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Abstract—Nanocrystalline iron coatings were electrodeposited at six different current densities, from 1 to
25 A dm~? from a bath containing iron(11) sulfate at 60 and 80°C. The impact of the current density on the
bath deterioration was investigated. The bath color changed from emerald green (485 nm maximum absorp-
tion wavelength, A,,) to turbid yellow (A, = 470 nm) with some orange precipitates after electrodeposition
up to 10 A dm~2. Further electrodeposition up to 25 A dm~2 changed the bath colour to dark brown Mpax =
435 nm). Ultraviolet-Visible spectra were recorded to verify the bath deterioration, which, in turn, prevented
the coating growth. The color change and also the shift of the maximum absorption wavelength were dis-
cussed in terms of the crystal field theory and also of the anodic oxidation of the hexaaquairon(II) ion to the
hexaaquairon(III) ion on the anode surface. The Pourbaix diagram for iron was used to interpret these results
and the instability of the bath which was utilized here for electrodeposition of nanocrystalline iron coatings.
Addition of saccharin also led to the bath instability. The influence of the bath instability on the average grain
size, appearance, surface morphology and thickness of the coatings was discussed. The results proved that the
iron(Il) sulfate solution is an unstable bath for electrodeposition of nanocrystalline iron coatings.
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INTRODUCTION

The earliest attempt to electrodeposit iron coatings
was apparently in the middle of the 19th century [1].
In view of the fact that electrodeposited iron has some
valuable properties, it has been used for several appli-
cations, for instance, engraved plates [2, 3], in manu-
facturing new machine parts [4] and recently its usage
as a new biomaterial for stents has been reported and a
process for electroforming form a chloride bath con-
taining saccharin for its production was developed [5,
6]. Some research in the field of iron electrodeposition
was reported including studies of mechanical [7] and
magnetic [8, 9] coating properties. Iron electrodeposi-
tion usually takes place from plating baths containing
iron(II) salts such as sulfate, chloride, fluoborate, and
sulfamate [10, 11]. Over the past forty years, there have
been extensive studies of iron coatings electrodepos-
ited from different baths. The authors in [12] investi-
gated the influence of the current density, solution
temperature and pH on the quality of iron electro-
formed from chloride baths. Their conclusion was that
the current efficiency is decreased when current den-
sity increases. Another group of researchers who
worked on the structure, the grain size, the internal
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stress, and the mechanical properties of iron foils elec-
trodeposited from a sulfate bath reported the grain size
of 5 um produced at a low current density (3 A dm~?)
and 0.1 um at current densities higher than 20 A dm—2.
Their results showed that the size of grains is reduced
by increasing the current density [7]. Still others inves-
tigated the mechanical, magnetic, and electrical prop-
erties of electrodeposited iron foils made from a chlo-
ride bath [1] and from a sulfate bath [13].

Recently, nanocrystalline metals and alloys, due to
their excellent properties and various applications, and
nanocrystalline iron coatings formed from a sulfate
bath via both direct and pulsed current electrodeposi-
tion in order to investigate the influence of nanocrys-
tallinity on the corrosion behavior of iron coatings,
have been the subjects of extensive research [14—16].
The authors have also demonstrated that, according to
the Hall-Petch strengthening mechanism, nanocrys-
talline coatings show significant increases in hardness
and strength relative to larger grained deposits due to
their ultrafine grain size. Unfortunately, high current
densities that are often used for electrodeposition of
nanocrystalline iron coatings can lead to the instability
of the electrolyte and consequently change the desir-
able chemical conditions required for electrodeposi-
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tion. Thus, the stability of electroplating baths during
electrodeposition is very important.

Lack of the bath stability usually yields poor quality
coatings and for some plating baths the chemistry is
changed so much that the baths do not produce any
coating. Factors which may lead to the instability of a
bath include ligand exchange reactions [17] and pH
changes [10] during electrolysis of an aqueous bath,
which can alter the bath chemistry. Another factor that
changes the concentration of metallic ions during
electrodeposition and consequently gives instability to
a plating bath is the undesired anodic oxidation of the
metallic ion present in the bath to its higher oxidation
state [18]. This is true for metals such as iron that have
different ions and oxidation states. Some researchers
have studied the stability of the baths used for electro-
deposition of various metals. For example, lack of the
bath stability in non-cyanide baths for electrodeposi-
tion of gold has been reported in which colloidal gold
is formed in the plating solution and these colloidal
particles are deleterious to the electrodeposited gold
coatings [19, 20]. The stability of copper complex ions
in electrolytes has also been studied, although not for
copper electroplating, and spectrophotometric analy-
sis of the electrolyte has been performed to character-
ize different copper complex ions in the solution [21].
The problem of bath instability is real during electro-
deposition of iron from iron(Il) sulfate solutions.
Electrochemistry of iron salts solutions is dominated
by the +2 and +3 oxidation states. At the anode, the
iron(II) ion is oxidized to the iron(Ill) ion during
electrolysis of iron(II) sulfate solutions. Presuming
that the anodic oxidation of the iron(II) ion to the
iron(III) ion is a reason for the instability of the iron
plating baths, it is possible to forecast that, such insta-
bility would be accelerated when high current densities
are used for electrodeposition of iron. When the
iron(IIl) ion is formed at the anode in the bath, the
concentration of the iron(II) ion required for electro-
deposition is reduced. An obvious consequence will be
lowering the cathodic current efficiency of iron depo-
sition. The rate of the electrolytic conversion of the
iron(Il) ion to the iron(I1l) ion is not the same when
different anodes are used. It was reported that this rate
is controlled by mass transport to the anode surface
[22]. It seems that very few researchers have paid
enough attention to this electrochemical reaction that
leads to the instability of iron plating baths. For
instance, the author of [10] just mentioned the
observed bath instability during electrodeposition of
iron but did not give any evidence of this problem.
Some investigators worked on the grain size and mor-
phology of electrodeposited iron foils produced from a
chloride bath with organic additives such as sodium
saccharin, at high current densities and with additions
of different cations [23]. Their results showed that the
grain size of pure iron was over 100 nm but, and that
adding cations such as manganese (Mn), lanthanum
(La) and samarium (Sm) ions can result in an extreme
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range of grain sizes (about 33.6 to 97.4 nm) could be
obtained. Different additives like sodium saccharin
[24] and glycine [25] were used to enhance protection
of coatings against air oxidation. Addition of these
additives improved the quality of their deposits.
Recently, iron foils have been electroformed from a
chloride bath with 1 g L~ sodium saccharin for appli-
cation as biodegradable cardiovascular stent [5].

The aim of the present research was to study the
bath instability during electrodeposition of nano-crys-
talline iron coatings, which has not been reported
extensively so far, to the best of authors’ knowledge,
although it was been briefly mentioned in [10]. The
difficulties with electrodeposition of iron come from
the instability of iron plating baths, which can be sum-
marized as follows: rapid pH increase during electro-
deposition; formation and decomposition of complex
ions (ligand exchange reactions), and anodic oxida-
tion of the iron(II) ion, which must be reduced to pro-
duce metallic iron.

The appearance, morphology and cross sections of
the coatings which are influenced by the bath instabil-
ity are reported in this manuscript. In addition, close
attention was paid to the effect of saccharin and high
temperature on the bath instability. Changes in the
bath color, formation of precipitates and also spectro-
scopic studies of the plating baths were used as the
main criteria for the bath instability. The results of the
ultraviolet-visible (UV-Vis) spectroscopy analyses
were interpreted on the base of ligand exchange reac-
tions and the crystal field theory.

MATERIALS AND METHODS

Electrodeposition was carried out in these experi-
ments with direct currents and at two different tem-
peratures 60 and 80°C. The plating time for each sam-
ple was 10 minutes. The bath contained 500 g L-!
iron(II) sulfate. Bearing in mind that saccharin can act
as grain refiner for nickel plating [26—29], in electro-
deposition of iron coatings of the present investiga-
tion, 10 g L~! saccharin was added to the baths for
electrodeposition of iron coatings of the present inves-
tigation. The bath pH was about 2.5. Different current
densities (1, 5, 10, 15, 20 and 25 A dm~2) were used.
The substrates were copper foils, each of 0.1 mm
thickness and 5 cm? (2 X 2.5 cm) surface area. Apart
from the required area (5 cm?) for electrodeposition,
the copper substrates were coated with a lacquer paint
in order to make it non-conductive. Next, the conduc-
tive surface of each sample was polished with 180 to
3000 grade abrasive paper (emery) and then electrop-
olished in a solution containing phosphoric acid
(75 mL), ethanol (75 mL) and water (150 mL). Imme-
diately after being electropolished, the samples were
washed with distilled water. A piece of graphite was
used as a non-consumable anode. The instability of
the iron(II) sulfate baths during electrodeposition was

No.6 2018



564

investigated by visual observation of changes in the
color of the solution and of the precipitates formed
during electrodeposition. Any color change is an indica-
tion of hydrated metallic ions formed in the solution. The
color change was also confirmed by UV-Vis, with
500 gram per liter concentration and the path length of
1 centimeter. The UV-Vis spectra were recorded
before and after electrodeposition and the shift of the
absorption peak was taken as an indication of the color
change of the solution and, hence, the instability of
the bath. Optical microscopy was used to measure the
thickness of the coatings. Appearance of the coatings
was observed visually and their photographs were
taken by a digital camera. Scanning electron micros-
copy was used to study the surface morphology. X-ray
diffraction (XRD) data analyses with X-pert Pro and
SigmaPlot software were used to determine the grain
size. The Williamson-Hall equation was used to calcu-
late the average grain size (Eq. 1) [30]:

Bcos@:%nﬁtesine, (1)
where A is the X-ray wavelength of copper (A =
1.5406 A), B is the peak width, d is the crystallite size
(nm), A4 is a constant which is often equal to 1, € is the
microstrain of the coatings and 0 is the diffraction
angle.

In order to determine the cathodic current effi-
ciency, the theoretical weight of each deposit was cal-
culated based on Faraday’s law (Eq. (2)).

Mit
= —. 2
Wi o F (2)

This equation is used when a pure metal is electro-
deposited. In the present investigation, it was observed
that initially pure iron is electrodeposited and then
iron oxide is formed on the previously electrodepos-
ited pure iron. Consequently, the coating is an iron
oxide top-layer on a pure iron under-layer. Thus,
Eq. (2) was modified to a new form (Eq. (3)) in order
to be used for the situation when pure iron and iron
oxide are formed since the amount of iron oxide was
different from one sample to another.

W, = (Mg, x %Fe) + (7;6304 x %1:6304)),7‘ )

The percentage of iron oxide for each sample,
determined from its corresponding XRD spectrum,
was inserted in Eq. (3) to calculate the theoretical
weight of that sample. The cathodic current efficiency,
1M, was calculated by using Eq. (4):

W,
n=—2x100,
th
where W, is the theoretical weight (g) of the deposit,
W 18 the experimental weight of the deposit, M is the
molar mass of the substance (g mol), i (A) is the cur-

rent flowing through the plating solution, 7 is time

C))
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duration (s), » is the valence number of ions of the
substance (electrons transferred for each ion), F'is the
Faraday constant (F = 96500 C mol~') and 7 is the
cathodic current efficiency percentage.

RESULTS AND DISCUSSION
Grain Size

Figure 1 shows the XRD spectra of the samples
electrodeposited with a range of current densities from
1to 25 A dm~2 with increments of 5 A dm~2. The frac-
tion of iron and iron oxide, which was used in Eq. (3)
to calculate the theoretical weight of the samples, was
extracted from the intensity of peaks in the XRD spec-
tra. Based on the observation of the appearances of the
coatings, it should be mentioned that increasing the cur-
rent density from 1 to 10 A dm™ resulted in producing a
metallic coating surface, which indicated the electro-
deposition of iron. However, at 15 to 25 A dm™2, the
coating surface was dark. This indicates that iron oxide
was formed on the surface. There was not noticed any
overlapping of peaks up to 10 A dm~2 which was due to
iron peaks. Although, overlapping of peaks for iron and
iron oxide is observed at 15 up to 25 A dm2, the peaks
being, mostly, due to iron oxide. The peak occurring at
44.7 degrees was chosen to be as a criterion for the dis-
cussion of the grain size of the electrodeposited iron.
The iron peak intensity decreased but its width
increased, with increasing the current density from
1to 10 Adm™.

By using Eq. (1), the average grain sizes were calcu-
lated for the samples electrodeposited with the above
current densities and are shown in Table 1. The data
indicate that increasing the current density from 1 to
10 A dm~? resulted in reducing the grain size. At cur-
rent densities from 15 to 25 A dm™2, the iron peak
intensity overlapped with that of the peak formed due
to iron oxide. It was also observed that the iron oxide
(magnetite) peak had a high intensity, with its sharp-
ness increasing. The peak for iron oxide (magnetite)
was pronounced, indicating oxidation of the coated
samples electrodeposited at 15 to 25 A dm—2.

The size of the grains of the samples (see Fig. 2)
prepared at 10 to 25 A dm~? increased by increasing
the current density. As a rule, the size of the grains
decreases when the current density increases but it did
not occur here, indicating that electrodeposition from
1 to 10 A dm~2 produced iron and the calculated grain size
was due to the iron crystallite size (Region I in Fig. 2).
However, iron oxide was produced at 10 to 25 A dm—2
(Region Il in Fig. 2), and the calculated grain size was
corresponding to the iron oxide crystallite size which
cannot be compared with the grain size of nanocrys-
talline pure iron. Iron and iron oxide, being two differ-
ent types of materials, have different crystallographic
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Fig. 1. XRD patterns of iron coatings obtained at different current densities at 60°C. The symbols correspond to Fe (4) and Fe;04 (©).

structures. Thus, they cannot be compared with each
other regarding their nanocrystallinity.

Figure 3 shows the XRD patterns of iron coatings
obtained at different current densities (i.e. 1, 5 and
20 A dm™?) at two different temperatures. The XRD
peak (at 44.7 degrees) for the iron oxide electrodepos-
ited at 20 A dm~2 and 80°C was sharper than that for
the iron oxide coating electrodeposited at 60°C and
the same current density. The average grain sizes of the
deposits decreased at higher current densities for both
temperatures.

Figure 4 shows that the variation of the average
grain size with increasing the current density (slope of

the dotted line) is steep from 1 to 5 A dm~2 at 60°C but
when the current density is changed from 5 to 20 A dm2,
the slope is approximately constant. At 80°C, the slope
of the solid line from 1 to 5 A dm~2 is not as steep as
that at 60°C and the same current densities. However,
when the current density is changed from 5 to 20 A dm—2 at
80°C, the slope is relatively steep, implying a decrease
in the average grain size.

Figure 5 shows the XRD spectra of the samples
electrodeposited at 5 and 20 A dm~2 from the bath
with and without saccharin. Deposits were not pro-
duced at a low current density (1 A dm~2). The iron
peak (at 44.7 degrees) was sharp for the sample elec-

Table 1. Calculated values for the grain size of iron coatings obtained at different current densities

Current density, A dm—2 Temperature, °C
1 60
5 60

10 60
15 60
20 60
25 60
1 80
5 80
20 80
1 60
5 60
20 60

Saccharin, 10 g L™! Average grain size, nm
No 107

No 78

No 21

No 32

No 73

No 127

No 127

No 116

No 82

Yes Deposits were not produced
Yes 87

Yes Iron peak had low intensity
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Fig. 2. Influence of different current densities on average
grain size of iron coatings at 60°C.

trodeposited at 5 A dm~? from the bath without sac-
charin. It should be mentioned that copper peaks were
detected on the XRD spectra of the samples electrode-
posited at 5 A dm~2 from the bath with saccharin. It is
evident from the results that at 20 A dm~? with saccha-
rin, the copper peaks were sharp and the iron peak was
diminished. The average grain sizes of iron coatings at
the mentioned current densities (Table 1) revealed the
fact that adding saccharin, increases the grain size.
Thus, it can be concluded that saccharin does not act
as a grain refiner for electrodeposition of iron. This is
in contrast to its role as a grain refiner in nickel plating
[29]. It seems that addition of saccharin to the iron
plating bath is not beneficial. It prohibits iron deposi-
tion and apparently leads to the bath instability.

BAHROLOLOOMI, BAHROLOLOOM

Bath Instability

The freshly prepared iron(II) sulfate bath was clear
emerald green before electrolysis. It turned into a tur-
bid yellow solution with some orange precipitates after
10 minutes of electrolysis at four different current den-
sities: 1, 5, 10 and 15 A dm~2. Further electrodeposi-
tion at 20 and 25 A dm~2 changed the bath color to
dark brown containing yellow precipitates which were
produced on the graphite anode during electrodeposi-
tion. UV-Visible spectra (Fig. 6) were recorded to ver-
ify these color changes that are indicative of the bath
instability, which, in turn, prevents further increase of
the coating thickness.

The solid line (curve I, Fig. 6) is the spectrum of
the iron(II) sulfate bath before electrolysis. Each ver-
tical line passes over the maximum absorption wave-
length of each solution. It shows that, the maximum
absorption wavelength of the original bath before elec-
trodeposition (curve /) occurs at about 485 nm. This
maximum absorption wavelength (A,,,,) in the visible
spectrum corresponds to the emerald green hexaaqua-

iron(1I) ion, [Fe (H20)6](2;). When four samples were

electrodeposited for 10 min each, at 1, 5, 10 and
15 A dm™2, the bath color changed from emerald green
to yellow-orange. This was manifested by the shift of
absorption from spectrum / to spectrum 2 in Fig. 6.
The maximum absorption wavelength (A,,,,) shifted
from 485 to 470 nm, shown by a small arrow. The
change in color, accompanied by the shift of A,,,, from
485 to 470 nm is due to the anodic oxidation of hexaaqua-
iron(II) ion on the anode surface and formation of hexa-
3+

aquairon(I1I) ion, [Fe (H,0),] aa) which is pale yellow.
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Fig. 3. XRD patterns of iron coatings obtained at different current densities and two different temperatures. The symbols are:

(») for Fe, (4) for Fe304 and (<) for Cu.
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However, this trivalent ion is not the only species in aque-
ous solutions. The observed yellow-orange color is due to
a proton transfer process in which a hydroxo-complex
ion is formed, as shown in Eq. (5):

3+
[Fe (Hzo)s](aq) +H,0¢ )

2+
— [Fe(H,0);0H] _ +H0().

With further electrodeposition, the bath pH
increases gradually and the above proton transfer pro-
cess can continue at a higher pH of the medium to
form the iron(I1I) hydroxide precipitate which is dark
brown. Thus, electrodeposition of other two samples
at 20 and 25 A dm~?, each plated for 10 min, changed
the color of the solution to dark brown. This was
accompanied by shifting the visible spectrum to curve 3

225+ 5 A dm~2 without saccharin “
100 - I
25 MWW’MNWP*WW'MI

567

(the thick dotted line) in Fig. 6. The maximum
absorption wavelength (A,,,,) shifted to 435 nm (the
long arrow), which corresponds to dark brown color of
the solution.

The hydroxo-complex ion formed as in Eq. (5) can
lose a second hydrogen ion and a third hydrogen ion,
as shown in Egs. (6) and (7):

[Fe(H,0),0H], (©)
 [Fe(H,0), (OH), |1, + Hiy

Fe(H,0) (OH).]

[Fe(H,0),(OH), ], ()

& [Fe(H,0), (OH),] | + Hq

s)
The solid formed as in Eq. 7 is a neutral complex
and it precipitates in water which makes the solution
turbid. Most hydroxo species of iron are yellow
because of charge-transfer bands in the ultraviolet
radiation which extends into the visible part of the
electromagnetic spectrum. When electrodeposition
takes place, all complexes of iron that were explained
in the above equations are present in the iron plating
bath. The proportions depend on the degree of con-
centration of the solution, on the current densities
used for electrodeposition, and on the time of plating.
Therefore, the color of the bath is variable and
depends, in part, on the concentration of the iron(I1I)
ion, which is low, and when this is the only species of
iron present in the solution, the color is pale yellow.

A solution with a higher concentration of the
iron(IIl) ions is orange and produces some orange
precipitate [18].
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Fig. 5. XRD patterns of iron coatings obtained from different current densities with and without saccharin at 60°C. The symbols

correspond to Fe (4), Fe304 (4), and Cu ().
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Fig. 6. UV-Vis spectra of iron plating baths before and after
electrodeposition at different current densities.

Fig. 7. Structure of binuclear iron hydroxo complex ion.

Another factor that leads to the instability of
iron(II) sulfate baths for electrodeposition of iron is its
vulnerability to air oxidation. The oxidation potential
of Fe?* ion to Fe*" ion (0.77 V) is such that molecular
oxygen can convert a ferrous ion into a ferric ion in an
acidic environment. This is shown in Eq. (8):

2+ 1 +
2Fe{aq) T30 * 2Hag

E° =046 V.

3
& 2Fej + HyOpy;

)

The above reaction can also be written as a reaction
between oxygen and ferrous hydroxide:

4Fe(OH),, + Oy + 2H,0) — 4Fe(OH), . (9)

Thus, ferrous hydroxide becomes dark orange
brown (rust-colored) when it precipitates in the pres-
ence of air and eventually it is converted into hydrous
ferric oxide Fe,O; - nH,O (n is variable). Ferrous
hydroxide and ferric hydroxide are neutral complexes,

BAHROLOLOOMI, BAHROLOLOOM

i.e. [Fe(OH),(H,0),] and [Fe(OH);(H,0);]. Dis-
placement of water molecules with hydroxide, (OH™)
ions is a ligand exchange reaction which leads to the
formation of precipitates in the iron plating bath and
causes its instability. The ligand exchange reactions
(OH~ for H,0) are deprotonation reactions; the elec-
trical charge on the complex is reduced by 1 for each
proton transferred when an electrically neutral water
ligand is replaced by a charged hydroxide ion (OH™)
ligand. In these deprotonation reactions, water acts as
a Bronsted—Lowry base which accepts a proton and
the hexaaqua ion acts as a Bronsted—Lowry acid
which donates a proton. As explained above, the
iron(III) ion in an aqueous solution forms many com-
plexes. One of these complexes is a binuclear complex
formed as shown in Eq. (10) [17]:

2[Fe(H,0)].,

2 [Fe(H,0), (OH), Fe(H,0),] (10)

+ 2H,0() + 2H o).

The above binuclear complex ion has the structure
shown in Fig. 7.

Evidently, formation of iron(IIT) complexes such as
that in the above Equation interferes with the process
of iron electrodeposition and plays a major role in the
instability of the iron plating bath. Perhaps, a compar-
ison can be made of the visible adsorption maxima and
also the solution color for the hexaaquairon(Il) com-
plex ion and the hydroxo complex of the iron(III) ion.
This comparison is summarized and shown in Table 2.

According to the crystal field theory, the degener-
ate d orbitals of iron(II) ion split into a doubly degen-
erate high energy level (e,) and a triply degenerate low
energy level (#,,) [17, 18]. The energy difference (A,) is
known as the d-orbital splitting energy and the sub-
script “O” stands for “octahedral complex.” Absorp-
tion of light corresponds to the energy required (A,) to
excite an electron from the 7,, level to the e, level. The
magnitude of A, depends both upon the oxidation
state of iron (+2 and +3) and on the attaching ligands
in the octahedral complex. A, is higher for Fe3* ion
than for Fe?* ion. For the hexaaquairon(IIT) complex
ion, the degenerate ¢ orbital splits into e, and t,, levels

Table 2. Complexes of different oxidation states of iron with their maxima absorption wavelengths and observed colors

Iron oxidation states Ion complexes Wavelength Color of light Color seen
p of light absorbed, nm absorbed
Iron(Il) ion [Fe(H20)6]2+ 750 and 485 Red Green
(The main absorption bands)
Iron(III) ion [Fe(H,0) 5oH]2+ 470 Blue Yellow-orange
Iron(III) ion [Fe(H,0)4(OH),]* 435 Violet Yellow
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Fig. 8. Cathodic current efficiency of iron coatings
obtained at 60°C and different current densities.

and A, for splitting of this ion is higher than A, for
splitting of hexaaquairon(II) complex ion. Since A, is
higher for Fe*" ion than for Fe?*' ion, the hexaaqua-
iron(I1I) complex ion absorbs higher energy from the
visible light (blue color) and thus its solution is yellow-
orange and its maximum absorption wavelength (A,,,,,)
shifts to lower wavelength values, as seen in Fig. 6. It
should be remembered that the original iron(II) sul-
fate bath, used for electrodeposition of iron in the
present investigation, contained hexaaquairon(II)
complex. When electrodeposition was performed
some hexaaquairon(IIT) complex was produced due to
the anodic oxidation of Fe?" ion to Fe*' ion. The
amount of the produced hexaaquairon(IIT) complex
depends on the current density and the time of elec-
trodeposition. Thus, the bath color after electrodepo-
sition is a mixed-color due to the presence of both oxi-
dation states of iron in the bath. The recorded visible
spectrum is also an overlapping of different absorption
bands due to the presence of all complexes in the bath.
For the same ligand, a metal ion with a higher oxida-
tion state will produce a greater crystal field splitting.
Solutions of iron(III) complexes are yellow or red
while iron(II) complexes are pale green. This is
because as the oxidation state of the metal increases
the magnitude of the energy difference (A,) between
the splitted d orbitals increases and hence the wave-
length of the absorption moves towards a lower wave-
length, i.e. a higher energy. For iron(IIT) complexes, the
absorption moves towards the blue end of the spectrum
and, consequently, their solutions are yellow or red.

Electrodeposition of iron is usually carried out
from the iron(Il) sulfate solution but electrolysis of
this bath causes oxidation of the iron(II) ions to the
iron(III) ions on the anode and forms on it the
iron(III) oxide (ferric oxide) precipitates. Conse-
quently, the iron(II) ion concentration in the bath
decreases. This phenomenon prevents or retards reduc-
tion of the iron(II) ion on the cathode and decreases the
cathodic current efficiency. The maximum cathodic cur-
rent efficiency was 29.83% at 10 A dm—2, but it decreased
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Fig. 9. The Pourbaix diagram of iron [31].

at a higher current density, and the minimum cathodic
current efficiency was 20.43% at 25 A dm~2 (Fig. 8). This
trend of the cathodic current efficiency is in good agree-
ment with some earlier reports [1, 12].

This instability can be explained rationally in terms
of electrochemistry of iron species in aqueous solu-
tions and vulnerability of metallic iron and of its diva-
lent cation to oxidation. As the following equation
shows, the reduction potential of the iron(Il) ion is
—0.44 V [31]:

Fe(u) +2¢~ — Fey); E°=-0.44 V. (11)

Instability of the iron plating bath can be discussed
on the base of the Pourbaix diagram for iron (Fig. 9).
According to this diagram, iron(II) ions are reduced to
pure iron at —0.44 V reduction potential. During elec-
trodeposition, when iron(III) is formed on the anode,
hydrogen ions are reduced on the cathode and hydro-
gen gas is evolved. Consequently, the bath pH
increases in the vicinity of the cathode. As a result,
iron oxide (magnetite) is formed when the bath pH
shifts from 8.5 to 14, as seen in Fig. 9. Higher current
densities accelerate formation of iron oxide.

When electrodeposition was carried out at 80°C,
the bath color quickly turned to a turbid yellow, with
too much of the suspended orange precipitate; this is
why it could not be studied with the UV-Vis spectros-
copy because the precipitates could contaminate the
UV-Vis cell. It should be noted that any solid contam-
ination in the spectrometer cell diffracts the ultraviolet
ray. Increasing current density stabilized the precipi-
tates which turned to black at high current densities.
As seen in Fig. 10, the cathodic current efficiency at
different current densities (i.e. 1, 5 and 20 A dm~?)
were determined at 60 and 80°C. The maximum
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Fig. 10. Cathodic current efficiency of iron coatings at two
different temperatures and different current densities: 1, 5
and 20 A dm 2.
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Fig. 11. Molecular structure of saccharin with lone pairs of
electrons on nitrogen atom and oxygen atoms.
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Fig. 12. Deprotonation reaction of saccharin to produce
saccharinato anion.

cathodic current efficiency was 28.4% at 1 A dm~2 and
60°C. It decreased with increasing current density.
However, the bath efficiency was minimum at this
current density (1 A dm~2) and at 80°C. In contrast,

2+

or
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the cathodic current efficiency increased by increasing
current density when deposition took place at 80°C.

The original iron(II) sulfate bath was clear emerald
green before electrolysis. Addition of saccharin deteri-
orated the bath and changed its color and perhaps its
chemical composition as implied by the shift of maxi-
mum absorption of the UV-Vis spectrum (curve 4 in
Fig. 6). Furthermore, some small particles were also
formed in the solution. After electrolysis at different
current densities, i.e. 1, 5 and 20 A dm2, the particles
were produced rapidly when increasing the current
density. It is apparent that adding saccharin to the bath
for electrodeposition of nanocrystalline iron can be
very deleterious with regards to the bath stability and
also the composition and quality of the coating. This
might be due to the occurrence of a reaction between
iron(II) ions and saccharin as a result of the complex
ion formation if saccharin could act as ligand rather
than as grain refiner. The imino group and the car-
bonyl group in saccharin have the ability to form a
complex ion with Fe?* ion present in the bath. The
nitrogen atom with a pair of electrons serves as the
donor atom in a great variety of ligands. Each oxygen
atom in the carbonyl group and the sulfonyl group has
also two lone pairs of electrons with ability to form
complex ions, as shown in the structure of saccharin
molecule (Fig. 11).

Deprotonation reaction of saccharin produces an
anion (saccharinato anion), with the structure shown
in Fig. 12, which can form a complex ion with the
transition metal cations [17].

The ability of saccharin to make complex ions with
the transition metal ions has been reported by some
researchers [32—35]. If any of the water molecules in
the hexaaquairon(II) complex can be replaced with a
saccharin molecule, then any of the hypothetical octa-
hedral complexes, illustrated in Fig. 13, might be
formed [36].

To find out whether any of these hypothetical com-

plexes or any other complex of Fe?* ion with saccharin
molecule (molecules) would be formed requires an

B H,0 T2+
Hi0- lie _OH
H,07 + NoH

N N0
04

Fig. 13. Hypothetical aquairon(II) complexes with saccharin.
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Fig. 14. Cathodic current efficiency of iron coatings
obtained from baths with and without saccharin at 60°C
and different current densities: 1, 5 and 20 A dm™2.

extensive study which is outside the scope of the pres-
ent investigation. Nevertheless, the results of this
investigation showed that addition of saccharin to the
bath for electrodeposition of iron is deleterious and
leads to the instability of the bath. The UV-Vis spec-
trum (Fig. 6) of the bath with saccharin shifted to
lower wavelengths, compared with the spectrum of the
bath without saccharin. The maximum absorption
wavelength (A,,,,) was registered at 435 nm and the
bath color changed, implying that some of the hex-
aaquairon(II) complex ions changed to a different
type of a complex, perhaps, with saccharin molecules.
A saccharin molecule has nitrogen and oxygen, hence,
can act as strong filed ligand. Its imino group might be
similar to ammonia with respect to its complex forma-
tion. Thus, it seems logical for it to have the maximum
absorption wavelength lower than the maximum
absorption wavelength of the hexaaquairon(II) com-
plex [36].

Another deleterious effect of saccharin addition to
the iron plating bath could be a possible reduction of
saccharin on the cathode and its decomposition to
benzamide and sulfur dioxide. If this reaction occurs,
then the reduction of sulfur dioxide on the cathode
surface in an acidic bath might produce hydrogen sul-
fide. The next reaction would be the reaction of
hydrogen sulfide with the Fe*" cation to produce iron
sulfide if the solution contains iron(II) ions. These
reactions and the formation of a metallic sulfide such
as FeS in the electrodeposited CoFe coatings as well as
the mechanism of the reaction have been extensively
reported in [37]. Hence, the instability of the iron plat-
ing bath containing saccharin, under study in the pres-
ent investigation, might be attributed to the decompo-
sition reaction of saccharin.

The cathodic current efficiencies of the coatings
are shown in Fig. 14. It is vivid that the maximum
cathodic current efficiency was 28.4% at 1 A dm~2 for
the bath without saccharin. However, the cathodic
current efficiency for the bath with saccharin at the
same current density was zero because deposits were
not produced on the substrate. The maximum
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cathodic current efficiency for the bath with saccharin
was 16% at 5 A dm~2. According to the present results,
for the samples without saccharin, the cathodic cur-
rent efficiency of the deposits decreased when the current
density increased. The cathodic current efficiency of the
bath with saccharin also decreased when deposition took
place at current densities higher than 5 A dm—2.

Appearance

Figure 15 shows the appearance of iron coatings
electrodeposited with different current densities.
Appearance of the samples changed with increase of the
current density from bright metallic, for the coatings
obtained at low current densities (i.e. 1 and 5 A dm™?), to
mat, black, rough and non-metallic for the coatings
produced at current densities higher than 10 A dm~2.
The formed iron oxide has low adhesion on the cath-
ode surface (Fig. 15). Partially, oxide adheres to the
cathode and a part of it spills into the solution so that
it changes the color of the solution to black.

Appearances of the samples were studied at differ-
ent current densities (i.e. 1, 5 and 20 A dm~2) at 80°C
and compared with those of the samples produced at
60°C. According to Fig. 16, at a low current density
(1 A dm™?), deposits with too many voids were pro-
duced formed via the reduction of hydrogen ions on
the cathode. At 5 A dm2, the appearance was more
metallic than deposits at 60°C. For the coatings
obtained at a high current density (20 A dm~2), the
appearance changed from bright metallic to a dark and
rough one.

Appearances of the samples deposited from a sac-
charin containing bath, were also studied at different
current densities, i.e. 1, 5 and 20 A dm~2. They
changed with an increase of the current density. As
seen in Fig. 17, deposits were not produced at a low
current density (1 A dm~2). At 5 A dm2, the appear-
ance was dark metallic. For the coatings obtained at a high
current density (20 A dm—2), the appearance changed from
dark metallic to dull, black, rough and non-metallic. As to
the coatings produced at 5 and 20 A dm~2, they were non-
adherent to the substrate. This is contradictory to the
results reported by others [24].

Surface Morphology

Figure 18 shows the surface morphology of iron
coatings, with a uniform pyramidal structure for the
samples electrodeposited up to 10 A dm~2. From 15 to
25 A dm™2, rough cauliflower morphologies were
observed which were grown on the uniform pyramidal
metallic structure. These different morphologies indi-
cate that metallic iron coatings were electrodeposited
at low current densities (i.e. 1, 5and 10 A dm~2). How-
ever, at high current densities (15, 20 and 25 A dm™?)
rough iron oxide coatings with cauliflower morphol-
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Fig. 15. Appearances of iron coatings obtained with different current densities at 60°C: (a) 1, (b) 5, (¢) 10, (d) 15, (e) 20,

H25A dm~2 and (g) low adhesion of iron oxide at high current (from 15 to 25 A dm_z) densities on the cathode surface. The
left sides of all the figures are the areas which were exposed to the electrolyte and the red color region was the lacquer to prevent

exposure of the samples to the electrolyte.

Fig. 16. Appearances of iron coatings obtained with different current densities at 80°C: (a) 1, (b) 5 and (c) 20 A dm~2.

ogy were deposited. These morphologies are in good
agreement with the Pourbaix diagram for iron. They
are also in agreement with some recent reports [11,
23]. The results of the present research show that iron
oxides are produced at high current densities.

Morphology of the samples was studied at three
different current densities: 1, 5 and 20 A dm—2, at 80°C
and compared with that of the samples electrodepos-
ited at 60°C. According to Figs. 18 and 19, at a low cur-
rent density (1 A dm~2) and 60°C, the morphology was
uniform pyramidal but at 80°C, a platelet-like mor-

phology was observed. The results at 5 and 20 A dm—2
showed that the structure was rough cauliflower for
the samples electrodeposited at 60°C, but at 80°C,
new larger platelets grew on the surface of the platelets
previously formed at a low current density.

The surface morphology of the samples was studied
at different current densities, i.e. 1, 5 and 20 A dm2,
from a bath with saccharin at 60°C. At a low current
density (1 A dm~2), deposits were not produced on the
substrate. This is in agreement with the XRD results
obtained for the sample electrodeposited at the same

Fig. 17. Appearances of iron coatings deposited at different current densities and 60°C from bath with saccharin: (a) 1, (b) 5 and

(c) 20 Adm2.
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Fig. 19. SEM micrographs of iron coatings at 80°C: (a) 1, (b) 5 and (c) 20 A dm~2.

current density. As seen in Figs. 18 and 20, the samples
electrodeposited at 5 A dm~2 demonstrated the cauli-
flower morphology for the samples electrodeposited
without saccharin. In contrast, the samples produced
from the bath with saccharin had granular particu-
lates. At 20 A dm~2, the morphology of the samples

electrodeposited from the bath without saccharin was
rough cauliflower. The morphology of the sample pre-
pared from a saccharin containing bath was also rough
and dense cauliflower. It seems that small particles
were attached on the surface of the deposit with the
cauliflower morphology, as seen in Fig. 20b.

Fig. 20. SEM micrographs of iron coatings deposited from saccharin containing bath at 60°C: (a) 5 and (b) 20 A dm~2,
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Fig. 21. Optical micrographs of cross sections of iron coatings obtained at 60°C and different current densities: (a) 1, (b) 5, (c) 10,

(d) 15, (e) 20 and (f) 25 A dm™—2.

Thickness

The cross-sections of the coatings electrodeposited
at different current densities illustrated an increase in
the coating thickness with a higher current density
(Fig. 21).

The growth rate increased for the samples electro-
deposited at current densities up to 15 A dm—2. A fur-
ther increase in the current density retarded the
growth rate (Fig. 22). The coatings obtained at
15Adm~? and higher current densities show the
growth of a black oxide layer on the samples. This is seen
profoundly for the sample deposited at 25 A dm~2. The
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Coating thickness, um
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T

—_
(=)
T

0 5 10 15 20 25 30
Current density, A dm™>

Fig. 22. Influence of different current densities on thick-
ness of iron coatings at 60°C.
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black oxide, grown on the sample surface, reduces
electrical conductivity and prevents further growth of
the metallic coating.

To investigate the effect of increasing tempe-rature on
the coating thickness, optical microscopy images from
the cross sections of the iron coatings obtained at 80°C,
at different current densities (i.e. 1, 5 and 20 A dm™?)
were recorded and shown in Fig. 23. The cross sections
of the electrodeposited coatings illustrated an increase
in the coating thickness with current density.

On the other hand, when compared with the cross
sections of the iron coatings deposited at 60°C, that
are shown in Fig. 24, the results demonstrate that the
growth rate of coatings at 60°C was higher than that at
80°C (Fig. 23).

The cross-sections of the coatings electrodeposited at
different current densities, i.e. 1, 5 and 20 A dm~2 with
saccharin could not be studied because the coatings
were brittle and non-adherent to the substrate.

CONCLUSIONS

The conclusions are as follows: Nanocrystalline
iron coatings with a variety of average grain sizes from
different current densities (1 to 10 A dm~2) at 60°C
were successfully electrodeposited. UV-Vis spectro-
scopic analyses of the baths before and after electrode-
position showed that the iron(Il) sulfate bath was
unstable during electrolysis due to the formation of
iron(IIT) complexes and iron(II) hydroxo complexes.
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Fig. 23. Optical micrographs of cross sections of iron coatings obtained with different current densities at 80°C: (a) 1, (b) 5 and

()20 Adm™2

The bath color change during electrodeposition, espe-
cially at high current densities (10 to 25 A dm~2), also
indicated the instability of the iron(II) sulfate bath for
electrodeposition of nanocrystalline iron coatings at
60°C. Increasing the bath temperature to 80°C during
electrodeposition accelerated deterioration of the
bath. Deterioration of appearances of the iron coat-
ings, lowering cathodic current efficiency and also
decrease of the coatings thickness at high current den-
sities (10 to 25 A dm~2) were the consequences of the
bath instability, which had an impact on the coating
morphology. Addition of saccharin to the bath was not
beneficial for electrodeposition of nanocrystalline
iron. The results showed that saccharin might act as
ligand to form a complex ion with iron rather than as
grain refiner. The results of the present investigation
verified the fact that the iron(II) sulfate bath is unsta-
ble for electrodeposition of iron at high current densi-
ties, bearing in mind that employing high current den-
sities is a requirement to produce nanocrystalline iron
coatings. On the other hand, the bath may show a
degree of stability if low current densities are used,
albeit not for a long time.
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Fig. 24. Influence of different current densities (i.e. 1, 5
and 20 A dm_z) on the thickness of iron coatings electro-
deposited at two different temperatures.
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