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Catalytic decomposition of acetylene on Fe„001…: A first-principles study
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The catalytic decomposition process in the initial stage of carbon nanotube~CNT! growth is investigated for
the system of acetylene (C2H2) on the Fe~001! surface through first-principles electronic structure calculation.
In its most stable configuration, the C-C bond of C2H2 is lying on the hollow site along the@110# direction of
the Fe~001! surface. The formation of the CH fragments accompanied by C-C bond breaking is found to be an
intermediate step toward the full dissociation of C2H2 molecules on Fe~001! and the whole process is exother-
mic.
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Surface catalysis has been a long-standing issue in m
areas of physics and chemistry. The oxidation of carb
monoxide on transition metal surfaces1–3 is one of the most
extensively studied heterogeneous catalytic reactions rel
to the air pollution problem. The dissociative interaction b
tween methane and a metal surface4,5 has also been studie
as an example of activated adsorption. Relatively less at
tion was paid to the interaction between metal surfaces
simple hydrocarbons such as acetylene (C2H2) and ethylene
(C2H4). Recently, as the growth technique of carbon na
tube ~CNT! develops, the role of a metal catalyst for simp
hydrocarbons has become an important issue in both phy
and chemistry. The synthesis of the CNT has attracted a
of interest because of its potential technological applicati
such as field emission displays,6 hydrogen storage,7 and
chemical sensors.8 To control the detailed characteristics
the CNT growth, it is required to understand the role of me
catalysts at a fundamental level. While the role of transit
metal catalysts during the synthesis of the CNT has b
studied by several groups, most studies have focused on
growth process itself where the metal is considered to c
lyze the assembly of carbon hexagons from carbon feeds
diffusing along the nanotube wall.9–11 In fact, another impor-
tant role of the metal catalyst is the decomposition of hyd
carbons in the initial stage of the CNT growth, which is
crucial step in the growth process with the chemical va
deposition~CVD! method. Not much theoretical understan
ing on the microscopic mechanism of such a catalytic
composition process is available, especially with regard
the catalytic reaction of hydrocarbons on transition me
surfaces. Although several state-of-the-art electronic st
ture calculations for the catalytic reaction of simple m
ecules have been tried,2–4 no first-principles approach ha
been taken for probing the full decomposition process
hydrocarbon molecules on the metal surfaces to our kno
edge.

In this paper, we present the results of our first-princip
calculations on the decomposition process of a hydrocar
molecule on the Fe substrate. As a representative system
consider acetylene (C2H2) on the Fe~001! surface, which is
considered to be a basic model for the understanding of
erogeneous catalysts. The Fe substrate is known to be h
effective for the CNT growth with C2H2 in the CVD
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process.12 In this study, we predict the energy minimum co
figuration of C2H2 on Fe~001! and provide a comprehensiv
picture for the decomposition process of C2H2 on the metal
surface through the analysis of energetics and bond confi
rations between carbon and metal atoms.

The calculation is carried out in the framework of th
density functional theory by using the pseudopoten
method13 within the generalized gradient approximatio
~GGA! of the Perdew-Burke-Ernzerhof~PBE! form.14 GGA
is generally known to be better than local spin density
proximation ~LSDA! in describing structural and magnet
properties of Fe.15 Vanderbilt ultrasoft pseudopotentials16 are
used with a 30 Ry energy cutoff. In generating the
pseudopotential, the semirelativistic effect is included a
the exchange interaction with the core charge is taken
account through the partial core correction.18 Pseudopoten-
tials are checked carefully for bulk Fe and isolated C2H2
molecules.17 The surface is simulated as a slab contain
four layers of Fe. The 13.5-Å-thick vacuum is inserted b
tween the repeated slabs. We take a 232 supercell in the
lateral directions. Adsorbates are placed on both sides of
slab, maintaining the inversion symmetry of the system.
teractions between adsorbates in different supercells
found to be negligible. Ninek points are selected in the 3
33 regular meshes~avoiding the G point! in the two-
dimensional irreducible Brillouin zone. Structural relaxatio
are performed until the force on each atom is less than 0
eV/Å. In the calculation of dissociation barriers, the distan
between two atoms under consideration for dissociation
systematically varied while all the rest of the atoms are
lowed for full relaxations.

To find the minimum energy configuration of C2H2 on the
surface, we calculate total energies for various configurati
as shown in Fig. 1~a!, especially along the pathway from th
bridge site~the configuration BR! to the hollow site~the
configurationH) of the Fe~001! surface. On the bridge site
we consider C2H2 lying along the@100# direction of the Fe
substrate, which is energetically more stable than other
entations. For instance, C2H2 lying along the@100# direction
of the bridge site is more stable than the one lying along
@010# direction by 0.62 eV in total energy per molecule. W
also calculate total energies while rotating C2H2 from the
configurationH to A @see Fig. 1~b!#. As a result, configura-
©2002 The American Physical Society03-1
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tion A turns out to be the lowest in energy. This result
consistent with the experimental observation of the C2H2
molecular configuration on the Cu~001! surface.19 In the
minimum energy configurationA of C2H2 on Fe~001!, the
C-C bonds are rotated by 45° with respect to the@100# di-
rection. The length of the C-C bond and the C-H bond is 1
Å and 1.11 Å, respectively. The bond length between a c
bon atom and its neighboring Fe atom is 1.92 Å. The C
bond is bent up to 59.6° with respect to the Fe surface. In
fully relaxed geometry of configurationA, it is interesting to
note that the Fe-Fe distance along the C-C bonds@i.e., the
distance between atom ‘‘b’’ and ‘‘ c’’ in Fig. 1~b!# does not
change appreciably, whereas the Fe-Fe distance acros
C-C bonds@i.e., the distance between atom ‘‘a’’ and ‘‘ d’’ in
Fig. 1~b!# contracts significantly (;10%) relative to that of
the clean Fe~001! surface.

In contrast to the previous result by molecular orbi
analysis,20 the configurationH is not an energy minimum
~not even a local minimum! in our calculation. Instead, th
configurationT is a shallow local minimum. The C-C bon
of C2H2 in the configurationT is tilted by 22.2° relative to
the surface plane and one of carbon atoms occupies the
ter of the hollow site. The energy ofT is higher than that of
A by 0.50 eV. The diffusion barrier (A to BR! of the C2H2
molecule in moving to the next hollow site is found to b
0.74 eV. Our GGA results for some principal geometries
C2H2 on Fe~001! was checked against the LSDA results.21

FIG. 1. ~a! Total energy variation along the diffusion pathway
C2H2 on Fe~001!, ~b! the top views and side views of the config
rations. Energies in~a! are plotted with respect to that of the co
figuration A. The reaction coordinate~the abscissa! in the interval
~BR, H) of ~a! is the position of the center of the C-C bond in th
x direction, while that in the interval (H,A) is the rotation angle of
the C-C bond. Black, white, and gray circles in~b! represent C, H,
and Fe atoms, respectively.
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To investigate the decomposition process of C2H2 on
Fe~001!, we consider two possible pathways starting fro
the configurationA, i.e., the C-H bond breaking and the C-
bond breaking. These intermediate states are indicated aB1
andB2 in Fig. 2, respectively. First, we consider the diss
ciation of H atom from the C2H2 molecule. As illustrated in
Fig. 2, the separated acetylide~CCH! and H reach the inter-
mediate stageB1 and individual fragments occupy differen
hollow sites. Here the total energy ofB1 is slightly lower
~0.02 eV! than that ofA. Along the pathwayA→B1, the
calculated energy barrier for detaching H is 0.96 eV. F
comparison, the dissociation energy of the first hydrog
atom from an isolated C2H2 molecule in vacuum is as larg
as 5.58 eV, which is too high for hydrogen atoms to be d
sociated even in the temperature range (700°C–1000°C
the CNT growth by the CVD method. Second, we can co
sider the pathwayA→B2 which is accompanied by the C-C
bond breaking. In this case, the calculated energy bar
from A to B2 is 1.25 eV, which is higher than the energ
barrier fromA to B1. These results imply that the C-H bond
are easier to break than the C-C bonds for C2H2 on Fe~001!.
Owing to the lower energy barrier, CCH fragments may
observed more frequently than CH fragments in the fi
stage of the C2H2 decomposition on Fe~001!. However, since
the total energy ofB2 is lower than that ofB1 by 0.50 eV,
both CCH and CH fragments may be observed experim
tally.

There are still two possible ways in which the CCH inB1
is decomposed. One way is through the dissociation of
and the other is via the C-C bond breaking. The energy b
rier for the H dissociation is 1.54 eV, which is much grea
than that~1.02 eV! for the C-C bond breaking. Further, th
total energy of the C-C dimer with dissociated H~not shown
in Fig. 2! is much higher than the CH fragment with a
isolated C atom~the configurationC in Fig. 2!. Therefore,
from now on, we will only consider the configurationC. As
illustrated in Fig. 2, the configurationC can be reached via
another pathway from the configurationB2 through the de-
composition of one of the two CH fragments. The ener
barrier for the pathB2→C is determined to be 0.61 eV . Th

FIG. 2. Energy diagram for the process of the C2H2 decompo-
sition. The solid line indicates the decomposition process follow
theA-B1-C-D-E sequence while the process involvingB2 ~instead
of B1) is indicated by the dashed line. Atomic geometries are sc
matically drawn for local energy minima as well as both ends of
sequence. Black and white circles in the ball-and-stick model r
resent the C and H atoms, respectively, and the shaded plane
resents the Fe substrate.
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configurationC is energetically more stable thanB2. The
existence of CH and CCH fragments during the decomp
tion process was observed in experiment.22 The decomposi-
tion process after the stageC should be unique, namely, th
dissociation of H from the remaining CH fragment to for
the configurationD, where constituent atoms are fully sep
rated on the Fe~001! surface. The energy barrier fromC to D
is also 0.61 eV and the total energy ofD is lower than that of
C by 0.15 eV. The total energy gain ofD with respect toA is
0.82 eV per C2H2. In fact, the full dissociation is an exothe
mic process and the configurationD with isolated atoms are
the most stable. In usual experimental situations, hydro
atoms are expected to be desorbed in the form of molecu
indicated byE. As a result of the above reaction process
isolated carbon atoms are expected to remain on Fe~001!.23

Our results show that the most stable position for the isola
carbon atom on Fe~001! is the fourfold hollow site.

To clarify the role of the Fe catalyst during the decomp
sition process, we have analyzed the electronic structure
C2H2 and the related CH fragments in detail. The projec
density-of-states~PDOS! plots for an isolated C2H2 mol-
ecule, C2H2 on the Fe surface@corresponding to the configu
ration A in Fig. 1~b!#, and CH fragments on the Fe surfa
(B2 in Fig. 2! are presented in Fig. 3. Three peaks labeled
I, II, and III in Fig. 3~a! originate fromss , ss* , and sp

bonding, respectively. The peak IV~V! corresponds to the

FIG. 3. PDOS of~a! an C2H2 molecule in vacuum,~b! C2H2 on
the Fe~001! surface, and~c! the CH fragment on the Fe~001! sur-
face. The solid and dotted lines indicate the DOS for spin-up
spin-down electrons, respectively.
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ppp (ppp* ) state between two C atoms. Figure 3~b! is the
PDOS plot of C2H2 adsorbed on the Fe surface in its min
mum energy configurationA. The s states~peaks I, II, and
III ! between C and H atoms are not much changed excep
a small shift due to bending and stretching of the C-H bon
On the other hand, because of the strong hybridization
tween the Cpp states and the Fed orbitals, the characteristic
ppp bonding feature of C2H2 disappears and is changed in
a broad spectrum covering the range of Fed bands, which
leads to the weakening of C-C bonding in comparison w
that of isolated C2H2. The PDOS of CH fragments, as show
in Fig. 3~c!, shows a distinct feature of thess bond, which
corresponds to the split peaks ofss andss* of the C2H2 with
C-C bonds. Further, the trace of thesp bonding state and the
broad ppp feature in the PDOS of C2H2 on Fe~001! are
absent in CH fragments on Fe~001!. Instead, a rather broa
spectrum corresponding to the hybridization of Cp orbitals
and Fed band states appears in the case of CH fragments
addition, it is observed that a strong peak at the Fermi le
develops as a result of strong spin-dependent hybridiza
between the Cpp electrons and Fed electrons related to the
Fe surface state. Figure 4~b! and 4~c! show the spin-projected
charge density plots of CH fragments on Fe~001! for the
states near the Fermi level. In the spin-up channel, thep
states and Feeg states develop a strong bonding featu
whereas the spin-down component of the Cp states and Fe
t2g states has the antibonding character. Indeed, the s
dependent coupling for the CH fragments on Fe~001! seems
to be more enhanced than the case of C2H2 on Fe~001!. The
changes in the number of major peaks near the Fermi le
and their relative intensities would be useful information f
the experimental confirmation of the dynamical process p
posed here.

Our calculations demonstrate that carbon atoms distrib
over the hollow sites on Fe~001! as a result of the C2H2
decomposition. This leads to the conjecture that carb
structures~nanotube, graphene sheet, cluster, etc.! growing
on a metal surface might depend on the lattice match
condition with the substrate. For example, the periodicity
the graphite lattice is well matched with those of Rh~111!
and Pt~111!. On such metal surfaces, the grapheme sh
may preferentially be formed.24 On the contrary, a large mis
match of the lattice periodicity between the graphite and

d

FIG. 4. ~a! Top view of two CH fragments on Fe~001! and the
charge density plots near the Fermi level for~b! the spin-up and~c!
the spin-down states. Black, white, dark gray, and bright g
circles in~a! represent C, H, surface Fe atoms, and second laye
atoms, respectively. The charge density plots in~b! and ~c! are

drawn on the (11̄0) plane as marked in dashed line in~a!. Succes-
sive gray levels run from 0.0001 electrons/(a.u.)3 in steps of
0.0002 electrons/(a.u.)3.
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hollow sites on Fe~001! will not favor the graphite structure
Therefore, as the number of accumulated carbon atom
Fe~001! increases, they are expected to become conne
and consequently develop defects such as pentagons or
tagons. This may promote the growth of CNT’s by introdu
ing a curvature into the graphite plane.

In summary, we have studied the detailed process of
C2H2 decomposition on the Fe~001! surface, which occurs in
the initial stage of the CNT growth, through first-principle
density functional calculations. We have found that the m
stable configuration of the C2H2 molecule on Fe~001! is the
configurationA as shown in Fig. 1 where the C-C bond
C2H2 is lying along the@110# direction on the hollow site.
During the decomposition of C2H2, the strong hybridization
between C and Fe atoms causes the weakening of the
ys
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K
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and C-C bonds. The C-C bond breaking and the formation
the CH fragments have been found to precede the full dis
ciation of the constituent atoms of C2H2. The full dissocia-
tion into isolated atoms is also found to be the most fav
able energetically and to be an exothermic process.
results may also serve as a basis for the further study of
growth mechanism of the CNT as well as the catalytic d
composition of hydrocarbons on metal surfaces in gener

Calculations in this work have been done using thePWSCF
package.25 This work was supported by the BK21 project
the KRF. J.Y. was supported by the KOSEF through CSCM
and J.I. was supported by the KOSEF through CNNC
Sungkyunkwan University. Computational works were su
ported by the Supercomputing Application Support Progr
of KISTI.
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