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a b s t r a c t
In study, we proposed a simple yet fast optical sensing motif based on thimbleful of polyvinyl alcohol
(PVA) inﬁltrated photonic crystal (PC), which allows for high efﬁciency in vapor sensing through changes
in their inter-layer space. Linear response to a broad dynamic range of vapor concentration was realized.
Ultrafast response time (<1 s) and excellent recyclability were also demonstrated. Selective response to a
vapor was exhibited, reﬂecting well the characteristic sorption properties of PVA, with which colorimetric
reporting was readily achieved. These substantial improvements in performance are attributed to the
efﬁcacy of signal transduction and the enhanced signal transduction because of thimbleful PVA inﬁltrated
space between adjacent SiO2 nanospheres.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
A responsive photonic crystal (RPC) is a material with a tunable band gap [1] due to its periodic dielectric structure. Due to
their fast responses and selectivity, RPCs [2] are currently gaining
increased attention. The principle of an RPC is based on a material
that responds to stimuli resulting in changes in physical properties, usually the volume. According to Bragg’s law,  = 2nd sin 
[3], where  is the wavelength of the reﬂecting peak, n is the refractive index,  is the glancing angle between the incident light and
diffraction crystal planes and d is the inter-layer spacing. If stimuli can cause a volume change, which means that the inter-layer
spacing changes correspondingly, a peak shift is observed since
the wavelength of the reﬂecting peak is changed following Bragg’s
law. Applications of PC sensors are based on this unique ability to
cause a shift in the reﬂection peak with change in refractive index
or inter-layers spacing [4].
Nowadays, a large number of researches on PC sensors is
increasing with each passing day. Recently, a lot of research focused
on PC sensors has been reported [5]. However, to the best of our
knowledge, the PC sensors reported are based predominantly on

∗ Corresponding authors.
E-mail addresses: liyao@hit.edu.cn (Y. Li), iamxhb@hit.edu.cn (H. Xu),
jpzhao@hit.edu.cn (J. Zhao).
http://dx.doi.org/10.1016/j.apsusc.2017.06.140
0169-4332/© 2017 Elsevier B.V. All rights reserved.

the inverse opal structure that has a large speciﬁc area resulting
from its macroporous structure. For instance, Zhang et al. fabricated a PC organic vapor sensor based on an inverse opal structure,
which could detect different solvent vapors [6]. Duan et al. prepared
an inverse opal hydrogel sensor using close-packed PS nanoparticles as a template. Using acrylic acid as recognizing components to
fabricate the sensor, they succeeded in functionalizing the sensor
with the dual ability to detect changes in pH and metal ions [7].
Guan et al. prepared a shape-memory PC using ethoxylated (20)
trimethylolpropanetriacrylate (ETPTA20) and polyethylene glycol
(600) diacrylate (PEGDA 600). By mixing these two components
with silica nanoparticles, they made an inverse opal structure
following self-assembly, polymerization under ultraviolet (UV)
light and dipping into HF solution [8]. The structure they built
showed unique shape memory properties in case the structure
was destroyed by excessive swelling caused by the high density
of water, the sensor could be recovered by dipping in ethanol or
acetone. A peak shift was also observed in this PC when the partial pressure of acetone vapor was changed. The above-mentioned
materials can achieve high detection efﬁciencies due to their high
porosities. However, the mechanical properties could not be optimized simultaneously for practical applications. Therefore, sensors
based on opal structure are better adapted than inverse opal PC sensors for practical applications due to the simple preparation process
and the good mechanical properties of these materials. Research
by Hupp demonstrated the fabrication of a combination of metal
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organic frameworks (MOFs) and colloidal crystals capable of detecting volatile molecules due to the large surface area and sorption
properties of the MOF combined with the optical properties of the
colloidal crystal [9].
The above-mentioned PC sensors can achieve good mechanical
properties and can be fabricated using simple preparation processes, but the recognizing materials, unfortunately, are usually
relatively massive and therefore have long response times and
low sensitivity. Here, a visual sensor based on an opal structure
for the reversible detection of water vapor is reported. Instead of
completely ﬁlling the interspaces of the colloidal crystals with the
responsive polymer, we prepared the vapor sensitive opal structure
PC by inﬁltrating the functional polymer only in the contact area
between two adjacent nanoparticles. This novel structure maintains a relatively high porous that could signiﬁcantly enhance the
diffusion of water vapor. This paper reports that a water vapor
sensor was fabricated by a mixture self-assemble PVA and SiO2
nanospheres. With different concentrations of water vapor, a shift
in the wavelengths () of the reﬂecting peaks is observed in accordance with Bragg’s law. Linear response to a broad dynamic range
of vapor concentration was realized. Thus, an excellent reversible
stability and fast detection of water vapor is achieved accompanied
by a color change from tangerine to white with a response time of
less than 1 s. Selective response to a vapor was exhibited, reﬂecting
well the characteristic sorption properties of PVA.
2. Experimental
2.1. Materials
Ammonia, tetraethyl orthosilicate (TEOS), ethylene glycol, PVA
and ethanol were purchased from Xilong Chemical Co., Ltd. TEOS
was distilled before use. Synthesis of monodisperse silica nanoparticles (silica NP) using Stöber [10] method, and controlling the
amount of ammonia or TEOS, it was possible to control the size
and monodispersity of the silica nanoparticles. The prepared silica
nanoparticles were puriﬁed by repeated centrifugation and dispersion in alcohol. Finally, the silica nanoparticles were dispersed in
ethanol to make at 30 wt% latex.

2.2. Fabrication of PC vapor sensor
PC vapor sensor was prepared by spray coating [11]. The distance between the spray gun and the substrate was 10–15 cm and
the pressure was 0.05-0.1 MPa. The glass substrate was treated with
piranha solution for several hours to increase its hydrophilicity.
The silica NP used in spray coating was prepared by mixing a ﬁxed
amount (ca. 2 wt%) of PVA solution and silica nanoparticles latex
with ultrapure water and ethanol.
2.3. Measurement and characterization
The morphology of the sensor was observed by FEI Nanolab
600i ﬁeld emission scanning electron microscopy (FE-SEM). The
optical properties were measured by Maya2000 Pro ﬁber spectrometer (Ocean Optics). In order to characterize reversibility of
the sensor, we carried out reﬂection peak with an airtight cell. A
schematic of this measurement is shown in Fig. S3. A halogen lamp
coupled to a monochromator was used for wavelength-dependent
measurement. The sample was mounted at the center of the cell.
The reﬂected light from the sample was collected by a photodetector. In our measurement, we were obtained the reﬂection peak of
photonic sensor in nitrogen and vapor, respectively.
3. Results and discussion
Fig. 1 exhibits the preparation and the response mechanism of
the PVA-SiO2 photonic crystal opal ﬁlms. The sensor ﬁlms consist of a SiO2 opal structure and a small amount of PVA polymer
molecules. The composite PC ﬁlms were obtained by spray coating of the mixture of PVA and monodisperse SiO2 colloidal sol.
The resulting composite PC ﬁlms of PVA and SiO2 have a threedimensional ordered and interconnected macroporous structure,
which is favorable for the diffusion and the efﬁcient sensing of
analyte. The PVA polymer molecules was presented mainly in the
contact areas between two spheres by virtue of capillary forces,
which leads to an incomplete void ﬁlling in accordance with the
evaporating behavior of liquids. The PVA molecules are prone to
adsorb the vapors, especially exhibit a high afﬁnity for water vapor.

Fig. 1. Schematic of the fabrication and working process of a 3D photonic crystal water vapor sensor. (a) Silica nanospheres dispersed in PVA (H2 O)/ethanol solution. (b) The
dispersed silica nanoparticles self-assemble into a 3D PC with PVA and SiO2 nanospheres as the solvent evaporates. (c) Swelling occurs when water vapor is added to the
sensor. (d) The ultraviolet–visible (UV–vis) reﬂection peak-shift showing sensing property.
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Fig. 2. SEM images of the PC sensor. (a) and (b) Top view of the sensor, showing the opal structure. (c) and (d) Cross sectional view of the sensor with a different magniﬁcation.

The water vapors were easily adsorbed by PVA, changing the space
between two SiO2 nanospheres. This inﬁltration of water vapors
can increase the inter-layer spacing of composite PCs, resulting in
a red shift of the PC’s stopband. After the composite PC ﬁlms of PVA
and SiO2 are exposed to air, the stopband will return to its original
state due to desorption of water vapors from the pores.
The SEM image of the PC water-vapor sensor is shown in Fig. 2.
The hexagonal close-packed plane (111) ordering of the silica
spheres of 330 nm diameter is clearly evident (Fig. 2a). The red
circled region illustrates the presence of PVA between the two
adjacent silica nanospheres (Fig. 2b). During the drying process,
the solution concentrated at this gap in order to stay at minimum
energy state. After drying, PVA was in the gap between the two
adjacent nanospheres due to the low concentration of the PVA.
The typical cross-sectional SEM images of a composite PC demonstrates that this PVA polymer presented mainly in the contact are
as between two spheres (Fig. 2c,d).
Fig. 3a shows the reﬂectance spectra of the PC sensor with different concentrations of water vapor. Each of these curves corresponds
to varying concentrations of water in the medium from 0% to 100%.
It is clear that the stop-band positions changes from 700 nm to
760 nm with increasing concentration of water vapor. Once the
concentration of water in the medium is changed, a corresponding shift in the peak is observed. The graph demonstrates that PVA
in the sensor swells with increasing water concentration leading
to the red-shift of the peak. Fig. 3b displays the color changes with
change in the water concentration in the surrounding environment.
A high concentration of water vapor causes the swelling of PVA,
leading to a red-shift of the reﬂection peak from visible 700 nm
to near infrared 760 nm and the color of the sensor changes from
tangerine to white. For comparison, the reﬂection spectra of silica
PC without the inﬁltration of PVA and the pristine PVA ﬁlm were

also tested before and after wetting with water vapor, (Figure. S
1 and S 2). Changing the water vapor concentration caused a relatively small peak-shift in pure silica, PC or PVA. This observation
demonstrates that the PC and PVA do not have water vapor sensing properties. On combining these two materials, however, a huge
peak-shift can be observed. It can be seen that the intensity of the
reﬂection peak decreases and shifts to the infrared when the concentration of water vapor in the medium increases. A weakening
peak intensity can also be observed with the increasing concentration of water, the reason of this phenomenon is mostly because of
the increasing defects and scattering during the process of swelling.
Fig. 3c shows the relationship between the reﬂection peak and
the concentration of water. For different concentrations of water
vapor, a linear relation between the peak-shift of the sensor and
the concentration of water vapor is observed. The performance
of the sensor was tested with respect to reversibility (Fig. 3d).
By mixing nitrogen with water vapor, humid vapor with various
water concentrations can be obtained. After alternately pumping
humid water vapor and dry nitrogen vapor to the sensor, we can
observe the corresponding change in the color of the sensor. From
the reversibility chart, it can be concluded that the sensor has a high
performance for reversibility and a rapid response towards stimuli.
Fig. 3d is the cycle test curve of the sensor. It can be seen that the
average response time is less than 1 s for the sensor reﬂection peak
to shift from 700 nm to 760 nm. The sensor has a stable reversibility
and can be used repeatedly.
We further investigated the changes in peak shift of the sensor when exposed alternately to different vapor and nitrogen. As
exhibited in Fig. 4 only water led to great peak shift in the reﬂection spectra. After pumping different organic vapors to the sensor,
it can be seen the sensor responds only to water and the peak
shift is nearly 60 nm, while other organic vapors cause a shift of
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Fig. 3. (a) The reﬂection spectra of the PC templates with concentration of water gas. (b) The optical images of the sensor before and after in vapor. (c) The correlations of
water vapor concentration and reﬂection peak of the PC sensor. (d) Reversible changes of the sensor’s stopband when exposed alternately to vapor and nitrogen.

approximately 8 nm. The highest peak shift response of the detection for water among the solvent is consistent with the much higher
adsorption of PVA towards water vapor. Due to the change in refractive index, a peak shift of around 10 nm is common only observed
for most organic vapors. The chart demonstrates the good selectivity of the sensor to water.

4. Conclusions
In summary, we prepared a silica PC water-vapor sensor with
opal structure by spray coating. The sensor has a reﬂection peak at
700 nm, in the absence of water. With increasing water concentrations, the reﬂection peak is weakened and red-shifted to 760 nm.
The color of the sensor correspondingly changes from tangerine
to opalescent. By alternately changing the concentration of water
vapor from maximum to minimum, the cycle curve of the sensor
is obtained. The chart indicates that the sensor has an excellent
reversibility and sensitivity. In this way, we can achieve the rapid
fabrication of a PC sensor. It is also possible to add functional groups
to the surface of the silica nanospheres to realize functionalized
sensors in the future. These sensors may be used in various ﬁelds
including corrosion protection and in smart devices.
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