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A photonic crystal (PC) sensor that can detect homologues and
isomers with very similar refractive indices through stopband shifts

Conceptual insights

has been prepared from highly monodispersed hollow mesoporous

Photonic crystals comprising solid nanoparticles have been widely reported.
However, studies of photonic crystals comprising hollow nanoparticles are
few. We prepare novel monodispersed hollow mesoporous silica spheres
(HMSSs) with high surface areas and a narrow size distribution to assemble
HMSS PCs. The HMSS PCs show two obvious reflection peaks, which diﬀer
from one reflection peak of PCs comprising solid spheres. Remarkable red
shifts occur for the first reflection peaks of all PCs, while the second
reflection peaks remain nearly unchanged when the eﬀective refractive
index of the HMSS PCs is changed. Homologues and isomers with very
similar refractive indices can be distinguished according to the stopband
shifts by using the HMSS PCs. The excellent sensing performance is
attributed to the hollow and mesoporous structure, which features
increased specific surface areas and improves adsorption capabilities for
the analytes. These promote increases in the eﬀective refractive index of the
PC sensor, and consequently cause apparent shifts of the reflection spectra
and increased sensitivity. A convenient, cheap trace detection method based
on the HMSS PCs will have potential monitoring applications in biology and
medicine in the future.

silica spheres (HMSSs) for the first time. The HMSS PC shows two
obvious reflection peaks, the positions of which are related to the
inner and outer diameters of the HMSSs. When the HMSS PC
sensors are infiltrated with 10 lL of homologues or isomers, the
positions of the second reflection peaks remain nearly unchanged,
while the first reflection peaks shift between 60 and 200 nm. The
diﬀerence in the refractive indices of n-propanol and iso-propanol
is only 0.008; however, the diﬀerence in the stopband shifts is
approximately 25 nm, showing high sensitivity in distinguishing
homologues and isomers of the HMSS PC. The proposed strategy
provides a convenient, cheap trace detection method to distinguish
homologues and isomers.

Introduction
Since photonic crystals (PCs) were introduced by Yablonovich1 and
John2 in 1987, researchers have attempted to fabricate PC materials
with photonic band gaps (PBGs).3–6 PCs have attracted increasing
attention in recent years because they have potential applications
in many areas, such as photonic paper,7 anti-counterfeiting,8–12
photo-catalysis,13 displays,14,15 and chemical and biological
sensors.16,17 Among these applications, PC sensors have been
used to detect varied analytes including DNA,18 cocaine,19
human immunoglobulin G,20 temperature,21 humidity,22 pH,23
metal ions,24 organic solvents,25 and gases and volatile organic
compounds.26–29
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Photonic sensing of liquid and gaseous chemical species
is commonly realized by stopband shifts and changes in
structural color compared to the original properties. According
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
to Bragg’s law (l ¼ 2d neff 2  sin2 y, where l is the diﬀraction
wavelength, neﬀ is the eﬀective refractive index, d is the interparticle distance, and y is the angle of measurement with
respect to the vector normal to the close-packed planes), the
diﬀraction wavelength l can be adjusted by changing neﬀ.
When the voids of PCs are infiltrated by chemicals, the neﬀ
of the whole PCs is increased, which causes a corresponding
red shift in the reflection peak. Compared with conventional
sensors such as gas chromatography and mass spectrometry, which
require a relatively long assay time and expensive apparatuses,
PC sensors are more convenient and cost eﬀective with high
sensitivity for distinguishing chemicals. Based on these features,
extensive studies have been performed on the use of diﬀerent
solid spheres to fabricate opal or inverse opal structures to detect
liquid and gaseous chemical species in recent years. For example,
Ge’s group25 and Stein’s group30 investigated the relationship
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between l and n in solid silica opal and three-dimensionally
ordered macroporous (3DOM) silica infiltrated with diﬀerent
solvents, respectively. Gu et al. reported reflection peak shifts
in the mesoporous silica PC comprising a solid silica core and
mesoporous silica shell when ethanol, methanol, acetone,
toluene, water and chloroform vapors were introduced into the
PCs.31 Heng et al. fabricated a PC sensor of polymer-infiltrated
silica inverse opal to detect dichloromethane, diethyl ether,
chloroform and toluene vapors.32 However, the sensitivity and
selectivity of these PC sensors are low, and they cannot clearly
distinguish between chemical species with similar refractive
indices because the diﬀerences in the stopband shifts of the PC
sensors are too small because of lower void fractions. In order to
solve these problems, Ge’s group developed a dynamic reflection
spectrum (DRS) method based on a silica/poly(ethylene glycol)
methacrylate (PEGMA)/ethylene glycol (EG) PC gel to distinguish
homologues and isomers by recording 300 reflection spectra
every two seconds.25 However, the DRS method is relatively
complicated. Therefore, it remains challenging to realize the
detection of chemical species with similar refractive indices by
the stopband shifts of the static reflection spectrum.
Herein, we prepared novel monodispersed hollow mesoporous
silica spheres (HMSSs) with high surface areas and a narrow
size distribution to assemble HMSS PCs. HMSS PCs using silica
spheres of diﬀerent diameters and thicknesses all show two
obvious reflection peaks. The positions of the two reflection
peaks are related to the inner and outer diameters of the HMSSs.

Materials Horizons

The hollow and mesoporous structure of silica spheres greatly
increases the specific surface area, improves the adsorption
capability for analytes, promotes increases in the eﬀective
refractive index of the PC sensor, and consequently generates
apparent shifts in the reflection spectra, thereby increasing
sensitivity. The stopband shifts of the HMSS PC changed
between 60 and 200 nm when the HMSS PC was infiltrated by
alcohol compounds, the benzene series and alkylolamines.
This work provides a convenient, cheap trace detection method
for distinguishing chemical species with similar refractive
indices, including homologues and isomers. The HMSS PC oﬀers
potential for the fabrication of chemical sensors monitored by
optical signals.

Results and discussion
An SEM image of the HMSSs is shown in Fig. 1a. The spheres are
highly monodisperse with an average particle size of approximately
260 nm and a narrow size distribution; the polydispersity of the
spheres is 2% (Fig. S1, ESI†). TEM images of diﬀerent magnifications of the HMSSs are exhibited in Fig. 1b and c. The HMSSs have
clear hollow structures with shells of approximately 30 nm in
thickness. The inner diameter of the spheres (200 nm) is smaller
than that of the corresponding PS template spheres (250 nm),
due to the shrinkage of the polymer spheres during the coating
of silica and the removal of PS. The high-magnification TEM

Fig. 1 (a) SEM image of HMSSs-200/260. (b and c) TEM images of the HMSSs at diﬀerent magnifications. (d) The nitrogen adsorption–desorption
isotherm of the HMSSs and the corresponding pore-size distribution (inset).
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image indicates that mesopores with short-range order are
distributed on the shells.33 The nitrogen adsorption–desorption
isotherm and the corresponding pore-size distribution curve of
the HMSSs-200/260 are shown in Fig. 1d. The nitrogen adsorption–desorption isotherm is identified as type IV. The specific
surface area of the HMSSs is calculated to be 782 m2 g1, which
is much greater than that previously reported for hollow silica
microspheres (38.33 m2 g1).34 The corresponding pore size is
2.2 nm, as calculated from the desorption branch of the nitrogen
isotherm using the BJH model (inset of Fig. 1d), indicating
uniform mesopore sizes. SEM and TEM images of the monodispersed HMSSs with different diameters and thicknesses are
shown in Fig. S2 (ESI†) and Fig. S3 (ESI†), respectively.
The HMSS PCs were self-assembled via the vertical deposition method. SEM images of the assembled HMSS-200/260 PC
are shown in Fig. 2a and b. The HMSSs are assembled in a facecentered cubic (FCC) arrangement with the close-packed plane
oriented parallel to the substrates. Local disorder and defects
are observed in the low-magnification image of the HMSS PCs
(Fig. 2a). These defects may increase the light scattering losses
of the PCs and impair the optical intensity and quality, to some
degree, but the performance of the PCs is reasonably tolerant of
small amounts of defects.35
The reflection spectra of the HMSS PCs in air were obtained
and the results are exhibited in Fig. 3. Interestingly, all reflection spectra contain two reflection peaks, corresponding to
the first- and second-order Bragg reflection peaks of the HMSS
PCs, respectively.36 It was previously reported that the secondorder Bragg reflection peak of opal structures formed by solid
spheres is inconspicuous.25,31,37–39 The optical scattering may
be enhanced due to the hollow structure of HMSSs, causing the
prominence of the second-order Bragg reflection peak in the
present study.36,40,41 Red shifts can be observed in both reflection
peaks of the HMSS PCs as the inner and outer diameters of the
HMSSs are increased (Fig. 3a). Moreover, the interval between the
two reflection peaks becomes larger, which indicates that
the positions of the first and second reflection peaks are closely
related to the inner and outer diameters of the HMSSs. For the
HMSS-200/260 PC, the first- and second-order Bragg reflection
peaks are observed at 597 and 380 nm. The first reflection peak
arises from the FCC (111) planes in the HMSS PCs; the second
reflection peak is attributed to the synergistic effect of other
planes.36,40 Although the outer diameter of the HMSSs-200/260
is very close to the inner diameter of the HMSSs-265/360, the
position of the first reflection peak of the HMSS-200/260 PC differs
from that of the second reflection peak of the HMSS-265/360 PC.

Fig. 2

SEM images of HMSS PCs at diﬀerent magnifications.
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Fig. 3 Reflection spectra of (a) HMSS PCs with diﬀerent inner and outer
diameters and (b) HMSS PCs with constant inner diameters and diﬀerent
shell thicknesses.

However, the position of the first reflection peak of the
HMSS-200/260 PC and that of the second reflection peak of
the HMSS-370/475 PC are close. The above results indicate that
the positions of the two reflection peaks depend on both the
outer and inner diameters of the HMSSs. Fig. 3b shows the effect
of the shell thickness on the reflection spectra of the HMSS PCs.
For HMSSs with the same inner diameter, the two reflection
peaks of the HMSS PCs experience red shifts with increasing
shell thickness. However, the red shift of the first reflection peak
is greater than that of the second reflection peak, reflecting
that the position of the first reflection peak from the HMSS PCs
mainly depends on the outer diameter of the HMSSs. The
position of the second reflection peak is also related to the outer
diameter of the HMSSs. In addition, although the outer diameter
of the HMSS-200/330 PC (330 nm) is smaller than that of the
HMSS-265/360 PC (360 nm), the position of the first-order Bragg
reflection peak wavelength of the HMSS-200/330 PC (927 nm) is
greater than that of the HMSS-265/360 PC (791 nm). According
to Bragg’s law, the position of the stopband is related to the
effective refractive index (neff) and the periodic structure (d). At a
given effective refractive index, the stopband is closely related to
the periodic structure. The stopband experiences a red shift with
increasing d in reflection spectra measured at normal incidence
to the (111) plane of the PC. The effective refractive index of the
HMSS PC is related to the refractive indices of silica and air, and
its morphology. In this case, the shell thickness of the HMSSs
has an important effect on the effective refractive index. The
stopband of the HMSS-200/330 PC, with a smaller d value, occurs
at a larger wavelength than that of the HMSS-265/360 PC with a
larger d value. Thus, we can conclude that the effective refractive
index (neff) of the HMSS-200/330 PC is higher than that of the
HMSS-265/360 PC because of the thicker shell (130 nm) of the
HMSS-200/330. This thicker shell corresponds to a higher volume
of silica in the PC and a higher effective refractive index (neff), thus
leading to a longer-wavelength stopband. Through the above
analysis, it is concluded that the stopband position and interval
of the two reflection peaks of the HMSS PCs can be tuned by
manipulating the inner and outer diameters of the HMSSs.
The sensing performances of the HMSS-200/260, 200/300,
and 265/360 PCs were evaluated. The in situ reflectance spectra
were recorded to monitor the response to diﬀerent analytes.
Ethanol (10 mL) was dripped onto the surface of the PCs to allow
the analytes to permeate the air-containing pores of the PCs by
capillary forces. Fig. 4 shows the reflection spectra of the HMSS
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Fig. 5 Red shifts of the first reflection peaks of HMSS PCs with diﬀerent inner
and outer diameters infiltrated with ethanol, benzene, and ethanolamine.
Fig. 4 Reflection spectra of HMSS PCs with diﬀerent inner and outer
diameters infiltrated by air and ethanol.

PCs with diﬀerent inner and outer diameters before and after
ethanol infiltration. Remarkable red shifts occur for the first
reflection peaks of all PCs, while the second reflection peaks
remain nearly unchanged. The position of the first reflection
peak of each HMSS PC moves following Bragg’s law; this peak
can be regarded as the stopband. After replacement of the air
within the pores by ethanol, neﬀ for the PC increases, causing
remarkable red shifts of the first reflection peaks. Moreover,
diﬀerent stopband shifts of 69, 86, and 105 nm are observed in
the three HMSS PCs with diﬀerent inner and outer diameters,
respectively. The diﬀerent ethanol absorbance by each of the
three PCs induces diﬀerent neﬀ and the corresponding unique
variations in the stopband because of the diﬀerent HMSS
porosities. Increasing the inner and outer diameters of the
HMSS PCs causes the formation of more voids and promotes
the analyte absorption capacity, thus creating a larger neﬀ and
greater stopband shifts. The stopband shifts of the HMSS PCs
are remarkably larger than the 40 nm red shift of a solid silica
PC previously reported.25 The larger stopband shifts result from
the mesoporous and hollow structures of the HMSSs. Since
the specific surface areas of the HMSSs are larger than those
of solid silica spheres, more spaces are available for analyte
absorption in the HMSS PCs; larger neﬀ values and larger
stopband shifts follow. Optical photographs and a video of
HMSS-200/260 PCs in air and ethanol are shown in Fig. S4 and
Video S1 (ESI†), respectively. There is a clear color change when
the HMSS PC is infiltrated with ethanol. In order to investigate
the reusability of the HMSS PC sensor, the sensor was alternately infiltrated with ethanol and air for five cycles. Fig. S5
(ESI†) shows the reversible conversion of the stopband position
for the HMSS PC when alternately infiltrated with ethanol and
air for five cycles, demonstrating repeatable and reversible
change in the peak position (ESI†).
For comparison, benzene and ethanolamine were also infiltrated
in the HMSS PCs to determine their sensing performance.
Fig. 5 shows the red shifts of the first reflection peaks of the
HMSS PCs with diﬀerent inner and outer diameters after

This journal is © The Royal Society of Chemistry 2017

infiltration with ethanol, benzene, and ethanolamine. In agreement with the results from ethanol, diﬀerent stopband shifts of
90, 108, and 173 nm are observed in the three diﬀerent HMSS
PCs infiltrated with benzene, caused by the diﬀerent eﬀective
refractive indices of the infiltrated PCs. However, all the stopband shifts are larger than those of ethanol because of the
higher refractive index of benzene (1.501) compared to that of
ethanol (1.362). As expected, the same HMSS PC shows diﬀerent
red shifts after infiltration by ethanol, benzene, and ethanolamine because of the diﬀerent refractive indices of the analytes.
Normally, larger red shifts are observed for materials with higher
eﬀective refractive indices. For the HMSS-200/260 PC, the
stopband shifts are 69, 90, and 93 nm for ethanol, benzene,
and ethanolamine, respectively. The stopband shift in response
to ethanolamine is slightly greater than that to benzene,
although the refractive index of ethanolamine (1.454) is lower
than that of benzene (1.501). This may be attributed to ethanolamine being non-volatile, which corresponds to a greater adsorption quality and correspondingly a larger eﬀective refractive
index of the PC. The stopband shifts of the HMSS-200/300 PCs
infiltrated by ethanol, benzene, and ethanolamine are 86, 108
and 105 nm, respectively. The reflection peaks of the HMSS-265/
360 PC exhibit the largest red shifts of 105, 173, and 137 nm,
respectively, indicating that the detection of the analytes is more
sensitive for HMSS PCs with larger inner and outer diameters
because they provide higher eﬀective refractive indices. The
results demonstrate that the HMSS PC is a good candidate for
the detection of chemicals based on the stopband shift.
In order to further evaluate the sensing performance of the
HMSS PCs, the reflection spectra of the HMSS PCs infiltrated by
chemicals with similar refractive indices, such as homologues
or isomers, were measured (Table S1, ESI†). Fig. 6a–c shows the
reflection spectra of the HMSS-265/360 PC infiltrated by alcohol
compounds, the benzene series, and alkylolamines, respectively.
The positions of the second reflection peaks remain nearly
unchanged for the HMSS PC infiltrated by these chemicals,
which is in good agreement with the results in Fig. 4. The first
reflection peaks show different red shifts because of the different
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Fig. 6 Reflection spectra of HMSS-265/360 PCs infiltrated with (a) alcohol compounds, (b) the benzene series, (c) and alkylolamines; and (d) stopband
shifts of the HMSS PCs infiltrated with homologues or isomers.

refractive indices of the chemicals; the shift values are summarized in Fig. 6d and Table S1 (ESI†). The stopband shifts
range from 60 to 200 nm for the HMSS PC infiltrated by the
homologues or isomers. The great difference in stopband shifts
is attributed to the hollow and mesoporous structures of the
HMSS PC. Methanol, ethanol, and n-propanol have similar
refractive indices of 1.329, 1.362, and 1.385, respectively; the
stopband shifts of the three chemicals are remarkably different,
at 64, 105, and 145 nm. For the isomers, the difference in the
refractive indices of n-propanol and iso-propanol is only 0.008;
however, the stopband shifts caused by the two chemicals show
a difference of approximately 25 nm, which can be easily
distinguished. The refractive indices of n-butanol and isobutanol are 1.399 and 1.398, which cause difficulty in distinguishing the chemicals using general PC sensors. However, the
HMSS PC shows distinct optical responsive properties under
infiltration by n-butanol and iso-butanol, in which stopband
shifts of 134 and 141 nm, respectively, can be observed. Fig. S6
(ESI†) shows the reflection spectra of the PC sensor as the isobutanol evaporates. The reflection peak experiences a blue
shift, returning to its original position after the full evaporation
of the analyte, showing the reversibility of detection (ESI†).
Such large differences in stopband shifts are caused by the high
adsorption capacity of the HMSS PCs. The large differences in
stopband shifts and good selectivity result from the dual effects
of both the mesoporous and hollow structures of the HMSSs.
Compared with PCs comprising solid silica spheres, HMSSs
have larger specific surface areas and high porosity derived
from the mesoporous structure, while their hollow structure
can load more analytes. Thus both the mesoporous and hollow
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structures will result in a larger adsorption amount of the
analytes in the HMSS PCs, consequently causing larger differences in neff values and stopband shifts follow. The stopband
shift of the HMSS PCs infiltrated by iso-butanol is greater than
that of n-butanol, because the polarities and affinities of the
chemicals also affect the stopband shifts of the PCs.25 Furthermore, infiltration by the benzene series and alkylolamines also
causes different red shifts in the reflection spectra with high
sensitivity. For benzene, o-xylene, m-xylene, and p-xylene, the PC
sensor shows red shifts of 173, 190, 165, and 158 nm, respectively.
For ethanolamine, diethanolamine, and triethanolamine, the red
shifts are 137, 148, and 156 nm, respectively. Based on the above
results, the testing of the HMSS PC sensors with adequate
chemicals could establish a database of stopband shifts, which
would provide a standard to identify unknown homologues or
isomers. Trace detection of homologues and isomers based on
HMSS PCs can also be achieved based on the stopband shifts of
the static reflection spectrum.

Conclusions
In summary, we have fabricated highly monodispersed HMSSs
with diﬀerent inner diameters and shell thicknesses, which
were used to assemble HMSS PC sensors. The sensors show
high sensitivity with apparent stopband shifts when they are
infiltrated by chemicals with similar refractive indices, caused
by the combination of the mesopores and the hollow structure.
These directly readable optical signals endow the constructed
HMSS PC sensor with good specificity suitable for the monitoring
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of analytes without using complex instruments. Trace detection
based on HMSS PCs will have potential monitoring applications in biology and medicine in the future.

denoted HMSSs-200/260. Following the same procedure, HMSSs265/360, HMSSs-370/475, HMSSs-200/300, and HMSSs-200/330
were prepared for comparison.

Experimental section

Self-assembly of HMSSs

Materials

The HMSSs were assembled into 3D ordered PCs on glass slides
using the vertical deposition technique, as shown in Fig. 7b.
First, the glass slides were cleaned ultrasonically in acetone,
methanol, and distilled water for 30 min each. Then, the cleaned
glass slides were placed in cylindrical vessels. The HMSS suspension (0.5 wt% in 1 mL of water and 4 mL of ethanol) was added
to the vessels and then evaporated in an incubator at a stable
temperature of 60 1C for 60 h to form a film of PCs.

Ammonia, cetyltrimethylammonium bromide (CTAB), ethanol,
hydrochloric acid, tetrahydrofuran, and tetraethoxysilane
(TEOS) were obtained from the Beijing Chemical Corporation.
TEOS was distilled and purified further before the experiments.
Methanol, ethanol, n-propanol, iso-propanol, n-butanol, isobutanol, benzene, o-xylene, m-xylene, p-xylene, ethanolamine,
diethanolamine, and triethanolamine were purchased from
Sigma-Aldrich.

Material characterization
Synthesis of HMSSs
Monodispersed polystyrene (PS) latex spheres with diameters of
250, 330, and 430 nm were obtained using emulsifier-free
emulsion polymerization technology.42 The monodispersed
HMSSs were synthesized via a hard templating method, as shown
in Fig. 7a. Typically, 0.15 g of monodispersed PS spheres, 80 mL of
ethanol, 160 mL of deionized water, 0.35 g of CTAB, and 4.25 mL
of aqueous ammonia (28 wt%) were mixed. After stirring for
30 min, 0.5 mL of TEOS was added dropwise to the mixture,
and the suspension was subsequently stirred at ambient
temperature overnight to obtain mesoporous PS@SiO2 core–
shell spheres. After centrifugation, the core–shell spheres were
immersed in tetrahydrofuran for 12 h to remove the PS cores.
The above process was repeated twice. CTAB extraction of
the hollow silica spheres was performed twice with 7 mL of
concentrated hydrochloric acid in 60 mL of ethanol at 60 1C for
2 h.43 Finally, the spheres were washed with water and ethanol
to remove the residual reagents and obtain HMSSs.
HMSSs with diﬀerent inner diameters and shell thicknesses
were synthesized by changing the diameters of the PS spheres
and adjusting the amounts of TEOS. HMSSs with inner and
outer diameters of 200 and 260 nm were prepared and are

Scanning electron microscopy (SEM) images were obtained from
SUPRA 55 (Zeiss, Germany). The morphology and size of the
HMSSs were investigated using a transmission electron microscope
(TEM, JEOL 2100, Japan) at an accelerating voltage of 200 kV. The
size distributions of the HMSSs were measured with a Nano-ZS
90 analyzer (Malvern, England). Nitrogen adsorption–desorption
isotherms were obtained on a 3H-2000PS analyzer (Beishide
Instrument-ST (Beijing) Co., Ltd, China). The specific surface
areas were calculated using the Brunauer–Emmett–Teller (BET)
method, and the pore size distributions were calculated using
the Barrett–Joyner–Halenda (BJH) model. The reflection spectra
of the PCs were recorded using a Maya2000 Pro fiber optic
spectrometer (Ocean Optics, America). Fig. 7c shows the schematic
of the detection of chemicals by the HMSS PCs. The reflection
spectra of the HMSS PCs in normal incidence are recorded after
10 mL of each analyte is dropped on the surface of the HMSS
PCs. Capillary action drives the infiltration of the trace liquids
into the voids of the HMSS PCs. The effective refractive index
of the PC assembly increases by the replacement of air with
liquids, causing a corresponding red shift of the reflection
spectrum. Chemicals are identified according to the stopband
shifts of the HMSS PCs.
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