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ABSTRACT: A facile deposition method of 3D photonic
crystals made of yttrium-stabilized zirconia (YSZ) was
developed. YSZ nanoparticles with primary particle size below
10 nm and cubic crystalline phase were synthesized by
hydrothermal treatment of solutions of zirconyl nitrate, yttrium
nitrate and acetylacetone. Before coassembly with polystyrene
(PS) microspheres, a dispersant Dolapix CE64 was added to the
dialyzed sol of YSZ nanoparticles to render their surface
negatively charged. Vertical convective coassembly resulted in
3D ordered YSZ/PS hybrid films, which were inverted at 500
°C in air to produce inverse opals. The linear shrinkage of the coatings was in the range 15−20%, below previously reported
values for YSZ. The obtained coatings demonstrated pronounced photonic properties and retained their ordered structure after
annealing at 1000 °C for 2 h. Increasing the filling fraction of crystalline nanoparticles in the templates should enable production
of fully functional 3D photonic crystals for applications in high-temperature photonics.

KEYWORDS: vertical convective self-assembly, nanoparticle codeposition, high-temperature photonics, 3D photonic crystal,
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■ INTRODUCTION

3D ordered macroporous (3DOM) ceramic coatings with the
inverse opal morphology are attractive for various applications,
such as wavelength-selective reflectors in sensitized solar
cells,1,2 because of their unique optical properties resulting
from a periodic variation of the effective refractive index.
Inverse opals made of titanium dioxide are the most popular
realization of 3D photonic crystals because of the high
refractive index of TiO2 and a wide variety of applicable
colloidal crystal templating processes, such as sol−gel
infiltration,3−8 atomic layer deposition,9−11 nanoparticle
infiltration,12 and codeposition.13−15 Inverse opals from other
important ceramic materials, especially from those having more
complex composition (e.g., solid solutions of mixed
oxides)16−19 or from nonoxides (carbides, nitrides),20−22 are
less studied and often much more difficult to produce.
Yttrium-stabilized zirconia (YSZ) is a material widely used

for applications in which a combination of refractory properties,
low thermal conductivity, high hardness, high thermal
expansion coefficient, and high oxygen ion conductivity are
demanded. There are several works employing YSZ inverse
opals as the porous anode in solid-oxide fuel cells.18,23−25

However, these only make use of the high porosity of inverse
opal structure and do not involve their photonic functionality.

Powdered samples of undoped zirconia inverse opals have also
been studied.26 A method to produce curvilinear photonic
crystal stripes of ZrO2 inverse opal has been developed.27

Zirconia inverse opal films were used to obtain single-mode
photonic lasing by infiltration with organic laser dyes.28

Luminescent inverse opals made of zirconia doped with rare
earth ions29,30 or titanium31 are also reported. To the best of
our knowledge, synthesis of refractory YSZ inverse opal films of
optical quality has not been demonstrated. This would
constitute a major advance in the field of high-temperature
photonics. Refractory photonic crystals could be used as next-
generation thermal barrier coatings (TBC) that would not only
inhibit heat transfer by thermal conduction but also reflect
thermal radiation, whose contribution becomes more and more
significant as the gas inlet temperature of a gas turbine
increases.32,33

Inverse opals are usually obtained by a two-step deposition
followed by inversion. In the first deposition step, an artificial
direct opal template is produced by self-assembly of
monodisperse particles of certain polymers or silica. In the
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second step, this structure is infiltrated with a ceramic phase.
Inversion of the direct structure is typically achieved by
calcination of the polymer or selective etching of the silica
template.
Established infiltration techniques are usually time-consum-

ing and tedious. Furthermore, they all to a certain extent deal
with the problem of inevitable volume change of the infiltrant
between its initial chemical state (e.g., a solution of inorganic
salts or alkoxides) and after accomplishment of the synthesis
procedure (solid phase). The detrimental effect is magnified
particularly when the material has to be exposed to high
temperatures, under which crystallization, phase transforma-
tion(s), and densification of ceramics occur. These processes
induce formation and broadening of cracks as well as
coarsening of the pore structure.
As a measure for minimizing these negative effects of

chemical transformation of the infiltrant, it was proposed to use
dispersions of nanoparticles instead of conventional sol−gel
precursors.18 It was also suggested that the deposition of the
sacrificial template and liquid-phase infiltration can be
combined in a single process, referred to as codeposition or
coassembly, where polymeric microspheres and ceramic
precursors or nanoparticles are simultaneously deposited from
mixed dispersions,14,15,34−38 thus reducing the number of
required processing steps and processing time.
Here we report on a facile all-colloidal, one-step codeposition

method of YSZ refractory inverse opals. 3D photonic crystal
films were grown from a dispersion containing sacrificial
monodisperse polystyrene (PS) microspheres and crystalline
YSZ nanoparticles obtained from hydrothermal synthesis.
Initially positive surface charge of nanoparticles was reversed
by adding an anionic dispersant in order to avoid
heterocoagulation with PS particles. Spectra of reflectance of
YSZ inverse opals featuring a pronounced photonic stopgap
were measured for the first time. We also investigated the
degradation of the structure at high temperatures.

■ MATERIALS AND METHODS
Preparation of the YSZ Nanocrystalline Sol. Crystalline

nanoparticles of YSZ with primary particle size <10 nm were obtained
following the procedure described by Guiot et al.39 First, an aqueous
solution of zyrconyl nitrate hydrate (ZrO(NO3)2·xH2O, 99%, Sigma-
Aldrich) and yttrium nitrate hexahydrate (Y(NO3)3·6H2O, 99.9%,
MaTecK GmbH, Jülich, Germany) was prepared. The concentration
of Zr-ions was adjusted to 0.1 M and that of Y-ions to 0.05 M.
Acetylacetone (puriss., Sigma-Aldrich) was then added to obtain a
concentration of 0.1 M. The initially strongly acidic pH of the solution
was changed to 7.0 by slowly adding 3 M aqueous solution of
ammonia. Typically, 40 mL of freshly mixed precursor solution was
sealed in a PTFE liner in an autoclave (High pressure reactor BR-25,
Berghof GmbH, Eningen, Germany) and left for three days at 160 °C.

Upon cooling to room temperature, a translucent stable sol of
nanoparticles could be extracted. The sol was purified by dialysis in
deionized water through a tubular cellulose membrane (Nadir, pore
size 2.5−3 nm, Kalle GmbH, Wiesbaden, Germany) and then
subjected to the ultrasonic treatment in order to break up
agglomerates (Ultrasonic processor UP100H; Hielscher Ultrasonics).
In this way, a transparent sol stable over at least several weeks was
obtained. According to the authors of the method,39 the concentration
of yttria in the precipitated YSZ nanoparticles should be approximately
9 mol.%. In order to obtain the negative surface charge of the
nanoparticles, a low molecular weight anionic organic dispersant
Dolapix CE 64 (320 g/mol, Zschimmer & Schwarz Chemie GmbH,
Lahnstein, Germany) was used.

Template Material and Preparation of the Substrates.
Monodisperse PS particles with diameters of 500 nm (standard
deviation = 9 nm) and 756 nm (standard deviation = 20 nm) were
purchased from Microparticles GmbH (Berlin, Germany). Conven-
tional soda-lime glass microscope slides (76 × 26 mm; Thermo
Scientific) and quartz microscope slides (76 × 26 mm; Ted Pella, Inc.,
Redding, CA, USA), used as substrates, were cleaned by soaking in an
alkaline detergent solution (Mucasol, Brand, Merz Hygiene GmbH,
Frankfurt, Germany) for 2 h in an ultrasonic bath, brushing, rinsing
subsequently in hot tap water and in deionized water, and blow drying
by filtered nitrogen.

Co-assembly and Inversion of the Coatings. Typical vertical
convective coassembly experiments were arranged as follows. Required
volumes of stock dispersions of PS particles and YSZ nanoparticles
(with addition of Dolapix) were diluted with deionized water to a
desired concentration in a 50 mL Teflon beaker, homogenized by a
magnetic stirrer, and filtered in order to remove large agglomerates
and dust particles (Minisart NML, pore size 5 μm, Sartorius Stedim
Biotech S.A.). The concentration of PS microspheres was usually fixed
at 1 mg/mL and the concentration of nanoparticles was varied
between 0.5 and 1 mg/mL. Beakers were put into a humidity chamber
HCP 108 (Memmert GmbH, Schwabach, Germany) at constant
temperature of 55 °C and relative humidity of 70−80%. One substrate
was put into each beaker and left for several days until the desired
length of the opaline film was achieved (20−30 mm). The inverse
opals were obtained by calcination of the coassembled coatings in air
at 500 °C for 30 min. The heating rate of 2 °C/min was used; the
cooling rate was equal or lower. The same ramping rates were used in
the annealing experiments in air. The dwell time at 1000 °C was 2 h.

Characterization. The morphology and size of the nanoparticles
were studied by transmission electron microscopy (TEM, JEM-1101,
JEOL). The zeta-potential of the dispersed nanoparticles was
measured by Zetasizer 2000 (Malvern Instruments). The quality of
the coassembled samples was investigated by scanning electron
microscopy (SEM, Leo 1530 Gemini and Zeiss Supra 55 VP, Carl
Zeiss Microscopy). The optical properties in the near-infrared spectral
region were measured with a Fourier transform infrared spectrometer
(FTIR, Bruker Tensor37, Bruker Optik) in the specular reflectance
mode. The spectra in 0.8−1.7 μm wavelength range were collected
using Halogen lamp, a CaF2 beamsplitter, and an InGaAs detector.
The recorded power spectrum of a mirrorlike reflected beam from the
sample was normalized with the spectrum taken with an aluminum
mirror. Reflectance spectra in the visible range were measured by a

Figure 1. (a) TEM bright-field image and (b) XRD spectrum of the synthesized YSZ nanoparticles.
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Perkin-Elmer UV−vis−NIR spectrometer Lambda 1050. X-ray
diffraction (XRD)-patterns were obtained by a Bruker AXS D8
Advance diffractometer with Cu−Kα radiation and a GADDS
detector.

■ RESULTS AND DISCUSSION
Synthesis of the Crystalline YSZ Nanoparticles.

Hydrothermal synthesis of YSZ nanoparticles very closely
followed the route described by Guiot et al.39 For the chosen
composition of the nitrate-based precursor solution, the value
of pH was adjusted to 7 before the treatment in the autoclave.
In agreement with the original work, any attempt to further
increase the pH lead to fast condensation of solid particles. It
was also observed that an excess of acetylacetone shifted the
critical pH, where rapid condensation started, to lower values.
After hydrothermal synthesis, the nanoparticle sol did not reach
the state of full syneresis, but otherwise the products possessed
all expected characteristics. Figure 1 shows that the formed
nanoparticles had a primary particle size of less than 10 nm
(Figure 1a) and were of crystalline structure (Figure 1b). The
XRD spectrum corresponds to a cubic phase of YSZ (JCPDS
30−1468), which does not experience any phase trans-
formations upon heating up to its melting point. In this way,
the high-temperature stability of the produced macroporous
structures should not suffer from the related abrupt density
changes of the solid material.
The turbid appearance of the nanoparticle dispersion

immediately after the synthesis pointed to the pronounced
agglomeration because well-dispersed nanoparticles barely
scatter light. The size of agglomerates could be successfully
decreased by ultrasonication, as indicated by the sol turning
transparent (Figure 2a).
Precluding Coagulation of the Binary YSZ/PS Dis-

persion. The value of pH in the mother liquor after dialysis
and sonication was still acidic (4−5) and corresponding values
of ζ-potential were in the range +40 to +45 mV. Positive
surface charge of YSZ nanoparticles leads to a heterocoagula-
tion of the dispersion once mixed with PS microspheres, which

bear a permanent negative charge on the surface. The assembly
of ordered hybrid PS/YSZ coatings would not be possible in
this case (see Figure 2b). This problem would not occur for
coassembly in SiO2/PS

34 or SiO2/PMMA system14 because
silica has the isoelectric point (IEP) in the range of low pH
(<3)40 and in aqueous media with neutral pH SiO2 nano-
particles are always strongly negatively charged. The
coassembly in the system TiO2/PS was feasible only when
pH was kept above 7 so that titania nanoparticles acquired
sufficient negative charge.15 The IEP of YSZ is usually about
the pH of 740,41 and strong basic solutions should be necessary
to obtain stable binary YSZ/PS dispersions. We attempted
adjusting the pH with KOH up to about 12 but still observed
rapid flocculation of the colloids. Further increase of pH was
impractical because it would lead to excessive ionic strength of
the liquid, which also promotes flocculation, and considerably
etch glass substrates during the coassembly.
Organic dispersants are widely utilized in colloidal processing

of ceramics.42,43 Ammonium polyacrylates and particularly
Dolapix CE 64 are often used for preparation of concentrated
YSZ slips.44−47 However, no data were available on application
of Dolapix for diluted dispersions of YSZ powders, so the
concentration of the deflocculant had to be optimized before
starting the coassembly experiments. The results are presented
in Figure 2c. The increase of the Dolapix concentration caused
a reduction of the positive ζ-potential followed by a reversal of
the surface charge and an increase in negative values. Sufficient
electrostatic stabilization was established again when the
concentration of the dispersant reached the order of 1 mg/
mL, approximately equal to the nanoparticle load. The pH of
the dispersion changed to 8.5. In the following experiments, a
stock dispersion containing Dolapix with the concentration
fixed equal to that of YSZ nanoparticles was used for dilution
and mixing with PS microspheres. In this way, concentration of
the dispersant varied within a range 0.5−1 mg/mL and was
always sufficiently high to ensure stability of binary dispersions.
The negative charge on the surface of YSZ nanoparticles

precluded heterocoagulation so that the coassembly of ordered

Figure 2. (a) Examples of the dispersion of YSZ nanoparticles (A) before and (B) after ultrasonic treatment; (b) typical morphology of the YSZ
porous coatings deposited from dispersions of PS and YSZ without the dispersant (PS: 756 nm, 1 mg/mL, YSZ:2.5 mg/mL, no Dolapix); (c)
Dependence of ζ-potential on the concentration of the dispersant; (d) YSZ inverse opal with dispersant (PS: 756 nm, 1 mg/mL, YSZ: 0.5 mg/mL,
Dolapix: 0.5 mg/mL).
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composite coatings became feasible (Figure 2d) and
pronounced iridescence could be observed in the samples
before and after calcination. The deposition rate could be varied
between 5 to 8 mm/day by changing the relative humidity in
the oven from 80 to 70% r.h., respectively. The temperature
was kept constant at 55 °C.
Morphology of the YSZ Inverse Opal Films. By visual

observation, the uniformity of deposition was worse than that
of the PS artificial opals self-assembled without the ceramic
nanoparticles and the dispersant. White noniridescent areas
were observed in the samples, which usually designates lacking

order in the porous structure. The inverse opal coatings
deposited from the dispersions with lower concentration of
nanoparticles (0.5 mg/mL) were more homogeneous and
iridescent. The theoretical weight ratio of polystyrene and YSZ
in a fully infiltrated opaline template is approximately 1:2
(PS:YSZ, corresponding to the volume ratio of 0.74:0.26). If
the ratio of the components would not change upon deposition
onto the substrate, the infiltration fraction of only 25% of the
volume available for infiltration in the FCC lattice could be
expected from the concentration ratio of 1 mg/mL:0.5 mg/mL
(PS:YSZ) for the samples of the best quality. However, the

Figure 3. (a, b) Different ordered surface structures in the same sample (PS: 756 nm, 1 mg/mL, YSZ:1 mg/mL); (c) (110) crystallographic plane on
the surface of codeposited YSZ inverse opal (PS: 500 nm, 1 mg/mL, YSZ:0.5 mg/mL); (d) (110) crystallographic plane on the surface of
codeposited YSZ inverse opal (PS: 756 nm, 1 mg/mL, YSZ:0.5 mg/mL); (e) and (f) disordered structures in the non-iridescent area of the sample
(PS: 500 nm, 1 mg/mL, YSZ:0.5 mg/mL); (g) cracks in the coating deposited with 1 mg/mL PS particles of 500 nm, and 0.5 mg/ml YSZ; (h)
cracks in the coating deposited with 1 mg/mL PS particles of 756 nm and 0.5 mg/mL YSZ.
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gravimetric investigation showed that the fraction of YSZ
nanoparticles in the deposits (the only constituent left in the
structure after the calcination) did not linearly scale with their
concentration in the dispersion. There was no significant
difference in the filling fraction of YSZ deposited from
suspensions containing 0.8 and 1.0 mg/mL (in both cases,
ceramic phases comprised 27 wt % of the total coating density).
For the initial nanoparticle concentration of 0.5 mg/mL, their
filling fraction was only slightly lower (21 wt %).
Morphology of the samples obtained with the PS particles of

different sizes and different concentrations of YSZ nano-
particles is compiled in Figure 3. In the coassembled samples,
domains with unusual (110) crystallographic orientation of the
opaline FCC lattice were sometimes encountered (Figure 3c,
d). One can also see disordered spots (Figure 3e, f). The latter
ones appear in the noniridescent areas. These defects could
probably be caused by the presence of substantial amounts of
Dolapix acting as a surfactant and affecting the surface tension
of water, the shape of the meniscus, and mechanics of the
interaction of PS particles. Lack of ordering could be related to
the local deviations of the volume ratio of microspheres and
nanoparticles, with the concentration of the latter exceeding a
certain optimal value.48 We also observed inferior ordering in
PS opals grown from a suspension containing the usual
concentration of Dolapix without nanoparticles.
At the end of the sample, i.e., at a location where the

coassembly process was interrupted, a thin stripe (a few
millimeters along the growth direction) of the PS opal
practically not infiltrated by the nanoparticles was sometimes
observed. After the calcination, there were hardly any residues
in such areas representing the zone of progressing cooperative
self-assembly,49 where PS particles already nucleated the opal
layer but its infiltration with nanoparticles could not follow.
All produced samples were covered with a dense network of

cracks, which gained considerable width upon calcination
(Figure 3g, h). Pronounced cracking should be attributed to the
shrinkage of the porous material. It is unlikely that the sintering
processes could take place at the calcination temperature (500
°C) in a refractory material such as YSZ, even as a nanopowder.
The width of the peaks in the XRD-spectra did not much
change after the calcination (comparing Figure 4a, 4b) so that

the size of primary nanoparticles should not have significantly
increased. Therefore, the volume change should be mostly due
to drying (during the coassembly) and removal of the organic
template and the dispersant (during the inversion of the
structure).
Photonic Properties of the Deposited Coatings.

Despite excessive cracking, the YSZ inverse opal coatings had

a well-defined photonic response. As shown in Figure 5a, the
samples deposited with the PS microspheres of 500 nm

featured a reflectance peak around wavelengths of 600 nm. The
reflectance peak for the samples produced with 756-nm PS
particles shifted to 900−950 nm (Figure 5b). This peak
corresponds to the stopgap in ΓL-direction of the so-obtained
3D photonic crystal.33 It was observed at the same wavelength
for the samples deposited from dispersions of 0.5 and 1.0 mg/
mL YSZ (comparing Figure 5b and 5c). This confirms that the
concentration of nanoparticles in the dispersion does not
strongly affect their filling fraction in the PS template.
When compared with TiO2 inverse opals produced by

conventional self-assembly and atomic layer deposition,10,11 the
stopgaps of YSZ photonic crystals are substantially blue-shifted.
For example, for the inverse opals from titania with the anatase
structure and the initial pore size of 756 nm the reflectance
peak was located between 1400 and 1500 nm. Such a shift
cannot be simply explained by the difference of refractive
indices of TiO2 (2.4

11) and YSZ (2.150) and should be related
to the low initial filling fraction of YSZ and the decrease of the
periodicity constant of the photonic crystal due to the
shrinkage. From the SEM, the final pore size of the coatings
obtained with 500 nm PS particles was approximately 430 nm.
For the PS particles of 756 nm, the final pore size was about
600 nm. We obtained a figure of 15−20% lateral shrinkage.
This is less than that observed for zirconia inverse opals
produced by sol−gel methods18,24−26 but still too much for any
practical application of the photonic coatings because a
considerable fraction of incident light would be either diffusely
scattered on structure irregularities caused by the cracks or even
penetrate through the cracks unaffected by the photonic crystal.
For the application in TBCs, several photonic crystal films with
different periodicity constants should be stacked upon each
other,10,33 so that the cracks can be filled with the subsequent
layers of the inverse opals. In fact, certain crack density is also
required in order to ensure the strain tolerance of the TBCs
during the thermal cycling.51 For applications that do not rely
on multilayer coatings, a means to preclude or minimize
cracking should be developed.
To decrease the extent of shrinkage, the deposition

procedure should be modified as to allow denser packing of
nanoparticles. The main obstacle for improvement in our
method is the necessity of large amounts of the dispersant.
Assuming that the ratio of YSZ and Dolapix does not

Figure 4. XRD spectra of (a) dried YSZ dispersion (repeated from
Figure 1b); (b) YSZ inverse opal coatings after calcination at 500 °C;
and (c) YSZ inverse opal coatings after sintering at 1000 °C.

Figure 5. Reflectance spectra of the YSZ inverse opals: (a) deposited
with PS particles of 500 nm and 0.5 mg/mL of YSZ; (b) PS particles
of 756 nm and 0.5 mg/mL YSZ; and (c) PS particles of 756 nm and
1.0 mg/mL YSZ. Concentration of PS was 1 mg/mL in all cases.
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dramatically change in the meniscus where the self-assembly
takes place and taking into account the theoretical density of
cubic YSZ of 5.96 g/cm3 (JCPDS 30−1468), the density of
Dolapix CE 64 of 1.2 g/cm3 and the amount of active matter of
about 65%,52 then the 1:1 weight ratio used in our experiments
corresponds to the volume ratio of 1:2.9 (YSZ:Dolapix). This
implies an approximately 75% volume decrease upon
calcination as the worst case scenario. Even if the actual
amount of the dispersant in the deposited layer is substantially
lower, it still should be considered as the main optimization
parameter of the proposed vertical coassembly method. Ideally,
the use of dispersants should be completely avoided. An
alternative approach would be to change the surface charge of
the microspheres (using cationic polymer particles for the
opaline templates) rather than attempting to change the charge
on the nanoparticles. This modification of the coassembly
technique is currently being investigated.
High-Temperature Stability of YSZ 3D Photonic

Crystals. As the final experimental step in the present work,
the stability of the porous structure of YSZ films at high
temperatures was studied. The changes in morphology of the
coatings and optical properties are presented in Figure 6. First,
one can see that the shape of pores mostly stays intact and that
the photonic properties are maintained. Inverse opals made of
titanium dioxide usually undergo anatase-to-rutile phase
transformation below 1000 °C, which provokes fast degrada-
tion of the pore structure.53 As opposed to TiO2, YSZ is a
classical refractory material so that it is expected to have a
superior stability. Our results support the previous study on
sol−gel-templated YSZ inverse opals,18 including the first signs
of a noticeable grain growth starting at the temperatures around
1000 °C. The increase of crystallite size in our case is indicated
in SEM by the appearance of a fine grainy structure in the pore
walls (Figure 6a) and by the decrease in line width of the XRD
spectra (Figure 4c). The size of large pores also changed;
additional shrinkage was limited to below 5% of the initial size
of PS particles, as assessed from SEM. The corresponding shift
in the position of the photonic stopgap could be found in the
spectra of reflectance (Figure 6d). According to Lashtabeg et

al.,18 at even higher temperatures, sintering processes in YSZ
inverse opals are substantially accelerated. It can be anticipated
that refractory inverse opals with excellent photonic properties
and long-term stability in the temperature range up to 1000 °C
could be produced by further elaboration of the proposed
deposition method, if the filling fraction of YSZ in the opaline
template could be further increased. For the temperatures
exceeding this limit, other materials and/or special techniques
for stabilization of pore structure will be required.

■ CONCLUSIONS

We have demonstrated a method for codeposition of refractory
ceramic inverse opals, which combines self-assembly of the
polystyrene opaline templates with their simultaneous infiltra-
tion by crystalline ceramic nanoparticles. Lateral shrinkage of
the porous coating upon calcination (15−20%) was lower than
that reported for sol−gel infiltrated zirconia inverse opals.
Measurements of reflectance spectra of the YSZ 3D photonic
crystals could be performed for the first time. The deposited
coatings showed a good photonic response, which was,
however, limited to below 25% of reflectance of the reference
mirror by shrinkage-induced cracks. It can be expected that the
use of anionic dispersing agents can be avoided by replacing
plain polystyrene microspheres with cationic monodisperse
polymer particles. This would allow further decreasing the
shrinkage caused by drying and calcination of the photonic
crystal coatings so that their unique optical properties could be
efficiently utilized in the field of high-temperature photonics.
The long-term stability of the YSZ inverse opals for
temperatures up to 1000 °C potentially could be achieved by
increasing the packing density of nanoparticles during the
coassembly.
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