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Abstract

Stability of the various colloidal solutions containing CdS particles with the surface modified by thiols such as thioglycerol (TG-CdS),
mercaptophenyltetrazole (MPT-CdS), mercaptobenzimidazole (MBI-CdS), and mercaptoacetate (MA-CdS) (capped CdS particles) und
the stationary illumination was studied by monitoring the changes in the absorption spectra to obtain knowledge about the influence «
these capping agents on photocatalytic events such as electron and hole transfer processes at the capped semiconductor particle-sol
interface. By the stationary illumination of the capped CdS particles, the photo-aggregation of the particles was observed in water and tl
photo-dissolution in organic solvents. The observed difference may be ascribed to the oxidative elimination of the capping agents froi
the CdS particles which occurs assisted by proton dissociation from the agents in water but not in organic solvents with aprotic natur
Addition of iodide which is known as a hole scavenger enhanced the photo-dissolution of both the capped and ordinary non-capped C
particles, contrary to the expected photo-aggregation. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction In order to complement our previous discussion on the
photochemical processes of the capped CdS particles based
The semiconductor photocatalytic reaction has attractedon the time-resolved transient absorption spectra measured
considerable attention because of potentialities for the by laser flash photolysis [6-8], the stability of various capped
photo-decomposition of water, novel organic synthetic CdS particles under the stationary illumination was inves-
methods, and others [1-4]. The photocatalytic reaction has,tigated in the present study by monitoring the absorption
however, significant disadvantage, because of its low quan-spectra. The influence of capping agents on the photochem-
tum efficiency. It is expected that the capping agent used ical processes such as interfacial electron and hole transfer
to modify the surface of the semiconductor particles influ- processes and their mechanism are discussed on the basis of
ences the photochemical processes such as trapping anthe photo-dissolution mechanism of aqueous colloidal solu-
recombination of electrons and holes photo-generated ontions containing ordinary non-capped CdS particles [9,10].
the particles. Therefore, the charge separation efficiency of As semiconductor particles with the surface modified by or-
photo-generated electrons and holes on photocatalysts anganic molecules which are chemically bonded to the sur-
consequently whole efficiency of the photocatalytic reac- face of semiconductor particles have relatively narrow size
tions may be improved by utilizing suitable capping agents. distribution and generally their transparent colloidal solu-
From such a standpoint, we have so far investigated thetions can be easily prepared by redispersing them into sol-
primary photochemical events of the capped CdS particlesvents [11-13], these particles are convenient for spectro-
by means of nano- and subpicosecond laser flash photolysisscopic studies on the photochemical processes.
techniques [5-8]. For the purpose of comparision, the stability of ordi-
nary non-capped CdS particles stabilized by hexametaphos-
phate (HMP-CdS) was also investigated under the same il-
* Corresponding author. Tel.: +81-98-895-8527; fax: +81-98-895-8587 lUmination conditions. It is known that n-type compound
E-mail addressuchihara@sci.u-ryukyu.ac.jp (T. Uchihara) semiconductors such as CdS, CdSe, GaP and GaAs un-
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dergo the photo-dissolution in the ordinary solutions con-  The preparation of the colloidal solution containing
taining electrolytes by light illumination. The mechanism MBI-CdS particles was carried out using a similar method
for photo-dissolution of CdS is also established. Further- as that for MPT-CdS described above except the order of
more, attempts to suppress the photo-dissolution of CdSmixing of reagents. Namely, 0.02M cadmium acetate in

have been carried out with a view to use it as an electrode DMF was added into the mixed solution of 0.02 M sodium

of photoelectrochemical cell [14—20] and preparation of the

sulfide in DMF/water (1:1) and 0.02M MBI in DMF. The

mono-dispersed CdS Q-particles has been attempted utiliz-treatment after that was similar to the case of MPT-CdS.

ing photo-dissolution of CdS particles [21,22].

2. Experimental section
2.1. Materials

5-Mercapto-1-phenyltetrazole (MPT, Acros Org.),
2-mercaptobenzimmidazole (MBI, Acros Org.), thioglyc-

MA-CdS colloidal solutions were also prepared employ-
ing the synthetic method reported by Ramsden et al. [23]
as follows. Fifty milliliters of 0.006 M cadmium chloride in
water and 50 ml of 0.021 M sodium mercaptoacetate in water
were mixed and stirred for 30 min in a 200-ml Erlenmeyer
flask in a cool stirrer maintained at Z5. While stirring the
mixed solution, 5ml of 0.06 M sodium sulfide in water was
poured into it with a buret (injection rate: ca. one droplet/s).
The yellow-tinged, transparent colloidal solution containing

erol (TG, Wako Chem.), and sodium mercaptoacetate (MA MA-CdS particles was obtained. After continued stirring of
Tokyo Kasei) employed as the capping agents were reagentthe colloidal solution for 1 h, it was allowed to stand in a re-
grade and used as received. All other chemicals were alsofrigerator until use. The colloidal solutions were used after

reagent grade and used without further purification. Triply
distiled water was used for the preparation of aqueous
colloidal solutions.

2.2. Apparatus

A cool stirrer (FDC-900, FINE) was used for the temper-
ature control of the solutions in the preparation of CdS col-
loidal solutions. A 396 nm monochromatic light obtained by
passing the light from 500 W xenon lamp (UI-501C, Ushio
Denki) through a monochromator (CT-10, Japan Spectro.)
was used as a light source for the stationary illumination.
Absorption spectra of the colloidal solutions were measured
with a spectrophotometer (U-2000, Hitachi).

2.3. Preparation of capped CdS patrticles and their
colloidal solutions

TG-CdS particles were synthesized from cadmium ac-

etate, thiourea, and thioglycerol according to the literatures

[7,8,13] and their colloidal solutions were prepared by re-
dispersing them into the solvents by the sonication.
MPT-CdS colloidal solutions were prepared employing
the synthetic method [23] used for ordinary CdS colloidal
solutions in the following way. 25 ml of 0.02 M cadmium ac-
etate in DMF and 25 ml of 0.02 M MPT in DMF were mixed
and stirred for 30 min in a 200-ml Erlenmeyer flask in a cool
stirrer maintained at 2%&. While stirring the mixed solu-
tion, 25ml of 0.02 M sodium sulfide in DMF/water (1:1)
mixed solvent was poured quickly into it with a buret (injec-
tion rate: ca. 0.6 ml/s). The yellow-tinged colloidal solution
containing MPT-CdS particles was obtained. After contin-
ued stirring of the colloidal solution for 1 h, it was allowed
to stand in the dark until use. In order to remove insoluble

large particles from the solution and make sure that the so-

lution is transparent, it was centrifuged before use.

returned to room temperature.

CdS colloidal solutions stabilized with HMP (HMP-CdS)
were also prepared using the synthetic method reported by
Ramsden et al. [23] as follows. Fifty milliliters of 0.01 M
sodium sulfide in water and 50 ml of 0.015M HMP in wa-
ter were mixed and stirred for 30 min in a 200-ml Erlen-
meyer flask in a cool stirrer maintained at°25 While
stirring the mixed solution, 2ml of 0.255M cadmium ni-
trate in water was injected quickly into it with a syringe.
The yellow-tinged, transparent colloidal solution containing
MA-CdS particles was obtained. The treatment after that
was similar to the case of MPT-CdS.

All colloidal solutions were diluted with each solvent so
as their absorbance at 396 nm to become 1.8 with a 10-mm
cell before the stationary illumination experiments. For the
experiments under deoxygenation, the colloidal solutions in
a square quartz cell were deoxygenated by bubbling nitrogen
gas through them for 15 min and sealed.

2.4. Stationary illumination experiments

The stationary illumination experiments were usually car-
ried out as follows. 3 ml of the colloidal solution was trans-
ferred into a square quartz cell (path length: 10 mm) with
glass stopper using a volumetric pipet. The colloidal solu-
tions in the cell were illuminated with 396 nm monochro-
matic light for 4 h while stirring with magnetic stirrer. During
that, the illumination was interrupted and their absorption
spectra were measured every 30 min. The change in absorp-
tion spectra of the colloidal solutions under the stationary
illumination was monitored, and the decrease in absorbance
at 396 nm was taken as the measure for photo-dissolution
of the CdS particles and the increases at 396 and 600 nm
photo-aggregation (The increase in absorbance at 600 nm,
where no absorption of CdS particles exists, is attributable
to the scattering of the light due to aggregation of the
particles).
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Fig. 1. Absorption spectra of capped and non-capped CdS colloidal so- 0.0 | ) | |
lutions. (a) TG-CdS in DMSO; (b) MPT-CdS in DMF; (c) MBI-CdS in 0.0 1.0 2.0 3.0 4.0
DMF; (d) MA-CdS in water, and (e) HMP-CdS in water. Illumination Time / h

Fig. 2. Relationships between the normalized absorbances and illumina-
3. Results and discussion tion times for HMP-CdS in water under various conditions. (1) non-treated
(®); (2) deoxygenated®), and (3) with 2mM methylviologen (M%)
(H). Each absorbance is normalized to that measured before the illumi-
nation.

3.1. The sizes of the capped CdS particles

The absorption spectra of capped CdS particles in water
and organic solvents used in the present study are showrcreases linearly with increasing illumination time and be-
in Fig. 1. On the basis of the relationship [24] between comes about 90% of that before illumination at the illumi-
sizes of CdS particles and the longer wavelength edge ofnation time of 4 h. On the other hand, the absorbance for the
their absorption spectra, CdS core sizes of the capped CdSleoxygenated solution does not change even after illumina-
particles are estimated to be ca. 25, 30, and 35-40A fortion of 4 h. This observation means that oxygen is essential
TG-CdS, MPT-CdS, and both MBI-CdS and MA-CdS from  for photo-dissolution of CdS particles as shown by the fol-
the spectra, respectively. The particle size of HMP-CdS is lowing reaction mechanism reported already [9,10].
estimated similarly as 3540 A.

CdS+ hv — CdSe™ + hh) (1)
3.2. Stgbllmy c_)f the_ ca_pped CdS particles in water under e +0p > 05 @)
the stationary illumination

h™ + CdS— Cd*tS™ ()

First, the stability of HMP-CdS (ordinary non-capped
CdS) in water under the stationary illumination was in- C#*S™ + 05 + 0, — Cd?t 4 SO~ (4)
vestigated for various conditions to compare with that of
capped CdS particles under the same experimental condi-
tions. The results are shown in Fig. 2. In this figure, the cqg 20, — CP* +SOZ_ (5)
absorbances normalized to those measured before illumi-
nation at each wavelength are plotted as a function of il- Therefore, it is considered that in the absence of oxygen,
lumination time for aqueous HMP-CdS colloidal solutions Eq. (2) in the mechanism is inhibited and simultaneously
with and without 2mM methyviorogen (M&) together the efficiency of the recombination between photo-generated
with deoxygenated one without M. One of the moni- electrons and holes (Eqg. (1)) is enhanced. Consequently
toring wavelength 396 nm is same as that of illuminating the photo-dissolution reaction of CdS particles is inhib-
light which enables to monitor the photo-aggregation and ited in the deoxygenated solution. On the other hand, in
the photo-dissolution of the particles because the CdS par-the presence of M¥", the photo-dissolution of CdS par-
ticles have absorption band in this wavelength region. An- ticles was significantly accelerated owing to both the in-
other monitoring wavelength 600 nm also enables to monitor crease of the holes escaped from the recombination with
photo-aggregation of CdS particles because the influence ofelectrons and the mediator action of ¥V for electron
light scattering due to aggregation and turbidity of the parti- transfer to oxygen. It is known that MY acts as both elec-
cles on their normalized absorbances appears sensitively irtron scavenger and mediator for the electron transfer to oxy-
this wavelength region where transparent colloidal solutions gen for the photo-generated electrons on the surface of the
containing small CdS particles have no absorption band. particles.

As seen from the figure, the normalized absorbance at The relative absorbance of HMP-CdS containing 2 mM
396 nm for the solution containing dissolved oxygen de- MV2t at 600 nm decreases with increasing illumination time

As a whole,
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crease in the absorbance at the early illumination time may
be attributable to the dissolution of large-size CdS particles gig 4. Relationships between the normalized absorbances and illumination
which are slightly contained in an aqueous HMP-CdS col- times for capped and non-capped CdS particles in water. Each absorbance
loidal solution. However, it hardly seems that the steep in- is normalized to that measured before the illumination.

crease at the latter stage of the illumination time results from

the light scattering by the aggregation of the particles be- y,o ol heyond 4h illumination. The photo-aggregation of
cause th_e colloidal solutipn is apparently transparent. T_histhe capped CdS may be caused by that the capping agents
obsgrva.mon. may be explicable as foIIovxl/s.. At the early - ponded to the surface of the particles are oxidized by the
lumination time when oxygen exists sufficiently in the col- photo-generated holes and detached from CdS core to make
loidal solution, the dissolution of the particles proceeds to particles coagulate or grow the size. Further discussion will

some extent because MV acts as mediator for the elec- o given in the next section together with that for the capped
tron transfer to oxygen via its radical (My. On the other CdS particles in organic solvents

hand, at the latter stage of the illumination time, the amount
of oxygen in the colloidal solution decreases by progress
of the dissolution reaction, and the steep increase of rela-3.3. Stabilitty of the capped CdS particles in organic
tive absorbance is observed because of the accumulation ofolvents under the stationary illumination
MV * radical with a relatively large extinction coefficient at
the absorption maximum near 600 nm. The stability of capped CdS particles (TG-CdS,
For the HMP-CdS colloidal solution containing MY, MPT-CdS, MBI-CdS) in organic solvents under the sta-
the blue shift of absorption spectra was observed togethertionary illumination was also investigated under the il-
with the decrease of absorption intensity by the illumination lumination conditions similar to the case in water. For
because band gap energy of the particles increase owing torG-CdS in DMSO, MPT-CdS in DMF, and MBI-CdS in
the decrease of the particle sizes. Their absorption spectraDMF, the absorbances at 396 and 600 nm, normalized to
at various illumination time are shown in Fig. 3. those measured before illumination at each wavelength,
Next, the stabilities of capped CdS particles (TG-CdS, are plotted as a function of illumination time in Fig. 5. In
MA-CdS) in water under the stationary illumination were contrast to both TG-CdS and MA-CdS in water for which
investigated as mentioned above. For both TG-CdS andthe photo-aggregation was observed, stationary illumina-
MA-CdS patrticles in water, the absorbances normalized by tion of TG-CdS and MBI-CdS in organic solvents caused
the method described above are plotted as a function of il- the photo-dissolution. Namely, decrease of absorbance at
lumination time in Fig. 4. The result for HMP-CdS already 396 nm was observed, as the case of HMP-CdS in wa-
shown in Fig. 2 is also plotted in the figure for comparison. ter. As the capped CdS particles were illuminated in both
As can be seen from the figure, the normalized absorbancesolvents under the identical illumination conditions, the
at both 396 and 600 nm for both TG-CdS and MA-CdS in- initial quantities of electrons and holes photo-produced
crease almost linearly with increasing illumination time in may be same in both solvents. Therefore, if the hole trap-
contrast to the case of HMP-CdS. The result seems that theping ability of each capping agents does not change from
oxidative elimination of capping agents from the particles water to organic solvent, the identical phenomenon (either
takes place by the stationary illumination and consequently photo-dissolution or photo-aggregation) should be observed
the particles aggregate to make the colloidal solutions tur- in both solvents. However, different phenomena were ob-
bid with increasing illumination time. In addition, yellow served by the stationary illumination of TG-CdS under same
precipitate (presumably CdS) is observed at the bottom of conditions.
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L1 @ RH, 5 (RHp)™ — HY + (*RH) 5 (RH)* + H*

1.0 ¢ — 2HT +R (6)
S 09+
K
g 08r @ Taking into account the molecular structure of capping
€ o7k (at 396 nm) ©) agents (TG and MA) used in the present study, it is expected
ﬁ 100 : : : : thz_it _the stepwise proton elimination from the_capping agents
3 o oxidized by photo-generated holes occurs in water as Eq.
é 80 (at 600 nm) (6). Therefore, the oxidative elimination of capping agents
]
Z

6.0 @ from the surface of the capped CdS particles may be acceler-
4.0 ated and consequently photo-aggregation proceeds in water
20 ®3) by the stationary illumination. On the other hand, in aprotic
@ organic solvents such as DMSO and DMF, photo-generated
00 1o 20 30 40 holes may be used mainly for dissolution reaction (Eq. (3))
Ilumination Time / h of CdS core rather than for oxidation of capping agents on

the surface because such stepwise proton elimination from

times for capped CdS in organic solvents; (1) MPT-CdS in DI@¥;((2) the OXIdflzedhcafpplngr;] agerr:ts dz.es n|0t FJCCUI’. Thls may ge the
MPT-CdS in DMF without @ (O): (3) MBI-CdS in DMF (), and (4) reason for the fact that photo-dissolution was observed pre-

TG-CdS in DMSO M). Each absorbance is normalized to that measured dominantly rather than photo-aggregation by the stationary
before the illumination. illumination of TG-CdS in DMSO.
Furthermore, it is known that Gd can be stabilized in

If there is the decay process for photo-generated electronsaprotic organic solvents such as DMSO and DMF. Tsub-
that does not exist in organic solvents but does in water, omura et al. [26] reported that when the photocurrent
these results are explicable. In such a case the number obf a crystalline CdS electrode was measured in various
holes which escaped from the recombination with electrons non-aqueous solvents, decomposition of CdS was observed
increases in water compared with that in organic solvents.in all solvents together with an anodic current under the
Consequently, the percentage of capping agents which aresufficiently positive electrode potential and moreover in
oxidized by holes on the surface of capped CdS particles in- some solvents such as alcohols, DMF, and DMSO, an an-
creases and then the photo-aggregation is observed in watewdic current flows at potentials more negative than that
In such a decay process for photo-generated electrons, onén water with higher dielectric constant. They explained
is apt to consider the direct reduction of water (or proton) these results based on the donicity (donor number, DN)
by photo-generated electrons since the level of conductionof the solvents proposed by Guttman rather than the di-
band of CdS is more negative than reduction potential of electric constant of the solvents, that is, the higher donor
water (or proton). However, it is known [9] that the electro- number (the stronger electron-donating ability) of solvents,
chemical reduction of dissolved oxygen (Eqg. (2)) takes place the stronger the solvation for ions such as*Cdecomes.
preferably to reduction of water (or proton), and moreover, Taking their discussion into account, the reason why the
reduction of water (or proton) by photo-generated electrons photo-dissolution of CdS core of the capped CdS particles
hardly occurs even in the absence of dissolved oxygen be-is observed in DMSO (DN =28 [27]) and DMF (DN =27
cause of the fast recombination with holes. Therefore, the [27]) on contrary to the case in water (DN =18 [27]) may
reaction with water (or proton) may be ruled out from the de- be ascribed to their higher donor numbers.
cay process of photo-generated electrons which exists only On the other hand, if most holes are trapped by capping
in water. However, we have no alternative idea for the decay agents, the photo-dissolution of the particles may be sup-
process which works only in water . Accordingly, it may be pressed because Eg. (3) in the reaction mechanism is in-
difficult to ascribe the difference in the behavior of TG-CdS hibited. However, the photo-dissolution of the capped CdS
particles in both solvents under the illumination to the decay particles has been observed in organic solvents as seen from
process of photo-generated electrons that does not occur irFig. 5. This suggests that hole trapping by capping agents
organic solvents but occurs only in water Eq. (5) on the surface of the capped CdS particles is insufficient and

Alternatively, this difference depending on solvent may be holes which participate in the dissolution process of the par-
attributed to the difference in the oxidative elimination pro- ticles remain to some extent on the surface of the particles
cess of capping agents in both solvents as being explainedn organic solvents. This also implies that the hole trapping
below. When organic compounds were oxidized electro- ability of the capping agents depends on the solvent as indi-
chemically in water, the stepwise oxidation proceeds usually cated by the fact that proton elimination from the oxidized
accompanying the stepwise proton elimination as Eq. (6). capping agents occurs in water but not in organic solvents.
However, this stepwise oxidation becomes difficult in cer-  In the case of MPT-CdS in DMF under the stationary il-
tain aprotic organic solvents which have weak affinity for lumination, although the change of absorbance at 396 nm is
proton [25]. not observed, the photo-aggregation seems to occur because

Fig. 5. Relationships between the normalized absorbances and illumination
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1.09 (2)
;‘é%@)
08 (O]

(3b)

the increase in absorbance at 600 nm and turbidity of the so-
lution are recognized. And further the absorbance at 396 nm
for the solution without dissolved oxygen increases by the
illumination. Therefore, it seems that the photo-aggregation
and the photo-dissolution of the particles occur simultane-
ously by illumination of the solution containing dissolved

6
) (a)TG-CdS in DMSO
oxygen. That is the reason why the absorbance change at

Normalized Absorbance/a.u.

396 nm is not observed for MPT-CdS in DMF by the illu- 03 I I l I
mination. The difference in the behavior for the illumination @
between MBT-CdS and both TG-CdS and MBI-CdS may be 1.03
attributable partly to the fact that the stability of MPT-CdS

. - . 08}
colloidal solution in the dark is poor compared to other col- )
loidal solutions. 06l Ga)

(b) MBI-CdS in DMF

0.4 - '
0.0 10 20 30 40

(3b)

3.4. The influences of dissolved oxygen and electron
and hole scavengers on the stability of the capped CdS Ilumination Time / h

articles under the stationary illumination . N .
P y Fig. 6. Relationships between the normalized absorbances at 396 nm and

- . illumination times for TG-CdS in DMSO (a) and MBI-CdS in DMF; (b)
The stability of the capped CdS particles under the sta- under various conditions: (1) non-treatd®) (2) deoxygenatedQ); (3a)

tionary illumination was also investigated in the presence with 1mM I~ (a); (3b) with 10mM I~ (v) , and (4) 2.5 mM Cé&" (H).

of electron and hole scavengers. lodide and cadmium jonsEach absorbance is normalized to that measured before the illumination.
were used as hole and electron scavengers, respectively.
Their effects appeared pronouncedly for the stability of both
TG-CdS and MBI-CdS in organic solvents though their ef-
fects were not clear in water because the photo-aggregation
of the capped CdS particles occurred rapidly even in the ab-
sence of them. These effects in organic solvents can be inter-
preted on the basis of the reaction mechanism (Egs. (1)—(4))
for the photo-dissolution of CdS particles in the presence of
dissolved oxygen.

L1 3

Relative Absorbance/a.u.

The relationships between absorbances at 396 nm and il- 06 . . .
lumination times for TG-CdS and MBI-CdS in organic sol- 0.0 1.0 20 30 4.0
vents are shown together with those for the colloidal solu- Ilumination Time / h

tions without dissolved oxygen in Fig. 6. In the case of the

absence of both electron and hole scavengers, aIthough thgig. 7 Relatipnships between thg normalized absorpances at_ 396 nm and

decrease in the absorbance due to the photo-dissolution Walﬁllumlnanon tlmles for HMP-CdS in V\{ater under various conditions; (1)
on-treated @); (2) deoxygenated®); (3) 2.5mM Cd+ (M), and (4)

observed for both TG-CdS and MBI-CdS, but not for the with 10mMm I- (v). Each absorbance is normalized to that measured

deoxygenated solutions as described in the preceding secbefore the illumination.

tion. This suggests that the dissolved oxygen is necessary

for the photo-dissolution of the capped CdS particles despite centration (Fig. 6b). The similar effect of iodide was also

of kinds of solvents and capping agents used, as can be exebserved in an agueous HMP-CdS colloidal solution (Fig.

pected from Eq. (2). Cd ion which acts as an electron scav- 7). Furthermore, analogous results were already observed

enger suppresses somewhat the photo-dissolution of CdSor usual CdS powders and CdS electrodes by Matsumura et

core of TG-CdS (capped CdS particles) by competing with al. [28]. As one of the reason why iodide ions enhance the

oxygen for the transfer of photo-generated electrons. How- photo-dissolution of the CdS particles, it may be considered

ever, the extent of the suppression is smaller than that forthat iodide ions stabilize the dissolved cadmium ions by the

HMP-CdS (non-capped CdS patrticles) in Fig. 7, for which formation of complex ions (for example, (‘fldl) though its

access of C# ions seems to be easy because the surface ofidentification has not been carried out in the present study.

the particles is covered with HMP having negative charges.

On the other hand, addition of iodide ion known as a hole

scavenger enhanced the photo-dissolution of the particles ag. Conclusion

shown in Fig. 6(a) contrary to our expectation that iodide

ions react with photo-generated holes and consequently Eq. The capped CdS particles aggregate in water by the sta-

(3) in the photo-dissolution mechanism is inhibited. And tionary illumination, contrary to the non-capped HMP-CdS

further, its effect becomes larger with increasing the con- particles for which the photo-dissolution is observed. The
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