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      In this study, the theoretical calculations of CO dissociation were carried out on the Cu-Fe alloy surface by a full-potential method, 
which made more accurate results especially on the prediction of adsorption energies. This process may be governed by either a direct route 
or a H-assisted via HCO and COH intermediates pathways. In comparison to the pure surface Fe (100), the presence of Cu atom enhanced 
the activation energy of direct dissociation pathway and decreased that one for H-assisted mechanism through the HCO intermediate by 0.2 
eV and 0.24 eV, respectively. These effects were explained completely by the ligand effect and the ensemble effect corresponding to the 
electronic and geometrical activity of an adsorption-site on different states (initial, intermediate, and final).In this case, Cu impurity atom 
creates a 3-fold-Fe-hollow site instead of a 4-fold-Fe-hollow site on the surface as the ensemble effect and Fe atoms near the Cu atom show 
more reactivity according to the ligand effect. The results showed that while both methods, CO-direct dissociation and H-assisted, are 
feasible on Fe (100) surface, only the later one happens on Fe-Cu surface. The results of this study suggest that Fe-Cu surface with 
moderate trend for adsorption has a higher life expectancy compared to Fe (100) due to the higher CO-direct dissociation-activation energy 
to build carbide. Also, by changing the main route from direct to H-assisted, the activity of Fischer-Tropsch reaction is enhanced with 
lower activation energy compared to that on the Fe (100) surface. 
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INTRODUCTION 
 
      Fischer-Tropsch (F-T) synthesis, a principal chemical 
process, enables to convert syngas (a mixture of CO and H2 
producing from natural gas, coal or biomass) into 
hydrocarbon fuels [1-4]. It is industrially limited behind the 
CO strong bond which must be dissociated firstly. So, this 
process is extended on the catalysis surface such as iron, 
cobalt and ruthenium used widely for industrial purposes. 
Nevertheless, CO dissociation is also a key step in the 
mechanism of the F-T process on the catalysts which is 
subjected in many computational studies recently [5-11]. 
In general, dissociation of CO bond may occur in a direct 
pathway [6]: 
 
*Corresponding author. E-mail: mrelahifard@ardakan.ac.ir 

 
      COads + * → Cads + Oads                                                                           (1) 
 
or via formation of intermediates HCO and COH, 
 
      COads + H ↔ HCO + * → HC + O                              (2) 
 
      COads + H ↔ COH + * → C + OH                              (3) 
   
where * shows the active site. Among the catalysts, iron is 
introduced as an industrially active and cheap catalyst for 
the F-T synthesis [12].  
      While, Ojeda et al. showed that only H-assisted rout is 
possible on Fe (110) surface [13], Niemantsverdriet et al. 
concluded that both direct CO dissociation and H-assisted 
route can occur on the Fe (100) surface [14] and only the 
former  rout   is  feasible   on   Fe (310)  [15].    Due   to  the  
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stability and activity features, Fe (100) has attracted a wide 
attention in the theoretical research as pure or accompanied 
by other metals [14,16-21]. 
      Indeed, the more intense activity of the Fe (100) catalyst 
leads to surface poising in a short time by carbide formation 
under F-T conditions. Accordingly, inserting copper 
impurities to the Fe surface is supposed to moderate CO 
adsorption and make a higher barrier for direct CO 
dissociation. Moreover, copper as a promoter may facilitate 
iron reduction and changes the product selectivity to heavier 
hydrocarbons [14,22-26]. 
      Our previous result shows that CO dissociation on 
Cu0.25Fe0.75/Fe (100) surface is a thermodynamically 
possible process suggesting an appropriate surface alloy for 
the F-T reaction [27]. However, chemisorptions and 
dissociation process on alloy surfaces may be completely 
different from those of the corresponding elemental metals 
[25,28,29]. 
      Groβ, using the concepts of the ensemble and the ligand 
effects, explained the activity of bimetallic catalysts [25, 
26]. The term “ensemble effect” means that for occurring 
most of the reactions, a specified number of active sites are 
required [26]. The ligand effect, according to the d-band 
model [30,31], discussed electronic structure calculations 
[25] which refers to the direct chemical interactions between 
the components that change activity of catalysts [26]. 
      About the hydrogen dissociation, previous theoretical 
and experimental results show that H2 is fully dissociated on 
the simple and noble metal easily and H2 can undergo 
dissociative chemisorption. Transition-metal surfaces are 
usually very reactive in hydrogen dissociation with a barrier 
lower than 0.5 eV, which is provided by experimental 
conditions at normal temperature. So, the whole system was 
relaxed including the hydrogen atoms on the active 
transition-metal surfaces. The dissociative adsorption of H2 
has a small activation barrier of 0.05 eV on the Fe (100) 
surface. So, this step was ignored over that studies on the 
iron metal surface [32,33]. 
      In this study, we investigate the CO dissociation 
mechanism on Cu0.25Fe0.75/Fe (100) surface and will show 
that while Cu impurity decreases the H-assisted CO 
dissociation barrier, it increases direct CO dissociation by 
20% compared to the pure Fe (100) surface. This research 
was conducted as follows; 

 
 
1. DFT consideration of a Cu-Fe alloy surface contains five 
layers, four Fe layers and one Cu-Fe layer with 25% Cu.  
2. Studying the adsorption of (CO + H) and all intermediate 
compounds, e.g., HCO, COH, C + OH and CH + O on the 
Cu-Fe alloy surface. 
3. Comparing direct and H-assisted CO dissociation barriers 
according to the (Eq. (1)-(3)). 
 
CALCULATION METHOD 
 
      Using FHI-aims code [34], spin-density-functional 
theory total-energy calculations were carried out within the 
full potential method. This computer program package is 
used to calculate impressive all-electron for any type of 
system. The revised form of the Perdew, Burke and 
Ernzerhof (rPBE) functional [35], at the generalized-
gradient approximation (GGA) level, was entirely employed 
to calculate the exchange-correlation energy. It is confirmed 
that GGA (rPBE) functional may more accurately predict 
the adsorption energy in case of metal surface [36]. For 
relativistic effects, we applied the scale Zeroth-order regular 
approximation (ZORA) [37]. Moreover, the other 
parameters were adjusted as follows: 
      Convergence criterion for the self-consistency cycle, 
based on the charge density (sc_accuracy_rho) and total 
energy (sc_accuracy_etot) are set on 5 × 10-5 and 5 × 10-6, 
respectively [34]. We found the equilibrium lattice constant 
for bcc-Fe bulk by 2.86 Å. in good agreement with 
experimental value by 2.87 Å. 
      To model the Cu0.25Fe0.75/Fe (100) surface, the slab 
method with a P (2 × 2) two-dimensional super cell was 
employed for five metal layers which included 4 atoms per 
metallic layer with 12 Å vacuum size. Herein, the top three 
layers of the slab allow to fully relax with a force 
convergence criterion of 0.01 eV/Å. 
      For the calculation of reaction barriers, a transition-state 
search algorithm based on the climbing-image string 
method [38] was applied. This technique seems to be the 
best choice to get a minimum-energy path and transition 
state, while using both limiting geometries as initial state 
(IS) and final state (FS). In every rout, a series of 
intermediate configurations which set to 8 images between 
IS and FS, was built up and the transition states were 
optimized by reducing the CI force to < 0.05 eV. 
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RESULTS 
 
Adsorption Energies of all Compounds 
      First, to compare the accuracy of the calculation 
approaches, CO adsorption on the Fe (100) pure surface was 
considered. The most of previous theoretical research by 
DFT, overestimate the CO adsorption energy value for Fe 
(100). In this respect, Govende mentioned the adsorption 
energy of the CO molecule in a range between -1.9 and -2.5 
eV (depending on the functional used) [39] or Zhao et al. 
reported that as -2.05 eV [40], while both of them used  
Vienna ab initio simulation Package (VASP) with PAW and 
PBE functionals. Niemantsverdriet et al. achieved better 
results by employing more accurate parameters in their 
calculations. They reported the adsorption energy of 1.53 
eV for CO, which is much lower than that of other works 
[14]. We obtained 1.55 eV for CO adsorption which shows 
a good agreement with the experimental result with the 
range of 1.2-1.6 eV [16]. 
      Then, after geometry optimization of Cu0.25Fe0.75/Fe 
(100) surface, we calculated the adsorption energy of all 
reactants and products for Eq. (1)-(3) on that surface. The 
most stable co-adsorption configuration for CO and H on a 
P (2 × 2) cell correspond to a tilted CO on the four-fold 
hollow site, similarly to that observed for the clean surface 
[14]. However, a different orientation is adopted by 
adsorbed CO on this surface, where, O atom tilts toward Fe 
atom near the Cu atom, which is expected relating to the 
ligand effect as that Fe is getting more active. In this view, 
the replacement of an active atom (Fe) by an inert atom 
(Cu), causes more reactivity of its neighboring atoms [25, 
26]. So, the Fe atom near the Cu atom shows more activity 
than the other Fe atom. On the other hand, the presence of 
substitutional copper on the 4-fold-Fe- hallow site changes 
the active site for CO adsorption completely. So, the 
ensemble effects from changing the 4-fold to 3-fold-Fe-
hollow site play the main role. It explains the lower CO 
adsorption energy on the alloy surface by -1.22 eV than 
pure Fe (100) surface. Here, the bond length for C-O (1.279 
Å) is compared with that one on pure Fe (100) surface 
(1.313 Å) and CO molecule (1.128 Å). Table 1, shows the 
relative energies for all compounds containing one C, O, 
and H atoms on the alloy surface as; H(α) + CO, H(β) + CO, 
H(γ) + CO, HCO, COH, HO + C, CH + O(β), CH + O(γ), C + 
O(β)  +  H  and  C  +  O(γ)  +  H   where,  α, β, γ represent the 

 
 
different 3-fold hollow sites on the surface as seen in Table 
1. 
      Our results show that all compounds adopted a 3-fold-Fe 
hollow site for adsorption on the Cu-Fe alloy surface, 
similarly to that observed for the Fe (100) surface [14]. 
However, the configurations of the adsorbed COH and HCO 
result in H and O atoms prefer to bond with the Fe-Fe 
bridge site in front of the Fe-Cu bridge. Also, as 4-fold 
hollow site contains one cu atom as 3-fold-Fe hollow site, 
the ensemble effect decreases all adsorption energies on Cu-
Fe alloy surface compared to the Fe (100) surface, i.e. CO, 
HCO, COH, H, C, O and CH species. 
 
CO-dissociation 
      The direct CO-dissociation process is exothermic by      
-0.02 eV and the overall reaction energy is -0.9 eV, when  O 
atom diffuses to the second nearby hollow-site (β site). The 
activation energy for this process is 1.29 eV, which is much 
larger than the direct CO dissociation on the Fe (100) 
surface (1.09 eV) [14]. It means that the Cu atom affects the 
TS more than the IS for direct CO dissociation process. 
Herein, the O atom located necessarily near the Cu atom in 
the TS and FS configuration (Fig. 1) leading to a lower 
stability and higher activation energy based on the ligand 
effect. Furthermore, according to the Arrhenius equation the 
rate constant difference for direct CO dissociation on Fe 
(100) and Cu-Fe/Fe (100) surfaces increases exponentially 
by lowering the temperature.  
      In the H-assisted routes, (Eq. (2),(3)) the formation of 
HCO and COH are endothermic process by 0.60 and 0.92 
eV, respectively. Then, they are followed by a subsequent 
dissociation step leading to the CH and OH formation 
(second steps of Eqs. (2), and (3)) which are exothermic 
process, with reaction energies of -0.79 eV and -1.34 eV, 
respectively. Compared to the results of the Fe (100) 
surface, by +0.56 and +0.94 eV as reaction energies of HCO 
and COH formations, it is concluded that while the Cu atom 
indisposes the surface to HCO formation, it makes a better 
site for COH species. Regarding the configuration of the 
adsorbed HCO, H atom must be located near the Cu-Fe 
bridge which is less active than Fe-Fe bridge site due to the 
ligand effect. Conversely, in the adsorbed COH, H atom is 
located near the Fe-Fe bridge site of alloy surface with 
larger activity vs. Fe-Fe site in pure Fe (100) surface [27].  



 

 

 

Farsad et al./Phys. Chem. Res., Vol. 5, No. 4, 831-839, December 2017. 

 834 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                     Table 1. Geometry  Structures  and  Relative Energies of all Coumponds on 
                                    the Pure Fe (100) and Cu0.25Fe0.75/Fe (100) Alloy Surfacs. The C-O  
                                    Bond Length is only Presented for Compounds on the Cu0.25Fe0.75/ 
                                    Fe (100) Surface 
 

C+O(β)+H

C+O(γ)+H

H(β)+CO

H(γ)+CO

HCO

COH

HO+C

CH+O(β)

CH+O(γ) ─-1-0.13

─

─

-0.240.09

-0.29-0.64

──-0.9

──-0.36

1.441.10.98

1.3820.720.66

1.2760.160.06

1.29400

1.2790.13

Species

H(α)+CO

dco(Aᵒ)

Cu-Fe

Relative Energy

Cu-Fe Fe(100)

α β
γδ

0.1
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Both of the reaction energies for the OH and CH formation 
are more positive than those on the Fe (100) surface by 0.15 
eV and 0.1 eV, respectively [14], which may be explained 
with the same discussion to the direct CO dissociation 
process, i.e. the O species move to the region near the Cu 
atom. 
      The energy barrier for HCO formation is 0.73 eV, a 
value  lower  than that one on Fe (100) by 0.78 eV [14] (Fig.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2). It means that the Cu atom shows a different effect on TS 
and FS for HCO formation process by reducing (increasing) 
the activation energy (formation energy). The following step 
(HCO → HC + O) has an activation energy of 0.52 eV, 
which is much smaller than that on the Fe (100) surface 
(0.64 eV), might be due to the unfavorable HCO adsorption 
site. The overall activation energy for H-assisted 
dissociation from HCO intermediate  is  1.1 eV  with 0.2 eV  

 
Fig. 1. Adsorbate structures for direct CO dissociation on Cu0.25Fe0.75/Fe (100) alloy surface. 

 
 

 

 
Fig. 2. Adsorbate structures for H-assisted CO dissociation via HCO formation on the Cu0.25Fe0.75/Fe (100) 

                      alloy surface. 
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Fig. 3. Adsorbate structures for H-assisted CO dissociation via COH formation on the Cu0.25Fe0.75/Fe (100)  

                 alloy surface. 
 
 

 
Fig. 4. Relative energy of states and CO dissociation. *The inset clarifies the nomenclature for the different 4- 

              fold hollow sites occupied by components. 
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smaller than direct CO dissociation on the Cu-Fe alloy 
surface. It means that the former process would have a rate 
constant around 103 times higher at 250 °C. However, on Fe 
(100) surface, H-assisted dissociation shows more activation 
energy than direct CO dissociation with 0.27 eV [14], 
expressing a large effect of Cu atom on the catalytic 
reactivity of Fe (100). 
      H-assisted CO dissociation from COH intermediate (Eq. 
(3)) by hydrogenation of the oxygen-end of the CO 
molecule and then dissociating into OH and C may also 
proceed (Fig. 3). Herein, a problem is the different 
orientation of CO bond for the adsorbed CO and COH 
species, i.e. a tilted configuration versus upright form. It 
leads to a more endothermic reaction and activation energy 
for COH formation process. The energy barrier of this 
process is 1.5 eV which canceled the CO dissociation via 
the COH intermediate to take place on Cu-Fe alloy surface. 
Overall, as seen in Fig. 4, CO dissociation through HCO 
intermediate would be dominantly favored especially under 
the higher H2 pressure and lower temperature, suggesting 
that the Cu-Fe alloy surface enlarges the catalytic longevity 
in the F-T process. 
 
CONCLUSIONS 
 
      We present the theoretical DFT calculation using a full 
potential method to consider the first step of the F-T 
synthesis (CO dissociation) via both direct and H-assisted 
mechanisms on the Cu0.25Fe0.75/Fe (100) alloy surface. Our 
results  supports that the substitution of 25% Fe atoms by 
Cu atoms causes the opposite effect on those routs by 
increasing (decreasing) the activation energy of CO-direct 
(H-assisted) dissociation in comparison with that  on the Fe 
(100) pure surface. Herein, Cu impurity decreases the CO 
adsorption energy by 0.33 eV and enhances the activation 
energy of the CO-direct dissociation by 0.2 eV. However, it 
alters the activation energy of H-assisted CO dissociation 
via HCO intermediates from 1.36 eV on Fe (100) surface to 
1.1 eV on Cu0.25Fe0.75/Fe (100) alloy surface. All effects of 
Cu impurity on Fe (100) activity may be explained using 
ensemble and ligand effects which are referred to the 
geometrical and electronic properties, respectively. While 
the ensemble effect plays the dominant role for adsorption 
process,  where  the  most  stable site (4-Fe fold hollow site)  

 
 
disappears as a consequence of alloy formation, the ligand 
effect determines the higher activation energy for direct CO-
dissociation. 
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