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Abstract.  FeO2 cluster adsorption and reaction with ethanol (C2H6O) using transition state theory are 

performed by density functional theory. First, the FeO2 small clusters are proven to be thermodynamically 

more stable stoichiometry over Fe2O3 in normal temperature and pressure, as expected previously in the 

literature. The shallow ethanol transition state of -0.0123 eV is found on the FeO2 surface compared to the 

adsorption and reaction energies at -1.154 and -7.8 eV, respectively. Reactions of ethanol with oxygen in 

the air are also considered. The maximum response temperature is at 280 C̊, so it is prior to the autoignition 

temperature of ethanol at 368.8 ̊C. The variation of response with ethanol concentration is compared with 

the experiment. Response and recovery times are also calculated and compared with available 

experimental results. 
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1.      Introduction 

 

FeO2 bulk structures are usually found at high pressure only (Gu & Liu, 2022; 

Koemets et al., 2021). However, recent experimental investigations found that FeO2 can 

be found on Fe2O3 surfaces at normal pressure and temperature (Redondo et al., 2019). 

This can be explained by the fact that to reach equilibrium with the oxygen in the air, more 

oxygen atoms are attached to the surface of Fe2O3, making the stoichiometry of Fe2O3 

crystals or particles shifts to FeO2 at the surface. This is confirmed theoretically by density 

functional calculations (DFT) that show, at normal pressure and temperature, the clusters 

of ferric oxide (Fe2O3) react with extra oxygen atoms to become FeO2 (Yu et al., 2018). 

Many metal oxide materials are used as sensors, such as SnO2 (Abdulsattar et al., 

2021a), WO3 (Zhao et al., 2022), ZnO (Abdulsattar et al., 2021b), Fe2O3 (Lei et al., 2023), 

etc. Nitrides and sulfides such as GaN (Li et al., 2022) and MoS2 (Yoo et al., 2022) are 

also used as sensors. Other materials, such as graphene or reduced graphene oxide, are also 

used as sensors (Abdulradha et al., 2022). The interaction or reaction between the sensor 

material and the gas molecules can be either by physical adsorption (physisorption) or 
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chemical reaction (chemisorption). The criteria for the adsorption to occur are the values 

of the thermodynamic energies, particularly Gibbs free energy. If the value of the Gibbs 

free energy is negative, the adsorption will proceed. 

In order to calculate the value of Gibbs free energy, density functional theory (DFT) 

is used. The adsorption rate can be calculated using transition state theory (TST) 

(Abdulsattar, 2020). In TST, a transition state that controls the reaction rate must be 

overcome before the reaction can be completed. Several corrections are added to DFT 

calculations that are compatible with the nature of the adsorption process, such as 

dispersion corrections that consider the long-range forces in the adsorption process. 

Ethanol is an important compound that has many applications, such as antiseptic and 

solvent for many materials (Maryam et al., 2021). The increasing amount of ethanol in 

human can lead to human body toxicity (Zink et al., 2020). Many materials are used to 

detect ethanol, such as SnO2 and In2O3 (Son et al., 2022; Song et al., 2022). In the sensing 

mechanism of ethanol, ethanol can be either physisorbed or chemisorbed to the sensing 

material. The result is a change in the resistance of the adsorbing material that can indicate 

the existence of ethanol in the air surrounding the sensing material. 

In the present work, the adsorption and detection of ethanol by FeO2 oxide that exists 

as small clusters or on the surfaces of Fe2O3 bulk is discussed. The reaction rate of ethanol 

with FeO2 is calculated using TST. The results of the reaction rate led to calculating the 

response, response time, and recovery time with both temperature and ethanol 

concentration. The theoretical results are compared with available experimental findings.     

 

2.      Theory 

 

The oxidation states of iron have a wide range of oxides. However, the bulk oxides 

that mostly exist in nature are ferrous oxide (FeO), ferric oxide (Fe2O3), and magnetite 

(Fe3O4). Recent studies show that the surfaces of these oxides might have different 

stoichiometries because of exposure to oxygen in the air. As an example, FeO2 can be found 

on Fe2O3 surfaces at normal pressure and temperature (Redondo et al., 2019). Small 

clusters of iron oxides at normal temperatures and pressure have also the preferred 

stoichiometry FeO2 (Yu et al., 2018). This can be proved using thermodynamic quantities 

such as Gibbs free energy by using density functional theory. As an example, the Fe8O12 

cluster (with Fe2O3 stoichiometry) suggested by reference (Erlebach et al., 2015) (Fig. 1a) 

is thermodynamically unstable and transforms to FeO2 stoichiometry (Fe8O16) as follows: 

 

Fe8O12+2O2→Fe8O16 (∆G= -4.550 eV),                               (1) 

Fe8O16+½O2→ Fe8O17 (∆G= 0.797 eV).                               (2) 

 

In the above equations, ∆G is the change in Gibbs free energy between products and 

reactants. The values of ∆G are obtained using the density functional theory at the level 

B3LYP/6-311G** (dispersion-corrected by GD3BJ version) that was tested several times 

for both cluster and gas sensor calculations (Mawwa et al., 2021; Muz & Kurban, 2022). 

B3LYP is a hybrid functional that incorporates some of the exact Hartree-Fock theory 

combined with empirical or theoretical exchange-correlation part. The name B3LYP is an 

abbreviation to (Becke, 3-parameter, Lee–Yang–Parr). The magnetization (spin) state of 

the clusters has only a small influence on their geometric structure (Erlebach et al., 2014). 
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As can be seen from Eq. (1) that the value of the change in Gibbs free energy is negative 

so that the reaction will continue forward until reaching equilibrium. The addition of 

oxygen to the initial stoichiometry Fe8O12 is performed step by step, adding one oxygen 

atom at a time until reaching Fe8O16, which was all with negative Gibbs free energy. 

However, as Fe8O16 be reached, the value of Gibbs free energy becomes positive, proofing 

that Fe8O16 is the stable stoichiometry as in Eq. (2). This result leads to the fact that the 

different gases reactions at the surfaces of Fe2O3 bulk are actually with FeO2 surfaces as 

mentioned earlier in the introduction part and previous references (Redondo et al., 2019; 

Yu et al., 2018). 

 The adsorption of ethanol at the Fe8O16 cluster surface can be either by 

physisorption via van der Waals forces or chemisorption by oxygen reduction as in the 

following two equations: 

 

Fe8O16+C2H6O→[Fe8O16+C2H6O]ads (∆G= -1.154 eV),                      (3) 

6Fe8O16+C2H6O→6Fe8O15+2CO2+3H2O (∆G= -7.797 eV).                     (4) 

 

As can be seen from Eqs. (3-4) that both physisorption and chemisorption are possible 

because of having negative Gibbs free energy. In order to calculate the adsorption rate of 

ethanol at the Fe8O16 cluster surface, the transition state must be determined. The transition 

state is defined as the state with the highest potential energy along the reaction path. 

Gaussian 09 program (Frisch et al., 2013) is used to calculate the transition state: 

 

Fe8O16+C2H6O→[Fe8O16---C2H6O]‡  (∆G‡= -0.0123 eV),                      (5) 

 

∆G‡ is the Gibbs free energy of transition. The transition state [Fe8O16---C2H6O]‡ controls 

the reaction rate as in the following TST equation (Abdulsattar et al., 2021a; Abdulsattar 

et al., 2021b): 

 

d[Fe8O16]

dt
= −A T [Fe8O16] [C2H6O]𝑒  exp

(
−∆G‡

kBT
)
.                             (6) 

 

In the above equation, [Fe8O16] is the concentration of FeO2 clusters, and [C2H6O]e is the 

effective concentration of ethanol. A in Eq. (6) is a pre-exponential factor, T is the 

temperature, and kB is the Boltzmann constant. The use of effective concentration of 

ethanol is due to the burning of ethanol as temperature increases: 

 

C2H6O+3O2→2CO2+3H2O (∆G‡= -12.284 eV).                      (7) 

 

The autoignition temperature of ethanol is 368.8 ̊C (Chen et al., 2010), after which ethanol 

burns rapidly. The distribution of ethanol due to its burning can be given by the logistic 

function: 

 

f(T) =
1

1+ek(T−T0)                                                  (8) 
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In the above equation, k is the logistic growth, and T0 is the 50% ethanol concentration 

temperature. The values of k and T0 for ethanol that give the best fit to experimental results 

are 0.5 K-1 and 365 K, respectively.  

Integrating Eq. (6), a 90% response time can be obtained (Abdulsattar et al., 2021a; 

Abdulsattar et al., 2021b; Abdulsattar et al., 2021c): 
 

tres(90%) =
ln (10)

[C2H6O]𝑒 A T exp
(

−∆𝐺‡

kBT
)
                                        (9) 

 

Similarly, a 90% recovery time can also be obtained (Abdulsattar et al., 2021a; 

Abdulsattar et al., 2021b; Abdulsattar et al., 2021c): 
 

trec(90%) =
ln (10)

[O2]0 A T exp
(

−ΔG‡

kBT
)

+ σ[C2H6O]                              (10) 

 

In the above equation, [O2]0 is the usual concentration of oxygen in the air. The 

effect of residual quantities of ethanol from the previous response phase is taken into 

account by the term σ[C2H6O], where σ is an empirical parameter (Abdulsattar et al., 

2021a; Abdulsattar et al., 2021b; Abdulsattar et al., 2021c). 

Sensor response is the resistance of the sensing material divided by the resistance 

when a specific concentration of ethanol is inserted (Ra/Rg). This ratio is proportional to 

the reaction rate of Eq. (6) (Abdulsattar et al., 2021a; Abdulsattar et al., 2021b): 

 

Response = C |
d[Fe8O16]

dt
| + 1                                          (11) 

 

When the concentration of ethanol vanishes (Ra = Rg), the response is equal to 1, as in the 

above equation that corresponds to no reaction (
d[Fe8O16]

dt
= 0). C is the correlation 

parameter that has the value (475 s) in the present work that gives the best fit to available 

experimental values for FeO2 sensitivity to ethanol (Mao et al., 2020). 
 

 
Fig. 1. The two clusters (a) Fe8O12 thermodynamically unstable cluster and (b) Fe8O16 thermodynamically 

stable cluster in normal conditions (25 ̊C and 1 bar) after geometrical optimization. The Fe8O12 cluster is 

suggested in reference (Erlebach et al., 2015) 
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Fig. 2. (a) Adsorption state of ethanol on the Fe8O16 cluster [Fe8O16---C2H6O]ads, (b) transition state of 

ethanol on the Fe8O16 cluster [Fe8O16---C2H6O]‡. 

 

 

 
 

Fig. 3. Logistic function of the fraction of burning ethanol on Fe8O16 cluster surface. The autoignition 

temperature and remaining fraction of ethanol is also shown. 
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3.      Results and discussion 

 

Fig. 4 shows the energy states diagram of the adsorption of ethanol on the surface of 

the Fe8O16 cluster. The reaction rate is controlled by the slow transition between the initial 

state Fe8O16+C2H6O to the transition state [Fe8O16---C2H6O]‡ that has a small change in 

Gibbs free energy (∆G‡= -0.0123 eV). The transition between the transition state [Fe8O16-

--C2H6O]‡ to the final state [Fe8O16---C2H6O]ads is fast due to the high difference in the 

Gibbs free energy. This is also the case when a reaction proceeds, as in Eq. (4). 

Fig. 5 shows the variation of response (Ra/Rg) of the Fe8O16 cluster to ethanol as a 

function of temperature in comparison with the experiment. The highest response 

temperature is in good agreement with the experiment at nearly 280 °C (Mao et al., 2020). 

The highest response value is also in good agreement with the experiment. The highest 

response temperature is usually less than the autoignition temperature of the sensed gas 

(Abdulsattar et al., 2021a; Abdulsattar et al., 2021c). However, the experimental values of 

response drop faster than the theory at low temperatures. The theoretical responses of high 

temperatures are in better agreement with experiments. 

Fig. 6 shows the variation of response (Ra/Rg) of the Fe8O16 cluster to ethanol as a 

function of ethanol concentration at maximum response temperature (280 °C) in 

comparison with the experiment. Good agreement can be seen in Fig. 6 between theory and 

experiment. 

Fig. 7 and Fig. 8 show the variation of 90% theoretical response and recovery times 

with concentration of ethanol as described by Eq. (9) and Eq. (10), respectively, at a 

maximum response temperature of 280 °C. Despite the limited experimental values, a good 

agreement between theory and experiment can be seen. These figures can be used to extract 

response and recovery times for different ethanol concentrations. 

 

 
 

Fig. 4. The energy states of the reactants, transition state, and final state of ethanol on the  

Fe8O16 cluster surface 
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Fig. 5. Fe8O16 cluster theoretical response to 100 ppm of ethanol as a function of temperature.  

Experimental results are from reference (Mao et al., 2020) 

 

 
 

Fig. 6. Fe8O16 cluster response to ethanol concentration at 280 °C. Experimental results are 

 from reference (Mao et al., 2020) 
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Fig. 7. Response time of Fe8O16 cluster as a function of ethanol concentrations 280 °C.  

Experimental results are from reference (Mao et al., 2020) 

 

 

 
 

Fig. 8. Recovery time of Fe8O16 cluster as a function of ethanol at 280 °C.  

Experimental results are from reference (Mao et al., 2020) 
 

Table 1 shows the parameters used in determining Figures (5-8). This includes the 

calculated Gibbs free energy of the transition state ∆G‡, the reaction frequency parameter 

A, and the residual gas parameter σ. The calculated transition state energies have big 

differences between the response and recovery phases. The vanishing value of the response 

phase (-0.0123 eV) is contrasted by the high value of the recovery phase (1.142 eV). This 



M.A. ABDULSATTAR et al: ADSORPTION OF ETHANOL BY FeO2 CLUSTERS: TRANSITION... 

 

 

 
131 

is the reverse situation for the frequency parameter A. The small value of A in the response 

phase (0.91 (s.K)-1) is due to the small number of collisions of the gas that has a 

concentration in the range of ppm level. The high value of A in the recovery phase 

(15000000 (s.K)-1) is due to the high number of collisions of oxygen atoms that forms one-

fifth of all atoms in the usual atmosphere. The residual gas parameter exists only in the 

recovery phase. Its value (170 s) represents the time increment in the recovery phase due 

to the existence of residual ethanol gas (or other reaction product gases) that delays the 

restoration of full oxidized metal oxide.   

 
Table 1. Transition state theory parameters needed to obtain theoretical results of response, response 

 time, and recovery time. Note that ∆G‡ is calculated using the present model while A and σ are  

fitting parameters that reflect the geometry of the sensor 
 

No. Reaction A (s.K)-1 ∆G‡ (eV) σ (s) 

1 Fe8O16+C2H6O→[Fe8O16---C2H6O]‡ 0.91 -0.0123 - 

2 [Fe8O16---C2H6O]ads→[ Fe8O16---C2H6O]‡ 15000000 1.142 170 

 

4.      Conclusions 

 

FeO2 is proved to be the stable thermodynamic stoichiometry for iron oxides in small 

clusters, which agrees with previous experimental and theoretical results. The transition 

state theory by its tool, namely density functional theory, is used to calculate the reaction 

rate of ethanol with FeO2 cluster. Response of the cluster to ethanol as a function of 

temperature and ethanol concentration is in good agreement with the experiment except at 

low temperatures. 90% response and recovery times are also in good agreement with the 

experiment. The frequency parameter (A) and residual gas parameter (σ) are used to fit the 

theory results with the experiment. The value of the frequency parameter A is much smaller 

in the response phase than its value in the recovery phase, as expected from the number of 

collisions of the ethanol molecules in the response phase and the number of collisions of 

oxygen atoms in the recovery phase. The burning of ethanol due to reaching close to its 

autoignition temperature is considered. 
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