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Yttria-stabilized zirconia (8YSZ) synthesis in a
supercritical CO,-assisted process: a parametric
study for achieving cubic phase stability
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Yttria-stabilized zirconia (YSZ) with a yttria content beyond 8%, is especially interesting for its high
ionic conductivity in the high-temperature range (700-1000 °C). Thereby, cubic YSZ properties make it
a useful ceramic material for electrodes or electrolytes in various applications, such as solid oxide cell
(SOC) technologies for energy conversion or oxygen sensors. This work aims to propose an alternative
microstructure, hopefully, to improve material features. Adapting a sol—gel-type process that involves the
use of supercritical CO, (scCO,) to stabilize doped-zirconia nanoparticles in their cubic structure allows
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the crystallization of powders at temperatures as low as 250 °C. The resulting powders are very fine, with
large specific surface areas around 50-150 m? g~% low agglomeration, and small-sized crystallites
DOI: 10.1039/d4nj00976b around 8-10 nm. After studying the effect of the operating conditions on the stabilization of the cubic

crystalline phase, a well-adapted powder was selected and characterized in detail with respect to its
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Introduction

Zirconia has aroused significant interest for its thermal resistance,
chemical inertness and low thermal conductivity." These proper-
ties make zirconia an attractive ceramic material for high-
temperature-resistant applications, alongside alumina and
silica.” The doping of zirconia with aliovalent cation oxides, such
as CeO,, CaO, La,03, Sc,0; or Y,0;, makes it even more interest-
ing. Indeed, the creation of atomic vacancies gives the material its
ionic conductivity, allowing the transport of O>~ oxide ions.*”
Moreover, Zr*" cation substitution also stabilizes the high-
temperature crystalline phase (cubic or tetragonal) of zirconia at
room temperature. The Kroger-Vink notation for the crystal defect
creation induced by the substituting yttria Y,Os is given below.°

Y,05 — 2Y,, + 308 + Vo 1)

The ionic conductivity of yttria-stabilized zirconia (YSZ) is max-
imized in its cubic structure when the yttria content is 8%,
exceeding 0.1 S cm™ ' at 1000 °C.”® Therefore, YSZ materials are
applied in the fields of oxygen sensors, catalyst supports and
thermal barrier coating. In particular, YSZ has been extensively
studied for its application in solid oxide electrolyzer cells/fuel cells
(SOEC/SOFC) for its high ionic conductivity at high temperatures
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microstructure, and its thermal behavior was investigated to eventually prepare an electrode/electrolyte.

(700-1000 °C), low cost, expansion coefficient (compatible with
other components), and availability and chemical stability over
scandium- or ceria-based ionic conductors.>* ™!

Significant efforts have been made in the past decades for
the synthesis of YSZ nanoparticles in order to develop low-cost
and robust synthesis methods and to improve their durability in
high-temperature applications.'>"” Particular attention is gener-
ally paid to the powder microstructure as the morphology is
closely linked to the properties of the material (ionic conductivity,
sintering behavior, durability, and mechanical strength)."*
Indeed, the ionic conductivity can be impacted by chemical
parameters, such as the Y** concentration and oxygen partial
pressure, or by structural parameters, such as the layer thickness,
density, or particle sizes."®*° The sinterability of the obtained
powders is also a key parameter for material processing in order
to achieve a highly dense material for an electrolyte or a porous
support. Moreover, reducing the particle size induces the low-
ering of sintering temperatures as the surface energy increases
owing to the increasing surface area.”’”* This provides a con-
siderable advantage for large-scale industrialization in terms of
reducing the manufacturing cost and time.

Besides energy-intensive processes such as solid-state synthesis
or mechanosynthesis, YSZ powders are usually synthesized by co-
precipitation and sol-gel routes.’®'*'”** Even if these two tech-
niques may provide relatively small particles, some drawbacks
persist, like the poor phase control in the former and the
agglomeration of particles in the latter.”*> Moreover, these
synthesis methods require costly and energy-consuming steps,
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such as solvent removal and a high-temperature treatment for
powder crystallization. In this work, the supercritical CO, (scCO,)-
assisted synthesis was chosen as an alternative route due to its
specific properties. Thanks to its high diffusivity, low surface
tension and modular solvent power, scCO, enables the synthesis
of nano-structured powders with high specific areas.”»**>° The
use of scCO, as a solvent could thus allow for avoiding the energy-
intensive size-reduction step, implementing a bottom-up strategy
for SOC manufacturing.*® Moreover, a supercritical treatment also
allows the lowering of the crystallization temperature, which helps
to avoid high-temperature treatments that are usually required for
sol-gel and precipitation processes.

This work relies on the use of a supercritical route that was
developed in previous works.*' The original route was optimized
to elaborate tetragonal zirconia polycrystal (Y-TZP) with 4%, of
Y,0;. Using pentane as a co-solvent for the reactants solubiliza-
tion, 50-250 nm wide particles constituted with 15-30 nm
crystallites were obtained. The specific surface area of the
powders was up to 100 m* g . Nevertheless, it was observed
that the increase in Y,O; content up to 8 mol% in the crystal
resulted in the destabilization of the cubic structure, leading to
the formation of tetragonal and monoclinic zirconia after ther-
mal treatment at 1150 °C.** This unstable cubic structure was
related to an inhomogeneous distribution of the Y** cations into
the ZrO, matrix. The purpose of the present work is to adapt this
supercritical route to the synthesis of stabilized cubic YSZ. To do
so, the feasibility of the synthesis at 250 °C was first demon-
strated. The effect of different synthesis parameters, such as the
reagent solubilization and the operating conditions (P & T), were
investigated. Finally, a powder was selected and a study of its
temperature behavior was carried out.

Experimental
Chemicals

YSZ syntheses were performed with zirconium(v) acetate hydro-
xide (CH3CO,),Zr(OH),, x +y ~ 4 (Sigma-Aldrich) and yttrium(ur)
acetate tetrahydrate (CH3CO,);Y-4H,O (Alfa-Aesar, 99.9%). The
molar mass of zirconium acetate hydroxide was estimated to be
213 + 3 g mol . The pre-solubilization was performed in pentane
(Sigma) as a co-solvent and nitric acid (Supelco, 65%,,,) was added
to the solution.

Solubilization of the reactants. 5 g of zirconium acetate
hydroxide and 1.66 g of yttrium acetate tetrahydrate were mixed
with 50 mL of pentane. According to the experiment, 5, 8 or 10
mL of nitric acid were added to the solution, leading to a gel
formation. The Y/Zr ratio ensures the full stabilization of the
cubic YSZ, corresponding to a theoretical composition of
9.8%mo1 Of Y,0; in the starting solution and to a theoretical
formula Zr,g,Y0.1501.01 after oxidation. After being mixed at
800 rpm for 20 h, the obtained gel and its supernatant are
recovered, and the synthesis step is carried out.

Synthesis procedure without scCO,. A blank experiment
(reference) was conducted by applying a thermal treatment to
the reactant mixtures without any supercritical treatment. For
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this synthesis, the starting solution contained 8 mL of nitric
acid. The synthesis took place in a muffle furnace under air at
250 °C for 1 h with a 10 °C min~* heating rate. The dried
powders were then recovered and analyzed.

Synthesis procedure in scCO,. The synthesis is carried out in
a reactor provided by maximator/autoclave, set up to work in
batch mode with a capacity of 500 mL, and described in detail
in previous work.*!

After ageing the reactant solution for 20 h, the mixture is
inserted in the reactor, which is then sealed. Some CO,
(between 40 and 50 bar) is added, the stirring is set up at
650 rpm and the heating is started (the pressure increases with
the rising temperature). The pressure and temperature are
maintained for 1 h. At the end of the stage, the heating and
the stirring are stopped. The reactor is depressurized, and the
pentane co-solvent and unreacted precursors are exhausted
with CO,, enabling the recovery of solvent-free, dried powders.

Thermal treatments of the prepared YSZ powder. After being
recovered, the powders were analyzed as synthesized. The powders
were also successively calcined at 400 °C for 4 h and then at
1150 °C for 2 h. The former thermal treatment (TT) enables the
removal of organic residues (solvent traces, secondary products),
and the latter enables the verification of the stability of the crystal
structure of YSZ and the simulation of a sintering phase. Addi-
tional thermal treatments were also performed in the selected
powder. After the calcination at 400 °C, other thermal treatments
were successively performed at 450, 650, 850 and 1050 °C for 2 h at
each step.

Pellet preparation and density measurement. The sintering
behaviors were further analyzed for the selected powders with a
two-step preparation method. To do so, YSZ powders were calcined
at 900 °C for 1 h under air. Then, 500 mg of the pre-sintered
powders were mixed with 2%p,,ss Of polyvinyl alcohol (PVA)
(Sigma-Aldrich, M, 89 000-98 000, 99+% hydrolyzed). The powders
were dry-mixed using a mortar with a few ethanol droplets. The
mixture was then compressed (25.5 kPa) into 10 mm diameter
pellets and sintered in a muffle furnace under air. The sintering
was performed at 1400 °C for 4 h, with a 10 °C min™" heating rate.

Material characterization. Structural analysis of the powders
was performed by X-ray diffraction with a PANalytical X'Pert PRO,
using the 1.5406 A wavelength of Cu(Kv). The 2015 ICDD PDF-2
database was used for the pattern identification. The desired
structure for the cubic YSZ powders belongs to the Fm3m space
group and COD 1528644 served as a reference. The reference for
the undesirable monoclinic phase was the P2,/c (COD 2108450).
Finally, the Scherrer equation (eqn (2)) was applied to the diffrac-
tograms in order to estimate the crystallite sizes.*®

k></1]<y

D, = =K
st FWHM x cos 0

(2)
ks a correction coefficient set to 0.89,>%° /. is the wavelength of
the X-ray, 0 is the Bragg angle, and FWHM is the full width at half
maximum. The formula was applied to the (111) peak of the cubic
doped zirconia.

The morphology and microstructural aspect were studied by
nitrogen porosimetry with an ASAP 2020 (micromeritics), and
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SEM imaging was done on a Zeiss Merlin either after resin
embedding and polishing or simply observing the raw powder.
The specific surface areas were calculated using the BET theory,
while the pore size distributions were given according to the
BJH theory (desorption branch). Moreover, the particle size
distribution analysis was carried out with a Mastersizer 3000
(Malvern Panalytical) by dispersing the powder in water using
ultrasound.

In addition, some thermogravimetric analyses (TGA) coupled
with differential scanning calorimetry (DSC) were carried out to
quantify the volatile/organic fraction of the samples. The samples
were heated to 1000 °C with a 10 °C min " heating rate.

Results and discussion
Feasibility of crystallization, without calcination

During the maturation of the reactant solution, a gel appears
after the addition of nitric acid. The gel formation is attributed
to hydrolysis/condensation reactions, leading to the formation
of a polymer network of metallic cation (Zr*", Y**) complexes.
The XRD analysis of the blank experiment (furnace treat-
ment without supercritical CO,) shows that the obtained pow-
der is completely amorphous (Fig. 1), confirming that a 250 °C
thermal treatment is not sufficient for crystallization.
Thermogravimetric (TGA) experiments were conducted on
the furnace powders (Fig. 2). The profile shows a total mass loss
of 65% at 500 °C. The first slope, at around 150 °C, is attributed
to the water loss (around 10%p,,ss). The powders face a con-
sequent mass loss of about 55%ass (€quiv. to 60% from the dry
powders). Given the fact that no crystal formation was
observed, this mass drop may be the consequence of the ZrO,
and Y,0; oxide formations (from intermediary species). The
theoretical mass drop of the full oxidation of the unreacted
hydroxyacetate/acetate Y & Zr precursors is 47%mass, Which is
not close to the 60%p,ass Observed (eqn (3)). Assuming that all
the organometallic Y & Zr compounds were converted into
nitrate compounds (reaction with nitric acid), the theoretical
mass loss associated with the oxide formation is about 63% ;45
(eqn (4)). In comparison, the mass loss starting from the
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Fig. 1 Diffraction patterns of the furnace-synthesized powder and the
powder synthesized in supercritical CO, before and after thermal treat-
ment at 1150 °C.
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Fig. 2 TGA analysis of the powders obtained by calcining Zr** and Y**
solutions without supercritical treatment and treated in air at 250 °C for 1 h
compared to the one obtained with the scCO, treatment at 250 °C for 1 h.

hydroxide compounds is only 22%. The complex compounds
must have almost all been converted into nitrate salts with a
few hydroxide ligands.

0.83 x Zr(CH;CO,),(OH),+0.17 x Y(CH;CO2),

v )
27% mass losy Zr083Y0.1701.91
0.83 x Zt(NO3),+0.17 x Y(NO3),
63% mass loss (4)
—— Zr083Y0.1701.91
0.83 x Zt(OH),+0.17 x Y(OH),
(5)

22% mass loss
_—

Zr083Y0.1701.91

These results indicate that a thermal treatment of the reactant
solution at 250 °C for 1 h is not sufficient to convert the
reactants into their respective oxides. Indeed, in typical sol-gel
reactions, the firing of the gel is performed at higher tempera-
tures (above 600 °C). Moreover, the TGA experiment indicates
that during the maturation of the reactant solution, the com-
pounds are converted to nitrate salts. These furnace powders are
oxidized after further calcination (>400 °C), with the appear-
ance of both cubic/tetragonal and monoclinic phases.

To illustrate the effect of the supercritical treatment, a
synthesis was performed by applying supercritical treatment
to a reactant mixture with the same acid amount (8 mL). The
temperature was kept at 250 °C as well, and the CO, pressure
during this stage was maintained at 280 bar. The recovered
powder shows a small TGA loss of mass at a low temperature

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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(3%pmass at 300 °C), followed by a slope at around 400 °C (Fig. 2).
In comparison with the furnace treatment, the mass loss is
much smaller, representing only 16%,,,ss in total at 500 °C.
This significant difference emphasizes that a better chemical
conversion is achieved during the scCO, synthesis in only 1 h
and that the powders are already oxidized before the analysis.
The mass loss associated with the supercritical powder can be
attributed to the removal of organic compounds remaining
from the precursors’ ligands and/or unreacted reactants. More-
over, the XRD analysis shows the appearance of a crystal
structure corresponding to the formation of nano-crystallites
of monoclinic zirconia (Fig. 1). Despite obtaining the undesir-
able phase of zirconia, the XRD analysis emphasizes that the
crystallization can occur at low temperatures with scCO,,
whereas calcination under air seems to only evaporate the
solvent.

According to Adschiri and collaborators, in the case of
supercritical water, the nanoparticle formation is induced by
a decrease in the reactant solubility in the supercritical state,
leading to a fast nucleation of oxide clusters.*® Also, the ability
of the increasing pressure to lower the crystallization tempera-
ture and to generate nanoparticles is already observed for
hydrothermal/solvothermal syntheses.’” The pressure effect is
interpreted as a way to fasten the mass transfer, allowing fast
reaction rates. Thus, a potential explanation for the monoclinic
phase formation could be the nucleation of zirconia ZrO, alone
during the supercritical treatment. The poor yttrium content in
the crystal then does not result in the stabilization of the
cubic phase.

For both the furnace and the scCO, powders, thermal
treatment at 400 °C for 4 h allows the formation of cubic/
tetragonal crystal structures with large peaks that prevent the
identification of monoclinic peaks. Further thermal treatment
at 1150 °C results in the sharpening of the diffraction peaks
because of the crystallite growth. Thus, it permits revealing if
any diffraction peaks overlap, especially when monitoring the
possible presence of monoclinic zirconia. In both cases, the
thermal treatment enables obtaining tetragonal/cubic yttria-
doped zirconia with traces of the monoclinic phase.

SEM images show that furnace-synthesized powders do not
have well-defined particles but a cloudy amorphous solid phase
with large aggregates (Fig. 3). On the other hand, scCO,-
synthesized powders exhibit small and well-defined particles with
a likely homogeneous size distribution. These particles consist of
primary grains aggregated between each other according to the
crystallite size determined by the XRD analysis.

scCO,, synthesis - chemical and process parameters influence

In the previous part, it was shown that the supercritical media
promotes a high reactivity at temperatures as low as 250 °C,
with some crystal structure formation. However, many para-
meters are to be optimized in order to obtain fully stabilized
zirconia.

Effect of the acid content. Firstly, the acid content of the
initial mixture was investigated. The nitric acid concentration
was chosen according to a previous work on 4Y-TZP (tetragonal
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Fig. 3 SEM images of powders synthesized (a) by calcination and (b) in
supercritical CO, at the reactor outlet.

zirconia polycrystal),®® where the dissolution of yttrium
reagents was shown to be limiting the cubic phase stabilization.
In these works, the nitric acid concentration was set to 1.3 M in
order to properly dissolve the yttrium precursors. Thus, this
concentration was increased along with the yttrium content in
the 8YSZ synthesis, reaching 2.0 M. The good dissolution of the
precursors is essential to ensure the homogeneous dispersion
of yttrium ions inside the zirconia crystal lattice and prevent
any monoclinic phase formation. In the first place, the poor
crystallinity obtained with the first experiment (Fig. 1) was
attributed to a lack of solubility of the reagents, leading to a
bad mixing of the metal cations in the solution. Several
syntheses with 5 mL (1.3 M), 8 mL (2.0 M) and 10 mL (2.4 M)
were tested without changing the other parameters (250 °C, 280
bar) and were analyzed by XRD (Fig. 3).

The crystal structure analysis of the obtained powders
appears to be in contradiction with what was expected. Indeed,
as the acid content increases, the crystallinity of the as-
synthesized powders decreases (Fig. 4). The A5-powder made
from the less acidic solution (5 mL) exhibits diffraction peaks
indicating a tetragonal/cubic phase, whereas the diffractograms
of other powders show the presence of monoclinic phases, with
very low intensity peaks. This analysis reveals that only a few Zr
compounds are oxidized and crystallized into small monoclinic
crystallites at high acid contents. Despite a potential reactivity
between Y and Zr cations, no YSZ crystal formation is observed.
The nitric acid does dissolve the organometallic complexes, but
it prevents the reaction from taking place at high contents.
Then, it was shown that the monoclinic phase remained even
after the calcination of the powders at the highest temperature
tested (1150 °C, 2 h) (Fig. 5 and 6). At this stage of the study, it
seems that the lower the acid content, the better the crystal-
lization. This behavior is attributed to a degradation of the gel

New J. Chem., 2024, 48,10374-10383 | 10377
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Fig. 4 Diffractograms of the as-synthesized powders at 250 °C and
280 bar, with different nitric acid contents in the starting solution.
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Fig. 5 Diffractograms of powders synthesized with 5 mL nitric acid at
250 °C and at different operating pressures, before and after thermal
treatments (400 °C for 4 h + 1150 °C for 2 h).

by the high nitric acid content, leading to a weak interaction
between the intermediate compounds Y and Zr.

Effect of pressure. After testing the effect of the acid content,
the impact of pressure was investigated. First, the acid content
was maintained at 5 mL (1.3 mL), and the temperature was
maintained at 250 °C as well. Three experiments were con-
ducted at 120, 200 and 280 bar. The XRD characterizations show
that an increasing pressure has a positive effect on the crystal-
linity of the powders (Fig. 5). While the P120 sample is mostly
amorphous, crystalline powders were obtained for samples
synthesized with higher pressures (A5T250-P200 and -P280). A
small decrease in the crystallite size was noticed, shifting from
13 nm to 10 nm when the pressure was raised from 200 to
280 bar. The two crystallized powders exhibit specific surface
areas close to 80 m”> g~ .
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Fig. 6 Diffractograms of powders synthesized with 8 mL nitric acid at

250 °C and at different operating pressures, before and after thermal
treatments (400 °C for 4 h + 1150 °C for 2 h).

This positive impact of the pressure on the crystallization
was expected, as in supercritical CO,, the solubility of organo-
metallic compounds increases with the increasing pressure.*®
In addition to the fast diffusivity promoted by the supercritical
media, the solubility enhancement is likely to promote the
reaction rate of crystal oxide formation.

Moreover, besides the solubility increase, the diffusivity
decreases with the increasing pressure.’® In these conditions,
the nucleation of crystal clusters may be favored over the crystal
growth. Thus, the grain size is expected to be smaller at high
synthesis pressure. Indeed, a small crystallite size reduction is
observed when raising the pressure from 200 bars to 280 bars
(Table 1). However, no specific surface area evolution is observed.
This unchanged surface may be due in part to measurement
uncertainty, which has not been discussed.

Several syntheses were also performed with the other acid
contents (8 and 10 mL) at different pressures (120, 200 and 280
bar) (samples [A8/A10]-T250-[P120/P200/P280]). However, only a
few experiments led to crystallized powders at the end of the
reaction without the monoclinic phase.

The experiments leading to crystallized powders include the
two A5 experiments (A5T250-P200 and -P280) and the A8T250P200
one. The latter exhibits weak diffraction peaks, indicating a low
crystallinity or formation of really small nano-crystallites (Fig. 5).
Even though a positive impact of the pressure was observed for the
A5-powders, the reverse effect was observed with the A8-powders
(Fig. 6). Indeed, with the highest pressure, monoclinic phase
diffraction peaks were observed without cubic/tetragonal struc-
tures, while the desired structure was obtained at 200 bar
(A8T250P200). This outcome leads to the hypothesis that, even if
the pressure helps the powder crystallization, it may also promote

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 1 Characteristics of the powders, as synthesized in scCO, and after the 2 h thermal treatments at 1150 °C (TT). Each experiment is named
according to the acid volume, temperature and pressure of the experiment, respectively, preceded by the letters A, T and P

As synthesized TT 1150 °C-2h

Acid

quantity Temperature Pressure SS BET Crystal “C” Crystallite Crystal “C” Crystallite
Sample reference (mL) (cQ) (bar) (m*>g™") structure size (nm) structure size (nm)
A5T250P120 5 250 120 133 m C/T 54
A5T250P200 200 81 C/T 13 C/T+m 42
A5T250P280 280 81 C/T 10 C/T+m 44
A8T250P120 8 250 120 m C/T+m 39
A8T250P200 200 78 C/T 5 C/T+M 34
A8T250P280 280 153 m C/T+m 38
A10T250P120 10 250 120 98 m C/T 40
A10T250P200 200 63 m C/IT+M 30
A10T250P280 280 81 m C/T+M 38
A10T300P120 10 300 120 139 M C/T 51
A10T300P200 200 150 C/T 7 C/T 54
A10T300P280 280 95 C/T 41

C = cubic; T = tetragonal; M = monoclinic (lower case “m” in case of residual signal). SS BET = specific surface area evaluated with BET equation.

the monoclinic zirconia formation (with inhomogeneous yttrium
incorporation).

After a thermal treatment of the powders at 400 °C for 4 h, all
the powders exhibit a cubic/tetragonal phase with crystallites
whose dimensions are between 8 and 10 nm. By firing the
powders at 1150 °C (Fig. 4-6), the induced crystallite growth
allows to check for the presence of other crystalline phases and
the stability of the cubic phase that has been formed.

The structural analysis of the sintered powders is in line
with the previous theory on the destabilization of the desired
cubic structure: for each acid content tested, all the powders
synthesized at 120 bar (-P120 powders) are monoclinic-free,
while monoclinic peaks were observed for the highest pres-
sures. For A5-powders, only monoclinic traces were observed on
the -P200 and -P280 powder diffractograms. This calcination
step allows us to show that this set of experiments can lead to
the synthesis of YSZ powders at 250 °C. The obtained powders
contain 30-55 nm-sized crystallites after the 1150 °C calcination
step. According to these experiments, both A5T250-P200 and
-P280 experiments were retained, as the powders obtained are
crystallized in the correct phase.

Effect of temperature. The crystallization criterion of the
powders obtained is important, as it makes the supercritical
route a synthesis route on its own without requiring a high-
temperature treatment. Along with the crystallization of the
powders, the structural requirement to obtain cubic/tetragonal
powders is also important. However, among all the powders
synthesized at 250 °C, the synthesis conditions that fulfilled this
criterion were limited, and the obtained powders were poorly
crystallized. To enhance the powder stability, and study the effect
of temperature, a series of experiments were conducted at 300 °C.
As monoclinic phases were obtained regardless of the acid
amount with -T250-synthesis, the acid content was maximized
during the next experiments (A10-) in order to ensure that every
reactant is solubilized. Thus, three experiments were conducted
at 300 °C, with 10 mL of nitric acid in the starting solution, with

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

different pressures during the supercritical treatment (A10T300-
P120, -P200 and -P280 experiments). First, the crystalline struc-
tures of the powders were analyzed at the reactor outlet (Fig. 8).

During the T250 series of experiments, it was observed that
the A10T250 powders were mostly crystallized in the mono-
clinic phase. The results were attributed to a degradation of the
gel by nitric acid during the maturation phase, leading to the
destabilization of the cubic/tetragonal phase. This monoclinic
phase was also observed after the thermal treatments (Fig. 6).
However, an increase in the temperature led to a crystalline
powder at 200 bar (A10T300P200). The A10T300-powders exhi-
bit an opposite behavior in comparison to the powders synthe-
sized at 250 °C, with an absence of crystallinity for the high-
pressure synthesis (-P280) and with a destabilization of the
cubic/tetragonal phase at the lowest pressure (-P120). The high
acid amount combined with high pressure and high-
temperature conditions may result in a drastic increase in the
reactivity of nitric acid molecules. This high reactivity may be
the reason for the gel degradation for the A10T300P280 sample.
The crystallization at the intermediate pressure again illus-
trates the dual effect of the pressure on the reaction.

The A10T300P200 powders were kept for their crystallized
structure at the reactor outlet, even though a small quantity of
monoclinic phase is observed with a small diffraction peak.
Moreover, the powders exhibit a fine microstructure, with a high
specific surface area of 150 m® g~ ' and 7 nm diameter crystal-
lites. Finally, its cubic/tetragonal structure is stable after the
1150 °C thermal treatment and no more monoclinic structure
was observed (Fig. 7).

Thermal treatments and microstructure evolution

After the study of the influence of operating parameters on
crystalline phase stabilization, the optimized parameters involve
the supercritical treatment of the starting solution containing
10 mL nitric acid at 300 °C and 200 bar (A10T300P200 powder).
The powders exhibit a specific surface area of 150 m* g~ * with
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Fig. 8 Diffractograms of powders synthesized with 10 mL nitric acid at

300 °C and at different operating pressures before and after thermal
treatments (400 °C for 4 h + 1150 °C for 2 h).

7 nm crystallites at the reactor outlet. The porosimetry analysis by
nitrogen adsorption/desorption is shown in Fig. 9. The isotherms
and the pore size plot reveal the presence of micropores and
mesopores with a diffuse size distribution. The pore size dis-
tribution exhibits two weak maxima around 6 nm and 20 nm. In
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Fig. 9 Particle size analysis in water of the selected powders
(A10T300P200) after the 400 °C thermal treatment (4 h).

all the pore size distribution plots, the high-intensity fine peaks
appearing around 2 nm are spurious. These artifacts are the
result of the gap between the adsorption and desorption branches
of the isotherms.*® The BET-specific surface area was compared to
the theoretical geometrical surface of the crystallites. The calcula-
tion of the latter was based on the assumption that crystallites
were spherical. The surface area for the untreated powder was
shown to be close to the geometrical surface that was calculated,
which is about 170 m* g~ ' for spherical YSZ crystallites. This
comparison emphasizes a low particle aggregation of the powders,
which is an important argument for the supercritical route, as the
powders do not require a size reduction by milling or an aggregate
breaking step. A particle size analysis showed that the grain size
distribution is centered around 400 nm, with a few wider particles
reaching 100 pm (Fig. 9). However, the granulometry of the
particles was measured without the presence of a dispersing agent.

Fig. 10 SEM images of the A10T300P200 powder after (a) a 400 °C
thermal treatment for 4 h and (b) after an additional treatment at
1150 °C for 2 h.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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A lower particle size distribution may be obtained with a disper-
sant combined with ultrasound. SEM images highlight the fine-
ness of the particles, with a low agglomeration (Fig. 10). Some
areas appear denser but still consist of small primary particles with
small pores in between.

The thermal behavior of the powder was studied by measur-
ing the crystallite size and the specific surface area evolution
through a series of thermal treatments (Fig. 11). It was shown
that the surface area is decreasing significantly beyond 450 °C,
while the mean crystallite size really starts to increase beyond
650 °C. This gap between the collapsing surface area and the
crystallite growth shows that the sintering of the crystallites
starts at low temperatures. The crystallites growth is starting
only at higher temperatures. The collapse of the specific
surface area is due to the disappearance of the open micro-
pores, with the centering of the pore size toward wider pores,
around 20 nm. Based on the SEM analysis, after the 1150 °C
thermal treatment, the powder still exhibits a much-dispersed
structure (Fig. 12). The intra-particle porosity loss does not
seem to affect the appearance of the powder on a moderately
close-up view.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Pellet shaping and sintering

The thermal behavior of the powders was also studied to select
a temperature for the pre-treatment of the powders before
processing. Indeed, the small dimension of the powders pre-
vents them from being shaped by compaction into a final
material (pellet breaking). Therefore, a two-step sintering was
performed on the pellet.

Thereby, the A10T300P200 powders were briefly calcined at
900 °C under air for 1 h before being shaped into a pellet. The
obtained density of the pellet was close to the theoretical density
of YSZ (5.93 g cm™>). The apparent density of the pellet calculated
from the caliper measurement was estimated to be 92% of the
theoretical value, while the helium pycnometer measurement of
the sintered pellet led to a 99% skeletal relative density value. The
differences between those two values may be the result of the
uncertainty of pellet volume measurement for the former, or by
the presence of a residual porosity at the pellet surface for the
latter. The high density obtained shows that the powders may be
suitable for dense electrolyte processing.

Conclusion

The purpose of this work is to adapt a supercritical CO,-assisted
process for fine YSZ particle generation. This route enabled the
synthesis of dried crystallized powders at a temperature as low as
250 °C during the supercritical treatment. A parametric study was
conducted to optimize the operating parameters in order to obtain
the cubic YSZ structure without a monoclinic phase. It was shown
that the pressure has a dual effect on the crystal formation: an
increasing pressure promotes both the powder crystallization and
destabilizes the cubic structure into a monoclinic structure. The
nitric acid content in the starting solution also shows contradictory
effects: on the one hand, a high acid content degrades the pentane
gel, leading to monoclinic zirconia formation, and on the other
hand, it also allows the full solubilization of the reactants. After
studying these two parameters, the impact of the temperature was
investigated, revealing that an increase in the temperature from
250 °C to 300 °C improves powder crystallization, as expected.
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Finally, the supercritical treatment was performed at 300 °C
and 200 bar. The obtained powder exhibited a high specific
surface area of around 150 m* g ', small crystallites below
10 nm with low agglomeration, and a fully stabilized cubic phase.
This fine morphology may be interesting for a catalyst substrate.

The sintering behavior of the obtained powders was then
investigated, following the evolution of the microstructure up
to 1150 °C. The sintering of the powders starts at low tempera-
tures, and a highly dense material was obtained. In addition to
this work, measurements of ionic conductivity with tempera-
ture by EIS of the pellets will be performed. These measure-
ments will enable us to check whether the powders are suitable
for integration into a solid oxide cell. A study of the ionic
conduction of the material would be an interesting addition to
this work. The evaluation of the synthesized material as a dense
electrolyte or as a catalyst support with a great catalyst disper-
sion would be a considerable step forward in the evaluation of
the benefits of supercritical CO, for ceramic material synthesis.
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