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Template- and surfactant-free synthesis of
ultrathin CeO, nanowires in a mixed solvent and
their superior adsorption capability for water
treatmentt
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Ultrathin CeO, nanowires with a diameter of 5 nm and an aspect ratio of more than 100 can be prepared by
a one-step refluxing approach in a mixed solvent composed of water and ethanol without using any
templates or surfactants. The formation mechanism of the as-synthesized ultrathin nanowires has been
investigated. The as-synthesized CeO, nanowires with a high surface area of 125.31 m? g~! exhibited
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Accepted 16th February 2015 excellent wastewater treatment performance with high removal capacities towards organic dyes and
heavy metal ions. In addition, the as-synthesized CeO, nanowires can adsorb Congo red selectively from

DOI: 10.1039/c55c00104h a mixed solution composed of several dyes. Successful access to high quality ultrathin nanowires will
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Introduction

Nanocrystals of rare-earth compounds have become a new focus
of research, due to their unique properties arising from the 4f
electron configuration and their potential applications in
ultraviolet absorbants, solid-state lasers, optical amplifiers,
lighting and displays, and biolabels.”® Among them, CeO,, as a
typical multifunctional rare earth oxide, has attracted a great
deal of interest due to its novel chemical and physical proper-
ties, including high mechanical strength, oxygen ion conduc-
tivity, and oxygen storage capacity.*” On the basis of previous
studies, various morphologies of dispersible CeO, nanocrystals
of rare-earth compounds, have been synthesized, such as
nanoparticles, nanorods, nanowires, polyhedra, nanoplates,
and nanocubes.*** One-dimensional (1D) nanostructured
CeO,, such as nanorods, nanowires, and nanotubes, has
become a new focus of research, due to its unique properties
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make it possible for their potential application in catalysis and other fields.

and potential applications. Various methods including sol-
gel,"** precipitation,'® hydrothermal,"”** and thermal decom-
position* have been reported for preparing 1D CeO, nano-
structures. To obtain 1D nanostructures, the crystal growth
pathway can be controlled thermodynamically and kinetically
with different mediators, e.g., solvent, surfactant, mineralizer,
concentration, temperature, etc. For example, a variety of chem-
ical reagents and/or shape-control agents including organic
compounds, inorganic mineralizers, surfactants, or templates,
can be used to create CeO, colloids with 1D nanostructures.

1D nanowires can be fabricated mainly by hard or soft
template-based approaches,**** which provide better control
over the uniformity, morphology, and dimension, compared to
other techniques, such as nanolithography.>**” However, major
drawbacks of these methods are the extremely low yield and
high cost due to the use of templates, which prevents them from
being used in practical applications. Meantime, 1D nanowires
are usually synthesized by the use of surfactants as a structure-
directing agent. However, the introduction of such chemical
additives increases the cost of the as-synthesized nanomaterials
and decreases the catalytic activity of the catalyst which requires
clean surfaces with maximum reactive sites.

Herein, we report a facile solution route for the synthesis of
ultrathin CeO, nanowires by a one-step refluxing approach in a
mixed solvent composed of water and ethanol without using
any templates or surfactants. The as-synthesized CeO, nano-
wires have a high surface area and exhibit a promising perfor-
mance in wastewater treatment. Moreover, the ultrathin CeO,
nanowires showed obvious adsorption selectivity in wastewater,
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such that Congo red could be selectively removed from a mixed
solution of several dyes. The removal capacity of Congo red can
reach up to 2382.75 mg ¢~ ' with a short adsorption duration of
only 30 min.

Results and discussion

Ultrathin CeO, nanowires were synthesized in a mixed solvent
with a volume ratio of water/ethanol solution of 1 : 1. Fig. latoc
show the morphology of the as-synthesized CeO, nanowires,
indicating that the nanowires were very uniform with a diam-
eter of about 5 nm and an aspect ratio of more than 100. The X-
ray diffraction (XRD) pattern of the as-synthesized nanowires as
shown in Fig. S1at indicates that the product is CeO, (JCPDS
card no. 34-0394). Meanwhile, Ce M, s-edge EELS spectra of the
CeO, nanowires corresponded to valence states of Ce** (inset in
Fig. S1at). Fourier transform infrared (FTIR) analysis also could
illustrate the composition of the as-synthesized CeO, nanowires
(ESI, Fig. S1bt). The bands at 3424 and 488 cm ™" correspond to
the v-OH stretching of the OH groups and the Ce-OH bending
vibration in the ultrathin nanowires respectively. Additionally,
the products were further confirmed by the HRTEM image in
Fig. 1d which shows clear lattice fringes with d-spacing values of
0.315 nm and 0.201 nm, corresponding to the theoretical d-111
(0.310 nm) and d-110 (0.191 nm) respectively. Similarly, the live
fast-Fourier transform (FFT) image (inset in Fig. 1d) also
supports the well crystalline nature, showing a matched d-111
(0.312 nm) and d-110 (0.204 nm).

The formation process of the as-synthesized ultrathin
nanowires with time evolution was investigated (see ESI
Fig. S21). A schematic diagram of the formation of ultrathin
CeO, nanowires showing that they were introduced by an
attached growth and Ostwald ripening mechanism is given in
Fig. S2a.} Firstly, the nanoparticles formed in the solution, and

Fig. 1 (a) SEM image; (b) and (c) TEM images; (d) high resolution TEM
image and the corresponding FFT pattern of the as-synthesized
nanowires (inset). The sample was prepared from the reaction mixture
by refluxing at 140 °C for 12 h under stirring, which was taken from
2 mmol (0.6345 g) cerium acetate, 80 ml water/ethanol solution with a
volume ratio of 1: 1 and 20 ml of 30% NHsz-H,O.
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then these nanoparticles grew into nanorods by an oriented
attachment mechanism. The evolution from nanorods to
nanowires could be explained by a typical Ostwald ripening
process.' The formation process of CeO, can be formulated as
follows:

Ce>™ + 30H™ — Ce(OH); (1)

4Ce(OH); + O, + 2H,0 — 4Ce0,-2H,0 (2)

Briefly, trivalent cerium hydroxide is extremely sensitive to
oxygen, that is, Ce(OH); could change into CeO, simultaneously
during the synthesis and washing processes which has been
reported previously.?® The presence of ethanol could make Ce**
more easily oxidized with a minor amount of 0,.*

Nitrogen adsorption-desorption measurements were con-
ducted to investigate the surface structure of the as-synthesized
CeO, nanowires (Fig. 2b), which reveals that the nanowires have
a surface area of 125.31 m> g ' and a total pore volume of
0.14 em® g7, The nanowires have a narrow pore size distribu-
tion centered at 2.42 nm, calculated from the desorption branch
by using the Barrett-Joyner-Halenda (BJH) method.

As-synthesized nanowires with a high specific surface area
and excellent adsorption property were used for wastewater
treatment to adsorb a large quantity of pollutants, such as
organic dyes and heavy metal ions.**** Such pollutants can be
removed by carbon-based adsorbents (carbonaceous nano-
fibers, carbon nanotubes, carbon aerogel, etc.).*> However, these
adsorbents are usually suspended in the aqueous solution and
are difficult to separate, leading to secondary pollution.

We chose six types of organic dyes (Congo red (CR), Methyl
orange (MO), Brilliant yellow (BY), Rhodamine B (RhB), Meth-
ylene blue (MB), Crystal violet (CV)) as study models in the
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Fig. 2 (a) The adsorption capacities of different dyes by the as-

synthesized CeO, nanowires; (b) nitrogen adsorption—desorption
isotherms for the as-synthesized nanowires. The nanowires have a BET
surface area of 125.31 m? g%, The corresponding pore size distribution
curve obtained by using the BJH (Barret—Joyner—Halenda) method
shows a narrow pore size at 2.42 nm; (c) and (d) adsorption isotherm
and percentage removal of Congo red by the as-synthesized CeO,
nanowires, the initial concentration of Congo red is 100-600 mg L™*
and the adsorption time is 30 min.
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adsorption experiments. The adsorption capacities of different
dyes are shown in Fig. 2a, which reveals that the as-synthesized
nanowires have higher adsorption capacities for CR, MO, and BY
than for RhB, CV, and MB. The as-synthesized CeO, nanowires
have the highest adsorption capacity for CR (2382.0 mg g ).
Fig. 3a exhibits the UV-vis spectrum of an initial mixed solution
of CR, BY and MO, with each kind of dye at a concentration of
50 mg L~'. The spectrum of the mixed solution could be
equivalent to the overlap of the spectra of the three kinds of
organic dyes. The inset of Fig. 3a shows that the color of the
initial mixed solution was bright red. Fig. 3b shows the spectrum
of the eventual mixed solution with an orange colour (inset),
which was treated with the as-synthesized nanowires. The
spectra indicate that the CR dye was removed completely, while
the other two were partly adsorbed. It indicates that when the
initial concentration of CR was 500 mg L', the as-synthesized
CeO, nanowires showed the highest adsorption capacity and the
removal percentage of Congo red exceeded 95%. We compared
the adsorption capacities for Congo red of the CeO, nanowires
and several other previously reported metal oxides (see ESI Table
S1t). The great diversity of the adsorption capacities could be
due to the electrostatic interaction and hydrophobic effect.®***
The as-synthesized ultrathin CeO, nanowires exhibit good
hydrophobicity, with a positive Zeta potential of 37.14 mV. In the
solution, CR, MO, and BY were in the form of anions, whereas
RhB, MB and CV formed cations. Due to the difference in
hydrophobicity, the as-synthesized CeO, nanowires could
adsorb CR selectively from the mixed solution of the three dye
molecules composed of CR, MO and BY (Fig. 3).

At the same time, we evaluated the adsorption capabilities of
the as-synthesized CeO, nanowires for heavy metal ions at room
temperature. We studied four types of heavy metal ions (Pb(1),
Cu(u), Cr(vi) and Cd(u)), which are considered as highly toxic
primary pollutants in industrial wastewater. The adsorption
behavior of the four types of heavy metal ions was further
described using Langmuir isotherms,* as expressed by the
Langmuir function (eqn (3)):

Qe = mece/(l + bce) (3)

where Q. (mg g~ ") refers to the amount of adsorbate adsorbed
per unit mass of adsorbent, Q, (mg g ') represents the
maximum adsorption capacity, C. (mg L") is the equilibrium
solute concentration, and b (L mg ') is the equilibrium
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Fig. 3 UV-vis spectra and photographs (insets) for the mixed solutions
of before (a) and after (b) adsorption experiments (full line for mixed
solution, red dashed line for Congo red, green dashed line for Brilliant
yellow, and blue dashed line for Methyl orange).
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Fig. 4 (a) Adsorption capacities for different heavy metal ions of the

as-synthesized CeO, nanowires; (b) the adsorption capacities for Pb(i)
at varied equilibrium concentrations and the adsorption isotherm of
Pb(i) by as-synthesized CeO, nanowires (inset).

constant. Fig. 4a shows the adsorption capacities for different
heavy metal ions of the as-synthesized CeO, nanowires. The
maximum adsorption capacity was 641.7 mg g ' for Pb(u),
518.0 mg g~ ' for Cu(u), 28.5 mg g~ * for Cr(vi), and 222.0 mg g~ *
for Cd(u). The adsorption capacities for Pb(u) at varied equi-
librium concentrations and the adsorption isotherm of Pb(u) of
the as-synthesized CeO, nanowires are shown in Fig. 4b.

The capacities of the CeO, nanowires compared to several
other materials can be seen in Table S2+ (ESI). The adsorption of
heavy metal ions was likely based on the electrostatic interactions
between the charged oxides and ions, as well as ion exchange in
the aqueous solution. The structural features of the as-synthe-
sized CeO, nanowires, including a high BET surface area and
large pore volume, should be the important factors considered to
enhance adsorption performance. Lastly, it is essential to point
out that most adsorption results reported in the literature were
obtained with a long adsorption duration of over several hours
(compared to only 30 min in the present study). Thus, we believe
that the as-synthesized CeO, nanowires with a high adsorption
capacity and shorter adsorption duration time are a promising
material for wastewater treatment in practical applications.

Conclusions

In summary, we have developed a simple template- and
surfactant-free method for the synthesis of ultrathin CeO,
nanowires by a one-step refluxing approach in a mixed solution
of ethanol and water. The formation mechanism of the as-
synthesized ultrathin nanowires has been investigated. The
as-synthesized CeO, nanowires with a high surface area of
125.31 m®> g~ ' exhibited excellent wastewater treatment
performance with high removal capacities towards organic dyes
and heavy metal ions. Notably, the as-synthesized CeO, nano-
wires can adsorb Congo red selectively from a mixed solution
composed of several dyes. Furthermore, successful access to
high quality ultrathin CeO, nanowires will make it possible for
their potential application in catalysis and other fields.

Experimental section
Synthesis of ultralong and ultrathin CeO, nanowires

All the chemicals were of analytical grade and used without
further purification. Firstly, 2 mmol (0.6345 g) cerium acetate

Chem. Sci., 2015, 6, 2511-2515 | 2513
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was dissolved in a flask with 80 ml of a water/ethanol mixed
solution with a 1 : 1 volume ratio. Then, the flask was placed in
an oil bath and 20 ml of 30% NH;-H,O was added when the
temperature increased to 140 °C. The reaction mixture was
refluxed at 140 °C for 12 h under stirring. After the solution was
cooled to room temperature, the resulting products were
centrifuged and washed with ethanol and water several times.
The pre-synthesized nanowires were frozen in liquid nitrogen
(=196 °C) and then freeze-dried in a bulk tray dryer (Labconco
Corporation, Kansas City, MO, USA) at a sublimating tempera-
ture of —48 °C and a pressure of 0.04 mbar.

Characterization

The X-ray diffraction (XRD) analysis was performed using a
Philips X'Pert PRO SUPER X-ray diffractometer equipped with
graphite monochromaticized Cu Ko radiation (A = 1.54056 A).
The operation voltage and current were kept at 40 kV and
400 mA. Thermogravimetric analysis (TGA) was carried out
using a TGA-60 thermal analyzer (Shimadzu Corporation) with a
heating rate of 10 °C min~" in flowing nitrogen. Scanning
electron microscopy (SEM) images were taken with a Zeiss
Supra 40 scanning electron microscope at an acceleration
voltage of 5 kV. Transmission electron microscopy (TEM)
images, HRTEM and EELS spectra were taken and recorded
using Hitachi H-7650 and JEOLF2010 with an acceleration
voltage of 200 KV respectively. The BET measurement was
determined by wusing Micromeritics ASAP-2000 nitrogen
adsorption apparatus. FTIR spectra were measured using a
Bruker Vector-22 FTIR spectrometer from 4000-400 cm ' at
room temperature. The Zeta potential was performed using a
Malvern Zetasizer instrument (Malvern, UK). UV-vis spectra
were recorded using a Shimadzu UV-250 spectrophotometer
scanning from 200 to 800 nm at room temperature. ICP-AES
measurements were conducted using an Atomscan Advantage
Spectrometer, Thermo Ash Jarrell Corporation, USA.

Removal of dyes

The desired amounts of the ultrathin CeO, nanowires in the
suspension were mixed with the aqueous solutions of dyes.
After stirring for 30 min, the nanowires were separated and the
supernatant solutions were analyzed using UV-vis spectroscopy
to determine the residual amount of dye in the solution. The
concentrations of the dyes were obtained by measuring the
intensities of the absorbance bands, using a linear curve over
5-100 mg L', To estimate the adsorption capacity, the initial
concentration of the dyes was varied in the range of 100-600 mg
L', and the dosage of the CeO, nanowires was kept at 1.0 g L.

Selective adsorption of Congo red

The initial mixed solution composed of three dyes (CR, BY, and
MO) was mixed with desired amounts of the as-synthesized
CeO, nanowire suspension. After stirring for 30 min, the
nanowires were separated and the supernatant solutions were
analyzed using UV-vis spectroscopy to determine the concen-
tration of residual dyes in the solution. The dosage of the CeO,
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nanowires was kept at 0.25 ¢ L~ ' and the initial mixed solution
composed of CR, BY and MO (at a concentration of 50 mg L™ ).

Removal of heavy metal ions

The solutions containing various concentrations of heavy metal
ions were mixed with the desired amounts of the as-synthesized
CeO, nanowires. After stirring for 30 min, the suspensions were
centrifuged and the supernatant solutions were analyzed using
ICP-AES to determine the concentration of the heavy metal ions.
To estimate the adsorption capacity, the initial concentration of
the heavy metal ions was varied in the range of 50-2500 mg L™,
and the dosage of the as-synthesized CeO, nanowires was kept
at1.0g L™
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