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Fischer-Tropsch synthesis. The competition between dehydrogenation and cleavage of C:Hs was
analyzed. The p-bridging adsorption mode is more stable than the m or di-o adsorption modes. Par-

tial rehybridization of the C atoms of C2Hs (sp?—sp3) caused by the interaction of C2Hs with the
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Fe3C(100) surface resulted in the C atoms in C:Hs having a quasi-tetrahedron geometry. On
Fe3C(100) dehydrogenation of CzHa occurs, while C-C bond cleavage is not competitive. The calcula-
tions indicated that vinylidene (CCH2) and vinyl (CHCH:) species are the most abundant Cz species,
which may be the major monomeric forms of C2Ha in the chain growth in Fischer-Tropsch synthesis.
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1. Introduction

Fischer-Tropsch synthesis [1] is used to convert syngas (CO
+ Hz) into hydrocarbons. It is a crucial catalytic process for
transforming coal, natural gas, and biomass into high quality
liquid fuels and chemical resources. Iron-based catalysts pos-
sess the following advantages: wide operating temperature
range, high space time yield and alkene yield, high water-gas
shift activity, and low price [2]. They are studied and applied
extensively [3].

Many transmission electron microscopy, X-ray diffraction,
and Mdssbauer spectroscopy experiments have shown that
iron carbides, including FesC2 and Fes3C [4-9], are the main ac-
tive phases of iron-based catalysts in FTS. Although significant

progress has been made in experimental and theoretical inves-
tigations in recent years, there remain some critical scientific
issues not yet resolved. For example, how does the hydrocar-
bon chain grow [10]? How does alkene readsorption affect the
product distribution? Until now, three chain propagation
mechanisms have been proposed for FTS: carbide mechanism
[11], hydroxy-carbene mechanism [12,13], and CO insertion
mechanism [14]. Many experimental and theoretical results
have verified the existence of CsHy species on many metal sur-
faces [15,16], which give strong support for the carbide mecha-
nism.

In the traditional carbide mechanism, CH: is considered the
monomer for chain growth. However, different opinions have
been proposed in recent years. Ciobica et al. [17] found that CH
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was the most stable C1 species on Ru(0001), and they suggest-
ed that CH was the chain propagation monomer, which agreed
with the experimental results of Wu et al. [18,19]. Liu et al.
[20,21] carried out density functional theory (DFT) calculations
to investigate C-C coupling reactions on both flat and stepped
Ru(0001) and stepped Rh(111), and also used CH as the carbon
chain growth monomer on stepped Ru(0001) and Rh(111).
Deng et al. [22] found that the most stable CHx species on
Fe3C(100) was CH, and that it was mostly derived from the
hydrogenation of surface C atoms, with a small quantity sup-
plied by hydrogen-assisted CO disassociation.

Krishna et al. [23] studied the effect of the presence of C2Hs
on the product distribution by using 13CO/Hz and 12C2H4. They
found that the proportion of Cs+ hydrocarbons in the product
was increased by CzHs readsorption. Cao et al. [24] carried out
DFT calculations and proposed that the CCH species from the
dehydrogenation of CCHz and CHCH coupled with C atoms to
form CCCH on FesC2(001). The experimental results of Turner
et al. [25,26] and Jordan et al. [27] indicated that vinyl species
(CHCHz2) participated in the formation of hydrocarbons as the
chain growth monomer. Using the investigation of high molec-
ular weight hydrocarbon formation on a Ru catalyst, Mims et al.
[28] concluded that vinylidene (CCHz) was the stable monomer
Cz species.

In this paper, we employed spin-polarized DFT and a peri-
odic slab model to investigate the thermodynamics and kinetics
of the adsorption, dehydrogenation, and cleavage of C2Hs on
Fe3C(100). The aims were to elucidate the nature of C2Hs
readsorption, what are the possible monomeric forms that take
part in the chain propagation in FTS, and to give guidelines for
further kinetic studies.

2. Method and surface model

All calculations were performed using the plane wave peri-
odic density functional method implemented in the Vienna ab
initio simulation package (VASP) [29-31]. Exchange and corre-
lation energies were calculated using the Perdew, Burke, and
Ernzerhof (PBE) functional [32] in the generalized gradient
approximation (GGA). The electron-ion interaction was de-
scribed by the projector augmented wave (PAW) [33], and the
Kohn-Sham one-electron states up to 400 eV were expanded
using a plane wave basis set. Due to its large effect on a mag-
netic system, spin polarization was included for super-para-

Fig. 1. Top and side views of the Fe3C(100) surface. Fe atoms in blue; C
atoms in black.

magnetic cementite (FesC) to correct the calculations.

A 1x3x1 K-point sampling within the Brillouin zone was
used in the p(1x2) and p(2x2) unit cell of the periodic slab
model to investigate the adsorption, dehydrogenation, and
cleavage of C2H4 on Fe3C(100). The slab (without adsorbates)
vacuum was set to span 1.5 nm to exclude the interactions be-
tween the periodic slabs. As illustrated in Fig. 1, a slab consist-
ing of eight Fe layers and four C layers (8Fe + 4C) was em-
ployed.

In all calculations, the bottom six Fe layers and three C lay-
ers (6Fe + 3C) were fixed at their bulk position, while the top
two Fe layers and one C layer were allowed to relax. For evalu-
ating energy barriers, all transition states were located using
the climbing image-nudged elastic band (CI-NEB) method [34].
All stable configurations and transition states were verified by
vibrational frequency analysis. The adsorption energy was
defined as Eads = E(adsorbates/slab) - [E(adsorbates) + E(slab)],
where E(adsorbates/slab) is the total energy of the slab with
adsorbates, E(adsorbates) is the total energy of the free ad-
sorbates, and E(slab) is the total energy of the bare slab. The
reaction energy and barrier were calculated by A:E = E(FS) -
E(IS) and Ea = E(TS) - E(IS), where E(IS), E(TS), and E(FS) are
the energies of the corresponding initial state (IS), transition
state (TS), and final state (FS), respectively.

3. Results and discussion
3.1. C:Hsadsorption

All possible C2H4 adsorption sites on the Fe3C(100) surface
were considered systematically, and three adsorption modes,
7, di-o, and p-bridging, were found. The calculated stable ad-
sorption structures, key bond parameters, and adsorption en-
ergies are given in Fig. 2.
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Fig. 2. C;H4 adsorption on Fe3C(100). Fe atoms in blue; C atoms in black; C atoms of CzH4 in gray; H atoms of C2H4 in white.
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In configurations al, a2, and a3, C:Hs adsorbs on the ex-
posed first Fe layers by m coordination. The C and H atoms of
C2H4 are in approximately the same plane, while both the two C
atoms bond with the same Fe atom in the substrate to form a
o-1 compound with a three-membered C-Fe-C ring structure
[35]. The adsorption energies of three configurations are —0.39,
—0.52, and —0.53 eV. In comparison with the C-C bond length
(0.1330 nm) of CzH4 in gas phase, the C-C bond distance is
elongated to 0.1426, 0.1414, and 0.1412 nm, indicating that the
C-C bond strength is weakened. Because Fe3C(100) is a rough
surface, adsorbed CzHs4 in configuration a2 is tilted slightly,
leading one of its C atoms to interact with another surface Fe
atom to give the quasi di-o adsorption configuration a5. In this
configuration, the C-C bond length (0.1439 nm) is weakened
further. The adsorption energy of —0.58 eV is close to those of
a2 and a3, with small differences of —0.06 and —0.05 eV. In con-
figuration a4, both C atoms bridge a first layer and a second
layer Fe atom, forming a p-bridging adsorption mode. It is the
most stable structure for C2H4 on Fe3C(100) with the adsorp-
tion energy of —0.76 eV, in which the C-C bond is highly acti-
vated with the distance of 0.1480 nm, which is between that of
Cz2H4 (0.1330 nm) and CzHe (0.1540 nm). The four H atoms
from the C-C plane have the H-C-C angle of 114°, which is be-
tween that of C2H4 (121°) and CzHe (111°). This showed that in
the p-bridging mode, the C atoms of C2H4 have been partially
rehybridized from sp? to sp3 to give the C atoms a qua-
si-tetrahedron geometry.

In summary, ethylene adsorbs weakly on Fe3C(100) surface,
and the p-bridging adsorption mode with a highly activated
C-C double bond is more stable than the m and di-o adsorption
modes, which is similar to the adsorption behavior of C2H4 on
metal surfaces [36,37]. At low coverages, ethylene C2Hs4 mainly
adsorbs in the p-bridging mode. At high coverages, all five C2Hs
adsorption configurations can coexist. The highest occupied
molecular orbital (HOMO) of ethylene is the bonding m orbital.
The lowest unoccupied molecular orbital (LUMO) is the anti-
bonding m* orbital. When adsorbed on Fe atoms, ethylene
transfers part of its electrons of the bonding m orbital to the 3d
empty orbital of Fe atoms. At the same time, the antibonding m*
orbital energy is decreased to receive the backbonding elec-
trons of the 3d orbital of the Fe atoms. Both interactions coop-
eratively enhance the interactions between ethylene and the
surface, and thus weaken the ethylene C=C double bond, mak-
ing the bond length elongated and the bond order lower.

3.2.  (2Hsdehydrogenation and cleavage on FesC(100)

Dehydrogenation and C-C cleavage are competitive reac-
tions for C2Hs4 on Fe3C(100). It was reported that a number of
surface reactions obey the Bronsted-Evans-Polanyi (BEP) rela-
tionship [38,39], that is, the weaker adsorption configuration
has the higher reactivity. On the other hand, the stronger ad-
sorption configuration has the higher surface concentration.
We chose the al configuration (Fig. 2al) in the m adsorption
mode and a4 configuration in the p-bridging adsorption mode
to investigate the stepwise dehydrogenation and cleavage of
ethylene on the Fe3C(100) surface. Because the a2 and a3 con-

figurations have the same adsorption modes as the al configu-
ration, and the a5 configuration can be obtained from the a2
configuration, the a2, a3, and a5 configurations would have a
similar reaction behavior as the al configuration. The reaction
energies and energy barriers of all possible elementary reac-
tions are given in Table 1. The key structures of the intermedi-
ates and transition states in the optimized dehydrogenation
and cleavage pathways are displayed in Fig. 3.

3.2.1. Dehydrogenation and cleavage of configuration al
(CzHy4)

Because four H atoms of CzHs are in different surface envi-
ronments, each dehydrogenation step is selective. From the
energy data in Table 1, with configuration al as the starting
point, the dehydrogenating energies for the loss of one H atom
among the Had (CzHs — C2H3 + H) are quite different. Dehydro-
genating Ha is kinetically most favored. It is slightly exothermic
by 0.08 eV and has a barrier of 0.34 eV. In the transition state
TS(al/b1), the bond length of Ci-Ha is elongated from 0.1095
nm in the initial adsorption state to 0.1541 nm. Ha occupies an
on-top site Fe atom with the Fe-Ha length of 0.1611 nm. In the
final state b1, the H atom adsorbs on the 3-fold site composed
of first layer and second layer Fe atoms with the Fe-Ha bond
lengths of 0.1744, 0.1784, and 0.1880 nm. The al cleavage
process (C2H4 — 2CHz) was predicted to be exothermic by 0.18
eV and has an energy barrier of 1.55 eV. In the transition state
TS(al/c1), the C-C bond length is elongated to 0.2393 nm
(0.1414 nm in the initial adsorption state). In the final state c1,
the C-C bond is completely broken, and CH: adsorbs on the
deep hollow site composed of one first layer Fe atom and two
second layer Fe atoms. For CzH4 (al) on the Fe3C(100) surface,
dehydrogenation occurs first to form an adsorbed vinyl CHCH:
species.

As compared with the first step of C2Hs dehydrogenation
and cleavage, the corresponding energy barrier of b1 dehy-
drogenation (CzH3 — CzHz + H) and cleavage (CzH3 — CHz + CH)
were decreased obviously (0.06 vs 0.47 eV, 0.55 vs 1.50 eV, and
0.67 vs 1.55 eV). Dehydrogenating the Hp atom is more favored
kinetically. The CH group in CHCHz(b1) tilts towards to the

Table 1
Activation barriers and reaction energies (eV) for C2Hs dehydrogena-
tion and cleavage on Fe3C(100).

. Elementary Ea(al) AE(al) FEai(a4) AE:(a4)
Reaction step /eV /eV /eV /eV
CHs— C:Hs+H  Dehy-Ha 0.34 —-0.08 0.58 0.06

Dehy-Hs 0.47 -0.08 0.64 0.08

Dehy-Hc 1.50 -0.26 1.01 -0.28

Dehy-Ha 1.06 -0.26 0.93 0.74
C2Ha— 2CH: Cleavage 1.55 -0.18 1.40 1.13
C2H3—> C:H2+H Dehy-Ha

Dehy-Hp 0.06 -0.27 0.58 0.08

Dehy-H. 0.55 0.22 0.62 -0.01

Dehy-Ha 0.90 0.01
C:H3—» CH+CHz Cleavage 0.67 -0.35 0.74 0.38
CCH2—»>CH+H Dehy-Ha

Dehy-Hp

Dehy-Hc 1.10 0.80 0.74 0.28

Dehy-Hq 112 0.80 0.92 0.26
CCH;—» C+CHz  Cleavage 1.69 0.81 0.88 0.81
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Fig. 3. Structures of key intermediates involved in the most favored CzHs+ dehydrogenation and cleavage pathways on FesC(100).

surface, which promotes C-H activation. In the transition state
TS(b1/b2), the bond length of C1-Hp is stretched from 0.1195
nm in adsorption state b1 to 0.1559 nm, and the Hp atom ad-
sorbs on the top of a Fe atom with the Fe-Hp distance of 0.1602
nm. In the final state b2, the Hp atom resides on the 3-fold site
composed of the first and second layer Fe atoms with the Fe-Hp
distances of 0.1691, 0.1710, and 0.1897 nm. This reaction is
exothermic by 0.27 eV and only needs a barrier of 0.06 eV to
form the vinylidene species in the 13n1(C,C) adsorption mode.
In the transition state TS(b1/c2) for the b1 cleavage reaction
(C2H3 = CHz + CH), the C-C bond length is elongated to 0.2474
nm (0.1400 nm in b1), and the barrier is 0.67 eV. In the final
state c2, the C-C bond is totally broken to form CH and CH:
species on 3-fold sites. This process is exothermic by 0.35 eV.
Due to the approximate symmetry for -configuration
b2(CCHz) relative to the vertical surface and the C-C bond,
dehydrogenating the Hc and Ha atoms have close reaction ener-
gies (0.80 and 0.80 eV) and barriers (1.10 and 1.12 eV). In the
transition state TS(b2/b3), the C2-Hc bond is elongated from
0.1087 nm to 0.1696 nm, and Hc is located on the top site of a
Fe atom with the Fe-Hc bond of 0.1533 nm. In final state b3, the
acetylidene specie (CCH) is adsorbed in the 1n3n1(C,C) mode,
and the Hc atom occupies the 3-fold site with the Fe-Hc bond of
0.1700, 0.1823, and 0.1971 nm. The cleavage reaction (CCHz =
C + CH2) for b2 was calculated to be endothermic by 0.81 eV
with a barrier of 1.69 eV. In the transition state TS(b2/c3), the
C-C bond length is elongated to 0.2325 nm (0.1401 nm in b2).
In the final cleavage product ¢3, C and CHz adsorbs at 3 sites
composed of one first layer Fe atom and two second Fe atoms

or two first layer Fe atoms and one second layer Fe atom.

From the energy profile of the dehydrogenation and cleav-
age of configuration al in Fig. 4, we can see that for C2Hs on
Fe3C(100), dehydrogenation easily occurs, while C-C bond
cleavage is not competitive. Vinylidene (CCHz) is the most sta-
ble Cz species on the surface, with the first and second dehy-
drogenation steps having low energy barriers of 0.34 and 0.06
eV, respectively. However, the following dehydrogenation of
vinylidene (CCHz) needs to overcome a high energy barrier of
1.10 eV and it is endothermic by 0.80 eV. This indicated that
vinylidene (CCHz) dehydrogenation was difficult under FTS
conditions. In contrast, acetylidene (CCH) can be hydrogenated
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Fig. 4. Energy profiles for the most favored dehydrogenation and
cleavage pathways of C:Hs (al) on Fe3C(100). The most favored path-
way is indicated by the solid line.



32 Bingyin Wang et al. / Chinese Journal of Catalysis 35 (2014) 28-37

to form the vinylidene (CCHz) species, which is exothermic by
0.80 eV with a relatively low barrier of 0.30 eV.

3.2.2. Dehydrogenation and cleavage of configuration a4
(CzHy4)

Taking configuration a4 as the starting point, dehydrogen-
ating the Ha atom (CzHs — CzHs + Ha) is kinetically the most
favored first step with a total energy barrier of 0.58 eV, as illus-
trated in Table 1. At the beginning, Ha atom moves gradually far
away from the C1 atom, tilting towards to the surface. In the
transition state TS(a4/b1"), the bond length of C1-Ha is elon-
gated to 0.1542 nm (0.1134 nm in the initial state). Meanwhile,
the Ha atom resides on the top site with the Fe-Ha length of
0.1598 nm. In the final state b1’, Ha occupies the 3-fold site
consisting of first layer and second layer Fe atoms with the
Fe-Ha length of 0.1741, 0.1841, and 0.1851 nm. This step is
endothermic by 0.06 eV. The a4 cleavage (C2H4+ — 2CH2) was
predicted to be endothermic by 1.13 eV and had a barrier of
1.40 eV. In the transition state TS(a4/c1’), the C-C distance is
elongated from 0.1480 nm in the initial adsorption state to
0.2381 nm. In the final state c1’, the C-C bond is completely
broken to form two CHz groups in the 3-fold site and the bridge
site. This indicated that on Fe3C(100), C2H4 (a4) preferred de-
hydrogenation to form the vinyl CHCHz (b1') species.

In the following step, dehydrogenating the Hp atom to form
vinylidene CCHz (b2") presents a lower energy barrier (0.58 vs
0.62 eV) than dehydrogenating the Hc atom to form acetylene
CHCH (b2"). In the transition state TS(b1'/b2’), the Ci-Hp
bond is elongated to 0.1738 nm (0.1110 nm in b1’). H, atom
adsorbs on the top site of an adjacent surface Fe atom with the
Fe-Hp bond length of 0.1546 nm. In the final state b2', H, atom
occupies the shallow hollow site with the Fe-Hp bond lengths of
0.1704, 0.1877, and 0.1987 nm. The formation of vinylidene
(CCH2) is endothermic by 0.08 eV. In the transition state
TS(b1'/c2") corresponding to the cleavage of configuration b1’
(CzHs — CHz + CH), the C-C bond is elongated to 0.1956 nm
(0.1477 nm in b1"). In the final state ¢2’, the C-C bond is en-
tirely broken. CHz resides on the bridge site composed of one
first and one second layer Fe atoms, while CH occupies the
3-fold site formed by two first layer Fe atoms and one second
layer Fe atom. This step is endothermic by 0.38 eV and has an
energy barrier of 0.74 eV.

The dehydrogenation product b2’ of configuration a4 ad-
sorbs on the Fe3C(100) surface in the n2n3(C,C) mode, with the
Hc and Ha atoms situated in different surface environments.
The energy barrier of dehydrogenating Hec (CCH2 — CCH + Hc)
differs from that of Ha atom (0.74 vs 0.92 eV). In the transition
state TS(b2'/b3"), the C2-Hc bond is stretched from 0.1107 to
0.1706 nm, and the Hc atom moves away to the top site of a Fe
atom with the Fe-Hc distance of 0.1648 nm. In the final state
b3’, acetylidene (CCH) is located on the n3n3(C,C) site, and the
Hc atom adsorbs on a 3-fold site formed by two first layer Fe
atoms and one second layer Fe atom with the Fe-Hc bond
length of 0.1721, 0.1873, and 0.1926 nm. This step is endo-
thermic by 0.28 eV. b2’ cleavage (CCHz — C + CHz) has an en-
ergy barrier of 0.88 eV and is endothermic by 0.81 eV. In the
transition state TS(b2'/c3"), the C-C bond length is elongated

0.8

TS(ad/c1")
0.6 m
0.4 l el TS(b2'/c3")
T Py 0B
P F ! 0.04 N SEE
> 00F Ry CE
e TSGa4b1)  1S®17b2Y) |
Sy : ;-0.12", , .
el I .1 i e sy " b3
04F L 032 034
[ - b2
061 0.62
-0.8

Reaction coordinate

Fig. 5. Energy profiles for the most favored dehydrogenation and
cleavage paths of C2Hs(a4) on Fe3C(100). The most favored pathway is
indicated by the solid line.

to 0.2044 nm (0.1438 nm in b2'). In the final cleavage product
c3’, C resides on the 4-fold site composed of two first and two
second layer Fe atoms, and CHz occupies the bridge site formed
by one first and one second layer Fe atoms.

From the energy profiles in Fig. 5 for the dehydrogenation
and cleavage of configuration a4 in the p-bridging mode, we
can see that the energy barrier for C-C cleavage is much higher
than that for dehydrogenation, and thus dehydrogenation
would occur. The three dehydrogenation steps have close en-
ergy barriers of 0.58, 0.58, and 0.74 eV, and are endothermic by
0.06, 0.08, and 0.28 eV, respectively. Vinyl (CHCH2) is the most
abundant non-molecular Cz species on Fe3C(100).

4. Conclusions

The detailed mechanism of CzHs adsorption, dehydrogena-
tion, and cleavage on Fe3C(100) was investigated using
spin-polarized DFT and a periodic slab model. C2H4 adsorbs on
surface Fe atoms by both C atoms, and the p-bridging adsorp-
tion mode is more stable than the m and di-o adsorption modes.
The interaction of C2H4 with the Fe3C(100) surface leads to the
partial rehybridization of the C atoms of C:Ha (sp2—sp3), re-
sulting in the geometry of the C atom in C2H4 changing to be
quasi-tetrahedron. The ethylene (CzH4) adsorption energy cor-
relates with the degree of bending deformation of methylene
(CHz) on Fes3C(100). The four H atoms of ethylene (CzH4) are
situated in different surface chemical environments, and each
dehydrogenation step is different on Fe3C(100). At high cover-
ages, all five C2H4 adsorption configurations coexist. Dehydro-
genation of the m adsorption configuration al to form vinyl
CHCH: (b1) and vinylidene CCHz (b2) is the most facile path-
way. The first dehydrogenation step (CzH4+ -CHCH:z + H) has a
lower barrier of 0.34 eV and is slightly exothermic by 0.08 eV.
The second dehydrogenation step (CHCHz — CCHz + H) only
needs a barrier of 0.06 eV and is exothermic by 0.27 eV. The
following dehydrogenation of vinylidene CCHz (b2) needs to
overcome a higher barrier of 1.10 eV, and it is also unfavorable
thermodynamically. At low coverages, ethylene mainly adsorbs
in the p-bridging mode. The first two dehydrogenation steps of
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1

WAL A IEFTS) L A A (CO + Hy) & fik Ak e v %
RS SIS R, R IR ORI R 45 55 ik
BT s R B A Ay v it S AR BORE AL T JEORE IR — A 5K
BODER. Fedbfi AU AT BRI BEVE 58 . I e
IR B . WGS SN 35 R B W6 A1 B 5 5 ),
A5 20 732 IR R R P

KBS T DB X AT SRS i 48 SR s
TR, BRI A V) AR TR AT b 0] = R A, B
5 FesCoMFe;CAE ), I Aok TR AT & B 52 56 AN EE S FF
FUAT TR K HE R, AE2 A5 AN D BB ) i i £
figE e, L 2 AT K PO, R B S TR R
W) 77 400 23 A TR SR A 1 B 14 R ML B 3 g — KK,
S AERACPIHLEE Y, I LR P RICOdE ApLERN.
C.H, WP 16 VF 2 42 I8 3% 1 14 47 721> %y i Fischer £1
Tropschi H IR AL L BESE 4L 1 5 A ) 1 52 50 F BE 8
AR

PEAE B8 H AL I LEE Fh , CHo M I O J2: B3t vl B 1)
B KR, (T AR SR T Y2 AR AW . Ciobica
U1 B AE Ru(0001) 1T, CHAE S R (1 C 0 Bl 318 b 42
HH CH 2 B 3 K 1) v] B B, 5 Wu USO8 45 iy
. LinZPO2 U 2% B 32 sk BES(DFTYWT S 7 T &
B (R Ru(0001) K 45 B (URh(111) 1 _EC—CAB & [ b, B
CH ] A & B8 K B A, Deng5 P HiFey C(100) 2 1
Fe € W CH A M2 CH. KHB4r CH A & T C I 1 A
ik, /b HCOZ BhR B it

Krishna%5 il [l BCO/H, M 2CLH 5T T CoH X B
8K P 43 A TR R W, R I CoH P W B n B8 i Ca 8 2
WAPALEF= I I ). CaoZEPYR HIDFT T AL JF45 1,
7EFesCo(001) 3 1 2K I T CCH, FICHCHi &L I CCH L C

J5 718 & % . CCCH.  Turner %522V F1 Jordan 25 27 i) sz
BN, OIRICHCH, AT REfE N A S 5 TiREL &)
TE . MimsZ P58 T RufEAL 7] b w2 7B a b &
VI, 35 H V. 20065 3L (CCH,) AT RS L CLA R It e #a.
14.

AR FIDFT A A P ARCBE Y, FA T 2203 ) 2
FAJEWFIT T CoHy#EFesC(100):7 1T WL B« 1 R4
I, 7 3K IR I 6 P R B % G 2 5 0 K 1 T R K
HEE T TE LR ) B ) e L E iR iR .

2. HEAERE

ASCvH ST 2 TP I3 DFT I VASP (Vienna Ab
initio Simulation Package)® Vit 2 HeAHSSHE T X
BT AN(GGA) /7 PBE (Perdew, Burke and Em-
zerhof)P?NZ bR SR TEAE. HL 1R B9 1M LA L WL 28
U PAW (projector augmented wave) B £ ok i ik 133,
Kohn-Sham 5§ 1, -7~ 5K I V- [ 38 5k 41 & JT, 4k BT e ek
400 eV. T BIEMAK T RAPEAEHE U 2R K,
DAL AT R R P TR Fes CR FH B EARAK IR T 2ok v B

ATy S FH p(1x2) Flp(2x2) (1) & 5~ AR A 2R S A
FUCHfEFesC(100) R M KIR B AIBE 0. AT . A 1L
IR D3I K fUdfR. b 7R JZ 5 2 Z [ A
HAEH, B )RR 1S nm. B H 8 ZE Fei 1
F4JACI T (8Fe+4C) 4L ¥y, W 1R,

TEPTAT VS I 2 TR T K6 )z Fe it 1 M3 JECIR 1
(6Fe+3C), 7% L (122 Feli T A1 2 CJH T (2Fe+1C).
FEVHSBE 221, R CI-NEB T 48 il &BY. prafa
JE IR G5 R A A0 oy e ik — k. WP e
M i E.u= E(adsorbates/slab) — [E(adsorbates) + E(slab)],
M, E(adsorbates/slab) +2: 47) F{ Uk B £F 26 10 17 5L BE &,
E(adsorbates) x& [ H ) (1) 54 fie 2, E(slab) e i 1§+ & 1
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(PEVRE TR, RO RIS 1 5N AR N R 22 43 5l FH AE R
E K™ AE=EFS)-E(S), E,= E(TS) - E(S). H:
E(IS), E(TS)RIEFS) 7 AR NAAS) I JEAS(TS)H
FEYI(FS) I E &

3. #R5iHe

3.1.  C,H,BYIR R

ARG F 52T CH,{EFe;C(100) K 1M F A vl AT
RUTRWR B, LR B A, di-o Flp-bridging — P55,
T AT AR IR B R 7Y . EE A 2 ORI B 5 O 2.

f a1, a2Fla3 s CoH, Lhn s WK B 28 25 (1 25—
JEFelii 1 b, CoH AICHIH R A5 B[R] — AP T W,
U B P A C IR 5 ) 19 6] — /> Fe Jil 1 B, T2 A%
C-Fe-C= i &5 MMM o-n A% = Foloka 24 (¥ 05 Bt
2391 4-0.39, —0.5281-0.53 eV. AN} T SAHC,H 2 111
C—CHE A (0.1330nm), W B /5 1) CoH, 1Y) C—C i (0.1426,
0.141410.1412 nm)445 bz, R C-CHETRIEA T 5y
k.t T FesC(100)4 [ H A3, 74 Bl a2 i b 11 C,H,
Iy FHE MR, 45 —ANCIE 7 1 5 R 1 CAE [ Fe
JE 7 LEAE T, 43 B 2K di-o W B A4 a5, A5 % TR
C—CH#(0.1439 nm) i 1t — 20§54k %4 24 1) W B R A
—0.58 eV, Ha2 fla3EH 0T, 43 MAUAH % -0.06 F1-0.05
eV. {EfyRladrf, CoH, A CIE 134 LU QR Bt £ 26
— 2RI 2 Fe i1 b, B p-bridging W B, LI RE
H—0.76 eV, J&CoHEFeyC(100)2 Tl f5e et 5 (W B ) 752
HC-CHEK Y 0.1480 nm, A ITALFEE B K, /T CoH,y
(0.1330 nm)F1C,H; (0.1540 nm)Z ], PYANHIR 7 1] 75
B C-CFfii, £ HCC A 114°, /v F C,H, (121°) Al C,H
(111°y2 08, gk n] WL, Phu-bridging 7 W B} it C,H, 23 1
HC IR T 124k 75 3 B sp™ 3B 43 B 4K by sp?, A CJR 1 SR
DY AR £ 4.

25 FPTR, L0857 1 AEFe;sC(100)2 T W A T e
859, Hup-bridging W fff b nfldi-o /7 AR 52, C-C WU F7
KIF AR Je K, 55 Co L 7E 4l 45 e 3R T 11 W B 4 o AH
B AR 55 TE N, CoH, 32 %2 DA p-bridging W i 15X
ad {7 {E. 1o S BT, CoHL M SRR B % X n) e
1. LIy 108 b P U0E (HOMO) 2 B B UIE, 1M
A PIE (LUMO) 2 X B . LMWt A Fe )it
I, K B EUIE RS H T A B A Fe i 1 1 3d
B, [, LR B PUIE B PR, 2 Feli T34 IE
(0 S U HL 1~ R 1 ] 0 4 8 i 3 T 5 200 11 4 P i
JE, HI55 LRI C=CRUsE, ‘T3 KA, BRI,

3.2. C,H,7EFe;C(100)FRE HY it S K% AR

CoH, 1 FesC(100) 3 [H 1 it S0 M C-C i 2 56 4 X
I, SCHRARIE, V2 1M N A5 A BEPSC RS B
R P R R AT AR I S SR 5 T R B R (1
R ILAT (PR B DRI, FRAT TR 7wl B 7 =X a1 44y
T (PE2a1) K p-bridging W Bt 7 311 ad #4784 (1] 2a4), 52
T CoHyfEFe;C(100) 3 [ (1) 32 20 i A AR g i BE. T
F a2, a3 5 al Wt 77 XAH H], asv] fha248 JE 15, A
Uk, a2, a3faspy A Sal ML NAT h. R1FIHT
FPp] B 2 0 RNV I S N e 22 R N B, B — 2D E i
S5 SRR N BT B B 19 v 1) 00 e o v 2 45 4

DLKE3.
3.2.1. #BEalHCH R S N Rk

1 CoHa T IR 4 N H R 1 I AL I 2R T A B AN [F], 43
TP WA A ERE. R T, Do R al it i
=% HEJK‘Ha.dEP*/I\HE¥(CzH4 — CH; + H)E’JXEE‘:%%EZ
FAAEAR R ZE 5. Horh, i H 2 3l ) 2 AT A el e,
AE22°40.34 eV, X NV IMRAR0.08 eV, 7EX) N i 2
TS(al/b1)H, C—H B HHA] 46 B 25 1170.1095 nm K
£10.1541 nm, H &7 LATHAT 7 200 B B FeR - |, Fe-H,
BAKN0.1611 nm. ZZ5b1H, HE 7 BL—=Fe A7 B 20 b
5 — )2 M Z JZFeJi+ b, HFe-H, 8K 40.1744,
0.1784110.1880 nm. al % fi# i 7% (C,Hy — 2CHy) [ S WY
A2 M1.55eV. AL IEATS(al/cl)H, C-CHE HhH UH T
B} A5 11101414 nmfH K 3 0.2393 nm, 7 4 7 el 7 C—C
W2, CH M AR — A5 — )= FeJit 1 AT AN 55 —
JEFeJ5U 11 1) — B A A7 L, C—C BT 2441 bl 5 i
0.18 eV TE. LA 4341 ] 5, CoHy(al)7EFe;C(100)
FM 1 5 2 R A A s N AR R B 2 1) CHCHL ) Fh
(b1).

5 CoH B — 0 AU 24 N AH LG, bR Y. I 1B 4
(C-H; — C,H, + H) A& i F2 (C,H; — CH, + CH)fiE &2
122 PR (0.06 4 L T°0.47 eV, 0.55 M1 LE T 1.50 eV, 0.67
FHEE T 1.55 eV), HHy I (1 B 72 80 7 2% b B A
CHCH, (b1) " CH % [n) 2 [ 01 &2 12 T C-HEE (1) 35 1L,
FEAR N 1 P2 2R TS(b1/b2) 1, C—Hy 8K i R W B Z5b1
f£0.1195 nm /i 310.1559 nm, Hy J5 1 LL A W Bt 76 22
[fiFe)fi 7 I, Fe-H%# K 24 0.1602 nm. & Zb2M, HyJR T
PA=TC A I 2 B 58— J2 RIS — )= Felit 1~ |, Fe-HE
£:250.1691, 0.1710410.1897 nm. %+ 2 W fE 224X 40.06
eV, #1027 eV, TEin’n (C,C) It (I CCH Rl . 7Eb1
4% /2 N (C,H; — CH, + CH) 1) i 3% 24 TS(b1/¢2) 1,
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C-CHEK HH0.1400 nm K £1]0.2474 nm, Y GE22 4 0.67
eV. {EAA 2 C-CHAI KWL, T8 R =B A7 11 CH
FICH, ), C-CHEWTRLAEREAE T5H10.35 e VK # .

FEONS T3 C—C i (1 T B 111 44) 21 b2 (CCH )T BN K,
IRl 1 i B HoATHy (CCH, — CCH + H)ffRE 22(1.104111.12
eV) Al W fi£ (0.80F10.80 eV)JEH AHIT. 78 X W i I &
TS(b2/b3), C—H # H10.1087 nm{# K: 30.1696 nm, H,
J - LTI, 7 2CW B 2 Fe Jil 1 I, Fe-HE# K 40.1533
nm. 7EZL b3, CCHYIF! Linn'(C,C)WR Ht, HJ5 1 LA
= C A7 T U B, Fe—H 8 < 43 1 24 0.1700, 0.1823 F
0.1971 nm. b2 (1] 4 fi# Jx N (CCH, — C + CH,) fE £ &
1.69 eV. 7ERLJEARTS(b2/e3)H, C—C 8 /4G W I A5 1
0.1401 nmfH K 5]0.2325 nm. 7E &S MZ# 3, C
FNCH M AE 53 0] FH— AN 3 — 2 Fe )it 7 5 AN 36 )5 Fe
JE R AN 2 — R Fe i 75 — N5 2 Fe i 144 B
(i 7 b, SN $40.81 eV,

KL B ad I3 SR & () A fie 1 1 2 (Bl 4) rT LA
C,H,fEFe;C(100)3K 111 &) T R A AR WY, C-CHERLAR [
AN B AT 564+, CCH, o A E I R T C:e . CoHu Ml
H—N0.34 eV)FIEE —ANHIR 1 178 22(0.06 eV)ERERAIL,
{HCCH, 4k 28 Jli S0 L3 N AE 11, 75 28 v IR e 1) g 42
(1.10 V), HWE#0.80 eV. 1% 3% WA 5 28 +6 & b 45 1
T, CCHoME LAIEAT I &SN 5 A0 B, CCHA MR 25 5 i
L (FE2240.30 eV, Jil#10.80 eV) A= s CCH A FY.

3.2.2. HEladBCH IR S R AR

DLE B ad 4y S 5, 3 — A2 il 25 H, (CoHy — CoH; +

H,) /&8l J) 5 A Rl 7%, 22 50.58 eV (R1). IF

3 M S HL T 28 25 C Jt 1, BRI 2 1H S Fe it 1 .
TEIL A TS (ad/b1"), H 1~ LTI 7 U B 7 & i Fe
J5i ¥, Fe-H 8K 470.1598 nm, C—H, B K- 147 4 W Bt
A0190.1134 nm{#H K ££0.1542 nm.  £E &bl H, 5 T LL
AL BB AR5 — = M 2R S Fe it 1 b, Fe—H, B
K3 40.1741 0.1841410.1851 nm. HEA W & — A
W #40.06 eV IR I FE. ad ¥ 2 S V.(C,Hy — 2CH,) fig
H1.40 eV, i I A TS(ad/cl’) I C—C 8t 4146 W B 25 11
0.1480 nm i £]0.2381 nm, 7F £ & el C-CHE Y i T
2, TEBOA =R A7 AL U B I CHL A A, C—C BT
ZAAEBE A W 113 eV I . K L, CH,y (ad) 1
Fe;C(100) 3 1 15 56 K A8 i 2 5 W2 AR 1 Bt 2 11 CHCH,
YIFh(b1").

CHCH, (b1") 4% £ it 2< H, 2k B CCH, (b2") b il 25 H,
A2 B CHCH (b2'") I¥] i 22 1% 1% (0.58 4H Lt T-0.62 eV). 7E

b1’ [l Hy S5 7 1) 1 I A TS(b1/b2") 1, C—Hy 8 K 946
W B 25 1£70.1110 nm A K $10.1738 nm, Hy, 55 2 17 A1 4B 1)
Fe il 1 1 0 W B, HiFe—H, BEHE K 40,1546 nm. #£ &
b2, HyJ5 1 LA = A7 s B E 28— 2 Fe i1 I,
Fe—H, 8 K 4> % 2 0.1704, 0.1877 F10.1987 nm. = 4]
CCH, I 4 75 W 52 0.08 eV I #AiE . 7Eb1" 24 i (C,H,
— CH, + CH)X FE L JE TS (b1/e2") 1, C—CHt K 4]
26 W B A5 19.0.1477 nm A K 3 0.1956 nm, 7 28 A e2'
C-CHAMEHIR. CH 51— EFe)f FRIANE 2
Fe sl it U B, CH S AN 28— 2 Fe )l F RN 3 —
JEFe 1 e —He AW B, Ho s N g 22 40.74 eV, [NVt
FE T W 0.38 eVIKRE .

¥ B4 ad i Hy, J5 181 77 H1 b2 Lin™n’(C,C) & 2 W it 7
Fe;C(100) K [f, HH AN H R 1 B AL 1 R A BE AN ], A
I H AT Hy (CCH, — CCH + H )M 5 B B AN ], 3
AE22 730 00.74F10.92 eV. FEX NI JEATS(b2/b3")H,
C,-H 8 1110.1107 nm{# K £1]0.1706 nm, H.J5 1% 5)) £ Fe
J5 7 WAL b, Fe-H 8 K 4 0.1648 nm. 7E £ 2 b3' 1,
CCHYRI LA (C,O)W B, H S W BRHE 5  25 — /2 Fe
J N5 R Fe i 1 f B i) =i A7 E, Fe-H B K
350201721, 0.1873 F10.1926 nm. A= j% ™= ) CCH 75 %
W0.28 eVIF #vEE . b2' 1K 24 [ W (CCH, — C + CH,)
AE2200.88 eV. 7EIT ¥ A TS(b2'/e3") 1, C-CHt th ¥ 4R
W B A% 1£70.1438 nm{#1K: $10.2044 nm. 75 28 25 1 24 7=
Pre3 i, CHICH, 73 7 W 7 EH AN 55— S Fe S 7 5
AN T JRFe R PRI DY LA, BRI 3 — 2 FeR 75
0 IEFe A IR b, [ NI FA0.81 eV.

M p-bridging % b #4714 ad 41 Fe;C(100) 4 TH k4T it 2
IR A 2 IS PR AR THT i 22 (1 S)nT LA HH, CoHL [ C-C3E
fiff 2 IV R 22 376 32 i T i S I B, IR T i o B 4 o R A
B =20 B U N BE 22 #2301 (0.58, 0.58 F110.74 e V), H. 5
I $40.06, 0.08 F10.28 eV. CHCH, & % M 5 = 1 AE 7>
TAC2YIFH.

4. it

K FIDFT 77 1A S P A 24, %) C,Hy fEFesC(100)
10T PR B e i S AR AT T VEAN IR % 4%, WER W,
CoH, W5 /> C J5i 1 W B £F FesC(100) 26 1 ) Fe J5i 1 k-, H.
p-bridging W Pt bk m, di-o W Bt BE 0 AR € . CoHy 5
Fe;C(100) [fi 1 H 3 2 CoHA 1R C I 1 3 R A BT 24k
(sp*—sp’), FHEC IR E UL VY T A L5 4. CoHyfEFe;C(100)
F MR B fit 5 L0 AR CHL 76 2 1T 28 i AR FE R A %
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. HTCHyr T 4ANHIE B A 2R 1 b 22 TR A
), (A — 0 B AU AT — 8 IRk, e i T,
CoH A SRR B T 2CHR T REAEAE. il B A T al SE 7% 5 K
A i & N A i CHCH,(b1) ATCCH,y(b2). 55— i A
(C,H, — CHCH, + H)f£ 22 40.34 eV, NV T #40.08
eV. % B &(CHCH, — CCH, + H)fig 2241 40.06 eV,
BN JAR0.27 eV. CCHa(b2) 4k 45 il & B A %8 v 1) Bk 42
(1.10 eV), H# %% B ZARIN). AEARE AL T, CoHy

% 35 U p-bridging W B 7 2 ad 47 70 . T ad [ 7 5 26 i
ZRE22 N 0.58 eV, B #40.06F10.08 eV, 2 — 2D LA
fit 228 751(0.74 e V), T #0.28 V. Zi& LA 4> #r, CCH,
HMICHCH,#&Fe;C(100) 4 [ i I C i, 52 CoH B
IR ) R RAAE

Bugt B RS OB R R R A B LS
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