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y created highly surface
roughened Ag nanoplate arrays for SERS biosensing
applications†

Shikuan Yang,*a Daniel Slotcavage,a John D. Mai,b Feng Guo,a Sixing Li,ac

Yanhui Zhao,a Yong Lei,d Craig E. Cameronc and Tony Jun Huang*a

Highly surface-roughened Ag nanoplate arrays are fabricated using a simple electrodeposition and in situ

electrocorrosion method with inorganic borate ions as capping agent. The electrocorrosion process is

induced by a change in the local pH value during the electrochemical growth, which is used to

intentionally carve the electrodeposited structures. The three dimensionally arranged Ag nanoplates are

integrated with substantial surface-enhanced Raman scattering (SERS) hot spots and are free of organic

contaminations widely used as shaping agents in previous works, making them excellent candidate

substrates for SERS biosensing applications. The SERS enhancement factor of the rough Ag nanoplates is

estimated to be >109. These Ag nanoplate arrays are used for SERS-based analysis of DNA hybridization

monitoring, protein detection, and virus differentiation without any additional surface modifications or

labelling. They all exhibit an extremely high detection sensitivity, reliability, and reproducibility.
1. Introduction

Surface-enhanced Raman scattering (SERS) is considered to be
one of the most promising techniques for biosensing.1 SERS
provides vibrational spectra information that enables rapid,
label-free, highly specic, and extremely sensitive detection.1–5

While multiple mechanisms contribute to the exceptional
sensitivity of SERS, it is widely accepted that electromagnetic
effects account for the majority of its signicant improvement
over traditional Raman scattering.6–8 This electromagnetic
enhancement oen occurs in the vicinity of noble metal nano-
structures exhibiting plasmonic resonances and is largest at the
hot spots near the rough sites (<10 nm) where electromagnetic
elds are highly localized.9–12 A high density of hot spots
generally corresponds to improved SERS sensitivity and is
essential for SERS-based sensing.13–21

Nanoplate structures are generally considered as one of the
most promising SERS substrates and they have been shown to
Mechanics, The Pennsylvania State

-6812, USA. E-mail: szy2@psu.edu;

ngineering, City University of Hong Kong,

, China

ular Biology, The Pennsylvania State

tute for Physics, Technical University of

(ESI) available: Experimental details,
ors, SEM images, FDTD simulation
See DOI: 10.1039/c4tc01276c

0–8356
have a higher SERS enhancement effect than many other SERS
structures such as nanocubes and nanospheres.21,22 This is
because of the signicantly enhanced electromagnetic eld
around the corners and sharp edges of nanoplates.22 There have
already been many studies focused on the preparation of
smooth nanoplate structures.23,24 However, to further enhance
the SERS sensitivity, highly surface roughened nanoplates are
highly required. On the other hand, the anisotropic structure of
nanoplates means that organic capping agents (for example,
polyvinylpyrrolidone with a molecular weight of at least several
kDa) are generally required in their synthesis.23,24 Once intro-
duced, these organic capping agents are difficult to remove
completely (although plasma cleaning can partially remove the
organic agents from nanostructures, the desirable features of
the nanostructures may be simultaneously damaged), intro-
ducing surface-contaminants, and severely hindering the
diffusion of analyte molecules into the hot spots.25 Further-
more, post-synthesis assembly is required to fabricate immo-
bilized substrates as dealing with the free-standing nanoplates
prepared by wet chemical methods,26 which is unfavorable in
many applications. Electrochemical deposition has been
developed to prepare nanostructures directly on a substrate
usually at the assistance of specic surfactants,27–29 whereas the
structure of the electrodeposited materials, particularly the
roughness, is oen hard to control. Therefore, a method that
enables the direct fabrication of highly surface roughened
nanoplate substrates without the use of organic capping agents
is highly desirable for SERS applications.

Here, we demonstrate a single-step electroplating/corrosion
method for preparing large-area, highly surface roughened Ag
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) TEM image of the highly surface-roughened Ag nanoplates.
(b) Selected area electron diffraction pattern.
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nanoplate arrays on a substrate without the use of any organic
capping agent. Most importantly, an electrocorrosion process
caused by a local change in pH value during electrochemical
growth is utilized for the rst time to carve the electrodeposited
nanostructures, giving rise to the formation of highly surface-
roughened Ag nanoplates. The roughened Ag nanoplates
are excellent SERS substrates with a high hot-spot density
(>103 per mm2, see note ref. 30). To date, this is among the
highest hot-spot densities achieved using nanoplates. The
enhancement factor for SERS applications is estimated to be
>109. The increased sensitivity combined with a simple, low-
cost fabrication process make these Ag nanoplates excellent
candidates for SERS-based biosensing, medical diagnostics,
and energy harvesting applications.31 As a proof-of-concept, we
employed the as-prepared Ag nanoplate array to detect DNA,
proteins, and viruses without additional surface functionaliza-
tion. All of these biodetection experiments exhibit excellent
specicity and reproducibility. For example, the substrates
produced distinct SERS spectra even when examining small
mutations in strains of specic viruses.
2. Results and discussion
2.1 Fabrication of Ag nanoplates with a high surface
roughness

Electrochemical deposition/corrosion was used to create the
roughened surfaces of the Ag nanoplate arrays (inset in Fig. 1a).
Unlike those traditional methods23–29 that employ organic
chemicals, we used BO3

3� ions as shaping agents. This effec-
tively avoided organic contamination and better facilitated
subsequent SERS sensing applications. The electrolyte solution
Fig. 1 (a–d) SEM images of the highly surface-roughened Ag nano-
plate array at different magnifications. Inset in (a): schematic illustra-
tion of the electrochemical deposition cell.

This journal is © The Royal Society of Chemistry 2014
was prepared by dissolving an equal amount (10 g) of AgNO3

and H3BO3 (boric acid) into 1 L of deionized (DI) water. Elec-
trochemical deposition was carried out in a double-electrode
system under a potentiostatic mode. Two pieces of boron-doped
silicon wafers (resistivity: 0.2 U cm) were used as anode and
cathode with a working area of about 1 cm2. The voltage applied
between the two electrodes was 10 V.

Fig. 1 presents scanning electron microscope (SEM) images
of the deposited Ag nanostructures. At low magnications, a
uniform morphology (see note ref. 32) is observed across the
electrode surface (Fig. 1a). Enlarged images revealed more
details of the individual nanoplates. Fig. 1b shows that nano-
plates tended to cross-link together and have a slanted orien-
tation relative to the substrate. Fig. 1c and d highlight the
thinness of these Ag nanoplates (�60 nm) and clearly show
their rough edges. Additionally, Fig. 1c and d demonstrate that
the nanoplates possess a signicant number of pits and steps
on their surfaces, endowing them with many hot spots and
making them ideal candidates as excellent SERS substrates.
Transmission electron microscope (TEM) measurement was
conducted on the highly surface-roughened Ag nanoplates
released from the substrate by a supersonic treatment in
ethanol (Fig. 2a). The selected area electron diffraction pattern
(Fig. 2b) proves that the Ag nanoplates are single crystalline,
which is in accordance with the electro-etching formation
mechanism of the coarse Ag nanoplates proposed below.
2.2 Growth process of the Ag nanoplates

In order to investigate the growth process of these Ag nano-
plates, we observed the resulting morphologies of the products
prepared at different deposition times ranging from 10 s to 10 h
(ESI, Fig. S1 and S2†). Based on the analysis of the experimental
results (details can be found in the ESI†), we proposed a
mechanism for the rough Ag nanoplate formation process
(Fig. 3). Briey, at the onset of deposition, Ag nuclei grow into
small nanoplates due to the preferential adsorption of borate
ions (BO3

3�) on the Ag {111} planes. This severely inhibits Ag
growth along the {111} planes, forcing the growth of aniso-
tropically structured nanoplates. This shaping process is evi-
denced by the coexistence of spherical Ag nanoparticles and
small Ag nanoplates at the beginning of the deposition
(Fig. S1a†). In this shaping process, BO3

3� ions play roles
J. Mater. Chem. C, 2014, 2, 8350–8356 | 8351
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Fig. 3 Schematic illustration of the formation process of the highly
surface-roughened Ag nanoplates. Process I: borate ions attached
onto Ag nuclei. Process II: spherical Ag nuclei evolved into nanoplates
under the protection of borate ions. Process III: slow layer-by-layer
growth mode which increases the thickness. Process IV: formation of
large Ag nanoplates. Process V: corrosive effects led to the formation
of highly surface-roughened Ag nanoplates.

Fig. 4 The role of the H3BO3 concentration in the electrolyte. SEM
images of the deposited Ag structures at different concentrations of (a)
0 M; (b–d) 0.32 M H3BO3 in the electrolyte solution. The deposition
time is always 10 min.

Fig. 5 (a and b) Ag nanoplates electroplated on a Si wafer covered by
a thin-film (approximately 10 nm) layer of gold. The deposition time is
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complementary to those of the conventional organic capping
agents (e.g., polyvinylpyrrolidone molecules that bind strongly
to the {100} planes).30 As electrodeposition proceeds for about 1
min, nanoparticles disappear and nanoplates with different
sizes emerge. From the enlarged images, we can clear observe
the layer-by-layer growth mode of the thickening process
(Fig. S1b†). Due to the protection of BO3

3� ions of {111} planes,
the thickening growth is greatly supressed compared with the
radial direction growth, leading to the formation of large while
thin Ag nanoplates (Fig. S1e†). According to the growth mech-
anism summarized in Fig. 3, we anticipate that the concentra-
tion of BO3

3� ions should aid in dening the deposited
nanostructures.

To verify this expectation, we conducted experiments to
investigate the effects of the concentration of H3BO3 in the
electrolyte solution on the resulting Ag nanostructures. Our
experimental results demonstrated that electrodeposition
without H3BO3 in the electrolyte yielded only a nanoparticle lm
(Fig. 4a). Even with only a small amount of H3BO3 (e.g., 0.16 M)
in the electrolyte, nanoplates grew readily. Increasing the
amount of H3BO3 from 0.16 M to 0.32 M produced sharp
nanoplates with irregular shapes (Fig. 4b and c). The nanoplates
deposited using higher concentrations of H3BO3 were also
thinner than those deposited at lower H3BO3 concentrations,
with thicknesses around 20 nm (Fig. 4d). These results verify
that varying boric acid concentrations in the electrolyte during
electrodeposition enables successful fabrication and allows for
structural manipulation of the Ag nanoplates. Few studies have
been devoted to the adsorption behavior of BO3

3� ions on Ag
8352 | J. Mater. Chem. C, 2014, 2, 8350–8356
nuclei. Our experiments illustrate that BO3
3� ions are good

candidates for stabilizing the {111} planes of Ag. BO3
3� ions

selectively inhibit the layer-by-layer growth process by which the
nanoplates thicken, resulting in more lateral than vertical
growth (with a corresponding ratio of about 100 : 1). Similarly,
using BO3

3� ions as shaping agents, Pt nanoplates were
prepared (ESI, Fig. S3†), evidencing the robustness of BO3

3�

ions in controlling the shape of electroplated metallic nano-
structures (Fig. 4).
2.3 Roughening process for the Ag nanoplates

SEM images clearly show that the nanoplate surfaces become
more coarse later in the deposition process, but our current
experimental results make it difficult to completely explain this
roughening phenomenon. One likely possibility is that the OH�

ions were oxidized into O2 around the anode (eqn (1)), thus the
pH value decreased rapidly due to the consumption of OH�

ions.33,34 Therefore, we believe that HNO3, formed during the
10 min.

This journal is © The Royal Society of Chemistry 2014
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deposition process, must be a key reactant in carving the
smooth-surfaced Ag nanoplates into the more coarse ones.35,36

This assumption is consolidated by the single crystalline nature
of the coarse Ag nanoplates (Fig. 2).

Anode: 4OH� � 2e / O2 (g) [ + 2H2O

Cathode: Ag+ + e / Ag (1)

In order to further test this hypothesis, HNO3 aqueous
solutions were used to treat smooth Ag nanoplates. As
anticipated, coarse-surface Ag nanoplates, similar to those
shown in Fig. 1, were obtained. Furthermore, HPtCl4 aqueous
solutions were used to achieve the same corrosive effect on
the Ag nanoplates as HNO3. Immersion in 0.05 M HPtCl4 for
24 h transformed the smooth surfaces to coarse ones (ESI,
Fig. S4†). During the corrosion process, the thickness of the
nanoplates was reduced dramatically due to the fact that
during the galvanic displacement reactions each Pt3+ ion
consumed three Ag atoms. These results illustrated that Ag
nanoplates could be transformed into nanoplates of other
materials, such as Pt, Au, and Pd, expanding their potential
application areas. Although post-synthesis etching treat-
ments of nanoparticles have been used to create unique
anisotropic nanostructures (e.g., concave octahedrons and
nanostars),33 there are no reports on applying etching
methods to in situ carve nanostructures during electro-
chemical growth. This is the rst demonstration that corro-
sion induced by a change in the local pH value during
electrochemical deposition can be used to carve the surface
of electrodeposited nanostructures.

Based on our understanding of the Ag nanoplate formation
mechanism, the nature of the cathode surface (e.g., roughness)
will be of prime importance in dening the initial nucleation
sites during electrochemical deposition of Ag. For example, if a
thin layer of Au lm (e.g., 10 nm) was thermally evaporated on
the cathode surface prior to electrochemical deposition; the
uniformity of the Ag nanoplate was signicantly improved. As
shown in Fig. 5, thin, extremely uniform Ag nanoplates with
plate areas close to 10 mm were yielded on a very large scale.
These Ag nanoplates grew into 3D forest-like nanoplate arrays.
The 3D structure caused by nanoplate protrusion gives rise to an
extremely high surface area-to-volume ratio,37 as none of the
faces of the nanoplates are completely obscured. The resulting
nanoplates constituted a signicant breakthrough; never before
have Ag nanoplate arrays been reported to be produced on such
a large scale and of such a high quality. Overall, results from
varying the deposition parameters consolidate that the Ag
nanoplate structures (e.g., thickness, roughness, and size)
can be tailored by modifying a combination of the electrolytic
H3BO3 concentration, the deposition voltage, and the deposi-
tion time. More importantly, the Ag nanoplates with rough
and clean surfaces free of the organic contamination that typi-
cally plagues Ag nanostructures formed using conventional
anisotropic fabrication processes make them ideal for sensing
applications.
This journal is © The Royal Society of Chemistry 2014
2.4 SERS performance and biosensing applications

Their high purity and surface roughness allow these Ag nano-
plate arrays to be used as excellent SERS substrates.37,38 In
addition, the laser light is efficiently used because none of the
faces of the nanoplates are completely obscured. The 3D
structure of the highly surface-roughened Ag nanoplate array
results in less than 10% reection (ESI, Fig. S5†). Specically, we
expect that Ag nanoplates with coarse surfaces can enhance
SERS signals much more strongly than smooth substrate
surfaces owing to the increased number of hot spots generated
by nanoscale pits and cracks on the coarse surfaces. Experi-
mental results veried this hypothesis. The Raman signal
intensity of Rhodamine 6G molecules absorbed on the highly
surface-roughened Ag nanoplates was more than two orders of
magnitude higher than that of the smooth nanoplates (ESI,
Fig. S6 and S7†). The SERS enhancement factor of the highly
surface-roughened Ag nanoplates was estimated to be >109

using 4-aminothiophenol as a test molecule (ESI, Fig. S8†),
which is much higher than most previously reported
values.14,17,33,39 As a comparision, SERS measurements were
performed on the Ag nanoparticles prepared by a sodium citrate
reduction method40 with sizes ranging from 50 nm to 80 nm
(ESI, Fig. S9†). The SERS signal of R6G molecules adsorbed on
the highly surface roughened Ag nanoplates is more than 2000
times higher than that of the Ag nanoparticles under the same
experimental conditions. Thin Ag nanoplates grown on a thin
layer of Au showed stronger SERS enhancement than thicker
ones (ESI, Fig. S6†). To demonstrate that only the thin Ag
nanoplates were responsible for SERS signal enhancement,
measurements were taken from a Au lm thermally evaporated
on a glass slide. This Au lm exhibited no observable SERS
signals when analysed at the same probe molecule concentra-
tions. Also, no SERS signals were observed on a 20 nm-thick Ag
membrane that was thermally evaporated on a glass slide.

To fundamentally understand the mechanisms behind this
improved SERS performance, we performed nite-difference
time-domain (FDTD) numerical simulations which modelled
the electromagnetic eld distributions on the Ag nanoplates.41

FDTD simulation results consolidate that extremely strong
electromagnetic elds are located across the roughened Ag
nanoplate surfaces (ESI, Fig. S10†), which contribute to the
extraordinarily strong SERS sensitivity.

As a proof-of-concept demonstration, we utilized the highly
surface-roughened Ag nanoplates to detect DNA, proteins, and
viruses. To avoid potential heating inuence caused by laser
exposure, the power of the laser was maintained at approxi-
mately 100 mW in all of the following biodetections. We rst
used the rough Ag nanoplates to detect DNA without any surface
modications or labelling processes. Fig. 6a shows a SERS
spectrum from single-stranded DNA. The source of each of the
Raman peaks can be attributed to either the backbone of the
DNA, or the nucleotide bases of adenine (A), thymine (T),
guanine (G), and cytosine (C).42–48 Aer DNA hybridization,
distinct changes appeared in the SERS spectrum. DNA hybrid-
ization caused the 1370 cm�1 peak, originating from the T, A,
and G, to shi to 1390 cm�1. In addition, two new peaks
J. Mater. Chem. C, 2014, 2, 8350–8356 | 8353
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Fig. 6 (a) SERS spectra of single-stranded (curve a in black) and
double-stranded DNA (curve b in red). (b) SERS mapping result for
single-stranded DNA at 1590 cm�1. (c) Optical image of the SERS
substrate. Inset: 3D SERSmapping result corresponding to (b). (d) SERS
spectra of Protein A/G at five randomly chosen sites. (e) SERS mapping
result of Protein A/G at 1440 cm�1. (f) SERS spectra of the rhinovirus
type 4 (curve a in green), poliovirus type I wild-type (curve b in black),
and poliovirus type I Sabin (curve c in red).
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appeared at 1270 cm�1 and 1455 cm�1. The 1270 cm�1 peak
may have been caused by either the formation of new bonds or a
change in bond orientation during the hybridization process.
The 1455 cm�1 peak, originating from the out-of-plane vibra-
tions of adenine rings, was likely created by both the rear-
rangement of adenine and the formation of an essentially at
adsorbate adenine ring on the SERS substrate.44 These new
peaks and peak shis clearly prove that changes in the SERS
spectrum can be used to detect DNA hybridization. A detailed
analysis of the SERS-based DNA detection results can be found
in the Experimental section in the ESI.† Fig. 6b and c display the
good reproducibility of SERS signals resulting from the uniform
distribution of hot spots on the rough Ag nanoplates. Fig. 6c
exhibits an optical microscope image of the uniformly struc-
tured Ag nanoplate array.

Proteins are the machinery of life and participate in almost
every cellular process.49–52 Sensitive protein detection tech-
niques allow researchers to gain a more thorough under-
standing of metabolic processes as well as to detect diseases in
their early stages.53 To demonstrate the benets of using highly
surface-roughened Ag nanoplate arrays in protein-specic SERS
applications, we examined the Raman spectra of protein A/G. As
shown in Fig. 6d, protein A/G exhibited strong Raman bands
from the CH2 (or CH3) deformation mode at 1440 cm�1, the
guanine ring mode (at 1560 cm�1), and the asymmetric
stretching vibration of CH2 (at 2920 cm�1).49–53 Five nanoplate
sites chosen at random yielded nearly the same SERS spectra
peaks, exhibiting intensity deviations below 10%. The excellent
reproducibility of these SERS signals is mainly attributed to the
uniform hot spot distribution on the Ag nanoplate arrays. The
SERS mapping image of protein A/G (Fig. 6e) further proved the
high SERS reproducibility from these Ag nanoplate arrays. Such
8354 | J. Mater. Chem. C, 2014, 2, 8350–8356
SERS enhancements provided by these rough Ag nanoplates
create new opportunities in protein detection. Most notably, in
the future, coupling highly surface-roughened Ag nanoplates
integrated with fast SERS detectors could provide an opportu-
nity to monitor both protein kinetics and protein-receptor
interactions.

We further applied our SERS substrate to the detection of
three types of viruses: rhinovirus type 4, poliovirus type 1
Mahoney (PV1M), and poliovirus type 1 Sabin (PV1S). Fig. 6f
shows the SERS spectra of the three viruses. In the SERS spec-
trum of rhinovirus (curve a in Fig. 6f), 400 cm�1, 550 cm�1,
935 cm�1, 1370 cm�1, 1585 cm�1, and 2910 cm�1 peaks can be
attributed to the symmetric out-of-plane bending mode of six-
carbon rings, the disulde stretching mode, the asymmetric
bending mode of the ve-carbon rings, the stretching vibration
of C–N within adenine (or scissoring mode of CH2), tryptophan,
and the asymmetric stretching vibration of CH2, respectively.54

As for the SERS spectra (curves b and c in Fig. 6f) for the two
polioviruses, large peak-shis between the PV1M and the PV1S
indicate that these SERS substrates can be used to distinguish
small structural changes. Specically, the following specic
peaks (and hence their associated molecular structure) were
visible in PV1S: the 830 cm�1 (O–P–O symmetric stretch),55

1060 cm�1 (ribose, phenylalanine),55 1295 cm�1 (amide III from
protein),56 1460 cm�1 (amide II, C–N stretching mode),57 and
2940 cm�1 (the asymmetric stretching vibration of CH2). In
PV1M, the peaks shied to 850 cm�1, 1040 cm�1, 1300 cm�1,
1470 cm�1, and 2945 cm�1, respectively. The 940 cm�1 (C–C
stretch in proteins)55 peak disappeared in the PV1S SERS spec-
trum and was replaced by a new peak located at 645 cm�1

(an out-of-plane bending of carbon six-membered ring from
adenine).58 These results indicated that by using this new SERS
substrate, it was possible to distinguish between small changes
in the pathogen structure without complex chemical or bio-
logical treatments to either the virus sample or to the SERS
substrate. The combination of simplicity, high sensitivity, and
label-free identication makes our highly surface roughened Ag
nanoplate arrays extremely attractive as a convenient, low-cost,
and high-quality SERS substrate for biosensing, bioanalyses,
and diagnostics.58,59

3. Conclusion

In summary, we synthesized large-area, high-purity, and most
importantly, highly surface-roughened Ag nanoplate arrays
using a simple electroplating/etching method with inorganic
borate ions as a capping agent. Layer-by-layer nanoplate growth
combined with electrocorrosion created a massive number of
nanoscale steps and pits, which were uniformly distributed
across the Ag nanoplates. These numerous hot spots and
uniform, high-purity, 3D surface structures collectively made
these Ag nanoplates ideal for SERS-based biosensing applica-
tions. To demonstrate the robustness of these nanoplates as a
SERS substrate, we performed SERS detection on DNA, proteins,
and viruses. The DNA analysis revealed obvious spectral
differences between single-stranded and double-stranded DNA,
establishing the usefulness of SERS for rapid detection of DNA
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4tc01276c


Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
7 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

31
/1

0/
20

14
 1

4:
55

:4
4.

 
View Article Online
hybridization. The highly surface-roughened Ag nanoplates
enabled sensitive characterization of proteins with excellent
reproducibility. Finally, small structural differences between
different strains of viruses strongly shied the SERS peaks,
indicating that SERS substrates enhanced with Ag nanoplates
would allow researchers to differentiate between pathogens. In
addition, the surface-roughened Ag nanoplates eliminated the
need for additional treatments or amplication agents during
the SERS biodetection process. These current efforts devoted to
the structural optimization of highly surface-roughened Ag
nanoplate arrays will facilitate efficient, low-cost, and label-free
SERS biosensing, perhaps leading to practical platforms for
clinical diagnosis.
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