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In the present work the NCO formation from N and CO species is theoretically studied using a computa-
tional method based on density functional theory (DFT) and a periodic slab model. For that purpose, the
(100) and (111) faces of Pd have been considered, with two different pathways on both surfaces compris-
ing the displacement of CO species. The overall processes are endothermic on Pd(100) and exothermic
on Pd(111) and the corresponding energy barriers are larger on Pd(100), compared to Pd(111). Hence,
in agreement with the experimental data the NCO formation is more favored on Pd(111). The results are
rationalized taking into account charge distributions and electronic structure parameters.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The increasing requirements on automobile emission in the last
decades urged an intense scientific interest to improve catalytic
conversion technologies. The concerned contaminant gases are
mainly nitrogen oxides, carbon monoxide and unburned hydrocar-
bons. A suitable way to eliminate them in the catalytic converters is
by the simultaneous reduction of NO, and oxidation of CO in order
to obtain the harmless N, N,O and CO, gases. The earlier cata-
lyst formulations produced for this purpose consisted of particles
composed by precious metals like Rh and Pt supported on SiO;, and
Al,03, and later on, catalysts based on Pd were introduced, being
the latter the most used alternative nowadays. For this reason, the
CO+NO reaction has been widely studied both theoretically [1,2]
and experimentally [3-8] on Pd-based catalysts. Particularly, the
formation of NCO was predicted theoretically [9] on Pd surfaces
and, in a series of works, the isocyanate (NCO) species was detected
on catalysts containing Pd [3,5,10-12] if CO and NO are simul-
taneously present at about 500-650K and under high pressures
(~1-103 Torr). Goodman et al. investigated this specific aspect of
the CO +NO reaction on well defined Pd surfaces using polarization
modulation infrared reflection absorption spectroscopy (PM-IRAS)
[3,13], observing the formation of NCO species only on Pd(111) at
high pressure conditions, relevant for real catalysts. This species
appears in the PM-IRAS spectra at 500K and is extremely stable in
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the 300-650 K temperature range. As the presence of NCO species
implies the NO dissociation, according to

NOags — Nads + Oads (1)
Nads +COads = NCOyq;, (2)

the NCO species can be used therefore as a sensitive sensor of the NO
dissociation process, a crucial step in the CO + NO reaction. While
the non pollutant gases will be obtained from the combination of
adsorbed N, NO, O and CO species, the NCO radical would play the
role of a spectator in the CO + NO reaction.

Otherwise, the experimental study of NCO adsorption on
different metal surfaces was usually implemented through the
adsorption of isocyanic acid (HNCO). In this process, the H-N bond
of HNCO is broken and the NCO species becomes adsorbed. The lat-
ter can be characterized by the technique of reflection absorption
infrared spectroscopy (RAIRS) [14-16].

Inspired by the experimental finding reported by Goodman'’s
group, our interest is to provide a theoretical insight at the molec-
ular level into the behavior of reacting species involved in the
formation of NCO, and corroborate its presence on Pd(111) and not
on Pd(100). At present, several theoretical works about CO and NO
adsorption on (100) and (111) faces of Pd [1,2,9,17-26] are avail-
able but only a few reports about NCO adsorption on silver [27]
and copper [28] clusters, on Ni(100), Cu(100) and Pd(100) surfaces
[29-33]. Afirst principle study of NCO formation on the Cu,0(111)
surface [34] and a semiempirical molecular orbital calculation on
the Pd(111) surface [9] were performed, but to the best of our
knowledge no other first principle studies about NCO formation
on Pd(111) have ever been reported.
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In the present work, the NCO formation according to equation
(2) is theoretically studied using a computational method based
on density functional theory (DFT) with a periodic slab model. For
that purpose, the (100) and (111) faces of Pd have been considered,
which are the mostly exhibited by supported palladium particles
[35-38].

2. Model and computational details

Our calculations were performed within the density functional
theory (DFT) by using the Vienna Ab-initio Simulation Package
(VASP) [39-41]. In this package, the Kohn-Sham equations are
solved using a plane wave basis set; for that, good convergence was
achieved with a cut-off energy of 400 eV for the kinetic energy. The
projector augmented wave (PAW) method was used to describe
the effect of the core electrons on the valence states [42,43]. The
latter is a frozen core method which considers the exact shape of
the valence wave functions instead of pseudo-wave functions. The
exchange and correlation effects were calculated using the GGA
functionals as expressed by Perdew and Wang (PW91) [44,45].

The Pd(100) and Pd(111) surfaces were represented by a peri-
odic four-layers Pd slab. The adlayer was located on one side of the
slab configuring (2 x 2) superstructures with a coverage of 1/4ML,
that agrees with a high temperature reaction [1]. A three dimen-
sional periodic cell was constructed by including a vacuum gap
of ~14A in the perpendicular direction to the metallic surface.
The thickness of this vacuum region was found to be adequate to
eliminate any interaction between adsorbed molecules on adjacent
metal slabs.

The two-dimensional Brillouin integrations were performed on
a grid of 6 x 6 x 1 Monkhorst-Pack special k-points, for Pd(100),
and 5 x5 x 1, for Pd(111) [46]. The Methfessel-Paxton smearing
with a width o =0.2 eV was applied and the reported total energies
were extrapolated to o =0eV [47]. All calculations were performed
at the spin polarized level. The geometry of adsorbed species was
allowed to relax completely together with the Pd atom positions
of the two uppermost layers of the surface; the other two layers
of metallic slab were fixed at the bulk geometry. The Pd-Pd inter-
atomic distance for the bulk, optimized in a previous work [33], was
2.800A. To obtain the gas-phase CO and NCO energies, a large box
of 20 x 20 x 20 A3 size was used. In all cases, optimized geometries
were achieved when forces on atoms were smaller that 0.01 eV/A.

The adsorption energy (E,qs) was calculated as the difference
between the energy of the adsorbed species (Esp/ve) and the sum
of the energies for the free surface (Eyje ) and the gas-phase species
(Esp), accordingly to the following equation:

Eads = Esp/me — Eme — Esp 3)

A negative value indicates an exothermic chemisorption pro-
cess.

Vibrational frequencies were calculated considering a harmonic
approach for the potential energy minima. The corresponding Hes-
sian dynamical matrix was calculated by a finite difference method
where the atoms in the adsorbed molecule were independently
displaced by +£0.005 A along each cartesian coordinate direction. It
was verified that E,q; minima are absolute by checking that all the
dynamical matrix eigenvalues had real values. The nudged elastic
band (NEB) method, implemented for VASP [48-50], was used in
order to find the transition states and the energy barriers in the
proposed reaction pathways. For that purpose, four images were
applied and, if necessary, the energy profile was reevaluated in the
proximity of the transition state by including new images until a
single imaginary eigenvalue of ~400 cm~! was obtained.

The electronic charge distribution of the NCO/Pd systems was
analyzed by calculating the Voronoi charge of each atom [51].

Furthermore, the electronic structure for these systems and the
interaction between the adsorbed species and substrate were ana-
lyzed by calculating the partial local density of states (pLDOS) for
the atomic orbitals.

3. Results and discussion
3.1. CO, N and NCO adsorption

As a preliminary step in the study of the NCO formation,
we considered the adsorption of different molecules involved in
the N+CO — NCO process; each of them looked as an individual
species. The corresponding E,4s values and geometrical parame-
ters are summarized in Table 1, and compared with the available
experimental and theoretical data. Taking into account that the CO
dissociation barriers on Pd(100) and Pd(111) as reported by Ham-
mer et al. are very high (4.1 eV and 4.4 eV, respectively) in contrast
to those of NO (2.3 eV and 2.7 eV, respectively) [ 1], in this work the
CO molecule will be considered a non-dissociated species, whereas
the NO molecule will be treated as dissociated, providing the N
atoms to produce NCO.

As reference, the gaseous CO molecule was optimized obtain-
ing a C-0 distance of 1.142 A and for the vibrational frequency a
wavenumber of 2140 cm~!. These results are in good agreement
with the experimental ones, 1.128 A and 2145cm™", respectively
[52]. The gaseous NCO radical was also optimized obtaining N-C
and C-0 distances of 1.229A and 1.195A, respectively, and, for
the asymmetric and symmetric vibrational frequencies, the val-
ues of 1981 cm~! and 1256 cm™!, respectively. These results are
in rather good agreement with the experimental ones: 1.20 A for
the N-C distance [53],1951 cm~! and 1279 cm~! for the asymmet-
ric/symmetric vibrational frequencies [54,55].

Regarding the adsorption of individual N atoms on both (100)
and (111) faces of Pd, our calculations support the fact that the
most favored sites are the more coordinated ones; i.e., the fourfold
for the (100) and the threefold (FCC and HCP) for the (111), respec-
tively. These results are in agreement with previous theoretical and
experimental findings [22,26]. Adsorption energies are in the range
—5.1to —4.7eV.

The calculations corresponding to the CO molecule on Pd(100)
support the fact that the most stable sites are the twofold ones,
whereas on Pd(111), they are the threefold (FCC and HCP) ones.
This is in agreement with other calculations and the experiments
for low, medium or high CO coverage on Pd(100) [18,19,56] and
for low coverage on Pd(111) [25,57]. Adsorption energies are in the
range —1.3 to —1.9eV, although on the (100) face the calculated
adsorption energy values for bridge and hollow sites are close. The
obtained C-0 and C-Pd distances and asymmetric frequencies for
COareinvery good agreement with experiments as can be observed
in Table 1.

In the case of the adsorption of NCO species, the hollow sites are
the most favored on both (100) and (111) faces of Pd. Adsorption
energies are in the range —2.3 to —2.9 eV. Taking into account the
(100) face, the calculated adsorption energy values for bridge and
hollow sites are very close. Moreover, these results are coincident
with those of a previous work for coverage of 1/4ML [33]. The C-0
interatomic distance shows a small decrease and the N-C one an
increase, compared to the free NCO species (1.195A and 1.229A,
respectively). In addition, we observe a shortening in the C-0O dis-
tance of adsorbed NCO comparing with that distance in adsorbed
CO; such change in the bond distance can be related to the different
electronic structure of these molecules (see section 3.2.4). For the
asymmetric vibrational frequency of adsorbed NCO, we computed
a value of 2195cm™1, close to 2156cm~! obtained in a previous
theoretical work [33] and to 2134 cm~! reported by Solymosi et al.
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Table 1

Adsorption energies E,¢s (in eV), frequencies v (in cm~!), and distances d (in A), for the N, CO and NCO individually adsorbed species on top, bridge and hollow sites, for
6=0.25. Reference values are between brackets. The “*” symbol indicates the experimental values.

Pd(100)
Nholiow COrop COpridge COnoliow NCOop NCOpyidge NCOnottow
e 5106 (—4.2)" —1.474 (—1.44)° ~1.902 (—1.92)° —1.865 (—1.74)° ~2351 —2.918 —2.897
v 2051 (2062)° 1892 (1887)° (*1910)¢ 1708 (1828)° 2240 2245 2195 (*2134)
dn-pa 2.024 1.955 2.080 2.302
dc.o 1.157 (1.16)° 1.176 (1.17)° 1.201 (1.19)° 1.206 1.186 1.180
dn-c 1.204 1.222 1.240
de-pa 1.878 (1.88)° 2.004 (2.01)° 2.209 (2.24)°
Pd(111)
Necc Nhcp COrop CObridge COnollow Fcc/ HCP NCOnoliow Fcc NCOholiow Hcp
Eads _4745(-401Y  —4607(-391)  —1336(-143F  —1.760 (—1.85) ~1.923 (—2.00)° ~2.800 ~2.668
v 2061 (2046)° 1886 (1871)° 1814 (1802/1779)¢ (*1807)) 2230 (*2242)F 2231
dypa 1920 1918 2.161 2.168
deo 1.156 (1.16)° 1.178 (1.18)° 1.187 (1.19) 1.182 1.182
dn-c 1.229 1.229
de.ra 1.874 (1.87) 2.003 (2.00)¢ 2.084 (2.09)°
2 For §=0.25 [23].
b For#=0.5[18].
< [7,14].

4 For §=0.25 [26].
¢ For #=0.25[25].
f[3].

& [3] FCC or HCP.

from RAIS spectra for low NCO coverage [14]. With regard to the
NCO adsorption on Pd(111), we considered in principle the adsorp-
tion on the four possible sites of this surface: top, bridge, FCC hollow
and HCP hollow. Absolute minima (without imaginary frequencies)
were obtained only for the adsorption on the hollow sites, being the
FCC site 0.13 eV more stable than the HCP site. It is worth mention-
ing that beginning with the NCO species located on a bridge site, it
finished on a FCC hollow site. While the interatomic C-O distance is
somewhat shorter than that for free NCO and almost equal to that of
the adsorbed CO, the N-C distance does not change. Regarding the
asymmetric vibrational frequency of adsorbed NCO, our value of
2230cm~!is in very good agreement to that reported by Goodman
et al. [3]. Indeed, a peak at 2242 cm~! which would correspond
to an adsorbed NCO species was obtained by these authors [3]
from PM-IRAS spectra for the CO+NO reaction over Pd(111) with
P=2.7 x 10~3 mbar and T=600K. The larger vibrational frequency
for the (111) face could be associated with a shorter N-Pd distance
and weaker N-Cbond, compared to the (100) face. It is to be noticed
that no other experimental or theoretical data for the adsorption
energy, frequencies and interatomic distances of adsorbed NCO on
Pd(111) have been reported in the literature.

3.2. NCO formation

3.2.1. Coadsorbed species

According to the experimental and theoretical information, the
CO molecule adsorbs primarily on Pd(100) bridge sites over the
entire surface coverage range [56], whereas on Pd(111) it prefers
hollow sites at low coverage (6=0.33ML) and either bridging or
hollow sites at medium coverage (f=0.50ML) [57]. On the other
hand, compared to CO, our calculations show a larger stability of
adsorbed N atom for both studied surfaces with an adsorption
energy difference of 3.2eV in Pd(100) and 2.7 eV in Pd(111) (see
Table 1). Hence, we can infer arelative easy diffusion process for the
CO molecules on the (100) and (111) faces of palladium, jumping
between bridging and/or hollow sites, whereas the N atoms remain
fixed on hollow sites. In order to define which initial configuration
will be adopted for the reaction between CO and N, different co-
adsorption possibilities were evaluated. In the case of the (100)

surface, the CO molecule was located on a bridge or hollow site
and the N atom on a hollow site. After optimization, the results
showed that two situations can be selected as initial configura-
tions for the reacting CO and N, with the adsorbed species being
second and first neighbors, respectively, on fourfold hollow sites
(see Scheme 1a and b). The first geometrical configuration became
about 0.60 eV more favorable than the second. With regard to the
(111) surface, a similar procedure defines the following two situ-
ations: one with the N atom and the CO molecule coadsorbed on
two neighboring hollow FCC sites, and the other with the N atom
on a hollow FCC site and the CO molecule on a contiguous hollow
HCP site (see Scheme 1c and d). The first configuration is ~0.10eV
more favorable than the second. On the other hand, from the E,4s
values of Table 1, we note that the NCO species could be adsorbed

N CO| N

CcO

CcO

(c) (d)

Scheme 1. Initial configuration adopted for the N + CO surface reaction. On Pd(100),
with the adsorbed species as second (a) or first (b) neighbors; on Pd(111), with both
adsorbed species in hollow FCC sites (c), or with the N atom in a hollow FCC site and
the CO molecule in a contiguous hollow HCP site (d).
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N+ CO N+ CO
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TS TS-f

NCO

BB
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Fig. 1. Top and perspective views of the geometry of CO and N species in the NCO formation on Pd(100) according to the “top” (left) and the “bridge-bridge” (right) pathways,
passing through TS and TS-f transition states, respectively. The spheres represent: first layer Pd atoms (gray), N atoms (light blue), C atoms (yellow) and O atoms (red). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

on a bridging or a hollow site on Pd(100) (these geometries differ 3.2.2. The reaction on Pd(100)

by only 0.02 eV), or on a hollow FCC on Pd(111). Hence, for both Pd Two different pathways were proposed for the N+CO — NCO
surfaces, after the insertion of CO to N to yield the NCO species, the reaction shown in Fig. 1, taking into account the possible initial
product will be on a high coordination site. geometries for coadsorbed N and CO and for the final produced
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Fig. 2. Energy profile for the NCO formation on Pd(100), corresponding to: (a) the
“top” reaction pathway and (b) the “bridge-bridge” reaction pathway (see Fig. 1).

NCO as outlined in precedent paragraph. In the first one, the CO
and N species begin separated and adsorbed at second neighboring
hollow sites (see Scheme 1a), then the CO molecule crosses upon a
top site, defining a transition state TS, and finishes linked to the N
atom forming NCO on the corresponding hollow site. This mecha-
nism has been designed like the “top” pathway. In the second one,
the CO and N species begin having the same initial locations; after-
wards the CO molecule migrates to a first neighboring hollow site
(see Scheme 1b), defining a diffusion transition state TS-d, crosses
over another bridge site with a transition state TS-f and finally com-
bines with the N atom. This mechanism has been designed like the
“bridge-bridge” pathway. In Fig. 2, the energies of different steps
of these mechanisms are reported, taking as zero reference the
initial geometrical configuration. Notice that the reaction in this
case corresponds to an endothermic process that requires 0.37 eV.
The overall energetic barriers are in the range 1.5-1.8 eV, being the
largest that for the “top” pathway. The diffusional barrier of the first
step of “bridge-bridge” pathway has an energetic cost of 0.64 eV and
the subsequent barrier through the TS-f state has a requirement of
0.87 eV, much lower than that through the TS state (1.79 eV). It was
observed that for the TS as well as for the TS-f states the N-C bond is
about 1.9-2.0 A long, shortening significantly (~0.7 A shorter) only
when the adsorbed NCO is just formed (see Table 1).

3.2.3. The reaction on Pd(111)

In the same way as for the (100) face of Pd, and considering
the possible initial geometries for coadsorbed N and CO and that
for the NCO species, two different pathways were proposed for

the N+CO — NCO reaction on the (111) face (Fig. 3). In the first
one, the CO and N species are initially separated and adsorbed at
first neighboring hollow FCC sites (see Scheme 1c), then the CO
molecule crosses over two bridge sites that are close to a lateral
top site, defining a transition state TS, and finishes linking with the
N atom. This mechanism has been designed like the “double bridge”
pathway. In the second mechanism, the CO and N species are ini-
tially in the same locations as in the first one, afterwards the CO
molecule migrates to an adjacent hollow HCP site (see Scheme 1d),
defining a diffusion transition state TS-d, crosses over a top site
with a transition state TS-f and finishes combining with the N atom.
This mechanism has been designed like the “bridge-top” pathway.
In Fig. 4, the energies of different steps of these mechanisms are
reported, taking as zero reference the initial geometrical configu-
ration. The reaction on this surface corresponds to an exothermic
process that liberates 0.50 eV. The overall energetic barriers are of
nearly 1.1 eV, in both cases studied. The diffusional barrier of the
first step of “bridge-top” pathway has an energetic cost of 0.25 eV
and the subsequent barrier through the TS-f state has an energy
requirement that is only 0.12 eV lower than that through the TS
state (1.10eV).

3.2.4. Analysis of the N+CO — NCO reaction

From the results of previous sections, we can infer that the for-
mation of NCO radical from N and CO is a more favored process on
the (111) face of palladium than on the (100) face owing to two
confluent factors: an exothermicity versus endothermicity behav-
ior and a lower activation barrier. Moreover, this is evident in the
two reaction pathways studied on palladium surfaces: the direct
and the indirect one, which requires a diffusion step. In the present
section we will consider how the electronic structure governs these
properties.

In Tables 2 and 3, the atomic net charges obtained using the
Voronoi analysis are summarized at the initial, the highest transi-
tion state and the final position along the two reaction pathways
above considered. In these Tables the charges of CO and NCO as
fragments are also detailed. Notice firstly that on both surfaces all
the adsorbed species are negatively charged and, correspondingly,
apolarization of nearer Pd atoms acquiring in mean a compensatory
positive charge is present. Moreover, notice that the reactants have
larger negative charges on the (100) than on the (111) face and that,
on the other hand, on the latter surface the N and CO fragments of
the final product have more negative and more positive charges,
respectively. Besides, on both surfaces and as a consequence of the
combination of N and CO, a large electronic charge is transferred
from the NCO, as an entity, towards the Pd substrate. In order to
gain more insight on the role played by this charge redistribution,
in Table 4 are summarized the electronic charge variations calcu-
lated with respect to the initial state of the reaction. The charge lost
by NCO as an entity, Ag, is closely equal to that gained by the Pd
atoms of the first layer (Ag~1.13 e on Pd(100) and Ag~0.82 e on
Pd(111), see Table 4). The C atom is the species more affected in the
lost of charge (Aq~0.70 e in Pd(100) and Aq~ 1.03 e in Pd(111)),
compared with that of N and the O atoms (Ag~ 0.33/0.03 e and
Aq~0.10/-0.24 e, respectively). This shows that the NCO radical
has become a more polarized species on Pd(111) than on Pd(100)
and that, therefore, a larger stabilization should be expected in the
former case. Regarding the transition states for the two faces, it is
interesting to note that although we cannot appreciate a large dif-
ference in the charge acquired by the palladium atoms (between 0.4
eand 0.5 e), when we go from the initial position to the highest tran-
sition states, the major values (0.5 e) correspond to the cases where
the CO molecule crosses over a top site (that is, TS for the (100) face
and TS-f for the (111) face). It is also a remarkable fact that the C-O
bond becomes shorted to ~1.16 A when this molecule achieves any
of these transition states, an observation that is in agreement to the
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N+CO
FCC first neighbors

N+ CO
FCC & HCP first neighbors

NCO

Fig. 3. Top and perspective view of the geometry of CO and N species in the NCO formation on Pd(111) according to the “double bridge” (left) and the “bridge-top” (right)
pathways, passing through TS and TS-f transition states, respectively. The spheres represent: first layer Pd atoms (gray), N atoms (light blue), C atoms (yellow) and O atoms
(red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

strengthening of C-0 bond due to the lost of electronic charge of CO
fragment and the contingent population decrease of its antibonding
21 orbitals.

In order to analyze the electronic structure corresponding to the
highest transition states, the LDOS for the TS of “top” and the TS-f
of “bridge-top” pathways for the (100) and (111) faces of Pd were

calculated, respectively. These states were selected because they
show analogous geometrical symmetry; i.e., the CO molecule
crosses in both cases over a top site, the differences coming eventu-
ally from the bonding between the transition state and the different
faces of Pd. In Fig. 5a and b, we show the LDOS of the py, py and
pz orbitals of C and N atoms, respectively, and simultaneously the
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Table 2
Voronoi net charge (in e) of N, C, O atoms, CO and NCO species and palladium atoms of first layer (X Pd’s) for the reaction pathways on Pd(100).
Pd(100)
N C (0] co NCO XY Pd’s
N+CO -1.140 -0.377 -0.334 -0.711 -1.851 +1.676
TS (top) -0.951 —0.050 -0.193 —-0.243 -1.194 +1.162
TS-f (bridge-bridge) -0.814 -0.146 -0.275 -0.421 -1.235 +1.266
NCO -0.809 +0.326 -0.235 +0.091 -0.718 +0.642
Table 3
Voronoi net charge (in e) of N, C, O atoms, CO and NCO species and palladium atoms of first layer (X Pd’s) for the reaction pathways on Pd(111).
Pd(111)
N C (o] Cco NCO X Pd’s
N+CO -0.984 -0.380 -0.151 -0.531 -1.515 +1.575
TS (double bridge) -0.934 +0.038 -0.214 -0.176 -1.110 +1.144
TS-f (bridge-top) -0.854 +0.041 -0.211 -0.170 -1.024 +1.061
NCO -0.957 +0.654 -0.389 +0.265 —0.692 +0.653
Table 4

Changes of Voronoi net charges (Aq) of N, C, O, NCO and palladium atoms of first layer (X Pd’s), going from the initial state with separated species to the higher energy

transition states or the final formed NCO. The “+” symbol indicates a lost of electrons.

Pd(100)

Pd(111)

AgqN AqC AqO AqNCO

Aq X Pd’s

AgN AqC AqO Aq NCO Aq X Pd’s

to TS
to TS-f
to NCO

+0.189
+0.326
+0.331

+0.327
+0.231
+0.703

+0.141
+0.059
+0.099

+0.657
+0.616
+1.133

-0.514
—-0.410
—1.034

+0.050
+0.130
+0.027

+0.418
+0.421
+1.034

—-0.063
—0.060
—0.238

+0.405
+0.491
+0.823

—0.431
-0.514
—0.922

a)

Energy [eV]

Reaction pathway

b)
TS-f

Energy [eV]

=
o
.

-0.5 4

Reaction pathway

Fig. 4. Energy profile for the NCO formation on Pd(111) corresponding to: (a) the
“double bridge” reaction pathway and (b) the “bridge-top” reaction pathway (see
Fig. 3).

LDOS of d-orbitals of the nearest Pd atom for the TS of “top” path-
way (Pd(100) surface). In both cases, the Pd d-band expands up to
6eV below the Fermi level and it presents a narrow peak located
at about —6.5 eV. With respect to the LDOS of N the more impor-
tant contribution comes from states between 5 and 6 eV below of
Fermi level, in the lower region of the Pd d-band, whereas that cor-
responding to the LDOS of C atom is localized mainly around the
level at ~—6.5 eV. Moreover, the N levels show a non negligible cou-
pling with the Pd-d states along all the d-band, in contrast to the
case of C levels. A similar inference can be obtained from the LDOS
curves corresponding to the TS-f of “bridge-top” pathway (Pd(111)
surface). For this reason we can think that the role of N orbitals is
more significant than those of the C atom in the bonding between
Pd and NCO.

Fig. 6a and b shows the LDOS for the px, py and p, orbitals
of N atoms, and the LDOS of Pd d-orbitals for the TS and TS-f
states on Pd(111) and Pd(100), respectively. Notice that the Pd
d-states located above the bottom of Pd d-band are the most
involved in coupling with the N p-states. Hence, the degree of
coincidence observed between the electronic states of adsorbed
species and those of the metal can be related to the magnitude
of the corresponding activation barrier at the transition state. A
larger coincidence means a stronger interaction and a lower acti-
vation barrier. Then, provided that in the transition states for the
studied “top” and “bridge-top” pathways (for Pd(100) and Pd(111),
respectively), the adsorbed species adopts a similar geometry (see
Figs. 1 and 3), it is possible to appeal to such coincidence in order to
predict the relative magnitude of the corresponding activation bar-
riers (see Figs. 2a and 4b). A way to quantify this effect is through
the following K parameter:

: | [ LDOS(N p-orbitals)ds — [ LDOS(Pd d-orbitals) de|

K=
J LDOS(N p-orbitals) de

(4)
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Fig. 5. Partial local density of states (pLDOS) corresponding to the NCO formation
on Pd(100), at the transition state for the “top” pathway. The carbon p-orbitals (a),
nitrogen p-orbitals (b) and palladium d-band contributions from spin up states are
represented. The zero on the energy axis corresponds to the Fermi level.

where fLDOS(N p-orbitals)de is the contribution of px, py, pz
orbitals of N atom to states in the —5eV to —6eV range of
energies and f LDOS(Pd d-orbitals)de is the contribution of d-
orbitals of the nearest Pd atom in the same range of energies. In
this way, when K=1 the coincidence is larger in the given energy
interval. The results have been summarized in Table 5. Notice that
the value of the K parameter for the (111) face is larger than that
for the (100) face. This result is compatible with the presence of a
relatively lower activation barrier in the case of Pd(111) (1.08 eV
vs. 1.79eV).

Table 5

Integrated areas (in a.u.) calculated from pLDOS curves (Fig. 6a and b) and correlation
parameter K (see section 3.2.4) for the transition state barriers of the “top” and
“bridge-top” reaction pathways on Pd(100) and Pd(111), respectively.

Pd(100) Pd(111)
Orbitals Pd-d 1.51 2.64
N-pyx.py 2.70 294
N-p, 0.70 0.57
K 0.44 0.75
Energy Barrier (eV) 1.79 1.08

2

a) Pd(100)

———— Pd d-band
= N px+py
=N pz

pLDOS [a. u.]

Energy [eV]

2
b) Pd(111)
----- Pd d-band
— N px+py
=N pz
5
KA
» 1
o
a
- e
o
0 ' ‘ ‘ :
-6 -4 -2 0 2

Energy [eV]

Fig. 6. Partial local density of states (pLDOS) for the NCO formation on palladium
surfaces, at the transition states for: (a) the “top” pathway on Pd(100) and (b) the
“double bridge” pathway on Pd(111). The nitrogen p-orbitals and palladium d-band
contributions from spin up states are represented. The zero on the energy axis
corresponds to the Fermi level.

4. Conclusions

The theoretical approach accomplished in this work to study the
N+ CO — NCO reaction on the Pd(100) and Pd(111) surfaces allow
us to arrive to the following conclusions:

(1) The coadsorbed N and CO species prefer to be adsorbed on
highly coordinated sites of these two surfaces before to com-
bine. Two different pathways were considered on both surfaces.
They comprise the displacement of CO species between two
contiguous hollow sites or an intermediate diffusion step over
bridge sites.

(2) The thermodynamic balance shows that for a coverage of 1/4ML
the reaction is endothermic on Pd(100) and exothermic on
Pd(111). The endo-versus exothermicity can be explained tak-
ing into account the larger NCO electronic polarization on
Pd(111).

(3) The resulting energy barriers are larger on Pd(100), compared
with Pd(111). The presence of smaller energy barriers for
Pd(111) can be related to a larger coupling of p-orbitals of N
with d-orbitals of Pd.
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(4) The production of NCO is largely favored on Pd(111) in compar-
ison with Pd(100).This consequence is in complete agreement
with the experimental findings of Goodman et al.

(5) The theoretical vibrational frequencies obtained for NCO
adsorbed on highly coordinated sites of Pd(100) and Pd(111)
are in good agreement with previously reported IR data.
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