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Semi-Empirical and Ab Initio Studies of
Low-Temperature Adsorption of Oxygen
and CO at (110) Face of SRO

Vyacheslav V. Golovanov, Matti A. Maki-Jaskari, and Tapio Tuomas Rantala

Abstract—Using a first principles electronic structure calcula- materials. The main limitation for such calculations remains
tion method based on the density functional theory (DFT), and also the size of cluster or unit cell in the case of slab calculations
using a semi-empirical (PM3) method, surfaces of the (110) face 46 {5 drastically increasing computer time with an increasing

of SnO, with and without CO and oxygen adsorbates have been b f at in | lust Therefaab. initi
studied. For semi-empirical and DFT calculations, cluster models NUMBEr of aloms In farger clusters. herelas, inilio geo-

and the slab models were constructed, respectively. It was found Metric configurations of only a few tens of atoms could so
that oxygen adatoms on a perfect stoichiometric (110) surface do far be calculated by minimizing the total energy of the cluster
not form without precursor for O » dissociation. The chemisorbed for fixed positions of the other atoms. On the other hand,
atomic oxygens are metastable, but may stabilize in the form of gqf congjstent semi-empirical methods in quantum mechanical

carbon-related complexes in CO environment, which is enhanced - - L . - )
by the energy barrier for CO, formation. It is energetically fa- calculations, being more limited in description of the electronic

vorable for CO to form structures like oxalate and bidentate car-  Structure, make it possible to determine the position of large
bonate. Itis proposed that, in a low-temperature range, chemisorp- number of atoms including defects, surfaces, and segregated

tion processes may contribute to the sensitivity of Sn@film. grain boundaries in clusters within reasonable computer time.
Index Terms—Chemistry, semiconductor films, sensors, sur- It must be noted, also, that, despite the number of calcula-
faces. tions, there is no consensus about the electronic structure and

the related surface geometry of Sn@n particular, if the re-
duced and stoichiometric surfaces are compared. The main con-
clusion from the reviews on theoretical calculations is a sub-

IN dioxide, SnQ, has found an important technicalstantial diversity of surface relaxation data of SN@10) face

application in the field of chemical sensing due t6]-[8]. Therefore, calculations based on different methods are
its ability to transduce different gas-surface interactions t@elcome, to establish reliable structure of relaxed S(T10)
conductivity changes. However, despite that structure aatbmic plane and to understand the related differences in rehy-
electronic properties of SnObased sensor surface havéridization occurring at the stoichiometric and reduced surfaces.
been experimentally studied in great details [1]-[3], highly Recently, the (110) face of rutile structure Snassiterite)
specific and sensitive SnGsensors are not yet available, anthas been investigated witb initio-DF T calculations with the
peculiarities of its operation are not fully understood. Thus,lacal-density approximations (LDA) and the generalized-gra-
strategic trend in gas sensor development is the transition frgiien approximation (GGA) [9]. In the present study, along with
an empirical approach in gas sensor design and manufacturitginitio DFT-plane wave-pseudopotential approaches we also
to the basic-understanding approach, with the aim to obtairemploy semi-empirical (PM3) cluster calculations, which are
complete description of the gas-sensing mechanism for,Sn@bserved to lead to good enough geometric structures and total
based sensors. energies in comparison widb initio methods.

Appearance of modern computer codes and software [4],The typical picture of Sn@interaction with reducing gases
[5] allows one to perform accurate first-principles quantuns based on the postulation that the ionosorbed oxygen is mainly
mechanical calculations of ideal and reconstructed surfacesponsible for the sensor signal during the catalytic oxidation
of metal oxides. Such approaches open possibilities to cregfeCO [10] through
an atomistic picture of sensing mechanisms and methods for
prognosis of gas response properties of the semiconducting CO*™ +0,,, — COy + e~ Q)

. INTRODUCTION
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1 heidging O ll. ACTIVITY OF STOICHIOMETRIC AND
2 bridging O vae.

[130] 3 inplane O
4 S-fold Sn

REDUCED (110) SURFACES

We performed geometry optimization for stoichiometric and
reduced surfaces by using DFT pseudopotential methods and
PM3 method. The most prominent feature remains surface
corrugation with the full coordinated in-plane oxygen relax-
ation outwards with respect to five fold tin atoms. It appeared
to be about 0.3\ at reduced surface, and only slightly less at
stoichiometric surface. Strictly speaking, the in-plane oxygen
relaxations are 0.3 0.1 A, since the two in-plane oxygens of
the surface unit cell can also relax outwards nonsymmetrically,
with the same total energy. Both of two independent methods,
the DFT pseudopotential method and the semi-empirical PM3
method, predict similarily perpendicular surface relaxations.
Our comparisons between different pseudopotential methods
has shown that relaxations are similar, especially if a more
accurate pseudopotential method is applied [21], instead of
USP.

Fig. 1. Basic geometries of Sa(110) surfaces in the case of slab calcula- Due to the surface states, a decrease of indirect band gap be-

tions. Th_e stoichic_)metr_ic model corresponds to the case with all bridgilﬂl en the conduction and the valence band in the reduced case

oxygens included, in which case three surface unit cells are shown. The reduceg B

model corresponds to the case without bridging oxygens. was observed [21]. Appearance of these states was attributed to
the rehybridization of 5 s and 5 p orbitals of subbridging™Sn
atoms creating 5 s—5 p lone pair hybrids. The semi-empirical

II. M ODELS AND METHODS calculations of the surface relaxations suggest that the reason for

the outward relaxation of in-plane oxygens is rehybridization of

Our strategy was to save computational resources by fifile-fold tin coupled with changes in the ionicity of the surface
using a semi-empirical PM3 [16] method to discover possiblsonding. In the case of stoichiometric surface, the five-fold co-
initial geometries. The utilized DFT approach was based andinated surface tin atoms are of particular interest in providing
the plane wave basis set and pseudopotential concept to ative sites for adsorbates. We will concentrate here on CO, O,
scribe electron-ion interaction. We use the CASTEP/CETEInd carbonate adsorbates on this site. The appearance of these
code [17]. By using ultrasoft pseudopotentials (USP) [18], plamelsorbates on top of the five-fold tins will cause the tin ions
wave basis set could be considerably limited. In addition to tite relax outwards. On reduced surface the activity of five- fold
pseudopotential ion cores, oxygen and tin atoms were descriltég is expected to be similar to stoichiometric since the geom-
by six and four explicit electrons, respectively. Plane wave kgtry and charge density at five-fold Sn site do not differ strongly
netic cut-off energy was 400 eV, and to sample the Brilloui?2]-
zone, one to six symmetrized Monkhorst-Pack k-points [19] Analysis of charge distribution and dangling bond occu-
were used, depending on size of the slab. The electronic Rftions does not support rehybridization of outwards shifted
teractions were taken into account within the generalized-gi-Plane oxygen atoms that could lead to the dramatic increase
dient approximation (GGA) [20]. In the case of oxygen adP their catalytlc_ a_\ctl\{lty due to unsaturated orbitals in their
sorbates, spin polarization was taken into account. The DEgfrahedral hybridization state. However, appearance of the of
approach predicts experimentally- known lattice parameterstBF four-fold coordinated S ions with the orbitals directed

SnO; crystal and bond lengths of,0CO, and CQ@ molecules to the vacuum is obviously the reason for increased catalytic
with an accuracy better than 2% ’ activity of a reduced SnPsurface in comparison with an

Oéidized one [23]. Instead, even in case of the stoichiometric

Optimized geometries were studied by evaluating partial a8rface with bridging oxygen vacancies, the nonsaturated

toltetl_l dens:|es OLS.'tatf S(D?ti)' I\t:IuII_|ken chartggs, arf1dsb(())nd PQ Ubbridging Sn ions may increase the catalytic activity of
ulations. com ination or the basic geome nes_o nO Sn e surface, leading to the increase in the concentration of
(110) surfaces in the case of DFT-slab calculations are Sho%misorbed oxygen species. One possible mechanism for
in Fig. 1. Stoichiometric S0102 and reduced S0z clus-  this is based on the decrease of dissociation barrier foot®

ters were used in PM3 semi-empirical calculations. Typically,,cn surface. As a result, both bridging oxygen andi®the

the slab and cluster thickness consisted of three stannic atofignity of the five-fold tin are formed.

planes, but some experiments with thicker slabs were also maderhys, in a case of adsorption of CO related species, nonsat-
Extensive calculations with other Sp@110) surface geome- yrated surface cations are expected to show various effects on
tries indicated that perfect stoichiometric (110) surface corrghe sensing mechanism of Sp@ms. On the one hand, the ap-
sponds to an energy minimum. Therefore, the stoichiometfiearance of charged chemisorbed CO related complexes may
model is a preferred as a starting point in theoretical considave direct influence on the surface charge carrier density and
erations. conductivity due to the change of the surface potential and sur-
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Fig. 2. Considered geometries with carbon and oxygen adsorbates: (a) bidentate carbonate, (b) columnar molecular oxygen, (c) bridging coggen vacan
(d) carbonyl, (e) bridging molecular oxygen, (f) atomic oxygen, and (g) oxalate. Smallest circles indicate oxygens and largest tins. Carbqueatorgsrap
adsorbates are indicated by medium size circles.

face band gap. On the other hand, the appearance of complex TABLE |

; ; ; LCULATED DFT TOTAL ENERGY DIFFERENCES(EV) OF CO/Sn0O; (110)
adsorbates at catalytically active bare Sn ions may affect to tQ%ASORBATE STRUCTURESPER ONE CO MOLECULE IN O, ATMOSPHERE THE

sensitivity by blocking of its catalytic activity. This effect es-coverace Per SURFACE UNIT CELL IS 1.0IN THE CASE OFCO AND 1IN THE
pecially refers to the low-temperature interval, where complexXAse oFO oN Top ONTOP OF THEFIVE FOLD COORDINATED SURFACE TIN

adsorbates are stable at the surface. We, thus, need to examriz=

in more detail possible configurations and effects of CO- anw‘;ﬁ‘;‘;ﬁ;‘i‘t’i Adsorption energy, eV
oxygen-related species on surface. CO (g) + stoich.surt. 0 Geference)
CO/bridging oxygen Not stable
IV. CARBON OXIDE AND OXYGEN ADSORBATES CO;, (g) + bridging oxygen vacancy —04

AT TIN OXIDE (110) SURFACE Oxalate/stoich.surf.
(C,0,)/bridging oxygen -0.6
CO/5-fold Sn 04
Carbonate/5—fold Sn -3.2
CO; (g) + stoich.surf. 3.4

20/5-fold Sn (top) +3 (per Oy)

It is generally accepted that adsorption/desorption process
of oxygen species define the gas sensing properties of me
oxide films [24], [25] and the sensitivity of the Spdilms
is determined by CO reaction with ionosorbed oxygen, [reac
tion (1)]. However, analysis of response..;) and recovery
(Trec) times during exposure of Sn@o CO [26] reveals an im-
portant regularity. It was found that differing from high tem+irst order corresponds to the reaction of gas detection, limited
perature ranges of (1/T) dependencies, where ~ 7.5, for by adsorption/desorption processes, and the second order corre-
the low-temperature range strong relationship > 7..s has sponds to reactions limited by dissociative adsorption with for-
been observed. Af,,.. = 30-180°CC this difference reachesmation of oxygen intermediate species (e.g., O). In other words,
amounts of three to four times. The TPD, FTIR, and EPR datasorption/desorption processes may play essential roles in the
for SnG; films in dry air suggest that molecular oxygen is theensing mechanism of Sp@ims.
dominant adsorbate in the temperature range of 30 to°080 It is assumed that carbon monoxide adsorbs mainly on
Exposure to CO leads to formation of different forms of carbomxygen species at SR@30], [31]. Some evidences of carbonyl
ates detected up to 200°CC and carboxylates detected up tatretches have been also found by in situ DRIFT-spectroscopy
400°CC [27]. The correlation,es ~ Ty Observed afl,,.. > [13]. It is reported that carboxylates do not reveal a strong
180°C corresponds to the interaction of CO with intermediatésfluence on the surface conductivity of Spn{12]. Taking into
due to dissociative adsorption of oxygen species. Formationaxfcount presence of the molecular oxygen as a main adsorbate
CO, as a reaction product between 240 and 2D@vas identi- at SnG surface in the temperature range 30—-280in dry air
fied by FTIR [11]. Along with the sharp decrease in the conceland detection of carbonates, presence in the low-temperature
tration of molecular oxygen due to.Q@lissociation it has been range during exposure to CO, we have comparatively analyzed
detected also vanishing of carbonate species, which becamethe- bounding character of molecular and atomic oxygen,
stable at these temperatures [28]. carbonyl stretches, and carbonate related species coordinated at

Based on these experimental results, we suppose that, &iftO; (110) surface. Fig. 2 illustrates the considered geometries
fering from high temperature ranges, the adsorption/desorptieith carbon and oxygen adsorbates. The adsorption energies
processes may contribute to the sensitivity of $t@CO inthe corresponding to these configurations are presented in Table I.
low-temperature range (30-18Q). It can be shown that, for  First, we will focus on a few cases with oxygen adsorbates on
gas detection, areaction of second order relationship~ .  perfect stoichiometric surface that are expected to be involved
takes place, while a reaction of first order obeys > 7..s[29].  in the surface conformations and reactions at low temperatures.
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Adsorbed oxygen, if present in dissociated (atomic) form, mé
occupy positions on the top or between the five-fold Sn sitc
with binding energies of 1.5 eV and 1.3 eV per oxygen ator
respectively. Bridging oxygens are found to be more stable
the surface than these oxygen adatoms. With respect ga€
3 eV per each @were needed for chemisorption of two atomic
oxygens above five-fold Sn atoms. Also, other conformatiot
for metastable oxygen adsorbates has recently been introdu
[32]. The stability of the oxygen adsorbates is slightly improve
in conformations that are associated with; more fully coord
nated oxygen adsorbate, decreased repulsion between oxy
ions, and surface layer deformations. However, in experimen
studies with oxygen annealed (110) surfaces, high oxygen ct
erages are associated with clustering [33]. The calculations
dicated significantly higher metastabilities for oxygen to be a:
commodated above and between bridging oxygens than n
five-fold Sn sites. This implies that there is a significant diffu
sion barrier for oxygen adatoms to overcome bridging oxyger
The low stability of atomic oxygens chemisorbed on perfect st
ichiometric (110) surface of SnOndicates that such adsorbate:
probably result from @transformation at nonsaturated tin sites
diffusion of oxygen below the surface [34] and/or from surfac E
defects rather than from £adsorbed at five-fold tin ions. To
indicate the possibility for @ transformations, an alternative,rig. 3. Lowest occupied orbital of the upper valance band of CO carbonyl
but less stable, geometry of columnay &lsorbate (see Fig. 2)adsorbate on Sn{(110) surface calculated by using slab-DFT model. Notice
was examined. This geometry is most simply realized as §9nicant overlap between adsorbate and surface.

adsorbed at bridging oxygen vacancy site with binding energy
1.2 eV. The geometry may also be attributed as a precursor for
O, dissociation that is in agreement with the prediction made
above on catalytic activity of bridging oxygen vacancy sites.

In a case of carbon monoxide interaction with (110) $8@r- /

stoic.

face, the occurrence of reaction (1) was first checked by com-
paring the total energies of two separate systems. One consist free
CO plus perfect stochiometric slab, and the other freg gi0s
stochiometric slab including bridging oxygen vacancy. The com-

parison indicates that CO actively burns bridging oxygen with

release of an exothermic energy of 0.4 eV per each @0 AT 1
mation. Even higher reactivity CO exhibits toward the oxygen i
chemisorbed at five-fold Sn site, releasing 5 eV per CO molecule. :
On the other hand, we have an evidence to suggest that these re- i
actions have a significant energy barrier. In an idealized case of
CO aligned and approaching bridging oxygen along [110] direc- 1
tion, the approaching molecule is pushed back to vacuum by an

energy barrier exceeding 2 eV. Similarly, in the case of CO in-
teraction with loosely bound oxygen on the top of five-fold tin,
CO, formation is associated with an energy barrier, which can
exceed 0.4 eV. Thus, for GQormation at bridging oxygen site,
elevated temperature is requlred' Fig. 4. Valence band total density of states of stoichiometric slab and oxalate
Instead of the C@formation, at least several other end readsorbed above bridging oxygens. The density peaks existing in the oxalate
sults of reactions with CO can be though of to be effective &tse: but not in the stoichiometric case, are associated to oxalate.
the lower temperature range. First, CO was noted to prefer to
adsorb on five-fold coordinated tin sites associated with a bopdssible that carbon monoxide on top of five-fold tin may act as
between C and Sn atoms (shown in Figs. 2 and 3). It is pr&precursor for reaction (1).
dicted that 0.4 eV per each CO is released in such an eventAs a second possibility, instead of G@rmation, a struc-
based on calculation made by using a slab consisting of severe like oxalate, shown in Fig. 2, may be formed. This struc-
stannic atomic planes. At this site, CO carbonylic stretch hagduae is predicted to be associated with 0.6 eV energy release per
nature of a donor rather than acceptor, which is seen by M@O, based on calculation made by using a slab consisting of
liken charges and polarization of Sn-C bond charge [35]. It &ven stannic atomic planes. It is interesting to notice that this

Density of states (a.u)

-2() -1 {}
Energy (eV)
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Fig. 5. Models of the S5O, clusters for PM3 calculations with molecular oxygen (left) and bidentante carbonate coordinated at five-fold coordinated Sn atoms
(right). Mesh contours depict the spin density isosurfaces, which display distribution of an electron localized at the chemisorption complex.

energy release is slightly larger than the energy release gf CRulliken population analysis indicates that in the case of molec-
formation from bridging oxygen and the energy release of C@ar oxygen an extra electron density is distributed between
adsorption on five-fold tin site. The stability can also be recog=*-orbitals of G revealing acceptor character of, @oordi-
nized from the DOS as a formation of new low energy surfagetion. On the other hand, in the case of carbonate bounding,
DOS features, as shown in Fig. 4. The ionic nature of the atomsalysis of charge distribution demonstrates much more covalent
participating is decreased with respect to other bulk and surfataure of its chemisorption. These facts indicate that appearance
ions, which was noticed from decreased Mulliken charges aofi carbonyls, oxalates, and carbonates instead of oxygen as
increased bond populations. Mulliken charges indicate also tlatsorbates results in decrease of the electron density at the
oxalate may act as a donor, since the total negative charge of¢hemisorbed complex. This leads to the decrease in the surface
C,04 unit is less than the charge of the two bridging oxygenpotential and, hence, the increase in the surface conductivity.
The structure will not decompose if one of the two one-fold co-

ordinated surface oxygens is removed. Consequently, the oxy- V. CONCLUSION

gens of oxalate may be associated to the @pe of oxygen

. ) Calculations based oab initio (DFT) and semi-empirical
adsorbate. The formation of oxalate-like structures maybe t .
) . . 3) methods imply that perfect Sp@110) surfaces are as-
reason of carbon signal increase during exposure to CO, what .

was detected by XPS [36]. soma_ted with about 0.3- corrugation with in-plane oxygens
. elaxing outwards. It was found that oxygen adsorbates on per-
In the case of chemisorbed oxygen present at the surface, {ot- L )
. : . ect stoichiometric (110) surface are metastable, but may sta-
mation of carbonates was found to be possible. Ina basis of enef- . . .
etics, the geometry corresponding to a bridging bidentate car--- the form of carbon related complexes in CO environ-
9 ' 9 y P 9 ging nt. This is obviously the case at low-temperature conditions

bonate (shown in Fig. 2) can be formed in an environment of cdg®
and G.. The ener giﬁerence between this aeometrv. and cor'rq-WhiCh CGO; formation is inhibited because of the energy bar-
; gy 9 Y: rier that was found to exist for COformation. It is energeti-

bined 2 CO, 2 @ species with stochiometric surface slab, was -

cally favorable for CO to form an adsorbate structure like ox-
calculated to correspond release of 3.2 eV when the carbona] e S . .
) . . alate, which is associated with a bond between carbon atoms
is formed. However, in C®and G environment, the structure

may not stabilize because 0.2 eV per each CO is needed. Cor?sned- contains oxygen with decreased ionic nature. Also, a struc-

: tHre of bidentate carbonate may form above five-fold surface tin
qguently, at elevated temperatures, carbonates are obwouslySI{ee—S Bridding oxvaen vacancy sites can be occupied by oxvaen
composing from the surface with formation of €O ' ging 0xyg y P yoxyg

Concerning adsorbtion structures on (110) Srs0rface in gg(laeglélae;nlqeadmg to a formation of weakly bound oxygen sur
CO environment, we end up to a surface coexisting of bridging o . .

. . ; Analysis of experimental and theoretical results supports con-
lattice oxygens, bridging oxygen vacancies, carbonyls, oxalates . . ! .
o X clusion that in temperature range 30—28)chemisorption pro-
in different forms, bidentante carbonates, and oxygen adsor-

bates. Supporting this picture, we found no conformation fGr >o0> May contribute to the sensitivity of Sriln. This may

CO alone to stabilize in the vicinity of bridging oxygen vacancrelate to the appearance of carbonyl and/or partial conversion of

. . . ¥dsorbed oxygen molecules into carbon related complexes that
site more strongly than on top of five-fold Sn site. . . . .

. result in decreasing of the negative charge at the chemisorbed

Models of the Sn@charged clusters with adsorbed molecular . i

) : . .complex. Formation of CO related chemisorbed complexes may

oxygen and bidentate carbonate used for PM3 semi empiric

. - . &ther directly cause changes in the surface potential and accord-
calculations are shown in Fig. 5. Regarding molecular oxygen

chemisorbed at five-fold tins, the;@oordination in parallel to ngly in the surface conductivity or lead to the blocking of dis-

the surface was considered rather than columnamolecule sociative activity of nonsaturated tin cations, leading to the de-

oriented normal to the surface. Indeed, results of EPR study%?ase in the concentration of hemisorbed ions.

ion-radical (O, ) on SnQ and TiQ, testify that both oxygen
atoms in @ molecule chemisorbed at the surface are equal by
their properties [37]. In the case of columnar configuration, two The authors would like to thank the Center for Scientific
oxygen atoms must have different charge and orbital occupati@omputing (CSC, Project TTKK-4585), Finland, for their com-
At that, bonding must have much more covalent character [3®ltational resources.
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