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Abstract—A thermodynamic analysis of the formation conditions of metal hydroxides was performed. The
areas of stable formation of metal hydroxide precipitates in the coordinates pH-metal concentration, including
also solutions containing various kinds of complexing agents, were evaluated. With the precipitation of
cadmium hydroxide as example, X-ray phase analysis confirmed the formation of metal hydroxide in the
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Metal chalcogenides in the form of thin films are
used for several decades for optical radiation detec-
tion. Recently there has been a trend toward preparing
films or dispersions of heavy metal chalcogenides in
the nanocrystalline state [1-4], which is stimulated by
new important applied properties of nanocrystalline
chalcogenides. Usually nanocrystalline chalcogenides
have a wider band gap and exhibit a stronger lumines-
cence compared to coarsely crystalline chalcogenides.
This property of nanoparticles of such chalcogenides
as CdS, PbS, CdSe, ZnSe, CdTe, and PbTe is in-
tended for use in the development of lasers with en-
hanced emissivity and preset frequency of the gen-
erated radiation, as thermoelectrics for efficient direct
conversion of heat into electricity and vice versa, in
biochemical analysis for medical diagnostics, in moni-
toring of biological processes in living bodies, and in
multicolor coding of the genome structure.

One of the most promising methods for preparing
thin semiconductor films based on metal chalcogen-
ides is chemical deposition from aqueous solutions
using thiourea [3, 4], which acts as a sulfidizing agent
in alkaline solutions [5]. It was found empirically [6,
7] that films of metal sulfides and selenides are formed
on nonmetallic surface by chemical deposition from
N,H,CS solutions only in the range of thermodynamic
stability of the corresponding metal hydroxides in
solution. Therefore, in this study we performed a
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thermodynamic analysis of the initial conditions of
formation of a metal hydroxide in aqueous solution
and determined the area of stable existence of metal
complex ions, as influenced by the nature and concen-
tration of a ligand (complexing agent) and by pH at a
constant temperature. To check the results of the ther-
modynamic analysis, we performed a detailed experi-
mental study of the chemical deposition of cadmium
hydroxide.

THERMODYNAMIC CALCULATION
OF THE AREA OF FORMATION
OF METAL HYDROXIDE

It is known that ions of the majority of metals in
aqueous solution are subject to hydrolysis, forming
hydroxides difficultly soluble in water. In saturated
solutions of hydroxides, the state of the equilibrium is
described by the solubility product Kp:

Ky, = [M™][OH]", (D
where [M"*] and [OH] are the equilibrium concen-
trations of the free metal ions and hydroxide ions,
respectively.

Along with the hydroxide formation, metal ions
participate in complexation processes to form mono-
and polynuclear hydroxo complexes. In this case, the
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hydroxide ions act as substituting ligands. Polynuclear
complexes contain several metal atoms, and the equa-
tions describing the equilibria are nonlinear in the
analytical concentration of metal ions, which compli-
cates the mathematical description of the systems.
Therefore, in this study we considered calculation of
the initial conditions for the formation of metal hy-
droxide in aqueous solution according to [8] for metal
ions that form mononuclear hydroxo complexes only.
Thfzzse metals are Cu®*, Ni**, Fe**, Co™, Zn*, and
Cd™.

When describing the equilibria in solutions of
mononuclear complex ions, we used the stability con-
stants B; from [9]. For hydroxo complexes M(OH),"™
(n is the number of OH™ groups and m is the metal ion
charge), the constant f3; has the form

Bi2...n = [M(OH),"}/[M™][OHT" ©))

The condition for the formation of a solid metal
hydroxide phase can be determined from Eq. (3):

[M™Jo[OH 15" > K, 3

where [M"™"], and [OH ], are arbitrary (e.g., initial)
concentrations of the free metal ions and hydroxide
ions. The concentration of free metal ions [M"], can
be determined from the total (analytical) concentration
Cms of metal in solution: [M™]y = ay~Cyyz, Where
op 1s the relative concentration (fraction) of free
metal ions, not involved in the complexation. The
concentration Cyx is the total concentration of all the
soluble metal species, i.e., of free metal ions and its
hydroxo complexes:

Cwz = [M™] + [MOH"'] +...+ [M(OH);"™]. 4)
Taking into account (2) and (4), the fraction of free
M ions in solution can be calculated from Eq. (5):

_ [Mm+]

MZX

1
1+ B[OH] + B[OH ] + ... + B,[OH]"

Olypm+

|
T 1+ 3IBOHT" ®)

By expressing the concentration of OH™ ions
through the ionic product of water Ky, Eq. (1) in the
logarithmic form can be transformed as follows:

pCus = pKyp — ponim+ — mpK,, + mpH, (6)

where p denotes the negative decimal logarithm of the
corresponding quantity. This equation can be used for
calculating the total concentration of soluble metal
species and of pH values at which the hydroxide pre-
cipitates from a solution containing metal complex
ions.

When one more complexing agent is introduced
into an alkaline solution, the mutual ligand substitu-
tion becomes possible. Let us consider the complexa-
tion in an alkaline solution in which the OH™ ion
competes with such ligands stable in alkaline solution
as ammonia of ethylenediamine-N,N,N',N'-tetraacetic
acid (EDTA, H,Y).

In an aqueous solution containing ammonia, the
fraction of free metal ions is calculated by Eq. (7):
[Mm+] 1
Cuz ~ 1+ SRIOHT + 3 BINH]" 7

Onm+ =

where [M(NH;);*)/{[M"™][NH,]"} are the stability
constants of ammine complexes, and [NH,] is the
equilibrium concentration of the molecular form of
ammonia, not involved in the complexation, in solu-
tion.

To calculate oy~ by Eq. (7), it is necessary to
know the concentration of the molecular form of am-
monia, because in aqueous solution there is an equi-
librium NH4 + H,O ~ NHj + OH™ , characterized by
the equilibrium constant Kyy,at 298 K [9]:

[NH{][OH]
[NH;]

Knn, = = 1.76x10°". ®)
The total analytical concentration of ammonia in
solution is given by Eq. (9):

Cnu= [NH;] + [NHZ]. ©)

Knowing the ionic equlibrium of water at 298 K,
K, = [H*][OH ] = 10", and taking into account
expression (8) for the equilibrium constant, we trans-
form Eq. (9) into (10):

[NHi]
Cnu= [NH;[{1+ —=
N, = [NH; {1+ [NH.] 1
_ INHJ(1 + b NH (14 o B (10)
[OH] '
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The relative concentration (fraction) of the molecu-
lar form of ammonia is given by

L [NH;] __ K
¢ Crn, K, [H'] K, + KNH4[H+]
NH;]{1
[NH3[{1 + K. ! (1

Calculation by Eq. (11) shows that, at pH > 10,
ammonia introduced into the reaction mixture is virtu-
ally entirely present in the molecular form and can
participate in formation of ammine complexes.

On introducing EDTA instead of ammonia, com-
plexes MHY"™ and MY”™ are formed in alkaline
solution, and, when calculating oy, the fractions oy~
and ay+ of HY*and Y* ions, determined by relation-
ships (12) and (13) should be taken into account.

Opy3-
[HY1K/K>K;
T [HT + [HPK, + [HPK K, + [HK KKy + K KKK,
(12)
Oly4-
K K> K;3K,
T OHT + [HPK + HTPK K, + [HK KK + K KKK,
(13)

Here K, K,, K4, and K, are the constants of the first,
second, third, and fourth steps of EDTA ionization,
respectively. Calculation by Egs. (12) and (13) showed
that, at 8 < pH < 12, the major EDTA species is HY"",
and at pH > 12 EDTA mainly exists in the form of Y*
ions.

For a solution in which the OH- ion competes with
HY* and Y* ions, the fraction of free metal ions is
calculated by formula (14):

[M™]
CM,Z

O+ =

1
= (14

1+ é BIOHT" + Biowys-[Ha YT + Broys[HyY]

where B;' and f;' are the formation constants of the
complex ions MHY" and MY"™, and [H,Y] is the

equilibrium concentration of EDTA participating in the
complexation.

Cadmium hydroxide plays an important role in
chemical deposition of semiconducting nanocrystal-
line cadmium sulfide of cadmium selenide films on a
solid surface. On the other hand, cadmium ions can
form mononuclear hydroxo complexes and stable am-
mine or chelate complexes.

The fraction acg* of free cadmium ions, not in-
volved in the complexation, is calculated by the equa-
ions given below. For a solution containing only one
ligand, OH™ ion, this is done by Eq. (15) as a particu-
lar case of Eq. (5):

1 + Bi[OH] + B,[OH]* + B3[OH]’ + B4[OH]*

- — (15)
1+ X B[OHT"
i=1
For a solution in which OH™ ions compete with
ammonia, this is done by Eq. (16) using Eq. (6):

[Cd™]
Ocg2+ ==
CCd,Z

1

= 7 s (16)
1 + X B[OH 1"+ X Bi[NH;]"

i=1 i=1

In alkaline solutions of H,Y, acg is calculated by
Eq. (17):

[Cd™*]

Ocg2+ =
Ceasx

1
= )

4
1+ 3 BLOH 1%+ Bilomy [NY> ]+ Bray[Y*]
i=1

In these equations, Ccqy is the analytical concen-
tration of cadmium in solution; [Cd**] is the concen-
tration of free cadmium ions, not involved in the com-
plexation; By, B2, P4, and P, are the stability constants
of the complex species CdAOH*, Cd(OH),, Cd(OH);,
and Cd(OH)F™; B', Bb, B, B Bs, and Py are the stability
constants of the complex ions Cd(NH4)2+, Cd(NH4)22+,
Cd(NH,)i*, Cd(NH4)F*, Cd(NH,)3*, and Cd(NH.)E,
respectively; Bi' and ;' are the stability constants of

the complex ions CdAHY and CdY*".
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Fig. 1. Distribution diagram of cadmium complex species in aqueous solutions. System: (a) soluble cadmium salt—alkali—water; (b)
soluble cadmium salt-ammonia—alkali—water; (c¢) soluble cadmium salt-EDTA-alkali—water. (a) (/) Cd(OH),, (2) Cd(OH),,
(3) CdOH", (#) Cd(OH){", and (5) Cd*; (b) (/) Cd(NHy)i", (2) CA(NH,)3", (3) Cd(NHL){*, (4) Cd(NH)s", (5) Cd(NH,)3",
(6) Cd(OH),, (7) Cd(OH);, (8) CA(NH,)**, (9) CdOH", (10) CA(OH)#", and (/1) Cd**; (c) (/) CAY*, (2) CAHY", (3) Cd(OH),,

(4) Cd(OH);, (5) CdOH*, (6) Cd(OH){", and (7) Cd**.

Similarly to formulas (15)—(17), we can calculate
the fraction of any complex ion which will be equal to
the ratio of the concentration of the given species to
the analytical concentration of cadmium in solution.
Figure 1 shows the distribution diagrams for cadmium
complexes in the systems soluble cadmium salt—alka-
li-water (Fig. la), soluble cadmium salt-ammonia—
alkali-water (Fig. 1b), and soluble cadmium salt—
EDTA-alkali-water (Fig. 1c).

Calculation of the fractions of all cadmium species
in soluitons in relation to pH of the reaction mixture
shows that, in the system soluble cadmium salt—alka-
li-water (Fig. 1a), at pH < 12.5, the complex Cd(OH),

prevails in the solution. At pH > 12.5, the fractions of
the Cd(OH); and Cd(OH)F anions increase, and at pH
14 cadmium is present in solution mainly in the form
of Cd(OH)4 and Cd(OH); .

Analysis of the ionic composition of solution in the
system soluble cadmium salt—-ammonia—alkali—water
(Fig. 1b) shows that the prevalent species at pH < 13
are the complexes Cd(NH,)7* and Cd(NH4)?*, whose
mole fraction does not noticeably changhe with in-
creasing pH. However, at pH 13-14 the concentration
of these complexes decreases, and the hydroxo com-
plexes Cd(OH); and Cd(OH)ﬁ" start to prevail.
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With EDTA as ligand, free cadmium ions are
absent in the solution, and at pH > 7 cadmium occurs
in solution virtually exclusively in the form of CdY*
ions (Fig. 1c).

Using Egs. (15)—(17), we calculated the ranges of
existence of cadmium hydroxide for each of the above
systems, i.e., we plotted the pH dependence (6) of the
equilibrium total concentration of the free and complex
cadmium ions in solution:

pCeux = pKyp — pocaz+ — 2pK,, + 2pH. (18)

The ligand concentrations may vary independently;
therefore, presentation of such equilibria requires 3D
plotting. For the planar presentation, the concentration
of one of the two ligands was set constant (Fig. 2).

According to the calculations for 7" 298 K, in a
solution in which only cadmium hydroxo complexes
can be formed, the solubility of cadmium hydroxide
Cd(OH), drastically decreases with increasing pH.

In the pH range 10.5-12.5, the Cd(OH), solubility
becomes minimal and virtually equal to its intrinsic
solubility, 10° M. At pH > 12.5, anionic hydroxo
complexes start to form, and the solubility of cadmi-
um hydroxide increases to 2 x 10 M at pH 14 (Fig. 2,
curve 1).

Introduction of other complexing agents, along
with hydroxide ions, into the solution noticeably
increases the equilibrium concentration of cadmium in
solution and increases the Cd(OH), solubility. As seen
from Fig. 2 (curve 2), introduction of ammonia into an
aqueous solution of cadmium salt increases the
solubility of cadmium hydroxide in the pH range 7-12
owing to formation of stable [9] ammine complexes
Cd(NH,);*, n = 1-6. With an increase in pH, the
equilibrium concentration of cadmium ions decreases,
and at pH > 13.5 ammonia does not participate in the
complexation, with only the cadmium hydroxo com-
plexes Cd(OH),"™ existing in the solution.

The use of EDTA conisderably extends the area of
existence of soluble cadmium species, fully prevent-
ing formation of cadmium hydroxide at cadmium con-
centrations of up to 10*> M (Fig. 2, area over curve 3).
With EDTA, the so-called chelate effect is observed:
enhancement of the stability of an inner complex com-
pound relative to the related complexes with simple
ligands [10], e.g., with NH; and OH™ .

pCeax

8 10 12 14
pH

Fig. 2. Total equilibrium concentration of free and com-
plex cadmium ions in solution as a function of pH. System:
(1) Cd*-OH-H,0; (2) Cd**-NH,~OH-H,0, [NH,4] 1.5 M;
and (3) Cd*~EDTA-OH —H,0, [EDTA] 0.025 M. In areas
over curves /, 2, and 3, cadmium hydroxide in the
corresponding system is not formed. Points a, b, and ¢
correspond to the compositions of reaction mixtures that
were used for experimental check of the thermodynamic
calculations. From mixtures a and b, Cd(OH), was
obtained, whereas in mixture ¢ no Cd(OH), precipitate was
found.

EXPERIMENT ON PRECIPITATION
OF CADMIUM HYDROXIDE

To check the thermodynamic approach described
above, we performed experiments on the precipitation
of cadmium hydroxide in various systems. In the ex-
periment on the precipitation of cadmium hydroxide,
into an alkaline solution with pH 12.87 we added a
cadmium salt in a concentration of 5 x 10~ M. After
the equilibrium was attained, the cadmium concentra-
tion in the solution was about 10" M, being equal to
the intrinsic solubility of Cd(OH), (Fig. 2, point a).

The cadmium concentration in solution was deter-
mined by direct complexometric titration with visual
detection of the equivalence point using Eriochrome
Black T indicator [10]. The structural certification of
the cadmium hydroxide obtained was performed by X-
ray phase analysis. It is known that cadmium hy-
droxide has several crystal structures, but in this study
we observed only the phase with space group P3m;
(no. 164) (PDF-031-0228), with the following unit cell
parameters: a 349.47, ¢ 471.06 pm. The theoretical
density of the hydroxide phase we detected is 4.81 g cm™.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 4 2008



556 KOZHEVNIKOVA et al.

I
& 1500 T
0
=
S
= i
£ 1000 ~ 8
20 s S =
U L = ~ o~
= Q
()
\J 9
5000 ' '
20 30 40
20, deg

Fig. 3. X-ray diffraction pattern of cadmium hydroxide
prepared from a reaction mixture of the initial composition
(M) Ccqx 0.05, [NHy4] 1.5, and [NaOH] 0.074.

The reflections are observed at 20 18.9°, 29.5°, 32.3°,
38.2°,49.0°, 52.4°, 56.1°, 58.8°, etc. (Fig. 3).

In a solution that had a similar composition but
also contained ammonia in a constant concentration of
1.5 M, the equilibrium concentration of the dissolved
cadmium species over the Cd(OH), precipitate was
about 5 x 10 M. That is, 10% of cadmium ions were
present in the dissolved state, and 90%, in the solid
hydroxide precipitate. Thus, the increase in the hy-
droxide solubility in this system is confirmed experi-
mentally (Fig. 2, point ). With EDTA (0.025 M) as
complexing agent, no hydroxide precipitated (Fig. 2,
point ¢).

Thus, the area of formation of cadmium hydroxide
in the metal concentration—-ligand concentration—pH
diagram, predicted by the calculations, was confirmed
experimentally. The calculation formulas given above
can be used for choosing quantitative compositions of
reaction baths for chemical deposition of metal chal-
cogenide films, so as to ensure the initial formation of
the metal hydroxide in the mixture. Similar calcula-

tions can be applied to systems containing metal ions
that form mononuclear hydroxo complexes and stable
ammine or chelate complexes, such as Cd**, Pb*,
Co?*, Ni*, Zn**, and Cu**.
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