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Biomimetic Graphene Actuators Enabled by Multiresponse
Graphene Oxide Paper with Pretailored Reduction Gradient

Dong-Dong Han, Yu-Qing Liu, Jia-Nan Ma, Jiang-Wei Mao, Zhao-Di Chen,

Yong-Lai Zhang,* and Hong-Bo Sun

The strong interaction between water molecules and graphene oxide (GO)
enables moisture-responsive graphene actuators, revealing great potential for
soft robots. However, current strategies for developing smart graphene actua-
tors fail to tailor their material property gradient in a controlled manner, and
the driving manner is usually limited to single stimulus actuation. Here, a
facile preparation of humidity/thermal/light multiresponsive graphene actua-
tors by sequential vacuum filtration of GO and reduced GO (RGO) aqueous
solutions is reported. The photoreduction degree of RGO layer is tuned pre-
cisely beforehand by changing ultraviolet (UV) light irradiation time, and thus
a pretailored reduction gradient along the normal direction of the GO/RGO
bilayer paper would form in a highly controlled manner. Taking advantage of
the competitive water adsorption between the GO and RGO layers, as well

as the thermal-, light-promoted desorption, the GO/RGO bilayers deform in
response to moisture, light, and temperature changes; and the deformation
degree can be modulated by controlling the gradient of oxygen-containing
groups (OCGs). As a proof of principle, a humidity-responsive graphene
mimosa and a humidity/thermal/light multiresponsive graphene actuators
are fabricated. The GO/RGO bilayer paper with pretailored reduction gradient
holds great promise for easy fabrication of biomimetic actuators that enable

performing predictable deformation.

Stimuli-responsive materials (SRMs)l! that can deform them-
selves and perform special motions under external stimuli have
revealed great potential for versatile applications ranging from
energy conversion devices, artificial muscles, to robotics.?l As
a main type of SRMs, bi/multilayer materials have been inten-
sively investigated due to their fast and reversible response to
surroundings, as well as large-scale and controllable deforma-
tion.®] A basic working principle for such bi-/multilayer SRMs
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is the asymmetric expansions/contrac-
tions among different material layers.]
According to this guideline, bi-/multilayer
SRMs that enables bending, twisting,
folding, and even origami at micro/
nanoscale have been successfully developed
based on a wide range of functional mate-
rials. For examples, Gracias and co-workers
successfully developed a series of stimuli-
responsive W-grippers with bilayer struc-
tures for biomedical applications.’) Zhang
et al. reported SiGe/Si/Cr helical coils and
Si/Cr p-claw by the edge effect®! Hay-
ward and co-workers fabricated thermally
actuated p-Randlett's flapping bird with
poly(p-methylstyrene)/poly(N-isopropyl
acrylamide-co-sodium acrylate) /poly(p-
methylstyrene) trilayer structures.’! To
date, despite the fact that various bi-/mul-
tilayer SRMs have been well designed and
prepared by rational assembly of different
material layers, continued efforts in devel-
oping novel materials systems for multire-
sponsive actuation are still highly desired.
Recently, graphene and its derivatives
(e.g., graphene oxide, GO) have been
considered ideal candidates to make
bi-/multilayer SRMs, since they are natural 2D materials that
possess fascinating characteristics such as flexibility, conduc-
tivity, transparency, excellent stability, biocompatibility, and
several unique chemical/physical properties.®l Notably, GO is
very sensitive to environmental humidity due to the presence
of a large amount of oxygen-containing groups (OCGs).”! Pre-
viously, Okuzaki et al. had reported that conducting polymers
possessing plenty of hydrophilic functional groups, such as
polypyrrole and poly(3,4-ethylenedioxythiophene)/poly(4-sty-
rene sulfonate) films,!'%!2 are moisture responsive and can
be employed for developing soft actuators. Similar with these
conducting polymers that can deform upon sorption and des-
orption of water, GO is also moisture responsive. The adsorp-
tion, desorption, and free permeation of water molecules make
GO very promising for humidity sensors,'¥ generators,!'
motors,®l and functional membranes used for sea water
desalinization.®! Owing to the strong interaction with water
molecules, GO has also been successfully employed to fabricate
humidity-responsive actuators. As a pioneer work, Qu and co-
workers first fabricated fiber-type moisture-responsive graphene
actuators by selective laser reduction of GO fibers, in which
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Figure 1. Schematic illustration of the fabrication of multiresponsive graphene actuators with predictable deformation. a) Photographs of GO and
RGO-x solutions prepared by 1, 2, 3, and 4 h UV irradiation, respectively. b) The GO/RGO bilayer films were prepared by sequential vacuum filtration
of RGO-x (x = 1-4 h) and GO, respectively. c) Schematic illustration and corresponding photographs of the reversible deformation of the multire-
sponsive GO/RGO-x ribbons. d) Schematic illustration of the responsive mechanism: competitive adsorption/desorption of water molecules between

GO/RGO-x bilayers induced asymmetric volume changes.

predictable deformation including a folded, hook, S-shaped,
and self-supporting spring structures can be achieved.l'”l In our
precious works, a self-controlled photoreduction treatment of
GO using sunlight or UV irradiation as a light source has been
proven workable to generate GO/RGO bilayers, enabling the
development of paper-type moisture-responsive actuators.!8l
Despite the fact that GO-based actuators can be fabricated by
selective reduction of GO, current strategies mainly rely on
the post-treatment of GO, which inevitably used special instru-
ments and involved complex procedures. In most cases, it is
really difficult to get precise control over the reduction gradient
of GO, and thus the deformation degree of the resultant GO/
RGO bilayer actuator is usually uncontrollable, which limits
their practical application in robotics.

Actually, unlike the postreduction of solid GO films, the
liquid-phase GO photoreduction protocol permits exquisite
control over the contents of OCGs’ residual on GO sheets by
tuning the irradiation time continuously. In this regard, pre-
tailoring the GO reduction gradient before the formation of
bilayer structures seems a better way to control the deformation
behavior of GO/RGO bilayer actuators. Herein, we report a very
simple preparation of humidity/thermal/light multiresponsive
graphene actuators by sequential vacuum filtration of GO and
reduced GO (RGO) with pretailored reduction gradient. The
development process of these actuators is both simple and
ingenious, making it possible to prepare easily graphene-based
actuators for which the deformation can be controlled. GO/
RGO bilayer actuators with controllable deformation have been
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successfully fabricated for designing biomimetic paper robots.
Taking advantage of the competitive water adsorption between
the GO/RGO layers, and the thermal-, light-promoted water
desorption processes, a multiresponsive insect-like graphene
paper robot has been demonstrated as a proof of concept.

To get precise control over the reduction gradient, we first
modulate the photoreduction degree of GO in aqueous solution
by tuning the UV irradiation time from 1 to 4 h. As shown in
Figure 1a, with the increase of irradiation time, the color of GO
aqueous solution changes from yellowish brown to black grad-
ually, indicating the reduction of GO. We selected four typical
RGO samples named RGO-x (x is the photoreduction time in
hour) for the fabrication of bilayer actuators. Figure 1b shows
the preparation process, and four typical GO/RGO-x bilayer
films were prepared by sequential vacuum filtration of RGO-
x samples and pristine GO, respectively. After drying under
ambient conditions, the GO/RGO-x bilayer films were peeled
off for further usage.

Notably, the OCGs have strong interaction with water mole-
cules, making GO and RGO very sensitive to the environ-
mental humidity. Figure 1c shows the photographs and the
schematic illustrations of a series of free-standing GO/RGO-x
(x=1, 2, 3, 4 h) ribbons at 33% RH (Figure 1c, left) and at 97%
relative humidity (RH) (Figure 1c, right), respectively. For dif-
ferent bilayers, the curving degree is variable. By pretailoring
the reduction degree of the RGO-x layer, a continuously tuned
curving variation has been achieved. As compared with the pos-
treduction method reported previously, the pretailored RGO
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Figure 2. a) SEM image of the section view of GO/RGO-4 bilayer film. b—f) SEM images of GO, RGO-1, RGO-2, RGO-3, and RGO-4 surfaces, respec-
tively. g) C1s XPS spectra of the GO side and RGO-x sides. h) Survey spectra of the GO side and RGO-x sides. i) Dependence of C—C, C—0, C=0, and

O atom percentage of the GO side and RGO-x sides on UV irradiation time.

reduction degree enables more precise control over the OCG
residuals and the deforming behavior. We explain the mecha-
nism in Figure 1d. Generally, the layer where there exist more
OCGs would show relative higher water adsorption capacity. For
GO layer, the adsorption capability is constant; whereas in the
RGO-x layer, the adsorption capacity is variable. Relative long
time photoreduction treatment would result in less OCGs resid-
uals, and therefore poorer water adsorption. The competitive
water adsorption between the GO and RGO-x bilayers directly
causes a mismatch in swelling degree, giving rise to a curving
deformation toward the RGO side. In this regard, the precise
control of the reduction degree of the RGO-x layer may govern
the water adsorption capacity and influence the deforming
behavior. Moreover, since water adsorption/desorption is
reversible, the curving and straightening are also reversible.
To promote the responsive properties, thermal or light stimuli
could also be used to accelerate water desorption. In this way,
humidity/thermal/light multiresponsive graphene actuators
with tunable curving variation have been prepared by pretai-
loring the reduction gradient of GO.

The section and surface morphology of the GO/RGO-x
(x = 1-4 h) bilayer film was analyzed using scanning electron
microscopy (SEM) images. Figure 2a shows the cross-sectional
SEM image of the GO/RGO-4 bilayer film. The thicknesses
of both GO and RGO-x (x = 1-4 h) layers are controlled to be
=1.3 um. No obvious interface could be identified from the
image since both GO and RGO-4 reveal a stacked layered struc-
ture. In addition, the surface morphology of GO and RGO is
also quite similar. Figure 2b—f shows the top-view SEM images
of the GO and RGO-x (x = 1-4 h) surfaces. Typical wrinkles can
be observed from both GO and RGO sides.

X-ray photoelectron spectroscopy (XPS) was used to further
evaluate the surface chemical compositions and functional groups
of GO and RGO-x (x = 1-4 h). As shown in Figure 2g, the decon-
voluted peaks of the C 1s spectra, centered at 284.6, 286.6, and
288.2 eV, represent the C—C (nonoxygen ring), C—O (hydroxyl
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and epoxy carbon), and C=0 (carbonyl), respectively. The intensi-
ties of the peaks attributing to C—O decrease distinctly with the
increasing of UV irradiation time, while the peak intensity corre-
sponding to C=0 decreases slightly. On the contrary, the content
of carbon not bonded to oxygen grows prominently from 48.3%
to 70.8%, indicating the gradually increased reduction degree
of GO. As expected, for GO and RGO-x (x = 1-4 h), C 1s and
O 1s signals were detected in the XPS survey spectra, respec-
tively (Figure 2h). Peak analysis of the survey spectra revealed
that the C/O atom ratio increased from 2.3 to 3.4, and the total
O content reduced from 30.45% to 22.98 at% during 4 h UV irra-
diation, confirming the precise control over the OCGs’ residual
(Figure 2i). In our work, we found that further extending the
irradiation time shows less obvious influence on the reduction
degree. The RGO sample tends to be stable after 4 h irradiation.
Therefore, in this work, the GO reduction degree can be contin-
uously tuned within this range. However, it should be pointed
out that the reduction degree could be further extended by using
different light sources. Nevertheless, the thorough reduction of
GO may result in poor solubility even flocculation from the solu-
tion, affecting the formation of smooth films. Besides, it is worth
noting that GO prepared from different batches, or purchased
from different suppliers, may have different O contents due to
the different degrees of oxidation or using different graphite as
raw materials. Thus, continuous control of the OCGs’ residual
and forming an obvious OCGs’ gradient are quite important to
realize the moisture-responsive properties.

The responsive properties of the GO/RGO-x (x = 1-4 h)
bilayer actuators were carefully evaluated by changing the sur-
rounding humidity, thermal, and light conditions. Under the
humidity condition, GO/RGO-x bilayer films bend toward the
RGO side because of the water adsorption—-induced expansion
of GO layer. As shown in Figure 3a, the curvature of GO/RGO-x
bilayer ribbons (width 1.0 mm and length 12 mm) increased
with the rise of environmental humidity from 33% RH to 97%
RH. On the contrary, the GO single layer film (GO/RGO-0)
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Figure 3. Humidity-, thermal-, and light-responsive properties of GO/RGO-4 films. a) Dependence of the curvature of the GO/RGO-x bilayer film on
UV irradiation time and RH varies. b) Humidity-response and recovery properties of the GO/RGO-4 bilayer film. RH was switched between 33% and
97%. AC is the curvature variation. c) Thermal-response and recovery properties of the GO/RGO-4 bilayer film. Temperature was switched between
25 and 80 °C (RH = 97%). d) Light-response and recovery properties of the GO/RGO-4 bilayer film. The light intensity is =130 mW cm~2 (RH = 97%).

shows undetectable deformation under different humidity
values. For different GO/RGO-x ribbons, the RGO layer pre-
pared under long time photoreduction treatment shows a rela-
tive higher curving degree. A maximum curvature of =4.1 cm™!
was obtained in the case of GO/RGO-4 ribbon. Importantly,
by tuning the photoreduction degree of the RGO layer, we
can precisely control the curving degree of the bilayer ribbon
at a certain RH. This is critical for further application is robot
design, because, to realize complex performance, there is a
need of employing a series of responsive ribbons with different
deforming variations under a certain condition.

In this work, the GO/RGO bilayers are very sensitive the
environmental humidity, and the response time is very short.
Typical curvature-responsive time curve of GO/RGO-4 ribbon
is shown in Figure 3b. The curvature of GO/RGO-4 increases
from original value (=0 cm™) to =4.1 cm™ within =12 s when it
was exposed to moisture (97% RH). The curvature restores its
original value after the bilayer ribbon returns to ambient con-
dition (33% RH) within =6 s. The response is so fast that for
a bending and straightening cycle between 33% and 97% RH,
it only takes less than 20 s. Moreover, the responsive proper-
ties are also very stable. The average curvature variation almost
keeps a constant value between 33% and 95 % for 100 cycles,
and the root mean square error (RMSE) of curvature for mois-
ture, thermal, and light actuation for 100 cycles is calculated
to be 0.086, 0.086, and 0.075, respectively (Figures S1-S3,
Supporting Information). The response time can be further
shortened by using thermal or light stimuli to accelerate the
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water desorption. When the temperature of the surrounding
environment was increased to 80 °C, the curled of GO/RGO-4
ribbon (curvature variation, AC = 4 cm™) turns to straight
state rapidly with in 2.2 s (Figure 3c). When the hot plate
was removed, the curvature recovered to the maximum value
(AC = 4 cm™) after =13 s. In addition to thermal effect, the
photothermal effect of GO is also workable. Under light illu-
mination, the photoenergy absorbed by GO can be converted
to heat, which rises the local temperature and thus acceler-
ates desorption of water molecules. The photothermal effect—
induced water desorption can lead to obvious deformation of
the GO/RGO bilayers. Under the illumination (light intensity
=130 mW cm™), a curled GO/RGO-4 ribbon become straight
in 2.6 s (AC = 4 cm™), and after the removal of the light source,
it recovered to curling state after =14 s (Figure 3d). In addition,
we also test the curvature change between ambient condition
(33% RH) and 40% RH for comparison (Figure S4, Supporting
Information). Since the change of humidity is small, the defor-
mation is not very obvious. The response time is even faster
than that between 33% RH and 95% RH due to the relative
small deformation degree.

To demonstrate the application of our humidity-responsive
GO/RGO film in biomimetic actuators, we designed and fabri-
cated two devices. As shown in Figure 4a, the first actuator was
inspired from mimosa. We cut the GO/RGO-3 bilayer film into
a flower shape. After that, we attached the GO/RGO-3 bilayer
flower to a tube which is used to control the humidity changes
around our graphene flower (Figure 4b; Video S1, Supporting

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Humidity-responsive performance of our smart mimosa. a) Flower shape was cut and attached on a tube. The tube is used to control
surroundings humidity, in which two holes were cut for humidity spreading. b) The flower can be manipulated by changing surroundings humidity.

Information). After 12 s of humidity on, the flower fully closed
from the flat state. In addition, the flower opens after the
humidity off at 25 s. It took about 7 s to recover to its original
state. The second actuator mimics insects. It is well known that
arthropods usually have the ability to crawl and carry foods
due to the synergy between different curvatures of their legs.
Inspired by arthropods (Figure 5a), humidity/thermal/light-
responsive graphene “insect” was designed and prepared by
combining with different responsive property GO/RGO rib-
bons. As we demonstrated previously, GO/RGO-4 film has the
larger curvature than GO/RGO-2 in certain humidity/thermal/
light. Therefore, the GO/RGO-2 ribbons can be used as legs
to crawl and the GO/RGO-4 ribbons can be used as chela to
carry things. These were assembled with a simple paper skel-
eton to form an integrated humidity/thermal/light-responsive
graphene insect. As shown in Figure 5b (Video S2, Supporting
Information), in the beginning, we put a green tube below the
GO/RGO-4 ribbons. When the light was on and humidity was
off, it took about 3.3 s for the GO/RGO-2 and GO/RGO-4 rib-
bons changing from curled state to straight state, the right GO/
RGO-2 legs moved forward, and the position of paper became
lower. At that time, when the light was off and humidity was
on, GO/RGO-2 and GO/RGO-4 ribbons changed from straight
state to curled state, and the left GO/RGO-2 legs moved for-
ward and pushed the green tube forward. Figure 5c¢ shows the
horizontal displacement of test point 1 versus time. After five
cycles, the whole graphene actuator moved about 2.84 cm in
26 s. Additionally, Figure 5d shows the vertical displacement
of test point 1 versus time. Figure 5e shows the horizontal
displacement of test point 2 versus time. After five cycles, the
whole green tube moved about 3 cm in 24 s.
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In conclusion, multiresponsive graphene actuators have
been successfully fabricated by sequential vacuum filtration
of GO and RGO from aqueous solutions. By controlling the
reduction degree of the RGO samples, the reduction gradient
of the resultant GO/RGO bilayers could be continuously tuned.
Since the presence of OCGs on the GO sheets dominates the
interaction with water molecules, the asymmetric GO/RGO
bilayers that bear different OCG contents may have distinct
water adsorption capacity on each side. Therefore, a mismatch
in swelling degree directly leads to the curving of the bilayer
toward the RGO side. In this work, we tailor the reduction
degree beforehand, so GO/RGO bilayer actuators with tun-
able deforming variation have been successfully fabricated.
The responsive properties have been investigated with care. A
maximum curvature of 4.1 cm™ has been achieved, and the
response/recover times are only 12 and 6 s, respectively. Since
the thermal or photothermal effect can accelerate water desorp-
tion, the bilayer actuators are also responsive to heat and light.
Using these GO/RGO bilayer actuators as basic components,
multiresponsive paper robots that mimic the mimosa and
insects have been demonstrated.

Experimental Section

Preparation of GO and RGO Aqueous Solutions: GO was prepared
from purified natural graphite (Aldrich, <150 um) by following the
Hummers’ method. To remove the residual ions, the GO aqueous
solution was washed for several times. The as-synthesized GO solution
was collected by centrifugation and then redispersed in distilled water
at a concentration of 1 mg mL™" with the aid of ultrasonic treatment.
Then, a 500 W medium pressure mercury lamp (characteristic

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Humidity-, thermal-, and light-responsive performance of our graphene “insect.” a) Schemes for the graphene “insect” responding to sur-
roundings humidity, thermal, and light changes. Both ends used GO/RGO-2 ribbons as legs for crawling and the middle was integrated with GO/RGO-4
ribbons as chela for grasping. Three ribbons curl differently under high humidity (97% RH, right images) and become straight under high light power
(97% RH, left images). b) The graphene “insect” was manipulated by surroundings humidity and light changes. Each grid is 5 mm. c) The horizontal
displacement of the test point 1 versus time in panel (b). d) The vertical displacement of the test point 1 versus time in panel (b). ) The horizontal

displacement of the tube (test point 2) versus time in panel (b).

wavelength, 365 nm) was used as a UV light source to reduce GO in
aqueous solutions in a photochemical manner. The distance between
the light source and the sample was 8 cm. For the RGO samples with
different reduction degrees, the GO aqueous solutions were irradiated
by UV light for 1-4 h at room temperature, respectively. The resultant
RGO samples were designated as RGO-x, where x is the photoreduction
time (hour).

Preparation of GO/RGO Film: First, RGO films were prepared by
vacuum filtration of the RGO-x aqueous solutions. After that, without
drying the RGO film, a GO solution was casted into the funnel for
continuous vacuum filtration. In this way, a GO/RGO bilayer film formed
after air drying at room temperature. Finally, the GO/RGO-x bilayer films
were peeled off for further use. For the moisture-responsive tests, the
GO/RGO-x bilayer films were cut into ribbons with a width of 1.0 mm
and a length of 12.0 mm.

Characterization: SEM images were obtained using a JEOL JSM-
7500 field-emission scanning electron microscope (FE-SEM). XPS
was performed on an ESCALAB 250 spectrometer. The controlled
humidity environments were achieved using saturated aqueous
solutions of MgCl,, K,CO;, NaBr, NaCl, KCI, and K,SO, in a closed
glass vessel, which yielded =33%, 44%, 57%, 75%, 86%, and 97%
RH, respectively.

Supporting Information

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