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Dendritic Fibrous Nanosilica (DFNS) holds great promise for applications in various biomedical fields, CO,

capture and conversion, catalysis, environmental remediation

(or water treatment), and sensor

development. While the impact of primary (linear) alcohols as co-surfactants in their synthesis has been

investigated, the role of other alcohols beyond linear remains unexplored to date. In this study, we

investigated the impact of different alcohols as co-surfactants on the morphology, structure, and

physical properties of DFNS. We employed various primary, secondary, and tertiary alcohols, as well as

diols with differing chain lengths and isomers. Significant variations in the specific surface area (Sget) and

total pore volume (V) were revealed across the samples, accompanied by notable morphological

differences observed by scanning and transmission electron microscopy and small angle X-ray

Received 30th April 2025
Accepted 24th July 2025

scattering. The highest Sger and V,, values were found in samples synthesized with primary or linear

alcohols, while much lower values were observed for samples synthesized with branched alcohols and
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1. Introduction

Dendritic fibrous nanosilica (DFNS)*® has recently attracted
considerable interest in contemporary industries due to their
unique properties and fibrous morphology. They possessed
a spherical shape with fibers radiating outwards from the center
of the spheres, resembling a sea urchin.»*” DFNS features
promising physical properties, including high surface area,
large pore volume, and good thermal and mechanical
stability.">**® High surface area silica materials, including
DFNS, have been successfully used in CO, capture,"* CO,
methanation,"** catalysis," photocatalysis,'"** solar cells,"®
heavy metal detection and removal,"”** drug delivery,"” and
other biomedical applications.®

Compared to other conventional mesoporous silica, such as
the Mobil Composition of Matter No. 41 (MCM-41) family and
Santa Barbara Amorphous-15 (SBA-15), DFNS stands out due to
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diols. These findings emphasize the role of alcohols in governing the final morphology and structure of

its unique three-dimensional fibrous structure, which enhances
accessibility to active sites and improves performance in various
applications.?® This dendrimeric morphology, characterized by
center-radial nanochannels and hierarchical nanopores, facili-
tates the passage of reactant molecules and efficient loading of
guest species. The fibrous architecture arises from a micro-
emulsion formed by surfactants, where the balance of hydro-
phobic and hydrophilic interactions among surfactants,
precursors, hydrolyzing agents, and solvents governs the final
structure.

In 2010, Polshettiwar et al first developed fibrous silica
nanospheres using tetraethyl orthosilicate (TEOS) as a silica
source through a microemulsion system under microwave
(MW)-assisted hydrothermal conditions, allowing them to
create the unique dendritic fibrous structure characteristic of
DFNS." The inherent properties of DFNS can be finely tuned by
adjusting various parameters. Bayal et al® reported a facile
protocol for synthesizing DFNS with different particle sizes,
fiber densities, surface areas, and pore volumes by modifying
reaction parameters including concentrations of urea, used as
the base catalyst, cetyltrimethylammonium bromide (CTAB),
a cationic surfactant used as the pore template or structure-
directing agent, and 1-pentanol, used as the co-surfactant, as
well as the reaction time, temperature, solvent ratio, and stir-
ring time. They adjusted the particle size of DFNS from 170 nm
to 1120 nm and controlled the fiber density from low to very
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high, consequently tuning the pore volume from 0.23 cm® g~ * to
2.18 cm® g' with 1-pentanol. Additionally, they achieved
aremarkable increase in the surface area of DFNS nanospheres,
ranging from 315 m*> g~ ' to 1244 m> g~' by varying the
concentrations of urea and CTAB, reaction duration and
temperature. In addition to this, several synthesis mechanisms
have been proposed to address the formation of DFNS by taking
into account the influence of different reaction conditions on
the morphology and pore structure of the nanospheres.
According to Maity et al.,* alcohols stabilize lamellar structures
that eventually form DFNS by acting as co-surfactants in the
bicontinuous microemulsion mechanism. Bahadur et al*
further conducted small-angle X-ray scattering (SAXS) investi-
gations and established that the DFNS structure originates from
direct modulation of the bicontinuous structure controlled by
a surfactant, a co-surfactant, and the silicate species formed
during hydrolysis and the condensation reaction of the silica
precursor. Moon et al.® investigated the effect of oil/water ratios
and found that the mesopore formation is controlled by the
hydrolysis of TEOS at the oil-water interface, resulting in
wrinkle-like structures.

Furthermore, by modifying the DFNS synthesis route, Li
et al.”> produced bioactive glass-based DFNS, highlighting how
precursor selection affects the final morphology. Shen et al.*
developed a biphasic stratification synthesis approach by
emphasizing solvent-driven self-assembly, which allowed for
precise control over hierarchical pore structures. It is also worth
noting that Kalantari et al.** produced dendritic mesoporous
organosilica nanoparticles (DMONSs), highlighting how struc-
tural characteristics are affected by organic modifications. Du
et al.*® proposed a gas-diffusion-driven process, wherein the
evaporation of a volatile solvent, i.e., ethyl ether resulted in the
formation of mesoporous silica and influenced radial pore
structures. Moreover, Xu et al.”® showed that the pore size and
particle morphology of the monodispersed mesoporous silica
nanoparticles are affected by solvent penetration, proposing
a packing parameter model. Despite the fact that previous
studies employed complex multi-step processes, the microwave-
assisted hydrothermal synthesis approach offers a more rapid,
simple, and economical method for producing fibrous silica
nanoparticles with tuneable size and hierarchical porosity in
a single step.

Prior studies have reported that silica morphology is signif-
icantly affected by the type and molar concentration of alcohols
used as the co-surfactant. For example, Ahmad et al.*” found
that a higher alcohol content reduces the rate of TEOS hydro-
lysis, favoring particle growth over nucleation and producing
larger particles. Particle morphology and size distribution are
also affected by the amount of alcohol present. According to Niu
et al.,”® the absence of alcohol produces amorphous, irregular
particles with a wider range of size distributions. Mirzaei et al.*®
found that by increasing the concentration of alcohol, the
spherical mesoporous structures decreased. Wang et al*
tailored the fiber density and pore structure of mesoporous
dendritic fibrous nanosilica by thoroughly changing the
amount of n-amyl alcohol from 0.75 mL to 1.75 mL. Similarly,
Bayal et al.? showed that tuning the volume of 1-pentanol could
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control the fiber density, surface area, pore volume, and particle
size (about 170-1120 nm). Maity et al.? isolated the structural
impacts of several types of primary alcohols on DFNS synthesis
by maintaining fixed molar ratios. This approach allows more
reliable attribution of morphological trends to alcohol
characteristics.

Furthermore, studies on core-shell and mesoporous mate-
rials demonstrated that reagent ratios, including the surfactant
and alcohol concentrations, can significantly alter nanoparticle
nucleation and growth dynamics.?*** Alcohol structure, such as
polarity, chain length, and branching, surely affects hydrolysis-
condensation rates and interfacial interactions,* but, unless
well regulated, its effects can be mixed with concentration-
dependent variables.

The broader literature emphasizes the importance of alcohol
structure in emulsion behavior during the hydrothermal
synthesis process of DFNS nanospheres.>***** Emulsion
stability largely depends on the molecular structure of the co-
surfactant, especially the alkyl chain. In addition to the
molecular structure, the molar ratio of alcohol to other reagents
plays a key role in affecting the final morphology.>*® Prior
studies®*® have solely covered the effects of primary alcohols
with alkyl chain lengths ranging from three to six carbons. This
leaves a gap in exploring the effects of different alcohols beyond
primary alcohols as co-surfactants on the morphology and
physicochemical properties of DFNS nanospheres. This study
examines the impact of various alcohols—primary, secondary,
tertiary, and diols with chain lengths of three to six carbons—on
the synthesis of DFNS, focusing on their effects on nanoparticle
shape, fiber density, and physical properties. The findings
support the development of DFNS-based materials under
controlled synthesis conditions. Several characterization tech-
niques, such as scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), dynamic light scattering
(DLS), N, physisorption, small-angle X-ray scattering (SAXS),
and thermogravimetric analysis (TGA), were employed to
broadly investigate the properties of the synthesized DFNS
samples.

2. Results and discussion
2.1 Morphological and structural characteristics

We investigated the effect of different types of alcohols on the
dendritic morphology, structure, and physical properties of
DFNS nanospheres. For this purpose, different primary,
secondary, tertiary alcohols, and diols with varying chain
lengths and isomers were selected. The corresponding alcohol
names and molecular formulas, alcohol/TEOS molar ratios, and
abbreviations of the samples are given in Table 1.

In this study, a fixed volume (0.5 mL) of alcohol was used in
each synthesis to ensure consistency within the small-scale
constraints of the 20 mL vessel. As a result, the alcohol/TEOS
molar ratios varied between samples (see Table 1), depending
on the molecular weight of the alcohol. The CTAB/TEOS molar
ratio was kept constant at 0.23 to ensure comparable micelle
templating conditions. Notably, 0.5 mL of each alcohol was

This journal is © The Royal Society of Chemistry 2025
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Table 1 List of alcohols used for DFNS samples along with their corresponding molecular structures, alconol/TEOS molar ratios, and sample

abbreviations

Alcohol name Molecular structure

Alcohol/TEOS molar ratio Sample abbreviation

1-Propanol NOH
1-Butanol S Son
1-Pentanol P
1-Hexanol NN N0n

OH
2-Propanol )\

OH
2-Butanol )\/
OH
2-Pentanol )\/\
OH

2-Hexanol )\/\/
3-Pentanol /Y\

OH
3-Hexanol /\(g\/

OH
t-Butanol

4(1/
OH

110/Y\
OH

1[()/W

OH

”()/Y\/\

1,2-Hexanediol OH

2-Methyl-2-butanol

2-Methyl-2-pentanol

1,2-Butanediol

1,2-Pentanediol

sufficient to yield well-defined DFNS nanospheres following
hydrothermal synthesis.

The unique bicontinuous morphology of DFNS is often
described using various terms, reflecting interpretations based
on either SEM or TEM observations. The SEM (Fig. 1) and TEM
(Fig. 2) images show well-defined spherical shaped particles
with dendritic morphology, confirming their successful
synthesis through a microemulsion system using the MW-
assisted hydrothermal technique. Interestingly, all DFNS
produced with different types of alcohols show unique bicon-
tinuous concentric lamellar morphologies, as previously re-
ported for primary alcohols.'®*****! These particles inherently
possess a fibrous structure, characterized by fibres extending
radially from the core to the shell. The fibre density in the core
region was notably higher than in the shell, as observed in the
TEM images of all DFNS samples (Fig. 2). The type of alcohol
utilized as a co-surfactant had a significant impact on the
fibrous structure. Alcohols such as 1-butanol, 1-pentanol, 1-
hexanol, 2-hexanol, and 3-hexanol formed uniform particles
with open fibrous structures in D1B, D1Pe, D1H, D2H, and

This journal is © The Royal Society of Chemistry 2025

1.67 D1P
1.36 D1B
1.15 D1Pe
0.99 D1H
1.63 D2p
1.36 D2B
1.15 D2Pe
0.99 D2H
1.15 D3Pe
1.00 D3H
1.31 DtB
1.14 D2M2B
1.02 D2M2Pe
1.38 D12BD
1.16 D12PeD
1.00 D12HD

D3H, respectively (Fig. 1b-d, h and j and 2b,;-d;, h; and j,).
Moderately fibrous particles were formed in the case of D1P,
D2B, D2Pe, D3Pe, D¢B, D2M2Pe, and D12HD when 1-propanol,
2-butanol, 2-pentanol, 3-pentanol, ¢-butanol, 2-methyl-2-
pentanol, and 1,2-hexanediol employed as
surfactants, respectively (Fig. 1a, f, g, i, k, m and p and 2a,, f;,
21, 11, kg, m; and p;). Moreover, compact and dense particles
were formed for D2P, D2M2B, D12BD, and D12PeD, when using
2-propanol, 2-methyl-2-butanol, 1,2-butanediol, and 1,2-penta-
nediol, respectively (Fig. 1e, 1, n and o and 2e,, l;, n; and o,). We
observed that a higher number of carbon atoms, particularly in
the backbone of the alcohol, can promote the formation of more
porous structures, even in the case of branched alcohols and
diols as seen in D3H and D12HD. The synthesis of DFNS is
influenced by the complex interactions between alcohol head
groups, surfactants, and silicic acid, which determine the
emulsion stability pattern. These interactions ultimately affect
the particle shape, final structure, and morphology of the
nanospheres. In this approach, CTAB,*® a well-known surfactant
used in nanoparticle formation, has a positively charged,

were CO-
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Fig. 1 SEM images of the synthesized DFNS using different alcohols: primary alcohols in (a) D1P, (b) D1B, (c) D1Pe, and (d) D1H; secondary
alcoholsin (e) D2P, (f) D2B, (g) D2Pe, (n) D2H, (i) D3Pe, and (j) D3H; tertiary alcohols in (k) DtB, () D2M2B, and (m) D2M2Pe; diols in (n) D12BD, (o)

D12PeD, and (p) D12HD.

hydrophilic head group and plays a multifaceted role in stabi-
lizing micelles or emulsion droplets while exerting control over
the growth dynamics of silica nanospheres.

Based on studies on emulsion stability,>** the increase in
stability was due to an increase in the structural similarity
between CTAB and the alcohol carbon chain. An increase in the
hydrophobic-hydrophobic interactions and a reduction in the
headgroup-headgroup repulsion of the CTAB quaternary
ammonium by the insertion of the neutral, polar alcoholic
headgroup increased the stability of emulsions.?

The hydrolysis of TEOS in the presence of urea produces
silicic acid, which also interacts with head groups of surfactants
and water molecules to promote the formation of stable emul-
sions. Moreover, it takes part in condensation and hydrolysis
reactions. The dual functionality of silicic acid enhances both
the hydrophilic character of microemulsion droplets and the
structural integrity of the resulting nanospheres.

The linear structures of alcohols with intermediate to long
carbon chains, such as unbranched primary alcohols 1-butanol,
1-pentanol, and 1-hexanol in D1B, D1Pe, and D1H, respectively,
as well as the longer-chain secondary alcohols, 2-hexanol and 3-
hexanol in D2H and D3H, facilitated efficient packing at the

cyclohexane-water  interface. = This  promotes strong

29418 | J Mater. Chem. A, 2025, 13, 29415-29430

hydrophobic-hydrophobic interactions and reduces interfacial
tension to enhance emulsion stability, which led to the forma-
tion of uniform particles with open fibrous structures (Fig. 1b-
d, h and j and 2b;-d;, h; and j,).

In addition, 1-propanol, with a shorter linear carbon chain in
D1P (Fig. 1a and 2a,), and branched alcohols with intermediate
carbon chain lengths such as 2-butanol, 2-pentanol, 3-pentanol,
and ¢-butanol in D2B, D2Pe, D3Pe, and D¢B (Fig. 1f, g, i and k
and 2f;, g4, i; and k;), led to the formation of moderately fibrous
structures with a less open morphology. Similarly, 2-methyl-2-
pentanol and 1,2-hexanediol with longer carbon chains in
D2M2Pe and D12HD (Fig. 1m and p and 2m; and p,), respec-
tively, also produced less open morphologies. In both the
former and latter cases, the higher number of carbons in these
alcohols—rather than their bulkiness or location of the
hydroxyl group—was the dominant factor for the stability of the
emulsion in these systems, resulting in more effective nucle-
ation and growth processes during the formation of these
nanospheres.

On the other hand, 2-propanol, with a short, branched
carbon chain in D2P (Fig. 1e and 2e,), and 2-methyl-2-butanol,
a more highly branched and substituted tertiary alcohol in
D2M2B (Fig. 11 and 2l;), introduced greater branching and

This journal is © The Royal Society of Chemistry 2025
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Fig.2 TEM images and particle size distributions of the synthesized DFNS using different alcohols: primary alcohols in (a; and a,) D1P, (b; and b,)
D1B, (c; and c,) D1Pe, and (d; and dy) D1H; secondary alcohols in (e; and e,) D2P, (f; and f,) D2B, (g; and g,) D2Pe, (h; and h,) D2H, (i; and i) D3Pe,
and (j; and j;) D3H; tertiary alcohols in (k; and k;) DtB, (l; and ;) D2M2B, and (m; and m,) D2M2Pe; diols in (n; and n,) D12BD, (05 and 0,) D12PeD,
and (p; and p) D12HD.
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additional alkyl groups along the carbon chain. Due to the steric
hindrance caused by this branching, alcohol molecules are
unable to pack efficiently at the interface, resulting in weakened
hydrophobic-hydrophobic interactions and a smaller reduction
in interfacial tension, both of which decrease the emulsion
stability. The instability of these emulsions led to the formation
of dense particles with compact fibrous structures, reflecting
the influence of alcohol branching on emulsion stability and
particle characteristics.

Our findings on the influence of branched and substituted
alcohols on emulsion stability and DFNS formation align well
with the results of Thampi et al.,”> who explored the effects of
alcohol structure on microemulsion stability. Their study
demonstrated that the molecular geometry of branched alco-
hols influences interfacial behavior, highlighting the role of co-
surfactants in modulating emulsion properties.

Similarly, the addition of diols such as 1,2-butanediol and
1,2-pentanediol in D12BD and D12PeD (Fig. 1n and o and 2n,
and o,), respectively, decreased the emulsion stability and
further influenced the interactions between silicic acid and the
head group of CTAB, leading to the formation of compact and
dense particles. These diols, with an additional hydroxyl group,
exhibit hydrophilic characteristics, while their alkyl chains
provide hydrophobic properties. Due to the complex structure
of diols, the arrangement of surfactant molecules may also
impact the hydrophobic core of micelles or emulsion droplets.

Variations in the alcohol/TEOS molar ratios have less impact
on DFNS morphology than the type and molecular structure of
alcohol, as shown in Fig. 2. For example, 1-pentanol, 2-penta-
nol, 3-pentanol, 2-methyl-2-butanol, and 1,2-pentanediol all
have comparable alcohol/TEOS molar ratios (~1.15-1.16), but
the resulting particles exhibit different morphologies, ranging
from open fibrous (D1Pe) to moderately fibrous (D2Pe and
D3Pe), and even to compact and dense in the case of D2M2B
and D12PeD. Similar patterns were observed for alcohols with
six carbon atoms. Even though the alcohol/TEOS molar ratios
were almost the same, 1-hexanol and 2-hexanol created open
fibrous morphologies, 3-hexanol produced moderately fibrous
particles, and 2-methyl-2-pentanol and 1,2-hexanediol
produced relatively denser structures. Similarly, although both
1-propanol and 2-propanol prepared with high molar ratios,
1.67 and 1.63, respectively, the former produced moderately
fibrous DFNS, while the latter led to compact structures. These
illustrations support the finding that DFNS morphology is
primarily shaped by the alcohol's structure, including its line-
arity, branching, and hydroxyl group position, with the molar
ratio playing a secondary and less significant role.

This study underscores the pivotal role of the molecular
structure of co-surfactants in determining the emulsion
stability and nanoparticle architecture, focusing on their
impact rather than addressing the well-established formation
mechanism of DFNS.

The particle size distributions from the TEM imaging are
presented in Fig. 2a,-p,. The mean particle size fell within the
range of 170 to 220 nm. Fig. 3 shows the relationship between
the average TEM-measured radius of DFNS samples along with
their corresponding standard deviation, based on the type of
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Fig. 3 The relationship between the TEM-measured radius of DFNS
samples and the type of alcohols used in their synthesis.

alcohol used in their synthesis. Among primary alcohols, D1P
forms the smallest particles, followed by an increase in size in
D1B and D1Pe, then a decrease in D1H, whereas the alcohol/
TEOS molar ratio decreased across these samples. In contrast,
for samples with secondary alcohols, a slight reduction in
particle size is observed, with the largest average radius for D2P
and the smallest for D2Pe. The DFNS samples with diols such as
1,2-hexanediol and 1,2-butanediol exhibited smaller particle
sizes, with average particle radii of 191 nm and 182 nm,
respectively, compared to their analogous primary and
secondary alcohol counterparts. Furthermore, samples with
comparable carbon content—D1Pe, D2Pe, D3Pe, D2M2B, and
D12PeD sharing a similar alcohol/TEOS molar ratio (~1.15)—
showed a decreasing size trend from linear to branched to diol
structures. This emphasizes that alcohol geometry and func-
tional group configuration—rather than the molar ratio—
govern the final DFNS particle size.

In addition, DLS was employed to determine the number-
weighted hydrodynamic radius distribution of DFNS, as
summarized in Fig. 1S.T DLS analysis revealed bimodal, and in
some samples, trimodal radius distributions, with the main
peak located in the range of approximately 150 to 220 nm. The
presence of an additional peak below 100 nm (e.g., in D2B and
D3Pe) in DLS results may arise from very small particles, broken
particles or even noise. In some DFNS samples, such as
D12PeD, D12BD and D1B, DLS revealed a bimodal distribution,
with a secondary peak above 200 nm, showing a comparable
intensity to the dominant primary peak. This observation is
partially consistent with the particle size distribution seen in
TEM images, keeping in mind that the hydrodynamic radii
exceed the TEM-observed radii in principle. However, the
difference in measurement conditions and volume of analysis
will contribute to a divergence in particle radius distributions
between TEM and DLS.

Possibly, in DLS, a more fibrous morphology increases the
effective hydrodynamic radius due to the extended solvation

This journal is © The Royal Society of Chemistry 2025
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shell that traps solvent molecules.**** Moreover, the peak
observed above 250-300 nm may arise from loosely associated
agglomerates of the dispersed particles. The high density of
silanol groups on the silica surface is expected to promote the
formation of multiple hydrogen bonds among the particles. The
higher silanol density and surface energy strengthen interpar-
ticle interactions, which reduce the dispersion stability. As
a result, the nanospheres in some samples may form temporary
agglomerates rather than remaining well-dispersed as primary
particles.*® Physical entanglement between particles,***” which
may promote the formation of larger, intertwined structures, is
another explanation for the peak seen in the DLS findings above
200 nm. Agglomerates in the dry state of TEM imaging were
observed but disregarded for high magnification. These can be
explained by capillary forces that might cause strong attractive
forces to overcome repulsive interactions during the last stages
of drying, which leads to the formation of larger aggregates.***°
The same effects will play a role in the dry-state application of
DFNS nanospheres in CO, adsorption. Generally, DLS and TEM
show reasonable agreement in the observed size ranges of the
dominant peak. Thus, the trends observed in both methods
consistently reflect the influence of alcohols as co-surfactants
on the particle radius and radius distribution of DFNS.

Remarkably, in our work, no noticeable decrease in particle
size was observed when varying the alcohol chain length—from
1-propanol to 1-butanol, 1-pentanol, and 1-hexanol—or when
using their secondary and tertiary isomers, such as 2-propanol,
2-butanol, 2-pentanol, 2-hexanol, 3-pentanol, 3-hexanol, t-
butanol, 2-methyl-2-butanol, and 2-methyl-2-pentanol, or their
diol counterparts, including 1,2-butanediol, 1,2-pentanediol,
and 1,2-hexanediol. This contrasts with the results of Maity
et al.,> who found that switching the co-surfactant from 1-pen-
tanol to 1-hexanol dramatically reduced the particle size from
approximately 450 nm to 50 nm. In their case, the size of the
particles (~50 nm) remained unchanged for all subsequent
long-chain alcohols. They used a reaction temperature of 82 °C
via conventional refluxing, whereas we employed a higher
reaction temperature of 120 °C under microwave irradiation.
This represents a significant difference between our work and
theirs.

Maity et al.® attributed the significant reduction in particle
size to the coalescence phenomenon, which plays a pivotal role
in stabilizing DFNS formed from bicontinuous microemulsion
droplets (BMDs). They ascribed the particle size reduction (from
~500 nm to ~50 nm) to the coalescence process. Their obser-
vation indicated that while 1-pentanol-BMDs underwent coa-
lescence, 1-hexanol-BMDs remained stable and did not
experience coalescence, due to their increased stability.
However, the stability of the BMDs formed by longer chain
alcohols, 1-hexanol, gradually increased. Maity et al. proposed
that the abrupt size decrease was related to the energy required
for coalescence. Specifically, a reaction temperature of 82 °C
was sufficient for the coalescence of 1-pentanol-BMDs, resulting
in larger DFNS particles, whereas the more stable 1-hexanol-
BMDs did not coalesce at this temperature. They synthesized
DFNS using 1-hexanol-BMDs at different temperatures (76, 82,
86, and 90 °C) and observed an increase in particle size from
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about 50 nm to 110 nm as the reaction temperature increased,
providing additional evidence in support of their hypothesis.
Notably, even with extended reaction times, the particle size
stayed mostly unchanged at a fixed temperature, suggesting
that temperature is essential for BMD coalescence. In contrast,
our use of a higher reaction temperature of 120 °C for a reaction
time of four hours under microwave conditions provided
enough energy to form stable BMDs, which acted as the nano-
reactor or template for nucleation and growth steps, leading to
the formation of DFNS. This suggests that coalescence is likely
occurring in our system, contributing to the formation of larger
DFNS. Moreover, the accelerated nucleation and growth rates
induced by microwave irradiation may have further enhanced
the size of the final product. The results underscore the key role
of reaction temperature and energy input in controlling the
final particle size and morphology of DFNS. Changes in the co-
surfactant structure directly affect the formation and growth of
nanospheres and potentially alter the properties and applica-
tions of the resulting materials.

2.2 Study of textural properties

The textural properties of the synthesized DFNS samples were
thoroughly analyzed using N, physisorption analysis conducted
at 77 K, as depicted in Fig. 4, which illustrates the N, adsorp-
tion-desorption isotherms for all samples. Following the IUPAC
classification,”*® all DFNS samples exhibited a type-IV
isotherm pattern accompanied by an H3-type hysteresis
loop.**** Despite the minor variations in loop size observed in
the hysteresis loops (Fig. 4a-p), all DFNS samples exhibited
a similar type of loop. These differences are attributed to vari-
ations in pore size distribution (Fig. 2S and 3S ESIt) and in fiber
densities (Fig. 1a-p and 2a;-p,).

However, there exists controversy regarding the type of
hysteresis loop for DFNS. While Fatah et al.,*” Yusof et al.,*® and
Hamid et al.*® considered DFNS to have an H1-type hysteresis
loop, Palanichamy et al.>® and Febriyanti et al.*® classified it as
an H3-type hysteresis loop. According to IUPAC regulations, an
H1-type loop is often associated with porous materials con-
sisting of agglomerates, resulting in narrow pore size distribu-
tions. The former studies also reported DFNS particles having
a narrow range of uniform mesopores with a well-defined
cylindrical-like pore channel. Conversely, according to the
IUPAC classification, an H3-type loop is observed in aggregates
of plate-like particles, leading to slit-shaped pores, as confirmed
by later studies. These findings suggest that DFNS nanospheres
exhibited the typical H3 hysteresis loop, characteristic of solids
with slit-shaped pores.?”

The formation of this type of isotherm is indicative of
multilayer adsorption followed by capillary condensation,*>*
offering a clear indication of mesopores within the material.
The TEM micrographs (Fig. 2a;-p,) revealed the fibrous struc-
ture of silica nanospheres, with V-shaped mesopores arising
from the spatial gaps between silica fibers within individual
particles. The V-shaped mesopores observed in TEM images are
consistent with the slit-shaped pore geometry suggested by the
H3-type hysteresis loop in the N, physisorption data. These
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Fig. 4 N, physisorption isotherms of synthesized DFNS using different alcohols: primary alcohols in (a) D1P, (b) D1B, (c) D1Pe, and (d) D1H;
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results highlight the relationship between the fiber arrange-
ment observed in microscopy and the textural properties
deduced from adsorption analysis. This unique pore structure
is characteristic of DFNS particles and distinguishes itself from
the tubular or cylindrical type of MCM-41/SBA-15 porous
materials.’®*

The specific surface area (Sggr) determined by the Brunauer—
Emmett-Teller” method, and the total pore volume (V) and
average pore diameter (d,,) values obtained from the desorption
branch of the Barrett-Joyner-Halenda (BJH) plots, are summa-
rized in Table 2. Spheres with less dense or open fibrous
structures exhibit higher surface area and pore volume, while
denser spheres have lower surface area and pore volume. These
results are in good agreement with those obtained by Bayal
et al.®* The DFNS samples synthesized with various alcohols
revealed noticeable behaviors in Sggr and Vp, highlighting the
complex relationship between the molecular structure of the
alcohol and the properties of the synthesized materials.
Although the alcohol/TEOS molar ratio is also known to influ-
ence micelle organization and silica condensation, our

29422 | J Mater. Chem. A, 2025, 13, 29415-29430

experimental results suggest that it is not the primary factor
affecting the Sggr and V,, of DFNS materials.

As shown in Fig. 5a and b, the specific surface area and total
pore volume generally increase from D1P to D1Pe, where the
alcohol/TEOS molar ratio decreased from 1.67 to 1.15 (Table 1).
This trend indicates that longer-chain alcohols facilitate the
formation of larger micelles during synthesis, which in turn
promotes the formation of a more porous silica structure, larger
pores and an increased surface area. However, a slight decrease
in pore volume is observed for D1H (Fig. 5b), which may be
attributed to differences in the packing efficiency of the
surfactant-alcohol interactions, leading to variations in pore
formation.

The Sger and V, values are generally slightly lower in
secondary alcohols compared to primary alcohols of identical
chain length. For instance, D2P exhibited slightly lower Sggr
and V, values compared to D1P. This trend persisted as
observed in D2B to D2Pe to D2H. This indicated that even
changing the position of the hydroxyl group in the alcohol chain
has a significant impact on the surface area and pore volume of

This journal is © The Royal Society of Chemistry 2025
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Table 2 Summary of textural properties of all DFNS samples prepared
using different co-surfactants

Sample  Sper” [m* g '] V.’ [em® g '] d,°[nm] N, uptake [em® g ']
D1P 396 0.53 3.68 396
D1B 464 0.96 3.69 658
D1Pe 474 1.34 3.67 916
D1H 477 1.06 3.51 745
D2p 348 0.40 3.74 315
D2B 387 0.70 3.64 506
D2Pe 402 0.87 3.66 600
D2H 465 1.16 3.69 801
D3Pe 347 0.73 3.64 523
D3H 202 0.65 3.85 444
D¢B 302 0.72 3.67 515
D2M2B 321 0.46 3.76 332
D2M2Pe 350 0.68 3.69 488
D12BD 357 0.45 3.65 330
D12PeD 403 0.23 3.44 279
D12HD 245 0.40 3.70 282

% Surface area of samples measured by the BET method from the
adsorption branch of the N, physisorption process. ” Total pore
volume calculated using the BJH method. © Pore diameter obtained
from BJH.
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Fig. 5 Relationship between the (a) Sger and (b) V,, of DFNS samples
with the number of carbons in different type of alcohols as co-
surfactants.

the relevant DFNS species. This was further confirmed by using
3-pentanol and 3-hexanol. D3Pe and D3H, exhibited an even
further decrease in both Sggr and Vj,. The drastic reduction in

This journal is © The Royal Society of Chemistry 2025
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values observed for D3H may be attributed to the compromised
surfactant packing efficiency and hindered micelle formation,
potentially caused by specific steric constraints introduced by
branching in the 3-hexanol structure.

The complex balance between the chain length, branching
and isomeric effects in alcohols was further investigated. The
introduction of structural branching or isomerism led to
a reduction in both Sggr and V,, values compared to their linear
counterparts. For example, D¢B exhibited a dramatic decrease
in surface area and pore volume, whereas in D1B and even D2B
this was not observed. Moreover, incorporating tertiary alcohols
such as 2-methyl-2-butanol and 2-methyl-2-pentanol into the
analysis provided further insights into the impact of branching
on material properties. For instance, D2M2B and D2M2Pe
showed a decrease in both the surface area and total pore
volume as compared to D1Pe, D2Pe, D1H, and D2H. These
findings highlighted the effect of steric hindrance in tertiary
alcohols, which affected the surfactant self-assembly by
reducing the emulsion and micelle stability, resulting in
moderately fibrous or less open particle formation with smaller
and closed pores and channels.

Finally, the introduction of diols, including 1,2-butanediol,
and 1,2-pentanediol, expanded the understanding of how dual
hydroxyl groups and their spatial arrangement impact material
properties. D12BD and D12PeD displayed Sggr and V,, values
lower than their monohydroxy counterparts, suggesting that the
presence of multiple hydroxyl groups may not significantly
enhance the surface area or pore volume in this context. The
decrease in emulsion and micelle stability due to enhanced
hydrophilic-hydrophilic interactions among the CTAB head
group, silicic acid, and hydroxyl groups of the alcohols®**
resulted in the formation of compact and dense particles with
smaller surface areas and total pore volumes compared to those
with monohydroxy alcohols, as also reported by Bayal et al.®

As observed in the linear primary alcohol series (C3-C6),
a decrease in the alcohol/TEOS molar ratio in some secondary
alcohol-derived samples from D2P (1.63) to D2B (1.36), D2Pe
(1.15) and D2H (0.99) leads to higher Sppr and V,, (Table 2),
indicating improved surfactant packing and micelle formation
at lower alcohol concentrations.? It is supported by prior studies
showing that decreasing the co-surfactant content can enhance
micelle organization and thus promote mesostructure
formation.*”*

Interestingly, within the samples prepared with alcohols of
identical carbon chain lengths and nearly comparable alcohol/
TEOS ratios (Table 1), such as D1Pe, D2Pe, D3Pe, D2M2B, and
D12PeD, the Sggr and V,, values are markedly affected by vari-
ations in molecular structure complexity. The surface charac-
teristics vary widely: D1Pe shows the highest Sgrr and V;, (Table
2), while D12PeD shows significantly lower values. In the
samples prepared with the hexanol series, despite having
similar alcohol/TEOS molar ratios, the samples D1H, D2H,
D3H, D2M2Pe, and D12HD show significant deviations as well.
D1H and D2H exhibit high Sggr and V,,, while D3H, D2M2Pe,
and D12HD show a marked decline in porosity. Furthermore,
despite the similar reagent ratios in D2M2B and D12PeD, the
branching and additional hydroxyl groups appear to hinder
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micellar assembly and limit silica condensation, resulting in
denser structures. These findings demonstrate that, although
the molar ratio affects textural characteristics, the type and
structure of the alcohol used as a co-surfactant are the primary
determinants of DFNS surface area and pore development.

The N, uptake values of all the synthesized samples at the
relative pressure of P/P, = 0.4-0.9 are also given in Table 2. It
was noted that linear alcohols with longer carbon chain lengths
including 1-pentanol, 1-hexanol, and 1-butanol facilitated the
higher N, uptake values of 916, 745, and 658 cm® g™, respec-
tively, in their corresponding DFNS samples, i.e., D1Pe (Fig. 4c),
D1H (Fig. 4d), and D1B (Fig. 4b), respectively. However, 1-
propanol resulted in a very low N, uptake value of 396 cm® g~*
in D1P (Fig. 4a). The same patterns were observed for DFNS
samples synthesized using the secondary alcohols of the same
carbon chain length, such as 2-propanol, 2-butanol, 2-pentanol,
2-hexanol, 3-pentanol, and 3-hexanol. The order of N, uptake
was D2H > D2Pe > D3Pe > D2B > D3H > D2P, all of which showed
lower uptake than their counterparts prepared with primary
alcohols.

The N, uptake was further decreased in the case of samples
synthesized using tertiary alcohols, such as ¢-butanol, 2-methyl-
2-butanol, and 2-methyl-2-pentanol, with the order of N, uptake
being D2B > D2M2Pe > D2M2B, which again exhibited lower
uptake than their counterparts produced using primary (linear)
and secondary (branched) alcohols. The main reason for these
findings is the reduced Sggr and V, values in these DFNS
samples, caused by the steric hindrance from the branched and
bulky structures of secondary, and especially tertiary alcohols.
This hindrance weakens the hydrophobic-hydrophobic inter-
actions, resulting in inefficient surfactant packing and micelle
formation. Consequently, the micelle and microemulsion
become less stable during the nucleation and growth of nano-
spheres. These observations were further confirmed by intro-
ducing diols, such as 1,2-butanediol, 1,2-pentanediol, and 1,2-
hexanediol, during the synthesis of DFNS. Samples like D12BD
and D12PeD exhibited the lowest N, uptake values of 330 cm®
g~ ' (Fig. 4n) and 279 (Fig. 40), respectively. The introduction of
two hydroxy groups likely reduced the hydrophobic interactions
due to the increased hydrophilic interactions among the
hydrolyzed silicic acid, alcohol head group, and the quaternary
ammonium of CTAB, as mentioned earlier, which led to
decreased micelle or emulsion stability, resulting in more
compact and denser nanospheres with lower Sgpr and V;, values.
Despite this, D2H with 2-hexanol stands out in the second rank
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after D1Pe with 1-pentanol among all the samples. This result
indicates that the longer the alcohol carbon chain the less the
steric hindrance to some extent which helps stabilize the cor-
responding microemulsion system and leads to less dense
nanospheres with open morphology.

The pore size distribution (distance between fibers or
channel size) of all synthesized DFNS samples measured using
both the adsorption and desorption branches of the BJH
method® is given in Fig. 2S and 3S (ESI),T respectively. The pore
size distribution exhibits a distinct feature, spanning a wide
range of length scales, in contrast to MCM-41 and SBA-15
materials, which show only a narrow mesopore size distribu-
tion. The graphs in Fig. 3S (ESI)} show a narrow unimodal pore
size distribution for D1P, D1B, D1Pe, D1H, and D2P. In
contrast, D2B, D2Pe, D2H, D3Pe, D3H, D¢B, and D2M2Pe
exhibited a bimodal distribution. The pore size distribution of
these samples is followed by a broad peak in a higher size range,
typically around 10-25 nm. Overall, the narrow peaks around 3-
6 nm can be attributed to the size of micelles, and the broader
peaks are related to the inter-dendrimer distance between
dendrimers, thus confirming their
characteristics.'>**

The difference in the N, uptake and pore size distribution of
each DFNS sample is due to their difference in inter-dendrimer
distance. D1P, D2P, D12BD, D12PeD, and D12HD showed
smaller inter-dendrimer distances, while inter-dendrimer
distances in some parts of D2B, DtB, D2M2B, and D2M2Pe
were probably too small to be considered pores, which could
lead to the changes in their respective isotherms. The difference
in inter-dendrimer distance also affected the total pore volume
and surface area of each sample, as shown in Table 2.

mesoporous

2.3 Small-angle X-ray scattering (SAXS) of DFNS

We further investigated the structural properties of the
synthesized materials using SAXS, a powerful technique for
studying porous materials.®>* This technique provides detailed
information on the internal structure, repeat distances, and
wall or sheet thickness of nanospheres, which are influenced by
the type of co-surfactant used during synthesis. The SAXS
profiles of the calcined (550 °C and 6 h) DFNS samples with
various alcohols are shown in Fig. 6a-d. Among the DFNS
samples, D1B, D1Pe, and D1H (Fig. 6a), D2B, D2Pe, D2H, and
D3H (Fig. 6b), as well as DtB, D2M2B, and D2M2Pe (Fig. 6c),
exhibited a broad scattering feature in the SAXS profiles, indi-
cating a lower degree of structural ordering within the
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Fig. 6 SAXS profiles of synthesized DFNS samples prepared with (a) primary alcohols, (b) secondary alcohols, (c) tertiary alcohols, and (d) diols.
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mesostructured nanospheres. Conversely, samples, including
D1P, D2P, D3Pe, D12BD, D12PeD, and D12HD, exhibited
increased reflection intensities in their SAXS profiles, indicating
a more ordered mesostructure comparable to that of other well-
known mesoporous materials like SBA-15 and MCM-41.** The
presence of sharper reflections for these nanospheres indicates
a higher degree of structural regularity, which can be attributed
to their moderately fibrous structures or denser and more
compact morphologies consistent with TEM images in Fig. 2.

A clear relationship between the type of co-surfactant and the
resulting structural properties, more specifically, the repeat
distance, is revealed by the SAXS investigation of DFNS. The
repeat distance (d) can be determined from the scattering vector
() at which the first peak in the SAXS pattern occurs, using
Bragg's law d = 27/q.%* The wall thickness (¢) of DFNS samples
was determined using the density correlation function (g1) ob-
tained from SAXS analysis. This approach provides insights into
structural changes, such as possible sheet collapse, which may
influence the measured wall thickness. The d and ¢ of the DFNS
nanospheres are clearly marked on the SEM image of D1Pe
presented in Fig. 7, providing a visual representation of the
structural parameters, and the values of these parameters are
tabulated in Table 1S.t No systematic change in wall thickness
was observed for all samples prepared with different alcohols,
hence their effect is constricted to the repeat distance. However,
when comparing the repeat distance to electron microscopy
images, one should keep in mind that SAXS averages over the
entire particle volume, while SEM and TEM reveal the repeat
distance on the surface and the outer layer, respectively.

The type of co-surfactant affects the repeat distances of DFNS
samples. Samples prepared using primary alcohols, including
1-butanol to 1-hexanol, exhibit repeat distances that decrease
from 7.2 to 5.7 nm for D1B to D1H as the carbon chain length

Fig. 7 SEM image of a DFNS nanosphere, with the annotated repeat
distance (d) shown by the red lines and wall thickness (t) indicated by
the distance between two yellow arrows, highlighting key structural
parameters.
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increases, while the alcohol/TEOS molar ratios decreases.
Additionally, samples such as D2H and D3H, prepared using
a similar alcohol/TEOS molar ratio along with longer carbon
chain secondary alcohols of 2-hexanol and 3-hexanol, respec-
tively, showed repeat distances of 6.3 and 6.0 nm. According to
this trend, alcohols with longer carbon chains improve the
stability of fibrous structures and produce a less open meso-
porous framework.® Thus, the increased hydrophobicity asso-
ciated with longer alkyl chains likely facilitated improved silica
polymerization, promoting well-defined mesoporous fibrous
structures. Samples prepared using secondary alcohols,
including 2-propanol to 3-pentanol, exhibited repeat distances
between 6.2 and 7.0 nm, resulting in moderately fibrous or less
open structures compared to primary alcohols. The introduc-
tion of steric hindrance due to the secondary carbon configu-
ration limits the expansion of the framework, leading to shorter
repeat distances.

The most compact structures are produced by secondary
alcohols possessing a shorter carbon chain, such as 2-propanol
in D2P, and branched or tertiary alcohols, such as 2-methyl-2-
butanol in D2M2B. These samples have repeat distances of
6.6 and 6.0 nm, respectively. These alcohols more restrict the
polymerization of the silica species during the nucleation and
growth steps, which results in the formation of dense meso-
structures. These findings are consistent with the previous
research that highlights the importance of steric effects in
defining the structural properties of the mesoporous
materials.*>

Similarly, the DFNS samples synthesized with diols, such as
D12BD and D12PeD, exhibited a decrease in repeat distance as
the carbon length increased from C4 to C5 (6.8 to 5.7). The diols
used to synthesize D12BD and D12PeD have additional hydroxyl
groups, which increase the hydrophilic-hydrophilic interac-
tions. The framework became compact because of these inter-
actions. However, 1,2-hexanediol with a longer carbon chain led
to the formation of a moderately open silica framework in
D12HD (Fig. 1p and 2p,). This observation shows that the effect
of carbon chain length is more dominant than the effect of the
number of hydroxyl groups in DFNS synthesis.®® According to
this complex interaction, diols as co-surfactants can lead to
a variety of mesostructures.

Across the sample set, identifying the relationship between
the SAXS-derived repeat distances, alcohol/TEOS molar ratios,
and alcohol structure is somewhat challenging. For the samples
prepared with alcohols of identical carbon number, a higher
molar ratio sometimes seems to correspond to slightly larger
repeat distances; for instance, D1P (1.67) and D2P (1.63) have
repeat distances of 7.0 and 6.6 nm, respectively. The difference
between repeat distances may arise from the alcohol structure
and alcohol/TEOS molar ratio. The former exhibits a moderately
fibrous structure (Fig. 2a,) and the latter shows a compact and
dense morphology (Fig. 2e;). Similarly, D2Pe, despite having
a higher molar ratio of 1.15 shows a larger repeat distance than
D2H (0.99). This pattern does not, however, apply to every
sample. For example, for the samples prepared using primary
alcohols, D1B (1.36) despite having a lower alcohol/TEOS molar
ratio than D1P (1.67) exhibits a slightly larger repeat distance
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(Table 1St) and an open fibrous morphology (Fig. 2b,). Among
the samples prepared using diols, D12BD (1.38) and D12PeD
(1.16) show decreasing repeat distances (6.8 to 5.7 nm) despite
only modest changes in the molar ratio, with both exhibiting
compact and dense morphologies (Fig. 2n; and o,). On the
other hand, D12HD (1.00) exhibits a moderately fibrous struc-
ture (Fig. 2p;) and a repeat distance of 6.9 nm, reversing the
trend. These findings suggest that micelle organization and
framework regularity appear to be primarily influenced by the
molecular structure, including hydroxyl distribution and steric
effects, rather than by alcohol concentration.

2.4 TGA studies

The TGA curves of the calcined DFNS samples (see Fig. 2S¥)
exhibit two distinct stages between 25 °C and 800 °C. Fig. 8
presents the total weight loss and the weight loss analysis of
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samples prepared with (a) primary alcohols, (b) secondary alcohols, (c)
tertiary alcohols, and (d) diols.
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calcined DFNS samples prepared using different alcohols,
measured under atmospheric air at 120 °C and 800 °C.

The first stage, occurring between 25 °C and 120 °C, can be
primarily attributed to the removal of physically and chemically
adsorbed volatile species such as organic solvents used during
the synthesis, as well as surface-adsorbed water."**%” The weight
loss observed in the first stage showed slight deviations from
the systematic pattern in samples prepared with primary alco-
hols compared to those prepared with secondary alcohols,
tertiary alcohols, and diols. For instance, D1B showed a higher
weight loss of 5% (Fig. 8a) compared to D2B with a weight loss
of 3.3% (Fig. 8b). Similarly, D2M2B showed a higher weight loss
of 5.6% (Fig. 8c) compared to D1H (0.5%) and D2M2Pe (2.4%)
prepared with longer carbon-chain alcohols. This suggests that
the lower the number of carbons, the higher the hydrophilicity
of the corresponding DFNS sample, which adsorbs greater
amounts of water, leading to increased weight loss in this range.
This conclusion was further confirmed in the case of DFNS
samples prepared with diols (Fig. 8d). For instance, D12PeD
displayed a notable weight loss of 4.8% due to increased
hydrophilicity from additional hydroxyl groups. This behavior
aligns with literature reports linking the higher hydroxyl
content and greater hydrophilicity to increased water adsorp-
tion and mass loss during initial heating stages.*®

Although Fig. 8 indicates that DFNS produced with more
hydrophilic alcohols often exhibits more weight loss in the 25—
120 °C range, there are some alcohol pairs that clearly deviate
from this pattern. The notable anomaly observed between D1P
and D1B, where D1P shows lower weight loss despite 1-propanol
being more hydrophilic than 1-butanol is due to its shorter
carbon chain. Also, even though 2-pentanol should be more
hydrophilic than 2-hexanol based on the shorter chain length
alone, D2Pe shows less weight loss than D2H.

Although hydrophilicity plays a role in water adsorption and
with the ensuing TGA weight loss, these variations indicate that
it is not the only reason. Alcohol structure and DFNS charac-
teristics seem to be related in a more intricate way than just
hydrophilicity or chain length. The steric bulk structure of the
alcohols, their interactions with CTAB micelles, and their
effects on micelle packing and pore formation are some of the
factors that may be causing variations in weight loss trends.
Furthermore, alcohol volatility—defined by differences in
evaporation rates—may influence the local concentrations of
reactants during synthesis, particularly under microwave
conditions, thereby affecting the condensation kinetics and
final porosity. Together, these variables influence the amount of
water retained in the structure and contribute to the explana-
tion of the unusual weight loss trends seen in the TGA range of
25 to 120 °C.

The type of alcohol used had an important effect on the
specific surface area, pore volume, and pore size distribution of
DFNS samples; independent of surface hydrophilicity, larger
pore volumes may be able to retain more water molecules. For
example, despite being synthesized with less hydrophilic alco-
hols, D1B and D2H can retain more water because they have
a higher specific surface area and a larger total pore volume or
more mesopores than D1P and D2Pe, respectively (Table 2).

This journal is © The Royal Society of Chemistry 2025
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The alcohol/TEOS molar ratio also influences water retention
behavior, although its impact appears secondary to the molec-
ular structure of alcohols. Samples with higher alcohol/TEOS
molar ratios, such as D1P (1.67) and D2P (1.63), show rela-
tively higher first-stage weight losses (Fig. 8a), consistent with
increased hydrophilicity and water adsorption. Similarly, the
higher weight loss in D2M2B (Fig. 8c) correlates with its high
molar ratio (1.36), supporting the expected trend. However,
several inconsistencies reveal that molar ratio alone cannot
explain the observed thermal behavior. For example, D1B (1.36)
shows a significantly higher weight loss (Fig. 8a) than D1P
(Fig. 8a), despite a lower alcohol/TEOS ratio. Even more
striking, D1H (0.99) and D2Pe (1.15) both show minimal water
loss (Fig. 8a and b, respectively), despite their lower molar
ratios. Moreover, D2H, with a comparable molar ratio of 0.99,
exhibits a much higher weight loss (Fig. 8b). These deviations
suggest that molecular features such as branching, hydroxyl
group position, and evaporation rate exert a stronger influence
on water retention than the alcohol amount alone.

Another aspect causing the irregular weight loss trend in the
25-120 °C range is the presence of adsorbed co-surfactant
molecules and loosely bound CTAB residues. While CTAB
decomposition typically occurs at higher temperatures (above
~200 °C), small amounts of physically adsorbed or loosely
retained CTAB can partially desorb at lower temperatures due to
weak surface interactions. The extent of this retention varies
slightly between samples because of micellar interactions based
on the alcohol structure used during synthesis. Secondary and
branching alcohols have an impact on micelle stability, which
leads to different CTAB encapsulation efficiencies and conse-
quent surface retention.®® At temperatures between 25 and 120 °©
C, these residual molecules may desorb, resulting in mass los-
ses that are not solely attributed to water adsorption.

The second weight loss step, observed between 120 and 800 °©
C, is mainly due to the thermal decomposition of silanol
hydroxyl groups (Si-OH) and residual organic moieties
(CTAB).” This step is indicative of the dehydroxylation process,
called progressive condensation of silanols, which is supposed
to take place above 190 °C, according to the observations and
the reported literature.”™

The weight loss in the second stage increased from samples
prepared using primary alcohols to those prepared using
secondary alcohols. The small weight loss in D1B, D1Pe and D3Pe
suggests that longer-chain primary and secondary alcohols
enhance the thermal stability of the corresponding silica
samples. However, higher weight loss values observed in the case
of D1H, D2H, and D3H prepared using 1-hexanol, 2-pentanol,
and 3-hexanol, respectively, highlight the reduced stability of the
particles. Furthermore, D2M2Pe displayed a loss value of 2.7%,
attributed to the steric hindrance, and D12PeD displayed a weight
loss of 2.2%, due to increased hydrophilicity from additional
hydroxyl groups, which both destabilized the silica network.

In general, samples synthesized with higher alcohol/TEOS
molar ratios, like D1P (1.67) and D2P (1.63), show somewhat
higher second-stage weight losses. This is consistent with the
hypothesis that a higher residual organic content results from
increased alcohol availability. However, this trend does apply
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for all sample sets. For example, even though D1B (1.36) and
D2B (1.36) have lower molar ratios than D1P and D2P, they
exhibit greater weight losses. Similarly, while having lower
alcohol contents, D2Pe (1.15) and D2H (0.99) both show
comparatively significant second-stage losses (Fig. 8b). These
inconsistencies indicate that micelle packing, porosity, and
hydroxyl trapping within the silica network are more signifi-
cantly modulated by alcohol structure than by concentration.
Consequently, the alcohol/TEOS molar ratio is a relevant factor,
but it cannot account for TGA trends alone—alcohol molecular
design remains the dominant parameter.

Three main factors may contribute to these observations. First,
the amount of CTAB incorporated during synthesis may vary
based on the alcohol structure. The micelle packing and silica
condensation rates are changed by secondary alcohols such as 2-
propanol, 2-butanol, and 2-pentanol. This may increase CTAB
entrapment in the silica matrix and result in increased weight
loss during thermal decomposition. Second, different samples,
especially those produced with secondary alcohols, may have
varying amounts of residual organics due to variations in washing
efficiency, which could lead to greater weight loss. However, this
may not apply uniformly to all samples.

Third, surface silanol groups, particularly those remaining
after sintering, especially within the pore walls or less-condensed
regions, in DFNS synthesized with these secondary alcohols—
may be distributed differently or have a higher density, which
would result in greater weight loss during dehydroxylation. These
structural and chemical variations are often determined by the
molecular interactions between the alcohols and silica precursors
which take place during the synthesis.

The TGA results emphasize that the thermal behavior,
stability, and composition of DFNS are significantly influenced
by the type, chain length, branching, and the number of
hydroxyl groups of the alcohols used as the co-surfactant during
the synthesis process.

3. Experimental
3.1 Chemicals

Tetraethyl orthosilicate (TEOS, =99%), cetyltrimethylammonium
bromide (CTAB, =99%), 1-propanol (anhydrous, 99.9%), 2-prop-
anol (99.95%), 1-butanol (99.9%), 2-butanol (99.5%), t-butanol
(anhydrous, =99.5%), 2-pentanol (=98%), 2-methyl-2-butanol
(anhydrous, =99%), 3-pentanol (98%), 1-hexanol (99%), 2-hex-
anol (99%), 3-hexanol (98%), 2-methyl-2-pentanol (99%), 1,2-
butanediol (=98.0%), 1,2-pentanediol (96%), 1,2-hexanediol
(97%), ethanol (96% and absolute) and acetone (HPLC grade)
were purchased from Sigma-Aldrich (Germany). Cyclohexane
(=99.9%), urea (=99%), and 1-pentanol (=98.5%) were
purchased from Merck Millipore (Germany). Demineralized water
was used for all experiments. All the chemicals used were of
analytical grade and were used without further purification.

3.2 Synthesis of DFNS

The synthesis of DFNS was conducted using the MW-assisted
hydrothermal method, which was adopted from a study by
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Polshettiwar and colleagues with some minor modifications.* In
a typical synthesis, 0.835 g of TEOS was dissolved in a solution
of 10 mL of cyclohexane and 0.5 mL of alcohol (co-surfactant),
which was stirred at 700 rpm for 30 min and denoted as solu-
tion A. In the meantime, 0.334 g of CTAB and 0.2 g of urea were
added to 10 mL of distilled water, which was stirred at 1200 rpm
for 30 min, and it was marked as solution B. The solution B was
added dropwise into solution A in 5 minutes, and the whole
reaction mixture was stirred at 1200 rpm for 60 minutes at room
temperature. The resultant microemulsion solution was placed
in a Teflon-sealed microwave reactor, and the hydrothermal
synthesis process was carried out under MW irradiation with
a maximum power of 400 W at 120 °C for 4 hours, with constant
stirring at 800 rpm and a maximum pressure of 7 bar inside the
reaction vessel during the synthesis process. Various DFNS
samples were prepared by changing the type of alcohol (Table
1). After the hydrothermal process, the microwave reactor was
cooled to room temperature. Subsequently, the resulting DFNS
was separated by centrifugation at 10 000 rpm for 10 min and
then washed three times with absolute ethanol and then three
times with distilled water. The freshly separated product was
dried in an oven in air at 110 °C for 24 h. The product was
calcined in a Linn High Therm GmbH tubular furnace with a 5 ©
C min~" ramp to 550 °C, held for 6 hours in air to remove the
surfactant or template, followed by controlled cooling to room
temperature. After calcination, the powder was ground using
a mortar. The MW-assisted hydrothermal synthesis was carried
out using an Anton Paar microwave reactor: Monowave 450
(Austria).

3.3 Characterization methods

The morphology and structure of all the synthesized DFNS were
examined using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). SEM images were
recorded on a Merlin (ZEISS, Oberkochen, Germany) micro-
scope at an accelerating voltage of 1 kV and a probe current of
15-30 pA. Before microscopic analysis, particles were sputter-
coated with 1.5 nm platinum using a CCU-010 coating device
(Safematic, Switzerland). TEM images were recorded in bright
field mode using a Tecnai™ G” F20 (FEI Thermo Fisher Scien-
tific) microscope operating at an acceleration voltage of 200 kV,
equipped with a Gatan OneView camera for high-resolution
imaging. Before analysis, a 2 pL ethanol dispersion was drop-
cast onto a carbon-coated copper grid, and the sample was dried
in air. The particle size in TEM images was measured manually
by drawing lines on the 4 k high-resolution images (.dm3 files)
using Gatan's Digital Micrograph software. The samples were
collected directly from the fresh reaction mixture after four
hours of irradiation, without any additional treatments such as
washing, centrifugation, drying, and calcination.

Dynamic light scattering (DLS) experiments were conducted
using a particle size analyzer from ALV GmbH (Langen, Ger-
many) with a 5004 correlator and an ALV/CGS-3 goniometer
with a wavelength of about 532 nm to measure the hydrody-
namic size of the nanospheres. The measurements were con-
ducted at room temperature at 90°. For sample preparation,
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2 mg of sample was dispersed in 2 mL of water, resulting in
a 0.1% concentration. The dispersion was sonicated for 3
minutes at room temperature to ensure uniformity. Each
sample was measured three times for 300 s. The density corre-
lation functions (g1) were fitted to extract the number weighted
distribution function with the ALV-correlator software V3.0.

The textural properties of the prepared DFNS samples were
identified through N, physisorption assessments on a Quad-
raSorb SI MP (Quantachrome Instruments) surface area
analyzer at —196 °C. Before the N, sorption analysis, the
samples (~100 mg) were degassed in an external degasser
(MasterPrep Degasser, Quantachrome Instruments) at 120 °C
for 20 hours under vacuum to ensure the complete removal of
adsorbed gases and moisture. Isotherm, BET surface area, total
pore volume and pore size distribution were analyzed using
Quantachrome software QuadraWin, version 7.1.

The small-angle X-ray scattering (SAXS) measurements were
conducted on a self-designed SAXS apparatus which was
equipped with an Incoatec™ X-ray source IuS, Quazar Montel
optics and scatterless pinholes, providing a focal spot size
diameter of 700 pm at the sample and a wavelength of
0.1542 nm. An evacuated flight tube with a 1.1 m distance
between the sample and detector was used, and a CCD-Detector
Rayonix™ SX165 was employed for detection. The regular
measurement time per sample was 10 minutes. SPEC (ver. 5.32)
developed by Certified Scientific Software, Cambridge, MA, USA,
was used as the control software. The data were analyzed using
the correlation function option in SasView (ver. 5.0.6).

Thermal gravimetric analysis (TGA) was performed using
a TG 209 F1 Iris®, Fa. Netzsch instrument. The analysis was
performed in the temperature range of 25 to 800 °C with

a temperature ramp-up of 5 °C min~ .

4. Conclusion

In this study, we utilized different types of alcohols, including
primary, secondary, tertiary alcohols, and diols, to tailor the
morphology and structure of DFNS. We investigated the
morphology, structure, and physicochemical properties of the
materials using SEM, TEM, DLS, N, physisorption, SAXS, and
TGA. All the synthesized materials showed spherical
morphology with fibrous structures, with variations in fiber
density from the core to the shell. Higher carbon content and
linear alcohols promoted the formation of a more open and
fibrous structure due to stronger hydrophobic-hydrophobic
interactions, which stabilized the microemulsion system during
synthesis. In contrast, branched alcohols and diols resulted in
denser, more compact particles, as steric hindrance decreased
hydrophobic interactions, while diols also enhanced hydro-
philic interactions with CTAB's quaternary amine and hydro-
lyzed silicic acid from TEOS. The particle sizes remained stable
across all samples. The high reaction temperature of 120 °C
provided sufficient energy for the coalescence of stable bicon-
tinuous microemulsion droplets (BMDs) and thus did not cause
any significant size variation. These droplets acted as nano-
reactors, facilitating the nucleation and growth of DFNS. The
specific surface area (Sger) of the materials ranged from 202 m>
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2 ' to 477 m® g~ . The highest values were observed for DFNS
synthesized with primary (linear) alcohols of longer chain
length, while the lowest values were recorded for those
synthesized using branched alcohols and diols. The total pore
volume (V},) of the particles decreased by increasing the fiber
density of the nanospheres. Moreover, the DFNS samples
synthesized with primary alcohols of longer carbon chains
exhibited broad spectral features in their SAXS patterns, indi-
cating a lower degree of structural ordering. In contrast, the
samples synthesized with shorter-chain and branched alcohols
and diols showed sharp peaks, suggesting more ordered mes-
ostructures like SBA-15 and MCM-41. Finally, the thermal
stability of all samples was confirmed by TGA with no signifi-
cant weight loss up to 800 °C. Thus, in this study, we have
shown that the fiber density, particle morphology, surface area,
pore volume, and pore size of DFNS are strongly influenced by
the length of the alcohol chain, branching, and number of
hydroxyl groups. Although alcohol type and structure are the
most important factors, changes in the alcohol/TEOS molar
ratio also have an impact on the morphology, textural charac-
teristics, and thermal behavior of DFNS, albeit to a smaller
extent. These findings on the structural tuning of DFNS open
paths for the design of tailored nanomaterials for applications
such as catalysis, drug delivery, and environmental remedia-
tion, where control over the surface area and porosity is crucial.
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