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As the demand for advanced technological materials continues to rise, the lookout for materials capable
of responding to external stimuli, such as heat, light, and chemical vapor, by changing their own shape
and size is becoming increasingly important. Here, we report a novel light and vapor-responsive material
prepared by a sequential assembly of exfoliated two-dimensional (2D) sheets of vermiculite and
vanadium pentoxide (V,Os). Nanosheets of V,Os are prepared by treating bulk V,Os powder with H,O»
and those of vermiculite are obtained by stirring the bulk crystals in an HCl solution. The bilayer
membrane of V,Os and vermiculite displays outstanding shape-morphing characteristics upon exposure
to light. The infrared light (IR) induced higher bending and recovery speeds (20.5° s™* and 8.2° s as
compared to the white light (9.3° s™* and 6.4° s7%). Unequal changes to the mechanical properties at the
two sides of the bilayer membrane due to dissimilar light-induced heating are attributed to the shape-
morphing characteristics. The light-induced bending movement of this bilayer membrane is also utilized
to translocate objects from one place to another. Additionally, the bilayer membrane also responds to
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the presence of solvent vapors like 2-propanol, ethanol, methanol, ethyl acetate, dichloromethane

rsc.li/materials-advances (DCM), and acetone vapor by morphing its shape in a specific manner.
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1. Introduction

The development of materials responding to minute changes
in their surrounding environments like heat,"* light,"*"
humidity,®® liquids,”'® and chemical vapor’**™*? by changing
their characteristics like size,'* shapes,>”'""'> and color'>'® is
considered a matter of great importance in advanced technol-
ogies. To facilitate fast, accurate, and specific responsiveness in
artificially intelligent systems such as artificial muscles, soft
robots, actuators, and programmable devices, researchers are
working on developing responsive materials with explicit
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characteristics tailored to specific applications.'””>*> Among
these materials, light-driven actuators are particularly signifi-
cant due to their potential for futuristic engineering applica-
tions, such as contactless operations, remote activation, and
targeted response.”* Moreover, as a clean and sustainable
stimulus, light offers tremendous flexibility and convenience
in performing complicated tasks contact-free.

Taking into account their potential for numerous futuristic
applications, light-responsive materials were prepared using
different nanomaterials, polymers, and even nano-composites.
For example, Liu et al. developed a high-efficiency actuator with
great photo-induced force through gradient design of the
components, silver nanowires in poly(ethylene-co-vinyl acetate)
elastomers.'® A photo-thermal Marangoni-driven triboelectric
nano-generator was designed by Liu et al. by utilizing black
silicon to propel relative motions between the triboelectric layer
and the electrode.>! An integrated multi-functional light-driven
actuator with temperature sensitivity was designed by Xiao et al.
using carbon nanotubes (CNTs) and a methylcellulose nano-
composite.”® A light-responsive superhydrophobic film exhibit-
ing a bending angle above 200° was fabricated by sequentially
dip coating a carbon nanotubes/poly(vinylidene fluoride) com-
posite layer and a chitosan layer, followed by spraying fumed
silica-chitosan composite and modification with 1H,1H,2H,2H-
heptafluorodecyltrimethoxysilane.>® A core-shell fibre-shaped
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soft actuator that can lift loads more than 4600 times its weight
was prepared by coating liquid crystal elastomer on a CNT
shell.”” Along with these, several recently published articles
demonstrate significant progress in fabrication methods, novel
functionalities and diverse application possibilities. However,
preparing all these light-responsive materials requires
exotic materials and sophisticated laboratory facilities, which
hinders their practicality. On the other hand, multiple highly
responsive and robust smart materials were prepared by re-
stacking exfoliated flakes of two or more different layered
materials.''>?%%° The synthesis and assembly of exfoliated
2D layers is a straightforward and scalable process, and there-
fore intelligent materials prepared by the reconstruction of 2D
materials possess enormous potential for practical applica-
tions. Graphene oxide (GO) is one of the most well-studied
exfoliated 2D materials due to its exclusive properties and
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scalable synthesis process. It has found applicability in numer-
ous areas, including catalysis, supercapacitors, batteries, nano-
fluidics, and water purification.’*> The relevant literature
indicates that GO membranes’ reconstructed layers are an
excellent component of bilayer-based responsive materials.
For example, bilayers of GO and reduced-GO were found to
be highly responsive to changes in humidity and electric field.*
Similarly, bilayers of multi-walled CNTs and GO demonstrated
responsiveness towards humidity and temperature.®® Bilayers
of clay and GO showed outstanding sensitivity toward the
vapors of solvent molecules such as methanol, ethanol, iso-
propanol, tetrahydrofuran, ethyl acetate, DCM, acetone, and
water."?

The reconstructed membrane of vanadium pentoxide (VO-M)
is emerging as an outstanding material for diverse applications.
Due to the ease of exfoliation and excellent dispersibility of V,05

Fig. 1 Reconstructed V,Os-vermiculite bilayer membrane: AFM images with the corresponding height profiles of (a) V,Os and (d) vermiculite 2D
nanosheets. Photos of reconstructed (b) VO-M, (e) vermiculite and (g) V>Os-vermiculite membranes. FESEM images of the surfaces of (c) V,Os and
(f) vermiculite membranes. FESEM images of the (h) cross-section, (i) vermiculite and (j) V,Os sides of the bilayer membrane.
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flakes in an aqueous medium, the fabrication of VO-M is a
highly scalable process.’”*® The applicability of VO-M is also
supported by the natural abundance and outstanding chemical
and thermal stability of V,05.>*"*' Considering its high surface
charge density and moisture-sensitive properties,*” VO-M could
be an excellent ingredient for preparing intelligent materials.
However, in contrast to GO, VO-M has not been explored much
for preparing responsive materials, except for the effort of
Gogoi et al., where macroscopic bilayer membranes were pre-
pared by self-assembling nanosheets and nanobelts of V,05.**
The morphology-based bilayer membranes of V,05 responded
to multiple environmental stimuli such as solvent vapor,
humidity, and light by changing their shape. Here, we recon-
structed a bilayer membrane of V,0s5 and vermiculite
nanosheets, decorated with stimuli-responsiveness. The
mechanical moment of this bilayer membrane has been uti-
lized to translocate objects through rational designing. The
natural abundance of the raw materials in combination with
the straightforward and trouble-free fabrication methods for
the synthesis and assembly of the V,0s5 and vermiculite
nanosheets with rational design will pose no practical limita-
tion for real-field applications.

2. Results and discussion

2D nanosheets of V,0O5 were restacked on exfoliated vermiculite
clay to prepare a multi-responsive actuator by self-assembling
individual nanosheets from their respective dispersions. The
V,0;5 nanosheets were prepared by the reaction of the bulk V,05
powder with H,0, in an aqueous medium.?”*® The composi-
tion of the nanosheets as V,05 was confirmed by XPS analysis,
Fig. S2 (ESIY). A representative atomic force microscopy (AFM)
image of the V,05 nanosheets (Fig. 1a) reveals the height and
lateral dimensions of the nanosheets to be in the range of
~9 nm and ~300 nm, respectively. The vacuum filtration of
the aqueous dispersion of the V,05 nanosheets (Fig. S1, ESIY)
through polytetrafluoroethylene (PTFE) filter paper forms a
flexible and free-standing membrane (Fig. 1b), with a lamellar
structure (confirmed by the presence of the 001 plane in the
XRD spectra, Fig. S8a, ESIt) and a smooth outher surface (field
emission scanning electron microscopy (FESEM) image in
Fig. 1c). The vermiculite section of the bilayer was prepared
by exfoliating the bulk crystals of vermiculite (Fig. S3a, ESI¥)
into 2D layers by stirring it in a dilute HCI solution for around
18 hours."” The representative AFM image in Fig. 1d shows that
the average lateral dimensions of the 2D sheets are ~5 x 4 um?
with a thickness of ~3.5 nm. These exfoliated 2D vermiculite
layers from a stable dispersion in deionized (DI) water, Fig. S3b
(ESIT). Like the V,0s5, vermiculite also forms a flexible and free-
standing membrane, Fig. 1e. The outer surface of the vermicu-
lite membranes is shown in the FESEM image in Fig. 1f. To
prepare the V,0s-vermiculite bilayer actuator, first, the aqueous
dispersion of vermiculite nanosheets (12 mL of 1 mg mL™") was
vacuum filtered through PTFE filter paper. Once the vermicu-
lite membrane formed, 6 mL of 3 mg mL™" V,05 nanosheet

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dispersion was filtered through it. The bilayer membrane,
composed of vermiculite on one side and V,05 nanosheets on
the other side, was detached from the filter paper upon
complete drying and the thickness is measured to be 15 um.
The two sides of the bilayer can be easily distinguished from
the color grey-black for the V,0s and yellow-brown for the
vermiculite side, Fig. 1g. In the bilayer membrane the interface
between the vermiculite and V,0Os is indistinguishable, see the
cross-sectional FESEM image in Fig. 1h. This is because both
the vermiculite and VO-M consist of 2D nanosheets. However,
the outer surface of the vermiculite side has a rough morphol-
ogy (Fig. 1i) as compared to that of the VO-M surface (Fig. 1j).
The thickness of the vermiculite and V,05 portions in the
bilayer membrane can be easily controlled by the volume and
the concentrations of the individual nanosheet dispersions
used to prepare the bilayer (discussed in table S1, ESIt). Thus,
for the 15 pm thick bilayer membrane, the vermiculite and
V,05 sections were measured to have a thickness of 6 pm and 9
pm, respectively.

The light-induced responsiveness of the bilayer actuator was
investigated by exposing it to different light sources and
recording the shape-morphing moments using a digital cam-
era. A rectangular strip (length = 25 mm and width = 2 mm) was
tailor-cut from the bilayer membrane (thickness = 15 pm) and
fixed to a rod with one end, leaving the other end to move freely
(Fig. S4, ESIY). Exposing the strip to IR light (150 W, 4000 lux),
we observed the strip bending towards the V,0s side, and it
regained its original configuration after removing the light
source (shown in Fig. 2a and Video V1, ESIf). This IR-light-
induced shape-morphing characteristic of the bilayer
membrane was found to be highly reversible. However, the
individual membranes, ie., vermiculite and VO-M, did not
exhibit any light-induced shape-changing properties. Moreover,
this bilayer strip also demonstrates similar shape-changing
characteristics when exposed to white light (1000 W, 50000
lux); snapshots are shown in Fig. 2b (and Video V2, ESI). The
bending angle (quantification strategy is in Fig. S5, ESIY)
exhibited by the bilayer strip was quantified and plotted as a
function of time in Fig. 2c. Remarkably, even though the power
of the white light is 12.5 more than the IR light, the IR light
induced a higher bending angle (bent by 80°) than that of the
white light (bent by 70°). The bending and recovery speeds of
the bilayer strip were estimated by analyzing the recorded
video. It was observed that the IR light induced higher bending
and recovery speeds (20.5° s™' and 8.2° s, respectively) as
compared to the white light (9.3° s~" and 6.4° s, respectively),
see Fig. 2d.

The shape of the bilayer actuators where two different layers
are fused into a thin film is determined by the equilibrium of
the mechanical properties of the individual components form-
ing the actuator. Any dissimilar variations in the mechanical
properties of the individual components shift the equilibrium
into a new position resulting in shape transformation.”*** To
understand the mechanism of the light-induced responsive-
ness of the bilayer membrane, we recorded the photo-thermal
images of the individual membranes in the presence and

Mater. Adv,, 2023, 4, 3619-3627 | 3621
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Fig. 2 Light-induced responsiveness of the reconstructed V,Os-vermiculite bilayer actuator: Snapshots showing the bending and recovery moments of
a bilayer strip (25 mm x 2 mm, thickness 15 pm) upon exposure to (a) IR and (b) white light. (c) Plots comparing the bending angle of a bilayer strip in the
presence and absence of the light sources. (d) Bar diagram comparing a bilayer strip’s bending and recovery speeds upon exposure to IR and white light.
The error bars in (d) are calculated from different experiments of five different strips having similar composition and dimensions.

absence of the light sources (Fig. 3a and b, left and middle
images for the presence and absence of the IR light). Upon
exposure to IR light, the temperature of the VO-M increased by
29 °C, whereas that of vermiculite increased by 10 °C, Fig. 3c.
Thus, these dissimilar heatings at the two sides of the bilayer
membrane will induce unequal changes to the mechanical
properties resulting in shifting the equilibrium and hence
inducing the shape transformation. Further insight into the
mechanism was achieved by measuring the change in the water
content of the individual membranes upon IR light exposure,
Fig. S6 (ESIf). The relative humidity (RH) of the VO-M
decreased by 17% whereas it is 3.5% for the vermiculite
membrane, Fig. S6c (ESIT). This suggests that the V,05 side
contracted more than the vermiculite side due to the higher
loss of water molecules and bent towards the V,0; side. Similar
experimental studies were also performed for both membranes
upon exposure to white light. But, the increase in the

3622 | Mater. Adv, 2023, 4, 3619-3627

temperature of the VO-M is 16 °C, and that of vermiculite is
11 °C (Fig. 3c); hence, white light induced lower bending speed
in comparison to the IR light. In addition, the IR (Fig. S7, ESIt)
and the XRD (Fig. S8, ESIf) spectra of the VO-M and the
vermiculite membranes are recorded before and after exposure
to IR light and no significant changes were observed in the
membranes.

As the irradiation of light induced a temperature increase to
the actuator, it is essential to investigate the thermal stability.
Strips of the V,05-vermiculite actuator were heated up to 100 °C
for 30 minutes in an air atmosphere and thereafter cooled
down to room temperature. The bilayer strips form coiled-like
shapes upon heating, which regained the original configu-
ration after cooling, which is highly reversible (Fig. S9a, ESIf).
The high thermal stability of the bilayer actuator is inherited
from the excellent thermal stability of the individual compo-
nents, i.e., vermiculite and V,0s. The weight loss graphs of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanism of light-induced responsiveness: Photothermal images showing the heating of individual (a) VO-M and (b) vermiculite membranes
upon exposure to IR light (left side) and white light (right side). (c) Bar diagram comparing the change in temperature (AT) of V,Os and vermiculite

membranes upon exposure to light sources.

VO-M, vermiculite and V,Os-vermiculite bilayer membranes
upon heating are compared in Fig. S9b (ESIT). During heating,
it was observed that the actuator bent towards the V,0; side. To
gain further insight, we estimated the rate of weight loss of the
individual membranes and found that VO-M exhibits a higher
rate of weight loss (0.06% per °C) than that of vermiculite
(0.04% per °C); hence, the actuator bent towards the V,05 side.
This weight loss of the membranes can be attributed to the loss
of water from the interlayer spacing.

The light-induced bending moment of this bilayer mem-
brane can be utilized to translocate objects from one place to
another. As a proof of concept, we made a cantilever from two
bilayer strips (dimensions, 25 mm x 2 mm, thickness of 15 um)
by placing them perpendicularly and fixed to a rod. Exposing it
to a light source, the arms bent inward and recovered with the
removal of the light source. We now utilize this cantilever to
translocate objects from one place to another, shown in Fig. 4a
and Video V3 (ESIt). Furthermore, we have also demonstrated

- OFF F,

- #"VON ON

light
source

i light
i source

loading "~
&

Fig. 4 Light-induced actuation: (a) Photos showing the translocation of an object and (b) worm-like walking (speed ~0.7 mm s7%) of the
V,Os-vermiculite bilayer actuator. (Light ON and light OFF refer to the white light, 1000 W, 50 000 lux.)
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the worm-like walking of the bilayer membrane. We cut a trape-
zoidal strip from the membrane (length = 25 mm, base = 8 mm and
tip = 4 mm, Fig. S10, ESI}), which walks like a worm with a speed of
~ 0.7 mm s~ upon periodic exposure to a light source (Video V4,
ESIt and Fig. 4b). The walking of the strip is due to it’s bending in
the presence of light and tends to retain the original shape in the
absence. This type of actuation of the bilayer membrane can be
utilized to perform tasks where human presence is not preferred.

In addition, the bilayer membrane also responded to the
presence of solvent vapor in its surrounding environment.
Upon exposure to the 2-propanol vapor (maintaining a distance
of 15 mm between the strip and the solvent surface, see
experiment set-up, Fig. S11, ESIT) the strip responded to the
change in its surrounding by bending toward the vermiculite
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side with a bending speed of 12.3° s~ until it attained a fixed
configuration and remained at that configuration with further
exposure. The strip retained the original configuration with a
recovery speed of 13° s ' after removing the 2-propanol
environment (Video and snapshots are shown in Video V5,
ESIt and Fig. 5a, respectively). The influence of the distance
between the solvent surface and the bilayer strip (dimensions,
25 mm x 2 mm X 15 pm) was studied by increasing the
distance from 15 mm to 60 mm upon exposure to 2-propanol
vapours. The maximum bending angle decreased from 165° to 48°
on increasing the distance from 15 mm to 60 mm, Fig. 5b.
Furthermore, we investigated the effect of the thickness of the
bilayer membrane on the responsiveness by making three bilayers
of thickness 15 pm (vermiculite = 6 pm, and V,05 = 9 pm), 22 pm
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Fig. 5 Solvent-induced responsiveness: (a) Snapshots showing the bending and the recovery moment of the V,Os-vermiculite bilayer strip upon
exposure to 2-propanol vapor. Bar diagram comparing the maximum bending angle as a function of (b) the distance between the strip and the solvent
surface and (c) the thickness of the bilayer membranes in the presence of 2-propanol vapours. In (c) the distance between the solvent and the strip is
15 mm, and the length and width of the strips are 25 mm and 2 mm, respectively. (d) Comparison of the bending angle and (e) the bending and the
recovery speeds of the bilayer strips in the presence of solvent vapor. The error bars in (e) are calculated from different experiments of five different strips
having similar composition and dimensions. In (a), (b), (d) and (e), the length, width and thickness of the strips are 25 mm, 2 mm and 15 pm, respectively.
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(vermiculite = 9 pm, and V,05 = 13 um), and 32 pm (vermiculite
=13 pm, and V,0s = 19 pm) (see Table S1, ESIt). The increase in
thickness of the membrane from 15 to 32 pum decreased
the extent of bending from ~165° to ~28° when exposed to
2-propanol vapours, Fig. 5c.

This solvent-induced responsiveness of the bilayer strip was
found to be highly reversible. This bilayer strip was also
responsive towards ethanol, methanol, ethyl acetate, DCM,
and acetone vapor and responded to them by bending toward
the vermiculite side (Fig. S12, ESIT). The changes in the shape
in terms of the bending angle of the strip to different vapors are
compared Fig. 5d. Moreover, the strip responded to these
vapors with different bending and recovery speeds, Fig. 5e.
However, solvents like benzene, chloroform and toluene did
not induce any physical changes to the actuator (Fig. S13, ESIT).

As the V,0Os-vermiculite bilayer actuator results from the
fusion of two thin films, we studied the effect of solvent vapor
on the mechanical properties of the individual components
forming the actuator to understand the mechanism of solvent
vapor-induced responsiveness. The bending stiffness (Sg),
which represents the resistance to bending, of the individual
VO-M and vermiculite membranes, was measured using the
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Lorentzen & Wettre two-point method, both in the absence and
presence of the solvent vapor.'>** In the presence of 2-propanol
vapor, the Sy of the VO-M decreased by 43%, but no significant
change was observed for the vermiculite membrane (Fig. 6b).
This unparallel change in the Sy of individual layers triggered
the shape transformation in the bilayer actuator by bending
towards the vermiculite. Moreover, we record the change in the
Sg of the individual membranes when exposed to ethanol and
methanol vapor. Similar to the 2-propanol exposure, the Sg for
the VO-M also decreased in the presence of ethanol and
methanol, but with a different magnitude (Fig. 6b). In contrast,
no significant change was observed for the vermiculite part in
the presence of these vapors (Fig. 6b). The change in the Sg of
the individual components depends on molecules/desorption
of the interlayer water/solvent molecules and hence, the specific
bending angle of the actuator to the presence of stimuli at any
particular time is attributed to the equilibrium between the
mechanical properties of the individual components forming
the membrane. This implies that the V,05 portion plays an active
role in the shape transformation with the vermiculite as the
supporting layer, and the extent of the bending is proportional
to the decrease in the Sy of the VO-M. Among the 2-propanol,

solvent
C
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Fig. 6 Mechanism of solvent-induced responsiveness: (a) Schematic illustration of bending stiffness measurement using Lorentzen & Wettre's
two-point method. Bar diagrams comparing (b) the bending stiffness of VO-M and vermiculite membranes upon exposure to different environments
and (c) the decrease in bending stiffness (in %) of the V,Os strip with the extent of bending for the bilayer actuator in the presence of solvent vapor.
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ethanol and methanol, the decreases in Sg (ASg) for the VO-M
are in the order: ASg (2-propanol) > ASg (ethanol) > ASp
(methanol) and the extent of bending () of the actuator is in
the order: Gz-propanol > Gethanol > Gmethanol (Flg 6C)-

3. Conclusion

In conclusion, we demonstrated the fabrication of new respon-
sive materials through sequential deposition of aqueous dis-
persions of 2D flakes of V,0s and vermiculite. The bilayer
membranes of V,05 and vermiculite have shown outstanding
responsiveness towards light and solvent vapors. Unequal
changes in the mechanical properties at the two sides of the
bilayer membrane are attributed to the shape-morphing char-
acteristics. Dissimilar light-induced heating and reversible
absorption-desorption characteristics of vapour molecules
from the interlayer space of the components accounted for
the inequality in the changes of the mechanical properties. As
IR light-induced a higher rise in temperature of V,0s as
compared to that of white light, it yielded higher bending
speeds. The light-induced bending movement of this bilayer
membrane can be applied for different applications like remote
handling/transportation of objects from one place to another.
The bilayer membrane also senses the presence of a large
number of solvent vapors like isopropanol, ethanol, methanol,
ethyl acetate, DCM, and acetone vapor and responds by morph-
ing its shape in a specific manner. The responsiveness and
sensitivity of the V,0s-vermiculite bilayer membrane can be
further improved through various possible modes of functio-
nalization, which would offer many enthusing opportunities for
novel applications. The V,0s-vermiculite bilayer membranes
could also be applied for sensing chemical vapor and harvest-
ing light energy.
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