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Abstract: Density functional theory (DFT) calculations using the Generalized Gradient 
Approximation (GGA) functional are performed to investigate the structural, energetic and 
magnetic properties of bimetallic alloyed ܰ݅݁ܨேି isomers (N = 2-6 and N = 43, n = 0 to 
N). The negative mixing energies indicate the stability of these clusters as compared to Ni 
and Fe bare clusters. All clusters exhibit high spin ground states, with a significant decrease 
in the magnetization per atom for Fe19Ni24 cluster with the iron core. The adsorption 
energies of CO on the most stable isomers of alloyed clusters are lower than those on Fe 
clusters with the same structure. This behavior indicates a decrease of CO poisoning and an 
increase of methanol oxidation reaction (MOR) activity upon alloying. 

Keywords: Ni-Fe bimetallic clusters, DFT, CO adsorption, Methanol oxidation reaction, 
Catalytic activity. 

 
 

1. Introduction 
Bimetallic clusters have chemical and 

physical properties that are different from those 
of bulk bimetals. These properties depend on 
cluster size and composition [1]. Therefore, 
several experimental [2–5] and theoretical 
studies [6–8] have been conducted to investigate 
the properties of such bimetallic clusters. They 
have been widely used as catalysts, such as Au-
Cu [9–11], Au-Pt [12–15], Au-Pd [16–19], Pt-Sn 
[20–22], Pt-Ru [23–26], Pt-Pd [27–32] and Ag-
Pd [33–35]. Bimetallic nickel and iron 
nanoparticles have been recognized 
experimentally as heterogeneous catalysts for 
methanol oxidation reaction (MOR) [36]. 
Carbon monoxide is the main poisoning species 
in MOR process, since it adsorbs to the active 
sites of the catalytic nanoparticles [37–40]. For 
example, Pt catalysts, which are widely used in 
industrial reactions, such as MOR, are poisoned 
by CO adsorption. Therefore, alloying with other 

metals decreases the adsorption energy of CO on 
the surface of Pt nanoparticles while preserving 
the catalytic activity [40]. In addition, Ni-Fe 
nanoparticles are promising catalysts for MOR 
[36]. Thus, thorough investigations are required 
to understand the effect of using bimetallic Ni-Fe 
nanoclusters as catalysts to decrease CO 
poisoning that in turn enhances MOR activity. 

In spite of the significance of CO adsorption 
on Ni-Fe nano-particles, yet theoretical 
investigations are scarce. Cluster expansion (CE) 
method and coarse grained model were used to 
investigate the geometrical structure of Ni-Fe 
nano-particles and the adsorption of CO on Ni-
Fe nano-clusters, which include 147 and 150 
atoms [41]. Furthermore, the adsorption of CO 
on the FeNi(111) surface has been studied using 
the DFT method [42]. The above-mentioned 
studies present the adsorption of CO on 
relatively very large clusters using coarse 
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grained model or the adsorption on a surface. Up 
to our knowledge, there are no computational 
studies on the effect of alloying on the 
adsorption energy of CO on relatively small-
sized atomistic Ni-Fe clusters. This study 
provides a clear insight into the effect of 
composition and atomic configuration on the 
adsorption energy and therefore catalytic activity 
of these alloyed Ni-Fe clusters. Furthermore, 
there are no studies on the catalytic effect of 
alloyed Ni-Fe clusters compared to bare Ni and 
Fe clusters. In this work, DFT calculations are 
performed to determine the structural stability 
and magnetic properties of small-sized Ni-Fe 
clusters as an initial step to specify the most 
stable Ni-Fe clusters in order to study the 
adsorption of CO on these most stable Ni-Fe 
clusters. 

2. Methodology 
The calculations were performed using spin-

polarized DFT calculations [43] within the 
Generalized Gradient Approximation (GGA) of 
Perdew-Burke-Ernzerhof (PBE) [44] as 
implemented in Quantum Espresso code [45]. A 
plane wave basis was set and ultra-soft 
pseudopotentials for PBE calculations were used 
to describe the ionic cores within the scalar-
relativistic description. Methfessel-Paxton 
smearing [46] was applied for a better 
convergence with a smearing width of 0.2 eV. 
Convergence tests were performed to find the 
sufficient cut-off energy, where the error in total 
energy is ±5 meV. The used cut-off energy is 
476 eV and the calculations are performed at the 
gamma Γ-point. The clusters were placed at the 
center of cubes (18.5 Å for the clusters between 
n = 2 and 6 and 26.5 Å for n = 43). The 
dimensions of the cube are tested to achieve 
isolation of the cluster. Structural optimization is 
performed with Broyden-Fletcher-Goldfarb-
Shanno (BFGS) method. 

The stability of heterogeneous clusters is 
compared with respect to their composition by 
calculating the mixing energy using Eq. (1).  

௫ܧ =  ଵ
ே

ቂܧேிಿష − 
ே

ேಿܧ − ቀேି
ே

ቁ ிಿܧ ቃ  
(1)  

where, ܧ௫, N, n, ܧேிಿష ிಿܧ ேಿ andܧ ,  are 
the mixing energy per atom, total number of 
atoms in the cluster, number of Ni atoms, total 
energy of bimetallic cluster, energy of bare Ni 
cluster that has N atoms and energy of bare Fe 
cluster that has N atoms, respectively. The 
adsorption energy of CO on Ni-Fe bimetallic 
cluster is calculated using the following 
equation: 

ௗ௦ܧ = ேிಿషைܧൣ−  − ேிಿషܧ −  ை൧  (2)ܧ

where, ܧேிಿషை,ܧேிಿష  and ܧை are the 
total energy of ܰ݅݁ܨேିܱܥ system, the total 
energy of bimetallic cluster and the energy of 
isolated CO, respectively. 

3. Results and Discussion 
This section presents the results of optimized 

ܰ݅݁ܨேିclusters with different sizes (N = 2 to 
6 and N = 43, n = 0 to N) and compositions. The 
magnetic properties of Ni-Fe dimer are studied 
to verify the validity of the used method. In 
addition, the structural stability with respect to 
their compositions and magnetic properties is 
investigated. 

The adsorption of CO on most of the stable 
small-sized Ni-Fe clusters (N = 2 to 6) as well as 
on the large cluster (N = 43) is investigated. The 
results of these investigations are compared with 
the adsorption of CO on bare Ni and bare Fe 
clusters. 

3.1 Ni-Fe Dimer 
The bond length, dissociation energy De and 

the total magnetic moment of Ni-Fe dimer are 
presented in Table 1. The bond length of this 
dimer is found to be 2.03 Å, in agreement with 
other calculations of 2.06 Å [47] and 2.08Å [48] 
using the linear combination of atomic orbitals 
(LCAO), the discrete variational (DV-Xa) 
method and the first-principles' molecular-orbital 
(MO) approach, respectively. In addition, the 
obtained dissociation energy De is found to be 
1.55 eV/atom, which is close to the value 
obtained by Cheng and Ellis of 1.39 eV/atom 
[47]. The obtained total magnetic moment is 
5.05 µB, which is slightly higher than the value 
obtained by Cheng and Ellis [47] and Nakazawa 
[49] of 5.0 µB.  
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TABLE 1. The bond length, dissociation energy De, and total magnetic moment of Ni-Fe dimer. 
Study Bond length (Å) De (eV/atom) Total magnetic moment (µB) 
GGAa 2.03 1.55 5.05 
UB3LYP/LanL2DZ b 2.34 1.04 5.00 
LCAO DV-Xac 2.06 1.39 5.00 
MOd 2.08 2.33 3.00 

a present work. 
b Ref.[49], c Ref.[47], d Ref.[48]. 
 

 Clusters (N = 3 to 6 and N = 43)ܖିۼ܍۴ܖܑۼ 3.2
This sub-section presents the calculations of 

ܰ݅݁ܨேି(N = 3 to 6 and N = 43, n = 0 to N) 
clusters. The stability of heterogonous clusters 
with respect to their compositions is determined 
by calculating the mixing energy per atom for 
each composition. The mixing energy is used 
previously by Sahoo [50] to investigate the 
stability of binary clusters. The mixing energy 
per atom for small-sized Ni-Fe clusters with N = 
3 to 6 is shown in Fig. 1 to Fig. 3. The mixing 
energies are found to be negative due to the 
lower energy values of ܰ݅݊ܰ݁ܨ− n clusters as 
compared to the corresponding Ni and Fe bare 
clusters. This indicates that alloyed clusters are 
more stable than bare clusters, in agreement with 
a previous study by Sahoo et al. [50]. The most 
stable isomers are shown in Table 2 based on the 
value of mixed energy. All possible 
configurations were optimized for ܰ݅݊ܰ݁ܨ−n (N = 
3 and 4) clusters. The most stable composition of 
 .cluster is Fe2Ni with C∞v symmetry ݊−3݁ܨ݊݅ܰ
This finding is in agreement with the results 
obtained by Nakazawa et al. [49]. The calculated 
magnetic moment per atom for this composition 
is 2.67 µB/atom, which is higher than that 
obtained by Nakazawa et al. of 2.33 µB/atom 
[49]. On the other hand, the bond lengths of Fe-
Fe and Fe-Ni bonds are 2.13 Å and 2.09 Å, 
respectively, which are lower than those 
obtained by Nakazawa et al. of 2.39 Å and 2.37 
Å, respectively [49]. These differences in the 
values of magnetic moment and bond length are 
due to the use of a different functional 
(UB3LYP/LanL2DZ) [49]. The most stable 
composition of ܰ݅݊4݁ܨ−݊ clusters is Fe2Ni2 with 
D2h rhombus shape, which was not tested by 
Nakazawa et al. who only optimized square and 
tetrahedral shapes [49]. All the possible 
compositions of trigonal bipyramidal and 
octahedron shapes were investigated for 
 clusters, respectively. The ݊−6݁ܨ݊݅ܰ and ݊−5݁ܨ݊݅ܰ
most stable compositions for the cases of 

 and (trigonal bipyramidal shape) ݊−5݁ܨ݊݅ܰ
 clusters are Fe2Ni3 (octahedron shape) ݊−6݁ܨ݊݅ܰ
and Fe2Ni4 with C2v symmetry. These results are 
consistent with those of Nakazawa et al. [49], 
where the C2v symmetry was found to be more 
stable than D3h and D4h symmetries. According 
to Nakazawa et al. [49], Fe2Ni3 with C2v 
symmetry (binding energy = 1.48 eV/atom) is 
more stable than D3h symmetry (binding energy 
= 1.44 eV/atom). In addition, Fe2Ni4 with C2v 
symmetry (binding energy = 1.68 eV/atom) is 
more stable than D4h symmetry (binding energy 
= 1.65 eV/atom). Thus, the preferred positions of 
Fe atoms in ܰ݅݊5݁ܨ−݊ and ܰ݅݊6݁ܨ−݊ clusters are 
the equatorial sites of trigonal bipyramidal and 
the octahedron, respectively, which increases the 
number of Fe-Fe bonds, in agreement with 
Sahoo et al. [50]. A larger Fe-Ni cluster with N= 
43 is chosen to study the effect of size on the 
structural and magnetic properties. According to 
previous theoretical [41,50,51] and experimental 
[52] results, Fe atoms prefer the core region of 
the Fe-Ni cluster, while Ni atoms prefer the 
surface. It was previously demonstrated that our 
fcc Fe19Ni24 cluster is the most stable structure 
[51]. We found that the Fe-Fe bond length 
ranges from 2.56 to 2.63 Å, which is close to the 
value obtained by Guirado-López [51] of 2.7 Å. 

All possible compositions of ݅݊ܰ݁ܨ−n (N = 3 
to 6 and N = 43, n = 0 to N) clusters were 
investigated and the most stable clusters are 
presented in Table 2. All studied Ni-Fe clusters 
exhibit high spin ground state (Table 2). 
However, there is a decrease in the value of the 
total magnetic moment per atom (1.73 µB/atom) 
for the large Fe19Ni24 cluster in comparison with 
small-sized clusters (N= 3 to 6), see Table 2. 
This is in agreement with pervious theoretical 
[51] and experimental results [53]. The 
quenching of the average magnetization was 
explained due to antiferromagnetic order in the 
iron-rich core. 
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FIG. 1. Mixing energy of ܰ݅݁ܨଷି  clusters versus Ni concentration (%) for (a) linear and (b) triangular 

clusters. 
 

 
FIG. 2. Mixing energy of ܰ݅݁ܨସି  clusters versus Ni concentration (%) for (a) square, (b) rhombic and  

(c) tetrahedral clusters. 
 

 
FIG. 3. Mixing energy of ܰ݅݁ܨேି  (N=5, 6) clusters versus Ni concentration (%) for (a) trigonal bipyramidal 

and (b) octahedron clusters. 
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TABLE 2. The structures of the most stable ܰ݅݁ܨேି  isomers with N = 2 to 6 and N = 43, 
symmetry, magnetic moment per atom and bond lengths. 

N System Ni% Structure Symmetry 

Magnetic 
moment 
per atom 
(µB/atom) 

Bond length (Å) 

Fe-Fe Fe-Ni Ni-Ni 

2 FeNi 50%  C∞v 5.05 - 2.03 - 

3 Fe2Ni 33.3%  C∞v 2.67 2.13 2.09 - 

4 Fe2Ni2 50% 
 

D2h 2 2.14 2.27 - 

5 Fe2Ni3 60% 

 

 
 

C2v 2 2.41 2.25 and 
2.30 2.39 

6 Fe2Ni4 66.7% 

 

 
 

C2v 2 2.41 2.28 - 
2.30 3.34 - 2.37 

43 Fe19Ni24 55.8% 

 

 
 

Oh (fcc) 1.73 2.56 - 2.63 2.33 and 
2.40 2.48 

The colors of the atoms are blue for Ni atoms and orange for Fe atoms. 
 

3.3 The Adsorption of CO on the Most Stable 
 Clusters ܖିۼ܍۴ܖܑۼ

The adsorption of CO is investigated on the 
most stable isomers of the selected ܰ݅݁ܨேି 
clusters (n = 2 to 6) as well as on Fe19Ni24 
cluster. The values are then compared with the 
adsorption on bare Fe and Ni clusters. The 
adsorption of CO molecule is investigated at 
different high-symmetry sites: top, bridge and 
hollow sites (except for n = 2). In case of Ni-Fe 
dimer, we studied the adsorption of CO on Ni 
and Fe atoms of Ni-Fe dimer. We found that the 
adsorption of CO on Ni atom (where C is bound 
to Ni) is the most stable structure of Ni-Fe dimer 
with an adsorption energy of 1.708 eV. The Ni-
Fe bond length of 2.19 Å is larger than in the 

case without adsorption (2.03 Å). The Ni-C is 
1.76 Å and the C–O bond length is 1.16 Å, 
which is larger than that of free CO gas (1.128 
A). The total magnetic moment is found to be 
4.0 µB, which is smaller than that of bare Ni-Fe 
dimer (5.05 µB) due to the adsorption of CO 
molecule. In addition, the adsorption frequency 
of the adsorbed CO on Ni-Fe is 1981.43 cm-1. 
This value is less than the vibrational frequency 
of the free CO molecule (2102.82 cm-1), which is 
ascribed to the weakening of CO bond due to 
adsorption. In addition, the adsorption energy of 
CO on Ni-Fe bond is 1.708 eV, which is less 
than the adsorption energy on bare Ni dimer 
(1.891 eV), while it is more than that on bare Fe 
dimer (1.366 eV), see Table 3. Table 3 includes 



Article  Tayyem, Hamad and Rawashdeh 

 124

the most stable adsorption sites of CO on the 
most stable ܰ݅݁ܨேି clusters and adsorptions 
energies, as well as the adsorption energies on 
the corresponding Ni and Fe bare clusters with 
the same structures. The top position on Fe atom 
is found to be the most stable site of CO 
adsorption on ܰ݅݁ܨேି clusters (N=3 and 
N=4). However, the most stable site is at the top 
position of Ni atom for the case of N=5. On the 
other hand, the bridge site between Ni and Fe 
atoms is the most stable site in the case of N=6. 
The larger cluster of N=43, however, shows that 
the hollow site is the most stable site for CO 
adsorption with an adsorption energy of 1.817 
eV (Fig. 4). This is in agreement with previous 
studies using DFT and cluster expansion 
methods, where the active site on bimetallic Fe-
Ni nanoparticles has most of Ni atoms 
neighboring to CO adsorbate [41]. However, a 
previous DFT study has shown that the most 
stable site of CO adsorption on FeNi(111) 
surface is the intermediate position between 

bridge Ni site and top Fe [42]. The adsorption 
energies on bare Fe clusters are much larger than 
those on bare Ni clusters (Table 3), in agreement 
with a previous theoretical study that used both 
DFT and cluster expansion methods [41]. In 
addition, the adsorption energies of CO on the 
bimetallic ܰ݅݁ܨேି, except for FeNi dimer, are 
lower than the adsorption energies of CO on the 
corresponding bare Fe clusters with the same 
structure (Table 3 and Fig. 5). This means that 
the adsorption of CO decreases upon alloying in 
ܰ݅݁ܨேିclusters, which decreases the 
poisoning by CO and correspondingly increases 
the MOR efficiency. In addition, locating the Fe 
atoms in the hidden core decreases the 
adsorption of CO on ܰ݅݁ܨேି clusters. The 
presence of Fe atoms in the core with Ni atoms 
at the surface was previously confirmed by 
theoretical [41, 50, 51] and experimental [52] 
studies. 

TABLE 3. The adsorption energies of CO on the most stable ܰ݅݁ܨேି  clusters at the most stable 
sites and the adsorption energies on the corresponding Ni and Fe bare clusters (N = 2 to 6). 

N structure Adsorption energy Eads (eV) 
ܰ݅݁ܨேି  clusters Ni bare clusters Fe bare clusters 

2  1.708 1.891 1.366 

3 

 

 
 

2.281 1.538 2.645 

4 
 

1.870 2.094 2.567 

5 

 

 
 

2.278 2.443 4.736 

6 

 

 

2.047 
 1.948 3.753 

 

The colors of the atoms are blue for Ni atoms, orange for Fe atoms. gray for carbon atom and red for oxygen 
atom. 
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FIG. 4. The adsorption of CO on Fe19Ni24 cluster at (a) the hollow site (b) the bridge and (c) the top site. 

The colors of the atoms are blue for Ni atoms, orange for Fe atoms. gray for carbon atom and red for oxygen 
atom. 

 
FIG. 5. The adsorption energies of CO on the most stable ܰ݅݁ܨேି  clusters at the most stable sites and the 

adsorption energies on the corresponding Fe bare clusters (N = 2 to 6). 
 

4. Conclusion 
DFT calculations were performed to 

investigate the structural, energetic and magnetic 
properties of bimetallic ܰ݅݁ܨேି clusters (n = 
2 to 6 and N = 43). The mixing energies of 
bimetallic clusters have negative values, which 
indicates that alloyed clusters are more stable 
than Fe and Ni bare clusters. The most stable 
isomers have C∞v, D2h for small alloyed clusters 
with N =3, 4, respectively and C2v for both N = 5 
and 6. All small alloyed clusters exhibit a high-
spin ground state. However, Fe19Ni24 large 
cluster exhibits a lower magnetization per atom 
due to antiferromagnetic coupling of iron core 
atoms, inconsistent with previous studies. 

The adsorption energies of CO on most stable 
alloyed bimetallic ܰ݅݁ܨேିisomers are found 
to be lower than those on the corresponding Fe 

bare clusters. This indicates a decrease of CO 
poisoning and an increase of MOR activity upon 
alloying. The presence of Fe atoms in the core 
with Ni atoms at the surface of large Fe19Ni24 
clusters is found to lower the contact with CO 
and this leads to a decrease of CO poisoning, in 
agreement with previous experimental and 
theoretical studies of iron-core shape of Ni-Fe 
nano-particles. The most stable adsorption sites 
of CO on the most stable ܰ݅݁ܨேି isomers are 
the top sites on Fe atom for N = 3 and N = 4, 
whereas the top site on Ni atom was found to be 
the most stable site for N = 5. However, the 
bridge position between Ni and Fe atoms and the 
hollow sites are the most stable sites for the 
cases of N = 6 and N = 43, respectively.  
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