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Abstract: We report on the photo-mobility properties of a free standing large area graphene oxide
(GO) paper (GOP). The thickness of the film is ≈20 µm. GOP is made by drop casting an aqueous
suspension of GO on a microscope glass slide placed on a hot plate kept at the temperature of 70 °C.
The film is peeled-off from the glass substrate and irradiated under different coherent and incoherent
light sources. The film bends up to ≈55° when the irradiation is made using a near infra-red (NIR)
incoherent incandescent lamp and returns back to the initial position when the NIR lamp is switched-
off. The bending mechanism is attributed to the asymmetry of the GOP film obtained during the film
formation process. We characterize the film morphology and structure using a Scanning Electron
Microscopy (SEM) imaging and X-ray Diffraction (XRD) measurements, respectively. Remarkable
differences between the two surfaces of the GOP are evidenced, both on a macroscopic length scale
(surface roughness) and on a microscopic one (GO interlayer distance). This asymmetry results in
different (negative) thermal expansion coefficients for the two film surfaces and hence in the bending
of the film when the film temperature is increased by light absorption.

Keywords: photomobile film; graphene oxide; sensors; graphene oxide paper; contactless actuator

1. Introduction

Composite polymer materials are widely used in many research fields [1–14]. They are
also employed in the conversion of light into mechanical work that is achieved by photo-
actuated films and devices based on azobenzene liquid crystals (LC) polymers [15–21].
Another way to convert light into work is represented by recently developed holographic
photomobile polymer materials (H-PMP) where the motion can be realized by exploiting
the light-induced Marangoni effect [22–28]. Concerning the azobenzene-based polymers,
the light induced motion substantially depends on the cis-trans isomerization of the com-
ponents [17]. More recently, the research focused on bilayered films made by coupling two
layers with different photo-thermal expansion coefficients; this mismatch determines the
bending of the film under irradiation and the restoration of the starting geometry when
the light is switched-off [24–29]. In literature, a large variety of bilayered films made by
carbon nano-tubes (CNTs) or by graphene-oxide (GO) is reported [29–40]. The effects of the
temperature on different GO structures and geometries including ultrafast photo-induced
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active ion transport through GO membranes are also widely studied [41–43]. It is worth
to underline that a single thick GO paper (GOP) can behave as a double layered film if
prepared in asymmetric configuration [44]. For instance, asymmetry may be induced dur-
ing the film preparation by letting water evaporate at room temperature from an aqueous
GO suspension drop-cast on a flat substrate. Here, we report on GOP prepared by using
a relatively fast water evaporation at the temperature of 70 °C [44]. This temperature is
below the reduction temperature of the GO (c.a. 150 °C) [45] X-ray diffraction (XRD) and
Scanning Electron Microscopy (SEM) measurements performed on the two faces of the
GO-film unequivocally demonstrate its asymmetric structure. A better understanding of
the reasons of the bending mechanism will help the design of future sensors based on GO
films. We show in this work that the asymmetry between the two surfaces of the GO film
is responsible for the measured bending under light illumination. When irradiated with
coherent and incoherent light the so prepared films exhibit a very fast bending that directly
depends on the intensity of the light used [29].

2. Materials and Methods
2.1. Materials

GO water dispersion (4.5 mg/mL) is purchased from NANESA Co., Ltd. (Arezzo, Italy).

2.2. GO Film Preparation

A droplet (4 mL) of GO suspension is deposited on a glass slide placed on a hot plate
at 70 °C for c.a. 15 min to obtain a c.a. 20 µm thick GOP. The layer is peeled-off by using a
cutter and cut to obtain a 3 × 10 mm2 rectangular stripe.

2.3. Optical Set-Up

An incoherent near infra-red (NIR) lamp is used to illuminate the film while a camera
connected to an image acquisition system (IMAQ) detects each single frame up to a maxi-
mum resolution of 100 frames/s. The light intensity impinging on the sample is varied by
changing the distance between the sample and the lamp. We used 5 and 10 cm as distance
values. The corresponding measured light intensities impinging on the sample are 0.6,
0.2 W/cm2. The effect of incoherent light is compared with that coming from a CW laser
source at λ = 650 nm having power P = 120 mW and a beam radius r of about 2.5 mm
(intensity 0.6 W/cm2). Bending measurements are performed at 25 ± 1 °C.

2.4. SEM Imaging Measurements

A SEM Vega 3 TESCAN is used to detect and show the sample morphology. Samples
are used without any conductive layer.

2.5. XRD-Measurements

The GOP is structurally characterized by XRD measurements performed by a Rigaku
Smartlab 9 KW rotating anode diffractometer operating at λ = 1.54 angstrom in Bragg-
Brentano configuration. Measurements are performed on both faces of GOP: on the upper
face, with the film still attached to the glass substrate, and on the bottom face, with the film
peeled-off. The conditions used for the X-ray analysys are: 2θ range 2–40 deg, step 0.04 deg,
speed 4 deg/min.

2.6. Ultraviolet (UV)-Visible (VIS) Absorbance Measurements

UV-Vis spectra of the GO film are collected by using a Jasco V570 UV-Vis spectropho-
tometer in the 350–800 nm wavelengths range.

3. Results and Discussion

The preparation of the photomobile GOP (PM-GOP) follows a procedure in which a
GO-suspension is deposited on a glass slide placed on a hot plate at 70 °C for ≈15 min.
Figure 1 shows the GO-suspension at different times until the GO film is formed.
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Figure 1. four images taken at different times during the water evaporation process until an homoge-
neous film of GO is obtained. (a), (b), (c) and (d) corresponds to 2, 3, 4 and 10 s respectively.

After that the PM-GOP is ready. The procedure is depicted in Figure 2 where the
preparation steps and the final result are shown. Figure 3 represents the film bending under
NIR incoherent radiation. The frames are taken at different times from a video showing the
behaviour of the PM-GOP under NIR illumination when the distance between the lamp
and the film is set to 5 cm. In order to clarify this behavior we performed a series of optical,
morphological and structural measurements.

Figure 2. On the left side a sketch of the preparation process. In (a) GO is drop-cast on a glass
substrate placed on a hot plate at 70 °C. In (b) the dried GO film is formed and in (c) the film is
peeled-off from the substrate. On the right side (d) the final result ready to be illuminated.
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Figure 3. Frames taken at (a) 0, (b) 5 s, (c), 10 s, (d) 180 s during the irradiation with an incoherent
NIR red light. Arrows indicate the direction of bending.

GO suspension (conc. 4.5 mg/mL; see Figure 4) shows a slightly decreasing absorption
from VIS to NIR. Similar results are obtained when using the PM-GOP, as reported in
literature [46]. The film is obtained in the conditions described in the experimental section
and the UV-VIS spectra are collected. The photo-thermal conversion efficiency of the
PM-GOPs in the NIR region is excellent [38,43]. This property explains the behavior of the
PM-GOP film reported in Figure 5 where the angular displacement of the film is shown
as a function of the time at two different distances from the used NIR light source. In the
same figure, the relaxation process is shown when the impinging light is switched-off. As
expected the PMP film tends to move back to its starting position showing that the entire
process is reversible.

Figure 4. Absorbance of the GO suspension showing a slightly decreasing absorption in the
VIS-NIR region.
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Figure 5. Angular displacement of the film as function of time when incoherent NIR illumination is
used. Measurements are taken at two different distances, 5 (blue triangles) and 10 cm (red triangles)
corresponding to 0.6 and 0.2 W/cm2.

The measurement of the angular displacement as a function of time also shows that at
shorter distances the film bends more and in a shorter time ≈55° in ≈10 s. With respect to
the previous recently published manuscript (see ref. [29]) the motion of the GO film is, as
expected, much faster and bending angles higher (see Table 1 in Supporting Information to
compare bending angles and rates of different bilayered films). During the measurements
and in controlled humidity conditions, the samples maintain their physical properties
unaltered. Measurements are repeatable if the preparation procedure is carefully followed
and if the experimental conditions are stable. By illuminating the sample with a coherent
light the sample bends of ≈20 degrees in ≈2 s. The result is similar to that obtained with
incoherent light placed at 10 cm from the sample, see Figure 6. However, the maximum
achieved rotation angle is lower. This effect is due to the small irradiated area located near
to the clamp. In other words a small fraction of the sample is illuminated and the bending
results only from the change of the physical properties of the sample in that region The
bending is due to the heating of the film by NIR [43]. We remark here that the film bends
always with the concavity on the opaque face and the convexity on the shining one. In other
words, the bending direction is the same independently from the direction of the impinging
light. This property suggests that the film is asymmetric. The asymmetry of the film is
here demonstrated by using SEM and XRD techniques. The SEM investigation reveals
a remarkable morphological difference between the two sides of the GOP (see Figure 7)
with a smooth morphology on the bottom surface, the one in touch with the smooth glass
substrate during the film formation, and a reticulated one on the upper surface. It is evident
that the morphology of the bottom surface is shaped by the smooth glass, while the upper
one is dependent on the gel-air interface that is intrinsically irregular.
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Figure 6. Angular displacement of the film as function of time when a low power coherent light is
used to illuminate the film. Measurements are made by illuminating the base of the film.

Figure 7. SEM images of the two sides of the film: the smooth shiny surface on the left, the rough
opaque surface on the right.

XRD measurements show that the two faces of the film also differ on the molecular
length scale (see Figure 8). The diffractogram taken on the opaque upper face is dominated
by a peak at 2θ = 10.76 deg, characteristic of GO and corresponding to a d-spacing of 8.2 Å,
the average distance among stacked GO planes [47]. However, the same measurement
taken on the other face of the film shows a shift of the peak to a lower diffraction angle
2θ = 10.19 deg, corresponding to a slightly larger d-spacing of 8.7 Å. In both cases, no other
peaks are observed, indicating the homogeneous oxidation of the layers (non-oxidized or
reduced GO layers would exhibit a significantly smaller d-spacing of 4 Å [45]).
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Figure 8. X-ray measurements made on both sides of the film. The red curve is referred to the upper
(opaque) surface. The inset shows the comparison between the upper surface (in red) and the lower
one (in black).

GOP are known to be highly hygroscopic, with the GO interlayer distance being
extremely sensitive to the amount of water intercalated among hydrophilic GO layers [47].
In our case, the relatively large d-spacing values (larger than 8 Å on both faces) indicate
the presence of some water throughout the whole film thickness [47,48], with a higher
hydration in the face that is in contact with the glass substrate during the film preparation
and hence farther from the evaporation surface. It is well known that the intercalated
water plays a crucial role in determining the mechanical properties of GO films [49].
Also, the asymmetrical absorption of water by GO thin films may induce the creation of
a gradient of humidity across the film, with the generation of expansion/compression
stresses, which give rise to a bending moment to the GO film. Reduced graphene oxide
(rGO) and rGO-clay hybrid thin films, for examples, were used to realize a humidity-
sensitive electrical switching system in which the reversible actuation is due to water
absorption and desorption due to joule effect [45]. The adsorption/desorption of water is
responsible for its pseudonegative thermal expansion coefficient: according to the model
described in Ref. [48], a reduction of temperature favors the adsorption of water between
stacked GO layers, which in turn results in the swelling of the layers (increase of film
thickness) and in their relative slipping (increase of the film area); the reverse effect occurs
when heating causes water desorption.

On the base of this model, we ascribe the bending of our GO film to the different
(negative) expansion coefficients of its two surfaces: light absorption determines an increase
of temperature which favors water desorption and the consequent contraction of the film,
with the top (opaque) face of the film exhibiting a larger (i.e., more negative) thermal
expansion coefficient than the bottom (shiny) face; as a consequence, the opaque face of the
films contracts more than the shiny face and the film bends with the concavity always on
the opaque side.

Both the macroscopic and microscopic features of the film surfaces may contribute to
their different thermal expansion coefficients. On the one hand, the higher roughness of the
opaque face, hence its larger film-air interface, results in a facilitated desorption of water
when the temperature increases and hence in a larger mechanical contraction compared to
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the opposite face. On the other hand, the different interlayer distance on the two faces may
affect the film response in a more complex way: while a larger d-spacing is expected to
favor the water diffusion (because of the larger space available to the water molecules) and
hence to lead to a larger thermal expansion coefficient for the shiny face than for the opaque
face [48], other data reported in the literature indicate a thermal expansion coefficient that
is more negative and lower the initial hydration of the film [50].

Indeed, the macroscopic expansion/contraction of GO film upon temperature changes
depends in a nonlinear way from many experimental parameters, such as the initial water
content in the film, the environment humidity, the rate of temperature change, the film
thickness, etc. [48–50]. Further studies should be carried-out in order to better clarify the
phenomenon and to elucidate the individual role of the macroscopic and microscopic
properties of GO films in determining their photo-thermal response.

4. Conclusions

We studied the photo-thermally induced motion of a thin PM-GOP. The fact that the
bending direction is independent of the direction of irradiation, clearly indicates that the
origin of the effect resides in the film asymmetry induced by the drop-casting preparation
process. In fact, a combination of SEM and XRD measurements shows that the two film faces
differ at the macroscopic (opacity), micro-/nano-scopic (roughness) and sub-nanoscopic
(GO-interlayer-spacing) levels. Such an asymmetry affects in a complex way the thermally
induced adsorption/desorption of the water trapped in the GO film, eventually resulting
in a different (negative) thermal expansion coefficients for the film to bend in response to a
light-induced temperature increase.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13081310/s1.
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