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a  b  s  t  r  a  c  t

First-principles  calculations  based  on  density  functional  theory  have  been  performed  to  elucidate  the
reaction  mechanism  for  ethylbenzene  dehydrogenation  and  the  role  of  CO2 in  H  removal.  On  the  basis
of  the  experimental  information  and  theoretical  prediction,  three  model  surfaces  with  Fe-,  ferryl-  and  O-
termination  are  constructed  to represent  the  active  Fe2O3(0 0 0 1)  surface.  The  calculated  results  indicate
that on  all  of the  three  surfaces  the  C–H  activation  in the  methylene  group  followed  by the  dehy-
drogenation  of  the methyl  group  is kinetically  more  favorable.  The  energy  barriers  for  ethylbenzene
dehydrogenation  are  lowest  on  the O-terminated  surface,  but  the  generated  styrene  is adsorbed  too
strongly  to be released.  As  CO2 decomposition  and  the  formation  of  HCOO  are  hindered  by  the  relatively
O2

e2O3(0 0 0 1)

high  activation  energies,  CO2 cannot  serve  as  the  oxidant  to recover  the O- and  ferryl-terminated  sur-
faces  to keep  the  redox  cycle.  At  the  steady  state  of  the  reaction  the coupling  mechanism  dominates  on
the  Fe-terminated  surface,  with  the synergistic  effect  between  ethylbenzene  dehydrogenation  and  the
reverse  water–gas  shift  reaction.  Since  the  energy  barrier  for  the  formation  of COOH  is  comparable  to  that
for H2 formation,  both  the  one-step  and  two-step  pathways  are  predicted  to contribute  to  the  coupling
mechanism,  although  the  former  is  more  probable.
. Introduction

The dehydrogenation of ethylbenzene to produce styrene is an
mportant industrial process, which is carried out over iron oxide-
ased catalyst at temperatures around 870 K in the presence of
team. As this commercial process consumes a large amount of
nergy, CO2 is recently used instead as the co-feed gas, which is
elieved to be energy-saving and environmentally friendly. Fur-
hermore, through the coupling of ethylbenzene dehydrogenation
ith the reverse water–gas shift reaction, the ethylbenzene conver-

ion can be significantly improved, arising from the simultaneous
ydrogen elimination [1–4].

Two mechanisms, namely the coupling mechanism and the
edox cycle mechanism, are traditionally proposed for ethylben-
ene dehydrogenation in the presence of CO2, as illustrated in Fig. 1.
n the coupling mechanism, the generated H atoms through the
ehydrogenation of ethylbenzene react with CO2 to produce OH,

OOH or HCOO which further combines with H to form H2O. Alter-
atively, the detached H atoms first combine to produce H2, and
hen H2 is dissociated to yield H atoms for the subsequent reverse

∗ Corresponding authors. Tel.: +86 21 64253072; fax: +86 21 64253528.
E-mail addresses: gxiongy@ecust.edu.cn (X.-Y. Gu), yanzhu@ecust.edu.cn
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381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.05.002
© 2011 Elsevier B.V. All rights reserved.

water–gas shift reaction. These two  pathways are generally called
one-step and two-step pathways [5,6].

In the redox cycle mechanism, the H atoms in ethylbenzene are
abstracted by lattice O atoms to form H2O, leading to the reduction
of catalyst surfaces. Then CO2 is decomposed to compensate for
surface O to keep the catalyst activity and achieve the reaction cycle.

Some experimental efforts have been devoted to interpreting
the mechanism for this coupling system. Badstube et al. [7] investi-
gated the dehydrogenation of ethylbenzene over iron oxide catalyst
supported on activated carbon in the presence of CO2. Apart from
styrene, benzene, and toluene, CO and H2O were captured with
the constant molar ratio of 0.8 during the process. Comparing the
experimental data to the postulated mechanisms, they believed
that both the reverse water–gas shift reaction and the redox cycle
mechanism make contributions to ethylbenzene dehydrogenation.
Likewise, Chang et al. [8] examined the beneficial effect of CO2
on the dehydrogenation of ethylbenzene to styrene over zeolite-
supported iron oxide catalyst. Styrene, H2O, CO, and a small amount
of H2 were produced. As shown in Fig. 1, the coupling mecha-
nism succeeds in accounting for the formation of H2 while the
detected CO and H2O may  be yielded either through the decom-

position of CO2 followed by H abstraction from ethylbenzene by
surface O or via the reverse water–gas shift reaction. Hence, they
proposed that both the coupling and redox cycle mechanisms are
probable.

dx.doi.org/10.1016/j.molcata.2011.05.002
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:gxiongy@ecust.edu.cn
mailto:yanzhu@ecust.edu.cn
dx.doi.org/10.1016/j.molcata.2011.05.002
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ig. 1. Two reaction mechanisms for ethylbenzene dehydrogenation in the presence
f  CO2.

However, some groups suggested that only one of the two
echanisms is dominant in this process. Sun et al. [9] have exam-

ned the dehydrogenation of ethylbenzene over a series of Fe
nd V supported catalysts in the presence of CO2 by means of
emperature-programmed desorption. The experimental data indi-
ated that the ethylbenzene conversion is associated with the
onversion of CO2, and that there exists a synergistic effect between
thylbenzene dehydrogenation and the reverse water–gas shift
eaction. In addition, CO2 was considered to be activated through
ither basic or redox sites, and both the one-step and the two-step
athways were proposed. In contrast, Sugino et al. [2] investigated
thylbenzene dehydrogenation over activated carbon-supported
ron oxide catalyst by X-ray diffraction analysis. They found the
mounts of CO and H2O produced during the reaction agree well
ith the amount of styrene, indicating a redox cycle as follows: (1)

attice O atoms abstract H from ethylbenzene to give styrene; (2)
O2 oxidizes O defects in the iron oxide phase.

Thus, while many attempts have been made to elucidate the
echanism for ethylbenzene dehydrogenation in the presence of

O2, the way how CO2 is activated and the role of CO2 activation in
 removal are still under debate.

On the other hand, the active centers for ethylbenzene dehy-
rogenation and CO2 activation remain elusive as well. Iron oxide
atalyst has been extensively applied in the dehydrogenation of
thylbenzene, which shows an excellent performance [5–7,10–15].
hu et al. [16] has investigated the dehydrogenation of ethyl-
enzene over potassium-promoted iron oxide-based catalyst with
igh time resolution using on-line mass spectroscopy, and claimed
hat the fully oxidized iron phases containing only Fe3+ ions are
esponsible for the high catalytic activity. However, Kuhrs et al.
17] suggested that while Fe3O4 is inactive towards this reaction,
n induction period is necessary before Fe2O3 becomes active.
imilarly, Weiss et al. [18–20] investigated ethylbenzene dehy-

rogenation over single-crystalline iron oxide model catalyst films
rown epitaxially onto Pt(1 1 1) substrates. It was found that atomic
urface defects act as the active centers, whereas Fe3O4(1 1 1) is
lways inactive.
ysis A: Chemical 344 (2011) 53– 61

In this contribution, first-principles calculations based on den-
sity functional theory (DFT) are performed to explore ethylbenzene
dehydrogenation in the presence of CO2 on the Fe-, ferryl- and
O-terminated Fe2O3(0 0 0 1) surfaces. Firstly, on the basis of the
experimental information, three models are constructed for the
three surfaces. Secondly, the adsorption energies of the reaction
intermediates and the activation energies for the elementary steps
involved are calculated to elucidate the dominant active surface
and reaction pathway. Finally, we  conclude by discussing the impli-
cation of our results for understanding the reaction mechanism
for ethylbenzene dehydrogenation and the key role of CO2 in H
removal.

2. Computational details

The first-principles calculations have been performed by the
VASP code [21–23].  The generalized gradient approximation func-
tional proposed by Perdew et al. was  used [24]. The interactions
between valence electrons and ion cores are represented by Blöchl’s
all-electron-like projector augmented wave method (PAW) [25],
which regards the d7s1 states as the valence configuration for Fe,
s2p4 for O and s2p2 for C. A plane wave energy cutoff of 400 eV was
used in the present calculations. Geometries were relaxed using the
conjugate gradient algorithm [26] until the forces on all the uncon-
strained atoms are less than 0.03 eV/Å. There is a magnetic element
(Fe) involved in the system, and therefore spin-polarized effect has
been considered. The calculations performed by Bergermayer [27]
showed that surface magnetism plays a key role in the quantitative
description of total energy.

�-Fe2O3 has a hexagonal close-packed structure of slightly dis-
torted O, with 2/3 of the interstitial octahedral sites being occupied
by Fe ions [28]. It is very stable and often the end form of the
transformation of other iron oxides. DFT calculations have been
previously carried out to explore the geometry of �-Fe2O3 [29,30],
and through the surface energy calculations it was found that the
(0 0 0 1) surface is most stable [19].

Starting from bulk �-Fe2O3, several terminations are possi-
ble to derive the (0 0 0 1) surfaces. The previous theoretical work
indicated that at low O chemical potential (i.e., low O2 partial pres-
sure or high temperature), the Fe-terminated surface shown in
Fig. 2(a) is found to be the most stable surface, whereas at high
O chemical potential the (0 0 0 1) surface of hematite is completely
covered with O atoms [the O-terminated surface shown in Fig. 2(b)]
[27,31–33].

Experimentally, the (0 0 0 1) surface has been characterized in
detail under ultra high vacuum, indicating that both the Fe- and O-
termination can be observed with a somewhat complex mixture of
surface phases existing under different temperatures and O2 partial
pressures [34,35].  On the other hand, Chambers et al. [36] investi-
gated the termination of the epitaxial �-Fe2O3(0 0 0 1) prepared by
oxygen–plasma-assisted molecular beam, and claimed that despite
the highly oxidizing conditions the Fe-terminated surface is most
stable.

Besides, a ferryl (Fe O) termination which can be regarded as
one special type of defects was  proposed [37–39],  as represented
schematically in Fig. 2(c). Ferryl species are predicted to be active in
the selective oxidation and dehydrogenation reactions, and coexist
with the domains of Fe-termination at certain O2 pressures. Berg-
ermayer et al. [27] claimed that the Fe-terminated surface has the
ability to accept and release O under the thermodynamic conditions
applied in the catalytic oxidation of ethylbenzene, and the shuttling

between the Fe-termination (Fe–O3–Fe) and the ferryl-termination
(O–Fe–O3–Fe) may  play a key role in the reaction mechanism.

As a result, these three surfaces are singled out to investigate
the dehydrogenation of ethylbenzene in the presence of CO2. A
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part of van der Waals interaction, which generally underestimates
the strength of physisorption. Secondly, the realistic surface is far
more complex and includes a large number of surface defects that
perhaps are favorable for ethylbenzene adsorption.

Table 1
The adsorption energies for ethylbenzene, intermediates and styrene on the three
surfaces.

Species Eads (eV)

Fe-terminated Ferryl-terminated O-Terminated
ig. 2. Geometries of Fe2O3(0 0 0 1) with (a) the Fe-termination, (b) the O-terminati

lab model with nine layers (ten layers for ferryl-termination) was
sed to achieve a good balance between the computational cost and
ccuracy. The vacuum gap between two-dimensional periodic slabs
as set as large as 10 Å. A p(2 × 2) supercell and a 2 × 2 × 1 k-point
esh were used. For the Fe-termination and ferryl-termination, the

ottom five layers were fixed, and the top four or five layers as well
s the adsorbates were allowed to relax. For the O-termination, the
ottom six layers were fixed, and the top three layers as well as the
dsorbates were relaxed.

As proposed previously, the DFT–GGA level is adequate to give
he reasonable bond distances and magnetic ordering in bulk iron
xide [27], and therefore it is reasonable to expect that this level
f theory may  also give meaningful geometric and energetic prop-
rties for the surfaces of iron oxide. Thus, LDA + U which is only
mportant in the calculations such as photoemission spectra and
ressure-induced metal–insulator phase transitions of Fe2O3 has
ot been considered in the present work.

The adsorption energy in this work is defined as

Eads = Eadsorbate+sur − Eadsorbate − Esur (1)

here Eadsorbate+sur is the total energy of the Fe2O3(0 0 0 1) surface
ith the adsorbate adsorbed, Eadsorbate the total energy of an iso-

ated adsorbate, and Esur the total energy of the bare Fe2O3(0 0 0 1)
urface. A negative �Eads indicates the adsorption is exothermic.

The dimer method [40] was used to locate transition states, in
hich the saddle point is optimized using a force-based conjugate-

radient method [26] until the maximum force in every degree of
reedom is less than 0.03 eV/Å. The Hessian matrix for the potential
nergy surface was then calculated using finite difference approxi-
ation and diagonalized to find the normal modes of the transition

tate. The adsorbates and the surface atoms to which the adsorbates
re attached were displaced in the direction of each Cartesian coor-
inate while the other surface atoms were kept rigid during these
nite difference calculations. All the transition states have been
erified with only one imaginary vibrational frequency, and the
alculated data can be found in Supplementary Material (see Table
1).

. Results and discussion

.1. Adsorption of ethylbenzene, phenylethyl and styrene

.1.1. Ethylbenzene adsorption
The molecular adsorption of ethylbenzene on the Fe-, ferryl-,

nd O-terminated surfaces was first investigated. Geometry opti-

ization has been performed with the phenyl ring of ethylbenzene

nitially parallel to the surfaces. It was found that the ethylbenzene
olecule is repelled upwards, drifting over all the three surfaces.

he most stable adsorption configurations and the corresponding
d (c) the ferryl-termination. Fe atoms are colored blue, and O atoms are colored red.

adsorption energies of ethylbenzene are given in Fig. 3(a)–(c) and
Table 1, respectively.

In the energetically favorable adsorption configuration of ethyl-
benzene on the Fe-terminated surface, the ortho-carbon atom of
the phenyl ring points towards the Fe surface atom, with the Fe–C
distance of 2.38 Å. Because of the formation of the C–Fe bond, the
geometry of the molecule is slightly tilted, and the corresponding
adsorption energy is highest among the three surfaces.

On the ferryl-terminated surface, the most stable adsorption
configuration of ethylbenzene is found to be located among surface
O atoms, as shown in Fig. 3(b), indicating that the surface O atoms
are unfavorable for ethylbenzene to be adsorbed. In contrast, the
variation in the ethylbenzene adsorption energies at the different
sites of the O-terminated surface is negligible. However, the high-
est adsorption energy on the O-terminated surface is found to be
equal to that on the ferryl-terminated surface (see Table 1). The
less stable adsorption configurations of ethylbenzene on the three
surfaces and the corresponding adsorption energies are given in
Supplementary Material (Figs. S1–S3 and Tables S2–S4).

Comparing the adsorption energies of ethylbenzene on the three
surfaces, one can see that the binding on the Fe-terminated sur-
face is much stronger than those on the ferryl- and O-terminated
surfaces, indicating that the Fe surface atoms play a key role in
ethylbenzene adsorption. This is supported by the previous experi-
ments [19,41] that the chemisorbed ethylbenzene was  captured on
the Fe-terminated �-Fe2O3(0 0 0 1) or Fe3O4(1 1 1) surface, while
on the O-terminated FeO(1 1 1) surface only the physisorption and
condensation of ethylbenzene were observed. This is because on
the Fe-terminated surface, ethylbenzene is chemisorbed via rather
a strong interaction between the phenyl ring �-electron system
and the acidic Fe surface atoms [20].

On the other hand, the experimentally determined adsorption
energy (0.66 eV) [17,41] is much higher than our calculated values.
Two possible reasons are responsible for this discrepancy. Firstly,
the GGA functional in DFT describes the electrostatic interaction
Ethylbenzene −0.33 −0.11 −0.11
1-Phenylethyl −1.71  −2.31 −2.76
2-Phenylethyl −1.25 −1.63 −1.86
Styrene −0.87  −0.70 −1.92
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ig. 3. Adsorption configurations of ethylbenzene, 1-phenylethyl, 2-phenylethyl, 

erminated surface, and (c), (f), (i), (l) on the O-terminated surface.

.1.2. 1-Phenylethyl (C6H5CH2CH2) and 2-phenylethyl
C6H5CHCH3) adsorption

The 1-phenylethyl and 2-phenylethyl species are two pos-
ible reaction intermediates in ethylbenzene dehydrogenation.
oth the –CH2 fragment in 1-phenylethyl and the –CH– frag-
ent in 2-phenylethyl have one unpaired electron, and can

e readily adsorbed on the surfaces. For each species, sev-
ral adsorption configurations with different binding sites and
rientations of the phenyl ring have been considered (see
igs. S4–S9 and Tables S5–S10 in Supplementary Material). The
ost stable adsorption configurations on the three surfaces are

hown in Fig. 3(d)–(i), and the corresponding adsorption energies
re given Table 1.

From Fig. 3(d)–(i), one can see that on the Fe-terminated sur-
ace the 1-phenylethyl and 2-phenylethyl species bind to surface
e atoms, while on the ferryl- and O-terminated surfaces the lattice

 atoms act as the active sites for adsorption. On the other hand,

he phenyl ring is positioned parallel to the Fe-terminated sur-
ace whereas on the other two surfaces the phenyl ring is repelled
owards vacuum, arising from the sterically hindered O atoms in
he vicinity. With the comparison of the adsorption energies of 1-
yrene (a), (d), (g), (j) on the Fe-terminated surface, (b), (e), (h), (k) on the ferryl-

or 2-phenylethyl over the three surfaces, it is found that the O-
terminated surface is most favorable for both 1- and 2-phenylethyl
adsorption.

3.1.3. Styrene adsorption
Styrene is the target product in ethylbenzene dehydrogenation.

The most stable adsorption configurations on the three surfaces are
shown in Fig. 3(j)–(l), and the corresponding adsorption energies
are given in Table 1. As the vinyl group has a half-saturated double
bond (C C), styrene can be adsorbed via the so-called � or di-�
mode. As shown in Fig. 3(j) and (k), vinyl binds to a surface Fe and
O atom via the � adsorption mode on the Fe- and ferryl-terminated
surfaces, respectively, while the interaction between styrene and
the O-terminated surface is quite strong. In the most stable adsorp-
tion configuration [Fig. 3(l)], the two  carbon atoms of vinyl bind to
two lattice O atoms via the di-� adsorption mode. The less sta-
ble adsorption configurations of styrene on the three surfaces and

the corresponding adsorption energies are given in Supplementary
Material (Figs. S10–S12 and Tables S11–S13).

From Table 1, one can see that the interaction strength between
styrene and catalyst surface decreases from the O- to Fe-, and
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0.72 eV. Eventually, the generated H2 desorbs from the surface with
an energy barrier of 0.18 eV.

Moreover, the possibility of H2 formation starting from the
OH–OH configuration where two H atoms are adsorbed on the
X.-X. He et al. / Journal of Molecular

urther to ferryl-terminated surface. It was reported that the
xperimentally measured adsorption energy of styrene on the
e2O3(0 0 0 1) surface was ∼0.76 eV [17,41]. It is therefore rea-
onable to expect that the Fe- and ferryl-terminated surfaces are
ominant under realistic experimental conditions. Moreover, the
onding of styrene on the Fe-terminated surface is stronger than
hat on the ferryl-terminated surface, merely because the unsatu-
ated C C bond with a polarizable �-electron orbital couples to the
mpty Fe 3d orbital.

.2. Ethylbenzene dehydrogenation on the Fe-terminated surface

.2.1. C–H bond activation
The cleavage of the C–H bond in ethylbenzene can take

lace in either the methyl or methylene group, and the respec-
ive products are the 1-phenylethyl and 2-phenylethyl species.
hus, two dehydrogenation pathways are shown in Fig. 1:

thylbenzene
1−→1-phenylethyl

3−→styrene [denoted as PATH(I)]

and ethylbenzene
2−→2-phenylethyl

4−→styrene [denoted as PATH(
here the superscripts are the sequence numbers of the
ehydrogenation elementary steps.

There are two ways for the first C–H bond-breaking in ethylben-
ene on the Fe-terminated surface. One is the homolytic cleavage
hat usually takes place at the surface O sites. The other is the het-
rolytic splitting that is usually present on the surface with strong
cid–base pairs involved. As the approach of ethylbenzene to sur-
ace O is blocked by the Fe atom positioned between them, the
ossibility of the homolytic cleavage of the C–H bond is disre-
arded on the Fe-terminated surface, and therefore the heterolytic
leavage is focused in the following section.

The potential energy diagrams and the transition states for
ATH(I) are shown in Fig. 4. For the step 1, the C–H bond activa-
ion in the methyl fragment is 0.13 eV endothermic with the energy
arrier of 1.01 eV. Here the activation energy for the step 1 is mea-
ured as the energy difference between the activated complex and
he gaseous ethylbenzene molecule on the bare Fe-terminated sur-
ace because the interaction between ethylbenzene and iron oxide
atalyst is rather weak and for the weakly adsorbed species such
s CH4, the energy barrier for the first dehydrogenation step is rou-
inely defined with respect to the gaseous reactant. At the saddle
oint (TS1 in Fig. 4), the activated H does not move directly to the

 site. Instead, it diffuses to the bridge site between the Fe and
 surface atoms by elongating the C–H bond from 1.10 to 1.54 Å.
he remaining 1-phenylethyl species is located at the Fe site for
he subsequent dehydrogenation along the step 3. As for the step
, the reaction heat and the activation energy are calculated to be
0.34 and 0.93 eV, respectively. At the saddle point (TS3), the C–H
ond is stretched to 1.38 Å while the geometry of the remaining
tyrene resembles the adsorption configuration of isolated styrene,
ndicating the transition state is “late”. One can see that the Fe
urface atom plays a key role in the dehydrogenation of ethylben-
ene on the Fe-terminated surface and serves as the active center.
inally, the energy barrier for styrene desorption is calculated
o be 0.87 eV, which is moderate under the industrially applied
emperature.

Along PATH(II), the energy barrier for the step 2 is 0.88 eV, lower
han that for the step 1. Moreover, in contrast to the step 1, the step

 is exothermic by 0.11 eV. Hence, the activation of the C–H bond
n the methylene group is both kinetically and thermodynamically

ore favorable. For the subsequent dehydrogenation (the step 4),
he energy barrier is calculated to be 1.08 eV and the process is

.10 eV exothermic. Comparing the energy profiles for PATH(I) and
ATH(II) shown in Fig. 4, one can see that the C–H activation in the
ethylene group followed by the dehydrogenation of the methyl

roup, namely PATH(II), is kinetically more favorable.
Fig. 4. Potential energy diagrams and transition states for ethylbenzene dehydro-
genation on the Fe-terminated surface.

3.2.2. H2 formation
The H atoms abstracted from ethylbenzene can be removed with

the formation of H2. The energy profile and the transition state (TS5)
for H2 formation on the Fe-terminated surface are shown in Fig. 5.
In the initial state, two  H atoms are adsorbed on the top of a Fe
and O surface atom. As the reaction proceeds, the H atom of the OH
group bridges the surface Fe and O atoms, with the length of the
formed H–H bond of 1.11 Å. The energy barrier for this elementary
step is calculated to be 1.49 eV, and the reaction is endothermic by
Fig. 5. Potential energy diagram and transition state for H2 formation on the Fe-
terminated surface.
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Fig. 6. Potential energy diagrams and transition states for three 

op of two surface O atoms was also examined, and the calculated
nergy barrier is as high as 2.77 eV, indicating that this pathway is
inetically hindered.

.2.3. CO2 consumption
It was reported that CO2 is likely to promote H removal in ethyl-

enzene dehydrogenation [42]. On the Fe-terminated surface, the
e surface atoms can provide reduction potential for CO2 to be
ecomposed. For example, CO2 molecule perhaps dissociates into
O and O, leading to the partial oxidization of the Fe-terminated
urface or to the binding of O with H. Besides, CO2 may  react with

 to produce COOH or HCOO, which can further combine with H to
roduce H2O following the reverse water–gas shift reaction. Thus,
hese three reaction pathways were predicted to contribute to CO2
onsumption, and the adsorption configurations and energies of
he species involved are given in Supplementary Material (Figs.
13–S22 and Tables S14–S23).

As shown in Fig. 6, the decomposition of CO2 on the Fe-
erminated surface is hindered by a high energy barrier of 2.05 eV.
n the transition state (TS6 in Fig. 6), the C–O bond is elongated from
.17 to 1.89 Å, with the CO and O species jointly adsorbed at the Fe
ite. Once one of the C–O bonds is broken, the energy barrier for CO
esorption is calculated to be 0.98 eV.

The transition state for the formation of the formate species
HCOO) is shown in TS7 of Fig. 6. The H–O bond is stretched to
.28 Å and the newly formed C–H bond is measured to be 1.34 Å.
he energy barrier for the formation of HCOO is calculated to be
.08 eV, and the activation energy for the subsequent decomposi-
ion of HCOO to produce HCO and O is 1.70 eV, with the transition
tate shown in TS8 of Fig. 6. Then it follows that the O atom com-
ines with H to form OH (TS9 in Fig. 6), corresponding to an energy
arrier of 0.65 eV. Alternatively, the O atom can oxidize the Fe-
erminated surface. The overall energy barrier for this pathway
CO2 + 2H → HCOO + H → HCO + O + H → HCO + OH) is found to be
.65 eV, as shown in Fig. 6.

As for the formation of the carboxyl species (COOH), the cor-
esponding transition state is given in TS10 of Fig. 6, where the
–O bond is stretched to 1.27 Å and the formed O–H bond is mea-

ured to be 1.18 Å. The energy barrier for the formation of COOH
s calculated to be 0.53 eV, much lower than that for the forma-
ion of HCOO. The COOH radical is further decomposed into CO

nd OH (TS11 in Fig. 6), and then the OH radical reacts with H to
roduce H2O (TS12 in Fig. 6), with the energy barriers of 1.13 and
.15 eV, respectively. With the comparison of the potential energy
iagrams in Fig. 6, it is reasonable to expect that this reaction path-
on pathways of CO2 consumption on the Fe-terminated surface.

way (CO2 + 2H → COOH + H → CO + OH + H → CO + H2O) is dominant
for CO2 consumption on the Fe-terminated surface, arising from
the lowest overall energy barrier of 1.39 eV. Moreover, the O com-
pensation through the decomposition of CO2 and the formation of
HCOO is predicted to be rather difficult.

Comparing the energy barrier for the third reaction pathway
to activate CO2 with that for H2 formation, one can see that the
presence of CO2 benefits the removal of detached H atoms through
the formation of H2O. However, as there are always inherent lim-
itations in DFT calculations and uncertainties of about 0.1 eV exist
in DFT calculated activation energies, the consumption of atomic
H through H2 formation cannot be ruled out for their comparable
energy barriers. Furthermore, Huang et al. [43,44] claimed that the
O vacancies, and hence the reduced iron, can promote the formation
of H2.

As previously proposed, CO2 could either react with the H
atoms detached from ethylbenzene molecules or combine with the
H atoms derived through the dissociation of molecular H2, cor-
responding to the one-step and two-step pathway [5,6]. On the
Fe-terminated surface, the formation of COOH is kinetically more
favorable than H2 formation, and therefore the one-step pathway
plays a dominant role in the removal of H, though the two-step
pathways are likely to coexist under realistic experimental condi-
tions.

3.3. Oxidative dehydrogenation of ethylbenzene on the
ferryl-terminated surface

3.3.1. C–H bond activation
The ferryl-termination is actually a type of defects on

Fe2O3(0 0 0 1), which can be obtained by oxidizing the Fe-
terminated surface. Its geometry resembles that of the oxides (such
as Cr2O3 and V2O3) with the corundum structure, which is termi-
nated by the active M O (M = Cr, V, etc.) species [45,46]. On the basis
of the aforementioned calculations, the ferryl-terminated surface is
hard to be constructed through the oxidation of the Fe-terminated
surface by CO2. However, it can be attained during the catalyst
preparation or through the oxidation by O2 [27].

The potential energy diagrams and the geometries of the tran-
sition states for PATH(I) and PATH(II) on the ferryl-terminated
surface are given in Fig. 7. The geometries of the transition states

indicate that unlike the catalytic behavior of the Fe-terminated
surface, H is attacked by a lattice O atom following the Mars van
Krevelen mechanism [47] instead on the ferryl-terminated surface.
From a thermodynamic point of view, the oxidative dehydrogena-
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ig. 7. Potential energy diagrams and transition states for ethylbenzene oxidative
ehydrogenation on the ferryl-terminated surface.

ion of ethylbenzene shows no preference for PATH(I) or PATH(II),
rising from the nearly identical stability of the reaction intermedi-
tes. On the other hand, PATH(II) is kinetically preferred to initiate
he C–H bond activation while for the detachment of the second H
tom PATH(I) is more favorable. As the overall energy barriers for
ATH(I) and PATH(II) are 1.29 and 0.79 eV, respectively, PATH(II) is
redicted to be dominant on the ferryl-terminated surface as well.

.3.2. H2O formation
Over the ferryl-terminated surface, the detached H atoms will

e removed in the form of H2O. It is found that the configura-
ion of two H atoms jointly adsorbed on the top of an O surface
tom is 0.25 eV lower in energy than that where the two H atom
re adsorbed separately on the top of two O surface atoms (see
ig. S23 and Table S24 in Supplementary Material). Therefore, the
ehydrogenated H atoms combine with the OH species preferen-
ially, leading to H2O formation. Then, H2O desorption occurs with
n energy barrier of 0.91 eV, and surface O vacancies are simulta-
eously formed.

.4. Oxidative dehydrogenation of ethylbenzene on the
-terminated surface
.4.1. C–H bond activation
The O-terminated surface is another reactive surface with lat-

ice O atoms proposed to be the active centers for dehydrogenation
Fig. 8. Potential energy diagrams and transition states for ethylbenzene oxidative
dehydrogenation on the O-terminated surface.

reactions [17,18]. The potential energy diagrams and the transition
state for the oxidative dehydrogenation of ethylbenzene on the O-
terminated surface are given in Fig. 8. Like the ferryl-terminated
surface, the dehydrogenation reactions follow the Mars van Kreve-
len mechanism. All the four elementary steps are highly exothermic
and release much more heat than those on the other two  surfaces
mentioned above. As there is a linear relationship between the
activation energy for an elementary step and the reaction heat if
entropy effects are neglected (the Brønsted–Evans–Polanyi rela-
tionship) [48], the energy barriers for the dehydrogenation steps
drop sharply. The overall energy barriers for PATH(I) and PATH(II)
are calculated to be only 0.56 and 0.10 eV. However, because of
the strong binding between styrene and the O-terminated surface,
the energy barrier for styrene desorption is as high as 1.92 eV. That
is, the generated styrene molecules are hard to escape from the
O-terminated surface and subject to the further dehydrogenation
to produce byproducts. Meanwhile, it can be seen that on all the
three investigated surfaces, PATH(II) is kinetically more favorable
than PATH(I), i.e., the C–H activation takes place preferentially in
the methylene group of ethylbenzene.

3.4.2. H2O and H2 formation
The removal of the generated H could be achieved via the release

of H2 or H2O on the O-terminated surface. The energy profiles for
producing H2 and H2O are compared in Fig. 9. In the transition
state for H2O formation (TS21), an H atom adsorbed initially at the
O site reacts with an adjacent hydroxyl group to produce H2O.  The
energy barrier for this elementary step is calculated to be 1.35 eV

and the reaction is endothermic by 0.85 eV. Then the formed H2O
is desorbed from the surface and the corresponding energy barrier
is calculated to be 1.16 eV. With the release of H2O, the catalyst
surface is reduced.
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ormation on the O-terminated surface.

Alternatively, two adjacent O–H bonds on the O-terminated sur-
ace are likely to be broken for the H atoms to combine. As shown in
S22 of Fig. 9, the H–O bonds are stretched to 1.51 and 1.64 Å, and
imultaneously the H–H bond length is reduced to 0.85 Å. Owing
o the strong H–O binding, H2 formation is rather difficult, with a
igh energy barrier of 3.62 eV. Thus, it can be seen that the dehy-
rogenated H atoms are removed dominantly in the form of H2O
n the O-terminated surface.

.5. Surface oxidation by CO2

After H2O molecules, and hence surface O vacancies, are pro-
uced, the defective ferryl- and O-terminated surfaces need to be
e-oxidized to keep the reaction cycle, otherwise the catalytic activ-
ty of Fe2O3 would decrease dramatically with O consumption. Saito
t al. [14] claimed that the lattice O atoms of metal oxides are
epleted in the dehydrogenation reactions, and the reduced oxides
an be recovered in the presence of CO2; that is, CO2 may  serve as
he oxidant for the catalyst recovery. On the basis of our calculated
esults, however, the defective ferryl-terminated surface is hard to
e recovered through the oxidation of the Fe-terminated surface by
O2 because the energy barriers for both CO2 decomposition and
he formation of HCOO are kinetically unfavorable, as compared to
hat for the production of COOH.

Then, the O-terminated surface with one O vacancy was used to
nvestigate the O compensation. The adsorption energy of CO2 at
he O vacancy is calculated to be 0.45 eV (see Table S25 in Sup-
lementary Material), with the Fe–O bond lengths of 1.89 and
.09 Å. However, the energy barrier for CO desorption is calcu-

ated to be 2.25 eV, which is too high for CO to be released at the
ndustrially used temperature (∼870 K); that is, CO2 cannot be used
s the oxidant to compensate for the lattice O atoms on the O-
erminated surface. Therefore, both the ferryl- and O-terminated
urfaces are predicted to be rapidly reduced and transformed to
he Fe-terminated surface after the reaction is initiated.

.6. Dominant active surface and reaction mechanism
Comparing the energy barriers for the C–H bond activation
long PATH(II) on the three surfaces (see Fig. S25 in Supplemen-
ary Material), it is apparent that the C–H bond activation on the
-terminated surface is kinetically most favored while the Fe-
ysis A: Chemical 344 (2011) 53– 61

terminated surface is least active with the highest energy barrier.
However, the energy barrier for styrene desorption is 1.92 eV on the
O-terminated surface, which is too high for styrene to be released.
Moreover, the adsorbed styrene may  lead to deep-dehydrogenation
products such as carbon deposition and aromatic, and eventu-
ally deactivate the catalyst [3].  These findings can rationalize the
experimentally observed induction period which is essential before
Fe2O3 becomes active [17]. During this period, while styrene is
yielded over the O-terminated surface, the target product cannot
be detected.

On the other hand, some lattice O atoms are removed with the
release of H2O on the O-terminated surface, and the Fe-terminated
surface is then attained. As evidenced by the aforementioned DFT
calculations, the O- and ferryl-terminated surfaces are hard to be
recovered under CO2 atmosphere, and therefore the redox cycle
cannot be achieved.

When Fe2+ is exposed, the synergistic effect between ethylben-
zene dehydrogenation and the reverse water–gas shift reaction
takes place, and the coupling mechanism dominates during the
steady state of the reaction, leading to the formation of H2O and H2.
As a consequence, after H2O is first released during the induction
period, both H2O and H2 are predicted to be captured at the steady
state, which also agrees well with the experimental observations
[8]. Moreover, considering that the energy barrier for the formation
of COOH is slightly lower than that for H2 formation, the capture
of the small amount of H2 implies that both the one-step and two-
step pathways contribute to the coupling mechanism although the
former is dominant.

4. Conclusions

Spin-polarized DFT–GGA calculations have been performed to
investigate ethylbenzene dehydrogenation in the presence of CO2
on Fe2O3(0 0 0 1). On the basis of the experimental information
and theoretical prediction, three model surfaces with Fe-, ferryl-
, and O-terminations are constructed to reveal the overall reaction
mechanism and the role of CO2 in H removal.

Then, the most stable adsorption configurations of the reactants,
intermediates, and products are identified, and the transition states
for the elementary steps involved have been explored using the
dimer method. The calculated results indicate that on all of the
three surfaces, the C–H activation in the methylene group followed
by the dehydrogenation of the methyl group is kinetically more
favorable. The energy barriers for ethylbenzene dehydrogenation
are lowest on the O-terminated surface, and simultaneously the
generated styrene is adsorbed too strongly to be released. Thus, the
O-terminated surface is suggested to be the active center during the
experimentally observed induction period.

With the production of styrene on the O-terminated
surface, some lattice O atoms are removed through the
release of H2O, and then the Fe-terminated surface is
attained. As CO2 decomposition and the formation of HCOO
(CO2 + 2H → HCOO + H → HCO + O + H → HCO + OH) are hindered
by the relatively high activation energies, CO2 cannot serve as the
oxidant to recover the O- and ferryl-terminated surfaces to keep
the redox cycle.

At the steady state of the reaction, the coupling mechanism
dominates on the Fe-terminated surface. With the synergistic effect
between ethylbenzene dehydrogenation and the reverse water–gas
shift reaction through the formation of COOH, both H2O and H2
are produced. Since the energy barrier for the formation of COOH

(CO2 + 2H → COOH + H → CO + OH + H → CO + H2O) is comparable to
that for H2 formation, both the one-step and two-step pathways are
predicted to contribute to the coupling mechanism, although the
former is more probable.
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