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In this paper, we report on the synthesis of Ce(;_yZryO, yellow nanopigments (NPs) by a simple green sol-gel
method, using gelatin as the stabilization and polymerization agent. Thermogravimetric analysis (TGA) was
employed to obtain the optimum gel calcination temperature. The synthesized Ce;_xZryO, powders were
characterized by X-ray diffraction (XRD), Raman spectroscopy, transmission electron microscopy (TEM), UV—

vis spectroscopy and CIE-L"a’b” measurement. The XRD patterns of the samples calcined at 600 °C revealed the
formation of the desired crystal structures without any secondary phases, confirmed by Raman analysis. The
TEM images indicated that the pigments' particle shapes are almost spherical with average particle size of about
8 nm. It was found that by increasing Zr** concentrations the absorption edge of the produced NPs have a red-
shift. The produced NPs had brilliant yellow colour, derived from CIE-L'a’b” coordinates.

1. Introduction

Pigments are generally insoluble, organic or inorganic, powders
having varieties of applications including surface coating and colouring
other materials such as: ink, plastics, ceramics, cosmetics and food [1—
3]. It has been reported that using nanopigments enhances the
chemical and mechanical properties and improves the performance
of coatings, abrasion resistance, anticorrosion and hardness [4]. There
has been great interest in developing highly crystalline, chemically
stable and reproducible inorganic NPs such as Biy_,.,Ca,Zn,VO4_(x1y)/2,
Nip.1Wo.1Tip.g0-, Ce(Mo00O4)> and (Ca,La)Ta(O,N); which have been
employed for surface coating [5—8]. These pigments, because of their
low toxicity, are good candidates to substitute the pigments that
contain heavy metals such as: Cd, Co, Cr, Se, Hg and Pb, which are
harmful to human health and the environment [8—10]. Furthermore,
the use of high-performance organic pigments are limited because of
their thermal instability [11]. Pigments based on cerium oxide have
been found to give yellow tinge with excellent thermal and chemical
stability [3,12]. The colour mechanism of CeO, can be modified by
doping with some suitable elements, which introduce an additional
electronic level between the top of the (O,,) valence band and the
bottom of the (Cess) conduction band [3]. It has been reported that
adding Zr to CeO, improves its structural features as well as its thermal

stability. The non-toxic ceria-zirconia compositions have been used as
catalysts and also in fabricating fuel cells and oxygen gas sensors [13—
15]. The crystal structures of these compounds are monoclinic,
tetragonal or cubic depending on the Ce/Zr ratio, calcination tempera-
ture and the particle size [16,17].

In this work, environmentally friendly yellow nanopigments based
on CeO,-ZrO, solid solution with the general formula Ce(;_x)ZrO,
(x=0.0, 0.2, 0.4, 0.6, 0.8) were synthesized by a green sol-gel method.
The structural and optical properties of the produced samples have
been studied and their colours were investigated quantitatively.

2. Experimental
2.1. Material and methods

The starting materials, used for the synthesis of Cex_xZrOo
nanopowders, were cerium nitrate hexahydrate, Ce(NO3);-6H>0,
(99% purity, Merck) and zirconium(IV) oxynitrate hydrate,
ZrO(NO3)».xH50, (99% purity, Sigma-Aldrich). Gelatin type B, from
bovine skin (Sigma-Aldrich), was used as the stabilization and poly-
merization agent and distilled water as the solvent. To obtain 5 g of
Ce(1-xZry0Oo, certain amounts of cerium and zirconium nitrates were
dissolved in 30 ml distilled water, separately. Meanwhile, 10 g of
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Fig. 1. Schematic diagram of modified sol-gel mechanism for the synthesis of Ce,Zr(;_O> NPs.
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Fig. 2. Photographs of the produced Ce,Zr(;_,)O» nanopigments.
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3. TGA diagram and the corresponding derivative of the prepared CeO, gel.

Tetragonal |

Intensity (a. u.)

Ceg1779.802

211

Cep. 219,602

Cey (219,40,

Cey g21.20;

]

Cubic | |

20

Fig. 4. The XRD patterns
tetragonal phase.

2Tetha (Deg.)
of the synthesized samples, (a, b, ¢) cubic phase, (d, e)

gelatin was dissolved in 50 ml of distilled water at 40—50 °C. Then, the

two cation solutions were added gradually to the gelatin solution,

keeping the temperature at 80 °C. The prepared gel was calcined at

600 °C for 4 h. Fig. 1 shows the preparation procedure of Ce(;_y)ZryO>

NPs. The photographs of the final products are presented in Fig. 2.
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Fig. 5. The XRD refinements of a) CeO», b) Ceg 6Zr(.402 and ¢) Ceg »Zr g0 NPs.

2.2. Characterizations

In order to determine the optimum calcination temperature, the
prepared dried gel was analyzed by thermogravimetric (DTG-60/60,
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Table 1
Geometrical parameters of the synthesized CeyZr;_4Os.
Compound  Lattice parameter  Structure Scherrer SSP method
(nm) formula
D (nm) D (nm) ex107°
CeOq a=5.414 Cubic 11.48 10.50 0.25
CegZrp»0, a=5.388 Cubic 6.15 6.17 1.25
Ceo.6Z1040s a=5.314 Cubic 4.85 4.99 2.5
Cep.4Zr9c0- a=3.720 Tetragonal 5.10 4.99 7.5
c/a=1.42
CepoZrog0, a=3.659 Tetragonal 6.14 5.72 5
c/a=1.43

Shimadzu) technique. The lattice structures of the synthesized samples

were investigated by X-ray diffraction (XRD, Philips, X'pert, CuKa),
using the Rietveld method, and Raman spectroscopy (AvaSpec-ULS-
TEC). Morphology of the prepared samples was examined using
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Fig. 8. The Raman Spectra of the synthesized samples.

transmission electron microscopy (TEM, CM120, Philips). UV-vis
spectroscopy (Jasco, V-670) was employed to determine the value of
the optical energy band gap. The CIEL"a’b" colour measurement was
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Fig. 7. The SSP plots of the prepared samples.
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Fig. 9. The TEM micrographs and the corresponding histograms of (a, ¢) CeO, and (b, d) Ceg 4Zro 0> specimen.
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Fig. 10. UV-visible reflectance and absorbance spectra of the prepared samples.
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. 2
carried out by a Konica Minolta CS2000 spectrophotometer. Fig. 11. Plot of (chv)” versus photon energy (hv).

divided into three main mass loss parts. The first part, from room

3. Results and discussion temperature to about 150 °C, is related to water evaporation. The

second part, 150-350 °C, corresponds to decomposition of organic

3.1. Thermogravimetric analysis (TGA) materials and the formation of the pyrochlore phase. The third part,

from 350 °C to about 500 °C, is due to the formation of CeO, NPs. So

The thermal behavior of the produced CeO, dried gel was analyzed the lowest calcination temperature needed to synthesize CeO, NPs was
using thermogravimetric analysis, in the range of room temperature to found to be about 500 °C.

800 °C, with a 5 °C/min heating rate. Fig. 3 Shows the TG curve of the
gel and its corresponding derivative. The obtained TG curve can be
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Table 2
Colour coordinates and the band gap values of the samples.

Data name L* a* b* E; (eV)
CeO, 98.86 -5.11 30.71 3.32
Ceo.5Zr0.205 94.90 -4.42 39.78 3.15
Ceo.6Zr0.402 94.40 -4.08 40.56 3.12
Ceg.4Zr( 602 96.12 -4.47 36.34 3.22
Ceg.0Zr 302 94.94 -4.15 31.52 3.35
Ceo.8Zr0.20(bulk) [20] 97.9 -22 12.1 3.00
45
0, [ O ce, zr, 0, | 40
Ce, 7r, O
o.2,0, [ [
]
D (‘k‘” TZ’Vlwuw [ 30
Ce0, s
: *
Los =
20 l
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Fig. 12. Two dimensional coordinates of colour space a™-b" of Ce,Zr;_,O, samples.
3.2. Structure analysis

The XRD patterns of Ce(;_y)ZryO> NPs are given in Fig. 4. As these
patterns show, no secondary phases are detected. The XRD patterns of
the three prepared samples were analyzed by Fullprof software based
on Rietveld refinements which are shown in Fig. 5. Our results revealed
that the Ce_xZryO> NPs with x=0.0, 0.2, 0.4 have cubic structures
(Fm-3m space group) and with x=0.6, 0.8 have tetragonal structures
(P42/nmc), in accordance with JCPDS 34-0394 and JCPDS 80-2155,
respectively [18,19]. Fig. 6 shows an enlarged image of the main
diffraction peaks for Ce(;_xZryO> NPs, in the range of 26=27-32°. As
shown in this figure, by increasing Zr concentrations, the main
diffraction peak shifts toward higher angles since the ionic radius of
Ce**(0.94 A) is bigger than that of Zr**(0.84 A) [20]. By increasing Zr
concentrations, a decrease in the cubic lattice parameter (a) occurs due
to smaller ionic radius of Zr** compared to Ce™, which is in
accordance with Vegard's law [21]. A phase transition from cubic to
tetragonal was observed with the increase of Zr concentrations. The
XRD results indicated that the samples with x=0.6 and 0.8 have
tetragonal phases, with higher c/a ratio in sample with x=0.8. These
results are in good agreement with Yashima et al. [22]. However, it was
observed that the phase transition between samples with x=0.4 and 0.6
is not sharp, which is confirmed by our Raman data analysis. The
lattice parameters of the synthesized Ce(;_y)ZrO» NPs are calculated,
presented in Table 1. The average crystallite sizes of the samples were
calculated using both the Scherrer formula (D = k4/p cos ) and size-
strain plot (SSP) methods, accordingly we have:

2 _K e
(dp cos 0) D (d“p cos 0) + (2) o
where K is a constant which depends on the shape of the particles, f is
the FWHM of the diffraction peaks, d is the plane's spacing, and 6 is the
diffraction peak angle [23]. To obtain the crystallite size and the lattice
strain, the term (dBcosB)? was plotted against d?Bcosf. The crystallite
size is calculated from the slope of linearly fitted data and the lattice
strain from the y-intercept, as shown in Fig. 7. The results are given in
Table 1. As it can been seen, the present strains in all samples are in the
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order of micron. Also, with the increase of Zr in the samples with cubic
phase, the average crystallite size decreases and the strain increases.
However, in the samples with tetragonal structures the change in the
average crystallite size is not remarkable.

According to the literature, the XRD patterns for ceria-zirconia
compounds in cubic and tetragonal phases are almost similar, while
their Raman spectra are completely different and therefore it would be
easy to distinguish the present phases. Ceria with the cubic structure
has only one Raman-active mode (F,z), while the tetragonal zirconia
has six Raman-active modes (A;;+2B1,+3E,) [24]. The Raman spectra
of the synthesized samples, which were obtained in the range of 200—
700 cm™! at room temperature, are presented in Fig. 8. The spectrum
of pure CeO, shows a relatively high intensity band at 454 cm ™!, which
can be attributed to the symmetry vibrational modes of oxygen ions
surrounded by cerium ions. Aside from the F,; mode in the sample
with x=0.2 (Fig. 8), a broad band of low intensity at 596 cm™! is
detected which can be related to the presence of oxygen vacancies. A
slight shift of the F», mode to higher wavenumbers, observed in Raman
spectra of CegZry 20> and Ceg ¢Zrg 40, can be due to the incorpora-
tion of Zr ions into the lattice of CeO». In Raman spectra of Ceg 4Zrg 02
and Ce »Zrg g0, there are some other bands at 251, 303, 456, 577 and
616 cm™!, which are evidence for the presence of the tetragonal phases,
confirming our XRD results.

Fig. 9 shows the TEM images and the corresponding size distribu-
tion histograms of the prepared CeO, and Ceg 4Zrp 0> NPs. As it can
be seen, the prepared NPs are distributed rather uniformly with the
average particle size of about 9 and 8 nm for CeO, and Ceg4Zrg 0o,
respectively.

3.3. Optical analysis

The UV-vis diffuse reflectance spectra of the synthesized
Ce(1-xZryO» NPs, in the range of 300—600 nm wavelengths, are shown
in Fig. 10, with the absorbance spectra presented in the appendix. It is
observed that the absorption edge of the samples has a red-shift with
the increasing Zr** concentrations. The optical band gaps (E4) of the
prepared samples were obtained using the UV-vis diffuse reflectance
spectra and employing the Tauc relation as given by:

(ahv)l'" = C (hv — E,) (2)

Where C is a constant, hv is the incident photon energy and a is the
absorption  coefficient obtained using the Kubelka—Munk
function,x = (1 — R)?*/2R, in which R is the reflectance [25]. In relation
(2), nis 2 and 1/2 for the samples with indirect and direct band gap,
respectively. By plotting (ahv)? versus hv (Fig. 11), the band gaps were
obtained which are given in Table 2. The value of the pure CeO, band
gap is approximately 3.32 eV, due to direct electron transition from the
valance band (O, to the conduction band (Cey¢) [19]. It is well known
that the crystal structure, particle size and morphology affect the band
gap value [26]. For the samples with cubic structures, the value of the
band gap decreases by increasing Zr concentrations. Our results show
that the value of the band gap of the samples with tetragonal structures
are bigger than those with cubic phases, which can be related to the
phase transition. For tetragonal samples the band gap value increases
from 3.22 to 3.35eV, which can be attributed to the increase in
tetragonality. ZrO, has a wide band gap of 5 eV and can be reduced by
replacing Zr** with Ce**, due to the presence of Cey states in the gap
[26,27]. Our optical results are in consistent with the other works
[20,26].

3.4. Colorimetry

The CIE L'a"b" colour coordinates of the synthesized samples were
measured, in which L" is the brightness axis or the intensity of the
pigments [black (0) to white (100)]; a” axis represents the green-red
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and b" the blue-yellow, respectively. The results are presented in
Table 2. The obtained CIE L'a’b” values indicate the bright yellow
colour for our samples. The value of b" shows that adding the dopant
(Zr atoms) causes the colour change of nanopigments to slightly more
yellowish (Fig. 2). The negligible values of a* correspond to the green
tinge of the samples. The slight decrease of L." values are related to the
brightness reduction of the samples. The colour of all our synthesized
NPs are yellow, while the colour of the Ce gZry 0> bulk specimen is
white with L'=97.9, a"=-2.2 and b"=12.1, as reported by Vishnu et al.
[20]. Our results showed that the CeggZr 40> nanopigment has the
highest b value (40.56). Two dimensional coordinates of a’b" colour
space of the prepared samples are given in Fig. 12.

4. Conclusions

Ce(1-xZryO» NPs (x=0.0, 0.2, 0.4, 0.6, 0.8) were synthesized by a
simple green sol-gel method, using gelatin biopolymer as the stabiliza-
tion and polymerization agent. The produced gels were calcined at
600 °C. The XRD patterns confirmed the formation of the desired
crystal structures without any extra unwanted peaks. The average
crystallite size of the samples was calculated, using the Scherrer
formula and SSP methods. Our XRD and Raman results revealed that
the samples with x=0.0, 0.2, 0.4 are in cubic phase, while the samples
with x=0.6, 0.8 have tetragonal phase. The TEM images indicated that
the average particle size of the prepared NPs is about 8 nm. The energy
band gaps of the samples were obtained from UV-vis spectra,
according to the Kubelka—Munk method. It was found that the
synthesized NPs have brilliant yellow colours which were derived by
CIE-L'ab" colour coordinates.
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