
   Assessment and modeling of NH3-SnO2 interactions using 
individual nanowire sensors 

 
F. Shao1, F. Hernandez-Ramirez1,2, J.D. Prades2, J.R. Morante1,2, Thomas Fischer3, Sanjay Mathur3, 

Nuria Lopez4 
1. Catalonia Institute for Energy Research, IREC, Jardins de les Dones de Negre 1, 08930 Sant Adrià 

de Besòs, Barcelona, Spain 
2. University of Barcelona, UB, Martí i Franquès 1, 08028 Barcelona, Spain 

3. Institute of Inorganic Chemistry, University of Cologne, 50939 Cologne, Spain 
4. Institute of Chemical Research of Catalonia, ICIQ, Av. Països Catalans 16, 43007 Tarragona, Spain 

fhernandez@irec.cat 

Abstract: 
In this work, DFT (density functional theory) calculations were applied to study the interaction between 
NH3 and the SnO2 surface. To that end, two types of scenarios were selected; (i) the clean 
stoichiometric SnO2 (110) surface and (ii) a SnO2 (110) surface with pre-adsorbed Oads. The NH3 
adsorption mechanism and charge transfer to the metal oxide after the adsorption and dissociation 
steps of the molecule were simulated to gain a deeper insight into the NH3 sensing mechanism of this 
metal oxide. Making use of the intrinsic advantages of nanoscale prototypes, the analysis of the 
nanowires’ resistance modulation upon exposure to NH3 and their dynamic response, as function of 
temperature and gas concentration, allowed validating some of the theoretical results. 
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Introduction 

SnO2 as sensing material has been widely used 
in solid state metal oxide gas sensors due to 
the low cost and good sensitivity [1,2]. When 
used as a sensor, the resistance of SnO2 
usually decreases in response to reducing 
gases, and in general, the gas response has 
been considered to be the result of charge 
transfers either directly between adsorbed 
molecules and the surface or indirectly between 
the surface and the products of surface 
reactions involving the pre-adsorbed oxygen 
species [3, 4]. This second mechanism is 
believed to be the origin of NH3 detection with 
SnO2. Nevertheless, it remains not fully 
understood from a theoretical and experimental 
point of view. 
Different from more studied gases such as 
O2[5], H2O[6] and CO[7] , our knowledge about 
the behavior of NH3 onto the SnO2 surface is 
still limited. Temperature Programmed 
Desorption (TPD) experiments performed by 
Abee and Cox [8] concluded that NH3 adsorbs 
on the 5-coordinated Sn site on the 
stoichiometric surface with the desorption 
temperature at around 250K. On the other 
hand, the Sn4c is a stronger adsorption site 

when there are bridging oxygen vacancies 
available. The desorption peak for the Sn4c is 
at around 470K. UPS experiment reported by 
the same author validated the charge transfer 
from the NH3 molecule to the metal oxide 
surface.  

On the side of theoretical simulation, the 
interaction of NH3 with the MOX surface and 
metal decorated MOX is highly interesting for 
heterogeneous catalysis [9-11]. Nevertheless, 
no literature about the adsorption of this 
molecule and further reactions onto SnO2 has 
been pulbished to the best of our knowledge. 
Only similar DFT calculations have been 
reported for NH3 adsorption on TiO2[12], 
ZnO[13] and RuO[11].  
In parallel, the adsorption of oxygen (O) on 
SnO2 surface has been demonstrated by many 
different TPD works, and the ionic charge 
states has been proved by Electron Spin 
Resonance (ERS) experiments. However, the 
existence of atomic charged O- on SnO2 has 
been questioned by A. Gurlo [14] due to the 
lack of direct spectroscopic evidence. Oxygen 
adsorption and dissociation have been 
intensively studied [16, 17] by using ab-initio 
methods, and the common results from these 
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works are: (i) molecular oxygen (O2) only 
adsorbs to the reduced SnO2 (110) surface and 
(ii) atomic O adsorbent can be produced on top 
of Sn5c sites following the dissociation step at 
the Ob vacancy.  In more recent DFT studies 
[5], calculated adsorption energy was 
successfully correlated with previous 
experimental evidences for the different 
charged oxygen species including atomic O-.  

In this work, we studied the adsorption of NH3 
onto (i) the clean stoichiometric SnO2 (110) 
surface and (ii) SnO2 surface with Oads pre-
adsorbed after healing an oxygen vacancy. 
Charge density difference analyses were 
performed for several critical steps and 
interactions to study the electronic property 
changes associated with the NH3-SnO2 activity.  

Computational and experimental methods 
and details 

DFT calculations were performed with the 
Vienna ab initio simulation Package (VASP) 
[18, 19] using the generalized gradient 
approximation [20] (GGA). The core electrons 
were represented by projector-augmented wave 
[21] (PAW) potentials. Revised-Perdew-Burke-
Ernzerhof [22] (r-PBE) functional was employed 
to treat the exchange correlation potentials. 
Plane wave cut off energy of 400eV was 
applied throughout the work. The surface slab 
containing 5 SnO2 (110) layers and having a 
(2×1) periodicity of surface unit cell was 
applied. A 10Å vacuum layer was placed 
between the slabs to eliminate the interaction 
between them. K-point sampling was set to 
4×4×1 for the surface slab and 1×1×1 for the 
molecules in vacuum adopting the Monkhorst-
Pack grids (Fig.1). Geometry relaxation was 
performed until the energy change of electronic 
step goes under 1×10-5eV and ionic step below 
1×10-4eV. The top three layers of atoms were 
allowed to move in the relaxation. The accuracy 
of current model has been verified in previous 
works [23]. Spin polarization was enabled when 
free electrons were present.  

NH3 adsorption profiles were calculated on the 
clean and O pre-adsorbed stoichiometric 
surface with one O atom binding to the Sn5c 
site. The atomic O in the latter case is assumed 
to be generated by the O2 dissociation which 
heals the O2c vacancy at the same time. These 
two surfaces properly simulate the non-perfect 
SnO2 surface existing in real conditions.  

The adsorption energy is given by equation: 

Eads = Etot - Esur - Ead, (i) 

where Etot is the ground state energy of surface 
with adsorbed molecule, Esur is the energy  of  
the  initial  surface  and Ead is  that  for  a  gas  

molecule in vacuum. Therefore, a negative 
value of Eads indicates the adsorption at 0K.  

To analyze the influence of NH3 adsorption and 
dissociation to the electronic property of SnO2, 
charge density difference was calculated 
applying following equation:  

 (ii) 
 

where  represents the charge density 
of the complete surface system and  
the charge density of the substrate and the 
adsorbate, respectively. ,  were 
obtained from the same atomic structures and 
space coordinates as those in the relaxed 
molecule on surface system. 
 
SnO2 nanowires grown by CVD were used to 
fabricate the tested prototypes. Individual 
nanowires were electrically contacted by direct 
Focused-Ion-Beam (FIB) platinum deposition, 
using a FEI Dual-Beam Strata 235 instrument 
combined with a metallorganic injector to 
deposit platinum. Electrical measurements were 
performed using a Keithley 2400 Source Meter 
Unit (SMU). For gas sensing experiments, the 
devices were placed in a Linkam chamber with 
an integrated heater; the gas flow (≥ 99.999% 
purity) was regulated by mass flow controllers.  

  

 

Figure.1. (a) Clean stoichiometric surface of SnO2 
(110), (b) SnO2 (110) surface with Oads 

Results 

SnO2 (110) has four kinds of surface atoms: 
Sn5c, Sn6c, bridging O2c and in-plane O3c (Fig.1). 
The Sn5c is considered to be a Lewis acid site 
which is able to withdraw electrons from an 
electron rich atom, e.g. N, in the case of NH3. In 
addition, DFT calculations of NH3 adsorption on 
other MOX have shown that bonding happens 
between the unsaturated metal and the N atom 
of NH3. Our searching for adsorption profile of 
ammonia onto tin oxide confirms this point: the 
adsorption occurs onto the Sn5c site, with Sn-N 
bond perpendicular to the surface plane, as 
shown in Fig.2(a). The adsorption energy was 
found to be -1.14eV. The other considered 
adsorption geometries included the N binding to 
the O3c and the H binding to O3c. Adding a 
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second NH3 on the other Sn5c site to imitate the 
100% coverage reduced the average Eads to -
0.73eV. The lateral interaction between the 
adsorbed molecules was concluded from such 
decrease.  

On the other hand, the Eads of a NH3 molecule 
onto the remaining Sn5c of the surface with pre-
adsorbed Oads was found to be -1.58eV. This 
value is 0.44eV larger than on the clean 
stoichiometric surface. The Oads had its bond 
with Sn5c 5.3° tilted from the surface normal and 
the distance from the Oads to the closest H of 
NH3 was found to be 1.98 Å, indicating the 
presence of hydrogen bonding.  

 
(a)                             (b) 

Fig.2. (a) Adsorption geometries of a NH3 molecule 
onto a clean stoichiometric surface and (b) onto a 

surface with pre-adsorbed Oads  

Charge density difference was calculated for 
several critical structures to evaluate the charge 
redistribution on the surface region induced by 
molecule adsorption and dissociation. As 
shown in Fig.3.(a) , the cyan color indicates the 
decrease of charge density in the bottom of the 
N atom and on top of Sn5c while the yellow color 
indicates the increase of charge density 
between the N and Sn5c and at the upper part of  
the N. This kind of charge distribution is the 
typical character of covalent bond. Also, charge 
polarization was found on the in-plane O3c.  

On the clean stoichiometric surface, charge 
transfer between O2c and two underneath Sn6c 
atoms was able to see. Charge is drawn from 
the Sn6c to the O2c. When H2O2c is formed, less 
amount of charge transfer was indicated by the 
smaller iso-surface value. It is a similar situation 
with the Oads on the Sn5c; charge density 
difference figure showed the ionic character of 
the bonding and charge transfer from the 
surface to Oads. When H2Oads was formed, the 
smaller volume inside the iso-surface on Sn5c 
atom suggested less amount of charges are 
transferred.  

Over all, drawing of charges from surface 
happened with the adsorption of NH3, O ion and 
oxidation of an O2c vacancy. Nevertheless, NH3 
was not a charge donator to the surface and 
adsorption of NH3 itself on surface did not 
generate the sensing effect we experimentally 
measured. Forming H2O and the later 
desorption from the surface returned the 

electrical charges to surface and reduced the 
resistance of the material.  

 

Fig.3. charge density difference plot, iso-surface: 
(a),(c),(d),(e):0.005e/Br3, (b): 0.002e/Br3 

 

Confronting experimental data (Fig.4) with ab-
initial DFT simulations, the main NH3-SnO2 
sensing characteristics were validated. This 
analysis will be presented in this contribution. 

 

Fig.4. Nanowire response towards sequential pulses 
of ammonia (500 ppb to 200 ppm) in synthetic air at 

a temperature of 250 ºC 

Conclusion 

In summary, the adsorption sites of NH3 on 
clean SnO2 stoichiometric surface and a 
surface with pre-adsorbed oxygen Oads have 
been successfully identified. The adsorption 
energy was found to be larger with the Oads 
presence. The charge density difference 
analysis showed that NH3 is not a charge donor 
to the surface. The sensing effect of SnO2 
towards NH3 could be induced by the H2O 
formation and desorption either with the O2c or 
the Oads as all these processes reduce the 
amount of charges drawn from surface. 
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