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esis of cerium oxide nanoparticles
and their application in UV protective clear
coatings†

Rubén Álvarez-Asencio,a Robert W. Corkeryb and Anwar Ahniyaz *a

Colloidal dispersions of cerium oxide nanoparticles are of importance for numerous applications including

as catalysts, chemical mechanical polishing agents and additives for UV protective and anticorrosion

coatings. Here, concentrated oleate-coated cerium oxide nanoparticles (CeO2 NPs) with a uniform size

have been produced by solventless thermolysis of cerium-oleate powder under low pressure at 320 �C
and subsequently dispersed in hexane. Unlike any previously reported colloidal synthesis process for

ceria nanoparticles, this process does not involve any toxic high boiling point organic solvent that

requires subsequent removal at high cost. Although the process is very simple, highly concentrated

cerium oxide nanoparticles with more than 17 wt% solid content and 70% of the theoretical yield can be

easily obtained. Moreover, the size, shape and crystallinity of cerium oxide nanoparticles can be tailored

by changing the thermal decomposition temperature and reaction time. Moreover, the new synthesis

route developed in this study allows the synthesis of clean and dispersible ceria nanoparticles at

a relatively low cost in a single step. The prepared ceria nanoparticles have an excellent UV absorption

property and remain transparent to visible light, thus having the potential to replace potentially

hazardous organic compounds in UV absorbing clear coatings. As a proof of concept, the prepared

dispersions of cerium oxide nanoparticles in hexane were formulated into a solvent borne binder base to

develop clear UV protecting coatings for light sensitive substrates. The general synthesis strategy

presented in this study is generally applicable for the low-cost production of a concentrated dispersion

of metal oxide nanoparticles with minimal environmental impact.
1. Introduction

Cerium oxide (ceria, CeO2, CeO2�x) nanoparticles are widely
studied for their applications in catalysis,1 chemical and
mechanical polishing (CMP), fuel cells,2 sun-screens,3 infrared
reective pigments,4 UV5–7 and corrosion protective8–10 coatings
and bio-medicines.11–14 The high demand for cerium oxide
nanoparticles from the CMP application especially in North
America is driving the growth of the global cerium oxide
nanoparticle market and the current development technology is
not able to cover the increasing demand.15

Synthesis of colloidal metal oxide nanoparticles with
controlled shape and size is of fundamental and technological
interest due to their importance in understanding nanoscale
physical phenomena and their various applications, such as in
optics, catalysis, energy, and microelectronics.
n of Bioscience and Materials, SE-114 86

ri.se

l of Engineering Sciences in Chemistry,

(ESI) available: As-synthesized ceria
r images. See DOI: 10.1039/d0ra01710h

825
Presently, highly dispersible metal oxide nanoparticles are
synthesized using number of wet chemical methods including
controlled precipitation,16 micro-emulsion, sol–gel and thermal
decomposition of metal–organic precursors in hot organic
solvents. Growth of high-quality inorganic nanoparticles via the
latter method has become a common practice. High degree
control of nanoparticles composition, size, shape, crystallinity
and surface functionality is possible. However, these methods
typically use a large amount of toxic and high boiling point
organic solvents as a reaction medium, which makes the
process expensive and difficult to separate or recover the
nanoparticles aer synthesis.17–24

Industrial scale production of dispersible nanoparticles
using these processes has been costly and technically chal-
lenging because of the lack of effective methods to separate the
well-dispersed nanoparticles from the reaction solvents and the
difficulty of handling and recycling the liquid waste. Not
surprisingly, such a liquid based colloidal nanoparticles
production processes have not been yet adopted by industry for
the synthesis of dispersible metal and metal oxide
nanoparticles.

Solventless thermolysis of metal–organic complexes is an
alternative method to overcome many of the typical problems
This journal is © The Royal Society of Chemistry 2020
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encountered in colloidal synthesis of inorganic nano-
particles.25–28 An important advantage of this method is the
absence of high boiling point organic solvents which substan-
tially reduces nanoparticle production costs.

A general synthetic route to obtain dispersible metal oxide
nanoparticles by solventless thermolysis of metal-carboxylates
is shown in Fig. 1. Metal-carboxylates (metal soaps) are used
as molecule precursors and a thermolysis reaction is carried out
in a low pressure closed vessel to produce solvent dispersible
metal oxide nanoparticles.

This method generally relies on two important parameters:
(i) Selection or preparation of suitable metal carboxylate precursors

that can be easily decomposed at relatively low temperature. In the
case of using a physical mixture of metal salts and fatty acids,
removal of the resulting insoluble salts is necessary. Most of the
metal soaps or combination of metal salts with fatty acids used in
traditional colloidal thermal decomposition processes can also be
conveniently adapted to this process.17,29

(ii) Low pressure thermolysis of metal-carboxylates in a closed
reaction vessel. The low-pressure in the closed reaction vessel
can prevent high pressure build up and thus explosions. Closed
reaction vessels can contain the organic molecules in the reac-
tion system preventing direct release of decomposition side
products into air. In industrial scale production of nano-
particles, these side products could be easily collected and
treated before their release to the environment. Furthermore, by
controlling the initial pressure and time of reaction system,
both morphology and crystal structure of nanoparticles can be
also controlled to a certain degree.30

Moreover, in the solventless reaction environment, nano-
particle collisions are limited and particle growth proceeds
primarily by monomer addition to the particle surface, leading
to monodisperse nanoparticle formation.28,30,31

The solventless thermal decomposition process typically
generates a viscous paste of dispersible nanoparticles that can
be readily mixed with low boiling point organic solvents without
the need for separation, cleaning or a size-selection process.
This is highly desirable for large scale production of solvent
dispersible nanoparticles which can be easily re-dispersed in
the desired solvent aerwards. Therefore, synthesis and stabi-
lization cost of functional metal and metal oxide nanoparticles
in a desired solvent can be greatly reduced.32
Fig. 1 A general scheme for the solventless synthesis of solvent dispers

This journal is © The Royal Society of Chemistry 2020
Nanoparticle synthesis by solventless thermolysis of metal–
organic complexes has been widely used during the last two
decades. Some examples worth mentioning are the mono-
disperse iron oxide nanoparticles synthesis by thermal decom-
position of iron-oleate at low pressure conducted by Cha
et al.30,31 and the formation of Cu nanoparticles by thermal
decomposition of Cu-oleate powders at low pressure developed
by Kim et al.31 Moreover, Han et al. reported the synthesis of Fe
nanoparticles by the thermal decomposition of iron-oleate in
the presence of NaCl,33 Kim et al. synthesized copper nano-
particles by thermal decomposition of copper-oleate in high
pressure autoclaves31 and Pan et al. performed the synthesis of
dispersible nanoparticles of MgO, Ga2O3, In2O3 and GaIn2O3 in
open reaction vessels.34

Therefore, it has been a considerable effort to generate
different types of nanoparticles by solventless thermolysis.
However, cerium oxide nanoparticles, despite their undeniable
relevance, have not been the target of a systematic study yet.

Thus, a more efficient and cost-effective synthesis method
for dispersible cerium oxide nanoparticles must be developed.
Here, a new simple solvent-free thermolysis route is proposed to
synthesize dispersible cerium oxide nanoparticles that can be
potentially used at an industrial scale.

2. Experimental
2.1. Materials

Sodium oleate (97%) was purchased from Riedel-de Haën
(Seelze, Germany). Anhydrous n-hexane (95%) and Ce(NO3)3-
$6H2O (99.9%) were supplied by Sigma Aldrich (Tauirchen,
Germany). Deoxygenated water was prepared by bubbling N2

through double distilled deionized water. Pyrex tubes (7 mm
light wall with a 750 mm length) were purchased from Saveen
Werner (Mälmo, Sweden). An Edwards RV8 vacuum pump and
Active Pirani Gauge Controller were obtained from Edwards
Vacuum (Albany, NY, USA). Freeze drying equipment was ob-
tained from Amsco Finn-Aqua (Hurth, Germany).

2.2. Synthesis of cerium-oleate

To prepare the cerium oleate precursor, sodium oleate and
cerium nitrate salt solutions were rst prepared. The sodium
oleate solution was obtained by dissolving 9.13 g of sodium-
ible metal oxides.

RSC Adv., 2020, 10, 14818–14825 | 14819
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oleate (30 mmol) in 300 ml of deoxygenated water. The cerium
nitrate solution was prepared using 3.44 g of Ce(NO3)3$6H2O (10
mmol) dissolved in 100 ml of deoxygenated water. Immediately
aer preparation, these solutions were covered with paralm
and stirred for 30 min. Aerwards the salt solution was added
dropwise to the sodium-oleate solution and the resulting
suspension was sealed and stirred with a magnetic stirrer for 2
hours to obtain a white suspension. This suspension was then
centrifuged at 3000 rpm for 20 minutes to a white precipitate
(see Fig. SI-1†). The precipitate was then washed several times
with deoxygenated water until the pH was below 8 and subse-
quently ltered. The collected wet cake of cerium-oleate was
freeze-dried for three days to obtain free-owing, uffy white
powders of cerium-oleate. Samples prepared in this way were
sealed in a nitrogen atmosphere and stored in a refrigerated,
oxygen-free atmosphere until used in further experiments.

2.3. Synthesis of dispersible cerium oxide nanoparticles

13 mg of the previously synthesized cerium oleate powders were
placed in a 12 cm long, tubular Pyrex ampoule. The ampoule
was then evacuated at 0.3 mbar using a vacuum pump and
carefully sealed with a butane torch. The resulting ampoule was
wrapped in aluminum foil and placed horizontally in an oven.
The sample was then heated at 320 �C for different periods of
time in a pre-heated oven (see Fig. SI-2†). Aer the reaction, the
ampoule was cut and the resultant thermally decomposed
product was dissolved in 2 ml of hexane and sonicated gently
for 5 minutes obtaining a hexane dispersion of colloidal ceria
nanoparticles.

2.4. Characterization

X-ray photoelectron spectroscopy (XPS) was performed using
a Kratos AXIS UltraDLD XPS (Kratos Analytical, Manchester,
UK). The samples were analyzed using a monochromatic Al X-
ray source. Thermal gravimetric data were collected using
a Pyris 1 TGA (PerkinElmer, Waltham, Massachusetts, USA).
The samples were placed in a platinum crucible under N2

atmosphere with a heating rate of 5 �C min�1 and a maximum
temperature of 750 �C. Real time thermal decomposition of
cerium-oleate was studied with the Pyris 1 TGA coupled to a FT-
IR (Spectrum one, PerkinElmer, Waltham, MA, USA) to obtain
real time FT-IR spectra of the decomposition product of cerium-
oleate under nitrogen atmosphere with a heating rate of
5 �C min�1 and a maximum temperature of 350 �C. Differential
scanning calorimetric (DSC) data were collected using a DSC 1
STAR System Thermal Analysis (Mettler Toledo, Gießen, Ger-
many). The powders were heated in platinum cups under N2

atmosphere with a heating rate of 5 �C min�1 and a maximum
temperature of 600 �C. A FT-IR-Spectrometer, “Spectrum One”
with Universal Attenuated Total Reection (ATR) sampling
accessory (PerkinElmer, Waltham, MA, USA) was used with
a MIR (mid-infrared) beam source. The ATR crystal was made of
diamond and the detector utilized was a MIR-DTGS (mid-
infrared deuterated triglycine sulfate). For liquid samples, one
drop of solution was placed on the ATR crystal and for powder
specimens, a few milligrams of powders were placed directly on
14820 | RSC Adv., 2020, 10, 14818–14825
the ATR crystal. Powder XRD (PXRD) patterns were obtained
using a PANalytical X'Pert PRO Alpha-1 system (Malvern Pan-
alytical, Malvern, United Kingdom) working with Cu Ka1 radi-
ation with wavelength 1.54 Å. UV-VIS spectra of the samples
were collected with a Elmer Lambda-650 spectrometer (Perki-
nElmer, Waltham, MA, USA). The two light sources used were
a deuterium lamp (UV-VIS range) and a halogen lamp (near
infrared range). Hexane-resistant polyamide or quartz curettes
were used as sample holders. The ceria nanoparticle hexane
dispersions were diluted by a factor of 2000 in hexane for the
analyses. Transmission electron microscopy (TEM) was per-
formed using a JEM-3010 (JEOL, Akishima, Japan). TEM
samples were prepared by evaporating hexane from one drop of
ceria nanoparticle dispersion placed on a carbon coated copper
grid. Solvent borne clear coating were obtaining by adding
10 wt% of a ceria nanoparticles hexane dispersion (see Fig. SI-
3†) into the alkyd resin Setal 291 (Akzo Nobel, Amsterdam,
Netherlands) obtaining different ceria nanoparticle concentra-
tions of 2.0 wt%, 1.0 wt% and 0.0 wt%. These coating formu-
lations were applied on pre-cleaned quartz slides using a 100
mm thick lm applicator resulting in roughly 50 mm thick
transparent dry lms. The UV absorption spectrum of the 2 wt%
lm was carried out using a JASCO V-650 spectrophotometer
(Jasco, Pfungstadt, Germany) with a 150 mm diameter inte-
grating sphere.

3. Results and discussions

The thermal decomposition of cerium oleate is an important
step in synthesizing dispersible ceria nanoparticles. There are
many parameters involved that need to be considered. The
initial part of this investigation is to narrow down the range of
temperature needed to synthesize dispersible cerium oxide
nanoparticles with uniform size. In order to investigate this,
a systematic study using TGA, DSC, FTIR, XRD and TEM have
been performed.

Fig. 2 shows TGA and DSC curves for pure cerium-oleate
showing four distinct steps during thermal decomposition of
cerium oleate. The rst step represents the evaporation of the
water absorbed on the freeze-dried cerium-oleate precursor.
This event occurred between 20 and 200 �C and led to a weight
loss of about 2 wt%.

The second step, with a weight loss of about 9 wt%, corre-
sponds to the decomposition of the cerium-oleate precursor
chains between 200 and 300 �C. The two exothermic peaks
observed in the DSC curve between 250 and 300 �C were
generated during the decomposition of the acyl groups without
formation of the metal oxide.35

Coupled FTIR-TGA spectra of cerium oleate and their
decomposition products shown in Fig. 3A displays the carbon
dioxide (2360–670 cm�1) and hydrocarbon gases (anti-
symmetric and symmetric stretches of CH2 at 2937 and
2860 cm�1) signals around 295 �C (Fig. 3A). The detection of all
these products is consistent with the decomposition of the
oleate chain at these high temperatures.

During the third step between 320 and 465 �C a signicant
endothermic reaction is observed in the DSC curve (Fig. 2),
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 DSC-TGA plot of cerium oleate thermal decomposition.
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indicating the formation of the metal oxide ceria.35 Also at this
temperature range, twomajor loses are clearly visible in the TGA
curve (Fig. 2) which sum up to a considerably summed weight-
loss of 56 wt%. Kenfack and Langbein35 related these two peaks
to the release of carbon monoxide (rst) and carbon dioxide
(second) due to the partial decomposition of the oleate chain.
According to their explanation, when the temperature is slowly
increased, carbon monoxide is rst released, and further heat-
ing leads to the formation of carbon dioxide. However, in
Fig. 3A, the FTIR-TGA investigation was only able to detect
carbon dioxide in the gaseous decomposition products with no
indication of the presence of carbon monoxide.

The fourth and nal step occurred over 456 �C. In this
temperature range a weight loss of 13.5 wt% and an exothermic
process (assigned to an oxidation step of Ce3+ to Ce4+) were
detected in the TGA and DSC curves, respectively (Fig. 2). Fig. 3B
shows the FTIR spectrum of the cerium oleate sample heated at
520 �C displaying the two characteristic peaks of metal
carboxylate at 1572 and 1442 cm�1.28,36 While these peaks may
suggest that the oleate chain has not been consumed, the
absence of the vibration peaks of CH2 around 2900 cm�1 indi-
cates that the acyl groups were decomposed, and thus
Fig. 3 FTIR-TG plots of cerium oleate decomposition at various tempe
320 �C and (B) 520 �C, both measurements were performed in nitrogen

This journal is © The Royal Society of Chemistry 2020
responsible for the weight loss and exothermic peaks observed
in TGA and DSC, respectively.

Aer 550 �C, no weight loss was observed, indicating that the
decomposition and volatilization of the organic fraction was
already completed. However, the exothermic events continue
until 600� when all the Ce3+ was slowly converted into Ce4+.

The temperature decomposition path presented here is
characteristic of cerium oleate. For other organic coordinated
metal compounds, the path is controlled by the structure of the
organic chain and the coordinated metal. Some metal–oxygen
bonds can be decomposed at temperatures lower than 300 �C
and others remain stable up to 520 �C.28,37,38

The powder X-ray diffractograms in Fig. 4 show three distinct
phases in the growth of ceria during this process. At 20 �C, the
XRD pattern of cerium-oleate displays only a single, broad peak
corresponding to the disordered packing of the oleate chains
and no crystalline ceria is observed. Aer heating to 520 �C and
subsequent cooling, the chain-packing peak disappears, while
relatively broad peaks appear indicating the growth of face-
centered cubic (Fm�3m) ceria. Aer cooling from 750 �C sharp
diffraction peaks due to scattering from relatively large crys-
tallites of face-centered cubic ceria are clearly visible.

The temperature to synthesize dispersible nanoparticles
with uniform size depends on the thermal degradation of the
metal-carboxylate precursor.28 Thus, the temperature should be
high enough to provide an effective concentration of interme-
diates moieties, but low enough to prevent the complete
degradation of the oleate chains39 and the incontrollable growth
of the nanoparticles. Moreover, the selection of the stabilizer is
also an extremely important factor in obtaining monodisperse
ceria nanoparticles. The oleate chain in the synthesis of
dispersible ceria nanoparticles is a crucial factor because of the
cis-double bond in the middle of the chain. This bond forms
a kink which is considered necessary for the effective dispersion
of the nanoparticles. For example, stearic acid, which does not
have this kink, is not able to successfully stabilize
suspensions.40

Therefore, based on the data acquired above, the thermal
decomposition of cerium oleate and growth of ceria was per-
formed at 320 �C.
ratures (A) (a) 120 �C; (b) 170 �C; (c) 220 �C; (d) 270 �C; (e) 295 �C; (f)
atmosphere.

RSC Adv., 2020, 10, 14818–14825 | 14821
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Fig. 5 TEM images and selected area diffraction patterns of ceria
nanoparticles synthesized by thermolysis of cerium oleate at 0.3 mbar
and 320 �C for different times. 0.7 h, 0.3 mbar (A and B); 24 h, 0.3 mbar
(C and D); 72 h, 0.3 mbar (E and F); 144 h, 0.3 mbar (G and H).

Table 1 Effect of different reaction times in cerium oleate nano-
particles size and shape

Time (hours) Ceria nanoparticles Size (nm)

0.7 Spherical/rectangular 2–3
24 Rectangular 8–10
72 Polycrystalline spherical 15–20
144 Rectangular 4–8

Fig. 4 XRD patterns of the decomposition products of cerium oleate
at different temperatures: (a) 20 �C; (b) 520 �C; (c) 750 �C.
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A series of experiments were designed to thermally decom-
pose cerium oleate at an arbitrary low pressure of 0.30 mbar at
320 �C.

Fig. 5 shows the evolution of the oleate coated cerium oxide
nanoparticles as a function of time at 320 �C. Decomposition
products were released with time and ceria nanoparticles with
different shapes and sizes were obtained (Fig. 5 and Table 1).
Monodisperse ceria nanoparticles with an average size of 2–
3 nm were observed aer 0.7 hours (Fig. 5A and B). When, the
decomposition time was extended to 24 hours, single-crystal
ceria nanoparticles with rectangular shape were obtained with
diameters of 8–10 nm (Fig. 5C and D). An increase of the
decomposition time to 72 hours led to the formation of poly-
crystalline spherical nanoparticles with average size of 15–
20 nm (Fig. 5E and F). Keeping the sample at 320 �C for 144
hours led to the formation of single crystalline faceted nano-
particles with average size of 4–8 nm (Fig. 5G and H). Therefore,
it can be concluded that the ceria nanoparticles growth is gov-
erned by a nucleation–dissolution–recrystallization growth
mechanism,40 which leads to ceria nanoparticles with different
shape and size depending on the reaction time.

Monodisperse ceria nanoparticles obtained aer 0.7 hours of
heating at 320 �C and 0.3 mbar (2–3 nm, Fig. 5A and B) were
separated from each other by approximately 4 nm due to the
characteristic stearic repulsion between the oleic acid chains
attached to the ceria nanoparticles. XRD patterns of the as-
prepared cerium oxide sample shows in Fig. 6 characteristic
peaks of both oleate chains (OA) and the cubic (uorite) struc-
ture of ceria that indicate the formation of nano-ceria capped
with oleate ligands. Broad diffraction peaks in Fig. 6 and
diffused diffraction rings in the inset of Fig. 5B reveal the
nanocrystalline nature of the sample obtained at 320 �C. The
crystal size calculated from the XRD pattern using the Scherrer
equation41 is 4.38 nm and agreed well with the TEM observation
(Fig. 5A and B). In addition, the rst peak located at around
5.328� in XRD pattern (Fig. 6) presents a d-spacing of 16.54 Å,
which is probably related to the self-organization and assembly
of the alkyl chain between ceria nanoparticles.42 The existence
of oleate ligand bound to synthesized ceria nanoparticles is
supported by the FT-IR spectra shown in Fig. 7. Fig. 7A displays
14822 | RSC Adv., 2020, 10, 14818–14825
the FTIR spectrum of the obtained oleate coated ceria where the
two signals observed at 1552 and 1430 cm�1 corresponds to the
carboxylate group attach to the ceria. These signals are gener-
ated by the ionic interaction between the anionic carboxylate
group and the cationic metal surface.28,36 Moreover, the
carboxylate absorption bands produced by the COO� deforma-
tion, bending and wagging are observed below 1000 cm�1. All of
these suggest the carboxylate groups coating the ceria remain
stable at 320 �C.28,36

Fig. 7A shows also at 2847 and 2852 cm�1 the symmetric and
asymmetric stretches of –CH2.36 These signals suggest that the
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 XRD pattern of ceria nanoparticles synthesized at 320 �C, 0.7 h,
and 0.3 mbar.

Fig. 8 UV-VIS absorption spectrum of the ceria nanoparticles hexane
dispersion synthesized at 320 �C, 0.7 h and 0.3 mbar.
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aliphatic part of the oleate chain does not decompose either
when the ceria nanoparticles are formed.

As it was described above the unsaturated double bound
located in the oleate chain is crucial to ensure the creation of
monodisperse nanoparticle suspensions, thus the verication
of the stability of this bond at the reaction temperature is
important in the synthesis of oleate-coated ceria nanoparticles.
In Fig. 7A the small vibration band near 3000 cm�1 corresponds
to the unsaturated C9–C10 double bond36 and suggests that at
320 �C this bond is still stable.

Fig. 7B shows the FT-IR spectrum of the cerium oleate used
as the starting material in the synthesis of the coated ceria
nanoparticles. The peaks displayed in this gure almost match
the peaks of the coated ceria in Fig. 7A. The unique differences
observed between both spectra are shis in the main oleate
peaks presented before. These shis are due to the rearrange-
ments of the oleate chains aer the transition from cerium
oleate to the oleate coated ceria nanoparticles. Despite the
changes observed between both FT-IR spectra, the fact that the
oleate main peaks remain aer the reaction reveals that a frac-
tion of the oleate chains remain relatively undisturbed even
aer the decomposition of cerium oleate at 320 �C.

Finally, the broad peak around 3000–3500 cm�1 shows the
presence of the O–H stretch, due to the presence of compounds
such as absorbed water, alcohol or acid. This signal, which is
relatively low in Fig. 7A and B indicate the hydrophobic nature
Fig. 7 FT-IR spectra of as synthesized ceria nanoparticles 320 �C, 0.7 h

This journal is © The Royal Society of Chemistry 2020
of the coated nanoparticles and the effectiveness of the freeze-
drying method to eliminate the water from the cerium oleate
powder.

The efficiency of this solventless processwas calculated based on
one of the ampoules giving a yield of about 70% (see ESI† for more
details). This makes the solventless process one of the methods
with the highest yield to synthesize dispersible ceria nanoparticles.

Fig. 8 displays the UV-VIS absorption properties of the
synthesized oleate coated ceria nanoparticles. A broad peak is
observed between 250 and 370 nm which corresponds to the
ultraviolet range. This indicates that the ceria nanoparticles
obtained are potential UV absorbers.

In order to investigate the UV protection ability of the cerium
oxide nanoparticles, UV protective coatings with cerium oxide
nanoparticles with different cerium oxide nanoparticle content
(1.0 and 2 wt%) were formulated by adding calculated amounts
of a 10 wt% hexane dispersion of cerium oxide nanoparticles
(Fig. SI-3†) into a commercial solvent borne alkyd resin (Setal
291 from Akzo Nobel). The resulting mixtures were applied on
glass slides forming optically clear 50 um thick dried lms
(Fig. 9A). The 2 wt% thick lm was subsequently evaluated to
verify if it maintained the UV absorption properties of the
synthesized nanoparticles. Fig. 9B shows that the thick lm
displayed the same broad absorption peak in the ultraviolet
range than the nanoparticles in Fig. 9A. This suggests that the
clear coating developed in this work with ceria nanoparticles
and 0.3 mbar (A) and as synthesized cerium oleate (B).

RSC Adv., 2020, 10, 14818–14825 | 14823

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra01710h


Fig. 9 Appearance of 50 mm thick films with different ceria nanoparticle content (A) (ceria contents of the dried film are embedded into the
image). UV-VIS absorption spectra of the 0 and 2 wt% dried films (B).
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could potentially replace the currently available UV absorbing
clear coatings containing hazardous organic UV llers.29

Further outdoor weathering test of such clear coating in UV
protection of wood is under investigation and will be the topic
of following paper.
4. Conclusion

A solventless thermolysis route for producing highly dispersible
colloidal nanoparticles of cerium oxide has been proposed and
experimentally veried. It was found that the thermolysis of
cerium-oleate at low pressure is a suitable method for the
production of highly dispersible cerium oxide nanoparticles at
a relatively low cost without using any toxic high boiling point
organic solvent. By tuning the temperature and time, 4 nm
monodisperse, and solvent dispersible ceria nanoparticles can
be easily obtained.

Dispersions of the synthesized nanoparticles in hexane
showed excellent absorption properties in the UV wavelength
range and thus can be used as UV absorbing additives for UV
protective clear coatings. The development of clear coatings
with a permanent UV absorber, such as ceria could be used to
protect materials from long term UV degradation, such as wood
and could potentially replace the currently available organic UV
absorbers in clear coatings which typically degrade easily under
UV irradiation within 2 years.

The general synthesis strategy presented in this study is
generally applicable for the low-cost production of concentra-
tion dispersion of metal oxide nanoparticles with a minimum
environmental impact.
Conflicts of interest

There is no conict of interest.
Acknowledgements

This work was founded by RISE Research Institutes of Sweden
and we would like to thank the Department of Materials and
14824 | RSC Adv., 2020, 10, 14818–14825
Environmental Chemistry of Stockholm University to allow us
to access the TEM and XRD facilities. Authors would also like to
thank Marie Ernstsson and Mikael Sundin at RISE for the XPS
measurements and Lennart Bergström, Ken Inge and Jekabs
Grins for the helpful scientic discussions.
References

1 H.-P. Zhou, et al., Thermally stable Pt/CeO2 hetero-
nanocomposites with high catalytic activity, J. Am. Chem.
Soc., 2010, 132(14), 4998–4999.

2 C. Zhang, et al., Measuring fundamental properties in
operating solid oxide electrochemical cells by using in situ
X-ray photoelectron spectroscopy, Nat. Mater., 2010, 9(11),
944–949.

3 S. Parwaiz, M. M. Khan and D. Pradhan, CeO2-based
nanocomposites: An advanced alternative to TiO2 and ZnO
in sunscreens, Mater. Express, 2019, 9, 185–202.

4 S. Jose, et al., Recent advances in infrared reective inorganic
pigments, Sol. Energy Mater. Sol. Cells, 2019, 194, 7–27.

5 B. Faure, et al., Dispersion and surface functionalization of
oxide nanoparticles for transparent photocatalytic and UV-
protecting coatings and sunscreens, Sci. Technol. Adv.
Mater., 2013, 14(2), 023001.

6 S. Bardage, et al., Nanoparticles for UV protection of clear
wood coating - eld and laboratory trials, Surf. Coat. Int.,
2013, 96, 94–99.

7 T. Abitbol, A. Ahniyaz, and A. Swerin, UV-blocking hybrid
nanocellulose lms containing ceria and silica
nanoparticles, in TAPPI Nano, 2018.

8 M. Fedel, et al., Electrochemical investigation of the
inhibition effect of CeO2 nanoparticles on the corrosion of
mild steel, Electrochim. Acta, 2014, 131, 71–78.

9 L. G. Ecco, et al., Inuence of polyaniline and cerium oxide
nanoparticles on the corrosion protection properties of
alkyd coating, Prog. Org. Coat., 2014, 77(12), 2031–2038.

10 J. Li, et al., Probing electrochemical mechanism of
polyaniline and CeO2 nanoparticles in alkyd coating with
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra01710h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 6
:5

4:
38

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in situ electrochemical-AFM and IRAS, Prog. Org. Coat., 2019,
132, 399–408.

11 J. Chen, et al., Rare earth nanoparticles prevent retinal
degeneration induced by intracellular peroxides, Nat.
Nanotechnol., 2006, 1(2), 142–150.

12 A. S. Karakoti, et al., PEGylated nanoceria as radical
scavenger with tunable redox chemistry, J. Am. Chem. Soc.,
2009, 131(40), 14144–14145.

13 R. W. Tarnuzzer, et al., Vacancy engineered ceria
nanostructures for protection from radiation-induced
cellular damage, Nano Lett., 2005, 5(12), 2573–2577.

14 C. Xu and X. Qu, Cerium oxide nanoparticle: A remarkably
versatile rare earth nanomaterial for biological
applications, NPG Asia Mater., 2014, 6, e90.

15 Cerium oxide nanoparticles market by form (dispersion and
powder), application (chemical mechanical planarization,
catalyst, biomedical, energy), and region (North America,
APAC, Europe, and RoW) - global forecast to 2022, ed. R. a.
Markets, 2018.

16 T. Yu, B. Lim and Y. Xia, Aqueous-phase synthesis of single-
crystal ceria nanosheets, Angew. Chem., Int. Ed. Engl., 2010,
49(26), 4484–4487.

17 J. Park, et al., Ultra-large-scale syntheses of monodisperse
nanocrystals, Nat. Mater., 2004, 3(12), 891–895.

18 A. Ahniyaz, Y. Sakamoto and L. Bergström, Magnetic eld-
induced assembly of oriented superlattices from
maghemite nanocubes, Proc. Natl. Acad. Sci. U. S. A., 2007,
104(45), 17570–17574.

19 Y. W. Jun, J. S. Choi and J. Cheon, Shape control of
semiconductor and metal oxide nanocrystals through
nonhydrolytic colloidal routes, Angew. Chem., Int. Ed. Engl.,
2006, 45(21), 3414–3439.

20 A. Ahniyaz, et al., Low-temperature direct synthesis of CeO2–

ZrO2 solid solution nanoparticles by a hydrothermal
method, J. Nanosci. Nanotechnol., 2004, 4(3), 233–238.

21 A. Ahniyaz, T. Watanabe and M. Yoshimura, Tetragonal
nanocrystals from the Zr0.5Ce0.5O2 solid solution by
hydrothermal method, J. Phys. Chem. B, 2005, 109(13),
6136–6139.

22 A. Ahniyaz, et al., Preparation of iron oxide nanocrystals by
surfactant-free or oleic acid-assisted thermal
decomposition of a Fe(III) alkoxide, J. Magn. Magn. Mater.,
2008, 320(6), 781–787.

23 A. Ahniyaz, Y. Sakamoto and L. Bergström, Tuning the
aspect ratio of ceria nanorods and nanodumbbells by
a face-specic growth and dissolution process, Cryst.
Growth Des., 2008, 8(6), 1798–1800.

24 H. Imagawa, et al., Monodisperse CeO2 nanoparticles and
their oxygen storage and release properties, J. Phys. Chem.
C, 2011, 115(5), 1740–1745.
This journal is © The Royal Society of Chemistry 2020
25 T. H. Larsen, et al., Solventless synthesis of copper sulde
nanorods by thermolysis of a single source thiolate-derived
precursor, J. Am. Chem. Soc., 2003, 125(19), 5638–5639.

26 A. Ghezelbash, M. B. Sigman and B. A. Korgel, Solventless
synthesis of nickel sulde nanorods and triangular
nanoprisms, Nano Lett., 2004, 4(4), 537–542.

27 M. B. Sigman, et al., Solventless synthesis of monodisperse
Cu2S nanorods, nanodisks, and nanoplatelets, J. Am. Chem.
Soc., 2003, 125(51), 16050–16057.

28 R. Corkery, Articial biomineralisation and metallic soaps,
PhD thesis, Australian National University, 1998.

29 R. Mehrotra and R. Bohra, Metal carboxylates, Academic
Press, New York, 1983.

30 H. G. Cha, et al., Solventless nanoparticles synthesis under
low pressure, Inorg. Chem., 2008, 47(1), 121–127.

31 H. G. Cha, et al., Synthesis of alpha-Fe nanoparticles by
solventless thermal decomposition, J. Nanosci.
Nanotechnol., 2006, 6(11), 3412–3416.

32 R. Álvarez-Asencio, Cost effective synthesis of highly dispersible
ceria nanoparticles and their application in clear coating,
Stockholm University, Stockholm, 2009.

33 Y. C. Han, et al., Synthesis of highly magnetized iron
nanoparticles by a solventless thermal decomposition
method, J. Phys. Chem. C, 2007, 111(17), 6275–6280.

34 G. Pan and M. A. Petruska, Solvent-free synthesis of soluble
nanocrystals, ed. A. T. Materials, 2009.

35 F. Kenfack and H. Langbein, Synthesis and thermal
decomposition of freeze-dried copper–iron formates,
Thermochim. Acta, 2005, 426, 61–72.

36 N. Wu, et al., Interaction of Fatty Acid Monolayers with
Cobalt Nanoparticles, Nano Lett., 2004, 4(2), 383–386.

37 R. Corkery, A variation on Luzzati’s soap phases. Room
temperature thermotropic liquid crystals, Phys. Chem.
Chem. Phys., 2004, 6(7), 1534–1546.

38 R. Corkery, Metal organic framework (MOF) liquid crystals.
1D, 2D and 3D ionic coordination polymer structures in
the thermotropic mesophases of metal soaps, including
alkaline earth, transition metal and lanthanide soaps,
Curr. Opin. Colloid Interface Sci., 2008, 13, 288–302.

39 S. G. Kwon, et al., Kinetics of monodisperse iron oxide
nanocrystal formation by “heating-up” process, J. Am.
Chem. Soc., 2007, 129(41), 12571–12584.

40 Y. H. Kima, et al., Synthesis of oleate capped Cu
nanoparticles by thermal decomposition, Colloids Surf., A,
2006, 364–368.

41 J. Langford and A. Wilson, Scherrer aer sixty years: a survey
and some new results in the determination of crystallite size,
J. Appl. Crystallogr., 1978, 11, 102–103.

42 N. Bao, et al., A facile thermolysis route to monodisperse
ferrite nanocrystals, J. Am. Chem. Soc., 2007, 129, 12374–
12375.
RSC Adv., 2020, 10, 14818–14825 | 14825

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra01710h

	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h
	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h
	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h
	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h
	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h
	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h
	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h

	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h
	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h
	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h
	Solventless synthesis of cerium oxide nanoparticles and their application in UV protective clear coatingsElectronic supplementary information (ESI) available: As-synthesized ceria paste and cerium oleate precursor powder images. See DOI: 10.1039/d0ra01710h


