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I. INTRODUCTION

Selenium and tellurium belong to the class of rare ele-
ments which are widely employed in various branches of
modern engineering. These elements have many specific
properties. As their purity improves, new properties are
discovered and the scale and specific features of their
applications are extended.

With expansion of the field of their applications, there
arises the necessity for an intense investigation of the
chemical and physicochemical properties and also of the
technology of the preparation of pure and ultrapure sele-
nium, tellurium, and their compounds.

The present state of the chemistry and technology of the
preparation of pure and ultrapure selenium and tellurium
have been described in monographs by Chizhikov and
Schastlivyi'”®, Kudryavtsev®, Nazarenko and Ermakov*,
Bagnoll®, and Yukhtanov® and in reviews .

The first study on the electrochemistry of tellurium was
published at the beginning of the 19th century. Almost
100 years later the study of the electrochemical behaviour
of selenium was begun. Subsequently, isolated papers,
frequently containing contradictory data, appeared from
time to time. Systematic study of the electrochemical
properties of selenium and tellurium began in the 1950's—
1960's in connection with their large-scale applications in
modern engineering. Extensive data have now accumu-
lated, a systematic account of which requires a separate
review.
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II. ELECTROCHEMICAL BEHAVIOUR OF SELENIUM
AND TELLURIUM ELECTRODES IN ELECTROLYTES OF
DIFFERENT COMPOSITIONS

1. OXIDATION-REDUCTION POTENTIALS OF SELENIUM AND
TELLURIUM

Selenium

Apart from the metallic state, selenium can exist in the
-2, +2, +4, and +6 states of oxidation. For the most
stable states, the oxidation-reduction potentials can be
represented schematically as follows?:

—0.,40 40.74 +1.166 . .
HpSe — Se —— H,S¢03— SeO{™ : acid solutions,
~0.92  —0.366 ,_ +0.068 R .
Se?~ ——> Se™——> Se0;~ —— Se0%" : alkaline solutions.
The standard potential of the selenium-selenous acid
system has been determined '’ by direct measurement of
the equilibrium constant of the reaction

Se(hexagonal) + 2I,(cryst.) -+ 3H,0 2 HySeOy -+ 4H* +- 41~

and a value of +0.74 Vi was adopted.

In view of the fact that a state of equilibrium is
reached for the above system, it was concluded that the
selenium-selenous acid system is reversible.

The steady-state potential of the selenium electrode in
selenous acid solutions corresponds to the equilibrium
potential of the selenium-selenous acid system'!, The
equilibrium state of the selenium-selenous acid system
is also reached in solutions containing tin(II) chloride.
The reduction of selenous acid by SnCl: permits the calcu-
lation of the equilibrium constant for the reaction'?

H,Se0; + 28nCl, 4 4HCI=28nCl, -+ Se + 3H,0 .

Titrations of selenous acid solutions with tin(II) chloride
at different hydrochloric acid concentrations established '?
that in 2-8 M HC1 the potential of the Se/Se03” system is
+0.74 V. Hence it follows that in the above HC1 concen-
tration range selenium in solution in the SeQO:—HCI1 system
exists preferentially as selenous acid.

Tellurium

It dissolves in alkalies and acids with oxidising proper-
ties. It forms compounds in both positive (Te*, Te*, and
Te®)i and negative (Te®”, TeZ") valence states. Tellu-
rium(IV) compounds are the most stable. In the ciuadri-
valent state tellurium forms numerous complexes”. In
2.5 M hydrochloric acid solution the tellurium complex
has the composition HoTeCls.'* As stated by Iofa et al.,'®
in 3.5=-7 M HC1 there exist at least four different complex
tellurium ions which are interconverted as the hydrochlo-
ric acid concentration is varied.

The potential of the tellurium electrode in hydrochloric
acid solutions of tellurium(IV) was first measured by
Reichinstein'® and Kazarnovskii'’. With increase of
hydrochloric acid concentration from 0.05 to 4.5 M, the
potential of the tellurium electrode also rises. It
assumes the highest value (+0.567 V) in 2.5 M HC1l. It
was adopted ***'" as the equilibrium standard potential of

1 The standard potentials are quoted relative to the
hydrogen electrode.

i The valence indices characterise the degree of oxi-
dation and not the ionic structures.
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the Te/Te* system. This is not quite correct, since
the authors made not altogether justified assumptions,
namely that TeCl, is completely dissociated into Te** and
C1~ and that the activity coefficient is unity.

The introduction of a correction by Yakovleva and
Andreev'® in the calculation of the standard potential of the
tellurium electrode in hydrochloric acid solutions cannot
also be regarded as entirely justified. The authors state
that, since there are no literature data for the activity
coefficients of Te* ions and it is difficult to determine
them, they can be assumed equal to the activity coeffi-
cients of [Fe(CN)s['~ ions. The activity coefficient of an
electrolyte is known to depend on the interaction between
the ions with formation of ionic association complexes.
Evidently the electrostatic and specific interactions
between different ions must differ and hence one cannot
assume the identity of the activity coefficients of different
ions.

Thus +0.576 V should not be regarded as a standard
potential but as an experimental or apparent potential
observed in the Te/Te™ system when the concentration
ratio in the latter corresponds to the stoichiometry of the
electrochemical reaction

Tet+ + 4e 2 Te

By measuring the equilibrium potential in the deposition
of tellurium from hydrochloric acid solutions by tin(II)
chloride, it was established'® that at hydrochloric acid
concentrations in the range 2-3 M the apparent reduction
potential is almost independent of acid concentration and
amounts to +0.584 V. With further increase of acid con-
centration, the reduction potential falls,

The surface of the tellurium electrode is rapidly oxi-
dised, the oxide film having a significant influence on the
electrode potential. The electrodes treated in an atmos-
phere of hydrogen at -200°C and then heated to 400°C in a
high vacuum exhibit a potential in buffer solutions (free
from O:) which corresponds to the Te/TeO. system (in the
pH range 2-12).'°

Schuhmann?® obtained the following data by direct mea-
surements of the potential of the tellurium-tellurous acid
system:

Te ++ 2H;0=TeO, (solid) + 4H* - 4e,
Te 4 2H,0=TeCOH* - 3H* - 4e,

¢=+0.529V,
p=+0.559 V.

With increase of pH, the potential of the tellurium elec-
trode shifts in alkaline solutions and assumes a negative
value. The e.m.f. of the cell Te(solid) | TeO:(solid) | buffer
solution || calomel electrode at 25°C and in the pH range
2.2-8 is described by the equation ¢ = 0.349—0.058 pH, 2
Under these conditions, the electrode can be used as an
indicator electrode in acidimetric titrations.

In 1 M NaOH solution the potential of the Te/Te032”
system is —0.395 V (s.c.e.)§.'® The sharp change of the
potential of the tellurium electrode in alkaline electrolytes
is due to the reaction 3Te + 6NaOH = Na:TeQOs + 2Na;Te +
3H:0.

As a result of this reaction, the composition of the
electrolyte near the electrode probably changes, Te®" ions
appear and create completely different conditions at the
tellurium electrode. Another cause of the fall of the
electrode potential as the concentration of alkali is altered
may be a change in the composition and structure of the
tellurite ions.

§ s.c.e. = saturated calomel electrode.
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The standard potential of the TeO3”/TeQi™ system in
alkaline solutions was obtained on the basis of the oxidation
of tellurite with hypoiodate °:

Tey03 4 20H™ = TeO}™ + Hy0 -+ 2.

It was found that ¢ = +0.4 V,
Thus the potentials of tellurium systems can be repre-
sented schematically as follows:

~0.72 +0,620 +1.n28 . .
HyTe == Te — = TeO,(5q1id) — HsTeOy(s0lid) acid solutions,

Tet- 5 e =% TeO3" 0y TeO}~ alkaline solutions.

More detailed information about the carefully adjusted
potentials of tellurium systems and the variation of the
potential of the tellurium electrode with pH is given by
Pourbaix#,

2, ELECTROLYTIC REACTIONS AT SELENIUM AND TELLUR-
IUM ELECTRODES

Selenium

Comparison of the conductivities in the S, Se, Te
series shows that the conductivity of sulphur is very low,
tellurium resembles metals as regards its conductivity,
and selenium exhibits semiconductor properties. Semi-
conductor properties and photosensitivity have a marked
influence on the electrochemical behaviour of selenium.
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Figure 1. Polarisation curve obtained with the tellurium
electrode in hydrochloric acid solutions?°,

In the polarisation of selenium with #- and p-type of
conduction in 0.1 N sulphuric acid solution, Gobrecht
et al.?® noted that polarisation of n-type selenium hardly
changes on illumination and is determined mainly by the
ohmic resistance of the electrode. Illumination of p-type
selenium lowers appreciably the cathodic polarisation.
Anodic polarisation decreases much less on illumination.
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The different effects of illumination on the cathodic and
anodic processes show that the decrease of the cathodic
polarisation in the given case does not occur solely due to
a decrease of the ohmic resistance of selenium under the
influence of light. The high cathodic polarisation is evi~
dently caused by the fact that in the cathodic reduction of
hydrogen ions free electrons are involved, the concentra-
tion of which in p-type selenium may be very low,

A high cathodic polarisation in the dark and its decrease
on illumination were noted in the electrolytic deposition
of selenium at a selenium electrode from selenous acid
solutions® and also from weakly and strongly acid solu-
tions of selenium dioxide?®,

After the application of an external e.m.f. to the elec-
trodes of the electrolytic cell consisting of two selenium
electrodes immersed in 57% H:SeOs, the cathode acquires
a high sensitivity to illumination, amounting approximately
to 1000 ma Im™,

It is believed®® that such high light sensitivity of a photo-
electric cell of this kind is due to the formation on the
surface of the selenium electrode of a blocking layer by
adsorbed hydrogen atoms (a solid solution of hydrogen in
selenium) generated by the reduction of H+ ions at the
electrode.

The photoelectric effect at the selenium electrode (gold
foil coated by red selenium) in agueous hydrochloric acid
solution has been investigated®’.

Tellurium

When a tellurium electrode is immersed in 0.1 N H.SO,4
or 0.1 N NaOH solutions at low current densities (5 X 10~~
1x 10™° A cm™), a sharp potential jump towards lower
positive values associated with a fall of IR is observed in
the initial stage of the cathodic polarisation. The sub-
sequent slow variation of the potential (before attaining a
steady value) is associated with the reduction of the oxide
film, the formation of a double layer, the reduction of H"
ions, and the formation of hydrogen molecules on the
electrode surface.

In the anodic polarisation the rapid initial increase of
the potential is associated with the ionisation of H» formed
in the cathodic polarisation. The subsequent slow change
of the potential is a consequence of the evolution of oxygen
accompanied by the oxidation of the metal?®, When the
surface of the electrode is completely covered by oxides,
the potential acquires a constant value and changes only
with current density.

The 7 -1gi polarisation curves (the variation of the
hydrogen overvoltage n with 1g7), measured with the aid
of a tellurium electrode in 0.05-5 N H2SOs, in buffer
solutions at pH 3-13, and in 0.1 N NaOH have two linear
sections with slopes of about 0.04 V and about 0.12 V. On
this basis, it has been suggested that® in the above media
the evolution of hydrogen on tellurium takes place via an
electrochemical mechanism.

In hydrochloric acid solutions the slope of the 7 - lgi
curves varies with the acid concentration (Fig.1). In
solutions at hydrochloric acid concentrations below 0.3 N
the 7 — 1gi curves consist of two linear sections with
slopes 01>~ 0,04 V and 0 =~ 0,12 V. It was suggested®®
that in these solutions the evolution of hydrogen at tellu-
rium proceeds via an electrochemical mechanism in which
the formation of hydrogen molecules from H' and adsorbed
hydrogen atoms is the rate-determining stage. In more
concentrated hydrochloric acid solutions the 77 - g7 curve
has a single linear section with a slope of 0.06 V,
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In order to account for the change in slope in more
concentrated hydrochloric acid solutions, it was suggested®®
that the evolution of hydrogen at tellurium proceeds via a
“dual mechanism”, i.e. there may be two rate-determining
stages proceeding at very similar rates.

In the derivation of the kinetic equation for the possible
stages in the cathodic evolution of hydrogen at tellurium,
the authors calculated the slopes of the - lgi curves for
different mechanisms on the basis of the theoretical con-
cept of Bockris and Potter *°, The results showed that,
in more concentrated hydrochloric acid solutions at low
current densities, the evolution of hydrogen at tellurium
can proceed via a dual electrochemical-catalytic mecha-
nism with two different rate-determining stages having
similar rates.

At low current densities (1 X 1073~ 5x 10™* A em ™) in
hydrochloric acid solutions the evolution of hydrogen at a
tellurium electrode proceeds via a slow discharge mecha-
nism. On further increase of current density (to 1 x 107
A cm™), cathodic dlssolutlon begins with formation of
tellurium hydrlde

As at mercury® and other electrodes , in the elec-
trochemlcal reduction of Fe(CN):~ at the tellurium elec-
trode® a decrease of the concentration of the indifferent
electrolyte (KC1) near the zero-charge point [¢ = =0.30 V
(s.c.e.)] entails a decrease of the current on the { — ¢
curves owing to the effect of the electrical double layer on
the kinetics of the electrochemical reaction. An increase
of the concentration of the indifferent electrolyte leads to
a gradual removal of inhibition of the reaction and at a
concentration of 0.1 N the inhibition is completely removed.
Chloride and bromide ions do not have an appreciable
influence on the kinetics of the electrochemical reduction
of Ks[Fe(CN)e] at tellurium, while iodide ions sharply
inhibit the reaction.

34,35

3. ANODIC AND CATHODIC DISSOLUTION OF SELENIUM AND
TELLURIUM

Selenium

In the anodic polarisation of the selenium electrode in
neutral and acid solutions vigorous anodic dissolution of
selenium takes place. Depending on the electrolysis
conditions and the composition of the electrolyte, the ano-
dic reaction product can be selenous acid or a mixture of
selenous and selenic acids. In selenous acid solutions
the acid itself becomes concentrated, the anodic reactions
occurring without angreclable mhlbltlon with an apparent
yield close to 100%.

An important factor in the refining of selenium is the
preparation of selenous acid, which is synthesised by the
combustion of technical selenium in a stream of oxygen
with subsequent dissolution of the resultmg selenium diox-
ide in distilled water. The data obtained*® suggest that
the electrochemical method (anodic dissolution of selenium
or interaction of electrically regenerated chlorine with
powdered selenium in a single bath) may be promising for
the synthesis of selenous acid.

The high resistance of selenium (10°~10" Qcm) hinders
the use of pure selenium as the material of anodes. For
this reason, anodes consisting of a mixture of selenium
and graphite have been employed. The most suitable
ratio is Se :graphite = 3:1.

Measurements of polarisation curves with the aid of
the selenium-graphite anode in different electrolytes have
shown that at low current densities the anodic curves are
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the same to a first approximation as the curves obtained
in the anodic dissolution of thin selenium films. At high
currents (> 10 mA cm™2) there is a linear relation between
current density and polarisation.

The form of the polarisation curves shows that the
principal reason for the high polarisation is the ohmic
potential drop in the electrode itself, and in the electrolyte
in the case of H.SeQOs solutions, which have a low conduc-
tivity.

Selenous acid is synthesised by the reaction of electri-
cally regenerated chlorine with selenium without an inert
current-conducting material, A mixture of HC1 and NaCl
solutions has been employed as the electrolyte with a cur-
rent density at the anode (graphite) of 30~40 mA cm %,
the cathode consists of a PVC fabric membrane impreg-
nated with titanium. The resulting acid contains small
amounts of H.SeO,.

In the anodic polarisation of the selenium electrode
containing Brz, HBr and HBrOs appear as impurities
in the solution in addition to HzSeOs.

By electrolysing selenous acid at the anode, it is
possible to prepare selenic acid and its salts:

H,Se0; 4 H0—2¢ — H,Se0, - 2H* ,

The method of anodic oxidation of selenous acid was pro-
posed for the synthesis of selenic ac1d and its salts free
from admixtures of other elements® ™%,

A separate study on the cathodic distribution of seleni-
um hasg apparently not been made, However, it has been
noted * that in the electrolysis of KOH solutlons with
selenium as the cathode and platinum as the anode, poly-
selenide ions of the type Serl are formed, in whlch n may
be 4.4,

Tellurium

In the electrolysis of alkaline solutions using tellurium
electrodes tellurium dissolves both anodically and catho-
dically. The cathodic dissolution results in the formation
of Te*” and Te}" ions.

The formation of Te3~ ions in the cathodic polarisation
of tellurium in alkaline solutions was pointed out a long
time ago by Le-blanc*® and Miiller and Nowakowsky *', who
observed that in the electrolysis of solutions of alkalies
using the tellurium electrode a gas was not evolved at
either electrode, both dissolving. In the electrolysis of
KOH solution, the solution at the cathode becomes red
(polytellurides are formed). The anode d1ssolves telluri-
um in an oxidation state close to four, the Te* ion passing
into the solution; most of these ions react with OH™ ions,
forming TeO3~. Under the conditions where the solution
contains simultaneously positive and negative tellurium
ions, the equilibrium 3Te = 2Te?” + T* is established.

In concentrated alkaline solutions with a measurable
amount of products the equilibrium in this reaction is dis-
placed to the right and on dilution of the solution the reac-
tion proceeds in the opposite direction.

The main product in the cathodlc dissolution of telluri-
um in solutions at pH < 9 are Té? ions, while at pH > 12
the product is Tez jons. In the pH range 9-12 a mixture
of Te?~ and Tez Is formed in the solution. According to
the literature ’*°, the overall reaction in the dissolution
of the tellurium cathode can be represented as follows:

Te+2(n-—i)H++ne—(n—i)H,Te+ Te" .
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The number of electrons n per atom of dissolving telluri-
um is 2 in acid solutions and 1 in alkaline solutions.

It has been noted** that in alkaline solutions the steady-
state potential ¢gt of the tellurium electrode changes very
slowly with time, reaching 0.15 Vin 1 M KOH and 0.08 V in
0.1 N NaOH. After a preliminary cathodic polarisation of
the electrode, ¢gt is —0.75 V and gradually shifts towards
less negative values. This shift takes place as a result of
the spontaneous oxidation of Te3~ (formed from the telluri-
um electrode in the cathodic polarisation) to Te and TeO3 .

The polarisation of the tellurium electrode in NaOH
solutions *® and Ba(OH): and NH,OH solutions *® was investi-
gated by Awad. In 0.005-0.01 N NaOH at current densities
of 1 X 107°-1x 107* A cm™ the n - 1g¢ curves have a
single linear section with a slope of about 0.1 V. In more
concentrated solutions (up to 5 N NaOH) there are two
sections with the slopes 0, = 0.04 Vand vz = 0.1 V. Itis
suggested that at low NaOH concentrations the rate-limiting
stage in the cathodic process is the discharge of Na* ions.
At current densities of 1 X 10™*-1%x 102 A cm™ in 0.5-5 N
NaOH solutions the 1~ 1g¢ curves are to some extent
located at potentials more positive than that of the normal
hydrogen electrode. In the region near the cathode the
solution becomes red, indicating the formation of polytel-
lurides.

Comparison of the experimental slopes with the calcu-
lated value (0.06 V) obtained in accordance with the reac-
tion 2Te + 2¢ — Te§~ suggests that a direct formation of
Te3™ by this reaction is impossible.

Therefore Awad *® postulated that the cathodic dissolu-
tion of tellurium proceeds in stages with participation of

the electrolyte cation according to the following mechanism:

Te -+ Na* 4 e — NaTe y
NaTe — Te -+ Na* e ,
NaTe 4 Te - e —~ T;™ - Nat ,

Awad *® believes that in Ba(OH); and NH4OH solutions the
multistage process can be represented in the following
manner on the assumption that tellurium is present as
diatomic species:

Mt - Te, + e — MTe,

) 1

MTe, + M* e — M,Te, 2)
M;Te, 4 Te, + e — M,Te] (3)
M,Te; + e — 2M* 4 2Tel™ | 4)

In 0.5 N NH,OH and 0.005 and 0.01 N Ba(OH). solutions
the rate of dissolution is controlled by the discharge of the
electrolyte cation, i.e. stage (2) is rate-determining. At
high Ba(OH), concentrations, the rate is determined by the
electrochemical reaction, i.e. stage (4) is slow. However,
Awad's experimental data do not confirm his ideas con-
cerning the stoichiometric numbers of the above reactions.
The order of the reaction with respect to sodium ions in
the double layer is inconsistent with the experimental data.
Therefore Komandenko and Rotinyan*’ believe that the
formation of Te3~ probably proceeds without involvement
of the alkali metal cation via the mechanism

Te 4- OH~ 4 ¢ — TeOH2>~ ,
TeOH?™ 4- Te - ¢ — Te,OH%~
Te,OH?~ + Te -+ e — TeOHs~

TegOH~ + Te - e — 2Tel™ -+ OH™ .

slow stage,

One can alsp assume that the polytelluride is formed as the
result of the reaction of the Te*~ ion with elemental tellu-
rium on the surface of the electrode. However, polarisa-
tion data alone, which were used to establish the mecha-
nism of cathodic dissolution of tellurium, are insufficient.
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1t is also necessary to establish the nature of the inter-
mediates and to determine the current yield of the most
stable product which accumulates and is responsible for
the slow stage. It is therefore difficult at present to give
a definite preference for a particular mechanism.

The cathodic dissolution of tellurium is used in some
cases for the preparation of hydrogen tellurides o,

The anodic behaviour of tellurium has been investigated
in acid ®™® and in alkaline****"*® golutions. On the basis
of polarisation measurements, Fishman et al.*° and
Awad® suggest that the Te** ion is formed in anodic
polarisation. However, the physicochemical properties
of tellurium compounds and also experimental data “ pro-
vide adequate grounds for the belief that in acid solutions
the primary anodic product is Te?*. Apart from its
electrochemical reaction, Te** subsequently undergoes
disproportionation, and, in weakly acid electrolytes,
hydrolysis.

In 1,5-3 N NaOH solutions at a current density of 10~40
mA cm™ the anodic dissolution of tellurium proceeds with
a 100% current yield. At higher concentrations of alkali
the current yield exceeds 100%.

When lower concentrations of alkali are employed, an
insoluble form of tellurous acid is formed on the surface
of the anode, which markedly increases the resistance,

The anodic process proceeds via the overall reaction
Te + 40H™ - 4¢ — HoTeOs + H20,* which consists of a
series of consecutive stages:

Te+OH-—e — TeOH ,
TeOH + OH"—¢ — TeO+ H,0 ,
TeO 4- OH-—e — TeOOH |
TeOOH 4 OH"—e — H,TeO; .

II. CATHODIC AND ANODIC DEPOSITION OF SELENIUM
AND TELLURIUM

1. DEPOSITION FROM AQUEOUS SOLUTIONS
Selenium

Depending on the composition of the electrolyte and the
electrolysis conditions, selenium may be deposited in the
form of red amorphous and grey hexagonal modifications
or their mixture. The electrolytic deposition of red
amorphous selenium is carried out in acid and weakly alka-
line selenous acid electrolytes®~*. The electrolysis is
performed at 20-40°C and a current density of 10~20 mA
cm™.

With the development of xerography towards the end of
the 1950's, interest was aroused in methods for the pre-
paration of films of amorphous selenium on a metallic
base. In order to obtain fairly strong films of red amor-
phous selenium in the electrolysis of selenous acid and its
salts, Graham et al.” investigated the effect of the pH of
the medium wetting the reactants, the material of the
electrode, temperature, and illumination on the structure
and electrophysical properties of the deposits. The
electrolysis was performed in two baths: (1) acid bath:
350 g of SeO: per litre of water, pH 0.8; (2) alkaline bath:
211 g of SeO: per litre of dilute NaOH solution, pH 8.
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Citric acid was employed as the wetting agent. Sele-
nium was deposited on platinum, bright nickel, black
nickel, gold, copper, silver, chromium, and lead elec-
trodes. The electrolysis was carried out in the tempera-~
ture range 5-40°C and under illumination ranging from
moderate to very intense from three 500 W lamps focussed
on the surface of the electrode. The most satisfactory
coatings were obtained on platinum and nickel. However,
the resulting red amorphous selenium deposits proved to
be unsuitable for xerography. According to the authors,
this is due to the high impurity content in the electrolytic
amorphous selenium,

The preparation of selenium coatings by electrolysis
was also reported by Krusenstiern and Meier *®

In acid solutions selenium is deposited on iron, nickel,
and copper with and without external polarisation. In
neutral solutions without external polarisation it is depos-
ited only on iron. In alkaline solutions selenium is
deposited on the above metals only when external polarisa-
tion is applied. In all cases the rate of dep051tion of
selenium depends on the nature of the metal*®

It has been noted?® that in the electrolysis of 2M
H-SeO; (temperature 20-40°, current density 0.03-0.06 mA
cm™?), 2 M KHSeOs (pH ~ 7)ﬁ and 2 M H.SeO; + 2 M KC1
(current density 2.5 mA cm™) solutions grey hexagonal
selenium is deposited on platinum and nickel cathodes.

In the temperature range 45~70°C at a current density
of 10-30 mA cm™ a mixture of grey hexagonal and red
amorphous selenium is deposited on the cathode. At
elevated temperatures (70~100°C) grey hexagonal selenium
(the so called metallic selenium) is deposited on the
cathode *°

The addltion of H2SO4 and HNOs to the electrolyte up to
a concentration of 1.2 N lowers the potential in the bath
from 3.5 to 25 V but does not have an appreciable influence
on the nature of the electrolytic selenium®. 1In the elec-
trolysis of selenium-containing solutions the acidity of the
electrolyte has a marked influence on the cathodic process
A grey, fairly loose deposit of elemental selenium, whlch
is weakly attached to the metallic base, is formed on the
cathode from 2 M H.SeQOs solutions. At low current den-
sities the current yield of selenium is 45-50%.

2

ic, mA cm’

Figure 2. Cathodic—anodic polarlsa,tmn curves for a 2 M
H.SeO; solution: 1) in the dark; 2) under illumination 25

The cathodic process is accompanied by a high polarisa-
tion, which falls appreciably when the surface of the
electrode is illuminated (Fig.2). At high current densi-
ties the polarisation is affected by the semiconductor pro-
perties of the selenium deposited on the electrode. The
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high potential gradient ir. the surface layer of selenium
leads to the electrical breakdown of the surface layer.
Under the breakdown conditions, vigorous evolution of
hydrogen takes place on the electrode. The current yield
of selenium falls to 20-25%.

When the surface of the cathode is illuminated, the
electrode potential shifts towards positive values and the
electrical breakdown of the surface barrier does not occur,
the discharge of H" diminishing sharply and the current
yield of selenium commg close to the theoretical value®

Von Hippel and Bloom ® deposited grey hexagonal
selenium from a sulphuric acid electrolyte containing 840
g of SeO: per litre of 18 N HSOs and recommended that
grey selenium be electrodeposited at 90°C, a temperature
which promotes the maximum rate of formation of nuclei.
Dense and homogeneous deposits of selenium firmly
adhering to the metallic base were obtained on the cathode,
Analogous results were achieved also when HzSeOq was
employed instead of HaSOs. Von Hippel and Bloom
recommend that highly acid electrolytes (18 N HzSO4 +
150 g litre™ SeO. at 55~120°C) be employed to coat vari-
ous articles made of nickel, silver, antimony, and steel.
The surface of the cathode was initially coated with the
corresponding metal selenide.

A 9:1 selenium—-graphite mixture was employed as the
material of the anode. Under these conditions, the loss
of selenous acid in the cathodic reaction is compensated
by its formation by the anodic oxidation of selenium,

The resulting grey hexagonal selenium coatings can be
used in the manufacture of rectifiers and photocells.
Selenium coatings obtained by electrolyels in highly acid
electrolytes have a distinct texture *.
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Figure 3.
840 g of SeOz in 1 htre of 18 N H2SO0q4;
2) under illumination %

Cathodic polarisation curves for a solution ¢t
1) in the dark;

The electrolytic deposition of the grey hexagonal modi-
fication of selenium on a platinum cathode at 95°C from
concentrated sulphurlc acid containing selenium dioxide
has been reported *

The cathodic reduction of selenium in highly acid
electrolytes (SeO: + 55-60% H280: or H2SeQ.) is accom-
panied by a relatively low polarisation.

At low current densities the polarisation of the seleni-
um electrode hardly changes under illumination. The
effect of illumination on the polarisation of the selenium
electrode in concentrated sulphuric and selenic acid
electrolytes begins to have an appreciable effect at cur-
rent densities in excess of 10 mA cm™. The slight
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decrease of cathodic polarisation (Fig. 3) under illumina-
tion is probably associated with a decrease of the ohmic
resistance of selenium under the influence of light.

The 7 - 1gi polarisation curves for the cathodic depo-
sition and anodic dissolution of selenium, measured in
concentrated sulphuric and selenic acid electrolytes at
low current densities (1 x 107*~1 X 107 A cm™), have a
single linear section with a slope of 0.7 V (Fig.4). The
exchange current found from the intersection of the anodic
and cathodic curves is 1.4 X 10™ A cm™,
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Figure 4. Cathodic~-anodic polarisation curves for the
solution of 840 g of SeO; in 1 litre of 18 N HzS0,.%

Thus in highly acid solutions the inhibition of the
cathodic reaction associated with the depletion of the sur-
face layer of selenium in free electrons, which is charac-
teristic of weakly acid electrolytes, is not observed.

The exchange current in highly acid electrolytes is
higher by approximately 2 powers of 10 than in weakly
acid solutions. The current yield of selenium in con-
cer&tyrated sulphuric and selenic electrolytes is close to
100%.

It is believed ®® that the electrochemical reduction of
selenous acid in concentrated sulphuric and selenic acid
electrolytes proceeds with participation of the (HsSe0s)*
cation, which is formed in accordance with the equilibria

H,Se0; & HY + HSeOJ, H,SeOq 4 H* 2 (HSeOg)+ ,

Its concentration increases with the acidity of the electro-
Iyte.

The absence of inhibition in the electrochemical reduc-
tion of selenium in concentrated sulphuric and selenic acid
solutions is attributed by other workers ®® to the fact that
the free electrons involved in the cathodic process are
generated in a sufficient amount on the surface of the
electrode. Possibly the products of the interaction of
selenium with fairly concentrated acids of the HzSeOs and
H,SO, type behave as electron generation centres. Des-
pite the fact that there is no direct proof of the formation
of these products and there are no data concerning their
nature and properties, the polarisation and capacitance
measurements as well as the properties of selenium in
concentrated solutions® suggest that preference should be
given to this explanation.

Elemental selenium dissolves readily in concentrated
sulphuric acid with formation of SeSOs;. The electrolytic
reduction of SeSO; in 98% sulphuric acid solutions proceeds
via the reaction

SeSO; -+ 6H*++ Be — Se + S + 3H,087¢8 |
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The current yield is nearly theoretical. Since SeSOs is
frequently formed in the course of the manufacture of
sulphuric acid (when the raw material contains selenium),
the electrolytic reduction of SeSOs can be used for the
quantitative separation of selenium from sulphuric acid.

The technology of the electrolytic preparation of sele-
nium from the anodic sludge in the copper refining indus-
try has been described®. The sludge is roasted with
NazCOs, leached with water, and the solution is saturated
with boric acid, filtered, and the pH adjusted to 8-9 by the
addition of an aliphatic polybasic alcohol (for example
2-amino-2-methylpropane-1,3-diol). This solution
serves as the catholyte, aqueous NaOH or NazCOs; being
employed as the anolyte. Selenium is evolved at a poten-
tial of 4.5-6 V. The cathode can also be made of iron,
copper, titanium, and aluminium and the anode can be
made of materials resistant to NaOH solutions.

Selenium is deposited from solutions of alkali metals
by hydrogen selenide via the reaction

HSe~ + OH-—2¢ — Se +H,0

The anodic oxidation of sodium selenide has been used
to coat the plates of rectifiers’. The electrolysis was
performed at elevated temperatures and a maximum cur-
rent density of 10 mA cm™. However, owing to the
instability of the selenide solutions ,the anodic deposition
of selenium has not found wide scale application.

In the electrolysis of alkaline solutions of a selenite,
the selenide is formed on the cathode via the reaction
Se03”™ + 3H:0 + 6¢ — Se*” + 60H~ and can be used for the
deposition of selenium on the anode. This process is
complicated by the chemical reactions

2HSe + ¥,0,=2Se + H,0, SeO2” + 2HSe~ 4 H;0=3Se + 40H~.

The colloidal selenium formed as a result of this reac-
tion interacts with the selenide and forms polyselenides
which are not involved in the electrochemical reaction and
merely reduce the concentration of the selenide in the
electrolyte. Under certain conditions, sodium selenide
is formed in the cathodic compartment in the electrolysis
of sodium selenite solutions 7!,

2. CATHODIC DEPOSITION OF TELLURIUM FROM ACID
SOLUTIONS

In the electrolysis of acid tellurium-containing solu-
tions, coarsely crystalline or fine-grained tellurium
deposits are formed on the cathode depending on the elec-
trolysis conditions and the composition of the electrolyte.
Spongy deposits are mainly produced in the electrolysis
of weakly acid solutions of tellurium. TeO., the forma-
tion of which is associated with the hydrolysis of tellurium
chloride near the electrode, has been found in the spongy
tellurium deposits ™2,

The best electrolytes for the electrolytic deposition of
tellurium from acid solutions are hydrochloric acid solu-
tions. The high positive potential of the Te/Te* system
and the high solubilities of TeO. and TeCly in hydrochloric
acid solutions are extremely favourable for the electro-
lytic deposition of pure tellurium. The electrochemical
behaviour of tellurium in hydrochloric acid solutions has
been investigated >’ ™",

Miiller and Schlosser ", who were the first to achieve
the electrochemical deposition of tellurium from hydro-
chloric acid solutions (300 g litre™ Te + 200 g litre™
HC1), noted that pure tellurium is deposited on platinum
and titanium cathodes at 30°C.
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For the deposition of tellurium with a purity not less
than 99.99%, the limiting permissible concentrations of
impurities in solution such as selenium, silver, mercury,
and gold should not exceed 5 mg litre™ and those of
impurities such as aluminium, iron, magnesium, and
calcium, and others should not exceed 70~100 mg litre™.?
The electrolysis conditions are as follows: (0.5-2.0) X
10™* M TeO: or TeCls + (2.5=5) X 10~* M HC1 electrolyte,
current density 15-20 mA em™, 25-30°C. Such electro-
lytes can be prepared by the anodic dissolution of technical
tellurium in hydrochloric acid solutions*,

Chlorine in the form of TeClz remains in all the tellu-
rium deposits as a mechanical impurity®. An increase
of the acidity of the solution, the presence of alkali metal
chlorides in the electrolyte, and an increase of current
density lead to an increase of the TeClz content.

A change in the electrolyte temperature has an appre-
ciable influence on the mechanism of the cathodic deposi-
tion of tellurium and on the nature of the deposits. A
fine-grained grey deposit is formed on the cathode at 25~
50°C and current densities of 10-15 mA cm™, At 75 to
90°C and a current density of 20 mA ecm™, coarse-grained
dark-grey deposits are formed, their current yield in
relation to Te* falling from 99% at 25°C to 89% at 90°C.

The formation of TeCl: is associated with a multistage
mechanism of the reduction of Te* ions by Te**. Some of
the Te®* ions near the electrodes react with C1” ions to
form TeCl:, which is deposited on the surface of the
cathode together with a freshly formed layer of elemental
tellurium. Other Te® ions undergo further electrochemi-
cal reaction and disproportionation: 2Te®* = Te + Te*.
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Cathodic—anodic polarisation curves obtained
in 2 M HC1 + 0.05 M TeCls solution™.

Figure 5.

Vigorous formation of T€** ions and their dispropor-
tionation are observed in the anodic polarisation of the
tellurium electrode in hydrochloric acid solutions. After
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the start of electrolysis, the electrolyte near the anode
becomes greenish-yellow, then assumes a red tint, and is
convegted into a dirty-grey turbid suspension, black crys-
tals (pure elemental tellurium) being formed after approxi-
matelgv 30-40 min,

Te** ions in the solutions after anodic polarisation were
detected directly by treatment with an oxidant (KoCr.0-).

The study of the kinetics of the decrease in the amount
of T€** ions in solution after the anodic polarisation of
tellurium had ceased and chemical analysis of the solid
mass established that (1) Te** is formed in the anodic
dissolution of tellurium in hydrochloric acid solutions;
apart from being involved in an electrochemical reaction,
Te?* jons subsequently disproportionate and are also
deposited in the form of TeCl. on the surface of the anode;
(2) the disproportionation reaction is a second-order
process.

The cathodic polarisation curves measured with the
aid of the tellurium electrode in hydrochloric acid solu-
tions of tellurium(IV) show the onset of a limiting current,
which increases with the concentration of tellurium in the
electrolyte, temperature, and the rate of stirring. At an
HC1 concentration of 2.5—~5 M the limiting current varies
linearly with the concentration of tellurium in the electro-
lyte™. In this acidity range tellurium is present in
solution in the form of the complex ions TeC13~.

As the acidity of the electrolyte diminishes, the chlo-
rine in the complex ion is gradually replaced by HzO or
OH", tellurous acid is precipitated, and the concentration
of Te* ions in solution falls,

The initial sections of the polarisation curves (Fig. 5)
for 2.5-5 M HC1 + 0.02-0.25 M Te solutions at 25-50°C
show a break and two linear sections with different
slopes; 0¢1 = 0.035V, 62 = 0.12-0,14 V, 0y = 0.066~
0.070 V, and 032 = 0.15-0.20 V. The exchange currents
aredon = 2x10 Acm2 and do.2 = 1 x 107 A em ™.

Comparison of the results of the polarisation measure-
ments with the direct detection of Te?" ions permits the
assumption that the cathodic deposition and anodic disso-
lution of tellurium in hydrochloric acid electrolytes pro-
ceed in stages.

The most probable mechanism of the process can be
represented in the following form?2°:

TeCIZ™ 2 TeCIE* + 4CI- | (1)
TeCl3* + e 22 TeCl} , 2)

TeCly + e — TeCl, (3)

or TeCI¥* 4 2¢ — TeCly , (4)
TeCly+ e TeCly (5)

TeCl; - ¢ 2 Teo - 2CI~ (6)
Or TeCly 4 2 — Te® 4 2CI- (M

If there is only one slow stage in reactions (1)-(7), the
sum of the apparent transfer coefficients should be equal
to the number of electrons involved in the overall reaction,
i.e. o' + 2’ = 4, which is not observed experimentally.
Therefore one must postulate that the cathodic deposition
and anodic dissolution of tellurium in hydrochloric acid
solutions occur by more than one slow stage.

The formation of Te** ions and the increase of their
concentration during electrolysis suggest that the slow
stage may be reaction (5). On the other hand, reaction
(3), whose product can disproportionate and also remain
in the solid state apart from being involved in an electro-
chemical reaction, presumably also has a slow stage.
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If one supposes that reactions (3) and (5) and reactions (5)
and (3) are slow in the cathodic and anodic processes
respectively and that the preceding electrochemical stages
are reversible, then, using the characteristics of multi-
stage processes and the proposed reaction mechanism, the
following kinetic equations may be derived:

ic =k-s[TeCE™|[CL T exp[~(1 + as)F@c/RT),
whence ¢’ =1+as, '=1+8, a’' +B' <4, and
ig = k.s5[C17)? exp [(1 + Bs)Fpa/RT).

Thus a’ + B must be four, which is in fact observed
experimentally.

Electrodeposition from tellurium solutions containing
tellurium sulphate mixed with ammonium hydrogen tar-
trate was carried out by Pellini””. According to Gallo™®,
Pellini's method™ is unsuitable for the electrochemical
deposition of relatively large amounts of tellurium and the
electrolysis of pyrophosphate electrolytes is recommended.
The electrolytic deposition of tellurium on a lead cathode
from a TeQO, + HF + H2SO, electrolyte has been
described ™. However, owing to the corrosive nature of
the electrolyte, the method has not found any practical
application. It is occasionally recommended for the
deposition of thin tellurium films on various metallic sur-
faces®. The conditions governing the electrolytic depo-
sition of tellurium from media described by Mathers and
Turner ™ were recently reinvestigated® and it was found
that a dense deposit of tellurium with a metallic lustre and
having a purity of 99.98% is formed on the cathode.

There are data® showing that in the electrochemical
deposition of tellurium from sulphuric acid electrolytes
in an ultrasonic field the limiting permissible current
density for the formation of high-grade tellurium deposits
is appreciably increased. In sulphuric acid solutions
tellurous acid is reduced to elemental tellurium, while
telluric acid is not reduced. This progerty can be used
to separate tellurous and telluric acids™,

The polarisation curves measured with the aid of the
tellurium electrode in sulphuric acid electrolytes sug-
gested ®® that the cathodic and anodic processes proceed
in stages.

It was established, using buffer solutions in the pH
range 7-10, by potentiostatic measurements * that at
cathodic potentials the tellurium is in a state of cathodic
passivation, while at anodic potentials the active state is
followed by a state of secondary passivation.

The first studies of the electrochemical behaviour of
ultrasmall amounts (107'° M) of tellurium were made by
Ghosh-Mazumder and Haissinsky . The authors
employed a mixture of tellurium-129 and tellurium-127
isotopes in the form of quadrivalent ions. The experi-~
ments were performed in HC1, HBr, and HaSO; media or
in =olutions of the corresponding salts. With increase
of the acidity of the medium, the tellurium deposition
potential shifts towards positive values. The nature and
state of the electrode surface have an appreciable influ-
ence on the tellurium deposition potential. The elec-
trodes can be arranged in the following sequence in terms
of the tellurium deposition potential:

platinised Pt > smooth Pt > Pd > Au > Ru.

Tellurium was electrochemically deposited also from
nitric acid (0.5-1 M HNOs) electrolytes at a maximum
tellurium concentration of 1.5 g litre™ using platinum
electrodes and a current density of 1.2-1.8 mA c¢cm ™2, 2®
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A deposit of grey tellurium firmly adhering to the elec-
trode surface is formed on the cathode; its current yield
is close to 100% and appreciable evolution of hydrogen is
not observed.

At current densities of 3-5 mA cm™ the deposition of
tellurium on the cathode occurs with the evolution of
hydrogen and the current yield of tellurium falls to 80%.
The tellurium deposited by electrolysis from nitric acid
solutions is purer than that deposited from hydrochloric
acid electrolytes. In the electrolysis of hydrochloric
acid solutions of tellurium the formation of hydrogen
telluride is observed only when tellurium is deposited from
solutions with very low tellurium concentrations under
limiting current conditions at 0~-10°C. The mechanism
of the formation of H.Te involves the reaction Te*™ +
2H" — H.Te.?® Telluride ions are formed initially and
then diffuse from the cathode and interact with hydrogen
ions migrating to the surface of the cathode. When HzTe
is formed, the evolution of hydrogen ceases; Te* ions
are probably adsorbed on the surface of the cathode and
act as a “poison” for the evolution of hydrogen.

The electrolytic method is also used to prepare tellu-
rides®. In the electrolysis of sodium sulphate solutions
using an anode made of a metal whose telluride is to be
obtained and tellurium as the cathode, the products are
tellurides. Copper and nickel tellurides have been syn-
thesised in this way. In the synthesis of zinc tellurides,
a zinc plate was used as the anode and the cathode con-
sisted of a tellurium-platinum alloy. Nitric and sulphu-
ric acids serve as the electrolyte.

The conditions of the electrolytic deposition of tellu-
rium-silver alloys from nitric acid electrolytes and of
tellurium-cadmium alloys from cyanide electrolytes have
been described by Klochko and Medvedeva® and by
Trusova and Chizhikov® respectively. The conditions
governing the joint electrodeposition of tellurium-copper *°
and tellurium—chromium *° have also been described.

Using a tellurium cathode and an anode made of other
metals in 2 1 M NH,OH + CH3sCOOH solution at pH 4.5,
CuTe, SnTe, ZnTe, PbTe, and Bi:Tes were synthesised
electrolytically *.

It has been reported® that Ag.Se and Ag:Te are formed
respectively on a silver cathode in the electrolysis of 0,01
M SeO: and TeO; solutions in 1 M H.SO4 at 25°C and a
current density up to 0.05 mA ecm™. The electrolysis of
acidified CuSOs + H2SeOs, ***** HaTeOs + H.SeOs, *° AgNOs +
H2Se0s, *® Bi(NO;)s + HoSeOs,” and CdSO, + H.Se0; % solu-
tions results in the formation of the corresponding metal
selenides on platinum, copper, silver, cadmium, and
tellurium cathodes.

The formation of selenides has also been noted *® in the
electrolysis of HaSO4, Na2804, and KNO; solutions using
a selenium cathode and an anode made of copper, nickel,
cadmium, and certain other metals.

3. CATHODIC DEPOSITION OF TELLURIUM FROM ALKA-
LINE ELECTROLYTES

For the electrodeposition of tellurium from alkaline
solutions, the electrolyte is usually prepared by dissolving
TeO: in sodium hydroxide solution.

Apart from simple tellurites of the type Na,TeQs, the
existence of sodium polytellurites of the type Na,TesO-,
Na:TeOs.3H20, and Na,TeQs.5H0 was established in the
TeOz~Na;O-H.O system'”, The reduction of tellurium
at the cathode in such solutions is a fairly complex pro-
cess, the final product of which is elemental tellurium.
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A Japanese patent '* reports the formation of tellurium
by the electrolysis of alkaline electrolytes.

In the Soviet Union the preparation of tellurium on an
industrial scale was achieved by Gaev et al.'® The
electrolysis was carried out in an electrolyte containing
100 g litre™ of tellurium and 160 g litre™ of free sodium
hydroxide. Tellurium is deposited on the cathode in
powder form and its purity is 99.5%. Tellurium with a
lower impurity content can be obtained by employing a
purer electrolyte.

Electrolytic units for the electrolytic isolation of
tellurium have been organised in many copper-electrolytic
and metallurgical works'®™%  where selenium and tellu-
rium-~containing waste accumulates.

At low current densities the electrodeposition of tellu-
rium proceeds with chemical polarisation, while at hivgh
current densities concentration polarisation obtains'®’.
The cathodic polarisation curves show a limiting current
({1im) (Fig.6). With increase of the concentration of
alkali in the electrolyte, the limiting current falls.
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Figure 6. Cathodic polarisation curves for a 4 M NaOH
solution containing different concentrations of teliurium
(M): 1) 0.016; 2) 0.064; 3) 0.16; 4) 0.25; 5) 0.41.2®

In an electrolyte with a high concentration of alkali
{1im varies linearly with the tellurium concentration in the
electrolyte and on dilution (in the absence of an excess of
alkali) the increase of i1im with the concentration of
tellurium is faster than would be expected for a direct
proportionality. The difference between the values of
ilim for tellurium in solutions with low and high concen-
trations of alkali has been attributed'® to the different
nature of the tellurium-containing species being dis~
charged in concentrated and dilute solutions of alkali. In
concentrated solutions of alkali the ¢ - lgi¢ polarisation
curves have a single linear section at relatively high
current densities (Fig.7). At low current densities the
cathodic curves show a decrease of potential characteris-
tic of the spontaneous dissolution of the metal*®,
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Depending on the concentration of alkali in the electrolyte,
the overall electrode reaction can be represented as
follows:

TeO2™ + 3H,0 - 4e=Te 4 60H- |

HTeOj + 2H;0 - 4e=Te 4 50H~

Bearing in mind that in a solution with a high excess of
alkali the dominant species are the [Te(OH)s " ions'®,
which dissociate via the reaction [Te(OH)s[~ = Te(OH): +
30H",' it follows that, according to the hypothesis put
forward'®"%  the electrodeposition of tellurium pre-
sumably corresponds to the overall electrode reaction
Te(OH): + 4¢ — Te + 30H"~, which proceeds in stages via
the mechanism

Te(OH)} + ¢ —Te (OH); ,

Te (OH)y +- ¢ — Te (OH); y

Te (OH); 4- e — Te (OH);™
Te (OH)}™ 4 e — Te® 4 30H™ ,

The rate-determining stage is the generation of the
last electron. The slope of the linear sections of the
¢ - lgi curves calculated on the basis of the theory of
multistage reactions using kinetic equations is satisfac-
torily consistent with the experimental results.
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Figure 7. Cathodic-anodic polarisation curves for a 2.5
M NaOH solution containing different concentrations of
tellurium (M): 1) 0,0075; 2) 0.015; 3) 0.03; 4) 0.06;

5) 0.12; 6) 0.188,'%®

In the electrolysis of thiotelluride (Na;TeSz) solutions
tellurium is deposited on the cathode and elemental sul-
phur on the anode and polytellurides are formed''°. The
accumulation of polysulphides in the electrolyte leads to a

. decrease of the current yield of tellurium owing to the

dissolution of tellurium on the cathode in the polysulphide.
In the course of the electrolysis of alkaline solutions
containing tellurium and selenium, tellurium is deposited
on the cathode and selenium remains in solution. Optimal
conditions have been found whereby the concentration of
tellurium in alkaline selenium-containing solutions can be
reduced to 5 x 107°%.'! Alkaline electrolytes have also
been used in the refining of tellurium*'#"*3, A1l the
tellurium deposits obtained by the electrolysis of alkaline
or acid solutions containing alkali metal ions contain an
admixture of the latter in an amount of 0.01-0.05%.
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4, CATHODIC DEPOSITION AND ANODIC DISSOLUTION
OF SELENIUM AND TELLURIUM IN NON-AQUEOUS
ELECTROLYTES

The conductivities of alcohols, acetic acid, and ethylene
glycol increase sharply when SeCL or TeCls are dissolved
in them. The high conductivities of the solutions have
been attributed ' to the presence of H* and C1” ions
formed as the result of the dissociation of HC1 produced
by the reaction

SeCly (TeCly) -+ nCHsOH 2 Se (Te) Cl, _,, - (OCHg), + nHC1

In the electrolysis of alcoholic, acetic acid, and ethyl-
ene glycol solutions of SeCL or TeCl, selenium or tellu-
rium is deposited on the cathode. Depending on the
electrolysis conditions, primarily on temperature, the
selenium deposits can be amorphous or crystalline.
Crystalline selenium deposits are obtained from electro-
lytes heated to 45-60°C. However, under such conditions
the nature of the electrolyte changes during electrolysis
with formation of an organoselenium compound. Selenium
is not electrodeposited from such solutions. Intermediate
reduction products were not detected in the cathodic
selenium deposits. The current yield of selenium does
not exceed 15%. When the electrolyte contains 10% of
aromatic hydrocarbons, the current yield of selenium
rises to 27%."*

As in aqueous hydrochloric acid solutions, the cathodic
deposition of selenium in the above solvents proceeds with
a high overvoltage, which falls appreciably when the sur-
face of the electrode is illuminated.

At temperatures of 5-10°C and current densities of
5-10 mA cm™2, deposits of metallic tellurium firmly
adhering to the surface of the electrode are formed on
graphite and titanium cathodes in 0.5-1 M TeCL; solutions
in acetic acid''®, alcohols, and ethylene glycol®,

A cryptocrystalline tellurium deposit was formed on a
platinum cathode in mixed agueous alcoholic hydrochloric
acid electrolytes (water content not greater than 2%) at a
current density of 10-20 mA cm™ and a temperature of
15-20°C. Black velvety cathodic deposits are obtained
at current densities in the range 10-20 mA cm™,

Chlorine was detected in all the electrolytic tellurium
deposits. Its content depends on the electrolysis condi-
tions and the nature of the electrolyte. The greatest
amount of chlorine (up to 7%) remains in deposits which
were isolated from acetic acid solutions and the smallest
amount (down to 0.04%) was found in deposits from ethyl-
ene glycol electrolytes. The chlorine in the electrolytic
tellurium deposits is present as a mechanical admixture
of tellurium dichloride®s,

Polarisation measurements made with the aid of the
tellurium electrode in TeCL~CH3OH or TeCL~CH:OH
solutions yield reproducible results (Fig. 8).''” The
cathodic curves show a limiting current section. The
limiting current ¢1ijm increases with the concentration of
tellurium (curves 2 ~4), temperature, and rate of stirring
of the electrolyte, and decreases both with increase of the
concentration of chloride ions as a result of the addition
of HC1 or LiCl to the electrolyte (curves 4 and 6) and when
alcohols with high molecular weights are employed as
solvents (curves 4 and 5).

The initial sections of the cathodic~anodic ¢ - 1gi
polarisation curves are described by Tafel equations with
oc¢ = 0.055~0.060 V and 03 = 0,065~0.070 V.

In hydrochloric acid solutions in alcohols, acetic acid,
and ethylene glycol both selenium and tellurium undergo
vigorous anodic dissolution with formation of a mixture of
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chlorides. The lowest chlorides are subsequently oxi-
dised to SeCls or TeCls, which react with the solvent,
undergoing solvolysis or solvation.

An electrolyte suitable for the electrochemical refining
of tellurium can be prepared by the anodic dissolution of
technical tellurium in hydrochloric acid solutions in
acetic acid,
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Figure 8. Polarisation curves for amine tellurium-
containing solutions: 1) 0.5 M HC1 + CH:OH; 2) ditto +
0.02 M TeCL; 3)ditto + 0.03 M TeCly; 4) ditto + 0.05 M
TeCly; 5)0.05 M TeCl + CsH,OH + 0.5 M HC1; 6) 0.05 M
TeCl + 5 M HC! + CH:OH.®
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Figure 9. Polarographic curves for a 0.001 M selenium(IV)
solution at different pH in the absence of surface-active
substances (the pH values are indicated opposite the
curves)'?,
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An electrolyte with the composition 50% TeO: + 25%
KC1 + 25% LiCl was used for the electrodeposition of
tellurium from fused media''®, This composition was
chosen after investigating the properties of certain TeQ. -
KC1 and TeO.~LiCl binary systems and also the TeO.—
KC1-LiCl ternary system''®, The electrolysis was
carried out at 650-680°C and a current density of 0.2 A
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cm™, Tellurium reduced to the elemental state accumu-

lated in the liquid form on the bottom of the electrolyser.
Impurities collected in the form of a slag on the surface
of the deposited tellurium. The impurity content in the
cathodic tellurium did not exceed 0.01-0.02%.

When a direct current was passed between two elec-
trodes immersed in fused selenium, some impurities
(silver, tellurium, and iron) collected in the cathodic
compartment, while others (lead, arsenic, and nickel)
collected in both cathodic and anodic compartments. The

purest selenium remained in the central part of the cell**°,

In the cathodic-anodic polarisation of liquid selenium
in the fused LiC1-KC1 eutectic at 400°C, selenium is
oxidised at the anode: 2Se + 2C1™ - 2¢ — Se;Cly, while
the selenide is formed on the cathode: Se + 2¢ — Sé*”.
Under analogous conditions the oxidation of tellurium
proceeds up to the formation of Te? and the cathodic pro-
cess is limited to the incorporation of lithium in tellu-

rium ‘2,

IV. POLAROGRAPHY OF SELENIUM AND TELLURIUM

Numerous studies have been made on the polarography
of selenium and tellurium ‘#2778,

Selenium

Depending on the composition of the electrolyte (in the
first place on the pH of the medium), the polarogram of
selenous acid has up to three waves. A distinct wave,
suitable for analytical purposes, appears at potentials
between -1.4 and -1.5 V (s.c.e.) in the pH range 8-9.

The electrode reaction then proceeds via the mechanism
HSeOs + 6H* + 6e — HSe™ + 3H,0.

There are different interpretations of the mecha-
nism of selenous acid reduction in acid solutions at a
dropping mercury electrode.

The most likely mechanism of the formation of two
waves (Fig. 9) in more acid solutions was given by Lingane
and Niedrach'?®, The electrode reaction proceeds
initially with participation of six electrons: SeO3™ + 6H" +
6e — Se*” + 3H20. The selenide ions formed at the
surface of the mercury drop depolarise mercury anodi-
cally, which leads to its oxidation and the formation of a
mercury selenide deposit:

122 =127

Se?~ | Hg —> HgSe 4- 2¢ ,

The anodic mercury oxidation wave lowers the cathodic
selenite reduction wave and the overall process Se03™ +
Hg + 6H" + 4e — HgSe + 3H20 corresponds to a four-elec-
tron reaction. As stated by Speranskaya'®*, mercury
selenide is formed as the result of the involvement of
elemental selenium, formed in the reduction of the sele~
nite, in the four-electron reaction

Se0Z™ - BH* + 4e — Sed - 3H,0, Sed + Hg=HgSe .

According to Speranskaya's data ' the reduction of the
selenite ion at dropping bismuth, lead, cadmium, zinc,
and sodium amalgam electrodes entails the formation of
two waves. The first wave appears at potentials between
~0.2 and ~0.6 V and is associated with a four-electron
process which proceeds with a 100% current yield. At
potentials more negative than -0.6 V the selenite is
reduced to selenide ions.
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According to Brdi¢ka and Wiesner '*°, the polarographic
waves of selenium are due to the reduction of various
forms of selenous acid (Se03~, HSeO3, HzSe0:) to elemen-
tal selenium.

In the pH range 2.7-1.6 complex waves are observed
for selenium, which are a result of the occurrence of
several processes, including the reduction of Se*' to the
elemental state and the selenide and the reduction of
various forms of selenous acid.

Some information about the polarographic behaviour of
selenium(IV) in acid solutions may be found in papers by
Jonas ®*" and Christian and Knoblock ‘%8,

The selenide ion gives rise to an anodic wave associ-
ated with the oxidation of mercury and the formation of
mercury selenide'*®*, This wave can be used to determine
selenides in the presence of sulphides. The electro-
chemical behaviour of the selenosulphide ion Se$®~ at a
droppligxog mercury electrode was investigated by Tornova
et al.

In an ammonia buffer solution at pH 8-9.5 a single
distinct wave arises on the selenium(IV) polarogram.

The diffusion current is directly proportional to the con-
centration of selenite in solution. This wave is fre-
quently used for a quantitative polarographic determination
of selenium ‘¥ 7%,

The presence of ions of heavy elements in the solutions
being analysed interferes with the determination of sele-
nium; they are either separated'**~'* or masked by the
addition of suitable complex-forming reagents to the
electrolyte ‘%,

The use of modern polarographic apparatus greatly
extends the scope and increases the sensitivity of the
selenium determination. A vector polarograph with a
stationary electrode in the form of a mercury drop per-
mits the determination of 2 X 10”7 mole of selenium or
even less'*®, The alternating-current polarographic
method has been used to determine selenium in semicon-
ductor materials **"'*°,  An oscilloscopic polarographic
method for the determination of selenium in germanium
selenide has been described 46",

Very small amounts of selenium (down to 5% 107° M)
can be determined by a pulse polarographic method '*",
Elemental selenium reacts with concentrated sulphuric
acid to form SeSOs. In the polarography of sulphuric acid
containing selenium, a distinct wave due to the reaction

SeS0O;+6H* +6e—Se+S+3H,0

is obtained. A polarographic determination of selenium
in sulphuric acid has been developed on the basis of this
reaction'*,

In an alkali metal sulphite solution elemental selenium
forms the selenosulphate ion SeSO3~ which is reduced at
a dropping mercury electrode and gives rise to a distinct
wave due to the reaction SeSO3~ + 2¢ — Se®™ + 803, '*°
The polarographic method has been used to analyse mix-
tures of selenothionates'®®. The polarographic deter-
mination of selenium as selenosulphate has been
described !,

In acidified solutions of sodium (or potassium) tartrate
or lithium citrate at pH 1-5 in the presence of 0.01% of
gelatin selenium(IV) gives rise to a distinct wave whose
half-wave potential ¢,/2 shifts from -0.55 to —60 V when
the pH is raised from 1 to 5.'%+%3

In 0.1 M ammonium acetate solution at pH 6.2 sele-
nium(IV) gives rise to two waves with half-wave ?o*entials
of ~0.81 and -0.38 V. Deshmukh and Asthana'®
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explained them by the reduction of Se** to Se* and elemen-
tal selenium. The S€** state, which was indicated at an
early stage by Schwaer and Suchy '??, was not confirmed
by Lingane and Niedrach'?®,

The polarography of organic selenium compounds is
developing successfully. The polarographic behaviour of
the selenocystine~selenocysteine system, of certain five-
and six-membered cyclic diselenides, and of products of
the oxidation of five-membered cyclic diselenides and
disulphides has been investigated in detail'*®*. Certain
inhibition effects of five-membered cyclic diselenides and
disulphides have been studied'*®. The polarographic
reduction of diphenyl diselenide and diphenyl disulphide
has been described by Nygard **’.

When 3,3-diaminobenzidine or o-phenylenediamine is
added to a solution containing selenium(IV), the product
is a diazaselenole which gives rise to a distinct polaro-
graphic wave'*'., In 0.1 N HCIO: + 0.1 A NH.C1O; solution
at pH 2.5, phenyldiazaselenole gives rise to two waves
with ¢,/2 = =0.17 and ~0.64 V (s.c.e.). The height of the
first wave is proportional to the concentration of selenium,
The method was used to determine selenium in sulphur,
sulphites, and sulphates.

Tellurium

The telluride ion gives rise to an anodic wave in acid

and alkaline electrolytes. In an ammonia buffer solution
Te?” is oxidised reversibly to elemental tellurium '2°,

Figure 10.
HC1O; + 1.46 X 10™* M Te, pH ranging from 0.97 to 5.1,

Polarogram for buffer solutions: CH;COONa +

and for NaH,PO, + LiOH + 1.46 X 10™* M Te. The pH
values are indicated opposite the curves (pH 5.95-12.5).
The numerals at the beginning of the polarogram indicate
the potentials at which the polarograms were begun ',

Depending on the nature of the indifferent electrolyte
(as in the case of selenium), there are between 1 and 3
waves on the tellurium(IV) polarogram (see Fig.10). The
mechanism of the formation of the first, main tellu-
rium(IV) wave is similar to that of the formation of the
selenium(IV) wave %%
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A sharp maximum, differing from the usual polarogra-
phic maxima by the fact that it occurs after the attainment
of the steady diffusion current of the main wave, arises on
the tellurium(IV) polarogram. Its height falls with
increase of pH; at pH > 12 it does not appear at 1%%1 and is
readily suppressed by surface-active substances "
Various hypotheses have been put forward concerning the
reasons for its appearance'®®’1391611% At the potential
maximum a film of elemental tellurium is observed on the
mercury drop.

It has been suggested'®® that under these conditions the
anodic dissolution of mercury ceases and telluride ions
[formed in the reduction of tellurium(IV)] react with tellu-
rite ions: 2Te®” + 2Te* — 3Te.

By titrating with hydrochloric acid 0.1 M solutions of
LiClOy4 containing Na;TeO; which had been made alkaline,
it was established '*® that at pH 0.17-2.7 different tellurium

species (H2TeOs;, HTeO5, Te05") exist simultaneously in
solution; the polarograms of such solutions have a com-
plex form with several waves.

In contrast to selenium(IV), in the reduction of tellu-
rium(IV) ions in alkaline electrolytes a distinct polaro-
graphic wave appears; it is used to determine tellurium
in solutions containing selenium '°.

The nature of the reduction of tellurium(IV) and the
corresponding half-wave potential depend on the concen-
tration of H' ions'®"%, In acid solutions containing
tellurium(IV) catalytic evolution of hydrogen takes place.
As the acidity of the electrolyte falls, the evolution of
hydrogen is accompanied by partial reduction of tellu~
rium(IV). In neutral and alkaline solutions a single wave
with a maximum arises on the tellurium(IV) polarogram.
The limiting current of this wave is restricted by the rate
of diffusion of tellurium and is proportional to its concen-
tration '3,

The quantitative polarographic determination of tellu-
rium is largely based on the tellurium(IV) wave in the
presence of ammonium salts as the supporting electrolyte
at pH 6-9; ¢,/2 varies from -0.60 to —=0.70 V (s.c.e.).
With increase of pH, ¢,/ shifts towards negative potentials
but the concentration of ammonium salts does not have an
appreciable effect '3¢'65"17°,

The polarographic determination of tellurium is inter-
fered with by heavy metal ions (Pb, Zn, Fe, and others),
Their influence is eliminated b_y adding Complexone III
to the solution being analysed'™.  In most cases prefer-
ence is given to the separation of tellurium in the elemen-
tal state by the action of reducing agents (hydrazine
salts'™, SnCl,'*® hydroxylamine hydrochloride '),

In a tartrate—ammonia buffer solution as the supporting
electrolyte, it is possible to determine down to 2 X 10° M
of tellurium in the presence of lead, iron, and antimony '™,
The maximum arising on the tellurium wave is used for the
detection and quantitative determination of microgram

amounts of tellurium in selenium'®*,

In the presence of large amounts of copper, KCN solu-
tions are used as the supporting electrolyte for the deter-
mination of tellurium'™,. Tellurium in semiconductor
alloys and in thin films is determined by a pulse polaro-
graphic method in the presence of 1 N HCI as the support-
ing electrolyte'™. The polarographic determination of
tellurium in the presence of antimony and gallium has been
described'™. 0.1 M NH.CNS + Na,SO, solution has been
proposed as the supporting electrolyte for the determina-
tion of tellurium and selenium '™, Distinct separate
selenium and tellurium waves are obtained in this support -
ing electrolyte.

’
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It should be noted that only the commonest methods for
the polarographic determination of selenium and tellurium

were described above.

A complete description is outside

the scope of this review.
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