_A\ Available online at BCREC website: https://journal.bcrec.id/index.php/berec
MKICS

=
==
=

CREC Bulletin of Chemical Reaction Engineering & Catalysis, 19 (1) 2024, 32-46

PUBLISHING GROUP

Research Article

NO Dissociation on Platinum and Platinum-Rhodium Alloy:
A Theoretical Investigation

Khanh B. Vu!2* Khoa Thanh Phung!2?, Le Hoang Thong!2, Bui Thi Linh12, Nguyen Ngoc Huyen!:2

1Department of Chemical and Environmental Engineering, International University, Ho Chi Minh City, Vietnam
2Vietnam National University, Ho Chi Minh City, Vietnam.

Check for
updates

Received: 7t November 2023, Revised: 22nd December 2023, Accepted: 234 December 2023
Available online: 26t December 2023; Published regularly: April 2024

Abstract

In this computational study, the preferential adsorption and co-adsorption sites of various chemical species (N, O,
and NO) on the Pt (111) and RhsPt (111) surfaces were identified. The preferential adsorption site for NO and co-
adsorption sites for N and O on the Pt (111) surface are the hollow (fcc) sites; and these on the RhsPt (111) surface
are the hollow (fccl) site and hollow N(hep2)-O(fccl) sites, respectively. The activation energies of the NO dissocia-
tion reaction on the Pt (111) and RhsPt (111) catalytic surfaces are 2.35 and 2.02 eV, respectively. The lower acti-
vation energy of the NO decomposition on the RhsPt (111) surface is explained by the stronger back-donation from
the 4d orbital of the Rh atoms to the 2rn* anti-bonding orbital of the NO molecule. The activation energies of the N
and O recombination reaction on the Pt (111) and RhsPt (111) catalytic surfaces are 1.51 and 2.30 eV, respectively.
The study indicates that the RhsPt (111) surface not only facilitates the NO decomposition but also better prevents
N and O from recombination.
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1. Introduction

The emission of nitric oxide is unavoidable;
therefore, the treatment for this pollutant is
necessary. The selection of the treatment meth-
od depends on several factors such as the emis-
sion source, concentration, regulations, econom-
ic consideration, and available infrastructure. A
combination of several methods can be applied
to optimize the treatment process. Some typical
treatment methods include: 1) selective catalytic
reduction [1]: this method uses catalysts to re-
duce the NO gas emitted from power plants, in-
dustrial processes, and vehicles. The NO gas re-

* Corresponding Author.
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acts with a reducing agent like ammonia or urea
over a catalyst to produce nitrogen and water.
This method is highly efficient and selective and
potentially applied for large-scale treatment,
but catalysts are prone to poisoning due to con-
taminants in feedstock in addition to ammonia
slip and reducing agent cost; i1) non-thermal
plasma treatment [2,3]: passing a flow of NO
gas through the reactor with high-voltage elec-
trical discharge to form nitrogen oxides, which
are further treated by other methods. This
method offers a lower treatment temperature
than traditional thermal methods; however, it
costs much energy and potentially produces
ozone as a byproduct; ii1) absorption with basic
solutions [4-6]: a stream of NO gas is passed
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through a basic solution such as alkaline- or
amine-based solution. The absorbed NO gas is
converted to nitrate or nitrite compounds for
further treatment. This method is good for
small scale and cost-effective due to simple
equipment. However, we have to deal with so-
lution handling and chemical waste generation;
iv) catalytic decomposition [7,8]: conversion of
NO gas to nitrogen and oxygen at high temper-
atures. It is efficient for NO removal and poten-
tially utilized for high-temperature processes.
The performance of catalysts is prone to con-
taminants in feedstock; v) other methods such
as biological treatment [9,10], adsorption on
the surface of porous materials [11-13], and
combustion modification are also considered.

Among the above-mentioned methods, cata-
lytic decomposition and selective catalytic re-
duction are popular for treatment of NO gas.
Therefore, in this study, we focus on the cata-
lytic decomposition of NO gas over heterogene-
ous catalysts. The catalytically active sites for
this method include platinum [14,15], rhodium
[16,17], palladium [18,19], copper [20], and iron
[21]. Platinum and rhodium are highly active,
stable at high-temperature working conditions,
and effective for the removal of NO; its limita-
tion includes high cost and sensitivity to poi-
soning [22]. Palladium exhibits effective at low
temperature, but it 1s also an expensive materi-
al and poisoned by sulfur compounds [23]. Cop-
per-based catalysts work at low temperatures
and low cost but require oxygen as co-
adsorption for acceptable activity. Copper is al-
so prone to deactivation due to oxidation [24].
Ton-based catalysts are cheap and work at low
temperatures. However, their activity is moder-
ate compared to other catalysts, and they are
also prone to deactivation. Due to their high ac-
tivity and stability at high temperature, the no-
ble metal catalysts including platinum, rhodi-
um, and palladium have been commercialized,
albeit their expensiveness. Finding noble cata-
lysts with excellent activity for NO activation
and working at low temperatures are still need-
ed [25], and computational chemistry is an in-
dispensable part of exploring process.

The reaction mechanism for catalytic decom-
position of NO under lean conditions over plati-
num catalyst was generally accepted as follows
[26]:

1) NO dissociation step: NO* — N* + O¥;
ii) Nitrogen formation: N* + N* — Np;
1i1) Byproduct formation: NO* + N* — N2O

Starred species indicate adsorption state on
metallic surface, and non-starred species indi-
cate gas phase.

NO is chemically dissociated on platinum
surface and then produces gaseous nitrogen
molecule. However, oxygen molecule is not
formed because oxygen atoms strongly combine
and poison platinum atoms. The formation of
platinum oxide results in catalyst deactivation;
therefore, NO dissociation is eventually elimi-
nated. Therefore, reducing agent such as hy-
drogen or carbon monoxide is introduced to
clean platinum surface, and NO dissociation
reaction is still unaffected. The formation of
N20 is rather complicated because it can be
considered as a main product or an intermedi-
ate, depending on studies [27-29]. The reaction
mechanisms and energetic barriers of these re-
actions have been theoretically investigated on
pure metallic surfaces such as platinum [30-
33]. The commonly investigated surface of plat-
inum catalyst is Pt (111) because of its energet-
ic stability compared to other surfaces [34]. Re-
cently, rhodium—cerium oxide clusters catalyti-
cally transforms NO to N2 and CO2 by reduc-
tion its reaction with CO. The intermediate
N:20 is proposed to adsorb on the Rh atom in
the cluster and dissociated to form N2 molecule
with the assistance of two Ce atoms [35]. Plati-
num-rhodium alloy catalysts have been used in
many industrial applications as emission con-
trol, hydrogenation/dehydrogenation reactions
[36], reduction of 4-nitrophenol and rhodamine
B [37], photocatalytic degradation of methylene
blue [38], hydrogen evolution [39], and nitric
acid production.

As mentioned previously, the NO activation
is the first and important step in the reaction
mechanism for the catalytic decomposition of
NO under lean conditions over platinum cata-
lyst. We were curious how this activation step
works on the platinum-rhodium alloy because
the NO decomposition has not been theoretical-
ly investigated on the RhsPt alloy. In this re-
search, the adsorption of the N, O, and NO spe-
cies and the activation energy of the NO de-
composition on the Pt (111) and RhsPt (111)
surfaces were theoretically explored. In addi-
tion, the electronic interaction between the ad-
sorbed NO molecule with the Pt (111) and
RhsPt (111) surfaces were studied through the
projected density states of Pt 5d and Rh 4d.

2. Computational Method

The adsorption energies of the N, O, and
NO species and activation energy of NO decom-
position on catalyst surface were investigated
using the Quantum ESPRESSO package
[40,41]. The Pt (111) and RhsPt (111) surfaces
were created from the bulk Pt and RhsPt struc-
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tures, respectively. Both Pt (111) and RhsPt
(111) surfaces were selected for the calculations
due to their energetic stability [34]. The calcu-
lations of Pt (111) and RhsPt (111) systems
were fully optimized by PWscf code using the
Quantum ESPRESSO package. The interaction
between core and valence electrons was de-
scribed by the projector augmented wave
(PAW) pseudopotential [42] or Vanderbilt ul-
trasoft pseudopotentials [43]. The valence elec-
tron configurations considered are: 2s 2p for O
and N, 5d 6s 6p for Pt, and 4s 4p 4d 5p for Rh.
The cut-off kinetic energy was set at 48 Ry. All
atoms in lattice were fully relaxed until residue
forces on constituent atoms were smaller than
1x10-8 eV/A. The Monkhorst-Pack mesh of %
points (5 x 5 x 1) was used for the atomic relax-
ation and electronic calculations. The spin-
polarized was used in all calculations. The Pt
(111) and RhsPt (111) slab models are depicted
in Figure 1. The slab consists of four layers of
atoms; two bottom layers were fixed, and two
top layers were allowed to relax during the
atomic optimization.

3. Results and Discussion

3.1 Convergence tests for Pt (111) and RhsPt
(111) slabs

The kinetic energy cut-off (ecutwfc), charge
density cut-off (ecutrho), Monkhorst-Pack mesh
of k points, vacuum size, degauss values and
smearing types have been investigated for both
Pt (111) and RhsPt (111) slabs to get the con-
vergence parameters for further calculations.
Figure 1S (Supporting Information) shows the
convergence tests for the Pt (111) surface. The
convergence parameters for Pt (111) are: ecut-
wic >= 35 Ry, ecutrho >= 300 Ry, k-point >= 5
x 5 x 1, and vacuum gap >= 15 A. The conver-
gence tests for RhsPt (111) are shown in Figure

2S (Supporting Information). The convergence
parameters for RhsPt (111) are: ecutwfc >= 40
Ry, ecutrho >= 300 Ry, k-point >= 5 x 5 x 1,
and vacuum gap >= 15 A. The final conver-
gence parameters for both slabs have been se-
lected to be as follows: ecutwfc = 48 Ry, ecutrho
= 450 Ry, k-point =5 x 5 x 1, and vacuum gap
= 43 A. The vacuum space has been extended
to eliminate the interaction between adsorb-
ates along z-axis.

The next convergence parameter have been
tested are the type of smearing and degauss
value for both slabs. The convergence test is
shown in Figure 3S (Supporting Information)
for different types of smearing: Marzari-
Vanderbilt-DeVita-Payne cold smearing (mv),
ordinary Gaussian spreading (Gaussian),
Methfessel-Paxton first-order spreading (mp),
and smearing with Fermi-Dirac function (fd). It
shows that the suitable smearing type is cold
smearing (mv) for both slabs with a wide appli-
cable range of degauss values. Therefore, we
selected the mv smearing for all calculations.

The dynamic stability of both Pt (111) and
RhsPt (111) slabs have been checked through
the phonon calculations. The calculated results
are presented in Figure 2. The phonon disper-
sions were computed using the ph.x program in
Quantum ESPRESSO with implementation of
density functional perturbation theory (DFPT).
The phonon dispersion curves show that two
slabs are dynamically stable because there are
almost positive vibrations and small negative
vibrations at gamma for both slabs.

3.2 Preferential Adsorption Sites and Activa-
tion Energy on Pt (111)

The preferential adsorption sites of mole-
cules and atoms on the Pt (111) and RhsPt
(111) surfaces were calculated at the symmet-
rical positions on both slabs. The symmetrical

Figure 1. (2x2) unit cell of Pt (111) slab (top) and (2x2) unit cell of RhsPt (111) slab (bottom). The gray
and violet spheres represent Rh and Pt atoms, respectively. The vacuum gap along z-axis for both
models is 43 A. Each slab has four layers of atoms, and the number of atoms in each cell is 16.
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sites on each slab are shown in Figure 3. The
NO decomposition over the two surfaces was
investigated, and the adsorption energies of the
NO molecule, O and N atoms were evaluated
through the following formula:

E@as) = E@abno) — Esayy — E(voy for the NO
molecule

Eas) = Eabn — Eiany — 0.5*Eqn) for the O or
N atom.

where, M is the Oz or N2 molecule. The adsorp-
tion energies of NO, O, and N over the Pt (111)
surface are summarized in Table 1.

The preferential adsorption site on Pt (111)
is fec for three species — NO, N, and O. The
preferential adsorption sites for NO, N, and O
are consistent with the previous observation on

200.0

150.04

100.0/

Frequency, cm*

0.0 4

/~/

r

Frequency, cm™

the Pt (111) surface of a (2x2) unit cell [44].
The preferential adsorption sites for co-
adsorption of N and O on the Pt (111) surface
was also computed in terms of the adsorption
energy. The calculated adsorption energies for
co-adsorption of N and O on the symmetric
sites of the P(111) surface are listed in Table 2.

The N and O atoms placed on different sym-
metrical sites are referred to the initial config-
urations. After performing calculations, the po-
sitions of N and O were changed and moved to
more energetically stable sites, and these sites
are referred to as the final configurations. The
binding energies were evaluated using two
types of pseudopotentials — PAW (projector-
augmented wave) and ultrasoft GBRV for the

250,01
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100.0¢

50.0

r M K r

Figure 2. Phonon dispersion curves of (1x1) unit cell of Pt (111) (left) and (2x2) unit cell of RhsPt (111)

(right) slabs.

brl

br2

Figure 3. The symmetrical sites on the Pt (111) (left) and RhsPt (111) (right) surfaces

Table 1. Adsorption energies (eV) of species on the Pt (111) surface.

Pt (111) fce hep top bridge Preferential site
NO -1.82 -1.61 -1.44 -1.82 (fec) fee
N -4.58 -4.31 -2.33 -4.59 (fce) fee
(0] -4.27 -3.87 -2.99 -4.28 (fee) fee

The sites in brackets indicate the movement of species to these sites in the final states
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comparison purpose. As seen from Table 2, two
pseudopotentials give comparable adsorption
energies. The most stable configuration for co-
adsorption of N and O is N(fcc) and O(fcc) be-
cause the calculated adsorption energy for this
configuration is the most thermodynamically
favorable (-0.98 eV). It is also worth noting that
some configurations of N and O lead to high re-
construction of the Pt (111) surface.

Next, the activation energy of the NO de-
composition step: NO* ---> N* + O* on the Pt

Transition state

Reactant
top-view i : top-view
side-view oo side-view

(111) surface was evaluated. The initial state is
the NO located at the fcc site, and the final
state is the co-adsorption of both N and O at-
oms at the fcc sites on the Pt (111) surface.
They are shown in Figure 4. The activation en-
ergy for this step has been calculated via the
nudged elastic band and climbing image —
nudged elastic band methods implemented in
Quantum ESPRESSO. Nine images have been
interpolated between the initial and final im-
ages. The optimization scheme was selected to

Product

top-view

side-view

Figure 4. The initial (reactant), transition, and final (product) configurations of the NO decomposition
on the Pt (111) surface. The blue, red, and violet spheres are nitrogen, oxygen, and platinum atoms,

respectively.

Table 2. The adsorption energies of co-adsorption of N and O on the Pt (111) surface.

. . . . . BE, eV BE, eV
Initial configuration Final configuration (kipaw) (zbrv)
N 0 N 0
fece fee fee fee -0.98 -1.01
fce hep fce br/hep -0.14
fce top fce top -0.09
fce br fce fce -0.98
hep fce br/hep fee -0.21
hcp hcp hcp hcp -0.58 -0.61
hep br hep hep -0.58
hep top hep top 0.16
top fece top fce 0.99
top top fce fce -0.98
top br hep fce -0.21
top hep top hep 1.37 1.32
br fece fce fce -0.98
br br fce fce -0.98
br hep hcp hcp -0.58
br top fce top -0.09

BE = Binding energy (adsorption energy)
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be quasi-Newton Broyden’s second method. The
stability of the initial state (reactant) and final
state (product) has been verified through the
phonon calculations at the Gamma point with-
out any imaginary vibrations. The calculated
phonon vibrations at the Gamma point of the
Pt (111) slab, initial and final states are listed
in Table S1 (Supporting Information). Their
phonon vibrations at Gamma shows positive
frequencies with three acoustic modes, confirm-
ing their stability at their ground states.

The activation energies calculated by NEB
and CI-NEB are shown in Figure 5. The calcu-
lated forward and backward activation energies
are 2.35 and 1.51 eV, respectively. The transi-
tion state for the NO decomposition reaction is
shown in Figure 4. The transition state was
confirmed through the phonon calculation at
the Gamma point (Table S1) showing only one
imaginary frequency at 1450 cm-!. The distance
of N-O 1s 1.82 A, and the shortest distances of
Pt-N and Pt-O are 1.9 and 2.0 A, respectively.
It should be noted that the value of reaction
barrier for NO dissociation on the Pt (111) sur-
face depends on the NO surface coverage and
the presence of other pre-adsorbed species. In
our calculation, the surface coverage of NO is
0.25ML. The forward reaction barrier obtained
from our calculation agrees with that from the

-—o— C|-NEB
| =-e= NEB

= = N
o w o
. .

Energy barrier, eV

o
w

0.0 1

0.0 0.2 0.4 0.6 058 1.0
Reaction coordinate
Figure 5. NEB and CI-NEB calculations for the

reaction NO* ---> N* + O* on the Pt (111) sur-
face

previous report with the same NO coverage at
0.25 mL [9].

3.3 Preferential Adsorption Sites and Activa-
tion Energy on RhsPt (111)

The adsorption energies of the NO molecule,
N and O atoms on the RhsPt (111) surface were
calculated and are listed in Table 3. Three spe-
cies prefer binding with the RhsPt (111) sur-
face at the fcel site. This hollow site is formed
by three Rh atoms, as shown in Figure 3. The
co-adsorption energies for the N and O atoms
on the RhsPt (111) surface were calculated and
are presented in Table 4. It is worth noting
that the binding energies of three species (NO,
N, and O) on the RhsPt (111) are stronger than
those on the Pt (111).

The preferential adsorption sites for co-
adsorption of N and O on RhsPt (111) surface
were examined in terms of adsorption energy.
The calculated adsorption energies for co-
adsorption of N and O on the symmetric sites
of the RhsPt (111) surface are listed in Table 4.
The N and O atoms on different symmetrical
sites are referred to as the initial configura-
tions. After performing calculations, the posi-
tions of N and O were changed and moved to
more energetically stable sites, and these sites
are referred to as the final configurations. The
preferential adsorption sites of co-adsorption of
N and O on the RhsPt (111) surface are
N(hcp2)-O(feecl) because the adsorption energy
for this configuration is the most thermody-
namically favorable (-2.83 eV). Knowing the in-
itial and final states, the activation energy of
the NO decomposition on the RhsPt (111) sur-
face was performed through the NEB and CI-
NEB schemes. The initial and final states are
shown in Figure 6.

The stability of the initial state (reactant)
and final state (product) has been verified
through the phonon calculations at the Gamma
point without any imaginary vibrations. The
calculated phonon vibrations at the Gamma
point of the RhsPt (111) slab, initial and final
states are listed in Table S2 (Supporting Infor-
mation). Their phonon vibrations at Gamma

Table 3. Adsorption energy (eV) of species on RhsPt (111) surface

RhsPt Preferen
feel fee2 hepl  hep2  topl top2 brl br2 tial
(111) site
NO -2.55 -2.50 -2.44 -2.50 -0.95 -1.97 -2.00 -2.44 feel
N -5.61 -5.12 -5.18 -554 -2.64 -5.60 (fccl) -5.18 (hepl) -5.61 (fccl) feel
0] -5.33 -4.82 -4.64 -5.03 -3.04 -5.33 (fccl) -4.82 (fcc2) -5.33 (fcel) feel

The sites in brackets indicate the movement of species to these sites in the final states
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shows positive frequencies with three acoustic
modes, confirming their stability at their
ground states. The activation energies calculat-
ed by NEB and CI-NEB are shown in Figure 7.
The calculated forward and backward activa-
tion energies are 2.02 and 2.30 eV, respectively.
The transition state for the NO decomposition
reaction is shown in Figure 6. The transition
state was confirmed through the phonon calcu-
lation at the Gamma point (Table S2), showing
only one imaginary frequency at 1158 cm-1. The
distance of N-O is 2.15 A, and the shortest dis-
tances of Rh-N and Rh-O are 1.66 and 1.96 A,
respectively.

The calculations suggest that the RhsPt
(111) surface not only provides a lower energy
barrier for the NO decomposition but also gives
a higher energy barrier for the recombination
of N and O to form NO than the Pt (111) sur-
face. In addition, the formation of N2 or N2O
will be affected by the activation energy of the

NO decomposition. For example, if the activa-
tion energy of the NO decomposition is higher
than that of the N2 or N2O formation, as soon
as NO starts dissociating to N and O, N2 or
N20 will be produced. In contrast, high selec-
tivity of N2 or N2O can be obtained by perform-
ing the NO decomposition reaction at elevated
temperatures if the activation energy of N2 or
N20 formation is higher than that of the NO
decomposition reaction. The calculated activa-
tion energy of the NO decomposition on the
RhsPt (111) surface (2.02 eV) from our study is
indeed lower than that of the NO decomposi-
tion on the RhsAg (111) surface (~ 2.30 eV),
RhisAg surface (~2.35 eV), or pure Rh (111)
surface (2.69 eV) [17]. This observation contra-
dicts the linear mixing rule because the result-
ing alloy enhances the reactivity for the NO de-
composition on both Pt (111) and Rh (111) sur-
faces.

Table 4. The adsorption energies of co-adsorption of N and O on the RhsPt (111) surface.

Initial Final BE, eV Initial Final BE, eV
N (6] N (6] N (0} N (¢}
feel brl feel fee2 -2.56 fee2 brl br2-NO* br2-NO* -1.84
feel br2 top2-bottom  top2-top -1.97 fec2 br2 fee2 fecl -2.56
feel fec2 fecl fee2 -2.56 fec2 feel fee2 fecl -2.56
feel hepl feel hepl -1.48 fec2 hepl fee2 feel -2.56
feel hcp2 fecl hep2 -2.56 fec2 hcp2 fee2 hep2 -1.47
feel topl fecl topl -1.23 fec2 topl brl-bottom brl-top -2.31
feel top2 fecl-bottom feel-top -2.55 fec2 top2 fee2 NO* -1.64
Initial Final BE, eV Initial Final BE, eV
N (6] N (6] N (0} N (0]
hepl brl hepl brl -1.96 brl br2 hepl-NO* hepl-NO* -1.69
hepl br2 feel feel-top -2.55 brl feel fee2 fecl -2.56
hepl fee2 hepl fee2 -1.45 brl fee2 fee2-N fee2 -1.65
hepl feel hepl feel -1.64 brl hepl hepl-NO* hepl-NO* -1.69
hepl hep2 hepl hcp2 -2.26 brl hcp2 hep2-NO* hep2-NO* -2.26
hepl topl br2 br2-top -2.44 brl topl top2-NO* top2-NO* -1.97
hepl top2 hepl top2 -1.69 brl top2 br1-NO* br1-NO* -1.39
Initial Final BE, eV Initial Final BE, eV
N (6] N (¢} N (0] N (0}
br2 brl br2-NO* br2-NO* -2.44 hep2 brl hep2 hepl -2.22
br2 feel fec1-NO* fece1l-NO* -2.55 hep2 br2 hep2 feel -2.83
br2 fee2 feel fee2 -2.56 hep2 fcc2 hep2 fee2 -1.66
br2 hepl br2-NO* br2-NO* -2.44 hep2 hepl hep2 hepl -2.22
br2 hep2 feel hep2 -2.56 hep2 feel hep2 feel -2.83
br2 topl feel topl -1.23 hcp2 topl hcp2 topl -1.21
br2 top2 br2-NO* br2-NO* -1.89 hep2 top2 hep2 NO* -1.96
Initial Final BE Initial Final BE
N (6] N (¢} N (0] N (0}
topl brl br1-NO* b1-NO* -1.39 top2 brl top2 top2 -1.97
topl br2 fee2 feel -2.56 top2 br2 br2-NO* br2-NO* -1.89
topl fec2 topl-NO* topl-NO* -1.34 top2 fec2 top2 top2 -1.96
topl hepl topl-NO* topl-NO* -1.34 top2 hepl br2-NO* br2-NO* -1.89
topl feel topl feel -0.46 top2 feel top2-NO* top2-NO* -1.97
topl hep2 topl hepl -0.20 top2 hep2 top2-NO* top2-NO* -1.97
topl top2 hep2 feel -2.83 top2 topl feel fee2 -2.56
topl brl br1-NO* b1-NO* -1.39 top2 brl top2 top2 -1.97

(*) indicates the formation of NO molecule; BE = binding energy (adsorption energy)
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To understand the chemistry insights be-
hind our observation for a lower activation en-
ergy of the NO decomposition reaction on the
RhsPt (111) surface than that on the Pt (111)
surface, the projected density of states (PDOS)
have been calculated for the Pt (5d) and Rh (4d)
atoms from the top-most layer of the Pt (111)
and RhsPt (111) surfaces. The calculated re-
sults are shown in Figure 8. The molecular or-
bitals of NO are named as 4s, 1p, 5s, and 2.
For NO/Pt (111) and NO/RhsPt (111), PDOS of
Pt (6d) and Rh (4d) shows four new peaks cor-
responding to the hybridization of the molecu-

2.01 —o— CI-NEB
-—o— NEB

Energy barrier, eV
o = =
w o w

o
=)
L

0.0 0.2 0.4 0.6 08 10
Reaction coordinate
Figure 7. NEB and CI-NEB calculations for the

reaction NO* ---> N* + O* on the RhsPt (111)
surface.

Transition state ; Product

Reactant

top-view

top-view

lar orbitals (4s, 1p, 5s, and 2rn) of NO with d-
band of the metals. In general, a stronger hy-
bridization between d-band of the metal with
three NO bonding orbitals (4s, 1p, 5s) results
in stronger interaction between metallic sur-
face and NO molecule. In contrast, a stronger
hybridization between d-band of the metal
with 2n* anti-bonding orbital of NO better
weakens the N-O bond.

Figure 8 shows that the NO/RhsPt (111)
system has a stronger back-donation from elec-
trons in d-orbital of Rh into the 2zn* anti-
bonding orbital of the adsorbed NO molecule
than the NO/Pt (111) system. This facilitates
the pre-cleavage of the N-O chemical bond on
the RhsPt (111) surface and leads to a lower ac-
tivation energy of the NO decomposition. In ad-
dition, the weak signals of the molecular orbit-
als of NO from PDOS of Pt (5d) in the
NO/RhsPt (111) system indicate that NO most-
ly interacts with and is catalysed by the Rh ac-
tive sites. This observation is consistent with
the fact that the most stable adsorption posi-
tion of NO on the RhsPt (111) surface is feel.

4. Conclusion

Pt (111) and RhsPt (111) catalytic surfaces
have been investigated for the NO dissociation.
The adsorption site of NO and co-adsorption
sites of N and O on the Pt (111) surface locate

top-view :

: side-view side-view ] ; side-view

Figure 6. The initial (reactant), transition, and final (product) states of NO decomposition on the Rh3Pt

(111) surface. The blue, red, gray, and violet spheres are nitrogen, oxygen, rhodium, and platinum at-
oms, respectively.
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at the fcc sites. The preferential adsorption site
of NO and co-adsorption sites of N and O on the
RhsPt (111) surface are: NO(fccl) and N(hcp2)-
O(fccl). The activation energy of the NO disso-
ciation on the Pt (111) and RhsPt (111) surfaces
are 2.35 and 2.03 eV, respectively. The transi-
tion states were confirmed by a single imagi-
nary frequency in the phonon calculations. The
calculated phonon vibrations for the bare and
adsorbed surfaces of Pt (111) and RhsPt (111)
show that those surfaces are dynamically sta-
ble. This study shows that the addition of Rh
metal into Pt metal to form an alloy provides
an alternate route with a lower activation ener-
gy for the NO dissociation. The calculations of
the projected density of states for Pt 5d and Rh
4d states revealed that the RhsPt (111) surface
has a lower activation energy for the NO de-
composition than the Pt (111) surface because
the 4d orbital in Rh has a stronger back-
donation to the 2n* anti-bonding orbital of the
NO molecule.
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