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Abstract

The photodeposition of cadmium selenide (CdSe) using Se-TiO, photocatalysts was studied at pH 3.5 and 7 in the presence of formic
acid. The Se-TiO, photocatalysts were obtained by Se ion photoreduction using selenite (Se(IV)) and selenate (Se(VI)) as precursors. The
formation of cadmium selenide was attributed to the reaction between cadmium ions and selenide ions (Se?>~) released from the Se deposited
on TiO, particles under illumination. The release of the Se?~ ions from the Se-TiO, is believed to be the determining step for the formation of
the CdSe particles, hence controlling their morphology as either rod-shaped or spherical. Metallic cadmium was also detected on the surface
of TiO, particles as a product of the photocatalytic reduction at pH 7. Its formation was attributed to the photoreduction of cadmium by the

photogenerated electrons in the TiO, and/or the Se semiconductors.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cadmium selenide (CdSe) is an n-type semiconductor. Its
bandgap energy was reported to be in the range from 1.65 to
1.8 eV [1-4]. CdSe was found to be suitable for various opto-
electronic applications such as light-emitting diodes, laser
diodes [5-8], catalysis [9], solar cells [10] and biological
labelling [11]. The narrow bandgap CdSe has also been used
for sensitising wide bandgap semiconductors such as titanium
dioxide (E; (TiO2)=3.2eV) that can only be excited by 5%
of UV light containing in the sunlight. The CdSe-sensitised
TiO, has shown to improve the photoresponse in solar cells
[12,13] and the efficiency in photocatalytic processes [ 14,15],
compared to that of TiO; alone.

Sensitising TiO, with CdSe has been studied by a num-
ber of people, most of who have used the chemical depo-
sition method [16-20]. Chenthramarakshan et al. [21] and
Somasundaram et al. [15] suggested that selenium (Se)-
modified TiO, obtained from photocatalytic reduction of
selenite (Se(IV)) could be employed to produce CdSe-TiO,
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particles using the photocatalytic process. In those studies,
two mechanisms for the formation of CdSe were proposed:
either ionic or atomic. In the ionic pathway, CdSe was formed
due to the reaction between cadmium ions and selenide ions
released from the pre-deposited Se(0). The atomic pathway
first involved the reduction of cadmium ions to the metallic
form and then the reaction of the metal with deposited Se(0)
due to the underpotential effect.

Photocatalytic processes involve irradiation of a semicon-
ductor such as TiO, with energy greater than or equal to
the band gap of the semiconductor. This promotes electrons
from the valence band to the conduction band, generating
photoexcited electrons (¢ ~) and holes (h™). The photoexcited
electrons and holes may diffuse to the surface of the semi-
conductor, followed by interfacial electron transfer to and
from adsorbed acceptor and donor molecules. The holes are
involved in the oxidation reactions, typically the mineralisa-
tion of organic substances present in the solution. Simulta-
neously, inorganic ions such as cadmium and selenium can
be reduced to their elemental forms by the photogenerated
electrons.

The TiO; photocatalytic reduction of selenium from its
compounds (selenite (Se(IV) and selenate (Se(VI)) has been
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extensively studied [22-28]. From such studies it has been
found that selenium could be photoreduced to its elemental
form and deposited onto the TiO; particles in the presence of
formic acid as a hole scavenger.

From the work carried out on cadmium photocatalytic
reduction using TiO; [29], we have found the conditions
for this reaction are stricter than those required for selenium
reduction. Cadmium was photoreduced only at pH 7 using
formate ions as hole scavengers. The effective photoreduction
of cadmium was attributed to the ability of cadmium and the
formate ions to adsorb onto the TiO; particle surface, with the
formate ions forming the highly reducing formate radicals.

It is known that electrical and optical properties of [I-VI
semiconductors such as CdSe closely depend on their size
and shape [4,30-32]. The ability to control the morphology
of semiconductor nanocrystals can provide an opportunity to
test theories of quantum confinement [33,34], and produce
samples with desirable optical characteristics for different
applications [35,36]. To the best of our knowledge, no study
has been carried out to investigate the CdSe morphology
formed by the TiO, photocatalytic process. Therefore, the
aim of this study is to clarify the mechanism of the photodepo-
sition of CdSe employing Se-TiO, photocatalysts and hence
gains a better understanding of the photocatalytic formation
of CdSe particles and their morphology. In this report, we also
studied effects of Se-TiO, formed from different selenium
ion precursors (Se(IV) or Se(VI)) on the CdSe morphology.
The optimum conditions reported previously for the photore-
duction of selenium [25] and cadmium [29] were followed.

2. Experimental section
2.1. Chemicals

Cadmium perchlorate, sodium selenite, sodium selenate,
formic acid, perchloric acid, sodium hydroxide and copper
sulphate were all of reagent grade and used without further
purification. All water used was Milli-Q deionised water.
Degussa P25 TiO; was used as the photocatalyst.

2.2. Apparatus

The photocatalytic experiments were performed in a glass
reactor as described in detail by Tan et al. [25]. It had a lid
equipped with sampling ports. Oxygen was evacuated from
the system by purging with nitrogen. The contents of the
reactor were stirred throughout the experiment. A 1 L reaction
solution was employed and illuminated by a 200 W Hg lamp,
providing UV light of wavelength below 380 nm. The pH of
the solution was controlled manually with HC1O4 and NaOH
to maintain pH 3.5 for the preparation of Se-TiO; particles,
and pH 3.5 or 7 for cadmium selenide photodeposition. It
should be noted that as the reduction of Se(IV) and Se(VI)
could result in the production of H»Se, which is a toxic gas,
the reactor system was connected to two scrubbers in series,

containing CuSO4 and NaOH solutions to capture the H>Se
gas.

2.3. Procedure

2.3.1. Preparation of Se-TiO; suspensions

The procedure for the photoreduction of selenium was
described in more detail elsewhere [25]. In this study, a solu-
tion containing sodium selenite (or selenate), 300 ppm C
formic acid and the TiO; photocatalyst (with a loading of
1.5 g/L) were equilibrated in the dark for 20 min at pH 3.5
and then the UV light was switched on. The illumination time
was determined depending on the initial concentrations of Se
ions and on whether selenite or selenate ions were used as the
precursor. This was to reduce the maximum amount of Se ions
and to make sure that the selenium remaining in the suspen-
sions was the same if any left. Starting with 20-ppm selenite
as precursor, 2 h of illumination were sufficient to complete
the reaction. A 4-h illumination time was needed for an ini-
tial 40-ppm selenite and 20 ppm selenate concentration. Eight
hours of illumination were needed for completing the reaction
when starting with a 40-ppm selenate solution. The resulting
Se-TiO; suspensions were then used directly for Cd photore-
moval/reduction experiments (without washing or drying).
Note that the characteristics of these Se-TiO; suspensions
had been presented in our earlier publications [25,37].

2.3.2. Photodeposition of CdSe using Se-TiO;
suspensions

These experiments involved introducing cadmium ions
(as cadmium perchlorate) into the photoreactor directly after
the photocatalytic reduction of selenium. Prior to irradiation,
cadmium ions were equilibrated with the Se-TiO; suspen-
sions for 30 min. Our previous study [28] found that with the
addition of 300 ppm C formic acid a large amount (approx-
imately 290 ppm C) still remained in the solution after the
Se photoreduction. Hence, no additional organic hole scav-
enger was added into the system for the cadmium photore-
action. After the equilibration period, a suspension aliquot
of 10mL was collected and immediately filtered through
a 0.22 wm syringe filter to remove the Se-TiO; particles.
The filtrate was analysed for cadmium ions. This concen-
tration was taken as the concentration of Cd in solution at
the beginning of the photocatalytic reaction. The Hg lamp
was then switched on. Aliquots of 10 mL were taken at inter-
val times, filtered, stabilised in 2% HNOj3 and analysed for
cadmium. The presence of selenium in the solution during
cadmium photoremoval/reduction was also monitored. No
selenium was detected in the solution following irradiation.
In the absence of UV light illumination, no further removal
of Cd was observed after the dark adsorption period.

2.4. Analysis

A Perkin-Elmer Optima 3000 ICP-OES Spectrometer
was used for cadmium, selenium and copper analyses. Each
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sample was analysed in triplicate. All analyses obtained had
a relative standard deviation (R.S.D.) of less than 3%.

2.5. Characterisation studies

Methyl viologen was used as an indicator for metallic
cadmium deposited on the surface of TiO,. High resolution
transmission electron microscopy (HRTEM) images were
obtained using a Philips CM200. X-ray photoelectron spec-
troscopy (XPS) was performed on a VG ESCA LAB 220
I-XL model with the photon source of Al Ka to determine
the oxidation states of cadmium and selenium. The bind-
ing energies were calibrated to the internal standard C 1s
peak (285.00eV). The zeta potential measurements on the
Se-TiO; suspensions were obtained directly after the Se(IV)
or Se(VI) photoreduction using ZetaPALS from Brookhaven
Instrument Co. UV-vis reflectance measurements were car-
ried out using a Varian Carry 5 UV-vis—-NIR spectrome-
ter employing BaSOy as reference. The absorbance spectra
were obtained from the reflectance measurements using the
Kubelka—Munk relationship.

3. Results and discussion
3.1. Study of cadmium adsorption on Se-TiO; particles

The results for the cadmium adsorption in the presence
of formic acid using Se-modified TiO, as the photocatalyst
at pH 3.5 and 7 are shown in Table 1. The adsorption of
cadmium, using bare TiO; as the photocatalyst is also shown
for comparison.

As can be seen from Table 1, in the presence of Se-TiO»
suspension, no adsorption of cadmium ions was observed at
pH 3.5 while at pH 7 a substantial amount of cadmium was
adsorbed. The increase in cadmium concentration from 30 to
50 ppm increased the amount of cadmium adsorbed on the
surface of the Se-TiO; catalysts, indicating that the adsorp-
tion equilibrium of cadmium ions had not been reached.
With an initial concentration of cadmium at 30 ppm, the

Table 1
Adsorption of cadmium on Se-TiO»

35 -
30 4

B
25 -
20 4
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Remaining Cd (ppm)
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lllumination time (min)

Fig. 1. Photoreduction/removal of cadmium using Se-TiO, suspension in
the presence of formic acid. Conditions: The solution was illuminated after
30 min of dark adsorption. Initial Cd: 30 ppm; pH 3.5; catalysts: (a) bare
TiOy; (b) Se-TiO; suspension obtained using 20 ppm Se(IV).

amount of cadmium adsorbed ranged from 15.1 to 16.9 mg/g
catalyst for all the Se-TiO;, suspensions while the initial
concentration of 50 ppm Cd resulted in the adsorption of
19.4-21.3 mg Cd/g catalyst. This suggests that the amount of
Se deposited on the TiO, particles and the types of precur-
sors used had little effect on cadmium adsorption. This also
indicates that the adsorption of cadmium was most likely due
to the electrostatic attraction between the negatively charged
Se-TiO; at pH 7 (Table 1) and the cation Cd>*.

3.2. Photoremoval/reduction of Cd ions using Se—TiO;

Our earlier study on the photoreduction/removal of cad-
mium found that cadmium was not reduced/removed at pH
lower than 7 [29]. In this study, the effectiveness of Cd
removal at pH 3.5 was re-examined, this time using Se-TiO,
suspensions as photocatalysts. The results of these photocat-
alytic reduction experiments using bare TiO, and Se-TiO»
photocatalysts at pH 3.5 are compared in Fig. 1.

From Fig. 1, it can be seen that at pH 3.5, 2 h of illumina-
tion led to approximately 20 ppm of cadmium removal using
the Se-TiO, photocatalyst compared to zero removal using

Catalysts Se(IV)*20°-TiO;  Se(IV)*20P-TiO,  Se(IV)*40°-TiO,  Se(VD)420°-TiO,  Se(VI)440°-TiO,  Bare TiO,
pH 35 7 7 7 7 7

Zeta potential (mV) (£2) +9 —10 - —12 - -5

Cd30° adsorption (mg/g catalyst) ~ Negligible 16.9 15.5 15.6 15.1 14.9
Cd50f adsorption (mg/g catalyst) - 19.4 20.1 20.6 21.3 18.8
R.S.D. (%) 3

After Se photoreduction was completed the Se-TiO, suspensions were directly used for zeta potential measurements. Zeta potential for bare TiO, at pH 3.5

was measured to be +6 £2mV.
2 Selenite used as precursor.
b The initial precursor concentration of 20 ppm.
¢ The initial precursor concentration of 40 ppm.
4 Selenate used as precursor.
¢ Initial concentrations of cadmium of 30 ppm.
f Initial concentrations of cadmium of 50 ppm.
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Fig. 2. Photoreduction/removal of cadmium using Se-TiO, suspension in
the presence of formic acid. Conditions: The solution was illuminated after
30 min of dark adsorption. Initial Cd: 30 ppm; pH 7 for Cd removal; catalysts:
(a) bare TiOy; (b) and (c) Se-TiO; suspensions obtained using 20 and 40 ppm
Se(IV); (d) and (e) Se-TiO, suspensions using 20 and 40 ppm Se(VI).

the bare TiO, photocatalyst. This indicates that the presence
of selenium on the TiO, surface played an important role in
the removal of cadmium ions upon illumination.

Our previous studies on Se(IV) and Se(VI) photoreduction
at low pH [25-28] found that when Se(IV) and Se(VI) were
almost exhausted from the solution, the deposited Se(0) was
further photoreduced to Se?~. It is therefore believed that
when cadmium ions were introduced to this system and the
pH remained at 3.5, upon further illumination cadmium ions
reacted with the released Se?~ to produce CdSe according to
reaction (1):

Cd?t 4 g2~ "3 l1%24g, )

The next set of experiments explored the photoreduction of
Cd ions using Se-TiO, at pH 7. The results are presented in
Fig. 2 for an initial Cd concentration of 30 ppm.

An increase of pH from 3.5 to 7 led to an enhanced
photoreduction/removal of cadmium ions. After 2h of illu-
mination at pH 7, little cadmium (0.1 ppm Cd) ions were
detected in the Se-TiO, suspension (line b, Fig. 2), com-
pared with 11.4 ppm Cd remaining in the solution at pH 3.5
(line b, Fig. 1). The enhanced removal of Cd ions at pH 7
compared to that at pH 3.5 may be explained by the pho-
toreduction of Cd to metallic cadmium at pH 7 [29] and the
additional reaction between Cd>* and released Se’~ to form
CdSe (reaction (1)).

To verify the reaction of Cd>* and the photogenerated
Se’~ at pH 7, a separate experiment was carried out in
which the pH of the suspension after Se photoreduction was
increased from 3.5 to 7 with further illumination, in order to
test for the formation of Se>~. No cadmium was added in this
case. From this experiment it was found that during illumi-
nation at pH 7, the orange pink colour of the Se-TiO, sus-
pension faded from orange pink and became pinkish white.
This suggests the removal of Se(0) from the surface of the
TiO, particles as Se>~ ions.

Remaining Cd(ppm)

0 T T T T T
0 40 80 120 160 200 240

Illumination time (min)

Fig. 3. Photoreduction/removal of cadmium using Se-TiO, suspension in
the presence of formic acid. Conditions: The solution was illuminated after
30 min of dark adsorption. Initial Cd: 50 ppm; pH 7 for Cd removal; catalysts:
(a) bare TiO;; (b) and (c) Se-TiO; suspensions obtained using 20 and 40 ppm
Se(IV); (d) and (e) Se-TiO, suspensions using 20 and 40 ppm Se(VI).

At this point, illumination was stopped and the pH of
the suspension was dropped back to 3.5 while nitrogen gas
continued being purged into the reactor. This resulted in the
formation of black particles in the CuSOj4 scrubber indicat-
ing the precipitation of CuSe. This verified that at pH 7 the
Se(0) on the TiO, surface had been photoreduced to SeZ—,
which in the presence of protons at pH 3.5, formed H)Se
gas. From this, it is therefore believed as stated earlier, that at
pH 7 Cd** reacted with the released Se>~ to produce CdSe
through reaction (1). This confirmed the ionic mechanistic
formation of CdSe proposed earlier [15,21].

After 120 min of illumination the use of Se-TiO, obtained
from the photoreduction of Se(IV) resulted in slightly bet-
ter overall removal of cadmium at pH 7, compared to that
using Se-TiO; from Se(VI) photoreduction (comparing line
b—c with line d—e, Fig. 2). It is also observed that the use
of Se(IV)-TiO; resulted in faster rate of cadmium removal,
compared to bare TiO, and Se(VI)-TiO; (comparing line b—c
with line a and d—e, Fig. 2). On the other hand, the removal
of cadmium in the presence of bare TiO, and Se(VI)-TiO,
were comparable. It is also noted that the increase in the Se
loading from 20 to 40 ppm did not make much difference in
the overall removal of cadmium. This might be due to that
even at a loading of 20 ppm Se there was enough selenium
to effectively react with 30 ppm Cd. As the adsorption equi-
librium had not been reached when using 30 ppm Cd, further
experiments were carried out at a higher initial Cd concen-
tration of 50 ppm to try and further differentiate between the
performances of the Se-TiO;, photocatalysts. The results of
these experiments are presented in Fig. 3.

When the Cd concentration was increased to 50 ppm,
slightly faster rates of Cd removal compared to the blank TiO»
were observed when using the Se-TiO; suspension obtained
from 40 ppm Se(IV) and Se(V]) after 4 h of illumination. The
Se-TiO, suspensions prepared using the 20 ppm Se(IV) and
Se(VI) precursors has similar removal rates compared to the
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bare TiO; photocatalysts (comparing lines b and d with line a,
Fig. 3). This might be due to that in the presence of higher con-
centration of Cd (50 ppm), at least 40 ppm of Se was required
to obtain significant enhancement of Cd removal.

In general, the presence of Se(0) deposits on TiO, (using
Se(IV) and Se(VI) as the precursors) had little effect on the
removal of cadmium, compared to that using bare TiO,. It
is therefore postulated that the removal of Cd from solution
through Cd reduction by the photocatalytic process and the
CdSe formation by the reaction of Cd** with Se>~ upon illu-
mination are of comparable rates.

Cadmium was photoreduced by the electrons generated
from TiO; photocatalyst in the presence of formate ions at
pH 7 [29]. In addition, in this system the involvement of the
Se photogenerated electrons in the reduction of cadmium to
its metallic form cannot be ruled out. This is due to the fact
that the Se conduction band (—1.65 V) is far below the redox
potential of Cd>*/Cd couple (—0.403 V). It is believed that
the photoreduction of cadmium ions to metallic cadmium at
pH 7 contributed to a higher removal of cadmium than that
observed at pH 3.5.

It should be mentioned that in our study, formic acid
was used as the organic additive. This was to scav-
enge the photogenerated holes by the photooxidation of
formic acid. The photooxidation of formic acid can pro-
duce formate radicals which have a high reducing power
(E° (*COO~/CO,) = —1.8 V). Hence, this radical could also
be involved in the photoreduction reactions.

3.3. Characterisation of the photoreduction products

During selenium photoreduction, the colour of the sus-
pension changed from milky white to orange pink, indicating
the formation of Se(0). When cadmium was added and the
suspension was illuminated, the orange pink colour became
pinkish brown. The colour of the suspension is believed to be
due to the presence Se(0), CdSe and metallic cadmium. The
latter could be reoxidised when exposed to air to form CdO.

3.3.1. Detection of the presence of metallic cadmium
Methyl viologen was used to check the production of
metallic cadmium. Methyl viologen was added while main-
taining a nitrogen purge into the system to prevent the oxida-
tion of Cd to CdO. This was done 24 h after the reaction had
ceased in order to make sure that there were no more radical
species in the system. During these 24 h the system was also
kept under a nitrogen environment. The use of this method
for the detection of metallic Cd has been discussed in detail
in our previous publication [29]. In the presence of reac-
tive metallic cadmium, methyl viologen, which is colourless
indicator, becomes blue as it is reduced by the metallic cad-
mium. For the system in which the photoreduction/removal
of cadmium was carried out at pH 3.5, the addition of methyl
viologen did not bring about a colour change, indicating the
absence of metallic cadmium and suggesting that the removal
of cadmium under these conditions was purely due to sele-

nium leading to the formation of CdSe. On the other hand, the
addition of methyl viologen to the reaction suspension after
cadmium photoreduction/removal using the Se-TiO; photo-
catalyst at pH 7 did lead to a colour change to blue, indicating
that at pH 7 some of the cadmium ions were photoreduced to
their metallic form.

3.3.2. X-ray photoelectron spectroscopy (XPS) studies

The product particles recovered from the photoreduc-
tion/removal of 30 and 50 ppm cadmium at pH 7 using
Se-TiO, suspensions prepared from the photoreduction of
40 ppm Se(IV) and Se(VI) were subjected to XPS analysis.
For comparison, XPS analysis was also carried out on the
Se-TiO, particles and the powder obtained from 30 ppm Cd
photoreduction/removal at pH 3.5 using Se-TiO» suspension
prepared from 20 ppm Se(IV) precursor.

The Se-TiO;, powder prepared using Se(IV) as precursor
showed the binding energy of the Se(0) 3d state at 55.01 eV,
which is within the literature values ranging from 54.64 to
55.7 eV [38]. In the powder obtained from the reaction at pH
3.5 two Se 3d peaks were observed, one at 54.17 eV and the
other at a lower binding energy of 53.27 eV. A peak of Cd 3d
with a centre at 404.48 eV was also present. Comparing these
with the literature [3,21] suggested that the values at 53.27
for Se 3d and 404.48 eV for Cd 3d corresponded to Se 3dsp
and Cd 3ds; in CdSe, respectively. The change in the binding
energy of Se 3d was attributed to the transfer of charges from
the Se atom to the Cd atom as Se is more electronegative than
Cd [39]. The binding energy at 54.17 eV can be attributed to
the Se(0) deposits remaining on TiO».

For the powders obtained from Cd removal at pH 7 using
Se-TiO; suspensions, the high resolution XPS results showed
two binding energy values of Cd 3ds/, with the centres at
405.58 and 404.61 eV, and two binding energy values of Se
3dsp at 53.25 and 54.31 V. Comparing these with the litera-
ture [38] suggested that the value of 404.61 eV corresponded
to Cd 3ds); binding energy in CdSe while the binding energy
at405.58 eV can be attributed to CdO. In addition, the energy
binding values of Se at 53.25 and 54.31 eV can be attributed
to Se 3ds;, in CdSe and Se(0), respectively. These results
confirmed that upon illumination of Se-TiO, suspension at
pH 7 in the presence of cadmium ions, CdSe was produced
and a fraction of Se(0) was still present on TiO, surface. The
XPS results also confirmed the presence of CdO in the recov-
ered powders. The presence of CdO is believed to be due to
the reoxidation of the reactive metallic cadmium, which also
formed on the surface of TiO, at pH 7, upon exposure to air.

3.3.3. Charaterisation of optical properties

UV-vis reflectance analysis was carried out on various
systems of interest and the measurements were then con-
verted to absorbance spectra using Kubelka—Munk function.
These UV absorbance spectra are presented in Figs. 4-6.
Fig. 4 shows the absorbance spectra of pure TiO,, pure CdSe
powder and a mixture of CdSe and TiO; powders (10 wt.%
CdSe). The CdSe powder was produced in-house by purging
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Kubelka-Munk

320 520 720

Wavelength (nm)

Fig. 4. Absorbance spectra of (a) pure TiO, (b) pure CdSe and (c) a physi-
cally mixture of 10 wt.% CdSe in TiO,.

HSe gas into a Cd(ClOq4); solution. Figs. 5 and 6 present
the spectra for TiO, obtained from CdSe photodeposition
experiments and the typical absorbance spectra of Se-TiO,
powders obtained from the TiO; photocatalytic reduction of
Se(IV) (line b, Fig. 5) and Se(VI) (line b, Fig. 6) for compar-
ison. These spectra have two absorbance onsets at 400 and
680 nm wavelengths that can be attributed to the presence of
TiO;, particles and Se deposits, respectively [37].

As can be seen from Fig. 4, the absorbance spectrum of
the mixture of CdSe and TiO, has two absorbance onsets at

Kubelka-Munk
n

T T T T
320 420 520 620 720

Wavelength (nm)

Fig. 5. Absorbance spectra of powders from Cd removal using Se-TiO»
photocatalysts prepared from a selenite precursor: (a) pure TiO7; (b) Se-
TiO; obtained from photoreduction of 40 ppm Se(IV); (c) and (d) TiO2
obtained from photoreduction of 30 and 50 ppm Cd at pH 7 using 20 ppm
Se(IV) as precursor; (e) and (f) TiO, obtained from photoreduction of 30 and
50 ppm Cd at pH 7 using 40 ppm Se(IV) as precursor; (g) TiO; obtained from
photoreduction of 30 ppm Cd at pH 3.5 using 20 ppm Se(IV) as precursor.

Kubelka-Munk

0 7 T T T

320 420 520 620 720
Wavelength (nm)

Fig. 6. Absorbance spectra of powders from Cd removal using Se-TiO2 pho-
tocatalysts prepared from a selenate precursor: (a) pure TiO2; (b) Se-TiOy
obtained from photoreduction of 40 ppm Se(VI); (c) and (d) TiO, obtained
from photoreduction of 30 and 50 ppm Cd using 20 ppm Se(VI) as precursor;
(e) and (f) TiO, obtained from photoreduction of 30 and 50 ppm Cd using
40 ppm Se(VI) as precursor.

approximately 780 and 390 nm, corresponding to the pres-
ence of CdSe and TiO; particles, respectively. It is interest-
ing to note that the onset for CdSe absorption was almost
unchanged (at wavelength of 780 nm) while the TiO» typical
absorbance onset at 380 nm was red shifted to the wave-
length of 390nm. From Figs. 5 and 6, when CdSe was
photodeposited on TiO;, by photocatalytic processes using
Se-TiO; as catalysts, a further red shift to 400 nm, com-
pared to that of pure TiO, absorbance onset at 380 nm,
was observed in the spectra for all the resulting powders
(lines c—f).

Theoretical and experimental work on II-VI core—shell
particle system indicate that the bandgap energy of the sys-
tem is influenced by the relative composition of the core—shell
particle [40-42]. It is postulated here that the red shifts
observed for CdSe-TiO» particles compared to pure TiO; in
Figs. 5 and 6 are due to the hetero-junction between the core
TiO, particles and the CdSe particles. Furthermore, the shift
toward a longer wavelength that was observed for the CdSe-
mixed TiO, powder in Fig. 4 may be indicative of electronic
interactions even in physically mixed systems.

From Figs. 5 and 6, it can also be seen that all the spectra
obtained for CdSe-TiO; particles have additional two shoul-
ders starting at around 780 and 620 nm. Comparing with the
spectrum of pure CdSe (line b, Fig. 4), the shoulder at 780 nm
can be attributed to the presence of CdSe deposits. Hence, the
UV-vis absorbance results confirm that CdSe was produced
upon illumination of Se-TiO, suspensions in the presence
of cadmium ions. Furthermore, compared to the spectra of
Se-TiO, particles (line b, Figs. 5 and 6), the shoulder at
620 nm can be attributed to the presence of Se(0). This is
also consistent with the results obtained from the XPS study.
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CdSe particle

Fig. 7. TEM images of CdSe and TiO; particles after CdSe photodeposition experiments. Catalysts: (a) Se-TiO, obtained from photoreduction of 40 ppm

Se(IV); (b) Se-TiO, obtained from photoreduction of 40 ppm Se(VI).

3.3.4. TEM characterisation of photodeposited CdSe
using Se-TiO» as photocatalyst

Directly after the photodeposition of CdSe, an aliquot
of the reaction suspension was transferred and placed on
a carbon coated copper grid for TEM analysis. Images of
the particles obtained from suspensions containing an ini-
tial 50 ppm Cd using Se-TiO, photocatalysts prepared from
40 ppm Se(IV) and Se(VI) precursors are shown in Fig. 7a
and b, respectively.

The TEM analysis revealed that the photodeposition pro-
cess had resulted in the formation of both rod-shaped and
spherical-shaped CdSe particles. Interestingly, when using
Se(IV)-TiO, as photocatalysts, the rod-shaped CdSe parti-
cles were the dominant morphology (Fig. 7a) while the use of
Se(VI)-TiO; as the photocatalysts resulted in the dominance
of the spherical CdSe particles (Fig. 7b). It should be empha-
sised that different morphological formation of CdSe from
photocatalytic processes has not been reported before in the
literature. High resolution TEM images (Fig. 8) showed that
both rod-shaped and spherical CdSe particles consisted of
nano-sized crystals. In addition, for both rod-shape and spher-
ical CdSe particles [20,43], the electron diffraction pattern of
these CdSe crystals (Fig. 8c) showed a typical lattice spacing
of 3.51,2.16 and 1.86 corresponding to the (1 1 1), (22 0) and
(3 11) reflections of cubic structure. These indicate that both

(a) (b)

CdSe rods and spheres made up from nanocrystals of cubic
structure. A postulation for the formation of different CdSe
morphologies is put forward in the later section.

The morphology of a crystal depends on the growth rates
of the different crystallographic faces. In fact, manipulation
of growth kinetics has been used to control the shape of CdSe
particles [44]. Peng et al. [44] showed that fast growth rates
result in the formation of rod-shaped particles while nearly
spherical particles are obtained when the overall growth rate
is slow. Based on this, it is believed that a fast growth rate
of CdSe in the Se(IV)-TiO; system resulted in the formation
of rod-shaped CdSe particles while a slow growth rate in the
Se(VI)-TiO; system brought about the formation of spherical
CdSe particles.

3.4. Aninsight on the formation of different CdSe
morphologies

As discussed earlier, this study confirmed that the ionic
pathway of CdSe formation proposed by others [15,21] was
the main mechanism in our reaction system. In this system,
upon illumination of Se-TiO; photocatalysts the presence
of cadmium ions resulted in the formation of CdSe via the
reaction between Cd>* and Se”~ at both pH 3.5 and 7 (reac-
tion (1)). However, the question remained here as to how

(©)

Fig. 8. High resolution TEM images showing the structure of the CdSe particles as being made up of many nano-sized crystals and their electron diffraction

pattern: (a) rod-shape CdSe; (b) spherical CdSe; (c) electron diffraction pattern.
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Se?™ was generated at pH 7, and whether the generation
of Se?~ at both pH (3.5 and 7) followed the same mecha-
nism. The generation of Se>~ at pH 3.5 has been discussed
in detail in the study by Tan et al. [25], in which the reduc-
tion of Se(0) to Se?~ was attributed to the photogenerated
electrons of the Se p-type semiconductor. Indeed, this could
also be the case for Se’~ photogeneration at pH 7. The redox
potential of couple Se/Se®~ in alkaline solution is —0.92 V
(versus SHE), which is far below the conduction band of
TiO; (—0.5V versus SHE) at pH 7. Hence, the reduction of
Se(0) by the TiO, photogenerated electrons is thermodynam-
ically unfavourable. The conduction band of Se, on the other
hand, is at —1.65 V, which has sufficient reducing power to
reduce Se(0) to Se>~ at pH 7. Hence, at pH 7, it is postulated
that the Se’~ was formed by the reduction of Se(0) by the
photogenerated electrons in Se(0) deposits on TiO5.

Furthermore, as discussed earlier, the TEM analysis
revealed two morphologies of CdSe particles when using the
Se-TiO; particles prepared from two selenium precursors
(Se(IV) and Se(VI)). As cadmium ions were always avail-
able in the system, it could be expected that reaction (1) was
independent of cadmium concentration and the release of Se
as Se>~ was the rate determining step, hence controlling the
morphology of the CdSe particles [44].

Our study on selenium photoreduction found that upon
illumination of a TiO, suspension and using Se(IV) and
Se(VI) as precursors the formation of both discrete Se par-
ticles and Se films was observed. However, the use of
Se(VI) as precursor resulted in more discrete Se particles
while Se(IV) precursor produced more evenly distribution of
Se(0) deposits [25]. These different morphologies may have
behaved differently and undergone different steps to produce
selenide species.

The following sequence of reactions is believed to have
occurred during CdSe formation. Upon illumination of the
Se-TiO; suspensions, the Se(0) deposits were further pho-
toreduced to Se2~ (reaction (2)), which then reacted with
cadmium ions to form CdSe (reaction (3)). These two reac-
tions are expected to be rather fast [45], resulting in the fast
growth of CdSe particles. Hence, the result is the rod-shaped
CdSe particles [44]:

et 022 )
Se?™ + Cd** — CdSe (3)

The generated Se>~ could also interact with Se(0) deposits to
form polyselenide (reaction (4)) and be further photoreduced
(reaction (5)) before reacting with Cd ions to form CdSe
(reaction (6)) [46]:

0
Se2 55 (5e)2 (4)
Se?” +2(x — 1)e” — xSe?~ 5)

xSe?™ + xCd*t — xCdSe (6)

The above described chain of reactions is believed to
be responsible for the formation of cauliflower (three-
dimension) structures of CdSe obtained from electrodepo-
sition [46]. This may be compared with the spherical CdSe
particles observed in this study (two-dimension, Figs. 7b and
8b).

It is noted that in addition to the dominant rod-shaped
CdSe (obtained from photoreduction of Se(IV)-TiO,) and
spherical CdSe (from photoreduction of Se(VI)-TiO,), a
minor number of spherical and rod-shaped CdSe particles
were also observed in these two systems, respectively. As
the release of Se>~ governed the growth rate, hence the mor-
phological formation of CdSe particles, it is of importance
to control the generation of Se?~. This may be achieved by
controlling the formation of Se(0) deposits as either particles
or films, which may be obtained by varying the initial con-
centrations of Se precursors in the photoreduction of Se ions.
However, this is beyond the scope of the current study.

4. Conclusion

This study confirmed that upon illumination CdSe was
photodeposited via the reaction between Cd* ions and Se>~
released from pre-deposited Se(0) on TiO,. The current
study further showed that the use of Se-TiO, photocatalysts
obtained from the photoreduction of different selenium pre-
cursors (selenite and selenate) resulted in the dominance
of different morphologies of the CdSe particles as either
rod-shaped or spherical, respectively. This suggests a new
approach to manipulate the properties of the CdSe during
their formation, and hence control over electrical and optical
properties of this semiconductor. Controlling size of these
CdSe particles may be also worth to explore in the future.
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