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ABSTRACT: Surface-enhanced Raman scattering (SERS) has
started to attract attention in vapor sensing; however, practical
applications require shorter response time and better sensitivity.
Herein, we report a facile multiscale SERS substrate for trace-level
detection of vapors using a portable Raman spectrometer through
the synergistic integration of biologically fabricated diatom
photonic crystals and gold−silica core−shell nanoparticles. The
multiscale substrate is composed of (1) a micrometer-scaled, 3-
dimensional, diatom biosilica frustule enabling efficient vapor−
substrate interaction for rapid sensing, (2) periodic pores, on the
order of 100 nm, inducing plasmonic-photonic coupled resonances
for enhanced SERS signals, (3) gold nanoparticle cores, with a
diameter on the order of 10 nm, contributing plasmonic field
enhancements, and (4) porous 1 nm thick silica core−shells enabling analyte vapor adsorption and concentration. The combination
of the hierarchal, multiscale features results in a SERS substrate capable of rapid and sensitive detection of target vapors in air. The
multiscale substrate’s functionality is characterized using the polycyclic aromatic hydrocarbon pyrene, and the contribution from
each scale is verified by using a stagnant vapor chamber. The sensor equilibrates in only 3 min, and detection is achieved down to 1
ppm. The sensor is then applied to the detection of explosive 2,4-dinitrotoluene vapor below 100 ppb in an airflow chamber to
replicate practical detection conditions, achieving detection in under 3 min at room temperature and under 1 min when heated. This
work successfully demonstrates detection of explosive vapor and represents a significant advancement toward widespread vapor
sensing via SERS.

KEYWORDS: multiscale nanomaterial, photonic crystals, core−shell nanoparticles, explosives detection,
surface-enhanced Raman scattering

1. INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is an appealing
optical detection technique due to its capacity for rapid
sensing, multiplex detection, and high sensitivity, capable of
achieving single molecule detection.1,2 Because of the many
benefits of SERS sensing, its implementation to the detection
of vapor analytes has been explored for several years,3−6

particularly for the detection of explosives.7 However,
improved response time and sensitivity are required for
practical detections. The natural diffusion of the analyte
vapor to a substrate is slow and hinders the response time of
the sensor. For example, Chou et al. utilized a laser ablation
fabricated gold nanostructured substrate to detect explosive
2,4-dinitrotoluene (DNT) vapor but required 18 h of analyte
interaction.8 To improve the response time, “flow-through”9,10

and “flow-over”11 type sensors have been employed to reduce
vapor diffusion time. Piorek and co-workers fabricated an open
microfluidic channel, flowing plasmonic nanoparticles (NPs)
to capture explosive DNT vapor across the open channel.

However, this required a constant supply of flowing NPs, and
the complicated fluidic vapor setup renders great difficulty in
implementation.11 Similarly, other applications requiring
external circulation apparatuses also add complexity and
difficulty to sensing setups.
Sensitive detection of trace levels of the explosive vapor

enables remote and accurate sensing. High SERS sensitivity
can be achieved through the rational design and fabrication of
novel SERS substrates such as Demeritte’s detection 100 fM
2,4,6-trinitrotoluene (TNT) in solution by using a single-
walled carbon nanotube functionalized with popcorn-shaped
gold nanoparticles.12 However, the plasmonic field enhance-
ments accompanying the SERS substrates are localized effects
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and, without analyte adsorption capabilities, are dependent
upon vapor diffusion and condensation. Vapor adsorption
allows for the capture and concentration of the target molecule
within sensing regions and ensures the stability of the
measurement. Improved vapor adsorption has been attained
through substrate chemical functionalization13,14 and utiliza-
tion of 3-dimensional (3D) materials.15,16 Wang et al.
fabricated rationally designed nanocluster arrays, and Sylvia
et al. prepared a roughened gold substrate for explosive vapor
detection. Detection was achieved down to 10 ppt and 5 ppb,
respectively. However, both required wetting the substrate
with sodium hydroxide to increase the binding affinity and
enable analyte adsorption, resulting in a sensing process that is
more involved and tedious.13,14 Our group has previously
achieved detection of attogram levels of TNT, but this was
solution-based detection, requiring inkjet printing for sample
concentration.17 A vapor sensor with strong analyte adsorption
is needed to achieve rapid response and high sensitivity for
practical engineering applications.
Multiscale materials have extended the horizon of SERS

sensing.18,19 Kreno et al. fabricated a porous metal−organic
framework over a silver “film-on-nanoparticles” structure to
increase surface area and analyte trapping while also enhancing
SERS.4 Multiscale gold (Au)−areole structures, mimicking the
areole of cactus, was created by Li et al. on a super-
hydrophobic−superhydrophobic substrate, demonstrating ef-
fective analyte concentration to a SERS hot spot-rich region.20

Liu et al. fabricated Au rods coated with silica shells and
embedded silver nanoparticles for ultrasensitive SERS
detection and tunable release of molecules.21 Our group has
previously fabricated a multiscale mesoporous diatom capsule
with plasmonic NPs to enable efficient substrate−environment
interactions while simultaneously achieving plasmonic-en-
hanced optical fields.22 The combination of multiscale

materials may contribute multifunctionalities to enable rapid
and sensitive vapor detection. Diatom frustules are one
pragmatic component. Diatoms are unicellular microalgae
found abundantly in nature that possess a hierarchal nano-
porous biosilica shell called a frustule. The periodic nanopores
within the structure of the frustule forms a naturally occurring
photonic crystal with properties similar to rationally designed
photonic crystals. Frustules have been integrated with optical
biosensors and shown capable of enhancing optical signals,23,24

particularly SERS.25−28 The photonic crystal structure of the
frustule allows the induction of guided-mode resonance
(GMR) within its structure, capable of pairing with the
plasmonic resonance of metallic nanoparticles, resulting in
stronger electromagnetic fields.25,29 Beyond optical enhance-
ments, the implementation of mesoporous structures in flow-
through applications have been shown to result in rapid
equilibration due to the favorable transport of the analyte to
the substrate,30,31 and similarly, the hollow, mesoporous
biosilica diatom frustule allows fast diffusion of gases.32 The
integration of frustules into a vapor sensor contributes
enhanced optical field and increased analyte interaction for
greater sensitivity and shorter response time.
Metallic NPs are easily synthesized and have been used, in

many forms, as common optical enhancers for SERS.33−35

However, the near-field plasmonic field enhancement decays
exponentially with distance and analyte molecules not in the
immediate vicinity of the NP are not detected.36 The
application of a shell, creating a core−shell NP structure, has
been shown to contribute oxidative resistivity, thermal stability,
and stronger binding affinities for improved molecular
trapping.37−40 It has been verified by several works that silica
shells on NPs, fabricated by the Stöber method, result in a thin
porous shell.41−44 Furthermore, the silica shell can lead to
facile immobilization of analytes that do not possess metal-

Figure 1. FDTD simulation of plasmonic-enhanced field between two Au@SiO2 NPs (a). The NPs are randomly dispersed on a glass substrate and
on a simulated diatom structure with the enhanced electromagnetic field (|E4/E0|) (b) and additional SERS enhancement from diatom plotted both
on a log scale (c). The simulated structure is shown with expanded regions highlighting the scale of the structure (d).
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binding functional groups.45 This increased binding affinity
and large surface area provide abundant binding sites and
enable effective analyte trapping and concentration. The
multiscale plasmonic NP with a porous shell contributes
optical signal enhancement and vapor adsorption capabilities.
The motivation for this work is to create a multiscale SERS

substrate capable of sensitive and rapid detection of analyte
vapors, particularly explosives. An average of 19 injuries or
deaths per day were reported in 2017 worldwide due to
exploding land mines with 87% of those being civilians and
47% of the civilians being children.46 TNT and its byproduct,
DNT, are common components found in land mines. Though
the percentage of DNT present is small compared to TNT, its
vapor pressure is 20−100× greater, making it a preferred
indicator for explosive device detection.47,48 Deteriorated
casings of land mines release vaporized explosives into the
soil and air, enabling detection. In this work, we present a
multiscale vapor SERS sensor, synergistically pairing gold−
silica core−shell (Au@SiO2) nanoparticles and photonic
crystal-like frustules for the rapid and sensitive vapor SERS
detection of DNT. The 36 nm plasmonic core and the porous,
nanometer thick shell enable enhanced electromagnetic fields,
while trapping analyte molecules in these sensing regions.
Meanwhile, the 30 μm frustule with 200 nm pores enables
further field enhancement, as well as improved vapor−
substrate interaction, enabling a rapid response. Using
numerical methods, we verify the Au@SiO2 NPs SERS
capabilities and the SERS enhancement from diatom. The
polycyclic aromatic hydrocarbon pyrene is used as a model
molecule to experimentally characterize our multiscale vapor
SERS substrate. The contributions from each component of
the multiscale sensor are explored, and detection of pyrene
vapor at 1 ppm is achieved in only 3 min. DNT vapor is also
detected at room temperature below 100 ppb in under 3 min,
thus demonstrating the potential of our multiscale sensor for
target vapor sensing.

2. THEORETICAL MODELING

To investigate the SERS effect from Au@SiO2 NPs and the
SERS enhancement from diatom frustules, Lumerical’s finite-
difference time-domain (FDTD) analysis was employed for
optical modeling. It is well-known that the plasmonic
enhancement from the metallic NP is a near-field effect and
is greatly influenced by changes to the refractive index on and
near its surface.49 To determine the SERS capabilities of the
Au NP with the presence of a silica shell, two Au@SiO2 NPs
with 36 nm diameter Au cores and a 1 nm thick silica shell
were placed 2 nm apart. A 785 nm incident plane wave source
was used to replicate our experimental conditions. The source
excites the surface plasmons and induces a localized surface
plasmon in the gap, or hot spot, between the NPs. It is known
that the SERS enhancement is proportional to the fourth
power of the amplitude of the electric field (|E|4).50 As seen in
Figure 1a, the plasmonic-enhanced field yields enhanced |E|4

levels as high as 105× stronger than the incident source.
Therefore, the Au@SiO2 NP structures yield strong electro-
magnetic field enhancements, and their utility for SERS is
verified.
To investigate the SERS signal enhancement from a diatom,

Au@SiO2 NPs were randomly distributed on a simulant
diatom, as seen in Figure 1d, and glass substrates. To enable
accurate comparison between the two substrates, the NPs were
distributed in the same manner and in the same positions on
both substrates. Similar to our previous work,23 the theoretical
diatom was modeled by using a porous silica slab with 160 nm
pore diameter, 120 nm pore depth, and 300 nm periodicity. At
the bottom of the pores, subpores were modeled as shown in
Figure 1d. Matlab was used to randomize NP distribution, in
the same configuration on both substrates, and the structure
was excited with a 785 nm plane wave. The |E|4 field was
calculated on diatom and plotted on a log scale in Figure 1b.
The |E4| field on glass was also calculated, and the SERS
enhancement factor (EF) from diatom is determined by eq 1
and is plotted on a logarithmic scale in Figure 1c.

Figure 2. Schematic showing synthesis process of Au@SiO2 core−shell NPs and subsequent integration on frustule-populated substrate to form
multiscale SERS vapor sensor and integration with stagnant vapor and vapor flow chambers.
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(1)

As can be seen, the EF from diatom enables average SERS
enhancements of 10×, with a significant portion of the
structure experiencing 100× enhancements and some portion
as high as 105×. This matches our group’s previously measured
SERS intensity enhancements.17,29,51 The large SERS EF can
be attributed to the GMR of the photonic crystal-like structure.
Incident light upon the diatom surface induces resonant leaky
modes within the silica substrate. These resonant modes result
in enhanced electromagnetic fields that subsequently interact
with the plasmonic NPs. The plasmonic−photonic interaction
between the GMR and the plasmonic fields on the NPs results
in significantly increased SERS effect and enables greater
sensitivity for explosive vapor detection.

3. EXPERIMENTAL SECTION
3.1. Synthesis of Au@SiO2 Nanoparticles. The synthesis of the

core−shell nanoparticles follows a procedure similar to the one found
in the literature37 with minor modifications and is shown in the
schematic in Figure 2. First, 70 mg of gold chloride was dissolved in
200 mL of water and stirred at 130 °C for 10 min. Next, 8.4 mL of 1%
sodium citrate in water (H2O) (w/w) was slowly added and left
stirring for 20 min at 230 °C. During this process, the color changed
from a pale yellow to a deep purple, indicating the formation of gold
NPs. The gold colloid was allowed to cool, and then NPs were
separated into 50 mL aliquots and centrifuged at 7000 rpm for 15
min. The supernatant was removed, and the concentrated NPs were
stored at 4 °C for future use. One aliquot was resuspended in 50 mL
of H2O, and the colloidal solution was used to coat with a silica shell.
100 μL of 1 mM (3-aminopropyl)triethoxysilane (APTES) was added
to the 20 mL colloidal Au NPs and stirred at room temperature for 20
min to silanate the surface. The pH of the solution was verified to be
between 5 and 7 and adjusted if necessary. Sodium silicate solution
was diluted in H2O to 0.54%, and 1 mL of this mixture was slowly
pipetted into the mixing solution. This was left vigorously mixing for
20 h to coat the NPs with a silica shell. 1 mL of 0.1 M sodium
hydroxide in H2O was slowly added and stirred gently for 4 h to
reduce the shell. The colloidal Au@SiO2 NPs were centrifuged at
6000 rpm for 20 min and resuspended in 20 mL of H2O. The solution

was centrifuged again by using the same conditions, after which it was
decanted and left concentrated and stored at 4 °C for future use. NP
integration with diatom frustule-populated substrates is detailed in the
Supporting Information.

3.2. Vapor Chamber Setup. A vapor chamber, shown in Figure
2, was created by using a glass vial, inset with a sample holder. 20 μL
of an analyte−ethanol solution was pipetted into the sample holder,
and the multiscale SERS substrate was placed facedown above the
solution, high enough to ensure that no solution interacted with the
substrate. The chamber was then sealed with thermal tape and
Parafilm Sealing Film. The chamber was heated on a hot plate to 70
°C and left for various times. The SERS signal was immediately
measured afterward. For each substrate, 20 measurements were made,
and the 10 most similar were taken. The average and standard
deviation of the characteristic peak intensity were calculated.

3.3. Flow Vapor Chamber. The flow chamber is shown in Figure
2. A 3 × 60 × 2 mm3 (width × length × height) polydimethylsiloxane
channel was constructed with a larger sample holding area (7 × 7
mm2) in the middle. 10 ± 5 mg of solid explosive DNT was placed
near the inlet and about 2 cm away from the sensor. Once the sample
and multiscale sensor were placed in the channel, it was sealed with a
glass slide. Nitrogen gas flowed through the channel with a regulator
pressure of 1 psi. The Raman excitation source was focused through
the glass slide and onto the sensor within the channel, and
measurements were taken immediately and continuously with 50
mW power and 60 s integration. Before each use, the channel was
rinsed with ethanol (EtOH) and H2O followed by drying with
nitrogen gas to ensure its freedom from contaminants.

4. RESULTS AND DISCUSSION

4.1. Au@SiO2 NP Characterization. The Au@SiO2 core−
shell NPs were synthesized as described in the Experimental
Section. Utilizing scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), we characterized the
nanoparticles. It was found that the diameter of the NPs was
36 ± 5 nm with a representative SEM and the size distribution
being shown in the Figure S1a,b of the Supporting
Information. Strong optical absorption was measured,
indicating the plasmonic effect of the NPs, which is plotted
in Figure S1c. The diatom frustules were prepared as described
in the Supporting Information. The diatom frustules are about
30 μm along the major axis and 10 μm along the minor axis

Figure 3. SEM images of the combined multiscale SERS substrate with core−shell and frustule structure shown at different magnifications (a−c).
TEM images of NPs in a frustule pore (d) and core−shell structure with arrows highlighting the shell (e).
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with prime pores and subpores of 200 and 70 nm diameter,
respectively. The large surface area-to-volume ratio of the
biosilica frustule and the abundant silanol groups on its surface
endow the frustule with abundant binding sites allowing for
efficient NP decoration. The combination of the core−shell
NPs with the micrometer-sized frustules was achieved by using
a simple drop-casting method. The resulting macroscopic
multiscale hybrid structure is shown in Figure 3a, and the
microscopic diatom frustule, showing core−shell NPs within
the frustule pores, is shown in Figure 3b,c. Frustules, as has
been shown in our previous work, contribute optical field
enhancements from GMR which combine with the plasmonic
resonance of the nanoparticles. This enhancement is greatest
when the plasmonic NPs are within the pores of the
frustule.25,26 The TEM image in Figure 3d verifies the
existence of NPs within the pores, ensuring the effective
combination of the biosilica diatom frustule and the plasmonic
core−shell NPs. The core−shell NP structure is shown in
Figure 3e. The metallic core, responsible for the plasmonic
enhancement can be seen, as well as the porous shell around it.
By use of the TEM image, the shell is confirmed to have a
thickness of ∼1 nm, which follows the literature.37 The
nanoparticle composition was further investigated by using
energy-dispersive X-ray spectroscopy and is shown in Figure
S2. These images verify the formation of the core−shell NPs,
their population upon the diatom frustules and in the frustule
pores, and finally the total fabrication of our multiscale hybrid
SERS substrate.
4.2. Core−Shell NPs for Vapor SERS. Traditional

plasmonic NPs are not very effective for vapor SERS sensing
due to the poor adsorption of the analyte. A silica shell with
increased thickness would allow for greater analyte adsorption
within the shell, but the analytes adsorbed onto the surface
would be further away from the plasmonic-enhanced field.
These two competing factors, greater in-shell analyte
adsorption and larger distance of surface-adsorbed analytes
from plasmonic-enhanced field, should be balanced to optimize
the vapor SERS detection. A shell thickness of 1 nm was
chosen as a starting point and may be optimized in future
work. The SERS capabilities of the Au@SiO2NPs were
characterized by drop-casting various concentrations of the
pyrene−EtOH solution onto the core−shell−frustule substrate
and measuring the signal with the results shown in Figure S3.
Using the core−shell NPs, we achieved solution-based

detection of pyrene down to 100 ppb, showing that the
core−shell structure is capable of SERS. Having verified the
solution-based SERS capabilities of the core−shell NPs, vapor
SERS is investigated. To thoroughly investigate and attribute
the contribution from core−shell NPs, we prepared glass
substrates with and without diatom frustules and drop-cast (1)
Au@SiO2 NPs, (2) Au NPs, or (3) no NPs onto their surfaces.
The substrates were then placed facedown in the stagnant
vapor chamber shown in Figure 2 above, with 20 μL of 100
ppm pyrene−ethanol solution as described in the Experimental
Section. The substrates were heated for 5 min, and SERS was
measured. Representative spectra for each substrate are shown
in Figure 4a. The characteristic peak at 587 cm−1 is attributed
to the CCH out-of-plane deformation and is used in our
analysis. The average and standard deviation of the character-
istic peak intensity are calculated from 10 spectra and
displayed for each substrate in Figure 4b.
When comparing substrates with no NPs, Au NPs, or Au@

SiO2 NPs, the peak intensity is significantly greater when the
core−shell structure is employed. This observed SERS
improvement can be attributed to the physical enhancement
of vapor adsorption and concentration in the shell of the NP.
Because the enhanced field effect from the plasmon resonance
decays exponentially with distance from the particle, it is
desirable to have the analytes as close to the metallic core as
possible.36 The addition of the silica shell and the subsequent
hydroxylation of the surface siloxane sites result in the
formation of silanol groups (Si−OH) which enables efficient
hydrogen bonding between the core−shell NP and the
analyte.52 The improved binding affinity and resulting
entrapment of the analyte within the porous shell serves to
both concentrate and localize the analyte within close
proximity to the plasmon, thus enabling greater interaction
with the enhanced field and resulting in the improved sensing.
Comparing the peak intensity on the frustule-populated

substrate and that without frustules, we see a relatively small
enhancement. This can be attributed to the NP density upon
each the substrate. Because of the hydrophilic nature of the
frustules, the drop-casted NPs spread further and cover a larger
area on diatom substrates than on the glass substrate, resulting
in a lower density of NPs, as shown in Figure S4. This will be
remedied in future iterations by optimizing parameters such as
NP concentration or number of drop-cast repetitions.
However, despite the lower NP density, the SERS intensity

Figure 4. Representative pyrene spectra (100 ppm) on frustule and glass substrates with Au@SiO2 NPs, Au NPs, or no NPs (a) and bar graph
showing normalized average characteristic peak intensities for each substrate (b).
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on the frustule-populated substrate is still greater than that on
glass due to the combination of the plasmonic−photonic
enhancements from the pairing of the NPs with diatom
frustule.
4.3. 3-Dimensional Biosilica Diatom Frustule Anal-

ysis. After validating the utility of the core−shell NPs, we
analyzed the enhancements from diatom frustules. To verify
the accuracy of our measurement, the time-dependent analyte
desorption was measured. Au@SiO2-populated substrates with
and without diatoms were placed in the vapor chamber for 12
h at 70 °C with 20 μL of 100 ppm pyrene in EtOH. SERS
measurements were taken immediately following the sub-
strates’ removal from the chamber and again at each of the
intervals denoted on the plots in Figure 5a,b. Twenty
measurements were taken, and the peak intensities were
calculated. The 10 spectra with peak intensities closest to the
mean were averaged, and the standard deviation was calculated
and plotted with respect to time. At room temperature, even
after 2 h, the adsorbed molecules remain affixed within our
sensor, resulting in little to no change in the SERS intensity.
Thus, any desorption of analytes between the sensor’s removal
from the chamber, and its immediate measurement afterward,
is negligible, demonstrating a strong binding affinity between
the analyte and the SERS substrate. When 70 °C heat is
applied, the desorption of the molecules occurs much more
quickly and may be employed for future sensor reuse.
To investigate the reduction of response time due to the

presence of diatom frustules, the time-dependent adsorption of
frustule and glass substrates was measured. Substrates with

Au@SiO2 NPs were placed in the vapor chamber and heated
for various times at 70 °C with 20 μL of pyrene in EtOH. The
20 SERS spectra were measured upon removal from the vapor
chamber, and 10 were selected to calculate the average and
standard deviation of the characteristic peak at 587 cm−1. The
average peak intensity, normalized to the saturation intensity
for each substrate, was plotted in Figure 5c. As can be seen
from the plots below, the diatom-based sensor has a much
faster response time, reaching equilibrium within 3 min,
whereas the substrate without diatoms has almost no signal at
3 min and took 20 min to equilibrate. This 6-fold reduction in
response time can be attributed to the mesoporous structure of
the diatom frustule. The porous 3D frustule allows the analyte
vapor to rapidly permeate the structure and have greater
interaction with the core−shell NPs compared to those
decorating the planar glass surface. This results in rapid
analyte adsorption into the porous shell of the NPs and thus
faster detection and saturation times. This effect has been
utilized previously with the implementation of mesoporous
structures in flow-through sensing applications resulting in
rapid equilibration due to the favorable transport of the analyte
to the substrate.30,31 Similarly, the hollow, mesoporous
biosilica diatom frustule has demonstrated fast diffusion of
gases.32 The utilization of the 3D porous frustule in our
application enables efficient vapor−substrate interaction and,
consequentially, rapid adsorption and concentration within the
porous NP shell.
The dependence of the SERS peak intensity to the analyte

concentration was compared between the frustule-populated

Figure 5. Time-dependent desorption on substrates with (a) and without (b) diatom frustules at room temperature and at 70 °C. A molecular
pyrene inset is also shown in (b). The normalized average peak intensity is displayed with respect to time with a zoomed inset (c). Average peak
intensity with respect to analyte concentration is plotted to show the concentration dependence with a diatom−vapor interaction schematic inset
(d).
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substrate and the regular glass substrate. Using the same vapor
chamber setup and various concentrations of pyrene in EtOH
heated for 5 min, we obtained the results shown in Figure 5d.
The noise floor was defined to be the average characteristic
peak intensity of the control substrate (no pyrene present) plus
3 times its standard deviation. As can be seen from the plot,
detection without diatom was achieved down to 2.5 ppm,
whereas concentrations down to 1 ppm were obtained with
frustules. It has been shown that guided resonant modes can be
excited within the photonic crystal-like structure of the diatom
frustule and result in enhanced SERS sensitivity.25,28 The
guided resonant mode interacts with the plasmonic resonance
from the core−shell NPs to achieve a plasmonic−photonic
enhancement capable of inducing fields over 20 times greater
than those from metal nanoparticles on planar glass.29

Additionally, as seen in Figure 5d, the enhancement factor
from diatom increases with a decrease in analyte concentration.
This is evidence of the further enhancement from the 3D
frustule structure. At higher concentrations with an abundance
of analytes, natural diffusion is sufficient for effective analyte
interaction with the core−shell NPs. However, at lower
concentrations, the 3D structure is indispensable to allow
efficient interaction of analyte molecules with the NPs. This
accounts for the difference between the small enhancement
from diatom seen in Figure 4b at high analyte concentration
and the large diatom enhancement seen at lower concen-
trations in Figure 5d. The reproducibility of the sensor was also
verified by performing an experiment in triplicate. The
experimental details and results are shown in Figure S5, and

the average characteristic peak intensities are within 10%
between the three samples, demonstrating high reproducibility.

4.4. Application of Multiscale SERS Substrate for DNT
Detection. By use of the multiscale SERS substrate, DNT was
detected in the vapor chamber shown in Figure 2 and
described in the Experimental Section. The substrate was
placed facedown above 20 mg of solid DNT, and the chamber
was heated for 30 min. Figure 6a shows the 1000 ppm
solution-based DNT SERS spectrum as well as the back-
ground-subtracted vapor SERS spectrum. The main character-
istic peaks at 830 and 1332 cm−1 correspond to the out-of-
plane NO2 bending mode and the NO2 stretching mode,
respectively. The background subtraction in the vapor SERS
measurement resulted in a slight baseline decrease at higher
wavenumbers due to the background fluorescence fluctuation.
However, both characteristic peaks are clearly detectable,
demonstrating the ability to sense DNT in the stationary vapor
chamber.
The detection of DNT in a sealed container where a

saturated headspace can form was performed to verify the
detection capabilities; however, it is desirable to create a sensor
capable of detecting buried land mines in their environment,
without the need for the formation of a concentrated
headspace. The practical detection of DNT is achieved by
utilizing a flow chamber as shown in Figure 2 and described in
the Experimental Section. The concentration of DNT in this
setup is less than the saturation vapor (100 ppb) and simulates
real detection conditions where an equilibrated headspace may
not have formed due to ambient air flow. For this detection, 10

Figure 6. Regular and vapor chamber SERS spectra are shown with the molecular structure of DNT inset (a). Average characteristic peak intensity
on diatom−Au@SiO2, glass−Au@SiO2, and diatom−Au substrates in DNT flow chamber at room temperature and at 70 °C are shown (b). The
time dependence is also shown at room temperature (c) and at 70 °C (d). Different scales are used to highlight trends and peaks (a, c).
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± 0.5 mg of DNT was placed 2 cm away from the substrate
and nitrogen flowed through the chamber over the DNT and
the multiscale SERS substrate. SERS signals were measured
continuously. Using this setup, we tested diatom−Au@SiO2
NP, diatom−Au NP, and glass−Au@SiO2 NP substrates. This
was done at room temperature as well as under heating
conditions at 70 °C. The normalized average peak intensity of
the 1332 cm−1 peak for each of these, along with their standard
deviation, is shown in Figure 6b. As can be seen, the intensity
on the substrate with diatom frustules and core−shell NPs at
room temperature yields the best results, while the diatom−Au
NP substrate shows almost no signal and the glass−Au@SiO2
NP substrate shows a very slow response. This agrees with our
previous pyrene characterization and highlights the importance
of the core−shell and 3D frustule structures. Comparing
temperature, one may expect the signal to be stronger under
heated circumstances as that allows for more DNT to vaporize.
While true, the heating condition also allows for trapped
analytes within the core−shell structure to dissociate more
quickly, as shown by our time-dependent desorption analysis
in Figure 5a,b. The stronger SERS intensity at room
temperature is advantageous, as detection can be achieved
without the need of external heating.
In addition to investigating the average peak intensity, we

measured the time-dependent intensity at room temperature
and 70 °C (Figure 6c,d). From these plots, it is clear that the
diatom−core−shell hybrid substrate yields the best results with
the highest intensity and fastest response time. The diatom−
Au NP substrate shows almost no signal. The glass−Au@SiO2
NP substrate shows a clear signal; however, even after 50 min
the substrate still has not reached equilibrium sensitivity. On
the other hand, the multiscale diatom−Au@SiO2 NP substrate
has a strong signal, capable of detecting the vapor within 3 min
and reaching equilibrated response within only 5 min, allowing
for fast and sensitive measurements. The performances of the
diatom−Au NP and glass−Au@SiO2 NP substrates are similar
under heated conditions as those at room temperature.
However, the diatom−core−shell NP substrate shows a faster
response time of 1 min and saturates within 3 min, but with a
slightly lower intensity due to the dissociation of the trapped
analyte. The collaborative contributions from photonic crystal-
like diatom frustules and core−shell Au@SiO2 NPs coalesce in
this detection of DNT. The multiscale nature of our sensor
enables rapid response while enhancing the analyte signal
compared to other substrates. This clearly highlights both the
ability of our sensor for vapor-based explosives sensing and its
potential for further applications.

5. CONCLUSION
In this work, we have demonstrated a multiscale SERS
substrate by synergistically combining naturally occurring
photonic crystal-like diatom frustules and Au NPs with a
mesoporous silica shell and used this substrate for the
detection of explosive vapor. Utilizing a custom vapor chamber
and the model analyte pyrene, we verified the contributions
from each component of the multiscale substrate. The
nanometer thick porous silica shell traps and concentrates
the analyte vapor while the 36 nm plasmonic core enhances
the Raman signal. The periodic array of 70 nm wide subpores
and 200 nm wide prime pores of the 30 μm long diatom
frustule enables GMR that couples with the plasmonic
resonance of the NP for more sensitive SERS. The largely
hollow and porous structure of the frustule allows for greater

circulation and improved vapor−substrate interactions. These
functionalities were employed using a flow chamber and
detection of DNT vapor from the solid explosive below 100
ppb was demonstrated within 3 min at room temperature with
the sensor reaching equilibrium in only 5 min. The sensitive
and rapid detection results achieved by this multiscale SERS
substrate clearly illustrate its capabilities for vapor-phase
explosives detection and its potential for future land mine
and other vapor-phase SERS detections.
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