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Sunlight-Reduced Graphene Oxides as Sensitive Moisture
Sensors for Smart Device Design

Dong-Dong Han, Yong-Lai Zhang,* Jia-Nan Ma, Yan Liu, Jiang-Wei Mao, Chang-Hao Han,
Kai Jiang, Hong-Ran Zhao, Tong Zhang, Huai-Liang Xu, and Hong-Bo Sun

Here, a facile fabrication of graphene-based humidity sensors is reported for
smart device design. Focused sunlight photoreduction of graphene oxide
(GO) helps to remove most of the oxygen-containing groups on GO sheets,
which not only recovers their conductivity but also leads to the formation

of a highly porous nanostructure, enabling the manufacture of versatile
humidity-sensing smart devices, such as moisture controllers, humidity
detector robots, and even a novel electronic harmonica, through a very simple
technique. As an uncomplicated and chemical-free method, focused sun-
light photoreduction of GO provides an avenue to produce versatile sensing

devices for the development of smart devices.

1. Introduction

Smart devices that can quickly and decisively respond to envi-
ronmental stimuli have attracted increasing research interest
because they are very promising for future applications in auto-
matic systems and robotics.l! As a core component of typical
smart devices, sensors play a critical role in recognizing envi-
ronmental changes.?l Thus, robust sensing devices with high
sensitivity, reliability, rapid responses, and long-term durability
are highly desired.’l Taking humidity sensing as an example,
to meet sensitivity requirements, new methods have been
sought to improve existing sensors based on various transduc-
tion techniques and novel materials.! In the pursuit of ideal
humidity-sensing materials, 2D graphene and related materials
(e.g., graphene oxide, GO) have emerged as promising candi-
dates because they show enticing physical/chemical properties
(e.g., tunable electrical property,’! mechanical flexibility,/®! and
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a large surface to volume ratio”) and have
broad applications (e.g., energy conver-
sion,® smart robots,”) and biomedical
devices!'%). Recently, Ariga and co-workers
achieved highly selective gas sensing using
ionic liquid-intercalated graphene layers
that were prepared by in situ reduction of
graphene oxide layers in the presence of
nonvolatile ionic liquids, and subsequent
electrostatic  layer-by-layer  assembly.'!
Sadasivuni et al. presented the layer-by-
layer spraying of modified graphene oxide-
filled cellulose nanocrystals for proximity
sensing.'”) Wang et al. reported ultrathin
reduced graphene oxide (RGO) films with
controllable thicknesses for noncontact relative humidity (RH)
sensing.3] In our previous works, an RGO with hierarchical
micro-nanostructures prepared by two-beam-laser interference
was employed to produce humidity-sensing devices.'*! How-
ever, in spite of these advancements, graphene-based sensing
devices have not been well employed for smart device design. A
possible reason for this gap would be the difficulty in tailoring
highly permeable graphene nanostructures that permit sponta-
neous, timely, and reliable molecular discrimination. Moreover,
complex experimental procedures or special instruments are
generally necessary in device fabrication, which largely limits
their integration with other devices. The current trend is to pro-
duce smart devices equipped with versatile sensors created in
facile, reliable, cost-effective, and environmentally friendly man-
ners. However, it is currently challenging to achieve this goal.

Herein, we report a facile preparation of a graphene-based
moisture detector for smart device design. A humidity-sensing
device has been fabricated by a simple focused sunlight treat-
ment of GO. The drastic removal of oxygen-containing groups
(OCGs) not only mediates the controllable tuning of conductive
properties but also leads to the formation of a highly porous
RGO structure that is of benefit to the adsorption of molecules
and humidity sensitivity. The RGO-based humidity-sensing
device shows moisture recognition capability and excellent
sensing performance, including high sensitivity, good repeat-
ability, small humidity hysteresis, and fast response recovery
at room temperature, enabling a series of humidity-sensing
devices including a moisture controller, a humidity detector
robot, and even a novel electronic harmonica. As a simple and
chemical-free method, sunlight-mediated photoreduction of
GO provides a very simple and cost-effective way to integrate
humidity sensors in the development of versatile moisture-
responsive smart devices.
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2. Results and Discussion

Figure 1 shows the schematic diagram and photographs of the
experimental procedures for the fabrication of humidity sen-
sors through focused sunlight-induced photoreduction of GO
and illustrates their potential applications for smart device
design. Briefly, a GO aqueous solution was first dropped and
coated on a substrate that contained a pair of electrodes. Sub-
sequently, incident solar radiation was focused on the surface
of the GO film using a general convex lens to trigger the photo-
reduction reaction. The insets of Figure la show photographs
of the GO film before and after sunlight reduction. Notably,
the photoreduction of the GO films occurred as soon as the
focused sunlight irradiated the GO film, which could be dem-
onstrated by the rapid color change from yellow-brown to black
at precise locations. The photoreduction mechanism could be
classified into photochemical and photothermal effects that fur-
ther depend on the wavelength of incident light. According to
the threshold for GO reduction, photon energies larger than

www.advmattechnol.de

3.2 eV (A < 390 nm) could trigger GO reduction through a
photochemical process,”] whereas light irradiation with wave-
lengths larger than 390 nm could reduce GO due to the photo-
thermal effect. In the case of sunlight, its wavelengths cover a
broad spectral range from UV to IR (from =295 to 2500 nm),
in which the IR region is the primary contributor to the reduc-
tion of GO, through the photothermal effect, and the UV light
also contributes to the reduction of GO, through the photo-
chemical effect.l'®l To tune the intensity of the sunlight irradia-
tion, experiments could be performed for different periods or
with the help of a gray glass. In our work, we performed the
photoreduction experiments under different solar radiation
intensities (=570 and 710 uW c¢cm™2). The RGO sensor prepared
in this way could be directly employed for smart device design
(Figure 1, right part).

The photoreduction of GO under sunlight irradiation has
been well elucidated, as reported in some previous studies.!'’]
However, most of these works focused on the photochemical
reduction of GO in aqueous solution or the recovery of conduc-
tivities; less attention has been paid to the for-
mation of porous structures and the tuning

of the reduction degree for sensing applica-
tions. In this work, we carefully investigated
the photoreduction-induced nanostructuring
effect that benefits sensing devices. Both
pristine GO and sunlight-reduced RGO
samples have been characterized by scan-
ning electron microscopy (SEM). Figure 2
displays the surface and section images of

GO, RGO-1 (reduced at 570 uW cm™2), and

e

» !
Y

Humidity controller

RGO-2 (reduced at 710 uW cm™?) films. It is
quite apparent that the surface of the pristine
GO film is relatively smooth with randomly
distributed wrinkles (Figure 2a); the cross-
sectional view of the GO film (=5 um) reveals
a layered nanostructure, which is formed
due to the stack of individual GO sheets
(Figure 2b), as evidenced from the X-ray

diffraction (XRD) patterns (Figure S1, Sup-

.

Hygrotaxis robot

porting Information). In contrast, after sun-
light reduction at 570 W cm™, the surface
of the RGO-1 film became rough (Figure 2c),
and an expanded structure with large gaps
between adjacent RGO sheets could be
observed (Figure 2d, see Figure S1 in the
Supporting Information). The formation
of the expanded structures could be attrib-

uted to the photoreduction-induced elimina-

RGO sensor

Electronic harmonica

tion of OCGs. Interestingly, when the solar
radiation intensity was further increased to
710 UW cm™?, the resultant RGO-2 film
became highly porous. As shown in
Figure 2e,f, the surface of RGO-2 cracked and
abundant gaps could be identified all over
the surface. The cross-sectional SEM image
shows that the stacked layered structure had

Figure 1. Schematic illustration of the fabrication process of RGO humidity sensors and their

potential applications for smart device design.
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been converted into well-exfoliated porous
structures due to the drastic removal of the
OCGs and the emission of carbon species
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Figure 2. Surface and profile SEM images of the a,b) GO, ¢,d) RGO-1, and e,f) RGO-2 samples.
RGO-1 and RGO-2 films were prepared by sunlight reduction under the average solar radiation
intensity of 570 and 710 uW cm™2, respectively.

(e.g., CO, CO,). Since the whole experiment was carried out
at ambient conditions, the presence of oxygen in the air would
promote the elimination of OCGs, and thus, a devastating deoxy-
genation occurred, leading to the formation of such a highly
porous structure. It is worth noting that the porous structure
would significantly increase the surface area of the RGO sample
and accordingly promote the adsorption of gas molecules.
Raman spectroscopy was employed to gain in-depth insight
into the structural evolution of these GO and RGO samples
(Figure 3a). Both GO and RGO films show two prominent
peaks at 1354 and 1587 cm™!, corresponding to the D band
and G band of graphene, respectively. The D band is associated
with the presence of edges and the isolated defects in the struc-
ture, and the G peak results from the E,, vibrational mode of
sp? carbon. Generally, the removal of OCGs from GO sheets
would eliminate the majority of the defects and thus lead to a
significant decrease in the D band in Raman spectra. However,
in our experiment, there is no notable difference between the
Ip/Ig ratios of the GO and RGO samples. These results sug-
gest that the focused sunlight irradiation could not recover the
sp? structure of graphene; it causes additional defects during
the drastic removal of OCGs. Since the GO sheets were cracked
into small pieces due to the drastic degassing process (see the
cracks in Figure 2e), additional defects, mainly dangling bonds
on the edges of the GO sheets, were unavoidably generated.
In this regard, the resultant RGO material is not suitable for
graphene-based devices that require high carrier mobility (e.g.,
Field-effect-transistors, FETs). However, the presence of defects
would make this type of RGO very sensitive to environment.
To evaluate the oxygen residuals of GO films before and after
sunlight reduction, thermogravimetric (TG) analysis was per-
formed under N, atmosphere (Figure 3b). According to the TG
curves, GO shows a weight loss of =7% at =100 °C due to water
removal and a second weight loss of approximately another 33%
in the temperature range from 150 to 300 °C due to the loss of
OCGs such as carboxyl, hydroxyl, and epoxy groups. Compared
with GO, the RGO samples show much less weight loss during
thermal treatment. The weight loss at 250 °C is only =20% and
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=5% for the RGO-1 and RGO-2 samples,
respectively. These results confirm that most
of the unstable OCGs were removed during
sunlight reduction.

To quantitatively evaluate the reduction
degree of the RGO samples, we used X-ray
photoelectron spectroscopy (XPS) to measure
the oxygen residuals. As shown in Figure 3c,
the survey spectra exhibit Cls (=284 eV) and
O1s (=532 eV) peaks in both the GO and
RGO samples. Compared with GO, the O1s
peak intensity of the RGO samples signifi-
cantly decreased after sunlight photoreduc-
tion, demonstrating the loss of OCGs. The
carbon/oxygen atomic ratios (C/O) of pris-
tine GO and the resultant RGO-1 and RGO-2
samples were calculated to be 1.99, 2.95,
and 4.95, respectively. The Cls XPS spectra
(Figure 3d) of the GO and RGO samples were
fitted with three Gaussian-Lorentzian peaks
associated with three different chemical envi-
ronments of carbon atoms, including nonoxygenated carbon
(C—C/C=C, 284.7 €eV), hydroxyl and epoxy carbon (C in C—O
bonds, 286.8 eV), and carbonyl carbon (C=0, 288.2 eV). After
sunlight treatments, the content of carbon bonded to oxygen
significantly decreases, confirming the removal of OCGs. The
reduction degree is tunable; the increase in solar irradiation
intensity directly leads to the removal of more OCGs. Notably,
the content of oxygen atoms in pristine GO is as high as 33.4%,
while the content of carbon not bonded to oxygen is only 44%
(Figure 3e). After sunlight photoreduction, the C—C percentage
of RGO-1 increases to 66.5%; the C—O percentage decreases
to 29.3%, indicating the removal of OCGs. An increase in the
solar radiation intensity would lead to the further reduction of
the RGO. The C—C percentage of the RGO-2 sample increased
to =80% after thorough photoreduction. The residual oxygen is
most likely contained in functional groups, such as carboxyl,
hydroxyl, and epoxy, due to incomplete deoxygenation. We fur-
ther investigated the conductivity change after sunlight reduc-
tion. As shown in Figure 3f, GO is almost insulating. How-
ever, after photoreduction, the current-voltage (I-V) curves
of RGO-1 and RGO-2 samples (1 mm X 5 mm) exhibit linear
dependence, confirming their good Ohmic contact and tunable
conductivity. Obviously, the greater the solar radiation intensity,
the smaller the resistance will become. The conductivity of the
RGO-2 sample is approximately nine times higher than that of
the RGO-1 sample.

Interestingly, the conductivity of these RGO films is highly
sensitive to environmental humidity, which becomes a gateway
between the digital and physical worlds. We fabricated the
humidity-sensing devices using RGO-1 and RGO-2 samples as
sensing materials. Figure 4 shows the systematic characteriza-
tion of the sensitivity, humidity hysteresis, and cycling perfor-
mance of our humidity sensors based on RGO-1 and RGO-2
samples. The impedance of the RGO-1 sensor was investigated
at different frequencies only while increasing the RH from
11% to 95% at room temperature (Figure 4a). The impedance
decreases remarkably with increasing frequency at low RH
(11%) and becomes gradually smaller as RH increases. The
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Figure 3. Characterization of GO and RGO samples. a) Raman spectra, b) TG curves, c) Survey XPS spectra and d) Cls XPS spectra of pristine GO,
RGO-1, and RGO-2 samples. e) The contents of C—C, C—0O, C=0, and O atom percentage of GO, RGO-1, and RGO-2 samples. f) Current-voltage

of pristine GO, RGO-1, and RGO-2 samples.

impedance versus RH curve shows good linearity at 20 Hz,
with a resistance change of almost three orders of magnitude
with the relative humidity changing from 11% to 95%, indi-
cating the high sensitivity.

Figure 4b provides the characteristic humidity hysteresis
at room temperature of model humidity sensors constructed
from GO, RGO-1, and RGO-2. The upper line corresponds to
the adsorption process, while the lower one represents the des-
orption process. The hysteresis behaviors of RGO-1 and RGO-2
are different since the two samples have different oxygen resid-
uals. Notably, the GO sample is nonresponsive to the change
of RH; the resistance for GO remains almost the same over
the entire RH range. This nonresponsiveness can be attributed
to the insulating properties of GO. In addition, the curves of
the RGO-1 device present good linearity and a small hysteresis
of =11%, showing its good sensitivity. In regard to the RGO-2
device, the linearity of its resistance versus % RH deteriorates
over a wide humidity range, with a small hysteresis of =9%,

and the range of the resistance decreases (only one order of
magnitude), which is related to its relatively higher conductivity
compared with that of RGO-1.

In addition, the dynamic experiment results exhibited in
Figures 4c,d reveal the high cycling behavior (varied only
slightly over three cycles) and well-defined response kinetics of
the sensing process. Generally, the response and recovery times
are defined as the times taken by a sensor to reach 90% of the
total impedance change and return to 10% above the original
conductance. For the RGO-1 sensors, the response and recovery
times are only =16 s and =47 s, respectively. For the RGO-2 sen-
sors, the response time is =18 s, and the recovery time is =14 s,
indicating a fast response. In particular, the modulation of the
oxygen group content grants the opportunity to controlling the
adsorption/desorption behavior of water molecules, contrib-
uting to the tunable response/recovery times. The presence of
OCGs makes RGO-1 more hydrophilic; H-bonding would form
between water molecules and RGO-1 sheets in the presence of
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Figure 4. Humidity sensitive properties and sensing mechanism. a) The impedances of the RGO-1 sensor as a function of RH measured at various
frequencies. b) The humidity hysteresis plots of GO, RGO-1, and RGO-2 sensors. Response and recovery curves of the c) RGO-1 and d) RGO-2 sensors
for three cycles. Complex impedance plots of the €) RGO-1 and f) RGO-2 sensors at various RH.

moisture. Whereas with RGO-2, which has fewer OCGs, the
adsorption of water molecules occurs mostly due to the much
weaker van der Waals forces. In this regard, the RGO-1 sensor
spends less response time in the adsorption process and more
recovery time in the desorption process, whereas the RGO-2
sensor has a relatively long response time and a short recovery
time.

To gain further insight into the sensing mechanisms at
various RH values, we used complex impedance plots (CIPs)
to interpret the conductivity and polarization processes of
the RGO-1 and RGO-2 sensors in the presence of water mol-
ecules. Typical CIPs of the sensor were measured over a fre-
quency range of 20 Hz-100 kHz at different RH values, as
demonstrated in Figure 4e. At low RH (11%, 33%, 54%), the
CIP is an arc with large curvature radius, which looks like a
straight line. At this point, the water vapor is minimal. Hence,
only a few water molecules are physically adsorbed on the
available active sites (hydrophilic groups, vacancies) of the

Adv. Mater. Technol. 2017, 2, 1700045
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RGO surfaces, which explains the high sensitivity even at low
RH. In this regime, the main conductive particles are pro-
tons (H*). The hopping transfer of protons between adjacent
hydroxyl groups requires much energy due to the restriction
from hydrogen bonding, which results in comparatively high
impedance. As the RH increases to 95%, more water molecules
are adsorbed that can be ionized under an electrostatic field to
produce a large number of hydronium ions (H;0%) synchro-
nously, and a semicircle is observed from the CIP. According
to the ion transfer mechanism of the Grotthuss chain reaction
(H,0 + H;0" — H;30" + H,0), the easy transfer of H;0" leads
to the quick decrease in impedance. However, there are many
differences in the CIPs of RGO-2 sensors (Figure 4f). At the
low RH levels of 11% and 33%, semicircles are observed, which
are similar to the result shown in Figure 4e. As the RH further
increases to 54%, the CIP consists of most of a semicircle at
the high frequency range and a short line at the low frequency
range. The curvature of the semicircle decreases along with the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. RGO sensor for controlling circuit applications. a) Humidity monitor in dry and moisture conditions. b) Schematic illustration of the design

of RGO sensor-enabled smart devices. The bulb could be replaced by different devices such as an electronic fan or car. c) Moisture controller. d) Self-
controlled moisture sensing device with an RGO sensor and a car as functional components.
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RH increase because the adsorbed water molecules penetrate
into the interlayer of the RGO-2 films, which is very beneficial
for the partial hydrolysis of the remaining functional groups
(carboxyl and/or hydroxyl) on the RGO-2 films, and these ions
contribute to the ionic conductivity. The short line represents
Warburg impedance, which is caused by the diffusion process
of ions or charge carriers at the interface between sensing films
and electrodes. To evaluate their long-term stability, RGO-1
and RGO-2 sensors placed into a glass container at 95% RH
for repeated measurements every 5 d for 30 d (Figure S2, Sup-
porting Information). The RGO-1 and RGO-2 sensors exhibit
very good humidity stability and durability; only a slight varia-
tion in impedance could be observed.

As described above, the resistance of the RGO samples is
very sensitive to environmental humidity; even a small RH
value change will be converted into a digital signal. Therefore,
the samples could be applied to a control circuit (Figures S3
and S4, Supporting Information). As shown in Figure 5a, when
a moisture gas was sprayed onto the RGO-1 sensor, the resist-
ance of the RGO-1 sensor decreased and the Light Emitting
Diode (LED) brightened immediately. The on/off state of the
LED is a signal of humidity change. When the moisture gas was
shut off, the LED turned off rapidly due to water desorption-
induced recovery of resistance. Interestingly, the RGO sensor
is so sensitive to humidity that it could “turn on” the LED when
approaching a human finger. Based on these sensitive RGO
humidity sensors, we designed and fabricated a series of intel-
ligent humidity-sensing devices. Figure 5b shows the design
sketch of our RGO humidity sensor-enabled smart devices. As
a typical example, we employed a fan in the control circuit; in
this way, a moisture controller was proposed (Figure 5c). When
the ambient humidity increased, it could be turned on, and the
strong wind from the fan would immediately promote water
molecule desorption and turn off the fan. In this way, the RGO
sensor could be integrated with a control circuit that could be
used for the maintenance of a certain humidity.

In addition, inspired by the hygrotaxis of earthworms that
move to water when in a dry environment, we demonstrated
a smart moisture detector with the help of our RGO sensor.
As shown in Figure 5d, we integrated two RGO sensors at two
opposite ends with a control circuit that can control the motor
of a car to move toward different directions. When the RH of
the left side increases, the car goes left, rapidly. In contrast, the
car will drive to the right when a moisture gas is sprayed from
the right side (Videos S1-S3, Supporting Information). In this
regard, the sensitive RGO sensor may hold great promise for
the development of smart robots that can recognize humidity
from different directions and spatially seek out water sources
similar to a smart “earthworm.”

In addition, due to the fast response and recovery times,
the RGO sensor could also be used for other humidity-sensing
devices. In this work, we demonstrated an electronic “har-
monica” based on our humidity sensors. Unlike a standard
harmonica that is played by the airflow from a mouth, our
electronic “harmonica” is played by recognizing the humidity
of breath. It was prepared by assembling seven RGO sen-
sors into a linear array. As shown in Figure 6a, by blowing
humidity to each RGO sensor, the control circuit will trigger
a buzzer and make a relative sound (e.g., do, re, mi, fa, sol, la,
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Figure 6. Electronic “harmonica.” a) A scheme of harmonica for humidity
control. b) The different frequencies of every syllable, 521 Hz (do),
589 Hz (re), 657 Hz (mi), 694 Hz (fa), 788 Hz (sol), 875 Hz (la), and
995 Hz (si). ¢) “Little Star.”

si, Figure 6b). Interestingly, it can even play the famous “Little
Star” (Figure 6¢; Video S4, Supporting Information), indicating
the feasibility of our electronic “harmonica.” From this point of
view, the facile fabrication of the RGO-based sensor is capable
of both moisture recognition and control; it may open up a
novel avenue to produce versatile sensing devices.

3. Conclusion

In conclusion, focused sunlight-induced photoreduction of
GO has been successfully developed toward the facile fabrica-
tion of RGO-based humidity-sensing devices. Compared with
other RGO-based sensors, the present work is distinguished
since it does not require special instruments or complex proce-
dures. The whole fabrication process is very simple and green.
The sunlight photoreduction of GO is not only controllable in
terms of reduction degree but also benefits the formation of a
highly porous nanostructure. The obtained RGO films present
tunable electrical conductivity such that they can serve as mois-
ture-responsive films for sensing applications. The humidity
sensors based on the RGO samples reveal good sensing per-
formance and excellent stabilities. The sensitive RGO film has

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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been further applied to a control circuit for moisture recognition
and control. As a cost-effective and ecofriendly approach to func-
tional RGO, the sunlight-mediated photoreduction of GO holds
great promise for the development of versatile humidity-sensing
devices.

4. Experimental Section

Sunlight Photoreduction of GO Films: The incident solar radiation was
focused on the surface of the GO film using a 60 mm diameter convex
lens (focal length =15 cm, focused spot diameter =1 mm). The scanning
step length (the distance between two neighboring scanning paths)
was =0.5 mm. The experiments were performed during April and May
(weather: sunshine; time: 8:00-10:00 pm) in the city of Chanchun, which
is at a longitude of 125° east and at a latitude of 43° north. The average
solar radiation intensities in the range of 280-330 nm were measured to
be =570 and 710 uW cm™. To guide the scanning path of the focal spot
in a controlled manner, a 2D movable platform with a movement rate at
0.2 mm s™' was used for the GO reduction.

Fabrication and Measurement of Humidity Sensors: A thin film
of pristine GO dispersed in water was drop-cast onto a ceramic
substrate (6 mm x 3 mm, 0.5 mm in thickness) with five pairs of Ag—
Pd interdigitated electrodes (electrode width and distance: 0.15 mm)
to form a sensing film. GO papers were reduced using a sunlight
reducing method. The characteristic curves of humidity sensitivity were
measured on a ZL-5 model LCR analyzer (Shanghai, China). The voltage
applied in our studies was AC 1V, and the frequency varied from 20 Hz
to 100 kHz. The controlled humidity environments were achieved using
saturated aqueous solutions of LiCl, MgCl,, Mg(NOj3),, NaCl, KCI, and
KNO; in a closed glass vessel at an ambient temperature of 25 °C,
which yielded =11%, 33%, 54%, 75%, 85%, and 97% relative humidity,
respectively. The uncertainty of the RH values was =£1%. As three-
phase (vapor-liquid—solid) systems, saturated salt solutions are free of
changes in their total moisture content, which does not have a time
delay.l8!
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