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ABSTRACT: Nano-petri-dish array assisted glancing angle Ag-sputtering was reported to
synthesize Ag-nanoparticle (Ag-NP) assembled bi-nanoring arrays as surface-enhanced
Raman scattering (SERS) substrates. By manipulating the sputtering-Ag duration, the gaps
between the Ag-NPs in the bi-nanorings are tunable to acquire optimal electromagnetic
field enhancement, and the ordered bi-nanoring arrays ensure excellent reproducibility for
Raman measurement. Such as-fabricated Ag-NPs assembled nanoring arrays exhibit
excellent SERS performance, not only 1 × 10−12 M rhodamine 6G has been identified, but
also polychlorinated biphenyls with a low concentration down to 1 × 10−9 M has been
recognized, showing great potential in the detection of trace organic pollutants in the
environment.
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1. INTRODUCTION
Noble metallic nanostructures have been intensively explored
for sensitive detection of molecules owing to their extremely
high electromagnetic field enhancement resulting from
localized surface plasmon resonance (LSPR).1−4 For example,
there is an LSPR-induced surface-enhanced Raman scattering
(SERS) effect,5,6 which can make the Raman signals of the
target molecules adsorbed on the noble metallic nanostructures
enhanced by several orders of magnitude higher. Nowadays
SERS-based ultrasensitive detection of some chemicals has
been achieved.7−11 It is generally acknowledged that enormous
SERS effect is mainly located at the so-called plasmonic “hot
spots”, for example, the sub-10 nm gaps between the adjacent
nano-building-blocks of the SERS substrate.12−17 Therefore,
one pursuit for SERS-based detection is to fabricate noble
metallic nanostructures with controllable plasmonic hot spots.
As colloids of Ag/Au nanoparticles (NPs) are relatively easy to
synthesize and form sub-10 nm gaps within their aggregates,
they are widely adopted for SERS application, and giant
enhancement factor up to ∼1 × 1014 has been achieved.14,15

However, in such a system of Ag/Au-NPs colloids, the hot
spots are randomly distributed, so it is hard to acquire
reproducible SERS signals.18,19 To overcome this shortcoming,
regularly ordered noble metallic nanostructures attract more
attention, because they possess nano-building-blocks in a
uniform distribution fashion over large areas and thus give

rise to better Raman signal reproducibility. Therefore, much
effort has recently been devoted to the fabrication of regularly-
arranged noble metallic nanostructures as SERS-substrates,
such as aligned arrays of nanodisks20 via electron beam
lithography, arrays of nanorods21 or nanowires22−24 via a
porous anodized alumina template-assisted approach, and
highly ordered periodic two-dimensional close-packed noble
metal nanoparticles or films via polystyrene sphere template-
assisted approach.25−27 Nevertheless, it is still a great challenge
to acquire regularly-arranged noble metallic nanostructures
with high SERS-activity. One obstacle is that this normally
requires complex and precise manipulation techniques28 or
special treatment processes22 to reduce the gaps between the
neighboring nano-building-blocks to the sub-10 nm range so
that enough hot spots are produced.
To achieve nano-building-block assembled regularly arranged

noble metallic nanostructure arrays with both high SERS
activity and signal reproducibility, we herein present a
nanoscale petri-dish array template assisted glancing angle
deposition approach to the ordered arrays of Ag-nanoparticles
(Ag-NPs) assembled concentric bi-nanorings as effective SERS-
substrates, as shown schematically in Scheme 1. Firstly, ordered
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anodic TiO2 nanotube (NT) arrays are grown on Ti-foil
(Scheme 1a) by a two-step anodization of Ti-foil.29 Then, by
controlled wet chemical etching the anodic TiO2−NT arrays in
KOH and HCl solutions sequentially, each TiO2−NT is in situ
converted into a nanoscale petri-dish-like structure (denoted as
nano-petri-dish), forming regularly arranged TiO2-nano-petri-
dish arrays (Scheme 1b). Next, by glancing angle Ag-sputtering
from four different directions sequentially (See the lower-right
of Scheme 1), Ag-NPs are assembled around the outer and
inner of the brim of each nano-petri-dish, forming ordered
arrays of Ag-NPs assembled concentric bi-nanorings around

each of the nano-petri-dishes (Scheme 1c) (Experimental
details can be found in Part S1 in the Supporting Information).
The resultant Ag-NPs assembled concentric bi-nanoring arrays
have the following advantages. On one hand, the large-area
highly ordered arrays of Ag-NPs assembled concentric bi-
nanorings can give rise to the good reproducibility of the
Raman signals throughout the whole substrates. On the other
hand, the facile manipulation of the Ag-NPs in the bi-nanorings
makes it easy to tune the gaps between the neighboring Ag-NPs
in the same concentric bi-nanoring and those between the two
adjacent nanorings to sub-10 nm range, thus the electro-
magnetic field enhancement and the SERS-activity can be
optimized. As a result, the Ag-NPs assembled concentric bi-
nanoring arrays display remarkable SERS sensitivity and signal
reproducibility. Using our Ag-NPs assembled concentric bi-
nanoring arrays as SERS-substrates, not only rhodamine 6G
(R6G) with a concentration down to 1 × 10−12 M has been
identified, but also PCB-77 (one congener of polychlorinated
biphenyls, a notorious class of persistent organic pollutants)
with a low concentration down to 1 × 10−9 M has been
recognized, showing great potential in detection of trace
organic pollutants in the environment.

2. RESULTS AND DISCUSSION

After the two-step anodization of pure Ti foil,29 top-view
scanning electron microscope (SEM) observation (Figure 1a)
reveals the close-packed hexagonally ordered anodic TiO2−
NTs arrays over a large area on the remaining Ti foil. After
chemical etching the anodic TiO2−NT arrays in KOH and HCl
solutions sequentially, TiO2 nano-petri-dish arrays are obtained,
as shown in Figure 1b−d. It can be observed that different from
the close-packed arrangement of the TiO2−NTs, the TiO2-
nano-petri-dishes are independent of each other, leaving gaps
with several-dozens nanometers. For clarity, a schematic of the
nano-petri-dishes are shown in the inset of Figure 1b.
Moreover, an oblique-view (Figure 1d) at 15° reveals that the
brim of the TiO2-nano-petri-dish is about 30 nm high. As for
the formation mechanism of TiO2-nano-petri-dish, we prelimi-

Scheme 1. Schematic for the Fabrication of Ag-NP
Assembled Bi-nanoring Arrays: (a) Anodic TiO2−NT
Arrays, (b) TiO2-Nano-petri-dish Array Template, (c) Ag-
NP Assembled Concentric Bi-nanoring Arrays; Lower-Right
Panel Is a Schematic for One Cycle of Glancing Angle
Sputtering, Where Ag-Spheres with a Given Color Are
Sputtered onto the Outer and Inner of the Petri-Dish Brim
for Each Direction Sputtering, As Shown by One of the
Enlarged Petri-dishes Assembled with Ag-NPs in the Middle

Figure 1. (a−d) SEM images of (a) the TiO2−NT arrays and the TiO2-nano-petri-dish arrays from (b) top-, (c) cross-sectional, and (d) oblique-
view, respectively. The inset in b is a schematic of a small part of the TiO2-nano-petri-dish arrays. (e, f) SEM images of the Ag-NP assembled
concentric bi-nanoring arrays, (f) the enlarged view shows some sub-10 nm gaps between the neighboring Ag-NPs marked with red. The inset in f is
a schematic for one of the concentric bi-nanorings. (g) E-field intensity distribution in one of the Ag-NP assembled concentric bi-nanoring arrays.
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narily suggest that a dissolution-coagulation process of TiO2−
NTs in KOH and HCl solutions can in situ convert each
TiO2−NT into a TiO2-nano-petri-dish structure (see Part S2
and Figure S1 in the Supporting Information), being similar to
the s relevant reports.30,31

Next, glancing angle Ag-sputtering was performed on the
TiO2-nano-petri-dish array template inclined at an oblique
angle of 30° on the objective table. Glancing angle Ag-
sputtering can ensure Ag-NPs to deposit on both the inner and
the outer of the brim of the nano-petri-dish. To achieve Ag-NP
assembled bi-nanoring morphology, Ag-sputtering was carried
out from four different directions for two cycles (Steps I to IV
for one cycle shown schematically in the lower-right panel of
Scheme 1), with each direction taking the same sputtering
duration. The Ag-sputtering of two cycles can effectively split
the Ag-sputtering duration in the same direction, avoiding the
aggregation of Ag-NPs resulting from the long time
continuously Ag-sputtering in the same direction (Part S3
and Figure S2 in the Supporting Information), thus forming
disperse Ag-NPs on both the inner and the outer of the brim of
the nano-petri-dish. Moreover, the size of the Ag-NPs as well as
the adjacent gaps between the Ag-NPs can be manipulated by
tuning the Ag-sputtering duration of each direction. Figure 1e
shows the morphologies of the representative Ag-NPs
assembled concentric bi-nanoring arrays achieved with Ag-
sputtering for 10 min. The enlarged view (Figure 1f) indicates
that Ag-NPs with sub-10 nm adjacent gaps are sputtered onto
the inner and outer of the brim of the TiO2-nano-petri-dishes,
forming Ag-NPs assembled concentric bi-nanoring arrays
(schematic of one bi-nanoring is shown in the Inset of Figure
1f). For such concentric bi-nanoring arrays, the LSPR is
generated within the gaps (<10 nm) between the adjacent Ag-
NPs assembled in the same concentric bi-nanorings and
between some neighboring nanorings, as confirmed by finite-
element method (FEM) modeling (Figure 1g, detailed method
of FEM modeling can be seen in Part S4 of Supporting
Information). In contrast, the gaps existing in the same
concentric bi-nanorings hold great majority, and primarily drive
the LSPR. To further elucidate the gap-induced LSPR between
the adjacent Ag-NPs, we also used FEM modeling to
investigate the localized electric field intensity of the Ag-NPs
assembled concentric bi-nanorings with varied Ag-NP sizes and
gaps (Figure 2). It can be seen that the localized electric field
intensity is enhanced with the increase of the Ag-NP size within
diameter of about 25 nm range (Figure 2a−c) and the
abridgement of the inter-NP gaps. As the Ag-NP diameters are
increased to or beyond about 25 nm with the increase of Ag-
sputtering duration, the adjacent Ag-NPs in the same nanoring
interconnect to form a coarse nanoring, giving rise to the
disappearance of inter-NP gaps, thus the enhancement of the
localized electric field intensity reduces (Figure 2d). However,
with further elongation of the Ag-sputtering duration, the Ag-
NPs on the outer and inner brim of the TiO2-nano-petri-dishs
are overlapped in axial direction to form coarse nanorings with
a certain height. Moreover, many gaps between the two
neighboring coarse nanorings can also be abridged to or kept
within sub-10 nm range, generating hot spots within these gaps
between the neighboring coarse nanorings, and thus resulting
in the enhancement of the LSPR again, which was confirmed in
both our experiments and FEM simulations as follows. For
example, when the Ag-sputtering duration is elongated to 16
min, many sub-10 nm gaps appear in between the two
neighboring coarse nanorings (see Part S5 and Figure S5 in the

Supporting Information). The FEM modeling result displays
the evident enhancement of LSPR within the gaps between the
neighboring coarse nanorings. Obviously, if the Ag-sputtering
duration is further elongated, the adjacent gaps between the
two neighboring coarse nanorings will disappear, and finally the
LSPR of substrate will be weakened. It should be noted that, for
the actual situation in our experiments, the distribution and size
of the Ag-NPs formed the concentric bi-nanoring might be not
so uniform as the ideal model. To more accurately reflect the
varieties of the LSPR with the size of the Ng-NPs, therefore, we
also established the more realistic model structures for the FEM
simulations (See Part S6 and Figure S6 in the Supporting
Information). The results indicate that the variation trend of
the localized electric field intensities with the size of the Ag-
NPs is consistent with that of the ideal models.
To further show the tunability for the localized electric field

intensity of the Ag-NPs assembled nanorings via manipulating
the Ag-sputtering duration, as well as to obtain the substrate
with optimal SERS effect, we tested the SERS activities of
various Ag- assembled nanoring arrays with different Ag-
sputtering durations by using R6G as the standard target
analyte while maintaining other measurement conditions the
same. Figure 3a displays the SERS spectra of 1 × 10−8 M R6G
adsorbed on the as-fabricated substrates with varied Ag-
sputtering durations. The trend of variety for the SERS activity
can be intuitively described by comparing the intensities of
Raman peaks at 614 cm−1 by drawing the bar charts (Figure
3b) with the plot’s ordinate and abscissa describing the Raman
intensity and the Ag-sputtering duration, respectively. It can be
seen that the peak intensities increase with Ag-sputtering for
the first 10 min, corresponding to the increase of the Ag-NP
size and the abridgement of inter-NP gap. When the Ag-
sputtering duration is about 10 min, most intergaps between
the adjacent Ag-NPs are less than 10 nm (as shown in Figure
1f), and the peak intensities reach the peak values. Then, the
peak intensities reduce with the elongation of Ag-sputtering
duration, resulting from the disappearance of inter-NP gap.
Nevertheless, with further elongation of Ag-sputtering duration,
the formation of the Ag-NPs assembled coarse nanorings and
the generation of sub-10 nm gaps between the two neighboring
coarse nanorings result in the enhancement of peak intensities
again. Finally, with Ag-sputtering goes on the gaps between the

Figure 2. Localized electric field intensity and distribution for the Ag-
NPs assembled concentric bi-nanorings with the NPs having various
diameters, (a) 16, (b) 20, (c) 24, and (d) 30 nm.
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two neighboring coarse nanorings disappear gradually, thus
leading to the decrease in the peak intensities.
Evidently, the Ag-NP assembled bi-nanoring arrays obtained

with Ag-sputtering for 10 min exhibit the higher SERS activity
than all others Ag-NP assembled nanoring arrays. Moreover,
the bi-nanoring arrays also display more excellent SERS activity
than the Ag-NP aggregated on the top of anodic TiO2−NT
arrays (see Part S7 and Figure S7 in the Supporting
Information). Consequently, the Ag-NPs assembled bi-
nanoring arrays with optimal SERS activities were chosen as
SERS substrates to check the SERS signal sensitivity and the
reproducibility using R6G as probe molecules. Figure 3c shows
the Raman spectra of R6G with varied concentrations (1 ×
10−7, 1 × 10−8, 1 × 10−9, 1 × 10−10, 1 × 10−11, and 1 × 10−12

M) adsorbed on the Ag-NPs assembled bi-nanoring arrays,
displaying high-quality SERS signals and low signal/noise
ratios. Even when the R6G solution is diluted to 1 × 10−12 M,
the characteristic bands of R6G are still clearly visible. The
estimation of the average enhancement factors (EF) reveals
that the Ag-NP assembled bi-nanoring array has an enhance-
ment of about 1.3 × 108 to 4-ATP at 1077 cm−1 (see Part S8
and Figure S8 in the Supporting Information). Additionally, the
reproducibility of SERS signal was also checked by examining
21 random spots across the whole substrate using 1 × 10−7 M
R6G under the same the laser power and the integration time.
The results show good reproducibility as the deviation of band
intensity of R6G is less than 10% compared to the average
relative peak intensity (see Part S9 and Figure S9 in the
Supporting Information). Meanwhile, this good reproducibility
of the SERS substrate has also been proven by our Raman
mapping measurement (see Part S9 and Figure S10 in the
Supporting Information).

To demonstrate the potential practical application of the Ag-
NP assembled bi-nanoring arrays with optimized SERS activity,
i.e., the Ag-NP assembled bi-nanoring arrays with Ag-sputtering
duration of 10 min, we have tried laboratorial detection of trace
polychlorinated biphenyls (PCBs, a class of highly toxic
persistent organic pollutants that have been found detrimental
to human health),32 as in previous reports.33,34 As an example,
3,3′,4,4′-pentachlorobiphenyl (PCB-77, one congener of PCBs
with its molecular structure shown in Figure 3d) was measured
as the trial analyte. Because of the apolar nature, PCBs can be
hardly dissolved in water, so various amounts of PCB-77 were
dissolved in acetone, and then dispersed on the optimal SERS
substrates for measurement. The upper curves in Figure 3d
show the SERS spectra of PCB-77 with different concentrations
(1 × 10−5, 1 × 10−7, and 1 × 10−9 M). It can be seen that five
distinct bands at 674 cm−1 (C−Cl stretching), 1032 cm−1 (ring
breathing), 1245 cm−1 (C−H wagging), 1295 cm−1 (biphenyl
C−C bridge stretching), and 1596 cm−1 (ring stretching) in the
SERS spectra, being corresponding well with those found in the
standard Raman spectrum of solid PCB-77 at the bottom of
Figure 3d. It also shows that PCB-77 at low concentration
down to 1 × 10−9 M can still be identified, and the crucial
characteristic bands corresponding to the PCB-77 are
distinguishable, suggesting that the optimal Ag-NP assembled
bi-nanoring arrays can be used as effective SERS substrates for
detection of trace-level PCBs.

3. CONCLUSIONS

In conclusion, we have demonstrated a simple nano-petri-dish
array assisted glancing angle Ag-sputtering for the fabrication of
Ag-NPs assembled nanoring arrays as effective SERS substrates.
By tuning the Ag-sputtering duration, Ag-NP assembled bi-
nanorings and coarse nanorings can be obtained, meanwhile the
size of Ag-NPs and the gaps between the neighboring Ag-NPs
in the same nanoring as well as the gaps between the adjacent
nanorings can be tuned, so that the manipulation of the
localized electric field intensity and optimization of the SERS
activity have been achieved. Such Ag-NP assembled nanoring
arrays exhibit both excellent SERS activity and signal
reproducibility, and can thus be employed as SERS-based
sensors for rapid detection of trace organic pollutants such as
PCBs in the environment. As an example, the as-fabricated
optimal SERS substrate has been demonstrated to detect the
highly stable and volatile PCB-77 with concentration as low as
1 × 10−9 M.
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Figure 3. (a) SERS spectra of 1 × 10−8 M R6G adsorbed on the Ag-
NPs assembled nanoring arrays with different Ag-sputtering durations,
the integration time was 10 s. (b) Bar chart for the changes of the
intensities of Raman peaks at 614 cm−1 with different Ag-sputtering
durations. (c) Raman spectra of R6G with varied concentrations
adsorbed on the Ag-NPs assembled bi-nanoring arrays with Ag-
sputtering duration of 10 min. (d) Raman spectrum of solid PCB-77
(bottom), and SERS spectra of PCB-77 with different concentrations
absorbed on the Ag-NPs assembled concentric bi-nanoring arrays. The
integration time was 20 s.
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