NJC

CrossMark
&click for updates

' ROYAL SOCIETY
OF CHEMISTRY

Cadmium sulfide quantum dots stabilized by

aromatic amino acids for visible light-induced

Cite this: New J. Chem., 2015,
39, 6951

photocatalytic degradation of organic dyes

Jie Zhang, Yuming Guo,* Hui Fang, Weili Jia, Han Li, Lin Yang and Kui Wang

In the present study, three aromatic amino acids including histidine, phenylalanine, and tryptophan were

used as stabilizing agents for the preparation of cadmium sulfide quantum dots through a facile one-pot

method under mild conditions. The as-prepared cadmium sulfide quantum dots exhibited strong visible light
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absorption and green photoluminescence. In addition, by using quantum dots as catalysts, rhodamine B and
methylene blue could be photocatalytically degraded through the mediation of the photo-generated
hydroxyl radicals under visible light irradiation. Furthermore, the photocatalytic performance of the quantum
dots did not exhibit a significant decrease after five cycles of photocatalytic reaction. These results

suggested that the cadmium sulfide quantum dots prepared in this study might be used as potential
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Introduction

Recently, on account of the exceptional properties including a
relatively narrow band gap, size-dependent electronic, and
excellent optical properties, cadmium sulfide (CdS) nanoscaled
materials especially quantum dots (QDs) are extensively used in
various fields."™'® Compared with UV-light-responsive photo-
catalysts, e.g. TiO,, visible-light-responsive photocatalysts can
directly use a larger part of the solar spectrum, offering a desirable
way to solve environmental issues, such as CdS, Ag;PO,, and
boron carbides."' ™ Unfortunately, the preparation of stable CdS
QDs remains a difficult task because of the ultra-high surface
energy and the corresponding undesirable agglomeration. There-
fore, it is still a great challenge to prepare the relatively stable and
well-dispersed CdS QDs under mild conditions. Previously,
synthetic organic surfactants were frequently selected to be used
as stabilizing agents for the preparation of stable inorganic
nanomaterials, e.g. QDs."*>° However, the sophisticated synthesis
procedures and the potential toxicities of the organic surfactants
seriously limit the corresponding applications. From previous
studies, the functional groups of the amino acids could interact
with transition metal ions to form stable complexes.*'>* Con-
sequently, amino acids might be selected as the potential
stabilizing agents for the preparation of stable QDs. Several
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photocatalysts to efficiently treat organic pollutants under visible light irradiation.

studies reported the preparation of stable CdS QDs using different
amino acids as stabilizing agents.”>>® However, heretofore the
aromatic amino acids are seldom used as stabilizing agents for
the preparation of stable CdS QDs in aqueous media.

Currently, with the development of human society, large amounts
of synthetic organic dyes are widely applied in textile, leather
tanning, paper production, food technology, light harvesting arrays,
and photo-electrochemical cells, etc.>*** Because of their large scale
production and extensive use, colored wastewaters containing toxic
and non-biodegradable synthetic organic dyes are discharged into
natural aquatic environments posing a serious ecological risk.
Therefore, it is an imperative and challenging task to explore the
suitable approaches to efficiently treat these synthetic organic
dyes. From the studies, photocatalytic degradation was considered
as a superior method to treat synthetic organic dyes, in which
semiconductor nanoscaled materials were considered as potential
photocatalyst candidates.>*® Unfortunately, most of the existing
semiconductor photocatalysts can only photocatalytically degrade
the organic dyes under UV light irradiation. However, the content
of UV light in the sunlight spectral is less than 5%, and in contrast,
visible light whose wavelength ranges from 400 to 700 nm
accounts for 43%.%” So the practical applications of the existing
semiconductor photocatalysts are severely restricted. Therefore, it
is still a great challenge to explore the appropriate photocatalysts
to degrade synthetic organic dyes efficiently under visible light
irradiation.

In the current study, three aromatic amino acids, histidine
(His), phenylalanine (Phe), and tryptophan (Trp), are selected
to be used as efficient stabilizing agents for the preparation
of stable CdS QDs through a facile one-pot aqueous method.
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The as-prepared QDs showed good photocatalytic activities and
recycling stability for the degradation of synthetic organic dyes
under visible light irradiation through the mediation of photo-
generated hydroxyl radicals (*OH).

Experimental
Materials

All the chemicals were of analytical grade and were used without
any further purification. His, Phe, Trp, cadmium chloride
(Cdcl,-2.5H,0), thioacetamide (TAA), rhodamine B (RhB), methylene
blue (MB), terephthalic acid (TPA), vitamin C, sodium hydroxide
(NaOH), and hydrochloride acid (HCI) were purchased from China
National Pharmaceutical Group Corp. Double distilled water
(DD water) was used throughout the investigations.

Preparation of CdS QDs

In the current study, for the facile one-pot preparation of the
amino acid stabilized CdS QDs, 0.12 mmol of amino acid and
0.06 mmol of cadmium chloride were dissolved into 25 mL of
DD water and the pH value of the solution was adjusted to 10.0
using 1 M NaOH or HCI aqueous solution. Then the solution
was incubated at 25 °C for 12 h under moderate stirring for the
complete interaction between Cd** and amino acid. Subsequently,
25 mL of 3 mM TAA aqueous solution was added dropwise into the
above mixed solution. Afterwards, the reaction system was refluxed
for 1 h at 100 °C under moderate stirring and the color of the
reaction system changed to yellow. Finally, the yellow dispersion
was centrifuged under refrigeration, washed with DD water and
absolute ethanol for several times, and dried under vacuum
conditions at 40 °C for 24 h. The as-prepared yellow products were
denoted as His-QDs, Phe-QDs, and Trp-QDs. For comparison, a
control experiment was performed under the same conditions for
the preparation of bulk CdS in the absence of amino acids.

Characterization

The morphologies of the as-prepared CdS QDs were characterized
using a JEOL JEL-2010 high resolution transmission electron
microscope (HR-TEM) at an accelerating voltage of 200 kv. The
size distribution analysis of the CdS QDs was performed using the
log normal function from 100 particles in an arbitrarily chosen
area. Powder X-ray diffraction (XRD) patterns of the samples were
recorded on BrukerAXS D8 Advanced diffractometer with a graphite
monochromatized Cu Ko radiation source (4 = 1.5406 A). A scanning
rate of 0.05 deg s~ ' was applied to record the pattern in the 26 range
of 20-70°. The Fourier transform infrared (FT-IR) spectra were
recorded on a Bio-Rad FTS-40 FT-IR spectrometer in the wave-
number range of 4000-400 cm™". The UV-visible absorption and
photoluminescence (PL) spectra were recorded on a Lambda-17
UV-vis Spectrophotometer and a Cary Eclipse Fluorescence
spectrophotometer, respectively.

Evaluation of photocatalytic activity

For the photocatalytic activity evaluation, 30 mg of the CdS QDs
were dispersed into 24 mL of DD water through ultrasonication
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for 30 min. Then 6 mL of RhB or MB aqueous solution (250 ppm)
was introduced into CdS QD suspension. The suspension was
magnetically stirred in the dark for ca. 60 min to achieve the
adsorption/desorption equilibrium between organic dyes and
CdS QDs. Subsequently, the photocatalytic reaction system was
exposed to the irradiation of 500 W xenon lamp to perform the
photocatalytic degradation of organic dyes under magnetic
stirring. At the regular intervals, 4 mL of the suspension was
withdrawn from the reaction vessel and centrifuged to remove
the photocatalysts. The concentration of organic dyes in the
supernatant was determined by UV-visible absorption spectro-
scopy at 554 nm for RhB and 664 nm for MB. The photocatalytic
degradation rate was calculated using eqn (1):

Photodegradation rate % = (4, — A) x 100%/A, (1)

where 4, is the initial absorbance of organic dyes and 4 is the
final absorbance after treatment with photocatalysts for certain
periods of time.

For comparison, the photocatalytic activities of the bulk CdS
and the commercially available TiO, (Degussa P25) were also
evaluated under the same conditions.

Determination of [Cd”"]

The concentrations of Cd>* before and after photocatalytic reaction
were determined using the inductively coupled plasma-mass
spectrometer (ICP-MS, ELAN DRC-e, Perkin-Elmer Sciex). To
determine [Cd**] in the system after five cycles of photocatalytic
reaction, the mixture after each cycle of reaction was ultra-
centrifuged to remove any possible solid samples completely.
All the supernatants from each cycle of reaction were combined
and analyzed by ICP-MS.

Analysis of photo-generated *OH

With the assistance of TPA, the formation of the photo-
generated *OH radical on the surface of the photo-irradiated
CdS QDs was detected in situ by a fluorimetric assay. In this
approach, TPA can efficiently react with a photo-generated *OH
radical formed at the water/catalyst interface to produce a
highly fluorescent product, 2-hydroxyterephthalic acid (HTPA),
which can emit a strong fluorescence signal at 425 nm.**"*° The
fluorescence intensity of the HTPA is directly proportional to
the amount of photo-generated *OH radicals in the system.
This technique is rapid, sensitive, and specific and therefore
extensively used in many fields for the facile and sensitive
detection of the *OH radical generated in aqueous media.**™*!
The detection conditions were absolutely identical to those
used in the evaluation of photocatalytic activity except the
replacement of the aqueous solution of RhB with the aqueous
solution of TPA. The photo-irradiation was employed and the
suspension was withdrawn from the reaction vessel every 20 min.
Subsequently, the suspension was centrifuged to remove the
photocatalysts. Then, the fluorescence intensity of the super-
natant at 425 nm upon excitation at a wavelength of 315 nm
was recorded to represent the amount of photo-generated *OH
radicals.
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Confirmation of the photocatalytic degradation mechanism

In order to further confirm the mediation effect of the photo-
generated *OH radicals on the photocatalytic degradation of RhB in
the presence of CdS QDs, additional 0.1 mg mL ™" vitamin C
aqueous solution was introduced into the photocatalysis reaction
suspension to perform the photocatalytic degradation of RhB
under the identical conditions to the photocatalytic activity evalua-
tion experiments. The photocatalytic activities in the presence of
vitamin C were compared with those of the evaluation experiments
in the absence of vitamin C.

Results and discussion
Characterization of the CdS QDs

In this study, the XRD patterns were recorded to determine the
polymorphs of the CdS QDs. From the results displayed in
Fig. 1, all the CdS QDs exhibit similar XRD patterns, the three
diffraction peaks located at the 20 values of 26.75°, 44.05° and
52.11° can be assigned to the (111), (220) and (311) planes of
the cubic CdS phase (JCPDF 75-0581), respectively. This result
clearly reveals that the CdS QDs are successfully prepared
under the stabilization of His, Phe, Trp. The broadness of the
diffraction peaks can be attributed to the ultrasmall sizes of the
CdS QDs.

The size and morphologies of the CdS QDs were analyzed by
HR-TEM. From the results shown in Fig. 2al-c1, all the CdS
QDs exhibit similar spherical-like morphologies. From the size
distribution analysis (Fig. 2a2-c2), the mean diameters of the
His-QDs (4.72 nm), Phe-QDs (6.47 nm), and Trp-QDs (5.25 nm)
are different from each other, also different from the CdS QDs
under the stabilization of other amino acids.>”*** This suggests
that it is possible to adjust the diameter of QDs through the
careful selection of the stabilizing agents. Furthermore, from
the inset of Fig. al-c1, the lattice fringe spacings of the as-prepared
QDs are 0.3360 nm, 0.3357 nm, and 0.3372 nm, which correspond
to the (111) plane of the cubic CdS and confirms the formation of
the cubic CdS under the stabilization of the aromatic amino acids.
In addition, the bulk CdS prepared in the absence of amino acids is
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Fig.1 XRD patterns of the CdS QDs stabilized by different aromatic
amino acids.
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Fig. 2 (al-cl) HR-TEM images of the CdS QDs stabilized by His, Phe, and
Trp; (@a2—c2) Particle size distributions of His-QDs, Phe-QDs, and Trp-QDs.

much bigger and exhibits serious agglomeration (data not
shown), indicating the crucial roles of aromatic amino acids
in the efficient regulation of the size, morphology, and dispersion
of the CdS QDs.

Fig. 3 shows the FT-IR spectra of the CdS QDs and the bulk
counterpart. Compared with the bulk CdS, the stretching
bending band of the carbonyl group of aromatic amino acids

Ctr CdS

° Trp-QDs
o
ey
£ \
€ - Phe-QDs
2 \
o
=
) \ His-QDs

\

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Fig. 3 FT-IR spectra of the CdS QDs stabilized by His, Phe, and Trp and
the bulk CdS prepared from the control experiment.
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Fig. 4 (a) UV-visible absorption spectra of the as-prepared CdS QDs;

(b) PL spectra of the as-prepared CdS QDs under 202 nm excitation.

at 1550-1580 cm ™" and the stretching vibration band of CH of
amino acids at 2910-2920 cm ™' can be found in the spectra of
the CdS QDs. However, the absorption intensities of these
bands decrease obviously compared with the pure amino acids.
This indicates that there are certain interactions between the
CdS QDs and the functional groups of amino acids. It should be
these interactions that contribute to the stability and dispersity
of the CdS QDs.

The photo-properties of the CdS QDs were determined,
including the UV-visible absorption and the PL spectra. From
the UV-visible absorption spectra shown in Fig. 4a, all the CdS
QDs exhibit a broad absorption band from 200 to 550 nm,
indicating the strong photoabsorption properties in the UV and
visible light region. In addition, from the PL spectra of the CdS
QDs shown in Fig. 4b, all the CdS QDs exhibit a strong green
emission peak at around 528 nm when excited under light at a
wavelength of 202 nm. This can be attributed to the recombination
of the charge carriers within surface states.”’

Photocatalytic degradation activity of the CdS QDs on RhB
under visible light irradiation

On account of the good UV-visible photoabsorption properties
of the as-prepared CdS QDs, the potential application of the
CdS QDs to photocatalytically degrade the synthetic organic
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Fig. 5 Photocatalytic degradation of (a) RhB and (b) MB in the presence of
the CdS QDs under visible light irradiation. (c) The UV-visible absorption
spectra of RhB after being photocatalytically degraded by His-QDs for
different times.

dyes under visible light irradiation were evaluated. From the
results shown in Fig. 5a, compared with the reference samples
including bulk CdS and commercial P25, the as-prepared CdS
QDs show much stronger photocatalytic degradation activities
on RhB. Moreover, from Fig. 5b, the as-prepared CdS QDs also
exhibit the efficient photocatalytic degradation activities on
MB. The photocatalytic degradation spectra of RhB after treat-
ment with His-QDs for different periods of time are selected to
be shown in Fig. 5b to confirm the gradual degradation of RhB.
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From the results, the photocatalytic activities of the CdS QDs
prepared in this study are found to be much stronger than the
results of the previous reports.?”*** The sequence of the photo-
catalytic effects of the samples on RhB and MB is His-QDs >
Trp-QDs > Phe-QDs, which is well correlated with those of the
mean diameters and the PL intensities. This correlation might
be attributed to the recombination rates of the photo-generated
electron-hole pairs on the QDs. Generally, the lower the PL
intensity, the lower the recombination rates, and the higher the
photocatalytic activities of semiconductors.*?

The recycling stabilities of the CdS QDs during the
photocatalytic reaction

The recycling stability of a certain photocatalyst is critical for its
practical application. Therefore the recycling stabilities of the
as-prepared CdS QDs on the photocatalytic degradation of RhB
were evaluated. From the results shown in Fig. 6a-c, the
photocatalytic activities of the CdS QDs do not show an obvious
decrease after five cycles of the photocatalytic reaction, revealing
their excellent recycling stabilities. In addition, the morphologies
of the CdS QDs do not exhibit the obvious changes after five cycle
degradation reactions (Fig. 6d-f). From the ICP-MS analysis, after
five cycle degradation reactions, the overall concentration of Cd>*
in the reaction system is 0.04 mg L, similar to the original
concentration (0.03 mg L"), indicating the stability of the QDs
during the photocatalytic reaction process. These results propose
that the CdS QDs prepared in this study might be used as the
useful photocatalysts to degrade synthetic organic dyes under
visible light irradiation. More importantly, as the potential novel
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Fig. 6 The recycling of the as-prepared CdS QDs on the photocatalytic

degradation of RhB under visible light irradiation. (a) His-QDs; (b) Phe-QDs;

(c) Trp-QDs. TEM images of the CdS QDs after five cycles of photocatalytic

reactions. (d) His-QDs; (e) Phe-QDs; (f) Trp-QDs.
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photocatalysts, the CdS QDs can be reused for many cycles
without a great decrease in photocatalytic activity during the
reactions, exhibiting their potential in the practical and long-
time applications.

Photocatalytic degradation mechanism of organic dyes in the
presence of CdS QDs

From previous studies, the hydroxyl radical (*OH), superoxide
(0Oy7), and hydrogen peroxide (H,0,) might be the key active
intermediates in the photocatalytic degradation of synthetic
organic dyes.**** Therefore, the photo-generated *OH formed
on the surface of photo-illuminated CdS QDs was determined
using the PL intensity as the indicator. From the linear fitting
plots of PL intensity at 425 nm against irradiation time shown
in Fig. 7a, the PL intensities increase gradually with the
increase of the irradiation period, suggesting the successive
generation of *OH on the surface of the CdS QDs during the
irradiation process. The PL intensity under UV irradiation in
TPA solutions increases linearly against time. Consequently, it
can be inferred that *OH radicals produced at the surface of
QDs are in proportion to the light irradiation time obeying zero-
order reaction rate kinetics. The formation rate of the *OH
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Fig. 7 (a) Linear fitting curves of the induced PL intensities at 426 nm
against irradiation time for TPA on the as-prepared CdS QDs. (b) The
photodegradation of RhB in the presence of His-QDs and His-QDs +
vitamin C.
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radicals could be expressed by the slope of fitting lines shown in
Fig. 7a. The slopes of the fitting lines of His-QDS, Trp-QDs, and
Phe-QDs are 1.9498, 1.6833, and 1.5836, respectively. It can be
easily seen that the formation rates of *OH radicals on the surface
of different QDs are significantly different. The sequence of the
formation rates of *OH radicals is His-QDS > Trp-QDs > Phe-QDs,
which agrees well with the sequence of the photocatalytic activities.

Based on these results, the possible photocatalytic degradation
mechanism of RhB in the presence of the CdS QDs under visible
light irradiation is proposed as follows. Firstly, the photons with
the energy higher than that of the band gap of the CdS QDs are
absorbed on the surface of QDs. This results in the excitation of
the electrons from the valence band (vb) to the conduction band
(cb), which can produce a hole (h,;,") at the valence band edge and
an electron (e., ) in the conduction band of the QDs (eqn (2)).
Secondly, hy," and ey, can react with water or hydroxyl groups
absorbed on the surface of QDs to generate highly reactive *OH
radicals (eqn (3) and (4)). Finally, the *OH radicals can react with
the RhB molecules absorbed on the surface of QDs to perform the
photodegradation of the RhB (eqn (5)):

CdS + v — CdS (e, + hyp') (2)

hy" + HyOnqs — H' + *OH (3)
hy,"+ OH™ — °*OH (4)

*OH + dye,qs — degradation of the dye (5)

In addition, in order to further confirm this proposed
mechanism, vitamin C, a commonly used hydroxyl radical
scavenger, was introduced into the photocatalytic reaction
suspension to perform the photocatalytic degradation of RhB.
From the result shown in Fig. 7b, the photocatalytic degrada-
tion activity of RhB in the presence of the mixture of vitamin C
and His-QDs decreases significantly. This can be attributed to
the scavenging of photo-generated *OH on the surface of QDs
by vitamin C. This further confirms that the photocatalytic
degradation of RhB by the QDs is really mediated by the photo-
generated *OH formed on the surface of QDs.

Conclusions

In summary, using three different aromatic amino acids as
stabilizers, stable CdS QDs were successfully prepared through a
facile one-pot method under mild conditions. The as-prepared
CdS QDs exhibited different properties, including different dia-
meters and photo-properties. In addition, through the mediation
of photo-generated *OH, the CdS QDs showed different photo-
catalytic activities and good recycling stability to degrade
synthetic organic dyes under visible light irradiation, implying
the potential application in the treatment of the organic
pollutants in wastewater. More importantly, the results suggest
that the properties and the corresponding applications of the
CdS QDs might be effectively adjusted through the careful
selection of the stabilizing agents. This strategy might be
potentially extended to prepare other inorganic nanomaterials
with desirable properties and applications.
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