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ABSTRACT

A nanostructured gold-silver-hybrid electrode for SER spectroelectrochemistry was developed which advantageously combines the
electrochemical properties and chemical stability of Au and the strong surface enhancement of (resonance) Raman scattering by Ag. The
layered device consists of a massive nanoscopically rough Ag electrode, a thin (2 nm) organic layer, and a ca. 20 nm thick Au film that may
be coated by self-assembled monolayers for protein adsorption. The SERR-spectroscopic and electrochemical performance of this device is
demonstrated using the heme protein cytochrome c as a benchmark model system, thereby extending, for the first time, SE(R)R studies of
molecules on Au surfaces to excitation in the violet spectral range. The enhancement factor is only slightly lower than for Ag electrodes
which can be rationalized in terms of an efficient transfer of plasmon resonance excitation from the Ag to the Au coating. This mechanism,
which requires a thin dielectric layer between the two metals, is supported by theoretical calculations.

Surface enhanced Raman (SER) spectroscopy is a well-
established technique in various fields of (bio)analytical
chemistry and interfacial sciences.1-6 The method exploits
the enhancement of the Raman scattering from molecules
in the proximity of nanoscopically rough metal surfaces due
to the coupling of the oscillating electric field of the incident
and scattered radiation with the surface plasmons of the
metal. Of special interest is the combination of SER
spectroscopy with electrochemical methods for applications
in bioelectrochemistry or biosensors. Such a SER-active
device can be constructed using electrochemically roughened
electrodes or thin films, which are adsorbed via electrodepo-
sition on a structured template.

The enhancement of SER-active electrodes is primarily
determined by the wavelength-depending dielectric properties
of the metal that largely restrict the applicability of SER

spectroscopy to Ag and Au. Whereas Ag provides a good
enhancement throughout the visible and near-infrared region,
Au is applicable for SER spectroscopy only for excitation
wavelengths above ca. 550 nm since below this wavelength
photoinduced transitions from d-band electrons to the
conducting band effectively damp the surface plasmon
resonances.

However, for SER spectroscopy, excitation below 550 nm
is preferable since, according to the ν4-law, the intrinsic
Raman intensity increases with decreasing excitation wave-
length. Furthermore, the vast majority of molecules exhibit
electronic transitions below 550 nm such that the combina-
tion of the molecular (pre)resonance Raman and the SER
effect (surface enhanced resonance Raman, SERR), which
drastically increases the sensitivity, can mainly be exploited
with excitation wavelengths shorter than 550 nm. Thus, a
significantly higher sensitivity of SE(R)R measurements is
usually achieved with Ag surfaces. On the other hand, using
Ag as a substrate is associated with a serious drawback
specifically for spectroelectrochemical and biological ap-
plications. First, due to the low oxidation potential, SER-
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spectroscopic studies with Ag electrodes are limited to a
distinctly narrower potential range than with Au electrodes.
Second, Au is a more biocompatible metal than Ag that, in
contact with aqueous solutions, inevitably forms Ag+ cations
that can attack and degrade biopolymers. For these reasons,
it would be highly desirable to fabricate SER-active Au-
based substrates with surface plasmon resonances at higher
energies such that the specific advantages of Au and Ag can
be combined.

Considerable efforts have been made to design Au-Ag-
hybrid systems, such as mixed Ag(core)/Au(shell) nanopar-
ticles7-11 or Ag(Au) nanoparticles immobilized on metal
supports.12-14 Although the Ag-Au interactions caused
changes of the surface plasmon resonances of the hybrid
systems none of these systems reported so far have led to a
surface enhancement of the Raman scattering for adsorbates
below 500 nm.

In the present work, we have employed a different strategy
to construct an Au-Ag hybrid device in which both metals
are separated by an ultrathin insulating organic film. This
device exhibits the electrochemical properties of an Au
electrode while the optical properties are very similar to that
of Ag surfaces. The performance of the Au-Ag hybrid
electrode is tested by using the heme protein cytochrome c
(Cyt-c) as a benchmark system for biological applications.
Cyt-c has been characterized in numerous studies by cyclic
voltammetry (CV) and SERR spectroscopy when im-
mobilized on Au and Ag electrodes, respectively.1,15-20 The
protein can be electrostatically bound to Au and Ag
electrodes coated with self-assembled monolayers (SAMs)
of carboxyl-terminated mercaptanes revealing an ideal
Nernstian behavior. Because of the strong electronic transi-
tion of the heme group at ca. 410 nm, excitation at 413 nm
affords intense SERR spectra of the cofactor solely of the
immobilized proteins on Ag surfaces.17,21

In the present approach, a Ag electrode, mechanically
polished and electrochemically roughened as described
previously,22 served as support for the hybrid system. The
surface morphology of the roughened Ag electrode was
characterized by scanning electron microscopy (SEM) re-
vealing a porous surface structure with a grain size between
60 and 100 nm (Figure 1A).

The electrode was subsequently immersed in a 1 mM 11-
amino-1-undecanethiol (AUT) solution in ethanol for 24 h
to form stable self-assembled monolayers (SAMs). After
gently washing with ethanol, the SAM-modified electrode
was treated with a 1% (wt) AuCl4

- solution in ethanol for
2-4 h and subsequently rinsed with ethanol and dried under
nitrogen. Finally, the electrode was inserted into a deaerated
0.1 M KCl solution to reduce the adsorbed AuCl4

- ions at
-0.5 V (versus 3 M Ag/AgCl) for 5 min. To guarantee
reproducible Au coverage, the reduction of Au(III) was
monitored chronoamperometrically. Optimum SERRS in-
tensity was found when the reductive current dropped to 1%
of its initial value after ca. 30 s (See Figure 3B and
Supporting Information). This characteristic reduction time
τR(1%) depends on the incubation time of the Ag-AUT
electrode in the AuCl4

- solution, which was adjusted to

achieve τR(1%) ≈ 30 s for all electrodes used in this work.
SEM microscopic images demonstrate that Au islands are
formed with an average lateral dimension of 300-400 nm
and a thickness of less than 20 nm (Figure 1B,C). The SEM
data further show a nearly complete coverage of the surface
by the Au island films revealing a distinctly smoother and
more homogeneous morphology than the Ag support (Figure
1A). Elementary analysis of the surface was performed with
energy dispersive X-ray spectroscopy (EDX) confirming that
the outer layer of the hybrid electrode consists of pure Au
(Figure 2A). In Figure 2A, a representative EDX spectrum
of the hybrid electrode (red) is compared with that of a
reference system in which a massive smooth Ag electrode
was sputtered with Au to form a 20 nm thick and uniform
Au layer (blue). In both spectra, the intensity ratio of the
Au and Ag peaks is the same which points to a similar Au
layer thickness. Taking into account the dependence of the
EDX intensity on the incident angle of the electron beam
these results, therefore indicate that the Au layer thickness
of the hybrid electrode is equal or less than 20 nm, which is
consistent with the SEM data (vide supra).

For biocompatible immobilization of Cyt-c (yeast iso-1
cytochrome c), the Au surface of the Au-Ag hybrid device
was coated with a mixed SAM of 11-mercapto-undecanoic
acid (MUA) and 11-mercapto-1-unodecanol (MU) by incu-
bation in an equimolar (1 mM) ethanolic solution of MUA
and MU for 24 h. Afterward the Au-Ag electrode was
placed in an electrochemical cell using Pt wire as the counter
electrode and Ag/AgCl (3 M KCl) as reference electrode.
Electrostatic adsorption of the protein was achieved within
30 min at a potential of -0.4 V from a diluted aqueous
solution of Cyt-c (0.2-0.4 µM) buffered at pH 7.0.

The CV of Cyt-c adsorbed on the coated Au-Ag electrode
was measured in a deaerated aqueous solution (pH 7.0)
including 12.5 mM phosphate buffer and 12.5 mM potassium
sulfate (Figure 2B). The CV displays nearly symmetric
oxidative and reductive peaks indicating a reversible redox

Figure 1. SEM images of SER-active Ag and Au-Ag hybrid
electrodes. (A) Ag, top view, (B) Au-Ag, top view, and (C)
Au-Ag, scratch through the layer. (D) Schematic illustration of
Cyt-c adsorbed on the Au-Ag hybrid electrode.
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reaction of the immobilized Cyt-c and a good electronic
communication between the protein and the metal substrate.
Integration of the peaks allows estimating the surface
coverage of Cyt-c to be ca. 8.5 × 10-11 mol cm-2. The CV
peaks are distinctly stronger than those in the CV obtained
from Cyt-c immobilized on SAM-coated Ag electrodes,
where a surface coverage of 2.3 × 10-11 mol cm-2 was
estimated. Furthermore, CV curves of Cyt-c on Au-Ag
hybrid electrodes lack the oxidative peak of Ag at ca. +0.15
V. This finding implies that the electrochemical properties
of the Au-Ag hybrid device are essentially the same as those
of a pure Au electrode. It further confirms the conclusion
drawn from the SEM and EDX measurements that Ag is
not in contact with the aqueous solution.

SERR spectra of Cyt-c immobilized on SAM-coated Ag
and Au-Ag hybrid electrodes were measured with 413 nm
excitation using the experimental setup described previ-
ously.22 SER activity on a rough metal surface decreases with
time and preparation of the SAM-coated Ag and Au-Ag
hybrid devices required 24 and 48 h, respectively. Thus, the
comparison of the SERR spectra from both devices was made
48 h after roughening of the supporting metal. In all cases,
the electrode potential was set to -0.4 V such that the
immobilized protein is fully reduced. Band positions and
relative intensities of both SERR spectra are identical and
also agree very well with the RR spectrum of Cyt-c in
solution indicating that the native active structure is preserved
upon immobilization on coated Ag and Au-Ag electrodes

Figure 2. (A) EDX spectra of the Ag-Au electrode (red), determined from a spot of 25 µm2, and a smooth Ag reference system coated
with a 20 nm Au film (blue). (Inset) SEM images of the samples used for EDX measurements (top, Au-Ag electrode; bottom, reference
system) (B) Cyclic voltammograms of Cyt- c adsorbed on Ag (black) and Au-Ag (gray)electrodes coated with MUA/MU-SAMs (scan
rate: 0.1 V/s).
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(Figure 3A). As shown in Figure 3A, both types of electrodes
provide nearly the same SERR intensities of the immobilized
Cyt-c. If one corrects for the different Cyt-c surface coverage,
the actual surface enhancement of Au-Ag electrodes is only
ca. 4 times lower than that for Ag electrodes.

To explore the origin of the unexpected enhancement
effect, various control measurements were carried out. First,
no SERR signal could be detected from an AUT-coated Ag
electrode in contact with a Cyt-c-containing solution. Thus,
it can be ruled out that the SERR spectrum of Cyt-c on
Au-Ag hybrid electrodes partially results from proteins that,
due to holes in the Au island films, have been directly
adsorbed on the AUT-coated Ag support. Second, using a
mechanically polished and thus smoother Ag support affords
a much weaker SERR spectrum of Cyt-c adsorbed on the
coated Au overlay. Third, no SERR spectrum of Cyt-c was
obtained with 413 nm excitation for Au-Au devices in which
the Ag support is replaced by Au. Consequently, we conclude
that optimum enhancement requires a nanoscopically rough
Ag support for initial optical excitation in the violet region.
In fact, due to interband electronic transitions, optical
excitation of surface plasmon resonances of Au can be ruled
out at 413 nm. Optical excitation of the underlying Ag
support requires that the Au film is sufficiently transparent
for the incident radiation (413 nm). This is indeed the case,

since according to the Fresnel theory for normal incidence,
44% of the incoming light is transmitted through a 16 nm
gold film.

Direct deposition of Au island films on an electrochemi-
cally roughened Ag electrode affords a 4 times lower SERR
signal as compared to hybrid devices including the dielectric
spacing (Figure 3 A, inset). A comparable decrease in
intensity was observed when a conductive (poly)ethylene-
imine (PEI)/electrolyte layer is used as a spacer instead of
AUT. We, therefore, conclude that an insulating thin film is
required for optimum surface enhancement via the Au
surface. This finding is supported by previously published
theoretical and experimental results that indicate an increased
surface enhancement for closely spaced but separated nano-
particles or films23-25 as compared to nanostructured metal
substrates.26

To rationalize the experimental findings, we have calcu-
lated the distance-dependent electric field enhancement for
coated Ag and Au-Ag nanoparticles that may be considered
as a first approximation for the nanoscopically rough surfaces
of Ag and Au-Ag hybrid electrodes. The underlying model
is based on an Ag sphere of 100 nm radius coated with a
dielectric (SAM) layer of 2 nm thickness (Figure 4). The
Au-Ag hybrid device is mimicked by adding a 16 nm thick
Au shell and an additional SAM layer (2 nm). In both cases,
water was used as surrounding medium. The dielectric
functions for Ag and Au were taken from Johnson and
Christy.27 The permittivity of the SAM and H2O was assumed
to be 2 and 1.77, respectively. Because of the size of the
system the Maxwell equations were solved in the quasistatic
approximation neglecting retardation effects. An expansion
of the electrostatic potential in spherical harmonics was used
to solve the Poisson equation in spherical coordinates where
boundary conditions at the interfaces of the shells had to be
matched. Because of the symmetry, only dipole modes
contribute to the field enhancement defined by the square of
the ratio of the electric field strengths in the presence and in
the absence of the nanosphere (see Supporting Information
for further details). The calculations refer to the field

Figure 3. (A) SERR spectra of Cyt-c adsorbed on Ag (black) and
Ag-AUT-Au (gray) electrodes. (Inset) SERR spectrum of Cyt-c
adsorbed on Au-Ag electrodes with Au directly deposited on Ag
without a dielectric spacer. The spectra were obtained with 413
nm excitation (2.5 mW) and 3 s accumulation time at an electrode
potential of -0.4 V vs Ag/AgCl. (B) SERR intensity of the ν4 band
(1360 cm-1) as a function of reduction time τR(1%) (see also
Supporting Information).

Figure 4. Distance-dependent electric field enhancement g0 cal-
culated for a SAM-coated Ag sphere (top) and a SAM-coated
Ag-SAM-Au sphere (bottom). The positions of the adsorbed
Cyt-c are indicated by “Cyt”.
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enhancement of the incident radiation g0 at ν0 ) 23 420 cm-1,
which coincides with the plasmon resonance of the Ag
sphere. The field enhancement of the Raman scattered
radiation gRa (at νRa) is not explicitly considered. In view of
the underlying simplifications of the model, it is justified to
assume g0 ≈ gRa such that the SER enhancement factor may
be taken as |g0|2.28,29 Then the magnitude of the enhancement
factor is comparable to the one previously determined by
Kerker et al. for Ag spheres of similar size.28

In Figure 4, g0 is plotted as function of r/R′ where r is the
distance from the center of the Ag sphere and R′ represents
the radius of the Au-Ag multilayer shell. For the Au-Ag
particle at the SAM/water interface (r/R′ ) 1.0) the field
enhancement g0 is only slightly lower compared to the SAM/
water interface of the Ag sphere (r/R′ ) 0.85), which is in
qualitative agreement with the experimental finding. Com-
paring the calculated data for r/R′ ) 1.0, the predicted field
enhancement is nearly two times higher for Au-Ag than
for Ag nanospheres. Again, these data are consistent with
the experimental findings that in this wavelength region the
inner AUT-SAM layer is essential for an efficient transfer
of optical plasmon excitation from the Ag sphere to the Au
coating.

The calculated field enhancement reveals a strong depen-
dence on the permittivity of the media as indicated by the
abrupt changes of g0 at the SAM/H2O interfaces (Figure 4).
These breaks can be attributed to internal reflections at the
interface between media of higher (SAM) and lower (H2O)
permittivity. It is interesting to note that despite the attenu-
ation of the incident light by the Au layer, a stronger electric
field enhancement is predicted in the region of the AUT-SAM
of the Ag/SAM/Au multilayer sphere as compared to the
AUT-coated Ag nanoparticle. This result is in line with
previous studies suggesting particular high field enhance-
ments in the interspace between two metal particles.13,23,26

Conversely, the lack of such a dielectric spacer between the
metal layers may thus account for the attenuated SER
intensities observed upon direct deposition of Au on Ag
electrodes. An even stronger reduction of SER intensity for
Au nanoparticles directly coated with SERS-inactive metals
(Pt, Pd, or Ni) was found by Tian et al.30 In the latter study,
using 632 nm irradiation that provided optical exitation of
the Au surface plasmons, a decrease of the enhancement by
a factor of 10 was estimated for molecules adsorbed on the
7 nm thick layer of the inert metals.

The sensitivity of the Au-Ag hybrid device developed in
this work is not restricted to excitation in the violet region. Upon
514 and 568 nm excitation, high quality SER spectra of Cyt-c
adsorbed on Au-Ag-hybrid electrodes could be obtained with
intensities comparable to those at pure Ag substrates (Figure
5). Furthermore, upon 647 nm excitation SER spectra of the
MUA-SAM are weaker only by a factor of 2 on Au-Ag
electrodes compared to Ag electrodes. These wavelength-
dependent changes of the relative SE(R)R enhancement for
Au-Ag hybrid and pure Ag electrodes can be understood
in terms to the wavelength-dependent transmittance of the
Au film, which for a thickness of 16 nm is calculated to be
77, 69, and 48% at 514, 568, and 647 nm, respectively.

In summary, we have demonstrated that the novel Au-Ag
hybrid device developed in this work is suitable for SE(R)R
spectroscopy in the entire visible spectral region. Because
of an efficient transfer of plasmon excitation from the Ag to
the Au coating, the magnitude of the enhancement is
comparable to that for pure Ag systems while displaying the
electrochemical stability of gold. These properties expand
the perspectives of applying SER-spectroscopic techniques,
due to the better biocompatibility of Au and its significantly
higher importance in heterogeneous catalysis as compared
to Ag. These applications may include more sensitive
approaches in detecting and identifying biomolecules in
analytic assays by combining the molecular (pre)resonance
and surface enhancement effects upon excitation in the violet
region. This improved sensitivity of the hybrid devices may
also allow for monitoring catalytic processes in situ with and
without electrochemical control. Finally, these SER spec-
troscopic applications are not restricted to stationary mea-
surements but may also be extended to the time-resolved
domain to probe the dynamics of interfacial reactions, as
already established for Ag electrodes.1
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Figure 5. SERR spectra of Cyt-c on Ag (black) and Au-Ag (gray)
electrodes at -0.4 V (vs Ag/AgCl) obtained upon excitation with
(A) 514 nm (3.2 mW) and (B) 568 nm (1.5 mW). The accumulation
time was 5 and 30 s for 514 and 568 nm excitation, respectively.
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