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bstract

Density functional theory (DFT) calculations have been carried out on the adsorption of CO on the (1 0 0), (0 0 1) and (0 1 0) surfaces of Fe3C.
oth (1 0 0) and (0 0 1) have surface iron and carbon atoms, while (0 1 0) has only surface iron atoms. At 1/5 ML on (1 0 0), the most stable
dsorption configuration has adsorbed CO at a three-fold site (three Fe atoms), followed by adsorbed surface ketenylidene at a four-fold site (three

ron atoms and one carbon atom). At 1/6 ML on (0 0 1), the most stable adsorption configuration has adsorbed CO at a four-fold site (four iron
toms). With increased coverage, adsorption at different sites becomes possible and close in energy. On the metallic (0 1 0) surface, both two-fold
nd three-fold adsorptions are close in energy. The electronic states of the most stable adsorption structures have been analyzed accordingly.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Transition metal carbides have attracted considerable atten-
ion because of their excellent physical and chemical properties
1–8], e.g. extreme hardness and brittleness, high melting
oints and electrical as well as thermal conductivities [9]. In
ddition, transition metal carbides also are widely used in
eterogeneous catalysis [10], and they exhibit strong activity
nd selectivity, and are resistant to poisoning in hydrogenation
11–13], dehydrogenation [14], hydrodesulfurization [15,16],
ydrodenitrogenation [17,18] and Fischer-Tropsch synthesis
FTS) [19–24].

Among iron carbides, Fe3C is one of the most important
ctive phases of iron-based catalysts in FTS. Transmission
lectron microscopy (TEM), X-ray diffraction (XRD) and

össbauer spectroscopy studies indicate that Fe3C is respon-

ible for the high FTS activity [19–28]. In FTS the degree of
arburization of iron-based catalysts correlates well with the cat-
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lytic activity during the activation steps [29]. The phases of iron
arbides in fused catalysts change with increased temperature.
t low temperature (115 ◦C), Fe2.2C and Fe2C phases are formed

imultaneously, and change to pure Fe2C at 150–185 ◦C. They
re converted to Fe5C2 at 200–400 ◦C, and finally to the stable
e3C phase at 450 ◦C [30,31]. Apart from iron carbides, small
mount of �-Fe and Fe2O3 exists in iron-based catalysts [32,33].
herefore, it is very important and necessary to study the Fe3C
urfaces along with the Fe5C2 surfaces [34] for understanding
he FTS mechanism.

Chiou and Carter [35] studied the electronic properties of
e3C bulk on the basis of density functional theory (DFT) cal-
ulation, and found that Fe3C has a metallic character. Häglund
t al. [36] also found that the overall characteristics of Fe3C are
imilar to those of pure iron or simple iron carbides (such as
eC). Chiou and Carter [35] also studied the carbide depletion
echanism of Fe3C in steel material and found (0 0 1) to be

he most stable surface, (1 0 0) to be the least stable surface and
0 1 0) to be the intermediate surface.
Many theoretical and experimental studies have focused on
O adsorption on transition metal carbide surfaces [37–45]. It

hows clearly that electronic structures play a dominant role
n the surface bonding of carbides. Studies of CO adsorption
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average moment of iron atom (1.78 �B) [64], and this validates
the employed PW91 functional nicely for the Fe3C system.

Table 1
Computed lattice constant (Å) and magnetic moment (�B) of Fe3C

Method a b c �B (Feg, Fes)a

PW91 5.02 6.74 4.50 1.88, 1.96
PBE 5.03 6.73 4.48 1.94, 2.02
RPBE 5.06 6.76 4.51 2.04, 2.06
Expt.b 5.09 6.74 4.52 1.78c
70 X.-Y. Liao et al. / Journal of Molecular

n carbides show that CO prefers to interact with Fe atoms
n carbide surfaces. Chen et al. [46] found that CO desorbs
olecularly on the surface at temperatures above 200 K by

emperature-programmed desorption experiments. The forma-
ion of carbides reduces the degree of the interaction between
he metal d band and the 2�* orbital of the adsorbed CO
47]. CO adsorbs dissociatively on ZrC(1 1 1) and on oxygen-
odified ZrC(1 0 0) at room temperature [37,38]. St. Clair et al.

39] analyzed the interaction of CO on Mo- and C-terminated
-Mo2C(0 0 0 1) surfaces, and found that CO adsorbs molecu-

arly. Thermal desorption spectroscopy experiments indicated
ne CO chemisorption state with an apparent first-order activa-
ion energy of 93 kJ/mol for desorption at saturated coverage.
FT study on CO adsorption on both Mo- and C-terminated
-Mo(0 0 0 1) shows that the most stable adsorption has CO cap-
ing over the carbon vacancy on the C-terminated surface and
top of surface carbon forming ketenylidene (C C O) species
n the C-terminated surface [48]. DFT calculations on CO
dsorption on the (0 0 1), (1 0 0) and (1 1 0) surfaces of Fe5C2
how that CO prefers to adsorb on the three-fold iron site of
0 0 1), the two-fold iron site of (1 1 0), and the three-fold iron
ite of (1 0 0) at low coverage on the basis of the computed
dsorption energies [34]. The adsorption of hydrogen [49] and
o-adsorption of CO and hydrogen [50] on the (0 0 1), (1 0 0) and
1 1 0) surfaces of Fe5C2 have also been studied theoretically.

Since neither experimental nor theoretical studies of the
etailed mechanism of FTS on Fe3C surfaces are reported, we
ave used the characteristic (1 0 0), (0 0 1) and (0 1 0) surfaces
ound by Chiou and Carter [35] for studying CO adsorption.
o cast light on the mechanism of CO activation on Fe3C sur-
aces, the structures, adsorption energies and the density of states
DOS) of the adsorbed CO were analyzed systematically. It is
ound that several iron carbide phases are formed simultane-
usly during FTS, CO adsorption on these phases gives the same
ibrational bands, and it is therefore very difficult to identify and
istinguish the bulk structures of iron carbides from CO or syn-
as adsorption [32,51]. On this basis, comparison among CO
dsorption on Fe, Fe5C2 and Fe3C has been made.

. Methods and models

DFT calculations within the generalized gradient approxima-
ion (GGA) [52] and the Perdew–Wang 91 functional (PW91)
53] were carried out to study CO chemisorption on the Fe3C
urfaces. All calculations were carried out using the Cambridge
equential Total Energy Package (CASTEP) [54,55]. Ionic cores
ere described by the ultrasoft pseudopotential [56]. The Kohn-
ham one-electron states were expanded in a plane wave basis
et up to 340 eV. A Fermi smearing of 0.1 eV was utilized.
rillouin zone integration was approximated by a sum over spe-
ial k-points chosen using the Monhorst-Pack scheme [57]. The
seudopotential with partial core was used in spin-polarized
alculations to include nonlinear core corrections [58]. Spin

olarization having a major effect on the adsorption energies for
agnetic systems [59–61] was included to correctly account for

he magnetic properties of the ferromagnetic Fe3C. The vacuum
etween the slabs was set to span a range of 10 Å to mini-

p

Fig. 1. The unit cell of the cementite Fe3C.

ize the interaction between the slabs. The convergence criteria
or the structure optimization and energy calculation were set
o: (a) a self-consistent field tolerance of 2.0 × 10−6 eV/atom;
b) an energy tolerance of 2.0 × 10−5 eV/atom; (c) a maximum
orce tolerance of 5.0 × 10−2 eV/Å; (d) a maximum displace-
ent tolerance of 2.0 × 10−3 Å. As shown in Fig. 1, Fe3C has

n orthorhombic structure with 16 atoms per unit cell, where 8
ron atoms are in “general” positions (Feg), 4 iron atoms are in
special” positions (Fes), and 4 carbon atoms are in the inter-
tices. Each Feg atom is 14-coordinated with 11 Fe–Fe bonds and
Fe–C bonds, and each Fes atom is also 14-coordinated but with
2 Fe–Fe bonds and 2 Fe–C bonds [62]. The bulk lattice con-
tant and magnetic moment were calculated to test the method
nd convergence criteria employed. As shown in Table 1, the
alculated bulk lattice constant by three methods agrees well.
he lattice constant at PW91 (a = 5.02 Å, b = 6.74 Å, c = 4.50 Å)
nd the magnetic moment (Feg = 1.88 �B for general iron, and
es = 1.96 �B for special iron) with k-points of 4 × 3 × 4 agree
ith the experiment (a = 5.09, b = 6.74, c = 4.52) [63], and the
a Magnetic moments per atom, including Fe in general (g) and special (s)
ositions.
b The available experimental values.
c Reference [64].
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Table 2
Benchmark of slab thickness and CO adsorption energies

Surface Total
layersa

Relaxed
layersb

Eads (eV)c

(1 0 0) 7 8
7Fe + 3C 3Fe + 2C −1.74 (−2.16) −1.77 (−2.21)
7Fe + 3C 4Fe + 2C −1.76 (−2.13) −1.77 (−2.16)
8Fe + 4C 4Fe + 2C −1.70 (−2.07) −1.77 (–2.26)

(0 0 1) 21 26
5Fe + 3C 4Fe + 1C −1.62 (−1.95) −1.79 (−2.19)
6Fe + 4C 4Fe + 1C −1.68 (−2.02) −1.82 (−2.23)
6Fe + 4C 4Fe + 2C −1.67 (−2.00) −1.81 (−2.22)

(0 1 0) 33 35
6Fe + 2C 3Fe + 1C −1.91 (−2.22) −2.00 (−2.45)
6Fe + 2C 4Fe + 1C −1.95 (−2.30) −1.90 (−2.35)
8Fe + 3C 3Fe + 1C −1.94 (−2.22) −1.91 (−2.22)
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ig. 2. Top and front views of Fe3C(1 0 0) (a); Fe3C(0 0 1) (b); and Fe3C(0 1 0)
c) in a p(1 × 1) unit cell.

In order to describe the interaction between CO and Fe3C,
e defined the adsorption energy in the following equa-

ion: Eads = [E(nCO/slab) − (E(slab) + E(nCO))]/n, where the
rst term is the total energy for the slab with chemisorbed CO on

he surface, the second term is the total energy of the bare slab.
he third term is the total energy of free CO and n is the num-
er of adsorbed CO molecules. Therefore, the more negative
he Eads, the more stable the adsorbed structure. Since revised
erdew–Burke–Ernzerhof (RPBE) can obtain better adsorption
nergies [48,65–67], single point energy corrections were per-
ormed to all of the structures at the RPBE level. In the following
ections, we use the RPBE energies for discussion, and the PW91
alues are provided for comparison. To understand the bonding
ature of the adsorbed CO on Fe3C, detailed analyses of elec-
ronic structure on the basis of density of state were carried
ut.

As shown in Fig. 2, the Fe3C(1 0 0) model is a slab consisting
f seven Fe layers and three C layers (7Fe + 3C). In our calcula-
ion, the bottom four Fe layers and one C layer (4Fe + 1C) were
xed in their bulk positions, while the top three Fe layers and two
layers (3Fe + 2C) were allowed to relax. The first layer is com-

osed of Fe atoms, and the second is composed of one exposed
and two exposed Fe atoms. The third layer is composed of two

e atoms and is also exposed to the surface. A k-point sampling
as performed using 3 × 4 × 1 Monkhorst-Pack meshes for the
nit cell. In addition, the layer thickness and CO adsorption
nergies are tested in Table 2. It is found that a slab of seven Fe
ayers and three C layers (7Fe + 3C) under the relaxation of the
op four Fe layers and two C layers (4Fe + 2C) results in energy
hange of −0.02 and 0.00 eV for 7 and 8, respectively. A slab
f eight Fe layers and four C layers (8Fe + 4C) under relaxation
f the top four Fe layers and two C layers (4Fe + 2C) results in
nergy change of 7 and 8 by 0.04 and 0.00 eV, respectively.

As shown in Fig. 2 and Table 2, Fe3C(0 0 1) model has five
e layers and three C layers (5Fe + 3C), in which the bottom one

e layer and two C layers (1Fe + 2C) were fixed in their bulky
ositions, while the four Fe layers and one C layer on the top
4Fe + 1C) were allowed to relax. The top layer of Fe3C(0 0 1)
as one Fe, while the second layer contains two Fe atoms and

f
a
o

Total layer numbers.
b Relaxed layer numbers.
c PW91 values in parentheses.

ne C atom. The third, fourth and seventh layers are Fe layers
ith two, one and three Fe atoms, respectively, while the fifth

nd sixth layers are composed of only one C atom. A 4 × 3 × 1 k-
oint sampling within the Brillouin zone was used in the p(1 × 1)
nit cell. A model system with six Fe layers and four C layers
6Fe + 4C) under the relaxation of the four Fe layers and one C
ayer on the top (4Fe + 1C) has a change in adsorption energy
f 21 and 26 by −0.06 and −0.03 eV, respectively. A model
ystem with six Fe layers and four C layers (6Fe + 4C) under
he relaxation of the four Fe layers and two C layers on the top
4Fe + 2C) has the change in adsorption energy of 21 and 26 by
0.05 and −0.02 eV, respectively.
As shown in Fig. 2, the Fe3C(0 1 0) slab is composed of six

e layers and two C layers (6Fe + 2C) with a p(1 × 1) surface
nit cell. The bottom two Fe layers and one C layer (3Fe + 1C)
ere fixed in their bulk positions, while the top three Fe layers

nd one C layer (3Fe + 1C) were allowed to relax. The top and
hird layers are only composed of Fe atoms, while the ratio of
ron and carbon is 1:1 in the second layer and the C atoms are
overed or hidden under the top Fe layer. A k-point sampling
f the 4 × 4 × 1 Monkhorst-Pack meshes for the unit cell was
sed. A slab of seven Fe and two C layers (6Fe + 2C) under the
elaxation of the top three Fe layers and one C layer (4Fe + 1C)
as a change in adsorption energies for 33 and 35 by −0.04 and
.10 eV, respectively. A model system with eight Fe layers and
hree C layers (8Fe + 3C) under the relaxation of the three Fe
ayers and one C layers on the top (3Fe + 1C) has a change in
dsorption energy for 33, 35 by less than −0.10 eV (Table 2).

. Results

.1. CO adsorption on Fe3C(1 0 0)
As shown in Fig. 3, there are ten stable structures (1–10)
or the adsorbed CO on Fe3C(1 0 0) at 1/5 ML. The computed
dsorption energies, structural parameters, and the occupancy
f C 2p orbital are listed in Table 3. In 1–4, CO absorbs on
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Fig. 3. Adsorption stru

he top sites. CO binds with one surface Fe atom in 1–3, but
ith the only surface C atom in 4. The adsorption energies of
–3 (−1.73, −1.60 and −1.74 eV, respectively) are higher than
hat of 4 (−1.47 eV). The C–O bond lengths of 1–4 are 1.173,
.168, 1.175 and 1.179 Å, respectively, longer than that of free
O (1.144 Å).

In 5–7, CO absorbs at a two-fold site. In 5 and 6, CO bonds

ith two Fe atoms, but with one Fe and one C in 7. The adsorp-

ion energies of 5 and 6 (−1.69, −1.74 eV) are higher than that
f 7 (−1.44 eV). The C–O bond lengths in 5–7 are 1.183, 1.186
nd 1.199 Å, respectively. In 8, CO absorbs at a three-fold site

e
r
e

of CO on Fe3C(1 0 0).

three Fe atoms), and the adsorption energy is −1.77 eV. The
–O length of 8 is 1.204 Å. In 9 and 10, CO absorbs on four-

old sites formed by three Fe atoms and one C atom, and the
atom bonds to one Fe atom, forming surface ketenylidene

CCO). The adsorption energies of 9 and 10 are −1.69 eV. The
–O length of both 9 and 10 is 1.288 Å, being much longer than

hose of other absorbed structures.

By increasing coverage from 1/5 to 2/5 ML, the adsorption

nergy decreases, and this is mainly due to the increase in the
epulsion interactions between CO molecules. The adsorption
nergies and structural parameters are also shown in Table 3. In
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Table 3
Adsorption energies per CO (eV), bond parameters (d, Å and θ) and C2p occupancy of CO on Fe3C(1 0 0)

Species ML Eads
a dC–O dFe–C dC–C θb C2p

1 1/5 −1.73 (−2.11) 1.173 1.750 79 2.57
2 1/5 −1.60 (−1.98) 1.168 1.726 79 2.49
3 1/5 −1.74 (−2.07) 1.175 1.747 87 2.58
4 1/5 −1.47 (−1.72) 1.179 1.318 82 2.73
5 1/5 −1.69 (−2.10) 1.183 1.771, 2.182 76 2.67
6 1/5 −1.74 (−2.16) 1.186 1.778, 2.175 76 2.72
7 1/5 −1.44 (−1.74) 1.199 2.027 1.400 87 2.79
8 1/5 −1.77 (−2.21) 1.204 1.910, 2.044, 2.018 84 2.87
9 1/5 −1.69 (−2.13) 1.288 2.156, 2.018, 1.979 1.390 64 2.99

10 1/5 −1.69 (−2.13) 1.288 2.012, 2.160, 2.054 1.389 54 2.97

11 2/5 −1.49 (−1.84) 1.165 1.749 80 2.51
1.166 1.766 80 2.50

12 2/5 −1.53 (−1.88) 1.162 1.793 77 2.45
1.164 1.758 75 2.48

13 2/5 −1.57 (−1.93) 1.164 1.755 51 2.52
1.173 1.800 85 2.61

14 2/5 −1.51 (−1.91) 1.160 1.748 80 2.46
1.208 1.902, 2.017, 1.985 80 2.87

15 2/5 −1.59 (−1.98) 1.168 1.766 81 2.58
1.267 2.216, 1.986, 2.093 1.390 56 2.98

16 2/5 −1.58 (−1.98) 1.168 1.765 69 2.58
1.271 2.079, 2.150, 2.026 1.394 31 2.99

17 2/5 −1.49 (−1.89) 1.169 1.781 52 2.57
1.263 1.959, 2.126, 2.123 1.383 57 2.99

18 2/5 −1.54 (−1.94) 1.175 1.793 39 2.64
1.265 1.988, 2.058, 2.173 1.385 57 2.99

19 2/5 −1.28 (−1.78) 1.263 2.004, 2.014, 2.192 1.372 56 3.01
1.314 1.884, 1.993, 2.067 1.393 46 2.97

20 2/5 −1.22 (−1.71) 1.263 2.044, 2.023, 2.082 1.400 59 3.00
1.306 1.908, 2.033 1.420 49 2.92

1
t
1
s
a
a
−
C
C
r
b
r
c
o
F

F
a
6
1

a Values in parentheses are derived from the PW91 functional.
b Angle between the CO axis and the y axis.

1–13, both CO molecules adsorb on top sites, and their adsorp-
ion energies are −1.49, −1.53 and −1.57 eV, respectively. In
4, one CO occupies a top site and another CO on a three-fold
ite, and the adsorption energy is −1.51 eV. In 15–18, one CO
bsorbs on a top and another one on a four-fold site (three Fe
toms and one C atom), and the adsorption energies are −1.59,
1.58, −1.49 and −1.54 eV, respectively. In 19 and 20, both
O molecules absorb on four-fold sites (three Fe atoms and one
atom), and their adsorption energies are −1.28 and −1.22 eV,

espectively. The adsorption energies of 12–18 are very close,
ut stronger than those of 19 and 20. This indicates the increased
epulsive interaction of the four-fold adsorption with increased
overage. Experimentally Guczi [68] found the co-existence
f molecularly adsorbed CO on carbide surfaces during
TS.

Further insights into the bonding mechanism of CO on

e3C(1 0 0) can be obtained by analyzing the DOS of the
dsorbed CO molecules. Fig. 4 shows the computed DOS for 1,
, 8 and 10. The 5� orbital of free CO is at the Fermi level. For
, the 5� orbital of adsorbed CO shifts downward to −6.27 eV
 Fig. 4. DOS of free and adsorbed CO on Fe3C(1 0 0) at 1/5 ML.
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1
for adsorbed CO are listed in Fig. 5 and Table 4. In 21–24, CO
adsorbs on top sites. In 21–23, CO binds with one Fe atom, while
with surface C atom in 24. The adsorption energies of 21–23
(−1.62, −1.58 and −1.64 eV, respectively) are higher than that
Fig. 5. Adsorption stru

nd the 2�* orbital shifts downward to −1.51 eV. The shifts of
� and 2�* are primarily the results of the 5� donation and
�* back-donation [47]. The partial charge transfer leads to the
roadening of the 2�* band with an edge below the Fermi level,
nd the significant elongation of the C–O bond is due to the
nti-bonding nature of the 2�* orbital. In addition, the integral
f the DOS curve is calculated, and the peak next to 2�* rep-
esents more than four electrons (the largest occupancy of the
egenerated 1� is four electrons) [69]. So it is obvious that the
� band shifts downward and overlaps with the 1� band. The
� bond is thought to be localized in the total DOS and does not
ake part in the binding progress. For adsorption on a two-fold
ite in 6, the 2�* orbital of adsorbed CO of shifts downward
o −1.75 eV, and the 5� orbital shifts downward to −6.39 eV.
or adsorption on a three-fold site in 8, the 5� and 2�* orbitals
f 8 shift downward to −6.21 and −1.11 eV, respectively. For
dsorption on a four-fold site in 10, and the peak at −15 eV is
ue to the formation of C–C bond, the peak at about −7.30 eV is
ue to the formation of Fe–O bond. The 2�* orbital of adsorbed
O in 10 shifts downward to −3.72 eV, quite below the Fermi

evel, indicating a very large charge transfer to CO. The stronger
he electron transfer, the stronger the C–O activation [70]. This
esult is in line with the C–O bond length in 10 of 1.288 Å. Mul-
iken population analysis shows that the electron population of
he C 2p orbital of free CO is 1.90 e, while the electron popu-

ation of the C 2p orbital of CO in 10 is 2.97 e, higher than the
lectronic population of C 2p in 1, 6 and 8 (2.57, 2.72 and 2.87 e).
n turn, the C–O bond of 10 is longer than those of other forms.
t has been observed that the C–O bond is largely weakened due
of CO on Fe3C(0 0 1).

o the strong d-2�* back-donation when CO is adsorbed on the
our-fold site on Fe(0 0 1) [71].

.2. CO adsorption on Fe3C(0 0 1)

There are six adsorbed structures of CO on the surface at
/6 ML. The calculated adsorption energies and bond parameters
Fig. 6. DOS of free and adsorbed CO on Fe3C(0 0 1).
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Table 4
Adsorption energies per CO (eV), bond parameters (d, Å and θ) and C2p occupancy of CO on Fe3C(0 0 1)

Species ML Eads
a dC–O dFe–C dC–C θb C2p

21 1/6 −1.62 (−1.95) 1.168 1.748 88 2.53
22 1/6 −1.58 (−1.94) 1.167 1.758 80 2.53
23 1/6 −1.64 (−1.96) 1.168 1.750 89 2.54
24 1/6 −0.94 (−1.15) 1.178 1.320 78 2.71
25 1/6 −1.67 (−2.00) 1.178 1.819, 2.185 66 2.67
26 1/6 −1.79 (−2.19) 1.209 2.276, 1.913, 1.972, 2.297 78 2.89

27 1/3 −1.57 (−1.94) 1.167 1.762 82 2.51
1.168 1.765 83 2.53

28 1/3 −1.59 (−1.94) 1.165 1.700 76 2.53
1.175 2.166, 1.798 68 2.65

29 1/3 −1.58 (−1.96) 1.164 1.756 89 2.48
1.175 2.250, 1.773 74 2.61

30 1/3 −1.52 (−1.91) 1.163 1.764 75 2.47
1.203 2.012, 2.169, 1.861 78 2.85

31 1/3 −1.53 (−1.91) 1.163 1.763 80 2.48
1.203 1.859, 2.015, 2.171 77 2.85

32 1/3 −1.38 (−1.68) 1.171 1.321 82 2.64
1.208 1.888, 1.987, 2.272 82 2.87

o
1
a
b
s
C
f

s
o

a Values in parentheses are derived from the PW91 functional.
b Angle between the CO axis and y axis.

f 24 (−0.94 eV). The C–O bond lengths of 21–24 are 1.168,
.167, 1.168 and 1.178 Å, respectively. In 25, CO is absorbed on
two-fold site and the adsorption energy is −1.67 eV. The C–O

ond length of 25 is 1.178 Å. In 26, CO adsorbs on a four-fold
ite, and the adsorption energy (−1.79 eV) is the highest and the
–O band length of 26 (1.209 Å) is the longest in all adsorbed

orms at 1/6 ML.

a
I
a
s

Fig. 7. Adsorption structures
At the 1/3 ML coverage, both CO molecules adsorb on top
ites in 27, and the adsorption energy is −1.57 eV. In 28 and 29,
ne CO adsorbs on a top site and another one on a two-fold site,

nd the adsorption energy is −1.59 and −1.58 eV, respectively.
n 30 and 31, one CO absorbs on a top site and another one on
three-fold site, while in 32 one CO adsorbs on a three-fold

ite and another one on the top site of the surface carbon. The

of CO on Fe3C(0 1 0).
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Fig. 8. DOS of free and adsorbed CO Fe3C(0 1 0) at 1/3 ML.

dsorption energies of 30–32 are −1.52, −1.53 and −1.38 eV,
espectively.

The DOS of adsorbed CO of 21, 25 and 26 is shown in Fig. 6.
ll the bands of the adsorbed CO shift downward. The 5� band
f the adsorbed CO shifts below −6.0 eV and overlaps with the
� band. The 2�* orbital is broadened by the partial charge
ransfer and shifts below the Fermi level. The 5� and 2�* bands
f 21 shift downward to −6.32 and −1.37 eV respectively. In 25
nd 26, 5� band shifts downward to −6.30 and −6.48 eV, and
�* band shifts downward to −1.30 and −1.75 eV, respectively.
imilarly, the 5� donation is important for CO adsorption on
iC [72]. For comparison, the site of 2�* band in 26 is lower

han that in other forms at this coverage. This result consists with
he fact that the C–O bond of adsorbed CO of 26 is the longest
1.209 Å) at this coverage. As given in Table 4, the electronic
opulation of C 2p orbital in 26 (2.89 e) is higher than those in
1–25. As a result, the C–O bond length in 26 is longer than
hose in 21–25.
.3. CO adsorption on Fe3C(0 1 0)

Since the carbon atoms are buried under iron atoms on
e3C(0 1 0), CO can only adsorbs on surface Fe. There are five

a
T
c
w

able 5
dsorption energies per molecule (eV) and structures (d, Å and θ) and C2p occupanc

pecies ML Eads
a dC–O

3 1/3 −1.91 (−2.22) 1.168
4 1/3 −1.91 (−2.21) 1.168
5 1/3 −2.00 (−2.45) 1.176
6 1/3 −2.03 (−2.46) 1.174
7 1/3 −2.00 (−2.49) 1.200

8 2/3 −1.75 (−2.12) 1.160
1.160

9 2/3 −2.00 (−2.43) 1.180
1.181

a Values in parentheses are derived from the PW91 functional.
b Angle between the CO axis and y axis.
ysis A: Chemical 269 (2007) 169–178

table structures (33–37) on this surface at 1/3 ML. The com-
uted bond parameters are listed in Fig. 7 and in Table 5. At
/3 ML, there are two top adsorbed forms (33, 34), two two-
old forms (35, 36) and one three-fold forms (37). In 33–37, the
O adsorption energies of 33 and 34 (−1.91 eV) are the lowest,
hile that of 36 (−2.03 eV) is the highest at this coverage. The
–O bond lengths in 33 and 34 (1.168 Å) are the shortest among
3–37, while that in 37 (1.200 Å) is the longest. When the cov-
rage of CO increases to 2/3 ML, there are two stable structures
38 and 39). In 38, CO adsorbs on top sites, and the adsorption
nergy is −1.75 eV. In 39, CO adsorbs on a two-fold site, and
he adsorption energy is −2.00 eV.

The DOS of CO in 33, 35 and 37 is shown in Fig. 8. In 33,
he 5� and 2�* orbitals shift downward to −6.01 and −1.00 eV,
espectively. In 35, 5� orbital shifts downward to −6.09 eV,
nd 2�* orbital shifts downward to −1.16 eV. In 37, 5� and
�* bands shift downward to −6.01 and −1.51 eV, respec-
ively. The site of 2�* orbital in 37 is the lowest among 33,
5 and 37. As shown in Table 5, the electronic population of
2p orbital in 37 (2.86 e) is the largest among 33–37. Accord-

ngly, the C–O bond length in 37 is the longest among 33–37.
he large charge transfer to CO leads to the weakened C–O
onds.

. Summary and discussion

CO adsorption on the Fe3C(1 0 0), (0 0 1) and (0 1 0) sur-
aces at different coverages has been investigated on the basis
f density of functional theory calculations. For CO adsorption
n Fe3C(1 0 0), (0 0 1), and (0 1 0), there are various adsorption
tructures, and new species ketenylidene (CCO). Thus, we com-
are the adsorption energy and C–O bond activation on the three
urfaces.

When CO (1/5 ML) is only bonded with surface Fe atom, the
ighest adsorption energy are −1.77 eV (8) on (1 0 0) at three-
old, −1.79 eV (26) on (0 0 1) at four-fold, and −2.03 eV (36) on
0 1 0) at two-fold, respectively. The C–O bond lengths in 8, 26
nd 36 are 1.204, 1.209 and 1.174 Å, respectively. Thus, the CO

dsorption energy on (0 1 0) is the highest among three surfaces.
hese differences are mainly due to the surface structure and
omposition, e.g. (1 0 0) and (0 01 ) have surface carbon atoms,
hile (0 1 0) surface has only surface iron atoms.

y of CO on the Fe3C(0 1 0) surface

dFe–C θb C2p

1.764 89 2.55
1.766 87 2.54
1.783, 2.382 88 2.63
1.779, 2.433 87 2.58
1.964, 2.102, 1.912 67 2.86

1.801 68 2.44
1.801 75 2.50

2.173, 1.802 61 2.76
1.814, 2.044 61 2.76
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Table 6
Comparison of the largest adsorption energies for CO adsorbed on Fe, Fe5C2

and Fe3C at low coverage

Surface Method Site Eads (eV) qCO (e)a Ref.

Fe
(1 0 0) RPBE Four-fold −1.49 [79]

PBE Four-fold (−2.08)
PW91 Four-fold [−2.03] [80]
Expt. −1.11 [79,81]

(1 1 0) RPBE Top −1.58 [82,83]
PBE Top (−1.88)
PW91 Top [−1.95]
Expt. −1.24 [82,84]

(1 1 1) RPBE Shallow–hollow −2.08 −0.46 [85]
PBE (−2.45) [69]

Fe5C2

(1 0 0) PBE Three-fold (−2.21) −0.52 [34]
(0 0 1) PBE Three-fold (−2.10) −0.45
(1 1 0) PBE Three-fold (−2.34) −0.54

Fe3C
(1 0 0) RPBE Three-fold −1.77 −0.57 This work

PW91 [−2.21]

(0 0 1) RPBE Four-fold −1.79 −0.57
PW91 [−2.19]

(0 1 0) RPBE Two-fold −2.03 −0.32
PW91 [−2.46]

t
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It is interesting to note the four-fold (9 and 10) CO adsorp-
ion with the formation of surface ketenylidene (CCO) species on
1 0 0), which may be the precursor of CO dissociation. Indeed,
oseph et al. confirmed the existence of the ketenylidene func-
ionality by 13C NMR spectroscopy, and proposed the migration
f a carbon monoxide onto the exposed carbide atom to form a
etenylidene [73]. The existence of C C O has been verified
y a recent in situ IR spectra study of CO adsorbed on fresh �-
o2C [74]. In addition, similar surface species of N C O on the

-Mo2N(1 0 0) surface was proposed both experimentally [75]
nd theoretically [76]. That the surface C–C bonds are important
or exchange of carbon and the C–C coupling on the surfaces in
TS has been verified by Stockwell et al. with 13C traces [77],
nd they found that surface carbon atoms of carbide catalysts
re incorporated into the FTS products. Furthermore, Jiang et
l. found that carbonaceous species forms on the Fe/Mn surface
hen some surface Fe atoms are converted to iron carbide, and

he carbonaceous species shields the detection of the Fe sites by
robe adsorption [78]. All these indicate that the participation of
urface C sites plays an essential role in many reactions on metal
arbide surfaces. At higher CO coverage (2/5 ML), the most
table configurations have both four-fold and atop adsorbed CO
olecules. In addition, 9 and 10 are very close to 8 in adsorption

nergy, indicating the possible co-existence or equilibrium.
For CO adsorbed at surface carbon atoms at atop sites, the

dsorption energy is −1.47 eV (4) on Fe3C(1 0 0) and −0.94 eV
24) on Fe3C(0 0 1) surfaces. The corresponding C–O bond
engths are 1.179 and 1.178 Å, respectively. Compared to CO
dsorption on surface Fe, CO adsorption at atop carbon atoms
s not favored. This is in agreement with CO adsorption on the

o- and C-terminated �-Mo2C(0 0 0 1) surfaces [48], e.g. the
ighest adsorption energy is −2.23 eV on the Mo-terminated
urface, and only −1.74 eV on the C-terminated surface.

Although Fe3C(1 0 0) and Fe3C(0 0 1) have surface carbon,
hey differ in adsorption structures and energies. At low cover-
ge, the most stable adsorption has three-fold CO on Fe3C(1 0 0),
nd four-fold CO on Fe3C(0 0 1). In addition, Fe3C(1 0 0)
lso has four-fold adsorbed CCO species, while Fe3C(0 0 1)
oes not. At higher coverage, the most stable adsorption on
e3C(0 0 1) has atop, two-fold, and three-fold adsorbed CO
olecules.
In contrast, the Fe3C(0 1 0) surface has only iron atoms. At

/3 ML, all adsorption structures with adsorbed CO at top, two-
old, and three-fold are close in energy and therefore, they can
o-exist or can be in equilibrium. At 2/3 ML coverage, CO
dsorption on two-fold sites is more favored.

It is to be noted that the computed adsorption energy
or one CO molecule has the order of Fe3C(0 1 0) > Fe3
(1 0 0) > Fe3C(0 0 1), while the surface stability has the order
f Fe3C(0 0 1) > Fe3C(0 1 0) > Fe3C(1 0 0) [35]. For Fe3C(0 0 1)
nd Fe3C(1 0 0) with both surface iron and carbon atoms, the
ess stable Fe3C(1 0 0) has larger adsorption energy, while the
ore stable Fe3C(0 0 1) has smaller adsorption energy. This is

n line with the relationship between stability and reactivity.

It is also interesting to compare the most stable CO adsorption

orms on different Fe and Fe5C2 surfaces with those on Fe3C
Table 6). It shows clearly that at the RPBE level the CO adsorp-

w
w
c

a This value is obtained from the Mulliken charge of the adsorbed CO probe.

ion energies on Fe(1 0 0) and Fe(1 1 0) are overestimated by 0.38
nd 0.34 eV, respectively, as compared with the available experi-
ental data. These differences can be used to scale the computed

esults. It shows also that both RPBE and experiments have the
ame energetic order of Fe(1 1 0) over Fe(1 0 0) by 0.09 and
.13 eV, respectively. On the basis of this agreement, it is con-
luded that Fe(1 1 1) has the strongest CO adsorption energy on
lean Fe surfaces. In addition, the scaled CO adsorption energy
n Fe(1 1 1) should be around −1.7 to −1.8 eV; unfortunately
o experimental data are available yet.

On the basis of the fact that both PBE and PW91 have sim-
lar CO adsorption energies on the clean Fe surface, it is to be
xpected that this relationship can also be extrapolated to the
e5C2 and Fe3C surface. On this basis, CO adsorption on Fe5C2
nd Fe3C should have similar adsorption properties [32,51]. It
hows clearly that both Fe5C2(1 1 0) and Fe3C(0 1 0) surfaces
ith only surface iron atoms have the strongest CO adsorp-

ion energies as compared with the surfaces with both surface
ron and carbon atoms. It is to be noted that CO adsorption
n Fe(1 1 1) has nearly the same adsorption as on Fe3C(0 1 0),
hile those on Fe3C(1 0 0)/Fe3C(0 0 1) and Fe5C2(1 0 0) and
e5C2(0 0 1) are stronger than on Fe(1 0 0) and Fe(1 1 0). Table 6
hows the Mulliken charges of the adsorbed CO. It shows that
ure metallic surfaces with stronger CO adsorption affinity have
ower degree of charge transfer of the adsorbed CO than those

ith both surface iron and carbon atoms. In addition, surfaces
ith both surface iron and carbon atoms have a close degree of

harge transfer of the adsorbed CO.
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