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Abstract

Iron nucleation mechanisms from aqueous solutions onto vitreous carbon electrode were comparatively investigated in iron sulfate and
iron chloride systems by utilizing the electrochemical techniques of cyclic voltammetry (cv) and chronoamperometry (ca), coupled with
atomic force microscopy (AFM) studies. The investigated parameters were pH, scanning rate, iron concentration, deposition potential and
temperature. It was found that iron nuclei population density decreased with increase of pH. On the other hand, the population density
increased with increase of iron concentration and cathodic deposition potential. Increase of solution temperature resulted in the increase of
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uclei population density in the sulfate system, while the dependence of nuclei population density on temperature in the chlor
as more complex. The experimental electrochemical data fitted the theoretical model describing progressive nucleation mechan
as also confirmed by the AFM morphological studies. In addition, the atomic force microscopy was successful in determining th
rystallographic orientations of electrodeposited iron nuclei.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Electrodeposition is a viable method for fabrication of
hin metallic films[1], the properties of which are of essen-
ial importance to the electronic storage industry. Successful
evelopment of thin film materials requires the understand-

ng of their earliest stage of formation, i.e. the nucleation, as
he initial size and distribution of metal nuclei will determine
he physical properties of the final films.

Electrodeposition of pure iron as a ferromagnetic thin
lm component has received only limited attention, contrary
o the well-studied area of electrodeposition of iron alloys
2–6], being among the earliest references. Further, Gow
nd Hutton [7] have investigated electrodeposition of

hick (∼25�m) iron films from sulfate solutions on brass
ubstrates. They found that preferred growth direction was
ertical, resulting in columnar deposit structure. Heusler

∗ Corresponding author. Tel.: +1 208 885 6569; fax: +1 208 885 2855.
E-mail address:pesic@uidaho.edu (B. Pesic).

and Knoedler[8] have investigated the morphology of ir
crystal surfaces electrodeposited on platinum substrate
found that the increase of deposition overvoltage change
morphology of iron crystals form tetragonal to trigonal py
mids. More recently, Yoshimura et al.[9] have investigate
the crystallography of iron films deposited from chlor
solutions onto a copper electrode, while Schindler et al.[10]
have investigated the magnetic properties of thin iron fi
electrodeposited on copper electrodes from sulfate solu
The optimized parameters for iron electrodeposition on
per from electrolytes containing gluconate were reporte
Abd El Meguid et al.[11], and boric acid electrolytes by Y
and Lin[12]. Several recent studies of iron electrodepos
by Jartych et al.[13–15], were concerned with the effect
temperature and solution pH on the surface roughnes
magnetic properties of thin iron films deposited on an e
orated copper seed layer from chloride solutions. De
its importance to the development of thin film materi
the fundamentals of nucleation mechanisms governin
electrodeposition of iron have not been studied. For exam
013-4686/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2005.02.013
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the extensive review article on the nucleation mechanism of
various metals on various substrates by Hyde and Compton
[16] has no mention of iron.

The objective of this work is to study the iron nucleation
mechanisms during electrodeposition from two, sulfate and
chloride, electrolytes. The morphological examination of the
electrodeposited nuclei was performed by atomic force mi-
croscopy. Vitreous carbon was selected as the deposition sub-
strate because of increased interest in carbon based materials
by the electronic industry.

2. Experimental

Reagent grade FeSO4·7H2O or FeCl2·4H2O were used
to prepare 0.001, 0.005, and 0.01 M Fe2+ sulfate or chlo-
ride solutions, respectively. Solutions (20 ml), prepared with
deionized water (Type I purity water, Barnstead Nanopure
II, 18.2 M�), were deaerated in the electrochemical cell by
purging argon gas for 10 min prior to electrochemical ex-
perimentation. All sulfate solutions contained 0.5 M reagent
grade Na2SO4, while all chloride solutions contained 0.5 M
NaCl, as supporting electrolytes.

The electrochemical setup was a standard three-electrode
cell with vitreous carbon (0.442 cm2; a non-porous disk-
Sigri) as a working electrode, platinum foil as a counter
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the onset of hydrogen reduction reaction, and the onset of
anodic oxidation, a set of cyclic voltammetry experiments
was performed in both systems. All cv experiments were
initiated at the open circuit potential (ocp) in a negative di-
rection, reversed at−1300 mV in a positive direction, then
again reversed in a negative direction at +400 mV. The initial
ocp was the terminal potential.

Iron speciation in solutions was examined by construct-
ing theEh–pH, and distribution pH diagrams (not presented
herein) for all investigated solution compositions by using
the Win-Stabcal computer program[17]. In the sulfate sys-
tems, iron is predominantly present as free Fe2+ ions, while in
the chloride systems ferrous ions are complexed into FeCl+.
However, because Drazic[18] has shown that iron hydroxide
formation is possible on the surface of iron even at low pH,
the participation of iron hydroxide species in iron electrode-
position was also considered.

Although the ionic strength of background electrolytes,
0.5 M Na2SO4 and 0.5 M NaCl, was different, their activities
were relatively close[19], 0.255 and 0.335, respectively, as
verified by the negligible difference of the Nernst Fe2+/Fe0

redox potentials (only 3.5 mV) in these two electrolytes.

3.1.1. Hydrogen reduction on vitreous carbon
The surface of vitreous carbon electrode is known to in-
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lectrode, and a silver–silver chloride reference elect
Cypress Systems microelectrode,E0

h = +0.222 V). The
orking electrode was prepared by polishing with s
essively finer grades of abrasive paper, followed by
olishing with 1 and 0.05�m alumina on a wet polishin
loth. The final step was polishing with dry 0.05�m
lumina on a coarsely sanded glass plate. The elec
as then sonicated briefly in deionized water to dislo

emaining alumina particles, and then dried in a str
f nitrogen gas. This method of preparation prov

he surface that is both electrochemically reproduc
tested by measuring the peak separation of ferrous/
yanide redox couple), and smooth (roughness close to
ms—root mean square), which is of importance for
ucleation studies. The electrochemical experiments
xecuted by a potentiostat/galvanostat (Ametek, PAR 2
ontrolled by a PC running the electrochemical softw
PAR, M270).

Surface morphology, cross-sectional and population
ity analysis, of iron deposits were characterized by at
orce microscopy (VEECO, Digital Instruments, Mo
anoscope IIIa-MultiMode, tapping mode in fluid).

. Results and discussion

.1. Cyclic voltammetry

In order to determine the characteristic potentials in
wo investigated iron systems, such as deposition pote
ibit hydrogen reduction even at highly negative poten
20], whereas a metal surface in the same potential re
an serve as catalytic site for hydrogen reduction. In ord
istinguish the hydrogen reduction on vitreous carbon

he hydrogen reduction on iron nuclei, a set of control
eriments without the initially present ferrous iron were

ormed (Fig. 1).
According toFig. 1a and b, at pH 2, the onset of hydrog

eduction is at−850 and−900 mV, in the sulfate and chlorid
olutions, respectively. There was no hydrogen evolutio
H 5, in either solution.

Fig. 1a and b shows that concurrent reduction of iron
ydrogen on vitreous carbon surface will take place on
H 2 solutions at potentials more negative than the indic
otentials (−850 mV for sulfate and−900 mV for chloride
olutions).

.1.2. Sulfate system
Fig. 1a and b shows the effect of scanning rate on cv a

and 5, respectively. The initial ocp at pH 2 was +150
hile at pH 5 this value was−70 mV. The position of the firs
athodic peakIc was pH dependent. Thus, at pH 2, the p
c formed at about−1200 mV, while at pH 5 it was betwe
1000 and−1100 mV (Fig. 2).
Peak Ic, which corresponds to iron deposition, was

uch higher magnitude in pH 2 than in pH 5 solutions, fo
hree scanning rates, the reason being the additional c
rom reduction of hydrogen ions(1):

H+ + 2e = H2ads (1)
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Fig. 1. Control cv’s recorded in iron-free (a) sulfate and (b) chloride solutions at pH 2 and 5. The axis break between−0.9 and−4 mA cm−2 in (a) is introduced
for clarity. Conditions: 0.5 M Na2SO4, or 0.5 M NaCl; scanning rate 20 mV s−1.

Hydrogen reduction in reaction(1), given in the most sim-
plified form, is followed by an eventual release of hydro-
gen gas bubbles. Because control cv at pH 5 (Fig. 1a), was
not characterized by a hydrogen reduction peak, an impor-
tant conclusion is that the reduction of hydrogen ions occurs
only on the formed iron nuclei. Evolution of hydrogen gas
bubbles was readily observed visually, especially for pH 2
solutions.

Upon the sweep reversal in the anodic direction, the cur-
rent became anodic at about−650 mV, for pH 2 solutions. It
then formed one anodic peakIa, which corresponds to oxi-
dation of deposited iron, and then diminished. At pH 5, the
current became anodic at around−850 mV, formed a small
anodic peak, and then remained anodic until the next poten-
tial reversal at +400 mV, indicating incomplete anodic dis-
solution of deposited iron. The equilibrium redox Fe2+/Fe0

potentials, determined from the half-peak potentials ofIc and
Ia, were−890 mV at pH 2 and−850 mV at pH 5.

The shape of anodic peaks at pH 2 and 5 indicates dif-
ferent iron speciation during electrodissolution. At pH 2,
the well-defined anodic peak and the absence of a subse-
quent anodic current indicates straightforward formation of
uncomplexed ferrous ions. On the other hand, the wavy and
ill-defined anodic peaks at pH 5 most likely appear due to
formation of the passive iron hydroxide film, implying that
reduction–oxidation pathway of iron involves formation of

hydroxide species[18]. Mechanisms behind the anodic peaks
will not be discussed any further since these are out of scope
of the present study. A reader should consult a significant
body of literature on the given subject elsewhere, for exam-
ple in Refs.[18,21].

Electrodeposition of iron was also verified by the AFM
study of the electrode surface at the characteristic crossover
potentials (Fig. 3a–d). For each cv, the electrode was imaged
at the potential, at which the current trace in the positive di-
rection crosses over the current trace in the negative direction
[22].

FromFig. 3a–d, it is apparent that the lower solution pH
results in the higher nuclei population density, a phenomenon
that will be further elaborated in the chronoamperometry sec-
tion. The absence of deposited metallic iron at pH 2 and
50 mV s−1, due to more negative onset of iron deposition
potential, correlates well with the absence of peakIa in the
corresponding cv.

3.1.3. Chloride system
Fig. 4a and b presents the cycling voltammograms in chlo-

ride systems.
In these systems, the initial ocp was +230 and−10 mV,

at pH 2 and 5, respectively. Only one cathodic peak,Ic, rep-
resenting the reduction of ferrous iron to metallic form, was
present at both pH 2 and 5. Compared to the sulfate system,

of sca
Fig. 2. Cyclic voltammograms of iron in sulfate system as a function
 nning rate at (a) pH 2 and (b) pH 5. Conditions: 0.005 M Fe2+, 0.5 M Na2SO4.
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Fig. 3. Electrode surface at the crossover potential at pH 2: 5 and 50 mV s−1, (a) and (b), respectively, and pH 5: 5 and 50 mV s−1, (c) and (d), respectively.
Conditions: 0.005 M Fe2+, 0.5 M Na2SO4; scale bar: 500 nm, image heights: 200 nm.

peakIc at pH 2 (Fig. 3a) was less obscured by hydrogen re-
duction current because the hydrogen ion reduction reaction
was shifted in a more negative direction. Consequently, at pH
2, the cathodic currents at the vertex potential (−1300 mV)
were lower in the chloride systems. Upon the sweep reversal
at −1300 mV the current became anodic at−625 mV and
formed a single anodic peakIa, representing the oxidation of
deposited iron.

At pH 5 (Fig. 4b), cathodic current traces were similar
to the current traces in the sulfate system. The hydrogen
ion reduction reaction started close to the vertex potential
(−1300 mV), as indicated by the second increase of cathodic
current towards the negative limit of the cv scans. Upon
the sweep reversal, the current became anodic at−880 mV,
formed the first anodic peakIa, and then one or two additional
anodic peaks, collectively labeled asIIa. The number of
anodic peaks at pH 5 depended on the scanning rate. Again,
no further attention was paid to the anodic branch of the
reactions.

The morphology of iron deposited from chloride solutions
was similar to the morphology of iron from sulfate solutions,
and for that reason not presented here. The only difference
was that the nuclei from chloride solutions were larger, and
with sharper defined contours.

3.2. Chronoamperometry

When the potential is stepped from open circuit to a po-
tential at which reduction of ferrous ions proceeds under dif-
fusion control, the initially formed iron nuclei define the dif-
fusion zones controlling further supply of ferrous ions. If the
nuclei growth results in an overlap of these zones a chronoam-
perometric peak, characteristic for nucleation, is produced.
The current beyond the peak becomes limited by the mass
transfer of ferrous ions to the electrode surface, as described
by the Cottrell equation[22]. Within the diffusion zone, the
growth of already established iron nuclei can continue, or new
nuclei can initiate on other nucleation sites. Current recorded

on of s
Fig. 4. Cyclic voltammograms of iron in chloride system as a functi
 canning rate at (a) pH 2 and (b) pH 5. Conditions: 0.005 M Fe2+, 0.5 M NaCl.
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Fig. 5. Chronoamperograms of iron nucleation from sulfate solutions as a function of pH, Fe2+ concentration, and deposition potential. All experiments
performed with 0.5 M Na2SO4 as a supporting electrolyte.

during the transition from a no-reaction state to a steady-
reaction state serves as an indicator of the type of nucleation
mechanisms.

The varied parameters of interest in chronoamperometric
experiments in sulfate and chloride systems were deposition
potential, concentration of ferrous ions, solution pH, and tem-
perature.

3.2.1. The sulfate systems
The chronoamperometry of iron nucleation from sulfate

systems was examined as a function of pH (pH 2 and 5),
ferrous sulfate concentration (0.001, 0.005, and 0.01 M Fe2+)
and deposition potential (Fig. 5a–f).

According toFig. 5a–f, chronoamperograms are strongly
affected by the solution pH. The most notable difference is
that the chronoamperograms at pH 2, for all three ferrous ion
concentrations, show: (1) broader and shifted to longer times
peaks, (2) that the mass-transfer limited current decayed
more slowly and could not be fitted by the Cottrell equation,
and (3) the later stages of ca became wavy for higher iron
concentrations. The above-listed features of chronoamper-
ograms at pH 2 are characteristic for a deposition process
accompanied by a simultaneous hydrogen ion reduction.
The shifting of peaks to longer times, compared to the peak
positions at pH 5, is indicative of the prolonged time required
f e to
t bles.

o-
g es
p ion.
A bles
a the
w imes.

In order to estimate the contribution of the hydrogen ion
reduction reaction, the peak current densities, chosen from
equipotential cas at pH 2 and 5, are plotted as a function
of iron concentration, as shown inFig. 6. Because the peak
currents are directly proportional to the concentration of
reacting species[23], it follows that the plot of peak current
densities versus concentration should extrapolate to the
origin if there are no parallel electrochemical reactions.

According toFig. 6, the peak currents of cas could be
extrapolated to zero for zero iron concentration only at pH
5, an indicator of the absence of hydrogen ion reduction in
the initial stages of nucleation, which was not the case at pH
2. It should be noted that the analysis relevant to the data

F taken
f
a

or the localized diffusion zones to overlap, possibly du
he interference by the surface adsorbed hydrogen bub

According to the earlier discussion of cyclic voltamm
rams inFig. 1a, at pH 2, hydrogen ion reduction tak
lace on iron nuclei simultaneously with iron deposit
ssociation of molecules of reduced hydrogen into bub
nd their screening of the electrode surface results in
avy appearance of the cas at the longer experimental t
ig. 6. Peak current density as a function of iron concentration. Data
rom cas inFig. 5a–f for pH 2 (solid symbols) at:−1350 and−1400 mV,
nd for pH 5 (open symbols) at:−1100, and−1150 mV.
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presented inFig. 6 is only a qualitative confirmation of the
accompanying cathodic reactions.

3.2.1.1. Morphology.The effect of iron concentration on the
morphology of deposited iron nuclei is represented by the
AFM images of the electrode surface after 10 s of iron depo-
sition (Fig. 7a–f). Each of the AFM figures is accompanied
by the corresponding nuclei height distribution histograms.
The height measurements were chosen to represent the nuclei
size (diameter) in order to avoid the tip-nucleus convolution.
Further clarification to be made is that the number of nuclei
used for size distribution determination is much larger (entire
scanned area encountered) than the number of nuclei shown
in the corresponding AFM images (typically a section cutout
from the scanned area).

According to Fig. 7a–f, for all investigated concentra-
tions, the nuclei deposited at pH 2 are of narrower size
distribution, concentrated around smaller average nuclei
size, than the nuclei at pH 5. Also, the increase of nuclei size
with the increasing iron concentration was more pronounced
at pH 5. Smaller nuclei sizes and narrower size distributions
at pH 2 can be related to the evolution of hydrogen bubbles,
most likely via electrode surface shielding effects causing

the localized variation of the free electrode surface and the
consequent current density. At pH 5, due to the suppressing
conditions for hydrogen evolution, the growth of iron nuclei
is unhindered, resulting in a broader nuclei size distribution.
So far, similar effect was observed only in the nucleation
studies of ferromagnetic metals, cobalt[24] and nickel[25].
On the other hand, Jartych et al.[15] found no pH effect on
the morphology of deposited iron; however, their study was
performed in a very narrow range (pH 1.9–2.4).

The morphology of iron nuclei as a function of deposition
potential is presented inFig. 8a–f. Accordingly, the more ca-
thodic deposition potential causes broader size distribution,
especially at pH 5. However, the pH was a more effective pa-
rameter than the deposition potential, as the nuclei deposited
from pH 2 solutions were of smaller size and narrower size
distribution than the nuclei deposited at pH 5. The dominant
role of pH can be explained by the above discussion on the
shielding role of hydrogen bubbles.

3.2.2. The chloride system
As for the sulfate systems, the chronoamperometry of

iron nucleation from chloride solutions was examined as a
function of pH (pH 2 and 5), ferrous chloride concentration

F
(
S

ig. 7. Effect of iron sulfate concentration on nuclei morphology at pH 2 an
h: mean height; S.D.: standard deviation). Conditions: deposition time 10 s
upporting electrolyte 0.5 M Na2SO4; scale bar 1�m.
d 5. Each AFM image has a corresponding nuclei height distribution histogram
; deposition potentials:−1400 mV at pH 2 (a–c), and−1150 mV at pH 5 (d–f).
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Fig. 8. Effect of deposition potential on morphology of iron nuclei deposited from solution at pH 2 (a–c) and pH 5 (d–f). Conditions: deposition potential (a)
−1300 mV, (b)−1350 mV, (c)−1400 mV, (d)−1100 mV, (e)−1150 mV and (f)−1200 mV; 0.005 M FeSO4; supporting electrolyte 0.5 M Na2SO4; scale bar
500 nm.

(0.001, 0.005, and 0.01 M Fe2+) and deposition potential
(Fig. 9a–f).

As a distinction from the sulfate systems, the effect of
pH on cas is characterized by the presence of two current
density peaks. The magnitude of the first peak depends only
on deposition potential, while the second peak appears to be a
function of the iron concentration,Fig. 9b and c. The observed
independence of the first peak on the iron concentration might
be masked by the current contribution from hydrogen ion
reduction (fixed at fixed pH). As for the sulfate systems, the
role of hydrogen ion reduction during electrodeposition of
iron from chloride solutions was also confirmed from the
peak current density vs. iron concentration plot (Fig. 10).

As expected, at pH 2 the linear fits had an intercept for zero
iron concentration, indicating hydrogen reduction as a paral-
lel reaction. At pH 5, the straight line fits with zero intercept
indicated no hydrogen ion involvement.

In order to confirm that the first ca peak, in addition to
hydrogen reduction, also includes the reduction of iron a
separate ca experiment for 2.8 s (end of the first peak in
Fig. 9c) was followed by AFM imaging of the electrode
surface (Fig. 11).

In Fig. 11, the electrode surface coverage with iron nuclei
confirms the existence of ferrous ion reduction reaction even
before the onset of the second peak.

Chronoamperograms with two peaks can seldom be
found in the literature. Two chronoamperometric deposition
peaks were observed by Arbib et al.[26], who studied
rhodium nucleation onto gold, and proposed that the first
peak was the result of a monolayer formation prior to
the bulk deposition of rhodium. With respect to iron,
electrodeposition studies were limited in number, and the
few found used galvanostatic methods of deposition to
prepare continuous iron films[9,13–15]. Discrete iron nuclei
in Fig. 11clearly show that the first peak cannot be assigned
to the monolayer formation. Instead, due to the absence
of two peaks in cas for the iron sulfate system (Fig. 5a–f),
it is highly suggestive that it is the presence of chloride
ions that could be responsible for the two peaks in chloride
solutions.

In order to examine the role of chloride ions, the con-
centration of the sodium sulfate supporting electrolyte was
sequentially replaced by sodium chloride, so that the concen-
tration of sodium sulfate decreased from 0.5 to 0 M, while the
concentration of sodium chloride simultaneously increased
from 0 to 0.5 M.

In the absence of chloride ions, the chronoamperogram
in Fig. 12 shows only one broad peak (curve 1). Upon
subsequent addition of chloride ions, the shape of the
chronoamperograms begins to change: the peak current
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Fig. 9. Chronoamperograms of iron nucleation from chloride solutions as a function of pH, Fe2+ concentration, and deposition potential. The iron concentrations
used were: 0.001 M Fe2+ (a and d); 0.005 M Fe2+ (b and e); 0.01 M Fe2+ (c and f). All experiments performed with 0.5 M NaCl as supporting electrolyte.

density becomes lower due to the suppressed hydrogen
reduction, and an additional peak appears.

According toFig. 9d–f, the presence of chloride ions at
pH 5 was ineffective, as the cas resembled those from sulfate
system at the corresponding pH.

3.2.2.1. Morphology.Morphological characterization of
electrodeposited iron nuclei as a function of solution pH and
iron concentration is presented in a series of AFM images in
Fig. 13a–f.

Accordingly, the iron nuclei deposited from chloride solu-
tions had somewhat broader height distribution, and slightly

F taken
f
a

larger average nuclei size, in comparison to the sulfate sys-
tem.

The effect of deposition potential on the morphology of
deposited iron nuclei is presented inFig. 14a–f.

The effect deposition potential in chloride solutions is very
similar to the described effect of deposition potential in sul-
fate solutions.

In general, there was very little difference between the
sulfate and chloride systems, for the corresponding pH, with
respect to the morphology (nuclei size and size distribution)
of iron nuclei.

3.2.3. Current efficiency during iron electrodeposition
The contribution from hydrogen reduction has to be

accounted for in the analysis of current transients in the
electrodeposition studies, especially if a metal deposition

F t pH 2.
C
s

ig. 10. Peak current density as a function of iron concentration. Data
rom cas inFig. 9a–f for pH 2 (solid symbols) at:−1250,−1300,−1100 mV,
nd for pH 5 (open symbols) at:−1150, and−1200 mV.
ig. 11. Electrode surface at the end of the first current density peak a
onditions: 0.01 M FeSO4; 0.5 M Na2SO4; Edep=−1300 mV; tdep= 2.8 s;
cale bar 500 nm.
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Fig. 12. Effect of chloride ion concentration on the number of peaks in
chronoamperograms at pH 2. Conditions: 0.01 M FeSO4; Edep=−1.3 V; pH
adjusted by dilute H2SO4.

potential is more negative than that of hydrogen ion reduction.
In this study, the current efficiency for iron deposition was
estimated by a non-destructive AFM/chronoamperometry
method, previously described in[24]. The method compares

the weight of iron calculated by using Faraday’s law to
the weight of iron calculated from the measured volume of
iron in the AFM images. The current efficiency results are
presented inFig. 15.

According toFig. 15, for pH 5 solutions there is a very
good agreement between the amount of deposited iron de-
termined from the integration of current transients and AFM
images, also indicative of high current efficiency. The large
discrepancy between the weight of iron determined by the
AFM and calculated by the integration of current transients
at pH 2, on the other hand, is caused by the large contribution
from reduction of hydrogen ions. The discrepancy is partic-
ularly large in the sulfate systems, indicative of a very low
current efficiency, estimated between 1% and 13%. In the
chloride systems, the estimated current efficiency is between
40% and 45%. The current efficiency analysis supports the
discussion on the role of hydrogen ions in the cyclic voltam-
metry studies, presented above.

The above current efficiency is drastically different from
those in industrial iron electroplating operations[1]. The dis-
crepancy is explained via several important distinctions, such
as the substrate, the electrodeposition voltage and the extent
of electrodeposition. Industrial conditions use iron, or other

F
(
s

ig. 13. Effect of iron chloride concentration on nuclei morphology at pH 2 a
h: mean height; S.D.: standard deviation). Conditions: deposition time 10 s
upporting electrolyte 0.5 M NaCl; scale bar 1�m.
nd 5. Each AFM image has a corresponding nuclei height distribution histogram
; deposition potentials:−1300 mV at pH 2 (a–c), and−1150 mV at pH 5 (d–f);
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Fig. 14. Effect of deposition potential on morphology of iron nuclei deposited from chloride solution at pH 2 (a–c) and pH 5 (d–f). Conditions: deposition
potential (a)−1250 mV, (b)−1300 mV, (c)−1350 mV, (d)−1100 mV, (e)−1150 mV, and (f)−1200 mV; 0.005 M FeSO4; supporting electrolyte 0.5 M NaCl;
scale bar 500 nm.

metallic substrate for electrodeposition, which invariably
result in much lower overvoltage requirements compared
to the electrodeposition on vitreous carbon. Furthermore,
the amount of current required for the nucleation stage is

Fig. 15. Weight of iron deposited from sulfate and chloride solutions at
pH 2 and 5, determined by integration of current transients and by AFM
image analysis. Conditions: iron concentration 0.005 M Fe2+; supporting
electrolyte 0.5 M Na2SO4 or 0.5 M NaCl; deposition time 10 s.

negligible compared to the amount of current required for
the electrodeposition of micrometer, or millimeter, thick
films, and as such not distinguished from the overall current
efficiency.

3.2.4. Effect of temperature
The morphology of iron deposits is strongly affected by

the solution temperature[1,9,15]. The effect of temperature
on the size and population density of electrodeposited nuclei
was investigated in the solution temperature range 5–55◦C,
in both sulfate and chloride systems (Fig. 16).

In the sulfate solutions, the population density of iron
nuclei increases with the increase in solution temperature,
moderately in the 5–45◦C temperature range, and then more
rapidly between 45 and 55◦C.

In chloride solutions, the population density shows a non-
linear, somewhat downward trend with temperature, with a
minimum at 25◦C. The initial decrease of nuclei population
density going from 5 to 25◦C could be related to desorp-
tion of chloride ions, which would allow for the growth of
already formed nuclei, instead of the formation of new ones.
The increase in nuclei population density from 25 to 55◦C
is probably the result of the contraction of the diffusion layer
due to thermal agitation, and the possible thermal activation
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Fig. 16. Effect of electrolyte temperature on nuclei population density of iron
deposited from sulfate and chloride solutions. Conditions: 0.005 M FeSO4

and 0.5 M Na2SO4; or 0.005 M FeCl and 0.5 M NaCl; deposition potential:
−1350 mV at pH 2;−1100 mV at pH 5.

of nucleation sites, which could also explain the effect ob-
served in the sulfate system.

The proposed mechanisms describing the unusual depen-
dence of nuclei population density on temperature require
further clarification. Although the effect of temperature on the
morphology of iron deposits was investigated earlier[9,15],
the studies were confined to the determination of crystallite
sizes in continuous iron films, and are therefore not compa-
rable to the results presented here.

3.2.5. Nucleation mechanisms
In order to determine the iron nucleation mechanisms, a

model developed by Scharifker and Hills[23] was applied

to the chronoamperometric data presented in Sections3.2.1
and 3.2.2. Instantaneous nucleation corresponds to a slow
growth of nuclei on a small number of active sites, all acti-
vated in the same time. Progressive nucleation corresponds
to fast growth of nuclei on many active sites, all activated
during the course of electroreduction[27]. In order to dis-
tinguish between the two mechanisms, chronoamperometric
data are plotted in reduced time–reduced current coordinates
and compared to the expressions for instantaneous and pro-
gressive nucleation, Eqs.(2) and (3), respectively:

i2

i2m
= 1.9542

t
tm

{
1 − exp

[
−1.2564

(
t

tm

)]}2

(2)

i2

i2m
= 1.2254

t
tm

{
1 − exp

[
−2.3367

(
t

tm

)2
]}2

(3)

where im is the current andtm is the time coordinate of a
chronoamperometric peak.

Chronoamperograms for the sulfate systems inFig. 5a–f
are presented inFig. 17a–f in reduced current–reduced time
coordinates, from which the nucleation models can be de-
termined by comparison to the theoretical equations(2) and
(3).

At pH 2, Fig. 17a–c, the iron nucleation mechanisms
f eri-
m rams,
t ed
c ssive
n om
t from
p e
n of an
i odel

F in. 5a–f a tial in
s ed line .
ig. 17. Reduced current–reduced time plots of chronoamperogramsFig
ulfate systems. Solid line: instantaneous nucleation model and dash
ollow the progressive model from the initiation of an exp
ent until the peak was just past on the chronoamperog

/tmax= 1.5. Whent/tmax is greater than 1.5, the reduc
hronoamperograms start to deviate from the progre
ucleation model, most likely due to the contribution fr

he hydrogen reduction reaction. Iron nuclei deposited
H 5 solutions (Fig. 17d–f), also follow the progressiv
ucleation mechanisms, but because of the absence

nterfering hydrogen reduction reaction, the reduced m

s a function of iron concentration, solution pH, and deposition poten
: progressive nucleation model. Conditions: 0.5 M Na2SO4 supporting electrolyte
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Fig. 18. Reduced current–reduced time plots of chronoamperograms fromFig. 9a–f as a function of iron concentration, solution pH, and deposition potential
in chloride systems. Solid line: instantaneous nucleation model and dashed line: progressive nucleation model. Conditions: 0.5M NaCl supporting electrolyte.

chronoamperograms fit the theoretical curve for progressive
nucleation in the entire investigated range.

For chloride systems, the reduced current–time chronoam-
perograms are presented inFig. 18a–f.

At pH 2, as the raw chronoamperograms had two peaks,
only the data corresponding to the first peak were used for fit-
ting, and for higher iron concentrations (Fig. 18a–c). Iron nu-
cleation followed progressive nucleation behavior. At pH 5,
the reduced chronoamperograms also followed the progres-
sive nucleation line, but deviated after passing the peak. Since
the hydrogen reduction reaction can be ruled out as a possi-
ble cause for deviation, other explanations have to be sought.
For example, Scharifker–Hills nucleation models were de-
veloped for the hemispherical type of nuclei, but this study
has found that the geometry of iron nuclei is cubic. Further,
inactivation of nuclei surface by adsorbed chloride species
(iron-hydroxy-chloride) could be another possible reason for
the negative deviation from the proposed theoretical models.
It was also observed that some chronoamperograms (0.001 M
Fe2+, pH 5) have high charging currents in the initial stages
of iron nucleation, which can persist up to the nucleation
peak and cause severe distortion of the initial segments of
chronoamperograms. The observed charging currents are a
consequence of charge accumulation in the double layer, as
polished vitreous carbon electrodes are known to have high
capacitance, increasing with the increasing of pH[28], in
a

3
cle-

a odel
i eters
c te of
a ee of

inhibition of nucleation sites. Because the population density
is a function of the rate of appearance of new nuclei, which
in turn is a function of the nucleation overpotential,η, as
N∝ η−2 [29], it follows that the existence of inhibition mech-
anisms can be tested by measuring the nuclei population

Fig. 19. Nuclei population densities as a function of nucleation overvoltage
for (a) sulfate and (b) chloride solutions at pH 2 and 5.
queous solutions.

.2.6. Nucleation rate
According to the above theoretical models, the iron nu

tion mechanisms follow the progressive nucleation m
n both sulfate and chloride systems. One of the param
haracteristic for the progressive nucleation is the ra
ppearance of new nuclei, which depends on the degr
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Fig. 20. (a) Schematic representation of three observed types of deposited iron nuclei, correlated to the crystallographic orientation of their (2 00), (1 1 0), and
(2 1 1) basal planes in bcc iron lattice, and (b) 5�m× 5�m AFM image of iron nuclei electrodeposited from the chloride system exhibiting the suggested
crystallographic orientations. Conditions: 0.005 M Fe2+, 0.5 M NaCl, solution pH 5; deposition at−1150 mV for 10 s; vertical scale 2500 nm; scale bar 1�m.

density as a function of overpotential, as given inFig. 19a
and b.

According toFig. 19a, the nuclei population density in the
sulfate system is overvoltage dependent only for deposition
from 0.001 M Fe2+ solution at pH 2. In the chloride system,
the dependency extends to all studied iron concentrations at
pH 2, and 0.001 and 0.005 M Fe2+ solutions at pH 5. The
non-zero slopes indicate inhibited nucleation, caused by the
screening of active nucleation sites effects, either by already
established diffusion zones, or by the hydrogen bubbles ad-
sorbed on the surface.

3.3. Crystallography of electrodeposited iron,
determined by AFM

Because of the small amounts of iron deposited in
chronoamperometric experiments and a strong background
signal of vitreous carbon, X-ray diffraction analysis of de-
posited iron was not possible. The growth of thicker iron
films was not considered as an alternative because after sec-
ondary nucleation of iron on iron and further grain growth,
the information on the initial crystallography of iron nuclei
would be lost. The solution was found in resorting to the anal-
ysis of atomic force microscopy images in order to determine
the possible crystallographic orientations of electrodeposited

iron on vitreous carbon. Iron nuclei in all of the AFM images
appear to be well defined and with sharp edges, which is in-
dicative of their single crystalline nature. This in turn enables
the determination of their crystallography by AFM. The aver-
age size of iron nuclei at the end of the chronoamperometric
experiments was between one hundred and several hundred
nanometers, and the most prominent difference between iron
nuclei deposited from chloride and sulfate solutions is that
the cubic nature of iron was strongly expressed in the chlo-
ride system. All nuclei deposited from chloride solutions at
both pH 2 and 5 were characterized by a distinct cubic shape,
stemming from the body centered cubic lattice of iron. The
body centered cubic (bcc) crystals of iron were found with
three different orientations with respect to the substrate sur-
face. Close examination of the AFM images of iron deposited
from the sulfate system also reveals three types of nuclei, but
with slightly tapered edges, which may indicate the appear-
ance of crystallographic planes with higher symmetries.

The three types of observed iron nuclei, as well as their
basal planes in relation to the bcc lattice of iron, are presented
schematically inFig. 20a. The top row schematically outlines
the simulated 3D appearance of each of the three types of
nuclei in the AFM image, with respect to the orientation of
the primitive cube. Note that the nuclei growing with the
(2 1 1) basal plane can appear in two forms, depending on
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the extent of their growth, as indicated in the schematics in
Fig. 20a. The related representative AFM image, containing
iron nuclei with all three observed crystallographic sym-
metries, is presented inFig. 20b. Crystallographic indices
of the basal planes of several nuclei, denoted with arrows,
are given, based on the AFM profiling analysis. Other,
non-marked nuclei in the image can also be categorized into
one of the three symmetries.

Calculations undertaken by Pangarov and Vitkova[30]
predicted these three crystallographic orientations of iron as
the most thermodynamically stable. While trigonal iron pyra-
mids observed by Heusler and Knoedler[8] correspond to the
nuclei with (2 1 1) basal plane, the tetragonal pyramids found
in their study are absent here.

4. Conclusions

Nucleation mechanisms of iron on vitreous carbon elec-
trode have been investigated comparatively from sulfate and
chloride solutions by the electrochemical techniques of cyclic
voltammetry and chronoamperometry, supported by the mor-
phological AFM studies. The following was found:

According to the cyclovoltammetric studies, the onset of
iron deposition was less negative in chloride solutions than
in sulfate solutions, and more negative at pH 2 than at pH 5.
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