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Influence of pH and pressure on the microwave-assisted
hydrothermal growth of ZnlIn,S,
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ZnIn;S,4 microspheres were synthesized hydrothermally in inert environment under controlled pressure. The obtained
product was studied as function of pH, pressure and ballast solution type. In the 100-600 kPa range, the inert gas pressure
has a large influence on the semiconductor morphology and phase purity. At higher values, the pressure influence no
longer has effect. At low pressure, boiling of the solvent occurs and the obtained bubbles maintain the particles in
suspension promoting growth of the spheres with low diameter. Finally, a new hypothesis on the formation of ZnIn;S,

microspheres in hydrothermal environment was proposed.
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1. Introduction

Ternary chalcogenide semiconductor ZnIn,S, was
used for charge storage [1], as photoconductor material
[2], and is an alternative to CdS in the construction of solar
cells [3]. This compound absorbs full blue light of the
solar spectrum, being an interesting material for water
splitting reactions [4-6]. The values for band gap, E,,
reported in the literature for the compound Znin,S, are
between 2.3 and 2.8 eV [4, 5, 7, 8].

This compound was synthesized by methods such as
hydro-/solvothermal ~ [4-10],  spray-pyrolysis  [11],
chemical vapor transport [12-14]. ZnIn,S, semiconductor
thin sheets were often obtained by solvothermal methods.
Water [4, 5, 8], ethylene glycol [9, 10] and ethanol [15]
were used as solvents. Heating the reactants was achieved,
in some cases, using microwave field [4-6, 8].

So far, in the literature was not reported the influence
of inert gas pressure on the properties of hydrothermally
synthesized ZnlIn,S, compound. In case of classical
hydrothermal synthesis of microspheres, the synthesis
pressure is self-generated, being determined by the vapor
pressure of the solvent and the release of gases during
chemical reactions [5, 6, 8]. Self-assembling of “petals” in
spheres under these conditions was not extensively studied
but several theories have been discussed [9]. Basically,
when Znln,S, thin sheets form in solution, they are packed
in different ways leading to the formation of nanotubes
[16, 17] or microspheres [5, 15, 18]. If ZnlIn,S, nanotubes
can be formed from a single sheet, the microspheres are
complex structures and involve self-assembly of several
such sheets. Due to their porous nature, Znln,S,
superstructures can react with high speed and can be used
as self-consuming templates for the synthesis of other
types of microspheres. Large pore sizes facilitate the
diffusion of reactants and gaseous or highly soluble

reaction products. In liquid medium or in gaseous
environment at low temperatures, where sintering does not
takes place, spherical morphology can be kept. So far
ZnlIn,S, superstructures were not used for this purpose.

We believe that understanding the formation
mechanism of ZnIn,S, spherical superstructures has great
importance. In this paper the effects of pressure on
microwave-assisted hydrothermally obtained Znln,S, are
presented. Also, the effect of the pH value of precursor’s
solution on the morphology of the obtained product is
discussed.

2. Experimental
2.1 Synthesis

A stock solution of 0.1 M ZnCl,, 0.2 M InCl; and 0.8
M (double excess) thiourea (Tu) was prepared by
dissolution of p.a. purity ZnCl, InCl3-4H,0 and Tu
(Sigma Aldrich) in bidistilled water. Bidistilled water and
few drops of HCI solution were added to obtain 10 mL
solution having different pH values and concentrations of
precursors, as presented in Table 1.

These solutions were placed into Pyrex® glass vials
covered with hole PTFE caps. The vials were placed in a
900 mL Teflon® jacket of SynthWAVE reactor (Milestone
Inc). 300 mL ballast solution of 0.1 M Tu and pH = 2.0
(adjusted by the addition of HCI solution) was placed in
the same jacket for microwave absorption.

Before starting the heating, pressure was raised using
5.0 purity compressed nitrogen (Linde Gas - Romania).
The temperature was raised to 180°C with rates of
3°C/min. The reactor was maintained at this temperature
for 2 hours and then it was cooled to room temperature.
The product was filtered off, washed with distilled water
and dried at 60°C for 1 hour in a vacuum oven.
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Table 1.
Sample Molar concentration of : Compensating Precursor Hydrochloric acid in
zZn*; In*"; Tu; pressure (kPa) pH value ballast solution
S0 1 2:10°M; 4-10%M; 1.6:10*M 100 2.0 No
S0 2 5.10° M; 102 M; 4-10°M 100 2.6 No
S5 1 2:102M; 4-10%M; 1.6-10*M 600 1.18 Yes
S5 2 2:10%M; 4-10%M; 1.6-10"M 600 1.6 Yes
S5 3 2:10°M; 4-10%M; 1.6:10*M 600 1.98 Yes
S5 4 2:10° M; 4-10%M; 1.6:10*M 600 2.24 Yes
S50 1 2:10° M; 4-10%M; 1.6:10*M 5100 2.00 Yes

2.2 Characterization

X-Ray Diffraction (XRD) patterns of the product
were registered using an X'Pert PRO MPD PANalytical
diffractometer, Ni filtered CuKa radiation (A=1.541 A).
Product morphology was investigated by Scanning
Electron Microscopy (SEM) using a FEI Inspect S
instrument and elemental analysis was performed by
Energy Dispersive X-ray Spectroscopy (EDS). The
Diffuse Reflectance Spectra (DRS) of powders were
determined by a Lambda 950 (PerkinElmer) spectrometer
using a 150 mm Spectralon® coated integrating sphere.
Photo-luminescence (PL) spectra were obtained using FLS
980 spectrometer (Edinburgh Instruments). Excitation
wavelength was 371 nm and emission spectra were
detected with R928P photomultiplier. As a continuous
source of radiation CW 450W Xe lamp was used.

3. Results and discussion

For all samples the XRD profiles (Fig. 1) are quite
similar and indicate the presence of ZnIn,S,; hexagonal
phase, PDF 01-089-3962, as the main crystalline phase.
This is in agreement with the literature for samples
obtained from metal chlorides in aqueous solutions and
thioacetamide [18] and thiourea in ethanol solutions,
respectively [15].

Sample SO_1, obtained at a compensating pressure of
100 kPa, is contaminated with In(OH); (Fig. 1, sample
S0_1). Same contamination was observed in samples
obtained using ballast solution with pH equal to 2 [19]. So
H,S loss takes place not through a process of diffusion due
to a concentration gradient of H,S between PTFE reactor
and glass vials, but is due to the boiling process, as it will
be seen below.

The rate of decomposition reaction of thiourea
aqueous solutions is lower in acidic than in alkaline
medium [20] and in the acidic range it is not strongly
influenced by pH nor by the ionic strength of the solution
[21].
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Fig. 1. XRD patterns of ZnlIn,S, samples.

Reactions that occur in hydrothermal environment are [20]:
NH,CSNH, — H,S?1 + NH,CN (r1)

NH2CN + 2H20 — 2NH3 + COzT (I‘2)

Hydrogen sulphide ionizes in aqueous solution
according to the reactions:

st + HzO «— HS + H30+ (I’3)

HS + H,0 & S% + H;0" (rd)

Further, final product precipitates:
2In** + Zn*" + 4S% — ZnIn,S, (r5)

The pH of the ballast solution thus influences H,S
concentration in the gas phase: pH decrease shifts the
equilibrium reactions (r3) and (r4) toward the reduction of
S* concentration in the solution.

In samples obtained at 100 kPa nitrogen pressure, the
solvent boiling occurs before reaching the temperature of
180°C. The boiling process leads to displacement of an
important part of dissolved H,S from the liquid phase into
the vapor phase. Accordingly, the liquid becomes deficient
in sulfur ions. It was also observed that for samples
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obtained without the use of compensating pressure, the
volume of solvent in the glass vials shrinks by about 40-
50% in the hydrothermal process. This is due to the water
boiling process, so that the flow of water vapor leaving the
glass vial prevents diffusion of hydrogen sulfide from the
PTFE reactor chamber and the precipitation of sulphides.

Water vapor resulting from boiling condenses on the
Teflon® walls of the autoclave reaching the ballast
solution. At pH values between 1 and 3 indium hydroxide
may be precipitated at a temperature of 180°C [22]. As for
pH = 2 and the same temperature Zn(OH), precipitation is
not possible, a part of the Zn?* ions will remain in solution
and In* ions will be precipitated in the form of In(OH)s.
In the presence of S% ions, due to the small value of metal
sulphides solubility product, precipitation of metal sulfides
occurs before the precipitation of hydroxides.

So the solvent boiling process underlies three
phenomena: i - reducing H,S concentration in the
electrolyte solution, ii - preventing diffusion of H,S from
the environment in the reaction medium and iii - keeping
particles in suspension. Decreased concentration of
precursors produces two other interrelated phenomena:
decrease of solution supersaturation in H,S and slight
increase in pH of the solution.

Under these conditions complete precipitation of
metal ions with sulfide ions can occur according to
reaction (r5) resulting in a pure phase ZniIn,S, (Fig. 1,
S0_2 sample). By increasing nitrogen pressure to 600 kPa
and 5100 kPa respectively (at room temperature) the
solvent boiling cannot occur up to 180°C. In such
conditions H,S loss does not occur and the formation of
pure ZnlIn,S, phase can take place throughout all the
studied pH range (Fig. 1, Samples S5 1 - S5 4 and
S50 _1). XRD analysis indicates a slight trend of
preferential growth of the particles in the (011) direction
with increasing pressure from 600 to 5100 kPa.

The mechanism of spheres formation

In a first step the formation of metal complexes of In**
and Zn*" with thiourea occurs, as it is noted also in [15].
This is an equilibrium reaction that releases In** and zZn**
ions in solution. The stability of the complexes formed is
low and the formation of complexes cannot prevent the
formation of ZnS and In,S; at the appearance of sulfide
ions in the system. Thiourea affects crystal growth rate
through preferential adsorption on some crystal faces. This
assumption is slightly different from that presented in [15,
23-26] but it is supported by the observation that indium
and zinc sulphides can be precipitated by bubbling H,S in
metal complexes with thiourea solution. The thin sheets of
Znln,S, are probably based on In,S; clusters.
Hydrothermal decomposition of the [In(Tu)s]** complex
leads to getting spheres formed from petals of In,S; [27,
28]. On the other hand, hydrothermal decomposition of
[Zn(Tu),]** complex leads to the formation of individual
ZnS nanoparticles [29] and filled spheres formed by
agglomeration in  different conditions of these
nanoparticles [30, 31]. This means that thiourea is strongly
adsorbed on some crystalline planes, rich in indium ions,

of In,S; and ZnIn,S, controlling the growth of the
semiconductor sheet.

Lower pH values inhibit the formation of metal
complexes with thiourea by forming coordinative bonds
between non-bonding electron pairs of amine groups and
hydronium ions, according to the reaction r6. Electrostatic
repulsion that occurs between ligand and metal ions
prevents the complexation process. Thus, supersaturation
of the solution in In** and Zn?* ions increases with
decreasing of the pH.

H,N-CS-NH, + H3O+ — [HgN'CS'NH2]+ + H,0 (r6)

SEM analysis indicates that pH influences the
morphology of the product. At low pH values (1.18 and
1.60), the formation rate of free sheets is much larger than
that of the agglomeration in spherical superstructures. In
these cases large agglomerations which are quickly
sedimented are formed. (Fig. 2, S5_1 and S5_2).

Fig. 2. SEM images of samples synthesized at different
pH and pressure values.
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On increasing the pH value of the precursor solution
to 1.98 and 2.24, ZnIn,S, agglomerate spheres formation
occurs, whether compensatory pressure is 600 or 5100 kPa
(Fig. 2, S5_3, S5 4 and S50_1). When compensating
pressure drops to 100 kPa the diameter decreases
regardless to precursor solution concentration, due to the
boiling process that prevents agglomeration of sheets in
large spheres (Fig. 2, SO_1 and SO_2).

TEM images for sample S5_3 reveal the formation of
ZnIn,S, in form of thin sheets. Since the thickness of a
sheet folded in two is lower than 20 nm (Fig. 3a - inset), or
the thickness of a twisted cone-shaped sheet (Fig. 3b -
inset) is lower than 30 nm, it can be concluded that the
thickness of a single sheet is definitely lower than 20 nm,
possibly lower than 10 nm. The thickness of a single sheet
of ZnlIn,S, cannot be determined accurately in figure 3a -
inset due to the radius of curvature of the sheet that makes
the thickness measured in the TEM image to be greater
than the real one. These sheets are on large area single
crystal surfaces (Fig. 3 - ¢, d) that become unstable in the
form of sheets in the hydrothermal environment, so their
wrinkling occurs (similar to the one made on round filter
paper for filtration with filter funnel) with specific surface
decrease (Fig. 3a).

Fig. 3. TEM images of ZnIn,S, folded sheets for sample
S5_3 (a). "Peak to peak" assembling of folded sheets is
clearly observed for same sample (b). HR-TEM images of
same sample are also presented (c, d).

CO, and H,S micro-bubbles, formed upon
decomposition of thiourea in reactions rl and r2, may be
the centers producing the sheets bending. The adhesion
process of sheets to the liquid-gas interface is used on
large scale in the flotation process [32]. In a second stage,
the wrinkled thin sheets self-assemble "peak to peak™ (red
circle in Fig. 3-b) forming microspheres with diameters of
a few microns.

Qualitative EDS analysis revealed the presence of
zinc, indium, sulfur and trace oxygen and carbon in all
samples (Fig. 4). Carbon and oxygen were not quantified
due to possible large errors in their determination by semi-
quantitative EDS analysis.

Elemental analysis on ZnIn,S,;, hydrothermally
synthesized at pH 2.5 by Z. Chen et al, highlights also the
presence of oxygen in the sample and a uniform spatial
distribution of zinc, indium and sulfur [33], but no
reference is made regarding the material composition or
the possible substitution of S* by O in the lattice.

The presence of oxygen is attributed to both
adsorption of organic compounds [15] and semiconductor
oxidation [34]. The Zn:In:S atomic ratios in the sample
synthesized by using 5100 kPa compensating pressure is
1:3.05:5.4, with an atomic ratio S/(Zn + In) of 1.33, the
same as for compound ZnIn,S,. Lowering of pH value
from 2.24 to 1.18 leads to the decrease by 15.6% at. of the
zinc amount in the product. Literature data indicate that for
the ZnIn,S; compound synthesized in similar conditions
(hydrothermal at pH 2.5 under microwave irradiation)
global EDS analysis highlights a product slightly deficient
in indium but XPS analysis highlights a compound richer
in indium than the stoichiometric one [18].
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Fig. 4. EDS spectra normalized values for compounds
synthesized with precursors solution at pH 1.18 - blue
line, 1.98 - red-line and 600 kPa compensating pressure
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Obtaining of non-stoichiometric compounds, rich in
indium, are reported also by S. Shen et al. [34], determined
by EDS and XPS analyzes of ZnIn,S, synthesized in
water, methanol and ethylene glycol. However, a
correlation between slightly different values of Eg and the
Zn:In atomic ratio or the existence of oxygen in the bulk
material cannot be done in this case [34].

Reducing the compensating pressure from 5100 kPa
to 600 kPa for the same pH value of the precursor solution
leads to a decrease by 16.4% at. percentage of zinc and a
slight enrichment (2.3 at.%) in sulfur (Fig. 4, sample
S50 1 vs S5_3). However, XRD spectra of these samples
are very similar.

The comparative EDS and XPS data in the literature
suggest that at the semiconductor-liquid interface there is
an enrichment in indium of the compound which depends
on pH and solvent used [34, 35]. Due to the very low
thickness of ZnIn,S, sheets and, consequently, the high
specific surface of the product, the number of indium ions
on the surface represent a significant part of the total
indium ions in the sample. This explains the EDS and XPS
data which highlight the obtaining of indium-rich
compounds [19, 34] by solvothermal synthesis. The
existence of oxygen and carbon in the samples which are
not contaminated with indium hydroxide is attributed to
chemisorbed species on the surface. Some of these species
can realize the charge compensation of zinc vacancies on
the chalcogenide thin sheets surface.

DRS spectra (Fig. 5) shape is very similar for all
samples in which pure ZnlIn,S, phase is present, in
accordance with XRD analysis. Band gap values were
calculated using the DRS spectra. For direct band gap
semiconductors, E4could be calculated as [19, 36]:

ahv=const.(hv—E, )"

where: « is the absorption coefficient of the materials and
const. is a proportionality constant. 2« is equal to Kubelka
— Munk (K-M) function if the material scatters light in
perfectly diffuse manner [19, 36, 37]. The value of the
Kubelka — Munk function, fx.u, was calculated from DSR
spectrum using the equation:

where R is the ratio between sample and standard
reflectances.

The band gap energy value increases slightly with
increasing pH of the precursor solution from 2.36 eV to
2.41 eV, for the samples S5_1 and S5_4 respectively (Fig.
5 — insert 1). This increase may be due to the slightly
higher Zn:In atomic ratio with increasing pH of precursors
solution. Variation of synthesis pressure does not lead to
significant variations in the value of E;. Moreover, as it
was shown before [19], the increase of the heating rate
does not lead to a significant variation of the E4 value of
the obtained compound, but it generates an important
morphology modification. PL spectra of S5 1 and S5 3

samples show two partially overlaid emission peaks in the
547-576 nm range (Fig. 5 — inset 2). The maximum
emission at about 557 nm is due to the band-to-band
transition [19], being close to 560 nm, value obtained for
undoped ZnIn,S,[5].

4. Conclusions

ZnIny,S, was hydrothermally synthesized in nitrogen
atmosphere under microwave field at different pH values
using compensating nitrogen pressure of 100, 600 and
5100 kPa and a heating rate of 3°C/min. The increase of
precursors’ pH influences significantly the morphology of
the Znln,S, compound, allowing the formation of glued
spheres (Znln,S, spheres with flower morphology) at a
pressure of 600 kPa. Increasing pressure from 600 to 5100
kPa did not result in significant changes of morphology
but increase of synthesis pressure leads to the slight
increase of nanoparticles growth in the (011) direction.
Conversely, decreasing the compensating pressure to 100
kPa allows the solvent boiling at a temperature close to
100°C and modification of precursor concentration in the
reactor. Gas bubbles formed by boiling permit maintaining
the ZnIn,S, particles in suspension with the formation and
increase of the spheres slightly contaminated with indium
hydroxide. Decreased concentration of precursors leads to
the formation of pure phase ZnlIn,S,. The value of
semiconductor band gap is not influenced by pressure and
increases slightly from 2.36 to 2.41 eV with increasing
precursors’ solution pH from 1.18 to 2.24, probably due to
increasing Zn:In atomic ratio. Finally, based on TEM
images, a new hypothesis on ZniIn,S, thin sheets self-
assembly into microspheres is presented. Thus, packing of
single crystalline sheets around the CO, micro-bubbles
may be the first step. In a second stage, peak to peak
arrangement of packed sheets occurs with porous
microspheres formation.
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