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A B S T R A C T

The reaction of ethanol with pristine and Mo-doped SnO2 is computed and compared to experimental results. The 
comparison includes response, response time, and the effect of humidity. Adsorption and transition states are 
evaluated and used to calculate the reaction rate of ethanol with pristine and Mo-doped SnO2. The modified 
Evans–Polanyi principle is used to evaluate Gibbs free energy of transition, including its components enthalpy 
and entropy at the investigated doping percentages of Mo at 3, 5, and 7 mol%. The effect of humidity on the 
backward reaction of ethanol burning is discussed. The impact of the autoignition temperature of ethanol at 
368 ◦C on the reaction rate is included for the first time for Mo-doped SnO2. The theoretical results show good 
agreement with the experiment. Mo-doped SnO2 shows high response, short response time, and stability towards 
ethanol that nominate the sensor for practical applications.

1. Introduction

Chemical sensors are one of the most used sensors in addition to 
other sensors such as biochemical and image sensors. SnO2 is one of a 
group of metal oxides that are frequently used in sensing many gases 
such as NH3 (Zhu et al., 2024), ethanol (Xu et al., 2024), NO2 (Ding 
et al., 2024), etc. SnO2 is also an oxygen-deficient n-type semiconductor 
(Sahu and Das, 2018). Other oxides include ZnO (Bonyani et al., 2024), 
WO3 (Yang et al., 2024), Fe2O3 (Pan et al., 2024) etc. SnO2 has the 
privilege over other metal oxides by the number of oxygen vacancies 
that enhance the detection process (Wang et al., 2021). Doping (Nzaba 
et al., 2024) is a method that can increase gas sensitivity to higher levels. 
The most efficient dopants in gas sensors are the Pt group (such as Pd, 
Ru, and Rh) (Chen et al., 2022) or other noble transition metals (such as 
Au, Ag, and Hg) (Hsu et al., 2020). However, because of their high price, 
the Pt group or other noble transition metals are replaced by other 
cheaper elements such as Fe (Vaishampayan et al., 2008), Mo (Wang 
et al., 2021), and Ni (Manikandan et al., 2020). These elements can 
enhance gas sensing by different mechanisms. For example, MoO3 is a 
p-type semiconductor (Manikandan et al., 2020) forming a p-n junction 
with SnO2 on doping. The higher oxidation state of Mo (6) adds more 
oxygen to the already existing in SnO2. The detection limit of doped 

SnO2 can reach small values of the detected gas, such as 1 ppm (Wang 
et al., 2021).

Ethanol (C2H6O) is a necessary industrial material precursor to many 
other materials (van Dyk et al., 2024). Ethanol’s properties, such as its 
ability to dissolve many different materials, are also crucial in the in
dustry (Afifah et al., 2024). Being drinkable alcohol also provides 
additional reasons to detect ethanol in addition to its other industrial 
applications. Properties such as autoignition temperature (368 ◦C) are 
essential in both applications and detection of ethanol (Chen et al., 
2010). In applications, ethanol temperature should not approach auto
ignition temperature to avoid ethanol explosion. In detection, ethanol 
cannot be detected in temperatures near autoignition temperature since 
it has already burned or exploded before reaching these temperatures. 
Autoignition temperature is a good indicator for distinguishing between 
gases (Redd et al., 2024). As an example, the autoignition temperature 
of ethanol (368 ◦C) can be distinguished easily from that of H2 (536 ◦C) 
(Hydrogen autoignition temperature) or acetone (465 ◦C) (Material 
Safety Data Sheet) etc. As a result, a gas detected in a temperature higher 
than 368 ◦C should not be ethanol.

Modeling gas sensors is a complicated process since the properties of 
both the sensor surface and detected gas (and the combination) must be 
modeled to obtain the final detection process modeling. Density 
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functional theory (DFT) is usually the appropriate tool for this process 
(Nguyet et al., 2024; Mafa et al., 2023). Reaction and adsorption the
ories are commonly used to model gas sensors. First, the detected gas is 
physisorbed (physisorption due to van der Waals forces) on the surface 
of the sensor. The physisorption process changes the conductivity of the 
sensor very weakly in most cases. The second step is the chemisorption 
or reaction of the gas with the sensing material. The reaction step 
changes the sensor’s conductivity much higher than the physisorption 
process. For example, CO2 gas is detected weakly compared to CO gas 
since CO2 gas mainly experiences only physisorption while CO reacts 
with the sensor’s surface (Araújo et al., 2023).

Reaction theories are modeled in many methods. One of the first 
reaction theories is the Arrhenius equation (He et al., 2024). However, a 
more recent formalism is available in the transition state theory 
(Abdulsattar et al., 2024). Variations and modifications of these reaction 
theories are widely distributed among corresponding scientific appli
cations. Usually, the temperature and concentration dependence of the 
investigated reaction are of great importance (Malefane et al., 2020).

The present work investigates the sensitivity of pristine and Mo- 
doped SnO2 surface clusters to ethanol. Transition state theory is 
applied to model the present gas sensor application. Thermodynamic 
quantities such as Gibbs free energy, enthalpy, and entropy are calcu
lated to manifest the temperature dependence of the sensing operation. 
The modified Evans–Polanyi principle is used to interpolate the values of 
Gibbs free energy of transition for the different Mo doping percentages. 
Theoretical results are compared with available experimental results. No 
previous DFT calculations for ethanol sensitivity by Mo-doped SnO2 
exist in the literature, nor do they exist for the effect of ethanol gas 
properties on Mo-doped SnO2.

2. Theory

Gaussian 09 computational software is used to evaluate the present 
study’s results. The B3LYP version of DFT is combined with a basis set 6- 
311G**. Dispersion correction (GD3BJ) is added since it is essential for 
gas sensor calculations (Abdulsattar, 2023a). The B3LYP/6-311G** 
combination proved successful in gas sensor calculations (Abdulsattar, 
2020). The B3LYP level is usually the most successful DFT version in 
many applications, combined with 6-311G** basis and dispersion cor
rections, ensuring long-range interactions are included in calculations. 
The accuracy of the DFT method used is also controlled by the time 
needed to execute structural optimizing computational routines. Of 
course, using more sophisticated basis sets will need longer structural 
optimization time that can go beyond the capabilities of our computa
tional facilities.

SnO2 surface pyramids are known to cover the SnO2 surface 
(Jagadish et al., 2022). These pyramids are responsible for the interac
tion with outer space gases (Abdulsattar and Mahmood, 2023). These 
pyramids are oxygen deficient (Sn10O16), as can be seen from the for
mula of the SnO2 pyramid shown in Fig. (1a). The stability of the SnO2 
pyramid towards the reaction with oxygen can be investigated via Gibbs 
free energy of the reaction. Removing or adding oxygen atoms to the 
Sn10O16 cluster ends with a positive Gibbs free energy that means it is 
unfavorable (Abdulsattar, 2020). The same is true for Mo-doped SnO2 
cluster. The most stable Mo-doped SnO2 cluster is MoSn9O17 which is a 
result of replacing an Sn atom by Mo atom in the Sn10O16 cluster 
(Fig. 1b). The stability of this cluster can be tested by the following 
equations: 

MoSn9O17→ MoSn9O16+½O2 (ΔG = 3.452 eV), (1)                              

MoSn9O17+½O2→ MoSn9O18 (ΔG = 0.897 eV).                              (2)

As can be seen from the above two equations, the MoSn9O17 cluster 
cannot give or accept oxygen atoms from the atmosphere because of the 
positive value of Gibbs free energy of the reaction. The extra oxygen 
atom in MoSn9O17 is because Mo oxidation state is (+6) higher than Sn 
(+4). The surface pyramids grow on SnO2 tetragonal structure 
(Thirumoorthi and Prakash, 2016). The Sn–O is calculated to be 2.11 Å 
compared to the experimental 2.06 Å (Chen et al., 2023).

The reaction rate theories are usually temperature- 
andconcentration-dependent. The transition state theory is one of the 
most frequently used theories (Shefer et al., 2022) to calculate reaction 
rates. The general form of this theory applied to the present reaction of 
SnO2 with ethanol can be given by (Knopf and Ammann, 2021): 

d[SnO2]
dt

= − [SnO2]u[C2H6O]
V
e k(T), (1) 

k(T)=A Tm exp

(
− ΔG‡

kBT

)

. (2) 

In the above equations, [SnO2] and [C2H6O] represent the concen
tration of SnO2 and ethanol, respectively. The concentration exponents 
(u and v) in Eq. (1) are determined experimentally and usually take the 
values 1 or ½. The value of u is always equal to 1 in literature 
(Abdulsattar et al., 2024), while the value of v will be discussed in the 
results section. The subscript (e) in the ethanol concentration refers to 
the effective concentration of ethanol. Ethanol burns out in the atmo
spheric oxygen as it approaches its autoignition temperature at 368 ◦C 
(Chen et al., 2010), which reduces concentration as the sensor ap
proaches autoignition temperature. The preexponential constant (A) in 

Fig. 1. Shows (a) The optimized structure of SnO2 clusters (Sn10O16) and (b) the optimized MoSn9O17 molecule. Every atom is assigned by its symbol: O for oxygen, 
Sn for tin, and Mo for molybdenum.
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Eq. (2) depends on the sensor material properties’ structure, 
morphology, crystallinity, surface area, doping, etc. The temperature 
exponent (m) determines the steepness of the reaction rate increase as 
temperature increases. ΔG‡ is Gibbs free energy of transition while kB is 
Boltzmann constant.

The autoignition temperature of ethanol is affected by the sensor 
material that works as a catalyst for the reaction of ethanol with the 
oxygen in the atmosphere. The concentration of the burning gas can be 
represented by a logistic function (Abdulsattar, 2023a): 

f(T)=
1

1 + eks(T− T0)
(3) 

In the above equation, ks is related to the steepness of ethanol con
centration decrease while T0 is the temperature at which the ethanol 
concentration reaches half of its original concentration.

The Gibbs free of transition (ΔG‡) can be evaluated using the (ts) 
transition state option of transition state evaluation in the Gaussian 09 
program. The transition state of ethanol is evaluated for the pristine 
SnO2 and Mo-doped SnO2 as in Fig. 1. At Mo-doped SnO2 in small per
centages (or high percentages) that cannot be evaluated directly, the 
modified Evans–Polanyi principle is used by interpolation (or extrapo
lation for high percentages) (Abdulsattar, 2023b): 

ΔG‡ =ΔG‡

0 + βΔG‡

1 (4) 

In the above equation, ΔG‡

0 and β are parameters that fit the Gibbs 
transition state energy line for pristine and Mo-doped SnO2.

The experimental response is defined (for reducing gases) as the ratio 
of the resistance in the air (Ra) to the resistance when the ethanol vapor 
exists in the air (Rg), i.e. (Ra/Rg). The theoretical response is correlated 
linearly to the reaction rate (Eq. (1)) by the equation (Abdulsattar and 
Mahmood, 2023): 

Response(theoretical)=1 + C
⃒
⃒
⃒
⃒
d[SnO2]

dt

⃒
⃒
⃒
⃒ (5) 

3. Results and discussion results

Fig. 2 shows the variation of Gibbs energy of transition with tem
perature for the pristine and Mo-doped SnO2 clusters. As the doping 
molar percentage increases, the Gibbs energy increases. This behavior is 
the opposite of what happens when doping with Pt group or noble 
metals (Abdulsattar et al., 2024). However, the response increases in 
both cases of doping, as will be explained later.

Fig. 3 shows the variation of theoretical response for pristine and Mo- 
doped SnO2 (0, 3, 5, 7% molar ratio) with temperature compared with 

experimental results (Ra/Rg) (Wang et al., 2021) for 100 ppm C2H6O. 
The highest response is for 5% Mo-doped SnO2 at 220 ◦C for the 
Mo-doped SnO2 while the pristine SnO2 is at 240 ◦C. In all Fig. 3 results, 
the response increases as temperature increases. However, as the tem
perature reaches 220 ◦C for the doped SnO2, another reaction channel 
takes place, namely the reaction of ethanol with atmospheric oxygen 
and not with the sensor material. The concentration of ethanol decreases 
rapidly, and as a result, the reaction rate of ethanol with the sensor 
material decreases as in Eq. (1). The autoignition temperature of ethanol 
at 368 ◦C is reduced to nearly 240 ◦C for pristine SnO2 and 220 ◦C for 
Mo-doped SnO2. This shows that doping not only increases the response 
value but also decreases the highest response temperature. As doping 
percentage increases, the lattice distortion increases as can be seen in 
Fig. 1 that increases the resistance of the lattice. However, as doping 
passes 5% a new MoO3 phase begins to form that reduces the overall 
resistance of the lattice. This is confirmed by the values of the C 
parameter in Table 1 below.

Fig. 4 shows the variation of theoretical response for pristine and Mo- 
doped SnO2 (5% molar ratio) with C2H6O concentration at 220 ◦C 
temperature compared with experimental results. The variation of 
response with ethanol concentration is linear or nearly linear in the 
pristine SnO2 case due to the abundance of reaction sites. The variation 
of response with ethanol concentration is parabolic due to the limited 
reaction sites in the Mo-doped SnO2 case (only 5% sites (Mo-doped) are 
responsible for the high response values).

Fig. 5 shows ethanol experimental (Wang et al., 2021) and theoret
ical response time for the pristine and 5% Mo-doped SnO2 sensor as a 
function of temperature. The response time has a minimum value of 240 
or 220 ◦C for pristine and 5% Mo-doped SnO2. The response time is 
calculated by integrating the 90% response time: 

tres(90%) =
In(10)

[C2H6O]
V
e ATm exp

(
− ΔG‡

KBT

) (6) 

The response time is defined as the time needed to reach 90% of 
equilibrium resistance.

Fig. 6 shows the effect of relative humidity on the theoretical and 
experimental response for 50 ppm C2H6O at 220 ◦C for the 5% Mo- 
doped sensor. The complete burning of ethanol as it reacts with the 
Mo-doped SnO2 sensor cluster can be given by the equation: 

6MoSn9O17+C2H6O→6MoSn9O16+2CO2+3H2O                         (7)

As can be seen from the above equation, H2O is one of the products 
of ethanol burning. The equilibrium constant is defined in terms of 
forward and backward reaction concentrations. As the humidity 

Fig. 2. Gibbs free energy of transition of pristine and 3, 5, 7% (molar) Mo-doped SnO2 clusters as a function of temperature.
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increases, an increase in H2O concentration occurs, which increases the 
backward reaction and leads to a decrease in the overall reaction. In 
addition to the backward reaction, the water molecules that form on the 
sensor surface serve as a barrier that prevents further ethanol-forward 
reactions. As a result, the constant A in Eq. (1) decreases as the hu
midity increases. Practically, the following equation relates the A con
stant with humidity that describes the theoretical response of Fig. 6: 

A = (3.5–0.022 RH%) 10–31                                                          (8)

Fig. 7 shows the theoretical HOMO (highest occupied molecular 

orbital) and LUMO (lowest unoccupied molecular orbital) and energy 
gaps of SnO2 and Mo/SnO2 that correspond to the two figures Fig. 1a 
and b. The experimental energy gap of pristine SnO2 is 3.6–3.8 eV 
(Parida and Bhowmik, 2023) compared to the present calculated 3.867 
eV. Fig. 7 shows that the energy gap did not change appreciably despite 
Mo-doping. The unchanged energy gap is because MoO3 is a high energy 
gap semiconductor with an energy gap larger than 3 eV (V.K. et al., 
2024) which is very close to that of SnO2. However, HOMO and LUMO 
rises slightly for the Mo/SnO2 case.

Table 1 shows the parameters used in the theoretical simulation of 

Fig. 3. The variation of theoretical response for pristine and Mo-doped SnO2 (3, 5, 7% molar ratio) with temperature compared with experimental results (Ra/Rg) 
(Wang et al., 2021) for 100 ppm C2H6O.

Table 1 
Parameters used to simulate C2H6O gas sensing reaction model of pristine and different Mo-doped SnO2. ΔG‡ values are at 25 ◦C temperature and normal pressure.

No. Reaction ΔG‡ (eV) A m v ks (K− 1) T0 (◦C) C (s)

1 [SnO2⋯C2H6O]a 

↓ [SnO2⋯C2H6O]‡
0.0412 3.67 10− 29 s− 1. K− 12 12 1 0.06 245 144

2 [3%Mo/SnO2⋯C2H6O]a 

↓ [3%Mo/SnO2⋯C2H6O]‡
0.0553 9.00 10− 31 s− 1. K− 12 12 ½ 0.06 225 160

3 [5%Mo/SnO2⋯C2H6O]a 

↓ [5%Mo/SnO2⋯C2H6O]‡
0.0647 3.50 10− 30 s− 1. K− 12 12 ½ 0.06 225 130

4 [7%Mo/SnO2⋯C2H6O]a 

↓ [7%Mo/SnO2⋯C2H6O]‡
0.0741 5.10 10− 30 s− 1. K− 12 12 ½ 0.04 215 82
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response and response time for the pristine and different Mo-doping 
percentages of SnO2. In all reactions of Table 1, an adsorption state is 
formed first, followed by a transition state. For example, the reaction no. 
1 for the pristine SnO2 reaction with C2H6O, an adsorption state labeled 
[SnO2⋯C2H6O]a is formed first. The adsorption of ethanol on the 
pristine and Mo-doped SnO2 clusters surface of Fig. 1a and b are − 0.573 
and − 0.713 eV, respectively. These values show stronger adsorption 

after doping due to higher charges on Mo-doping sites, as can be proved 
using NBO (Natural Bond Orbitals) calculation. After the formation of 
the adsorption state, the ethanol molecule tries to react with the SnO2 
cluster by crossing a potential barrier of the transition state labeled 
[SnO2⋯C2H6O]‡. The values of the difference in Gibbs energy for these 
two states are called the Gibbs free energy of transition (ΔG‡) as in Eq. 
(1). The values of ΔG‡ in Table 1 show increasing order as the doping 

Fig. 4. The variation of theoretical response for pristine and Mo-doped SnO2 (5% molar ratio) with C2H6O concentration at 220 ◦C temperature compared with 
experimental results (Ra/Rg).

Fig. 5. Experimental (Wang et al., 2021) and theoretical response time for the pristine and 5% Mo-doped SnO2 sensor as a function of temperature for ethanol.
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increases. This is the reverse order when doping with a platinum group 
or noble elements (Abdulsattar et al., 2024). The reason for this 
contradiction is the difference in chemical activity between these two 
types of elements. However, the response of the two kinds of doping 
increases for two reasons, as discussed later. Temperature dependence of 
Gibbs free energy of adsorption or transition is directly related to the 
change in entropy as in the equation (Abdulsattar et al., 2024): 

ΔG‡ =ΔH‡ − TΔS‡ (4) 

In the above equation ΔH‡ is the enthalpy of transition, while ΔS‡ is 
the entropy of transition that increases upon doping.

Parameter A in Table 1 represents the structural effects of the reac
tion between the sensor and the gas, as in Eq. (1). Parameter A increases 
with the increase of doping. However, this increase in A is confronted by 
a decrease in the C parameter, representing the effect of the variation in 
resistivity due to doping. The net result of the two variations is that the 
5% Mo-doped SnO2 has the highest response of all samples. The Mo- 
doped SnO2 sensor has also proved to have good stability for at least 
90 days after manufacturing, which means that the constant A does not 
change with time appreciably (Wang et al., 2021).

The m parameter in Table 1 also appears as the temperature expo
nent in Eq. (2). The high value of this parameter is due to the reaction, 

Fig. 6. Effect of relative humidity on the theoretical and experimental response for 50 ppm C2H6O at 220 ◦C for the 5% Mo-doped sensor.

Fig. 7. Theoretical HOMO and LUMO and energy gap of SnO2 and Mo/SnO2 that corresponds to the two figures, Fig. 1a and b.
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structural, and diffusion effects of the detected gas and the sensor ma
terial surface effects (Abdulsattar et al., 2024). The other exponent 
parameter is the v parameter, which appears as the ethanol gas con
centration parameter. This parameter has the value 1 for the pristine and 
½ for the doped SnO2 cluster. The cause of this difference is that abun
dant reaction sites on the pristine SnO2 surface cause the response to 
behave linearly with gas concentration (exponent equal to 1). In 
contrast, fast-depleting reaction sites (3% of all sites in 3% Mo-doped 
SnO2) cause the response proportional to the gas concentration to the 
power ½.

The remaining two parameters describe the autoignition of ethanol 
as the temperature approaches the autoignition temperature at 368 ◦C. 
The pristine SnO2 sensor acts as a catalyst to decrease the autoignition 
temperature near 245 ◦C. However, 3% and 5% Mo-doped SnO2 de
creases the autoignition to 225 and 215 ◦C for the 7% Mo-doped SnO2. 
This shows the increasing effect of doping that reduces the autoignition 
temperature. The ks parameter that describes the steepness of the 
decrease of ethanol concentration is nearly constant and decreases as the 
doping concentration reaches 7% Mo-doped SnO2.

4. Conclusions

The response and response time of pristine and Mo-doped SnO2 
pyramid clusters towards ethanol are compared to available experi
mental data. The effect of humidity is considered and compared well 
with experimental data. The novelty of the present work is that it con
siders the impact of ethanol properties into account when calculating 
the response of pristine and Mo-doped SnO2 pyramid clusters. The 
autoignition temperature of ethanol is considered by using a logistic 
function. The transition state theory calculates the response by evalu
ating Gibbs free energy of transition. Modified Evans–Polanyi principle 
calculates Gibbs free energy of transition for the different Mo-doping 
percentages. Unlike doping with a platinum group or noble elements, 
the Gibbs energy of transition increases with increased Mo-doping per
centages. However, other model parameters increase the response due to 
structural, diffusion, and surface area effects. Mo-doped SnO2 shows 
high response, short response time, and stability towards ethanol that 
nominate the sensor for practical applications.
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