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Roll-to-Roll Fabrication of Bijels via Solvent Transfer Induced
Phase Separation (R2R-STrIPS)

Henrik Siegel, Mariska de Ruiter, Georgios Athanasiou, Cos M. Hesseling,
and Martin F. Haase*

Bicontinuous interfacially jammed emulsion gels (bijels) are soft materials
with applications in separation science, energy storage, catalysis, and tissue
engineering. Bijels are formed by arresting the liquid–liquid phase separation
of two immiscible liquids via interfacial jamming of colloidal particles. Current
fabrication methods of bijels employ either batch processing or
continuous-flow microfluidic synthesis. Production methods with higher
throughput are needed to facilitate large-scale synthesis of bijels. Herein, it is
shown that roll-to-roll processing (R2R) enables the fabrication of bijel films
with controlled dimensions at rates of several cm3 per minute. Increasing the
bijel production rate via R2R requires an understanding of the interaction of
the bijel with the R2R substrate. The study demonstrates that controlling the
wetting on the R2R substrate enables the synthesis of uniform bijel films with
adjustable thickness. Moreover, this research shows that the bijel film
microstructure depends on the mechanism of phase separation and particle
surface functionalization. The resulting knowledge gains can help to leverage
bijel synthesis from laboratory to industrial scales in the future, promoting the
exciting application potentials of bijels.

1. Introduction

Separation membranes are porous materials used for fil-
tration with applications in water treatment and chemical
purifications.[1–3] Such semipermeable separation membranes
are commonly fabricated via nonsolvent-induced phase sepa-
ration (NIPS).[4] In 2015, porous materials with remarkably
similar structures as NIPS membranes were obtained via a
different method entitled solvent transfer induced phase sep-
aration (STrIPS).[5] During STrIPS, the porous structure is
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generated with a mixture of a low molec-
ular weight oil, water, a solvent, and
surface-active nanoparticles.[5] In con-
trast to NIPS, this porous structure is
not obtained via polymer solidification,[6]

but instead via the interfacial jam-
ming of surface-active nanoparticles.[7]

STrIPS yields kinetically arrested bi-
continuous oil/water networks,[8] a
structure defined as a bicontinuous
interfacially jammed emulsion gel
(bijel).[9–12] STrIPS-bijels have been
employed as ultrafiltration membranes
with antifouling surface coatings,[13,14]

catalytic membranes,[15] liquid–liquid
extraction devices[8] and as organic
solvent-resistant porous materials.[16,17]

Moreover, their bicontinuous structure
has been shown to provide high solar re-
flectivity for passive cooling coatings.[18]

These promising application po-
tentials call for scalable fabrication
methods for STrIPS-bijels. While porous

membranes formed via NIPS can be manufactured at indus-
trial scales, methods to fabricate STrIPS-bijels have yielded
only small laboratory quantities. Currently, STrIPS-bijels can
be continuously made at rates of milliliters per hour via
microfluidics.[14,15,19,20] Additionally, potentially scalable batch
fabrication methods have been employed to generate bijels via
other methods than STrIPS.[18,21–24] As opposed to bijel pro-
duction, the mass production of flat-sheet NIPS membranes
can be readily accomplished via doctor blade-, roll-, and slot
die-coating.[25] Flat-sheet NIPS membrane production via these
methods is straightforward due to the high viscosity (≈0.4–
10 Pa s) of the NIPS precursor solution.[26,27] The viscous poly-
mer solution facilitates the solidification via NIPS before surface
tension and wetting cause deformations that impact the unifor-
mity of the flat-sheet membrane.[6] In contrast, STrIPS precursor
mixtures have viscosities of ≈10−3 Pa s. Thus, surface tension
and (de)wetting-driven shape deformations become more chal-
lenging to control.

Here, we introduce the synthesis of flat-sheet bijels with
controllable pore structures at rates of several milliliters per
minute by combining STrIPS with a roll-to-roll coating (R2R-
STrIPS). R2R fabrication is already extensively used for the fab-
rication of solar cells,[28,29] electrodes,[30] medical devices[31] and
membranes.[32] To our best knowledge, the use of R2R for bi-
jel formation has not yet been conceived. We show that despite
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Figure 1. Continuous flow bijel film coating. A) Schematic assembly of film coating slit. B) Computer drawing of the roll-to-roll bijel film coating machine.
C-i). Illustration of bijel film coating on the PET substrate. ii). Cartoon of bijel formation via liquid-liquid phase separation and interfacial jamming. Black
color represents water, magenta color BDA, and green color Ludox TMA nanoparticles. D) Photograph of the STrIPS-bijel film (white) on PET substrate
(transparent).

the low viscosity of the bijel precursor mixture, a uniform bijel
film can be obtained by employing a 100 μm thin slit for the
R2R-STrIPS coating. This approach renders R2R synthesis of bi-
jels suitable for large scale bijel production. We investigate the
physicochemical and engineering parameters affecting the prop-
erties of bijel films formed during R2R-STrIPS. Our research
shows that bijel film formation requires the control over the wet-
ting properties of the STrIPS precursor mixture on the R2R sub-
strate. Moreover, control over the bijel film thickness can be at-
tained via the R2R substrate speed and precursor mixture flow
rate. Last, we analyze the structure formation of the STrIPS bijels
formed via R2R and connect our findings to the mechanisms of
phase separation and nanoparticle self-assembly.

2. Results and Discussion

2.1. Basics of R2R-STrIPS

Bijel film production begins by crafting a film-coating slit with
microscope coverslip glasses (Figure 1A). We fabricate the slit of
≈100 μm height and 0.5–1.5 cm width by gluing two microscope
coverslip pieces as spacers between two glass plates (see Section
S1, Supporting Information). Next, the glass slit is connected to
PTFE tubing and sealed with epoxy glue. This slit/tubing assem-
bly enables the mass production of bijel films at rates of several
milliliters per minute in the bijel film coating machine depicted
in Figure 1B.

Bijel film coating is realized in a water-filled tank of 1–2 me-
ters in length (Figure 1B). A long strip of polyethylene terephtha-
late (PET) foil (4 cm width) is submerged in water and held in
place via roller-bearing fixtures. The PET foil is rolled up before

and after the water tank to enable continuous R2R-STrIPS coat-
ing. We place the bijel film coating slit at an angle of ≈55° above
the PET substrate by means of a 3D-printed adapter (see Section
S2, Supporting Information). The slit is connected via tubing to
a syringe that holds the bijel precursor mixture. This bijel pre-
cursor mixture is made of a colloidal dispersion of Ludox TMA
silica nanoparticles (SNPs) in a homogeneous solution of 1,4-
butanediol diacrylate (BDA), water, ethanol (EtOH), 2-hydroxy-2-
methylpropriophenone (HMPP), and hexadecyltrimethylammo-
nium bromide (CTA+). We flow the precursor mixture via the
slit onto the PET substrate using a syringe pump. At the same
time, an electric motor pulls the PET substrate at a defined speed
through the water tank.

As the precursor flows onto the moving PET substrate, ethanol
diffuses into the surrounding water and triggers phase sep-
aration of BDA and water (Figure 1C-i, solvent transfer in-
duced phase separation, abbreviated as STrIPS). Simultane-
ously, CTA+ adsorbs on the SNPs and renders them interfacially
active.[5,33,34] As a result, the CTA+-modified SNPs stabilize the
phase separating BDA/water domains via interfacial jamming
(Figure 1C-ii).[14] STrIPS results in films composed of particle sta-
bilized bicontinuous emulsion gels (bijels) with toothpaste-like
consistency.

The rigidity of the bijel films can be further increased upon
polymerization of BDA. To this end, a beam of UV-light is fo-
cused on the translating bijel film (Figure 1B). UV-light trig-
gers the formation of HMPP radicals, which initiate the poly-
merization of the BDA and result in mechanically robust poly-
mer/nanoparticle composite films. The solidified bijel is rolled
up on the collection roll. After evaporation of water, a film with
≈1 cm width is obtained (Figure 1D) and can be detached from
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Figure 2. Macroscopic film morphology control. A) Photographs of polymerized bijel films made with precursor compositions a–d (scale bar is 1 cm).
B) Ternary phase diagram with a binodal curve ([14]), tie-lines, and liquid compositions of precursor mixtures a–d. C) Photographs of precursor droplets
(excluding Ludox TMA) directly after deposition on PET substrate (scale bar is 1 mm). D) Initial three-phase contact angle (𝜃initial) of precursor droplets
on PET substrate. On the secondary axis, interfacial tension of precursor mixture and water (𝛾PM/H2O) for liquid compositions a–d. E) Photographs of
pendant droplets of precursor mixtures a–d in water (excluding Ludox TMA; scale bar is 2 mm).

the PET substrate. In principle, wider films can also be fabricated
via the same method by using a wider slit and coating machine.
Here, the film production rate exceeds 5 cm per second, resulting
in several milliliters of bijel volume per minute.

2.2. Film Uniformity Control via Wetting

The bijel film uniformity depends on the initial liquid compo-
sition of the precursor mixture. Figure 2A shows photographs
of UV-polymerized bijel films after detachment from the sub-
strate. From left to right we vary the initial liquid composi-
tion a to d of the precursor mixture. The corresponding vol-
ume fractions of BDA (𝜑BDA), water (𝜑H2O), and ethanol (𝜑EtOH)
are given in the ternary phase diagram of Figure 2B. Remark-
ably, flat films are obtained with composition d, while crum-
pled films with corrugated edges result from compositions a–
c. We observe that the morphology of these films is generated
while the bijel film still contains liquid BDA and while it is still
attached to the PET substrate. Once UV-polymerization solidi-
fies the film within milliseconds,[14] the highly cross-linked and
rigid polyBDA does not allow for further crumbling and edge
corrugations.

The trend in film morphology correlates with the wetting of
the precursor mixture on the PET substrate. We demonstrate this
correlation by preparing solutions of compositions a to d includ-
ing 50 mm CTA+ but excluding the silica nanoparticles. Then,
a 5 μL droplet of the particle-free precursor mixture is rapidly
deposited on the PET substrate submerged in water (see Video
S1, Supporting Information). Figure 2C shows photographs of
the moment when the droplet makes contact with the PET sub-
strate. Once the precursor droplet is deposited, microscopic BDA
droplets form by nucleation in water, resulting in light scattering
around the sessile droplet. Despite this partially obstructed view,

we estimate the initial contact angles (𝜃initial) and plot the results
in Figure 2D against 𝜑H2O + 𝜑EtOH.

𝜃initial decreases from ≈110° to 70° as the precursor compo-
sition changes from a to d. This trend can be interpreted by
considering the spreading coefficient S = 𝛾H2O∕PET − 𝛾PM∕PET −
𝛾PM∕H2O, with the interfacial tensions 𝛾H2O∕PET (water and PET-
substrate), 𝛾PM/PET (precursor mixture and PET substrate), and
𝛾PM∕H2O (precursor mixture and water). The decreasing 𝜃initial in-
dicates enhanced spreading, signifying an increasing value of S
from composition a to d. We measure 𝛾PM∕H2O for compositions a,
b, c, and d by fitting the shape of a pendant drop of the precursor
mixture in water (Figure 2E) with the Young-Laplace equation.
The secondary axis in Figure 2D shows that 𝛾PM∕H2O decreases
from 5.1 to 0.7 mN m−1 from compositions a to d. The decrease of
𝛾PM∕H2O can lead to an increase of S, if 𝛾H2O∕PET − 𝛾PM∕PET does not
decrease more than 𝛾PM∕H2O decreases. Here, 𝛾H2O∕PET − 𝛾PM∕PET
changes in dependence of 𝛾PM/PET, since 𝛾H2O∕PET is independent
of the precursor mixture compositions. We only speculate about
the change of 𝛾PM/PET from composition a–d. From composition
a–d, 𝜑EtOH increases from 0.37 to 0.40, 𝜑BDA decreases from 0.43
to 0.4, and 𝜑H2O increases from 0.03 to 0.05. The increase of
𝜑EtOH can decrease 𝛾PM/PET, since the adsorption of ethanol on
hydrophobic surfaces (such as PET) increases with increasing
𝜑EtOH (see molecular dynamics simulations in[35]). However, the
decrease of 𝜑BDA and the increase of 𝜑H2O may have the opposite
effect and increase 𝛾PM/PET. Overall, we conclude that the interfa-
cial forces favoring spreading are dominant, since the decreasing
𝜃initial indicates an increasing value for S for compositions a–d.

The enhanced spreading of the precursor mixture on the PET
substrate may explain the differences in film morphology ob-
served in Figure 2A. After the low viscosity precursor mixture
(≈10−3 Pa s) flows out of the rectangular coating slit, interfa-
cial forces attempt to reshape the film into a sessile droplet with
a finite contact angle. Simultaneously, the precursor mixture
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Figure 3. Film thickness and formation dynamics. A) Scanning electron microscopy images showing cross-sections of polymerized bijel films formed
at different substrate speeds (scale bar is 30 μm). B) Measured (points) and calculated (lines) film thickness of bijels formed at variable substrate speed
(3 mL min−1 precursor flow rate). Scale bars are 25 μm. C) Measured and calculated film thickness formed at variable precursor flow rates (70 mm s−1

substrate speed). Error bars give the standard deviation from measuring the thickness of five different membrane cross-sections. D) Scanning electron
microscopy images of bijel films UV-polymerized after different substrate traveling times t (reported in seconds). The blue layer marks the progression
of the bijel growth into the film over time. Scale bars are 25 μm.

solidifies as a result of interfacial particle jamming during
STrIPS. We hypothesize that the competition between both pro-
cesses determines the ultimate shape of the film. With high con-
tact angles (precursor composition a–c), crumbling and corru-
gated edges are observed, because interfacial forces are strong
enough for deformation before STrIPS arrests the film shape. In
contrast, the interfacial forces for shape deformation are reduced
for the low contact angle of precursor composition d. Here, rigid-
ification preserves the initial rectangular shape of the film. Never-
theless, to fully confirm this explanation, additional experimental
or computational research is needed.

Interestingly, with time, the contact angles 𝜃 of all sessile
droplets a–d decrease and complete spreading is attained. This
can occur due to the transformation of the sessile droplets into
pure BDA due to the diffusion of ethanol and phase separation
of water (Figure S5, Supporting Information). But, for the mor-
phology of the bijel films in Figure 2A likely only the values for
𝜃initial are essential, since films coated with Ludox TMA particle
doped precursor mixtures (pH 3) rapidly solidify due to interfa-
cial jamming, preserving the shapes of the films.

2.3. Bijel Film Thickness Control and Structure Formation
Dynamics

With the control over the precursor mixture wettability, we next
investigate the bijel film height control. The graph in Figure 3A
and the scanning electron microscope (SEM) images in Figure 3B
demonstrate a decreasing film height h from 90 to 30 μm for an
increasing substrate speed v from 55 to 148 mm s−1 at a con-
stant precursor mixture flow rate Q = 3 mL mi−1 n. Alterna-
tively, Figure 3C shows that h can also be lowered from 90 to
40 μm by decreasing Q from 3.8 to 2.2 mL min−1 at constant v =
70 mm s−1. These trends can be rationalized with the relation-

ship Q = v · h · x, with x the width of the films (here x = 1 cm).
Figures 3A,C also contain plots of the function h = Q · x−1 · v−1,
showing that both experimental datasets are well approximated
by the relation.

In situ UV-polymerization reveals the growth dynamics of the
film. Figure 3D shows SEM images of films that have been ex-
posed to UV light after different substrate traveling distances.
The UV light exposure instantly polymerizes the BDA and ar-
rests the intermediate film structure. At 0.6 s only the upper sur-
face of the film generates pores. Over the course of 5 s, the pores
grow over the full height of the film with a characteristic pore
size gradient. These dynamics can be related to the diffusion of
ethanol from the film to water, as was previously investigated for
fibers formed via STrIPS.[14] For the bijel films, the smaller sur-
face pores originate from the fast uptake of ethanol by the sur-
rounding water, resulting in a rapid stabilization of the STrIPS
process by the particles. The prolonged ethanol diffusion from
the bottom of the film delays the arrest of the phase separation
deeper inside the film resulting in a vertical coarsening of the
pores. Additional insights into the formation mechanisms can
be attained by varying the precursor mixture composition and
analyzing the resulting structures in the following.

2.4. Bijel Structure Formation Mechanisms

Next to its effect on wettability, the precursor mixture compo-
sition also influences the mechanisms of bijel formation via
STrIPS. We employ confocal laser scanning microscopy (CLSM)
to analyze the structure of the polymerized bijel films. To
this end, we fluorescently label polyBDA with Nile red and
the SNPs with Rhodamine 110. In our CLSM images, we
color the polyBDA in magenta, SNPs in green, and water in
black. Figure 4A shows three-dimensional CLSM images of
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Figure 4. STrIPS-bijel film structure control. A) 3D and 2D CLSM images of bijel films made with precursor compositions b–e. The 3D images are recon-
structed from CLSM z-stacks, and selected 2D-CLSM images from the z-stacks are shown at the side. B) Ternary phase diagram with schematic depictions
of nucleation and spinodal phase separation. The bijel precursor compositions are labeled as b–e. C CLSM images of bijel films made with precursor
composition d at 50 mm CTA+ with 14 wt.% SNPs and 27 wt.% SNPs. D) Schematic depiction of CTA+ concentration dependent functionalization of
SNPs and the effects on interfacial curvature.

polymerized bijel films prepared with precursor mixtures b to e
(see also Video S2, Supporting Information).

Changing the precursor compositions from b to e influences
the type of phase separation during film formation. For com-
position b, spherical water droplets are surrounded by a mixed
matrix of polyBDA and SNPs. With composition c, the water
droplets extend in z-direction and form tubular pores from the
upper film surface to the bottom. In contrast, for composition
d, the polyBDA and water domains generate an interwoven net-
work with SNPs at the interface.[36] Last, composition e consists of
tubular polyBDA domains with vertical alignment. These differ-
ent structures can be understood by inspecting the ternary phase
diagram in Figure 4B.

Compositions b and c are on the left side of the critical point
in the phase diagram. Thus, phase separation likely occurred via
nucleation and growth of water droplets in the BDA-rich phase.
In contrast, the proximity of composition d to the critical point
suggests that the interwoven structure has formed via spinodal
decomposition. Moreover, composition e is located on the right
of the critical point, resulting in nucleation and growth of BDA
droplets in a water-rich phase. When moving further right with
the precursor composition than e, R2R-STrIPS generates frag-
mented structures due to the lack of a connected polyBDA scaf-
fold. These observations demonstrate how the film structure can
be manipulated via the mechanism of phase separation.

Control over the film architecture can additionally be at-
tained via the surface functionalization of the SNPs with CTA+.
Figure 4C shows that at a concentration of 50 mm CTA+, compo-
sition d generates tubular water domains with vertical alignment,

similar to composition c at 15 mm CTA+ in Figure 4A. This is
unexpected since it was observed that composition d generates
an interwoven BDA/water network via spinodal decomposition
at 15 mm CTA+ (Figure 4A). A possible explanation is provided
in the schematic of Figure 4D-i. At 50 mm CTA+, more CTA+ ad-
sorbs on the SNPs, increasing the particle hydrophobicity. More
hydrophobicity can result in contact angles 𝜃 > 90°.[37] SNPs with
𝜃 > 90° curve the BDA/water interface toward the water.[38,39]

Thus, we speculate that the hydrophobic SNPs convert the bi-
continuous fluid networks formed during the spinodal decom-
position of composition d to tubular water domains. In contrast,
we interpret that at 15 mm CTA+ for composition d, the parti-
cles have 𝜃 = 90°. SNPs with 𝜃 = 90° do not impose a curvature
to the BDA/water interface, thereby enabling a stable bicontinu-
ous arrangement of BDA and water as schematically depicted in
Figure 4D-ii.

The bottom confocal microscopy slice in Figure 4C at 14 wt.%
SNPs also show smaller discrete water droplets embedded in the
polyBDA matrix. These droplets are likely a product of secondary
phase separation via nucleation and growth during STrIPS.[14,40]

They are stabilized by SNPs, as visible by the green fluorescence
at the interface. It is likely that the high CTA+ concentration trig-
gers the partitioning of the SNPs into the BDA-rich phase, allow-
ing the stabilization of the nucleated droplets.

By increasing the particle concentration to 27 wt.% at 50 mm
CTA+ in Figure 4C, the pore sizes in the film decrease. Ad-
ditionally, the tubular water droplets extend deeper into the
bijel film. The higher particle concentration likely enhances the
stabilization of the phase separation further below the surface.
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Interestingly, the circular cross sections of the tubular water do-
mains suggest that the particles are hydrophobic for 27 wt.% par-
ticles. One might expect that an increase of the particle concentra-
tion at a constant CTA+ concentration results in less hydrophobic
particles due to a shift of the adsorption equilibrium toward
lower adsorbed CTA+ amounts. But, since the increase of the par-
ticle concentration (14–27 wt.%) is smaller than the increase of
the CTA+ concentration (15–50 mm), the adsorption equilibrium
may not have shifted significantly. The high CTA+ concentration
of 50 mm may provide an excess CTA+ amount in equilibrium
with a saturated CTA+ adsorption layer on the SNPs. The result-
ing anisotropic porous structures make STrIPS-bijel films an in-
teresting nanocomposite material for applications as separation
membranes.

3. Conclusion

In conclusion, this manuscript introduces a scalable method for
the fabrication of bijel films in a continuous roll-to-roll-process
via solvent transfer induced phase separation (R2R-STrIPS). R2R-
STrIPS is realized by flowing the bijel precursor mixture through
a narrow slit onto a translating plastic film in a bulk water phase.
Macroscopically uniform bijel films require sufficient spreading
of the bijel precursor mixture on the plastic substrate. Spread-
ing can be achieved by changing the liquid composition of the
bijel precursor mixture to decrease the interfacial tension with
the bulk water phase. The thickness of the resulting bijel films
can be adjusted from 30 μm to 100 μm via the bijel precur-
sor mixture flow rate and the plastic substrate speed. Last, the
bijel microstructure depends on the type of phase separation
and the functionalization of the SNPs with CTA+. Phase sepa-
ration via nucleation and growth yields films with interspersed
water droplets while spinodal decomposition can result in bi-
continuous oil/water arrangements within the film. However, if
the CTA+ functionalization yields hydrophobic SNPs, spinodal
decomposition generates elongated oil/water pores within the
film. R2R-STrIPS enables the fabrication of flat-sheet bijels and
nanocomposite polymer membranes at rates of cm3 per minute;
a 100–1000 times increased production rate when compared to
previously reported microfluidic bijel synthesis via STrIPS. The
herein-reported control over the bijel film macro- and microstruc-
ture renders industrial bijel synthesis feasible. Thus, R2R-STrIPS
strongly promotes the application potentials of bijels as separa-
tion/catalytic membranes,[10,14,15] energy storage materials,[41–44]

tissue engineering scaffolds,[45] and passive radiative cooling
coatings.[18]

4. Experimental Section
Bijel Precursor Preparation: The bijel precursor mixture consists of Lu-

dox TMA nanoparticles (spherical, particle diameter 20 nm; Grace) dis-
persed in a homogeneous mixture of 1,4-butanediol diacrylate (BDA),
water, and ethanol (EtOH). The nanoparticle dispersion was prepared
by concentrating 50 mL Ludox TMA from 34 to 40 wt.% by the
evaporation of water (Rotary evaporator, Heidolph Instruments) at
60 °C and 140 mbar. The concentrate was centrifuged at 3270 rcf
for 10 min (Allegra X-12R, Beckman Coulter) to remove particle ag-
gregates and adjusted to pH 3 by the addition of 1 m HCl (Acros
Organics).

The preparation of the precursor mixtures b–e was started by mixing
the pure liquids BDA, water (MilliQ purification system), and EtOH with
the following volume fractions: b (𝜑BDA = 0.433; 𝜑H2O = 0.032; 𝜑EtOH =
0.369); c (𝜑BDA = 0.367; 𝜑H2O = 0.040; 𝜑EtOH = 0.387); d (𝜑BDA = 0.303;
𝜑H2O = 0.051; 𝜑EtOH = 0.395); e (𝜑BDA = 0.210; 𝜑H2O = 0.103; 𝜑EtOH
= 0.385). Hexadecyltrimethylammonium cations (CTA+; Sigma Aldrich)
were dissolved as 200 mm stock solution in EtOH and added to the mix-
tures b (𝜑200 mM CTA+ = 0.030), c (𝜑200 mM CTA+ = 0.031), d (𝜑200 mM CTA+
= 0.032), and e (𝜑200 mM CTA+ = 0.075) to obtain 15 mm CTA+ in the
bijel precursor. The concentrated Ludox TMA dispersion was added to
precursor b (𝜑Ludox TMA = 0.136), c (𝜑Ludox TMA = 0.175), d (𝜑Ludox TMA
= 0.219), and e (𝜑Ludox TMA = 0.227) yielding a particle concentration
of 11 wt.% in the precursor mixture. The photo-initiator 2-hydroxy-2-
methylpropiophenone (Sigma Aldrich) was incorporated to 3–5 wt.% to
the bijel precursor to polymerize the BDA monomers after phase separa-
tion. A detailed overview of the sample preparation including precursor a
(𝜑BDA = 0.500; 𝜑H2O = 0.140; 𝜑EtOH = 0.360) was provided in Section S3
(Supporting Information). Visualization of the BDA-rich phase was accom-
plished by fluorescent labeling with Nile red (Sigma Aldrich). All chemicals
were purchased as analytical grade.

Roll-to-Roll Bijel Film Fabrication: The bijel precursor had pumped at
a rate of 2–4 mL min−1 through a rectangular slit of 0.5–1.5 mm width
and 100 μm height onto polyethylene terephthalate foil (PET; 100 μm
thickness; Reflectiv). The slit was built from three microscopy coverslips
(20 × 20 × 0.1 mm; Menzel-Gläser) as shown in detail in Section S1 (Sup-
porting Information). All inner glass surfaces of the slit were coated with
a solution of 0.2 wt.% poly(diallyldimethylammonium chloride) (PDAD-
MAC; Sigma Aldrich) and 500 mm NaCl (Merck) to prevent adhesion of
the precursor mixture. After positioning the coating slit at an angle of ≈55°

above the PET substrate, the PET was pulled at a default speed of 5 cm s−1

through the R2R setup by means of an electric motor (E192 Geared DC
Motor; Mclennan Servo Supplies) with power regulator (DC Motor Speed
Controller, PWM DC 6–60 V; Aidepen). The R2R-setup was submerged in
a container of 1–2 m length filled with demineralized water (MilliQ purifi-
cation system) which was brought to pH 3 by the addition of 1 m HCl.
UV-polymerization of the membrane was accomplished by exposure to a
high-intensity UV-lamp (OmniCure Series 1500).

The rollers to guide the substrate through the R2R machine were 3D-
printed with a polylactic acid filament of 4 cm width and 2.5 cm diameter
(Monoprice 3D printer filament; Dremel DigiLab). All holders for rollers,
substrate stock rolls, and film collection were built with Lego bricks (for
details see Section S2, Supporting Information).

Contact Angle Measurements: Particle-free precursor mixtures of liquid
composition a–d were prepared containing 50 mm CTA+. For all mixtures,
the nanoparticle volume fraction 𝜑Ludox TMA was replaced by water. 5 μL of
each precursor mixture was deposited on PET substrate in a glass cylinder
filled with water of pH 3 (setup shown in Section S4, Supporting Informa-
tion). The droplet behavior was observed and recorded from the side view
with a camera (25 fps; Thorlabs CS165MU/M). All images were analyzed
with the software Fiji ImageJ (version 1.53k14). The dynamical apparent
contact angle was averaged from five side-view images by ellipsoid fitting.

Interfacial Tension Measurement: The interfacial tensions 𝛾PM/H2O of
the precursor mixtures with liquid compositions a–d in water were es-
timated from drop shape analysis employing a pendant drop tensiome-
ter (Dataphysics OCA25). Precursor mixtures without CTA+ and Ludox
TMA nanoparticles were injected at 8 μL s−1 into water and videos of the
droplet formation were recorded at 42 fps. The interfacial tension was ana-
lyzed from the shape of the precursor droplet based on the Young-Laplace
equation (ImageJ; version 1.53k14; plugin “pendant drop”[46]) before the
droplet pinches off from the dispensing needle (Figure S6, Supporting In-
formation).

Bijel Film Structure Characterization: Bijel films were analyzed by con-
focal laser scanning microscopy (Stellaris 5, Leica Microsystems). After
polymerization, the bijel film was washed in a solution of 50 vol% 1 m
HCl and 50 vol% ethanol to remove CTA+. The film was then immersed
in an alkaline Rhodamine 110 (Chemodex) solution and made optically
transparent by replacing water with diethyl phthalate (Acros Organics).
Upon excitement with 488 nm laser light, the Rhodamine 110 labeled
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particles emit green fluorescence which was detected at 500–550 nm. The
Nile red fluorescence of the polyBDA was excited with 561 nm laser light
and detected at 600–700 nm (see Section S6, Supporting Information).
The film cross-section was imaged via scanning electron microscopy (Phe-
nom ProX, Thermo Fisher Scientific) by applying an electron beam excita-
tion of 10 kV and an 8 nm layer of sputter-coated platinum.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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