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Abstract

Compact and fragile iron deposits onto aluminum substrates prepared from a solution of acid chloride were successfully obtained for current
densities higher than 0.025 A cm ? and at pH 1.5. Deposits were characterized by cracks which create a good condition to be transiormed
into a powder. The presence of C1 ~ and high acidity that produce deposits with much strain may lead to cracks. The use of aluminum as the
cathode must be avoided since its presence is not beneficial to the performance of iron electrodes because of its harmful effect on capacity

and charge retention. © 1997 Elsevier Science S.A.
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1. Introduction

It is well known that fragile iron electrodeposits can be
prepared by electrolysis and this method forms the basis of
some industrially sealed preparative routes [1-3]. Fragile
iron electrodeposited films have important applications in
various technological areas for the manufacturing of perma-
nent magnets [4,5] and for the production of active material
of the negative plates of Fe/NiOOH alkaline batteries |6~
10]. Electroplating of iron [ 1-3,11,12] has been carried out
in previous studies using four iypes of plating bath: (i) chlo-
rides; (ii) sulfates; (iii) ammoniacal sulfates, and (iv) by
the less-common procedure of the reduction of an iron
hydroxide suspension in alkaline media.

Zhelibo et al. [5] produced iron powder using a rotating
aluminum disc and an iron chloride solution. Chernov et al.
[13] produced iron prwder for permanent magnets using
iron chloride or iron sulfate solutions and a nickel disc as the
cathode.

It should be noted that iron electrodeposits can be contam-
inated by hydroxides of Fe(1I), [1,12,14,15] or by dissolu-
tion of metal of the cathode {16-18]. Furthermore, the
possibility of corrosion due to the iron deposits being unstabie
in the electrolytic media or due to the atmospheric oxidation
as soon as it has been detached from the cathode, results in
~ another important subject [14-16,18]. Recently, studies of
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contamination by electrolytic solution were discussed by
Yamashita and Carlos [ 14,15]. In these studies, iron powder
produced from different electrolytic solutions [ 14,15], indi-
cated that the optimum solution was FeSO, + CH;COONa,
but the latter produced deposits which became contaminated
by iron hydroxides.

In this context, the electrolytic iron deposition studies
described here are designed to evaluate the purity of iron
powder to be used in the negative plate of Fe/NiOOH alkaline
batteries. These studies were carried out taking into account
that the presence of some impurities in the battery active
material produces the self-discharge of iron electrodes.

2. Experimental
2.1. Substrates

The substrates 1050 Al pieces (2.0 cm X 2.5 cm), from
ALCAN Co. were ground, prior to use, with 600 emery paper
and rinsed with distilled water. The ‘1050 Al alloy’ sheet
contained 0.25% Si, 0.40% Fe, 0.05% Cu, 0.05% Mn, 0.05%
Mg, 0.05% Zn, 0.03% Ti, and traces of other elements: 0.03%
X (Ni, Ca, Li, Na, Be, Ti, Pb, B, Zr, Cr, K), and 99.5% Al.

2.2. Film deposition and electrolytic solution

Iron electrodeposits were obtained by cathodic deposition
from 1.5 M FeCl, at pH 1.5 with HCI. Plating was performed
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at room temperature using magnetic stirring controlled at
about 1000 rpm. The chronopotentiometric technique was
used for the electrodeposition. The range of deposition cur-
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rent density was 0.015-0.090 Acm™".
2.3. Fragile iron film and iron powder storage

The fragile iron film obtained at 0.090 A cm ™ was washed
with doubly distilled acetone, dried under nitrogen atmos-
phere and stored under vacuum using the Schlenk technique.
The iron powder was obtained by grinding the iron fragile
film in an agate mortar under nitrogen atmosphere and stored
by same procedure described above.

2.4, Electrochemical cell

Working electrodes were placed in a conventional three-
electrode cell. The counter electrode was a 1010 steel sheet
und all potentials were referred to the normal calomel elec-
trode (NCE), The ambient temperature during electrochem-
ical experiments was 25°C. The 1010 steel sheet, from CSN
Co., contained 0.04% P, 0.08% C, 0.3% Mn and 0.05% S.

2.5, Instrumentation

Electrochemical measurements were performed under gal-
vanostatic conditions with a PAR Model 173 potentiostat/
galvanostat and a ATP/Hi-Teck multimeter. Scanning elec-
tron microscopy (SEM) graphs were taken with a Carl Zeiss,
Model DSM 940A electron microscopy with 4 nm of reso-
lution connected to an X-ray microanalysis system, Model
AN10/558S. X-ray analyses were taken with a diffractometer
Model HZ64C and the quantitative analysis was taken in a
Interlab spectrophotometer, Model AA12/1475. The surface
area of iron powder was determined by the BET method on
2 CG2000 instrument using nitrogen.

3. Results and discussion

Fig. 1 shows the polarization curves of iron deposition with
and without stirring of the deposition bath. The potential
shifts to more positive values when the bath is stirred. These
results indicate that the deposition process is controlled by
mass transport, which is the best condition under which frag-
ile iron deposits are obtained. The low pH of electrolyte
solution leads to high evolution of hydrogen which is respon-
sible for the electrochemical efficiency of 78%. Conse-
quently, the pH of electrolyte solution was accurately
controlled to avoid Fe(II) hydrolysis. For example, in solu-
tions with pH values higher than 1.5, it was impassible o
obtain deposits free of hydroxide contamination: leading to
current efficiency values higher than 100%. b addition, the
anode dissolution allows the concentration of ti:e Fe(II) ions
in the electrolyte solution to increase; the pH must be rigor-
ously controlled for this reason. In this contex, Fig. 2 shows
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Fig. 1. Steady-state polarization curves for Fe electrodeposition trom 1.5 M
FeCly-4H;0 at pH 1.5 with HCI solutions (O) without and (4) with
magnetic stirring (1000 rpm).
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Fig. 2. Galvanostatic profiles of iron electrodeposition process obtained at
sume ig=0,090 A em % () Ist, (A) Tth, (O) 8th, (B) 9th clectro-
depositions. Electrolytic solution 1.5 M FeCly-4H,0 at pH LS.

the influence of the increase in Fe(Il) concentration versus
the galvanostatic curves of iron electrodeposition by disso-
lution of the anode at a current density of 0.090 A cm ™2,
These results show that the increase in Fe(11) concentration
in solution make the deposition potential shift to more posi-
tive values,

Figs. 3-5 show the physical characterization of the elec-
trodeposited iron film at 0.090 A cm ™ by SEM. Fig. 3 shows
that the iron deposits are not homogeneous since they present
compact and spongy regions. Fig. 4 shows that the compact

Fig. 3. SEM graphs of iron deposit; electrolytic solution 1.5 M FeCl, -4H,0

atpH=15,i{,=0.090 A cm™2



LA. Carlos et al. / Journal of Power Sources 69 (1997) 37-40 39

Fig. 4. SEMgraphs of yi'f'on deposit in region of the crac eicéiﬁ;lytic

solution 1.5 M FeCly+4H,0 at pH= 1.5, iy =0.090 A cm™2,
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Fig. 5. SEM graphs of spongy iron deposit; clectrolytic solution 1.5 M
FeCl,-4H,0 at pH=1.5,i,=0.090 A cm 2,
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Fig. 6. EDX analysis of iron deposit in the region without incrustation;
2

electrolytic solution 1.5 M FeCl,-4H,0 at pH= 1.5, iy=0.090 Acm ™",

region of the iron deposit presents many cracks and white
incrustations. These cracks, in principle, weaken the deposit
but they are fundamental to transform the deposit into powder
form. It seems that the existence of these cracks has been
offered by the presence of C1~ and the high acidity of the

electrolyte solution which produce deposits with many strain
leading to cracks [ 1]. As shown in Fig. 5 the spongy regions
present also white incrustations. These white incrustations
(Figs. 3-5) probably come from the aluminum alloy cathode.

Energy dispersion X-ray (EDX) analyses were taken in
order to obtain a better characterization of the iron deposits
As shown in Fig. 6 the iron deposit regions without white
incrustation present aluminum and phosphorus impurities.
Fig. 7 shows that iron deposit regions containing white
incrustations have aluminum, phosphorus and also potassium
impurities. These contaminants can be produced by the cath-
ode dissolution in HC] medium and by the oxidation of the
anode in the electrochemical cell. The white incrustation is
probably AI(OH), obtained by the reaction of AI** ion and
OH "™ ion since the evolution of hydrogen in the metal/elec-
trolyte interface increases the pH of the solution,

The presence of phosphorous species in the iron deposits
are not harmful to the Fe/NiOOH batteries but the presence
of aluminum species have a detrimental effect, especially on
the iron electrode when it is present in an amount greater than
0.01% | 19]. Atomic absorption spectrophotometry (AAS)
showed that the iron contamination represents 0.1% of the
total aluminum. The harmful effect on capacity and charge
retention of the iron electrodes is due to the reaction of Al**
with the OH™ of the electrolyte solution producing
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Fig. 7. EDX analysis of iron deposit in the region containing incrustations;

electrolytic solution 1.5 M FeCl,-4H:0 at pH = 1.5,iy=0090 Acm "°.
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Fig. 8. X-ray analysis of powder iron; electrolytic solution 1.5 M
FeCl,-4H,0 at pH=1.5,iy=0.090 Acm 7,
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Tabie 1

Experimental interplanar distances (d,,,) of the x-ray diffraction peaks of
iron powder and the corresponding theoretical interplanar distances (d,)
[20}

Fe Fe/Al Al
dcw ('/Io)c.w dx (l/l())l dl (I/Io)z dl (I/l())l
(%) (%) (%) (%)
2,060 100 2,030 100 2,040 100 2024 55
i.1i7 66 1.170 30 1.180 90 1.196 1
1446 29 1430 20 1.450 80 1450 |
1018 28 1.030 10 1.IR0 90

[AI(OH),] ~. The probable source of potassium species in
the iron deposits is the aluminum alloy cathode, but it seems
that its presence doces not create problems.

Fig. 8 shows X-ray diffraction patterns of iron powder. In
Table | the main experimental and theoretical results of the
interplanar distances, d, [ 20] of a-Fe and the Fe-Al alloy are
compiled for comparison. These results show that the peak
atd=2.06 (//1,=100%) can be attributed either to a-Fe or
the Fe-Al alloy. The peaks at d=1.446 (I/1,=29%) and
d=1018 (1/1,=28%) are attributed to a-Fe since their
intensities are not only lower than those found for Fe-Al
alloy d=1.45 (1/1,=80%) and d=1.08 (1/1,=90%) but
also lower than half of the Fe-Al alloy peaks intensities. The
peak atd=1.17 (1/1,=66%) is attributed to the Fe-Al alloy.
d=1,02 (I/1,="70%). These results show that iron elcctro-
deposits consist of a-Fe and Fe-Al alloy. This alloy is
obtained during the electrodeposition of iron on the aluminum
alloy substrate.

BET results show that iron deposits which were trans-
formed into powder have an area of 4 m* g ', They have a
low value when compared with the area of commercial
ARMICO iron powder, 9 m* g~' [9]. As the superficial area
is an important parameter for the Fe/NiOOH battery plates,
this can be optimized by using other forms of grinding such
as a ball mill, because iron deposits obtained using high
acidity (pH: 1.5) are difficult to grind with agate mortar.

4. Conclusions

Compact and fragile iron deposits onto aluminum sub-
strates prepared from an acid chloride solution were success-

-

fully obtained for current densities higher than 0.025 A cm ~?
and at pH 1.5. It was shown that the atmospheric oxidation
of the fragile iron film can be controlled by washing it with
doubly distilled acetone, drying under nitrogen atmosphere
and storing under vacuum using the Schlenk technique. Phys-
ical and chemical characterization of the iron fragile deposits
have shown that electrolytic iron was contaminated by alu-
minum alloy substrate. Since the amount of aluminum
obtained is greater than the allowed value for Fe/NiOOH
batteries this aluminum alloy substrates should be avoided.
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