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ABSTRACT

We report a simple room temperature based aqueous route to synthesize nearly monodispersed ultra-
small (~3 nm) ceria nanoparticles (NP). Ceria NPs were also synthesized by using NaOH assisted
hydrothermal routes. Ceria NPs were also synthesized by using ethylenediamine and ethylene glycol
as solvent. The results indicated the all the processes produced nearly monodispersed particles.
Ethylene glycol assisted route produced smallest (~2.2 nm) particles whereas the room temperature-
based process produced water dispersible particles. The ceria NPs possessed a mixed valence state
and autocatalytic properties. Ce** percentage was found to maximum in the room temperature
derived sample followed by ethylene glycol derived sample.
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INTRODUCTION

Cerium oxide (ceria, CeQ,) is one of the technologically important rare earth oxide for its unique
properties such as oxygen ion conductivity, oxygen storage capacity, high mechanical strength,
autocatalytic property and free-radical scavenging property [1-17]. Presence of such unique properties
make ceria an important material as an oxygen ion conductor in solid oxide fuel cells [6, 9] and
oxygen sensors [18]. Ceria nanoparticles (NPs) are capable of possessing a mixed valence state of Ce
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ions (i.e. Ce*" and Ce* valence state). The ceria NPs are capable of arresting the free radicals that
leads to change its oxidation state. Interestingly, ceria NPs are capable of regenerating their reduced
(Ce*") valence state form the oxidized (Ce*") valence state thus behaving as a catalyst. This unique
property of ceria NPs was utilized to prevent radiation induced cellular damage, retinal degeneration
etc [3, 4, 19, 20]. Thus, keeping in mind the widespread application of ceria NPs, it is extremely
important to explore a simple, inexpensive synthesis strategy for large scale production of ceria NPs.
Till date, several methods have been employed to synthesize ceria nanoparticles including flame
combustion method [21, 22], hydroxide co-precipitation of precursors [23], hydrothermal/
solvothermal process [11, 24, 25], microemulsion process [14, 26] sonochemical and microwave-
assisted heating methods [27], sol-gel method [28] etc [29-32].

Ceria NPs synthesized by the above-mentioned methods are often highly aggregated, and large
scale synthesis of monodisperse NPs is quite challenging. Only a few organic solvent assisted
synthesis routes are reported to produce monodisperse particles [28]. It is also important to perform
post surface modifications to obtain water-soluble ceria nanoparticles. It is therefore important to
develop a robust synthesis method to produce water-dispersible, ultra-small (<5.0 nm) ceria
nanoparticles with high yield to meet the growing demand ceria NPs in biomedical applications. In
this paper we report a simple, eco-friendly, room temperature aqueous route to produce water-
dispersible, ultra-small (~3 nm) ceria NPs. In addition, we have also synthesized nearly
monodispersed ceria NPs with different size range by using hydrothermal and solvothermal
approaches.

MATERIALS AND METHODS

Ceria NPs were synthesized by adding 0.434 g Ce(NOs)3.6H,0 to a basic solution (0.1 g NaOH
dissolved in 32 mL water) followed by 48 h magnetic stirring. The resulting white precipitate was
collected and washed several times in water. Ceria NPs remained highly dispersed in DI water for
several days studied herein. Ceria NPs are also synthesized by the hydrothermal treatment of the
above mentioned reaction mixtures at 100°C and 150°C respectively. For the hydrothermal synthesis
the reaction mixture [0.434 g Ce(NO3);.6H,0O and 0.1 g NaOH dissolved in 32 mL water) was
transferred to the Teflon lined stainless steel chamber. The closed chamber was then transferred to e
preheated oven. Ceria NPs were also synthesized solvothermally at 150°C using ethylenediamine
and ethylene glycol as solvents. For the solvothermal synthesis 0.434 g Ce(NO3)3.6H,O was directly
added into the desired solvent taken in a Teflon lined stainless steel chamber. For particle
characterization using transmission electron microscopy (TEM), the precipitate was re-dispersed in
ethanol and deposited on a thin carbon film coated Cu grid. UV-Visible and auto-catalytic activity of
ceria NPs were studied using water-dispersed particles. For the X-ray diffraction (XRD) and X-ray
photo electron spectroscopic (XPS) studies, vacuum desiccated particles were used. The XRD study
was carried out to determine the crystalline phase identity of the products whereas, the XPS study
was carried out to determine the chemical composition and valence state of the elements in the ceria
nanocrystals.

RESULTS AND DISCUSSION

The XRD pattern of the dried sample as shown in figure 1 reveals the formation of pure CeO, with
cubic phase (fluorite structure, JCPDS 34-0394, space group Fm-3m), having lattice constants of
5.414(3), 5.436(3), and 5.405(3) A, respectively. The broadening of the diffraction pattern could be
ascribed to the formation of ceria NPs. Within the limit of the XRD sensitivity, we could not detect
the formation of any hydroxide phase [Ce(OH);]. XRD patterns of the ceria NPs synthesized
hydrothermally at 100 and 150°C are depicted in figure 1b. XRD pattern reveals the formation of
relatively larger crystals at the hydrothermal conditions. Figure 1c shows the formation of ceria NPs
in ethylenediamine (EN) and ethylene glycol (EG) under the solvothermal treatment at 150 °C. In our
earlier work [11], we have reported the capping property of EN for the synthesis of ceria NPs. EG is a
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well known capping agent for synthesis of various NPs [33-34]. Here we have synthesized ceria NPs
under the presence of various types of capping agents and the results are compared. The particles sizes
of the ceria NPs formed are revealed by the TEM studies and discussed later.
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Figure 1. XRD pattern of the ceria nanoparticles synthesized at (a) room temperature; (b) hydrothermally
in presence of 0.1 g NaOH at 150°C and (c) solvothermally in EN and EG at 150°C.

Morphology and particle size of the ceria NPs were investigated through high resolution TEM
(HRTEM). Studies reveal the formation of nearly mono-dispersed ceria NPs with particle size 3.0
0.5 nm. The HRTEM study (image not shown here) clearly demonstrates the formation of single
crystalline nanoparticles even at room temperature. Selected area electron diffraction (SAED) pattern
recorded on a bunch of ceria nanoparticles exhibits the appearance of bright white rings confirming
the formation of crystalline ceria NPs.

Through proper analysis, the rings were indexed to the various crystalline plane of ceria. The
results are in good agreement with the XRD pattern. In our synthesis approach, it is important to keep
the NaOH concentration low (0.078 M) in order to have a controlled reaction condition allowing
proper periodic arrangement of the constituent atoms to form well-faceted nanocrystals. It was
observed that the use of high concentration of NaOH (1.56 M and above) triggered rapid and
uncontrolled precipitation producing undefined aggregated ceria. Thus, the TEM studies indicated the
formation of nearly mono-dispersed ceria NPs at room temperature in presence of a relatively lower
concentration of NaOH.

With a view to further understand the formation of mono-dispersed ceria NPs, hydrothermal reactions
were carried out at 100 and 150°C respectively. XRD patterns indicated formation of larger particles
compared to that obtained at room temperature. Figure 2 show the TEM images of the ceria NPs
formed at the hydrothermal conditions. Figures 2a and 2b shows the TEM images of the particles
obtained at 100 °C. TEM images show the formation of nearly monodispersed particles with average
particle size 9-10 nm. The SAED pattern shown in the inset of figure 2a reveals the formation of CeO,
phase. The HRTEM image in figure 2d indicated the formation of highly crystalline octahedral shape
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Figure 2. TEM images of the particles synthesized hydrothermally at (a, b) 100°C, (c, d) 150°C
and solvothermally at 150°C using(e) EN and (f) EG.

of the nanoparticles. Figures 2c and 2d show the formation of nearly mono-dispersed cubic shaped
ceria NPs at 150°C. The cubic edges of the ceria NPs were marked in the HRTEM image of figure 2d.
Evolution of the cubic shape from the octahedral shape at higher temperature could be attributed to
formation of stable structures with minimum surface energies at higher temperatures. These results
indicated that NaOH when used in appropriate concentrations could act as a size restricting agent for
the synthesis of ceria NPs. In order to compare the capping ability of NaOH with other well known

capping solvents such as EN and EG, ceria NPs were also synthesized in these solvents under
solvothermal condition at 150°C. Figure 2e shows the TEM image of the ceria NPs synthesized using
EN at 150°C revealing the formation of nearly monodispersed NPs with average size ~ 4 nm. Inset of
the image shows the HRTEM image of one NPs and SAED pattern of the NPs. Figure 2f shows the
formation ultra-small (~2.2 nm) particles when EG was used as the solvent for synthesis. These
results indicated that EG was the most effective capping solvent to synthesize ultra-small ceria NPs
under hydrothermal/solvothermal process. The dispersibility of these particles obtained under various
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conditions was tested. It was observed that the NPs obtained at room temperature were dispersible in
water.

Based on our experimental findings, we propose the formation mechanism of ultra-small ceria
NPs at room temperature as follows. The controlled conversion of solvated cerium ions to ceria NP is
mediated by the mild basic environment. Basic reaction condition instantaneously converts cerium
hydroxide to ceria nuclei. The mild reaction condition is crucial for promoting controlled nucleation.
During the growth process, hydroxide ions are populated to the surface bound cations, providing a
unique capping environment. Such environment restricts grain growth by preventing further diffusion
of the constituent atoms. The presence of large number of surface hydroxyl groups is responsible for
superior aqueous dispersibility of ceria NPs. For biomedical applications, it is highly desirable to
obtain water-dispersible high-quality ceria NPs in their mixed valence states.

The particle size distribution and aqueous solubility was also characterized using dynamic light
scattering (DLS) technique. The DLS data recorded also indicated the formation of nearly mono-
dispersed particles with particle size 6.3 + 1.0 nm. The appearance of the higher particle size in DLS
is compared to the TEM is expected as the DLS provides the hydro-dynamic size of the particle in a
solution.

In order to determine the chemical composition and the valence state of the elementary
components in the products we have carried out the XPS studies on the powder samples. Figure 3a
shows the survey XPS spectrum of the sample synthesized at room temperature demonstrating the
presence of Ce and O asthe elementary components. Valence state of the Ce is important in
determining the properties and applicability of the ceria NPs. In order to verify the applicability of the
ceria NPs it is therefore necessary to investigated in detail the valence state of Ce using high
resolution XPS scan in the region of 880-925 eV. The XPS spectrum (Figure 3b) shows the presence
of a mixed valence state (Ce** and Ce™").
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Figure 3. XPS spectra of the ceria nanoparticles: (a) survey scan and (b) high-resolution
scan showing the valence states for Ce in the ceria NPs.

The synthesized cerium oxide NPs, the Ce* ions are introduced in the ceria nanocrystal lattice
because of oxygen vacancies of Ce* ions created by surface chemical reactions. In order to
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distinguish the different valence states the spectrum was de-convoluted using Gaussian multi-peak
fitting and different peaks were indexed according to the literature [11, 35]. In the figure Ce*" state
related peaks were attributed as v,, Vv, U, and u’ and peaks related to Ce™ valence state were depicted
as. v, v, v, u, u~, and u™ respectively. Percentages of the Ce** compared to that of Ce** valence
states was semi-quantitatively calculated by using the integrated peak area of the respective states as
reported on the literature [11, 35]

A, +A +A +A,
A, +A A FA A A AL A A A

[Ce* 1% = x100% ()

Nearly 57.1 % of Ce* was detected in the room temperature derived sample. Ce** was found to
decrease drastically upon hydrothermal treatment and nearly 12 % Ce® was detected at 150°C.
Around 40 and 49 % and Ce®" were detected on the samples solvothermally synthesized using EN and
EG respectively. Detail investigation of the high resolution oxygen peak in the XPS spectra
(figure 3c) reveals the presence of substantial amounts of OH groups in the sample. However, via
cumulative analysis of the data from XRD, HRTEM and SAED patterns, presence of any cerium
hydroxide phase in the nanocrystals could be easily ruled out. The presence of hydroxyl groups as
determined from XPS must have originated from surface attached hydroxyl groups. NaOH played a
critical role as a catalyst for transforming cerium salt to ceria NP and hydroxide ions served as a
capping agent to prevent further grain growth.

Since the room temperature derived sample was the only sample dispersible in water, that sample
was tested using UV visible spectroscopy for investigating the autocatalytic property. UV-visible
transmittance spectra of the sample was recorded in presence and absence of H,O; as reported in the
literature.[4, 11, 36] Digital image of the ceria NP solution in DI water before and after addition of
H,O, was also recorded. The transparent and colorless ceria NP solution turned reddish brown upon
addition of a small dose of H,O, The transmittance spectrum of the NPs solution suffered a large red
shift upon addition of 10 pl H,O,. This red-shift in the transmittance spectrum is due to a change in
the oxidation state from Ce®** to Ce** [17]. After this measurement, we kept the experimental solution
in the dark and UV-visible spectra were recorded for the next 10 consecutive days. A gradual blue
shift in the spectra was observed over time. This gradual blue shift reflects the regeneration of the
Ce** oxidation state in the cerium oxide NPs. At the end of the 10 days, the color of the solution faded
away and became yellow. When an additional hydrogen peroxide dose was administered to the
solution on day 10, the UV-visible spectrum again shifted to lower energy and subsequently the color
of the solution again turned reddish-brown. With time, a gradual blue shift to the lower wavelength
was observed, as seen previously. The above results clearly indicate the capability of ceria NPs for
catalytic oxidative recovery (Ce**-Ce**-Ce*) thus behaving as an anti-oxidant.

The antioxidant property of the ceria NPs is controlled by the oxygen vacancy level in the
nanocrystals. It has been proposed that the antioxidant property of ceria nanoparticles is due to the
presence of mixed valence states (Ce** and Ce**) on the NP surface. During the catalytic process, Ce**
ions are converted to Ce*. The system is regenerated via a series of surface chemical reactions
betwe;en ions in solution and the Ce* ions on the nanoparticles surface, where they are converted back
to Ce™.

The complete process is depicted in the following reactions as proposed in the literature [4, 11, 36].

Ce,0, +2[OH] =2Ce0, + H,0 @3)
2Ce0, + H"(aq) —» Ce,0, + EO2
2 (4)
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APPLICATION

Ceria is widely used in the field of optics, electrochemistry, catalysis, oxygen storage, bio application
for free radical scavenging and solid oxide fuel cell etc. This unique property of ceria NPs was
utilized to prevent radiation induced cellular damage, retinal degeneration etc.

CONCLUSION

In summary, we have synthesized nearly mono-dispersed, ultra small (3.0 £ 0.5 nm) ceria NPs by
simple aqueous solution route at room temperature. In addition, we have also synthesized a series of
ceria NPs with different sizes through hydrothermal and solvothermal approaches. Studies reveal the
formation of single crystalline ceria NPs with mixed valence state of Ce ions (Ce**and Ce*"). The NPs
exhibited autocatalytic behavior as investigated through a H,O, test coupled with UV-visible
transmission measurements. These studies indicated that the present NPs could be directly used as an
anti-oxidant in various biomedical applications.
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