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Abstract 

The kinetics of propane dehydrogenation over single-Pt-atom-doped Ga2O3 catalyst has been examined by combining 

density functional theory calculations and microkinetic analysis. The doping of Pt not only can improve the selectivity of 

the Ga2O3 catalyst by hindering the deep dehydrogenation reactions but also helps to achieve a long-term stability by 

improving the resistance of Ga2O3 to hydrogen reduction. Microkinetic analysis indicates that upon Pt doping the turnover 

frequency for propane consumption is increased by a factor of 2.8 under typical operating conditions, as compared to the 

data on the pristine Ga2O3 surface. The calculated results suggest that the Pt1-Ga2O3 catalyst shows a bifunctional character 

in this reaction where the Pt-O site brings about dehydrogenation while the Ga-O site is active for desorbing H2, which 

provides a beautiful explanation for the previous experimental observation that even trace amounts of Pt can dramatically 

improve the catalytic performance of Ga2O3. 
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INTRODUCTION 

Light alkenes, which have traditionally been obtained from steam cracking and fluid catalytic cracking of naphtha, light 

diesel, and other oil products, are important feedstocks in the chemical industry for the production of polymers, oxygenates, 

and other important chemical intermediates.1 The recent shale gas revolution, however, has promoted the production of 

low-cost light alkanes and therefore provided an attractive olefin production technology through dehydrogenation.2 Propane 

dehydrogenation (PDH) has long been successfully commercialized, where Al2O3–supported PtSn and CrOx catalysts are 

used due to their high propylene selectivity and stability.3 On the other hand, much industrial chemical research has being 

devoted to the search for new and more effective catalysts because Pt is rather costly and hexavalent Cr is environmentally 

unfriendly. Hence, many oxides such as Ga2O3,4-6 VOx,7-9 ZrO2,10-12 CeO2,13,14 ZnO,15 TiO2,16 and Al2O317 have been 

extensively studied for PDH, among which Ga2O3 is a very promising candidate. 

Recently, Sattler et al.18 synthesized a 1000 ppm Pt–promoted 3 wt % Ga2O3/Al2O3 catalyst, which shows a high catalytic 

activity and stability in PDH. Interestingly, the conversion of propane (42.0 %) at 620℃ and 1 atm is almost twice the 

conversion when Pt is absent. In addition, the well-dispersed Pt–Ga2O3/Al2O3 catalyst is highly resistant to coke formation 

and remains active for long-term dehydrogenation-regeneration cycles. It is therefore of great interest to see why this 

minute amount of Pt can dramatically improve the catalytic performance of the Ga2O3 catalyst and to understand the 

important role that Pt and Ga2O3 have played in the dehydrogenation reaction. In that work, the authors postulated that the 

coordinatively unsaturated Ga3+ species are the active species for breaking C–H bond while Pt would assist in desorbing H2, 

making the active sites available for the dehydrogenation cycle. More recently, similar catalysts were prepared by Im and 

Choi.19 The only difference is that Pt was introduced during the synthesis of Ga2O3–Al2O3 through the sol-gel method and 

Ga2O3–Al2O3 was doped by atomically dispersed Ce, both of which may enhance the interaction between Pt and the 

substrate and avoid Pt sintering. The catalyst showed remarkably good catalytic performance and GaOx was believed to be 

the main active site while Pt functions only as promoters. 

Theoretically, Liu and co-workers studied PDH over the perfect Ga2O3(100)-A surface,20 who proposed that the 

coordinatively unsaturated O sites are active for cleaving the C–H bonds in propane and are where propylene formed. 

However, the H atoms are bound too tightly to the O sites to desorb from the surface and may form water by reacting with 

these reactive O sites following the Mars van Krevelen mechanism. The Ga sites can then serve as the active sites for 

dehydrogenation reactions once the surface O ions are removed.20 Hence, despite the many studies, it remains elusive how 

the trace amount of Pt can dramatically promote PDH over the Ga2O3 catalyst and there is still no direct evidence that may 

support the speculations about how the Pt and Ga2O3 actually work. 
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Actually, despite the superior catalytic performance of single-atom catalysts (SACs) in many reactions of commercial 

importance,13,21-32 the nature of the active phase is not always clear, which is due primarily to the increased complexity in 

the electronic structure that arises from the change in surface composition.33 For instance, it has been demonstrated that 

coadsorption of a pair of amphoteric species (e.g., propyl and H in PDH) could be significantly more stable than the 

adsorption of the isolated species on many oxide surfaces due to Lewis acid-base interaction,34-36 which makes it possible to 

tailor the catalytic properties of oxides to a particular chemical reaction by doping the surfaces with single metal atoms. In 

this way, either single metal atoms or their immediate surroundings could make a major contribution to the kinetics of the 

reaction,37,38 and sometimes they could even function cooperatively, showing a bifunctional character.39 

Understanding the nature of active sites for a specific reaction is of crucial importance, especially in the field of 

single-site heterogeneous catalysis where a high degree of site heterogeneity often exists. In this work, by combining DFT 

calculations and microkinetic analysis, the kinetics of PDH on pristine and single Pt atom–doped Ga2O3(100) is studied to 

explain the key role of atomically dispersed Pt on the enhanced catalytic performance of the Ga2O3 catalyst. The 

geometrical and electronic structures of the two surfaces are first analyzed. Then, energy decomposition and Bader charge 

analysis are conducted to quantitatively measure the strength of Lewis acid-base interaction and its effect on the adsorption 

behavior of the surfaces. Next, the elementary steps involved in the network of the main and side reactions, together with 

the migration of H on the oxide surfaces are investigated. After that, microkinetic analysis is performed to identify the 

active site and rate-limiting step. Finally, we conclude by discussing the implication of our results for the explanation of the 

bifunctional character of the Pt1–Ga2O3 catalyst. 

COMPUTATIONAL DETAILS 

DFT calculation 

Spin-polarized DFT calculations were performed using the Vienna ab initial Simulation Package (VASP).40-42 The 

generalized gradient approximation (GGA) with the Bayesian error estimation functional with van der Waals correlation 

(BEEF-vdW)43 was used to treat the exchange and correlation of the Kohn-Sham theory. The interactions between ion cores 

and valence electrons were represented by the projector-augmented wave (PAW) method. Because the “hard” PAW 

potentials with electron configurations of H (1s1), C (2s2 2p2), Os (2s2 2p4), Gad (3d10 4s2 4p1), and Pt (5d9 6s1) were used, 

an energy cutoff of up to 600 eV was found to be essential for the convergence of the total energy per atom to within 1 meV. 

The Gaussian smearing method with an energy smearing of 0.1 eV was used to determine the partial occupancies of the 

orbitals. Geometry optimization was considered to be converged when the forces on each atom were less than 0.03 eV/Å. 

The transition states were located by either the dimer method44 or the climbing-image nudged elastic band (CI-NEB) 
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method,45,46 which have been verified to have only one imaginary frequency by vibrational frequency analysis. The 

adsorption energy of species ( adsE∆ ) was calculated as 

ads surface adsorbate surface adsorbateE E E E+∆ = − −  (1) 

where surface adsorbateE + , surfaceE , and adsorbateE  are the total energies of surface with adsorbate, surface, and gas-phase 

adsorbate, respectively. 

Structural model 

The bulk structure of β-Ga2O3 was optimized using the quasi-Newton algorithm, during which both the lattice vectors 

and atomic coordinates were relaxed. The results were converged when the forces on each atom were less than 0.01 eV/Å. 

The optimized cell parameters of β-Ga2O3 are a = 12.46 Å, b = 3.09 Å, c = 5.89 Å, and β = 103.71°, which agree well with 

the experimental47,48 and other theoretical values49-51. The energetically most favorable and most widely studied 

Ga2O3(100)-B termination49,52-54 is taken into account in this work. The Ga2O3(100) slab model with a p(3 × 2) supercell 

was then cleaved, consisting of 120 atoms in two unit layers, as shown schematically in Figure 1. The bottom two layers 

were fixed, while the top four layers and the adsorbed species were allowed to relax during the calculations. A vacuum 

layer as thick as 12 Å was inserted between adjacent slabs along the z axis. A Γ-centered 3 × 3 × 1 Monkhorst-Pack k-point 

grid was used to sample the first Brillouin zone of the system. 

Since single metal atoms may be adsorbed on the pristine oxide surface,33 located in the cation vacancy,55 or even in the 

oxygen vacancy,56,57 calculations have been performed on various configurations to construct a reasonably accurate 

description of atomic Pt atoms dispersed on Ga2O3(100). As shown in Figure S1, adsorption of a single Pt atom onto the 

pristine surface is less stable than that onto the defective surfaces. In particular, substitution of Pt for Ga(o) (o stands for 

octahedral) is thermodynamically most favorable with a binding energy of −9.65 eV, thereby providing a rational 

interpretation of the experimentally observed increase in the proportion of the tetrahedrally coordinated Ga3+ species upon 

doping the Ga2O3 surface with Pt.18 Furthermore, the binding energy is much more negative than the calculated cohesive 

energy of bulk Pt at the same level of theory (−5.08 eV), indicating that the Pt–substrate interaction is sufficiently strong to 

inhibit Pt clustering,58 in accord with the experimental observation that the interaction between Pt and Ga2O3 is so strong 

that the mobile Pt could be captured by Ga2O3.59 For this reason, the Pt1–Ga2O3(100) slab model shown in Figure 1 was 

finally adopted. 

Microkinetic analysis 

Microkinetic analysis was carried out based on a mean-field model and the kinetic model was solved by using the 

CatMAP code60 under typical PDH experimental conditions at 895 K and 1 bar of C3H8.18 Corrections to the entropy and 
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enthalpy of gas-phase molecules and adsorbed species were made under the ideal-gas approximation and harmonic 

approximation, respectively. The rate constant ( k ) for elementary steps was evaluated according to the following equation 

within the framework of the transition state theory (TST)61: 

B BS k H k TBk Tk e e
h

ο ο∆ −∆=
‡ ‡

 
(2) 

where Bk , h , S ο∆ ‡ , H ο∆ ‡ , and T are Boltzmann’s constant, Planck’s constant, the entropy change from the initial 

to the transition state, the enthalpy change from the initial to the transition state, and temperature, respectively. 

The reaction rates ( ir ) were obtained by solving the mean-field microkinetic model to steady state. The differential 

equations are: 

i i in in i il il
n n l l

r k p k pθ θ+ −= −∏ ∏ ∏ ∏  (3) 

j ji i
i

t s rθ∂ ∂ =∑  (4) 

where ik ± , in / ilθ , in / ilp , and jis  are the forward/reverse rate constant, the surface concentration of the adsorbed 

reactants/products for elementary step i , the unitless pressure of the gas-phase reactants/products for elementary step i , 

and the stoichiometric coefficient of species j  in elementary step i , respectively. This set of coupled non-linear ordinary 

differential equations has a steady-state solution as 

j t 0θ∂ ∂ =  (5) 
which is solved subject to the site conservation constraint: 

TOT
j

j
θ θ=∑  (6) 

where TOTθ  is the normalized surface area. 

The degrees of rate control were calculated to identify the rate-determining transition states and intermediates on the 

basis of the Campbell’s method62,63 as implemented in the CatMAP code. The definition of degree of rate control is: 

( )
( )

i
ij

j B

d log r
X

d G / k T
=

−
 (7) 

where ijX , ir , jG , Bk , and T  are the degree of rate control matrix, the production rate for product i , the free 

energy of species j , Boltzmann’s constant, and temperature, respectively.60 

RESULTS AND DISCUSSION 
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Geometrical and electronic structures of Pt1–Ga2O3(100) 

Metal-oxide surfaces usually have a high degree of site heterogeneity,17 which provides an opportunity for understanding 

site-dependent catalysis and designing optimal catalysts under the guidance of structure-activity relationships.64 On the 

outermost layer of the pristine Ga2O3(100) surface, there exist three distinct types of ions, namely, octahedrally coordinated 

Ga(o), tetrahedrally coordinated Ga(t), and threefold coordinated O, as shown in Figure 1a. Ga(o) and O ions are 

coordinatively unsaturated compared to their counterparts in the bulk and may therefore show reactivity. Upon doping 

Ga2O3(100) with Pt atoms, apart from the Pt site, two Ga(o)′ sites and four O′ sites are newly formed surrounding each 

single Pt atom, as shown in Figure 1. 

Charge density difference upon adsorption of Ga(o)/Pt in the metal vacancy is first analyzed to study the charge 

redistribution in the oxide lattice. As shown in Figure 1b and 1c, the charge redistribution is localized around the Ga(o)/Pt 

cation and its five nearest neighbor oxygen anions, in accord with the fact that the Ga ions in the “irreducible” Ga2O3 can 

hardly accommodate extra electrons. Previously, it has been demonstrated that the opposite is true of “reducible” oxides 

such as CeO2, on which charge transfer may readily take place between doped single metal ions and the surrounding Ce 

ions.58 

The localized charge redistribution can further be confirmed by performing the Bader charge analysis. It can be seen in 

Table S1 that upon adsorption the charges carried by the ions other than the Ga(o)/Pt and its five nearest neighbor oxygen 

ions remain almost constant. The single Pt atom becomes positively charged and loses 1.19 electrons upon adsorption in the 

vacancy. By comparison, 1.85 electrons are transferred from the Ga(o) ion to the nearest neighbors. As a result, the 

surrounding O′ and O ions on the topmost layer accept 1.13 and 1.26 electrons, respectively. The single Pt atom behaves 

like a low-valence dopant in this sense,65 and the reactivity of its neighboring O′ ions may be considerably enhanced 

compared to those coordinated to the Ga(o) ions. 

To examine more closely the modification of the electronic structure of Ga2O3(100) upon Pt doping, the density of states 

(DOS) projected onto the metal valence shell and the O 2p orbital are then calculated. One can see from Figure 1d that, at 

the Ga–O site, there are occupied O 2p orbitals near the Fermi level but neither obvious occupied nor unoccupied Ga 4s/4p 

orbitals are found in the vicinity and the Ga 3d orbitals are mainly present in the region below −12 eV, indicating the O 2p 

orbitals would play a dominant role in determining the strength of the adsorbate-substrate interaction. 

At the Pt–O′ site, the Pt 5d and O′ 2p orbitals are strongly hybridized in the region from −8 eV to the Fermi level (see 

Figure 1e), which may account for the high stability of Pt substitution in the Ga(o) vacancy.66 The peaks of the Pt 5d 

orbitals appear on both sides of the Fermi level, indicating both the occupied and unoccupied frontier 5d orbitals of Pt can 

interact with adsorbed species. Hence, a highly reactive single Pt atom could be expected. The orbitals of the Ga(o)′ ion 
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resemble that of the Ga(o) ion on the pristine surface, implying that the introduction of single Pt atom may have a minor 

influence on the electronic structure of the Ga(o)′ ions nearby. 

Adsorption property of Pt1–Ga2O3(100) 

As has previously been suggested,34 Lewis acid-base interaction often influences the adsorption properties of metal 

oxides, in which adsorption of a Lewis acid at the metal site may be enhanced by the coadsorption of a Lewis base at an 

adjacent O site. We also found recently that this interaction occurs only on “irreducible” metal oxides.67 Here the 

“reducibility” of oxides refers to the ability of the metal cation to accommodate extra electrons that are donated by Lewis 

bases upon their adsorption at the adjacent O site, which requires that the metals be able to exist in a lower oxidation state 

other than zero. As Ga has only one stable oxidation state of +3 in forming metal oxides, the Lewis acid-base interaction is 

expected to occur on the “irreducible” Ga2O3. As for Pt1–Ga2O3(100), however, the situation becomes much more 

complicated. The Pt itself may exhibit various oxidation states. When embedded in the oxide lattice of Ga2O3, as 

aforementioned, it has an effect on the electronic structure of the surroundings. Hence, of particular interest is how the 

electron transfer between Pt, Ga, O, and adsorbates would affect the strength of the Lewis acid-base interaction, and hence 

the adsorption behavior of the metal-oxide surface. 

The optimized geometries of reactants, products, and intermediates adsorbed on Pt1–Ga2O3(100) are shown in Figure S2 

and the calculated adsorption energies are summarized in Table 1. It is clear that propane and H2 are weakly physisorbed on 

the surface without bond formation. Furthermore, the calculated adsorption energies fall within the typical ranges of the 

physisorption energies of propane and H2 (−0.2 ~ –0.4 eV and –0.05 ~ –0.2 eV for propane and H2, respectively), as has 

been observed on metal surfaces68-70 and other oxide surfaces12,17. 

Both physisorption and chemisorption of propylene have been taken into consideration. The physisorption energies of 

propylene are −0.35 eV, implying that propylene physisorption is a moderately exothermic process. By analogy to our 

previous findings on the Cr2O3 and ZnO surfaces,67 the chemisorption energies of propylene are positive at the Ga(o)–O 

and Ga(o)′–O′ sites but become negative when it forms bond to surface Pt ions. At the Pt–O′ site and on top of the Pt ion, 

propylene is chemisorbed in the di-σ and π modes, respectively, releasing 0.36 and 0.59 eV of heat. 

To figure out why physisorption of propylene is preferred at some sites but formation of covalent bonds is energetically 

more favorable at others, the adsorption energies of propylene are divided into three terms: 

ads distortion,surf distortion,ads bondingE E E E∆ = ∆ + ∆ + ∆  (8) 

where distortion,surfE∆  and distortion,adsE∆  are the distortion energies of the surface and propylene upon adsorption, 

respectively, and bondingE∆ is the bonding energy that measures the strength of the direct interaction between distorted 
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propylene and surface. As can be seen in Figure 2, when propylene is physisorbed on the surface, the distortion,surfE∆  and 

distortion,adsE∆  are negligibly small and, consequently, the adsE∆  is determined largely by the bondingE∆ . Upon 

chemisorption, the distortion,surfE∆  and distortion,adsE∆  are highly positive at the Ga(o)–O and Ga(o)′–O′ sites, indicating 

the surface and propylene are significantly distorted, which have a negative effect on the attachment. Thus, the adsorption 

processes at the two sites are endothermic, though the bondingE∆  is as negative as −3.77 and −3.33 eV. When propylene 

forms bond with Pt, the distortion energies, although still positive, become much less positive at the Pt–O′ site and even 

close to zero at the Pt atop site. It is interesting to find that, although the bondingE∆  at the Pt–O′ site is comparable to those 

at the Ga(o)–O and Ga(o)′–O′ sites, the smaller distortion energy causes the adsorption process to show an exothermic 

character. By comparison, the bonding at the Pt atop site is actually quite weak, but the overall chemisorption process is 

exothermic because the energy released by the formation of bonds more than offsets the small amount of energy that must 

be expended to overcome the local geometrical distortions. 

At the Ga(o)–O site, the reaction intermediates, including H, 1-propyl, and 2-propyl, are preferentially coordinated solely 

to the O ion, in accord with the aforementioned DOS analysis that the O site would play a major role in the adsorbate–

surface interaction. At the Ga(o) site, the H atom is only weakly chemisorbed, and 1-propyl and 2-propyl even cannot form 

covalent bonds to the surface, indicating the Ga(o) ions show rather low reactivity. When the intermediates are positioned at 

the Ga(t) site, they would be relaxed to the adjacent O site upon geometry optimization, which is due to the saturated 

coordination environment of the Ga(t) ion. 

If we move to O′ site that is bonded to Pt, the adsorption energies of the species become more negative than those at the 

O site. The reason for this observation is that fewer electrons are gained by the O′ ion from the adjacent Pt ion than by the 

O ion from Ga(o), which can only be compensated for by the electron density shift from the adsorbate towards the O′ ion, 

leading to a stronger electrostatic attraction between the positively charged adsorbate and the negatively charged O′ ion. 

From Table 1, it can be seen that the energy changes for H adsorption at the Ga(o) and Ga(o)′ sites are −0.16 and −0.37 eV, 

respectively, during which 0.20 and 0.26 electrons are transferred from the surface to the H adsorbed, meaning that the 

surface around the Ga(o)′ ion is more capable of donating electrons to the adsorbate with the introduction of Pt. It is 

important to note that the Ga(o)′ ion also gains electrons from its nearest neighbor O′ ions, which is facilitated by the 

electron donation by the doped Pt. 

Although both the O′ and Ga′ ions become more reactive upon Pt doping, the Pt ion itself is thermodynamically most 

favorable for chemisorption of the reaction intermediates. Interestingly, when the adsorbates are coordinated to the Pt ion, 
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the flow of electron density is in the opposite direction to that at the Ga(o)/Ga(o)′ sites and the majority of the electrons 

donated by H are accepted by Pt. In this regard, the Pt behaves completely differently from it does when H is attached to the 

Ga(o)′ site, and its ability to either gain or lose electrons can be attributed to the aforementioned coexistence of the 

occupied and unoccupied frontier 5d orbitals near the Fermi level. 

Lewis acid-base interaction 

From the data given above, it is clear that on the metal-oxide surfaces charge transfer is particularly important in studies 

of their adsorption and catalytic properties. The question that now arises is whether there exists a qualitative relationship 

between the electron transfer and adsorbate-substrate interaction and how this relationship, if any, can be expressed in terms 

of energetic and electronic properties. Actually, it has already been demonstrated that the Lewis acid-base interaction occurs 

when a pair of amphoteric species is coadsorbed at the M–O site on “irreducible” oxide surfaces, which would significantly 

enhance the bonding between the adsorbates and the surfaces.34,67 However, the strength of this interaction has not yet been 

quantitatively measured. 

Intuitively, one may define the Lewis acid-base interaction as the difference between the coadsorption energy of a pair of 

amphoteric species and the sum of the adsorption energies when they are individually adsorbed (i.e., 

coads ads ,acid ads ,baseE E E∆ −∆ −∆ ). The more negative the value, the greater is the interaction. However, the Lewis acid-base 

interaction is essentially an electronic effect that arises purely from electron transfer. Any contributions from surface and 

adsorbate distortion should be differentiated from the ligand effect and removed from the energy difference given above. A 

straightforward way is to express the Lewis acid-base interaction ( int,acid baseE −∆ ) as a difference in the bonding energy 

between coadsorption and individual adsorption: 

constrained constrained
int,acid base bonding ,acid base bonding ,acid bonding ,baseE E E E− +∆ = ∆ −∆ −∆  (9) 

where the bonding ,acid baseE +∆ , constrained
bonding ,acidE∆ , and constrained

bonding ,baseE∆  are calculated with the geometries of the distorted 

adsorbates and surface constrained to those upon coadsorption. Substitution into and rearrangement of eq 9 gives 

constrained constrained constrained
int,acid base surf acid base surf surf acid surf baseE E E E E− + + + +∆ = + − −  (10) 

where surf acid baseE + + , constrained
surfE , constrained

surf acidE + , and constrained
surf baseE +  are the total energies of the oxide surface with the acid 

and base coadsorbed, the constrained surface, the coadsorption configuration with the base removed, and the coadsorption 

configuration with the acid removed, respectively. The details of the derivation of these equations are included in the 

Supporting Information. Under this definition, a more negative int,acid baseE −∆  indicates a stronger Lewis acid-base 

interaction. 
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The calculated int,acid baseE −∆  values for the coadsorbed reaction intermediates in PDH are summarized in Table 2. One 

can see from the table that the int,acid baseE −∆  at the Ga(o)–O and Ga(o)′–O′ sites are highly negative (more negative than 

−1 eV). In contrast, the value is slightly positive at the Pt–O′ site, meaning that the Lewis acid-base does not occur. 

Furthermore, the int,acid baseE −∆  at the Ga(o)′–O′ sites is less negative than that at the Ga(o)–O site, indicating that the 

Lewis acid-base interaction becomes weaker around the Ga(o)′ and O′ ion pair upon Pt doping. 

By comparing the int,acid baseE −∆  with the coads ads ,acid ads ,baseE E E∆ −∆ −∆ , we can see that in general the former is 

more negative or less positive, which is due to the fact that the surface and adsorbate are distorted more dramatically upon 

coadsorption. The only exception occurs at the Ga(o)–O site. When a single H atom is adsorbed at the Ga(o) site, the 

adsorbate-substrate interaction is so weak that the Ga(o) cation protrudes from the oxide surface to minimize its 

coordination number, thereby enhancing the bonding but giving rise to a great surface deformation. Upon coadsorption, the 

H atom at the Ga(o) site is stabilized by the Lewis acid-base interaction, and, consequently, the surface is much less 

distorted. 

Since the Lewis acid-base interaction results essentially from the electron transfer accompanying coadsorption, it is good 

practice to carry out electronic structure analysis to visualize how the adsorbate and surface behave during the process and 

to confirm the predictions made by the calculations of energetic properties. Thus, the charge density difference for H 

adsorption at the O site with another H atom pre-adsorbed at the Ga(o), Ga(o)′, and Pt site is computed and illustrated in 

Figure 3. It can be seen that at the Ga(o)–O and Ga(o)′–O′ sites there is clearly a flow of electrons between the two 

coadsorbed H through the surface. Comparison between the calculated effective Bader charges (see Tables 1 and 2) 

confirms that 0.16 and 0.11 electrons are gained by the negatively charged H at the Ga(o)–O and Ga(o)′–O′ sites, 

respectively. In essence, the electrons donated by the positively charged H are to increase the electron density around the 

Ga and O ion pair, which in turn enhances the ability of the Ga ion to donate electrons to the H thereon, making bond 

formation energetically more favorable. 

At the Pt–O′ site, however, the vast majority of the electrons donated by the H at the O′ site are gained by the O′ and Pt 

ions. Under such a circumstance, the electron-deficient Pt ion may exist in a lower stable oxidation state and therefore 

transfers only 0.06 electrons to the negatively charged H. As a result, the Lewis acid-base interaction does not occur, 

consistent with the quantitative predictions by the int,acid baseE −∆ . 

PDH on Pt1–Ga2O3(100) 
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It follows from the stoichiometry of the PDH reaction that the reaction scheme involves two successive dehydrogenation 

steps followed by desorption of propylene and H2 from the catalyst surface. However, although the net reaction is very 

simple, the mechanism by which it occurs is rather complex and has not yet been fully elucidated, especially for 

metal-oxide catalysts. The reason is probably due to the fact that, apart from the dehydrogenation and desorption steps, 

many side reactions such as the deep dehydrogenation, C–C bond cleavage, H migration, and H2O formation need to be 

taken into consideration. 

The first dehydrogenation step 

It is well known that the C–H bond in alkanes can be activated by the M–O and O–O/M–M pairs on oxide surfaces via 

the heterolytic and homolytic mechanisms, respectively. Kazansky et al. proposed that ethane would be dissociated 

heterolytically on gallium-oxide surfaces, giving rise to C2H5–Ga and H–O,71 and the formation of gallium–alkyl species 

upon interaction of small alkanes with gallium oxide has been verified experimentally by solid-state NMR.72 Thus, the C–H 

bond is more likely to be activated at the M and O ion pair. 

The energy profiles for the main reaction of PDH, together with the geometries of the transition states for the elementary 

steps involved, are shown in Figure 4, where the lengths of the activated C–H bonds are also given. From the figure, one 

can see that the energy barriers for the formation of 1-propyl&H and 2-propyl&H at the Ga(o)–O site are 1.64 eV and 1.48 

eV, respectively, indicating the C–H bond in the methylene group is more readily activated than that in the methyl group. As 

discussed in Sec. 3.3, the energies of the final states are determined largely by the Lewis acid-base interaction that arises 

from the electron transfer from the Lewis base to the acid. To examine if the Lewis acid-base interaction plays a role in 

determining the energy of the transition states, Bader’s analysis was also carried out on the TS3. It is found that the charges 

on the 2-propyl and H are 0.30− |e| and 0.41+ |e|, respectively. Compared with their counterparts in the final state, the 

2-propyl carries the same number of electrons while the H becomes less positively charged by 0.13 |e|. The reason for the 

lowering of the electron density shift away from the H is due to the fact that, although the transition state closely resembles 

the final state, the H that is coordinated solely to the O ion in the final state forms an additional bond with the Ga(o) ion 

(see Figure 4 and Figure S2). Nevertheless, the negatively and positively charged coadsorbed species clearly indicate that 

the Lewis acid-base interaction persists in the transition state. Moreover, considering that the int,acid baseE −∆  is as negative 

as −1.33 eV for the coadsorbed 2-propyl and H, the activated complex must have been substantially stabilized by the 

presence of the interaction, which makes the reaction kinetically feasible at the typical PDH reaction temperatures. 

Upon doping the oxide surface with a single Pt atom, either the Ga(o)′–O′ or Pt–O′ site could be active for the cleavage 

of the C–H bond in propane. From Figure 4, it can be seen that compared with the dehydrogenation barriers at the Ga(o)–O 

site, the activation energies for the formation of 1-propyl&H and 2-propyl&H are increased by 0.20 and 0.24 eV, 
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respectively, at the Ga(o)′–O′ site and lowered by 0.23 and 0.24 eV, respectively, at the Pt–O′ site. At the Ga(o)′–O′ site 

where the Lewis acid-base interaction takes place, the int,acid baseE −∆  for the coadsorbed 2-propyl and H is reduced by 0.24 

eV going from the Ga(o)–O site to the Ga(o)′–O′ site, which leads to a rise in the energy of the final states. According to the 

BEP relationship which states that there is a linear relationship between the activation energy of an elementary step and the 

heat of reaction if entropy effects are neglected,73 it is reasonable to expect that the activated complexes are less stabilized 

at the Ga(o)′–O′ site, which helps explain the observed increase in the activation energy. On the other hand, as suggested in 

Sec. 3.2 and Sec. 3.3, the Pt ion is thermodynamically very favorable for chemisorption of the reaction intermediates and 

the reactivity of the O′ ion is enhanced by Pt doping. Thus, it is not surprising to learn that the transition state energies are 

more negative at the Pt–O′ site than at the Ga(o)–O site. 

H surface diffusion 

After one H atom is abstracted from the propane molecule, it would be adsorbed at the O/O′ site adjacent to the 

Ga-propyl or Pt-propyl species. In the mean-field approximation, the adsorbed species are distributed randomly over the 

surface and there is no interaction between the adsorbates. Hence, in the previous studies over transition-metal 

catalysts,68,69,74 the adsorbed propyl and H are thought of as widely separated species and H has no effect on the kinetics of 

the subsequent dehydrogenation reactions. However, as we know, the mean-field approximation tends to be valid when the 

adsorbates repel one another and when the surface coverage is low. For attractive interactions, as is the case for the 

coadsorbed propyl and H at the Ga–O sites, this approximation often breaks down and, consequently, the coupling between 

transport and reaction becomes essential to an accurate description of the reaction kinetics. On the other hand, it is 

generally accepted that high reaction temperatures such as that applied in PDH tend to randomize the adsorbed species 

across the surface. As a consequence, the attractive interactions between the coadsorbed species might be overcome and the 

adsorbates may move freely about the surface. Thus, to explore whether the adsorbate-adsorbate interaction would affect 

the overall reaction rate, H diffusion is examined in the presence and absence of 2-propyl around both the Ga(o)–O and Pt–

O′ sites, where coadsorption of 2-propyl and H and individually adsorbed H are taken as the initial states for the migration 

process, respectively. 

Considering the site heterogeneity on the oxide surfaces, there exist three possible elementary steps for H migration 

between adjacent O sites on the surfaces around the Ga(o) and Pt ions, regardless of whether or not 2-propyl is adsorbed in 

the vicinity, as illustrated in Figure 5a–d. Here the H hopping between O and Ga is disregarded because the difference in 

the H adsorption energy between the two sites would give rise to a migration barrier of more than 2 eV, making the process 

kinetically hindered. The calculated migration barriers for all the elementary steps are summarized in Figure 5e, which 

indicate that H migrates invariably preferentially along the [010] axis on Pt1–Ga2O3(100). Although the H migration barrier 
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for the kinetically most favorable step varies from case to case, all of them fall in the range of 0.7 – 1.4 eV, which can be 

readily surmounted at typical PDH operating temperatures. Therefore, the mean-field approximation does hold over the 

oxide surfaces and can be invoked to reveal the kinetics of the PDH reaction. 

Interestingly, by comparing the energy barriers for steps a and a″ as well as those for steps a′ and a‴, we find that the 

presence of 2-propyl at the metal site would accelerate H diffusion along the kinetically most favorable path, even if the 

interaction between the coadsorbed species is attractive at the Ga(o)–O site. To provide a physical interpretation for this 

phenomenon, the adsorption energy of H with 2-propyl coadsorbed on the surface is decomposed for both the initial and the 

transition states by analogy to eq 8: 

constrained
ads ,H distortion,surf 2 propyl distortion,H bonding H int,2 propyl HE E E E E+ − − −∆ = ∆ + ∆ + ∆ + ∆，  (11) 

In this way, the interaction energy between 2-propyl and H can be connected with the adsorption energy of the hopping H, 

and hence with the migration barrier. The details of the derivation of the equation and the values of the energy components 

are given in the Supporting Information (Sec. 7 and Table S2). It is found that the int,2 propyl HE − −∆  becomes less negative 

from −1.33 eV to −0.41 eV when H migrates along step a, which signifies that indeed the Lewis acid-base interaction 

contributes to increase the energy barrier. The reason that step a has a lower energy barrier than step a″ is because a much 

more significant surface reconstruction takes place when H moves into the transition state in the absence of 2-propyl. At the 

Pt–O site, however, the repulsive interaction between 2-propyl and H is the major factor influencing the trend in the 

migration barrier. 

The second dehydrogenation step 

Since H is relatively free to move about the surface, it can be assumed that there is no coadsorbed H in the vicinity of 

propyl during the course of the second dehydrogenation step. In the TS2 and TS4 (see Figure 4a and 4b), the H atom is 

abstracted from physisorbed 1-propyl and 2-propyl by the O ion of the Ga(o)–O site, with energy barriers of 0.73 eV and 

0.68 eV, respectively, much lower than those for the first dehydrogenation step. 

Upon Pt doping, the second dehydrogenation step could occur around both the Pt and the Ga(o)′ ions. It can be seen from 

Figure 4a and 4b that the geometries of the transition state are distinctly different from those at the Ga(o)–O site and the 

radical mechanism no longer prevails. When the propyl fragments are activated at the Pt–O′ site, the carbon-containing 

species and H in the TS2′ and TS4′ are coordinated to the Pt and O′ ion, respectively. In the TS2″ and TS4″, the active site 

changes to the O′–Ga(o)′–O′ ensemble, where the propylene molecules are adsorbed at the Ga(o)′ and O′ ion pair with H 

abstracted by another O′ ion. Compared with the dehydrogenation barriers at the Ga(o)–O site, the activation energies for 

the 1-propyl and 2-propyl dehydrogenation are increased by 1.07 and 1.09 eV at the Pt–O′ site and by 1.08 and 1.13 eV at 
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the O′–Ga(o)′–O′ ensemble, respectively. The explanation is probably that the propyl fragments are strongly chemisorbed at 

the Pt and O′ sites (see Figure S2) but weakly physisorbed on top of Ga(o) ion and the more stable initial states at the Pt–O′ 

and Ga(o)′–O′ sites leads to the much higher energy barriers. Nevertheless, the overall energy profiles for the 

dehydrogenation of propane to propylene at the Pt–O′ site is relatively flat compared to those at the other two sites, 

indicating that the doped Pt is likely to dominate the C–H bond activation. 

Apart from the active sites concerned, the oxygen vacancies and Ga(t) ions may have an effect on the catalytic behaviors 

of the Ga2O3-based catalysts67,1. Thus, the catalytic activities of these sites have been examined by removing a neutral 

oxygen atom from the outermost layer of Ga2O3(100) and by constructing a new surface termination that has Ga(t) exposed. 

The calculated potential energy diagrams for the main reaction of PDH are presented in Figures S3–S4 in the Supporting 

Information, which suggest that the Ga(o)–O site and oxygen vacancy show similar activities toward propane activation 

while the activity of Ga(t)-O is slightly lower. If we further consider the small number of the Ga(t) sites on the 

thermodynamically unstable corrugated surface, it is reasonable to expect that the Ga(t) site plays a minor role in 

determining the kinetics of PDH. 

Hydrogen recombination and water formation 

In an early study, Collins et al.75 observed from infrared spectra that Ga–H and Ga–OH bonds can be simultaneously 

formed by the heterolytic cleavage of hydrogen on Ga/SiO2, which was later confirmed by the experimental and theoretical 

results by Pan et al.53 In light of this information, for the reverse of H2 dissociation to take place, H atoms need to migrate 

to adjacent Ga(o) and O sites before they can recombine to desorb from the surface. However, as aforementioned, the H 

atoms that are abstracted from propane and propyl would be initially adsorbed at the O site and can hardly hop to the Ga(o) 

site due to a high energy barrier (> 2 eV). 

Interestingly, the situation becomes completely different if two H atoms are coadsorbed at two O sites in the Ga(o)–O4 

ensemble. In this case, the lowest energy barrier for one of the H atoms to migrate from the O site to the Ga(o) site is 

calculated to be only 0.33 eV (see Figure S5), even lower than that for H hopping between O sites. In the transition state, 

the int,acid baseE −∆  takes a value of −0.56 eV, indicating the Lewis acid-base interaction has an enormous effect on the H 

surface transport behavior of the Ga2O3 catalyst. Thus, it can be deduced that the detached H will hop between the O sites 

along the [010] axis until it encounters another H atom in the same Ga(o)–O4 ensemble, where coadsorption of two H 

atoms at the Ga(o) and O ion pair can be achieved. Upon Pt doping, although the energy barrier for H migration from O′ to 

Pt in the presence of a coadsorbed H is 0.27 eV higher than that at the Ga(o)–O site, the process is also kinetically feasible. 

The Pt–O′ site may accommodate a pair of H atoms unless it has already been occupied by reacting and resulting C3 

species. 
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As illustrated in Figure 6, the coadsorbed H atoms may either recombine to form H2 or react with surface O ion to 

produce water. The energy barriers for the formation of H2 and H2O at the Ga(o)–O site are predicted to be 0.53 and 1.94 eV, 

respectively, indicating that desorption of H2 is kinetically preferred over the production of H2O, in accord with the 

experimental observation that silica-supported Ga2O3 is difficult to be reduced by H2 at 873K.76 When Pt is doped on the 

surface, the energy barrier for the formation of H2O is increased by 0.10 eV compared to that on the pristine surface, 

implying that the single Pt atom doping would further improve the resistance of Ga2O3 to hydrogen reduction and achieve a 

long-term stability of the catalyst. These findings agree well with the TPR experiment that no apparent H2 consumption was 

detected even if the Pt–Ga2O3 catalyst has been heated up to 1073 K.19 Besides, the energy barrier (1.28 eV) for the 

recombination of H atoms to produce H2 is significantly higher than that at the Ga(o)–O site. Considering the very low 

abundance of single Pt atoms on the oxide surface, the Pt–O′ site cannot play a major role in hydrogen recombination. 

Deep dehydrogenation of propylene 

Deep dehydrogenation of propylene is directly related to the selectivity toward propylene, which can be measured by 

comparing the energy barriers for propylene dehydrogenation and desorption in the sense that the entropy of the activated 

complex in molecular desorption compares closely to that of the adsorbed species.61,69 On the Pt catalyst, propylene would 

continue to be deeply dehydrogenated until propyne is formed, which was suggested to be the starting point for C–C bond 

breaking to give rise to the reaction by-products such as ethylene, methane, and coke.68 Armed with this knowledge, we are 

now in a position to consider the side reactions over the Pt1–Ga2O3 catalyst. 

As shown in Figure 7a and 7b, the scission of the C–H bonds in propylene can occur in either the methylene or the 

methylidyne group, leading to the formation of 1-propenyl and 2-propenyl, respectively. One can see that the energy 

barriers for the deep dehydrogenation at the Ga(o)–O site (1.43 eV and 1.60 eV for the formation of 1-propenyl&H and 

2-propenyl&H, respectively) are higher than the desorption activation energy (0.36 eV), suggesting that propylene can be 

readily released from the pristine surface, in accord with the experimental finding that the selectivity toward propylene over 

the β-Ga2O3 catalyst can be as high as 95% when the steady state is reached.5 At the Pt–O′ and Ga(o)′–O′ sites, propylene 

desorption remains kinetically more favorable than deep dehydrogenation, but the activation energy difference becomes 

slightly smaller. On the other hand, the energy barriers for the subsequent 1-propenyl and 2-propenyl dehydrogenation 

reactions are increased dramatically by 1.79 and 1.61 eV, respectively, relative to those at the Ga(o)–O site whereas the 

activation energies for propenyl hydrogenation are lowered to 1.10 and 0.88 eV, which indicate that the propenyl groups 

tend hydrogenate to produce propylene rather than undergoing dehydrogenation to form propyne. Thus, the selectivity of 

the Ga2O3 catalyst toward propylene production can be improved by Pt doping, as has been evidenced by Sattler et al. who 

proposed a 96.9% selectivity of the well-dispersed Pt–Ga2O3/Al2O3 catalyst.18 
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C–C bond cleavage of C3 species 

It was reported that the selectivity toward propylene can vary from 73% to 95% over GaOx-based catalysts, depending on 

the loading of Ga2O3, choice of support, preparation method, and reaction conditions.1 Hence, although the side reactions 

can be suppressed to a large extent, the cracking of C3 derivatives always occurs. To explore whether propyne remains the 

starting point for C–C bond cleavage on the oxide surfaces, it is useful to examine first the quantitative aspect of the 

thermodynamics of the side reactions. 

It has been demonstrated that the formation of C1 and C2 species in PDH is a consequence of the competition between 

the C–H and C–C bond cleavage.68,77 Thus, the reaction energies for the C–H and C–C bond breaking of propylene and five 

deeply dehydrogenated C3 intermediates at the Ga(o)–O and Pt–O′ sites are calculated and compared in Figure S6. From 

the figure, one can see that all the reaction energies for the C–C bond breaking of the C3 species are more positive than 1.9 

eV, implying the cracking reaction can hardly occur because the energy barriers that must be even more positive cannot be 

surmounted under the reaction conditions. It is important to note that, despite the high reactivity of single Pt atoms, C–C 

bond breaking is also inhibited so that a high selectivity can be attained on Pt1–Ga2O3(100) (see Figure S6), which can be 

explained by the fact that the surface doped with single metal atoms could not provide a sufficiently large ensemble to 

stabilize the resultant big fragments.78 In addition, because cracking reactions may be promoted by Lewis acid sites, we 

have also examined the cracking reactions at the O3–Ga(o)–OH site. It can be seen in Figure S6 that the reaction energies 

for the C–C bond breaking of all the C3 species at the O3–Ga(o)–OH site are more positive than 2.5 eV, implying the 

cracking reactions can hardly occur under the relevant conditions. 

As aforementioned, Ga2O3 is difficult to be reduced by H2, but surface oxygen vacancies may result when it is brought 

into contact with alkanes.8 Thus, to reveal the real active site for the cracking reactions, we considered oxygen vacancies 

that may assist in rupturing C–C bonds. Figure 8a shows the comparison of the reaction energies on the oxygen-deficient 

surface. It can be seen that the reaction energies for the C–C bond breaking of the C3 species become less positive than 

those on the pristine surface, and propyne is the sole species that has a cracking energy comparable to that for 

dehydrogenation. Then, the transition states for the C–H and C–C bond breaking of propyne are located, and the energy 

profiles are shown in Figure 8b. It can be seen that the energy barriers for the cracking of propyne is 0.50 eV lower than 

that for the C–H bond cleavage, indicating that propyne prefers cracking to dehydrogenation. The computed charge density 

difference also supports this idea by showing that the electrons left behind upon oxygen removal would be localized 

primarily around the two C–Ga(o) bonds while the C–C triple bond is substantially weakened. Hence, propyne should be 

the starting point for C–C bond breaking in PDH over the Ga2O3 catalyst. 

Microkinetic analysis 
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Although the analysis of the energetics and electronic structures can provide a useful first description of the kinetics of 

the PDH reaction, previous microkinetic analysis and kinetic Monte Carlo simulations carried out on the Pt catalyst 

suggested that the kinetics obtained in this way may not be entirely accurate in all details,79-81 especially when the 

contributions from different active sites need to be considered. Thus, microkinetic analysis was conducted on Pt1–

Ga2O3(100) to identify the active sites responsible for the high catalytic efficiency of the single-atom-doped catalyst and 

hence to formulate the overall reaction mechanism. 

The postulated reaction network for PDH is given in Table S4, where “o”, “i”, and “s” refer to the Ga(o)–O, Ga(o)′–O′, 

and Pt–O′ sites, respectively. Since H diffusion on the oxide surface is predicted to occur very rapidly, the mean-field 

approximation is used to solve the microkinetic model. Also, we assume to a first approximation that equilibrium is 

established between the adsorbed H on the three types of active sites. To mimic the Pt1–Ga2O3(100) surface, 5% of the 

exposed Ga(o) ions on Ga2O3(100) are replaced with Pt ions on account of the low Pt loading (0.1 wt%) used in experiment 

(The detailed reason can be found in Sec. 13 in the Supporting Information).18 Accordingly, 10% of the surface Ga(o) ions 

that are adjacent to the Pt ions exhibit different physiochemical properties from the remaining Ga(o) ions on the surface. 

Thus, the Pt1–Ga2O3(100) surface comprises 5% Pt–O′ site, 10% Ga(o)′–O′ site, and 85% Ga(o)–O site. 

The calculated turnover frequencies (TOFs) on Ga2O3(100) and Pt1–Ga2O3(100) at 895 K and 1 bar of C3H8 are 

presented in Figure 9. From the figure, one can see that the TOF for propane consumption is calculated to be 1.78×10−4 s−1 

on the pristine surface that is surrounded entirely by the Ga(o)–O site, which falls within the experimentally reported range 

for the GaOx-based catalysts.1 On the Pt1–Ga2O3(100) surface, the TOF for propane consumption is calculated to be 

5.04×10−4 s−1, meaning that the reaction would occur nearly 2.8 times faster than that on Ga2O3(100), which agrees 

remarkably good with the experimental observation by Sattler et al.18 In their work, the conversion of propane at the 

beginning of the reaction almost doubles after introducing 1000 ppm Pt to the 3 wt % Ga2O3/Al2O3 catalyst.18 Very 

interestingly, it is found that the Pt1–Ga2O3(100) catalyst shows a bifunctional character. As shown in Figure 9, the Pt–O′ 

site accounts for 68.7% of the TOF for propane consumption; that is, this ion pair plays a major role in C–H bond activation 

and brings about dehydrogenation. On the other hand, the Ga(o)–O site accounts for 66.0% of the TOF for hydrogen 

desorption, and is therefore the main active site for H–H bond formation. The remaining Ga(o)′–O′ sites that surround the 

Pt ions make a negligible contribution to the overall rate of the reaction. 

The degrees of rate control are then calculated and listed in Table S5, which show that the first dehydrogenation step with 

the formation of 2-propyl&H is invariably the rate-determining step for the dominant PDH reaction pathway on both the 

two surfaces. As discussed in Sec. 3.4.1, the formation of 2-propyl&H is kinetically promoted at the Pt–O′ site. It is 

therefore not surprising to learn that the TOFs are increased on Pt1–Ga2O3(100). The surface coverages of the intermediates 
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are summarized in Table S6. It can be seen that, the coverage of free sites approaches unity on the two surfaces and, 

consequently, the adsorbed species, such as H attached to the Ga and O site, have a minor impact on the PDH kinetics. 

Given the fact that the PDH reaction follows a mechanism with a slow initial step, the overall reaction rate is determined by 

the energy barrier for the rate-determining step. Therefore, the lower activation energy for propane activation at the Pt–O 

site explains the higher catalytic activity than that of the pristine Ga2O3 catalyst. This finding provides a beautiful 

explanation for the experimental observation by Sattler et al.18 who found that even trace amounts of Pt can dramatically 

improve the catalytic performance of Ga2O3. 

CONCLUSIONS 

In this work, the kinetics of propane dehydrogenation over Pt1–Ga2O3(100) has been studied by combining DFT 

calculations and microkinetic analysis. It is found that the Pt-doped Ga2O3 catalyst shows a bifunctional character. At the 

Ga(o)–O site, the Lewis acid-base interaction occurs when a pair of amphoteric species are coadsorbed, which makes it 

kinetically feasible for two H atoms to be coadsorbed at the Ga(o) and O ion pair and thus has a positive effect on hydrogen 

recombination. Through energy decomposition and electronic structure analysis, for this first time, the strength of the Lewis 

acid-base interaction is quantitatively measured and the accompanying electron transfer between the two coadsorbed 

species through the oxide surface is visualized. 

Because the doped Pt has d orbitals both occupied and unoccupied near the Fermi level and the surrounding O′ ions are 

less negatively charged, the Pt-O′ site is more active for the activation of propane than the Ga(o)–O site and the activation 

energy for the rate-limiting step is lowered by more than 0.2 eV. The Pt doping not only can improve the selectivity of the 

Ga2O3 catalyst by hindering the deep dehydrogenation reactions but also helps to achieve a long-term stability by improving 

the resistance of Ga2O3 to hydrogen reduction. 

The cracking reaction can only take place after the oxide surface is brought into contact with carbon-containing species 

to give rise to surface oxygen vacancies, and propyne is suggested to be the starting point for C–C bond breaking. The 

presence of propyl at the metal site would accelerate the migration of the detached H atoms along the [010] axis, and the 

mean-field approximation holds well over the oxide surface. 

Microkinetic analysis indicates that the Pt–O′ site accounts for 68.7% of the TOF for propane consumption while the 

Ga(o)–O site accounts for 66.0% of the TOF for hydrogen desorption. As a consequence, the reaction occurs nearly 2.8 

times faster than that on the pristine Ga2O3 surface, which provides direct theoretical evidence that Pt may play a significant 

role in improving the catalytic performance of the Ga2O3 catalyst in PDH. 
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List of Figure Captions 

Figure 1. (a) Side and top views of the slab model of Pt1–Ga2O3(100), charge density difference for the adsorption of (b) Ga(o) 

and (c) Pt in the metal vacancy, density of states projected onto the O 2p and metal valence shell at the (d) Ga(o)–O and (e) Pt–

O′–Ga(o)′ sites. Charge accumulation and depletion are colored yellow and cyan, respectively, with the isosurface value being 

0.04 e/Å3. 

Figure 2. Decomposition of adsorption energies of propylene on Pt1–Ga2O3(100). 
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Figure 3. Computed charge density difference for H adsorption at the O site with another H atom pre-adsorbed at the adjacent (a) 

Ga(o), (b) Ga(o)′, and (c) Pt site. Charge accumulation and depletion are colored yellow and cyan, respectively, with the 

isosurface value being 0.04 e/Å3. 

Figure 4. Energy profiles for the main reaction of PDH via the formation of (a) 1-propyl and (b) 2-propyl on Pt1–Ga2O3(100) as 

well as the geometries of the transition states for the elementary steps involved. All the potential energies are referenced to the 

sum of the total energies of gas-phase propane and the bare oxide surface. 

Figure 5. Illustration of H migration elementary steps on the surfaces around the Ga(o) and Pt ions (a, b) with and (c, d) without 

2-propyl adsorbed in the vicinity and (e) calculated H migration barriers. 

Figure 6. Energy profiles and geometries of the transition states for H2 desorption and H2O formation on Pt1–Ga2O3(100). All the 

potential energies are referenced to the sum of the total energies of gas-phase H2 and the bare oxide surface. Charge accumulation 

and depletion are colored yellow and cyan, respectively, with the isosurface value being 0.04 e/Å3. 

Figure 7. Energy profiles for the deep dehydrogenation of propylene via the formation of (a) 1-propenyl and (b) 2-propenyl on 

Pt1-Ga2O3(100) as well as the geometries of the transition states for the elementary steps involved. All the potential energies are 

referenced to the sum of total energies of gas-phase propane and the bare oxide surface. 

Figure 8. (a) Comparison of the reaction energies for C-H and C-C bond breaking of propylene and five deeply dehydrogenated 

C3 intermediates on the oxygen-deficient Ga2O3(100) surface and (b) potential energy diagrams for propyne dehydrogenation and 

cracking as well as the geometries of the initial and transition states. All the potential energies are referenced to the sum of the 

total energies of gas-phase propane and the defective surface. Charge accumulation and depletion are colored yellow and cyan, 

respectively, with the isosurface value being 0.04 e/Å3. 

Figure 9. TOFs on Ga2O3(100) and Pt1–Ga2O3(100) at 895K and 1 bar of C3H8.  
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Figure 1. (a) Side and top views of the slab model of Pt1–Ga2O3(100), charge density difference for the adsorption of (b) 

Ga(o) and (c) Pt in the metal vacancy, density of states projected onto the O 2p and metal valence shell at the (d) Ga(o)–O 

and (e) Pt–O′–Ga(o)′ sites. Charge accumulation and depletion are colored yellow and cyan, respectively, with the 

isosurface value being 0.04 e/Å3. 
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Figure 2. Decomposition of adsorption energies of propylene on Pt1–Ga2O3(100). 

  



 

27 

 
Figure 3. Computed charge density difference for H adsorption at the O site with another H atom pre-adsorbed at the 

adjacent (a) Ga(o), (b) Ga(o)′, and (c) Pt site. Charge accumulation and depletion are colored yellow and cyan, respectively, 

with the isosurface value being 0.04 e/Å3. 

  



 

28 

 
Figure 4. Energy profiles for the main reaction of PDH via the formation of (a) 1-propyl and (b) 2-propyl on Pt1–

Ga2O3(100) as well as the geometries of the transition states for the elementary steps involved. All the potential energies are 

referenced to the sum of the total energies of gas-phase propane and the bare oxide surface. 
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Figure 5. Illustration of H migration elementary steps on the surfaces around the Ga(o) and Pt ions (a, b) with and (c, d) 

without 2-propyl adsorbed in the vicinity and (e) calculated H migration barriers. 
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Figure 6. Energy profiles and geometries of the transition states for H2 desorption and H2O formation on Pt1–Ga2O3(100). 

All the potential energies are referenced to the sum of the total energies of gas-phase H2 and the bare oxide surface. Charge 

accumulation and depletion are colored yellow and cyan, respectively, with the isosurface value being 0.04 e/Å3. 
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Figure 7. Energy profiles for the deep dehydrogenation of propylene via the formation of (a) 1-propenyl and (b) 2-propenyl 

on Pt1-Ga2O3(100) as well as the geometries of the transition states for the elementary steps involved. All the potential 

energies are referenced to the sum of total energies of gas-phase propane and the bare oxide surface. 
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Figure 8. (a) Comparison of the reaction energies for C-H and C-C bond breaking of propylene and five deeply 

dehydrogenated C3 intermediates on the oxygen-deficient Ga2O3(100) surface and (b) potential energy diagrams for 

propyne dehydrogenation and cracking as well as the geometries of the initial and transition states. All the potential 

energies are referenced to the sum of the total energies of gas-phase propane and the defective surface. Charge 

accumulation and depletion are colored yellow and cyan, respectively, with the isosurface value being 0.04 e/Å3. 

  



 

33 

 

Figure 9. TOFs on Ga2O3(100) and Pt1–Ga2O3(100) at 895K and 1 bar of C3H8. 
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Table 1. Calculated adsorption energies and effective Bader charge on adsorbed species. 

Species Site adsE∆ /eV Effective Bader charge 
on adsorbed species/|e| 

Propane Physisorbed −0.25 - 
H2 Physisorbed −0.07 - 

Propylene Physisorbed −0.35 - 
 Ga(o)–O  0.29 - 
 Ga(o)′–O′  0.56 - 
 Pt–O′ −0.36 - 
 Pt −0.59 - 

H O −2.17 0.54+ 
 Ga(o) −0.16 0.20− 
 O′ −2.59 0.56+ 
 Ga(o)′ −0.37 0.26– 
 Pt −3.27 0.03− 

1-propyl Physisorbed −0.40 - 
 O −1.03 0.53+ 
 O′ −1.39 0.54+ 
 Pt −2.66 0.06+ 

2-propyl Physisorbed −0.46 - 
 O −0.94 0.54+ 
 O′ −1.48 0.54+ 
 Pt −2.54 0.08+ 
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Table 2. Calculated Lewis acid-base interaction, adsorption energy difference, and effective Bader charge carried by 

adsorbed species on Pt1–Ga2O3(100). 

Coadsorbed 
species Site int,acid baseE −∆ /eV coads ads ,acid ads ,baseE E E∆ −∆ −∆ /eV Effective Bader charge 

on adsorbed species/|e| 
H&H Ga(o)–O −1.77 −2.03 0.36− & 0.56+ 

 Ga(o)′–O′ −1.61 −1.08 0.37− & 0.57+ 
 Pt–O′  0.09  0.53 0.03− & 0.55+ 

1-propyl&H Ga(o)–O −1.38 −1.18 0.32− & 0.55+ 
 Ga(o)′–O′ −1.00 −0.48 0.33– & 0.56+ 
 Pt–O′  0.24  0.60 0.01– & 0.55+ 

2-propyl&H Ga(o)–O −1.33 −0.88 0.30– & 0.54+ 
 Ga(o)′–O′ −1.09 −0.19 0.31– & 0.56+ 
 Pt–O′  0.32  0.63 0.02+ & 0.55+ 
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