J. Electroanal. Chem., 341 (1992) 35-46
Elsevier Sequoia S.A., Lausanne

JEC 02314

Investigation on microelectrodes

. Part XVI. Study of the shielding effect at a microband-array
\e{je;\ctrode

N

Ju Huangxian, Chen Hongyuan * and Gao Hong (H. Kao)
Department of Chemistry, Nanjing University, Nanjing 210008 (People’s Republic of China)
(Received 29 January 1992; in revised form 13 May 1992)

Abstract

Microband electrodes display a very strong edge effect. The diffusion layer at a microband electrode
may be considered as a semicylinder. When a microband-array electrode is electrolysed for a long time,
these diffusion layers partially overlap each other and the total current is smaller than the sum of the
currents at all single-microband electrodes. This is the so-called shielding effect. The degree of
shielding can be expressed by a shielding factor S¢ which depends on the electrolysis time, the distance
between electrodes and the electrode width. A formula to calculate the shielding factor S; is presented
here. The results of theoretical calculations are found to be in good agreement with experimental
results reparted previously. '

INTRODUCTION

There are many remarkable types of behaviour in the field of ultramicroelec-
trodes [1,2]. The mass transport rate at a microelectrode is greatly enhanced
because of non-linear diffusion, which leads to an increase in current density and
causes the electrode process to reach the steady state very quickly [1,3]. It is
possible to study such electrode processes by means of fast cyclic voltammetry [4,5).
Both microdisk and microband electrodes show a very strong edge effect. The
radial term for a microdisk electrode of diameter d is d/2, while that for a
microband electrode of width W, is W, /2 [6-8].
 In recent years, great progress has been made in the theoretical study of
microdisk electrodes [9-11). The study of microcylinder electrodes is also well
developed [12-15]. Several basic studies of microband electrodes have been
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directed towards chronoamperometry and lmear ce voltammetry [68 16-18].
The apphcatxon of microband- array electrodes has been reported [19-21). The
steady state chronoamperome i ted micro-array electrodes
has been studied [22-24], as has overlap of thejdlffusron‘ layers at a microdisk-array
electrode [25]. However, no study on" t € mass transport at a microband-array
electrode and its diffusion current has yet been reported

In this paper we investigate the diffusion layer at a microband electrode, the
overlap of the diffusion layers at a microband-array electrode and its effect on the
current, as well as the effect of electrolysis time and electrode constitution on the
- shielding effect. A formula for calculating the shielding factor §; is presented. The
results of theoretical calculations are found to be in good agreement with experi-
mental results in the literature {19].

THEORY
Diffusion layer at microband-array electrode

For a diffusion layer thickness at an electrode 8, the concentration gradient in
the case of the limiting current is ¢/8 (where c¢ is the bulk concentration of

reactant) and the limiting current is

nFADc
-— (1)
Thus .
nFADc
=T (2)

Besides semi-infinite linear diffusion, the mass transport at an inlaid electrode
involves radial diffusion, which is the so-called edge effect. The diffusion current is

(7]
nfAcD ' nFeDP nFcDP
= (1) 1/2 +

2 = IC()" T . (3)
which is seen to include an area term A and a perimeter term P.

One type of inlaid electrode is the inlaid band electrode with width W, and
length L. Amatore et al. [26]} suggested that the diffusion at a microband electrode
is a good approximation to the diffusion at a semicylindrical electrode under
quasi-steady-state conditions. Aoki et al. [16] considered that the equiconcentra-
tion profiles at a microband electrode approach concentric circles with their centre
at the origin as the clectrolysis time tends to infinity. Thus the electrode behaviour
at long times could be expressed in polar coordinates and they obtained a series of
results [16,17]. Using an, integral cquation method, Coen ct al. [8] obtained the
result that the diffusion ficld at a microband elcctrode approximates to that at a
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y electrode and the ‘currents at various times, i.e. § =4Dt/W2 <18
100 are as follows:

LI FDcW. L ! +1) (4)

(—EE)‘"‘/_’J’?Z —HEH (o T W,

5553  6.791 )
I,=nFDeL|—— i 0._)2 ‘

Aoki et al. [6] obtained a simple approximate (less than 0.8% error) equation for
the chronoamperometnc current at a mncroband electrode in the domain 6’ =

Dt/W2 <103 ie.

' 9.90
B =172 _ e . 6
I ~nFDcL[(W0 ) 7+097-1.10 ‘”‘p( lIn(12.376) | ” ©

~ We can obtain the thicknesses of the diffusion layer at a microband electyode
for 8 < 1.8, 30 < 6 < 100 and 8’ < 10® from eqn. (2) and eqns. (4)-(6) respectively
as

(wDt)' W,

(@b +w, -
. W,
0,= 2 (8)
© 5553/In6-6.791/(In 0)
d; = (9

(76")"* +0.97 - 1.10 exp[ - 9.9/1In (12.379") |]

It is clear that § at a microband electrode increascs with increasing time (shown
in Fig. 1) and becomes much smaller in comparison with the Cottrell diffusion
layer thickness 8- becanse of the edge effect. When ¢ is very short (8 < 3 X 107%),
both 8, and §; tend to 8. = (7 Dr)'/?; thus the dlffusxon is close to semi-infinite
linear dnffusxon In a system with D =7.1 X 107° cm? s~' (Ru(NH,)}* solution)
and if W,=25X10"* cm, then I,, I, and I, are applicable for ¢ <4>< 1073 s
0.066 <t <022 sand 1<88x%x10°s respectlvely In Fig. 1(a), it can be scen tha(
8, can be involved by 8, when 1 <4 x 107 s, while 8, can also be involved by 8
in the range 0.066 <t < 0.22 s, therefore 8, can be on behalf of the variation in
diffusion layer thickness with electrolysis time at a microband electrode.

In contrast to the microdisk electrode, the change in current with electrolysis
time at a microband electrode is very small only when ¢ is not too small, and the
effect of the elcctrolysis time can be neglected; thus as the electrode process
reaches the quasi-steady state, the voltammetric curves tend to a sigmoidal shape.

When W, increases, 8 increases, and the slopes of the § vs. W, curves increase
with increasing ¢ (shown in Fig. 2). The smaller W, is, the larger is the variation in
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Fig. 1. Theoretical relation between diffusion layer thickness and electrolysis time with D =7.1X 10°%
em? s™' and W, = 2.5x107* cm: (a) 0-90 ms; (b) 0-10's; O, 5. = (= D1)'/%; 0, eqn. (7); ®, egn. (8);
A, eqn. (9).

6/ um

W,/ pm S
Fig. 2. Relation between & and W, with D =7.1x107* cm? s™' from eqn. (9).



Fig. 3. Diffusion layer model of microband-array electrode. -

8 with a change in ¢ and the more easily the electrode process reaches the
quasi-steady state.

At a microband-array- electrode, if the microband-array electrode involves m
microband clectrodes, when the electrolysis time is very short (8 <3 X 107°), the
mass transport is via plane diffusion and the diffusion layers do not overlap. The
total area of all diffusion bands is § = mW, L. With an increase in electrolysis time
the edge effect or radial term cannot be neglected and the diffusion layer thickness
can be calculated from eqn. (9). If 8 < W/2 (W is the central distance between two
adjacent electrodes), then the diffusion layers do not overlap and the total
interfacial area of all diffusion bands approaches S = mw8,L. When § > W /2, the
diffusion layers partially overlap each other and the interfacial area of the
.diffusion band at the microband-array electrode is smaller than the sum of the
areas of all diffusion bands at single electrodes, but the overall electrode process is
controlled by diffusion as it is at a single-microband electrode except for the
overlap of the diffusion layers. The model is shown in Fig. 3. The maximum
diffusion layer thickness can also be expressed by eqn. (9).

Diffusion current at microband-array electrode

The current can be divided into three kinds.
(1) When 6 < W /2, the diffusion layers do not overlap and the total current is
the sum of the currents at all single-microband electrodes:

where I is given by eqn. (6).

 (2) When 6> W/2, the diffusion layers at two adjacent electrodes partially
. overlap each other. Under this experimental condition the diffusion field ap-
- proaches a semicylinder. The diffusion band area at a microband-array electrode is
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Fig. 4. Cross-sectional model of diffusion layer overlap.

shown in Fig. 4. The diffusion band arca at a singlesmicroband elcctrode is AL
and

A=n8-2B, B=V¥s ' (11)

where

([ [82= w2
W= - 12
V = tan '( W2 (12)

When the clectrolysis time increases, both 8 and ¥ increase (¥ can approach 7 /2
when the clectrolysis time is very large; thus ¥ is in the range 0-7/2) but the
diffusion band area at the microband-array clectrode decreases. In Fig. 3, S = mAL;
thus

2 21172
[5 (W/z)] )L (13)

S=m|wd-28 tan"( W2

The total current is expressed as

- w172 9.9
1oy = mnFDclL (76") +097-1.10 exp| - ——+—
) lIn(12.376") |

X(l - {2 tan_'{[Wcz/{(wB')_'/z+0.97

—1.10exp[—9.9/lln(12.370’)l]}z—(W/2)2]l/2/(W/2)}}(77)"') (14)

This is lower than the sum of the currents at all single-microband electrodes.
Equation (14) was derived from eqn. (6); thus it is valid if 8 < 10% under the
conditions that the mass transfer process can be expressed as a time-dependent
two-dimensional diffusion, the microband electrode is so long that the edge effect
at both ends is negligible and & > Ww/s2. ‘
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(3) In the limiting situation ¥ — /2 the diffusion laycrs completely overlap.
The electrode can be treated as a plane semi-infinite diffusion elcctrode with
width mW and length L. The current is

nFeDm(W, + W,) L
I= 5
(wDt)"?

where W, is the edge distance of two adjacent clectrodes.

(15)

Shielding effect at microband-array electrode

In the electrolysis process the electrodes shield each other because of the
overlap of diffusion bands; thus the current is reduced. This is the so-called
“shielding effect”. The degree of shielding can be expressed by the shielding factor

Il

otal ( I 6)

m
2

j=1

where [; is the current of the jth electrode only when this electrode is clectrolysed
with all other electrodes in open circuit. Obviously, the shielding factor represents
the ratio of the area of the diffusion band overlapped at the microband-array
electrode to the total area of the diffusion bands at all single electrodes. If the
microband-array electrode involves m (m — ») microband electrodes, then the
shielding factor is

S i ' 17
- (1

or

S;= (2 tan~1{[m2/[(we')“‘/2 +0.97 - 1.10 exp[ —9.9/In(12.376") l]}2

L1172
NG N O (18)

Thus the shielding effect depends on the electrolysis time and the electrode
~ constitution.

DISCUSSION

Dependence of current 1., at microband-array electrode on electrolysis time t and
electrode width W,

It can be concluded from the comparison between eqns. (6) and (14) that the
current [, ., at a microband-array electrode is much smaller than the sum of the
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Fig. 5. Dependence of current at microband-array electrode on ¢ with D=7.1x10"% cm? s~ ': @ with
shielding cffect; a, without shiclding effect; — — — W, =25 pm W, =1 um; CW.=33 um,

W, =02 pm.

currents at all single-microband electrodes. When W, is fixed, the difference
between the two cutrents increases with increasing t and tends to a steady value
(see Fig. 5). If all other conditions are fixed, I, falls very quickly as W, is
reduced. In Fig. 6, the larger W, is, the larger is the total current and the Vdnanon
in /., with W, has a minimum value. All these factors affect the overlap of the
diffusion layers' and the shielding effect.

'Dependence of shleldmg effect ont, W, and W,

From eqn (18) Sf -increases wnth increasing ¢ and tends to a steady value
-quickly (see Fig. 7(a)). The larger the ratio W,/ W, is, the larger is S;. When W, is
fixed, the variation in-S; with W, has a maximum value When W, is very small S
tends to zero (see Fig. 7(b)). When W, increases, S; falls and tends quickly to zero.
The smaller the. value of W, is, the. smaller is t when Sf 0 (see Fig. 8)

Companson wzth experunental results

In _’any cOntr_Qlled, ‘potentl'al cx’perimen’t conducted with a large value of 9, i.e.
" under the condition of a quasi-steady state, the limiting current under the diffu-

byl
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Fig. 6. Dependence of current at microband-array electrode on W,.: a, ﬁ.(X)S s;b, O.1sic, 1's;d, 10s;
other conditions as Fig. 5.
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Fig. 7. Dependence of S; on (a) ¢ and (b) W, with D=7.1x10"% cm? s~ : @o,W,=1pum, W, =25
pm; A,Ws==0.2p.m,Wc=3.3um;(b)Wg=ly.m.. ' :
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Wg/um
Fig. 8. Relation between S, and W, with D=7.1x 107" cm® s™ ' and W, =25 pm.

-

sion-controlled condition will be the same [27] whatever the potential excitation.
For cxample, with cyclic voltammetry at a sufficiently slow rate, the limiting
current may be calculated by means of the chronoampcrometric current equation
[8,19,20] and the real experimental time or characteristic time is [20]

RT (1‘9)
= — .

Fr :
where « is the scan rate. Results in the literature [19,20,22] indicate that the
theoretical currents obtained from the chronoamperometric current equation with
the usual electrolysis times are in keeping with the cyclic voltammetric experimen- -
tal currents in the case of slow scan rates. The theoretical current and the
shielding factor for a microband-array electrode can be obtained from eqgns. (19),
(14) and (18). It must be considered that only one side of the diffusion layers at the
two outside electrodes is able to overlap. Thus for a finite value of m the shiclding:
factor is

(m—1)S,

m (20)

S ftotal =
In Table I we list the theoretically calculated shielding factors of microband-array
electrodes involving different m values with W, =2.5 um and W,=1 um and
compare them with results calculau;d‘from literature data [19].-

It can be seen that at array electrodes composed of two, three, four or eight
microbands the values calculated theoretically by eqn. (18) are very close to those
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TABLE 1

Compirison of literature experimental values of shielding factor with theoretical values in this paper @

m=2 m=3 m=4 m=38§ m=12

Distance between adjacent electrodes/um 1.0 1.0 1.0 1.0 22,
S{ theoretical value ® 0.35 0.47 0.53 0.62 0

(8;), experimental results © 0.39 0.54 0.56 0.72 0.11
S, - 8¢ 0.04 0.07 0.03 0.10 0.11

*D=71%x10""cm? s”, W, =25 um, W,=1.0 pm, v =10mV s~ !, r=25s.
P Obtaincd from eqn. (18).
€ Using literature data [19] in eqn. (16).

obtained from the literature experimental data [19] by eqn. (16), and the relative
error is very small. At an array electrode consisting of two microbands with
W, =22 pm the shielding factor-should be very small; the theoretically calculated
value is zero, but the value from the experimental data is 0.11. This discrepancy
can be explained as follows. When the working electrode was swept with a cyclic
potential, the potential of adjacent electrodes was zero. This reduced the mea-
sured current and resulted in a reduction in the collection efficiency by about
7%-10% [19]. Thus all the shielding factors obtained from experiments were
higher than those obtained by theoretical calculations. The values of (S;), — S/
were in the range 0.03-0.11, which suggests that if the factor of collection
efficiency were corrected, the theoretical values would be in much better agree-
ment with the experimental values.
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