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Bioinspired Graphene Actuators Prepared by Unilateral UV

Irradiation of Graphene Oxide Papers

Dong-Dong Han, Yong-Lai Zhang,* Yan Liu, Yu-Qing Liu, Hao-Bo Jiang, Bing Han,

Xiu-Yan Fu, Hong Ding, Huai-Liang Xu, and Hong-Bo Sun*

Inspired by natural autonomous systems that demonstrate controllable shape,
appearance, and actuation under external stimuli, a facile preparation of mois-
ture responsive graphene-based smart actuators by unilateral UV irradiation of
graphene oxide (GO) papers is reported. UV irradiation of GO is found to be
an effective protocol to trigger the reduction of GO; however, due to the lim-
ited light transmittance and thermal relaxation, thick GO paper cannot be fully
reduced. Consequently, by tuning the photoreduction gradient, anisotropic
GO/reduced GO (RGO) bilayer structure can be easily prepared toward actua-
tion application. To get better control over the responsive properties, GO/RGO
bilayer paper with a certain curvature and RGO patterns are successfully pre-

revealed great potential in emerging appli-
cations including adaptive optics,’®! intel-
ligent robots,’) unmanned vehicles,!'%
lab-on-a-chip (LoC) systems,!l and micro-
electromechanical systems.['?l Nowadays,
smart actuators also hold great promise
for developing the next-generation smart
products, for instance, eco-friendly wear-
able computers, electronic skins, artifi-
cial muscles, and smart microrobots.!’]
Without any energy supply systems or
coupled instruments, smart actuators
would act as an intelligent component to
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pared for actuator design. As representative examples, smart humidity-driven
graphene actuators that mimic the cilia of respiratory tract and tendril climber
plant are successfully developed for controllable objects transport.

1. Introduction

Smart actuators are devices that can convert external stimula-
tions such as light,!l temperature,) pH value,?! moisture,
magnetic/electric fields,®! and chemicalsl® to visualized move-
ments by fast, reversible and controllable structure/morphology
changes.l”) Owing to the intelligent driving manner, smart actu-
ators have received enormous research interests and already
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realize desired performance such as haptic
stimulus,!'* targets capture/release,!’” and
biomimetic actuations!’® in a controllable
manner. Triggered by these unique advan-
tages, great efforts have been devoted to
rational design and fabrication of smart actuators based on var-
ious material systems. As typical examples, Gracias et al., suc-
cessfully proposed a series of bilayer self-folding devices such
as gripping devices and containers that could be manipulated
by laser,l'”] temperature,['8 chemicals," and even enzymes.!*"!
However, despite the big success, concerns with respect to
mechanical stabilities between different material layers consti-
tute a main barrier for their practical applications, especially
with excessive use. In this regard, current trend that integrates
new mechanical designs into actuation systems is opening new
horizons for new-style advanced actuators.

In the pursuit of novel smart actuators, light-weight and
inexpensive carbon materials have been widely chosen as pre-
ferred candidates due to their fascinating characteristics such
as mechanical robustness, chemical/physical stabilities, and
high dimension variation properties.?!l Especially, as a new
member of the carbon family, graphene and its related mate-
rials (e.g., graphene oxide, GO) are very promising for smart
actuators, since they exhibit enticing physical/chemical proper-
ties (e.g., extraordinary mechanical strength, conductivity, flex-
ibility, large surface area, thermal conductivity, and excellent
biocompatibility)?? and broad perspective.?3! In view of these
fascinating superiorities, graphene-based smart actuators based
on a solo carbon material have been successfully proposed
and are currently being developed for both fundamental and
applied studies. For instance, Qu et al., successfully prepared
the fiber-type smart actuators and robots by laser reduction of
GO fibers.’Yl Recently, we reported a simple photoreduction
method to construct GO/reduced GO (RGO) bilayer actua-
tors using focused sunlight irradiation.”’) However, despite
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the anisotropic treatments impart stimuli-responsive proper-
ties to the resultant graphene actuators, the pinpoint photore-
duction of GO with respect to both direct laser writing!?®l and
focused sunlight irradiation significantly lower the fabrication
efficiency; it is almost impossible to produce such graphene
actuators on a large scale. Additionally, the scanning pro-
cessing manner also makes the GO/RGO bilayer not uniform,
leading to unstable response under external stimulus. More
importantly, the response of such actuators is usually limited
to simple bending and straightening; more complex perfor-
mance is almost impossible. Currently, the researches on gra-
phene actuators are still open for innovative technologies that
permit facile, high-efficiency, and large scale production of
stimuli responsive graphene structures that can perform com-
plex actions.

Herein, we reported a facile preparation of humidity-driven
graphene actuators by unilateral UV irradiation of GO papers.
Surface properties of the GO paper could be drastically changed
after UV irradiation for tens of minutes due to the photoreduc-
tion effects, in which most of the oxygen-containing groups
(OCGs) on GO sheets have been removed. Taking advantage of
the photoreduction gradient that is dominated by light trans-
mittance and thermal relaxation, thick GO paper could not
be fully reduced. Consequently, a self-controlled photoreduc-
tion process could be easily achieved, yielding anisotropic GO/
RGO bilayer structures that could be driven by moisture. To get
better control over their responsive properties, GO/RGO bilayer
paper with a certain curvature and a flat one with RGO patterns
have been successfully prepared. As typical examples, smart
humidity-driven graphene actuators that mimicked the cilia of
respiratory tract and tendril climber plant have been developed
for controllable objects transport.

2. Results and Discussion

2.1. Design Principle

As a chemical-free and highly efficient reduction strategy, pho-
toreduction of GO has been widely used for the production of
graphene, since it permits exquisite control over the content
and the distributions of OCGs on GO sheets. Pioneer works
with respect to radiation-induced GO reduction show that
various radiation sources (e.g., sunlight, UV light, and laser)
are workable for the removal of OCGs on GO sheets?’] or for
inducing obvious chemical transformation on graphene-related
materials.?¥l Kumar et al. even observed the photothermal
effects by measuring the temperature change during the radi-
ation-induced chemical transformation.?®¥ Based on the wave-
length of incident light, the mechanism for photoreduction of
GO could be briefly classified into photochemical reduction
and photothermal treatment.?’l According to threshold argu-
ment reported by Smirnov et al., photon energies larger than
3.2 eV (A < 390 nm) could trigger GO reduction through a pho-
tochemical process.?% Consequently, in this work, we use UV
light with a central wavelength of 365 nm as light source to
reduce GO. The basic design principle of our GO/RGO bilayer
structure is illustrated in Scheme 1. The mechanically flexible
GO paper was prepared by vacuum filtration of GO aqueous
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solution; a free-standing GO paper was obtained after drying
in air at room temperature. Despite the fact that UV light can
trigger the reduction of GO sheets, photoreduction reaction
in the interlayer of GO paper would be effectively suppressed
due to the limited light transmission and thermal relaxation, as
a result, OCGs on the surface layer of GO could be removed;
whereas the bottom layer survived as pristine GO. To prove this
hypothesis, we measured the transmittance spectra of GO paper
of different thickness (Figure S1, Supporting Information).
Thick GO films prevent light transmittance effectively. UV light
with a central wavelength of 365 nm could be fully absorbed
when the film thickness reaches 1.5 pm. In this case, a self-
controlled photoreduction of thick GO film could be achieved
without the use of any chemical additives or shadow masks.
Taking advantage of this self-controlled photoreduction strategy,
we designed and fabricated three typical bilayer structures,
including a flat GO/RGO bilayer (GO/RGO-1), a curving GO/
RGO bilayer (GO/RGO-2), and a patterned GO/RGO structures,
for rational design of smart actuators. In our previous study,
we have investigated the interaction between water molecules
and single layer GO/graphene sheets.3!] Generally, GO sheets
and water molecules could form hydrogen bond due to pres-
ence of OCGs; whereas the interaction between water and gra-
phene sheets is much weaker Van der Waals force. According
to this result, it is reasonable to deduce that GO would show
much higher adsorption capacity of water molecules than that
of RGO. Since the adsorption of water in the GO layer could
induce obvious expansion, the asymmetric GO/RGO structure
would lead to unsymmetrical deformation in humidity due to
the different water adsorption capabilities. This hypothesis is in
good agreement with our experimental phenomenon, as shown
in the inset of Scheme 1. In our experiments, the initial curva-
ture of GO paper could be flexibly determined using curving
substrates with diverse curvatures, so the bending degree of the
resultant GO/RGO bilayer structure could be tuned freely in a
wide range (Scheme 1b). Additionally, with the help of masks,
the radiation-induced photoreduction could be used for making
RGO patterns on the GO paper.’?) Through rational design,
the patterned GO/RGO bilayer structure can perform more
complex actions, for instance, the wave-shaped deformation.
(Scheme 1c).

2.2. Characterization of GO/RGO Bilayer Paper

First, we examined the section morphology of the GO paper
before and after UV irradiation, as shown in Figure 1a,b. Cross-
section scanning electron microscope (SEM) image of the GO
paper shows stacked GO sheets with clear layered structure.
The thickness of the GO paper was =6.5 pm. The top view SEM
image reveals that the GO surface is very flat, only some wrin-
kles could be observed (inset of Figure 1a). By contrast, after
UV treatments for 90 min, the surface became rough; and ran-
domly distributed folds formed all over the RGO side (inset of
Figure 1b). Section view of the GO/RGO paper showed that the
stacked GO sheets were efficiently exfoliated from the upside
layer which was exposed to UV light; and the bottom layer
were still well stacked. In this case, a GO/RGO bilayer struc-
ture formed by simple UV irradiation. The obvious expansion
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Scheme 1. Schematic illustration of the design principle of GO/RGO bilayer actuators, including a) flat GO/RGO paper, b) curving GO/RGO paper,

c) patterned GO/RGO paper, and their predictable responsive properties to environmental humidity. The insets are digital photographs of GO/RGO
bilayer ribbons in dry and moisture conditions.
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Figure 1. a) Cross section SEM image of pristine GO, the inset is SEM image of its surface; b) cross section SEM image of GO/RGO-1 bilayer structure,
the inset is its RGO surface; ¢,d) photographs of the resultant GO/RGO bilayer viewed from the front side c) and the reverse side d), respectively;
e) XRD patterns the RGO side of the bilayer paper prepared by UV irradiation for different time. The inset shows the intensity evolution of the diffrac-
tion peak at 20 = 11.9°. f) The wettability change of the RGO surface versus different UV irradiation time.
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in the RGO region could be attributed to the (a)
photoreduction-induced emission of carbon
species (e.g., CO,, CO)B¥; the film thick-

ness grew to =11.5 pm, which corresponds to c=0
=75% expansion. Since the thickness of the
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&b 0 min ‘013 Cis
c-C 30 min
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60 min

0 min

GO/RGO paper increased with irradiation,
we investigate the thickness ratio between
the RGO layer and the whole GO/RGO paper
(drco/dror) to evaluate the reduction depth.
As shown in Figure S2 (Supporting Informa-
tion), with the increase of irradiation time,
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Intensity (a.u.)

1200 1000 800 600 400 200 O
Binding energy (eV)

the RGO portion (drgo/dror) increased from
0 for pristine GO paper to 0.85 with respect
to that after 150 min irradiation, indicating
the gradually increased reduction depth.
The UV reduction could be easily identified
by the obvious color changes (Figure 1c,d).
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After UV reduction, the dark brown GO
paper turned to black with a metallic luster;
whereas the back side still remained the dark
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gradient along the lateral section.

To evaluate the structure change upon
UV irradiation, we measured the X-ray dif-
fraction (XRD) patterns of the GO paper
irradiated by UV light for different time,
from 0 min with respect to pristine GO to
150 min. As shown in Figure le, with the
increase of irradiation time, the diffraction
peak at 20 = 11.9°, which corresponds to a d-spacing of 7.4 A
between the stacked GO sheets, became weaker and weaker.
The peak intensity decreased as a linear function of reduction
time (inset of Figure le), especially in the first 2 h, which indi-
cates that the RGO layer became disorder after the removal of
OCGs. These results reveal that GO paper could be reduced in
a controlled manner by simply varying the UV irradiation time.
Similar with the reduction degree, the surface wettability of
the RGO surface could also be modulated by irradiation time.
As shown in Figure 1f, the pristine GO paper has a low water
contact angle (CA) of 46°, indicating its hydrophilic nature.
After UV irradiation for different time, CAs of the RGO side
increase monotonically and finally reached a value of 80°. It is
well known that the surface wettability was governed by both
surface roughness and the chemical composition.? Consid-
ering the surface roughness change is not obvious, the increase
in hydrophobicity after UV treatments could be mainly attrib-
uted to the decrease in surface energy, which was caused by the
removal of hydrophilic OCGs.

We also investigate the photoreduction effect on the GO
paper during UV irradiation. In our experiments, the color
of GO paper gradually changed from yellow brown to black
with the increase of UV irradiation time, which indicates the
reduction of GO. To get further insight into the dependence of
photoreduction degree on UV irradiation time, we investigate
the X-ray photoelectron spectroscopy (XPS) of the RGO layers
treated by UV irradiation for different time. Typically, Cls
spectra of RGO films could be deconvoluted into three peaks
that correspond to C—C (nonoxygen ring), C—O (hydroxyl
and epoxy carbon), and C=O (carbonyl) at 284.6, 286.5, and
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Figure 2. a) C1s XPS spectra of the pristine GO paper and the GO/RGO bilayer paper prepared
by UV irradiation for different time, from 0 to 150 min; b) survey spectra of the GO paper and
the GO/RGO bilayer paper; and c) dependence of C—C, C—0O, C=0, and O atom percentage
of the GO/RGO bilayer paper on UV irradiation time.

288.5 eV, respectively (Figure 2a). With the increase of UV
irradiation time, the C—O and C=O peaks decreased, while
the C—C peak increased, indicating the removal of OCGs.
The survey spectra show a more obvious comparison (Figure
2b), the significantly decreased O 1s peaks and the increased
C 1s peaks reveal that the photoreduction degree could be pre-
cisely controlled by irradiation time. Notably, for pristine GO,
OCGs are very rich; the content of oxygen atoms is as high
as 31.2% and the content of carbon not bonded to oxygen is
only 46.3%. After UV reduction, the oxygen content decreased
gradually to 18.7%; and the content of carbon not bonded to
oxygen grows to 77.3%, indicating the dynamic reduction pro-
cess. (Figure 2c). As compared with GO whose C/O atom ratio
is only 2.2, the RGO film prepared after UV irradiation for
150 min shows a C/O atom ratio of 4.4, indicating the effec-
tive reduction of GO. Notably, significant decrease of C—O
could be observed in the first hour, which reveals that OCGs
containing C—O is much easier to remove under UV irradia-
tion. Besides, Fourier transform infrared (FT-IR) spectra also
give similar results (Figure S3, Supporting Information), the
intensity of characteristic vibration bands such as hydroxyl and
epoxyl groups (€.g., Vphenolic at 1230 cm™ and v¢_o at 1050 cm™)
decreased more obviously with the increase of irradiation time.
They almost disappeared after UV irradiation for 90 min.

In fact, both UV light intensity and irradiation time show
obvious influence on the extent of reduction. To get further
insight into dynamic process, we investigated the FT-IR spectra
of the RGO samples reduced under different light intensity and
for different time. As shown in Figure S3 (Supporting Infor-
mation), the increase of light intensity from =10 mW cm™
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(300 W) to =30 mW cm™ (500 W) would lead to a more
thorough reduction of GO. Similarly, extent of reduction
could also be controlled by irradiation time. When we grad-
ually increased the reduction time from 30 to 150 min, the
intensity of characteristic vibration bands include a strong
C=0 peak (1740 cm™), an O—H deformation peak around
1420 cm™!, a C—OH stretching peak around 1230 cm™ and a
C—O stretching peak around 1050 cm™ decreased markedly,
some of them almost disappeared after long time irradiation.
These results show that both light intensity and irradiation
time could be tuned to get better control over the extent of GO
reduction.

Besides, Raman spectra were taken on both pristine GO and
RGO film that has been treated by UV irradiation for 90 min
(Figure S4, Supporting Information). Two pronounced peaks
at =1338 and 1598 cm™' are observed in the spectra, corre-
sponding to a disorder-induced feature (D-band) and the E,,
mode of graphite (G-band).?®) GO exhibited the higher Ip/I¢
intensity ratio of =1.37; whereas the corresponding ratio for the
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RGO is only =0.94. The significantly decreased D band peak
indicates the removal of oxygen defects and the partial recovery
of sp? carbon after UV reduction.

2.3. Moisture Responsive Properties

As discussed previously, GO/RGO bilayer structure formed
after unilateral UV reduction. Interestingly, when the GO/RGO
bilayer paper was exposed to moisture, it curves due to the
water-adsorption-induced expansion of GO layer. As shown in
Figure 3a, most of the OCGs in RGO layer have been removed
after UV reduction, whereas in the GO layer, plenty of OCGs
survived. Since the presence of OCGs accounts for the adsorp-
tion of water in moisture, the anisotropic water adsorption
with respect to the two layers would induced quite different
swelling effects. Along the lateral direction, the interlayer
spacing of the GO sheets would become larger obviously.?!
On the contrary, the RGO layer has negligible changes due to
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Figure 3. a) Schematic illustration of the bending behavior of the GO/RGO bilayer structure. Oxygen atoms in water have been demonstrated in dif-
ferent color for ease of identification. b) Bending angles curves for GO paper and different GO/RGO bilayer papers. The insets are photographs of GO
and GO/RGO-1 ribbons under different humidity. c) Reversible response of GO/RGO-1 sample and its comparison with GO. RH was switched between
33% and 86%. d) Dependence of the curvature of curving GO and GO/RGO-2 samples on different RH. e) Reversible response of GO/RGO-2 sample
and its comparison with curving GO. RH was switched between 33% and 86%.
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very low water adsorption. It is known that pristine monolayer
graphene prepared by mechanical exfoliation shows Young’s
modulus of =1.0 TPa and the ultimate breaking strength of
=130 GPa;1*! whereas monolayer graphene oxide was found
to have a lower effective Young’s modulus (207.6-23.4 GPa) as
compared with pristine graphene.*®l In the case of GO layer,
according to Shenoy's results,*”] mechanical properties of GO
paper are controlled by hydrogen bond networks that involve
OCGs on individual GO platelets and water molecules within
the interlayer cavities. The distinct expansion in the GO layer
due to water adsorption will enlarge the interlayer spacing, and
then GO sheets glide along the vertical direction to accommo-
date more water molecules. In this way, the GO/RGO ribbon
curves under high humidity. Additionally, water content con-
trols both the extent and collective strength of these interlayer
hydrogen bond networks, contributing to the good mechanical
performance.

In our experiments, by tuning the UV irradiation time, the
reduction degree could be well controlled; this directly provides
us an opportunity to further tune their bending performance.
Typically, GO/RGO bilayer ribbons (12 mm x 1 mm) prepared
by UV irradiating for different time (0-150 min) were exposed
to moisture environment with different relative humidity (RH,
24%-97%); and the curving angles have been recorded. As
shown in Figure 3b, with the increase of RH, all of the GO/
RGO bilayer ribbons curve to higher degree through a quasi-
linear dependence. However, for comparison, pristine GO
ribbon did not show obviously change in moisture due to the
isotropy in lateral section. When RH is as high as 97%, the
highest curvature of =120° was observed in the case of GO/
RGO ribbon prepared by UV irradiation for 90 min, which was
denoted as GO/RGO-1. The insets show the photographs of the
curving GO/RGO ribbons (90 min irradiation) under different
RH. Here, it is important to point out that precise control of the
proportion between GO and RGO is essential to achieve better
actuating performance because the bending of GO/RGO bilayer
originates from anisotropic water adsorption in the GO layer. In
this regard, the bending behavior could be optimized by simply
tuning the UV irradiation time. According to our results, UV
reduction for 90 min (GO/RGO paper with a dygo/drw ratio
of =0.6) is a suitable condition for the preparation of actuators
with obvious response. This result gives us a hint that GO and
RGO layer with similar thickness would be better for actuator
design. However, the parameters are not invariable; it further
depends on the thickness of pristine GO films and the dose of
UV radiation.

Additionally, the bending performance is reversible; by
altering the RH between 33% and 86%, bending and straight-
ening performance could be switched freely from =25° to 100°
(Figure 3c). Both the bending and straightening processes
show fast response, the average response time for bending
and straightening between 33% and 86% RH is measured to
be 7 and 5 s, respectively. Moreover, the GO/RGO bilayer also
shows excellent stability during frequent bending-unbending
actuation, and the curvature almost keeps a consistent value,
indicating the good reproducibility and precision of the actua-
tion function. The response degree is so stable that no obvious
deterioration could be observed after 100 cycles (Figure S5,
Supporting Information). To quantificationally evaluate the
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bending/straightening force, the GO/RGO ribbon with the
same size has been used for burden tests; the average bending
and straightening forces were measured to be =0.63 and
=0.35 mN, respectively. In fact, the bending force is dominated
by the size and the thickness of the GO/RGO ribbon, a lager
force could be obtained using wider GO/RGO ribbons.

To further extend the bending/straightening range, the
curving degree of GO/RGO bilayer structure could be tuned
in a much larger range using precurved GO papers. As a rep-
resent example, GO paper with an initial curvature of =85°
was used for UV reduction; the resultant bilayer ribbon was
denoted as GO/RGO-2. Similarly, with the increase of RH
from 24% to 97%, the curvature of GO/RGO-2 ribbon changed
from previous =85° to —39°, gradually. In this way, the GO/
RGO-2 ribbon could be driven to bend toward the opposite
direction (insets of Figure 3d). The curving degree also has a
linear dependence on the environmental humidity (Figure 3d).
For comparison, the curving GO ribbon was also exposed to
moisture; however, the GO ribbon also keeps a constant cur-
vature under different RH. Likewise, the bending and straight-
ening processes of GO/RGO-2 also displayed a fast and revers-
ible response. As shown in Figure 3e, bending and straight-
ening could be freely switched by altering the RH between
33% and 86%.

Unlike the multilayer structures prepared by multimaterial
deposition, GO/RGO bilayer paper could ensure a mechani-
cally coherent GO/RGO interface since the bilayer structure
are essentially based on the same material and the reduction
degree is gradually changed along the lateral section. As a typ-
ical example, the distributions of OCGs along the lateral section
were studied using XPS. We mechanically exfoliated the GO/
RGO-1 paper into several layers; and in this way, the OCGs con-
tents of the interlayers (different depth) could be easily meas-
ured. As shown in Figure 4a, with the increase of depth from
the surface (RGO layer, 0 pm) to the bottom (GO layer), carbon
atoms that bond to oxygen (C—O, C=O0) increase obviously,
indicating the anisotropic reduction degree along the lateral sec-
tion. The XPS survey spectra of the surface layer and interlayers
revealed an upward trend in oxygen and a downward trend in
carbon signals (Figure 4b). The dependence of C—C, C—O and
C=O0 contents on the reduction depth have been summarized
in Figure 4c. The tendency is very clear, that is oxygen contents
increased from surface to bottom. Typically, the contents of C
—C and C—O gradually changed and became constant in the
depth of =6.5 pm, which corresponds to the total thickness of
the RGO layer. The above-mentioned XPS results confirm the
photoreduction gradient and the anisotropic structure from the
viewpoint of chemical compositions.

2.4. Bioinspired Actuators

The unique anisotropic structure enables rational design of
smart graphene actuators based on this GO/RGO bilayer
papers. As an interesting illustration, we fixed a GO/RGO-1
bilayer ribbon on a picture, which was designed as a “smart
face,” as shown in Figure 5a. Interestingly, when environmental
humidity increased, it becomes a smile face; on the contrary,
when the RH decreased, the face recovered. In a similar way,
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Figure 4. a) Cls spectra and b) Survey XPS spectra of GO/RGO-1 paper measured from surface to interlayers with different depth. ¢) C—C, C—O,

C=0, and O atom percentage as a function of depth.

when a curving GO/RGO-2 ribbon was applied to the smart
face, it can “smile” in low RH and become “unhappy” in high
RH (Figure 5b).

Besides, inspired from the cilia of respiratory tract that can
sweep tiny particles and hinder bacterial accumulation; we
demonstrated smart humidity-driven graphene cilia using GO/
RGO-1 and GO/RGO-2 ribbons. As introduced previously, the
former ribbons (GO/RGO-1) bend up in moisture; whereas
the later ribbons (GO/RGO-2) operate in the reverse mode,
straightening in moisture. By assembling these two kinds of
ribbons into two arrays on both sides of a gap (=2 cm), a smart
graphene-cilia actuator that mimics respiratory tract has been
fabricated. As shown in Figure 5¢, it could be driven by altering
the environmental humidity; a paper cylindrical could be swept
from the top of image to the bottom. In a typical process, the
cilia array (GO/RGO-1) on the left side swept the object to lower
right under high humidity; while when the humidity decreased,
the cilia array (GO/RGO-2) on the right side swept the object
lower left. In this manner, the smart actuator could be used for
object transport. After three cycles, the target paper cylindrical
shell moved =12 mm (Video 1, Supporting Information).

Inspired from tendril climber plants that can stretch out and
twine round any suitable support using their helical tendril, we
designed and prepared a smart graphene “tendril” by making
RGO diagonal stripes on a GO ribbon (Figure S6, Supporting
Information). The basic design principle is shown in Figure 6a,
the RGO diagonal stripes were prepared by UV irradiation with
the help of a mask. Interestingly, the GO/RGO ribbon curves

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

under room humidity and curls to helical structure under high
humidity (insets of Figure 6a). By attaching the graphene “ten-
dril” to a plastic tube which is connected to moisture, a smart
humidity driven graphene manipulator was proposed. It can
twine round objects under high humidity and release them in
dry air (Figure 6b and Video 2, Supporting Information). It is
very important to point out that the development of smart gra-
phene actuators based on our GO/RGO paper is not limited
to such models. Through rational design of the curvature or
the patterns of the GO/RGO papers, multifunctional humidity-
driven graphene actuators could be readily fabricated.

3. Conclusion

In conclusion, a novel unilateral UV reduction of GO papers
have been developed for facile and large-scale production of
GO/RGO bilayer papers toward rational design and fabrica-
tion of graphene-based actuators. Due to the limited UV light
transmittance and thermal relaxation, thick GO paper could not
be fully reduced, and thus a self-controlled photoreduction gra-
dient could be realized, yielding anisotropic GO/RGO bilayer
structures. Very interestingly, the GO/RGO bilayer paper was
very sensitive to moisture; it bends to the RGO direction due to
the selective adsorption of water in the GO layer. To get better
control over the responsive properties, GO/RGO bilayer paper
with a certain curvature and various RGO patterns have been
successfully prepared. Inspired from cilia of respiratory tract
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Figure 5. a,b) Moisture-responsive “smart face” using GO/RGO-1 a) and GO/RGO-2 b) ribbon as “mouth,” respectively. b) Smart graphene “cilia”
prepared by GO/RGO-1 (left) and GO/RGO-2 (right) ribbon arrays. The smart cilia could be used to sweep a paper cylindrical shell. “On” and “off”

means turning on and turning off the humidity, respectively.

and the tendril climber plant, humidity-driven graphene actua-
tors including a smart graphene “cilia” that can sweep objects
and a graphene “tendril” that can capture/release target objects
have been successfully developed, respectively. We deem that
the unilateral UV photoreduction of GO paper in combination
with UV lithography technology may enable rational design
and flexible fabrication of various smart graphene actuators.

4. Experimental Section

Preparation of GO Paper: GO was synthesized by a modified Hummers
method from natural graphite powder (Aldrich, <150 pm). GO paper
was prepared by vacuum filtration of the GO aqueous solution through
a membrane filter (0.22 pm in pore size), followed by air drying at room
temperature. Curving GO paper was dried on curving substrates. Finally,
the GO papers were peeled off for further use.

Preparation of GO/RGO Bilayer Papers: GO/RGO bilayer papers were
prepared by unilateral UV irradiation of GO papers. XPA-Photochemical
Reactor (Xujiang Electromech-anical Plant, Nanjing, China) with a 500 W
medium pressure mercury lamp was used as UV light source, the light

Adv. Funct. Mater. 2015, 25, 4548-4557
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intensity on the sample surface is =30 mW cm™2 and the characteristic
wavelength is 365 nm. The flat and curving GO papers were treated with
UV irradiation for 30, 60, 90, 120, and 150 min at room temperature,
respectively. Masks have been used for the patterning of GO/RGO papers.

Characterization: SEM images were obtained using a JEOL JSM-
7500 field-emission scanning electron microscope (FE-SEM). The
film thicknesses for GO papers were measured by atomic force
microscopy (Digital Instruments Nano Scope Il a) in the tapping
mode. UV-vis transmittance spectra were measured by using a UV-vis
spectrophotometer (UV-2550, SHIMADZU). Powder XRD patterns were
collected on a Rigaku D/MAX 2550 diffractometer with Cu Ket radiation
(A = 1.5418 A). The water CAs were measured using a Contact Angle
Meter SL200B (Solon Tech. Shanghai). XPS was performed using an
ESCALAB 250 spectrometer. Raman spectroscopy were recorded on
a Jobin-Yvon T64000 Raman spectrometer equipped with a liquid-
nitrogen-cooled argon ion laser at 514.5 nm (Spectra-Physics Stabilite
2017) as the excitation source; the laser power used was about
10 mW at the samples with an average spot size of 1 pm in diameter.
The controlled humidity environments were achieved using saturated
aqueous solutions of CH;COOK, MgCl,, K,CO;, NaBr, NaCl, KCl, and
K,SO4 in a closed glass vessel, which yielded =23%, 33%, 44%, 57%,
75%, 86%, and 97% RH, respectively. All of the measurements were
conducted in air at room temperature.
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Figure 6. a) Schematic illustration of smart graphene “tendril” inspired from tendril climber plant (left image); the patterned GO/RGO ribbon with
diagonal stripes was prepared by UV irradiation with the help of a mask; it curves under room humidity (=30% RH, middle images) and curls to helical
structure under high humidity (97% RH, right images). b) The smart graphene “tendril” was adhibited to a tube that is connected to moisture. In this

way, it could be used for picking up and releasing objects.
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