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Abstract  

 

A quantum chemical calculation for the activation of propane across CrM-oxide (M = Cr, Mo, 

and W) catalysts in the dehydrogenation of propane into propylene was studied. The calculation 

was carried out via the use of the PM3 semi-empirical approach. In this study, the reactivity of 

the catalyst was examined through the use of reactivity parameters such as C-H bond 

abstraction activation energy (Ea), energy bandgap (Egap), and its adsorption energy (Eads) 

during the dehydrogenation of propane. This study further identifies the effects of introducing 

promoters such as molybdenum (Mo) and tungsten (W) on chromium (III) oxide catalysts were 

evaluated. The findings show that W increases the catalyst's binding energy for the isopropyl 

species, while Mo slightly reduces it. The structures' energy band gaps indicate that W reduces 

stability, while the presence of Mo increases stability. The study of the propane activation 

mechanism across the surface of CrM-oxides (M = Cr, Mo, and W) identifies O-Cr pair sites 

were found to be a thermodynamically feasible route for the activation of H-C1 with a lesser 

energy demand on the unmodified-surface. The modification of the surface using tungsten (W) 

was found to have speed up the rate of propane activation on the H-C1 bond across W-O pair 

sites. This finding was due to the lower activation energy shown for the route. However, this 

study confirms that tungsten's introduction promotes propane activation, while molybdenum 

slightly reduces the activation rate. Thus, tungsten would be more promising for promoting 

propane activation rate, while molybdenum is a potential promoter for enhancing propane 

dehydrogenation's catalyst stability. 

 

Keywords: Propane activation, Dehydrogenation, Semi-empirical calculation, Chromium 

oxide, Lewis acidity, Adsorption energy. 

 

 

 

Introduction 
 

The significance of reactive and valuable materials like ethylene, propylene, and many 

others cannot be overemphasized. These alkenes are usually known to be vital precursors in the 

petrochemical production in our industries. Propylene has been rated as one of the most important 

precursors in process industries due to its wide range of applications; some of these applications 

include using it as a feedstock to produce relevant materials like polypropylene, isopropanol, 

epichlorohydrin, propylene oxide, and acrylonitrile [1, 2]. The propane's direct conversion into 

propylene has suffered many challenges, which are majorly attributed to the catalyst's 

performance [3, 4]. Most of the existing industries have been using platinum and chromium oxide. 

These catalysts have been reportedly found to have suffered from rapid deactivation coupled with 

poor selectivity [5, 6], which results in low yield [5, 6]. Previous works such as Gascón et al. [7, 

6] attest that the Cr2O3 catalyst in its pure form shows poor catalyst selectivity for desired products 

and rapidly deactivates. In the 2020 market report for the global polypropylene, it was reported 

that the polypropylene market worth $126.03 billion in 2019 and had been projected to rise to 
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$192.33 billion by 2023 at a compound annual growth rate of 12%, which was associated with 

the rising demand of thermoplastic materials [8]. The thermoplastic materials have been proven 

to be of good chemical properties and recyclable without altering their physical properties, 

making them useful in clothing, packaging, and many other applications.    

Researchers are investigating the best approach to combat these challenges encountered 

in propylene production to meet the rising demand for propylene better. The earlier research has 

majorly focused on using the experimental approach; only a few considered using a theoretical 

approach to address this challenge. Some of the works that considered the use of theoretical 

approach includes Yan et al. [9] that used Density Functional Theory (DFT) calculation to 

propose a reaction mechanism for propane dehydrogenation for the use of Ga2O3 (100), where H 

abstraction by O(2) site was found to be of the low energy barrier. Another work is Ming et al. 

[10] studies that use DFT calculations to show that alloying platinum catalyst with tin decreases 

the energy barrier for propylene desorption and simultaneously increases the activation energy of 

propylene dehydrogenation, which has a significant effect on the catalyst selectivity of propylene 

production. Lauri and Karoliina [11] also made related deductions for the use of Sn to alloy Pt 

catalyst, unveiling that it would result in a lower coking rate and thereby weaken the propylene 

affinity for the surface. Timothy [12] confirmed that PtGa alloy has superior catalytic properties 

than Sn-Ga alloy and similar properties to those deduced for Pt-Sn alloy, as reported by Lauri and 

Karoliina [11]. Stephanie et al. [13] found that an increase in hydrogen pressure lowers the 

coverage of deeply dehydrogenated coke precursors on the surface. Other similar findings have 

been reported in the literature [5, 6, 14-16]. Looking at the fact the most studies have been 

focusing on the improvement of Pt catalyst, in recent times, Oyegoke et al. [17] considered the 

study of chromium oxide catalyst. The study indicated that the chromium sites are highly acidic 

and reactive compared to the oxygen sites, identifying the chromium site as the main active site 

in promoting propane dehydrogenation into propylene over Cr2O3 catalyst. In recent studies [18], 

the introduction of tungsten on the Cr2O3 catalyst was more promising than molybdenum due to 

the better avenue it offers to promote electron exchange and higher acidity. 

The search has shown that no work has evaluated the role of foreign material like 

molybdenum (Mo) and tungsten (W) in affecting the performance of the Cr2O3 catalyst. 

Therefore, in this current study, an approximation of the parameterized method 3 (PM3) of the 

semi-empirical theory was used to evaluate isopropyl and propylene's adsorption energies. The 

influence of the catalyst sites' acidity (Lewis) on propane activation was investigated in the 

presence of Mo and W (including a case where there is no foreign material). The understanding 

provided would give insight into the best way to improving the performance of a chromium oxide 

catalyst in the production of propylene. Moreover, the role played by the Lewis acidity of the 

catalyst is better understood. 

 

Computational Methodology 

 

In this study, the computations were carried out with the use of the Semi-empirical 

Parameterized Model 3 (PM3) calculation method in the SPARTAN 18 software package and ran 

on an HP 15 Pavilion Notebook (Intel Core i3 Processor @ 1.8 GHz and 6 GB RAM). This study 

employed the use of Spartan 14 to carry out all the molecular simulations, while Microsoft Excel 

was used to aid both the mathematical and statistical analysis carried out. ACD/ChemSketch 11 

was employed in sketching the structure of the molecules. 

 
Choice of cluster structures 

The molecular structures employed in representing chromium (III) oxide catalyst clusters 

or slabs were adopted for Compere et al. [19], which was found to be in line with the clusters 

employed in literature studies [9, 17-21] while that of the probes and reactant was built to be in 

line with the molecular structure present in PubChem online database. Also, the modified surface 
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of the catalyst (or modified form of the catalyst cluster) was built through the substitution of one 

chromium site on the chromium (III) oxide cluster with different metals such as molybdenum 

(Mo) and tungsten (W); otherwise known as a promoter to yield two new structures named to be 

‘Mo-modified catalyst surface or cluster’ and ‘W-modified catalyst surface or cluster.’ Fig. 1 

pictorially displays the molecular structures employed in this study. 
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Fig. 1. Molecular structure of molecular probes (a-b), unmodified catalyst cluster (c), modified catalyst cluster (d-e), 

Isopropyl species (f-g), propane (h) 

 

Ground-state geometrical optimizations 

The structures of the catalyst, reactant, and molecular probe structures were built and 

minimized using the molecular mechanics (MMFF) method to remove strain energy. After this, 

geometry optimizations and energy computations were subsequently calculated on the energy 

minimized structures using the PM3 basis set of a semi-empirical method at the ground state. 

Infrared (IR) frequency, orbital, and energies calculations were carried out on all optimized 

structures, and the absence of any imaginary frequencies confirmed that each optimized structure 

was located at a minimum on its IR spectra plot. All computations are made with an SCF tolerance 

of 10-9. The PM3 basis set was employed because literature confirms it is one of the best for 

computations that involve transition metals, such as chromium [20, 21]. 

 

Transition-state geometrical optimization 

At first, a guess transition-state structure was first built, after which the transition state 

optimization calculations were only performed using the guess structure alongside IR and energy 

calculations. PM3 was equally employed in this transition state search. All computations are made 

with an SCF tolerance of 10-9. Following the transition, state frequency calculations were 

performed to verify the TS nature of the structure, i.e., confirming that the structure had one, and 

one only, imaginary vibration frequency. Frequency calculations were also performed on the 

ground-state structures of the reference compounds. Fig. 2 shows that the different transition 

states geometry search carried out across different sites in this study. The activation energies (Ea) 

were obtained through the subtraction of transition state energy (Et) from the total energy of the 

reacting molecules (Er), that is, Ea = Er – Et, which was in accordance with the literature [20].  

 

Adsorption energy and other computations  

The heat of formation for the adsorbed species, catalyst slab, and catalyst slab with 

adsorbed species was calculated. The Infra-Red spectra, molecular, thermodynamics, and 

physiochemical parameters were evaluated from the computational approach employed. 

Adsorption energies were calculated using Equation (1), which was in line with the literature [15, 

19, 20-22]: 

 

Eads = Epq - Ep - Eq (1) 
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Where,  

Eads = adsorption energy 

Ep = total energy of adsorbate (p) 

Eq = total energy of free cluster or catalyst slab (q) 

Epq = total energy of adsorbed cluster or catalyst slab with adsorbate (pq) 
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Fig 2. a). Different Propane Activation Route over CrM-oxide (M=Cr, Mo, and W) Catalysts 
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Fig 2. b). Different Propane Activation Route over CrM-oxide (M=Cr, Mo, and W) Catalyst in Propane 

Dehydrogenation Mechanisms 

 

Lewis acidity collection 

The Lewis acidity of the catalyst sites was obtained from previous studies [18] on the same 

structures, which were evaluated via the use of pyridine and ammonia (presented in Table 1) as a 

molecular probe for the Lewis acidity calculation using their adsorption energies in line with the 

method employed in the literature [22, 23, 17] in the measurement of Lewis acidity. 

 
Table 1. Molecular Properties of the Catalysts  (Oyegoke et al., 2020). 

 

Name Formula 
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η
 

(eV) 

EN, 
χ (eV) 

CP, 
μ
 (eV) 

GEI, 
ω

 (eV) 

aAc 

(avg) 
pAc (avg) 

Chromia Cr₂O₃ -2.68 -14.51 -0.88 11.83 5.92 8.60 -8.60 3.12 -5.08 -5.59 

Mo-Chromia CrMoO₃ -1.31 -14.89 -0.73 13.58 6.79 8.10 -8.10 2.42 -4.39 -4.94 

W-Chromia CrWO₃ 0.37 -12.80 -2.26 13.17 6.59 6.22 -6.22 1.47 -8.99 -10.05 

Propane C3H8 3.71 -11.51 -1.02 15.22 7.61 3.90 -3.90 0.50 - - 

 

Acidity-reactivity correlation analysis 

The effects of Lewis acidity on the adsorption strength of the propane activation species 

(propyl-1 and propyl-2) across the catalyst cluster sites were investigated to identify the metal 

that exhibits a promising material for improving Cr2O3 catalytic performance by showing a 

stronger affinity and binding force for the isopropyl adsorption. The relationship between catalyst 

Lewis acidity (Ac), propane activation energy, or first hydrogen abstraction’s activation energy 

(Ea) and the activation species adsorption strength (Eads) using statistical analysis, which was 

done with the aid of Microsoft Excel 2013 software. 
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Results and Discussions 

 

Study of Propane Activation Mechanism over CrM-Oxide Surfaces 

The propane activation evaluation outcome in terms of potential activation mechanism 

regarding their energy barriers across different catalyst surfaces presented in Table 2, showing 

the mechanism on CrM – oxides (M = Cr, Mo, and W) surfaces.  

 
Table 2. Total Energy Data for Cr2O3, CrMoO3, and CrWO3 for Propane Activation (R, X, RX,  TS, and UX represent 

is reactant, catalyst, adsorbed R, transition state, and intermediate) 

 

Cr2O3 

Site 

R+X 

(eV) 

RX 

(eV) 

TS 

(eV) 

UX 

(eV) 

Ea 

(eV) 

CrMoO3 

Site 

R+X 

(eV) 

RX 

(eV) 

TS 

(eV) 

UX 

(eV) 

Ea 

(eV) 

CrWO3 

Site 

R+X 

(eV) 

RX 

(eV) 

TS 

(eV) 

UX 

(eV) 

Ea 

(eV) 

H-P1 

(O-Cr) 
-1.9 -2.95 -1.49 -4.77 1.46 

H-P1  

(O-Cr) 
-1.75 -1.75 0.78 -2.41 2.53 

H-P1 

(O-Cr) 
-3.28 -8.15 -5.2 -9.5 2.95 

H-P2 

(O-Cr) 
-1.9 -2.78 3.07 -4.54 5.85 

H-P2  

(O-Cr) 
-1.75 -1.75 1.39 -2.27 3.14 

H-P2 

(O-Cr) 
-3.28 -7.83 -4.27 -7.13 3.56 

H-P1 

(Cr-O) 
-1.9 -2.95 2.49 -3.34 5.44 

H-P1  

(O-M) 
-1.75 -3.82 2.05 -1.39 5.87 

H-P1 

(O-M) 
-3.28 -6.26 -3.28 -8.57 2.98 

H-P2 

(Cr-O) 
-1.9 -2.78 2.79 -3.3 5.57 

H-P2  

(O-M) 
-1.75 -3.93 4.93 -1.84 8.86 

H-P2 

(O-M) 
-3.28 -8.26 -6.31 -6.91 1.95 

H-P1 

(Cr-Cr) 
-1.9 -2.95 1.02 -4.66 3.97 

H-P1 

 (Cr-O) 
-1.75 -1.75 5.02 -4.34 6.77 

H-P1 

(Cr-O) 
-3.28 -8.15 -5.33 -9.22 2.82 

H-P2 

(Cr-Cr) 
-1.9 -2.78 1.31 -4.93 4.09 

H-P2  

(Cr-O) 
-1.75 -1.75 8.75 -4.1 10.5 

H-P2 

(Cr-O) 
-3.28 -7.83 -4.88 -9.3 2.95 

H-P1 (O-

O) 
-1.9 -2.95 5.78 -1.86 8.73 

H-P1  

(M-O) 
-1.75 -3.82 1.58 -4.67 5.4 

H-P1 

(M-O) 
-3.28 -6.26 -5.08 -7.77 1.18 

H-P2 (O-

O) 
-1.9 -2.78 2.23 -1.65 5.01 

H-P2  

(M-O) 
-1.75 -3.93 6.17 -4.27 10.1 

H-P2 

(M-O) 
-3.28 -8.26 -2.48 -7.7 5.78 

      
H-P1  

(Cr-M) 
-1.75 -1.75 16.25 -2.51 18 

H-P1 

(Cr-M) 
-3.28 -8.15 -4.27 -6.98 3.88 

      
H-P2  

(Cr-M) 
-1.75 -1.75 1.85 -2.94 3.6 

H-P2 

(Cr-M) 
-3.28 -7.83 -4.99 -5.79 2.84 

      
H-P1  

(M-Cr) 
-1.75 -3.82 8.05 -2.91 11.87 

H-P1 

(M-Cr) 
-3.28 -6.26 -3.11 -7.9 3.15 

      
H-P2  

(M-Cr) 
-1.75 -3.93 4.34 -2.83 8.27 

H-P2 

(M-Cr) 
-3.28 -8.26 -5.19 -5.16 3.07 

      
H-P1  

(O-O) 
-1.75 -1.75 4.68 -1.57 6.43 

H-P1 

(O-O) 
-3.28 -8.15 -4.21 -9.53 3.94 

      
H-P2  

(O-O) 
-1.75 -1.75 6.57 -1.56 8.32 

H-P2 

(O-O) 
-3.28 -7.83 -3.47 -7.93 4.36 

 

Cr2O3 Oxide Surfaces  

The results obtained for the different propane activation paths evaluated across the 

unmodified surface of chromium (III) oxide are presented in Fig 3. The figure presents the 

propane activation across O-Cr pair sites for H-C1 bond activation, which was more favourable 

than the H-C2 bond due to its lower activation energy of 1.46 eV. The activation of propane 

across Cr-O pair sites for H-C1 bond activation was identified to be more energetically feasible 

than H-C2 due to its lower activation energy (5.44 eV). Likewise, Cr-Cr pair sites identified H-

C1 bond activation to be more favourable due to its lower energy barrier (3.97 eV). The pairs of 

the activation sites confirm H-C1 bonds to be more feasible than H-C2, while the activation sites 

were found to be in the trend of Cr-O > O-O > Cr> O-Cr.  
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Fig. 3. Activation Energy Profile for Cr2O3 for Propane Activation 

 

This finding shows that O-Cr pair sites would be energetically feasible to activate the 

H-C1 bond, indicating that hydrogen (H) would be chemically adsorbed at the O site while 

isopropyl (P1) would be absorbed through C1 at the Cr site on the catalyst surface. These 

deductions agreed with the findings made by Lillehaug [24], where Cr and O sites were identified 

to be ease site propane activation.  

 

CrMoO3 Oxide Surfaces  

From the study of the surface-modified with molybdenum, the results obtained for the 

various propane activation mechanisms are presented in Table 2 and Fig 4. These results indicated 

that O-Cr, O-M, Cr-O, O-O and M-O pair sites would energetically activate propane across the 

H-C1 bond due to their lower activation energies (2.53, 5.87, 6.77, 6.43, and 5.40 eV, 

respectively) compared to H-C2 bond activation. And the results for the Cr-M and M-Cr sites 

indicate activating the propane across the H-C2 bond would energetically be promising due to 

the lower activation energies obtained for the catalyst sites as 3.60 and 8.27 eV, respectively, 

compared to what was obtained for the H-C1 bond activation, which was higher. Propyl-1 (P1) 

species were thermodynamically feasible for O-Cr, O-M, Cr-O, and M-O sites except for Cr-M 

and M-Cr sites that promote the production of propyl-2 (P2) intermediate species. 

 
Fig. 4. Activation Energy Profile for CrMoO3 for Propane Activation 

 

The activation energy trends for the thermodynamically feasible species were in the order: 

M-Cr > Cr-O > O-O > O-M > M-O > Cr-M > O-Cr. The activation energies computed for propane 

activation across different sites indicate that O-Cr would thermodynamically be favourable due 
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to its lower energy demand (2.53 eV) to get activated on the surface. This deduction was found 

to be like findings made for the activation of propane of an unmodified surface. Though, its 

activation energy was found to be higher than that of the unmodified surface. 

 

CrWO3 Oxide Surfaces  

The results obtained from the study of propane activation on tungsten – modified surface 

are presented in Table 2, and Fig. 5 indicates that H-C1 bond activation would be more favoured 

across O-O (3.94 eV), O-Cr (2.95 eV), Cr-O (2.82 eV), and M-O (1.18 eV) pair sites due to lower 

activation energy observed when compared to H-C2 bond activation. H-C2 bond activation was 

found to be energetically favourable for the pairs of O-M (1.95 eV), Cr-M (2.84 eV), and M-Cr 

(3.07 eV) sites when compared to H-C1 bond activation.  

The trend of the activation energies for the different activation sites goes thus: M-Cr > O-

Cr > Cr-M > O-O > Cr-O > O-M > M-O. It can be observed in Fig. 5. However, the activation 

energies computed for propane activation across different sites indicate that the M-O site would 

be thermodynamically favourable due to its lower energy barrier of 1.18 eV, which would activate 

the propane across the H-C1 bond on its surface.  

 

 
Fig. 5. Activation Energy Profile for CrWO3 for Propane Activation 

 

The observation was found to be like the deduction made for propane activation on the 

unmodified surface, except its activation energy, which was lower than that of the unmodified 

surface. This finding was found to agree with the experimental findings reported by Yun et al. 

[25] and Salamanca-Guzmán et al. [26], which identifies that tungsten-based metallic oxides 

better enhances the dehydrogenation of propane into propylene. 

 

Evaluation of Propane Adsorption over CrM-Oxide Surfaces  

The adsorption strength of the different surfaces with the activation species, that is, 

hydrogen (H) and isopropyl (P1 or P2), were evaluated and presented in Table 3 for unmodified 

(Cr2O3), molybdenum-modified (CrMoO3), and tungsten-modified (CrMoO3) surfaces. 

 

Cr2O3 Oxide Surfaces  

The adsorption study of the binding strength of the activation species across the various 

activation sites presented in Table 3 shows that the transition-state structures generally showed 

the weakest strength, followed by the physically bonded propane on the surface of the catalyst. 

The intermediate products (also known as the activation products or species that are isopropyl 

and hydrogen) were found to show a stronger binding strength, which was identified to be due to 

the chemical bonding between the species and the surface.  
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However, hydrogen (H) and propyl-1 (P1) adsorbed across O and Cr site respectively was 

found to show the highest adsorption strength (-6.60 eV), which was identified to be an 

energetically feasible activation route for the propane on Cr2O3 catalyst. Whereas hydrogen (H) 

and propyl-2 (P2) adsorbed across O and O sites respectively were found to show the lowest 

adsorption strength (-3.12 eV) among the activation species adsorbed. 

 

CrMoO3 Oxide Surfaces  

The study of the results presented in Table 3 similarly indicates that the TS structures 

generally showed the weakest strength, followed by the physically bonded propane on the 

catalyst's surface. The intermediate products (also known as the activation products or species, 

that is, isopropyl and hydrogen) were found to show a stronger binding strength, which was 

identified to be due to the chemical bonding between the species and the surface. It was observed 

that the physical adsorption of propane across the Cr site of the Mo-modified surface shows a 

weaker strength when compared to that obtained of the unmodified-surface, while that of the 

propane physically adsorbed across the M (Mo) site on the modified surface shows a stronger 

strength.  

 
Table 3. Results of Adsorption Energy for Propane Adsorption over Different Surfaces 

 

Site 

Free 

C3H8 

(eV) 

Initiated C3H8 (eV) TS (eV) H-C3H7 adsorption (eV) 

C
r

2 O
3  

C
rM

o
O

3  

C
rW

O
3  

C
r

2 O
3  

C
rM

o
O

3  

C
rW

O
3  

C
r

2 O
3  

C
rM

o
O

3  

C
rW

O
3  

H-P1 (O-Cr) 0 -1.05 -0.002 -4.87 -3.32 -1.20 -5.65 -6.60 -4.39 -9.95 

H-P2 (O-Cr) 0 -0.88 -0.002 -4.55 1.6 -0.23 -4.36 -6.01 -3.89 -7.22 

H-P1 (O-M)   -2.07 -2.98  0.07 -3.73  -3.37 -9.02 

H-P2 (O-M)   -2.18 -4.98  3.31 -6.4  -3.46 -7.00 

H-P1 (Cr-O) 0 -1.05 -0.002 -4.87 0.66 3.04 -5.78 -5.17 -6.32 -9.67 

H-P2 (Cr-O) 0 -0.88 -0.002 -4.55 1.32 7.13 -4.97 -4.77 -5.72 -9.39 

H-P1 (M-O)   -2.07 -2.98  -0.40 -5.53  -6.65 -8.22 

H-P2 (M-O)   -2.18 -4.98  4.55 -2.57  -5.89 -7.79 

H-P1 (Cr-Cr)/(Cr-M) 0 -1.05 -0.002 -4.87 -0.81 14.27 -4.72 -6.49 -4.49 -7.43 

H-P2 (Cr-Cr)/(Cr-M) 0 -0.88 -0.002 -4.55 -0.16 0.23 -5.08 -6.40 -4.56 -5.88 

H-P1 (M-Cr)   -2.07 -2.98  6.07 -3.56  -4.89 -8.35 

H-P2 (M-Cr)   -2.18 -4.98  2.72 -5.28  -4.45 -5.25 

H-P1 (O-O) 0 -1.05 -0.002 -4.87 3.95 2.70 -4.66 -3.69 -3.55 -9.98 

H-P2 (O-O) 0 -0.88 -0.002 -4.55 0.76 4.95 -3.56 -3.12 -3.18 -8.02 

 

Evaluation of the adsorption strength across different sites indicates that adsorption of 

hydrogen (H) and propyl-2 (P2) across M (that is, Mo) and O site respectively shows the highest 

adsorption strength (-5.89 eV) while H and P2 adsorbed across O and M (that is, Mo) site 

respectively was found to show the lowest adsorption strength (-3.18 eV) among the activation 

species adsorbed. However, the thermodynamically feasible activation route identified as O-Cr 

sites on Mo-modified catalyst was found to show adsorption energy of -4.39 eV, which was 

identified to be less than that identified for the activation species across the unmodified-surface 

of the catalyst as -6.60 eV. 

 

CrWO3 Oxide Surfaces  

In the study of the activation specie adsorption strength across the tungsten-modified 

surface of the catalyst presented in Table 3, it was observed that both chromium and tungsten 

sites were seen to be of a more massive binding strength for the propane physically bonded when 

compared to that the results obtained for the unmodified-surface. Although chromium (Cr) sits 

were found to be of more considerable binding strength than the propane physically adsorbed on 

the tungsten (W) sites, on the W-modified surface of the catalyst. It was also identified that the 
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TS structures generally showed the weakest strength, followed by the physically bonded propane 

on the surface of the catalyst. The intermediate products (also known as the activation products 

or species, that is, isopropyl and hydrogen) were found to show a stronger binding strength, which 

was identified to be due to the chemical bond between the species and the surface.  

 

 
Fig. 6. Reactivity & Acidity Parameter across CrM-oxide Surface 

 

Moreover, the adsorption strength across sites indicates that adsorption of hydrogen (H) 

and propyl-1 (P1) across O and O site respectively shows the highest adsorption strength (-9.98 

eV) while hydrogen (H) and propyl-2 (P1) adsorbed across M (that is, W) and Cr site respectively 

was found to show the lowest adsorption strength (-5.25 eV) among the activation species 

adsorbed. It was further identified that the adsorption energy of activation species across the 

unmodified-surface strength was found to be relatively low compared to that obtained for the 

thermodynamically feasible route identified as M-O sites on the W-modified surface of the 

catalyst with an adsorption energy of -8.22 eV. 

However, the isopropyl adsorption energy (Eads) of the Mo-surface was found to be the 

least, while W-surface was the highest, as shown in Fig. 6. It also identified Eads to be a good 

reactivity descriptor for the propane activation process. 

 

Relationship of Acidity and Reactivity on CrM-Oxide Surfaces 

The propane activation route with the least activation energy, Ea (min), was identified on 

each of the catalysts are presented in Table 4, where the highest Lewis acidity, aAc (max) when 

using either ammonia (a) or pyridine (p) probe, the adsorption energy (Eads), and the energy 

bandgap (Egap). 

 
Table 4. Acidity and Reactivity Parameters Collected on the CrM-oxide Surface 

 

Catalyst aAc (avg) a pAc (avg)a Ac (overall avg) Ea (min) Eads Site 

Cr2O3 -5.08 -5.59 -5.34 1.46 -6.60 O-Cr 

CrMoO3 -4.39 -4.94 -4.67 2.53 -4.39 O-Cr 

CrWO3 -8.99 -10.05 -9.52 1.18 -8.22 M-O 

Note: ‘a’ is Oyegoke et al. [18], aAc is probe (ammonia) adsorption energy, pAc is probe (pyridine) adsorption energy, 

and ‘avg’ is average. 

 

The correlation analysis of the ammonia (aAc) and pyridine (pAc) based Lewis acidity 

with the propane activation energy (Ea) and adsorption energy (Eads) of propane activation 

intermediates species such as isopropyl and hydrogen is presented in Table 5.  
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Table 5. Correlation Coefficients for Acidity and Reactivity Relationship 

 

  Ac (overall avg) Ea (min) Eads 

Ac (overall avg) 1.0   
Ea (min) 0.8 1.0  
Eads 0.9 1.0 1.0 

 

This analysis indicates the Lewis acidity measured in terms of average probe adsorption 

energies were identified to show a correlation coefficient of 0.8 and 0.9 with their activation 

energy and adsorption energy, respectively. This relationship between the catalyst acidity and 

reactivity from this correlation implies that the catalyst Lewis acidity showed a good and direct 

relation with the activation energy and adsorption energy. Moreover, the activation energy (Ea) 

was found to show a good and direct relation with adsorption energy (Eads) with a correlation of 

1. which corroborates with the literature [27]. 

The introduction of tungsten was identified to have increased the acidity and adsorption 

energy with decreased activation energy, while molybdenum slightly reduced acidity and 

adsorption energy with increased activation energy on the surface of chromium (III) oxide 

catalyst. These findings agree with the experimental report of Yun et al. [25], in which the 

introduction of tungsten-based oxide was identified to exhibit a superior catalytic activity relative 

to unmodified chromium (III) oxide.  

 

Conclusions 

 

The study of the propane activation mechanism across the surface of CrM-oxides (M = 

Cr, Mo, and W) identifies O-Cr pair sites were found to be a thermodynamically feasible route 

for the activation of H-C1 (i.e., propane activation at the alpha-carbon) with a lesser energy 

demand on the unmodified-surface. The modification of the surface using tungsten (W) was 

found to have speed up the rate of propane activation on the H-C1 bond across W-O pair sites. 

This finding was due to the lower activation energy shown for the route. 

The adsorption strength of the different surfaces for the activation species), that is, 

hydrogen and isopropyl) along the identified thermodynamically possible activation path, was 

found to be -6.60, -4.39, and -8.22 eV on O-Cr, O-Cr, and M-O sites across the unmodified, 

molybdenum-modified and tungsten-modified surfaces. The surface-modified with molybdenum 

was the most stable, though it shows higher activation energy than other surfaces.  

The relationship between acidity and reactivity on CrM-oxide surfaces was established 

to be a direct relation due to the good and positive correlation coefficients obtained for the 

different acidity and reactivity parameters considered in this study. The findings confirm that the 

higher the acidity, the higher the reactivity, which is, the higher the Lewis acidity, the lower the 

activation energy, the higher the catalyst binding strength. Therefore, the introduction of tungsten 

would increase the acidity and adsorption energy but decrease the activation energy, while 

molybdenum would slightly reduce acidity and adsorption energy but increase the activation 

energy on the surface of chromium (III) oxide catalyst. Based on the computations' findings, this 

study suggests introducing tungsten metal on chromium(III)oxide catalyst to improve its propane 

activation rate while molybdenum could improve stability. 
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