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Abstract: Surface acoustic waves (SAW) allow to manipulate
surfaces with potential applications in catalysis, sensor and
nanotechnology. SAWs were shown to cause a strong increase
in catalytic activity and selectivity in many oxidation and
decomposition reactions on metallic and oxidic catalysts.
However, the promotion mechanism has not been unambigu-
ously identified. Using stroboscopic X-ray photoelectron
spectro-microscopy, we were able to evidence a sub-nano-
second work function change during propagation of 500 MHz
SAWs on a 9 nm thick platinum film. We quantify the work
function change to 455 ueV. Such a small variation rules out
that electronic effects due to elastic deformation (strain) play
a major role in the SAW-induced promotion of catalysis. In
a second set of experiments, SAW-induced intermixing of a five
monolayers thick Rh film on top of polycrystalline platinum
was demonstrated to be due to enhanced thermal diffusion
caused by an increase of the surface temperature by about 75 K
when SAWs were excited. Reversible surface structural changes
are suggested to be a major cause for catalytic promotion.

Introduction
In sonochemistry chemical reactions are initiated by

acoustic waves, an effect successfully demonstrated both in
the liquid phase and in solid state reactions.'! In heteroge-
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neous catalysis a strong promotion effect by bulk and surface
acoustic waves has been shown for several oxidation and
decomposition reactions on metal and metal oxide cata-
lysts.* In a surface acoustic wave (SAW) periodic distortions
of the surface with an amplitude of a few nm and a wavelength
of several um propagate across the surface with the velocity of
sound in a solid, i. e., with about 4000 ms™! in the case of
LiNbO,."! The amplitude of SAWs decays exponentially in
the bulk. In ethanol oxidation over palladium, copper or silver
metal catalysts rate-increases by SAWs up to a factor of five
have been found.F! In UHV type experiments SAWs were
found to increase the rate of catalytic CO oxidation over
a Pt(110) single crystal by up to a factor of six.[*”

The promotion of catalytic reactions by SAWs is of
interest, first of all, because a non-thermal activation of
catalytic reactions might be favorable for the optimization of
yield and selectivity. Secondly, the mechanistic understanding
of the promotion effect represents a challenging scientific
problem. Finally, a detailed mechanistic understanding of the
processes occurring during the excitation and propagation of
SAW might help to develop novel nano-patterning ap-
proaches that could be used for sensors and nanoscale design
of surfaces.®!

Soon after the discovery of the catalytic promotion effect
by SAWs, studies with surface analytical techniques were
started, aiming at elucidating the mechanism of the promo-
tion effect.”! Infrared absorption spectroscopy (IRAS) re-
vealed that SAWs can induce a site change of CO adsorbed on
copper surfaces.”) On/off experiments with photoelectron
emission microscopy (PEEM) demonstrated that SAWs cause
reversible changes of the work function (WF) on the metal
surfaces of copper, palladium and gold."” Based on these
results, it was concluded, that the catalytic promotion effect is
due to electronic effects induced by SAWs."! Strain is known
to affect the reactivity of solid surfaces, but in order to cause
significant changes in the activation barriers of surface
processes, the lattice constant should change by at least
10730 A SAW with a wavelength of 8 um (500 MHz) and
a high power density of 165Wm™!, however, produces
a maximum strain below 5x 107,

The catalytic promotion effect of SAWs poses a challeng-
ing problem for theory, since the frequency v of SAWs is with
10°-10° Hz about five to eight orders of magnitude below the
frequency required for energy quanta, hv, to have an
activating effect on surface processes. However, molecular
dynamics (MD) and kinetic Monte Carlo simulations pre-
dicted that SAWs can enhance surface diffusion by a factor of
4.5 x 10°.">13 Besides an adiabatic temperature rise and strain
caused by SAWs, the enhancement was attributed to the
coupling of high frequency harmonics generated due to the
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nonlinear sharpening of SAWs to vibrational modes of the
adsorbates. Experimentally, a smaller enhancement of the
surface diffusion coefficient of Au clusters on a Si(111)
surface by a factor of 19 was found.'” Similarly, in a MD
simulation the non-linear properties of SAWs were made
responsible for the promotion of catalytic CO oxidation on
a (110) oriented Pt surface.'"¥ The promotion effect was
attributed to shock spikes caused by SAWs, which would
enhance the diffusion and desorption of adsorbed CO
molecules.

None of the above cited explanations can explain the time
scale with which the reaction rate responds to SAWs.
Electronic effects should cause an immediate response of
the catalytic surface, but experimentally the rate responds
with a delay of several tens of seconds to minutes.”! This
delayed response is also observed in UHV-type experiments
on Pt(110), where transport limitations play no role. This
unsolved question was the primary motivation for us to look
into the mechanism of catalytic promotion by SAWs in
a systematic manner. Besides an electronic effect, SAW might
also induce changes in the arrangement of surface atoms, i. e.
cause surface restructuring, which could enhance the catalytic
activity. We assess the electronic effects by taking advantage
of the time structure of synchrotron radiation that allows us to
take stroboscopic photoelectron emission images of the waves
with a time resolution below 100 ps,” and thus detect
changes in the local WF as a function of the SAW phase.
For the detection of restructuring effects, we designed
a bimetallic model catalyst with a vertically layered structure
that enables measuring vertical intermixing induced by SAWs.
Our results allow ruling out one of the proposed promotion
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mechanisms for SAWs and provide a physical basis for further
research on possible promotion mechanisms.

Results

In order to measure the influence of SAW on the local
work function and on the surface composition, we perform
two different types of experiments. The experimental set-ups
are sketched in Figure 1a. In both cases, LiINbO; crystals
equipped with interdigital transducer electrodes (IDTs) serve
as substrate and source for SAWs. SAWs are excited by
feeding an AC signal in the MHz range to the IDTs. For
measuring SAW-induced work function changes, a micro-
structured Pt film of 20 nm thickness (reduced to roughly
9nm during surface cleaning before the experiments) is
deposited on top of the LiNbOj; crystal. A photo of the Pt/
LiNbO; sample surface is shown in Figure 1b. For probing the
effect of SAWs on the surface composition, an ordered array
of five monolayers thick, square Rh patches (approximately
50 x 50 um? size each square) is deposited in situ onto the Pt
stripe, as can be seen in the LEEM image in Figure 1c. In this
way, laterally resolved X-ray photoemission spectra can be
recorded simultaneously on Rh-covered and uncovered parts
of the Pt stripe. A schematic plot showing regions of
compressive and tensile strain during propagation of a SAW
is depicted in Figure 1d.

Probing SAW-induced restructuring
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Figure 1. Experimental set-up for the excitation of SAWs on microstructured metal films on top of a piezoelectric material. a) LiINbO; single
crystals with IDTs and metal films. Left: Schematic view of a micro-structured Pt film used for detection of SAW-induced WF changes. Right:
Schematic view of a micro-structured Pt/Rh film constructed for the detection of SAW-induced intermixing of the metallic constituents; Pt film
thickness: ~9 nm (left) and ~40 nm (right), Rh film thickness: ~5 ML (right). b) Photography of the micro-structured Pt film. c) LEEM image of
the microstructured Pt/Rh film. The area corresponding to the LEEM image is highlighted by a red circle in a. d) Schematic plot showing regions

of compressive and tensile strain during propagation of a SAW.
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Figure 2. Determination of the local WF change during propagation of a ~500 MHz SAW on a Pt film at 300 K. a) Stroboscopic XPEEM image of
a Pt domain (upper part) and the adjacent LiNbO; surface area (lower part) recorded with a photon energy of 300 eV at —0.5 eV bias voltage. In
the raw data the SAW is visible only on the free LiINbO; surface where it causes a variation of the surface potential of 1.3 eV amplitude. The red
frame marks the window used for subsequent data analysis. b) Differential image of two stroboscopic XPEEM images phase-shifted by A¢ =u.
The total integration time is 70 min for the image. c) Photoelectron spectra of a Pt domain around the cut-off energy as obtained from
stroboscopic XPEEM image stacks for opposite SAW phases (0 and ). The vertical line marks the bias voltage at which the images in a and b
were taken. d) Local WF change as function of the position in a propagating SAW, and numerical fit with a sine function. For this plot the data

between the two white lines in b were averaged.

SAW-Induced Work Function Changes

The design of the IDTs on the LiNbO; crystal is tuned to
generate SAWs with a wavelength of 8 um at a frequency
exactly matched to the repetition rate of the X-ray pulses
generated by the ALBA Synchrotron in the multi-bunch
mode (499.654 MHz). For determining the local WF, spectro-
scopic XPEEM images are taken with the electron kinetic
energy close to zero, i. e. at the low energy photoelectron cut-
off. As shown in Figure 2¢, the photoelectron yield varies
steeply at the chosen sample bias voltage of —0.5 eV and thus
the local image brightness sensitively depends on shifts of the
cut-off energy, i. e., on variations of the WF.

On the free LiNbO; surface the SAWs are readily visible
in PEEM because, being an insulating piezoelectric material,
the acoustic waves are accompanied by a variation of the
surface potential of up to 3 V amplitude.!'”! Collecting strobo-
scopic images with 2 ns separation, the propagating SAWs are
directly imaged on the uncovered LiNbO;, as shown at the
bottom of Figure 2a. For a single stroboscopic image, long
integration times can be used because between two synchro-
tron light pulses, the synchronized SAW advances by exactly
one wavelength, overlaying multiple identical partial images
on the detector. In contrast, on the Pt film, the variations in

© 2020 The Authors. Published by Wiley-VCH GmbH

the LiNbOj surface potential are completely shielded by the
equipotential metal surface (for details on the electrical
characterization and film morphology please refer to the
supplementary information).

In order to highlight small brightness variations caused by
local WF changes induced by SAWs, expected to be at most in
the meV range, two stroboscopic images with opposite SAW
phase (i. e., shifted by ) were recorded for every measure-
ment. By subtracting the two phase-shifted images, each
integrated over 35 min, all other inhomogeneities cancel out,
whereas only the amplitude of brightness variations caused by
SAWs should double. An example of one of the two recorded
phases is shown in Figure 2 a, and the result of such an image
subtraction in Figure 2b.

From the slope of the spectra in Figure 2c, the XPEEM
intensity variations in Figure 2b can be converted into local
WF changes (please refer to the supplementary information
for details). The results are displayed in Figure 2d. An
intensity cross section averaged over the area highlighted by
the two vertical lines in Figure 2b, reveals a variation of the
local WF with an 8 um periodicity, equal to the SAW
wavelength. The SAWs thus clearly cause a local change of
the WF, but the amplitude of these WF changes is with 455 +
13 peV very small (£13 peV representing the statistical

Angew. Chem. Int. Ed. 2020, 59, 20224 —20229
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error). In order to make sure that the dependence shown in
Figure 2c is not an artifact due to an electrostatic effect
caused by potential variations in the adjacent area of Pt-free
LiNbOs;, line scans were taken at varying distances from the
domain boundary (please refer to the supplementary infor-
mation). In fact, a strong intensity variation with the SAW
periodicity is seen at the border of the Pt stripe. The phase of
this intensity variation is, however, shifted by approximately
with respect to the SAW as visible on the LiNbO; crystal, and
its intensity decreases fast with increasing distance from the
stripe border, until finally only a very weak intensity variation
is visible in phase with the SAW on LiNbOj;, which is the true
signal of the WF modulation.

The zero in the plot of Figure 2d represents areas of zero
intensity in the difference image, and thus no WF difference.
Compressive and tensile strain of the SAWs should cause
asymmetric changes in the WEF, as the effect on electron
density is opposite. DFT calculations conducted for a Pt(100)
surface demonstrated that compressive strain increases the
WF while tensile strain decreases it.'! Since the essential
parameter is the change in the electron density, one can
estimate the WF change from the relative volume change.
Using the linear relation given in ref. [16] one arrives at
a theoretical estimate of approximately 13.4 meV per 1%
volume change. In our experiment the strain, and thus the
relative volume change, can be computed easily (please refer
to the supplementary information for details). From the SAW
surface potential amplitude of 1.3 V we calculate a volume
change of 1.6x10*, which translates to an estimated
28.4 meV work function change per 1% volume change, in
reasonable agreement with the theoretical estimate. We note
here that, since the relative volume change caused by SAWs
depends on the material, the SAW-induced work function
variations might be substantially larger on a softer material.

The WF changes caused by SAWSs of less than 1 meV are
very small in comparison to those caused by adsorbates or
surface restructuring, mostly in the range 0.1-1 eV, and in the
case of alkali adsorbates even above 1 eV.I""! The small WF
changes caused by SAWs rule out that strain induced
electronic effects play a significant role in the promotion of
catalysis by SAWs. However, in on/off experiments Inoue
et al. found WF changes induced by SAWs on copper, gold
and palladium surfaces.'” These WF changes were not
completely reversible—only to about 60-70 %—and had an
associated time constant of several tens of seconds. The
PEEM intensity had not been calibrated, but since PEEM is
able to detect WF changes > 1 meV,"™ one can estimate that
Inoue et al. observed WF changes of at least a few meV. If
these were the result of changes in the electronic structure,
they should i) appear instantly, and /i) disappear as soon as
SAWs are turned off. We also found a permanent WF
decrease of 30 to 75 meV in the Pt areas exposed to SAW for
several hours with respect to Pt areas not exposed to SAW.
However, we attribute such decrease to changes in the surface
structure due to prolonged exposure to SAWs (for details
please refer to the supplementary information).

Angew. Chem. Int. Ed. 2020, 59, 20224 —20229
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SAW-Induced Structural Changes

The question on the nature of the reversible and slow WF
changes caused by SAWs finds a convincing answer if one
takes into account the possibility of induced structural
changes. Surface roughening is associated with a WF de-
crease, a phenomenon known as the Smoluchowski effect.l"”]
The creation of structural surface defects like vacancies,
atomic steps or of structural disorder is a slow process and
since surface roughening in general is known to increase the
reactivity of surfaces, the catalytic promotion effect of SAWs
may find a simple answer. Severe morphological changes,
including destructions visible by eye, were found on the
Pt(110) single crystal exposed to SAW.?! However, the
authors concluded that these dramatic effects, which by
nature were irreversible, were not responsible for the main
part of the promotion of catalytic CO oxidation by SAWs.

In order to detect restructuring effects, a model system is
created by depositing a few atomic layers thick (&5 layers)
Rh film on top of a 40 nm Pt stripe. As shown in Figure 1a
(right side), a micro-structured design is used, in which an
uncovered part of the Pt film serves as reference to monitor
the degree of Rh/Pt intermixing. If the SAWs promote
diffusion in the vertical direction, then we should observe
a change in the microspot-XPS ratio of the Pt signal between
an area covered with a Rh patch and the surrounding
uncovered area. Just for entropic reasons the two metals
should mix but also enthalpy provides a driving force for
segregation and therefore intermixing, since the surface
energy of Pt is lower than that of Rh.*!]

Exposing the surface at 300 K to SAWs of varying
frequency (125, 250, and 500 MHz) and power (up to
approximately 1 W) for periods ranging from one to several
hours did not cause any detectable changes in the surface
composition. Only when we raise the nominal sample
temperature to 400 K and switch on SAWs at 125 MHz (the
frequency at which the maximum power arrives at the
sample) we observe intermixing. Switching on the SAWs
causes a temperature rise to 445K, as measured with
a thermocouple attached to a supporting Ta sheet below the
LiNbO; substrate. In these conditions over a period of
13 hours, the Pt 4f signal normalized to the signal of the free
Pt surface increases by a factor of ~1.75, as shown in
Figure 3 a.

The expected Pt enrichment in the surface is found, but
the question is whether the effect can be explained by
thermally activated diffusion alone. Therefore, we prepared
a LiNbO; sample completely covered by 40 nm Pt with
a three monolayers thick Rh film on top, and followed the
changes in composition during heating up by means of Auger
electron spectroscopy (AES). The results displayed in Fig-
ure 3b show that Pt segregation to the surface starts to
become significant at ~475 K, which is only 30 K above the
445 K measured below the substrate bottom phase during the
SAW experiment. In fact, measuring the sample surface
temperature directly with a pyrometer during SAW applica-
tion showed that the temperature measured by the thermo-
couple below the substrate underestimates the SAW induced
heating of the surface by up to 30 K. Thus the Rh/Pt
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Figure 3. SAW-induced and thermally-induced intermixing in a layered
Rh/Pt surface. a) SAW-induced Pt enrichment as a function of SAW
application time (125 MHz, ~0.1 W, 445 K substrate temperature). A
Pt/Rh microstructure consisting of a 5 ML thick Rh film on top of

a 40 nm Pt film as displayed in Figure 1c is used. Shown is the Pt 4f
intensity of Rh covered Pt area normalized with respect to the Pt 4f
intensity of the uncovered Pt area. b) Thermally induced Pt enrichment
on the surface of 3 ML thick Rh film on top of ~40 nm Pt on LiNbO;.
The Rh/Pt Auger intensity ratio is followed while slowly heating up.
Intermixing starts above about 475 K, as reflected by a steep decrease
of the Rh/Pt signal.

intermixing seen in Figure 3a can be explained by thermal
diffusion alone.

Discussion

In previous experiments with a 500 nm thick Pt(110)
single crystal a temperature increase due to SAWs of 30-50 K
was found, in agreement with our results.” This temperature
rise will contribute to the promotion effect, but Mitrelias et al.
clearly demonstrated that it alone could not explain the
increase of catalytic CO oxidation by SAWs. Based on the
finding that SAWs reversibly reduce the WF of a Pt(110)
crystal held in pure CO, it was concluded that SAWs induce
the desorption of CO.! The removal of CO from a CO-
adlayer inhibiting O,-adsorption could certainly explain an
activation of the CO + O, reaction by SAWs, but the
experimentally observed time constant of several tens of
seconds does not agree with such a conclusion. On the other
hand, a SAW-induced roughening of the Pt(110) surface
would also lead to activation and could explain the long time
constants associated with activation. This latter explanation

www.angewandte.org
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needs, however, to be reconciled with the above result that
SAWs leave the surface essentially intact.”?!

The finding by Inoue etal. that SAWs cause slow
reversible WF changes of metal surfaces held in vacuum
strongly suggests that reversible structural changes of the
surface take place and that these changes contribute to the
catalytic enhancement by SAWs. If the SAWs generate
unstable non-equilibrium configurations of the surface atoms,
then, after switching off the SAWs, the surface atoms would
return to their equilibrium configurations, explaining the long
time constants observed in on/off experiments. This explan-
ation is compatible with our segregation experiment, since
only small structural changes can be involved if the process is
to be reversible. Molecular dynamics simulation that are
currently in progress in fact demonstrate that shock fronts
which arise due to a nonlinear sharpening of SAWs can cause
structural modifications of the surface.™ The theoretical
results could be further substantiated by scanning tunneling
microscopy (STM) measurements, for example, before and
after exposing a thin Pt crystal to strong SAW ex-citation.

We briefly review the possible factors contributing to
a promotion of catalytic reaction by SAWs:

(i) Changes in the electronic structure

(ii) Elastic strain modifying energy barriers

(iliy Dynamic coupling effects of vibrational modes with
nonlinear components of SAWs

(iv) Temperature rise due to energy dissipation of SAWs

(v) Adiabatic temperature changes

(vi) Structural changes

We can rule out electronic effects as significant factor on
the basis of our results. Similarly, the elastic strain caused by
SAW is estimated to be with less than 5x 10~* too small to
substantially reduce energy barriers. In contrast, the dynamic
coupling of vibrational modes of the surface with nonlinear
components of SAWs as well as the temperature increase
resulting from dissipated energy of the SAWs may very well
contribute to the promotion effect."” In addition, we have to
consider the adiabatic temperature variations caused by an
expansion/contraction of the surface region during propaga-
tion of SAWs. Simulations demonstrated that their amplitude
can reach 5% of the average temperature. Since positive and
negative temperature variations do not cancel out in Arrhe-
nius law, this effect can significantly enhance a catalytic
rate.'?! Finally, a number of indirect evidences strongly
suggest that reversible surface restructuring caused by SAWs
plays an important role, in particular, in explaining the long
time constants that are often observed. Effects that rely on the
nonlinear components of SAWs such as dynamic coupling and
SAW-induced restructuring are expected to strongly depend
on the SAW amplitude and on the surface structure. Further
experiments are needed to fully quantify each of the remain-
ing possible contributions.

Conclusion

In summary, in order to disentangle different contribu-
tions we have studied elementary surface processes that can

Angew. Chem. Int. Ed. 2020, 59, 20224 —20229
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underlie a promotion of catalytic reactions by SAWs. Using
stroboscopic imaging, we demonstrated that SAWs cause
a work function change in the range of hundreds of peV on
a polycrystalline Pt film. Such small changes rule out
electronic effects as cause for SAW enhancement of catalytic
surface reactions. Using a layered bimetallic Rh/Pt film we
showed that SAWs leave the surface structure essentially
intact, i. e., they usually do not lead to irreversible structural
changes. The catalytic promotion effect by SAWs results from
a combination of several factors. A major role we can
attribute to the increase in the average surface temperature
by as much as 75K, to which we have to add periodic
temperature changes caused by adiabatic expansion/contrac-
tion of the surface during SAWs. Moreover, we expect
dynamic coupling of vibrational surface modes with higher
harmonics resulting from nonlinear sharpening of SAWs to
contribute. We hope our work triggers other quantitative
studies in order to finally arrive at a detailed understanding of
the mechanisms underlying the promising effect of catalytic
promotion by surface acoustic waves.
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