designing a more economical catalyst with
similar efficiency, and aichiour broader understanding of electrochemical reaction mechahlisms.
12\We use density functional theory (DFT) to investigate the Nldctroxidation 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 anttskinet
(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 papéf. Katsounaros et al. used both expemiand 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 enettjd& will compare our coverage
dependent results with their calctidans at the low coverage limit.

The Gerischer and Mauerer mechanism, proposed in 1970, is the most accepted ammonia
oxidation mechanisr®® This mechanism is outlined in Scheme 1, in whichgNid deprotonated
by hydroxyl ions in the first three stepsredease electrons and form water molecules. Adsorbed
NHx* and NH,* species bind together to formN bonds, creating fNNHy* species. his formed
through deprotonation of these species, resulting in the desorptiorfrohiNthe surface. The two
paths cosidered are the Gerischer and Mauerer mechanism and a mechanism invelmonid

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

species.

NHs+ OH +* A NHz*+ H,0 + &
NH2* + OH® +* A NH* + H,O + &
NH*+ OH® +* A N*+ HxO + &
NHx* + NHy* A HxNNy* + *
HNNHy* + (x+y) OH® A Nz + (x+y)H20 + (x+y)e + *

The main objective of this study is to determine the path of ammonia oxidatiorotot

(100) and explain why Noxidation 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 useztfoomp
electronic structure calculations employing a ptar@ere basis set and the Perdéfang (PW91)
exchangecorrelation functionat>!8lon core potentials were modeled by the projector augmented
wave (PAW) approadft?°A 7 X 7 X 1 MonkhorstPack mestwas used to samplespace for all
surface celld! 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. ¢V A
convergence test with respect to the plamee cutoff energy and-kpace 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 320A was used? All surface calculations utilized aldyer 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 #)uResalts
testing preferred adsdipn sites are given in Tabledf the Supporting Information. On Pt (100)

at ¥4 ML, NHs* prefers the atop site, Ni prefers the bridge site, NH* prefers the hollow site,
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and NHz* prefers the atop site with only one tbie nitrogen atoms bound to the surfaceages

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 fectsetermediates. Reaction kinetics
were investigated by using DFT to calculate transitions sites for nitroigegen bond forming

reactions as well as for select proton transfer reactions.

2.2 Free Energy of Formation

The free energy of an adsorbguksies X*,Gx+, is calculated as
"0, 0, w0 w0 Y'Y

)

The DFT energy of the adsorbed species is givéd as, the zerepoint vibrational energy
as® 0 wQand the vibrational entropy of the adsorbatéYas . Itis 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 Equatior{2).

Q QO )
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We reference adsorbate formation energiesA@)NAn example is below, Equation (3),

where the subscriptsandy represent the stoichiometric coefficients, the number of protons on
each nitrogen in the nitrogen contiaigp adsorbates.
YO . O . O w 0 0 O Q 3)

The free energy of the aqueous protd@, , and electron pair is calculated using the
computational hydrogen electroéfe:

no no uo gETY (4)

where™Y s the electrode potential on a reversible hydrogen electrode scale.

2.3 Calculating Intermediate Formation Potentials with Coverage Dependence

We considered the coverage dependence ofrptilsp 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 potentiadt which the formation free energy is 0. This gives the following equations
for adsorption equilibrium potentials with X momitrogen species (equation 5) or Y-rdirogen
species (equation 6) in the unit cell:

% wO 0O . © Q Tw (5)

2% 5O O . O "Q T (6)



2.4 ldentifying Transition States and Activation Barriers

Transition states along minimuemergy paths for all BN bond formation and select NH
deprotonation steps are laed using the climbing image nudged elastic band methotl EB).>*
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 &t the transition state and atomic fasaen 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 writterEgsiation (7) and a deprotonation barrier
as Equation (8).
YO . O 0 . 2 @)
yo , ., O O . (8)

o Gis the activation energy to form specksandGrsis the free energy of the transition
state. The free energy of the reactant(s) is subtracted frgto @alculatep G

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 methotl?® 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 protosférabarrier 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 spies adjacent to N 3°






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 nitoogiae Pt (100)
surface, with all adsorbates at ¥4 ML coverage. In section 3.2, we report barrier fioration
at ¥4 ML coverage. We then consider the coverage dependence of adsorption energy at preferred
sites for key intermediates in section 3d|dwed 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 1/4ML Coverage

Figure lreports he DFT determined Nioxidation free energy diagram on Pt (100) at
0.05 Wkue and all adsorbates at %2 ML coverage. 0.@5gVs the nitrogen reduction to ammonia
(NRR) equilibrium potentiat® All NH x and HNNHy 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 reprodiigdrén2!3
Conparing the two surfaces, Pt (100) expresses a much stronger binding affinityf(J.5HeV

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

steps could be slower on Pt (100), assuming a BEP type relation holds. In addition to binging NH
stronger, Pt (100) also bindsik* stronger by 0.60 eV. NH*, however, binds somewhat more
strongly to the (111) faceEormation energies of these important intermediates are shown in
Figure 2 for both Pt (100) and Pt (111). Mtnd NH* are both candidates to participate in the
proposed rate limiting step involving dimerization to form arNNoond.® 0 35Significant
differences in NH*, NH*, and NbH4*, stability between the facets are suggestive that substantial

differences in ammonia oxidation rates may result, as observed experimestally.
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Figure 1. Free energy diagram of electrochemidaammonia 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 Nx(g), the bare Pt surface, and the appropriate number of protons
and electrons. N+N Mechanism is solid red, Gerischevlauerer mechanism is solid blue,
and the dashed line is the proposedNl bond formation step for both facets.
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Figure 2. Free energy diagram of electrochemical ammonia oxidation on Pt (111) at GRME.
All energies are given with an adsorbate coverage of 1/4 ML. The free energies are
calculated relative to Nx(g), the bare Pt surface, and the appropriate number of protos

and electrons. In b.) all energies are given with adsorbates at a low adsorbate coverage of
1/9 ML.23N+N Mechanism is solid red, GerischeiMauerer mechanism is solid blue, and
the dashed line is the proposed M bond formation step for both facets.
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Figure 3. Formation energies (eV) of adsorbates at % ML on both Pt (100) and Pt (11%8).
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 favioralolgorb 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*imation is 0.6 eV more favorable

on Pt (100), however NF dimerization i0.6 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 impaci dkitlation rates.

16 p
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0.2 F
0.4 F
06 E

[

Reaction Energy (eV)

NH,(g) to NH* 2NH*to NH,*  NH* to NH*

Figure 4. Elementary reaction energies at 0 M4e of adsorbates at ¥ 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 cowdstaggeemonstrate that
the strong adsorption of N on Pt (100) results in large barriers for reactions where*Néla

reactant. In contrast, the slightly stronger binding gfiNand NoH2* on Pt (100) than on Pt (111)
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result in smaller barriers for reémms which form these intermediates, with the smallest barriers

on Pt (100) coming from AN bond formatiorbetween N* and NH* (~0.36 eV), as well as NH*
dimerization (~0.37 eV). This agrees with prior DFT data showing that* Mkinerization is
unfavorabledue to a high kinetic barrier, and with increased electrode potential, the pathway favors
N-N bond formation through NH* dimerizatidrHowever, the high stability of N# on Pt (100)

may drive a higher coverage than considered here, as discussedenttieation.

35

S
:
0.0§

NH* + NH* NH* + NH* N*+NH*  NH* + NH* NH* + N*
=HNNH* =HNNH  =NNH*  =HNNH* = NNH*
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o (63} o (63} o

o
(&)

Figure 5. Low coverage barriers to from dinitrogen species from moneitrogen species on
Pt (100) and Pt(111)13 Pt (100) data is solid and bluePt (111) data is dashed and orange.

Figure 6 shows the initial, transition, and final state for,N&#imerization on Pt(100).
These structures will be contrasted to the high coverage Nirherization structuresnia later
section. At low coverage, NHlimerization requires significant rearrangement in which one of the

NH2* species leaves its bridgmund position to enable-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 bluggrey, N atoms are shown
in royal blue, and H atoms are shown in white.

3.3 CoverageDependence

Due to the significantly more favorable formation energy and strong binding gf &iH
Pt (100) relative to Pt (111), and its importance as an intermediate in the propodeditiate
steps in the ammonia oxidation reaction, we have exanirgecbverage dependence of formation
of NH>* on both Pt (100) and Pt (11IJhe coverage dependence of the equilibrium formation
potential of NR* is significantly different on Pt (100) from Pt (111), shown in Figure 7. The atop
adsorption trend of a sl increase in adsorption favorability with increased.NEbverage 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 atilsisigh low
coverage Nk* binds much more strongly on Pt (100), high coverage Mrbnly 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 NEt adsorption at lgh coverage. At high coverages, the

atop configuration is more stable than the bridge site because neighborirfigabiétrbates
hydrogen bond with each other, further justifying the suggestion made by Rosca and Koper that
the formation of NH* adsorbates Bew ca. 0.5 V does not result in immediate dimerization of
NH2*, as more positive potentials are required to generate a sufficiently high ¢dMeraget?

This motivates examination of NH adsorption in greater detail, looking into the coverage

dependenkinetics of NHa* formation.
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Figure 7. Equilibrium potential for the formation of NH 2* from NH 3 (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, wi# indicating the
bridge sites andl indicating the atop sites.

Additional analysis of coverage dependence was completed for the NH*&hatl N
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 MHNH* showed the largest increase in required formation energy

(~1.7 eV from ¥ ML to 1 ML), suggesting that NEimerization will be more favorable than
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deprotonation to NH* at high coverage. The small changelityNformationenergy (~0.4 eV

from ¥4 ML to % ML) suggests that the competition between dimerization and deprotonation will

favor NbH4* formation at high coverage.

. Pt 100 J]

2 ¢

0 0.2 0.4 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* (8 ), NH2* bridge ( ® ), NH2* atop (&), and NeH4* (‘).

At high coverage, the formation of Nidn 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 afiNis representative of 14M4 per Pt atom since
the most faorable position of BH4 is atop with only one of the nitrogen atoms bound to the

suiface, as illustrated in Tabled 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 ¥xe and O Vrue, 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 NHdimerization 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
NH2* due to the ratdéimiting nature of NH4* formation on both surfaces.

Table 1. Activation barriers for NH 2* dimerization at high coverage (1 ML) for both Pt
(100) and Pt (111) surfacées

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

Based on both reaction energies and activation barriers} MHnerization is more

favorable on Pt (100) than Pt (111). The lower barrier at high*Nbverage 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 esta@nd final state structures for bfHlimerization

on Pt (100). The initial state has hydrogen bonding betweeri alitsorbates. A hydrogen bond
needs to be broken at the transition state, however, the significant rearrangement required for the
low-coveraye transition state in Figure 6 is not required when-oiglerage NHis bound at atop

sites. High coverage, therefore, avoids the need to mow# fibin strongly bound bridge sites

and leads to the significant lowering of the dimerization activationdoar

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

The lowered barrier of N¥t dimerization on Pt(100) with high coverage may account for
the faster rate of Ngfoxidation on this facet. We have assumed, however, that tirherization
is preferred over Nkt oxidation to NH*. We havalso assumed that dimerization is rate limiting,

and therefore that N# oxidation to form NH* occurs over a lower barrier than the dimerization
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step. We computed electrogetential dependent activation barriers for these steps to assess these

assumptions.

NH2>* dehydrogenation is used to model the electrode potential dependent barrier for the
equivalent electrochemical oxidation reaction via thethod developed by Rostamikia efal.
Figure 11 compares the NHdimerization barrier to that for the Nk oxidation to NH* plus a
proton and an electron. Barriers are computed with and without water assistance dbring N
dissociation, and with the @sence of cadsorbed hydroxide to accept the dissociating H species.
Initial, transition, and final states used to model theteps are illustrated in Table & the
Supporting Information Comparing the deprotonation barriers with thexNéimerizationbarrier
at low coverage, we would reach the same conclusion as Katsounaréstieattieprotonation is
much faster than dimerization. When high coverage is considered, howevgrdéjiotonation
generally has a higher barrier than dimerization, suggebiH>* will dimerize before continuing
along an oxidative path. At higher overpotentials and in the presenceanfsotbed OH*,
deprotonation may occur over lower barriers than dimerization. However, we note that
deprotonation barriers were calculhtat 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 setisie to the number of water molecules included to represent solvation
effects. Based on the presented results, we suggest thatdiNkerization will dominate over
NH2* oxidation, with the caveat that the conclusiveness of this result is limited byfticeltes
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 NHdeprotonation barriers (dotted lines) as a function
of electrode potential. NH2* deprotonation barriers were determined with water-shuttling

(green), nashuttling (blue), and OH-shuttling (red) of the proton, in descendng order.

The presence of surface adsorbed hydroxide provides the possibilty of a lower NH
deprdonation barrier than the NEldimerization barrier at high coverage, however, the likelihood
of hydroxide binding to the Pt (100) surface is low due tostheng adsorption potential of NH
Additionally, the deprotonation barriers were calculated with,Nbtidged between Pt (100)
atoms, which is a charactersitic of low coverageNdther than high coverage. When compared
to the NH* initial state at lowcoverage, it can be assumed that high coveragé Wblild 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 incrahsirnyerall
NH2* deprotonation barrier.

Our consideration of Nit dimerization at high coverage was motivated by high,NH

stability and an assumption that BfHoxidation to NH* is significantly faster than Nkt
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dimerization. To validate this assumptiome calculated the activation barrier for BfH

dehydrogenation. Figure 12 considers the involvement of water and hydroxide within NH
deprotonation. Hydroxide adsorbs at potentials near the onset of ammonia oxidation on*Pt (100)
41 and, therefore, codlbe present on the surface. The deprotonation mechanismsdtdNNH*
involves the removal of a hydrogen atom through hydroxide shuttling, and this is significantly
more favorable for NgF deprotonation than without OH* eadsorption. The formation @H*

at lower potentials on Pt(100) than Pt(111) may also contribute to the fasteoi#tation on the
Pt(100) facet. Additionally, all deprotonation steps eH) to N2(g) are fast, which agrees with
experimental data of dehydrogenation reactions ocmat lower temperatures than dimerization

on both Pt (100) and Pt (11%).
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Figure 12. NHs* to NH2* + H* + e activation barriers at low coverage (1/4 ML) and 0.05
Vree for ammonia oxidation on Pt (100) using various deprotonation mechanisms.

Comparing energetics, Pt (100) will show faster-NHimerization due to lower barriers
than on Pt(111) at high N¥ 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 NHoxidation on Pt (100) versus Pt (111). Our calculatedN&INH2* barriers are

larger than dimerization at low over potentials, thouglé presence of water and favorable
formation of surface hydroxide on Pt (100) at low NRR overpotentials can accelergte NH

oxidation to NH*.
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Chapter 4

Summary and Conclusions

We studied the electroxidation of ammonia on the Pt (100) surface with density
functional theory and compared our results to those previously reported in the litétature.
Ammonia oxidation occurs via the Gerischer and Mauerer mechanism, with hydrogenated species
forming the NN bonds rather than complete deprotonation precediniyNBond formation.

NH2* is highly stable on Pt (100) and forms through rapidsN#eprotonation, assisted
by water or ceadsorbed hydroxyl species. Greater2Btability on Pt (100) compared to Pt (111)
will lead to high NH* coverage. High coverage of NHeads to a reducedNs* dimerization

barrier that leads to more rapid Albixidation 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

NHz* -110.290

N2H4* -121.343
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N2H3* -117.590
HNNH* -114.088
NNH* -113.418
NNH* -110.170
No* -106.921
Ho* -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 PG (eV)
2NHs* -0.18
NHz* + NH* -0.57
2NH,* -0.96
NH>* + NH* -0.10
2NH* 0.76
NH* + N* 1.07
2N* 1.39
NoH4* 0.43
N2H3* 0.68
HNNH* 0.55
NNH2* 1.22
NNH* 0.80
N2 (9) 0.00

Table 4. Molecular Images for lowcoverage barriers on Pt (100)

Barrier Initial State Transition State Final State

NH2* + NHz* A | :

N2H4*
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NHo* + NH* A
NoH3*

NH* + NH* A
HNNH*

NH2* + N* A
NNHz*

NH*+ N* A NNH*
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N*+ N* A NZ*

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

Barrier oGt (eV)
NH>* + NHx* A | 2.90
NoH4*

NH>* + NH* A | 254
N2H3*

NH* + NH* A | 1.02
HNNH*

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

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

Surface Adsorbate | 1/4 ML 1/2 ML 3/4 ML 1ML
Bridge NRH* Pt
(100)

Did not
converge.
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Atop NH* Pt (100)

NoH4*
Did not
converge.
NH*
Bridge NHR* Pt
(112)

Did not
converge.

Atop NHz* Pt (111)

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

Surface Adsorbate

U° (Vree) 1/4
ML

U° (Vree) 1/2
ML

U° (VrHE) 3/4
ML

U° (VreE) 1 ML

Bridge NH* Pt|-0.33 -0.11 0.36 Did not
(100) converge.
Atop NHx* Pt (100) | 0.62 0.37 0.34 0.34
NoH4* 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
(1112) 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
NHz* + NH2* A

N2H4* ;i ! : !

Table 9. Molecular images fordeprotonation barriers on Pt (100)

Barrier Initial State | Transition State

NHs* A NHo* + o

H*

NHz* + H.O* A
NH2>* + H,O* +
H*
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N
H
NH3*+
20*

N
H
2*
NE A NH
*
+

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

Table 10. Deprotonation barrier calculations on Pt (100)

Barrier Gt (eV)
NHz* A NHx*+ | 1.17
H*

NHz* + HO* A 1.03
NH>* + HO* +

H*

NHz*+ OH* A | 0.26
NH>* + H,O*

NH>* A NH* + 1.15
H*

NH2* + HO* A 1.35
NH* + H0* +

H*

NH,* + OH* A | 0.55

NH* + H,0*







