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ABSTRACT: Uniform graphene oxide (GO) film for optical
humidity sensing was fabricated by dip-coating technique. The
resulting GO thin film shows linear optical shifts in the visible
range with increase of humidity in the whole relative humidity
range (from dry state to 98%). Moreover, GO films exhibit
ultrafast sensing to moisture within 250 ms because of the unique
atomic thinness and superpermeability of GO sheets. The
humidity sensing mechanism was investigated using XRD and
computer simulation. The ultrasensitive humidity colorimetric
properties of GOs film may enable many potential applications
such as disposable humidity sensors for packaging, health, and
environmental monitoring.
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H umidity sensing is of paramount importance in many
industrial and domestic applications, including manufac-
turing processes control, pharmaceutical processing, and
intelligent control of living environment.' Various types of
humidity sensors have been developed over past decades based
on different measuring principles such as capacitive,” resistive,’
acoustic,* gravimetric,” and optical types.”” The frequently used
materials for humidity sensing are ceramics (e.g, Al,O; and
Ti0,),”” semiconductors (e.g,, GaN, SnO,, and In,0,)"*~"* and
polymers (e.g,, polyelectrolytes and conducting polymers).'"*
Recently, carbon materials have attracted considerable interest in
gas/vapor sensing and other applications because of their large
surface—volume ratio, high surface activity, strong stability, and
mechanical stiffness.'> Zero-dimensional fullerenes (Cg,) and
one-dimensional carbon nanotubes (CNT) have been developed
for humidity sensing, but their sensitivities are usually nonlinear,
and their response and recovery time are relatively slow.'®"”
Two-dimensional graphene showed exceptional promise for
biological and chemical sensors because of its large surface area
and high chemical stability.""” In particular, the graphene oxide
(GO), the most important derivatives of graphene, is very useful
for humidity sensing because of its superpermeability that arises
from its rich oxygen-containing groups such as hydrophilic
hydroxyl, epoxy, and carboxylic groups.”’ Various electrical
property-based GOs humidity sensors have been developed,
recently.”' ~** However, these electrical type GO-based humidity
sensors suffered from low conductivity because of interruption of
conjugated electronic state in GOs. Conductivity may be partially
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restored by using reduced GOs (rGOs) but it is far behind
pristine graphene.”* Therefore, developing a novel humidity
sensor based on GOs by utilizing their unique structure and
chemical properties while avoiding their drawback is highly
desired.

Herein, we show that GO thin films can act as the active layer
to detect humidity change in the whole relative humidity (RH)
range at an ultrafast speed. The change can be detected by naked
eyes without the need of any equipment or power source.
Importantly, the reflecting spectra (reflection peaks) of GO film
and RHs follows a linear relationship, which makes the
quantitative RH measurement possible. The GO-based optical
humidity sensor reported here show many interesting features
for practical applications such as low cost, fast response, high
reproducibility, and suitability for large scale manufacturing.

Graphene oxides are mass producible from natural graphite by
chemical oxidation and exfoliation. In this work, GOs used for
optical humidity sensors were prepared by modified Hummer’s
method.”*”° The formation of GO was confirmed by the Fourier
transform infrared spectroscopy (FTIR) spectra, which showed
the characteristic vibration peaks from carboxylic group and
hydroxyl group. As shown in the FTIR spectra of GOs (Figure S1
in the Supporting Information), stretching and bending vibration
of OH groups of water molecules adsorbed on graphene oxide
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Figure 1. (a) UV/vis reflecting spectral shifts of a GOs film under different humidity conditions at 25 °C and (b) the linear wavelength change of the

reflection spectra peaks under different RHs.

showed a broad peak between 3000—3700 cm ™!, suggesting that
the sample exhibit strong hydrophilicity. The presence of the
absorption peaks at 1630 and 1390 cm ™" were attributed to the
stretching vibration of C=0 and C—O of carboxylic acid groups
present at the edges of GOs. The successful exfoliation was
confirmed by transmission electron microscope (TEM) analysis,
which showed the formation of GO nanosheets, consisting of 1—
3 layers with sizes ranging from a few hundred nanometers to a
couple of microns (Figure S2).

To fabricate GOs film with good uniformity and controllable
thickness, we employed a dip-coating technique for solution
processing as it allows continuous large-scale thin film
production for practical applications. The formed GOs film
was characterized by using electron microscopes analysis.
Scanning electron microscope (SEM) image of the formed
GOs film showed a smooth surface (Figure S3) and the cross-
section image showed a uniform GOs layer with thickness of
about 380 = 15 nm (Figure S4) which stayed constant on the
same wafer (6 in.). The thickness of the GOs film was affected by
the concentration of GO stock solution and the pulling rate.
However, under the same condition, the thickness of the
obtained uniform GOs film is reproducible, suggesting that the
dip coating is simple and reproducible technique for fabricating
GOs film for practical applications.

We studied the GOs film response to RH by extensive
measurement of the reflectance spectra in a quartz chamber at
room temperature, where RH was controlled by vapor pressure
from a series of saturated salt solution, ranging from dry to a high
humid state (RH = 98%). Figure 1a shows reflectance spectra of
GOs film upon exposure to different humidity environments. In
the relatively dry state (RH = 12%), the sensor shows two main
reflection peaks at 386 and 526 nm. With the increase of RH,
these two reflection peaks gradually red-shifted. When RH
reaches 98% (in the vapor of saturated PbNO; solution), these
two reflection peaks shifted to 474 and 645 nm, respectively. On
the basis of the measured spectra, both reflection peaks showed
nearly linear relationships with the change of RH (Figure 1b). In
the relative humidity range from 12 to 98%, the first reflection
peak shifted from 386 to 474 nm with a slope of 1.07, and the
second reflection peak shifted from 526 to 645 nm with a slope of
1.23 as shown in Figure 1b. It is interesting to note that the
spectra changes cover the whole visible range from deep blue to
red, making it very promising to develop the dual-colorimetric
humidity sensors that can detect the humidity change by naked
eyes.

Figure 2 shows the response and recovery curves of the GOs
film measured at room temperature when RH alternately
changes between atmosphere (RH ~50%) and high humidity
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Figure 2. (a) Response and recovery properties of the GOs film based
sensors under alternate atmosphere and high humidity at 25 °C. (b)
Magnified view of one cycle showing the response and recovery time of
the adsorption and desorption processes, respectively.

(RH ~98%). The reflectance wavelength at 550 nm was used for
tracking. GOs film showed good repeatability and rapid
response/recovery characteristics. The response time of the
adsorption process as the RH increases from 50 to 98% for the
GO film is around 250 ms, while the recovery time for the
desorption process is about 1.2 s. The big difference in the
response and recovery times could be attributed to the abundant
hydrophilic groups on GOs 2D nanosheets. These polar
hydrophilic groups cover the surface of 2D GO nanosheets,
forming hydrogen (H) bonding with the absorbed water
molecules. The H bonds between GOs and water molecules
made desorption of water much more difficult than the
absorption process. However, such a response/recovery time is
still much faster than many of the reported humidity sensors.””**
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Figure 3. GOs film humidity sensing mechanism studies. (a) Schematic illustration of GO multilayers at low humidity and high humidity environment.
Carbon, oxygen, and hydrogen atoms are represented by gray, red and white spheres, respectively. Water molecules are represented by yellow stars. (b)
Normalized XRD pattern of GOs film at RH = 12 and 52%. (c, d) UV /vis spectral comparison of the (c) experimental and (d) simulated results of GOs
film with thickness of 386 nm when exposed to different humidity conditions (RH = 12, 52, and 98%.) at 25 °C.

The rapid humidity response and the complete recovery was
attributed to the superpermeability of GOs to water molecules
and nanoscale thickness of the GOs film.”> The fast and
reversible color changes can be repeated many times without
detectable decrease of sensitivity and speed (Video S1).

The humidity dependence of color change of the GOs film can
be attributed to the moisture-induced swelling of the GO
multilayers as illustrated in Figure 3a. Our GO multilayer-based
humidity sensor system consists of three layers: an incident
medium (air layer), a top layer (GO multilayers), and a bottom
layer (Si substrate). When the incident light irradiate on the GO
multilayers, optical interference occurs that the incident light is
reflected by the upper and lower interfaces of the GOs film.
Because of the superpermeability of GOs to water molecules, the
increase in RH will lead to more nanopores opening in GOs film
and insertion of more water molecules. At higher RH, the H
bonds between functional groups and water molecules that
interlinked the adjacent GO layers will be replaced by the H
bonds between water molecules, which lead to an increase of
spacing between adjacent GO layers and thus the swelling of
GOs film.”” As a result, the newly formed optical interference
resulted from the swelled GOs film causes a redshift of the
reflection peaks, leading to visual range spectra shifts as shown in
Figure 1. It is worth mentioning that the measured spectra and
the observed colors caused by the optical interference are highly
repeatable and reversible with the controlled humidity change,
indicating that the GOs film is very stable and the uptake and
release processes of water molecules by the GOs film are highly
reversible as well.
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To confirm the above-mentioned mechanism, we carried out
X-ray diffraction patterns of a GOs film before and after swelling.
Figure 3b showed a displacement of the (002) diffraction peak of
GO multilayer to lower 26 value in humidity environment. The
water uptake increased the interlayer distance from 8.28 A (RH =
12%) to 9.06 A, (RH = 52%), indicating that the GO film on Si
wafer were heavily swollen with water. This is in excellent
agreement with our assumption.

To further confirm the GO film sensing mechanism, we carried
out optical simulation. We considered the GO film with the
bottom in contact of Si substrate and the top in contact with air.
The thickness of the GO film was varied under different RHs. We
adopted the Fresnel matrix formalization to calculate the
reflectance of the multilayered film. At normal incidence, the
characteristic matrix for the GO layer is given by
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where ggo = (€0/po)"*ngo for s-polarization and ggo = (g&o/
Ho)*(1/ngo) and for p-polarization.

The reflection coefficient, r,,, can then be calculated by the
equation below, which takes into account the substrate and air

Mgo =
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The reflectance is given by R , = |rs’P|2. For unpolarized light, the
reflectance is Ry = (1/2) (R, + RP) As can be seen from Figure 3d,
the simulated results are nearly consistent with the measured
spectra (Figure 3c), indicating that the color change of the GOs
film under different RHs was attributed to water induced
thickness change of the GOs film.

To demonstrate their practical applications as humidity
sensors, we cut a silicon wafer with thin layer of GOs film into
chips and then put into vials containing various saturated salt
solution at the vial bottom as shown in Figure 4a (Sat. LiCl: 12%,
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Figure 4. (a) Color change of GOs film when exposure to various RH.
(b) Reversible conversion from the dual-colorimetric of GO multilayers
by alternately exposing to selected RHs.

Sat. MgCl,: 33%, Sat. K,CO5: 44%, Sat. Mg(NO,),: 52%, Sat.
CuCl,: 68%, Sat. NaCl: 75 and Sat. PbNO;: 98%). The saturated
salt solution was used to provide certain vapor pressure. An
immediate color change can be seen when the chip was put into
the vial. In addition, remarkable vivid color change can be
observed when the RH was changed in the whole range, from dry
state to high humid (98%) states. Figure 4b shows the response
and reflectance peak positions of our GOs based humidity sensor
with multicycle change humidity from RH 12%, 60%, to 86%.
GO film sensor showed excellent durability and reversibility over
nearly the entire humidity range. Thus, we can conclude that our
GO sensor shows good performance when working under a
relatively broad humidity range. It is also interesting to note that
the thickness of GO film affects both the film color and humidity
response (Figure SS), which will be reported elsewhere.

In summary, we reported that uniform GO thin film could be a
new type of highly sensitive and fast colorimetric humidity
sensor. The optical studies showed a linear relationship between
the reflecting wavelengths and relative humidity. Importantly,
the color change of GOs film is in the visible range, making the
sensing process quite easy to be discriminated over the whole
humidity range from dry to 98% by naked-eye without any
sophisticated instrument. The mechanism studies showed that
the humidity induced color change was attributed to the swelling
of GOs film at higher relative humidity and the ultrafast sensing

was attributed to the superpermeability of GOs. The easy
preparation, low cost, high sensitivity, and fast response of the
GO-based humidity sensors provide a promising opportunity for
the design of new humidity sensing systems for industry and
domestic applications.
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