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Abstract We have systematically studied the relationship

between synthesis pH and morphological and optical

properties of silica aerogels. We have determined through

SEM and BET that there is a systematic correlation

between the pH of the initial silica solution and the surface

area, porosity, and pore size of the resulting aerogel. We

find that optical transmittance, particularly its wavelength

dependence (dispersion), is strongly governed by the

microstructure and, therefore, synthesis pH. We have

determined that the microstructure of the aerogels fall into

three broad categories: monostructural, which is charac-

terized by repeating elongated microstructural features;

fractal, which shows a distinctive structure that is emulated

on multiple length scales; and isotropic, which is charac-

terized by having no distinct features in its microstructure.

Simply by controlling the pH of the synthesis environment,

we can tune the optical properties of silica aerogels through

pH controlled the microstructural modification. We have

found that pH = 1–5 gives high dispersion, pH = 6–7

results in low transmittance and low dispersion, pH = 8

shows the highest transmittance with the lowest dispersion,

and pH = 9–10 transitions back to lower transmittance and

higher dispersion.

Keywords Transmittance � Aerogel � pH value � Structural
properties � Optical properties

Introduction

Aerogels have been studied for more than 80 years, the first

samples having been synthesized by Kistler [1]. Since the

1980s, researchers have extensively studied their fractal

structures and mechanisms of formation in sol–gel pro-

cesses, such as noteworthy works by Schaefer and Keefer

[2, 3]. Problems concerning the self-organization of these

systems have also been thoroughly reviewed in surveys by

Roldugin [4, 5].

Aerogels can be produced via sol–gel processes. Linear

structures are formed during the final sol aging stage,

which then transform into nanoglobules, the density of

which depends on the pH of the solution. These

nanoglobules form homogeneously throughout the sol and

then aggregate to form structures during the final stages of

growth whose size is determined by diffusion-limited

aggregation [6]. Gelation is followed by the drying of the

wet gel in an autoclave under supercritical conditions for

CO2, a process that leads to a pure, homogeneous product

with low density, high specific surface area, and high

porosity [7, 8]. This potentially allows them to be used in

numerous applications, such as catalysis, fuel storage

tanks, low dielectric constant materials, and fine particle

collection [9, 10].

Because the kinetics of network formation govern its

final structure, the gelation pH as well as the type and

concentration of ions present in solution are known to
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affect the final properties of the aerogel [11, 12]. Iler

divides the silica polymerization process into three pH

domains, pH\2, pH 2–7, and pH[7 [13], and others have

contributed significant advances to our understanding of

the mechanism of gel formation over these pH ranges

[14–16]. Control of pH can, therefore, influence

microstructure at the length scale of the visible spectrum,

which in turn affects the magnitude of optical transmittance

and its wavelength dependence (dispersion).

Silica aerogels are materials well suited for high power

nonlinear optical applications. Gentilini et al. [17] showed

that the structural disorder due to the porous solid-state gel

has a significant effect onto the generation of optical shock

waves. The optical transparency of silica aerogel is tied

closely to scattering centres within its microstructure [18].

This transparency, particularly in the solar spectrum, is

crucial for many solar related applications [19–22].

There appears, however, to be a dearth of studies in the

literature which cover a direct relationship between solu-

tion pH and the subsequent optical properties of aerogels.

In this paper, we try to carefully explore these relations and

further examine whether a single synthesis parameter, the

pH, can be used to tune the transmittance and dispersion

properties of silica aerogels.

Experimental

Materials

Tetraethylorthosilicate (TEOS [99.0% purity), spectro-

scopic grade ethyl alcohol (200 proof,[99.5% purity), and

ammonium fluoride ([98.0% purity) were obtained from

Sigma Aldrich. Hydrochloric acid (0.15 M,[99.0% purity)

was supplied by Amresco, and ammonium hydroxide was

supplied by BDH.

Synthesis

Silica gels were prepared via the following single-step

process. TEOS, ethanol, water, and a solution used to

modify pH were mixed using a volume ratio of 2.5:10:2:X,

where X was varied to achieve the desired pH.

Hydrochloric acid was used to reduce pH while an

ammonium fluoride–ammonium hydroxide solution, pre-

pared by adding 0.463 g of ammonium fluoride and

5.695 ml of ammonium hydroxide to 25 ml of water, was

used to raise pH. The solutions were stirred at 30 �C for 1 h

under magnetic stirring. The resulting sol was allowed to

gel in 3.1 cm diameter plastic tubes and then aged in the

same tubes for 22 h at room temperature. To remove any

unreacted monomer from the gel network, the gels were

washed with pure ethanol every 24 h five times. The gels

were then dried in an autoclave. The gels were submerged

in ethanol to prevent drying too quickly, CO2 was used to

maintain the pressure between 50 and 60 bar, and ice was

used to maintain the temperature at 0 �C. Ethanol would be

flushed from the system twice a day by depressurizing to

45 bar, then the pressure would be brought back to between

50 and 60 bar. This process would be repeated for any-

where between 1 and 5 days depending on the size of the

sample. Once the ethanol was completely removed from

the system, the temperature and pressure were raised to

above 32 �C and 73 bar and held at that temperature and

pressure 3 h. The autoclave was then depressurized over

5–6 h at a constant temperature of 32 �C. The sizes of the

resulting aerogel samples were about 28–30 mm in diam-

eter and 13 mm in thickness.

Characterization

We measured optical transparency using an Ultrospec.

4300 pro UV–Vis Spectrophotometer at 1 nm intervals

over the range from 400 to 700 nm to construct optical

transmittance curves. To calculate average transmittance,

we integrated the area under each curve and divided by

the range (300 nm). We observed the morphology and

microstructure of silica aerogel samples with scanning

electron microscopy (SEM), using the secondary electron

detector of a Zeiss Ultra 60 FE-SEM. We measured the

average pore size and specific surface area of the aerogel

samples using the BET method with a Micromeritics

ASAP 2020, employing nitrogen adsorption–desorption.

Finally, we determined the apparent densities of the

samples by weighing cylindrical samples of known

dimensions.

Results

UV–Vis

Figure 1 presents transmittance as a function of wave-

length for samples prepared at pH values ranging from 1 to

10.

Interestingly, the pH = 5, 6, 7, and 10 samples maintain

a relatively low transmittance over the entire visible

spectrum, whereas the transmittance of the pH = 1, 2, 3, 4,

8, and 9 samples increase with increasing wavelength.

Figure 2 depicts the average transmittance of silica

aerogels prepared with different pH values along with

pictures of each sample to show their transparency. The

sample prepared using pH = 8 had the highest

transmittance.
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Surface area and pore size measurements

We found pore volumes using a single condensation point

(relative pressure = 0.99), and surface area using five

points in the linear region at a relative pressure between

0.05 and 0.35. The results of these tests did not deviate

from one another more than the expected error of the test

(± 5%) when taken multiple times on the same sample.

Figure 3 shows the linear isotherm plots for each aero-

gel sample. The plots fall into two categories according to

their adsorption behavior [23]. The plots in the first cate-

gory, shown in Fig. 3a, have a relatively linear absorption

with relative pressure in comparison with those in the

second category, where more than half of their adsorption

occurs at a relative pressure greater than 0.9.

Figure 4 summarizes the influence of preparation pH on

surface area, pore size, and pore volume. In general, the

surface area of silica aerogels decreases as preparation pH

increases, as shown in the dashed curve in Fig. 4a.

Figure 4b demonstrates the variation of pore volume and

size with preparation pH, and it appears that pore volume

and size exhibit a similar behaviour with respect to pH.

Each has a global maximum at pH = 8 and another local

maximum below pH = 7; this occurs at pH = 2 for pore

volume and pH = 4 for pore size. It is notable that the

preparation of aerogel under neutral conditions yields the

lowest pore size, pore volume, and surface area.

Figure 5 shows the pH dependence of surface area cal-

culated from two other methods, a t-plot and the Langmuir

isotherm. It is clear from Fig. 5a that aerogel prepared

under pH = 7 still has the lowest surface area, even when

using different models to calculate it. The t-plot method

also finds that there is a minimum in the pore volume and

size at pH = 8 and that there is a general decrease in pore

volume and size as pH increases.

Table 1 summarizes the N2 adsorption–desorption iso-

therms measurements at 77 K for silica aerogels prepared

under pH = 1–10.
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Fig. 3 Nitrogen adsorption/desorption isotherms (IUPAC) at 77.35 K for aerogels prepared at the final pH values a = 1, 2, 3, 5, 6, and 7 and

b = 4, 8, 9, and 10
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Morphology

Figure 6 shows images of the aerogel microstructure

obtained from SEM. It is clear from these images that the

reaction pH value has a significant effect on aerogel mor-

phology [2, 3].

The images of the pH = 1 as well as pH = 3 aerogels

show parallel ridges that rise out of the fracture surface,

while the pH = 2 sample is composed of branched clusters

of smaller particles. The pH = 4 aerogel appears to be a

combination of the two, having branched clusters that form

into ridges. The pH = 5 and 6 samples have the same

structure as pH = 2, but the particles in pH = 5 are larger

and have fused together in pH = 6. pH = 7 has a contin-

uous and highly cross-linked network, and this, coupled

with its smaller pores size, leads to a very open structure,

where individual particles cannot be distinguished. Above

this pH, the micro- and nanostructural features seen in the

lower pH samples begin to return, with the ridged structure

of the fracture surface beginning to emerge in the pH = 8

sample. These ridges become more prominent in the

pH = 9 sample, and the nanoparticles begin to form

branched clusters just as in the pH = 2 sample.

We classify the various different microstructures shown

in Fig. 6 into three broad categories, monostructural (M1),

fractal (M2), and isotropic (M3), and have found that they

are linked to the aerogel’s optical properties. Figure 7

shows for SEM images of four samples chosen for their

transmittance (Fig. 2), and each exhibits a distinct

microstructure that falls into one of these three categories.

The pH = 3 sample gives an example of the monostruc-

tural microstructure. The fracture surface appears to be

composed of elongated ridges, each ridge being composed

of serrations less than a micrometre in size, as the red

outlines in the figure indicate. The pH = 7 and pH = 10

samples have a very similar microstructure that appears to

be fractal in nature as indicated by the red outline. The pH

8 sample has a much finer pore size than other samples, its

pores being nearly imperceptible at the same magnification

much like the pH = 3 sample, but unlike the pH = 3

sample, the facture surface gives no indication of any

directionality to its features, making it isotropic.

Discussion

Highly transparent aerogels are normally prepared using a

two-step method [24, 25]. In this work, silica aerogels were

prepared using a single step method to reduce the number

of synthesis factors and, therefore, better establish the

influence of pH on microstructure and optical properties.

Since the solubility of silica is quite low below pH = 2,

ripening after nanoparticle formation is restricted to less

than 2 nm in diameter, causing gel networks to form by

aggregation rather than particle growth [13]. It is generally

agreed that between pH = 2 and pH = 6, condensation

preferentially occurs on larger particles. This leads to a

larger average particle size and causes crosslinking between

particles to occur only after the depletion of the monomer

[15]. At pH values greater than 7, condensed species are

ionized and, therefore, mutually repulsive. Growth occurs

primarily through the addition of monomers to the more

highly condensed particles rather than by particle aggre-

gation [16]. It has been claimed that, in general, the sol–gel-

derived silicon oxide networks under acid-catalysed con-

ditions yield primarily linear or randomly branched poly-

mers, while base-catalysed conditions yield more highly

branched clusters which do not interpenetrate prior to

gelation and thus behave as discrete clusters [13]. These

differences in gel formation explain how silica aerogels

synthesized under different conditions would possess dif-

ferent microstructures, as shown in Figs. 6 and 7.

Table 1 Nitrogen sorption measurement for silica aerogel

pH Surface area (m2/gm) Pore volume (cm3/gm) Pore size (A�) Porosity% Measured density

(gm/cm3)
Single BET BJH Ads BJH Des Single BJH Ads BJH Des BET BJH Ads BJH Des

1 934.18 998.25 1011.09 1105.61 1.93 1.79 1.82 77.71 71.01 65.93 97.5 0.05049

2 1009.3 1066.4 987.78 1084.19 2.07 1.89 1.93 77.83 76.52 71.41 97.3 0.05593

3 535.09 556.34 502.35 540.68 1.33 1.33 1.36 96.02 106.25 100.77 97.2 0.05779

4 493.88 513.73 482.88 514.91 1.33 2.6 2.59 103.6 215.45 201.24 97 0.06317

5 481.87 500.98 477.34 507.36 1.1 1.31 1.3 88.1 110.16 103.04 96.4 0.07504

6 371.39 385.75 367.54 398.15 0.73 0.79 0.78 76.3 86.27 78.95 96.2 0.07731

7 101.24 102.19 53.72 54.01 0.11 0.12 0.12 44.91 92.44 91.61 93.9 0.12976

8 428.58 450.26 460.49 552.32 2.45 3.11 3.12 218.28 270.72 225.22 97.7 0.04730

9 413.86 435.01 436.35 485.51 2.12 2.13 2.12 194.88 195.37 175.06 97.6 0.05232

10 289.2 302.85 286.48 303.21 0.8 1.60 1.6 106.59 224.56 211.34 97.2 0.05935
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Figure 8 shows the optical transmittance over discrete

100 nm bandwidth sections the visible spectrum normal-

ized with respect to the total transmittance of each sample.

Since the absorption coefficient of light by silica in the

visible region is small, scattering should be the primary

mode of attenuation [26]. When the inhomogeneities of the

aerogel network are much smaller than visible wave-

lengths, nearly, isotropic scattering (Rayleigh scattering) is

expected.

This scale of nanostructural feature corresponds to the

M3 microstructure identified in ‘‘Morphology’’. The

presence of nanostructural elements that are on the order of

the visible spectrum, such as those found in the M1

microstructure, can cause Mie scattering. The fractal

structures of the aerogel have been shown to scatter sig-

nificantly by Alexander [27]. The maximum of this scat-

tering was shown to occur when the wavelength is close to

the size of the fraction. The M2 microstructure from Fig. 6

typifies this fractal microstructure and is observed in the

pH = 7 and pH = 10 samples.

In Fig. 8, we also observe that the dispersion of scat-

tering is relatively large for the M1 microstructure. This

M1 morphology experiences strong scattering at the lower

end of the visible spectrum that decreases with increasing

wavelength. This scattering behavior is most likely due to

strong interactions with its microstructural features in the

Fig. 6 SEM images of the surface morphology of the tested aerogels are shown for the following pH values: a 1, b 2, c 3, d 4, e 5, f 6, g 7, h 8,

and i 9
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sub-micrometer range with the majority of features lying in

the 300–500 nm size range.

Thus, the M1 microstructure results in moderate overall

transmission but high dispersion. The fractal morphology,

M2, scatters nearly equally well over the whole visible

spectral range due to the hierarchically repeated features

that span the visible range. This results in low transmission

and low dispersion. The isotropic structure scatters very

poorly over the whole visible range, resulting in high

transmission and low dispersion.

As stated earlier, excluding final pH values, all aerogel

samples were prepared under the same conditions, reaction

temperature, molar ratio of TEOS and water, and aging time,

so the pH of the reaction solution is the primary influence on

the microstructure and the resulting optical properties [28].

While an acid-catalysed reaction demands high electron

density, a base-catalysed reaction demands low electron

density, and therefore, the condensation process will result

in more linear features under an acidic environment and a

more branched network under a basic environment [13].

Fig. 7 SEM images for aerogel

samples prepared with solutions

of pH = 3, 7, 8, and 10. A range

of fractal sizes from several tens

to several hundred manometers

can be seen in the pH = 7

sample (outlined in red) with a

similar range of fractals

exhibited by the pH = 10

sample. In contrast, samples

starting from pH = 3 and 8

appear to be devoid of fractal

structures over this size range

Fig. 8 Optical transmittance in

100 nm bandwidth segments

over the visible spectrum. The

transmittance values for the

samples at each pH value are

normalized by the total

transmittance for that pH

Int Nano Lett (2017) 7:257–265 263

123



In addition, all samples are made solely of silica;

therefore, the aerogel network structure is the individual

factor that gives rise to any variation in the transmittance

(Fig. 1). The difference in refractive index between silica

network and the pore material (air in the case of aerogel)

may be a reasonable source of light scattering, as the pores

may act as scatter centres.

In general, as the acidity of the sol decreases, trans-

mittance will decrease as well, reaching a minimum value

at pH = 7. Because the lowest reaction rate for hydrolysis

occurs at pH = 7 [29], a lot of silica networks are still

unreacted, so the electrophilic tendency of condensation

terminates, and the alcohol condensation mechanism

becomes favourable [30, 31]. This condition gives rise to

more locally branched networks, leading to narrow pore

sizes and small pore volumes, thus giving rise to dense

network and then low transparency. The above mechanism

may be reflected in the reduction in pore volume from the

single-point method with respect to pH (Table 1). This

relationship did not hold up for the aerogels synthesized

under the basic conditions as the transmission increased

significantly from pH = 7 to 8 (Fig. 2). The suggested

relationship between pore volume and transparency is still

valid as the pH value increases beyond 8 (Table 1; Fig. 2).

With regard to the odd behaviour in the case of pH = 2

sample, this pH value corresponds to the zero charge point

of silica [13]. At this point, the condensation mechanism of

silica changes from electrophilic to electrophobic, so the

reduction in transmission here may be attributed to the

same reasons as those for pH = 7 but to a lesser extent.

The IUPAC classification of hysteresis loops can help in

the analysis of the liner isotherm plots, as presented in

Fig. 3 [23]. The plots for the pH = 1, 2, 3, and 5 samples

in Fig. 3a may be classified as H3, which is related to non-

rigid aggregates of plate-like particles (slit-shaped pores).

The plots for the pH = 6 and 7 samples (Fig. 3a) may be

classified as H4, which is related to narrow slit pores,

including pores in the microporous region. The plots

belonging to the pH = 4, 8, 9, and 10 samples (Fig. 3b)

can be classified as H1, which is related to well-defined

cylindrical pore channels [23].

Except in the case of the pH = 4 sample, the mecha-

nism that produced the linear isotherm plot can be divided

into two branches: acidic and basic behaviour. This may be

explained by the fact that silica has its isoelectrical point

(IEP), the point at which the zeta potential is equal to zero,

at approximately pH = 4, or 4.5, to be exact. At the IEP,

the reaction rate for condensation is at a minimum; hence,

the water condensation mechanism becomes favourable to

the alcohol condensation mechanism [30]. This condition

may give rise to less branchy networks and lead to large

pore sizes, resulting in higher adsorption quantities at

higher relative pressures.

The starting pH, therefore, strongly influences the

resulting microstructure, and allows for the control of

microstructure-dictated properties. The optical transmit-

tance and dispersion can be tuned through pH control, with

pH = 1–5 giving high dispersion, pH = 6–7 resulting in

low transmittance and low dispersion, pH = 8 showing the

best transmittance with the lowest dispersion, pH = 9

exhibiting high dispersion, and pH = 10 leading back to

low transmittance and low dispersion.

Conclusions

We demonstrate a systematic correlation between the

starting pH of the reactant mixture and the resulting

microstructure then optical properties of silica aerogels.

Specifically, the total transmittance over the visible range

as well its dispersion is strongly governed by the effect that

the starting pH has on their final microstructure. We cat-

egorize the observed microstructure into three main types:

monostructural, which exhibits a repetition of elongated

microstructural features several hundred nanometres in size

based on its scattering behaviour; fractal, which shows a

hierarchical repetition of structural features; and isotropic,

which has no directionality to its microstructural features.

The samples with a starting pH = 1–5 show high disper-

sion, those from pH = 6–7 show low transmittance and

low dispersion, and the pH = 8 based on aerogel exhibits a

combination of the best transmittance with the lowest

dispersion. For a pH greater than 8, there is a transition to

low transmittance and low dispersion. The optical trans-

mittance and dispersion of synthesized silica aerogels can,

therefore, be tuned through the single synthesis parameter

of the reactant pH.
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