
ORIGINAL PAPER

Renáta Oriňáková Æ Hans-Dieter Wiemhöfer
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Abstract The electrochemical impedance method was
applied during the electrochemical deposition of a
binary Ni–Co coating on iron powder in a fluidised
bed electrode system. The influence of the suspension
density on the charge transfer in the course of the
electro-deposition process was studied. At a potential
of �900 mV (vs. Ag/AgCl/3 M KCl), when the binary
Ni–Co layer was formed, the impedance data were
characterised by two semicircles with the semicircle at
high frequencies being larger in magnitude. A contri-
bution of the diffusion process to the overall current
was observed. The optimal suspension density for the
charge transfer in the bed was 10·10�3–15·10�3 (i.e.,
4–6 g of iron powder in 50 ml of electrolyte). The
most probable mechanism of the charge transfer for
the studied concentrations of powder particles is the
convective mechanism. The iron particles dispersed in
the electrolyte were considered to act as either a de-
polariser or an additional working electrode depending
on the applied electrode potential and on the sus-
pension density.
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Introduction

A fluidised bed electrode consists of solid metallised or
metallic particles, dispersed by a vertical flow of elec-
trolyte [1] or by a stirring of the electrolyte solution [2].
The dispersed particles intermittently come into contact
with the solid electrode to be charged and are thereby
plated with a metallic layer. The main advantages of the
fluidised bed electrode are a significant increase of the
active surface to volume ratio and a strongly enhanced
material transport. Several authors have studied and
modelled details of the charge transport [3–6] and mass
transfer in systems with vertical electrolyte flows [7, 8].
The electronic conduction within the fluidised bed elec-
trode has also been discussed and different mechanisms
have been proposed. The convective transport of
charged particles accompanied by charge sharing colli-
sions with other particles is the most frequently accepted
explanation for the enhanced electron transport [5, 9].
An alternative mechanism of conduction through chains
and aggregates of particles, i.e., the so-called conductive
mechanism, is also well developed, but requires a very
high number of collisions [5, 10]. A bipolar mechanism
was introduced to explain the deviations from the pro-
posed behaviour according to the convective and con-
ductive mechanisms [5]. A further quantitative model
describing fluidised bed electrodes with a circular
movement of the suspension has also been developed
[11] and extended [12, 13]. However, detailed experi-
mental studies of the charge transport in these systems
are still in their infancy and they have to be extended yet
[14].

A fluidised bed electrolyser was first described in 1966
and a few routine applications can be found, for exam-
ple, in fuel cells, organic electrosynthesis and metal
electrowinning from very dilute solutions [7]. Recently,
the use of fluidised bed electrolysis has expanded [15, 16]
and a popular application of fluidised bed reactors is the
removal and recovery of heavy metals from aqueous
solutions by bio-sorption and electrolysis [17, 18].
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H.-D. Wiemhöfer Æ J. Paulsdorf
Institute of Inorganic and Analytical Chemistry,
University of Münster, 48149 Münster, Germany

R. M. Smith
Department of Chemistry, Loughborough University,
LE11 3TU, Loughborough, UK

J Solid State Electrochem (2006) 10: 458–464
DOI 10.1007/s10008-005-0015-9



The electrolytic plating of metallic layers onto con-
ducting micro- and nanoparticles is a new application of
the fluidised bed electrode and has been used for the
refinement of the basic material properties in powder
metallurgy. Coatings deposited in this way are of good-
quality, uniform and adherent. Moreover electrochemi-
cal techniques provide a high level of control. After
30 min of electrolysis with an applied current of 1 A, the
coating layer thickness varied from 5 lm to 10 lm
depending on the other conditions. There is a wide field
of applications for such particles, most notably in elec-
tronics, powder metallurgy, aerospace, medicine and
pharmacy. We believe that the deposition of thin
metallic or polymeric films on particles in fluidised bed is
a forthcoming technique for catalysis, waste-water
cleaning and nanoscience.

Until now, the problem of alloying different metals
in powder metallurgy was mainly solved either by
mechanical mixing of powders or by their melting and
mixing. Although, in most cases, these procedures
provide a sufficiently homogeneous product, they
failed when the metals to be mixed considerably dif-
fered in their densities or showed a tendency for the
segregation of the components. The electrochemical
deposition of a metal film on a primary powder may
result in a more favourable product. In general, the
quality of an electrochemical coating depends pri-
marily on the efficient transfer and distribution of
charge in a fluidised bed electrode. In the optimal
case, every particle of the powder will be coated by
the plating metal(s) thus ensuring a high homogeneity
of the final product.

There is still great interest in the electro-deposition of
the iron-group metals, because of their important
mechanical and magnetic properties, which offer many
industrial applications, e.g., in microsystem technologies
of sensors and actuators, in rocket technology, astro-
nautics, for anticorrosive coatings, and for decorative
purposes [19, 20, 21]. For example, the presence of cobalt
in nickel alloys is known to improve the hardness of the
solids.

The electroplating of Ni–Co alloys has been recog-
nised as an anomalous co-deposition and is character-
ised by a preferential deposition of the less noble metal
Co [22], even when the concentration of Ni in the bath
was higher than that of Co [22, 23, 24]. The efficiency of
the electrolytic coating of powdered material is strongly
affected by the applied current density, the rotation
speed, the average size of the particles and the density of
the electrolyte-powder suspension. The present work
investigates the influence of the suspension density on
the electroplating of dispersed powder materials with
binary Ni–Co coatings. The impedance of the fluidised
bed electrode was measured during the electrolytic
deposition to study the charge transfer between the
surface of the solid cathode and the powder particles in
the vicinity of the electrode and in the fluidised bed
electrode and to understand in detail the electroplating
of powdered material.

Experimental

Materials

Iron powder prepared by a pressure water atomisation
process (Mannesmann) was used as the standard mate-
rial for electrolytic coating. The granulometric class of
iron powder used in every experiment was in the range
of 0.063–0.100 mm. The specific surface area of Fe
powder was measured by the BET method using nitro-
gen gas.

Method

The polarisation curves were recorded using a
potentiostat (PerkinElmer, model 283). The working
electrode was polarised in the potential range
0V��1:5V�þ1:5V� 0V (vs. Ag/AgCl/3 M KCl).
The corresponding electrochemical cell with three elec-
trodes is shown in Fig. 1.

The working electrode was a paraffin-impregnated
graphite electrode (PIGE) embedded in an insulating
epoxy resin. The contact surface with the solution was
circular with an area of 0.283 cm2 . The working elec-
trode was cleaned with emery paper and polished by
glossy paper before starting a measurement. The counter
and reference electrodes were made of Pt (with an area
8.79 cm2) and Ag/AgCl with 3 M KCl solution (Schott-
Geräte GmbH), respectively. The Pt electrode was
thoroughly cleaned in nitric acid (1:1) and rinsed with
distilled water before use. The electrolyte solution was a
mixture of 0.69 mol/L NiSO4, 0.125 mol/L CoSO4 and
0.26 mol/L NaCl, adjusted to pH=2 with diluted
H2SO4 solution.

The electrochemical impedance was measured by
using a potentiostat/galvanostat (Perkin-Elmer, model
283) and a frequency response analyser (Solartron, SI
1260). The experimental data were analysed using the
Zplot software package (Scribner Ass.). The amplitude

Fig. 1 Scheme of the experimental fluidised bed arrangement used
for EIS measurements. WE working electrode (PIGE); RE
reference electrode (Ag/AgCl); CE counter electrode (Pt)
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of the imposed potential modulation was 500 mV. This
was necessary to reach a good signal-to-noise ratio.
It was checked that the basic impedance characteristics
was still linear, i.e., the impedance should have no
dependence on the chosen voltage amplitude (ampli-
tudes of 20–50 mV are usually applied to prevent non-
linear contributions). The open circuit cell voltage was
taken as the DC voltage. Thus, the DC currents were
0.1 mA and lower. The chosen frequency range was
from 1 MHz to 0.1 Hz. The electrochemical cell and the
electrodes were the same as for the polarisation
measurements (e.g. Fig. 1).

The relative suspension density is described by the
volume fraction / of the suspended particles (in percent)
and was defined as the percentage of the volume of the
solid particles (Fe powder) in the suspension (Vp) with
respect to the total volume of the electrolyte solution
and the suspended particles according to

/susp½%� ¼ 100Vp=ðVel þ VpÞ; ð1Þ

Vel is the volume of the liquid electrolyte, and Vp is the
volume of the suspended solid particles. In our experi-
ments, volume fractions between 0.50% and 3% were
employed (Table 1).

Results and discussion

Electrode reactions during electro-deposition of Ni
and Co on Fe surfaces

Studies of the elemental electrochemical depositions of
Ni and Co have indicated that the metal monohydrox-
ide, MeOH+, is an important species in the charge-
transfer steps [25]. The reaction pathway as discussed by
Bockris [26] is assumed here for the electrolytic deposi-
tion of all iron-group metals and alloys:

Me2þ þH2O()MeOHþaq þHþ ð2aÞ

MeOHþaq ()MeOHþads ð2bÞ

MeOHþads þ e� !MeOH ð3Þ

MeOHþHþ þ e� !MeþH2O ð4Þ

where Me stands for Co and Ni atoms and MeOHþads
denotes an adsorbed species. The rate-determining step
(rds) can switch from Eq. 3 to Eq. 4 as the cathodic
potential becomes more negative. Some studies also
proposed the participation of other anions such as Cl�

and SO2�
4 in the electrodeposition mechanism [27].

The deposition of Ni–Co also implies that the
reduction of Me2+ ions is accompanied by hydrogen
adsorption. This is the first step leading to hydrogen
evolution on the surface of the deposited layer, which is
also a complex multistep reaction [28]:

MeþHþ þ e� !Me�Hads ð5Þ

2Me�Hads ! 2MeþH2 ð6aÞ

Me�Hads þHþ þ e� !MeþH2 ð6bÞ

The polarisation curve for a binary alloy deposited on
PIGE is presented in Fig. 2. The cathodic part of the
curve reflects a reduction of metallic ions on the working
PIGE surface. It is characterised by an increase in the
current, below the deposition potential (�800 mV).

The anodic part of the polarisation curve corresponds
to the dissolution of the metallic layer deposited on
PIGE during the preceding cathodic process. The
occurrence of a single oxidation peak indicates that the
dissolution of the two metals in the binary alloy pro-
gresses either simultaneously, or at very similar poten-
tials.

Expected impedance in the presence of dispersed
metal microparticles

The impedance of a fluidised bed electrode is a fluctu-
ating quantity if we assume a continuous stirring of the
electrolyte. The short intermediate contacts of the sus-
pended single microparticles with the electrode occur

Table 1 The values of suspended particles volume fraction /susp

and surface area calculated for different amounts of Fe powder in
50 ml of electrolyte

Mass of Fe
powder in 50 ml
of electrolyte (g)

Volume
of Fe
powder
(cm3)

Surface area
of Fe
powder (cm2)

Volume fraction
of suspended
particles
/susp (%)

2 0.25 438 0.50
4 0.51 876 1.01
6 0.76 1 314 1.50
8 1.02 1 752 2.00
10 1.27 2 190 2.48
12 1.52 2 628 2.95

Fig. 2 Polarisation curve for binary alloy (Ni–Co) electro-deposi-
tion on PIGE performed in electrolyte: 0.69 mol/L NiSO4,
0.125 mol/L CoSO4 and 0.26 mol/L NaCl (pH=2) with scan rate
100 mV/s, in the potential range 0V��1:5V�þ1:5V� 0V (vs.
Ag/AgCl/3 M KCl). Solution was not bubbled with N2
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randomly and thus modulate the effective cathode sur-
face area and hence the impedance. Each encounter of a
particle (i.e. its electrical contact to the cathode for a
short time period Dt) can be expected to yield a current
pulse. The time dependence of the pulse should be
determined by the capacitive component for the charg-
ing of the double layer between particle and surrounding
solution. After complete charging of the double layer, a
cathodic reaction can start, if the applied potential at the
cathode is sufficient. This single contact event will be
restricted to a very short time period (due to the stirring)
so that no significant concentration polarisation can
occur. The latter is one of the main advantages of the
fluidised bed concept.

The total current, therefore, is principally the sum of
delta-like current pulses from single particle contacts
and the working graphite electrode current. The fre-
quency dependence of the impedance will include a
medium to high frequency component, which is deter-
mined by the stirring frequency, the suspension particle
density, and the flow pattern of the electrolyte solution.
An estimation gives a value for the maximum contact
time interval of less than 1–10 ms for single particles at
the cathode for a stirring frequency of 1 to 10 Hz. This
value should lead to a maximum of the noise component
in the impedance spectrum near 1 kHz and higher. This
agrees well with an observed strong noise influence at
impedance measuring frequencies higher than 1 kHz.
The study therefore used an extended integration time
for the impedance measurement at each frequency in
order to eliminate the fluctuations from the high fre-
quency noise and the results therefore correspond to an
averaged low frequency impedance below 1 kHz.

The electrolyte solutions examined had high concen-
trations and will contribute a frequency-independent
series resistance RS, between 1 W and 15 W (calculated
for the applied cell geometry). The bulk capacitance of
the electrolyte can be neglected at the frequencies under
study. The averaged electrode impedance at the interface
of the fluidised bed electrode should therefore be the
only frequency-dependent contribution. To a first-order
approximation, it should represent a capacitive compo-
nent and, if the applied potential is sufficient and an
electrode reaction can occur, with a charge-transfer
resistance in parallel. No substantial concentration po-
larisation and thus no large Warburg impedance is ex-
pected. The measured frequency dependence of the
impedance should mainly reflect the properties of the
interface cathode, plus an average number of interacting
microparticles. The latter will depend on the suspension
density.

The charge transport in the electrolyte solution is not
expected to contain a significant contribution due to
electron transport by the mutual contacts of the parti-
cles. The suspension density in our case (less than a
volume fraction 3%) is small compared to the percola-
tion threshold (the probability of continuous chains of
contacting particles), which is at a volume fraction of
30%. The amount of charge which can be transmitted by

moving polarised microparticles must also be negligible
compared to the ion transport within the electrolyte
solution.

Impedance results at 0 mV polarisation voltage

Figure 3 shows the impedance results for a potential of
0 V (vs. Ag/AgCl/3 M KCl). Under these conditions, no
deposition of metallic layers can occur on the suspended
microparticles. The effects of the changing suspension
density on the magnitude (Fig. 3a) and phase (Fig. 3b)
of the impedance are depicted. The results can be fitted
by adopting the equivalent circuit shown in Fig. 4a with
the electrolyte resistance RS and the electrode impedance
consisting of a capacitive constant phase element CPE
and a charge-transfer resistance RC. The impedance of
the CPE is a function of two parameters: ZCPE= f(CPE-
T,CPE-P), where CPE-T is the ideal capacitance and

Fig. 3 Bode plots of the impedance data obtained at potential 0 V
(vs. Ag/AgCl/3 M KCl). The solution consisted of: 0.69 mol/L
NiSO4, 0.125 mol/L CoSO4 and 0.26 mol/L NaCl (pH=2).
Solution was not bubbled with N2. a The logarithm of absolute
impedance as a function of frequency logarithm. b The logarithm
of phase shift as a function of frequency logarithm
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CPE-P is an empirical constant, 0 £ CPE-P £ 1.
Table 2 gives the fitted values and the experimental re-
sults. As expected, RS is nearly constant. The constant
phase element CPE is also nearly constant indicating
that the particles do not significantly change the effective
electrode area. However, RC changes substantially. The
initial value of RC =7,412 W corresponds to a spurious
charge transfer (e.g. due to traces of adsorbed oxygen).
The addition of 2 g/50 mL of Fe microparticles depo-
larises the cathode. This may be explained by a catalytic
effect on the reaction of the adsorbed impurities.
Increasing the suspension density leads to a strong in-
crease of the charge-transfer resistance, RC. The reason
must be the limited quantity of adsorbed impurities,
which are more effectively removed by the higher
amount of particles. An alternative explanation is that
the addition of solid iron particles to the electrolyte at a
potential of 0 V represents the addition of a depolariser
(electroactive substance). The dissolution (oxidation) of
the particles in contact with the current feeder can occur,
significantly lowering the charge-transfer resistance RC.
Apparently, only a small fraction of the added particles
participates in the charge-transfer process. Increasing
the suspension density leads to a weak increase in the
number of iron particles involved in the charge transport
and to a strong increase in the number of uncharged
particles. The ratio of uncharged to charged particles
increases with the suspension density, magnifying the
charge-transfer resistance RC. The increasing probability
of multiple particle contacts at the electrode interface
does not appear to be a decisive factor (if present it
should lead to an increase of CPE and a decrease of RC).

Impedance results at �900 mV polarisation voltage

In the potential range near �900 mV, where the binary
nickel–cobalt alloy is deposited on PIGE as well on iron

particles, the impedance plot exhibits a characteristic
high-frequency behaviour, with a dominant superim-
posed noise above x=105 Hz, as shown in the Nyquist
plot (Fig. 5). The high-frequency behaviour is quite
different in comparison to Fig. 3a and b, clearly indi-
cating the presence of the deposition reaction modulated
by the frequent brief particle contacts. Owing to a lack
of suitable dynamic models, we cannot analyse this part
of the frequency spectrum in detail. It should be possible
with a model which takes into account the velocity of the
solution moving along the electrode surface.

Figure 4b shows the equivalent circuit which we used
to fit the observed results in Figs. 5 and 6. It is equiva-
lent to the circuit in Fig. 4a, except that for the addition
of a Warburg element in series. The analysis of the
calculated values shows the following observations. The
electrolyte resistance is low, nearly constant and inde-
pendent on the suspension density. The charge-transfer
resistance, RC, decreases by factor of ten for the first two
suspension densities and then slightly increases at a low
rate. There seems to be an optimum for the charge
transfer at a concentration of particles of 6 g in 50 mL,
which is likely to be due to the convective mechanism.
With a further increase in the suspension density, the
amount of particles in the bed is getting rather high for
the convective mechanism but it is still too low for an-
other (conductive or bipolar) mechanism of charge
transport. The charge-transfer resistance, RC, is 100 to

Fig. 4 Equivalent circuit used
to fit the dates obtained for the
fluidised bed electrode a at
potential 0 V (vs. Ag/AgCl/3 M
KCl); b at binary Ni-Co alloy
deposition potential �900 mV
(vs. Ag/AgCl/3 M KCl)

Table 2 The values of resistances and constant phase element cal-
culated from equivalent circuit model in Fig. 4a

Mass of Fe powder
in 50 ml
of electrolyte/ g

RS/W RC/W CPE-T·105/F CPE-P

0 11.5 7412 3.82 0.71
2 11.4 11.4 2.67 0.72
4 10.2 27.6 7.80 0.63
6 11.2 169 4.48 0.68
8 11.2 315 4.98 0.67
10 10.1 491 4.45 0.69
12 10.1 692 4.86 0.68

Fig. 5 Nyquist plots for the impedance data measured at the
binary Ni–Co alloy deposition potential of �900 mV versus Ag/
AgCl/3 M KCl. The solution consisted of 0.69 mol/L NiSO4,
0.125 mol/L CoSO4 and 0.26 mol/L NaCl (pH=2). Solution was
not bubbled with N2
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600 times smaller than in the case of negligible deposi-
tion (Table 2). Besides the electrode reduction process,
the change can be attributed to the formation of new
Ni–Co solid-phase layers, which change the graphite
electrode into a metallic electrode. The CPE-T value is
quite small compared to the values in Table 2 and the

slight increase with increasing suspension density is
attributed to the increasing particle number, which in-
creases the active surface. The addition of solid particles
to the electrolyte at �900 mV means an enlargement of
the working electrode surface. The probability of parti-
cle contacts with the electrode as well as mutual particle
contacts also increases with the suspension density.
Enlarging the electrode interface area leads to an in-
crease in CPE and a decrease of RC. The values of the
Warburg impedance are nearly constant. They seem to
describe the diffusion in the electrolyte perpendicular to
the planar PIGE cathode surface. Then it is to be ex-
pected that these parameters are only dependent on the
electrolyte concentration and thus must be constant in
these experiments.

The Warburg impedance is a function of three
parameters: ZW=f(W-T, W-R, W-P), where W�R is the
effective electrolyte resistance, W�T is the diffusion time
constant (W�T=d2 /D, where D is the diffusion coeffi-
cient of the reduced species and d is thickness of finite
diffusion layer) and W�P is the phase factor
(0<W�P< 1). The thickness of the diffusion layer d
(Table 3) was calculated assuming a value for the dif-
fusion coefficients of D=1·10�5 cm2 s�1 for all species.

The results obtained by fitting were in good agree-
ment with the measured data. The relative errors of most
parameters (RS, W�T, W�R and W�P) were in the
range of 0.7% to 2.6%. The highest errors were found
for RC, CPE-P and particularly for CPE-T. Increasing
suspension density caused increase in the errors of these
parameters. The relative errors of the circuit elements
calculated from equivalent circuit model in Fig. 4b are
presented in Table 4.

Conclusions

The electrochemical impedances were measured in order
to investigate the charge transfer in fluidised bed
arrangement. EIS experiments were performed during
electrolytic coating of iron powder particles with binary
Ni–Co layer. The effect of suspension density was
studied.

The fluidised bed electrode behaviour at potential of
0 V was simulated with the equivalent circuit consisting
of the electrolyte resistance, the constant phase element

Fig. 6 Bode plots of the impedance data obtained at the binary Ni–
Co alloy deposition potential �900 mV versus Ag/AgCl/3 M KCl.
The solution consisted of 0.69 mol/L NiSO4, 0.125 mol/L CoSO4

and 0.26 mol/L NaCl (pH= 2). Solution was not bubbled with N2.
a The logarithm of absolute impedance as a function of frequency
logarithm. b The logarithm of phase shift as a function of
frequency logarithm

Table 3 The values of equivalent circuit elements calculated from equivalent circuit model in Fig. 4b

Mass of Fe powder
in 50 ml of electrolyte/g

RS/W W-R/W W-T·107/s W-P RC/W d·106/cm CPE-T/m F CPE-P

0 4.43 9.21 7.70 0.71 17.7 2.78 0.83 0.67
2 3.68 6.06 7.35 0.71 6.23 2.71 18.3 0.49
4 3.11 4.06 6.77 0.73 2.44 2.60 29.9 0.66
6 3.00 3.78 6.63 0.73 1.11 2.58 118 0.56
8 3.07 4.37 6.87 0.72 1.28 2.62 123 0.51
10 3.09 4.99 7.15 0.71 1.25 2.67 137 0.52
12 3.21 5.31 7.36 0.71 1.48 2.71 148 0.47
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and the charge-transfer resistance. The Warburg element
was added in case of measurements at a potential of �
900 mV.

The optimal suspension density for the charge trans-
fer in the bed was observed in the range 10·10�3–15·10�3
(i.e., 4–6 g of iron powder in 50 ml of electrolyte). First
additions of iron particles into the electrolyte solution
lowered the charge-transfer resistance. The conduction
of the electric current through the dispersed phase of
fluidised bed for such a low amount of powder particles
was explained to be due to the convective mechanism.

It was found that iron particles dispersed in the
electrolyte may act in two different ways: (1) as depo-
lariser or (2) as supplementary working electrode. The
role of iron particles in the studied heterogeneous system
depends on the applied electrode potential and on the
suspension density.

Further experiments are planned in order to investi-
gate the influences of particle size, rotation speed, higher
suspension densities, and applied DC potentials in de-
tail. Moreover it is necessary to find a suitable mathe-
matical model describing the hydrodynamic,
granulometric and electrochemical parameters in the
fluidised bed reactor and perhaps a more realistic
equivalent circuit.
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