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Real-time detection of contaminants dissolved in a liquid medium is critical for various technological and
industrial operations. Here, we have demonstrated the possibility of employing reconstructed layered material-
based responsive membranes for the in situ detection of chemical contaminants in the liquid phase. A bilayer
membrane prepared by sequential vacuum filtration of reduced graphene oxide (r-GO) and agar (r-GO/agar)
displayed remarkable responsiveness towards the presence of solvent vapours in their surrounding atmosphere.
The shape-morphing property of the r-GO/agar membrane is attributed to unequal changes in the mechanical
properties of the individual components. Rectangular strips of the bilayer membrane also displayed shape-
transforming properties inside the liquid medium. Depending upon the chemical nature of the molecules, inside
the liquid medium, the strips of r-GO/agar membrane bend at a definite speed to adopt a coil-like shape. The
original shape of the strip is easily recovered after dipping in water or drying in air. The bending angle and the
response time of the r-GO/agar strips were found to be sensitive towards trace amounts of impurities present
in the solvent system, which can be exploited for the detection of contaminants in the liquid phase, like trace

Received 18th June 2021,
Accepted 6th August 2021

DOI: 10.1039/d1nj02988f

Published on 10 August 2021. Downloaded by INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI on 2/17/2022 11:56:09 AM.

rsc.li/njc

Introduction

The development of novel systems capable of detecting a trace
amount of liquid inside another liquid medium is considered
to be imperative for technological/industrial operations.™? For
example, the detection of a trace amount of an aqueous
impurity in organic solvents is crucial for maintaining the
safety of chemical laboratories as well as in the production of
pharmaceuticals and other essential chemical compounds.®*
Similarly, the detection of organic contaminants in an aqueous
medium is crucial for monitoring environmental water bodies,
drinking water technologies, and food-related industries.>™
Accurate information about water content in oil also provides
valuable inputs about the dynamic behaviour of different
emulsion-based systems."*'® Likewise, aqueous contaminants
critically affect the performance of lubricants, and above the
accepted levels of water content, lubricants lead to abrasive
wear and corrosion of machinery.
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amounts of water molecules dissolved in acetone or different alcohol molecules dissolved in toluene.

Due to its practical importance, novel techniques have been
investigated for easy, quick, and real-time detection of liquid
molecules inside the matrix of another liquid. The notable
examples include photoluminescence (PL)-based sensing, NMR
spectroscopy-based techniques, and titration-based methods.
The PL-based methods involve changes in the luminescence
properties of fluorophores upon contact with water molecules,
which is detected by using a fluorimeter instrument. Typical
fluorophores used for this purpose are based on quantum dots,
fluorescent organic molecules, metal-organic hybrid materials,
metal-organic frameworks, polymers, and ceramics.®''™'®
Similarly, in '°F NMR spectroscopy-based sensing, anhydrous
fluoride reagents are employed for the detection of a trace
amount of water molecules dissolved in organic solvents."” All
these processes involve highly complicated and complex synth-
esis procedures as well as expensive instrumentation.'® More-
over, the organic water probes used in these methods are hardly
recoverable and hence not suitable for long-term use.* Here, we
propose an alternative method for the real-time detection of a
trace amount of chemicals mixed in another liquid medium
just by monitoring the shape of a smart material.

Due to their wide range of application possibilities in diverse
areas such as sensing,"® robotics,*® drug delivery,>" artificial
muscles,”” and space technology,>® smart materials have been
fabricated from a variety of materials such as polymers,*
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alloys,” ceramics,”® and nanomaterials.>” Very recently, smart
bilayer membranes were also prepared by assembling exfoliated
layers of two-dimensional materials.”®*° Layered materials such
as graphite, V,05, MOS,, and clays are composed of 2D sheets
stacked together through weak forces such as van der Waals
attractions or hydrogen bonding. These 2D sheets can be
exfoliated into individual nanosheets and re-assembled into
macroscopic membranes known as reconstructed layered mate-
rials. The smart materials prepared by reconstructing layered
materials exhibit several advantages, such as easy fabrication
techniques, both pre- and post-assembly modification possibi-
lity, facile scalability, high-sensitivity and robustness."***"*! The
notable examples of bilayer membrane-based smart materials
include strips of GO-r-GO-,**** GO/CNT-,** vermiculite/GO-,*°
vermiculite/montmorillonite-28 and  GO/PPy(polypyrrole)*>-
based bilayer membranes, and all of these membranes demon-
strated highly reversible shape-morphing characteristics
towards multiple stimuli such as the vapours of organic sol-
vents, humidity, and temperature and light.>®** Most of the
smart materials prepared by reconstructing layered materials
demonstrate responsiveness only in an air atmosphere, and not
inside a liquid medium. Exceptional examples include asymme-
trically modified graphene film-based actuators and bilayer
membranes of vermiculite/graphene oxide. Strips of surface-
modified graphene films demonstrate a reversible swing motion
upon cyclic voltammogramic (CV) scanning inside a 1 M NaClO,
electrolyte.>® Analogous actuation properties were also reported
with strips cut out from a PPy/graphene bilayer film.*” The
bilayer membranes of vermiculite/graphene oxide also exhibited
a reversible bending behaviour inside a solvent medium of
contrasting polarity.”® Similarly, a few polymer-based materials
have also shown responsiveness inside a liquid medium; how-
ever, these materials are yet to be investigated for the detection
of contaminants or impurities in a liquid medium.***" To the
best of our knowledge, reconstructed bilayer membrane-based
actuators have not been employed so far for detecting trace
amounts of liquid molecules dispersed in another liquid med-
ium. Here, we report the fabrication of a responsive bilayer
membrane through sequential vacuum filtration of reduced
graphene oxide (r-GO) and agar dispersions. U-shaped strips
of similar r-GO/agar bilayer membrane were also exploited
for inducing chemical reactions in microdroplets by using
electrical potential and infrared light as the remote
handles.*> Multiple r-GO- and GO-based composites were
also investigated for different kinds of sensing applications,
such as the photoelectrochemical sensing of prostate-
specific antigens and the screening of H,S.**™*” However,
all these applications require sophisticated instrumentation
and are only applicable for very specific systems. The bilayer
strips of r-GO/agar have demonstrated excellent responsive-
ness inside a liquid medium and have shown the capability
of detecting trace amounts of liquid contaminants inside
another liquid. The r-GO/agar membrane has the potential
to be applied in areas such as sensing under a liquid
medium and for the detection of chemical vapours under
ambient atmospheric conditions.
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Results and discussion

Multi-responsive bilayer membranes of reduced graphene
oxide and agar (r-GO/agar) were prepared by vacuum filtering
a dispersion of agar (in DMF) through a reconstructed r-GO
membrane.*? The 1-GO fraction of the membrane was prepared
through the reduction of graphene oxide (GO) by heating its
dispersion (0.5 mg mL ™" in DMF) at 153 °C for 2 hours. A digital
photo of the starting GO dispersion (inset of Fig. 1a) and an
AFM image of the flakes are shown in Fig. 1a. The reduction
process did not seem to affect the dispersibility and average
dimensions of the flakes, and a representative AFM image is
shown in Fig. 1b. The vacuum filtration of the r-GO dispersion
in DMF (inset of Fig. 1b) through a hydrophilic PTFE
membrane yielded a free-standing r-GO membrane. A homo-
geneous dispersion of agar was prepared by probe sonicating
(1 s on and 1 s off pulses) the mixture (1 mg mL™" in DMF) for
30 minutes.

Thus, the prepared bilayer membrane of r-GO/agar could be
easily peeled off from the polytetrafluoroethylene (PTFE)
membrane by heating in a hot air oven (70 °C for 2 hours).

Digital images of the r-GO/agar bilayer membrane along with
individual free-standing membranes of r-GO and agar are shown in
Fig. 1c-e, respectively. Further characterisation of the reconstructed
membranes can be found in Fig. S1 (ESIT). While the r-GO side of
the r-GO/agar bilayer membrane appears to be greyish-black, the
agar-side looks shiny-black in colour. The lamellar r-GO fraction can
be easily distinguished from the smoother agar side in the cross-
sectional field emission scanning electron microscope (FESEM)
image shown in Fig. 1f. The FESEM images of the surface of the
agar and r-GO sides of the bilayer membrane are shown in Fig. S3b
and d (ESIt), respectively. The surface of the agar side is character-
ized by a smooth morphology, while that of the r-GO side can be
recognized by the wave-like morphology.

The shape of the r-GO/agar membrane was found to be
responsive towards the presence of the solvent vapour in its
surrounding atmosphere. In order to illustrate the responsive-
ness of the r-GO/agar membrane, a rectangular strip (dimen-
sions 25 x 4 x 0.023 mm?®) cut from the bilayer membrane was
fixed to a rod and exposed to vapours generated from 10 mL of
the respective solvents placed in a 250 mL beaker (at 23 °C).
A fixed distance of 3 cm was maintained between the strip and
the solvent throughout the experiments. Fig. S4 (ESIt) shows
the experimental set-up used for studying the solvent vapour-
induced responsiveness. Upon exposure to ethyl acetate
vapours, the strip immediately recognized the changes in the
surroundings and responded by bending towards the agar side.
Once the strip was taken away from the vapours, it regained its
original shape within 40 seconds of exposure to the open-air
atmosphere. To quantify the degree of bending, an imaginary
straight line was drawn along the axis of the rod, where the
strip was fixed. A schematic illustration of the process is shown
in Fig. S5 (ESIT). When the r-GO/agar strip was aligned with that
imaginary axis, the bending angle was considered to be zero
degree. When it moved towards left, the angle was counted in
positive values. When the tip of the strip moved towards right, the
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agar side

Fig. 1 AFM images (along with the corresponding height profile of the nanosheets and respective dispersions in DMF in the insets) of (a) GO and (b) r-GO
nanosheets. Digital photos of the (c) r-GO/agar bilayer, (d) individual r-GO membrane fabricated by the vacuum-assisted filtration method and (e) agar
membrane. (f) Cross-sectional FESEM image of the r-GO/agar bilayer membrane.

angle was counted in negative values. The greater the extent of
bending, the higher the value of the bending angle. Generally, the r-
GO/agar strip bends towards the agar side, which is in the direction
of a positive angle. Upon exposure to vapours, it moved towards the
agar side, which increases the bending angle in positive values. The
changes in the bending angle in the presence of ethyl acetate
vapours as a function of time are shown in Fig. Séa (ESIT), and
from the slope of this curve, the bending speed of the strip was
calculated to be 55° s™'. Upon the removal of the ethyl acetate
vapours, the strip regained its original configuration with a recovery
speed of 77° s~ . Fig. 2a and ESI{ Video V1 show the bending and
recovery movements of the strip induced by the ethyl acetate
environment. This solvent-induced responsiveness study was also
carried out in the presence of 2-propanol, acetone, tetrahydrofuran
(THF), ethanol, chloroform, dichloromethane (DCM) and methanol
vapours. The strip responded to the vapours of all the solvents by
bending towards the agar side with specific bending speeds. Snap-
shots of the bending and recovery movements of the strip in the
presence of 2-propanol, acetone, THF, ethanol, chloroform, DCM
and methanol vapours are shown in Fig. S7a-e and S8a and b
(ESIt), respectively. The bending and the recovery speeds of the
bilayer strips in the presence of different solvent vapours are
compared in Fig. 2b and ¢, respectively. For each solvent vapour,
the bending experiment was repeated for 50 cycles, and the varia-
tions in the bending speed between the 1st, 25th and 50th cycles are
denoted as the error bars in Fig. 2b.

The shape-morphing properties of these bilayer systems
are attributed to an unequal alteration in the mechanical

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

properties of individual components. In order to study the
variation in the mechanical properties of the individual com-
ponents of the bilayer membrane, the bending stiffness values
were calculated by using the Lorentzen & Wettre two-point
method?®?° under different environmental conditions. At first,
the bending stiffness values of individual membranes were
measured under air atmosphere, which was followed by repeti-
tion of the measurement after being exposed to a particular
solvent vapour. A schematic illustration of the bending stiffness
measurement process is shown in Fig. 3a. The changes in the
bending stiffness values due to the presence of acetone were
calculated and plotted in Fig. 3b and c. The bar diagrams reveal
that the r-GO strip displayed a greater decrease (14.4%) in the
stiffness values upon exposure to acetone in comparison with
that of the agar strip (6.9%). This uneven change in the stiffness
values of the two components of the bilayer membrane upon
exposure to solvent vapours is attributed to the bending per-
formance. The uneven change in the bending stiffness values in
the presence of solvent vapours is attributed to different inter-
calating natures of the solvent molecules. In order to under-
stand the cause of uneven change in the mechanical properties,
the rate of permeation of the solvent vapours through the
individual membranes was measured by using a gravimetric
method. Typically, two glass vials were filled-up with acetone
and sealed with r-GO and agar membranes by using freshly
prepared polydimethylsiloxane (PDMS) elastomer as the glue.
Both the vials were kept in a closed chamber and were main-
tained at a constant humidity of 20%. The weights of the vials

New J. Chem., 2021, 45,16883-16891 | 16885
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Fig. 2 Vapour-induced shape-morphing characteristics of r-GO/agar bilayer strips: (a) snapshots showing the bending and recovery movements of the
bilayer strip upon exposure to ethyl acetate vapours. (b) Bar diagrams representing the bending speeds of the bilayer strip upon exposure to different
solvent vapours and (c) the corresponding recovery speeds after the removal of the solvent vapours.
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Fig. 3 Bending stiffness of r-GO and agar membranes: (a) a schematic illustration of the bending stiffness measurements in the presence and absence
of solvent vapours using the Lorentzen & Wettre two-point method. Bar diagrams demonstrating the bending stiffness of (b) agar and (c) r-GO strips in

the absence and presence of acetone vapours.

were taken at regular intervals of time to determine the rate of
evaporation of acetone vapours through the individual mem-
branes. As can be observed in Fig. S10 (ESIt), the decrease in
weight was found to be higher in the case of the vial covered

with the r-GO membrane as compared with the agar
membrane, suggesting that acetone can penetrate into the r-
GO membrane and alter its properties to an extent greater than
that of the agar membrane.
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The strips of r-GO/agar bilayer membrane also displayed a
remarkable shape-transforming property inside the liquid med-
ium. The responsiveness of the bilayer strip (dimensions 25 x
4 x 0.023 mm?®) was studied by dipping it directly inside the
liquid medium. As shown in Fig. 4a and ESI{ Video V2, as soon
as the r-GO/agar strip was dipped into acetone, it bent towards
the agar side forming a loop within ~ 30 seconds. The strip
stayed in that loop shape, as long as it was submerged in liquid
acetone. The bending speed of the strip inside liquid acetone
was calculated to be 55° s™'. When the r-GO/agar strip was
pulled out of the acetone medium and dipped in water, it
recovered the original shape within 10 seconds, with a recovery
speed of 81° s, The snapshots of the bending movement of
the bilayer strip inside the acetone-water system are shown in
Fig. 4a. Similarly, the solvent-induced responsiveness of the
bilayer membrane inside the liquid medium was also investi-
gated with methanol-water, ethanol-water and 2-propanol-
water systems, and the snapshots of the bending movements
are shown in Fig. S11a-c (ESI{), respectively. Similar to acetone,
the strip bent towards the agar side after immerging in liquid
methanol, ethanol and 2-propanol, and recovered its original
configuration after dipping in water. The bending and recovery
speeds of the r-GO/agar strip, after immerging and removing
from the liquid medium were found to be specific to the
chemical nature of the solvent molecules. For example, in the
case of methanol, ethanol and 2-propanol, the bending speeds
were calculated to be 50° s, 8.5° s” " and 2.7° s, respectively.
Similarly, the recovery speeds were calculated to be 120.5° s,
16° s~* and 12.5° s~*, for methanol, ethanol and 2-propanol
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media, respectively. The specific bending and recovery speed of
the strip with different solvent molecules could lead to a new
kind of electronics-free inexpensive sensor of solvent mole-
cules. A comparison of the bending and recovery speeds of
the bilayer strip inside different solvent systems is shown in the
bar diagrams of Fig. 4b and c, respectively. The bending and
recovery experiments inside liquid systems were repeated with
a single bilayer strip for 20 cycles and variations in the bending
speed between the 1st, 10th and 20th cycles are presented as
error bars in Fig. 4b.

In order to understand the mechanism of bending inside
the liquid medium, the effects of solvent molecules in the
microstructure of the membranes were studied by X-ray diffrac-
tion (XRD). As can be observed from the XRD patterns of
Fig. S12 (ESIY), the air-dried r-GO strip displayed a broad peak
at a 260 value of ~ 24°, corresponding to an interlayer space of
3.7 A (002 reflection). The XRD examination of the r-GO strip
was repeated after dipping the same in acetone for 15 minutes.
The position of the (002) reflection was found to shift from a 26
value of 24° to 20° (d = 3.7 A to 4.4 A). This increase (0.7 A) in the
interlayer spacing indicates intercalation of acetone molecules
into the interlayer galleries of the r-GO membrane. After taking
out from acetone, the r-GO strip was again dipped in water for
15 minutes and the microstructures were re-examined by
recording the XRD pattern. As can be observed from Fig. S12
(ESIt), the position of the (002) reflection of the r-GO strip
shifted back to its original position. Similarly, XRD patterns
were also recorded for the agar part of the bilayer strip. The
characteristic reflection of the agar at 20 = 13.1° did not show
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Fig. 4 Solvent-induced shape transformation of r-GO/agar bilayer strips: (a) snapshots showing bending movements in acetone and recovering
movements in water of the r-GO/agar bilayer strip. (b) Bar diagrams representing the bending speeds of the bilayer strip inside different solvents and (c)

the corresponding recovery speeds when in water.
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any definite shift due to subsequent dipping in acetone and
water. As can be observed from the XRD patterns, inside the
liquid medium, the solvent molecules intercalate into the
interlayer spaces of the r-GO strip and alter its d-spacing, which
would have a definite impact on its mechanical properties. This
unequal change in the microstructure of both sides of the
bilayer membrane is attributed to the asymmetric bending
strain along the membrane, which in turn leads to shape-
changing characteristics of the bilayer membrane.

The mechanical properties of the bilayer actuators were
studied by recording stress-strain curves before and after
periodic soaking and drying of the strips in liquid acetone.
The stress-strain curves shown in Fig. S13 (ESIt) confirm that
the tensile strength (66 MPa) and Young’s modulus (358 MPa)
of the pristine bilayer strip did not display significant degrada-
tion even after 5 (tensile strength 52 MPa and Young’s modulus
352 MPa) and 10 (tensile strength 48 MPa and Young’s mod-
ulus 347 MPa) dips in acetone. In order to further confirm the
strength of the bilayer membrane under liquid medium, its
strips were made to lift weights heavier than their own weight.
As can be observed from Fig. S14 (ESIt), a strip weighing 2 mg
(dimensions 20 x 3 x 0.023 mm?®) could lift 3 mg of weight up
to 1.9 cm. Likewise, a strip could lift 5 times it weight up to
1.6 cm. The chemical robustness of the bilayer membrane
was also studied after exposing the strips to harsh chemical

a
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NaOH NHOH  HC
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environments. As can be observed form from Fig. S15 (ESIT),
the strips exposed to vapours of concentrated HCl and NH; for
6 hours from a distance of 5 cm retained their responsiveness.

The unique bending behaviour of the bilayer membrane can
also be utilized to detect trace amounts of liquid contaminants
present in a given solvent system. As a proof of concept, the
detection of a trace amount of water molecules mixed with
acetone is demonstrated here. Briefly, a rectangular strip
(dimensions 0.6 x 2 x 0.023 mm?®) of r-GO/agar was fixed onto
a rod and dipped inside a glass beaker containing 2.5 mL of
liquid acetone. Once completely submerged into the liquid
solvent, the strip bends itself into a coiled shape. When a trace
amount of liquid water was added to the acetone medium, the
coil-shaped strip started opening up. As more water molecules
were added in a dropwise manner, the coil-shaped strip started
opening up to a greater extent. The entire process was recorded
from the top using a digital camera as shown in ESI{ Video V3.
As can be observed from the snapshots in Fig. 5, the strip could
detect the presence of as little as 43.5 pL of water molecules in
2.5 mL of acetone (1.74% of water in acetone), and responded
by starting the opening-up process. After the addition of addi-
tional liquid water (696 pL), the strip completely opened-up and
regained its original position. The mechanism of the real-time
sensing of water molecules in the acetone medium is attributed
to the different affinities of the r-GO side and agar side of the

o
©

responding time (s)
=

o
o

NaOH NHOH  HCI

H,S0,
aqueous impurities

Fig. 5 Detection of liquid contaminants inside a solvent system: (a) snapshots showing the detection of trace amounts of water in acetone by the r-GO/
agar bilayer strip. Bar diagrams showing the (b) minimum responding volume and (c) minimum responding time of the r-GO/agar bilayer strip with

respect to trace amounts of aqueous impurities mixed in acetone.
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bilayer membrane towards water molecules present inside the
acetone medium. The interlayer spacing of the r-GO side of the
bilayer membrane was found to expand in the acetone med-
ium, whereas it was found to shrink in the presence of water.
No such changes were observed in the agar side of the bilayer
membrane. These unequal changes prompt asymmetric bend-
ing strain along the membrane, which results in changes in the
shape of the strips. This observation opened-up a new platform
to detect the presence of water molecules inside different
solvent systems in a very cost- and time-effective manner. The
response time of the r-GO/agar strip in the presence of 43.5 pL
of water in acetone was found to be just 1.5 seconds (120° of
bending movement). The response time was also found to vary
with the varying amount of water molecules present in the
acetone medium and hence could provide alternative ways to
quantify aqueous contaminants present in the organic med-
ium. Upon addition of 218 pL and 435 pL of water, the response
time was found to decrease from 1.5 seconds to 1.25 and
1 second, respectively. The responsiveness of the r-GO/agar
strip can also be exploited to detect the nature of the aqueous
impurities present in the organic medium. As a proof of
concept, the response times and minimum responding
volumes of the r-GO/agar strip in the acetone medium were
calculated with four aqueous solutions (H,SO,, HC], NaOH and
NH,OH, 1 M each). Even though, upon the addition of all four
electrolyte solutions, the strip responded by bending in the
same direction, the minimum responding volumes and response
times were found to be different in each case (bar diagram in Fig. 5b
and c), which could provide valuable information about the type of
impurities present in the organic medium. For example, in the cases
of HCl and NaOH (concentration of 1 M each), the minimum
responding volumes were found to be 48 pL and 45.5 pL, respec-
tively, whereas the response times were found to be 1 s (24° of
bending movement) and 0.5 s (18° of bending movement), for HCI
and NaOH, respectively. Similarly, in the case of H,SO, and NH,OH,
the minimum responding volumes were found to be 91 pL and
95 pL, respectively. With the minimum responding volumes of
H,SO, and NH,OH, the response times were calculated to be 1.1 s
(165° of bending movement) and 0.4 s (161° of bending movement),
respectively. The difference in the response time and minimum
response volume with different electrolyte solutions is attributed to
different miscibility of the electrolytes in acetone.

Apart from the above-mentioned solvent system, the r-GO/
agar strip can also detect foreign molecules in a non-aqueous
medium. As a proof of concept, the response times and mini-
mum responding volumes of the r-GO/agar strip submersed in
toluene solvent were calculated for three different alcohols,
namely methanol, ethanol and 2-propanol (Fig. S17, ESIY).
All three alcohols responded by bending the strip in a similar
direction but displayed different minimum responding
volumes and response times. 2-Propanol displayed a minimum
responding volume of 73 pL followed by ethanol and methanol
with the minimum responding volumes of 96 pL and 110 pL,
respectively. With the minimum responding volumes, the
response times were calculated to be 1 s (12° of bending
movement), 1.5 (7° of bending movement) and 1.75 s (8° of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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bending movement) for 2-propanol, ethanol and methanol,
respectively. The difference in miscibility of the three alcohols
with toluene is attributed for the difference in minimum
responding volumes and responding times.

Conclusion

In conclusion, we have demonstrated the possibility of applying
reconstructed layered material-based responsive membranes
for detecting contaminants dissolved in liquid media. The
shape of the bilayer strip prepared by re-stacking exfoliated
layered materials is determined by the balance between the
mechanical properties of the individual components. When
soaked-in, liquid molecules interact with the two-dimensional
building blocks of the lamellar membranes and influence the
attractive and repulsive forces between the layers and hence
alter their mechanical properties. As a result, the shape of the
materials becomes dependent on the surrounding atmosphere.
The presence of foreign molecules/impurities interferes with
the interactions between the liquid molecules and nano-
building blocks as well as the attractive/repulsive forces among
the 2D nanomaterials, and hence it influences their shape-
morphing properties. Here, the bilayer membrane of r-GO/agar
taken as an example exhibits remarkable under-liquid robust-
ness. Numerous times of soaking/bending into solvents of
diverse chemical nature did not seem to alter its mechanical
robustness and shape-morphing properties. Responsive mate-
rials with this robustness and specific bending and recovering
speed with different solvent molecules could provide a new
kind of platform to develop electronics-free inexpensive sensors
of solvent molecules and solvent composition. Moreover, the
fabrication process of this kind of bilayer membrane can be
easily scaled up to prepare large area free-standing smart
membranes in a very cost-effective manner. It is worth men-
tioning that the bending performance of the bilayer-based
actuator is dependent on multiple parameters, such as the size
of the vessel, the distance of the actuator to the surface of the
vessel, the shape and thickness of the actuators and so on.
However, inconsistencies arising from these parameters can be
minimized through appropriate control experiments and opti-
mization of the device structure.
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