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a b s t r a c t

In the present work, we have studied the interaction of palladium adsorbed on SnO2 (110) surfaces,
considering the possible formation of clusters on the surface using density functional theory (DFT)
calculations. We report structure, adsorption, and bonding properties of Pdn (n ¼ 1e5) on stoichiometric
and reduced SnO2 (110) surfaces. Although palladium can be adsorbed as metal clusters on both types of
surfaces, these clusters can be more easily decomposed into Pd atoms on the reduced SnO2 surface. Pd
interacts mainly with bridging O atoms on stoichiometric surfaces while it bonds strongly with Sn on the
reduced surface.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Metal oxide-based semiconductors such as SnO2 have proper-
ties that make them interesting for several technological applica-
tions such as heterogeneous catalysts or gas sensors, since they
present considerable surface reactivity with many reducing and
oxidizing gases [1]. Tin oxide-based gas sensors operate on the
principle of changes in surface conductivity when gas molecules
interact with it [2e4]. Their sensing and catalytic properties like
sensitivity, selectivity, operating temperature, etc, depend on grain
size, texture, and stoichiometry and can be improved and/or opti-
mized by adding small quantities of transition metals, like Pd, Pt, or
Au [5e8]. However, reaction mechanisms on these systems are not
well understood yet. The chemical properties of these small metal
clusters formed on the surface are very different from those of the
corresponding bulk systems and have a significant influence on
catalytic reactions by supplying charges, adsorption sites, and new
reaction paths.

Several experimental works have been devoted to the prepa-
ration and characterization of undoped and metal doped SnO2 [9e
12]. Wang et al. employed a surfactant-mediated method to pre-
pare SnO2 nanocrystalline powders with a high surface area, thus
obtaining nanoparticles with narrow particle distribution and an
average 18.2 nm particle size. Vicent et al. studied the electro-
chemical behavior of antimony doped SnO2 electrodes with and
without platinum finding that the presence of Pt increases elec-
trode stability. Sb doped SnO2 was also studied by Szczuko et al.
who analyzed the influence of different preparation techniques on
dopant distribution and properties. They concluded that annealing
temperature plays a major role in antimony distribution. The
behavior of Os, Ni, Pd, and Pt doped SnO2 was studied by Epifani
et al. using thermal analysis and FTIR characterization. They
observed that Pt and Pd, unlike Os and Ni, were likely to form
nanoparticles in the SnO2 lattice.

Previous research includes infrared studies performed on Pd/
SnO2 catalysts focused on the influence of pre-treatment on the
species formed upon adsorption of CO and NO [13]. Gas sensing
properties of Pd ultra-thin films deposited either on pyrolytically
prepared SnOx substrates or on SnO2 powder were studied using X-
ray photoelectron spectroscopy (XPS) and secondary ion mass
spectroscopy (SIMS) [14,15]. It was demonstrated that reversible
oxidation and reduction of Pd occurs during heating both in a
normal and hydrogen containing atmosphere. SnO2 supported Pd
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Fig. 1. Primitive cell of SnO2 bulk structure. The shaded plane corresponds to the (110)
surface.
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particles were easier to oxidize and more difficult to reduce than a
Pd(111) single crystal particle. This fact was attributed to the
interaction between Pd particles and the SnO2 substrate.

Pd particles supported on SnO2, using thin film and powder
samples, have also been structurally studied by X-ray diffraction
(XRD) and transmission and scanning electron microscopy (TEM &
SEM) after different reductive treatments in order to monitor the
eventual formation of bimetallic phases [16]. Formation of Pd2Sn
and PdSn at 573 K on the P/SnO2 was observed on the thin film
sample while Pd3Sn2 and Pd2Sn were predominantly obtained on
the powder catalyst.

Density Functional Theory (DFT) calculations have been
employed in the past to predict SnO2 system geometry, electronic
structure, and energetics [17e20], and more recently, for the
description of vibrational and optical properties [21,22]. In earlier
DFT studies, Manassidis et al. used the pseudopotential method
within the LDA approximation to calculate geometry and electronic
distribution. Later, Rantala et al. employed the GGA approximation
to describe the (110) surface band structure. Mäki-Jaskaari and
Rantala have also calculated surface formation energies of oxygene
deficient SnO2 (110) surfaces finding that the stoichiometric surface
is the most stable and suggesting that stability decreases with
increasing oxygen deficiency. Borges et al. calculated phonon fre-
quencies, real and imaginary parts of complex dielectric function,
energy loss spectrum, refractive index, extinction, and absorption
coefficients that were in full agreement with experimental data.
The optical properties calculated for tetragonal SnO2 and SnO by Liu
et al. explain the origin of spectral peaks and a significant optical
anisotropy from polarization vectors (100) and (001) was
demonstrated.

Petrova and Yakovkin studied the electronic structures of Sn and
SnOx layers adsorbed on the Pd(110) surface by DFT [23]. These
authors found that the Sn 4d peak in photoemission spectra can
serve as an unambiguous indicator of the degree of oxidation of Sn
layers on transition metal surfaces.
Fig. 2. (a) Stoichiometric SnO2(110) surface; atoms labeled SnA and SnB correspond to s
respectively. Atoms labeled OA and OB correspond to bridging oxygen atoms and to oxygen at
surface; atoms labeled SnA become four-fold coordinated and all oxygen atoms are labeled
DFT calculations have been performed for the interaction of CO
with the undoped and Pd doped SnO2 (110) surface. It was found
that Pd doping can obviously enhance CO adsorption, which
theoretically reproduces the experimental fact that Pd doping can
greatly increase SnO2 gas sensors’ sensitivity to CO gas [24].

A first principles study showed that Pd/SnO2 (110) surface ad-
sorbs more H2 (gas) thus getting more electron density from the
adsorbed molecule, thereby holding the potential for improvement
of sensor response to hydrogen [25].

The energetics of several low-index SnO2 surfaces has also been
studied by DFT calculations, showing that the (110) surface is the
one with the lowest surface energy [26,27].

The aim of this work is to study metalesubstrate interaction in
the PdeSnO2 system using DFT calculations. In order to do this, we
begin by considering the most stable SnO2 surface and adsorbing
several Pd atoms. The possible formation of small Pd clusters on the
SnO2 substrate is considered for both stoichiometric and reduced
(110) surfaces. Therefore, we report a study of adsorption geome-
tries, energetics, electronic structure, and bonding of Pdn (n ¼ 1e5)
clusters on SnO2(110) surfaces.
2. Computational method

DFT calculations were performed using the Vienna Ab-Initio
Simulation Package (VASP) [28e31] which employs a plane-wave
basis set and a periodic supercell method. Potentials within the
projector augmented wave (PAW) method [32] and gradient-
corrected functionals in the form of the generalized-gradient
approximation (GGA) with PerdeweBurkeeErnzerhof (PBE) func-
tional [33,34] were used.

For bulk optimization, SnO2 lattice parameters were determined
by minimizing the total energy of the unit cell using a conjugated-
gradient algorithm to relax the ions [35]. The optimization of
structural parameters was performed until the forces on atoms
were less than 0.02 eV/�A and all stress components were less than
0.001 eV/�A3. A 5� 5� 5MonkhorstePack k-point grid for sampling
the Brillouin zone was employed. The Brillouin zonewas integrated
using Monkhorst-Pack sets of k-points [36] (centered at the G
point) depending on the supercell dimensions and on the number
of atoms. Results for bulk relaxations were checked for convergence
with respect to the number of k-points as well as energy cutoff and
we chose a 5 � 5 � 5 grid and 500 eV to ensure fully converging
results. A large number of k-points were also considered but the
change in the energies was less than 0.02%. The calculated lattice
parameters obtained for bulk SnO2 were a ¼ 4.81 �A, c ¼ 3.22 �A
which are a little higher than experimental values (a ¼ 4.74 �A,
c ¼ 3.19 �A) [37]. Each lattice parameter was overestimated in 1.5e
1.9%. The distance between two O or two Sn atoms was 3.25 �A,
ix-fold coordinated bulk-like tin atoms and five-fold coordinated tin surface atoms
oms bonded to both six-fold and five-fold coordinated Sn atoms. (b) Reduced SnO2(110)
O.



Fig. 3. SnO2 (110) slab model built with 18 unit cells and a vacuum gap of 26.6 �A.
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while the distance between SneO first neighbors was 2.10 �A. The
computed value for the 219.6 GPa bulk modulus B was in full
agreement with 218 GPa experimental data [38]. Parameter B was
obtained by fitting the energy-volume data from minimization of
energy at constant volumes to the BircheMurnaghan equation of
state [39,40].

The number of valence electrons considered for Sn, O, and Pd are
14, 6, and 10, respectively. The bulk rutile SnO2 has a tetragonal
structure with two SnO2 units per unit cell. It is composed of six-
fold coordinated Sn atoms and three-fold coordinated O atoms.
Fig. 1 shows the unit cell where the (110) plane is also shown.

The SnO2 (110) surface was modeled considering two different
possible terminations. One of them is the stoichiometric surface
(Fig. 2(a)) which contains bridging oxygen atoms keeping the
composition of bulk SnO2. The second termination represents the
fully reduced surface (Fig. 2(b)) where all bridging oxygen atoms
were removed.
Table 1
Geometric parameters and overlap population (OP) for relevant bonds on the clean
SnO2 (110) surfaces and on SnO2 with adsorbed Pdn clusters (n ¼ 1, 5).

SnO2(110) Clean surface Pd1 Pd5

Dist.(�A) OP Dist.(�A) OP Dist.(�A) OP

Stoichiometric
SnAeOA 2.00 0.319 2.08 0.282 2.08 0.283
SnAeOB 2.10 0.289 2.06 0.308 2.06 0.312
SnBeOB 2.04 0.309 2.08 0.292 2.06 0.291
SnAeSnA 3.18 e 3.17 e 3.21
SnBeSnB 3.18 e 3.19 e 3.13
PdeOA 2.12 0.184 2.14 0.169
PdeOB 2.88 e 2.59 2.52 0.006
PdeSnA 3.43 e 3.21 e

PdeSnB 2.68 0.071 2.79e2.80 0.089
PdePda 2.54e2.57 0.102e0.134
Reduced
SnAeO 2.12 0.193 2.14 0.240 2.09 0.258
SnBeO 2.06 0.307 2.08 0.225 2.05 0.300
SnAeSnA 3.18 0.258 3.25 0.068 3.12 0.130
SnBeSnB 3.18 e 3.29 e 3.14 e

PdeO 3.17 e 3.38 e

PdeSnA 2.63 0.191 2.61 0.291
PdeSnB 2.70 0.369 2.60 0.00
PdePda 2.64e3.01 0.033e0.168
SneO distance (bulk): 2.10 �A
SneSn distance (bulk): 3.25 �A

a Length of PdePd bonds in bulk fcc crystal 2.75�A [40], in Pd4 cluster 2.69�A [52].
The stoichiometric surface presents two types of Sn atoms, six-
fold coordinated bulk-like Sn atoms (labeled SnA in Fig. 2(a))
bonded to bridging oxygen atoms, and five-fold coordinated Sn
atoms (labeled SnB in Fig. 2(a)). There are also two types of surface
oxygen atoms, two-fold coordinated bridging O atoms (OA in
Fig. 2(a)), bonded to SnA and three-fold coordinated O atoms (OB in
Fig. 2(a)), bonded to both SnA and SnB. The reduced surface SnA
atoms are now four-fold coordinated and all O atoms are
equivalent.

The stoichiometric surface was modeled using a seven atom
layer slab, three layers containing both Sn and O atoms, and six
bridging O atom layers, as shown in Fig. 3. It was built up from 18
Fig. 4. PDOS of Sn and O for (a) bulk SnO2 and for (b) the stoichiometric and (c)
reduced SnO2 (110) surfaces. The dashed line indicates the Fermi level.
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unit cells, resulting in a supercell of 13.39�A by 9.55�A representing
the surface with a thickness of 9.30 �A. The area of the surface is
large enough to allow for the study of adsorbed species. The vac-
uum spacing between two repeated slabs was 26.6�A. A thicker slab
was also considered but no relevant differences in calculated sur-
face energies were found. During optimization the first two layers
were allowed to relax, and a set of 3 � 3 � 1 MonkhorstePack k-
points was used to sample the Brillouin zone. The same set of k-
points was used by Xue and Tang and by Lin et al. on Pd and Ti
doped SnO2 (110) surfaces [24,41].

To model the reduced surface, we removed all terminal bridging
oxygen atoms from the stoichiometric surface slab. In this case the
slab had three layers containing Sn and O atoms and five bridging O
atom layers.

The adsorption of Pd atoms on each type of the SnO2 (110) sur-
face and the possibility of cluster formationwas studied. Preferential
adsorption sites were found for one to five Pd atoms calculating
their adsorption energies adding one atom at a time. During these
calculations both the adsorbed species and the first two surface
layers were allowed to relax. In all cases, cut-off energy was 500 eV.

Pd adsorption energy on the surface was computed by sub-
tracting the energies of isolated gas phase Pdn clusters and the
clean surface from the energy of the adsorbed system as follows:

Eads ¼ EðPdn=SnO2Þ � EðPdnÞ � EðSnO2Þ (1)

where n ¼ 1e5 is the number of Pd atoms forming the cluster.
In this definition, negative adsorption energy corresponds to a

stable adsorption on the surface. Spin polarized calculations were
performed to obtain the energies of the gas phase Pdn clusters
which were calculated in a 20 �A cubic box at G point.
Fig. 5. Side and top view of the Pd adsorption site on the
In order to evaluate the stability of growing Pd clusters on the
surface, the sintering energy (Es) can be calculated. We define Es as

Es ¼ ½EðPdn�1=SnO2Þ þ EðPd1=SnO2Þ� � ½EðPdn=SnO2Þ
þ EðSnO2Þ� (2)

Es is the energy needed to decompose a Pdn cluster into a Pdn�1

cluster and a Pd monomer adsorbed on the surface.
Throughout this paper, two conceptual tools e density of states

(DOS) and crystal orbital overlap population (COOP) curves e are
used extensively to shed more light on the PdeSneO interaction.
The DOS curve is a plot of the number of orbitals per unit volume
per unit energy. The COOP curve is a plot of the overlap population
weighted DOS vs. energy. Integration of the COOP curve up to the
Fermi level (EF) gives the total overlap population of the bond
specified. Looking at the COOP, we may analyze the extent to
which specific states contribute to a bond between atoms or or-
bitals [42].

Our COOP calculations were performed using the tight-binding
extended Hückel (EH) method [43e45], an approximate molecular
orbital scheme, implemented with the Yet Another Extended
Hückel Molecular Orbital Package (YAeHMOP) program [46], on
DFToptimized geometries. A similar procedure, combining DFT and
EH COOP’s was performed by Papoian et al. [47].
3. Results and discussion

3.1. Surface characterization

A geometry optimization on both surfaces was performed
allowing the top atom layers to fully relax while keeping the bot-
tom layers at fixed positions maintaining their bulk lattice
stoichiometric (a) and reduced (b) SnO2 (110) surface.
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parameters. A rearrangement of surface atoms occurs in order to
minimize surface energy. The bond distance between Sn and sur-
face O atoms is reduced between 2.8 and 4.6% with regard to bulk
positions. The bond that contracts the most is the one between SnA
and bridging OA atoms which becomes 2.00 �A. In the case of the
reduced surface, in which there is no OA terminal bridging, the
SnAeO bond distance increases slightly to 2.12 �A while the SnBeO
distances decrease to 2.00 �A. Bond distances for bulk and surface
atoms are summarized in Table 1, these results are in agreement
with Oviedo et al. [48,49].

In order to analyze the electronic structure, projected DOS
curves on surface atoms were plotted for both types of surfaces and
were compared to bulk DOS curves (Fig. 4). SnO2 is a material with a
large band gap; its experimentally determined width is 3.6 eV [50].
The DOS plot for bulk SnO2 shows the band gap of 2.3 eV width
which is a smaller value than the onementioned above. The dashed
line indicates the Fermi level. The O 2s states are mainly located in
the lower part of the valence band from �18.8 to �16.2 eV while
most of the O 2p states extend through a broader region from�8 to
0 eV right below the Fermi energy, though there are also some
unoccupied states. From the plot of the projected DOS on Sn atoms
wemay observe that most of Sn 4d states are occupied and that the
conduction band is mainly composed of s and p states.
Fig. 6. Adsorption geometries of Pdn cluster for n ¼
For the clean stoichiometric SnO2 surface, PDOS curves on sur-
face atoms show that the band gap is reduced to 1 eV. All the bands
are shifted to lower energies; the O 2s states spread over a larger
region at the bottom of the valence band from �20 to �15 eV and
the O 2p states from�9 to 0 eV. There are also some states as part of
the conduction band. The beginning of Sn bands also shifts about
1 eV to lower energies compared to the bulk SnO2 and there are
more unoccupied Sn d states.

The electronic structure for the reduced surface (see Fig. 4(c))
presents an important difference compared to the O terminated
surface (Fig. 4(b)). PDOS plots show a shift of electronic states to
lower energies in away that no band gap is now observed indicating
a metallic behavior. Both bands formed by O 2s states and O 2p are
narrower than those observed for the stoichiometric surface. The
surface is even more stabilized with O 2s states beginning at �21.2
up to�18.9 eV and the O 2p states form a band from�10.8 to 4.4 eV.
This is due to the removal of the bridging O atoms from the surface.

3.2. Pd adsorption on SnO2(110) surfaces

In order to evaluate the interaction of adsorbed palladium and
surface atoms, first we look for the preferential adsorption sites of
Pd, placing one Pd atom in different positions on the surface and
1e5 on the stoichiometric SnO2 (110) surface.
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calculating the adsorption energy as previously defined. Table 1
summarizes the geometric parameters for Pd atoms on their most
favorable adsorption sites for each type of surface.

For the stoichiometric surface, the minimum Eads of �2.16 eV
corresponds to the Pd located 2.12 �A from its first OA neighbor and
equidistant to two OB, at 2.88 �A, as it can be seen in Fig 5(a).

On the reduced surface, the presence of Pd causes a major
rearrangement of the surface layer compared to the oxygen
terminated surface. Oxygen atoms are “pushed” away leaving the
palladium atom closer to Sn atoms as shown in Fig. 5(b). A top-view
shows how the palladium atom bonds to two SnA atoms with a
bond length of 2.63�A, and to one SnB, at 2.70�A. In this case, the Pd
that is nearer to the O neighbors is located at a distance of 3.17 �A
which is a very different situation from the case of the stoichio-
metric surface. The distance between the two SnA atoms that bond
to the palladium also increases, from 3.18 to 3.25 �A, as with bulk
atoms. This new arrangement of atoms results in a stronger PdeSn
interaction. The calculated adsorption energy at this site
is �3.18 eV.

The interaction of the adsorbed Pd atoms with the substratewas
also studied analyzing the overlap population (OP) between pairs of
atoms before and after Pd adsorption.

For the stoichiometric surface, Pd interacts mainly with bridging
O atoms. A Pd-OA bond is formed affecting the bonding of its
nearest neighbors. The OP between SnA and OA near palladium
decreases from 0.319 to 0.282 (around 12%), indicating aweakening
of the SnAeOA bond. The SnAeOB overlap population increases a
little, around 6.6% and SnBeOB decreases 5.5%, due to the small shift
in the position of OB atoms towards SnA and away from SnB, so that
the PdeOA bonds form mainly at the expense of the SnAeOA bond.
Finally, we noticed that the OP for the PdeOA bond is 0.184 while it
is negligible between Pd and other oxygen atoms on the surface.

On the reduced surface the situation is different since Pd bonds
to Sn surface atoms instead of O surface atoms. SnAeSnA bonds,
which are strong on the clean surface, have an overlap population
of 0.258. When the palladium atom adsorbs on the surface, the OP
between the two SnA atoms that bond to Pd decreases around 73%,
to 0.068. As a consequence, each SnA increases the strength of their
bond with O and forms a strong bond with the adsorbed Pd atom
(OP ¼ 0.367). The palladium atom also bonds to its nearest SnB
atom, with an overlap population of 0.191, weakening the SnBeO
bond. A summary of the OP between relevant bonds on the surfaces
can be seen in Table 1.

The possibility of Pd cluster formation on the SnO2(110) surface
was also studied by calculating the most stable adsorption sites for
an increasing number of Pd atoms. After the preferential adsorption
site for a single Pd adatomwas found, the most stable position for a
second Pd atom was computed. Several possible sites were tested.
The use of a big supercell to model the surface allowed us to test
sites equivalent to the first adsorption site, both close to and far
Table 2
Adsorption energy, Eads, sintering energy Es and PdePd bond distances for Pdn
(n ¼ 1e5) clusters adsorbed on the stoichiometric and reduced SnO2 (110) surface.

n Eads (eV) Es (eV) PdePd (�A)

Stoichiometric 1 �2.16 e e

2 �3.51 0.47 2. 72
3 �4.26 0.65 2.64e2.70
4 �5.49 1.43 2.55e2.57
5 �5.65 1.09 2.55e2.63

Reduced 1 �3.18 e e

2 �4.50 �0.58 2.88
3 �6.12 0.50 2.71e2.83
4 �6.04 �0.77 2.59e2.86
5 �5.82 �0.32 2.64e3.01
from the first single Pd atom. For the stoichiometric surface, our
calculations indicated that a second Pd atom will adsorb at an
equivalent site as the previous one in its close proximity. Both Pd
atoms remain at 2.12�A from their first OA neighbor and 2.72�A from
each other, which is close to the PdePd distance in bulk fcc palla-
dium (2.75�A) [51]. The same procedure was followed for 3, 4, and 5
more Pd atoms until the final configuration of a small Pd cluster on
the surface was obtained. Fig. 6 shows the adsorption geometries
for Pdn (n ¼ 1e5) with the lowest adsorption energies. In the Pd3

cluster, the third Pd atom bonds to the other two Pd atoms at a
2.70 �A distance while the remaining bond shortens to 2.64 �A. Pde
Fig. 7. PDOS on surface Sn (a), surface O (b) and Pd adsorbed (c) on stoichiometric
SnO2 (110) surface.
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Pd distances in the Pd4 cluster are 2.55 �A and 2.53 �A, and for Pd5

distances range from 2.55 to 2.75 �A.
Calculated adsorption and sintering energies are listed in

Table 2. The positive sintering energy for each cluster indicates the
energy cost of decomposing the Pdn cluster into a monomer and a
Pdn-1 cluster adsorbed on the surface. Therefore, it is better for
stoichiometric surface Pds to be adsorbed as a cluster instead of as
single atoms.

On the other hand, on the reduced surface, though clusters are
stable as it can be observed by the negative adsorption energy, the
Fig. 8. PDOS on surface Sn (a), surface O (b) and Pd adsorbed (c) on reduced SnO2 (110)
surface.
sintering energy is not always positive. So in this case the most
favorable configuration would be Pd adsorbed on the surface as
single atoms. The calculated distances between Pd atoms forming a
cluster range and from 2.64 to 2.73 �A (see Table 1). The geometric
details, Eads and Es for Pdn cluster on the stoichiometric and reduced
SnO2(110) surface are summarized in Table 2.

The PdePd overlap population for the stoichiometric surface
ranges from 0.102 for the longest bond distance to 0.130 for the
shortest bond. On the other hand, for the reduced surface OP varies
between 0.033 and 0.168 showing aweaker bond strength between
Pd atoms.

Figs. 7 and 8 show the projected PDOS curves on the surface and
adsorbed atoms for the two types of surfaces. On the stoichiometric
surface the plot shows some unoccupied Pd d states. The band
extends from �5 to 6 eV. It can be seen that the main interaction
with the surface is through O p states and some Sn d states. On the
reduced surface, most of Pd d states lies below the Fermi level and
O p states shift to lower energies. Therefore, the main interaction of
Pd on the surface is with Sn d states in this case.
4. Conclusions

Pd adsorption on SnO2 (110) was studied by DFT calculations.
The band gap structure characteristic of SnO2 is not present in the
reduced surface due to a shift of electronic states to lower energies
showing metallic behavior. Palladium can be adsorbed as metal
clusters on both types of surfaces. These clusters can be easily
decomposed into Pd atoms on the reduced SnO2 (110) surface. Pd
interacts mainly with bridging O atoms on the stoichiometric sur-
faces while it bonds strongly with Sn on the reduced surface. The
main finding in our theoretical study is that stoichiometric surfaces
should be used to assemble Pd/SnO2 (110) gas sensors due to the
presence of more stable Pd clusters on the surface that could
improve H2 gas adsorption and reactions.
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