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The nature of plasmon-driven chemical reactions is experimentally
investigated using high vacuum tip-enhanced Raman spectroscopy
(HV-TERS). It is revealed that the coupling between the tip and the
substrate can produce intense plasmon resonance, which then
decays to produce sufficient hot electrons and thus catalyses the
chemical reaction. The photoelectron emission from the laser illu-
minated silver substrate alone cannot drive the reaction.

Introduction

The in situ monitoring of plasmon-driven catalytic reactions is a
rapidly growing area in the field of plasmon chemisty."® Since
the first experimental and theoretical reports of the plasmon-
driven catalytic reaction of dimercaptoazobenzene (DMAB)
produced from para-aminothiophenol,* many investigations
have been carried out to try and discover the mechanism of such
reactions.’® Tip-enhanced Raman spectroscopy (TERS) in high
vacuum is one of the best candidates for such investigations,"**>
since it can monitor and control the reaction processes in situ at
specific catalytic sites with enormous surface sensitivity.
Further, the use of the scanning probe microscopy (SPM) tip
provides nano-scale spatial resolution, which is a significant
improvement over the A./2 diffraction-limited spatial resolu-
tion in surface enhanced Raman scattering (SERS). In our
previous work,” we found that the density of the hot electrons
generated from plasmon decay directly determines the rate and
probability of a chemical reaction.” However, to further reveal
the mechanism in plasmon-driven catalytic reactions, a number
of phenomena await further investigation, for example the
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plasmonic thermal effect, the tip effect, the substrate effect, and
identifying the source of the hot electrons in the reaction.
Because HV-TERS can measure the Stokes and anti-Stokes
Raman spectra in situ simultaneously,’ it is the perfect tech-
nique to study the plasmonic thermal effect.

In this communication, by utilizing the advantages of HV-
TERS, we try to reveal the mechanism of the chemical reaction
of 4-nitrobenzenethiol (4NBT) converting to DMAB. Firstly,
since the tunneling current in the nanogap between the tip and
substrate can be experimentally controlled and determines the
size of the nanogap, thereby determining the plasmon intensity,
we investigated the current dependence of the reaction rate.
Secondly, we studied the contribution of the plasmonic thermal
effect on the reaction by measuring and analyzing the Stokes
and anti-Stokes TER spectra. We concluded that the catalytic
effects in the reaction are primarily contributed by the hot
electrons generated from plasmon decay rather than from the
photoelectron emission of the tip or substrate.

Experimental and theoretical methods

Vibrational spectra were measured using a lab-built HV-TERS
setup.’® It consists of a lab-built scanning tunneling microscope
(STM) in a high vacuum chamber, a Raman spectrometer with a
632.8 nm He-Ne laser which incidents at 60° to the tip axis, and
three-dimensional piezo stages for tip and sample manipula-
tion. The objective was placed in the high vacuum chamber with
a pressure of 10”7 Pa. A gold tip with a diameter of about 50 nm
was made by the electrochemical etching of a 0.25 mm diameter
gold wire.”® The substrates were prepared by evaporating
100 nm silver film onto newly cleaned mica films under high
vacuum. The films were immersed in 1 x 10~> M 4NBT in
ethanol solution for 24 hours, then washed with ethanol for 10
minutes to ensure there was only one layer of molecules
adsorbed on the silver film. Samples were put immediately into
the high vacuum chamber. The TERS signals were excited with
the 632.8 nm He-Ne laser.
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The wavelength-scanning plasmon enhanced spectroscopy
of TERS was calculated using the finite difference time domain
(FDTD) method,* which is implemented in FDTD Solutions.*
The permittivity of Au and Ag was taken from the work of
Palik.*®

Results and discussion

The normal Raman spectra of 4ANBT and DMAB produced from
4ANBT can be seen in ref. 9 for reference. In the HV-TERS
experiment, we simultaneously measured both the Stokes and
anti-Stokes TER spectra of DMAB produced from the 4NBT
molecules adsorbed on the Ag film with different tunneling
currents, while the laser intensity and the bias voltage were kept
fixed. Fig. 1(a) and (b) show the typical Stokes and anti-Stokes
TER spectra of DMAB produced from 4NBT. They indicate that
some of the 4NBT molecules have converted to DMAB. More-
over, six Raman peaks of DMAB can be clearly observed in the
anti-Stokes TER spectrum. The experimental temperature can
be fitted with eqn (1),

Is/Ias = ae(hw/kBT), (1)

where I and I, are the intensities of the Stokes and anti-Stokes
Raman, h, kz and T are the Plank constant, Boltzmann constant,
and experimental temperature respectively, and a is an experi-
mental constant. The current-dependence of the fitted experi-
mental temperature and constant a are shown in Fig. 1(c) and
(d). It can be seen that the experimental temperature does not
depend on the current. However, our previous work showed that
the Raman peak at 1336 cm ' gradually decreases with the
increase of current.® These results indicate that, without a
significant change in temperature, an increase in current leads
to a decrease in the size of the nanogap between the tip and
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Fig. 1 (a) The Stokes and (b) anti-Stokes TERS of DMAB produced from 4NBT

adsorbed on Ag film, (c) the current dependence of the experimental tempera-
tures in the nanogap on TERS measurements, and (d) the fitted constant a from
eqgn (1).
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substrate, and thus leads to an enhancement of the surface
plasmon intensity and further promotes the chemical reaction.’
Therefore, the plasmonic thermal effect does not play an
important role in the catalytic reactions. The reason might be
that the thermal energy from the surface plasmon does not
localize in the nanogap, but propagates very quickly and is
dissipated along the tip or substrate. On the other hand, the
fitted experimental constant a, as shown in Fig. 1(d), fluctuates
between 2 and 3 with different currents.

As we know, the intensities of the Raman modes across the
spectrum are strongly dependent on the plasmon wavelength.
TER spectra can be most strongly enhanced when the excitation
laser and the Raman scattering wavelengths are both efficiently
coupled with the surface plasmon. Therefore, as the ratio of the
intensities of the Stokes and anti-Stokes Raman spectra are
used to estimate the experimental temperatures, in order to
ensure the validation of the estimation, it is necessary to study
both the Raman and plasmonic enhancement spectra. The tip-
enhanced plasmonic excitation spectra were calculated at
different sizes of the nanogap between the tip and substrate and
are shown in Fig. 2(a) and (b). It was found that there is a strong
plasmon resonance with a broad width around 632.8 nm in the
tip-substrate system. Furthermore, the plasmon peak positions
changed a little when the size of the nanogap was changed from
1to 1.4 nm. The detailed analysis is discussed in Fig. 3 of ref. 17.
Due to the symmetrical distribution of the plasmonic excitation
spectra around 633 nm, our method to estimate the experi-
mental temperatures using the Stokes and anti-Stokes TER
spectra holds its validation for the 633 nm laser excitation
wavelength.

To further support our claim that the plasmonic thermal
effect does not play an important role in the catalytic reaction,
we also studied the time- and laser intensity-dependent TER
spectra. The collected time sequent TER spectra when the laser
was set to 1% of its intensity are shown in Fig. 3(a). It can be
observed that 4NBT did not undergo any chemical reaction at
this laser intensity, indicating that the plasmon intensity is
below the threshold of the chemical reaction. The laser intensity
was increased to 10%, thus increasing the plasmon intensity,
and the resulting time sequent TER spectra are shown in
Fig. 3(b). This shows that new Raman peaks appear at 1387 and
1432 cm ™', although the peak at 1336 cm ™" is still strong. These
features indicate that a chemical reaction occurred and that
4ANBT molecules were converted to DMAB. By computing the
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Fig. 2 The distance dependent wavelength-scanning plasmon enhanced spec-
trum of TERS, were R of the tip is 25 nm and 6 = 60°.
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Fig. 3 The plasmon intensity controlled chemical reaction, where the plasmon
intensity was controlled by the laser intensity at 1% (a), 10% (b), 100% (c and d),
10% (e) and 1% (f).

ratios between the intensities of the Raman peaks at 1432 cm ™"

and 1568 cm ™" before (Fig. 1(a)) and after (Fig. 3(b)) the reac-
tion, we can conclude that, at 10% laser intensity, the proba-
bility of a chemical reaction was below 40%. Further, from
Fig. 3(b) it can also be seen that when the measurement time
was increased, the probability of a chemical reaction did not
change. The fact that an increase of measurement time did not
yield a higher reaction probability could be explained because
the thermal energy produced by the laser propagates and is
dissipated quickly along tip and/or substrate. Therefore the
thermal energy cannot be locally accumulated in the nanogap.
When the laser intensity was further increased to 100%, the
collected TER spectrum and time sequent 2D plot, shown in
Fig. 3(c) and (d), revealed that the chemical reaction proceeded
completely and reached a steady state. Next, when the laser
intensity was decreased to 10% again, the observed TER spectra
shown in Fig. 3(e) were the same as those in Fig. 3(c) and 1(a).
Therefore, it can be concluded that the DMAB did not dissociate
back to 4NBT again. To further confirm this, we decreased the
laser power below the threshold again to its 1% intensity, and it
can be seen that the resulting spectra in Fig. 3(f) were still the
Raman spectra of DMAB.

With increasing laser intensity, hot electrons can be gener-
ated not only from plasmon decay, but also from photoelectron
emission by the metal substrate and/or tip. It is, therefore,
necessary to determine whether the photoelectrons injected
from the metal can directly drive the chemical reaction. In the

This journal is © The Royal Society of Chemistry 2013

View Article Online

@

g

I

TERS (a.u.)

HM ! “l [ I

L)

1000 1100 1200 1300 1400 1500 1600 1700
Wavenumber / cm™

Time sequent spectra

1000 1100 1200 1300 1400 1500 1600 1700
Wavenumber / e’

Fig.4 (a) The time sequent TERS spectra, and (b) the 2D plot of time sequent tip-
retracted spectra, where the tip is retracted for the measurement in HV-TERS. The
numbers in the figure stand for the sequent measurements. The time interval
between the measurement of spectra is 30 seconds.

experiment, we retracted the tip, chose another site on the
substrate and measured tip-retracted spectra at 100% laser
intensity. The time sequent tip-retracted spectra and 2D plot are
shown in Fig. 4(a) and (b) respectively. It could be observed that
the reaction did not occur without the tip, as in this case the
intensity of the plasmon resonance on the substrate was too
weak to produce enough hot electrons. Therefore, we can
exclude the contribution of hot electrons produced from direct
photoelectron injection from the substrate. The chemical
reaction that converted 4NBT to DMAB must be driven by the
hot electrons generated from plasmon decay.

From the above results, we concluded that in the tip-
enhanced surface catalytic reaction, the tip significantly
contributes to the plasmonic excitation intensity, which then
decays and generates a high density of hot electrons and
promotes the rate and probability of a reaction. Once DMAB is
produced from 4NBT, it will not dissociate back to 4NBT with or
without weak perturbation by 1% intensity laser illumination.
To further support our conclusion, we measured successively
the tip-retracted, tip-engaged and then the tip-retracted spectra
again, all at the same spot with 100% laser intensity. The results
are shown in Fig. 5(a)-(c) respectively. First, the tip-retracted
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Fig. 5 The successively measured (a) tip-retracted, (b) tip-engaged and (c) tip-
retracted spectra at same spot at 100% laser intensity.
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spectrum shown in Fig. 5(a) revealed that, without the tip, the
chemical reaction did not occur. Secondly, the tip-engaged
spectrum, shown in Fig. 5(b), showed that some of the 4NBT
was converted to DMAB, which was assisted by the strong
plasmon intensity in the nanogap. Lastly, when the tip was
retracted again, the spectrum shown in Fig. 5(c) is almost the
same as that in Fig. 5(b), which indicates that the dimerized
DMAB does not dissociate back to 4NBT again under weak
plasmon intensity.

Conclusion and outlook

In summary, the mechanism of plasmon-driven catalytic reac-
tions has been studied by performing Raman measurements
with HV-TERS. It was found that the plasmonic thermal energy
does not affect the chemical reaction equilibrium because the
thermal energy from surface plasmon does not localize in the
nanogap, but propagates and is dissipated quickly along the tip
and substrate. Further, the calculated wavelength-scanning
plasmonic excitation spectra revealed that the experimental
temperatures estimated via the Stokes and anti-Stokes TER
spectra are reliable. Moreover, the laser intensity-dependent
Raman spectra and the tip-retracted spectra indicate that the
hot electrons generated from plasmon decay drive the chemical
reaction. Our experimental results demonstrate that surface
catalytic reactions can be rationally controlled by many
different parameters.

HV-TERS enables us to achieve atomic-resolution measure-
ments and structural elucidation of adsorbed molecules on
clean, single-crystal or nanostructured surfaces at low temper-
ature. In situ spectral and topographical imaging can be con-
ducted simultaneously, which provides an ideal technique to
reveal the nature of chemical reactions. Further improvements
include the use of femtosecond lasers for time-resolved TERS,
which constitutes the most important part in the investigation
of surface molecular reaction dynamics in our future experi-
mental works.
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