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Morphology change particle morphology.

A series of CeZrO, catalysts was prepared by calcination of hydrothermally obtained metal oxide
precipitate at increasing temperatures. The samples were characterized by HRSEM, XRD and Raman
spectroscopy, showing a change in morphology and particle size as a function of calcination temper-
ature. Catalytic testing for ethylbenzene dehydrogenation with CO, showed a decreasing activity per
gram with increasing calcination temperature due to the decreasing particle size. However, ethylben-
zene dehydrogenation activity per m? also steadily decreased. Correlation of the catalytic results with
Raman analysis showed that not only the number of oxygen vacancies decreases with increasing particle
size due to a lower surface area, but also their specific reactivity decreased because of a change in the

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cerium oxide is a key compound for various applications, like
gas sensors [1,2], solid oxide fuel cells [3-5] and solar cells [6,7].
Ceria based catalysts are useful for automobile exhaust treatments
[8,9], CO oxidation [10,11], low temperature water-gas-shift reac-
tion [12,13] and CO, activation [14].

Recently, cerium oxide was also reported being a promising cat-
alyst for ethylbenzene dehydrogenation (EBDH) in the presence of
oxygen [15] or N,O [16]. EBDH for the production of styrene has
attracted lots of attention lately, attempting to minimize energy
consumption of the process [17,18]. The route to styrene using
carbon dioxide as a soft oxidant, which can replace convention-
ally used steam, has been initially suggested back in the 1990s
by various research groups [19-22]. CO, addition requires less
dilution compared to steam due to its high heat capacity. CO, is
proposed to increase ethylbenzene equilibrium conversion due to
the reverse water gas shift (RWGS) [23,24] reaction. Moreover, CO,
has been suggested to turn the reaction pathway to an oxidative
route enhancing the reaction rate [18,21]. In addition, CO, possibly
prolongs catalyst life time by coke gasification via the Boudart reac-
tion. Bulk V/MgO catalyst, for instance, produces 2.5 times higher
amount of styrene in the presence of CO, compared to Ar atmo-
sphere [25]. Carbon supported vanadia based catalysts are reported
as promising candidates for EBDH with CO,, however strong
deactivation due to coke deposition occurred [26]. Coke deposits
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on the other hand were reported as catalytically active for EBDH in
the presence of CO, for alumina and zirconia catalysts [27].

The role of acid-base and redox properties together with the
activity of surface/ lattice oxygen species in EBDH with CO, have
been extensively discussed by the group of Park for various cat-
alytic systems [18]. An earlier comprehensive study suggested
mixed ZrO, based oxides as highly suitable for EBDH with CO,
[28]. An increasing catalytic activity from pure oxides, to mixed
oxides and finally mixed oxide supported on SBA-15 was also
reported [29].

Pure ceria was reported to have an extraordinary oxygen storage
capacity (OSC) which was proposed to explain the unique cat-
alytic properties [30]. The OSC of ceria is related to the oxygen
vacancy concentration that in turn depends on catalyst morphol-
ogy, shape, crystallite size and calcination history of the material
[31]. The oxygen vacancy concentration of ceria can be enhanced
by the addition of a modifier, such as lower valence metal cations
[32]. Doping with iso-valent Zr** was also reported to increase oxy-
gen deficiency and reducibility of ceria [33-35]. Further, it was
reported that increasing calcination temperature induces defect
annihilation in pure ceria [36], while for zirconia-ceria solid solu-
tions ageing at 850 °C hardly affect the oxygen storage capacity [32].
The aim of the present study is to explore the properties of cubic
shaped zirconia doped ceria for EBDH with CO,. Ceria cubes have
specifically different surface planes (100) exposed than generally
applied polycrystalline CeO, (11 1) [37,38] and have a high intrin-
sic oxygen defect stability. The effect of calcination temperature on
the structure and defect concentration of a series of CeZrOy cata-
lysts is investigated and related to the catalytic activity for EBDH
with CO,.
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Fig. 1. HRSEM images: CeZrOx-580 (a), CeZrOx-625 (b), CeZrOx-730 (c) and CeZrOx-840 (d) catalysts.

2. Experimental
2.1. Materials

Commercially available NaOH pellets (Merck, 99%),
Ce(NO3)3-6H,0 (99.99% Aldrich) and monoclinic ZrO, (Mag-
nesium Electron Ltd., MEL, BET surface area is 3m2 g~!) were used
for catalyst synthesis.

2.2. Catalyst preparation

A series of CeZrOy catalysts was prepared following the
hydrothermal synthesis procedure described elsewhere [39]. We
used an autoclave of 125 mL volume keeping the rest of the exper-
imental conditions identical to the procedure in Ref. [39]. In short,
a NaOH solution was prepared diluting 110 g of NaOH in 170 mL
of deionized water. In parallel, 1g of Ce(NOs3)3-6H,0 and 0.025g
of ZrO, was dispersed in 17 mL of deionized water. The two solu-
tions were mixed and stirred (250 rpm) for 10 min. Finally, 20 mL
of deionized water was added to the resulting mixture, which was
transferred to an autoclave and hydrothermally heated at 150 °C for
19 h. The obtained precipitate was dried at 110 °C overnight (static
air), divided into four portions and calcined in flowing artificial
air (5h, 50mLmin~1). The series of ZrCeO, catalysts (molar ratio
Ce:Zr=92:8) are denoted as: CeZrOx-580, CeZrOx-625, CeZrOx-730
and CeZrOx-840 with the number indicating the respective calci-
nation temperature. It should be noted that by this preparation
procedure cubic shaped particles were obtained, contrary to the
rod shaped particles described in the Ref. [39].

A reference pure ceria sample, Ce0,-625, was prepared follow-
ing the same preparation route, but without addition of ZrO,, and

subsequently calcined at 625 °C. Pure monoclinic ZrO, was calcined
at 625 °C prior to reaction as a second reference sample.

2.3. Catalyst characterization

Catalyst surface area (BET) was determined by N,-adsorption
at 77 K (Micromeritics Tristar). The samples were out-gassed in
vacuum at 200 °C for 24 h prior to analysis.

Sample morphology was studied by scanning electron
microscopy (LEO 1550 FEG-HRSEM) equipped with an in-lens
detector.

X-ray diffraction (XRD) patterns were recorded using a Bruker
D2 powder diffractometer equipped with a position sensitive
detector over a 20-range between 15° and 75° using Cu Ka radi-
ation, A =0.1544 nm. The average crystallite size was determined
based on X-ray line broadening using Scherrer’s equation.

Raman spectroscopy measurements were performed with a
Senterra Bruker instrument, equipped with a cooled CCD detec-
tor. The spectra were recorded at A.x =532 nm, 2 s integration time,
20 co-additions, 10 mW laser power and 9-15 cm~! resolution. The
quantification of species was performed on baseline corrected spec-
tra normalized to the intensity of the peak at 464cm™! taking the
tailing of the main peak into account.

Thermal gravimetric analysis (TG, Mettler Toledo), was con-
ducted in flowing artificial air. Typically 10 mg of sample was dried
at 125 °Cfor 30 min and cooled to room temperature. Subsequently,
temperature increased to 800°C with 10°Cmin~! ramp.

2.4. Catalytic testing

Catalytic tests were carried out at atmospheric pressure at
560°C in a fixed-bed quartz tubular reactor (4.0 mm i.d.). The



M. Kovacevic et al. / Applied Catalysis A: General 469 (2014) 1-7 3

Table 1
Nitrogen physisorption and crystallite size (from XRD).

Catalyst Sger (m2g~1) Crystallite size (nm)
Zr0O, 3 n.d.

Ce0,-625 35 n.d.

CeZrO4-580 36 24

CeZrOx-625 34 25

CeZrOy-730 32 32

CeZr0O4-840 28 41

amount of catalyst per run was tuned in such a way that ethylben-
zene (EB) conversion reached 6 & 2% stable differential level after
approximately 120 min time-on-stream. EB concentration in the
gas phase was controlled at 1 mol% via the vapour pressure using a
double saturator. In the first saturator EB was evaporated at 35°C,
followed by condensation at 23 °C in the second saturator. CO, was
added as a soft oxidant and CO, to EB ratio was adjusted to 7 in a
total flow of 30 mlmin~! (balance N). Prior to reaction, catalysts
were pretreated in pure N, at 580°C (30 min) and subsequently
in CO, at the reaction temperature for 30 min. Carbon dioxide is
known to interact with ceria quite strongly to form stable carbo-
nates [40]. For this reason the catalysts were treated with CO, prior
to exposure to ethylbenzene.

Reaction products were analyzed by on-line GC Varian-450
equipped with TCD and FID detector and four columns: Hayesep
T, Hayesep Q, Molsieve 13X and CP-Wax The experiments were
reproducible with a typical overall error of +5%.

Catalyst activity is expressed as the amount of EB or carbon
dioxide converted per weight of catalyst or catalyst surface area.
Selectivity to styrene (Sel.s;y) is defined as the fraction of styrene
to the total aromatics’ content (Eq. (1)).

Styrene

Selsy(%) = Styrene + Toluene + Benzene

x 100% 1)

The carbon balance was calculated as the ratio of the sum of all
aromatic compounds in product stream (styrene, toluene, benzene
and non-reacted EB) vs. the amount of EB being fed to the reactor.
CO, was not taken into account for the carbon balance because of its
low conversion and thus extremely high contribution to the over-
all carbon-balance. The carbon balance based on aromatics varied
between 98.2% and 99.5%.

3. Results
3.1. Catalyst characterization

Fig. 1 shows the HRSEM images of the CeZrOyx samples after
calcination at different temperatures. The catalysts’ morphology
clearly changed with increasing calcination temperature as can
be seen from the HRSEM images in Fig. 1a-d. After calcination at
580°C(Fig. 1a), the CeZrOy particles had a regular cubic shape. With
increasing calcination temperature, the catalyst particles became
more rounded and transformed into spherical shapes after calcina-
tion at 840°C. In addition, the CeZrOy particle size increased with
increasing calcination temperature.

Fig. 2 shows the X-ray diffraction (XRD) patterns of CeZrOy cata-
lysts calcined at 580-840 °C. For all investigated samples dominant
Bragg diffractions were observed at 28.8°,47.6° and 56.7° 26, corre-
sponding to respectively (111),(220) and (31 1) crystal planes of
the fluorite fcc structure of CeO, [41]. Very weak Bragg diffractions
at 31.2° and 34.2° correspond to monoclinic zirconia phase [42].
Table 1 summarizes the particle size as calculated from the peak
widths in the XRD plots.

Nitrogen physisorption showed a gradual decrease in BET sur-
face area with increasing calcination temperature (Table 1).
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Fig. 2. XRD patterns of CeZrOy catalysts calcined at 580-840°C.

Raman spectroscopy was used to further investigate the catalyst
structure. Fig. 3a shows the normalized Raman spectrum of CeZrOx-
625 as a typical example for the studied samples together with
the spectrum of pure Ce0,-625 and monoclinic ZrO, (not normal-
ized). The ceria spectra are dominated by a strong peak at 464 cm~!
from the F,; mode of the CeO, fluorite lattice [43]. Additionally,
three weaker bands were identified, assigned to oxygen displace-
ment (258 cm~1), oxygen vacancies (600 cm~') and lattice oxygen
(1170cm~1) [44]. For Ce0,-625 an additional band is observed
around 900 cm~!, which is absent in CeZrOx-625. For CeZrOx-625,
the bands from monoclinic zirconia [45] are superimposed on the
ceria peaks, suggesting only partial incorporation of zirconia in the
ceria lattice.

Fig. 3b shows that upon increasing calcination temperature
the width of the F,; band (464 cm~1) steadily decreases. Further,
with increasing calcination temperature the peaks at 258 cm~! and
between 550 and 650 cm~! clearly decreased.

3.2. Catalytic testing

The CeZrOy catalysts were tested for ethylbenzene (EB) dehy-
drogenation with CO, as a soft oxidant aiming at differential
conversion in steady state after 240 min time on stream (TOS). Typ-
ical conversion profiles for EB and CO, and product selectivity are
shown in Fig. 4. Both EB and CO, conversion sharply declined in a
similar manner during the initial 120 min (Fig. 4a, and Fig. 1 in sup-
plementary information). The catalysts show similar deactivation
patters for EB and CO; conversion. The main product of EB dehydro-
genation with CO, was styrene. During deactivation the selectivity
to styrene increased at the expense of the production of benzene
and toluene. The selectivity to styrene slowly decreased after the
initial increase. At the same time a small, but steady increase of ben-
zene production was observed to approximately 5% after 240 min
TOS, at which point all catalysts exhibited about 92 4+ 2% selectiv-
ity towards styrene (Fig. 4b). The aromatic carbon balance varied
between 98.2% and 99.5%. TGA experiments on the spent catalysts
confirmed that the missing amount of carbon can be attributed to
catalyst coking. Typically, 2-3 wt.% of carbonaceous deposits were
found on the spent catalysts.

In steady state, for all catalysts the ratio of [mol CO, con-
verted/mol CO produced] equaled 1. Further, the detected amount
of produced H, was about 40% of the observed amount of styrene.
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Fig. 5 shows the conversion of CO, and EB at 240 min TOS per
gram of catalyst (a and b) and per m? BET surface area (¢ and
d). The conversions obtained with pure Ce0,-625 and monoclinic
Zr0,-625 are given as well. Comparing CeO,-625 (dashed bar) with
CeZrO4-625 indicates a positive effect on the conversion due to
the presence of zirconia in the sample. The conversion of EB over
pure monoclinic ZrO,-625 was approximately 5% of the conversion
found for the ZrCeO, samples, while CO, conversion was only 3%
(based on the amount of ZrO, in the samples). Thus, the increase of
conversion for CeZrOx-625 is not only due to the possible presence
of a ZrO, rich phase (monoclinic zirconia) in the sample. Moreover,
monoclinic zirconia has been reported as not particular active for
the reaction [46]. On the other side, it has been reported that mixed
oxides exhibit higher catalytic activity for EBDH with CO, compared
to their constituent single oxides [28,29].

Increasing calcination temperature led to decreasing EB and
CO, conversion per gram for the CeZrOy samples (Fig. 5a and b).
strikingly, when normalized per surface area, the activity per m?2
showed a clear decline with higher calcination temperature (Fig. 5¢
and d), indicating that the decreasing activity per gram cannot
solely be attributed to the decreasing surface area.

4. Discussion
4.1. The effect of calcination temperature on ceria structure
The ex situ characterization of the catalysts by HRSEM (Fig. 1),

XRD (Fig. 2, Table 1) and BET (Table 1) confirms an increase of par-
ticle size and a decrease of surface area with increasing calcination

temperature. In addition, the cubic geometry of the catalyst parti-
cles converts into a more spherical shape as was observed in the
HRSEM pictures. Both XRD and Raman show the presence of small
amounts of monoclinic ZrO, in the samples, but the amount could
not be calculated because of the very low intensity in the XRD plots.

In the Raman spectra (Fig. 3) the Fog band at 464 cm~! was ini-
tially broad and asymmetric for CeZrOx-580, but became narrower
and more symmetric with increasing calcination temperature. In
literature this peak narrowing has been attributed to annihilation
of oxygen vacancies in the fluorite lattice [47], which was con-
firmed by the simultaneous decrease of the O-displacement band
at 258 cm~!. Because of the superposition of the zirconia bands on
the oxygen vacancy band at 600 cm™! it is not possible to uniquely
assign the decreasing intensity to a decrease in oxygen vacancies,
although this may be suggested based on the decrease of the O-
displacement band 258 cm~!.

Thermodynamic calculations predict that ceria shape alteration
from cubic to spherical particles favours the exposure of (11 1) crys-
tal planes at the catalysts surface reducing the number of crystal
point defects [31]. The morphology transition of the catalysts with
increasing calcination temperature as presented in Fig. 1, thus is
expected to decrease the oxygen vacancies content. Indeed, the
oxygen vacancy content clearly declines with increasing particle
size as found with Raman spectroscopy (Fig. 3) which is in accor-
dance with results reported by various research groups for small
mono-size ceria particles (<10 nm), thin ceria films and La3*, Pr3*
doped ceria particles studied by Raman spectroscopy [47-49].

Fig. 6 shows the integrated intensity of the oxygen displace-
ment band (258 cm~1) in the Raman spectra as a function of BET
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surface area. The band at 258 cm~! was taken as a measure for the
concentration of vacancies since it was found that the formation
of vacancies is associated with oxygen displacement in the lattice
as a result of carbonate formation on the surface [50]. Clearly, the
amount of oxygen displacement is linearly related to the BET sur-
face area for the CeZrOy catalysts, consistent with the increase of
particle size and shape change. In Fig. 6, the undoped Ce0,-625
sample deviates only slightly from the linear relation between the
Zr-doped samples. This suggests that the addition of a low amount
of zirconia (Ce:Zr=92:8 molar ratio) only has a minor effect on the

oxygen displacement and corresponding oxygen vacancy concen-
tration after calcination at temperatures between 580 and 840°C.
The results are consistent with literature reporting decreasing oxy-
gen vacancy concentration for ceria upon calcination [36]. For solid
solutions of zirconia and ceria with zirconia concentration up to
40 mol% a stabilizing effect was reported [32]. However, our sam-
ples have been prepared with much lower zirconia content, and
Raman spectroscopy results (Fig. 3) indicated that not all zirconia
was incorporated in the lattice, thus the stabilizing effect of zirconia
can be considered minor for these samples.

4.2. The effect of calcination temperature on ethylbenzene
dehydrogenation with CO,

All catalysts showed a strong deactivation in the first hour of the
experiment (Fig. 4a and Fig. 1 in supplementary information). In the
same period a clear increase in styrene selectivity was observed,
while the amount of produced benzene decreased (Fig. 4b and Fig.
1 in supplementary information). The strong deactivation of the
catalysts could be due to the consumption of active lattice oxy-
gen, which results in an over-oxidation of EB resulting in benzene
in addition to styrene. Further, the presence of coke, as confirmed
by TGA on the spent catalysts, is an additional possible explana-
tion for the deactivation of the catalysts. The participation of lattice
oxygen species in EB dehydrogenation has been reported by sev-
eral research groups, for vanadia and perovskite based catalysts
[51-53]. To regenerate these sites an oxidant is added to the reac-
tant, often steam or molecular oxygen. In the present study, CO,
was added instead as a soft oxidant, however, the strong deactiva-
tion shows that CO, is not able to recover the active oxygen species
at the speed of consumption.

The decreasing CO, conversion in the first hour (Fig. 4a) can-
not be due to adsorption by ceria since the samples were first
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stabilized in CO,. The deactivation pattern is identical to that of EB
conversion, pointing to a relation between the reactions of these
molecules. At all times, the ratio of [mol CO, converted/mol CO
produced] was close to 1, indicating a reduction of CO5. In addition,
the amount of H, detected was always lower than the amount of
styrene produced. After deactivation, about 60% of H;, based on
styrene formation, was converted. The disappearance of hydrogen
suggests additional pathways like CO dissociation and subsequent
production of water from H, and surface oxygen as has been pro-
posed in the literature [18,21]. Alternatively, H, could react with
CO, as in the reverse water gas shift reaction, as has been proposed
by others [23,24]. Unfortunately, we were not able to quantify the
amounts of water produced. The exact details of the first stage of
the reactions and the effect of CO, on the conversion of EB are,
however, beyond the scope of this paper, and will be discussed in
a paper currently in preparation [54].

Here we focus on the activity of the catalyst at steady-state, i.e.
after the strong deactivation in the first hour. It should be noted
that TOS still is relatively short compared to other studies in liter-
ature in which additional active sites due to coke formation were
proposed [20]. After consumption of lattice oxygen, ethylbenzene
could be converted via non-oxidative dehydrogenation as has been
proposed before [33,34].

In Fig. 5a and b, at first sight, the decreasing EB and CO, con-
version per gram of catalyst with higher calcination temperature
can berelated to the decreasing surface area. However, Fig. 5cand d
clearly shows that the EB and CO, conversion per m? also decreased
with increasing calcination temperature. Consequently, the expla-
nation for the decreasing activity must be more complex than only
a decrease in surface area. Similarly, the OSC capacity of polycrys-
talline ceria calcined at different temperatures was also found not
to be directly related with BET surface area [16].

Reduced catalytic activity of the samples calcined at higher tem-
peratures is in accordance with results reported for mesoporous
ceria in oxidative EBDH [15]. The authors proposed that the supe-
rior catalytic performance of small ceria crystallites originated from
their enhanced redox capacity. According to [55] mesostructured
ceria exhibited higher surface area and enhanced redox capacity.
The enhanced redox capacity will be determined by the number of
defect sites as well as the reactivity of those sites, as was found for
EB conversion in the presence of N,O over reactive ceria [16]. The
Raman spectra in Fig. 3 suggest that the higher catalytic activity
for smaller CeZrOy particles could be related to an increasing num-
ber of oxygen deficient domains. Fig. 6 showed that the amount of
displaced oxygen is linearly related to the BET surface area.

Fig. 7 shows the EB conversion per m? as a function of oxy-
gen displacement integrated intensity as determined with Raman
spectroscopy. Although the Raman experiments were performed ex
situ in air, the conditions for all samples were identical. This allows
for comparison with the observed catalytic activity of the samples,
although it is not a representation of the real number of oxygen
vacancies at reaction conditions, which will be determined by the
pre-treatment and reaction conditions. In situ Raman experiments
would be needed to further confirm this correlation.

The increasing activity per m? with increasing amount of oxygen
vacancies in Fig. 7 points to an altered reactivity of the vacancies
affecting the conversion rate of EB and CO,. The inclusion of the
pure Ce0,-625 sample in the linear relation in Fig. 7 shows that the
observed relationship also holds for samples without zirconia.

The observed relation can be explained by the shape change of
the particles upon calcination (Fig. 1). The alteration from small
cubic shaped to larger and more spherical particles increases the
exposure of (11 1) surface planes. The (11 1) structure is known to
have a lower oxygen vacancy stability than (1 00) planes in ceria
cubes [37,50,56,57]. This observation is similar to a recent study
reporting on the relation between the reactivity of lattice oxygen
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Fig. 7. Catalyst activity vs. integrated intensity of the oxygen displacement band at
258 cm~! in the Raman spectra of CeZrOy and CeQ,-625 catalysts.

sites in perovskite catalysts with styrene formation rates from EB
in the presence of steam [53]. In other words, not only the number
of oxygen vacancies decreases with increasing particle size due to a
lower surface area, but also their reactivity decreases because of the
altered size and shape. This in turn affects the observed EB and CO,
conversion rates. These results imply that the reducibility of ceria
defined by both crystallite size and geometry influences the rate of
EB dehydrogenation as well as the RWGS reaction. In a following
paper the relation between these two reactions over ceria is further
investigated [54].

5. Conclusion

Calcination of CeZrOy at different temperatures, resulted in a
series of catalysts with different morphology and particle size as
observed with HRSEM and XRD. Raman spectroscopy revealed
annihilation of oxygen vacancies, i.e. oxygen displacement sites
with increasing calcination temperature. The activity expressed in
mol m~2 for ethylbenzene dehydrogenation to styrene in the pres-
ence of CO, depended not only on the amount but also on the
specific reactivity of lattice defects sites, which was determined
by the size and shape of the particles.
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