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Synthesis and optical properties of nanostructured Ce(OH)4
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Abstract: Nanocrystalline cerium hydroxide (NCs-Ce(OH),) is a intermediate product of CeO,, synthesized success-
fully using a novel and simple wet chemical rout at an ambient temperature for the preparation of NCs CeO, powder
and film on mass scale for various purposes. The synthesized NCs-Ce(OH)4 was characterized using X-ray diffraction
(XRD), scanning electron microscopy (SEM), thermo-gravimetric analysis (TGA), Fourier transform infrared (FTIR),
UV-visible and photoluminescence (PL) spectroscopy. The average crystallite size of NCs-Ce(OH)4 has been estimated
by the Scherrer equation to be 3—4 nm. The SEM examinations show that the surface texture was uniformly agglom-
erated and homogeneous. Thermal analysis suggests that cerium (IV) ion is in the tetra hydrated form. Absorption and
luminescence spectroscopic studies have been examined for future application in the development of optical devices.
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1. Introduction

Nanocrystalline (NCs) metal hydroxides have been inten-
sively studied in recent decades, not only for their fundamen-
tal scientific interest but also for the different kinds of tech-
nological applications in applied sciences and material sci-
ences owing to their size-dependent properties!]. NCs mate-
rials show unique optical and electrical properties, which are
derived from their low dimensionality, and possible quantum-
confinement effects compared with macrocrystalline materi-
als?l. Properties such as electrical transport, lattice dynamic,
optical and catalytic properties of NCs materials can be signif-
icantly enhanced by controlling their grain size in nanoscalel*].
These characteristics have created a new challenge for research
in ion-conductive materials due to its important applications,
such as gas sensorsl*, fuel cell technology!®!, non-linear op-
tics!”), catalytic, high electrical conductivity!?! and interaction
between the solid and ambient atmosphere. Cerium oxide (ce-
ria, CeO,) is a rare earth oxide that has received a great deal
of interest from researchers because of its unusual properties
includes high chemical stability, high charge transfer capabil-
ity, nontoxicity oxygen ion conductivity, oxygen storage ca-
pacity and biocompatibility!®]. Because of these novel proper-
ties, CeO, nanoparticles can be widely exploited for polishing
agent and sensing applications on mass scalel®l. Therefore, it
is necessary to develop some new methods for the industrial
scale production of cerium oxide nanoparticles. For the ex-
tensive application of CeO, nanocrystals, an economical mass
production method is urgently needed. The synthesis of CeO,
nanoparticles is a multi step process and the particle size and
reactivity of CeO, nanoparticles depends on the intermediate
species, mainly Ce(OH)y. It is noticed that the preparation of
Ce(OH)4 in the nanosize scale will provide a better way for the
synthesis of CeO, nanoparticle on an industrial scale. Some
techniques have been used for the synthesis of Ce(OH)4 mate-
rial but their NCs nature still remains challenging!®~'!1. How-
ever, most of these techniques are multi step reaction, time
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taking, energy consuming, and not eco-friendly. However, the
syntheses and optical properties of NCs-Ce(OH)4 on a large
scale is rarely reported.

In the present work, we synthesized NCs-Ce(OH),4 using
a simple wet chemical method and characterized by analytical
techniques.

2. Experimental details

2.1. Preparation method

All chemicals such as (NH4),Ce(NO3)¢, NH4OH and
ethanol were of analytical grade and purchased from Merck
India Ltd, Mumbai, India. The deionized water obtained from
the Millipore water purification system (Milli Q 10 TS) was
used for the preparation of solutions.

For the synthesis of NCs-Ce(OH)4, (NH4)2Ce(NO3)¢ and
NH4OH were used as starting precursors without any further
purification. 5 mL of ammonium solution (1M) was added into
1.0 g ammonium cerium nitrate [(NH4)>Ce(NO3)g] solution
dissolved in 20 mL distilled water with constant stirring for 1 h.
A gray color precipitate was achieved by the addition of am-
monia solution. Excess ammonia solution was added drop-wise
until pH 9.0 was achieved in the solution. The resulting mix-
ture was left to stir continuously for a further 3 h to complete
the reaction. After complete stirring a pale yellow precipitate of
Ce(OH),4 appeared, centrifuged and was washed several times
with deionized water to remove excess ammonium and nitrate
ions from the solution mixture. Washed yellow precipitate was
dried in the oven at 100 °C to remove the excess water.

During the synthesis of Ce(OH)4, we examined systematic
changes in the color of the precipitate. The color of the precipi-
tate changed gradually from gray to yellow after being exposed
to air, maybe due to the oxidation of peroxide Ce(OH)3; OOH to
Ce(OH)4 by oxygen!!%l. Previous reports have been suggested
that only CeO, and Ce(OH)4 are of this color, and the others
are colorless!'2715]. The process is however slow due to the
low oxygen concentration (~107>) in normal ambient condi-
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tions. The reaction for the preparation of Ce(OH)4 is given by

the following equations.
(NH,),Ce(NO3)g + 4NH,OH + Hy0 -5

Ce(OH);00H + 6NH4NO; + 2H,
Ce(OH);00H + 2HT — Ce(OH), + H,0.

2.2. Characterization techniques

X-ray diffraction (XRD, CuKa radiation (Rigaku) studies
have been done to identify the crystal structure of prepared
Ce(OH)4 powder. Scanning electron microscopy (SEM, LEO-
440) studies have been conducted to examine the surface mor-
phology. The absorption spectra of the NCs-Ce(OH)4 and bulk
CeO, powder were measured using the UV/Vis spectropho-
tometer in the wavelength range from 200-600 nm. The fourier
transform infrared (FTIR) spectra of NCs-Ce(OH)4 have been
recorded using the FTIR (Perkin-Elmer) spectrophotometer,
using KBr pellets, in the range of 400 to 4000 cm™~!. Thermo-
gravimetric analysis was measured on a Perkin-Elmer TGA in-
strument in nitrogen atmosphere at a heating rate of 20 °C/min.
Photoluminescence (PL) spectra were measured using Perkin-
Elmer L-55 luminescence spectrometer.

3. Results and discussion

Figure 1 shows the X-ray diffraction pattern of Ce(OH)4
powder prepared by co-precipitation method. XRD pattern
shows all reflection planes resemble the JCPDS standard
datal''1 and confirm the crystallinity and high phase purity of
Ce(OH)4. The X-ray diffractograms (in the range 26, 10-70
°C) of the film show a presence of (111), (200), (220) and (331)
reflection planes corresponding to a cubic fluorite structure of
Ce(OH)4. The average crystallite size of Ce(OH)4 particles es-
timated according to Scherrer’s formula is 3—4 nm. However,
broadening in reflection planes indicates NCs nature of the par-
ticles.

Figure 2 shows SEM micrograph of NCs-Ce(OH)4 pow-
der. The SEM image of Ce(OH)4 reveals that the particles are
highly agglomerated and uniformly distributed. This may be
due to the small grain size and the presence of bulky hydroxyl
groups.

The thermogram of NCs-Ce(OH)s was recorded from
ambient temperature to 700 °C as shown in Fig. 3. The
main objective of the thermal analysis to assign the num-
ber and nature of the hydroxyl molecule(s) present in the
NCs-Ce(OH)4 molecule.The TGA spectrum shows first in-
flexion point, started from 30 °C and completed at 120 °C
with the weight loss 15%, which is equivalent to the removal
of 2-hydroxyl molecule (calculated weight loss for one H,O
molecule and one hydroxyl molecules is 16.8%). Continuous
weight loss below 100 °C indicates that one water molecule
is present in the outer coordination sphere, whereas continu-
ous weight loss above 100 °C is due to the removal of the hy-
droxyl molecule that is present in the inner coordination sphere.
The second inflexion point is observed in the temperature range
from 120 to 464 °C, shows a weight loss of 23% and represents
the elimination of three-hydroxyl molecules (calculated weight
loss for one hydroxyl molecule is 24.50%). The expulsion of
a hydroxyl molecule at such a higher temperature could be re-
lated to the steric repulsion caused by three-hydroxyl molecule
and f-orbital of cerium. The TGA analysis reveals that cerium
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Fig. 1. X-ray diffraction pattern of NCs-Ce(OH)4 powder.
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Fig. 2. Scanning electron micrograph of NCs-Ce(OH)4 powder.
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Fig. 3. Thermo-gravimetric analysis of NCs-Ce(OH)4 powder.

is in tetra-hydrated form and also suggests the redox behavior
of cerium ion, which is changing according to temperature.
Figure 4 shows the FTIR absorption spectra of NCs-
Ce(OH),4 along with bulk CeO, powder. An infrared band ob-
served at 3148 cm™! assigned to O—H stretching mode indicat-
ing the presence of hydroxyl group, which are disappeared in
the bulk CeO, powder. The infrared band corresponds to the
OH group of Ce(OH)4 and is approximately four times more
intensive than that of CeQO,. This drastic enhancement in the
intensity corresponds to the OH vibration mode confirmed by
the presence of a large number of OH group. The infrared band
of Ce(OH)4 shows the sharp OH vibration bands are character-
istic of true hydroxide this is correlated with TGA analysis. The
appearance of a sharp and intense band at 523 cm™! is assigned
to the Ce—O stretching vibration mode indicating the formation
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Fig. 4. FTIR spectra of (a) bulk CeO, powder and (b) NCs-Ce(OH)4
powder.
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Fig. 5. Absorption spectra of (a) bulk CeO, powder and (b) NCs-
Ce(OH)4 powder.

of Ce(OH), ¢l

Figure 5 shows absorption spectra of NCs-Ce(OH),4 along
with bulk CeO, powder (reflectance mode). UV-visible ab-
sorption spectra of NCs-Ce(OH)4 shows absorption peaks at
214, 220, 247, 251, 277 and 356 nm!'7~'°] which are identi-
cal to their bulk counterpart (CeO;). The absorption bands are
shifted towards a lower wavelength due to the decreasing grain
size of the material (Ce(OH),4) and increasing charge trans-
fer gap between the 2p orbital of O and 4f orbital of Ce**
bonds compared with bulk CeO,['8:1°] A broad absorption
band is observed in the wavelength range from 300 to 500
nm (Fig. 5(a)). This may be due to the charge transfer tran-
sition from O%~ (2p) to Ce*™ (4f) orbital in Ce(OH)4. The Uv-
Vis absorption spectra also suggests that the local environment
of Ce(OH)4 and CeO; is similar but Ce(OH), is more struc-
turally disordered in respect to CeO,[2%]. Since the spin-orbit
components of the excited cerium 5d state, 2Ds /2 and 2D, /25
are strongly split by the crystal field effect!?!>22]. The bands
were consistent with reported data for f—d electron transitions
in cerium and indicated that useful optical properties were re-
tained in the NCs materials!!7—19-22],

Figure 6 shows the photoluminescence spectra of bulk
CeO; and NCs-Ce(OH),4 excited at 250 nm wavelength. The
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Fig. 6. Photoluminescence spectra of (A) excitation spectra of NCs-
Ce(OH)4 and (B) (@) bulk CeO5 powder and () NCs-Ce(OH)4 pow-
der.

PL spectra Ce(OH)4 nanoparticles shows a significant differ-
ence in emission band in comparison of bulk CeO,. It is shown
that the bulk spectrum of CeO, exhibits broad emission band
maxima at 417 nm and some other bands maxima at 478, 520
and 590 nm respectively. These well resolved peaks in the lu-
minescence spectrum corresponds to the direct emission from
the 2D(5d") state to the two split 4f! ground states of 2Fs/,
and ?F;/, caused by spin orbit coupling!2!. This splitting for
Ce®* in the current bulk CeO, are due to the macro crystal
size effect. There is a broad emission band at 417 nm that is
remarkably diminished and merged in a broad emission band
with maxima at 479 nm (Fig. 6(b)). The emission efficiency
of the Ce(OH)4 nanoparticles is relatively low corresponding
to their bulk CeO, this may be due to the quenching effect.
This quenching phenomenon is due to the presence of bulk hy-
droxyl groups at the surface of the nanoparticles, which are ef-
ficient non-radiative recombination centers: their elimination
by deuteration induces an increase of the luminescencel?3.
These results are explained by an increase of the Ce*™ content
in the naqnoparticles, which is known to efficiently quench the
emission of the bulk powder[!%-23]. However, a very small red
shift of the emission band towards a longer wavelength which
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may be due to the presence of a small amount of Ce3™ on the
surface of Ce(OH)4 nanoparticles. Furthermore, it is interest-
ing that the emission spectrum of Ce(OH)4 nanoparticles is
greatly different from the spectrum of bulk CeO, powder and
caused by the charge transfer transition from 0%~ to Ce**.

4. Conclusions

NCs-Ce(OH)4 was successfully synthesized using the wet
chemical route at ambient temperature. Significant optical
properties of NCs-Ce(OH),4 material were measured which are
different from their bulk counterpart. The synthetic procedures
described in this study offer several important advantages for
the production of CeO, nanocrystals on mass scale for indus-
trial purposes. The SEM micrographs of prepared Ce(OH)4
nanoparticles show that the particles were in a highly agglom-
erated form and had a length of 34 nm in size, confirmed by
the XRD pattern. Efforts are being made to improve the quality
of the powder for application to luminescent device fabrication
and solar cell materials.
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