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a b s t r a c t 

Density-functional theory calculations based on the GGA-PBE (generalized gradient approximation 

Perdew–Burke–Ernzerhof) exchange correlation functional were used to investigate the effect of hydro- 

gen on the diffusion of adsorbed carbon, oxygen and hydrogen on the surface of Fe(100). The diffusion 

energy barrier was calculated for both clean surfaces and those with hydrogen, and it was found that 

hydrogen produced binding energies for carbon and oxygen. These bonds stabilized the binding of hydro- 

gen with the Fe(100) surface. For all of the surface species studied here, the energy barrier was increased 

when hydrogen was coadsorbed, from 1.29 eV to 1.46 eV for C, from 0.33 eV to 0.53 eV for O and from 

0.11 eV to 0.15 eV for H. An approximation of the diffusion coefficient was obtained from energy bar- 

rier calculations and a pre-exponential factor of diffusion was calculated. Carbon exhibited low diffusion 

at the surface under experimental temperatures, while oxygen diffusion was activated above 450 K and 

hydrogen was diffused in all the temperature ranges investigated. 

© 2022 Published by Elsevier B.V. 
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. Introduction 

Understanding the behavior of atoms on the surface of a metal 

s a key aspect of surface science. The adsorption and diffusion 

f atoms on metal surfaces is also one of the central aspects that 

ust be taken into account when developing applications of sur- 

ace science and engineering [1–3] . The adsorption and diffusion of 

arbon atoms at the surface of a catalytic material are fundamental 

rocesses in several applications as: the chemical vapor deposition 

f carbon nanomaterials and chemical reactions in heterogeneous 

atalysis [4–6] . In the same way, the understanding of oxygen ad- 

orption on metal surfaces is the initial step for many processes 

uch as oxidation, heterogeneous catalysis and corrosion [1] . Hy- 

rogen can be used as the only element adhering to metal surfaces 

n order to form surface hydrides, in fuel cells used as energy stor- 

ge devices, and in heterogeneous catalysis in combination with 

xygen and carbon for the formation of hydrocarbons [ 2 , 7–9 ]. From
∗ Corresponding authors at: Laboratorio de Física del Plasma, PCM Computacional 

plicaciones, Universidad Nacional de Colombia Sede Manizales, Km. 9 Vía al Aerop- 

erto, Campus La Nubia, Manizales, Caldas, Colombia. 
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n experimental point of view, the diffusion of individual species 

nd the effects of coadsorbates on the mobility of specific adsorbed 

toms are processes that are very difficult to control; in addition, 

urface defects, varying experimental conditions and the capabili- 

ies of the instruments used mean that an analysis of the diffusion 

f atoms is complex. These issues can be partially overcome using 

omputational methods, since some local interactions of the atoms 

re not possible to be observed in experimental processes, and cer- 

ain approximations can be adopted to give a better understanding 

f the phenomenology. For instance, Jiang and Carter [ 5 , 10 ] used

 projector augmented wave (PAW) method in conjunction with 

he GGA-PBE approach to study the diffusion of carbon atoms on 

lean Fe(110) and Fe(100) surfaces, and reported values of 1.18 and 

.47 eV, respectively. They also predicted that the limiting step for 

he incorporation of C into bulk Fe was the initial diffusion toward 

he subsurface. In this case, there were no differences between the 

egregation on different surfaces. Lastly, the formation of graphite 

ay be more favorable in C-covered Fe(110) than in C-covered 

e(100). In the same vein, the adsorption of precovered hydrogen 

as studied to understand its effect on the CO dissociation pro- 

ess by Chun-Fang et al. [11] , who used a DFT calculation with 

n Fe(111) surface. These authors found that for a clean Fe(111) 

urface, the energy barrier to the dissociation of CO was 1.53 eV, 
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Table 1 

Binding energies and atom-surface distances for adsorbed 

atoms on a Fe(100) surface and an H-coadsorbed Fe(100) sur- 

face. 

Adatom Distance ( ̊A) �d( ̊A) Eads(eV) �E(eV) 

C 0.37 – −9.95 –

O 0.52 – −6.73 –

H 0.36 – −2.24 –

C + H 0.39 0.02 −8.21 0.74 

O + H 0.56 0.04 −6.57 0.16 

H + H 0.35 0.01 −2.31 −0.07 
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hile for a hydrogen-precovered surface, the energy barrier had a 

alue of 1.17 eV. Previous reports by Amaya-Roncancio et al. [ 12 , 13 ]

howed that coadsorbed hydrogen atoms increased the binding en- 

rgy of C and O species after dissociation of CO. The formation en- 

rgy of CH changed from 0.86 eV on a clean surface to 0.70 eV 

n a hydrogen-precovered surface. Finally, the formation energy of 

H 2 changed from 1.67 to 1.22 eV for a hydrogen-precovered sur- 

ace. Mavrikakis et al. [14] studied the adsorption and diffusion of 

everal species of oxygen on Fe(110) using PW91. They concluded 

hat the binding energy of oxygen atoms was lower than for car- 

on, with values of −6.90 and −7.60 eV, respectively. Furthermore, 

he diffusion barrier was estimated as 0.40 eV for oxygen on clean 

e(110), while for carbon this was 1.22 eV. The adsorption of hy- 

rogen onto metal surfaces is of particular interest due to its wide 

ange of applications in several fields of surface science. Previous 

eports of hydrogen adsorption on transition metals (Au, Cu, Ag 

nd Pt) were calculated using GGA-PBE and ultrasoft pseudopoten- 

ials, and the energy barriers to diffusion on clean surfaces were 

eported as 0.40, 0.17, 0.09 and 0.21 eV, respectively [2] . Lilja and 

kúlason [15] calculated the binding energies of hydrogen on dif- 

erent surfaces with BCC(110), FCC(111) and HCP(0 0 01) crystalline 

tructures and orientation, for 23 transition metals. They reported 

alues of between –0.5 and −1.0 eV. The activation energies for the 

iffusion processes were between 0.04 and 0.28 eV. In all cases, 

hen the adsorbed atom diffuses from one adsorption site to a 

eighboring site of the same type, there is an activation energy 

hat remains equal in both the initial and final states. The effects 

f coadsorbates on the diffusion process have not been explored in 

revious studies. 

In the present work, we carry out comprehensive calculations 

ased on the frame of DFT. We calculate the adsorption energies 

nd diffusion barriers of hydrogen, oxygen and carbon on clean 

nd hydrogen pre-covered Fe(100) surfaces. We also estimate the 

iffusion coefficients for carbon, oxygen and hydrogen, and evalu- 

te their behavior experimentally over a wide range of tempera- 

ures. 

. Computational methods 

DFT calculations were carried out using the Quantum Espresso 

ackage [16] . The electron-ion interaction was described by 

ltrasoft pseudopotentials with a scalar relativistic correction, 

enerated using the Rappe–Rabe–Kaxiras–Joannopoulos method 

RRKJUS) [17] . The GGA was used for the PBE exchange/correlation 

ensity functional [18] , with a cutoff energy of 60 Ry. Calcula- 

ions were performed with a convergence threshold of 1 x 10 −6 for 

elf-consistency. The integration of the Brillouin zone was approx- 

mated using the Monkhorst-Pack scheme [19] , with 12 × 12 × 12 

-point sampling in the bulk calculations and 4 × 4 × 1 k-point 

ampling in the slab calculations. The thickness of the space be- 

ween the slabs was set to 10 Å, and a p(2 × 2) supercell with

ix metal layers was used. The selected size was sufficient to allow 

s to describe the adsorption energy with an accuracy of 0.01 eV. 

he first three layers were fixed at the bulk position and the other 

hree were allowed to relax, to describe the (100) surface on which 

 is adsorbed. The adsorption energy of hydrogen converged for a 

(2 × 2) model, and the results showed good agreement with cal- 

ulated values of the adsorption energy on Fe(100) reported in our 

revious studies [ 12 , 13 ] and by Sorescu [20] . Geometric relaxation

as done using a quasi-Newton BFGS algorithm, until the forces on 

ach atom were less than 10 −5 eV/ ̊A and the difference in energy 

etween consecutive steps was less than 10 −5 eV. A study of the 

inimum energy paths was undertaken using the nudged elastic 

and (NEB) method [21] , and the local minima were found using 

he conjugate gradient (CG) technique. All molecular and density 

lots were created using the XCrySDen package [22] . 
2 
. Results 

.1. Adsorption of C, O and H on Fe(100) surfaces 

The binding energy E bind of an adatom was calculated for an 

e(100) surface and an H coadsorbed Fe(100) surface using the ex- 

ression: 

 bind = E total − E slab − E atom 

, (1) 

here E total is the total energy of the C/Fe(100) or C + 2H/Fe(100), 

 slab is the energy of the clean Fe(100) surface or the energy of 

.5 monolayers (ML) of H-preadsorbed Fe(100) surface, and E atom 

s the energy of the isolated C, O or H. 

All the species studied here were considered to be adsorbed 

nto a hollow site as initial an final states of diffusion, taking into 

ccount that previous studies have shown this sites as preferen- 

ial adsorption site compared with Top and Bridge for the involved 

pecies [12] . In the same way, the 0.5 ML of coadsorbed H was

ssumed to be adsorbed onto neighboring hollow sites, as shown 

n Fig. 1 . The distance of an adatom from the Fe surface (i.e., C-

e, O-Fe and H-Fe) was calculated as the distance of the adsorbed 

tom from the plane formed by the four Fe atoms, which forms 

he hollow site in the surface layer. In the case of a bridge site, the

istance was calculated from the transversal line linking the atoms 

t the site. 

The calculated values of the binding energies for carbon, oxygen 

nd hydrogen show that all species are strongly bonded to the sur- 

ace. For a clean surface, the values obtained for C, O and H were 

9.95, −6.73 and −2.24 eV, as shown in Table 1 . Since these val-

es are only comparative, it is important to note that for surfaces 

here there is hydrogen coadsorption, these values will be mod- 

fied. When C is in the presence of 0.5 ML of coadsorbed H, the 

alculated value of the binding energy increases to −8.21 eV, indi- 

ating that in this case, a C atom is still strongly bonded to the sur-

ace; however, for a surface with the presence of hydrogen, there is 

 charge density from the Fe surface, weakening the C-Fe bond and 

ecreasing it by about 0.74 eV ( Table 1 ). In the same way, the C-Fe

istance increased from 0.37 to 0.39 Å, as shown in Table 1 . For

xygen, the calculated value of the binding energy was −6.73 eV 

or a clean Fe(100) surface, and in the presence of coadsorbed H, 

he value increased to −6.57 eV. The variation in the binding en- 

rgy was 0.16 eV for oxygen, being lower than for the previous 

ase, but showing the hydrogen effect in the binding energy. The 

-Fe distance increased to 0.04 Å ( Table 1 ). In contrast to C and

, the adsorption of hydrogen onto clean surfaces had a calculated 

inding energy of −2.24 eV, while for 0.5 ML of coadsorbed H, the 

alculated value was −2.31 eV, a decrease of −0.07 eV. In the case 

f C and O atoms, the energy difference shows that the presence 

f H decreases the energetic stability of Oxygen and Carbon. The 

entioned decrease could occur only for the taken of charge den- 

ity from the surface of other specie coadsorbed to C or O. As the 

nique change presented in the surface was the incorporation of 

ydrogen on the surface, This indicates that hydrogen atoms on 

he surface takes a charge density from Fe, which stabilizes the 
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Fig. 1. Adsorption of atomic species onto a hollow site of (a) a clean Fe(100) surface, and (b) an H-coadsorbed Fe(100) surface (white atoms represent Fe; gray atoms 

represent adsorbed species; cyan atoms represent coadsorbed H). 

Fig. 2. Diffusion of a carbon atom onto a Fe(100) surface: (a) initial state at a hollow site, (b) diffusion through a bridge site, and (c) final state at an adjacent hollow site (C 

atoms are shown in gray, and Fe atoms in yellow). 
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Table 2 

Diffusion barriers and distances of C atoms from the plane generated by the 

four atoms at hollow sites and for the two Fe atoms at the bridge sites of 

Fe(100). 

Diffusion Hollow to hollow (eV) C-hollow( ̊A) C-bridge ( ̊A) 

C/Fe(100) 1.29 0.37 0.37 

C + 2H/Fe(100) 1.46 0.37 0.37 

Fig. 3. Diffusion energy pathway for a C atom onto Fe(100) (the solid line shows 

the diffusion of C onto a clean Fe surface; the dashed line shows C + 2H/Fe(100), 

i.e., diffusion of C onto an Fe surface coadsorbed with 0.5 ML of hydrogen). 

w  

l  

r

f

c  
dsorption state. The H-Fe distance changed from 0.36 to 0.35 Å 

 Table 1 ). e calculated values presented here are in agreement with 

hose reported by Huo et al. [11] , who found that the binding en-

rgy of a C atom on Fe(111) surfaces had a value of −7.80 eV at an

dsorption site labeled as quasi-plane. Similarly to oxygen atoms, 

hese researchers reported a binding energy of −5.87 eV on the 

uasi four-fold sites of the Fe(111) surfaces. Our results are consis- 

ent with the findings of Li et al. [ 23 , 24 ] studied the hydrogena-

ion of carbon on Fe(110) surfaces, reporting a binding energy for 

 atoms on a clean Fe(110) surface of −1.50 eV. The authors cited 

bove reported the diffusion of carbon atoms to the surface in the 

resence of hydrogen and an increase in the C-Fe distance in the 

resence of H at the Fe surface. This effect causes some surface 

eformation. 

.2. Effect of carbon diffusion on coadsorbed hydrogen on Fe(100) 

urfaces 

In the case of carbon atoms, diffusion on a clean Fe(100) surface 

ccurs when carbon is transmitted through the bridge sites. The 

urface diffusion of carbon is a special case, since the atom does 

ot pass through the bridge sites; instead, it replaces the Fe-Fe 

onds generated between the atoms at the bridge sites, as shown 

n Fig. 2 . In this diffusion pathway, the initial and final states are

ade up of carbon atoms adsorbed onto hollow sites, as can be 

een from Fig. 2 . 

For the diffusion of C onto a clean Fe(100) surface, the highest 

nergy value found along the diffusion pathway, when a C atom is 

ocated between the Fe atoms forming the bridge site, was 1.29 eV 

ith respect to the initial hollow state ( Table 2 and Fig. 3 ). As de-

cribed above, a bridge site is structurally modified during the dif- 

usion of a C atom, since the C atom is bonded to the two Fe atoms

f the bridge site, thus increasing the Fe-Fe distance. In the same 
3 
ay, a C atom is bonded to the two Fe atoms of the adjacent hol-

ow site ( Fig. 2 b). The adsorption distance at a hollow site, with

espect to the plane generated by the four atoms forming the sur- 

ace, was calculated as 0.37 Å. A similar distance was found for the 

ase of C diffusing through bridge sites ( Table 2 ). This value for the
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Fig. 4. Diffusion of C on Fe(100) with 0.5 ML of coadsorbed hydrogen: (a) the initial hollow state site, (b) the diffusion pathway on a bridge site with a higher energy value, 

(c) the final state on an adjacent hollow site (C atoms are shown in gray, H atoms in cyan and Fe atoms in yellow). 
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iffusion barrier is consistent with the results of Jiang and Carter 

5] , who studied the diffusion pathways of C atoms on Fe(100) and 

110) and reported a surface diffusion barrier of 1.20 eV for Fe(100) 

nd a diffusion barrier into the iron bulk of 1.60 eV. This high value

f the diffusion barrier was attributed to the strength of the C-Fe 

ond at the hollow site on the Fe(100) surface [25] . For the diffu-

ion of C in the presence of 0.5 ML of coadsorbed hydrogen, the 

iffusion barrier is increased due to the presence of hydrogen, as 

hown in Table 2 and Fig. 3 . In the initial and final states of the

iffusion of the C atom in the presence of 0.5 ML of hydrogen, the 

 atom is adsorbed onto adjacent hollow sites. The diffusion bar- 

ier in this case was calculated as 1.47 eV, an increase of 0.17 eV 

ompared to the clean Fe(100) surface ( Table 2 and Fig. 3 ). 

In the same way as for C diffusion on a clean Fe(100) surface, a 

igher value for the energy in the diffusion pathway was observed 

or the bridge sites. In this case, the C atom is bonded to the Fe

toms of the bridge sites via an Fe-C-Fe bond, which temporarily 

ncreases the distance between bridge sites. Finally, the C atom is 

tabilized on the adjacent hollow site, and the Fe-Fe atoms return 

o their previous positions, as shown in Fig. 4 . 

By comparing the diffusion barriers on the clean surface and 

ith coadsorbed H, it can be seen that the presence of hydrogen 

akes the diffusion of C more difficult. In this case, the activa- 

ion barrier is comparable with the chemisorption energy, making 

he diffusion of C an unlikely event. The values calculated here are 

onsistent with those of Jiang and Carter [10] , who reported a dif- 

usion energy barrier of 1.20 eV for surface C atoms in the Fe(100) 

ulk, and established this as a endothermic reaction that favored 

he carbon on the surface. In the same vein, Cinquini et al. [26] re-

orted values for the C diffusion barriers on Ni and Ni 3 Pd surfaces 

f between 0.7 and 1.2 eV. 

.3. Effect of coadsorbed hydrogen on oxygen diffusion on Fe(100) 

urfaces 

In the diffusion of O atoms, the movement of the O does not 

odify the positions of the Fe atoms in the same way as for C 

toms. When we take an O atom adsorbed on a hollow site as the 

nitial state, a higher energy value is found for the diffusion path- 

ay compared to the value observed previously for the bridge site. 

n the case of C diffusion, an adsorption state on the bridge site is 
4 
ot seen, while for the diffusion of O atoms, a local minimum is 

ound at the bridge site ( Table 3 , Figs. 5 and 6 ). 

The binding energy calculated for the O atoms at the bridge 

ite was −6.70 eV, representing an increase of 0.03 eV compared 

o the value of for the adsorption of O atoms on a hollow site. 

he minimum energy pathway found using the NEB method shows 

hat a bridge site is a local minimum ( Fig. 6 ). The diffusion barrier

hat needs to be overcome at the hollow, in the direction towards 

n adjacent bridge site, is 0.33 eV. Since the bridge site is a lo- 

al minimum, the energy barrier that needs to be overcome at the 

ridge site for diffusion to the adjacent hollow site was calculated 

s 0.30 eV ( Table 3 and Fig. 5 ). It is important to note that the min-

mum energy pathway between bridge sites includes several stable 

ites at which the energy is 0.10 eV higher than in the initial state. 

ing et al. [1] reported a value for the barrier to oxygen diffusion 

f 0.4 eV on U(100) surfaces, which is in agreement with our re- 

ults. Similarly, Curnan et al. [27] reported a diffusion pathway of 

.5 eV for oxygen on Cu(011) surfaces. 

In the case of an O atom on a clean Fe(100) surface, the dis- 

ance from a hollow site to the plane generated by the four Fe sur- 

ace atoms was calculated as 0.52 Å. Another important aspect of 

he coadsorption of H and O is the distance of the O atom from the

lane of the surface. In this case, when an O atom diffuses between 

wo hollow sites on a clean Fe surface, the O-Fe distance observed 

or the highest energy value, calculated for the minimum energy 

athway, was 0.81 Å. In the presence of coadsorbed H atoms, the 

-Fe distance for the highest energy value, calculated for the mini- 

um energy path, was 1.00 Å, while the O-Fe distance from a hol- 

ow site to a clean surface was observed to be 0.82 Å, and 0.57 Å

n the presence of coadsorbed H atoms ( Table 3 ). 

In the presence of H, the activation barrier to O diffusion from 

 hollow to a bridge site, calculated using NEB, is 0.53 eV. From 

 bridge to a hollow site, the activation barrier was calculated as 

.18 eV, as shown in Table 3 and Fig. 5 . From these results, it can

e concluded that the coadsorption of H facilitates the diffusion 

rom a bridge to a hollow site, as shown in Fig. 6 . 

.4. Effect of coadsorbed hydrogen in the case of hydrogen diffusion 

n Fe(100) 

In the same way as for the O atom, the H atom prefers hollows 

s adsorption sites, and bridge sites exhibit local minima. For dif- 
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Table 3 

Diffusion barriers and distances of O atoms from the plane formed by the four atoms of the hollow site 

and for the two Fe atoms at the bridge site for Fe(100). 

Diffusion Hollow to bridge (eV) Bridge to hollow (eV) O-bridge ( ̊A) O-hollow ( ̊A) 

O/Fe(100) 0.33 0.30 0.81 0.52 

O + 2H/Fe(100) 0.53 0.18 1.00 0.57 

Table 4 

Diffusion barriers and distances of the H atom from the plane generated by the four atoms of the hollow 

sites, and for the two Fe atoms at the bridge sites in Fe(100). 

Diffusion Hollow to bridge (eV) Bridge to hollow (eV) O-bridge ( ̊A) O-hollow ( ̊A) 

H/Fe(100) 0.11 0.05 0.68 Å 0.36 Å 

H + 2H/Fe(100) 0.15 0.06 – –

Fig. 5. Diffusion of an oxygen atom on an Fe(100) surface: (a) initial state on a hollow site, (b) diffusion at a bridge site, and (c) final state at the adjacent hollow site (the 

O atom is shown in red, and the Fe atoms in yellow). 

Fig. 6. Pathway for oxygen diffusion on Fe(100) surfaces (the solid line shows diffu- 

sion on a clean Fe(100) surface, and the dashed line shows diffusion in the presence 

of 0.5 ML of coadsorbed H). 
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usion from a bridge to a hollow site, an H atom requires 0.05 eV. 

n the bridge sites, the hydrogen atoms exhibit an H-Fe distance 

f 0.68 Å with respect to the hollow sites, while the H-Fe distance 

as observed to be 0.36 Å from the plane of the surface (see Fig. 7

nd Table 4 ). The energy barrier calculated for the minimum en- 

rgy path using NEB was 0.11 eV, from a hollow site to a bridge

ite on a clean Fe(100) surface ( Fig. 8 ). 

The coadsorbed hydrogen has no effect on the H-Fe distance for 

ollow or bridge sites. The H-Fe energies were 0.68 Å and 0.36 Å 
5 
or the hollow and bridge sites, respectively, on a clean surface 

ith coadsorbed H ( Figs. 7 and 8 , and Table 4 ). 

The main difference between clean and H coadsorbed Fe(100) 

urfaces is the increase in the energy barrier. For a clean surface, 

he energy barrier calculated using NEB for the diffusion from hol- 

ow to bridge sites was 0.11 eV, and the energy barrier on H- 

oadsorbed Fe(100) was 0.15 eV. From a bridge to a hollow, the en- 

rgy barriers were 0.05 eV and 0.06 eV for clean and H-coadsorbed 

urfaces, respectively ( Fig. 9 and Table 4 ). 

Ferrin and Kandoi [7] report the diffusion of H from the surface 

o the sub-surface of the H layer on several (100) transition metal 

urfaces. In the case of Fe, the value was reported to be 0.14 eV for

urface diffusion and 0.22 eV for the diffusion of H atoms from the 

urface to the bulk. 

The values presented here are in agreement with previous val- 

es reported by Del V Gomez et.al. [2] , where the barriers to the 

iffusion of H on metal surfaces were reported as 0.2 and 0.4 eV 

or Pt and Au, respectively. Kristinsdóttir and Skúlason [15] re- 

orted values for the diffusion of H on metal surfaces of around 

.15 eV. 

. Diffusion coefficients for C, O and H on Fe(100) surfaces 

The diffusion of adsorbates on metal surfaces is a key aspect 

f the description of these reactions on surfaces. Although there 

re no perfectly ordered surfaces at the atomic level, a parameter- 

zation of the surface is convenient for use in our model. In this 

ase, we will take well-defined adsorption sites where the adsor- 

ates occupy specific low energy sites, at which the adsorbates are 
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Fig. 7. Diffusion of a hydrogen atom on an Fe(100) surface: (a) initial state at a hollow site, (b) diffusion to a bridge site; (c) final state at an adjacent hollow sites (the H 

atom is shown in cyan, and the Fe atoms in yellow). 

Fig. 8. Minimum energy pathway for H diffusion on a clean Fe(100) surface and an 

Fe(100) surface with 0.5 ML of coadsorbed H (the solid line shows the diffusion on 

a clean Fe(100) surface, and the dashed line shows diffusion in the presence of 0.5 

ML of coadsorbed H). 
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Fig. 9. Diffusion of hydrogen atoms on Fe(100) surfaces with 0.5 ML of coadsorbed H: 

adjacent hollow site (H atoms are shown in cyan and Fe atoms in yellow). 

6 
ormally chemisorbed. Although the surface is ordered, the move- 

ent of an adsorbate on the metal surface can be considered to 

e stochastic, and for simplicity, this will be assumed to be a two- 

imensional movement. Based on these simplifications, it can be 

hown that the root mean square of the displacement is propor- 

ional to both the observation time and to the trace diffusion co- 

fficient, denoted by D 

∗ [ 28 , 29 ]. In general, for adsorbate diffusion, 

he mean square of the displacement is expressed as 

 r 2 〉 = 4 t D 

∗ (2) 

here 〈 r 2 〉 is the root mean square of the displacement, t is the 

bservation time and D 

∗ is the diffusion coefficient, expressed as 

ollows: 

 

∗ = 

n a 2 ν

4 

e 

(
−E d 
KT 

)
(3) 

In this equation, the coordination number n is n = 4, as it is a

100) surface; a is the distance between adsorption sites; ν is the 

requency (attempts per unit time) of the displacements; and E d 
s the diffusion energy calculated in the previous section for the 

dsorbates C, O and H. As can be seen from Eq. (2) , in order to
(a) initial state at a hollow site, (b) diffusion to a bridge site, (c) final state at an 
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Table 5 

Parameters obtained for the diffusion coefficients for carbon, oxy- 

gen and hydrogen. 

Species a [m] k d [N/m] ν [1/seg.] E d [ev] 

C 2 . 85 × 10 −10 18 6 . 76 × 10 12 1.46 

O 9.2 4 . 18 × 10 12 0.33 

H 4.0 1 . 10 × 10 13 0.11 

Fig. 10. Diffusion coefficient for an oxygen atom on Fe(100) as a function of tem- 

perature, from Eq. (3) . 
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Fig. 11. Diffusion coefficient for a hydrogen atom on a Fe(100) surface as a function 

of the temperature, from Eq. (3) . 
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btain the complete coefficient of diffusion for each adsorbate, we 

eed to calculate the frequency of the displacements, ν . Although 

he value of ν can be approximated using transition state theory or 

ore sophisticated theoretical tools, in our case we used a simple 

pproximation previously reported by Giménez et al. [ 28 , 29 ]. This 

pproach preserves sufficient characteristics to enable us to draw 

lear conclusions and interpretations of the behavior of the system. 

ny potential around the minimum as appears to be harmonic for 

mall oscillations. In the same way, the initial state of each ad- 

orbate in a hollow site represents a minimum of the energy at 

he surface. As each adsorbate diffuses toward the next adsorption 

ite, the energy begins to increase with a parabolic form. The initial 

art of the diffusion barrier can be approximated to a parabola in 

ach case, allowing us to obtain k d ( Table 5 ). The parabolas formed 

or the initial part of the diffusion by a graph of energy versus the 

iffusion coordinates can be related to the behavior of energy in a 

imple harmonic oscillator, where the energy is given by 

 = 

k d x 
2 

2 

(4) 

here 

= 

1 

2 π

√ 

k d 
m 

(5) 

ere in Eq. (4) , x represents the diffusion pathway points, and m 

n Eq. (5) represents the mass of adsorbed atom. By performing 

 second-order regression of the points calculated for the diffu- 

ion process, k d is obtained from Eq. (4) and replaced in Eq. (5) to 

btain the diffusion frequency of involved atoms ν , as shown in 

able 5 . 

When these parameters are applied to Eq. (3) , the variation in 

he diffusion coefficient for each adsorbate as a function of temper- 

ture can be found. In the case of C, it was found that the value of

he diffusion coefficient was very low and therefore negligible i.e., 

ess than 1 x 10 −12 m 

2 /s. It can therefore be concluded that carbon 

oes not undergo superficial diffusion at the temperatures exam- 

ned in this case (30 0–60 0 K). On the other hand, it can be seen

rom Fig. 10 that a low diffusion coefficient was found for oxygen 
7 
t temperatures between 300 and 450 K, which indicates that this 

dsorbed species is not very active at low temperatures and be- 

omes progressively activated above 450 K. 

Between 450 and 600 K and above, the diffusion coefficient of 

xygen increases rapidly, and between 300 K and 600 K, the diffu- 

ion coefficient increases by a factor of 590. In the case of hydro- 

en, we see a much higher activity; this is as expected, due to its 

ow diffusion barrier and its high pre-exponential frequency. In the 

ame temperature range, the diffusion of hydrogen on the surface 

s up to hundred times greater than for oxygen ( Fig. 11 ). 

From the results reported above, it can be observed that in all 

emperature ranges, H is the most active species in terms of diffu- 

ion, and this influences the formation of all surface species. It can 

herefore be concluded that the formation of oxygenated species, 

 2 O and CO 2 is greater at high temperatures, due to the activation 

f oxygen diffusion on the surface. The increase in the diffusion of 

oth O and H with respect to temperature is of great interest. The 

ehavior observed here is in agreement with the experimental re- 

ults reported by Dry et al. [30] and Rhode et al. [31] , where the

roduction of H 2 O and CO 2 increased in Fischer-Tropsch synthesis 

n Fe surfaces as a function of the temperature. Dry et al. [30] in-

estigated a temperature range from 225 to 265 °C (498–538 K), in 

hich the production of H 2 O and CO 2 increased with temperature. 

n the same way, the results reported by Rhode et al. [31] showed 

he same behavior for the formation of H 2 O at temperatures be- 

ween 30 and 220 °C (303–493 K). Based on the results obtained 

n this work that support previously published experimental val- 

es, a mechanism for the formation of hydrogenated chains can be 

nferred. The formation of the initial species CH, CH 2 and CH 3 oc- 

urs due to the diffusion of superficial hydrogen. As shown in this 

ection, H is the species that diffuses the most on the surface of Fe 

100), while C does not undergo diffusion and the diffusion of O is 

ctivated at temperatures above 450 K. 

. Conclusions 

In the present work, we studied the diffusion of carbon, oxygen, 

nd hydrogen species on the surface of Fe(100). We also analyzed 

he effect of hydrogen coadsorption on the diffusion pathway of 

he same species. The binding energies of C, O and H atoms on a 

lean surface and an H-coadsorbed surface showed that the pres- 

nce of hydrogen decreased the strength of the binding between 

he C and O atoms and the Fe(100) surface, from −9.05 to −8.21 eV 

or C, and from −6.73 to −6.57 eV for O. This effect arises be- 

ause hydrogen takes a charge density from the Fe atoms. In the 

ase of an H-coadsorbed surface, the effect is reversed, and the 
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dsorption energy increases from −2.24 to −2.31 eV. The values 

or the diffusion barriers for each atom adsorbed onto the surface 

nd the variation in these values due to the coadsorption of hy- 

rogen showed that the presence of hydrogen causes an increase 

n the diffusion barrier in all cases. For C atoms, the barrier in- 

reases from 1.29 to 1.46 eV, while for O atoms, it increases from 

.33 eV along the pathway from hollow to bridge sites to 0.30 for 

 transition from bridge to hollow sites. On the other hand, in the 

resence of H, the diffusion barrier for oxygen was 0.53 eV from 

ollow to bridge sites and 0.18 eV from bridge to hollow sites. This 

ndicates that hydrogen favors the adsorption of oxygen onto hol- 

ow sites. The diffusion barrier for hydrogen from hollow to bridge 

ites on clean Fe(100) surfaces was 0.11 eV, and from bridge to hol- 

ow sites, it was 0.05 eV. In the H presence, the diffusion barriers 

or the same pathways were 0.15 and 0.06 eV, respectively. The 

alculation of the diffusion frequency for C, O and H atoms present 

he values of 6 . 67 x 10 12 /s, 4 . 18 x 10 12 /s, and 1 . 10 x 10 13 /s, respectively.

rom these values, it can be seen that hydrogen as the most active 

pecies on the surface. This is confirmed by the value of the diffu- 

ion coefficient calculated as a function of the temperature. For C 

nd O, mobility was activated above 1200 and 450 K, respectively, 

hile H was active over the entire range of temperatures studied. 

ur results for the diffusion barriers are consistent with previous 

bservations and provide a valuable understanding of the mech- 

nism underlying this phenomenon, since at high temperatures, 

here is a greater production of oxygenated species. An important 

onclusion from this study is that the activity on the surface is 

ainly due to the diffusion mechanisms of hydrogen atoms. 
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