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Abstract 

 The interaction of circular chromium trioxide clusters with various gases is discussed using density functional theory. 

Circular (CrO3)n clusters with n=1 to 6 are investigated. The interacting gases include CO, H2, NH3, CH4, and O2. All the 

interacting gases pick oxygen atoms from CrO3 clusters (except O2) leaving an oxygen-deficient cluster while O2 in ambient air 

re-oxidize these clusters. The CrO3 oxygen-deficient cluster has a lower energy gap that promotes the sensitivity of these clusters 

to the interacting gases. Thermodynamics of the interaction that includes the evaluation of Gibbs free energy, enthalpy, and 

reaction entropy is discussed. The variation of reaction temperature shows the temperature ranges in which reactions take place 

using Gibbs energy values. Some of the gas reactions are exothermic or endothermic depending on the enthalpy's values. Natural 

bond orbitals (NBO) analysis shows the charges on each atom in the CrO3 cluster and gases. These charges explain the reaction 

electrostatics between the clusters and gases. The gas relative sensitivity to these gases can be calculated using the change in the 

energy gap and reaction rate. 
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1. Introduction 

 

Chromium trioxide is an important material that is 

used as a catalyst and a gas sensor [1,2]. Having the highest 

oxidization state of Cr results in the use as an oxidizer [3,4]. 

It is one of several oxides of chromium that include CrO, 

Cr2O3, CrO2, …etc with varying oxygen content [5]. CrO3 

represents the fully oxidized and highest oxygen content of 

its oxides. Some of these oxides are magnetic so that they 

can be applied in a tape recording, such as CrO2 [5]. The 

energy gap of bulk CrO3 is 3.14 eV [1,6]. Depending on the 

structure, X-ray diffraction, IR and Raman spectroscopy can 

be used to discriminate these oxides from each other. 

Experimental Raman spectra of CrO3 are reported in 

reference [7] with the LO mode at 970 cm-1. 

Because CrO3 is fully oxidized, most gases react 

with this material by picking oxygen atoms from this 

compound [2]. Examples of these gases include CO, H2, 

NH3, and CH4. The remaining oxygen-deficient clusters can 

be re-oxidized by oxygen gas molecules. The reactivity and 

thermodynamics of CrO3 are rarely discussed [8,9]. The 

reaction of CrO3 with the above gases depends on the 

temperature and number of oxygen atoms required to burn  

 

 

the gas. The present electronic and magnetic applications of 

CrO3 is an important motivation for further research of 

different properties of CrO3 [10,11]. 

This work aims to use density functional theory 

(DFT) to calculate the reactions of several gases with 

Chromium trioxide small clusters including CO, H2, NH3, 

and CH4 common gases that are normally most of the 

detected gases in gas sensors [12].     

2. Materials and methods 

 

The interaction of CrO3 clusters with the incoming 

gas molecules includes the removal of an oxygen atom or 

more from the CrO3 cluster that oxides the gas molecule. 

Small cyclic CrO3 clusters were suggested in reference [6]. 

The length of the largest considered cluster (Cr6O18 

molecule) is 0.9 nm. These clusters are used to investigate 

CrO3 clusters reactions in the present work and are shown in 

Fig. 1.  The reactions of considered gases CO, H2, NH3, and 

CH4 with the largest cluster Cr6O18 are given by: 
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Cr6O18+CO→Cr6O17+CO2                              (1) 

Cr6O18+H2→Cr6O17+H2O                                (2) 

3/2Cr6O18+NH3→3/2Cr6O17+½N2+3/2H2O    (3) 

  4Cr6O18+CH4→4Cr6O17+CO2+2H2O            (4) 

The CrO3 clusters that lost one oxygen atom are shown in 

Fig. 2. When the gas flow stops, and the normal air flows 

over CrO3 clusters, the following reaction proceeds:  

2Cr6O17+O2→2Cr6O18                                    (5) 

In contrast to chemisorption reactions (Eq. (1-4)), 

the interaction of oxygen with the fully oxidized CrO3 

clusters is called physisorption as in the following equation:  

Cr6O18+O2→Cr6O18…O2                                (6) 

The three points (…) in the above equation refers to van der 

Waals forces connection. 

In a gas sensor, several factors affect its sensitivity 

to a particular gas. The sensitivity (Ra/Rg) is given by the 

ratio of the ambient gas resistance (Ra) to resistance in the 

presence of the detected gas (Rg) in the case of reducing 

gases or its reciprocal (Rg/Ra) in the case of oxidizing gases 

[13]. The energy gap of  materials is related to the 

conductivity by the following equations [14]: 

𝜎 = 𝜎0exp⁡(
−𝐸𝑔

2𝑘𝐵𝑇
)                                                         (7) 

𝜎0 = 𝐶𝑇
3

2⁡𝑞𝑒(𝜇𝑒 + 𝜇ℎ),                                                   (8) 

 

where σ, σ0, and kB are the electrical conductivity, pre-

exponential factor, and Boltzmann's constant, respectively. 

Also, in the pre-exponential factor, C is some constant, qe is 

electron's charge, μe and μh are electron's and hole's 

mobility, respectively. 

 The response and recovery time can be evaluated in 

terms of the reaction rate of the monitored gas with sensitive 

oxide. The reaction rate is given by [15]: 

 

𝑘(𝑇) =
𝑘𝐵𝑇

ℎ𝑐
exp (

−𝛥𝐺

𝑘𝐵𝑇
) .                                                  (9) 

 

kB is Boltzmann constant, h is Planck's constant, c is the 

concentration, ΔG is the change in Gibbs free energy of 

reaction. From Eqs. (7-9) we can see that most of the 

quantities are constants and can be omitted in calculating the 

relative temperature-dependent sensitivity so that the 

sensitivity (in the reduction case) for a given temperature 

can be proportional to: 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑇) =
𝑅𝑎

𝑅𝑔
~exp(𝐸𝑔𝑎 − 𝐸𝑔𝑔)⁡𝑘(𝑇)             (10) 

𝐸𝑔𝑎 is the energy gap in the ambient air and 𝐸𝑔𝑔 is the 

energy gap in the presence of the detected gas. 

 In addition to the energy gap and thermodynamic 

quantities described above, there are also other factors that 

influence the sensitivity of the oxide clusters to gases. From 

these factors are: 

1- The gas concentration is probably the most 

required quantity that is determined frequently in 

gas sensors operation [16,17].  

2- The kind of reaction that determines how many 

oxygen atoms are picked from CrO3 clusters for 

every single molecule of the interacting gas. All the 

Eqs. (1-5) are normalized to a single incident gas 

molecule. However, CH4 picks four oxygen atoms 

while the H2 molecule picks only one atom from 

the oxide cluster. 

3- The stripping of oxygen atoms is not limited to one 

oxygen atom [18]. Higher concentrations can strip 

several oxygen atoms from each surface cluster. If 

all oxygen atoms are stripped from a cluster the 

remaining Cr metal cluster is of very low 

resistivity.  

4- Some molecules can diffuse more deeply than other 

molecules such as H2 [19]. When these molecules 

reach inside clusters, the probability of forming 

surface Cr clusters (with no oxygen atoms) are 

more probable. 

5- The grain size of the particles is of great 

importance so that gas molecules can reach most of 

the surface atoms for small or nano-thin films [20]. 

All calculations are performed using B3LYP hybrid density 

functional theory and 6-311G** basis states. Gaussian 09 

program is used throughout the calculations [21]. 

 

3. Results and Discussions 

 

Fig. 3 shows the variation of the energy gap of 

(CrO3)n clusters. The energy gap of oxygen-deficient 

clusters is also shown.  Different values of bulk CrO3 are 

measured experimentally that have a range of values 2.25, 

3.14, and 4.32 eV [1,6,22]. As we can see from Fig. 3 that 

the lowest value of 2.25 eV might have been generated 

because of oxygen deficiency. In the present work, we 

recommend the midst value of 3.14 eV. The fully oxidized 

clusters energy gap seems to converge towards this value as 

expected from the quantum confinement theory. The 

difference between oxidized and vacancy clusters is in the 

range of less than 1 to 1.5 eV. 
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Fig. 4 shows the Gibbs free energy and enthalpy of 

reaction of H2 molecule with the largest CrO3 investigated 

cluster of Eq. 2 as a function of temperature. We can see 

from this figure that this reaction is exergonic (spontaneous) 

in the temperature range from ambient temperature to the 

end of the investigated range because of the negative values 

of Gibbs free energy of the reaction. The Gibbs free energy 

of the reaction is given by:   

 

     ∆𝐺 = ∆𝐻 − ∆𝑆⁡𝑇                                                      

(11) 

 

where ΔH and ΔS are the change in the enthalpy and entropy 

of reaction, respectively, and T is the temperature. Fig. 5 

shows the positive values of entropy of reaction that leads to 

higher values of enthalpy in Fig. 4 in comparison to Gibbs 

free energy. Fig. 5 also shows the decrease of reaction heat 

capacity with temperature due to the reduction of the 

difference in heat capacity between reaction products and 

reactants. 

On the other hand, Fig. 6 shows the oxidation 

reaction of Eq. 5 of the largest oxygen-deficient cluster. The 

values of Gibbs free energy and enthalpy are all negative, 

indicating that the reaction is exergonic and exothermic at 

all shown temperatures. Unlike Fig. 4, the values of Gibbs 

free energy in Fig. 6 are all higher than the enthalpy. This is 

because of the negative values of the entropy as in Fig. 7. 

Fig. 7 also shows the negative values of the reaction heat 

capacity due to the decrease of the heat capacity of the 

reaction products with respect to the reactants.  

Figs. 8 and 9 show charges on the largest cluster 

and charges on reacting gases using natural bond orbitals 

(NBO) analysis. As we can see from Fig. 8 that oxygen 

atoms have negative charges. These charges attract positive 

charges on gases. As a result, C atom in CO gas and H 

atoms in NH3 and CH4 gases all will be attracted to O atoms 

in the Cr6O18 cluster. Although hydrogen atoms in isolated 

H2 molecules have no charges, they acquire charge as they 

approach CrO3 clusters. The nearest H atom (to O atoms in 

Cr6O18 cluster) acquire a positive charge while the far one 

acquires a negative charge. The same is true for O2 

molecules that approaches oxygen-deficient clusters. 

Fig. 10 shows the relative sensitivity of the Cr6O18 

cluster to hydrogen, as described by Eq. 10. The sensitivity 

increases as the temperature increases. The highest 

sensitivity is limited by power consumption and structural 

changes in the sensitive material. 

Table 1 shows the thermodynamic quantities of the 

reactions in Eqs. (1-5) at standard conditions (temperature   

298.15 Kelvin and pressure 1 atm). As we can see that all 

Gibbs free energy of reactions are positive. This means that 

all the reactions are exergonic (spontaneous). However, the 

first and last reactions in Table 1 are the only exothermic 

reactions as determined by the values of the enthalpy. The 

rest of the reactions are endothermic. Therefore, some gas 

sensors need a heating source to maintain high temperature 

while others do not need this source. 

The change in entropy of a reaction depends on 

several factors. Molecules with higher kinetic energy have 

higher disorder and entropy. Entropy also increases as the 

number of molecules increase. The first two reactions have 

no change in the number of molecules. However, the 

exergonic reactions that add energies to the reaction 

products increase entropy. The third and fourth reactions 

have an increase in the number of product molecules. The 

result is a high entropy change due to the increase in the 

number of molecules and exergonic reactions. The last 

reaction shows the reverse of the changes in the first four 

reactions. The number of molecules of the products is half 

of that of the reactants that result in a reduction of entropy 

despite the increase of the kinetic energy of the products. 

The values of heat capacity are related to entropy and show 

the same variation in Table 1. 

The term exp (Ega-Egg) in Eq. 9, when applied to 

the various considered reactions, will produce the value 

4.487 eV due to reduction or increase in the energy gap. 

This change of the energy gap by more than one electron 

Volt is typical in gas sensors. On the other hand, the values 

of the Gibbs free energy in Table 1 shows that the recovery 

time of re-oxidation in Eq. 5 is smaller than the response 

time of all the considered gases. 
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Fig. 1: Smallest chromium trioxide clusters, i.e. (a) CrO3, (b) Cr2O6, (c) Cr3O9, (d) Cr4O12, (e) Cr5O15 and (f) Cr6O18. 

These clusters are geometrically optimized using B3LYP hybrid density functional theory. 
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Fig. 2: Smallest chromium trioxide clusters with one O atom deficiency, i.e. (a) CrO2, (b) Cr2O5, (c) Cr3O8, (d) Cr4O11, 

(e) Cr5O14 and (f) Cr6O17. These clusters are geometrically optimized using B3LYP hybrid density functional theory. 
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Fig. 3: The variation of the energy gap of (CrO3)n clusters. The energy gap of one O atom deficient clusters is also 

shown. The recommended bulk experimental gap of CrO3 is also shown [1]. 

 

 

Fig. 4: Gibbs free energy and enthalpy of the reaction of H2 molecule with the largest CrO3 investigated cluster of Eq. 2 

as a function of temperature. 
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Fig. 5: Entropy and heat capacity of the reaction of H2 molecule with the largest CrO3 investigated cluster of Eq. 2 s a 

function of temperature. 

 

 

Fig. 6: Gibbs free energy and enthalpy of the reaction of O2 molecule with oxygen-deficient largest CrO3 investigated 

cluster of Eq. 5 as a function of temperature. 

 



IJCBS, 22(2022):226-236 

 

Abdulsttar et al., 2022     233 
 

 

Fig. 7: Entropy and heat capacity of the reaction of O2 molecule with oxygen-deficient largest CrO3 investigated cluster 

of Eq. 5 as a function of temperature. 

 

 

 

Fig. 8: NBO charges on the largest CrO3 investigated cluster. 
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Fig. 9: NBO charges on the four considered molecules CO, H2, NH3, and CH4. 

 

 

Fig. 10: Temperature sensitivity of the reaction Cr6O18+H2→Cr6O17+H2O. 

 

 

 



IJCBS, 22(2022):226-236 

 

Abdulsttar et al., 2022     235 
 

Table 1: The thermodynamic quantities of interacting gases with the largest CrO3 cluster (Cr6O18) are shown in this table 

at standard temperature and pressure (temperature   298.15 Kelvin and pressure 1 atm). 

 Reaction ΔG 

(eV) 

ΔH 

(eV) 

ΔS 

(cal/mol-

K) 

ΔCv 

(cal/mol-

K) 

1 Cr6O18+CO→Cr6O17+CO2 -0.906 -0.716 14.695 2.874 

2 Cr6O18+H2→Cr6O17+H2O -0.171 0.149 24.788 2.012 

3 3/2Cr6O18+NH3→3/2Cr6O17+½N2+3/2H2O -0.123 0.635 58.613 6.607 

4 4Cr6O18+CH4→4Cr6O17+CO2+2H2O -0.077 1.670 135.170 16.310 

5 2Cr6O17+O2→2Cr6O18 -5.311 -6.196 -68.465 -6.962 

 

 

4. Conclusions 

The thermodynamic quantities of the interaction of CO, H2, 

NH3, CH4 with CrO3 clusters at standard conditions are 

calculated using density functional theory. These gases pick 

up oxygen atoms from the oxygen saturated CrO3 clusters. 

The calculated thermodynamic quantities show that all 

reactions are exergonic at standard conditions (spontaneous) 

due to the negative sign of the Gibbs free energy. However, 

not all the reactions are exothermic due to the positive 

values of the reaction enthalpies for some of the gases. The 

reactions can proceed in high values of temperature 

depending on Gibbs free energy and enthalpy. The entropy 

of these reactions can decide what reaction needs additional 

heating to proceed. Positively charged atoms in gases are 

attracted to the negatively charged oxygen atoms that can be 

calculated using NBO analysis. The temperature dependence 

of sensitivity can be calculated using reaction rates which is 

a function of Gibbs free energy.  
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