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Abstract

The electrochemical reduction of molybdate ions in tartaric electrolyte has been investigated in this work. Kinetics and
mechanism of the electrochemical process have been studied by cyclic and linear voltammetric polarization methods.
The effect of the temperature, the rate of potential-scanning and the concentration of the molybdate ions on the electro-
chemical process has been also studied. By estimating the effective activation energy, it was revealed that the electrore-

duction process is accompanied by mixing kinetics control.
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1. Introduction

As known, semiconductors are one of the most im-
portant materials that differ from each other by their great
manifold of the physical and electrical properties, also of
the chemical composition.!™ The need for the chalco-
genide semiconductor films increases with the develop-
ment of the application of the new generation of solar
cells.® Today, the using of ecologically waste free solar en-
ergy is very actual connecting with the decreasing of the
natural resources of the energy. Thin films of chalcogenide
can be used as photo-anodes for obtaining of the electrical
energy in the solar cells. One of such photosensitive semi-
conductor materials is molybdenum chalcogenides.

The obtaining of these films can be carried out using
various methods.® The most suitable method of obtain-
ing molybdenum alloys is the electrochemical method.
There are a lot of works dedicated to the electrochemical
deposition of thin films of these alloys. To study well the
simultaneous electrodeposition process of these com-
pounds, at first, these components should be deposited
individually.

In our previous studies, we have investigated the
electroreduction and co-electrodeposition of various

metals together with chalcogenides.”!! Many works were
dedicated to the electrochemical reduction of molybdate
ions. Some researchers!? have investigated the electro-
chemical reduction of the hexavalent molybdenum ions
in a solution containing tartaric acid. The formed com-
plexes of Mo-tartarate ions were examined by spectro-
scopic and electrochemical methods. The resulted elec-
trochemical peak was found to be under kinetic control at
relatively high pH values or at a relatively low concentra-
tion of the tartaric ions. But, the electrochemical reaction
occurred by protonation reaction. Moreover, some re-
searchers!? studied the reduction of molybdenum (VI) on
a pre-hydrogenated platinum electrode in acidic solu-
tions. Reduction of molybdenum (VI) in a solution of
0.8-1.6 M H,SO, occurs via two main steps. The first step
is a relatively high cathodic wave attributes to the reduc-
tion of Mo (V) to Mo (III), which is accompanied with the
decomposition of the solvent. The second step is a rela-
tively low cathodic wave and attributes to the reduction of
Mo (VI) to Mo (V), which takes place at +0.07 V. The sec-
ond peak seems to be controlled by a diffusion and can be
used for the determination of molybdenum up to 4x 10~
M or 6 x 107> M. An incomplete reduction of molybdate
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ions from weak acidic and alkaline solutions within the
pH interval from 3.0 to 9.0 has been recorded.!* A film of
the hydrated oxides of molybdenum in lower oxidation
states forms on the cathode surface. Products of the in-
complete reduction adsorbed at the cathode and blocked
its working surface.

The following up of the electroreduction process of
the molybdate ions in an aqueous medium under different
conditions was achieved to obtain the metallic molybde-
num.'® The kinetics and the mechanism of the electrore-
duction process were studied by the cathodic polarization.
It was observed that the rate of the electrochemical process
depends on the scan rate of potential, and the temperature
of the electrolyte. On the other hand, it can be concluded
that the electrochemical reduction occurs in two stages. It
was indicated that, during the electrochemical reduction
process, the electroreduction process of the molybdate
ions is accompanied by releasing of hydrogen after the po-
tential value -0.7 V.

The effect of hydrogen fluoride on the cathodic re-
duction of molybdate ions has been investigated.!® It was
indicated that the mechanism of the process is controlled
by its concentration. It was found that at concentration
values less than 25 g/L, the products of the electroreduc-
tion process of the molybdate ions are black or colorful
precipitations. These precipitates were formed on the
cathode, and the average valent of molybdenum was de-
termined to be 3.6-4.0. In the concentration, more than
50 g/L molybdate ions are completely reduced forming on
the cathode a dense light metallic coating of thickness
3-5um with a great adhesion to the substrate. It was con-
cluded that the addition of hydrogen fluoric acid prevents
the polymerization and aggregation of the molybdate
ions.

The bright, smooth metallic coating of molybdenum
with 25 um thickness is successfully deposited from aque-
ous electrolyte consisting high concentration of ace-
tate.!”~!° The optimal conditions for the electrodeposition
of metallic molybdenum have been detected to be as fol-
low: the current density 200-450 mA/cm? and tempera-
ture 30 °C + 2. The obtained coatings are amorphous, but
after vacuum annealing at high temperature, they convert-
ed into crystalline films. It was concluded that the current
density is the major effective factor for the precipitation of
a refractory metal. 1 From the published results, it has
been indicated that the metallic molybdenum can be de-
posited through two stages through electroreduction with
obtaining intermediate coating from molybdenum oxide.
According to the previous studies, kinetics and mecha-
nism of the electrochemical reduction have been investi-
gated differently. Therefore, the main aim of our work is to
study of the nature, kinetics and mechanism of the electro-
chemical reduction process of the molybdate ions in pres-
ence of tartaric acid as a complexing agent at different con-
ditions, to obtain the optimal condition of obtaining a
considerable coating of high quality.

2. Experimental Part

The preparation of the electrolyte for the electro-
chemical reduction of molybdate ions was carried out as
follows. The desired concentration (0.1-0.5 M) of sodium
molybdate (Na,MoO, 2H,0) was dissolved in an aqueous
electrolyte of 0.007 M tartaric acid. It is observed that, the
pH value depends on the concentration of Na,MoQO,
2H,0. The pH of the electrolyte changed in the intervals
of 1.69-2.1. It is found that at the selected optimal electro-
lyte composition, the pH value is 2.1. The polarization ex-
periments were performed by potentiostat of IVIUM-
STAT Electrochemical Interface. A three-electrode
electrochemical cell of 100 mL volume was used. Pt and
Ni sheets with an area of 2.2 x 10~* dm? were used as
working electrodes. Silver-silver chloride electrode was
used as a reference electrode. Whereas, a platinum sheet
with an area of 4 cm? was used as counter electrode. The
universal ultra-thermostate UTU - 4 was utilized for reg-
ulation of the temperature of the electrochemical reaction
inside the cell.

The detection of the nucleation mechanism of the
electrodeposited Mo was carried out by taking the chron-
oamperometric method (current-time), using IVIUM-
STAT potentiostat.

The morphology and the chemical composition of
electrodeposits were studied by using scanning electron
microscope (SEM) and energy-dispersive X-ray analysis
(EDAX) of mark “Carl Zeiss Sigma’, respectively. SEM im-
ages of the electrodeposited films of Mo on Ni substrate
was captured using a JEOL T330A SEM from Japan. The
prepared sample was captured at fixed temperature of 20
°C at working distance of 10 mm, at power of 20 KeV and
at magnification factor of 3000 times from the real sample.

3. Results and Discussion

As known, to obtain semiconductive thin films from
two or more components, the first required step was to
study the electrochemical reduction processes of these
components individually. Hence, the electrochemical re-
duction behavior of molybdate ions was investigated as
shown in Fig. 1.

In the presented work, full data about the electrore-
duction of the molybdate ions in tartaric electrolyte were
given. The cyclic polarization curves were recorded by the
potentiodynamic method for finding out the kinetics and
the mechanism of the electroreduction process of the mo-
lybdate ions. As seen from Fig. 1, the electrochemical re-
duction of the molybdate ions on the cathode occurs
through two stages within the potential range of 0.47 -
(-0.25) V. It can be expected that within interval of poten-
tial values 0.47-0.27 V the process occurs with respect to
reaction (1), whereas within 0.27-0.00 V with respect to
reaction (2) (Fig.1). This also corresponds to the literature
data.?

Majidzade et al.: Investigation of the Electrochemical Reduction Process ...



Acta Chim. Slov. 2019, 66, 155-162

Current

04 02 00 02 04
Potential

v

Current

v T v T T T
02 0.0 02 04 06 08

Potential v

Fig. 1. Cyclic voltamperometric curves of the electroreduction process of the molybdate ions in the presence of tartaric acid on the Pt electrode. The
electrolyte consists of: 0.1 M Na,MoO, 2H,0 + 0.007 M C;H4Og. T = 293 K, Ey, = 0.02 V/s. a —the general process, b- the initial stage.

MOO42_ +4H* + 2e = MOOZ + szo (].)

MoQ, + 4H* + e = Mo** + 2H,0 (2)

After that, starting from 0.0 V potential value the re-
duction process of Mo* ions to metallic Mo as (3) reac-
tion occurred:

Mo’ + 3e = Mo (3)

Then, starting from the potential value of -0.45 V
along with electroreduction of the molybdate ions the re-
leasing of hydrogen also occurs. Consequently, the elect-
roreduction process was carried out up to this potential (as
shown in Fig. 1 a).

The linear polarization experiments were performed
as a function of temperature for determination of the ki-
netics of the process. The effect of temperature was inves-
tigated within a temperature range of 293-353°C. As ob-
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Fig. 2. The effect of temperature on the electroreduction process of
the molybdate ions on the Pt electrode . Electrolyte composition in
(M): 0.1 Na,MoO, 2H,0 + 0.007 C,HO¢. T (K): 1- 293; 2- 313; 3-
333; 4- 353. At a scan rate of Ey, = 0.02 V/s

served from Fig. 2, with increasing of temperature, the
current increases due to the acceleration of the process
(the peak on the polarization curve obtained near E = 0.3
V, which is shown in Fig. 1b, due to an increase in the scale
of the current becomes imperceptible in both Fig. 1a and
Fig. 2).
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At a temperature of 293 K the reduction occurs at
-0.094 V, but at 353 K it occurs at a potential of 0.0 V. The
lgi. - 1/T relation was plotted within 0.0 - (-0.3) V poten-
tial range taken from the polarization curves of Fig. 2,
shown in Fig. 3 (a). The value of effective activation energy
obtained by the aid of equation A,; = -2.3 Rtga, which
indicates that the electrochemical reduction of the molyb-
date ions in tartaric electrolytes is accompanied by mixed
kinetics mechanism. In other words, as shown in Fig. 3, at
the potential values are —0.05 - (-0.2) B, the kinetics of the
electroreduction process is accompanied the electrochem-
ical, and at -0.2 - (0.3) B the concentration polarization
(Fig.3 (b)).

02 00 02 04
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Fig. 4. The effect of concentaration of the molybdate ions to elect-
roreduction process on the Pt electrode. The electrolyte consists of
0.007 C4H4Og + (M) Na,MoO, 2H,0. M= 1- 0.1; 2- 0.2; 3- 0.3; 4-
0.4;5- 0.5,at T =293 K, and Ey = 0.02 V/s.

The effect of concentration of the molybdate ions on
the electroreduction process has been studied within the
0.1-0.5 mol/L interval (Fig. 4). At concentrations range of
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Fig. 5. The effect of potential-scanning to the electroreduction pro-
cess of the molybdate ions on the Pt electrode. Electrolyte (M): 0,1
Na,MoO, 2H,0 + 0,007 C;H¢Og. Potential-scanning (V/s): 1-
0,005; 2- 0,01; 3- 0,03; 4- 0,06; 5- 0,09; 6- 0,12. T =293 K.

0.1-0.3 M, the effect is regular. In more precisely, with in-
creasing of the concentration of the ions the electrochem-
ical reduction takes place at more positive potentials.
Within these intervals (0.3-0.5 M) the displacement of
reduction potential to the negative side is observed. It can
be interpreted as, with increasing of the concentration of
the molybdate ions their mobilities in the electrolyte de-
crease, and then the electroreduction process becomes
hard. Furthermore, at the high concentration, the molyb-
date ions form a stable complex with tartaric acid.

Therefore, their subsequent dissociation becomes
difficult. As a result of the investigation, the optimal condi-
tions have been detected, then we selected the optimal
concentration of the molybdate ions up to 0.2 mol/L.

The effect of potential scanning onto the electrore-
duction process of the molybdate ions has been studied in
the potential range of -0,27- (-0,32) V as shown in Fig. 5.
As seen from Fig. 5, with increasing of potential scanning,
the consumed current for the electroreduction process of
the moybdate ions is increased. Where, current at 0.005 V/
secis 5.53 x 10* A, whereas at 0.12 V/sec is 3.97 x 1073 A.
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Fig. 6. i, as a function of v/ for electroreduction of the molybdate
ions. Electrolyte (M): 0,1 Na,MoO, 2H,0 + 0,007 C;H¢O4, T = 293
K.

Fig. 6 indicates that the relationship between i, and
v!2 is linear. It also demonstrates that the electroreduction
process of the molybdate ions occurs under the control of
concentration polarization overpotential.

The chronoamperometric (CA) method can be easi-
ly used for giving more precise information about the elec-
trochemical deposition process, at which the potential can
be stopped at the deposition potential (from CV). Via CA
method, the mechanisms of the nucleation and growth of
the electrodeposited particles can be studied. Current-time
curves were carried out at different applied potentials of
0.047; 0.03; -0.06; —0.09; and -0.1 V at room temperature
as shown in Fig. 7. It seems from the shown figure that the
initial regime of the current-time curve is characterized by
a sudden decrease in the current under application of the
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deposition potential. This can be attributed to the presence
of the double-layer between the surface of the substrate
and the ions of the solution, which lead to the formation of
an immediate nucleation of molybdenum in all cases as
shown in Fig. 7.
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Fig. 7. Current-time curves of the electrodeposition of molybde-
num on Pt in electrolyte consists of 0.1 M Na,MoO, 2H,0 + 0.007M
C4H¢Ogat T = 295 K at room temperature and at different deposi-
tion potentials; 0,047; 0.03; -0.06; —0.09; and -0.1 V vs. Ag/AgCl.

This sudden decrease is followed by a little increase
in the resultant current. This due to an increase in the elec-
troactive surface area associated with the crystal growth.
Moreover, it can be noted that the current density during
the electrodeposition increases in all cases by increasing
the deposition potential. The mechanism of crystal nucle-
ation and growth can be determined by the analysis of the
resulted current-time curves. The analysis of these curves
can be achieved by applying the two equations of Scharifk-
er-Hills,! comparing with the experimental calculated
data as shown in Fig. 8 (a-e). The models of the theoretical
transients for the instantaneous and the progressive 3D
nucleation are given by equations (4) and (5), respectively
as follows:

g B.9582 {1 —exp [—1.2564[ t ]Hz (4)

Dnax t/tmux Linax

107 _ 1.2254 {1—exp[—2‘3367[ t ]2]}2 (5)

Dnax t/ Liigs tinax

Fig. 8 (a-e) shows the nondimensional 1212, vs. t.
tmax plots of the CA data at the different condition as in
Fig. 7. The solid lines of black and red color are the theo-
retical transients of the instantaneous and the progressive
nucleation, respectively as shown in the figure, and dotted
lines for the experimental data. The nucleation and growth
processes of molybdenum at these conditions can be pre-
dicted from Fig. 8 (a-e). At the early stage, the experimen-
tal curve well fits the curve of the progressive nucleation

model by which the molybdenum nucleation occurred on
many active sites of Pt surface substrates. Subsequently,
the deposition deviates from the instantaneous nucleation
as shown in Fig. 8 (a, b, ¢, and d). The deviation from the
ideal assumption of the Scharifker model may be attribut-
ed to that the nuclei grow under diffusion control at these
conditions.

In fact, through time the nuclei growth and the elec-
trodeposition of molybdenum will be under mixed control
(diffusion and charge transfer). The deviation can be also
interpreted as due to the hydrogen reduction during the
formation of nuclei which cause morphology change of
the nucleus. But, the experimental data for Fig. 8 earein a
good agreement with the theoretical model of the progres-
sive nucleation and growth where the deposition potential
of 0.1 V. Further information for the growth mechanism
can be obtained by calculating the density number of ac-
tives sites for nucleation (N,);

N=0.065(22) ™% (e " ©)

P tmaximax

where, C the bulk concentration in mol cm=, zf the molar
charge of electrodepositing species, M and p in g cm™ are
the molecular weight and the density of the deposited ma-
terial, respectively. The diffusion coefficient D of the active
species in the electrolyte can be calculated via the chrono-
amperometric method. According to the theoretical nu-
cleation model, the D is related to the i,,,, and the t,,>"??
by the following equation;

.2
_ lmax tmax

0.1629(zfC) (7)

The values of i, tmao D, and Ny at different deposi-
tion potentials and temperatures are shown in Table 1.
From these values, it is clear that by increasing the deposi-
tion potential, the i .. t;.c value slightly increases. This
character is typical for 3D electrochemical nucleation and
growth of a new phase under the mixed diffusion and ad-
sorption control.

Moreover, the D values at these conditions of the
electroactive species are very small due to the high relative
density of the electrolyte and the high relative diameter of
molybdate ions. It is also observed that the D value is af-
fected by the polarization potential as seen in Table 1.

Table 1. The experimental data of the CA electrodeposition of Mo
onto Pt substrate

E4, Vvs.Ag/AgCl D, cm?s™! Ny, cm™2
0.047 1.89 x 107 25.10 x 10°

0.030 3.54 x 10~ 8.51 x 10°
-0.06 5.61 x 10~ 5.38 x 10°
-0.09 8.24 x 10~ 1.26 x 10°
-0.10 10.17 x 107° 1.07 x 10°
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Fig. 8. Comparison of theoretical non-dimensional plots of (I/Iyay)* Vs (t/ty,y), for instantaneous and progressive nucleation with the experimental

data derived from Fig. 7.

It is noted from the table that nuclei densities N, de-
crease significantly with the increase of the deposition po-
tential. This decrease with the applied deposition potential
is generally understood as the decreased of the activation
of the nucleation sites at higher potentials, which deviates
from the classical nucleation models as confirmed by Fig.
7. This deviation may be also explained as, by increasing

the deposition potential the polarization of the working
electrodes increases but the diffusion of the active species
is still slow because of the high density of surrounding me-
dia which hinder the diffusion of the active species.

Fig. 9. shows the morphology and chemical compo-
sition of electrodeposits of the metallic Mo films investi-
gated by SEM and EDX. Mapping SEM images and EDX
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Fig. 9. SEM (a, b) and EDAX (c) of the electrodeposited Mo from a solution consists of 0,1 M Na,MoO, 2H,0 + 0.007M C,HOs at the potential of

E=-0.4V, at scan rate = 0.02 Vs~! on Ni electrode at T = 295 K

analysis show that the quantity of metallic molybdenum is
more than that of oxygen. The presence of oxygen may be
returned to that there are some adsorbed molybdate ions
on the electrode surface come from the electrolyte.

Both Fig. 9a and 9b refer to the molybdenum sample
deposited at E = -0.4 V potential. Figure 9a presents the
general SEM description including nickel electrode, mo-
lybdenum and oxygen components. That is, the area
marked with red indicates the Ni electrode, blue colored
dots show the oxygen in the sample, and the green dots are
molybdenum. Fig. 9b represents only the molybdenum
film, in order to demonstrate its deposition more noticea-
bly.

As a result of the conducted experiments, the elect-
roreduction of the molybdate ions has been implemented
from an electrolyte consists of 0.1 M Na,MoO, 2H,0 and

0.007 M C,H4Oq, at a potential scan rate of 0.02 Vs~! and
temperature of 295 K. EDX analysis shows a good quality
of the electrodeposited film from the chemical composi-
tion Mo and other elements.

4. Conclusions

The electroreduction process of the molybdate ions
from tartaric acid solutions has been investigated on the Pt
electrode. Kinetics and mechanism of the process have
been studied, using the data of cyclic and linear polariza-
tion curves. The nature of polarization process in this case
is accompanied by mixing kinetics. The results of all per-
formed experiments indicate that the concentration of the
molybdate ions, temperature and potential scanning have
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a great effect on the electroreduction process of the molyb-
date ions in the tartaric acid electrolytes. The optimal con-
ditions and the composition of electrodeposition bath for
electroreduction process of the molybdate ions was pre-
ciously detected. The electrolyte composition consists of
0.1 M Na,MoO, 2H,0 + 0.007 M C,H¢Og. The electrolysis
conditions are detected to be as follow: temperature 295 K,
scan-rate 0.02 Vs~!, electrode Pt and Ni, pH = 2.1. In addi-
tion, using galvanostatic deposition technique, where thin
films of molybdenum were obtained at a current density of
2-4 mA/cm?, at electrolysis time of 360-470 minutes. The
results of the EDX analysis show that 63% of metallic mo-
lybdenum in the deposited thin films.
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