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Abstract 

Propane dehydrogenation is a major reaction in industry as it transforms the abundant propane into 
propylene, which is a vital raw material for higher-value products. Although Pt-based catalysts 
have been extensively used for this catalytic process, challenges such as over-dehydrogenation, 
cracking and coking often pose obstacles to their effectiveness. Here, we utilize first-principles 
simulations to investigate the potential of Cu-based single-atom alloys (SAAs) as a promising class 
of catalytic materials for enhancing the reactivity and selectivity for propylene formation. 
Previously studied SAAs for this reaction are formed by dispersing late and noble transitions 
metals such as Pt and Rh in Cu. Here we show from first-principles calculations that SAAs formed 
by dispersing more electropositive, earlier, transition metals such as Ir and even Hf, Ti and Zr into 
Cu(111) could potentially result in highly efficient catalysts. CuIr1 is demonstrated to possess 
comparable reactivity to pure Pt and the previously identified CuRh1 catalysts. Additionally, it 
does not catalyze over-dehydrogenation beyond propylene, as this process is hindered by a large 
activation barrier. A high propylene production rate, exceeding that on the monometallic Pt 
catalysts by an order of magnitude, is predicted on CuHf1. Although over-dehydrogenation could 
take place on CuHf1, which partially covers the catalyst surface with CH2CHCH2, further 
dehydrogenation beyond this intermediate is very unlikely. Chemical bonding analysis 
demonstrates that the anti-bonding orbitals between Hf and the two atoms (C and H) participating 
in the first bond-cleavage step of propane is mostly depleted, which leads to the strong interaction 
between this rate-limiting transition state and the active dopant, and results in the high propylene 
production rate observed. This strategy of shifting these anti-bonding orbitals above the Fermi 
level through the introduction of various early-transition metal active elements into the copper 
substrate may similarly be employed in the engineering of alternative alloy catalysts for catalyzing 
propane dehydrogenation. 
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Introduction 

Thanks to the breakthroughs in hydraulic fracturing technology, the extraction of shale gas 
condensates, which are abundant in propane, has seen a remarkable surge in scale.1 Instead of 
burning the large amount of propane directly as a fuel, propane can be transformed into more 
value-added products like propylene. Propylene serves as a vital raw material in the production of 
crucial petrochemicals including polypropylene, propylene oxide, and acrylonitrile.2–4 A large 
portion of the world’s production of propylene currently relies on the conventional processes of 
pyrolysis and catalytic cracking of hydrocarbons. However, due to the swift depletion of fossil fuel 
resources, these conventional methods utilized for propylene generation are unable to satisfy the 
rising demands.1,5 As a result, there is a pressing need to improve the propylene production 
technologies such that the generation rates could be enhanced.  

Non-oxidative dehydrogenation of propane has drawn much attention lately as not only does it 
generate propylene, but it also yields H2 which can be used as a clean energy source. In addition, 
the process is carbon neural. Pt-based catalysts have been widely used in the industry for this 
dehydrogenation reaction due to their high activity.6,7 However, over-dehydrogenation and C-C 
bond cleavage frequently occur on the Pt-based catalysts under reaction conditions, resulting in 
diminished product selectivity as well as coking.1,8 Besides, elevated temperatures during alkane 
dehydrogenation and regeneration processes often lead to significant sintering of Pt nanoparticles, 
primarily driven by the Ostwald ripening mechanism.9–11 Furthermore, Pt also imposes an 
economical constraint on industry profitability due to its expensive cost. These drawbacks 
necessitate the development of novel catalysts that could offer significant improvements from both 
a scientific and economic standpoint. 

Single-atom alloys (SAA) are a promising class of catalytic materials to improve reaction 
selectivity and to reduce costs in chemical processes.12,13 SAAs are often formed by atomically 
dispersing an active element, such as Pd and Pt, into a less active metal host, such as Cu, Ag, and 
Au.14–18 The active elements can initiate the reaction mechanism, which is C-H bond cleavage in 
the case of propane dehydrogenation, while the less active metal host imparts the selectivity by 
isolating the active metal and modifying its electronic structure compared to the bulk case. 
Through diluting different active species in a metal host, the binding strength of reaction 
intermediates on the surface could be effectively adjusted, which could lead to a control of the 
reaction kinetics.19 Depending on how much of the active species is incorporated, remaining in the 
dilute limit, the resulting active ensembles formed could span various sizes (monomer, dimer, 
trimer, etc.).20 These different ensemble sizes dictate the number of active atoms that the reaction 
intermediates can interact with, and hence determine the binding strength. Small ensemble sizes 
are also important to limit side reactions of C-C bond formation and coking, since larger active 
elements are usually required for these coupling reactions.21 In addition to the geometric 
contribution, isolated dopant atoms are also expected to have narrow d-states due to the weak 
orbital mixing between them and the metal host. The relative position of the d-states could also 
vary when different elements are dispersed in the less active metals.22 This change in the electronic 
structures could hence effectively alter the interaction between the catalyst surfaces and the 
reaction intermediates. By carefully adjusting these two aspects of dilute alloys (i.e. geometric and 
electronic structures), an optimal catalyst could be achieved, striking a balance between reaction 
activity and selectivity. 
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Propane dehydrogenation is a highly endothermic reaction, with a standard enthalpy change of 
+124.3 kJ/mol.23 Based on the Le Chatelier’s principle, high temperatures are required to promote 
this endothermic process. Although pure Cu(111) is often prone to sintering (which would lead to 
catalyst deactivation) when the reaction is performed under high temperatures, the inclusion of 
active dopant elements such as Ni and Rh in it could provide enhanced sintering resistance, in 
addition to the improved reaction activity.13,24 Nevertheless, under high reaction temperatures, 
alloy catalyst surface restructuring such as segregation (dopant atoms diffusing into the subsurface 
layers) and aggregation (dopant atoms grouping together to form a large surface active ensemble) 
should still be properly considered for optimal catalytic performance.  

Previously, catalysts created by alloying Sn with Pt were shown to possess good selectivity in the 
reaction of propane dehydrogenation. Researchers proposed that the inclusion of Sn aids in 
breaking down larger Pt ensembles into smaller clusters, thereby removing the potential sites for 
coke formation.25–27 Additionally, the electronic structure of Pt is also modified with the inclusion 
of Sn, and the electron transferred from Sn to Pt helps encourage the desorption of propylene and 
reduce the coke formation on the Pt sites.28,29 Besides the Pt-Sn catalyst, the highly dilute CuPt1 
single atom alloy (SAA) catalyst has also been shown to achieve high propane dehydrogenation 
selectivity and anti-coke ability, which are attributed to the high barriers for C-C bond breaking 
and deep dehydrogenation of propene.12 Another Cu-based SAA catalyst, CuRh1, also 
demonstrates high activity, selectivity, and coke-resistance in the propane dehydrogenation 
reaction. In the flow-reactor studies performed by Hannagan et al., not only is this catalyst seen to 
be more stable, but its activity also surpasses that of the Pt catalyst at low temperatures. Despite 
the sintering of the Cu nanoparticles at higher temperatures, the initial propane dehydrogenation 
rates on CuRh1 are still comparable to that on Pt-based catalysts.13  

The SAAs studied to date are based on late and noble dopants in Cu. In the present paper, we aim 
at exploring from computations the potential of more electropositive, earlier transition metal 
dopants, and contrasting them with the known late transition metal dopants. Earlier transition 
metals are chosen as dopants because (1) SAAs tend to exhibit weaker bindings strengths than 
pure reactive metals20,30–33 and (2) in propane dehydrogenation, the initial C-H bond cleavage to 
form propyl often faces a substantial activation barrier, and it is important to lower it for higher 
reaction rates.34 Earlier transition metals, which have higher d-band centers, are hence selected as 
they are expected to interact sufficiently strongly with the transition state for propane activation, 
thereby lowering the activation barrier even after accounting for the weakened binding 
characteristics of SAAs. In this work, we have utilized density functional theory (DFT) 
calculations and microkinetic modeling to unravel the underlying mechanisms that govern the 
propane dehydrogenation reaction on four different catalysts: CuHf1, CuTi1, CuZr1, and CuIr1, and 
compare them with the known CuRh1 and the reference Pt catalysts. By performing a degree of 
rate control analysis, we show that the rate-limiting step in the dehydrogenation is the first C-H 
bond cleavage on the early-transition metals in Cu(111) and the Pt catalyst, but that in contrast it 
is the H-migration from one active dopant to another on CuIr1 and CuRh1. Among the alloy 
catalysts, the most reactive ones are found to be the early-transition metals in Cu(111) (i.e. CuTi1, 
CuZr1, and CuHf1) due to their strongest binding with the reaction intermediates and the transition 
states, leading to a lower effective barrier for C-H bond cleavage. In fact, CuHf1 is calculated to 
be even more reactive than the conventional Pt catalyst on a per active site basis, and the same 
should also apply to other early-transition metals in Cu. Besides its reactivity, CuHf1 also possesses 
high selectivity as further dehydrogenation/decomposition beyond CH2CHCH2 is not very likely. 
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Following CuHf1, CuIr1 and CuRh1 are also found to be active and selective for propane 
dehydrogenation, despite showing a lower propylene formation rate than CuHf1. Not only do our 
results demonstrate the potential of SAAs with early transition metal dopants for propane 
dehydrogenation, but they also illustrate the role of the active dopant in decreasing the 
destabilizing electronic interaction between the dissociating C-H bond and the metallic active site. 

 

Methods 

DFT Calculations. All density functional theory (DFT) calculations were performed using the 
Vienna ab initio simulation package (VASP).35,36 Cu-based SAA surfaces for propane 
dehydrogenation were modeled using a four-layer slab and a (4 × 3) unit cell, with one of the 
surface Cu atoms replaced by a dopant atom.  For this unit cell size, a Γ-centered 4 × 5 × 1 K-
points grid was used. During structural optimization, the bottom two layers were fixed in the Cu 
bulk position while the upper two layers and the surface adsorbates were allowed to relax until the 
convergence threshold of 0.02 eV/Å was reached. Multiple adsorption configurations of surface 
species were tested, and the ones that are not used in our discussion are shown in Figures S14 – 
S17 for reference. Based on the previous benchmarking on Pt(111), the exchange-correlation 
functional optPBE-vdW is shown to give the most accurate binding energies for alkane 
activation.37 Hence, all calculations reported in this study were performed using the optPBE-vdW 
functional, along with a cutoff energy of 500 eV for the plane wave basis set.38–40 Transition states 
were located using the climbing image nudged elastic band method (CI-NEB), the dimer method, 
and the quasi-Newton method.41–44 Vibrational frequency calculations were also carried out. Extra 
imaginary frequencies can occur in minima and transition states due to soft modes associated with 
alkyl groups. Although these extra imaginary frequencies can in principle be removed by 
displacement along the associated mode and reoptimization, they are small (the largest one is 77i 
cm-1) and our tests show that their removal changes the energy in an non-significant manner (by 
ca. 0.003 eV only). For the free energy calculations, small wavenumbers (< 50 cm-1) and extra 
imaginary frequencies were shifted to 50 cm-1, and vibrational degrees of freedom were included 
in the harmonic approximation. Crystal Orbital Hamilton Populations (COHP) analysis was 
conducted using Local Orbital Basis Suite Toward Electronic Structure Reconstruction 
(LOBSTER), and all structural configurations reported were visualized using VESTA.45,46 

Free energy calculations for gaseous and surface species take into consideration zero-point 
energies and vibrational entropies. They were calculated using equations 1 and 2, respectively: 
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where EDFT is the electronic energy given by DFT, EZPE is the zero-point energy, 𝜖&  is the 
vibrational energy, kB is the Boltzmann’s constant, T is the temperature, P is the pressure (Po is the 
reference pressure), and Strans, Srot, and Svib are the translational, rotational, and vibrational 
entropies, respectively. 
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An energy decomposition scheme was employed to understand the stabilization of the transition 
states for first C-H bond cleavages by splitting the binding strengths into two contributions: 
transition state deformation and catalyst-transition state interaction.47 The deformation energy (Eq. 
3) for the former and interaction energy (Eq. 4) for the latter were calculated as:  

𝐸>(=,,? = 𝐸(𝑇𝑆@) − 𝐸(𝐶A𝐻B,!) – (3) 

𝐸&'8,,? = |𝐸(𝑇𝑆 − 𝐶𝑢𝑋7) − 𝐸(𝑇𝑆@) − 𝐸(𝐶𝑢𝑋7@)| – (4) 

where E(TS’) is the energy of propane in the deformed geometry of the transition state in the gas 
phase, E(C3H8,g) is the energy of the unconstrained propane molecule in the gas phase, E(TS – 
CuX1) is the total energy of the unconstrained transition state on the catalyst surface, and E(CuX1’) 
is the energy of the frozen metal slab in the deformed geometry of the transition state “TS – CuX1”. 

Microkinetic Simulations. Microkinetic simulations were performed to study the kinetic behavior 
of the proposed reaction mechanism (see SI. Section 2) on the metal catalysts using the energetics 
obtained from DFT. The rate constants for adsorption (kads,i) and desorption (kdes,i) were calculated 
using the collision theory (Eq. 5a and 5b) and those for surface reactions (kj) using the transition 
state theory (Eq. 6):48  
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where Ast is the area of the adsorption site, mi is the mass of the adsorbing species i, kB is the 
Boltzmann’s constant, T is the temperature, Po is the standard state pressure (1 bar), ∆𝐺">#,&9  is the 
adsorption free energy of species i under standard state pressure, h is the Planck’s constant, and 
∆H‡ and ∆S‡ are respectively the enthalpy and entropy differences between the initial state and the 
transition state in elementary step j.  
In the microkinetic simulations, the time-dependent coverages of surface species i were formulated 
as a combination of the elementary step rate equations rj: 

>N!
>8
=	∑ 𝜈&K𝑟KK  – (7) 

where θi is the coverage of surface species i, 𝜈𝑖𝑗 is the stoichiometric coefficient of species i in 
elementary step j, and rj is the rate equation for elementary step j. The catalyst surfaces were set to 
be bare initially. Steady-state coverages of surface species, which would be used in subsequent 
kinetic analysis, could be obtained by constructing a Python script to numerically solve the set of 
ordinary differential equations.  

The degree of rate control (DRC) analysis was employed to identify the rate-limiting steps in 
propane dehydrogenation over the metal catalysts.49 It is defined as the change in the overall 
reaction rate with respect to the change in the rate constant for one specific elementary step j, 
which could be reflected in the free energy of its transition state. Hence, the mathematical 
representation for DRC calculations is written as: 
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where r is the overall reaction rate, and 𝐺P,,? and 𝐺P,QR are respectively the standard state free 
energies of the transition states and the surface intermediates. 

PDH is usually carried out at T = 500 – 700 oC and atmospheric pressure.23,50 We selected the 
lower end of this range, i.e. 500 oC, for this study, a total pressure of 1 bar and a conversion of 
15%.1 A partial pressure of H2 is often initially mixed with propane reactant to limit coke formation, 
hence we set 75% propane and 25% H2 as the initial composition. Considering the 15% conversion, 
simulations are therefore performed at T = 773 K, P(C3H8) = 0.64 bar, P(H2) = 0.36 bar, and P(C3H6) 
= 0.11 bar. 

Results 

Table 1. Segregation and aggregation energies of various dopants in Cu(111) in vacuum. 
Negative segregation energies indicate favorable segregation, while positive aggregation 
energies signify unfavorable aggregation. Reproduced from ref 19. 

Dopant Segregation Energy Aggregation Energy 
Ti 0.22 eV 0.04 eV 
Zr -0.11 eV 0.46 eV 
Hf 0.10 eV 0.56 eV 
Ir 0.04 eV 0.05 eV 
Rh 0.02 eV 0.15 eV 

 

Dopant Segregation and Aggregation. In contrast to monometallic catalysts such as Pt, concern 
is often raised regarding the position of the active species in single-atom alloy catalysts. 
Segregation and aggregation energies are two important indicators that assess whether a single-
atom alloy catalyst, with active species monomers embedded in the surface layer of the host, could 
be formed experimentally. The former is defined as the energy gain/loss when the dopant goes 
from subsurface Cu layer to the surface layer, and the latter is the energy difference when two 
isolated surface dopant atoms are brought together to form a dimer. Hence, negative segregation 
energy indicates that it is favorable for the dopants to stay in the surface layer, and positive 
aggregation energy suggests that the dopants would like to remain isolated. The calculation of 
segregation and aggregation energies is usually done in vacuum in the literature, while the presence 
of adsorbates in reaction conditions could markedly affect these values, as we will discuss later.  

An earlier study found that, in vacuum, the segregation of active Zr dopant to the Cu(111) surface 
is energetically favorable, as evidenced by the negative energy value of -0.11 eV for this process 
(Table 1).19 In contrast, for CuTi1, CuHf1, and CuIr1, the segregation energy values are positive, 
ranging from 0.04 to 0.22 eV.19 While these positive values suggest unfavorable segregation and 
preference for migration towards the bulk, their magnitudes are relatively small, and this 
impediment can be alleviated by the presence of adsorbates under reaction conditions. Besides 
segregation, it is noted that the aggregation energies are positive for all alloy catalysts. The 
formation of larger dopant aggregates is therefore not thermodynamically favorable, and the 
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dopants should stay as isolated atoms in the surface layer. Nevertheless, one needs to assess as 
well the influence of adsorbates on dopant aggregation, as will be discussed in more detail. 

To provide some examples, the synthesis of model CuTi1 samples has already been demonstrated 
to be feasible by Weaver et al. by vapor deposition of Ti on a Cu(111) surface.51 Another work by 
Biener et al. synthesized Ti doped nanoporous Cu samples by chemical dealloying of Al80Cu19Ti1 
precursor alloys and suggested that isolated Ti atoms in the surface of Cu are the active sites for 
the H-D exchange reaction observed in their study.52 Since Hf, Zr, and Ir have smaller segregation 
energies and larger aggregation energies than Ti, it is very likely that they could be made 
experimentally as well. One can further underline that the segregation energy for CuRh1 is 
calculated to be 0.02 eV, hence very similar to that of CuHf1 and CuIr1, while experiments have 
shown that CuRh1 SAA is both active and stable for propane dehydrogenation.13 As a result, not 
only are the chosen SAAs in this work anticipated to be synthesizable in experiments, but they 
will also remain stable under reaction conditions.13 
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Figure 1. (a) Free energy profile and (b,c) corresponding adsorption configurations for propane 
dehydrogenation on CuHf1. Side view of the transition states is provided in Figure S1. Red and 
blue sections along the pathway indicate dehydrogenation at the terminal or central carbon atoms 
as the first step, respectively. For better visibility, the H atoms that are being detached in the 
transition states are colored in red or blue, accordingly, and in black for further dehydrogenation 
beyond propene. Reaction conditions are: T = 773 K, P(C3H8) = 0.64 bar, P(H2) = 0.36 bar, and 
P(C3H6) = 0.11 bar. 

 

Propane Activation. We will first describe the catalytic activity of CuHf1. Propane activation 
could take place by either cleaving the C-H bond at the terminal carbon atom first (Figure 1, red 
pathway) or at the central carbon atom first (Figure 1, blue pathway). Free energy profiles for these 
reaction pathways were constructed for the single-atom alloy catalysts and the monometallic Pt 
catalyst to examine the differences among them (Figure 1, S8, S10, and S11). On CuHf1, the free 
energy profile begins with the molecular adsorption of propane (C3H8) on the dopant, followed by 
the transition states for C-H bond cleavage to form either CH3CHCH3 (blue pathway) or 
CH3CH2CH2 (red pathway), which co-adsorb on the same active ensemble with the H atom 
detached (“C3H7 + H” in Figure 1). For the presentation of the free energy profile, we assume that, 
before subsequent bond-breaking steps take place, this H atom will spill over on the Cu domain 
and recombine with another H atom either on the Cu surface directly or on a second active site, 
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and effectively desorb as ½ H2(g). Although these processes (H-spillover and H-H recombination) 
are activated, they are not included in Figure 1 for simplicity, but they will be detailed in the 
following section. As will be confirmed by the following sections, this assumption does not affect 
the conclusion drawn from this free-energy-based analysis for CuHf1. After the H atom is removed, 
the propyl intermediate will follow the same dehydrogenation pattern to produce C3H6. Propylene 
formed on CuHf1 could either desorb into the gas phase or stay on the surface for further reaction. 
Further reaction involves cleaving the C-H bond in the methyl group in propylene, generating an 
allyl intermediate CH2CHCH2 on the catalyst surface. Eventually, the resulting CH2CHCH2 will 
undergo additional dehydrogenation and terminate at CH2CHCH + H. Free energy profiles for 
CuIr1, CuRh1, and Pt(111) were constructed in a similar manner, although they stop at CH2CHCH2, 
and the reason of which will be discussed in the following section. 

The free energy profile for propane dehydrogenation on CuHf1 indicates that molecular adsorption 
of propane is not stable under the studied conditions, as demonstrated by the positive change in 
free energy (ΔG = 0.56 eV). Following this molecular adsorption, the transition state to break the 
C-H bond at the central C atom (blue pathway) is seen to be more favorable than that at the terminal 
C atom (red pathway), as evidenced by the lower free energy value of 1.22 eV versus 1.30 eV. The 
fact that these two transition states lie at the highest points in the entire free energy profile suggests 
that they are the most rate-limiting steps in this reaction. Since the blue pathway is more favorable, 
the reaction is expected to proceed predominantly along this route and thus exert greater control 
over the overall reaction rate. Consequently, blue TS1 should be more rate-controlling than red 
TS1, as will be proved in the following section. In contrast with the energy ranking of the first 
transition states, the intermediate formed by dehydrogenating the central C atom (blue C3H7; G = 
0.38 eV) is less stable than that formed by terminal C dehydrogenation (red C3H7; G = 0.26 eV). 
Surprisingly, when the H atom remains co-adsorbed with these propyl intermediates (C3H7 + H), 
they are equally stable. This observation can be attributed to the stronger repulsive interaction 
between the H atom and the propyl intermediate in the red pathway than in the blue pathway, as 
demonstrated by the larger structural displacement observed for propyl in the co-adsorbed ‘C3H7 
+ H’ state along the red pathway. Lastly, the second transition states for C-H bond cleavage to 
produce the desired product propylene follows the same trend as the propyl intermediates, i.e. red 
TS1 lies lower in the free energy profile than blue TS1. It is worth noting that although the red 
pathway is more favorable than the blue pathway in this second bond-breaking step, the transition 
state energies for these steps are much lower than those for the first ones. Hence, it will not reverse 
the qualitative statement that the blue pathway is more favorable.  

Propylene formed on CuHf1 could either desorb into the gas phase or stay on the catalyst surface 
for further dehydrogenation. It is seen that the activation barrier for additional C-H bond cleavage 
is considerably small (0.19 eV). This small activation barrier implies that this further 
dehydrogenation step to produce CH2CHCH2, which is remarkably stable on the catalyst surface 
(G = -0.15 eV; lower than that of gaseous propylene by 0.06 eV), is indeed very probable. However, 
dehydrogenation beyond CH2CHCH2 is less likely as the forward activation barrier (∆G = 1.10 
eV) is 0.41 eV larger than the reverse barrier to produce propylene again. An alternative 
dehydrogenation pathway leading to propyne formation was also examined (Figure S2). This 
pathway is shown to be even less favorable, as the transition states (G = 1.22 – 1.25 eV; relative to 
C3H8(g)) associated with cleavage of the remaining C-H bonds in propylene lie high on the free 
energy profile, and are even higher than TS3 for CH2CHCH2 formation and TS4 for further 
dehydrogenation. Besides dehydrogenation, CH2CHCH2 decomposition to form CH2CH and CH2 
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is also improbable due to the substantial free energy difference (ΔG = +0.90 eV) between the intact 
(CH2CHCH2) and the fragmented (CH2CH + CH2) states (Figure S3). The presence of the 
activation barrier associated with C-C bond cleavage would further exacerbate the difficulty of 
this process. Eventually, since CH2CHCH2 is more stable than C3H6, CH2CHCH + H, and CH2CH 
+ CH2, the reaction is expected to be trapped here, populating the catalyst surface with CH2CHCH2. 

 
Figure 2. Simplified free energy profile for propane dehydrogenation on CuTi1 (gray), CuZr1 
(aquamarine), and CuHf1 (blue). Reaction conditions are T = 773 K, P(C3H8) = 0.64 bar, P(H2) 
= 0.36 bar, and P(C3H6) = 0.11 bar. 

 

As previously mentioned, the rate of propane dehydrogenation is predominantly controlled by the 
initial activation of the molecule, and the strong adsorption of CH2CHCH2 might lead to catalyst 
poisoning, resulting in lower activity. Based on these claims made for CuHf1, we extended this 
study to other early-transition metals in Cu(111) and explored their catalytic performance relative 
to CuHf1 (Figure 2). Similar to CuHf1, CuTi1 and CuZr1 favor the pathway in which the C-H bond 
at the central carbon atom of propane is cleaved first. Additionally, the free energies associated 
with the transition states for initial activation (G = 1.14 – 1.22 eV) and CH2CHCH2 adsorption (G 
= -0.29 – -0.12 eV) are similar among the three catalysts, and the catalytic performance of CuTi1, 
CuZr1, and CuHf1 is hence expected to be comparable. For this reason, the following discussion 
will primarily focus on the difference between the early- and mid-transition metals in Cu(111), 
rather than among the three early-transition metals.  
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Figure 3. (a) Free energy profile and (b) corresponding adsorption configurations for H atoms 
recombination on CuHf1. Reaction conditions are: T = 773 K and P(H2) = 0.36 bar. 

 

H-H Recombination. It is worth noting that, on single-atom alloys, the H atoms detached from 
propane and propyl will recombine on either a second active site or on Cu(111) before desorbing 
into the gas phase. The energy profile for such processes on CuHf1 is shown in Figure 3. To achieve 
the recombination on a second CuHf1 active site, it is needed to bring the H atoms already spilled 
over on the Cu domain to the single atom by overcoming a small migration barrier of ~ 0.20 eV. 
The same process was also assessed for the other four alloy catalysts (i.e. CuTi1, CuZr1, CuIr1 and 
CuRh1), which reveals migration barriers of similar magnitudes to that observed on CuHf1 (Figures 
S5, S6, S7 and S9). Once there are two H atoms on the same active ensemble (“2H” state in Figure 
3, S5, S6, S7 and S9), recombination could take place by going through the associated transition 
state (“TS-Rec”). In the case of the early-transition metals (CuTi1, CuZr1 and CuHf1), this 
recombination process is considerably more difficult than that on CuRh1 and CuIr1 for their high 
transition state energies (G = 0.96 - 1.00 eV) and large activation barriers of 0.70 – 0.77 eV 
(Figures 3, S5 and S6). For CuRh1, on the other hand, the recombination transition state is at a 
comparable level to the molecular adsorption state of H2, making the activation barrier small and 
roughly equal to 0.1 eV (Figure S9). Lastly, the binding of the H atoms on the CuIr1 active sites is 
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strong, with the adsorption free energy being -0.02 eV at the high reaction temperature (Figure 
S7). This binding is so strong that no recombination transition state was found on the electronic 
energy surface and the two H atoms simply desorb as a gaseous H2 molecule. Nevertheless, given 
the entropy change associated with adsorption/desorption processes, there should exist a free 
energy barrier in between gaseous H2 and the “2H” state that we assume as negligible here. Before 
closing up, it should also be mentioned that the only barrier for H-H recombination on Pt(111) is 
the binding energy of the H atoms,53 and the transition state energy and activation barrier for the 
same process on Cu(111) are 1.55 eV and 0.74 eV, respectively. Although these values are larger 
than those on the active ensembles, Cu(111) could still serve as additional sites in the reaction 
mechanism to recombine the H atoms from propane activation. 
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Figure 4. (a) Free energies of the transition states for the steps of initial C-H bond cleavage and 
subsequent H-migration away from the active ensembles. Note that H-migration steps are not 
considered for Pt(111) due to the homogeneous nature of the surface. The free energies of the 
H-migration transition states were obtained by adding the activation barriers, which are the 
energy differences between “C3H7 + TS-M (in the absence of the H residing on the active 
ensemble)” and “C3H7 + H”, to “C3H7 + H”. A schematic diagram for this process is provided 
in Figure S12. (b) Corresponding adsorption configurations of the transition states for the initial 
C-H bond cleavage steps on the catalyst surfaces, along with the lengths of the C-H bonds that 
are being cleaved listed. Side view of these transition states can be found in Figures S1, S8, S10 
and S11. Blue and red colors for bars and frames represent the pathways in which the central or 
terminal carbon atoms of propane are dehydrogenated as the first step, respectively. The H atoms 
that are being detached are highlighted in blue or red accordingly. Reaction conditions are: T = 
773 K, P(C3H8) = 0.64 bar, P(H2) = 0.36 bar, and P(C3H6) = 0.11 bar. 

 

Transition State Energy Comparison. The complete propane dehydrogenation pathway was also 
studied in detail on CuIr1, CuRh1, and Pt(111) (Figures S8, S10 and S11), in addition to CuHf1 
(Figure 1). It is determined by the lower overall transition state free energies that CuRh1 exhibits 
a preference for the production of propylene through CH3CHCH3 (i.e. blue pathway), whereas 
CuIr1 and Pt(111) opt for CH3CH2CH2 (i.e. red pathway) for the same process (Figure 4). However, 
unlike the early-transition metals in Cu(111) (i.e. CuZr1, and CuHf1; for CuTi1, propane activation 
appears to be the sole rate-limiting step as well, although this conclusion should be interpreted 
with caution given the small difference of 0.06 eV between the bond cleavage and H-migration 
transition state energies in the blue pathway), propane activation is not the sole rate-limiting step 
on CuIr1 and CuRh1. For CuIr1, the first C-H bond cleavage transition state in the red pathway is 
only 0.02 eV higher in free energy than the H-migration step towards the Cu domain (Figure 4). 
For CuRh1, the transition state for the spillover step in the blue pathway lies even higher in the 
energy profile than the bond cleavage step (Figure 4). These results strongly indicate that H-
migration steps are also rate-controlling in the reaction mechanisms on these two single-atom 
alloys, which stand in stark contrast to the prevailing belief that alkane activation is only governed 
by the initial bond-cleavage step. It is noteworthy that the change in the rate-limiting steps is most 
likely attributed to the stabilization of the dehydrogenated intermediates (i.e. “CH3CHCH3 + H” 
and “CH3CH2CH2 + H”). To be more specific, on CuHf1, the intermediate is stabilized (relative to 
the first bond cleavage transition state) to a greater extent than that on CuIr1 and CuRh1, as 
evidenced by the free energy differences between the first bond cleavage transition states and the 
intermediate states (ΔG = -0.58 eV for CuHf1, ΔG = -0.37 eV for CuIr1, and ΔG = -0.28 eV for 
CuRh1). Additionally, the three alloy catalysts encounter similar activation barriers for the H-
migration steps (ΔG‡ = 0.35 – 0.40 eV; note that these barriers are lower when reaction 
intermediates are present due to repulsion, as opposed to situations where only one H atom is 
present or no species are present at all). These two aspects collectively lead to higher transition 
state energies for H-migration on CuIr1 and CuRh1, consequently rendering this event somewhat 
rate-controlling in the reaction network. To avoid proceeding through the rate-limiting H-
migration steps, it might be possible to keep the H atoms on the active ensembles while cleaving 
the second C-H bonds in propyl. However, the transition states for these steps on CuIr1 and CuRh1 
are demonstrated to possess even higher free energies than those for H-migration (> 0.11 eV), 
suggesting that this pathway is less favorable and is not considered in this study (Figure S13). In 
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comparison, on the Pt(111) catalyst, H diffusion is easy and H-migration steps cannot govern the 
dehydrogenation rate.  

In addition to the distinct rate-limiting steps, the highest transition state free energies for the more 
preferrable pathway on CuIr1, CuRh1, and Pt(111) markedly exceed those observed for the early-
transition metals (Figure 4). To clarify further, the free energy values range from 1.49 – 1.60 eV 
for the former, versus 1.14 - 1.22 eV for the latter. These larger values could indicate that the 
corresponding reaction rates would be significantly lower when compared with CuTi1, CuZr1, and 
CuHf1. Nevertheless, CuIr1 and CuRh1 encourage propylene desorption by imposing large 
activation barriers (Figures S8 and S10; ΔG‡ = 1.13 eV for CuIr1 and ΔG‡ = 0.89 eV for CuRh1) 
for further dehydrogenation steps. Even if this additional bond cleavage step can take place, the 
resulting CH2CHCH2 formed is not strongly bound, as indicated by the positive free energy 
changes of 0.46 – 0.50 eV for this intermediate state relative to gaseous propylene. Hence, 
propylene is not expected to undergo more dehydrogenation steps and these catalyst surfaces 
should not be populated by the intermediate CH2CHCH2. It is not straightforward from the 
pathways alone to decipher whether the activation barrier magnitude or the surface poisoning by 
intermediates will control the optimal propylene production rates on these SAA catalysts. The 
combined effect of these contributions will be thoroughly examined in the following microkinetic 
modeling section. 

 
Figure 5. Degree of rate control of the transition states for the steps of initial C-H bond cleavage 
and subsequent H-migration away from the active ensembles. Note that H-migration steps are 
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not considered for Pt(111) due to the homogeneous nature of the surface. Reaction conditions 
are: T = 773 K, P(C3H8) = 0.64 bar, P(H2) = 0.36 bar, and P(C3H6) = 0.11 bar. 

 

Microkinetic Simulation of Catalytic Activity and Selectivity. Microkinetic modeling was 
performed to assess the combined effect of intermediate free energies and transition state free 
energies on the reaction rate. It also brings the two separate pathways of propane activation and 
H-H recombination together to provide a more comprehensive analysis of the activity of SAA 
catalysts. The details of the elementary steps considered in the reaction network can be found in 
Supplementary Information (Tables S1-S4). Briefly, the elementary steps include propane 
activation and dehydrogenation on the SAA surface (Propane Activation Section), and H-H 
migration and recombination on both the Cu(111) and SAA surfaces (H-H Recombination Section). 
Microkinetic modeling indicates that on CuHf1, the transition states for dehydrogenating the 
central and terminal C atoms of propane are the most rate-controlling (Figure 5). Although both 
dehydrogenation pathways demonstrate a certain degree of rate control (i.e. reaction takes place 
through both pathways), the fact that dehydrogenating the central C atom of propane is more rate-
controlling supports the free-energy-based analysis, where this pathway was shown to be more 
favorable and of primary importance. Similarly, reaction proceeds via both dehydrogenation 
pathways on CuIr1, as evidenced by the degree of rate control exhibited by them. In this case, 
however, the pathway of dehydrogenating the terminal C atom of propane as an initial step is 
shown to be more favorable by the greater degree of rate control. More importantly, C-H bond 
cleavages are not the sole rate-limiting steps in alkane activation on CuIr1. Rather, the step of 
moving the H atom away from CH3CH2CH2 also significantly controls the reaction rates. This 
situation starkly contrasts with extended active surfaces, on which the breaking of the C-H bonds 
is believed to be the only limiting factor for reaction rates. It is noted that the step of H-migration 
becomes even more prominent on CuRh1, as this transition state is the most rate-limiting in the 
reaction network, more rate-limiting than those for C-H bond cleavage (Figure 5). This observation 
is consistent with the free-energy-based assessment, where the free energy of this transition state 
is higher than that for dehydrogenating the central C atom of propane in the more favorable 
pathway (Figure 4). Eventually, the larger DRC value of the transition state for dehydrogenating 
the terminal C atom of propane on Pt(111) agrees well with the previous analysis that the reaction 
primarily proceeds through this pathway (Figures 4 and 5). Unlike the single-atom alloy catalysts, 
H-migration does not play a significant role in controlling the reaction rates on Pt(111) due to the 
homogeneous nature of the catalyst surface.  

Before proceeding further, it is necessary to discuss the H-migration step being rate-limiting in 
more detail. As shown in Figures S8 and S10, mid-transition metals (Ir and Rh), as a SAA in Cu,  
do not interact strongly with propyl, hence placing the states of ‘C3H7 + H’ and ‘C3H7’ high in the 
free energy profiles. Migrating H atoms away from the active ensembles is an activated process, 
meaning there is an associated transition state and activation barrier. Since the initial state (C3H7 
+ H) already lies high in the free energy profile, the transition state corresponding to H-migration 
would lie even higher on the same profile. Accordingly, the H-migration steps would become rate-
limiting as long as their transition states are comparable in energy to TS1. This phenomenon 
applies to mid-transition metals (i.e. Ir and Rh) and is also likely relevant for late transition metals 
on Cu(111), but not for the early-transition metals (i.e. Hf), which are known to bind strongly to 
hydrocarbons. These findings collectively suggest that in future research endeavors regarding 
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alkane activation on single-atom alloys, attention should also be directed to H-migration, in 
addition to the ease of C-H bond activation. 

 

 
 
 

 
Figure 6. Steady-state surface coverage of reaction intermediates on (a) CuHf1 and (b) CuIr1 as 
a function of temperature. Reaction conditions are: P(C3H8) = 0.64 bar, P(H2) = 0.36 bar, and 
P(C3H6) = 0.11 bar. 

 

The catalyst surfaces could be populated by reactants and intermediates during the course of the 
dehydrogenation reaction, which could lead to surface poisoning and catalyst deactivation. Results 
of kinetic modeling show that on CuHf1, most of the active sites are covered by CH2CHCH2 due 
to its strong binding on the surface (Figures 1 and 6a; G = -0.15 eV), with the coverage being ~80 
% at lower temperature and ~65 % at higher temperature. Despite this partial blocking of the active 
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ensembles by the strongly bound CH2CHCH2 intermediate, there are still some vacant sites 
(approximately 12 % to 28 %) available for reactions. Given that the free energies of the transition 
states for propane activation are considerably lower on CuHf1, it is expected that this catalyst could 
still efficiently produce propylene with only a fraction of active sites accessible. Unlike CuHf1, it 
is the H atoms (Figure 6b) that populate the surface of CuIr1, for their strong adsorption on the 
active ensembles (Figure S7; G = -0.02 eV for the “2H” state). The coverage of these H atoms 
(“1H” and “2H”) accounts for ~65 % to 80 % of the total active sites, leaving only 20 – 35% of 
the sites bare for dehydrogenation. Although the amount of vacant active sites is similar on both 
CuHf1 and CuIr1, propylene production rate should be lower on the latter due to the higher 
transition state free energy associated with the first C-H bond cleavage step. Eventually, it is seen 
that the surface of CuRh1 is mostly bare (Figure S18), as there is no strongly bound reaction 
intermediate on it.  

 
Figure 7. Steady-state rate of propylene production on the four catalyst surfaces. Blue 
represents the production rate at a lower temperature of 723 K and brown is at a higher 
temperature of 773 K. Pressures of reactants and products are: P(C3H8) = 0.64 bar, P(H2) 
= 0.36 bar, and P(C3H6) = 0.11 bar. 

 

The rate of propylene production reflects the result of the interplay between activation barriers and 
surface poisoning. It is seen that CuHf1 is the most reactive catalyst (191 s-1 at T = 723 K; 3576 s-

1 at T = 773 K) among the four for propylene production (Figure 7), although only a small portion 
of its active sites are available for dehydrogenation. More importantly, this single-atom alloy 
catalyst is markedly more reactive than Pt(111) (8.8 s-1 at T = 723 K; 108 s-1 at T = 773 K) on a 
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per active site basis, which suggests its potential to replace the currently-used Pt-based catalysts. 
It is worth noting that other early transition metals in Cu(111) (i.e. CuTi1 and CuZr1) should also 
possess similar propylene production rates to CuHf1 due to the comparable transition state free 
energies for propane activation and adsorption free energies of CH2CHCH2 as seen earlier (Figure 
2). CuIr1 and CuRh1, on the other hand, demonstrate propylene formation rates resembling that of 
Pt(111) (2.6 s-1 at T = 723 K and 28.2 s-1 at T = 773 K for CuRh1; 3.0 s-1 at T = 723 K and 50.9 s-

1 at T = 773 K for CuIr1), which are significantly lower than that observed on CuHf1. These lower 
reaction rates are aligned with the higher transition state free energies as observed in Figure 4. 

Single-atom alloy catalysts offer many advantages that conventional monometallic catalysts (e.g. 
Pt) do not possess. For example, the inherent geometric constraint (i.e. small ensemble size) of 
single-atom alloys prevents them from engaging in unwanted side reactions such as C-C bond 
breaking and deep-dehydrogenation, which would typically occur on extended active surfaces.1,8 
Such side reactions could lead to diverse serious issues, including carbon coking and subsequent 
catalyst deactivation. Even though propylene dehydrogenation could take place on CuHf1, the 
resulting CH2CHCH2 intermediate cannot proceed further to form either CH2CHCH or “CH2CH 
+ CH2”. Hence, deep dehydrogenation and decomposition are not an issue on CuHf1, let alone 
other single-atom alloys which offer weaker stabilization to the surface species. Lastly and most 
importantly, CuHf1 is much more reactive than the pure Pt catalyst on a per active site basis, and 
the other two SAA catalysts (CuIr1 and CuRh1) also possess similar propylene production rates to 
Pt(111). Not only are these Cu-based alloy catalysts much cheaper than the monometallic Pt 
catalysts for the efficient use of precious metals, but they also attain similar catalytic reactivity and 
higher selectivity in our modelling. Cu-based dilute alloys could therefore be seen as a versatile 
and efficient class of catalytic materials for the challenging alkane activation reactions. 

Catalyst Stability under Reaction Conditions. Besides catalytic reactivity and selectivity, 
attention should also be drawn to the stability of the single-atom alloys under high temperature 
conditions in propane dehydrogenation. Often times, Cu catalysts suffer from sintering at high 
temperatures, which results in loss of reactivity.54,55 However, several previous studies have 
revealed that this situation could be effectively suppressed when a dilute amount of dopant is 
introduced into Cu.13,24 In addition to Cu sintering, concern is often raised regarding the surface 
restructuring (i.e. segregation and aggregation) of the single-atom alloy catalysts, especially in the 
presence of surface adsorbates and under reaction conditions. Microkinetic modeling indicates that 
the surfaces of CuHf1 and CuIr1 (Figure 6) are populated by CH2CHCH2 and H atoms, respectively, 
even at high temperature. Due to the adsorbate-dopant bonds, the existence of these surface species 
can help stabilize the active dopants in the surface layer,56,57 despite the fact that segregation is a 
slightly endothermic process for them in the case of the bare surface. To be more specific, the 
segregation energies (in free energy at T = 773 K) for CuHf1 and CuIr1 become -0.78 eV and -0.72 
eV, respectively, in the presence of their corresponding surface adsorbates. Furthermore, one 
should still attain a significant propylene production rate on CuHf1 even if the reaction temperature 
is lowered (note that the gaseous species pressures need to be changed accordingly to ensure that 
the reaction remains exergonic at the reduced temperature) due to the high reaction rates seen in 
Figure 7. This change in temperature could reduce the energy for the active dopant to diffuse back 
into the subsurface layer, in addition to minimizing Cu sintering. CuIr1, on the other hand, 
possesses similar segregation and aggregation energies as CuRh1. In a previous reactor study, it 
was observed that CuRh1 remains stable for 50 hours during propane dehydrogenation at a reaction 
temperature of 623 K.13 Since the strong binding of H atoms on CuIr1, which is not seen in the 
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case of CuRh1, could help position the active dopants in the surface layer, CuIr1 is expected to 
demonstrate similar stability at an even higher temperature.  

CuHf1 and CuIr1 do not show a tendency to form large active ensembles on the surfaces based on 
the positive aggregation energies observed in the absence of any adsorbates. Although the presence 
of surface adsorbates might promote aggregation, this process is proved to be unlikely. DFT 
calculations demonstrate that the thermodynamic driving force (ΔG) for aggregation to take place 
in CuHf in the presence of CH2CHCH2 is -0.25 eV, while on the bare surface aggregation is 
unfavorable by 0.56 eV. These two values can be averaged by considering the probability for the 
dopant to be capped by CH2CHCH2, defined as the coverage obtained by the kinetic simulation. 
The ensemble-average value of the aggregation energy is -0.05 eV at reaction conditions. With 
such a small magnitude, aggregation could be effectively suppressed by controlling the amount of 
dopant in Cu. In addition, configurational entropy would further hamper the undesired aggregation. 
As for CuIr, single H atoms are also shown to be insufficient to markedly bring two surface Ir 
atoms together, as indicated by the nearly thermoneutral free energy change of 0.01 eV for this 
process. Despite the fact that our theoretical study suggests Hf and Ir should be able to remain as 
single atoms in Cu(111), reactor studies are still required to ascertain the stability (and activity) of 
these alloy catalysts under alkane dehydrogenation conditions. 

 

 
Figure 8. Energy of interaction (absolute value, green) between propane and the 
surface in the geometry of the transition states for initial C-H bond cleavage, 
and energy of deformation (brown) of propane in the same transition state 
geometry. 

 

Origin of Catalytic Activity. The catalytic activity of the single-atom alloys is related to the free 
energies of the most rate-limiting transition states in the respective more favorable pathways. An 
energy decomposition scheme,47 which focuses on the first C-H bond cleavage transition states, 
was employed to elucidate the magnitude difference. It is understood that on CuRh1, the transition 
state for H-migration is significantly more rate-controlling than that for C-H bond breaking. 
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Nevertheless, this study is still useful for the following reasons: (1) these C-H bond breaking 
transition states themselves play a significant role in controlling the reaction rates (Figure 5), and 
(2) the free energy of the “CH3CHCH3 + H” state, which is the initial state for H-migration on 
CuRh1, is correlated to the C-H bond breaking transition state based on the Bronsted-Evans-
Polanyi relation. To elaborate, the latter indicates that the high intermediate state of “CH3CHCH3 
+ H”, which in turn results in the elevated H-migration transition state, can be reflected in the high 
C-H bond cleavage transition state. From our perspective, an analysis performed in this manner 
ensures a fair comparison across the single-atom alloy catalysts. 

This energy decomposition scheme separates the electronic energy of the transition states into the 
contributions from the interaction energy between propane and the catalyst surfaces in the 
constrained geometry of the transition state, and from the distortion energy of propane in that same 
transition state geometry.47 It is seen that the interaction energy in the structure of the transition 
states is the strongest for CuHf1, followed by CuRh1, and CuIr1 (Figure 8). Additionally, CuHf1 is 
also the only alloy catalyst among the three tested for which the deformation energy of the 
transition state is lower than the absolute value of the interaction energy. The strong interaction 
and the relatively small deformation of the transition state on CuHf1 help explain the high reaction 
activity observed. Although the interaction between the surface species and CuRh1 is much 
stronger than that with CuIr1, they exhibit rather similar catalytic activity. The reason behind this 
seeming contradiction is the deformation of the transition state on CuRh1, which is significantly 
larger than the interaction with the CuRh1 surface. Hence, the positive effect linked with the 
interaction with CuRh1 is cancelled out. Before wrapping up, it should be noted that the metal slabs 
are also deformed in the presence of the surface adsorbates. However, their deformation energy 
magnitudes (≤ 0.15 eV) and the differences among catalysts (≤ 0.04 eV) are small, which make 
them less useful in the comparison of the transition state free energies.  

 
Figure 9. Crystal Orbital Hamilton Population (COHP) for the interactions between the 
dopants (Hf and Rh) alloyed in Cu(111) and the C (blue) and H (red) atoms in the transition 
states associated with the first C-H bond cleavage producing CH3CHCH3. 

 

A COHP analysis was performed to understand the strong stabilization of the rate-limiting 
transition state on CuHf1 from a chemical bond perspective (Figure 9). Since the preferred pathway 
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on CuHf1 and CuRh1 is the same (i.e. forming propylene via CH3CHCH3), and the transition states 
for breaking the first C-H bond in propane adopt similar adsorption configurations on the two 
surfaces, a COHP curve was also constructed for CuRh1 to enable a comparison. It is worth noting 
that a portion of the antibonding orbitals (with negative -COHP values) between the Rh dopant 
and the two atoms (C and H) participating in the bond-breaking step is below the Fermi level (i.e. 
occupied). This filling of the anti-bonding orbital weakens the interaction between the transition 
state and the active dopant. Although the anti-bonding orbitals between H and Rh are partially 
filled, the strong interaction seen for lower energy levels (around 8 eV and 5 eV below Fermi level) 
can compensate for this destabilization effect. Altogether, the energy integrated ICOHP values for 
occupied states, characterizing the strength of the bond, are -1.56 between H and Rh and -1.41 
between C and Rh. In contrast to CuRh1, the anti-bonding orbitals are seen to be above the Fermi 
level in almost their entirety for CuHf1, a strengthening factor for the bond between transition state 
and surface. The more electropositive character of Hf versus Rh pushes the d states towards higher 
energy, and therefore also the antibonding combination with the adsorbate states. The total ICOHP 
between Hf and C is -2.16, which is much stronger than in the case of Rh. The ICOHP value 
between H and Hf, on the other hand, is -1.22; this interaction is somewhat weaker than the case 
of Rh, from the difference in lower bonding energy states. Altogether, the binding of the rate-
limiting transition state as a whole is still stronger on the CuHf1 surface, in line with the lower 
energy of the transition state and with the higher propylene production rate. This method of diluting 
different active elements into the Cu metal host can be subsequently seen as an effective approach 
to shift the position of the anti-bonding orbitals between transition state and surface relative to the 
Fermi level, and to tune the reactivity for propane dehydrogenation.  

Conclusion 

DFT calculations and microkinetic modeling have been performed in a synergistic manner to 
explore dilute alloy catalysts with Cu as a host metal for the propane dehydrogenation reaction. In 
prior research, CuRh1, where Rh monomers are dispersed in Cu, has been recognized as an active 
and selective catalyst for that reaction.13 Our present study extends this knowledge by showing 
that CuIr1 also exhibits comparable catalytic performance. Surprisingly, C-H bond breaking steps 
do not exclusively dictate the dehydrogenation rates on these two dilute alloys, contrary to what is 
typically observed on monometallic catalysts. In addition, the migration by spillover of H atoms 
away from the dehydrogenated intermediates also plays a pivotal role in controlling the reaction 
rates, and this is especially true for CuRh1. The possibility of dehydrogenating propyl in the 
presence of the H atom at the active center was also explored to examine if the rate-limiting H-
migration steps can be avoided. Nevertheless, this pathway is demonstrated to be less favorable. 
Hence, for propane dehydrogenation on single-atom alloys, the steps of species migration on the 
host metal, in addition to C-H bond activation, also warrant one’s attention.  

Besides CuIr1, CuHf1 is also predicted to be capable of performing propane dehydrogenation to 
produce propylene. Compared to CuIr1 and CuRh1, this catalyst is shown to possess a higher rate 
for propylene formation, despite the fact that some of the active sites are occupied by the dead-end 
over-dehydrogenated intermediate CH2CHCH2. More importantly, its calculated reactivity is even 
higher than that of the Pt catalyst on a per active site basis, making it an attractive candidate for 
experimental validation. Our calculations also show that other early-transition metals in Cu(111) 
(i.e. CuTi1 and CuZr1) will perform similarly to CuHf1 as the rate-determining transition state for 
propane activation and the most strongly bound intermediate (CH2CHCH2) on the three catalysts 
have comparable free energies.  
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Within expectation, the low free energy of the rate-limiting transition state and hence the high 
reaction rate on CuHf1 is attributed to the significant interaction energy between the adsorbate and 
the surface, which is larger than the transition state deformation energy. COHP analysis further 
indicates that this strong interaction is a consequence of the depletion of the anti-bonding orbitals 
between Hf and the two atoms (C and H) participating in the bond-cleavage event of propane. The 
approach of shifting these anti-bonding orbitals above the Fermi level by dispersing different 
active elements into the Cu host could hence be used in the rational design of other alloy catalysts 
for reactive propane dehydrogenation.  

Before concluding, it is emphasized that the reactivity of both CuHf1 and CuIr1 is not their sole 
advantageous attribute. Their intrinsic geometric configurations, characterized by isolated active 
atoms on the surface, play a pivotal role in mitigating undesired side reactions and inhibiting coke 
formation − a phenomenon which typically requires larger active ensembles. Consequently, these 
novel alloy catalysts exhibit remarkable stability and exceptional selectivity for propylene 
formation. Single-atom alloys could therefore be seen as a promising class of catalytic materials 
for reactive and selective propane dehydrogenation, and they hold significant potential for 
advancing current industrial processes. 
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