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Moisture-responsive actuators based on graphene oxide (GO) have attracted intensive research interest in

recent years. However, current GO actuators suffer from low mechanical strength. Inspired by the robust-

ness of nacre’s structure, moisture-responsive actuators with high mechanical strength and self-healing

properties were successfully developed based on GO and cellulose fiber (CF) hybrids. The hybrid paper

demonstrated significantly improved tensile strength, ∼20 times higher than that of pure GO paper,

and self-healing properties. A broken paper can be well cured under moist conditions, and the mechani-

cal properties of the self-healed hybrid paper can still maintain similar tensile strength to the pristine one.

After controllable ultraviolet light photoreduction treatment, a hybrid paper with a photoreduction

gradient along the normal direction was prepared, which can act as a moisture-responsive actuator.

A maximum bending curvature of ∼1.48 cm−1 can be achieved under high relative humidity (RH = 97%).

As a proof-of-concept, a butterfly-like actuator that can deform itself with moisture actuation was

demonstrated. Our approach may pave a new way for designing robust and self-healable graphene

actuators.

Introduction

Actuators are able to change their shapes rapidly and reversibly
under a variety of stimuli including light,1 thermal,2,3 electri-
city,4 humidity,5,6 and others.7–9 To date, actuators have
aroused great interest since they have revealed broad poten-
tial in cutting-edge applications including flexible robots,10,11

biological devices,12,13 micro-electromechanical systems,14,15

microfluidic chips,16–18 etc. To develop actuators, stimulus-
responsive structures (e.g., bi-/multi-layer materials) have been
well studied, since they permit large-scale and complex defor-
mations.19 Moreover, taking advantage of the stress mismatch
between different material layers under external stimuli, actua-
tion of these bi-/multi-layer structures is usually controllable.
However, to achieve a fast and reversible response, bimorph
actuators usually have very thin structures and thus suffer

from poor mechanical strength. Currently, it is still challen-
ging to develop bimorph actuators with reasonable robustness
and self-healing properties to improve the environmental
adaptability.

Recently, graphene has been widely studied due to its excel-
lent physical and chemical properties, such as flexibility,
extraordinary mechanical strength, large surface area, and
others.20–24 As an important derivative of graphene, graphene
oxide (GO) possesses abundant oxygen-containing functional
groups (OCGs) on its basal plane and edges, which are very
sensitive to water molecules. Thus, GO has been widely used
in the development of humidity sensors, actuators, and water
vapor power generation devices.25–29 Various bio-inspired
nanostructures have been fabricated based on GO via laser
nanostructuring or indirect laser-assisted pattern transfer.30

Especially, in the case of moisture-responsive actuators,
Qu et al. and others have successfully prepared GO-based
moisture-responsive fibers and papers via chemical and
photoreduction methods.31–33 However, these GO actuators
still suffer from poor mechanical strength, especially
after reduction treatment, which limits their applications
significantly.

In this paper, inspired by the layered nacre structure, GO
and cellulose fiber (CF) hybrid papers with improved stiffness
were prepared. The CFs that contain abundant hydroxyl
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groups show a strong interaction with GO (hydrogen bonds),
which promotes their tensile strength significantly in a similar
way to nacre. Unilateral photoreduction of the hybrid paper
can make it suitable for moisture actuation, since the OCG gra-
dient can form along the normal direction upon controllable
photoreduction. Moreover, the GO and CF hybrid papers
show self-healing ability upon exposure to moisture/air.
Furthermore, since the addition of fibers facilitates the trans-
mission of water molecules, the moisture responsiveness of
the actuators can be improved. As a proof-of-concept, a humid-
ity-responsive butterfly based on the unilaterally reduced GO
and CF papers was demonstrated.

Results and discussion

It is well known that nacre shows outstanding mechanical
strength (Fig. 1a).34 A cross-section scanning electron
microscopy (SEM) image of nacre shows a highly stacked
“brick-and-mortar” nanostructure, in which brittle calcium
carbonate platelets bind to a biopolymer layer (Fig. 1b and c).
Inspired by the nanostructure of natural nacre, a GO-CF hybrid
paper was assembled in a similar way (Fig. 1d). First, the GO
aqueous solution prepared via Hummers’ method (Fig. S1a)
was mixed with a CF solution prepared using napkin pieces
(Fig. S1b†). Then, the GO and CF mixture (in a volume ratio of
3 : 1) was cast into a plastic Petri dish and dried under air.
After this, the hybrid paper was formed, and it was peeled off
for further use. In this hybrid paper, GO was employed as the

basic building block. The CF that is made of 7000 to
10 000 glucose molecules,35 linked by glycosidic chains, can
bind to GO sheets via hydrogen bonds (Fig. 1e and f). The as-
formed hybrid structure is similar to nacre. The interaction
between GO and CF was monitored using IR spectra
(Fig. S2†).36–39 The characteristic vibration bands of GO were
observed such as νphenolic at 1247 cm−1 and νC–O at 1080 cm−1.
Due to the formation of hydrogen bonds between GO sheets
and the CF, a widening and downshift of the peak (centered at
∼3410 cm−1) was detected. In addition, UV irradiation was
used to trigger the photoreduction of GO (RGO). UV irradiation
of GO is found to be a highly controllable protocol to trigger
the photoreduction of GO. Under UV irradiation, some of the
OCGs on GO sheets can be removed in a controlled manner.
The unilateral UV reduction of GO papers was employed for a
facile and large-scale production of RGO/GO bilayer papers.5

By controlling the photoreduction degree, a gradient RGO-CF/
GO-CF film was fabricated (Fig. 1g). Due to the removal of
OCGs, the upper stacked GO sheets were exfoliated and the
unexposed side retains the stacked structure (Fig. 1h). From
the SEM image of the GO-CF, the CF and wrinkles of GO are
clearly seen (Fig. 1i).

Fig. 2 shows the self-healing process of a GO-CF paper. It can
repair the physical damage automatically under moist con-
ditions. To observe the moisture-triggered self-healing behav-
iour, a square GO-CF was cut into two pieces (Fig. 2a), and the
broken surfaces were exposed to a humidifier for 10 min.
Then, these two pieces were able to rejoin autonomously
(Fig. 2b). Fig. 2c shows the SEM image of a cut GO-CF paper

Fig. 1 (a) Photograph of an abalone shell. (b) SEM images of the cross-section of nacre. (c) Schematic diagram of a nacre model. (d) Schematic
diagram of the GO-CF hybrid paper. (e) Cross-sectional SEM image of a GO layered structure with CF. (f ) Schematic diagram of the interaction
between GO and CF. (g) Schematic illustration of the UV irradiation-induced gradient structure. (h) Cross-sectional SEM image of the hybrid paper
with a photoreduction gradient. (i) SEM image of the surface of the hybrid paper.
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with an obvious wound. After the GO-CF paper is self-healed,
the scar can be hardly observed on the surface (Fig. 2d).

Fig. 3a and b present the tensile properties of GO, RGO/GO,
GO-CF, RGO-CF/GO-CF, and the self-healed GO-CF. Loading of
CF into the GO film improved the mechanical strength. The
GO paper has a tensile strength of 33.34 MPa, with a
maximum elongation at break of ∼1.5% (Fig. 3a). In the pres-
ence of CF, the tensile strength of the hybrid paper increased
abruptly to 696 MPa, about 20 times that of GO without CF
(Fig. 3b). For comparison, we also measured the tensile
strength of the CF paper, which is only ∼6 MPa (Fig. S3†). This

proved that the improvement in mechanical tensile strength
can be attributed to the addition of CF and the strong inter-
action between GO nanosheets and the CF (Fig. 1d and f).
Meanwhile, the tensile strength of the self-healed hybrid paper
was also studied (Fig. 3b). Interestingly, the tensile strength of
the healed GO-CF slightly decreased to 600 MPa and the
maximum elongation at break increased to ∼2%. After the
healing treatment, tensile properties almost maintained the
same grade.

As shown in Fig. 3c, we folded an RGO/GO bilayer paper.
Tiny cracks can be observed under light (Fig. 3d). For compari-
son, we folded the RGO-CF/GO-CF paper to a larger angle
(Fig. 3e). There are no cracks, which suggests better robustness
(Fig. 3f). To quantitatively investigate the robustness of these
samples, the stress–strain curves of RGO/GO and RGO-CF/
GO-CF after folding 2 times and 100 times, respectively, were
measured for comparison (Fig. S4†). After folding 2 times, the
RGO/GO film was broken and thus the tensile strength was
0 MPa. The RGO-CF/GO-CF paper demonstrated a much better
mechanical strength during the folding test. Its strength was
38 MPa after folding 100 times, which is comparable to the
pristine RGO/GO paper. For comparison, the tensile strength
of different samples is shown in Fig. S5.† Due to the excellent
mechanical tensile strength (Table S1†), the GO-CF paper can
be employed for origami, such as cranes (Fig. 3g) and foxes
(Fig. 3h).

The content of OCGs was further evaluated by X-ray photo-
electron spectroscopy (XPS, Fig. 4). The survey spectra of the
GO and RGO surfaces show the peaks of C 1s and O 1s at 285
and 532 eV, respectively (Fig. 4a). As compared with GO, the O
1s peak of RGO is significantly reduced and the C 1s peak
increased. Based on the atomic percentages, C/O ratios of the

Fig. 2 Photographs of the GO-CF hybrid paper before (a) and after (b)
moisture-triggered self-healing. (b) SEM images of the incision on the
surface of the GO-CF hybrid paper before (c) and after (d) moisture-trig-
gered self-healing.

Fig. 3 (a) The stress–strain curves of GO and RGO/GO. (b) The stress–
strain curves of GO-CF, RGO-CF/GO-CF, and the self-healed GO-CF
obtained through tensile tests. (c and d) Photographs of the folded
RGO/GO bilayer paper and (e and f) the folded RGO-CF/GO-CF bilayer
paper. The photograph of an origami crane (g) and fox (h) folded using
the GO-CF paper.

Fig. 4 (a) XPS survey spectra of the not reduced side and the UV pro-
cessed side of the RGO/GO bilayer paper. (b) C 1s spectra of the GO and
RGO sides. (c) The XPS survey spectra of the not reduced side and the
UV processed side of the RGO-CF/GO-CF paper. (d) C 1s spectra of the
GO-CF and RGO-CF sides.
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GO and RGO papers are 2.23 and 3.17, respectively. The C 1s
spectra can be deconvoluted into three major peaks with posi-
tions of 284.65, 286.9 and 288.6 eV, representing C–C, C–O
and CvO, respectively (Fig. 4b). Compared with GO, the C–O
bonds of RGO significantly reduced because of the photore-
duction process. The C–O and C–C bonds of GO are calculated
to be 48% and 44%, respectively, whereas the C–O and C–C
bonds of RGO are 23% and 69%, respectively, indicating the
decrease of OCG content after UV treatment. The decrease of
OCGs can be attributed to the UV photoreduction effect.

Similarly, XPS analysis of the GO-CF and RGO-CF sides of
the hybrid paper also indicated the removal of OCGs (Fig. 4c).
Compared with the GO-CF side, the O 1s peak of the RGO-CF
side is significantly reduced and the C 1s peak increased.
Based on the atomic percentages, C/O ratios of the GO-CF and
RGO-CF papers are calculated to be 2.15 and 2.76, respectively.
The C–O and C–C bonds of the RGO-CF paper are 32% and
58%, respectively. In addition, we also measured the XPS
spectra of the CF before and after UV irradiation (Fig. S6†).
After UV treatment, the pristine CF almost showed unchanged
carbon and oxygen element contents. This result indicated
that the decrease of the oxygen signal can be attributed to the
photoreduction of GO. By comparing the C 1s spectra of RGO
and RGO-CF, more C–O bonds were detected in the RGO-CF
paper. This can be ascribed to the presence of CF that cannot
be reduced upon UV irradiation.

It is worth noting that the presence of the CF in the GO
film can not only improve the stiffness, but also promote the
moisture-responsive properties. As we know, the GO paper has
a layered nanostructure that can provide nanochannels for

water molecule diffusion (Fig. 5a). The addition of CF can
create additional micro-channels between the GO sheets
(Fig. 5b). The hierarchical micro-nanostructure is quite helpful
for water molecule transmission, and thus promotes the moist-
ure-responsive properties. In the moisture actuation tests, the
RGO-CF/GO-CF paper exhibits humidity-responsive bending
properties due to the anisotropic expansion properties of the
two sides. In order to quantitatively study the bending curva-
ture of this RGO-CF/GO-CF paper, we measured the bending
curvature of an RGO-CF/GO-CF ribbon (1.5 mm × 15 mm)
under different humidity conditions. When the relative humid-
ity (RH) increases from 24% to 97%, its curvature increases
from the initial flat state (0 cm−1) to 1.48 cm−1 (Fig. 5c). The
inset of Fig. 5c shows the side-view images of the ribbon under
different humidity conditions. We also measured the response
and recovery cycles by switching the relative humidity between
24% and 97% (Fig. 5d). When the humidity increases to 97%,
the RGO-CF/GO-CF paper quickly bends to a curvature of
1.48 cm−1 within 10 s. It can recover to its original state within
6s, indicating the quick response. Using this moisture-respon-
sive RGO-CF/GO-CF paper, we fabricated a moisture-responsive
butterfly through a scissor-cut process. The butterfly was
placed on a picture (Fig. 5e and f). We switched the environ-
mental humidity, so that the butterfly could flap its wings (the
insets of Fig. 5e and f).

Conclusions

In summary, inspired by the robustness of nacre’s structure,
we demonstrated the preparation of GO and CF hybrid papers
with improved mechanical properties and self-healing ability.
The hybrid paper exhibited a tensile strength of 696.86 MPa,
which is about 20 times higher than that of the GO paper
(33.34 Mpa). Similar to GO, the hybrid paper also demon-
strated self-healing properties; a broken paper can be well
cured upon exposure to moisture due to the re-assembly of GO
sheets and the CF. More importantly, the mechanical pro-
perties of the self-healed hybrid paper can still maintain high
tensile properties, similar to that of the pristine one.
Subsequently, we demonstrated the fabrication of humidity-
responsive actuators by unilateral UV photoreduction treat-
ment of the hybrid paper. A bending curvature of 1.48 cm−1

was achieved when the environmental relative humidity
increased from 23% (room condition) to 97%. We deem that
the actuators based on our GO and CF hybrid papers may have
improved robustness and environmental adaptability.

Experimental
Preparation of GO-CF

First, the GO aqueous solution was prepared via Hummers’
method. The CF solution was prepared by mixing 0.7602 g of
napkin pieces with 150 ml of water and stirring for 24 h. Then,
the mixed GO solution and CF solution (in a volume ratio of

Fig. 5 (a and b) Schematic illustration of nano-/micro-channels for
water molecule transmission. (c) The relationship between the bending
curvature and relative humidity. (d) Bending curvature of the actuator
for multiple cycling changes between RH = 23% and RH = 97%. (e)
Photograph of RGO-CF/GO-CF-based butterfly. (f ) The moisture-trig-
gered RGO-CF/GO-CF-based butterfly.
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3 : 1) was naturally dried in a plastic Petri dish. Finally, the GO-
CF paper was peeled off for the further use.

Self-healing of GO-CF

The GO-CF paper was cut into two pieces using a knife and
placed closely. Then, a humidifier was used to heal the
incision for 10 min.

Ultraviolet light photoreduction of GO-CF

The GO-CF paper was exposed to ultraviolet light for 200
seconds. The target gradient RGO-CF/GO-CF paper was
fabricated.

Characterization

The morphology was characterized by using a JEOL-JSM-7500
field-emission scanning electron microscope. X-ray photo-
electron spectroscopy (XPS) was performed by using an
ESCALAB 250 spectrometer. INSTRON-5869 was used to
measure the mechanical properties at a loading rate of 2 mm
min−1. A 5 × 25 mm (width × length) strip was used for
mechanical testing. Different relative humidity environments
were obtained using different saturated salt solutions, includ-
ing CH3COOK, MgCl2, KCO3, NaBr, NaCl, KCl, and K2SO4,
which yielded approximately 23, 33, 44, 57, 68, 86, and 97%
relative humidity (RH). All experiments were performed at
room temperature.
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