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A B S T R A C T

A single-step and all-colloidal deposition method to fabricate yttrium-stabilized zirconia (YSZ)-inverse photonic
glasses with 3 μm pores was developed. The process is based on electrostatic attraction and repulsion in sus-
pension, controlled by surface charge of polystyrene (PS) microspheres and YSZ nanoparticles, used as pore
templates and matrix material, respectively. The pH was used as a tool to change surface charges and particle-
particle interactions. Photonic glass films with 3 μm pores yielded broadband omnidirectional reflection over the
wavelengths of 1–5 μm, relevant for thermal radiation at temperatures around 1200 °C. These highly porous
materials maintained their structural stability and reflectance after being annealed at 1200 °C for 120 h.

1. Introduction

Since García et al. [1] presented the concept of the photonic glass in
2007 much has been done in this field of disordered photonics. Various
applications have been developed, from random lasing [1–3] and re-
sonance-dependent Anderson localization [1,2], proposed back then, to
broadband omnidirectional reflectors [4–6] and structural colorations
[7–9].

We have been developing refractory photonic glasses for the next-
generation of thermal barrier coatings (TBCs) in order to reduce the
heat transfer at turbine blades by thermal conduction and effectively
reflect thermal radiation. The heat conduction is reduced due to the
high porosity and low conduction pathways. The high diffuse re-
flectance over a broad wavelength range is the result of multiple scat-
tering created in these disordered systems. Because the radiative con-
tribution, with T4 dependency, becomes increasingly significant as the
gas inlet temperature of a gas turbine increases [10], the reflection of
thermal radiation in TBCs also becomes more important. The concept
based on multi-stacks of photonic crystals by Lee et al. [11] shows that
in the relevant temperature of 1200 °C the coverage of most of the black
body radiation spectrum (wavelengths from 1–5 μm) may require up to
10 stacks of photonic crystals with different lattice constants, because

the reflection bands of photonic crystals with a single pore size are
rather narrow. Instead, photonic glasses have been shown to be more
suitable for broadband reflectors than multi-stacks photonic crystals
[4]. Disordered structures offer the advantage of broadband omnidir-
ectional reflectance which could eliminate the need for depositing
multi-layer coatings and their photonic performance is virtually in-
sensitive to structural flaws.

As in photonic crystals, the wavelengths reflected by photonic
glasses are dependent on the particle or pore size. However, the particle
or pore size does not determine the wavelength with maximum re-
flection but the broadband cutoff wavelength. The absolute reflectance
can be increased by varying the particle/pore size or by increasing the
refractive index contrast, the amount of high refractive index material
in the final structure and the film thickness. We use yttria-stabilized
zirconia (YSZ), known from TBC applications, as the material of choice
due to its phase stability, high refractive index of 2.1, optical trans-
parency from visible to 5 μm and low thermal conductivity [10]. The
reflection of radiation in the infrared wavelength range of 1–5 μm is a
benchmark [11], and has been achieved for direct photonic glasses
fabricated by sedimentation of zirconia [5] and yttria-stabilized zir-
conia (YSZ) [6] microspheres with diameters up to 4 μm. In the work of
Dyachenko et al. [5], simulations have shown that for zirconia direct
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photonic glasses, microparticles with a size of around 3 μm are required
to achieve the coverage of the desired wavelength range. Ceramic
photonic glasses [4–6] have shown larger coverage of wavelengths
compared to multistack ceramic photonic crystals using materials such
as TiO2 [12,13], SiO2 [14,15] and composites of SiO2-TiO2 [15] and
Al2O3-ZnO-TiO2 [16]. It should be mentioned that none of these ma-
terials are suitable for high-temperature applications. Additionally, in-
verse photonic glasses, which are based on pores dispersed in a ceramic
matrix, require further development.

Towards the fabrication of YSZ-based, inverse photonic glass films
with pores bellow 1 μm, we recently developed an all-colloidal and
single-step deposition method [4] based on previous work with alumina
[17] and YSZ nanoparticles [18,19]. This method relies on the het-
erocoagulation of positively charged YSZ nanoparticles (d ∼ 10 nm)
and negatively charged monodispersed polymer microspheres
(d=756 nm) in an aqueous suspension. Heterocoagulation results from
the mutual attraction of particles carrying opposite surface charges in
suspension. The mixture of these particles induces the formation of a
ceramic shell on the surface of the polymer spheres. After sedimenta-
tion of the suspension and drying, the polymer template can be re-
moved by calcination, resulting in a structure composed of ceramic
shells. By changing the amount of high refractive index material and
varying the film thickness, integrated reflectance of approximately 70%
has been obtained in the wavelengths range of 0.4–2.2 μm for a film
thickness of less than approx. 40 μm. While the small size of the sphe-
rical pores did not yield reflection at the wavelength range desired for
TBCs, it agreed relatively well with the range reflected by direct pho-
tonic glasses fabricated with 0.67 μm zirconia microspheres [5]. In
order to extend the broadband reflection range of YSZ-inverse photonic
glasses into the infrared, larger polymer template spheres are required.
The creation of a core-shell prior to deposition (in suspension) is im-
portant to assure homogeneity of the deposited structure and, to avoid
the presence of free nanoparticles that can phase separate from the
core-shell polymer-YSZ spheres during deposition. Unfortunately, these
criteria become difficult to meet, as larger polymer spheres tend to
result in lower amounts of nanoparticles heterocoagulated on their
surfaces.

In this work, we present the fabrication of YSZ-inverse photonic
glasses with larger pores (using template polymer spheres larger than
3 μm) in a single-step and all-colloidal deposition method. We de-
termine the limit of heterocoagulation for this template particle size
and show how to increase the infiltration of the final structure by
varying the pH of the suspension to control particle charges, agglom-
eration and sedimentation. The DLVO (Derjaguin, Landau, Verwey, and
Overbeek) theory [20–22] is used to explain the interactions of particles
under different deposition conditions. Final structures with a high
filling fraction of YSZ and high reflectance over the desired wavelength
range were achieved. In addition, these structures exhibited structural
stability and maintained their reflectance behavior up to the desired
temperature of 1200 °C for up to 120 h.

2. Materials and methods

As base materials, commercial monodispersed polystyrene (PS)
spheres with a diameter of 3.21 μm ± 0.07 μm (Microparticles GmbH)
and YSZ (zirconia doped with 8mol % yttria) nanopowder (Sigma
Aldrich) with a particle size of ≤ 100 nm and crystallite sizes of
5–10 nm were used. The YSZ nanopowder was dispersed in deionized
water in a ball mill with zirconia milling spheres.

Suspensions were prepared in deionized water by mixing stock
suspensions of the PS spheres (100mgmL−1) and YSZ (300mgmL−1).
The concentration of PS spheres was maintained constant at
20 mgmL−1, and the concentration of YSZ nanoparticles was varied at
4, 6, 8, 10, 20, 30, 40 and 50mgmL−1. These concentrations resulted in
YSZ/PS ratios of 0.2, 0.3, 0.4, 0.5, 1.0, 1.5, 2.0 and 2.5 by weight. The
mixtures were ultrasonicated for 30min to homogenize the suspension

and to promote interaction between polymer and ceramic particles. The
pH of the suspensions was varied from a starting pH of 6–8 and 10 by
adding an aqueous KOH solution (0.1M). After the desired pH was
achieved the suspensions were again ultrasonicated for 30min for
homogenization. Suspensions were drop-casted within a silicon ring
fixed to a cleaned, hydrophilic soda-lime silica glass substrate or to a
sapphire single-crystal substrate, the later used mostly for high tem-
perature investigations. The substrates were cleaned by soaking in an
alkaline detergent solution (Mucasol, Merz Hygiene GmbH) for several
hours in an ultrasonic bath, brushing, rinsing subsequently with hot tap
water and with deionized water, and blow dried by filtered nitrogen.
Due to the fixed silicon ring, the resulting area of the sample was 4.5
cm². The amount of suspension deposited was 300 μL for each sample.
Samples were left to dry at room temperature overnight covered with a
glass vessel. Dried, as-cast samples were annealed at 500 °C for 30min
in air at a heating rate of 1 °Cmin−1 to remove the polymeric template,
yielding the inverse structure. In order to investigate their temperature
stability, inverse structures deposited on sapphire were sequentially
annealed at 1000 °C for 1 h, at 1200 °C for a total of 1, 4, 24 and 120 h
at a heating rate of 5 °Cmin−1.

Zeta potentials and particle size distributions were measured using a
Zetasizer Nano S (Malvern Instruments). For zeta potential measure-
ments, pH titration was performed with an automated titrator using HCl
and NaOH solutions (0.25M). Dilute suspensions were prepared from
the stock suspensions of the initial materials. For particle size de-
termination, the different suspensions were prepared at controlled pH
values and concentrations (20mgmL−1 for PS and 50mgmL−1 for
YSZ, otherwise stated) and then diluted right before the measurements
by light stirring in a large volume of deionized water adjusted to the
same pH as the suspension being diluted.

The sedimentation behavior was characterized by the clarification
thickness of 5mL of suspension in a glass vessel as a function of time at
pH values of 6, 8 and 10. The vessel containing the suspension was
graded with a mm scale to help guide the measurement. The con-
centrations of PS and YSZ suspensions were 20 and 50mgmL−1, re-
spectively.

The microstructures of the films and their thickness were observed
by scanning electron microscopy (SEM, Leo 1530 and Zeiss Supra
55 V P, Carl Zeiss). X-ray diffraction (XRD) was performed using a Cu-
Kα radiation source with a LynxEye detector in 1D mode and pseudo-
Bragg-Brentano geometry (Bruker AXS D8 Discover). XRD diffracto-
grams were matched to Powder Diffraction Files (PDF) from the
International Centre for Diffraction Data (ICDD). A Fourier-transform
infrared (FTIR) spectrometer (Vertex 70, Bruker) with a gold-coated
integrating sphere accessory was used to measure the hemispherical
reflectance between wavelengths of 1 μm and 5 μm.

DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory [20–22]
describes the interaction between colloidal particles. The full detailed
approach used in this work can be found in the work by Trefalt et al.
[23]. The theory approximates the interaction free energy per unit area
as the sum of two contributions: van der Waals attraction (Wvdw) and
electrostatic double layer interactions (Wdl):

W(h) = Wvdw(h) + Wdl(h) (1)

where h is the separation distance of the particles.
The van der Waals interaction per unit area between two plates is

given by Wvdw( h) =-H/12π h2, where H is the Hamaker’s constant,
chosen to be 5× 10−21 J [23]. The double layer contribution is more
complex as charge regulation effects need to be taken into account.
When two particles approach, the surface charge and potential vary due
to ion adsorption, affecting the interactions. A charge regulation
parameter, p, taking values between -∞ and 1, is used to describe this
effect. The interaction free energy for the double layer is then given by
[23]:
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where Ψ is the surface potential of the particle, ε0 is the dielectric
permittivity of vacuum, ε is the dielectric constant of the medium
(water) taken to be 80, κ is the inverse Debye length and the signs ±
refer to the particles situated on either side at a distance ±h/2. The
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where q is the elementary charge, NA is the Avogadro's number, I is the
ionic strength, kB is the Boltzmann constant, and T is the absolute
temperature.

Given that it is not possible to assess the surface potential for most
common situations, the measured zeta potential values (Fig. 1) were
used as an approximation for the used surface potentials as given in
Table 1. The ionic strength used to calculate the Debye length was es-
timated by considering the added amount of KOH solution and the final
pH of the suspensions being 10−6 M, 2× 10−6 M and 10-4 M for pH 6,
8 and 10, respectively.

The two cases typically considered are constant charge (CC), where
p = 1, and constant potential (CP), where p = 0. Although these
boundary conditions are useful references, they do not provide the best
approximation as the surface charge and potential are unlikely to re-
main constant as the particles approach each other. Instead, a constant
regulation (CR) boundary condition, where p is between 0 and 1, gives
a more accurate description [24,25]. The exact value of p can be de-
termined using techniques such as AFM [24,25]. However, for the
purpose of our calculations a value of p= 0.5 was used for the CR
approximation. The charge regulation is related to adsorption of ions on
the surface and its extent can vary upon approach.

The force (F) between the particles is calculated with the Derjaguin
approximation by F = 2πReffW(h). Reff is the effective particle radius,
Reff = (R1R2)/(R1+R2), R1 and R2 being the radius of the different
particles in consideration. The interaction free energy (U) of the two
particles is finally calculated by integrating

∫=
∞

U h F h dh( ) ( )
h (4)

The particle sizes used for the force calculations were extracted from
the particle size measurements of YSZ for each pH, and in the case of
bimodal particle distributions, the most intense peak was used being

260 nm, 970 nm and 960 nm for pH 6, 8 and 10, respectively (see
Fig. 2). It was assumed that the particles are spherical and their size
corresponds to their diameter 2R.

Optical simulations were performed using the finite-difference time-
domain method (FDTD), implemented as a freely available software
package Meep [26] with a resolution of 32 pixels per lattice spacing.
The reflectance was calculated by modeling the propagation of an in-
cident plane wave at normal incidence. The FDTD calculation region
spanned 20 μm×20 μm size in the x− y plane, with periodic boundary
conditions at the sides. Along the z-axis direction at the top and bottom
of the simulation structure, perfectly-matched layer boundary condi-
tions were imposed. The thickness of the photonic glass is L along
z−axis direction. The refractive index of the YSZ is assumed as
n=2.12. All calculated disordered structures have 38% porosity.
Models of random structures were obtained using event-driven mole-
cular dynamics simulations of a monodisperse hard sphere system im-
plemented as a freely available software package DynamO [27].

3. Results and discussion

3.1. Materials and suspensions

In order to understand the contributions of the colloidal nature of
the particle suspensions on the resulting microstructure of the films, the
behavior of the base materials and suspensions was first characterized
with respect to their charges, particle sizes, and sedimentation in so-
lution as a function of pH. Zeta potential measurements of the two base
materials over a pH range from around 3–11.6 can be seen in Fig. 1. PS
spheres dispersed in deionized water exhibited a native pH of 6.5 and a
zeta potential of around −75mV. PS spheres maintained a negative
zeta potential over the entire measured pH range with −48mV at pH
3.2 and −100mV at pH 11.4. In contrast, the YSZ-nanopowder dis-
persed in deionized water exhibited a pH of 5.7 and a zeta potential of
around+37mV. The isoelectric point (IEP) was found to occur at pH∼
8. Maximum and minimum zeta potential values were found at the
extremes of the measured pHs, being+42mV at pH 3.2 and−39mV at
pH 11.6. Simply dispersing the two materials individually in deionized
water resulted in stable stock suspensions. The mixing of these stock
suspensions led to a mixture with pH ∼ 6. The opposite charges of both
colloids at this pH resulted in heterocoagulation, as presented in our
previous work [4]. The small, positively charged YSZ particles form a
shell around the larger, negatively charged PS spheres. It was pre-
viously observed [4] that the heterocoagulated shell cannot grow in-
definitely and that, during deposition, remaining free YSZ-nano-
particles can phase separate from the PS-YSZ core-shell particles that
formed in suspension. The maximum YSZ/PS ratio at which a fully
heterocoagulated shell forms changes with the PS template size,

Fig. 1. Zeta potential versus pH for PS and YSZ particles.

Table 1
Surface potentials of PS- and YSZ-particles at different pHs used for the DLVO
calculations.

pH 6 8 10

ѰPS [mV] +35 0 −33
ѰYSZ [mV] −65 −85 −98

Fig. 2. Particle size distribution of PS- and YSZ-particles at different pHs. The
measured volume (%) versus particle size (μm) shows a strong pH-dependence
for the YSZ particles. For PS particles there is no pH-dependence of the size.
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presumably due to the difference in surface area. Increasing the size of
the PS leads to a lowering of the maximum YSZ/PS ratio at which
complete heterocoagulation occurs and thus a lower filling fraction of
solid phase after inversion. The lower YSZ/PS ratio of heterocoagula-
tion becomes a problem for the fabricated photonic glasses, as the
magnitude of the reflectance is dependent on the amount of high re-
fractive index material in the structure. In order to overcome such
limitations of heterocoagulation in these systems, the pH of the sus-
pension was adjusted in order to change the colloidal interactions. By
the modification of the surface charges, agglomeration behavior and
sedimentation rates, more favorable interactions for filling the void
space between PS particles were identified.

Based on the zeta potential titration curves of the base materials
(Fig. 1), three pHs were chosen for this study: the native pH of 6 of the
as prepared suspension (PS: −65mV, YSZ:+35mV), an adjusted pH of
8 (PS: −85mV, YSZ: 0mV) and an adjusted pH of 10 (PS: −98mV,
YSZ: −33mV). These pHs were chosen because they are the extreme
charge cases in the PS-YSZ system: negative-positive, negative-neutral
and negative-negative zeta potential pairings, respectively.

Particle size analysis (Fig. 2) was performed to characterize the base
materials and to observe the influence of the pH on the agglomeration
behavior of the YSZ particles. The curves represent the hygroscopic
sizes of the colloids, which is larger than the physical dimensions of the
particles that one might determine by other methods, e.g. SEM. The
presented curve for PS corresponds to pH 6, with peak position at
3.58 μm. As the PS remained negatively charged over the pH range
tested (and thus stabilized by repulsive forces), no distinguishable dif-
ference in PS size was observed at different pHs. However, as the YSZ
exhibited different surface charges at different pHs, this had a large
effect on the particle size. The YSZ nanoparticles at pH 6 presented a
bimodal distribution with two peaks at ∼0.10 μm and ∼0.25 μm. The
first peak corresponds to the actual particle size close to the one given
by the supplier and the second one to the agglomeration of particles.
Complete deagglomeration of the particles could be achieved by in-
troducing a dispersant, but this approach was not followed to avoid
influencing the particle charges and interactions by the dispersant. By
changing the pH to 8 strong agglomeration of the YSZ nanoparticles
was observed. A peak at ∼0.95 μm shows large agglomerates due to
strong attraction between the non-charged YSZ nanoparticles. Never-
theless, a small peak can be observed at ∼0.15 μm showing the pre-
sence of a small amount of only slightly agglomerated nanoparticles. By
going further to pH 10 the YSZ nanoparticles became negatively
charged and were redispersed in the solvent. The peak at ∼0.95 μm
found at pH 8 decreased to less than half of its intensity and a new peak
at ∼0.40 μm appeared. The zeta potential of −33mV of the YSZ at pH
10 is in the limit of colloidal stability, so agglomeration should not take
place (at least not up to 1 μm). Nevertheless, the charges and the dis-
persion process are not enough to completely break apart the agglom-
erates formed when passing through the IEP at pH 8.

Lastly, the sedimentation behavior of the suspensions at different
pHs was quantified by the clarification thickness as a function of time
(Fig. 3). The discussion comprises their behavior within 24 h. At pH 6 it
can be observed that the PS sediments to its maximum within one hour,
while the YSZ shows no clarification. Both colloids are stable at this pH
but the difference in size controls the sedimentation. At pH 8 the
clarification rates of both suspensions are much closer, being 1.0 and
0.6 mm h−1 for PS and YSZ, respectively. The increase in the sedi-
mentation rate of YSZ from pH 6–8 is easily explained by the increased
particle size due to the neutral zeta potential, causing agglomeration.
The difference in sedimentation rate of PS between pH 6 and pH 8 is
unclear. At pH 10, the YSZ suspension, as at pH 6, shows no clarifica-
tion, possibly related to the breakage of the large ∼0.95 μm agglom-
erates from pH 8 into ∼0.40 μm ones at pH 10. As the clarification
thickness is controlled by the smaller particle size, the suspensions at
pH 6 and 10 appear to have the same sedimentation behavior. Mean-
while, the PS suspensions present the same clarification rate at pHs 8

and 10. Applying Stokes’ law with dynamic viscosity of water
μ=0.001 kg (m s)−1, the sedimentation velocity of 1mm h-1 was cal-
culated for the PS spheres (density of 1050 kg m-3), which matches
precisely the clarification rate of the PS at pH 8 and 10. In the case of
YSZ agglomerates, the sedimentation velocity cannot be calculated as
easily because the density of the agglomerates is not known. If the se-
dimentation rate measured by the clarification rate (0.6 mm h−1, at pH
8) is used to back calculate the effective density of the agglomerates,
1340 kg m-3 is found to be the final density.

3.2. DLVO calculations

DLVO theory can help to understand the particle-particle interac-
tions in this system. Fig. 4 shows the interaction free energy (U) nor-
malized by the ambient thermal energy (kBT) with T=298 K versus the
separation distance for the three pHs tested experimentally. Although
the theory is only quantitatively valid for Ψ< ± 25mV, various stu-
dies claim a good approximation for higher surface potentials up to
± 40mV [28–30]. Here, we aim to describe the interaction behavior
qualitatively. The systems can be described as oppositely charged (a),
charged-neutral (b) and similarly charged (c) systems, when the par-
ticle-pairs have the opposite surface charge, have one charged and one
neutral particle and have the same surface charge, respectively. All
three cases in this study are asymmetric systems, i.e. the magnitudes of
the surface charges are not comparable. At pH 6, the system is asym-
metrically oppositely charged and, as expected, present attractive en-
ergies for all boundary conditions. The attractive interactions found in
the calculations explain the PS-YSZ core-shell structures created in
suspension. At pH 10, the system is asymmetrically similarly charged
and presents repulsive forces at long distances due to the double layer
and attractive forces at very short distances due to van der Waals forces
for all boundary conditions. The repulsive interactions at long distances
assures that no PS-YSZ core-shell structures are created in suspension.
The pH 8 presents the more complex situation of a charged-neutral
system, where the boundary conditions become extremely important. In
this case the CC conditions predict repulsive energies down to separa-
tion distances of a few nanometers and the CP conditions give an at-
tractive behavior over the whole separation distance. In the charged-
neutral case the forces are highly sensitive to the CR. The interaction
between PS spheres was already experimentally observed, and showed
that the CR condition often better represents the case of real interac-
tions [24,25]. If the CR condition (with p=0.5) represent the present
case, neither attractive nor repulsive interactions are found at long
distances and at very short distances attractive interactions take place
due to van der Waals forces. This means that there are no interactions
between the PS and YSZ particles until they come into contact. The
corresponding force profiles of these asymmetric systems are compar-
able with previous calculations [23] and can be found in the Electronic

Fig. 3. Clarification thickness (mm) versus time (h) for PS and YSZ at different
pHs.
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Supplementary Information Figure S1.

3.3. Effect of pH on film microstructure

To study the effect of pH on the PS-YSZ mixtures, suspensions with a
2.5 YSZ/PS ratio by weight were formulated and the pH adjusted to 6, 8
and 10. Films were prepared by drop-casting the suspensions, followed
by calcination at 500 °C for 30min to eliminate the PS spheres and
produce the inverted structures. Fig. 5 shows SEM images at low and
high magnification of the resulting structure of the films deposited at
different pHs.

At pH 6, heterocoagulation takes place and PS-YSZ core-shell
structures are formed in suspension. The excess of YSZ particles, which
cannot be heterocoagulated, form a separate phase inside the film. As
can be observed in Fig. 5a, the nature of the suspension results in two
different and distinct areas in the deposited films: regions consisting of
YSZ-shells related to the heterocoagulation (right side of image) and
regions of free YSZ nanoparticles (left side of image). The shape of the
YSZ-shells after inversion is clearly visualized at higher magnification
(Fig. 5b).

At pH 8, the YSZ nanoparticles agglomerate up to sizes of
∼0.95 μm, which gives rise to a situation in which the sedimentation

rates of the PS and YSZ match, as discussed previously. The resulting
microstructure of the films (Fig. 5c and 5d) does not exhibit YSZ-shells,
but rather an infiltrated array of pores. This was confirmed by cross-
section analysis of the film (Fig. 6a), which showed a high homogeneity
through the entire film thickness. Some of the pores are not open on the
surface, which can be accounted for the small amount of smaller
∼0.15 μm agglomerated YSZ that sediments slower than the bigger
agglomerates. This microstructure is found to be ideal for the applica-
tion we seek. Instead of increasing the amount of YSZ in the structure
by attempting to increase the degree of heterocoagulation, i.e final shell
thickness, we succeeded in depositing an infiltrated inverse photonic
glass by tuning the YSZ nanoparticle surface charge in a way that these
nanoparticles coagulate to approx. 1 μm sized agglomerates and
therefore sediment as fast as the 3 μm sized PS particles. Depositing
under charged-neutral rather than oppositely charged conditions re-
sulted in a more filled structure, with better optical properties. The
reflectance behavior of this structure is presented later in this manu-
script.

Lastly, Fig. 5e and f show the microstructure of films deposited from
the suspension at pH 10. As seen in the cross-section (Fig. 6b), the bulk
of the film exhibits a microstructure comparable to the one at pH 8, but
containing an additional layer of only YSZ nanoparticles on the region
near to the free surface. The reason for these two different layers is the
two different YSZ agglomerate sizes at pH 10. The lower layer is the
result of YSZ agglomerates with sizes of ∼0.95 μm sedimenting at rates
comparable to the PS, similar to the effect at pH 8. However, the upper
layer is the result of the additional volume fraction of smaller ag-
glomerates of ∼0.4 μm at pH 10. These sediment much slower and end
up as a separate layer on top of the film.

3.4. Effect of YSZ/PS ratio on film microstructure

Further experiments were carried out at pH 6 to evaluate the limits
of heterocoagulation in this system. For that purpose, films deposited
from suspensions of YSZ/PS ratios by weight of 0.2, 0.3, 0.4, 0.5, 1.0,
1.5, 2.0 and 2.5 were produced. Fig. 7 shows representative micro-
structures of these films before calcination, i.e. still containing PS. At
0.2 YSZ/PS ratio (Fig. 7a), the PS spheres are not completely coated and
thereby, are not suitable for inversion. At 0.3 YSZ/PS ratio (Fig. 7b), the
PS spheres are completely coated and an almost undetectable amount of
free YSZ is present at the edge of the sample. At ratios greater than 0.3
YSZ/PS, areas containing only free YSZ-nanoparticles are observed, i.e.
the film structure is not homogeneous. Fig. 7c shows an example of such
an area with large amount of free YSZ (left frame) and one area where
complete heterocoagulation occurred (right frame). A larger magnifi-
cation of the area of complete heterocoagulation can be seen in Fig. 7d.
The limit found in this system is much lower than what was previously
observed for 0.756 μm PS spheres [4]. In the former, suspensions with a
ratio of 2.5 of YSZ/PS still presented complete heterocoagulation, i.e.
there was no formation of areas containing only YSZ-nanoparticles.

As the conditions at pH 8 resulted in a more ideal and filled struc-
ture (see Figs. 5c-d and Fig. 6a), the influence of the YSZ concentration
on the sedimentation behavior and, later, the photonic properties of the
resultant structures was assessed. As above, the YSZ/PS ratio was varied
from 0.3 to 2.5 also for samples deposited at pH 8. Fig. 8 shows the
strong differences between the films when using YSZ/PS ratios of
0.3−0.5 and 1.0−2.5. Fig. 8a and b show that for low YSZ con-
centrations (6–10mgmL−1) the films show phase separation between
YSZ and PS. The PS forms a bottom layer and the YSZ an upper layer.
Strong delamination occurs at these low concentrations, due to a higher
shrinkage of the upper YSZ layer during drying, which results in dela-
mination and pulling off of some PS spheres from the lower layer.
Conversely, Fig. 8c-f show that stable films are achieved for higher YSZ
concentrations (20–50mgmL−1). The microstructures are comparable
across this concentration range and are consistent with the structures
discussed previously at Fig. 5c and d (2.5 YSZ/PS ratio at pH 8).

Fig. 4. Interaction free energy (U) normalized by kBT versus the separation
distance between two differently charged colloidal particles predicted by DLVO
for the PS-YSZ system at a) pH 6, b) pH 8 and c) pH 10. The DLVO with CC, CP,
and CR boundary conditions are shown. The insets present the schematic of
particles and surface charges for each situation, in which the PS particles are
represented with a half sphere and the YSZ particles as a full sphere.
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Fig. 5. SEM surface images of films deposited from suspensions with 2.5 YSZ/PS ratio by weight at a/b) pH 6, c/d) pH 8 and e/f) pH 10. Structures were calcined at
500 °C for 30min to eliminate the PS template.

Fig. 6. SEM cross-section images of films deposited from 2.5 YSZ/PS ratio by weight suspensions at a) pH 8 and b) pH 10. Structures were calcined at 500 °C for
30min to eliminate the PS template.

Fig. 7. SEM surface images of films deposited from suspensions at pH 6 with a) 0.2, b) 0.3 and c/d) 0.5 YSZ/PS ratios by weight. Images show different regions of free
YSZ (c[left]: low magnification) and heterocoagulation (c[right]: low magnification, d: high magnification). The structures still contain the PS template.

J.J. do Rosário, et al. Journal of the European Ceramic Society 39 (2019) 3353–3363

3358



To understand the phase separation between YSZ and PS at lower
YSZ concentrations, particle size analysis (Fig. 9) at different YSZ
concentrations was carried out. At high YSZ concentrations (2.5 YSZ/PS
ratio, 50mgmL−1), agglomeration results in the majority of the parti-
cles being ∼0.95 μm. However, if the concentration of YSZ is reduced
to the one used in the 0.3 YSZ/PS ratio (6 mgmL−1), no further ag-
glomeration at pH 8 was observed. The particle size measurements at
pH 8 indicate almost identical sizes as at pH 6 as already shown in
Fig. 2 (peaks at ∼0.10 μm and ∼0.25 μm). This accounts for the for-
mation of the upper YSZ layer, as low concentrations result in smaller
YSZ agglomerates that have a larger mismatch in sedimentation rates
compared to the PS spheres. Therefore, we conclude that when de-
positing under charge-neutral conditions, controlling solid-concentra-
tion plays a critical role in the formation of agglomerates and thus
determines the sedimentation rates and must be considered in order to
achieve highly filled structures.

3.5. Optical simulations

Fig. 10 shows the calculated reflectance of an inverse YSZ photonic

glass with spherical pore sizes of 3 μm (see inset in Fig. 10) with varying
film thicknesses (L) between 13 and 81 μm. The light was excited from
air at the top and transmission at the bottom was calculated. The
hemispherical diffuse reflection of such a system can be obtained by
R=1 - T, where R is the hemispherical diffuse reflection and T is the
hemispherical diffuse transmission, assuming no absorptivity of YSZ for
wavelengths ranging from 1–5 μm. Simulations indicate that high re-
flection efficiencies in a wavelength range of 1–5 μm can be expected
for inverse YSZ photonic glasses with air spheres of 3 μm diameter. The
transmission follows the typical inverse law for diffuse scattering T˜ L

1 .
Thus, to increase the reflection e.g. from 80% to 90% an increase in the
film thickness is required. The scattering strength of photonic glass
drops significantly above cutoff wavelength. It can be approximated as
double pore diameter times the average refractive index Dn2 av and it
corresponds to the condition when half of the effective wavelength fits
between the centers of two neighboring pores. For the considered pores
of 3 μm the cut off wavelength is significantly beyond 5 μm.

Fig. 8. SEM surface images of films deposited from suspensions at pH 8 with a) 0.3, b) 0.5, c) 1.0, d) 1.5, e) 2.0, and f) 2.5 YSZ/PS ratios by weight. Delamination
observed for 0.3 and 0.5 YSZ/PS. Structures still contain the PS template.

Fig. 9. Particle size distribution: Volume (%) versus particle size (μm) for YSZ
suspensions at pH 8 for two different concentrations. Fig. 10. Calculated hemispherical diffuse reflection from inverse YSZ photonic

glass according to the different film thicknesses and a diameter of air spheres of
3 μm. The inset shows the schematic drawing of the simulated structure.

J.J. do Rosário, et al. Journal of the European Ceramic Society 39 (2019) 3353–3363

3359



3.6. Photonic properties

Diffuse reflectance spectra (Fig. 11) were measured to evaluate the
influence of the shell-like versus infiltrated structures on the photonic
behavior. The omnidirectional broad-band reflectance arises from the
multiple scattering in the structure. All spectra show a reflectance dip at
wavelengths of 2.75–4.00 μm due to the absorption of OH groups on the
YSZ surface. This absorption dip was previously observed for YSZ-based
TBC systems [31–33] and direct photonic glasses fabricated from un-
doped and doped zirconia [5,6]. Its contribution is expected to dis-
appear at high temperature operation, as in the case of TBCs. Small
noise at 4.2 μm corresponds to slight changes of the CO2 concentration
in the optical path of the FTIR-spectrometer between sample and re-
ference measurements.

The reflectance spectrum for the photonic glasses with shell struc-
tures deposited at the heterocoagulation limit (0.3 YSZ/PS ratio, pH 6)
shows a very low reflectance between 30 and 15%. As noted in the
previous section, higher concentrations of YSZ cannot be incorporated
at this pH value for the given PS size, hence phase separation occurs.
Moreover, the film thickness was only 20 ± 2 μm, corresponding to
approximately six-fold the polymer template size, which also results in
low scattering. These results indicate that heterocoagulation becomes a
less effective method to fabricate inverse photonic glasses for applica-
tions at longer wavelengths where large template sizes are needed, such
as in thermal reflectors and barrier coatings, due to the lower con-
centration limits. Heterocoagulation in the studied YSZ/PS system
corresponds to the condition in which the particles have opposite
charges (Fig. 4a) and differs therefore, from the sedimentation me-
chanism at pH 8 where the particles are in a neutral-charged condition,
for YSZ and PS respectively (Fig. 4b).

Conversely to the condition observed at pH 6, at pH 8 the YSZ/PS
ratio in the deposited films could be varied over a higher amount from
1.0–2.5. The thicknesses were measured to be 33 ± 4, 28 ± 2,
31 ± 5 and 32 ± 3 μm for 1.0, 1.5, 2.0 and 2.5 YSZ/PS samples, re-
spectively. It can be observed that the reflectance increases with in-
creasing YSZ content, varying from ∼58% to ∼68% at wavelength of
1 μm. The magnitude of reflectance is more than twice that achieved
using heterocoagulation. Even when accounting for their larger thick-
nesses, the fully infiltrated structures still outperform the hetero-
coagulated structure. This is due to the increased fraction of high re-
fractive index material in the infiltrated structures. The reflectivity is
still lower than the simulated values though (Fig. 10). This can be at-
tributed to the fact that the obtained YSZ inverse photonic glasses
consist of agglomerated nanoparticles which are not a fully dense ma-
terial and thereby, the effective refractive index is smaller than 2.12.

The scattering properties of TBCs are becoming more and more

important as the work temperature of engines increases [34]. The ra-
diative properties of such coatings are being investigated [31–37] and
the concept of optimizing TBCs for high reflectance was already applied
for common fabrication processes such as air plasma spraying (APS)
[35] and electron beam physical vapor deposition (EB-PVD) [36,37].
For example, APS allows microstructural modification with features
like pores and microcracks [35], and EB-PVD with features like pores
and orientation of the feathery microstructure for scattering enhance-
ment [36]. Nevertheless, in these works the enhancement of the scat-
tering properties by microstructural features only increased the re-
flectance intensity in the near- (0.75–1.4 μm) and short-wavelength
(1.4–3 μm) infrared range, while at our work the reflectance is main-
tained for a wider wavelength range (1–5 μm).

The application of inverse photonic glasses in TBC systems is not
proposed to directly substitute the current systems, but rather as a
possibility of an additional layer to decrease radiative heat transport.
Furthermore, the films fabricated in this work can be used as broadband
omnidirectional reflectors in general.

3.7. High-temperature behavior

The thermal stability of the photonic glasses was evaluated by as-
sessing the microstructural changes (Fig. 12) and reflection behavior
(Fig. 13) as a function of temperature and time. Samples with very
diverse microstructures, i.e. 0.3 YSZ/PS deposited at pH 6 and 2.5 YSZ/
PS deposited at pH 8, were exposed to high temperatures up to 1200 °C
for a total of 120 h. The structures generated by heterocoagulation (0.3
YSZ/PS, pH 6) maintained their shape up to 1200 °C for 4 h, with dis-
tortion and loss of the spherical pore shape when further annealed. On
the other hand, infiltrated structures (2.5 YSZ/PS, pH 8) maintained
their structural integrity (spherical pores) up to 1200 °C for 120 h.
Micrographs for all tested temperatures can be found in Figure S2 at the
Supplementary Information.

With regards to the reflectance behavior (Fig. 13), the fully in-
filtrated inverse photonic glasses generated at pH 8 presented overall
higher reflectance values than the shell-like structures fabricated by
heterocoagulation at pH 6. This can be associated both to the higher
film thicknesses achieved by this route (32 vs. 20 μm, in average), but
mainly to the presence of more YSZ particles in the structure (2.5
against 0.3 YSZ/PS ratio). As expected, the OH absorption peak
(2.75–4.00 μm) becomes less pronounced with increasing temperature
and time for both types of structures, as these functional groups desorb
at high temperatures.

The structures generated by heterocoagulation (Fig. 13a) show an
increase in reflectance at shorter wavelengths with increased annealing
temperature and time. This can be related to the structural changes
observed in the micrographs. After the heat treatment performed at
1000 °C, a clear flattening of the shell’s surface can be observed (com-
pare the structures after 500 °C and 1000 °C). As the shells are formed
by nanoparticles, they have a high driving force for sintering [38]
which shall lead to densification of the shells and thereby, to an in-
crease of the shells effective refractive index. As discussed previously,
the refractive index is linked to the reflectance capability of the pho-
tonic glass. However, the level of densification is restricted by the very
open structure (initial macro porosity> 40% [39,40]) and after heat
treatment at 1200 °C for 120 h, the shells collapse and an intricated
structure is formed (Fig. 12, left column). This collapse leads to a de-
crease in the reflectance, when compared to the previous heat treat-
ment condition (1200 °C for 4 h). In an overall view, the whole structure
seems to de-sinter.

Local densification is also expected to occur for the infiltrated
structures (Fig. 12, right column), but in this case the amount of YSZ-
particles per volume is much higher (2.5 against 0.3 YSZ/PS) and
therefore, the OH-absorption component is expected to be higher
(compare the peak width and depth from Fig. 13a and b), as there is
more surface per volume available for OH groups adsorption. The

Fig. 11. Reflectance spectra of YSZ inverse photonic glasses deposited at pH 6
and pH 8 according to the different YSZ/PS ratios (0.3, 1.0, 1.5, 2.0 and 2.5).
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Fig. 12. SEM images of the layer with 0.3 YSZ/PS (left) and 2.5 YSZ/PS (right) after different heat treatments.

Fig. 13. Reflectance spectra of photonic glasses after different heat treatments for a) 0.3 YSZ/PS deposited at pH 6 and b) 2.5 YSZ/PS deposited at pH 8.
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significant increase in the reflectance at longer wavelengths
(> 3.00 μm) is attributed to the YSZ particles area densification, as well
as the elimination of OH groups at high temperatures, as OH absorption
is relatively high in the mid infrared region. As the source of absorption
in the structures is eliminated, the spectra approximate to the simulated
one showed at Fig. 10, corresponding to a stable reflectance value over
the wavelength range (1–5 μm). More importantly, the infiltration-
based photonic glasses maintained their high reflectance for all the
heat-treatment conditions and even after exposure at 1200 °C for 120 h.

When in comparison to ordered structures (inverse opal photonic
crystals), the photonic glasses produced at this work performed quite
well. Zhang et al. [41], for example, reported structures of
La0.8Sr0.2MnO3/YSZ that were stable only up to 1100 °C when con-
ventionally heat treated. YSZ structures were also produced by Lash-
tabeg et al. [42], for which sintering and accentuated grain growth are
visible already for heat-treatments performed at 1100 °C for 5 h, with
apparent loss of the macro pores spherical shape. The performance of
our photonic glasses is highlighted in a further comparison with other
ceramics materials, namely SiO2 [43], TiO2 [43,44] and Al2O3 [45]
photonic crystal structures. For a sol-gel infiltration route [43], partial
collapse of both SiO2 and TiO2 structures was observed already after
heat treatment at 850 °C for 4 h. An atomic layer deposition (ALD) route
improved the stability of TiO2 structures [44] up to 1000 °C for 4 h,
however significant grain growth was observed. For ALD-based Al2O3

[45] structures, a stability up to 1200 °C is reported, but the samples
were heat treated only for 1 h. In this work, the structures were heat
treated up to 120 h at 1200 °C having its reflectance capability main-
tained after the heat treatments.

Additionally, the crack area fraction was found to increase mostly
with the temperature (Figure S4). For the heterocoagulation-based
photonic glasses (0.3 YSZ/PS), cracks are originated during drying of
the deposited films, but also during the heat treatments, as can be ob-
served in Fig. 12 when comparing the samples heat-treated at 1200 °C
to 4 h and 120 h. In the case of the infiltrated structures (2.5 YSZ/PS),
the area fraction of cracks starts at ∼4% for the as-deposited structure,
increasing to ∼17% for inverted structures and later on to ∼35% at
1200 °C. An increase in the heat-treatment dwell time from 1 h to 120 h
led to an increase in area fraction of only 2%. Lower magnification
micrographs and a plot of the area fraction of cracks for the infiltrated
structures after various heat treatments can be found in the Electronic
Supplementary Information Figures S3 and S4.

As expected for zirconia doped with 8mol% yttria, the material
stays in the cubic phase (ICDD PDF 30–1468) after all heat treatments.
XRD spectra of the photonic glasses can be found in the Electronic
Supplementary Information Figure S5.

4. Conclusions

An all-colloidal route to produce YSZ inverse photonic glasses was
explored. The behavior of the base materials and suspensions was
characterized with respect to their charges, particle sizes, and sedi-
mentation rates as a function of pH, and the effects on film micro-
structure were determined. At pH 6, opposing charges of the YSZ and PS
resulted in heterocoagulation and yielded thin shell structures after
inversion. Above a critical YSZ concentration which depends on the PS
size, areas with free YSZ particles were formed. At pH 8, uncharged YSZ
nanoparticles agglomerated, which gave rise to a situation in which the
sedimentation rates of the PS and YSZ matched. Depositing under un-
charged rather than oppositely charged conditions resulted in a more
filled and ideal structure. The particle interactions were consistent with
DLVO and sedimentation models and accounted for the differences in
microstructure. Photonic glasses deposited under sedimentation con-
ditions at pH 8 allowed a higher amount of YSZ particles incorporation,
resulting in higher reflectance up to ∼68% at a wavelength of 1 μm.
While heterocoagulated-based photonic glasses were only stable up to
1200 °C for 4 h, the more infiltrated structures remained stable after

heating at 1200 °C for up to 120 h, which enables its use in high-tem-
perature photonic applications.
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