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Abstract 

Density functional theory (DFT) calculations coupled with descriptor-based microkinetic analysis are 
performed to derive the activity and selectivity maps for propane dehydrogenation (PDH). The 
formation energies of CH3CH2 and C are identified as two descriptors to represent the energetics of 
other reaction intermediates and thus the reaction kinetics. With both the catalytic activity for PDH and 
the selectivity toward propylene production taken into account, Pt is proposed to be the best catalyst 
among elemental metals. The derived volcano curves offers an opportunity to single out promising PDH 
catalysts with increased catalytic activity and improved selectivity by screening a large number of 
transition metal alloys. 
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Propylene is an important chemical intermediate in the 
chemical industry, which is conventionally produced 
either as a co-product to ethylene in steam crackers or as a 
byproduct in refineries. With the increase in exploration of 
shale gas, new cracker projects for ethylene production are 
based primarily on ethane feedstock, which yield almost 
no propylene. On the other hand, the demand for 
propylene worldwide is growing by 5-6 % each year, so 
that on-purpose propylene production technologies such as 
propane dehydrogenation (PDH) and metathesis have been 
proposed to fill the supply-demand gap. 

PDH has been successfully commercialized, and the 
dehydrogenation catalysts used in industry are platinum- 
or chromium oxide-based catalysts. However, platinum is 
precious and sexavalent chrome has harmful effects on 
environments. Therefore, searching for novel non-precious 
metal alloy catalysts with increased catalytic activity and 
improved selectivity for propylene production would 
make this process more competitive. 

Computational 

Density Functional Theory (DFT) Calculations 

In this contribution, the reaction network for PDH 
consists of 64 elementary steps, including C-H and C-C 
bond cleavage of C1, C2, and C3 species, as shown in 
Scheme 1. Since previous experimental and theoretical 
findings have proved that under-coordinated surface sites 
are more active for PDH than close-packed surfaces, the 
stepped (211) surface of 8 FCC metals (including Ni, Cu, 
Rh, Pd, Ag, Ir, Pt, and Au) was constructed to represent 
the active site. DFT calculations were then performed to 
obtain the geometries and energetics of the adsorbed 
species and activated complexes over the (211) surfaces.  



  

 

Scheme 1.   Reaction network for propane 
dehydrogenation and undesired deep 

dehydrogenation and cracking reactions 

Microkinetic Modeling 

The DFT-calculated energies and frequencies were 
used as inputs to a subsequent microkinetic modeling. 
Here a descriptor-based microkinetic analysis of PDH was 
carried out with the CatMAP code. The search for 
descriptors that may describe the reaction kinetics is based 
on the scaling relations between the energetics of reaction 
intermediates and the BEP relationship. In the present 
work, the formation energies of CH3CH2 and C were 
identified as two descriptors by performing two-variable 
linear regression. The kinetic model was then solved under 
the mean-field approximation to obtain the forward and 
reverse reaction rates for the elementary steps involved. 

Results and Discussion 

Activity Map 

The activity map for propylene production is shown 
in Figure 1a, and the formation rates of propylene over 
elemental metals are also given. From the figure, one can 
see that the optimal catalyst has CH3CH2 and C formation 
energies in the range of 0.3-0.6 and 1.2-6.0 eV, 
respectively. Among the elemental metals, Ir and Pt 
achieve the highest turnover frequencies (TOFs) for 
propylene production. 

Selectivity Map 

In PDH, the catalyst selectivity towards propylene 
production is of crucial importance because both the 
propylene yield and the catalyst stability are significantly 
affected by the competition between propylene deep 
dehydrogenation and propylene desorption. The deeply 
dehydrogenated C3 species would be decomposed to form 
coke on the metal surface, which gives rise to a quick 
deactivation of the catalyst. 

 

Figure 1.   Volcano curves for (a) propylene 
production rate and (b) selectivity toward 
propylene as a function of CH3CH2 and C 

formation energies.  

The selectivity map for propylene production is 
shown in Figure 1b. It can be seen that while Ir exhibits 
the highest catalytic activity for propane dehydrogenation, 
its selectivity is too low to be used as a good catalyst for 
PDH. If a compromise is made between catalytic activity 
and selectivity, Pt is proposed to be the best monometallic 
catalyst, which offers an explaination for the useage of Pt 
in industry. Nevertheless, significant imporvements in 
catalytic activity and selectivity need to be achieved to 
make PDH more attractive. The derived volcano curves 
offer a possibility to single out the best catalyst for PDH 
by screening a large number of transition metal alloys. 

Conclusions 

Volcano curves for the PDH process are obtained 
through DFT calculations coupled with descriptor-based 
microkinetic analysis. The formation energies of CH3CH2 
and C scale linearly with the energetics of other species 
involved in PDH and are found to be good descriptors to 
describe the reaction kinetics. Among the elemental metals, 
Pt is the best catalyst with both catalytic activity and 
selectivity considered. On the basis of the derived activity 
and selectivity maps, promising PDH catalysts can be 
singled out by screening a large number of metal alloys. 
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