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Abstract

Layer-by-layer accumulation of monolayers of silica-coated cadmium sulfide (CdS) was achieved through repeated monolayer
deposition—hydrolysis cycles using CdS particles (average diameter: 5nm) modified with 3-mercaptopropyltrimethoxysilane (MPTS)
and glass substrates. Absorption spectroscopic analyses of the resulting yellow films revealed that each layer had almost the same thick-
ness, the estimated density of which corresponded to ca. 66% of that for close hexagonal packing of nanoparticles. Monochromatic light
irradiation at 488, 458, or 436 nm onto the film immersed in oxygen-saturated aqueous methylviologen solution caused a decrease in the
size of the CdS core depending on the irradiation wavelength, while atomic force microscopic analyses suggested that the size of the silica
shell of the immobilized nanoparticles was almost unchanged by irradiation, i.e., the immobilized silica-coated CdS nanopatrticles had
void spaces between the photoetched core and the silica shell, and their sizes could be regulated by choosing the wavelength of irradiation
light. This size-selective photoetching was applied to nanoparticulate films that had been heat-treated at 473, 573 or 673 K to observe the
blue-shift of the absorption edge of CdS to the irradiation wavelength. The amount of CdS remaining in the film after the photoetching
process depended on the temperature of heat treatment. The largest amount among as-prepared and heat-treated samples was obtainec
473 K and decreased with an increase in temperature. The growth of particles, i.e., the diminution of particle number, and/or the diminution
of number of separated independent shells may account for this dependence.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tant class of materials and have been studied with the aim of
developing catalysts, optoelectronic devices and sensors. To
Surface coating of nanoparticles with different materials utilize these particles in solid devices, it is necessary to im-
to produce core—shell structures have attracted much attenimobilize core—shell nanoparticles onto solid substrates. Vari-
tion [1-21] because physical and chemical properties of ous techniques for this, including casting of partiglss, 38]
core materials can be modified or tailored by the shell com- and the layer-by-layer deposition using charged particles
ponents with negligible change in shape and size of the coreand ionic polymerd39-41] have been reported in recent
particles. Also, core—shell nanoparticles have been useful agyears.
precursors for the preparation of hollow structures by remov-  We have reported a size-selective photoetching technique
ing core materials through chemical etching or combustion as a means for preparing monodisperse semiconductor
[22-30] and partial removal of the core has enabled prepa- hanoparticles in the size quantization regime. When the
ration of novel nanostructures inside the shell, such as thetechnique was applied to CdS, the particle size could be
encapsulation of metal nanoparticles in a hollow sphere andcontrolled within the range of 3.5-1.7 nm simply by select-
void formation between the core and sH@&1-37] These ing the wavelength of monochromatic irradiation light in
nanocomposites are an interesting and increasingly impor-the range of 488-365 nii@2—-47] Recently, we have suc-
cessfully applied this technique to the control of core size
* Corresponding author. Tel:81-11-706-3673; fax:+-81-11-706-4925.  in silica-coated CdS nanoparticles, i.e., a CdS core-silica
E-mail addressohtani@cat.hokudai.ac.jp (B. Ohtani). shell structure. The resulting nanoparticles had a void space
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inside the silica shell, the size of which could be adjusted repeated up to 17 times. Post-reaction curing was performed
by choosing the irradiation wavelengf8]. In this pa- by heating for 1 h in an electric furnace under vacuum.
per, we report a newly developed method of layer-by-layer
accumulation of silica-coated CdS nanoparticles on glass2.4. Size-selective photoetching of the CdS core
substrates. We found that the size of the core, i.e., the size of
the void space, in the nanoparticle films could be controlled  An argon-ion laser (lon Laser Technology, model 5500A)
by using size-selective photoetching. and a 400 W mercury arc lamp (Eiko-sha) were used as light
sources. The former was used for irradiation of monochro-
matic light at 488 and 458 nm. An emission line at 436 nm
from the latter was extracted by the use of a combination of
various types of glass optical filters. The silica-coated CdS
nanoparticle films on a glass substrate were immersed in a
) _ ) 10 cn?® oxygen-saturated aqueous solution ofi$fol dm—3
Sodium bis(2-ethylhexyl) sulfosuccinate (AOT), - MV 2+ [47] and irradiated with monochromatic light until
methyl-4,4-bipyridinium dichloride (MV#"), and 3-mercap-  their absorption spectra had become unchanged. The ab-
topropyltrimethoxysilane (MPTS) were purchased from gorption spectra of the silica-coated CdS nanoparticle films
Tokyo Chemical Industry, and cadmium perchlorate was o glass plates were measured using an Agilent 8453 spec-
obtained from Kishida Reagents Chemicals. Other chemi- y+ophotometer. Since both sides of a glass plate were covered
cals were supplied from Wako Pure Chemical Industries. yith nanoparticulate films, the absorption spectrum origi-

Agueous solutions were prepared with purified water just nating from a Cds film on one side, obtained by halving the
before use by a Yamato/Millipore WPS01 Milli-Q system.  ahsorbance, is shown in this paper.

Glass plates (Matsunami, S-111188mx 1.3cmx 0.1 cm)
were treated overnight with a 1.0 mol dfNaOH aqueous
solution and washed thoroughly with water before use.

2. Experimental section

2.1. Materials

2.5. Characterization of core—shell nanopatrticle films

The surface of the film was observed by using an atomic
force microscope (AFM) (Digital Instruments, Nanoscope
[lla) in a tapping mode using Nanosensors NCH cantilevers.
MPTS-modified CdS nanoparticles were prepared by the The sizes of silica-coated CdS nanoparticles were deter-

procedure reported previousi§8]. To each of 200 crhof mined by measuring the lateral dimension of the particle
heptane solutions containing 14 g AOT and 5.2@hwa- images (more than 60 particles).

ter was added each of 1.3 émortions of a 1.0 moldm?

aqueous Cd(Clg), solution and a 1.0moldn? aque-

ous NaS solution. After being stirred for 1 h, they were 3. Results and discussion

mixed together, resulting in the formation of CdS nanopar-

ticles in AOT reversed micelles. To make the particle 3.1. Layer-by-layer accumulation of nanoparticle films
surfaces cadmium-rich, an additional 0.26%portion of

a 1.0mol dnr® aqueous Cd(Clg), solution was added to An absorption spectrum of MPTS-modified CdS nanopar-
the solution. The solution was stirred for another 1 h and ticles in toluene with an exciton peak around 445nm and
then the solvent was removed by vacuum evaporation. To aabsorption onset at 530-550 nm is showrFig. 1a. Since
toluene solution (400 c#) of the resulting yellow solid, a  the energy gap of bulk CdS has been reported to be 2.4 eV
5.0cn? portion of 0.21 moldm® MPTS toluene solution  [49] (corresponding to the absorption onset of ca. 520 nm),
was added to modify the CdS surface, and then the solutionmost of the CdS nanoparticles possessed an energy gap sim-

2.2. Preparation of CdS nanoparticles

was stirred for several hours. ilar to that of bulk material. As reported in a previous paper
[48], CdS nanoparticles prepared by almost the same pro-

2.3. Layer-by-layer accumulation of core—shell cedure had a wide size distribution ranging from 3 to 7 nm,

nanoparticles with average diameter of 5.0 nm and standard deviation of
0.79 nm.

Regulated accumulation of silica-coated CdS (core—shell) Before the addition of MPTS to the CdS particles in
nanoparticles was conducted by repeated cycles of a pro-AOT reversed micelles, the surfaces of the particles were
cedure consisting of monoparticle layer deposition of the rich in cadmium. It is thought that the thiol group in MPTS
MPTS-modified CdS particles and hydrolysis of the remain- (R-SH) reacts with these surface cadmium sites to make
ing trimethoxysilyl groups to a silica networls¢heme &) an R-S-Cd(CdS) linkage, i.e., the outermost surface layers
as follows. Glass plates were treated with a refluxing toluene of the particles are covered with trimethoxysilyl groups,
solution of the MPTS-modified CdS nanoparticles for 2h, which react strongly with hydroxyl groups on the glass
rinsed with methanol several times, and then heated in wa-substrate to give an Si(glass)-O-Si(MPTS) bond, as shown
ter at 363 K for 0.5 h. This deposition—hydrolysis cycle was in Scheme &. Since no chemical reaction that results in
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Scheme 1. (a) Preparation of a silica-coated CdS nanoparticle film by layer-by-layer deposition. Immobilization of MPTS-modified CdS nanoparticles
(1, 3) and hydrolysis of trimethoxysilyl groups (2). (b) Regulation of void space inside the shell structure by size-selective photoetching.

binding of these particles is expected under dehydratedgroups produced on the shell, another monoparticle layer of
conditions as employed in the first deposition step, attach- MPTS-modified CdS particles was attached, and this was
ment of MPTS-modified CdS particles should be limited followed by the hydrolysis. This layer-by-layer accumula-
to coverage of, at most, a monoparticle layer; and no tion of silica-coated CdS was repeated up to 17 times.
three-dimensional growth of the film should occur. The re-  Fig. 1b shows the absorption spectra of the silica-coated
maining trimethoxysilyl groups on anchored CdS nanopar- CdS nanopatrticle films deposited on a glass plate. Although
ticles are hydrolyzed in hot water to form a silica shell-CdS there was an upward shift of spectra in the whole wavelength
core structure, as was proved by FT-IR spectroscopy range due to the light scattering of the films, the exciton peak
in our previous study[48]. Using the surface hydroxyl of CdS nanoparticles could be detected at around 445 nm in



72 T. Torimoto et al./Journal of Photochemistry and Photobiology A: Chemistry 160 (2003) 69-76

0.06
3
© -
~
3 0.04 |
C
©
8 L
] <
2 <
<
‘ : : 0.02 |

350 400 450 500 550 600

(@) Wavelength / nm
0.1
17 o le; 1 1 1 1
0 4 8 12 16

§ 0 Number of cycles
[
8 0.05 | 4
] Fig. 2. Absorbance differenceA\@) between exciton peak and absorption
2 onset of silica-coated CdS nanoparticle films as a function of the number
< of accumulation cycles.

0 ' : : : random deposition of nanoparticles as shown in AFM im-

850 400 450 500 580 600 ages (see below) due to heterogeneity of the size of CdS
(b) Wavelength / nm nanoparticles; the diameter of CdS core ranges from 3 to

7nm[48].

Fig. 1. (a) Absorption spectrum of MPTS-modified CdS nanoparticles
dissolved in toluene. (b) Changes in the absorption spectra of silica-coated
CdS nanoparticle films with an increase in the number of accumulation 3.2, Photoetching of the CdS core
cycles. The number of accumulation cycles are indicated in the figure.

Fig. 3 shows absorption spectra of the silica-coated CdS

the spectra, in agreement with that of MPTS-modified CdS layers after irradiation of monochromatic light in water
nanoparticles in solution, and its intensity was enhanced byunder aerated conditions. The absorption spectra of the
increasing the number of accumulation cycles. Based on theresulting nanoparticles were blue-shifted and the exci-
assumption that the absorbance shift due to light scatterington peak appeared more clearly along with a decrease in
of the films is independent of wavelength, the absorbance wavelength of irradiation light. It is well known that CdS
(AA) owing to CdS was roughly estimated from the ab-

sorbance difference between the absorption onset (550 nm) 0.1
and the exciton peak (445 nnBig. 2 showsAA as a func-

tion of the number of accumulation cycles. Average and
standard deviation (error bar) values of 8-11 samples for
each experiment, and are plotted in the figure. The rela-
tively large error inAA measurement is due to different de-
gree of light scattering at the peak wavelength. However, it
is clear from the figure that there is a tendency fok to
increase with an increase in the number of repeated accu-
mulations, and a linear line can be drawn as shown in the
figure. From the slope of the linear relation, the number of 0.02
the particles immobilized per cycle was estimated using the
absorption coefficient of 536 mol(CdS)dm®cm™! at the
exciton peak and the average diameter of CdS nanoparticles
(5.0nm) to be 2 x 102 particles cnv2. This value is 66%

of that expected from a monoparticle layer of CdS nanopar- Wavelength/nm

ticles (32 x 1012 particles cnm2), the value of which was ob-

tained by assuming two-dimensional hexagonal closed pack-T9: 3. Absorption spectra of silica-coated CdS nanoparticle films pre-
. o . . pared by irradiation with various wavelengths: original film (1) and films
ing of S|I|c_a-cc_)ated CdS nanoparticles consisting of a COre [ anared by irradiation at (2) 488nm, (3) 458nm, and (4) 436 nm. The
of 5.0nm in diameter and an MPTS overlayer of 0.5nm in numper of accumulation cycles was 17. The arrows show the positions
thickness. One possible reason for the loose packing is theof exciton peaks.
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particles become smaller due to photocorrosifn. ((1)
by irradiation under aerated conditions in the presence of 50
an appropriate electron relay, such as #\j42]:

CdS+ 20, cd?* + S042~ 1)

The absorption onset of each spectrum seemed to agree
with the wavelength of irradiation light. The fact suggested
that the photocorrosion of CdS nanoparticles proceeded
until the nanoparticles could not absorb light during the
course of the photocorrosion, thus causing the absorption
onset to shift a shorter wavelength due to an increase in the
energy gap along with a decrease in the particle size, i.e.,
the size quantization effect. The exciton peak appeared at
440, 430, and 400 nm with monochromatic light irradia- 100 nm
tion at wavelengths of 488, 458, and 436 nm, respectively,
from which diameters of photoetched CdS nanoparticles
were estimated to be 3.3, 3.0, and 2.4 nm, respectively, by
applying the experimentally obtained data to a theoretical
relation between energy gap and particle diameter of CdS
[50]. Thus, size-selective photoetching of silica-coated CdS
nanoparticle films can be successfully performed, and the
sizes of the resulting CdS nanoparticles can be adjusted
by varying the wavelength of the monochromatic light, as
reported in our previous pap@t8]. The silica shells sur-
rounding photoetched CdS nanoparticles might be porous
enough for liberated Cd and SQ%~ (Eq. (1) to escape
from the inside of the shell and at the same time prevent
coalescence between the nanopatrticles.

Fig. 4 shows the AFM images of silica-coated CdS
nanoparticle films before and after irradiation at 458 nm. 100 nm
It was found that Orlgl.nal S|I|9a-coated CdS nanoparticles Fig. 4. AFM images of an original silica-coated CdS nanoparticle film
were packed densely in the film and that the degree of the 5) and that obtained with irradiation at 458nm (b). The number of
roughness of the film surface was relatively large (>50 nm). accumulation cycles was 17.
The average diameter of the original particles was deter-
mined to be 16 nm, with standard deviation of 7.4 nm, by
measuring the lateral dimensions of particle images. When
the surface of the film was measured after size-selective
photoetching, similar morphology was observed, and the
average diameter of particles was 15 nm with standard devi-3.3. Effect of pre-irradiation curing
ation of 5.3 nm, which were almost the same as the values
obtained in original films. Considering that the uppermost In order to increase the stability of the silica-coated CdS
layer, i.e., the silica shell of nanoparticles, was reflected in nanoparticle films, they were cured at various temperatures
the AFM images, these results imply that monochromatic before photoetchingig. 5 shows the influence of curing
light irradiation did not induce shrinkage of the shell struc- temperature on absorption spectra before and after size-
ture even when the size of the CdS core decreased with irra-selective photoetching. Before photoetching, the absorption
diation, resulting in the formation of a void space between spectrum of the film heat-treated at 473K was almost the
the photoetched CdS core and the silica st&theme ). same as that of the film without curing, but heat treatment
Similar behavior has been observed in a study using TEM at a temperature higher than 573K caused an appreciable
measurement of suspended silica-coated CdS nanoparticleged-shift of absorption spectra, indicating that the sizes of
in which the size of the silica shell was almost equal to that deposited CdS nanoparticles had increased. In as-prepared
of CdS nanoparticles before irradiation, regardless of the nanoparticle films, a network of an Si—-O-Si linkage sur-
irradiation wavelengtt48]. Although the diameters of the  rounding the CdS particles is formed and separates the CdS
nanoparticles determined by AFM were much larger than particles. This silica network is connected to the CdS core
those determined by TEM measurement, ca. 5.0 nm, it is particles through alkyl (C3) chain stems. When a part of
well known that lateral size is often overestimated in AFM the network surrounding one CdS particle is considered

50

images because of the radius of the curvature of the point
of AFM tips [51,52]
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0.05 .
than those obtained before heat-treatment (16 and 7.4 nm,

respectively).
Size-selective photoetching was successfully performed
regardless of the curing temperature as also showamgins.
The absorption spectra were blue-shifted and the absorption
onset of each spectrum almost coincided with the irradiation
Wavelength/nm wavelength. Furthermore, monochromatic light irradiation
Fig. 5. Changes in the absorption spectra of silica-coated CdS nanopalrticleat 488, 458 and 43,6 nm g‘:flve eXCItqn peaks at almost the
films heat-treated at 473K (a), 573K (b), and 673K (c) before (1) and Sa@me wavelength with or without curing (and regardless of
after irradiation at (2) 488nm, (3) 458 nm, and (4) 436 nm. The number curing temperature), except for the film cured at 673 K. It is
of accumulation cycles was 17. The arrows show the positions of exciton noticeable that the absorbance, i.e., the amount of CdS after
peaks, and vertica_ll dotted lines indicate the positions of exciton peaks of photoetching, decreased with an increase in curing tempera-
the as-prepared films. . .
ture. Plots of the absorbance difference between exciton peak
and absorption onset as a function of curing temperature are
as a chamber, the number of chambers in the whole film shown inFig. 6, in which the data of an as-prepared film
is equal to that of particles before curing. Heat treatment, were plotted at the refluxing temperature, 383 K. At present
especially that at a temperature higher than 573 K, might we have no explanation for the increaseNA before irradi-
induce decomposition of the stems and appreciable shrink-ation at 473 K other than that the R—-S—Cd moiety in the stem
age of the silica network, resulting in the formation of of the as-prepared film is converted to CdS via R—-S-bond
windows through the chambers. Growth of CdS particles by scission with negligible increase in particle size. This spec-
curing, as indicated by their spectral red-shift, is attributed ulation is supported by the fact that absorbance changes of
to coalescence of CdS in neighboring chambers with the CdS nanoparticles were not observed during the process of
connecting window between them, the size of which is the surface modification with MPTS and the expectation that
larger than that of the particle. The higher the temperature sulfur atoms originally included in MPTS molecules will re-
of curing is, the larger is the size of the window, i.e., the main on CdS particles after curing. At a higher temperature,
larger is the average size of CdS particles that might be AA before irradiation decreased along with the red-shift of
formed after curing. Thermal acceleration of particle coales- absorption spectra, i.e., growth of CdS particles, by the cur-
cence also accounts for the growth at a higher temperatureing, probably due to the decrease in the molar absorption
This view was supported by the results of AFM measure- coefficient of the CdS unit with an increase in the diameters
ment of a nanoparticle film heat-treated at 673 K showing of CdS nanopatrticles up to ca. 6 ri68].
the average size and standard distribution of silica-coated During the course of irradiation, CdS patrticles in cham-
CdS nanoparticles to be 19 and 8.5nm, values largerbers that are independent or connected through windows,
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