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Abstract

Cerium oxide (CeO,) nanostructures are an interesting metal oxide in catalysis owing to their unique redox properties and high mobility of
oxygen vacancies at the surface. CeO, nanostructure was synthesized via a green route using an aqueous extract of Picrasma quassioides bark.
Formation of ceria nanostructures were monitored by UV—-vis absorption spectroscopy and Fourier transform infrared spectroscopy (FTIR).
Annealing temperature-dependent crystallite size and lattice strain on the X-ray peak broadening of the CeO, nanostructures was determined by
the size—strain plots. The application of the green synthesized CeO, nanostructures for the catalytic degradation of methylene blue by NaBH, was
carried out. We demonstrated that the catalytic decomposition rate was gradually improved due to the increase of annealing temperature of CeO,
nanostructure, and obtained highest performance at 600 °C annealed sample. This is because of the significantly improved crystallinity of CeO,
nanostructure at higher temperature, leading in a low density of crystalline defects and wide distribution of nanostructure with a large surface area

to provide more active electrons (e~ ) for the decomposition of dye.
© 2016 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Keywords: Green synthesis; Picrasma quassioides; CeO, nanostructure; Size—strain analysis; Catalytic activity

1. Introduction

Cerium (Ce) is one of the most abundant rare earth elements
in the earth's crust, comprising approximately 66 ppm in free
metal or oxide form [1]. Cerium oxide (CeQ,) is a semicon-
ductor with a wide band gap (3.19eV) and large exciton
binding energy [2]. In recent years, CeO, nanomaterials have
attracted attention because of their unique physical and
chemical properties that are significantly different from those
of bulk materials [3]. Therefore, they have been used in a wide
range of applications, such as catalyst [4], gas sensors [5],
polishing materials [6], solid oxide fuel cells [7], sunscreen
lotions [8], ultraviolet absorbers [9], electronics [10],
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agriculture [11], optical devices [12], drug delivery [13], and
in the field of biomedical applications.

In general, CeO, nanomaterials have been synthesized using
physical and chemical methods, including hydrothermal [14],
microwave [15], sonochemical [16], sol—gel [17], solvothermal
[18], flame spray pyrolysis [19], ball milling [20], thermal
decomposition [21], and co-precipitation [22]. On the other
hand, these methods are complex, required long time physical
and chemical reactions, the use of toxic chemicals, high
pressures and temperatures, and potentially hazardous to the
environment. Green synthesis methods are inexpensive, safe
and easy to use, do not produce any toxic byproducts, and are
an eco-friendly alternative to physical or chemical methods.
On the other hand, there are only a few reports available on the
green synthesis of CeO, nanomaterials in the literature using a
range of biomaterials, such as honey [23], Gloriosa superba L.
leaf [24] and Aloe barbadensis miller gel [25].
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Picrasma quassioides (P. quassioides) (D. Don) Bennett
(family Simaroubaceae) is a species of Picrasma native to the
temperate regions of southern Asia. The plant branches are
used as a traditional folk medicine for the treatment of a
variety of diseases, such as hypertension, cancer, snake bites,
and gastroenteritis [26,27]. In the present investigation, CeO,
nanostructure was synthesized by using P. quassioides bark
aqueous extract. To the best of our knowledge, there are no
reports of the synthesis of CeO, nanostructures using an
aqueous extract of P. quassioides bark. The aim of the present
study is to explore the effect of post-annealing treatment of the
synthesized nanostructures to improve their crystallinity. The
application of annealing temperature-dependent of CeO,
nanostructures for the enhanced catalytic decomposition of
methylene blue (MB) by NaBH, was carried out.

2. Experimental
2.1. Chemicals

A high purity (99.9%) analytical reagent grade (AR) cerium
chloride heptahydrate (CeCl;.7H,0), sodium borohydride
(NaBH,) and methylene blue (C;¢H;gCIN3S.3H,0) were
purchased from Sigma-Aldrich (Seoul, South Korea). The
chemicals were used as purchased without further purification.
The P. quassioides bark was purchased from a local oriental
market in Gyeongsan, South Korea.

2.2. Synthesis of CeO; nanostructures

First, the P. quassioides bark was ground to a fine powder.
Subsequently, 5 g of dry P. quassioides bark powder was
mixed with 100 mL of deionized water in a beaker, stirred at
60 °C for 30 min and thereafter, filtered through Whatman no:
42 filter paper. The required quantity of cerium chloride
heptahydrate (3.72 g) was dissolved in 100 mL of the P.
quassioides bark extract. The resulting solution was stirred at
80 °C for 6 h and allowed to cool naturally to room tempera-
ture (RT). A yellowish brown precipitate was formed, and the
supernatant was discarded. The obtained precipitation was
dried in a vacuum oven at 80 °C for 4h to get CeO,
nanostructure. Finally, the as-prepared powders were calcined
at three various temperatures at 200, 400 and 600 °C for 2 h in
air to further study their structural, morphological and catalytic
activity of CeO, nanostructures. The sintered products were
denoted as Ce0,-200, Ce0,-400 and CeO,-600 for 200, 400
and 600 °C annealed temperatures, respectively.

2.3. Characterization

The green synthesized CeO, nanostructures were monitored
using a double beam UV-vis spectrophotometer (OPTIZEN-
3220UV) over the wavelength range of 200-800 nm. Dried
samples of the P. quassioides bark extract and CeO, nanos-
tructure was pelletized separately with KBr and examined by
Fourier transform infrared spectroscopy (FT-IR, Perkin-Elmer-
Spectrum Two). The morphology of the green synthesized

CeO, nanostructures were examined by using high-resolution
transmission electron microscopy (HR-TEM, Tecnai G2 F20
S-Twin, USA) operating at an accelerating voltage of 200 kV
with a point resolution of 0.24 nm and a Cs of 1.2 mm. To
prepare a sample of TEM, a small amount of powder was first
dispersed in water, sonicated for 5 min and thereafter drop-
coated on a commercially available carbon-coated copper grid.
This was dried under a visible-light for 10 min. The length
scales are indicated systematically as a black bar on the bottom
corner of the images. Atomic force microscopy (Tapping
mode-Nanoscope III a, Digital Instruments, Inc.) was used
for topographic analysis of the CeO, nanostructures. The
polycrystalline nature of green synthesized CeO, nanostruc-
tures were examined by X-ray diffraction (XRD, PANalytical
X'Pert® PRO, USA) using Cu Ko radiation (A1=1.54 A) at
40 kV and 30 mA. The chemical state and composition of the
elements present in the CeO, nanostructure was identified by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha) using a Al Ka X-ray source (1486.6 eV). The source
energies of 200 eV and 30 eV were used for the high and low-
resolution scans, respectively.

2.4. Catalytic activity of CeO, nanostructures

To ascertain catalytic activity of CeO, nanostructures, the
degradation of the synthetic organic dye, Methylene blue (MB)
by NaBH, using CeO, nanostructure as a catalyst was carried
out [28]. MB is used widely as a redox indicator in analytical
chemistry. The aqueous solution of this substance is blue in an
oxidizing environment, and turns to colorless when exposed to
reducing agents. Its redox properties can be observed in a
classical demonstration of chemical kinetics in an experiment
known as the “blue bottle” experiment. Moreover, MB can be
used as a staining dye in many reactions as Wright's stain and
Jenner's. In a typical experiment, 5 ml of NaBH, (0.01 M)
mixed with 50 ml of an aqueous solution of MB (1 x 1073 M)
in a beaker, and 30 mg of CeO, nanostructure was then rapidly
added to the above mixture with constant stirring. The color of
the mixture vanished gradually, indicating the reduction of
MB. The catalytic activity of the CeO, nanostructure was
evaluated by monitoring the variation in absorbance intensity
of the dye solution as a function of time at the corresponding
wavelength using an UV-vis spectrophotometer (OPTIZEN-
3220UV). To understand the effect of size/impurity on the
catalytic activity of the CeO, nanostructure, the catalytic
experiments were conducted using various annealed samples
(Ce0,-200, Ce0O,-400 and Ce0,-600) as an active catalyst for
the degradation of MB by NaBH,.

3. Results and discussion

The P. quassioides bark aqueous extract was used as a
capping and reducing agent for the synthesis CeO, nanos-
tructures. A typical UV-vis absorbance spectrum of CeO,
nanostructure is shown in Fig. 1. In general, cerium in the 3+
state (III) could absorb the energy in both ultraviolet (UV) and
visible regions, whereas the 4 state (IV) absorbs only in the
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Fig. 1. UV-visible absorption spectrum of the green synthesized CeO,
nanostructure.
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Fig. 2. FT-IR spectra of (a) P. quassioides extract and (b) CeO, nanostructure.

visible region. As expected, a characteristic absorption peak at
298 nm was confirmed the formation of CeO, nanostructure
that crystalized in a simple cubic structure [29,30]

Typical FT-IR spectra of the green synthesized CeO,
nanostructure and the bark extract are shown in Fig. 2. The
FT-IR spectrum of P. quassioides bark consist of several
absorption bands at 3404 cm~' (O-H stretch; alcohols and
phenols), 2929 cm ™! (O-H stretch; alkanes); 1713 cm !
(C=0 stretch; carboxylic acids), 1613 cm™"' (N-H bend 1°
amines), 1449 cm”! (C-H stretch (in-ring), aromatics),
1346 cm™' (N-O symmetric stretch, nitro compounds),
1207 cm ™! (C-O stretch, alcohols, carboxylic acids, esters
and ethers), 1039 cm ™! (C-N stretch, aliphatic amines), and
870 and 760 cm ' (bend alkenes). In the FT-IR spectrum of
the CeO, nanostructure, the bands were located at about
3410 cm ™!, correspond to the —OH stretching from residual
alcohols, water and Ce—OH [24]. The band at 1031 cm ™! s
due to the (Ce—O-Ce) vibration [31]. The peak near
1641 cm ™' was assigned to the bending vibration of H-O-H
that partially overlapped with the O—C-O stretching band. The
bands between 700 and 400 cm ' were assigned to the Ce—O
stretching vibration [32]. Based on these results, P. quassioides
bark contains alcohols, phenols, carboxylic acids, 1° amines,

aromatics, alkanes, and alkenes. These biomolecules are
responsible for the formation and stabilization of the synthe-
sized CeO, nanostructures.

Fig. 3(a) presents a comparison of the XRD pattern of green
synthesized CeO, nanostructures (Ce0,-200, Ce0,-400 and
Ce0,-600) and standard CeO, crystallographic data. All the
reflections obtained for the CeO, nanostructures were well
matched to the standard crystallographic data, Joint Committee
on Powder Diffraction Standards (JCPDS): 034-0394. For all
samples, the peaks at about 28.55, 33.08, 47.47, 56.33, 59.08,
69.40, 76.70, 79.07 and 88.41° were assigned to the (111),
(200), (220), (311), (222), (400), (331), (420) and (422) planes,
respectively. The standard XRD peaks confirmed the common
cubic structure (JCPDS no: 034-0394) of the synthesized CeO,
nanostructure. No other impurity phases are identified, which
are indicating the high purity of the annealed samples.
However, a closer look certainly indicates that the peak
position of the all XRD peaks was shifted toward higher angle
side as a function of annealing temperature. The dominant
XRD peak shifting is shown in Fig. 3(b). We note from the
figure that the crystallinity of the samples increased as the
increase of annealing temperature. And also full-width at half-
maxima (FWHM) values of the nanostructures was decreased
with the temperature. The XRD patterns were refined using
celref3 software provided by collaborative computational
project number 14 (CCP14). The method used to refine the
lattice parameter was a least squares refinement [33], and the
refined values are listed in Table 1. As noted from the table,
the volume of the nanostructures are found to be decreased
(lattice contraction) with the raise of temperature. To corro-
borate the lattice contraction of nanostructures, the temperature
dependent size—strain values were estimated using the X-ray
peak broadening method. The formulae and method used to
calculate the size—strain are reported in our previously pub-
lished papers [34,35]. The plots of /}ll) (x-axis) and cos 0 (y-axis)
are shown in Fig. 3(c). All the samples were fitted to the linear
function and the crystallite size D is calculated from the slope
of the fits. The values of D for all annealed samples are listed
in Table 1. As seen in the table, the crystallite size values are
increased due to the increase of annealing temperature. This is
because of narrowing of the XRD peaks with the temperature
(Fig. 3(b)). The size—strain plots are plotted for all samples that
resulted in straight lines as shown in Fig. 3(d). As shown in the
figure, all samples were fitted to the linear equation and further
estimated the strain and size values from the slope and y-
intercept of the curves, respectively. The calculated values are
tabulated in Table 1. The crystallite size values are well
consistent with the values calculated from the %D and cos 6
plots (Fig. 3(c)). We note from the table that the strain values
are increased as a function of annealing temperature. A
negative strain is due to the relaxed crystallites; on the other
hand the positive value of micro-strain is because of the
contraction of crystallites [36]. Therefore, the —ve sign
indicates that lattice contraction was observed due to the
increase of annealing temperature, corroborated by the volume
values of nanostructures (Table 1). In general, the strain would
be releases in bigger particles. In the current case, due to the
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Fig. 3. (a) XRD patterns and (b) their corresponding magnified view of dominant XRD peak, (c) plot of cos @ versus 1/p, and (d) size—strain plot of the annealed

CeO, nanostructures.

Table 1
Lattice parameter (a), volume (V), crystallite size and strain values of CeO,
nanostructures.

Scherrer
method D (nm)

Volume
(nm®)

Sample a (nm) Size-strain plot

method

D (nm) e (x107%

Ce0,-200 0.543933 0.160930 24.53 24.68 —3.50
Ce0,-400 0.543292 0.160362 27.95 26.16 —2.28
Ce0,-600 0.541855 0.159092 30.60 27.93 —-1.92

increase of annealing temperature, the crystallite sizes are
increased that resulted in increase of strain values. Therefore,
the effect of annealing temperature causes size—strain effects in
the nanostructures that affect the catalytic properties of the
nanostructures greatly.

TEM images of the annealed CeO, nanostructures are
shown in Fig. 4. As shown in the figure, the annealed samples
were well dispersed, similar to appear and however, possess
various morphologies. Some of them are appear to be
spherical, triangular, tetragonal, octahedral, etc [37]. Although
the nanostructures are similar to appear for all samples, as
expected, the aggregation of particles were decreased as the
increase of annealing temperature. The particle/grain size

variations have not observed clearly in the TEM images
because of the wide distribution of nanostructures, however;
the grain sizes were approximately found to be in the range of
10-80 nm. To confirm the phase formation of CeO, nanos-
tructures, the HR-TEM images were analyzed using Gatan
software. The HR-TEM images of Ce0,-200, 400 and 600
nanostructures are shown in Fig. 4(d), (g) and (j) and insets of
corresponding figures show their magnified versions (f, i and 1)
and line profiles (e, h and k) of HRTEM, respectively. The
lattice fringe distance of 0.306 nm (CeO,-200), 0.305 nm
(Ce0,-400) and 0.303 nm (Ce0,-600) were assigned to the
(111) plane of the CeO, structure. These values are good
agreement with the XRD data. Therefore, the HRTEM images
revealed the good crystalline nature of the annealed samples.

The surface roughness calculation using atomic force
microscopy measurements is an indirect way but very effective
way to qualitatively determine the active surface sites on the
thin film surface. Therefore, the AFM images of the annealed
samples were recorded. The surface roughness of all annealed
samples (not shown here) was estimated and those values are
increased with an increase of annealing temperature as the
following: Ce0,-200 < Ce0,-400 < Ce0,-600. The highest
surface roughness for Ce0,-600 (with respective to other
samples) is because of the higher crystallinity and lower
aggregation of sample at 600 °C temperature.
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Fig. 4. (a)-(c) Low magnification, (d, g and j) high magnification HR-TEM images and their corresponding magnified view of HR-TEM images (f, i and 1) showing
d-spacing values and line profiles (e, h and k) of CeO,-200, 400 and 600 nanostructures, respectively.

To identify surface properties of the annealed CeO, nanos-
tructure, the XPS analysis was performed. XPS provides
information on the oxidation state of each element in the
sample. Fig. 5(a) shows the survey spectrum of CeO,-400
nanostructure. The spectrum revealed the presence of C, O and
Ce without other impurities, confirming the phase purity of the
synthesized nanostructure. The presence of carbon in the
sample was attributed to carbon contained in the bark extract
used for the reduction of the CeO,. To find more detailed
information regarding the state of the elements, the high-
resolution spectra of C 1s, O 1s and Ce 3d were recorded and
shown in Fig. 5(b—d). The C 1s core level spectrum composed
of three sub-components (C1, C2 and C3). The peaks at
285.6 eV (C1), 289.7 eV (C2) and 293.6 eV (C3) are assigned
to the hydrocarbon phase, plasmon transition and carbonate
species, respectively. Fig. 5(c) represents the Gaussian fitted
core level spectrum of O 1s. The decomposed spectrum
consisted of four peaks at binding energies of 529.8 eV
(01), 530.8eV (02), 531.9eV (03), and 534.1eV (04).
The peak at Ol (529.8 eV) from the lattice oxygen was
attributed to O, ions surrounded by Cett ions, which
corresponds to the Ce—O bond in the CeO, nanostructure.
The binding energy at O2 (530.8 eV) can be assigned to O,
ions in the Ce—O bond, where cerium is present in the cet
state. The peak at O3 (531.9eV) correspond to oxygen

vacancies. The peak at a higher binding energy 04
(534.1 eV) was not associated with the presence of either of
Ce*™ or Ce*™ and was assigned to adsorbed water or —OH on
the surface of the CeO, nanostructure. The Ce 3d narrow scan
was deconvoluted into several components (Fig. 5(d)), which
are located at 883.1eV (Cel), 884.9eV (Ce2), 886.5eV
(Ce3), and 889.9 (Ce4) eV, ascribed to the Ce 3ds,, while
the other peaks at 898.8 eV (Ce5), 901.9 eV (Ce6), 905.7 eV
(Ce7), and 908.4 eV (Ce8) were attributed to Ce 3ds,. The
higher binding energy satellite peak centered at 917.4 eV
(Ce9) is characteristic of Ce*™ in the CeO,. This suggests
that cerium exists in the Ce*™ oxidation state. On the other
hand, the peaks at 884.9 and 901.9 eV are the characteristic
peaks of Ce® . This clearly suggests that both Ce** and Ce® ™
ions co-exist in the CeO, layers [38—42]. Table 2 lists the
atomic percentages of the elements. From the table, the
elemental percentage of C 1s, O Is and Ce 3d in the CeO,-
400 nanostructure was 24.25, 59.58 and 16.17% respectively.
Therefore, the higher percentage of C 1s indicates the
formation of CeO, from the biomass substances.

To evaluate the catalytic performance of the green synthe-
sized CeO, nanostructures, the degradation of MB was carried
out by NaBH, in the presence of CeO, nanostructures. The
characteristic absorption of MB at ,,,, =664 nm was used to
monitor the reaction. The effect of annealed temperature of
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Fig. 5. XPS analysis of the green synthesized CeO,-400 nanostructure: (a) survey scan, and high resolution scans of (b) C 1s, (c) O 1s, and (d) Ce 3d.

Table 2
Atomic weight percentage of C, O and Ce in the CeO, nanostructure.

Sample Elemental percentage (at%)
C (6} Ce
Ce0,-400 24.25 59.58 16.17

CeO, nanostructures on the catalytic degradation of MB by
NaBH, was examined keeping the other parameters constant.
In the absence of CeO, nanostructure, the mixture of MB and
NaBH, has not shown appreciable degradation (not shown
here). Time-dependent variation of absorption spectra of MB
by NaBH, up to 50 min in the presence of CeO,-200, 400 and
600 nanostructures as active catalysts are shown in Fig. 6(a)-
(c), respectively. A comparison of the absorption spectra of the
catalytically degraded MB after 50 min by NaBH, in the
presence of CeO, nanostructures is shown in Fig. 6(d). As
shown in the figure, after 50 min, the dye concentration of
61.1% (Ce0,-200), 52.5% (Ce0,-400) and 24.8% (CeO,-600)
were degraded from its initial concentration of MB. At higher
annealing temperature (600 °C), the CeO, nanostructure

performed superior catalytic activity against other samples,
which are annealed at lower temperatures. C, and C are the
initial and final dye concentrations. The rate of degradation
(d%) is given by [39]

d% = (1 — £) x 100% 2)
Co
where d is the relative percentage degradation of MB (%), C,
and C are the concentration of MB at the initial and time ¢,
respectively. According to the Langmuir-Hinshelwood model,
the pseudo-first order kinetic equation for a low dye concen-
tration is given by [43]

In (C%,) = —kt 3)

where k is the apparent first-order rate constant (IIliIl71

Fig. 6(e) shows a kinetic plot of the pseudo-first-order, In c

with respect to time for all annealed samples. All the plo S
given a linear fit and the slope of the line represents the rate
constant (k) for the degradation of the MB dye. The variation
of k as a function of annealing temperature of the CeO,
nanostructures is shown in Fig. 6(f). From the figure, it is
observed that the rate constants are monotonically increased in
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catalytic activity of the annealed samples at 50 min, (e) Plot of In CQ as a function of time, and (f) Catalytic rate constant of annealed samples.

the following order: Ce0,-200 < Ce0,-400 < Ce0,-600. The
Ce0,-600 nanostructure performed highest catalytic activity to
degradation of MB by NaBH, with respect to other samples
(Ce0,-200/400). The efficiency of the catalytic activity of the
materials depends on several factors such as, (i) Due to the
increase of crystallinity and surface area of the nanomaterials
will significantly improve the efficiency of the catalyst, (ii) a
decrease in particle size (within the critical size) will also
increase the catalytic activity [44—46]. In the present case, the
particle/grain size variation of the annealed nanostructures has
not in the detectable range (see Fig. 4). Therefore, it is
discarded in the present case. However, the improved catalytic
activity of the nanostructures is due to the following reasons:
(1) the crystallinity of the nanostructures gradually improved
against annealing temperatures (Fig. 3(b)) that would turn in
reduced the crystalline defects and decreases the density of
residual elements from the leaf extracts, (ii) a large surface area
of the Ce0,-600 nanostructure provides more number of
electrons (e~ ) to improve the e™ transfer reaction from the
donor (BHj ) to acceptor (MB) for the reduction of dye.

4. Conclusion

In summary, the CeO, nanostructures were synthesized by
an eco-friendly green synthesis method using an aqueous bark
extract of P. quassioides. The formation of the CeO, nanos-
tructure was monitored using a UV—visible spectrophotometer.
The effect of post-annealing temperature on the size—strain
values of CeO, nanostructures were investigated by using X-
ray peak broadening method. The obtained crystallite size
values from Scherrer method is well consistent with the values
calculated in the size—strain plots. The co-existence of Ce® "
and Ce*™ in the CeO, nanostructure was confirmed by XPS
analysis. A wide-distribution of nanostructures with various
polymorphs such as spherical, trigonal, tetragonal, octahe-
drons, etc was identified by HR-TEM. And the morphology of
the nanostructure has not changed appreciably with an increase
of annealing temperature. The post-annealing temperature
dependent catalytic activity of the cerium oxide nanostructures
were carried out for the degradation of MB by NaBH,. The
Ce0,-600 nanostructure (annealed at 600 °C) showed
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significant catalytic activity for the degradation MB by
NaBH,. The better catalytic performance of the Ce0,-600 is
due to the higher crystallinity and large surface area as
compared to other samples.
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