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Bicontinuous particle-stabilized emulsions (bijels) are unique soft materials in which two immiscible
liquids form an interwoven structure stabilized by colloidal particles at the interface. Their bicontinuous
morphology increases the interfacial area between immiscible liquid phases, making them attractive for
applications such as catalysis and energy storage. However, their mechanical fragility limits practical use.
In this work, we enhance bijel robustness by depositing silica to fuse interfacial particles. We investigate
a series of tetraalkoxysilanes with varying alkyl groups (methyl, ethyl, 1-propyl or 1-butyl), exhibiting
decreasing reactivity. Using shorter alkyl-chain silanes and higher concentrations, we shorten the
reinforcement reaction from one day to 1.5 hours. High-resolution scanning electron microscopy and
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small angle X-ray scattering reveal that silica deposits directionally into the aqueous domains of the bijel.
Moreover, the extent of silica growth can be tailored from selectively coating interfacial particles to
complete filling the aqueous channels. These findings demonstrate how the extent of silica deposition in
bijels can be controlled, offering a versatile route to fabricate robust bicontinuous materials for future
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1. Introduction

Bicontinuous particle-stabilized emulsions (bijels) are soft
materials consisting of two interpenetrating, immiscible liquid
networks stabilized by colloidal particles."”> These particles
strongly attach to the liquid-liquid interface, forming a
jammed layer that prevents coarsening and preserves the bi-
continuous morphology. This bicontinuous architecture increases
the interfacial area between two immiscible phases, making bijels
attractive for various applications, including biphasic catalysis,**
energy storage,”® filtrations”® and sensors.” For these uses to be
viable, bijels must retain their structure over time.'® However,
bijels are prone to structural destabilization, which can compro-
mise their functionality.***?

As-synthesized bijels are mechanically fragile and suscepti-
ble to degradation under agitation.*'* While individual parti-
cles attach to the interface with high energies of ~10° kzT due
to the interfacial tension, cohesion between neighboring parti-
cles is governed by weak physical forces such as van der Waals
interactions.’**® Stronger forces, such as covalent bonds
between particles, are necessary to make bijels more resilient
to external forces."*"” "
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Previous work has shown that bijels can be covalently
reinforced by depositing silica on the particle scaffold. Di
Vitantonio et al. introduced this strategy for bijels synthesized
via solvent transfer induced phase separation (STrIPS) by adding
tetraethyl orthosilicate (TEOS) to the bijel precursor mixture, where
TEOS-reactions locally fuse interfacial particles.**** Recently,
Khan et al. demonstrated that TEOS can also be post-introduced
in as-synthesized bijels, achieving similar reinforcement.'>?*>*
These studies establish the feasibility of silica deposition to
reinforce bijels. However, controlling the extent and morphology
of the formed silica, such as thickness, is essential for tailoring
bijels into functional materials.

For instance, thin, porous silica layers are advantageous for
biphasic catalysis to enhance interfacial contact between liquid
phases while minimizing mass transfer limitations.** 2
Thicker silica structures (> 50 nm) can improve the mechanical
stability in energy devices,? > while sensor applications ben-
efit from tunable layer thickness to tailor sensitivity and
selectivity.**® These examples illustrate the need to control
the silica deposition in bijels.

Controlling the silica deposition using TEOS has been
extensively studied for particle- and surfactant-stabilized emul-
sion droplets. Various parameters, such as concentration,
reaction time and pH, strongly determine the extent of silica
growth.>*™¢ For instance, Rodriguez and Binks reported that
excessive TEOS concentrations can destroy particle-stabilized
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emulsion droplets due to ethanol formation, while too little can
yield insufficient deposition on particle-laden interfaces.*’
Moreover, condensation of hydrolyzed TEOS at low or neutral
pH is slow, which can require several days to grow sufficient
silica onto the scaffold.*”*®

These limitations of using TEOS can pose challenges to grow
silica in bijels. Their interwoven liquid domain morphology
differ significantly from discrete droplets, potentially resulting
in different reaction kinetics and deposition pathways. Addi-
tionally, recent work showed that the liquid arrangement in
bijels is transiently stable and can degrade within hours to
days.'" Although adjusting the TEOS concentration and reac-
tion time can regulate silica deposition, the transient bijel
stability calls for faster deposition to retain their bicontinuity.

A promising strategy to regulate silica deposition is by
varying the alkyl chain length of the tetraalkoxysilane (TAOS).
These silanes follow similar hydrolysis-condensation pathways
to TEOS, but differ in reactivity.>**° Shorter alkyl chain silanes,
like methyl, hydrolyze more rapidly due to less steric hindrance
and electronic effects, accelerating silica deposition.>*>°™>°
To date, various types of TAOS are already used to grow silica
in particle-stabilized emulsions.’”**>° However, to our best
knowledge, no systematic study has yet been performed on how
the alkyl length affects silica deposition in bijels.

In this paper, we address this knowledge gap by system-
atically investigating how the alkyl chain length in TAOS
regulates silica deposition and reinforcement in STrIPS-bijels.
We hypothesize that more reactive, shorter alkyl-silanes accel-
erate silica deposition and shorten the time required to achieve
mechanical robustness. To test this hypothesis, we treat bijel
fibers by TAOS with varying alkyl chains: methyl, ethyl, 1-propyl
or 1-butyl, corresponding to lower reactivity.>*°°>> Using scan-
ning electron microscopy, confocal laser scanning microscopy
and small angle X-ray scattering, we show that shortening the
alkyl chain from 1-propyl to methyl reduces the reinforcement
time from one day to 1.5 h. We also demonstrate that increased
silane concentrations can earlier disrupt the bicontinuity, and
that silica grows directionally into aqueous domains. Finally,
we reveal that using methyl-based silanes enables varying the
silica growth from selective scaffold coating to complete filling
of aqueous channels by regulating the concentration and
reaction time. These results mark a step forward to advance
bijels with tailored silica structures in a broad variety of
applications.

2. Experimental
2.1 Materials

All chemicals were used as received. Diethyl phthalate (DEP,
99%), n-dodecane (99%), dodecane (mixture of isomers, density
0.7510 g mL™ ") glycerol (99+%, synthetic), hydrochloric acid
(37%), tetrabutyl orthosilicate (TBOS, 97%) tetramethyl ortho-
silicate (TMOS, 99%), tetrapropyl orthosilicate (TPOS, 97%) and
toluene (99+%, extra pure) were received from Thermo Scien-
tific. Hexadecyltrimethylammonium bromide (CTAB, >99%),
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light mineral oil (density 0.84 ¢ mL™"), Nile red (for micro-
scopy), 1-propanol (>99.5%), sodium chloride (>99%) and
tetraethyl orthosilicate (TEOS, >99.0%) were purchased from
Sigma-Aldrich. Silica nanoparticles (Ludox®™ TMA, batch no.
1003481587, diameter of 29, polydispersity <10%) were
obtained from Grace GmbH. n-Hexane (99%, HPLC) was
received from Biosolve BV. Octadecyl trichlorosilane (OTS,
94.3%) was purchased from Santa Cruz Biotechnology, Inc.
Water is ultrapure MilliQ purified by a Rephile Genie U2 system
(resistivity 18.2 MQ cm).

2.2 Preparation of bijel precursor

A 34 wt% Ludox TMA dispersion is brought to pH 2.0 by adding
1 M aqueous HCI and concentrated to 45 wt% in a rotary
evaporator (Heidolph Instruments) at 60 °C and 140 mbar and
reacidified to pH 2.0. The dispersion is transferred to a dialysis
bag (Spectra/Por MWCO 12-14 kD) and placed in a beaker
containing 2.0 L MilliQ water at pH 2.0 containing 50 mM NaCl
overnight. The dispersion is centrifuged at 3000 rpm for
10 minutes (Allegra X-12R, Beckman Coulter) to remove any
particle aggregates and consequently diluted to 40 wt% by
adding MilliQ water at pH 2.0 containing 50 mM NaCl. A bijel
precursor mixture has a liquid composition (in volume fractions)
of $pEP = 0.078, <PH20 = 0.435, (P1-propanol = 0.381 and P1-glycerol =
0.106, containing 23 wt% Ludox TMA nanoparticles and 29.9 mM
CTAB with the total mass/volume of the liquids, respectively.
50 mL of this precursor is prepared by mixing 3.50 mL of DEP,
6.67 mL of 200 mM CTAB in 1-propanol, 11.88 mL of a 50 wt%
glycerol in 1-propanol, 2.95 mL of 1-propanol and 200 mL of the
40 wt% Ludox TMA dispersion. Additional details can be found in
section MM4.2 and references.'"****

2.3 Enrichment of oils by water and glycerol

Oils were enriched by either water or both water and glycerol by
vigorously mixing 80 mL of oil with 10 mL of MilliQ water at pH
2.5 or 29 wt% glycerol in MilliQ water at pH 2.5 using a
magnetic stirrer for 24 hours at room temperature in a closed
vial. The mixture was phase separated for at least 1 hour before
using the top-layer of the oil-phase.

2.4 Glass container hydrophobization

Glass containers are treated by 3 vol% OTS in light mineral oil
overnight and rinsed with n-hexane.

2.5 Bijel fiber extrusion

Bijels are extruded as 80 £+ 10 um width fibers using a micro-
fluidic device consisting of coaxially aligned borosilicate glass
capillaries. A round glass capillary with inner diameter (ID)
50 um (CM Scientific, CV0508) was glued into a 300 pm ID
round capillary (CV3040) and glued onto a microscopy slide
using epoxy glue (Liqui Moly 6183). The inlets of both capil-
laries are connected through dispensing needles dispensing
needles to two separate syringe pumps (World Precision Instru-
ments, model AL-1010). The device was sequentially treated by
9 M KOH/NaOH and 3 vol% OTS solution to hydrophobized the
capillary walls. The precursor mixture is injected into the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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smaller capillary at a flowrate of 0.80 mL h™', and water-
enriched toluene was flown through the outer capillary
at 5.00 mL h™'. The device was positioned vertically to a
custom-made Lego®™ printer. The device outlet was submerged
in a toluene-filled rectangular glass container (dimensions
3 cm x 5 cm) and glued onto a coverslip (4 cm x 6 cm) with
Epoxy glue. Approximately 80 cm of fiber, with volume of
4.0 pL, were printed in parallel segments of 3 cm long spaced
by 2 mm from each other. Additional details can be found in
reference.”

2.6 Silica sol-gel reactions in bijels

After printing, the toluene is replaced with a 5 mL oil solution
(either mineral oil, n-dodecane or iso-dodecane) containing dis-
solved TAOS in concentrations ranging between 0.01 and 3.0 vol%.
For CLSM, dodecane contains Nile red. The fibers were left at
room temperature for variable reaction times, depending on the
experiment as discussed in the main text. For analysis by scanning
electron microscopy (SEM), the oils were removed and the fibers
washed several times with n-hexane and dried in air.

2.7 Confocal laser scanning microscopy

Bijel fibers are analyzed by inverted confocal laser scanning
microscopy (CLSM, Stellaris 5, Leica Microsystems) equipped with
a water-immersion objective with magnification 63x. The fibers
were stored in an oil containing Nile red. Two separate excitations
lasers (488 and 561 nm) are used to excite, respectively, dissolved
Nile red in oil, and adsorbed Nile red on the particles. Confocal
micrographs are acquired with the fluorescence emission detec-
tion ranges of, respectively, 500-550 and 600-700 nm. Additional
details about CLSM analysis can be found in ref. 12 and 23.

2.8 Scanning electron microscopy analysis

The sample preparation requires evaporation of liquids in the
bijels to only visualize the solid silica scaffold with the scanning
electron microscope (SEM). To this end, liquids with low
volatility need to be removed prior to sample drying. To remove
mineral oil and dodecane, we wash the bijel samples 3 con-
secutive times with volatile hexane. This ‘“hexane only washing
protocol” has been applied for the SEM samples shown in
Fig. 2, 3 and 6. To remove the polar liquid glycerol, we
additionally wash 3 consecutive times with ethanol after the 3
hexane washing steps. The combined hexane/ethanol washing
has been applied for the high-resolution SEM images in Fig. 7.
After sample drying, bijel fibers are mounted on carbon tape
supported on SEM stubs. The fibers are sputter coated with an
8 nm thick layer of platinum. The fiber’s cross section and
outer surface areas are imaged with scanning electron micro-
scopy (SEM) at Phenom ProX (Thermo Fisher Scientific) and at
Gemini 450 (High Resolution, Zeiss) using an acceleration
voltage of 10 kv.

2.9 SAXS analysis on bijel fibers

Bijels were extruded in a synchrotron-compatible custom-made
container with dimensions of 20 cm x 6 cm x 5 mm, divided
into twelve separate compartments and sealed with VWR

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coverslips with dimensions of 6 cm x 4 cm X 0.1 mm. Each
compartment is filled with 10 cm, ~80 pum width fibers
extruded in toluene as described in section MM Toluene was
then replaced by a 0.5 vol% TMOS in water + glycerol enriched
n-dodecane solution for variable times between 0.25 and 7 h.
Afterwards, the fibers were washed with n-hexane and air-dried,
whereafter the container was sealed with coverslips using epoxy
glue (Liqui Moly 6183).

SAXS measurements were performed at the ID02 time-
resolved ultra small-angle X-ray scattering beamline at the
European synchrotron radiation facility (ESRF). A 12.4 keV
(wavelength A = 0.1 mm) beam with size of 40 pm x 40 pm
(FWHM) was employed. Scattering was recorded on an Eiger2 4
M detector positioned at 3 m from the sample, covering a g-

A
as scattering angle). The temperature in the experimental room
maintained 23.5 °C.

The bijel-filled container was vertically positioned at the
beamline. For each sample, 30 frames with an exposure time of
0.10 s per frame were collected. An empty compartment was
measured for reference and background subtraction procedures.
Scattering patterns were normalized to absolute intensity and
reduced to 1D patterns according to standard procedures.®® 1D
patterns were averaged using all frames acquired per measure-
ment and background-corrected using SAXSutilities2 software.®*
Further analysis was done by OriginPro software. Unless stated
otherwise, all 1D scattering profiles and analyzed data shown in
this chapter are background corrected.

4n . (0 .
range between 1.73 x 10 > and 2.5 nm ' (¢ = " Sin (Q) , with 0

2.10 N, physisorption

N, adsorption-desorption isotherms were recorded at —196 °C
using a Micromeritics TriStar II Plus apparatus, following
standard IUPAC procedures.®>®® Approximately 0.05 g of TEOS-
treated bijel fibers has been used. Prior to analysis, fibers were
washed with ethanol, 1-propanol, air-dried and outgassed
under vacuum at 60 °C for 72 h. The specific surface area was
determined using Brunauer-Emmett-Teller (BET) analysis, and
average pore size is calculated using the Barrett-Joyner—
Halenda (BJH) method.

For sample preparation, 2 mL of bijel fiber were extruded using
a rotating water-enriched toluene reservoir (see ref. 8) with a total
volume of 150 mL. The fibers were subsequently treated with
3 vol% TEOS in mineral oil for 24 h. After the TEOS treatment, the
fibers were washed with ethanol, 1-propanol and n-hexane, then
air-dried at 110 °C. Notably, the addition of ethanol and
1-propanol caused as-synthesized fibers to redisperse, resulting
in loss of the bijel structure. Therefore, only TEOS-treated fibers
were analyzed to assess the porosity of the deposited silica layer.

3. Results and discussion
3.1 Bijel reinforcement using tetraalkoxysilane reactions

In this study, bijels are fabricated as fibers with diameters of
80 + 10 um via STrIPS.**®® The fibers are stored in a glass

Mater. Adv,, 2025, 6, 9229-9242 | 9231
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Fig. 1 Experimental system. (A) Experimental setup of (i) glass container filled with oil containing TAOS and bijel fiber. (ii) 3D schematics of bijel fiber in oil
on how TAOS diffuses into the oil-network of a bijel. (B) () CLSM image of equator of bijel fiber segment stored in n-hexane with oil (magenta), aqueous
(black) and particle-network (green) processed with a bandpass filter. Scale bar = 20 um. (ii) Magnified confocal image of oil- and aqueous pores, scale

bar = 3 um.

container filled with 10 mL water-enriched oil (either mineral
oil or dodecane) containing dissolved TAOS, as schematically
depicted in Fig. 1(A)-i.

The bijel fibers used in this study are stabilized by 29 nm
Ludox TMA silica nanoparticles functionalized by cetyltri-
methylammonium bromide (CTAB). Fig. 1(A)-ii schematically
shows a cylindrical bijel fiber and marks the equatorial plane.
Fig. 1(B)-i shows a confocal laser scanning microscopy (CLSM)
image of the equatorial cross-section, which is magnified in
Fig. 1(B)-ii. This image reveals the interconnected oil (magenta)
and aqueous (black) networks, separated by nanoparticles
(green). The interwoven networks exhibit an increasing pore
size gradient towards the center of the fiber, containing large
aqueous macrovoids that extend radially inward. At the fiber’s
outer surface, pores are present that connects the oil network
with the surrounding oil.>* These structural characteristics
arise from diffusion phenomena during STrIPS.'>**** The
aqueous phase in these bijels consists of water and glycerol.
The addition of glycerol is needed to reduce light scattering to
enable confocal microscopy imaging of these bijels.>® In this
chapter, we will vary the type of TAOS to investigate silica
deposition on the CTAB-functionalized particle scaffold.

After fiber fabrication via STrIPS, the surrounding oil is
exchanged with a mineral oil solution containing TAOS. TAOS
diffuses into the fiber where water initiates hydrolysis. The
hydrolyzed species can condense onto silica particles, fusing
them to reinforce the scaffold. Notably, as TAOS hydrolysis
typically yields partially hydrolyzed silanes, the deposited mate-
rial contains residual alkoxy groups.’>°®®” We refer to this
deposited material as ‘hybrid silica’. The extent of reinforce-
ment depends on the amount of hybrid silica deposited, which
is governed by the reactivity of the TAOS precursor.

We hypothesize that less reactive TAOS precursors deposit
insufficient hybrid silica to reinforce the particle scaffold. To
study this reactivity effect, we compare four TAOS molecules
with increasing alkyl chain lengths: tetramethyl- (TMOS), tetra-
ethyl- (TEOS), tetrapropyl (TPOS) and tetrabutyl orthosilicate
(TBOS) as shown in Fig. 2(A). Their hydrolysis rates decrease in
the order TMOS > TEOS > TPOS > TBOS.***’

To test our hypothesis, we treat bijel fibers with 3 vol% of
each TAOS precursor in water-enriched mineral oil for 24 h.
Afterwards, fibers are washed with n-hexane and air-dried.
We employ scanning electron microscopy (SEM) to assess the

9232 | Mater. Adv., 2025, 6, 9229-9242

structural reinforcement of fibers. Since SEM requires drying of
the fibers, the scaffold can collapse (see S1). Depositing hybrid
silica in bijels can stabilize the scaffold to prevent collapse. The
extent to which the bijel structure is retained after drying provides a
qualitative measure of the reinforcement by each TAOS precursor.

Fig. 2(B) shows SEM images of fiber cross-sections after
TAOS treatment. Three main observations can be made for the
different four different TAOS reactants: (I) TMOS leads to
partial filling of the void spaces with hybrid silica, (II) the void
spaces remain empty after TEOS- and TPOS-treatment while
retaining the scaffold, and (III) the scaffold is collapsed for the
TBOS-treated fibers.

These three findings support the reactivity hypothesis
depicted in Fig. 2(A). TMOS has the shortest alkyl moieties,
therefore the highest reactivity, resulting in the uncontrolled
deposition of hybrid silica. TEOS and TPOS have intermediate
alkyl lengths, facilitating moderated reactivity and hence regu-
lated silica deposition. Last, TBOS with the longest alkyl
moieties is the least reactive, resulting in insufficient hybrid
silica deposition to stabilize the scaffold. In the following, we
first focus on hybrid silica deposition with TEOS and TPOS,
since Fig. 2(B) shows that both enable the stabilization of the
bijel structure after drying without excessive hybrid silica
deposition. We first ask how their concentrations and treat-
ment times affect bijel stabilization.

To answer this question, we treat bijel fibers with 3, 0.3 or
0.03 vol% of TEOS or TPOS in water-enriched mineral oil for
reaction times ranging between 7 and 72 h. Fig. 3 shows SEM
images of the dried bijel fibers for 3 and 0.3 vol% (0.03 vol% is
excluded, since they show similar structures as for 0.3 vol%, see
S2). We draw also here three main observations about the
scaffold stabilization: (I) both TEOS and TPOS require 3 vol%
to obtain the desired stabilization, whereas 0.3 vol% leads to
collapsed structures for reaction times < 72 hours, (II) TEOS
achieves stabilization from 7 h on, while TPOS requires 24 h,
(111) for 3 vol% TEOS, void spaces become partially filled with
hybrid silica after 72 h.

While a minimum TAOS concentration is needed to stabilize
the scaffold, observations (II) and (III) are also in agreement
with the reactivity hypothesis. The higher reactivity of TEOS
allows for faster stabilization of the scaffold compared to TPOS.
Also, the partial filling of the void spaces during TEOS reaction
after 72 h reflects the higher reactivity than for TPOS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of alkyl chain length of TAOS on reinforcement of bijel structure. (A) Structure of TMOS, TEOS, TPOS and TBOS sorted by slower reactivity.
(B) SEM images of bijel structure after 24 h reaction with 3 vol% TAOS in water-enriched mineral oil, washed with n-hexane and air-dried, where some
glycerol could remain in the bijel network. Insets for TEOS and TPOS-treated fibers indicate different pore morphologies in bijels: voids refer to the
interconnected void spaces in the structure, whereas a radial macrovoid is a large, channel-like feature extending from the outer surface inward and
surrounded by interwoven void spaces. Scale bar = 20 um in large image, 3 um in inset.

The partial filling of void spaces with TMOS (Fig. 2(B)) and
TEOS (Fig. 3(A), 72 h) demonstrates that hybrid silica deposi-
tion within the bijel can be spatially controlled. In contrast,
void filling was not observed with TPOS under the conditions
tested, although longer reaction times may enable it. Additional
evidence of void filling with TMOS, and its implications for
porosity control, are presented in Sections 3.3 and 3.4.

SEM analysis provides direct information on the stabili-
zation of the scaffold after drying. But, SEM analysis does not
reveal what happens during the TAOS treatments when stored
in the continuous oil phase. An important criterium for bijel
stability is also whether the arrangement of the liquid networks
remains intact, as studied in the next section.

3.2 Dynamics of tetraalkoxysilane bijel treatment

To observe the liquid arrangement during TAOS treatment, we
employ confocal laser scanning microscopy (CLSM). To this
end, the mineral oil is replaced by dodecane to reduce the
refractive index mismatch between the bijel and the surround-
ing oil, thereby reducing light scattering for enabling CLSM. We
compare bijel stability during TEOS reaction using 3 and
0.3 vol%. The magnified CLSM images of Fig. 4(A)-i show that
for 3 vol% TEOS after 4 h, magenta-colored oil penetrates into
the black-colored aqueous phase. During this process, the
green-labeled particle scaffold remains intact. Also, for
0.3 vol% TEOS, oil partially displaces the aqueous phase after
1.5 h as shown in Fig. 4(A)-ii. However, for 0.3 vol% TEOS, the
particle scaffold moves together with the liquid-liquid

© 2025 The Author(s). Published by the Royal Society of Chemistry

interface. Thus, liquid rearrangements occur during TEOS
reaction, but the rigidification of the particle scaffold requires
a minimum TEOS concentration.

Interestingly, the onset time of the liquid destabilization is
faster for TEOS compared to TPOS. Fig. 4(B) plots the stability
time of bijels during TAOS treatment plotted against TAOS
concentration. We define the stability time of a bijel as the
point at which oil displacement into the bijel is first visibly
apparent in CLSM images (see S4). For TEOS, the stability time
increases from 50 min at 3 vol% to 210 min for 0.03 vol% and
below. A similar trend is observed for TPOS, where the stability
time enhances from 80 min to 210 min over the same concen-
tration range. In the absence of TAOS, bijels also remain stable
for 210 min, consistent with the transient stability of STrIPS-
bijels when stored in oil as previously studied."* These results
suggest that at concentrations of 0.3 vol% and above, both
TEOS and TPOS treatments significantly reduce bijel stability.
Apparently, the TAOS reaction triggers destabilization of the
liquid network, with the more reactive TEOS inducing faster
destabilization.

To better understand this destabilization mechanism, we
quantify the change in fiber diameter over time. Recent studies
have shown that STrIPS-bijels stored in oil can gradually lose
their aqueous phase, which leads to a shrinkage of the fiber
volume and correspondingly, decrease in fiber diameter.'!
Fig. 5(A) and (B) show CLSM time series of the equatorial plane
of bijel fibers during treatment with 0.3 vol% TPOS and TEOS,
respectively. Both CLSM series show that the fiber diameter

Mater. Adv., 2025, 6, 9229-9242 | 9233
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Fig. 3 Effect of TAOS concentration and treatment time. SEM images of dried bijel fibers treated with variable (A) TEOS, and (B) TPOS concentrations
and reaction times. Fibers are washed with n-hexane, which can leave some glycerol in the bijel network. Scale bars are 20 um, within insets are 5 um.
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Fig. 4 Bijel stability during TAOS treatment. (A) Magnified CLSM time images of bijel network near fiber center during treatment with (i) 3.0 after 4 h and
(ii) 0.3 vol% and 1.5 h TEOS in water-enriched iso-dodecane. Time step between images is 4 min. Scale bars in CLSM images are 4 um. (B) Stability time of
bijels as function of TAOS concentration in water-enriched iso-dodecane.

decreases during both treatments, compacting the bicontinu- Interestingly, V/V, decreases faster for TEOS compared to
ous network. We quantify this decrease in fiber diameter by TPOS. Fig. 5(C) plots V/V, over time during 0.3 vol% TEOS and
estimating the fiber volume at time ¢, V(t), assuming a cylind- TPOS-treatments, and in absence of TAOS. With TEOS, V/V,
rical geometry, and normalize it by initial fiber volume V,, continuously decreases from ¢ = 0 min on, while with TPOS, the
yielding the ratio V/V,. fiber volume remains constant for ~70 min before a similar
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Fig. 5 Bijel destabilization during TAOS treatment. (A) + (B) CLSM time series of bijel fiber during treatment with (A) 0.3 vol% TPOS, (B) 0.3 vol% TEOS in
water-enriched iso-dodecane. Scale bar is 20 um. (C) Normalized volumetric change of bijel fiber V/Vq over time during 0.3 vol% TAOS treatment in
water-enriched iso-dodecane. (D) V/V, against time for bijel fiber during TPOS treatment in water-enriched iso-dodecane. (E) CLSM time series of bijel
during a 3 vol% TMOS treatment in water + glycerol enriched n-dodecane. Scale bar is 20 um.

decline in V/V, is observed. In the absence of TAOS, V/V, also
begins to decrease from ¢ = 25 min on with a similar trend as
observed with TPOS.

For a given type of TAOS, raising the concentration increases
the rate of the V/V, reduction. Fig. 5(D) plots V/V, over time for
bijel fibers treated with TPOS for varying concentrations (data
for TEOS in S3). For 3 vol% TPOS, V/V, decreases from 25 min
on, while for 0.3 and 0.03 vol%, the onset of fiber shrinkage is
extended to 75 min. Moreover, V/V, decreases more rapidly
for 0.3 vol% than for 0.03 vol% TPOS. Thus, higher TAOS
concentration accelerates the destabilization of the liquid
re-arrangement in bijels.

What causes the TAOS reaction to destabilize the liquid
networks? Previous work on STrIPS-bijels has shown that the
aqueous phase can dissolve in the surrounding oil in absence
of TAOS. During TAOS treatment, this destabilization acceler-
ates with increasing TAOS reactivity and concentration. Possi-
ble explanations are as follows: (i) the more reactive TAOS
produces alcohol at a faster rate, potentially promoting faster

© 2025 The Author(s). Published by the Royal Society of Chemistry

dissolution of water from the bijel into the surrounding oil.
However, this effect is limited by the lower solubility of water in
oil associated with the type of alcohol generated by the more
reactive TAOS reagent. The solubility of water in oil decreases as
the alcohol type changes from 1-propanol to ethanol to metha-
nol (see S11). (ii) Another possible explanation for the faster
bijel destabilization observed with increasing TAOS reactivity
and concentration is that the deposited hybrid silica is inher-
ently hydrophobic, thereby rendering the scaffold more hydro-
phobic (see S5). This hydrophobization can cause water to de-
wet the surface so that the aqueous phase flows out of the bijel.
Both mechanisms could explain the accelerated loss of the
aqueous phase during TAOS treatment. However, further research
is needed to identify the exact destabilization mechanisms.

Is it possible to preserve the liquid arrangement of the bijel
structure during TAOS treatment? To address this question, we
perform CLSM analysis on bijels during a TMOS reaction.
Fig. 5(E) shows a CLSM time series of a bijel fiber treated with
3 vol% TMOS. Over 240 minutes, three observations can be

Mater. Adv., 2025, 6, 9229-9242 | 9235
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made: (I) the image contrast of the fiber interior improves,
(I1) the initially black-labeled aqueous domains become fluor-
escent around 70 min and reappear black within 240 min, and
(1) the fiber diameter remains unchanged.

The transient fluorescence of the aqueous network likely
arises from methanol formation during TMOS hydrolysis.
Methanol can partition into the aqueous phase, which can
withdraw fluorescent Nile red from the oil phase (see S6). Due
to the poor solubility of Nile red in water, this emission
diminishes over time (see S6).°®

These three observations suggest that the liquid networks
are preserved during TMOS treatment, in contrast to the
destabilization observed with TEOS and TPOS (see S7). How-
ever, SEM analysis of TMOS treated fibers in Fig. 2(B) shows
that TMOS also leads to excessive deposition of hybrid silica,

empty radial
macrovoids

<4+—— vol% TMOS

filled radial
macrovoids

View Article Online

Materials Advances

filling the void spaces in the structure. CLSM cannot resolve
whether such silica overgrowth occurs. In the following section,
we investigate whether the TMOS reaction conditions can be
adjusted to reinforce the bijel scaffold while keeping the void
spaces open.

3.3 Controlling hybrid silica deposition in TMOS-treated
Bijels

To investigate the deposition of hybrid silica from TMOS, we
treat bijel fibers with varying TMOS concentrations and treat-
ment times and analyze the structures using SEM. Bijels are
treated in water + glycerol enriched n-dodecane and sequen-
tially washed and air-dried. Fig. 6(A) shows SEM images of
bijels treated for 7 h with TMOS concentrations ranging from
0.01 to 1.00 vol%. From these images, three types of bijel

B Time-dependency

0.5

<4— reaction time (h)

1.5 .
empty radial
macrovoids

Fig. 6 Stability of bijel scaffold after TMOS treatment. SEM images of dried bijel fibers after TMOS treatment by (A) various concentrations after 7 h
reaction, and (B) longer treatment times using 0.5 vol% TMOS. Fibers are washed with (A) n-hexane and (B) ethanol. Washing with n-hexane can leave
some glycerol in (A), whereas ethanol removes all glycerol in (B). The presence of radial macrovoids in fibers exhibiting a retained structure with only

empty void spaces are indicated. Scale bars are 20 pm, in insets are 4 pm.
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structures can be observed: (I) at low TMOS concentrations of
0.01 vol%, the scaffold collapses, (II) at intermediate concen-
trations of 0.05 and 0.10 vol%, the scaffold retains with empty
void spaces and observable radial macrovoids, and (III) for
higher concentrations from 0.50 vol% on, part of the void
spaces are filled with hybrid silica, and radial macrovoids are
filled or disappeared.

A similar trend is observed when varying the treatment time
at a fixed TMOS concentration of 0.50 vol% as shown in
Fig. 6(B): (I) short durations of 1 h and less lead to collapsed
structures, (II) at 1.5 h, the scaffold is retained with open void
spaces, and (III) longer durations from 2 h on result in partially
filled void spaces and vanished radial macrovoids.

These results show that both TMOS concentration and
treatment time affect the rate of hybrid silica deposition in
the same way. Higher concentrations allow for shorter treat-
ment times to reinforce the scaffold while maintaining empty
voids spaces. Beyond a certain threshold concentration or
treatment time, excessive silica deposition can occur. Thus,
varying either the concentration or treatment time of the TMOS
reaction allows to regulate the extend of silica deposition in
bijels.

The partial filling of void spaces during TMOS treatment,
where some void spaces become completely filled with hybrid
silica while leaving other ones empty, raises the question: does
hybrid silica grow towards the aqueous or oil channels in the
bijel? In the following, we explore how hybrid silica deposits
in bijels when using TMOS by combining small angle X-ray
scattering (SAXS) with high-resolution SEM (HR-SEM).

4

log(/(¢)) (a.u.)

I(g) (st™) =
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3.4 Growth direction of hybrid silica in TMOS-treated Bijels

We employ SAXS on dried bijel fibers to study how hybrid silica
deposition alters the morphology of the particle scaffold. SAXS
probes structural features such as particle shape, and can
reveal morphological changes during TMOS treatment.®®”°
In the data presented here, the scattering vector g ranges from
0.1 to 1.0 nm™', corresponding to real-space distances
from ~60 to ~6 nm, to probe structural features on the
nanoparticle scale.

Fig. 7(A) plots the scattering intensity profiles, I(g), against
q for bijels treated with 0.5 vol% TMOS for durations between
0.25 and 7 h. At 0.25 h, fringes are observed for ¢ > 0.2 nm ™,
which are characteristic for individual spherical nanoparticles
such as Ludox TMA. These fringes become less pronounced
with longer treatments up to 1.5 h. This change in I(q) is
highlighted in Fig. 7(A)-i, which magnifies the flattening of
a minimum near ¢ = 0.34 nm . Beyond 1.5 h, I(q) remains
unchanged within this g-range.

The gradual flattening of the fringes indicates that
the initially spherical particle shape become less defined over
time. This suggests that hybrid silica deposits onto the particle
scaffold that can reinforce the structure. This interpretation is
consistent with SEM images in Fig. 7(B), which shows a
reinforced scaffold after 1.5 h treatment with open void spaces.

Beyond 1.5 h of TMOS treatment, SEM reveals that part
of the void spaces are filled with hybrid silica, while SAXS
shows no further structural development. This discrepancy
suggests that hybrid silica deposits on length scales above
100 nm, which are inaccessible by SAXS. To examine these

, i

aglieous side

Fig. 7 Mechanistic insights of hybrid silica deposition out of TMOS in bijels. (A) SAXS analysis of bijel fibers of measured scattering intensity /() against
scattering vector g for (i) entire g-range (stacked with a y-offset of 0.3), and (i) g-region between 0.3 and 0.4 nm™2. (B) + (C) Magnified HR-SEM of
fiber cross sections treated with 0.5 vol% TMOS after (B) 1.5 h and (C) 7 h with magnification of particle scaffold exposed to oil- and aqueous phase.
Fibers are washed with n-hexane and ethanol, which probably removed all glycerol from the structure. Scale bars are: (i) 20 um, (i) 2 um, (iii + iv):
300 nm.
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larger structures, we use high-resolution SEM (HR-SEM) to
visualize the scaffold of bijel fibers treated by 0.5 vol% TMOS
with empty-only or partially filled voids.

Fig. 7(B)-i shows an HR-SEM image of a fiber cross-section
after 1.5 h reaction, featuring a preserved scaffold with empty
voids. Magnified images of a radial macrovoid in Fig. 7(B)-ii
and iii reveal that scaffold particles are embedded in hybrid
silica and appear less spherical. In contrast, a scaffold exposed
to two distinct pores in Fig. 7(B)-iv shows that one side (facing
downward) is covered by hybrid silica, while the other side
(facing upward) is uncoated. Also, particles located on the outer
fiber surface, exposed to the continuous oil phase, remain
uncoated (see S8).

After 7 h of TMOS treatment, both filled and empty voids are
observed in the cross-section in Fig. 7(C)-i and ii. In filled
regions in Fig. 7(C)-iii, particles are embedded in silica,
whereas particles bordering empty voids remain uncoated as
seen in Fig. 7(C)-iv.

These observations suggest that hybrid silica grows direc-
tionally toward one liquid phase rather than depositing uni-
formly around the scaffold. The embedded particles in the
radial macrovoid in Fig. 7(B)-iii were initially exposed to the
aqueous phase, while uncoated particles in Fig. 7(B)-iv faced
the oil phase containing TMOS (see S8). Additionally, the filled
radial macrovoid in Fig. 6(A) (0.5 vol% TMOS) indicates that
this initially aqueous-filled domain becomes completely loaded
with hybrid silica. We conclude that hybrid silica during TMOS
treatment preferentially grows towards the aqueous phase in
bijels. This conclusion is supported by previous studies on
TMOS-based silica growth in water-in-oil particle-stabilized
emulsions, which showed that silica formed from TMOS pre-
ferentially grow towards the water phase.*””"7?

Following the directional silica growth, we note that radial
macrovoids are no longer observed in SEM images of TMOS-
treated fibers with silica-filled aqueous channels in Fig. 6 and 7.
However, these macrovoids are visible in CLSM during TMOS
treatment in Fig. 5(E) and in SEM when aqueous channels
remain unfilled (Fig. 7(B)). In this work, we are not able to
clarify these observations. However, within our ongoing work,
we aim at providing additional data to understand the effect of
TMOS treatment on the radial macrovoids.

Before concluding, we discuss the mechanical properties of
bijel fibers after various TAOS treatments. TAOS deposition
not only prevents the bijel morphology from collapsing during
drying, but also significantly enhances the bending and
tensile strength of the fibers (see S1 and S9). While untreated
fibers are mechanically fragile and prone to collapse upon
drying, fibers treated with TMOS, TEOS or TPOS retain their
morphology and can be transferred or integrated into devices
without structural degradation,'® though they remain brittle.
In contrast, fibers with silica-filled aqueous voids exhibit
enhanced flexibility, withstanding bending without breaking.
These findings show that hybrid silica growth not only
reinforces bijels, but also allows tuning of the mechanical
performance from brittle to flexible by regulating the extent of
hybrid silica deposition.
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The ability to regulate the extent of silica deposition paves
the way for advancing bijels towards various applications. Bijel
with retained scaffolds and open channels are well-suited in
e.g. biphasic catalysis and liquid-liquid extraction, where inter-
facial contact and mass transfer between immiscible liquids are
essential."””* BET analysis confirms that the hybrid silica layer
is porous (see S10). In contrast, structures with silica-filled
filled aqueous networks and open oil channels offer opportu-
nities in energy storage,”*”’® by immobilizing charge-storing
materials within a continuous matrix, and as template material
for robust separation membranes.”®”” Finally, tuning the silica
thickness enables the design of porous coatings for sensor
applications, where layer thickness regulate sensitivity.*>™°
Together, these examples illustrate how controlled silica
deposition can transform these bicontinuous structures into
mechanically robust and functional, versatile materials.

4. Conclusions

This study demonstrates how silica deposition in STrIPS-bijels
can be regulated to reinforce the particle scaffold, offering a
versatile route to fabricate robust structures with broad appli-
cation potential. While previous studies established the feasi-
bility of covalently reinforcing bijels via silica deposition, this
work provides results on how the extent of deposition can be
tailored. The bijels studied consist of two interpenetrating
liquid networks, stabilized by an interfacial layer of CTAB-
functionalized silica nanoparticles. We explore how treating
these bijels with tetraalkoxysilanes (TAOS) with varying alkyl
chain lengths (methyl, ethyl, 1-propyl or 1-butyl) affects silica
deposition. We reveal that silica deposition occurs directionally
towards the aqueous domains and is governed by: (I) alkyl
chain length, where shorter chains accelerates deposition,
reducing the treatment time to achieve reinforcement from
one day to 1.5 h, and (II) silane concentration and treatment
time, which both tailor the extent of deposition from selectively
coating the interfacial scaffold to complete filling of the aqu-
eous channels. Additionally, we observe that the reinforcement
reaction can affect the bicontinuous liquid architecture,
depending on the silane concentration. Moreover, we demon-
strate, for the first time, that the extent of silica deposition can
be tailored from selective scaffold coating to complete filling of
the aqueous channels using methyl-based TAOS by adjusting
the silane concentration and reaction time. The ability to
regulate silica deposition in bijels open up new strategies for
developing robust, functional bijel materials in fields like
catalysis, separations, sensing and energy storage.
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