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The dynamic behaviour  of  a simplified electrolyser with a two phase solid-l iquid electrolyte was 
investigated. The current -vol tage  curve and the impedance of  the working electrode (current 
collector) was measured. In addition the fluctuations of  the working electrode potential and of  the 
electrolyte resistance close to the electrode were analysed, especially by spectral analysis. Conductive 
zinc-coated polystyrene beads and insulating glass beads were compared. For  glass beads the kinetics 
were controlled by ohmic drop fluctuations due to the collisions of  the beads onto the collector. With 
zinc beads the charge exchanges between the beads and the current collector were also observed and 
contr ibuted to the potential  fluctuations. A complementary analysis o f  the elementary potential and 
electrolyte resistance transients will be reported in Part  II; the electrochemical behaviour of  the 
collector will then be modelled. 

1. Introduction 

Electrical vehicles need batteries with sufficient energy 
and power densities, low toxicity, low temperature 
dependence, low investment and easy maintenance. 
In spite of the good properties of zinc as an anode 
for batteries (high specific capacity, high exchange 
current density, low cost, easy use of the electrodes 
and low toxicity) several difficulties limit zinc cycling 
in rechargeable batteries. The main drawbacks are 
related to [1, 2]: 

(i) Continuous change of the electrode geometry 
(shape change) during charge-discharge cycling 
which leads to a progressive decrease in the system 
capacity. 

(ii) Non adhesion of spongy deposits and dendritic 
growth of zinc during the battery recharge leading to 
internal short-circuits. 

(iii) Tendency of zinc to corrode in concentrated 
KOH medium giving zincate ions, which leads to a 
self-discharge and a decrease in the storage capability 
of the battery. 

To avoid the main drawbacks of zinc electrodes, a 
circulating electrolyte and a particulate zinc electrode 
were used [3]. This device has various advantages, in 
particular a larger reactional area and increased mass 
transport. The optimization of this type of battery 
depends on the hydrodynamic conditions (velocity of 
the fluid circulation, circulation time), on the cell 
geometry, on the physicochemical properties of the 
electrolyte and, also, on the electrochemical reactions 
involved [4]. It was shown that the use of some addi- 
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tives allows the discharge capacity of the circulating 
zinc particles/air systems to be increased [5-7]. 

By using such a cell with zinc particles, the shape 
change and the dendritic growth of zinc deposits are 
avoided. Battery recharging can be achieved mechani- 
cally: the residual particles and electrolyte are 
removed at the end of the discharge and replaced by 
fresh particles and electrolyte. Then the used particles 
and electrolyte are ex-situ regenerated in fluidized 
bed electrolysers. Fundamental investigations were 
carried out on fluidized beds of zinc particles in order 
to understand the interactions between the moving 
particles [8-12]. From both impedance measure- 
ments and spectral analysis of the potential fluctua- 
tions, the time constant of the discharge of the 
particles previously charged during the collisions 
with the current feeder was determined. Moreover, it 
was shown that only continuous chains of particles 
from the current feeder to the probe carried charge 
in this electrolyser. 

A second alternative consists in recharging the 
battery in situ in the electrolyser with circulating 
particles and electrolyte. The hydrodynamics of such 
a circulating bed electrolyser has been investigated 
[13, 14]. By using a redox reaction the mass transport 
coefficients were measured and showed that, for a 
permanent circulating regime of conducting par- 
ticles, only 20% of the particles are electrochemically 
active, whatever the flow rate. When a pulsed mode is 
used, during the flow-off regime, the conducting parti- 
cles form a fixed bed on the current feeder and are 
then more electrochemically active. The study of the 
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influence of the experimental conditions on the mass 
transport in this type of bed showed the difficulty of 
achieving an efficient discontinuous circulation in 
practical situations. In addition there is a lack of 
knowledge on the working principles of the circu- 
lating particle electrolyser during zinc deposition 
and dissolution. In particular, the influence of the 
particle/current feeder collisions on the electro- 
chemical kinetics requires investigation. 

These difficulties led to the design of a simpler elec- 
trolyser where the main parameters influencing the 
particle/current feeder collisions are well defined. 
Thus events involved in these collisions could be 
analyzed to obtain information on the electro- 
chemical processes taking place at the working elec- 
trode. To separate the charge transfer processes 
from the ohmic drop perturbations by the particle/ 
collector collisions, both glass beads and zinc beads 
were used as circulating particles. 

In this first paper, the experimental results obtained 
by impedance spectroscopy and spectral analysis of 
the fluctuations in practical situations, i.e. for high 
bead concentration, are presented. A second paper 
[15] will be devoted to a time analysis of the elemen- 
tary events, which can be separated for low bead 
concentrations, thus allowing the electrochemical 
behaviour of the working electrode to be modelled. 

2. Experimental details 

2.1. Electrolyser 

The electrolyser is depicted in Fig. 1. In a cylindrical 
channel (3mm diam.) a zinc rod (2mm diam., 
Johnson Matthey 99.999%) was inserted perpen- 
dicularly to the electrolyte flow. The lateral surface 
of the rod was first insulated by a cataphoretic 
paint, then its cross section was mechanically 
polished up to 1200 emery paper grade so that the 
working electrode was a 0.05 cm 2 ellipse whose plane 
was inclined at 45 ° to the electrolyte flow. The counter 
electrode was a platinum grid covered by a nylon cloth 
to avoid counter electrode/particle contacts. A luggin 
capillary allowed the potential to be measured with 

Flow 

! I  RE 

i - CE 

Fig. 1. Electrolyser with two phase solid-liquid electrolyte. WE 
working electrode; RE reference electrode; CE counter electrode. 

Table 1. Physical characteristics of the beads 

Beads Diameter/#m Density/g cm -3 

glass 290-320 2.7 
zinc 300-500 2.8 

respect to a saturated calomel electrode. The 
particle-electrolyte mixture was contained in a tank 
and the circulation was imposed by means of a centri- 
fugal pump. An electromagnetic flowmeter (Picomag 
DMI 6530) allowed the electrolyte flow, u, to be 
measured. Experimental results were obtained in 
laminar (u = 0.7 and 1.2ms -1, corresponding to 
Reynolds numbers 875 and 1500, respectively) and 
turbulent (u = 2.2 m s -x corresponding to Reynolds 
number 2750) flow conditions. All the experiments 
were carried out at ambient temperature without elec- 
trolyte degassing. 

2.2. Electrolyte and particles 

The electrolyte was made of KOH solution super- 
saturated with ZnO and stabilized by potassium 
silicate (8 M KOH + 1.8M ZnO + 1% silicate). Two 
types of particles were used: insulating spherical glass 
beads and zinc beads (polystyrene spheres plated with 
1 #m of nickel, 1 #m of cadmium and then 50 #m of 
zinc, from Sorapec Company). Table 1 gives the 
physical characteristics of the beads. The bead 
concentration in the electrolyte was defined as a 
volume percentage of the beads with respect to the 
electrolyte (e.g. 2% bead concentration corre- 
sponded to the addition of 5cm 3 of beads into 
250 cm 3 of electrolyte). 

2.3. Measurement of the PSD of the fluctuations 

Under constant current, I, polarization, potential 
fluctuations, AV(t), around the mean value, V, of 
an electrode undergoing particle impacts may have 
several causes. The main cause is the perturbation of 
the primary current lines by particles passing the 
vicinity of the electrode which give rise to fluctua- 
tions of electrolyte resistance, ARe(t), around the 
mean value, Re, and, therefore, to fluctuations of the 
ohmic drop, ARe(t)I. Perturbations of the collector 
charge, of the electrochemical reaction intermediate 
concentration also induce fluctuations in the elec- 
trode faradaic potential, AE(t). Therefore, the poten- 
tial difference between the working electrode and the 
reference electrode fluctuates about the mean value, 
V, such that 

AV(t) = IARe(t) + AE(t) (1) 

The scheme of the experimental arrangement 
which allowed simultaneous measurement of the 
fluctuations AV(t) and ARe(t) has been given in 
[16]. The electrode faradaic potential fluctuations 
AE(t) can then be deduced. As shown in [16], the fluc- 
tuations in the output signal AvRe (t) of the electrolyte 
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resistance channel was 

A V R e ( t  ) = aARe(t ) (2)  

where a is the sensitivity of the measurement channel 
(a = 19mVfU1). 

This arrangement allowed AR e = 5m~ peak to 
peak fluctuations to be detected which was rather 
low compared with the R e = 20 ~ mean value. The 
simultaneous measurements of the V and R e PSDs 
were performed in the d.c.-5 kHz frequency range, 
using a 5451 Hewlett-Packard Fourier analyser. 

3. Experimental results 

3.1. Current-voltage curve 

Figure 2 gives the current-voltage curve of the zinc 
electrode under galvanostatic control at an electro- 
lyte velocity of 1.2ms -1. The potentials were 
corrected for ohmic drop. This curve was not sensi- 
tive to the electrolyte velocity between 0.7ms -1 and 
2.2ms q .  

In both cathodic and anodic domains the zinc elec- 
trode showed the same behaviour as a rotating disc 
electrode [17, 18]. Except for low cathodic polariza- 
tions known to lead to spongy deposits [17], all zinc 
deposits were compact (Fig. 3(a)). 

During anodic polarization the electrode surface 
was observed to become black, showing the presence 
of oxidation products on the dissolving zinc elec- 
trode, similarly to a rotating disc electrode [18]. 

Addition of glass beads or zinc beads did not 
change the I / V  curve, except after about 10rain for 
zinc beads in the deposition domain. Then the 
cathodic polarization decreased and the electrolyte 
became turbid due to insoluble dissolution products, 
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Fig. 2. Current-vol tage curve of the zinc electrode in 8M 
KOH + 1.8M Z n O +  1% silicate and impedance diagrams (fre- 
quencies in hertz) measured at 2 0 m A c m  -2 cathodic and 
4 0 m A c m  2 anodic current densities with 2% glass beads 
( u =  1.2ms 1). 

Fig. 3. Morphology of the zinc electrode (u = 1.2 in s- 1): (a) after 1 h 
deposition without particles at 1 0 m A c m  -2, (b) after 30min deposi- 
tion with 7% glass beads at  20mAcro  -2. 

especially ZnO [19]. As already shown [17], such a 
polarization decrease was due to anodically dissolved 
zinc (ADZ) species produced by dissolution of the 
zinc beads at the rest potential. 

The morphology of the zinc deposit was completely 
modified by the electrode-bead collisions; with glass 
beads a columnar morphology and an improved 
brightness appeared (Fig. 3(b)); with zinc beads the 
formation of a compact deposit was preserved, with 
smaller grains than in Fig. 3(a), in spite of the 
presence of ADZ species in the electrolyte which 
generally leads to spongy deposits [20]. 

3.2. Impedance 

Two typical impedance diagrams are shown in Fig. 2. 
In the cathodic domain (plot a) a capacitive loop in 
the high frequency range, related to charge transfer 
across the double layer, is followed by two inductive 
loops in the low frequency range. As shown in [17] 
for a rotating disc electrode, the first corresponds to 
relaxation of the reaction intermediate Zn ~ concentra- 
tion whereas the second is induced by relaxation of the 
thickness of a conducting layer on the electrode. The 
presence of the beads, either glass or zinc, did not 
significantly change the impedance except that the 
mean electrolyte resistance, Re, obtained as the high 
frequency limit of the impedance, increased with 
glass beads and decreased with zinc beads. This 
shows that the beads did not significantly change the 
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kinetics of the electrode processes involved in zinc 
deposition. 

With glass beads in the anodic domain, the 
impedance (plot (b) in Fig. 2) shows a capacitive 
loop in the low frequency range. As for a rotating 
disc electrode [18], this capacitive loop corresponds 
to the precipitation of dissolution products coupled 
to the escape of Zn n species by diffusion through 
the pores of a surface layer of oxidation products. 
The low frequency capacitive loop is cancelled with 
zinc beads, in agreement with the absence of porous 
layer on the dissolving zinc electrode. 

3.3. PSD of the potential fluctuations 

3.3.1. Potential fluctuations without particles. Figure 4 
(curve (a)) gives the PSD, ~v, of the potential 
fluctuations without particles at a 10mAcm 2 
current density in the cathodic domain for the 
0.5Hz-10kHz frequency range. No significant 
changes were observed when the circulation velocity 
was changed; however, the PSD was sensitive to 
electrolyte inhomogeneities (e.g. air microbubbles). 
This spectrum gave the background noise for this 
experiment, which could be due to microbubbles in 
the electrolyte, fluctuations generated by the 
electrocrystallization and/or the dissolution of the 
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Fig. 4. PSD of the potential fluctuations 
obtained at a cathodic current density of 
10 mA cm -2 (u = 1.2 m s -l):  (a) without parti- 
cles, (b) with 2% glass beads. 

zinc electrode, fluctuations of the electrolyte 
velocity, etc. 

3.3.2. Potential fluctuations with glass beads. Figure 4 
(curve (b)) gives the PSD, ~v, of the potential 
fluctuations for electrolyte with glass beads. A low 
frequency plateau is followed, after a cut-off 
frequency, f~l, by a decrease with a more or less 
constant slope and by a second plateau up to a 
second cut-off frequency, fc2. Change in the bead 
concentration lead to a change in the PSD level 
without any frequency change. In contrast, an 
increase in the electrolyte velocity caused an increase 
in the cut-off frequenciesfca andfc2. 

Figure 5 shows that above 20 mA cm -2 an increase 
in cathodic current density leads to an increase in the 
level of ~v identical in the whole frequency range 
without modification of the cut-off frequencies. At 
low polarization current the cut-off frequencies were 
hardly visible, and the spectrum obtained at zero 
current was the same as the background noise 
measured without particles. It was also shown that 
for current densities larger than 10mAcm -2, the 
PSD were practically identical in the cathodic and 
anodic domains. At lower current densities a differ- 
ence occurred in the low frequency range where the 
level of ~v was larger in the cathodic range. 

10 4 

Fig. 5. Influence of the polarization on the 
PSD of the collector potential fluctuations 
induced by 2% glass beads in the cathodic 
domain ( u =  1 .2ms- i ) :  (a) l m A c m  -2, (b) 
2 0 m A c m  -2, (c) 120mAcro z. 



1232 C. GABRIELLI ET AL. 

10-4 - =  

10-5_-- 

"7 10"6-- 
10-7_ 

~. 10-8_ 

lO-9_:. 
"7 "10-10-! 

10-11_:. 

~ 10-12- I 

10-13-! 

10-14_: 

10_15 - 
10 9 101 

tl/Re 

1 ] 

: i 
I 
t 
I 

I 

r 

1 

i ~ i J i i 

102 
Frequency / Hz 

i I 

: fcl I f  c2 
i i 

103 104 

Fig. 6. PSDs k~ v of the potential fluctuations 
and ~Re of  the electrolyte resistance fluctua- 
tions in presence of glass beads (2%) at a 
1.2 m s -1 electrolyte velocity and a cathodic 
current density of 20 mA cm -2. 

To investigate the screening of the electrode surface 
by the beads, the potential and electrolyte resistance 
fluctuations were simultaneously measured (Fig. 6). 
It was noticed that (i) the cut-off frequencies, fca and 

fc2,  appeared on 'IJ v and ~Re and (ii) the level of ~Re 
are current independent. At a given current, the 
PSDs ~v and ~Re are parallel in the cathodic and 
anodic domains. This can be explained by examina- 
tion of the corresponding time recordings. In Fig. 7 
the potential AV( t )  and electrolyte resistance 
ARe(t) fluctuations induced by glass bead collisions 
with the current collector are plotted with respect to 
time. These quantities are plotted with arbitrary 
origins, both on the time and ordinate scales, as 
only relative changes are investigated. It is clear that 
for a high bead concentration (2%), the elementary 
V and R e transients induced by each bead overlap 
and cannot be distinguished in Fig. 7. If the Re-time 
recording is multiplied by the current value I ( / <  0 
in the cathodic domain, I > 0 in the anodic), the 
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Fig. 7. Time recordings of the potential and electrolyte resistance 
fluctuations induced by 2% ~lass beads at  a 120mAcro -2 cathodic 
current density (u = 1.2 m s-  ). Arbitrary origins. 

ohmic drop-time recording is superposable on the 
V-time recording. The same behaviour was observed 
in the cathodic and anodic domains for current 
densities higher than 10 mA cm -2. Therefore, since 

AV(t )  = IARe( t  ) (3) 

it can be concluded that for these current densities the 
fluctuations of the collector potential were explained 
by the changes in the electrolyte resistance due to 
the screening of the electrode surface by the beads. 
This is consistent with the displacement of the cut- 
off frequencies observed with changing electrolyte 
velocity. Then, the PSDs are related by the following 
relationship: 

~v( f )  = I2~Re(f) (4) 

as found in Fig. 6, the proportionality factor between 
the PSDs ~v and ~e,e being I 2 = 10-6A 2. 

The validity of this relationship increased as the 
polarization increased (as the ohmic drop became 
the predominant term) and/or as the bead concentra- 
tion was higher (as ARe and the ohmic drop increased 
with the collision rate). As an example for a higher 
current, the same plots as in Fig. 6 are given for a 
cathodic current density of 120 mA cm -2 in Fig. 6(a) 
in [21]. 

3.3.3. Potential fluctuations with zinc beads. With 
electrolyte containing zinc beads, it was observed 
that when the beads collided with the polarized 
collector, fast potential transients appeared. Time 
recordings (Fig. 8) showed that these transients had 
the shape of a steep potential jump followed by an 
exponential decay with a time constant of about 
T =  50#s. For a cathodic polarization, anodic 
potential jumps were observed, i.e. corresponding to 
a depolarization process. At the same current in the 
anodic domain, the potential-time recordings were 
very similar, except that the potential transients were 
in the opposite direction. 

Figure 9 gives the PSD of the potential fluctuations 
measured in the cathodic domain for high and 
low zinc bead concentrations. When time elapsed, it 
was observed that the PSD amplitude decreased at 
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Fig. 8. Time recording of  the collector potential 
fluctuations in presence of  zinc beads (2%) at a 
cathodic current density of  10mAcm -2 ( u =  
1.2 m s-l).  Arbitrary origins. 

high frequencies, and a 170Hz cut-off frequency 
appeared in addition to the fc3 = 4kHz cut-off 
frequency related to the exponential potential 
decays (f¢3 = 1/27rT). This behaviour was 
confirmed with the potential-time recordings: for 
i ~> 2 mA cm -2 the average amplitude of the poten- 
tial jumps was about 2-4 mV in the first minutes 
after addition of the beads and decreased down to 
0.5 mV after an hour, whereas the time constant of 
the transients remained identical. In contrast, in 
the anodic domain the average amplitude of the 
potential jumps depended more drastically on the 
polarization (from 0.5mV at 10mAcm -2 to 3mV 
at 120mAcro -2) but did not change with time. In 
the anodic and cathodic domains, the time constant 
of the potential transients decreased as the polariza- 
tion increased (from 50 #s at 10mAcm -2 to 20 #s at 
120 mA cm -2. 

These results showed that the collisions of the 
conducting beads with the collector induced depolar- 
izing potential fluctuations of the collector. This is 
consistent with the existence of electrical charge 
exchanges between the beads which were at equili- 
brium potential in the electrolyte and the collector 
which was polarized by means of the galvanostat. 

To investigate the influence of the zinc beads on the 
ohmic drop, the electrolyte resistance fluctuations 
were also measured. Figure 10 gives the PSDs of the 
potential ~v and electrolyte resistance t~tRe fluctua- 
tions, at 20 mA cm -2 cathodic current density. For a 
given current the PSDs measured in the cathodic 
and anodic domains could be practically super- 
posed. Whatever the current, two cut-off frequencies 
at f cl = 170Hz and fc2 = 500Hz were observed on 
the PSD ~Re as in the case of glass beads. These 
two cut-off frequencies were more easily detected in 
~v at high currents (for example, see Fig. 6(b) in 
[21] for a current density of 120mAcro-z). 

Hence the electrode potential fluctuations induced 
by zinc bead collisions may be explained in the high 
frequency range ( f  > 1 kHz) by electrical charge 
exchanges during collisions, and, in the low 
frequency range ( f  < 1 kHz), by ohmic drop fluctua- 
tions. However the PSD ~v could not be obtained 
from ~Re as easily as for glass beads (Equation 4). 
The interpretation of the spectrum tI'Re measured 
with zinc beads is complicated; its amplitude is ten 
times higher than that measured with glass beads, 
although the mean size and density of the beads 
were identical. 

10 -9 - . . . . . .  

10-10 

10-11. 
'7 

~> 10 -12 

10-13. 

10-14- 

10-15- 
10 0 101 

i u , , t .  

I " "  " r  i ,i , 

i i 

10 2 10 3 
F requency /Hz  

, I i J r i 

10 4 10 5 

Fig. 9. PSD of  the collector potential fluc- 
tuations at time t after addition of  zinc beads 
at a cathodic current density of  20 mA cm -2 
( u = l . 2 m s - 1 ) :  (a) 2% zinc beads, t <  
5min; (b) 0.4% zinc beads, t = 10rain; (c) 
0.4%, zinc beads, t = 3h. 
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4. Conclusion 

The present study allows the behaviour of a cell with 
solid-liquid electrolyte to be understood mainly in the 
high polarization domain ( i>  10mAcm -2) when 
insulating glass beads were used. The electrode poten- 
tial fluctuations were caused by ohmic drop fluctua- 
tions due to the passage of the beads close to the 
current collector. For low polarization other 
processes occurred. With glass beads, the electrode 
impedance, which characterizes the time-averaged 
behaviour of the current collector, was practically 
unchanged but the collisions appeared to enhance 
the electrode brightness. 

When zinc beads were used the processes involved 
were not so clear. At any polarization, there was a 
charge exchange between the zinc beads and the 
current collector. In the high polarization range there 
was still an influence of the ohmic drop perturbation 
due to the presence of the conductive beads but this 
did not totally explain the potential fluctuations as 
for insulating beads. The collisions of conductive 
beads maintained the formation of compact zinc 
deposit and inhibited the precipitation of dissolution 
products on the collector. 

Due to the large number of particles circulating 
with the electrolyte, the elementary events could not 
be separated. Therefore it was impossible to model 
the processes involved and then the PSD of the 
collector potential fluctuations. To separate the 
elementary transients due to each bead, it is necessary 
to study the fluctuations in the time domain (record- 
ings) and in the frequency domain (PSD) for low 
bead concentrations. The analysis of these transients 
will yield a model of the cell behaviour and a way of 
estimating its characteristic parameters even for high 
bead concentrations. The beneficial effect of the zinc 

Fig. 10. PSDs ~v of the collector potential 
fluctuations and ~Re of the electrolyte resis- 
tance fluctuations in presence of zinc beads 
(2%) at a 1.2ms -1 electrolyte velocity and a 
20 mA cm -2 cathodic current density. 
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