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ABSTRACT: We have designed a large-scale three-dimensional (3D) hybrid
nanostructure as surface-enhanced Raman scattering (SERS) sensor by decorating
silver nanoparticles on TiO, nanorods scaffold (Ag/TiO,). Taking p-mercaptobenzoic
acid (PMBA) as the probe molecule, the SERS signals collected by point-to-point and
time mapping modes show that the relative standard deviation (RSD) in the intensity
of the main Raman vibration modes (1079, 1586 cm™) is less than 10%,
demonstrating good spatial uniformity and time stability. This hybrid substrate also
exhibits excellent SERS enhancement effect due to the formation of high-density hot

RSD=5.57%

1079 cm’’

spots among the AgNPs, which was proved by finite-difference time-domain (FDTD)

simulations. The application of the new nanostructures as SERS sensors was demonstrated with the detection of malachite green
(MG). The quantification of MG can be accomplished with the detection limit of 1 X 107" M based on the Raman intensity.
The results show that the Ag/TiO, nanostructure can be a promising candidate for SERS sensor.

KEYWORDS: surface-enhanced Raman scattering (SERS), TiO, nanorods scaffold, three dimension substrate, hot spot,

malachite green

1. INTRODUCTION

Surface-enhanced Raman scattering (SERS) is an ultrasensitive
technique that enormously enhances Raman signals of
molecules near the noble-metal nanostructures. SERS-based
sensors have been applied in different kinds of domains due to
their advantages in ultrasensitivity and ability to provide
fingerlike structural information of analyte.'™* The main
obstruction to the expansion of the scope of application for
SERS sensors is the lack of large-scale SERS-active substrates
with high-density hot spots yielding huge enhancement in a
uniform way. Many researchers have been making substantive
explorations in achieving qualified substrates. And different
SERS substrates have been fabricated, including rough metal
surface,>® metal nanoparticles (NPs),” and well-ordered
substrates.” "> Especially to the latter, various methods and
techniques have been used to prepare ordered SERS substrates,
such as self-assembly and Langmuir—Blodgett,* ' electron-
beam lithography, nanosphere lithography, and nanoimprint
lithography.''~"* As we know, in the SERS effect, huge Raman
enhancement arises on “hot spots” in metallic nanostructures
owing to strong local electromagnetic fields coupling effect of
adjacent metal nanostructures.*'*~'” Nevertheless, the ordered
substrates as mentioned above are mainly of two-dimensional
(2D) distribution and the number of hot spots is quite limited.

Compared with 2D nanostructures, 3D nanostructures are
far superior due to the fact that 3D spatial structures can supply
more “hot spots” which provide giant enhancement. In
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addition, the 3D substrates can also supply larger surface area
for adsorbing probe molecules than the 2D substrates.
Therefore, they are more suitable for platform of SERS sensor.
As-prepared highly sensitive 3D SERS substrates include
different types of metal NPs decorating nanoporous semi-
conductors, such as silicon®® and gallium nitride.*! Another
kind of well-defined 3D nanostructure used as the SERS
substrates is anodic aluminum oxide with metal NPs.** In
addition, a new family of 3D substrates with good repeatability
and strong enhancement, nanorods arrays decorated with metal
NPs, has come forth.?>73° However, the presented 3D
substrates have some drawbacks. For nanoporous semi-
conductors-based substrates, light propagation is limited
owing to significant scattering and adsorption on pore walls
and a significant fraction of closed pores, which decreases SERS
enhancement.”® And porous alumina membranes are fragile.”>
Hydrofluoric acid, an extremely hazardous acid, is required
when silicon nanorods arrays are synthesized.****® And ZnO
arrays are unstable in strong acid and alkali solution.””®
TiO, is one of the most important wide gap semiconductors,
attracting extensive attention due to its outstanding optical and
chemical properties.”’ * TiO, nanoarray is a promising
nanostructure because of its large surface area and/or high
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aspect ratio.>’ > Recently, TiO, nanoarray has attracted
intense interest as a potential candidate for fabrication of
SERS substrates. As a result, a new kind of substrate with gold
nanoparticles (AuNPs) supported on TiO, nanoarrays has been
prepared; these hybrid structures are of high sensitivity,
reproducibility, and uniformity.”**>*¢ It is well-known that
AgNPs are materials with excellent SERS-activity and are much
more cost-efficient in comparison with AuNPs. Therefore, it is
a logical attempt to prepared Ag-modified TiO, nanoarray as
SERS substrates. In this work, we prepared Ag/TiO, on
fluorine-doped tin oxide (FTO) glass surface as SERS
substrates in a simple method. The as-prepared Ag/TiO,
composite is suitable for applying in real applications because
of the chemical stability of TiO, and the physical stability of
FTO. To evaluate the SERS activity of the as-prepared
substrates, PMBA was used as the SERS probe molecule. The
results show that Ag/TiO, composite is of high SERS-
sensitivity due to more SERS hot sites arising from close-
packed AgNPs in 3D space, which was well proved by FDTD
simulations. In short, our presented hybrid nanostructures have
great advantages as SERS sensors in practical applications:
possessing a large-scale active area, excellent Raman enhance-
ment, stability, and uniformity.

2. EXPERIMENTAL SECTION

Materials and Instruments. Titanium butoxide, glucose, MG,
AgNO;, HCI, and HNO; were of analytical grade and supplied by
Beijing Reagent Company. PMBA was purchased from J&K Chemical
Company and used as received without further purification. FTO
substrates were supplied by Nippon Sheet Glass Group, Japan. Other
reagents used in experiments were of analytical grade and used as
received. The as-prepared substrates were characterized by Hitachi S-
4800 scanning electron microscope (SEM) with 5.0 KV accelerating
voltage. Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images were received on a JEOL JEM-
2100F microscope. Diffuse reflectance absorption spectra were
obtained on a GBC Cintra 10e spectrometer with BaSO, as a
reference. SERS measurements were approached on a JY HR800
Raman microscope with 647 nm as excitation and a 50X long distance
objective and 600 lines/mm gratings (Note that the point-to-point
mapping SERS spectra were obtained using a 10X objective).

TiO, Nanorods Scaffold Synthesis. Single-crystalline TiO,
scaffold was synthesized according to the method provided in the
literature.>"3* In brief, 12 mL of deionized (DI) water was mixed with
12 mL of concentrated hydrochloric acid (36.5%—38% by weight) to
reach a final volume of 24 mL. The mixture was poured into a Teflon-
lined stainless steel autoclave and stirred under ambient conditions for
S min, and then 0.4 mL of titanium butoxide was added. After another
S min of stirring, one piece of cleaned FTO substrate was immersed
into the solution. The autoclave was kept in an electric oven for 20 h at
150 °C, and then cooled to room temperature. Finally, the sample was
taken out, rinsed extensively with DI water, and allowed to dry under
ambient conditions.

Deposition of AgNPs on TiO, Nanorods Scaffold. The AgNPs
were deposited on TiO, scaffold by an electroless deposition method,
namely obtaining AgNPs by the reduction of [Ag(NH;),]* with
glucose. The preparation procedure is shown in Figure 1. For the
preparation of [Ag(NH,),]* solution, diluted ammonia solution was
dropwise added to AgNO; solution until it became transparent, and
the final concentration of Ag* was adjusted to 0.1 M. Subsequently, a
piece of scaffold substrate was kept in this solution for several minutes
followed by taking it out of the [Ag(NH,),]" solution. Afterward, the
substrate was dipped into DI water for several seconds and then
immersed into a glucose solution for several minutes. After this
process, the substrate was dipped once again into water to remove any
glucose molecule. This decorating procedure was performed for
several cycles to adapt the density and the size of the particles on the
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Figure 1. Scheme of decorating silver nanoparticles on TiO, nanorods

scaffold.

surface of the scaffold. We named the Ag/TiO, prepared by one, two,
three, and four cycles as substrates A, B, C, and D, respectively.

3. RESULTS AND DISCUSSION

Morphologies of the As-prepared TiO, Scaffold and
Substrates. SEM images were used to investigate the
morphologies of the as-prepared TiO, scaffold and Ag/TiO,
composite. Figure 2A shows the SEM image of TiO, NPs

TIO,(110) 1
0.319nm

Figure 2. (A—E) SEM images of naked TiO, scaffold and Ag-modified
scaffolds. (A) Naked TiO, scaffold; (B) substrate A; (C) substrate B;
(D) substrate C; (E) substrate D; the insets are cross sections.
Substrates A—D were prepared via depositing AgNPs on the scaffold
by one, two, three, and four times. Scale bars: 500 nm. (F) TEM image
of single Ag-modified TiO, NR removed from substrate D; (G)
HRTEM image of the sample in image F.

sheared off from TiO, scaffold and Figure 2B—2E show the
SEM images of Ag/TiO, released from Ag decorated NRs
scaffold. From the SEM images, we know that Ag coated the
TiO, in the form of particles instead of film. Similar situations
have been reforted about metal NPs deposition on Si and ZnO
nanoarrays.”>>® NPs distributed on NRs in similar morphol-
ogy with some variations in density and size (typically 10—30
nm). The density becomes higher and the average size grows
bigger with the increase of number of decorating. Figure 2F
shows a TEM image of a single Ag-modified NR removed from
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the substrate D, while Figure 2G shows a high-resolution TEM
(HRTEM) image of the detailed view of the Ag/TiO,
composite in Figure 2F. The HRTEM image shows the
crystalline quality of the TiO, NRs and AgNPs and also
demonstrates that AgNPs were closely attached to the surface
of the TiO,.

Photos and Diffuse Reflectance Absorption Spectra of
the As-Prepared TiO, Scaffold and Substrates. The
photos and the corresponding diffuse reflectance absorption
spectra of the as-prepared TiO, scaffold and substrates are
shown in Figure 3. The TiO, scaffold can absorb only

Absorbance

500 600
Wavelength (nm)

400 800

Figure 3. Photos (top) and corresponding diffuse reflectance
absorption spectra (bottom) of the as-prepared TiO, scaffold and
substrates: (a) TiO, scaffold; (b) substrate A; (c) substrate B; (d)

substrate C; (e) substrate D. Substrates A—D were prepared via
depositing AgNPs on TiO, scaffold one, two, three, and four times.

ultraviolet light with wavelength smaller than 410 nm. For Ag/
TiO, substrates, the light absorbance extends to visible light
region, and the strong absorption band is between 400 nm and
650 nm. The absorption wavelength of AgNPs with the size of
10—30 nm should be no more than 450 nm due to the localized
surface plasmon resonance (LSPR) of Ag. In comparison with
the absorption band of AgNPs in solution, the plasmon peak of
as-prepared Ag/TiO, composite shows distinct broadening and
redshift, which is attributed to a wide size distribution and
interaction of the AgNPs.*” In addition, the absorption spectra
become stronger and more redshifted with the increase of
AgNPs deposition times, which is actually because of the
increased quantity and larger size of AgNPs. From the photos
of the substrates, the color changes are also obvious. For the
same reason, the color of Ag/TiO, substrates gets darker and
darker with the longer deposition times. The result of X-ray
diffraction patterns also show that AgNPs were adsorbed on
TiO, scaffold after deposition (see Supporting Information).
SERS Property of the As-Prepared Substrates. To
evaluate the SERS-activity of the as-prepared substrates, we
selected PMBA as a probe molecule. PMBA is one of the most-
used analytes in the SERS measurement and it has a distinct
Raman feature. Studies have shown that PMBA is easy to
adsorb on gold, silver, and copper surfaces to form a self-
assembled monolayer.>**> The as-prepared substrates were
immersed in 10~* M PMBA ethanol solution for 30 min, in
which the sufficient coverage of monolayer could be achieved
on the Ag surface for estimation of the Raman enhancement
factor (EF). After the PMBA adsorption, the substrates were
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thoroughly rinsed with ethanol to remove free molecules. The
substrates were air-dried before acquiring the SERS spectra.
The characteristic peaks of PMBA can be observed from Figure
4. We also measured the Raman spectrum of PMBA adsorbed
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Figure 4. (a) Normal Raman spectrum of the solid PMBA. (b—e)
SERS spectra of PMBA adsorbed on the substrates A, B, C, and D.
Laser wavelength: 647 nm; power: 3mW; lens: 50X long distance
objective; acquisition time: 2 s.

on the naked TiO, scaffold treated in the same way. No
apparent Raman signal was found from that (spectrum not
shown). The results confirmed that the enhancement of Raman
signals of PMBA was attributed to the AgNDPs.

As shown in Figure 4, the dominating characteristic bands of
the normal Raman and SERS spectra of PMBA, ranging from
900 to 1700 cm™, are all observed clearly. According to
previous studies, the predominant bands in the spectrum of
solid PMBA are located at 1100, 1187, and 1596 cm™!, which
are assigned to a; modes of vCS, 6CH, and vCC.3*% In SERS
spectrum, the vCS band at 1100 cm™" shifted to 1079 cm™,
because of the formation of Ag—S bonding. The band vCC
shifted from 1596 to 1586 cm™', and the 6CH band shifted
from 1187 to 1183 cm™’. Band at 1079 cm™' was selected as
the representation for estimating the EF.

We estimated the average EF according to the following
equation shown in the literature:>*~*

IsprsNpulk
I N

normr “surf

EF =

where Iggpg and I, are the SERS and normal Raman
intensities of the same peak, respectively, Ny and N, are the
numbers of the probe molecules in the laser illumination
volume in the bulk sample and on the SERS substrate,
respectively (details can be found in Supporting Information).
According to the account, EF was estimated to be 4.36 X 10°
and it was high enough to ultrasensitive detection. In addition,
more intense signals can be obtained compared to 2D
substrates with the same EF due to more Ag nanoparticles
and more hot spots in the probing zone. Similar enhancement
phenomena were observed by other workers.*'

To evaluate the uniformity of the as-prepared substrates, we
collected the SERS spectra of PMBA by a 2D point by point
mapping mode. The peaks mapped were 1079 and 1586 cm™
and the strong SERS signals at each point demonstrated good
reproducibility. As shown in Figure 5, on the 40 ym X 40 ym
area, the values of RSD of the bands at 1079 and 1586 cm™! are
5.57% and 4.94%, respectively. Furthermore, we verified the
stability of the substrates by collecting the SERS spectra in the
time-mapping mode. The results are illustrated in Figure 6, in
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Figure S. SERS mapping of the substrate D following PMBA
adsorption, the peaks mapped were (A) 1079 cm™ and (B) 1586
cm™". Laser wavelength: 647 nm; power: 10 mW; lens: 10X objective;
acquisition time: 2 s.
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Figure 6. Intensities of SERS spectra of PMBA collected in the time-
mapping mode on the substrate D, the peaks mapped were (A) 1079
cm™' and (B) 1586 cm™". Laser wavelength: 647 nm; power: 3mW;

lens: 50X long distance objective; acquisition time: 2 s.

which the intensities of SERS spectra are less changed too and
the values of RSD of the bands at 1079 and 1586 cm™" are
3.49% and 2.55%, respectively. Moreover, we examined the
SERS-activity of the substrates when the samples were kept for
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weeks, indicating that the enhancement performance was still
good (Figure S2). These results indicate that Ag/TiO,
nanostructures are of stable and uniform substrates for SERS.

It has been proved by previous literature that the large
enhancement of the SERS is associated with the existence of
hot spots in the SERS substrate.*'*'® The local electro-
magnetic field, which is the main reason of SERS enhancement,
turns out to be very strong at “hot spots” in the gaps of adjacent
NPs due to the electromagnetic coupling effect.*'*~'¢ For our
presented substrates, the SEM images in Figure 2 indicate that
the TiO, NRs are covered by AgNPs with little space among
them. The AgNPs are about tens of nanometers in diameter
and separated by a distance (d) less than their diameters (D).
According to the previous analysis, there is a huge localized EM
field in the gap when D is larger than d.** Moreover, the TiO,
NRs chosen in our work were not well perpendicular to the
glass surface. Most of them were slightly tangled and close to
small bundles. This morphology facilitated the approaching
between AgNPs on different NRs and more “hot spots” could
be formed. From SEM images we can deduce that hot spots are
created from two main levels. The first is due to AgNPs on the
single NR with small interparticle distance. The second is due
to the crossing and contact between two or more TiO, NRs. It
is clear that aggregated TiO, NRs decreased the distance of
AgNPs coated on them. This morphology brought in more hot
spots, which was responsible for huge Raman signal enhance-
ment. Compared to 2D substrates, the 3D substrates have
another distinct superiority, which is that they have more
AgNPs in the probing volume, indicating additional enhance-
ment. Comparing the distribution of AgNPs (Figure 2) and the
corresponding SERS spectra (Figure 4), obvious evidence can
be found that the Raman signal intensities of PMBA increased
with the AgNPs concentration increasing. The results are in
agreement with previous studies on SERS-activity of metal
NPs-modified nanorod substrates.”>**

To clarify the SERS-activity of Ag/TiO, structure, we carry
out an FDTD simulation, which has been widely applied to
describe the electromagnetic field around AgNPs. The result
shows that the “hot spots” are mainly located in the gap region
between AgNPs adsorbed on the adjacent two rods, and others
located between particles adsorbed on the same rod, which is in
good accordance with the experimental results (Figure S3).
These two kinds of hot spots contribute to the huge
enhancement effect of the substrate (details in Supporting
Information).

Application for Ultrasensitive MG Detection. MG is a
kind of triphenylmethane dye that has been widely used around
the world as fungicide, ectoparasiticide, and antiseptic in
aquaculture because of its effectiveness against fungal and
parasite infections in fish. But it is mutagenic and teratogenic
and even carcinogenic to humans, and its usage in aquaculture
is banned now. However, the toxic molecule is still used by
some unprincipled people in aquaculture because of its low cost
and high efficacy. Therefore, it is very important to detect MG
in foodstuffs, especially in aquatic products. SERS has been
proved as a promising method for rapid and sensitive detection
of chemicals and biochemicals. In this work, the Ag/TiO,
substrate was applied to detect MG. In the experiment, the
stock solutions of MG were prepared and diluted in a range of
1077 to 107" M. The substrates were immersed in the MG
solution with concentrations of 1077, 1078, 107, 1071, 107!},
and 1072 M for 20 min before SERS measurement,
respectively. Figure 7A shows the SERS spectra of MG
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Figure 7. (A) SERS spectra of MG with various concentrations on
substrate D (a) 1072, (b) 107"}, (c) 107, (d) 107°, (e) 1078, (f) 1077
M. (B) The relationships of peak intensities (bands around 1176
cm™') and the concentrations of MG. Laser wavelength: 647 nm;
power: 3 mW; lens: 50X long distance objective; acquisition time: 2 s,
baselines were removed.

adsorbed on substrates with various concentrations. The
characteristic bands are distinguishable even with the
concentration as low as 107> M. Band around 1176 cm™),
which is assigned to the in-plane vibrations of ring C—H,*** is
selected to depict the relationship between concentration and
peak intensity. As shown in Figure 7, the intensities of bands
increase monotonously with the concentration of dyes
molecule. The concentration was saturated when it reached
as high as 1077 M. Considering that the as-prepared
nanostructure is of large-scale, high enhancement effect,
uniformity, and stability, it can be a potential SERS sensor to
detect harmful materials in food.

4. CONCLUSIONS

Wafer-scale 3D nanostructures were fabricated by the
modification of TiO, NRs scaffold on FTO glass surface
using AgNPs in a simple method. The experimental results
show that this substrate has high activity, uniformity, and
stability. The SEM and TEM study indicated that the density
and sizes of AgNPs increased with the deposition times, which
induced the decrease of the distance between AgNPs. AgNPs
aggregations with small gap distance, so-called hot spots,
produce giant Raman enhancement due to strong electro-
magnetic coupling. There are two kinds of hot spots that both
contribute to the huge enhancement effect of the substrate:
except hot spots are from AgNPs adsorbed on same rod, more
hot spots are from two near crossover rods because of the 3D
scaffold configuration, which was reproduced by FDTD
simulation results. Because of the above advantages, our
presented substrate is considered to be a promising candidate
for SERS sensor. Trace of MG could be determined with the
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detection limit of 1 X 107'> M when the Ag/TiO,
nanostructure was used as SERS sensor to detect pollutant
species from water. The results indicate that this 3D hybrid
nanostructure can be a potential optical sensor used for trace
detection in the future.
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XRD patterns, FDTD simulations, and SERS spectra. This
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