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and food safety.

A close-packed 2D assembly of plasmonic gold nanostructure was fabricated on a diamond-like carbon film by a
two-step electrodeposition via reduced graphene oxide (rGO) modulation. The oxygen functionalities at the rGO
surface which were controlled by changing electrochemical reduction time of GO provided reactive sites for nucle-
ation and growth of gold nanoparticles. The Raman intensity of rhodamine B obtained from the gold assembly
showed an 860-fold increase compared with that from Si reference, indicating a coupling of localized electromag-
netic field enhancement and chemical enhancement. Our research offered a novel way for metallic plasmonic fab-
rication to realize their potential applications in biochemical analysis, environmental monitoring, disease detection

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Surface-enhanced Raman scattering (SERS) is recognized as a
promising analytical technique in chemical and biological detections
because of its high sensitivity to low-concentration molecules
adsorbed on substrates [1-3]. The SERS-active substrates have ranged
from highly roughened metallic films, nanoparticle (NP) colloids to
periodic nanostructures, and the NP size, shape, distribution, and
the spacing between adjacent NPs affect local electromagnetic fields
(known as “hot spots”) in the nanoscale gap regions of coupled NPs
[4-6]. Different fabrication techniques including chemical self-
assembly, electrochemical deposition, photolithography and electron
beam lithography have been carried out for precise control of repro-
ducible metallic nanostructures [2,4,6-8]. However, the surfactant
dosages, reaction rate and temperature need to be accurately con-
trolled in a chemical reaction process and the resulting metallic nano-
structures must be separated from heterogeneous impurities before
use. The lithography techniques are used restrictedly considering the
throughput and cost. The electrodeposition with simple, rapid and
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low-cost properties can produce well-defined metallic nanostructures
with SERS-active nature [6,7] though adsorbed molecular geometries
and orientations are uncontrollable on the metal surfaces. Graphene
with 2D planar structure is an alternative SERS-active substrate owing
to its efficient luminescence quenching for adsorbed molecules [9,10].
The graphene nanosheets combined with metallic NPs [6,11-14]
show the potential predominance for low-concentration molecule
detection and the oxygen functionalities at graphene surface
which are related to the reduction degree of graphene oxide (GO)
affect the morphologies and quantities of metallic nanostructures
on graphene nanosheets [15,16]. Despite extensive experimental
and theoretical efforts, the controversies about enhancement con-
tributions from electromagnetic mechanism (EM) and chemical
mechanism (CM) still exist [17,18].

In this paper, we report a graphene-mediated growth protocol to
fabricate plasmonic gold nanostructures on a nitrogen doped
diamond-like carbon (DLC:N) film by an electrochemical method. The
DLC:N film containing sp>- and sp?-bonded carbon atoms is chemically
stable and electrochemically active, which is suitable as the electro-
chemical electrode to construct gold nanostructures [19] for SERS de-
tection [20,21]. Furthermore, the GO nanosheets are electrochemically
reduced to rGO (reduced GO) to modulate the 2D assembly of gold
plasmonics on DLC:N surface by a two-step electrochemical process
(Fig. 1a). The effect of rGO reduction degree on the nucleation and
growth of gold nanostructures is investigated. The enhancement contri-
butions in SERS signals of rhodamine B (RhB) molecules obtained from
the hybrid assembly are discussed.
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Fig. 1. (a) Schematic illustration of the fabrication of reduced graphene oxide (rGO) modulated 2D assembly of gold plasmonics. (b) Cyclic voltammograms of different-thickness
GO electrochemical reduction on Si/DLC:N/Au surface. (c) C 1s spectra, (d) Raman spectra and (e) XRD patterns of GO and rGO sheets.

2. Experimental
2.1. Reagents

Graphite (50 um) was purchased from Shanghai Carbon Co., Ltd.
HAuCl,-3H,0 (purity 99.99%) and RhB (purity 98%) were supplied
by Sigma, USA. All other chemicals were of analytical grade and
used without further purification. The water was obtained from a
Millipore Q purification system (resistivity>18 MQcm).

2.2. Preparation of Si/DLC:N/Au/rGO/Au substrate

The 100-nm-thick DLC:N films (4.0 at.% N) were deposited on silicon
substrates by a filtered cathodic vacuum arc system as described in liter-
ature [22]. The Si/DLC:N specimens were immersed into a 75 mM
KH,PO,4 solution containing 2 mM HAuCl, to electrodeposit gold NPs
on DLC:N surfaces at —0.8 V (vs. saturated calomel electrode, SCE) for
600 s. An electrochemical workstation (CHI 630D, USA) with Si/DLC:N
working electrode, SCE reference electrode and platinum foil counter
electrode was used. Besides, the Si/Au and Si/DLC:N/Au specimens with
10-nm-thick magnetron-sputtered gold films were fabricated as
references.

After gold NP electrodeposition, a 0.5 mg/mL exfoliated GO aque-
ous solution prepared by modified Hummers method [23,24] was

spin-coated on Si/DLC:N/Au surfaces at 4000 rpm for 30 s and the
GO thicknesses were tailored by changing GO solution volumes. The
different-thickness GO were further electrochemically reduced for
10 min in a 20 mM KH,PO4 supporting electrolyte with the potential
controlled from 0 to —1.5 V (vs. SCE) at 0.1 V/s. The secondary gold
electrodeposition on Si/DLC:N/Au/rGO and Si/DLC:N/Au surfaces was
then carried out at —0.8 V (vs. SCE) for different times, and the speci-
mens were correspondingly labeled as Si/DLC:N/Au/rGO/Au and Si/
DLC:N/Au/Au, respectively. The Si/DLC:N/Au(sputtering)/rGO, Si/
DLC:N/Au(sputtering)/rGO/Au(electrochemistry) and Si/DLC:N/rGO/
Au(electrochemistry) without primary gold loadings were prepared
as the controls.

2.3. Characterization

The C 1s spectra and X-ray diffraction (XRD) patterns of GO and
rGO sheets were collected by X-ray photoemission spectroscopy
(XPS, KRATOS AXIS ULTRA-DLD) and a diffractometer (Bruker AXS
D8) using Cu K radiation (A=0.15418 nm). The gold morphologies
were observed by a scanning electron microscopy (SEM, Hitachi
S4800). All samples for SERS measurement were incubated in the
10~ M RhB aqueous solutions for 24 h to form an adsorbed mono-
layer and the SERS spectra were acquired with a Thermo Fisher DXR
Raman spectrometer using a He-Ne laser (A =632.8 nm).
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3. Results and discussion
3.1. Microstructures

Fig. 1b shows the cyclic voltammograms of different-thickness GO
reduction on Si/DLC:N/Au surface. The cathodic current peak at about
—0.9 V is attributed to oxygen group reduction of GO surfaces [25]
and disappears after several scans for thin GO sheets (about 2-5 nm),
hinting the quick and irreversible reduction process. For the thick GO
sheets about 5-8 nm, the reduction current is higher due to more oxy-
gen groups and the cathodic current peak is still visible after a 10 min
reduction, indicating a slighter reduction of thicker GO compared to
the thinner one. The C 1s spectra in Fig. 1c are decomposed into five
peaks, corresponding to C=C, C-C, C-0, (=0 and O-C=0 bonds
[22,26], respectively. The C/O atomic percentage increases from 1.66
for GO to 3.58 for thick rGO to 4.32 for thin rGO, demonstrating en-
hanced reduction degree from GO to rGO. This can be further deduced
from Raman spectra (Fig. 1d). Compared with DLC:N with a broad
Raman peak [22], the GO and rGO sheets display two prominent
peaks at 1340 cm~! and 1590 cm™!, corresponding to D and G
bands, respectively. The higher intensity ratio of D peak to G peak for
thin rGO confirms the higher reduction degree of rGO with restored or-
dered structure [16,25,27]. The XRD patterns of GO sheets in Fig. 1e
show five diffraction peaks of gold and the (002) peak of GO at 20 =
10.2°, corresponding to a layer-to-layer distance d=0.87 nm. This
peak moves to 20=254° (d=0.35nm) after electrochemical

reduction due to intercalated water molecules’ elimination between
neighboring rGO sheets [25].

Fig. 2 shows the gold NP morphologies of different substrates. The
average size of gold NPs on Si/DLC:N surface after a 600 s deposition is
about 58 nm (Fig. 2a). The thin rGO sheets on Si/DLC:N/Au surface are
smooth and semi-transparent with gold nanostructures clearly dis-
tinguishable (Fig. 2b). After the second-time gold electrodeposition
(600 s), the secondary gold of Si/DLC:N/Au/Au is more inclined to
preferentially grow at previous gold surfaces, increasing the gold
size to about 66 nm (Fig. 2c). While under rGO modulation, the sec-
ondary gold NPs renewedly nucleate and grow on the reactive sites
of rGO related to oxygen-containing functional groups [15,16,28].
The small-size gold NPs formed on Si/DLC:N/Au/rGO surface with
thin rGO sheets after a 30 s deposition (Fig. 2d) develop to an approx-
imately bespreaded NP layer after a 100 s deposition (Fig. 2e), and fur-
ther form a close-packed 2D assembly of gold plasmonics (Fig. 2f). The
gold NPs on Si/DLC:N/Au/rGO surface with thick rGO sheets after the
30 s deposition present larger sizes and higher covering due to highly
dispersed oxide groups for gold nucleation on the slighter reduced
rGO (Fig. 2g) [16]. Lengthening the deposition time to 100 s does
not obviously change gold-NP sizes and densities (Fig. 2h) since the
sp> predominated network with slighter reduced rGO promotes gold
NPs' dispersion along the rGO surfaces but not agglomeration [28].
Therefore, the gold nucleation at rGO surfaces might mainly be
governed by oxygen groups with negative charges for Au®>* adsorp-
tion in the solution. Besides, the previous gold NPs below the rGO

Fig. 2. SEM images of (a) Si/DLC:N/Au, (b) Si/DLC:N/Au/rGO, (c) Si/DLC:N/Au/Au, (d)-(f) Si/DLC:N/Au/rGO/Au with thin rGO sheets for (d) 30 s, (e) 100 s and (f) 600 s secondary
gold electrodeposition, (g)-(h) Si/DLC:N/Au/rGO/Au with thick rGO sheets for (g) 30 s and (h) 100 s secondary gold electrodeposition, and (i) Si/DLC:N/rGO/Au with thin rGO

sheets for 100 s gold electrodeposition.
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sheets might also contribute to the secondary gold growth by favoring
the electron transfer, forming more uniform gold assembly (Fig. 2e)
compared to the Si/DLC:N/rGO/Au control (Fig. 2i) after the 100 s
deposition.
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Fig. 3. (a) and (b) SERS spectra of 10~° M RhB adsorbed on different substrates. (c)
Relative Raman intensity of RhB adsorbed on different substrates by setting the signals
on the Si substrate to “1”.

3.2. SERS responses

Fig. 3 shows the SERS signals of 10~% M RhB adsorbed on differ-
ent substrates. Some visible Raman enhanced signals can be detected
from Si/DLC:N because of the resonant Raman scattering induced by
the coupling of sp2-hybridized clusters of carbon with special sizes and
probing photons. After the gold NPs' electrodepositon, the SERS signal
of RhB from Si/DLC:N/Au is enlarged greatly and displays several charac-
teristic peaks at 620 cm~' (aromatic bending), 1200 cm ' (aromatic
C-H bending), 1278 cm™! (C-C bridge-bands stretching), 1360 cm ™!
(aromatic C— C stretching), 1506 cm ™! (aromatic C— C stretching) and
1648 cm~ ' (aromatic C-C stretching) (Fig. 3a) [4]. This obvious en-
hancement in Raman signal can be interpreted as the dramatic change
of localized electromagnetic field of gold with DLC:N layer [20,21]. The
magnetron-sputtered gold films are not beneficial to Raman signal en-
hancement due to more smooth surfaces compared to gold NPs. To our
surprise, the Raman signal of RhB obtained from Si/DLC:N/Au/rGO with
thin rGO sheets is obviously enhanced by up to 500 times compared to
that from electrochemically fabricated Si/DLC:N/Au (260-fold increase)
by setting the signal on the Si substrate to “1” (Fig. 3b and c). This
might be due to the diplex effects of intense localized electromagnetic
fields created by surface plasmon polaritons at gold NPs [5,8] and the
charge transfer between close aromatic molecules and rGO nanosheets
due to their energy gap matching [9]. However, the Raman amplification
degree is weakened dramatically as rGO thickness increases due to the
“first-layer effect” of CM based on rGO [9,12]. After the secondary gold
electrodeposition, the rGO modulation makes gold NPs realign to form
close-packed 2D assembly. The junction areas between adjacent NPs gen-
erate plasmon resonances or “hot spots”, giving rise to more intense and
localized electromagnetic fields than dispersed NPs when excited by inci-
dent laser [5]. This might be most responsible for the enhanced Raman
signal by up to 860 times for Si/DLC:N/Au/rGO/Au with thin rGO after
600 s electrodeposition (Fig. 3¢c). Besides, the electron donation from
rGO layers to Au NPs (p-type doping effect) might produce more
negatively charged gold NPs and prefer adsorb positively charged
RhB molecules, resulting in higher SERS selectivity [12]. Notice
that an interlayer electric field in the out-of-plane direction might
be formed on the Au/rGO/Au sandwich structure when rGO sheets
could be corrugated [14]. In our present result, the in-plane polari-
zation between adjacent NPs might play a main role for the SERS
signal, which gives a reasonable explanation for the comparatively
weak signal obtained from Si/DLC:N/rGO/Au control due to the dis-
persed gold NPs on it. Besides, the weaker SERS signals obtained
from Si/DLC:N/Au(sputtering)/rGO/Au(electrochemistry) and Si/
DLC:N/Au(sputtering)/rGO controls compared to the Si/DLC:N/Au/
rGO/Au and Si/DLC:N/Au/rGO samples with electrodeposited gold
NPs also hint the important role of previous gold NPs below the
rGO sheets in the Raman signal enhancement, which is consistent
with the reported result of Kim et al. [14].

4. Conclusions

A 2D assembly of plasmonic gold nanostructure was prepared on a
nitrogen doped diamond-like carbon (DLC:N) film by an electro-
chemical method under reduced graphene oxide (rGO) modulation.
The size and density of gold nanoparticles depended principally on
the oxygen functionalities at the rGO surface related to rGO reduction
degree. The fabricated Si/DLC:N/Au/rGO/Au was directly used as a
highly SERS-active substrate for rhodamine B molecule detection in
terms of a near-field coupled electromagnetic enhancement caused
by close-packed gold plasmonics as well as chemical enhancement
induced by the charge transfer between close aromatic molecules
and fewer-layered rGO nanosheets. The novel, simple, fast and
low-cost fabrication process favored the 2D plasmonic metallic nano-
structure a dramatic SERS sensitivity for rhodamine B detection,
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which was valuable for hybrid assembly application in nano-optical
devices, and molecule-level detectors and sensors.
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