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Novel mesoporous mesocrystal Ce1�xZrxO2 was synthesized using acetate salt as inorganic species and

P123 as surfactant. Transmission electron microscopy reveals that the wall framework consists of a

single phase based on the face-centered cubic CeO2 and the nanocrystals are highly oriented with the

crystal axis [001] parallel to the pore channel if the Zr4+ molar fraction x is 0.3 or less. However, when

the Zr4+ molar fraction is larger than 0.3, a mixture of cubic and tetragonal phases forms and the

preferential crystal orientation disappears as revealed by XRD and Raman measurements. The

formation mechanism is ascribed to the oriented attachment following the manner of coherent

interface. The single phase solid solution at Zr4+ molar fraction 0.3 demonstrates the best catalytic

performance for CO conversion due to the unique mesoporous mesocrystal structure with dominant

exposure of highly active {200} planes and an enhanced redox property caused by adequate Zr4+

incorporation.

& 2009 Published by Elsevier Inc.
1. Introduction

Since the first discovery of the mesoporous silica MCM-41 by
Mobil oil researchers in 1992 [1], a variety of mesoporous
inorganic oxides with different pore symmetry have been
synthesized by using various types of soft templates [2] (cationic,
anionic, block copolymer) or hard templates [3] (mesoporous
silica, mesoporous carbon). Applications of mesoporous materials
now have been widely extended to many areas including catalysis,
sensors, control-release, and capacitors. However, due to the
limitation of thermal and mechanical stability of the amorphous
wall framework of most conventional mesoporous metal oxides
[4], there have been considerable efforts in the synthesis of
mesostructured materials with crystalline frameworks. There are
reports of successful syntheses of crystalline pore walls with
randomly oriented nanocrystals [5–8]. To achieve better catalytic
activity and enhanced structural and thermal stability, one of the
recent progresses has been towards the fabrication of single
crystal mesostructures. For instance, Domen group has success-
fully prepared mesoporous single crystals of mixed Nb and Ta
oxides following a soft-template route and found via in-situ TEM
that the pore was round-shaped with parallel lattice fringes
[9–11]. Using a novel solid–liquid route, Zhou group fabricated a
Elsevier Inc.
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series of porous single crystals of Co3O4, NiO, CeO2, CrO3, and they
discovered a uniform crystal orientation of replica nanorods and
small bridges [12]. Lou and co-authors report a simple solid-state
formation of mesoporous Co3O4 nano-needles with a 3D single
crystalline framework [13].

To better describe a crystal family whose growth and structure
are different from the conventional polycrystal and single crystal,
Cölfen and co-authors proposed a new term called mesocrystal
[14,15]. A mesocrystal grows via oriented aggregation of indivi-
dual small crystals such that the overall structural orientation of
the resulting larger crystal resembles a single crystal. The driving
force for this spontaneous oriented attachment is that the
elimination of the pairs of high energy surfaces will lead to a
substantial reduction in the surface free energy from the
thermodynamic view point [16]. In the recent past, a number of
mesocrystal compounds with characteristic morphology have
been successfully synthesized [17–21], and more importantly,
these mesocrystals are found to showcase unprecedented cataly-
tic and optical properties [22,23].

CeO2 is an important rare earth oxide and has been widely
investigated in the three-way catalysts and solid oxide fuel cell
applications; to achieve better catalytic and redox performances,
several efforts have been made to fabricate pure mesoporous CeO2

[24,25] or a mixture of CeO2 and ZrO2 [26,27]. However, to the
best of the authors’ knowledge, the framework of mesoporous
CeO2 or CeO2–ZrO2 in most cases consists of randomly oriented
polycrystalline, and catalytically active atomic planes are not well
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exposed to achieve optimal activity. In previous work, we have
fabricated an oriented polycrystalline mesoporous CeO2 and in-

situ TEM analysis suggested that the pore framework
had excellent thermal stability [28]. Here, we report the synthesis
of mesoporous mesocrystal Ce1�xZrxO2 with varying Zr4+

molar ratios. The structural evolution of the meso-channel wall-
frame is investigated. Corresponding physicochemical property
and CO conversion in the redox reaction 2CO+O2-2CO2

are evaluated.
2. Experimental section

2.1. Synthesis

Typically, 1 g of Pluronic P123 (Sigma-Aldrich) was first
dissolved in a solution of 15 ml ethanol and 5 ml distilled water,
then a total of 0.01 mol of cerium acetate hydrate (Sigma-Aldrich)
and zirconium acetate hydrate (Sigma-Aldrich) were added in
proportion with Zr4+ molar fraction ranging from 0 to 0.8. The
mixture was stirred for 2 h to ensure thorough mixing, and
subsequently dispersed with a micropipette onto Petri dishes
(100 mm in diameter), and was then placed in an oven to form a
gel at 40 1C. After 48 h aging, the gel was dried at 80 1C for 24 h.
Calcination was carried out by slowly increasing temperature
from room temperature to 400 1C (2 1C min�1 ramping rate) and
heating at 400 1C for 5 h.
Fig. 1. TEM images of mesoporous mesocrystal CeO2: (a) [100] orientation and correspo

its [001] FFT pattern (top-right inset), (c) corresponding dark field image of (b), and (d
2.2. Characterization

TEM characterization was performed using a JEM-2010F field
emission transmission electron microscope operating at an
accelerating voltage of 200 kV. The samples were supported on
carbon–copper grids by dropping ethanol suspensions containing
uniformly dispersed oxide powders in ambient environment. The
powder X-ray diffraction (XRD) patterns were recorded on Rigaku
D/MAX-2500PC diffractometer with Cu target (40 kV, 40 mA) at a
scanning rate of 81min�1. The average grain size D was estimated
according to Scherrer equation: D ¼ 0.89l/b cos y, where y is the
diffraction angle of the main peak and b is the full width at half
maximum (FWHM). Vis-Raman spectra were determined on a
Renishaw (UK) spectrometer with an Ar ion laser of 514 nm
excitation. The N2 sorption measurement was performed using
Micromeritics ASAP 2010 at 77 K, and specific surface area and the
pore size distribution were calculated using the Brunauer–Em-
mett–Telley (BET) and Barrett–Joyner–Halenda (BJH) methods,
respectively.
2.3. Catalytic measurement

The catalytic reactions were performed using a continuous-flow
fixed-bed microreactor in a temperature-programmed system. In a
typical reaction, 150 mg powder was loaded in a stainless tube reactor,
and the reactor was heated from room temperature to 800 K at a rate
of 2 1C min�1. The total gas flow amounted to 40 ml min�1 and the
inlet gas composition was 1% CO and 5% O2 with N2 as balance. The
nding [100] zone pattern (top-right inset), (b) pore channel in [001] orientation and

) HRTEM image of a single pore channel and its FFT pattern.
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composition of the gas exiting the reactor was monitored online by
gas chromatograph (GC 950 system) equipped with a thermal
conductivity detector (TCD).
3. Results and discussion

3.1. Evolution of mesoporous mesocrystal structure

Fig. 1a presents the TEM image of arrays of order channel with
a diameter of about 10 nm; it is found that the selected area
electron diffraction (SAED) pattern from pore channels
perpendicular to the electron beam resembles a single crystal
[100] zone pattern, as shown in the Fig. 1a inset. Hence, possible
mesostructures plausible for this diffraction phenomenon can be
either single crystal or mesocrystal. Fig. 1b and c are a pair of
bright-field and corresponding dark-field images of an area with
pore channels parallel to the beam. The inset FFT pattern in Fig. 1b
also looks similar to a single crystal [001] zone pattern. In the
dark-field image, however, sporadic bright spots on the dark
background indicate the location of reflecting nanocrystals,
suggesting the mesoporous structure is in fact a mesocrystal
that exhibits an overall single crystal diffraction behavior but is
composed of preferentially aligned nanocrystals. A high resolution
image of one meso-channel is shown in Fig. 1d. It is noticeable
that one set of the lattice fringes is parallel to the meso-channel
and the other is perpendicular, and that the reciprocal vectors
[020] and [002] in the inset FFT are so oriented as well. The facets
of the crystals in the wall framework can also be determined by
HRTEM, in which the inter-fringe distance is measured to be
Fig. 2. TEM and corresponding SAED images of mesostructured C
0.271 nm, consistent with the {200} lattice spacing of the cubic
phase for ceria [29,30].

For face-centered cubic (fcc) ceria, as illustrated by Wang and
Feng [31], the shape of nanocrystal is mainly determined by the
ratio (R) between the growth rates along [100] and [111]
directions, and crystal aggregation follows the rule of ‘‘coherent
interface’’. In this study, the acetate salt and the amphiphilic
surfactant are believed to have a synergistic effect on the
formation of preferentially oriented polycrystals during the
sol–gel process. As the low-order Miller index {200} surface of
CeO2 is less stable, the hydrophilic segments of P123 combined
with the acetate group are likely to interact preferentially with
{200} atomic planes [32–34], which consequently leads to the
maintenance of predominant exposure of {200} facets. In addition,
the {200} surfaces have strong dipole–dipole interactions with
respect to the van der Waals force, and nanocrystals tend to attach
by sharing common crystallographic faces in order to maximize
the packing density and lower the surface energy [31,35]. The
above interaction between surfactant segments and atomic planes
and the strong dipole–dipole force not only promote the
mesocrystal formation, but also lead to the aligned pore channels
with predominant {200} exposure after the elimination of the
polymeric surfactant template by calcination. It should be pointed
out that the synergistic effect observed between the acetate salt
and the amphiphilic surfactant did not appear to be a mechanism
when cerium nitride was used and the resulting structure was
noticeably different [23].

Mesoporous structures of Ce1�xZrxO2 with varying Zr molar
fraction (x ¼ 0.2, 0.3, 0.5, 0.8) have also been successfully
synthesized by adjusting the input of zirconium acetate hydrate
in the reaction system. As can be seen in Fig. 2a and b, the selected
e1�xZrxO2: (a) x ¼ 0.2, (b) x ¼ 0.3, (c) x ¼ 0.5, and (d) x ¼ 0.8.
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Fig. 3. XRD patterns of mesostructured Ce1�xZrxO2: (a) x ¼ 0, (b) x ¼ 0.2, (c)

x ¼ 0.3, (d) x ¼ 0.5, and (e) x ¼ 0.8.

Fig. 4. Vis-Raman spectra of mesostructured Ce1�xZrxO2: (a) x ¼ 0, (b) x ¼ 0.2, (c)

x ¼ 0.3, (d) x ¼ 0.5, and (e) x ¼ 0.8.
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Fig. 5. Nitrogen adsorption–desorption isotherms of mesostructured Ce1�xZrxO2:

(a) x ¼ 0, (b) x ¼ 0.2, (c) x ¼ 0.3, (d) x ¼ 0.5, and (e) x ¼ 0.8; inset: corresponding

pore size distribution of (c) deduced from the desorption branches.
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area electron diffraction pattern remains to be similar to a typical
single crystal pattern when x is 0.2 or 0.3. However, as the molar
fraction rises to 0.5, streaks around reflection dots are easily
visible in Fig. 2c. Eventually, typical polycrystal ring patterns are
observed when x ¼ 0.8 (Fig. 2d). ZrO2 has the same fluorite lattice
as CeO2. According to an available CeO2-ZrO2 phase diagram
[36,37], Zr4+ can substitute Ce4+ to form Ce1�xZrxO2 solid solutions
over full range of the molar ratio. However, Ce1�xZrxO2 can exist in
three stable phases, monoclinic (m), tetragonal (t) and cubic (c),
and two metastable phases (t0, t00) under different conditions [38].
And it would also be thermodynamically plausible to have regions
in the phase diagram where more than one of the above phases
would coexist at room temperature though the true nature of the
phase boundaries is still unclear. In this study, XRD diffraction
indicate that meso-crystalline Ce1�xZrxO2 has face-centered cubic
structure for compositions at xo0.5, as shown in Fig. 3(a)–(c), and
the peaks of CeO2 in XRD slightly shift to the higher degree with
increase of x value. Around x ¼ 0.5, a second phase indexable as
from a tetragonal structure starts to appear in Fig. 3(d), and at
x ¼ 0.8, this phase dominates in the two phase mixture as shown
in Fig. 3(e). The XRD results are also confirmed by Raman
spectroscopy. For the sample with molar fraction x ¼ 0, 0.2, and
0.3 in Fig. 4, a single peak appears between 461 and 465 cm�1,
indicating the F2g mode for cubic CeO2. When the molar ratio x

reaches 0.8, six active modes of A1g+3Eg+2B1g symmetry (Fig. 4e,
five located at 113, 266, 313, 463, and 632 cm�1 plus one shoulder
at ca. 563 cm�1) are observed, confirming a dominant Zr4+ rich
tetragonal phase mixed with minor cubic phase [33]. It is
noteworthy that the F2g band in Raman spectra decreased in
intensity greatly but not linearly from (a) to (d), which might be
on account of the increasing structural defects in the mesocrystal
units with the introduction of Zr content. Above results also
suggest that as the Zr4+ molar ratio increases, while the phase
evolution does not significantly alter the morphology of the
mesoporous channels, it does have an effect on the meso-
crystallinity. Relatively low Zr4+ molar ratio in Ce1�xZrxO2 can
still maintain a predominant cubic structure to achieve the
coherent crystal alignment. When x is higher than 0.3, however,
the tetragonal phase co-precipitates with the cubic phase, and the
dissimilarity in crystal structures eventually leads to a random
orientation of the polycrystals.

Sample porosity was tested by N2 adsorption–desorption
isotherm and by Barrett–Joyner–Halenda pore size distribution
analysis for the desorption branch of the isotherm. All the
isotherms in Fig. 5 can be categorized as type IV hysteresis loop,
characteristic of capillary condensation taking place in mesopores.
Typical BJH pore size distribution for sample with x ¼ 0.3 shows a
relatively narrow pore size distribution between 8 and 12 nm,
consistent with the TEM measurement of the channel diameter of
around 10 nm. Table 1 summarizes the textural properties of the
mesostructured Ce1�xZrxO2. The sample with x ¼ 0.3 has the
largest BET surface area 154 m2 g�1 and the highest pore volume
0.21 cm3 g�1, which is probably attributable to a positive
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Table 1
Summary of the textual properties of mesostructured Ce1�xZrxO2.

Sample (x

ratio)

Crystalline size

(nm)

BET surface area

(m2 g�1)

Pore volume

(cm3 g�1)

0 5.5 139 0.16

0.2 5.3 135 0.18

0.3 4.9 154 0.21

0.5 4.7 115 0.14

0.8 4.3 98 0.11

Fig. 6. Percentage of CO conversion for CO+O2 reaction over mesostructured

Ce1�xZrxO2: (a) x ¼ 0, (b) x ¼ 0.2, (c) x ¼ 0.3, (d) x ¼ 0.5, and (e) x ¼ 0.8.

Fig. 7. T50 of mesostructured Ce1�xZrxO2: (a) x ¼ 0, (b) x ¼ 0.2, (c) x ¼ 0.3, (d)

x ¼ 0.5, and (e) x ¼ 0.8.
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physicochemical contribution from adding Zr dopant to an
optimal amount with no appreciable crystal structural and
morphological changes.
3.2. CO oxidation property

The conversion profiles of CO versus temperature are shown in
Fig. 6. Prior to all catalytic experiments, samples were pre-treated
in-situ in reaction conditions identical to those of the second runs
used for actual data collection. The temperatures for 50%
conversion of carbon monoxide (T50) are shown in Fig. 7. It is
noted that the T50 of the pure mesoporous mesocrystal CeO2

(T50 ¼ 581 K) in this study is lower than what was reported by
Lundberg and co-workers (T50 ¼ 608 K), where the BET surface
area was similar [21]. This can be due to the dominant exposure of
{200} atomic planes in the mesoporous mesocrystal structure and
the {200} planes are more likely to accommodate reactions with
CO since less energy is required to form an anion vacancy with
new oxygen on these surfaces [39]. Therefore, the favorable
crystal surface is good for the catalytic reaction. Increasing the
Zr4+ content further decreases the T50 until the lowest T50 is
achieved at 533 K for samples with Zr4+ molar fraction of 0.3. It
could be due to the fact that the introduction of Zr4+ may give rise
to more oxygen vacancies without decreasing the active planes;
also the high surface area at this optimal fraction was believed to
contribute to the enhanced catalytic performance. Afterwards, the
physicochemical enhancement from Zr4+ doping is offset by the
formation of the tetragonal phase and the structural
misalignment. Significant increase of T50 is observed as high as
637 K for the sample with Zr4+ molar fraction of 0.8.

There are reports that the addition of ZrO2 to CeO2 host can
improve thermal stability and catalytic property [40,41]. The
results in this study suggest that the doping effect is not linear.
The favorable enhancement can be further exploited by fabricat-
ing porous mesocrystals with the preferential alignment of meso-
channels. However, over-doping Zr4+ into CeO2 results in the
formation of mixed phases and the interruption to mesocrystal
coherency, and the resulting catalyst has lower surface area and
fewer active crystal faces. It should be pointed out that to fully
understand the mechanism, further research particularly com-
bined with computer modeling is necessary.
4. Conclusions

In summary, mesoporous mesocrystal Ce1�xZrxO2 is synthe-
sized by choosing acetate salt as inorganic species and P123 as
surfactant. The pore channels are found to be about 10 nm in
diameter. More interestingly, the channel wall framework consists
of highly oriented Ce1�xZrxO2 crystals with the crystal axis [001]
parallel to the pore channel and the {200} planes dominating the
channel surface. It is believed that the hydrophilic segments of
P123 and the acetate group act synergistically to promote the
formation of pore channel surfaces with dominant {200} planes,
and the strong dipole–dipole interactions following the manner of
coherent interface assist the alignment of the crystal orientation
to form mesocrystals. Such mesocrystal preferential alignment is
maintained when the Zr4+ molar fraction in Ce1�xZrxO2 is less than
0.3. However, more doping leads to forming a mixture of cubic
and tetragonal phases and losing the preferential crystal orienta-
tion. The physicochemical contribution from Zr4+ doping and the
structural evolution result in an optimal structure at x ¼ 0.3 for
CO conversion. Given the versatility of the synthetic approach,
further research is warranted in the exploration of a series of
ceria-based mesoporous mesocrystals with various dopants.
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