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Abstract. This study investigates the adsorption of ammonia (NH₃) on bimetallic 

NixMy-G (M = Pt, Rh; x = 2-6, y = 0-4) clusters supported on graphene using 

Density Functional Theory (DFT) calculations. The primary goal is to understand 

the structural stability and adsorption characteristics of these bimetallic clusters as 

potential catalysts for NH₃ decomposition, which plays a crucial role in hydrogen 

production. The results show that the substitution of nickel (Ni) atoms with 

platinum (Pt) or rhodium (Rh) improves the structural stability of the catalyst 

clusters, with Rh-based clusters showing greater stability than Pt-based ones. 

Furthermore, NH₃ adsorption tends to occur predominantly on Pt atoms in the 

NixPty clusters and on Ni atoms in the NixRhy clusters. The strongest adsorption is 

observed in Ni4Pt2-G, indicating its high potential as a catalyst. Overall, the 

incorporation of Pt and Rh into Ni clusters enhances both stability and adsorption 

properties, positioning these bimetallic systems as promising candidates for 

further exploration in catalytic ammonia decomposition. 
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1 Introduction 

Hydrogen has emerged as one of the promising candidates for CO2 emission-free 

energy, offering potential as a replacement for fossil fuels [1]. The use of 

hydrogen is extensive, not only as a fuel for vehicles but also as a substitute for 

fossil fuels in various industries such as metal processing and petrochemicals. 

However, hydrogen still faces challenges in distribution and storage. To utilize 

hydrogen in the form of liquid hydrogen, an extremely low temperature of -

252.76 °C at 1 atm is required, which demands a significant amount of energy. 

Ammonia (NH3) is currently one of the most promising candidates for hydrogen 

utilization. Ammonia can carry 18% wt of hydrogen, which is the highest among 

hydrogen carriers, and can be liquefied under milder conditions (-33.34°C at 1 
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atm, or 20°C at 8.6 atm) [2]. The cost of utilizing ammonia is cheaper than using 

liquid hydrogen if ammonia is used directly in the final product. However, if the 

end-use product is hydrogen, costs increase by 26.5% due to the decomposition 

process, which requires high temperatures (400-700°C at 1 atm) [3]. 

Several transition metals have been tested for their performance as catalysts in 

the ammonia decomposition process, including Ru, Ir, Rh, Pt, Pd, Ni, Co, and Fe 

[4–9]. Among these, Ru has been identified as the most active catalyst. Mainly, 

ruthenium supported on carbon nanotubes (CNT) has been found to be the most 

active catalyst due to its high conductivity. Additionally, the rate of NH3 

decomposition highly depends on the size and shape of Ru nanoparticles [10]. 

However, ruthenium is a precious metal and is therefore very expensive. For 

practical applications, the amount of Ru in the catalyst must be reduced, or Ru 

must be replaced with a more affordable metal. 

Among non-precious metals, Ni has gained attention due to its better activity 

compared to other non-precious metals such as Fe and Co [9]. A first-principles 

study conducted by Wei Guo et al. investigated bimetallic catalysts made of Ni 

nanoparticles on a Pt surface for ammonia decomposition [11]. The study found 

that Ni terrace sites facilitate N–H bond cleavage, while Ni edge sites support the 

association of atomic nitrogen into nitrogen molecules (N₂). At Ni percentages 

below 50%, the Ni-Pt bimetallic catalyst remained effective due to active surface 

sites. At Ni levels close to 50%, there is an optimal balance between terrace sites 

(for N-H dissociation) and edge sites (for N-N association), resulting in the 

highest turnover frequency (TOF). If the Ni percentage is too high or too low, 

catalyst efficiency decreases due to the reduced dominance of one of the active 

sites. 

Meng Miao et al., using density functional theory (DFT) calculations, compared 

the energy barriers for ammonia decomposition on Ni6 and Ni6-G clusters [12]. 

The study showed a decrease in the activation energy for N recombination into 

N2 (the rate-determining step, RDS) from 2.25 eV on Ni6 to 1.47 eV on Ni6-G. 

Additionally, Meng Miao et al. conducted a theoretical study on other ammonia 

decomposition catalysts using Fe-based bimetallic alloys with the addition of Mo, 

Ni, and Pt supported by graphene [7]. The study found that these Fe-M bimetallic 

alloys could enhance adsorption and catalytic activity compared to Fe-based 

catalysts alone. The adsorption energy of NH3 decreased from -1.00 eV for Fe 

alone to -1.09 eV for Fe5Pt, Fe5Mo, and -1.03 eV for Fe5Ni. This reduction in 

adsorption energy accelerates the TOF. The energy barrier for N+N 

recombination, which is the RDS, was also reduced by these alloys: from 2.86 

eV for Fe to 2.57 eV for Fe-Mo, 2.28 eV for Fe-Ni, and 1.75 eV for Fe-Pt. 
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In this study, we combined DFT calculations and microkinetic simulation to 

investigate the structure and stability of bimetallic NixMy clusters supported on 

graphene (M=Pt and Rh; x=2–6, y=0–4) to understand ammonia adsorption, 

which is a crucial initial step in ammonia decomposition into hydrogen and 

nitrogen. 

2 Methodology 

A Ni6 atomic cluster placed on a graphene supercell with dimensions of a = 

14.757 Å, b = 12.78 Å, and a vacuum space of 15 Å above the graphene surface 

was utilized for calculations. The Ni6 cluster structure adequately accommodates 

all steps in the decomposition process of ammonia into nitrogen and hydrogen. 

Variation of bimetallic NixMy clusters were formed by substituting Ni atoms with 

Pt and Rh atoms, resulting in Ni5Pt, Ni4Pt2, Ni3Pt3, Ni2Pt4, Ni5Rh, Ni4Rh2, Ni3Rh3, 

and Ni2Rh4, all supported on graphene. One ammonia molecule was placed on 

the optimized NixMy-G catalysts to identify the most stable ammonia adsorption 

site. 

 
Figure 1 (a) Structure Ni6-G (b) NH3 adsorp on Ni6-G 

 

Spin-polarized calculations using the Kohn–Sham formulation [13, 14] as 

implemented in Vienna Ab-initio Simulation Package (VASP) version 5.4.4 [15, 

16] was used for all calculations. The Projector Augmented Wave (PAW) method 

described the interaction between the core and electrons [17, 18]. Electron 

exchange correlation was treated with the Perdew-Burke-Ernzerhof (PBE) 

function based on the generalized gradient approximation (GGA) [19]. A plane-

wave basis set with a cut-off energy of 500 eV, with a total energy convergence 

set at 1×10−5 eV for electronic iterations and force convergence for each ionic 

iteration was set below 0.03 eV Å−1. The Brillouin zone was sampled using a 
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Monkhorst-Pack 3×3×1 k-point mesh [20]. The zero-damping D3 method of 

Grimme was applied to account for dispersion corrections [21]. Geometry 

optimization was performed using the conjugate gradient method. Calculations 

were considered converged when the maximum force on the unconstrained atoms 

was below 0.03 eV/Å. Atomic charges and spin densities were computed using 

the Bader charge analysis algorithm, and the optimized structures were visualized 

using VESTA [22]. 

The binding energy (Eb) of NixMy on graphene sheet was calculated using 

equation 1 [23]. 

𝐸b = 𝐸NixMy−G − (𝐸NixMy + 𝐸graphene) (1) 

where, ENixMy@grafena, ENixMy, E(graphene) are the total energies of NixMy cluster on 

graphene sheet, the cluster; the graphene sheet, respectively. The NH3 adsorption 

energy (Eads) was calculated using equation 2 [23]. 

𝐸ads = 𝐸system − (𝐸NixMy−G + 𝐸NH3) (2) 

where Esystem and ENH3 are the total energies of NH3 adsorbed on the system and 

an isolated NH3 molecule, respectively.  

3 Result and discussion 

3.1 Stability Structure NixMy-G  

As shown in Figure 2, the Ni6-G catalyst exhibited the highest energy. The 

substitution of Ni atoms with Pt and Rh reduced energy and increased structural 

stability in the catalyst cluster material. The energy reduction in the NixRhy-G 

structure was more significant than in the NixPty-G structure. The calculated Eb 

showed the order of the binding strength of NxMy on graphene as Ni3Rh3-G > 

Ni3Pt3-G > Ni4Rh2-G > Ni4Pt2-G > Ni2Rh4-G > Ni2Pt4-G > Ni5Rh-G > Ni5Pt-G > 

Ni6-G, suggesting that substitution of Pt or Rh on Ni6 cluster increases the 

stability binding clusters catalyst on graphene. 

  

Figure 2 (a) Relative Energy of the NixMy-G catalyst compared to Ni6-G (b) 

Binding Energy of NixMy-G. 
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Figure 3 Optimized geometries of (a) Ni6-G, (b) Ni5Pt-G, (c) Ni4Pt2-G, (d) 

Ni3Pt3-G, (e) Ni2Pt4-G, (f) Ni5Rh-G, (g) Ni4Rh2-G, (h) Ni3Rh3-G, (i) Ni2Rh4-G 

Table 1 Selected bond lengths for all studied catalysts. 

NixMy-G 

Bond Length (Å) 

Ni-Ni Ni-Pt Ni-Rh Pt-Pt Rh-Rh Ni-C 

Ni6 2.35 ** ** ** ** 2.07 

Ni5Pt 2.41 2.46 ** ** ** 2.06 

Ni4Pt2 2.42 2.45 ** 2.63 ** 2.06 

Ni3Pt3 2.42 2.47 ** 2.64 ** 2.07 

Ni2Pt4 2.45 2.50 ** 2.63 ** 2.08 

Ni5Rh 2.40 ** 2.40 ** ** 2.07 

Ni4Rh2 2.40 ** 2.430 ** 2.46 2.09 

Ni3Rh3 2.42 ** 2.435 ** 2.46 2.11 

Ni2Rh4 2.54 ** 2.453 ** 2.46 2.12 

 

The optimized geometries of all studied catalysts are presented in Figure 3. There 

is a noticeable change in bond lengths between atoms. In the Ni6 structure, the 

bond length between Ni atoms is 2.35 Å, and the bond length between Ni atoms 

and carbon atoms in graphene is 2.07 Å. Substituting Ni atoms with Pt atoms 

increases the Ni-Ni bond length to 2.41 and 2.45 Å in Ni5Pt-G Ni2Pt4-G, 

respectively. Similarly, the Ni-Pt bond length also tends to increase as more Ni 

atoms are replaced by Pt, from 2.46 Å in Ni5Pt-G to 2.50 Å in Ni2Pt4-G. The Pt-

Pt bond has the most significant bond length of 2.35 Å, and there is no significant 

change with the increased Pt content in the catalyst material structure. This 

increase in bond lengths between atoms causes the Ni6 cluster size to expand as 

Pt substitutes more Ni atoms. In the NixRhy-G structure, the Ni-Ni bond length 
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increases, as do the Ni-Rh and Rh-Rh bond lengths, which are longer than the Ni-

Ni bonds in Ni6-G. This makes the NixRhy-G cluster more prominent than the Ni6 

cluster structure. 

3.2 NH3 Adsorption on NxMy-G 

Figure 4 shows the most energetically favorable adsorption site for ammonia on 

the NixMy-G catalysts. On the NixPty-G, the adsorption energy tends to be more 

negative as the number of Pt atoms increases, indicating stronger NH3 adsorption 

on the catalyst. An exception is observed in Ni5Pt-G, where the adsorption energy 

is only -1.32 eV, which is higher than Ni6-G (-1.43 eV). Ammonia adsorption 

generally occurs on Pt atoms, except for Ni5Pt-G, where adsorption is more 

favorable on Ni atoms. 

In contrast, for NixRhy-G catalysts, NH3 adsorption tends to occur on Ni atoms 

rather than Rh, except in Ni2Rh4-G, where adsorption occurs on Rh atoms. All 

NH3 adsorption energies on NixRhy-G are greater than those on Ni6-G. The order 

of NH3 adsorption strength from strongest to weakest is as follows: Ni4Pt2-G > 

Ni3Pt3-G  > Ni4Pt2-G  > Ni2Rh4-G > Ni6-G > Ni5Pt-G > Ni5Rh-G > Ni2Rh4-G. 

 

 

Figure 4 Calculated NH3 adsorption energies and sites on (a) Ni6-G, (b) Ni5Pt-

G, (c) Ni4Pt2-G, (d) Ni3Pt3-G, (e) Ni2Pt4-G, (f) Ni5Rh-G, (g) Ni4Rh2-G, (h) Ni3Rh3-

G, and (i) Ni2Rh4-G. 

3.3 PDOS Analysis 

Having understood that ammonia tends to adsorb more on platinum, followed by 

nickel, and then rhodium, we show in Figure 5 PDOS analysis of NH3 adsorption 
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on Ni2Pt4-G, Ni6-G, Ni3Rh3-G (on Ni), and Ni3Rh3-G (on Rh) to obtain more 

insights into these intriguing results.  

 

Figure 5 PDOS NH3 adsorption on (a) Ni6-G (b) Ni2Pt4-G (c) Ni3Rh3-G(on Ni) 

(d) Ni3Rh3-G(on Pt). 

N-2p states in both systems show peaks at similar energies (about -7.5 eV), 

indicating similar adsorption energy of nitrogen on both surfaces. The Ni-3d 

states at Ni6-G show a broad distribution near the Fermi level (E-EF = 0), which 

suggests metallic character for the nickel. However, there is no significant 

overlap between the N-2p and Ni-3d states near the Fermi level, implying that the 

N atom may not be strongly hybridizing with the nickel orbitals at the Fermi level. 

In this case Ni2Pt4-G, the Pt-5d states show stronger contributions both below and 

above the Fermi level, with notable states near 0 eV. This suggests significant 

metallic character and possible hybridization with N-2p states, especially around 

the Fermi level. Compared to the Ni surface, there appears to be more overlap 

between the N-2p and Pt-5d states near the Fermi level, suggesting a potentially 

stronger interaction between ammonia and the Pt sites compared to Ni. 

In Ni3Rh3-G, the Ni-3d states exhibit a wide distribution from -6 to 2.5 eV, with 

several significant peaks around the Fermi level. This broad range of Ni-3d states 
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indicates strong metallic character, and more importantly, the overlap between 

Ni-3d and N-2p states near the Fermi level suggests hybridization, meaning the 

ammonia molecule is interacting strongly with the nickel atoms at the surface. In 

Figure 5d, the Rh-4d states show a broad distribution, mainly concentrated from 

-6 to about 2 eV, but the significant Rh-4d states near the Fermi level are less 

prominent compared to the Ni-3d states in the Figure 5c. This lower density of 

Rh-4d states around the Fermi level suggests a weaker interaction between the 

Rh-4d and N-2p states. 

4 Conclusion 

NH3 adsorption over NixMy-G (M= Pt, Rh; x=2-6, y= 0-4) was explored using 

DFT calculations. The substitution of Ni atoms with Pt or Rh atom in the NixMy 

clusters improved the structural stability of the catalyst, with Ni-Rh combinations 

showing more significant stability than Ni-Pt combinations. The NH3 adsorption 

strength varied across different bimetallic clusters. NH3 adsorbed more strongly 

on Pt atoms in NixPty clusters, while in NixRhy clusters, adsorption tended to occur 

on Ni atoms. The highest adsorption energy was observed in Ni4Pt2-G, indicating 

that this structure had the strongest NH3 interaction. The substitution of Ni with 

Pt or Rh increased the bond lengths of the clusters, which also influenced the NH3 

adsorption characteristics. In conclusion, the present study demonstrated that 

incorporating Pt and Rh into Ni-based bimetallic clusters significantly enhances 

both the stability and adsorption properties, with Pt-rich clusters offering the 

strongest adsorption for ammonia, making them promising candidates for further 

research in the catalytic decomposition of NH3 to H2. 
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