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ABSTRACT 
H2 gas reaction with pristine and Au-doped SnO2 clusters is calculated and compared with the experiment. A new generalized version 

of the Evans–Polanyi principle is employed. As a function of temperature, the transition state is used to calculate the activation of Gibbs 

free energy, including its components enthalpy and entropy. H2 autoignition at elevated temperatures is considered using logistic 

functions. Reaction rate, response, response time, and recovery time are calculated and compared with the experiment. Results show a 

strong temperature dependence of H2 reactions, while O2 recovery reactions depend on temperature through the change of activation 

energy only. Promising results that need more comparisons between experiment and theory are obtained to validate the new formalism.  
https://creativecommons.org/licenses/by-nc/4.0/ 
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1. Introduction 

Transition state theory[1,2] is one of the leading methods for 

calculating chemical substances' reaction rates. It has been widely 

used since its proposal began in the previous century[3]. In this 

theory, a transition state with an activation energy must be 

overcome for the reaction to proceed. The transition state theory 

was applied to various reactions, including gas sensing[4,5], 

membranes[3], and atmospheric and combustion reactions[6].  

Tin dioxide is one of the most preferred materials in gas 

sensing[7,8]. SnO2 has been used to detect gases such as NH3
[9], 

CO[10], and NO2
[11]. One of the reasons why tin dioxide is a 

suitable gas sensor is the high number of oxygen vacancies at its 

surface[12]. The surface reconstruction of the SnO2 nanoparticles 

forms pyramids that have enhanced surface area over other 

materials[13]. Usually, SnO2 sensing is enhanced by doping with 

specific amounts of catalysts such as Pt, Au, and Ag. Catalysts 

decrease the activation energy needed to be overcome so that the 

reaction between the gas and the sensor can proceed faster. 

Hydrogen is one of the most important gases in industry. It is used 

as a clean energy carrier[14], petrochemistry[15], hydrogenation[16], 

coolant[17], and semiconductor manufacturing. The detection of 

H2 is vital since it can form explosive mixtures with air at small 

ratios as low as 4%. Hydrogen autoignition temperature is at 

536 ̊C[18]. 

 

Theoretical simulation of gas sensors is usually performed using 

density functional theory (DFT)[19,20]. This theory allows for the 

determination of several quantities that are related to the gas-

sensing mechanism. The quantities include energy gap[21], 

reaction rate[22], response and recovery times[19]. One of the 

problems in using DFT is the size of calculations, especially after 

doping. The number of atoms included in DFT calculations 

usually doesn't exceed 100 or several hundred atoms. However, 

this is overcome because the interaction between atoms doesn't 

need more than including three or four neighbors to be in nearly 

correct calculations. 

Another problem is the ratio of dopant to doped materials. Since 

the number of atoms to be considered in DFT calculations is 

limited to 100 or several hundreds of atoms, the small doping 

ratio of one atom to 10000 (for example) atoms is challenging in 

DFT calculations. This problem is solved using the Evans–

Polanyi principle to interpolate or extrapolate the required 

ratio[23]. The Evans–Polanyi principle is usually limited to 

Arrhenius-type reactions. However, the Evans–Polanyi principle 

has been generalized to be used in transition state theory by 

introducing a modified principle[4]. 

In the present work, the sensitivity of pristine and Au-doped SnO2 

clusters to H2 gas concentration is calculated using DFT and 

transition state theory as a function of temperature. A newly 

modified Evans–Polanyi principle obtains activation energies for 

different doping ratios by interpolating previous theoretical or 

experimental reference reactions. The autoignition temperature of 

H2 is considered using logistic functions. Oxygen recovery 
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reaction is also calculated. Comparison with experimental results 

is performed whenever such results are available.      

2. Theory 

The Gaussian 09 computational chemistry program performs 

present calculations[24]. DFT is used at the B3LYP level with a 6-

311G** basis set for light atoms and SDD functionals for heavy 

atoms. Dispersion corrections at the GD3BJ level are included 

because of their importance in gas sensing calculations[25]. The 

B3LYP/6-311G** method and basis set are successfully used in 

gas sensing calculations[25], while dispersion correction is 

necessary since induced dipole reactions are a dominant 

component of the H2 and O2 homomolecules' reaction 

mechanism.  

SnO2 pyramids were successfully used previously in gas sensor 

calculations. These pyramids are found at the surface of pristine 

and doped SnO2 structures[13]. Fig. 1a shows a SnO2 pyramid with 

an H2 molecule adsorbed on its surface compared to a doped 

Au/SnO2 cluster with an H2 molecule adsorbed on its surface. 

The general equation that can give the reaction between Au/SnO2 

with adsorbed hydrogen molecules[4]:  

d[Au/SnO2]

dt
= −[Au/SnO2]u [H2]e

v k(T),                                               (1) 

k(T) = A  Tm exp
(

−∆G‡

kBT
)
.                                                                            (2) 

In the above equations, [Au/SnO2] and [H2] are the Au-doped 

SnO2 clusters and H2 molecule concentrations. The powers (u) 

and (v) on the concentrations in Eq. (1) can be given the value 1 

for slight variations in the concentrations. The subscript (e) in the 

H2 concentration indicates that the effective concentration of 

hydrogen is used since H2 reacts with the oxygen in the air 

simultaneously as it approaches its autoignition temperature at 

536 ̊C[18], as illustrated later. k(T) is the reaction rate constant that 

does not depend on reactant concentrations. k(T) is a function of 

temperature (T) and the Gibbs free energy of activation (∆G‡). 

Gibbs free energy is also a function of temperature, enthalpy (H), 

and entropy (S): 

G = H − TS                                                                                          (3) 

For closely related reactions in gas sensing, activation energy is 

usually obtained using Evans–Polanyi principle as a function of 

enthalpy of reaction[23]: 

Ea = E0 + α∆H                                                                               (4) 

In the above equation, E0 and α are parameters that are fit to 

reference experiments. However, this equation cannot be applied 

directly to transition state theory since the equations of this 

theory, such as Eq. (2), depend on Gibbs free energy of activation 

rather than enthalpy. A recent suggestion is a modified Evans–

Polanyi principle that relates closely related reactions by the 

equation[4]:  

 ∆G‡ = ∆G0
‡ + β∆G                                                                 (5) 

In the above equation, ∆G‡ is Gibbs free energy of transition. 

∆G0
‡
, β, and ∆G are fitting parameters to previous reference 

experimental or theoretical values results for Gibbs free energy 

of transition. Eq. (5) is compatible with Eq. (2) for the transition 

state theory. In addition, Eq. (5) includes the effect of entropy and 

temperature, which are components of Gibbs free energy, as in 

Eq. (3). 

In Eq. (1), the concentration of hydrogen is given as the effective 

concentration [H2]e. An effective concentration of H2 is used 

because hydrogen reacts with oxygen in air. This reaction 

becomes spontaneous as H2 reaches its autoignition temperature 

at 536 ̊C[18]. In the case of the reaction of H2 with oxygen in the 

air, the material used as a sensor (SnO2) will not feel sensitive to 

H2 since the material's oxygen content is unchanged. To take the 

H2 autoignition effect into account, a logistic function is used as 

in the equation: 

f(T) =
1

1+eks(T−T0)                                                                        (6) 

In the above equation, ks is the steepness of the decrease in 

hydrogen concentration, while T0 is the temperature at which H2 

reaches half of its original concentration. In the present case, to 

account for the burning of H2 near autoignition temperature at 

536 ̊C, the ks value is 0.04 K-1, and T0 is 480 ̊C. 

The sensitivity or response of a sensor is defined as the ratio of 

the resistance in air (Ra) to that of the resistance in the existence 

of the detected gas (Ra/Rg). This response or sensitivity is 

proportional to the reaction rate. For the Au-doped SnO2 pyramid, 

the equation is:   

Response(theoretical) = C |
d[Au/SnO2]

dt
|                               (7) 

In the above equation, an absolute value is used because the 

number of Au/SnO2 pyramids decreases when interacting with 

hydrogen to produce AuSn9O14 pyramids as in Eq. (8). C is a 

proportionality constant that correlates the number of reactions to 

the response. 

One of the crucial results of gas sensing experiments is the 

response time and recovery time. These two measured timings are 

important in gas sensor real-life applications. These are defined 

as the sensor resistivity reaching 90% of its steady state. 

Integrating Eq. (1), the 90% response time is given by: 

tres(90%) =
ln (10)

[H2]𝑒 A Tm exp
(

−G‡

kBT
)
                                                      (8) 

The 90% recovery is defined as the time needed to recover 

(oxidize) 90% of oxygen-deficient clusters as in the equation:  

trec(90%) =
ln (10)

[O2]𝑒 A Tm exp
(

−G‡

kBT
)
                                                           (9) 

3. Results and discussion 

Fig. 1 shows the adsorption of H2 at the surface of the SnO2 

pyramid (Fig. 1a) and Au/SnO2 pyramid (Fig. 1b). These 

adsorption states can be labeled [SnO2---H2]v and [Au/SnO2---

H2]v respectively. The (v) in these labels refers to adsorption via 

van der Waals forces. As seen in Fig. 1b, the shape of the 

Au/SnO2 pyramid is altered because of the difference in the most 
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favorable oxidation state between Sn (+4) and Au (+3). Although 

the H2 molecule does not have a dipole moment, an induced 

dipole moment is formed in this molecule due to interaction with 

dipole charges of SnO2 or Au/SnO2 pyramids. 

Fig. 2 shows the transition state of the interaction of H2 with the 

SnO2 pyramid (Fig. 2a) and Au/SnO2 pyramid (Fig. 2b). These 

transition states are labeled [SnO2---H2]‡ and [Au/SnO2---H2]‡ 

respectively. The transition state has the highest potential energy 

along the reaction path. The first step in the interaction of H2 with 

the two materials is the adsorption on the surface, as in Fig. 1. 

After that, the H2 molecule vibrations make this molecule interact 

with oxygen in the SnO2 pyramid or Au/SnO2 pyramid. The 

results of interaction are (at 25 ̊C): 

Sn10O16+H2→Sn10O15+H2O (∆G= -1.375 eV),                             (10) 

AuSn9O15+H2→AuSn9O14+H2O (∆G= -1.250 eV).                          

(11) 

In the above two equations, ∆G is the Gibbs free energy of the 

reaction. The negative value of ∆G is an indication that the 

reaction is spontaneous. 

The number of moles of Au for total moles of the sum of (Au and 

SnO2 moles) in the AuSn9O15 cluster is 1/10 or 10%. 

Experimentally, this high ratio exceeds the optimum percentage 

needed for high-sensitivity gas sensors[26]. Eq. (5) is used to 

obtain the Gibbs free activation energy for the correct percentage 

of Au. Interpolation of ∆G‡ from Fig. 3 represents the variation 

of ∆G‡ for pure and Au-doped SnO2 in various temperatures. It 

can be seen from Fig. 3 that ∆G‡ of pure SnO2 is slightly higher 

than that of Au-doped SnO2 for all temperatures. Lower 

activation energy results in a higher reaction rate for the doped 

pyramid, as in Eqs. (1,2). The entropy value for the Gibbs 

activation energy is always negative, which explains the increase 

of ∆G‡ with temperature as required by Eq. (3).

 

a b 

  

Figure. 1: (a) The optimized Sn10O16 cluster with adsorbed H2 molecule ([SnO2---H2]v); (b) optimized AuSn9O15 cluster with adsorbed 

H2 molecule ([Au/SnO2---H2]v). 

 

a b 

  

Figure. 2:. (a) The optimized transition state of Sn10O16 pyramid with H2 molecule; (b) The optimized transition state of AuSn9O15 

pyramid with H2 molecule. 
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Figure. 3: Calculated Gibb free energy of transition as a function 

of the investigated temperatures as in Eq. (5) for the pristine and 

1% (molar) Au-doped SnO2 clusters with H2. 

Fig. 4 and 5 show the calculated response to H2 of pure SnO2 and 

1% Au/SnO2 compared to experimental results [26]. Both figures 

result from the application of Eq. (7) and the details of Eqs. (1-

6). The temperature exponent (m) used in Fig. 4 and 5 is four (4), 

showing a high temperature dependence. The reason for high-

temperature dependence is the ability of H2 to defuse through the 

sensor surface to deep layers. This diffusion is strongly affected 

by the increase in temperature.  

Fig. 6 shows the response time of Au/SnO2 to H2 as a function of 

temperature with a comparison to the experiment. The theoretical 

data resulted from applying Eq. (8). There was acceptable 

agreement between theory and experiment, especially in 

decreasing recovery time with the temperature increase. 

Fig. 7 shows the recovery time of oxygen-deficient Au/SnO2 as it 

reacts with ambient oxygen to restore 90% of the original fully 

oxidized Au/SnO2 as in the equation: 

AuSn9O14+½O2→AuSn9O15 (∆G=-0.722 eV),                         (12) 

Eq. (5) is used to obtain the values of Gibbs free energy for the 

required concentration of Au in SnO2. Fig. 7 shows good 

agreement between theory and experiment, including the trend of 

increasing recovery time with temperature. The value of 

temperature exponent (m) in Eq. (9) is zero (0). Temperature 

dependence shows that the increase in recovery time with 

temperature is due to the increase of ∆G‡ with temperature only 

and independent of direct temperature dependence as described 

by the exponent m in Eq. (9). 

Fig. 8 shows the differences in energy gap, HOMO (highest 

occupied molecular orbital), LUMO (lowest unoccupied 

molecular orbital), and Fermi levels between pristine SnO2 and 

Au-doped SnO2. The calculated energy gap of the SnO2 pyramid 

is 3.876 eV compared to the Au-doped gap of 1.619 eV. The high 

electron affinity of Au compared to the Sn atom attracts electrons 

to the Au site, forming energy levels inside the original SnO2 gap. 

The decrease of the gap is manifested by the Fermi levels of SnO2 

[27] and Au [28] included in Fig. 8. Analyzing charges in Fig. 1b 

for the adsorption of H2 molecule using natural bond order (NBO) 

results in Sn charges in the range 1.4 to 2.5 atomic units of charge 

(a.u.) depending on the position of the Sn atom. Au atom has a 

0.638 (a.u.) charge due to its deep Fermi level at 5.51 eV, which 

induces electron transfer to the Au atom from surrounding atoms. 

Oxygen atoms have a charge range of -1.24 to -1.35 (a.u.) except 

for the oxygen atoms near the Au atom, which has -0.91 (a.u.) 

due to the high oxidation resistance of gold and deep Au Fermi 

level. Finally, the initially neutral hydrogen atoms have the two 

induced charges 0.01 and -0.01 due to interaction with the 

Au/SnO2 pyramid. 

 

Figure. 4:. The experimental [26] and theoretical responses of 

the SnO2 sensor to 5000 ppm H2 gas at different temperatures. 

 

Figure. 5:. The experimental [26] and theoretical responses of 

1% Au/SnO2 (molar) sensor to 5000 ppm H2 gas at different 

temperatures. 
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Figure. 6:. Theoretical and experimental response time of 1% Au 

doped SnO2 (molar) pyramid to 5000 ppm H2 as a function of 

temperature. Experimental results are from reference [26]. 

 

Figure. 7:. Shows the theoretical and experimental recovery time 

of 1% Au doped (molar) SnO2 pyramid to 5000 ppm H2 as a 

function of temperature. Experimental results are from reference 

[26]. 

 

Figure. 8:. Energy gap, HOMO, and LUMO levels of pure and 

Au-doped SnO2. Fermi levels of SnO2 [27] and Au [28] are 

shown. 

  

Table 1 lists the parameters that describe the present calculation 

of pristine and Au-doped SnO2 clusters. As can be seen from 

Table 1, the unit of (A) is different in the two cases of H2 and O2 

due to different temperature dependence exponent (m). As 

expected, the Gibbs free energy of transition of the Au-doped 

SnO2 cluster is slightly lower than that of pristine SnO2. The three 

values of ∆G‡ are less than 0.1 eV since H2 and O2 are 

homomolecules with no dipole moments. However, a small, 

induced dipole moment is established in the two molecules as 

they approach pure and doped SnO2 pyramids. 

 

Table 1: Parameters used to simulate H2 gas sensing and O2 recovery model. ∆G‡ values are at temperature 25 ̊C and normal pressure. 

An underscore is added to the oxygen in the third reaction to indicate an oxygen-deficient cluster. 

No. Reaction A 

 

∆G‡ 

(eV) 

C 

(s) 

m 

1 [SnO2---H2]v→[SnO2---H2]‡ 3.7 10-9 s-1.K-4 0.0623 80 4 

2 [Au/SnO2---H2]v→[Au/SnO2---H2]‡ 1.6 10-9 s-1.K-4 0.0586 47000 4 

3 [Au/SnO2---O2]v→[Au/SnO2---O2]‡ 1.05 s-1 0.0502 - 0 

 

Conclusions 

Theoretical modeling of H2 gas reaction with pristine and Au-

doped SnO2 pyramid cluster is performed. The ambient O2 

reaction with the same clusters is also calculated, which 

corresponds to the recovery phase in a gas sensor system. A 

modified Evans–Polanyi principle is used to evaluate the Gibbs 

transition energy. The reaction of H2 with oxygen in the air is 

accounted for using a logistic function. The calculated 

temperature variation of response, response time, and recovery 

time show that H2 reactions increase with the fourth temperature 

power. In contrast, the O2 recovery is dependent on temperature 

variation of Gibbs free energy of activation only. The theoretical 

results are all in acceptable agreement with the experiment.  
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