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Abstract Nano-sheets Al2O3 supported CeO2-Fe2O3 binary oxides were prepared by the vacuum

impregnation method. The structural and textural properties were characterized by pertinent tech-

niques, and the materials were evaluated as catalysts for the oxidative dehydrogenation of ethylben-

zene with carbon dioxide (CO2-ODEB). The characterization results show that all samples maintain

the hierarchical structure, and CeO2-like and Fe2O3-like solid solutions were formed when changing

the Ce-to-Fe molar ratio. The catalytic performances indicate that CeO2-Fe2O3 binary oxides were

effective for CO2-ODEB, and the activity is determined by mobile oxygen, which can facilitate the

dehydrogenation process. The DFT studies further identified the reaction pathway and rate-

determining step. The inter-transmission of oxygen species and the presence of CO2 refill the oxygen

vacancies and restore the redox cycle of CeO2-Fe2O3 binary oxides.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Styrene, a very important raw material in the petrochemical
industry, is used in the production of polymers, such as poly-
styrene and styrene-butadiene rubber, amongst many others

(Lee, 1974; Baghalha and Ebrahimpour, 2007). Typically, styr-
ene is produced by dehydrogenation of ethylbenzene, which
requires an exorbitant supply of super-heated steam (Coulter

et al., 1995; Wu et al., 1993). This process consumes a signifi-
cant amount of energy and results in a challenging gas–liquid

phase separation; the equilibrium efficiency is also quite low,
with 79.7% ethylbenzene conversion occurring at the high tem-
perature of 983 K. Due to these drawbacks, the replacement of

steam with CO2 is believed to be energy-saving and theoreti-
cally favorable (Zhao et al., 2007; Kuśtrowski et al., 2006). It
has been reported that the utilization of CO2 can reduce the
required energy input from 6.27 � 106 to 7.9 � 105 kJ�ton�1.

Additionally, an estimation of energy required for steam-
assisted and oxidative dehydrogenation of ethylbenzene sug-
gests that the energy required in case of CO2 utilization was

very less (190 kcal/kg of styrene) compared to that of steam
(1500 kcal/kg of styrene) (Mimura et al., 1998); second, the
CO2 utilization offers several advantages, such as enhancement

of the product selectivity, diminishing of the thermodynamic
limitations, suppression of the over oxidation. Furthermore,
the coupling of oxidative dehydrogenation of ethylbenzene
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with reverse water–gas shift reaction will improve the per-pass
ethylbenzene conversion (Sun et al., 2004). In addition, the
employment of CO2 is environmentally friendly and could

establish a greenhouse gas conversion approach (Ansari and
Park, 2012).

Various catalysts have been investigated for the CO2-

ODEB (Brünig et al., 2018; Diao et al., 2017, 2016; Liu
et al., 2014). Among different type of catalysts, CeO2-based
materials have been extensively designed and used as catalyst

due to the remarkable oxygen storage capacity (OSC) and
enhanced redox properties (Wang et al., 2019a, 2019b; Fan
et al., 2019; Kuntaiah et al., 2013; Kurnatowska et al., 2014;
Zhou and Zhou, 2010). It has been shown that the substitution

of Ce4+ by isovalent ions, like Zr4+ and Hf4+, shows superior
activity, so Ce-Zr solid solution is the most widely investigated
catalyst in CO2-ODEB (Su et al., 2018; Wang et al., 2017a). It

is reported that introducing Zr4+ could lead to better lattice
oxygen mobility and facile reduction of Ce4+, moreover, the
reducible tetravalent ions like Sn4+ and Ti4+ exhibit better

activity than a non-reducible Zr-substitution (Yao et al.,
2013). However, isovalent ions dopants can increase the diffi-
culty in creating oxygen vacancies (Ahn et al., 2012). There-

fore, there is considerable scientific interest in introducing
aliovalent cations into CeO2, such as Gd3+ and Sm3+, as they
can generate extrinsic oxygen vacancies via charge compensa-
tion mechanism (Guo et al., 2011). One possibility is to intro-

duce trivalent ions with similar radius, such as Eu3+, as a
method of altering the characteristics. Another way is incorpo-
rating ions with an undersized radius, like Fe3+, and the

resulting material was also studied in numerous reactions
(Kano et al., 2013; Li et al., 2001; Pérez-Alonso et al., 2005;
Wang et al., 2014). As a well-suited reducible dopant, Fe has

attracted attention because of its unique advantages, easy han-
dling, and low-cost features (Hedayati et al., 2012; Hong et al.,
2010; Liang et al., 2009; Zuo et al., 2013). In particular, the

redox potential of Fe3+ and Fe2+ is 0.77 V, very much lower
than that of Ce4+ and Ce3+, 1.44 eV. (Hedayati et al., 2012).
Zhang et al. proposed that the lattice oxygen in Fe2O3 partic-
ipates in the reaction and reduces Fe3+ to Fe2+, which is then

restored by CeO2 (Zhang et al., 2010). Singh reported the oxy-
gen species in CeO2-Fe2O3 binary oxides were more labile and
Fe dopants into ceria lead to strong structural distortion and

lower oxygen vacancy formation energy, thus to the resulting
catalyst is suited for CO2-ODEB (Kurnatowska et al., 2014).

There are two reported mechanisms for CO2-ODEB. One is

a coupling mechanism, which involves the direct dehydrogena-
tion of ethylbenzene, followed by the reverse water–gas shift
reaction. The other is Mars-van-Krevelen redox mechanism
involving the lattice oxygen (Liu et al., 2011; Mimura and

Saito, 2000). Previous studies suggested CeO2-Fe2O3 binary
oxides align best with the redox mechanism, where ethylben-
zene reacts with mobile oxygen to produce styrene and water,

simultaneously, a stoichiometric amount of oxygen vacancies
is left over the oxide catalyst, which is then replenished by
CO2 to complete the redox cycle. Thus, the amount and

reversibility of mobile oxygen are crucial in determining the
activity.

In this work, an Al2O3 assembled by nanosheets, which pre-

sents the hierarchical structure and reported to be beneficial to
the dispersion and both chemical and thermal stability (Wang
et al., 2017a, 2017b), was used as support to prepare the sup-
ported CeO2-Fe2O3 binary oxides, and evaluated as catalyst
for the possible use in CO2-ODEB. The reaction results
reflected that the activity of the catalysts was correlated with
their structural and redox properties. The physicochemical

properties were then investigated and discussed to reveal the
determining factors in the reaction.
2. Experimental

2.1. Material

Aluminum nitrate nonahydrate (Al(NO3)3�9H2O), cerium
nitrate hexahydrate (Ce(NO3)3�6H2O), and iron nitrate non-

ahydrate (Fe(NO3)3�9H2O) were purchased from Alfa Aesar
(USA), urea (CH4N2O) was purchased from Aladdin (Shang-
hai, China). Catalytic reaction solution of benzene, toluene,

styrene, and were purchased from Sigma-Aldrich (USA). All
the reagents are analytical grade and used directly without fur-
ther purification.

2.2. Catalyst preparation

Nano-sheets of c-Al2O3 were synthesized via a controlled
hydrothermal method according to literature (Abdollahifar

et al., 2014), and labeled as NSA. The synthetic steps are as fol-
lows, 18.75 g of Al(NO3)3�9H2O and 6 g of urea, CH4N2O,
were dissolved in 100 and 30 mL of distilled water, respec-

tively, and magnetically stirred at room temperature to obtain
homogeneous solutions A and B. Then solution B was added
to solution A and stirred at room temperature for 15 min, then

transferred the mixed solution into a 200 mL Teflon-lined
stainless autoclave and heated at 473 K for 24 h under autoge-
nous pressure. After being naturally cool down to room tem-
perature, the precipitate was filtered, washed three times with

distilled water, and finally dried in an oven at 333 K for
24 h, then calcined at 773 K in air for 5 h.

A series of CeO2-Fe2O3 binary oxides with different molar

ratios were loaded onto the supports. The synthesis of
Ce50Fe50/NSA was explained as an example of the detailed
synthesis. 0.43 g Ce(NO3)3�6H2O and 0.42 g Fe(NO3)3�9H2O

were dissolved in 10 mL deionized water, respectively (Ce/Fe
molar ratio = 1.0, Ce + Fe = 0.002 mol), then mixed above
solutions and magnetic stirred for 30 min, then 5.0 g nano-
sheets Al2O3 were dispersed into the solution under stirring,

after 30 min ultrasonic processing, the resulting mixture was
moved to a vacuum rotary evaporator, set to 343 K and 50
round per minute for 10 h. Finally, the obtained solids were

calcined at 873 K in static air for 5 h at the heating rate of
1 K�min�1, leading to the 5 wt% Ce50Fe50/NSA. By simply
changing the amount of Ce(NO3)3�6H2O and Fe(NO3)3�9H2O,

the CexFe(100-x)/NSA (x = 0, 10, 30, 50, 70, 100) was synthe-
sized, using the same procedure and parameters.

2.3. Characterization

Field emission scanning electron microscopy (FESEM) images
were obtained on a Zeiss Supra 55 microscope. Transmission
electrons were recorded on a FEI Tecnai G2-20 S-TWIN.

The surface areas of the materials were determined by the
BET method using an automatic Micromeritics ASAP
2020M. Before measurement, the samples were degassed at
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473 K for 8 h, and the N2 adsorption–desorption was per-
formed at 77 K. X-ray diffraction (XRD) patterns were
recorded on a Rigaku X-ray diffractometer (D/Max 2550VB

+/PC) equipped with Cu/Ka radiation Cu/Ka (40 kV,
30 mA). The samples were scanned from 2h of 10-90� with a
step size of 0.02◦ and a counting time of 2.5 s per step. The

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on a KRATOS Axis Ultra DLD spectrometer with
an Mg Ka radiation from a double anode X-ray source. The

binding energy correction was made using the adventitious C
1s at 284.5 eV as a reference for all the elements recorded.
The reduction behavior of the composite oxides was investi-
gated by hydrogen temperature-programmed reduction

(TPR) in a Micromeritics Autochem 2920 instrument. Firstly,
50 mg of each sample was loaded and flushed with an Ar flow
of 30 mL�min�1 at room temperature for 2 h and then

increased from room temperature to 1273 K at a temperature
ramp rate of 10 K�min�1 under 30 mL�min�1 flow of 10 vol%
H2 in Ar. After condensing the water formed in a liquid N2

trap, the effluent was monitored with a TCD detector. The
spent catalysts were characterized by the thermogravimetric
analysis technique on a Netzsch STA 449 F5 thermo analyzer

system (TA Instruments). The sample (ca. 10 mg) was heated
at a rate of 10 K�min�1 under a constant flow of CO2

(50 mL�min�1)

2.4. Simulation details

The first-principles calculations have been performed by the
VASP code (Kresse and Furthmüller, 1996; Kresse and

Hafner, 1993). The generalized gradient approximation func-
tional proposed by Perdew et al. was used (Perdew et al.,
1996). The interactions between valence electrons and ion

cores are represented by Blöchl’s all-electron-like projector
augmented wave method (PAW), which regards the d7s1 states
as the valence configuration for Fe, s2p4 for O, 4f15d16s2 for

Ce and s2p2 for C (Blöchl, 1994). A plane wave energy cutoff
of 400 eV was used in the present calculations. Geometries
were relaxed using the conjugate gradient algorithm until the
forces on all the unconstrained atoms are less than 0.03 eV/

Å (Sheppard et al., 2008).

2.5. Catalytic reaction procedure

The oxidative dehydrogenation of ethylbenzene with CO2 was
performed in a quartz fixed-bed reactor with an internal diam-
eter of 6 mm, housed inside an electric furnace with three inde-

pendently controlled temperatures zones. The temperature of
the catalyst bed was measured by K-type thermocouple. A frit-
ted quartz disk placed in the center of the reactor was used to

hold the catalyst. Typically, 0.3 g catalyst (40–60 mesh) diluted
with the same amount of quartz sands was loaded into the
reactor, then heating up under N2 flow, when reached the reac-
tion temperature, the catalyst was pre-treated at the reaction

temperature for 30 min under flowing CO2 to remove the phys-
ically absorbed impurities and N2. The analytical grade ethyl-
benzene (99.999% purity) was then introduced into a gasifier

using a HPLC pump at a flow rate of 0.006 mL�min�1, then
the vaporized ethylbenzene carried by CO2 flow was fed into
the reactor. The reaction temperature was 823 K,

P = 0.1 MPa, total flow rate = 25 mL�min�1, CO2/EB molar
ratio = 20, W/F = 4.747 g-cat�h�mol�1. The condensed prod-
ucts, including benzene (BE), toluene (TO), styrene (ST),
and unreacted ethylbenzene (EB), were analyzed on a gas

chromatograph equipped with a DB-1 capillary column
(0.25 mm � 60 m) and an FID detector. The ethylbenzene
conversion and styrene selectivity were calculated based on

the calibrated GC peak areas of the components. The fol-
lowing expressions were used to determine the activity of
different catalysts. The percent conversion for a reactant

(Eq. (1)) and selectivity towards a product (Eq. (2)) were
calculated as:

Ethylbenzene conversion ¼ CEB;inlet � CEB;outlet

CEB;inlet

ð1Þ

Styrene selectivity ¼ CST;outlet

CEB;inlet � CEB;outlet

ð2Þ

CEB, inlet is the ethylbenzene concentration in the feed before
the reaction and CEB, outlet is the ethylbenzene concentration
in the product; CST, outlet is the styrene concentration in the

product.

3. Results and discussion

3.1. Structure of supported CeO2-Fe2O3 binary oxides

To investigate the textural properties of the supported CeO2-
Fe2O3 binary oxides, N2 adsorption–desorption isotherms
were measured and shown in Fig. 1(A). All the isotherms

exhibited IV type behavior with an H3 hysteresis loop, indi-
cating the presence of slit-shaped pores associated with the
unique structure of the support. Clearly, after the loading

of CeO2-Fe2O3 binary oxides, the adsorption volume
decreased when compared to the unloaded support, indicat-
ing that the CeO2-Fe2O3 binary oxides were located in the slit
pores of the nanosheets support. Additionally, in the low rel-

ative pressure range, the uptake of supported samples was
lower than pristine support, which suggested the occupation
of the micropores.

The pore size distributions (PSD) plot, as shown in Fig. 1
(B), further underscored the textural properties. The pore size
distribution curves were determined from the adsorption

branch of N2 isotherms. All the samples showed a similar peak
center at 3–5 nm, together with the presence of broad distribu-
tion consisting of wide mesopores and macropores, which
means the hierarchical porous structure; no significant varia-

tion means the hierarchical structure was maintained after
CeO2-Fe2O3 binary oxides loading.

The physical textural parameters were collected in Table 1.

It was interesting to see that sample Ce0Fe100/NSA lost a lot
of pore volume but kept a relatively high surface area, poten-
tially due to agglomerated FeOx blocked the larger-sized meso-

pores which contribute little to the external surface area, while
the smaller-sized mesopores were left intact (Oh et al., 2017),
this is also supported by the PSD curve. For other samples,

with the increase of Ce content, both surface area and pore
volume decreased, which indicates that CeO2-Fe2O3 binary
oxides were not only located on the outermost surface but also
entered the slit-shaped pores. These changes may be ascribed

to the unique porosity derived from the nano-sheets-like archi-
tecture, since the material can retain the accessibility to the



0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

500

P/P0

V
ol

um
e 

ab
so

rb
ed

 
cm

3 ·g
-1

 NSA
 Ce0Fe100/NSA
 Ce10Fe90/NSA
 Ce30Fe70/NSA
 Ce50Fe50/NSA
 Ce70Fe30/NSA
 Ce100Fe0/NSA

(A)

00101

0.00

0.02

0.04  NSA  Ce0Fe100/NSA   Ce10Fe90/NSA  Ce30Fe70/NSA  
Ce50Fe50/NSA   Ce70Fe30/NSA   Ce100Fe0/NSA

Pore width (nm)

dV
/d

D
 (c

m
3 ·n

m
-1

·g
-1

)

(B)

Fig. 1 (A) N2 adsorption–desorption isotherms and (B) pore size

distributions of NSA and supported CeO2-Fe2O3 binary oxides.
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internal pores and decrease the possibility of blocking, there-

fore providing the potential for high dispersion (Wang et al.,
2017b).
Table 1 Textural properties of NSA and supported CeO2-

Fe2O3 binary oxides.

Catalyst Vtotal [cm
3�g�1] SBET [m2�g�1] Mean pore

diameter [nm]

NSA 0.85 ± 0.04 177.43 ± 8.87 4.32 ± 0.22

Ce0Fe100/

NSA

0.42 ± 0.02 130.41 ± 6.62 3.81 ± 0.19

Ce10Fe90/

NSA

0.51 ± 0.02 119.90 ± 5.99 3.64 ± 0.18

Ce30Fe70/

NSA

0.38 ± 0.01 100.24 ± 5.01 3.62 ± 0.18

Ce50Fe50/

NSA

0.35 ± 0.01 94.89 ± 4.74 3.38 ± 0.17

Ce70Fe30/

NSA

0.33 ± 0.01 107.7 ± 5 0.38 3.41 ± 0.16

Ce100Fe0/

NSA

0.27 ± 0.01 87.7 ± 4.38 3.43 ± 0.17
3.2. Crystal properties

Supported CeO2-Fe2O3 binary oxides and pure Fe2O3/CeO2

loaded crystalline structure after calcination at 873 K was
investigated by XRD, and the spectra are presented in

Fig. 2. The reflections can be assigned either to hematite, a-
Fe2O3 (hexagonal, JCPD 33-0664), or cubic CeO2 (fluorite,
JCPDS 65-5923) (Yin et al., 2012). In Ce0Fe100/NSA, typical
patterns of hexagonal hematite structure were observed, how-

ever, peaks derived from NSA support were weak and
occurred as a bump, this may shed some light on textural prop-
erties discussed above. For Ce10Fe90/NSA, the diffraction

peaks assigned to Fe2O3 showed higher intensity than those
in Ce0Fe100/NSA, and peaks of support occurred, meanwhile,
the cubic CeO2 peaks were missing. With increasing of Ce-to-

Fe molar ratio, the CeO2 peaks were identified and became
stronger, in addition, sample Ce50Fe50/NSA still showed
weak Fe2O3 peaks, while Ce70Fe10/NSA barely exhibited a-
Fe2O3 peaks, with only CeO2 peaks appearing in the spectrum.
It should be noted that the characteristic peak of CeO2 shifted
towards lower 2h position in some samples with the increase of
Ce-to-Fe molar ratio, as shown in the left enlarged portion of

Fig. 2, which, combined with absent Fe2O3 peaks, that may
suggest the formation of solid solution or highly dispersed
Fe2O3 (Zhu et al., 2014, 2013).

To further verify the formation of the solid solution, the
unit cell parameters of each sample were calculated using
Scherrer’s equation (Patterson, 1939) and collected in Table 2.

The spectra from some samples were not suitable to accurately
determine the unit cell parameters due to the low peak intensi-
ties. From Table 2, a shrinkage in CeO2 lattice constants was
observed, indicating a CeO2-like solid solution was initially

formed in Ce30Fe70/NSA, Ce50Fe50/NSA, and Ce70Fe30/
NSA, as some Ce4+ in the CeO2 lattice were substituted by
Fe3+, since the Fe3+ cation size is smaller than Ce4+

(0.0645 and 0.102 Å). On the other hand, increased peak inten-
sity also reflected the increased concentration of CeO2-like
solid solution (Pérez-Alonso et al., 2006). As for the hematite,

the lattice constants also exhibited an increasing trend with the
rising of the Ce-to-Fe molar ratio. This phenomenon can be
explained by the incorporation of Ce cations into the hematite

lattice, leading to the expansion, especially for the parameter c.
Besides, this change can be verified by the shift of hematite
characteristic peaks, as shown in the enlarged middle portion.

3.3. Morphologic characteristics

TEM and FESEM were performed to explore the morphology
of NSA support and loaded samples. It is important to note

that the calculation of the particle size from TEM images
was rather difficult as there were no protective agents used,
so no precise calculations were attempted in this study.

As shown in Fig. 3(a) and (b), the NSA supports consist of
a great deal of nano-sheets-like architecture with an average
size of about 476 � 226 � 42 nm (length � width � thickness).

Fig. 3(c) and (d) were supported CeO2-Fe2O3 binary oxides,
Ce10Fe90/NSA and Ce70Fe30/NSA, which appeared as a
homogeneous agglomeration of particles. Sample Ce10Fe90/
NSA showed a number of small particles (~5–7 nm) with a

clear grain boundary supported on a larger particle
(>20 nm), whose lattice fringe with an interplanar spacing



Table 2 Unit cell parameters of supported CeO2-Fe2O3

binary oxides.

Sample Crystallite

size (nm)

Lattice constant (nm)

CeO2 Fe2O3

Ce0Fe100/NSA 15.57 – a 0.6404

c 1.4059

Ce10Fe90/NSA 8.30 – a 0.6563

c 1.4127

Ce30Fe70/NSA 8.60 a 0.5414 a 0.6780

c 1.4245

Ce50Fe50/NSA 8.84 a 0.5436 a 0.6815

c 1.4625

Ce70Fe30/NSA 9.35 a 0.5457 –

–

Ce100Fe0/NSA 9.40 a 0.5519 –

Fig. 2 XRD patterns of NSA and supported CeO2-Fe2O3 binary oxides.
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of ~0.27 nm was associated with the (110) facet of Fe2O3. The
Ce70Fe30/NSA sample displayed a notably different morphol-

ogy from that of Ce10Fe90/NSA, and showed a lattice fringe
of ~0.31 nm, which can be attributed to the cubic CeO2

(111) at 28.6� crystal planes.

3.4. Reduction behavior

As a matter of fact, the OSC and its mobility were closely

related to the reducibility and defects. To gain further insight
into the composition and structure, supported CeO2-Fe2O3

binary oxides were investigated via H2-TPR, and the results
were shown in Fig. 4. The hydrogen reduction of Fe2O3 is

commonly reported to be stepwise, where Fe3+ converts to
metallic Fe by going through Fe3O4 and FeO as intermediates.
In the current study, peaks of the pure Fe2O3 loaded sample

correspond to the above process at about 673, 923, and
1123 K. For pure CeO2, mainly two reduction steps, the reduc-
tion of surface-capping oxygen at about 793 K and the reduc-

tion of bulk phase oxygen reduction at about 1173 K, where, in
the presently studied sample, Ce100Fe0/NSA only displayed
the high-temperature reduction peak, surface oxygen barely
existed.

For CeO2- Fe2O3 binary oxides, according to Lagun and
Qiao (Laguna et al., 2011; Qiao et al., 2011), four well-
defined reduction peaks at around 673, 873 and 1073 K corre-

sponded to the Fe3+ and Ce4+ reduction in solid solution, Fe
species intermediate reduction step, and bulk Ce4+ reduction,
respectively. As shown in Fig. 4, sample Ce70Fe30/NSA, the

XRD pattern was essentially the same as that of pure CeO2

loaded sample, but the reducibility was improved, as observed
the significantly lowered first reduction temperature, likely due
to the doping of Fe3+ into the CeO2 lattice and the strong

metal-support interaction enhancing the reducibility (Ebiad
et al., 2012; Figueiredo et al., 2019). For the sample
Ce50Fe50/NSA, Ce30Fe70/NSA, and Ce10Fe90/NSA, the

first peak could result from the reduction of segregated FeOx,
and peak area was proportional to the Fe content. The shoul-
der peak appeared in Ce50Fe50/NSA and Ce10Fe90/NSA was

due to the reduction of surface CeO2, which closely contacted
with the surface segregated FeOx, and the peak area was
increased with Ce-to-Fe molar ratio. The broad peak in the
range of 723 to 973 K was ascribed to the Fe species interme-

diate reduction step, and the last peak at higher temperature
was due to the reaction of bulk CeO2.

3.5. Surface composition

The XPS measurements were conducted to investigate the sur-
face composition, and the results were plotted in Fig. 5. Fig. 5

(A) depicted the Ce 3d spectrum, and it is known to be com-
plex in CeO2-Fe2O3 binary oxides due to the hybridization of
Ce 4f with ligand orbitals and fractional occupancy of the

valence 4f orbitals, which assists the multiplet splitting of
peaks into doublets showing further spectral activity due to
final state effects. There were 8 peaks related to four different
spin–orbit-split doublets. Among them, peaks denoted as U,

U’’ and U’’’ were attributed to Ce4+ 3d3/2, located at about
901.3, 907.3 and 916.9 ± 0.1 eV, and those denoted as V,
V’’ and V’’’ arisen from Ce4+ 3d5/2, located at about 882.7,



Fig. 3 SEM image of (a) NSA, TEM images of (b) NSA, (c) Ce10Fe90/NSA, and (d) Ce70Fe30/NSA.
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888.5 and 898.3 ± 0.1 eV, The pair of doublets, U’ and V’,
were characterized by the lower binding energy intensities of

Ce3+ 3d3/2 and Ce3+ 3d5/2, located at about 903.4 and 885.2
± 0.1 eV (Bêche et al., 2008). As shown, CeO2-Fe2O3 binary
oxides containing both Ce4+ and Ce3+, suggesting the rapid

oxygen exchange and contributes to the enhancement of
OSC. The Fe 2p spectrum, as shown in Fig. 5(B), two bands
can be observed, which correspond to lower energy (Fe

2p3/2) and higher energy (Fe 2p1/2) asymmetric bands origi-
nated from the spin-orbital splitting. According to the litera-
ture, the standard Fe 2p3/2/Fe 2p1/2 signals corresponding
to metallic iron, ferrous and ferric states are located at
706.7/719.8, 709.2/722.8 and 711.2/724.8 eV, respectively.

Satellites peaks at 718 and 733 eV were also detected.
The binding energy and concentration of each element on

the surface of samples were calculated based on the peak area

and shown in Table 3. The binding energy of Al 2p increased
slightly compared with the pristine support, possibly due to the
effects of different Fe/Ce molar ratios on the final material

properties, which could account for the appearance of unsatu-
rated Al species derived from the removal of hydroxyl groups
on the surface of NSA (Wang et al., 2017b). Taking the load-

ing of Fe and Ce species into consideration, the interaction
between binary oxides and support could also contribute to
these changes. Moreover, the Fe/Al and Ce/Fe value varied
with different Ce-to-Fe molar ratios, which reflects the disper-

sion variations and different O species content. The (Ce + Fe)/
Al ratio remained constant due to the sum of Ce and Fe were
constant. On the other hand, the content of Ce3+ on the

surface of CeO2-Fe2O3 binary oxides was strongly
dependent on the Ce/Fe ratio. To make a quantitative
comparison, the relative content of Ce3+ defined as the ratio

of Ce3+/(Ce3++Ce4+) was calculated based on the peak area.
By doping a small amount of Fe into CeO2, the content of
Ce3+ was increased from 20.04 to 27.17. The oxygen vacancy

is believed result from the reduction of Ce4+ to Ce3+, which
will generate one oxygen vacancy to balance the charge, and
thus the Ce3+/(Ce3++Ce4+) ratio could depict the concentra-
tion (Guo et al., 2011).

3.6. Catalytic performance

The catalytic performance of supported CeO2-Fe2O3 binary

oxides and pure CeO2/Fe2O3 loaded samples were shown in
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Fig. 6. All samples displayed a high steady-state selectivity of
styrene above 90% under the optimized reaction condition.
When the initial activity was considered, except pure CeO2

loaded sample, all other samples showed around 55% ethyl-

benzene conversion. Ce30Fe70/NSA and Ce50Fe50/NSA dis-
played relatively higher and stable ethylbenzene conversion,
while that of Ce70Fe30/NSA displayed a lower activity and
Table 3 Surface composition of supported CeO2-Fe2O3 binary oxid

Sample Surface atomic ratio (%)

Al 2p Fe/Al C

NSA 71.8 – –

Ce10Fe90/NSA 74.1 0.029 0.

Ce30Fe70/NSA 74.2 0.021 0.

Ce50Fe50/NSA 74.3 0.018 0.

Ce70Fe30/NSA 74.2 0.012 2.
stabilized gradually with TOS. For the sample Ce10Fe90/

NSA and Ce0Fe100/NSA, suffer from the deactivation dras-
tically, the EB conversion dropped more than 50% after 8 h
TOS. Several related reported catalysts were listed in Table 4.
Activity comparison of these cited catalysts such as Al2O3

supported Ce-Zr mixed oxides synthesized with impregnation
and hydrothermal methods (Wang et al., 2019b, 2017b),
vanadium-ceria-zirconia-alumina (Wang et al., 2019c), pure

a-Fe2O3 (Wang et al., 2017c) and MnOx (Ren et al., 2017),
respectively, indicate that the present studied nanosheets
Al2O3 supported CeO2-Fe2O3 binary oxides show both

higher activity and stability, could be a desired catalyst for
CO2-ODEB.

Additionally, the effect of feed gas was also studied.

The catalytic test of sample Ce50Fe50/NSA was per-
formed under N2 flow, and the results were displayed in
Fig. 7. The results indicated that CO2 has a significant
influence, as the styrene selectivity only dropped slightly,

while the EB conversion under title reaction condition
was much lower than under CO2 flow. The detailed discus-
sion was made correlated to the reaction mechanism in the

later section.
Taking the redox mechanism into consideration, higher

activity was expected due to the mobile oxygen species

(Zhang et al., 2010). And normally, the general mobile
oxygen should be primarily related to both lattice and
es.

e/Fe (Ce + Fe)/Al Ce3+/(Ce3+ + Ce4+)

– –

10 0.12 20.04

32 0.11 23.04

92 0.13 26.04

20 0.11 27.17



Table 4 Comparison studies of catalytic activity with reported catalysts.

Catalyst Reaction Conditions EB Con. (%) ST Sel. (%) Ref.

Temperature (K) Atmosphere

Ce-Zr/NFA 823 CO2 53 95 Wang et al. (2017a)

Fe/FA 823 CO2 38 >95 Wang et al. (2017b)

Ce1-xFexO2 823 CO2 35 92 Wang et al. (2014)

Ce1-xZrxO2 823 CO2 40 94 Wang et al. (2019b)

Ce1-xZrxO2 823 CO2 15 95 Wang et al. (2019a)

V-Ce-Zr-Al 823 CO2 62 92 Wang et al. (2019c)

a-Fe2O3 823 CO2 3 95 Wang et al. (2017c)

MnOx 823 CO2 35 76 Ren et al. (2017)

Ce-Fe/NSA 823 CO2 56 95 Present study
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surface-absorbed oxygen (Li et al., 2014). Moreover, the
available amount and reversibility of the mobile oxygen

species are curial in determining the stability for CO2-
ODEB. Thus, the oxygen species were then investigated.
As shown in Fig. 8(A), the O 1s spectrum displayed 3

peaks after deconvolution. The lower binding energy at
about 529 eV represents the surface lattice oxygen derived
from binary oxides, labeled as OI, and the broad peak at
about 531 eV, marked as OII, may be ascribed to mona-

tomic oxygen (or surface-absorbed oxygen), such as O2�,
O2

2� or O�, which considered as derived from surface oxy-
gen vacancies/defects with unsaturated chemical bonds,

can enhance the mobility of the lattice oxygen. The last
peak at 532 eV was assigned to the absorbed oxygen,
denoted as OIII, which could represent the hydroxyl-like

groups or other weakly absorbed oxygen species (WEI
et al., 2010). The calculated content of each oxygen species
was listed in Table 5. The relationship between lattice oxy-
gen (OI) and monatomic oxygen (OII) and EB conversion

before and after the reaction was depicted in Fig. 9. From
the results, samples Ce30Fe70/NSA and Ce50Fe50/NSA
with a high proportion of OI and OII, were expected to

exhibit higher catalytic activity in the CO2-ODEB reac-
tion, as confirmed by the value of (OI + OII)/ OIII was
higher than other samples, the remaining samples gener-
ally match well with the trend of EB conversion. More-

over, the changing pattern for the content of (OI + OII)/
OIII also matched very well with that for the value of
Ce3+/(Ce3+ + Ce4+) in Table 3, indicating that the con-



Table 5 O 1s XPS data of fresh and spent supported CeO2-Fe2O3 binary oxides.

Sample Relative content (%)

OI OII OIII (OI + OII)/OIII

(a) Ce10Fe90/NSA 15.0 62.5 22.5 3.52

(b) Ce30Fe70/NSA 14.4 73.7 11.9 7.40

(c) Ce50Fe50/NSA 10.2 81.3 8.5 10.76

(d) Ce70Fe30/NSA 6.3 68.5 25.2 2.96

(a0) Ce10Fe90/NSA-spent – 60.7 39.3 1.54

(b0) Ce30Fe70/NSA-spent – 66.1 33.9 1.94

(c0) Ce50Fe50/NSA-spent – 63.2 36.8 1.72

(d0) Ce70Fe30/NSA-spent – 58.3 41.7 1.40

0

20

40

60

80

100
Coke

C
ok

e 
am

ou
nt

 (w
t.%

)

12 h TOS 

Ce70Fe30/NSACe50Fe50/NSACe30Fe70/NSA

(O
I+

O
II

) &
 E

B
 C

on
ve

rs
io

n 
(%

)

Fresh
Spent

Ce10Fe90/NSA

1 h TOS 

0

10

20

30

40

50

Fig. 9 Mobile oxygen and catalytic performance of supported

CeO2-Fe2O3 binary oxides.

423 473 523 573 623 673 723 773 823

85

90

95

100

(a) 13.6% 

(b) 13.2% 

(d) 8.6% 

(c) 8.1% (f) 6.8% 

(e) 6.2% 

D
T

G
 (%

·m
in

-1
)

W
ei

gh
t (

%
)

 (a) Ce0Fe100/NSA  (b) Ce10Fe90/NSA  (c) Ce30Fe70/NSA
 (d) Ce50Fe50/NSA  (e) Ce70Fe30/NSA   (f) Ce100Fe0/NSA

-0.20

-0.15

-0.10

-0.05

0.00

Temperature (K)

Fig. 10 TG-DTG profiles of spent supported CeO2-Fe2O3

binary oxides.

Study of oxidative dehydrogenation of ethylbenzene with CO2 7365
tent of OI + OII is equivalent to the proportion of Ce3+.
On the other hand, the higher activity also can be ascribed

to the well dispersed CeO2-Fe2O3 binary oxides in hierar-
chically structured support. As discussed, CeO2-Fe2O3

binary oxides could be located inside the slit-shaped pores,
promoting the formation of two types of solid solutions,

leading to a higher concentration of surface lattice oxygen
(OI) and monatomic oxygen (OII) (Zhang and Lin, 2011).

Moreover, oxygen species of spent catalysts were also inves-

tigated and shown in Fig. 8(B). It can be seen that OI was
almost exhausted during the reaction, as the peaks nearly van-
ished, and OII also slightly decreased. The comparison of OI

and OII before and after reaction confirmed that the lattice
oxygen (OI) and monatomic oxygen (OII) contributed to
higher activity and both played an essential role in the reaction

as discussed above. However, the amount of OIII was
increased, and the (OI + OII)/ OIII value of spent catalysts
kept the same order as before the reaction, but the gap between
each other narrowed, combined the only slightly consumed OII

which should have decreased more, and the presence of CO2 in
the reaction, one deduction can be made that, the inter-
transmission of oxygen species allowed the original OIII to

replenish OII, and CO2 served as an oxidant can recover the
OIII, however, OI cannot be restored completely.

Furthermore, as indicated by the reaction results, the redox

cycle cannot be fully maintained throughout the reaction
because of the coke. The deposited coke inhibited the
reversibility of the mobile oxygen, leading to the increasing

extent of deactivation. It is commonly known that the coke
deposition is inevitable under typical conditions for CO2-
ODEB, however, the participation of CO2 in the reaction

may achieve dynamic equilibrium of coke forming and burning
(Wang et al., 2010; Liu et al., 2011). The relative deactivation
rate (R), defined as 100 � (X1 – X12)/X1, where X was the EB

conversion, was then calculated. The deactivation rate of
Ce70Fe30/NSA and Ce50Fe50/NSA were 21% and 27%,
much lower than Ce10Fe90/NSA and Ce30Fe70/NSA, 42%
and 30%, respectively, and pure Fe2O3 loaded sample suffered

deactivation greatly. The deactivation rate indicated different
coke resistance among samples. To get a deep understanding
of the generated coke. Acquired spent supported CeO2-

Fe2O3 binary oxides were evaluated by TG, as shown in
Fig. 10. Clear weight loss can be observed in all samples,
and the weight loss can be reasonably attributed to the gasifi-

cation of the coke. The amount of coke in each sample was dif-
ferent, spent pure Fe2O3 loaded sample contained about 14 wt
% coke, while spent CeO2-Fe2O3 binary oxides showed less.
On the other hand, the gasification temperature varied. Form

DTG data, it was obvious that the spent CeO2-Fe2O3 binary
oxides exhibited a lower gasification temperature than the pure
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Fe2O3 loaded sample. In Fig. 10, the weight of spent CeO2-
Fe2O3 binary oxides begin to drop at about 523 K, while the
coke in Ce0Fe100/NSA began to gasification about 100 K

higher. The varied coke amount and coke gasification temper-
atures indicate that the existence of proper amount CeO2

enhances the coke resistance and coke in CeO2-Fe2O3 binary

oxides was easier to be eliminated than pure Fe2O3 loaded
sample, which may due to the surface of the oxygen species,
the relationship between deactivation rate and coke was

depicted in Fig. 9.

3.7. Mechanism and simulation

A proposed reaction pathway was shown in Fig. 11.
Firstly, ethylbenzene absorbed on the catalyst surface,
dehydrogenated to styrene and H-H, mobile oxygen then
reacted with H-H produced H2O (step 1 and 2). The high

valence redox couple Fe3+/Ce4+ was reduced to Fe2+/
Ce4+, as well as the oxygen vacancy was produced,
because of the high energy barrier of CO2 decomposition

and kinetically unfavored formation of CO on defective
Fe surface, in this case, CeO2 then donated an oxygen
atom to recover the oxygen vacancy, leading to Fe3+/

Ce3+ (step 3) (He et al., 2011). Then, CO2 was absorbed
and consequently replenished the oxygen vacancy on the
CeO2 surface (step 4). Finally, the oxygen species spread
and partially restored the redox couple to Fe3+/Ce4+. In

the whole process, the presence of oxygen vacancies and
the transmission of the oxygen species could accelerate
the adsorption of CO2 and the diffusion speed of oxygen,

thus prompting the entire reaction.
Density functional theory (DFT) calculations were per-

formed to confirm the feasibility under typical conditions,

and further understand the reaction pathway proposed in
Fig. 11. All computational details and results were presented
in Fig. 12. For step 1, ethylbenzene absorbed on the O-

terminated Fe2O3 surface, then dehydrogenated to produce
styrene and HAH, owing to the strong HAO binding, molec-
ular H2 formation was difficult to form (He et al., 2011). The
-1.0

-0.5

0.0

0.5

CO(g)

TS-3

IS-3 0.11

-0.25

FS-3. CO*TS-3. CO2*

R
el

at
iv

e 
E

ne
rg

y 
(e

V
)

Reaction coordinate

IS-3. CO2(g)+OVac

FS-3
0

-0.5

Fig. 12 Potential energy diagrams and transition states of CO2-

ODEB from DFT calculations. (A) Step ①, (B) Step ② and (C)

step ④. (IS: Initial states; TS: transition state; FS: final state).

Fig. 11 Proposed reaction scheme of CO2-ODEB.
dehydrogenation reaction followed the Mars van Krevelen
mechanism, the energy barrier was calculated to be 0.1 eV,
and the whole process was exothermic. The following step
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2, the dehydrogenated H atoms absorbed at the O site and
reacted with an adjacent hydroxyl group to produce H2O,
this elementary reaction was endothermic, and the energy

barrier was 1.35 eV. Then the H2O was desorbed with an
energy barrier of 1.16 eV, and the surface of the oxides was
reduced. This step is the rate determining step due to the

highest energy barrier. The step 4, oxygen vacancy replenish-
ment process, a CO2 molecule contacted with an oxygen
vacancy and provided an O atom to restore the defect and

detached as a CO molecule.

4. Conclusions

In summary, the hierarchical structure will be maintained
after load CeO2-Fe2O3 binary oxides onto nano-sheet c-
Al2O3. The insertion of Ce or Fe species will cause the

ion substitution and then form the solid solution. In the
case of the catalytic activity, CeO2-Fe2O3 binary oxides
show better ethylbenzene conversion and coke resistance
than pure Fe2O3 loaded sample. Base on the redox mech-

anism of CO2-ODEB and characterization results of fresh
and spent catalysts, surface lattice oxygen (OI) and mona-
tomic oxygen (OII) were found to be the key factors in

determining the activity for the title reaction. Moreover,
the inter-transmission of oxygen species and the presence
of CO2 can refill the oxygen vacancies and restore the

redox cycle of CeO2-Fe2O3 binary oxides. The DFT stud-
ies verified the reaction pathway, and the oxygen species
react with hydrogen act as the rate-determining step, and
the oxygen vacancy replenishment process is favorable in

studied conditions. With these understandings, the opti-
mization of the synthetic parameters may develop not only
a highly active but also a stable catalyst for the title reac-

tion, which is worthy of being done.
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