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Graphene oxide (GO) is an emerging material for surface-enhanced Raman scattering (SERS) due to its

strong chemical enhancement. Studying the SERS performance of plasmonic nanoparticle/GO hybrid

materials at the single particle level is crucial for direct probing of the chemical effect of GO on
10 plasmonic nanoparticles. In this work, we integrate GO and shaped-controlled Ag nanoparticles to create
hybrid nanomaterials, and the chemical enhancement arising from GO is investigated using single—
particle SERS measurements. Ag nanoparticle@GO hybrid nanostructures are prepared by assembling Ag
nanoparticles, including spheres, cubes and octahedral with GO sheets. The SERS behaviors of the hybrid
nanostructures are characterized, and 2-3 times enhanced SERS intensities are detected from the Ag
nanoparticle@GO hybrid nanostructures as compared to pure Ag nanoparticles. Furthermore, we probe

o

the mechanism of SERS enhancement in the hybrid nanostructures by changing the surface coverage of
GO on Ag octahedra, by using reduced GO in place of GO as well as by using probe molecules of
different electronegativity. This hybrid system as is an excellent candidate for single-particle SERS
sensor. Sub-nanomolar level of aromatic molecules is detected using single Ag/GO hybrid nanomaterial.

20 This as-prepared GO and shaped-controlled Ag nanoparticle hybrid is capable of serving as high
performance SERS platform, providing new opportunities for efficient chemical and biological sensing
applications.

due to the short separation distance between graphene and probe
1. Introduction molecules. Chemical enhancement is thought to originate from
the m — m interactions and charge transfer from oxygen-rich
functional groups on graphene and related materials.'®
so Importantly, it has been shown that the most efficient chemical
enhancement occurs for imperfect graphene, i.e. graphene
possessing charge transfer groups. The oxidation and p-doping of
graphene has been shown to bring about a chemical enhancement
of 10*fold on aromatic dye molecules, an order higher than
pristine graphene.”’ Mildly reduced GO has also been shown to
lead to enhancement factors around 10°2'

Given the superior SERS capabilities of both metallic
nanoparticles and graphene based materials, there are increasing
studies focused on investigating the SERS efficiencies of
6 composites of metallic nanoparticles and graphene. SERS signals

arising from graphene/metal hybrid structures are also shown to

have higher SERS signals when compared to the individual
components.”>*® For instance, SERS signals of probe molecules
such as rhodamine 6G and methylene blue are shown to be
os further enhanced several-fold when compared against those of
pure metallic nanoparticles, with detection limits reaching
nanomolar (nM) levels.?® Furthermore, such composite materials
have also shown good sensitivity towards sensing hydrogen

Surface-enhanced Raman scattering (SERS) has proven to be an
ultra-sensitive and powerful analytical technique for molecular
sensing and detection, with the ability to detect single molecules
already demonstrated in the literature.'” The impressive
sensitivity of SERS over Raman spectroscopy stems from two
enhancement mechanisms, namely electromagnetic and chemical
30 enhancements. Electromagnetic enhancement is most commonly
associated with the localized surface plasmon resonances
(LSPRs) of noble metal nanoparticles, such as those of Au and
Ag. LSPRs are capable of concentrating incident light into sub-
wavelength volumes around the nanoparticles, thereby generating
intense localized electromagnetic fields.*'" It has been shown
that localized electromagnetic fields are most intense near regions
with large radius of curvatures (sharp tips/edges) or having high
asperities. While electromagnetic enhancement involving metal
nanoparticles are well studied, chemical enhancement in related
systems remains a debatable topic to date.'* '

On the other hand, graphene and related materials, such as
graphene oxide (GO) and reduced graphene oxide (RGO), have
been shown to be an emerging material of choice as SERS
substrates due to strong chemical enhancement.'>?' This class of
4s materials is atomically flat, and enables efficient charge transfer
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peroxide,”?® folic acid,”! uranyl ions,*> multiplexed DNA
detection®® and differentiation of neural stem cells.*

However, among the extensive reports on the SERS
capabilities of ensembled graphene-based metal nanoparticle
hybrid materials, most of the Ag nanoparticles reported
previously are spherical ones. Ag architectures with unique shape
and morphology, such as cubes or octahedra have not been
reported yet. Moreover, SERS signals are usually obtained from
clusters of Ag nanoparticles or Ag nanoparticle aggregates. In
addition, there is a lack of studies on the SERS capabilities at the
single particle level. Single-particle SERS measurements are
crucial for direct probing of the chemical enhancement effect
without the interference from electromagnetic field enhancement
arising from the plasmonic coupling among ensembled
neighboring nanoparticles.

Herein, we investigate the single-particle SERS efficiencies of
Ag nanoparticles/GO and their SERS sensing capabilities. We
aim to directly investigate the chemical enhancement arising from
GO, and obtain an optimal Ag/GO configuration that gives the
highest SERS sensitivity. Morphologically-controlled Ag
nanoparticles, including spheres, cubes and octahedra, are
assembled with GO sheets to form Ag nanoparticles@GO hybrid
nanostructures. The SERS behaviors of the hybrid nanostructures
are characterized using single-particle SERS measurements, and
enhanced SERS intensities are detected from the Ag
nanoparticles@GO hybrid nanostructures as compared to pure Ag
nanoparticles. A strong particle morphology-dependent trend in
the SERS signals measured is observed. Furthermore, we probe
the mechanism of SERS enhancement the hybrid
nanostructures by using GO with different degrees of reduction
and also by using various probe molecules. Our single-particle
Ag/GO hybrid is used as a SERS sensor for aromatic molecules,
which is capable of detecting nanomolar levels of aromatic

in

molecules.
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Fig. 1 Schematic illustration of the fabrication of Ag octahedra@GO and
GO@Ag octahedra hybrids on APTES-modified silicon substrates.

2. Experimental Section
2.1 Materials

Natural graphite powder (325 mesh) was purchased from Alfa-
Aesar. Silver nitrate (AgNO;, 99%), poly(vinyl pyrrolidone)
(PVP, M, 55 000 g/mol), 1,5-pentanediol, 4-
methylbenzenethiol (4-MBT, 98%), 4-mercaptobenzoicacid (4-
MBA, 90%), 4-aminothiophenol (4-ATP, 97%) and 3-
aminopropyltriethoxysilane (APTES) were all obtained from
Sigma-Aldrich. Rhodamine 6G (R6G) and crystal violet (CV)
from Sigma-Aldrich were used as Raman probes. All chemicals
were used as received without further treatment. Deionized water

50

100

(resistance > 18.0 MQ cm™) was used throughout all the
experiments.

2.2 Synthesis of GO and Ag nanoparticles

Graphite oxide was synthesized from natural graphite powder by
a modified Hummers method.*> In brief, 1.5 g graphite powder
was added into a mixture of 10 mL 98% H,SO,, 1.25 g K,S,0g,
and 1.25 g P,Os, and the solution was maintained at 80 °C for 4.5
h. The resulting pre-oxidized product was cleaned with water and
dried in a vacuum oven at 50 °C. After it was mixed with 60 mL
98% H,SO, and slowly added 7.5 g KMnO, at a temperature
below 20 °C, then 125 mL H,O was added. After 2 h, additional
200 mL H,O and 10 mL 30% H,0, were slowly added into the
solution to completely react with the excess KMnO,. After 10
min, a bright yellow solution was obtained. The resulting mixture
was washed with diluted HCI aqueous (1/10 v/v) solution and
H,0. The graphite oxide was obtained after drying in a vacuum
oven at 30 °C. Exfoliation was carried out by sonicating 0.5
mg/mL graphite oxide dispersion under ambient condition for 30
min. The resulted homogeneous dispersion (GO) colored yellow-
brown was diluted to 0.05 mg/mL for further use. In a typical
procedure for chemical conversion of GO to RGO, the resulting
homogeneous dispersion was mixed with hydrazine solution and
ammonia solution. The weight ratio of hydrazine to GO was
about 7:10. The solution was then heated to 95 °C for l hand 6 h
to get RGO;3 and RGOy,;, respectively.

Silver nanocubes and octahedra were synthesized according to
a method as reported previously.*® In brief, Silver nitrate (0.20 g)
and copper(Il) chloride (0.08 mg) were prepared separately in 10
mL 1,5-pentanediol. The chemicals were sonicated and vortexed
repeatedly to dissolve them. 35 pL CuCl, solution was then
added to the AgNO; solution. In a separate vial, PVP (0.20 g)
was dissolved in 1,5-pentanediol (10 mL). All solutions were
dissolved using ultrasonic baths. Using a temperature-controlled
silicone oil bath, 1,5-pentanediol (20 mL) was heated for 10 min
in the 190 °C oil bath. The two precursor solutions were then
injected into the hot reaction flask at the following rates: 500 uL
of the silver nitrate solution every minute and 250 xL of the PVP
solution every 30 s. For nanocubes, this addition was stopped
once the solution turned opaque (~20 min). For octahedra, the
mixture was continuously heated at 190 °C for 10 min and then
the injections of silver nitrate and PVP solutions were resumed
and continued for a longer period of time (60-75 min). Silver
nanospheres was prepared by an aqueous reduction of silver
nitrate with trisodium citrate using a method of Lee and Meisel,”’
and silver film (~100 nm in thickness) were deposited at a rate of
about 1 A/s by thermal evaporation.

2.3 Preparation of APTES-modified silicon substrates

Silicon wafer with evaporated chromium pattern was used as an
index finder for SEM correlation. The substrate was cleaned by
sequential ultrasonication in acetone, ethanol, deionized water for
15 min in each and then treated with oxygen plasma at 80 W for 5
min to derive a hydroxyl surface. After thorough rinsing with
ethanol, the cleaned glass substrate was dried under a stream of
nitrogen. Subsequently, the cleaned silicon substrate was
immersed in a 10% solution of APTES in ethanol for 16 h to
functionalize the Si surface with amino-functional groups. The
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substrate was then rinsed profusely with ethanol to remove
unbound molecules from the surface and dried under a stream of
nitrogen.

2.4 Fabrication of GO and Ag nanoparticles hybrid

s For Raman spectroscopy, probe molecules coated Ag
nanoparticles were prepared by exchanging the PVP with 4-MBT
in a 10 mM ethanolic solution, which was stirred for 12 h at room
temperature under a stream of nitrogen to minimize oxidation.
Similarly, 4-ATP and 4-MBA coated Ag octahedra were prepared
by the same procedure. For fabrication of GO and Ag octahedra
hybrid, a dilute solution of Ag octahedra suspending in ethanol
were drop-casted onto the APTES-modified Si substrates, washed
with ethanol, and dried under a stream of nitrogen. Subsequently,
the substrate was immersed in GO suspension (0.05 mg/mL) for 2
h, washed with water, and dried under a stream of nitrogen. The
as-prepared GO on top of Ag octahedra hybrid was denoted as
Ag octahedra@GO, and GO@Ag octahedra hybrid with GO
underneath Ag octahedra were also prepared in a similar process
but in inverse assemble sequence. In addition, other shapes of Ag
20 nanoparticles and GO hybrids were also prepared similarly for
comparison.

S

@

2.5 Characterization

Field emission scanning electron microscopy (FESEM)
characterization was conducted with a JSM-7600F SEM at an
accelerating voltage of 5 kV. Transmission electron microscopy
(TEM) observation was performed with a JEOL 2100 TEM under
an accelerating voltage of 200 kV. Tapping mode atomic force
microscopy (AFM) images were taken using a scanning probe
microscope Nanoscope IV (Digital Instruments). The surface
charge of the oppositely charged GO sheets synthesized was
measured using a (—potential analyzer (Malvern, Zetasizer Nano
ZS). X-ray photoelectron spectroscopy (XPS) spectra were
measured using a Phoibos 100 spectrometer with a
monochromatic Mg X-ray radiation source. All XPS spectra were
fit using XPS Peak 4.1.
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2.6 Surface-enhanced Raman scattering

Raman spectroscopy was obtained by the Ramantouch
microspectrometer (Nanophoton Inc, Osaka, Japan). All mapping
experiments were carried out with a 100 x objective lens (NA =

40 0.9) and were taken using 10 s acquisition time between 127 and
2672 cm’'. To obtain single-particle spectra, laser powers of 0.17
mW were used for 532 nm excitations. Automated mapping
software was used to control the movement of the stage in 0.5 ym
steps during the mapping experiments. Use of the confocal

4s pinhole ensured that the illumination area for each of the
wavelengths was comparable. After the Raman mapping was
complete, the chromium pads aided in pattern matching with
SEM images to ensure that only single particles were used for
quantification.

s 3. Results and discussion

GO sheets and Ag nanocrystals are separately prepared for this
study. GO sheets are prepared using a modified Hummer’s
method,™ in which graphite oxide is subjected to chemical
exfoliation and ultrasonication. The as-obtained GO sheets are
ss rich in oxygen-rich functional groups, including epoxy, hydroxyl

(OH) and carboxyl (COO") moieties.®® These oxygen-rich
functional groups impart a negative charge to the GO sheets, with
the {—potential of the aqueous suspension of GO sheets measured
to be — 40 mV. The morphology of GO is further characterized by
transmission electron microscopy (TEM) and atomic force
microscopy (AFM). TEM image of the GO sheets (Fig. S1A)
clearly illustrates a flake-like shape with some wrinkled and
folded sheet structure at the edge. The GO sheets show a perfect
platelet structure with a thickness of about 1 nm (Fig. S1B, C).
Separately, Ag nanocubes and octahedra are synthesized via a
polyol reduction method, using 1,5-pentanediol as solvent at
near-reflux temperature in the presence of poly(vinylpyrrolidone)
(PVP) as a stabilizing agent.’* The as-prepared Ag nanocubes and
octahedra are highly monodisperse, with average edge lengths of
70 121 =7 nm and 336 + 18 nm, respectively (Fig. S2C, D). Citrate-
capped spherical Ag nanoparticles with diameters of 150 £ 25 nm
are also prepared (Fig. S2B). Thermal evaporated Ag film of ~
100 nm is used as a control experiment.
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75 Fig. 2 SEM images of Ag nanoparticle@GO with different Ag
nanoparticle morphologies. (A) Ag nanosphere, (B) Ag nanocube, and
(C) Ag octahedron. The scale bar is 100 nm for A — C. (D — F) SEM
images of isolated Ag particles overlaid with the SERS intensity map,
color are assigned by the relative intensity of the spectrum at 1083 cm™.

80 The scale bar is 1 um for D — F. (G — I) Corresponding single-particle
SERS spectra of 4-MBT adsorbed on Ag nanoparticle (black line) and Ag
nanoparticle@GO (orange line). (J) Enhancement factor for 4-MBT of Ag
film, Ag nanosphere, Ag nanocube, and Ag octahedron with and without
GO coverage.
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Hybrid nanostructures of GO and Ag nanoparticles are then
fabricated for the subsequent SERS studies (Fig. 1). Ag
nanoparticles@GO layout is first used to investigate the effect of
nanoparticle morphology on the SERS efficiencies of the hybrid
nanoparticles. In this layout, Ag nanoparticles are first ligand
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exchanged with 4-methylbenzenethiol (4-MBT) before dispersing
them onto an amino-functionalized Si substrate. A dilute GO
suspension is then drop-casted onto the nanoparticles to coat a
layer of GO around the nanoparticles through electrostatic
s interactions. The coating of a monolayer of GO around the Ag
nanoparticles is characterized using scanning electron microscopy
(SEM). SEM images (Fig. 2A — C) of individual Ag nanoparticles
obtained at high magnifications clearly show the edges and
crumpled silk waves of these carbon sheets, indicating successful
10 immobilization of GO onto the various Ag nanoparticles.

The effect of particle morphology on the SERS capabilities of
the hybrid nanostructures is then characterized by comparing the
SERS signals of pure Ag nanoparticles and Ag
nanoparticles@GO, respectively. 4-methylbenzenethiol (4-MBT)

15 is used as the probe molecule for the SERS experiments because
it is known to form a well-defined self-assembled monolayer on
the silver surface with a characteristic molecular fingerprint in the
Raman spectra.”’ The SERS spectra of 4-MBT collected at an
excitation wavelength of 532 nm from various Ag nanoparticles

20 and Ag nanoparticles@GO are shown in Fig. 2G — I. Two Raman
peaks can be clearly discerned at 1083 and 1584 cm™ for the pure
Ag nanoparticles, with the 1083 cm™ arising from a combination
of phenyl ring breathing, C-H in-plane bending and C-S
stretching and the 1584 cm™ peak corresponding to phenyl ring

»s stretching of 4-MBT.* The 1083 cm™ peak is used for all
subsequent analyses because it is free from potential signal
interferences that may arise from PVP and/or the G band of GO.
Overlays of the Raman maps with the corresponding SEM
images (Fig. 2D — F) clearly demonstrate that only single

30 particles are sampled during the SERS measurements. The
Raman map corresponds to the SERS intensity of 4-MBT peak at
1083 cm'. The interparticle spacing is sufficiently large to ensure
that there is no plasmon coupling between neighboring particles.
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35 Fig. 3 SEM images of (A) GO@Ag octahedron and (B) Ag
octahedron@GO hybrid on Si substrates, and insets show the
corresponding schematic illustration of the hybrid layouts. (C)
Representative single-particle SERS spectra of 4-MBT on Ag octahedron,
GO@Ag octahedron and Ag octahedron@GO, and (D) average single-

40 particle SERS enhancement factor of Ag octahedron, GO@Ag
octahedron and Ag octahedron@GO.

Among Ag nanoparticles, both nanocubes and octahedra give
rise to stronger SERS signals compared to spherical particles,
with Ag octahedra giving rise to the most intense SERS signals
(Fig. 2G — H). The single-particle SERS enhancement factors of
these particles are estimated to be (5.7 + 0.3) x 10*, (3.7 £ 0.7) x
10°, and (4.8 + 0.5) x 10 for spherical particles, nanocubes and
octahedra, respectively for the 1083 cm™ peak (Fig. 2J, see
supporting information for detailed calculations). Despite being
similar in size, the enhancement factors of nanocubes are 8-fold
higher than the spherical particles. This is attributed to the more
intense local electromagnetic fields generated around the sharp
edges/vertices of the nanocubes.*’ Ag octahedra have the highest
enhancement factors due to its much larger dimensions, which
make them more effective light scatterers than nanocubes. In
comparison, very weak signals are collected from a 100 nm thick
thermally evaporated Ag film, which accounts for negligible
SERS enhancement (Fig. S3).
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60 Fig. 4 (A) XPS spectra of GO, RGO7;3 and RGOy,;. (B) Single-particle
SERS spectra of 4-MBT on Ag octahedron, Ag octahedron@GO, Ag
octahedron@RGO7;3, and Ag octahedron@RGOy,. (C) Average
enhancement factor for 4-MBT on Ag octahedron, Ag octahedron@GO,
Ag octahedron@ RGO53, and Ag octahedron@ RGOy,.

6s  When GO is added to the Ag nanoparticles, SERS signals are
further enhanced in relation to pure Ag nanoparticles. In addition
to the characteristic fingerprints of 4-MBT, a broad scattering
peak is also observed at ~1350 cm’ for the Ag
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nanoparticles@GO nanostructures. This is indexed to the D band are conducted. The AFM image confirms that GO sheets are
of GO, arising from defects in the curved graphene sheet and mostly single layers on the amino-functionalized Si substrate,
staging disorder.” On the other hand, the G band overlaps with average thicknesses of ~ 1 nm measured (Fig. S4C). The
significantly with the phenyl ring stretching of 4-MBT at 1580 areas of Ag octahedra are carefully avoided when measuring
cm’!, making it difficult to distinguish the two vibrational modes s AFM images due to the great disparity in the cross-sectional
from each other. A 1 — 2 fold increase in the SERS enhancement profiles of Ag octahedra and GO. Both hybrid layouts of
factors of Ag nanoparticles@GO is observed in comparison with GO@Ag octahedra and Ag octahedra@GO give rise to enhanced
the pure Ag nanoparticles (Fig. 1J). In the case of both Ag SERS signals as compared to that of pure Ag octahedra (Fig. 3C).
nanocubes@GO and Ag octahedra@GO, the enhancement factor The single-particle SERS enhancement factors are determined to
is twice as large as that of the pure Ag nanocubes and octahedra. 4 be (5.4 + 0.4) x 10°, and (9.2 = 0.8) x 10’ for GO@Ag octahedra
With the Ag octahedron@GO giving rise to the highest and Ag octahedra@GO respectively (Fig. 3D). The SERS signals

S

enhancement factor, they are subsequently used as a model arising from GO@Ag octahedra is 1.2-fold stronger than pure Ag
system to investigate the SERS characteristics of the hybrid octahedra, while signals from Ag octahedra@GO are 1.9-fold
system. enhanced using the same comparison.

In addition to Ag octahedra@GO layout, we also fabricate 45 From the above experiments, it is evident that the presence of
GO@Ag octahedra hybrid (Fig. 1) to investigate the influence of GO leads to an additional modest enhancement in the SERS
GO contact area with Ag octahedra on the enhancement of SERS intensities of 4-MBT on Ag octahedra. Furthermore, this

signals. GO sheets are first adsorbed onto an amino- enhancement is governed by the extent of GO coverage on the Ag
functionalized Si substrate through electrostatic interactions octahedra, with larger GO contact area on Ag octahedra, as
between negatively-charged GO sheets and positively-charged Si s observed in the case of Ag octahedra@GO, leading to higher
substrate. A dilute suspension of Ag octahedra is then drop-casted enhancement. Chemical enhancement is a short-range effect
onto the GO sheets, giving rise to the GO@Ag octahedra layout. occurring on the molecular scale, requiring the molecule to be in
In GO@Ag octahedra, one facet of the Ag octahedra is in direct contact with or in close proximity to the substrate to enable
contact with the GO sheets. This is in contrast with the Ag charge transfer between the molecule and the substrate.'> Put
octahedra@GO structure, where the GO sheets wrap around ss together, these observations suggest that the nature of this
seven of the eight facets of the Ag octahedra. The successful additional enhancement stems from a chemical effect. Chemical
assembly of Ag octahedra and GO onto the Si substrate is enhancement from GO has been shown to arise from m - &
illustrated by SEM images at low (Fig. S4A) and high stacking and charge transfer from the lone-pairs of electrons on
magnifications (Fig. 3A). GO sheets are hard to distinguish due to the oxygen-containing moieties to the probe molecules.”!

their atomic thickness (Fig. 3A). Therefore, AFM measurements

Table 1. List of Raman shift, SERS intensity, enhancement factor and enhancement factor ratio of 4-ATP, 4-MBT and 4-MBA on pure Ag octahedron and
Ag octahedron@GO.

4-ATP 4-MBT 4-MBA
Ag oct Ag oct@GO Ag oct Ag oct@GO Ag oct Ag oct@GO
Raman shift (cm™) 1083 1077 1077 1083 1087 1089
Raman intensity 1044+157 2502+168 1233+135 23594220 1358+113 2198+198
Enhancement factor (4.1£0.6)x10* (9.8+0.6)x10° (4.8+0.5)x10° (9.2+0.8)x10° (5.3£0.4)x10* (8.6+0.8)x10°
Enhancement factor ratio 24 1.9 1.6

To probe the mechanism of SERS enhancement brought about GO, RGOy; and RGOy, (Fig. S5), five different peaks centered
by the addition of GO, we tune the surface charges of GO by at 284.5, 285.6, 286.7, 287.8, and 288.8 eV are observed,
subjecting GO to various degrees of reduction. Reducing GO corresponding to sp> C, sp® C, C-O, -C=0, and COO™ groups,
decreases the number of oxygen-rich functional groups present on respectively.” Compared with GO, the intensities of all C 1s
GO. If the additional SERS enhancement from Ag sspeaks of the carbons binding to oxygen and the peak of sp’
octahedra@GO is due to a charge transfer process from the carbon of RGO;;; and RGOy, decrease remarkably, revealing that

oxygen-rich functional groups, then the decrease in oxygen-rich most of the oxygen-containing functional groups are removed and
functional groups will give rise to a corresponding decrease in the conjugated graphene networks are restored.**
SERS signals. GO is reduced to RGO;; and RGOy, with o 5
different reduction extents by varying the reducing time. The A ° B
subscripts following the RGO labels describes the atomic C/O —Ag octahedron@GO —Ag octahedron@GO

—Ag octahedron —Ag octahedron

ratio of the reduced GO. The extent of GO reduction is

characterized by XPS (Fig. 4A). The atomic C/O ratio increases 1000 cts =i T1000 cts SH
with increasing reduction extent, indicating a decrease in the
oxygen-rich functional groups on GO. The calculated oxygen VM A A

atomic content is about 40 %, 30 % and 10 % for GO, RGO

r T T T T 1 ) T T T T 1
and RGOy, respectively. Additionally, from the C 1s spectra of 800. 1000 12001400, 1600 1800 800' 1000. 1200 4400 .1600 18300
Raman shift cm™) Raman shift cm™)
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Fig. 5 Single-particle SERS spectra of (A) 4-ATP- and (B) 4-MBA-
functionalized on Ag octahedron and Ag octahedron@GO.

SERS intensities measured for the hybrid nanostructures of Ag
octahedra@RGO with increasing degrees of reduction show that
the intensities of the 4-MBT peaks become monotonically weaker
(Fig. 4B). For the Ag octahedra@RGOy,; with 10 atomic%
oxygen on RGO sheets, the enhancement factor for 4-MBT
decreased about 35% to (5.9 £ 0.5) x 10° as compared to that of
Ag octahedra@GO. Correlating the decrease in SERS signals
10 with the decrease in number of oxygen-rich species on RGO, it

can be concluded that the charge transfer process between the

oxygen-functional groups and probe molecules is the dominant

mechanism contributing to the additional SERS enhancement

observed from the hybrid nanostructures when compared to pure
15 Ag nanoparticles.

o

Table 2. SERS enhancement factor ratio between Ag octahedron@GO
and Ag octahedron and the assignments of several Raman bands of the
Raman probe molecules.

Probe Raman Enhancement .
. X Band asignment
molecules shift factor ratio
R6G 1195 44 C-H bending
1362 4.0 xanthene ring stretching
1509 3.6 xanthene ring stretching
1575 3.1 xanthene ring stretching
1649 38 xanthene ring stretching
cv 1178 2.8 ring C-H bending
1374 3.1 N-phenyl stretching
1588 2.5 ring C—C stretching
1620 2.7 ring C-C stretching

In addition to using RGO to probe the effect of chemical
enhancement in the hybrid Ag octahedra@GO nanostructures, the

probe molecules are also varied. 4-aminothiophenol (4-ATP) and
4-mercaptobenzoic acid (4-MBA), carrying a positive and
negative charge respectively, are used in place of the neutral 4-
MBT. Fig. 5 shows the SERS spectra from both pure Ag
octahedra as well as from Ag octahedra@GO nanostructures. The
corresponding data on SERS enhancement is summarized in
Table 1. The Raman shift of 4-ATP is at 1083 cm” on Ag
octahedra, while it shifts to 1077 cm™ after the coverage of GO.
This downshift likely arises from the charge transfer between GO
and 4-ATP, where the electrons transfer from 4-ATP to GO."
The change in the Raman shift and SERS enhancement of 4-ATP
on Ag octahedron@GO is more obvious than 4-MBA and 4-
3s MBT. The enhancement effect of GO coverage was quantitative
analyzed by applying enhancement factor ratio between the two
substrates. The extent of signal enhancement varies for the
differently charged molecules, with the positively charged 4-ATP
demonstrating the highest signal enhancement of 2.4-fold. In
40 contrast, lower enhancement ratio is measured from 4-MBT (1.9-
fold) and 4-MBA (1.6-fold), which is either neutral or carries
identical charge with GO. The 2.4-fold enhancement from 4-ATP
is due to favorable electrostatic interactions between the
oppositely charged 4-ATP and GO sheets. In our system, the
45 effect of chemical enhancement from metallic nanoparticles is
taken to be comparable among these two molecules because of
the similar SERS enhancement factors observed from these two
molecules on pure Ag octahedra. Therefore, this phenomenon can
be rationalized by the different affinity of the two molecules with
so GO sheets. The positively charged 4-ATP molecule has strong
electrostatic attraction with the negatively charged GO sheets,
which facilitates the charge transfer process. In contrast,
negatively charged 4-MBA molecules interacts weakly with GO.
As a consequence, SERS enhancement induced by charge
ss transfer between GO and probe is more favorable for the
positively charged 4-ATP.
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Fig. 6 SERS signals of 1x10° M (A) R6G, and (D) CV on different SERS substrates: GO (black line), Ag octahedron (orange line) and Ag
octahedron@GO (blue line), respectively. The insets show the structures of R6G and CV, respectively. SERS spectra of R6G (B) and CV (E) deposited on

60 Ag octahedron@GO by soaking in the solution with different concentrations labeled in the respective SERS spectra. (C, F) The corresponding plots of
Raman intensity versus concentration. Solid points are for Ag octahedron@GO and hollow points for Ag octahedron.

Thus far, we have demonstrated that by combining GO with
Ag octahedra, the overall SERS signals of the hybrid
nanostructures are enhanced compared to pure Ag octahedra due

6s to an additional component of chemical enhancement originating
from the interactions of GO with the probe molecules. In the final
part of this study, we examine single-particle SERS sensing
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performance of the Ag octahedra@GO nanostructures. For this,
we have chosen two aromatic molecules, rhodamine 6G (R6G)
and crystal violet (CV), as the probe molecules. These two
molecules also possess well-defined molecular fingerprints in
their Raman spectra and are commonly employed as probes for
evaluating the sensing capabilities of various systems.****¢ These
organic molecules are deposited onto Ag octahedra@GO
nanostructures by immersing the sample in dye solutions of
various concentrations for 2 h. The substrate is then rinsed to
remove the unbound dye molecules and dried using a nitrogen
stream.

SERS spectra of both R6G and CV at 1 pM measured from
pure Ag octahedra, pure GO and Ag octahedra@GO are shown in
Fig. 6A, D. The characteristic vibrational modes of both
molecules are indexed in Table 2. For the C-H bending modes,
SERS signals from Ag octahedra@GO are approximately 30-fold
enhanced compared to pure GO and nearly 3 — 4-fold enhanced
relative to pure Ag octahedra for both molecules. The superior
sensing capability of the Ag octahedra@GO is once again
demonstrated with these aromatic molecules. The effect of
chemical enhancement is slightly higher than the thiol probe
molecules due to the more effective m — = interactions between
the dye molecules and GO.** The detection limits and linearity
range of the single particle Ag octahedra@GO SERS sensing are
also studied. The detection limits for R6G is monitored using the
1195 cm” and 1649 cm’ bands and SERS signals (with
signal/noise ratio >3) can still be detected from the single-particle
measurements down to 0.1 nM, which is two orders of magnitude
lower than that of pure Ag octahedra (Fig. 6B, C). This low
detection limit may be due to the increased adsorption force, both
physically and chemically between aromatic molecules and GO
sheets, especially at low concentrations.'® Both the enrichment
effect of molecules and their chemical interactions with GO
sheets should be taken into consideration.*’ The linearity range
spans across 6 orders of magnitude, from 0.1 nM to 10 uM. The
detection limits for CV (Fig. 6E, F) are also decreased to 1 nM,
which is one order of magnitude lower as compared to that of
pure Ag octahedra using the vibrational modes at 1178 cm™ and
1620 cm™. The detection limits obtained using both dye
molecules in our experiment is comparable to the ones reported in
the literature.*®* However, it should be noted that the
measurements in our study are conducted on single Ag octahedra
rather than single GO sheets decorated with numerous small
metallic nanoparticles with large-area SERS hotspots. As such,
the detection limits can certainly be lowered further by using
octahedra dimers or nanoparticle clusters decorated with GO
sheets.

4. Conclusions

In summary, hybrid nanostructures integrating GO and various
shape-controlled Ag nanoparticles have been fabricated
successfully. Such GO and shape-controlled Ag nanoparticles
hybrid nanostructures are excellent candidates for single-particle
SERS substrate. The role of particle morphology on the SERS
capabilities of Ag nanoparticle@GO hybrid nanostructures is
investigated and it is found that strongest signals are measured
from hybrid nanostructures fabricated with Ag octahedra. This is
due to the presence of multiple sharp tips/edges as well as the
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115

large dimensions of the octahedra, making Ag octahedra efficient
light scatterers. In all cases, SERS signals of the Ag
octahedra@GO nanostructures are enhanced by 1-2 folds when
compared with pure Ag octahedra. The mechanism of this
additional signal enhancement is determined to be chemical in
nature. This is verified from additional experiments conducted by
changing the surface coverage of GO on Ag octahedra, by using
reduced GO in place of GO as well as by changing the probe
molecules used. Finally, we demonstrate the potential of single-
particle SERS sensing of aromatic molecules with our hybrid
nanostructures and find that detection limits down to nM-levels
can be achieved for both R6G and CV. Therefore, our work
investigating SERS capabilities at the single particle level is
crucial for direct probing of the chemical effect of GO on
plasmonic nanoparticles, thus gives fundamental study for the
enhancement mechanism of GO in SERS applications. Moreover,
the as-prepared GO and shape-controlled Ag nanoparticles
hybrids provides new opportunities for chemical and biological
sensing applications. Our study is expected to shed light on the
fundamental mechanism of the SERS effect as well as efficiently
improve SERS performance towards applications.
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