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In this study, we apply silica-assisted sintering to develop porous yttria stabilized zirconia (YSZ) ceramics with
tailored electrostatic surface potential and adsorption capacity as a promising alternative to chemical function-
alization. The porous bodies were formed by partial sintering at 1050 °C and were investigated regarding the
influence of admixtures of silica particles on sintering behavior, microstructural evolution and the resulting me-
chanical and surface properties of the material, particularly the surface potential. With increasing silica concen-
tration, the sintering mechanism was gradually changed from solid state to liquid phase sintering, due to the
wetting of YSZ by liquid silica and a resulting inhibition of mass transport, particle growth and diffusion-induced
densification. Most importantly, due to the silica layer development, the isoelectric point (IEP) of the YSZ/silica
material surfaces was systematically shifted towards the IEP of silica from pH 9.4 to 1.2 resulting in a more
pronounced negative surface potential at neutral pH. The relationship between surface IEP and silica concen-
tration was mathematically described using the IEPs of the starting materials, the YSZ particle radius and the
glass layer thickness. This estimation allows us to tailor the surface coverage of the YSZ matrix with silica as well
as the resulting electrostatic surface potential. We further demonstrate how the applied processing route can be
effectively used to develop ceramics with specified adsorption capacities for protein immobilization for use in

filtration, bioprocessing or biomaterial applications.

1. Introduction

The surface charge of oxide ceramic materials [1-4] critically
determines the material’s performance in application areas such as
filtration [2,5], biomaterials, biomedical devices [6,7] and catalyst
supports [8,9]. Chemical functionalization, like silanization [9-11],
is frequently used to modify surface charge and other characteristics
of ceramic materials without affecting their bulk properties [12,13].
However, such strategies often require poorly scalable protocols,
especially if a well-defined, ultrathin surface coating is desired and they
can show a limited stability against hydrolysis, especially at extreme
pH conditions or against decomposition at elevated temperatures
[12-15]. As an alternative, inorganic amorphous sintering additives
might be used to modify ceramic surfaces without the need for chemical
post-functionalization to generate a resistant and well-defined glassy
surface coating with tailored surface charge.

For oxidic materials in aqueous environments, the electrostatic
potential of the material surface is based on the charges of amphoteric
hydroxyl groups [1-4] which are present at the solid/water interface.

With surface charge and the resulting electrostatic potential, other
important material properties, such as adsorption and ion exchange
behavior [4,16], the interfacial energy and contact angle [1,17] and
even the reflection of light [1] can be modified. The zeta potential,
which represents the potential difference between a stationary layer of
adsorbed ions on a solid surface and a surrounding diffuse, mobile ion
layer, serves as a reliable indicator for a material’s surface charge [2,18]
with the isoelectric point (IEP) representing the pH at which the overall
surface potential is zero [2,18]. Crystallographic defect structures
[19], the nature and concentration of the surrounding electrolyte and
especially the solid’s stoichiometry and phase composition [2,4,8] have
a strong impact on the zeta potential.

Amongst oxidic ceramics, zirconia-based materials play an impor-
tant role as structural material [20-22]. Their characteristically high
fracture toughness [22-24] and high damage tolerance [22] is achieved
by transformation toughening due to cationic doping with CaO, MgO,
CeO, or Y,03 [20,23,25-27]. The incorporation of dopants in zirconia-
based materials illustrates the effect of the chemical composition on a
material’s surface charge: While the IEP of pure monoclinic zirconia is
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Fig. 1. Scheme of the processing and characterization process of YSZ/silica ceramics.

reported to be around pH 6.5 [1,28], it is shifted to pH 7.7-9.8 in yttria
stabilized zirconia (3 mol%) [9,17,29]. To improve zirconia-based
materials regarding their superior superplasticity [21,26,30-35] and
other mechanical properties [23,26,31,36-38], their vulnerability to
low temperature degradation [22,24,37-39] and ion conductivity
[30], the effects of amorphous silica addition on the microstructure
of densely sintered zirconia ceramics have been studied extensively.
In this context, the effects of silica-assisted liquid phase sintering on
densification [21,38,40-43], grain growth [21,26,34,35,41,44-46]
and grain shape [21,24,26,31,35,41,44,45] and the locations of glass
accumulation [23,24,30,33,35,37,43,44,47,48] have been investigated.
However, regarding the relationship between the composition and
microstructure of a mixed oxide material and its surface charge, no
systematic evaluation has been conducted to the best of our knowledge.

Regarding membrane materials, Szymczyk et al. showed that
silica impurities (9%) in Al,05/TiO, ceramics significantly alter the
electrokinetic properties by shifting the IEP to lower pH values [49].
In Al,03:Ti0,:Si0, (7:3:1) membranes, Mullet et al. further concluded
that the surface composition, and thus the surface electrochemical prop-
erties, differ from the bulk composition. Bowen and Mukhter evaluated
Zr0,:Al,03:Y,05 (8:5:1) membranes regarding their surface properties
[50]. Although zirconia represented the higher weight fraction in the
material, alumina — due to its smaller particle size — influenced the
surface charge to a higher degree [50]. As a result of titania doping
(5%) of alumina membranes, Zhang et al. observed a shift in the IEP
towards the IEP of TiO, [2]. They showed how the surface charge
modified the membrane flux and thus allowed to control membrane
fouling [2].

In this study, we apply a silica-assisted sintering approach to
prepare porous yttria stabilized zirconia ceramics with tailored surface
properties. We investigate these materials primarily regarding their
electrostatic surface potential and adsorption capacity. Ceramic disper-
sions with a silica content of up to 20 vol% are used to systematically
study the material’s microstructural evolution during sintering using
dilatometry and high-resolution microscopy methods. This way, the role
of the amorphous phase during the sintering process and its distribution
in the microstructure can be evaluated. The resulting effect of the glassy
phase on the material’s mechanical properties, the zeta potential and
adsorption capacities will be determined by three-point-bending (3 PB)
tests, streaming potential experiments and adsorption of proteins as
model colloids, respectively. For the first time, we will show how glassy
sintering additives can be used to systematically tailor the electrostatic
surface potential of a porous oxide ceramic matrix.

2. Experimental

2.1. Materials

All chemicals were used as received without further purification.
Aerosil® 300 (average primary particle size = 7 nm, BET surface

area 270-330 m?/g, impurities as indicated by the manufacturer are
presented in Table S2 of the Supplementary material) and vacuum
grease (Schliff-Fett KaWeS, hardened carbohydrates, silicone-free) were
purchased from Evonik, Germany, and Pollath Labor Technologie,
Germany, respectively. Bovine serum albumin (BSA, product no.
A2153), HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid,
product no. H3375), a-lactalbumin from bovine milk (a-LA, product no.
L6010), lysozyme from chicken egg white (LYZ, product no. L6876),
myoglobin from equine heart (MYO, product no. M1882), poly(vinyl
alcohol) (PVA, Mw 31,000-50,000, 98-99% hydrolyzed, product No.
363138) and 5-sulfosalicylic acid dihydrate (SAD, product No. $S2130)
were acquired from Sigma Aldrich, Germany. The properties of the pro-
teins bovine serum albumin, e-lactalbumin, lysozyme and myoglobin
are summarized in Table S1 of the Supplementary material. Protein
quantification was carried out with a Pierce® microplate BCA pro-
tein assay kit (reducing agent compatible, product no. 23252, Thermo
Scientific™, Germany). Yttria stabilized zirconia powder TZ-3Y-E (YSZ,
dso = 40 nm, BET surface area = 16 + 3 m?/g, impurities as indicated by
the manufacturer are presented in Table S2 of the Supplementary mate-
rial) was obtained from Tosoh, Japan. Potassium chloride (KCl, product
no. 26764) was purchased from VWR International GmbH, Germany.
Ammonia (25%, product No. 1133.2500, VWR International GmbH,
Germany), hydrochloric acid (HCl, 1 M, product no. 109057, Merck
KGaA, Germany), potassium hydroxide solution (KOH, 1 M, product no.
35113, Honeywell Inc., USA), distilled water and double-deionized wa-
ter (Millipore water, resistivity > 18 MQ cm, SynergyUltra Water System
Millipore Corp., USA) were used for the preparation of dispersions and
solutions.

2.2. Methods

2.2.1. Fabrication of porous YSZ/silica monoliths

The preparation of YSZ/silica samples is summarized in Fig. 1(A-D).
For the production of ceramic suspensions (Fig. 1(A)), 10 g of PVA were
dissolved in 39 g of distilled water under 30 min of magnetic stirring at
a temperature of 80 °C to yield a polymer concentration of 0.26 g/mL.
The solution pH was adjusted to 9 using 1 mL of ammonia. Depending
on the envisioned silica content (0, 0.1, 1, 5, 10, 20 vol%), ceramic
powder mixtures of YSZ and silica with a total volume of 11.16 mL
were prepared and 4.4689+10~* g/m? of SAD were added. The powder
mixture was slowly added to the PVA solution under stirring and mixing
was continued for 1 h using a Dispermat LC (VMA-GETZMANN GmbH,
Germany). The resulting ceramic paste was directly filled into greased
metallic molds (58 x 4 x 77 mm?, Fig. 1(B)), which were covered by
a PTFE layer at the top and bottom. For the preparation of rod-shaped
bending samples, metallic insets were placed inside the molds to cast
the suspension into geometries of 3 x 4 x 50 mm?. All samples were
firstly dried inside their molds for 1 week at 80% relative humidity
(RH) and 20 °C, then demolded and placed on a polymeric foam and
dried for another 4 weeks under the same environmental conditions.



M.M. Hoog Antink, S. Beutel and K. Rezwan et al.

Finally, the samples were exposed to 45% RH and 20 °C for 1 week.
Prior to thermal treatment, the surfaces of the bending samples were
manually ground down to 30 um. Both sample types were debindered
and sintered based on STA results (see Figs. S2 and S3) in one process in
a LHT 08/17 oven (Nabertherm GmbH, Germany). First the unsintered
bodies were heated with a rate of 0.5 K/min up to 650 °C and dwelling
times of 1 h at 200, 310 and 470 °C and subsequently the temperature
was increased up to the maximum sintering temperature of 1050 °C
with 1 K/min and a holding time of 2 h. The nominal cooling rate
was 5 K/min. For the dilatometric measurements, unsintered bending
samples were shortened to a length of 10 mm. In contrast to the regular
sintering process, these samples were heated up to 650 °C only.

2.2.2. Characterization of starting materials and porous YSZ/silica
materials

Both ceramic powders and sintered porous YSZ/silica bodies were
analyzed concerning their size or geometry, specific surface area, their
behavior under high temperature treatment and their pH-dependent
zeta potential. The monolithic samples were additionally characterized
regarding their drying and sintering shrinkage, microstructure, porous
properties, phase composition and bending strength.

The geometry of the oxide particles and the microstructure of
sintered porous bodies was visualized by scanning electron microscopy
(SEM, Supra 40-Carl Zeiss, Germany) and transmission electron mi-
croscopy (TEM). For the imaging of the silica powder Aerosil 300, a
TEM-EM 900 was used (Carl Zeiss, Germany). Transparent slices of
sintered, monolithic YSZ/silica samples with 0, 1 and 20 vol% silica
were prepared for TEM measurements using a focused ion beam (FIB)
lift-out technique on a FEI Nova 200 FIB. TEM investigations including
HR-TEM, EDX and EDX line scans were performed with a TITAN
80/300 TEM/STEM microscope.

The particle size of the YSZ powder and the sintered microstructure
was estimated based on SEM images and DIN EN 623-3 [51] using
the linear intercept method. Per sample type, 3 SEM images and at
least 500 particles were evaluated. The specific surface area of ceramic
powders and monoliths was quantified by volumetric N, gas adsorption
experiments with a BELSORP-mini (BEL Japan, Inc., Japan) apparatus
followed by BET (Brunauer-Emmett-Teller) analysis. Prior to N,
adsorption, the samples were treated at 120 °C for at least 3 h under
vacuum (< 2 mbar) and subsequently exposed to an argon atmosphere
at room temperature for 30 min. Thermogravimetric (TG) and differ-
ential thermal analysis (DTA) of all starting materials (including PVA
and SAD) and unsintered samples was performed using a simultaneous
thermal analyzer (STA 503, Béhr Thermoanalyse GmbH, Germany)
to investigate the materials’ response to high temperature treatment.
Organic materials were heated up to up to a maximum temperature of
600 °C, the ceramic powders and unsintered samples up to 1400 °C,
at a heating of 5 K/min. The dynamic light scattering (DLS) technique
was used to determine the particle size of the YSZ and silica powders in
Millipore water. The parameters of the DLS experiments are described
in the Supplementary material S1.

The debindering and drying shrinkage of the YSZ/silica materials
was evaluated by measurement of their sample geometry using a
caliper. With a TMA 801S dilatometer (Bédhr Thermoanalyse GmbH,
Germany) the densification process of the ceramic samples was investi-
gated regarding the differential change in sample length and the relative
sintering shrinkage. The dilatometric analysis was performed using a
heating rate of 2 K/min up to 1050 °C and a cooling rate of 5 K/min.
The porosities and pore window size distribution of porous ceramic
samples was investigated with a combination of two Hg porosimeters
(Mercury Porosimeter Pascal 140 and 440, Porotec GmbH, Germany).
Powder X-ray diffraction (XRD) was applied to investigate the phase
composition of sintered, ground samples. The experimental parameters
for XRD analysis are described in the Supplementary material S4. The
bending strength (of) of YSZ/silica samples was determined with the
help of 3-point-bending tests (3 PB) according to DIN EN 843-1 [52].
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The bending bars were tested with a Zwick/Roell Z005 static materials
testing machine (ZwickRoell GmbH & Co. KG, Germany) on a 3 PB
set-up with a support span of 30 mm at 45% RH and 21 °C. For each
sample composition at least 30 samples were tested with a testing speed
of 1 mm/min and a preload of 2 N. The bending strength was calculated
using o, = 3FI /2bh?, where F is the maximum loading force in N, [ is
the support span (= 30 mm), b is the sample width (mm) and h is the
height of the sample (mm). The data sets were analyzed using Weibull
statistics to determine the characteristic strength o, of the YSZ/silica
materials and the Weibull modulus m.

Both ceramic powders and sintered YSZ/silica samples were char-
acterized regarding their pH-dependent zeta potential. The colloidal
vibration current and the dynamic light scattering technique were used
to determine the zeta potential and the IEP of YSZ and silica particles,
respectively. The experimental parameters of these experiments are de-
scribed in the Supplementary material S1. The zeta potential of porous
YSZ/silica ceramics was quantified in streaming potential measure-
ments (Fig. 1(E)) using a SURPASS 2 electrokinetic analyzer (Anton Paar
GmbH, Germany). Prior to the measurement, the plate-shaped samples
were crushed and sieved to retain pieces between 90 pm and 1.12 mm.
Approximately 0.6 g of this material was filled and densified inside a
cylindrical measurement cell. The cell was incubated in Millipore water
under sonication for at least 15 min. Streaming potential measurements
were performed at 20 °C using 10 mM KCl as electrolyte, a target
pressure of 100 mbar (0.01 MPa) and a rinsing time of at least 300 s
per pH step. The pH titration was carried out starting from the natural
pH of the solution (ca. pH 5.8) to pH 10 using 0.5 M HCL. Subsequently,
the sample was rinsed with neutral electrolyte solution and the titration
was continued towards the acidic range with 0.5 M KOH to at least pH 4
or until the IEP was encountered. The IEP was derived by linear interpo-
lation between the two zeta potential values closest to a zeta potential
of 0.

N, gas adsorption experiments, STA, SEM, TEM and DLS measure-
ments as well as the determination of the drying shrinkage, dilatometric,
porosimetry and streaming potential analysis were performed with
n>3.

2.2.3. Protein adsorption experiments

The effect of the ceramics’ composition on the interaction of the
surface with proteins in solution was investigated in protein adsorption
experiments similar to Pasche et al. [53] (Fig. 1(E)). For this purpose,
four different proteins (BSA, a-LA, LYZ and MYO) were individually
dissolved in 10 mM HEPES buffer at pH 7 to yield concentrations of
0.5 mg/mL in Millipore water. a-LA, LYZ and MYO are characterized
by a similar size and structure (14,200-17,800 g/mol, globular shape),
but are characterized by significantly different IEPs of pH 4.3, 11.1
and 7.0, respectively (Table S1) [53,54]. BSA is a well-characterized
standard protein, which served as reference material. It is characterized
by a larger size than the other proteins (66,500 g/mol) but an IEP
similar to «-LA (pH 4.7-4.8, Table S1) [10,55]. For the adsorption
experiments, YSZ/silica bending samples with a length of 20 mm were
weighed, washed in Millipore water, autoclaved (Systec™ VX-100,
Systec, Germany) at 121 °C in steam atmosphere of 2 bar (0.2 MPa)
pressure and dried at 70 °C for 24 h. The rods were individually
placed in 2 mL reaction tubes and 1.75 mL of the respective protein
solution were added. The ceramic samples were incubated for 16 h
at 4 °C under shaking (150 rpm). Protein quantification was carried
out photometrically by probing the supernatant with a BCA assay Kkit.
The manufacturer’s standard procedure for quantification of protein
concentrations in microplates was applied. The absorbance values of
three supernatant samples per YSZ/silica ceramic were measured at a
wavelength of 562 nm with a Multiskan GO photometer (Thermo Sci-
entific, Germany). The BSA, a-LA, LYZ and MYO protein concentrations
in HEPES buffer were calculated based on individual reference curves.
All adsorption experiments were performed in triplicates.
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Fig. 2. Densification behavior of yttria stabilized zirconia (YSZ)/silica oxide
samples with varying silica content. (A) Relative change in sample length (%)
over time as determined by dilatometry. The corresponding temperature pro-
gram is indicated in black (right hand y axis). (B) Mean drying and sintering
shrinkage against the silica content of YSZ/silica samples as determined by man-
ual geometric and dilatometric measurements, respectively. Error bars indicate
the standard deviations between at least 3 measurements. The graphs in A and
B are representative curves from triplicate measurements.

3. Results
3.1. Densification behavior of YSZ/silica samples

To analyze the effect of silica addition on the powder packing
during the drying process of the YSZ/silica samples and on their

sintering behavior, the densification during drying and sintering was
monitored. Samples with varying silica content were investigated both

Table 1
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by manual measurements of the sample geometry after drying and
by dilatometric analysis of debindered samples during sintering. The
results are shown in Fig. 2 and Table 1. Fig. 2 features representative
curves from triplicate measurements. A summary of all dilatometric
analysis results can be found in the Supplementary material in Figs. S4
and S5. Images of dried and sintered bending samples are shown in Fig.
S10 of the Supplementary material.

During drying, the samples shrank by 8.1 + 3.2 to 13.9 + 3.6%
with respect to the mold geometry (Fig. 2(C)). Due to the standard
deviations, no significant differences between the samples regarding
the drying shrinkage were found, but samples with a silica content of 5
and 10 vol% exhibited the smallest drying shrinkage values of 8.1 + 3.2
and 10.9 + 2.2%. To avoid warping and cracking of the samples, a
controlled drying process (42 d) was chosen. For the application in
an industrial manufacturing process, the drying period would have to
be drastically reduced, e.g. by changing to an organic solvent for the
preparation of the ceramic dispersion.

Debindering of the YSZ/silica samples was accompanied by a mean
shrinkage of 0.5 + 0.2% with respect to the dried samples (individual
results are shown in Table S4 of the Supplementary information). As
can be seen in Fig. 2(A), during temperature increase, all debindered
YSZ/silica samples showed a thermal expansion up to a temperature
of around 875 °C. After approximately 7 h and at a temperature of
higher than 875 °C, a decrease in sample length was recorded. This is
in agreement with the shrinkage rates (um/min) of the samples, which
remained constant up to ca. 875 °C and from this point on increased
considerably in absolute value (Fig. S5). Both the samples with 10
and 20 vol% of silica showed increased shrinkage rates compared to
samples with a lesser concentration of silica.

Compared to the size of the unsintered bodies, YSZ/silica samples
exhibited a sintering shrinkage between 4.7 + 0.2 for samples with
5 vol% of silica and 7.3 + 0.2% for samples with 20 vol% silica
(Fig. 2). Similar as during drying, the samples with 5 vol% silica
showed the smallest sintering shrinkage, only now — with exception
of the YSZ/0 vol% silica sample — this difference was significant. The
YSZ/20 vol% silica samples on the other hand were characterized by
the significantly highest sintering shrinkage.

3.2. Microstructure of porous YSZ/silica ceramics

To study the structural evolution in the silica-assisted sintering
process, the effect of silica addition on the porous properties, specific
surface area and other structural parameters of YSZ/silica ceramics was
evaluated using mercury intrusion porosimetry, nitrogen adsorption
experiments as well as electron microscopy methods. The size and
shape of the ceramic powder materials and the microstructure of
sintered oxide materials are depicted in Figs. 3 and 4. While the SEM
images in Fig. 3(C)-(H) offer a more representative overview of the
microstructure of all YSZ/silica sample types (0, 0.1, 1, 5, 10, 20 vol%)

Properties of yttria stabilized zirconia/silica ceramics with varying silica content (vol%). SEM = scanning electron microscopy, LIM = linear intercept method,

BET = Brunauer Emmett Teller analysis, 3 PB = 3-point-bending test.

Silica content (vol%)

Property Technique o o1 1 S 10 20
Shrinkagep,, (%) Caliper 13.6 + 2.6 139 + 34 13.0 £ 2.6 8.1 +32 109 + 2.2 139 + 3.6
Shrinkageg;,,, (%) Dilatometry 51+ 04 55+03 58 +03 4.7 + 0.2 53+03 73 £ 0.1
Density (g/cm?) Calculated 6.1 6.0 6.0 5.9 5.7 53
Particle size (nm) SEM + LIM 76.8 + 4.4 779 + 1.0 69.1 + 1.1 644 + 1.0 622 + 54 59.6 + 1.0
Specific surface area (m?/g) N, adsorption + BET 72 +04 7.0 + 0.5 9.0 + 0.5 10.8 + 1.0 11.5 + 0.1 11.7 £ 0.1
Open porosity (%) Hg porosimetry 512 £2.2 52.7 £ 0.8 533 + 1.1 55.1 = 1.1 53.1 £ 0.1 50.7 £ 0.2
Closed porosity (%) 0.7 + 0.6 1.0+ 04 13 + 0.6 3.1 +3.1 14 + 0.5 09+ 0.2
Pore window size mode (nm) 93.0 + 0.3 90.1 + 5.6 81.2 + 5.7 83.8 + 7.7 754 + 0.4 71.7 + 2.3
Bending strength (MPa) 3PB 42.8 40.3 29.2 22.7 25.1 333
Weibull modulus 4.6 7.5 53 6.4 6.6 6.1
Isoelectric point (pH units) Streaming potential 94 +03 85+03 4.7 £ 0.1 2.7 +0.2 1.5+03 <12 +0.1
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Fig. 3. Electron microscopic images of powder particles (A/B) and porous YSZ/silica ceramics with varying silica content (C-H). Images A and C-H were recorded
using scanning electron microcopy, image B using transmission electron microscopy.
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Fig. 4. TEM (A-C) and HR-TEM (D/E) image of porous YSZ/silica ceramics with varying silica content: 0 vol% silica (A/D), 1 vol% silica (B/E) and 20 vol% (C). F
represents the results of an EDX line scan within the YSZ/20 vol% silica sample (C).
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and thus useful in sampling a large number of particles regarding
particle size, Fig. 4 presents high resolution TEM images of selected
sample types (0, 1 and 20 vol%) to evaluate grain shape and particle
boundaries in detail. Larger size SEM images of the microstructures can
be found in Fig. S11 of the Supplementary information.

As can be seen in Fig. 3(A) and (B) and as suggested by the product
information by the manufacturer, the particle size of silica is distinctly
smaller than the particle size of the YSZ powder (7 vs. 40 nm). After
the sintering process, single silica particles were not present in the
microstructure, but next to YSZ particles, amorphous phases could be
observed in silica containing samples, especially in the YSZ/20 vol%
silica sample (Fig. 3(H), Fig. 4(C)). EDX measurements (Fig. 4(F)) in
high-silica samples showed, that the amorphous phases were composed
of SiO, only. On YSZ/1 vol% silica samples (Fig. 4(E)), some of the
particle surfaces seem to be coated by a very thin amorphous layer, but
the composition of those layers could not be unequivocally identified
due to the scarcity of the material. After sintering, linear intercept
measurements on SEM images of the microstructure of all YSZ/silica
sample types indicated YSZ particle, which were enlarged by 5% to 34%
compared to the initial particle size of 56.6 + 3.1 nm of the YSZ starting
powder (Table 1,Fig. 3,Fig. 4(A), Fig. 5(B)). With an increasing silica
concentration in the sintered ceramic materials, this effect was however
less pronounced: While YSZ/0 vol% silica samples featured a particle
size of 76.8 + 4.4 nm (34% increase), YSZ/20 vol% silica samples were
characterized by a mean particle size of 59.6 + 1.0 nm (5% increase).
With a higher silica content, particles exhibited a more rounded shape
(Fig. 4(A-E), Fig. 5(B)). At the same time, the specific surface area
(SSA) of the samples slightly increased from 7.2 + 4.4 (0 vol% silica)
to 11.7 + 0.1 m?/g (20 vol% silica). But even for the sample with the
highest silica concentration, the specific surface area remained signifi-
cantly lower than the SSA of the YSZ powder material (14.8 + 0.1 m?/g,
Table 1,Fig. 5(B)). Hg porosimetric analyses revealed that along with
the mean particle size, the mean pore window size mode of the ceramic
samples shifted towards lower values with increasing silica content
(Table 1,Fig. 5(B)). Representative pore window size distributions of
the YSZ/silica samples (Fig. 5(A)) illustrate a shift from 93.0 + 0.3 nm
(0 vol% silica) to 71.7 + 2.3 nm (20 vol% silica). The overall porosity
of the YSZ/silica samples varied only slightly in the range between
50.6 + 0.2 and 55.1 + 0.2% (Table 1,Fig. 5(B)). It increased with a silica
addition up to 5 vol% from 51.2 + 0.2 to a maximum of 55.1 + 0.2%
and decreased with a silica concentration > 5 vol% to 50.6 + 0.2%
in YSZ/20 vol% silica samples. The increase in overall porosity was
mainly caused by an increase in the volume of closed pores. Silica-free
and YSZ/20 vol% silica samples are characterized by a closed porosity
of 0.7 + 0.6% and 0.9 + 0.2%, respectively, while the maximum volume
of closed pores is reached at 3.1 + 3.1% in samples with a silica content
of 5 vol% (Table 1). A summary of the pore window size distributions of
all sample replicates is given in Fig. S6 in the Supplementary material.

3.3. Strength of porous YSZ/silica materials

To evaluate the effect of microstructural differences between sam-
ples with varying amounts of silica on the bending strength (sf) of
porous YSZ/silica ceramics, 3 PB tests were conducted. The results of
these tests are summarized in Table 1 and Fig. S8. The characteristic
strength of the samples varied between 42.8 MPa (0 vol% silica) and
22.7 MPa (5 vol% silica). While the addition of 0.1 vol% of silica to
pure YSZ samples lowered the characteristic strength only slightly to
40.3 MPa, o was more significantly reduced in samples with a silica
concentration of 1 and 5 vol% (29.2 MPa/22.7 MPa). Compared to the
strength minimum in YSZ/5 vol% silica samples, a further increase in
silica content to 10 or 20 vol% resulted in higher characteristic strength
values of 25.1 and 33.3 MPa, respectively. The strength distributions of
each YSZ/silica sample type are characterized by the Weibull modulus
(Table 1, Fig. S8), which indicates the width of the distribution. The
smaller its value, the broader is the distribution of 6. The determined
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Fig. 5. (A) Representative pore window size distributions of YSZ/silica ceramics
with varying silica content (vol%). (B) Mean porosity (%, dark grey) and pore
window size (nm, light grey) of YSZ/silica samples with different silica content
(vol%). (C) Mean specific surface area (SSA, m?/g, dark grey) and particle size
(nm, light grey) of porous YSZ/silica samples differentiated by silica content
(vol%) and compared to the properties of unsintered YSZ powder. Error bars
indicate the standard deviation between triplicates.

Weibull moduli lay within a narrow range between 4.6 (YSZ/0 vol%
silica) and 7.5 for (YSZ/0.1 vol% silica).

3.4. Surface properties of YSZ/silica ceramics and interactions with
proteins

Finally, the influence of silica concentration on the electrostatic
surface potential and adsorption capacity of the YSZ/silica ceramics was
systematically evaluated by streaming potential and protein adsorption
experiments. The zeta potential as a function of pH and the mean
isoelectric points (IEP) were both derived from the streaming potential
experiments. Representative streaming potential curves of YSZ/silica
ceramics with varying silica content are depicted in Fig. 6(A). Addition-
ally a summary of all streaming potential measurements is given in Fig.
S9 of the Supplementary material. The zeta potential of the ceramic
materials ranged between 40 mV and -30 mV and decreased with
increasing pH. The IEP, i.e. the pH value at which the zeta potential
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Fig. 6. (A) Representative streaming potential curves of porous yttria stabilized
zirconia (YSZ)/silica ceramics with varying silica content (vol%). Error bars in-
dicate the standard deviation between 4 individual measurements during one
titration experiment on a single sample. (B) Isoelectric points of YSZ/silica ce-
ramics against silica content (vol%). The gray and black graphs represent esti-
mated and fitted exponential decay functions. The error bars indicate the stan-
dard deviation between 3 individual titration experiments.

equals 0 mV, was derived from linear interpolation of the datapoints.
The IEP values started from pH 9.4 + 0.3 (YSZ/0 vol% silica) and
decreased to pH 1.2 + 0.1 (YSZ/20 vol% silica) with increasing silica
content. The zeta potential curves of YSZ/10 vol% and YSZ/20 vol%
silica samples were very similar. The mean IEPs of YSZ/silica samples
with increasing silica concentration are plotted in Fig. 6(B) and given
in Table 1. The sample IEP was strongly affected by silica additions >
0.1 vol% and approached a saturation value at silica concentrations >
5 vol%: While the addition of 0.1 vol% silica to the YSZ samples shifted
the IEP only by approximately one pH unit to pH 8.5 + 0.3, YSZ/1 vol%
silica samples and YSZ/5 vol% silica samples were characterized by
IEPs in the acidic range at pH 4.7 + 0.1 and 2.7 + 0.2, respectively. A
further increase of the silica contents to 10 or 20 vol% shifted the IEP
to pH 1.5 + 0.5 and < 1.2 + 0.1, respectively.
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Fig. 7. Amount of adsorbed proteins (molecules x 103/nm?) on yttria stabi-
lized zirconia/silica ceramics at pH 7. At pH 7, bovine serum albumin (BSA)
and a-lactalbumin (a-LA) are negatively charged, lysozyme (LYZ) is positively
charged and myoglobin (MYO) has an overall neutral surface potential. The zeta
potential of the porous ceramic materials is schematically indicated.

To showcase the effect of the silica content in YSZ/silica ceramics on
the electrostatic attachment of colloids, protein adsorption experiments
have been carried out at pH 7 using proteins with different IEPs and
sizes. Fig. 7 displays the results of these experiments and schematically
indicates the zeta potential of the different ceramic materials at pH 7
(see also Fig. 6(A)).

A variation in the sign and magnitude of the surface charge had a
large impact on the adsorption behavior of the two negatively charged
proteins BSA and a-lactalbumin (a-LA), while the positively charged
lysozyme (LYZ) and the neutral myoglobin (MYO) exhibited a more or
less stable amount of adsorbed proteins on substrates with varying silica
content. Compared to the other proteins, bovine serum albumin (BSA)
was characterized by the smallest amount of surface-adsorbed proteins,
expressed in molecules per unit area. Approximately 1.1 x 10~3 BSA
molecules per nm? were adsorbed on positively charged YSZ samples
without silica and with a silica content of 0.1 vol%. On negatively
charged samples with 1 to 20 vol% of silica, the BSA amount decreased
from 0.31 + 0.13 to 0.03 + 0.04 molecules x 10~3/nm?. A similar,
though less pronounced effect was observed in the case of a-lactalbumin
(a-LA) adsorption on YSZ/silica samples. The highest a-LA loading
of about 7 molecules x 10-3/nm? was found on positively charged
YSZ/0 vol% and YSZ/0.1 vol% samples. Approximately 2 molecules
x 1073/nm?, i.e. one third of this maximum density, was attached to
samples with a silica content of 5 to 20 vol%. The amounts of adsorbed
LYZ and MYO varied in narrower ranges between 4.97 + 0.42 and
6.69 + 0.59 molecules x 103/nm? in case of LYZ and 4.92 + 0.13 to
7.64 + 0.70 molecules x 10~3/nm? in case of MYO with the maximum
loading on supports with 0.1 vol% silica concentration. No significant
differences in the amount of adsorbed proteins were found when
comparing substrates without silica and with 20 vol% silica.
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4, Discussion

4.1. Effect of silica addition on the microstructural evolution in porous YSZ
ceramics

To effectively alter a material’s electrostatic surface potential via
silica-assisted sintering, the distribution of the glassy phase within the
structure needs to be controlled. Therefore, the densification behavior
of porous YSZ/silica ceramics, their microstructural characteristics
and bending strengths were used to investigate the sintering process
depending on silica addition. The effects of the silica content on the
structure of the unsintered and sintered body as well as on the most
important material properties are schematically summarized in Fig. 8.

The melting of silica is the precondition for the wetting of YSZ
particles by the amorphous silica phase during sintering and is thus
critical for the tailoring of the material’s electrostatic surface potential.
Microstructural images of YSZ/silica samples and their specific surface
area as well as DTA analysis of the solid silica starting material suggest
that the used Aerosil 300 particles melt below the maximum sintering
temperature of 1050 °C. After sintering, single silica particles were
not identified within the sample microstructure by SEM, instead, in
samples with high silica concentrations (20 vol% silica), whole areas of
amorphous silica were present (Fig. 3(H)). The unsintered silica starting
powder Aerosil 300 is highly porous and characterized by a very large
specific surface area of about 270 m?/g compared to the YSZ powder
(~15 m?/g) (Table S3). The moderate specific surface area of the
sintered YSZ/silica materials between 7.0 + 0.5 and 11.7 + 0.1 m?/g
(Table 1) indicates, that the surface area of the silica particles was drasti-
cally reduced during sintering, which would be in agreement with their
melting during sintering. The slight increase in specific surface area with
silica addition can be related to the inhibition of growth of the zirconia
particles (Table 1, Fig. 8). In DTA, the silica starting materials underwent
an overall endothermic process, which started approximately between
200 and 300 °C (Fig. S2A). This process can be interpreted as the onset

oV |
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Fig. 8. Schematic of the proposed microstruc-
ture of different YSZ/silica samples prior to
sintering (unsintered body) and after thermal
treatment (porous ceramic) and the resulting
material properties.

20 vol%

20 vol%

of the glass transition from vitreous solid glass to a flexible plastic phase
[56]. The observed low melting point of Aerosil 300 silica seems to be
related to its extremely small particle size (7 nm). For quartz glass, glass
transformation temperatures around 1200 °C have been reported [57].
The presence of molten silica in the samples and the resulting wet-
ting of YSZ particles by silica gradually changed the predominant sin-
tering mechanisms from pure solid state sintering towards liquid phase
sintering [21,38,40-43,58-61]. Although the ZrO,-SiO, phase diagram
[62] predicts the formation of zircon (Zr[SiO,4]) at the sintering temper-
ature of 1050 °C, XRD results (Fig. S7) confirm that the crystalline phase
composition (monoclinic Zirconia, tetragonal YSZ, traces of zircon) re-
mained unaffected by the silica addition. In silica-free YSZ samples, the
microstructure was characterized by broad contact areas between en-
larged particles (Fig. 3(C), Fig. 8) and a low sintering shrinkage of only
5.1 + 0.4%, which is in agreement with intermediate phase solid state
sintering [59-61]. The addition of silica on the other hand caused an
inhibition of YSZ particle growth in YSZ/silica samples and a round-
ing of particles (Fig. 3(D-H), Fig. 4(A-E), Fig. 8). Amorphous particle
edges in YSZ/1 vol% silica samples indicate the distribution of a very
thin amorphous silica coating on the surface (Fig. 4(E)). This would be in
agreement with the change in surface potential (Fig. 6). The rounding of
particles at sintering necks in YSZ/1 vol% silica samples (Fig. 4(B/E))
indicates a silica accumulation at particle boundaries at least during
sintering and a consequent reduction of internal stresses [21,23,24,36—
38,41,45]. Particle rounding reduces the contact area between single
grains, which could be a reason for the observed lower mechanical
strength. The distribution of the amorphous phase on the surface further
reduces the mass transport via diffusion between the solid YSZ particles
with increasing glass content [27,41,50-52], due to the low solubility
of zirconia in silica [45,62]. Thus, YSZ/silica samples with a concen-
tration of up to 5 vol% silica were characterized by a decrease in sin-
tering shrinkage, particle growth, mean pore window size and strength
and an increase in porosity (Table 1,Fig. 8). At higher silica concentra-
tions > 10 vol% however, the density and strength increased compared
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to YSZ/5 vol% silica samples. This indicates the densification via the
liquid phase sintering processes, such as an enhanced rearrangement
of zirconia particles in a liquefied silica matrix due to capillary forces
[42,43,59-61]. In YSZ/20 vol% silica samples, which were character-
ized by the highest silica concentration, the YSZ particles appear to be
rounded and partially embedded in an amorphous phase. These findings
indicate an intermediate stage liquid sintering process with an almost
complete wetting of the YSZ particles by silica at 1050 °C [21,23,24,35-
38,41,44,45]. Consequently, the applied sintering temperature of
1050 °C was appropriate to form porous bodies by partial solid state
or liquid phase sintering [58,63]. The mean pore window sizes between
71.7 + 2.3 and 93.0 + 0.3 nm (Table 1, Fig. 5) were however larger than
expected for interparticle pores, which are characteristically 2-5 times
smaller than the ceramic starting powder (10 and 30 nm), and the poros-
ity of > 50% was quite large for a partial sintering process [64,65]. These
porous properties can be attributed to the large volume of PVA binder
in the unsintered body, which can act as a space holder or sacrificial
template (Fig. 8). To ensure workability during the preparation of ce-
ramic dispersion, a minor increase of the dispersant (SAD) relative to the
overall particle surface area was necessary. When comparing the silica-
free and the YSZ/20 vol% silica sample, the overall organic content
was increased by 1.9 vol%, which could have additionally increased the
porosity of the system. Since both samples do, however, not significantly
differ in porosity, the influence of SAD addition on the porosity seems
to be negligible. It can be noted that irrespective of the sample type,
the shrinkage of the dried YSZ/samples due to debindering contributed
0.5 + 0.2% to the overall shrinkage due to high temperature treatment.

Partial solid state and liquid phase sintering were effective in
achieving a highly interconnected porous structure, that would allow
for a good accessibility of the modified surface by liquids or colloidal
particles for filtration or adsorption applications.

The packing of YSZ and silica particles during the drying of un-
sintered ceramic bodies could have also affected the oxide’s behavior
during sintering, the distribution of silica in the matrix as well as the re-
sulting ceramic properties [66]. During drying of wet unsintered bodies,
the samples contract due to the evaporation of water until a dry matrix is
reached [66]. If permitted by the large amounts of PVA binder, the YSZ
and silica particles come in contact with each other and rearrange [66].
In samples with a low amount of silica, such as 0.1 or 1 vol%, the small
silica particles might have arranged in the voids between the larger
YSZ powder during drying (Fig. 8). At silica concentrations between
5 and 10 vol% the voids might have been completely filled with silica
particles, such that single silica particles would act as a space holders
and decrease the drying shrinkage (Fig. 8). The spacing of single silica
particles between YSZ particles could have given rise to amorphous film
formation between YSZ particles and closed pores. Especially in 5 vol%
samples, pores might have been trapped inside the silica matrix, which
would have increased the overall porosity while decreasing the mate-
rial’s strength (Table 1, Fig. 8). At high silica levels, e.g. 20 vol%, large
YSZ particles might have been embedded in a fine matrix of silica pow-
der, which would have ensured an efficient packing in the dry state as
well as a complete coating of the YSZ particles during sintering (Fig. 8).

4.2. Modification of YSZ electrostatic surface potentials using silica
coatings

In the previous it has been pointed out how the microstructure of
YSZ/silica ceramics is influenced by powder packing within the uncon-
solidated structure, by the wetting of YSZ particles with silica during
the sintering process and the distribution of the silica melt by capillary
forces. In the following we want to show how the IEP of YSZ/silica
samples (IEP;qn,.) and thus the electrostatic surface potential can be
specifically modified based on the coverage of YSZ by silica (Fig. 8).

The dependence of IEP . on the silica concentration (cg;o, ) is dis-
played in Fig. 6(B). The experimentally derived I E Py,,,(csio,) values
were fitted successfully with an exponential decay function (Fig. 6(B),
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Table 2
Estimated and fitting-derived parameters of I EP,,,,.(cs;o,) in pH units.
IEPyg, TEPg;o, Clayer
Curve fit 9.1 14 1.2
Estimated 9.4 1.2 1.5

Curve Fit). The IEPs of the starting materials YSZ (IEPys,) and silica
(I E Psip,) should serve as the boundary values to this function, with
IEP (g (0) corresponding to IEPygy and IEPgn,,(100) corresponding
to IEPgio,. To recreate the fitted curve (Fig. 6(B), Curve Fit) using
empirically derived values, IEPyg,and IEPg, were approximated
using the IEPs of the silica-free sample (0 vol% silica) and the sample
with the maximum silica concentration (20 vol% silica), i.e. pH 9.4 and
1.2, respectively, which are in reasonable agreement with literature
values [1,17,28].

We further assume that the surface potentials of the accessible YSZ
and silica surface areas contribute equally to the overall IEP of the
porous material [5,16,49,67-69] and that silica forms a coating of uni-
form thickness (hyqy.-) on YSZ particles of uniform radius (rysz). There-
fore, if IEPygy and I E Pg;, are known, IEPy,q,, should be dependent on
the degree of silica coating on YSZ particles. This degree of coating can
be expressed as the ratio of cg;o, to the minimum concentration of silica
that is needed to form a complete layer on the YSZ particles (Clayer)- With
respect to the processing route, ¢4, can indicate a change from a sin-
tering process which is dominated by solid state sintering (cgio, < Ciayer)
to the prevalence of liquid phase sintering (cgio, > Ciqyer) With the above
stated implications on the material properties. ciqy,, can be estimated us-

. (rysz+hiayer)’ ~(rysz) .
ing ¢y, = —2—@er- _1SZ° 100. In our experiments, ryg; = 68.2 nm
y (rysz+hiayer)’

was derived by DLS measurements and h;q,- was approximated by the
height of a single silica tetrahedron, i.e. 0.34 nm [70]. TEM measure-
ments indicate the existence of a thin amorphous layer in that size range
on the YSZ particles (Fig. 4(E)), which can most likely be attributed
to the silica layer. ciqy, was consequently calculated to be 1.5 vol%
(0.6 wt%), which is in reasonable agreement with literature values [30].
Based on the previous considerations, IEP g, can be described by:

—1> (€]

where IEPyg; and IEPg are the isoelectric points of YSZ and sil-
ica derived from streaming potential measurements and Clayer is the
minimum silica concentration needed to form a complete layer on the
YSZ particles, which is calculated based on YSZ particle radius and
0.34 nm as silica coating thickness (see above). The derived function
(Estimated) is contrasted with the experimental values and the fitted
curve (Curve Fit) in Fig. 6(B).

Deviations between the experimentally-derived values and the
curves, especially in the case of the sample containing 5 vol% silica,
could have been caused by variations in the thickness of the silica
coating [16], the width of the YSZ particle size distribution and particle
growth. During liquid phase sintering, the glassy phase could also
have separated agglomerated particles [60], i.e. access a larger particle
surface area than predicted by the DLS particle size. Slow cooling after
sintering might have caused a (partial) dewetting of the YSZ particles
[471, which would lead to an overestimation of ¢;qy,, in the curve fitting
process.

The estimated and fitting-derived parameters for IEPygy, I E Pg;o, and
Clayer (Table 2) are in very good agreement, indicating that Eq. (1) can
indeed be used as a model to describe the function I E Py, (csio,)- We
conclude that the suggested approach is appropriate to estimate the
silica concentration needed for achieving a porous YSZ/silica material
with a specific IEP value and to tailor the electrostatic surface potential.

—¢si0, —¢si0,
— Clay o
IEPWple(cSiOZ) = IEPysy % ¢ o + [EPgo * ¢ o
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4.3. Tailored adsorption capacity of YSZ/silica ceramics

The surface charge of a material can significantly affect other
material properties, such as its adsorption capacity [4,16]. A systematic
modification of the electrostatic surface potentials of YSZ ceramics by
silica addition would thus facilitate the tailoring of the related adsorp-
tion capacity according to a specific application [16]. The process of
protein adsorption is one relevant example from the fields of biocataly-
sis and filtration [2,3,5,18,49,71,72] and has important implications on
biofouling [2,49,67,71-73]. Systematic protein adsorption experiments
showed that a change in zeta potential can indeed significantly affect
the material’s adsorption capacity for proteins (Fig. 7). An increase
in the potential difference between protein molecules and a ceramic
surface generally increases the adsorption capacity of the substrate or
its tendency for biofouling [50]. This trend was clearly reflected in
the adsorption of negatively charged BSA and «-LA: with increasing
silica content, the material’s zeta potential decreased, which drastically
reduced the amount of adsorbed protein. Since MYO was neutrally
charged at pH 7, electrostatic interactions with the surface did not
play a major role in its adsorption and the adsorbed protein amount
remained almost constant with varying electrostatic surface potential
of the substrate. The same trend was however observed for LYZ, which
is positively charged at pH 7 and should therefore interact with a
charged material surface. Due to their respective IEP values [10,54],
the absolute zeta potential of LYZ at pH 7 might even be larger than the
zeta potentials of BSA and a-LA. Due to the complexity of the molecular
protein structure, their adsorption is however not solely controlled by
electrostatic interactions, but it can be affected by their size and struc-
ture, their resistance to conformational changes and heterogeneity of
surface potential and hydrophobicity on the protein surface [53]. Thus
it can be speculated that the strong adsorption of positively charged
LYZ to the outer surface of negatively charged porous structures could
have resulted in a reversal of the surface potential, which might have
prevented the molecules from entering the porous network [74]. This
effect could have been more pronounced in LYZ since it is, unlike
BSA, characterized as a hard protein, which usually does not undergo
conformational changes such as unfolding upon adsorption to a surface
[10,75]. Thus, the different types of proteins (Table S1) did not respond
to variations in surface charge to the same extent.

In conclusion, the adsorption experiments of proteins have shown
exemplarily how the surface potential and the adsorption capacity
of porous YSZ/silica ceramics can be effectively altered due to silica-
assisted sintering. The adsorption capacity of the membranes could be
further tuned by a variation of the pH value during the experiment [19].

5. Conclusion

The fabrication and systematic study of porous YSZ/silica ceramics
with varying silica content has shown the strong influence of silica ad-
dition on the densification behavior, sintering mechanism, on their mi-
crostructural evolution, mechanical properties and particularly electro-
static surface potential and adsorption capacity (Fig. 8). Highly porous
bodies (> 50%) were formed at 1050 °C by using PVA binder as a sacri-
ficial template and partial sintering of the YSZ skeleton. In the sintering
process, a silica melt was formed which gradually changed the sintering
process from solid state sintering to liquid phase sintering with increas-
ing silica concentration (0-20 vol%). The wetting of the YSZ particles
by the amorphous phase during sintering caused an inhibition of mass
transport, particle growth and diffusion-induced densification as well as
a rounding of particles. At high silica concentrations (> 10 vol%), densi-
fication due to particle rearrangements played a major role in the sinter-
ing process, which counteracted the degradation of the material’s bend-
ing strength. Streaming potential measurements revealed that the IEP of
YSZ ceramics can be effectively tailored by silica addition. The IEP of the
YSZ/silica materials was shown to depend on the IEPs of the starting ma-
terials, the silica concentration (cg;o,) in the YSZ/silica samples and the
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mean particle radius of the ceramic main component (ryg;) and could
be described analytically by an exponential decay function. As one rele-
vant application example, porous YSZ/silica ceramics with tailored sur-
face potential have been tested in protein adsorption experiments. Silica-
assisted sintering has shown a great potential for the specified modifica-
tion of oxide materials with respect to their zeta potential and the related
adsorption capacity. Using silica-assisted sintering, stable surface mod-
ifications were achieved without the use of chemical post-processing
functionalizations. This processing strategy shows great promise for the
development of advanced technical oxidic materials that can be used as
immobilization substrates in bioreactors, filters or biomaterials.
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