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Table 1. EBEH 2R E THE S h 3K FO—f5I
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HREROT) H—H— [um] no.
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ZrO2 1Bt 1-3 2
Al203, BaO i/ EEERIE 05-15 3
TiO2 1VT7ORFI KR 0.2-0.3 4
Y-Ba-Cu-O% TEERIE -1 5
Bi-Ca-Sr-Cu-O% fHEIE 01-2 6
ZnO-TiO2 TEERIE 04-05 7
CoAl204 WMERIE -9 8
CuCr204 FHERIE 0.015-0.12 8
PbCr204 FEERIE 0.015-0.4 8
CoFe204 1Bt 0.02-0.17 8
(Mn,Zn)Fe204 181L4 0.02-0.2 8
BaO-6Fe203 121t 0.02-0.18 8
ZnS, CdS mHES. FARE 02-15 9
ZnS-CdS TEERIE. FARE 03-15 10
SiaN4 RUDSH 0.38 11
C60/70-Rh Bt 0.02 - 0.1 12
Ag REE 04-05 13
Pd WHEIE. 181k 0.2 14
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7.2 Preparation of zinc sulfide and cadmium
sulfide fine particles with different particle
sizes by an ultrasonic spray pyrolysis

14



Preparation of zinc sulfide and cadmium sulfide fine
particles with different particle sizes by an ultrasonic

spray pyrolysis

1 Introduction

The particle preparation process in which submicrometer-sized particles are
dispersed in the gas phase is called aerosol synthesis. Aerosol synthesis can be
divided into the gas-to-particle conversion process and droplet-to-particle conversion
process ( Okuyama, 1988; Okuyama et al., 1991). The preparation of fine particles
using aerosol processes has become an important techique in making carbon black,
oxide ceramic and magnetic materials. The spray-pyrolysis method is a representative
droplet-to-particle conversion process, which has following advantages: (i) the
particles produced are spherical, (ii) the distribution of their diameters is uniform and
controllable from micrometer to submicron meter, (iii) the purity of the products is
high, and (iv) the process is continuous. This technique has been applied to the
preparation of a variety of particles. Our laboratory has recently prepared several metal
oxide particles such as high-Tc oxide superconductors in the Y-Ba-Cu-O and Bi-(Pb)-
Ca-Sr-Cu-O systems, ZnO and Zn0O-TiO, composites (Tohge et al., 1988; Tohge et
al., 1989; Ohshima et al., 1992; Ohshima et al., 1993). In general, aqueous solutions
of metal salts are used as solutions to be sprayed, and the pyrolyzed products are the
particles of oxides.

On the other hand, thiourea forms complexes with a variety of metal salts in
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aqueous and alcoholic solutions. These thiourea complexes can be thermally
decomposed to form metal sulfides and thus solutions containing thiourea complexes
are used to prepare metal sulfide films by the spray deposition process (chemical
aerosol deposition technology: CADT) and dip-coating process (Feigelson et al.,
1977; Rajaram et al., 1983; Richard et al., 1984; Krunks et al., 1986; Karanjai and
Dasgupta, 1987). Thiourea complexes also have recently been applied to disperse
sulfide particles of nanometer-size in silica glasses through the sol-gel process (Tohge
et al., 1992; Tohge and Minami, 1992). In the previous study (Tohge et al., 1995;
Tamaki et al., 1995) , we have confirmed the availability of spray-pyrolysis technique
as a direct preparation process of fine powders of ZnS and CdS. In these studies,
preparation conditions where ZnS and CdS particles were produced directly, were
discussed without changing the concentration of starting solution. In the spray-
pyrolysis process, the particle size and morphology can be changed depending on the
heating temperature, the rate of solvent evaporation, and the concentration of starting
solutions.

In this study, the formation of fine particles of ZnS and CdS with different
particle sizes was investigated by changing the concentration of the aqueus solutions
of the corresponding thiourea complexes and temperature profile in the reactor. The
morphology and crystalline phase of metal sulfide particles were studied in terms of
the preparation conditions and concentration of spraying solution. Namely, the particle
size distributions were controlled by changing the concentration of spray solutions.
The crystalline phases and fluorescence property of fine particles were examined as a
function of particle size. The main goal was to demonstrate that the spray-pyrolysis
method is an available and promising technique for the preparation of standard metal

sulfide fine particles with different particle sizes.
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2 Experimental procedure

The system used for the preparation of ZnS and CdS fine particles is
schematically shown in fig.1. This spray-pyrolysis system, which was similar to the
system used in a previous study (Tamaki et al., 1995) , consisted of an ultrasonic
nebulizer, a reaction furnace and a electrostatic precipitator. The starting solution was
atomized at the frequency of 1.75 MHz by an ultrasonic nebulizer (Omron Co., Model
NE-U11B), which was cooled with running water and the level of the spray solution
was kept constant, to ensure the constant rate of generation of droplets. The spray
solution was prepared by dissolving proper amounts of Zn(NO,), or Cd(NO5), and
thiourea SC(NH,), into ultrapure water. The concentrations of Zn(NOj3), and
Cd(NO3), were changed from 0.001 to 0.1mol/l, and from 0.01 to 0.3mol/l,
respectively, while the molar ratio of Zn(NO 3), and Cd(NO 3), to thiourea was kept at
1:2, respectively (Tohge and Minami, 1992). The tubular furnace, or laminar flow
aerosol reactor, used in the present study was a high-quality ceramic tube of 15 mm-
inside diameter and about 1000 mm-long. The reaction furnace consisted of five
independently-controlled heating zones, each 200 mm in length, separated by about 5
mm low-density insulation zones. The temperature of each heating zone was
controlled to within 2°C with a temperature controller: T1, T2, T3, T4, and T5 indicate
the wall temperatures at the middle of the each heating zone. The setting of five zones
enables to provide desired temperature distribution.

In the present work, temperature profiles changed around 600°C in ZnS-
preparation, and around 700°C in the case of CdS-preparation. The good crystallinity
of ZnS and CdS particles can be formed at temperature profiles changed around 600°C
and 700°C, respectivelly, as described in the previous studies (Tohge et al., 1995;
Tamaki et al., 1995). The present work also investigated the effects of the temperature

distribution on the crystalline phases and morphology of the particles. Fig. 2 shows
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Fig. 1 Schematic presentation of the ultrasonic spray-pyrolysis

system used in the present study.
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the temperature profiles in the reactor for two typical cases, (a) constant and (b)
increasing distributions.

The generated droplets were carried to the reaction furnace by N, gas, with the
flow rate of 2.0 I/min, the corresponding residence time of a carrier gas in the furnace
being estimated to be 5.3 s. The particles generated from the furnace exit were
collected using an electrostatic precipitator, which was maintained at around 200°C, to
avoid the condensation of water on the particles (Tohge et al., 1995) .

The particles obtained were examined by X-ray diffraction (CuKa, XRD,
Rigaku-Denki Corp., model RINT 1000), scanning electron microscopy (SEM, JEOL
Corp., model JSM-T100), respectively.

The fluorescence measurement system was composed from a N, laser (377nm in
wavelength) as the excitation light source, a sample cell, a monochrometer, a photo
multipier, a box-car integrator and a function generator as the supplier of code to laser
and box-car integrator (Fig.3). An optical filter (UV36) was installed in a
monochrometer to cut the excitation light reflecting from the sample cell. Each samples
were spread on a nonfluorescent quartz plate with acetone, and after that, the samples
were dried. These all equipments were setted inside a vessel in vacuum condition, and

cooled down to 80+£3K by a liquid Nitrogen.
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3 Results and discussion
3.1 Zinc sulfide particles preparation

Fig.4 shows X-ray diffraction patterns of the ZnS particles obtained from
different solution concentrations at the constant temperature distribution of 600°C. The
peaks assigned to the hexagonal phase of ZnS can be seen for all solution
concentrations, but the peak height tends to decrease with the decrease in solution
concentration, showing a decrease in crystallite size. In the pattern of particles
generated at the concentration of metal nitrate of 0.05 and 0.1mol/l, their peaks show
that ZnS particles of good crystallinity particles are formed.

Fig.5 shows SEM photographs of ZnS particles prepared under the same
conditions as those in fig.4. As observed in the previous paper (Tohge et al., 1995),
the surface of the particle is rather found to be smooth. As the concentration increases,
it can be found that the particles sizes also increase. At the lowest concentration of
0.001mol/l, the prepared particles were necking each other, but at higher
concentrations, particles seem to be separately formed. This shows that the particle
size can be controlled by changing the concentration of starting solution.

Fig.6 shows the fluoresence spectral of the ZnS particles obtained by changing
the solution concentration, 0.01, 0.05, and 0.5 mol/l. For all the particles, a rather
broad emission peak is observable at around 475 nm. This emission can be ascribed to
the electronic transition involving defect or impurity centers but not to the band
transition, because the excitation energy (N, laser) used here was insufficient for the
excitation of fundamental adsorption of ZnS. There are no changes of fluoresence
spectra in these concentrations range. Thus, particles size did not affect the fluoresence

spectra in this range.

22



Hexagonal ZnS (Reference)

Intensity [arbitary units]
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Fig.4. X-ray diffraction patterns of ZnS particles prepared at
different starting-solution concentrations (Cs, mol/l); (a)
0.001, (b) 0.05, (c) 0.1, and (d) 0.5.

23



Fig.5. SEM photographs of ZnS particles prepared at different
starting-solution concentrations (Cs, mol/l); (a) 0.01, (b) 0.05,
(¢) 0.1 and (d) O.5.
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Fig.6 The relation between the fluoresence spectra of ZnS particle and
the starting-solution concentrations (Cs, mol/l); (a) 0.01, (b)
0.05, and (c) 0.5.



3.2 Cadmium sulfide particles preparation

Fig.7 shows XRD patterns of particles prepared at 700°C from the different
starting solutions: 0.01, 0.05, 0.1 and 0.3 mol/l. As examined for ZnS particles, the
peaks assigned to the cubic phase of CdS can be seen for all solution concentration,
but the peak height tends to decrease with the decrease in solution concentration
showing a decrease in crystallite size. Fig.8 shows SEM photographs of CdS particles
prepared at different concentrations. CdS particles have rough surface due to the
growth of crystallite in the particles, whereas the surface of ZnS was smooth. The
rough surface is originated from primary particles which aggregated each other. It
shows that both aggregation and primary particle sizes become larger with increasing
solution concentrations.

Fig.9 shows the fluorescence spectra of the CdS particles obtained by changing
the solution concentration, 0.01, 0.05, and 0.5 mol/l. These particles show a sharp
emission peak at around 500 nm, which is very close to the band gap of CdS. As ZnS

particles, there are no changes of fluorescence spectra in these concentrations range,

indicating that CdS particles size did not affect the fluoresence spectral.

3.3 The effects of the temperature distribution on the characteristics of
the particles

In the increasing temperature distribution, the temperatures were set so that the
particles were subjected to the gradual evaporation and subsequent nucleation in the
liquid-to-particle conversion process.

In the present work, the effects of the temperature distribution on the crystalline
phases and morphology of the particles were expected. We prepared the ZnS and CdS
particles under the temperature profiles of the reactor furnace for two typical cases
described in fig.2, respectivelly. The X-ray diffraction patterns and SEM photographs
of the particles obtained at two cases of reactor temperature distributions were shown
in fig.10 and fig.11.
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Fig.7 X-ray diffraction patterns of CdS particles prepared at
different starting-solution concentrations (Cs, mol/l); (a)
0.01, (b) 0.05, (c) 0.1, and (d) 0.3.
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Fluorescence [arbitary units]
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Wave length [nm]

Fig.9. The relation between the fluoresence spectra of CdS particle
and the starting-solution concentrations (Cs, mol/l); (a) 0.01,
(b) 0.05, and (c) 0.5.
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The X-ray diffraction patterns and SEM photographs of the particles obtained at
increasing reactor temperature distributions showed the trends similar to the
characteristics of the particles prepared at constant reactor temperature. But the SEM
photographs of the CdS particles (Fig.11 (b) showed a morphological change.
Comparing with the particles obtained at increasing temperature, at constant reactor
temperature distributions, sintered like primary particles of CdS were observed. More
studies are needed to investigate the effects of temperature distribution of the reactor
furnace, since only the crystalline phases and morphology of the particles were

examined in this work.

3.4 Relation between particle size and concentration of metal nitrate
The relation between the droplet size and the solid particle size was discussed by
Zhang and Messing (1990) , and by Pluym et al.(1993) .
Now, assuming that one droplet changed into one dense spherical particle inside
the reaction furnace. The final volume mean diameter of the solid fine particles, dp,

can be given by the following equation, derived from the mass balance of the system.
d,>=MDg Cy) /1000 Pp (1)

where C; is the concentration of the solution in mol/l, M is the molecular weight, Pp 18
the theoretical density of ZnS and CdS, and Dy is the volume mean diameter of
solution droplets. For ZnS, Pp is known to be 4.09 g.cm"3 and M is 97.46 and for
Cds, Pp is reported to be 4.80 g.cm™, and M is 144.47. Accordingly, equation (1)

can be written as

7nS : dp =(.288 DdCLY1/3 (2)
CdS: dp =0.311 DdCSI/B 3)
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Fig.10 X-ray diffraction patterns of particles prepared at constant
and increasing temperature distribution. (a) ZnS particles.
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Fig.10 (continued) (b) CdS particles.
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Fig. 12 The relation between the mean volume diameter (dp) of ZnS
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Fig.12 shows the changes in the volume mean diameter of ZnS and CdS
particles formed dp, with the concentration of the starting aqueous solution, Cs.
Fig.13 shows a volume mean diameter distribution of atomized water droplets using
an ultrasonic nebulizer; this was measured by a light-scattering particle-size analyser
(Malvern Instruments Corp., Mastersize DPF). Dn is the number concentration in the
size range, and N is the total particle number concentration. The volume mean
diameter of water droplets was 4.56 micrometer. The droplet size distribution did not
change for the concentration range of metal nitrate in the solution used in this
experiment. The solid lines in fig.12 are equation (1).

ZnS particles size agrees quite well with the theoretical results. CdS particles size
was comparatively shown to be bigger than the theoretical particles size. It is due to
the existence of primary particles that construct the aggregated particles of CdS. From
the tendency of fig.12 that particles size obtained by the experiment differs from the
theoretical one, especially at low concentration of start solution, we also consider that
inside the reactor, the evaporation rate of low concentrations droplets are larger than
the ones of high concentrations, therefore low concentrations particles trend to be

aggregation.

4 Summary

Fine particles of ZnS and CdS with different sizes were prepared by an
ultrasonic spray-pyrolysis technique using various concentrations of the starting
solutions. It was observed that both ZnS and CdS particles were spherical, but CdS
was the aggregation particle constructing from the primary particles, whereas the
surface of ZnS particle was smooth. As the concentrations increase, it can be found
that both ZnS and CdS particle sizes also increase. The effects of the temperature
distribution on the crystalline phases and morphology of the particles obtained were

investigated and a morphological change was shown in the case of CdS particles. This
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study also indicated that the changing the concentrations of starting solutions did not

affect the fluorescence spectra of the particles.
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Fig.13 Size distribution of droplets using an ultrasonic nebulizer
(see notation in the text).
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7.3 Formation of submicron copper sulfide particles
by an ultrasonic spray pyrolysis
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Formation of submicron copper sulfide particles by
an ultrasonic spray pyrolysis

1 Introduction

The application of fine particles as advanced materials is depended on their size,
morphology and chemical property. Among the continuous techniques to prepare
submicron particles, spray pyrolysis is the most suitable one that has advantages as the
high purity and the uniformity in size and composition of the prepared particles. In the
process, the starting solution is atomized into droplets, subsequently solvent
evaporation and pyrolysis in the droplets occur in a heated zone and the solid particles
are formed. In our previous studies (Tohge et al.,1995; Okuyama et al., 1997), spray
pyrolysis was utilized as a promising method for the preparation of zinc sulfide and
cadmium sulfide fine particles. The crystalline phases and fluorescence properties of
these fine particles were examined as a function of particle size, which was controlled
by changing the concentration of spray solutions (Okuyama et al., 1997).

The study of copper sulfides Cu,S (x = 1 - 2) especially in a form of thin films,
is of interest due to numerous technological application in the achievement of solar
cells (Boer, 1977; Nair et al., 1993). At room temperature range, CuXS is known to
exist in five stable phases (Loferski et al., 1979), with x = 1 (covellite), 1.75 (anilite),
1.8 (digenite), 1.95 (djurleite), and 2 (chalcolite). Various techniques are generally
employed to prepare Cu, S thin films. Using spray pyrolysis, the formation of Cu, S

thin films has been investigated for x > 1 (Vedel et al., 1980) and recently for x =1
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(Krunks et al., 1997; Nascu et al., 1997). In these studies, the crystalline phase and
the optical properties of the thin films were discussed without considering the
morphology.

For a better understanding of the formation of copper sulfide particles and their
possible application in the thin films, this paper reports, for the first time, the
formation of spherical and solid submicron copper sulfide particles by spray
pyrolysis. The effects of experimental parameters on the crystalline phase and

morphology of particles were studied.

2 Experimental procedure

Spray solutions were prepared by dissolving appropriate amounts of thiourea
(SC(NH,),) and copper nitrate trihydrate (Cu(NO3),-H,0) into distilled water. The
molar ratio of the metal nitrate to thiourea was varied from 1:1 to 1:5. The
concentrations of metal nitrate in the solution were changed from 0.01 to 0.05 mol/l.
We did not investigate the solutions with Cu:S ratio over 1:5 and the concentration
over 0.05 mol/l, due to the limit of solubility (around 0.03 wt %). The precipitate
appeared in the solution during 2 h up to 8 h, depending on the concentration of the
solution and molar ratio of Cu:S. Using the precursors of CuCl, and thiourea, Krunks
et al. (1997) also reported the appearance of the precipitate and the change in
solution's color at higher concentrated solutions (0.1-0.2 mol/l).

A typical experimental setup presented in our previous study (Okuyama et al.,
1997) was used. The system consisted of an ultrasonic nebulizer, a tubular furnace,
and an electrostatic precipitator. The 1000 mm-length furnace of 13 mm diameter
consisted of five independently-controlled heating zones enables us to provide desired
temperature distribution. In the present work, the temperature distribution was set to
‘constant profile' (Okuyama et al., 1997). The furnace temperature (Tf) was

maintained at 200-900°C. The lowest temperature of 200°C was chosen because it was
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reported that CuS phase films were deposited at temperature higher than 200°C (Nascu
et al., 1997) and 220°C (Krunks, 1997) by spray pyrolysis of aqueous solutions
containing thiourea.

Droplets generated by ultrasonic nebulizer were transported to the tubular
furnace using nitrogen as a carrier gas, with the flow rate of 0.5, 1.0 and 2.0 I/min.
The corresponding residence time of a carrier gas in the furnace was estimated to be
10, 5 and 2.5 s, respectively. The particles generated from the furnace exit were
collected using an electrostatic precipitator, which was maintained at around 150°C, to
avoid the condensation of water on the particles (Okuyama et al., 1997). The particles
obtained were examined by X-ray diffraction (XRD, CuKa, Rigaku-Denki Corp.,
model RINT 1000) and scanning electron microscopy (SEM, JEOL Corp., model
JSM-T100).

3 Results and discussion

First, the effects of the pyrolysis temperature (furnace temperature, T;) on the
crystalline phases of particles prepared are studied. Figs. 1 and 2 show X-ray
diffraction patterns of the particles prepared with the gas flow rate of 2.0 I/min and the
solution concentration of 0.05 mol/l. Fig.3 shows the relation between Cu:S molar
ratio and the temperature on the formation of the single CuS phase, which is shown by
a shadowed area (symbols O).

For Cu:S molar ratio of 1:2 and T = 200°C (fig.1(c)) and 300°C, the particles
are the single covellite phase copper sulfide with hexagonal structure. Using the molar
ratio of 1:5, the single covellite phase particles can be prepared at a relatively wide
temperature range, from 200 up to 600°C (figs. 2(b, c, d)). The upper limit value of
600°C is somewhat high and has not been reported in the preparation of CuS thin
films by spray pyrolysis (Krunks et al., 1997; Nascu et al., 1997)

The results indicate that in the sulfur-rich side, the single crystalline phase can be
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obtained at the higher temperature. Particles prepared at the outside shadowed area
(symbols A) contain the mixed phase of Cu ¢S (digenite) and CuS (covellite). The
formation of the mixed stable phases of Cu; ¢S and CuS was reported in thin films
prepared by metal-organic chemical vapor deposition (Nomura et al., 1996).
However, after CuS phase was formed, the formations of CuS XOy phase films were
also reported at temperatures of 410 (Krunks et al., 1997) and 250°C (Nair et al.,

1993), probably due to the use of air atmosphere that leads to the easier oxidation.
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Fig. 1 XRD patterns of the copper sulfide particles prepared.
Experimental conditions: Cu:S molar ratio 1:2 (a-c) and 1:1
(d), solution concentration 0.05 mol/l, and carrier gas flow
rate 2.0 I/min. Furnace temperature (°C) as follows: (a) 600,
(b) 400, (c, d) 200. Symbols V represent Cu, ¢S phase.
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Fig. 2 XRD patterns. Experimental conditions: Cu:S molar ratio 1:5,
solution concentration 0.05 mol/l, and carrier gas flow rate 2.0
I/min. Furnace temperature ("C) as follows: (a) 800, (b) 600,
(c) 400, and (d) 200. Symbols V represent Cu, ¢S phase.

For Cu:S = 1:2, CusS particles prepared at the lower temperature have stronger
crystalline peaks than those of higher temperatures. From the calculation of crystallite
sizes (d o) using Scherrer's equation, it can be shown that d. of CuS prepared at Ty =
200°C (39 nm) is somewhat larger than that of T; = 300°C (20 nm). The XRD peaks
assigned to the single covellite phase are also obtained when, (i) the residence time is
changed from 2.5 to 10 s, and (ii) the solution concentration is changed from 0.05 to
0.01 mol/l, in the case of Cu:S ratio of 1:2 and T¢ = 200°C. However, the particles
prepared from 0.01 mol/l solution showed lower crystallinity (d, =23 nm) compared

with that of 0.05 mol/l (d , = 39 nm). Also, a slight decrease in the crystallite size (d.
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= 34 nm) is found by prolonging the residence time (the flow rate of 0.5 1/min). This
can be ascribed that increasing the temperature or prolonging the residence the time

will drive the Cu, S (x is not 1) phase to grow.
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Fig.3 Relation of the crystalline phase of particles prepared with
temperature and precursor composition. Solution concentration
0.05 mol/l and carrier gas flow rate 2.0 1/min. Symbols A and O
represent Cu, ¢S and CuS phase, respectively.

Figs. 4 and 5 show SEM photographs of CuS (covellite) particles prepared in
this study. Fig.4 shows the morphology of the particles prepared from the solution
with Cu:S molar ratio of 1:2 and 1:5 with the solution concentration of 0.05 mol/l and
the carrier gas flow rate of 2.0 l/min at different furnace temperatures. For Ty = 200°C

(fig. 4(a)), the particles seem to be necked together, which is probably due to the



existence of the liquid phase or unreacted precursor inside the particles, even when the
particles have already been converted to CuS. The effect of the temperature on the
morphology is clearly shown in fig.4(b), where at T = 300°C and 400°C (not
shown), the particles are spherical and separately formed. The formation of spherical
particles reflects one feature of spray pyrolysis.

Figs.4(c) and 4(d) show the different morphology of CuS particles prepared at
Cu:S = 1:5, where the particles do not form separately, even when the higher
temperature of 600°C was used. This is due to the effect of sulfur content on some
processes that occurred during the formation of the particles, such as solvent

evaporation and solute precipitation.

Fig.4 SEM photographs of CuS particles prepared. Experimental
conditions: solution concentration 0.05 mol/l and carrier gas
flow rate 2.0 l/min. Cu:S molar ratio and furnace
temperature("C) as follows: (a) 1:2, 200; (b) 1:2, 300.
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Fig.4 (continued) Cu:S molar ratio and furnace temperature(°C): (¢)
1:5, 200; and (d) 1:5, 600.

Fig.5(a) shows that the particles prepared at the longer residence time are
separately formed, compared with those prepared at the short residence time of 2.5 s
(fig.4(a)). It is shown that particles prepared at the residence time of 10 s, are similar
to those prepared at T, = 300°C with the residence time of 2.5 s (fig.4(b)).

Fig.5(b) shows the particles prepared at the lower solution concentration of 0.01
mol/l, Cu:S = 1:2 and flow rate of 1.0 mol/l. As the solution concentration decreases,
it can be observed that the particle size also decreases. In this study, we use only two
solution concentrations, due to their solubility problems. However, the results show
that spray pyrolyzed particle size can be controlled by changing the solution
concentration.

By assuming that one droplet changes into one dense spherical particle, the
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volume mean diameter of product particle, dp*, can be given by the following
equation.

d,” =MDy C) /1000 p,, )
where CS is the solution concentration in mol/l, M is the molecular weight, Pp is the
theoretical density in g/cm3, and D is the volume mean diameter of solution droplets.
For CuS with M = 95.65 and Pp = 4.09 g/cm?3, equation (1) can be written as

* — 1/3
d,*=0274D,C Y 2)

Fig.5 SEM photographs of CuS particles prepared. Experimental
conditions: Cu:S molar ratio 1:2 and furnace temperature
200°C. Solution concentration (mol/l) and carrier gas flow rate
(I/min) as follows: (a) 0.05, 0.5 and (b) 0.01, 1.
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Table 1 Relationship between the solution concentration C_ and the
~volume mean diameter of CuS particles, experimental (d )
“and calculated by eq. (2) (d *).

C, (mol/l) d, (um) dp* (um)  Error (%)
0.05 0.461 7.20
0.01 0.269 0.74

Error=I(d

ES
p -~ dp)l /dp x 100.

1] II[ll]l'

o
—

p

d (micrometer)

1 IIII' i lllIIII' ] lIIIIIII 1 | I S |

IIIII T l'lllllll L} L] LI BLELE

calculated
B experimental

0.001

0.01 0.1 1
CS (mol/l)

Fig. 6 Relationship between the solution concentration Cs and the
average volume mean diameter of CuS particles, experimental
(dp) and calculated by eq. (2) (dp*).
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Table 1 and figure 6 show the relation between the volume mean diameter of
CuS particles prepared dp, with the solution concentration C. The volume mean
diameter of water droplets D ; was 4.56 pm (Okuyama et al., 1997), and we assume
that the droplet size distribution does not change in this study. At solution
concentrations of 0.05 and 0.01 mol/l, dp of CusS particles prepared agreed quite well

with the calculated values dp* by eq. (2).

4 Summary

It has been demonstrated that spherical copper sulfide particles of submicron
order could be formed by spray pyrolysis of the aqueous solutions. Hexagonal CuS
particles of single covellite phase were formed at the molar ratio of copper nitrate and
thiourea from 1:2 to 1:5 and the furnace temperature from 200 to 600°C, respectively.
Above these temperature ranges, the particles contained Cu 1.8S- The morphology of
the particles is mainly controlled by the residence time of the droplets or particles in the

furnace and by the composition of the precursors.
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Figl BEEA#ZT{LAEBLEZDREAZIHZ
(a) dripping mode, 2.5kV, (b) pulsating mode,2.8kV,
(c) stable cone-jet made,and (d) multi-jet mode, 3.7kV.
BRRE=0.0025 mol// (ZnSTJH—H—) HHAREKEE=0.10 ml/h.
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Table 1. G(e) D@
£ G(e) 5
“40  0.76 AAEDORE & EEAIE
20 0.68 i@ D aerodynamicsf® % BITE
80  0.601.10 phase Doppler anemometry & V) 7KDD , % BITE
111 0.74 RIVLT I RBEH. K71 S/m . BERT /N7 &
S YD ERIE
81  0.648 [LEE DK% & DHKER
6 1.8 NoTDWTILA=LBETEND BT TFI,

K=24"45x10"38/m

Table 2. BEEBRE THE S N 3 EEEMREFO—FI

ok ¥ BRER TR 2
HHAK BE/BE (F#. um)
Sn, Bi BELE 150 - 600
Cu, Pd, Ta, Mo BRlE <36, - 147 (Pd)
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Sn60/Pb40, Sn, Ga , Wood's metal

BRE 02-2
Si0, KHSR /Nt 30-500
ZrO, (-Y504) EEERIE 7K 17
SnO2 HEERE ~ethanol 0.5-8
Y504 fEERIS,/n-propanol 0.17 - 0.29
ZnS, CdS EERIE. FARE 0.06-0.15

/ ethanol
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Fig.3 (a)CdSH & (b)ZnSHHALFNDSEM/TEMEE (AREE 130.05mol /)
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7.5 Effect of electrostatic properties of spray solution on
the nanometer-sized metal sulfide particles
preparing by the electrospray pyrolysis
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Effect of electrostatic properties of spray solution on
the nanometer-sized metal sulfide particles preparing by
the electrospray pyrolysis

1 Introduction

Spray-pyrolysis is a representative droplet-to-particle conversion process. With
considerable advantages such as low cost and simplicity, this technique has been
applied to the preparation of a variety of functional material particles and thin films
(Gurav et al., 1993; Messing et al., 1993). In this spray pyrolysis technique, aqueous
solutions of metal salts are usually used as spray solutions and the droplets are
subsequently pyrolyzed to become solid particles. The average size of the final solid
particle can be roughly determined from the droplet size and the solute concentration of
the solution sprayed. Most authors have used various typical atomizers such as twin
fluid or ultrasonic nebulizer to generate the droplets. These atomizers can produce
droplets of an average size in the range of several microns. For a typical initial droplet
diameter of 5 wm in diameter to dry into a particle with diameter of 0.1 um, the initial
volume fraction of dissolved involatile solute must be less than 0.0008 %. In practice,
these low concentrations of the solution may lead to a low particle generation rate and
may affect the purity of the particles as the final products. In the other words, the
preparation of ultrafine material particles below 0.1 um via a spray pyrolysis method
is still a problem.

Continuing a series of studies on the production of functional fine particles of
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metal sulfide (Tohge et al., 1995; Tamaki et al., 1995, 1996) by an ultrasonic spray
pyrolysis, we have succeeded in producing size-controlled zinc sulfide (ZnS) and
cadmium sulfide (CdS) particles by changing the solution concentrations (Okuyama et
al., 1997). In those studies, an ultrasonic nebulizer which could generate droplets of
4.56 pm in average diameter was used and 0.2~1.5 pm ZnS or CdS fine particles
were prepared by varying the solution concentrations from 0.001 to 0.3 mol/l.

The electrospray technique has been studied as a method which can produce
ultrafine droplets. In this method, a meniscus of spray solution at the end of the
capillary tube becomes conical when charged to a high voltage (several kV) with
respect to a counter electrode. The droplets are stably formed by the continuous
breakup of a jet extending from this liquid cone, generally called a "Taylor cone"
(Taylor, 1964). A variety of experimental studies have shown that the diameter of such
jets and drops may be controlled from nanometer (Benassayag et al., 1995) up to
hundreds of micrometers (Jones and Thong, 1971) mostly through the electrical
conductivity of the liquid or the flow rate (e.g., Smith, 1986; Rossel-Llompart and
Fernandez de la Mora, 1994; Ganan-Calvo et al., 1997). Recently, Chen et al. (1995)
reported the production of monodispersed droplets in the range of 40 nm to 1.8 pm
using sucrose solutions with different electrical conductivities ranging from 1.56 x 10"
3108 x 107 S/m.

Electrospray has recently become quite familiar in the analytical chemistry area as
an ion generation method for mass spectrometry (Fenn et al., 1989). There are some
reports on particle productions using the applications of electrospray (e.g., Bollini et
al., 1975; Mahoney et al., 1987; Levi et al., 1988) and the electrospray pyrolysis
(Slamovich and Lange, 1990; Park and Burlitch; 1992; Rullison and Flagan, 1994a).
As a preliminary study, Okuyama et al. (1996) have also reported that ultrafine ZnS
and CdS particles below 0.1 um in diameter could be made by an electrospray

pyrolysis method. In that study, however, the spray functioning mode could not be
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fully determined as a function of spray liquid flow rate or applied voltage. Also, the
precise influences of the concentration or the physical properties of the solutions on
the size of generated solid particles remains unclear.

In this study we control the spray liquid flow rate, the applied voltage and the
solute concentration, and make sure that we operate under stable spray conditions in
so-called cone-jet mode (Cloupeau and Prunet-Foch, 1989, 1990, 1994). The particles
generated are measured by a differential mobility analyzer and a condensation nucleus
counter system, and their sizes are compared with those expected after drying from
available scaling laws. Also by sampling the particles, the suitability of electrospray

pyrolysis to generate nanometer-sized spherical ZnS fine particle is investigated.

2 Experimental apparatus and procedure

Figure 1 (a) shows the experimental system used for the investigation of the
effect of experimental conditions on the physical characteristics of obtained ZnS fine
particles. This system consisted of the following sections: (i) an electrospray source,
(i1) a reaction furnace, and (iii) an analysis section; a differential mobility analyzer
(DMA, TSI model 3071), a condensation nucleus counter (CNC, TSI model 3020)
and a handmade thermophoretic sampler.

In earlier studies on the preparation of ZnS and CdS particles using ultrasonic
spray pyrolysis, water was used as solvent. Meanwhile, the main difficulty
encountered in electrically spraying water solutions lies in the large surface tension of
this liquid, that requires very high applied voltages for the establishment of a stable
spray. If the surface tension of the liquid is sufficiently large, as in the case of pure
water, the necessary applied voltage may be higher than the electrical breakdown
threshold of the surrounding gaseous medium, usually air, and corona discharge
would follow (e.g., Smith, 1986). An alternative way to solve this problem going

back to Zeleny (1915) is to flow a sheath gas with relatively high electrical breakdown
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threshold to prevent or delay the onset of corona discharge. Examples of such
suppressing gases are SF, or CO, (Tang and Gomez, 1994; Rullison and Flagan,
1994a, 1994b; Chen et al., 1995).

In this study nitrogen was used as a sheath gas to avoid oxidation of the Zn in
the final product. Ethanol was chosen as the solvent to dissolve the solute containing
zinc nitrate (Zn(NQOj),) and thiourea (SC(NH,),) as a source of Zn and S,
respectively. The molar ratio of Zn : S was kept constant at 1:2. Ethanol solvent had a
good solubility to the solutes. And because of the low surface tension of ethanol, a
stable cone of the solutions could be formed at a voltage below the electrical
breakdown threshold of nitrogen.

As described in equation 1, thiourea and zinc nitrate form a complex in the
solution. Then the droplets containing the complex are pyrolyzed to synthesize directly
ZnS particles at a furnace temperature around 600°C which is necessary to drive the

reaction (Okuyama et al., 1997).

Zn(NOj), + (NH,),SC — Zn(SC(NH,),),(NO3), —> ZnS (1)

Optional neutralizer

¢Solution @ DMA j

Electrospray |_; CNC
chamber ;
Carrier gast Reaction furnace | Thermophoretic

sampler

Fig.1 Experimental apparatus of electrospray pyrolysis
(a) Schematic of the overall system.
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Fig.1 Experimental apparatus of electrospray pyrolysis
(c) Optional neutralizer
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Fig. 1 Experimental apparatus of electrospray pyrolysis
(d) Optional solution supplier

Nitrogen is used as a suitable inert carrier gas, because air or CO, would lead to
the formation of ZnO as well as ZnS. Flow rate was kept constant at 1.0 1/min.

Table 1 shows the physical properties of the solvent and solutions used. Four
different solution concentrations C4 were prepared as spray liquids. Increasing Cg by
two decades did not change substantially the density p and viscosity L of the liquid,
but increased its electrical conductivity K by about 35 times as seen from the
comparison of the highest C with the lowest C ¢ and by 1600 times with respect to
the unseeded solvent. The most important physical property of the solution controlling
both the stabilility of the electrospray (Cloupeau and Prunet-Foch, 1989; Tang and
Gomez, 1996) and the droplet size is known to be the liquid electrical conductivity K.
This study thus focused on this parameter among the liquid physical properties.
Notably, the value K around 0.2 S/m is fairly large in relation to typical literature
values. The electrical conductivity of the solutions was measured by a conductivity
meter (Toko Chemical Inc., TX-90) at 25°C, the liquid density and viscosity were

measured by an Ostwald type pycnometer and a viscometer, respectively.
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Table 1 Physical properties of solvent and solutions

C, p 18 K

[mol/l] [kg/m3] mPa.s [S/m]

0 788.9 1.207 1.20x 107
0.0025 789.6 1.220 5.62 x 103
0.01 791.5 1.243 2.01 x 102
0.05 801.4 1.365 6.53 x 102
0.20 838.8 1.822 1.92 x 101

The liquid was sprayed inside a six ways cross stainless steel chamber (Fig.1
(b)). Two of the opposing sides were used for supplying the spraying liquid and
sampling the generated aerosols. Positive and negative D.C. high voltage sources
(Matsusada Co. Ltd., HER-10R3) were connected to the stainless steel capillaries.
Two such capillaries were used, having inner/outer diameters: 0.90/1.20 and
0.40/0.88 mm. These are referred as the "large" and the "small" capillaries,
respectively. Each capillary tip was tapered down to nearly zero thickness. The liquid
was supplied to the capillary either through a programmable syringe pump (Harvard
Apparatus, Model 55) fixing a constant flow rate, or by introducing compressed
nitrogen above the sample liquid inside a vertical syringe (Fig.1 (d)). The flow rate of
solution was calibrated by measuring the moving velocity of a gas bubble injected into
the solution line through a buret.

Expecting to prevent the evaporation of solvent at the cone, an attempt was made
to saturate the nitrogen gas with ethanol vapor by passing it through an ethanol
reservoir. A precipitate, however, still appeared at the capillary tip after running times
of tens of minutes at solution concentrations ranging from 0.05 to 0.2 mol/1.

At the opposing side of the spray capillary, a stainless steel tube having inner
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diameter of 5 mm was placed as a sampling tube. The distance from the sampling tube
to the capillary was adjustable, but was kept at 40 mm for most runs. This sampling
tube was grounded through an electrometer (Keithley, model 485) for measuring the
electric current brought by the droplets that were deposited onto the sampling tube and
the chamber wall. This allowed monitoring the stability of the electrospray. The noise
level of the electrometer was maintained as low as 1.0 nA. The spray capillary
electrode and sampling tube were set horizontally to facilitate the connection of the
spray chamber to a furnace or a DMA - CNC system (Fig.1 (a)). Another pair of
opposing sides of the chamber are windows for monitoring the meniscus shape at the
capillary tip through a 30X microscope set at one side and a continuous light source at
the other.

The droplets generated in an electrosprays are always highly charged. Due to
their high electrical mobility, the droplets tend to have high deposition rates onto the
walls, which decreases their overall throughput efficiency. To reduce their electrical
mobility and to produce finer aerosols by evaporation without Rayleigh disintegration,
it is necessary to neutralize of the droplet. Electrical neutralizations of electrosprayed
droplets through a source of ions of the opposite polarity has been reported by Meester
et al. (1993) prior patent cited by Tang and Gomez (1994). Clopeau (1994) suggested
four possible neutralization methods; a unipolar type corona discharge, electrospray of
volatile liquids, thermoelectric emission, and flames. Recently, the applications of a
radioactive bipolar ion source as the neutralizer for electrospray drops was reported by
Lewis et al. (1994), Chen et al. (1995) with two Po-210 (370 MBq) and Rullison and
Flagan (1994b) with one Po-210 (185 MBq).

Because of the simple setting and the ability of stable ion generation, an o.-ray
radioactive source was used in our device. Am-241 (2.22 MBq) was placed at several
millimeters-frontward at the upper part of the tip of a liquid cone where the droplets

were approximately ejected from the jet. The neutralization of the droplets could be
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made, because the chamber was filled with bipolar ions from Am-241. The distance
between the capillary tip and the neutralizer was kept at around 45 mm, above the
range of o-ray from Am-241 (40 mm).

To test the effectiveness of the neutralizer, the CNC was placed at the outlet of
the spray chamber by counting the total generated particles. From the measurement,
the number concentration of generated particles increased from order of 102 or 103 up
to 100 particles/ cm3. This increasing tendency was also obtained when a neutralizer
with Am-241 was located between the spray chamber and the furnace, as descibed in
figure 1(c). Since the neutralization of particles could greatly improve the throughput
efficiency of the generated particles, the Am-421 source was installed in all subsequent
experiments.

The droplets generated were introduced from the spray chamber into a reaction
furnace using nitrogen carrier gas. In order to reduce the loss of particles, a relatively
short tubular furnace was used; a quartz glass tube of 20 mm inner diameter and 200
mm long which consisted of two independently-controlled heating-zones 10 cm long.
The residence time inside the furnace was estimated to be 1.5 s for 1.0 1/min of carrier
gas flow. All experiments were made at atmospheric pressure and room temperature.

The use of a DMA-CNC system for the size analysis of electrosprayed particles
has been reported earlier (Lewis et al., 1994; Rullison and Flagan, 1994 a, 1994b;
Chen et al., 1995). Without using the neutralizer, de Juan and Fernandez de la Mora
(1997) also used DMA to measure their involative liquid sprays before introducing
those droplets into an aerodynamic size spectrometer (API's Aerosizer).

Here, a DMA and a CNC are placed at the outlet of the furnace. The size of the
solution droplets generated is further reduced by the evaporation process and, finally,
the size distributions of the resulting ZnS particles were analyzed on-line. The sheath
air in the DMA is set to 10 I/min and the flow ratio of aerosol to sheath air is kept at
0.1. A thermophoretic sampler with a 150-mesh brass grid is placed at the outlet of the

furnace. Some transmission electron microscopy (TEM) photographs were obtained to
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verify and support the data obtained from the DMA-CNC system.

3 Experimental results
3.1 Determination of the stability domain of the cone-jet

Before measuring the particle size distributions, one must distinguish and control
the regime at which the liquid cone and the spray operate. A different spray mode may
lead to quite different drops size distributions for a given solution (e.g., Cloupeau and
Prunet-Foch, 1989). Figure .2 shows typical curves of the electric current versus the
applied voltage of (a) ethanol and (b) 0.0025 mol/l solution performed without a
neutralizer (Am-241) using the apparatus shown in figure 1. Flow rates fed by a
syringe pump to the small capillary were kept constant at (a) 0.20 ml/h and (b) 0.08
ml/h. First, the applied positive voltage was increased gradually, and then reduced
after the liquid meniscus at the capillary tip passed some spray modes. When the
applied voltage was lower (character a at figure 2), the liquid on the capillary tip was
changed from a meniscus to a dripping mode (Fig. 3 (a)). Increases in the frequency
of the dripping and the current were observed with increasing applied voltage and it
was referred to as the pulsating mode (Fig. 3 (b)). The shapes of liquid meniscus are
alternating between cusp-like and approximately hemispherical. Increasing the voltage
further increases the pulsating frequency, until the measured current increases

drastically when the liquid meniscus formed a stable cone, a Taylor cone (Fig. 3(c)),

(caption of the figure depicted in the next page)

Fig.2 Typical current versus applied voltage curve of ethanol (a) and
0.0025 mol/l solution (b). Characters a, b, ¢, d indicate the
formation of different liquid meniscus as described in fig. 3. Flow
rates Q were 0.20 (a) and 0.08 ml/h (b). The measurements were
performed at small capillary and positive applied voltage, without
a neutralizer (Am-241) using the apparatus showed in fig. 1.
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1mm

Fig.3 Photographs of the variants of liquid meniscus at capillary tip.
(a) dripping mode, (b) pulsating mode, (¢) stable cone-jet mode,
and (d) multi-jet mode.
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at a certain critical voltage. The formation of a stable liquid cone, in so-called cone-jet
mode (Cloupeau and Prunet-Foch, 1989) was accomplished in a certain voltage range.
When increasing the voltage at constant liquid flow rate, the volume of the liquid cone
decreased and the cone angle increased. Figure 2 (a) shows that the electric current of
ethanol was lower, due to its lower electrical conductivity, and did not change much
with increasing voltage in the cone-jet mode, compared with the curve of 0.0025
mol/l solution (Fig.2(b)). At subsequent higher voltage, the currents and the cone
suddenly became unstable and multi jets were frequently formed at the tip of the
capillary (fig.3(d)). In the reverse-way, when reducing the voltage, the liquid
meniscus (the cone) was formed similar to the modes in increasing-voltage, but there
was a hysteresis loop in the cone-jet mode. Figure 2 was globally similar to that
depicted in the voltage-current characteristic reported in other papers (Smith, 1986;
Chen et al., 1995).
For a given solution concentration C, a stable cone-jet could be established only
within a certain domain of flow rate Q and applied voltage V, QuminV)<Q< Qmax(V)s
and Q

which was defined a stable cone-jet domain. Q are the minimum and

min max

maximum flow rates within the stability domain. This domain was affected by Cy
(electrical conductivity K), shifting toward smaller flow rate as C, increased. The
capillary size was found to affect the stable cone-jet domain of the electrospray as
reported by Cloupeau and Prunet-Foch, 1989; Tang and Gomez, 1996. While Q ...

was almost similar, Q_. increased as the capillary diameter increases. This may be

min
due to larger evaporation of larger surface area of the cones of the large capillary
which led to a higher rate of solvent evaporation. Considering Q et = Qfeq - Qevap.’
where Q jet is the flow rate Q pushed through the jet, Qg4 is Q fed to the capillary and

Qevap_ is Q of the evaporated materials, for the constant Q is larger for the

jet’ Qevap.
case of the large capillary and Qg4 is also larger than the small capillary case.

Consequently, the use of large capillary caused a narrowing of the stable cone-jet
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domain of the electrospray.
The polarity also was found to affect the stable cone-jet domain. Negative
and Q

voltage required higher flow rates, both Q than those of the positive

min max’
polarity. However, corona discharge was frequently observed at a high voltage or at a
high flow rate in the negative mode. The fact that spraying at positive polarity is more
stable than at negative has been known at least since Zeleny's work.

In the high C,, the first mode to appear is the cone-jet mode occasionally
(Cloupeau and Prunet-Foch, 1994). As mentioned before, at C; = 0.05 and
particularly at 0.2 mol/l solutions, the salt precipitated on the capillary tip after several
tens of minutes of operation time, even when the carrier gas was saturated with
ethanol. This made the sampling of the particles difficult, since more than one hour is
needed to obtain a suitable quantity of sample.

Due to differences in electrode geometry and liquid properties such as electrical
conductivity, permitivity, viscosity, density, surface tension and vapor pressure, the
range of liquid flow rates where we could form a stable spray was relatively narrow
(Rossel-Llompart and Fernandez de la Mora, 1994; Cloupeau and Prunet-Foch, 1989;
Chen et al., 1995). For instance, in the case of C; = 0.0025 mol/l spraying at small
capillary and positive voltage, Q.. was 0.09 and Q.. was about 0.20 mi/h. The
narrowest range, i.e., the smallest ratio Qax / Qein Was found at C, = 0.2 mol/l, with
Qnin = 0.05 mil/h and Q.. = 0.08 ml/h. No stable spray could be formed at any
voltage in our system below 0.05 ml/h.

Since it was well known that lower flow rates of spray liquids generate smaller
electrospray droplets, an attempt was made in this study to maintain Q near the

minimum value Q.. The fact is that the cone was most easily controlled and the

fluctuation of the current was smallest near Qpnin at a certain applied voltage V(Q).
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3.2. Size distribution of ZnS particles

Using the DMA - CNC system, particle size distributions were measured at
furnace temperature of 600°C and at a liquid flow rate Q near or at the minimum value
Qnin in each case. Figure 4 shows the influence of applied voltage and the liquid
mode of electrospray on size distributions. In this example, the solution with
concentration C; = 0.01 mol/l was used and the flow rate Q was set at 0.10 ml/h. The
particle size distribution function expressed by f (In dp) is

f(In dp) =(Dn/DIn (dp)) /N )

and the data was relaxed with the method adopted from Adachi et al. (1990). Dn is the
number concentration in the size (dp) range, and N is the total particle number
concentration. All the figures show a geometrical standard deviations Oy of about 1.3.
Figure 4 (a) shows the results for the pulsating mode with an associated volume mean
diameter dp of 32.6 nm. The particle size distributions for the cone-jet modes are
showed in figure 4 (b) (3.15 and 3.5 kV), and the volume mean diameters dp are finer
than that in the pulsating mode. This is because in the pulsating mode two or more
different shapes of liquid are involved and switching between them introduces
different and larger breakup volumes (Cloupeau and Prunet-Foch, 1988, 1989; Chen
etal., 1995).

The effect of applied voltage on size distribution at the cone-jet mode is also
shown in figure 4 (b). Droplet size was reported to be nearly independent of the
applied voltage for almost liquids of somewhat high electrical conductivity and low
flow rate (Rossel-Llompart and Fernandez de la Mora, 1994). On the other hand,
Tang and Gomez (1996) also have reported on electrosprays of heptane at their
relatively large flow rates (4 ~ 28 ml/h), that the droplet size decreased monotonically
with the increase of the applied voltage. Figure 4 (b) shows that the volume mean
diameter of obtained particles slightly increased with increasing applied voltage.

Among the literature, this tendency is similar to the results recently reported by
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Rulison and Flagan (1994).

Again, this may be due in part to solvent evaporation occuring at the cone. Since
the droplet size is determined by Q jet while Qg4 =Q et Qevap., for a constant Q foegs
the higher voltage forms smaller liquid cone (e.g., smaller Qevap_), SO Qjet becames
larger.

By varying the concentration of spray solutions C s> figures 5 and 6 show the
size distributions of particles generated at the cone-jet mode with small capillary at
positive and negative voltage, respectively. The flow rates were set to near their
minimum value Q, .. where the most stable liquid cone could be obtained. In all of the
cases showed, variations in C; almost have no influence on the volume mean diameter
in the distributions. The particles obtained in the case of large capillary (not shown)
also suggested the insensitivity of the size distribution on the solution concentration.

The result of electrosprayed particle size distribution obtained with different
polarities of applied voltage has not been reported in the literature in the past, while the
result of the insensitivity of the particle sizes on the capillary size is in a good
agreement with the general tendency in electrosprays (e.g., Rossel-Llompart and
Fernandez de la Mora, 1994; Tang and Gomez, 1996).

The present results show the generation of ZnS particles with dp ranging from
20 to 30 nm. In contrast, Rulison and Flagan (1994b) reported that the addition of
solute to the solution made smaller solid particles since it also increased the electrical
conductivity K which reduced the droplet size. These differences will be discussed in

section 4.
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Fig.5 Variant of measured particle size ditributions as a function of
solution concentration Cs in mol/l. The flow rates were set near
minimum values for each Cs, sprayed used small capillary and at
positive applied voltage.

3.3. Photographs of ZnS particles

ZnS particles prepared by an ultrasonic spray pyrolysis were somewhat dense
and spherical and had a smooth surface (Tohge et al., 1996). Figure 7 shows TEM
photographs of ZnS particles prepared by using small capillary and positive polarity at
solution concentration of 0.01 mol/l and the flow rate of 0.10 mi/h. The shapes of the
particles were spherical, and their size distributions were similar to those of figure 5.
The similar TEM photograph (not showed in this thesis) results were also obtained by

varying other parameters such as capillary size, polarity of applied voltage and
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Fig.6 Variant of measured particle size ditributions as a function of
solution concentration Cs in mol/l. The flow rates were set near
the minimum values for each Cs. The liquid were sprayed from
the small capillary and at negative voltage.

solution concentrations. In other words, the TEM photographs could verify the

mobility diameter data measured by the DMA-CNC.

4 Discussion

4.1 Prediction of droplet diameter

Figure 8 shows the relation among the volume mean particle diameter dp, the

electrical conductivity of solution K, and the volume mean droplet diameter Dy as
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Fig.7 TEM photographs of ZnS particles prepared from Cs = 0.01
solutions over a period of 2 h. The flow rate was 0.06 ml/h.
Magnification of (a) 50000 x and (b) 250000 x.

functions of solution concentration C,. dp was infered from the mobility diameter
distributions, shown in the part in figures 4, 5, 6 that measured by the DMA-CNC at
the cone-jet mode with the flow rates set near Qmin- The droplet diameter Dy was
predicted using equation (3(a)) derived from the mass balance between the droplet and
the final solid particle dp, by assuming that one droplet changed into one dense

spherical particle during the spray pyrolysis without the disruption of the droplet.
d,®=(MDg C) /1000 p, 3a)
where, M and pp are molecular weight and theoretical density of solid particle, and C

is solution concentration in mol/l. For ZnS with M = 97.46 and Pp = 4.09 g/cm3

equation 3 (a) can be written as:
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Fig.8 Measured volume mean particle diameter d_ converted from the
size distribution with the predicted droplet diameter D 4 asa
function of the solution concentration C, and their electrical
conductivity K.

dp =0.288 Dy CSI/B (3b)
Figure 8 supports the strong dependence of the droplet size on the electrical
conductivity of the spray solution K. The volume mean droplet diameter D, ranged
from 140 to 580 nm, and decreased with increasing K. The increased solution

concentration brought precipitated particles whose size was a larger fraction of the
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droplet size, but it also brought higher K which reduces the droplet size. In this study,

the overall effect made the solid particle size in a narrow range of 20 to 30 nm.

4.2 Size evaluation of droplet and particle based on scaling laws

The scaling laws based on the studies of Fernandez de la Mora and Loscertales
(1994) were applied to evaluate the size of the droplets generated in our system. They
reported that the droplet diameters were nearly independent of external electrostatic
variables (electrode geometries and voltages), but dependent mostly of flow rate and

liquid properties. When the flow rate ratio of Q / Q takes values not too large

min
(typically smaller than 16), the droplets were generated mainly in a single size, whose
initial diameter D j* scales with the electrical relaxation length r* of the cone jet. The
following equations can be given for the case of polar liquid with electrical permitivity
e > 6 (see also de Juan and Fernandes de 1a Mora, 1997) and electrical conductivity K

of typically larger than 10”5 S/m.
Dy" = G(e)r* (4a)
= (Qeg, / K)1/3 (4b)

where Q is the flow rate pushed through the jet and €, is the electrical permitivity of
vacuum. The value of G depends mainly on &, but is also influenced by the following

viscosity variable (Rosell-Llompart and Fernandes de la Mora, 1994):

(W =((pv’ee, / K'3) /1 (5)
where g is the surface tension of the liquid. IT(1) was useful to find the importance of
viscous effect on the jet breakup. Particularly when dealing with the diameter of the
"satellite” droplets which depend steeply on TI(i) for values of this parameter below
0.06, but appear to level off above IT(u) = 0.15. Table 3 shows that TI(1) of the

present solutions ranges between 0.4 and 2.
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Table 2 Values of G(¢) in previous studies.

Sources € G(e)

Fernandez de la Mora and Loscertales (1993) ~40 0.76 *1

Rosell-Llompart and Fernandez de la Mora (1994) 20 0.68 *2

Fernandez de 1a Mora (1995) 80 0.60 ~1.10 *3

Loscertales and Fernandez de la Mora (1995) 111 0.74 *4

de Juan and Fernandez de la Mora (1997) 81 0.648 *5
6 1.8 *6

Note:

*1 : supported by optical determination of jet diameters

*2

*3 : D4 of water have been obtained by a phase Doppler anemometry

*4:

: based on aerodynamics measurements of droplet diameter.

Formadide solution K=~ 1 S/m, D4 has been obtained by a hypersonic impactor.

*5 : droplets of water in a wide range of K, rearranged the data of Chen et al. (1995).

*6

: Benzyl Alcohol and Dibutyl Sebacate Acid, K : 2.4 ~4.5x 1073 S/m.

Table 3 Properties and calculation results for the case of
spraying at small capillary and positive polarity

[mol/l] ml/hr nm nm - - nm nm % nm %
(G=0.60) (G=0.75)
0.0025 0.10 22.8 583.6 5.02 2.050 1021.0 612.6 498 765.8 312
0.01 0.07 219 3531 795 1317 592.6 355.6 0.69 4445 259
0.05 0.06 234 2207 13.35 0.813 380.1 228.1  3.32 285.1 292
0.20 0.05 238 141.6 2138 0.432 2497 149.8 5.84 187.3 323
Note:

Dy* is "Dy4" described in equation (3), where D is described in equation (2).
A=100x I DgDy* I/Dd
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Available data on G were compiled from the literature and were showed in table
2, while the physical and electrostatic properties of our solutions were showed in table
1. Since the electrical permitivity € and the surface tension y were not measured, these
properties of the solutions were assumed to be equal to those of pure ethanol with y of
0.02275 N/m and € of 24.3. G(g) also appeared to be a constant independent of the
dimensionless flow rate parameter 1,

n = (pQK/(yee )12 (6)

below a certain flow rate at which a change in the breakup pattern (Rosell-Llompart
and Fernandes de la Mora, 1994). In the present prediction, considered the value of €
to be 24.3, G was assumed to be between 0.60 and 0.75. Notice, however, the values
of 1 at the high solution concentrations C = 0.05 and 0.2 mol/l were calculated to be
1542 and 2443 as shown in table 3. These values were several times larger than those
found previously for more polar liquids as reported by Fernandez de la Mora and his
colleagues. Since they proposed that the first jet bifurcation where only the primary
droplets generated required the flow rate near Q, ;. and corresponding roughly to the
criterion 1| to be around 1.

Since the alcoholic solutions used were volatile, the amount of material might be
evaporated from the liquid cone surface during spraying. As a result, the total flow
rate of the liquid ejected from the jet (Q in equation 4) would be differed from that
supplied to the spray capillary and the concentration of the solution inside the cone
was changed, so the physical properties also would be changed during spraying.

For instance, table 4 also shows the calculated data obtained from the
experimental conditions described in figure 5, i.e., small capillary and positive
polarity. Compared with Dy which calculated from equation (3), the values of D *
calculated by the scaling laws (equation (4)) seems agree well when G(g) was 0.60.

The experimental data in points of figures 9a and b are replotted from figure 8.

The bars showed in figure 9 (a) indicated the range of Dg* when G(g) was fixed at
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(caption of the figure depicted in the previous page)

Fig.9(a) Range of droplet diameter predicted by the scaling laws (G =
0.6) for each solution concentration Cs. (b) Range of particle
diameter which converted from the droplet diameter of fig. a.
The points are re-plotted from fig. 8.

0.60. D4* was computed at the flow rates used at a given solution concentration C
where the other solution properties were fixed constant. The bars shown in figure 9(b)
were the values of the volume mean diameter of solid particle dp converted using
equation (3) from Dj* of figure 9(a). As shown in these figures, the scaling laws also
predicted the generation of the droplet ranged from 665150 nm for the case of
C=0.0025 mol/l to 163+13 nm for the case of C=0.2 mol/l. Then the converted
volume mean particle diameters were predicted to be between 20 and 30 nm. The
slight overprediction found at the higher C, is most likely due to evaporation, which

makes Q. < Qgeq- Our calculation of D j* was based on Qg,.;, since we have no

jet
means to measure directly the flow rate through the jet. These narrow predicted ranges
also supported the size distributions obtained from the DMA-CNC and the results of
TEM pictures.

On the whole, it seemed that the scaling laws are suitable for the prediction of the
droplet size, mainly by adopting the value of 0.6 for G in the present condition.
Especially for the case of C;=0.0025 mol/l, the agreement was quite good and errors
were below 6%. The error is (dpl - dpz) / dp2 x 100, where subscripts 1 and 2
indicate the volume mean diameters of solid particles dp predicted by the scaling laws
and that obtained by the DMA-CNC, respectively. The less accuracy of the scaling
laws at the higher C; can be avoided by spraying the solution using finer capillary,
since the evaporation can be minimized using smaller capillary. Although it is difficult

to vary flow rate Q without significantly changing K or other physical properties at a

given solution concentration, the application of the scaling laws is attractive.
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In this study, only unimodal size distributions were found, probably because we

operate near the minimum flow rate Q At higher Q, a bifurcation phenomenon

min’
tends to occur, leading to bimodal particle size distributions are frequently obtained
(Rosell-Llompart and Fernandez de la Mora, 1994; de Juan and Fernandez de 1a Mora,
1997). Another reason is the sampling loss by the deposition of the droplets onto the
wall or the limitation of the efficiency of the devices. The measured size range of the
DMA is 5~200 nm and the efficiency of the CNC is down to 50% at 5 nm.

We conclude that submicron solution droplets and nanometer-sized particles may

be produced during the preparation of ZnS particles by electrospray pyrolysis. And it

should be feasible to apply the method to the preparation of various materials.

5 Summary

The electrospray pyrolysis technique was applied to the synthesis of nanometer
sized zinc sulfide particles. Electrospray could atomize a spray solution containing zinc
nitrate and thiourea with ethyl alcohol as the solvent under a variety of experimental
conditions such as: solution concentrations between 0.0025 and 0.2 mol/l, electrical
conductivites between 104 and 10! S/m, flow rates of about 0.10 ml/h, charging
polarity, and the geometry of spray capillary. The use of an a-ray radioactive source
with bipolar ions to neutralize the highly charged droplet could greatly improve the
throughput efficiency of the generated particles. The preparation of nanometer-sized
spherical ZnS particles was presented and verified by the results obtained from the
DMA-CNC system and TEM photographs. The dependence of the size of the droplets
or particles on the physical properties of the spray solution was studied. Generation of
submicron droplets and the converted solid particles having diameter between 20 to 40

nm, were indicated by the prediction using scaling laws.
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