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Effects of Thickness Extension Mode Resonance Oscillation of Acoustic Waves on Catalytic
and Surface Properties. IV. Activation of a Ag Catalyst for Ethanol Decomposition by
Overtone Resonance Frequencies
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The effects of resonance frequencies of acoustic waves on catalytic and surface properties were studied. The
overtone resonance frequencies of 3.5, 10.8, and 17.9 MHz were applied to a 100 nm thick Ag catalyst
deposited on a ferroelectric z-cut LiNb@rystal which generated thickness extension mode resonance
oscillation (TERO). For ethanol decomposition, the TERO enhanced ethylene production without significant
changes in acetaldehyde production for all the frequencies. The extent of catalyst activation strongly depended
on the resonance frequency. In a low power regief.8 W), the TERO effect had a maximum at the middle

of frequency, whereas in a high power regionl(0 W), it increased in the order 35 10.8> 17.9 MHz.

The activation energy for ethylene production decreased remarkably in the presence of TERO, the extent of
which strongly depended on the frequency. Laser Doppler measurements showed that with increasing resonance
frequency, the number of standing waves increased markedly, whereas the amplitudes of the wave decreased
considerably. The specific catalytic activity, defined as the activity enhancement per the density of wave,
increased in a nonlinear manner with lattice displacement. The resonance frequency effects of TERO on
catalyst activation are discussed.

Introduction catalysts and for better understanding of the mechanism, it is
of particular importance to clarify the effects of resonance
frequency, that is, to see how different resonance frequencies
affect the catalytic and surface properties.

There are two methods to obtain the different resonance
frequencies of TERO. One is to employ overtone frequencies
that appear as a series of resonance frequencies such as the first,
the second, the third, and so on. The other is to change the

. . ) . crystal thickness of a ferroelectric crystal, since the frequency
production markedly with a little influence on acetaldehyde of TERO is inversely proportional to the thickness of a

production in ethapol decompqsmon over thin Ag and Pd film ferroelectric crystal. In the present study, the former method
catalysts. Interestingly, the thickness shear mode resonance

oscilaton (TSRO) gererate on an ct LiNbysal had (o2 (0560 55 0 15 S6p o st i preimneny
';0 abc;hty ta alctlv_ate ?‘ghy'.e”e agd ﬁcetald(_ehyde producfion. ._of standing waves generated by TERO vary with resonance
ased on the lattice vibration and p Otoem'ss'on.SpeCtrOSCOp'Cfrequencies. In order to accurately examine the resonance
analyses? it was clearly demonstrated that TERO induced large o ; .
vertical lattice displacement that caused positive work function frequency_effects, It Is considered beneficial to employ a
shifts, which were responsible for activity enhancement and ferro_electnc crystal with a square shape, r_atherthan tha; W|_th a
selectivity changes. Furthermore, the TERO effects were Shownprewously em.ployed rectangular shape, since uniform distribu-
to be strongly dependent on the polarized surfaces of the tions of sftandmg waves would be more elxpecteq, because of a
ferroelectric crystal: the catalyst activation and selectivity symmetric structure. The TERO effects with the first frgquency
changes were different between a Ag catalyst deposited on of 3.5 MHz have already been reported for a ferroelectric crystal

positively polarized surface (denoted here to-ajAg) and that Awith a rectang_ular shape. However, bgcause of the different
deposited on a negatively polarized surface)§g).* The crystal shape, it would be more convenient to show the results

differences were associated with the findings that the positive obtained for the first resonance frequency of a square shape
; . 9 P ferroelectric crystal here, together with those for the second and

work function shifts caused by the TERO were larger f6)-( third frequencies for better comparison of resonance frequenc

Ag than for ()Ag. The polarization-dependent TERO effects q P q y

on catalytic and surface properties also existed feyPd and effects.
(—)Pd catalystg:!®

In all the studies of TERO effects, we have used the first
primary resonance frequency of 3.5 MHz only. For further A z-cut LiNbO; single crystal was used as a ferroelectric
development of acoustic wave excitation effects on metal substrate. The crystal (1 mm in thickness) was cut into a square
shape of 14 mnx 14 mm. By assuming that the vibration mode
* Corresponding author. of resonance oscillation is a thickness extension mode, fre-
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In a series of the studies of acoustic wave resonance
oscillations in heterogeneous catalysis! we have demon-
strated the effects of lattice vibration modes and the polarization
fields on the catalytic activity and reaction selectivity. The
thickness extension mode resonance oscillation (TERO) of bulk
acoustic waves, generated by applying radio frequency power
to a ferroelectric z-cut LiNb@ crystal, increased ethylene

Experimental Section
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Figure 1. Overtone frequencies of TERO. L
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f.={(2n—1)/2t} (C33E/p)1/2 Figure 2. Changes in production of ethylene and acetaldehyde in

ethanol decomposition with frequency of 3.5 (a), 10.8 (b), and 17.9
MHz (c) of TERO. O, ethylene;®, acetaldehydeT, (for reaction

. . E- . .
wheren is 1, 2, 3, integerCss" is elastic constant s crystal temperaturey 613 K, J (for rf power)= 1.25 W, P, (for pressure of

thickness, andg is the density of a ferrcoelectric crystal’ ethanol)= 4.0 kPa.
For z-cut LINbQ with t = 1 mm, the calculated values were

3.7, 11.1, 18.4, and 25.9 MHz fon = 1, 2, 3, and 4, 12 @
respectively, Figure 1 shows the resonance lines observed by a

network analyzer. The first, second, third, and fourth resonance 10r

lines appeared at 3.5, 10.8, and 17.9, and 24.1 MHz, respec-

tively. The calculated values were close to the observed

resonance lines. The observed resonance lines were exactly the o
same as those for a crystal with a rectangular shape of 14 mm
x 44 mm, employed in previous studies.

A catalyst was prepared by depositing a Ag metal film on
the front and back plane of the crystal by resistance heating of
99.999% pure Ag block in a vacuum. Radio frequency (rf)
electric power was applied to a catalyst by the same method
described elsewhefeThe catalytic reaction and the product
analysis were reported previou$lyBriefly, a closed gas-
circulating reaction apparatus was used in a pressure of 4.0 kPa
of ethanol vapor in the temperature range of 5823 K. A .
catalyst was connected to Au wire and to BNC connectors that
permitted the introduction of rf power.

Activation coefficient
—_
=
Z

Three-dimensional laser Doppler measurements were per- 4L
formed by a homemade apparatus, which was described
elsewheré. s
Results 0 . L L
_ _ 0 0.5 1.0 15
Figure 2 shows the production of ethylene and acetaldehyde Rf power / W

with reaction time in ethanol decomposition with TERO-on and Figure 3. Activation coefficient for ethylene productioR., (a) and
TERO-off at three frequencies. The TERO at 3.5 MHz caused for acetaldehyde productioR,, (b) as a function of rf powelO, 3.5

an immediate increase in ethylene production with a little MHz; O, 10.8 MHz;®, 17.9 MHz.T, = 613 K, P. = 4.0 kPa.
enhancing acetaldehyde production. The high ethylene produc-

tion was maintained until the TERO was turned off, and returned at 17.9 MHz induced much smaller activity enhancemeR:

to a low level with TERO-off. The reaction behavior with TERO was 1.4 ands. was 75%.

effects was analogous to those of the other two frequencies, Figure 3 showsR. and R, for the three frequencies as a
but the extent of TERO effects was different. An activation function of rf power introduced to catalysts. With TERO-on at
coefficient,R, was defined by the ratio of activity with TERO- 3.5 MHz, the value oR. increased gradually with increasing
on to that with TERO-off as a measure of catalyst activation: power, followed by a steep rise above 0.75 W and amounted to
Re. andR, were denoted as the activation coefficient for ethylene 11.4 at 1.5 W. On the other hand, Rmained at around 2 or
and acetaldehyde production, respectively. At a frequency of less over a power range. For 10.8 MHR, was larger below
3.5 MHz, the value oR. was 8.0, andra was 1.3. The TERO- 0.8 W and became much smaller above 1.0 W tRafor 3.5

on increased selectivity for ethylene producti&g,from 62% MHz. For 17.9 MHz, the enhancementsRafwere significantly
(without TERO) to 90%. The TERO at 10.8 MHz caused a small over a whole power range.

smaller activity enhancement for ethylene production, compared Figure 4 shows changes & with rf power. The selectivity

to that with 3.5 MHz: Re was 4.4, and was 85%. The TERO rises for ethylene production were considerably steep in a low
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Figure 4. Increases in selectivity for ethylene production with rf power.
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Figure 5 ActivaFion coef.ficienﬂ?e.as a function of_frequency,_O.ZS; Figure 6. Three-dimensional images of standing waves generated at
A, 0.50;m, 0.75;@, 1.00;0, 1.25;0, 1.50 W.T, = 613 K, Pe = 4.0 3.5 (a), 10.8 (b), and 17.9 MHz (¢).= 1.0 W, T, (for measurement)
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TABLE 1: Changes in Activation Energy for Ethylene and

Actealdehyde Production with TERO
activation energy/kJ mot

different way, depending on the rf power and resonance
frequency. For 3.5 MHz, the activation energy dropped to 109
kJ mol* at 0.75 W, 100 kJ mott at 1.0 W, and 89 kJ mot

on at 1.5 W. For 10.8 MHz, the activation energy was 126, 115,
product tf power ﬂ 35MHz 10.8MHz 17.9MHz and 105 kJ mot?, and, for 17.9 MHz, it was 137, 121, and 116
kJ moitat0.75, 1.0, and 1.5 W, respectively. When compared
ethylene 10(';)5 140 1183 11125 112317 at 1.5 W, the extent of activation energy drop was 40, 29, and
1:50 89 105 116 21% at 3.5, 10.8, and 17.9 MHz, respectively. It should be noted
acetaldehyde 0.75 87 87 03 that the activation energy decreases became larger in the order
1.00 93 87 87 93 3.5 > 10.8 > 17.9 MHz. For acetaldehyde production, the
1.50 87 87 93

activation energy of 93 kJ mot with TERO-off changed to be

slightly low (87 kJ mot?) for 3.5 and 10.8 MHz, but remained
power region €0.8 W) and became slow with further increasing unchanged with 17.9 MHz.

power. The selectivity changes were similar between 3.5 and  Figure 6 shows the 3-dimensional (3D) laser Doppler images
10.8 MHz up to 0.7 W, above whic& for 3.5 MHz became  for the three frequencies at 1.0 W. Standing waves vertical to
larger than that for 10.8 MHz. The selectivity changes in 17.9 the surface appeared over tkey direction. As the frequency
MHz occurred gradually with power. The largest selectivity was increased, a large number of the standing waves appeared,
obtained at 1.5 W and 96, 85, and 75% for 3.5, 10.8, and 17.9 whereas the amplitudes of the waves changes appeared to be
MHz, respectively. small. The standing waves represent lattice displacement vertical
The results shown in Figure 3 were re-plotted for various to the surface, and Figure 7 shows the distributions of lattice
power to explicitly demonstrate a relationship betw&grand displacement for the three frequencies. At 3.5 MHz, broad
frequency. As shown in Figure 5, in a low power region below distributions were observed. The largest lattice displacement,
1.0 W, R. was the largest at a middle frequency of 10.8 MHz, L., was 85 nm, and the average lattice displaceneagtwas
whereas in a high power region above 1.25 W, the activity at 30 nm. The full width at half-maximum (fwhm) was 40 nm. At
3.5 MHz increased markedly, afd became larger in the order  10.8 MHz, the distributions became considerably narroveg
3.5>10.8> 17.9 MHz. and Ly, were 30 and 9 nm, respectively. The value of fwhm
Table 1 shows the activation energy for ethylene and was 12 nm. At 17.9 MHz, the distribution was much narrower:
acetylene production with TERO-off and TERO-on. The activa- LmnaxandLa, were 17 and 4 nm, respectively. The value of fwhm
tion energy for ethylene production was 147 kJ molith was 5 nm. The magnitudes and distributions of lattice displace-
TERO-off. The TERO-on condition resulted in a decrease in a ment became extremely small with increasing frequency.
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Figure 9. Lmax Lay, andN, as a function of frequency.= 1.0 W, Tp,
0 E— ; ; ; = room temperature.
()
1500 larger in the order 3.5 10.8 > 17.9 MHz in a high power
range ¢1.0 W). Furthermore, the extent of activation energy
1000 decreases became larger in the order=8.50.8 > 17.9 MHz.
The frequency-dependent effects on the kinetic behavior of
500 . L X :
reaction are complex, and it is evident that they are associated
o Hilth.. . : : : : with different changes in surface properties generated by
0 20 40 60 80 100 respective TERO frequency. The standing wave patterns
Lattice displacement / nm observed were quite different among the three frequencies. Since
Figure 7. Lattice displacement distributions at 3.5 (a), 10.8 (b), and the standing waves correspond to vertical lattice displacement,
17.9 MHz (c).J = 1.0 W, T,, = room temperature. the present results directly reflect changes in dynamic lattice
displacement with frequency.
140 . 40 25 © As shown in Figure 6, the lowest frequency produced
120k | markedly broad standing waves of large amplitudes, but the
Linax 20 density of waveN,, was quite small. On the other hand, the
g 100k _ highest frequency exhibited an extraordinary large number of
g 5 standing waves with small amplitudes. The lattice displacement
£ 80r ] distributions became extremely narrower with increasing fre-
731 50 guency. The quantitative correlation (Figure 9) showedlthat
s /e L 1 10 decreased considerably wherégsncreased remarkably. These
£ 0l /e av changes can be analyzed as follows. The velocity of acoustic
3 5 wave,v, is given byv = fA wheref andA are the frequency of
20 , ;M:IC‘UDD wave and wavelength, respectively. Becausg of2zL where
L is the amplitude of wavel. is inversely proportional td,
o510 15 %5 05 1o 15 OL'O 05 10 13 that is,L = o/f. Multiplying Lmax by f was found to be nearly

constant (around 300 nm MHz at 1 W), independent of
frequency, which indicates that a correlationLof v/f is held
wherev is constant under the experimental conditions. If one
assumes that one wave is approximated to a triangular cone
shape such that the height is givenlbynd the half-radius of
the bottom circle area of the conexsN; is expressed b, =
1/zx?. Provided that the ratio df/x is constant, that id,/x =
o, independent of frequenclN = (0&/m3)f2. This indicates
that N, increases in proportion to the square of frequency. As
shown in Figure 10, experimental points were in good agree-
ments with the derived equations. To confirm whethbr= o
is constant, the shape of standing waves with different frequen-
cies was compared at the same rf power. Wheand x were
normalized, differences in the waves among three frequencies
are small, which showed the validity of the above-mentioned
analysis. These results, furthermore, indicate that the shapes of
standing waves are similar when the overtone frequency is
The three frequencies showed similar behavior of catalyst changed.
activation for ethanol decomposition of a thin Ag film catalyst: The different activity enhancements with frequency can be
ethylene production increased markedly with a little acceleration explained by taking both the density,, and magnitudel,, of
of acetaldehyde production. However, the extent of catalyst lattice displacement into consideration. In a lower frequency
activation effects were significantly different among three regime,N, was small, butL was large, whereas in a higher
resonance frequencielRe was larger at a middle frequency of frequency regime, the situation was the opposite. As shown in
10.8 MHz in a lower power region<0.8 W), whereas it became  Figure 5, in a low power, the effects &f remained within a

Rf power / W

Figure 8. Changes in_Lmax (®) andL,, (O) at 3.5 (a), 10.8 (b), and
17.9 MHz (c) with rf power.T, = room temperature.

Multiplying Lmax by resonance frequency was around 300 nm
MHz for three fequencies, which was nearly constant indepen-
dent of frequency.

The number of standing waves per afdg,that is, the density
of standing waves, was calculated. Figure 8 shaws and
Lav as a function of rf power. BothyaxandL,, exhibited steep
rises in a low power region, followed by gradual increases.
Figure 9 shows correlations &, andLmax (and alsoLa,) with
frequency. An increase in frequency caused a considerable
decrease itbmax (Lay) and a marked enhancementdf.

Discussion
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positive shifts of threshold energy of photoelectron emission
from Ag and Pd metal catalyst$.1°> Based on the findings, a
mechanism for TERO effects on work function was proposed.
The work function of a transition metal is mainly determined
by the barrier of an electric double layer that is formed by
electrons spilled out from the topmost layer of a metal surface
and positive charges remaining in the interior of the bulk
metal81° Our assumption is that vertical lattice displacement
by the TERO increases the density of “spill out” electrons, thus
changing the electric double layer so as to cause positive work
0 IIO 20 20 20 . function shifts. Fur_thermore, the inc_reased work function
o promotes the formation of weakly chemisorbed ethanol that has
Average lattice displacement, L,, / nm an orientation parallel to the metal surfaééshus enhancing

Figure 11. Correlations between catalytic activity for ethylene ethylene formation through easier abstraction of HOH from the
production and_, for different frequencies. adsorbed ethanol.

In previous studies, the positive work function shifts were
found to increase with increasing rf power®> which indicated
that large vertical lattice displacement was responsible for large
work function shifts. Because large vertical lattice displacement
occurred at low resonance frequency, compared to high

g
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Catalytic activity for ethylene production / pmol h!

small extent, and\, also contributes to the activity. For the
lowest frequencyN, was too small, whereas for the highest
frequencyL was too low. In the case of the middle frequency
at which bothL and N, are able to reach satisfactory levels

together, the activity turns out to become the highest. This frequency. it is apparent that the low freauency was able to
explains the appearance of a maximum in the correlation q Y pp d Y

between activity and frequency at low power. On the other hand, cause large positive Wprk function shifts, anq hepce the TERO
at high power, L increased dramatically in lower frequency. eff_eCtS became larger in low frequency than n high frequency.
Thus, the lattice displacement differences were so large that itThIS was a result. observed fpr the TERO. W'th. low resonance
was difficult for Ny to compensate the activity differences. Thus, requency. Even if the magnitudes of lattice displacement are
it follows that the activity increased in the order 3:517.9 > too small, it is unlikely that the TERO effects appeared
10.8 MHz, as observed at high power. significantly, no matter how large the density of standing waves
Figure 11 shows the activity for ethylene production as a is. In other words, even high density of Ia_ttice di_spla(_:ement
function ofL,y. For the three frequencies, the activity increased leads to eraII TERO_?ﬁectsl unltlass the vertical lattice displace-
in a nonlinear manner with increasihg,. The steepest rise of ment reac gs a significant level. o
activity at 17.9 MHz and a gradual rise at 3.5 MHz were  TO establish much larger catalyst activation by the TERO
observed. When compared at the samgin a small lattice effects, the achievement of as large lattice displacement as
displacement region, the activity enhancement was higher in possible at high resonance frequency is desirable. Previously,
the order 3.5< 10.8 < 17.9 MHz, which indicated thati, was for ethanol oxidation on a Pd catalyst, we have demonstrated
mostly responsible for the activity enhancement in this regime. that a pulse TERO yields the high catalyst activafibiihus,

To separate the contributions Nf andL, specific activity, it is interesting to apply a pulse TERO of high resonance
Vsp was defined as the total activity for ethylene production frequency to catalyst activation. Furthermore, an interesting
divided by N,. Figure 12 shows a plot d¥sp Vs Lay for the comparative study is to employ ferroelectric crystals with

three frequencies. The plot provided a single line for the three different crystal thickness that permits us to change resonance

frequencies. The nonlinear correlation indicated that the specific frequency as the other method. The studies are in progress.

activity had nearly the second order with respectfa the
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