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Abstract

The high porosities and low densities of ceramic aerogels offer outstanding insulative
performance in applications where weight is a critical factor. The high surface area-to-volume
ratios and specific surface areas provide extremely low thermal conductivity, but also contribute
to rapid densification of the pore structure at elevated temperatures. This densification diminishes
their favorable properties and inhibits use of aerogels in high temperature applications. This work
contributes to a design framework for thermally stable aerogels via the study of dopant chemistry
(Y, Yb, Gd, Ca, Ce) in zirconia aerogels. The structural evolution was studied to 1200°C using
nitrogen physisorption, scanning electron microscopy, and x-ray diffraction. The role of dopant
identity and concentration in thermal stability was elucidated. In context of the design framework,
dopant chemistry is an aggregate for many closely related material properties, each of which may
contribute to aerogel structural evolution. To develop a truly predictive design framework for
ceramic-based aerogels, systematic and comprehensive evaluation of thermodynamic and kinetic
properties must be performed in conjunction with studies on structural evolution.
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Introduction

The extreme environments experienced in aerospace applications necessitate advanced thermal
management materials that can protect critical underlying structures. The development of highly
insulating and lightweight thermal management materials remains a significant challenge.
Materials with lower thermal conductivity allow for higher operating temperatures in more extreme
environments. Materials with low density reduce the overall mass of thermal management
systems, reducing cost and improving payload capacity. A promising class of highly porous
materials are aerogels. Exceeding 90% porosity, aerogels are extremely lightweight and have
extraordinarily low thermal conductivities.! The highly porous structure of aerogels contributes to
favorable properties for use as lightweight insulation but presents a critical challenge: thermal
stability of the pore structure. The extremely high specific surface area (SSA) of aerogels result
in large driving forces for sintering and densification upon heating, increasing the density and
thermal conductivity. The integrity of the highly porous aerogel structure must be maintained to
temperatures beyond 1200°C to enable use as insulation in the extreme environments of
aerospace applications. The temperature and exposure time over which the material maintains

high porosity and low thermal conductivity needs to be defined for various aerogel systems.

The term “aerogel” refers to a broad category of highly porous materials, spanning a wide range
of compositions including polymers, metals, and metal oxides, borides, and chalcogenides.
Polymer aerogels have favorable mechanical properties, but decompose at moderate
temperatures, limiting their use below 500°C.%> 3 Exploration of metal oxides, borides, and
chalcogenides opens a vast area of compositional space for exploration leading to a wide range
of reported thermal stabilities.# Silica aerogels are arguably the most studied type of aerogel, but
sinter and densify rapidly beyond 700°C.5>" Alumina aerogels densify upon formation of a-alumina
beyond 1000°C, but this can be improved upon by doping with yttria.® A significant leap in thermal

stability was realized by introduction of silica to alumina aerogels and the use of a colloidal



boehmite precursor.® A variety of lanthanide oxides were found to lose most of their SSA after
heating to 650°C."° Zirconia aerogels experienced a reduction in SSA from 282 m?/g as dried to
92 m?/g after two hours at 500°C."" However, a study on doping zirconia aerogels with yttria and
ytterbia up to 15 mol% MO+ s improved the thermal stability and later work demonstrated yttria
doping beyond 30 mol% YO1s proved to be an even more effective means of improving the
thermal stability of the pore structure.'? '3 The latter work hypothesized that a reduction in surface
energy (driving force for densification) and cation diffusivity (rate of densification) with higher yttria

content contributed to the improvement in thermal stability.

To further evaluate the effect of composition and material properties on zirconia aerogel thermal
stability, the study of other dopants, including ytterbium, gadolinium, cerium, and calcium, is
warranted. Work in doped zirconias in the field of thermal barrier coatings (TBCs) have
demonstrated the influence of dopants on the structure, properties, and structural evolution of the
material. For TBCs, materials are sought with low thermal conductivity, high phase stability, high
erosion resistance, and ease of processability. Modifying the dopant identity and concentration
has been linked to changes in thermal conductivity and is established as a means of enabling
advanced TBC material design.'#-'° A variety of rare earth dopant systems have been studied in
the context of nanocrystalline zirconias, again with dopant identity and concentration changing
the sintering and coarsening behavior of the materials.?°-25 Obtaining an understanding of how
relevant kinetic and thermodynamic material properties, including surface energy, cation
diffusivity, surface and grain boundary diffusivity, thermal conductivity and more, in doped zirconia
influence thermal stability will contribute to the development and understanding a design
framework to enable the intentional exploration of thermally stable aerogels. Previous work did
this for YSZ aerogels: lower cation diffusivity and lower surface energy were identified as potential
markers for improved thermal stability.'® 2627 To further evaluate these hypotheses, study of a

wider range of dopants and concentrations is necessary.



In this work, zirconia aerogels doped with 15 or 30 mol% M/(M+Zr) where M =Y, Yb, Gd, Ce, Ca
are prepared to study the evolution of the aerogel structure as a function of composition to
temperatures of 1200°C. The evolution of the microstructure, porosity, and crystal structure are
characterized to assess thermal stability. Materials with improved thermal stability are expected
to exhibit higher SSAs, constant pore size distributions, minimal crystallite growth, and
maintenance of a single crystal phase. This study demonstrates again the impact of dopants on
improving the thermal stability of zirconia aerogels but suggests limitations on the magnitude of

thermal stability improvement achievable by tuning composition.
Methods/Procedure

Synthesis: Doped zirconia aerogels were prepared using a sol-gel synthesis adapted from
previous work.?® Metal salts utilized in this work were zirconyl chloride octahydrate (ZrOCl,-8H.0,
Alfa Aesar 99.9%), yttrium(lll) chloride hexahydrate (YCIs-6H2O, Acros Organics 99.9%),
ytterbium(lll) chloride hexahydrate (YbCls-6H2O, Sigma Aldrich 99.9%), gadolinium(lll) chloride
hexahydrate (GdCls-6H.0, Sigma Aldrich 99.9%), cerium(lll) chloride heptahydrate (CeCls-7H-0,
Sigma Aldrich 99.9%), and calcium(ll) nitrate tetrahydrate (Ca(NOs3)2:4H.O, Sigma-Aldrich
99.9%). Zirconyl chloride octahydrate and the dopant metal salt were dissolved in 200 proof
ethanol (Decon Labs) in separate jars at a ratio of 1.263 mmol metal per mL ethanol. After 30
minutes of stirring, DI water was added at six times the stoichiometric amount needed to fully
hydrolyze the metal salt. As an example, for each mole of Zr**, 24 moles of water were added.
The precursor solutions were hydrolyzed under stirring for 60 minutes and were then combined
and stirred for 15 minutes. The combined solution was placed in an ice bath to slow down the
gelation reaction and propylene oxide (PO) (CH3;CHCH20O, Sigma Aldrich) was added dropwise
at aratio of 2.342 mol PO per mole of metal. The solution was stirred for 5 minutes and transferred
to molds made from polyethylene syringes (24 mL) with the top cut off. For consistency, the

plunger was placed at 20 mL and the mold filled to the 10 mL mark. Gelation was generally



complete within 30 min. Parafilm was used to seal the mold and gels were held in the mold for 24
hours. Gels were then extracted into 200 proof ethanol and aged for 5 to 7 days. The aged gels
were then supercritically dried using carbon dioxide, featuring four washes in liquid carbon dioxide

before bringing the carbon dioxide to its supercritical state and evacuating the fluid.

Heat Treatments: Aerogels were heat treated in high purity alumina crucibles. Heat treatments
were performed in a box furnace under air with a temperature ramp of 10°C/min to 600, 1000, or
1200°C, each with a 20-minute hold at the maximum temperature. Aerogels were cooled to room

temperature within the furnace.

Characterization: The diameter and length of supercritically dried (as dried) aerogel monoliths
were measured to characterize bulk density and shrinkage relative to the mold. Nitrogen
physisorption measurements were performed using a Micromeritics 3Flex to measure specific
surface area via the method of Brunauer-Emmett-Teller (BET) and pore volume and size via the
method of Barret-Joyner-Halenda (BJH). Prior to physisorption analysis, samples were degassed
under vacuum at 80°C with a heating rate of 5°C/min and a hold of 8 hours. Scanning electron
microscopy (SEM) was conducted on a Hitachi S4800 SEM to characterize pore morphology and
microstructure. Samples were crushed onto carbon tape and imaged uncoated at 2 kV, 10 pA,
and a working distance of 5 mm. Powder x-ray diffraction (XRD) was used to identify the
crystalline phase and calculate the crystallite size via the Scherrer equation. To prepare samples
for XRD, powders were crushed in a mortar and pestle with a small amount of 200 proof ethanol.
The suspension was dropped via pipette onto low background holders. XRD was performed on a
Bruker D8 Advance (Cu Ka, 1.5406 A) from 10 to 100° 26, 0.02 degrees per step, and 0.25
seconds per step. Parallel beam geometry was used with a 0.2 mm divergence slit and a
panoramic Soller slit. Rietveld refinements and peak fitting were performed in GSAS Il (v. 4783)

to identify crystalline phase and calculate crystallite size.?® Peak positions and widths were



exported and the Scherrer equation was applied to each. The reported crystallite size was

obtained by taking the average of all peaks.

Statistics: Statistical tests were conducted in OriginPro 2021b (v. 9.8.5.212). For all statistical
tests, a significance level (a) was selected of 0.05. Two-way ANOVAs were first applied with
dopant and concentration as the two factors. For significant factor-response pairs, Tukey tests

were employed to determine which levels of the factor had a significant effect on the response.

Results

1. Materials Synthesized

Zirconia (ZrO.) aerogels were prepared at 15 and 30 mol% MOy for M =Y, Yb, Gd, Ca, and Ce.
The properties of these dopants are summarized in Table 1. Dopants were selected to vary
charge, radius, and mass to explore the relationship between composition and thermal stability.
From here, samples will be referred to as 15M or 30M (e.g., 15Y, 30Y, 15Yb, etc.). Aerogels of
all compositions successfully gelled and remained monolithic following supercritical drying.
Qualitatively, the Y, Yb, and Gd were white and more opaque with increased dopant
concentration. Ca-doped aerogels were also opaque but were markedly glassier and more brittle.

Ce-doped aerogels appeared yellow with some signs of white streaking through the material.



Table 1: Precursor and cation properties for metal oxides under study. Cation radii are listed for
a coordination number of 8. The cation charges below are assumptions. For Ce, the charge was
assumed to be +3 for the precursor, but +4 following aerogel heat treatment.30. 31

M Precursor Cation Ca_tion Cation
Charge Radius (A) Mass (amu)
Zr ZrOCl2+8H20 +4 0.840 91.22
Y YCl3*6H20 +3 1.019 88.91
Yb YbClz*6H20 +3 0.985 173.0
Gd GdClz*6H20 +3 1.053 157.2
Ca Ca(NOs)224H20 +2 1.120 40.08
Ce CeCl3*7H20 +3/+4 0.970 140.01

2. As Dried Aerogels

The mass, diameter, and length of the aerogel monoliths were measured and averaged to obtain
percent shrinkage and bulk density measurements. Nitrogen physisorption isotherms were used
to calculate BET specific surface areas (SSA), BJH desorption cumulative pore volume (Vgyn),
and BJH desorption average pore diameter (Dgyn). The summary of these results is tabulated in
Table 2, with SSAs between 400 and 550 m?/g and Dgyx from 14 to 27 nm. Increased dopant level
was correlated with statistically significantly reduced shrinkage, with an average of 21.9% for 15
mol% and 15.2% for 30 mol% (p=0.012). The dopant identity did not have a bearing on shrinkage
or density. The dopant level modified all aspects of the pore structure with increased dopant
concentration leading to lower SSA (p=0.046), higher Vg1 (p=0.016), and higher Dgy1 (p=0.022).
The dopant identity only influenced SSA (p=0.042). A Tukey test indicated Gd (average SSA of
500 m?/g) and Ce (average SSA of 428 m?/g) were significantly different, with the other dopants

lying between these extremes with no statistically significant difference.

Table 2: Measurements of porosity and physical structure for the as dried aerogels. In general,
increased dopant results in lower shrinkage and coarser pore structures with lower SSA, larger
DgyH, and larger Veyp.

SSA VBuH DBJH Pb
() ()
M mol % MOx (m2lg) (cm3g) (nm) S (%) (glem?d)
Y 15 ‘ 501 2.07 16.4 21.1 0.250



Yb

Gd

Ca

Ce

30
15
30
15
30
15
30
15
30

473
463
452
532
469
478
463
437
419

SSA = BET specific surface area
Veun = BJH desorption cumulative pore volume
Deux = BJH desorption average pore diameter
S = as dried shrinkage (diameter)

po = bulk density

Evaluation of BJH pore size distributions (PSD) in Figure 1 provided additional insight to the pore
structures of the doped zirconia aerogels. Increased dopant level increased the average pore size
and the PSD breadth for all dopants. The PSDs appeared remarkably similar at the same dopant
level, regardless of dopant identity. 30 mol% MO\ consistently formed more disperse pore
structures with a larger average pore size. Scanning electron microscopy (SEM) provided a
qualitative look at the as dried pore structure as a function of dopant identity and level in Figure

2. In general, the pores appeared larger with more dispersity in size at higher dopant level,

2.91
1.98
2.29
2.10
2.26
1.61
2.43
1.73
2.56

26.9
17.8
19.1
14.5
17.9
14.3
22.6
16.7
26.7

consistent with the BJH desorption pore sizes and distributions.

12.5
20.0
12.9
19.6
12.4
24.7
23.8
24.0
14.3

0.186
0.234
0.220
0.230
0.219
0.232
0.208
0.281
0.202
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Figure 1: BJH desorption pore size distributions for as dried aerogels. For the as dried material,
the distributions are grouped by dopant concentration with 15 mol% having a narrower distribution
with smaller average pore size. Increased dopant concentration forms a broader distribution of
larger pores.
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Figure 2: SEM images for the as dried aerogel samples. The scale bar is 500 nm in all images.
In general, increased dopant concentration is associated with a more heterogenous population of
pore sizes with larger pore size on average. SEM is capturing the macroporosity and does not
have the resolution required to image mesoporosity directly.
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2. Pore structure evolution with heat treatment

Nitrogen physisorption was performed on materials subjected to heat treatments of 600, 1000,
and 1200°C. Following heat treatment, all samples underwent significant shrinkage and cracking
that prevented the measurement of physical shrinkage. All samples maintained an opaque
appearance with heat treatment. Thermal stability is defined as maximum SSA, maximum Vg,
and minimum change in Dgy+ following heat treatment. Figure 3(a-c) displays the change in SSA,
Veun, and Dgyu for each composition as a function of temperature. The numerical values for each
temperature can be found in Table S1 in the Supplementary Information. At 600°C, 30Y and 30Gd
performed the best, maintaining SSAs of 166 and 140 m?/g, respectively. At 1000°C, 30Y and
30Gd again maintained the highest SSAs of 47 and 50 m?/g, respectively, with 30Ce also
exhibiting notable stability with 49 m?/g. Both Ce-doped samples were remarkably stable from
600 to 1200°C, as visible in the reduced slope of the SSA between these two temperatures. All
samples underwent significant densification and loss of porosity by 1200°C with SSA generally
reduced by an order of magnitude compared to 1000°C and two orders of magnitude compared
to the as dried structure. Yet again, 30Y (16 m?/g) and 30Gd (15 m?/g) maintained over double
the average SSA of all materials at 1200°C (7 m?/g). Similar trends were observed in pore volume,
with 30Y and 30Gd exhibiting the greatest pore volume at each temperature. In the Discussion,

the evolution of these structures will be evaluated in a relative sense.
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Figure 3(a-c): The evolution of (a) SSA, (b) Ve, and (c) Desx from as dried to 1200°C. As seen
in the inset images in (a) and (b), increased dopant concentration has improved thermal stability,
retaining higher SSA and Vg at 1000 and 1200°C. 30Y and 30Gd perform the best of all samples.
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The evolution of pore size has no distinct trends to 1000°C, but from 1000 to 1200°C, all 30 mol%

trivalent dopants (Y, Yb, Gd) grow in size while the same dopants at 15 mol% shrink in size.
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Sufficient mass and sample area were utilized to minimize instrument error. Error bars are
expected to be on the order of the marker size.

From statistical analysis, dopant level consistently had a significant effect on SSA, Vgn, and Dgyn
at all temperatures, with p-values for (SSA | Ve | Deun) of (600°C: p=0.027, 0.005, 0.003 |
1000°C: p=0.018, 0.001, 0.004 | 1200°C: p=0.017, 0.005, 0.014). 30 mol% M consistently gave
rise to higher SSA, Veyu, and Dgyn. Dopant identity had a statistically significant effect on SSA at
600 (p=0.010) and 1000°C (p=0.019), despite having no statistically measurable effect in the as
dried structure. No significance was detected at 1200°C. At 600°C, Y (15%: 125 m?/g | 30%: 166
m?/g) and Gd (15%: 127 m?/g | 30%: 140 m?/g) were significantly different than Ce (15%: 72 m?/g
| 30%: 85 m?/g) according to a Tukey test. At 1000°C, Gd (15%: 40 m?/g | 30%: 50 m?/g) and
Ce (15%: 41 m?/g | 30%: 49 m?/g) were significantly different than Yb (15%: 22 m?/g | 30%: 28

m?/g).

The evolution of Dgy was found to depend on dopant level, but not identity. Figure 3(c)
demonstrates 30 mol% M had a larger average pore size at all temperatures regardless of dopant.
Of note is the pore size evolution of the trivalent dopants: Y, Yb, Gd. At 30 mol%, the structures
gradually coarsened with increasing temperature, before experiencing a large increase in Dgyn
from 1000 to 1200°C. At 15 mol%, the structures also coarsened, but only to 1000°C, beyond
which Dgyn drops precipitously. This behavior was remarkably consistent among the trivalent
dopants, which appear to display the same trend, only shifted in absolute value. 15Ca and 15Ce
behave similarly to their trivalent counterparts at 15 mol%, but Dgy4 for 30Ca and 30Ce remains

stable from 1000 to 1200°C.

BJH desorption PSDs provided a deeper look at the pore structure as a function of composition
and temperature. Figure 4(a-f) includes the PSD of all 10 samples at 600, 1000, and 1200°C,
respectively. At 600°C, the PSD for 15 mol% M samples exhibited a high degree of similarity, with
sharp distributions set at smaller pore sizes. The trivalent dopants (Y, Yb, Gd) PSDs nearly

overlapped at 30 mol%. The area under the PSD is proportional to the total pore volume. By
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1000°C, it became evident that 30 mol% M samples are maintaining more porosity than their 15
mol% counterparts for all dopants. This was even more obvious at 1200°C in Figure 4(e), where
all 15 mol% distributions are essentially flat, except for 15Gd. Of the 30 mol% samples, 30Y and

30Gd maintained the most porosity made evident by their larger PSD.
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Figure 4(a-f): BJH pore size distributions for 15 mol% (left column) and 30 mol% (right column)
as a function of temperature. As the materials are heated, 30 mol% dopant samples in (d) and (f)
have increased pore volume compared to their 15 mol% counterparts in (c) and (e). At 1200°C,
the only 15 mol% sample to maintain mesoporosity is 15Gd, whereas all 30 mol% samples
maintain mesoporosity. Note the scale of the y-axis changes between temperatures.
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SEM images were also taken for all samples at each temperature and are included in Figure 5(a-
c) at 600, 100, and 1200°C. At 600°C, there was little change from the as dried structure in Figure
2. Only at 1000°C did it become apparent that composition is influencing densification behavior.
15Y, 15Yb, and 15Ca exhibited increased particle growth and coarsening. The other samples
maintained their mesoporous structure. At 1200°C, all samples underwent significant particle
growth and sintering. In general, 30 mol% M samples maintained smaller particle sizes and some
semblance of a porous structure. 15Yb and 15Ce underwent notable sintering by 1200°C, with

little mesoporosity visible.

Overall, 30Y and 30Gd displayed the most promising evolution in context of thermal stability. The
results thus far evaluate thermal stability in an absolute sense, that is, which samples maintain
the highest SSA and Vgyn while maintaining a constant Dgn. In the Discussion section, thermal
stability will be further evaluated in a relative sense by calculating the percent change or slope of
a given property over a selected temperature range. Taking these results together in the context
of material properties, a deeper insight may be gained into the thermal stability of highly porous

structures at elevated temperatures.
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Figure 5(a-c): SEM images after heat treatment at (a) 600°C, (b) 1000°C, and (c) 1200°C.

Differences begin to appear at 1000°C for 15Y, 15Yb, and 15Ca with increased particle growth
(a) 600°C (b) 1000°C (c) 1200°C
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3. Evolution of the crystal structure

In addition to pore structure, the evolution of the crystal structure is an important factor when
considering the thermal stability of a highly porous material. Deleterious phase transformations
can weaken the structure and rapid crystallite growth may contribute to significant sintering and
densification of the fine mesoporous structure. All aerogels were x-ray amorphous as dried. Table
3 includes the phases identified in all materials upon heat treatment. In general, the trivalent
dopants crystallized into the cubic (c) structure. 15Ca and 15Ce exhibited a mix of tetragonal (t)

and monoclinic (m) phases. 30Ca was consistently cubic and 30Ce tetragonal.
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Table 3: Crystalline phases identified in heat treated aerogels (c=cubic, t=tetragonal,
m=monoclinic). Y, Yb, and Gd identified as cubic at all temperatures and dopant levels. 30Ca was
cubic and 30Ce tetragonal. 15Ca and 15Ce both crystallized into the tetragonal phase, but the
monoclinic phase was identified at 1000 and 1200°C.

mol % o ° °
MOx 600°C 1000°C 1200°C
15 c c c
Y
30 c c c
15 c c c
Yb
30 (o] c c
15 c c c
Gd
30 c c c
15 t t,m t,m
Ca
30 c c c
15 t t,m t,m
Ce
30 t t t

The XRD patterns were fit in GSASII.?° The peak widths were used in the Scherrer equation and
an average was computed from all peaks to provide a single value of crystallite size (L). The
crystallite sizes measured in this work, all under 100 nm, are well within the range of relevance
for this technique.®? The results are summarized in Figure 6 by dopant, dopant level, and
temperature. The trivalent dopants shared similar behavior, with higher dopant level suppressing
crystallite growth to 1000°C. In general, Gd maintained the smallest crystallites, followed by Y,
and finally Yb. From 1000 to 1200°C, the 30 mol% samples underwent significant crystallite
growth. The 30Ca aerogel displayed similar behavior and crystallite sizes to the 30 mol% trivalent
dopants. The 30Ce aerogel exhibited the most promising behavior as it maintained a single phase
and much smaller crystallites than all other samples through 1200°C. At 1200°C, the crystallites
for 30Ce were less than half the size of any trivalent dopant. The crystallite growth behavior is
markedly more complex in the Ca- and Ce-doped aerogels at 15 mol% M. In these cases, the
formation of secondary monoclinic phases modifies the crystallite growth behavior. The tetragonal

crystallites in these samples continued to grow, albeit at a reduced rate once the monoclinic phase
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was detected. The monoclinic phase, once formed, exhibited a drop in crystallite size from 1000

to 1200°C.

Figure 6: The evolution of crystallite size for all samples, including multiple phases for 15Ca and
15Ce. The trivalent dopants display similar behavior, with higher dopant levels suppressing
crystallite growth to 1000°C (Gd <Y < Yb). 30Ce maintained the smallest crystallite size at 1000
and 1200°C for a single-phase sample. The scatter is smaller than the markers, so error bars are
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Discussion
1. Effect of dopant level and concentration on the as dried structure

Increased dopant concentration from 15 to 30 mol% MOy formed coarser pore structures with
lower SSA, larger pore volume, larger average pore size, and more disperse pore size
distributions. This trend held true for all dopants. This presents a challenge to a hypothesis
proposed in our previous work on YSZ aerogels from 0 to 50 mol% YO+, where a similar trend

was observed of coarser pore structures with increasing yttria content.’® We hypothesized that
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with increasing yttria content, the concentration of nucleophile (CI-) for epoxide ring opening is
higher as YCl3*xH2O provides more chloride than ZrOCl,*xH2O. This in turn increases the rate of
gelation and results in structures that resemble agglomerated networks of precipitates rather than
homogenous gels. The challenge arises for Ca-doped ZrO», which should not exhibit this behavior
according to our previous hypothesis as Ca(NO3).*xH20 does not provide additional nucleophile
compared to ZrOCl,*xH20. Despite providing the same amount of nucleophile, 30 mol% CaO
formed a coarser pore structure much like the other dopants in the study that do increase
nucleophile concentration. To examine this effect and re-evaluate our hypothesis, previous work
on epoxide-assisted sol-gel chemistry is informative.3® 3* Beyond concentration of nucleophiles
for the ring opening reaction, the nucleophilicity of chloride compared to the nitrate anion as well

as the charge of the metal ions must be considered.

First, it is important to recognize that the calcium precursor is the only nitrate salt used in this
study. The hydrated calcium chloride salt is prohibitively expensive if these aerogels are to be
used in insulative applications. Previous work by Gash et al. on iron oxide aerogels prepared from
chloride and nitrate precursors evaluated the structure of the aerogel as a function of salt anion
and solvent.®® In ethanol, the rate of gel formation was found to be faster for the nitrate salt
compared to the chloride salt, despite the nitrate anion being the weaker nucleophile. SSA, pore
volume, and pore size were higher for the chloride salt. In the presently studied Ca-doped ZrO;
aerogels, the pore size was larger at higher mol% CaO, despite the share of nitrate anions
increasing, which would be expected to decrease pore size according to the results from Gash.
Thus, the difference between chloride and nitrate does not explain the behavior observed in the

present work.

The charge of metal ions influences the acidity of hydrated metal cation species, [M(H20)x]**, in
solution. As water coordinates to the metal center during hydrolysis, a higher metal coordination

number makes the water molecules more acidic. Thus, higher oxidation states will make
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hydrolysis occur more quickly.3® A study on mixed metal-silicon oxide aerogels (Al, Cr, Zr, Hf, Nb,
Ta, W, and more) by Clapsaddle et al. evaluated the structure of aerogels prepared from hydrated
metal salts and propylene oxide.3* In this work, gel times decreased as coordination number
increased, owing to increased acidity and reactivity of the water in the hydrated metal complexes.
With shorter gel times, observed shrinkages were higher and the average pore sizes were lower.
Longer gel times were generally associated with large particle sizes and coarser pore structures.
The authors proposed that with longer gel times, there was more time for nucleation and growth
of particles in the sol prior to gelation. Larger particles cannot pack as closely together, leading to

reduced shrinkage and larger pore size.

This observation can be applied to the present work to understand the change in structure with
increased dopant level. For Y3*, Yb3*, Gd®**, and Ce?*, adding more dopant relative to Zr** reduces
the average oxidation state and acidity of hydrated metal complexes, thereby reducing the
reaction rate. Reducing the reaction rate generates coarser structures by allowing more time for
nucleation and growth of particles in the sol prior to gelation. The same is true for Ca?*, which
again lowers the average oxidation state of metal ions in solution. Although the ratio of nitrate to
chloride is increased at higher mol% Ca0, it is evident the effect of metal oxidation state is greater
than that of changing nucleophile. That said, if the shrinkage and pore size of the Ca-doped
aerogels are compared to other dopants, the aerogels did experience more shrinkage and have
slightly smaller pore sizes which is consistent with previous work on aerogels derived from nitrate

salts, which reduce the gel time and therefore the time for nucleation and growth of particles.

In summary, as the level of dopant is increased from 15 to 30 mol%, a metal with a +4 oxidation
state (Zr**) is being replaced by metals of +2 or +3 oxidation states (Y3*, Yb3*, Gd3*, Ce?*, Ca?*)
This reduces the reaction rate by reducing the acidity of water in the hydrated metal complexes,

allowing for more nucleation and growth in the sol prior to gelation. This results in coarser
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structures composed of larger particles that exhibit lower shrinkages and broader pore size

distributions.

2. Evaluation of thermal stability

It is prudent to first define by what metrics thermal stability may be evaluated in the context of
aerogels. The most relevant assessment of thermal stability is maintaining a highly porous
structure conducive to low thermal conductivity. The loss of porosity should be minimized by
maximizing SSA and pore volume. By minimizing change in pore size, thermal conductivity and
other transport properties can be maintained at a similar value through the operating temperature
range of the material. Limiting phase transformations and crystallite growth will ensure structural
integrity of the aerogel. All of the metrics can be evaluated in an absolute sense, that is directly
comparing the SSA or any other property of one formulation to another at a given temperature.

This is the simplest method by which thermal stability can be evaluated.

As covered in the Results, increased dopant concentration lends improved thermal stability, with
select dopants outperforming the rest. At 1000°C, 30 mol% Ce, Gd, and Y maintain the highest
SSA and pore volume. At 1200°C, 30 mol% Gd and Y perform the best. It is important to note
increased dopant concentration also changed the as dried structure, forming coarser structures
with larger initial pore sizes. The coarser structure with higher dopant concentration should reduce
the driving force for sintering and densification, improving thermal stability. The effect of starting
structure on thermal stability was evaluated in another work.3¢ The analysis therein suggests the
differences in as dried structure between 15 and 30 mol% dopant should not have a significant
effect on thermal stability. Therefore, the effect is believed to be the result of the increased dopant

concentration and not the change in the as dried structure.

It is also possible to evaluate relative stability, which looks at how a property changes over a

selected temperature range. This method of evaluation can give insight to what degree a
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material’s structure changes over a given operating range of temperatures. Information on the
evolution of the materials may be gleaned by calculating the percent change (Equation 1) or slope
(Equation 2) of a property over a temperature interval. X represents a structural property, such as
SSA, VayH, or Deyy and T is temperature in degrees Celsius. In this work, all materials are highly
porous as dried, and it is ultimately the ability to minimize the change in structure that will prove
advantageous when applied as insulation. For SSA, pore size, and pore volume, calculation of
percent change will be applied to evaluate relative stability, with lower percent change reflecting
higher thermal stability. For crystallite size, calculation of slope will be applied to evaluate relative
stability. Since the crystallite size is effectively zero in the initial as dried, x-ray amorphous state,
the initial value of crystallite size upon crystallization can undesirably affect the comparison of
thermal stability when percent change is applied. It allows for the comparison of the responses of

materials that have different starting structures.

Xpinai=Xmiti .
Percent Change = w x 100% Equation 1
Initial

XFinal — Xinitial

Slope = Equation 2

Trinal — Trnitial

Relative stability may be evaluated over the entire temperature range or select temperature
ranges. Comparison of materials over different temperature ranges is useful for potential
applications and their unique operating temperature ranges. Figure 7 displays the percent change
of SSA, pore volume, and pore size over three temperature ranges: as dried to 600°C, 600 to
1000°C, and 1000 to 1200°C. Figure 8 shows the slope of crystallite size from 600 to 1000°C and

1000 to 1200°C.
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Figure 7: The percent change of SSA, Vgyn, and Dgyx from AD to 600°C, 600 to 1000°C, and 1000
to 1200°C. The change in SSA and Va4 permit stability over a given temperature range to be
evaluated. As an example, doping with Ce leads to rapid loss of porosity from AD to 600°C and
1000 to 1200°C, but improved stability from 600 to 1000°C.
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Figure 8: The slope of crystallite size from 600 to 1000°C and 1000 to 1200°C for each material
and unique phase. All materials were cubic phase unless otherwise noted (t=tetragonal,
m=monoclinic). For Y, Yb, and Gd, increased dopant concentration generally suppresses
crystallite growth from 600 to 1000°C, but 30 mol% samples grow rapidly from 1000 to 1200°C.
The crystallite growth of 15Ca and 15Ce is complicated by the phase changes experienced in
those samples. 30Ce maintains a single phase and undergoes minimal crystallite growth relative
to other samples.
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For analysis within this study, the change from the as dried structure to 1000°C was selected for
SSA, pore size, and pore volume and change from 600 to 1200°C for crystallite size. The values
of percent change and slope are included in Table 4. Dopant identity (p=0.016) and concentration
(p=0.010) had significant effects on the percent change of SSA from as dried to 1000°C, with 30
mol% dopant retaining more SSA. From a Tukey test, there were three different groups of dopants
for retention of SSA, listed here in descending order of stability: Ce/Gd/Y, Gd/Y/Ca, Y/Ca/Yb.
Though 30 mol% Ce performed the best in terms of relative stability to 1000°C, this composition
rapidly densified from 1000 to 1200°C. This demonstrates the importance of considering both
relative and absolute stability, as well as considering different temperatures and ranges

depending on the application.

Dopant identity had a significant effect (p=0.013) on crystallite growth, but the concentration did
not (p=0.384). There were two significantly different groups of dopants: Y/Yb/Gd/Ca and Ca/Ce.
Yb, Y, and Gd experienced the most crystallite growth, but were also the most phase stable.
Within the series of trivalent dopants, smaller ionic radius was associated with increased
crystallite growth. Despite minimizing crystallite growth, phase stability may be a disadvantage
with Ce and Ca. The exception is 30 mol% Ce, which maintained a single tetragonal phase and
the least crystallite growth. This composition also maintained a stable pore structure to 1000°C,

but densified rapidly upon exposure to 1200°C.
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Table 4: The percent change of SSA, Vg, and Dgyx from the as dried state to 1000°C. The slope
of crystallite size (L) is calculated from 600 to 1200°C. Samples with best overall thermal stability
to 1000°C are 30Y, 30Gd, and 30Ce. For all samples, increased dopant concentration reduced
the amount of densification experienced.

M mol % SSA VeuH DguH L
MOx (%) (%) (%) (nme°C-")
v 15 -95.2 -90.9 63.6 0.064
30 -90.1 -83.1 26.2 0.082
Yb 15 -96.7 -93.9 60.1 0.083
30 -94.3 -87.7 94 .4 0.093
15 -92.5 -85.5 75.3 0.066
Gd 30 -89.3 -78.7 90.1 0.065
15 -95.4 -87.4 125.1 0.041
Ca 30 -94.0 -85.0 98.6 0.056
Ce 15 -90.7 -84 .4 43.8 0.031
30 -88.4 -84.7 14.7 0.014

3. Towards a design framework for thermally stable aerogels

In the present work, many dopants were evaluated, but material properties are not readily
available for the entire range of materials studied. Cation properties, such as radius, mass, and
charge, may serve as useful proxies for other material properties. The properties can be weighted
by cation composition to reveal the effect of changing radius, mass, and charge. This is
demonstrated in Equation 3, where xwm is the mole fraction MOy, and Pw is the property of dopant
M2*. The weighted properties were then scaled on [0, 1] to allow for comparison between radius,

mass, and charge on the same plot.

Weighted Property = Xz.Pz. + XuPu Equation 3

The thermal stability as a function of the weighted property can be evaluated in an absolute or
relative sense. For absolute stability, the SSA, pore volume, pore size, and crystallite size were
taken at 1000°C and plotted as a function of the scaled and weighted cation properties in Figure

9(a-d), respectively. Linear regression was then performed. Cation radius and charge did
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influence the pore structure at 1000°C. Increased radius was associated with higher pore volume
(p=0.04) and larger pore size (p<0.001). Increased charge was associated with smaller pore size
(p<0.001). Linear regression was similarly performed for relative stability (percent change, slope)

as shown in Figure 10(a-d), but no statistically significant relationships were identified.

Additional work is required to bring together property and performance measurement to improve
the design of thermally stable aerogels. Despite the fact that radius, charge, and mass of the
cation do not have clear effects on thermal stability, many material properties have complex
relationships with these cation descriptors. Well-designed experiments, especially coupled with
simulation, measuring material properties and thermal stability will enable further design rule

development.
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Figure 9(a-d): The (a) SSA, (b) Ve, (c) D, and (d) crystallite size, all after 1000°C heat
treatment, as a function of weighted properties of cation radius, charge, and mass. Statistical
analysis was then performed to identify significant effects of weighted properties on aerogel
structure. Increased radius was associated with higher pore volume (p=0.04) and larger pore size
(p<0.001). Increased charge was associated with smaller pore size (p<0.001).
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Figure 10(a-d): The percent change of (a) SSA, (b) Vs, (c) Dssn, and (d) crystallite size from AD
to 1000°C as a function of weighted properties of cation radius, charge, and mass. No statistically

Scaled broperty

significant relationships were identified in this analysis.

Lastly, the magnitude of changes to thermal stability as a function of composition must be
considered. Though statistically significant differences were observed in this work, none are
arguably large enough to consider any of the presently studied pore structures “thermally stable”.
Here, we probed the extremes of doped zirconia. Previous work studying composition’s influence
on thermal stability has led to mixed results. Aerogels composed of TiO2, Nb.Os, and ZrO>
aerogels maintained SSAs that varied by a factor of 3 at 500°C, but this same variation was
observed in the as dried state.'” Oxide aerogels of Ce, Pr, Sm, and Tb were prepared with SSAs

of 250, 296, 129, and 147 m?/g, respectively, and maintained SSAs of 60, 60, 90, and 90 m?/g
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after heat treatment at 650°C."° Looking at this wide range of metal oxides with varying properties
and as dried SSAs, the difference in thermal stability was small. Doping alumina with yttria and
zirconia with yttria and/or ytterbia improved thermal stability.? ' '3 These doped aerogels offered
improved thermal stability to 1000°C, but any advantage was consistently eliminated beyond this

temperature.

More impactful routes to thermal stability may include new synthetic techniques and post-
synthetic modification of aerogels to improve the robustness of the structure towards
densification. Comparing soluble precursors (metal salts) to colloidal boehmite in the preparation
of aluminosilicate aerogels demonstrated the dramatic influence of synthetic route on the
structure, chemistry, and thermal stability of aerogels.® The effect of precursor and synthetic route
goes beyond simply changing the SSA and pore size for a given composition, rather emerging
from the morphology of the precursor, connectivity of primary particles, and the spatial distribution
of constituents in multi-oxide aerogels. The improved stability of the boehmite derived materials
might be attributable to the boehmite being crystalline to start, eliminating the shrinkages
associated with the crystallization of an amorphous as-dried gel. Continued work on novel
colloidal syntheses of aerogels may serve as useful routes towards the development of thermally
stable aerogels.?” 3 Modification of aerogel structures with post-synthetic coatings and functional
groups has proven effective to have marked improvement on thermal stability.3® 49 Such
approaches prevent condensation of surface hydroxyl groups by capping hydroxyl groups with
non-condensable functional groups which then form secondary-phase particles that pin grain
boundaries and prevent crystallite growth at higher temperatures. Overall, advances in aerogel
synthesis may prove the most effective means of achieving thermal stability and enabling the use
of aerogel as insulation in extreme environments. The advances must go beyond straightforward
synthetic parameters and leverage novel precursors, assembly techniques, and post-synthetic

modifications to enhance thermal stability.
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Conclusions

Doped zirconia aerogels of 15 and 30 mol% M/(M+Zr) where M =Y, Yb, Gd, Ce, Ca were
synthesized from metal salt precursors and supercritically dried. Higher dopant concentration
formed coarser pore structures with broader pore size distributions and larger average pore sizes.
This result was linked to the reduction in average metal oxidation state in solution with increased
dopant level. The thermal stability as a function of composition was evaluated in absolute terms,
with 30 mol% GdO+s5 and YO4s maintaining the highest SSA and pore volume to 1200°C. In
general, increased dopant concentration improved the thermal stability for all dopants at 1200°C.
Relative stability was also used to compare thermal stabilities, again with increased dopant
concentration lending improved thermal stability and Y and Gd performing the best of all dopants.
Attempts to derive relationships between thermal stability and weighted cation properties (charge,
mass, size) were largely unsuccessful, with only a few statistically significant relationships.
Overall, the magnitude of thermal stability improvement achieved by modifying dopant identity
and concentration was considered in context to other routes, including modification of synthetic
techniques. This comparison points towards the fact that development of new synthetic
techniques will likely offer the greatest chance at achieving the thermal stability required to use

aerogels as insulation in the extreme environments of aerospace applications.
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