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Abstract

Aerogels, mesoporous materials with extreme material properties including high

specific surface area, low density, and low thermal conductivity, can be useful for ap-

plications including catalysis, sorption media, and drug delivery. The low thermal

conductivity and high surface area of aerogels makes them advantageous as thermal

management systems, specifically for aerospace or aeronautics applications. However,

the pore collapse and subsequent surface area decrease of aerogels following expo-

sure to high temperatures must be mitigated to allow aerogels to be effectively used

in thermal management applications. This work investigates the anionic surfactant

sodium dodecyl sulfate (SDS) and the nonionic surfactant Pluronic® P-123 as sur-

factant templates in yttria-stabilized zirconia (YSZ) aerogels. By utilizing surfactant

templates, known to influence pore structure, it is anticipated that sintering and den-

sification of the aerogels following high-temperature exposure will be mitigated. It

was determined that the addition of SDS and P-123 increased the surface area and

pore volume of as-dried aerogels and suppressed crystallite growth at high temper-

atures. However, the impact of surfactant templates on the surface area and pore

volume of heat-treated aerogels was negligible, potentially due to low concentrations

of surfactant and the removal of the surfactant following high-temperature exposure.
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1 Introduction

Aerogels are unique, highly porous materials with a wide variety of extreme material prop-

erties, including high specific surface area, low density, and low thermal conductivity. Aero-

gels, first introduced in 1932, are gels which have been isolated from their liquid compo-

nent, as a gas replaces all of the gel’s liquid through a drying process [1]. Aerogels are

composed of 95 - 99% air by volume and are the lightest solid material in the world [2].

Due to their material properties, aerogels can be useful in a range of applications, such as

catalysis, thermoresisters, sorption media, sensors, electrodes in solid oxide fuel cells, and

drug delivery [3–9]. The high specific surface area and low thermal conductivity enables

the effective use of aerogels as thermal management systems [10–13]. Zirconia (ZrO2) aero-

gels have special interest for high-temperature applications due to the high melting point

of ZrO2 (2715°C) and stability between 600°C and 1000°C, where other aerogel systems,

such as silica, often begin to sinter and densify. To further increase the thermal stability of

zirconia aerogels, yttria-stabilized zirconia (YSZ) aerogels are often used as the addition of

yttrium to the zirconia system stabilizes high temperature polymorphs of zirconia. How-

ever, exposure of YSZ aerogels to high-temperature often leads to pore structure collapse

and surface area decrease due to structural rearrangement and polycondensation reactions

[14, 15]. Pore structure collapse increases the thermal conductivity of the aerogels, inhibit-

ing their use at high-temperature; therefore, to effectively use aerogels in thermal manage-

ment systems, collapse of pore structure and decrease of surface area must be mitigated.

To influence the pore structure of aerogels, surfactants can be used as templating agents

during aerogel synthesis. Surfactants are used in the synthesis of a variety of aerogels as

these chemicals can be used as structure directing agents to influence pore structure in

mesoporous materials due to electrostatic repulsion and steric hinderance effects [3, 16].

Surfactants can template the aerogel structure during synthesis, enhancing surface area

and pore size upon high-temperature exposure [17–19]. With a hydrophilic head and a hy-
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drophobic tail, surfactants can reduce interfacial energy, which causes surface tension in

the aerogel system and leads to pore collapse and shrinkage during drying [20, 21]. Surfac-

tants control nanoparticle and crystallite growth through a capping effect, which influences

crystalline structure; they also prevent agglomeration, which increases aerogel surface area.

The surfactant templating process is depicted in Scheme 1. Various surfactants form

micelles, either spherical or rod-like in shape, at or above the surfactant’s critical micelle

concentration (CMC) [22]. Surfactants are added to the sol prior to gelation, as aerogel

precursor particles aggregate around the micelles. Following the addition of a gelation

agent, gelation occurs and the precursor particles form a solid network around the mi-

celles. The presence of the surfactants typically does not impede the formation of the solid

gel matrix [23]. The surfactants are oxidized and removed from the aerogel system fol-

lowing washing or high-temperature exposure, either through the drying process or heat-

treatment, resulting in uniform pores [24]. Surfactants are not required for the synthesis

of aerogels, as the aerogel porosity primarily results from the aggregation of the precursor

and formation of the solid gel network. However, it is anticipated that surfactant templat-

ing can be used to influence the aerogel pore structure, enabling the retention of meso-

porous structure and high surface area in aerogels.

In prior work, we used the cationic (positively charged) surfactant cetrimonium bro-

mide, CTAB, as a templating agent for 20 mol% yttria-stabilized zirconia (YSZ) aerogels

[24]. As compared to aerogels without CTAB, it was determined that 0.5x the CMC of

CTAB increased the surface area of YSZ aerogels by 72% and 41% following high-temperature

exposure to 600°C and 1000°C, respectively. Additionally, at 0.5x CTAB, the aerogel pore

volume was shown to increase by 75% and 80% at 600°C and 1000°C, respectively. When

compared to a concentration of 2x the CMC of CTAB, the concentration of 0.5x had a

greater increase in surface area and pore volume. We hypothesized that the higher concen-

tration of CTAB may have negatively influenced gelation of the YSZ sol due to adsorption

of the cationic surfactant onto the charged surface sites of the zirconia matrix and subse-
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quent impediment to gelation. This may have decreased the strength of the YSZ gel, lead-

ing to increased shrinkage during drying and heat-treatment, and ultimately causing pore

collapse and surface area reduction.

To determine the effect of surfactants with different charges on the pore structure of

aerogels, we consider anionic (negatively charged) and nonionic (without charge) surfac-

tants as templates for 20 mol% YSZ aerogels in this work. The anionic surfactant sodium

dodecyl sulfate (SDS) and the nonionic surfactant Pluronic® P-123 were chosen as tem-

plating agents for YSZ aerogels. SDS, a well-known organic sodium salt, has been used

as a surfactant template for materials such as ambient-pressure dried silica aerogels and

highly porous ceramic zirconia foams, while the linear tri-block-copolymer P-123 has been

reported as a templating agent in aerogels including ambient-pressure dried zirconia aero-

gels and titania-silica aerogels. The addition of each templating agent led to an increase

in surface area, pore volume, and thermal stability[21, 23, 25–29]. In this work, the sur-

factants were added to the aerogels at concentrations of 0.5x, 2x, and 3x the CMC of each

surfactant to understand the influence of surfactant type and concentration; the aerogels

were heat-treated at temperatures up to 1100°C to determine the effect of the surfactants

on the thermal stability of the aerogels. It was anticipated that the use of SDS and P-123

as surfactant templates would enable the retention of mesoporous structure and high sur-

face area in as-dried aerogels, while also mitigating crystallite growth and densification of

aerogels exposed to high-temperatures.

2 Experimental

2.1 Yttria-stabilized zirconia (YSZ) aerogel synthesis

Yttria-stabilized zirconia (YSZ) aerogels were synthesized using a similar sol-gel proce-

dure to the one used by Hurwitz et al [30]. Zirconyl chloride octahydrate, ZrOCl2 · 8H2O

(12.374 g/38.40 mmol, Alfa Aesar, 99.9% metals basis), and yttrium(III) chloride hexahy-

drate, YCl3 · 6H2O (2.912 g/9.60 mmol, Acros Organics, 99.9%) were used as the zirco-
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nium and yttrium precursors, respectively. The precursors were mixed at room tempera-

ture with the solvent system, ethanol (38 mL per 48 mmol of total solids, Decon Labs, 200

proof) and deionized water (6.572 mL/365 mmol), to create the sol. To minimize experi-

mental variables, a yttria content of 20 mol% was chosen for the formulations as this yt-

tria content was shown to retain mesoporous structure and increase thermal stability after

high-temperature exposure compared to lower dopant levels [30, 31]. Regarding water con-

tent, twice the stoichiometric amount (2x water) was chosen, as this water level resulted in

aerogels with greater surface area and pore volume at high temperature than higher water

levels following experimentation.

Prior to gelation, the surfactants chosen for this study, sodium dodecyl sulfate, SDS

(Sigma Aldrich, ACS reagent, ≥ 99.0%) or Pluronic® P-123 (Sigma-Aldrich, average Mn

∼5,800) were added to the sol as a multiple (0.5x, 2x,and 3x) of the surfactant’s critical

micelle concentration (CMC), the determination of which is discussed in section 2.2. Aero-

gels without surfactant were also synthesized for comparison. The sol was mixed overnight

to allow for complete dissolution of the surfactants and precursors. Propylene oxide (8

mL/114 mmol, Sigma Aldrich, ReagentPlus, 99%), was used as a gelation agent. Follow-

ing further mixing of the sol in an ice bath, the gelation agent was added to the chilled

sol. Immediately after the addition of propylene oxide, the sol was poured into cylindrical

molds with gelation typically occurring within 2 - 5 minutes. After aging for 24 hours, the

gel was washed in 200 proof ethanol for 5-8 days. The gel was then supercritically dried

using carbon dioxide. The supercritical drying process exchanged the solvent in the gel’s

pores with air, transforming the gel into an aerogel. Following drying, the aerogels were

heat-treated in high-purity alumina boats under flowing argon at temperatures of 600°C,

1000°C, and 1100°C for 18 min. The ramp rate of the tube furnace was 5°C/min.
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2.2 Predictive measurements for surfactants

Prior to the synthesis of the YSZ aerogels, the concentration of each surfactant that would

be added to the aerogels was determined. The surfactants were to be added as multiples

(0.5x, 2x, and 3x) of the surfactant’s critical micelle concentration (CMC) value in the

YSZ aerogel sol. The CMC value was determined using a series of experiments where dif-

ferent concentrations of each surfactant were added prior to gelation to the base sol, which

was the 20 mol% yttria, 2x water YSZ sol formulation used for all of the aerogels in this

work. The hydrodynamic radius of each solution was determined using dynamic light scat-

tering on an ALV/CGS-3 Compact Goniometer from ALV-GmbH utilizing a vertically po-

larized 633 nm 22 mW laser.

For SDS, there was a correlation between hydrodynamic radius value and surfactant

concentration as seen in Figure 1A. The hydrodynamic radius values were between 3.7 and

4.6 nm for SDS concentrations between 1 x 10-5 M and 1 x 10-2 M in the base sol. SDS

concentrations above 1 x 10-2 M were not measured as SDS would not dissolve into the

base sol, even with extended mixing times (> 3 days). Theta (θ), defined as (R - Rmin)/(Rmax

- Rmin) where R is the hydrodynamic radius, was plotted as a function of the concentra-

tion of SDS in the base sol solution. The CMC of SDS was determined to be 50% of the

θ value; therefore, the CMC was determined to be 1 x 10-3 M in the aerogel base sol, de-

noted by the red dashed line in Figure 1A. This estimated value of the SDS CMC in the

base sol (an ethanol-water solvent system) was reasonable, as the CMC of SDS in water at

25°C is 8 x 10-3; the CMC is known to increase with the addition of ethanol, but decrease

with the addition of salts, such as the inorganic zirconium and yttrium precursors [32, 33].

For the aerogel formulations discussed in section 2.1, at 0x, 0.5x, 2x, and 3x the CMC of

SDS, the CMC value of 1 x 10-3 M SDS was used; the molar ratios of SDS to inorganic

precursors in the aerogel formulations are given in Table 1.

For the surfactant P-123, the hydrodynamic radius values ranged from 3.6 nm to 4.8

nm for P-123 concentrations between 5 x 10-6 and 1 x 10-2 M P-123 in the base sol. How-
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ever, there was no correlation between θ and surfactant concentration as seen in Figure

1B. Therefore, as a benchmark, the CMC of P-123 in water, a value of 3 x 10-4 M, was

used for the aerogel formulations discussed in section 2.1 [34]. The molar ratios of P-123

to inorganic precursors in the aerogel formulations are given in Table 1. It should be noted

that, between 5 x 10-2 M P-123 and 1 x 10-1 M P-123, there was a large increase seen in

hydrodynamic radius value from 7.67 nm to 22.02 nm. YSZ aerogels were made with a

concentration of 1 x 10-1 M P-123, equaling approximately 320x the CMC of P-123, al-

though with relatively low surface area compared to the aerogels synthesized with other

P-123 concentrations; therefore, this concentration was not included in the following dis-

cussion.

In this work, we mapped a predictive measurement, surfactant hydrodynamic radius,

in the sol to final properties of the synthesized aerogels. It was anticipated that a predic-

tive measurement that can be made in the sol, prior to gelation, drying, heat-treatment

and characterization, could save experimental time and resources by providing insight into

final aerogel properties before completion of the full aerogel synthetic pathway.

2.3 Characterization

Following synthesis, as-dried and heat-treated aerogels were characterized using a variety

of techniques. As-dried shrinkage and density were determined through physical measure-

ment using a digital caliper. Scanning electron microscopy was performed using a Hitachi

S-4700 FE-SEM to show, qualitatively, the effects of surfactant on microstructure. The

SEM samples were uncoated and imaged at 2 kV with a working distance of 5.0 - 9.0 mm.

Nitrogen physisorption was conducted on a Tristar II 3020 (Micrometrics Instrument Cor-

poration) instrument following degas at 80°C overnight; surface area of the aerogels was

determined using the Brunauer–Emmett–Teller (BET) method and the pore size distri-

bution was determined from the desorption isotherm using the Barrett-Joyner-Halenda

(BJH) method, which accounts for open pores less than 100 nm in size only [35, 36]. Fol-
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lowing the measurement, pore size distributions of the aerogel samples were determined

by plotting the pore volume (cm3/g) as a function of the pore diameter (nm). A Bruker

D8 Advance X-ray diffractometer was used to determine surfactant effects on crystalline

phase transformation and average crystallite size for heat-treated aerogels. Cu Kα (1.54059

Å) radiation was used from 10° to 80° 2θ. Profile fitting in HighScore Plus by Malvern

Panalytical was used to analyze the aerogel samples. To determine the average crystal-

lite size for each sample, the Scherrer equation, the Monshi-Scherrer (M-S) method, the

Williamson-Hall (W-H) method, and the Size-Strain-Plot (SSP) method were used [37].

Transmission electron microscopy was conducted using a FEI Talos TEM to confirm the

effects of surfactant on crystallite size.

3 Results and discussion

3.1 As-dried shrinkage & density

Following supercritical drying, physical measurements were taken to determine the as-

dried shrinkage (%) and density (g/cm3) for the synthesized YSZ aerogels. The as-dried

shrinkage was a measure of the percent change between the aerogel monolith following su-

percritical drying and the syringe mold used during synthesis. For aerogels without sur-

factant, the as-dried shrinkage was 17% and the density was 0.254 g/cm3. For aerogels

with SDS, the as-dried shrinkage and density remained approximately constant for the

various amounts of SDS at 17% and 0.248 g/cm3, respectively. The addition of SDS as

a templating agent had a negligible effect on the as-dried shrinkage and density, as com-

pared to aerogels without SDS. For aerogels with P-123, the as-dried shrinkage and density

remained approximately constant at 16% and at 0.229 g/cm3 for varying surfactant lev-

els. The as-dried shrinkage and density were slightly lower for aerogels synthesized using

P-123 than for aerogels synthesized with SDS or synthesized without a templating agent.

The density was shown to decrease by 10% for aerogels with P-123 as compared to aero-

gels without templating agent. This decrease in density may have been due to the high
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molecular weight of P-123, approximately 5800 g/mol, which was much higher than the

molecular weight of SDS at 288.38 g/mol. As some of the surfactant was likely removed

from the aerogel system during drying due to washing via the supercritical solvents, aero-

gels synthesized with the higher molecular weight surfactant P-123 may have resulted in a

lower density as-dried aerogel as compared to aerogels with SDS or without a templating

agent.

3.2 Pore structure

Figure 2 shows scanning electron microscopy (SEM) images at 80kx magnification repre-

senting YSZ aerogels with no templating agent (Figure 2A), with 3x SDS (Figure 2B), and

with 3x P-123 (Figure 2C) at four different heat-treatment conditions of as-dried, 600°C,

1000°C, and 1100°C.

Sintering was expected following high-temperature exposure due to polycondensation

reactions and structural rearrangement; sintering often leads to pore collapse and densi-

fication of the pore structure. In Figure 2, the aerogels kept the mesoporous structure at

1000°C, however densification of the aerogel pore structure was evident following exposure

to 1100°C. Exposure to 1100°C resulted in larger voids present in the SDS and P-123 tem-

plated aerogel samples.

Regarding surfactant influence on the aerogel pore structure, differences in the aero-

gel pore structure between aerogels without a templating agent (Figure 2A), aerogels with

SDS (Figure 2B), and aerogels with P-123 (Figure 2C) were difficult to distinguish from

SEM micrographs. The as-dried aerogel with SDS (Figure 2B) did display a few larger

voids that were not present in the as-dried aerogels without surfactant template and with

P-123. However, there was difficulty in assigning statistical significance to the shifts in

pore size.
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3.3 Pore size distributions

The pore size distributions for as-dried and heat-treated at 1000°C YSZ aerogels are dis-

played in Figure 3 for SDS (Figure 3A,C) and P-123 (Figure 3B,D).

In the as-dried aerogels with SDS and the as-dried aerogels with P-123, the measured

pore sizes were larger than the average diameter of both the SDS micelles and the P-123

micelles measured in the YSZ aerogel sol. However, the pores were not all directly formed

by the surfactant micelles as the surfactants only aided in pore templating. The primary

mechanism for the formation of aerogel pores was the aggregation of the solid precursor

and the resultant arrangement of the gel network.

For as-dried aerogels with SDS, the major pore size distributions were centered around

32 nm for all SDS concentrations. These pore sizes were slightly larger compared to the

as-dried aerogel without SDS, which had a major pore size distribution centered around

28 nm. The addition of SDS promoted slightly larger pore sizes and volumes, possibly in-

dicating that SDS was an effective surfactant template. The aerogel without templating

agent had the widest pore size distribution, from 0 nm to 93 nm, as compared to the aero-

gels with SDS, which had pore size distributions from 0 to 45 nm (0.5x SDS), 0 to 52 nm

(2x SDS), and 0 to 42 nm (3x SDS). Surfactants are known to increase the emulsification

of the sol and prevent particle agglomeration, leading to a more homogeneous aerogel [21].

The addition of SDS led to a narrower pore size distribution for the as-dried aerogels by

potentially increasing the homogeneity of the pores. The presence of macropores was not

evident in the as-dried pore size distributions for the aerogels with SDS. Larger pores were

present in the as-dried aerogel without a surfactant template, which could have potentially

encouraged the collision of air molecules, ultimately increasing the thermal conductivity.

For the aerogels heat-treated at 1000°C, the pore size distributions were very similar in the

aerogel without SDS and the aerogels with 2x and 3x SDS. For the aerogel with 0.5x SDS

heat-treated at 1000°C, the pore size distribution was wider and macropores were present.

For as-dried aerogels with P-123, the addition of higher concentrations of P-123 ap-
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peared to shift the major pore size distributions to slightly larger pore sizes. In the as-

dried aerogel without P-123 (0x P-123), the major pore size distribution was centered

around 28 nm, which shifted to slightly higher pore sizes centered around 40 nm at 2x P-

123 and 35 nm at 3x P-123. However, at a smaller concentration of P-123 (0.5x P-123),

the major pore size was slightly smaller at 18 nm than in the aerogel without a templating

agent. Larger pore sizes occurred only above the critical micelle concentration (CMC) of

P-123, potentially indicating that only the presence of micelles led to larger pores in the

as-dried aerogels with P-123 surfactant templates. Aerogels with P-123 had overall wide

pore size distributions, from 0 nm to 78 nm at 0.5x P-123 and from 0 nm to 95 nm at 2x

P-123, which were approximately equal to the pore size distribution in the aerogel with-

out templating agent (0x P-123) at 0 nm to 93 nm. The large pore size distribution may

have resulted from the large size of the P-123 surfactant template. For the aerogel with 3x

P-123, the pore size distribution was narrower from 0 nm to 42 nm, which indicated the

presence of mesopores only. However, the presence of macropores in the as-dried aerogels

with lower concentrations of P-123 may have increased the thermal conductivity of the

aerogels due to increased air molecule collisions. For the aerogels heat-treated at 1000°C,

the pore size distributions were very similar in the aerogel without P-123 and the aerogels

with P-123.

When comparing the different surfactants, at 0.5x CMC, the as-dried major pore size

was larger in the aerogel with SDS (32 nm) as compared to the aerogel with P-123 (18

nm). However, there was a larger volume of pores at 32 nm for the aerogel with SDS than

pores at 18 nm for the aerogel with P-123, which had a much wider pore size distribution.

For higher concentrations of surfactant, the as-dried major pore size was similar between

the aerogels with SDS and the aerogels with P-123. At 2x CMC, the major pore size was

32 nm in the aerogel with SDS and centered around 40 nm, but with a much wider pore

size distribution, in the aerogel with P-123. At 3x CMC, the major pore size was slightly

smaller in the aerogel with SDS (32 nm) than in the aerogel with P-123 (35 nm). At lower
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concentrations, it seemed that SDS was a more effective surfactant template, leading to

larger mesopores (pores between 2 and 50 nm); at higher concentrations, SDS and P-123

led to pores with similar pore sizes. The as-dried aerogels with P-123 did contain macro-

pores (pores > 50 nm) at 0.5x P-123 and 2x P-123, while the as-dried aerogels with SDS

were primarily mesoporous. Due to a narrower pore size distribution, SDS may have been

more effective in emulsification of the aerogel sol, leading to aerogels with more homoge-

neous pore structure than the aerogels with P-123. The as-dried aerogels with P-123 may

have had a wider pore size distribution due to the larger size of the P-123 surfactant tem-

plates, as compared to the SDS surfactant templates.

To maintain effectiveness as a thermal insulator, the formation of large pores should

be mitigated. Small mesopores inhibit gas convection as the pore diameter is small com-

pared to the mean free gas path, which can hinder the collision of gas molecules. For the

as-dried aerogels with P-123, the presence of pores greater than 50 nm and wider pore size

distribution may have resulted in increased gas convection due to increased opportunity

for gas molecule collisions. The larger volume of mesopores in the as-dried aerogels with

SDS would have potentially lowered the thermal conductivity of these aerogels as com-

pared to the aerogels with P-123 due to suppression of gas convection. Enhanced control

of the mesopore range in aerogels with SDS may have resulted from increased electrostatic

interactions present in the aerogels with the anionic surfactant template as compared to

the aerogel with the nonionic surfactant template.

It is important to note that nitrogen physisorption is only capable of measuring pores

less than 100 nm. Therefore, pores with diameters greater than 100 nm could have been

present in the synthesized as-dried aerogels. While there was no evident macroporosity

(pores > 50 nm) observed in the as-dried SEM micrographs for the aerogel without a sur-

factant template (Figure 2A) and the aerogel with 3x P-123 (Figure 2C), a few larger

voids were observed in the as-dried aerogel with 3x SDS (Figure 2B). For this sample,

while a significant volume of pores with diameters less than 50 nm were observed in the
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pore size distribution (Figure 3A), the aerogel could have had pores greater than 100 nm

that were not measured through nitrogen physisorption. For the aerogels heat-treated at

1000°C, mesoporosity was retained; however, pores greater than 100 nm could have also

been present.

3.4 Surface area & pore volume

The BET surface area (m2/g) values, with BJH desorption cumulative pore volume (cm3/g)

values in the inset, are represented in Figure 4A for aerogels with SDS and Figure 4B for

aerogels with P-123. The error of BET surface area is within 10 - 20 m2/g based on repeat

measurements.

For all aerogels represented, there was a large decrease in both surface area and pore

volume following high-temperature exposure. A decrease in surface area and pore volume

was expected due to the sintering and densification of the aerogel pore structure at high-

temperatures. The larger voids were not included in the measurement of the surface area

and pore volume values displayed in Figure 4 since nitrogen physisorption was only ca-

pable of measuring pores less than 100 nm. However, the surface area and pore volume

values at high-temperature, although much lower than the as-dried values, still indicated

the retention of mesoporosity following high-temperature exposure. The retention of meso-

porosity was also shown in the pore size distribution plots following high-temperature ex-

posure (Figure 3C,D).

For as-dried aerogels with SDS, 0.5x SDS and 3x SDS had higher BET surface area

values, at 445 m2/g and 449 m2/g, respectively than 2x SDS at 413 m2/g. All concentra-

tions of SDS had higher surface areas than the aerogel without a surfactant template, with

a surface area of 379 m2/g. For the heat-treated aerogels, the aerogels with SDS and the

aerogels without SDS all had approximately the same surface area value, with a difference

of 17 m2/g between the aerogels with or without SDS at 600°C, a difference of 16 m2/g be-

tween the aerogels at 1000°C, and a negligible difference of 4 m2/g between the aerogels at
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1100°C.

The as-dried aerogels with P-123 all had higher surface areas, at 436 m2/g, 453 m2/g,

and 423 m2/g for 0.5x P-123, 2x P-123, and 3x P-123, respectively, than the aerogel with-

out a surfactant template at 379 m2/g. Similar to aerogels with SDS, for the heat-treated

aerogels, the aerogels with P-123 and the aerogels without P-123 all had approximately

the same surface area value, with a difference of 19 m2/g between the aerogels with or

without P-123 at 600°C, a difference of 19 m2/g between the aerogels at 1000°C, and a dif-

ference of 17 m2/g between the aerogels at 1100°C. It should be noted that at 600°C, the

aerogel without P-123 had the higher surface area of 156 m2/g than the surface areas at

140 m2/g, 140 m2/g, and 137 m2/g of the aerogels at 0.5x P-123, 2x P-123, and 3x P-123,

respectively.

The BET surface area of as-dried aerogels demonstrated an increase when using both

SDS and P-123 as surfactant templates at various concentrations. There was a negligible

difference in the as-dried surface areas of aerogels with SDS and the surface areas of aero-

gels with P-123. Both surfactants were effective templates indicated by a higher surface

area than the aerogel without the surfactant template. It was determined that, following

high-temperature exposure, the use of a surfactant template did not have a strong impact

on aerogel surface area, as the differences in surface areas between aerogels without a sur-

factant template and aerogels with SDS or P-123 were negligible.

Regarding the BJH desorption cumulative pore volume values, the as-dried aerogels

using SDS as a surfactant template had a higher pore volume, at 2.00 cm3/g, 1.62 cm3/g,

and 1.71 cm3/g for 0.5x SDS, 2x SDS, and 3x SDS, respectively, as compared to the aero-

gel without a surfactant template at 1.39 cm3/g. As was the case with BET surface area,

the larger pore volume in as-dried aerogels with SDS indicated that SDS potentially was

an effective surfactant template. At 600°C, the aerogel without SDS and the aerogel with

0.5x SDS both had higher pore volume, both at 1.01 cm3/g, than the aerogels with higher

surfactant content (2x SDS and 3x SDS) with pore volumes at 0.72 cm3/g. Following heat-
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treatment at 1000°C and 1100°C, the pore volumes were approximately the same for aero-

gels without a surfactant template and aerogels with SDS with a variation of 0.1 cm3/g

and 0.03 cm3/g, respectively. For as-dried aerogels with P-123 as a surfactant template,

the aerogel with the lowest surfactant concentration, 0.5x P-123, had the lowest pore vol-

ume at 0.97 cm3/g, while the aerogel with the highest surfactant concentration, 3x P-123,

had the highest pore volume at 1.62 cm3/g. At 600°C, similar to SDS, the aerogel with-

out a surfactant template had the highest pore volume at 1.01 cm3/g, as compared to the

aerogels with 0.5x P-123, 2x P-123, and 3x P-123 at 0.90 cm3/g, 0.85 cm3/g, and 0.81

cm3/g, respectively. For aerogels heat-treated at 1000°C and 1100°C, the pore volumes

were approximately the same in aerogels without a surfactant template and aerogels with

P-123; the variation of pore volume was 0.20 cm3/g at 1000°C and 0.17 cm3/g at 1100°C.

The as-dried pore volumes were slightly larger for aerogels with SDS, as compared to

the aerogels with P-123 as the surfactant template. The increased electrostatic interac-

tions of the anionic surfactant with the aerogel matrix may have increased the as-dried

pore volume of the aerogels with SDS. Additionally, due to the higher molecular weight

of P-123 as compared to SDS, larger amounts of P-123 surfactant may have been retained

in the aerogel pore structure following the washing and drying processes; this may have

resulted in smaller pore volumes for the as-dried aerogels with P-123 as compared to the

as-dried aerogels with SDS surfactant templates. The addition of SDS also increased the

pore volume of as-dried aerogels as compared to the aerogel without a surfactant template.

Some concentrations of P-123 increased the as-dried pore volume as compared to the aero-

gel without a surfactant template, although the increase was not as large as when SDS

was used. However, similar to the results for BET surface area, following high-temperature

exposure, the addition of SDS or P-123 did not significantly enhance the aerogel pore vol-

ume.
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3.5 Crystalline structure

X-ray diffraction (XRD) was used to determine the effect of concentrations of SDS and

P-123 on the crystalline structure of YSZ aerogels. The resulting XRD patterns from 10°

to 80° 2θ are displayed in Figure 5. For aerogels without a templating agent, patterns are

displayed for the aerogel heat-treated at 600°C, 1000°C, and 1100°C. For aerogels at 0.5x

SDS, 3x SDS, 0.5x P-123, and 3x P-123, patterns at 1100°C only are displayed.

All synthesized as-dried aerogels, regardless of the presence or absence of SDS or P-123

surfactant templates, were non-crystalline or amorphous. However, all heat-treated aero-

gels exhibited crystallinity, which increased with increasing heat-treatment temperature,

indicated by the presence of well-defined peaks in the XRD pattern. Following analysis, it

was determined that all heat-treated YSZ aerogels exhibited the cubic fluorite crystalline

phase, regardless of surfactant concentration; the cubic phase is expected in 20 mol% yt-

tria YSZ aerogels up to 2500°C [38]. The use of SDS and P-123 as surfactant templates

was found to have no effect on the resulting crystalline structure of the YSZ aerogels.

Table 2 displays the average crystallite size (Å) values for each aerogel sample at 600°C,

1000°C, and 1100°C. For the XRD analysis, the crystallite size values resulting from four

different equations, the Scherrer equation, the Monshi-Scherrer (M-S) method, the Williamson-

Hall (W-H) method, and the Size-Strain-Plot (SSP) method, were averaged [37]. These

four equations were used together, as the Scherrer equation, traditionally used to deter-

mine crystallite size, has restrictions above 1000 Å and often has error due to noise and

instrument signal. Due to the limitations and errors associated with the XRD equations,

analysis of images from transmission electron microscopy (TEM) was also used to confirm

the average crystallite size.

Crystallite growth was evident following high-temperature exposure, especially at 1000°C

and 1100°C. This was expected as high-temperature is known to increase growth of crys-

tallite particles, promoting crystallization. At 1000°C, the average crystallite size deter-

mined via XRD analysis was slightly lower in all aerogels with SDS than the aerogel with-
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out a surfactant template; 2x SDS exhibited the lowest average crystallite size for aerogels

with SDS at 197 ± 11 Å. The aerogels with P-123 at 1000°C also all had a lower average

crystallite size than the aerogel without a surfactant template, with 3x P-123 having the

lowest crystallite size at 198 ± 5 Å.

At 1100°C, there was a different behavior as the aerogel without the surfactant tem-

plate had a slightly smaller average crystallite size of 529 ± 39 Å than the aerogels with

SDS, which had average crystallite sizes ranging from 535 Å to 605 Å. For aerogels with P-

123, the average crystallite size in the aerogels with 0.5x and 3x P-123 was lower than the

crystallite size in the aerogel without a surfactant template at 349 ± 3 Å and 517± 32 Å,

respectively. At 2x P-123, the average crystallite size was larger at 579 ± 18 Å. The pres-

ence of P-123 mitigated crystallite growth at 0.5x P-123 and 3x P-123; however, for aero-

gels with SDS and for the aerogel at 2x P-123, the crystallite size increased as compared

to the aerogel without a surfactant template.

At 1000°C, the presence of SDS and P-123 surfactant templates was shown to decrease

the average crystallite size compared to the aerogel without a surfactant template. Due

to a capping effect, surfactants are known to control crystallite growth; the lower aver-

age crystallite size at 1000°C potentially indicated that SDS and P-123 were effective sur-

factant templates, inhibiting crystallite growth at this high temperature. At 1100°C, the

SEM micrographs (Figure 2) displayed significant densification, which was even more pro-

nounced than in the aerogels heat-treated at 1000°C. Increased densification was poten-

tially indicative of a decrease in the effectiveness of SDS and P-123 as surfactant tem-

plates, which was further evidenced by a negligible impact of the surfactants on the sur-

face area and pore volume of the aerogels at 1100°C. The greater extent of densification

and the insignificant impact on the crystallite size at 1100°C may have indicated that SDS

and P-123 were more effective surfactant templates at 1000°C than at 1100°C.

The TEM images are displayed for aerogels with no templating agent (Figure 6A),

with 0.5x SDS (Figure 6B), with 0.5x P-123 (Figure 6C), with 3x SDS (Figure 6D), and
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with 3x P-123 (Figure 6E) that were heat-treated at 1100°C. The TEM images are dis-

played at 58kx magnification.

In Figure 6, it can be seen that crystallite particles with a distribution of sizes were

present in all of the aerogel samples; differences in the TEM images were difficult to distin-

guish. The crystallite size values at 1100°C determined via TEM analysis in Table 2 were

all approximately the same, ranging from 347 Å to 364 Å, except for the aerogel with 0.5x

SDS which was higher at 411 Å. The average crystallite size values determined via TEM

were lower than the crystallite size values determined via XRD. However, the standard de-

viations were large, between 128 Å and 176 Å. These large standard deviations resulted

from the wide variations in size of the crystallite particles in the TEM images (Figure 6).

Figure 7 includes the distribution of crystallite sizes displayed in the TEM images. The

size distribution was very broad for all of the samples. The larger particles in Figure 6

could have been agglomerates of multiple crystallites, attributing to the broad size dis-

tribution. It should be noted that for the aerogels with a surfactant template, both at 0.5x

and 3x, the major crystallite size distributions were slightly smaller than for the aerogel

without a surfactant template, potentially demonstrating that adding the surfactant tem-

plate may have suppressed crystallite growth even at 1100°C.

3.6 Comparison of surfactants

At or above the critical micelle concentration (CMC), SDS forms micelles which can em-

bed in the aerogel network through reactions involving hydroxyl groups [26]. The embed-

ded SDS micelles could have influenced the aerogel pore structure through steric hinder-

ance effects, as well as through electrostatic interactions between the metal ions of the

aerogel network and the negatively charged surfactant head groups. Similar to a cationic

surfactant, anionic surfactants also release ions when dissolved in solution that could have

interacted with the zirconia aerogel matrix, inducing a repulsive force between the zirconia

particles. These electrostatic interactions, while not the only means of anionic surfactant
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templating, were a significant influence on aerogel pore formation.

Regarding the nonionic surfactant, Pluronic® P-123 is a linear tri-block-copolymer,

forming core-shell micelles at or above the CMC [39]. While charged surfactant micelles

can embed into the zirconia aerogel matrix through electrostatic interactions, nonionic sur-

factants form hydrogen bonds between the zirconia aerogel matrix and the ether oxygens

of the surfactant [21, 40, 41]. Nonionic surfactants also do not release ions; with nonionic

surfactant templating, pore structure was primarily influenced by the hydrogen bonding

and steric hinderance effects of the surfactant micelles resulting from the nonionic surfac-

tant interaction with the zirconia aerogel matrix. In the aerogels with the nonionic P-123,

electrostatic interactions were not prevalent; therefore, the increased electrostatic interac-

tions in the aerogels with SDS may have been the driving force behind the enhanced pore

structure control, evidenced by the formation of primarily mesopores with narrower size

distributions and increased cumulative pore volumes in as-dried aerogels. However, more

experimental work may be needed to further understand the surfactant templating mecha-

nisms and the interactions between the surfactants and the zirconia aerogel matrix.

Both SDS and P-123 increased the surface area of as-dried aerogels as compared to

the aerogel without a surfactant template. The increase in surface area for the as-dried

aerogels may have been indicative of higher threshold operating limits for the surfactant-

templated aerogels. However, increased surface area was not demonstrated following high-

temperature exposure at 600°C, 1000°C, and 1100°C. Above temperatures of 350°C, the

surfactants were most likely oxidized and removed from the aerogel system [24]. Since

the maximum temperature for the supercritical drying process stayed below 100°C in this

work, remnants of surfactant not removed during the washing process were most likely still

present in the as-dried aerogels; however, during the heat-treatment process, well above

350°C, any remaining surfactant was removed [30]. The presence of remaining surfactant

in the as-dried aerogels templated with SDS and P-123 may have influenced the higher

as-dried surface area, and the higher pore volume in the case of SDS templated aerogels.

20



However, following exposure to temperatures above 600°C and full removal of surfactant

from the aerogel system, the surface area and pore volume of the aerogels with SDS and

P-123 showed negligible differences when compared to the aerogels without surfactant tem-

plate. The advantages, reduction of pore collapse and mitigation of densification, of the

anionic and nonionic surfactant templates were mostly eliminated following the removal

of the surfactants. This was further evidenced by the inhibition of crystallite growth at

1000°C, which was not as apparent at 1100°C. At higher temperatures, the advantages of

the surfactant templates were diminished.

The behavior of surfactant-templated aerogels was much different for the aerogels tem-

plated with SDS (anionic surfactant) and P-123 (nonionic surfactant) as compared to prior

work using cetrimonium bromide, CTAB (cationic surfactant), as a template. A concen-

tration of 0.5x CTAB increased the surface area of YSZ aerogels by 72% and 41% follow-

ing exposure to 600°C and 1000°C, respectively, as compared to aerogels without CTAB

[24]. Pore volume was also shown to increase at 0.5x CTAB by 75% and 80% at 600°C and

1000°C, respectively. CTAB was shown to increase surface area and pore volume in heat-

treated aerogels, however, at 0.5x CTAB, the as-dried surface area was 403 m2/g, lower

than any of the as-dried aerogels using SDS and P-123 surfactant templates. Therefore,

while SDS and P-123 increased the as-dried surface area as compared to CTAB, there was

not an enhancement of surface area and pore volume at high-temperature for these surfac-

tants as there was for CTAB.

We hypothesize two reasons for the different behavior in the cationic surfactant tem-

plated aerogels: the estimation of the CMC value for CTAB and the strong interaction of

the CTAB surfactant with the zirconia aerogel matrix. First, prior to the gelation of the

YSZ aerogels, CTAB was added in multiples of 0.5x and 2x the CMC of CTAB. Unlike

with the anionic and nonionic surfactants, where the CMC was estimated from a literature

value or experimental measurements (Figure 1), the value of CTAB used in the aerogel

formulations was estimated from a thermodynamic model [42]. This thermodynamic model
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only considered the water and ethanol volumes in the sol and did not take into account

other factors, including the inorganic salt concentration. Due to this estimation, the molar

ratios of CTAB and the inorganic precursors in the aerogel formulation were high (0.13 for

0.5x CTAB and 0.50 for 2x CTAB) compared to the molar ratios of SDS and P-123 (Ta-

ble 1). While there may have been problems with the estimation of the CTAB CMC, the

larger amount of CTAB in the YSZ aerogels may have had a larger influence on the aero-

gel pore structure, in both as-dried and heat-treated aerogel samples, as compared to the

SDS and P-123 templated aerogels.

However, the larger amount of CTAB potentially had negative effects on the aerogel

pore structure. As discussed previously, larger amounts of CTAB (2x the CMC as com-

pared to 0.5x the CMC) resulted in lower surface areas and pore volumes of as-dried and

heat-treated aerogels. It was hypothesized that the higher concentration of CTAB led to

increased adsorption and a potential build-up of the surfactant onto the zirconia aerogel

matrix, which could have impeded the gelation reaction and caused subsequent shrink-

age and pore collapse during drying and heat-treatment. Therefore, while higher amounts

of CTAB may have positively influenced the surface area and pore volume of aerogels as

compared to the lower amounts of SDS and P-123, too much CTAB was shown to have a

negative impact.

Regarding aerogels with SDS and P-123, larger amounts of both surfactants may have

positively impacted the surface area and pore volume of surfactant templated aerogels

at high-temperature. Larger concentrations of micelles, as well as increased electrostatic

interactions in aerogels with SDS, could have further decreased surface tension and pre-

vented agglomeration, leading to reduced pore collapse and higher surface area. However,

increased amounts of surfactants may have potentially led to an excess of surfactant, caus-

ing gelation impediment due to matrix adsorption in the case of SDS or due to steric ef-

fects in the case of P-123 that could have resulted in negative impacts to surface area and

pore volume.
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4 Conclusions

In this work, we synthesized YSZ aerogels using the anionic surfactant, sodium dodecyl

sulfate (SDS), and the nonionic surfactant, Pluronic® P-123. We anticipated that surfac-

tant templates would enhance surface area and pore volume and mitigate high-temperature

sintering and densification of the aerogels. We also demonstrated the use of a predictive

measurement, surfactant hydrodynamic radius, to map the behavior of surfactants in the

sol prior to gelation to the final properties of YSZ aerogels, potentially saving experimen-

tal time.

For as-dried aerogels, it was determined that SDS and P-123 were effective surfactant

templates, increasing the surface area, pore volume, and pore size of YSZ aerogels, as com-

pared to aerogels without a surfactant template. The anionic surfactant SDS led to pri-

marily mesopores in as-dried aerogels, while certain concentrations of the nonionic sur-

factant P-123 led to the formation of macropores. This may have been due to increased

electrostatic interactions between the ions of SDS and the zirconia aerogel matrix, leading

to more control over pore formation. Aerogels with SDS also had narrower pore size dis-

tributions, which could have indicated that SDS increased the homogeneity of the aerogel

pore structure. Following high-temperature exposure, the use of SDS and P-123 surfactant

templates did not have an influence on the aerogel surface area, pore volume, or crystalline

phase. However, at 1000°C, aerogels with SDS and P-123 had smaller average crystallite

sizes than the aerogel without a surfactant template, indicative of the control of crystallite

growth by the surfactants via a capping effect. At 1100°C, the addition of SDS did not de-

crease crystallite size, although some concentrations of P-123 did decrease crystallite size.

This may have indicated that SDS and P-123 were more effective surfactant templates at

1000°C than 1100°C, further evidenced by increased densification of the pore structure at

1100°C. At higher temperatures, the advantages of SDS and P-123 as surfactant templates

may have diminished. We expect that further optimization of the aerogel formulation us-
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ing surfactant templates will enable the effective use of YSZ aerogels at temperatures up

to 1100°C.
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Tables

Table 1: Molar ratios of surfactant to inorganic precursors. Molar ratios of the surfactants,
SDS and P-123, to the inorganic precursors, zirconium and yttrium, in the aerogel formu-
lations at concentrations of 0.5x, 2x, and 3x the CMC.

Molar Ratios

Surfactant CMC (M) 0.5x 2x 3x

SDS 1 x 10-3 6 x 10-4 2 x 10-3 3 x 10-3

P-123 3 x 10-4 2 x 10-4 7 x 10-4 1 x 10-3

Table 2: Average crystallite size of YSZ aerogels with various surfactants and heat-
treatment conditions. Average crystallite size values (Å) for YSZ aerogels with varying
levels of SDS and P-123 at 600°C, 1000°C, and 1100°C determined through XRD and
TEM analysis. Four different equations were used to determine the crystallite size follow-
ing XRD analysis.

Temperature Crystallite Size Crystallite Size
Surfactant (°C) via XRD (Å) via TEM (Å)

600 55 ± 19 -
0x Surfactant 1000 246 ± 20 -

1100 529 ± 39 364 ± 161

600 58 ± 1 -
0.5x SDS 1000 237 ± 23 -

1100 535 ± 19 411 ± 176

600 54 ± 14 -
2x SDS 1000 197 ± 11 -

1100 605 ± 9 -

600 56 ± 22 -
3x SDS 1000 244 ± 9 -

1100 535 ± 19 355 ± 128

600 58 ± 25 -
0.5x P-123 1000 202 ± 7 -

1100 349 ± 3 355 ± 135

600 54 ± 13 -
2x P-123 1000 200 ± 16 -

1100 579 ± 18 -

600 57 ± 24 -
3x P-123 1000 198 ± 5 -

1100 517 ± 32 347 ± 173
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Figures and Figure Captions (to be printed in color)

All figures to be printed in color.

Scheme 1: Surfactant templating during aerogel synthesis. Following formulation of the
aerogel sol, precursor particles aggregate around surfactant micelles, gelling to form a solid
network. Surfactants are removed from the aerogel, either through washing, supercritical
drying, or heat-treatment, leaving behind controllable, uniform pores.
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Figure 1: Theta (θ) as a function of surfactant concentration to determine CMC. θ values,
defined as (R - Rmin)/(Rmax - Rmin) where R is the hydrodynamic radius, for concentra-
tions (M) of the surfactants A) SDS and B) P-123. The critical micelle concentration
(CMC) of SDS in the base sol was estimated from 50% θ (red dashed line) to be 1 x 10-3

M. The CMC of P-123 used in aerogel formulations was the value for P-123 in water, 3 x
10-4 M, as there was not a correlation between hydrodynamic radius and P-123 concentra-
tion in this sol.

Figure 2: SEM images of YSZ aerogels with various surfactants and heat-treatment con-
ditions. SEM images (80kx magnification) of YSZ aerogels with A) no templating agent,
B) 3x SDS, and C) 3x P-123 at four different heat-treatment conditions, left to right, as-
dried, 600°C, 1000°C, and 1100°C.
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Figure 3: As-dried and heat-treated pore size distributions of YSZ aerogels with various
surfactants. Pore size distributions of YSZ aerogels with varying concentrations of SDS
(A,C) and P-123 (B,D) that were as-dried (top) and heat-treated at 1000°C (bottom).
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Figure 4: Surface area & pore volume of YSZ aerogels with various surfactants and heat-
treatment conditions. BET surface area (m2/g) and BJH desorption cumulative pore
volume (cm3/g) (inset) for YSZ aerogels with varying concentrations of A) SDS and B)
P-123 at as-dried, 600°C, 1000°C, and 1100°C heat-treatment conditions.
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Figure 5: XRD patterns of YSZ aerogels with various surfactants and heat-treatment con-
ditions. XRD patterns from 10° to 80° 2θ for YSZ aerogels without surfactant, with SDS,
and with P-123 at various heat-treatment conditions of 600°C, 1000°C, and, primarily,
1100°C. The Miller indices (hkl values) are displayed at the top of the figure.

Figure 6: TEM images of YSZ aerogels with various surfactants at 1100°C. TEM images
at 58kx magnification for YSZ aerogels at 1100°C with A) no templating agent, B) 0.5x
SDS, C) 0.5x P-123, D) 3x SDS, and E) 3x P-123.
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Figure 7: Distribution of crystallite sizes from TEM images. Histograms displaying the
distribution of average particle sizes (Å) analyzed via TEM for aerogels at 1100°C with
A) no templating agent, B) 0.5x SDS, C) 3x SDS, D) 0.5x P-123,and E) 3x P-123. The
Freedman-Diaconis rule was used to determine the bin width. The average crystallite size
and standard deviation determined from each sample are displayed in Table 2.
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