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Abstract: Silica aerogels are extensively used as catalyst supports due to their mesoporous
structure and chemical inertness. In this study, SiO2–AuNP aerogels containing gold
nanoparticles (AuNPs) were synthesized using the sol-gel method followed by supercritical
CO2 drying. The inclusion of polyvinyl pyrrolidone (PVP) as a stabilizing agent preserved
the gold particle sizes during the gelation process. In contrast, aerogels synthesized without
PVP contained enlarged AuNP aggregates, resulting in a shift in the plasmon resonance
color from red to bluish or blue–grey. Thermal treatment of these bluish-colored aerogels at
high temperatures restored their red coloration, visually indicating the breakdown of large
gold clusters into individual nanoparticles. Both types of aerogels were characterized using
SEM, TEM, 3D optical microscopy, UV–vis and ATR-IR spectroscopy, and N2 porosimetry,
with their properties analyzed as a function of annealing temperature. Their catalytic
activity was evaluated through the reduction of 4-nitrophenol with sodium borohydride,
and both aerogel types demonstrated catalytic activity. This thermal conversion of large
clusters into individual nanoparticles within an aerogel matrix introduces a new and
promising approach for creating catalytically active nanogold-containing aerogel catalysts.

Keywords: silica aerogel; nanogold; catalytic activity; immobilization; thermal treatment;
nanoislet

1. Introduction
Nanomaterials and nanoparticles are at the forefront of modern science and technology,

representing a rapidly expanding field of research with numerous practical applications.
Metal nanoparticles are particularly significant due to their unique optical, physical, and
chemical properties compared to their bulk counterparts [1,2].

Gold nanoparticles, in particular, have garnered significant interest for both theo-
retical and practical reasons, as their size and shape can be precisely controlled to form
spheres [3,4], rods [5,6], cubes [7], and stars [8], allowing for extensive study [9,10]. Their
applications span medical [11], biological [12], catalytic [13], optical, and sensor tech-
nologies [14]. Colloidal gold nanoparticles are typically synthesized using the Turkevich
method, a bottom-up approach where chloroauric acid is reduced and stabilized by sodium
citrate. This method is renowned for its simplicity and effectiveness, producing gold
nanoparticles with a diameter of approximately 10 nm [15].
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Aerogels are among the most intriguing examples of nanostructured porous solids,
characterized by their extremely low density (0.004–0.500 g/cm3) and high specific sur-
face area. Their mesoporous nanostructure makes them highly functionalizable, enabling
a broad range of applications. Aerogels are increasingly used as heat and sound insu-
lators [16,17], components in cosmetics [18], materials for controlled drug delivery [19],
catalysts or catalyst carriers [20,21], and in advanced fields such as nuclear physics and the
aerospace industry [22].

Due to their highly porous structure, inorganic aerogels are well-suited for forming
nanocomposites with metal nanoparticles, alloys, and metal oxides [23–25]. The distribution
and integration of nanoparticles into the gel matrix can be achieved through several
methods. One approach involves adding nanoparticles to the reaction mixture during sol-
gel synthesis [26]. This method allows for even nanoparticle distribution and precise control
of their quantity. Another technique introduces nanoparticles into the aerogel structure by
soaking the wet gel in a nanoparticle solution [27], resulting in the formation of a depth
gradient. By incorporating nanoparticles—either covalently attached to or embedded in the
matrix—aerogels gain enhanced properties and functionalities, significantly broadening
their range of applications. Silica or alumina aerogels or aerogel-like materials containing
gold nanoparticles have gained remarkable attention most recently due to their special
optical [28,29], plasmonic [30], catalytic and biological (i.e., antibacterial) [31] activities.
Furthermore, gold nanoparticles can not only act as guest particles in aerogel matrices
but are also capable of forming gold aerogels on their own, showing enhanced catalytic
activity [32].

In a prior investigation, we successfully immobilized gold nanoparticles in silica
aerogels. However, the stability of citrate-stabilized gold nanoparticles was compromised
during aerogel synthesis, leading to rapid aggregation during the sol-gel process. This
challenge was addressed by employing PVP as a stabilizing agent, enabling the repro-
ducible synthesis of multi-centimeter-sized monolithic silica aerogel–gold nanocomposites
without aggregation of the nanogold guest particles [33]. Despite this progress, a no-
table number of bluish or blue–grey-colored, aggregated, gold-containing samples were
also generated in the course of our development efforts. Inspired by our observations
on the high-temperature thermal behavior of a gold-sputtered silica aerogel sample, as
shown in Figure 1, and the formation of plasmonic gold nanoparticles from the surface
gold nanolayer, we considered whether this behavior could be harnessed to generate
(reverse-engineer) catalytically active red-colored gold nanoparticles from the large AuNP
aggregates present in catalytically nearly inactive blue–grey aerogels. In addition to restor-
ing catalytic activity, we systematically investigated the thermal transformation of a gold
layer or gold nanoparticle aggregates deposited on the surface or embedded within the
aerogel matrix.
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Figure 1. Thermal change of sputtered gold layer after heating at 500 ◦C for 8 h. (a) Gold-sputtered
silica aerogel sample on a SEM sample holder; (b) the same specimen after heat treatment. The loss of
metallic luster and the appearance of the red color is a clear indication of the formation of plasmonic
gold nanoparticles.



Gels 2025, 11, 87 3 of 19

The reduction of 4-nitrophenol (4-NP) with sodium tetrahydroborate (NaBH4) was
chosen as the reaction for catalytic tests due to the feasibility and simplicity of investigations,
the lack of side reactions, and, most importantly, the high potential and value of such
catalysts in environment protection. 4-nitrophenol ranks 58th on the EPA’s list of persistent
pollutants [34]. The reduction of 4-NP to 4-aminophenol (4-AP) with sodium borohydride
in the presence of noble metal nanoparticles [35,36] has been extensively studied [37–39].
Most recently, gold nanoparticles immobilized on different solid carriers like mesoporous
silicas, cellulose beads, alginate-modified magnetic particles, or mesostructured oxides
were used for the reduction of 4-NP, as well as environmentally dangerous organic dyes
and methylene blue [40–43]. Without immobilization, nanoparticle release would be the
source of secondary environmental contamination [44]. Therefore, the development of an
easily removable and regenerable heterogeneous catalyst is crucial.

2. Results and Discussion
2.1. Thermal Behavior of Sputtered Gold Layers on Silica Aerogel Surfaces

Small monolithic silica aerogel cylinders (pre-treated at 500 ◦C for 5 h) were sputtered
with gold to deposit an approximately 15 nm thick layer on the surface. After sputtering,
the samples were heated in a muffle furnace at 500 ◦C and 900 ◦C for 1 h.

High-power 3D optical microscopy and scanning electron microscopy were employed
to study the structural changes. The analysis revealed that the sputtered gold film under-
went gradual decomposition and migration, and gold islets were formed on the surface
and inside the outermost 500–900 nm layer of the porous silica structure (Figure 2).
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Figure 2. Optical microscopy images of (a) 15 nm thick sputtered gold layer on silica aerogel, (b) gold
islands formed on the silica surface when heated to 900 ◦C, (c) gold islets on the surface and in-depth
migration/formation of gold particles in the silica matrix. The depth of penetration is approx. 1
µm, significantly exceeding the thickness of the sputtered gold layer (scale bars: 10 µm). (d) Cross-
sectional scanning electron microscopy image of different-sized gold nanoparticles on the surface
and in the outer 200 nm layer of the silica aerogel. Scale bar: 1 µm.
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Figure 2a shows the original sputtered surface layer, which covers the globular struc-
ture of the silica aerogel. Increasing the temperature results in a migration of gold atoms
and formation of larger gold islets.

The islet formation became the dominant feature at 900 ◦C, as shown in Figure 2b. A
cross-sectional view of the surface layer revealed an approximately 1 µm deep penetration
of gold into the matrix. However, this value is rather inaccurate due to the high transparency
of the silica matrix and the light scattering on gold particles in the deeper layers, as shown
in Figure 2c. The scanning electron microscopy image in Figure 2d provides more accurate
information on the depth of penetration and the shape of the gold nanoparticles. A
cylindrical sample was cut in half and polished on diamond lapping paper before the study.
The image in Figure 2d shows diffuse penetration of the gold into the silica aerogel and the
formation of smaller, nanometer-sized and larger nanoparticles of up to 40 nm size inside.
This is in good agreement with the migration and transformation of in situ-generated gold
thin film in mesoporous silicas like MCM-41 and SBF-15 [45].

Gold nano-islet formation on substrates like quartz, glass, silicon, or graphite has been
extensively studied in the literature, leading to the conclusion that the growth of AuNPs
from thin films can be described by the kinetic aggregation of gold atoms and smaller
clusters and not by Ostwald ripening [46]. Thermal annealing of thin gold films on such
smooth substrates leads to the formation of gold nanoislets, as is demonstrated in Figure 3a.
Their size and morphology strongly depend on the material and surface property of the
substrate, the film thickness, the chemical composition of the annealing atmosphere, the
temperature, and time [47–49].
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Figure 3. (a) Demonstration of gold islet formation from sputtered gold layer at a high temperature
on a quartz surface. (b) Proposed mechanism of the migration and transformation of a sputtered gold
layer on silica aerogel forming gold nanoparticles and islets on the surface and inside the aerogel
matrix upon high temperature heat treatment.

Mesoporous monolithic silica aerogel surfaces, however, have not been used as a
substrate for the generation of plasmonic gold nanoparticles before, although gold sput-
tering of such surfaces is a standard process to provide electrically conductive surfaces
for transmission electron microscopy studies. To summarize the transformations of the
surface gold layer into surface-bound and internally generated gold nanoparticles, we
propose the mechanism depicted in Figure 3b. Migration of the gold atoms occurs even
at temperatures as low as 175 ◦C [46], but typically, the 300–450 ◦C range is used for the
generation of gold nanoparticles. In our experiments, the lowest temperature was 500 ◦C,
where the rapid migration of the surface gold layer and its coalescence into larger particles
was observed, which became dominant at 900 ◦C. Most likely, the migration of gold had
started at temperatures lower than 500 ◦C, but this range was out of the scope of the present
study.
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2.2. Thermal Behavior of Dispersed Gold Nanoparticles in Silica Aerogels

Two series of monolithic silica aerogels containing nanogold particles, both with and
without PVP stabilizers, were annealed simultaneously at temperatures of 500 ◦C (SH45,
SH27), 600 ◦C (SH46, SH28), 700 ◦C (SH47, SH29), 800 ◦C (SH48, SH30), 900 ◦C (SH49,
SH31), and 1000 ◦C (SH50, SH32). For PVP-stabilized nanogold-containing aerogels, no
significant color change was observed; only a variation in intensity, indicating that the
size of the nanoparticles remained virtually unaltered. For aerogel samples containing
non-stabilized gold nanoparticles, a pronounced color change was observed during thermal
treatment (Figure 4). The change from blue–grey to the red color shown in Figure 4a,c is
a visible and obvious indication of the transformation of large nanogold aggregates into
smaller-sized gold nanoparticles of approximately the same size that are present in the
simultaneous counterparts shown in Figure 4b.
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As shown in Figure 4, the silica matrix underwent progressive shrinkage with increas-
ing temperature, leading to a substantial reduction in volume. This was due to water loss
in high-temperature condensation reactions in which new Si-O-Si bonds were formed. At
temperatures above 900 ◦C, the slow viscous flow of the amorphous silica globuli resulted
in a decreased surface area. Consequently, as depicted in Figure 5, the apparent density of
the aerogels exhibited a rapid increase at elevated temperatures.
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The specific surface area and pore size of the annealed aerogels were assessed using
nitrogen adsorption–desorption porosimetry, with the results summarized in Table 1. Ther-
mal treatment significantly reduced the specific surface area as the annealing temperature
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increased. The typical pore size was around 20 nm, except for aerogels annealed at 1000 ◦C
(SH32, SH50), where smaller pores resulted from the extreme shrinkage of the silica matrix.
PVP as a stabilizing agent contributed to larger pore sizes and greater shrinkage during
heating, influencing the structural properties of the aerogels.

Table 1. Porosimetry studies of PVP-stabilized and reverse-engineered gold nanoparticle-containing
aerogels.

PVP-stabilized samples SH27 SH28 SH29 SH30 SH31 SH32
500 ◦C 600 ◦C 700 ◦C 800 ◦C 900 ◦C 1000 ◦C

BET area (m2/g) 890 762 720 461 306 <20

Characteristic pore diameter (nm) 20 24 24 20 17 3

Reverse-engineered samples SH45 SH46 SH47 SH48 SH49 SH50
500 ◦C 600 ◦C 700 ◦C 800 ◦C 900 ◦C 1000 ◦C

BET area (m2/g) 899 790 702 625 458 <20

Characteristic pore diameter (nm) 17 20 20 17 13 3

The as-prepared aerogels were characterized using electron microscopy techniques
(SEM and TEM). SEM images confirmed that the SiO2 matrix and pore structure were
homogeneous across all samples (Figure 6). However, gold nanoparticles could not be
distinguished in the images due to their nearly identical shape and size to the silica globules.
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Figure 6. SEM picture of the fine globular structure of an aggregated gold nanoparticle-containing
bluish monolithic silica aerogel shown in Figure 4a. Scale bar: 1 µm.

TEM images provided detailed information on the size and shape of gold nanopar-
ticles in colloidal solutions, both in stabilized and non-stabilized states, as well as in
aggregated and re-dispersed forms embedded within the aerogels (Figure 7). The PVP-
stabilized nanoparticles were approximately 12–14 nm in diameter and exhibited only weak
associations with one another (Figure 7a). In contrast, the nanoparticles in unstabilized
(blue-colored) nanogold solutions formed large, strongly connected aggregates. These
solutions were used to prepare the monolithic aerogel composites shown in Figure 4a. In
these composites, while individual nanoparticles were evenly distributed within the silica
matrix, large aggregates were densely packed and surrounded by covalently bound silica
globules, as shown in Figure 7c.

The structural changes in the unstabilized aerogel composite upon annealing at 600 ◦C
were examined using transmission electron microscopy. These changes are attributed to the
shrinkage of the aerogel matrix, creating a “squeezing” effect, and the subsequent release
of loosely connected outer nanoparticles. Melting point suppression, a well-documented
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phenomenon for nanometer-sized particles, may also contribute to the changes [50]. Due
to gold’s relatively low Tammann temperature (395 ◦C), heating induces sintering of
gold clusters, significantly increasing the mobility of the metal particles [51]. At elevated
temperatures, the ongoing shrinkage of the silica matrix likely compresses the aggregated
gold particles, leading to their dispersion and an apparent size reduction. Additionally,
significant structural changes may arise from the migration of gold atoms within the pores
and the formation of new gold nanoparticles at a distance from the original aggregates.
This phenomenon is similar to that observed in the sputtered gold layers described above.
The presence of 4–20 nm sized nanoparticles is clearly shown in Figure 7d.
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Figure 7. Transmission electron microscopy images of solution-phase and aerogel-embedded gold
nanoparticles. (a) Spherical citrate-stabilized gold nanoparticles in colloidal form, (b) aggregated
nanogold particles formed in solution, (c) blue–gray-colored aggregated gold nanoparticle embedded
in the silica aerogel matrix, (d) annealed gold nanoparticles in the range of 4–20 nm diameter
dispersed/generated in the silica aerogel matrix.

UV–vis spectroscopy is a widely used method for analyzing the size, shape, and
concentration of gold nanoparticles, as their size- and shape-dependent characteristic
light absorption occurs in the 400–900 nm range [52]. Spherical particles exhibit a single
absorption maximum in the visible spectrum. The visible spectra of solid aerogel samples
were recorded using a fiber optic spectrometer with a combined reflection probe. To enhance
sensitivity, a flat mirror was incorporated into the setup (Figure 8), effectively doubling the
light path. While this technique theoretically allows for concentration determination, the
fractured and mechanically fragile nature of the samples made determining their shapes for
quantitation impractical. However, the temperature dependence of the spectral maxima, as
shown in Figure 9, provided valuable insights into the behavior of the gold nanoparticles
in the annealing process. The surface plasmon resonance (SPR) maximum wavelength
values are in strong connection with the size of the gold nanoparticles, as described in the
literature [53–55]. Thus, it was possible to follow the change in particle sizes as a function
of the temperature. Characteristic wavelengths can be attributed not only to embedded
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nanoparticles but also to the surface nanoislets, and this can be used to determine their
sizes [56].

Gels 2025, 11, x FOR PEER REVIEW 8 of 19 
 

 

described in the literature [53–55]. Thus, it was possible to follow the change in particle 
sizes as a function of the temperature. Characteristic wavelengths can be attributed not 
only to embedded nanoparticles but also to the surface nanoislets, and this can be used to 
determine their sizes [56]. 

 

Figure 8. Visible spectra of stabilized and unstabilized nanogold particle-containing aerogels after 
500–1000 °C annealing. The picture on the right side shows the mirror reflection arrangement of the 
fiber optic probe over an irregular-shaped aerogel sample. Due to the large differences and shapes 
of the specimens, absorbance values cannot be compared. 

 

Figure 9. Change in the wavelength of peak maxima on the visible spectra of annealed aerogel sam-
ples shown in Figure 4b,c. 

The series of unstabilized aerogels (Figure 9, orange line) follows the expected trend 
in the 600–800 °C range, while a decrease in the maximum from 500 °C to 600 °C corre-
sponds to the size reduction of large gold aggregates. The particle sizes remained rela-
tively stable until the temperature reached 900 °C and 1000 °C, at which point a significant 
increase was observed. This was likely due to the formation of larger gold nanoparticles 
in the voids resulting from suppressed melting and increased migration/diffusion of the 
gold. This behavior aligns with the melting point of approximately 950 °C for 10 nm gold 
particles published in the literature [57]. In contrast, the series of PVP-stabilized gold par-
ticles (blue line) shows a nearly constant value, indicating that the nanoparticle sizes re-
mained unchanged up to 900 °C. However, at 1000 °C, a similar increase in particle size 
was observed, consistent with the behavior seen in the unstabilized aerogels. 

The absolute wavelength values for both series are unexpectedly low. Such low val-
ues have not been observed in solution studies. Thus far, the lowest SPR value was ap-
proximately 518 nm, measured in aqueous solutions. In our case, the approximately 10–
15 nm systematic drop cannot be attributed to the presence of extremely small gold nano-
particles because this would contradict the SEM and TEM results. Such low wavelengths 
values are more likely due to the loss of the soft hydration sphere and the hard electronic 
environment of the particles. 

Figure 8. Visible spectra of stabilized and unstabilized nanogold particle-containing aerogels after
500–1000 ◦C annealing. The picture on the right side shows the mirror reflection arrangement of the
fiber optic probe over an irregular-shaped aerogel sample. Due to the large differences and shapes of
the specimens, absorbance values cannot be compared.
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Figure 9. Change in the wavelength of peak maxima on the visible spectra of annealed aerogel
samples shown in Figure 4b,c.

The series of unstabilized aerogels (Figure 9, orange line) follows the expected trend in
the 600–800 ◦C range, while a decrease in the maximum from 500 ◦C to 600 ◦C corresponds
to the size reduction of large gold aggregates. The particle sizes remained relatively stable
until the temperature reached 900 ◦C and 1000 ◦C, at which point a significant increase was
observed. This was likely due to the formation of larger gold nanoparticles in the voids
resulting from suppressed melting and increased migration/diffusion of the gold. This
behavior aligns with the melting point of approximately 950 ◦C for 10 nm gold particles
published in the literature [57]. In contrast, the series of PVP-stabilized gold particles
(blue line) shows a nearly constant value, indicating that the nanoparticle sizes remained
unchanged up to 900 ◦C. However, at 1000 ◦C, a similar increase in particle size was
observed, consistent with the behavior seen in the unstabilized aerogels.

The absolute wavelength values for both series are unexpectedly low. Such low values
have not been observed in solution studies. Thus far, the lowest SPR value was approxi-
mately 518 nm, measured in aqueous solutions. In our case, the approximately 10–15 nm
systematic drop cannot be attributed to the presence of extremely small gold nanoparticles
because this would contradict the SEM and TEM results. Such low wavelengths values are
more likely due to the loss of the soft hydration sphere and the hard electronic environment
of the particles.

ATR-IR analysis of the annealed aerogel composites indicated that the aerogel structure
and degree of hydration remained virtually unchanged within the 500–900 ◦C range. The
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only noticeable difference in the spectra (Figure 10) was a shift in the Si-O-Si vibrations for
the 1000 ◦C samples, attributed to extensive condensation and water loss from residual
silanol groups. However, the presence or state of gold nanoparticles could not be confirmed
using this technique due to their very low concentrations relative to the weight of the silica
matrix.
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Figure 11 summarizes the proposed mechanism of the transformation of large gold
nanoparticle aggregates into smaller nanoparticles, and then the reversal of the particle
sizes upon very-high-temperature annealing due to the suppressed melting, migration,
and coalescence of the gold nanoparticles, forming gold globules inside the shrinking and
not-wettable silica matrix. Their formation was not reflected by the deep-red color of the
1000 ◦C aerogels, and this revealed only by the place of plasmon resonance maximums in
the UV–vis spectrum (Figure 9).
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Figure 11. Proposed mechanism of thermal disintegration and dispersion of Au nanoparticle aggre-
gates followed by their coalescence into gold globules in a silica aerogel matrix in the 500–1000 ◦C
temperature range.

2.3. Catalytic Activity

Catalytic reduction experiments were performed using colloidal gold nanoparticles,
PVP-stabilized gold nanoparticle-containing aerogels, and reverse-engineered nanoparticle-
containing aerogels.

Due to the initial irreproducibility of the kinetic measurements carried out in simple
quartz cuvettes, not only the catalyst’s quality but other factors influencing the reduction
process were considered. Such factors were the mode and rate of stirring (Figure 12a, upper,
lower), the material of the stirring blades (ptfe, stainless steel, nickel), and the presence
or absence of reactive atmospheric gases (CO2, O2). The stirring rate played a minor role
only in removing hydrogen bubbles from the light path, and other factors (other than O2)
had no impact on the results. Consistent with the findings of Menumerov et al. [58], we
observed that in the presence of gold nanoparticles, atmospheric oxygen inhibited the
4-NP to 4-AP reduction reaction. To address this, the reaction was conducted under an
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argon atmosphere, and the solutions were deoxygenated beforehand by bubbling argon
gas through them. Magnetic stirring ensured the even distribution of reagents and the
catalyst within a cuvette during the reaction (Figure 12a).
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Figure 12. (a) The equipment used to carry out the experiment in a cuvette, providing continuous
stirring under an argon gas atmosphere. (b) Time-dependent absorption spectrum of 4-NP reduced
by a large excess of NaBH4 in the presence of 10 nm gold nanoparticles.

When NaBH4 was added to the aqueous solution of 4-nitrophenol, 4-nitrophenolate
ions formed immediately, producing a bright-yellow solution due to the pH change. In
the presence of a catalyst, the yellow color gradually faded as the reduction progressed.
This process was easily monitored using UV–vis spectroscopy. The reaction’s progress and
conversion rate were tracked by observing the decrease in the spectral peak at 400 nm,
corresponding to 4-nitrophenolate ions, and the simultaneous appearance of a peak at
300 nm, indicating the formation of 4-aminophenol (Figure 12b). Without a catalyst, the
reduction of 4-nitrophenolate ions was negligible, demonstrating that the transformation
into 4-aminophenol did not occur under such conditions.

The reduction of 4-NP was catalyzed by gold nanoparticle-containing aerogels, with
the nanoparticles located within the catalyst’s pores. For the reaction to proceed, the
reactant molecules must reach the active sites. This type of heterogeneous catalysis involves
a sequence of seven main steps (Figure 13).
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Figure 13. Main steps of the heterogeneous catalytic process of the reduction of 4-NP to 4-
aminophenol. (1) Film diffusion of the reactants from the bulk phase through the boundary layer
to the surface, (2) mesopore diffusion, (3) adsorption on AuNP, (4) catalytic reaction, (5) desorption
of the products, (6) mesopore diffusion, (7) film diffusion through the boundary layer into the bulk
phase.
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Initially, the reactants diffuse from the bulk phase to the external surface of the solid
phase (film diffusion). Next, they enter the mesopores and migrate to the vicinity of the
catalytic surface (mesopore diffusion), where they are adsorbed as the third step. The
reaction then occurs at the active sites. The products formed are subsequently desorbed
and diffuse out from the pore interior to the catalyst’s external surface. Finally, the product
diffuses from the external surface into the bulk phase, completing the catalytic cycle [59,60].

According to the literature, the reduction of 4-NP can be described by the Langmuir–
Hinshelwood mechanism, which involves multiple steps. The key aspect of this mechanism
is that both reactants must be adsorbed onto the catalyst’s surface for the reaction to proceed.
In this process, 4-NP is reduced to 4-aminophenol by surface-hydrogen species generated
through the hydrolysis of BH4− ions. The diffusion, adsorption, and desorption steps are
assumed to be rapid and reversible, making the reduction of 4-NP the rate-determining
step [39,61,62].

For reverse-engineered nanoparticles in aerogels, two different amounts of catalysts
were tested for each batch and sample. Initially, 84 mg (84.0 ± 0.3 mg) of annealed aerogel
samples (500–900 ◦C) were used to study the reduction. Among these, the aerogel annealed
at 500 ◦C demonstrated the highest conversion rate (0.72), outperforming the other samples.
Aerogels annealed at 600 ◦C, 700 ◦C, and 800 ◦C showed comparable conversion rates, with
no significant differences. The aerogel annealed at 900 ◦C exhibited the lowest conversion
rate, attributed to the reduced accessibility of the reactants to the gold nanoparticles due to
the substantial shrinkage of the silica matrix.

Since no significant differences in catalytic activity or conversion were observed
among the samples annealed at 600–800 ◦C, the catalyst amount was reduced to 60 mg for
subsequent reactions.

As shown in Figures 14 and 15, the increase in time-dependent conversion is incon-
sistent across cases, which can be attributed to challenges in the internal diffusion steps
of heterogeneous catalysis. For reverse-engineered aerogel catalysts, a clear trend was ob-
served: higher annealing temperatures resulted in lower conversion rates. This is explained
by the progressive shrinkage of the matrix pores with increasing temperature, reducing the
accessibility of active sites to reactants.
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Figure 14. Catalytic activity of reverse-engineered samples annealed at different temperatures in the
reaction of the reduction of 4-NP.

An exception was noted for the sample annealed at 900 ◦C, which showed a higher
conversion rate than the 700 ◦C sample. This can be attributed to the heat-induced concen-
tration of gold nanoparticles in the matrix. In contrast, the PVP-stabilized gold nanoparticle-
containing aerogels showed relatively consistent conversion rates for samples annealed
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between 500 and 800 ◦C. The sample annealed at 900 ◦C displayed reduced catalytic activity
due to limited access to the catalytic sites.
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Overall, the PVP-stabilized nanoparticle-containing aerogels provided higher conver-
sions than their reverse-engineered counterparts. This aligns with the nitrogen porosimetry
results (Table 1), which suggest that better accessibility to active sites in the PVP-stabilized
samples contributes to their superior catalytic performance.

The reaction followed a first-order rate law with respect to the concentration of 4-NP,
using borohydride in excess. A directly linear correlation was observed when plotting
the ln(At/A0) values against time [38]. The apparent rate constants were determined
using MicroMath Scientist 2.01 software, where applicable (Table 2). The rate constants (k)
and corresponding half-lives (t1/2) of the reactions were calculated for the colloidal gold
nanoparticles and aerogels used as catalysts, provided the correlation coefficient exceeded
0.95. The half-life values were derived using Equation (1).

t1/2 = ln(2)/k (1)

Table 2. Apparent first-order reaction rate constants (k) and half-lives (t1/2) of nanogold solution and
the aerogel catalysts containing the same amount of gold dispersed in the silica aerogel matrix.

Catalyst Amount of Catalyst k (min−1) t1/2 (min)

Colloidical gold nanoparticles 10 µL 0.104 6.66
500 ◦C (PVP) 60.2 mg 0.099 7.00
600 ◦C (PVP) 60.0 mg 0.141 4.92
700 ◦C (PVP) 60.3 mg 0.094 7.37
800 ◦C (PVP) 60.1 mg 0.107 6.48
500 ◦C (rev) 84.0 mg 0.076 9.12

When comparing the PVP-containing samples with the reverse-engineered samples
annealed at 500 ◦C, it is evident that, despite using a greater amount of catalyst, the reaction
rate is lower, and the half-life is longer for the reverse-engineered sample.

Conversions achieved at 20 min were plotted against annealing temperatures
(Figure 16), clearly showing that the PVP-stabilized gold nanoparticles provided a more
efficient catalytic reaction compared to their reverse-engineered counterparts.
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In summary, two key factors must be considered when evaluating the catalytic re-
actions of gold nanoparticle-containing aerogels. First, PVP influences the aerogel’s fine
structure by enlarging the matrix pores, facilitating easier access for reagents to reach
the catalytically active gold nanoparticles. Second, the annealing process causes matrix
shrinkage, reducing pore accessibility and limiting the interaction between reagents and
nanoparticles. Although matrix shrinkage increases the concentration of nanoparticles in
a given volume, this effect is insufficient to offset the reduced accessibility caused by the
decreased pore size.

Gray-colored, non-stabilized gold nanoparticle-containing aerogels, even without the
annealing process, exhibited catalytic activity, achieving a conversion of 0.50 at 20 min. This
performance surpassed that of the non-stabilized annealed samples. These results indicate
that while the particle sizes, exhibited by the change in the surface plasmon resonance
wavelength, can be reverse-engineered, the shrinkage of the silica matrix plays a more
critical role in determining catalytic efficiency due to its impact on the accessibility of active
sites.

The conversion achieved with gold colloidal nanoparticles (0.91 at 20 min) was higher
than that of immobilized particles at any annealing temperature. This difference in apparent
catalytic activity aligns with expectations, as homogeneous phase reactions allow for
easier interactions between the substrate and catalytic particles, whereas in heterogeneous
systems, encapsulation within the aerogel network inhibits such interactions.

3. Conclusions
We have developed an innovative process for controlling the particle size of gold

nanoparticles embedded in silica aerogels through thermal treatment. Large aggregates of
gold nanoparticles, which exhibit moderate catalytic activity, can be reactivated at higher
temperatures by dispersing them into smaller, more active particles—a process referred to
as reverse-engineering.

Our study demonstrated that both PVP-stabilized and reverse-engineered nanogold-
containing aerogels are effective catalysts for the reduction of the environmentally haz-
ardous pollutant 4-nitrophenol. The findings show that even larger aggregates embedded
within a silica aerogel matrix can be transformed into smaller, catalytically more active
nanoparticles. PVP-stabilized gold nanoparticle-containing aerogels are more advanta-
geous for catalytic applications than reverse-engineered nanoparticle-containing aerogels
owing to their structural integrity and better catalytic performance. However, reverse-
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engineered AuNP-silica aerogels, while exhibiting slightly lower activity, are valuable
catalyst materials due to their simpler and less-sensitive preparation process.

These understandings highlight the importance of thermal reverse engineering. By
applying high-temperature treatment, catalytically nearly inactive gold aggregates in
silica aerogels can be converted into lower-nanoscale particles, leading to a novel method:
catalytic re-activation via annealing. This approach provides a technologically distinct yet
straightforward solution for particle size control. In addition, the confined-space thermal
approach provides a promising new method for producing metal nanoparticle-containing
silica or other inorganic oxide aerogels, even when nanoparticle aggregation is unavoidable
during the gelation process.

4. Materials and Methods
4.1. Materials

The following chemicals and reagents were purchased and used without further
purification: nanogold solution (10 nm) stabilized with citrate (Sigma-Aldrich, St. Louis,
MO, USA), ammonia solution of 25% (m/m) (Molar Chemicals, Halásztelek, Hungary),
tetramethoxysilane (TMOS) (Fluka, St. Gallen, Switzerland), methanol (technical grade,
Molar Chemicals), methanol (HPLC grade, Sigma), acetone (99.9%, Molar Chemicals), and
poly(vinylpyrrolidone) (MW 40kD, Sigma-Aldrich).

UV–vis spectrophotometry studies were performed with a Metertech SP-8001 (Me-
tertech Inc., Nangang, Taipei, Taiwan) spectrophotometer in the 250–800 nm range, using
quartz or disposable PMMA cuvettes, depending on the spectral range. Data were reg-
istered and analyzed using the Metertech UV-Mate software (Metertech Inc., Nangang,
Taipei, Taiwan). Visible spectra of solid aerogel samples were recorded using an Avantes
fiber optic spectrophotometer in a mirror-reflection arrangement. Porosities were measured
using a Quantachrome NOVA 2200e instrument (Quantachrome Instruments, Inc., Boynton
Beach, FL, USA) and analyzed with the NovaWin 11.0 software (Quantachrome Instru-
ments, Inc., USA). Imaging of the samples was performed using a JEOL JSM-IT500HR-type
Scanning electron microscope (JEOL, Tokyo, Japan). Image acquisition was carried out in
low vacuum mode (50 Pa N2) with an accelerating voltage of 10 kV, probe current value
Std. 50, and a working distance of 10 mm. Images were recorded using a backscattered
electron detector at various magnifications. The size and shape of the gold nanoparticles
in the PVP-stabilized and non-stabilized solutions and aerogels were examined using a
JEOL 2000 FX-II electron microscope (JEOL, Tokyo, Japan). Digital 3D microscopic images
of the samples were recorded using a Keyence VHX-6000 digital 3D microscope (Keyence,
Osaka, Japan) with reflective illumination. UV–vis spectra were recorded using a fiber optic
Avantes AvaSpec DAD spectrometer equipped with an AvaLight-DHc light source (Avantes
BV, Apeldoorn, The Netherlands). IR spectra were collected using a Agilent Technologies
Cary 660 spectrometer (Agilent Technologies, Santa Clara, CA, USA) in ATR mode and
processed using the MicroLab 5.6 PC software (Agilent Technologies). Gold contents were
determined using an Agilent ICP-OES 5110 spectrometer (Agilent Technologies, Santa
Clara, CA, USA).

4.2. Synthesis of Aerogels

Alcogels were prepared using the sol-gel method, as detailed below. Reaction mix-
tures were poured into plastic molds, aged, and solvent-exchanged after placing them in
perforated aluminum drying frames. Solvent extractions and supercritical CO2 drying of
alcogels to aerogels were performed in a high-pressure reactor according to the process
described in the literature [63].
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4.2.1. Non-Stabilized Nanogold-Containing Aerogels

Using a magnetic stirrer, 18.0 mL of methanol was added to 4.50 mL of citrate-stabilized
10 nm AuNP solution. Then, 9.00 mL of a 1:1 (v:v) mixture of methanol and TMOS was
added to the reaction mixture. Lastly, 4.05 mL of 1:10 (v:v) diluted 25% (m/m) ammonia
solution was added as a catalyst. After 30 s of intensive stirring, the mixture was poured
into a 28 mm diameter cylindrical PVC plastic mold and covered with a double layer of
Parafilm to prevent evaporation. After one day of aging in the mold, the alcogel was
transferred into a pitted aluminum frame and soaked in consecutive steps in methanol,
methanol–acetone mixture, acetone, and freshly distilled dry acetone for three days to
remove the water residue from the gel. Afterward, the wet gels were transferred into a
high-pressure reactor and dried under supercritical conditions.

4.2.2. PVP-Stabilized Nanogold-Containing Aerogels

An aqueous stock solution of polyvinyl pyrrolidone was prepared by dissolving
500 mg of PVP in 10 mL of H2O. Using a magnetic stirrer, 3.60 mL of PVP stock solution
was added to 4.50 mL of citrate-stabilized 10 nm AuNP solution. After mixing for 5 min,
18.00 mL of methanol and 9.00 mL of a 1:1 (v:v) mixture of methanol and TMOS were
added to the reaction mixture. Lastly, 4.05 mL of 1:10 (v:v) diluted 25% (m/m) ammonia
solution was used as a catalyst. After 30 s of intensive stirring, the mixture was poured
into a 28 mm diameter cylindrical PVC plastic mold and covered with a double layer of
Parafilm to prevent evaporation. Solvent exchange and drying followed the same process
described above.

4.3. Annealing Process

To modify and control the aggregation that occurs during the cross-linking of the
silica matrix, aerogels with and without the stabilizer (PVP40) were submitted to thermal
treatment. After supercritical drying, all aerogel monoliths were heat-treated at 500 ◦C for
5 h, then selected samples were heat-treated in a second step with a temperature gradient
of 300 ◦C/h, keeping the samples at 600 ◦C, 700 ◦C, 800 ◦C, 900 ◦C, and 1000 ◦C, each for
1 h.

The changes in the density, porosity, and specific surface area (BET) of the silica matrix
were tracked in annealed aerogels using nitrogen adsorption-desorption porosimetry. The
size and shape of the gold nanoparticles in solutions and the PVP-stabilized and non-
stabilized aerogels were checked using transmission electron microscopy (TEM). Scanning
electron microscopy (SEM) and high-power 3D optical microscopy were used to explore
the structure and morphology of the aerogel samples.

4.4. Catalytic Studies

The catalytic activity of the gold nanoparticles was studied by reducing 4-nitrophenol
with sodium borohydride, using both colloidal AuNP solutions and their embedded forms
in silica aerogels. A reaction mixture was prepared in a quartz cuvette by adding 60 µL
of 4-nitrophenol aqueous solution (7.12 × 10−4 mol/dm3) followed by 0.50 mL of NaBH4

solution (2.64 × 10−2 mol/dm3). The reaction was conducted at the natural pH of NaBH4

at 25 ◦C with consistent experimental conditions across tests. The cuvette was equipped
with dual stirring (top and bottom) and an argon gas inlet to remove bubbles from the
light path and maintain an inert atmosphere. The absorbance values of the solutions were
recorded continuously as a function of the reaction time.

Heterogeneous catalytic reactions using PVP-stabilized and non-stabilized aerogels
were carried out with the same reagent solutions in 10.00 mL batch volumes using four times
the reagent volumes and either 84 mg or 60 mg of the selected aerogels. The solutions were
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stirred under an argon atmosphere, with samples for UV–vis photometric measurements
regularly taken and returned to the batch after analysis. Continuous flushing of the quartz
cuvette with argon gas ensured isolation from atmospheric oxygen. A variable-speed
magnetic microstirrer was used to eliminate hydrogen bubbles, either at the top or bottom of
the cuvette, preventing interference with the absorbance measurements. Before performing
the “live” kinetic measurements with nanogold-containing aerogels, an identical amount of
zero-gold “blank” silica aerogel (prepared via the same method and heat treated at 500 ◦C
for 5 h) was tested and found to be catalytically inactive.

Author Contributions: Conceptualization, I.L.; methodology, I.L. and H.J.C.-S.; formal analysis,
H.J.C.-S. and I.L.; investigation, H.J.C.-S., I.L., B.D., M.S. and L.D.; resources, I.L.; writing—original
draft preparation, H.J.C.-S. and I.L.; writing—review and editing, H.J.C.-S. and I.L.; visualization,
H.J.C.-S. and I.L.; supervision, I.L. All authors have read and agreed to the published version of the
manuscript.

Funding: The work was carried out in the frame of the COST-Action, Advanced Engineering of
aeroGels for Environment and Life Sciences (AERoGELS, ref. CA18125) funded by the European
Commission. The measurements at ATOMKI were supported by the GINOP-2.3.3-15-2016-00029
‘HSLab’ project. This research was supported in part by the GINOP-2.2.1-15-2017-00068 project. The
projects were co-financed by the European Commission, the European Union, and the European
Regional Development Fund.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank Edina Baranyai (University of Debrecen) for the
ICP-OES measurements and Zoltán Halász (ATOMKI) for providing access to the fiber optic UV–vis
spectrophotometer.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Lee, J.G.; Mori, H.; Yasuda, H. Alloy Phase Formation in Nanometer-Sized Particles in the In-Sn System. Phys. Rev. B 2002, 65,

132106. [CrossRef]
2. Schuyt, J.J.; Williams, G.V.M. Photoluminescence, Radioluminescence and Optically Stimulated Luminescence in Nanoparticle

and Bulk KMgF3(Eu). J. Lumin. 2018, 204, 472–479. [CrossRef]
3. Xia, H.; Bai, S.; Hartmann, J.; Wang, D. Synthesis of Monodisperse Quasi-Spherical Gold Nanoparticles in Water via Silver(I)-

Assisted Citrate Reduction. Langmuir 2010, 26, 3585–3589. [CrossRef] [PubMed]
4. Bastús, N.G.; Comenge, J.; Puntes, V. Kinetically Controlled Seeded Growth Synthesis of Citrate-Stabilized Gold Nanoparticles of

up to 200 nm: Size Focusing Versus Ostwald Ripening. Langmuir 2011, 27, 11098–11105. [CrossRef] [PubMed]
5. Núñez-Leyva, J.M.; Kolosovas-Machuca, E.S.; Sánchez, J.; Guevara, E.; Cuadrado, A.; Alda, J.; González, F.J. Computational and

Experimental Analysis of Gold Nanorods in Terms of Their Morphology: Spectral Absorption and Local Field Enhancement.
Nanomaterials 2021, 11, 1696. [CrossRef]

6. Ha, T.H.; Koo, H.-J.; Chung, B.H. Shape-Controlled Syntheses of Gold Nanoprisms and Nanorods Influenced by Specific
Adsorption of Halide Ions. J. Phys. Chem. C 2007, 111, 1123–1130. [CrossRef]

7. Wu, H.-L.; Kuo, C.-H.; Huang, M.H. Seed-Mediated Synthesis of Gold Nanocrystals with Systematic Shape Evolution from Cubic
to Trisoctahedral and Rhombic Dodecahedral Structures. Langmuir 2010, 26, 12307–12313. [CrossRef]

8. Senthil Kumar, P.; Pastoriza-Santos, I.; Rodríguez-González, B.; Javier García de Abajo, F.; Liz-Marzán, L.M. High-Yield Synthesis
and Optical Response of Gold Nanostars. Nanotechnology 2008, 19, 015606. [CrossRef] [PubMed]

9. Stolle, H.L.K.S.; Kluitmann, J.J.; Csáki, A.; Köhler, J.M.; Fritzsche, W. Shape-Dependent Catalytic Activity of Gold and Bimetallic
Nanoparticles in the Reduction of Methylene Blue by Sodium Borohydride. Catalysts 2021, 11, 1442. [CrossRef]

https://doi.org/10.1103/PhysRevB.65.132106
https://doi.org/10.1016/j.jlumin.2018.08.056
https://doi.org/10.1021/la902987w
https://www.ncbi.nlm.nih.gov/pubmed/19877698
https://doi.org/10.1021/la201938u
https://www.ncbi.nlm.nih.gov/pubmed/21728302
https://doi.org/10.3390/nano11071696
https://doi.org/10.1021/jp066454l
https://doi.org/10.1021/la1015065
https://doi.org/10.1088/0957-4484/19/01/015606
https://www.ncbi.nlm.nih.gov/pubmed/21730541
https://doi.org/10.3390/catal11121442


Gels 2025, 11, 87 17 of 19

10. Neng, J.; Xiang, C.; Jia, K.; Nie, X.; Sun, P. Morphology-Controlled Versatile One-Pot Synthesis of Hydrophobic Gold Nanodots,
Nanobars, Nanorods, and Nanowires and Their Applications in Surface-Enhanced Raman Spectroscopy. Appl. Sci. 2019, 9, 935.
[CrossRef]

11. Taylor, M.L.; Wilson, R.E.; Amrhein, K.D.; Huang, X. Gold Nanorod-Assisted Photothermal Therapy and Improvement Strategies.
Bioengineering 2022, 9, 200. [CrossRef] [PubMed]

12. Ghramh, H.A.; Khan, K.A.; Ibrahim, E.H.; Setzer, W.N. Synthesis of Gold Nanoparticles (AuNPs) Using Ricinus Communis Leaf
Ethanol Extract, Their Characterization, and Biological Applications. Nanomaterials 2019, 9, 765. [CrossRef] [PubMed]

13. Alshammari, A.S. Heterogeneous Gold Catalysis: From Discovery to Applications. Catalysts 2019, 9, 402. [CrossRef]
14. Di Franco, C.; Elia, A.; Spagnolo, V.; Scamarcio, G.; Lugarà, P.M.; Ieva, E.; Cioffi, N.; Torsi, L.; Bruno, G.; Losurdo, M.; et al. Optical

and Electronic NOx Sensors for Applications in Mechatronics. Sensors 2009, 9, 3337–3356. [CrossRef]
15. Turkevich, J.; Stevenson, P.C.; Hillier, J. A Study of the Nucleation and Growth Processes in the Synthesis of Colloidal Gold.

Discuss. Faraday Soc. 1951, 11, 55. [CrossRef]
16. Berthon-Fabry, S.; Hildenbrand, C.; Ilbizian, P.; Jones, E.; Tavera, S. Evaluation of Lightweight and Flexible Insulating Aerogel

Blankets Based on Resorcinol-Formaldehyde-Silica for Space Applications. Eur. Polym. J. 2017, 93, 403–416. [CrossRef]
17. Wittwer, V. Development of Aerogel Windows. J. Non-Cryst. Solids 1992, 145, 233–236. [CrossRef]
18. Yorov, K.E.; Kolesnik, I.V.; Romanova, I.P.; Mamaeva, Y.B.; Sipyagina, N.A.; Lermontov, S.A.; Kopitsa, G.P.; Baranchikov, A.E.;

Ivanov, V.K. Engineering SiO2–TiO2 Binary Aerogels for Sun Protection and Cosmetic Applications. J. Supercrit. Fluids 2021, 169,
105099. [CrossRef]

19. Esquivel-Castro, T.A.; Ibarra-Alonso, M.C.; Oliva, J.; Martínez-Luévanos, A. Porous Aerogel and Core/Shell Nanoparticles for
Controlled Drug Delivery: A Review. Mater. Sci. Eng. C 2019, 96, 915–940. [CrossRef]
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27. Kondratowicz, I.; Żelechowska, K.; Nadolska, M.; Jażdżewska, A.; Gazda, M. Comprehensive Study on Graphene Hydrogels and
Aerogels Synthesis and Their Ability of Gold Nanoparticles Adsorption. Colloids Surf. A Physicochem. Eng. Asp. 2017, 528, 65–73.
[CrossRef]

28. Yu, X.; Huang, M.; Wang, X.; Sun, Q.; Tang, G.H.; Du, M. Toward Optical Selectivity Aerogels by Plasmonic Nanoparticles Doping.
Renew. Energy 2022, 190, 741–751. [CrossRef]

29. Shandurkov, D.; Danchova, N.; Spassov, T.; Petrov, V.; Tsekov, R.; Gutzov, S. Silica Gels Doped with Gold Nanoparticles:
Preparation, Structure and Optical Properties. Gels 2023, 9, 663. [CrossRef]

30. Song, J.; Niu, Y.; Li, F.; Shi, S.; Cheng, W. Synthesis of Silica-Nanobelt-Based Aerogels with Plasmonic, Magnetic, and Luminescent
Functionality. ACS Appl. Nano Mater. 2023, 6, 15166–15174. [CrossRef]

31. Tiryaki, E.; Özarslan, A.C.; Yücel, S.; Correa-Duarte, M.A. Plasmon-Sensitized Silica-Titanium Aerogels as Potential Photocatalysts
for Organic Pollutants and Bacterial Strains. ACS Omega 2023, 8, 33857–33869. [CrossRef] [PubMed]

32. Xiao, Y.; Wang, C.; Liu, K.; Wei, L.; Luo, Z.; Zeng, M.; Yi, Y. Promising Pure Gold Aerogel: In Situ Preparation by Composite
Sol–Gel and Application in Catalytic Removal of Pollutants and SERS. J. Sol-Gel Sci. Technol. 2021, 99, 614–626. [CrossRef]

33. Lázár, I.; Szabó, H. Prevention of the Aggregation of Nanoparticles during the Synthesis of Nanogold-Containing Silica Aerogels.
Gels 2018, 4, 55. [CrossRef]

34. Environmental Protection Agency Priority Pollutant List. Available online: https://www.epa.gov/sites/default/files/2015-09/
documents/priority-pollutant-list-epa.pdf (accessed on 3 January 2023).

https://doi.org/10.3390/app9050935
https://doi.org/10.3390/bioengineering9050200
https://www.ncbi.nlm.nih.gov/pubmed/35621478
https://doi.org/10.3390/nano9050765
https://www.ncbi.nlm.nih.gov/pubmed/31109084
https://doi.org/10.3390/catal9050402
https://doi.org/10.3390/s90503337
https://doi.org/10.1039/df9511100055
https://doi.org/10.1016/j.eurpolymj.2017.06.009
https://doi.org/10.1016/S0022-3093(05)80462-4
https://doi.org/10.1016/j.supflu.2020.105099
https://doi.org/10.1016/j.msec.2018.11.067
https://doi.org/10.3390/gels8040202
https://www.ncbi.nlm.nih.gov/pubmed/35448103
https://doi.org/10.3390/molecules27092782
https://www.ncbi.nlm.nih.gov/pubmed/35566131
https://doi.org/10.1016/j.eurpolymj.2016.02.019
https://doi.org/10.1016/j.ijhydene.2013.01.150
https://doi.org/10.1021/cm502063f
https://doi.org/10.1016/j.jnoncrysol.2004.06.037
https://doi.org/10.1126/science.284.5414.622
https://doi.org/10.1016/j.colsurfa.2017.05.063
https://doi.org/10.1016/j.renene.2022.03.102
https://doi.org/10.3390/gels9080663
https://doi.org/10.1021/acsanm.3c02814
https://doi.org/10.1021/acsomega.3c04556
https://www.ncbi.nlm.nih.gov/pubmed/37744791
https://doi.org/10.1007/s10971-021-05597-9
https://doi.org/10.3390/gels4020055
https://www.epa.gov/sites/default/files/2015-09/documents/priority-pollutant-list-epa.pdf
https://www.epa.gov/sites/default/files/2015-09/documents/priority-pollutant-list-epa.pdf


Gels 2025, 11, 87 18 of 19

35. Zhang, T.; Ouyang, B.; Zhang, X.; Xia, G.; Wang, N.; Ou, H.; Ma, L.; Mao, P.; Ostrikov, K.; Di, L.; et al. Plasma-Enabled Synthesis
of Pd/GO Rich in Oxygen-Containing Groups and Defects for Highly Efficient 4-Nitrophenol Reduction. Appl. Surf. Sci. 2022,
597, 153727. [CrossRef]

36. Du, J.-T.; Qiao, M.; Pu, Y.; Wang, J.-X.; Chen, J.-F. Aqueous Dispersions of Monodisperse Pt, Pd, and Au Nanoparticles Stabilized
by Thermosensitive Polymer for the Efficient Reduction of Nitroarenes. Appl. Catal. A Gen. 2021, 624, 118323. [CrossRef]

37. Li, N.; Zhang, F.; Wang, H.; Hou, S. Catalytic Degradation of 4-Nitrophenol in Polluted Water by Three-Dimensional Gold
Nanoparticles/Reduced Graphene Oxide Microspheres. Eng. Sci. 2019, 7, 72–79. [CrossRef]

38. Wunder, S.; Lu, Y.; Albrecht, M.; Ballauff, M. Catalytic Activity of Faceted Gold Nanoparticles Studied by a Model Reaction:
Evidence for Substrate-Induced Surface Restructuring. ACS Catal. 2011, 1, 908–916. [CrossRef]

39. Hervés, P.; Pérez-Lorenzo, M.; Liz-Marzán, L.M.; Dzubiella, J.; Lu, Y.; Ballauff, M. Catalysis by Metallic Nanoparticles in Aqueous
Solution: Model Reactions. Chem. Soc. Rev. 2012, 41, 5577. [CrossRef]

40. Anbu Anjugam Vandarkuzhali, S.; Karthikeyan, G.; Pachamuthu, M.P. Efficient Catalytic Reduction of Xanthene Based Dyes,
Methylene Blue, and 4-Nitrophenol Using Gold Nanoparticles Supported on Mesoporous Amine Functionalized SBA-15. Mater.
Sci. Eng. B 2024, 302, 117208. [CrossRef]

41. Niu, W.; Lyu, R.; Luo, X. Confined Growth of Ultrasmall Monodisperse Gold Nanoparticles in Amino Functionalized Cellulose
Beads as Effective Catalysts for 4-Nitrophenol Reduction. Int. J. Biol. Macromol. 2025, 287, 138519. [CrossRef] [PubMed]

42. Ghorbani-Vaghei, R.; Veisi, H.; Aliani, M.H.; Mohammadi, P.; Karmakar, B. Alginate Modified Magnetic Nanoparticles to
Immobilization of Gold Nanoparticles as an Efficient Magnetic Nanocatalyst for Reduction of 4-Nitrophenol in Water. J. Mol. Liq.
2021, 327, 114868. [CrossRef]

43. Shanmugaraj, K.; Bustamante, T.M.; Torres, C.C.; Campos, C.H. Gold Nanoparticles Supported on Mesostructured Oxides for the
Enhanced Catalytic Reduction of 4-Nitrophenol in Water. Catal. Today 2022, 388–389, 383–393. [CrossRef]

44. Souza, I.D.C.; Morozesk, M.; Mansano, A.S.; Mendes, V.A.S.; Azevedo, V.C.; Matsumoto, S.T.; Elliott, M.; Monferrán, M.V.;
Wunderlin, D.A.; Fernandes, M.N. Atmospheric Particulate Matter from an Industrial Area as a Source of Metal Nanoparticle
Contamination in Aquatic Ecosystems. Sci. Total Environ. 2021, 753, 141976. [CrossRef]

45. Lee, B.; Ma, Z.; Zhang, Z.; Park, C.; Dai, S. Influences of Synthesis Conditions and Mesoporous Structures on the Gold
Nanoparticles Supported on Mesoporous Silica Hosts. Microporous Mesoporous Mater. 2009, 122, 160–167. [CrossRef]

46. Alet, P.; Eude, L.; Palacin, S.; Cabarrocas, P.R.I. Transition from Thin Gold Layers to Nano-islands on TCO for Catalyzing the
Growth of One-dimensional Nanostructures. Phys. Status Solidi (A) 2008, 205, 1429–1434. [CrossRef]

47. Sun, X.; Li, H. Gold Nanoisland Arrays by Repeated Deposition and Post-Deposition Annealing for Surface-Enhanced Raman
Spectroscopy. Nanotechnology 2013, 24, 355706. [CrossRef] [PubMed]

48. Yan, C.; Chen, Y.; Jin, A.; Wang, M.; Kong, X.; Zhang, X.; Ju, Y.; Han, L. Molecule Oxygen-Driven Shaping of Gold Islands under
Thermal Annealing. Appl. Surf. Sci. 2011, 258, 377–381. [CrossRef]

49. Potejanasak, P.; Duangchan, S. Gold Nanoisland Agglomeration upon the Substrate Assisted Chemical Etching Based on Thermal
Annealing Process. Crystals 2020, 10, 533. [CrossRef]

50. Lee, J.; Lee, J.; Tanaka, T.; Mori, H. In Situ Atomic-Scale Observation of Melting Point Suppression in Nanometer-Sized Gold
Particles. Nanotechnology 2009, 20, 475706. [CrossRef] [PubMed]

51. Veith, G.M.; Lupini, A.R.; Rashkeev, S.; Pennycook, S.J.; Mullins, D.R.; Schwartz, V.; Bridges, C.A.; Dudney, N.J. Thermal Stability
and Catalytic Activity of Gold Nanoparticles Supported on Silica. J. Catal. 2009, 262, 92–101. [CrossRef]

52. Haiss, W.; Thanh, N.T.K.; Aveyard, J.; Fernig, D.G. Determination of Size and Concentration of Gold Nanoparticles from UV−Vis
Spectra. Anal. Chem. 2007, 79, 4215–4221. [CrossRef] [PubMed]

53. Lopatynskyi, A.M.; Lytvyn, V.K.; Nazarenko, V.I.; Guo, L.J.; Lucas, B.D.; Chegel, V.I. Au Nanostructure Arrays for Plasmonic
Applications: Annealed Island Films Versus Nanoimprint Lithography. Nanoscale Res. Lett. 2015, 10, 99. [CrossRef] [PubMed]

54. Huang, X.; El-Sayed, M.A. Gold Nanoparticles: Optical Properties and Implementations in Cancer Diagnosis and Photothermal
Therapy. J. Adv. Res. 2010, 1, 13–28. [CrossRef]

55. Sinha, R.K. Shape-Controlled Synthesis and Bulk Refractive Index Sensitivity Studies of Gold Nanoparticles for LSPR-Based
Sensing. In Plasmonics; Springer: Berlin/Heidelberg, Germany, 2024. [CrossRef]

56. Gupta, G.; Tanaka, D.; Ito, Y.; Shibata, D.; Shimojo, M.; Furuya, K.; Mitsui, K.; Kajikawa, K. Absorption Spectroscopy of Gold
Nanoisland Films: Optical and Structural Characterization. Nanotechnology 2009, 20, 025703. [CrossRef] [PubMed]

57. Buffat, P.H.; Borel, J.-P. Size Effect on the Melting Temperature of Gold Particles. Phys. Rev. A 1976, 13, 2287–2298. [CrossRef]
58. Menumerov, E.; Hughes, R.A.; Neretina, S. Catalytic Reduction of 4-Nitrophenol: A Quantitative Assessment of the Role of

Dissolved Oxygen in Determining the Induction Time. Nano Lett. 2016, 16, 7791–7797. [CrossRef]
59. Klaewkla, R.; Arend, M.; Hoelderich, W.F. A Review of Mass Transfer Controlling the Reaction Rate in Heterogeneous Catalytic

Systems. In Mass Transfer—Advanced Aspects; Nakajima, H., Ed.; InTech Europe: Rijeka, Croatia, 2011; ISBN 978-953-307-636-2.

https://doi.org/10.1016/j.apsusc.2022.153727
https://doi.org/10.1016/j.apcata.2021.118323
https://doi.org/10.30919/es8d509
https://doi.org/10.1021/cs200208a
https://doi.org/10.1039/c2cs35029g
https://doi.org/10.1016/j.mseb.2024.117208
https://doi.org/10.1016/j.ijbiomac.2024.138519
https://www.ncbi.nlm.nih.gov/pubmed/39653228
https://doi.org/10.1016/j.molliq.2020.114868
https://doi.org/10.1016/j.cattod.2020.05.051
https://doi.org/10.1016/j.scitotenv.2020.141976
https://doi.org/10.1016/j.micromeso.2009.02.029
https://doi.org/10.1002/pssa.200778158
https://doi.org/10.1088/0957-4484/24/35/355706
https://www.ncbi.nlm.nih.gov/pubmed/23942082
https://doi.org/10.1016/j.apsusc.2011.09.037
https://doi.org/10.3390/cryst10060533
https://doi.org/10.1088/0957-4484/20/47/475706
https://www.ncbi.nlm.nih.gov/pubmed/19875878
https://doi.org/10.1016/j.jcat.2008.12.005
https://doi.org/10.1021/ac0702084
https://www.ncbi.nlm.nih.gov/pubmed/17458937
https://doi.org/10.1186/s11671-015-0819-1
https://www.ncbi.nlm.nih.gov/pubmed/25852395
https://doi.org/10.1016/j.jare.2010.02.002
https://doi.org/10.1007/s11468-024-02387-1
https://doi.org/10.1088/0957-4484/20/2/025703
https://www.ncbi.nlm.nih.gov/pubmed/19417284
https://doi.org/10.1103/PhysRevA.13.2287
https://doi.org/10.1021/acs.nanolett.6b03991


Gels 2025, 11, 87 19 of 19

60. Dittmeyer, R.; Emig, G. Simultaneous Heat and Mass Transfer and Chemical Reaction. In Handbook of Heterogeneous Catalysis;
Ertl, G., Knözinger, H., Schüth, F., Weitkamp, J., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2008;
ISBN 978-3-527-31241-2. [CrossRef]

61. Suchomel, P.; Kvitek, L.; Prucek, R.; Panacek, A.; Halder, A.; Vajda, S.; Zboril, R. Simple Size-Controlled Synthesis of Au
Nanoparticles and Their Size-Dependent Catalytic Activity. Sci. Rep. 2018, 8, 4589. [CrossRef] [PubMed]

62. Wunder, S.; Polzer, F.; Lu, Y.; Mei, Y.; Ballauff, M. Kinetic Analysis of Catalytic Reduction of 4-Nitrophenol by Metallic
Nanoparticles Immobilized in Spherical Polyelectrolyte Brushes. J. Phys. Chem. C 2010, 114, 8814–8820. [CrossRef]

63. Lázár, I.; Fábián, I. A Continuous Extraction and Pumpless Supercritical CO2 Drying System for Laboratory-Scale Aerogel
Production. Gels 2016, 2, 26. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/9783527610044.hetcat0094
https://doi.org/10.1038/s41598-018-22976-5
https://www.ncbi.nlm.nih.gov/pubmed/29545580
https://doi.org/10.1021/jp101125j
https://doi.org/10.3390/gels2040026
https://www.ncbi.nlm.nih.gov/pubmed/30674157

	Introduction 
	Results and Discussion 
	Thermal Behavior of Sputtered Gold Layers on Silica Aerogel Surfaces 
	Thermal Behavior of Dispersed Gold Nanoparticles in Silica Aerogels 
	Catalytic Activity 

	Conclusions 
	Materials and Methods 
	Materials 
	Synthesis of Aerogels 
	Non-Stabilized Nanogold-Containing Aerogels 
	PVP-Stabilized Nanogold-Containing Aerogels 

	Annealing Process 
	Catalytic Studies 

	References

