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The voltammetry of  various well-defined systems in acetonitrile solution has been studied using both 
micro and macroelectrodes in the presence of  power ultrasound. A simple model is established which 
quantifies the mass transport  observed under these conditions; this assumes that the effect of ultra- 
sound is to promote mixing within the bulk of  the solution up to within a certain distance of the elec- 
trode surface. Thus the ultrasound serves to thin the diffusion layer which would exist at the 
corresponding electrode under silent conditions. The relative enhancement of  transport limited cur- 
rents by ultrasound is dependent on the size of  the electrode; for micrometre-sized electrodes the 
steady state limiting current observed tends to that predicted under silent conditions whereas for large 
electrodes a thin, steady-state diffusion layer is seen with a thickness which is power dependent. In 
addition to steady-state experiments, a.c. impedance measurements and potentials steps are used to 
verify the model proposed. 

1. Introduction 

Various workers have reported beneficial results from 
exposing electrochemical cells to the effects of power 
ultrasound. Areas of application include electro- 
plating [1, 2], the deposition of polymer films [3, 4] 
and electrosynthesis [5]. Several physical mechanisms 
exist by which ultrasound might modify electrode pro- 
cesses including the formation of ions, radicals and 
other high energy intermediates during transient cavi- 
tation, the ultrasonic mediation of chemical processes 
associated with electron transfer steps, continuous 
cleaning and activation of the electrode surface, and 
the enhanced rate of mass transport resulting from 
cavitation in solution [6, 7]. It is this last aspect which 
the present paper seeks to address through the 
validation of a mathematical model for the rate of 
mass transport in the presence of ultrasound. In 
particular we make use of a well-thermostatted cell 
of the construction shown in Fig. 1 in which an 
ultrasonic horn is immersed in the solution of interest 
at a known distance, d, above an electrode of a chosen 
(variable) radius ranging from 2.5 #m to 0.4 cm. This 
is used to study the voltammetric characteristics of 
several well-defined simple one electron oxidations 
and reductions in acetonitrile solution. The experi- 
mental results are reported after a mathematical 
model is developed in the following section. 
Subsequent papers will address the other physical 
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effects of ultrasound on electrode processes identified 
above. 

2. Theory 

We consider the simple one electron process: 

A + e - ~ B  

and examine first the mass transport limited current 
flowing at a microdisc electrode achieved through 
applying a potential step to the electrode at time 
t = 0 so that the potential changes from a value at 
which no current flows to one at which the mass 
transport limited current is established. The time- 
dependent transport equation is 

Oa 02 a D 02 a D Oa 
o~=Ds?-S + O-7r 2~ r Or (1) 

where r and z are defined in Fig. 2, a = [A] and D is the 
diffusion coefficient of A. In the absence of ultrasound 
then the boundary conditions corresponding to the 
problem of interest are as follows where r e is the 
electrode radius, 

f o r t > 0 :  

f o r t < 0 :  

The form of the chronoamperometric 

z = 0  0 < r < r e  a = 0  
Oa 

z = 0 r > r e O z  0 

all r z , + ec a = abulk 

all z r ~ + ec a = abulk 

all r, all z a = abulk 

transient 

775 
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Fig. 1. Sonoelectrochemical cell used for the voltammetric studies. 

resulting from the potential step is well known [8, 9] 
and a steady state current of  magnitude [10] 

I = 4nFDabulkre (2) 

is established. This equation implies an average 
diffusion layer [10] thickness over the electrode of 
size ~rre/4 although as a result of the non-uniform 
current density on the electrode the diffusion layer 
will be thinnest at the electrode edges and fattest at 
the electrode centre. In the presence of  ultrasound 
we suppose that the effect of cavitation in solution is 
to promote mixing in the solution close to the elec- 
trode so that the diffusion layer thickness cannot 
exceed a maximum value z* controlled by the incident 
power level. This is schematically illustrated in Fig. 3. 
For  this situation the above boundary conditions are 
modified as follows: 

f o r t > 0 :  z = 0  0 < r < r  e a = 0  

Oa 
z = 0  r > r e  - - = 0  

Oz 
all r z > z* a = abulk 

all z r > + oc a = abulk 

for t < 0 : all r, all z a : abulk 

where z* is the thickness of the truncated diffusion 
layer. The form of the chronoamperometric transient 
resulting under these conditions was explored using 
the hopscotch algorithm [9, 11] to facilitate the 
numerical integration of Equation 1 subject to these 
boundary conditions. The basis of this approach has 
been described elsewhere [11] for the case of mass transport 
to microband electrodes; no new conceptual or com- 
putational problems emerge in the present application. 
Accordingly the reader is directed to the literature [8, 9, 
11] for full details of the necessary procedure. In this 
manner the concentration of  A near the sonicated 
microelectrode was explored and the current (/)/time 
transients evaluated using the following expression 

I=2~rFDJ£~(O-~z) ~=0 rdr 

a=a bulk j=nJ 
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Fig. 2. Cylindrical coordinates used to describe mass transport to a 
microdisc electrode. Also shown is the finite difference grid used in 
the Hopscotch computations described where nKe is the total num- 
ber of points in the r direction, nJ is the total number of points in the 
z direction, nK is the total number of points over the electrode. Ar is 
the separation between points in the finite difference grid in the r 
direction, and Az is the equivalent separation in the z direction. 

where F is the Faraday constant, for different values 
of  r e and z*. 

We turn next to consideration of  the diffusion layer 
under conditions of  ultrasonically enhanced mass 
transport at a macroelectrode. The natural extension 
of the model described above for microelectrodes is 
to assume a diffusion layer of uniform thickness, z*, 
across the electrode surface, 'edge' effects being 
rendered negligible by virtue of the large size of the 
electrode. Under these conditions a steady state 
current is observed of magnitude 

2 * 
I : DTrreFabulk/Z (3) 

3. Theoretical results and discussion 

First the numerical strategy outlined above was 
verified by calculating the transient current due to a 
potential step in the absence of ultrasound for micro- 
disc electrodes of two different sizes: 13.6 and 30 #m. 
A concentration of 1.0 x 10 -3 mol dm -3 and a diffu- 
sion coefficient of 1.0 x 10 -5 cm 2 s -1 were assumed. 
The following parameters were used in the computa- 
tion [11, 12] to ensure convergence to better than 

Unperturbed Ultrasonically "Truncated" 
diffusion layer diffusion layer 

~ P t  microdisc Insulating _ I  
electrode surface 

Fig. 3. Postulated thinning of the diffusion layer caused by ultra- 
sonically induced cavitation in solution. 
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1% in the steady-state current: time increment 
At = l x 10 -Ss, number of grid points in the r- 
direction over the electrode surface (nK) = 40, total 
number of grid points in the r-direction (nKe)= 
800, total number of grid points in the z-direction 
(n J) = 500 such that the distances between the points 
Ar = Az ----- re/39 (see Fig. 2). Figure 4 shows the two 
computed transients together with the corresponding 
theoretical transients calculated from the expression 
derived by Heinze [13]: 

I(t) = nFAabulk \-~/  1 \ r~ / J (4 )  

where t is the time and A is the electrode area. A value 
of 2.00 for the coefficient b was used [13]. Good 
agreement between theory and experiment is evident 
in Fig. 4 and in both cases the steady-state current 
established at long times was found to be in quantita- 
tive agreement with Equation 2. 

Attention was next turned to the computation of 
current transients for the case of the ultrasonically 
truncated diffusion layer. In these computations the 
previous constraint that Ar = Az was relaxed in the 
interests of accurate computation; again Ar = re/39 
but Az was varied such that Az = z*/nJ (see Fig. 2) 

and At reduced appropriately (see below). Values of 
nJ of 600 to 1000 were found to give convergence of 
the steady-state current to within 1%. Figure 5 shows 
the computed transients for a microdisc electrode of 
radius 30 #m with z* = 3.24 #m and 10 #m. The diffu- 
sion coefficient and electrolyte concentrations used 
were as above. The transients were calculated using 
values of At = 3.33 x 10 -s s and 3.33 × 10 .7 s, 
respectively. Notice that the timescale of these transi- 
ents are both more rapid than the corresponding 
'silent' transient shown in Fig. 4(b). Also the smaller 
the value of z* the faster the timescale of the transient 
and the larger the steady-state limiting current. 

4. Experimental details 

Three separate horns were employed in this work. 
These were supplied by Heat Systems (model W380) 
and Sonics & Materials (models VC385 and 
VCX400) and had titanium tipped horn probes 
(of diameter 13 ram) extended by 127 mm and operat- 
ing at 20kHz. Power levels up to and including 
63 W cm -2 were employed and calibrated calorimetri- 
cally. Thermostatting of the electrochemical cell was 
accomplished by means of a copper cooling coil 
inserted in the solution through which water was 
circulated from a constant temperature bath. By 
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Fig. 4. Current  transients resulting from potential steps at microdisc 
electrodes of radius, re: (a) 13.6 #m and (b) 30.0 #m, The solid line 
shows the results of  the Hopscotch computat ions and the dashed 
line the transient calculated from the analytical expression given 
in the text [7]. 
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Fig. 5. Computed  current transients resulting from potential steps at 
a microdisc electrode of  radius, r e = 30.0 # m  for the cases of  trun- 
cated diffusion layer thicknesses of  size z * =  3 .24#m (a) and 
z* 10 ~m (b). 



778 R.G. COMPTON E T  AL. 

limitation of the sonication time to less than one 
minute this arrangement enabled the voltammetric 
measurements to be conducted at constant tempera- 
ture (estimated as within 2 °C). 

Platinum microdisc electrodes were obtained from 
Bioanalytical Systems (West Lafayette, USA) and 
had radii of 2.5, 5.1, 13.6, 29.0 and 60.0#m as 
measured electrochemically under steady state con- 
ditions. Macroelectrodes of radii 0.05, 0.1, 0.15, 0.21 
and 0.39cm were mounted in an insulating Teflon 
sheath. All electrodes were carefully polished before 
using diamond lapping compounds (Kemet, Kent, 
UK) of decreasing size down to 0.25 #m. 

Voltammetric and a.c. impedance measurements 
were carried out using a Solatron 1286 electro- 
chemical interface (in combination with a 1250 fre- 
quency response analyser for a.c. measurements) 
three-electrode potentiostat under computer control 
or an Oxford electrodes potentiostat. A carbon rod 
served as a counter electrode and a saturated calomel 
electrode completed the circuit as shown in Fig. 1. 

The solvent used throughout was dried [14] acetoni- 
trile (Fisons, dried, distilled), and tetrabutylam- 
monium perchlorate (TBAP, Kodak, puris) served 
as the background electrolyte. Ferrocene, p-chloranil 
and tris(p-bromophenyl)amine were used as received 
from Aldrich (99%). TBA+[S2Mo18062] 4- and [(r/5- 
CsHs)Fe(CO)(PPh3)=C(NHMe)Me]BF 4 were gener- 
ous gifts from Professor A. Bond [15] and Dr S. G. 
Davies [16], respectively. No indications were 
observed for the sonochemical decomposition of any 
of the substrates under the conditions employed. 
Solutions were thoroughly purged of oxygen by 
bubbling through the solution argon that had been 
dried with calcium chloride and then presaturated 
with acetonitrile. 

Supporting theory was generated from programs 
written in Fortran 77 using double precision on a 
Sun IPC workstation. 

5. Results and discussion 

Experiments were initially conducted using the one- 
electron oxidation of ferrocene in acetonitrile/0.1 M 
TBAP as a model and well-defined voltammetric 
system: 

CP2Fe-  e ~ Cp2Fe + El l  2 = +0.37V vs SCE [171 

(5) 

Figure 6 shows voltammograms obtained in the 
absence of ultrasound at disc electrodes of 
radius 13.6#m and 0.10cm, respectively (abulk = 
2.0 × 10 -3 mol din-3). The former has the character- 
istic sigmoidal shape expected from a microdisc elec- 
trode [18]. In contrast the macroelectrode displays 
the cyclic voltammogram expected for a reversible 
one-electron oxidation. In both cases the current/ 
voltage waveshapes and magnitudes were consistent 
with the simple reversible process of Equation 5 and 

(Q) 

[ - '  I 

(b) 

• 0.10 +0.70 0-00 *0~0 

E / V  vs SCE E / V  vs SCE 

Fig. 6. Voltammograms recorded in the absence of ultrasound for 
the oxidation of  Cp2Fe (2.0raM) in acetonitrile/0.1 M TBAP for 
(a) a microdisc electrode of  radius 13.6 #m and (b) a macroelectrode 
of  radius 0.1 cm. In the latter case a voltage sweep rate of 20 mV s -1 
was used. 

a value of D = 2.3 x 10 -5 cm 2 s -1 for the diffusion 
coefficient of ferrocene [17]. 

We consider next the voltammetric behaviour in the 
presence of ultrasound. Figure 7 shows measurements 
analogous to those given in Fig. 6 except that 20 kHz 
ultrasound of intensity 44± 5Wcm -2 has been 
directed at the electrode surface using the experimen- 
tal arrangement shown in Fig. 1 with a horn-electrode 
separation of 42ram. For the case of the micro- 
electrode the mean transport limited current is some- 
what enhanced as compared to the silent case (Fig. 
6(a)) but the form of the voltammogram is otherwise 
unaltered except for the presence of 'noise' super- 
imposed on the voltammetric wave (as discussed 
below). In contrast the macroelectrode response is 
qualitatively changed from that of a familiar cyclic 
voltammogram to a sigmoidal shape indicative of a 
constant rate of transport of the electroactive species 
to the electrode surface so as to sustain a steady 
current. Again 'noise' was found to be imposed on 
the basic form of the voltammogram. The magnitude 
of the current in the macroelectrode case is consider- 
ably greater than that of the peak current seen under 
silent conditions and would correspond to a rotation 
speed of approximately 200 Hz were the electrode 
rotated in the absence of ultrasound to achieve an 
equivalent steady-state current! 

(a) (b) 

I I I I 
÷0.10 "1,00 0.00 ÷1.00 

EIV  vs SCE E I V  vs SCE 

Fig. 7. Voltammograms recorded in the presence of  ultrasound 
(20kHz; intensity 44=kSWcm -2 for the oxidation of  Cp2Fe 
(2.0 raM) in acetonitrile/0.1 M TBAP for (a) a microdisc electrode 
of  radius 13.6 #m, and (b) a macroelectrode of  radius 0.1 cm. 
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We have noted that both of the voltammograms 
shown in Fig. 7 display a significant noise component. 
This was recorded using a fast oscilloscope and shown 
to have a significant component very close to 20 kHz 
corresponding to the nominal frequency of the ultra- 
sound employed. (Note that if the voltammograms 
are recorded using a chart recorder or slow digital 
system then this feature will become distorted). How- 
ever, some 20 kHz a.c. signal was also observed when 
measurements were made in the absence of the 
electroactive substrate and at potentials cathodic of 
those required to bring about the oxidation of 
ferrocene. It was found that the magnitude of the 
a.c. component was much lower, and in fact almost 
disappeared, in the absence of supporting electrolyte. 
Specifically the 20kHz a.c. component in pure 
acetonitrile was less than 0.4% of the magnitude of 
the corresponding signal observed in the presence of 
0.1 M TBAP. 

Experiments were then carried out on solutions of 
TBAP/acetonitrile to further investigate the nature 
of the a.c. component of the current. As might be 
expected from the turbulent conditions induced in 
bulk solution by ultrasonic agitation the magnitude 
of the ac component of the current was found to be 
difficult to precisely reproduce. However, approxi- 
mate conclusions could be made from the data that 
was obtained. Initially the potential at the electrode 
was Varied from a highly oxidative value to a highly 
reductive value and the amplitude and mean value 
of the a.c. current measured. The mean was found 
to change from a reductive current at negative poten- 
tials to an oxidative current at positive potentials. The 
switch over occurred at approximately +0.3 V vs SCE. 
The magnitude of the current was also found to vary 
as a function of potential and a minimum was 
observed again near +0 .3+0.15V vs SCE (see 
Fig. 8(a) which relates to a TBAP concentration of 
50raM). Both these observations were found to be 
the case for all concentrations of supporting electro- 
lyte (TBAP) utilized in the range 0-100mM. To 
investigate further the nature of this behaviour the 
variation of the interfacial capacitance with potential 
of the TBAP/acetonitrile/Pt interface, under silent 
conditions, was measured using a.c. impedance 
spectroscopy. A minimum for the interfacial capaci- 
tance was found, for all the concentrations of TBAP 
utilized, at a potential of +0.3 + 0.1V vs SCE (see 
Fig. 8(b) which again corresponds to a concentration 
of 50 raM). We suggest that this is the potential of Zero 
charge, Epz c. It follows that Epzc corresponds to both 
the minimum in the magnitude of the ac component 
of the current and the switch over potential reported 
above. Moreover, Fig. 8(c) shows a linear correlation 
between the current magnitude and the interfacial 
capacitance. Next the magnitude of the a.c. com- 
ponent was investigated as a function of the electrode 
area (see Fig. 9 which was measured using 50ram 
TBAP). An approximately linear correlation was 
observed between the a.c. component magnitude 
and the area of the macroelectrodes. Corresponding 
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Fig. 8. Variation of(a) the magnitude o f I  s°n° and (b) the interracial 
capacitance as a function of  the electrode potential for a Pt disc 
electrode (radius 0.3cm) in the presence of  5 x 10-2moldm -3 
TBAP/acetonitrile; (c) shows that a linear correlation exists between 
the I~ °n° and the interfacial capacitance. 

observations were also made for other supporting 
electrolytes namely LiC104 and TBABr. This enabled 
us to discount the possibility that the ac component 
could be attributed to sonically induced decomposi- 
tion of TBAP in acetonitrile. 

The behaviour of the a.c. current may be rational- 
ized as follows. The charge, q, dropped across the 
double layer at the electrode solution interface is 
related to the electrode area, A, the capacitance per 
unit area of the interface, C', and the drop in potential 
across the double layer, A~b: 

q = A C ' A ~  
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Fig. 9. Plot of  Ia s°~° as a function of  the electrode area, for a Pt  
macroelectrode 5 x 1 0 - 2 m o l d m  -3 TBAP/acetonitrile for an elec- 
trode potential of  0.0 V vs SCE. 

Differentiation with respect to time gives 

, dA ~ , _ d A 4  _ _ _ d C '  
1 =  C A~--~ + C A - - ~  + AL_k$ dt 

Under (suitably fast) potentiostatic control the second 
term is zero. We suggest first that the ultrasonic waves 
arriving at the electrode surface induce a periodic 
compression of the double layer at a frequency of 
20kHz which is reflected in the term (dC'/dt); such 
behaviour has been characterized at lower frequencies 
[19]. 

We return to the voltammetric responses shown in 
Fig. 7 and examine, in greater detail, the nature of 
the d.c. component obtained after removal of the 
mean a.c. component discussed above. We consider 
first the effect of altering the distance, d, between the 
horn tip and the electrode surface. Figure 10 shows 
that as the separation is increased the current falls 
sharply to a steady value which is obtained for 
d > 40 ram. The latter value corresponds to approxi- 
mately half the wavelength of sound in acetonitrile 
[20] and the fall-off distance was found to be indepen- 
dent of electrode size (2.5 #m to 0.39 cm). 

Subsequent measurements were conducted with 
horn/electrode separations corresponding to the. 
plateau region and these experiments were used to 
assess the mass transport models proposed in the 
theory section above. We turn first to results obtained 
for macroelectrodes of radius between 0.05 and 
0.39cm using a fixed incident ultrasonic power of 
44 W cm -2. The applicability of Equation 3 was tested 
by conducting experiments with variable concen- 
trations of ferrocene, tris(p-bromophenyl)amine and 
p-chloranil. The first system has been discussed above 
and the second system is a well characterized simple 
one-electron oxidation [21] 

(Br-~-)3 N - e -  ~- (Br-q~-)3 N+ 

El~ 2 = +l .05V vs SCE [21] 

The third corresponds to the reduction [22] 

0 

C1 ~ C1 

C1 C1 

O 

e 
) 

O 

C1 ~ C 1  

C1 C1 

0 

for which El~2 = +0.01V vs SCE. The diffusion 
coefficients for these two new systems were found 
to be 1.45x 10 -Scm 2s -1 and 1.80x 10 -Scm 2s -I, 
respectively, as determined from independent rotating 
disc experiments. 

Figure 11 shows that for electrodes of fixed area the 
d.c. current is directly proportional to the concentra- 
tion of the electroactive species and this was found 
to be the case for all macroelectrodes studied. Note 
that the slopes of the three lines in Fig. 11 differ and 
this reflects the relative diffusion coefficients of the 
three species concerned (see below). Figure 12 shows 
that for a fixed concentration of depolarizer the 
magnitude of the d.c. current almost scales with elec- 
trode area suggesting a fixed diffusion layer thickness 
nearly independent of the electrode radius. This is 
quantified in Table 1 in which values of z* inferred 
from Equation 3 are tabulated. It can be seen that 
as the electrode increases in size a constant diffusion 
layer thickness is established. Figure 13 shows that 
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Fig. 10. Plot showing the influence of  the electrode/horn separation, 
d, on magni tude of  the d.c. current seen at the working electrode for 
(a) a microdisc of  radius 5.1/~m and (b) a macroelectrode of radius 
0.1 cm. In both  cases a solution containing 10 .3 M Cp2Fe was used. 
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Fig. 11. Dependence of the steady d.c. current on the concentration 
of electroactive species obtained at an  electrode of size 0.39 cm for 
each of the three systems studied. 

for a fixed electrode size and constant concentration 
of electroactive species the current is directly pro- 
portional to the diffusion coefficient of the active 
species. 

Further measurements were made using macro- 
electrodes as above but which employed variable 
levels of incident ultrasonic power. Equation 3 was 
used to infer values of the diffusion layer thickness, 
z*, as a function of this incident power (p). Figure 
14 shows the inferred relationship from which it can 
be seen that, as would be anticipated greater power 
causes increased mass transport due to enhanced cavi- 
tation leading to a greater thinning of the diffusion 
layer and thus a reduced value of z*. It was found 
that the diffusion layer thickness correlated empiri- 
cally with p-0.6. 

We next turn to the voltammetric measurements 
made using microelectrodes of radii between 2.5 and 
60#m. For all electroactive substrates studied the 
steady state current was found to be directly pro- 
portional to the concentration for a fixed electrode 
radius (and therefore z*). Experiments were also 
undertaken to see if, with a fixed diffusion layer 
thickness, the current was directly proportional to 
the diffusion coefficient of the species discharging at 
the electrode surface as predicted by the truncated 
diffusion layer model given above. For this purpose 
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Fig. 12. Plot of  d.c. current against electrode area obtained for 
macroelectrodes of  different radius using 10 .3 ~ Cp2Fe and a ultra- 
sonic power of  44 W cm -z. 

Table 1. The macroeIectrode diffusion layer thickness as a function of 
electrode radius 

Electrode radius/cm z* /#m 

0.05 5.7 • 0.7 
0.10 5.6 i 1.0 
0.15 5.8 ~: 0.7 
0.21 6.3 ~c 0.6 
0.30 6.5 ± 0.7 
0.39 6.5 • O.7 

two systems additional to the three employed in the 
work described above were adopted. These were 
the one-electron oxidation of [(@-CsHs)Fe(CO) 
(PPh3)=C(NHMe)Me]BF 4 [16] 

[(r~5-CsHs) Fe (CO) (PPh3)= C(NHMe) Me] + 

[(r~5-CsHs)Fe(CO) (PPh3)=C(NHMe) Me] 2+ + e- 

El~ 2 ~ -  +1.1 V vs SCE 
r 

and the one-electron reduction of TBA4[SzMolsO62 ] 
[151 

e -  + [ S 2 M o 1 8 0 6 2 ]  4 -  ~ -  [S2MOlsO62]  5 -  

E1/: = +0.49 V vs SCE 

Both of these systems are known to be free from the 
complications of coupled homogeneous chemistry 
[15, 16]. Figure 15 shows that the predicted direct pro- 
portionality is observed. 

Next the validity of the truncated diffusion layer 
model in the context of microelectrode voltammetry 
was assessed by recording the ratio of the current 
under conditions of constant ultrasonic irradiation 
(Isono, recorded at 44Wcm -z) to that tbund under 
silent conditions (/silent)' This was modelled using the 
theory given above and a best fit value of z* inferred. 
Note that by using the ratio /sono/Isilent the depend- 
ence on D and abulk is removed. Figure 16 shows the 
dependence of z* on the electrode radius in the form 
of a plot of log (z*) against log (re). Also included 

30 -- 

- 10 ~ (Br'C6H4)3N 

0 I I 
10 20 30 

D x 1 0 ° / c r n 2 s  "1 

Fig. 13. Plot showing that  the current observed at a sonicated 
macroelectrode depends on diffusion coefficient of  the electroactive 
species as predicted by Equation 3. In each experiment a concentra- 
tion of 10 _3 M of  the depolarizer was used. The electrode size was 
0.05 cm and the ultrasonic power was 44 W cm -2. 

40 
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Fig. 14. Variation of the diffusion layer thickness with the intensity 
of incident ultrasonic power at macroelectrodes of radius of 
0.39 cm, as inferred from the voltammetry of CpzFe. 

on the figure are the values of  z* reported in Table 1. It  
can be seen that at low radii the effective diffusion 
layer thickness tends to the (1/re) dependence 
expected for unperturbed mass t ransport  to a micro- 
disc electrode and implicit in Equation 2. Under  these 
conditions, at sufficiently small electrodes, 

I s o n o  ~ / s i len t  

Notice for large radii electrodes the diffusion layer 
thickness tends to a fixed, power dependent value as 
noted above. 

The results summarized in Fig. 16 vindicate the 
theoretical approach proposed earlier in this paper. 
As a further check on the conceptual basis under- 
pinning our work ac impedance spectroscopy was 
carried out using macroelectrodes with the ferrocene 
system. A frequency range between 0.1 Hz and 
65 kHz was investigated with the electrode potential 
held at a value close to that of  the halfwave potential 
of  the Cp2Fe/Cp2Fe + system. The resulting data was 
displayed in the form of  Nyquist  plots in which the 
imaginary and real components of  the impedance 
are displayed. Figure 17 shows the Warburgian 
behaviour [22] expected for a reversible electrode 
couple (in the absence of  insonation) under conditions 
of  semiinfinite diffusion. The equation describing this 

200 

150 

100 

J 

50 

0 I I 
0.00 0.50 1.00 1.50 2,00 2.50 

D x 10 ~ / cm2s 4 

Fig. 15. Variation of the steady state electrode current with diffusion 
coefficient of the electroactive species for a microelectrode of radius 
30 #m and an incident power of 44 W cm -2. 
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-4.301 -3.301 -2,301 -1.301 -0.301 

Log r e / cm 

Fig. 16. Dependence of z* on electrode radius. The values of z* were 
inferred from voltammetric measurements made on the Cp2Fe 
system. The straight line asymptote drawn for small values of r is 
the average diffusion layer thickness, z*= ~rr~/4, deduced from 
Equation 2 which relates to unperturbed mass transport to a micro- 
disc electrode. Key: ( , )  sono/experimental; ([2) silent theory 
(microdiscs only). 

response is 

4RTcosh2(O/2) ( l - j )  
Z(@ = R u + nZFeAcoO.SDO.Sabu~ k x/2 (6) 

where n is the number  of  electrons transferred, a(  
rads  -~ is the a.c. frequency, 0 = n F / R T ( E - E  °) 
(where E is the electrode potential and E ° is the 
standard potential) and R,  is the uncompensated 
solution resistance. Equation 6 shows that a plot of  
the negative value of  the component  of  the imaginary 
impedance ( - Z " )  against 1A/a~ should be a straight 
line through the origin as confirmed by Fig. 18. The 
slope of this plot enabled the inference of a value of  
2.5(-4-0.2) x 10 -s cm 2 s -1 for the diffusion coefficient 
of  Cp2Fe which is in good agreement with literature 
values of  2.3 x 10 -5 cm 2 s -1 [11, 18]. Figure 19 reveals 
the corresponding Nyquist  plot made for the same 
electrode as used to generate the data needed for 
Fig. 17 except that  the electrode was irradiated with 
ultrasound of power 4 4 W c m  -2. Notice that the 
impedance is greatly reduced owing to the enhanced 
mass transport  and that the shape of the impedance 
plot is qualitatively altered. We have suggested above 
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Fig. 17. Nyquist plot showing the imaginary (-Z") and real (Z') 
components of impedance as measured using an electrode of radius 

3 0.39cm and a solution of Cp2Fe (10- M) in acetonitrile/0.1 M 
TBAP. 
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Fig. 18. Plot of - Z "  against 1/x/c~ derived from Equation 6, the 
plot gradient enables the determination of D for Cp2Fe. 

that for macroelectrodes under sonication the mass 
transport is controlled by diffusion through a thin 
film. For such conditions it is readily shown [23, 24] 
that the Warburg expression of Equation 6 should 
be replaced by the following: 

4Rrcosh2(O/2) 
Z(c~) = R u + naF2AabulkDO.5~o.sx/2 (1 - j )  

x tanh(z*x/(ja~/D)) (7) 

Equation 7 was applied to our experimental data and 
z* systematically varied to obtain the best fit with 
experiment. The results of this procedure are shown 
in Fig. 19. In addition Fig. 20 shows the corres- 
ponding exercise applied to an electrode of radius 
0.30 cm. For both electrodes examined it can be seen 
that the diffusion layer thickness indirectly inferred 
from the a.c. impedance measurements is in close 
agreement with those reported in Table 1 with the 
best fits in both cases being seen for z* values between 
5 and 7 #m in good agreement with the values of 
6.5#m shown in Table 1 above. 

As a final confirmation current transients were 
recorded when induced by a leap between potentials 
corresponding to no current flow and to the transport 
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8 0 . 0 - -  

 ooh. ,'X". \ 
3oo I_ \ 

75.0 100.0 125.0 150,0 175.0 200.0 225.0 250.0 

Z' / Ohm 

Fig. 19. Nyquist plot showing imaginary ( - Z ' )  and real (Z ~) 
components of the impedance as measured in the presence of ultra- 
sound (20 kHz, 44 W cm -2) using an electrode of radius 0.39 cm and 
a solution of CpzFe (1 ram) in acetonitrile/0.1 m TBAP. Solid lines 
represent the theoretical behaviour computed from Equation 7 for 
the values of z* shown. 
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Fig. 20. Nyquist plot showing imaginary ( -Z" )  and real (Z ' )  com- 
ponents of impedance as measured in the presence of ultrasound 
(20 kHz, 44 W cm-2) using an electrode of radius 0.30 cm and a solu- 
tion of Cp2Fe (1 raM) in acetonitrile/0.1 M TBAP. Solid lines repre- 
sent the theoretical behaviour computed from Equation 7 for the 
values of z* shown. 

limited oxidation of ferrocene at a 29 #m microdisc 
electrode. Figure 21 shows transients recorded both 
in the absence and presence of ultrasound. Both 
were quantitatively modelled using the Hopscotch 
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Fig. 21. Potential leap transients recorded for the oxidation of 
CpzFe (3.2mM) at a 29#m microdisc electrode (a) in the absence 
of ultrasound, and (b) with the electrode irradiated by ultrasound 
of power 55 W cm -2. Points correspond to experimental measure- 
ments; solid line corresponds to theoretically predicted response 
computed using the truncated diffusion layer model described in 
the test. A layer thickness of 3.1 #m was used for the computations 
as  d e d u c e d  f r o m  ana ly s i s  o f  the  s t e a d y  s ta te  cu r r en t .  



784 R.G. COMPTON E T  AL. 

theory given above. In the presence of ultrasound the 
diffusion layer thickness (3.1 #m) deduced from the 
steady state current was used in the computations. 
The excellent agreement between theory and experi- 
ment shown in Fig. 21 again confirms our proposed 
mass transport model. 

6. Conclusions 

Steady-state voltammetry, a.c. impedance spectro- 
scopy and potential step chronamperometry all 
suggest that the mass transport to an electrode (micro- 
electrode or millielectrode) under conditions of 
insonation may be characterized by transport across 
a thin diffusion layer of thickness about a few tens 
of nanometres and which is dependent on the power 
of the ultrasound employed. It should be emphasized 
that the measurements reported are on a timescale 
long compared to a single cavitational event and 
therefore represent an averaged response of the elec- 
trode; the response of an electrode at short times, 
comparable to those of the ultrasound frequency 
used, may reveal different behaviour. 
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