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Abstract  

Nonoxidative propane dehydrogenation (PDH) is a promising route to meet the steadily increasing 
demand for propylene, an important building block in the chemical industry. Wurtzite group-IIIA 
metal nitrides are potential catalysts for PDH with high chemical, thermal, and mechanical stability 
alongside inherent Lewis acid-base properties that can activate the C-H bond of alkanes. Herein, 
we investigate the catalytic behavior of pristine (AlN) and gallium-doped (Ga/AlN) aluminum 
nitride for PDH via concerted and various stepwise mechanisms using density functional theory 
(DFT) calculations and microkinetic modeling (MKM). The reaction profiles investigated with 
DFT calculations are used in MKM, which reveals that the stepwise mechanisms produce > 99% 
of propylene on both AlN and Ga/AlN. AlN has approximately one order of magnitude higher 
activity than Ga/AlN due to lower barriers along the dominant PDH reaction pathway. In summary, 
we propose the potential application of AlN as an efficient dehydrogenation catalyst for the 
conversion of light alkanes into valuable olefins. In addition, we show that multiscale simulations 
are essential to evaluate the catalytic behavior of complex alkane conversion reaction networks 
and obtain activity trends for dehydrogenation catalysts. 
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Introduction  

Propylene (C3H6) is a highly versatile industrial precursor for the production of important 

chemicals, including polypropylene, propylene oxide, and acrylonitrile.1-5 C3H6 is traditionally 

produced as a byproduct of thermal steam cracking and fluid catalytic cracking of heavy oils and 

naphtha.3, 4 However, these technologies are limited by the high energy requirements, low yield, 

poor product selectivity, CO2 emissions, and costly separation and purification processes.2 

Additionally, the global C3H6 demand (more than 100 million metric tons per year)6 exceeds the 

production capacity of existing steam crackers and refineries.1, 4 Therefore, there is a pressing need 

to discover alternative routes for C3H6 production. The large-scale exploration of shale gas 

reservoirs worldwide has provided an opportunity for producing C3H6 through the catalytic 

dehydrogenation of low cost and readily available propane feedstock (C3H8).7  

Nonoxidative propane dehydrogenation (PDH) is an endothermic and equilibrium-limited 

reaction wherein one mole of C3H8 generates one mole of C3H6 and one mole of molecular H2.3 

Accordingly, the reaction benefits from high temperatures of 550-750 °C and/or low C3H8 partial 

pressures of < 0.1 bar (due to a positive change in reaction entropy) to increase the equilibrium 

conversion of C3H8.2, 3, 7 The selective removal of H2 molecules, for instance in membrane reactors, 

can significantly enhance the equilibrium conversion and improve the efficiency of the 

downstream separation section of PDH processes.8,9 The residual hydrogen can further be 

combusted to heat the dehydrogenation reactor, potentially eliminating the need for an additional 

fuel source.10 Moreover, the design and discovery of active and stable catalysts play a key role in 

reducing the energy required in PDH processes. Commercial PDH processes utilize Al2O3-

supported Pt (OLEFLEX and steam-activated reforming processes) and CrOx (CATOFIN process) 

catalysts.3, 5 However, Pt-based catalysts are expensive and exhibit issues with coking and 

sintering, while CrOx/Al2O3 catalysts suffer from fast deactivation, requiring frequent catalyst 

regeneration, as well as high toxicity of Cr species.3, 5  

Metal oxides such as γ-Al2O3,11-13 ß-Ga2O3,14, 15  ZrO2,16 TiO2,17, 18 V2O3,19 Cr2O3,20, 21 and 

ZnO20, 22 have been extensively studied as PDH catalysts, among which γ-Al2O3 and ß-Ga2O3 are 

found to be promising candidates. γ-Al2O3 has been experimentally shown to be active and 

selective for the PDH reaction13 and computational work of PDH over γ-Al2O3 (100) and (110) 

surfaces has shown that the PDH mechanism is site-dependent with the concerted mechanism 
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(simultaneous activation of two C-H bonds) being preferred on the most active site.23 β-Ga2O3 

exhibits high dehydrogenation activity owing to the presence of coordinatively unsaturated Ga3+, 

which can activate paraffinic C-H bonds.14 However, the temperatures required for 

dehydrogenation induce sintering of GaOx-based catalysts which causes rapid deactivation.24 

Interestingly, it has been reported that catalyst modification through doping can enhance the 

catalytic performance via modification of the electronic properties of the catalyst. For instance, 

doping γ-Al2O3 with gallium atoms has been shown to enhance the dehydrogenation activity by 

improving the Lewis acid-base properties of the catalyst.10, 25 Additionally, Pt doping on Ga2O3 

improved the catalytic performance dramatically by hindering deep dehydrogenation reactions and 

increasing the long-term catalyst stability.26  

Although intense efforts have been devoted to identifying alternative dehydrogenation 

catalysts, their performance is still unsatisfactory compared to commercial catalysts mainly due to 

the insufficient C-H bond activation ability.24 Therefore, it is desirable to evaluate and identify 

alternative catalysts for dehydrogenation processes. Metal nitrides constitute an important series 

of heterogeneous catalysts, complementing metal oxides in many applications.27 The 

thermodynamically stable wurtzite-structure group-IIIA metal nitrides exhibit intrinsic Lewis 

acid-base properties that can selectively activate the C-H bonds of alkanes28 alongside an appealing 

mix of chemical, physical, and structural properties that are crucial for dehydrogenation processes. 

These properties include high thermal conductivity, high temperature stability, high corrosion 

resistance, high mechanical strength, non-toxicity, and good chemical stability.29,30,31,28, 32 For 

instance, aluminum and gallium nitrides (AlN and GaN) exhibit higher thermal conductivity than 

γ-Al2O3, which promotes heat transfer within the catalyst beds during reactions.33 Generally, 

catalysts with high thermal conductivity could efficiently avoid local overheating of the surface, 

which minimizes sintering in thermal catalysis.33, 34 

GaN is a metal nitride that has recently been evaluated as a dehydrogenation catalyst. GaN 

has multifunctional Lewis acid (Ga centers) and base (N centers) sites, which can selectively 

activate the paraffinic C−H bonds of alkanes.28, 35, 36 Chaudhari et al. performed density functional 

theory (DFT) calculations to study the nonoxidative coupling of methane to ethylene on both 

(11�00) GaN and (001) β-Ga2O3 and identified comparable C-H bond activation barriers of 4.68 

eV and 4.42 eV for GaN and β-Ga2O3, respectively.28 Li et al. and Dutta et al. experimentally 
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revealed superior catalytic performance, selectivity, and thermal stability of GaN compared to 

gallium oxides in nonoxidative short-chain alkane dehydroaromatization to benzene at elevated 

temperature.35, 36 AlN has been found, in both experimental and computational studies, to catalyze 

several reactions, including ammonia synthesis and aldol addition.31, 37 Despite its promising 

results in catalysis, AlN has not yet been assessed as a dehydrogenation catalyst.  

In this work, DFT calculations are used to evaluate different nitride systems (GaN and AlN 

in their pristine and doped states) for PDH. Following an initial catalyst screening approach, 

pristine and Ga-doped AlN are selected for a detailed DFT and MKM analysis. Our results suggest 

pristine AlN as a promising candidate for nonoxidative propane dehydrogenation to propylene, 

while revealing rich information on dehydrogenation mechanisms. 

 

Computational Details  

DFT calculations were performed using the CP2K package, applying a hybrid Gaussian 

and plane waves method, implemented in the QUICKSTEP program.38 The Perdew-Burke-

Ernzerhof exchange-correlation functional39 was used in the DFT calculations together with 

Grimme's D3 method40 to account for dispersion effects in the adsorbate-surface interactions.41 

Core electrons were approximated using Goedecker, Teter, and Hutter pseudopotentials.42,43,44 The 

electronic wavefunctions of Al and Ga atoms were described using the double-ζ valence polarized 

basis sets, whereas triple-ζ valence polarized basis sets were used for C, H, and N.45 A kinetic 

energy cutoff of 500 Ry was used in all calculations. The geometries were relaxed using the 

Broyden–Fletcher–Goldfarb–Shanno minimization algorithm46 until all forces were below 4.0×10-

4 Hartree Bohr-1 with SCF convergence criteria of 10-7 Hartree. Transition states (TSs) were located 

through climbing image nudged elastic band47 and dimer methods.48 All TSs were verified to have 

a single imaginary frequency along the reaction coordinate through frequency analysis using the 

harmonic oscillator approximation. The Gibbs free energies (G) of all states in the dehydrogenation 

reaction energy profiles were calculated using statistical thermodynamics as per the formula in eqn 

(1): 

G =  E +  ZPE + ∫ CpdT −  TS              (1) 
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where ZPE is the zero-point energy, Cp is the heat capacity, S is the entropy, and E is the total 

electronic energy of each system. The vibrational modes of only the adsorbates were factored in 

the free energy calculations. Enthalpic and entropic contributions of gas phase C3H8, C3H6, and H2 

molecules were calculated with the ideal gas approximation, whereas the enthalpy and entropy of 

adsorbed and transition states were computed with the harmonic oscillator approximation.49     

  The nonpolar (1120) 𝑎𝑎-planes of wurtzite metal nitride systems were considered due to 

their high chemical stability and well-defined atomic structures.32,50 The (112�0) surfaces were 

modeled with a (2 × 4) surface cell and described with eight atomic layers, consisting of 128 atoms. 

The bottom four layers were fixed at their optimized bulk positions, whereas the top four layers 

and the adsorbates were allowed to relax during geometry optimization. A vacuum spacing of 15 

Å was used to separate the slabs along the surface normal direction. The (112�0) Ga-doped AlN 

facet (Ga/AlN) was constructed from the pristine (112�0) AlN surface by replacing one Al surface 

atom with a Ga atom.10 The segregation energy of the Ga dopant was defined as follows:51    

 Eseg  =  �Epure bulk + Edopant in surface� − �Edopant in bulk + Epure surface�            (2) 

where Epure bulk and Edopant in bulk  are the total electronic energies of undoped AlN bulk and 

Ga/AlN bulk, respectively. Edopant in surface is the total electronic energy of (112�0) AlN surface 

with Ga dopant in the surface first-layer. Epure surface is the total electronic energy of a bare (112�0) 

AlN surface. Negative segregation energy indicates that segregation to the surface is 

thermodynamically favored. The binding energy of dissociated hydrogen (H2 BE)10, 23, 52,53 on  

metal-nitrogen surface site pairs is calculated as follows:  

                               H2 BE = Esurface/H2 − (EH2  
+ E clean surface)                    (3) 

where Esurface/H2  and E clean surface are the total electronic energy of a heterolytically dissociated 

H2 on metal-nitrogen site pair and clean (112�0 ) AlN surface, respectively. EH2 is the total 

electronic energy of an isolated H2 molecule in the gas phase. Negative H2 BE  indicates 

exothermic dissociation of molecular hydrogen on the surface. 

MKM was performed using the fp_echem software package available on the Mpourmpakis 

group Github.54 A full reaction network was constructed, which simultaneously considered four 

propane dehydrogenation mechanisms investigated with DFT calculations. A total of seventeen 
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elementary steps were included in the kinetic model. Tables 1 and 2 report the different elementary 

steps of the full PDH reaction network for both AlN and Ga/AlN, respectively. Additional details 

regarding the total set of elementary steps are presented in section 1 of the Supporting Information 

(SI) file. For adsorption events, the forward rate constants were evaluated using the Hertz-Knudsen 

eqn (4): 

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜎𝜎𝜎𝜎
�2𝜋𝜋𝜋𝜋𝑘𝑘𝐵𝐵𝑇𝑇

      (4) 

In eqn (4), σ is the sticking coefficient, which was set to one. A is the active site area, which for a 

single nitrogen and two metal atoms on Al/N and Ga/AlN surfaces is 4 Å2. m is the mass of the 

adsorbing molecule, 𝑘𝑘𝐵𝐵  is the Boltzmann constant, and T is the temperature. Desorption rate 

constants were computed considering the equilibrium constants for each reaction and the partial 

pressure of the relevant species: 

𝑘𝑘𝑎𝑎𝑑𝑑𝑎𝑎 = 𝑝𝑝·𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎
𝐾𝐾𝑒𝑒𝑒𝑒

      (5) 

Here, p is the partial pressure and 𝐾𝐾𝑑𝑑𝑒𝑒 = 𝑒𝑒−
Δ𝐺𝐺
𝑘𝑘B𝑇𝑇 where Δ𝐺𝐺 is the Gibbs free energy of adsorption. 

Forward rate constants for surface reaction steps were calculated using the Eyring-Polanyi eqn (6): 

𝑘𝑘𝑓𝑓𝑓𝑓𝑎𝑎 = 𝑘𝑘𝐵𝐵𝑇𝑇
ℎ
𝑒𝑒−

Δ𝐺𝐺‡

𝑘𝑘B𝑇𝑇     (6) 

In eqn (6), h is Planck’s constant and Δ𝐺𝐺‡ is the free energy barrier of the reaction. Reverse rate 

constants for these events were then determined from the forward rates using the equilibrium 

constants for each relevant elementary step: 

𝑘𝑘𝑟𝑟𝑑𝑑𝑟𝑟 = 𝑘𝑘𝑓𝑓𝑓𝑓𝑎𝑎
𝐾𝐾𝑒𝑒𝑒𝑒

      (7) 

All energies used in the microkinetic models were free energies calculated from DFT. Partial 

pressures of the gas phase species were held constant in MKM simulations. The specific pressures 

were 1.01 bar for C3H8, 0.001 bar for C3H6, and 0.001 bar for H2. This was done to approximate 

the behavior of a flow reactor which nearly instantly removed C3H6 and H2 from the near vicinity 

of the catalyst. Without holding the gas phase partial pressures constant, the hydrogenation of C3H6 

to C3H8 would dominate chemical turnover and quench any dehydrogenation activity of the nitride 

Page 6 of 21Catalysis Science & Technology



catalysts. It would also more closely reflect a batch operation, which is not the typical reactor setup 

that is employed at-scale for dehydrogenation chemistries. Initial coverages of any adsorbates were 

set to zero. Turnover frequencies (TOFs) were calculated by summing the forward (positive) and 

reverse (negative) rates for elementary reaction steps that produced C3H6. Net rates for the 

individual elementary reaction steps were determined as the difference between the forward and 

reverse reaction rates for each individual elementary step. The reaction networks were analyzed 

by calculating the degrees of rate control (DRCs) using finite differences,55 where rate constants 

for the elementary steps of interest were lowered by 0.01% and all other parameters were kept 

constant. TOF for C3H6 production was used in the calculation of all DRCs. 

 

Results and Discussion 

The binding energy of dissociated hydrogen has been previously identified as a quantitative 

dehydrogenation activity descriptor (i.e. correlating with rate-determining dehydrogenation 

barriers) on pristine and gallium-doped γ-Al2O3.10, 23, 52, 56 Previous studies have shown that active 

PDH catalysts exhibit a mild H2 BE ranging between ~ -50 to -70 kJ mol-1, (neither too weak to 

prevent C-H cleavage, nor too strong to poison the catalyst), in line with the Sabatier principle.23,56 

Thereby, we used H2 BE to identify active dehydrogenation dual acid-base sites on candidate metal 

nitride catalysts. We calculated the H2 BE on different active site pairs of pristine GaN (Fig. 1 

(a,b)) and AlN (Fig. 1 (c)). We found that the dissociated hydrogen atoms bind stronger on GaN 

(H2 BE equals -134.5 and -120.2 kJ mol-1 for Gaa-Na and Gaa-Nb, respectively) than AlN (H2 BE 

equals -44.5 kJ mol-1 for Ala-Na). The stronger binding of dissociated hydrogen atoms on GaN 

than the optimal H2 BE (-50 to -70 kJ mol-1) indicates high energy barrier to form and desorb 

molecular H2 from the catalytic surface. Consequently, the dehydrogenation activity of GaN will 

be affected adversely by site blocking due to the strongly bound surface hydrogen atoms.  

Previously, doping γ-Al2O3 with Ga was found to increase the H2 BE (i.e., H2 BE becomes 

either more exothermic or less endothermic depending on the adsorption site), resulting in a 

decrease in the C-H bond activation energy barrier of the most kinetically favored concerted 

mechanism (for different mechanisms see Fig. 2, vide infra).10 As noted, GaN exhibited more 

exothermic H2 BE than AlN. Hence, we hypothesize that doping AlN with Ga atoms could 

potentially shift the H2 BE of AlN towards the target H2 BE range of ~ -50 to -70 kJ mol-1 while 
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not blocking the doped active sites with surface hydrogen. To examine the doping effect on the 

binding strength of the dissociated hydrogen, we substituted a single Ga atom for an Al atom in 

the Ala-Na site pair (Fig. 1 (d)). We observed a more exothermic H2 BE of -64.8 kJ mol-1, as initially 

postulated. Accordingly, we expect a beneficial effect on the concerted C-H bond activation step 

(i.e., barrier decrease) upon doping AlN with Ga.10 These initial calculations of the H2 BE suggest 

that Ga/AlN could be a potential dehydrogenation catalyst.  

To act as an active site for dehydrogenation, the Ga atom must preferentially reside on the 

surface of the catalyst. Thus, it is important to address the preference of the Ga dopant segregation 

towards the surface, therefore we examined the segregation of Ga atom from the bulk structure to 

the surface first layer. We observed favorable bulk segregation to the surface, with a segregation 

energy of -77.3 kJ mol-1. The favorable surface segregation can be attributed to the larger atomic 

radii of the Ga dopant relative to the host Al metal, which adds strain to the doped bulk state. To 

release this strain, the dopant has a thermodynamic preference to segregate to the surface.  

 

Fig. 1 Graphical snapshots of relaxed structures and binding energy of H2 (H2 BE) interaction with 

metal-nitrogen active sites (a) Gaa-Na of GaN (b) Gaa-Nb of GaN, (c) Ala-Na of AlN, and (d) Gaa-

Na of Ga/AlN. Negative binding energies (values in kJ mol-1) indicate exothermic dissociative 

binding of H2. Key: N, blue; Al, magenta; Ga, green; H, white. 

 

As already discussed, Ga/AlN binds the heterolytically dissociated H2 stronger than AlN. 

Hence, we performed ab initio molecular dynamics (AIMD) simulations to examine molecular H2 
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formation events from two hydrogen atoms adsorbed on the surface under dehydrogenation 

conditions at 873.15 K while taking into consideration the dynamics of the catalyst. Details of 

AIMD simulations are presented in section 2 of the SI file. The AIMD simulations showed that 

molecular H2 formation events can be accessible at the typical dehydrogenation temperature, 

confirming that the poisoning of the doped active site of Ga/AlN by hydrogen adsorption is 

unlikely (Fig. S1).  

Motivated by the initial H2 BE screening results and the AIMD simulations, we assessed 

AlN and Ga/AlN as potential dehydrogenation catalysts. It is generally accepted that the PDH 

reaction occurs through concerted and stepwise mechanisms, as illustrated in Fig. 2.12, 21, 23 The 

concerted mechanism (Fig. 2, top panel) entails simultaneous activation of two C-H bonds of 

propane to directly form propylene and two surface-bound hydrogen atoms which further 

recombine to form molecular H2. Alternatively, PDH can occur via sequential removal of two 

hydrogen atoms from the methyl and methylene groups (i.e., primary and secondary carbons) of 

the propane molecule, followed by desorption of propylene and molecular H2 from the catalyst. In 

the following discussion, PS is short for initial activation of a primary, methyl, C-H bond followed 

by activation of a secondary, methylene, C-H bond. The SP notation indicates instead the 

activation of a secondary C-H bond followed by the activation of a primary C-H bond. The PS 

pathway (Fig. 2, middle panel) can be further classified as either PS indirect (PSI) or PS direct 

(PSD) mechanisms. In the first step of both PS mechanisms, a primary C-H bond is broken via 

abstraction of a proton by a surface nitrogen atom (N-H+*), with the 1-propyl group bonding to 

the active metal to form a surface-bound metal-1-propyl species with carbanionic character (M-

CH3CH2CH2
-*; charges determined with Bader analysis). In the second step of the PS mechanisms, 

there can be a differentiation in the second C-H activation. In the PSI mechanism, the secondary 

C-H bond is activated by a neighboring surface metal atom to form a propylene molecule and 

metal-hydride species (M-H-*). Then, the propylene molecule desorbs, and the dissociated proton 

and hydride (N-H+* and M-H-*) recombine to form H2 molecule. In the PSD mechanism, the 

second step entails direct recombination of the surface proton (N-H+*) with the β-hydride of the 

1-propyl intermediate to form a weakly bound H2 molecule and propylene. The SP mechanism 

(Fig. 2, bottom panel) is initiated by the activation of a secondary C-H bond through the abstraction 

of a proton by a surface nitrogen atom (N-H+*), with the 2-propyl group bonded to the active metal 
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atom (M-CH3CHCH3
-*). In the following step, a primary C-H bond is activated by a neighboring 

surface metal atom to form metal-hydride species (M-H-*) and a propylene molecule. The last step 

involves proton-hydride surface recombination to form molecular H2.  

 

Fig. 2 Possible mechanisms for propane dehydrogenation on metal nitrides.  In the stepwise 

mechanism notation, the order of the P and S highlights the mode of the C-H bond activation, 

where P and S are short for primary and secondary C-H activation, respectively. I and D in PSI 

and PSD, stand for indirect and direct, respectively. 

 

Fig. 3 shows the free energy pathways of each investigated mechanism. Electronic energy 

diagrams are shown in Fig. S2. The adsorption of propane was found to be endergonic with 

adsorption energies of 68.8 and 61.4 kJ mol-1 on AlN and Ga/AlN, respectively, due to the 

significant entropy loss at dehydrogenation conditions of 873.15 K and 1.01 bar. From the 

adsorbed state, the energy barriers for the simultaneous activation of two C-H bonds were 217.7 

and 206.8 kJ mol-1 on AlN and Ga/AlN, respectively. Then, the propylene molecule was desorbed 
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from the catalyst surface with desorption energies of -56.7 and -59.0 kJ mol-1 for AlN and Ga/AlN, 

respectively. The subsequent H2 production step on Ga/AlN was more energetically demanding 

than that on AlN, by 44.9 kJ mol-1, owing to the extra stabilization of the hydride-proton 

intermediate on Ga/AlN (GaH-* + NH+*) as compared to that on AlN (AlH-* + NH+*). The energy 

span57 between the highest lying TS and lowest lying intermediate on Ga/AlN is 18.2 kJ/mol-1 

lower than on AlN, suggesting that concerted PDH is more feasible on Ga/AlN. Going back to the 

H2 BE results of Fig. 1 (d), this finding illustrates that mild H2 BE is needed to enhance the overall 

PDH activity while not poisoning the doped active site with surface hydrogen (as confirmed by 

the AIMD simulations in Fig. S1).  

 

Fig. 3 Free energy PDH reaction profiles at 873.15 K and 1.01 bar on (a) undoped AlN and (b) 

Ga/AlN via the four mechanisms presented in Fig. 2. Concerted, stepwise PSD, stepwise PSI, and 

stepwise SP mechanisms are depicted in light blue, pink, green, and orange, respectively. 

Adsorbed states are denoted with asterisks. 

 

We next investigated stepwise PS mechanisms on AlN and Ga/AlN. For the PSI 

mechanism, the energy barrier for the first C-H bond activation is significantly lower than the 

concerted C-H bond activation, with activation energy barriers of 100.0 and 113.2 kJ mol-1 for AlN 

and Ga/AlN, respectively. The second dehydrogenation step (i.e., β-hydride elimination from the 

M-CH3CH2CH2
-* intermediate by a neighboring surface aluminum atom) was found to be more 
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energetically demanding on Ga/AlN than AlN, by 37.2 kJ mol-1, due to the higher stability of the 

Gaa-CH3CH2CH2
-* intermediate compared to Ala-CH3CH2CH2

-* intermediate. The H2 production 

step exhibited comparable energy barriers on AlN and Ga/AlN because the dissociated hydrogen 

atoms were abstracted from aluminum-nitrogen site pairs in both AlN and Ga/AlN (i.e., the Ga 

site does not participate in the H2 production TS on this mechanism). We observed comparable 

energy spans for PDH through the stepwise PSI mechanism on both Ga/AlN (300.3 kJ mol-1) and 

AlN (290.5 kJ mol-1). 

Alternatively, PDH can occur through the PSD mechanism. The activation energies of β-

hydride elimination by a surface proton (formed from the first C−H bond activation step) were 

found to be 192.3 and 204.9 kJ mol-1 for AlN and Ga/AlN, respectively. The catalytic cycle of the 

stepwise PSD mechanism is completed by the desorption of the weakly bound H2 molecule and 

propylene to regenerate the catalytic surface. Upon comparing the energy spans of the PSD 

mechanism (β-hydride elimination by a surface proton) and PDI mechanism (β-hydride 

elimination by a surface aluminum atom) on AlN, the latter was found to be preferred by 21.4 kJ 

mol-1. On the other hand, PSD and PSI mechanisms were energetically indistinguishable on 

Ga/AlN, with energy spans of 300.3 kJ mol-1 and 297.2 kJ mol-1 for stepwise PSI and PSD, 

respectively.  

Further, we investigated PDH on AlN and Ga/AlN through the stepwise SP mechanism. 

We found that it is slightly less favorable to abstract the first hydrogen from a nonterminal 

methylene group (stepwise SP mechanism) than from a terminal methyl group (stepwise PS 

mechanism) because the latter has lower C-H bond activation energy barriers, by 38.7 and 40.6 kJ 

mol-1 on AlN and Ga/AlN, respectively. The subsequent hydrogen abstraction from a terminal 

methyl group in the SP mechanism is found to be 16.8 kJ mol-1 more energetically demanding on 

Ga/AlN than AlN, owing to the stabilization of the Gaa-CH3CHCH3
-* carbanion compared to Ala-

CH3CHCH3
-* carbanion. Considering the free energy barriers of all elementary steps of the three 

different stepwise mechanisms, the elimination of the second hydrogen is found to be the most 

energetically demanding step on AlN and Ga/AlN. By comparing the free energy barriers of the 

second C-H bond activation step of the stepwise mechanisms on AlN, we observed that hydrogen 

elimination by surface metal (i.e., stepwise PSI and SP) occurs through lower energy barriers 

compared to hydrogen elimination by surface proton (i.e., stepwise PSD, with the surface proton 
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being generated in the first C-H activation step). This activation energy trend is due to the stronger 

Lewis acidity of the metal center and higher facility to abstract the hydrogen atom. 

 Although the reaction energies and barriers in the reaction coordinates of Fig. 3 provide 

valuable information about the detailed energetics of PDH elementary reaction steps and potential 

preference of one mechanism over the other, they do not provide information on the reaction rates 

that would be observed on AlN or Ga/AlN catalysts. To obtain reaction rates, we need to consider 

the effects of surface coverages and gas phase pressures on the overall PDH rate. Moreover, the 

competition between each of the mechanisms through highly stable intermediates cannot be 

extracted from the potential energy profiles in Fig. 3. To calculate the rates of PDH on AlN and 

Ga/AlN, we constructed microkinetic models of the full PDH reaction networks for each catalyst. 

All four PDH mechanisms were considered in the kinetic model. The MKM results including 

TOFs, elementary reaction rates, and DRC information are summarized in Fig. 4 for AlN (top 

panel) and Ga/AlN (bottom panel). 

 

Fig. 4. Comparison of PDH kinetics on (a, b) AlN and (c, d) Ga/AlN catalysts. (a, c) Turnover 

frequencies as a function of temperature for each PDH reaction mechanism and the single 
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composite PDH mechanism. (b, d) Degree of rate control (Xrc,i) for the most critical elementary 

steps as a function of temperature.  

 As shown in Fig. 4 (a, c), AlN is consistently over an order of magnitude more active than 

its Ga-doped derivative in terms of the total TOF of the composite mechanism (i.e., single 

mechanism composed of all four PDH mechanisms of Fig. 2). From 700 K to 1000 K, the TOF of 

C3H6 on AlN increases from 4.1x10-5 s-1 to 2.7x10-1 s-1. In the same temperature range, the TOF 

of C3H6 on Ga/AlN increases from 1.6x10-6 s-1 to 2.5x10-2 s-1. It is therefore apparent that the 

dehydrogenation rate is higher on AlN than Ga/AlN in the entire temperature range, which shows 

that doping is not preferential for the activity. By comparing the TOF of each individual 

mechanism against the composite mechanism on AlN and Ga/AlN, stepwise PSI mechanism was 

found to dominate the activity. We also compared the TOFs of the nitride catalysts to metal oxide 

catalysts which have been discussed in the literature. Table S1 summarizes this comparison and 

shows that AlN performs better than most of the active oxide PDH catalysts. Specifically, pristine 

AlN exhibited at least one order of magnitude higher catalytic activity than β-Ga2O3, α‑Cr2O3, 

ZnO, and TiO2, in their pristine and doped states. 

 Additionally, we have investigated the reaction rates for each elementary step in the 

composite dehydrogenation mechanism on AlN (Fig. S3). The elementary steps included in the 

PSI mechanism have the highest rates and together contribute to 84.5% of all C3H6 product. The 

steps related to the SP mechanism contribute approximately 15.5% of produced C3H6. The steps 

in the PSD and concerted mechanisms produce essentially no C3H6. This shows that the PSI 

mechanism is primarily responsible for C3H6 production on AlN, in agreement with the TOF 

results of Fig. 4 (a).  

The dominant dehydrogenation mechanism on undoped AlN was also verified by DRC 

analysis. The DRC for the most important elementary steps in the dehydrogenation reaction 

network on AlN are shown in Fig. 4 (b). Steps which are not shown have DRC of zero. The most 

critical reaction steps are the removal of the second and first hydrogen from C3H8 in the PSI 

mechanism, supporting the conclusion that the PSI mechanism is most responsible for C3H6 

production on AlN. At lower temperatures there is also a modest effect on total reaction rate by H2 

formation in the concerted pathway. Although the concerted steps are not directly significant in 

C3H6 formation, it is worth noting that the hydrogen atoms removed from C3H8 in this pathway 
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populate the metal centers which are responsible for alkane adsorption in each of the stepwise 

mechanisms. Accumulation of atomic hydrogen on the Al and N sites of the AlN surface through 

the concerted pathway can therefore block the adsorption of alkane for the stepwise pathways, 

inhibiting C3H6 turnover. At higher temperatures, the desorption of hydrogen is accelerated and 

the rate control of the concerted H2 formation step decreases. Interestingly, we observed negative 

DRC for the splitting of H2 in the concerted mechanism and the formation of C3H8 in the PSI 

mechanism. Increasing the rate of these steps would therefore inhibit the productive PDH turnover, 

since these are elementary steps that occur in the direction of net hydrogenation to produce C3H8 

from C3H6. Overall, it is apparent from Fig. 4 (a, b) that propane dehydrogenation on AlN is driven 

by reaction events primarily belonging to the PSI pathway. 

We next performed an analysis of the reaction rates on the Ga/AlN system as shown in Fig. 

S3. We found that the PSI steps remain the most significant for the overall dehydrogenation 

activity. For Ga/AlN, PSI produces 63.4% of the total C3H6, SP produces 35.3%, and the concerted 

pathway yields 1.3%. Virtually no C3H6 is formed through the PSD mechanism. Through 

inspection of Fig. S3, we conclude that the general effect of Ga doping is to inhibit the highly 

active PSI and SP mechanisms and accelerate the otherwise inactive concerted mechanism. Fig. 4 

(d) shows the DRC for all PDH reaction steps on Ga/AlN. Once again, steps with zero DRC are 

omitted. In comparison to Fig. 4 (b), it is apparent that multiple reaction steps compete to control 

the total dehydrogenation rate on Ga/AlN. There are notable additions of SP and concerted 

pathway events to the list of critical elementary steps, and the relative importance of the highly 

active PSI steps is smaller on Ga/AlN than on AlN. 

The main conclusion from our MKM analysis is that the PSI mechanism is the most active 

pathway for C3H6 formation on AlN and Ga/AlN. This result is not evident from the free energy 

diagram in Fig. 3. More specifically, the energy span57 between the highest lying TS and lowest-

lying intermediate on Ga/AlN suggests that the concerted mechanism is dominant over the 

stepwise mechanisms, with energy span of 268.2 kJ mol-1, while those for stepwise mechanisms 

varied between 297.3-306.8 kJ mol-1. Both concerted and stepwise PSI mechanisms were favored 

on AlN, with energy spans of 286.5 and 290.5 kJ mol-1, respectively. From only the free energy 

diagram, we would therefore expect the concerted mechanism to be the most active pathway for 

alkane dehydrogenation. Instead, our kinetic analysis shows that the PSI pathway is more active 
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than the concerted one. Reinspecting Fig. 3, it can be seen that the first C-H bond activation energy 

barrier is the highest for the concerted pathway. Thus, after alkane adsorption, it is more feasible 

to form a carbanion from a stepwise mechanism than an alkene from the concerted mechanism. 

This is depicted in the slower forward rate constant of the concerted C-H bond activation step 

(2.20E+00 and 9.29E+00 s-1 for AlN and Ga/AlN, respectively) compared to that of the first C-H 

bond activation of stepwise PSI (2.32E+07 and 3.53E+06 s-1 for AlN and Ga/AlN, respectively) 

and SP (9.58E+04 and 1.35E+04 s-1 for AlN and Ga/AlN, respectively), as shown in Tables 1 and 

2. In fact, the barrier for C-H bond activation in the concerted pathway is larger than the barrier 

for the second C-H bond activation in all stepwise pathways, which is reflected in the faster 

forward rate constant of the second C-H bond activation step of stepwise PSI and SP mechanisms 

compared to the concerted C-H bond activation step on AlN and Ga/AlN (Tables 1 and 2). 

Therefore, although the concerted pathways on AlN and Ga/AlN have the lowest dehydrogenation 

barriers (in term of overall energy span), our MKM analysis highlights the fact that the individual 

stepwise C-H bond activations are less energy intensive (i.e., lower barriers) than the concerted C-

H bond activation step. This results in higher coverages of intermediates relevant to stepwise 

pathways, supporting higher turnover rates for the stepwise mechanisms. It is noteworthy that 

designing a catalyst, which selectively favors the concerted mechanism over the stepwise one to 

avoid the buildup of surface carbanion species, is very difficult to achieve. This is because the 

Lewis acid-base properties of the catalyst simultaneously affect the first C-H bond activation steps 

of both the concerted and stepwise mechanisms.  

Taken together, our first-principles-based multiscale investigation revealed AlN as 

efficient PDH catalyst. Our initial catalyst screening was based on H2BE (Fig. 1), a 

dehydrogenation descriptor that identified AlN-based systems as potential PDH catalysts. Future 

studies could apply similar approaches to screen metal-nitride catalysts, as well as their various 

facets towards alkane dehydrogenation. In this way, rapid screening of Lewis acid-base sites 

through the H2BE descriptor can identify potential active sites that will be investigated further in 

detail through combining DFT with MKM.  
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Table 1. Thermodynamic and kinetic parameters of the elementary steps in the PDH reaction 

network on pristine AlN. The model considers three total surface sites that are involved in 

adsorption, surface reactions, and desorption. These are two metal sites (Al1 and Al2) and one 

nitrogen site. The subscripts v and h respectively denote vertical and horizontal adsorption 

configurations of alkanes, carbocations, and alkenes. The subscripts a and b identify H2 adsorption 

states with or without a neighboring adsorbed alkene. 

  

Reaction step Ea (kJ mol-1) ∆𝐸𝐸 (kJ mol-1) 𝑘𝑘𝑓𝑓𝑟𝑟𝑎𝑎873𝐾𝐾(s-1) 𝑘𝑘𝑟𝑟𝑑𝑑𝑟𝑟873𝐾𝐾(s-1) 

C3H8,(g) + Al1 + Al2 + N ↔  C3H8 − Al1 − Al2 − N  -36.66 -36.66 8.92E+01 4.36E+11 

C3H8,(g) + Al1 ↔  C3H8,v − Al1  -15.44 -15.44 8.92E+01 1.18E+12 

C3H8,(g) + Al1 ↔  C3H8,h − Al1  -34.74 -34.74 8.92E+01 1.07E+11 

C3H8 − Al1 − Al2 − N ↔  C3H6 − Al2 + H − Al1 + H − N  216.13 94.56 2.20E+00 1.45E+06 

C3H8,v − Al1 + N ↔  C3H7,v − Al1 + H − N  77.19 1.92 2.32E+07 8.01E+09 

C3H8,h − Al1 + N ↔  C3H7,h − Al1 + H − N  104.20 27.98 9.58E+04 7.77E+08 

C3H7,v − Al1 + H − N + Al2 ↔  C3H6,v − Al1 + H2 − Al2a + N  221.92 109.99 2.08E+00 1.32E+05 

C3H7,v − Al1 + Al2 ↔  C3H6,h − Al1 + H − Al2  176.57 109.03 1.07E+03 5.98E+07 

C3H7,h − Al1 + Al2 ↔  C3H6,h − Al1 + H − Al2  184.29 102.27 3.22E+02 8.39E+06 

C3H6,v − Al1 ↔  C3H6,(g) + Al1  52.10 52.10 1.27E+11 9.13E+01 

C3H6,h − Al1 ↔  C3H6,(g) + Al1  61.75 61.75 3.14E+10 9.13E+01 

C3H6 − Al2 ↔  C3H6,(g) + Al2  54.99 54.99 1.14E+11 9.13E+01 

H − Al1 + H − N ↔  H2 − Al1b + N  76.22 35.70 1.94E+09 4.77E+08 

H2 − Al1b  ↔ H2,(g) + Al1  8.68 8.68 8.21E+11 4.17E+02 

H2 − Al2a ↔  H2,(g) + Al2  10.61 10.61 1.23E+16 4.17E+02 

H − Al2 + H − N ↔  H2 − Al2b + N  90.70 -3.86 1.16E+08 9.05E+04 

H2 − Al2b ↔ H2,(g) + Al2  4.82 4.82 6.51E+11 4.17E+02 
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Table 2. Thermodynamic and kinetic parameters of the elementary steps in the PDH reaction 

network on Ga/AlN. The model considers three total surface sites that are involved in adsorption, 

surface reactions, and desorption. These are two metal sites (Ga and Al) and one nitrogen site. The 

subscripts v and h respectively denote vertical and horizontal adsorption configurations of alkanes, 

carbocations, and alkenes. The subscripts a and b identify H2 adsorption states with or without a 

neighboring adsorbed alkene.  

 

 

 

 

 

Reaction step Ea (kJ mol-1) ∆E (kJ mol-1) kfrd873K(s-1) krev873K(s-1) 

C3H8,(g) + Ga + Al + N ↔  C3H8 − Ga − Al − N -26.05 -26.05 8.92E+01 1.46E+11 

C3H8,(g) + Ga ↔  C3H8,v − Ga -15.44 -15.44 8.92E+01 3.73E+11 

C3H8,(g) + Ga ↔  C3H8,h − Ga -33.77 -33.77 8.92E+01 9.54E+10 

C3H8 − Ga − Al − N ↔  C3H6 − Al + H − Ga + H − N 184.29 65.61 9.29E+00 1.74E+06 

C3H8,v − Ga + N ↔  C3H7,v − Ga + H − N 105.17 -17.37 3.53E+06 9.01E+07 

C3H8,h − Ga + N ↔  C3H7,h − Ga + H − N 124.47 7.72 1.35E+04 1.47E+07 

C3H7,v − Ga + H − N + Al ↔  C3H6,v − Ga + H2 − Ala + N  241.21 137.01 8.31E+00 2.83E+04 

C3H7,v − Ga + Al ↔  C3H6,h − Ga + H − Al 202.62 139.9 6.55E+00 1.05E+07 

C3H7,h − Ga + Al ↔  C3H6,h − Ga + H − Al 210.34 133.15 3.10E+01 4.54E+06 

C3H6,v − Ga ↔  C3H6,(g) + Ga 44.38 44.38 7.78E+10 9.13E+01 

C3H6,h − Ga ↔  C3H6,(g) + Ga 52.10 52.10 9.54E+09 9.13E+01 

C3H6 − Al ↔  C3H6,(g) + Al 53.07 53.07 1.51E+11 9.13E+01 

H − Ga + H − N ↔  H2 − Gab + N 127.36 56.93 4.16E+06 5.09E+06 

H2 − Gab  ↔ H2,(g) + Ga 7.72 7.72 2.94E+11 4.17E+02 

H2 − Ala ↔  H2,(g) + Al 9.65 9.65 4.82E+11 4.17E+02 

H − Al + H − N ↔  H2 − Alb + N  89.73 -6.75 2.15E+08 5.68E+04 

H2 − Alb ↔ H2,(g) + Al 4.82 4.82 5.59E+11 4.17E+02 
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Conclusions 

In this contribution, we employed periodic DFT calculations and microkinetic analysis to 

investigate PDH through various dehydrogenation mechanisms, namely, concerted and three 

different stepwise mechanisms on AlN and Ga/AlN. These catalysts were identified as potential 

PDH catalysts through established activity relationships. Kinetic analysis revealed the stepwise 

PSI mechanism as being majorly responsible for C3H6 formation on AlN and Ga/AlN. Reaction 

rates and degree of rate control unraveled the importance of elementary steps in the overall 

dehydrogenation network where multiple reaction mechanisms can compete. This information 

cannot be captured from DFT calculations alone, highlighting the importance of applying 

multiscale simulations in understanding and predicting catalytic behavior on alkane 

dehydrogenation catalysts. In summary, this multiscale computational work revealed AlN as a 

potential catalyst for light alkane dehydrogenation into valuable olefins, guiding experimentation, 

and demonstrated routes to address complexity on understanding and evaluating alkane 

dehydrogenation catalytic mechanisms. 
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