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A number  of  patterns of  segmented line electrodes have been manufactured using copper printed 
circuit board  technology. These segmented electrodes have been used to investigate local mass 
transport  effects in ICI's F M 0 1 - L C  parallel plate electrolyser. It is shown that in the absence of  a 
turbulence promoter  the current distribution is uneven. Along the direction of  electrolyte flow, a 
tertiary current distribution is observed. In addition, close to the cell entrance, an uneven current 
distribution occurs perpendicular to the direction of  electrolyte flow; this reflects the design of  the 
electrolyte distributor. With a turbulence promoter  the current distribution is more even and the entry 
effects are much reduced. The turbulence promoter  can, however, impose its own pattern on the 
current distribution perpendicular to the flow. 

1. Introduction 

Many electrochemical processes are operated under 
limiting current conditions to maximize the space time 
yield Of the electrolyser. Mass transport therefore 
determines the rate of conversion of reactant to pro- 
duct and it is common to use inert turbulence pro- 
moters and/or high fluid velocities to enhance the 
mass transport to the electrode surface and, hence, the 
current density. 

It has been common to characterize mass transport 
in terms of space averaged parameters estimated from 
measurements of the cell current under appropriate 
conditions [1-4]. Moreover, most laboratory studies 
[5-8] have employed cells with long entrance and exit 
zones in order to produce a fully developed flow within 
the interelectrode gap. In this way, results obtained for 
laminar flow can be correlated by the Leveque equation 
[9]. In contrast, most pilot scale and commercial 
electrolysers have short inlet and outlet zones and the 
fluid flow may never reach a fully developed state 
before leaving the cell. Turbulence promoters are 
commonly employed both to enhance the rate of supply 
of reactant to the electrode and to improve the 
uniformity of the mass transport conditions within the 
cell. 

The investigation of local mass transport conditions 
within cells is more difficult and such studies have 
received little attention. They are, however, critical to 
an understanding of the characteristics and perform- 
ance of commercially available electrolysers. A few 
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papers have reported the use of minielectrodes [5, 6] 
for studies in cells with long entrance lengths, but they 
have several disadvantages; the construction of a large 
number of electrodes can be difficult and reproduci- 
bility can be poor. Moreover, they can also suffer from 
edge effects; as point sources they do not give a 
representative picture of local distributions for sys- 
tems that have a two dimensional dependence on mass 
transport [10]. Recently, Wragg and Leontaritis [11] 
have reported a detailed study of mass transport in 
baffled and unbaffled parallel plate cells using arrays 
of 36, 1 mm diameter electrodes. By design of an 
electrode with three such arrays which could be 
mounted in the cell in several orientations it was 
possible to minotor the local mass transport at 324 
points within the cell. 

The construction of segmented electrodes using 
copper printed circuit board (PCB) technology is not 
new [12] but the scope of this approach for detailed 
studies does not seem to have been fully appreciated. 
Certainly, the PCB technology allows the rapid manu- 
facture of a wide range of segment patterns by a 
procedure which is highly reproducible. Moreover, the 
electrodes are cheap and may be regarded as dispos- 
able. The method is clearly superior to other tech- 
niques [13-18] which usually involve the tedious 
machining of insulated electrode blocks. It should, 
however, be noted that the series of segmented elec- 
trodes may only approximate to the continuous plate 
electrode it seeks to model. With some orientations of 
segmented electrodes, the solution flows over repeated 
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areas of active and inactive surface giving rise to a 
complex situation where the mass transport boundary 
layer alternatively develops and dissipates. It is 
therefore necessary to select the dimensions of  the 
segment pattern so that it is an acceptable model for 
the flat plate electrode. In addition, it should be 
recognized that the fabricated segmented structure is 
not completely flat since the copper strips have the 
thickness of the copper layer on the printed circuit 
board, here 40/~m. 

In the earlier study [12], the copper circuit board 
was plated with nickel to obtain an electrode surface 
suitable for potassium ferricyanide reduction. In this 
present work, the copper itself was used as the elec- 
trode and the reduction of aqueous cupric ions in an 
acid medium was used as the study system. The tech- 
nique is applied to the examination of local mass 
transport in a commerially available laboratory elec- 
trolyser, the FM01-LC unit supplied by ICI [19]; it is 
demonstrated that the use of  several patterns of elec- 
trodes allows an unusually detailed picture of local 
mass transport conditions to be built up. Studies of  
space averaged mass transport have been reported 
elsewhere [20, 21]. 

2. Experimental details 

2.1. Flow circuit and electrochemical cell 

The flow circuit consisted of a 1000cm 3 reservoir, a 
thermostat (Tecan), a glass rotameter with a stainless 
steel float (KDG X14 M) and a pump (Totton EMP 
40/4). All interconnecting tubing was of silicone 
rubber (mostly 7 mm internal diameter). 

The parallel plate electrolyser used for this series of  
experiments was an ICI FM01-LC unit [19]. The 
electrolyte flows across an electrode 16cm long and 
4 cm high (B) and the electrolyte channel, formed by 
a combination of  spacers and gaskets, gave an inter- 
electrode gap (S) of  5.5 mm after the end plates were 
uniformly compressed to a torque of  25 N m. These 
dimensions lead to a hydraulic diameter (de = 2BS/ 
(B + S)) of  0.97 cm. Electrolyte flow to the channel 
was achieved by internal manifolding which distributed 
the flow. The flow rate was controlled in the range 0.3 
to 1.5 dm 3 min-1, corresponding to a calculated mean 
linear velocity of between 2.4 to l l . 2 c m s  i in the 
empty channel. The temperature was controlled at 
298 _ 0.5 K. 

2.2. Electrodes and promoters 

The segmented copper electrodes were produced using 
a standard printed circuit board technique. An ultra- 
violet sensitive copper clad board was masked before 
it was exposed to u.v. radiation from a mercury lamp. 
The exposed, unwanted areas of  copper were etched 
away by immersing the board in a ferric chloride 
solution. A mask of  the required pattern was pro- 
duced with the help of  a Ranger software package 
supplied by Seetrax Ltd. Two types of  electrodes were 

Fig. 1. (a) An example of a type V segmented electrode. Each 
vertical copper electrode is 0.3 cm wide with an inert spacing of 
0.2cm in between each parallel strip. (b) An example of a type H 
segmented electrode. Each horizontal copper electrode is 0.6 mm 
wide with inert spacings of 0.6mm between each. 

produced: (i) type V consisted of vertical, parallel 
electrodes used to study the current distribution along 
the direction of the electrolyte flow. For  example, Fig. 
la shows an electrode with 32 parallel copper strips, 
3 mm wide with inert spacings of 2 mm between; and 
(ii) type H consisted of  32 horizontal, parallel copper 
strips, 0.6ram wide with inert spacings of 0.6mm 
between. This electrode was used to study the current 
distribution across the electrolyte flow (Fig. lb). 
Several electrodes of type H were produced with 
various active electrode lengths, by masking the 
unwanted area with an isolating film; this enabled the 
study of  discrete sections of  the cell channel. 

The manufacturer's data sheet stated the copper 
thickness to be 40 ~tm. The prepared electrode boards 
were supported on a 15 mm thick perspex plate, which 
also held the external connection blocks for the elec- 
trodes. The anode used with both types of electrode 
was a flat copper plate in order to maintain the con- 
centration of Cu 2+ in the solution at a constant level. 

Two types of turbulence promoters were used in this 
study. Type A was a mesh (Fig. 2a), made from high 
density polyethylene. It had an overall thickness of  
5.5mm with both a short and long diagonal of 
9.5 ram. Inserted into the electrolyte channel, it gave 
an approximate open area of  60% [19]. Type B was a 
stack of  8 fine plastic nets with 1 mm squares. Figure 
2b shows a single net. The number in the stack was 
selected so that, when compressed in the cell, the 
overall thickness was again 5.5 mm. 

2.3. Instrumentation and current measurement 

Potentiodynamic and potentiostatic techniques were 
used for this study. To achieve potential control of the 
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Fig. 2. (a) A type A turbulence promoter of blown polyethylene. 
The inset shows the edge profile. (b) The 1 mm polymer net used for 
the preparation of the type B turbulence promoter. 

working segmented electrodes, a capillary tube was 
inserted into the wall of  the spacer, which made 
electrical contact with the SCE reference electrode 
(Radiometer type K401). A schematic of the electronic 
circuit is shown in Fig. 3. The potential was controlled 
by a HiTek DT2101 potentiostat and PPR1 waveform 
generator. When required, current-potential curves 
were recorded on a Gould 60000 series chart recorder. 
A multichannel V/MOSFET current follower was 
constructed to give an output voltage proportional to 
the current flowing through each electrode. The elec- 
trodes were multiplexed into groups of eight for 
each operational amplifier, which incorporated an 
individual gain setting of 10 -5 to 10-2AV 1. The 
V/MOSFET switching system allowed one electrode 
from each group of eight to be read via its operational 
amplifier, whilst the other electrodes in the cell 
remained active, i.e. still passing current. The outputs 
from the operational amplifiers were connected to a 
multichannel interface. This interface comprized a fast 
12-bit analogue to digital converter and a digital out- 
put to control the current follower. The interface was 
connected via a 1 MHz bus to a Master BBC Micro- 

 i: io: 

Cell ~ Variable Gain 

Sample /~  

Multiplexer 
Fig. 3. Schematic diagram of the electronic circuit used for deter- 
mining current distributions within the cell. 

Table 1. Physical properties of  the solution: 0.005 M copper (n) in 
aqueous 1.5 M H:SO 4 at 298 K. 

Density, p 
Dynamic viscosity, r/ 
Schmidt number, tl/pD 
Diffusion coefficient for Cu(n), D 

1.096gcm 3 
O.Oll9gcm is 1 
2172 
5.0 x 10 6cm2s i 

computer which was used to control the experiment 
and collect the data. To minimize random errors due 
to voltage fluctuations, each electrode was read twenty 
times with an averaged value being calculated by the 
computer. A constant cathode voltage of - 0.35 V/scE) 
was maintained during all current measurements 
using the segmented electrodes. 

2.4. Experimental procedure 

A fresh solution of 0.005M copper sulphate (BDH, 
Analar) in 1.5 M sulphuric acid (Interchem, AR) was 
used for each experiment. Before the cell was 
assembled, the electrodes were prepared using wet 
1200 grade emery paper and polished with alumina 
powder before being washed with distilled water and 
degreased with acetone. After assembly the flow sys- 
tem was loaded with the working electrolyte and 
purged with nitrogen for 20rain, with continuous 
purge being maintained on the closed reservoir during 
the course of  the experiment. Physical properties for 
the electrolyte are reported in Table 1. Using these 
quantities, it may be shown that the flow rates 
employed correspond to Reynolds numbers between 
212 and 855. 

The mass transport coefficient, kL was calculated 
from the limiting current density, JL, using the 
equation 

k L = jL/2Fc 

The limiting current density was calculated by divid- 
ing the limiting current by the projected electrode 
area, A. 

3. Results and discussion 

3.1. Preliminary experiments 

Current-potential curves were recorded at a series of 
flow rates for a solution of 5 mM Cu(II) in 1.5 M sul- 
phuric acid at (a) at flat plate copper electrode of area 
64 cm 2 and (b) a type V segmented electrode, total area 
38.4 cm 2 (all segments active). The experiments were 
carried out both with and without turbulence pro- 
moters in the cell. Figure 4 shows typical curves, in 
fact, recorded at the segmented electrode without a 
turbulence promoter  in the cell. All the curves show 
waves for the reduction of cupric ion to copper metal 
with a well defined limiting current plateau extending 
over a potential range of at least 500 mV. The limiting 
currents were measured at - 0 . 3 5  V/scE and used to 
construct the plots of mass transfer coefficients versus 
linear flow rate shown in Fig. 5. It can be seen that 
there is no significant difference between the mass 
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Fig. 4. Total I -E  responses for the type V copper segmented electrode 
in 0.005N copper (n) + nitrogen purged 1.5MH2SO 4. Potential 
scan rate 3 mV s-~ with T = 298 K. 

transfer coefficients at the flat plate and the segmented 
electrode, whether or not there is a type A turbulence 
promoter in the cell. The turbulence promoter, how- 
ever, markedly enhances the rate of mass transport to 
both the flat plate and segmented electrodes. Figure 5 
also shows one set of data for the type B turbulence 
promoter and it can be seen that the stack of nets is a 
more efficient promoter than type A. The slopes of 
the logkL against logv plots are all close to 0.58. The 
similarity in the log k L against log v plots for the 
segmented and fiat plate electrodes implies that 
the mass transport regimes at the former is a reason- 
able model for the continuous active surface. In 
addition, it appears that the 40/~m steps on the surface 
of the segmented electrode, resulting from the method 
of manufacture, do not distort the mass transport 
regime to any significant extent. 

3.2. Measurements of local mass transport 

In the first set of experiments, a type V electrode with 
32 vertical 3 mm wide segments separated by 2 mm 
gaps was used. Limiting currents were recorded indi- 
vidually for each of the 32 segments (again using the 
5 mM solution of Cu(II) in 1.5 M H 2 SO4 and a potential 

l o - 2  
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Z 0 " 4  
, , i , i , i i 

lO 1 
z~176 Linear velocity I cm s ~ 

Fig. 5. Double logarithmic plot of t h e  m a s s  transport coefficient, 
kL, against linear electrolyte flow velocity for: a copper f i a t  p l a t e  

electrode with type A promoter (o); a segmented copper electrode 
with turbulence promoters - type A ( x )  and type B (O); and 
electrodes without promoters - segmented (n) and homogeneous 
f l a t  p l a t e  (+). Solution: 0.005M copper (n) in nitrogen purged 
1.5MH~SO4. Limiting currents m e a s u r e d  a t  --0.35V/scz with 
T = 298 K. 
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Fig. 6. Current distributions along the direction of solution flow 
determined with type V copper s e g m e n t e d  e l e c t r o d e s :  (a) no turbu- 
lence promoter (b) type A turbulence promoter (c) type B turbu- 
lence promoter. Single segment size = 0.3cm x 4cm. Solution 
0.005M copper(lI) in nitrogen purged 1.5 M H2SO 4. Limiting cur- 
rents m e a s u r e d  a t  - 0.35 V/SCE with T = 298 K. Electrolyte flow 
r a t e  of 6.5cms -~. 

of  --0.35 V/SCE) at six electrolyte flow rates between 
2.4 and 9.7cm s 1. The experiments were carried out 
both with an empty channel and with turbulence 
promoters. 

Figure 6a shows a current distribution for the 
parallel plate cell when the channel is empty and the 
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Fig. 7. Schematic diagram representing the pattern for the horizontal, 
segmented electrode (type H) in relation to the inlet manifold 
channels. 

electrolyte flow rate is 6 .5cms -1. The data are 
presented as a plot o f  j / jA v against segment number  
from the electrolyte inlet; JAy is the average current 
density over the 32 segments. It  can be seen that the 
current density is very high at the inlet and drops 
continuously across the electrode except for the final 
electrode. The form of the plot is that expected for a 
tertiary current distribution [1-4]. The electroactive 
species is depleted within the mass transport  layer and 
its concentration at the surface of the electrode surface 
drops along the length of the electrode. The increase 
in the value for the last electrode may be attributed to 
its proximity to the cell outlet where the electrolyte 
flow meets the edge of the spacer leading to some 
turbulence. 

The results when a type A turbulence promoter  is 
included in the flow channel, see Fig. 6b, show a very 
marked improvement in the current distribution. The 
entrance effect is limited to the first three segments 
( <  10% of the cell length) and the current distribution 
is almost uniform over the rest of  the cell. With the 
type B turbulence promoter,  with the finer mesh, the 
entry zone is further diminished, see Fig. 6c. Clearly, 
the turbulence promoters  are very successful in creat- 
ing the turbulence to mix the bulk and transport  layer 
phases and there is no marked drop in the Cu00 
concentration along the electrode. The current distri- 
butions, in the dimensionless form of Fig. 6, show no 
dependence on the electrolyte flow rate. 

Visual inspection of the segmented electrode after 
the above experiments showed there to be a variation 
in the distribution of deposited copper down the 
vertical segments near the inlet of  the cell. Hence, a 
second series of  experiments was carried out using 
type H electrodes where the segments are horizontal 
strips along the direction of  flow. As above, exper- 
iments were performed both with and without a tur- 
bulence promoter  and as a function of  electrolyte flow 
rate. Three electrodes of  type H were constructed with 
different active electrode lengths of  8, 4 and 1 cm 
(Fig. 7). In each case, the surface of the copper/printed 
circuit board downstream of the active electrode area 
was masked with a thin layer of  epoxy resin. 

Figure 8 shows the current distribution across the 
electrolyte flow, measured with the 1 cm electrodes, 
when the cell is operated without a turbulence pro- 
moter for three flow rates (electrode 1 is situated at the 
top of the cell). It  can be seen that the current distri- 
bution is uneven close to the cell entrance. There are 
effectively four "jet streams" with three relatively stag- 
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Fig. 8. Influence of the electrolyte flow rate on the current distri- 
bution across the flow at the entry to the cell, measured with 1 cm, 
type H segmented electrodes. No turbulence promoter. Single seg- 
ment size = 1.0 cmx 0.6 mm. Solution 0.005 M copper00 in nitrogen 
purged 1.5 M H2 SO4. Limiting currents measured at - 0.35 V/seE 
with T = 298 K. 

nant zones between. The general form of this current 
distribution is readily understood in terms of the way 
the electrolyte enters the channel. The internal mani- 
fold, see Fig. 7, is designed with four electrolyte inlets, 
angled across the cell entrance. This would be expected 
to cause the flow to be divided into four streams and, 
hence, alternating areas of  high and low flow (turbu- 
lence) are observed. Jetting along the walls of  the cell 
f rom the manifold gives rise to higher current densities 
in these regions as shown by electrode numbers 1-3 
and 28-32. 

The development of  the flow pattern as the electro- 
lyte passes through the cell is shown in Fig. 9. This 
figure reports the variation in current density across 
the flow as measured with the three electrodes with 
lengths of  8, 4 and 1 cm, at the same flow rate of  
6 .5cms -1. This clearly shows that on moving away 
from the inlet, the distribution caused by the manifold 
gradually diminishes, although some variation is still 
seen for the 8 cm electrode which reaches to the half 
way point of  the cell. By this stage, the flow pattern is 
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1 4 7 10 13 16 19 22 25 28 31 

TOP Electrode No, Bo~o,~ 

Fig. 9. Current distributions across the flow, measured with dif- 
ferent length, type H segmented elec(rodes. No turbulence pro- 
moter. Solution: 0.005 M copper(I,) in nitrogen purged 1.5 M Ha SO4. 
Limiting currents measured at -0.35 V/sc~ with T = 298K. Elec- 
trolyte flow rate of 6.5 cm s -1. 



618 C.J. BROWN ET AL. 

1.6 

1.4 . . . . .  

9.7 elm s -I 

1,2 

l . . . . . . . . . . . . .  

> 

._,< 
- --.., 

0.4 

0,2 

0 

4 7 10 13 16 19 22 25 28 31 

ToP Electrode No. BOWWOM 

Fig. 10. Current distributions across the flow as a function of 
electrolyte flow rate, measured with 8 cm, type H segmented elec- 
trodes. No turbulence promoter. Solution: 0.005M copper(]]) in 
nitrogen purged 1.5MH2SO 4. Limiting currents measured at 
- 0.35 V/seE with T = 298 K. 

very difficult to predict since it will arise from complex 
interactions between the initial four entry streams. 
The form of  the current distribution again has little 
dependence on flow rate as shown by a plot of j/JAv 
against electrode position for different flow rates, see 
Fig. 10. 

The presence of  the turbulence promoter  in the cell 
has a strong influence on the current distribution 
pattern. Figure 11 shows the current distribution 
determination with the 8 cm electrodes and a type A 
promoter in the electrolyte compartment. It can be 
seen that the current distribution shows a significant 
periodic variation across the direction of flow. This 
results from the structure of the turbulence promoter, 
see Fig. 2a. When it is held in the interelectrode space, 
the promoter has four discrete channels and there is 
also bypassing along the walls of  the cell. The troughs 
of the waves are consistent with points on the elec- 
trode surface which are in contact with the promoter, 
and therefore not contributing as much to the activity 
of the electrode. Results from the 4 and 1 cm elec- 
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Fig. 11. Current distribution across the flow in the presence of a 
type A turbulence promoter as a function of electrolyte flow rate. 
Measurements at 8cm, type H segmented electrodes. Solution: 
0.005 M copper(I0 in nitrogen purged 1.5 N H2NO 4. Limiting cur- 
rents measured at - 0.35 V/seE with T = 298 K. 
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Fig. 12. Current distribution across the flow in the presence of a 
type A turbulence promoter measured with different length, type H 
segmented electrodes. Solution: 0.005M copper(]]) in nitrogen 
purged 1.5 IV[ H2SO 4. Limiting currents measured at - 0.35 V/seE 
with T = 298 K. 

trodes, see Fig. 12, show that the above flow pattern 
is not immediately established, and that over the first 
few centimetres of  the channel, the inlet manifold still 
contributes to the current distribution. Indeed, with 
the shortest electrodes, the current distribution still 
mirrors that without the turbulence promoter, cf. 
Fig. 8. 

The type B turbulence promoter with the finer mesh 
does not impose its own flow pattern to the same 
extent. Figure 13a and b compare the current distri- 
bution measured with the 8 cm electrodes with type A 
and type B turbulence promoter. Moreover, it can be 
seen from the distributions measured with the shorter 
electrodes, Figs 8 and 12, that the turbulence pro- 
moter significantly smooths the flow streams resulting 
from the electrolyte distributor. 

4. Conclusions 

The manufacture of segmented electrodes using printed 
circuit board technology provides a convenient and 
versatile method to make segmented electrodes. The 
complexity of the electrode pattern is largely limited 
by the imagination of the experimental worker, not 
the difficulty in manufacturing the segmented 
electrode, and this allows a much more detailed 
examination of local variations in mass transport. 

In this study, the technique has been used to subject 
the FM01-LC electrolyser to critical examination and 
it is shown to perform well. It is, however, essential to 
use a turbulence promoter to avoid large variations in 
current distribution both (a) along the direction of 
flow due to depletion of  the electroactive species within 
the boundary layer at the electrode surface and (b) 
across the direction of  flow due to the design of  the 
electrolyte distributor. This would, however, surely be 
the case with all parallel plate electrolysers without 
long entry and exit lengths, i.e. all commercial elec- 
trolysers. Turbulence promoters lead to a worthwhile 
increase in the overall mass transport coefficient and 
also cause the major unevenness in current distri- 
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Fig. 13. Comparison of the current distributions resulting from the 
presence of (a) type A and (b) type B turbulence promoters. 
Measurements with 8 cm, type H segmented electrodes. Solution: 
0.005 M copper(n) in nitrogen purged 1.5 M H2SO 4. Limiting cur- 
rents measured at -0 .35  V/seE with T = 298 K. Electrolyte flow 
rate 2.4 cm s -~. 

bution to be limited to a short zone close to the 
entrance, perhaps 10% of the electrode length in the 
present case. The turbulence promoter itself can 
impose a current distribution variation of up to 30%. 

In all respects, the type B turbulence promoter, 
made from a stack of fine nets, is superior to the type 
A. The space averaged mass transfer coefficient is 
higher and the local variations measured with both the 

vertical and horizontal segmented electrodes are sig- 
nificantly smaller. This is to be expected because the 
type A promoter has a rather coarse structure for a 
small electrolyser. 
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