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I n  the 1950s and 1960s fundamental developments in electrochemical methods included 
voltammetry and low signal techniques. A generation later, the discovery of the unusual 
properties of ultramicroelectrodes has opened new possibilities of analyzing electrode process- 
es. The changes in mass transport conditions bring about extremely high current densities at 
ultramicroelectrodes, whereas the currents themselves become very small. This little-noticed 
phenomenon allows for many electroanalytical applications that are not possible with conven- 
tional electrodes, especially experiments in solutions with very low electrolyte concentrations, 
in nonpolar solvents, in solids. and even in gases. In addition. two factors changes in the 
experimental time scale at low scan rates because of the size of the electrode, and insignificant 
iR effects at very high scan rates  make it possible to study very fast homogeneous and 
heterogeneous electrode processes. 

1. Introduction 

Electrodes are systems of coupled electrically conducting 
phases, which are usually in electrochemical equilibrium. An 
exchange of charges takes place across the interfaces between 
the phases. The reaction at  the phase interface is known as an 
electrode reaction, and the exchange of charged particles 
across the phase interface is a charge transfer reaction. As a 
rule. one phase conducts electrons and at least one phase 
ions (metal or semiconductor electrode). In principle, an 
electrode can also consist of two ion-conducting phases. 

In textbooks, some such definition will introduce the elec- 
trode as the crucial instrument of electrochemistry. Accord- 
ingly, almost all our knowledge in this field concerns elec- 
trodes directly or  indirectly. In basic research, electrode 
kinetics"] and electrochemical thermodynamics provide 
comprehensive theories that are continually being extended 
to explain the properties of electrodes and the processes a t  o r  
through them. Hence, it comes as a surprise to learn that in 
the past electrochemists paid little attention to the influence 
that size and geometry of the electrode surface have on elec- 
trochemical processes, apart from the direct proportionality 
between size and the measured signal."I 

The development of polarographyL3] made the relatively 
small spherical Hg drop electrode widely known as early as 
1922. Initially, however, no one appears to have obtained 
theoretical or experimental findings that indicated a direct 
relationship between the size of the drop and its electrochem- 
ical properties. In 1937 MacGillavry and RidealC4l set up a 
current - time equation for the stationary, spherical electrode 
for the first time, which predicted that the course of the 
diffusion-controlled current over time depended on  the size 
of the radius. Two years later, Laitinen and Kolthoff were 
unable to verify this relationship e ~ p e r i m e n t a l l y . ~ ~ " ~  In 1941 
the same authors reported the results of voltammetric exper- 
iments using thin wire electrodes.15h1 They interpreted the 
stationary currents they observed as a consequence of natu- 
ral convection, and did not relate them to surface size or  
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geometry of the electrode. Only in the mid 1960s, when cur- 
rent ~ time measurements at small stationary disk electrodes 
excluded the influence of convection, was it accepted that the 
results did not agree with the theory of planar diffusion. 
These phenomena were interpreted as edge effects due to 
surface size. for the most part the result of quasi-spherical 
diffusion processes.lhl At about this time, almost twenty-five 
years after it had been theoretically predicted. experiments 
confirmed for the first time that the current response in 
chronoamperometric experiments with spherical electrodes 
becomes time-independent and stationary. The time lapse 
before the stationary value is attained depends on the elec- 
trode radius.['] Although the subject attracted some interest 
in the following years,['-'] only at the end of the 1970s did 
Fleischmann and co-workers a t  the University of Southamp- 
ton["] establish beyond question that diminishing electrode 
surface size has not only quantitative effects, but  also-^- and 
always--unusual qualitative ''I For instance, 
chronoamperometric measurements at electrodes with pm 
dimensions (2 20 pm) showed that, in contradiction of Cot- 
trell's theory.[''] even with planar electrodes a time-indepen- 
dent stationary state is reached very rapidly. Other conspic- 
uous phenomena included high current densities in spite of 
small measuring currents, the possibility of measuring tran- 
sients at considerably shorter time scales as well as a drastic 
decrease in the ohmic drop caused by the resistance of the 
solution. In 1981 Wightman provided a first comprehensive 
survey of the special properties and perspectives of micro- 
voltammetric electrodes.["] 

These discoveries have encouraged numerous research 
groups to study the properties and applications of ultrami- 
croelectrodes in theory and practice. 

The concept of ultramicroelectrodes (UME) is now a 
widely accepted term in the literature. However, unlike in the 
field of electrophysiology, in electrochemistry it is not neces- 
sary for all dimensions of probes to be extremely small. In 
principle. only one, the characteristic dimension that is given 
by the geometry of the electrode, must be very small. For  
instance. a very narrow, but long band electrode makes a 
suitable ultramicroelectrode. 

In their enthusiasm, electrochemists should not forget that 
microelectrodes with diameters of 25 pm have long been 



used in medical and biological research.[23i They were initial- 
ly developed to determine the oxygen content of living tissue 
and tissue 251 Accordingly, the electrodes had to  
be as small as possible. The users either did not notice the 
unconventional properties of these electrodes. o r  did not 
think anything of it. 

Electrochemists are interested in ultramicroelectrodes 
mainly because their application in accordance with the gen- 
eral principles of practice used in voltammetry and 
chronoamperometry opens totally new possibilities for 
studying electrode reactions. The results of dynamic mea- 
surements in solvents with low electrolyte concentrations or 
in poorly conducting media,[26] or in the solid state,[271 or 
even in the gas phase[’*] have been particularly spectacular. 
This will ensure that in future electrochemical data will be 
obtained under similar experimental conditions as, for ex- 
ample. in spectroscopy. 

Moreover. using microelectrodes expands the time scale 
for measurements by several orders of magnitude, which 
makes it much easier to study rapid homogeneous or  hetero- 
geneous reactions with microelectrodes than with, for ex- 
ample. rotating electrodes. Over and above this, the combi- 
nation of exceptionally high current densities and low 
measuring currents promises new applications in the fields of 
analysis. sensors. and scanning electrochemical mi- 
croscopy.[”’ At the same time, the small dimensions of the 
electrodes guarantee that the experiment will not alter or  
destroy the object measured, a very important aspect in, for 
instance, biophysical examinations. 

A growing number of communications, progress re- 
ports.[”I and booksF3 ’ ]  indicates that the above-mentioned 
set of examples is by no means complete. As ultramicroelec- 
trodes become commercially available, this technique will 
soon find new friends outside specialized electrochemical 
laboratories. It is hoped that this survey will encourage this 
development. 

2. Electrochemistry at Ultramicroelectrodes 

2.1. Mass Transport 

In principle, experiments using ultramicroelectrodes are 
similar to those using conventional electrodes. A stationary 
electrode immersed in an unstirred electrolytic solution is 

given either a constant potential or one that changes linearly 
over time. Provided there is an electroactive substance, that 
is. one that can undergo oxidation or reduction, in the elec- 
trolytic solution, a heterogeneous charge transfer will occur 
a t  the metal/liquid interface, during which, in the case of 
reduction, for example, electrons will be transferred from the 
electrode to the electroactive substance.[’. 321 At the same 
time, the concentrations at the electrode surface start to 
change, which sets off diffusive mass transport to and from 
the electrode. 

Depending on the size of the electrode and the volume of 
electrolytic solution used, one can distinguish between three 
limiting cases of diffusion. The simplest case is an electrode 
in a thin-layer cell with a very low ratio of cell volume to 
electrode surface. Under these conditions, mass transport 
within the cell is negligible, and no diffusion gradient devel- 
o p ~ . ‘ ~ ~ ’  By reducing the ratio between the electrode surface 
and the electrolyte volume, one approximates the normal 
situation of a voltammetric experiment with semi-infinite 
planar diffusion.[34] With the transition to extremely small 
electrode surfaces, the conditions change yet again, and the 
diffusion process becomes dependent on the size and geome- 
try of the electrode[2,30.31] (Fig. 1). 

<20 prn 
thin-layer cell macroelectrode ultramicroelectrode 

Fig. 1. Limiting cases ofdiffusive mass transport in electrochemical cells. Left: 
Thin-layer cell; the available transport paths are short. and no diffusion gradi- 
ent develops. The ratio between electrolyte volume ( V )  and electrode area ( A )  
is very low. Center. Macroelectrode (for example. disk with diameter 
20.01 m): mass transport perpendicular to electrode is in form of a semi- 
infinite planar diffusion. In mathematical terms. the process corresponds to 
mass transport in a one-dimensional diffusion field [Eq. ( I ) ] .  Right: Ultra- 
microelectrode: the diffusion process depends on the shape of the electrode. 
A spatial diffusion field develops (hemispheric in the case of a disk electrode) 
[Eqs. ( 2 -  611. The V ; A  ratio is extremely high. 

V/A small V/A large 

As one might expect, the voltammetric current -voltage 
curves of these three cases differ markedly. In  the case of a 
thin electroactive layer, the cathodic and anodic waves ap- 
pear as perfect mirror images. Normal electrodes produce 
the characteristic cyclic volt ammo gram^,[^^^ and extremely 
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small electrodes (ultramicroelectrodes) yield steady-state 
current - voltage curves, which resemble the classic polaro- 
grams as well as the current-voltage curves of rotating elec- 
trodes (Fig. 2). 

disk drop band wire 

E - E O N -  E - E O N  - E - E O N  _r 

Fig. 2. Voltammetric current-voltage curves. Left: for the thin-layer cell: cen- 
ter: for semi-infinite planar diffusion (a = 0) to a macroelectrode; right: for 
semi-infinite hemispheric diffusion to a microdisk electrode (u = 8.0). 
E ,  = switching potential, E, = half-wave potential. E, = peak potential. 
€,. = anodic peak potential. E,. = cathodic peak potential, i,,. = anodic peak 
current. i,,. = cathodic peak current. The I / /A  ratio increases from left to right 

The phenomena at  ultramicroelectrodes are caused by 
time-dependent changes in mass transport, in which one- 
dimensional diffusion fields transform into spatial fieIds. In 
the case of planar electrodes, besides the usual axial diffu- 
sion, an additional, radial diffusive component becomes ef- 
fective parallel to  the electrode surface. In the case of curved 
electrode surfaces, spherical or cylindrical diffusion fields 
form over time at rates that depend on electrode size. 

In mathematical terms, the diffusion is described by Fick's 
Laws, which vary for spatial fields [Eqs. (1 -5 ) ]  according to 
the electrode geometry.[351 

(planar diffusion) 

(cylindrical electrode) 
at 

(spherical electrode) (3) 

(4) 

The introduction of further boundary conditions deter- 
mines whether the diffusion will be finite (thin-layer cell) or 
semi-infinite and whether the electrode reaction will proceed 
galvanostatically (constant current), potentiostatically (con- 
stant potential), or potentiodynamically (variable potential). 
When ultramicroelectrodes are used, measurements are gen- 
erally potentiostatic (chronoamperometry) or potentiody- 
namic (cyclic voltammetry). 

The planar disk is the most popular electrode in experi- 
ments (Fig. 3). It is constructed relatively easily by encasing 
a metal wire or a carbon fiber in glass or  embedding it in 

n ... I- 

interdigitated structure ring array 

Fig. 3. Typical configurations of ultramicroelectrodes. 

plastic; the flat surface of the end of the insulated wire serves 
as the active electrode surface.@ 36 - 3 8 1  Re cently, greater use 
has been made of band139-421 and ring  electrode^,[^^.^^] 
whose surface areas can be enlarged by altering the length of 
the band or the circumference of the ring without losing the 
specific properties of ultramicroelectrodes. The same objec- 
tive can be achieved with electrode a r r a y ~ , [ ~ ~ - ~ ~ I  that is, 
several electrodes arranged, for example, in the form of an 
interdigitated structure. However, with arrays the diffusion 
conditions change depending on the arrangement of the elec- 
trodes. This means that, during very long experiments, the 
diffusion field eventually returns to a planar form.[48*491 
From a theoretical point of view, spherical (Hg and 
cylindrical (wire) electrodes['7' 41, '1 are particularly inter- 
esting, as they allow for one-dimensionai solutions to the 
diffusion problem.[2.4. 351 

2.2. Chronoamperometry 

Notwithstanding different diffusion equations, when the 
surface area is reduced, qualitatively similar changes take 
place in the current response of all electrodes, irrespective of 
shape. This is because at  electrodes generally the particle flux 
per surface unit increases as the distance from the electrode 
surface decreases. A study of chronoamperometric experi- 
ments reveals the details of this phenomenon. 

In the simplest case of a chronoamperometric (potential 
step) experiment, a working electrode is given a potential 
sufficient to completely reduce or oxidize at  the electrode 
surface a dissolved electroactive substance of concentration 
c*. The corresponding initial and boundary conditions are 
compiled in Equations (6)-(8). 

c(x,O) = c* ( t  = 0) (6)  

Iirn c(x,t)  = c* ( t  > 0) (7) 
I - c r  

(8) c(0,t) = 0 

Experiment and theory show that under these conditions 
a diffusion-controlled, faradaic current i flows over the elec- 
trode. Its value (in A, proportional to j ,  the flux in 
mol s- m-') is directly proportional to the concentration 
gradient a t  the electrode surface [Eq. (9), where F is the 
faradaic constant, D the diffusion coefficient, and A the area 
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(9) 

of the electrode]. This gradient causes the formation of a 
diffusion layer in front of the electrode, which gradually 
spreads into the solution (Fig. 4, top). For a purely planar 

0.75 ’‘ooBI 

0.0 8.0 16 24 32 
x lum - 

0.001 s 0.01 s 0.1 s 
Is 1 .oo 

0.75 

0.00 j I I 1 I 

0.0 8.0 16 24 32 
xlpm - 

Fig. 4. Concentration profiles of diffusion layers (diffusion coefficient 
D = 1 x m’s-’) in a chronoamperometric experiment for different times 
I after application of a potential step (concentration of the electroactive species 
at electrode surface is zero). Top: semi-infinite planar diffusion; bottom: spher- 
ical diffusion for a spherical microelectrode with ro = 0.5 pm. c/c* = normed 
concentration. ‘c = distance from electrode. 

diffusion, the time-dependent current obeys the Cottrell 
equation [Eq. (10)],[211 which predicts that the current in 

the chronoamperometric experiment is inversely propor- 
tional to t i .  

The conditions for planar diffusion are properly fulfilled 
only if the electrode surface is very large. In the case of a disk 
electrode, edge effects become increasingly noticeable as sur- 
face area decreases : in addition to the mass transport per- 
pendicular to the electrode, mass transport also develops 
parallel to the electrode. The size of the edge effects depends 
on duration of the measurement and electrode radius. Fig- 
ure 5 shows computed concentration profiles at disk elec- 
trodes with different radii recorded after 1 s of measuring. 

From this it is clear that as the electrode radius decreases, 
semi-infinite planar diffusion gradually transforms into 
semi-infinite hemispherical diffusion. Longer experiment du- 
ration produces the same phenomenon. Due to the time- 
dependent change in the diffusion profile, the solid angle 
occupied by the diffusion layer in front of the electrode in- 
creases, and hence, grows considerably relative to the elec- 
trode surface. As a consequence, many more electroactive 
particles per unit time and area reach the electrode than in 

i Imi-’I 501zL 0.5 1.0 

loot 
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0.5 1.0 
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Fig. 5. Normalized calculated concentration profiles c/c* calculated for disk 
electrodes with different radii (ro = 3 x 3 x 3 x 1 F 5 m ;  D = 

1 x m’s- ’) 1 s after start of a chronoamperometric experiment; concen- 
tration of the electroactive species at the electrode is zero because of a high 
potential pulse. Concentration curves are separated by 0.1 of a concentration 
unit. .r = distance perpendicular to the electrode. 

the case of pure planar diffusion. On the other hand, the 
growing volume within the prescribed solid angle means that 
the particle flux in and out of the volume eventually becomes 
stationary (Fig. 4b) and the diffusion layer stops growing. 
The mass transport rate in the stationary case is given by the 
mass transport coefficient m (in ms-’). Its value in a 
(hemi)spherical field is indirectly proportional to the elec- 
trode radius Y,, [Eq. (1 l)]. Consequently, for extremely small 
electrodes the diffusion rate can be extraordinarily high. 

Hence, the calculation of the current - time curve produces 
a modified Cottrell equation [Eq. (12)]. For the disk elec- 

trode,r6,’3.521 7t+<b<47t-+. The value of the prefactor b 
changes in the transition from the planar to the hemispheri- 
cal diffusion field. Approximate formulas for this intermedi- 
ate case may be found in the literature.[533 541 By analogy, 
Equation (1 3) is valid for the spherical electrode.12.41 As long 

as planar diffusion dominates and the measuring time is 
short, the second term on the right-hand side of Equa- 
tions (12) and (13) can be neglected, which results in the 
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limiting case of Equation (10). By contrast, if the measuring 
time is very long, the first term on the right-hand side be- 
comes negligible, and the result is a stationary current. The 
smaller the electrode surfxe,  the shorter the time lapse be- 
fore the stationary state is established. The parameter (14) 

characterizes the extent of the nonplanar diffusion. For val- 
ues of '1 greater than 6. the current becomes stationary; for 
smaller values, one approximates the limiting case of planar 
diffusion. Oldham's comprehensive theoretical stud- 
i e ~ ' " ~ ~ ' 1  have shown that one can set up an identity for the 
stationary limiting currents i,, (in A) for the spherical, hemi- 
spherical, and disk electrodes by introducing a surface di- 
ameter d[Eq. (15)]. For the sphere, d =  27tro, for the hemi- 

sphere d = 7tro, and for the disk electrode d = 2ro .  The at- 
tainable stationary limiting currents for the different elec- 
trode forms are listed in Table l.141,56-591 In contrast to 

Table 1. Limiting currents for ultramicroelectrodes. 

spll"'.' 
i<,, = 4nr,nFD<* 

Hiviiisphiw 
I ( , ,  = 2 K r,,nFDc.* 

Disk: 
i<,, = 4r,nFDc* 
is identical with the sphere when = (ni2)rO (hemisphere) 

C.vlindcv f uppro.yiniute j 

i=2nFADr.* 

where A = cylinder surface area (2nr0f) or 
hemicylinder surface area (nr.&, I = length of the cylinder 

In[4(Dt)/ri] 

i = 2nnFDc*l 

I = length of the hand 

Ring 
lim i ( / )  

!?FOP - In[16(h + u)i(h - u)] 
where u - h Q u and 
h = inner radius of the ring, u = outer radius of the ring 

In [4(D1):ri] 

x2(u  + h )  , - I  

macroelectrodes, with microelectrodes current and electrode 
surface are not proportional for diffusion-controlled pro- 
cesses; instead current is proportional to the characteristic 
electrode diameter or  radius. Thus, with microelectrodes un- 
der diffusion control, the current density is larger the smaller 
their diameter, whereas with macroelectrodes it is usually 
independent of surface area. 

The time lapse before a stationary state is reached depends 
both on the size of the electrode and on the diffusion coeff- 
cient of the electroactive system. Calculations of Oldham et 
al.i571 show that for an average diffusion coefficient of 
10-'mZs-',  a 10pm disk electrode takes approximately 
1.3 s and a 1 pm electrode 0.01 s to reach a stationary state, 
with a deviation t' = 5 YO. (According to Equation ( I  2), sta- 
tionary states can, in theory, also form at  macroelectrodes. 

This would take about 360 h in the case of a 1 cm disk elec- 
trode, so that in any event convection influences would dom- 
inate.) As it is obvious that several parameters determine the 
specific properties of such electrodes- the influence exerted 
by iR will be discussed in Section 2.5 -it is very difficult to 
define an "ultramicroelectrode" in terms of a precise limit 
for its characteristic dimension. It has become practice to use 
the term UME for disk electrodes with a diameter smaller 
than or equal to 20 pm. The term nanode is used for elec- 
trodes with a diameter of less than 1 pm. 

As expected, the influence of electrode shape is greatest for 
spherical diffusion fields. The comparison with planar diffu- 
sion (Fig. 6) shows that already after 1 s, despite a small 
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Fig. 6. Simulated current-time curve in chronoamperometry (Cottrell experi- 
ment) (D = 1 x lO-"m's- I .  (.* = 5.4 x 10.' M, c(0.r) = 0) for planar(--) and 
spherical ( ---)diffusion ( r o  = 0.5 pm). 

absolute current, the current density a t  a spherical microelec- 
trode with a diameter of 1 pm is nearly 100 times greater than 
that at a normal electrode [Eq. (16)]. 

The calculations for cylindrical, band, and ring electrodes 
prove that these attain only a quasi-stationary state, as the 
equations for their currents contain time-dependent terms. 
On the other hand, the current response can be considerably 
increased by altering band length or ring circumference with- 
out changing the diffusion field. This opens interesting per- 
spectives for analytical applications. 

2.3. Voltammetry 

Whereas in chronoamperometry the potential a t  the elec- 
trode is constant after a single step from the initial to the 
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final value. in voltammetry the potential changes linearly 
over time. Starting from an initial potential Ei, a linear po- 
tential sweep (potential ramp) is applied to the electrode. 
After reaching a switching potential E,, the sweep is reversed 
and the potential returns linearly to  its initial value,[32. 341 

which explains the term cyclic voltammetry. The experimen- 
tal time scale is determined by the potential scan rate (also 
known as the sweep rate) 2: = AE/At .  This popular electro- 
chemical method was presented in a previous issue of Ange- 
w m f i r  C h e n r i ~ . ' ~ ~ '  

Ultramicroelectrodes in cyclic voltammetry produce, in 
principle, the same phenomena as in chronoamperometry. 
The transition to the stationary state is achieved by reducing 
the scan rate - -and the smaller the characteristic radius of the 
electrode. the Faster the transition. Initially the cyclic voltam- 
mograms at "high" u values are wave-shaped; as v declines 
they become sigmoid polarograms (Fig. 7). As such, they are 

sionless current function TC+ T(u t )  (which corresponds to a 
normalized current--s stands for spherical) from the known 
current function xixp(ut) (p stands for planar) for planar 
diffusion [Eq. ( 1  7), where CT is the sphericity (1 7 b) and @ the 
spherical correction factor (1 7 c)]. The factor n is the normal- 

ized scan rate in cyclic voltammetry (defined as u = 

unF(RT) - ' )  and qC0)  = E")nF(RT)-' is a normalized po- 
tential. The sphericity CT characterizes the extent of the spher- 
ical diffusion. For  CT = 0, the limiting case of normal planar 
diffusion ( r  + a )  characterized by the typical transient 
voltammogram is observed, whereas from CT > 1 the station- 
ary state ensues (Fig. 8). The transition to the stationary 

u = 1 o v s - '  u = 1 v s - '  

I 

-a& 4.1 ao 01 oz 0 3  0, 05 0 6  -0342 41 00 o i  02 03 04 05 0.6 

E (VS. Ag/AgCI)/V _c E(vs.  Ag1AgCI)IV - 
Fig. 7. Experimental cyclic voltammograms of the oxidation of ferrocene 
( c  = 3.2  nM) in CH,ClJO.l I [TBAIPF, (TBA = tetra-n-butylammonlum) at 
different scan rates. Measurements taken with a Pt microdisk electrode 
(ro = 6 pm). 

comparable with the steady-state voltammograms at  rotat- 
ing disk electrodes. This resemblance is due to  the formation 
of stationary (Nernst) diffusion layers, which in the case of 
rotating electrodes are caused by rapid convectional mass 
transport, and in the case of microelectrodes are a result of 
the particular shape of the diffusion field and the high diffu- 
sive mass transport rate. 

In the stationary state, the currents are time-independent, 
and the scan rate no longer affects the shape and size of the 
voltammetric wave. The conditions for the formation of a 
steady-state differ according to  the geometry of the elec- 
trodes used. Whereas the diffusion-limited current or the 
current density corresponds to  the values obtained for the 
stationary state in chronoamperometry (Table l),  theoretical 
modeling of the entire current-voltage curve has to be done 
numerically.[h*~6'1 The only exception is the case of the 
simple reversible redox process during spherical diffusion to 
a spherical electrode. For  this, ReinmuthEh2I has developed 
a correction formula that can be used to calculate the dimen- 

U =  1.8 

u = 0.57 

u = 0.18 

u =  0.0 

0 . 5 7 ,  

0.2 0.1 0.0 -0.1 -0.2 -0.3 

E - E'IV - 
Fig. 8. Simulated cyclic voltammetric diagrams for spherical electrodes with 
different sphericities. The ordinate gives the current function n*%(ur) ( =  nor- 
malized current ;) [ X I .  

state takes place at somewhat higher CT values for other elec- 
trode geometries. 

Larger CT values, usually a consequence of smaller elec- 
trode radii, imply higher transport coefficients m (Eq. t t )  
and therefore higher current densities. A comparison with 
rotating electrodes (RDE) reveals that the transport coeff- 
cient of a spherical electrode with a diameter of 10 pm corre- 
sponds to  a speed of 10000 rpm. Whereas this is the maxi- 
mum speed for rotating electrodes, the dimensions of 
ultramicroelectrodes can be considerably smaller. 

One property that distinguishes ultramicroelectrodes from 
stationary electrodes of conventional size is the increase in 
the transport rate of the electroactive particles as the elec- 
trode radius decreases. The high transport rates mean that 
with very small electrodes this process can take place as fast 
or even faster than heterogeneous charge transfer; that is, 
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instead of being diffusion-controlled, the process becomes 
kinetically controlled. Unlike the diffusion-controlled case, 
which is in thermodynamic (Nernst) equilibrium at the elec- 
trode, the corresponding stationary current -voltage curves 
shift and change their shapes depending on the rate of elec- 
tron transfer (Fig. 9). Thus, ultramicroelectrodes are very 

91 91 n 
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elegant instruments for determining kinetic parameters of 
rapid electron transfer reactions. As theoretical consider- 
ations rapid transfer processes with heterogeneous 
rate constants of the order of ms-' can be analyzed by 
disk electrodes with a diameter of between 5 pm and 
0.05 pm. For slower processes, electrodes with significantly 
larger diameters are adequate. By applying a suitable set of 
ultramicroelectrodes of different sizes to obtain steady-state 
voltammograms, one can determine the kinetic parameters 
of the heterogeneous charge transfer (the transfer coefficient 
tl and the transfer rate k:) as well as the thermodynamic 
standard redox potential.r63s 641 

There is also another reason why ultramicroelectrodes can 
accurately determine standard redox potentials. As a result 
of the high transport rates, the homogeneous chemical pro- 
cesses associated with the heterogeneous charge transfer in 
the experimental time scale-the latter expressed by the CT 
value [Eq. (17b)l or the mass transport coefficient m 
[Eq. (1l)l-take place only partially or not at all (Fig. 10). 
Because the diffusion rates rise with decreasing electrode 
radius while the rates of homogeneous chemical processes do 
not change, the effect of diffusion rates on the shape and 
position of the voltammetric current-voltage curves de- 
creases continuously. Provided that the heterogeneous 

Fig. 10. Two-dimensional concentration profiles for an electron transfer reac- 
tion (R + R-), to which an irreversible dimerization is coupled (2R-  + R i - ,  
EC,,,,, k,c/u = 20.0). Top: microdisk electrode, u = 5.0, for the dimer (left) and 
the anion (right); bottom: macrodisk electrode, u = 0.1, for the dimer (left) and 
the anion (right). The formation of the dimer close to rhe macroelectrode is very 
clear; in the case of the microelectrode, the concentration profile of the first 
anion formed predominates. 

0.2 0.1 0.0 -0.1 -0.2 -0.3 -0.4 -0.5 

E - Eo/V - 
Fig. 9. Steady-state cyclic voltammograms with an ultramicrodisk electrode 
(u =11.1, (D =1 x 10-10m2s-'. r = 0.5 pm, (hemi)spherical diffusion field). 
kp:  (-) z 1, (----)  0.011, 0.0035, 0.001 1, 0.00035. 0.00011, 0.000035, 
0.000011 msc'. For k P i l  ms- '  and a mass transport coefficient of 
tn = 0.002 ms-  '. the electrode process is diffusion-controlled (Nernst case). 
For k:<0.002 ms-' ,  the reaction is kinetically controlled, and the steady-state 
voltammograms shift with simultaneous minor changes in shape along the 
potential axis. With the help of theory [63]. ke can be determined from the 
curves' potential shift. 
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charge transfer is very fast, appropriately small electrodes 
enable the direct determination of the formal redox potential 
of an electrode reaction by measurement of the half-wave 
potential E+.[641 As shall be seen in Section 3.1 .1, the rela- 
tionship between diffusion rate, on one hand, and the reac- 
tion rate of the associated chemical reactions, on the other, 
can be applied to quantitative analysis of the kinetics of such 
chemical processes. 

2.4. The Influence of the Capacitive Current 

As with all dynamic electrochemical experiments, 
chronoamperometry and cyclic voltammetry have to take 
account of the faradaic current as well as the capacitive cur- 
rent i, that flows along the electrode when the electrical 
double layer is charged. The simplest way of simulating the 
capacitive current is by applying an electrical equivalent cir- 
cuit, with a resistance that corresponds to the resistance of 
the solution R, and a capacitance in series that corresponds 
to the double layer capacitance C,. For a single potential 
step AE, i, (in A) is given by Equation (18), which shows that 

the capacitive charging current falls exponentially over time. 
The smaller the corresponding time constant for charging 
the double layer (contained in the term RC), the faster the 
process. According to the expression (19), the drop-off time 
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for the charging current for ultramicroelectrodes becomes 
extremely short; they, therefore, hold great potential for 
measurements in very small time domains. 

Because of continual potential sweep, the capacitive cur- 
rent in cyclic voltammetry has two components, one tran- 
sient. the other steady-state [Eq. (20)]. As the latter predomi- 
nates at medium and low scan rates, as a rule (20) simplifies 
to (21). 

i, = [ (2 - i.c,)exp(- L)] + vc, 
Ru ' d  

The capacitive current component i, disturbs studies on 
electrochemically induced electron transfer reactions (the 
faradaic processes), because voltammetric measurements al- 
ways give the sum of both currents. The capacitive current 
increases linearly with the scan rate u, whereas the faradaic 
current if changes at ut. Moreover, when the concentrations 
of the active redox system are low (< 10- M), if and i, cannot 
be adequately separated. Although there is some capacitive 
effect when ultramicroelectrodes are used in the stationary 
state. the current ratio if/ic improves drastically as the 
faradaic component of the current density increases with 
r; ', whereas the capacitive component is independent of the 
radius. The relationship (22) holds either exactly or approx- 
imately for most geometric shapes. 

The smaller the characteristic dimension of the electrode 
and the lower the scan rate, the better the current ratio if/ic 
in the stationary state of a voltammetric measurement. 

2.5. The Ohmic iR Drop 

As a consequence of the ohmic resistance in an electrolyte, 
in every electrochemical experiment involving current flow, 
any prescribed (time-dependent) potential E,(f) (in V) will be 
incorrect because of an ohmic potential drop IEq. (23)]. The 

.--. I .  , .  

I 0 4  

'. ' . *  .-* 

--.. -- -----____ t 
0.3 0.2 0.1 0.0 -0.1 -0.2 -0.3 -0.4 

E - EOlV - 
Fig. 11. Simulated cyclic voltammogram for a reversible charge transfer with 
planar diffusion (-). Presence of a normalized capacitance 1651 7 = 1 (---), 
of a normalized uncompensated solution resistance p =10 (....) . and of a 
combination of these properties (--.--.-) [80b]. 

tls - 
lower the conductivity of the electrolyte system and the 
larger the total current, the larger this effect will be. This 
influence is particularly conspicuous when the faradaic cur- 
rent is accompanied by a strong capacitive component, as 
observed, for instance, at high scan rates in cyclic voltam- 
metry (Fig. 11). Moreover, as the combination of R and C,, 
acts as a low pass filter on the current response (its proper- 
ties are given by the time constant RC,), sudden changes in 
current are more or less strongly distorted.[64b, Because 
of all these effects, current and potential are mutually de- 
pendent in voltammetric analysis, and instead of the set po- 
tential scan rate u, an effective rate u' is operative [Eq. (24), 
Fig. 121. 

7 
14.0 

us - 
Fig. 12. Potential-time curves for the cyclic voltammograms in Figure 11; 
measured (effective) potential (-), applied potential ( .  ..). Top: only resis- 
tance p = 10; bottom: resistance p = 10 and capacitance y = 1 1651. 
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Hence, even in electrolytic solutions with high conductivi- 
ty, the maximum scan rate for ordinary electrodes with a 
radius greater than 1 mm is approximately 400 Vs- 1.L2.321 In 
solutions with low conductivity. this value falls drastically. 
For example, in benzene the current -voltage curves mea- 
sured at scan rates of less than 0.1 Vs-  l are so distorted that 
they cannot be interpreted, even though the time constant 
is negligible. and the only effect is the ohmic potential 
drop. 

In  the past one attempted to reduce the iR drop by im- 
proving equipment, usually by including a potentiostat in 
combination with a three-electrode ~onf igura t ion .1~~.  "1 

Through the potentiostat. a reference electrode with high 
impedance provided a correction signal large enough to 
compensate for most of the loss of potential at the working 
electrode. The remaining uncompensated solution resistance 
was further reduced by electronic feedback,@'] which result- 
ed in possible scan rates of greater than 1000 Vs- '  for sys- 
tems with high conductivity electrolytes and conventional 
electrodes. 

Using ultramicroelectrodes reduces the iR drop so much 
that it is possible to interpret the results of measurements 
taken even in extremely diminished electrolytic solutions. 
Several limiting cases must be distinguished, depending 
on the experimental conditions. Theoretical[681 and experi- 

studies show that in the stationary state with a 
diffusion-controlled limiting current, the ohmic potential 
drop is no longer dependent on the size and geometry of 
the microelectrode, but solely on the properties of the 
electrolyte [Eq. (25).  2~ = conductivity of the electrolyte 
system]. 

The iR drop in the case of a low conductivity electrolyte 
( x  = 1 0 - 2 S m - ' ,  D m2s- ' .  c* = 0.1 m ~ l m - ~  = 

M, concentration of an electroactive system) is, accord- 
ing to Equation (25). then 1 mV. 

The situation becomes more complicated when the level of 
the conducting electrolyte in the solution is reduced, for 
then, in addition to the diffusive mass transport, migration 
effects can also play a role.L701 As Oldham's calculations and 
experiments ''I the quantitative ratio of conducting 
electrolyte to electroactive substance can fall to 1 : 1 without 
any significant distortion of the current-voltage curve in the 
stationary state. One reason for this is that the charge trans- 
fer at the solution/metal interface raises the ionic density 
immediately in front of the electrode, which improves the 
local conductivity ii. 

The relationship (26) is valid for purely planar diffusion, 
as exists in the case of high scan rates. Accordingly, as elec- 

trode size decreases, so does the ohmic potential drop. As, 
according to Equation (19), the time constant of the cell 
decreases parallel to iR, the smaller the radius of the ultra- 
microelectrode, the more suitable it is for measurements at 
high scan rates. 

3. Applications of Ultramicroelectrodes 

3.1. Reaction Mechanisms 

3.1.1. Voltammetry under Steady-State Conditions 

As shown in Section 2.3, the magnitude of the diffusion- 
limited current depends not only on the simple charge trans- 
fer, but on whether chemical reactions also take place, possi- 
bly coupled with further charge transfer steps. If one uses 
"large" UMEs (r,,  < 100 pm) for the analysis of a three-step 
reaction'341 comprising one charge transfer followed by a 
chemical step and subsequently a second charge transfer 
(ECE reaction), the diffusion-limited current as a rule corre- 
sponds to the transfer of two electrons. With smaller mi- 
croelectrodes, the rate of the chemical step decreases relative 
to that of the diffusive mass transport (Fig. 10). As a result, 
the time scale used in steady-state voltammetry is too short 
for the overall reaction. and therefore napp. the number of 
electrons measured by the limiting current. gradually de- 
clines to 1 .  This change in the current as a function of the 
electrode radius can be used to determine the rate constant 
and the activation parameters of chemical steps in reactions 
of this nature.fh4. 7 2 . 7 3 1  

The stationary limiting current's dependence on electrode 
size can also be used to determine the rate constants of the 
chemical step in the catalytic EC' mechanism.f73 - "1 in 
which the starting species is regenerated in a chemical step 
after the heterogeneous charge transfer, and of the reactions 
preceding the charge transfer. By contrast, in pure EC mech- 
anisms --only a chemical step after the charge transfer--the 
limiting current is independent of the rate of the next step. 
Information on the kinetics can only be obtained from the 
shifts of steady-state voltammograms as a function of the 
electrode 

The use of microelectrodes in steady-state voltammetry to 
determine rate constants of homogeneous processes has been 
described several times.164. 72 .  74-791  Th' IS method has the 
advantage that by measuring the diffusion-limited currents 
with a set of microelectrodes of varying size, the rate con- 
stant of a chemical step can quickly be determined. However, 
this assumes that the precise relationship between the char- 
acteristic electrode radius and the kinetics is known, which 
was as yet only partly the case. 

Apart from the catalytic EC' mechanism,'75- '*I the classi- 
cal ECE mechanism has also been studied in detail. A typicaI 
example is the dimerization of triphenylamine (TPA)'". 811 

after its radical cation formation. Under the given experi- 
mental conditions (e > e, q), the product tetraphenyl- 
benzidine (TPB) is oxidized to its dication. Overall, a two- 
electron transfer has apparently taken place [Eq. (27)) 

?TPA ~5 TPB2* + 2e-  + 2 H '  (27) 

Figure 13 shows the change in the number of electrons napp 
at an 8 pm disk electrode as a function of the concentration 
of TPA. Because the dimerization is a second-order reaction, 
the rate of the coupling step, and thus the number of elec- 
trons transferred, decreases as the concentration of TPA di- 
minishes. A comparison between the experimental data 
and computer simulationsfs0' gave a rate constant of 
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2.2 x lo3 M -  I s- ' ,  which is in very close agreement with val- 
ues in the literature.["] There was some difficulty in inter- 
preting the finding that. in high concentrations of TPA, mea- 
surements a t  microdisk electrodes give rate constants greater 
than 1 O 4 ~ - ' s - '  on account of the significantly higher napp 
values (Fig. 13),[721 However, the results did not support the 

0.95 ! , I I 
0 0  5.0 10.0 15.0 

1 0 3 ~ ~ 1 ~  - 
Fig. 13. Numbers of electrons transferred (!7.,pp) for the oxidation of triphenyl- 
iiniine for different concentrations in CH,CI2!0.1 M [TBAIPF,. Experimental 
point5 ( 0 1  and simulated curve (-- ). Diffusion-controlled limiting currents 
measured at  a Pt microdisk electrode with diameter 8 pm. 

initial assumption that the changes in current density a t  a 
microdisk electrode, obtained using a spherical diffusion 
model with uniform current density over the entire electrode 
surface. would be false.[7z1 Rather. it turns out that TPA 
electropolymerizes to a conducting polymer at  a microelec- 
trodeU6'l (Fig. 14). 

b l  

15nA 

i 2 
, I I I I I I 

0.0 0.5 1 .o 1.5 0.0 0.5 1 .o 1.5 
E (VS. Ag/AgCI)/V - E (vS. Ag/AgCI)/V - 

Fig. 14. Experimental steady-state voltammograms for the oxidation of 
triphenylamine. a) c = 2.3 x lo-", b) c = 1.2 x ~ O - * M  in CH,CI,:O.l M 

[TBAIPF,. measured at an  8pm microdisk electrode. The rise in the current in 
h) is due to electropolymerization effects. 

The mechanisms of a whole series of processes used in 
industrial electrosynthesis have been analyzed.[s21 The chief 
advantage of microelectrodes is the absence of iR distortion 
in the current -voltage curves, even in extremely high con- 
centrations of the reactants, which, of course, enables kinetic 
and thermodynamic data to  be accurately evaluated. For 
instance, steady-state measurements revealed the experimen- 
tal conditions under which hydrodimerization of acryloni- 
trile to adiponitrile (Monsanto process) dominates over the 

simple reduction of acrylonitrile to p r ~ p i o n i t r i l e . [ ~ ~ '  Other 
examples include the catalytic mechanism to methoxylize 
furane by indirect anodic oxidation in the presence of bro- 
mide and methanol[841 and the reductive hydrodimerization 
of formaldehyde to e t h y l e n e g l y c ~ l . [ ~ ~ ~  

Finally, reports on microelectrodes with modified surfaces 
include studies on electrocatalytic effects of simple redox 

as well as charging processes at conducting poly- 
mers or their formation  mechanism^.[^'^ x81 Microelectrodes 
can also be used in the analysis of slow homogeneous chem- 
ical reactions of redoxactive compounds in a reactor to de- 
termine the rate constants of the chemical step directly from 
the time-dependent changes in the diffusion limited cur- 
rents .I8 91 

As pointed out above, as the mass transport coefficients rn 
increase (that is, as the electrode radius decreases), the diffu- 
sion rate may exceed the rate of the associated heterogeneous 
charge transfer. This makes it possible to determine the rate 
constants directly from the shift and change in slope in 
steady-state voltammograms relative to the reversible 
case.'63] Steady improvements in the construction of ultra- 
microelectrodes have reduced their characteristic dimen- 
s i o n ~ . ' ~ ~ " .  36.  90, ' I  There have already been reports of 
microelectrodes with radii of 1 - 100 nrn.19' -94] Hence. theo- 
retically, it should be possible to determine standard rate 
constants k: smaller than 1 ms-'.  Recent results published 
by Penner et al.[94] appear to confirm this. Using nanodes 
(yo = 1-2 nm), they measured a series of outer-sphere redox 
couples, for example. [RU(NH,) , ]~"~+ (H,O. 0.5 M KCI) 
and ferrocene (Fc0jf)(CH,CN, 0.3 M [rzBu,N]CIO,), and 
obtained k: values of0.79 i 0.44 ms-I and 2.2 1.2 ms-'.  
Somewhat earlier studies by Bond et al.L9'1 on ferrocene with 
0.3 and 0.5 pm Pt electrodes also produced an unusually high 
kp value of 0.064 ms-'.  Such high standard rate constants 
could not be measured in the past. These new results com- 
pare surprisingly well with the values predicted by the elec- 
tron transfer theory of Marcus.E96i Hitherto, standard rate 
constants of charge transfers obtained with conventional 
electrodes had produced much lower values, which had 
raised doubts about the reliability of the theoretical predic- 
tions. Apparently, the high transport rates hinder the forma- 
tion of passivating films, which would otherwise retard the 
charge transfers in proportion to their thickness and elec- 
trode coverage. On the other hand, Penner's results have 
drawn a lot of criticism. Baran~ki '~ ' '  has shown that relative- 
ly large electrodes that are in contact with the electrolyte 
(through a hollow lagoon left by imperfect fusing and subse- 
quently filled with solution) produce current-voltage curves 
that are almost identical to  those obtained with nanodes. In 
these circumstances, the theoretical predictions for nanodes 
are certainly no longer valid; thus the postulated high rate 
constants have not been unequivocally substantiated. 

3.1.2. Yoiturnmetry with High Scan Rates 

On gradually raising the scan rate when the steady state of 
an ultramicroelectrode has already been established, one ob- 
serves the transfer to the semi-infinite planar diffusion as a 
change from a sigmoid voltammogram to the classic cyclic 
voltammogram with potential-separated anodic and cathod- 
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ic waves. These so-called edge effects first drew electro- 
chemists' attention to the peculiar properties of microelec- 
trodes.16. 1 3 ,  19,  5 5 3 9 8 3  991 When microelectrodes with radii be- 
tween 25 and 500 pm are used, the influence of these edge 
effects is noticeable a t  upper scan rates of 5 and 0.05 Vs- ' ,  
respectively. Thus, the quantitative data on the kinetics of 
the heterogeneous charge transfer in these time domains 
must take into consideration the influence of these edge ef- 
fects on the peak separation and the shape of the voltam- 
mogram."', ' O O - ' O z l  On the other hand, in this time scale the 
iR drop and the capacitance C, will have little effect on the 
voltammetric signal. Therefore, using a single microelec- 
trode and varying the scan rate can provide very reliable data 
on the rate constants of the heterogeneous charge transfer, as 
described by Nicholson and Shain.[8,'031 

The qualitative jump that makes ultramicroelectrodes so 
interesting takes effect a t  scan rates above, say, 500 Vs- ' .  
From about this level the growing iR drop as well as the 
increasing influence of the R C  time constant normally render 
data obtained with conventional electrodes impossible to 
interpret. For  rates greater than 500 Vs- ' ,  however, condi- 
tions for planar diffusion are more or less fulfilled, even for 
nanodes with radii as small as 1 pm (a I 0.2). Thus, as 
u increases, the faradaic current i, increases proportional 
to  u* and the capacitive charging current i, proportional 
to 0. However, due to the reduction in the radius and the 
corresponding lower current values, both the R C  term 
[Eq. (19)] and the iR drop [Eq. (24)] decline, and as a result 
UMEs can be used in a fast-scan range up to lo5  - 10, Vs- '. 
"Classical" cyclic voltammetry reaches its limits a t  scan 
rates of a few megavolts per second, because the diffusion 
layer and the electrical double layer then assume almost 
the same size and can no longer be separated, as theory 
requires." 041 

In principle, the fast-scan technique provides much the 
same kind of information as conventional cyclic voltamme- 
try,[341 with one important distinction: the time scale for 
measurements extends to  below 1 p s  (for example, a t  
lo6 Vs- ' T = 25 ns where z = RT/vF). Thus, it has become 
possible to measure the redox potentials of highly reactive 
intermediates['06- '08] and rate constants for the rapid het- 
erogeneous charge transfer,[38. ' as well as to analyze 
complex mechanisms including chemical steps.[64. " O ,  '"I 

Quantitative evaluations of the diffusion-controlled steps of 
second-order reactions are now also reality. Nor is there any 
difficulty in investigating and evaluating simple EC reac- 
tions.["21 

The group of McCreery were the first to obtain small 
time constants using ultramicroelectrodes.[' 1 3 ]  They were 
able to prove through chronoamperometry and spectro- 
electrochemical techniques that within 150 ns concentra- 
tion profiles of electroactive particles build up in the 
diffusion-layer region of microelectrodes. With time-depen- 
dent absorption measurements of chronoamperometrical- 
ly produced radical cations of chlorpromazine (CPZ) in 
the presence of equimolar quantities of dopamine, they ob- 
tained values of 6.2 x lo7 M -  s -  ' for the rate constant of the 
homogeneous CPZ'+ cation reduction by dopamine at  
p H  6.8. 

Since then, many voltammetric investigations have been 
carried out on electron transfer systems with coupled chem- 

ical reactions, such as addition,[106. 14] isomerization,["51 
dimerization," and homolytic cleavage,[' '', ' 1 7 1  to name 
some examples. 

In some cases, the fast-scan technique has made it possible 
to obtain direct evidence of the existence of reactive interme- 
diates as well as new, unequivocal findings on reaction mech- 
anisms. For  instance, in the very rapid homolytic cleavage of 
halide ions from radical anions of aryl halides, it was not 
always clear whether the bond-breaking step occurred con- 
currently with the charge transfer as an inner sphere reac- 
tion," 181 o r  whether the cleavage took place after the forma- 
tion of the radical anion, that is, in a two-step reaction. 
Measurements by Saveant et al.["'] of the reduction of 9- 
bromoanthracene confirm that at scan rates above 
1 0 0 0 0 0 V s ~  ' the formation of the radial anion is reversible. 
This proves the intermediacy of a highly reactive anion; the 
rate constant for the subsequent cleavage of the bromide ion 
is k ,  = 5.9 x 10, s-'. 

For  a long time it was disputed whether the cation in the 
dimerization of radical cations of aromatic amines and hete- 
rocyclic compounds first coupled with its neutral species (RS 
dimerization) or immediately underwent radical cation cou- 
pling (RR coupling). Several independent studies support 
the assumption of RR coupling reactions in most cases.[1161 
The electropolymerization of heterocycles such as pyrrole 
and thiophene also involve dimerization steps. Again, 
Saveant et a]. have demonstrated the existence of highly 
reactive cations of pyrrole and some derivatives within the 
voltammetric time scale["'] and determined the associated 
redox potentials. Pyrrole dimerization (c = 4 m M )  becomes 
partially reversible at scan rates greater than 18 000 Vs - ', 
which corresponds to an average cation lifetime of 30 ps.  The 
oxidation of 3,3'-dimetho~y-2,2'-bithiophene~~'~~ demon- 
strates the complexity of the reaction path involving cou- 
pling steps in a growing polymer chain. Fast-scan experi- 
ments show that the cations formed at  the electrode with a 
rate constant of initially couple to form a tetramer, 
which, in turn, after the loss of two protons, also transforms 
into a dication (Fig. 15). At scan rates greater than or equal 
to 5000 Vs- ' (c = 1 mM) the reaction at  the electrode is 
chemically reversible. Further measurements at high concen- 
trations and slow scan rates confirm that the dications com- 
proportionate in solution with unchanged starting 
monomer, thereby autocatalytically initiating a new cou- 
pling step. 

The fast-scan technique has proved particularly successful 
in investigating the kinetics of fast heterogeneous charge 
transfer ' 0 9 *  - 1271 E ven C,,, only recently 
accessible in large quantities, has already been mea- 
sured.["4"271 Pr ovided that the iR influence is reduced to a 
negligible minimum, the method of Nicholson and 

can be used without any complications to obtain 
rate constants from the separation of the peak potentials of 
the anodic and cathodic waves (AE, = E,, - Epc) (Fig. 16). 
To determine values between 0.01 and 0.1 ms-', scan rates 
must lie between 1000 and ~OOOOVS-'. Independently of 
one another, several groups have established that an- 
thracene, a particularly well-studied compound with a low 
reorganization energy during charging, has a kp value of 
about 0.035 ms-1.f38t lo', 120*121,128] Similarly high values 
were obtained for the ferrocene/ferrocinium redox couple. It 
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Fig. 15. Experimental cyclic voltammograms for the oxidation of 3 , 3 -  
dimethoxy-2.2'-bithiophene in acetonitrile/O.l M [TBAIPF,: a) c = 2 x  ~ O - ' M ,  
ti = 100 mVsCi, rD = 500 pm; in the reverse sweep the reduction of the cleaved 
protons is visible at 0.0 V; b) c = 3 x 1 0 - 3 ~ ,  u = 2OVs-I. ro = 100 pm; in the 
reverse sweep the reduction signals of the di- and monocations of the tetrarner 
are also visible; c) C = ~ X ~ O - ~ M .  u=lOOVsC', r0=100pm; d) c = 3 x  
1 0 - 3 ~ .  c = 5000 Vs-'. ro = 2.5 pm. 
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Fig. 16. Experimental and calculated data of the dimensionless @ parameter as 
a function of the scan rate [34, 1031. Fast-scan experiments of the reduction of 
anthracene provided the experimental yi values from AEp values at different 
scan rate< according to theequation @ =/(AE,). The calculation of the $ values 
assumes that k.' = 0.02, 0.03, or 0.04msCi, and D =1 x m's-'. 

is noticeable that this technique provides much higher rate 
constants than conventional techniques. This supports the 
assumption that, as in the steady-state experiments, no passi- 
vation occurs at the electrode surface. 

At present, the fast scan rather than the steady state tech- 
nique is preferred for studying reaction mechanisms and 
measuring kinetic parameters of homogeneous and hetero- 
geneous electrochemical processes. Its crucial advantage is 
that all methods of evaluation used in classical cyclic voltam- 
metry, including simulation, can be applied. Thus, all the 

usual mechanisms can be analyzed, and scan rates up to 
lo5 Vs-' are accessible even with relatively large electrodes 
with radii of up to 2.5 prn (Fig. 17). This requires that, apart 

IIpA 
0 

- 1.2 I 
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Fig. 17. Fast-scan voltammetry of the reduction of anthracene (c = 5 x 
~ O - - ) M )  in acetonitriIe/O.SM [TBAIPF, at different scan rates Gold ultrami- 
croelectrode with rn = 2.5 pm: a) c' = 20000 Vs-l;  b) ~i = 40 000 Vs-'; c) 
u=12oooovs- ' .  

from experimental effects due to electrode size and elec- 
trolyte resistance, all instrumental influences which might 
distort the current-voltage curve must be kept as small as 
possible. Critical features are the construction of the poten- 
tiostat, including the current transducer, and the construc- 
tion of the microelectrode. In respect of the potentiostat and 
the current transducer, it is very important that amplifiers 
have an extremely rapid time response and, hence, large 
band widths are used." 12a, 12'. 12s] Stray capacitances in the 
microelectrodes and the cables can cause heavy distortion of 
the current-voltage curve. For this reason, electrodes with 
radii of less than 5 pm have to be shielded,['29- lJol and con- 
nected to the current transducer and the potentiostat by very 
short leads. The appropriate iR compensation can produce 
further improvements.['z1, 311 

If very high scan rates of lo5 to greater than lo6 Vs- '  are 
used, cell resistance and the time constant will always distort 
the current -voltage curve. In poorly conducting electrolytes 
these effects are already apparent at much lower scan rates. 
It is then better to use simulation to evaluate the data, by 
inserting the capacitances and resistance values in the But- 
ler-Volmer equation in accordance with Equation 24[60b1 
(Fig. 18), or by obtaining the real scan rates from the exper- 
imental voltammogram and applying them directly in the 
simulation.f1241 Wightman et al." 321 have proposed a 
method that, given a suitable apparatus, will measure the 
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Fig. 18. Simulated cyclic voltammogranis for an EC,,,, mechanism. Left: with 
uncompensated resistance R,, = 41 Q and double-layer capacitance C', = 
1.5h pF. Right: after correction for the I R  drop. Simulation data: E" = 0.0 V. 
D = 1 x m'sC'. K,,, = 10. h ,  x (' = 0 1 5 -  I .  k y  = 0.04 ms- ' :  sciin riites: 
(- ~ - )  0.1 VSC' .  ( - . - - )  IOOVS-'. ( - -  -) 10oov?,- ' .  

background voltammogram without the electroactive sys- 
tem, and then subtract this background current after adding 
the electroactive sample. However, this technique is only 
possible if the iR influence is small enough to be neglected. 

3.2. Electrochemistry in Poorly Conducting 
Electrolytic Media 

In conventional electrochemical experiments the basic 
electrolytic solution and the polar solvent ensure high con- 
ductivity. Hence, there are no iR problems and consequently 
no migration effects even at  low or medium scan rates. This 
changes drastically when nonpolar solvents are used, or the 
concentration of electrolyte is very low, or measurements 
have to be taken in the solid state or the gas phase. In all 
these cases the iR drop is very large and cannot be controlled 
by the usual methods. 

As indicated in Section 2.4, the use of UMEs reduces the 
iR effects, permitting interpretation of voltammetric or am- 
perometric signals even under extremely unfavorable condi- 
tions. For example, Bond et al.[36, 1 3 3 - 1 3 5 1  measured the 
same diffusion-limited currents with 50pm disk electrodes 
for the oxidation of ferrocene in electrolyte-free acetonitrile 
and in electrolytic solution. Moreover, the shape of the 
steady-state current-voltage curve obtained with electrodes 
with diameters of less than 1 pm resembles the ideal case of 
reversible charge transfer very closely. Other authors report 
similar  finding^.^'^'-'^^^ The experimental results agree 
with Oldham's theoretical  prediction^["^ that even minute 
quantities of conducting "impurities" are enough for a suffi- 
ciently high conductivity in the immediate vicinity of the 
electrode. Voltammetric measurements of the oxidation of 
ferrocene in virtually electrolyte-free acetonitrile with mi- 
croband electrodes[1331 show that the influence of the iR 
drop depends not on the amplitude of the current response, 
but mainly on the special flux conditions in the vicinity of the 
electrode.[6s1 Despite relatively large currents, the voltam- 
mograms show only minor distortions. Some effects have 
still not been explained. The purpose of measuring in elec- 
trolytes with diminished or no conductivity is to obtain elec- 
trochemical data under the same conditions as used in spec- 

troscopy or analytical chemistry. Usually, electrolytes have 
high ionic strengths, imparting significantly different ther- 
modynamic and kinetic properties from those in ideal solu- 
tions without added electrolytes. This implies, for example, 
that in the transition from high to low ionic strengths, ion- 
pair equilibria, redox potentials, and rate constants of ionic 
reactions change. Apart from the activity of the involved 
reactants, the electric properties of the double layer at the 
electrode also change when the electrolyte concentration is 
reduced. which renders it difficult to draw unequivocal con- 
clusions from the such experiments. Hence, researchers con- 
centrate on systematically investigating the influence of the 
concentration of the ground electrolyte on migration and 
double-layer effects, comparing experimental findings with 
theoretical predictions, and, finally, determining the limits of 
electrolytic variations in nonpolar ' I .  134-  14'1 

The unexplained phenomena include the frequent appear- 
ance of typical cyclic voltammograms in non-electrolytic so- 
lutions, despite established steady-state conditions. Pre- 
sumably the cause lies in changes in solubility after 
recharging the redox system. 

UMEs enable the expansion of the utilizable potential 
range of aprotic solvents. This is confirmed by measure- 
ments in electrolyte-free acetonitrile and SO,. It  could be 
shown that alkanes are oxidized in a c e t ~ n i t r i l e [ ' ~ ~ I  a t  poten- 
tials above t 3.5 V, and alkali metal ions were successfully 
oxidized in liquid SOz at  potentials[1431 of + 5.0 V. 

Nonpolar solvents used to be taboo in electrochemical 
measurements. However, with ultramicroelectrodes the ex- 
tremely high iR drop falls to tolerable values, and, by choos- 
ing suitable electrolytes such as tetrahexylammonium 
perchlorate ([THAICIO,) or NaBPh,-crown ether complex- 
es, amperometric or potentiodynamic experiments in sol- 
vents such as benzene, toluene, or even hexane provide inter- 
pretable results,[26. 36.  106. 144. 1451 Th e precondition for the 
success of such experiments is that the electrolytes are sol- 
uble enough, and that they dissociate to some degree to 
provide an acceptable level of conductivity in the solution. 
Up to now, the chemistry of redox reactions in hydrocarbons 
could only be analyzed with spectroscopic methods; now, 
for the first time, it will be possible to use electrochemical 
measurements for quantitative studies. The growing interest 
in electrochemical investigations in aromatic hydrocarbons, 
alkenes, and alkanes is largely due to the fact that ionic 
reactions take place at  quite different rates in weakly polar 
solutions and in polar media. Measurements that cover as 
wide a range of polarity as possible provide precise insights 
into the relationships between solvation and chemical reac- 
tivity, including the kinetics of electron transfer. For ex- 
ample, voltammetric on the kinetics of the dimer- 
ization of radical anions of 9-cyanoanthracene show that the 
corresponding rate constants increase by almost four orders 
of magnitude from 1 . 4 ~  lo3 to 9 . 0 ~  106 s- '  M - ~  between 
benzene ( E  = 2.27) and the extremely polar N-methylform- 
amide (c = 190) (Fig. 19). Experiments of this nature show 
that particles with the same charge can form a covalent bond 
at  high rates despite coulombic repulsion. 

The use of nonpolar solvents also has interesting analyti- 
cal applications. There is a discussion, for instance, on the 
use of supercritical CO, as a mobile phase in capillary chro- 
m a t ~ g r a p h y . [ ' ~ ~ ]  Voltammetric measurements in this medi- 
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4 -  400- 
iR-drop component always remains sufficiently small for the 
use of' nanodes, conductivity values may not fall below 
10- ' S cm- I .  For  this reason, inorganic['481 and organ- 
icIL4')1 steady-state electrolytes as well as frozen electrolytic 
solutions127. ""I (cryoelectrochemistry) are the most popu- 
lar areas of research. Because under solid-state conditions, 
diffusion coefficients lie between lo - ' '  and lo- ' '  m 2 s - '  
(a I 0.3), that is, orders of magnitude smaller than in solu- 
tion, instead of steady-state curves, voltammetric measure- 
ments at UMEs often reveal a range of conditions from a 
transition between the steady state and planar diffusion up 
to classical cyclic voltammetric situation. An additional 
complication is the appearance, especially a t  very low tem- 

300 3-  

2-  

./!,.o: & 1. 100- 

liquid microphases survive in solution well below freezing Left: palladium microelectrode (potential + 3.0 V): right: thermal-conductivi- 
ty detector. S = signal strength 1152hI. 

point."'". 1 5 1 1  adhering to the electrode surface in thin lay- 

- 

ers. 
One field of electrochemistry with spectacular promise 

is UME applications in the gas phase. Pons and Fleisch- 
mann have published several reports on such experi- 

ing field separate the working and the auxiliary electrodes, 
for example, in a ring-disk arrangement or  two half-disks. 
The conductivity across the insulating gap takes place either 
by means of a conducting membrane or in the presence of 
moisture in the form of proton transport.[' '2a1 Microelec- 
trode detectors. affixed for this purpose at the outlet of a gas 

mentS.[28. 152.  1531 IS ' important that a very narrow insulat- 

r 1 0.4 nA 

I I I I 
0.0 -05 -10 -15 -20 -25 

E ( v s .  Ag/AQCI)IV - 
Fig. 1Y.  Cyclic voltammograms for the reduction of 9-cyanoanthracene 
(< = I  x 1K3u) in henzene/0 .5~  [TBA]CIO, a t  different scan rates: a) 
100rnL\-'. b) 1 VsC1.c) 1 O O V s C ' .  

3.3. Exploiting the Smallness of Microelectrodes 

As already mentioned in the introduction, UMEs have a 
cardinal advantage because of their size, which makes it pos- 
sible to conduct electrochemical measurements in minute 
volumes and observe discrete spatial events in microscopical- 
ly small areas. Hence, it is not surprising that microelec- 
trodes were first used for measurements in living systems. A 
report on electrochemical studies on the partial pressure of 
oxygen in tissue was published as early as 1938.123' 
BaumgLrtl and Lubbers' invention of the microcoaxial 
needle electrode. which, including the reference electrode, 
was only 0.3 to 0.5 pm at the tip, enabled routine measure- 
ments of oxygen gradients in cell tissue as well as at the 
gasihquid interface or  in pores of polymers." '41 Another 
important aspect of in vivo voltammetry is tracing neuro- 
transmitters (catecholamines) or their metabolites (ascorbic 
acid) in the brain or  in nerve cells. Building on pioneering 
work of Adams et a1.,["51 improvements in the manufacture 
of microelectrodes['"- as well as technical pro- 
g r e ~ s [ ' ' ~ .  l b o l  have made it possible to take measurements 
both in living tissue and in unicellular organisms or  single 

7 increas- cells.[16 * Surface-modified electrodes are becoming ' 
ingly popular as they provide greater selectivity and sensitiv- 
ity. 

The patch-clamp technique,['621 for which Neher and Sak- 
mann recently received the Nobel Prize.[1631 also uses "mi- 
croelectrodes". Whereas the above-mentioned microvoltam- 
metric electrodes can cause and measure redox processes in 
a cell. the patch-clamp technique employs inicropipettes, 
which measure electric currents that appear when the stimu- 
lated cell causes ions to move through channels in the cell 
membrane. Efforts are now being made to  combine the two 

A lot of work has been done on the electrocrystallization 
of metals, metal oxides, and organic salts. But quantitative 
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descriptions of growth processes in progress were extremely 
difficult because, statistically, nuclei form a t  several points 
on an electrode surface, and the measured current transients 
would integrate all these events. Naturally, the number of 
nucleation processes on the minute surface of ultrami- 
croelectrodes is considerably smaller than on macroelec- 
trodes. Therefore, under favorable circumstances it should 
be possible to detect the individual steps in the formation of 
a single nucleus and to  analyze the kinetics of its growth 
process['*, 16', (Fig. 21). Measurements obtained with 

i T = - 5 0 ° C  

0.5 tls - 0 

Fig. 21. Potentiostatic current- time transient for the growth of a crystal nucle- 
us of a fluoranthene radical cation salt (c = 2 x 1 0 - I ~ )  in acetonitrile/O.l M 
[TBAIPF,. measured at an 8 pm Pt disk electrode with a potential of + 1.4 V vs 
AgiAgCI. 

an ensemble of microelectrodes should provide unequivocal 
information on the rates of nucleus formation. The relatively 
large distances between the individual microelectrodes pre- 
vents the individual crystal nuclei from colliding with one 
another as they grow, which would unleash an undesirable 
dispersion of growth.[1661 In recent articles, Oldham et 
al.[l6'I discuss the different mechanism of electrochemical 
mercury precipitation on carbon or metal microelectrodes 
from a thermodynamic point of view, and show that the type 
of precipitation process is conditioned by the surface energy 
at  the electrode/electrolyte interface and the relative sizes of 
all the components involved. 

The small size of UMEs is also useful for studying corro- 
sion phenomena. They can be employed as probes to scan 
corrosive processes in closely defined spaces," on the one 
hand, and serve as experimental models for local corrosive 
processes,"691 on the other. The small time constants are 
another advantage: rapid events can be recorded without 
complications, and interference from background currents 
during corrosive processes are kept to a minimum.['701 

A fascinating new development in U M E  techniques is 
based on the fact that the faradaic current, which, in the 
presence of an electroactive substance under diffusion-con- 
trolled conditions flows over the "tip" of the ultramicroelec- 
trode, depends on whether the diffusion field of the mi- 
croelectrode is disturbed by external influences. One 
consequence is that in the immediate vicinity of an insulating 
surface the current flowing over the U M E  is smaller than the 
undisturbed limiting current (Fig. 22). The extent of the 
change in current is determined exactly by the distance be- 
tween the microelectrode and the nonconducting surface. 
Moreover, the smaller the electrode, the stronger the effect. 

hemispherical dtsturbed 
diffusion diffusion 

feedback 
diffusion 

conducting 
substrate substrate 

nonconducting 

Fig. 22. Typicdl shapes of diffusion fields in scanning electrochemical mi- 
croscopy. Left: undisturbed hemispherical diffusion field far from the sub- 
strate; diffusion-limited current i, according to Equation (1 5 ) .  Center: dis- 
turbed diffusion field close to a nonconducting surface. i<!,. Right: 
electroactive starting system regenerated (feedback effect) at a conducting sub- 
strate, (>;, [172b]. 

Thus, a piezoelectric scanner that moves the tip of the mi- 
croelectrode parallel to the surface of a structured substrate 
can monitor the tip current as a function of its position. This 
setup generates an image of the surface topography of the 
sample (Fig 23).  The recording technique resembles scanning 

t 
/ lnA 

20.1 

t 
//nA 

5.1 
0 10 20 

X/pm - 
Fig. 23. SECM image of a Pt interdigitated structure on a S O ,  substrate. 
Probe: Pt disk electrode embedded in a 0.3 pm poly(methy1 methacrylate) layer, 
disk diameter -0.5 pm, E, = - 0.77 V vs. SCE (saturated calomel electrode); 
aqueous solution with 4 0 m ~  methyl viologen and 2M KCI. Top: three-dimen- 
sional view. Bottom: side view [174b]. 

tunneling microscopy (STM)1'711 as far as the movement of 
the electrode across the substrate surface under investigation 
is concerned, but the principles of measurement differ. 
Whereas in STM a tunnel current flows between the tip of 
the electrode and the substrate, the current flow in the case 
described here is based on redox processes that take place at  
the tip of the electrode or a t  the substrate surface (see below). 
Their extent is controlled by the kinetics of the charge trans- 
fer a t  the phase interfaces as well as by the diffusive mass 
transport. For this reason, this method is known as scanning 
electrochemical microscopy (SECM). It is a fairly recent de- 
velopment, largely a product of Bard's group.[29. 17'] Its res- 
olution is not as high as that of STM, but should, with 
further improvement, approach the 50nm limit. In a variant 
of this technique, the substrate surface itself is conductive, 
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and thus can be given a different potential than the mi- 
croelectrode. This allows, for example, a substance R pro- 
duced by reduction (0 + e + R) at the electrode tip to be 
reoxidized at the substrate, a feedback which increases the 
diffusion current at the microelectrode (Fig. 22). This tech- 
nique has advantages : the insulating shield of the electrode 
causes less interference than in the direct mode, and the 
stronger current improves depth resolution.[' 731 Both meth- 
ods have been used to study surfaces of interdigitated ar- 
rays[' 74, 17'] (Fig. 23), polymers,["5, 1 7 6 1  and biological 
samples.[' Apart from topographical information, the 
SECM technique provides data on heterogeneities of the 
charge transfer at different points on a substrate sur- 
Face.["*, This enables one to detect space-dependent 
changes in the chemical properties of surfaces, including, for 
instance, biocatalytic activities.['8o1 Furthermore, varying 
the perpendicular distance between the microelectrode and 
the substrate will provide information on diffusion profiles 
and kinetic parameters of homogeneous reactions.'' "I This 
is achieved by generating different potentials at the substrate 
electrode and the microelectrode with a bipotentiostat, 
analogous to the ring-disk electrode.11s21 Thus, the particles 
generated at the substrate can be detected with spatial and 
temporal resolution at the microelectrode (generator-collec- 
tor mode['821). Instead of using the microelectrode as detec- 
tor, A n ~ o n [ ' ~ ~ ]  used the substrate electrode. This not only 
provides greater sensitivity to current and a better current- 
to-noise ratio; it also allows the two electrodes to be placed 
farther apart. 

Interesting technical applications of SECM in the field of 
microsystem technologies include electroplating and etch- 
ing.[Ia4] Using the direct mode, one can generate, for ex- 
ample, thin metal strips in an ionic conducting polymer film, 
for instance Nafion containing gold, silver, or palladium 
ions, by polarizing the microelectrode tip to a negative po- 
tential and the substrate tip attached to the back of the 
polymer film to a positive potential. In the feedback mode, 
a mediator is oxidized or reduced at the microelectrode, 
which, after oxidative etching or reductive metal deposition 
at the substrate, is then transported back to the microelec- 
trode, where it undergoes a new redox reaction.['851 

Reports on the SECM principle indicate an enormous 
range of possibilities for surface analysis, microgalvaniza- 
tion, and microetching. Present efforts to increase the resolu- 
tion and sensitivity of the technique focus on reducing the 
size of the microelectrode tip'' 74b1 and improving proce- 
dures.[1861 

The aforementioned generator-collector principle can al- 
so be applied to stationary electrodes by polarizing a series 
of band electrodes in very close proximity (pm range) at 
different potentials. Reactive intermediates generated at one 
electrode, or which emerge in a subsequent chemical step, are 
detected at the collector electrode.['871 Measuring the cur- 
rent density (collector efficiency) as a function of the dis- 
tance between the band electrodes and evaluating the find- 
ings with the aid of digital simulation provides kinetic and 
mechanistic information on the system under investigation. 
Studies of this nature have been carried out on recombina- 
tion and electrochemical luminescence (ECL) of radical ion 
pairs, and on the catalytic oxidation of ascorbic acid and 
aminopyrine by K3[Fe(CN)6].[3y. Not only pairs of band 

electrodes, but also triple band electrodes['8y1 and interdigi- 
tated array electrodes['yo1 are now also being used for such 
work. 

3.4. Ultramicroelectrodes in Chemical Analysis 

Although analytical problems in the widest sense consti- 
tute an important aspect of this article, so far not much has 
been said about the use of UMEs in analytical chemistry, 
apart from electrochemical measurements of concentrations 
in the gas phase. 

In principle, all the unconventional properties of ultrami- 
croelectrodes can be exploited with advantage in chemical 
analysis. High mass transport rates and reduced capacitive 
effects produce both a marked improvement in the farad&/ 
capacitive current ratio [ i f / i c ;  see Eq. (22)] and a better sig- 
nal-to-noise ratio, which raises overall system sensitivi- 
ty.[39, '"1 Digital and analog filters hold promise of further 

The low values of the RC time constants 
lead to a fast drop in the capacitive charging current. As 
a result, traditional voltammetric pulse methods[321 used 
in chemical analysis, such as (differential) pulse voltam- 
metry, staircase voltammetry, and square-wave voltam- 
metry, should prove particularly suitable for UME measure- 
ments. This has been largely confirmed in experiments, 
some of which introduce new technical improve- 

y using square-wave voltammetry 
in conjunction with a hydrodynamic modulation achieved 
by vibrating a microcylinder, the detection limit for fer- 
rocene in acetonitrile could be lowered to 3 x lo-'  M . [ ' ~ ~ ]  

UMEs also have great potential in the stripping methods 
used in trace-element analysis. Because of the high mass 
transport coefficients, the solution does not have to be 
stirred during accumulation, and accumulation proceeds far 
faster. As the substance being analyzed was concentrated in 
a very small volume (the microelectrode), it is stripped com- 
pletely during the anodic scan. This provides very sharp, 
easily interpretable peaks.[50,1y7 - lg91 

If the characteristic dimensions of the microelectrodes are 
less than 10 pm, the high mass transport coefficients will 
keep the convection and hydrodynamic influences on a mi- 
croelectrode's current response so small that they can be 
ignored. This phenomenon can be exploited to great advan- 
tage for electrochemical detection in flow systems, for ex- 
ample, in flow injection analysis or high performance liquid 
chromatography (HPLC).[200-2021 

Because the iR drop has little influence on the current 
response, additional electrolytes are unnecessary, and the 
solution requires minimal conditioning. Furthermore, inves- 
tigations can be carried out directly in samples, for example 
in (Fig. 24). Recently, band,[4y1 and 
array electrodes['33* ' 0 3 ,  2051 have been used for these mea- 
surements instead of microdisk electrodes. They make it pos- 
sible to measure relatively large currents in the lower pA 
range with the typical advantages of ultramicroelectrodes, 
which considerably reduces time and effort compared with 
other analytical techniques. The advantage of array elec- 
trodes is that they are easy and cheap to reproduce with 
modern lithographic techniques (see Section 4), and thus can 
be discarded after use.[2o61 Array electrodes also find in- 

ments,[133. 1 3 8 ~ .  193-1951 B 
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Fig. 24. Steady-state ineasureinents of'the oxidation of ascorbic acid in ;i Gran- 
ny Smith apple with a gold microband electrode. r = 20 mVs- ' : at the sur- 
face. o: in the apple [ZOi]. 

creasing application in the manufacture of electrochemical 
chemo- and biosensors. because their combination of small 
dimensions and relatively large sensitive area reduces re- 
sponse times and the signal-to-noise ratio.[2071 

4. Construction of Ultramicroelectrodes 

By now it should be clear that the main variables in the use 
of ultramicroelectrodes are geometry and size. The choice 
depends on the field of application. In recent years, there- 
fore. many techniques have been developed to produce ultra- 
microelectrodes in varying geometries, sizes, and materials. 

The most important type of electrode is still the disk elec- 
trode. which is usually made of platinum, palladium, gold, or 
carbon and, apart from the disk surface, fused into glass or 
embedded in plastic to isolate it completely from the elec- 

tial that the electrode is reusable. This means that the elec- 
trode surface must be easy to clean; details can be found in 
the I i t e r a t ~ r e . ' ~ ~ ~ . ' ~ ~ ~  The details of techniques for manufac- 
turing disk electrodes with diameters smaller than 0.6 pm 
have also been published. Because the electrode material 
becomes increasingly sensitive to temperature as the diame- 
ter decreases, "pullers" are used in the fusion process."63' 
This step has been borrowed from the patch-clamp tech- 
nique, which has long used pullers in the manufacture of 

trolytic environment,[6b.36-38.63a.90-94. 1 2 5 .  1321 It is ' essen- 

Fig. 25. Electron micrograph of a platinum disk electrode with il diametcr of  
10 pm embedded in soft glass. 
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extremely thin glass capillaries. They make it possible to set 
the exact temperatures needed to gradually soften the glass. 
The perfect seal obtained at the interface between glass and 
electrode material, a precondition for quantitative investiga- 
tions with ultramicroelectrodes (Fig. 25). corroborates the 
quality of these fusion processes. Another problem with elec- 
trodes with diameters below 10 pm is the stray capacitances 
caused by additional capacitance between the electrode wire, 
the insulating environment, and the electrolytic solu- 
t ion,[129.  208.2091 It can lead to a drastic decline in the 
faradaicicapacitive current ratio (Figs. 26a and 27a). Re- 
cently, shielded electrodes have brought a noticeable im- 
provement in this respect: the electrode capacitance is 

a) 6o01 
t If 

bJ 6001 

- 2.4 -1.8 -1.2 
E(vs .  Ag/AgCI)/V - 

Fig. 26. Fast-scan voltammetry of the reduction of anthracene ( 5  x 1 0 - 3 ~ )  in 
C H , C N ' ~ . S M  [TBAIPF,; c = 20000VsC'; measured with a gold ultrami- 
croelectrode with 15, = 2.5 pm; a) without shield. b) shield Incorporated but not 
activated. c) shield incorporated and activated. 

a) 1- electrical connection 

soft glass tube Pr 
L microwire 

fusion 

electrical connection 
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Fig. 27. Scheinatic setup of microdisk electrodes. a )  Conventional electrode 
without shield. b) Electrode with electric shield. 

An,qm. (%em. Inr.  Ed. En,q/. 1993. 32. 126% 1288 



significantly reduced by incorporating an additional, 
grounded metal shield or a coaxial cable in the glass fu- 
sion"'" 130h .2101  (Figs. 26b.c and 27b). 

Whereas a metal wire fused into the glass is virtually indis- 
pensable in disk-electrode experiments in aprotic solutions, 
there is no problem in using carbon fibers as electrode mate- 
rial for studies in aqueous media, especially on biological 
objects,['O". 2 I 1 - 2  151 Th  e carbon fiber tips with characteristic 
diameters of up to 400 nm are produced by, for example, 
electrochemical etching or burning in a flame and isolated 
from the medium by electropolymerization of polyoxy- 
phenylene.~2".2'5~2161 The thin polymer layer adheres well 
and ensures that only the narrow tip retains its conductivity 
(Figs. 28 and 29). A common problem associated with car- 
bon fiber electrodes is very slow electron transfer, which calls 
for appropriate activation of the tip. 

1 .5 -  

1 -  

'InA 0.5 - 

0- 

Fig. Z X  Electron micrograph of a carbon-liber tip (pitch fiber PIOO. Union 
Carbide). stuck into silicon rubber and then copper-plated. This was an  exper- 
iment to test the possibility of leaving just a fev, pm free at the tip of the fiber 
o n  the principle of regioselective insulation. To heighten the contrast. Cu was 
cliose~i instead of insulating polyoxyphenylene [Zl 51. The  bar  represents 3 pm. 
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-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 

E (VS. SCE)/V - 
Fig. 29 Stead>-stare voltammogi-am of the oxidation of K,[Fe(CN),] 
(( = 2tnhi) in H,0/0.1 M KCI. I' = I  V s - ' ,  measured with a carbon-fiber tip 
[212]. 

Apart from the microdisk. micro~ylinder,[~" "I micro- 
ring,IJ3. 441 and microband  electrode^'^' -421 are also used. 
Band electrodes, employed as single-band electrodes, as 
double or triple band arrangements, or as arrays, have be- 

come increasingly popular in recent years. One reason is 
that, despite their narrowness, microband electrodes have a 
relatively large surface, and, therefore, give a favorable sig- 
nal-to-noise ratio. Band electrodes serve as chromatographic 
detectors in analytical chemistry, are used to study reaction 
mechanisms and diffusion processes, and act as devices in 
microelectronics. There are different ways of manufacturing 
these e1ectrodes.I2' 'I The classical method is to fuse very thin 
strips of metal foil between sheets of glass or to embed them 
in a synthetic material with the aid of epoxy resins or films 
of Teflon. A far more elegant method, applicable into the 
lower nni range, consists of evaporation or sputtering of 
metals onto insulating substrates, which are then covered 
with a second insulating 2 1 R - 2 2 0 1  Promising 
developments are microlithographic techniques, which have 
long been used in the electronic and semiconductor indus- 

e most popular variants in 
electrode manufacturing are photolithographic techniques, 
which produce structures as narrow as 0.5 pm.12171 

tries,[133. 187, 188 ,217 .221-2231  Th 

5. Conclusions 

Though the unconventional properties of ultramicroelec- 
trodes were recognized only at  the beginning of the 1980s. 
the exponential growth in literature on the subject testifies to 
their success. Numerous applications have stimulated the 
development of new methods and opened up previously in- 
accessible fields of research to electrochemistry. Present re- 
search goals include voltammetric measurements of the ther- 
modynamics and analytical chemistry of poorly conducting 
electrolytic media from the solid state. through nonelec- 
trolytic solutions, to the gas phase, as well as of the mecha- 
nisms and kinetics of very fast electrochemical reactions. 
With in vivo voltammetry, metabolic processes can be ob- 
served in cell tissue without causing any damage. and in the 
field of applied electrochemistry new strategies for sensor 
development[2071 and corrosion are emerging. 
Moreover. with the new SECM technique an electrochemical 
method is available. which, for the first time, makes it pos- 
sible to derive images of surface structures by measuring 
pdradaic currents. as well as to microgalvanize and etch sur- 
Faces. 

The persistent trend to smaller electrodes and simpler 
manufacturing techniques, assisted by efficient microsystem 
technologies and advances in laser research.122s1 will consid- 
erably expand the scope of applications. The many aspects of 
an electrochemistry in a "natural" environment will surely 
encourage more intense interdisciplinary cooperation with 
other fields in chemistry, biology, and the material sciences. 
The priority status of the fast-scan technique and probably 
the SECM technique, too, should ensure that they reach a 
degree of perfection in the near future, which will turn them 
into routine methods using commercial equipment. The ap- 
plication of the techniques of microelectroplating will soon 
be used to build elements for microelectronics and rnicro- 
mechanics that will be able to  compete with the products of 
photolithographic techniques. After an extraordinarily suc- 
cessful start, microelectrochemistry has a very promising fu- 
ture. 
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