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Ultrasonic irradiation dramatically affects the reactivity of a variety of inorganic solids. We have 
found, for example, large increases in the rates of intercalation of a wide range of compounds into 
various layered inorganic solids (such as ZrS 2, V205, TaS2 and MOO3. High intensity ultrasound 
also enhances the heterogeneous catalysis of alkene hydrogenation by Ni powders. Scanning 
electron microscopy reveals that ultrasound has multiple effects on the morphology and surface 
characteristics of inorganic solids, creating substantial surface damage, increasing surface areas 
significantly and causing increased particle aggregation. 
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The use of ultrasound to enhance chemical reactivity is 
becoming a common and widely applicable laboratory 
technique ~,2. The physical origins of the chemical effects 
of ultrasound lie principally in acoustic cavitation and 
other non-linear phenomena  3-5. The creation, expansion 
and implosive collapse of bubbles in ultrasonically 
irradiated liquids generates localized hot spots from 
acoustic cavitation which are responsible for most 
homogeneous sonochemistry. In heterogeneous, solid- 
liquids systems, acoustic cavitation and microstreaming 
at the surface are both significant. The former produces 
high speed microjets of liquid which impinge upon the 
surface and cause surface erosion and localized heating. 
The latter creates turbulent flow and can significantly 
improve mass transport between solution and surface. 

We have explored the chemical effects of ultrasound on 
both homogeneous and heterogeneous systems, including 
some of the first studies of organometallic sono- 
chemistry 6-s, sonocatalysis 6'7, the sonochemistry of non- 
aqueous solutions 9-"  and the sonochemistry of tran- 
sition metals ~2. Recently we have been able to determine 
the nature of the sonochemical reaction site generated 
during acoustic cavitation and to measure its effective 
temperature'3-'6. 

The synthesis of new materials with unusual and 
controllable optical, electronic and catalytic properties 
continues to attract considerable interest. To this end, we 
have recently begun to examine the chemical effects of 
ultrasound on inorganic solids. The two reactions which 
initiated the present studies are the extraordinary 
improvements which ultrasonic irradiation causes in the 
intercalation of various guest molecules into layered 
inorganic solids 17 and the heterogeneous catalysis of 
hydrogenation by transition metal powders ~8. The kinetics 

*Paper presented at the Sonochemistry Symposium, Annual 
Chemical Congress, held at Warwick University, UK, 8-11 April 
1986 

0 0 4 1 - 6 2 4 X / 8 7 / 0 1 0 0 5 6 - 0 4  $03.00 
© 1987 Butterworth 8- Co (Publishers) Ltd 

56 Ultrasonics 1987 Vol 25 January 

of intercalation are generally slow and syntheses usually 
require high temperature and very long time periods 19-22. 
We have found that high intensity ultrasounddramatically 
increases the rates of intercalation into such solids by 
solutions of guest compounds ~7. Along different lines, the 
hydrogenation of unsaturated hydrocarbons usually 
requires noble metals (Pt, Pd, etc.) or specially activated 
metal powders. High intensity ultrasound can generate 
such activation of Ni powders even at room temperature 
and pressure ~8. Understanding the physical and mole- 
cular mechanisms of such heterogeneous sonochemistry 
is a major goal of our efforts. 

Experimental details 
In a typical experiment, a thermostated glass vessel 
containing lg of the inorganic solid and 15 ml of solvent 
under an Ar or N2 atmosphere was ultrasonically 
irradiated for 2 h. The sound field generated from a direct 
immersion Ti horn (Heat Systems-Ultrasonics W375 
Sonicator) is a roughly collimated beam at 20 kHz with an 
acoustic intensity of ~20 W cm -2, as described in detail 
elsewhereL Aliquots of the solids were removed at 
appropriate intervals and electron micrographs taken 
with a Jeol JSM-35C scanning electron microscope with 
25-35 keV accelerating voltage. Surface area measure- 
ments were made by N2 adsorption using the single point 
BET technique with a Quantachrome Monosorb surface 
area analyser. TaS2 and MoO3 were prepared in the usual 
fashion 21 and sieved to give a 60-90 ktm particle size 
distribution. Ni powder (3-5 /.tm) was used as received 
from EM Science, Cherry Hill, New Jersey, USA. 

Results and discussion 
Most of the chemical effects of ultrasound result from 
acoustic cavitation: in cavitation near surfaces, the 
implosive collapse is not spherically symmetric and a 
localized microject of liquid is driven into the surface at 



extremely high velocities 23. This causes surface damage, 
removes passivating coatings, creates surface defects and 

Figure 1 Scanning electron micrographs of TaS2: (a) before 
ultrasonic irradiation; (b) after 10 min of irradiation; and (c) after 
120 min of irradiation. Note changes in scale 
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generates local heating. In addition, the shock waves so 
produced will also cause fracturing of friable solids. 
Another phenomenon important to such conditions is 
acoustic streaming, a microscopic turbulence which 
enhances liquid-surface mass transport. 

The effects of cavitation on extended metal surfaces 
have been extensively investigated for many years 24. In 
fact, the use of ultrasound to produce vibratory cavitation 
at surfaces is a standard accelerated test for assessing 
susceptibility to flow erosion 25. Crystalline metal faces 
generally show initial microscopic pitting of the surface 
and plastic deformation, followed at longer times by grain 
boundary delineation and, finally, large scale cratering. 
Secondary corrosive loss of surface material may also 
occur, depending upon the liquid medium 26. 

Surprisingly, the effects of ultrasound on surface 
morphology of powdered inorganic solids has not been 
examined in detail. In order to help determine the origin 
of our observed sonochemical rate enhancements, we 
have applied optical microscopy, scanning electron 
microscopy and surface area determinations of several 
inorganic solids subjected to ultrasonic irradiation. 

After sonication, we observe a significant decrease in 
the particle diameters of moderately sized solids. Starting 
with powders with 60-90/_tm diameters, the particle size is 
reduced to 5-10 /xm after a few minutes of ultrasonic 
irradiation. Upon further sonication, particle diameter 
does not change, for either transition metal powders or 
layered metal chalcogens. This increases substantially 
the surface area of large particle samples after longer 
irradiation. For example, the surface area of TaS2 
with initial particle sizes of 60-90 p.m goes from < 1 to 
l l m 2 g-i  after 15 min of sonication, and increases little 
with further irradiation. In contrast, the surface area of Ni 
powder with initial particle sizes of 3-5/.tm only changes 
from 0.48 to 0.69 m2g -1 after 15 min of sonication, and even 
after 2 h only increases to 1.00 m 2 g-L This lower limit of 
particle size diminution is understandable for two 
reasons. First, the cavities formed upon ultrasonic irrad- 
iation are tens to hundreds of microns in diameter and 
can form jets only at surfaces with at least those 
dimensions2°; thus, small particles will not be subjected to 
microjet impact. Second, the effect of shockwave accele- 
rations over the whole of the particle decreases with 
decreasing particle size; thus, small particles will not 
undergo further fragmentation. 

Upon closer examination of the electron micrographs 
of these samples, as shown in Figures 1,2 and 3, quite 
unusual changes in the surface morphology continue to 
occur after the initial ultrasonic fragmentation. For both 
TaS2 and MOO3, extended ultrasonic irradiation creates a 
badly eroded, pock-marked surface. In contrast, Ni 
powders show a smoothing, almost a melting, of the 
initially crystalline surface. We believe this is due to the 
difference in ductility of these two types of solids: layered 
inorganic oxides and sulphides are relatively brittle 
materials, while transition metals are quite malleable. 

In addition, we find in both classes of  solids a 
substantial increase in the aggregation of small particles 
after sonication. The aggregates so formed are quite strong 
and not fully disrupted even after brief dispersion in an 
ultrasonic cleaning bath (the usual method of dispersion 
for electron microscopy). This is not due to increased 
surface roughening, since the nickel samples show the 
same tendency. We believe that the interparticle collisions 
which ultrasonic turbulent flow induces are largely 
responsible for the effects of ultrasound on powders. Such 
collisions also probably influence the changes in surface 
morphology, as well as the observed aggregation. 

Ultrasonics 1987 Vol 25 January 57 



Effects of high intensity ultrasound: K Suslick et al, 

Conclusions 
Ultrasound dramatically increases the rate of  inter- 
calation of a variety of organic, organometallic and 
inorganic compounds into layered inorganic solids; it 
also enhances the reactivity of a variety of transition 

metals both as reagents and as heterogeneous catalysts. 
High intensity ultrasonic sources are inexpensive, readily 
available from commercial sources and extremely 
reliable. Their ease of application on the scale of up to 
hundreds of grams ensures the continued and eventually 
routine use of  ultrasound as a standard laboratory 

Figure 2 Scanning electron micrographs of MOO3: (a) before 
ultrasonic irradiation; (b) after 30 min of irradiation; and (c) after 
120 min of irradiation, Note changes in scale, 

Figure 3 Scanning electron micrographs of Ni: (a) before ultra- 
sonic irradiation; (b) after 15 rain of irradiation; and (c) after 120 min 
of irradiation 
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technique. 
The effects of  ul t rasound on inorganic solids is 

strikingly revealed by scanning electron microscopy. In 
all cases, high intensity ul t rasound rapidly reduces 
particle size to ~ 5 /zm, with no further reduction even 
after lengthy irradiation. With brittle solids, such as TaS2 
and MOO3, longer irradiation produces substantial surface 
damage with large scale pitting and erosion. With 
malleable microcrystalline solids, such as Ni, ultrasonic 
exposure causes surface smoothing. In both cases, 
significant aggregation o f  particles occurs. The effects o f  
interparticle collision, as well as microjet and shockwave 
impact, are probably  important  in causing these changes 
in surface morphology.  

Acknowledgements 
We thank the U K  Scientific and Engineering Research 
Counci l  and the US Nat ional  Science Founda t ion  
(CHE 8319929) for their support. K.S. Suslick gratefully 
acknowledges an N I H  Research Career Developement  
Award and  a Sloan Founda t ion  Research Fellowship. 
Special thanks are given to S. Berliner III  and Heat  
Systems-Ultrasonics, Plainview, NY, USA, for the 
generous loan of  the ultrasonic equipment,  to Dr  F. 
Scheltens o f  the University of  Illinois and  the staff o f  the 
Chemical  Crystal lography Laboratory o f  the University 
of  Oxford for their assistance in obtaining electron 
micrographs, to B.P. Borglum and Professor R.C. Buchanan 
for their assistance in obtaining surface area measure- 
ments, and to K. Cha takondu  for his assistance. The 
electron microscopy done at the University o f  Illinois was 
carded  out in the Center  of  Microanalysis of  Materials, 
which is supported by the US Depar tment  of  Energy, 
under  contract  D E A C  02-76ER 01198. 

References 
1 Suslick, ICS. Adv Organometallic Chem (1986) 25 73-119 
2 Suslick, K.S. Modern Synthetic Methods (1986) 4 1-60 
3 Suslick, K.S. (Ed) Ultrasound: Its Chemical. Physical and 

Effects of high intensity ultrasound: IC Suslick et al. 

Biological Effects VCH Publishers, New York, USA (1987) 
4 Apfel, R.E. in: Methods of Experimental Physics. Volume 19: 

Ultrasonics (Ed Edmonds, P.D.) Academic Press, New York, 
USA (1981) 356--413 

5 Rooney, J. in: Methods of Experimental Physics, Volume 19. 
Ultrasonics (Ed Edmonds, P.D.) Academic Press, New York, 
USA (1981) 299-355 

6 Suslick, K.S., Schubert, P.F. and Goodale, J . W . J A m  Chem Soc 
(1981) 103 7342-7344 

7 Suslick, K.S., Goodale, J.W., Wang, H.H. and Schubert, P.F. 
J A m  Chem Soc (1983) 105 5781-5785 

8 Suslick, ICS. and Schubert, P.F. J Am Chem Soc (1983) 105 
6042-6044 

9 Suslick, K.S., Schubert, P.F. and Goodale, J.W. IEEE Ultrasonics 
Symp Proc (1981) 612-616 

10 Susliek, K.S., Gawienowski, J.W., Schubert, P.F. and Wang, 
I-LH. J Phys Chem (1983) 87 2299-2301 

11 Susliek, K.S., Gawienowski, J.W., Schubert, P.F. and Wang, 
I-LH. Ultrasonics (1984) 22 33-36 

12 Suslick, K.S. and Johnson, R.E.JAm Chem Soc (1984) 106 6856- 
6858 

13 Saslick, K.S. and Hammerton, D.A. Ultrasonics International '85 
ConfProc Butterworths, Guildford, UK (1985) 231-236 

14 Suslick, ICS., Cline, Jr, R.E. and Hnmmerton, D.A. IEEE 
Ultrasonics Syrup Proc (1985) 1116-1121 

15 Susliek, K.S. u d  Hammerton, D.A. IEEE Trans Ultrasonics 
Ferraelec Freq Control (1986) 33 143-146 

16 Suslick, K.S., Cline, Jr, R.E. and Hammerton, D.A. J A m  Chem 
Soc (1986) 108 5641-5642 

17 Suslick, K.S., Chatakondu, K., Green, M.L.H. and Thompson, 
NILE. in preparation 

18 Suslick, ILS. and Casadonte, D.J. in preparation 
19 Jacobson, A.J. and Whittingham, S. (Ed) Intercalation Chemistry 

Academic Press, New York, USA (1982) 
20 Davies, W.B., Green, M.L.H. and Jacobson, A.J. JSC Chem 

Commun (1976) 781 
21 Clement, R.P., Davies, W.B., Ford, ICA., Green, M.L.H. and 

Jacobson A.J. lnorg Chem (1978) 17 2754 
22 Rivelli, J.F. Inorg Chem (1979) 19 35 
23 Lauterborn, W. and Hentschel, W. Ultrasonics (1985) 23 260-268; 

and (1986) 24 59-65 
24 Knapp, R.T., Dnly, J.W. and Harritt, F.G. Cavitation McGraw- 

Hill, New York, USA (1970) 
25 Annual Book of ASTM Standards Vol 10, ASTM, Philadelphia, 

USA (1981) G32-77, 929-935 
26 Preece, C.M. and Hansson, I.L.H. Adv Mech Phys Surf (1981) 1 

199-254 

Ultrasonics 1987 Vol 25 January 59 


