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ABSTRACT: Reaction pathways are explored for low temperature (e.g., 400 K)
reduction of nitric oxide by hydrogen on Pt(111). First-principles electronic
structure calculations based on periodic, self-consistent density functional theory
(DFT-GGA, PW91) are employed to obtain thermodynamic and kinetic
parameters for proposed reaction schemes on Pt(111). The surface of Pt(111)
during NO reduction by H, at low temperatures is predicted to operate at a high
NO coverage, and this environment is explicitly taken into account in the DFT
calculations. Maximum rate analyses are performed to assess the most likely
reaction mechanisms leading to formation of N,O, the major product observed
experimentally at low temperatures. The results of these analyses suggest that the
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reaction most likely proceeds via the addition of at least two H atoms to

adsorbed NO, followed by cleavage of the N—O bond.
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B INTRODUCTION

The catalytic conversion of nitric oxide, an unwanted byproduct
of the combustion of hydrocarbons in air, to N, is of
fundamental and practical importance.'”> Platinum catalysts
are active for the reduction of NO by H, but at low
temperatures these catalysts demonstrate low selectivity toward
N, and unfavorable production of side-products, namely, N,O
and NH;.5"® The relative selectivity to N,O versus NH; is,
among other factors, dependent on the NO to H, ratio. Thus,
at high NO to H, ratios, improved selectivity for NO reduction
by H, requires identification of materials for which the reaction
kinetics favor N, formation over N,O. Previous studies of NO
reduction by H, on Pt catalysts have generally assumed that the
reaction mechanism begins with N—O activation by (i) direct
dissociation of NO or (ii) hydrogenation followed by N—O
bond cleavage.””"°

NO* + * - N* + O* i)

NO* + H* — NOH* + * (ii)

NOH* + * — N* + OH*

The major products are then formed through subsequent
hydrogenation or N—N bond formation steps.

In this work, we conducted a theoretical investigation, using
electronic structure calculations based on planewave density
functional theory (DFT-GGA), to probe the role of hydrogen
in N—O activation. We begin this study by predicting the
surface coverage of nitric oxide under low-temperature reaction
conditions and by directly investigating the impact that NO
coverage has on the reaction energetics. In addition to the H-
assisted pathway for N—O activation via NOH™ suggested in
the literature, we consider the possibility of an alternative
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HNO* intermediate and the addition of extra H* to NO* prior
to N—O bond cleavage.

Typically, to rigorously probe the mechanistic pathway of a
reaction under realistic conditions from first-principles
calculations, it is useful to construct a microkinetic model to
describe the experimental kinetic data.'"'* Because of the time
and effort required by this approach, we suggest here a
simplified approach, denoted as maximum rate analysis, to
identify the most likely pathway(s) in complicated reaction
schemes, making it possible to reduce the number of steps
considered in more detailed kinetic models. We illustrate this
approach to address various pathways for low-temperature NO
reduction by H, on Pt(111).

B METHODS

Density functional theory calculations were performed using
the Vienna Ab initio Simulation Package (VASP).'*'* The
exchange-correlation functional was described by the general-
ized gradient approximation (GGA-PW91)."> The electron—
ion interactions were described by projector augmented wave
(PAW) potentials.'®'” The electron wave function was
expanded using plane waves with an energy cutoft of 400 eV.

The Pt(111) surface was modeled by a (2 X 2) unit cell,
periodically repeated in a super cell geometry with successive
four-layer slabs separated by six equivalent layers of vacuum.
The bottom two layers of the metal slab were fixed in their bulk
truncated positions, whereas the top two layers were allowed to
relax. The surface Brillouin zone was sampled witha 6 X 6 X 1
Monkhorst—Pack k point grid.'® Adsorption was allowed on
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only one of the two exposed metal surfaces per slab, and the
electrostatic potential was adjusted accordingly.'”*® Structures
were fully relaxed until the Hellmann—Feynman forces acting
on the atoms were smaller than 0.05 eV/A. The optimized
lattice parameter of bulk Pt was calculated to be 3.98 A, in
agreement with the experimental value of 3.92 A.*'

The reported binding energies (BE) of adsorbates were
calculated with respect to a clean relaxed Pt(111) slab (Ep;;y))
and the respective adsorbate in the gas-phase (E

BE = Etotal - EPt(lll) - Egas

gas/*

where E,, is the total energy of the slab with the adsorbate on
it. Convergence of the total energy with respect to the k point
set, energy cutoff and the number of metal layers included, was
confirmed. Minimum energy pathways and activation energy
barriers for all elementary steps were calculated using the
climbing-image nudged elastic band (CI-NEB) method.”*** At
least seven intermediate images were interpolated between
reactant and product states for each elementary step. The
transition state of the minimum energy pathway for each
elementary step was confirmed by vibrational frequency
calculations yieldin% a single imaginary frequency along the
reaction coordinate.**

The phase diagram for NO/Pt(111) was generated by
calculating the grand potential (Q) at discrete coverages of
0.25, 0.50, 0.75, and 1.00 monolayer (ML). The grand potential
is defined as

Q = Enospe = Epe = Nyo*Hyo — TS

where Eyo,p is the total energy of the Pt(111) slab with Nyo
NO molecules adsorbed, Ep, is the total energy of the clean
Pt(111) slab, pyo is the chemical potential of NO, T is the
absolute temperature, and S is the entropy of the Pt(111) slab
with Nyo NO molecules adsorbed. The chemical potential of
NO was calculated by

, p
Hno = kp#T*In 20

ﬂNO = 'uNO/ + ENO - T*SNO
where kg is the Boltzmann constant, P is the NO pressure, P° is
the reference pressure of 1 atm, Ey is the total energy of NO
in the gas phase, and Sy is the entropy of gas-phase NO.
To model a high NO-coverage environment in the DFT
calculations, we completed DFT calculations which included
0.5 ML NO “spectators” in the periodic unit cell. For the 2 X 2
unit cell used in this study, 0.5 ML NO spectators corresponds
to two NO adsorbates in addition to the adsorbate(s) studied
for a thermochemistry calculation or participating in the
elementary step for the respective CI-NEB calculation. The NO
spectator species are relaxed during the calculation. The
reported binding energies of adsorbates on Pt(111) with 0.5
ML coadsorbed NO spectators were calculated with respect to
a relaxed Pt(111) slab with 0.5 ML adsorbed NO
(Eos munosp(i11)) and the respective adsorbate in the gas
phase (Eg,)-

BE = E .y — Eqgs MLNO/Pt(111) — Egas

where E,, is the total energy of the slab with the adsorbate
and 0.5 ML coadsorbed NO. The calculations which include
two NO spectator molecules will be referred to throughout the
text as the “high-coverage” calculations. DFT calculations
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completed on the clean Pt(111) surface will be referred to
throughout the text as the “low-coverage” calculations.

B RESULTS

NO Surface Coverage. The minimum energy config-
urations for NO adsorption at coverages of 0.25, 0.50, 0.75, and
1.00 ML on Pt(111), shown in Figure 1, are in agreement with

do A543 I8
Fef ol

0.25 ML 0.50 ML 0.75 ML 1.00 ML

Figure 1. Minimum energy geometries for NO adsorption at varying
coverages on the 2 X 2 unit cell of Pt(111); cross-section and top
views shown in upper and lower panels, respectively. The periodic unit
cell in the x and y direction is indicated by the black line. Red, blue,
and gray spheres represent O, N, and Pt, respectively.

the preferred adsorption sites determined in high resolution X-
ray photoelectron spectroscopy experiments conducted by Zhu
et al.*® At 0.25 ML coverage, NO occupies the fcc site, oriented
perpendicular to the Pt(111) surface, with a binding energy of
—1.88 eV. This behavior is in agreement with previous
theoretical studies”®™>® as well as the experimentally
determined binding energy of —1.65 eV found by Wartnaby
et al. using single-crystal microcalorimetry on Pt(110).>> The
additional NO adsorbate present at 0.5 ML NO coverage
occupies the top site and is oriented at an angle of 39.5° relative
to the surface. The differential binding energy of the second
NO molecule in the unit cell is —1.42 eV. A third NO molecule
adsorbed in the unit cell, corresponding to a total NO coverage
of 0.75 ML, occupies the hcp site with a binding energy of
—1.05 eV. At 0.75 ML NO coverage, the NO adsorbed in the
top site is tilted at an angle of 44.4° relative to the surface,
whereas the NO molecules adsorbed in the hcp and fcc sites are
oriented perpendicular to the surface. At 1 ML NO coverage,
all adsorbed NO molecules occupy top sites and are oriented at
angles of ~59—60° relative to the surface. The differential
binding energy of the fourth NO molecule (at a total of 1 ML
NO coverage) is mildly endothermic (BE = 0.03 eV). The NO
adsorption configurations and differential binding energies
found in this study are consistent with previous theoretical
studies reported in the literature.>**'

Phase diagrams for NO adsorption, derived from the DFT-
calculated minimum energy states are shown in Figure 2 at
varying NO coverage.”*** Figure 2a, depicting NO adsorption
as a function of NO pressure at 400 K, shows that 0.75 ML NO
is thermodynamically stable on Pt(111) at NO pressures up to
1 atm. The phase diagram for NO adsorption as a function of
temperature at an NO pressure of 0.00S atm (Figure 2b) shows
that 0.75 ML NO coverage remains the most thermodynami-
cally stable state at temperatures from 300 to 1000 K. The
choice of temperature and NO partial pressure in the phase
diagrams are set on the basis of typical experimental conditions.
The predicted coverage found from the phase diagram
motivated the choice of two NO spectators for the high-
coverage DFT calculations on Pt(111), because this corre-
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Figure 2. Phase diagram for NO coverage on Pt(111) (a) as a function
of NO pressure at 400 K and (b) as a function of temperature at an
NO pressure of 0.005 atm. The most stable state at a given pressure

corresponds to the NO coverage with the most negative value for the
grand potential, Q.

sponds to a total NO coverage of 0.75 ML at the initial state for
direct NO dissociation.

Adsorption. The results of the thermochemistry calcu-
lations at high (0.5 ML NO spectators) and low NO coverage
are shown in Figure 3. Throughout the text, “*” refers to an
empty surface site, and “A*” indicates adsorbed intermediate A.
The DFT-calculated binding energies on clean Pt(111) are in
agreement with previous work by Ford et al.*® All adsorbates,
excluding NH;*, are destabilized by the 0.5 ML coadsorbed
NO. NHj; is characterized by very similar binding energy on the
low-coverage and the high-coverage surface. The degree of
destabilization of adsorbates is most significant for species that
bind strongly to the surface (N*, NH*, O*) and least
significant for the closed-shell adsorbates that are weakly bound
to the surface (H,0%, N,*). The binding energy for N, is
reduced from —0.12 eV on clean Pt(111) to 0 eV (does not
adsorb) on the high-coverage surface. N,O and molecular H,
do not adsorb on the clean Pt(111) surface or the high-
coverage surface. A majority of the adsorbates studied (nine of
14), which adsorb on the low and high-coverage surfaces, retain
their low-coverage site preference on the high-coverage surface
(Figure 3). The preferred adsorption site for H*, OH*, and
HNNO* at low-coverage changes on the high-coverage surface.
However, the difference in the stability of the sites at low
coverage is less than 0.06 eV. HNO¥* prefers to adsorb at the
br-top site on the low-coverage surface. In this configuration,
the N in HNO¥* is coordinated to two Pt surface atoms at a
bridge site, and the O in HNO* binds to one Pt atom at a top
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site (Figure 3). In contrast, on the high-coverage surface,
HNO* binds at a top site through its N atom. ONNOH*
adsorbs through both N atoms on neighboring top sites (top-
top) on the low-coverage surface, whereas on the high-coverage
surface, it adsorbs through only one of its N atoms at a top site.
In all systems, the spectator NO molecules occupy the
remaining available fcc, hep, and/or top sites, which maximize
the distance between all of the coadsorbates in the unit cell
studied.

Elementary Steps: Reaction Energies and Activation
Energy Barriers. The activation energy barriers (E,) and
reaction energies (AE) of all elementary steps studied at high
and low coverage are shown in Table 1.

H, + 2*¥ — 2H*. The dissociative adsorption of H, is
spontaneous on the clean surface but has an activation energy
barrier of 0.65 eV on the high NO coverage surface. On the
clean surface, the reaction is exothermic with a reaction energy
of —0.87 eV, whereas on the high-coverage surface, the reaction
is thermoneutral with a reaction energy of 0.08 eV. On the high
coverage surface, the transition state lies above a Pt bridge site
(Figure 4) and the H—H bond distance is 0.85 A.

NO* + * — N* 4+ O*. The NO coverage has the largest
effect on the activation energy barrier for direct NO
dissociation (NO* + * — N* + O%*), where the barrier
increases from 2.32 eV on the clean surface to 3.52 eV on the
high-NO-coverage surface. These large activation energy
barriers are in agreement with experimental studies showing
that NO does not decompose on Pt(111) at low temper-
atures.*>>* Direct NO dissociation is significantly more
endothermic on the high-NO-coverage surface (2.02 eV)
compared to the clean surface (0.79 €V). The transition states
on the two surfaces are the same, with the O and N atoms at
neighboring bridge sites (Figure 4). On the high-coverage
surface, at the transition state, the NO spectators are at
neighboring top sites.

NO* + H* — HNO* + *. The formation of HNO* from
NO* and H* is endothermic on the low-coverage surface (AE
= 040 eV) and exothermic (AE = —0.51 eV) on the high-
coverage surface. The activation energy barrier is significantly
lower than the direct NO dissociation activation energy barrier
on both the low-coverage and high-coverage surfaces,
suggesting that a H-assisted pathway is likely on Pt(111)
regardless of the NO surface coverage. The barrier for this
hydrogenation step is 0.65 eV lower on the high-coverage
surface (E, = 0.36 eV) than on the low-coverage surface (E, =
1.01 eV). On clean Pt(111) and high-NO-coverage Pt(111),
the N—H bond in HNO* at the transition state lies above a
bridge site (Figure 4).

NO* + H* — NOH* + *. Whereas NO* can alternatively be
hydrogenated to form NOH* on the low-coverage surface, a
direct pathway for this elementary step was not identified on
the high-coverage surface. The activation energy barrier on
clean Pt(111) (E, = 1.32 eV) is higher by ~0.3 eV than the
barrier to form HNO®*. On the clean Pt(111) surface at the
transition state, the adsorbed NO is at an fcc site tilted at an
angle of 56° relative to the surface, and the H is at the edge of a
Pt top site (Figure 4). The reaction energy on clean Pt(111) is
0.30 eV.

HNO* + NO* — NOH* + NO*. An alternative pathway to
form NOH™ on the high-coverage surface was investigated, via
an elementary step involving the transfer of the hydrogen in
HNO* to a neighboring NO*. This step has a low barrier of
0.21 eV, and HNO* and NOH* are approximately isoenergetic
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Figure 3. Binding energies, site preference, and top views of the minimum energy adsorption modes for the adsorbates on clean Pt(111) (low
coverage) and on Pt(111) with 0.5 ML NO coadsorbed (high coverage). For the high NO coverage systems, the site of the adsorbate is reported
first, followed by the preferred sites of the two coadsorbed NO molecules, all in the minimum energy configuration. All results are calculated in a 2 X
2 surface unit cell. Yellow, red, blue, and gray spheres represent H, O, N, and Pt, respectively.

(HNO* is more stable by 0.03 eV) on the high-coverage
surface. At the transition state, the H-NO* is at a top site and
the NO—H* is at an fcc site (Figure 4). The H atom is 1.32 A
from the N in the HNO* reactant and 1.23 A from the O in the
NOH* product.

NOH* + * — N* + OH*. The activation energy barrier for
breaking the N—O bond in NOH* at high NO coverage is 1.81
eV, and the elementary step is endothermic with a reaction
energy of 0.83 eV. On clean Pt(111), the activation energy
barrier is lower (E, = 1.07 eV), and the elementary step is
exothermic with a reaction energy of —0.24 eV. At the
transition state on the clean surface, the N is at an fcc site and
the OH is at a neighboring top site. On the high-coverage
surface, at the transition state, the N is at a bridge site and the
OH is nearest to a top site directly across from the N (Figure
4).

HNO* + * — NH* + O*, The activation energy barrier for
cleavage of the N—O bond in HNO* at high NO coverage is
2.26 eV and the reaction is endothermic with a reaction energy
of 0.98 eV. On clean Pt(111), the activation energy barrier is
1.47 eV and the reaction is exothermic with a reaction energy of
—0.19 eV. At the transition state on the clean surface, the O is
nearest to a top site and the NH is nearest to a bridge site. On
the high-coverage surface, the transition state is similar to that
found for direct NO dissociation: the O and the NH are located
in neighboring bridge sites (Figure 4).
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HNO* + H* — HNOH* + *, At high and low NO coverage,
the activation energy barrier for adding H* to HNO* is lower
than the respective barriers for breaking the N—O bond in
HNO*. In the presence of 0.5 ML of spectator NO, the
activation energy barrier is 0.43 eV, and on the clean Pt(111)
surface, the barrier is 0.36 eV. This elementary step is
exothermic on the high- and low-coverage surfaces, with a
reaction energy of —0.74 eV and —0.15 eV, respectively. The H
atom is at a top site and the HNO is at a bridge site, tilted
toward the H atom at an angle of 42.5° relative to the surface,
at the transition state for this elementary step at low coverage.
At high NO coverage, the H atom is also near a top site at the
transition state, but the HNO is at a top site tilted at an angle of
30.3° relative to the surface (Figure 4).

NOH* + H* — HNOH* + *. On the low-coverage surface,
the activation energy barrier for adding H* to NOH* (E, =
1.09 €V) is approximately equal to the barrier for breaking the
N—O bond in NOH* (E, = 1.07 V). In the case of the high-
coverage surface, the activation energy barrier for adding H* to
NOH?* is lower (E, = 1.24 €V) than the barrier for breaking the
N—-O bond in NOH* (E, = 1.81 eV). At the transition state on
the high-coverage surface, the NOH is oriented perpendicular
to the surface nearest to an fcc site, and the H is nearest to the
neighboring hcp site. At the transition state on the low-
coverage surface, the NOH is at a bridge site, tilted at an angle
of 49.4° relative to the surface, and the H is nearest to a top site
across from the N end of the NOH (Figure 4). The elementary

dx.doi.org/10.1021/cs500668k | ACS Catal. 2014, 4, 3307—-3319
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Table 1. Activation Energy Barriers (E,) and Reaction Energies (AE) for Elementary Steps on Clean Pt(111) (Low Coverage)
and on Pt(111) with 0.5 ML NO Coadsorbates (High Coverage)“

low coverage

high coverage

elementary step E,(eV)

NO* + * —» N* + O* 2.32
NO* + H¥ - HNO* + * 1.01
NO* + H* - NOH* + * 1.32
NOH* + * - N* + OH* 1.07
HNO* + * - O* + NH* 1.47
HNO* + NO* - NOH* + NO* NS
NOH* + H¥* - HNOH* + * 1.09
HNO* + H* - HNOH* + * 0.36
HNOH* + * - NH* + OH* 0.70
HNOH* — N* + H,0 --

HNOH* + H* - NH* + H,0 + * NS
N* + N* - N,* + * 1.55
NO* + N* - N,O + 2* 1.18
N* + H¥ — NH* + * 0.80
NH* + H* — NH,* + * 127
NH,* + H¥ — NH3* + * 0.54
O* + H¥* - OH* + * 091
OH* + H* — H,0% + * 0.17
H, + 2% - H* + H* 0.00
HNOH* + H*— NH,OH* + * NS
NO* + NH* - HNNO¥* + * 1.09
HNNO* — N,O + H* 1.46
HNNO* + NO* - NOH* + N,O + * NS
NH* + NO* - N* + HNO* NS
INH* — H,N,* + * NS
N,O* + * > N,* + O* 0.61
NO* + NOH* - ONNOH* + * 0.98

AE (eV) E,(eV) AE (eV)
0.79 3.52 2.02
0.40 0.36 —0.51
0.30 - -

—0.24 1.81 0.83
-0.19 2.26 0.98
NS 0.21 0.03
-0.02 1.24 —0.86
-0.15 0.43 —-0.74
—0.83 1.67 0.09
- 1.36 —0.67
NS 0.69 -1.52
—-1.94 1.60 —2.28
0.17 0.07 -2.50
—0.54 0.54 -1.32
—0.09 0.95 —0.88
—0.63 0.31 —-1.98
-0.17 0.22 -1.71
—0.73 0.15 -1.50
—0.87 0.65 0.08
NS 0.65 -0.93
0.03 0.69 -0.90
0.48 0.72 —0.81
NS 0.61 0.60
NS 0.62 0.62
NS 2.83 —0.46
—1.43 - -
0.16 NS NS

““NS” indicates an elementary step that was not studied on the listed surface, and “--” indicates a step which has been studied; however, a direct path

for the elementary step was not found on the listed surface.

step is approximately thermoneutral on the low-coverage
surface (AE = —0.02 eV) and exothermic (AE = —0.86 eV)
on the high-coverage surface.

HNOH* + * — NH* + OH*. The activation energy for N—
O bond breaking in HNOH* at low coverage is 0.70 eV, and
the reaction is exothermic with a reaction energy of —0.83 eV.
On the high-coverage surface, the activation energy barrier is
higher (E, = 1.67 eV), and the elementary step is slightly
endothermic (AE = 0.09 eV). At the transition state at both
low and high NO coverage, the OH is nearest to a top site, and
the NH is nearest to a bridge site (Figure 4). The N—O
distance at the transition state is the same at high and low
coverage: 1.84 A. On the high-coverage surface at the transition
state, the OH is approximately 0.35 A further above the top
site, compared with the low-coverage transition state.

HNOH* — N* + H,0(,). The elementary step HNOH* —
N* + H,O( is a concerted step involving N—O and N-H
bond cleavage and O—H bond formation. This step does not
occur directly on the low-coverage surface. On the high-
coverage surface, this elementary step is exothermic with a
reaction energy of —0.67 eV, and the activation energy barrier is
1.36 eV. At the transition state, the N—O bond distance is 2.04
A, and the OH is rotated approximately 90° relative to the
orientation of the OH in HNOH* (Figure 4).

HNOH* + H* — NH* + H,0( + *. The elementary step
HNOH* + H* — NH* + H,0O(, + * is a concerted step and
involves both N—O bond cleavage and O—H bond formation.
This step was not studied on the low-coverage surface, because
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it is unlikely that it would occur directly. On the high-coverage
surface, this elementary step is exothermic with a reaction
energy of —1.52 eV, and the activation energy barrier is 0.69 eV.
At the transition state, the N—O bond distance is 1.52 A
(Figure 4).

2N* — N,* + *, The activation energy barriers for N,
formation from atomic nitrogen are high, and this step is
exothermic on the high-coverage (E, = 1.60 eV, AE = —2.28
eV) and low-coverage (E, = 1.55 eV, AE = —1.94 eV) surfaces.
The transition states are similar on both surfaces with the N
atoms in neighboring bridge sites (Figure 4).

NO* + N* — N,O, + 2% N,O formation via NO* + N*
— N,O(,) + 2* has a significantly higher barrier on the low-
coverage (E, = 1.18 V) surface than on the high-coverage (E,
= 0.07 eV) surface. This step is slightly endothermic (AE =
0.17 V) on the low-coverage surface and highly exothermic
(AE = —2.50 eV) on the high-coverage surface. On the high-
coverage surface, at the transition state, N is at an fcc site and
NO is at a bridge site with an N—N distance of 2.28 A. At the
transition state on the low-coverage surface, the N—N distance
of 1.94 A is shorter. At the transition state on the low-coverage
surface, the N atom is at an hcp site and the NO is nearest to a
top site (Figure 4).

NO* + NH* — HNNO* + *, The formation of HNNO%*, via
N—N bond formation between NH* and NO%*, has an
activation energy barrier of 0.69 eV on the high-NO-coverage
Pt(111) surface and is exothermic with a reaction energy of
—0.90 eV. The activation energy barrier on clean Pt(111) is

dx.doi.org/10.1021/cs500668k | ACS Catal. 2014, 4, 3307—3319
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NOH* + * — NH* + H* — NH* + NO* —
N* + OH* NH,* + * £ N* + HNO*
HNO* — NS NH,* + H* — 2NH* —
NOH* NH,* + * NoH* +*
HNO* + H* — O*+H* — N,O* +* —
HNOH* + * OH* + * N,* + O*
NOH* + H* — OH* + H* — NO* + NOH* —
HNOH* + * H,O0* + * ONNOH* + *

Figure 4. Transition state (TS) configurations of elementary steps on clean Pt(111) (low coverage) and on Pt(111) with 0.5 ML NO coadsorbates

(high coverage). “NS” indicates an elementary step that was not studied on the listed surface, and “—

>

” indicates a step for which a direct path was

not found on the listed surface. Yellow, red, blue, and gray spheres represent H, O, N, and Pt, respectively.

higher, and the reaction step is thermoneutral (E, = 1.09 eV,
AE = 0.03 eV). At the transition state (Figure 4) on the high-
coverage surface, the NH and the NO are at neighboring bridge
sites, and the N—N bond distance is 1.55 A. On the clean
surface at the transition state, the NH is at a bridge site, and the
NO is nearest to a top site. The N—N bond distance is 1.83 A.

HNNO* — N,O( + H¥. On the high-NO-coverage Pt(111)
surface, the activation energy barrier for breaking the N—H
bond in HNNO* to produce N,O in the gas phase is 0.72 eV.
On clean Pt(111), the barrier is 1.46 eV. This step is
exothermic on the high-coverage surface (AE = —0.81 eV)
and endothermic on clean Pt(111) (AE = 0.48 eV). The
transition state is similar on the two surfaces (Figure 4). The
N—-N-O lies approximately parallel to the surface above a
bridge site, with the O end tilted away from the surface, and the
H is nearest to a top site. The N—H bond distance is 1.04 and
1.30 A, on the high-NO-coverage surface and on clean Pt(111),
respectively. The H atom cannot be seen in Figure 4 because it
lies directly below the N end.

NH; Formation. The three hydrogen addition steps
required to form NH; through hydrogenation of an adsorbed
N atom have lower activation energy barriers and are more
exothermic on the high-coverage surface compared to the low-
coverage surface. The first hydrogenation step, to form NH*
from N¥*, has a barrier of 0.80 eV and a reaction energy of
—0.54 eV on the low-coverage surface. On the high-coverage
surface, the activation energy barrier is 0.54 eV, and the
reaction energy is —1.32 eV. The transition states are similar on
both surfaces: the N atom is at an fcc site and the H atom is
nearest to a top site (Figure 4). On both surfaces, the addition
of the second H atom to form NH,* from NH* has the highest
barrier of the three hydrogenation steps. The activation energy
barrier for NH* + H¥* — NH,* + * is 1.27 eV at low coverage
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and 0.95 eV at high NO coverage. This elementary step is
exothermic on both surfaces with a reaction energy of —0.09 eV
at low coverage and —0.88 eV at high NO coverage. At the
transition state on the high- and low-coverage surfaces, the H
atom is nearest to a top site. On the low-coverage surface, the
NH is at a bridge site at the transition state, whereas on the
high-NO-coverage surface at the transition state, the NH is at
an fcc site (Figure 4). The third hydrogenation step, leading to
adsorbed NHj, has an activation energy barrier of 0.54 and 0.31
eV and a reaction energy of —0.63 eV and —1.98 eV on the low-
coverage and high-NO-coverage surfaces, respectively. The
transition state for this third hydrogenation step is similar on
the two surfaces, with the NH, and the H atom located nearest
to neighboring top sites (Figure 4).

H,O Formation. The activation energy barrier for hydro-
genation of O* to form OH* is 0.91 eV on the clean Pt(111)
and 0.22 eV on the high-NO-coverage Pt(111) surface. The
elementary step is more exothermic on the high-coverage (AE
= —1.71 eV) surface compared to the low-coverage (AE =
—0.17 eV) surface. At the transition state on the low-coverage
surface, the O is at a bridge site, and the H is at a top site. On
the high-coverage surface at the transition state, both O and H
are at neighboring bridge sites (Figure 4).

The formation of H,O from OH* has a similar activation
energy barrier on the two surfaces: 0.17 eV at low coverage and
0.15 eV at high NO coverage. This elementary step is more
exothermic on the high-coverage surface, with a reaction energy
of —1.50 eV compared to a reaction energy of —0.73 eV on the
low-coverage surface.

In general, the activation energy barriers for the bond-making
steps decrease at higher NO coverage, and the activation energy
barriers for the bond-breaking steps increase with increasing
coverage. This general trend is observed because a significant
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component of the activation energy barrier is related to the
binding energy of reactants and products of elementary steps.
For instance, on the high-coverage surface, the individual
reactants of a bond-making step are bound more weakly
compared to adsorption on the clean surface. As a resul, it is
easier for them to reach the transition state for the bond-
making step, relative to the clean surface, which gives rise to a
smaller barrier for a bond-making step on the high-coverage
surface. Analogous arguments explain the general trend
observed for the bond-breaking steps: a smaller barrier on
the clean surface. The hydrogenation of NOH* and HNO¥*,
and the formation of N, via the combination of two N* species
(2N* — N,* + *) do not follow this general principle; these
bond-making steps have higher activation energy barriers at the
higher NO coverage. However, the difference between the
calculated activation energy barrier at high and low coverage is
less than 0.15 eV for all three of these steps. The bond-breaking
step HNNO* — N,O + H* does not follow the general trend:
the activation energy barrier is lower on the high-coverage
surface. Because this step produces N,O in the gas phase, it
significantly reduces the repulsive interactions on the high-
coverage surface and is therefore exothermic on the high-
coverage surface. In contrast, it is an endothermic step on the
low-coverage surface.

Maximum Rate Analysis. From the elementary steps
outlined above, multiple pathways are possible for cleavage of
the N—O bond,* shown schematically in Figure 5. The N—O

N* + O*
* *
—NH* + 0 N + H,0
+* + * i
NO*iELHN0*4ﬂiHNOH*f1»NH*+0H*

4

+H* (6] =
NOH* — 1 NH* + H,0 + *

jL*N*+OH*

Figure S. Reaction mechanisms for N—O bond activation in NO
reduction by H,. Labels with red numbers correspond to mechanisms
in Table 2. DFT calculations showed that NO* + H¥ — NOH* + *
does not occur as an elementary step on Pt(111) at high NO coverage.
Mechanisms 4, S, and 6 could all occur via step (i) HNO* + H* —
HNOH* + * or step (i) HNO* + H* —» NOH* + H* — HNOH* +
* Because the maximum rates for the elementary steps in (i) are larger
than those in (ii), we only consider path (i) in the analysis of
mechanisms 4—6, although we do not exclude the possibility that
NOH* could participate.

bond activation mechanisms considered all lead to either N* or
NH?*. In the case of NH*, adsorbed atomic nitrogen could then
be formed by N—H dissociation such that all pathways lead to
N,O via N* + NO* = N,O + 2*. The most commonly utilized
and simplest procedure for assessing which of multiple
competing reaction pathways may carry the flux in an overall
reaction involves identifying the minimum energy pathway by
plotting the energy or enthalpy versus the reaction coordinate
for the various pathways. This approach, while informative, fails
to consider potentially significant entropic effects. Therefore, a
more detailed analysis involves constructing plots of the Gibbs
free energy versus the reaction coordinate. Still, these plots of
energy or Gibbs free energy versus reaction coordinate can be
misleading, because the location of the highest transition state
energy can depend on the order in which the steps are plotted.
For example, by changing the order of the elementary steps,
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specifically the adsorption steps, in direct NO dissociation
(mechanism 1) on clean Pt(111), the location of the maximum
transition state energy in the Gibbs free energy surface can
change (see Figure 6). For this reason, the most rigorous
procedure to predict the reaction flux through a specific
pathway is generation of a full microkinetic model,""'> which
requires significant time and effort, particularly for reactions
with multiple products and many possible pathways. Accord-
ingly, prior to conducting detailed microkinetic analyses, we
suggest here a maximum rate analysis to probe the viability of
various possible reaction pathways. This systematic analysis
alleviates the issue with the ordering of elementary steps in
kinetic analyses using plots of energy versus reaction
coordinate, because all transition state energies are calculated
relative to gas-phase reactants and products. In addition, the
maximum rate analysis, outlined below, can be particularly
useful for reducing the complexity of a subsequent microkinetic
model by justifying the elimination of those elementary steps
with very slow maximum rates.

To determine the most likely pathways via the maximum rate
analysis, we first calculate the maximum rate of each elementary
step in each mechanism based on the assumption that this step
is the rate-determining step and that all other elementary steps
in the mechanism are equilibrated. The rate of an elementary
step involving a vacant site term is maximized when there is no
site-blocking and therefore 6, the fraction of vacant surface
sites, is equal to one. Partial pressures of gas-phase reactants
and products and the reaction temperature are set on the basis
of the conditions of experimental studies. In this case, we use a
typical set of experimental conditions for this reaction:
temperature of 400 K and NO, H,, N,O, and H,O partial
pressures of 0.005, 0.050, 0.0002, and 0.0002 atm, respectively.
Once the maximum rate of each elementary step has been
calculated, the values for the slowest maximum rate in the
competing mechanisms are compared and discussed. The most
likely reaction mechanisms are identified as those mechanisms
with the largest calculated maximum rate for the slowest
elementary step in the mechanism.

To illustrate the maximum rate analysis procedure, we derive
the maximum rate equation for elementary steps in two
example reaction mechanisms of differing complexity. We start
with a simple reaction mechanism for the overall reaction A + B
— AB:

Elementary Step 1. A + * — A*
Elementary Step 2. B + * — B*
Elementary Step 3. A* 4+ B* — AB* 4 *

Elementary Step 4. AB*¥ — AB + *

We now calculate the maximum rate of any individual step,
assuming all of the other steps are in equilibrium. Based on
transition state theory, the rate of reaction 1, (r,), in units of
molecules per area per time, is equal to the concentration of the
activated complex times a frequency factor equal to kzT/h,
where kg is the Boltzmann constant, T is the temperature and h
is Planck’s constant. For surface reactions, r; can be written as a
turnover frequency, in units of s™', by dividing by the total
concentration of surface sites, Sy, in units of sites per area.

T
— kB_[A*iJ

=
"ohs,
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Figure 6. Free energy surface for direct NO dissociation (mechanism 1) on clean Pt(111). The solid green line shows the PES constructed with all
adsorption steps occurring along the reaction coordinate before the N—O bond-breaking step. The dotted blue line shows the PES constructed with
the second NO adsorption step and H, dissociative adsorption occurring in the reaction coordinate after N—O bond-breaking.

The equilibrium constant, Kj, for production of the activated
complex A** from gas-phase A is

£ AGH kT _

O et
i A
K; —

.

*

where AG] is the Gibbs Free energy change for formation of
the activated complex from gas-phase A and ¢; is the activity of
species i. The activity of gas-phase species A is the partial
pressure of A, P,, divided by the standard state pressure, P’, of
1 atm. The activity of a surface adsorbate is the concentration
of the adsorbate, in units of molecules per area, divided by the
standard state, which is the total concentration of surface sites
(So)- This normalization gives the fractional surface coverage of
surface adsorbate i, 6, Likewise, the activity term for vacant
sites is the fractional coverage of empty sites, fx. K} can now be
written as

(A7

1{i = e_AGf/kBT = S = QA*:
! Ry[+]
2 Py Y%
P, A

where p; is the partial pressure of i divided by the standard state
pressure. The Gibbs free energy change of step j is calculated
from the change in enthalpy and entropy

AG].* = AHf - T*Asf

The enthalpy and entropy of gas-phase species are found from
the energy and vibrational frequency calculations and their
temperature dependence is described using the Shomate
equation. The procedure for calculating the thermodynamic
parameters for gas-phase species has been described in detail
elsewhere.'>*® For adsorbed species, the enthalpy is calculated
by adding the DFT-derived binding energy to the enthalpy of
the species in the gas phase. The entropy of an adsorbate is
approximated as its local entropy, where the local entropy is the
entropy of the species in the gas phase minus its 3D
translational entropy. This choice for the entropy approx-
imation is adequate due to the approximate nature of the
maximum rate analysis, whereas more rigorous methods based
on DFT calculations of the frustrated vibrational and rotational
modes of adsorbed species could be used later, in a full
microkinetic model. The entropy at the transition state is set
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equal to the final state entropy for bond-making steps and the
initial state entropy for bond-breaking steps. The enthalpy at
the transition state is equal to the initial state enthalpy plus the
DFT-calculated activation energy barrier.

The reaction rate is maximized when there is no site-
blocking, such that 6. is equal to unity. Thus, the maximum
value of ry, 7y, is given by

_ kgT —AG] kT
n = —c¢
1,max h

Similar analysis leads to the analogous expression for 1) ...

A

kT —AGHkT
h

The rate of reaction 3, r;, and the equilibrium constant for
production of the activated complex AB*** from adsorbed A
and B are

kT
h

rZ, max B

Opp+:
Or0s

., = Ksi — AGH/kT _

To derive the rate expression for step 3 in terms of gas-phase
reactants and products, we use the equilibrium constant
equations for elementary steps 1 and 2, because these steps
are assumed to be equilibrated, to express 6, and 8y in terms of

pa and pg.

Oy

t_ —AG/kyT
Ky=e o AG/kT ~AG, /Ky

T 2
N
The expression for 13, thus becomes

ks T 1
BTe(—AG3—AGl—AGZ)/kBTPAPB

Importantly, this expression for r;,,, could alternatively be
derived by adding the elementary steps to generate an overall
reaction, 3*™, for the formation of the activated complex
AB*** directly from gas-phase A and B.

A+ * o A*

r3,ma.x -

B + * & B*

A* + B* o AB*H
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Table 2. Maximum Rates of Elementary Steps for N,O Production in NO Reduction by H,?

mechanism 1

step overall reaction rate constant Tmax
(1) NO + * - NO* NO + * & NO** K 5 x 10"
2) H, + 2% — 2H* H, + 2% « 2H* Ky# 3% 10°
3) NO* + * — N* + O* NO + 2% & [N* + O*]* KK, 2 x 107%
(4) N* + NO* - N,O + 2% 2NO + H, + 2* & [N,0 + 2*] + H,0 KK 2K,KK K 8 x 10*
©) O* + H* — OH* + * 2NO + 1/2H, + 2% < [OH**]}* + N,0 KK 2K, KK, 8 x 107
6) OH* + H* - H,0 + 2* 2NO + H, + 2* & [H,0 + 2*]¥ + N,O KK 2K, KKK 7 x 108
min(#y,,) 2%x107%
mechanism 2
step overall reaction rate constant Tmax
(1) NO + * - NO* NO + * & NO** K 5% 10"
(2) H, + 2% — 2H* H, + 2% < 2H* K* 3 x 10°
3) NO* + H* — HNO* + * NO + 1/2H, + 2* & [HNO**]* KK K,'? 6 x 10°
(4) HNO* + * — NH* + O%* NO + 1/2H, + 2% < [NH* + O*]* KKK, K, 5x 1076
©) NH* + * — N* + H* NO + 3/2H, + 2* < [N* + H*]* + H,0 KKK, KK KKy 2 x 102
6) N* + NO* — N,O + 2% 2NO + H, + 2% « [N,0 + 2*]* + H,0 KK 2K,K K, KKKy 8 x 10
(7) O* + H* — OH* + * 2NO + 1/2H, + 2* < [OH**}* + N,0 KK 2K, V2K K KKK 8 x 107
(8) OH* + H* — H,0 + 2% 2NO + H, + 2* & [H,0 + 2*]* + N,0 KK 2K, K K, KKKy 7 x 10%
min(#y,,) 5x 1076
mechanism 3
step overall reaction rate constant 1 —
(1) NO + * — NO* NO + * < NO** K/ 5 x 10"
(2) H, + 2% — 2H* H, + 2% < 2H* KF 3% 10°
(3) NO* + H* - HNO* + * NO + 1/2H, + 2* & [HNO**]* KK K,? 6 x 10°
(4) HNO* — NOH* NO + 1/2H, + * < [NOH*]* KKK, 2K, 3 x 10"
(5) NOH* + * — N* + OH* NO + 1/2H, + 2% < [N* + OH*]* KKK 2KGK, 1x 107"
(6) N* + NO* — N,O + 2* 2NO + H, + 2* & [N,0 + 2*]* + H,0 KK KKK KK 8 x 10%
(7) OH* + H* — H,0 + 2% 2NO + H, + 2* « [H,0 + 2*]* + N,O KK 2K KKK K 7 x 10%
min(r,,,) 1x 107"
mechanism 4
step overall reaction rate constant Tonax
(1) NO + * - NO* NO + * « NO* K* 5x 10
() H, + 2% — 2H* H, + 2% < 2H* Kt 3% 10°
(3) NO* + H¥ — HNO* + * NO + 1/2H, + 2% < [HNO**]* KK, K,'? 6 % 10°
(4) HNO* + H* — HNOH* + * NO + H, + 2* < [HNOH**]* KK KK, 5x 10°
(5) HNOH* + * — NH* + OH* NO + H, + 2% < [NH* + OH*]* KK KKK, 5% 1077
(6) NH* + * — N* + H* NO + 3/2H, + 2* & [N* + H*]* + H,0 K&K KKK KKy 2 % 102
(7) N* + NO* — N,O + 2% 2NO + H, + 2* & [N,0 + 2%]* + H,0 KK 2K,K K, KKKy 8 x 10%
(8) OH* + H* — H,0 + 2* 2NO + H, + 2* & [H,0 + 2*]* + N,0 K"K KKK KKK, 7 x 108
min(r.,) 5% 107
mechanism $
step overall reaction rate constant -
(1) NO + * — NO* NO + * < NO** K* 5 x 10"
) H, + 2% — 2H* H, + 2% < 2H* Kt 3% 10°
(3) NO* + H* - HNO* + * NO + 1/2H, + 2% < [HNO**]* KK K,? 5 x 10°
(4) HNO* + H* — HNOH* + * NO + H, + 2% < [HNOH**]* K KKK, 5 X 10°
) HNOH* - N* + H,0 NO + H, + * & [N* + H,0]* KK KKK, 4x1073
6) N* + NO* = N,O + 2% 2NO + H, + 2% & [N,0 + 2*]* + H,0 KK KKK K 6 x 10%
min(f,.,) 4x1073
mechanism 6
step overall reaction rate constant Timax
(1) NO + * - NO* NO + * « NO*# K* 5 X 10"
(2) H, + 2% — 2H* H, + 2% < 2H* K 3 x 10°
3) NO* + H* — HNO* + * NO + 1/2H, + 2% < [HNO**]* KSPK K2 5% 10°
(4) HNO* + H* — HNOH* + * NO + H, + 2¥ < [HNOH**]* KAK KK, 5% 10°
(5) HNOH* + H* — NH* + H,0 + * NO + 3/2H, + 2* < [NH* + H,0%]* KK KKK, 8 x 107
6) NH* + * — N¥ 4+ H* NO + 3/2H, + 2* « [N* + H¥]* + H,0 KKK KK K 2 x 10
(7) N* + NO* - N,O + 2% 2NO + H, + 2* « [N,0 + 2*]* + H,0 K5*K 2K, KK, KK 6 x 10%
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Table 2. continued

mechanism 6

step

min(7,,,,)

overall reaction

rate constant P

3 % 10°

“Maximum rates of elementary steps in competing reaction mechanisms, outlined in Figure S, as calculated from DFT-derived data on Pt(111) with
0.5 ML NO spectators. Rates are calculated at a temperature of 400 K and NO, H,, H,O and N,O partial pressures of 0.00S, 0.050, 0.0002 and
0.0002 atm, respectively. In each mechanism the slowest step is indicated in bold face.

A + B + 2% o AB**F (3m)

The equilibrium constant for production of the activated
complex AB*** from gas-phase A and B can then be used to
derive an expression for the coverage of the activated complex
Op++*. The equilibrium constant is calculated as

_ K§K1Kz _ e—AG§/kBTe—AG1/kBTe—AGz/kBT _ Oppr+

3
K3
I XA

sum

where K; and K, are the equilibrium constants for elementary
step 1 and 2, respectively. We can then add the three free
energy change terms to determine AGisum, the change in Gibbs
free energy for the formation of the activated complex from gas-
phase A and B. This lumping results in the elimination of all of
the free energy terms for A* and B*.

—AG] = —AG] — AG, — AG,
= —(Gygr#r — Gg — Gyr) — (Gg — Gy) — (G — Gp)
= —(Gpgr#t — Gy — Gp)

_ KT ¢~ DG /KT

r3,max - h pApB
Lastly, the maximum rate expression for elementary step 4 is
_ k8T aGh/tar
r4,max - h € PAPB

The approach of adding all of the elementary steps to
generate an overall equation involving only the activated
complex in the assumed rate-determining step and gas-phase
reactants and products is particularly useful when calculating
maximum rates of elementary steps in more complicated
reaction mechanisms. For example, below is one possible
reaction mechanism for the overall reaction 4A + 2CB — 2A,C
+ B,.

Elementary Step 1. A + * — A*

Elementary Step 2. CB + * — CB*
Elementary Step 3. A* + CB*¥ — ACB* 4 *
Elementary Step 4. ACB* + * — AC* + B*
Elementary Step 5. AC* 4+ A* — A,C¥ 4+ *
Elementary Step 6. 2B* — B, + 2*

Elementary Step 7. A,C* — A,C + *

For this example, we will only derive the equation for
calculating the maximum rate of elementary step 5.
kgT 5
re= ——[A,CH**
= s, [A,C*]
Assuming all other reactions are equilibrated and step 5 is rate-
determining, the following elementary steps can be added to

express the overall reaction for forming the activated complex
A,C*** from gas-phase reactants and products.

2(A + * = A¥)

CB + * — CB*

A* + CB* — ACB* + *
ACB* + * — AC* 4 B¥
AC* + A* o A,C**F

1/2) 2B* — B, + 2%
2

2A + CB + 2% & A,C* 4 1/2B, (5™

The equilibrium constant is now written for the total reaction
giving the production of the activated complex, A,C***, from
gas-phase A, CB and B,, where all energy terms related to
adsorbed intermediates cancel, leaving AG:,,.

K o = KIKTKIGK K
_ e—Acf/kBT[e—Acl/kBT]zE—AGZ/kBTe—AG3/kBTe—Ac4/kBT[E—AGS/kBT]l/z
HAZC**iP];;Z
NN
_Acét’sum pijBHf
eAZC**i = e kT T

Bl
Then we can use the expression for 8, c«+* to calculate rs ..

2
—AGE,
_ kBT 3, sum pApCB
. = —e¢ T
5,max h 1/2

Py

2

Once the maximum rates of all of the elementary steps in a
reaction mechanism have been calculated, the minimum of
these rates can be compared with the minimum rates of
competing mechanisms to determine which mechanisms are
most likely to carry the majority of the flux from reactants to
products.

The maximum rate analysis was applied to determine the
most likely mechanism(s) for N—O bond activation leading to
formation of the major product observed experimentally, N,O,
in low-temperature NO reduction by H, on Pt catalysts.”® The
analysis was first conducted using the data from DFT
calculations at high NO coverage (0.5 ML NO spectators), as
this surface environment is expected to be more representative
of realistic experimental conditions (see discussion earlier). The
calculated maximum rates are shown in Table 2 for the
individual elementary steps in all N—O activation mechanisms
outlined schematically in Figure S. Table 2 also shows the
overall reaction for forming the activated complex in each
elementary step from gas-phase reactants and products, and the
resulting rate constant for the overall reaction. For each
mechanism, the elementary step with the minimum value of its
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maximum rate is reported in bold print below the mechanism
in Table 2 and reported in the bar graph in Figure 7.

1010
10° 1
~ i}
o 107
kA L
& 107
T
107 1L
10% ; T ; T . .
1 2 3 4 5 6
Mechanism

Figure 7. Maximum rates of the slowest step in each mechanism,
shown in Figure S, on Pt(111) with 0.5 ML NO spectators, calculated
using DFT-derived data. The error bars are calculated by reducing (—)
and increasing (+) the DFT-derived activation energy barriers of all
steps in the mechanism by 0.2 eV. Rates are calculated at a
temperature of 400 K and NO, H,, H,O and N,O partial pressures of
0.00S, 0.050, 0.0002, and 0.0002 atm, respectively.

To account for an estimated error in the DFT calculated
activation energy barriers of +0.2 eV, we calculated the upper
and lower bounds of the maximum rates for the slowest
elementary step in each mechanism, shown as error bars in
Figure 7. For simplicity, we increased or decreased the
activation energy barriers of all of the elementary steps so
that the slowest step would not change throughout the
uncertainty analysis. In mechanism 1 the slowest step is direct
NO dissociation. The maximum rate for this step is low (2 X
107 s7"), which is more than 12 orders of magnitude slower
than the slowest step in all other mechanisms. Therefore, we
eliminate the direct NO dissociation mechanism (mechanism
1) as a possible mechanism for the overall reaction. The slowest
steps in mechanisms 2 and 3 are cleavage of the N—O bond in
HNO* and NOH¥*, respectively. Based on the maximum rate
calculations, these elementary steps are expected to be slower
than the slowest steps in mechanisms 4—6. Additionally, the
elementary step involving cleavage of the N—O bond in either
HNO* or NOH* competes with the elementary steps
involving hydrogenation of these intermediates leading to
HNOH?*, which occur in mechanisms 4—6. Comparison of the
maximum rate for HNO* + * — NH* + O* (r, =5 X 107%
s7!) with the maximum rate for HNO* + H* — HNOH* + *
(fmax = S X 10° s7') suggests that the hydrogenation step
should be more favorable, and thus mechanism 2 is unlikely to
occur. This comparison is closer for NOH*, with maximum
rates of 1 X 107'% and 1 X 107° s7* for NOH* + * — N* +
OH* and NOH* + H* — HNOH* + ¥, respectively.
However, on the basis of this difference of S orders of
magnitude, we suggest that mechanism 3 is also an unlikely
overall reaction mechanism.

Mechanisms 4, S, and 6 can all occur via step (i) HNO* +
H* — HNOH?* + * or step (ii) HNO* + H* - NOH* + H*
— HNOH®* + *. Because the maximum rates for the
elementary steps in (i) are larger than those in (ii), we only
consider path (i) in the subsequent analysis of mechanisms 4—
6, although we do not exclude the possibility that NOH* could
participate. The maximum rate for the slowest step in
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mechanism 4 (HNOH* + * — NH* + OH*) is 5 X 1077
s™'. The maximum rate for the slowest steps in mechanisms 5
(HNOH* — N* + H,O(y), finex =4 X 107 s7!) and 6 (H, + 2*
— 2H*, 10 = 3 X 10° s7') are similar, particularly when one
accounts for the assumed error in the DFT-calculated activation
energy barriers by comparing the upper and lower limits of the
maximum rates. Importantly, the barrier for the slowest
elementary step in mechanism 4 (HNOH* + * — NH* +
OH*) was found to be highly dependent on the NO surface
coverage. The barrier for the elementary step HNOH* + * —
NH* + OH* increases from 0.70 eV at low coverage to 1.67 eV
at high NO coverage. Furthermore, HNOH* is a large
intermediate, which could result in an overestimation of the
DFT-calculated high NO coverage barrier due to repulsive
interactions. The concerted step HNOH* — N* + H,O
(mechanism S) does not occur directly on the low-coverage
surface. Likewise, the N—O bond breaking step required for
mechanism 6, although it is not the slowest step in the
mechanism, is also a concerted step that may not occur directly
on the low-coverage surface. Additional theoretical studies of
the coverage dependence of these steps as well as experimental
studies of the NO surface coverage under realistic reaction
conditions are necessary to conclusively state which of
mechanisms 4—6 are most likely.

In summary, based on the maximum rate analysis,
mechanisms 1, 2, and 3 are determined to be unlikely for the
formation of N,O in NO reduction by H, on Pt(111) with 0.5
ML NO spectators. Mechanism 1 occurs via direct NO
dissociation, and mechanisms 2 and 3 occur via the addition of
a single H atom to NO followed by N—O bond scission (in
either HNO* or NOH*). The more energetically favorable
pathways are suggested to be mechanisms that involve the
addition of at least two hydrogen atoms prior to cleavage of the
N-O bond. The results of this analysis suggest that HNO* and
HNOH* are likely to be important reaction intermediates in
NO reduction by H,.

To further illustrate the importance of considering the most
relevant surface coverage, we conducted maximum rate analyses
using the DFT-derived data on clean Pt(111) and the same
reaction conditions described above for high NO-coverage
Pt(111). The maximum rate for the slowest step in mechanism
1, NO* + * — N* + O%, is 8 X 10™*s™. For mechanism 2, the
slowest step is N—O bond-breaking in HNO* (HNO* + * —
NH* + O*, r,. = 2 X 10* s7'). For all other mechanisms
considered on clean Pt(111) the slowest step is NO adsorption,
which has a maximum rate of § X 10" s™'. The mechanisms
involving concerted elementary steps for N—O bond-breaking
in HNOH?*, mechanisms 5 and 6, were not considered, because
these steps are unlikely to occur directly at low NO coverage.
Based on the maximum rates calculated, the direct NO
dissociation mechanism (mechanism 1) and N—O bond
scission via HNO* (mechanism 2) are unlikely to occur even
at low NO coverage. Mechanism 3, however, which proceeds
via NOH* dissociation, may be more competitive on clean
Pt(111), compared to the high NO coverage system.

The results of our maximum rate analysis are insensitive to
the specific conditions used. For example, the conclusions
reported do not change if the partial pressures of gas-phase
NO, H,, H,O, or N,O used in the analysis are modified by 1
order of magnitude, because the conclusions are derived from a
comparison of rates that differ by multiple orders of magnitude.
The most sensitive parameter in this study is, in fact, the NO
surface coverage utilized in the DFT calculations. Therefore,
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one must ensure that the reaction conditions used in the
maximum rate analysis are consistent with the surface coverages
predicted by the DFT-derived phase diagram and that
subsequent DFT calculations are performed on the appropri-
ately modified (by adsorbates) clean surfaces.

We note that the elementary step for N,O formation invoked
throughout this study (N* + NO* — N,O + 2*) may be overly
simplistic. Because two of the three proposed reaction
mechanisms (mechanisms 4 and 6) on high NO coverage
Pt(111) require breaking the N—H bond in NH* to form N*,
an elementary step with a high activation energy barrier (E, =
1.86 eV), we investigated alternative routes leading to N,O
from NH*. One possible step is formation of an N—N bond
with a neighboring NO* to produce the intermediate HNNO*,
which may be particularly relevant because NO* is expected to
be present at high coverage on Pt(111). The HNNO* can then
undergo N—H bond scission to produce N,Og) and an
adsorbed H atom. Interestingly, the calculated maximum rate
for forming HNNO* (3 X 10* s7') is more than 10 orders of
magnitude greater than the maximum rate calculated for NH*
+% > N* + H* (2 X 10 s7"). A detailed analysis of product
formation mechanisms through a DFT-based full microkinetic
model and comparison with experimentally determined trends,
will be necessary to determine the most likely steps involved in
N,O formation following the initial N—O bond scission. In
addition, combining this theoretical study with experimental
kinetics, including experiments probing the effect of the Pt
particle size on the activity and selectivity of the reaction, will
provide insight into the role of various types of surface sites in
the reaction. The Pt(111) facet is the most stable and therefore
most abundant facet of a Pt nanoparticle, but may not be the
active site for the overall reaction. If a significant particle size
effect is found, additional theoretical studies analogous to the
one presented here should be conducted for a Pt slab with
defect sites, such as steps and/or kinks. These sites are likely to
display very different reaction energetics, compared to Pt(111)
and consequently may provide alternative reaction pathways to
those predicted here. Alternatively, these sites may be proven to
be strongly poisoned by some reactive intermediates, thereby
eliminating their effect on steady-state reaction kinetics.
Detailed experimental studies of particle size effects will be
essential in assessing the importance of under-coordinated Pt
sites.

B CONCLUSIONS

We showed that Pt(111) is mostly covered by adsorbed NO
during NO reduction by H, at low temperatures (e.g.,, 400 K)
and typical pressures. The high NO coverage destabilizes
adsorbed intermediates. In general, high coverage causes the
activation energy barriers for bond-breaking steps to increase
and the activation energy barriers for bond-making steps to
decrease, relative to the respective barriers on clean Pt(111).
The activation energy barrier for N,O formation from adsorbed
N* and NO* decreases at high NO coverage, which is a
possible explanation for the high N,O selectivity observed
experimentally at low temperatures.

A maximum rate analysis, a procedure for assessing the most
likely reaction pathway(s) from DFT-derived kinetic and
thermodynamic data, is performed to probe the reaction
mechanisms leading to N,O formation at low temperatures in
NO reduction by H,. The results of this analysis suggest that
the addition of at least two H atoms is required prior to
cleavage of the N—O bond. The intermediates HNO* and
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HNOH* are likely important intermediates in the pathway to
N,O formation from NO and H, at low temperatures.
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