
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Nanoscale

www.rsc.org/nanoscale

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Improved catalytic activity of Rhodium monolayer modified Nickel 

(110) Surface for the methane dehydrogenation reaction: A first-

principles study 

Pallavi Bothra
1
 and Swapan K. Pati

 1, 2* 

New Chemistry Unit 1 and Theoretical Sciences Unit2 Jawaharlal Nehru Centre for Advanced Scientific Research, 5 

Bangalore, 560064, India.  

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 

 

 The catalytic activity of pure Ni (110) and single Rh layer deposited Ni (110) surface for the complete dehydrogenation of methane is 10 

theoretically investigated by means of gradient-corrected periodic density functional theory. A detailed kinetic study, based on the 

analysis of the optimal reaction pathway for the transformation of CH4 to C and H through four elementary steps (CH4 → CH3 + H; CH3 

→ CH2 + H; CH2 → CH + H; CH → C + H) is presented for pure Ni (110) and Rh/Ni (110) surfaces and compared with pure Rh (110) 

surface. Through systematic examination of adsorbed geometries and transition states, we show that single layer deposition of Rh on Ni 

(110) surface has striking influence on lowering the activation energy barrier of the dehydrogenation reaction. Moreover, it is found that, 15 

pure Ni  (110) surface has tendency of carbon deposition on the catalytic surface during the methane dissociation reaction which 

decreases the stability of catalyst. However, deposition of carbon is largely suppressed by the addition of Rh overlayer on pure Ni (110) 

surface. The physical origin of stronger chemisorption of carbon on Ni (110) relative to Rh/Ni (110) has been elucidated by getting 

insight into the electronic structures and d-band model of the catalytic surfaces. Considering the balance in both the catalytic activity as 

well as the catalyst stability, we propose that Rh/Ni (110) surface possess much improved catalytic property than pure Ni (110) and pure 20 

Rh (110) surfaces.                        

Introduction 

Conversion of methane into high value-added products is like 

solving two fundamental issues with a single action. Firstly, 

methane, the second most prevalent and potent greenhouse gas 25 

found in the atmosphere, pilots global warming through absorbing 

radiation within the thermal infrared range. Although methane 

spans much shorter lifetime in the atmosphere than carbon dioxide, 

but the former is more effective at trapping radiation and thus is 

more competent as green house gas. Therefore, reducing the 30 
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amount of this gas from the environment has turned out to be one of 

the paramount challenges; secondly, methane, the most abundant 

constituent of natural gas, agriculture byproducts possesses high H 

to C ratio, so can be exploited to fulfill the demand for alternative 

energy resources. However, the pure tetrahedral methane, with 5 

noble-gas like electronic configuration with strong C-H bonds (4.5 

eV) and devoid of polarity, magnetic moment and functional group, 

makes the molecule thermodynamically very stable that it is 

extremely difficult to undergo any chemical attack. Accordingly, 

activation of this less reactive, cheap raw material into some clean 10 

energy fuels viz. hydrogen has been fuelling the attention of 

researchers for more than a few decades; 1, 2 however, entire 

dissociation process is only achievable in the presence of catalyst. 6-

8 Single-crystal close-packed surfaces as well as corrugated metal 

surfaces with low to high indices planes, 9-12 bimetallic alloys, 13-15 15 

metal nanoparticles, 16-19 supported transition metals 20, 21 etc. have 

been proven as promising catalysts for facilitating the methane 

dissociation reaction. Amongst all, Ni is found to be the most 

preferred transition metal catalyst from the both activity as well as 

cost point of view; 5, 22-25 yet the implementation of Ni for this 20 

particular reaction is not widespread due to the tendency of 

depositing carbon on the catalyst surface and subsequently the 

growth of filamentous carbon from the segregation and 

precipitation of C encapsulating the entire catalytic surface, 

decreasing completely the efficiency of catalysis. 26-29 However, 25 

other transition metals, especially, Rh and Ru are being used which 

exhibit higher catalytic activity as well as stability 2, 8, 30-35 due to 

higher expenditure and less availability, the application of these 

metals are limited. Significant theoretical studies have been devoted 

to comprehend the catalytic process on various Rh surfaces 30 

including flat, defect-free, stepped, kinked, nanorod models, to 

name a few 9-12 and it is generally suggested that on Rh catalyst, 

methane dissociation is a structure-sensitive reaction.36-40 Of late, 

Ni catalyst modified with various transition metals are also in 

vogue as heterogeneous catalyst because of the synergistic effect 35 

exerted by bimetallic catalysts over parent metals.41-53 Chen et. al. 

thoroughly investigated the effect of substitution of single transition 

metal atom (Cu, Ru, Rh, Pd, Ag, Pt, Au) on Ni (111) surface and 

concluded that Rh atom tailored Ni (111) surface is a good 

candidate for the concerned reaction because of modification in 40 

electronic structure.54 It is moreover reported that foreign atom 

substitutions can suppress the coke formation on Ni surface by 

enhancing the Ni metallic dispersion as well as aggregation of Ni 

nanoparticles during the high temperature reaction.47, 52  

            The main aim of the present work is to study theoretically 45 

the kinetics of each elementary step in the sequential 

dehydrogenation of methane considering CH3, CH2 and CH as 

intermediates, detected in secondary ion mass spectroscopy (SIMS) 

and X-ray photoelectron spectroscopy (XPS) techniques.55, 56 The 

stepwise mechanism has been compared and contrasted among Rh 50 

monolayer modified Ni (110) surface, clean Ni (110) and clean Rh 

(110) surfaces. Top view of all the three surfaces is depicted in 

Figure 1. The motivation for employing the parent surface as 110 is 

the kinetic measurements performed by Beebe et. al. under high 

incident flux conditions, 57 which suggested that Ni (110) is the best 55 

one amongst Ni (111), Ni (110) and Ni (100) surfaces for methane 

dissociation reaction but till now no kinetic study has been carried 

out theoretically. Secondly, single overlayer of Rh has been 

deposited on Ni (110) surface to detect the role of promoter on 

catalytic activity and stability over pure Ni (110) surface; recently a 60 

number of studies have been shown that overlayers (OLs) or near-

surface alloys (NSAs) hold very unusual characteristics compared 

to their parent surfaces, mostly these bimetallic surfaces show 

better catalytic activity.67 By metal deposition method, galvanic 

displacement, less noble metal monolayer deposited at 65 

underpotentials can be substituted by foreign metal monolayer. 68, 69 

 

Figure 1. Representation of the top view of three surfaces 

employed in the present work: (a) Ni (110), (b) Rh (110) and 

Rh/Ni (110) surface. Ni and Rh atoms are displayed in blue and 70 

grey colour, respectively. The red dashed line epresents the unit 

cell. 

 Again due to higher price of noble metal, Rh, only one layer of it 

has been used to cover up the Ni (110) surface. However, pure Rh 

(110) surface is considered merely for comparison between single 75 

and bimetallic surface. After knowing kinetics and mechanism for 

each step of dissociation reaction, we would do the analysis of 

electronic structure to understand the physical origin of improved 

catalytic efficiency of one over other surfaces. Indeed, the 
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microscopic picture is very much required to design the better 

catalyst in future.                                                                                                                                                                                                                                                     

    Computational Details 

The quantum-chemical calculations were performed using 

Quantum Espresso package, 58 in which the wave functions at each 5 

k-point are expanded with a plane wave basis set with a kinetic 

energy cut off up to 400 eV. The approximation, taken into account 

throughout the density functional theory calculations, was the 

generalized gradient approximation functional proposed by Perdew, 

Burke, and Ernzerhof, known as GGA-PBE.59 Ultrasoft 10 

pseudopotentials from the publicly available repository of the 

QUANTUM ESPRESSO distribution were applied to describe the 

ionic cores.60 Brillouin zone sampling was carried out using a 

Monkhorst-Pack grid for all the calculations and electronic 

occupations were determined using a Marzari-Vanderbilt scheme 15 

with an energy smearing of 0.1 eV.60 Due to the presence of 

magnetic element (Ni) in our systems and since accurate 

quantitative description of the total energies is directly related to 

surface magnetism, consideration of spin-polarized effects is very 

essential.60 Once the difference between the total energy between 20 

two consecutive electronic optimization steps were smaller than 10-

5 eV, the convergence of the electronic degrees of freedom was 

considered to be attained. The condition for the ionic relaxation was 

set such that the forces should be less than 10-3eV/Å for all the ions. 

No symmetry constraints were put in force.   25 

It is already known that the consideration of van-der Waals 

interaction is necessary for an accurate quantitative description of 

the total energies; that is why dispersion corrections were taken into 

account.61 The Ni (110), Rh (110) and Rh/Ni (110) surfaces were 

represented as a two-dimensional slab in a 3D periodic cell. The Ni 30 

(110) and Rh (110) models employed in this study consist of four-

layer slab with a periodic (3×3) unit cell (1/9 monolayer (ML)); 

then, the Rh/Ni (110) surface was constructed by replacing the 

uppermost layer of Ni (110) surface by Rh (110). Tests were 

performed with (2×2) unit cell (1/4 monolayer (ML) coverage) and 35 

found that difference in the adsorption energy is the order of 0.13 

eV with respect to (3×3) unit cell which suggests the effective 

lateral interactions between the adsorbate species and their own 

periodic images from adjacent cells. To check the saturation 

coverage we did try with (4×3) unit cell (1/12 monolayer (ML)); 40 

the difference in energy is in the order of 0.01 eV which indicates 

the very weak lateral interaction between adsorbates. The computed 

equilibrium lattice constant for bulk nickel is 3.50 Å, in good 

agreement with the experimental value (3.52 Å). To circumvent 

periodic interactions, a vacuum layer of 12Å was used along the 45 

perpendicular direction to the surface. The optimized geometries 

have been achieved by applying analytical calculations of 

Hellmann-Feynman forces acting on the atoms of the unit cell.      

Adsorption energies (∆Eads) of adsorbates were computed by  

∆Eads = Esurface+adsorbate – (Esurface + Eadsorbate) 50 

where Esurface+adsorbate is the total energy of the relaxed surface 

with the adsorbate, Esurface is the total energy of the bare relaxed 

surface and Eadsorbate is the total energy of an isolated adsorbate. The 

first two terms were calculated considering the same parameters (k-

point sampling, energy cutoff, etc.) mentioned above, the last term 55 

was obtained by performing spin-polarized Γ-point calculation of 

the isolated adsorbate placed in the middle of an empty box of 

dimension 20Å × 20Å × 20Å. In accordance with this definition, 

the negative value of adsorption energies implies binding between 

surfaces and adsorbates.      60 

“Climbing Image Nudged Elastic Band-method (CI-NEB)” 

method 62 was exploited for determining the transition states of 

reaction pathways for methane dissociation which is actually the 

variant of the “nudged elastic band” method63 and has been proven 

to be a very efficient technique for finding the minimum energy 65 

paths of chemical reactions. Convergence of saddle points and 

minima were considered to be achieved when the maximum force 

in each degree of freedom was less than 0.03 eV/Å. The zero-point 

energy correction was not incorporated. However, though the 

absolute adsorption energies or activation barriers have not been 70 

computed but the cancellation of errors allow us to compare the 

calculated values among the surfaces considered and therefore the 

variation in the catalytic activity of Ni (110) and Rh/Ni (110) 

surfaces can be figured out precisely.  

RESULTS AND DISCUSSION 75 

Adsorption energetic and structures of CHx and H species  

 Details of the energies of the most stable geometries and 

positions of CHX and H on the Ni (110), Rh (110) and Rh/Ni (110) 

surfaces are given in Table 1. The calculated adsorption energies of 

Ni (110) and Rh (110) are comparable with the values reported by 80 

S. G. Wang et. al. 65and B. Wang et. al. 66 respectively. The small 

discrepancies between the energies is due to the selection of larger 

unit cell size, that is, p (3×3), in the present work as compared to p 

(2×2) employed in previous studies. The larger unit cell size results 
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in a lower surface coverage; consequently, diminish the interaction 

between the adsorbates. Note that, the initials used in Table 1 for 

the different surface sites are as follows : short-bridged (SB), long-

bridged (LB), top (T), top-down (TD). 

 5 

 

Difference in adsorption properties between Rh/Ni (110) and 

pure Ni (110) is due to the strain effect which is related to the 

modification of surface electronic structure by the variation in 

overlapping of various orbitals; 15 however, among CH3, CH2, CH 10 

and C intermediates, the first two species adsorbs more strongly to 

Rh/Ni (110) surface which is in contrast to the results obtained by 

Fan et. al.53 where single Rh atom addition leads to lowering in 

adsorption energy of CH3 and CH2 fragments than pure Ni (111). 

This is due to the ligand effect stimulated by the interaction 15 

between Rh overlayer and adjacent substrate in the present study. 

However, the last two intermediates, CH and C, show higher 

binding potency for pure Ni (110) surface, which confirms the 

previous findings of the coke formation propensity on Ni surface. 

Nevertheless, the most negative adsorption energies on Rh (110) 20 

surface can be explained in the light of d-band theory proposed by 

Hammer and Norskov. Increase in the adsorption energy, going 

from CH3 to C for all the three systems which is consistent with the 

earlier reported results is due to the increasing number of free 

valence electrons upon successively reducing the number of H 25 

atoms. In fact, the reason behind striking drop in the binding energy 

of elementary C on Rh/Ni (110) surface (-7.62 eV) can be 

understood from the electronic structure of the surfaces and would 

be discussed in the latter part. 

Sequential dehydrogenation of methane on surfaces 30 

Following the study of adsorption behavior i.e. adsorption 

energies and structures of all the possible intermediates involved in 

the reaction, we need to find out the plausible minimum energy 

path (MEP) for the successive dehydrogenation from CH4 to C. In 

order to scrutinize the mechanism of CH4 dissociation, the most 35 

stable geometry of CHX has been chosen as initial state and co-

adsorbed CHX-1 + H species having the lowest Eads is put as the 

final configurations in the MEP. Among the three catalytic 

surfaces, Ni (110), Rh (110) and Rh/Ni (110) considered in the 

present work, kinetic analysis of CH4 dehydrogenation on Ni (110) 40 

and Rh/Ni (110) surfaces have been investigated in detail and 

compared with Rh (110) surface. Figure 2. portrays the geometries 

of the initial, transition and final states of each step. Activation 

energy barriers for each of the four elementary steps throughout the 

methane transformation reaction have been tabulated in Table 2. 45 

Figure 3. presents the comparison between the energy profiles for 

the transformation of CH4 to C and H on the two surfaces, Ni (110) 

and Rh/Ni (110). 

     Step1: CH4* → CH3* + H*  
Dissociation of methane to methyl and hydrogen is the first step 50 

of methane dehydrogenation reaction. The adsorption energy of 

methane on Ni (110) and Rh/Ni (110) surface are -0.2eV and -0.29 

eV, respectively, which indicate the physisorption of saturated 

tetrahedral methane molecule on the surfaces. To form the product, 

methane molecule comes closer to the respective surface and 55 

accordingly one of the carbon-hydrogen (C-H) bonds gets 

activated; in the transition state, increase in the C-H bond distance 

leads to methyl and H fragment which sit together, in slightly tilted 

fashion, on the single Ni and Rh atom of Ni (110) and Rh/Ni (110) 

surfaces respectively. The calculated activation energies of this step 60 

are 0.89 eV and 0.46 eV for the bare Ni (110) and Rh/Ni (110) 

surfaces respectively and the reported activation energy on pure Rh 

(110) by Wang et. al. is 0.69 eV. 66     

 Step2: CH3* → CH2* + H*  

The second step, i.e. the conversion of CH3 to CH2 and H takes 65 

place with the energy barriers of 0.80 eV on Ni (110) surface, 0.25 

eV on Rh/Ni (110) surface and 0.31 eV on Rh (110) surface.66 For 

Ni (110) surface bridge positions are the most stable site for both 

the initial and final intermediates of this step, i.e., CH3, CH2 and H. 

While dissociation of C-H bond in the transition state CH3 has to 70 

shift from one bridge site to adjacent one, leaving one bonded H 

behind, hence in this case, the relatively heavier group (CH2) has to 

voyage a distance from initial state to final one. On the other hand, 

on Rh/Ni (110) surface, CH3 sits on the top of single Rh atom 

whereas CH2 and H prefer nearby bridge sites; therefore in the 75 

transition state CH3 dissociation occurs on top of the Rh atom itself 

and budging of CH2 slightly places it in bridge position. Therefore, 
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this elementary step is more favorable on Rh/Ni (110) surface over 

bare Ni (110) surface with lower activation energy barrier.  

Step 3: CH2* → CH* + H*  
On both the surfaces, the dissociation takes place over the bridge 

site and results in the methylidyne in a hollow site. The computed 5 

values imply that cleavage of H from CH2 is difficult step on Rh/Ni 

(110) surface with rather high activation energy barrier of 0.73 eV 

and from the reported result by Wang et. al., it is found that for 

pure Rh (110) surface this step is the most energetically difficult 

one with the activation energy of 1.15 eV.66 But the transformation 10 

of CH2 to CH and H occurs with relatively lower barrier of 0.59 eV 

for the Ni (110) surface.  

Step 4: CH* → C* + H*  

The fourth and final step comprises of the formation of surface C 

and H upon the dissociation of CH; it needs to overcome the 15 

activation energy barriers of 0.48 eV on Ni (110) and 0.57 eV on 

Rh/Ni (110) surface and that of 0.69 eV on pure Rh (110) surface.66  

 

Figure 2 (a). Complete dehydrogenation of CH4 to C and H on 

(a) clean Ni (110) surface and with carbon and hydrogen atoms is 20 

yellow and red in color respectively. Shown are the optimized 

initial state, transition state (TS) and final state (from left to right).         

 

Figure 2 (b). Complete dehydrogenation of CH4 to C and H on 

(a) clean Rh/Ni (110) surface and with carbon and hydrogen 25 

atoms is yellow and red in color respectively. Shown are the 

optimized initial state, transition state (TS) and final state 

(from left to right). 

 

 30 

 

Figure3. Potential energy diagrams for the dehydrogenation of 

CH4 on Ni (110) and Rh/Ni (110) surface 

 

Thereby it can be said from Table 2 that the initial two steps 35 

(CH4 → CH3 + H; CH3 → CH2 + H) are more feasible on Rh/Ni 

(110) surface in comparison to Ni (110) surface, however the 

formation of CH and elementary C (CH2 → CH + H; CH → C + H) 
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has to overcome a larger barrier of energy 0.73 eV and 0.55 eV for 

Rh/Ni (110) surface than that of Ni (110) surface with the energy 

barrier of 0.59 eV and 0.48 eV respectively.      

Consequently, from the calculated values, it can be said clearly 

that carbon formation is less feasible on the Rh layer covered Ni 5 

(110) surface than the pure Ni (110) or Rh (110) surface.  

 

Electronic Properties    

Till now, the energetics i.e. adsorption and activation energies 

for the stepwise dehydrogenation reaction of methane to C and 4 H 10 

have been computed systematically for bare Ni (110) and Rh 

monolayer substituted Ni (110) surfaces and it is found that affinity 

of coke formation is markedly high for clean Ni surface as was 

found in earlier studies whereas presence of Rh monolayer on Ni 

(110) surface can diminish the adsorption energy of carbon 15 

significantly. The difference in the carbon adsorption energy of Ni 

(110) and Rh/Ni (110) indicates that there is variation in electronic 

structure; accordingly, to gain insight of the physical origin, d-band 

model proposed by Hammer and NØrskov was employed.70, 71 The 

average energy of the d-band (also known as d-band centre), εd and 20 

average width of the d-band, Wd, are imperative parameters to 

determine the reactivity of various metals involved in reaction. εd 

can be calculated by using the following formula 

                  

( )

( )

F

F

E

d

d E

d

E E dE

E dE

ρ
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ρ

−∞
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=
∫

∫
                                                

  Likewise, Wd can be obtained according to 25 
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E E dE
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E dE

ρ

ρ

−∞

−∞

=
∫

∫
                                              

 Where, ρd is the density of states projected onto metal atom’s d-

band and EF represents the Fermi energy.  

In general, higher the d-band energy i.e., closer to the Fermi 

energy level of the d-band center, higher is the reactivity of the 30 

corresponding surface metal; alternatively, lower d-band width 

implies more reactive surface metal atom. This can be understood 

from the fact that since εd shifts up, antibonding states move above 

the Fermi level. More the number of vacant antibonding states, 

stronger is the bonding between surface and adsorbate , i.e., strong 35 

chemisorption. Table 3 lists the values of εd and Wd for carbon 

containing Ni (110) and Rh/Ni (110) surfaces. Higher average 

energy as well as lower band width of carbon containing Ni (110) 

compared to Rh/Ni (110) explains the more negative adsorption 

energy i.e., stronger adsorption of carbon on the former surface 40 

than the latter one.    

       

 

Figure 4. Projected Density of States for (a) Pure Ni (110) surface 45 

and surface Ni atoms involved in C adsorption and (b) pure Rh/Ni 

(110) and surface Rh atoms involved in C adsorption. The vertical 

dotted lines denote the Fermi level. 

For completeness, projected density of states (pDOS) analysis of 

the surface atoms in the presence and absence of elementary carbon 50 

on pure Ni (110) and Rh/Ni (110) surfaces has been included in 

Figure 4 (a) and 4 (b) respectively. Actually, the differences 

between average energy and d-band width arise due to the 

difference in interaction between metal d-band and C p-orbitals. In 

both the cases, for pure Ni (110) and Rh/Ni (110) surfaces, 55 
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particularly dx
2

-y
2 band exhibits a considerable modification after 

the adsorption of carbon in the Fermi level, whereas the main 

features of the other bands are less prominent. From the comparison 

of carbon containing Ni (110) and Rh/Ni (110) surfaces, it is found 

that antibonding orbitals are more shifted above the Fermi level for 5 

Ni (110) surface than the latter, i.e., weight of the energy 

contributions above the Fermi level is larger in Ni (110) surface. 

Subsequently, the Ni-C antibonding levels are mostly emptied on 

Ni (110) surface than on the Rh/Ni (110) surface. Consequently, 

this behavior confirms the stronger adsorption of carbon on clean 10 

Ni (110) surface.     

Conclusions 

We have computed the energetics as well as kinetics of entire 

dehydrogenation of CH4 to C and H on Ni (110) and Rh/Ni (110) 

surfaces. For Ni (110) surface, the first dissociation step (CH4 → 15 

CH3 + H) is rate controlling with activation energy barrier 0.89 eV, 

while for Rh/Ni (110), the third dissociation step (CH2 → CH + H) 

determines the rate of the reaction and it requires 0.73 eV amount 

of energy to overcome the barrier. However, on Rh/Ni (110) 

surface, the first two dehydrogenation steps require only 0.46 eV 20 

and 0.25 eV amounts of energies to dissociate carbon-hydrogen 

bond from methane and methyl, respectively. So, the activation of 

carbon-hydrogen bond for the two consecutive steps, (CH4 → CH3 

+H) and (CH3 → CH2 + H) are very facile on Rh covered Ni (110) 

surface and the resulting hydrogen and carbon-containing species 25 

would then serve as building blocks for the production of chemicals 

and fuels e.g., ethylene or higher alkanes etc.  

From the comparison among pure Ni (110), pure Rh (110), and 

Rh/Ni (110) surfaces, it is found that Rh/Ni (110) surface is the  

most efficient one in both the activity as well as stability point of 30 

view, because, Rh overlayer on Ni (110) surface reduces both the 

activation energy barriers and the coke formation tendency 

efficiently in comparison to the pure Ni (110) and pure Rh (110) 

surfaces; In addition, the physical origin of weaker carbon 

adsorption affinity of Rh/Ni (110) surface with respect to pure Ni 35 

(110) surface has been elucidated from electronic structure analysis. 

           In summary, our research provides a novel idea to design 

highly efficient and economically benign bimetallic catalyst for 

methane dissociation reaction by depositing a single layer of 

foreign metal on clean surface and the hybrid organization 40 

altogether can perform as a very good catalyst for the concerned 

process with respect to the single crystal surface. Furthermore, the 

catalytic properties can be tailored largely by introducing bimetallic 

overlayer on parent metal surface by tuning the electronic plus 

structural behaviors of the entire system.  45 
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