JOURNAL OF APPLIED ELECTROCHEMISTRY 24 (1994) 475-480

Coplanar interdigitated band electrodes for synthesis
Part I: Ohmic loss evaluation
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A new type of electrosynthesis cell consisting of coplanar interdigitated band electrodes is proposed.
This approach permits minimization of the anode/cathode separation to a few hundred micrometres
without hindering the hydrodynamics. In this paper, two analytical expressions are considered for the
solution resistance between the bands. Results obtained for different geometries are compared to
experimental data. It is shown that a substantial decrease in ohmic loss during synthesis can be

achieved.
Nomenclature Ry, resistance between two bands of unit length
(Qm)

Cgeom dimensionless constant related to the array Ry, resistance associated with the electrode
geometry thickness (2)

Cnaci sodium chloride concetration (M) 2V, applied differential potential (V)

€th electrode thickness (um) W, electrode band width (mm)

J cell constant (cm™!) Wy interelectrode band gap (mm)

by length of exposed band

leg equivalent length (mm) Greek symbols

My total number of bands in the array ¢ potential (V)

Ramay total resistance between the bands of an Anaci sodium chloride molar conductivity
array () (cm® Q' mol ™)

I resistivity ({2m)

1. Introduction

The design of electrochemical reactors is a balance
between the optimization of the mass transfer con-
ditions and the minimization of the energy loss in
Joule heating of the electrolyte. Many electrochemi-
cal cell geometries have been proposed including
tank reactors, parallel plate cells, trickle towers, rotat-
ing and porous electrode cells [1, 2]. Figures of merit
have been compared and substantial differences can
be found [2, 3]. When the electrolysis is carried out
in organic solvents, the resistance of the solution
becomes an important criterion resulting in a large
dissipation of energy. To minimize the ohmic loss,
cells with small interelectrode distances have been
designed such as the capillary gap cells and the pump
cell [3]. The drawback of such approaches is the
poor mass transfer conditions which result in an
additional energy cost for the pumping of the solu-
tion through the cell.

In the present paper we propose another approach
for the ohmic loss minimization based on microelec-
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trode methodology. Microelectrodes have specific fea-
tures such as the ability to work in very resistive media
and steady state diffusional profiles and for these
reasons have found many applications in electro-
analytical chemistry, as recently reviewed [4-7]. An
interesting aspect of microelectrode technology is
the concept of interdigitated microband electrodes
which is commonly used for the fabrication of con-
ductivity sensors [8, 9] and amperometric detectors
in liquid chromatography [10, 11]. Their performance
and characteristics have been thoroughly investigated
and the purpose of the present work is to apply this
technology to electrosynthesis.

The experimental approach undertaken to produce
large scale interdigitated band electrodes with a micro
gap between electrodes is that of screen printing. This
technique has already been used in the electrochemical
sensor industry and geometric areas of up to 1 m? can
easily be printed with a resolution of 50 ym for the
edge definition.

In this publication two models for the determi-
nation of resistances between band electrodes are
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considered and compared to experimental results. The
models proposed are then used to determine the opti-
mum band array geometry.

2. Theory

In order to derive an expression for the resistance
between two bands, the system can be represented as
shown in Fig. 1. Electrodes are defined by X, and
X, or by —Xj and —Xj, one electrode being polarized
at zero and the other at 2V,. In an interdigitated
device each band is shared with its two adjacent
bands. Thus (X, — X;) represents half of the band
width (W) and 2X, is the interelectrode gap (W;).
The model is for infinite bands and therefore the phe-
nomena occurring at the end of the bands are not
considered.

Outside the ‘submicron’ (sub-micrometre) thick dif-
fuse layers, the conductivity of a solution is assured by
the movement of ionic species. Therefore for the esti-
mation of a resistance, diffusion and convection forces
can be ignored and the flux of charged species j is
assumed to occur by migration only:

nFj=—p~' grad ¢ (1)

where p is the resistivity of the solution and ¢ the
potential.

Assuming a steady state condition, the divergence
of the flux is zero, thus,

&9 8¢
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In these conditions the migration current, i, per unit
length of electrode over the interval X; to X, is given

by
X, a¢
; —1
i= — dx 3
JXl P <8Y>Y=0 ( )
Similar equations have been solved by using confor-

mal mapping techniques [12—15]. The corresponding
change of variable is

x = coshucosv (4)
y = sinhusinv (5)
where x and y are dimensionless variables defined by
x=X/X, (6)
y=Y/X (7

and v is the dimensionless potential,
v =m¢/2V; (8)

If Equation 4 is derived by x and Equation 5 by y, the
main property of the transformation can easily be
demonstrated. Thus,

Ou Bv)
_ - | == 9
(Bx)y=0,1<x<x2 (3y y=0,<x<x; ( )

Hence Equation 3 can be integrated. So,

2V

i= W—pcosh_l(Xz/Xl) (10)

—Xz _X‘| X1 XZ

Fig. 1. Representation of the equipotential and flux lines between
two parallel half band electrodes.

Equipotential lines shown in Fig. 1 are hyperbolae of
equation
2 2

x y
— =1 11
cos®v  sin®v (1)

and the lines of flux between the two electrodes are
ellipses given by

x2 y2

cosh?y = sinh?u
The current distribution along the electrode can be
derived from Equation 10 by calculating the current
for bands of infinitesimal width, éx:

8

i(x) = %cosh_1 (x + x)

TP X

Figure 2 illustrates this variation on the electrode

taking 6x = 0.01 and 2V;,/(mp) = 1. As the current is

related to the resistance of the solution (2V) = Ri),

an expression can be derived for the resistance
between two bands of unit length, Ry, [Q x m]:

TP

Ry =—————< 14

bu cosh™!(X,/X,) (14)

For an array, the equivalent length [, is defined as the

band length J, times the number of gaps between

electrodes, (n, — 1), as shown in Fig. 3. The total

1 (12)

(13)

1.2

10

0.81

0.6-

Current/A

0.4+

0.2+

0.0 T T T ]
0 2 4 6 8 10

Normalized distance from electrode gap, x

Fig. 2. Current distribution along the electrode.



COPLANAR INTERDIGITATED BAND ELECTRODES — 1 477

lp =25 mm
——————

Fig. 3. Diagram of an interdigitated electrode (AG2) ny, = 40 and
loq = 975 mm.

resistance Ry, is then given by the following
equation:

Rbu Rbu
—Thu_ _ Thu 15
Rarray leq lb X (nb _ 1) ( )

The equivalent length varies from one array to another.
To have comparable figures a dimensionless constant
Cgeom is introduced, depending only on the electrode
width and the interelectrode gap,

m

cosh™ (W, /W, + 1)

Cgeom = (16)
The constant Cyeom corresponds to what is often
referred to as the cell constant in conductivity
measurements, multiplied by the equivalent length.
To obtain this solution, lines of flux and equipoten-
tial lines are assumed to be elliptical and hyperbolic,
respectively, neglecting the fluxes which are very dis-
tant from the electrodes. The model developed by
Aoki et al. [16] took them into account and they
derived another expression for the current by solving

printing silver ink (Johnson Matthey, UK) on PVC
substrates. They all had the same electrode width,
W,, and band length /,. Only the interelectrode gap,
W, and the number of bands n, were changed. The
geometrical parameters are shown in Table 1. They
were then cured at 60°C for 24h and the contacts
were covered with an insulating varnish. The screen
printer used was a manual bench top version (DEK
65, UK) for prototype production. Electrode thick-
ness was determined by scanning electron microscopy
(JEOL JSM 6300F). Impedance measurements were
carried out with arrays placed vertically in quiescent
aqueous solutions of sodium chloride, concentrations
varying in the range 5 x 10~ t0 0.15M. The equipment
used for impedance measurements was a TFA2000
a.c. impedance analyser from Sycopel Scientific Ltd,
UK. Measurements were carried out with an a.c.
voltage of 10mV. The resistance was extracted from
the Nyquist plot at high frequencies and at zero
imaginary impedance, i.e. when the system was purely
resistive.

4. Results and discussion

The values of the resistances measured for the three
arrays (AG1, AG2 and AG?3) in sodium chloride solu-
tions of concentrations 5 x 107> to 0.15 M are shown
in Table 2. The linear response between the resistance
and the reciprocal of the concentration of sodium
chloride is highlighted by Fig. 4. For an infinitely con-
centrated solution, the resistance is only due to the
electrode and can be estimated at 1.5 (2 from the inter-
cept values on the y-axis. The cell constant J can then
be calculated from these data (J = (R — 1.5)/p, with
p= I/ANaCI . CNaCl and average ANaCl = 108 CIIl2 Q_l
mol ™). Tn Table 2, it can be seen that the cell constants
are very constant over the range of concentrations

Table 2. Theoretical and experimental data for different arrays

the two dimensional equation, Equation 2, with the  4rray AGI AG2 AG3
Schwarz—Christoffel transformation. From this the .
geometrical constant Cye,y, is derived: 10" Cracafm Rmeasurea/S2
C’ = 7/ln (2.55(W./ W, + 1 5 45.75 30.55 23.50
geom = 7/I0. (2.55(We/ Wy + 1) 10 23.30 15.75 12.00
—0.19/(W./W, +1 2 17 25 10.70 7.65 6.00
[(We/ Wy + 1)) (17) 50 6.05 435 3.55
Both these models have been used for the estimation 100 3.65 3.10 2.65
of diffusional currents and have shown good corre- 130 3.05 270 2.30
lation with experimental results [17]. 10° Cyac/™ J/em™!
3. Experimental details 5 0.0239 0.0157 0.0119
10 0.0235 0.0154 0.0113
. 25 0.0248 0.0166 0.0121
Three different band arrays were made by screen 50 0.0246 0.0154 0.0111
Table 1. Geometry of the interdigitated arrays 100 0.0232 0.0173 0.0124
150 0.0251 0.0194 0.0130
n, W, /mm W,/mm Iy /mm Average value of /  0.0242 0.0166 0.0120
AG1 30 1+0.1 1+0.1 2541 Cooomienp) 1.74+0.08  1.56+0.07  1.47+0.06
AG2 40 0.5+0.1 1+0.1 2541 Cooom 2.38 1.78 1.23
AG3 50 0.25+0.05 1+0.1 25+1 Clom 1.94 1.55 1.23
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Fig. 4. The variation of the resistance with the reciprocal of the
sodium chloride concentration. (@) AG1, (o) AG2 and (a) AG3.

studied. Their average is used for the determination of
the geometrical constant (Cyeom(exp) = J X loq)- Experi-
mental and theoretical geometrical constants are com-
pared in Table 2. They have the same order of
magnitude as can be seen in Fig. 5. Although the first
model which assumes elliptical current lines presents
good correlation for small interelectrode gaps, the sec-
ond model derived using the Schwarz—Christoffel trans-
formation seems to fit better with the experimental data.
Nevertheless, it is worthwhile to note that for large inter-
electrode gaps the two models are able to estimate the
ohmic losses, and therefore the discussion which
follows gives a conservative value of the ohmic loss
savings which can be achieved by the approach. It is
also worthwhile to note that in the models developed

2.5 (a)

{b)
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1.5

1.0

Dimensionless constant (Cgeom)

0.5

0.0 . : T T T

T I .
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Wy/ W,
Fig. 5. The variation of the dimensionless constant with W, /W,: (a)
from Equation 16 and (b) from Equation 17. (@) Experimental values.
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Fig. 6. The variation of the modified dimensionless constant with
Wy /We, for a 25 um thick electrode: (a) from Equation 16 and (b)
from Equation 17.

previously, the thickness of the electrode was not taken
into account. The resistance between two parallel
plates of surface ey, x kg and separated by W, is
given by:

(18)

The two models can be modified so that the total
resistance is formulated for a system with two resist-
ances in parallel (resistance above the electrodes and
resistance between the electrodes). The thickness of
the electrodes was found to be 25 pm with a standard
deviation of 5um. The corresponding geometrical
constants do not vary dramatically but when com-
pared with the experimental data in Fig. 6, the first
model appears to be the most appropriate one.

To demonstrate that ohmic losses can be reduced
by using band arrays, the cell constant (J = R/p) is
calculated for the different arrays and compared
with the cell constant of a parallel cell. In the case of
the FMOI cell from ICI (16 x 4cm? x 0.3cm) the
geometrical constant is

0.3 1

If a plate is replaced by a band array of the same area
(16 x 4cm?) the cell constant can be determined from
Equations 16 and 17. Figure 7 shows their variation
with the electrode and the gap widths. It is clear that
the closer the band, the smaller the resistance. For
250 uym interelectrode gaps, ohmic losses can be
reduced by 50% in comparison to what should be
obtainable with the ICI cell. The graphs also show
that there is an optimum electrode width W, ., for
each interelectrode spacing for which the geometrical
constant is at a minimum. The relationships between
the two sizes are purely linear as shown in Fig. 8.
The proportional factors are different for the two
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Fig. 7. The variation of the geometrical constant with the electrode width for different band gaps: (i) from Equation 16, (ii) from Equation 17
(a) Wy = 2mm, (b) W, = 1 mm, (c) Wy = 0.5mm, (d) W; = 0.25mm, (¢) W, = 0.125mm and (- - -) ICI FMO01 geometrical constant.

models, but considering that for the second model an
increase in the electrode width has very little effect, the
band width should be such that

W, = 0.8W,
However, in designing interdigitated electrode
systems, the ohmic loss within the band electrode
itself must be considered, especially if the electrode
material is not a good conductor. In the case of
screen printed metal this is not a real problem, how-
ever, when fabricating carbon band electrodes, a com-
promise must be made between the reduction of
ohmic loss in the solution and the increase in the
ohmic loss in the electrode.

5. Conclusion
It is clear that the proposed electrosynthesis cell with

interdigitated coplanar anode and cathode can be
built so as to minimize the ohmic loss compared to a
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Fig. 8. The variation of the optimal electrode width W, ., with the
band gap: (e) from Equation 16 and (A) from Equation 17.

conventional parallel plate cell. The present work
shows that for an interelectrode gap of 250 um and an
clectrode width of 200 ym, the ohmic loss is reduced
by as much as 50% in comparison to a parallel plate
of equivalent total area.

This could be very useful in organic media such as
DMEF. This work is part of a research program for
the development of batch electrolysis with disposable
electrodes. Applications to different organic syntheses
will be published subsequently.
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