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An integrated AFM-Raman instrument for studying heterogeneous

catalytic systems: a first showcasew
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The integration of Atomic Force Microscopy and Raman

spectroscopy is tested for use in heterogeneous catalysis research by

a preliminary investigation, the photo-oxidation of rhodamine-6G.

Temperature and atmosphere were varied in an in situ cell to show

compatibility with realistic reaction conditions.

Supported metal nanoparticles (NPs) are important hetero-

geneous catalysts in many industrial processes.1–3 A thorough

understanding of which specific surfaces have the highest

catalytic activity is required in order to tune the shape and

size of NPs to achieve maximum catalytic activity.4–8

A variety of spectroscopic techniques are employed for the

study of heterogeneous catalysts, both ex situ and in situ.9,10

Vibrational spectroscopy is one of the most valuable methods

for obtaining chemical information about a catalytic system.

However, IR spectroscopy is severely limited spatially, while

Raman spectroscopy has a better spatial resolution, but lacks

sensitivity under normal measurement circumstances. The use

of surface enhancement makes Raman spectroscopy a more

sensitive and versatile tool for studying chemical reactions.11–14

Surface Enhanced Raman Scattering (SERS) occurs principally

on roughened noble metal surfaces or noble metal NPs, and allows

chemical imaging of adsorbate–surface interactions with high

sensitivity.15–17 This makes it uniquely suited for investigations

of reactions at a catalytic surface.18,19 The integration of SERS

and Atomic Force Microscopy (AFM) forms an even more

powerful tool for in situ chemical imaging of catalytic solids,

allowing nanoscale morphological features to be correlated

directly with chemical information.20–22

Here we demonstrate the potential and limitations of this

integrated approach for identifying exactly which NPmorphologies

and sizes are themost active through a study of the photo-oxidation

of rhodamine-6G (Rh6G) over Al2O3-supported Ag NPs. We

show that it is possible to follow the reactants or products of a

reaction under in situ conditions (i.e. controlled temperature

and atmosphere), and pinpoint the active section of the substrate

on the nanoscale. Using the integrated setup, Ramanmaps can be

measured in combination with AFM. The resolution of Raman

measurements is, however, still dependent on the excitation

wavelength that is used, and typically not better than 300 nm.

With AFM it is possible to obtain topography images of the

surface that is being measured with Raman spectroscopy with

a resolution of less than a nanometre. A top-view set-up is

required as in general the support oxide material for dispersing

the catalytic particles is not transparent. In the integrated

setup an AFM cantilever is used with a tip that protrudes at

the end of the cantilever, so that it is possible to focus the laser

beam onto the tip itself. The optical focus on the AFM tip, as

shown in Fig. 1, means that the focus stays with the surface

during sample scanning. At every measurement point, an

AFM height point is recorded along with a Raman spectrum

for any pre-identified spectral region of interest. Amore extensive

overview of the setup is available in Fig. S1 of the ESI.w
Samples were prepared by drop-casting Ag NPs on a polished

Al2O3 substrate, followed by the deposition of Rh6G over the NPs.

The decomposition of Rh6G was chosen to allow measurements

at very low concentrations of analyte and the study of individual

NPs. For catalytic studies, the ability to characterize individual

NPs is a real asset. It is important to know the NP density and

shape, while from a catalytic perspective the larger sampling

volume of Raman is not a problem as the surface density of the

active sites is sufficiently low to look at individual clusters. The

enhancing properties of Ag NPs are well documented, and Rh6G

is well known as a model analyte for SERS studies.23,24 Rh6G

shows no fluorescence signal and has a distinctive Raman

spectrum on SERS-active substrates.25 It is also a good model

compound for SERS studies at different temperatures as

significant intensity changes are expected for Rh6G on SERS

substrates.26 Ag nanocubes (NCs) were chosen for this catalytic

study as they induce a much higher SERS enhancement than

spherical, aggregated spherical or triangular NPs (more details

can be found in Fig. S2 of the ESIw), and are well suited for

working with low analyte concentrations.27–29

The photochemical decomposition of Rh6G was followed

over Al2O3 surfaces with different distributions of Ag NCs and

dye. An example of the combined AFM-Raman data collected

is given in Fig. 2. Measurements are typically composed of

both a high resolution 20 � 20 mm AFM measurement of the
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surface (typically 512 � 512 points) followed by a combined

AFM-Raman image of the same area, using 64� 64measurement

points across each row to prevent oversampling with the Raman

laser. The Rh6G intensity images are obtained by mapping the

intensity of the peak at 1512 cm�1. The entire area is scanned

repeatedly to measure photochemical behaviour over the surface

for different cluster sizes in one experiment.

When processing the data, the Raman spectra were averaged

over a square of approximately 1 � 1 mm to compensate for

drift of the AFM-tip for the duration of the measurements

(examples are indicated in Fig. 2).

Fig. S3 of the ESIw shows the time-dependent analysis of the

combined AFM-Raman measurements for Rh6G and Ag NCs

in air. It was found that over large Ag NC clusters in air the

characteristic Rh6G SERS spectrum diminishes exponentially

over exposure time to a laser (Fig. 3, at 298 K). This is an

indication of O2 from air oxidizing the Rh6G, leading to the

breakdown of the p-system at the centre of the molecules,21–23

thereby causing a reduction of the (pre-resonance) SERS

signal. Fig. S5 of the ESIw illustrates that the decay is

exponential for both 633 nm and 785 nm as the laser excitation

wavelength.

Using the AFM, the relation between Raman intensity and

the size and nature of smaller clusters of Ag NCs coated by

Rh6G was studied (Fig. 1B). It was observed that Rh6G

decomposition over these smaller clusters (o20 NPs) was very

fast in air. Full decomposition occurred typically within 2 s,

making it virtually impossible to follow decay curves. Combined

AFM-Raman experiments in air and in an N2-atmosphere were

performed, both to confirm that the degradation of Rh6G is indeed

due to a photo-reaction with air and to simultaneously test the

setup for catalytic studies under non-ambient gas environments.

For this purpose, an in situ chamber was positioned over the

Fig. 1 (A) The AFM-Raman scanning unit is enclosed in an in situ

chamber with gas flow and a sample stage with heating capabilities.

Image inset shows (i) TEM image of Ag nanocubes used as the SERS

enhancer for the experiments (scale bar = 100 nm); (ii) Raman

intensity plot of a sample; (iii) high resolution image of a sample

and (iv) overlay of Raman intensity map on the high resolution AFM

image (scale bar = 2 mm); (B) simultaneous AFM and Raman imaging

of an Al2O3 wafer coated with low amounts of Ag NPs and Rh6G in

air using a 633 nm laser; (i) AFM height image of surface showing that

only 2 medium-sized clusters (B90 NPs and B40 NPs) of NPs are

present (scale bar = 2 mm); (ii) Raman intensity map of the Rh6G

band at 1512 cm�1 (scale bar = 2 mm); (iii) overlay of Raman peak

intensity map over the AFM image (scale bar = 1 mm).

Fig. 2 Overlapping AFM and Raman images of agglomerations of

Ag NCs and Rh6G on an Al2O3 wafer; (A) AFM height image of

surface; (B) AFM magnification of an area over which Raman intensity

was followed (scale bar = 200 nm); (C) Raman spectra followed over

time from (B); (D) Raman intensity map of the Rh6G band at 1512 cm�1.
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AFM head. Despite higher noise levels, a small initial decrease

in the Rh6G SERS spectrum was observed, followed by only a

slight reduction in peak intensity in time (Fig. 3). It is likely

that the initial signal intensity reduction is due to the reaction

of Rh6G with residual O2 on the sample surface. At long laser

exposure times a change in the SERS spectrum of Rh6G was

observed, with a new peak appearing at 1420 cm�1. This

indicates that there is another process occurring, the products

of which must still be present at the SERS hotspot or they

would not be visible at the low concentration level used.

Temperature-dependent AFM-Raman experiments were

also carried out to show the possibility to perform catalytic

studies at elevated temperatures. The combined in situ AFM-

Raman SERS spectra of Rh6G were recorded at 50 1C (323 K)

both in air and in N2. While the SERS effect increases at higher

temperatures,26 we observed that by measuring a time-series at

50 1C in N2, spectral changes occur that are the same as those

seen in the 25 1C measurements in air (Fig. 4), but with no

Rh6G spectral intensity decrease. This was unexpected as the

experiments were carried out in an inert atmosphere. It is likely

that the spectral change is due solely to thermal effects.26

The presented showcase of an integrated in situAFM-Raman

investigation of Al2O3-supported Ag NPs opens a new door for

spatiotemporal investigations of heterogeneous catalysts as

e.g. reaction intermediates adsorbed on spatially separated

catalyst NPs can be assessed with Raman spectroscopy. It has

been demonstrated in this work that it is possible to study

catalytic materials under different gas environments and at

elevated temperatures. One of the advantages of the described

set-up is that it is now feasible to pinpoint catalyst hetero-

geneities (e.g. NP size and shape differences) and relate them

to different SERS information on e.g. chemical reactivity at

the nanoscale. Limitations, however, concern the use of noble

metals to generate SERS enhancement making catalysis

studies only possible for supported Ag, Au and Cu NPs, while

improvements in optics will certainly increase the operational

window for temperatures and allow expansion of the range of

catalytic reactions to be investigated with this integrated

AFM-Raman instrument.
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Fig. 3 Atmosphere- and temperature-dependent changes in Raman

intensity of the Rh6G band at 1512 cm�1 over large Al2O3-supported

Ag clusters as a function of laser irradiation time.

Fig. 4 Temperature-dependent changes in the Raman spectrum of Rh6G

over large Al2O3-supported Ag clusters are shown before (bottom, initial),

during (top) and after (bottom, final) heating to 50 1C in anN2 atmosphere.
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