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Mechanism of the charge transfer through a heterogeneous system consisting of Fe powder
particles suspended in nickel-plating electrolyte was studied in the regime of electrolysis.
Conductivity and impedance spectra were used to elucidate the contribution of solid parti-
cles to the charge transfer through the cell. Combined short-circuit and collision mechanism
takes place in low-density suspensions. A complete elucidation of the mechanism is compli-
cated by the presence of powder particles of three groups: particles carrying the charge, un-
charged particles representing just a barrier to the charge transfer and particles passivated
during the electrolysis by adsorption of an isolating layer of Fe and Ni hydroxocomplexes.
The formation of powder aggregates in high-density suspensions was indirectly evidenced.
Key words: Electrolysis; Powder particles; Fluidized bed; Conductance; Impedance spectra;
Iron; Nickel.

Various mechanisms of charge transfer in electrolyte solutions of very low,
moderate, and very high concentrations of ionic species have been well
known for many years. The situation is different in a heterogeneous system
consisting of conducting powder particles suspended in an electrolyte. This
is the case of “fluidized bed electrodes” where powder particles are kept in
suspension either by vertical electrolyte flow or by circular stirring. Such ar-
rangement, first published in 1966 (refs1,2), was designed to increase the
surface to volume ratio of the active electrode. Its practical importance was
tested in electroorganic synthesis3, metal recovery4,5, and fuel cell develop-
ment6. In our laboratory, metal plating of powder particles was studied
with the aim to employ such material in powder metallurgy after proper
processing7,8.

The charge transport through the bed may be realized both by the elec-
trolyte and by solid particles depending on their conductivity: less conduct-
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ing particles act rather as an insulator while well conductive metallic
particles would contribute more or less to the total conductivity of the sys-
tem9. In such a case, an important factor is the concentration of solid parti-
cles in the bed, or, the density of suspension. For the fluidized bed, this
quantity can be expressed as “voidage ε” defined by Eq. (1) (ref.9):

ε =
+

V
V V

e

e S

, (1)

where Ve is the electrolyte volume and VS the volume of the solid phase.
The voidage is to a great extent responsible for the mechanism of charge

transfer through a fluidized bed. Charge may pass through the system ei-
ther by the contact of ions or particles with the solid electrode and with
each other or by bipolar charged particles existing in the electric field. An
isolated particle immersed in an electrolyte having an imposed potential
gradient will support anodic and cathodic reactions on opposite faces pro-
vided the ohmic resistance of the particle is lower than that of the sur-
rounding electrolyte. The current may be transferred between the phases by
a surface redox reaction, the resistance of which is determined by the rate
of the electrochemical process10. This idea was further developed by a bipolar
analysis of a single sphere in an electrolytic cell11. Thus, the most frequent
mechanisms may be classified as follows: (i) simple ionic conductance, (ii)
short circuit combined ionic and electronic conductance12, (iii) collision
(convective) mechanism13, (iv) conductive (electronic) mechanism12,14.

Simple ionic conductance is realized in beds with non-conducting solid
particles. Short circuit conductance means that the charge passes in addi-
tion to ionic conductance also by the electron conductivity of solid parti-
cles. Generally, the most accepted and best developed in many details is
the convective mechanism13. The charge is transported by collisions of par-
ticles with the working electrode and further by their mutual collisions in
the fluidized bed suspension. However, exact calculations show that the
number of collisions required to the complete charge transfer is enor-
mously high. The theory was expanded by the idea of collisions of aggre-
gates of particles15. Measurements of the effective conductance of the bed
vs AC frequency12,16 resulted to an alternative electronic mechanism where
the charge transfer through chains or aggregated particles in contact with
the working electrode was assumed. The life-time of such chains and aggre-
gates is rather short, their disintegration and new formation cause fluctua-
tion and local overvoltage in the bed. The concept of bipolar chains and
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aggregates in the bulk of the bed was introduced14 in order to explain some
of these effects. Obviously, the probability of such phenomena drops with
increasing bed expansion, as exactly calculated14. An important contribu-
tion to the elucidation of effects in the fluidized bed are impedance mea-
surements17.

In the present work, the mechanism of charge tranfer was investigated in
a bed consisting of Fe powder particles in a nickel sulfate acidic electrolyte.
Here, the electrolytic nickel plating of powder particles took place. The in-
fluence of suspension density, particle size, and current intensity was stud-
ied by conductivity measurements during galvanostatic electrolysis and by
measuring the impedance spectra at various frequencies.

EXPERIMENTAL

Materials

Fe powder was sieved into five fractions: 0–45, 45–63, 63–100, 100–125, 125–160 µm. Prior
to electrolysis, the powder was activated chemically by reduction in a 10% hydrazinium hy-
drochloride solution for 3–5 min, washed with distilled water and methanol or acetone, and
dried.

The composition of the nickel plating electrolyte used for conductometric measurements
was as follows: 1.2 M NiSO4, 0.6 M NaCl, 0.6 M H3BO3. For impedance measurements, 0.6 M

NiSO4 was employed as electrolyte.
The powder was kept in suspension by stirring at 450 rpm for conductance measurements

and 210 rpm for impedance measurements.

Apparatus and Equipment

The conductance measurements were carried out using a conductometer K912 (Consort)
equipped with a four-electrode flow cell S612T (Consort) designed for experiments in sus-
pensions. Galvanostatic electrolyses were performed in a cell described in Fig. 1. The con-
ductance cell was introduced into the cathodic compartment of the electrolyser. A stainless
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FIG. 1
Schematic representation of the fluidized bed
cell: 1 magnetic stirrer, 2 cathodic compartment,
3 mechanical stirrer, 4 stainless steel cathode,
5 conductance cell, 6 counter electrode, 7
electrolyte level, 8 diaphragm, 9 anodic com-
partment
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steel sheet of 21.75 cm2 surface area acted as a cathode. The anode was made of pure nickel.
Cathodic and anodic compartments were separated by a textile net diaphragm with pores di-
ameter of 0.004 mm to prevent passing of powder particles into the anodic part.

Acrylic glass cell for impedance measurements, designed in our laboratory, is shown in
Fig. 2. Both cathode and anode were made of pure copper. The surface area of the cathode
was 5 mm2 and that of the anode 400 mm2. As it can be seen from the Fig. 2, the cell con-
struction prevented the powder particles transfer from the cathodic into the anodic com-
partment. Measurements were made using a laboratory-built electrochemical system18

consisting of a fast rise-time potentiostat interfaced to a personal computer via the IEEE-
interface card PCLab model 748 (AdvanTech Co, U.S.A.). The voltage source was either a
12-bit D/A card PCLab model 818 or a programmable arbitrary-function generator Stanford
Research model DS340. The impedance measurements were performed in the range of 1 Hz–
100 kHz using a network analyzer Stanford Research model SR780. The AC voltage of 5 mV
amplitude was derived from an internal oscillator of the network analyzer. A three-electrode
electrochemical system was used with an Ag/AgCl in 1 M LiCl reference electrode separated
from the test solution by a salt bridge.

RESULTS AND DISCUSSION

Conductivity Measurements

The conductivity of Fe powder suspension in given electrolyte was mea-
sured at stepwise increasing suspension density. Curve 1 in Fig. 3 proves
that powder particles, despite of conductive character represent only a me-
chanical barrier to the ionic transport of the charge. The situation is differ-
ent if the regime of galvanostatic electrolysis is applied (see curve 2). If
current is passing through the cell, the conductivity of the suspension in-
creases and is higher in the whole range of the suspension density as com-
pared to values aquired without electrolysis. Curve 3 shows the course of
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FIG. 2
Scheme of the cell for impedance measure-
ments: 1 working electrode, 2 reference
electrode, 3 counter electrode, 4 anodic com-
partment, 5 mechanical stirrer, 6 cathodic
compartment, 7 electrolyte level
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conductivity upon the electrolysis of a suspension of non-conducting Al2O3
particles. The decrease in conductivity to a higher extent than with con-
ducting Fe particles without electrolysis is observed.

This may be ascribed to the contribution of charged solid particles to the
conductivity. The Fe powder particles aquire a charge during their contacts
with the solid cathode whereas non-conductive Al2O3 particles unable to
aquire any charge from the solid electrode decrease the conductivity. Al-
though it may seem unlikely at such high values of voidage, the high spe-
cific weight of Fe should be taken into account and the experimental results
are evident. In addition to curve 3 in Fig. 3 measured with electrolysis an-
other experiments were carried out to exclude the influence of electrolyte
composition changes during electrolysis which may change conductivity.
Changes of conductivity in both low and high suspension density systems
during 60 min electrolysis were observed. Upon an addition of 5 g of Fe
powder (size fraction 63–100 µm) to 150 ml of catholyte, which corre-
sponds to the maximum on curve 2 in Fig. 3, the conductivity values oscil-
late at 79 ± 1.8 mS cm–1. Upon an addition of 50 g of Fe powder
corresponding to the descending part of the same curve, the values oscillate
between 65 ± 2.1 mS cm–1 (see Fig. 4).
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FIG. 3
Change of conductivity with the suspension density for Fe or Al2O3 suspensions in the
electrolyte with and without electrolysis (particle size fraction 63–100 µm, electrolysis current
1 A): 1 suspension of Fe powder particles without electrolysis, 2 suspension of Fe powder
particles with electrolysis applied, 3 suspension of Al2O3 powder particles with electrolysis
applied
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Further experimental results supporting the idea of contribution of
charged particles to the conductivity values are presented in Fig. 4. It sum-
marizes the effect of charged particles on the conductivity in the whole
range of suspension densities and particle sizes investigated during the
galvanostatic electrolysis. The first and second additions of Fe powder to
the electrolyte cause the conductivity to increase to a maximum placed
rather at low suspension density. The increase in conductivity is the high-
est for the smalest particle size fraction and gradually drops with the in-
creasing particle size. Relative increments of conductivity increase in the
maximum referred to the same suspension density without electrolysis are
listed for various currents in Table I. For the minimum particle size, the
conductivity increases by 19% at 1 A and by 42% at 3 A of electrolytic cur-
rent compared to a “non-electrolytic” regime.

Differences in conductivity for various particle size fractions seem to sup-
port the idea that at low supension density collisions of particles with the
electrode as well as mutual collisions of particles take part in the charge
transfer in the system. In a suspension of small particles, more particles are
present in a volume unit and thus, the collision probability is higher.
Calculations carried out according to an earlier developed model19 show
that at the same suspension density, the number of smallest particles is sev-
eral times higher than that of largest particles, as shown in Table II.
Experimental results also prove that under given conditions the increase in
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FIG. 4
Change in conductivity with the suspension density and particle size fraction with electroly-
sis applied (electrolysis current 1 A). Particle size fraction (in µm): ◆ 0–45, ■ 45–63, ▲

63–100, × 100–125, ❍ 125–160
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TABLE I
Increase of conductivity fG for suspension of Fe powder of various size in Ni electrolyte in
galvanostatic electrolysis at the maximum of curves in Fig. 2 relative to the conductivity in
the same system without electrolysis

Current, A

fG

0–45 µm 45–63 µm 63–100 µm 100–125 µm 125–160 µm

1 1.191 1.177 1.163 1.146 1.119

2 1.337 1.307 1.283 1.250 1.237

3 1.421 1.383 1.367 1.325 1.288

TABLE II
The number of particles in 1 cm3 in the impedance cell calculated according to the model19

for various suspension densities and the smallest and largest particle size fractions

Suspension density
(1 –ε) ⋅ 103

The number of particles in 1 cm3

45–63 µm 125–160 µm

1.6 24 962 –

2.6 – 2 206

3.0 47 845 –

6.5 102 341 5 557

12.1 – 10 459

18.0 277 010 –

27.6 – 24 152

30.3 490 573 –

43.0 – 38 240

60.3 1 003 682 –

85.6 – 79 851

109.5 1 925 641 –

179.0 – 185 461



conductivity cannot be explained only by the short circuit between solid
particles in contact20. In such a case the conductivity of the coarse suspen-
sion would be higher than that of the fine one. Thus, the combination of
both effects with prevailing collision mechanism would be the most proba-
ble explanation in addition to the ionic conductance model.

The decreasing course of curves after passing their maximum (Fig. 4) is
assigned to increasing number of uncharged particles in the bed creating a
barrier to the charge transfer. This assumption is supported by the imped-
ance spectra (see the Rs values in Fig. 9). Moreover, at higher suspension
densities the Fe powder particles become less conducting due to formation
of a passivating layer on their surface. The latter assumption was verified by
the measurement of polarization curves during Ni-plating of Fe powder par-
ticles (Fig. 5). A decrease in current on the cathodic side of the curve at a
potentials around –0.9 and –1.1 V was explained as follows: Due to hydro-
gen evolution from the acidic electrolyte and, consequently, increase of pH
in the vicinity of the electrode, insoluble hydroxo complexes of Fe and Ni
are formed. They are adsorbed on the surface of powder particles (which act
as a part of the electrode) and inhibit the electrode process. These measure-
ments were completed by determination of the amount of Fe(II) ions dis-
solved from the powder as well as by analysis of the layer adsorbed on the
powder surface21. Both experiments evidenced the fact that with increasing
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FIG. 5
Current–potential curve for Ni electrolytic coating of Fe powder particles. Suspension den-
sity (1 – ε) · 103 = 8.39, particle size fraction 63–100 µm, rotation speed 200 rpm; working
electrode: paraffin-impregnated graphite, counter electrode: Pt sheet, reference electrode:
Ag/AgCl

–1.5 –1.0 –0.5 0 0.5 1.0 1.5
E, V

–0.10

–0.05

0.00

0.05

0.10

I, A



amount of powder in the suspension, i.e. with increasing the suspension
density both the amount of iron ions in solution and of adsorbed com-
pounds on the powder surface increase. The conductivity decrease after the
maximum, seen in Fig. 4, may thus also be ascribed to the formation of a
passivation layer on the surface of powder particles.
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FIG. 7
Change of the particles double-layer capacity Cdl values with the suspension density. Particle
size fraction (in µm): 1 45–63, 2 63–100, 3 100–125, 4 125–160

0 0.06 0.12 0.18
(1 – ε)

3E–10

2E–10

1E–10

0

Cdl, F cm–2

1

2
3 4

FIG. 6
Impedance spectra measured at various suspension densities: a wide frequency range, b nar-
row frequency range. Potentiostatic regime, potential of the working electrode –600 mV,
particle size fraction 125–160 µm, frequencies in Hz. Suspension density (1 – ε) · 103: 1 27.6,
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Impedance Measurements

Typical impedance spectra at higher and lower suspension densities are
shown in Fig. 6. From measurements in the whole range of suspension den-
sities and particle size fractions, capacities of the double layer, charge trans-
fer resistances, and ohmic resistances of the suspension were calculated.

The dependence of the double-layer capacity (Cdl) on the suspension den-
sity is shown in Fig. 7 for various particle size fractions. The suspension
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FIG. 9
Change of the ohmic suspension resistance Rs values with suspension density. Particle size
fraction (in µm): ■ 45–63, ▲ 63–100, × 100–125, ❍ 125–160
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FIG. 8
Charge-transfer resistance Rct as a dependence of suspension density. Particle size fraction
(in µm): ■ 45–63, ▲ 63–100, × 100–125, ❍ 125–160
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density seems to influence Cdl only at very low values in accordance with
the above statement on collision charge transfer mechanism in the low sus-
pension density region. Here, the double-layer capacity of particles is a de-
cisive factor in carrying the charge from the cathode to the solution and
transferring it to other solid particles. The Cdl/S values show a tendency to
decrease with decreasing particle size, however, these results may not be
wholy reliable since the powder surface area S calculated at high suspension
density according to the model8,19 may not correspond to the actual surface
area owing to chains and aggregates formation. By the way, the use of lin-
ear dimension of particles for calculating their specific surface area in the
given fraction corresponds very well to declared surfaces and reflects ade-
quately differences between fractions.

The charge-transfer resistance values Rct shown in Fig. 8 are fairly inde-
pendent of the particle size. Remarkable changes in Rct values are observed
only at low suspension densities. It would indicate that the rate of the elec-
trode reaction increases in this region with increasing suspension density.

The ohmic resistance of the suspension Rs is shown in Fig. 9 in depend-
ence on the suspension density. Evidently, the largest contribution to this
quantity is made by uncharged solid particles. By the comparison of the
number of particles in the lowest and highest particle size fractions (Table II)
it is evident that the number of uncharged particles is much higher in low
size fractions and, consequently, the ohmic resistance of such suspension is
also higher.
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