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Density functional theory (DFT) was employed to study the influence of coadsorbed hydrogen in CO dis-
sociation and C hydrogenation on Fe(100). The formation of species CH, (n=1, 2, 3) from the reaction
CH,_1 +H as well as CO dissociation was analyzed in terms of hydrogen coverage. The active sites for the
adsorption and reaction of each intermediate product on the catalytic surface and the reaction pathways
of the products were determined. Mulliken population analysis was carried out to evaluate the charge

I()Vg((;:l transfer in the CH,/Fe system. It was observed that carbon transfers charge in all cases, while the cata-
95-00 lyst transfers charge principally in the adsorption of CH, and CHs. To determine the effect of hydrogen

on CO dissociation and CH,, formation, coverages of 0, 0.25, 0.50 and 0.75 monolayers of hydrogen were
Keywords: employed. The CO adsorption energy shows slight variations in the presence of hydrogen, while in CO dis-

DFT sociation the variations of the barriers were negligible. In CH, adsorption, slight changes in the energies

AdSOf_PtiOH were observed. The reaction of C hydrogenation exhibited sensitivity to the presence of hydrogen, show-
Reaction ing that CH and CH, formation were endothermic processes, while CHz formation showed an exothermic
g;tc?e’i'_s_rmpsch or endothermic behavior, depending on the final adsorption configuration.

Fe © 2015 Elsevier B.V. All rights reserved.

1. Introduction

Fischer-Tropsch (FT) synthesis is the process by which CO and
H, are converted into hydrocarbons through a catalytic surface
as Fe, Co, Ru, Rh where the reaction takes place under specific
conditions. This reaction is considered one of the most important
discoveries related with heterogeneous catalysis and, although the
practical and experimental interest in this synthesis has increased
inthe last years. The complete set of molecular details regarding the
relation between the catalyst surface and the involved molecules
is still unknown [1].

In general, FT synthesis could be visualized as a repeated step
sequence where hydrogen atoms are bounded to the carbon and
oxygen coming from CO dissociation produced on the surface. Fur-
thermore, the hydrogen-rich atmosphere allows carbon atoms to
react and form C—C bonds, and then long hydrocarbon chains are
formed; while oxygen is eliminated from the surface, mainly as
water [2].

FT synthesis can be described in the following steps: (a) adsorp-
tion of CO on the metal surface, (b) CO dissociation, (c) dissociative
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adsorption of Hy, (d) hydrogenation of carbon-containing species
and oxygen, (e) C—C coupling and long chain formation. From
the above steps, several questions arise, such as how the H, + CO
interaction on the surface happens, what the preferential sites are
for the adsorbed species on the metal surface, what orientations
adsorbed molecules prefer on the surface and how strong the ener-
gies involved are in each reaction and adsorption, among others.

Many authors have widely studied FT synthesis from the molec-
ular point of view and have proposed several reaction mechanisms,
such as those proposed by Anderson-Emmett 3], Sachtler-Biolen
[4] and Pichler-Schulzs [5]. FT synthesis has been studied on sev-
eral materials, principally on Co, Fe and Ru [6-9]. Although Ru has
been found to be the more reactive, its high price and scarcity
exclude it from industrial applications. In contrast, iron is inexpen-
sive and abundant in nature which makes it attractive for use on
an industrial scale, and hence, here lies our interest in using it as a
catalyst.

From a practical point of view, computational analysis may help
to clarify the understanding of the intermediate processes of the
synthesis and also to determine the transition states and activation
barriers. Generally, there is no one single way to set up FT reac-
tion mechanisms, and we make use of previous results [10,11] to
identify the active sites and the catalytic structure that favor the
reactions. Following the mechanism explained by Hanz Schulz [12]


dx.doi.org/10.1016/j.apsusc.2015.03.215
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.03.215&domain=pdf
mailto:dlinares@unsl.edu.ar
dx.doi.org/10.1016/j.apsusc.2015.03.215

S. Amaya-Roncancio et al. / Applied Surface Science 346 (2015) 438-442 439

and focusing on C; species (a single carbon), the main objective of
the present work is to determine the effect of preadsorbed H cov-
erage in the main elemental reactions of FT synthesis on Fe(100)
surface. Thus, reactions such as CO adsorption, CO dissociation and
CHj (n=1, 2, 3) formation were studied by means of density func-
tional theory calculations.

2. Computational details

Calculations were performed using SIESTA code [13,14], and a
localized basis set composed of double-Z plus polarization (DPZ)
was used. The basis functions for the solution of the Kohn-Sham
equations for the isolated pseudoatoms were numerical atomic
orbitals (NAOs). Exchange and correlation effects were described
using GGA with PBE functional [15]. The core electrons were
replaced by norm conserving pseudopotentials [16] in their fully
separable form [17]. In the pseudopotential description of the
atoms, the following valence electronic states were considered: Fe
4s2 3d6; C 2s2 2p?%; 0 2s2 2p%; H 1s1.

As SIESTA code employs NAOs, the program replaces some inte-
grals in real space by sums in a finite three dimensional real space
grid, using one single parameter to control the energy cutoff of the
grid [13], which refers to the fineness of the grid, and was converged
for all the systems studied here, finding an appropriate value of
250 Ry with an energy shift of 0.01 eV. To sample the Brillouin zone,
Monkhorst-Pack method [ 18] was used employing k-point meshes
of 4 x 4 x1 for the slab system. The supercell employed was tetrago-
nal with x, y, z periodic boundary conditions. The Fe(100) surface
was emulated by a p(2 x 2) 5-layer slab, with three bottom layers
fixed and two top layers free to relax. To model the solid/vacuum
interphase, a large unit cell vector in z direction was selected, so
that the interaction between the system and their images became
negligible. The vacuum region was 1.5 nm thick. The determina-
tion of the minimum energy path for the different reactions was
undertaken using the Nudged Elastic Band (NEB) method [19,20]
and the local minima were found through the conjugate gradient
(CG) technique.

3. Results

At first, the adsorption sites and energies of the primary species
involved in FT synthesis were analyzed. The adsorption energies of
CHp, CO and H on Fe(1 0 0) surface was calculated at hollow, bridge
and atop sites. The adsorption energy of a molecule on a surface
obeys the following equation,

Eads = Ecar + Emol - Emol+ca[a (1)

where E 4 is the adsorption energy of the molecule on the surface,
Ecqr and Ep,, are the catalyst and molecule energies in vacuum,
respectively, and E;oicq¢ i the energy of the whole system. The
adsorption energy of each molecule at each site is shown in Table 1.
Only in the case of CO adsorption on Fe(100), the three kinds of
adsorption sites were found; whereas only some of them were
detected for the remaining species. The hollow constitute the
preferential adsorption site for most species, due to greater coor-
dination. In the particular case of CH3, due to their geometry, the
adsorption on hollow is not possible and the following site of fur-
ther coordination is the bridge one, which is the preferred site in
this case. Moreover, the fact that bridge sites are more adsorptive
than atop sites, and hollow sites more than bridge sites, is observed
for all molecules except for CO, which shows a relatively low energy
for bridge in relation to hollow and atop sites, in good agreement
with Bromfield et al. [21]

The preferential adsorption sites of reactants as well as products
were determined by the lowest energy (Fig. 1), the observed values

Table 1
Adsorption energies of the adsorbates. The symbol * denotes that a stable minimum
was not achieved.

Molecule Adsorption energy (eV) Distance (A)
Atop Bridge Hollow Atop Bridge Hollow

H * 2.79 2.86 * 1.71 2.04

C * * 8.38 * * 1.98
CH * * 7.55 * * 2.06
CH, * 4.26 4.81 * 1.97 2.13
CH3 2.24 2.35 * 1.98 2.18 *

co 2.19 1.61 2.84 1.77 1.97 2.00

being in good agreement with Van Santen et al. [22], and consistent
with the results reported by Zhao et al. [23] and by Lo et al. [24].

Hydrogen atoms adsorb at hollow and bridge sites and adsorp-
tion energies of 2.86eV and 2.79 eV, respectively, with an energy
difference of 0.07 eV. In the case of C and CH, stable minima were
achieved only at hollow sites, which could be due to the high values
of the adsorption energies (8.38 eV for C and 7.55 eV for CH).

For CH,, the adsorption energy decreases more than thirty per-
cent with respect to CH (from 7.55 eV to 4.81 eV), and the molecule
adsorbs at hollow (4.81eV) and bridge (4.26 eV) sites, with a dif-
ference of 0.55 eV between adsorption energies. Similarly, for CHs
the adsorption energy decreases more than fifty percent with
respect to CH, (from 4.26 eV to 2.35eV), and the molecule adsorbs
at bridge (2.35eV) and atop (2.24eV) sites, with a difference of
0.11eV between adsorption energies. Adsorption sites can play
an important role in adsorption, desorption and reaction of prod-
ucts. Particularly, bridge and atop sites are places where transitory
species may capture H to form products and desorb [22,25-29].

To provide additional information about the interaction
between atoms of molecules and surface for zero H coverage, a
Mulliken population analysis was carried out on the CH;/Fe sys-
tem. It can be observed from Table 2 that in all cases the C atom
transfers charge to the hydrogen atoms. In the first case (C/Fe),
a slight amount of electrical charge is transferred to the surface
but the adsorption energy is high (8.38 eV). When one hydrogen
is bounded to the carbon (CH/Fe), an noticeable amount of electri-
cal charge is transferred from the carbon to the hydrogen without
a significant change of electrical charge in the catalyst, and the
adsorption energy slightly decreases (7.55 eV). If another hydrogen
is added (CH,/Fe), the hydrogens and the carbon show a similar
electric charge to the previous case, but the electrical charge of the
catalyst and the adsorption energy change significantly (0.204 a.u.

a) b) ©)

Fig. 1. Preferential adsorption sites on Fe(100) surface for reactants and interme-
diates of the FT synthesis. (a) C (hollow); (b) CH (hollow); (c) CH; (hollow); (d) CH3
(bridge); (e) CO (hollow). Yellow: Fe; Gray: C; white: H; red O. Print version: Large:
Fe, small: H; medium (light gray): C; medium (dark gray): O.
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Table 2
Electric charge of adsorbate atoms and catalyst obtained from Mulliken analysis.
System C/Fe CH/Fe CH,/Fe CHs/[Fe
Atom C C H1 C H1 H2 C H1 H2 H3
Quarom (a.u.) 0.054 0.223 -0.251 0.284 -0.244 -0.244 0.45 —-0.209 -0.222 -0.224
Qcatayst (a:.) ~0.054 0.028 0.204 0.205
Table 4

" A PP A D 2D

Fig. 2. Coadsorption of C+nH varying the coverage of H: (a) 0.25, (b) 0.50, and (c)
0.75 ML of H.

and 4.81 eV respectively), proving carbon as an electrical charge
intermediary. In the last case (CHs/Fe), the electrical charge of the
hydrogen atoms and the catalyst is similar to the case of CH,, but
in this case it is the carbon that transfers the additional amount
of electrical charge, weakening the carbon-surface bond (2.35eV).
Summarizing, the C-surface bond energy varies from 8.43 eV to
2.35eV as n increases. After each hydrogenation step, the bond
between the C and the surface is reduced (8.38 eV, 7.55 eV, 4.81 eV,
2.35eV), while the distance to the surface increases (1.98,2.06,2.13,
2.18)which s in agreement with a decrease in the overlap between
C and the surface, which facilitates the subsequent desorption of
final products [27-29]. During hydrogenation steps, the catalyst
not only provides support to the adsorbed species, but also transfers
charge in order for the reaction to occurs.

3.1. Influence of hydrogen coverage on CH, and CO adsorption

The variation of coadsorption energies of the adsorbate
molecules were studied for 0, 0.25, 0.50 and 0.75 monolayers (ML)
of H referring to hollow sites (Fig. 2). lonic optimizations were
carried out to find the minimal energy configurations of the coad-
sorbed species. The coadsorption energies found are shown in
Table 3. The H coadsorption was performed as follow. To form 0.25
ML of H, an hydrogen atom was placed on one of the nearest hollow
sites (Fig. 2(a). To form 0.5 ML of H, a second H atom was placed on
the nearest hollow site (Fig. 2(b), and to form 0.75 ML of H cover-
age, a third hydrogen was placed on the second nearest hollow site
(Fig. 2(c).

To elucidate the nature of lateral interactions arising from
coadsorbed species, we proceeded as Liu et al.[30], by evaluat-
ing the change of adsorption energy (E,4s), where the increment
or decrease in E,q indicates the influence of lateral interactions
between the adsorbate and the coadsorbed hydrogen atoms.

In the case of C, the larger change in the adsorption energy occurs
at 0.75 ML of H coverage, having an increment of 1.1% in Eg4s with
respect to 0 ML. In the case of CH, we found a decrease of 1.4% on

Table 3
Adsorption, energy and preferred sites.

Adsorption energy (eV)

Molecule 0 ML of H 0.25 ML of H 0.5 ML of H 0.75 ML of H
C 8.38 8.41 8.41 8.48
CH 7.54 7.48 7.60 7.44
CH, 4.81 4.87 4.74 4.55
CH3 2.35 235 235 2.34
co 2.81 2.61 2.69 2.48

Reaction barriers of CH,, formation in presence of 0, 0.25 and 0.50 ML of H coverage.

Reaction energy (eV)

Reaction Efor Epack AE

CO—-C+0 1.05 1.69 -0.64
CO+H— C+0O+H 1.04 1.69 -0.65
CO+2H— C+0+2H 1.00 1.66 -0.66

B

Fig. 3. Dissociation of CO for 0.50 ML of H. (
(TS) and (c) final state (FS).

a) Initial state (IS), (b) transition state

Eqqs, 5.6% for CHy, 11.7% for CO, and a negligible decrease for CH;
(see Table 3)

3.2. Influence of hydrogen coverage on CO dissociation and CHy
formation

To gain an insight into chain growth processes and to
understand how lateral interactions modify the formation and dis-
sociation barriers, we studied CH, formation from CH,_; and H,
obtaining the reaction barriers for 0.25, 0.50 and 0.75 ML of H cov-
erage (see Table 4). In general, there exist three steps to complete
the reaction: the initial state (IS), transitions state (TS) and final
state (FS), where Ef,, is the energy necessary to go from IS to TS and
Epqck is the energy needed to go from FS to TS. The configuration
of IS, TS and FS are presented in Figs. 3-8. The difference between
Efor — Epgcr 1s called AE, which indicates if the reaction is endother-
mic (AE>0)or exothermic (AE <0). This can be observed in Table 4
for CO dissociation, and in Table 5 for CH;, formation.

3.2.1. COdissociation

To understand the influence of H coverage on CO dissociation,
direct dissociation was tested varying H coverage from 0 ML to 0.50
ML. As CO prefers to adsorb principally at hollow sites, this kind
of sites were adopted as IS, as shown in Fig. 3(a). The adsorption
energy and geometry configuration found for adsorbed CO are in
good agreement with previous results reported by Sorescu et al.

a) b) ©)

Fig. 4. Formation of CH for 0.75 ML of H. (a) Initial state (IS), (b) transition state (TS)
and (c) final state (FS).
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Fig.5. Formation of CH; at hollow for 0.75 ML of H. (a) Initial state (IS), (b) transition
state (TS) and (c) final state (FS).

a) b)

3

j)a)

Fig. 6. Formation of CH; at bridge for 0.75 ML of H. (a) Initial state (IS), (b) transition
state (TS) and (c) final state (FS).

2020

Fig.7. Formation of CH; at hollow for 0.75 ML of H. (a) Initial state (IS), (b) transition
state (TS) and (c) final state (FS).

a) [ ) b\)):;(:)

Fig. 8. Formation of CHs at bridge for 0.75 ML of H. (a) Initial state (IS), (b) transition
state (TS) and (c) final state (FS).

Table 5
Reaction barriers of CH, formation in presence of 0.25,0.50 and 0.75 ML of hydrogen
coverage.

Reaction energy (eV)

Reaction Ejor Epack AE Final state
C+H— CH 0.83 0.60 0.22 Hollow
C+2H— CH+H 0.69 0.42 0.27 Hollow
C+3H— CH+2H 0.71 0.38 0.33 Hollow
CH+H— CH, 0.82 0.23 0.59 Hollow
CH+2H— CH, +H 0.84 0.17 0.67 Hollow
CH+3H— CH; +2H 0.91 0.17 0.74 Hollow
CH+H — CH, 1.00 0.62 0.38 Bridge
CH+2H — CH, +H 1.63 0.63 1.00 Bridge
CH+3H— CH; +2H 1.07 0.87 0.20 Bridge
CH, +H — CH3 1.22 0.87 0.35 Hollow
CH, +2H— CH3 +H 1.13 0.93 0.20 Hollow
CH, +3H — CH3 +2H 0.80 0.60 0.20 Hollow
CH, +H— CH3 0.49 1.61 -1.11 Bridge
CHy +2H — CH3 +H 0.46 1.00 -0.54 Bridge
CH, +3H — CH3 +2H 0.49 2.00 -1.51 Bridge

[31]. The dissociation process was carried out via NEB method,
choosing as FS a configuration with a C in the initial hollow site
and an O in an adjacent hollow site, see Fig. 3(c). TS was found by
the displacement of O through a bridge site, as shown in Fig. 3(b).

The values observed for Eg,, were 1.05eV, 1.04eV and 1.00eV
for 0, 0.25 and 0.50 ML of H coverage respectively, being 0.05 eV
the largest change observed in the barrier. For the case of Ep,,
1.69eV to 0.00 and 0.25 ML of H coverage was found, and 1.66eV
for 0.50 ML of H coverage, showing that no significant changes were
foundin the barriers. All the dissociation reactions were exothermic
(see Table 4), which is important to ensure a provision of carbon,
necessary to construct long-chains of hydrocarbons.

3.2.2. CH formation

The final configuration for CH is on a hollow site. Due to the
large difference between C and H adsorption energies, CH forma-
tion occurs when an H approaches an adsorbed C from an adjacent
hollow sites (IS) (Fig. 4(a)). TS was found in a bridge site (Fig. 4(b)),
while the final product (CH) is adsorbed on the hollow site ini-
tially occupied by the carbon (Fig. 4(c)). The forward barrier Epy,
decreases as the H coverage increases as shown in Table 5, where it
can be seen that E,, takes the values 0.83, 0.69 and 0.71 eV to 0.25,
0.50 and 0.75 H ML respectively, showing a decrease of 0.14 eV and
0.12 eV for 0.50 and 0.75 H ML. Hence, lateral interactions facilitate
the reaction. Similarly to Efy, Epgcr present a decrease of 0.18 eV
and 0.22 eV for 0.50 and 0.75 H ML (see Table 5), showing that CH
formation and dissociation is sensitive to H coverage [32,31]. As
indicated by AE>0 (Table 5) the reaction is endothermic, and the
results are in agreement with Zhao and Lo [23,24].

3.2.3. CH, formation

From the fact that CH, adsorbs at hollow as well as bridge sites,
two paths are possible to form the product of the reaction. At first, as
the previous case (CH formation), adjacent hollow sites are taken as
the firstinitial configuration for the reaction (Fig. 5(a)). The adsorp-
tion energies of the reactants (CH and H) are quite different, hence
FSis a CH, molecule adsorbed at the hollow site originally occupied
by a CH molecule (Fig. 5(c)). The reaction begins when hydrogen
moves toward the carbon, reaching TS at the bridge site located
between the initial hollow sites (Fig 5(b)). It was observed that
Ef,r was 0.82eV for 0.25 H ML, being this value greater than the
reported by Lo and Zhao; and Ej is in agreement with the value
reported by John M. H. Lo but lower than the value reported by Zhao
[24,23]. With the change of H coverage from 0.25 to 0.75 ML, Eg,,
changes from 0.82 to 0.91eV, but Ej, decreases from 0.23 eV to
0.17 eV (see Table 5). Hence, lateral interactions would make CH,
formation difficult at hollow when H coverage increases, making
the reaction more endothermic [31]. For the second path FS con-
sists of a CH, adsorbed in the bridge site, Fig 6(c). This FS is between
the adjacent hollow sites in which CH and H are initially adsorbed
(IS) (see Fig. 6(a)). TS takes place when CH and H approach to a
bridge site to form CH, (see Fig. 6(b)). For 0.50 H ML, the forward
barrier increases from 1.0 eV to 1.6 eV with no significant change in
the backward barrier, which difficult the product formation. In the
case of 0.75 H ML, the forward barrier has a slight change while the
backward barrier increases from 0.62 eV to 0.87 eV, favoring CH,
formation at bridge sites (see Table 5).

3.2.4. CH3 formation

CH3 adsorbs at bridge and atop sites, and two formation paths
were possible to achieve. In the first path, adsorbed H and CH, at
adjacent hollow sites approach each other and form CHs3 at the
bridge site (see Fig. 7). Similar to the analysis of CH and CH; path-
ways, Eg, is 1.22 eV, and Epy is 0.87 eV for 0.25 ML of H coverage.
For 0.50 ML and 0.75 ML of H coverage, Ey,, is 1.13 eV and 0.80eV
respectively, these values being lower than the case of 0.25 ML of
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H. In the case of Ejq, the energy values are 0.87eV, 0.93 eV and
0.60eV, for 0.25 ML, 0.50 ML and 0.75 ML H coverage respectively.
Here, AE shows an endothermic nature of the reaction, indicating
that H coadsorption makes it difficult to reach the final state (see
Table 5).

An exothermic path was found in CH3 formation, when CH, was
initially adsorbed at bridge site and the H atom approached CH,
from a nearest hollow site (Fig. 8). The forward barrier did not show
major variations for the H coverages studied. The coadsorption of
H changed Ep,, and the higher value (about 2 eV) was found at the
maximum H coverage. However, no regular behavior was found
for 0.50 H ML, where the minimum value for Ep,, was found to be
1.00eV, as can be seen in Table 5.

4. Conclusions

DFT calculation using GGA-PBE exchange correlation functional
was used to determine the effect of H coverage on the adsorption
and dissociation of CO, as well as CH, adsorption and formation on
Fe(100) surface. The preferential adsorption site of H, CO, C, CH
and CH, was hollow, and bridge sites for CHs. For H, CO and CH»,
the adsorption was also possible in bridges. Finally, for CO and CHs,
adsorption was achieved in atop site.

The Mulliken analysis showed that in all cases, the carbon
transfers charge. In the case of C/Fe, the charge transfer was not
significant, and for CH/Fe, the major part of charge transferred to H
came from C. In CH,/Fe, the surface transfers a significant amount
of charge taken for H atoms, showing a behavior of reductive agent.
In CH3/Fe, the charge taken by H atoms derived principally from C,
and the catalyst transfers about the same charge as in CH,/Fe case.

The influence of H on the adsorption energies of C, CO, CH;, was
observed, where E, 4, generally exhibits slight variations in all cases.
On a clean Fe(100) surface, CO is highly activated and has a dis-
sociation barrier of 1.05eV and an association barrier of 1.69eV.
This dissociation presents an exothermic AE of 0.64eV. Under H
co-adsorption, CO activation has presented a negligible change,
being 0.05 eV the major decrease in the energetic barrier and the
maximum change is not more than 5%.

CH formation has a barrier of 0.83 eV for 0.25 H ML. With respect
to 0.25 H ML, the barrier decreases about 17% for 0.50 H ML and
14.5% for 0.75 H ML, showing some sensitivity to the presence of
H. On the other hand, the presence of H affects the CH dissocia-
tion barrier, reducing it about 30% for 0.50 H ML, and 37% for 0.50
H ML.

As regards the 0.25 H ML case, the formation barrier of CH; at
hollow shows an increase of 11% for 0.75 H ML. However, for 0.50
H ML, the increase was just about 2.4%. Additionally, for Ep,, there
exists a decrease of 26% for 0.50 and 0.75 H ML. It can be concluded
that the presence of H atoms increases the barrier formation, but it
decreases the dissociation barrier. The formation of CH, at bridge
is endothermic, as previously stated. For 0.25 and 0.75 H ML, the
forward barrier has values around 1.00eV, and 1.63 eV for 0.50 H
ML. For Epqc, the barrier has an increase from 0.62 eV to 0.87 eV,

with anincrement of H coverage. In comparison with CH, at hollow,
CH,, at bridge shows more stable final states.

Finally, CH3 at hollow shows an endothermic reaction, with a
decrease of the formation barrier from 1.22eV to 0.80eV. Epqk
presents 0.87 eV, 0.93 eV and 0.60eV for 0.25, 0.50 and 0.75 H Ml
respectively. However, the formation of CH3 at bridge presents an
exothermic nature, having a small formation barrier of 0.5 eV, and a
different dissociation barrier related to the presence of coadsorbed
H.
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