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ABSTRACT: Bimetallic nanoparticles are catalysts for reactions as COx hydrogenation or propane dehydrogenation. 

Recently, gallium has been identified as a promoter which enables dispersion of transition metal sites, raising their activity 

and selectivity. However, quantitative information on alloying  dynamics under reaction conditions are not readily available 

and a general computational method to access such information is lacking. Here, an ab initio molecular dynamics workflow 

with enhanced sampling methods is used to probe the alloying behavior of Ni-, Pd-, and Pt-Ga nanoparticles under operating 

conditions (T = 600°C) in presence of H2 or CO. The three metals display different alloying behaviors with Ga: Ni forms a core 

surrounded by gallium, while Pd and Pt form different alloyed structures. Both H2 and CO shift the alloying state to different 

extents. A set of three descriptors is then proposed to compare and quantify the alloying behavior of these catalyst models: 

(i) the position αmin of the most stable alloying state; (ii) the curvature ηα of the free energy at αmin, referred to as the alloying 

hardness; (iii) the skew κα of the free energy at αmin, which relates to its propensity to alloy or segregate. The cost of alloy 

reorganization, which correlates with alloy hardness, is a major part of the free energy barriers of propane dehydrogenation. 
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Seeing as the alloying behavior of a catalyst is a critical parameter that is overlooked in catalyst design, quantitative 

descriptors are a first step in designing alloys with set catalytic properties. 

INTRODUCTION 

Supported bimetallic nanoparticles are ubiquitous catalysts in industrial chemical processes as they typically show 

improved performances (activity, selectivity and/or stability) compared to monometallic systems. One prominent example 

is the Oleflex propane dehydrogenation (PDH) process, which relies on PtSn-based supported catalysts.1,2,3 Compared to 

pure Pt, the presence of Sn as a promoter slows deactivation through coking and sintering,4,5 and improves selectivity toward 

the desired propene product. Similarly, Pt-based PDH catalysts are improved by alternative promoters such as Ga,6 which 

have been recently implemented in industrial settings.7,8,9,10,11,12 NiGa and PdGa have also been studied as PDH catalysts: 

PdGa displays significantly lower activity and faster deactivation than PtGa (kd ~ 102 vs 10−2 h−1),13 while NiGa also favors 

propane cracking yielding ethylene and methane in place of the desired propene and H2 products.14,15 Notably, the 

introduction of Ga to group 10 metals has also been shown to significantly influence and to switch their established 

selectivity of these elements, in other reactions like CO2 hydrogenation: group 10 metals are established catalysts for the 

reverse water–gas shift reaction (Pt,16,17 Pd18) and for CO2 methanation (Ni19) in the absence of promoters, but become 

selective toward methanol formation in the presence of Ga.20,21,22 

These different reactivity patterns cannot be readily understood without understanding the dynamic structure of these 

catalysts. The changes in activity, stability and selectivity of these active metals (Ni, Pd, Pt) upon the addition of promoters, 

in particular Ga, correlate with the formation of alloyed bimetallic nanoparticles evidenced by X-Ray adsorption 

spectroscopy. 22 ,21,23,24 Notably, the alloying state in these bimetallic catalysts can be probed using H₂ or CO chemisorption, 

where a reduced surface coverage is experimentally found when Ga is present. This is typically interpreted as a decrease in 

available transition metal sites on the surface due to metal dilution through alloying.5,22 In addition, infrared spectroscopy 

under CO atmosphere indicates a lower number of bridging CO molecules in the presence of Ga, consistent with the 

formation of an alloy. These characterization data show that the transition-metal atoms are dispersed in a Ga matrix, 

resulting in the formation of isolated sites. 

However, both the precise nature of the alloy and the chemical environment of the metal sites under reactive atmospheres 

remain unknown. Indeed, the alloying state determined by chemisorption experiments does not necessarily reflect the 

alloying state under reaction conditions (high temperature, pressure, and presence of reactants, products and 

intermediates). Probe molecules, reactants and reaction intermediates can induce a restructuration of the catalyst.25,26,27 In 
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situ and Operando spectroscopic measurements have been performed to characterize the chemical environment of the 

active site under reaction conditions. The incorporation of Ga(0) in group-10-metal nanoparticles under both PDH and CO2 

hydrogenation to methanol conditions has been confirmed by X-ray absorption spectroscopy. 5,23,24,28  However, identifying 

the composition and specific structure under reactive environment around the metal sites from spectroscopy is not 

straightforward. To address this issue, Operando modelling,29 that is modelling the structure of the catalyst under realistic 

conditions, could serve as a valuable tool both in exploratory studies, and as a pre-requisite to interpret experimental 

findings. 

Computational approaches to understand heterogeneous bimetallic catalysts usually rely on infinite slab models using 

static periodic DFT calculations.30,31 These models bias the distribution of surface sites, in particular by underestimating the 

proportion of defects, as well as excluding dynamic restructuring of the system, i.e. the nano-scale restructuration of the 

catalyst due to the interaction with the support and adsorbates under operating conditions.32 These phenomena are 

particularly prominent in highly dynamic bimetallic nanoparticles (< 2 nm). A given alloying state consists of an ensemble of 

structures with a common extent of alloying (vide infra). Thus, molecular dynamics simulations on small nanoparticle models 

are well-suited to sample these ensembles, and intrinsically recover most entropy contributions, including configurational 

entropy.33 In addition, nanoparticle models include edge & vertex sites as well as other defects that are often absent in slab 

models. In this context, molecular dynamics simulations using parametrized force fields have been successfully used to 

investigate segregation in nano-alloys,34,35 but this approach remains ill-suited to the investigation of adsorbates and their 

surface reactivity.  

In that context, the ab initio molecular dynamics (AIMD) approach is well-suited to investigate the link between the alloying 

behavior of bimetallic catalysts and their activity.36 Due to the high computational cost of the method (tens of minutes of CPU 

time per fs of simulation), the sampling must be enhanced to explore relevant structures on a reasonable time scale. To 

alleviate this issue, enhanced sampling methods have been recently implemented to model Mn segregation within PtMn-

based nanoparticles, which proved useful to understand the X-ray absorption signature of the catalyst.37 Similarly, the 

alloying state of PdGa-based CO2 dehydrogenation catalysts could be gathered from AIMD studies.38 Regarding the PtGa-

based catalysts, its high propylene selectivity in PDH was linked to the isolation of Pt sites that favor propylene desorption 

over deep dehydrogenation to coke,39 but the dynamics of NiGa systems were never investigated. The coking pathway was 

correlated with partial dealloying of the catalyst, but the phenomenon was not quantified as the alloying state was not 

explicitly sampled. Although fruitful information could be gathered from these simulations, no periodic trends in over group 

10 metals could be obtained. Only qualitative conclusions were drawn so far due to the convergence rate limitation of 

metadynamics as a sampling method and the inefficient sampling of the alloying state. 
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Figure 1. Computational workflow to model the alloying dynamics of nanoparticles. 

These shortcomings can be traced back to the limitation of current computational methodologies that cannot be used to 

probe the influence of alloying on the structure and reactivity of bimetallic catalysts. Here, we develop a methodology to 

tackle this challenge (Figure 1); it consists first in a preliminary biased AIMD simulation (metadynamics40) using a single 

alloying parameter to ensure the exploration of representative structures for alloying states ranging from alternating to 

segregated alloys. Selected structures are then next used as starting points for free energy calculations (Blue Moon 

sampling41). This method provides quantitative insight into alloying-dealloying processes in nanometer-sized particles (36 

atoms, i.e. ~ 1 nm), under relevant operating conditions of temperature (T = 600 °C) and adsorbate composition (vacuum, 

CO, H2). In the case of Ni-, Pd-, and Pt-Ga systems, a set of quantitative statistical descriptors related to alloying was 
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extracted from AIMD simulations, unlocking simulations that quantify the influence of the alloying – dealloying process on 

the energy barriers of propane dehydrogenation. 

COMPUTATIONAL DETAILS 

M18Ga18 structures of approximately 1 nm in diameter were generated using Packmol.42 While real catalysts have dispersity 

both in size and composition, this model was deemed sufficient to explore relevant alloying states and extract descriptors of 

catalytic activity. The structures were equilibrated using at least 2 ps of unbiased ab initio Molecular Dynamics (AIMD) in the 

NVT ensemble at the DFT level (see ESI section 1 for further computational details). 

Metadynamics40 simulations were run for 10 to 20 ps (see ESI section 2.1), starting from the equilibrated structures until 

structures with values of α at −0.5 and 0.5 were explored. The history-dependent bias consists of gaussian kernels with 

heights 0.01 Ha and width of 0.2, deposited along single collective variable, which was designed by taking inspiration from 

Cowley’s short range order parameter α.43 We define α as such (Eq. 1): 

𝛼 = 1 − 2 ∑
𝐶𝑁(M − Ga)

𝐶𝑁(M − Ga) + 𝐶𝑁(M − M)
M

 (1) 

where M = Ni, Pd, Pt and CN(X–Y) is defined as the following switch function based on interatomic distances (Eq. 2): 

𝐶𝑁(𝑋 − 𝑌) =
1

𝑁𝑋

∑ ∑
1 − (

𝑟𝑖𝑗

𝑅0
)

𝑁𝑁

1 − (
𝑟𝑖𝑗

𝑅0
)

𝑁𝐷  

𝑖∈𝑌𝑖∈𝑋

(2) 

where 𝑟𝑖𝑗 is the distance between atoms 𝑖 and 𝑗, and 𝑅0 is the critical length of the X–Y bond, taken to be 130% of the covalent 

radii, and 𝑁𝑁 and 𝑁𝐷 are empirical parameters defined as 𝑁𝐷 = 2𝑁𝑁 = 24. The α collective variable represents the size of 

the interface between M and Ga. It is equivalent to a previously reported segregation parameter.44 Three notable cases are: 

the alternating alloy: α = –1, the segregated structure: α = +1, and the entropic alloy: α = 0. While efficient exploration of the 

collective variable space is observed, this method suffers from slow convergence, making appropriate convergence out of 

reach given the computational cost of AIMD. Larger sets of collective variables led to much slower convergence, while 

multiple walkers metadynamics simulations led to unphysical behavior before convergence could be achieved. To solve the 

convergence issue of metadynamics, structures closest to the target values of alpha (-0.5, 0.4, …, 0.5) were selected from 

metadynamics runs to carry out Blue Moon sampling of the free energy surface. Appropriate convergence of the Blue Moon 

sampling simulations was verified after 10 ps of simulation (see ESI figures S4–21). While this method is as computationally 

expensive as metadynamics, its fast convergence and ideal parallelization makes it a great match to extract quantitative 

information on 1 nm scale metallic nanoparticles. Given the importance of supported gallium-doped group-10-metal 

nanoparticles in catalysis, this workflow was used to probe the atomic structure of Ni18Ga18, Pd18Ga18 and Pt18Ga18 models. 
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Principal component regression of the free energy surface was used to interpret the results of the Blue Moon sampling 

simulations using the Scikit-Learn Python package. Simulations of propane dehydrogenation were carried out using 

metadynamics with a set of 4 collective variables: CN(C–H), CN(C–C), CN(M–H) and α (see ESI section 4). The definition in 

Eq. 2 was used to define the coordination numbers, with R0 also taken as the sum of the covalent radii. Gaussian kernels with 

height 0.001 Ha and width 0.2 were used for all the collective variables except α (width 0.1). 

RESULTS AND DISCUSSION 

Alloying and dynamics of Metal-Gallium nanoparticles. Ni18Ga18, Pd18Ga18 and Pt18Ga18 models were studied using the 

developed workflow which relies on metadynamics exploration followed by thermodynamic integration (vide supra). The 

sampling methods rely on a collective variable inspired by Cowley’s short range order parameter α (Eq. 1),43 which takes 

negative values for alloyed systems and positive ones for segregated ones. This workflow yields a free energy surface as a 

function of α for each system. 

We consider three descriptors to capture the bimetallic nanoparticle’s alloying behavior from the free energy surface along 

the alloying parameter α. First, the αmin value, which corresponds to the minimum of the free energy surface, can be referred 

to as the alloy position. It indicates the most stable alloying state. Next is the curvature (second derivative) η of the free energy 

at αmin, which refers to as the alloying hardness. It represents the energetic cost associated to a change in alloying state. The 

concept is in analogy with Pearson’s and Parr’s definition of chemical hardness where the second derivative of the energy 

with respect to the number of electrons captures the ease of deformation of the electron cloud or polarizability.45 Last is the 

third derivative κ of the free energy at αmin, referred to as the alloy’s skew. It indicates the difference in alloying hardness in 

either direction away from αmin; positive values indicate easier alloying, and negative values indicate easier segregation. 

These three descriptors are characteristic of a given alloying behavior (Figure 1). A gaussian process regression methodology 

is used to extract these descriptors from the sparse Blue Moon sampling free energy surface (see ESI section 3.2). At first 

glance, the three systems display different alloying behavior (Figure 2.A and Figure 2.B). The Ni18Ga18 model, with a single 

global free energy minimum obtained for αmin = 0.273, is the least alloyed and corresponds to a core-shell-type structure 

(Figure 2.B.1). In contrast, Pt18Ga18 converges with αmin = − 0.173 and is thus the most homogenously alloyed system (Figure 

2.B.2), while Pd18Ga18 with αmin = − 0.127 displays an intermediate behavior between Ni and Pt (Figure 2.B.3). The results for 

the PdGa and PtGa systems are in good agreement with experimental EXAFS data as well as with previous MD and MTD 

calculations performed on similar systems.37,39 In addition, the unique core-shell structure of NiGa was not previously 

discussed, due to the larger nanoparticles size obtained in prepared catalysts.21  
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Figure 2. A. Free energy surfaces (black error bars) as obtained from thermodynamic integration in the Blue Moon ensemble, and 

the integrated gaussian process regression fit of the mean Lagrange multiplier (grey solid line). B. Snapshots of Blue Moon sampling 

trajectories for selected values of α. C. Radial distribution functions for the minimum free energy trajectory. Color coding: Ni – 

yellow; Pd – blue; Pt – grey; Ga – green. 

Table 1 Values of alloy position(αmin), alloying hardness (η) and skew (κ) for each of M18Ga18L9 model, L = none, H, CO; M = Ni, 

Pd, Pt. The values and standard errors are obtained by a gaussian process regression of the mean Lagrange multiplier, the R² 

of the fit is given for each model (see ESI section 3.2 for details on the fitting process). 

 Ni18Ga18L9 Pd18Ga18L9 Pt18Ga18L9 
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L none H9 (CO)9 none H9 (CO)9 none H9 (CO)9 

R² 0.9994 0.9984 0.9994 0.9994 0.9970 0.9970 0.9903 0.9987 0.9987 

amin 
0.273 

± 0.005 

0.152 

± 0.017 

0.003 

± 0.008 

− 0.127 

± 0.007 

− 0.107 

± 0.006 

−0.119  

± 0.006 

− 0.173 

± 0.017 

− 0.081  

± 0.012 

− 0.064 

± 0.013 

η  

[kcal mol
−1

] 

 1431 

± 99 

474  

± 73 

754 

± 41 

1169 

± 59 

927  

± 54 

766  

± 18 

696  

± 75 

745 

± 62 

642 

± 28 

κ  

[kcal mol
−1

] 

15801 

± 1440 

2940 

± 1320 

-2615 

± 1082 

− 2886  

± 294 

− 2068 

± 281 

− 406 

± 95 

− 2304 ± 

730 

− 2196  

± 486 

−490  

± 240 
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Figure 3. Coefficients of the principal component regression of the free energy surface, correlating to the free energy of individual 

coordination environments for the metal sites. Snapshots corresponding to typically favored (red box) and disfavored (blue box) 

metal sites (in red). 

The three systems display variable free energy costs for alloying-segregation processes, as described by hardness η and 

skew κ parameters (Figure 2 and Table ). The hardness across the series increases as follows: Pt18Ga18 (ηPtGa = 696 kcal mol−1) 

< Pd18Ga18 (ηPdGa = 1169 kcal mol−1) < Ni18Ga18 (ηNiGa = 1431 kcal mol−1). The skew κ is positive for Ni18Ga18,indicating that further 

alloying is more favorable than dealloying, while the smaller and negative skew of Pd18Ga18 and Pt18Ga18 indicates a 

preference for dealloying of the heavier two metals (κNiGa = 15’801 kcal mol−1 > κPdGa = − 2886 kcal mol−1 ~ κPtGa = − 2304 kcal 

mol−1). Down the group 10 column, M18Ga18 nanoparticles become more alloyed, softer, and less skewed toward alloying 

(lower αmin, η and κ as reported in Table ). 
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Alloying Analyses. The important changes in alloying behaviors of bimetallic nanoparticles relate to the varying stability of 

different metal atoms in given coordination environments. A principal component regression (PCR) methodology was used 

to identify the discrete sites that are responsible for a given alloying state. The free energy as a function of the alloying state 

F(α) was fitted with the first two principal components of the distribution of M–M and M–Ga coordination numbers along each 

constrained MD trajectory (See ESI section 4.1). The weighted coefficient of each type of site in the principal component fit 

for each type of noble metal site represents their correlation with the alloying free energy. 

The alloying behaviors of Ni-, Pd- and Pt-based alloys can be traced back to ensembles of stable (negative coefficients) and 

unstable sites (positive coefficients). For Ni18Ga18, high-Ni-coordination spheres sites are relatively more stable than high-Ga 

ones (Figure 3.A.1; sites with negative coefficients are at or below the CN(M-Ga) = CN(M-M) diagonal). This favors the 

formation of a core-shell type structure. The distribution of coefficients for Pd18Ga18 is more symmetrical: both high Ga- and 

high-Pd coordination is disfavored, leading to an entropic alloy (Figure 3.A.2; sites with positive coefficients are away from 

the diagonal). Pt18Ga18 organizes in an alternating alloy due to the increased stability of sites with a high Ga coordination 

(Figure 3.A.3; sites with positive coefficients are at or above the diagonal). These quantitative descriptors point to which type 

of site is correlated to a stable alloying state. 

The coefficients of the two components of the free energy surface fit provide additional information on the origin of this 

stability difference. The first component (a × PC1, ESI figures S22-24, a.d.) is linear with α, and takes opposite signs for high-

M coordination spheres compared to high-Ga ones. This component seemingly captures the enthalpic component of 

alloying, with a difference in bonding energy between homometallic and heterometallic bonds. For the Ni-based alloy, the 

formation of homometallic bonds is energetically favored, while heterometallic bonds are energetically favored in Pt-based 

alloys. In the case of the Pd-based alloy, the first principal component has a negligible weight in the free energy surface fit: 

Pd-Ga and Pd-Pd bonds seem nearly isoenergetic in this case, and the alloy is entropically driven.  

The second component of the fit (b × PC2, ESI figures S22-24 b. e.) takes more negative values for the entropically favored 

CN(M-M) ~ CN(M-Ga) ~ 5 environment, while high Ga or M coordination around M sites are disfavored. Thereof, PC2 captures 

the mixing entropy, as well as the disfavored Ga-Ga interaction, leading to a quadratic distribution skewed toward higher Ga 

environments for the three studied systems. While the entropic contribution in b × PC2 always favors alloying, the magnitude 

of the effect is not sufficient to overcome the enthalpic contribution in the case of Ni18Ga18. The two components of the fit 

capture energetic and entropic contributions to the free energy, which helps rationalize the behavior of the different metals 

in combination with gallium. 
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Figure 4. A. Free energy surfaces (error bars) as obtained from thermodynamic integration in the Blue Moon ensemble, and 

the integrated gaussian process regression fit of the mean Lagrange multiplier (solid line). B. Radial distributions. C. selected 

snapshots from the blue moon sampling trajectories for the M18Ga18L9 (M = Ni, Pd, Pt; L = H, CO). Color coding: Ni – yellow; 

Pd – blue; Pt – grey; Ga – green, C – dark grey, O – red, H – white. 

Effect of the gas phase composition on alloying state. The developed AIMD workflow herein developed is capable of 

predicting the alloying behavior of ligandless nanoparticles. However, under chemisorption or catalytic conditions, the 

adsorption of molecules on the catalyst can induce a reorganization of the catalyst’s surface, thereby altering available 

surface/active sites. Therefore, we have expanded our study to include M18Ga18L9 (M = Ni, Pt, Ga; L = CO, ½ H2) as a proof of 

concept to demonstrate the capability of the designed workflow to describe catalyst restructuring under reactive 
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atmospheres. CO and H2 are used as typical probe molecules for supported species, and display different properties with H 

being purely σ-donating while CO is π-accepting as well. They are also relevant in catalysis, as reactants or coproducts. Given 

the high exergonicity of H2 dissociation at group 10 metals, adsorbed H2 is modelled with its hydride form. The coverage was 

chosen to account to around half of the metal atoms being covered, which is consistent with experimental data for CO-

covered PdGa.46 The coverage in H was chosen equal to that of CO to facilitate comparison. Metadynamics simulation of the 

model clusters were carried out using the same parameters as in the ligandless case as depicted above, followed by 

thermodynamic integration in the blue moon ensemble. 

 

Figure 5. Difference in the coefficients for CN(M–L) > 0 and CN(M–L) = 0 of the principal component fits for Ni18Ga18L9 (A.), Pd18Ga18L9 

(B.) and Pt18Ga18L9 (C.), with L = H (1) and L = CO (2).

All the studied alloys undergo significant reorganization of the alloying state in the presence of ligands. Ni18Ga18 undergoes 

the most important shift in alloy position under the effect of ligands, with H and CO increasing alloying (αmin(H) ~ 0.1; αmin(CO) 

~ 0, Figure 4.A.1), while the alloying hardness decreases. This translates into a stark modification of the radial distribution 

function: the second sphere of Ni becomes more disordered with increasing ligand field strength (Figure 4.B.1). This is 

consistent with migration of Ni from the bulk, to form islands of ligated Ni surrounded by mobile Ga atoms at the surface of 

the particle (Figure 4.C.1). 

Pd18Ga18 is less affected by the presence of ligands than Ni18Ga18, with an almost insignificant increase of the alloy position 

with αmin(H) = − 0.107 and αmin(CO) = − 0.119. However, the dynamics of the alloying state above the minimum is affected, as 

a stronger field ligand skews the free energy surface toward lower a values: further alloying of Ga becomes more favorable 

(Figure 4.A.2). The alloying hardness decreases with ligand coordination, while the radial distribution function indicates a 
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more disordered second sphere. The reorganization of the first sphere of ligated atoms is responsible for the effect (Figure 

4.B.1). 

Both H and CO coordination to Pt18Ga18 cause a slight dealloying regardless of with αmin(H) = − 0.081 αmin(CO) = − 0.064, 

without modifying the hardness of the alloy (Figure 4.A.3). CO leads to an alloying state that is slightly more skewed toward 

alloying, while H does not alter the skew of the free energy surface. Both H and CO promote an alloying state close the 

entropic alloy at α = 0.  

Ligand coordination affects the three systems differently, usually leading to reduced alloy hardness and disordering of the 

second metal-metal coordination sphere. This “melting” of the nanoparticle upon ligand coordination leads to structures 

closer to the entropic alloy, highlighting the importance of the ligand coverage in determining the alloying behavior of the 

catalyst. 

The coordination of ligands alters the alloying behavior of all three systems, due to the stabilization of certain surface sites. 

These sites could be identified using PCR of F(α) with the principal components of the distribution of coordination numbers 

around M (CN(M–M); CN(M–Ga); CN(M–L)). The weighted coefficients of the fit of F(α) indicate which ligandless and liganded 

sites are stabilizing. The difference between the coefficients for CN(M–L) > 0 and for CN(M–L) = 0 is negative for sites which 

are stabilized by ligands, and vice versa (Figure 5, ESI figures S25-36).  

The tendency toward the formation of an entropic alloy can be rationalized using PCR of the distribution of coordination 

numbers of the group 10 metal. All the ligands seem to stabilize sites with 5, 6 and 7-coordinate sites with nearly equal shares 

of Ni and Ga in their coordination spheres (Figure 5.A.2). Consistent with radial distribution function analysis, this indicates 

a ligand-promoted “melting” of bimetallic nanoparticles upon ligand coordination. In the case of Ni18Ga18H8, the prevalence 

of Ga-surrounded low-coordinate NiH sites at the surface of the particle is of relevance for (de-)hydrogenation catalysis. 

While ligand coordination less strongly affects the alloying behavior of Pd and Pt alloys, PCR indicates an important 

reorganization of the site distribution upon ligand coordination. Overall, these quantitative PCR descriptors enable the 

identification of key sites at the surface of the particle. 

Alloying dynamics during propane dehydrogenation 

As discussed above, the alloying behavior of Ga with group-10-metals differs significantly and is further influenced by the 

ligands adsorbed on the catalyst surface. This dynamic interaction affects the structure and could influence reaction 

mechanisms. The segregation of bimetallic alloys has been reported to either increase or decrease the catalytic activity of 

different bimetallic catalysts.47,48 Here, propane dehydrogenation was chosen as a model reaction to study the role of 

alloying-segregation processes in reaction mechanisms, as previous computational studies suggest that structural changes 
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take place during reactions at the Pt2Ga surface during the dehydrogenation of propylene to coke precursors.49  

Metadynamics simulations of propane dehydrogenation on Ni18Ga18 and Pt18Ga18 were conducted to delineate the influence 

of alloying-segregation processes on elementary steps on prototypes of soft and hard alloys (see computational details). The 

bias was applied on four collective variables: the C–H, C–M and C–C coordination numbers (CN), and the α alloying 

parameter. This set of collective variables enables the exploration of both adsorption and desorption processes (CN(C–M)), 

(de-)coordination (CN(M-H)), dehydrogenation (CN(C–H)), and alloying-dealloying processes (α). The metadynamics runs 

were stopped at the first desorption of propylene and the free-energy surfaces were obtained by reweighting of the probability 

distribution along α and CN(C–H). While only qualitative convergence of the metadynamics simulations is achievable at this 

level of theory, qualitative free energy barriers already clarify the role played by alloying-segregation processes in 

dehydrogenation mechanisms.  

In the case of Ni18Ga18, the simulation reveals a fast dehydrogenation of propane to propene. The reaction starts with the C-

H activation of the CH2 moiety at an isolated Ni surface site. The resulting hydride is rapidly transferred to a neighboring Ni 

site, yielding an isopropylnickel surface site along with a bridging hydride that rapidly diffuses over the particle. C–H 

activation and alloy reorganization are sequential, and not concerted, as they take place on different time scales (~ 10 fs vs. 

~ 1 ps). Thereof, the overall elementary step barrier for the C–H activation ΔF‡ can be decomposed into contributions from 

the fast C–H bond cleavage ΔCHF‡ and from the slow alloy reorganization ΔαF‡ (Eq. 3). 

ΔF‡ = ΔαF‡ + ΔCHF‡ (3) 

The alloying state evolves toward a more alloyed structure before the first C–H bond cleavage. The alloy reorganization 

contribution dominates the total free energy barrier (ΔCHF‡ = 13.1 kcal mol−1 vs. ΔαF‡ = 17.2 kcal mol−1, Error! Reference source 

not found..A). The high cost of alloy reorganization is consistent with NiGa being a hard alloy. The second C–H activation is 

the β-hydride elimination from one of the two methyl groups (yielding propene). Similarly to the first step, the cleavage is 

preceded by a further alloying of the particle, where core Ni atoms migrate into the Ga shell. The interaction of group 10 

metals with Ga is known to increase their electron density.50 A higher surface concentration in Ni will lead to a reduced 

electron density, which is known to favor agostic interactions and the subsequent β-hydride elimination in transition metal 

complexes.51 Given the high alloy hardness of Ni18Ga18, alloying is endergonic and the reorganization contribution necessary 

to provide low electron density for the β-hydride elimination has a significant impact on the barrier (ΔαF‡ = 11.8 kcal mol−1 vs. 

ΔCHF‡ = 20.0 kcal mol−1). In this case, the concepts applicable to C–H activation and β-hydride in molecular metal complexes 

are transferable to the interpretation of reactivity at metal nanoparticles,52 but alloying descriptors are necessary to fully 

understand the mechanism of C–H activation.  
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Propane dehydrogenation on Pt18Ga18 (Error! Reference source not found..B) takes place via a similar mechanism: two 

subsequent C–H bonds activation at Pt single site to yield propene, but Pt18Ga18 features a different alloying behavior during 

the reaction compared to Ni18Ga18, as suggested by the alloying free energy surfaces (Figure 2). The first C–H activation, at 

the central carbon, is preceded by the segregation of Pt which contributes to the barrier (ΔαF‡ = 12.4 kcal mol−1 vs. 

ΔCHF‡ = 14.7 kcal mol−1). The alloy reorganization contribution for PtGa is less important than for NiGa, which is consistent 

with a softer alloying state for PtGa. After the first C–H activation the relaxation of the particle to a more alloyed state is mostly 

exergonic.  The second C–H activation requires little reorganization after the initial relaxation, and thus the bond cleavage 

contribution dominates (ΔαF‡ = 6.5 kcal mol−1 vs. ΔCHF‡ = 22.2 kcal mol−1). 

The crucial role played by alloying state dynamics in the mechanism of propane dehydrogenation was further demonstrated 

by carrying out metadynamics run with identical parameters, but with a constrained alloying state α. In both cases, the 

reaction follows different mechanisms where the terminal C–H bond is activated first, and the predicted energy barriers are 

affected (see ESI section 5.2). This shows that neglecting alloy reorganization does not enable a proper description of the 

system. The metadynamics simulations of propane dehydrogenation over Ni18Ga18 and Pt18Ga18 suggest that the two alloys 

behave differently. In Ni18Ga18, endergonic alloying is necessary prior to both bond cleavages, suggesting that reducing the 

electron density at Ni is important to favor bond activation. This reorganization represents a significant contribution to the 

free energy barrier (> 50 %). On the contrary, alloy reorganization in Pt18Ga18 has a non-negligible but much smaller impact on 

the overall free energy barrier (20-45%). The concept of alloying hardness and skew can help understand the reactivity of 

bimetallic nanoparticles: in hard alloys, the contribution of the alloy reorganization is higher than in soft alloys, while the sign 

of the skew helps to predict the direction of the alloying variations. These descriptors help us predict the higher contribution 

of alloy reorganization in C–H activation barriers in Ni18Ga18 compared to Pt18Ga18.  

CONCLUSION 

In the present study the structures of nanometer-sized clusters were explored using biased AIMD. Biasing the simulations 

ensures a reliable exploration of large-scale alloy reorganization, and the DFT level of theory makes this method more general 

than parametrized force fields. A set of descriptors, transferable to any alloy, was developed to compare alloying free energy 

surfaces: the alloy position (αmin), the alloying hardness (η) and the alloy’s skew (κ).  

The Ni-, Pd- and Pt-Ga models have different alloying states, going from hard, core-shell-type alloys (Ni-Ga) to softer 

alternating to entropic alloys (Pd-, Pt-Ga). Both CO and H2 ligands alter the alloy position α, its hardness η as well as its skew 

κ. The alloying state of a given nanoparticle and the changes upon ligand coordination could be interpreted in terms of the 
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relative stability of discrete coordination environments for the group-10-metal, using a principal component analysis 

methodology. 

 

Figure 6. Free energy surface projected along CN(C–H) and α, and free energy profiles projected along each dimension, as obtained 

from metadynamics simulations and snapshots corresponding to the transition state for Ni18Ga18 (A) and Pt18Ga18 (B). 
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The alloying parameter α can be used as part of the reaction coordinate to explore the effect of the alloying state on the 

reactivity of a nanoparticle. In the case of propane dehydrogenation, the variations of α are a crucial part of the reaction 

coordinate. The different alloys accommodate the elementary steps in different manners, which can be predicted from the 

previously introduced descriptor set. While the necessary alloying of the hard Ni-Ga during the reaction is highly endergonic, 

alloying changes in Pt-Ga are much less prevalent. These results highlight the importance of taking alloy reorganization into 

account when modelling reaction mechanisms in heterogeneous catalysis. Alloying descriptors are also useful to quantify 

differences in the alloying behavior of different catalytic systems. They are also necessary to encourage the exploration of 

alloying states, or to monitor alloying changes during reactions. This workflow ought to be adapted to more realistic systems, 

that include but are not limited to explicit support-particle interactions, an important component across heterogeneous 

catalysts. We are convinced that investigating the evolution of the alloying state of complex catalytic systems under 

operating conditions will bring the deeper understanding required to rationalize the behavior of these catalysts, and to 

promote their computer-assisted design.  
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