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ABSTRACT: Shape-tunable Ag nanoplates in alumina enable
very strong SERS performances showing Raman enhancement
factor >1 X 10° and allows for easy detection of analyte
methylene blue having a concentration in the picomolar range.
Raman enhancements have been systematically studied during
the Ag nanoparticle-shape evolution from spherical nano-
particles to hexagonal nanoplates with sharp corners to
truncated triangular nanoplates in alumina sol. Large SERS
enhancement has been observed because of the uniform
dispersion and embedment of Ag nanoplates in a relatively high
dielectric alumina network where analyte molecules are held.
This new approach gives uniform and strong SERS signal with
reproducibility.
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S urface-enhanced Raman scattering (SERS) is a well-
established phenomenon that can enhance Raman signals
of nonresonant molecules adsorbed on noble metal particles by
several orders of magnitude. In recent years an enormous
amount of effort has been expanded in developing new and
reliable techniques for SERS.'™® Many kinds of active
substrates were developed for SERS studies, e.g, colloids,’
electrochemically roughened electrodes,® vapour-deposited
metal island films,” and lithography produced nanostructures.'’
Colloidal Au and Ag nanoparticles (NPs) have been extensively
studied as SERS materials because of their unique surface
plasmon resonance (SPR) features, which have exhibited
application potential as active substrates for SERS."" However,
the utility of this class of SERS materials can be limited by poor
control over particle aggregation, leading to low reproducibility
and variations in SERS intensities over time.

The controllable preparation of metal NPs with different
shapes is also of great interest because it allows one to fine tune
the SPR properties which in turn affect the SERS. While the
uses of colloidal SERS substrates are widespread, studies of
substrates with different shape-morphologies are limited despite
their shape-dependent optical properties, which make them
attractive candidates. Moreover, fabrication of reliable SERS
substrate with uniformly high enhancement factors still remains
a challenge.

In this letter, we demonstrate a simple and easy protocol to
prepare a SERS active substrate which can detect very trace
amount of analyte molecules with reproducibility. Here a
different approach regarding the preparation of Ag NPs was
followed which consists of the generation of Ag NPs in an
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alumina sol and gradual shape transformation from initially
formed spherical to hexagonal and finally filleted triangular
plate-like NPs. These different-shaped Ag NPs containing
alumina sols were directly used for SERS experiments. It is
noteworthy that SERS investigation of Ag NPs containing any
dielectric matrix sol especially alumina has not been attempted
so far though SERS active substrate based on porous alumina
membranes has been reported.’*™**

The approach described in this letter is completely new and
advantage of this process is that the analyte can be mixed
thoroughly with the active NPs in liquid state. The dropcast
liquid mixture will form a gel like solid after evaporation of
solvent and can be analyzed easily for Raman. Because of the
homogeneous mixing in liquid state, our SERS substrate shows
homogeneous SERS signal which is advantageous over bare
NPs. Moreover, embedment of Ag NPs in a relatively high
dielectric alumina is expected to cause enhancement of SPR
intensity and thereby the SERS signal.'>'® In this study, we use
methylene blue (MB) as the probe molecule to investigate the
SERS properties of the Ag NPs containing alumina sols at their
different shapes and also in the intermediate stages formed
during shape conversion to explore the influence of their shape
on SERS enhancement. This method exhibits large Raman
enhancement ability and good SERS reproducibility, enabling
low concentration detection of analyte MB.
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Stable and dispersed Ag NPs containin§ alumina sols were
prepared using our reported method.'”™® In brief, first, a
partially acetylacetonato (0.5 mol) complexed aluminium tri-
sec butoxide (1 mol) stock solution was prepared which was
named as ASB s, After the addition of AgNO; (0.2 mol %
with respect to the equivalent amount of AlO,;) to the
ASB) 5., Solution, the faintly straw color sol gradually became
intense yellow showing a SPR absorption at 429 nm as
spherical Ag NPs were generated spontaneously through the
reduction of Ag" to Ag’ by Al-alkoxide (designated as yellow
sol). Addition of Polyvinylpyrrolidone (PVP, average molecular
weight 10 000 g/mol) S X 107% mol % with respect to the
equivalent amount of AlO| 5 at this stage caused generation of a
second absorption band near 640 nm while retaining the
original SPR band at 427 nm. With time, the 640 nm band
gradually red shifted to 795 nm resulting a intense green sol
(designated as green sol). After some time the 795 nm band
was again blue shifted and stabilized at 660 nm, and a blue-
colored sol (designated as blue sol) was resulted. The UV-
visible spectral changes during such shape conversion along
with representative photos of sols are shown in Figure S1 (see
the Supporting Information). Such systematic color changes
were due to the conversion of spherical NPs (yellow sol) to
mainly hexagonal (with occasional triangular) nanoplates
(green sol), and finally to truncated/filleted triangular Ag
nanoplates (blue sol). It is noteworthy here that the atomic
concentration of Ag remains same and the sol remains
transparent and homogeneous during such shape evolution.
Interaction strength between PVP and different crystallographic
facets of silver are substantially different, which leads to such
anisotropic growth of silver from spherical NPs. It is known
that PVP binds preferentially on the {100} crystalline face of Ag
rather than the {111} face. This directs the controlled growth
of specific facets compared to other facets resulting in different
plate shaped NPs and their further growth.'”'* TEM shows
existence of spherical Ag NPs of average size 12 nm in yellow
sol (Figure la). The green sol shows presence of mainly
hexagonal nanoplates having sharp corners and edges in the size
ranges 145—180 nm (Figure 1b), whereas in the blue sol,
relatively smaller truncated/filleted triangular nanoplates in the
size range of 80—120 nm (Figure 1c) are found to exist.'”"® In
both the cases presence of a small fraction of smaller NPs are
also observed; the overall size distributions of NPs are shown in
Figure S2 (see the Supporting Information). AFM (see Figure
S3 in the Supporting Information) and TEM (see Figure S4 in
the Supporting Information) reveal that the thickness (¢) of
haxagonal nanoplates is lower (¢ 12.5 nm) than the
truncated/filleted triangular nanoplates (t+ ~ 18 nm), whereas
the nanoscale rms surface roughness of these nanoplates are
found to be 1.77 and 1.64 nm (see AFM line scans in Figure S3
in the Supporting Information), respectively.

MB was chosen as analyte to study the Raman activities
because of its low fluorescence quantum yield (0.02+0.005)*°
and it is known to form well-defined monolayer on the silver
surface with a characteristic molecular footprint, which is
critical for the estimation of the total number of molecules
being probed during SERS measurement and therefore a
precise estimation of enhancement factor is possible. In order
to determine the SERS activity of the Ag NPs containing
alumina sols, 10 yL of MB solution of varying concentrations
(1 X 107* to 1 X 107> M) and 10 uL of respective sol were
homogeneously mixed to obtain a clear and transparent
solution and from that 4 yL was drop cast. The Raman data
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Figure 1. TEM images of the (a) yellow sol showing the presence of
spherical Ag NPs having average size of about 12 nm; (A) magnified
image of the rectangular area; (b) green sol showing mainly hexagonal
Ag nanoplates (inset shows SAED taken from a hexagonal NP); (c)
blue sol showing mainly truncated triangular nanoplates (SAED is
given in the inset). SAED patterns shown in b and ¢ confirm the
single-crystalline nature of the nanoplates.

(using a Renishaw Invia Reflex system) were collected after
exciting the samples with a 785 nm diode laser under line-focus
mode and the laser power was adjusted to 0.5% which was
about 1.25 mW. The laser was focused onto the sample surface
using a 50X long working distance objective with a spot
diameter of 1 ym (see the Supporting Information). Here long
wavelength excitation (785 nm) was used which can avoid
fluorescence background of organic dye molecules*" and also to
avoid photochemical degradation or transformation of
adsorbed species. Spectra were collected at room temperature
(~20 °C) in continuous mode with 10 s exposure time and
accumulated for 1 time using a grating of 1200 mm™". In all
cases, SERS spectra were acquired from 8—10 different places
of the same samples and the median spectrum was reported. All
SERS experiments were performed in triplicate to check the
reproducibility of the whole process.

As the main absorption peaks of the MB located at around
656, 610, and 293 nm are away from the excitation wavelen$th
(785 nm), the resonant Raman effect would be very weak.>"*
From Figure 24, it is clear that the characteristics Raman bands
of MB alone (107* M) and MB with pure alumina sol (without
Ag NPs) are too weak to be observed. The Raman spectra of
MB adsorbed on Ag NPs in yellow, green and blue alumina sols
are also presented in Figure 2a. As pointed out before, to check
the uniformity of SERS, spectra were acquired from 10 different
positions of same samples and a little variation in intensities
was observed. As a representative example the intensity
variation of the 445 cm™! peak of MB for yellow, green and
blue sols has been plotted and presented in Figure 2b. From
this plot the respective median intensities have been chosen to
report the corresponding spectra. As shown in Figure 2a, the
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Figure 2. (a) Raman spectra of 1 X 107* M MB, 1 X 10™* M MB
adsorbed pure alumina sol (without Ag NPs), and SERS spectra of 1 X
107 M MB adsorbed on yellow, green, and blue sols; (b) intensity
variation in 10 different measurements considering the 445 cm™ peak
(C—N—C skeletal bending) of MB for yellow, green, and blue sols.

characteristic Raman peaks at 1618 and 445 cm™ due to the
C—C stretching and C—N—C skeletal bending of MB,>
respectively can be seen. This indicates that the MB molecules
were well adsorbed on the substrates. The spectra of MB with
yellow, green and blue colored sols exhibited remarkably
stronger intensity due to the SERS effect. It can be observed
that the spectral intensities obtained from the hexagonal and
triangular nanoplates are much greater than the spherical NPs
(Figure 2a, b). This reveals that the nanoplates are showing
better SERS enhancement under the present experimental
conditions. It may be noted here that no characteristic features
of PVP was observed in the SERS spectra. Presence of PVP on
the Ag NPs surface may have some effect on the binding of MB
with Ag NPs.** As PVP binds preferentially on the {100} face
of Ag, it is expected that {100} faces will be more occupied by
PVP. Again, binding of positively charged MB with adsorbed
PVP is unlikely.”® So MB molecules will easily bind with the
much exposed and abundant {111} faces of Ag nanoplates.
Figure 3 shows SERS of the Ag/alumina sols at different
reaction stages during the gradual shape evolution of the Ag
NPs. It shows nicely that at different longitudinal SPR (LSPR)
peak positions (as shown in the UV—visible spectra, see Figure
S1 in the Supporting Information; the sample collection
sequence at different LSPR is also indicated in the body of the
Figure 3) the intensity of SERS spectra gradually increases and
reaches maximum value when sharp edged hexagonal NPs were
formed. It is thus indicated that the generation of platelike thin
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Figure 3. SERS evolution of 1 X 107 M MB adsorbed on the Ag
doped alumina sol during the gradual shape conversion of the Ag NPs
from spherical to hexagonal and finally filleted triangular nanoplates.
The atomic concentration of Ag in the sol remains same throughout
the shape evolution.

2D structure influences the Raman enhancement. After
attaining the maximum enhancement the intensity again
decreased slightly due to the formation of relatively thicker
filleted triangular nanoplates (see Figures S3 and S4 in the
Supporting Information).'” Raman spectra of MB at very low
concentrations adsorbed on green and blue alumina sols are
shown in Figure 4. It is clear that the detection limit for MB on
the hexagonal and filleted triangular nanoplates containing
alumina could be 1072 M or below, thus it can be used as a
“fingerprint” to detect MB.

To estimate the SERS enhancement, we calculated the
Raman enhancement factor (EF) per molecule as the ratio of
the intensity in presence and absence of the active
substrate.”®*”

N, I
EF = bulk “SERS
Nads IRaman

Nk is the number of analyte (MB) molecules in the focal
volume. For Ny calculation, Raman spectrum of solid MB was
used. N4, is the number of molecules adsorbed on the SERS
active substrate. This was calculated using the number of
nanoparticles, the surface area of NPs, the number of analyte
molecules estimated to be present and the monolayer surface
coverage for MB.”**” Igs is the intensity of a vibrational mode
in the surface enhanced spectrum and Iy, is the intensity of
same mode in the Raman spectrum. In our calculations the
intensity of (c_y_c) bending mode at 445 cm™ was used to
identify the enhancement factors. The calculated Raman EFs
are 2.6 X 10% 1.2 X 10, and 8 X 10° for yellow, green and blue
sols, respectively. Detailed EF calculations are given in the
Supporting Information.

It is noteworthy that in colloidal solution, the spherical NPs
and the shaped nanoplates move randomly due to Brownian
motion. So when drop of the sol dries to form gel, the motion
of the NPs ceases and the NPs freeze inside the alumina gel in a
random orientation. So the SERS spectra are the representative
of all possible orientations of the Ag NPs present inside the
alumina gel under the laser spot.”® Recently, Liu et al reported
Raman enhancement on the order of 1 X 10° using vertically
cross-linking Ag nanoplate arrays prepared by electrochemical
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Figure 4. SERS spectra of different MB concentrations (1 X 1075, 1 X 107", 1 x 107> M) adsorbed on (a) green and (b) blue alumina sols.

route.>”° Although these substrates are reusable, the overall
process involves complicated techniques and seems to be
disadvantageous from the practical application point of view.
Using our randomly oriented Ag nanoplate embedded alumina
sol, we obtained high Raman enhancement (>1 X 10°) with
reproducibility.

Generally, it is believed that many factors simultaneously
contribute to the Raman enhancement effect. The largest factor
of SERS enhancement depends on the electromagnetic (EM)
effect associated with large local fields due to resonances
occurring in the microstructures on the metal surface.>"** It is
known that variations in nanocrystal shape and dielectric
environment can affect the surface polarization and alter the
SPR. Here, both corner sharpness and shape symmetry alter the
surface polarization and thus the SPR absorptions. Theoretical
studies have suggested that the local field-effects in the NPs
having sharp corners or edges can be enhanced by several
orders of magnitude and responsible for SERS.**** Here
mainly, the sharp corners on the nanoplates in the green sol
likely provide greater localized electric field enhancement than
the rounded ones of the blue sol, thus resulting greater Raman
enhancement.*>* Slight difference in enhancements of green
and blue sol could be affected because of the amount of overlap
of the SPR band and the excitation source. For the hexagonal
nanoplates, the 785 nm laser falls near the SPR band (795 nm),
whereas in the case of the truncated triangular nanoplates, the
laser line is on the tailing edge of their SPR band (660 nm).*’
For spherical Ag NPs, the laser line is away from the SPR band
(427 nm), which may be one of the reasons for their low
Raman enhancement.

The embedding dielectric medium alumina can also play a
vital role. It is known that when metal NPs are embedded in a
high dielectric medium, alteration of SPR with significant
enhancement of intensity is possible, which can contribute
towards high Raman enhancement.'>'**”*® The nanoscale
surface roughness of the nanoplates as observed by AFM (see
Figure S3 in the Supporting Information) also contributes to a
small proportion of the SERS enhancement."> As the Ag NPs
are embedded in the alumina gel-like porous matrix, it can be
expected that the NPs remain uniformly dispersed without any
agglomeration or overlapping causing highest surface area
available. Moreover, porous gel-like alumina matrix can easily
hold the dye molecules. As a result, almost all the Ag NPs have
a dye-rich environment, which in turn enhances the highest
possible SERS effect.*”

In summary, we have demonstrated a new and facile
approach to produce very high Raman enhancement (order
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of magnitude >1 X 10°) using different shaped Ag NPs in
alumina. Systematic SERS experiments were carried out in
order to study the effect of nanoparticle—shape evolution in
alumina with the SERS enhancement. It has been established
that the LSPR due to the plate-shaped Ag NPs can be utilized
to a large extent for SERS enhancement because of their
dispersion and embedment in high dielectric alumina gel
network where analyte molecules are held. This new approach
gives uniform and strong SERS signal with reproducibility.
Therefore, this reliable SERS technique can be utilized for
various analytical applications.
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UV—visible spectral evolution and optical images of sols
(Figure S1), particle size distributions of Ag NPs (Figure S2),
AFM images and height scans of nanoplates (Figure S3),
additional TEM images (Figure S4). and enhancement factor
calculations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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