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Abstract. Hydrogen, oxygen and water have huge impact on gas sensing mechanisms in the 
environment. This research related to the H and H2O adsorption on the SnO2 – (110), (100), 
(101), (001) surfaces under different O2 conditions. A lot of experimental and theoretical study 
was done previously to explain SnO2 gas sensors behavior in the environment, but atomic size 
processes remain unclear. Density functional theory is usedto investigate adsorption on all 
possible surfaces and reconstructions in the different O2 conditions. Environment conditions were 
simulated using atomistic thermodynamics. Calculations in this studyconfirm that water tends to 
dissociate on all surfaces in an oxygen reach surface, but not on reduced one.  
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1. Introduction 
Chemical sensors are in great demand for many applications in industry, environment 

monitoring and health care. There are many kinds of materials used for gas sensing chemical 
sensors, but the most commonly used are semiconductors, in particular SnO2 [1].The pure tin 
dioxide is wide band gap semiconductor. It is very sensitive to defects and dopants, which 
induce charge carriers and increase conductance of the bulk material or the surface [2,3]. Other 
advantages are that conduction band has minimum on	߁  point, and mobility of carriers is high, 
which is very important for gas sensors’ sensitivity [4-8]. 

Tin dioxide based sensors are used to detect common and toxic gases like H2, H2O, CH4, 
CH3OH, NO2, CO, CO2 [9-14]. Hydrogen and water are the most abounded in human 
environment and has huge impact on sensor parameters. Thus, in any gas sensing application 
the impactof these gases should be considered. Many experimental and theoretical researches 
were done to explain processes going on sensors’ surfaces [15-17]. From experiments, it was 
known that water tend to dissociate on SnO2 surfaces and desorbed at about 250oC, and fully 
dehydrogenated at about 600oC [18-21]. To explain this behavior of the surfaces, the atomic 
size processes should be considered. 

Using density functional theory, it is possible to understand and explain gas atomic size 
effects. To explain adsorption and sensing mechanism it is important to define surface structure, 
adsorption sites of gas molecules on that surface, charge transfer amount between molecule and 
surface, adsorption and desorption temperatures and impact of other gases on sensitivity to 
particular gas [22,23]. Despite the huge amount of previous researches not all possible surface 
structures were calculated, thus in this research all possible surfaces and reconstructions will be 
considered. Using ab-initio thermodynamics, it is possible to simulate oxygen environment, find 
stable structures and their stability range [24-26]. Temperature and pressure will be estimated 
by this theory too. So, the purpose of the article is to describe atomic scale processes of H, H2O 
adsorption on SnO2 in an oxygen environment, find stable adsorption structures and compare 
those results with previous experimental works.  
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2. Computational methods and theory 
Density functional theory [27,28] calculations were done using Vienna Ab initio Simulation 

Package(VASP) [29-31]. DFT relaxations was done within (GGA) generalized gradient 
approximation (Perdew-Burke-Ernzerhof)[32,33]. The cutoff energy was chosen as 700 eV. 
Surface structures were relaxed until maximum net force of atoms becomes less than 0.01 eV/Å. 
The Monkhorst-Pack scheme [34] was used to sample the Brillouin zone, using 6x6x1 k-points 
mesh.  

In the beginning of the calculations the structural relaxation of bulk SnO2 was done to 
prepare appropriate surfaces. Bulk SnO2 has rutile, tetragonal structure, with P42/mnm space 
group. The lattice parameters of SnO2,from reference data[6], are a = 4.82 Å, c = 3.23 Å and 
u = 0.607. In our calculations each of (110), (100), (101), (001) surfaces consists of 6 tin atoms 
and 12 oxygen atoms and relative stability has the following sequence (110), (100), (101), (001) 
(Fig. 1)[35]. Stability of each surface, reconstruction and adsorption structure can be calculated 
and compered using surface free energy equation: ܧ = ଵே ሾܩሺܶ, ܲ, ܰሻ − ∑ ܰߤሺܶ, ܲሻሿ	.                                           (1) 

Here, ܩሺܶ, ܲ, ܰሻ is Gibbs free energy of the slab, index i indicates molecule or atom type, ܰ 
and ߤare number of atoms and chemical potential correspondingly. N represents unit cell 
number of reconstructed structure. 

 

Fig.1. SnO2 clean surfaces and possible adsorption sites. (a) (110) stoichiometric structure. (b) Stable reduced (110) surface. 
(c) Unstable reduced (110) surface (d) Stoichiometric (100) surface. (e) Reduced (100) surface. (f) Stoichiometric (101) 
surface. (g) Reduced (101). (h) (1x2) reconstruction of (101) surface, 2 oxygen reduced structure. (i) Stoichiometric (001) 
surface.  
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Gibbs free energy is equal to the total energy from the DFT calculation. Inserting type of 
atoms in equation (1): ܧ = ଵே ሾܩሺܶ, ܲ, ܰሻ − ௌܰߤௌሺܶ, ܲሻ − ைܰߤைሺܶ, ܲሻ − ுܰߤுሺܶ, ܲሻሿ                (2) 

Here, chemical potential play crucial role, because by varying itthe different environment 
conditions can be simulated. But, chemical potential of atoms are not independent, because gas 
and surface must be in thermodynamic equilibrium. In the system of our interest two gases 
exists, they are oxygen and hydrogen. Each of them isin equilibrium with the surface.Molecules 
of gases can interact with each other too and form water. In our case stability of the SnO2 is in 
such region of oxygen chemical potential that dominant gas phase component will be water 
molecule, if system is in full equilibrium state[26]. Taking into account this assumption 
equilibrium of chemical potential can be written in the following form: ߤௌ + ைߤ = ݃ௌைଶ       (3) 2ߤு + ைߤ =  ுଶை      (4)ߤ

Here ݃ௌைଶ is Gibbs free energy of bulk crystal, which equals to -18.77 eV[36]. ߤுଶை is the 
water chemical potential. Inserting these equations to (2) and excluding ߤௌand ߤு, the 
following equation can be written: ܧ = ଵே ቂܩሺܶ, ܲ, ܰሻ − ௌܰ݃ௌைଶሺܶ, ܲሻ − ,ைሺܶߤ ܲሻ ቄ ைܰ − 2 ௌܰ − ேಹଶ ቅ − ுܰߤுଶைሺܶ, ܲሻ/2ቃ (5) 

 
Varying chemical potential of oxygen and water we can find stable structures or 

reconstruction of all surfaces. But variation of chemical potential must be confined in the 
stability region of the surface, because if chemical potential of oxygen will be too low(oxygen 
poor limit or Sn rich limit), all oxygen in the surface will desorbed and Sn metallic layer will 
crystallized on the surface. This condition can be expressed by the following equation: ݉݅݊ሺߤைሻ = ଵଶ ሾ݃ௌைଶሺܶ, ܲሻ − ݃ௌሺܶ, ܲሻሿ    (6) 

Here ݃ௌ is Gibbs free energy of Sn bulk crystal. If oxygen potential is high, oxygen 
molecule will be formed. This condition expressed as: ݉ܽ ைሻߤሺݔ = ଵଶ  ைଶ      (7)ܧ

Here ܧைଶ is the total energy of free isolated oxygen molecule, which is equal to -9.83 eV. 
Using equation (5), (6) and (7) borders of oxygen chemical potential can be defined as: ଵଶ Δܩ < ,ைሺܶߤ ܲሻ − ଵଶ ைଶܧ < 0     (8) 

Here Δܩ is Gibbs free energy of formation SnO2 bulk material. It is equal to -5.09 eV, 
which is in accordance with previous calculations [37]. Water chemical potential border must 
satisfy above mentioned condition, where only water gas molecule can exist in equilibrium. To 
assure this restriction chemical potential should be taken under -0.91 eV [26] with respect to 
total energy of H2O molecule. 

Equation (5) mainly used for comparison of structure surface free energies and definition of 
the most stable one in various environment conditions. But there is another measure to define if 
the adsorbed gas on particular surface site is stable. The measure is adsorption energy: ܧௗ௦ = ௦௨ܧ − ܧ −  ௦,    (9)ܧ
where Eads is adsorption energy, Esurf is total energy of SnO2 surface and adsorbed gas. Ecleanis a 
total energy of pure surface without gas and Egasis total energy of gas molecule. It is clear from 
this equation, that if Eadsis negative the configuration of adsorbed site is stable or process is 
exothermic. If Eads is positive then process is endothermic and molecule will not adsorb to the 
surface.  
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2. Results and discussions 

This section organized by discussing each of surface structures under different oxygen 
environment conditions, possible adsorption sites of gas molecules, phase diagrams of stable 
configurations at different chemical potentials of oxygen and water. 

The most stable surface of tin dioxide is (110) orientation, because it has the minimum surface 
free energy. This surface is the most investigated both experimentally and theoretically. It was 
found that there are two possible reconstruction of the (110) surface, they are stoichiometric and 
reduced ones. These reconstructions are stable in different oxygen environment. Using equation 
(5) stability range was found, which is in accordance with previous calculations. Stoichiometric 
surface has the same atoms configuration as in bulk materials and it is the most stable 
configuration in −6.79 < ைߤ < 	−4.93	eV range of chemical potential. Phase diagramis given in 
Fig.5. The second reconstruction, which is reduced surface, two oxygen atoms are missed as in 
Fig. 1 (b). This reduced surface is stable in the range of −7.47 < ைߤ < 	−6.79 eV. There are 
other possible reconstructions described in the literature[23,37,38], which considered as not stable 
or metastable Fig. 1(c). So we consider only two surface structures under possible oxygen 
environment conditions. To describe or simulate adsorption of hydrogen or water in the −6.79 ைߤ> < 	−4.93	eVregion of oxygen chemicalpotential, the stoichiometric surface should be 
considered as an adsorption substrate. If chemical potential region lay in the −7.47 < ைߤ <	−6.79	eV, reduced surface should be considered as substrate for gas adsorption. All stable 
structures after adsorption are given in Fig. 2.  

At first, let us consider stoichiometric (110) surface. Here adsorption sites are O2c two 
coordinated oxygen atom (or bridge site), O3c three coordinated oxygen atom (3c site) and Sn5c 

five coordinated tin atom (top site) Fig. 1(a,b). Adsorption atoms are H, 2H and H2O. Additional 

 

Fig. 2. Hydrogen adsorption on SnO2 (110) surfaces.(a) H on bridge site. (b) Two H on bridge site. (c) H2O on top site. (d) 
Dissociated water structure, H bonding between bridge site H and on top site OH. (c) Water adsorption on reduced (110) 
surface. 
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structure of dissociated water should be considered because in experiments water tends to 
dissociate [17]. Calculated adsorption energies are given in the Table 1. It is clear that stable 
adsorption sites for hydrogen is only bridge sites. For the water both adsorbed and dissociated 
structures are stable but the last one has lower Eads, which means that dissociation is more 
preferable. In dissociated structure hydrogen bond created Fig. 2(d), stabilizing and making it the 
most preferable configuration.  

Now let us consider reduced surface. Possible adsorption sites are given in Fig. 1(b). 
Dissociated structure was added too. The final Eads is given in the Table 2.Only stable structure is 
adsorbed or physisorbed water configuration. It means that in poor oxygen environment only 
water can adsorb. This conclusion is in accordance with experimental results [2].  
 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
So, we found all possible structures, now using equation (5) phase diagram can be 

constructedfor all structures in all possible environment conditions of oxygen and water. 
Varying ߤை and ߤுଶை phase diagram plotted in the Fig.6(a). In the plot each color indicates the 
particular structure, which has the minimum in that region. For (110) surface, only three 
structures are possible, they are clean stoichiometric(grey color on Fig. 6(a)), reduced(black 
colored region), and dissociated water configuration(white colored region). The stability regions 
are in accordance with experimental results obtained by other researchers[37]. Using chemical 
potential values from phase diagram, it is possible to estimate stability regions of pressure and 
temperature.  

The following stable surface after (110) is (100). (110) surface has two possible surface 
structures: stoichiometric and reduced. Possible adsorption sites are O2c(bridge) on the top of 
surface, O3c which is inside the layer(3c site) and Sn5c(top).DFT calculation results are presented 
in Table 3 and 4. Here, stable sites are bridge and 3c (Fig. 3). From the tables, it is clear, that 
water tends to dissociate. For reduced surface, only water adsorption or physisorption is 
preferable. Phase diagram is shown in Fig. 6(b).  

 
 

Adsorbtion 
sites  

Values of Eads for (110) 
stoichiometric surface 

Eads(eV) Gas  
Bridge -0.08 2H 
Bridge -1.07 H 
3c 0.34 H 
top 1.73 H 
Bridge, top, 3c 1.30 3H 
top -1.10 H2O 
Top, bridge -1.68 H2O, dissociated 

Adsorbtion 
sites  

Values of Eads for (110) 
reduced surface 

Eads(eV) Gas  
top 1.27 H 
3c 0.56 H 
top -0.14 H2O 
top 0.44 H2O, dissociated 

Table 1. Adsorption energies of (110) 
stoichiometric surface. 

Table 2. Adsorption energies of (110) reduced 
surface. 
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The next surface orientation is (101). Depending on oxygen environment, it has three 
possible reconstructions [37]. First is stoichiometric configuration, which is like bulk material 
Fig. 1(g). There are two possible adsorption sites, which are O2c and Sn5c. As in previous case 
H, 2H, H2O and dissociated water will be considered as adsorbents. In addition, one mono layer 
(ML = 1) of hydrogen coverage also considered, because there are two equivalent O2c and Sn5c 
sites. In this case, the only preferable site for hydrogen is bridge site and for water-dissociated 
configuration (Tables 5 and 6).One monolayer coverage has lower surface free energy, which 
means that adsorbed molecules do not prevent other molecules to adsorb. Reduced (101) surface 
two oxygen atoms are missed. As in previous case, here only water adsorption is preferable and 
full covered structure has the minimum surface energy. 

 
 

Adsorbtion 
sites  

Values of Eads for (100) 
stoichiometric surface 

Eads(eV) Gas  
bridge -0.32 H 
bridge -1.20 2H 
3c -0.13 H 
top 2.13 H 
top -0.87 H2O 
top -1.21 H2O, dissociated 

Adsorbtion 
sites  

Values of Eads for (100) 
reduced surface 

Eads(eV) Gas  
3c 0.85 H 
top 1.42 H 
top -0.26 H2O 
top 0.42 H2O, dissociated 

 
Fig. 3.Hydrogen and water adsorption on the (100) surfaces. (a) H adsorption on O2csite. (b) Desorbed water after 
adsorption two hydrogen atoms on O2csite. (c) H adsorption and H bonding formation on O3csite. (d) Water adsorption on 
the Sn5csite. (e) Dissociated on the stoichiometric (100) surface. (f) Water adsorption on the reduced (100) surface. 

Table 3. Adsorption energies of (100) 
stoichiometric surface. 

Table 4. Adsorption energies of (100) reduced 
surface. 
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The third possible structure is (1x2) reconstruction, which means that unit cell is doubled and 
N = 2. Here, 4 possible adsorption sites exist, they are O3c, O2c, Sn3c and Sn5c. The most stable 
structures configurations are given in Fig. 4(g) and (h). Phase diagram is plotted in the Fig. 6(c).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
The stable structures are stoichiometric, which is in blue, in gray region (1x2) reconstruction 

is the most stable, reduced structure is in black region. Yellow region is one dissociated water 
molecule, and white region is completely covered surface (ML = 1) with dissociated H2O. In 
red, water dissociated on (1x2) reconstruction is the dominated one. The adsorption energies for 

Ads. sites  
Values of Eads for (101) 

reduced surface 
Eads(eV) Gas  

O3c 0.78 H 
Top 1.59 H 
Top  -0.01 H2O 
Top 1.25 H2O, dissociated 
Top, ML = 1 -0.35 H2O 

Ads. sites  
Values of Eads for (101) 
stoichiometric surface 

Eads(eV) Gas  
Bridge site -1.02 H 
Br. Site, ML 
=1 

-1.89 H 

Top 1.62 H 
Top  -0.78 H2O 
Top -0.80 H2O, dissociated 
Top, ML = 1 -1.58 H2O 
Top, ML=1 -2.5 H2O, dissociated 

 
Fig. 4.H and H2O adsorption on (101) surfaces. (a) H  on (101) bridge site. (b) (101) surface covered by one 
monolayer of H adsorption. (c) Dissociated water on stoichiometric (101). (d) Water on the top site, fully 
covered surface. (e) One monolayer covered and dissociated water structures. (f) Desorbed water on reduced 
(101) surface. (g) Dissociated water on (1x2) reconstruction. (h) Adsorbed water on (1x2) reconstruction. 

Table 5. Adsorption energies of (101) 
stoichiometric surface. 

Table 6. Adsorption energies of (101) reduced 
surface. 
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all possible adsorption structures are given in Table 7. It is worth to note, that all adsorption 
configurations are stable, because adsorption energies are negative. Thus, (1x2) reconstructed 
(101) surface will be very sensitive to hydrogen and water. This information may be very useful 
for gas sensor applications. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The last surface is (001). In some experiments [37], the surface was not observed, but its 
existence is very high due to theoretical calculations [35,39]. This surface has only one known 
configuration Fig. 1(i). The possible structures are O2c and Sn5c (top). As for other surfaces, H 
atom does not bind tin atoms, but only two coordinated oxygen. Water tends to dissociate 
forming OH bonds Fig. 5. Adsorption energies are given in the Table 8. Phase diagram is given 
in Fig. 6(d). In black region, stable structure is stoichiometric one, white is dissociated water, in 
blue region structure H on O2c site (Fig. 5(a)) is the most stable. In grey region, the structure 
completely covered by H is the most favorable.  

 

Ads. sites  
Values of Eads for (1x2) 

reconstructed (101) surface 
Eads(eV) Gas  

O2c -0.49 2H 
O2c -0.57 H 

O2c, ML=1 -1.34 2H 
O3c -0.07 H 
Sn3c -0.48 H2O 
Sn3c -0.44 H2O, dissociated 
Sn5c -0.68 H2O 
Sn3c -1.20 H2O, dissociated 

Sn3c,  Sn5c, 
ML=1 

-1.81 4( H2O) 

 

Fig. 5. Hydrogen and water adsorption configurations on (001) surface. (a) Hydrogen on O2c site. (b) One monolayer covered (001) 
surface. (c) Water on Sn5c site. (d) Dissociated water on (001) surface.  

Table 7. Adsorption energies of (1x2) reconstructed 
(101)  surface 
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Ads. sites 
Values of Eadsfor (001) 
stoichiometric surface 
Eads(eV) Gas 

O2c -1.25 H 
O2c, ML =1 -2.01 H 
top 1.30 H 
top -0.48 H2O 
top -1.79 H2O, dissociated 

Table 8. Adsorption energies of (001) 
stoichiometric surface. 

 
Fig. 6. Phase diagram of SnO2 surfaces in an O2  and H2O  environment. (a) (110). (b)  (100). (c) (101). (d) (001). 
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4. Conclusions 

Thus, in this research we found all possible structures and sites of H, 2H and water adsorptions. 
It was shown that water tends to dissociate on oxygen reach surface and physisorb on reduced 
ones. Different oxygen and water environment conditions were considered using ab-initio 
thermodynamics. Stability range was calculated and phase diagrams were presented. The phase 
diagrams describe all stable structures and environment conditions of their stability. These results 
can be used as a guide at the fabrication of gas sensors worked in hydrogen, oxygen and water 
environments.  
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