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ZnX and CdX (X: S, Se, Te) were prepared by milling the equimolar ratio of elemental mixtures in a planetary
ball mill (Fritch P-7) in air atmosphere at room temperature. Wurtzite (ZnS: stable above 1293 K) was synthesized
by 20 min of milling via mechanically induced self-propagating reaction (MSR). The wurtzite gradually changed to
zinc blende (ZnS: stable below 1293 K) on further milling. ZnSe with wurtzite structure (metastable phase) was ob-
tained by 7 min of milling via MSR. This phase gradually transformed to the stable zinc blende-phase on further
milling. Zinc blende-phase of ZnTe was obtained by 20-30 min of milling via MSR. CdS with wurtzite structure (sta-
ble phase) was synthesized by 5-10 min of milling via MSR. This phase gradually transformed to metastable zinc
blende-phase on subsequent milling. Wurtzite phase of CdSe (stable phase) was obtained by 2-5 min of milling via
MSR. This phase gradually changed to zinc blende-phase (metastable) on further milling. CdTe with zinc blende
structure was obtained by 10 min of milling probably via MSR. PbS with NaCl structure was obtained by irradiating

the elemental mixture in methanol with ultrasound at 45 kHz using a commercial ultrasonic cleaner.
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1. Introduction for preparation of nickel-based superalloys®.

Mechanical alloying (MA) method is a Many metal chalcogenides have been prepared by

high-energy ball milling process involving repeated
welding and fracturing of powder particles”. In high
energy milling processes particles are strongly
stressed by colliding with each other and contacting
with vials and balls. The mechanical energy supplied
by the milling is transferred to the particles, intro-
ducing strain into the powders. Such a highly acti-
vated state reduces the height of energy barrier re-
quired to start the reaction, leading to the easy prepa-
ration of materials at room temperatures. MA method
is one of the useful techniques for preparation of
unique materials such as metastable materials®?,
nonequilibrium solid solution®, amorphized interme-

tallics*”, etc. This method was originally developed

the MA technique from elemental mixtures”'. ZnS,
NiS, and FeS were easily formed on high energy
grinding”. The high-temperature phase of NiS (stable
above 577 K) was formed by the MA, indicating that
the relatively high temperatures are generated during
grinding metal-sulfur mixtures®. Many metastable
phases and a high-pressure phase of copper chalco-
genides were prepared by MA method”.

II-VI semiconductor compounds such as ZnX and
CdX (X: S, Se, Te) exhibit large band gaps, making
them useful devices for short wavelength applications
in optoelectronics. CdTe is used as a y-ray detector as
well as photovoltaics'®.

These compounds have essentially two kinds of
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structure of zinc blende-type and wurtzite-type. In
Fig.1 the crystal structures of zinc blende (ZnS) and
wurtzite (BZnS) are shown. S atoms are in cu-
bic-close packed (ccp) arrangement in the zinc blende,
and in hexagonal-close packed (hcp) arrangement in
the wurtzite. In both compounds Zn atoms are tetra-
hedrally surrounded by S atoms, the tetrahedral sites
being alternately occupied by Zn atoms.

Zinc blende

Figure 1. Crystal structures of zinc blende and wurtzite. S
atoms are in ccp arrangement in the zinc blende, and are in
hep arrangement in the wurtzite. Zn atoms are tetrahedrally
surrounded by S atoms in both structures.

ZnX and CdX (X: S, Se, Te) have been reported to
be synthesized by milling the elemental mixtures by
many authors. It is particularly noticed that ZnSe and
CdSe were synthesized from elemental mixtures via a
mechanically induced self-propagating reaction
(MSR), where the reaction starts suddenly at a critical
time, accompanied by high temperature generation'”.
Recently we have observed that when Cd (or Zn) and
Se powder was separately pre-milled for 15 min, the
elemental mixture reacted to CdSe (or ZnSe) after 5 s
of milling, which is much shorter than that for MSR
without the pre-milling process'”. These results sug-
gest that in the induction period before the reaction,
the mechanical energy supplied by the ball-milling
process was employed primarily for activation of the
elemental particles.

Sonochemical reaction is induced by irradiating
ultrasound to the reactants. Shock waves induced by
the acoustic cavitation in liquid-solid slurries produce
high-velocity interparticle collisions, leading to
chemical reactions'®. We have previously applied
this technique to the preparation of copper and silver
chalcogenides'” and Pd,-Se;s'".

In the present work we prepared ZnX and CdX
by milling the elemental mixtures using a planetary
ball mill. It was found that stable phases as well as
metastable phases were easily obtained by this

method. PbS was prepared by irradiating the metha-
nol-elemental mixture slurry with ultrasound.

2. Experiments

ZnX and CdX were synthesized by milling ele-
mental mixtures with equimolar ratio using a plane-
tary ball mill (Fritsch P-7) in air at room temperature
under the following conditions: vial and ball material,
tungsten carbide; inner volume of the vial, 25 mL;
ball charge, 4 balls of tungsten carbide with 10 mm
diameter; weight of starting mixtures, ~ 0.6 g; rota-
tional speed of the planet carrier, 580 rpm; milling
time, up to 60 min.

Figure 2 shows a central part of Fritsch P-7, con-
sisting of two grinding vials arranged eccentrically on
the supporting disc. The direction of movement of the
supporting disc is opposite to that of the grinding vi-
als. As shown in Fig. 3, the large centrifugal force
induced by the rotation has higher impact energy.

Grinding vial

Supporting disc

Figure 2. Planetary ball mill (Fritsch P-7). Grinding vials

and supporting disc turn in opposite directions.

Movement of the ™
supporting disc

Centrifugal
force
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Figure 3. The illustration of inside of grinding vial in plan-
etary ball mill (Fritsch P-7).

The schematic illustration of a setup for sono-
chemical synthesis is shown in Fig. 4. The elemental
mixture with equimolar ratio (0.3 g in weight) was
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immersed in 1.0 mL of methanol contained in a glass
tube with inner diameter of 8.0 mm. The tube was
partly submerged in 1.5 dm® of water in a commercial
ultrasonic cleaner (Shimazu, SUS-103; 100 W). The
methanol-elemental mixture slurry was irradiated
with ultrasound at 45 kHz at room temperature.

10 mm
<~ >
Glass tube sk tmm
e > C
= - Water bath
. Water | \fethanol (1.0 mL)
Bl
by |- Elemental mixture
/
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Figure 4. Schematic illustration of a setup for sonochemical

synthesis using an ultrasonic cleaner.

The starting elements used were Zn (Wako Pure
Chemicals Ltd, 99.9%, powder), Cd (Wako Pure
Chemicals Ltd, 99.999%, powder), Pb (Nakalai
Tesque, 99%, powder), S (Nakalai Tesque, 99.999%,
ingot), Se (Rare Metallic Co., Ltd, 99.9999%, ingot)
and Te (Wako Pure Chemicals Ltd, 99.999%, ingot).
S, Se, and Te ingots were ground into a powder with
a ca. 50 mesh size using an agate mortar prior to the
ball milling. The samples obtained were analyzed by
powder X-ray diffraction (XRD) using a diffractom-
eter RAD-B (RIGAKU) with CuKa radiation. Scan-
ning electron microscopy (SEM) observations were
carried out by using a JEOL JXA-8900 instrument.

3. Results and discussion
3-1 Mechanical alloying synthesis of ZnS

ZnS has two stable phases of aZnS (zinc blende:
stable at < 1293 K) and BZnS (wurtzite: stable at >
1293 K)'®). Figure 5 gives XRD patterns of Zn-S after
various periods of ball milling of elemental mixture.
No reaction was observed by milling for 20 min. Af-
ter 25 min of milling, the wurtzite suddenly appeared.
On further milling, the pattern of wurtzite gradually
changed to that of zinc blende. Almost single phase
of zinc blende was obtained by 60 min of milling.
The transition from wurtzite to zinc blende has been
already observed in MA of Zn-S" 2"

It is notable that the starting mixture suddenly re-

acted to the wurtzite phase between 20 and 25 min of
milling, suggesting that the compound was produced
via MSR (mechanically induced self-propagating re-
action). XRD patterns of Zn-S obtained by milling
the elemental mixture from 15 to 20 min are shown in
Fig. 6. The reaction occurred between 19 and 20 min
of milling, exhibiting that the product was produced
by the MSR. The discrepancy on the starting reac-
tion-time between Fig. 5 and Fig. 6 may be due to the
small difference of experimental conditions.
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Figure 5. XRD patterns of Zn-S obtained by ball milling of

elemental mixture for various periods.
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Figure 6. XRD patterns of Zn-S obtained by milling the
elemental mixture every 1min. The wultzite phase appeared
suddenly between 19 and 20 min.

The MSR resembles to the self-propagating
high-temperature reaction (SHS). For the SHS, the
adiabatic temperature, defined as the final tempera-
ture, is used as a measure of self-heating. For MSR,
the quantity -AH,es/Cros (AHa9g: reaction enthalpy,
Cyos: heat capacity) is often used as a simpler substi-
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tute for the adiabatic temperature'”. MSR occurs in
the condition of -AH,93/Cs9s > 2000 K for all materi-
als™. Using available data, the value of -AH,98/Crog
for ZnS (zinc blende) was estimated to be 3570 K,
confirming the MSR. The value for wurtzite would
not be so different from that of zinc blende.

Figure 7 (a) and (b) show SEM images of ZnS ob-
tained by milling the elemental mixture for 19 min
and for 20 min, respectively. The particles in Fig. 7
(b) seem to be aggregates of much smaller particles
than those of Fig. 7(a), indicating the mixture was
suddenly reacted by milling for 19-20 min.

Figure 7. SEM images of ZnS obtained by milling for 19

min (a), and for 20 min (b). The abrupt morphology change
shows that the reaction is of the MRS type. Scale bars in-
dicate 100 pum.

3-2 Mechanical alloying synthesis of ZnSe

ZnSe occurs mainly in two phases: one with zinc
blende structure (a.ZnSe: stable)*” and the other with
wurtzite structure (metastable)*?. The latter is able to
be obtained by vapor deposition’”. ZnSe has been
prepared by MA method”?®.

Figure 8 shows XRD patterns of Zn-Se obtained by
milling the elemental mixture of Zn and amorphous
Se for different times. The wurtzite phase suddenly
appeared after 7 min of milling, indicative of the
MSR. Preparations via MSR of ZnSe have been al-
ready reported in many literatures'>***?. The wurtz-
ite phase gradually changed to the zinc blende phase
on further milling. As shown in Fig 9, the almost sin-
gle phase of zinc blende-type was obtained by 20 min
of milling. The value of -AH,9/Cs9g for ZnSe was es-
timated to be 3084 K'?.

Figure 10 gives SEM images of Zn-Se particles
obtained by 6 min of milling (a) and 7 min of milling
(b) of elemental mixture. The particles obtained by 6
min of milling seem to be unreacted, but those ob-
tained by 7 min of milling seem to be uniformly re-
acted powders, apparently indicating the reaction is

of MSR. Morphological change induced by MSR on
this compound was observed more clearly by
HAADF-STEM images'?.
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Figure 8. XRD patterns of Zn-Se obtained by milling the
elemental mixture (Zn + Se) for various periods.
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Figure 9. XRD patterns of Zn-Se obtained by milling the
elemental mixture for various periods.

Figure 10. SEM images of Zn-Se particles obtained by
milling the elemental mixture for 6 min (a), and for 7 min
(b). The sudden morphology change suggests the reaction
was promoted by MRS. Scale bars indicate 100 pum.

3-3 Mechanical alloying synthesis of Zn(S,.,Se,)
Figure 11 gives XRD patterns of Zn(S,.Se,) ob-



Synthesis of Zn and Cd chalcogenides via mechanically induced self-propagating reaction and sonochemical synthesis of PbS 5

tained by milling the elemental mixture for 30 min.
All patterns show the zinc blende structure. Calcu-
lated lattice parameter of ZnS and ZnSe were a =
0.5390 nm and 0.5660 nm, respectively, which are

: : 31,32
consistent with reference values®'*?.
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Figure 11. XRD patterns of Zn(S;_Se,) system obtained by

milling the elemental mixture of Zn, S, and Se for 30 min.
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Figure 12. XRD patterns of Zn(S,gSe,,) obtained by mill-

ing the elemental mixture for various periods.
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Figure 13. XRD patterns of Zn(Sy,Seqs) obtained by mill-

ing the elemental mixture (Zn, S, Se) for various periods.

Figure 12 gives XRD patterns of Zn(SysSe,) ob-

tained by milling the elemental mixture for different
times. The wurtzite phase formed by milling between
10 and 20 min, and then transformed to the zinc
blende-phase after 30 min of milling. It is noticed that
the reaction did not start before 10 min of milling, in
spite of that the wurtzite phase was formed by 7 min
of milling for ZnSe. Figure 13 shows XRD patterns
of Zn(Sy,Seqs) obtained by MA. Zinc blende-phase
appeared between 10 and 20 min of milling. For the
other compositional samples of 0.3 <x < 0.7, the re-
action was also observed to start between 10 and 20
min of milling, suggesting that ZnS and ZnSe do not
start to react independently, but three elements start
to react at the same time via MSR.

Figure 14 shows x dependence of parameter a of
zinc blende-type of Zn(S,.,Se,) system. The parame-
ter almost linearly changes with x, obeying the Ve-
gard’s rule, indicating that this system has a complete
solid solution.
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Figure 14. Lattice parameter a vs. x in Zn(S;_Se,) with zinc
blende structure obtained by milling the elemental mixtures

for 30 min

3-4 Mechanical alloying synthesis of ZnTe

ZnTe has blende-phase
(aZnTe)**". ZnTe has been synthesized recently by
MA method*>®. Figure 15 shows XRD patterns of
Zn-Te obtained by milling the elemental mixture for
different times. After 10 min of milling, a small
amount of zinc blende-phase appeared. The amount
of this phase suddenly increases between 10 and 20
min of milling. Small amounts of Zn and Te together
with ZnO were detected even after 30 min of milling.
This reaction seems to be of the MSR type, because

mainly a zinc

the reaction did not proceed by subsequent milling
after 20 min. By using available thermodynamic data
of ZnTe, the adiabatic temperature of -AH,95/C>95 Was
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estimated to be 2315 K, suggesting the MSR.
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Figure 15. XRD patterns of Zn-Te obtained by milling the
elemental mixture for different periods.

3-5 Mechanical alloying synthesis of CdS

Stable phase of aCdS has wurtzite-type structure’”.

When prepared by vapor deposition or from aqueous
solution, CdS forms as a metastable zinc blende-
phase’”. Wurtzite phase of CdS was obtained by
milling the elemental mixture’®. Figure 16 gives
XRD patterns of Cd-S obtained by milling the ele-
mental mixture for different times. The wurtzite
phase appeared after 10 min of milling. This phase
was not observed by 5 min of milling, indicating that
the reaction suddenly occurred by milling between 5
and 10 min, suggesting that the reaction is of the
MSR type. The value of -AH,g5/C,95 for CdS was es-
timated to be 2380 K, confirming the MSR. On fur-
ther milling the wurtzite phase gradually transformed
to the metastable zinc blende phase.
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Figure 16. XRD patterns of Cd-S obtained by milling the

elemental mixture for various periods.

3-6 Mechanical alloying synthesis of CdSe

CdSe has mainly two phases with the wurtzite
structure (stable)®” and the zinc blende structure
(metastable)*”. MA synthesis of CdSe has been al-
ready reported by some authors™?". We have re-
cently reported the wurtzite phase appeared via MSR
by 2 min of milling using Fritch P-7'%. Figure 17
shows XRD patterns for Cd-Se obtained by milling
the elemental mixture for various periods. The wurtz-
ite phase appeared after 5 min of milling. On subse-
quent milling, the wurtzite phase gradually trans-
formed to the zinc blende phase.
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Figure 17. XRD patterns for Cd-Se obtained by milling the

elemental mixture for different periods.

3-7 Mechanical alloying synthesis of CdTe

CdTe has mainly two phases: a stable phase with
142 and a metastable phase with
wurtzite structure®. MA synthesis of CdTe has been
reported in earlier literatures*”. Figure 18 shows
XRD patterns for Cd-Te obtained by milling the ele-
mental mixture for different times. Zinc blende-phase
appeared in 10 min of milling. Almost single phase of

zinc blende-type was obtained by 30 min of milling.
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Figure 18. XRD patterns for Cd-Te obtained by milling the

elemental mixtures for various periods.
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The value of -AH,93/Cso3 for CdTe was estimated to
be 1835 K, which is somewhat smaller than the crite-
rion value of 2000 K for the occurrence of MSR.
However, the sudden appearance of CdTe as well as
no further reaction after 10 min of milling suggests
that the reaction is promoted by MSR. The wurtzite
phase was not obtained in the present study.

3-8 MA and Sonochemical syntheses of PbS

PbS forms a stable phase with NaCl structure®”.
MA synthesis of PbS has been already reported*®.
Figure 19 shows XRD patterns of Pb-S obtained by
milling the equimolar ratio of elemental mixture. PbS
appeared by 5 min of milling, and the single phase
was obtained by 30 min of milling. The value of
-AH,03/Cy93 for PbS was estimated to be 2140 K,
suggesting the MSR, although the amount of Pb
gradually decreases with milling time after 5 min.
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Figure 19. XRD patterns of Pb-S obtained by milling the

elemental mixture.
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Figure 20. XRD patterns of Pb-S obtained by irradiating the
elemental mixture in methanol with ultrasound at 45 kHz

for different times at room temperature.

Figure 20 shows XRD patterns of Pb-S obtained by
irradiating the elemental mixture of equimolar ratio
in methanol with ultrasound at 45 kHz for different
times. PbS gradually appeared with increasing the
time of ultrasonic irradiation. The starting elements
of Pb and S, however, remain even after Sh of milling.
PbS was not able to be obtained by irradiation of ul-
trasound at both 28 kHz and 100 kHz.

Figure 21. SEM images of Pb particles obtained by irradi-

ating the elemental mixture (Pb + S) in methanol with ul-
trasound at 45 kHz: (a) before irradiation, (b) after 3 h of
irradiation, (c) after 4 h of irradiation, (d) after 5 h of irra-
diation. Scale bars indicate 20 um (a), and 10 um (b, c, d).

e ———

10 pm

Figure 22. SEM images of S particles: (a) starting S parti-
cles. (b) S particles after irradiating the elemental mixture
(Pb + S) in methanol with ultrasound at 45 kHz for 5 h.
Scale bars indicate 10 um for both figures.

Figure 21 shows SEM images of Pb particles ob-
tained by irradiating the elemental mixture of Pb and
S with ultrasound at 45 kHz at room temperature.
With increasing irradiation time, the smooth surfaces
of starting Pb particles changed to rough ones, and
the round shape of the starting particles changes to
deformed shape covered with aggregates of small ir-
regular particles. These results clearly show that the
reaction proceeded with increasing the irradiation
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time. These images resemble to our previous results
of sonochemical synthesis of Cu and Ag chalcogeni-
' where the reaction proceeded from the surface
to the inside of each particle with increasing the irra-

des

diation time, exhibiting a clear boundary between the
pure elements and the products*”. It may be also the
case in the present study, although we have not ob-
served the inside of the particles.

Figure 22 shows SEM images of starting S parti-
cles (a) and SEM images after irradiating the ele-

mental mixture (Pb and S) with ultrasound for 5 h (b).

Like Pb particles, the S particles after 5 h of irradia-
tion are covered with smaller grains.

We have failed to prepare the following com-
pounds by the sonochemical method presently used:
BiS (45 kHz), BiSe (45 kHz), CdS (28 kHz, 45 kHz,
100 kHz), CdSe (28 kHz, 45 kHz, 100 kHz), GeS (45
kHz), GeSe (45 kHz), PbSe (45 kHz), SnS (45 kHz),
SnSe (45 kHz), ZnS (28 kHz, 45 kHz, 100 kHz),
ZnSe (28 kHz, 45 kHz, 100 kHz).

4. Summary
ZnX and CdX (X: S, Se, Te) were prepared by
milling the equimolar ratio of elemental mixtures us-
ing a planetary ball mill (Fritsch P-7) in air atmos-
phere at room temperature. Obtained results are
briefly summarized as follows.
ZnS:
+ Wurtzite phase (high-temperature phase) was ob-
tained by 20 min of milling via MSR.
+ Zinc blende-phase (low-temperature phase) was
obtained by 30 min of milling.
ZnSe:
+ Waurtzite phase (metastable) was obtained by 7 min
of milling via MSR.
+ Zinc blende-phase (stable) was obtained by 10 min
of milling.
ZnTe:
« Zinc blende-phase (stable) was obtained by 30 min
of milling via MSR.
+ Wurtzite phase does not exist.
CdS:
+ Wurtzite phase (stable) was obtained by 5 min of
milling via MSR.
+ Zinc blende-phase (metastable) was obtained by
30-60 min of milling.
CdSe:
+ Wurtzite phase (stable) was obtained by 2 min of

milling via MSR.

+ Zinc blende-phase (metastable) was obtained by

~30min of milling.
CdTe:

+ Wurtzite phase (metastable) was not obtained.

+ Zinc blende-phase (stable) was obtained by 10 min

of milling possibly via MSR.

These results for ZnX and CdX are summarized in
Table 1. Existing phases including metastable phases
were prepared by MA, except for the tellurides. It
was observed commonly in these compounds except
for the tellurides that the wurtzite phase was first
prepared via MSR, regardless that each wurtzite
phase are in the stable or in the metastable state. The
MSR may give some preferable influences for the
production of the wurtzite phase rather than the zinc
blende phase.

Table I. Preparation results of ZnX and CdX (X : S, Se, Te)
obtained by milling the elemental mixtures in planetary ball
mill (Fritsch P-7) at room temperature; the mark “O+
MSR” indicates the successful preparation via MSR, the
mark “O” the occurrence of zinc blend-phase on further
milling after the appearance of wurtzite phase, and the

mark “ X" unsuccessful preparation.

ZnS | ZnSe | ZnTe CdS | CdSe | CdTe

Published| Stable Meta- | Meta-
data < 1ogi | Stable | Stable | gape | stable Stable

Zinc blende
type

Present O O O o O O

results

MSR MSR
Published| Stable | Meta- Meta-
data 1293k | stable — Stable | Stable stable
Waurtzite
pe Present O O _ (@] O X
results MSR MSR MSR MSR

PbS with NaCl structure was obtained by milling
the elemental mixture for 30 min using Fritsch P-7.
This phase was also obtained by irradiating the ele-
mental mixture in methanol with ultrasound at 45
kHz using a commercial ultrasonic cleaner.

This paper was prepared based on the master’s
thesis for graduate school of science submitted by
Kenta Ishimaru (2012).
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