Proc. Indian Acad. Sci. (Chem. Sci.), Vol. 109, No. 6, December 1997, pp. 497-507.
© Printed in India.

Capped semiconductor colloids: Synthesis and photochemistry of
CdS capped SnO, nanocrystallites

ROBERT KENNEDY?, IGNACIO MARTINEI,

GREG HARTLAND® and PRASHANT V KAMAT"*

*Department of Chemistry, University of Notre Dame, Notre Dame, IN 46556, USA
PRadiation Laboratory, University of Notre Dame, Notre Dame, IN 46556, USA
e-mail: Hartland.1@nd.edu

e-mail: Kamat.1@nd.edu

Abstract. Cds-capped SnO, (CdS@Sn0,) and SiO, (CdS@SiO,) colloids of
50-80 A in diameter have been prepared in aqueous medium. Significant quenching
of CdS emission is observed in the CdS@SnO, system as the electrons are injected
from the excited CdS shell into the SnO, core. Photoinduced charge separation in
this system also results in transient bleaching in the 450 nm region. Picosecond laser
flash photolysis studies of composite semiconductor nanoclusters that highlight the
effect of the metal oxide core on the photophysical properties of the outer CdS shell
are described.
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1. Introduction

Recently, considerable interest is focused on developing composite semiconductor
materials with coupled capped geometries!*?. This approach is based on the principle
of combining two semiconductors with different energy levels®*. The charge separ-
ation that can be achieved with composite semiconductor systems makes these systems
attractive for designing molecular devices and integrated chemical systems for solar
energy conversion. For example, coupled semiconductor particles have been shown to
improve the photocurrent generation in thin particle films of TiO ,-CdS® ~#, ZnO-CdS°®
and TiO,/CdSe!®!!, Such coupled semiconductor thin films not only extend the
photoresponse of large bandgap semiconductors but also rectify the flow of photo-
generated charge carriers'® and improve the efficiency of dye sensitization'2. Compos-
ite semiconductor systems such as TiO,/CdS, TiO,/Sn0O,, TiO,/WO,, TiO,/MnO,,
TiO,/8i0,, TiO,/ZrO, and TiO,/WO, have also been beneficial in enhancing the
rates of photocatalytic degradation processes!3-2%,

The capped nanoclusters essentially have a core-shell geometry, while in coupled
systems the two semiconductor nanoclusters are in contact with each other. The
principle of charge separation*in capped and coupled semiconductor systems is
illustrated in scheme 1. While the mechanism of charge separation in a capped
semiconductor system is similar to that in a coupled semiconductor system, the inter-
facial charge transfer or charge collection at this multicomponent semiconductor
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(a) (b)

Scheme 1 Principle of charge separation in semiconductor heterostructures:
(a) Capped (or core-shell) geometry and (b) Coupled geometry. Electrons accu-
mulate at the conduction band (CB) of SnO, while holes at the valence band (VB)
of CdS.

system is significantly different. Only one of the charge carriers is accessible at the
surface in a capped semiconductor system, thus making selective charge transfer
possible at the semiconductor/electrolyte interface. The other charge carrier {e.g., the
electron of Scheme 1) gets trapped within the inner semiconductor particle and is not
readily accessible. In a coupled semiconductor system both holes and electrons are
accessible for selective oxidation and reduction processes on different particle surfaces.

The photophysical and photochemical properties of a variety of coupled and capped
type semiconductor nanoclusters have been investigated in several laboratories. These
systems include CdS-TiO,2%?3, CdS-PbS?4, CdS-Zn0O?%?2, CdS-Agl?3, Cd,P,-TiO,
and Cd,P,-Zn0O?*, ZnO-ZnS?®, ZnO-ZnSe?’, Agl-Ag,S?%, Sn0,-TiO,*° and
CdS/HgS3%-3!, In our earlier studies, we have shown that excitation of CdS colloids
coupled with a metal oxide colloids such as ZnO? or TiO,?3 results in the injection of
electrons into the lower lying conduction band of the metal oxide. The charge injection
process in these systems was shown to occur within the pulse duration of 20 ps. Recent
studies have indicated that such an inter-particle electron transfer occurs within
500fs-2 ps32:33,

Brus and his coworkers have demonstrated the feasibility of controlling the
nucleation and growth of CdSe on ZnS and ZnS on CdSe quantum crystallites34.
Recently, Eychmiiller and his coworkers®%-*5 have demonstrated interesting fluor-
escence properties of CdS colloids capped with HgS. Elucidation of the energetic
structure and charge carrier dynamics of this system led to the conclusion that its
electronic properties are significantly different from the sum of the separate particles.
Optical properties of PbS coated CdS particles have also been investigated®6:37
Development of such semiconductors is interesting, since by changing the thickness of
the shell and the particle radius, the overlap of the wavefunctions and bandgap can be
altered. Theoretical models for the quantum confinement in semiconductor hetero-
structures have been developed by Haus and coworkers38,

In view of the many interesting features of this core-shell type semiconductor system
we have synthesized CdS capped SnO, colloids for investigating photoinduced charge
transfer processes. In the present paper, our initial studies describing the preparation
and photophysical properties are presented.



Capped semiconductor colloids 499

2. Experimental

2.1 Materials

SnO, colloidal suspension in water (18%, particle size 30-50 A) was obtained from
Alfa Chemicals and used without further purification. Colloidal silica (# 2326, 14.5%,
50A, pH 90) was a gift sample from NALCO. All other chemicals were analytical
reagents and used as supplied. Absorption spectra were recorded with a Perkin Elmer
3840 Diode Array Spectrophotometer. Emission spectra were recorded with SLM 8000
spectrofluorometer.

2.2 TEM measurements

A small drop of the colloidal suspension was applied to carbon-coated copper grids
before using them for transmission electron microscopic examination. Particle sizes
were determined from the photographs taken at a magnification of 200000-300000X
using a Hitachi H600 transmission electron microscope. The pictures were further
magnified by photographic enlargement.

2.3 Picosecond laser flash photolysis

Picosecond laser flash photolysis experiments were performed with 355 nm laser pulses
from a mode-locked, Q-switched Continuum YG-501 DP Nd;YAG laser system
(output 2-3mJ/pulse, ~ 18ps puise width). The white light continuum picosecond
probe pulse was generated by passing the fundamental output through a D,0O/H,O
solution. The output was fed to a spectrograph (HR-320, ISDA Instruments, Inc.) with
fiber optic cables and was analyzed with a dual diode array detector (Princeton
Instruments, Inc.) interfaced with an IBM-AT computer. The details of the experimen-
tal setup and its operation are described elsewhere?-#°. Time zero in these experiments
corresponds to the end of the excitation pulse.

3 Results and discussion

3.1 Synthesis of CdS capped SnQ, colloids

The method employed in the preparation of capped colloids involves adsorption of
Cd?* ions on to the inner core semiconductor colloid followed by the exposure of the
solution to H,S. A typical procedure involves addition of 0.1 ml of 0.1 M Cd(ClO,), to
a 25ml aqueous suspension of 0.04% SiO, or SnO, colloids (pH ~ 10) in an airtight
glass vessel. The suspension in the glass vessel was cooled to ~ 273K and was then
subjected to vacuum for a brief period of time to remove dissolved air. 25 ml of H, S was
then injected into the vessel. The solution slowly turned yellow as CdS precipitated on
to the SiO, or SnO, core. After waiting for 2 min the excess H,S was pumped off by
subjecting the glass vessel to vacuum. The suspension was stable for several days. By
controlling the concentration of Cd?™ it is possible to vary the thickness of the CdS
shell. These capped colloids will be referred as SnO,@CdS and SiO, @CdS respective-
ly in the following discussion.

3.2 Characterization of capped colloids

a. Absorption spectra. The absorption spectra of aqueous suspensions of capped
colloids are compared with those of native colloids in figures 1A and B. The CdS
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Figure 1. A, Absorption spectra of aqueous suspensions of SiO ,@CdS colloids (a)
immediately after preparation and (b) after 3 days of aging. The spectrum of blank
SiO, colloidal suspension is also shown (spectrum c).

B. Absorption spectra of aqueous suspensions of SnO,@CdS colloids (a) immedi-
ately after preparation and (b) after 3h of aging. The spectrum of blank SnQ,
colloidal suspension is also shown (spectrum c).
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Figure 2. Transmission electron micrograph of SnO, colloids (560000X) and
SO, @CdS colloids (530,000X).

capped colloids exhibit significant absorption in the visible. The onset of absorption of
these colloids is at 480 nm which is close to the CdS bandgap of 2.5¢V. The change in
the absorption of the aged solutions only exhibit a small shift in the onset absorption
(5-10 nm) which we attribute to a small growth in the particle diameter.

b. Transmission electron microscopy. Figure 2 shows the transmission electron
microscopy (TEM) pictures of SnO, and SnO,@CdS colloids. SnO, colloids have
particle diameters in the range of 50-70 A. SnO, @ CdS colloids are nearly spherical
with very small change in the particle diameter. This shows that the CdS layer coated
onto the SnO, core is relatively thin. We expect its thickness to be in the range of
5-10 A. The pictures of capped colloid samples do not show two different particle sizes,
thus, the possibility of forming CdS particles away from the SnO, surface is ruled out.
Similar observations were also made with CdS capped SiO, colloids. The growth of the
CdS layer on SiO, (particle diameter 50-70 A) was less than 10 A. Relatively small
polydispersity observed from the micrographs in figure 2 indicates that the capping of
CdS is quite uniform over the oxide particles.

¢. Emission spectra. Emission measurements of semiconductor colloids provides
a convenient means of probing charge trapping, as well as interfacial charge transfer
processes*! =43, Coadsorption of ions from solution often dictates the nature of surface
states which influences trapping of the photogenerated charge carriers. The nature of
surface defect sites influences the emission properties of semiconductor colloids. It
would therefore be interesting to see what effect the oxide core has on the emission
properties of CdS. The emission spectra of SnO,@ CdS colloids and SiO,@CdS are
shown in figures 3 and 4. The freshly prepared suspensions of both samples show red
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Figure 3. Emission spectra of aqueous suspensions of SiO,@CdS colloids (a)
10 min after preparation and (b) after 3 days of aging. The spectra were recorded at
room temperature (296 K) with 400 nm excitation and were corrected for instrument

response.
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Figure 4. Emission spectra of aqueous suspensions of SnO,@CdS colloids re-
corded at time intervals: (a) 10 min, (b) 20 min, (¢) 30 min and (d) after 3 h after its
preparation. The spectra were recorded at room temperature (296 K) with 400 nm
excitation and were corrected for instrument response.
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emission with 2 maximum around 650 nm. This red emission mainly arises from the
sulfur vacancy and its maximum is dependent on the particle size. Upon aging for 3h
Sn0,@CdS colloids show more than 70% quenching in the emission yield. There is no
noticeable change in the emission maximum or the absorption spectrum which rules
out particle growth during this period. Under similar aging conditions SiO,@CdS do
not show any noticeable changes in the emission yield. Aging for an additional period
of 3 days produced a further 20% decrease in the emission yield (figure 3). This decrease
is also accompanied by a small red-shift (15~20nm) in the emission maximum, thus
indicating a small growth in the particle size during this extended aging process.

The difference in quenching behavior suggests that the inner oxide core plays
a significant role in controlling the emission properties of the outer CdS layer. SiO,
being an insulator does not directly interact with CdS shell. On the other hand SnO, is
a large bandgap semiconductor with its conduction band (E; = — 02V vs NHE) less
negative than the conduction band of CdS (E; = — 1-2V vs NHE). Photoexcitation of
CdS thus results in charge separation as the electrons are injected into the inner core of
Sn0O,. Such a photoinduced charge separation has been observed earlier for composite
semiconductor systems such as TiO, capped SnO, colloids?® and TiO,/CdS coupled
colloids?®'2®, Another interesting aspect is the aging period that is necessary to
establish the interaction between the SnO, core and CdS shell. We attribute it to the
formation of small individual crystallites of CdS in the early stages of precipitation.
During the short aging period these CdS crystallites grow on the oxide surface to form
a uniform layer, thereby maximizing the interaction with the inner core of SnO,.
A pictorial illustration that shows the growth of the CdS shell on the SnO, core is
shown in scheme 2,

th
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Scheme 2. Chemical precipitation of a CdS layer on to a SnO, nanocluster.

The emission results illustrated in figures 3 and 4 can be understood as follows. Upon
bandgap excitation, the initial charge separation occurs at the CdS layer. This is
followed by charge recombination and or charge separation. In the case of SiO,@CdS
the Si0, core has little influence on the emission behavior of the CdS shell.

SiO,@CdS AN SiO,@CdS¢e.....h) —— SiO,@CdS + hv'. (1
On the other hand, the emission quenching in SnO,@CdS colloids indicates lesser
charge recombination as the photogenerated electrons and holes quickly diffuse in
opposite directions to accumulate at the SnO, core and the CdS shells respectively,

$n0,@CdS —— Sn0,@CdS (e.....h) — SnO, (@CdS(h). ()

The quick transfer of electrons to the SnO, core thus prevents the recombination
of charge carriers within the CdS layer. The electron transfer between the two
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semiconductors can be understood on the basis of band energetics. The energetics of
the conduction (Ecps,0, = — 00 Vand Ecgcysy= —1:0 Vvs NHE at pH 7) and valence
bands (Eyggaon = + 35V, Eygcgs) = 1'5 V vs NHE at pH 7) of these two semiconduc-
tor layers favor charge separation within the capped semiconductor system.

3.3 Picosecond laser flash photolysis experiments.

Time-resolved transient absorption spectra recorded after the 355nm laser pulse
excitation of SiO,@CdS and SnO,@TiO, colloids are shown in figures 5 and
6 respectively. Both these spectra show intense bleaching with a maximum around
480 nm. This bleaching observed near the band edge of CdS essentially shows the shift
in its absorption following photoinduced charge separation.

The nonlinear optical property of metal chalcogenide nanoclusters has been the
topic of many recent investigations*#~32. In these studies explanations for the observed
transient bleaching were provided on the basis of various photophysical processes, viz.,
dynamic Burstein effect, charge trapping and Stark effects. In a composite semiconduc-
tor system this process is more complicated as the inner semiconductor core can
influence the photophysical properties of the outer layer of metal chalcogenide. Also
the newly evolved electronic wave functions of the semiconductor composite can
influence the overall photobleaching?3. Excitation of SnO,@CdS colloids results in
the transfer of electrons to the inner core and the trapped holes on the outer surface.
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Figure5. Time-resolved transient absorption spectra recorded after 355 nm laser
excitation (1.5 mJ, 18 ps pulse width) excitation of a SiO,@CdS colloidal suspen-
sion in water (deaerated with N,). The inset shows the transient bleaching recovery
at 490 nm.
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Figure 6. Time-resolved transient absorption spectra recorded after 355 nm laser
excitation (1.5mJ, 18 ps pulse width) excitation of a SnO,@CdS colloidal suspen-
sion in water (deaerated with N,). The inset shows the transient bleaching recovery
at 490 nm.

The intense electric field created as a result of this charge separation causes a shift in the
band edge of CdS. This effect which is usually explained on the basis of the Stark effect
has also been observed by depositing excess charge on CdS colloids or by applying an
electric field to CdSe film*>.

The magnitude of the bleaching in the case of SnO,@CdS is approximately two
times higher than that of SiO,@CdS. We attribute this enhanced bleaching to the
increased charge separation in SnO,@CdS colloids. The prompt appearance of the
transient bleaching indicates that this process is completed within the leading edge of
the laser pulse (pulse width of 18 ps). The insets in figure 5 and 6 show the recovery of
the bleaching indicating the time scale with which charges are recombined. Most of this
recovery is completed within a time period of 1 ns. The residual bleaching represents
long-term charge separation and/or irreversible changes resulting from the photoexci-
tation. These preliminary transient absorption studies indicate the possible use of
capped semiconductor colloids for non-linear optical applications. We are presently
carrying out femtosecond transient absorption measurements to resolve the photo-
physical events that occur during the transient bleaching processes in composite
semiconductor nanoclusters.

Conclusions

In this study we have made an effort to investigate photophysical properties
of chemically synthesized semiconductor heterostructures such as SnO,@CdS.
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By controlling the methods of preparation it is possible to tailor the photocatalytic
property of such composite semiconductor nanoclusters. Their ability to carry out
redox processes with greater efficiency and selectivity than the single component
systems has made them potential candidates for the conversion and storage of solar
energy, and in the mineralization of chemical pollutants. These systems have potential
applications in designing novel microheterogeneous assemblies, microelectronics and
chemical sensors.
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