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Abstract
Nickel based catalysis has shown high activity, selectivity and stability more than mono-Ni surface catalysis in energy and 
environmental applications. First principle calculations based on Density Functional Theory and the Generalized Gradi-
ent Approximation are performed to investigate the structural, electronic, and magnetic properties of M/Ni(100); M=Fe, 
Co, and Cu systems at 0.25, 0.50 and 1.00 monolayer coverage. Ferromagnetic (FM) configuration is found to be more 
stable than non-magnetic configuration for all studied elements. Adsorption of Fe and Co on Ni(100) surface enhances 
the FM properties of admetal and substrate at all coverage. Whereas, Cu decreases the FM properties of the topmost 
Ni(100) surface atom and kept almost non-magnetic. The d band center is calculated for the admetal and topmost Ni 
surface atom at all coverages. The obtained results are explained by Hammer- Nørskov model to predict the change 
on the reactivity of Ni surface by adding the adsorbed metals. The calculations reveal that there is no clear relationship 
between the d band-center and the magnetic moments of the Ni surface layer.
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1  Introduction

Bimetallic catalysts are promising and economical materi-
als for many important processes such as CO oxidation, 
fuel cells and the partial oxidation of methanol. Bimetal-
lic catalysts have interesting electronic, optical, magnetic 
properties as well as many technological applications, e.g., 
in storage technology, magnetic detection techniques and 
drug delivery [1–5]. The formation of bimetallic catalysts 
differs significantly from monometallic catalysts due to 
the mutual promotion as a result of decreasing the metal-
support interactions [6]. Moreover, nickel surfaces can be 
used as carbon sources since they are active for adsorb-
ing and interacting with the hydrocarbons because they 
have non-filled d-shells. However, Ni-based catalysts have 
higher activity, selectivity and stability than mono-Ni sur-
face catalysts in energy and environmental applications 

[7–9]. Industrially, Ni-based surfaces are preferred as cata-
lysts for Fischer–Tropsch reaction due to its lower price 
and high activity [10]. Adding Fe, Co and Cu to Ni cata-
lysts improve the activity of methane reforming [11]. The 
growth of Fe ultrathin films on Ni(100) surface is inves-
tigated by Luches et al. using primary-beam diffraction 
modulated electron emission (PDMEE) and low-energy 
electron diffraction (LEED) from 0 to 25 monolayer (ML) 
coverages. They reported that Fe layers from 1 to 5 depos-
its on Ni surface as fcc structure with intermixing between 
Fe and Ni in the first 3 ML [12]. O’Brien and Tonner studied 
the magnetic phases of Fe on Ni (100) surface using X-ray 
magnetic circular dichroism. They reported that Fe is FM 
at coverages below 5 ML with the magnetic moments like 
that found for Fe on Cu (100) surface [13]. A number of the-
oretical studies on the overlayer ferromagnetic substrate 
are reported [14, 15]. Ŝljivanĉanin and Vukajloviĉ [13] 
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calculated theoretically the magnetic moment through 
the interface region including magnetization profile for 
Ni(111) surface covered by a monolayer or a bilayer of 3d 
and 4d transition metals. They found that coating Ni(111) 
surface with Cu atoms lowers the minority spin of Ni and 
causes a considerable reduction in the nickel atomic mag-
netic moment at the observed interface. However, Cu 
overlayer atom on Ni substrate has a very small magnetic 
moment since Cu d band center is lower than Ni 3d band 
center which causes a very weak hybridization. Niklasson 
et al. [15] by using first principles Green’s function method 
found that there is no large deviation of the interface mag-
netization in the Co/Ni interface compared to bulk Co and 
Ni. Gonzalez-delaCruz et al. [16] reported that bimetallic 
Co–Ni catalysts have a better activity and stability than 
the nickel monometallic system due to the strong synergic 
effect between Ni and Co sites. Moreover, using an experi-
mental method, Zhang et al. reported that the synergy of 
Ni-Co bimetallic catalysts provides high activity and has 
outstanding stability. They explained these modified prop-
erties for Ni-Co catalysts due to the synergetic effect and 
good metal dispersion [17]. Also, Wang et al. investigated 
the factors that control the interaction of CO2 with tran-
sition metals surfaces by using DFT. They reported that 
both d band center and charges transfer between CO2 and 
metal surface control the CO2 interaction. They concluded 
that the catalytic properties of the material depend on 
the electronic states near Fermi energy [18]. In this manu-
script the effect of the adsorption of 3d transition metals 
on the structural, electronic and magnetic properties of 
Ni(100) surface is investigated. Also, the d band center is 
calculated for the admetal atoms as well as the Ni topmost 
atom surface. Moreover, we aim to make trends about the 
change in the reactivity of the bimetallic surface compared 
with Ni(100) clean surface according to Hammer- Nørskov 
model [19].

2 � Computational method

Quantum Espresso (QE) code is used to perform spin polar-
ized calculations with a plane wave basis-set [20]. General-
ized gradient approximation proposed by Perdew, Burke 
and Ernzerhof (GGA-PBE) functional [21] is used as exchange 
correlation potential. The obtained lattice constant for bulk 
Ni is 3.55 Ǻ which is 0.90% larger than the experimental 
value (3.52 Ǻ) [22]. The obtained magnetic moment for bulk 
Ni is 0.69 μB while the experimental value is 0.62 μB [23]. Slab 
method is used to simulate the Ni(100) surface with seven 
(ten) nickel (vacuum) layers. The Brillouin-zone integra-
tions are performed using (12 × 12 × 1) and (6 × 6×1) Monk-
horst–Pack (MP) grid [24] for (1 × 1) and (2 × 2) unit cells, 
respectively. The electronic wavefunctions are expanded in 

a plane wave basis set with 748.55 eV as a cutoff energy. 
Ultrasoft pseudopotential is used to describe the ionic cores 
with scalar-relativistic calculations. A Methfessel Paxton 
smearing [25] with � = 0.20 eV is used to improve the com-
putational performance. The adsorbates are placed on both 
sides of the slab to confirm symmetry and delete the mag-
netic dipole effects. All atomic positions of the adsorbates 
and Ni layers are relaxed except these atoms in the central 
layer, which are frozen in their bulk positions. At the begin-
ning, magnetic and non-magnetic calculations are done for 
M/Ni(100)–(1 × 1); M=(Fe, Co and Cu) systems to investigate 
the most stable structure and test the feasibility of inserting 
magnetic calculations. The spin polarization energy of the 
FM order for the adsorbates M; M=Fe, Co and Cu are calcu-
lated by using the equation:

With Emag and Enon−mag the energy of magnetic and non-
magnetic calculations, respectively, and N is the number 
of adsorbed atoms.

The Projected density of states (PDOS) is plotted to deter-
mine the electronic and magnetic properties and the d band 
center of is calculated as the first moment of the projected 
d-band density of states on the surface atoms referenced to 
the Fermi level as:

where ∈ =   E − Ef, Ef is the Fermi energy and DOS(∈) is the 
density of states.

3 � Results and discussion

The hollow site is found the most stable site for all stud-
ied elements on Ni(100) surface at 0.25, 0.50 and 1.00 ML 
coverages. The adsorption of Fe, Co and Cu on Ni(100) sur-
face is investigated at the hollow site for FM and NM con-
figuration at coverage 1.00 ML. The results reveal that the 
relaxed systems become more stable by considering the 
magnetic calculations, which is consistent with previous 
studies on similar systems (12,13,15). The FM order (ΔE) for 
the studied metals on (1 × 1) Ni (100) surface are 2.23, 1.39 
and 0.34 eV, for Fe, Co and Cu, respectively in the order of 
ΔEFe > ΔECo > ΔECu. This is consistent with the bulk mag-
netic moment of these elements.

3.1 � Fe/Ni (100) system

The structural properties for Fe/Ni (100) system are shown 
in Table 1. The Fe–Ni bond lengths increase as the cover-
age increases from 0.25ML to 1.00 ML. At 1.00 ML coverage 

(1)ΔE = −(Emag − Enon−mag)∕N

(2)center of d band =
∫ 0

−∞
∈ DOS(∈)d ∈

∫ 0

−∞
DOS(∈)d ∈
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the Fe–Fe bond is 2.51 Ǻ same as Ni–Ni bond and equal 
to the lattice constant of Ni(100) fcc surface. This result 
indicates the pseudomorphic growth of Fe overlayer on 
Ni(100) where the admetal usually has a lattice constant 
that matches the lattice constant of the underlying sub-
stance [26]. The interlayer spacing shows an overall con-
traction except in Δd12 for Fe/Ni(100) system at 0.50 ML 
coverage. The Δd1,2 interlayer expands in all configurations 
comparing with its value at clean surface (− 4.97%), see 
Table 1.

The PDOS of the 3d band for the topmost Ni surface 
atom at clean Ni(100) surface is shown in Fig. 1. The major-
ity spin band is nearly full in the Ni surface and almost 
all this band lies to the left of the Fermi energy. However, 
the 3d minority band spin is partially empty. There are 
sharp peaks at − 0.77, − 1.97 and − 2.29 eV at the majority 
spin and − 1.47, − 0.58, − 0.17 and 0.22 eV in the minority 

spin. The calculated d band centres for Ni clean surface 
are − 1.93 and − 1.36  eV at the majority and minority 
spins, respectively, see Table 2. The magnetic moment 
for the topmost Ni atom at Ni(100) surface increases by 
about 0.06 µB compared to its value at bulk Ni (0.69 µB). 
The PDOS for Fe/Ni(100) system is presented in Fig. 2 at 
0.25, 0.50 and 1.00 ML coverage. There is a large energy 
splitting between the majority and minority spin states at 
3d Fe which reflects the high magnetic moments of Fe at 
all coverages. O’Brien and Tonner reported that the mag-
netic moment of the ultrathin Fe layer enhanced by the 
adsorption on Ni(100) surface [13]. Also, Šljivanĉanin and 
Vukajlović calculated the effect of covering Ni(111) surface 
by 3d and 4d transition metals on the magnetic moments 
of both Ni(111) surface and the covering metals by using 

Table 1   Structural properties 
for M/Ni (100); M=Fe, Co and 
Cu. dM–M is M–M bond, dM–Ni 
is M–Ni bond, dNi–Ni is Ni–Ni 
bon and Δdi,j is the interlayer 
distance between Ni i and j 
surface layers

System dM–M
Ǻ

dM–Ni
Ǻ

dNi–Ni
Ǻ

Δd1,2  % Δd2,3% Δd3,4%

Ni (100) − 4.97 − 0.83 − 1.38
Fe/Ni (100)
Θ = 0.25 5.18 2.31 2.58 − 2.55 − 1.64 − 1.66
Θ = 0.50 3.54 2.33 2.51 0.52 − 2.04 − 1.76
Θ = 1.00 2.51 2.50 2.51 − 0.29 − 0.29 − 0.29
Co/Ni (100)
Θ = 0.25 5.02 2.30 2.57 − 2.27 − 1.56 − 1.70
Θ = 0.50 3.54 2.32 2.51 − 0.12 − 1.77 − 1.77
Θ = 1.00 2.51 2.45 2.51 0.79 − 2.40 − 1.82
Cu/Ni (100)
Θ = 0.25 5.02 2.44 2.54 − 4.40 − 1.13 − 1.48
Θ = 0.50 3.54 2.45 2.51 − 3.66 − 0.01 − 1.20
Θ = 1.00 2.51 2.52 2.51 − 2.64 − 1.88 − 1.29

Fig. 1   PDOS of clean Ni(100) surface

Table 2   The d band center for M and Ni topmost atom in M/Ni 
(100) systems in eV

System Majority- M Minority- M Majority Ni 
(100)

Minority Ni 
(100)

Clean − 1.93 − 1.36
Fe
Θ = 0.25 − 3.28 − 1.52 − 2.08 − 1.62
Θ = 0.50 − 3.43 − 1.66 − 2.36 − 1.93
Θ = 1.00 − 2.73 − 1.31 − 2.28 − 1.9
Co
Θ = 0.25 − 2.85 − 1.46 − 2.13 − 1.63
Θ = 0.50 − 2.74 − 1.31 − 2.37 − 1.89
Θ = 1.00 − 2.68 − 1.47 − 2.37 − 1.95
Cu
Θ = 0.25 − 2.06 − 2.03 − 1.94 − 1.45
Θ = 0.50 − 2.01 − 1.99 − 1.96 − 1.53
Θ = 1.00 − 2.37 − 2.37 − 1.98 − 1.62
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tight binding linear muffin tin orbitals and Green function 
technique. They found that covering Ni(111) surface by 
a monolayer of Fe or Co produces small changes on the 
magnetic moment of Ni(111) surface. They related these 
small changes in the magnetic moments of Ni surface to 
the small exchange splitting between the majority and 
minority spin bands of Ni fcc metal [14].

There is hybridization between metals overlayer and 
Ni surface atoms as can be seen from Fig. 2. The 3d band 
hybridization between Fe and Ni is obvious at − 4.05, 
− 3.15, − 2.37 and 0.55 eV at 0.25 ML coverage.

The d band center of the majority (minority) spin for 
the topmost Ni surface atom at this system shifts to the 
left compared with d band center of the topmost Ni atom 
at Ni(100) clean surface by 0.15 (0.26), 0.43 (0.57) and 0.35 
(0.54) eV, for 0.25, 0.50 and 1.00 ML, respectively. The shift 
of the d band center for Ni surface up in energy from right 
to left due the 3d band hybridization between the Ni and 
Fe predicts the increase in the adsorbate- metal binding 
energy according to Hammer- Nørskov model [27].

The d band center of the majority and minority Fe spin 
shifts to the left (right) of Fermi energy by 0.15 (0.55) eV 
and 0.14 (0.21) eV, respectively compared with its value at 
0.25 ML coverage as the coverage of Fe increases to 0.50 
(1.00) ML, see Table 2. Moreover, the magnetic moment 
of Fe increases (decreases) by 0.03 (0.33) µB as the cover-
age increases from 0.25 to 0.50 (1.00) ML. The increase in 
the magnetic moment at 0.50 ML coverage is due to the 

high Fe–Ni interaction which causes the large expansion 
of Δd1,2 at 0.50 ML coverage as can be seen in Table 1 and 
the largest shift of d band to the left compared with other 
coverages. However, the increase in Fe–Fe interaction at 
1.00 ML coverage decreases the 3d band hybridization 
between Fe and Ni states and causes a large broadening 
in the PDOS of Fe.

3.2 � Co/Ni(100) system

The structural properties of Co/Ni (100) system are shown 
in Table 1. The bond lengths increase as the coverage 
increases from 0.25 ML to 1.00 ML due to the increase 
in Co–Co interaction. At 1.00 ML coverage Co–Co bond 
is equal to Ni–Ni bond forming pseudomorphic growth. 
The Co–Ni bond is smaller than that for Fe–Ni or Cu–Ni at 
all coverages reflecting the large interaction between Co 
and Ni surface atoms.

The PDOS for Co/Ni (100) system 0.25, 0.50 and 1.00 
ML coverages is shown in Fig. 3. The broadening in Co 
PDOS increases as the coverage increases. The interaction 
between 3d bands shifts Co high energy empty state to 
the left as the coverage increases. At 0.50 ML coverage 
the highest peak of the minority spin in Co PDOS is at 
Fermi energy. The relative large value of the minority spin 
PDOS of Co layer at Fermi energy, i.e. compared with Fe/
Ni(100) and Cu/Ni (100), see Figs. 2, 3 and 4, refers to the 
high occupation at Fermi level which indicates the high 

Fig. 2   PDOS of Fe/
Ni(100) − (2 × 2) system with 
different coverages a 0.25 ML, 
b 0.50 ML, c 1.00 ML. Black 
solid line for 3d Ni topmost 
atom, red dash line for 3d 
Fe and the dot shaded light 
grey for 3d Ni topmost atom 
in clean Ni(100) surface. (For 
interpretation of the references 
to color in this figure legend, 
the reader is referred to the 
web version of the article.)
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activity for this catalyst for the dissociative chemisorption 
[17, 28]. Also, the magnetic moment of Co decreases as the 
coverage increase from 0.25 to 0.50 ML as a result of the 
decrease in the exchange splitting of 3d Co states.

The d band center of the majority (minority) spin of Ni 
surface in Co/Ni (100) system shift to the left by 0.20 (0.27), 
0.44 (0.53) and 0.44 (0.59) eV for 0.25, 0.50 and 1.00 ML, 
respectively, relative to its value at Ni(100) clean surface. 
The d band center of the majority (minority) Co spin at 0.50 
ML coverage shifts to the right of Fermi energy by 0.11 

(0.15) compared with its value at 0.25 ML coverage. Also, 
the magnetic moments of Ni topmost surface atom in Co/
Ni(100) system has the highest value (0.78 µB) at 0.50 ML 
coverage. The d band center of the majority (minority) Co 
spin at 1.00 ML coverage shifts to the right (left) of Fermi 
energy by 0.17 (0.01) µB compared with its value at 0.25 ML 
coverage. The magnetic moments of Ni topmost surface 
atom in Co/Ni(100) system decreases to 0.72 µB at 1.00 ML 
coverage. The magnetic moment of Co atoms decreases as 
the coverage increases as can be seen in Table 3. Moreover, 

Fig. 3   PDOS of Co/
Ni(100) − (2 × 2) system with 
different coverages a 0.25 ML, 
b 0.50 ML, c 1.00 ML. Black 
solid line for 3d Ni topmost 
atom, red dash line for 3d Co 
and dot shaded light grey for 
3d Ni topmost atom in clean 
Ni(100) surface (for interpreta-
tion of the references to color 
in this figure legend, the reader 
is referred to the web version 
of the article)

Fig. 4   PDOS of Cu/Ni(100)-
(2 × 2) system with different 
coverages a 0.25 ML, b 0.50 
ML, c 1.00 ML. Black solid line 
for 3d Ni topmost atom, red 
dash line for 3d Cu and the 
dot shaded light grey for 3d Ni 
topmost atom in clean Ni(100) 
surface (for interpretation of 
the references to color in this 
figure legend, the reader is 
referred to the web version of 
the article)
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the adsorption of Co on Ni(100) surface enhances the 
magnetic moments of Ni as well as Co compared with their 
values at bulk and clean surface [29]. Karpuz et al. reported 
that the increase of Co contents in Co–Ni films increases 
the saturation magnetization (Ms) since Ms for the bulk Co 
is higher than that for bulk Ni [30].

The adsorption of ferromagnetic atoms Fe and Co 
enhances the magnetic moment of Ni topmost surface 
layer. In addition, Fe and Co maintain their ferromagnetic 
properties, because their 3d wave functions are well local-
ized and the majority bands are filled.

3.3 � Cu/Ni(100) system

The structural properties of Cu/Ni(100) system is shown in 
Table 1. Cu–Ni bonds are the largest bonds for all cover-
ages comparing with Fe–Ni and Co–Ni bonds which pre-
dicts the less stability of Cu on Ni(100) surface. Similar to Fe 
and Co, Cu/Ni(100) system has a pseudomorphic growth at 
1.00 ML coverage since Cu–Cu bond is equal to Ni–Ni bond 
(2.51 Ǻ). The change in the interlayer distances related to 
their values in the clean Ni(100) surface are very weak at all 
coverages which reflects the small interaction between 3d 
bands of Ni and Cu due to the fully occupied majority and 
minority states at Cu. The Cu–Ni bond change slightly as 
the coverage increase due to the small misfit (f ) between 
Ni and Cu lattice constants f = (a Cu - a Ni)/a Cu = 2.5% and 
both of them have the cubic fcc crystal structure. Liu et al. 
found similar misfit (2.5%) for Cu/Ni(100) system [31].

The PDOS of 3d bands for Cu/Ni(100) system at 0.25, 
0.50 and 1.00 ML coverage are shown in Fig. 4. The d band 
width in Cu/Ni(100) system is smaller than that for Fe/
Ni(100) and Co/Ni(100) systems.

The d band center for the minority spin of Ni at Cu/
Ni(100) system change slightly and more than the d band 
center of the Ni majority as can be seen from Table 2 due 
to the weakly hybridization between the fully occupied 
d bands in Cu and Ni d band. The d band center of the 
majority (minority) spin for the topmost Ni surface atom 
at this system shifts to the left compared with the d band 
center of the topmost Ni atom at Ni(100) clean surface by 
0.01(0.09), 0.03 (0.17) and 0.05 (0.26) eV, for 0.25, 0.50 and 
1.00 ML, respectively.

The d band center for the majority (minority) Cu at 0.50 
ML coverage shifts slightly to the right by 0.05 (0.04) eV 
compared with its value at 0.25 ML coverage. Also, the d 
band center for the majority (minority) Cu at 1.00 ML cov-
erage shifts slightly to the left by 0.31 (0.34) eV compared 
with its value at 0.25 ML coverage.

The magnetic moment of Ni decreases as the cover-
age of Cu increases due to the increase in Cu–Cu a well as 
Cu–Ni hybridization, as can be seen in Fig. 4. This behavior 
is similar for Ni monolayer over Cu(001) substrate where 
the magnetic moment of Ni is found to be lower than that 
of bulk Ni [32]. Karis et al. investigated the properties of 
Cu/Ni(100) thin films with 1–4 ML coverages by using x-ray 
absorption spectroscopy in combination with DFT. Their 
results indicate strong hybridization between the minority 
spin states at Cu/Ni interface boundary which is consistent 
with our results [33].

The adsorption of Cu on Ni(100) surface has a slightly 
effect on Cu magnetic properties due to the interaction 
between 3d bands, which increase the hybridization and 
decrease the magnetic moment of Ni compared with its 
value in the clean surface [34]. Ernst et al. concluded from 
analyzing the density of states of Ni/Cu systems that the 
hybridization between Ni–Ni and the Ni-Cu has mainly 
effect on the magnetic properties of Ni and Cu [32].

Our calculations reveal that there is no clear relationship 
between the d band-center and the magnetic moments 
of the Ni surface layer which are consistent with previous 
studies [11, 12, 35, 36].

4 � Conclusions

In this study structural, electronic, and magnetic proper-
ties of M/Ni(100); M = Fe, Co, and Cu systems are investi-
gated at 0.25, 0.50 and 1.00 ML coverage. The calculations 
are based on DFT in the GGA functional. Ferromagnetic 
configuration is found to be more stable than non-mag-
netic configuration for all studied elements. The mag-
netic moment of Fe and Co are enhanced when they 
adsorbed on Ni(100) surface at all coverage. Whereas, Cu 
decreases the FM properties of the topmost Ni(100) sur-
face atom and kept almost non-magnetic.The obtained 

Table 3   Magnetic moments for each layers in M/Ni(100) systems in 
μB

System M
(S + 1)

S
(Ni surface)

S-1 S-2 S-3

Clean 0.75 0.69 0.69 0.65
Fe
Θ = 0.25 3.27 0.73 0.64 0.67 0.66
Θ = 0.50 3.30 0.78 0.60 0.66 0.67
Θ = 1.00 2.94 0.69 0.64 0.67 0.68
Co
Θ = 0.25 2.07 0.75 0.65 0.67 0.66
Θ = 0.50 2.05 0.78 0.62 0.66 0.67
Θ = 1.00 1.89 0.72 0.64 0.68 0.69
Cu
Θ = 0.25 0.02 0.68 0.69 0.69 0.67
Θ = 0.50 0.02 0.60 0.67 0.67 0.65
Θ = 1.00 0.01 0.52 0.69 0.70 0.69
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results are explained by Hammer- Nørskov model to pre-
dict the change on the reactivity of Ni surface by adding 
the adsorbed metals. The calculations reveal that there is 
no clear relationship between the d band-center and the 
magnetic moments of the Ni surface layer.
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