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Determining the catalytic activity and the reaction kinetics
are key issues when new catalysts are developed, character-
ized, and introduced. Catalysis at the nanoscale employing
nanoparticles has great potential because of their new
catalytic properties, high surface-to-volume ratios, and high
surface reactivity.!!! In principle, reactions at the surface of
metal structures can be studied using molecular surface-
specific spectroscopic techniques.”l The most versatile of
these is surface-enhanced Raman scattering (SERS), which
has been frequently applied in investigations of different
types of reactions at electrochemical interfaces in situ® to
address, for example, the formation of reaction intermedi-
ates, the dependence of electroorganic reactions on elec-
trode potential,” and electron transfer in protein systems.["!
Herein we demonstrate that SERS can be used to study
directly the kinetics of a catalytic reaction in situ. Our
approach is novel by allowing the structural characterization
of the reactant and product surface species in the reaction as
well as investigating rate constants in the same experiment.
This was possible by using separate gold and platinum
nanoparticles that were simultaneously attached to the same
glass surface. Our method is independent of the optical
absorption properties of the reaction products and/or the
catalysts.

In order to investigate a metal-catalyzed reaction with
SERS or other plasmon-supported approaches,” bifunctional
metal structures are needed that have plasmonic properties
and also act as a catalyst.®] A number of catalytically active
composite nanostructures have been reported to enhance the
Raman signals of dye molecules,” and SERS has been used to
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monitor the structural evolution of bimetallic catalytically
active Au-Pt nanoparticles.""’ However, direct observations
of a catalytic process by SERS have been rare as they require
bifunctional nanomaterials.!""! Our approach is different from
those previously reported based on composite nanostructures
with plasmonic (Au) and catalytic (Pt,''* or Pd)!"®! proper-
ties, as we have used separate gold and platinum nano-
particles that are simultaneously immobilized on a glass
surface. Scanning tunneling microscopy (STM) data indicate
that owing to the proximity of the platinum and gold
nanoparticles, the molecules can interact with the platinum
nanoparticles whilst they reside in the local optical fields
provided by the localized surface plasmons of the gold
nanoparticles. The versatility, stability, and general applic-
ability of the immobilized gold nanoparticles for studying
catalytic reactions are demonstrated by the quantification of
the reaction products and the determination of the kinetics
with different catalysts. The results reported therefore have
implications both for basic catalysis research and analytical
applications.

Gold nanoparticles 40 nm in diameter and platinum
nanoparticles less than 2 nm in diameter were prepared by
reported procedures.'” Mixtures of these gold and platinum
nanoparticles were simultaneously immobilized on a glass
surface using 3-aminopropyltriethoxysilane. Figure 1 A shows
an SEM image of the surface of the mixed-nanoparticle
substrate. The gold nanoparticles are uniformly distributed at
the nanoscale, leading also to a homogenous SERS enhance-
ment factor at the microscopic scale (Figure 1B). The
enhancement factor of roughly 10° is as high as that recently
reported by us for surfaces containing only gold nanoparti-
cles.'! The presence of the platinum nanoparticles does not
diminish the SERS enhancement provided by the gold
nanostructures. This is different from composite structures
consisting of gold and platinum®!¥ or palladium.!M® As
shown recently, the immobilization of the nanoparticles
renders them stable towards changes in analyte type and
concentration.!'*1%

We investigated the catalytic activity of the mixed-nano-
particle surfaces using the reduction of p-nitrothiophenol
(PNTP) to p-aminothiophenol (PATP) with sodium borohy-
dride as a model reaction (Scheme 1). The kinetics of the
analogous reaction of nitrophenol with sodium borohydride
to give aminophenol has been investigated frequently, in
particular using UV/Vis absorption.['¥! When platinum nano-
particles act as catalysts, the reaction takes place at the
nanoparticle surface.'®*!”! The borohydride ions react with
the metal, forming a metal hydride. In the following, rate-
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Figure 1. Nanoscopic properties of a substrate with simultaneously
immobilized gold and platinum nanoparticles. A) SEM image, scale
bar: 300 nm. B) Schematic distribution of enhancement factors at
positions (x,y). C,D) STM images of gold and platinum nanoparticles
on 80x 80 nm? and 60x 60 nm? HOPG substrates, respectively. The
SERS enhancement factors in (B) were determined using 5x10 °m
crystal violet as the analyte (1=633 nm, intensity: 2.7x10° Wem™2,
acquisition time: 1 s). Spectra were acquired at a step size of 10 pm,
diameter of the probed spot: 1.5 um (not to scale in the representa-
tion).

NO, NH,

O Pt nanoparticle

Scheme 1. Representation of the reduction of p-nitrothiophenol
(PNTP) by sodium borohydride to give p-aminothiophenol (PATP),
which takes place on mixed-nanoparticle surfaces. The reaction is
catalyzed by the platinum nanoparticles, while the surface-enhanced
Raman scattering (SERS) signal is brought about by local optical fields
of the gold nanoparticles.

limiting step, nitrophenol in contact with the platinum
nanoparticle surface is reduced.!**17)

In order to achieve detection by SERS, the platinum
nanoparticles that interact with the reaction products have to
reside in the local optical fields of the gold nanoparticles.
Figure 1C,D display scanning tunneling microscopy (STM)
images of the particles on a highly ordered pyrolytic graphite
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(HOPG) support. Aggregates of gold nanoparticles with
smaller spherical features attached are clearly seen; their size
fits well with that of the platinum nanoparticles. The platinum
nanoparticles are not chemically bound to the gold nano-
particles and can be removed by the STM tip on continuous
scanning.

The surfaces were functionalized with 2-naphthalenethiol
(2-NT) as the internal standard for relative quantification. 2-
NT is not affected by sodium borohydride. Figure 2 A shows
the SERS spectra of PNTP, PATP, and 2-NT on immobilized
gold nanoparticles.

Figure 2B shows SERS spectra recorded at selected time
intervals after the addition of sodium borohydride to a PNTP/
2-NT-functionalized gold/platinum surface. Initially, the spec-
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Figure 2. A) SERS spectra of p-nitrothiophenol (PNTP), p-aminothio-
phenol (PATP), 2-naphthalenethiol (2-NT), and a mixture of PNTP and
2-NT on APTES-immobilized gold nanoparticles. B) SERS spectra of

a substrate with simultaneously immobilized gold and platinum nano-
particles functionalized with a mixture of PNTP and 2-NT at different
time intervals after the addition of sodium borohydride (4 =785 nm,
intensity: 4.8 x10* Wcem™2, acquisition time: 1s). The spectra are
offset vertically for clarity.
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trum exhibits bands characteristic of PNTP and 2-NT. After
60 s, the intensity of the PNTP bands decreases significantly
and a band at 392 cm ' appears, indicating the formation of
PATP (Figure 2B). The spectra provide no evidence of bands
that could be assigned to p,p’-dimercaptoazobenzene
(DMAB), which can in principle be generated photochemi-
cally from PATP!'® and also from PNTP™! and which has
frequently been found to contribute to the spectra of PATP on
silver surfaces.””! Furthermore, no spectral changes were
observed in a control experiment using PNTP-functionalized
nanoparticles in the absence of sodium borohydride. We can
therefore also exclude the photochemical conversion of
PNTP to PATP under our experimental conditions.

To monitor the reaction over time, the intensity of the
typical PNTP band at 724 cm™',?" which is assigned to the
C—S stretching vibration, relative to the intensity of the ring
deformation band at 599 cm™' of 2-NT® was used for
quantification. In addition, the appearance of the band at
392 cm™!, which is indicative of the formation of PATP, was
monitored. The logarithm of the ratio of the relative
intensities at the beginning and at different time points ¢ in
the reaction is plotted in Figure 3A. As a large excess of
sodium borohydride was used, it can be assumed that the
reaction follows pseudo-first-order kinetics.""! This is similar
to the reaction of nitrophenol with catalytic nanoparticles in
solution and embedded in sol-gel or polymeric carriers. The
reaction rate constant k£ can be determined by Equation (1).

(vt = () W

[PNTP|,
Here [PNTP] is the concentration of PNTP, and 7;,, and Isy
are the intensities of the bands at 724 cm™' and 599 cm™!,
respectively.

To investigate possible effects of the immobilization of the
platinum nanoparticles, we also carried out a modified
experiment, in which the surface consisted of only immobi-
lized gold nanoparticles functionalized with PNTP and 2-NT.
The platinum nanoparticles and the sodium borohydride were
added in solution, in the same ratios to PNTP as in the
experiment with immobilized platinum nanoparticles, and the
kinetics was monitored by SERS. The result is shown in
Figure 3B. The good agreement of the rate constants for the
immobilized nanoparticles (k= 0.011 s') and for the reaction
catalyzed by the nanoparticles in solution (k=0.013s"")
suggests that the association of the platinum nanoparticles
with the surface has no effect on the reaction kinetics, and that
the reaction mechanism is the same in both cases. In contrast
to catalytically active nanoparticles embedded in polymer
matrices, where diffusion of the reactants is influenced by the
properties of the matrix,! the nanoparticles immobilized on
the surfaces are freely accessible.

The results provide evidence that the immobilized gold
nanoparticles can be used to monitor the kinetics of a nano-
particle-catalyzed reaction in solution and hence should be
useful to assess the properties of other catalysts as well.
Figure 3 C shows results for the same reaction in two experi-
ments with the metal acetylacetonates [Cu(acac),] and [Ni-
(acac),] were used as catalysts. Since the relative concen-
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Figure 3. Determination of the rate constants for the reduction of
nitrothiophenol with sodium borohydride based on the intensity ratio
of the band of PNTP at 724 cm™' and of 2-NT at 599 cm™' in SERS
spectra obtained with APTES-immobilized gold nanoparticles. Different
catalysts were used: A) platinum nanoparticles immobilized with the
gold nanoparticles (see Figure 2B), B) platinum nanoparticles in
solution, and C) [Cu(acac),] (squares) and [Ni(acac),] (triangles) in
solution.

trations of PNTP, 2-NT, and the acetylacetonate catalysts are
the same in all experiments, as also confirmed by the band
ratio in the SERS spectra (Figure S2 in the Supporting
Information), we can compare the properties of the different
catalysts. The rate constants of the reactions catalyzed by
these transition-metal complexes are smaller than those
obtained for the platinum nanoparticles in solution (Fig-
ure 3B) and on the surfaces (Figure 3 A), giving k =0.0036 5™
and k=0.0046s"" for [Ni(acac),] and [Cu(acac),], respec-
tively (Figure 3C). The observation that the reaction in the
presence of the nickel complex is slightly slower compared
than that with the copper complex is in accord with previous
work.?!l The reaction is delayed and slowed down in both
cases. In particular, a decrease in the signal intensity of PNTP
becomes evident only 60s after the addition of sodium
borohydride in the reaction catalyzed by [Cu(acac),] (Fig-
ure 3C). One reason for this delay could be that the active
metal hydride complex that has to be present before the
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reduction can take place is formed more slowly® than the
surface complex in the case of the platinum nanoparticles.
Another suggestion could be the formation of metal nano-
particles from the metal acetylacetonate in the presence of
sodium borohydride,”! such that these reactions may also be
catalyzed essentially by the nanoparticles.

UV/Vis experiments with the same ratio of the catalysts to
PNTP and sodium borohydride were conducted for compar-
ison (see the Supporting Information). The relative rate
constants obtained with the platinum nanoparticles and metal
acetylacetonate complex based on SERS and UV/Vis data,
respectively, agree very well (see Figure S1 in the Supporting
Information for the UV/Vis data). However, comparison of
the absolute rate constants from the SERS and UV/Vis
experiments is not possible because of the different exper-
imental conditions. It should be noted that the optical
absorption properties of the catalyst and the reaction
intermediates can interfere with the detection in kinetic
studies based on UV/Vis data. For example, UV/Vis kinetic
data with [Ni(acac),] as the catalyst cannot be obtained
because the absorption of the active metal complex is
superimposed on that of PNTP. In contrast, SERS data of
the reaction are obtained out of electronic resonance, and are
independent of the electronic absorption of the reaction
products or the catalyst.

To summarize, we have demonstrated that the kinetics of
catalyzed reactions can be followed in situ using surface-
enhanced Raman scattering in proximity to aminosilane-
immobilized gold nanoparticles. In particular, we have shown
that catalytically active Pt nanoparticles can be mixed
separately with the plasmonic nanoparticles on the surfaces,
thereby generating a nanostructured surface with both
plasmonic and catalytic properties. This type of approach
has not been reported before. The results indicate that owing
to the proximity of the reactants interacting with the catalyst
nanoparticles to the gold nanoparticles, the relative quantifi-
cation of reaction products based on SERS and extraction of
kinetic data is possible, independent of the presence of
intermediate species. Thus the species in the reaction can be
structurally characterized and the rate constants determined
in the same experiment.

The application of plasmonic nanoparticle surfaces com-
bines the advantages of easy preparation (composite nano-
particles are not required) and high versatility in terms of the
catalyst. This is particularly the case when catalytically active
nanoparticles are integrated into a stable mixed-nanoparticle
layer, which shows the same high enhancement as a layer
containing only plasmonic gold nanoparticles. The approach
has further enabled us to compare reaction rate constants of
different catalytic systems and the underlying kinetics such as
the formation of the active species.

Experimental Section

Gold nanoparticles were synthesized by citrate reduction of
tetrachloroauric(Ill)acid according to Ref.[12a]. Platinum nano-
particles were synthesized following the saccharide-based approach
for the synthesis of metallic nanostructures (the SAMENS method) in
phosphate buffer (pH 9) according to Ref. [12b]. Gold and mixed
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platinum/gold nanostructured surfaces were prepared by immobili-
zation of nanoparticles (particle ratio 1:1 in the mixture) by 3-
aminopropyltriethoxysilane.!

Raman experiments were performed using a Raman microscope
while the catalytic reaction was running (for details see the Support-
ing Information). SERS enhancement was estimated as described in
Ref. [27] Scanning electron microscopy images were obtained using
a Hitachi S-4000 with a cold field emitter. The acceleration voltage
was 15 kV. STM measurements were carried out using a Molecular
Imaging (Agilent, USA) instrument with a tungsten tip (@ 0.25 mm).
The tip was sharpened by electrochemical etching of a tungsten wire
in 1m KOH.
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