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a b s t r a c t

FeMoP coatings with promising corrosion resistance properties were performed by using trisodiumni-
trilotriacetate(NTA) as chelating agent for Fe(III). The versatility of the bath to obtain uniform and pro-
tecting coatings over different substrates has been tested. The mechanism of electrodeposition of FeMoP
is the same than that of the FeMo one; over the different substrates tested, the Fe(III) complex reduces to
Fe(II), which, after some molybdenum oxide formation, catalyses the molybdenum oxides reduction,
leading to the binary FeMo or ternary FeMoP coatings. The incorporation of P in the amorphous films
(which implies a reduction of the grain size in the compact and uniform deposits) with significant
molybdenum percentage induces an improvement of the corrosion resistance properties. The FeMoP
coatings are promising coatings for corrosion resistance, with much lower environmental impact than
hard chromium or cobalt-base films.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Molybdenum containing alloys have been proposed as
improved materials respect to pure Fe, Co and Ni coatings for
different applications, because molybdenum modulates the mag-
netic properties of the ferromagnetic metals [1], the corrosion
resistance or the hardness of the coatings [2] and confers catalytic
properties for determined reactions [3,4]. The mechanism of MMo
electrodeposition (M¼ Fe, Co, Ni), which occurs trough induced co-
deposition, has been studied over different substrates [5e8] using
electrolytic baths containing citrate and boric.

On the other hand, the introduction of P in different metallic
films usually improves the characteristics of the deposits [9,10].
Therefore, nanocrystalline CoP alloys have been proposed for the
replacement of electro-plated hard chromium coatings in the
aeronautic industry [11,12]. For iron or iron-based alloys, a low
proportion of P in metallic deposits induces a nanocrystallinity of
the deposits and, therefore, an improvement of the corrosion
resistance, magnetic and catalytic properties, hardness and
ductility of the metal or alloy films [9e15].
Binary FeMo films have been proposed as catalysts for methanol

oxidation [16] or hydrogen electrogeneration [17]. In these works,
significant molybdenum percentage in the alloy was attained in
order to enhance the catalytic properties, but the preparation
method implies mixing methods or electrodeposition ones in
aggressive sodium hydroxide solution. We propose here 1) the
electrochemical synthesis of both FeMo and FeMoP films over
different substrates, by analyzing the versatility of the electrolytic
bath selected 2) the preparation of uniform binary and ternary
films that present a good corrosion resistance, in order to extend
the applicability of the iron molybdenum based coatings. The in-
terest is the use of a stable electrolytic bath, containing anions that
can't be reduced during the coating formation, with alkaline pH in
order to minimize simultaneous hydrogen evolution, with much
lower environmental impact that hard chromium or cobalt alloys
baths, for synthesized protecting coatings of different metallic
materials. The alloy of iron with molybdenum and phosphorous is
proposed due to the chemical resistance and low pitting tendency
[18].

Some authors have prepared FeMo coatings by means of elec-
trodeposition [19e21] from acidic citrate solutions, but the use of
these electrolytic baths implies some simultaneous reduction of
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both citrate and protons, as the manner that the deposits can result
carbonated and hydrogenated. FeMo, FeMoP and FeWP electrode-
position baths containing NTA (Nitrilotriacetic acid trisodium salt
monohydrate) as complexing agent to Fe(III) ion were proposed by
Carlos et al. [22,23] as an alternative to citrate anions, which can be
reduced at the cathode, leading to decomposition of the bath, as
reported previously. Potentiometric studies showed that these
baths were stable at pH ~8 and that the formation of FeMo and FeW
based alloys is possible over noble metal (platinum electrode).
From these preliminary studies, the aim of the present work is to
test the versatility of the proposed alkaline bath, containing NTA as
complexing agent, to electrodeposit FeMo and FeMoP coatings over
different types of substrates, in order to obtain compact, uniform,
non-cracked deposits with a good corrosion resistance. P incorpo-
ration should improve the corrosion resistance of the deposits,
favouring its nanocrystallinity or amorphous structure.

2. Experimental

The proposed electrochemical baths to perform FeMo and
FeMoP electrodeposition consists in 0.033M FeCl3$6H2O þ
0.0385M Na2MoO4$2H2O þ 0.176M NTA (FeMo bath) and 0.033M
FeCl3$6H2O þ 0.0385M Na2MoO4$2H2O þ x Na2H2PO2$6H2O, with
x ¼ 0.0165M (FeMoP-1bath) and x ¼ 0.0495M (FeMoP-2 bath). The
pH of each solution was adjusted down to 8.0 with HCl. All the
reagents were of analytical grade and the water was purified by
means of a Millipore MilliQ system. Fe(III) salt was selected in order
to improve the durability of the bath respect to solutions containing
Fe(II). NTA at alkaline pH was selected as an alternative to acidic
citrate solutions; the NTA has a similar structure that Ethyl-
enediaminetetraacetic acid (EDTA), used in Ag-Zn [24], Zn-Fe [25]
or Zn-Cu [26] electrodeposition. At the selected pH, good solubil-
ity of the different components is attained and the simultaneous
hydrogen evolution during the electrodeposition is minimized.

Speciation study using the Hydra-Medusa software [27] was
performed for the selected concentrations in order to know the
electroactive species at the solution pH.

Different working electrodes have been selected: Cu and
graphite disks (0.5 cm2), steel disk (0.78 cm2) and Si/Ti (15nm)/Cu
(100nm) substrates (0.25 cm2). A Pt plate and a Ag/AgCl,
3.0 mol L�1 KCl electrode, Eo ¼ 0.210 V, with an appropriate Luggin
capillary, were employed as auxiliary and reference electrodes,
respectively.

Voltammetric studies and potentiodynamic curves were recor-
ded with a microcomputer-controlled AUTOLAB potentiostat/gal-
vanostat PGSTAT 30 equipment and processed with GPES software.
All experiments were carried out at room temperature (25.0 �C).
Field-emission Scanning Electron Microscope (SEM) photographs
were obtained with JEOL JSM 6510 equipment. Semi-quantitative
chemical analysis of the electrodeposits was performed by means
of Energy-Dispersive X-ray Spectroscopy (EDS), by using Oxford
Microanalysis System INCA software. Corrosion resistance experi-
ments were performed in non-deoxygenated 0.1M Na2SO4 solu-
tions at (25 ± 1)

�
C. Impedance measurements were carried out

using a conventional Tait [28] type three-electrode cell with 80 mL
electrolyte solution. Sodium sulphate has been selected for corro-
sion test experiments in order to evaluate the generalized corrosion
of the deposited films, avoiding the pitting effect of the chloride
ions on the coating. Coated substrates were used as working elec-
trodes, and they were fixed at the bottom of the electrochemical
cell. The counter electrode was a Pt grid, and the potentials were
referred to an aqueous Ag/AgCl/KCl 3 M reference electrode con-
nected to the working solution through a Luggin capillary.

The corrosion resistance of samples was evaluated by polariza-
tion curves, open circuit potential (EOCP) measurements, Tafel
experiments and electrochemical impedance spectroscopy (EIS).
Potentiodynamic polarizations were performed after EOCP moni-
toring with a minimum of 2 h until attaining the steady-state po-
tential (Ess). A scan rate of 0.1mV/s beginning at�0.300 toþ0.300 V
vs. Ess was used. EIS and EOCP were monitored from 1 h until 48 h of
immersion. EIS measurements were performed in the frequency
range from 100 kHz to 5 mHz, by applying a sinusoidal potential
perturbation of 10 mV rms on EOCP with 10 points/frequency
decade. Tafel experiments were performed in the AUTOLAB
equipment. All EIS experimental data were tested for consistency
with the Kramers-Kronig transform and only those points that
passing in the test are presented and discussed in the paper. For
quantitative analysis of the EIS responses, the Electrical Equivalent
Circuit (EEC) theory using the Z-view® program was employed.

XRD patterns were recorded with Cu Ka radiation (1.5406 Å),
using a X-ray generator equippedwith a goniometer, in 2q scanning
mode (from 2q ¼ 10.0� to 120.0� in steps of 0.033

�
and a time per

step of 600 s).

3. Results and discussion

3.1. Electrodeposition process steps

The electrodeposition process of the FeMo and FeMoP systems
has been investigated mainly on copper substrates, in order to
minimize hydrogen evolution during the deposition, although
studies on graphite or steel have been also performed to generalize
the different stages of the process and the characteristics of the
coatings.

In order to define the potential range to induce the formation of
the alloy deposits, voltammetric study was performed. Cyclic vol-
tammetry of blank solution (B bath), blank solution containing the
complexing agent (B-NTA bath), iron-NTA solution (Fe-NTA bath),
FeMo-NTA solution (FeMo bath) and FeMoP-NTA solution (FeMoP-1
bath) (Table 1) were recorded and compared to identify the
different peaks and to detect the stages of the electrodeposition
processes. Additional experiments in graphite or steel substrates
have been also performed to generalise the deposition process and
clearly identify some of the reduction peaks.

Blank solution (B bath) on a copper electrode shows the onset of
the water reduction at around �1.4 V and the copper oxidation, in
the anodic branch, at 0.2 V (Fig. 1a, continuous line). When the
complexing agent was added to the solution (B-NTA bath), a
reduction peak was detected (�1.3 V) of the initial reductive atomic
hydrogen formation, before massive water reduction (Fig. 1a,
dashed line). In the anodic scan, an oxidation peak at �0.2 V is
observed, of some molecular hydrogen retained on the electrode,
before the copper oxidation, that now is advanced. In Fig. 1b the
increase of the anodic peak when the cathodic limit is more
negative is detected; also, this oxidation peak is not detected when
the potential was scanned from the start potential to positive values
or when solution is stirring during the scan, corroborating the
assignation of molecular hydrogen adsorption.

The solution containing the Fe(III) salt in the presence of NTA
(Fe-NTA bath), and therefore the [Fe(NTA)2]3�complex accordingly
to the speciation study [22], shows a first reduction current from
the start potential (�0.2 V), assigned to the Fe(III)/Fe(II) process,
and posterior iron deposition, simultaneous to massive hydrogen
evolution at very negative potentials (Fig. 2, dotted line). In the
anodic scan, the peak corresponding to the oxidation of iron de-
posit is observed at around�0.9 V. When the solution contains also
the molybdate salt (FeMo-bath), a new reduction peak (proposed as
molybdate reduction) appears after the Fe(III)/Fe(II) stage, and the
deposition process, now of the FeMo induced codeposition,
advanced (Fig. 2, dashed line). A new oxidation peak, at



Table 1
Composition of the electrolytic baths used during the study. In all cases, the solution's pH is 8.

Electrolytic bath [NaCl]/M [Na2SO4]/M [FeCl3]/M [Na2MoO4]/M [NTA]/M [Na2H2PO2]/M

B 0.0099 0.0385
B e NTA 0.0099 0.0385 0.176
Fe-NTA 0.0385 0.0033 0.176
FeMo 0.0033 0.0385 0.176
FeMoP-1 0.0033 0.0385 0.176 0.0165
FeMoP-2 0.0033 0.0385 0.176 0.0495

Fig. 1. Voltammetric curves at 10.0 mV s�1 on copper substrate of (a) B solution (solid
line), B-NTA solution (dashed line-starting with cathodic scan, dotted line-starting with
anodic scan); (b), B-NTA solution, effect of the final deposition potential (Ef): �1.30 V
(solid line), �1.50 V (dotted line) and �1.80 V (dashed line).

Fig. 2. Voltammetric curves at 10.0 mV�1on copper substrate in:B-NTA solution (solid
line), Fe-NTA solution (dotted line) and FeMo solution (dashed line).
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around�0.4 V, appeared. We propose that this peak corresponds to
the FeMo alloy oxidation. The shift of the FeMo oxidation peak
respect to the Fe oxidation one in the voltammetry allows to expect
the more difficulty of the alloy oxidation respect to the pure metal
(Fe) one. Fig. 3a demonstrates that alloy formation only occurs after
themolybdate reduction peak andwe assign, therefore, in the FeMo
bath, the first reduction peak (C1) to Fe(III)/Fe(II), the following
peak (C2) to molybdate reduction and posterior reduction current
to simultaneous Fe deposition, induced Mo deposition and,
consequently, FeMo alloy formation.

The incorporation of the phosphorous salt (FeMoP-1 bath) did
not significantly modify the voltammetry profile (Fig. 3b), which
indicates a similar deposition stages in the P-containing solution.
In order to corroborate the assignation of the C1 peak to the
Fe(III)/Fe(II) reduction process, graphite electrode was used. In
Fig. 4, the oxidation peak of Fe(II) to Fe(III) is clearly seen,
completing the typical profile of the Fe(III)/Fe(II) couple.

Lastly, the voltammetry study of both FeMo and FeMoP baths
systems demonstrates that the different stages of the alloy elec-
trodeposition process are the same over different substrates (Fig. 5).

After defining the different potential zones in the voltammetry
study, potentiostatic reduction was performed to detect and iden-
tify the possible deposits in each potential zone. A charge density in
the range 5e100 Ccm�2 was applied. Fig. 6 shows the chro-
noamperometric reduction curves at three potentials: �0.4 V (in
the C1 peak), �1.1 V (in the C2 peak) and �1.8 V (at potentials more
negative than C2 peak) and the corresponding SEM images of the
electrode after the reduction. The SEM pictures of the electrode
after the reduction and the EDX analysis of the electrode surface
demonstrates that deposit was not formed at potentials assigned to
the Fe(III)/Fe(II) reduction because Fe and Mo were undetected.
However, a cracked flat morphology, typical of electrodeposited
molybdenum oxides [29] forms at potentials in the C2 zone,
corroborated by the detection by means of EDX of only molybde-
num and oxygen. Finally, the reduction at potentials more negative
than those of the peak C2 leads to FeMo nodular compact deposits,
in which Fe and Mo were clearly detected.

3.2. Preparation and characterization of FeMo and FeMoP deposits

Defined the potential zone in which FeMo and FeMoP deposits
can be formed, the influence of the substrate and deposit's thick-
ness on the properties of the films has been analysed. Different
configuration of the electrodes was used as a function of the type of
substrate:When copper, steel or graphite electrodes were used; the
metal or graphite rodwas embedded in a Teflon support and placed



Fig. 3. Voltammetric curves at ¼ 10.0 mV�1 on copper substrate in: (a) FeMo bath,
effect of the final deposition potential (Ef): �0.90 V (solid line), �1.30 V (dotted line)
and �1.80 V (dashed line); (b) FeMo bath (solid line) and FeMoP-1 bath (dashed line).

Fig. 4. Voltammetric curves at 10.0 mV�1 in FeMo bath performed on copper (dashed
line) and graphite substrate(solid line).
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in parallel to the solution surface, either in the top or in the bottom
of the solution. However, when Si/Ti/Cu pieces were used as sub-
strates, they were placed perpendicularly to the solution surface.
Similar deposits were obtained in all case, although in the parallel
configuration small hydrogen bubbles (formed as a consequence of
some simultaneous hydrogen evolution) were more easily retained
than in the perpendicular configuration.

Figs. 7 and 8 show representative chronoamperometric curves
of the binary and ternary iron alloys electrodeposition for two of
the substrates selected and the corresponding morphology of the
deposits prepared. Similar shape of the chronoamperometric
curves was observed for FeMo or FeMoP electrodeposition. After
the nucleation and growth stage, current density gradually in-
creases as a consequence of an increase in the roughness of the
deposits. Table 2 shows the composition of the deposits prepared at
different potentials (from �1.3 V to �1.8 V) on the substrates
tested; from the values obtained we can extract the following
conclusions: 1) FeMo and FeMoP coatings can be formed over
different substrates at potentials more negative than the peak C2;
2) Low variation of the deposits composition as a function of the
potential applied is observed, which favours the proposal of the
NTA selected bath to be applied in industrial conditions; in all cases
the deposits contain significant molybdenum percentage, with an
average stoichiometry of FeMo0.6; 3) the deposits between 1 and
4 mm (charge density 100e500 Ccm�2) maintain its composition,
and 4) the composition obtained, for a fixed potential, is low
dependent of the substrate; only in the case of steel substrates, an
increase of the iron percentage respect to that of the other sub-
strates is obtained, probably as a consequence of the greater affinity
between the iron-containing coating and the substrate, which can
favour the iron deposition. Moreover, the electrodeposition
allowed incorporating phosphorous in the alloy and the P per-
centage in the deposits can be increased as the hypophosphite
concentration increases. The P presence leads to an improvement
in the morphology uniformity and a decrease in the grain size for
moderate deposition charges (corresponding to deposits until
5 mm). However, a drastic increase of the deposition charge leads to
less uniform andmore dendritic coatings. Similar uniform deposits,
rich in molybdenum, can be obtained over different substrates (Cu,
Si/Ti/Cu, graphite, steel) which will allow the use of the proposed
electrolytic bath over several nature of metallic pieces.

The crystalline structure of the deposits was analysed by means
of X-Ray diffraction experiments in order to complete the deposits
characterization and interpretation of the corrosion tests. The
structural characterization was difficult when deposits were pre-
pared over rod substrates of platinum, copper, steel or graphite,
because the diffraction peaks of the own substrates masks the
deposit profile. For this, Si/Ti(10nm)/Cu(100nm) pieces were also
used to prepare the alloy deposits in order to minimize the deposit/
substrate ratio. Fig. 9 shows that similar deposits, both in
morphology and composition were obtained for the same deposi-
tion potential applied. Therefore, high deposition charge
(500 C cm�2) and Si/Ti/Cu substrates were selected to characterize
the crystalline structure of both FeMo and FeMoP films.

The X-ray diffractograms of both FeMo and FeMoP deposits
present mainly the peaks corresponding to the (111) and (222)
reflections of the copper seed layer (observed peaks at 43 and 95.5 �

2q), which indicates that the copper seed layer present a clear
preferred orientation, the titanium peaks (at diffraction angles
lower than 40 � 2q, and the silicon peak at around 70 � 2q (Fig. 9,
upper part). No clear peaks assigned to the alloy coatings are
observed, even the high thickness of the deposit respect to that of
the seed layer, which allows proposing the formation of non-
crystalline deposits. However, the presence of the coating justifies
the high background in the diffractograms respect to those of the



Fig. 5. Voltammetric curves at ¼ 10.0 mV�1on different substrates in FeMoP-2 bath: (a) steel; (b) copper; (c) graphite; (d) platinum and (e) Si/Ti/Cu.

Fig. 6. SEMmicrographs and EDX composition for FeMo bath in Copper substrate of Fe-
Mo electrodeposits obtained at (a) �0.40 V, qd 5 Ccm�2; (b)�1.10 V, qd 20 Ccm�2 and
(c)�1.80 V, qd 100 Ccm�2.

Fig. 7. SEM micrographs and EDX composition of deposits obtained at �1.8 V in FeMo
bath ((a) 100Ccm�2, (c) 500Ccm�2) FeMoP-2 bath ((b) 100Ccm�2, (d) 500Ccm�2) over
steel substrate.
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Fig. 8. Chronoamperometric curves, at �1.8 V on Si/Ti/Cu substrates, of the electro-
deposition in FeMo (black line), FeMoP-1 (dark grey line) and FeMoP-2 baths (grey line).
SEM images and composition of the deposits obtained at charge density of 100Ccm�2

((a), (b) and (c)) and 1000Ccm�2((d), (e)).
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substrate, as a consequence of the iron absorption. Amorphous
signal is detected as a wide band partially masked by the presence
of the (111) peak of copper. In order to corroborate the presence of a
wide band corresponding to the FeMo and FeMoP amorphous
coatings, X-ray diffractograms of two copper pieces, before and
after the electrochemical deposition of the FeMo and FeMoP coat-
ings were recorded, with high statistics, in the 30e110 � 2q range. A
full profile analysis of the experimental data in the 30e60 � 2q
range was performed using pseudo-Voight functions, by consid-
ering the presence of three diffraction peaks in this �2q range for
the deposited films: the peaks 111 and 200 of the copper substrate
and a wide peak assigned to the coatings. The parameters of the
adjusted peaks in the X-ray profiles of the substrate before the
deposition were used to adjust the X-ray profile when the coating
was formed on the substrate. Fig. 9 (lower part) shows the good
concordance of the experimental and adjusted profiles taking into
account the presence of a wide band assigned to the amorphous
Table 2
Composition of FeMo and FeMoP deposits obtained at different potentials over several s

Electrolytic bath Substrate E/V

FeMo Copper �1.8
Graphite
Si/Ti/Cu

Steel

FeMoP-1 Copper �1.8

�1.5

�1.3

Si/Ti/Cu �1.8
FeMoP-2 Cu �1.8

�1.5

�1.3

Si/Ti/Cu �1.8

Steel
coatings, both in FeMo (A) and in FeMoP (B) deposits.

3.3. Corrosion tests

3.3.1. Potentiodynamic polarization
From the potentiodynamic curves, corrosion potential (Ecorr)

and current density corrosion (jcorr) were evaluated. The protocol
for corrosion resistance analysis has been carefully selected in order
to obtain the more adequate response. Different replicas of the
assays were performed in each condition.

Fig. 10 shows representative potentiodynamic curves, in loga-
rithmic form, of the FeMo and FeMoP coatings prepared on Si/Ti/Cu
substrates. The presence of P in the deposits shifts the corrosion
curves to less negative potentials, improving the corrosion resis-
tance. The anodic part of the curves reveals some passivation of the
surface in the ternary alloy, as a consequence of the superficial
oxides formation. Table 3 shows the promising values of Ecorr and
jcorr in each case. The P-containing alloy really enhances the
corrosion resistance tendency.

3.3.2. Long term immersion test
To further evaluate the long-term corrosion resistance of de-

posits electrochemically prepared, the changes in EOCP and EIS
characteristics as a function of immersion time were carried out.
EOCP of the substrate (not shown) was 0.01 V in the first hour of
immersion, stabilizing after 24 h of immersion, at 0.03 V (Fig. 11).
This slight potential increase is assigned to the formation of copper
oxides on the surface of the material [30]. EOCP behavior of the
coatings was completely different from the substrate. At 1 h of
immersion the potential values were EOCP ¼ - 0.49 V (FeMo) and
EOCP ¼ - 0.46 V (FeMoP), slightly more positive for the FeMoP
coating, which suggest the improvement of the coating by intro-
duction of some phosphorous in the deposits. The evolution of the
EOCP with the immersion time in the test solution reveal low change
(especially for the FeMoP coating) from 2 to 10 h of immersion.
After that, the value gradually evolves (EOCP ¼ � 0.13 V (FeMo) and
EOCP ¼ � 0.04 V (FeMoP) after 24 h, and finally to 0.03 V after 48 h of
immersion) to the value corresponding to that of the substrate. This
indicates that coatings has slightly deteriorated after 10 h
ubstrates.

q/C cm�2 Deposit composition

wt% Mo wt% P

100 55 e

100 48 e

100 58 e

1000 31
100 33
500 48
100 57 0.2
500 53 0.2
100 53 0.1
500 48 0.1
100 49 0.1
500 49 0.2
100 49 0.2
100 56 0.4
500 55 0.4
100 52 0.3
500 48 0.3
100 47 0.4
500 47 0.4
100 56 0.5
1000 33 0.5
100 34 0.4
500 49 0.4



Fig. 9. X-ray diffractogram of FeMo (55 wt% Mo) and FeMoP (55 wt% Mo, 0.4 wt% P) coatings of 4 mm, prepared over Si/Ti/Cu substrates (upper part) and the setting profiles of the
coatings obtained on copper substrates (lower part): (A) FeMo and (B) FeMoP coating.
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immersion and breaks down at 48 h immersion, owing to the se-
vere galvanic corrosion between deposits and the substrate [31].

Fig. 12 shows the EIS plots for the coatings with different im-
mersion time in Na2SO4 0.1 M. Nyquist diagram for FeMo coating
(Fig. 12(a)) shows a gradual reduction of the diameter of capacitive
arc with the immersion time, attributed to the decreased of the
corrosion resistance. Bode ɸ versus log (f) diagrams show one time
constant in the low frequency/middle frequency region with an
average maximum at ~0.6 Hz (�68�), although the asymmetry of
this plot indicates the presence of more than one time constant. On
the contrary, the Nyquist diagrams of FeMoP coating show a
gradual increase in the capacitive arc with immersion time until
24 h, while the Bode diagram ɸ vs. log f shows an increased in the
phase angle ~0.12 Hz (�59�) to ~0.12 Hz (�68�) in the first hours of
immersion (Fig. 13). This suggests that a passive film (corrosion
products) is formed on the surface of the FeMoP coating during the
initial immersion period, which improves the corrosion resistance,
as it has been also detected in the potentiodynamic curves. It has
been reported that a passive film consisting of oxides and hy-
droxides can be formed in ternary iron base electrodeposited [32],
decreasing the corrosion rate. Therefore, the incorporation of P in
the alloy really improves the durability of the coating. However, at
long immersion time (48 h), Nyquist diagrams for both FeMo and
FeMoP electrodeposited coatings show the characteristic diffusion
behavior, and Bode diagrams show an asymmetrical response with
a decreasing in the phase angle ~49 Hz (�48�), although the
asymmetry of this plot indicates the presence of more than one
time constant. The high-middle frequency time constant is attrib-
utable to the impedance in the porous of coating, while the low-
middle frequency time constant can be related to the oxidation of



Table 3
Corrosion parameters obtained from Fig. 10.

Coating Ecorr/V jcorr/mA cm�2

FeMo �0.509 3.1
FeMoP �0.428 3.4

Fig. 11. Open circuit potential vs. time for deposits prepared over copper substrate
at �1.8 V in FeMo and FeMoP-1 baths, measured in aerated and unstirred 0.1 M Na2SO4

solution until 48 h of immersion at 25 �C.

Fig. 12. (a) Experimental (symbol) and fitting (solid line) Nyquist and (b) Bode -ɸ
versus log (f) plots for FeMo coatings (�1.8 V, 100 Ccm�2) until 48 h of immersion in
0.1 M Na2SO4 solution at 25 �C.

Fig. 10. Potentiodynamic curves in 0.1 M Na2SO4 solution at 0.1 mV s�1, in logarithmic
format, of the FeMo and FeMoP coatings electrodeposited (at �1.8 V, 100Ccm�2) in
FeMo and FeMoP-2 baths, respectively, on copper substrate.
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metals from coating (corrosion process) [33], which implies that
the passive film is now deteriorate and the electrolyte penetrates
into the coating to interact with copper substrate.

Figs. 12 and 13 also show the fitting curves when the EIS results
were analyzed using the electrical equivalent circuit (EEC) method,
resulting the equivalent circuit shown in Fig. 14. Z-view® program
was employed for quantitative analysis of the EIS responses. The
circuit was chosen taking into account the structure of the samples
and the best fitting for the experimental values, giving a lower
residual error in each parameter of the equivalent circuit. The
suitability of the proposed EEC was indicated by the sum of Chi-
squared deviations (c2) value around 10�3 with relative low stan-
dard errors (<10%) of each parameter (Table 1S Supplementary
material), as well as the good agreement between the fitted and
experimental EIS diagrams. The fitting was performed using an EEC
similar to that previously suggested for electrodeposited coatings
[31,33]. Rs refers to the solution resistance, CPEcoat and CPEdl are
used, respectively, as the coating's capacitance and the double layer
capacitance originated by the electrochemical corrosion at sample
surface [31]. Rcoat represents the resistance of the coating, and Rct
(charge transfer resistance) the resistance at the electron transfer
during the electrochemical reaction.

For the analysis of corrosion resistance of the coatings, the Rct
values were plotted with the increase of the immersion time
(Fig. 14). The FeMo coating shows a fast Rct decrease in the initial
24 h, due to its anodic dissolution. The FeMoP coating shows a Rct
almost stable until 24 h and the fast decrease occurred only after 48
of immersion. The analyses of EIS results showed that the two
coatings were effective barrier for substrate protection and, for
FeMoP coating, the formation of oxides on the surface leads to a
greater barrier effect until 24 h of immersion time. These results are



Fig. 13. (a) Experimental (symbol) and fitting (solid line) Nyquist and (b) Bode -ɸ
versus log (f) plots obtained for FeMoP (�1.8 V, 100 Ccm�2, FeMoP-1 bath) coatings until
48 h of immersion in 0.1 M Na2SO4 solution at 25 �C.

Fig. 14. Electrical equivalent circuit used to fit the EIS data of Figs. 12 and 13 and
resulting RCT values.
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in agreement with others works that described that ternary iron
base electrodeposits show better corrosion resistance than binary
electrodeposits [32,33].
4. Conclusions

The electrodeposition using the NTA chelating agent allows the
electrodeposition of the FeMo and FeMoP alloys by means of a
stable environmentally friendly electrolytic bath, additives-free, in
alkaline medium at room temperature. The study of the electro-
deposition process allowed us to select the electrodeposition po-
tentials leading to FeMo and FeMoP coatings over different
substrates (copper, graphite, steel, Si/Ti/Cu) as the manner that the
bath is enough versatile to work over several materials. The bath
used allows the induced co-deposition of iron and molybdenum,
leading to significant molybdenum percentages (around 50 wt%),
and phosphorous incorporation (<1 wt%) in the form of compact,
fine-grained deposits with amorphous structure and promising
corrosion resistance. The low variation of the composition as a
function of the substrate, charge density and potential
demonstrates the promising industrial usability of the developed
bath. Non stirring conditions are required because the composition
maintains with the thickness of the deposits. Although the P per-
centage in the deposits is low, its presence significantly improves
the performance of the protective coating by favouring the
compactness of the films and the formation of passivating layer
that hinders the generalized corrosion.
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