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a b s t r a c t

Inspired by desert resurrection plant, Rose of Jericho, this study developed a new porous material with
programmable multiple-stimuli responsive features. The first one is reversible shape-memory trans-
formation of experiencing extremely large deformations upon dehydration and rehydration; superior to
the plant, the aerogels display controllable responsiveness based on moisture amount with fast actua-
tion. The second one is switchable flexibility depending on the polarity of exposed fluids; these aerogels
are reversibly compressible with outstanding flexibility in polar solvents but sustain incompressibility
with high stiffness in nonpolar solvents. The third one is programmable shape morphing capability
driven by imbibition of liquid droplet; mimicking the movement of the plant but in different mecha-
nisms, the aerogels can evolve into programmed V-shape or U-shape by simply controlling the liquid
imbibition location. These multiple-stimuli responsive features arise from the unique ensemble of the
porous morphology, and the interactions between solvent molecules and the chemical structures of the
porous material engineered by two-step crosslinking mechanism. It can be foreseen that the synergistic
effect of the intriguing features could allow for the applications of the aerogels as smart sensors/actu-
ators, soft robotics, and biomedical devices, all of which typically require smart adaptability to external
stimuli and/or extreme environments.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Stimuli-responsivematerials have attracted increasing attention
due to their capabilities to generate smartly adaptable responses
according to external stimuli including radiation, changes in pH,
temperature, pressure, humidity, solvents, electrical and/or mag-
netic field, etc. [1,2] Smart responses (shape or color trans-
formation, optical, electrical, mechanical property changes, etc.)
coupled with sensing and actuation have propelled the stimuli-
ence, Sungkyunkwan Univer-
responsive materials into an essential element with a wide vari-
ety of potential engineering applications including biomedical de-
vices, structural engineering, robotics, and so forth [3,4]. Also, the
addition of programmable transformation for a stimuli-responsive
material seems to be one of the most attractive attributes [5]. To
date, the investigations of single-stimuli responsive materials
which can provide a response to only a single specific external
stimulus have been highlighted. Multiple-stimuli responsive ma-
terials are of an emerging interest due to their multiple capabilities
to make breakthroughs in a variety of engineering applications.
However, these materials are synthetically challenging because of
the complexity of the material system [2]. This is particularly true
when both programmability and controllability need to be added to
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such responsive materials.
Nature has always been a fruitful resource for innovative tech-

nological ideas, fundamental engineering principles, and creative
inventions [6e10]. Rose of Jericho, the resurrection plant in the
desert area, can survive for decades in an extreme desiccation state
whenmore than 95% of its water content is lost [11e13], whilemost
plants succumb to death at loss of water exceeding 40%. In order to
confront the prolonged dehydrated state, the plant would curl its
stems into a substantially shrunk and highly stiff ball, assuming the
“stress mode” to survive in the arid climate of the desert. Once
rehydrated, the curled ball wakes from its dormant state and
returns to its original shape, referred to as the “relax mode”. This
shape transformative behavior is reversible and repeatable during
the lifetime of the plant, indicating the stimuli-responsiveness
including reversible shape morphing capability and switchable
flexibility of the stems [13,14]. To date, most studies have focused
on hydrogel-based materials to achieve reversible shape morphing
capability upon immersion in water [15,16]. However, these
hydrogels are restricted for their practical uses due to their slow
transformations. Moreover, almost all of these hydro-responsive
materials appear to alternate only between the original and one
target shape, which presents a challenge on the achievable con-
figurations. Therefore, morphing a structure into desirable pro-
grammed shapes seems to be critically important [17]. Besides, the
switchable mechanical flexibility of synthetic materials when
exposed to different liquid environments seems to be necessary for
their use in awide variety of engineering applications. To the best of
our knowledge, so far, no study has been reported on multiple-
stimuli responsive materials with both programmable shape
morphing capability and switchable flexibility when exposed to a
liquid environment.

By studying the survival strategy of Rose of Jericho in the desert,
this study investigated a new multiple-stimuli responsive material
with graphene oxide (GO) platelets by a two-step crosslinking
mechanism coupled with poly (vinyl alcohol) (PVA) and formal-
dehyde (FA). GO is selected due to the abundant functional groups
including carboxyl and hydroxyl groups, which ensures the cova-
lent functionalization feasibility by two-step crosslinking reaction.
Despite the aerogels synthesized with GO and PVA that have been
reported elsewhere [18,19], the multiple-stimuli responsive fea-
tures within the materials have not been reported yet, especially
when the programmable adaptability is taken into consideration.
By controlling the designed competition between cohesion and
solvation in the GO-based aerogels with the two-step crosslinking
reaction, the smart GO-PVA-FA (GPF) aerogels with multiple-
stimuli responsive capabilities were firstly developed in this
study. The multiple-stimuli responsiveness includes the moisture-
dependent reversible shape memory transformation, polarity-
dependent switchable flexibility and the imbibition-dependent
programmable shape morphing capability. These bio-inspired
multiple-stimuli responsive porous aerogels could offer ample
opportunities to create fundamentally new and smart program-
mable materials that can be utilized in a wide variety of engi-
neering applications, including smart sensors and actuators,
wearable devices, robotics, tissue engineering, and scaffolds.

2. Experimental

2.1. Materials

GO powder was supplied by JW-Innova Graphene Technology
Co., LTD. Poly (vinyl alcohol) (PVA, MW 85,000e124,000, 87e89%
hydrolyzed), formaldehyde solution (FA, 37 wt% in H2O) and N,N-
dimethylformamide (DMF, anhydrous, 99.8%) were purchased
from Sigma-Aldrich. Dimethyl sulfoxide (DMSO, 99.8%) was
obtained from Samchun Chemicals. Xylenes liquid (ACS, 98.5%þ,
assay, isomers plus ethylbenzene) was provided by Alfa Aesar. So-
dium hydroxide beads (NaOH), hydrochloric acid (HCl, 35.0e37.0%),
cyclohexane and hexane were purchased from Daejung Chemical
&Materials Co., LTD. All reagents were of a laboratory-grade and
used without further purification.

2.2. Aerogel synthesis

GO powder was dispersed in deionized water by bath sonication
for 6 h with the temperature under 35 �C to get the GO suspension
(10 mg ml�1), and the pH of the suspension was measured to be
around 2. PVA solution (9 wt%) was prepared by stirring in deion-
ized water at 90 �C for 6 h followed by cooling down to room
temperature with constant stirring. To fabricate the cross-linked
GPF aerogels, GO suspension was mixed with PVA solution
(weight ratio between GO and PVA is 10:9) by stirring at 50 �C for
2 h to initiate the 1st step crosslinking reaction between GO and
PVA. After obtaining the GO-PVA (GP) solution, FA (37 wt% in H2O)
was added inside at 85 wt% of PVA and stirred at 50 �C for another
2 h to accomplish the 2nd step crosslinking reaction for producing
GO-PVA-FA (GPF) solution. The resulting GPF solutions were heated
in the oven at 50 �C for 16 h for further reaction followed by
lyophilization at �80 �C for 48 h to obtain the final GPF aerogels. At
the same time, the GP aerogel by the 1st crosslinking reaction was
obtained by further treatment of the GP solution in the oven at
50 �C for 16 h followed by lyophilization at �80 �C for 48 h. Freeze-
dried GO agglomerates obtained without crosslinking reactions
were also prepared by lyophilization of the GO solution at �80 �C
for 48 h. The dimensions of the aerogels after freeze-drying depend
on the size of the container, the vials with ~20 mm diameters are
used in this experiment.

2.3. Characterization

SEM images were taken with the field emission scanning elec-
tron microscope (FE-SEM, JSM-7600F, JEOL) at an acceleration
voltage of 10 kV. The aerogels were pretreated with Pt plasma
before the observation. FTIR spectra of GO, GP aerogel, and GPF
aerogels were recorded by an attenuated total reflection infrared
spectrometer (ATR-IR, Tensor 27, Bruker, Germany) from 400 cm�1

to 4000 cm�1 at the resolution of 4 cm�1 with 50 scans. Ther-
mogravimetric analysis (TGA) was carried out with a TA instrument
(TGAQ50, USA) from 30 �C to 600 �C at a heating rate of 10 �Cmin�1

under N2 atmosphere. Raman spectra were recorded by a Renishaw
InVia Reflex Raman spectroscope using the exciting line at 532 nm
of a diode Laser. X-Ray Photoelectron Spectra (XPS) data were ac-
quired by using Vg Scienta ESCA 2000 spectrometer with the
monochromatic Al Ka as a source of radiation. High-resolution
spectra and survey spectra were recorded, respectively. X-ray
diffraction (XRD) analysis was performed by SmartLab X-ray
diffractometer with Cu-Ka radiation. All mechanical tests were
performed by using the universal test machine (ElectroPuls E3000
Testing System, Instron) equipped with a 250 N load cell. Cylin-
drical samples with the height of ~13 mm and the diameter
~20 mm were loaded between the two flat compression plates. All
stress-strain curves were obtained under the ramp rate of
0.1 mm s�1 for the specific strain. Fatigue measurement at 20%
strain was conducted at 0.075 Hz for 10,000 cycles.

3. Results and discussion

3.1. Chemical mechanisms and characterization

The following three porous materials were synthesized: the GPF
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aerogels by a two-step crosslinking reaction, the GO-PVA (GP)
aerogels by a one-step crosslinking reaction and the freeze-dried
GO agglomerates without any crosslinking reaction (Fig. S1).
Chemical mechanisms for the formation of the cross-linked aero-
gels are schematically illustrated in Fig. 1. For the two-step cross-
linking reaction, the first step reaction indicates esterification (1st
crosslinking) between GO and PVA [20]. Abundant -OH groups on
PVA chains react with -COOH groups on GO platelets to create new
linkages as ester bonds, resulting in the covalent bonding of GO
sheets with PVA chains, which can be used to obtain the GP aero-
gels. After the 1st crosslinking reaction, formaldehyde (FA) is added
to initiate the second step reaction. Unreacted -OH groups on both
PVA chains and GO sheets can react with -CHO groups on FA
molecules to build new strong connections as ether bonds by
acetalization (2nd crosslinking) [21]. This second crosslinking
further consolidates the 3D network structure with abundantly and
spaciously formed ether bonds between the adjacent GO platelets,
GO and PVA, PVA and PVA [22]. These are then used to successfully
synthesize the GPF aerogels. Eventually, the two-step crosslinking
reaction provided the GPF aerogels with a well-connected network
and a higher crosslinking degree compared to the GP aerogels
fabricated by the one-step crosslinking reaction.

SEM and digital photo images were examined to investigate the
structural morphologies of the freeze-dried GO agglomerates, the
Fig. 1. Chemical mechanisms for preparation of the GP aerogel by one-step crosslinking react
followed by acetalization). (A colour version of this figure can be viewed online.)
GP aerogels, and the GPF aerogels (Fig. 2a and c). For the freeze-
dried GO agglomerates (Fig. 2a), the resultant material is found to
be of a grey-black color with an irregular shape. The SEM image
indicates that the platelet-shaped GO sheets are agglomerated in a
random orientation. Hence, the resultant GO structure is a fragile
agglomerate of numerous platelet-shaped GO sheets with
hydrogen bond and van der Waals interaction, which can lose its
geometric shape very easily when only 0.45 kPa (0.12 N) load is
applied (Fig. S8b). The GP aerogels (Fig. 2b) appear in a cylindrical
shape with a light brown color, and the density is 16.71 mg cm�3.
The SEM image indicates that the GP aerogels are composed of
complex internal structures, where most pores are channel-shaped
and irregularly arranged. The GPF aerogels exhibit a cylindrical
shapewith dark brown color, and the density is 19.40 mg cm�3. The
internal morphology of GPF aerogels is found to be thewell-defined
cellular structure with an average pore size of ~70 mm, as shown in
Fig. 2c.

In order to understand the effect of the two-step and one-step
crosslinking reaction on chemical structures of the GO-based aer-
ogels, various characterizations were conducted for the freeze-
dried GO agglomerates, the GP aerogels, and the GPF aerogels. FT-
IR spectra are shown in Fig. 2d and the peak information is listed
in Table S1. Compared to the spectrum of GO agglomerates, the
appearance of CH2 band as well as the increase of OeH stretching
ion (esterification) and the GPF aerogel by two-step crosslinking reaction (esterification



Fig. 2. Characterization of the freeze-dried GO agglomerates, GP aerogel, and GPF aerogel. (aec) SEM images of GO, GP and GPF aerogels, respectively. Inset images are the
photographic pictures of the corresponding material obtained. (d) FTIR spectra, (e) TGA curves, (f) Raman spectra and (g) XPS C 1s spectrum of GO, GP, and GPF aerogel, respectively.
(A colour version of this figure can be viewed online.)
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vibration peak intensity in the GP aerogels can confirm the suc-
cessful bonding of PVA into the GP aerogels. Furthermore, the peak
of C]O in GO (1719 cm�1) is found to shift to a higher wavenumber
compared to the peak in the GP aerogels (1734 cm�1), which can
ensure the conversion of the carboxyl group of GO into the ester
group of the GP aerogels through the 1st crosslinking reaction
[22,23]. In contrast to the GP aerogels, the OeH stretching vibration
peak intensity of the GPF aerogels decreased dramatically, indi-
cating the reduction of the number of -OH groups in the GPF aer-
ogels after the 2nd crosslinking reaction. Moreover, the CeOH
stretching at 1078 cm�1 in the GP aerogels was replaced by a
broader absorption band with splitting peaks (from n ¼ 900 to
1160 cm�1), which can be also indicative of the successful conver-
sion of hydroxyl groups to ether bonds via the 2nd crosslinking
reaction.

TGA results are shown in Fig. 2e. The freeze-dried GO, GP and
GPF aerogels undergo two stages of weight loss. In the first stage,
the GO agglomerates experience a sudden weight loss at around
200 �C, which is related to the decomposition of oxygen-containing
functional groups on GO sheets. For the GP and the GPF aerogels,
they exhibit a rapid decline of weight (GP aerogels: 117 �C to 210 �C,
GPF aerogels: 148 �C to 224 �C), which can also be explained by the
decomposition of oxygen-containing functional groups on GO
sheets. For the second stage, the gradual weight loss for GO, GP and
GPF aerogels is attributed to the degradation of carbon-based
compounds, including graphene oxide skeleton structure and PVA
polymers chains (Fig. S4). Therefore, the GP and GPF aerogels would
have larger weight loss at 600 �C. More importantly, the onset
temperatures of the GPF aerogels and the GP aerogels are measured
to be 188 �C and 153 �C, respectively, indicating the higher thermal
stability of the GPF aerogels [24]. This supports our hypothesis that
the two-step crosslinking reaction for the GPF aerogels can ensure a
higher crosslinking degree, and consequently a stronger bonding
interaction than that of the GP aerogels with the one-step cross-
linking reaction, thereby leading to greater thermal stability of the
GPF aerogels. The Raman spectra are shown in Fig. 2f. The typical D-
band and G-band can be observed in all the samples, with the ID/IG
ratio calculated to be 0.739, 0.767 and 0.796 for GO, GP and GPF
aerogels, respectively [25]. Moreover, the peak values of G-band are
found to be downshifted from 1592.21 cm�1 of GO to 1590.26 cm�1

for GP aerogel and 1589.80 cm�1 for GPF aerogels, respectively,
which could be explained as the consequence of the charge transfer
between the hydroxyl groups of PVA and the oxygen-containing
functional groups of GO agglomerates [22,26], thereby indicating



Fig. 3. Moisture-dependent reversible shape memory transformation of the hydrated GPF aerogels. (a) Moisture-responsiveness of the hydrated GPF and GP aerogels upon
complete dehydration and rehydration (scale bar, 1 cm). (b) SEM images of the hydrated GPF aerogel (tested after freeze-drying) and the completely dried GPF aerogel, respectively,
showing that the mechanism of the large deformation results from the reversible shrinking/swelling of the microscopic pores. (c) The hydrated GPF aerogel with controllable shape
memory capability by simply regulating the amount of water added into the aerogel. Eventually, the GPF aerogel will recover to its initial state without further swelling. (A colour
version of this figure can be viewed online.)
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the strong interactions between GO and PVA after the incorpora-
tion of GO into the PVA matrix.

XPS analysis (Fig. 2g, S2 and Table S2) was also conducted to
verify the chemical structures of GO, GP and GPF aerogels.
Comparing the spectra of GO and the GP aerogel, a new peak at
258.7 eVwhich can be assigned to sp3 CeC bond is appeared arising
from the addition of PVA after the 1st crosslinking reaction. It is
worth noting that the peak of COOH in GO is shifted to 288.2 eV in
the GP aerogel, which could be attributed to the conversion of
COOH (carboxyl) bonds to C(O)OC (ester) bonds by the esterifica-
tion reaction, proving the successful crosslinking between GO and
PVA [22,27,28]. In the case of the GPF aerogel, the drastic decrease
of CeO peak intensity could be related to the transformation of the
CeOH groups to the CeOeC groups by the second crosslinking
reaction. So the peak area of CeO in GPF aerogel decreases while a
new peak at 286.0 eV is observed corresponding to the CeOeC
bonds [19,22]. The formation of ether linkage between GO and PVA
could significantly increase the bonding interactions, thereby
leading to the enhanced structural stability.
3.2. Moisture-dependent reversible shape memory transformation

The desert resurrection plant, Rose of Jericho, can show
remarkable hydro-responsive shape transformation by curling or
uncurling their stems to survive extreme desiccation as mentioned
above. Similar to this plant, the hydrated GPF aerogels also exhibit
outstanding reversible shape memory transformation upon dehy-
dration and rehydration. The as-prepared GPF aerogels after freeze-
dry are able to absorb liquid (water or even organic liquids) by
capillary effect due to the well-defined porous structures upon
immersion. Therefore, the GPF aerogels are firstly wetted by
immersing inwater to get the hydrated GPF aerogels, and the water
content in the aerogel (weight ratio between water and aerogel,
mwater/maerogel) is measured to be around 5200%. Experiment re-
sults (Fig. S5) show that the hydrated GPF aerogels (F ~ 20.15 mm,
h ~ 11.66 mm) can experience a dramatically large deformation and
essentially shrink into a tightly packed small flake (F ~ 4.41 mm,
h ~ 2.25 mm) when dried naturally for 4 days under ambient
condition (room temperature ~22 �C, 1 atm, humidity < 20%),
similar to the curling process and the “stress mode” of the dried
Rose of Jericho. Interestingly, although the GPF aerogels are
completely dried out by dehydration, they are found to awaken and
swell back to their initial geometric shape with the same volume
and 100% recovery (Fig. 3a, top and Fig. S6) when exposed to water
again for 7 days, similar to the uncurling process and the “relax
mode” of the rehydrated Rose of Jericho by responding to moisture.
However, the reversible shape memory is not observed for freeze-
dried GO agglomerates (Fig. S8a) or GP aerogels (Fig. 3a, bottom).



Fig. 4. Polarity-dependent switchable flexibility of the GPF aerogels in different solvents. (aec) 10-cycle stress-strain curves up to 50% strain of the GPF aerogel exposed to polar
solvents: (a) water, (b) DMSO and (c) DMF. Inset images show the pictures of the GPF aerogels before and after compression, indicating the reversible compressibility of the GPF
aerogel in corresponding polar solvents. (def) Stress-strain curves up to 50% strain of the GPF aerogel exposed to nonpolar solvents: (d) xylene, (e) cyclohexane and (f) hexane. Inset
images show the pictures of the GPF aerogels before and after compression, indicating the irreversible compressibility of the GPF aerogels in nonpolar solvents. (A colour version of
this figure can be viewed online.)
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The GO agglomerates are totally decomposed into water after 3 h,
showing the ultralow solvent stability in water due to the lack of
crosslinking integration. For the GP aerogel, the dehydrated GP
aerogel can swell when exposed to water again, however, the
diameter of rehydrated GP aerogels is measured to be only 70.9% of
the initial hydrated GP aerogel.

For Rose of Jericho, the reversible hydro-responsive behavior of
the stems is mainly attributed to the existence of free water in the
interior of the cells and the bound water molecules that are
absorbed into the microscopic voids of the fibrous cell walls [13,14].
During dehydration, the evaporation of free water in the cells and
bound water molecules in the microscopic voids results in the
shrinkage of their fibrous cell walls, which produces a driving force
for the deformation. As for the mechanism of curling movement for
the stem upon dehydration, it is explained in the later section. In
the case of the hydrated GPF aerogel, the well-defined in-
terconnections of the porous material would act as the cell walls.
Evaporation of interior water molecules inside the cells during
dehydration would contribute to the dramatic shrinkage of the cell
volume, and transform the 3D cellular structure into highly-packed
cell walls (Fig. 3b) [29e31]. Therefore, the flexible GPF aerogels
would shrink into a tightly packed flake upon dehydration, but
reversibly swell back to original shape ensured by microscopic
swelling of cells upon rehydration.

Beyond the reversible shape change displayed between the
natural dehydration and rehydration, the hydrated GPF aerogels
also exhibit outstanding controllable shape memory capability
(Fig. 3c, SI Video 1). When the hydrated GPF aerogels are fully
compressed, such that most water absorbed in the aerogel is
squeezed out, the three-dimensional cellular structured aerogels
become tightly packed into a coin shape. However, once the thirsty
and densely-packed GPF aerogels are rehydrated by drinking water,
the aerogels can immediately (less than 1 s) and proportionally
respond to the moisture in a controllable manner. Eventually, they
recover to their original geometric shape without further volume
expansion, even though additional water is provided. The observed
controllable shape memory capability of the hydrated GPF aerogel
might result from the fact that the extraction of water from the fully
hydrated aerogels upon compressionwould reduce the cell volume
of the porous structure. Once exposed towater, the GPF aerogel will
immediately absorb water driven by the capillary effect with easy
controllability by adapting the amount of water added. Thanks to
the highly cross-linked 3D network of the GPF aerogel, it can
recover to the initial geometric shape without further swelling. It is
worth noting that more than the coin-like shape, the hydrated GPF
aerogels can also be compressed into diverse shapes including the
cubic, capsule, etc according to the designing (Fig. S7). Once the
compressed aerogels are exposed to water again, the aerogels will
absorb water and recover to their initial shape within 15e20 s.
Therefore, this controllable and reversible transformative feature
with a fast response will allow for the GPF aerogels to advance in
many emerging science and engineering areas, including surgical
soft robotics and actuators.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2020.01.104.
3.3. Polarity-dependent switchable flexibility

Knowing the GPF aerogels are demonstrated with the moisture-
dependent reversible shape memory transformation, the me-
chanical properties of the aerogels are further investigated when
absorbed with different liquids, including polar solvents (water,
DMSO, DMF, polarity index>5) and nonpolar solvents (xylene,
cyclohexane, hexane, polarity index<3). The liquid contents in the
GPF aerogels when exposed to different solvents are listed in
Table S4. Surprisingly, the GPF aerogels exhibit smart and adaptable
responses of mechanical flexibility with respect to the polarity of
fluids in which they are exposed to. Fig. 4a and f shows the

https://doi.org/10.1016/j.carbon.2020.01.104
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mechanical properties of the GPF aerogels up to 50% compressive
strainwhen exposed to different fluids. As shown from Fig. 4a and c,
when exposed to the three polar solvents, the GPF aerogels can
recover to their initial height after being compressed at 50% strain
for 10 cycles. The greatest stresses during the 1st cycle are
measured to be only 5.1, 3.6 and 5.4 kPa in water, DMSO and DMF,
respectively, clearly indicating the mechanical flexibility of the GPF
aerogels in polar solvents [32]. In addition, the GPF aerogel can
sustain large deformation under compression and recover back to
its original geometrical state without any noticeable structural
failure when exposed with the three polar solvents as shown in the
inset images and SI video 2. In sharp contrast, such reversible
compressionerecovery behavior of the GPF aerogels is not
observed in nonpolar solvents including xylene, cyclohexane and
hexane (SI Video 3). The GPF aerogels were found to be incapable of
recoverability, as their highly networked cellular structure
collapsed and failed during the 1st cyclic compression (inset im-
ages). The stress-strain curves (Fig. 4def) showed that the perma-
nent deformations of GPF aerogels in xylene, cyclohexane and
hexane are observed to be 40.48%, 38.66% and 40.45%, respectively.
More importantly, the greatest stresses of the GPF aerogels during
the 1st cycle are measured to be 103.25, 99.30 and 106.53 kPa in
xylene, cyclohexane and hexane, respectively. These results can
indicate that the GPF aerogels develop around 20 times greater
stress when exposed to nonpolar solvents, maintaining the “stress
mode” with substantially higher stiffness, while generating the far
less stress in polar solvents, switching themselves into the “relax
mode” with high flexibility. In addition, the solvent with inter-
media polarity (ethanol) is also used for the GPF aerogels (Fig. S9). It
is interestingly found that the GPF aerogels are collapsed under
compression; however, the greatest stress is measured to be
48.30 kPa, which falls in between the value of the GPF aerogels in
polar and nonpolar solvents. Therefore, the GPF aerogels are
demonstrated to possess newly-developed unique stimuli-
responsiveness; that is the switchable mechanical flexibility
depending on the polarity of solvents in which they are immersed.
It is worth noting that the polarity-dependent switchable flexibility
is not observed in our experimental investigation for the GP aero-
gels or the commercially available hydrogel beads (Section S1). GP
aerogels are collapsed under compression no matter in polar or
nonpolar solvents, while commercial hydrogel beads are observed
to be only expandable and compressible in water.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2020.01.104.

The observed switchable mechanical flexibility of the GPF aer-
ogel, depending on the polarity of absorbed fluids, could be mainly
attributed to the competition between the solvation and cohesion
effects. Solvation effect is the consequence of the intermolecular
interactions between solvent and solute, while cohesion effect re-
fers to the cohesive force that binds molecules (intermolecular
interactions between solute molecules). The solute molecules are
separated and dissolved in the solvent when solvation effect is
greater than the cohesion effect [33]. Abundant oxygen-containing
functional groups of GO and plenty of hydroxyl groups of PVA
polymer chains ensure the strong solvation effect of the GPF aer-
ogels in polar solvents [34], while a weak solvation effect is ex-
pected when the aerogels are immersed in nonpolar solvents.
Meanwhile, the GPF aerogels with two-step crosslinking reaction
are supposed to have a high crosslinking degree and great molec-
ular weight/size, and consequently the strong cohesion forcewhich
would result in low solubility. When the GPF aerogels are exposed
to a polar solvent, the strong solvation effect in the GPF aerogel can
be developed and dominant in the solvent. The solvation effect is
large enough to soften the PVA molecular segments; however, it
may not be strong enough to overcome the cohesion effect of the
interconnected network structure with greater binding force. As a
consequence, the GPF aerogels can exhibit mechanical flexibility
and solvent stability in polar liquids. During the cyclic compres-
sions, upon unloading, the flexible molecular segments of PVA
chains will stretch out spontaneously and the aerogel can come
back to the original shape. Therefore, the GPF aerogels are observed
with reversible compressibility in a polar solvent. However, once
the GPF aerogels are immersed in nonpolar solvents, weak solva-
tion can be developed and dominant, which makes the PVA mo-
lecular segments nearly frozen. Such a weak solvation effect
coupled with a highly cross-linked network structure can provide
the GPF aerogels with high strength/stiffness, while they never-
theless are brittle, which then leads to the permanent collapse and
catastrophic failure of their cellular structures under high
compressive loadings. In addition, it is worth noting that the
further compressive testing of the GPF aerogels in water (Section
S2) demonstrated the extremely high compressibility (10 cycles
at 80% strain) and outstandingmechanical durability (10,000 cycles
at 20% strain) of the hydrated aerogels, which can greatly enhance
their potential for the use in engineering applications where both
structural compressibility and stability are necessary.

3.4. Imbibition-dependent programmable shape morphing
capability

In addition to the moisture-dependent reversible shape mem-
ory transformation and the polarity-dependent switchable flexi-
bility, the multiple-stimuli responsiveness of the GPF aerogels is
also revealed by the imbibition-dependent programmable shape
morphing capability. In order to further investigate the unique
shape morphing behavior, the GPF aerogel is cast into a strip with a
quasi-rectangular shape. Fig. 5a shows the time-lapse photographs
of the GPF aerogel upon imbibition of one droplet of DMSO liquid in
the middle of the aerogel strip. The liquid is immediately sucked
into the aerogel due to the high wettability and the capillary effect
(Fig. S13). Different from the typical polymer sponges or hydrogels
which often swell upon the contact with liquid, the wetted region
of the GPF aerogel starts to shrink along with the radical capillary
penetration. As the wet-dry interface gets deeper, a symmetric rise
of the two sides of the strip is observed (Fig. 5a, SI Video 4), dis-
playing the shape morphing from a flat strip to a V-shaped
configuration. The plot of curvature against time is shown in Fig. 5c.
The shape morphing rate can be evaluated to be slow-fast-slow
according to the slope of the diagram, and the maximum curva-
ture at 4 min was observed to be 0.32 mm�1. After the maximum
deformation, the two sides of the aerogel strip fall back down to flat
state at 11 min, and the aerogel strip returns to its original geo-
metric shape eventually by adding additional DMSO drop-by-drop
onto the deformed strip. After freeze-drying, the aerogel strip be-
comes available for another shape morphing cycle with the imbi-
bition of liquid droplet. While Rose of Jericho shows only curling/
uncurling configuration depending on dehydration or rehydration,
the GPF aerogel strips are shown to be programmable to achieve
different shape transformations. Fig. 5b shows the time-lapse
photographs of the GPF aerogel strip upon imbibition of two
droplets of DMSO liquid on both left and right sides of the aerogel
strip, respectively, which are equal distance from each end of the
strip. With this imbibition, the two sides of the GPF aerogel rise
simultaneously, transforming into a U-shape configuration just like
a person with two arms up. The maximum curvature (Fig. 5c) at
4 min was observed to be 0.49 mm�1. Once again, by adding
additional DMSO drops, the U-shaped aerogel strip recovered and
returned its original flat shape (SI Video 5).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2020.01.104.
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Fig. 5. Programmable shape memory capability driven by the imbibition of DMSO droplet into the GPF aerogel strip. (a) Time-lapse photographs showing the actuation of the GPF
aerogel strip by imbibition of one droplet of DMSO in the middle. The aerogel strip shows programmed V-shaped configuration and then recovers to initial shape by adding
additional DMSO (scale bar: 1 cm). (b) Time-lapse photographs showing the actuation of the GPF aerogel strip by imbibition of two droplets of DMSO at the left and right sides,
respectively. The aerogel strip shows programmed U-shaped configuration and then recovers to initial shape by adding additional DMSO (scale bar: 1 cm). (c) Plot of curvatures
against time for the GPF aerogel strips from the initial state to the maximum deformation during V-shaped and U-shaped transformation. (d) Schematic image showing the
simplified outer stem structure of Rose of Jericho, and the corresponding curling transformation mechanism upon dehydration. (e) SEM images and photographs of the GPF aerogel
strip showing the morphing mechanism upon DMSO liquid imbibition. (A colour version of this figure can be viewed online.)
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With respect to the shape morphing mechanism, for Rose of
Jericho, the stem (Fig. 5d) can be seen as a bilayer composed of the
non-lignified active layer (adaxial side, flexible) and the lignified
passive layer (abaxial side, stiff). Upon dehydration, the flexible
adaxial side generates greater shrinkage deformations compared to
the stiff abaxial side. Different shrinkage strains induced between
adaxial side and abaxial side are relaxed through conformational
changes, thereby leading to the curling of stem [13]. The pro-
grammable shape morphing capability of the GPF aerogel can be
explained by the unique switchable flexibility of the aerogel and
the capillary effect of the liquid. Similar to the bilayer structure of
Rose of Jericho, the SEM image (Fig. 5e) indicates that the aerogel
wetted with the DMSO droplet also consists of a bilayer composed
of the wetted active layer (top, flexible) and the dry passive layer
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(bottom, stiff), which is separated by the wet-dry interface. After
adding one droplet of DMSO liquid on the porous GPF aerogel
(Fig. 5e, left), the liquid is penetrated into the initially dry and
undeformable aerogel due to capillary suction. According to the
unique polarity-dependent switchable flexibility as discussed
above, the wetted regions of the GPF aerogel by DMSO liquid show
ultra-flexibility, while the dry regions of the GPF aerogel still keep
high stiffness. Upon imbibition of DMSO liquid, the flexible wetted
region of the GPF aerogel starts to shrink their micro-sized pores of
the top layer, resulting from the cohesive force (surface tension)
and the developed capillary pressure of the penetrated liquid in the
micro-sized pores (Section S3) [35], while the stiff dry region re-
mains undeformable (Fig. 5e, center). As the wet-dry interface
moves along with the liquid droplet imbibition, the developing
strain gradient between top (wetted) and bottom (dry) layers in the
GPF aerogel strip results in the observed gradual deformation. The
strip achieves its maximum deformation when the liquid is pene-
trated to the bottom boundary (Fig. 5e, right). Therefore, the shape
morphing of both the plant and the GPF aerogel strip are based on
the bilayer structure. However, the interesting part is that the active
layer of the GPF aerogel strip shrinks when liquid is absorbed, while
the active layer of the plant (or general hydrogel) shrinks when
liquid is extracted. By adding more DMSO drops, the micro-sized
pores in the shrinkage parts would be expanded resulting from
the capillary suction of abundant DMSO liquid, which leads to the
reversible shape morphing behavior of the GPF aerogel strip. It
should be here noted that the GPF aerogels could also offer the
shape morphing capability with programmability and easy-to-
control features [36]. Moreover, to the best of our knowledge,
distinct from previously reported typical swell-based shape
morphing materials, this is the first experimental report about the
shape transformation based on the capillary suction and the
shrinkage effect when liquid is absorbed. This controllable shape
morphing capability would be far more effective when such
nanoaerogel-based strip structures are designed and optimized
into three-dimensional structures.

4. Conclusion

Inspired by the desert plant Rose of Jericho, the GPF aerogels
with multiple-stimuli responsiveness were successfully fabricated
and investigated in this study. The GPF aerogels are found to have
three intriguing stimuli-responsive capabilities including the
moisture-dependent reversible shape memory transformation, the
polarity-dependent switchable flexibility, and the imbibition-
dependent programmable shape morphing capability. It was
demonstrated that the aerogels can experience extremely large
deformations in a favorable way and return back to the original
shape upon fully dehydration and rehydration. In fact, the hydrated
GPF aerogels outperform the plant and they are observed to possess
a moisture-driven controllable shape memory capability. In addi-
tion, it was experimentally observed that the aerogels are resilient
and reversibly compressible in polar solvents, while they become
substantially stiff and brittle, and incompressible in nonpolar sol-
vents. The hydrated aerogels can maintain their structural integrity
after being compressed for more than 10,000 cycles at 20% strain,
demonstrating extremely long-term structural durability. More
importantly, the GPF aerogels developed in this study possess the
programmable shape morphing capability. By controlling and
designing the locations of imbibition of liquid droplets within the
nanoaerogels, they were able to change their shape into the V-
shaped or U-shaped configurations in a programmable manner due
to localized shrinkage, and also recover and return to their original
shape. The outstanding features of the porous materials will
become far more effectivewhen the nanoaerogels can be optimized
and engineered in three-dimensional structures. These multiple-
stimuli responsive capabilities of such nanoaerogels can show
great potential for the use as advanced sensors/devices, surgical
robotics, tissue engineering, and other smart responsive engi-
neering applications.
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