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Abstract

The electrochemical behavior of Te in alkaline media was determined by cyclic voltammetry and linear sweep voltammetry measurements. It indicated that TeO,>
ion was first reduced to Te(s), then to Te,? ion. For the first time, the pulsed electrodeposition of tellurium on stainless steel has been studied in an alkaline bath and
the effect of duty cycle, frequency, and current density on current efficiencies and morphology were indicated at room temperature. Pulse duty cycles ranging from 10 to
75%, frequencies ranging from 10 to 100 Hz, and current densities ranging from 7.5 to 30 mA/cm? were employed. The morphology of the electrodeposition of tellurium
samples was characterized by SEM. The results showed that due to increasing side reactions at higher current density, the current efficiency decreased with increasing
current density. The results of Scanning Electron Microscopy (SEM) cleared that more compact structures with lower porosity were observed for the electrodeposits at
lower current densities and less compact samples were obtained at higher current densities. It has been found that the current efficiency of tellurium plating decreases
as the pulse duty cycle increases from 10% to 75%. Maximum current efficiency has been observed at 10% duty cycle. The study of the effect of duty cycle on morphology
showed that the samples synthesized at a duty cycle of 10% and 25% have approximately similar appearance and particle size. With more increasing of duty cycles to 50
and 75% due to increasing hydrogen evolution rate and H, bubbling at the electrode surface the morphology has been changed remarkably. The current efficiency of the
deposit tellurium exhibited a strong dependence on the frequency. As frequency increases, the current efficiency almost decreases. In most cases, the maximum current
efficiency is obtained at a 10 Hz frequency. The study of the effect of frequency on morphology showed that hydrogen evolution plays a significant role in the morphology
formation of samples obtained at low pulse frequency (10 Hz), two processes of hydrogen evolution and anisotropic growth have key roles in morphology formation at
medium pulse frequency (50 Hz) and anisotropic growth is the mechanism of morphology formation at high pulse frequency (100 Hz).

Introduction example, tellurium is added to various alloys to modify their
properties (it is used in iron, copper, and lead alloys to make
Tellurium (Te) with intermediate properties of metals and them more machinable). In the rubber industry, Te is used as
nonmetals and an energy gap of 0.34 eV is an important valuable an accelerator, in glasses Te is used as coloring matter and it is
metalloid element. Because of its excellent optoelectronic and used as a brightener in electroplating baths [1-11].
thermoelectric properties, Te is used extensively in metallurgy,
photovoltaics, photonics, electronics, and medicine. For Also, Te is a fundamental component of CdTe thin-film
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photovoltaic cells, and CdTe thin-film photovoltaic cells are
one of the most common commercially available solar panels
in demand. However, the abundance of tellurium in the earth's
crust is very low (0.001-0.005 g-t*), and generally, 90% of the
Te is recovered as a byproduct of other processes [12].

Today the anode slime produced during the electrolytic
refining of copper is considered a primary source of tellurium
and treatment of 1000 tons of copper ore typically yields about 1
kg of tellurium. Other metals such as copper, selenium, nickel,
tellurium, silver, gold, and a trace amount of platinum group
metals are usually present in copper anode slimes with the
Te content typically being about 1-4 wt%, and in some cases
reaching as high as 8-9 wt% [13,14]. The United States, Peru,
Japan, Russia, and Canada are countries that are leading in
tellurium production. Global tellurium production is difficult to
determine because not all companies or countries report their
production [15]. Currently a sequence of pyrometallurgical or
hydrometallurgical processes including acid leaching or alkaline
leaching, purification, and electrodeposition preformation on
the anode slime generated during the electrolytic refining of
copper lead to the production of more than 90% of Te.

Numerous viable approaches including the chemical
method, electrowinning, vacuum distillation, and zone melting
have been developed to produce metallic Te. Among these
techniques, because of their viability, efficiency, simplicity,
and environmental protection, electrowinning is important in
metallic Te production [16]. In the conventional electrowining
technique either constant current or potential is applied to the
electrode surface for tellurium production and no attention
has been paid to the application of pulse current or potential
[17]. However for other metals due to improvements in the
mechanical and chemical properties of the deposit, the pulsed
current electrodeposition has received much attention in recent
years [18-20]. The advantages of pulsed plating are numerous,
including reduction of porosity, lower gas content, high purity,
fine-grained deposits, and low electrical resistance of deposits.
Pulsed plating of alloys has proved beneficial as well and it is
possible to produce harder, pore-free deposits by it.

In the present work, the deposition of tellurium on stainless
steel was undertaken with the usage of square wave pulse
current in an alkaline bath, and the effect of pulse parameters
including duty cycle, frequency, and current density on current
efficiency and morphology were studied.

Experimental details

NaOH (99.99%, Merck) and TeO, (> 99%, Merck) used
in the electrochemical experiments were of analytical grade.
Solutions were prepared from TeO, (2.06 gr) dissolved in 2.5
M NaOH solution. Cyclic Voltammetry (CV) and Linear Sweep
Voltammetry (LSV) measurements were carried out by using
an Electrochemical Analyser System Potentiostat/Galvanostat
model: BHP 2066. Ag/AgCl electrode was used as reference
electrode and all potentials in this work are quoted with respect
to the Ag/AgCl reference electrode. A Pt disc electrode (0.031
cm?) was used as a working electrode and a Pt rod served as
a counter electrode for cyclic voltammetry and polarization
experiments.

Prior to each deposition, the steel substrates were given
a galvanostatically electropolishing treatment at a current
density of 0.5 A cm™ for 5 min in a bath (70 °C) containing
50 vol.% phosphoric acid, 25 vol.% sulfuric acid, and balanced
deionized water.

The electrochemical cell for electrodeposition included the
cathodic substrate centered between two co-planar stainless
counter electrodes (Scheme 1).

Tellurium was deposited directly on both sides of the
stainless steel cathode (316 L, 20 x 30 x 0.5 mm3) under a
pulsed galvanostatic mode at a cathode current density of 7.5,
15 and 30 mA cm™ and duty cycle of 10%, 25%, 50% and 75%
and frequency of 10, 50 and 100 Hz.

The electrodeposition bath was an aqueous solution which
was fixed at room temperature. After electrodeposition, the
deposited film was rinsed several times in deionized water
and dried at room temperature for 48 h. Thereafter, the as-
deposited sample was scraped from the steel electrode and
subjected to further analysis.

Results and discussion

Cathodic polarization and Cyclic voltammetry: For the
study of the electrochemical behavior of tellurium ions in
alkaline medial, the linear sweep voltammetry (LSV) curve was
obtained from Te solution (in 2.5 M NaOH ) by Pt electrode with
a scan rate of 1 mVs~ at the potential range from -0.2 Vto -0.9
V (Figure 1a).

Three stepwise reductions to Te°, Te, > and Te> (equations
1, 2, and 3) can be considered for tellurite ion (Te0,>”in alkaline
media according to the Pourbaix diagram [21].

TeO,> + 3 H,0 +4e <> Te + 60H- E° = -0.533 V (1)
2Te + 2e <> 2Te> E°= -0.827V (2)
2Te* + 2e <> Te, > E0 = -1.432V (3)
1
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Scheme 1: The electrochemical cell for tellurium electrodeposition.
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The first current plateau at about -0.4 V is the limiting
current for the reduction of dissolved oxygen. As the potential
shifted negatively and reached about -0.70 V, current density
increased and the reduction of TeO,> to Te® occurred. With the
more negative shifting of potential, the reduction reaction of
Te° to Te*, and hydrogen evolution led to increasing current
and breakdown of deposited Te [21].

Also before electrochemical deposition, to further study
the electrochemical behavior of tellurium, cyclic voltammetry
(CV) measurements by Pt disc electrode between 0 and -1V
were carried out (Figure 1b). The nucleation and growth
process or phase formation and growth of tellurium on the
Pt electrode can be approved by the crossover between the
cathodic and the anodic scans. This behaviour can be found in
the electrodeposition of other metals on different substrates
[21]. In summary, the curve exhibited two cathodic peaks and
one anodic peak. As can be seen during the cathodic scan, the
nucleation over the potential for the reduction of tellurite on
Pt was about -0.85 V, and the current increases sharply after
the formation of the nuclei. However, this observed peak
can be attributed to the mixing of reduction reactions of the
Te0,> to Te, Te(s) to Te> ion, and Te(s) to Te > ion [22]. It
must be mentioned that the very weak cathodic peak at about
-0.2 V (which was not shown here but was clear in LSV) can
be identified with the reduction of the dissolved oxygen. The
anodic peak at about -0.3 V correlated with the oxidation of
the electrodeposited Te formed in the course of the cathodic
reduction process [22].

Effect of current density on current efficiency and mor-
phology

In DC electrodeposition mode the current is applied in a
total period of deposition while in pulse electrodeposition
mode the current is switched on and off during the deposition
period. Figure 2 shows a unipolar waveform with pulse
parameters including duty cycle, peak current density, etc.
Several variables can influence deposit properties present in
a simple pulse current wave-form. The period of time that the
peak current is applied is defined as the pulse on time, T_,
whilst the pulse off time, T, is the period of time when the
current is off. Total pulse period, T is the sum of T, and T.

The relation between the parameters of duty cycle, vy,
frequency, f, and T, are as follows:

Ton Ton

re T @)
T0n+Tgﬁ" Tp

f=1/T, (5)

Peak current density, i is the current imposed during the
on-time. The average current density for the entire pulse cycle,
i, 18 given by:

Ly =1y (6)

In practice, for any simple unipolar pulse deposition
process, one needs to choose three independent parameters,
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Figure 1: (a) Cathodic polarization curve (scan rate 1 mV/s) at a Pt disc electrode in
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2.5 M NaOH solution containing 0.13 M Te0.?, (b) Cyclic voltammograms (scan rate
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Figure 2: Unipolar waveform with pulse parameters including duty cycle, peak

current density.

Tp, v, and i . In high-value duty cycles the mass flux for a pulse
deposition process is close to the DC current condition. During
the application of a current pulse, when the current is switched
on the concentration boundary layer forms and it relaxes as the
current is switched off. A dual diffusion layer is applied for the
description of mass transfer during pulse deposition [23-25].
The dual diffusion layer consists of a pulsating inner diffusion
layer and a stagnant outer diffusion layer. The inner diffusion
layer is influenced by pure diffusion and the off time, whilst
the outer stagnant diffusion layer controls the overall plating
which cannot exceed that obtained by DC plating [26,27].

In the current work, the choice of pulse parameter (y, i and
f) values was based on the DC electrodeposition of tellurium
and pulse deposition of other metals. The ip values were 7.5, 15,
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and 30 mAcm-2, the y values were 10, 25, 50, and 75% and the f
values were 10, 50, and 100 Hz.

The current efficiency (%) was calculated according to Eq.

(7).

mnkF

(%) = x100 (7)

MIt

Where m represents the mass of Te deposits (g), n is the
electron number, F is the Faraday number (C-mol-'), M is the
molecular weight (g-mol-), I is the applied current (A) and t is
the deposition time (h).

Figure 3 shows the effect of current density on current
efficiency at different duty cycles for the electrodeposition of
tellurium. As can be seen, the current efficiency decreased with
increasing current density. The possible reasons for this result
are the increased water reduction and hydrogen evaluation at
higher current density. In other words, with current density
increasing more value of current was consumed by the water
reduction reaction and this led to a decrease in current
efficiency. When the current density is low, the probability
of hydrogen evolution reaction is negligible. The hydrogen
evolution reaction is an inherent process in electroplating. As
the current density exceeds 30 mA cm?>~ hydrogen evolution
becomes violent resulting in a reduced metal deposition.
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The morphologies of the as-prepared samples (scrapid) at
different current densities (7.5, 15, and 30 mA cm2) at 100 Hz
frequency and 10 %duty cycle are investigated by SEM (Figure
4a-c).

The results indicated that the morphology of the sample
synthesized at various current densities is different. The close
images analysis showed that more compact structures were
observed for the electrodeposits at lower current densities, with
lower porosity values, as seen in Figure 3a,b. As the current
density increased, the porosity increased significantly due to
the evolution of hydrogen gas at the cathode, and the resultant
morphology was less compact. The cracked surface tends to
nano-particle with increasing current density. The sample
synthesized at a current density of 30 mA cm contains clear
uniform semi-rod nanostructures. It seems that the deposit
growth among the H, bubbles and escape H, bubbles make
a unique porose structure with various morphology. At high
current density, the rate of hydrogen evolution is increased
and the pressure resulting from the bubbles on the deposit to
growth is increased so the directory (well condition for one-
dimensional particles formation) is high while at low current
density, the rate of hydrogen evolution is decreased and the
pressure resulting from the bubbles on the deposit to growth
is decreased and the condition is well for compact structural
formation.
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Figure 3: Effect of current density (mA cm?) and frequency on efficiency (a) duty cycle 10%, (b) 25%, (c) duty cycle 50%, and (d) duty cycle 75% in 2.5 M NaOH solution

containing 0.13 M TeO,%.
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Effect of duty cycle on current efficiency and morpho-
logy

Figure 5, shows the current efficiency of tellurium
extraction at duty cycles of 10%, 25%, 50%, and 75% at three
different current densities. It has been found that the current
efficiency of tellurium plating decreases as the pulse duty cycle
increases from 10% to 75%. Maximum current efficiency has
been observed at a 10% duty cycle and frequency of 10 Hz at a
peak current density of 7.5 mA cm. The current efficiency is
lower at higher frequencies and current densities. This may be

Date 16 Mar 2022
Tine 112508

WD = 8.0mm

Signal A= SE1
Mag= 1200KX

attributed to the evolution of hydrogen at the cathode during
plating.

During pulse electrodeposition, as the value of the duty
cycle became larger, the current off time was reduced, and the
current on time was increased during plating. When the current
is on, the tellurium ions are reduced at the electrode surface,
and the surface of the electrode depletes from TO,> ions, when
the current is off, the electrode surface is well replenished with
TO,> ions and the forward deposition rate becomes faster.
Crystal growth and nucleation in on and off current times

Signel A= SE1
Mag= 5O0KX

Date 6 Mar 2022
Time :12:46:41

Date :22 Feb 2022
Time :12:45:22

Figure 4: Morphology of sample synthesized at a current density of (a) 7.5 mAcm?, (b) 15 mAcm?, and (c) 30 mAcm?, at frequency 100 Hz and duty cycle 10% in 2.5 M

NaOH solution containing 0.13 M Te0,2.
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Figure 5: Effect of duty cycle on current efficiency at different current densities (a) 10 Hz, (b) 50 Hz, and (c) 100 Hz in 2.5 M NaOH solution containing 0.13 M TeQ,2.
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are different. When the current is on, the nucleation process
overcomes crystal growth and when the current is off, the
crystal growth is faster than nucleation. Also when the current
is off, the solvent molecules reduction is stopped, hydrogen
evolution vanishes and the splashing of deposit into solution
is reduced.

Figures 6a-d show the morphology of tellurium samples
synthesized at different duty cycles of 10%, 25%, 50%, and
75% (with a current density of 15 mAcm and frequency of
100 Hz).

The images show the samples synthesized at duty cycles of
10% and 25% have approximately similar appearance (particle
shape) and the particle size in the two samples are the same. In
other words, the morphology of two samples contains irregular
and random nanoparticles as well as nanorods with a diameter
range of 20 nm - 100 nm. The nanorods and nanoparticles with
different sizes are distributed in samples and agglomeration
or entanglement of small structures leads to larger particles
formation. With more increasing of duty cycles to 50 and
75% (Figure 6c-d), the current on-time contribution will
be increased and more reduction reactions take place at
the electrode surface. In other words with increasing duty
cycles the rate of hydrogen evolution at the electrode surface
is significant and H, bubbling is effective in morphology
formation. And emersion of uniform morphology with narrow
distribution size will be more possible at a higher duty cycle
(as can be seen with an increased duty cycle from 50% to 75%

i
SgralA = SE1 Dutn M 2022
M= SO0KX Trr 124841

A .
= rore
WO Tinm Mg B500KX Time 125758

the formation of particles is more complete). While at low-
duty cycles the contribution of current on time is reduced and
hydrogen evolution has a slight role in morphology formation.
Since there was no catalyst or template involved in the synthesis
process at a low-duty cycle, it was reasonable to derive the
driving force for the anisotropic growth of the tellurium
nanoparticles and nanorods from the inherent structure of the
tellurium crystal and its chemical potential in solution. The
tellurium nanoparticles formation and gradual transformation
of nanoparticles into nanorods could be attributed to their one-
dimensional growth and anisotropic nature. Such mechanisms
follow the well-known ‘‘Ostwald Ripening’’ process, in which
larger nanoparticles grow at the expense of smaller ones
because of differences in their surface energies. In summary,
the morphology formation at different duty cycles based on
hydrogen evolution (at high duty cycle) and anisotropic growth
(at low duty cycle) were explainable.

Effect of pulse frequency on current efficiency and mor-
phology

Figure 7 shows the effect of the frequency on the current
efficiency of tellurium which is electrolytically deposited under
10 Hz, 50 Hz, and 100 Hz pulse frequency and duty cycle of
10%.

The current efficiency of the deposit tellurium exhibited a
strong dependence on the frequency and current density. As
frequency increases, the current efficiency almost decreases.
In most cases, the maximum current efficiency is obtained at

Figure 6: SEM images of four samples showing the variation of duty cycle, for the same current density and frequency: (a) 10% (b) 25%, (c) 50%, and (d) 75%. in 2.5 M NaOH

solution containing 0.13 M TeO,2.
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a 10 Hz frequency. The possible reason for these results is as
frequency is increased, the on-time contribution of current
is decreased and the electrochemical reaction is incomplete.
Also during short pulses (small duty cycle), the concentration
of tellurium ions in the electrode surface is high and solvent
reduction has a negligible effect on current efficiency.

Figure 8 shows the SEM images of tellurium samples
synthesized under 10 Hz, 50 Hz, and 100 Hz pulse frequencies
at fixed current density (15 mAcm=) and fixed duty cycle
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(25%). The sample obtained at 10 Hz frequency (Figure 7a)
exhibits well-ordered wheat seed-like morphology while
the samples obtained under 50 and 100 Hz pulse frequency
(Figures 7b,7c) have irregular and randomly morphology,
which is consistent with the above description as pulse
frequency increases, the on-time current decreases and the
concentration of tellurium ions in electrode surface is high and
water reduction (hydrogen evolution) has negligible effect on
morphology. Close examination clears that anisotropic growth
in a sample obtained at a pulse frequency of 100 Hz is greater
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Figure 8: SEM image of sample synthesized at pulse frequency (a) 10 Hz, (b) 50 Hz, and (c) 100 Hz at a current density of 15 mAcm2an duty cycle 25% in 2.5 M NaOH
solution containing 0.13 M TeO,2.
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than the sample obtained at 50 Hz. In other words, as pulse
frequency increases the current period decreases and the role
of hydrogen evolution in morphology formation is eliminated
and anisotropic growth becomes significant. Therefore the
sample obtained at a low pulse frequency is well ordered and
has uniform morphology (due to hydrogen evolution) while
the samples obtained at a higher pulse frequency are more
random and have anisotropic morphology (absent of hydrogen
evolution). In fact, hydrogen evolution has a significant role
in the morphology formation of samples obtained at low pulse
frequency (10 Hz), and two processes of hydrogen evolution
and anisotropic growth attributed to morphology formation
in samples obtained at medium pulse frequency (50 Hz) and
anisotropic growth is the mechanism of morphology formation
at sample obtained at high pulse frequency (100 Hz).

Pulse electrowinning in anode copper slime sample

In order to investigate pulsed electrowinning in real copper
anode slime, a sample was simulated based on the chemical
analysis of copper anode slime. Thus 2 x 103 gr Cu, and 0.111
gr Se were added to 0.13 M tellurium solution, and pulse
electrowinning at an optimized current density of 7.5 mAcm->
and various duty cycles and frequencies was conducted. The
purity of samples was determined by EDS. Figure 9 shows the
product purity of extracted tellurium from simulated samples
at different duty cycle % and Frequency (Hz). The results
indicated that with increasing duty cycle the purity of the
product decreased and the value of Cu and Se in the sample
increased. In high duty cycle %, the current on period increased
and more current is available for side reactions such as Cu and
Se reduction. Therefore more Cu and Se are present in deposits
obtained at higher duty cycle % compared with the samples
obtained at lower duty cycle. Figure 9(inset) shows the effect
of frequency on the purity of obtained samples at a duty cycle
of 10%. As can be seen, it is clear that frequency variation has a
slight effect on the purity of samples.

Conclusion

Tellurium samples have been successfully electroplated
from the alkaline bath by pulse cathodic electrodeposition on a
stainless steel electrode. Before the electrochemical deposition
of tellurium was conducted, Cyclic Voltammetry (CV)
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Figure 9: Effect of duty cycle (%) on product purity %. at 7.5 mAcm?, and 10 Hz.

Inset: product purity vs. frequency at 10% duty cycle.

measurements by Pt disc electrode between 0 and -1V to study
the electrochemical behavior of tellurite were carried out. The
effect of parameters including current density, duty cycle, and
frequency on current efficiency and morphology were studied.
The results indicated that the current efficiency of electro-
plating decreased with increasing current density and more
compact and uniform samples were obtained at lower current
densities (about 7.5 mA cm=), particle shape, and porous
sample at higher current density. It has been found that the
current efficiency of tellurium plating decreases as the pulse
duty cycle increases from 10% to 75% and the morphology of
the samples synthesized at a duty cycle of 10% and 25 % are
the same while at higher duty cycles the morphology changed.
The current efficiency of the deposit tellurium exhibited a
strong dependence on the frequency. The result cleared that
maximum current efficiency has been observed at 10% duty
cycle, 10 Hz frequency, and current density of 7.5 mAcm=.
The morphology formation at different frequencies, based on
hydrogen evolution, and anisotropic growth were discussed.
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