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Abstract China rose petal was used as robust
biotemplate for the facile fabrication of novel ceria
nanosheet with a thickness of about 7 nm via a
continuous infiltration process. The presence of well-
resolved peaks ([111], [200], [220], and [311]) for the
products revealed the formation of the fluorite-struc-
tured CeO,. The detailed characterization by field-
emission scanning electron microscope (FESEM),
field-emission transmission electron microscope (FE-
TEM), and atomic force microscopy (AFM) exhibited
the biomorphic structure of polycrystalline ceria film
with the nanoparticle size of ca. 6.98 nm. Based on the
surface chemistry and biochemistry processes, a pos-
sible mechanism for the formation of CeO, nanosheets
is proposed. Furthermore, nitrogen adsorption—desorp-
tion measurement and photoluminescence spectrum
(PL) were employed to characterize the samples. The
ceria nanosheet showed the existence of mesopores
(pores 2—4 nm diameter) on its surface and a broad
emission ranging from 350 to 500 nm in photolumi-
nescence spectrum. X-ray photoelectron spectroscopy
analysis (XPS) confirmed that the mesoporous nano-
sheets possessed more surface vacancies than the bulk
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CeO;; hence these hierarchical CeO, layers appear to
be potential candidates for catalytic applications.

Keywords Biotemplate - Biomorphic
mineralization - China rose petal - Nanosheet -
Synthesis

Abbreviations

2D Two-dimensional

3D Three-dimensional

XRD Powder X-ray diffraction

AFM Atomic force microscopy

FESEM Field-emission scanning electron
microscope

TEM Transmission electron microscope

FETEM Field-emission transmission electron
microscope

PL Photoluminescence spectrum

XPS X-ray photoelectron spectroscopy

Introduction

Two-dimensional (2D) anisotropic nanostructures of
metal oxides and semiconductor, especially nanosheet
with a thickness of several nanometers, have attracted
a great deal of attention owing to their unique
properties and applications in areas ranging from
electronics, separation, and sensor technology to
catalysis (Osada et al. 2006; Sugiyama et al. 2010;
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Seo et al. 2007). Existing methods for making
nanosheets mainly involve hydrothermal synthesis,
exfoliation of materials with layered structures, or
using surfactant-assisted solution process. But these
methods produce only minute quantities of nanosheets
(Terrones 2009). Moreover, without intrinsic driving
force for 2D anisotropic growth, it is difficult for metal
oxides and semiconductors with a cubic crystal
structure, including CeO,, to form nanosheets in
solution (Sun et al. 2010).

Ceria is one of the most important rare-earth oxide
materials for its promising applications in catalysis,
solid oxide fuel cells, oxygen sensors, oxygen storage
capacity medium, and chemical mechanical planari-
zation processes (Masson et al. 2009; Sun et al. 2010;
Ho et al. 2005). The physical/chemical properties of
cerium oxides are strongly dependent on their micro-
structures, including size, morphology, and specific
surface area. The increased nanostructures of ceria
lead to increased oxygen vacancies that promote
catalytic activity (Liu et al. 2009). However, com-
pared to CeO, with three-dimensional (3D) structures
such as sphere (Yang et al. 2010) or rods (Tana et al.
2009), 2D nanosheet of ceria has rarely been reported,
and therefore the peculiar properties of 2D ceria
nanostructure remains to be further explored in more
detailed theoretical and experimental studies.

In this study, we report a novel approach to prepare
ceria nanosheet via a facile impregnation process with
the assistance of a biological template, China rose
petal. China rose is perennial flower shrub, within the
family Rosaceae. Its petal is composed of specialized,
cone-shaped secretory cells and provides a robust,
hierarchical layered scaffold whose inner and outer
surface can be modified by varying the solution pH.
This modification, coupled with its extraordinary
chemical and physical stability, makes rose petal an
ideal platform for inorganic assembly.

Herein, through a continuous infiltration process of
cerium (III) nitrate and subsequent calcination, CeO,
nanosheets with a thickness of about 7 nm were
successfully fabricated. We established a general
method by using inexpensive, efficient, and environ-
ment-friendly template to synthesize bio-morphic
nanomaterial. Based on the surface chemistry and
biochemistry interaction, a possible growth mecha-
nism containing metal ions transportation in and out of
the cells was proposed and discussed.
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Experimental details
Materials

All common laboratory chemicals were purchased
from commercial sources and used without further
purification. Fresh rose petals were collected from
campus in spring.

Pretreatment of China rose petals

Four gram fresh China rose petals were washed with
deionized water for several times to remove loose dirt
and then pretreated by immersion in ethanol/water
mixtures to modify flower cell wall so that the surface
could react more easily with cerium(III) nitrate. The
reaction was carried out in the Petri dishes (100 mm in
diameter). The pH of system was adjusted to 4 by a 5%
HCI solution. About 1 h was taken for the above
immersion to complete.

Synthesis of ceria nanosheets

2.5 g (Ce (NO3);3)-6H,0 was added into the resulting
mixture and stirred vigorously. The cerium ions infil-
trated into petal cell wall at room temperature for 24 h.
After soaking, the petals were taken out with tweezers
followed by washed with distilled water for several
times and dried overnight in an electrical drying oven at
40 °C. Finally, the biotemplate was removed by high
temperature calcination (550 °C) for 120 min.

Characterizations

Powder X-ray diffraction (XRD) pattern of the
resulting material was obtained by using a D/max-
RB powder X-ray diffractometer. The morphology of
the sample was observed by using Carl Zeiss Micro-
scope. The surface structure of the samples was further
studied by using a Field-emission scanning electron
microscope (FESEM) model S-4800.

The distribution of biomorphic ceria nanoparticles
was investigated by using a JEM 2100F Field-
emission transmission electron microscope (FETEM).
The petal-templated hybrid was subjected to thermo-
gravimetric analysis—differential thermal analysis
(TGA-DTA) in a SDT Q600 instruments analyzer in
an oxygen atmosphere at the heating rate of 2 °C/min.
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The adsorption and desorption isotherm study with
nitrogen was performed using a Micromeritics ASAP
2010C system. The photoluminescence spectra of
samples were measured by using Renishaw In Via
laser Raman spectrometer. XPS analysis was carried
out by an X-ray photoelectron spectroscopy ESCA
(Thermo Fisher Scientific, ESCALAB 250, Mono Al
Ko source 1486.6 eV).

Results and discussion
X-ray diffraction

Figure 1 shows a typical XRD pattern of the as-
synthesized products after calcination. All of the peaks
in this pattern can be indexed as the face-centered
cubic fluorite structure of ceria (JCPDS No. 34-0394)
and six well-resolved but broad diffraction peaks
located at 20 = 28.6, 33.1, 47.4, 56.3, 69.5, 76.6,
which could be readily assigned to the fluorite cubic
phase (111), (200), (220), (311), (400), and (331)
diffraction planes, respectively (Zhou et al. 2005).
Peaks arising from impurities are not observed,
indicating that protein and carbonaceous materials
were completely removed.

Thermogravimetric analysis of hybrid
TGA survey was conducted to investigate the forma-

tion of CeO, nanosheets during the calcination process.
A thermogram of the petal impregnated with cerium

intensity(a.u.)
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Fig. 1 XRD pattern of cerium oxide nanosheets

(III) nitrate is shown in Fig. 2. The rate of weight loss
almost stopped at 550 °C and the weight loss reached
over 85% with petal completely removed due to
abundant water in plant cell. Heat flow curve showed
two peaks at 281 and 408 °C with an interval about
120 °C, which revealed two-stages in the synthesis of
biomorphic CeO,. It is considered that the weight loss
between 200 and 350 °C resulted from the decompo-
sition and charring of the organic constituents. The
following weight loss till 550 °C could be assigned to
the thorough combustion of those charred products.
Therefore, it is suitable for calcination to remove the
template at 550 °C (Dong et al. 2006).

The morphology and structure studies

China rose is a bushy, twiggy plant. It is often quite
irregular in outline, and ranges in color from deep red
to white. After blooming on a flowering stem, the
magenta flower petals fully opened as shown in
Fig. 3a. Microscopic photograph of the section
immersion in water from petal revealed the surface
decorated with many irregular lattices (Fig. 3b).

The morphology and structure of the samples is
further investigated by field-emission scanning elec-
tron microscopy (FESEM). Figure 3¢ exhibits the
right side of original China rose petal pretreated by
immersion in HCl/cerium nitrate solution is composed
of micro-bowls, like a close-packed array of approx-
imately hemispherical concave surface filled with
ridges. The diameters of bowls vary from 8 to 12 um.
As shown in Fig. 3d, the ceria film duplicating the
petal’s microstructure was obtained by calcining for
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Fig. 2 Thermogravimetric analysis of a mixture of nitrate
precursor
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Fig. 3 a Photo of China rose. b Microscopic observation of
original China rose petal, FESEM micrographs of (c) the right
side of original China rose petal template pretreated by
immersion in HCl/cerium nitrate solution (d) and ¢ after

2 h in air under atmospheric pressure. The surface of
the product with a periodic array of embossment
shows remarkable microstructure and size similar to
that of the original rose petal. The diameter of bowl
ranges between 5 and 7.5 pm, owing to shrinkage after
high temperature treatment. The same thing goes on at
the reverse side of samples. Calcination reduced the
rose petal cells with a folding fan structures to about
half size (20-10 um) as seen in Fig. 3e, f. Conse-
quently, the resulting CeO, exhibited good replication
quality for both micro and nano-sized surface features
of the native petal.

Figure 4a, b illustrates the TEM images of CeO,
synthesized by using petal template after mild soni-
cation. In these regions is the formation of ceria
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calcined at 550 °C. e the reverse side of China rose petal
template pretreated by immersion in HCl/cerium nitrate solution
(f) and e after calcined at 550 °C

nanosheets as good replicas of hierarchical petal cell
wall is evidenced. As shown in the HRTEM images
(Fig. 4c), the target material has a polycrystalline
phase. Accordingly, the TEM image taken from the
edge of ceria nanosheet (Fig. 4b) revealed that the
lamellae with a single-layer of polycrystalline nano-
particles which had a thickness of approximately
7 nm. HRTEM image in Fig. 4c also displays the
distances between the adjacent lattice fringes corre-
spond to the interplanar distances of the cubic CeO,
(111) and (200), which are dy;; = 0.313 nm and
d>oo = 0.274 nm (Yuan et al. 2009). The white circle
inserted in picture shows that the length of grain is
about 6.98 nm, which conforms to speculation about
the thickness of nanosheet in Fig. 4b.
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As shown in Fig. 5a, b, the thickness of the
nanosheet is calculated to be approximately
7.093 nm. This thickness observed by AFM corre-
sponds to a single CeO, polycrystalline particle

(6.98 nm) estimated from HRTEM image given
above, indicating that the sample was made up of
monolayer sheet with the lateral dimension exceeding
150.886 nm.

Fig. 4 TEM images of a cracked ceria with the morphology of petal cell, b the edge of ceria nanosheet, c HRTEM image of the CeO,
nanosheet, insets in (c) correspond to the CeO, (111) plane (bottom left) and the (200) plane (top right)
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Fig. 5 a AFM image and
b cross-sectional profile of
CeO, nanosheets deposited
on a Si substrate
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Proposed mechanism of the formation of CeO,
using China rose petal as biotemplate

The overall synthetic procedure is depicted in Fig. 6.
First, rose petal was treated with deionized water for
several times to free from dirt. Figure 6a, b are for a
fresh red petal from China rose and an idealized cell
model from petals, respectively. Traditional template-
directed method always requires several steps to
synthesize templates first, which is time-consuming,

high cost (Zhou et al. 2007; Yang et al. 2003).
Compared with conventional method, this stage of
preparation of biotemplates is more convenient and
“environment-friendly”.

Mechanisms in biomorphic mineralization can be
roughly divided into two types: biologically induced
mineralization and biologically controlled mineraliza-
tion (Hussein et al. 2009). The most likely mechanism
involved in the formation of CeO, nanosheet is inclined
to biologically induced mineralization mechanism

H Cl/ethanol

sonication

T —

e

f €

Calcined » Middle Lamella
| — » Primary Cell
Wall
T=550C
Plasma
Membrane

Fig. 6 Schematic illustration of the procedure for the synthesis of ceria nanosheets
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which included forming bridges between metal cations
and residues within the plant cell wall structure. This
point will be illustrated in the next stage in detail.

The second stage consists of two steps, modification
of template surface to achieve favorable surface
properties and coating the templates with cerium ions.
Figure 6¢ shows the simplified conceptual model of
petal cell with a cell pore (magnification) on it.
Common plant cell wall mainly contains middle
lamella, primary cell wall, plasma membrane, and
large amounts of water (Dai et al. 1996; Davies et al.
2002) as shown in Fig. 6¢, d. Cerium ions (green dots
in Fig. 6¢) integrate into petal cell wall through the cell
pore to form multi-layers (green circles in Fig. 6d).
Anions mainly provided by protein, peptides, and
polysaccharides (Lagaert et al. 2009; Hussein et al.
2009) in cell wall are the driving force for assembly to
form complexes. Anionic ligand can bind to Ce*" ions,
as shown by the exemplar equation below.

NH,

I 4

Fig. 7a, b. According to the IUPAC classification, the
isotherm was identified as type IV with an H4-type
hysteresis loop, supporting the mesoporous structure
of the material. The presence of a pronounced
hysteresis loop in the isotherm curve is associated
with the filling and the emptying of the mesopores by
capillary condensation. The BET-specific surface area
of these ceria nanosheets was measured to be
44.48 m*/g. The CeO, film shows a narrow and
bimodal pore-size distribution centered on 2 and 4 nm.
These features demonstrate that biomorphic CeO,
contains large numbers of mesopores (2—4 nm) on the
surface of ceria lamellae. Such mesopores could be
attributed to duplication of petal cell wall.

Optical properties of ceria nanosheets

PL spectrum is always used to discern defect-related
transitions. The location and intensity of some bands

NH,

|
CH —C00—Ce?*

By regulating the cell pores, living cell can hold
back the access of metal ions. For this reason, HCI and
ethanol were added to cause protein denaturation.
Transmission rate of Ce’" ions grew greatly in
comparison to reaction without HCI.

Calcination is the final stage to burn off the organic
template, as well as to crystallize and densify the
products. We choose 550 °C for calcination on the
basis of the thermogravimetric analysis and 2 °C/min
for heating rate to keep from collapse of nanostruc-
tures. Shrinkage occurs subsequent to calcination. As
shown in Fig. 6e, bio-membranes in petal cell wall
convert to hierarchical CeO,. After mild sonication,
ceria nanosheets, whose lateral size ranges from
several hundred square nanometers to several square
micrometers, were obtained (Fig. 6f).

Adsorption—desorption isotherm and pore-size
distribution

Typical nitrogen adsorption—desorption isotherm and
corresponding pore-size distribution are shown in

are related to the oxygen-vacancy density (Sun et al.
2007). The room-temperature PL spectra of bulk CeO,
powder and the ceria nanosheet are shown in Fig. 8a,
b, respectively. (The bulk CeO, is obtained by
calcining cerium (III) nitrate in air at 600 °C as a
contrast.) Compared with the PL spectrum of the ceria
nanosheets, the strong room-temperature PL intensity
peak at about 600 nm for the bulk CeO, could be
attributed to its better crystallinity (Sujana et al. 2008).

It is obvious that one strong emission peak band at
425 nm was observed for the nanosheet. Cerium oxide
is a wide band gap compound semiconductor, whose
gap is about 5.5 eV (Koelling et al. 1983). There are
many defects energy levels between Ce 4f and O 2p
level. It is easy to observe the hopping from Ce 4f to O
2p. In addition, the defect levels localized between the
Ce 4f band and the O 2p band can result in wider
emission bands. Thus, the broad emission bands
ranging from 350 to 500 nm for nanosheets are
attributed to the hopping from different defect levels
to O2p band (Lu et al. 2010). This result indicates that
the ceria nanosheet possesses higher oxygen-vacancy
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Fig. 7 a Nitrogen adsorption—desorption isotherm and b corresponding pore-size distribution plot of biomorphic CeO, nanosheets

level, which is helpful for fast oxygen transport (Sun
et al. 2007).

X-ray photoelectron spectroscopy (XPS) analyses

Next we used X-ray diffraction (XRD) analysis to
further confirm the result of PL spectra. Figure 9
shows the Ce 3d core-level XPS profile for two
samples, nanosheet CeO, and bulk CeO,. Two series
of V and U peaks correspond to the 3ds,, and 3ds/,
states, respectively. The peaks of V and V' can be
attributed to a mixing configuration of 3d°4f%(02p*)
and 3d°4f'(02p°) Ce*" states, and V" to the
3d°4f°(02p°) Ce* state. The valley between V and
V' is attributed to 3d°4f (02p®) Ce** state. The same
assignment can be applied to the series of U structures,

ceria nanosheet

bulk ceria

intensity(a.u.)

500 550
Wavelength(nm)

Fig. 8 Room-temperature photoluminescence spectra of a bulk
CeO, powder b ceria nanosheet
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and therefore the two valleys between V and V' and U
and U’ are due to photoemission from Ce* " cations. If
cerium oxide contains only a small amount of Ce3+,
then the valleys are obvious, but if Ce**/Ce*" ratio in
ceria becomes higher, the valleys between V and V'
and U and U’ start to vanish (Ji et al. 2008; Zhang et al.
2004; Noronha et al. 2001; Shyu et al. 1988; Guo et al.
2011). As shown in Fig. 9, the two valleys in XPS
spectra of nanosheet are much less well-defined. It is
clear that ceria nanosheet has more concentrated Ce®"
as well as more oxygen vacancies.

O1 s XPS spectra are shown in Fig. 10. Spectrum
10a from bulk CeO, surface has two peaks at
527-534 eV. The peak at about 529.74 eV could be
attributed to the lattice oxygen (027) for CeO,, and the
peak at ca. 531.82 eV could be related to the

—— Nanosheet
Bulk

\Y

’

intensity(a.u.)

Manosheet

T T T T T T T T T
900 910

Binding energy(eV)

Fig. 9 Ce 3d core-level XPS spectra, respectively, for the
nanosheet and bulk CeO,
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Fig. 10 O Is core-level photoemission spectra from a bulk CeO,, b nanosheet

chemisorbed OH on the surface. As shown in Fig. 10b,
ceria nanosheet also displays a peak at 531.02 eV
belonged to the chemisorbed OH group, which
increases appreciably in contrast with the bulk CeO,'s
peak. For ceria nanosheet, the percentage of the
chemisorbed OH groups out of the total oxygen is
significantly larger than that for the bulk. As we know,
the increase of Ce’" concentration in nanoparticles
correlates with higher oxygen and electron vacancy. It
mostly relies on a charge imbalance, the vacancies and
unsaturated caused by Ce’ * which could facilitate the
growth of chemisorbed oxygen on the catalyst surface
(Ji et al. 2008; Liu et al. 2009; Dupin et al. 2000). This
indicates the novel CeO, nanosheet has great poten-
tials as a support for catalysts with various purposes,
such as low-temperature water—gas shift reaction and
elimination of toxic auto-exhaust gases.

Conclusion

In brief, the synthetic method using China rose petals
as a biotemplating agent in this study leads to the
formation of novel ceria nanosheets with a thickness of
about 7 nm through a simple continuous infiltration
process of cerium (III) nitrate. It does not require any
intricate treatment or any expensive precursor. The
possible growth mechanism of the CeO, hierarchical
architectures was proposed in the light of the electron
microscope observation. The synthesis was done based
on the surface chemistry, biochemistry processes and
interactions between Ce®" with anions aggregated in

the plant cell. In contrast with the bulk CeO,, the as-
synthesized biomorphic-CeQ, possesses higher Ce® "/
Ce** ratio and more oxygen vacancies at the surface of
the ceria nanosheet, which can be attributed to the
quantum size effect associated with its extraordinarily
small thickness. This means that catalytic activity of
CeO; nanosheet must be further enhanced. These novel
hierarchical porous nanosheets with pore size ranging
from 2 to 4 nm and high oxygen-vacancy density
strongly suggest their potential application in catalysis.
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