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Chemical composition of Fe—Mo alloys obtained by electrodeposition
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Iron-molybdenum alloys prepared by electrodeposition from ammonia-citrate solutions contain iron and molybdenum in metallic

states and a large amount of sorbed hydrogen.

The electrodeposition of alloys is important for modern chemistry. !
Iron-molybdenum alloys were used as catalysts in practically
important processes such as hydrocarbon conversion,? methanol
oxidation to formaldehyde?® and NO reduction.* Fe-Mo cathodes
can also be used for electrochemical hydrogen evolution.> Electro-
chemical methods can be applied to the production of Fe-Mo
alloys.”8 A hypothesis had been made® suggesting that a surface
film consisting of molybdenum oxides is formed at the cathode
during the initial electrolysis stages, which is an essential pre-
requisite for alloy electrocrystallization. Due to the formation
of molybdenum oxides, the deposits obtained at early electrolysis
stages contain high quantities of Mo. The aim of this work was
to examine the formation of Fe—-Mo deposits from ammonia-
citrate solutions, which make it possible to obtain coatings with
high molybdenum content.

The Fe—Mo alloy was electrodeposited on the surface of copper
and steel samples in the potentiostatic and galvanostatic modes
from the solutions containing Fe,(SO,);-9H,0 (0.10 mol dm3),
Na,Mo0,-2H,0 (0.04 mol dm™), citric acid (0.28 mol dm™),
and NH,CI (0.20 mol dm3) at pH 3.0. The solutions prepared
from Fe' salts were unstable because of oxidation of Fe'' citrate
complexes by Mo"!' compounds. Due to this phenomenon all solu-
tions applied for Fe-Mo electrodeposition were prepared from
Fe'™ compounds. Baths containing Fe™ complexes were described
earlier.'>!! Potentiostatic studies were carried out in a three-
electrode electrochemical cell, the working electrode potential
was measured vs. an Ag/AgCl reference electrode. All potentials
are given vs. a standard hydrogen electrode (SHE). An electrode
from platinized titanium was used as an anode. The cathode and
anode compartments were separated using a Nafion® membrane.
During the electrodeposition process, we recorded the dependence
of the current flowing through the electrode on electrolysis time
(at E = const). The chemical compositions of the cathode deposits
were determined by their dissolution in concentrated nitric acid
and the analysis of the solution obtained by inductively coupled
plasma atomic emission spectroscopy (ICP AES); the average
thickness of deposits was 10 pm. The chemical compositions of
the surface layers and the valence states of the elements in them
were determined by X-ray photoelectron spectroscopy (XPS)
(AlKa radiation), the identification of spectra was performed
according to a published procedure.!? The phase composition
was determined using X-ray diffraction (XRD) analysis (CuKoa
radiation); a diffracted-beam graphite monochromator was used
to minimize the contribution of fluorescent radiation.

The electrochemical deposition of the Fe—-Mo alloy is possible
only at potentials more negative than —-0.92 V. At E<—-0.95V, the
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Table 1 Current efficiencies of iron and molybdenum deposition and
hydrogen evolution at different electrode potentials.

Current efficiency (%)

-E/IV

Fe Mo Fe/Mo
0.92 1.8 2.7 1.3
0.95 6.8 10.5 1.3
0.97 7.7 11.2 1.4
1.01 8.2 12.4 1.3
1.08 7.9 12.9 1.2

cathode current efficiencies of iron and molybdenum electro-
deposition reactions were weakly dependent on the cathode
potential (current density) (Table 1). A significant part of cathode
current had gone on electrochemical evolution of hydrogen.
Hydrogen evolution while electrolysis processing can result in
the considerable hydrogenation of deposits obtained.

The coatings deposited at E < —0.95 V contained iron and
molybdenum only in metal states (Figure 1). Iron and molyb-
nenum oxides were detected only in the surface layers of deposits
(0 < 20 nm). They formed due to contact of electrodeposited
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Figure 1 Fe 2p and Mo 3d XPS spectra. Analytical depth, 60 nm; Egp,
-1.00 V.
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Table 2 Chemical composition of Fe-Mo deposits (XPS data) (at%).

Analytical depth/nm Cls Ols Mo 3d Fe2p  Fe/Mo
0 29.3 424 0.5 34 7.6

10 2.3 31.7 9.0 28.3 32
20 34 234 17.4 37.1 2.1
60 <0.2 10.1 28.7 48.2 1.7
80 <0.2 9.6 29.4 494 1.7
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Figure 2 C ls XPS spectra. Analytical depth: (/) 0, (2) 10 and (3) 20 nm.
Ejep, —1.00 V.

alloys with air. Note that these oxides play an important role in
catalysis® and electrocatalysis.'3

Some discrepancy in the data of Tables 1 and 2 (Fe/Mo ratio)
can be explained taking into account that values in Table 2 cor-
respond to surface layers, whereas those in Table 1 relate to the
entire deposit (~10000 nm in thickness). The discrepancy can
also be connected with disadvantages in the determinations of
atomic portions of elements from overview XPS spectra.!?

An amount of carbon detected on the deposit surface (Table 2,
Figure 2) is attributed to organic substances adsorbed from air
(285.7 eV); another part of carbon at the surface most likely
corresponds to carboxyl groups (290 eV). After ion-beam etching,
the peak corresponding to adsorbed hydrocarbons disappeared
completely, and the second peak shifted to 290.5 eV. This proves
that this carbon corresponds to carboxyl groups. Moreover, a
high-resolution XPS spectrum revealed a weakly pronounced
peak, which is characteristic of carbides (283 eV).

Apparently, the destruction of citrate ions accompanied by
the inclusion of carbon-containing compounds into the cathode
deposit occurred during Fe—-Mo alloy electrodeposition. However,
note that this process is negligible because of an almost zero
carbon content of the cathode deposit (Table 2).

All the Fe—Mo alloys obtained were X-ray amorphous (Figure 3),
their diffractograms showed only highly vague and diffuse reflec-
tion, apparently, corresponding to a-Fe. Reflections correspond-
ing to molybdenum were not observed. This fact evidences the
assumption that the electrodeposited materials are the solid
solutions of molybdenum supersaturated in o-Fe phase. The
amorphization of cathode deposits was supposed to be caused by
their hydrogenation during electrolysis.'#
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Figure 3 XRD pattern of the Fe-Mo alloy. Eyep, —1.00 V.
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Figure 4 Dependence of the molybdenum content of Fe-Mo deposits on
electrolysis time. £ =—1.00 V, Cu substrate.

Potentiostatic transients (/-t dependences) detected at all of
the alloy electrodeposition potentials were characterized by a
current minimum, which occurred 10-20 s after the beginning
of electrolysis. The deposits obtained in the first seconds of elec-
trolysis possessed a relatively high molybdenum content (Figure 4).
It may be assumed that an adsorbed mixed-metal complex con-
taining a significant amount of molybdenum was formed on the
cathode surface at this time. This surface complex is essential
for starting the electrochemical crystallization of alloy.'> It was
hypothesized® that molybdenum oxides are formed at the cathode
at the initial stage of electrolysis. However, the results of this
study indicated (Figure 4) that the deposits obtained in the first
few seconds of electrolysis included not only molybdenum but
also a considerable amounts of iron. Therefore, iron group metal
ions enter into the composition of the surface intermediate formed
at the cathode in the first seconds of electrolysis. Although molyb-
denum oxide compounds can also be included in the surface inter-
mediate composition, the oxygen content of cathode deposits
measured by XPS is no higher than 10 at%, which is much lower
than the molybdenum content (~50 at%).

After ~40 s from the onset of electrolysis, the composition of
cathode deposits was stabilized (Figure 4). The cathodic current
(at E = const) also reached a constant value.

Hydrogen absorbed by Fe-Mo alloys during their electro-
deposition was determined by a vacuum extraction technique
(deposits were heat treated at 450 °C). Coatings were deposited
to the surface of copper samples, assuming that copper absorbs
negligible amounts of hydrogen.'® Fe-Mo deposits were charac-
terized by high concentrations of absorbed hydrogen (Table 3).
The highest level of hydrogenation was observed in coatings
obtained in the first minutes of electrolysis. However, even the
deposits obtained over a period of 30 min were of high hydrogena-
tion levels of 6-8 at%. This observation proves the hypothesis'*
that intense hydrogenation leads to the amorphization of molyb-
denum (tungsten)—iron group metal alloys (Figure 3). The hydrogen
content of cathode deposits did not decrease when exposed to
air. Even after Fe—-Mo/Cu-samples had been stored for a year (at
20-25°C), their hydrogen content was diminished only slightly
(Table 3).

We are grateful to the Center of Materials Science and
Metallurgy, the National University of Science and Technology
MISIS for performing XPS analysis.

Table 3 Amounts of hydrogen sorbed by Fe-Mo deposits, i = 0.075 A cm 2.

Hydrogen amount in the deposits (at%)

Time of electrolysis/

i After electrodeposition After a year of storage
5 16.1 —

10 10.7 —

20 6.2 4.8
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