Chapter 11 ®)
Synthesis of II-VI Semiconductor Sshex
Nanocrystals

Ghenadii Korotcenkov and Igor A. Pronin

11.1 Introduction

As is known, devices based on II-VI compounds can be manufactured using both
thin-film and thick-film technologies. As a rule, thin-film technology is based on the
principles of synthesis of semiconductor compounds directly on the surface of
substrates during their deposition or transfer of a semiconductor compound formed
by various methods from a source to a substrate. For this purpose, various technol-
ogies for the deposition of semiconductor compounds are used, such as thermal
evaporation, sputtering, laser ablation, chemical deposition, chemical vapor phase
deposition, electrochemical deposition, etc. These methods are described in
Chap. 10 (Vol. 1). In this case, the parameters of the semiconductors in the formed
films, such as the crystallite size, orientation, and morphology of the films, are
determined by the conditions used to deposit these films. In the case of thick-film
technology, we may have a completely different situation. For the manufacture of
devices based on II-VI compounds using thick-film technologies, such as screen
printing (Fig. 11.1), spin coating (Fig. 11.2a), inkjet printing, drop, spray
(Fig. 11.2b), and dip coating (Fig. 11.2¢), etc., it is possible to use already synthe-
sized powders of these compounds. In this case, the structural parameters of
semiconductor-forming films will not depend on the conditions of film formation
but will be determined by the conditions of synthesis of their powders. For the
formation of films, one can also use pre-synthesized sol and gel of II-VI semi-
conductors and carry out their crystallization on the surface of the substrates. Each of
these methods has its own advantages and disadvantages. They are discussed in
detail in [100, 101].
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Fig. 11.1 Manufacture of thick-film structures by screen printing. (Idea from Ref. [56])
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Fig. 11.2 Tllustration of the commonly used coating techniques. (Reprinted with permission from
Ref. [170]. Copyright 2004: Elsevier)

As we indicated earlier, the technologies for film deposition of II-VI compounds
are already described earlier in Chap. 10. Therefore, in this chapter, we focus on the
consideration of methods for the synthesis of nanocrystallites (powders) of II-VI
compounds used in thick-film technology.

11.2 Mechanochemical Method

Grinding is one of the oldest methods for the synthesis of fine particles from solid
precursors. In this method, mechanical energy is used to break the atomic bonds of
the precursor and form new materials [146]. The mechanochemical method is a
combination of mechanical and chemical phenomena on a solid material at the
nanoscale. This method makes extensive use of the ball mill, in which a powder
mixture is placed in a ball mill and subjected to a high-energy impact from the balls.
Mechanochemical processing is characterized by repeated welding, deformation,
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and destruction of the mixture of reagents. Chemical reactions take place at
nanometer-sized grain boundaries, which are continuously regenerated during the
grinding process [98]. Therefore, chemical reactions that normally require high
temperatures due to separation of reaction phases into product phases can take
place at low temperatures in a ball mill without the need for external heating
[215]. In addition, it is very easy to introduce impurities in this method with less
effort, high uniformity, and high yield [88].

The rotation speed of the balls collision determines the efficiency of the grinding
mechanism. The grinding capability also depends on the number of balls and ball
diameter, as the ball diameter is inversely proportional to the frequency of the balls
collisions. The structure, shape, and morphology of nanomaterials strongly depend
on the parameters of bill milling strategy. For example, it was found that the energy
of the mill is not critical for the final microstructure, but the kinetics of the process
depends on the energy. The time required to reach the same microstructure can be
several orders of magnitude longer in low-energy mills than in high-energy mills. It
has also been suggested that the total strain introduced by milling is responsible for
determining the nanocrystalline grain size [97]. With an appropriate choice of
milling parameters and growth conditions, it is possible to produce nanomaterials
in the form of diverse shapes like particles, rods, cubes, fibers, etc.

During this high-energy ball milling process, there is a choice to add a surfactant.
Without a surfactant, the aggregation process takes place because of high surface
energy of the particles, which results in the formation of larger NPs during mechan-
ical grinding. If the surfactant is added, then the surfactant molecules form an
organic layer on the surface of particles. The adsorption of these molecules lowers
the surface energy of particles, and consequently no agglomeration takes place and
NPs are produced with smaller size range and desired surface properties.

Examples of the implementation of the mechanochemical synthesis method as
applied to II-VI compounds are given in Table 11.1. It can be seen that the simplest
precursors such as Zn, Cd, Te, S, and Se powders can be used to synthesize
nanoparticles of II-VI compounds.

It was established that the mechanochemical method makes it possible to syn-
thesize nanoparticles of II-VI compounds of small size. For example, Godocikova
et al. [52] reported that using this method they synthesized CdS NPs with average
size of 9 nm. According to Kristl et al. [103], their CdS NPs had the size of ~8 nm.

Tsuzuki and McCormick [198] studied CdS nanoparticles synthesized by mech-
anochemical process and found the presence of mixed cubic and hexagonal phases in
CdS NPs, prepared by using balls of diameter of 12.6 mm. However, when the ball
size was reduced to 4.8 mm, the samples turned out to be completely in the cubic
crystal structure. Furthermore, it was found that particle size of the product
decreased in direct proportion to the size of milling balls. This means that this
method appears to be an appropriate route for optimizing crystalline structure by
suitable selection of milling conditions.

Another important process parameter is the milling time. In particular, Tan et al.
[193] studied the process of CdS NCs synthesis with capping agent
trioctylphosphine oxide/trioctylphosphine/nitric acid (TOPO/TOP/NA). They
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Table 11.1 Cd containing II-VI semiconductor nanomaterials prepared using different mechano-
chemical synthesis conditions

Loading
conditions of Milling
II-VI Precursors mills rate Atmosphere | Ref.
CdS Cd and S powders 2—-12 mm Inert gas [193]
diameter
Na,S, CdCl,, and NaCl |4.8-12.6 mm n/a Inert gas [198]
diameter
Cadmium acetates and 50 balls of 10 mm | 500 rpm | Argon [11,36]
sodium sulfide diameter
3 mm diameter 350 rpm | Air [197]
CdSe Cd and Se powders 2-12 mm n/a Inert gas [192]
diameter
CdTe Cd and Te powders 2-12 mm n/a Inert gas [194]
diameter
CdS, CdSe, | Cd, S, Se, and Te n/a n/a Air [103]
CdTe powders

found that the CdS-related XRD peak was not detected during the first 30 min of
milling, while milling for 10 h appeared to completely convert the element pre-
cursors into CdS NPs. Tolia et al. [197] obtained similar results. It was observed that
phase transformation of CdS NPs takes place after 6 h milling time. In addition to
structural changes, there is also a change in the size of nanoparticles. Tan et al. [194]
reported that the size of CdTe NPs was decreased from 23 to 3.5 nm when milling
time was increased from 4.5 to 50 h.

The top-down method, such as mechanochemical synthesis, is an inexpensive,
well-established, and traditional method for obtaining large-scale nanomaterials
[167]. Moreover, this method is applicable to almost all classes of materials.
However, the synthesized nanomaterials are often irregular in shapes and have
defects. As a result of mechanical milling, additional mechanical tensions appear
in the material. The appearance of mechanical tensions and structural defects can be
an important factor that influences properties of synthesized materials. Therefore,
these factors should be taken into account when designing technology of device
fabrication. These tensions are only removed by thermal treatment. Thus, an addi-
tional thermal treatment after mechanical milling may be required.

Contamination, long processing time, no control on particle morphology,
agglomerates, and residual strain in the crystallized phase are other disadvantages
of high-energy ball milling process. In fact, the contamination problem is often
presented as a reason to dismiss this method, at least for some materials. If steel balls
and containers are used, iron contamination becomes a problem. This is the most
serious problem for the highly energetic mills, and it depends on the mechanical
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behavior of the powder being milled as well as its chemical affinity for the milling
media. Lower-energy mills result in much less, often negligible, iron contamination.
Other milling media, such as tungsten carbide or ceramics, may be used, but
contamination is also possible from such media [97]. Surfactants (process control
agents) may also be used to minimize contamination.

11.3 Co-precipitation Methods

Co-precipitation from solution is one of the oldest methods for preparing metal—
chalcogenides with good compositional control. This process involves dissolving a
salt precursor, usually sulfates, nitrates, etc., in some appropriate medium to form a
uniform solution containing ion clusters. In this method, a basic precursor’s solution
is prepared by dropwise mixing in solvents, such as de-ionized water, ethanol,
methanol, and acidic solutions, to better control the pH value [231]. Then, at room
temperature, these prepared solutions are mixed and stirred for hours to fully react.

Figure 11.3 shows a schematic representation of the mechanism proposed to
explain the formation of uniform particles during co-precipitation synthesis. In a
homogeneous precipitation, a short single burst of nucleation occurs when the
concentration of the constituent species reaches critical supersaturation. The nucle-
ation continues until the monomer concentration drops below a critical threshold
value, resulting in the quenching of the nucleation process. The nuclei thus obtained
are then allowed to grow uniformly by diffusion of the solutes from the solution onto

Supersaturation

Nucleation

Precursor concentration

Time

Fig. 11.3 Mechanisms of monodisperse colloid formation. (Reprinted with permission from Ref.
[232]. Copyright 2011: Elsevier)
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their surface until the final size is reached. To achieve monodispersity, it is necessary
to separate these two stages and avoid nucleation during the growth time. This is the
classical model first proposed by Lamer and Dinegar [108] to explain the mechanism
of formation of sulfur colloids.

Thus, the precipitation includes several processes that occur simultaneously
including initial nucleation (formation of small crystallites), growth (aggregation),
coarsening, and agglomeration. In chemical precipitation, the reactants precipitate as
precursors after the completion of the reaction due to their low solubility. The
solubility of precursors depends on the pH value. Metal salts often require an
alkaline/weak acidic environment for this process, so a well-organized pH is needed
for the reaction. Chemical composition is an essential feature influencing the struc-
tures and properties of nanomaterials. Therefore, it is necessary to accurately
organize the stoichiometric ratio of precursors. Solution pH, mixing rates, temper-
ature, and concentration of precursors have to be also controlled to obtain satisfac-
tory results [161]. For example, the addition of NaOH to the Se precursor during the
synthesis of CdSe NPs accelerated nucleation and increased the concentration of
CdSe QDs [46]. According to Lee et al. [122], with an increase in the content of
CdCl, in the solution for synthesis of CdS NPs, a transformation of the crystalline
phase from cubic to hexagonal is observed.

Finally, the precipitated product with low solubility in the solvent is separated
from the liquid by filtration. Different stages involved in the synthesis of
nanomaterials using co-precipitation are presented in Fig. 11.4. As is seen, the
calcination at elevated temperature for several hours is the final operation in the
co-precipitation method. Thus, co-precipitation comprises two main steps: (1) a
chemical synthesis in the liquid phase that determines the chemical composition
and (2) a thermal treatment that determines the crystal structure and morphology
[134]. However, in the case of II-VI compounds, the annealing temperature usually
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Fig. 11.5 The schematic representation of the ZnS nanopowder synthesis. (Reprinted from Ref.
[210]. Published 2021 by MDPI as open access)

does not exceed 130-200 °C, and the annealing itself is carried out in an inert or
reducing atmosphere. In some cases, no heat treatment is used at all.

The experiment has shown that the co-precipitation method applied to II-VI
compounds makes it possible to synthesize stoichiometric nanocrystals with sizes
ranging from a few nm to 80 nm. For example, Rao et al. [159] synthesized very
well-structured CdS nanoparticles with a size of 13 nm. Devi et al. [31] using CdCl,,
Na,S, tetrabutylammonium bromide, and water as a solvent prepared stoichiometric
CdS NPs with cubic structure and their size varying in the range of 15-80 nm. Raj
and Rajendran [158] by reaction of cadmium acetate and sodium sulfide in aqueous
environment synthesized CdS NPs with an average particle size of 7 nm. The
temperature of the solution during the synthesis, depending on the solvent used,
can vary within 40-160 °C. As a rule, with increasing temperature, the size of
nanocrystallites formed in the process of co-precipitation increases [46]. Temperature
conditions in relation to synthesis of ZnS NPs in ethylene glycol (EG)-based solution
are given in Fig. 11.5.

Nanocrystals of other II-VI compounds, such as CdTe [53], CdSe [46], ZnS [81],
ZnTe [139], and various heterostructures such as CdTe/CdS [204] have also been
successfully synthesized using the co-precipitation method. For example, Mntungwa
et al. [139] for the synthesis of ZnTe NPs suggested using the following reactions:

2 Te +4 NaBH4 + 7 HO — 2 NaHTe + Na;,B4O; + 14 H, 1 (11.1
NaHTe + ZnCl, — ZnTe + NaCl + HCl (11.

2 NaHTe + 2 ZnSOy - 7TH,0 — 2 ZnTe + Na, SO, + H,SO4 + 14 H,O  (11.

NaHTe + Zn(NO3), - 6H,0 — ZnTe + NaNO; + HNO; + 6H,0 (11
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Iranmanesh et al. [81] using zinc acetate (Zn(Ace),-2H,0) and sodium sulfide
(Na,S) and ethylenediaminetetraacetic acid (EDTA) as a stabilizer and capping
agent synthesized ZnS nanocrystals with average particle size of 50 nm.

It is shown that the co-precipitation method also makes it possible to dope II-VI
compounds. In particular, cerium-doped CdS NPs have been prepared by using
co-precipitation technique [166]. The doping of Ce atom was carried out at concen-
trations of 1, 2, and 3 mol%. Both the doped and undoped NPs were found having
wurtzite structure with particle size of 3 nm. The co-precipitation synthesis and
characterization of Mn-doped CdS NPs have been reported by Gupta and Kripal
[60]. The grown material had a wurtzite structure and a crystallite size of 2—4
nm. Elavarthi et al. [40] reported the preparation of pure and Cr-doped CdS NPs
using chemical co-precipitation process. The doping at 3-5% Cr concentration
appeared to change the structure of the NPs. Muruganandam et al. [142] carried
out the preparation of polyvinylpyrrolidone (PVP)-capped CdS NPs and doping with
Cu and Mn using chemical precipitation technique. Co-precipitation technique was
also used to synthesize the Cr-doped CdSe NPs [127]. With increasing the chromium
doping concentration, the lattice parameters showed a consistent decrease in such a
way that for 4, 5, and 6% doping concentration, the size of NPs was 3.02, 2.48, and
2.11 nm, respectively.

The advantage of co-precipitation method is its low-cost and simple equipment,
simple water-based reaction, flexibility, mild reaction conditions, comparatively low
temperature, and size control. The composition control and purity of the resulting
product are good. One disadvantage of this method is the difficulty to control the
particle size and size distribution. In addition, this method is not suitable for the
reactants, which have dissimilar solubility and precipitate rate. Different rates of
precipitation of each individual compound may lead to microscopic inhomogeneity.
Moreover, very often, fast (uncontrolled) precipitation takes place resulting in large
particles. In addition, aggregates are generally formed, as with other solution
techniques. Therefore, the use of surfactants is a common practice to prevent
agglomeration, which also affects the particle size of the composites obtained by
this technique [83].

11.4 The Sol-Gel Processing

Sol—gel techniques for the preparations of various materials have long been known
and described in several books and reviews [28, 57]. A sol is a dispersion of colloidal
solid particles (~0.01-1 pm) in a liquid in which only Brownian motion suspends the
particles. In a gel, liquid and solid are dispersed within each other, presenting a solid
network, containing liquid components. In this method, a liquid (sol) is chemically
converted into gel state followed by condensation in the form of solid
nanostructures.



11 Synthesis of II-VI Semiconductor Nanocrystals 285

It was established that through sol—gel process, homogeneous inorganic materials
with desirable properties of hardness, optical transparency, chemical durability,
tailored porosity, and thermal resistance can be produced at room temperatures
[18, 76, 99, 115]. The surfactant-free process involves the simple wet chemical
reaction based on hydrolysis of metal reactive precursors, usually metal chlorides,
metal nitrates, and alkoxides in an alcoholic solution, and condensation, leading to
formation of sol, which through the process of aging results in formation of an
integrated network of metal hydroxide as gel. The gel is a polymer of three-
dimensional skeleton surrounding interconnected pores. Different reactions can
create the cross-linkages that result in the gelation of the solution [18, 28].

According to Brinker and Scherer [18], sol-gel polymerization occurs in three
stages. First, the monomers are polymerized to form particles, followed by the
growth of particles, and finally, the particles are linked into chains. Networks then
extend throughout the liquid medium, thickening into a gel. The characteristics and
properties of a sol-gel inorganic network are related to a number of factors that affect
the rate of hydrolysis and condensation reactions: the pH level, the temperature and
time of the reaction, the reagent concentrations, the nature and concentration of the
catalyst, the H,O/M molar ratio (R), the aging temperature, and the drying time.
Among these factors, the pH level, the nature and concentration of the catalyst, the
H,0/M molar ratio (R), and the temperature were identified as the most important
[18]. Although hydrolysis can occur without the addition of an external catalyst, it is
more rapid and complete when a catalyst is employed. Mineral acids (HCI) and
ammonia are used most often; however, other catalysts may be used as well,
including acetic acid, KOH, amines, KF, HF, and H,O,.

Removal of the solvents and appropriate drying of the gel is an important step in
the sol—gel process. When the sol is cast into a mold, a wet gel forms. With further
drying, the gel is converted into dense particles. If the liquid in a wet gel is removed
under a supercritical condition, a highly porous and extremely low-density material,
called an aerogel, is obtained. Heat treatment of the gel is a final step that leads to the
forming of ultrafine powders. Nanoparticles in the gel are often amorphous, and the
thermal treatment imparts the desired crystalline structure to the particles, although it
also leads to some agglomeration [28]. Depending on the heat treatment procedure,
the final product may end up in the form of a nanometer-scale powder or bulk
material. The size, shape, and structure of the final product are greatly influenced by
the reaction parameters.

Thus, the sol—gel process has seven steps: (1) preparing of required solution,
(2) formation of a stable metal precursor solution (sol), (3) formation of a gel by a
polycondensation reaction (gel), (4) aging the gel for hours to days resulting in the
expulsion of solvent, Ostwald ripening and formation of a solid mass, (5) drying the
gel of any liquids, (6) dehydration and surface stabilization, and (7) heat treatment of
the gels to generate crystalline nanoparticles. Details of the sol-gel process are
discussed more extensively in several excellent review articles [18, 28, 57, 99].

Up to now, most publications related to the sol-gel synthesis have been confined
to the preparation of ultrafine metal oxide powders or thin films. Reports on the sol—
gel synthesis of nanosized sulfides, selenides, or tellurides are relatively much
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scarcer. However, despite this, when using sol—gel processing, a lot of different II-VI
compounds such as CdS [47, 140, 160, 186], CdTe [116], CdSe [5, 49], ZnS
[19, 188], ZnTe [172], various nanocomposites [58], and doped II-VI semiconduc-
tors [116, 172] were synthesized. It is important to note that studies by Starnic et al.
[188] during the sol-gel synthesis of ZnS showed that the gel formed during this
process is indeed a ZnS gel. The following reaction mechanism can be proposed for
the formation of ZnS gel:

Zn—OR +H,S— — —Zn—SH + ROH (11.5)
Zn—SH+RO—-Zn— —— — —Zn—S—Zn— +ROH (11.6)
Zn—SH+HS——-Zn——— — —Zn—S—Zn——+HS (11.7)

Currently, there are two sol-gel routes that are used most commonly in the
preparation of metal chalcogenides. The first one involves a modified sol—gel route
in which the conventional alcohol sol is exposed to a stream of H,S or some other
source of chalcogens. The other one is the use of thiols instead of alcohol for the
formation of sulfides or selenides by a modification of the first sol-gel route. It
should be noted that, in addition to inorganic precursors, metal-organic precursors
may also be used in the sol-gel process. Taurino et al. [195] believe that the choice
between these two classes should be based on a number of factors. First,
metallorganic precursors are more expensive, and the sol preparation requires
sometimes the use of organic solvents [143], such as 2-methoxyethanol, that require
careful handling and disposal due to their combined toxicity and high vapor pressure
[28]. At the same time, handling of inorganic precursors does not generally require
any special equipment such as a glovebox. Their chemistry is also more extensively
known and more easily manipulated than that of metal-organic precursors, and the
spin coating of their solutions does not require any special conditions such as low
moisture. Additionally, the solutions have long-term stability against the increase of
viscosity. On the other hand, films prepared from solutions based on metal-organic
precursors are much more uniform than those when using inorganic precursors, and
they can be easily deposited onto various substrates, including silicon. The organ-
ometallic precursors also do not contain possible contaminants such as chlorine or
sulfur.

As an example, we describe several processes of sol—gel synthesis of CdS NPs. In
a process developed by Munirah et al. [140], cadmium acetate (CH3COQ),Cd-2H,0O
and thiourea (NH,CSNH,) dissolved in 2-methoxyethanol separately and kept for
constant stirrer for 2 h were used as Cd and S sources, respectively. After then, these
solutions were mixed together. The cadmium acetate and thiourea concentration was
1.0 M. Monoethanolamine (MEA: H,N(CH,),OH) was added to obtain the desired
sols. To gain the thermal stability, solution was aged for 3 h. Fresh solution was
applied to the substrate. Finally, the samples were annealed at a temperature of 200 °
C for 2 h. The grain size of CdS NPs from SEM estimations was ~10—12 nm.
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Rathinama et al. [160] prepared CdS sol-gel using the following two solutions.
Solution I was prepared by mixing 0.6 ml polyethylene glycol, 0.5 ml acetic acid,
and 8.9 ml ethanol and stirred for 1 h. Solution II was prepared by mixing 0.1 M
cadmium nitrate and 0.2 M thiourea in 100 ml ethanol, and it was also stirred for 1 h.
Solutions I and II were mixed and stirred again for 4 h to obtain the final sol — gel
used for preparing the film. Continuous film was formed onto the substrates by spin
deposition of CdS sol-gel. The films were subjected to subsequent annealing in air at
473 K, 573 K, and 673 K. The measurements showed that synthesized CdS
nanocrystallites had hexagonal crystal phase and the size increased from 7 to
14 nm with an increase in the annealing temperature from 473 to 673°C.

It was found that, as for other wet chemical methods of II-VI compound synthe-
sis, the result of the sol-gel process strongly depends on the composition of the
solution and the presence in it of such components as capping agents or stabilizers,
catalyst, and mineralizers. For example, by synthesizing CdS without surface coat-
ing agents, Guglielmi et al. [59] obtained CdS nanoparticles that crystallize into a
zinc blende cubic structure with an average crystal size of about 3 nm. Instead, CdS
particles prepared using (3-mercaptopropyl)trimethoxysilane (MPTMS) had a hex-
agonal wurtzite-type structure and were significantly smaller in size.

Arachchige and Brock [5] used standard room temperature inverse micellar
strategies to prepare CdSe nanoparticles. These nanoparticles were complexed
with the thiolate ligands, 4-fluorobenzenethiol (inverse micellar route), and dis-
persed in acetone or methanol, respectively, to make orange-red colored CdSe
sols. They established that if the natural process of photooxidation is used, then
gel formation occurs within 4-5 weeks. On the other hand, the use of chemical
oxidant (tetranitromethane or H,O,) leads to gelation within 1-2 h.

However, it should be recognized that the sol-gel process is not the dominant
method for the synthesis of II-VI semiconductor nanoparticles. It turned out that the
sol—gel technology is more efficient in the synthesis of SiO, or metal oxide matrices
incorporated with nanoparticles of II-VI compounds. Currently, there are reports of
synthesis SiO,:Hg,Cd;_,S [58], SiO0,:CdSe [120], (SiO,-P,05):CdSe [45], SiO,:
CdS [48, 86], Si0,:CdTe [112, 145], SiO,:ZnSe [63, 77], SiO,:ZnS [13], ZrO,:
CdTe [222], and (95Si0,—5B,03):ZnSe [118] cTpykryp. The sol—gel matrices doped
with semiconductor nanoparticles can be made by synthesis of the semiconductor
particles directly in a sol containing functionalized alkoxides [86, 145]. For example,
Nogami et al. [145] synthesized CdTe NCs-doped silica glasses using the following
stages: Si(OC,Hs),4 was hydrolyzed by adding it dropwise to a mixed solution of
H,0, HCl, and C,H OH in the molar ratio 1:0.0027: 1 per mole of Si(OC,Hs),. After
the solution was stirred for 1 h, Cd(CH5COO),-2H,0 and Te or CdTeO, (dissolved
in concentrated HNOj3) were added, followed by 1 h of stirring at room temperature.
The resultant homogeneous solution was hydrolyzed by adding a mixed solution of
H,0 and C,H5OH. In this second hydrolysis reaction, a molar ratio of 4:1 per mole
of Si(OC,Hs), was maintained. After the solution had been stirred for 1 h, it was
poured into a polystyrene container and left for about 1 week until it formed a stiff
gel. The gel was then further dried (uncovered) for 1 week at room temperature. This
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Fig. 11.6 Flow chart of preparation of ZnSe/SiO, nanocomposites. (Reprinted with permission
from Ref. [63]. Copyright 2007: Elsevier)

dried gel was heated at 150°C in the atmosphere of H,-N,. The crystalline morphol-
ogy of CdTe NPs in SiO, matrix was nearly spherical, and average diameters were
determined as 5.0 and 8.0 nm for samples heated for 5 h at 400 and 500 °C in H,-N,
gas, respectively. Hao et al. [63] also used direct synthesis of ZnSe nanoparticles in a
sol of alkoxides. This sol—gel process is shown in Fig. 11.6. The final treatment to
promote the formation of the ZnSe/silica nanocomposite was annealing at a temper-
ature of 500 °C (3 h) in a CO-reducing gas atmosphere. ZnSe nanocrystals were
spherical with the average radius of about 4-10 nm. The size of doped ZnSe
nanocrystals depended on the annealing time, annealing temperature, and the
molar ratio of ZnSeQy, in sol-gel glass.

However, the experiment showed that the synthesis of the nanoparticles sepa-
rately from the sol-gel medium is more optimal [48]. This makes it possible to use
various techniques developed in colloid chemistry to more effectively control
parameters that directly affect the properties of final composite materials, such as
chemical composition, average size and particle size distribution, electronic state of
the surface, and the concentration of the particles in the matrix. That is why in most
cases a two-step process is used. For example, Guglielmi et al. [58] first synthesized
sulfide sol through a simple chemical method and silica sol via sol-gel process,
which were then mixed in the right proportion, and after the completion of the
process, the gel synthesized and dried at 7= 60 °C was annealed at a temperature up
to 300 °C. Gacoin et al. [48] used a similar strategy. The incorporation of the CdS
particles in the sol was directly achieved by adding the CdS colloidal solution to the
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silica sol. Colloidal CdS nanoparticles were synthesized by precipitation method. In
order to prevent the irreversible flocculation of CdS colloidal particles in the silica
sol, they used a functionalized alkoxide F-RSi(OEt);. This alkoxide allows the
stabilization of the CdS particles through their grafting to the silica network. Lifshitz
et al. [120] used a slightly different sequence for the synthesis of SiO,:CdSe
structures. They first synthesized selenium-doped silica sol via the sol—gel process
and Cd-containing sol, which were deposited in layers on the surface of the substrate
and, after drying, were annealed at 400 °C (1.5-2 h). During the indicated thermal
treatments, the SeO, sublimed through the upper layer and reacted with the cadmium
acetate to form CdSe. CdSe nanoparticles with a size of 4—6 nm, embedded in a silica
sol-gel matrix, had high crystallinity with bulk cubic crystallographic structure.
Feraru et al. [45] proposed a very simple way to make a (SiO,-P,Os5):CdSe. To
incorporate CdSe into a silicophosphate film, they suggested using pre-synthesized
CdSe NPs, which were directly added to the silicophosphate solution. The CdSe-
doped silicophosphate solution was kept at room temperature. The gelification
occurred on the ninth day. The gel was dried at room temperature in air and then
thermally treated at temperatures from 200 to 550 °C for 2 h. Li and Qu [112] used
the same approach in the synthesis of SiO,:CdTe composite. However, instead of
CdTe powders, they used CdTe QDs.

Sol—gel method has various advantages. First, the mixing of starting reagents at
the atomic/molecular level leads to faster reaction times at lower temperatures,
which helps to reduce the interdiffusion from one phase into another and the
formation of parasitic phases. Since the process starts with a relatively homogeneous
mixture, the final product is a uniform ultrafine porous powder. In addition, it allows
you to adjust the particle size by simply changing the gelation time. Sol-gel
processing also has the advantage that it can be expanded for industrial-scale
production. In addition, the sol-gel process also allows the coating of substrates
with complex shapes on the nanometer to micrometer scale, which cannot be
achieved with some commonly used coating processes. Moreover, sol—gel is suitable
the manufacture of thick porous ceramics required for various sensor applications,
since the reaction proceeds with the coexisting solvent phase in which evaporation
leaves numerous cavities.

On the other hand, sol-gel process can have some disadvantages. These disad-
vantages include the following:

The cost of the raw materials (the chemicals) can be high:

* Long process duration

» Shrinkage of a wet gel upon drying, which often leads to fracture due to the
generation of large capillary stresses and, consequently, makes difficult the
attainment of large monolithic pieces

* Difficulties in the process chemistry with respect to properties control and
reproducibility

+ Difficult to avoid residual OH groups



290 G. Korotcenkov and 1. A. Pronin
11.5 Hydrothermal Technique

Hydrothermal synthesis is a potentially superior method for low-cost production of
II-VI semiconductors, including advanced multicomponent materials and
nanocomposites for various applications, since powders of complex II-VI semicon-
ductor can be synthesized directly. Its main feature is the use of water as the solvent
[109]. Since water is an exceptional solvent, it is possible to dissolve even nonionic
compounds at high-pressure and high-temperature conditions involved in the hydro-
thermal process. In high-temperature and high-pressure hydrothermal systems, the
properties of water will produce the following changes [213]: (1) the ionic product
increases, and the ionic product of water rapidly increases with the increase in
pressure and temperature. Under high-temperature and high-pressure hydrothermal
conditions, the hydrolysis reaction and ion reaction rates will naturally increase with
water as the medium. (2) The viscosity and surface tension of water decrease as the
temperature increases. In hydrothermal systems, the viscosity of water decreases,
and the mobility of molecules and ions in solution greatly increases, such that
crystals grow under hydrothermal conditions faster than under other conditions.
(3) The dielectric constant of the water solution is often low, and the dielectric
constant generally decreases with increasing temperature and increases with increas-
ing pressure. Under hydrothermal conditions, the reaction is mainly affected by
temperature, and the dielectric constant of water is significantly reduced. (4) The
density decreases, and properties, such as the viscosity, dielectric constant, and
solubility of the material, increase with increasing density while the diffusion
coefficient decreases with increasing density. (5) The vapor pressure increases and
accelerates the reaction by increasing the chance of collision among molecules.

To create such conditions, the precursor with water is placed in an autoclave (see
Fig. 11.7). Thus, this chemical process in solution can be easily distinguished from
other processes such as sol—gel and co-precipitation by temperature and especially
pressure [21]. The temperatures during hydrothermal synthesis are in the range
between the boiling point of water (100 °C) and its critical temperature (374 °C),
whereas pressures can increase up to 15 MPa. The chemical reaction takes place
within a few hours (typically 6-48), leading to the nucleation and growth of
nanoparticles. Currently, the production of various particles of II-VI compounds
such as CdS [2, 125], CdSe [123, 124], CdTe [20, 228], ZnS [72], ZnSe [144], and
ZnTe [228], using hydrothermal process, has been demonstrated. Narrowed band
gap II-VI compounds, such as HgTe [164], have also been synthesized
hydrothermally.

As an example, we will describe the technological process for the synthesis of
CdS microspheres used by Al Balushi et al. [2]. In a typical synthesis process,
cadmium acetate dehydrate, (Cd(CH3;COO),-2H,0), and thiourea, (SC(NH,),) were
dissolved in deionized water (75 ml) and stirred continuously for 30 min to form a
homogeneous solution. Thereafter, the resulting solution was transferred into a
Teflon vessel and heated at 160 °C for 12 h in an oven. After the heating process,
the Teflon vessel was cooled down up to room temperature, and the deep-yellow
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Fig. 11.7 Tefon-lined
stainless steel autoclave
used for solvothermal and
hydrothermal methods of
synthesis. Here, the metal
precursors and solvents are
premixed and introduced.
The steel container is then
asserted to a minimum range
temperature and pressure.
The solutions after treating R ™
with temperature and

pressure are filtered, Ny F =

washed, and dried to get

powdered composites. gr— .
(Reprinted with permission
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powder was collected after centrifugation for 5 min at 5000 rpm. The resulting
powder was repeatedly washed with deionized (DI) water and absolute ethanol.
Finally, the CdS powder was dried at 80 °C in an oven for 12 h. The average size of
CdS crystallites was 26—32 nm. As a rule, the rate of crystal growth is faster at higher
temperature. Longer reaction time leads to a larger crystal size. In contrast, higher
reactant concentration promotes nucleation and produces smaller crystals [117, 228].

As in other wet chemical methods, the parameters of the synthesized II-VI
semiconductors are significantly affected by the composition of the solution and,
in particular, the presence of capping agents or stabilizers and mineralizers in it. An
appropriate capping agent or stabilizer can be added to the reaction contents at an
appropriate time to inhibit particle growth and thus ensure that they are stabilized
against agglomeration. The steric or electrostatic stabilization of the reactive mole-
cules affects the nucleation and growth steps, which in turn control the particle size,
shape, composition, and crystal structure of the particles. Stabilizers also help
dissolve particles in various solvents. As capping agents in the synthesis of II-VI
compounds, a long-chain amine, thiol, and trioctylphospine oxide [TOPO], and
tri-n-octylphosphine (TOP) can be used. In particular, Schneider and Balan [169]
systematized the influence of various capping agents such as ethylene diamine,
pyridine, triethanolamine (TEA), cetyltrimethylammonium bromide (CTAB),
triethylenetetramine (TETA), trisodium citrate ligand, thiol, and carboxylic acid on
the properties of CdSe NPs. They showed that capping agent can determine the
structure of synthesized NPs. For example, it was found that hydrothermal synthesis
(100 °C, for 10 h) of CdSe QDs from CdCl, and sodium selenosulfate, Na,SeSOs, in
the presence of ethylene diamine produce a cubic zinc blende CdSe nanoparticles
with an average diameter of 12 nm. High-quality CdSe nanorods and fractals can be
prepared from Na,SeO5 and Cd(NOs3), at temperatures varying from 100 to 180 °C
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when using hydrazine N,H, as reductant. Close results were obtained using
cetyltrimethylammonium bromide (CTAB) as surfactant during hydrothermal syn-
thesis at 180 °C for 10 h. Dendritic structures and nanoparticles are produced in the
absence or at low CTAB concentration, while high CTAB concentration favored the
production of nanorods with wurtzite structure (diameter of 40—60 nm and lengths
between 200 and 500 nm). Four different morphologies (taper microrods,
nanotetrapods, fringy nanostructures, and fasciculate nanostructures) were recently
prepared from Cd(NOj),, Na,SeOs;, and ethylene diamine tetraacetic acid
tetrasodium salt (EDTA) as both a chelating agent and a reductant. Amino acids
and small peptides containing a thiol group like cysteine (Cys) and its derivatives
and glutathione GSH can also be used to stabilize CdSe QDs in aqueous solution
[124]. One can also judge from SEM images for HgTe NPs synthesized under
different conditions how strong the influence of solution composition on the struc-
ture of the material can be. HgTe nanostructures were synthesized via hydrothermal
route by employing Hg(salen) (Hjsalen = N,N’-bis-salicylidene-1,2-
ethylenediamine) as a mercury source, TeCl, and N,H,H,O as the starting reactants
at 180 °C for 12 h [164]. Ethylenediaminetetraacetic acid (EDTA) and
polyvinylpyrrolidone (PVP) were used as capping agents. N,H,-H,O was used as
a reductant.

The addition of mineralizers also helps to reduce the size of crystallites
[213]. Typical mineralizers are hydroxides (NaOH, KOH, LiOH), carbonates
(Na,CO3), and halides (NaF, KF, NaCl, KCI, LiCl). Different mineralizers result
in crystals of different sizes and shapes. For example, Liu and Xue [123] demon-
strated that the important factors that influence the morphology of CdSe crystals are
the concentration of NaOH, the reaction temperature, and to lesser extent, the
concentration of SeO327. At low NaOH concentration, the formation of Se*~ is
slow, which favors the anisotropic nucleation and growth of the CdSe structure
along the c-axis (formation of rods). With an increased quantity of NaOH, the
concentration of Se’*~ becomes higher, providing more CdSe building units that
grow on nanorods. Sangsefidi et al. [164] also pointed to a strong influence of
mineralizers. They found that with variation base from NaOH (Fig. 11.8a) to NH;
(Fig. 11.8d) with keeping the other experimental conditions constant, the morphol-
ogy of HgTe nanostructure exchanged from rod-shape to agglomeration
nanoparticles.

Thus, hydrothermal synthesis is an inexpensive, controllable, reproducible depo-
sition strategy with better nucleation control, so it is considered as an attractive
technique to prepare the nanostructures (Aliofkhazraei, 2016). By simply changing
the temperature, time, and pressure of the reaction, you can control the particle size,
composition, stoichiometry, and particle shape [66, 136]. Moreover, since the
properties of the solvent mixture as well as those of the reactants differ intrinsically
under high-temperature and high-pressure conditions from their corresponding
properties under ambient conditions, the overall result is that this type of processing
allows more manipulation of a large set of experimental variables in the synthesis of
high-quality nanomaterials [130, 136].
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Fig. 11.8 SEM images of HgTe in presence of (a) EDTA and (b) PVP as capping agent, N,H, as
reductant, NaOH as Alkaline agent, (¢) EDTA as capping agent, Zn as reductant, NaOH as alkaline
source, and (d) EDTA as capping agent, N,H, as reductant, NHj3 as alkaline source. (Reprinted with
permission from Ref. [164]. Copyright 2013: Elsevier)

One should also note that the calcination step required by earlier discussed
techniques can be eliminated in the case of hydrothermal synthesis [21]. However,
many of the other steps employed in the previous wet methods can be used in
hydrothermal synthesis. Therefore, hydrothermal synthesis with the exception of
heat treatment contains the same steps as the sol—gel process. Hydrothermal synthe-
sis generally produces nanoparticles with crystalline structure that are relatively
uncontaminated and thus do not require purification or post-treatment annealing
but may have a wider size distribution if special treatment for size control is not
applied. Other advantages are the use of inexpensive raw materials such as chlorides,
nitrates, and organometallic complex. Elimination of impurities, associated with
milling and achievement of very fine crystalline powders, is also an advantage of
this method.

However, there are also some difficulties connected with hydrothermal synthesis,
such as (i) requirement of costly autoclaves, (ii) necessity for high-quality seeds, (iii)
high temperature, and (iv) unfeasibility to observe the process during growth. The
long duration of the process is also a disadvantage of this method. Insufficient
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knowledge for a detailed understanding of the chemistry of complex solutions also
creates certain difficulties in the development of hydrothermal synthesis of new
materials [136]. To eliminate some of the shortcomings of hydrothermal technique,
it was suggested to use this technique in combination with microwave [132, 213] and
sol—gel [114]. It was found that indicated approaches allow not only varying the
physiochemical and structural properties of the materials but, in addition to that, may
lead to the formation of the single-phased materials with improved properties [114].

11.6 Solvothermal Technique

The solvothermal process, in which interest has increased significantly in recent
years, is an analogue of the hydrothermal process. The main difference between this
process and hydrothermal synthesis is the use of organic solvents instead of water as
the reaction medium. There are several reasons to stimulate research in this area
[216]:

* Firstly, there is a need for technological processes capable to form solid phases
with desired properties at intermediate temperatures (100-600 °C). In this regard,
the solvothermal method is an appropriate method, as it is a low-temperature
process that eliminates diffusion control by using a suitable solvent and limits the
reaction to one or more functional groups and leaves most of the chemical bonds
intact [176].

* Secondly, the traditional hydrothermal method is limited by the conditions under
which some reagents will decompose in the presence of water, or precursors are
very sensitive to water, or some reactions will not proceed in the presence of
water, which will lead to a failure in the synthesis of the desired compounds.
Therefore, it is difficult to obtain many kinds of powders such as carbonides,
nitrides, phosphides, silicides, chalcogenides, etc. by a conventional hydrother-
mal process. The solvothermal process, in which water is replaced by nonaqueous
solvents (both polar and polar) such as alcohols, C3Hg, polyamines, NH,NH,,
and liquid NH3, solves this problem and allows the synthesis of compounds that
cannot be obtained using hydrothermal synthesis [216]. This means that the
so-called solvothermal process can be widely used to obtain various kinds of
non-oxide nanocrystalline materials the precursors of which are very sensitive to
water. In addition, solvents with a high boiling point are used in solvothermal
synthesis, which makes it possible to carry out the growth process without
involving high pressures.

As mentioned earlier, in the solvothermal process, one or more types of pre-
cursors are dissolved in nonaqueous solvents. The reagents are dispersed in the
solution and become more active. The reactions proceed in the liquid phase or in the
supercritical state [216]. The solvothermal process is relatively simple and easily
controlled by several variable parameters such as solvents, temperature, and reaction
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Table 11.2 Summary of Cd-based chalcogenides synthesized by the solvothermal process

Reactants (M/E Reaction
Compound | ratio) Solvent conditions Symmetry | Shape
CdS CdC,04+S (2:1) Ethylenediamine | 120-180 °C, Hexagonal | Rod-like
12h
CdC,04+S (2:1) Pyridine 120-180 °C, Hexagonal | Spherical
12 h
CdC,04+S (2:1) Ethylene glycol 160-180 °C, Hexagonal | Spherical
12 h
CdSe CdC,04+Se (2:1) | Ethylenediamine | 140 °C, 12 h Hexagonal | Rod-like
CdC,04+Se (2:1) | Pyridine 160 °C, 12 h Hexagonal | Spherical
CdTe CdC,04+Te (2:1) | Ethylenediamine | 180 °C, 12 h Cubic Rod-like

Source: Data extracted from [216]

time. The sealed system can effectively prevent the contamination of air-sensitive
precursors.

Currently, great efforts have been made to synthesize II-VI semiconductors using
the solvothermal process [217, 218]. In particular, the group of Yu [216] proposed
and investigated several variants of solvothermal reactions for the synthesis of
powders of II-VI semiconductors (Egs. 11.8, 11.9, and 11.10):

CdC,04 +E (Se, Se, Te) + solvent — CdS(Se, Te) + 2CO, 1 (11.8)
Cd*" 4+ NH,CSNH; + solvent — CdS (11.9)
Na,S; + CdSO,4 + Solvent — CdS + Na,SO4 + 2S (11.10)

As a solvent they used ethylenediamine (en) and pyridine (py). It was shown that
using the proposed solvothermal reactions, it is possible to synthesize nanoparticles
of Cd-based compounds with different morphology, particle sizes, and phases.
Table 11.2 lists the detained experimental conditions for synthesis of various metal
chalcogenides materials by solvothermal reaction between metal oxalates and chal-
cogens and the characterization of the powders. Examples of other modes of
solvothermal synthesis of II-VI compounds are presented in Table 11.3.

It was found that both solvent and temperature play key roles in the reaction,
shapes, sizes, and phases (see Fig. 11.9). However, especially solvent has a signif-
icant effect on the morphology of the particles. At the same time, it was established
that polyamines such as ethylenediamine (en), diethylenetriamine (dien), and
triethylenetetramine (trien), which have more than two N-chelating atoms, can be
used as “shape-controller” of nanoparticles. For example, it was found that CdS
nanocrystallites synthesized by a reaction of CdC,0,4 with S in ethylenediamine at
160—C are uniform nanorods with diameters of 20-50 nm and lengths of
200-1300 nm. In contrast, the particles obtained in pyridine under the same condi-
tions display spherical disc-like shape with a size of 40 nm. It was also found that
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Table 11.3 Examples of solvothermal synthesis of II-VI compound nanoparticles
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Precursors
II-VI | Metal | Chalcogen | Solvent T, °C/t, h Ref.
ZnS | Zn(NCS),(CsHsN), Ethylene glycol 160-180/12 [85]
C1oH20N>S4Zn Ethanol 150-200/12-72 [226]
ZnS: | ZnCl, + MnCl, |S powders | Oleic acid 180/60 [225]
Mn
ZnSe |ZnSOy, Se Triethylamine [74]
elemental
Zn(Ac), Na,SeO; Hydrazine hydrate 180/1-5 [242]
ZnTe |Zn foils TeO, Hydrazine hydrate 80/12; annealing [203]
520 °C (N,)
Zn powders Te Ethylenediamine + 180/6; annealing [34]
powders Hydrazine hydrate 290 °C (N,)
CdS | Cd(NOs3), CH4N,S Ethylene glycol 140/0.1-1 [113]
CdSOy4 Na,S; Benzene 80-120 [218]
CdCl, CH4N,S Diethylenetriamine 220/48 [33]
CdSe | Cd(NO3), Se Ethylenediamine 180/12-24 [201]
[HNaOs]
Cd(NO3), Se powders | Polyethylene glycol 200/72 [155]
CdTe | CdCl, K,TeO; Ethylene glycol 150/12 [230]
Cd(NO3), Te Ethylenediamine 200/72 [189]
powders

Fig. 11.9 FESEM images of ZnS nanoflowers prepared by solvothermal synthesis (Zn
(NO3), + thiourea + C,H4(NH,),) + water) during the reaction time of 6 h at the different growth
temperatures: (a) 100 °C, (b) 110 °C, (¢) 120 °C, (d) 130 °C, (e) 140 °C, and (f) 180 °C. (Reprinted
with permission from Ref. [38]. Copyright 2009: Springer)
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increasing the temperature and using a solvent with low dielectric constant are
beneficial for producing nanocrystalline CdS in hexagonal phase [218]. The water
content in the system not only induces the presence of cubic phase CdS nanocrys-
talline but also leads to a particle size increase. At the same time, Vaquero et al. [200]
studied different solvents and found that ethylenediamine is an optimal solvent to
control the growth, morphology, and crystal structure of the CdS.

Generally, the size of the particles synthesized during the solvothermal process
increases with increasing process temperature. For example, Jiang et al. [85]
observed that nanospheres increase in size with increasing reaction temperature,
reaching sizes of 200, 350, and 450 nm over a 12 h reaction period at 160 °C, 180 °C,
and 200 °C, respectively. Such nanospheres are usually aggregates of many tiny
nanocrystals, the size of which can be at the level of 10 nm or less [227]. An increase
in the concentration of precursors is also accompanied by the growth of
nanoparticles. Wang et al. [206] found that initial precursor concentrations are also
key factors in controlling the shape of the resulting CdSe and CdTe nanocrystals, and
different shapes such as dot shape, rod shape, and branched shape can be controlled
by only changing initial precursor concentrations. The process time also has a
significant effect on the parameters of the synthesized nanoparticles. According to
Venci et al. [201], an increase in the time of the synthesis of CdSe nanoparticles from
12 to 24 h was accompanied by an increase in the crystallite size from 12 mm to
28 nm. To better control the size and shape of nanocrystals, reducing agent KBH,
[74] and polyvinylpyrrolidone (PVP) as a capping agent [113, 230] can be added to
the solution. For example, the addition of PVP helps to reduce the size of
nanoparticles [113].

In some cases, annealing in an inert atmosphere is necessary to complete the
reaction. Thus, in the synthesis of ZnTe powders, at the final stage after solvothermal
synthesis at a low temperature and washing of the synthesized samples, annealing
was carried out in a nitrogen atmosphere at a temperature of 290 °C [34] and 520 °
C [203].

Thereby, the solvothermal synthesis method is an efficient and facile method for
preparing NPs of II-VI compounds. Nanocrystallite of these materials with high
crystallinity and good orientation could be obtained by this method. Despite the fact
that the method has several advantages, the particle size distribution, purity of
nanophase, and morphology variation still remain a challenge to overcome. In
addition, as with hydrothermal synthesis, there are some safety issues with this
process due to the very high pressure generated in the reactor. Hence, care must be
taken when filling the autoclave, which should not exceed 85% by volume (usually
80%). Moreover, the reaction process is unobservable because the reactions take
place in a closed reactor and the progress of the reaction is not controlled. Therefore,
it is difficult to investigate the mechanism of formation of synthesized
nanostructures.
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11.7 Sonochemical Method

Sonochemistry provides a simple and resourceful method for the chemical prepara-
tion of nanomaterials. In sonochemical methods, solution of the starting material
(e.g., metallic salts) is subjected to a stream of intensified ultrasonic vibrations
(between 20 kHz and 15 MHz), which breaks the chemical bonds of the compounds
[190, 221]. The physical phenomenon responsible for the sonochemical process is
acoustic cavitation. The ultrasound waves pass through the solution, causing alter-
nate compression and relaxation. This leads to acoustic cavitation, i.e., formation,
growth, and implosive collapse of bubbles in the liquid. In addition, the change in
pressure creates microscopic bubbles that implode violently, leading to emergence
of shock waves within the gas phase of the collapsing bubbles. These bubbles are in
the nanometer-size range. Cumulatively, the effect of the collapse of millions of
bubbles leads to an excess amount of energy released in solution, which creates the
conditions for chemical reactions. Transition temperatures of ~5000 K, pressures of
~1800 atm, and cooling rates above 1010 K/s have been recorded in localized hot
spots of cavitation implosion [190]. Studies have shown that ultrasonic irradiation of
aqueous liquids leads to the formation of free radicals. The primary products of
sonolysis in water are He and OH- radicals. These radicals can recombine to return to
their original form, or combine to produce H, and H,0,. They can also produce HO,
in combination with O,. It is these strong oxidizing and reducing agents that are
involved in various sonochemical reactions occurring in aqueous solutions.

A typical apparatus that permits easy control over ambient temperature and
atmosphere during sonochemical synthesis is shown in Fig. 11.10. Sonochemical
decomposition rates for volatile organometallic compounds depend on a variety of
experimental parameters such as vapor pressure of precursors, solvent vapor pres-
sure, and ambient gas. In order to achieve high sonochemical yields, the precursors
should be highly volatile since the primary sonochemical reaction site is the vapor
inside the cavitating bubbles [190]. So that decomposition takes place only during
cavitation, thermal stability is also important. In addition, the solvent vapor pressure
should be low at the sonication temperature, because significant solvent vapor inside
the bubble reduces the bubble collapse efficiency. The excessively high rate of
cooling process is found to affect the formation and crystallization of the obtained
products [51]. The products could be either amorphous or crystalline depending on
the temperature in the ring region of the bubble. Time, energy, and pressure
conditions make sonochemistry a distinct process as compared to other conventional
methods.

It was shown that the sonochemical synthesis is appropriate and well-organized
method for the preparation of metal chalcogenide with controlled nanostructures. In
particular, Zhou et al. [234] synthesized CdS nanostructures using sonochemical
method with Cd (EDTA) and Na,S,03 in deionized water solution. They found that
concentration of ethylenediaminetetraacetic acid (EDTA) greatly affects the process.
Concentration of EDTA below 7% produced spherical-shaped CdS NPs, while with
8.5-10.5% concentration, mostly CdS NRs were developed. Semiconductor CdS
with nanoporous hollow structure has been prepared utilizing the sonochemical
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Fig. 11.10 A typical
sonochemical apparatus
with direct immersion
ultrasonic horn. Ultrasound
can be easily introduced into
a chemical reaction with
good control of temperature
and ambient atmosphere.
The usual piezoelectric
ceramic is PZT, a lead
zirconate titanate ceramic.
Similar designs for sealed
stainless steel cells can
operate at pressures above
10 bar. (Reprinted with
permission from Ref. [190].
Copyright 1999: Springer)
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method with the help of Escherichia coli bacteria as template [177]. The structure of
CdS showed a change from cubic to hexagonal form. The hexagonal-structured CdS
nanoporous hollow microrods showed unique improvements in photoconversion
performance.

Importantly, sonochemical synthesis has been successfully used to synthesize a
wide range of II-VI semiconductors. Examples of reported II-VI semiconductors
synthesized by this method, besides CdS [6, 17, 61, 177, 187, 207, 234], include
CdSe [104, 174], CdTe [78, 111, 131, 163], ZnS [27], ZnSe [237, 239], ZnTe [80],
and HgS [238].

The advantages associated with sonochemical methods include uniform size
distribution of synthesized nanoparticles, a higher surface area, and faster reaction
time. However, problems associated with process scaling, inefficient use of energy,
and low yield limit the application of this method.

11.8 Microemulsion Technique

Microemulsions or micelles (including reverse micelles) represent an approach
based on the formation of micro-/nano-reaction vessels for the preparation of
nanoparticles, and they have received considerable interest in recent years [22, 37,
129]. This technique uses an inorganic phase in water-in-oil (w/0) microemulsions,
which are isotropic liquid media with nanosized water droplets that are dispersed in a
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Table 11.4 Examples of Cd-based nanostructures synthesized by microemulsion technique

Microemulsion scheme
Material Surfactant Oil with w/o system Ref.
CdS/PMMA AOT Methyl Two microemulsion scheme | [116]
nanocomposite methacrylate
CdS/PANI NP5 and NP10 Cyclohexane [96]
nanocomposites
CdS NRs TX- Cyclohexane [226]
100 + hexanol
IGEPAL [202]
CdTe@SiO, Triton X-100 + n- | Cyclohexane | One microemulsion scheme |[214]
nanospheres hexanol
CdSe NRs AOT + n-hexanol | Hydrazine [219]
hydrate
CdSe nanospheres | CTAB + Cyclohexane | Two microemulsion scheme | [32]
isobutanol

continuous oil phase. In general, microemulsions consist of, at least, a ternary
mixture of water, a surfactant, or a mixture of surface-active agents and oil. The
classic examples for emulsifiers are sodium dodecyl sulfate (SDC) and aerosol
sodium  bis(2-ethylhexyl)sulfosuccinate =~ (AOT).  Surfactants such as
pentadecaoxyethylene nonylphenylether (TNP-35), decaoxyethylene nonylphenyl
ether (TNT-10), polyoxyethylene(5)nonylphenolether (NPS), polyoxyethylene(10)
nonylphenol ether (NP10), cetyltrimethylammonium bromide (CTAB),
polyoxyethylene tert-octylphenyl ether (Triton X-100), octylphenoxy poly
(ethyleneoxy)ethanol (IGEPAL), and many others, that are commercially available,
can also be used in these processes. The surfactant (emulsifier) molecule stabilizes
the water droplets, which have polar heads and nonpolar organic tails. The organic
(hydrophobic) portion faces toward the oil phase, and the polar (hydrophilic) group
toward water. In diluted water (or oil) solutions, the emulsifier dissolves and exists as
a monomer. However, when its concentration exceeds a certain limit, called the
critical micell concentration (CMC), the molecules of emulsifier associate sponta-
neously to form aggregates called micelles. These micro-water droplets then form
nanoreactors for the formation of nanoparticles. Some examples of surfactants and
oils used in the synthesis of II-VI nanoparticles are listed in Table 11.4.

A typical method for preparing II-VI semiconductor nanoparticles in micelles is
to form two microemulsions, one with the metal salt of interest and the other with the
chalcogen precursor, and mix them together [129]. Various metal salts can be used as
a source of metal ions, such as CdSO,, Cd[NH5]4SO,4, ZnCl,, Cd(CH3;COO),,
CdCl,, Cd(NO3), Cd(ClOy),, etc., and both elemental Zn, Cd, S, Se, and Te, as
well as salts containing chalcogen, such as Na,SeSO;, Na,SO;, NaHSe, Na,S,
H,Te, (NH,4),S, Na,TeOs, and Na,SeO;, etc., can be used as a chalcogen precursor.
The microemulsion reaction can easily be carried out at room temperature, and no
aggregation occurs between the NPs due to the presence of surfactant material. A
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Microemulsion | Microemulsion I

Aqueous Phase
Metal sait
(CdSOy, ZnCl,,
Cd(NO;),, etc.)

Aqueous Phase

Chalcogen precursor
(N32303, N32T903,
N325903_ Nazs,
H,Te, etc.)

Oil Phase Mix Microemulsions | and || Oil Phase

Collision and
Coalescence of
Droplets

Percolation

Chemical Reaction Occurs

Fig. 11.11 Proposed mechanism for the formation of metal particles by the microemulsion
approach using two microemulsion scheme. (Adapted with permission from Capek [22]. Copyright
2004: Elsevier)

schematic diagram is shown in Fig. 11.11. When two different reactants mix, the
interchange of the reactants takes place due to the collision of water microdroplets.
Once a nucleus forms with the minimum number of atoms, the growth process starts.
Nanoparticle synthesis inside the micelles can be achieved by different methods,
including hydrolysis of reactive precursors, such as alkoxides, and precipitation
reactions of metal salts [129]. The reaction (reduction, nucleation, and growth)
takes place inside the droplet, which controls the final size of the particles. The
interchange of the reactant is very fast, so for the most commonly used
microemulsions, it occurs just during the mixing process. The reactant concentration
has a major influence on the reduction rate. The interchange of nuclei between two
microdroplets does not take place due to the special restrictions from the emulsifier.
Once the particle inside the droplets attains its full size, the surfactant molecules
attach to the metal surface, thus stabilizing and preventing further growth. Solvent
removal and subsequent calcination lead to the final product.

The experiment showed that the microemulsion method provides the ability to
manipulate the size and shape of nanoparticles by adjusting parameters, such as
concentration and type of surfactant, the type of continuous phase, the concentration
of precursors, and molar ratio of water to surfactant [129, 184]. This means that this
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method allows the preparation of various morphologies and intricate nanostructures.
Therefore, the microemulsion technique is very useful for the preparation of the
nanomaterials with required properties including the geometry of the particles, the
surface area, and most importantly the homogeneity of the obtained material. For
example, Holmes et al. [73] demonstrated size control of CdS NPs by varying the
ratio of water to surfactant. Zhang et al. [226] have shown the possibility of forming
nanorods (NRs) and nanofibers by microemulsion synthesis method. The size of the
NRs has been dependent on the concentration of the reagents used and defined the
limit of concentration. In general, a higher water content provided a wider dispersion
of NRs. It has also been shown that using the microemulsions method
nanocomposites can be formed. For example, Li et al. [116] synthesized a
CdS/PMMA nanocomposite using this method, and Khiew et al. [96] synthesized
PANI/CdS nanocomposite.

The microemulsion method also allows the synthesis of core/shell structures. In
particular, Hao et al. [65] synthesized CdSe/CdS nanomaterials, and Song et al.
[185] and Aubert et al. [7] synthesized CdTe/CdS and CdTe/CdS/SiO, core/shell
structures. The resulting core/shell QDs (with diameter 64 nm) were found inert and
chemically established even in insensitive environments as a consequence of the
silica layer. CdTe NCs encapsulated in silica spheres (CdTe@SiO,) as core-shell-
structured spheres have been synthesized by hydrolysis and microemulsion by Yang
and Gao [214]. There are also reports indicating the synthesis of CdS/ZnS [71],
CdS/HgS [87], Ag,S/CdS [62], and CdSe/ZnS structures [154]. The ability to
control the formation of different kinds of core-shell structures with
sub-nanometric resolution is considered to be the main advantage of this method.
A literature survey depicts that the ultrafine nanoparticles in the size range between
2 and 50 nm can be easily prepared by this method [129, 184]. Hollow-structured
CdSe NPs have been also prepared via microemulsion technique [32].

Disadvantages include low production yields and the need to use a large amount
of solvents and surfactants: this method requires several washing processes and
further stabilization treatment due to the aggregation of the obtained nanoparticles
[22, 129]. Modifications have been made to overcome these shortcomings. For
instance, reverse microemulsion technique has been developed [37]. The synthesis
of II-VI compounds from reverse micelles is similar in most aspects to the synthesis
of these materials in aqueous phase by the precipitation process.

In order to solve some of the problems of the microemulsion method, the
combination of microemulsion with some other synthetic methods has been reported
in recent decades. For example, it has been shown that the combination of
sonochemistry and microemulsions or micelles can be an effective method for the
synthesis of various types of nanostructures. The cavitation behavior of ultrasonic
radiation can lead to extraction, mixed-phase reactions, and emulsification in a
heterogeneous liquid-liquid system. Thus, under ultrasonic irradiation, it is possible
to emulsify liquid-liquid heterogeneous systems with the formation of
microemulsions. Using this approach, Huang et al. [75] synthesized spherical
assemblies of nanocrystalline CdS particles.
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11.9 Microwave-Assisted Method

Microwave irradiation is electromagnetic irradiation in the frequency range of
0.3-300 GHz, (wavelengths of 1 mm to 1 m). Therefore, the microwave region of
the electromagnetic spectrum lies between infrared and radio frequencies. The
microwave method is gaining more and more interest because it requires relatively
little energy and time [8, 107, 134]. In this synthesis method, a definite quantity of
precursors mixed solution enclosed in a special vessel and heated up in a microwave
absorption oven by means of microwave irradiation. As it stated above, in spite of
benefits of wet chemical routes for synthesis of II-VI semiconductor NPs, as a rule,
they need a long time for synthesis. Microwave processing has attracted a lot of
attention due to its advantages of providing faster synthesis rate, resulting superior to
traditional heating. Indeed, since microwaves can penetrate the material and supply
energy, heat can be generated throughout the volume of the material, resulting in
volumetric heating. Microwave-assisted methods involve rapid and uniform heating
of the reaction medium with no temperature gradients through two mechanisms:
dipolar polarization and ionic conduction. The ability to elevate the temperature of a
reaction well above the boiling point of the solvent increases the speed of reactions
by a factor of 10-1000. As a result, the reaction times are reduced from a few hours
to several minutes or even seconds without compromising the purity or particle size
[162]. The effect of microwave irradiation on the synthesis process has not yet been
studied. Quick changes due to electric and magnetic forces directions, friction, and
collisions of molecules are observed [110]. Thermal effects of microwave irradia-
tions include consistent heating and superheating, while nonthermal effects have not
been properly understood. It is considered that microwave irradiation reduces the
activation energy of the materials and consequently provides a quick growth mech-
anism. Faster reaction rates favor rapid nucleation and formation of small, highly
monodisperse particles. Yields are also generally higher, and the technique may
provide a means of synthesizing compounds that are not available conventionally
[168]. Additionally, the method can lead to the synthesis of materials with smaller
particle size, narrow particle size distribution, high purity, and enhanced physico-
chemical properties [138]. Furthermore, microwave methods are unique in providing
scaled-up processes without suffering thermal gradient effects, thus leading to a
potentially industrially important advancement in the large-scale synthesis of
nanomaterials [151]. Therefore, it is not surprising that microwave processes have
been used to synthesize different highly crystalline nanoparticles of pure and doped
II-VI compounds. Examples of microwave-assisted synthesis modes of Cd-based
II-VI compounds are listed in Table 11.5. Other II-VI semiconductors, such as wide
bandgap compounds ZnS [93], ZnSe [183], ZnTe [178], and narrow gap HgS
[119, 208], have also been synthesized using a microwave-assisted process.

As in all wet chemical methods of NPs synthesis, the parameters of the synthe-
sized materials are highly dependent on temperature, time, and reagents molar ratio
[67, 68]. The value of pH of the solution is also an important parameter to be
considered; the optimal value of pH for this method is 8-10 [110].



304 G. Korotcenkov and 1. A. Pronin

Table 11.5 Cd containing II-VI semiconductor nanomaterials prepared through microwave-
assisted method using different synthesis conditions

Power/ Irradiation

Material frequency Precursors time pH |Ref.

CdS NTs 10 W/ Na,S and CdSO,4 - - [175, 177]
2450 MHz

CdS NPs 1300 W/ Thioacetamide (CH;CSNH,) and | 60 s 8 [171]
2.4 GHz CdCl,

CdS 720 W/ CdCl,-5H,0, CH,CSNH; and Cu | 1-15 min |- [165]

and CdS:Cu |2.45 GHz (CH5COO0)-2H,0

NPs

CdSe NCs 900 W/ CdSOy, potassium nitriloacetate, |30-60 min |— [237, 239]
2.43 GHz and Na,SeSO;

CdTe QDs 400 W/ CdCl,, Na,TeO3, NaBHy, and 1040 min | — [35]
2450 MHz | 3-mercaptopropionic acid (MPA)

CdSe—CdS 0-1000 W/ | CdCl,, NaHSe, and MPA 5-60 min |9 [150]

QDs 2450 MHz

CdTe/CdS 0-300 W/ | CdCl,, Na,S, NaHTe, and MPA | — 8.4 |[69]

CShs 2450 MHz

CdS/CdSe 0-1000 W/ | CdCl,, NaHSe, and MPA 30 min 9 [223]

QDs 2450 MHz

ZnS/CdSe 880 W/ Cd(stearate),, Se, stearic acid, Zn |30-120 s - [240]
2.44 GHz (Un),, CySCN, octylamine 30s

(PVP)- 1000 W/ Cd(Ac), and thiourea in N, 30 s with - [70]

capped CdS |2450 MHz | N-dimethylformamide (DMF) cycles

NPs

Source: Data extracted from Majid and Bibi [126]

At present, microwave heating seems to be the most promising way to achieve
short synthesis times. Microwave energy is precisely controllable and can be turned
on and off instantly, eliminating the need for warm-up and cool-down. In addition,
automation allows control over the reaction conditions and hence facilitates control
of particle size, morphology, and crystallinity [14]. The choice of starting metal
oxide precursors (as acetates, chlorides, isopropyls) and solvents (as ethylene glycol,
benzene) can govern reaction success, particle size, and crystal structure [15].

Limitations of the microwave-assisted processes are associated with the instru-
mental apparatus itself. The possibility of varying the reaction conditions by finely
tuning/controlling the irradiation power and the temperature are the main drawbacks
that, in some cases, may hinder reproducibility, especially when not laboratory-
designed microwave ovens are used [134]. Finally, it should be noted that the articles
published so far in the literature on semiconductors of the II-VI group synthesized
using a microwave process indicate a lack of comprehensive studies. Many
researchers have simply synthesized materials using microwave irradiation and
have not focused on understanding the effect of microwave irradiation parameters
such as irradiation time, microwave power, etc. on their final properties.
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11.10 Hot-Injection and One-Step Colloidal Method

The hot-injection method pioneered by Murray et al. [141] to obtain CdSe
nanocrystals is an efficient method for the synthesis of high-quality nanocrystals
with good crystallinity and narrow size distribution. This simple method only
requires the rapid introduction of hot, highly reactive precursors into a hot organic
solvent to induce a short burst of nucleation and then subsequent growth into
nanocrystals of varying morphology and conditions. However, if we want to achieve
better control over the growth of nanocrystals, it is desirable to separate the stages of
nucleation and growth [153]. As well as hydrothermal and solvothermal methods,
this method has good controllability and reproducibility, but unlike them, it is much
faster and much safer, since it is carried out under ambient pressure. However, this
method also has disadvantages. They are the following:

(i) Usually, in hot-injection synthesis, the solvents are organic compounds, and the
capping agents are often chain organic compounds containing phosphine (such
as trioctylphosphine and tributylphosphine). However, these organic com-
pounds are often toxic, unstable at high temperature, and expensive. Thus,
solvents which are less toxic, more stable at high temperature, and relatively
cheaper are desired.

(i1) Capping ligands are always present on the surface of the product, which may
interfere with their use.

(iii)) Sometimes a low concentration of precursors is needed to obtain monodisperse
nanostructures, which means a low yield.

(iv) Purging of protection gas or Schlink line is necessary to prevent oxidation or
water absorption, which complicates operation.

(v) The main drawback with it is the requirements of rapid injection and subse-
quently fast cooling. It is not easy to realize in industrial production. Conse-
quently, hot-injection synthesis is not suitable for large-scale production. In
addition, it performs poorly in synthesis reproducibility [149].

Nevertheless, using hot-injection method, the size and morphology of the syn-
thesized nanocrystals can be effectively controlled by adjusting several experimental
parameters, such as the type and ratio of starting reagents, temperature and time of
reaction, solvent, blocking ligands, etc. Synthesis usually starts at the temperature
250-300 °C. The process takes 1-4 min. As an example, consider the synthesis of
CdSe NPs [24]. The solution of cadmium carboxylate, hexadecylamine (HAD), and
2-octadecene (ODE) was degassed for 1 h at room temperature and 1 h at 100 °C
under a nitrogen flow. Under a nitrogen atmosphere, the temperature was raised to
the injection temperature, and TOPSe solution was injected. The injection temper-
ature was set to 245 °C, and the growth temperature was adjusted at 230 °C. The
reaction was stopped by the injection of a solvent at 20 °C. Cadmium carboxylate
was prepared by mixing CdO and the stearic or carboxylic acid in a 1:3 molar ratio,
degassing for 1 h at 100 °C under a nitrogen flow, and dissolving the cadmium oxide
under a nitrogen atmosphere at about 250 °C. The TOPSe solution was prepared by
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selenium dissolving in trioctylphospine (TOP). Because of this process, CdSe NPs
with the size ~1.5-2.5 nm were synthesized. A more detailed description of this
method and its use can be found in the Chaps. 12 and 13 (Vol. 1) and reviews [110].

An important advance over the hot-injection method is the development of a
non-injection or one-step colloidal method that does not use the rapid introduction of
precursors into solution at high temperature [23, 149, 220, 241]. The precursors are
mixed at room temperature and then heated to the reaction temperature. For example,
for synthesis of ZnS nanocrystals, 3 mmol of Zn(acac), was added into 5 ml of
n-dodecanethiol (DDT; CH53(CH,);;SH) and 25 ml of ODE in a three-necked flask,
and then the mixture was heated to 240 °C and kept for 180 min. For synthesis of
CdS nanocrystals, 5 mmol of Cd(acac), and 30 ml of DDT were added into a three-
necked flask, and then the mixture was heated to 200 °C and kept for 23 h [220]. The
synthesized ZnS and CdS nanocrystals with cubic zinc blende structure were ~5 nm
in size.

Compared to the traditional hot-injection method, processing is simplified while
maintaining good control over product properties. Another important notable thing is
the selection of precursor. As the precursors are mixed at the first beginning, the
reactivity of precursors should be much weaker at room temperature (otherwise the
reaction procedure would be out of control), such as the combination of insoluble
solid precursors, which are less expensive than high activity precursors. Thus, it is
possible to further reduce the cost compared to the hot-injection method.

11.11 Photochemical Synthesis

It is known that irradiation with light, especially from the UV region, can change the
structure of molecules and cause various photochemical reactions, including photo-
chemical synthesis [41, 182]. A central feature of all light-promoted transformations
is the involvement of electronically excited states, generated upon absorption of
photons. This produces transient reactive intermediates and significantly alters the
reactivity of a chemical compound [92, 182].

In recent years, photochemical synthesis has become widespread in the synthesis
of nanostructures of metal chalcogenides of various morphologies [55,
229, 235]. This method has the advantages of mild reaction conditions, and the
equipment used is quite simple and cheap, since the well-known low-pressure
mercury pillar lamp (A = 253.7 nm) and high-pressure indium column-like lamp
(A = 420450 nm) can be used for these purposes. The processes occurring during
the synthesis under the action of UV irradiation in relation to CdSe can be described
by the following reactions [236]:

SeS032~ +e—Se™ + 8032~ (11.11)

Se” +e—Se’” (11.12)
Cd*" 4 Se?~ — CdSe (11.13)


https://doi.org/10.1007/978-3-031-19531-0_12
https://doi.org/10.1007/978-3-031-19531-0_13
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Thus, the formation of CdSe nanoparticles under the action of photoirradiation
includes the above three stages: First, Sesogz_ is reduced to Se ™ ; then Se™ is further
reduced to Sezf; finally, Se?>~ reacts with metal cations to form metal selenide
nanoparticles. The first reaction may be a slow reaction and the second reaction
may be a fast reaction. Using indicated approach Zhu et al. [236] synthesized 7 nm
CdSe spherical nanoparticles. For doing this, they irradiated aqueous solution
containing CdCl, and Na,SeSOj in the presence of complexing agents for several
hours at room temperature. A high-pressure indium lamp was used as the visible
photoirradiation source. They have shown that both light intensity and irradiation
time have influence on the size of the final products. The complexing agents also
play an important role: they can retard the rate of the reactions and cause the particle
size to be small. The reactions conducted without complexing agents were
unsuccessful.

Studies have shown that this method, in addition to the synthesis of CdSe NPs
[212, 229], can be used to synthesize binary CdS [148, 205, 209, 224], CdTe
[50, 121], ZnS [54], ZnSe [94, 106], doped QDs [94], ternary compounds
[50, 79], and composites [42, 224]. In particular, Wang et al. [209] synthesized
CdS nanocrystallites with a cubic or hexagonal phase structure using ultraviolet
irradiation. Synthesis proceeded at room temperature by precipitation of Cd** ions
with homogeneously released S*~ ions formed during the decomposition of
thioacetamide by ultraviolet irradiation. Irradiation time can reach several hours.
Usually, the solution is deaerated by continuous N, bubbling during the whole
period of UV irradiation. It has been found that the concentrations of Cd** and
thioacetamide, as well as the solvent, have a great effect on the phase structure,
product composition, and average size of CdS nanocrystals. For example, Hao et al.
[64] prepared CdS nanocrystals in Co,HsOH and H,O solvents using sodium dodecyl
sulfate (SDS) as capping agent by ultraviolet irradiation technique. They established
that SDS as capping agent in the solvents with different C,;HsOH and H,O volume
ratios has a great effect on the morphology of the synthesized CdS nanocrystals. At
solvent with a C,HsOH/H,O = 9:1 volume ratio containing 0.2 mol/L, SDS was a
favorite medium for the formation of CdS nanorods. While the C,HsOH/H,O
volume ratio was changed up to 9.5:1, the dendritic supermolecular CdS
nanostructures were obtained. When the C,HsOH/H,O volume ratio was down to
6:1, only CdS nanocrystals with irregular morphologies could be formed. Hao et al.
[64] believed that the composition of the solution, i.e., the C;HsOH/H,O volume
ratio, influenced such physicochemical properties of the solution as polarity (dielec-
tric constant) and softness, which can affect the dissolution and transport of ions in
solution, and thus may lead to the different cap structures of SDS in the formation of
CdS nanocrystals. As a result, SDS in different solvents can produce patterns of the
different structures. These different patterns can act as suitable nucleation sites or
interact with the special crystal planes of the growing CdS nanocrystals, resulting in
the formation of CdS nanorods and dendritic CdS nanostructures. Mo et al. [135]
observed the same significant effect on the morphologies of CdS NPs (2001). They
established a morphology-controlled synthesis of CdS nanocrystallites by introduc-
ing poly(vinyl alcohol) (PVA) as the protecting agent, which self-assemble into
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desirable shapes. CdS spherical nanoparticles, nanodisks, and nanowires were
obtained conveniently, and there were some CdS nanotubes that appeared in the
CdS nanodisk sample.

Gao et al. [50] and Zhao et al. [229] have shown that the intensity of UV light, UV
irradiation time, pH value of solution, solution temperature, and concentration of
anions in solution also play important roles in properties of the photochemically
prepared NCs. In Zhao et al. [229], the optimal value of pH for the synthesis of CdSe
NPs should be in the range of 10—11. Increasing the irradiation intensity shortens the
reaction time, required for the synthesis of nanoparticles of a given size. An increase
in the irradiation time and temperature was accompanied by an increase in the size of
QDs [94]. Depending on the irradiation time, the size of nanoparticles can vary from
1-2 nm after 10—20 min of irradiation [94] to 25 nm after 48 h of irradiation [212]. In
principle, the main conclusions drawn from the study of the photochemical synthesis
of CdS and CdSe nanocrystallites can also be applied to other chalcogenides.

11.12 Green Synthesis

“Green” synthesis involves the use of a set of green chemistry principles originally
defined by Anastas and Warner [3]. Green synthesis developments can be divided
into three categories: namely, safety, environment, and efficiency [29]. Safety devel-
opments include the development of safer materials and safer processes, i.e., devel-
opment of less hazardous chemical synthesis using safer chemicals and solvents.
Development for the environment includes the development of processes that
produce less waste to reduce environmental impact and do not use substances that
pose a risk to human health and the environment. As for efficiency, the main thing
here is the material and energy efficiency of the processes used, aimed at reducing
material and energy costs in the synthesis of the necessary materials. In this regard,
the use of aqueous solutions for the synthesis of II-VI compounds, ball milling, and
sonochemical and microwave-assisted syntheses can be considered as elements of a
“green” technology [95, 157].

However, there is another direction in the synthesis of II-VI compounds, which
can literally be attributed to the “green” technology This is the synthesis of II-VI
compounds using natural components such as microorganisms (algae, bacteria,
fungus, viruses, yeast), and extractions of plants. At present, the combination of
nanotechnologies and biotechnologies has formed a promising area for the synthesis
of nanomaterials [44, 126]. It has been found that microorganisms and plant extracts
are able to use their internal biochemical processes to convert inorganic metal salts
into the required NPs [10]. In particular, in 2004, Sweeney et al. found that when
Cd** is added to E. coli cultures, E. coli binds toxic Cd** into a Cd-thiolate complex,
thereby neutralizing Cd toxicity. Then, if sulfide ions (Na,S) are added, the Cd
complex reacts with the added sulfide ions and forms intracellular CdS NPs. The
biosynthetic method for obtaining NPs turned out to be harmless compared to all
other (physical and chemical) methods. Moreover, it turned out that using this
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approach, it is possible to synthesize nanoparticles with small size. For example,
using this approach were synthesized CdS NPs with the size ~1 nm [30], 1-2 nm
[102], 1.5 nm [233], and 2—-5 nm [89, 90].

In a microorganism-based approach, microorganisms such as bacteria [90, 156,
181, 191], fungi [25, 105], and yeasts [4, 26] are cultured in favorable conditions
(light, nutrients, pH, temperature, stirring speed). Optimizing all of these culture
conditions can significantly increase enzyme activity. Then, a metal salt solution is
added to the resulting material and incubated. Synthesis of nanomaterials is observed
by visual examination of changes in the color of the culture medium. Microorgan-
isms used in the synthesis of NPs of II-VI compounds are listed in Table 11.6. The
mechanisms by which different, natural bacterial strains affect metal chalcogenide
NPs precipitation are still largely unclear. However, recent studies on bacterial CdS
biosynthesis [199] showed that it is critical to select the correct bacterial strain to
precipitate CdS NPs at appreciable yields. Here, synthetic biology provides an
exciting means to increase NPs yield and to exert control over the precipitation
reaction. For example, in [90], Kang et al. inserted the phytochelatin synthase
(SpPCS) gene from the yeast S. pombe into E. coli to promote CdCl, precursor
intake and thus, increase NP yield.

There are two types of biosynthetic strategies after incubation period: intracellular
and extracellular synthesis processes, when the processes occur inside and outside
the cell. In extracellular synthesis, centrifugation at various speeds and a washing
process are used to get rid of biomass. In an intracellular process, media components
and large particles are separated using repeated cycles of sonication, washing, and
centrifugation. An extracellular process is preferred over an intracellular one due to
the ease of post-processing. It is also more suitable for industrial applications
[91]. Finally, after washing with water/solvent (ethanol/methanol), the particles are
obtained as bottom granules. A schematic illustration of this method is shown in
Fig. 11.12.

With the emergence of a broad range of biosynthetic NP precipitation approaches,
there also has been a growing interest in controlling these approaches to affect NP
properties. Most strategies to date focus on controlling the particle size, which has
large impact on the photoelectronic properties of TM NPs. Already in 1989, when
Dameron et al. [30] first precipitated CdS with yeast, they influenced particle size by
using different peptide-Cd complexes as precursors, which effectively limited CdS
crystallite growth. However, perhaps the simplest way to influence NP size is to
control precipitation or incubation time. In particular, Bai et al. [9] found that by
changing the culture time, the size of the nanoparticles can be controlled. Cadmium
ions were transferred into a living cell from a solution after its incubation at 30 °C in
the dark and in an aerobic environment. Testing of the synthesized material showed
that the average particle size of CdS was 2.3 nm, 6.8 nm, and 36.8 nm at culture
times of 36, 42, and 48 h, respectively. In 2010, Bao et al. [12] showed that the size
of extracellularly precipitated CdTe NPs increased predictably with increasing
incubation time. Fellowes et al. [43] showed a similar behavior for CdSe NPs
when prolonging the refluxing time. There are also studies that show that using
biosynthesis can also influence the particle size distribution [89, 90] and NP crystal
structure [137].
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Table 11.6 Microorganisms and plant extracts used for biosynthesis of II-VI semiconductor NPs

NPs
size,
Compound | Microorganisn | Name Location | nm
CdS Bacteria Escherichia coliy A. ferrooxidans; A. caldus; | Ext. 2-50
Stenotrophomonas maltophilia; Klebsiella
pneumoniae; Desulfovibrio alaskensis;
Thermoanaerobacter;
Escherichia coli; Pseudomonas; Int. 2-20
Acidithiobacillus thiooxidans
Fungi Phanerochaete crysosporium; Rhizopus Ext. 2-9
stolonifer; Pleurotus ostreatus
Algae Chlamydomonas reinhardtii; Ext. 2-7
Arthrospira platensis; C. reinhardtii; Int ~8
C. merolae
Yeast Schizosaccharomyces pombe Ext., Int. |2-6
Candidas; Int. MCs
Enzymes Cystathionine gamma-lyases; Cell-free | ~3
Virus virus Bacteriophage Int. ~40
Plant extracts | Tomato hairy root extract; N. tabacum L. cv.; | n/a 3-10
Fenugreek seed extract; Pomegranate peel
extract; Banana peel extract; Hairy root cul-
ture of Linaria maroccana L;
S. lycopersicum
CdSe Bacteria Veillonella atypica; Bacillus licheniformis Int. 2-4
Fungi Helminthosporium solani Ext. 3-7
Enzyme Nitrate reductase Cell-free |4-9
CdTe Bacteria Escherichia coli Ext., Int. | 2-5
Fungi Rhizopus stolonifer; Fusarium oxysporum Ext. 3-20
Earthworm Lumbricus rubellus n/a ~2.5
ZnS Bacteria Klebsiella pneumonia; Desulfovibrio Ext. 1840
desulfuricans; R. sphaeroides;
S. nematodiphila
Fungi Fusarium oxysporum; Aspergillus flavus; Ext. 15-60
S. cerevisiae
Yeast Saccharomyces cerevisiae Int. 3040
Plant extract Moringa oleifera leaf extract n/a ~30

Source: Data extracted from [44]
Int Intracellular, Ext. Extracellular, MC mycrocrystals

In the plant-based approach, components, i.e., leaves [84], fruits [39, 233],
flowers [133], seeds [196], roots [16, 179], skins (Sasidharan et al., 2014), or other
bio entities [152], are extracted through a purification, filtration, and centrifugation.
For the synthesis process, a suitable amount of water, a metal salt solution, and
various fractions of plant extracts are used. In the process of incubation (3—48 h),
simultaneously with a decrease in the concentration of metal salts, the assembly of
nanoparticles begins, similar to that observed with the help of microorganisms. In
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Metal salt | Microorganism or
concentration Y plant extract

Production of
heterogeneous NPs
with low yield

Processing parameters:

1. Incubation period
2. Mixing ratio
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Fig. 11.12 Parameters of biological synthesis. Synthesis of homogeneous nanoparticles of the
same size and shape requires optimization of control parameters, such as salt concentration, mixing
ratio of biological extract and metal salt, pH value, temperature, incubation time, and aeration.
Biological synthesis can also provide an additional coating layer on the synthesized nanoparticles
with the addition of several biologically active groups, which can increase the efficiency of
synthesized nanoparticles. (Reprinted with permission from Ref. [180]. Copyright 2016: Elsevier)

plant-based biosynthesis, there are no requirements for well-conditioned culture,
expensive isolation methods, or any special, complex, and multistep processes.
Several examples of the biosynthesis of compounds II-VI are given in [44, 82,
173, 233]. Zhou et al. [233], synthesizing CdS NPs using banana peel extract as a
suitable, harmless, environmentally friendly closure agent, showed that as in all wet
chemical processes reaction parameters like quantity of banana peel extract, pH,
concentration, and temperature played significant role in NPs formation.

The experiment showed that biosynthesis is really a low-cost technique accept-
able for nanoparticle synthesis. It is an environment-friendly technique which pro-
vides an extensive variety of environmentally suitable synthesis process. In addition,
it is completely free of the poisonous chemical agents and high-energy requirement
as in physiochemical methods. As it was shown before, NPs of II-VI compounds can
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be synthesized both in bacteria and fungi. However, Jacob et al. [82] believe that
fungal-based systems have the advantage of ease of handling and extracellular
synthesis. Although bacterial synthesis has an advantage of involving directed
evolution or genetic manipulation, fungi have a niche with respect to the cost factor
on scale-up and large-scale synthesis. At the same time, Shah et al. [173] believe that
in contrast to microorganism, plants approach provides more benefits because it is
faster, more cost-effective, and straightforward. This method is more supportive for
the synthesis of metal chalcogenide NPs. However, to move to the next stage of
development, it is needed to improve the control over size, shape, and complete
monodispersivity of the nanostructures. In addition, biosynthetic methods are typi-
cally slow and produce particles of low purity, compared with chemical bath
deposition methods. While the purity of TM chalcogenide NPs is crucial for some
applications, biosynthetic NPs can outperform their pure, chemically synthesized
counterparts in other applications. For example, due to the natural presence of
organic capping ligands, biosynthetic NPs can bind dye molecules or can bind to
other materials, including cells and graphene. This makes them useful as efficient
photocatalysts, as natural bioimaging tracers, and as photoabsorbers in energy
devices. A more accurate mechanism of biosynthesis is also required for manufactur-
ing of nanomaterials for technological applications. More details on the problems of
the synthesis of nanoparticles of II-VI compounds by biosynthetic methods can be
found in the reviews [1, 44, 82, 95, 128, 147].
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