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Highly Sensitive Surface-Enhanced Raman Scattering
(SERS)- Based Multi Gas Sensor : Au Nanoparticles
Decorated on Partially Embedded 2D Colloidal Crystals

into Elastomer

Satinder K. Sharma,** " Pawan Kumar,™ Sumit Barthwal,”” Seema Sharma,” and

Ashutosh Sharma*®

Advent of surface-enhanced Raman spectroscopy (SERS) has
engendered, the attention to exploit a facile, cost effective, 2D
self-assembly based architecture for sensing. Here, Au nano-
particles are decorated on controlled morphology of 2D
polystyrene colloidal crystals (PSCCs), partially embedded into
flexible polydimethylsiloxane elastomer. Self-assembled flexible
hexagonally close-packed PSCCs form the 75 and 25 nm voids
in the 500 and 200 nm, PSCCs monolayers and act as an
effective plasmonic propagator for SERS sensors signal. Optical
and sensing response investigates with UV-Vis and Raman
spectroscopy after the exposure of Au NP/2D PS CC/PDMS to

Introduction

Recently, surface-enhanced Raman spectroscopy (SERS) has
emerged as a promising technique for the highly surface-
sensitive detection of chemical, biological, and environmental
pollutants, with the technique capable of detecting single
molecules." In addition, the SERS signal from excited surface
plasmons is capable of detecting chemical and biological
species at parts per million (ppm) levels, with the characteristics
of the species as ascertained from the Raman signals. Therefore,
it is a tremendously beneficial technique for many areas, like
molecular electronics, chemical analysis, sensors for atmospher-
ic monitoring (climate and pollution studies), in conjunction
with the detection of harmful chemicals e.g., explosives and
biological warfare agents),*® and medical diagnostics (glucose,
DNA, etc.).>' Typically, the SERS effect occurs when a group of
chemical/biological species is adsorbed onto plasmonic, nano-
structured surfaces, such as Au, Ag, or Cu.™ The Raman signal
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NH;, H,0,, N,O and H,S gases environment. The increase in the
SERS intensity at 491 cm™' for the 200 nm, CCs based sensors
as compared to 500 nm, indicates that the sensing response,
strongly dependent on the CCs size. The red-shift in the UV-Vis
spectra and enhancement in intensity of SERS designate that
H.,S forms the maximum Au NPs aggregates over the all tested
gases. The chemisorptions on the phenyl ring, due to B,
symmetric modes of the PSCCs with orthogonal polarizability
of Au NPs, act as a hot spot for higher sensing response for the
detection of gaseous precursors with higher SERS sensitivity
and reliability.

is enhanced by many orders of magnitude by the surface
plasmons of the nanoparticles (NPs), especially when the
plasmon frequency is in resonance with that of the probe
radiation. This substantial amplification of the SERS signal is
principally generated by two fundamental mechanisms: first,
the electromagnetic field enhancement (EFE) that occurs
through the localized fields of the nanostructures, and second,
the chemical/electronic enhancement due to the increased
Raman scattering cross-section when some lattices or chem-
ical/biological species are adsorbed onto the surfaces of the
nanostructures."® Moreover, the EFE increases the SERS signal
greatly when two or more NPs approach each other and form a
‘hot spot’,”"” where the SERS signal may be locally enhanced by
the excitation of local surface plasmons in the NPs.!"® To
achieve an effective SERS, the analytes must be adsorbed onto
or near suitable nanostructures that can support surface
plasmon excitations. Therefore, surface plasmon resonance
(SPR) and SERS-based gas sensors have attracted much interest
because of their potential for detecting various gaseous
species."” Myoung et al.”” have reported the fabrication of an
SERS-based gas sensor composed of modified Ag NPs. Likewise,
Wang et al.®" have demonstrated the SPR-based detection of
0O, with Au NPs embedded in SiO, nanowires (NWs) under
visible illumination at room temperature. Similarly, Tabassum
et al.”? reported the SPR-based detection of H,S gas by utilizing
optical fibers coated with Cu-ZnO thin films. In addition, Mishra
etal™ and Jun etal® have developed an H, sensor by
utilizing indium-tin oxide (ITO) thin films and high-sensitivity
sensors with nano-cavity antenna arrays, respectively. Moreover,

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Rae et al.”’ have demonstrated CO and N,O sensors composed
of mixed Ag/Pd NPs, while Biggs et al” have developed a
chemical warfare agent (CWA) detector.

The gas sensing response of SERS-based sensors is rapid
and more reliable than that of conventional sensors, although
the understanding of such sensors is still in the nascent stages.
The recent advancement of technology and nanostructure
synthesis methods have made it possible to achieve sensing
elements with various morphologies, such as NPs, holes, rods,
pillars, slits, and disks.”*>® This diversity in the shape and size
of nanostructures is accomplished via the implementation of
cutting-edge techniques, including focused ion beam (FIB),”
electron beam lithography (EBL),* nano-sphere lithography
(NSL),®? and ion irradiation.®” However, these processes are
generally slow, expensive, complex in procedures, and require
sophisticated equipment or precise experimental controls.
Therefore, to keep pace with the state-of-the-art sensor
technology, there is a growing need to find suitable alternatives
to reproduce cost-effective sensors with high throughput and
large-area integration on flexible systems. Therefore, of all the
chemical methods, the microemulsion synthetic route is the
most promising compared to the other NP/nanostructure
synthesis techniques, such as co-precipitation in solution, sol-
gel, flame-spray pyrolysis, laser evaporation, and high-energy
milling. This is because of the high versatility and reproduci-
bility of microemulsion synthetic routes, as well as the simple
equipment requirement, homogeneous mixing, controllable
but narrow particle-size distributions, and noteworthy composi-
tional control. Of the various sensing NPs available, Au NPs
have received the most attention from the scientific commun-
ity, especially for sensor applications, because of their chemical
inertness, biological compatibility, and molecular labeling,
where the singularities of SERS can be exploited to detect
precursors.”® Thus, one of the most promising solutions is the
fabrication of colloidal crystal (CC) templates partially em-
bedded in the elastomer polydimethylsiloxane (PDMS) and
then depositing SPR-active, size-tunable NPs on their surface to
create flexible sensors. This approach offers the reproducibility
of using close-packed, surface-confined arrays of flexible CCs
partially embedded in the flexible PDMS elastomer. Such
systems may be used as active flexible sensors for biological,
chemisorption, and gaseous sensing applications.

Therefore, the lack of significant research in the field of
flexible CC- and SERS-based sensor technology has paved the
way for the simple synthesis of cost-effective, controlled
morphology, microemulsion-based Au NPs for SERS applica-
tions. With a robust synthesis method, it is possible to integrate
such Au NPs with flexible surfaces. In this study, self-assembled
CC arrays with microemulsion-synthesized Au NPs attached to
their surfaces and partially embedded in flexible PDMS
substrates were investigated as a potential candidate for
flexible gas sensing applications.

Results and Discussion

The 2D PSCCs gas sensors are characterized with FE-SEM, UV-
Vis and Raman spectroscopies. Figure 1 shows FE-SEM images

ChemistrySelect 2017, 2, 6961-6969  Wiley Online Library
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of the highly ordered, hexagonal close-packed, 2D PSCCs
partially embedded in the flexible PDMS substrate at different
resolutions. Figure 1a and 1b show the FE-SEM images of the
500 nm diameter 2D PSCCs partially embedded in the PDMS
surface at different magnifications (14.00 KX and 50.00 KX
magnification, respectively), while Figure 1c and 1d show that
of the 200-nm-diameter 2D PSCCs (25.00 KX and 50.00 KX
magnification, respectively).

It can be seen from the FE-SEM images that the 2D PSCCs
are uniformly distributed on the flexible PDMS substrates. The
SPR-active Au NPs synthesized with the microemulsion (p-
emulsion) technique have an average particle size of 8 nm, as
shown in Figure 2. Moreover, as depicts in the HR-TEM image,
the p-emulsion-based Au NPs are spherical in shape and
uniformly distributed.

Figure 3 shows the FE-SEM images of the p-emulsion based
synthesized Au NPs deposited on the 2D PSCCs partially
embedded in the flexible PDMS substrate. The shadows in
Figure 3a and 3b confirm that the SERS-active Au NPs are
deposited on the surface and in the voids of the partially
embedded, highly organized, 500 and 200 nm diameter 2D
PSCCs on the PDMS substrate. The voids in the 500 and 200 nm
diameter 2D PSCCs are 75 and 25 nm, respectively, which are
confirmed with the scale bar in the FE-SEM images. Indeed, the
explicit packing distribution of the Au NPs onto the PSCCs is
still a challenge chore to inspect through the AFM analysis,
because in this measurement, AFM cantilever tip interact with
soft PSCCs, which deform the PSCCs up to certain level and
result in the blurry image of Au NPs on the PS colloidal crystal
surface. Although, in the present study a reasonable, lower
spring constant AFM cantilever is employed for the analysis.
Besides this, from FE-SEM analysis with an increase in beam
energy also mangle the PSCCs and result in the dull images.
Withal, hither imaging analysis considered all these concerns.

For gas sensing applications, the adsorption of NH;, N,O, H,
0,, and H,S gases by the Au NP/2D PSCC/PDMS sensor systems
is characterized by UV-Vis spectroscopy. Figure 4 shows the UV-
Vis spectra of the Au NP/2D PSCC/PDMS sensors exposed to
NH;, N,O, H,0,, and H.S gases. The UV-Vis spectra show the
plasmon absorption bands of the Au NPs centered on 474 and
533 nm. The absorption bands in the short-wavelength/high-
energy region (474 and 533 nm) are the typical peaks of Au
NPs, with only minimal peak distortion present because of the
uniform shape and size of the NPs.?” However, the absorption
bands in the longer wavelength region, corresponding to 686
and 729 nm, might be due to the aggregation of Au NPs.

The possibility of aggregated Au NPs should not be ignored
because after a sensor is exposed to a gas, the probability of
Au NP aggregation is enhanced, as evidenced by the UV-Vis
spectra in Figure 4. Therefore, the lower energy absorption
bands represent the surface plasmon response of the Au NPs
to the gases deposited on the surface of the partially
embedded 2D PSCCs, and also because of the voids, on the
surface of the elastomer matrix. In the literature, the UV-Vis
absorption spectrum of 8 nm Au NPs on the surface of PSCCs
has a maximum peak at A,,,,~ 515 nm.*® As shown in Figure 4,
the maximum peaks in the absorption spectra are present at

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. FE-SEM images of the highly ordered, hexagonal close-packed, ((a) and (b)) 500-and ((c) and (d)) 200-nm-diameter PSCCs partially embedded in the
flexible PDMS substrate.

(b)

10

0
6.0 6.5 7.0 75 8.0 8.5 9.0 95 10.0

Au NPs Size (nm)

Figure 2. (a) HR-TEM image and (b) particle-size distribution of the Au NPs synthesized with the p-emulsion route.

Amax="529, 533, 530, and 531 nm when the sensor is exposed to  and H,S gases causes a significant shift in the 4,,,, position (16,

H,0,, H,S, N,O, and NH;, respectively. Therefore, in present 15, 14, and 18 nm, respectively).

study, the interaction of the Au NPs with the NH;, N,O, H,0,, The largest redshift in the UV-Vis spectra is for the sensor
highest number of Au NP aggregates to form as compared to

ChemistrySelect 2017, 2, 6961-6969  Wiley Online Library 6963 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. FE-SEM images of the (a) 500-nm and (b) 200-nm-diameter PSCCs coated with Au NPs.
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Figure 4. UV-Vis spectra of the (a) PDMS-PS—Au@NHs,, (b) PDMS-PS—Au@N,O
(c) PDMS-PS—Au@H,0,, and (d) PDMS-PS—Au@H,S systems.

the other gases tested. The two additional low-intensity peaks
around 686 and 731 nm (Figure4) are assigned to the
adsorption of gas molecules onto the surface of the Au NPs,
followed by the aggregation of these NPs. As shown in
Figure 4, the maxima of the long-wavelength absorption peaks
are at 718, 720, 727, and 729 nm for the NH,, N,O, H,0,, and H,
S gases, respectively. This indicates that the maximum SERS
and absorption occurs when H,S and H,O, are adsorbed. This
increase in intensity may not only dependent on the adsorption
of gases onto the surface of the Au NPs, but also due to
imperfections on the surfaces of the NPs, lattice defects, etc.
However, the aggregation of the Au NPs after the adsorption of
gaseous species is the major factor.”'™ This aggregation
results the strong coupling because of the dipole-dipole
interactions that occur when the distance between adjacent
NPs is typically smaller than the size of the NPs, which broadens
the spectrum and also red shifts the plasmon band. Therefore,
the significant red shift in the UV-Vis spectra might be the

ChemistrySelect 2017, 2, 6961-6969  Wiley Online Library
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result of smaller Au NPs agglomerating. This is a well-known
phenomenon, where, because of the agglomeration of nano-
structures, the shape of the UV-Vis spectra becomes broader
and the plasmon band becomes asymmetrical after the
exposure of sensors to the gaseous environment.*'™*

Therefore, taking into account these features; maximum red
shift, increased intensity and considerable spectral broadening
of the H,S spectrum, indicates that the S—H and S-S bonds of
H.,S are broken during the adsorption onto the surface of the
Au NPs. The resulting molecular fragments are stabilized on the
isolated Au NPs and are also more stable than the other gases
tested.

The electromagnetic enhancement in SERS is the result of
surface plasmon perturbations that are caused by the excita-
tion-laser-induced polarization on the surface of the Au NPs.
When the surface plasmons frequency and excitation source
are in resonance, SERS is synergistically enhanced by the
surface plasmons of the hexagonal close-packed arrays of Au
NPs in the sensor system and the local fields of the Au NPs that
are in the voids of the hexagonal close-packed 2D PSCCs
partially embedded in the flexible elastomer substrate. The
presence of Au NPs in the voids enhances the SERS intensity
beyond just the polarization fields of the Au NP/2D PSCC/PDMS
sensor system. It is thought that the enhanced local field of the
2D PSCC voids is proportional to the square of the applied
field, especially under resonance conditions. When the depos-
ited Au NPs (5-10 nm in diameter) are much smaller than the
excitation wavelength (514.5 nm), the effective electric field (E.)
at resonance, according to the Rayleigh approximation, is given

.[44]

by Equation (1):

1
E=——— F

CRlER ®

Where A and E,,. are the depolarization factor and incident
field on the particle, respectively, and &(w) and ¢, are the
dielectric constants of the bulk and surrounding medium,
respectively. It has been proven that coinage metals (Ag, Au,

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. (a) SERS intensity variation for the flexible sensor with 200-nm-diameter PSCCs before and after exposure to various gaseous environments. (b) SERS
intensity variation for the flexible sensor with 500 nm-diameter PSCCs before and after exposure to various gaseous environments.

Cu, etc.) have great potential for SERS-based applications
because of the occurrence of enhanced E, values in the visible
region. Furthermore, Au NPs are more photo catalytically inert
compared to the other metal NPs (Ag, Cu, etc.).” This higher
photoactivity of coinage-metal-based NPs, except for Au NPs,
leads to the formation of derivative products during SERS
analysis, which influences the characteristic SERS spectrum.'*¥
Thus, in the present SERS study, the deposition of Au NPs on
the 2D PSCC/PDMS flexible sensor system is investigated. The
SERS excitation spectra for H,0,, H,S, N,O, and NH; gases
adsorbed onto the flexible Au NP/2D PSCC/PDMS systems are
shown in Figure 5a and 5b. The values of E. at the resonance of
the gases adsorbed onto the flexible systems are much greater
than the actually applied field. As stated in Equation (1), the
resonance provides a considerable contribution from the local
field of the Au NPs in the voids of the 2D PSCCs. In addition,
the effective SERS effect of the flexible systems tested is also
dependent upon other factors, such as the type of partially
embedded 2D CCs, the size and density of the coinage metal
NPs, and the excitation wavelength. “*** As shown in the
SERS spectra of the 200 nm diameter PSCC (Figure 5a) and
500 nm diameter PSCC (Figure 5b) devices, the characteristic
peak intensities at 491 cm™' are 6236, 7176, 12599, 36303
charge-coupled device counts (CCD cts) [200 nm] and 3729,
6985, 9116, and 29113 CCD cts [500 nm] for the NH;, N,O, H,0,,
and H,S gases, respectively. The significant enhancement in the
SERS intensity at 491 cm™' for the system with the 200 nm
PSCCs compared to that with the 500 nm PSCCs is attributed to
the size-dependent SERS effect of the 2D CCs when H,0,, H,S,
N,O and NH; gases are adsorbed onto the Au NPs/2D PSCC/
PDMS flexible sensor system. In addition to this, the SERS
enhancement of the proposed sensing system is a function of
radiation damping, which becomes more severe as the size of
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the 2D CCs increases because of the radiative losses of the
electric dipole.”'* The effective electrical strength (E) de-
creases with1/r, where r is the distance from the surface of the
Au NPsH144

Therefore, for SERS sensing, the active gaseous molecules
need not be in direct contact with the surface of the SERS-
active Au NPs, but can be located anywhere within the vicinity
of the polarizing local fields of the NPs and voids.* The results
of this study show that using 500 nm PSCCs compared to
200 nm PSCCs in the proposed sensing system reduces the
SERS intensity when they are exposed to various gases under
identical conditions.

As shown in Figure 5a and 5b, the characteristic peaks of
the spectra at 491, 615, 689, 713, 790, 864, 1003, 1121, and
1263 cm™' represent the PSCCs.™ In particular, the peaks
located at 689 and 864 cm™', and 615, 1003, and 1263 cm™’
correspond to the B, and B, symmetric modes of the PSCCs,
respectively. This indicates that the polarizability of the phenyl
ring in the 2D PSCCs is preferably oriented perpendicular to the
B, symmetry (out-of-plane modes) at the surface of the
deposited Au NPs. For the PS chemisorptions of Au—N, Au—O0,
and Au-S, the SERS interactions show their prominent
signatures at 490 to 500 cm™. It is well established that the
SERS intensity of PS is enhanced after being exposed to various
gaseous environments, such as NH; N,O, H,0,, and H,S. As
shown in Figure 5a and 5b, the Au—N stretch interaction
contributes to the enhanced SERS intensity at 491 cm™' when
the sensor is exposed to NH,."” Similarly, the N—O symmetric
stretch contributes to the enhanced SERS intensity at
1263 cm™' when the sensor is exposed to N,O, and the
enhancement at 491 cm ' is due to the Au-O stretch
interaction because of the dissociation of N—O bonds.®® For H,
O, exposure, the stretching and bending modes of O—O and
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Table 1. variations of the SERS intensity ( at 491 cm ') of Au NPs/2D PSCC/PDMS sensor system for different gases precursor exposure.

PS CCs Size Without gas exposure NH; gas exposure N,O gas exposure H,0, gas exposure H.,S gas exposure
(nm) (CCD cts) (CCD cts) (CCD cts) (CCD cts) (CCD cts)
500 2933 3729 6985 9116 29113
200 3078 6236 7176 12599 36303
G=[(1+29)(1 +29,)]* )
O—H contribute to the SERS enhancement at 864 and 713 cm ™,
respectively.”"" Furthermore, after H,S exposure, the character- 9 :( =) and g,— (my*=1) (3)
istic SERS peaks at 713 and 1003 cm™' are enhanced by the (m*+2) * (me’+2)

S—H stretching mode.®? The significant enhancement of SERS
intensity at 491 cm™' (Figure 5a) when the sensor is exposed to
NH; or N,O is because of the Au—N stretching mode. Similarly,
the enhancement with H,0, and H,S exposure is due to the
Au—0 and Au-S stretching modes, respectively.

Thus, the baseline SERS intensity at 491 cm™ for the flexible
sensor system containing the 500 nm 2D PSCCs is 2933 CCD
cts, and it increases to 3729, 6985, 9116, and 29113 CCD cts
when the sensor is exposed to NH,;, N,O, H,0, and H,S,
respectively (Table 1). Similarly, the baseline SERS intensity for
the sensor system with the 200 nm 2D PSCCs is 3078 CCDcts,
and it increases to 6236, 7176, 12599, and 36303 CCDcts when
the sensor is exposed to NH;, N,O, H,0,, and H,S, respectively
(Table 1). Therefore, the sensor with the 200 nm 2D PSCCs
produces larger shifts in the SERS intensity compared to the
sensor with the 500 nm PSCCs. This significant enhancement in
the intensity shows that face-on (as discussed earlier, B,
symmetric modes) is the only orientation for which the
maximum absorption is achievable, especially for the extremely
large absorption of the H,S exposed sensor. In addition, the
peaks at 1121 and 9261 cm™' in Figure 5a and 5b may be the
result of degradation products forming when the sensors are
irradiated with the excitation laser. This is because the Au NPs
possess some level of photocatalytic activity that can influence
the characteristic SERS spectrum.”” On the other hand, it is well
established that the photocatalytic activity of Au NPs is size-
dependent (<5 nm) and occurs in the presence of oxides, like
TiO,, Si0,, Al,0;, MgO, etc.* Thus, the proposed Au NP/2D
PSCC/PDMS flexible sensing system is more robust and quite
unreactive for two reasons: (1) the Au NPs used in this flexible
sensing system are larger than 5 nm and (2) are deposited on
oxide-free 2D PSCCs that are partially embedded in the flexible
elastomer substrate. As a result, it would be safe to state that
the bands at 1121 and 1263 cm ™' in the spectra shown in
Figure 5a and 5b are not due to the presence of catalytic
degradation products. Likewise, the bands around 160 and
189 cm™" correspond to Au-S—C bending modes that point
towards the sulfate-terminated 2D PSCCs used in the Au NP/2D
PSCC/PDMS flexible sensing system.™ ¥

The variation in the SERS peak intensity of the flexible
sensors after being exposed to NH;, N,O, H,0,, and H,S gases
are shown in Figure 5. The variation in SERS intensity for the Au
NP/2D PSCC/PDMS flexible sensing systems can be explained
with the enhancement factor, G, which is given by Equation. (2)
and (3):"
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Here, m, and m are the refractive indices of the medium for
the incident and scattered radiation with frequencies of w, and
w, respectively. The dielectric constant,k, is related to m via k=
m” Eq.(2) can be used to calculate the SERS enhancement
factor depending upon the refractive index or dielectric
constant of the medium,”¥ with the dielectric constant a
function of the polarizability of the medium. The atomic
polarizability of the gases exposed to the Au NP/2D PS CC/
PDMS flexible sensors follows the order NH; <H,0,<N,0<H,
S.B*37 This indicates that the refractive index change must be
the greatest for H,S exposure and should produce the
maximum SERS enhancement, which is shown in Figure 5a and
5b. However, there are some disparities in Figure 5a and 5b
that do not support these conclusions, e.g., the SERS intensity
for H,0, is 5423 counts higher than that of N,O. This may be
due to the oxidation of the surface of the Au NPs, which
changes the dielectric constant near the Au NPs surfaces of the
Au NP/2D PSCC/PDMS flexible sensors, and hence, increases
the SERS intensity after H,0, exposure.*®

Whereas, the steady conformity of all SERS signals are
established by measuring the SERS response for the similar
gaseous environment at four different regions on the fabricated
SERS sensors. There is only 2-3% variation in the SERS signal
intensity, noticed. Which clearly, attributes that the SERS signal
from the fabricated sensors are quite consistent and reliable.

In order to confirm the variation in the SERS signal of
fabricated sensors with the bending or strain is also inves-
tigated here. There is no significant change (~1-2%) in the
SERS signal is found up to bending of 90°. While, previously™
taro leaf based PDMS replica work, observed that there is a
variation in the SERS intensity on corresponds to the bending,
where SERS signal was from the fixed analyte molecule
position, separated from the plasmonic field. Other than, here
the analyte molecule is gas and its random walk nature on the
Au NPs surface result in the stable SERS signal.

Figure 6 shows the variation in sensor signals as functions
of the concentration of NH;, N,O, H,0,, and H,S to investigate
the sensitivity of the sensors. The sensor signal (SERS)
enhancement factor (EF) is estimated with Equation (4):*”

lSERS I:)RSTRS
EF — St _TRS &5
IRS PSERSTSERS

(4)

where [gs is the SERS intensity, /g5 is the Raman intensity, Pgs is the
laser power used for the Raman measurement, P, is the laser
power used for the SERS measurement, T is the data acquisition
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Figure 6. Plots showing the variation in sensor signals as functions of the
concentration of the gases tested.

time of the Raman measurement, and T is the data acquisition
time of the SERS measurement. The sensor signal variation indicates
that the sensor signal increases with the concentration of the gases.
The adsorption of analyte gas molecules onto the 2D PSCCs may
also result in the agglomeration or densification of the Au NPs
because of the deswelling of the 2D PSCCs in the Au NP/2D PSCC/
PDMS flexible sensing systems.®" This process of deswelling and
densification results in a considerable variation in the inter-particle
distance of the Au NPs on the 2D PSCCs, concentrating more
charges near the inter-particle junctions, which results in the
formation of a “hot spot” and greatly enhances the SERS signal.®**
It is thought that after the H,S molecules are adsorbed onto the
surface of the Au NPs, the full-scale agglomeration of Au NPs might
occur compared to the other gases, which results in the maximum
electromagnetic coupling between the discrete Au NPs and SERS
signal. Similar behavior is exhibited by the sensors after the
adsorption of H,0, and is evidenced by the large signal compared
to that after the adsorption of N,O, which also supports the large-
scale aggregation of Au NPs on the surfaces of the 2D PSCCs.

However, with respect to SERS enhancement, various
attempts has been already reported in the literature, Yi et al.
(2016)°? has studied SERS-based on Ag coating on self-
assembled PSCC and Wang et al. (2014 demonstrated ~ 3
order improvement in detection limit of the SERS performance
of Au film over PS nanospheres. Similarly, Chen et al. (2015)
fabricate Au and Ag nanostructures over 3D ordered SiO, CC
template and found increased SERS due to the presence of
gaps in the rough nanostructure.*” Zhang et al. (2012) reported
the SERS signal enhancement due to the coupling effect of
periodically hexagonal packed Ag nanorods lattice and
voids.**” Huang et al. (2016)® demonstrated the SERS tuning
through the lattice coupling based on variation in Au inter-rod
gaps and heights. Whereas, in the present study used, Au NPs
of 8 nm in dia, decorated on 2D PSCCs/PDMS system. The size
dependent SERS phenomena has more susceptibility below
8 nm particle size, because at higher resolution NPs (<8 nm),
the number of electric and magnetic multipole of the free
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conduction electrons induced by an interacting electromag-
netic field to amplify the collective oscillation will be more at
plasmon resonance and consequence the significant shift with
the reduction in particle size. Furthermore, the dielectric
function of Au NPs is also a size dependent and rendering to a
size-dependent absorption cross section due to intrinsic size
effects. While for larger Au NPs (>8 nm) the cross section is
also dependent on higher-order quadrupole, octopole based
multipole modes and shift the plasmon resonance to longer
wavelength and also broadening the band due to retardation
effects.*” Thus, the magnitude of the SERS enhancement for
uniform NPs (size and shape) can be describe in terms of the
intrinsic damping that depends on the imaginary part of the
dielectric constant of the Au NPs and the extrinsic damping
that is proportional to the Au NPs polarizability, which increases
with increase in size. The similar observations for self-
assembled Au NPs are also reported elsewhere 2>

It clearly signifies that the self-assembled Au NPs decorated
onto ordered 2D PSCC partially embedded in flexible PDMS
elastomer and presence of Au NPs in nano voids formed due to
self-assembly of 2D PSCCs/PDMS system have a coupling effect
and significant contribution towards the SERS enhancement.
The hexagonally periodic arranged Au NPs/2D PSCCs/PDMS
system arc surface and the existence of NPs in the nano-voids
act as a source of electromagnetic fields localization to the
formulation of a promising “hot spot” to the SERS. Where the
more adsorbed molecules probed and substantially increase
the effective field of the array and result the enhancement in
the responsivity and reproducibility of SERS signals.

The advantage of proposed and demonstrated Au NPs/2D
PSCCs/PDMS system based SERS sensor substrate over the
reported in the literature is that existing sensors mostly based
on thin films provide less surface area for anylate adsorption as
compare to the NPs. Besides this, another advantage is flexible
PDMS substrate with the SERS dependence on the polarizability
of the gas molecule and uniform/reproducible SERS signal
compare to Ag colloid agglomeration over the Au PSCC, and
nanosctructured surface due to lack of control over shape and
size.

There is limited literature!®*®’” available on the SERS based
gas sensor, Biggs et al.® reported a SERS sensor based on Ag
film on nanosphere for the benzenethiol (BT) gas phase
detection, with the detection limit 6 ppm at 356 K. Similarly,
Rae et al.” demonstrated SERS sensor for CO and N,O using a
mixed AgPd nanoparticle substrate to the detection limit up to
the 10,000 ppm at 325 K. On the other hand, the SERS sensors
fabricated and investigated in the present study have the
detection limit less than 100 ppm at the room temperature
(298 K). Thus, the SERS sensors demonstrated in the present
studies have potential candidature for the gas sensor applica-
tions at room temperature. The various factors influence the
SERS intensity of Au NP/2D PSCC/PDMS based flexible sensors,
are the size of the PSCCs, hexagonal periodic closed packed
ordered arrangement, self-assembly of Au NPs, presence of Au
NPs in nano voids formed due to self-assembly of 2D PSCCs/
PDMS system, the polarizability of the gaseous molecules and
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Au NPs aggregation by the deswelling and densification of
hexagonally closed packed PSCCs by gas molecule.

Furthermore, the recyclability/reusability issues of the
developed multi gas SERS sensors need to address systemati-
cally, where the developed sensors can use in multiple times
and its utility can be justified. Although, this study is not
included here and will take account of in future communica-
tions, but there is a feasibility, where, recyclability apprehension
of the investigated SERS sensors might be address, if the
gaseous adsorbents are not kinetically and chemically prone to
formation of everlasting chemical bonds with decorated Au
NPs of Au NP/2D PSCC/PDMS flexible sensing systems.

Conclusions

This study has demonstrated the u-emulsion-based controlled
synthesis of Au NPs that are decorated onto the surface of 2D
PSCCs partially embedded in a flexible PDMS elastomer
substrate for gas sensing applications. The surface morphology
of the PSCCs and sensing signals after being exposed to various
gases NHs, H,0,, N,O, and H,S are characterized with FE-SEM,
UV-Vis and Raman spectroscopies. It was found that the 2D
PSCCs are closely packed in a hexagonal arrangement and the
variation in SERS intensity indicates the sensor signal depend-
ency on the size of the 2D PSCCs, surface morphology,
dimensions of the Au NPs, and size of the voids between the
Au-NP-coated 2D PSCCs. The noticeable changes in the SERS
intensity after the exposure to various gaseous environments,
with the largest changes occurring after H,S exposure, can be
explained in terms of change in the local electric field, which is
due to the agglomeration of Au NPs, and dielectric constant of
the SERS-active medium. The SERS intensity exhibited a linear
dependence on the polarizability of the gases tested, which is
attributed to the coupling effects between the SPR of the Au
NP islands and voids formed by the self-assembled 2D PSCCs
arrays.
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