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1. Introduction

Aerogels are highly porous materials, which are composed of in-
terconnected nanoparticles in an open mesoporous 3D structure [1].
Generally, the formation of aerogels involves the formation of a col-
loidal suspension (sol), that is followed by the transition of the sol into a
gel, and finally, the extraction of the solvent while keeping the solid
backbone intact [2,3]. They are excellent candidates for thermal and
acoustic insulation, radiation detectors, drug delivery systems and
catalyst supports [4-6].

Zirconia (ZrO,) is a high-temperature oxide which has excellent
heat resistance, high toughness, abrasion resistance and chemical re-
sistance. It has been studied for several applications in catalysis, in
engineering as a structural material and as a semiconductor [7,8]. In
order to improve the performance of ZrO,-based materials, a high
surface area and the phase stability of zirconia are desirable char-
acteristics. Pure ZrO, is a polymorphic oxide that has three well-known
thermodynamically stable crystalline phases: i) the monoclinic phase
(m-ZrO,) which is stable from room temperature to 1170 °C, ii) the
tetragonal phase (t-ZrO,) which is stable between 1170 and 2370 °C
and iii) the cubic (¢c-ZrO,) phase exists between 2370 and 2680 °C A
metastable tetragonal zirconia is also known and can be stable below
650 °C [9]. The crystalline phase of zirconia affects its macroscopic
structural and textural properties, such as the specific surface area,
porosity, density and particle size. When zirconia is stabilized in the
tetragonal phase, high strength, toughness and wear resistance rise.
Several studies have indicated that pure t-ZrO, can be stabilized in the
nanoscale at temperatures lower than 1170°C under well-adjusted
synthetic conditions [10-12]. The calcination temperature (from 400 to
700 °C) has a direct effect on the transformation of zirconia from t-ZrO,
to m-ZrO,, and that this transformation is accompanied by the growth
of the crystallite size. In addition to the structural stability of zirconia,
the textural properties, such as the surface area, are also affected by the
synthetic methods [13-17]. In spite of the numerous efforts to produce
zirconia aerogel monoliths, the resulting ceramics have poor thermal
stability that renders them less attractive in high temperature applica-
tions.

Several chemical approaches are focused on the stabilization of t-
ZrO,. One approach is the doping of zirconia by di- or trivalent cations
(M3*, M?*) with suitable ionic radii in order to replace the Zr** in the
sublattice. The charge in these hybrids is balanced by the formation of
oxygen vacancies. A representative example is the case of Y2* ions, the
use of which results in the stabilization of high-temperature zirconia
phases at room temperature. Typically, 6-8 mol % of ZrO, is substituted
by Y503, and the resulting hybrid is called yttria-stabilized zirconia
(YSZ) [18-20]. Also, several attempts have been reported to enhance
the crystallinity, as well as the mechanical properties of zirconia
aerogels by hybridization with silica [21-23]. It is important to un-
derstand the role of critical variables affecting the stability of t-ZrO, in
monolithic aerogels in order to fine tune the macroscopic character-
istics [10,19,24].

In spite of the large variety of the above mentioned approaches,
much less work has been devoted to investigate the intimate effect of
heat treatment on amorphous ZrO, and YSZ aerogels. In this paper we
report the synthesis of monolithic ZrO, and YSZ aerogels through a
facile acid-catalyzed sol-gel method. We thoroughly investigate the
effect of heat treatment on the crystallographic evolution and the phase
stability of both systems starting from the as-prepared amorphous
aerogels.

2. Experimental
2.1. Materials

All chemicals were purchased from Sigma-Aldrich and used as re-
ceived. Zirconium(IV) propoxide (Zr(OCsH;)4, 70 wt% in n-propanol),
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yttrium(III) nitrate hexahydrate (Y(NO3)3-6H50), nitric acid (HNOs,
70%), acetone and n-propanol (anhydrous) were used for the synthesis.

2.2. Synthesis of wet gels

ZrO, wet gels were prepared in the following 4 steps: i) a 1 M HNO;
solution was prepared in n-propanol (catalyst solution); ii) in a separate
beaker, 2.5 mL zirconium(IV) propoxide was mixed with 12.5mL n-
propanol and with 0.75 mL catalyst solution under continuous stirring
(solution A); iii) a third solution was prepared from 0.75 mL distilled
water and 12.5 mL n-propanol (solution B) and iv) solution B was slowly
added to solution A and stirred vigorously with a magnetic stir bar for
5min [25]. After these steps, the mixture was poured into cylindrical
plastic molds, hermetically sealed and let to stand at room temperature
for one day in order to form the wet ZrO, gel. The final molar ratio of Zr
(OC3H;)4, HNO3 and H,O were 1:2:3.

For the preparation of YSZ wet gels, yttrium(III) nitrate was initially
dissolved in the mixture of n-propanol and HNO; (solution B), before
zirconium(IV) propoxide (solution A) was slowly added into it. In the
case of the YSZ gels, the final molar ratio of Zr(OCsH;),, HNO3, H,0,
and Y(NO3)3 were 1:2:3:0.14. Thus, the YSZ aerogel nominally contains
7 mol % yttrium.

The wet gels were transferred to perforated aluminum holders and
aged during 24 h at room temperature in n-propanol. After this proce-
dure, the wet gels were soaked in acetone which was replaced for fresh
solvent in every 24h for 6 days to ensure that all liquids in the gel
networks are fully replaced by acetone. Our experience is that extensive
and slow solvent exchange is necessary to ensure the batch-by-batch
reproducibility of both the microscopic and the macroscopic structures
of the final aerogels. This aging period is also necessary for secondary
chemical processes to reach equilibrium before supercritical drying.

2.3. Supercritical drying (SCD)

The aged wet gels were dried in an autoclave with supercritical CO,
by using the technique of medium temperature supercritical drying.
The process is detailed in a previous publication [26]. In a typical
drying procedure, the autoclave is pressurized with liquid CO, to
5.8 MPa, and subsequently, the temperature is raised to 80 °C, while the
pressure is controlled at 18 MPa. After keeping this supercritical state
for 3h, the system is slowly depressurized to atmospheric pressure at
the rate of 2bar/min. When the autoclave is cooled down to room
temperature, as-prepared monolithic ZrO, and YSZ aerogels are ob-
tained.

A critical requirement for successful supercritical drying is to ensure
that the as-prepared monoliths are completely free of acetone. Thus, the
acetone content of CO, is monitored during the initial steps of the
process before setting the supercritical conditions [26]. Furthermore,
the IR spectra of the as-obtained aerogels should be free of -C=0 re-
sonance peaks arising from adsorbed acetone.

2.4. Heat treatment

All procedures were carried out in a standard chamber under at-
mospheric conditions. First, the as-prepared aerogels were kept at
300 °C for 3h in order to remove the residual solvents. Subsequently,
the aerogels were calcined at temperatures between 500 °C and 1200 °C
for 2h. The target temperature was reached with a heating rate of
10.0 °Cmin™. The as-obtained aerogels are denoted as follows. ZrO,-
AO and YSZ-AO: drying at 300 °C; ZrO,-500 and YSZ-500: calcination at
500 °C; ZrO,-1200 and YSZ-1200: calcination at 1200 °C.

2.5. Characterization techniques

Thermogravimetric analysis (TGA), differential scanning calori-
metry (DSC) and coupled mass spectrometry (MS) were carried out
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Scheme 1. The molecular mechanism of the acid-catalyzed hydrolysis of the Zr(IV) precursor leading to the formation of ZrO, and YSZ wet gels.

simultaneously in a Netzsch STA 409c/CD apparatus. Analyses were
performed with the as-obtained aerogels ZrO»-AO and YSZ-AO in syn-
thetic air atmosphere (14 vol. % of O, in Ar) using Al,O3 crucibles with
a heating rate of 10 °Cmin™" from 20 °C to 1300 °C. The MS signal of m/
z: Ho0: 18, CO: 28, CO5: 44, NO,: 14, 30 and 46 were recorded.

The phase recognition of the as-obtained aerogels was performed
both by in-situ and ex-situ X-ray diffraction (XRD) measurements during
the various stages of heat treatment. The X-Ray powder diffractometer
(Empyrean; Panalytical) was set up in the Bragg-Brentano parafocusing
6 — 0 reflecting geometry with Cu Ka radiation (A = 0.154 nm), Ni
filter, fix divergence slits, and a 1-D position sensitive detector oper-
ated at the current of 45mA and voltage of 40kV. The diffraction
pattern was collected from 22° to 37° with the step size of 0.0263° at the
rate of 96 s per step. Total scan time was 5 min. The measurements were
performed in duplicate. Data were processed using the
HighScore + software and ICDD PDF 2 and ICSD 2012 databases.
Quantitative phase analysis was realized according to the Rietveld
method using the fundamental parameters approach. Crystallite size (D)
was determined from the X-ray line broadening using Scherrer’s equa-
tion;

D = KA\ /B cosO (€]

where K is the shape factor (0.89), A is the X-ray wavelength
(0.154 nm), B is the line broadening at half of the maximum intensity in
radians (full width at half maximum: FWHM), and 6 is the Bragg angle
[27]. The FWHM values were determined by fitting the XRD pattern
peaks for the lattice planes (111) and (011) for monoclinic and tetra-
gonal, respectively. Additionally, Warren’s correction was applied to
the determined FWHM;

B =B b2

where 3 is the FWHM after correction, B is the calculated FWHM and b
is the FWHM of the fully crystalline LaBg standard. When required,
Rietveld refinement was performed by means of fitting the X-ray dif-
fraction patterns using the commercially available peak fitting software
HighScore +.

Nitrogen gas adsorption-desorption measurements were performed
in a Quantachrome 2200e porosimeter at 77.35K. The aerogels were
degassed at 100 °C for 14 h before each measurement. The degassing
temperature was chosen to be 100 °C in order to avoid any structural
changes in ZrO,-AO and YSZ-AO samples. Data were recorded and
analyzed by the NovaWin 11.0 software. Surface area was calculated
using the Brunauer-Emmett-Teller (BET) method from the adsorption
part of the isotherm. The descriptions of the BET and t-plot methods,
together with the definition of the C-constant are given in prior lit-
erature and in I[UPAC technical notes [28,29]. Pore size distribution was

(2)
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calculated according to the Barrett-Joyner-Halenda (BJH) model from
the desorption branch of the isotherm.

Scanning electron micrographs (SEM) were recorded by a Hitachi S-
4300 instrument equipped with a Bruker energy dispersive X-ray
spectroscope. Fresh fracture surfaces were covered by a sputtered gold
conductive layer. Typically, a 5-15kV accelerating voltage was used for
taking high-resolution pictures.

3. Results and discussion

The as-obtained aerogels are denoted as follows. ZrO,-AO and YSZ-
AO were dried at 300 °C but not calcined; ZrO,-500 and YSZ-500 were
calcined at 500 °C; ZrO»-1200 and YSZ-1200 were calcined at 1200 °C.
The details of aerogel preparation are given in the Experimental sec-
tion.

3.1. Mechanism of formation of ZrO, and YSZ wet gels

Both the ZrO, and YSZ aerogels were synthesized by hydrolyzing
the appropriate precursors using an acidic catalyst (HNO3). The pro-
posed molecular mechanisms of the hydrolytic and polycondensation
reactions leading to the formation of 3D gel networks are shown in
Schemes 1 and 2. For the sake of visibility, the structures of octa-
coordinated zirconium ions are shown in a simplified form, indicating
the presence of unhydrolyzed alkoxide groups, as well as bridging oxo-
and/or terminal hydroxo groups.

Under acidic conditions, the first step is the protonation of an alk-
oxide group as shown in Scheme 1. The assumption that alkoxide group
is protonated first, even in the presence of hydroxyl groups is supported
by the two orders of magnitude higher protonation constant of prop-
oxide (logK = 16.1) than that of hydroxide (logK = 14.0) [30]. Upon
protonation, the partial positive charge on zirconium ion is increased,
leading to a nucleophilic attack by the partially negatively charged
oxygen atom of a water molecule. In a push-pull mechanism, the better
leaving group ROH alcohol is split off, leaving the extra positive charge
behind. Since the positive charge is located on the protonated hydroxyl
group (which is the less basic group) and is repulsed by the positive
charge of the zirconium ion, it is transferred to the surrounding water.
Once all alkoxide groups are hydrolyzed, a completely hydrolyzed in-
termediate is formed (denoted as Hydr-Zr in Scheme 1). Although hy-
droxyl groups are somewhat weaker bases than alkoxide groups, they
can be protonated in the Hydr-Zr complexes at high [H*] concentra-
tion, resulting in an accumulation of the protonated species Prot-Zr
(Scheme 1). This may be an inactive intermediate in the forthcoming
condensation reactions.

A summary of the effect of acid concentration on gel formation is
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Scheme 2. a) Proposed mechanism for the formation of ZrO, nanoparticles and colloidal particles (sols) under different acidity conditions. b) The representation of
the assembly of primary and secondary globules to a self-supported wet gel structure.

shown in Table S1, Figure S1 and Movie S1 in the Supporting
Information, respectively. The rate of hydrolysis is proportional to the
acid concentration in the reaction medium, and also the acid con-
centration has a strong impact on the rate and equilibrium state of the
polycondensation reactions (Scheme 2a). Under moderately acidic
conditions (@Moderate [H"]) both water and alcohol condensation
occurs simultaneously. In both cases, the nucleophilic agent is the hy-
droxyl group of the hydrolyzed complex Hydr-Zr, and the attack leads
to the split-off of a water or alcohol molecule and the formation of
bridging Zr-O-Zr bonds in the zirconia skeleton. When the acid con-
centration is increased (@Medium [H*]), the protonated particles Prot-
Zr are also getting involved in the water condensation process.
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However, under strongly acidic conditions (@High [H"]) when most of
the zirconia particles are in the protonated form, the reaction slows
down very significantly (even near to stop) due to the low concentra-
tion of active Hydr-Zr species. That is why the gelation time curve
shows a minimum with increasing acid concentration. The poly-
condensation process binds Zr atoms into a 3D ZrO, network, which
forms tiny nanoparticles (primary globules) in the solution. In the pri-
mary globules, zirconium atoms mainly relate to each other through
oxygen bridges, but other ligands like terminal or bridging OH-groups,
as well as coordinated solvent and water molecules are also present.
The primary globules bind to each other forming larger nanoparticles
called secondary globules, which are the main building blocks of both
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Fig. 1. Results of the thermal analysis of the as-prepared amorphous ZrO,-AO and YSZ-AO aerogels. Comparison of the simultaneous TG/DSC signals and MS signals
at m/z: HyO: 18, CO: 28, CO,: 44, and NO,: 14; 30; 46, Graph a) and b): heating of the ZrO, sample. Graph c): cooling of the same sample. Graph d) and e): heating of

the YSZ sample. Graph f): cooling of the same sample.

the wet gel skeleton and later the aerogel skeleton (Scheme 2b). Gela-
tion (the formation of a self-supported wet gel) occurs when the number
of secondary globules become so high that they get in contact with each
other, forming an interconnected solid network. In that process, further
condensation reactions occur that connect the globules with covalent
chemical bonds.

When all hydrolysis and polycondensation reactions are finished,
the wet ZrO, gel is dried under supercritical conditions with carbon
dioxide. After supercritical drying, the as-obtained aerogels may con-
tain traces of unhydrolyzed alkoxy groups, as well as solvent molecules
and traces of hydrating water. Nitric acid may be present as a counter
ion in the protonated structure. Residual organic moieties may serve as
carbon source in high-temperature heating processes.

3.2. Thermal analysis of amorphous ZrO, and YSZ aerogels

The thermal analysis of the as-prepared amorphous ZrO,-AO and
YSZ-AO aerogels were performed in order to identify the presence of
any energetic processes at high temperatures. The simultaneous TG and
DSC results are shown in Fig. 1. These plots also show the MS signals for
m/z: HyO: 18, CO: 28, CO,: 44, NO,: 14, 30 and 46.

The first mass loss of the ZrO, aerogel is at 121 °C (-7.84 wt.%) and
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the second one is in the range of 250-400 °C (-4.87 wt.%). According to
the MS data, the products that are released from the aerogel are H,O
and CO, in both the first and the second mass loss steps. H,O is dom-
inantly released at 121 °C and the release of CO, is characteristic at
250-400 °C. At this elevated temperature, the combustion of the left-
over synthesis compounds such as n-propanol and HNOj3 also takes
place and CO and NO, are produced. The DSC curve shows several
thermal effects. The first broad exothermic peak at 70-400 °C is con-
sistent with the first and second mass loss steps, therefore, it is attrib-
uted to desorption and combustion processes. A sharp exothermic peak
is present at 419 °C, and it is attributed to a phase transformation from
amorphous to tetragonal phase (t-ZrO,). There is no mass loss or MS
signal at this temperature. Finally, a broad exothermic signal was de-
tected that lies between 800 and 1100 °C with a maximum at ca. 842 °C.
This signal is related to the gradual phase transition from t-ZrO, to
monoclinic zirconia (m-ZrO,). Both of the above discussed phase tran-
sitions were recognized by in-situ powder X-ray analysis as well, as
described later in Section 3.6. As an additional thermal analysis step,
the controlled cooling of the ZrO, sample was performed for identifying
further thermal processes upon quenching to room temperature. The
corresponding TG and DSC plots are shown in Fig. 1c. A single exo-
thermic peak is detected at 818°C which is related to the phase
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transition from t-ZrO, to m-ZrO, (see Section 3.6).

The TG and DSC curves together with selected MS signals for the as-
prepared amorphous YSZ-AO aerogel are shown in Fig. 1d-f. The TG
curve shows two distinct mass loss steps at 121 °C (-7.59 wt%) and from
205 to 450 °C (-16.97 wt%). Similarly to the ZrO,-AO sample, every
mass loss step corresponds to an increase in the MS signal at m/z values
of 18, 28, 44, 30, 14 and 46. The first mass loss step is the desorption of
water at 121 °C. In the second mass loss step, residual water is removed
along with combustion products such as CO,, CO, and NO,. The DSC
curve of the amorphous YSZ aerogel sample is similar to that of the
ZrO, sample. The first exothermic DSC peak from 70 to 400 °C is at-
tributed to the release of heat due to combustion. The amorphous-to-
tetragonal phase transition is detected at 455°C. Interestingly, no
thermal process occurs during the cooling of the YSZ sample (Fig. 1f),
indicating the absence of phase transition from t-ZrO, to m-ZrO,.

The measured amorphous-to-tetragonal crystallization temperatures
of ZrO, and YSZ aerogels are 419 °C and 455 °C, respectively. The ele-
vation of the crystallization temperature can be attributed to the pre-
sence of foreign species, such as ethoxy and nitrate groups in the YSZ
aerogel [10]. This theory is supported by the significantly higher mass
loss of the YSZ aerogel (-16.97 wt%) compared that of the ZrO, aerogel
(-4.87 wt%) below 400 °C. The amount of combustion products is also
much higher in the case of the YSZ sample.

3.3. Effect of calcination on the porosity of aerogels

In order to determine the effect of calcination temperature on the
porosity of ZrO, and YSZ aerogels, N, adsorption-desorption isotherms
were measured before and after calcination at 500 °C. The recorded N,
adsorption-desorption curves are type IV isotherms with H1-type hys-
teresis loops (Fig. 2) [31]. This confirms the presence of mesopores in
all aerogel samples. The structural properties of the studied aerogels are
summarized in Table 1.

The ZrO,-AO aerogel has an Sggy specific surface area of 255 m? g™*
and a pore volume (V) of 2.1 em® g7l. As expected, due to the
shrinkage of the aerogel upon calcination at 500 °C, these values de-
crease to 87 m* g~ and 0.7 cm® g™ representing a reduction of 66%
and 31% for Sggr and V), respectively. On the other hand, the YSZ-AO
aerogel has an Spgr value of 243m? g™ and a V, of 1.6 cm® g™'. Heat
treatment at 500 °C for 2h resulted in a drop of Sgpr to 113m? g~ !
(54%) but V, did not change (1.6cm® g™). The measured specific
surface areas are in good agreement with values published in the lit-
erature for zirconia aerogels prepared by the sol-gel method and su-
percritical drying [11,32-34]. Characteristic pore sizes (the peak
maximum of the distribution curve) are nearly identical for the as-ob-
tained samples, and only moderately decrease upon heating at 500 °C.
Macropore volume is calculated as the cumulative pore volume of pores
d > 50 nm. The micropore contribution to the entire surface area was
calculated by using the t-plot method, based on the de Boer model of
statistical thickness [35]. There are no pores below d = 2nm in the
aerogels.

The value of the C-constant is significantly higher for heat-treated
samples, while the shape of the hysteresis loop remains unchanged.
This indicates that the affinity of the probe gas (N,) is significantly
different towards the aerogel surface in AO and heat treated samples
[36]. It is rational to assume that a portion of the surface is covered
with residual n-propanol and unhydrolyzed propoxy groups in both the
Zr0,-AO and YSZ-AO aerogels. This is in agreement with the detection
of combustion products at ca. 400 °C during the thermal analysis of as-
prepared ZrO,-AO and YSZ-AO samples (see Section 3.2 and Fig. 1).
The heat treatment of the aerogels at 500 °C results in the desorption of
residual solvents. Calcination also initiates additional alcohol con-
densation of the neighboring Zr-OH and Zr-OPr groups yielding new Zr-
O-Zr links. The removal of residual nonpolar n-propanol and propoxy
groups can increase the polarity of the aerogel surface, which can ex-
plain the higher values of the C-constant for calcined samples.
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The change of the total pore volume on heating indicates the degree
of shrinkage, and thus can be a good benchmark of the dimensional
stability of the aerogels. As seen in Table 1, ZrO,-AO suffers a very
significant shrinkage on heating at 500 °C, indicated by the dramatic
drop in pore volume from 2.1 cm®g™ to 0.7 cm® g™'. A possible ex-
planation is that a particle coarsening process takes place (see Section
3.4). On the other hand, YSZ-AO proved to be thermally and di-
mensionally more stable, because the pore volume was unchanged on
heating.

3.4. Effect of calcination on surface morphology

The surface morphology and the effect of calcination temperature
on the aerogel microstructure were studied by scanning electron mi-
croscopy (SEM). Fig. 3 shows the fine structure of the ZrO, and YSZ
aerogels before and after calcination at different temperatures. The as-
obtained ZrO,-AO and YSZ-AO aerogels have similar microstructures
consisting of amorphous and interconnected nanoparticle networks
with no visible differences among them. After calcination at 500 °C, the
morphology of both samples show a moderate restructuration. Particle
sizes are a bit smaller and a small number of new macropore openings
can be observed. Moreover, YSZ-500 shows viscous flow-related initial
islet formation. The fine structure of YSZ-AO (Fig. 3d) is shifted to a
coarser pattern after calcination at 500 °C (Fig. 3e) containing larger
islets of globules. The change becomes characteristic and obvious at
1200 °C (Fig. 3f). At 1200 °C, the particles grow considerably and start
to consolidate to form compact agglomerates, that is indicative of an
extensive sintering process. The ZrO, aerogel is highly densified and the
loss of almost all the porosity can be observed. Similar phenomena take
place in the YSZ aerogel. Neither mesopores nor macropores are visible
in the samples calcined at high temperature. An overall conclusion is
that the SEM pictures are in good accordance with the porosimetry
results (Fig. 2, Table 1).

3.5. Effect of calcination on crystalline structure

Ex-situ X-ray diffraction was used for the crystal structure determi-
nation of the as-obtained aerogel samples (Fig. 4). All samples were
measured at room temperature after heat treatment. The pattern of the
Zr0O,-AO aerogel confirms that the characteristic amorphous phase is
present in the as-prepared sample after supercritical drying. Upon cal-
cination at 500 °C for 2 h, the main diffraction peaks of monoclinic (m-
ZrO,, ICSD code: 18190) and tetragonal (t-ZrO,, ICSD code: 72950)
zirconia appear with oriented planes of (1 11), (111) and (011), (112)
for monoclinic and tetragonal, respectively. In contrast with this, the
calcination of the YSZ-AO sample at 500 °C yields a pure t-ZrO, phase.
The calcination of the ZrO, aerogel at 1200 °C and cooling to room
temperature induces the transition from t-ZrO, to m-ZrO, as only the m-
ZrO, is present in the Zr0O,-1200 sample. Such a phase transformation is
in good agreement with the exothermic peak detected during the
cooling DSC curve at 818 °C (see Section 3.2 and Fig. 1c). On the other
hand, the YSZ-1200 aerogel conserves the stable t-ZrO, phase after
cooling to room temperature.

3.6. Crystalline phase transitions during heat treatment

The phase diagram established in 1975 by Scott shows that for pure
ZrO,, the t-ZrO, phase exists in the temperature range of 1170-2370 °C
[37]. However, our findings with ex-situ XRD (Fig. 4) seem to have an
inconsistency with this phase diagram. The as-obtained (amorphous)
Zr0,-AO aerogel partially crystallizes to t-ZrO, upon a heat treatment at
500 °C, which is far from the transformation temperature of t-ZrO,
described in the phase diagram. Thus, we designed a step-by-step ex-
periment to study the effect of temperature on the crystallographic
evolution of both the ZrO, and the YSZ aerogels. In-situ XRD mea-
surements were performed at every 100 °C during the heat treatment of
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Fig. 2. Nitrogen gas adsorption (ads) — desorption (des) isotherms of ZrO, (a) and YSZ (b) aerogels as well as pore size distribution curves (c) before calcination

(ZrO,-AO, YSZ-AO) and after calcination at 500 °C (ZrO,-500, YSZ-500).

the amorphous ZrO,-AO and YSZ-AO samples up to 1200 °C. These
temperature dependent XRD patterns are shown in Fig. 5. The analyses
were performed from 26 = 22 to 37°, because the main diffraction
peaks of m-ZrO, and t-ZrO, can be clearly detected in this range.

The ZrO,-AO sample remained unchanged up to 400 °C where only
amorphous zirconia was detected. At 500 °C, partial crystallization oc-
curs and the XRD pattern displays a diffraction peak of t-ZrO, with
(011) orientation showing the formation of a dominantly tetragonal
phase. New diffraction peaks appear above 700 °C corresponding to m-
7ZrO, with oriented planes (I 11) and (111) indicating that the

tetragonal phase is transforming into a monoclinic phase. As the tem-
perature increases to 1000 °C, the tetragonal peaks are gradually re-
duced, while the monoclinic peaks become more expressed. Parallel to
this, the diffraction peaks become sharper with increasing calcination
temperature, indicating the increase of crystallite size. At 1100 °C, most
of the m-ZrO, phase is transformed to t-ZrO, marking transformation
temperature from monoclinic-to-tetragonal. During the cool-down
process, t-ZrO, transforms to m-ZrO,, as m-ZrO, is the stable form of
ZrO, at room temperature. In order to summarize the observations, it
can be stated that pure zirconia aerogel is composed of either a single

Table 1

Textural properties of the ZrO, and YSZ aerogels before and after calcination. Standard deviations are displayed for primary data.
Sample Sper [m? g7'1° Vp [em®g7]" Vimesopore [em® g711¢ Vimacropore [cm® g1 Dp (nm)® Dp.avg (nm)’ C-const.®
Zr0,-AO 255 = 21 21 + 0.2 1.4 0.71 47 33 39
Zr0,-500 87 + 13 0.7 + 0.1 0.46 0.19 46 31 86
YSZ-AO 243 = 14 1.6 = 0.1 1.1 0.54 45 27 57
YSZ-500 114 = 19 1.6 = 0.3 1.3 0.35 37 56 83

& BET specific surface area.

" Total pore volume.

¢ Pore volume of mesopores.
4 Pore volume of macropores.

¢ Characteristic pore diameter: estimated at the maximum of the distribution curve.

f Average pore size: estimated by BJH method.
¢ Constant, an indicator of the polarity of the sample surface [28,29].
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Fig. 3. SEM images of the ZrO, and YSZ aerogels before and after heat treatment: a) ZrO,-AO, b) ZrO,-500, c¢) ZrO»-1200, d) YSZ-AO, e) YSZ-500 and f) YSZ-1200.
Insets: photographs of the ZrO,-AO and YSZ-AO monoliths (ca. 3 cm X 6 cm), respectively.

phase or a mixture of tetragonal and monoclinic phases between 25 and
1200 °C.

The YSZ-AO aerogel remains amorphous up to 400 °C (Fig. 5). At
500 °C, a t-ZrO, diffraction peak appears which corresponds to the
crystalline plane (011). The ZrO, sample behaves similarly. However,
in contrast to the ZrO, aerogel, no new diffraction peaks appear for the

YSZ aerogel upon heating up to 1200 °C. Furthermore, the tetragonal
phase is conserved even when the sample is cooled to room tempera-
ture. This is an obvious demonstration of the well-known stabilizing
effect of yttrium ions (Y®") in the YSZ structure, promoting the for-
mation of high purity tetragonal zirconia.

On the basis of the results of the in-situ XRD, the phase evolution of

b) YSZ
a) Zro,, ) =
s e 3 >
% monoclinic l:E .EE, ¥ E
G 2r0,-1200 [ s
H | ey \ YSZ-1200
3 (101) [
£ =
tetragonal+ =
monoclinic
YSZ-500
w YSZ-AO
10 20 30 40 50 60 70 8 90 10 20 30 40 50 60 70 80 90
2Theta (°) 2Theta (°)

Fig. 4. X-Ray diffraction patterns of a) ZrO, and b) YSZ aerogels before and after calcination at 500 °C and 1200 °C for 2 h. The diffraction patterns were taken after
cooling to room temperature. Insets: monoclinic (blue) and tetragonal (violet) crystalline structures of ZrO,,
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Fig. 5. Temperature dependent XRD patterns of a) ZrO, and b) YSZ aerogels. In-situ XRD measurements from 25 to 1200 °C were performed during the calcination of
the amorphous aerogels in order to determine their crystallographic evolution. The last pattern (25") was recorded upon quenching.

the ZrO, aerogel takes place during thermal treatment as follows: i) the
initial dominantly amorphous phase transforms to a tetragonal phase at
419°C; ii) in the temperature range of 500-1000 °C, a tetragonal-to-
monoclinic phase transformation occurs, leading to the coexistence of a
mixture of tetragonal and monoclinic phases; iii) the monoclinic phase
is transformed to a tetragonal-dominant phase at 1100 °C with a com-
plete transformation at 1200 °C; and iv) the purely tetragonal phase is
transformed into a purely monoclinic phase on cooling to room tem-
perature.

It is worth to note that the diffraction peaks are sharper at higher
temperatures (Fig. 5). This indicates that the sizes of the nanometer-
wide crystallites increase with increasing calcination temperature. In
order to quantify the relation between phase transformation and crys-
tallite growth, crystallite size was calculated using Scherrer’s equation
(Equation 1) and the crystalline phase composition of the aerogel was
calculated through the Rietveld refinement. The ICSD reference pat-
terns of m-ZrO, (ICSD code: 18190) and t-ZrO, (ICSD code: 72950)
were recalculated. For the ZrO, aerogel, the gradual phase transfor-
mation and the crystallite size growth are shown as function of tem-
perature in Fig. 6.

Sparsely distributed nanocrystals can exist in the amorphous matrix
of the as-prepared ZrO,-AO aerogel [38]. Such crystallites can be either
monoclinic or tetragonal and can behave as preferential sites for grain
growth in the dominantly amorphous ZrO,. At 500 °C, ZrO, partially
crystallizes to mainly t-ZrO, composed of small crystallites of ca. 6 nm

- Dominant phase = t-Zr0,
Amorphous t-Zr0, m-Zr0;  tZro, I:fl m-Zro,
amorphous
—— . 17 1 1] . 1 g0 Ij P
100 - .._._,._.___,._,__H_.f,_
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Fig. 6. The crystalline phase transitions of ZrO, aerogel during heat treatment.
Correlation between the composition of the crystalline phase and crystallite size
at different temperatures.
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(Fig. 6). These nanocrystals grow within the range of 20-31 nm at
1000 °C as the amount of t-ZrO, decreases and m-ZrO, forms. With
increasing temperature, t-ZrO, becomes dominant until a single-phase
material is obtained at 1200°C with a mean crystallite size of
45-52 nm.

Thus, our findings suggest that the tetragonal phase can exist in a
nanometer-size domain even at lower temperatures than reported in the
phase diagram of ZrO,. Several studies have reported the existence of
the tetragonal phase at room temperature and provided various ex-
planations for such behavior. Garvie stated that the crystallite size and
therefore, the free energy has an effect on the stabilization of the tet-
ragonal crystalline phase [39]. In other words, m-ZrO, has a lower bulk
free energy but t-ZrO, has a lower surface free energy. For crystallites
below a certain critical size (30nm), the surface free energy term
dominates over the bulk free energy term and the stabilization of the
tetragonal phase becomes favorable. Moreover, Bedilo suggested that
tetragonal zirconia can exist at room temperature due the presence of
organic compounds in the as-prepared aerogel matrix, as a consequence
of the of sol-gel technique [17]. The burning of these organic residues
during calcination leads to local overheating and the stabilization of t-
ZrO,. Mitsuhashi et al. reported that such stabilization is due to strain
effects in the nanoparticle regime [40]. Others proposed that the for-
mation of t-ZrO, is due to the short range structural similarities be-
tween the amorphous phase and the t-ZrO, phase [41-43]. Garvie
proposed that during calcination, initially a trace amount of m-ZrO,
forms, because a small portion of the crystallites are bigger than the
critical phase transition size. At higher temperatures, the size of the
crystallites increases and the entire sample transforms to m-ZrO».

Our experimental results clearly show that the phase transformation
of ZrO, is complemented by crystallite size growth with increasing
temperature. Furthermore, a close correlation can be identified be-
tween temperature and crystallite size in controlling the phase stability
of zirconia (Figure S2) [44]. First, the amorphous ZrO, transforms into
a t-ZrO, phase (crystallite size: 6.0-13.6 nm) in a thermodynamically
controlled process that finishes at ca. 800 °C. As the temperature in-
creases to 900 °C, the crystallite size approaches the critical size of t-
ZrO, (30nm) and the thermodynamic stability of the tetragonal and
monoclinic phases become comparable. This results in a tetragonal-to-
monoclinic phase transformation which becomes clearly visible at
1000 °C where the critical crystallite size is reached (31.7 nm). The
temperature component becomes dominant again close to the mono-
clinic-to-tetragonal phase transformation temperature of 1170 °C. Sub-
sequent heating at 1200 °C leads to the complete transformation to a
pure tetragonal phase.
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4. Conclusions

The acid-catalyzed sol-gel method was successfully applied to syn-
thesize monolithic ZrO, and YSZ aerogels. A detailed molecular-level
mechanism is proposed for the formation of the 3D wet gel network.
The as-prepared monoliths were calcined at different temperatures
between 300 and 1200 °C. The temperature of calcination has a marked
effect on the textural properties, and the crystallinity of the aerogels. In
general, the specific surface area and the total pore volume decrease on
calcination regardless of the composition of the aerogels.

The YSZ sample crystallizes into a single-phase tetragonal zirconia
at 455°C and this phase is retained up to 1200 °C. Importantly, the
tetragonal phase is conserved in the YSZ aerogel after cooling to room
temperature. Depending on the temperature, the pure ZrO, aerogel can
exist in either a single tetragonal phase (from 419 °C to 800 °C and over
1100 °C), or in a monoclinic phase (between 900 °C and 1000 °C), as
well as in a mixture of these two phases. The evolution of the crystal-
linity of the ZrO, aerogel was studied as a function of calcination
temperature by in-situ XRD measurements. We show that the phase
transformation of ZrO, is complemented by crystallite size growth.
Furthermore, a close correlation between temperature and crystallite
size can be identified, controlling the phase stability of zirconia. An
important observation is, that the mixed tetragonal and monoclinic
phases are conserved when a pure ZrO, aerogel is calcined at 500 °C
and cooled, but calcination at 1200 °C yields pure monoclinic zirconia,
because a tetragonal-to-monoclinic transformation takes place on
cooling to room temperature. Based on observations it is now possible
to tailor physical and phase properties of zirconia aerogels for high
temperature applications.
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