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Abstract — An ab initio study of the adsorption of NQ and
SO, onto Sn0Gy(110) surfaces is presented and related to gas-
sensing applications. Using first-principles calcations (DFT-
GGA approximation) the most relevant NO and NQ adsorptions
are analyzed by estimating their adsorption energie and charge
transfers. The resulting values are compared with »perimental
desorption temperatures for NO and NQ. The adsorption of the
poisoning agent SQ is also analyzed. Optimum Sn@ working
temperatures for minimum SO, poisoning in NO, sensing
applications are discussed from the perspective aidsorption. In
all cases, we observe that the surface reduction agt has
noticeable consequences on adsorption strength. Vééso present
an ab initio thermodynamics study to analyze the stability of
several surface reduction configurations with respet to the
ambient oxygen partial pressure and the temperatureof the
material. Finally, the interaction of NO, with spherical SnG;
nanoparticles smaller than 2nm is considered.

Index Terms — 1. Modeling and simulation of systems and

properties of matter at the nanoscaleDFT, SnO,, gas sensor, NO,
NO,, SO,.

I. INTRODUCTION

surfaces [7-11]. The interaction of these surfagitis oxygen
[12-14] and the presence of catalytic additiveq [i&ve also
been studied. To our knowledge, the interactioNGf with

SnG, has only been analyzed in the case of the (104 E0)
surface orientations in a study on nanobelts [16].

We now present a theoretical study, partially régubrin
[17,18], of the interaction of NOwith SnQ-cassiterite in its
most common surface orientation, which is showrbeothe
(110) [2] even in nanostructures [19]. Surface itghwith
respect to orientation and oxidized—reduced teriginais
discussed, the most significant adsorption siteSNGf are
identified and the energetics and charge transédrdhe
adsorption interaction are evaluated. We compareresults
with data from desorption experiments where possibTl'he
adsorption sites of SOare also located and we discuss the
effects of poisoning using technologically accessib
parameters, such as the working temperature opathgtical
SnO-based gas sensor. Finally, we present the first an
promising results of an extension of this studynteeed on
ideal and infinite surfaces, to the case of gh@hopatrticles.

Il. CALCULATION DETAILS

AS sensor performance depends on the surface cilemic

activity of the active materials. The theoreticaldy of
surface-adsorbate interactions provides a valuableor
understanding the chemistry of gas sensors.
transduction involves many stages, including theogation of
the target species and charge transfer from thepoond to
the sensing material. These phenomena must beedtudi
order to understand the sensing process.
Tin dioxide (SnQ®) is one of the most common sensin
materials in solid-state gas sensors [1]. It sheigsificant
surface reactivity with reducing (CO, NO) and oxidg gases

The first-principles methodology we used was based
density functional theory [20,21] (DFT) as implerteghin the

Chemi&JESTA code [22,23]. We used the generalized gradie

approximation (GGA) for the exchange-correlationdtional
[24] and norm-conserving Troullier-Martins pseudtgials
[25] in Kleinman-Bylander factorization form [26%olutions
of the Kohn-Sham’'s equations were expanded as rlinea

g<|;ombinations of atomic pseudo-wave-functions atdimange.

or all atomic species doubleplus polarization orbital basis-
sets were used. Oxygen atoms were described byefoea

(0;, NO,) [2,3]. The present work deals with adsorption@'ec'[rons- nitrogen by 5, sulfur by 6 and tin atdopg} plus the

involved in the detection of NQusing Sn@. Detection of NQ
is important because it is a toxic environmentdlypant [4].
However, to explain the behavior of sensors, walrieekeep
in mind that certain processes may interfere with $ensor
surfaces [5]. This interference can change the ctéffe
adsorptions of the target species and, therefoedr, detection.
In the case of the SnOsurface, S@ is one of the most
important poisons [6]. The present analysis theesfonsiders
the effects of S@in order to point out the consequences
poisoning on sensing mechanisms.

corresponding pseudo-potential ion cores. We seabspace
mesh cut-off [22,23] of 250Ry to obtain total eriesg
converged within 5meV, which is more than suffitiér this
kind of calculation [7]. In SIESTA, k-point sampdinis
controlled by the k-grid cut-off parameter definesl half the
length of the smallest lattice vector of the supkmequired to
obtain the same sampling precision with a singpokt [27].
For bulk calculations, the total energy was congdrtp within

ogPmeV per six-atom unit cell with a k-grid cut-off ©0 A that

generates a 5x5x7 Monkhorst-Pack set [28]. In slab

Several papers have dealt with the energetics &ed calculations, k-point sampling in the direction mat to the

electron structure of stoichiometric and oxygenredéfe SnQ@

surface is not needed, and all calculations werlpeed with
a 5x5x1 Monkhorst—Pack set generated with a 15ghidcut-
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Fig. 1. Adsorption energies (&) of the three compounds studied (
NCx and SG@) onto an Sn@cassiterite (110) surface with differ
terminations, as function of: a) the number of QO layers and t
supercell width.

off. Under these conditions, forces over atoms wereverged

to better than 0.004eVfA We also considered spin

polarization in the total energy computations, aadrected
the basis set superposition error [29] (BSSE) endhlculated
adsorption energies.

J.D. Prades

showed that a 2x1 supercell provides convergedrptiso
energies (see Figure 1.b). Comparable supercethsiidiere
previously employed in similar works [16].

We introduced structural relaxations by means oifjugate
gradient minimization of the energy, until the fescon all the
atoms (calculated as analytical derivatives ofttital energy
[30]) were smaller than 0.04e\Awhich is one order of
magnitude greater than the estimated force conmeg)e In
the relaxation of the slabs, supercell dimensioesewkept
constant and, as proposed by some authors [7],hoese to
impose no constraints to the atomic positions wittie
supercell. In the slab composed of 5 layers, theimam
displacement of the atoms in the middle layer vwsasraall as
0.05 A.

To estimate charge transfers from/to admolecules, w
computed partial charge on each atom using the ilkéall
population analysis [31].

RESULTS AND DISCUSSION

A. Surface orientation stability

It is commonly agreed that the facets of a cryatal those
that minimize the total surface free energy ¢f the system
[32]. Consequently, for a given material, the mostnmon
(and relevant) facet orientation will have the Igwe
Therefore, we calculated the surface free energfieseveral
low index facets of Sngcassiterite—also known as rutile, a
tetragonal phase, space groupr®dm, lattice parameters a =
b = 4.74A ¢ = 3.19A and two non-symmetry-equivakoms
at (0.0,0.0,0.@}, and (0.305,0.305,0.9]2]—in order to select
the surface on which the adsorption processes wdeld
analyzed. The low-index orientations we considdratially
are (110), (100), (101) and (001), which are a@zbjpis some
of the most common Sn&zassiterite faceting surfaces [2,7].

Surface free energy values were calculated follgwine
procedure and definitions described in [7,33], esedcompare
the results with values from the literature in Tall Our
calculated data are in acceptable agreement wéthitdrature.
We based our study on the (110) orientation sihd&s$ the
lowest surface free energy. TiOresults are shown for
comparison with another cassiterite system whosk0)(1
orientation also has the lowest surface energy. [34]

Figure 2 shows one of the slab models used foorpten
onto the Sn@cassiterite(110) surface. It clearly shows that it

To deal with surface stability, adsorption energys hossible to distinguish between bridging oxy(®Bsy) and

calculations and charge transfer estimations, weeatea all
surface geometries as three dimensionally perioslah
systems, generated from the relaxed bulk unit ceith a
vacuum width of 12 A between surfaces to avoidratton
between periodic images of the slabs [7-16].

Initially, to explore different possible adsorptisites, we
performed calculations using slabs composed of
O(Sn0,)O layers. For adsorption and structural calcutegjo
we used slabs composed of five O8O layers. Increasing
the slab thickness to seven layers had a negligifitct on
energetics and surface relaxations (see Figure. This
procedure was successfully used in previous wddks0[15].
Furthermore, we analyzed the influence of supewielth and

in-plane oxygen (Grand [9]. When any one of these oxygen

TABLE |
CASSITERITE SURFACE FREE ENERGY RESULTS
y [J/n]
Surface This work SnQ GGA SnG GGA [7] TiO, LDA [34]
wm <0.20 <0.20
(110) 1.01 1.04 0.89
(100) 1.32 1.14 1.12
(101) 1.49 1.33 1.39
(001) 1.87 1.72 1.65

Surface free energyy) for the Sn@cassiterite facet orientations
considered. Several references from the literafne given. Computational
accuracy is also shown when possible.

-2-



First-principles study of NOand SQ adsorption onto Sn110) and Sn@nanoparticles J.D. Prades

(Ogriggvad [38,39]. However, if the temperature is raised\ab
525°C, in-plane oxygen vacancies faevad Can be
produced, which usually form complex configuratiavigh the
presence of both £xgvac aNd Qhpianevae AS stated in [38], it is
worth noting that the given vacancy generation terajres
may depend on the particular samples used and Xygen
pressure. In any case, it is accepted thaic are generated
at lower temperatures than,&knevacand that the latter form
T T ) more complex configurations [2].

‘o 'I Nk Figure 3 shows straight line plots efuo) for several

N 70 . surface terminations. It can be observed that fosirsle
—— oxygen vacancy per slab unify = —0.5) Qiggvac DECOMES

A more stable than the stoichiometric configuratidn2@0°C
whereas Qpranevac does so at 480°C (pointa and f,
respectively). Thus, the thermodynamics of the fdiom of a
single Qyiggvac is fairly well explained byab initio calculations
but (with the model used) it is not possible toedeiine the
threshold temperature above which a singlefkvacWill be
more stable than angQgvac IN order to study this point, and
bearing in mind the complex configurations suggeate[38],
we considered double oxygen vacancies per slabirtation
(I'o = —1). All these complex configurations cross $irgle
Ogriggvac line at temperatures between 640 and 780°C (ppint

In short, under ambient conditions, the stoichioiet
surface configuration is the most stable, as weebgn. When
the temperature is raised above 270°C a singlggd. may
form and even at higher temperatures (above 48@RE)
formation of a single isolated Panevac IS plausible. At
temperatures above 640°C multi-vacant configuratiame the
most probable. This predicted evolution is compatikith the
known behavior with slightly higher temperatureartrunder
UHV conditions as expected due to the presencemifient
oxygen that may make vacancy generation more diffié\ll
this suggests that temperature can be used todiegicelly
adjust the surface oxygen vacancy type and coraténir

OBrldg

OInPIane

Snﬁ(‘ SnS('

brldglng site
Cl\

_ en—

in plane site

Fig. 2. Slab model of the Sn@assiterite (110) surface. Adsorption s
are highlighted and relevant surface atoms are fifieql.

atoms is removed, a surface oxygen vacancy is geter
Henceforth, we will refer to these asfgvac and Qhpianevae
respectively.

B. Surface reduction/oxidation stability

We follow the methodology for the interpretationatf initio
calculations on surface models in terms of oxidatie
reduction thermodynamics described by Reuter ar:i8er
[35]. Briefly, the most stable surface compositi@md
geometry at a given temperature T and pressuretieisne
that minimizes the surface free enesgy,P) given by

o(T,P) =y —Touo(T.P) /A 1)

temperature @ 0.21bar [°C]

wherel'p = %2 (Nb — 2N, is the excess of oxygen in each

. . 800 600 400 200 0 -200
surface (N and N;, are the number of oxygen and tin atoms it 4 : e : : : .
the outermost O(SM,)O layer respectively)y is the surface —— T = 0 (stoichiometric)
free energy afio = O (i.e. under the ground conditions of OK = = =05 (1 Ograguac)
that are assumed in DFT)o(T,P) is the oxygen chemical gL T0=05(1 Onpianevad) i
potential (that is given as a function of the terapgre and the NE 00 )
partial pressure of £36]) and A is the area of the slab model 5 o 102 Opmnavad)
In this procedureab initio calculations provide estimations of > o= -1.0 (1 Ogyidgvac * 1 Olmplansvac)::
y which can be used to evaluate the surface freygre ofa & 2[ Fo = +0.5 (05 * 1 Ogriggyac)
particular surface terminatiofig) for a range ofio values that & T =+0.5(0p + 1 om';,linjjac)
are functions of T and P. Two points must be carsd to & “+Tg = +1.0(Op + InPlane) 7. B
ensure that thei, values are physically meaningful: ShO € 1 B.' =TT =
dissociates into SnO +,&it temperatures above 1500°C [37 ? S i
and, for gas sensing applications under ambierditions, the _§* 5
oxygen partial pressure can be fixed at atmosplrencitions olec” L N
(i.e.: ~0.21bar). Thereforgyo to values must be restricted -1.5 -1.0 -0.5 0.0
from —2.7eV (at 1500°C and 0.21bar) to OeV (at °J3 H, [eV]

Semancik and coworkers experimentally demonstrttat
simple heating of a stoichiometric Sp€assiterite(110)
surface under UHV to temperatures above 225°C léads

Fig. 3. Surface free energies for different terminationsh# Sn@(110;
surface as a function of the oxygen chemical p@knthe top axis shou
the corresponding © gas temperature for atmospheric air equiva

loss of Qyigg @and the formation of bridging oxygen vacancieconditions (i.e.: oxygen partial pressure of ~0.20(35].
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TABLE Il
ADMOLECULES MODELING VERIFICATION
Compound Bond energy [eV] Bond length [A] Angle [°]
This work Ref.[40] This work Ref. This work Ref.

6.23 (calc.)

0] 5.90 5.23 (exp.) 1.24 1.18 - 1.21 [41] - -
10.55 (calc.)

N2 9.47 9.47 (exp.) 1.12 1.09 - 1.11 [42] - -
7.45 (calc.)

NO 7.03 6.63 (exp.) 1.17 1.12 -1.17 [43] - -

NO; 5.54 - 1.23 1.20 [44] 132 133-134 [44]

SO 5.91 - 1.49 1.48 [45] 112 109 [45]

Energetic and geometric first-principles modeledagmaeters of several molecules involved in the gotsoms considered in this work. Reference values
are from the literature.

To give a more complete view of the surface stghilve atoms but also the correspondingsSatom. In addition, the
considered several oxidized configurations and,argably, adsorption to oxygen-removed sites (vacant site=ms
these are metastables in the complete range ofetatopes relevant, SO Qiggyac aNd GhpianevacSites are considered.
under atmospheric oxygen partial pressure. Thecdif§ in A good description of the adsorbed molecules iessary
oxidizing the surface may rise from the fact theg tations in to obtain credible theoretical predictions, Tablegives the
SnG;, are already in their maximum oxidation states,clwhi molecular models used and the energetic and geiemetr
prevents the further addition of monatomi& €pecies to the parameters obtained compared with those in theditee. The
surface. agreement achieved is comparable with the commonly

We should stress that, because of the size ofdbeused in accepted discrepancy described in the literatwg [4
our calculations (2x1 supercell), here we have amagb only Table 1l summarizes calculated,ggand Agq for NO and
certain discrete degrees of oxidation — reductioth® surface. NO, and the adsorption sites considered. Adsorption
For example, in the case okfyae I'o = —0.5 andI'o = -1 temperatures are obtained by means of the well-know
correspond to 50% and 100% reduction of the susfdmat, in Redhead equation, which links theglFof a process with its
the real system, intermediate compositions maytdl@esunder maximum desorption rate temperature ygd) in a
different pressure and temperature conditionsh8jigeduced temperature-programmed desorption (TPD) experinjé®}
surfaces could then be stable at temperatures lthaerthose The adjusting parameters were set according to the
estimated above. experimental conditions of [47] where an experiraefPD
spectrum can be found for NO and N@esorption from an
. Sn0,(110) surface (Figure 4).

C. Ads?rptlon onto SnO(110) We recall that our model only provides energiesd (Hreir
~To estimate the energy change and the charge eransforresponding desorption temperatures) for the ifipec
involved in the process of adsorption of a molecto &  54sorption  configurations  analyzed. In  contrast, an
clean surface, we built models of 1) the cleanamafslab, 2) experimental TPD spectrum provides the temperatange
the molecule, and 3) the surface plus the molewstem. For over which species are desorbed by consideringthgria of
all three of these models, total energy calculatiomere ,qysorption configurations present in a real sample.
performed, allowing us to evaluate the total endrglance of Consequently, we would expect the calculated teatpegs to
the adsorption process (the so-called adsorptienggnEay: belong to the corresponding experimental TPD sigaabe.
Our theoretical predictions of ybg for the few adsorption
cases considered fall within the wide experimed&dorption
peaks from [47].

Our results suggest that gfg, sites are the most

nergetically favorable for NO. This behavior ismgarable

ith the observation that NO reduces $n@ven that NO is
expected to bond with a surface oxygen and evdnttal
remove it, thus reducing the surface [1]. In costira
ergetically preferred adsorption sites for NiDe related to
ygen vacancies. Moreover, the TPD spectrum siedléor
NO, suggests that the lower temperature peak could be
associated with fanevac Sites while the one at a higher
temperature seems to be due Q3 ac

It is important to notice that the difference bedwethe
preferred adsorption sites of NO and Nidicates that by
generating vacant sites and adjusting their densdite
feasibility of adsorption onto Sn@f NO versus N@may be
changed.

ETinitial = ET(cIean surface)+ ET(moIecuIe)

ETfinaI = ET(cIean surface+molecule)

Eads= AET = Exfinal - Erinitial 2

A negative Eys means that the adsorption is energeticall
favorable, and may occur spontaneously without opidr
considerations (DFT deals with the ground stat@at

The charge transfer between the surface and tberlzet
molecule Aq) was evaluated comparing the valence char%é1
associated to the molecule in the isolated casé Wie °x
adsorbed configuration.

The adsorption analysis requires several complengn
steps: identification of possible surface adsomptisites
(considering vacant sites), molecular modeling dindlly,
adsorption modeling of NCand SQ.

Two relevant adsorption sites appear to be a alathioice
for the stoichiometric surface: a bridging site amdin-plane
site [9]. It seems clear that the latter involves only oxygen
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TABLE I
NO AND NO2 ADSORPTION ONTOSNGx(110)
Adsorbate  Surface terminationp) Adsorption site Eags[eV] Twor [°C] Aq [€]
0.0 Qridg -1.32 198 (a) -0.21
0.0 Shhplane -0.24 52 (b) -0.02
NO -0.5 Goridg -1.18 167 () -0.24
-0.5 Qridg +(SQin OBridgVac) -1.28 - ™)
-0.5 Qridgvac -0.42 89 (d) -0.05
-1.0 ChridgVac -0.98 153 (e) -0.10
0.0 Gridg +1.51 - -
0.0 Shhplane -0.52 94 () +0.42
-0.5 Qridgvac (single bonded) -2.31 502 (u) +0.31
-0.5 ChridgVaCSnnPlane +0.34 — -
NO. ~1.0 Gy (single bonded) -2.02 424 (v) +0.65
' ridgvac (double bonded)  —1.95 400 (w) +0.57
-1.0 Qridgvac-SNnplane -2.11 454 x) +0.68
-0.5 GhPianevac (single bonded) -1.26 178 W) +0.61
-1.0 Ohplanevac (double bonded) -0.74 120 (2) +0.92

Calculated adsorption energies 8 and charge transfers4() for NQ, onto several adsorption sites of the ${1@0) surface and maximum desorption

rate temperature (Jpr) estimated for the experimental conditions of [43p

me configurations are not energetically favéeati.qs > 0). Energetically

favorable processes are labeled with letters ingmdinesis in order to identify them in Fig. 4. FoONa configuration in the presence of SQ7 is

considered for later discussion on poisoning.

As far as the charge transfekg is concerned, the the sensing material should not exceed 480°C. tfcmasional

calculations predict that while NO releases chatgethe

single QupanevaciS present below this temperature, adsorption

underlying material, N@captures it: this is compatible with onto such a site should be avoided to diminisheffext of the

the usual interpretation of the electrical respomsegas

poisoning, and so the sensing material should watk

sensors based on metal oxides. According to #daaing gas temperatures higher than 200°C which favors thergésn of

(such as NO) is expected to reduce the resistafctneo
sensing metal oxide due to a donation ofcethe conduction
states of the metal oxide; the opposite is expeftedan
oxidizing gas (such as ND

In the case of N it is also remarkable that the adsorptions 350

onto Qyiggvac ariseAq values smaller than those where an in
plane site is involved. This is compatible with fhet that the
maximum response of SpGsensors to N@is found at
working temperatures from 100 to 250 °C [1] (apprately
the range of the lower temperature peak of the $pd&xtrum).

Table IV summarizes the calculategyfor SO, at several
sites. As for N@ the preferred adsorption sites involve
oxygen vacancies but in this case it seems thaadiserption
has a similar strength for bothfnevac aNd Qyiggvac This
difference in behavior with regard to the oxygeoarcy type
has dramatic consequences on the interference gfw®en
trying to detect N@

It is known that S@avidly saturates NOadsorption sites,
reducing the sensing capability of Sn{®]. In the present
calculations, the strongest adsorption within thees studied
corresponds to SO This theoretical behavior is compatible
with the experimental evidence of poisoning.

In particular, S@adsorbs more strongly than N@ vacant
oxygen sites but the difference in the calculdfed values is
smaller for Qggvac related adsorptions (the higher
temperature peak in the NOPD spectrum). This suggests
that the poisoning strength depends on the adsorptite
involved in the process. So Ss(010) surfaces, in which the
presence of §iygvac dominates and there are few,danevae
would appear to be a better sensor candidate aboitld
experience less poisoning. Linking this with therface
reduction stability described above, it is cleattim order to
avoid the massive apparition of,&hnevacthe temperature of

NO, from and Qpuanevae Finally, to obtain good sensing
behavior over a large range of the target gas curateon,

NOXx / ppm
N, experimental
250§ |—no ]
2
50 | 3
=] NO g calgulated
O, | | e NO, g g
(a] " H]
o 2 N\ g
= & \ :
k: 5
)
3
: |
I AR ATL
m T T

0 100 200 300 400 500 600
temperature [°C]

Fig. 4. Top: Experimental TPD spectra for NO and Nd&sorbing from
dehydroxylated Snf110) surface (Reprinted from [47]). Bottc
Calculated TPD spectra for NO and M@onsidering all the configuratio
detailed in Table Ill. One TPD spectrum was simedatby means

solving therate expression for desorption kinetics [46,48]) feact
adsorption configuration with the experimental paeters given in [47
For every configuration, the temperature correspogdto the maximu
desorption rate is indicated with a labeled arroge¢ labels and vbr
values in Table lll). Total spectra are sums of thermalized singl
configuration spectra. Total intensities only seaga visual guide as th
are obtained from summing normalized intensities.



First-principles study of NOand SQ adsorption onto Sn110) and Sn@nanoparticles J.D. Prades

TABLE IV
SO, ADSORPTION ONTOSNGQ(110)

Adsorbate Surface terminatiofd) Adsorption site Eus[eV] Twor [°C] Aq [€]
0.0 Qaridg +1.72 - -
0.0 Shhplane -0.86 128 +0.50
-0.5 Qridgvac (single bonded) -2.05 435 +0.43
-0.5 Qyridgvac-SNinPlane +1.12 - -

SO 1.0 Qo (single bonded) +0.26 - -
: ridgvac (doble bonded) ~ -2.56 606 +0.72

-1.0 CEridgVac‘SnnPlane -2.97 741 +0.95
-0.5 Qhplanevac (single bonded) -2.98 748 +0.53
-1.0 GhPlanevac (doble bonded) -3.09 770 +0.69

Calculated adsorption energies g and charge transfers4() for SQ onto several adsorption sites of the $fi@0) surface and maximum desorption
rate temperature Npr estimated for the experimental conditions of [4Nptice that, in contrast to the case of N@ur calculations show that SO
adsorption onto a 100% reduced slab may only baeitspeous (ks < 0) in one single O bonding configuration. Somafggurations are not energetically
favorable (EBgs> 0).

adsorption sites must be kept unsaturated. In atleds, the D Adsoroti 10 SN0 ticl
sensing material should work at a high desorptiate r ’ sorption onto 2 hanoparticies o

temperature to achieve a steady state where theln the last years, the use of nanostructured nadgenivith
adsorption/desorption ratio is a function of corcation. increased surface/volume ratio, has been one ofnibet
Consequently, according to the MOTPD spectrum, fruitful strategies to improve the performance afgensors

temperatures between 200 and 300°C do not appegr vRased on metal oxides [51]. Outstanding performariaeve
promising. been obtained in commercial sensors with nanopestic

All these considerations suggest that to achieee thst Smaller than 3nm [51]. Consequently, the validity the
adsorption conditions and diminish poisoning by,S@e approximation of perfect and infinite surfaces ofos (which
optimum working temperatures are between 300°C5@e@ IS appropriate for polycrystalline gas sensors wgéin sizes
(left side of the high temperature desorption pafakO,). above of hundreds of nanometers) should be reu‘igedhe

The preferred adsorption sites for NO argQ Therefore, Smaller nanoparticles. Hereunder, we present osf fesults
it may seem that there is no competitive behaviith 80, 0N the interaction of NOwith SnQ spherical nanoparticles of
However, Table Il shows that, for intermediateuetibns, the 1.0, 1.1, 1.8 and 1.9 nm in diameter. These sizesuse Sn@
adsorption of NO onto g, in the presence of an $O nanopart|cl_es termlnated Wlth SE((])lO)-Ilkg facets that ease
occupying an @iggvac Site (Table Il caseY) is slightly the comparison wnh the previous calculations. _
stronger than in the non-interacting case (caséh®se results ~ 1able V summarizes the calculated gap energigg)(Ehe
suggest that in spite of the predilection for diffet adsorption enthalpies of formationAH) of bulk (fully coordinated) and
sites shown by NO and $Qa cross-influence may occur Surface (in a bridging coordination) oxygen atomsd Egs
between the two compounds, and this would merithéar andAq for NO, adsorptions onto ygvac Sites (the strongest
analysis. adsorption configuration detected previously).

It is important to bear in mind that the previoiscdssion is ~ Results predict a widening of thesFwhen reducing the
centered on good behavior in the adsorption andgeha Nanoparticle down to the nanometer range. This his t
transfer stages. These are only two stages in hieenical €xpected behavior due to the quantum confinementhef
transduction and therefore they are necessarydiigufficient ~electrons inside a nanoparticle surrounded by wacuu
to guarantee a good Sensing response. BeSideS, the enthalpy of formation of both bulk andace

As a final remark, the previous discussion makédemt the O vacancies diminishes with the nanoparticle dinuerss
key role of surface oxygen vacancies in the surfiategactions Similar trends have been observed experimentallyptirer
behind gas sensing with SpCRecently, we have proposedmetal oxides, such as Ce{52].
that the luminescence signal of S1{@9] (and, possibly, other
metal oxides such as ZnO [50]) can be used to oIt
surface reduction/oxidation state.

&

d=1.0nm d=1.2nm d=1.8nm

Fig. 5. Atomistic model of the four spherical Sn@noparticles we studied. Calculation results presented in Table V. Gray and red balls corresptind
tin and oxygen atoms, respectively. Atoms in gréghlight the bridging site where angfdgvacWas generated and N@vas adsorbed.
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TABLE V
SnO; NANOPARTICLESRESULTS
diameter [nm] Natoms X Egap [eV] AH OBquVac [eV] AH OBridgVac [eV] NO2 over QridgVac
Eags[eV] Oq [e-]
1.0 51 2.4 1.72 3.78 2.39 -4.22 +0.92
1.2 83 1.8 1.70 3.85 2.46 -4.01 +0.91
1.8 271 19 1.65 4.12 3.54 -3.53 +0.89
2.0 351 2.0 1.64 4.15 3.62 -3.51 +0.89
crystal 00 2.0 1.60 4.40 3.85 -2.02 +0.85

Calculated gap energies ¢k) enthalpies of formation of oxygen vacancies itkdtiie coordination AH Ogukvad, and surface bridging coordinatior
(4H Oguikvag for 4 spherical nanoparticles of Sp@\dsorption energies () and charge transfersAf)) for NG onto Geriggvac Sites of the nanoparticles are
also presented. Besides the diameters, an the ruafils@goms contained in the atomistic modelgof, the exact composition (x) of each nanopartisle i
shown. Results corresponding to the (semi-)inficiyestal (either the surface, or the bulk) are givas reference.

As regards the interaction with NCan increase of both the  The interaction of N@with SnQ nanoparticles between 1
strength and the charge transfer of the adsorjigmedicted and 2 nm in diameter has been explored in ordehézk the
when reducing the nanoparticles’ diameter. validity of the approximation of infinite surface hen

All these results suggest a strong influence of thmodeling extremely small nanoparticles. The ressitggest a
nanoparticle size, not only on the intrinsic prdigsrof SnQ strong influence on the interaction between /00, but
but also on its interaction with gases. In any cas¢her work further work is needed for a complete comprehensibits
is needed to verify the influence of the shape bé t effects.
nanoparticle (cleavages based on the Wulff's cansbon of We have shown hovab initio modeling of surfaces and
SnO, could be a good option) or its stoichiometry and tadsorptions can provide ideas to improve the pevdoce of
consider other adsorption configurations. In tharniture, solid-state chemical sensors. Theoretical predisti@garding
the possibility of exploring the few-nanometer ranbanks to optimum working conditions for real sensors wouldjuire a
new computational facilities and codes could alse bmore complex model including, for example, the sros
enlightening. influence of OH groups due to humidity.
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