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CdS, ZnS and their composite ultrafine particles were prepared using nanometer-sized waterpools in AOT/isooc-
tane reverse micellar solutions as reaction media. The size of the ultrafine particles was controlled by changing
the water content W, (= [H20]/[AOT]) of the reverse micellar solution and this was almost independent of the
feed concentrations of Cd?*, Zn2* and S*. Stable ultrafine particles, which do not cause excess aggregation and
the band gap of which continues to be larger than that of the bulk semiconductor for a long time after forma-
tion, could be prepared at a value of W, less than 8. Mixing a micellar solution containing both Cd** and Zn?*
with a solution of S?- gave coprecipitated semiconductor ultrafine particles. Gradual precipitation of ZnS in a
micellar solution which had contained CdS particles gave ZnS-coated CdS ultrafine particles. The use of an excess
of S for precipitation was effective in making the composition of the resulting particles close to that of the initial
solution, and also avoided the formation of mixed crystals. The composite ultrafine particles thus prepared could
be directly applied to the photocatalytic reduction of water and were found to be improved in their photocat-
alytic activity compared to CdS particles. The photocatalytic properties of the coprecipitated particles varied

according to the particle band gap.

Introduction

Ultrafine particles of various metals and their
complexes such as oxides and sulfides have important
industrial applications such as functional ceramics, cata-
lysts or photographic emulsions. These ultrafine particles
must be mono-dispersed and protected from aggregation.
One solution to this problem lies in a preparation method
using extremely small waterpools in reverse micelles as the
reaction media. One of the advantages of this method is that
localized supersaturation of the reactants can be weakened
and a uniform nucleation can occur, since the reactants can
be dispersed very well in the reverse micellar solution. In
addition the reverse micelles can protect the particles
against excess aggregation. The size of particles is likely
to be controlled by that of the waterpools.

Several research works have been published since the
1980’s for the preparation of various particles.
Semiconductor (CdS!7- 2. 24.26-28) apnd CdSe3!) colloid
particles for photocatalysts, and AgCL,> AgBr® and Ag
metal" particles for photographic emulsions have been
prepared by mixing two reverse micellar solutions. Metal
boride particles® > have been prepared by adding an
NaBH4 aqueous solution, and TiO; particles®!? have been
prepared by adding an organic solution of titanium tetra-
butoxide to reverse micellar solutions. CaCO3 and BaCO3
particles!'*!> were prepared by bubbling CO; gas, and Au
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colloid®? by laser-irradiation of micellar solutions.
Composite ultrafine particles, CdSe-coated ZnS and vice
versa, have been prepared in a reverse micellar system'?,

Among these ultrafine particle materials, semicon-
ductors are especially interesting. Firstly, nanometer-sized
ultrafine particles have larger band gaps than the bulk semi-
conductor owing to quantum size effects?. Secondly,
composite particles of different semiconductors show
unique optical and electronic properties such as fluores-
cence activation and quenching® 7 or novel photocatalytic
activities'3 18 32 35 Therefore, the particle preparation
method using reverse micelles seems to be quite suitable
for the production of the above novel properties of semi-
conductor particles. Meyer et al.?» have reported
photocatalytic reduction of water by Pt-loaded CdS parti-
cles prepared in a reverse micellar solution. This is the only
report which has dealt with a photocatalytic reaction using
semiconductor particles. However, the particles prepared
in that work were not sufficiently small to reveal the quan-
tum size effect significantly, and only Pt-loaded particles
were used.

The purpose of this study is to prepare semiconduc-
tor ultrafine particles having novel photocatalytic functions
endowed by the combination of the quantum size effect and
the composite effect of two semiconductors, and then to
apply the particles to photocatalytic reactions. Firstly, the
preparation of CdS, ZnS and their composite ultrafine parti-
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cles, such as coprecipitated particles of CdS and ZnS, or
ZnS-coated CdS particles, was investigated. Next, the
photocatalytic activity of the composite ultrafine particles
in generating H» was investigated. To make the most of the
advantages of the reverse micelle method, the particles were
applied directly without prior isolation. The activity of the
composite particles was compared to that of ultrafine parti-
cles of pure CdS or ZnS. The effect of composition of the
coprecipitated particles on their photocatalytic activity was
also investigated.

1. Experimental

1.1 Chemicals

Sodium bis(2-ethylhexyl) sulfosuccinate (Aerosol OT
; AOT) was supplied by Wako Pure Chemical Industries,
Ltd. and used without further purification. Isooctane
(2,2,4-trimethylpentane) was from Ishizu Seiyaku Ltd.
Cd(NO3)2 - 4H0, Zn(NO3)2 - 6H20, NazS - 9H,0, and
Na;SOs; were from Wako. Deionized water was distilled
and filtered with a 0.45 um membrane filter (Nihon
Millipore Kogyo) before preparing aqueous solutions.

AOT was dissolved in isooctane to a concentration
of 0.1 M (M = mol/]). This solution was filtered with a 0.2
um membrane filter (Toyo Roshi). The concentration of
reactants and the water content, W, (= [H20] / [AOTY]), of
a reverse micellar solution was controlled by adding the
required amount of aqueous solution of Cd(NO3),
Zn(NO3)3, NasS or NazSOs.
1.2 Preparation of ultrafine particles

Parameters x and y were defined as follows to
represent the initial composition of the reactants in the
reverse micellar solution.

x=[z0™]/([z0*]+ [Ca™])

y=[s*]/([zn*]+[ca™])

Parameter x is the molar fraction of Zn?* in all the metal-
lic ions and y is the molar ratio of S to all the metallic ions.
These concentrations are defined as the moles of ions per
unit volume of micellar solution.

CdS and ZnS ultrafine particles were prepared by
adding 5 m/ of a micellar solution containing Cd** or Zn**
to 5 m!/ of a micellar solution containing S** of the same W,
and stirring with a magnetic stirrer (300 min™!) in a glass
vessel at 25°C. The reaction vessel was covered with
aluminum film and dissolved oxygen in the water was
purged with Ar gas for more than 30 minutes prior to prepa-
ration in order to avoid photocorrosion of the particles.

Coprecipitated particles of CdS and ZnS (ZnxCd;S)
were prepared by adding 5 m/ of micellar solution contain-
ing both Cd?* and Zn?* with a molar ratio of (1-x) : x to the
micellar solution containing S>" in the same manner as for
pure CdS or ZnS particles.

ZnS-coated CdS ((ZnS),(CdS)i.x) particles were
prepared by gradually precipitating ZnS onto CdS ultrafine
particles. ZnS precipitation was carried out by gradual and
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alternate addition of the Zn?* micellar solution and the S
micellar solution to the micellar solution containing the core
CdS particles 1 hour after their formation.

1.3 Analysis

The absorption spectra of the micellar solutions were
recorded on a UV-visible spectrophotometer (Hewlett-
Packard HP 8452A). The water content of the reverse
micellar solution was determined using a Karl-Fisher mois-
ture meter (Kyoto Electronics MKS-1).

A transmission electron micrograph (TEM, JEOL
JEX200CX or Hitachi H-9000) and an energy dispersive
X-ray analyzer (EDX, Horiba EMAX3000) were used to
observe the ultrafine particles. The samples for TEM were
prepared as follows. Ethanol was added to the reverse
micellar solution containing ultrafine particles and the solu-
tion was shaken. The reverse micelles were then destroyed
and the solution separated into two phases. The particles
gathered around the interface were collected and placed in
3 m!/ of ethanol. The particles were then redispersed by
ultrasonication (TOMY UD-200, 80 W, 30 s). A drop of
this dispersion was put onto a copper mesh with microgrid
(Nisshin EM) and dried under vacuum. This procedure was
repeated 3 times.

1.4 Photogeneration and measurement of H;

Irradiation for the photogeneration of H, was carried
out as follows. A micellar solution (20 m/) containing the
particles was put into a 25 m/ Pyrex glass tube and sealed
with a rubber septum. The tube was then irradiated with a
2-kW Xenon lamp (Ushio UXL-2003D) after the solution
had been purged with Ar gas for 1 hour. The irradiation
wavelengths were changed by putting on and off the lens
(340 nm cut-off) of the lamp house so as to function as a
cut-off filter. 1 m/ of the gas phase in the reaction tube was
sampled via gas tight syringe and the concentration of H,
generated was determined by a gas chromatogragh with
TCD (Shimadzu GC-14B) at a column temperature of
75°C. The column was packed with activated charcoal (2
m) and a molecular sieve SA (1 m).

2. Results and Discussion

2.1 Evaluation of diameter and stability of ultrafine

particles

The band gaps for bulk CdS and ZnS (E) are 2.5
eV?? and 3.7 eV,!? respectively. However, the band gap
of a semiconductor ultrafine particle (E) is increased as the
particle becomes smaller owing to quantum size effects. In
this paper stable ultrafine particles are defined as ones
which do not cause excess aggregation and thus the band
gap of which continues to be larger than that of the bulk
semiconductor. For a semiconductor of direct band gap
transition, the band gap, E,, is determined by fitting
absorbance data to the following equation,>®

O'-hv=K~(hv—Ege)”2 (1

where o is the molar absorption coefficient and K is a
proportional coefficient, the value of which varies accord-
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Fig. 1 Effect of W, on absorption spectrum of CdS (a) and
ZnS (b) particles measured 2 min after formed in
reverse micellar solution

ing to each spectrum. With E, thus determined, the diam-
eter of ultrafine particles d, can be estimated using Brus’
equation,?

2
Ee=E+ z;,,ze (i * )~ Tty )
where m.* and m;,* are the effective masses of electron and
hole, respectively, and e is the charge of an electron (1.602
x 10719 C). gis the dielectric constant. The values of m.* =
0.19 me, my* = 0.8 m, and € = 5.7¢,%2 were employed for
CdS and m.* = 0.25 me, mp* = 0.59 me and £€=5.2 &,'? for
ZnS. Here, m, is the electron rest mass (9.11 x 103! kg) and
& is the dielectric constant of a vacuum (8.854 x 10712
C2J'm),
2.2 Preparation of CdS and ZnS ultrafine particles
CdS and ZnS ultrafine particles were prepared with
y =1 ([Cd*] = [S¥] or [Zn?*] = [S?]). The details of the
mechanisms of particle formation have been discussed else-
where!'"). Figure 1 shows the effect of W, on the absorption
spectrum of the prepared particles measured two minutes
after mixing the two micellar solutions. The absorption
onset was blue-shifted with decreasing W, indicating that
the size of the formed particles decreased as W, decreased.

592

02 T M T T
(@) Cds
0.1M AOT / isooctane |
— W, =6
3
S 0.1 [Cd*], 1877 |
o™ 1074 M
2 7.5x107°M
2 5x107°M
2x10°M

Jore

500 600

400

02 T T T T I T T T T

i (b) ZnS |
o |
o [Zn?*], [S*]
e .

i 1074 M ]
8 0.1 _—
o 5x10°M A
(%]
0 _
< 2x107° M

1 1 1 1 1 |
1950 300 350
Wavelength [nm]
Fig. 2 Effect of reactant ion concentrations on absorption

spectrum of CdS (a) and ZnS (b) particles measured 2
min after formed in reverse micellar solution

Figure 2 shows the effect of ion concentrations on the
absorption spectrum measured two minutes after mixing
the solutions at W, = 6. The onset wavelength was almost
independent of the concentration, though the absorbance
varied according to the reactant ion concentrations. The W,
of the solution is thus the main factor controlling size of
the formed particles. This is because the formed particles
were enclosed more tightly in the micelles at lower W,27.
Figure 3 shows diameters of the particles one hour
and one day after preparation plotted versus W,. The
formed particles were seen to grow slightly by mild
aggregation even though the reaction of sulfide formation
terminated within 2 x 102 s.') The size of the particles
could not be estimated for W, > 10 owing to excess aggre-
gation. Stable ultrafine particles were prepared in the range
of W, less than 8. Therefore, reverse micellar solutions of
W, = 6 were employed for subsequent preparation of the
ultrafine particles.
2.3 Preparation of composite particles
1) Preparation of coprecipitated particles Figure 4(a) shows
the absorption spectra of Zn,Cd,..S particles prepared at
various x values and y = 1 ([Zn?*] + [Cd**] = [S¥] = 5 X
103 M). The band gaps of the particles were calculated
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Fig. 3 Effect of W, on diameter of CdS (a) and ZnS (b) ultra-
fine particles

from these spectra in Fig. 4(a) and are shown in Fig. 5.
With increasing x, the absorption onset blue-shifted and E,
increased. The relationship between E; and x gave a
concave curve, indicating that the Zn,Cd.,S ultrafine parti-
cles were Cd-richer when compared to the feed ratio of
Cd?* and Zn?*. This concave relationship is consistent with
the result presented by Youn et al.,’® who prepared
coprecipitated particles in an aqueous solution using
dihexadecyl phosphate vesicles as stabilizers. They attrib-
uted the concave relationship to the smaller solubility of
CdS compared to ZnS, which makes CdS precipitate faster
than ZnS and results in particles that are CdS-rich. Next,
Zn,Cd .S particles were prepared with excess $* (y = 2).
The absorption spectra are shown in Fig. 4(b) and the band
gaps in Fig. 5. The E, - x relationship became more linear,
indicating that the composition of particles corresponded
closer to that of the feed composition of the reverse micel-
lar solution.

2) Preparation of ZnS-coated CdS particles Figure 6(a)
shows the absorption spectrum of the particles measured
20 minutes after addition of Zn?* and S> micellar solutions
([Zn?*] = [S%] = 10* M) to the CdS-containing micellar
solution ([Cd?**] = [S*] = 10* M) in an attempt to prepare
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Fig. 4 Absorption spectra of Zn,Cd;.,S particles with y = 1
(a) and y = 2 (b) measured 1 h after formation
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Fig. 5 Band gap of ZnxCd;.xS particles as a function of x

ZnS-coated CdS particles. The final composition was
[Cd?*] = [Zn?**] = 2.5 X 10° M and [S*] =5 x 10° M.
Compared with the absorption spectrum of the same
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Fig. 6 Absorption spectrum obtained by precipitating ZnS
onto CdS particles in reverse micellar solution
measured 20 min after formation. y =1 (a) y = 3 (b)

concentration of CdS particles (dotted line), there was a
significant difference in absorbance over the entire wave-
length range. This indicates that the addition of Zn?* and
S caused precipitation of mixtures of CdS and ZnS owing
to the residual Cd?* ion in the waterpools of the micelles.
Next, the effect of the feed amount of S on the residual
amount of metallic ions was investigated by preparing CdS
and ZnS ultrafine particles with differing values of y greater
than 1. The absorbance of particles was found not to
increase further when the value of y reached 2 for CdS and
4 for ZnS.

The preparation procedure was thus revised. The core
CdS particles were prepared with y = 2, followed by ZnS
precipitation onto CdS using 4 times more S2" than Zn?*.
The final composition was [Zn?*] = [Cd?*] = 2.5 x 10 M
and [S*]=1.5x 104 M. Figure 6(b) shows the resulting
absorption spectrum. The dotted line is the absorption spec-
trum for the CdS particles 1 hour after formation with y =
2. Good agreement was observed between these two spec-
tra at wavelengths between 380 nm - 500 nm where CdS
ultrafine particles contribute to the absorption. The
increase in the absorption spectrum of (ZnS)(CdS),.x at
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Fig. 7 Hydrogen generation by photoirradiation of reverse
micellar solutions containing composite ultrafine parti-
cles

wavelengths less than 340 nm is attributed to ZnS. This
means that ZnS (not mixtures of CdS and ZnS) has
precipitated onto the CdS particles. The high activity for
the photogeneration of hydrogen of these coated particles
as explained in section 2.5 is further evidence of the forma-
tion of ZnS-coated CdS particles.

2.4 TEM observation of ultrafine particles

Since the TEM samples were prepared through
gathering and redispersing ultrafine particles, rather large
aggregates (d, > 100 nm) were sometimes observed. Small
particles less than 10 nm in diameter were observed as well.
Owing to the residue of AOT on the TEM grid and the low
crystallinity of the particles, clear TEM photographs
could not be taken. However, spectra from EDX analysis
showed the existence of Cd, Zn and S where these small
particles were observed, while neither Cd nor Zn were
detected where no particle was observed. Therefore, these
indistinct particles can be interpreted to be CdS, ZnS or
their composite nanometer-sized particles. These particles
were estimated to have a diameter of about 4 nm accord-
ing to Brus’ equation.

The lattice spacing of the ultrafine particles calculated
from the results of electron diffraction could not be
compared to that of the bulk semiconductor owing to the
lack of reproducibility in the electron diffraction rings. The
ultrafine particles formed in reverse micellar solutions
seemed to have a rather amorphous structure.

2.5 Photocatalytic activity for water cleavage to

generate H»

$2-3.8.13.16.28.30.32) ynd $052 > 8.30) were employed
as sacrificial electron donors to scavenge photogenerated posi-
tive holes. Ethanol*» and 2-propanol'>* were not employed
here because they destroyed the reverse micelles.

1) Photocatalytic activity of composite particles of CdS and
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Fig. 8 Band gap of Zn,Cd,.,S particles for photoirradiation

(a) and hydrogen generation by 3-h irradiation A>

340 nm (b) and A > 320 nm (c)) of Zn,Cd,..S particles

as a function of x
ZnS Figure 7 shows the amount of H> generated during the
irradiation (A > 340 nm) of solutions containing various
semiconductor particles (a: Zn,Cd;..S, b: (ZnS)(CdS).x,
¢: A mixture of separately prepared CdS and ZnS). The
particles were prepared in two steps as follows. The ultra-
fine particles were first prepared with y =2 (a and ¢) or 3
(b). After 25 minutes, the same amount of micellar solu-
tion containing S* and SO3* at high concentrations ([S*]
=3.8x 103 M (aand ¢) or 3.7 x 103 M (b), [SO3>] =4 X
103 M) was added to the reaction mixture. Photoirradiation
of solutions containing particles was started about 10 or 20
hours after the addition of the micellar solution containing
S2 and SO3%. This was done because the initial hydrogen
generation rate of particle a gradually improved up to 10
hours after preparation and then remained almost
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unchanged until 40 hours. The composite particles a and
b showed 6 and 2 times higher activity for H> photogen-
eration, respectively, compared with the simple mixture of
separately prepared CdS and ZnS (c). The activity of parti-
cle a (prepared by precipitating CdS and ZnS
simultaneously) seemed to be easily reproduced. However,
the activity of particle b (prepared by coating the CdS cores
with ZnS) was sometimes not reproducible (Fig. 7). This
may be because it was difficult for particle b to be
prepared with the same composite structure every time.
Composite particles of CdS and ZnS have been
prepared in aqueous systems with SiO2,'* 32 Al,03'® or
dihexadecyl phosphate vesicles> as particle stabilizers, and
applied to photocatalytic H, generation. In these works, it
was found that the composite particles had higher activi-
ties than the simple mixture of CdS and ZnS. This is in line
with the present results obtained using reverse micellar
systems. As for the ZnS-coated CdS particles, Youn ez al.3>
have explained that ZnS deposition onto CdS may remove
the surface defect sites of CdS which decrease the reduc-
ing ability of the photoexcited electrons. They have
reported, however, that ZnS-coated CdS particles showed
greater activity than coprecipitated ones. This may be due
to the difference in the wavelengths of the irradiated light.
Ueno et al.3? have reported that ZnS-coated CdS particles
and coprecipitated particles prepared in aqueous systems
showed almost the same activities, and also that the
composite structures of the two kinds of particles were
rather similar to each other according to XPS analysis.
Thus, the use of reverse micellar solutions may be suitable
to prepare composite particles such as Zn,Cd;..S and
(ZnS)(CdS);.x with different structures.
2) Effect of the composition on the photocatalytic activity
of coprecipitated particles The band gap of the Zn,Cd;.S
particles changed continuously with the value of x as shown
in Fig. 5 and Fig. 8(a). The amounts of H; generated during
the 3-h irradiation are shown in Fig. 8(b) and (¢). When
irradiation was carried out with a cut-off wavelength of 340
nm, the production of H gave a peak of around x = 0.5 and
was almost zero at x =0 (CdS) and at x = 1 (ZnS). A simi-
lar curve has been presented by Ueno et al.’? obtained by
using particles prepared in an aqueous system. These obser-
vations are probably the result of the following two
effects. As x decreases, the ratio of ZnS in the coprecipi-
tated particles decreases. Since the conduction band level
of ZnS is more negative than that of CdS, this ZnS decrease
causes a lowering of the reducing ability of the photoex-
cited electron in the conduction band of the coprecipitated
particles. On the other hand, the particles can absorb only
the shorter wavelengths lights as x increases. CdS or ZnS
alone could not produce H» because the reducing ability of
CdS particles was too small and ZnS particles could not
absorb photons of A > 340 nm. When the cut-off wave-
length was 320 nm, the amount of photogenerated H»
increased rather monotonously as x increased (Fig. 8(c)).
In this case, the effect of the reducing ability of the parti-
cles was predominant, because ZnS could absorb more
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photons than that in the case of A > 340 nm.

The activity of ZnyCd,.,S particles can, therefore, be
controlled fairly well by changing the value of x and thus
their band gap. However, the band gap of the semicon-
ductor particles may not be the only key in determining
their activity. Although the band gap of the particles
decreased prior to irradiation (Fig. 8(a)), the activity of the
particles improved somewhat following preparation as
described in the preceding section. There is therefore a
possibility that the surface structure of the particles may
have changed gradually before irradiation.

Conclusions

The preparation of CdS, ZnS and their composite
ultrafine particles in reverse micellar solutions and their
photocatalytic activities were investigated with the follow-
ing results.

1) The size of the ultrafine particles formed in a
reverse micellar solution was controlled by changing the
W, value of the reverse micellar solution and was almost
independent of the reactant ion concentrations. Stable ultra-
fine particles could be prepared at a value of W, less than
8.

2) Mixing a micellar solution containing both Cd%
and Zn?* with a solution of S$?* gave coprecipitated semi-
conductor ultrafine particles (ZnxCd;«xS). Gradual
precipitation of ZnS in the micellar solution in which CdS
particles had been formed gave ZnS-coated CdS ultrafine
particles ((ZnS)x(CdS)i-x). The use of an excess amount of
S% for the precipitation was effective to control the
composite structure of the particles.

3) Semiconductor composite ultrafine particles
formed in reverse micellar solutions could be applied to the
photocatalytic reduction of water to generate H,. Coating
CdS ultrafine particles with ZnS was effective in improv-
ing the photocatalytic activity of CdS. The photocatalytic
activity of the coprecipitated particles could be controlled
between the activities of CdS and ZnS according to the feed
ratio of the two types of metallic ions.
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Nomenclature

d, = diameter of ultrafine particles [m]
E = band gap of bulk semiconductor [eV]
E, = band gap of semiconductor ultrafine particles  [eV]
e = charge of electron, 1.602 x 10"'? C

h = Plank’s constant, 6.626 x 103 J.s

K = proportional coefficient [J2.M.em™
me = electron rest mass, 9.110 x 107! kg

me* = effective mass of electron [kg]
my* = effective mass of hole [kg]
Wo = [H20]/[AOT] [-]
596

x = [2Z0?*]/([Zn*] + [Cd**)) [-]
y = [S¥]/([Zn*] + [Cd**)) [-]
£ = dielectric constant [CZ)'m]
& = dielectric constant of vacuum, 8.854 x 10-!2
Cczylm!

A = wavelength of irradiated light [nm]
v = frequency of absorbed light [s']
o = absorption coefficient M'.em!
[1] = concentration of species in the brackets [M]
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