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1 Introduction

ABSTRACT

The surface topography of noble metal particles is a significant factor in tailoring
surface-enhanced Raman scattering (SERS) properties. Here, we present a simple
fabrication route to hexagonally arranged arrays of surface-roughened urchin-
like Ag hemispheres (Ag-HSs) decorated with Ag nanoparticles (Ag-NPs) for
highly active and reproducible SERS substrates. The urchin-like Ag-HS arrays
are achieved by sputtering Ag onto the top surface of a highly ordered porous
anodic aluminum oxide (AAQO) template to form ordered arrays of smooth
Ag-HSs and then by electrodepositing Ag-NPs onto the surface of each Ag-HS.
Owing to the ordered arrangement of the Ag-HSs and the improved surface
roughness, the urchin-like hierarchical Ag-HS arrays can provide sufficient and
uniform “hot spots” for reproducible and highly active SERS effects. Using the
urchin-like Ag-HS arrays as SERS substrates, 107 M dibutyl phthalate (a member
of plasticizers family) and 1.5 x 10 M PCB-77 (one congener of polychlorinated
biphenyl, a notorious class of pollutants) are identified, showing promising
potential for these substrates in the rapid recognition of organic pollutants.

dependent on the nanoparticle (NP) size and shape as
it relates to the excitation wavelength and dielectric

Surface-enhanced Raman scattering spectroscopy
(SERS) has drawn much attention in biological,
chemical, and environmental fields for its high sen-
sitivity, fast response, and fingerprint identification
[1-4]. From the perspective of the electromagnetic
enhancement mechanism, the SERS effect is highly
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properties of the medium [5, 6]. Additionally, the
surface topography of the particles can also be a
significant factor in tailoring the optical properties.
Surface roughness of only a few atomic layers can
generate red shifts of longitudinal surface plasmon
modes [7, 8]. As a result, the SERS performance of
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noble metal mesoscopic particles with irregular
nanoscale surface roughness or with deeply creviced
surface morphology has attracted increasing research
interest [9-12]. For example, Halas et al. synthesized
Au “meatball-like” particles with randomly arranged
irregular nanoscale protrusions through an organic
reduction using gum Arabic as the stabilizer [10]. Xu
et al. prepared highly surface-roughened “flower-like”
Ag-NPs with polyvinyl pyrrolidone (PVP) surfactant
in an aqueous environment [11]. Fang et al. syn-
thesized urchin-like Au mesoparticles with a tailored
surface topography via secondary nucleation and
growth method or oil/water interface synthesis method;
the resulting spike-covered urchin-like mesoparticles
exhibit high SERS sensitivity [5,6]. Yang et al
synthesized star-like Ag nanocrystals via a highly
anisotropic etching process using NH,OH/H,O, as
the etchant and PVP as the stabilizing agent [13].
The rough surface of these hierarchical noble metal
particles could induce higher SERS activity. Never-
theless, most of these plasmonic nanostructures are
obtained through organic reduction routes using
specific stabilizers or surfactants in solution, which
might introduce signal interference in the subsequent
SERS measurement. In addition to the high SERS
activity, signal uniformity is another important issue
for SERS substrates in practical applications. However,
it is still a challenge to uniformly disperse hierarchical
particles synthesized in solution on planar substrates
to achieve a uniform and reproducible SERS signal
response. In our previous work, we fabricated
urchin-like Ag nanohemisphere arrays decorated with
Au-NPs by sputtering Au-NPs (~10 nm) onto the Ag
nanohemispheres (~90 nm), which had been molded
by nanopores of oxalic acid-oxidized anodic aluminum
oxide (AAO) templates [14]. Using the sputtering
method, only small heteromaterials (such as Au) could
be applied to the surface of the Ag nanohemispheres;
however, an Ag nanostructure with higher SERS
activity could not be applied onto the surface. Moreover,
the surface roughness was low for the small size of
the Au-NPs.

Herein, we present a rational route to electro-
chemically assemble homogeneous Ag-NPs with a
larger size (30-50 nm) onto the surface of Ag hemi-
sphere (Ag-HS) arrays molded by pores of phosphoric-
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acid-derived AAO template, achieving two-dimensional
(2D) hexagonally arranged urchin-like Ag-HS arrays
with higher surface roughness, as shown schematically
in Scheme 1. First, Ag is sputtered onto the top surface
of the highly ordered and hexagonally arranged
porous AAO template, and Ag aggregations occur and
expand downwards in the AAQ pores to form Ag-HSs
within the pores [15]. With continued Ag sputtering,
the pores are blocked and Ag film is created on the
top surface of AAO. Then, hot-melt adhesives are
spread on the top surface of the Ag film to fix and
support the Ag-HSs array. After removing the AAO
template, the 2D wuniform hexagonally arranged
Ag-HS (with smooth surface) arrays are supported
on the hot-melt adhesive film. Finally, small Ag-NPs
are electrodeposited onto each Ag-HS surface using a
low current density to achieve 2D hexagonally ordered
urchin-like Ag-HS arrays. The resultant urchin-like
Ag-HS arrays show reproducible and high SERS
activity to rhodamine 6G (R6G). As a trial for practical
applications, the urchin-like Ag-HS arrays have been
used for SERS-based recognition of dibutyl phthalate
(DBP, a frequently used plasticizer [16-18] that is harm-
ful to human health) and polychlorinated biphenyls
(PCBs, one class of persistent organic pollutants (POPs)
defined by the Stockholm Convention [19-22]). A low
detection concentration of 107 M for DBP and 1.5 x
10°M for PCB-77 (one congener of PCBs) has been
identified. Therefore, the urchin-like Ag-HS arrays
have potential for the SERS-based rapid recognition of
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Scheme 1 Fabrication of the urchin-like Ag-HS arrays.
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organic pollutants such as plasticizers and PCBs in
the environment.

2 Experimental

2.1 Fabrication of the urchin-like Ag-HS arrays

The AAO templates with highly ordered and hexa-
gonally arranged nanopores were prepared via a
two-step anodization of Al foil in 0.3 M phosphoric
acid under DC of 195V at -5 °C [23]. The pores were
etched through and widened in 5% (wt.) phosphoric
acid at 45 °C for 40 min. To produce Ag-HSs within
the pores, Ag was sputtered onto the top surface of
the phosphoric-acid-derived AAO template using
an ion sputter (EDT-3000) for 30 min with a current
of 5mA and vacuum of 1.2 x 107" mBar [14]. Then,
hot-melt adhesive was spread on the top surface of the
Ag film to fix and support the Ag-HS arrays. Next,
the AAO template was removed in 1 M NaOH solution
for 30 min, achieving 2D hexagonally arranged uniform
Ag-HS arrays supported on the hot-melt adhesive
film. Finally, small Ag-NPs were electrochemically
deposited onto the Ag-HSs surface using an electrolyte
of 20 mM AgNO; and 10 mM citric acid with a graphite
sheet as anode, resulting in 2D uniformly arranged
urchin-like Ag-HS arrays.

2.2 Characterization

The as-prepared arrays were characterized using
scanning electron microscopy (SEM, SIRION 200,
HITACHI SU8020). The SERS spectra were recorded
by a confocal Raman system (Renishaw, inVia). The
excitation wavelength of 532 nm was generated by an
air-cooled argon ion laser. The laser power was 0.1 mW
in the SERS measurement for R6G and DBP and 5 mW
for PCB-77 detection. In the SERS characterization,
the as-prepared substrates were firstly modestly
sputtered for 3 min in plasma cleaner (PDC-32G)
to remove the citric acid on the surface, and then
immersed in R6G or DBP solution with different
concentrations for 4 h. Note that the modest plasma
cleaning will not damage the morphology of the
Ag-nanostructures. However, high intensity and long
duration (10 min) plasma cleaning would change or
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destroy the as-prepared structures, as shown in Fig. S1
in the Electronic Supplementary Material (ESM). For
identifying PCB-77, 2 uL of PCB-77 acetone solutions
from 10 to 5x10°M were dropped onto the as-
prepared substrates. This procedure was repeated
three times to ensure uniform SERS signal.

3 Results and discussion
3.1 Morphology and structure

As shown in Figs. 1(a) and 1(b), owing to the success-
ful replication of the ordered AAO-pores, large-scale
hexagonally arranged Ag-HSs with smooth surface
are achieved. The average diameter of the Ag-HSs
is about 195 nm with a neighboring center-to-center
separation of 370 nm. Between any two neighboring
hexagonal cells, there exists a gap of about 15 nm,
which is an exact copy of the protuberance around
the cell boundary that is caused by the etching rate
difference between the pore inner wall and outer wall
in phosphoric acid solution [23-25]. These 15-nm
gaps also contribute to the SERS activity in the “hot
spot.” After assembling Ag-NPs onto the surface via
electrodeposition at 8 pA/mm? for 30s in 20 mM
AgNO; and 10 mM citric acid electrolyte, urchin-like
Ag-HSs have been achieved, as shown in Figs. 1(c)
and 1(d).

00000000
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large-scaled and hexagonally arranged Ag-HS array with a
smooth surface; (c) the SEM image and (d) enlarged image of the
urchin-like hexagonally arranged Ag-HS array.
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The 30-50-nm-diameter Ag-NPs were coated on
the whole surface of the Ag-HSs, and the surface
roughness of the Ag-HS is obviously improved.
Meanwhile, the gaps between the neighboring cells
narrow to 10 nm or less after the Ag-NPs are assembled,
which will also contribute to the improved SERS
activity.

3.2 Influence of current density and citric acid

The morphological development of the urchin-like
Ag-HS arrays with different current densities and
citric acid concentrations is revealed in Figs. 2 and 3,
respectively. Citric acid is usually used as a capping
agent for strong binding to {111} facets in the electro-
deposition of Ag nanosheets [26, 27]. Here, Ag-NPs
have been electrodeposited on the surface of the Ag-HS
arrays with citric acid as the capping agent. At the
current density of 1 pA/mm? small Ag-NPs with
diameters of 10 nm are assembled onto the surface of
each Ag-HS, as shown in Fig. 2(a). With the increase
of the current density to 5 tA/mm? Ag-NPs with larger
diameter (50-80 nm) are achieved on the surface of
each Ag-HS, creating an urchin-like morphology, as
shown in Fig.2(b). After optimizing the electrode-
position at a current density of 8 uA/mm? for 30's, a
large number of Ag-NPs are assembled over the
whole surface of each Ag-HS, as shown in Figs. 1(c)
and 1(d). If the current density is further increased to
16 uA/mm? Ag nanosheets with a width of 100 nm
are deposited onto the surface of each Ag-HS instead
of NPs, leading to flower-like Ag particle arrays, as
shown in Fig. 2(c). At a much higher current density
(30 HA/mm?), the reduction rate will be fast, and Ag
dendrites are generated on the surface of the Ag-HS
array substrate but not on the surface of each Ag-HS,
as shown in Fig. 2(d).

On the other hand, citric acid also has a significant
impact on the development of the Ag-NPs. As shown
in Fig. 3(a), without citric acid in the electrolyte,
small Ag-NPs cannot be generated on the surface of
each Ag-HS, but randomly distributed micron-sized
Ag-particles are produced on the substrate surface.
When a low concentration of citric acid (1 mM)
is added into the electrolyte, 20-nm spherical Ag
structures can be deposited onto the surface of the
Ag-HSs, as shown in Fig. 3(b). With an increase in the
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arrays fabricated at different current densities for 60s in an
electrolyte of 20 mM AgNO; and 10 mM citric acid: (a) 1, (b) 5,
(¢) 16, and (d) 30 pA/mm>.

Figure 3 The SEM images of the as-prepared urchin-like Ag-HS
arrays fabricated with different concentrations of citric acid for

40 s with 20 mM AgNO; at a current density of 5 pA/mm?: (a) 0,
(b) 1, (¢) 10, (d) 25, (e) 50, and (f) 100 mM.

citric acid concentration from 1 to 25 mM, the spherical
Ag-NPs become more distinct and separated with a
gradual increase in size, as shown in Figs. 3(b)-3(d).
With Ag-NP growth, the gaps between neighboring
hexagonal cells become narrower. If the concentration
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of citric acid is further increased, the size of the Ag-NPs
obviously increases; however, the number of Ag-NPs
coated on the Ag-HS surface decreases, as shown
in Figs. 3(e) and 3(f) for citric acid concentrations of
50 and 100 mM, respectively.

The Ag-NP growth mechanism now becomes clear.
With citric acid as the dispersing agent, the number
of nucleation centers is increased. The Ag ions are
slowly reduced to Ag, which then grow into Ag-NPs
on the substrate surface and especially on the surface
of each Ag-HS at low current density (1-10 tA/mm?).
With increasing citric acid concentration, more citrate
is adsorbed on the Ag-HS array substrate, reducing
the number of nucleation sites for the electrical
reduction of Ag ions to Ag-NPs. Consequently, the
number of the Ag-NPs decreases and the size of the
Ag-NPs increases with the increase in citric acid con-
centration. At moderate current density (15-25 pA/mm?),
the reduction rate of the Ag ions obviously increases;
meanwhile, with citric acid as the capping agent, Ag
nanosheets are achieved at a high growth rate on the
facets parallel to {111} [26, 27]. At high current density
(30 LA/mm?), the reduction rate is extremely high, and
Ag dendrites are directly generated on the substrate
surface.

3.3 Influence of electrodeposition duration

The morphological evolution of Ag-HS arrays with
the electrodeposition duration at different current
densities is shown in Fig. 4 and Fig. S2 in the ESM.
With prolonged electrodeposition, both the number
and size of the Ag-NPs increase for two different
current densities of 1 (Fig. 4) and 8 pA/mm? (Fig. S2
in the ESM). With a low current density (1 tA/mm?),
the production of Ag-NPs is slow. For short electro-
deposition duration (15s), only irregularly shaped
Ag clusters are assembled onto the surface of the Ag-
HSs and the hexagonal cells. As the electrodeposition
duration is increased, the number and size of the
Ag-NPs gradually increase, as shown in Figs. 4(b) and
4(c) for electrodeposition durations of 30 and 60 s.
When the electrodeposition duration is extended to
90 s, the surface of the Ag-HSs and hexagonal Ag
cells is uniformly coated with spherical Ag-NPs with
diameters of 20-30 nm, as shown in Fig. 4(d). The
increase in the number and size of Ag-NPs continues
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for the electrodeposition duration of 120 s, as shown
in Fig. 4(e). Once the electrodeposition is prolonged
to 180 s, island-like Ag-NPs with larger dimensions
(40-70 nm) are assembled on the surface of the Ag-HSs,
while the spacing between the neighboring Ag-HSs
obviously decreases. On the other hand, with a high
current density (8 HA/mm?), the production of Ag-NPs
is obviously increased, as shown in Fig. 52(a) in the
ESM. For the short electrodeposition duration of 15 s,
Ag clusters are still coated on the surface of the
Ag-HSs and the hexagonal Ag cells. However, after
electrodeposition for 30 s, a large number of Ag-NPs
with a dimension of 50 nm were assembled on the
whole surface of the Ag-HSs and the hexagonal Ag
cells, and the total diameter of the urchin-like Ag-HS
is increased to 230 nm, as shown in Fig. S2(b) in the
ESM. When the electrodeposition duration is prolonged
to 45 s, 50-nm Ag-NPs and clusters of Ag-NPs with a
dimension of 100-150 nm are coated on the surface of
the Ag-HSs, and the resultant total diameter of the
urchin-like Ag-HSs reaches ~300 nm, as shown in
Fig. S2(c) in the ESM.

Figure 4 The SEM images of the as-prepared urchin-like Ag-
HS arrays fabricated for different electrodeposition durations at a
current density of 1 pA/mm?: (a) 15, (b) 30, (c) 60, (d) 90, (e) 120,
and (f) 180 s. Scale bar: 250 nm.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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3.4 The SERS performance and applications

Using 1 x 10%-M R6G as the probe molecule, the SERS
performance of the hexagonally arranged urchin-like
Ag-HS arrays is shown in Fig. 5. Figure 5(a) reveals
that, after the electrodeposition of Ag-NPs (with the
current density of 1 to 8 hA/mm?) onto the surface
of the Ag-HS, the SERS-activity is improved. The
urchin-like Ag-HS array achieved at a current density
of 8 yA/mm? has the optimal SERS sensitivity. The
improved SERS activity of the urchin-like Ag-HS
arrays can be ascribed to the decoration of the Ag-
NPs with improved roughness [5, 6, 8], and to the
improved density of optical modes for the long-rang
periodic structure [28-30] as well as the electro-
magnetic coupling at the gaps between neighboring
Ag-NPs and the gaps between neighboring hexagonal
cells, as shown in Fig. 1(d). On the other hand, the
SERS activity of the urchin-like Ag-HS array under a
current density of 5 uA/mm? decreases slightly. This
phenomenon could be induced by the inequitable
morphology of the Ag-NPs located on the Ag-HS
surface. As shown in Fig. 2(b), there are fewer gaps
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between the Ag-NPs, i.e., fewer SERS hot spots,
compared with substrates fabricated with current
density of 1 or 8 HA/mm? For the same reason, the
SERS activity of the substrates fabricated with higher
current densities (16 and 30 pA/mm?) sharply decreases.
Additionally, the SERS sensitivity dependence of
substrates fabricated with current densities of 1 and
8 HA/mm? on the electrodeposition duration is revealed
in Fig. 5(b) and Fig. 53 in the ESM. The SERS activity
of the substrate electrodeposited for 30 s is improved
over that for 15 s and maintains a similar activity level
as the electrodeposition duration is further increased.
At an electrodeposition time of 180 s, the SERS
activity sharply decreases. This evolution law can
be understood by illustrating the character of the
morphology shown in Fig. 4. After a short electro-
deposition (15s), as shown in Fig. 4(a), only a few
Ag-NPs are created on the Ag-HS surface; with
elongated electrodeposition, the number of both the
Ag-NPs and neighboring gaps (SERS hot spots)
increases, consequently improving the SERS activity.
As the electrodeposition duration increases from 30
to 120 s, the size of the Ag-NPs gradually increases,
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Figure 5 (a) The SERS spectra of 1 x 10 M R6G collected from the bare Ag-HS array and arrays after electrodeposition with different
current densities. (b) The SERS sensitivity of the urchin-like Ag-HS array with different electrodeposition durations at a current density
of 1 pA/mm?. (c) The SERS sensitivity of the optimal substrates to low concentration R6G with an integration time of 10's. (d) The
SERS mapping of 1,362 cm™' and intensity statistics of the characteristic peaks at (¢) 614 and (f) 1,362 cm ™' collected from 40 random
spots on the as-prepared urchin-like Ag-HS array substrate.
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but the neighboring gaps do not undergo dramatic
changes, as shown in Figs. 4(b)—4(e); thus, the SERS
activity is unchanged. For excessively long electro-
deposition (180s), the gaps decrease due to the
aggregation of Ag-NPs, and the SERS activity sharply
decreases. The same phenomenon is also observed
for substrates electrodeposited at 8 pHA/mm? as shown
in Fig. 53 in the ESM.

The SERS activity of the urchin-like Ag-HS arrays
is tested using R6G (with different concentrations
of 1 x 107 and 1 x 107! M) as the probe molecules. As
shown in Fig. 5(c), low concentration R6G (1 x 10™ M)
can be still easily distinguished, and the main
characteristic peaks of R6G at 614, 775, and 1,362 cm™
are assigned to the C-C-C ring in-plane bending
mode, C-H out of plane bending mode, and aromatic
C—C stretching vibration mode, respectively [31, 32].
The high SERS activity is also revealed by the
enhancement factor (EF) estimation, shown in detail
in Part S4 in the ESM, where 4-aminothiophenol
(4-ATP) probe molecules were used for more precise
estimation of the absorbed molecules that contribute to
the SERS signal intensity. The average EF is estimated
to be 1.23 x 10°, confirming high SERS activity of the
resultant hexagonally arranged urchin-like Ag-HS
arrays.

The signal uniformity of the urchin-like Ag-HS
arrays, which is one of the other important factors for
practical SERS substrates, is also manifested using 1 x
107 M R6G as the probe molecules. The SERS mapping
of the 1,362 cm™ peak and the spectra collected from
40 random spots on the as-prepared urchin-like Ag-HS
array substrate are shown in Fig. 5(d) and Fig. 56 in
the ESM, respectively. The uniform signal distribution
and the similar intensity of each characteristic peak
of the 40 spectra demonstrate good signal uniformity.
For a more detailed analysis, the intensity of the
characteristic peaks at 614 and 1,362 cm™ of the
random 40 spectra is statistically shown in Figs. 5(e)
and 5(f), respectively. The relative standard deviation
of the intensity of the characteristic peak at 614
and 1,362 cm™! is calculated to be 6.77% and 6.69%,
respectively, revealing good signal uniformity of the
urchin-like Ag-HS arrays. The reason for the good
signal uniformity of the as-prepared substrate can be
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attributed to the large-scale morphology uniformity
of the Ag-HS array self-supported on the hot-melt
adhesive film substrate, which is reproduced from
the hexagonally ordered pores of the AAO templates,
as shown in Fig.1(a). Additionally, as Ag nano-
structures are easily oxidized and sulfured in air, the
stability of the as-prepared substrate is tested, as
shown in Fig. S7 in the ESM. The SERS activity of the
substrates can maintain a relatively high level after
two months, while the SERS activity sharply decreases
after six months.

Finally, the urchin-like Ag-HS arrays are used as
SERS-substrates to detect plasticizer and PCB-77.
The plasticizer DBP, as one of the most important
members in the phthalate family, has been used in
food packaging, children’s products, and medical
devices. However, exposure to phthalate plasticizers
may increase prevalence of asthma, rhinitis, or wheezing
[16-18], cause reproductive disorders in humans, and
affect endogenous hormones [33, 34]. Using the as-
prepared urchin-like Ag-HS arrays as SERS substrates,
different concentrations (10, 10, 107 M) of DBP
were detected, as shown in Fig. 6(a). Even for 107 M
DBP, the characteristic vibration bands of DBP can be
identified. Similarly, different concentrations (3 x 10,
1.5 x10™% 3 x 1075, 1.5 x10° M) of PCB-77 have been
detected, as shown in Fig. 6(b). The characteristic
vibration bands of PCB-77 with a low concentration
(1.5 x 10° M) can be identified and assigned as follows:
The bands at 676 and 1,136 cm™ belong to the C-Cl
stretching mode, the band at 1,297 cm™ is assigned
to the C-C bridge stretching mode, and the band
at 1,599 cm™ is attributed to the aromatic vibration
modes [35-37].

4 Conclusions

In summary, uniform 2D monolayer-dispersed and
hexagonally arranged urchin-like Ag-HS arrays have
been fabricated via an AAO template-assisted approach
and show excellent SERS performance. The Ag-HSs
are formed at the ordered pores of the AAO template
and replicate the large-scale ordered pattern of the
AAO-pores, resulting in large-scale hexagonally
arranged Ag-HSs. Furthermore, a large number of
small Ag-NPs are decorated onto the surface of the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 6 The SERS spectra of (a) DBP and (b) PCB-77 with
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Ag-HSs via electrodeposition, forming urchin-like
Ag-HS arrays. Thus, the SERS sensitivity is further
improved owing to the enhanced surface-roughness
and electromagnetic coupling. The resultant substrates
demonstrate high SERS sensitivity to 107" M R6G,
107 M DBP, and 1.5 x 10> M PCB-77. Therefore, the
hexagonally arranged urchin-like Ag-HS arrays have
great potential as effective SERS substrates for rapid
detection and monitoring of trace organic pollutants.
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