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INTRODUCTION

High purity arsine and phosphine are widely used
in the synthesis of monocrystals and heteroepitaxial
structures of AIIIBV semiconductor compounds,
promising in micro� and optoelectronics, laser engi�
neering, and solar power engineering. High�purity
germane finds use in the manufacture of extremely
high frequency integral schemes.

For the synthesis of high�purity arsenic and germa�
nium in an industrial version, chloride technology is
the best developed [1, 2]. Its significant drawbacks are
relatively low yield of ready production (<70%) and
high losses with hydrochloric acid wastes. Chlorides
are toxic and corrosive, which makes process
extremely dangerous. Up to 70% of capital and main�
tenance outlays are expenses for the refinement of
flows and gas effluents.

Hydride technology does not have many of the
mentioned drawbacks; it is especially convenient in
the synthesis of the most pure products. However, the
step of chlorides synthesis is the weakest link of the
given technology with respect to ecology and safety of
fabrication.

The approach to the synthesis of hydrides devel�
oped in industry is the reaction of magnesium or zinc
phosphides, arsenides, or germanides with acid solu�
tions [3]. Improvement of this method is the hydrolysis
reaction in the gas phase [4]. Fundamental scientific
principles of the synthesis of hydrides by conventional
methods, their deep purification, and analysis were
developed [5].

Currently arsenic and germanium hydrides are
synthesized by reduction of compounds of these ele�

ments by boron or aluminum hydrides of sodium or
lithium [3]. Chemical methods of synthesis are nonse�
lective; hydrides of elements present in the reaction
medium (N, C, S, Si, Se, Te, Sb, and others) and also
taking part as admixtures of arsenic, phosphorus, and
germanium, which requires complex multistep purifi�
cation, are generated concurrently [6]. A large amount
of side forming hydrogen is contained in the gas phase.
A large amount of liquid wastes, sometimes toxic, with
which valuable raw material can be lost (for instance,
germanium), remains as a result of synthesis. Synthe�
sis is hardly taken under control. Therefore, a search
for alternative ways of synthesis of hydrides is of great
practical interest.

A minimal amount of reagents and steps of synthe�
sis should be used in the development of new methods
of synthesis, which reduces the contamination of the
product. From this point of view, the direct hydroge�
nation of elements is the most reasonable. Thermody�
namic calculation shows that phosphine can be syn�
thesized from elements, but only under high pressure,
and this method should not be considered promising.
The reaction of arsenic with hydrogen is not observed.
Reduction of only arsenic compounds with hydrogen
under pressure leads to formation of traces of arsine
[3]. The plasmochemical approach to synthesis of ars�
ine or phosphine from elements is well known [7]. The
reaction is conducted in the flux of a mixture of argon
and hydrogen under reduced pressure and does not
feature appreciable yields of the target product.

Starting from the middle of the 20th century, the
electrochemical synthesis of hydrides attracted con�
siderable interest. Electrolysis realized at normal tem�
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perature and pressure substantially simplifies the
development of ecologically safe processes. As the lit�
erature review has shown, a significant number of
investigations are dedicated to the electrosynthesis of
hydrides, but in the last decade, the number of publi�
cations is not large and they are not realized enough in
practice. At the present time, judging by the published
data, analytical works are of great interest. The elec�
trochemical method is used for the reduction of com�
pounds of a number of elements, including arsenic
and germanium, to hydrides with further elucidation
by spectral methods [8, 9]. The detection of a small
concentration of elements is achieved (10–8–10–9 M);
however, from the point of view of the synthesis of
hydrides, these investigations are not of great interest.

The present review generalizes the results of sys�
tematic investigations on the development of physico�
chemical bases of electrochemical synthesis of
arsenic, phosphorus, and germanium hydrides
through the reduction of the elements themselves and
their compounds at various oxidation states. The
problem of practical use of the results in the technol�
ogy of semiconductor materials attracts considerable
attention.

The goal presumes the solution of following prob�
lems:

—electrochemical synthesis of arsine by the reduc�
tion of elemental arsenic and compounds of As(+3)
and As(+5);

—electrochemical synthesis of phosphine by the
reduction of white, red, and black phosphorus, and
also acids of phosphorous;

—electrochemical synthesis of germane by the
reduction of metallic germanium and compounds of
Ge(+2) and Ge(+4);

—fabrication of generator of hydrides, by the
example of generator of arsine, on the basis of which
the reduction of arsenic acid is taken.

1. ELECTROCHEMICAL METHODS 
OF ARSINE SYNTHESIS

Data on electrochemistry of arsenic are systemized
in [10, 11]. In the review [12], particular attention was
given to works promising for the solution of practical
problems, including the synthesis of arsenic.

Electrochemical reduction of arsenic and its com�
pounds proceeds according to the following scheme:

(1)

As is evident, the reduction of elemental arsenic is
energetically the most preferable. At cathode polariza�
tion of the arsenic electrode, two electrochemical pro�
cesses proceed concurrently: liberation of hydrogen
and reduction of arsenic to arsine [13]. Two versions of
arsine formation are considered [12]. On the surface of
the arsenic cathode, arsenide ions are generated,

As +5( )    As +3( )   As0

AsH3.

2e 3e

3e, 3H+

reacting with protons (in acidic solutions) with the
formation of hydrogen or arsine:

(2)

Another mechanism is possible, according to
which water molecules are preliminarily reduced on
the surface of arsenic. The formation of arsine, in the
authors' opinion [14], proceeds through the dispro�
portionation of AsH and AsH2 surface hydrides, which
is the limiting step. The direct reduction of AsH2 is not
excluded [15]:

(3)

Such a scheme is likely to be realized in basic condi�
tions, in which the current yield of arsine does not depend
on the current density in the range of 0.01–0.1 A/cm2,
and, consequently, the step limiting the rate of the pro�
cess on the whole is not electrochemical [12]. It is
stated that the excess of OH– ions facilitates the dis�
proportionation of the surface hydrides [15].

Published data on the electrosynthesis of arsine on
the arsenic cathode are quite contradictory (Table 1);
however, some laws can be noted. For example, the
current yield of arsine primarily depends on the nature
and purity of the arsenic electrode. On a cathode fab�
ricated by contact precipitation of arsenic on zinc, the
yield of AsH3 is not substantial. Evidently, upon coat�
ing the electrode, arsenic forms layers of modification
other than α [14, 16]. With the increase in the purity of
arsenic up to 99.999% and more, the current yield of
arsine grows.

According to [15, 17], arsine with the yield of 95–
98% can be synthesized using a cathode from high
purity arsenic in neutral and basic media. It is estab�
lished that the yield of arsine in the solution of 1 M
Na2SO4 increases with the growth of current density
from 0.01 A/cm2 to 0.9 A/cm2 [17, 18], while in 1 M
NaOH this dependence is not detected [15]. The syn�
thesis of high�purity arsine is performed on an appara�
tus having a productivity of 20–25 g/h with a cathode
of high�purity α�As at 20–30°C and 0.1 A/cm2 in 1 M
Na2SO4 [17].

The significant drawback of arsenic synthesis
through the reduction of arsenic is the formation of a
microfine precipitate (0.46 g/(A h) at electrolysis in
1 M K2HPO4 [18]), which contains both solid
hydrides (AsH2)n and arsenic particles being liberated
owing to the dispergation of cathode. It was discov�
ered [17, 18] that process proceeds more intensely the
higher the pH. Despite that, it was proposed to con�
struct an arsine generator on the basis of the reduction
of α�arsenic in an alkali medium [15].

In [19–21], construction of such a generator with a
bulk cathode and “victim” anode is presented (Fig. 1).
It is proposed to use generator [22] for exchange of
balloons with liquefied gas in MOCVD technology
(Metal Organic Chemical Vapor Deposition). For this

As  As3–
AsH3

As2– 0.5H2.+
3e

3H+

H+

AsH2 H2O e   AsH3 OH–
.+ + +



INORGANIC MATERIALS  Vol. 46  No. 13  2010

SYNTHESIS OF VOLATILE INORGANIC HYDRIDES 1461

purpose, the device is made as a container with a single
gas outlet. The electrolyte is a concentrated base solu�
tion. The cathode, representing arsenic grains in a
polymer net, is supplied with lead current. To prevent the
liberation of oxygen, a soluble or easily oxidizable anode
is used, for the role of which As, Mo, W, Cd, Pb, and oth�
ers or redox pairs MnO2/MnO3, Fe(OH)2/Fe3O4, and
others are suggested.

The current yield of arsine is 45% [19], 90% [21],
and up to 97% at the current density of 0.02 A/cm2

[20]. It is noted that [21], at the end of the service life
of the generator with the expense of the As cathode,
the yield of AsH3 drops to 60%. For drying the gas,
synthetic zeolites are used (molecular sieves). In [20],
it is recommended to use a cation exchange mem�
brane of Naflon type to prevent precipitation on the
cathode of the small electrically conductive products

of the reduction of Mo  or W  generated at the
anode.

This concept of a generator was further developed
in [23], where the effect of the base concentration was
studied in detail with the goal to increase the specific
capacity of the generator and to prevent the crystalli�
zation of products of anode oxidation (K2MoO4). It is
recommended to use the bag�free cell, 35–39% KOH,
and monolith arsenic cathode with a purity of not less
than 99% (optimal is 99.999%), which provides an

O4
2– O4

2–

increase in the yield of arsine. Examples of arsine
preparation are presented at the current density from
0.05 to 0.43 A/cm2 with the production from 2.5 to
16.0 mg/min. The current yield of arsine calculated by
the data of [23] is nearly 90%. The profitable use of the
cathode approaches 77.8%.

Thus, the main drawbacks of arsine synthesis from
arsenic is the dispergation of the cathode material and
the impossibility of its complete use; which leads to an
unproductive expense of expensive initial raw materi�
als (high�purity arsenic), decreasing the competitive�
ness of the method. It would be more appropriate to
reduce the arsenic compounds in the dissolved state.

Analysis of existing information dedicated to the
electrochemical behavior of trivalent arsenic confirms
the complexity of electrode processes proceeding at
cathode polarization. This fact is related to the fact
that, in aqueous solutions, As(+3) exists in different
forms, depending on pH of medium, having different
electrochemical activity. The products of reduction
are arsenic, metal arsenides, arsine, and higher arsenic
hydrides [12].

To achieve high yields of arsine, it is recommended
to carry out the reduction in an acidic medium on
cathodes of Pb, Zn, Cd, Ni, Fe, or graphite [24, 25].
On the basis of experimental data [26], it can be con�
cluded that the most suitable material of the cathode is
cadmium (Table 2); however, our investigations [27]

Table 1. Results of electrochemical synthesis of arsine on arsenic cathode

Cathode Electrolyte Current density, 
A/cm2 Temperature, °C Current yield,

AsH3, % Reference

As (precipitated on 
Zn from AsCl3)

NaOH – – 0.68 [16]

H2SO4 0.05 – 1–2
[14]

1 M Na2SO4 0.05 – 10.0

α�As ultrapure 
(99.999%)

H2SO4 – – 2–4

[17]
NaOH – – 2–4

1 M Na2SO4
0.01 20 72

0.09 20 95

0.125 M H2SO4 0.01 20 15.8

[18]
1 M KOH 0.01 20 30.6

1 M Na2SO4 0.02 20 40.9

1 M K2HPO4 0.02 35 42.7

α�As (99.9999%) 1 M NaOH 0.01–0.1 A 15 95–97 [15]

8 M KOH 15.A* – 45 [19]

1 M NaOH 0.02 – 97 [20]

1 M KOH 50.A* – 90 60 [21]

α�As (99.999%) 45% KOH 0.13 21 94.5

[23]
α�As (99%) 45% KOH 0.13 21 89.5

35% NaOH
0.05–0.07 21 >80

0.26–0.32 21 >86

* The current density is not indicated; the cathode is bulk.
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showed that the most stable negative potential, pro�
moting the formation of AsH3, is observed on the lead
cathode. The current yield of arsine increases with the
increase in current density (Table 2) and hardly
changes with the increase in temperature.

Dynamics of the change in the current yield of
AsH3 during electrolysis of acidic solutions of As2O3

on lead is presented in [28]. At the beginning of elec�
trolysis, the amount of liberating arsine is not large and
most of the current is spent on the increase in thick�
ness of the layer of elemental arsenic on the cathode.
With the increase in the arsenic layer, the potential of the
cathode shifts to negative values (in galvanostatic mode)
until the reduction of arsenic to arsine becomes possible.
After the complete “modification” of the cathode surface
(coating by a thick layer of arsenic), the main part of the
current is spent on arsine synthesis.

Therefore, considerations were made [26, 28] that,
for synthesis of arsine, the choice of cathode does not
play an important role. Our volt�ampere investigations
[29] showed that arsenic does not completely shield
the surface of the cathode. The behavior of the arsenic
layer depends substantially on the nature of the mate�
rial of the electrode, and the right choice of electrode
plays an important role in devising the method of ars�
ine preparation.

The electrolysis of acidified solutions of As2O3 can
be set on the basis of the construction of the arsine
generator. So, in [30], the construction of an electro�
lyzer for the preparation of volatile hydrides, including
arsine, is suggested. The feature of the electrolyzer is
the use of lead cathodes with capillary holes, through
which fresh catholyte is forced, and the presence of a
cooling chamber on the upper part, which removes the
volatile admixtures from the gas phase.

1

2

3

4

5

6

7

Fig. 1. Generator of arsine based on the reduction of arsenic cathode [20]: (1) bulk As cathode, (2) soluble anode (Mo), (3) cur�
rent inlet of cathode, (4) press block, (5) perforated container, (6) cation exchange membrane, (7) cross�flow of electrolyte (KOH
solution).

Table 2. Current yield of AsH3 (in %) on various cathode materials in sulfuric acid solution of As2O3

Cathode material Pb Cd Sn Fe Stainless 
steel Cu Zn Ti Ni As Reference

Current 
density, 
A/cm2

0.05 28 26* – 21 26 20 – 22 – – [27]

0.3 75 65*
(52**)

– 45 54 52 – 50 – –

56 78* 81 45 – – 66 – 43 16 [26]

  * Cadmium is bulk.
** Cadmium is rolled.
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As is stated in [31], the main condition of operation of
a generator (Fig. 2) with a high yield of arsine on the lead
cathode is the maintenance of constant molar ratio
H+/As = 1. With allowance for low solubility of arsenous
acid and its very weak dissociation (K1 = 7.9 × 10–9), this
ratio can be obtained in 1% H2SO4 (although in [31],
1 M is recommended, i.e., ~10% H2SO4). It is pro�
posed to continuously saturate the solution of As(+3)
during electrolysis, forcing it through the layer of
arsenic oxide. The current yield of arsine is not men�
tioned, only its content in the cathode gas (up to 95%)
[31]. This value is not sufficient for the characteristics
of the process, since part of the current can be spent on
the formation of arsenic.

The test carried out by us [29] showed that the
maintenance of the recommended H+/As ratio does
not make it possible to achieve a high yield. The data
obtained with the use of 1 and 10% solutions of H2SO4
are quite comparable. Obviously, the choice of the
concentration of sulfuric acid should be made from
technological considerations.

The test of the arsine generator from As(+3) was
carried out [28] with the optimization of technological
parameters of electrosynthesis on the scale of a pilot
plant with a filter–press type electrolyzer. The initial
raw material was As2O3, the catholyte was 1 M H2SO4,
the current density was 0.03–0.05 A/cm2, t = 30°C,
and the cathode was lead. The current yield of arsine
was 60%, and the content of arsine (in the mixture
with H2) was 60 vol %. The expense coefficients by raw
material, initial and side product, and wastes were
found. The technological regulations of the process

were developed. It is noted that the liberating arsine
reacts with As(+3) dissolved in the catholyte, forming
a suspension of arsenic particles that catalyze the fur�
ther reaction.

We studied the operation of an arsine generator
based on the reduction of a sulfuric acid solution of
As2O3 [29]. The use of forced circulation of the
catholyte makes it possible to obtain a stable current
yield of arsine on the order of 65% on the lead cathode
(Fig. 3). The current yield of arsenic is nearly 2%. It
should be believed that the process can be limited by
the transfer of As(+3) to the surface of the cathode, since
the use of an As2O3 suspension initially makes it possible
to increase the current yield. However, further, the ten�
dency toward its decrease is observed (Fig. 3, curve 5),
which can be determined by the precipitation of the
mixture of arsenic and its oxide on the cathode.

The use of arsenic oxide as a raw material in the
arsine generator (dusty and highly toxic product) is
extremely undesirable. It was proposed [32] to add
sodium arsenite to the solution of phosphoric or sulfu�
ric acid. However, in this version, the aggregation of
salts in the catholyte is inevitable, leading to the neces�
sity of replacing of the solution.

As our investigations showed [33], the electrolysis
of sodium arsenite solutions makes it possible to syn�
thesize arsine along with the main product (arsenic).
Varying the conditions of the electrolysis, one can obtain
one product or another predominantly. In the process,
the source of arsenite for the fabrication of arsine can be
the products of lewisite detoxication [34].

O2 AsH3
H2

As

3H+
3e

6H

1
2

3

4

5

6e

7

8 9

10

123H+
3H2O HAsO2

O2

3e

O2

AsH3 + H2

As2O3

6

Fig. 2. Generator of arsine based on the reduction of arsenous acid at H+/As = 1 [31]: (1, 2) anode and cathode chambers of elec�
trolyzer; (3) insoluble anode; (4) buffer capacity of anolyte; (5) line for anolyte injection; (6) pump for anolyte circulation;
(7) cathode (lead); (8) chamber for dissolution of As2O3; (9) pump for catholyte circulation; (10) buffer capacity of catholyte;
(11) Nafion cation exchange membrane; (12) catholyte.

+ −
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The formation of microfine arsenic is one of the
most serious drawbacks of this method of arsine syn�
thesis. With the reduction of As(3+) compounds,
arsenic accumulates in the solution as a suspension;
which determines the necessity of periodic cleaning of
the construction. In addition, in the construction of
generator, the dosing of the solid raw material (As2O3)
cannot be considered optimal. The liquid reagent feed
(sodium arsenite solution) is more technological;
however, in this case, the formation of arsenic in com�
parable amounts is inevitable.

For this reason the possibility of electrochemical
reduction of compounds of pentavalent arsenic should
be considered. Arsenic has the oxidation state +5 in
arsenic acid and its salts, which in solutions are present
in the forms presented in Table 3.

Polarographic behavior of arsenates was studied
quite widely; however, a large number of trials gave a
negative result; waves of reduction of As(+5) are
recorded only in two cases: on the polarogram in
11.5 M HCl [36] and in the reduction of dihy�
droarsenates [37]. It was shown that As(+5) does not
show activity in a phosphate solution in a wide range
of pH (0.9–14) [38], in the background of a whole

series of salts, in the presence of polyvalent cations, or
in solutions of acids [39, 40]. By the method of polar�
ization curves, it was shown [41–43] that, in sulfuric
acid solutions, the rate of reduction of As(+5) depends
on the nature of the material of the cathode, the cur�
rent density, and the composition of the solution. The
best results were obtained on cathodes of copper and
lead. The products of the reduction, as was suggested,
are AsH3 and As.

The published data mentioned above confirm the low
electrochemical activity of arsenate ions, which is deter�
mined [12] by kinetic difficulties appearing at the dis�

charge of anions of X  type of tetrahedric and octahe�
dric structure on the negatively charged surface of the
cathode. On the other hand, in strong acidic media,
when there are molecules of arsenic acid in the solution,
reduction is possible. There are suggestions on the influ�
ence of complexation. So, on the polarogram of
Na2HAsO4 in 1–3 M HClO4 in the presence of 0.5 M
pyrogallol, three waves are observed [44], corresponding
to the reduction by Scheme (1). In [45], the precipitation
of elemental arsenic on the cathode at electrolysis of
acidic aqueous and nonaqueous glycerol solutions con�
taining As(+5) and citric acid was reported. In our opin�
ion, in both cases, the reduction of the molecular form of
H3AsO4 takes place.

Although the isolation of arsine in electrolysis of
sulfuric acid solutions containing trace amounts of
arsenic acid was already mentioned in [46], before the
start of our investigations on this topic, only one report
[47] was known in which the reduction of As(+5) for
preparative use was described. The maximum current
yield of arsine (22%) was recorded on a lead cathode
in a sulfuric acid solution of magnesium–ammonium
arsenate with the addition of catalyst transporter of
Ti(+3) salt. Owing to the low yield of arsine in the
given conditions and the use of low current densities
(<0.01 A/cm2) in such a version, the method could not
be of practical use. However, the fact of high selectivity
of the cathode process should be noted, since the for�
mation of As(+3) was not recorded by investigators
[47], and As(0) was present only in trace amounts.

In addition to the difficulties with the reduction of
arsenate ions, as was mentioned above, the synthesis of
arsine by the reduction of As(+5) remained practically
uninvestigated, because at first glance it was consid�
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Fig. 3. Change in the arsine yield in a series of consecutive
experiments on various cathode materials [29], 10%
H2SO4, 1.4% As2O3, current density of 0.2 A/cm2:
(1) stainless steel, (2) copper, (3) cadmium (cast), (4) lead,
(5) lead (suspension of As2O3 in 1% H2SO4, 0.1 A/cm2).

Table 3. Forms of the presence of As(+5) in 1 M aqueous solutions [35]

pH value pH ≥ 12 8 < pH <11 pH 7 3 < pH < 6 pH < 2.0

Form As(+5) AsO4
3–

HAsO4
2–

HAsO4
2–

 : H2AsO4
–

1 : 1= H2AsO4
– H3AsO4
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ered to be the most energy intensive, since it requires
8 F/mol of electricity:

(4)

The net energy expenses in electrolysis are mainly
determined by the applied voltage to the cell, which is
lower the higher the conductivity of the solution. Owing
to the good conductivity of solutions of arsenic acid,
there is no need to use background electrolytes. This fact
attracted our attention, and the H3AsO4–H2O system
was studied in detail.

Electrochemical activity of As(+5) primarily
depends on the state in which it exists in solution (see
Table 3). We showed [48] that, in basic and neutral
media, As(+5) does not reduce, and in strong acidic
solutions (pH < 2), the effective reduction to arsine is
observed on a whole series of metals. It can be con�
cluded that nondissociated molecules of H3AsO4 take
part in the cathode process.

The feature of the process is that the main product
of the reduction is arsine. Side products containing
arsenic in various oxidation states hardly form in defi�
nite conditions. This can be explained by the fact that,
for the reduction of arsenic acid, a more negative
potential is required than for the reduction of elemen�
tal and especially trivalent arsenic.

We studied [33] the influence of basic parameters of
the electrolysis on the yield of arsine. It is unexpected
that the yield of arsine is low on lead. Consequently,
the value of hydrogen overvoltage on the cathode
material does not play the decisive role in the forma�
tion of arsine from arsenic acid. The formation of the
elemental arsenic was also studied, since it is capable
of accumulating in the catholyte, preventing its circu�
lation. It was determined that the liberation of arsenic
takes place only at the very beginning of electrolysis; at
long operation, its yield does not exceed 0.5%.

The aforementioned method of synthesis of arsine
is patented [49]. With the use of this method, we also
devised the physicochemical bases of technology of
complex processing of arsenic�containing wastes of
the industry of nonferrous metals [50]. The feature of
the process is that the solution after sulfuric acid
leaching of waste is injected into the anode chamber of
electrolyzer, where As(+3) is oxidized, and then to the
cathode chamber, where obtained As(+5) reduces to
arsine. The process was checked at a pilot plant at a
load of 120 A.

In order to study the possibility of using this
method of arsine synthesis in an industry version, we
devised a prototype of an electrochemical generator
(Fig. 4) and a series of experiments were performed on
the determination of the stability of its operation. The
construction of the generator specifying the dosing of
liquid reagent seems to be the most convenient.

The basis of the generator is a filter–press electro�
lyzer. The circulation of the catholyte and anolyte is
performed by the gas lift principle by the liberating
gases. To compensate the expense of H3AsO4, the con�

H3AsO4 8H+ 8e AsH3 4H2O.+ + +

centrated acid is continuously injected into the
catholyte. The catholyte level is regulated automati�
cally with an equalizing line. Precipitating on the
lower part of the buffer volume, arsenic is added peri�
odically (once every 3–4 days) to the anolyte, where it
is oxidized to H3AsO4. Gas coming out (AsH3 + H2) is
liberated from the main amount of water in a reverse
condenser. The ultimate drying is performed in a cry�
ofilter at –60°C.

In the first two series, experiments lasting for 3–4 h
were performed every day and synthesized arsine was
decomposed in a quartz tube, heated to 750°C, to
arsenic; in the third set, the last experiment was car�
ried out in the continuous mode for 38 h, and arsine
was collected into a trap, cooled by liquid nitrogen.
These investigations showed the high stability of oper�
ation of the generator (Fig. 5). 

We performed a study of the behavior of admix�
tures during the synthesis using technical grade 81%
arsenic acid [51]. From the comparison of the data
(Table 4), it is concluded that Ge and Sb admixtures
reduce to hydrides and transfer to arsine during elec�
trolysis, and other admixtures concentrate in the
catholyte. The high content of Al, Ca, Si, Fe, and Ni
admixtures in arsenic, synthesized by arsine pyrolysis,
probably is determined by the sample preparation of
samples for atomic emission analysis. The admixtures
of B, N, Si, P, and S in the conditions of the synthesis
do not form volatile hydrides.

The obtained arsine was subjected to the refine�
ment by low�temperature rectification, and the con�
tent of germane in arsine was reduced to a value lower
than the detection limit (10–3 vol %) of known meth�
ods (gas chromatography and IR Fourier spectros�
copy). The most sensitive method for the detection of
electrically active admixtures is the method of func�
tional control. With this aim, from the synthesized ars�
ine, layers of gallium arsenide were grown by the
MOCVD method. According to their electrophysical
parameters, it was determined that the obtained GaAs
had quite a low level of legation (concentration of car�
riers is 7 × 1014 cm–3), which confirms the satisfactory
quality of the arsine purification.

Analysis of the presented material on arsine elec�
trosynthesis and its practical application makes it pos�
sible to make the following generalization:

Electrochemical reduction of the α�modification
of arsenic with the goal to synthesize arsine has practi�
cal application at the present time. However, the cast�
ing of the cathode from high�purity metallic arsenic is
a difficult technical problem and the use of electrodes
that are consumed leads to the necessity of replace�
ment of the entire electrochemical node.

The conditions of electrolysis of aqueous solutions
of As(+3) were described that make it possible to
obtain arsine with high current yields, but in testing of
the pilot plant, the stable yield on the order of 60% was
achieved. The main drawback of this method is the
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accumulation of ultrafine arsenic, which determines
the necessity of periodic refinement.

Results of the study of the electrode behavior of
As(+5) compounds make it possible to conclude the
impossibility of cathode reduction of arsenate ions in
basic and neutral media. In a strong acidic medium,
the reduction of arsenic acid proceeds with high effec�
tiveness.

We developed and tested an arsine generator based
on the reduction of arsenic acid. The stability of oper�
ation at high yields of arsine was shown, nearly 90% by
current and 99% by the compound. An evaluation of
the behavior of admixtures during synthesis was per�
formed. Ge and Sb admixtures transfer to arsine dur�
ing electrolysis, and others concentrate on the
catholyte. The purification of synthesized arsine by
low temperature rectification provides the synthesis of
a product of high purity, suitable for the preparation of
AIIIBV films by MOCVD. The obtained results can

serve as a basis for the construction of an industrial
generator.

2. ELECTROCHEMICAL METHODS 
OF PHOSPHINE SYNTHESIS

Data on the electrochemistry of the phosphorus are
systemized in [52]. Phosphorus exists in three modifi�
cations: white, red, and black. There are data on the
formation of the phosphine under electrochemical
reduction of all three modifications. The data on the
reduction of phosphorus and hypophosphorous acid
are of great interest.

In most works on electrochemical synthesis of phos�
phine from white phosphorus, molten phosphorus was
used. Different electrode materials were used in the elec�
trolysis of the emulsion of the phosphorus (Table 5). The
nature of the acid used as an electrolyte hardly affects
the yield of phosphine. The increase in the current

AsH3 + H2

H3AsO4
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Fig. 4. Scheme of arsine generator based on the reduction of arsenic acid: (1) electrolyzer; (2) Nafion cation exchange membrane;
(3, 6) gas removers; (4, 7) condenser; (5) buffer capacity for catholyte; (8) container with initial H3AsO4; (9) dosing pump;
(10) leveling line; (11) reverse condenser; (12) cryofilter.
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density and temperature acts well [53]. To carry out a
prolonged electrolysis, it is recommended [54] to add
soluble salts of zinc to the electrolyte.

The data [55] on the kinetics of the isolation of
phosphine are of great interest during exhausting elec�
trolysis (Fig. 6). Initially, the reduction of P4 proceeds

without the formation of phosphine, then the content
of the latter in the liberating gases increases, and the
net current yield of products of the electrolysis sub�
stantially exceeds 100%. Then, the rapid growth of the
yield of PH3 is observed. After the maximum, the for�
mation of phosphine rapidly decreases, and the yield
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Fig. 5. Tests of arsine generator in series of experiments.
Cathode is Cu (50 cm2), anode is Pt (32 cm2), membrane
is Nafion�450, and cathode current density is 0.1 A/cm2

(series 1), 0.3–0.4 A/cm2 (series 2), 0.5 A/cm2 (series 3).

Table 4. Behavior of admixtures in electrosynthesis from technical H3AsO4. Cathode is Cu, anode is Pt, and the quantity of electricity
is 712 A h

Determined 
elements

Weight fraction of element, %

Initial 81% 
H3AsO4

Anolyte Catholyte As, synthesized 
by pyrolysis of AsH3initial final initial final

Ge 9.0 × 10–3 3.0 × 10–3 7.0 × 10–3 3.0 × 10–3 8.0 × 10–4 2.0 × 10–1

Sb 1.8 × 10–2 8.5 × 10–3 1.5 × 10–2 6.0 × 10–2 3.0 × 10–3 3.9 × 10–2

Ga 5.0 × 10–2 5.7 × 10–2 5.7 × 10–2 1.7 × 10–2 9.0 × 10–2 absent

In 1.5 × 10–3 1.6 × 10–3 1.2 × 10–3 5.0 × 10–4 1.2 × 10–3 absent

B 1.5 × 10–3 2.0 × 10–3 1.5 × 10–3 5.0 × 10–4 1.7 × 10–3 absent

Pb 5.0 × 10–4 6.0 × 10–4 absent 2.0 × 10–4 1.0 × 10–3 absent

Cr 4.0 × 10–4 5.0 × 10–4 5.0 × 10–4 1.0 × 10–4 5.0 × 10–4 absent

Sn 3.0 × 10–4 9.0 × 10–4 9.0 × 10–4 1.0 × 10–4 3.0 × 10–4 absent

Zn 6.5 × 10–3 6.0 × 10–3 5.0 × 10–3 2.2 × 10–3 1.4 × 10–3 absent

Al 2.0 × 10–3 2.7 × 10–3 1.6 × 10–3 7.0 × 10–4 2.0 × 10–3 4.0 × 10–2

Ca 2.0 × 10–3 6.0 × 10–3 2.0 × 10–3 7.0 × 10–4 7.0 × 10–3 7.8 × 10–2

Mg 3.0 × 10–4 5.6 × 10–3 1.5 × 10–3 1.0 × 10–4 6.0 × 10–3 3.0 × 10–3

Ni 8.0 × 10–4 7.0 × 10–4 6.0 × 10–4 3.0 × 10–4 6.0 × 10–4 1.4 × 10–2

Fe 9.0 × 10–3 6.8 × 10–3 1.6 × 10–2 3.0 × 10–3 7.0 × 10–3 3.3 × 10–2

Mn 3.0 × 10–4 5.0 × 10–4 3.0 × 10–4 1.0 × 10–4 7.0 × 10–4 9.0 × 10–4

Cu 2.0 × 10–4 2.1 × 10–1 2.0 × 10–3 7.0 × 10–5 7.0 × 10–5 1.0 × 10–3

Si absent 3.7 × 10–3 9.0 × 10–4 absent 9.0 × 10–4 1.4 × 10–1
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Fig. 6. Formation of gaseous products in electrolysis of
emulsion of white phosphorus [55]. Current yield of
(1) phosphine and (2) hydrogen. Composition of
catholyte: 1% P4 in solution of 12% CH3COOH, 0.6%
CH3COONa. Anolyte is 50% CH3COONa. Temperature
is  45°C, and current density is 0.03 A/cm2.
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of hydrogen approaches 100%, which confirms the
depletion of phosphorus and the end of electrode reac�
tions related to its reduction. It is suggested [55] that
the initial step is the addition of four electrons and
protons to the P4 molecule with the formation of
hypothetical P4H4 hydride, which reduces to PH3 step
by step:

(5)

The method of reduction of molten white phos�
phorus is described in patent literature in detail. For
the first time, the possibility of phosphine synthesis by
an electrochemical method is mentioned in [56];
however, no example is given. Systematic work on the
reduction of white phosphorus started only in the
1960s at Hooker Chemical Corp. A series of patents
were given in the United States [57–70], England [71–
74], and Federal Republic of Germany [75–77]. Differ�

PH.

PH

PH

HP+ 4H+ + 4e

ent versions of constructions of electrolyzers for the syn�
thesis of phosphine are proposed. Mainly, the process of
reduction of phosphorus in aqueous solutions of acids is
considered. The methods of phosphine synthesis can be
classified by the type of apparatus used.

—Reduction by electrochemically generated amal�
gam [61, 64, 71]. The electrolyzer (Fig. 7) consists of a
glass with an immersed glass cylinder with the bottom
made from porous glass, on which mercury and liquid
phosphorus layers are stirred slowly. During electroly�
sis, zinc [61, 71] or sodium [64] ions, passing through
the porous glass, form amalgam, which decomposes in
the internal cylinder in the acid solution, reducing
phosphorus at that time, for example, by reaction (6).
The use of both a soluble anode (Zn) and an insoluble
anode is possible:

(6)

—Reduction on a liquid cathode [58, 59, 69, 71, 75,
77]. The electrolyzer (Fig. 8) is similar to the one above in
construction, but the mercury is poured on the bottom of
the glass. On the surface of the mercury, there is a layer of

P4 6Zn 12H3PO4   4PH3 6Zn H2PO4( )2.+ + +

Table 5. Influence of the material of the cathode on the yield of phosphine from white phosphorus. Catholyte is 40% H2SO4, the
current density is 0.025 A/cm2, and the temperature is 65°C [53]

Cathode material Zn* Hg graphite Cd Pb Fe Sn Cu Ti

Current yield of PH3 57.0 37.4 19.4 13.0 9.8 8.9 1.8 1.8 Traces

* Catholyte is 40% H3PO4.
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Fig. 7. Electrolyzer with zinc amalgam: (1) material of
electrolyzer, (2) container for the reduction of P4 by amal�
gam, (3) porous glass, (4) mercury cathode, (5) zinc
anode, (6) white phosphorus, (7) electrolyte (ZnSO4 solu�
tion), (8) acid solution, (9) stirrer, (10) current inlet of
cathode.
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Fig. 8. Bag electrolyzer with liquid cathode: (1) material of
electrolyzer, (2) container for anolyte, (3) porous glass,
(4) liquid cathode, (5) anode, (6) phosphorus, (7) anolyte,
(8) catholyte, (9) stirrer, (10) current inlet of cathode.
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phosphorus. It is recommended to carry out the electrol�
ysis in 1–2 M H3PO4 at 0.0087 A/cm2 and 65–70°C. The
content of PH3 in the cathode gas is 81.4% at the produc�
tion of 0.239 g/h; the expense of electrical energy is
88 kWh/kg PH3 [71]. As the liquid cathode, Wood alloy
can be used [65].

—Reduction on a solid cathode in the bag electro�
lyzer [57, 60, 64, 68–77]. Since the application of a
liquid cathode is connected with a set of technological
difficulties, it is within reason to carry out electrolysis
with the use of a solid cathode (Fig. 9). As the cathode
material, usually lead is used. The catholyte and anolyte
are usually a solution of phosphoric acid. It is noted that,
during the electrolysis, the phosphorus starts to wet the
surface of the cathode and come up under the effect of
surface tension [57, 64, 69, 71, 73, 77]. After one day of
electrolysis, the entire cathode is coated with a phos�
phorus layer and the current yield of phosphine
reaches 90%. In the process, hydrides of P4H4 type and
phosphate polymers, coating the cathode and bag and
preventing the passage of current, are formed. It is
proposed to cover the bag from the side of the cathode
by a material not wetted by the phosphorus: fiberglass,
polyethylene, or polyurethane [69, 72, 75]. In order to
reduce the viscosity and the coating of the phospho�
rus, it is recommended to blow hydrogen, hydrogen
sulfide [76], or part of the cathode gas through its layer
[68, 74]. The other difficulty is the collection on the
cathode of a layer of porous precipitate by the disinte�
gration of the material of the cathode or the precipita�
tion of metals used for enhancing the characteristics of
the process [58, 60]. The precipitate forming on the
cathode leads to the decrease in the yield of phos�
phine. To decrease the shielding of the cathode by the
phosphorus and to increase the longevity of its use, it
is recommended to use a cathode with ribbing, form�
ing acute sides [67, 70, 77].

—Reduction in a bag�free electrolyzer. The electrol�
ysis is conducted with the use of an easily oxidizable
anode (Fig. 10), for which graphite is suggested [65].
According to the claim of the authors, oxygen does not
form on it; the main product is CO2 with the admix�
ture of CO.

In Table 6, the data on the phosphine electrosyn�
thesis modes are systemized. The most frequently,
concentrated H3PO4 serves as the electrolyte, and Hg,
Pb, and Zn, i.e., materials with high hydrogen over�
voltage, serve as the cathode. Recommended materials
for the bag are alundum, porous glass, and porcelain.
In most cases, the electrolysis is conducted at 80–
85°C and low current density (<0.03 A/cm2). Under
these conditions, the current yield of phosphine is 80–
95%. With the decrease in the temperature, the effec�
tiveness of the phosphorus reduction decreases,
although the phosphorus remains liquid. The draw�
back of the method is the danger of working with white
phosphorus, which is capable of spontaneous combus�
tion in air at a temperature of >34°C. 

White phosphorus for the synthesis of phosphine
can be used not only as a melt but also in the form of a
solution in a polar organic solvent, particularly, in eth�
anol [78]. On the cathode area of the electrolyzer sup�
plied with a lead cathode, one part of alcohol prelimi�
narily saturated with phosphorus and two parts of
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Fig. 9. Bag electrolyzer with solid cathode: (1) material of
electrolyzer, (2) ceramic bag, (3) cathode, (4) layer of liq�
uid phosphorus, (5) anode, (6) catholyte, (7) anolyte.
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Fig. 10. Bag�free electrolyzer with liquid cathode:
(1) material of electrolyzer, (2) degradable anode, (3) liq�
uid cathode, (4) layer of white phosphorus, (5) electrolyte,
(6) stirrer, (7) current inlet of the cathode.
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H3PO4 are loaded. The electrolysis is conducted by a
current of 0.2 A at a voltage of 46.5 V and a tempera�
ture of 65°C. The concentration of phosphine in the
cathode gas is 42.5% (the calculated current yield is
52.6%).

In order to decrease the fire hazard of the process,
it should be conducted at a lower temperature. We
showed [79] that, with the use of a phosphorus suspen�
sion in water�free alcohol, a substantially better result
can be achieved even at room temperature. The experi�
ments were conducted in an electrolyzer with a cation
exchange membrane and lead cathode. The current yield

increases in the following series of alcohols: methanol >
methylcellosolve ≈ ethanol > benzyl alcohol and electro�
lytes: H2SO4 > HCl > n�CH3C6H4SO3H. The increase
in the yield compared to [78] probably is due to the
constant saturation of the solution by the phosphorus
during electrolysis and also its higher solubility in
water�free alcohols. The increase in the yield with the
transfer from methyl to benzyl alcohol and in the
aforementioned order of electrolytes can be explained
by the increase in the solubility. During these investi�
gations, we obtained new data (Table 7).

Table 6. Electrosynthesis of phosphine from liquid white phosphorus

Electrolyzer
Catholyte

Conditions of electrolysis Content 
of PH3, vol % Reference

cathode  anode bag I, A/cm2 U, B t, °C

Hg graphite porous glass 20% HCl 3.0 4.5 85 66.5 [66]

absent 3.0 10.2 40.6 [65]

Pb alundum 80% H3PO4 5.0 5.3 77 85.5 [64]

Pt porous glass 1–2 M H3PO4 (0.005–0.03) 26.5 80 81.4 [59]

Hg–Bi 2 M H2SO4 – 18

Hg–Cr – 60

Hg–Zn 4 M H3PO4 – 79

1–2 M H3PO4 (0.0064) 2.9 13.6

Pb ceramic 40% H3PO4 (0.026) – 85 90–95 [67]

graphite alundum 10% HCl 4.6 – 95 96 [75]

Zn Fe porous glass 4 M H3PO4 (0.03) – – 83.1 [59, 71]

Wood alloy graphite porous glass 40% H3PO4 1.5 8.0 85 95 [64]

alundum saturated NaCl 1.0 18.0 80 50 [57]

Table 7. Electrosynthesis of phosphine in nonaqueous solutions of P4 at 20–25°C in an electrolyzer with cation exchange
membrane. Cathode is Pb and anode is graphite

Initial composition of catholyte and anolyte
Current density, A/cm2 Voltage, V Current yield of PH3, %

alcohol electrolyte

C2H5OH 1 M (C2H5)4NCl 0.1 17–18 31.9 (12.1*)
1.7–2 M HCl 0.01 3.3–3.4 40.4

0.05 6.5–6.7 60.5
0.1 12–13 57.1

1.7–2 M n�CH3C6H4SO3H 0.01 4.5–6.0 80.7
0.05 12 26 74.4

1.8 M α�C10H7SO3H 0.05 17–20 57
CH3OC2H4OH 2.0 M HCl 0.01 4.3–4.5 54.6

0.05 9–12 45.0
2.0 M n�CH3C6H4SO3H 0.01 5–8 89.3

C6H5CH2OH 3.5 M HCl 0.05 30 60 72.4
CH3OH 1.8–2 M n�CH3C6H4SO3H 0.01 2.7–3.2 64.9

0.05 8.5 25 45.8

* Cathode is copper.
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The possibility of phosphine synthesis in an elec�
trolyzer without a bag was shown. So, in the solution
of HCl in C6H5CH2OH, the current yield of PH3 is
62%, but half of the phosphorus transfers to phospho�
ric acid esters [79].

It should be noted that, with the use of solutions of
white phosphorus, the above�mentioned problem of
cutting�off of the cathode is absent.

The other possibility of reducing the fire hazard of
the process via its conduction at room temperature is
the suggestion in [80] to use a pseudocompressed
cathode, the grains of which are molded from a mass
containing 150 g of carbon soot and a solution of 30 g
of P4 in 20 g of CS2. After the evaporation of carbon
sulfide, the grains are dispergated in the cathode
chamber of the bag electrolyzer in a solution of 3 M
H3PO4. Probably, it is assumed that, with the larger
surface of the cathode, an enhanced effectiveness of
the process should be anticipated; however, the yield
of phosphine is not indicated.

Thus, the use of a solution of white phosphorus in
an organic solvent makes it possible to achieve a high
yield of phosphine (up to 90%) with maintenance of
fire safety, and this process can be laid on the basis of
development of an electrochemical generator of phos�
phine. It should be noted that white phosphorus in the
form of a melt can be easily dosed.

The most obvious way to increase safety is the use
of red phosphorus as an initial raw material for the
electrochemical synthesis of phosphine. The attempts
at electrochemical reduction of red phosphorus in
aqueous solutions of acids did not end successfully. It
is reported [81] that, in electrolysis of a suspension of
red phosphorus in 15–20% NaOH at 70–100°C on a
lead cathode, the yield of phosphine by the substance
is 83%. The variation of current density from 0.01 to
0.15 A/cm2 has little effect on the yield. Our calcula�
tions by the data of [81] show that the volume of the
cathode gas corresponds to the formed hydrogen, and
the phosphine, probably, forms by the following reac�
tion:

(7)

The possible use of a suspension of red phosphorus
in contact with the current from a metal with high
hydrogen overvoltage for the synthesis of phosphine is
mentioned in [19]. In the authors' opinion, it is possi�
ble to produce a cathode from a sintered mixture of
fine powders of a weakly conducting element (proba�
bly phosphorus) and a well�conducting material, alloy,
or solid solution of a hydrogenated element (also
phosphorus) and such metals as Cd, Pb, Hg, and Zn.

4P 3NaOH 3H2O PH3 3NaH2PO2.+ + +

In the case of phosphorus, the formation of a well�
conducting material is doubtful.

We have carried out a systematic investigation [82]
of the possibility of the electrochemical synthesis of
phosphine from red phosphorus. It was shown that,
during electrolysis of its suspension in alkali condi�
tions, phosphine is formed with the formal current
yield at 3–8%. And in the solution, hypophosphite
and phosphate ions are detected. The current yield of
hydrogen approaches 100%. Irradiation by ultrasound
increases the rate of the reaction of the suspension of
the phosphorus with the base, but does not enhance
the effectiveness of the electrolysis. In order to provide
maximum contact of the phosphorus particles with the
surface of the cathode, a series of experiments were
performed with cathodes pressed from a mixture of red
phosphorus and graphitized soot. As a result, in the
solution, the amount of hypophosphite corresponding
to formed phosphine was detected. The obtained
results confirm that red phosphorus does not have any
electrochemical activity and phosphine forms by reac�
tion (7), which is accelerated owing to the local
increase in the base concentration in the near�elec�
trode layer of the solution.

As a cathode material, black phosphorus can be
used, having electrical conductivity. The investigation
of polarization of an electrode made from the black
phosphorus showed that it is related to materials hav�
ing low hydrogen overvoltage [83]. In electrolysis at
the current density of 0.03–0.07 A/cm2, phosphine is
liberated, the yield of which depends substantially on
the pH of the medium (Table 8).

In [19, 20, 23], the construction of an electrolyzer
for the synthesis of volatile hydrides is described (see
Fig. 1). For the synthesis of phosphine, it is recom�
mended that the cathode be constructed from grains of
black phosphorus [20]. There is a report of the possi�
bility of using a suspension from powder of black phos�
phorus [19]. Quantitative data are given only in [23].
In a solution of 35% KOH at a current of 1–1.2 A and
0.15–0.2 A on a whole cathode made from black phos�
phorus (>99%) with an area of 2.8 cm2, phosphine was
liberated at the rate of 2.0 and 0.3 mg/min, respec�
tively. The current yield calculated by this data is 21–
28%.

In order to study the effectiveness of electrochemi�
cal synthesis of phosphine from black phosphorus, we
carried out a series of experiments in an electrolyzer
with a Naflon cation exchange membrane. The elec�
trodes were prepared by pressing at 200 atm of a pow�
der of black phosphorus without and with the addition
of 5% polyvinyldifluoride as a binder. The catholyte

Table 8. Influence of pH on the yield of phosphine on cathode from black phosphorus [83]

pH of catolyte 1.0 4.7 6.8 7.5 9.0 14.0

Current yield 
PH3, %

1.2 3.5 6.1 12.5 7.0 5.4
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was 10% KH2PO4. Phosphine was obtained with an 8–
10% current yield; however, the cathode was destroyed
in operation of more than 2 h with the current density
of 0.1 A/cm2.

The use of an electrode from black phosphorus in
an phosphine generator has the same drawbacks as the
use of an arsenic electrode in an arsine generator: the
high cost of the preparation with the impossibility of
full use; partial dispergation of the cathode material,
owing to which the accumulation of waste in the appa�
ratus takes place; and the necessity of periodic
replacement of the electrodes.

Oxygen�containing acids of phosphorus are a
potential raw material of phosphine synthesis. The
calculations by the standard potentials of the reduc�
tion of H3PO2 (–0.174 V) and H3PO3 (–0.282 V) [52]
show the fundamental possibility of phosphine prepa�
ration by electrochemical reduction of those acids.
From the point of view of minimal expenses of electri�
cal energy on the synthesis of phosphine, the most
rational is the use of hypophosphorous acid. For its
reduction to phosphine, 4 F/mol is sufficient.

The experiments on the reduction of phosphorous
acid on a mercury cathode showed that the main prod�
uct is the H3PO2 [84]. Hypophosphite ion in glycerol
on the background of (C2H5)4NClO4 reduces at the
potential of minus 0.64 V [85]. Phosphine probably
does not form in the given conditions since less than
1 F/mol is expensed on its reduction.

The possibility of phosphine synthesis by electro�
chemical reduction of hypophosphite ions is noted
[19]. The formation of phosphine is noted in the
reduction of phosphorous acid on cathodes from Pb,
Zn, and Hg [86]. It is mentioned that lead and zinc
rapidly lose their activity and the yield of the phos�
phine decreases. On mercury, according to the claim
of the authors, phosphine forms with a high yield, but
its value is not indicated. Sodium hypophosphite does
not reduce in the same conditions. The absence of
quantitative data makes it possible to conclude that the
yield of phosphine is not satisfactory.

Hypophosphorous acid H3PO2 exists in two tauto�
meric forms (8), having pentavalent or trivalent phos�
phorus, the first of which is inactive [87]. In usual condi�
tions, the equilibrium is almost completely shifted to the
left, owing to which H3PO2 is titrated as monobasic:

(8)

We studied the reduction of hypophosphorous and
phosphorous acids on mercury and lead cathodes, and
also on potassium and lithium amalgams [88]. It was
shown that these acids are classified as hardly reduced
substances. The current yield of phosphine on a mer�
cury cathode does not exceed 2.5%. The method of
indirect reduction on the amalgams did not show a

P O

H

HO

H

H

HO OH.P

better result. On lead, the yield of phosphine increases
in the presence of sulfuric acid and in a solution of
polyethyleneglycol (up to 5.5%), i.e., in conditions
promoting the decrease in dissociation of the acid.
Probably, H3PO2 molecules undergo reduction in the
active form.

Evaluating the modern state of the given data on
electrochemical synthesis of phosphine, four main
ways of investigations should be selected.

The most studied and technologically developed is
the process of reduction of white phosphorus. The
drawback of the process is the danger of working with
white phosphorus, which is capable of spontaneous
combustion in air. High current yields of phosphine
(up to 90%) are achieved in a solution of phosphoric
acid at 80–90°C. With the decrease in the tempera�
ture, the effectiveness of the reduction of liquid phos�
phorus decreases. The fire safety of the process with
the conservation of a high yield is achieved at room
temperature by carrying out the electrolysis of a white
phosphorus solution in an organic solvent.

Red phosphorus, owing to its safety and low toxic�
ity, is considered to be the most convenient initial raw
material for the electrosynthesis of phosphine. How�
ever, upon a detailed observation, it was determined
that red phosphorus is electrochemically inactive. The
formation of phosphine is determined by the chemical
reaction of the phosphorus with the base. The role of
the electrolysis results in its concentration at the cath�
ode surface.

The results obtained in the reduction of black
phosphorus can be considered preliminary. Its advan�
tage is electron conductivity, i.e., electrodes can be
fabricated from it. But owing to the strict conditions of
synthesis of black phosphorus and its commercial
unavailability at the present time, the application of
this raw material for the electrosynthesis of phosphine
has great difficulties. With allowance for the necessity
of periodic replacement of an electrode made from
black phosphorus, the economic profit of its use in a
phosphine generator should be evaluated.

Hypophosphorous and phosphorous acids are clas�
sified as hardly reducible substances. Their electro�
chemical reduction proceeds with low current yields.
The yield increases in conditions promoting the sup�
pression of dissociation of the acids. The most likely is
that nondissociated molecules in the active form are
subjected to reduction, where the phosphorus is triva�
lent. In order to increase the yield of phosphine, the
conditions for increasing the concentration of an
active form should be studied.

3. ELECTROCHEMICAL METHODS 
OF GERMANE SYNTHESIS

Germanium forms hydrides of GenH(2n + 2) compo�
sition and also GeH2, (GeH2)x, GeH, and (GeH)x.
Monogermane (or germane) GeH4 at the present time
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is obtained by the reduction of Ge(+4) compounds by
borhydrides of alkali metals [3].

Metallic germanium is related to materials with
high hydrogen overvoltage, close to that of zinc and
cadmium [89]. The data on electrochemical reduction
of germanium are not numerous. The application of
cathode etching of germanium at 155 A/cm2 in the
flux of the electrolyte [90] is well known. The forma�
tion of germane is qualitatively determined. At a cur�
rent density of <15 A/cm2, the etching of germane is
not observed.

In [19–23], the construction of a generator of vol�
atile hydrides is described (see Fig. 1), including ger�
mane with the use of a cathode made from the metallic
germanium in an alkali electrolyte. It is recommended
[19, 21] to maintain the potential of the cathode at the
level of minus 2V compared to a calomel comparison
electrode (c.c.e.). In [23], the data on the effectiveness
of the generator with respect to germane are given (up
to 0.5 mg/min) at various currents. The current yield
hardly depends on the current density (Table 9).

We determined [91] that the reduction of germa�
nium proceeds ineffectively, regardless of the compo�
sition of the medium and the current density. The
attempt to reproduce the data [23] did not end suc�
cessfully (see Table 9).

A generator of germane based on the reduction of
germanium has the drawbacks, mentioned earlier,
related to the replacement of the consumed cathode.

There are no reports in the literature about the pos�
sibility of germane formation from Ge(+2) com�
pounds. The polarographic behavior of germanium
compounds was studied [92–95]. In a hydrochloric
acid solution, Ge(+2) irreversibly reduces on a mer�
cury drop electrode to the metal [92].

In acidic solutions at pH < 3.1, Ge(+4) is not detected
on the polarogram of reduction; at pH 3.7–10.6, two
waves of the reduction are obtained; at pH > 10.6, one is
obtained [92, 93]. These phenomena are explained by
the presence of various types of germanium acids
dependent on the pH of the solution: pentagermanic
at pH < 4; equivalent mixture of pentagermanic acid
and monomer at pH 4–5, reducing at different poten�
tials. At a further increase in pH, all of the pentamer
dissociates, and in the solution bigermanate ions
appear, reducing at more negative potentials than
molecules of germanic acid. On the polarogram in
these limits of pH, also two waves are observed. At
pH > 10.6, all Ge(+4) is present as anions and gives
one wave of the reduction, corresponding to the dis�

charge of bigermanate ions. Ge  ion, in the
authors' opinion [93], does not discharge on the mer�
cury at potentials more negative than the potential of
the hydrogen liberation in those solutions.

However, in acidic solutions on cathodes with high
hydrogen overvoltage, germane is recorded in the
presence of Ge(+4) in the solution [89, 95]. So, GeH4
is obtained on a lead cathode in electrolysis of 1.5 g

O3
2–

GeO2 in 200 ml of 40% H2SO4, but the yield is not
mentioned [96].

Germanium dioxide has weak acidic properties and
forms germanates with bases. According to [95], in
water–basic solutions, GeO2 dissolves with transfer to

the anionic form of Ge  The electrolysis of aque�
ous solutions of germanates in order to obtain ger�
mane was studied by a series of investigators [97–99].
On the whole, the process is described by the following
equation:

(9)

Since the proceeding of the eight�electron process
in one step is unlikely, in [99–101] the scheme is con�
sidered according to which initially as a result of the
addition of four electrons on the cathode germanium
is liberated, which further reduces by liberation of
atomic hydrogen to germane. However, such a process
is not confirmed experimentally and, in our opinion,
can hardly take place.

The most likely is the step�by�step scheme of the
reduction of germanate, which is confirmed by the
data of voltamperometric measurements [28]:

(10)

Thus, in the reduction of basic solutions of germi�
nates, it is possible to obtain two products, germanium
and germane.

The influence of various factors on the process of
reduction of Ge(+4) to germane in alkali electrolytes on
a nickel cathode was studied [102]. Anode and cathode
areas of the electrolyzer were divided by a bipolar mem�
brane of brand MB�1 or cation exchange MK�40. It is
recommended to carry out the electrosynthesis of ger�
mane at a current density of 0.6 A/cm2 in a catholyte of
20 g/l GeO2 and 2.5 mol/l NaOH composition. The yield
of germane is 50–55%.

It should be noted that, owing to the restricted sol�
ubility of GeO2 in solutions of NaOH (maximum
100 g/l at 7% NaOH) [103], it is within reason to use
potassium hydroxide to dissolve germanium dioxide.

O3
2–

.

GeO3
2– 7H2O 8e GeH4 10OH–

.+ + +

GeO3
2– 3H2O   GeO H2Oadsorbed⋅+

Geadsorbed       Geadsorbed
4–

         GeH4.

+2e

–4OH–

+4H2O

–4OH–

+4e+2e

–2OH–

Table 9. Reduction of metallic germanium in aqueous solutions

Catholyte Current den�
sity, A/cm2

Current 
yield,

GeH4, %
Reference

1 M NaOH –2.B* 30 [19, 21]

10% NaOH 0.05–0.5 <0.96 [91]

10% H2SO4 0.05–0.5 <0.33

35% KOH 0.054–0.43 3.4–4.4** [23]

0.07–1.0 <0.8 Our data

  * The potential of the cathode is minus 2V compared to c.c.e.
** Calculated by data of [23].
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A matter of interest is the study of the dependence of
the current yield of GeH4 in GeO2 in a 20% KOH solu�
tion on acopper electrode on the conditions of the elec�
trolysis [104]. At 8 A/cm2, the current yield increases to
31% with the increase in the concentration of GeO2 from
10 to 150 g/l. At the content of 10 g/l of GeO2, the max�
imum current yield (5%) is recorded at 7 A/cm2.

The possibility of the synthesis of extremely pure
germane by the electrochemical reduction of alkali
solutions of GeO2 is considered [101]. It is proposed to
carry out the process without a bag in an H�shaped
apparatus. The influence of the material of the cath�
ode on the yield of germane is studied (steel, copper,
lead, nickel, tin). The highest yield is observed on Ni
and Sn at 100–105°C and a current density of 1.3–
1.4 A/cm2. Judging by the composition of the cathode
gas, in these conditions, the current yield does not
exceed 20%.

In [105], it is proposed to conduct electrolysis on a
nickel cathode at a current density of 1.0–1.5 A/cm2,
temperature of 75–85°C, and concentration of GeO2
of 25–35 g/l with repeated residence of the electrolyte
in the cathode and anode area of an electrolyzer. Elec�
trolyte from the cathode area after the liberation of
germane and hydrogen is transferred back to the cath�
ode area (Fig. 11). The current yield of germane also
does not exceed 20%.

In [106], the authors clarified the modes of elec�
trosynthesis: current density of 2–4 A/cm2 and tem�
perature of 30–50°C. In this case, the current yield of
germane was 15% (at the concentration in the gas of
6 vol %). It is emphasized that, upon the reduction of

the current density or the temperature below those
limits, the yield of germane decreases by a factor of
two, and upon exceeding them, germanium is liber�
ated; for this reason, the yield of germane decreases. It
is mentioned [107] that, to achieve the maximum
yield, the process should be carried out on a nickel
cathode at 1.0–1.5 A/cm2, a temperature not higher
than 65°C, and a content of GeO2 of 50 g/l in a 2.5 M
solution of KOH according to the scheme presented in
Fig. 11. By the given example, the current yield can be
calculated, which is 9.3%.

The results of experiments of the pilot plant for the
synthesis of germane are presented in [28]. It is pro�
posed to use a bipolar electrolyzer with electrodes
made from nickel for the electrosynthesis of germane
from basic solutions of GeO2. It is noted, that with the
increase in the current density from 0.1 to 0.4 A/cm2,
the yield of germane by the substance increases from
20.0 to 80.0%. The further increase in the current den�
sity leads to a small increase in the yield to 85% and a
rapid decrease in the current yield. At current densities
less than 0.2 A/cm2, the cathode is covered with a layer of
elemental germanium, which at prolonged electrolysis
leads to blockage of the electrode surface and stoppage of
electrolysis. The optimal value is 0.4–0.6 A/cm2, and the
yield of germane is 85% by the substance and nearly 10%
by the current. The side products are determined, diger�
mane and trigermane, forming with the yields by the
substance of 0.3 and 0.2%, respectively.

It should be noted that current densities recom�
mended in [101, 104, 105, 107] exceed those usually
used in technical electrolysis. As a result, the current

GeH4 + H2O2
H2
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Fig. 11. Apparatus for germane electrosynthesis [105]: (1) electrolyzer; (2) cathode chamber; (3) anode chamber; (4) bag;
(5, 6) gas removers; (7, 8) bubblers; (9) feed container; (10) moisture condenser; (11) cryostat; (12) traps; (13) analytic ampoule;
(14) water seal; (15) vacuum meter; (16) taps; (17) container with germanium dioxide; (18) balloon.
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yield of germane is quite low. Owing to the absence of
data on the voltage on the electrolyzer, it is not possi�
ble to estimate the energy expenses of the electrolysis.
On an industrial scale, this version can be expensive
and have no commercial value.

Because of this fact, we carried out a systematic
investigation of the influence of parameters of elec�
trolysis on the yield of germane [91]. It was shown
that, in the range of current densities of 0.3–0.6 A/cm2

and content of GeO2 of 165–250 g/l, the current yield
of germane hardly changes, confirming the kinetic
restrictions of the process. The increase in the temper�
ature from 25 to 70°C increases the yield only by a
small amount. The most important factor is the mate�
rial of the cathode. The current yields of germane are
>30% and are obtained on metals having high hydro�
gen overvoltage of liberation. But the difference is not
as high as was anticipated. The leveling of the influ�
ence of the cathode material can be explained by the
fact that mainly the formation of germane proceeds on
the surface of the germanium precipitated on the cath�
ode. The liberation of hydrogen proceeds both on the
surface of a cathode coated with germanium and on
one not coated. In the latter case, the process is limited
by the value of the hydrogen overvoltage on the spe�
cific material of the cathode. The most effective cath�
ode material is tin. In optimal conditions (3 M KOH,
150 g/l GeO2, 0.3 A/cm2), germane is obtained with a
current yield up to 44%. It should be noted that tin is
capable of reduction to stannane and contaminating
the product. As a result of long operation of an electro�
lyzer, the decrease in the current yield of germane
takes place, the reason for which is probably the for�
mation of a germanium coating on the cathode, fea�
turing a developed surface, promoting the decrease in
the real current density.

Thus, the analysis of the given data showed that the
reduction of metallic germanium proceeds with a low
yield, regardless of the composition of the medium
and the current density, and Ge(+2) compounds are
not stable and easily oxidize; therefore, their use as a
raw material for the synthesis of germane is unsuitable.
From compounds of Ge(+4), germanate ions in a
basic medium are the most effectively subjected to
reduction. The molecules of germanic acid reduce
more difficultly, maybe owing to the formation of
polynuclear complexes. Technologically developed is
the version of electrolysis of basic solutions of GeO2,
but the data of different authors are contradictory. The
current yield of germane depends little on the electrol�
ysis conditions, which confirms the kinetic restrictions
of the reduction process of germanate ions. The most
important factor is the material of the cathode. The
current yield of germane reaches 40%, but under long
operation of an electrolyzer, its reduction takes place.
It is within reason to continue the systematic investi�
gations of the given process.

CONCLUSIONS

In the review, the modern state of the problem of
electrochemical synthesis of arsenic, phosphorus, and
germanium hydrides is elucidated. The whole analysis
of the electrochemical reduction of elements and their
compounds in various oxidation states is performed
from the point of view of practical realization. The
physicochemical bases of the electrochemical synthe�
sis of hydrides are considered.

The main problems of the chemical synthesis of
hydrides are the nonselectivity, the complexity of the
control of the process, and the large amount of wastes.
These drawbacks can be overcome with the use of elec�
trochemical methods of synthesis.

In the realization of the concept of an electro�
chemical generator of hydrides, the most developed
way is the simplest principle, electrochemical reduc�
tion of the material of the cathode, in the capacity of
which conducting modifications of elements are
applied, in particular, metallic arsenic, germanium,
and black phosphorus. This universal construction can
also be used for electrosynthesis of antimony, sele�
nium, and tellurium hydrides. A generator with a con�
sumable cathode and victim anode producing only
cathode gas is proposed as a replacement for balloons
with compressed gas. However, a device based on this
principle is only for one�time use, which economically
is not justified and is not always convenient for practi�
cal use.

In our opinion, the most effective is an individual
approach based on the unique properties of each ele�
ment. For the construction of both industrial and
compact electrochemical generators, promising is a
construction with a constant input of initial (prefera�
bly liquid) raw material. For the practical realization
of this approach, we have devised the processes of syn�
thesis:

—arsine from arsenic acid in a two�component
system with a current yield up to 95%;

—phosphine by the reduction of white phosphorus in
organic solvents at room temperature, which substan�
tially decreases the flammability of the process, the phos�
phine being obtained with a current yield of 90%;

—germane from a basic solution of germanate,
making it possible to synthesize germane with a cur�
rent yield up to 40%.

Using the example of arsine, a continuous electro�
chemical generator of hydrides was produced, and
technological tests of it were performed. This device,
after equipping with a unit for final deep purification,
can be applied directly in the complex flow charts of
fabrication of semiconductor materials.

REFERENCES

1. Fedorov, V.A., in Sovremennye problemy obshchei i
neorganicheskoi khimii (Modern Problems of General



1476

INORGANIC MATERIALS  Vol. 46  No. 13  2010

TURYGIN et al.

and Inorganic Chemistry), Moscow: Nauka, 2004,
pp. 98–111.

2. Fedorov, V.A., Manufacture of High�Purity Arsenic
from an Unconventional Sourse, Russ. J. of Inorg.
Chem., 2001, vol. 46, no. S2, pp. 87–105.

3. Zhigach, A.F. and Stasinevich, D.S., Khimiya Gidridov
(Chemistry of Hydrides), Leningrad: Khimiya, 1969.

4. Kvaratskheli, Yu.K., Skorovarov, D.I., Nevskii, O.B.,
Lobachev, Yu.A., and Ryabov, S.V., RF Patent 2036832,
1995.

5. Devyatykh, G.G. and Zorin, L.D., Letuchie neorgan�
icheskie gidridy osoboi chistoty (Volatile Inorganic
Ultrapure Hydrides), Moscow: Nauka, 1974.

6. Efremov, A.A., Morozov, V.I., and Ryabenko, E.A.,
Vysokochist. Veshchestva, 1993, no. 5, pp. 71–81.

7. Marinace, J.C., US Patent 4 945 857, 1989.
8. Denkhaus, E., Beck, F., Bueschler, P., Gerhard, R.,

and Golloch, A., Electrolytic Hydride Generation
Atomic Absorption Spectrometry for the Determina�
tion of Antimony, Arsenic, Selenium, and Tin� Mech�
anistic Aspects and Figures of Merit, J. Anal. Chem.,
2001. vol. 370, pp. 735–743.

9. Bolea, E., Laborda, F., Castillo, J.R., and Sturgeon, R.E.,
Electrochemical Hydride Generation for the Simulta�
neous Determination of Hydride Forming Elements
by Inductively Coupled Plasma�Atomic Emission
Spectrometry, Spectrochim. Acta, Part B, 2004, vol. 59,
pp. 505–513.

10. Tomilov, A.P. and Chomutov, N.E., Encyclopedia of
Electrochemistry of the Elements. II. Arsenic. Ed. Bard
A, New York: Marcel Dekker, INC. 1974, pp. 21–51.

11. Tomilov, A.P., Osadchenko, I.M., and Khomutov, N.E.,
Itogi nauki i tekhniki. Elektrokhimiya (The Results of
the Science and Engineering. Electrochemistry),
Moscow: VINITI, 1979, vol. 14, pp. 168–206.

12. Tomilov, A.P., Smetanin, A.V., Chernykh, I.N., and
Smirnov, M.K., Electrode Reactions Involving Arsenic
and Its Inorganic Compounds, Elektrokhimiya, 2001,
vol. 37, no. 10, pp. 1157–1172 [Russ. J. Elektrochem.
(Engl. Transl.), vol. 37, no. 10, pp. 997–1011].

13. Efimov, E.A. and Erusalimchik, I.G., Elektrokhimiya,
1965, vol. 1, no. 9, pp. 1133–1137.

14. Salzberg, H.W. and Goldschmidt, B., Arsine Evolu�
tion and Water Reduction at an Arsenic Cathode,
J. Electrochem. Soc., 1960, vol. 107, pp. 348–353.

15. Valdes, J.L., Cadet, G., and Mitchell, J.W., On�
Demand Electrochemical Generation of Arsine,
J. Electrochem. Soc., 1991, vol. 138, pp. 1654–1658.

16. Grube, G. and Kleber, H., Z. Electrochem., 1924,
vol. 30, nos. 21/22, pp. 517–523.

17. Vorotyntsev, V.M., Kozin, L.F., Zhylkamanova, K.,
Glushachenko, O.A., Abdrakhmanov, R.R., and Bala�
banov, V.V., Investigation of Cathode Hydrogenation
Reaction of Elemental Arsenic, Vysokochist. Vesh�
chestva, 1995, no. 5, pp. 59–66.

18. Chernykh, I.N. and Tomilov, A.P., Zh. Prikl. Khim.,
1995, vol. 68, no. 7, pp. 1208–1209.

19. Ayers, W.M., US Patent 5158656, 1992.
20. Cadet, G., Mitchell, J.W., and Valdes, J.L., US Patent

5 474 659, 1995.
21. Ayers, W.M., US Patent 6 080 297, 2000.

22. Buckley, D.N., Seabury, C.W., Valdes, J,L., Cadet, G.,
Mitchell, J.W., DiGiuseppe, M.A., Smith, R.C., Fil�
ipe, J.R.C., Bylsma, R.B., Chakrabarti, U.K., and
Wang., K�W., Growth of InGaAs Structures Using in
situ Electrochemically Generated Arsine Appl. Phys.
Lett., 1990, vol. 57, pp. 1684–1686.

23. Machado, R.M., Hollen, J.E., Ryals, G.L.,
Hartz, Ch.L., and Mohr, R.J., European Patent
1845172, 2007.

24. Muratov, E.B., Akbasova, A.D., and Tulebaev, A.K.,
Izv. Akad. Nauk Kaz. SSR, 1963, no. 2, p. 15.

25. Akbasova, A.D., Tr. Minvuza KazSSR, 1986, pp. 97–99.
26. Vorotyntsev, V.M., Balabanov, V.V., Abdrakhmanov, R.R.,

and Malygina, L.S., Vysokochist. Veshchestva, 1993,
no. 5, p. 22.

27. Smirnov, M.K., Smetanin, A.V., Turygin, V.V.,
Khudenko, A.V., and Tomilov, A.P., Electroreduction
of As(III) in Acid Environment, Elektrokhimiya, 2001,
vol. 37, no. 10, pp. 1214–1218 [Russ. J. Electrochem.
(Engl. Transl.), vol. 37, no. 10, pp. 1050–1053].

28. Nilov, A.P., Extended Abstract of Doctoral Sci. Disserta�
tion (Chem.), Moscow: Izd. Tsentr “ELATERA”
Egor’Evskogo Tekhnologicheskogo In�Ta MGTU
“Stankin”, 2001, p. 43.

29. Smirnov, M.K., Turygin, V.V., Shalashova, N.N.,
Khudenko, A.V., and Tomilov, A.P., Electrochemical
Reduction of As (III) in Acidic Medium, Neorg.
Mater., 2007, vol. 43, no. 1, pp. 27–32.

30. Gladyshev, V.P., Zebreva, A.I., Tulebaev, A.Zh., Koval�
eva, S.V., Sarieva, L.S., Ivanov, V.N, and Frolov, A.V.,
USSR Inventor’s Certificate no. 962335, 1982.

31. Bouard, P., Labrune, Ph., and Cocolios, P., US Patent
5425857, 1995.

32. Porter, V. R., US Patent 4178224, 1979.
33. Smetanin, A.V., Smirnov, M.K., Chernykh, I.N.,

Turygin, V.V., Khudenko, A.V., Fedorov, V.A., and
Tomilov, A.P., Electrochemical Preparation of Arsenic
and Its Compounds, Neorg. Mater., 2003, vol. 39,
no. 1, pp. 27–42.

34. Fedorov, V.A., Efremov, A.A., Zhukov, E.G., et al.,
Preparation of Arsenic with High Purity from the
Products of Lewisite Detoxification, Ros. Khim. Zh.
(Zh. Ros. Khim. O�Va im. D.I. Mendeleeva), 1994,
vol. 38, no. 2, pp. 25–33.

35. Tolstikov, V.P., Zh. Obshch. Khim., 1969, vol. 39, no. 2,
p. 240.

36. Meites, L., Polarographic Characteristics of +3 and
+5 Arsenic in Hydrochloric Acid Solutions, J. Am.
Chem. Soc., 1954, vol. 76, no. 23, pp. 5927–5931.

37. Dzhaparidze, Dzh.I., Dzhokhadze, G.M., and Sir�
adze, R.V., Soobshchenya Gruz. Fil. Akad. Nauk SSSR,
1975, vol. 79, pp. 105–107.

38. Zemtsova, A.G. and Kaplan, B.Ya., in Khimiya v
Tadzhikistane (Chemistry in Tajikistan), Dushanbe:
Donish, 1974, pp. 208–216.

39. Arnold, J.P. and Johnson, R.M., Polarography of
Arsenic, Talanta, 1969, vol. 16, pp. 1191–1207.

40. Zhdanov, S.I., Kryukova, T.A., and Vasil’eva, E.G.,
Elektrokhimiya, 1975, vol. 11, no. 5, pp. 767–770.

41. Akbasova, A.D. and Dzekunov, V.P., Fiz.�khim. metody
razdeleniya, polucheniya i analiza metallov (Physico�



INORGANIC MATERIALS  Vol. 46  No. 13  2010

SYNTHESIS OF VOLATILE INORGANIC HYDRIDES 1477

chemical Methods of Separation, Synthesis and Anal�
ysis of Metals), Alma�Ata: Kaz. NIINTI, 1988.

42. Akbasova, A.D., Dzekunov, V.P., and Pavlova, O.D.,
VI Vsesoyuznaya konferentsiya po elektrokhimii (Proc.
VI All�Union Conference on the Electrochemistry),
Moscow: VINITI, 1982, vol. 1, p. 172.

43. Akbasova, A.D., Dzekunov, V.P., and Nauryzbaev, M.K.,
Dep. v Kaz. NIINTI no. 1780�ka 87 (Dep. in Kaz.
NIINTI), Alma�Ata, 1987.

44. White, M.C. and Bard, A.J., Polarography of Metal�
Pyrogallol Complexes, Anal. Chem., 1966, vol. 38,
no. 1, pp. 61–63.

45. Popova, T.G. and Khamudkhanova, Sh.Z., 6�ya Vse�
soyuznaya konferentsiya po elektrokhimii (Proc. VI All�
Union Conference on the Electrochemistry), Mos�
cow: VINITI, 1982, vol. 1, p. 288.

46. Ramberg, L., Lunds Universitets Arsekrifi N.F. Avd. 2B,
1918, vol. 14, no. 21, p. 1922.

47. Gopalakrishnan, V., Gnanasekaran, K.S., Narasim�
ham, K.C., and Udupa, H.V.K., SAEST Trans., 1976,
vol. 11, pp. 251–258.

48. Chernykh, I.N., Tomilov, A.P., Smetanin, A.V., and
Khudenko, A.V., Electrochemical Reduction of
Arsenic. Acid, Elektrokhimiya, 2001, vol. 37, no. 9,
pp. 1097–1101 [Russ. J. Elektrochem. (Engl. Transl.),
vol. 37, no. 9, pp. 942–946].

49. Baranov, Yu.I., Smetanin, A.V., Turygin, V.V., Tomi�
lov, A.P., Khudenko, A.V., and Chernykh, I.N., RF
Patent 2903983, 2003.

50. Turygin, V.V., Smirnov, M.K., Smetanin, A.V., Zhu�
kov, E.G., Fedorov, V.A., and Tomilov, A.P., Electro�
chemical Arsenic Extraction from Nonferrous Metals
Industry Waste, Neorg. Mater., 2008, vol. 44, no. 9,
pp. 1065–1073 [Inorg. Mater. (Engl. Transl.), vol. 44,
no. 9, pp. 946–953].

51. Turygin, V.V., Smirnov, M.K., Berezkin, M.Yu.,
Khudenko, A.V., Tomilov, A.P., Kotkov, A.P., Grish�
nova, N.D., Polezhaev, D.M., Petukhov, G.G., and
Gromov, A.V., Book of Abstracts, Materialy XVI koordi�
natsionnogo nauchno�tekhnicheskogo seminara po SVCh
tekhnike (Materials of the XVI coordination Scientific
Technical Workshop on UVF Technique), September 8–
10, 2009. Nizhnii Novgorod, 2009, pp. 187–189.

52. Tomilov, A.P. and Chomutov, N.E., Encyclopedia of
Electrochemistry of Elements. III. Phosphorus, Bard A.,
Ed., New York: Marcel Dekker, INC. 1974, pp. 1–41.

53. Osadchenko, I.M. and Tomilov, A.P., Zh. Prikl. Khim.,
1970, vol. 43, no. 6, pp. 1255–1261.

54. Osadchenko, I.M., Brago, I.N., and Tomilov, A.P.,
Elektrokhimiya, 1968, vol. 4, no. 10, pp. 1153–1156.

55. Shadrinov, N.Ya. and Tomilov, A.P., Elektrokhimiya,
1968, vol. 4, no. 2, pp. 237–239.

56. Blumenberg, H., US Patent 1 375 819, 1921.
57. Gordon, I., US Patent 3 109 785, 1963.
58. Miller, G.T. and Steingart, J., US Patent 3109786, 1963.
59. Price, D.T. and Gordon, I., US Patent 3109787, 1963.
60. Miller, G.T. and Steingart, J., US Patent 3109788, 1963.
61. Miller, G.T. and Steingart, J., US Patent 3109789, 1963.
62. Gordon, I., US Patent 3109791, 1963.
63. Gordon, I., US Patent 3109792, 1963.

64. Gordon, I., US Patent 3109793, 1963.
65. Gordon, I., US Patent 3109794, 1963.
66. Gordon, I., US Patent 3109795, 1963.
67. Miller, G.T., US Patent 3251756, 1966.
68. Miller, G.T., US Patent 3312 610, 1967.
69. Miller, G.T., US Patent 3337433, 1967.
70. Miller, G.T., US Patent 3361656, 1968.
71. Price, D.T. and Gordon, I., UK Patent 889639, 1962.
72. Miller, G.T., UK Patent 1042391, 1966.
73. UK Patent 1042392, 1966.
74. UK Patent 1042393, 1966.
75. Miller, G.T., BRD Patent 1210424, 1966.
76. Miller, G.T., BRD Patent 1210425, 1966.
77. Miller, G.T., BRD Patent 1210426, 1966.
78. Miller, G.T., US Patent 3 109 790, 1963.
79. Turygin, V.V. and Tomilov, A.P., Book of Abstracts,

Tezisy Dokladov XVI Vserossiiskogo Soveshchaniya Po
Elektrokhimii Organicheskikh Soedinenii “EKhOS�
2006” (Abstracts of the Reports of XVI All�Russia
Conf. on Electrochemistry of Organic Compounds
“EKhOS�2006”), Novocherkassk, 2006, pp. 83–84.

80. Haycock, E.W. and Rhodes, P.R., US Patent 3404076,
1968.

81. Osadchenko, I.M. and Tomilov, A.P., Elektrokhimiya,
1993, vol. 29, no. 3, pp. 406–407.

82. Shalashova, N.N., Smirnov, M.K., Nikolashin, S.V.,
Turygin, V.V., Khudenko, A.V., Brekhovskikh, M.N.,
Fedorov, V.A., and Tomilov, A.P., Electrolytic Forma�
tion of Phosphine from Red Phosphorus in Aqueous
Solutions, Neorg. Mater., 2006, vol. 42, no. 3, pp. 278–
283 [Inorg. Mater. (Engl. Transl.), vol. 42, no. 3,
pp. 236–241].

83. Chernykh, I.N., Zubova, E.V., Savranskii, V.V., and
Tomilov, A.P., Elektrokhimiya, 1980, vol. 16, no. 12,
pp. 1797–1800.

84. Tomilov, A.P., Osadchenko, I.M., Kisil’, L.M., and
Ayuyan, G.A., Elektrokhimiya, 1975, vol. 2, no. 8,
pp. 1213–1214.

85. Baudler, M. and Bongardt, A., Beitrüge zur Chemie
des Phosphors. XXIX. Zur Kenntnis des Polarogra�
phischen Verhaltens der Salze von Mono� und
Diphosphorsüren in Glycerin, Z. Anorg. allg. Chem.,
1967, vol. 350, nos. 3–4, pp. 186–201.

86. Baudler, M. and Schellenberg, D., Z. Anorg. allg.
Chem., 1965, vol. 340, nos. 3–4, pp. 113–125.

87. Van Vezer, Fosfor i ego soedineniya. Per. s angl. (Phos�
phorus and Its Compounds), A.I. Shershevskii, Ed.,
Moscow: I.L., 1962.

88. Turygin, V.V., Smirnov, M.K., Khudenko, A.V., Niko�
lashin, S.V., Fedorov, V.A., and Tomilov, A.P., Electro�
chemical Synthesis of Phosphine from the Lower
Acids of Phosphorus, Neorg. Mater., 2009, vol. 45,
no. 12, pp. 1484–1490.

89. Efimov, E.A. and Erusalimchik, I.G., Elektrokhimiya
germaniya i kremniya (Electromistry of the Silicon and
Germanium), Moscow: Goskhimizdat, 1963.

90. Topter A., US Patent 2913383, 1959.
91. Turygin, V.V., Smirnov, M.K., Shalashova, N.N.,

Khudenko, A.V., Nikolashin, S.V., Fedorov, V.A., and
Tomilov, A.P., Electrochemical Preparation of Ger�



1478

INORGANIC MATERIALS  Vol. 46  No. 13  2010

TURYGIN et al.

mane, Neorg. Mater., 2008, vol. 44, no. 10, pp. 1208–
1212 [Inorg. Mater. (Engl. Transl.), vol. 44, no. 10,
pp. 1081–1085].

92. Nazarenko, V.A., Analiticheskaya khimiya germaniya
(Analytical Chemistry of Germanium), Moscow:
Nauka, 1973.

93. Gladyshev, V.P. and Tember, G.A., Tr. In�ta Khim.
Nauk AN KazSSR, 1976, vol. 15, pp. 82–99.

94. Gladyshev, V.P. and Kiseleva, G.G., Tr. In�ta Khim.
Nauk KazSSR, 1960, vol. 6, pp. 184–195.

95. Tananayev, I.V. and Shpirt, N.Ya., Khimiya germaniya
(Chemistry of Germanium), Moscow: Khimiya, 1967.

96. Paneth, F. and Rabinowitsch, E., Chem. Ber., 1925,
vol. 58, no. 6, pp. 1138–1163.

97. Faktor, M.M., Standard Free Energy of Formation of
Monogermane, J. Phys. Chem., 1962, vol. 66, no. 6,
pp. 1003–1006.

98. Green, M. and Robinson, P., Kinetics of the Cathodic
Reduction of Anions: Germanium Oxides, J. Electro�
chem. Soc., 1959, vol. 106, pp. 253–260.

99. Gladyshev, V.P., Kovaleva, S.V., and Syroeshkina, T.V.,
Vestn. Akad. Nauk Kaz. SSR, 1980, no. 3, p. 7.

100. Stashkova, N.V. and Zelyanskaya, A.I., Izv. Sib. Otd.
Akad. Nauk SSSR, 1961, no. 1, pp. 72–81.

101. Devyatykh, G.G., Vorotyntsev, V.M., Balabanov, V.V.,
Abdrakhmanov, R.R., and Dyagilev, V.A., Vysokochist.
Veshchestva, 1988, no. 2, pp. 60–64.

102. Gladyshev, V.P., Syroezhkina, T.V., Sarieva, A.K.,
Tulebaev, A.K., and Kolmykov, V.I., in Sbornik rabot
po khimii KazGU (Issue of Works on the Chemistry of
KazSU), Alma�Ata, 1980, no. 6, pp. 193–199.

103. Doronkina, R.F., Vitukhnovskaya, B.S., and Vekhov, V.A.,
Izv. Vyssh. Uchebn. Zaved., Khim. i Khim. Tekhnol.,
1971, vol. 14, no. 6, pp. 839–843.

104. Djurkovic, B.B., Glasnic Hem. Drustva, 1962, vol. 27,
nos. 5–6, pp. 255–261.

105. Devyatykh, G.G., Vorotyntsev, V.M., Balabanov, V.V.,
and Abdrakhmanov, R.R., A. S. SSSR, 1732697, 1995.

106. RF Patent 2071993, 1997.
107. RF Patent 2230830, 2004.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


