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surface-enhanced Raman
scattering by the oxidation of capping agents on
gold nanoparticles†

M. V. Gorbachevskii, D. S. Kopitsyn, M. S. Kotelev, E. V. Ivanov, V. A. Vinokurov
and A. A. Novikov *

Surface-enhanced Raman spectroscopy is a powerful analytical method, and is especially useful for the

detection of nitrogen- and sulfur-containing organic substances in trace amounts. SERS substrates with

high enhancement factors can be produced via the aggregation of gold nanoparticles, leading to the

formation of ‘hot spots’ – regions of highest electric field intensity and Raman scattering enhancement.

Thus, the availability of gold surfaces in ‘hot spots’ for the adsorption of analyte molecules strongly

influences the enhancement factor of a substrate. We studied the kinetics of oxidation of dyes with

hydrogen peroxide in the presence of citrate-capped gold nanoparticles and discovered the

amplification of surface-enhanced Raman scattering, probably due to the oxidation of citrate ligands and

the additional adsorption of dye molecules onto vacant spots on the gold surface. Maximum

amplification was observed with 3% (v/v) hydrogen peroxide in the reaction medium. Under optimized

conditions, model analytes can be detected at concentrations as low as 1 � 10�9 M, which is ten times

lower than the detection limit without hydrogen peroxide addition.
Introduction

Surface-enhanced Raman spectroscopy on gold nanoparticles is
a powerful analytical method. Among the metals with plasmon
resonance in the visible spectrum, gold is the most stable in
relation to oxidation. In contrast to the inertness of bulk gold,
gold nanoparticles demonstrate profound catalytic activity. This
fact opens the way for studies combining the catalytic and SERS
activities of gold nanoparticles.1–9 The properties of gold
nanoparticles are highly dependent on their size: most active
gold catalysts are smaller than 10 nm,9–12 while high enhance-
ment of Raman scattering is observed for nanoparticles larger
than 20 nm.13,14

In order to combine high catalytic activity and Raman
enhancement, gold nanoparticles of different sizes can be
employed together. The catalytic activity of gold nanoparticles
can be blocked by a thin layer of silica, thus allowing combined
studies of redox reactions, such as the reduction of 4-nitro-
thiophenol using large shell-isolated nanoparticles as a Raman
enhancer and small satellite nanoparticles as catalysts.2 Cata-
lytically active SERS nanostructures can be prepared via the self-
assembly of gold nanoparticles at a water–dimethyl carbonate
interface. The assembled thin lms can be transferred to
@gubkin.ru

(ESI) available: TEM images of gold
See DOI: 10.1039/c8ra00417j
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a silicon substrate and successfully used for the in situ moni-
toring of the same model reaction.15

The resistance of gold nanoparticles to oxidation provides
the opportunity to study not only reduction, but also oxidation
reactions.2,16–19 These studies are particularly promising
considering recent advances in redox “nanozymes” research –

these are biomolecule–nanoparticle complexes that display the
catalytic or electron transfer properties of metal
nanoparticles.20–22

For SERS-controlled studies of redox reactions over a broad
concentration range, high enhancement factors are required.
The enhancement factor in its turn crucially depends on the
accessibility of gold nanoparticle surfaces for the reactants or
reaction products. Highly accessible surfaces can be provided
by citrate-stabilized nanoparticles, because citrate can be easily
exchanged for most –NH or –SH functionalized ligands.23–25

Ligand-free nanoparticles produced via laser ablation also have
good surface accessibility.26,27

Even with easily exchanged ligands such as citrate, hot spots
in ensembles of aggregated nanoparticles may be blocked by
excess capping agents and by-products of wet chemical
synthesis, resulting in poor and irreproducible enhancement
factors. Thus, the introduction of an oxidizing agent into
a colloidal system may have a signicant effect on it.

In this work, we report for the rst time to our knowledge the
effects of SERS amplication via the oxidation of a citrate
capping agent using hydrogen peroxide. This effect lowers the
detection limit for model analytes up to ten times.
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