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A novel inverse opal zirconia pigment with controllable color saturation
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The inverse opal zirconia pigments were prepared by template method using polystyrene microspheres with the size of 340 + 10
nm as raw material and the in situ carbon was formed to achieve controllable and adjustable color saturation by sintering at
various temperatures in nitrogen atmosphere with various nitrogen flow rates. The effects of nitrogen atmosphere, nitrogen
flow rate and sintering temperature on the morphology, phase and color saturation of the inverse opal zirconia were
investigated. The results showed that when the inverse opal zirconia was sintered at 450 °C to 600 °C in nitrogen atmosphere,
the green color saturation could be adjusted by changing the nitrogen flow rate from 0.2 L/min to 0.8 L/min. When the
nitrogen rate was 0.8L/min, the green color saturation of the inverse opal zirconia could be adjusted by changing the sintering
temperature from 450 °C to 600 °C. It indicated that the more the amount of in-situ carbon was generated, the more stray light
was absorbed and the higher green color saturation of the inverse opal zirconia could be obtained. Further increasing the
sintering temperature to 700 °C would destroy the inverse opal morphology of zirconia and affect the carbonization of the
organic component.
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Introduction unique structural characteristics [11]. Tt reported that
inverse opal materials include metal oxides [12-14]
In nature, color divided into structure color and such as Zr0O,, CeO,, TiO, [15, 16], which has been
pigment color, which are closely related to light [1]. widely concerned in structural color. F Liu [17]
Structure color originates from interference, diffraction prepared Fe*-doped inverse opal SnO, samples with
or scattering of visible light on the photonic crystal, high color saturation by the direct template method.
which results from the well-ordered arrangement of a Fe*" absorbed most of the scattered light and improved
periodic microstructure [2, 3]. The photonic crystal is a the refractive index of the sample to highlight the
kind of optical material composed of materials with bandgap color. Liu [18] prepared the PDMS/SnO,
different refractive indexes in an orderly alternating inverse opal material by the direct template method,
arrangement in three-dimensional space. Based on the which increased the refractive index of the sample and
characteristics of the photonic bandgap, optical materials reduced its angular dependence, thus increasing the
can control the transmission of light [4, 5]. If the photonic color saturation.
bandgap falls into the visible light range between 380 Sufficient refractive index contrast is the precondition
and 780 nm, visible light of specific wavelengths not to obtain high color saturation, and the air with the
allowed to propagate in the photonic crystal structure, lowest refractive index plays an essential role [19].
thus selectively reflected [6,7]. Then the structural High refractive index materials are conducive to the
colors with high brightness, less discoloration, and the construction of photonic crystals with high refractive
iridescent effect would be produced on the surface of index differences and the realization of color photonic
periodic photonic crystals [8]. It is precisely these crystals with high saturation structure. Zirconia is a
excellent characteristics that the structural color has significant metallic oxide that has applied in domestic
attracted people's attention as a unique application in ceramics, medical applications [20, 21]. The refractive
anti-counterfeiting, advertising, and military fields [9, index of zirconia is up to 2.17, so it can be used as a
10]. high refractive index material to construct an ideal
In recent years, inverse opal photonic crystal materials structure color.
have formed three-dimensional periodic pore arrays in The study of inverse opal zirconia in the field of
the matrix of some functional materials due to its structural color and lay a solid foundation for the
application of artificially prepared structural color. There
*Corresponding author: had been many reports in the past on the application
Tel : +18391009638 .
Fax. +029-86168688 of inverse opal as structural color. D. Josephson [22]
E-mail: mariawanglili@126.com introduced exogenous carbon and added a sucrose
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solution to improve the color saturation of inverse opal
zirconia. G. I. N. Waterhouse [23] successfully prepared
71O, inverse opal thin films with obviously color
saturation at visible wavelengths.

To sum up, at present, the research on the color
saturation of inverse opal zirconia has made certain
progress, and the improvement of the color saturation
is realized through the process improvement. However,
the controllable color saturation of inverse opal zirconia
has not been reported. Therefore, on the basis of the
existing research on the inverse opal zirconia pigment,
the color saturation of the inverse opal zirconia pigment
would be controlled by adjusting the sintering temperature
and nitrogen flow rate. The color saturation control
mechanism of the inverse opal zirconia was studied
also.

Materials and Methods

Polystyrene (PS) microspheres emulsion with the
particle size of 340 = 10 nm by emulsifier free emulsion
polymerization was diluted to 5 wt% and dried at 40 °C
in a crystal dish with a diameter of 60mm to prepare
PS colloidal crystal template. Methanol and zirconium
acetate were mixed at the mass ratio of 1:1 and stirred
for 2 h on a magnetic mixer as the precursor of
zirconia. About 1 g template was evenly coated on the
quantitative filter paper and 15 g zirconia precursor
was dropped. Then, immersed and extracted for about
Smin, stood at room temperature for 24 h. A group of
samples was sintered in nitrogen at 450 °C at a rate of
2 °C/min. The nitrogen flow rates were 0.2 L/min, 0.6
L/min and 0.8 L/min, respectively. The other group of
samples was sintered at 450 °C, 600 °C and 700 °C
with nitrogen flow rate of 0.8 L/min and heating rate of
2 °C/min, respectively. Then a group of samples was
sintered in air by the above method and compared with
the samples sintered in nitrogen.

The morphology of the inverse opal zirconia was
characterized by scanning electron microscopy (S4800,
Japan). The color saturation of the inverse opal zirconia
was observed by a digital camera (Canon, Japan) and UV-
visible near-infrared spectrometer (Beckman, America).

Moreover, X-ray diffraction (D/max2200PC, Japan)
was used to characterize the phase of the samples.

Result and Discussion

Fig. 1 shows the SEM images of PS microspheres
and PS colloidal crystal templates. PS microspheres
had regular spherical shape, good monodispersity and
the crystal template was arranged periodically.

Fig. 2 shows SEM images of the inverse opal
zirconia sintered at 450 °C with various nitrogen flow
rate. With increasing of the nitrogen flow from 0.2 L/
min to 0.8 L/min, the morphology of the inverse opal
zirconia did not change significantly as shown in Fig.
2(a-c), suggesting that nitrogen flow did not have a
considerable influence on the morphology, while the
crystallinity of the inverse opal zirconia became worse
(Fig. 2(d)). When the nitrogen flow rate was increased
from 0.2 L/min to 0.6 L/min, the main cubic phase peak
decreased significantly, while the hexagonal Zr;0x
diffraction peak on the (0 1 2) crystal plane increased.
It indicated that with increasing of the nitrogen flow
rate, the oxygen content in the furnace decreased and
the Zr /O atomic ratio increased, which led to the
increase of reaction temperature of zirconium acetate
decomposition to zirconia. Therefore, the crystallinity
of zirconia decreased while the anoxic phase Zr;O;.x
increased. When the nitrogen flow rate was increased
from 0.6 L/min to 0.8 L/min, the characteristic peak of
the primary crystal orientation decreased slightly and
the hexagonal Zr;O,x diffraction peak also reduced,
indicating that nitrogen as a protective atmosphere
reduced the crystallinity of the inverse opal zirconia.

Fig. 3 shows the color saturation of the inverse opal
zirconia sintered at 450 °C with various nitrogen flow
rates. When the nitrogen flow rate was 0.2 L/min, the
inverse opal zirconia was green with low saturation and
has a certain angle dependence. When the nitrogen
flow rate was increased from 0.2 L/min to 0.8 L/min,
the green saturation of the inverse opal zirconia increased

Fig. 1. SEM images of (a) PS monodisperse spheres and (b) PS template.
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Fig. 2. SEM images and XRD pattern of the inverse opal zirconia sintered at 450 °C with various nitrogen flow rate (a) 0.2L/min; (b) 0.6L/

min; (c) 0.8L/min.

Fig. 3. The color saturation images of the inverse opal zirconia sintered at 450 °C with various nitrogen flow rate (a) 0.2 L/min; (b) 0.6 L/min;

(¢) 0.8 L/min.

gradually, which indicated that changing the nitrogen
flow rate could adjust the green color saturation of the
inverse opal zirconia. When the inverse opal zirconia
was sintered at 450 °C in nitrogen atmosphere, methanol
evaporated completely, zirconium acetate and PS
carbonized to form in-situ carbon. When the nitrogen
flow rate increased from 0.2 L/min to 0.8 L/min, the
amount of in-situ carbon generated increased, which
led to the increase of stray light absorbed, thus effectively
adjusting the color saturation of inverse opal zirconia.
SEM images of the inverse opal zirconia sintered at
various temperatures with 0.8 L/min nitrogen rate were
shown in Fig. 4(a-c).W hen the calcination temperature
was 600 °C, the zirconia had complete inverse opal
morphology (Fig. 4(a)). When sintered at 450 °C, a
small part of the inverse opal structure of the samples
destroyed due to the shrinkage during the sintering
process and most part of the samples showed inverse
opal morphology. When the sintering temperature was

further increased to 700 °C, the morphology of the
samples was further destroyed, which was due to the
increasing of internal stress caused by high temperature
sintering. The XRD patterns of the inverse opal
zirconia sintered at different sintering temperatures in
nitrogen atmosphere with a flow rate of 0.8L/min is
shown in Fig. 4(d). The diffraction peaks were narrower
and sharper with increasing the calcination temperature
in nitrogen atmosphere, indicating that sintering in
nitrogen had no significant effect on its crystallinity.
The color saturation of the inverse opal zirconia
sintered at different calcination temperature with 0.8L/
min nitrogen rate is shown in Fig. 5. All the samples
were green with different color saturation. When the
sintering temperature increased from 450 °C to 600 °C,
the green saturation of the samples increased and
further increased to 700 °C, the color saturation of the
samples decreased, which indicated that the color
saturation of the inverse opal zirconia could be adjusted
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Fig. 4. SEM images and XRD pattern of the inverse opal zirconia sintered at various temperatures with 0.8 L/min nitrogen rate (a) 450 °C;

(b) 600 °C; (c) 700 °C.

Fig. 5. The color saturation of the inverse opal zirconia sintered at various temperatures with 0.8 L/min nitrogen rate (a) 450 °C; (b) 600 °C;

(c) 700 °C.

by changing the sintering temperature. This was due to
the photonic band gap formed by the good inverse opal
structure sintered at 600 °C, which promoted the
formation of structural color and made the sample
show high color saturation. At the same time, the stray
light shinning on the samples was absorbed by the
carbonized components that were not vaporized at this
sintering condition such as the PS template and zirconium
acetate, which further adjusted the color saturation of
the sample. When sintered at 700 °C, the color saturation
of the samples decreased, which was obviously due to
the partial destruction of the inverse opal morphology
of the samples. At the same time, due to the high
temperature sintering, part of the carbonized components
evaporated, leaving only a small amount of carbonized
components in the samples.

Marte 1[24] systematically studied the thermal de-
composition, oxidation and carbonization of PS in

different atmospheres. Differential thermal analysis
shows that PS is carbonized and oxidized at 400 °C ~
420°C in air and further oxidized to disappear at
500 °C ~ to 550 °C. However, no oxidation occurs at
800 °C in nitrogen atmosphere. The results showed that
zirconium acetate carbonized at 450 °C in protective
atmosphere. When heated at a rate of 5°C/min in
nitrogen, zirconium acetate began to carbonize at about
300 °C and continued to about 650 °C. According to
the results, the main components of carbonization were
PS template and zirconium acetate sintered at 450 °C to
600 °C and PS template was the main carbonization
component when sintered at 700 °C.

It can be seen from the XRD diffraction pattern in
Fig. 6(a) that the diffraction peak of the samples
sintered in the air was higher than that sintered in
nitrogen atmosphere. However, the color saturation of
the samples sintered in nitrogen atmosphere was much
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Fig. 6. XRD pattern and reflection spectrum of the inverse opal zirconia sintered at 600 °C in air and nitrogen, respectively.

higher than that sintered in air. It was because the
carbonation component in the sample was not retained
when sintered at 600 °C in air, resulting in low green
color saturation of the sample. However, when the
sintering temperature was 600 °C and the nitrogen flow
rate was 0.8 L/min, the internal carbonization environment
of the samples was better. The residual carbonized
components in the samples absorbed stray light,
increased the proportion of light forbidden and the
color saturation was much higher than that sintered in
air.

The reflection spectrum of the samples was shown in
Fig. 6(b). All the samples displayed a single band gap
in the visible region. The diffraction peaks of the
samples sintered at 600 °C with various sintering
atmospheres shifted from green range to blue range in
the spectrum for which the formation of carbon on the
pore wall of zirconia in the nitrogen atmosphere would
reduce the refractive index of zirconia and lead to the
shift of the forbidden band position. Since the organic
matter carbonized in this process, the in-situ carbon
absorbed some stray light produced by the difference
of pore size and structural defects in other bands in the
sample, which made the bandgap width narrow and
affected the position and intensity of the bandgap.
Therefore, the color saturation of the inverse opal
zirconia could be controlled by adjusting the content of
in-situ carbon produced in it.

Conclusion

The color saturation of the inverse opal zirconia
pigment was successfully controlled by adjusting the
nitrogen flow rate from 0.2 L/min to 0.8 L/min and
sintering temperature from 450 °C to 600 °C. By adjusting
the sintering temperature and the nitrogen flow rate, the
amount of in-situ carbon produced by the carbonization
of organic matter in the sample was controlled. Therefore,
stray light in the samples absorbed by in-situ carbon
produced was controlled either, which indicated that
this was an effective way to adjust the color saturation

of the inverse opal zirconia pigment. When the nitrogen
flow rate was 0.8L/min and the sintering temperature
was 600 °C, it was more conducive to the carbonization
of the organic matter in the sample and did not cause
the volatilization of the carbonized components. The
successful preparation of the inverse opal zirconia
pigment with controllable color saturation will promote
the structural color to replace the traditional pigment
and get further extensive application.
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