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embedded in mesoporous silicon dioxide templates studied by
confocal laser scanning microscopy
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Highlights

� Cadmium sulfide (CdS) embedded into SBA-15 and SBA-16 mesoporous silica templates. � Cadmium thioglycolate precursor as a source of
mesoporous CdS. � Broad photoluminescence (PL) over the entire visible range and enhanced PL intensity. � SiO2@CdS composites undergo
photoactivation under continuous UV illumination.
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1. Introduction

Wide band gap II–VI semiconductor nanoparticles, also terme
‘‘quantum dots (QDs)’’ (e.g., CdS, CdSe, ZnSe, etc.), have receive
considerable attention in recent years owing to their unique size
dependent optical properties that result from the quantum
confinement of electron–hole pairs in the three spatial dimension
As the nanocrystal size is reduced, the band gap increases and, con
sequently, a blue-shift of the photoluminescence (PL) emission
observed. This makes it possible to tune the emission color o
QDs [1,2]. These materials have been proposed for a wide variet
of technological applications, including biological labeling, elec
tronic devices, optically-driven lasers and waveguides, hydroge
production, solar cells, quantum computing and solid state lightin
(SSL), among others [1,3–6].
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templates have been infiltrated with CdS by means of nanocasting using
hology and structure of both the SiO2@CdS nanocomposites and the silica-fre
acterized. The three-dimensional nanocrystalline CdS networks embedded i
mplates exhibit broad photoluminescence (PL) spectra over the entire visib

ced PL intensity compared to silica-free CdS replicas. These effects result from
vating the surface of the CdS mesostructures. Furthermore, photoactivation

continuous illumination because of both structural and chemical surfac

at SciVerse ScienceDirect

nd Interface Science

. com/locate / jc is
near-white PL emission is indispensable.
� 2013 Published by Elsevier In

SSL devices based on QDs incorporated into light emittin
diodes (LEDs) are more efficient than conventional incandescen
and fluorescent lamps in aspects like mechanical stability agains
vibration and shock, overall life-time and, most importantly, over
all power consumption [7]. Indeed, incandescent light is highl
inefficient because about 90% of the energy input is emitted a
heat. Hence, switching from conventional light sources to SS
would represent a massive energy saving of more than 50% [6,8
Both organic [9] and inorganic [10] materials have been propose
for highly-efficient SSL. In terms of optical properties, SSL needs
broad-band luminescence in the wavelength interval ranging from
tained by simply mixing QD nanoparticles with narrow emissio
bands at the red, green and blue wavelengths [11], but this is no
very efficient due to self-absorption effects. Alternatively, white
light emission has been reported for the so-called ‘‘magic sized
CdSe QDs, which consist of uncoated nanoparticles of abou
1.5 nm in diameter [6]. To achieve the desired effects, precise con
trol of the CdS particle size was required using specific pyrolys
techniques.

One of the drawbacks of CdS comes from the acute toxicity o
Cd, which precludes its use in biomedicine and other application
In addition, the presence of structural defects at the surface of QD
013), http://dx.doi.org/10.1016/j.jcis.2013.06.022
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Pl
pically causes non-radiative decay of excitons and a concomitant
s of PL. For these reasons, organic ligands are commonly used to

at and passivate the surface of QDs [12,13]. However, these
ands make the QDs hydrophobic, while most biological applica-
ns require water-soluble systems. Alternatively, QDs can be
bedded into silica colloids or inside silica mesostructures, which

e biocompatible [14–16]. Coating QDs with silica also leads to
ective surface passivation and enhances the PL intensity [17,18].
Furthermore, the PL intensity can sometimes be enhanced by

uminating the QDs with UV or visible light. This phenomenon
known as photoactivation [14,19–23], and can be fostered in
e presence of certain liquids or gases that facilitate passivating
e QD surface in a reversible or irreversible manner. Photoactiva-
n competes with an opposing effect called photobleaching,
ich is the decrease in the PL intensity due to photon-induced

emical damage and concomitant increase of non-radiative decay
4].
Besides nanoparticles, one-dimensional semiconductor nano-
uctures with variable geometry (e.g., nanowires, nanotubes,
nobelts and nanohelices) also maintain the interesting lumines-
nt properties that arise from quantum confinement effects [25–
]. When arranged in the form of 2D or 3D periodic structures (for
ample, in ordered mesoporous frameworks), these materials can
regarded as a negative replica of an array of regularly-spaced
s. Therefore, these arrangements are often referred to as ‘‘quan-

m antidots’’ [28,29]. Similar to QDs, it should be possible to tune
e band gap of quantum antidots to meet specific technological
mands [29]. Actually, some functionalities of QDs that depend
the overall surface area (e.g., photocatalysis, photovoltaic activ-

and electrochemical properties) would presumably be
hanced in mesoporous quantum antidots [25,30].
So far, reports on mesoporous 2D or 3D CdS structures have

en rather scarce [31–39]. In fact, although there is extensive lit-
ature on the synthesis of CdS nanoparticles with a narrow size
stribution, the rational design of mesoporous 3D CdS architec-
res is still in its infancy. The first report on the preparation of
esoporous CdS (2D hexagonal supperlatices) dates from 1996,

en the soft-templating method was used to prepare these mate-
ls from an organic phase consisting of tubules of self-assembled
phiphiles [31]. CdS supperlattices have also been obtained by

rect templating in a lyotropic organic liquid crystal [32].
ilarly, CdS aerogels with thick walls have been produced by

sembling nanoparticles [33]. In turn, mesoporous CdS with disor-
red pore arrangements have been obtained using template-free
trasonic mediated precipitation [34]. All these processing routes
ffer from the drawback that either they render non-crystalline
S structures with poor optical properties, or the pore distribu-
n is rather inhomogeneous both in size and lateral spacing.
Interest in the use of hosts to accommodate CdS within their

re networks started with zeolites two decades ago, triggered
the early works of Herron and Stucky [35,36]. Later, the use of

esoporous silicas to accommodate CdS in their interior and the
ssibility to selectively etch away the SiO2 to obtain self-sup-
rted CdS replicas has attracted attention. Nevertheless, there
e still very few works on the nanocasting synthesis of 3D
esoporous CdS using silica mesostructures as a hard template
7]. Since SiO2 can stand calcination at relatively high tempera-
res, the degree of crystallinity in nanocast CdS is usually higher
an in soft-templating routes, and therefore better optical
rformance is attained. However, due to the low yield and poor
re filling, it is a challenge to form truly ordered mesostructured
tworks and only isolated dispersed nanoparticles are generally
tained inside the mesopores of the hard templates [38–41]. In
ost cases the CdS nanoparticles have been introduced in
esoporous silica via reverse micellar systems [42,43].
ease cite this article in press as: E. Pellicer et al., J. Colloid Interface Sci. (2013),
Higher filling of mesoporous silica hosts with CdS has been
hieved by using a special lab-made hybrid precursor, cadmium
ioglycolate (Cd10S16C32H80N4O28) [44], or by one-step impregna-
n method to replicate mesoporous CdS using thiourea [45].
xagonally-packed arrays of CdS and Cd1�xMnxS nanowires have
o been synthesized from Cd xanthate and a mixture of Cd and

n acetates, respectively, using mesoporous silica as a hard tem-
ate [46,47]. In all these studies, either the SBA-15 or the MCM-

silica mesostructures were the matrices utilized. Hence, the
ometry of the semiconductor obtained was essentially limited
interconnected nanowires. Furthermore, these previous works

ainly focused on the synthesis and structural characterization
the obtained replicas, while the possible benefits for the PL prop-
ties of hosting 3D quantum antidots inside the pores of mesopor-
s silica were largely overlooked.
In this work we report on the synthesis of CdS quantum antid-

s inside the pores of SBA-15 (hexagonally-arranged cylindrical
res) and SBA-16 (interconnected spherical cages) mesoporous
ica templates, using cadmium thioglycolate as precursor.
though the confocal laser scanning microscope (CLSM) is mostly
nd traditionally) used in the biology field, it is here applied to

dy the PL properties of the synthesized materials to simulta-
ously explore its potential in material science [48,49]. On com-
ring the PL spectra of SiO2@CdS composites and SiO2-free CdS
esoporous frameworks, it rapidly emerges that the synthesized
aterials exhibit an interesting range of photoemission properties.
e extremely different responses encountered in absorption, PL
rangement (SBA-15 and SBA-16). In particular, the presence of
e SiO2 template results in a pronounced enhancement of the PL
d broad white-light emission spectra.

Materials and methods

. Synthesis of cadmium thioglycolate, [Cd10(SCH2CH2OH)16](NO3)4,
ecursor

The cadmium thioglycolate precursor was synthesized follow-
g the procedure described in [50]. In brief, 6.12 g of Cd(NO3)2

s dissolved in 100 mL of dry THF in a 250 mL round-bottomed
sk under argon atmosphere. While stirring, 3.12 g of mercap-
ethanol dissolved in 50 mL of dry THF was injected with a syr-
ge through a silicon rubber septum into the flask at room
mperature. When the addition was complete, the mixture was
rred at reflux for 24 h (T � 65 �C) by which time a white precip-
te appeared. The reaction mixture was then first cooled to room

mperature, left in the fridge overnight, and finally the whitish
ecipitate was filtered off. The solid was washed several times
th excess amounts of diethyl ether, and the resultant white pow-
r was collected and dried under vacuum.

. Synthesis of silica templates

SBA-15 silica was synthesized by dissolving 6.0 g Pluronic P123
polymer in 225 g diluted HCl (1.35 M). 12.5 g of tetraethyl ortos-
cate (TEOS, from Sigma–Aldrich), which served as the silicon
urce, was then added and the solution stirred for 24 h at a con-
nt temperature (about 37 �C) [51]. The hydrothermal treatment
s carried out at 90 �C in a sealed plastic container for 24 h. The

lid obtained was filtered, washed copiously with water and final-
calcined at 550 �C for 5 h to remove the organics. A scan rate of
C min�1 was used to raise the temperature from room tempera-
re to 550 �C. SBA-16 silica was synthesized under similar
nditions by using Pluronic F127 (EO106PO20EO106) as the surfac-
http://dx.doi.org/10.1016/j.jcis.2013.06.022
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207 tant. In this case, 6.0 g of F127 was dissolved in 180 g diluted HCl
208 and 6.6 g KCl salt [51].

209 2.3. Synthesis of CdS@SiO2 composites and silica-free CdS replicas

210 For the impregnation of silica templates, 0.026 g of silica
211 powder (SBA-15 or SBA-16) was placed in contact with 0.128 g of
212 cadmium thioglycolate dissolved in 15 mL of water. The mixture
213 was stirred for 30 min in a crucible and left for water evaporation
214 overnight. The solid was then first heated up to 120 �C at a rate of
215 1 �C/min, held at this temperature for 10 h, and thereafter up to
216 160 �C and left at this temperature for 24 h. At the end of the heat-
217 ing process, the furnace was slowly cooled down to room temper-
218 ature. The yellow solid obtained consisted of CdS embedded into
219 SiO2 templates (SiO2@CdS composites). The silica hosts were selec-
220 tively etched with 2 M NaOH solution at 70 �C under stirring for
221 24 h. The released CdS powder was collected after centrifugation
222 and the supernatant was decanted off, copiously rinsed in ethanol
223 and finally dried.
224 For comparison, CdS uncapped nanoparticles were purchased
225 from Aldrich (98% purity powder). The structure and properties
226 of these particles were compared with those of the CdS
227 mesostructures.

228 2.4. Structural characterization using scanning and transmission
229 electron microscopies and X-ray diffraction

230 Scanning electron microscopy (SEM) images were acquired on a
231 Zeiss Merlin microscope operated at 1.20 kV. Transmission elec-
232 tron microscopy (TEM) analyses were carried out on a Jeol-JEM
233 2011 microscope operated at 200 kV. Samples for TEM observation
234 were prepared by dispersing a small amount of powder in ethanol
235 and then one or two drops of the suspension were placed dropwise
236 onto a holey carbon supported grid. Energy dispersive X-ray spec-
237 troscopy (EDX) was used for elemental analysis of the powders.
238 The nitrogen adsorption–desorption isotherm measurement was
239 performed on a Micromeritics ASAP 2020 accelerated surface area
240 and porosimetry analyzer at the temperature of liquid N2 (77 K).
241 The Barrett–Joyner–Halenda (BJH) approach was applied to deter-
242 mine the pore size distribution and average pore diameter by using
243 adsorption data of the isotherms.
244 The structure and phase percentages of the powders were
245 studied by X-ray diffraction (XRD), using Cu Ka radiation, in the
246 Bragg–Brentano geometry operating in the step scan mode. Micro-
247 structural parameters (phase percentages, cell parameters, crystal-
248 lite sizes and microstrains) were quantified from the XRD patterns
249 by means of a data analysis program based on a full pattern fitting
250 procedure (Rietveld method) [52]. The effects of preferred orienta-
251 tion on the patterns were also taken into account in the
252 calculations.

253 2.5. Absorbance measurements and photoluminescence studies using
254 confocal laser scanning microscopy

255 –
256 e
257 S
258 n
259 -
260 f
261 n
262 s,
263 5
264 ;
265 A
266 a

267emissions of the samples and to establish their maxima. Intrinsic
268fluorescence was excited with a 405 nm line of a blue diode laser
269and the Acousto-Optic Tunable Filter (AOTF) was set at 70%.
270Fluorescence emission was collected with a hybrid detector in
2715 nm bandwidth increments (lambda step size = 3 nm) in the range
272from 425 nm to 775 nm. The images were captured in
273512 � 512 pixels with 12 bits of dynamic range. A silica spectrum
274was collected as a negative control. A Region of Interest (ROI)
275was defined to determine the mean fluorescence intensity (MFI)
276in the selected area in relation to the emission wavelength. A set
277of 10 ROIs of 15 lm2 was used to analyze the mean fluorescence
278intensity and the maximum emission range of the samples. Fluo-
279rescence measurements are expressed in arbitrary units (a.u.) but
280were all acquired under the same imaging conditions.
281Photostability experiments were performed in air using the Live
282Data Mode function of the CLSM, which makes it possible to mon-
283itor long time-lapse experiments. A 50 mW blue diode 405 nm la-
284ser was used at a fairly high output (AOTF = 90%) to target small
285regions (24 lm2, zoom = 10). Images were taken at 2.5 s intervals
286during 10 min, in 512 � 512 pixels with 8 bits of dynamic range.
287In the area where the laser was at its maximum illumination
288power, 5 ROIs of 15 lm2 were selected to show the MFI in the re-
289gion in relation to time. For the irreversibility studies, the samples
290were irradiated during 5 min with a mercury-halide UV lamp
291(120 W, exciting wavelength in the range 300–600 nm). Data from
292all studies were analyzed using the LAS AF software ver. 2.4.1. (Lei-
293ca Microsystems).

2943. Results

295High-resolution SEM (HRSEM) images of the silica templates,
296shown in Fig. 1a and d, reveal the typical pore geometry of the
297SBA-15 and SBA-16 mesostructures. While the SBA-15 host con-
298sists of hexagonal arrays of high-aspect ratio channels (Fig. 1a),
299the SBA-16 template is composed of cubic arrangements of spher-
300ical nanocavities (Fig. 1d). The average pore diameter is around
3017 nm for the SBA-15 template and 4 nm for the SBA-16 template,
302as shown in the TEM images included as insets.
303Fig. 1b shows a TEM image of CdS-filled SBA-15 silica template
304(SiO2@CdS SBA-15 composite). Note that the channels that are
305filled with CdS give a darker contrast in the bright-field image
306(Fig. 1b) because of the higher atomic number of Cd, while the
307channels that remain unfilled look brighter. All the silica voids
308imaged by TEM appear to be occupied to a large extent by CdS.
309Upon removal of the silica template, nanowire arrays typical of
310the SBA-15 mesostructure are observed at low magnification (inset
311in Fig. 1b). High-resolution TEM (HRTEM) images reveal that each
312of the CdS nanowires actually consists of a chain of crystalline
313nanoparticles, as shown in Fig. 1c. The average diameter of the
314nanowires is 7–8 nm, which matches the pore size of the parent
315host.
316Due to the relatively large thickness of the SBA-16 silica parti-
317S
318s
319s
320e
321e
322-
323e
324-
325

326a
327

328s
329g
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Absorbance measurements were performed using a Hewlett
Packard 8453 UV–Vis spectrophotometer in the wavelength rang
between 300 and 800 nm. The photoluminescence spectra of Cd
samples were determined using a wavelength (k)-scan functio
of confocal laser scanning microscopy (CSLM), based on a fluores
cence method that displays the complete spectral distribution o
the fluorescence signals. The CdS powders were mounted o
Mat-Teck culture dishes (Mat Teck Corp., Ashland, Massachusett
United States). Images were acquired with a CLSM Leica TCS-SP
AOBS spectral microscope (Leica Microsystems Heidelberg GmbH
Mannheim, Germany) using a Plan-Apochromat 63X objective (N
1.4, oil). Series of images (xyk) were taken to determine the spectr
Please cite this article in press as: E. Pellicer et al., J. Colloid Interface Sci. (2
cles, TEM observations of the CdS-filled mesostructure (SiO2@Cd
SBA-16 composite) are more challenging. Nevertheless, the porou
structure can still be seen at the outer regions of the mesoporou
particles (see Fig. 1e). In this case, because of the particular por
topology of SBA-16 silica, the presence of CdS embedded in th
spherical nanocavities is more difficult to prove, although pseu
do-ordered arrays of CdS nanoparticles can still be seen after th
silica template has been removed (inset in Fig. 1e). The corre
sponding EDX spectra, acquired from several particles, confirm
the presence of Cd and S together with the peaks from the silic
matrix (Si and O) (see Supporting Information Fig. S1). The HRTEM
images of silica-free CdS nanoparticles reveal crystallite size
around 5 nm with well-defined lattice fringes, again confirmin
013), http://dx.doi.org/10.1016/j.jcis.2013.06.022
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Fig. 1. (a and d) HRSEM images of SBA-15 and SBA-16 silica hosts, respectively. A detail of the pore topology is shown in the inset TEM images. (b and e) TEM images of
SiO2@CdS SBA-15 and SBA-16 composites. The insets show a TEM image of the corresponding silica-free CdS powders (replicas). (c and f) HRTEM images of silica-free SBA-15
and SBA-16 CdS powders. Note that the TEM images in panels (a and d) correspond to the porous structure of the SBA-15 silica along the [100] and SBA-16 silica along the
[11
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Pl
e crystalline nature of the CdS replica (Fig. 1f). A sketch of the
ometry of the different samples (SiO2 host, SiO2@CdS and
ica-free CdS) is shown in Fig. 2.
It is noteworthy that CdS crystals were not found outside the

ica hosts for both SiO2@CdS SBA-15 and SBA-16 composite pow-
rs, suggesting that the hybrid precursor entered the silica
esochannels completely during the impregnation step. To prove
is, N2 adsorption–desorption measurements of the SiO2 hosts
d of the SiO2@CdS composites were carried out (Fig. 3). The
T surface area of SBA-15 SiO2 decreased from 602.8 m2 g�1 to
.7 m2 g�1 after CdS was loaded, thus proving the successful fill-

1] zone axes, respectively.
g of the silica pores with CdS to a great extent. Similarly, the ob

ease cite this article in press as: E. Pellicer et al., J. Colloid Interface Sci. (2013),
T surface area of SBA-16 SiO2 decreased from 280.3 m2 g�1 to
.0 m2 g�1 after CdS was loaded. The corresponding pore size dis-
butions are shown in the insets. The mean pore size determined
m the adsorption branch is 6.6 nm for SBA-15 SiO2 and 4.8 nm

r SBA-16 SiO2. The pore sizes of the corresponding SiO2@CdS
mposites were maintained, indicating that part of the pores of
e silica hosts remained empty after the formation of CdS from
e cadmium thioglycolate precursor [53]. No interparticle poros-

attributable to CdS outside the silica hosts is observed for the
2@CdS composites, again confirming that CdS entered the silica

annels. After removal of silica templates, a Cd:S ratio close to 1 is

353tained, as evidenced by EDX analyses (Supporting Information

http://dx.doi.org/10.1016/j.jcis.2013.06.022
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354 Fig. S1). Moreover, no traces of silicon are detected, which confirms
355 that the SiO2 was successfully removed during the etching step.
356 The XRD patterns of the CdS mesoporous replicas, obtained
357 after removal of SBA-15 and SBA-16 templates, are shown in
358 Fig. 4. For the aim of comparison, the pattern corresponding to
359 commercial CdS nanoparticles is also shown. All samples consist
360 of a mixture of wurtzite (hexagonal close-packed) and zinc-blende
361 (cubic) phases, whose Miller indices are indicated in the figure.
362 Both hexagonal and cubic phases are known to be highly photo-
363 luminiscent [54]. The XRD peaks are rather broad, suggesting that
364 the coherently diffracting length (i.e., crystallite size) falls within
365 the nm range. Rietveld refinements of the XRD patterns reveal that
366 the mesoporous CdS frameworks are rich in wurtzite phase

367),
368is
369r
370-
371ll
372e
373T
374

375d
376l
377-
378r
379d

Fig. 2. Schematic drawings of (a) SiO2 template, (b) SiO2@CdS composite and (c
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(around 80 and 62 vol.% for the SBA-16 and SBA-15, respectively
whereas the zinc-blende content in the commercial CdS powders
around 43% (see Table 1). The crystallite size is around 6 nm fo
both CdS SBA-15 and SBA-16 and 13 nm for the commercial pow
der. The values of microstrains are relatively small (<10�4) in a
cases. The crystallite size is in rather good agreement with the por
size of the parent silica hosts, as determined from TEM and BE
analyses.

Fig. 5 shows the absorbance spectra of the different investigate
samples. A peak is observed around 500 nm for the commercia
particles, close to the position of the first excitonic transition ex
pected for bulk CdS (512 nm) [55]. This peak shifts towards lowe
k values (i.e., blue-shift) in both mesoporous silica-free CdS an

) silica-free CdS sample geometries for SBA-15 type (left) and SBA-16 type (right).
013), http://dx.doi.org/10.1016/j.jcis.2013.06.022
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. 3. N2 adsorption–desorption isotherms for (a) SiO2 SBA-15 template, (b) SiO2@CdS S
responding pore size distributions are shown as insets.

. 4. Experimental (scattering) and computed (solid line) X-ray diffraction
terns of silica-free CdS SBA-15 and SBA-16 powders and commercial CdS
ticles. For each sample, the difference between the experimental and Rietveld-
ed profiles is shown at the bottom.
ease cite this article in press as: E. Pellicer et al., J. Colloid Interface Sci. (2013),
2@CdS composite samples. The peak broadening observed in
e latter (particularly pronounced for SBA-15) could be due to
ht scattering from the presence of SiO2, as similarly observed
other coated or embedded quantum dots [34]. The shift towards

er k values is attributed to the decrease in the crystallite size, in
reement with other works from the literature [55,56]. Although
e crystallite sizes in CdS SBA-15 and SBA-16 are very similar, the
ift in absorbance is more pronounced for SBA-16. This is proba-

because the geometry of the two mesoporous structures is dif-
ent: the SBA-15 consists of chain-like interconnected CdS
nocrystals, whereas in the SBA-16 the nanocrystals are better
lated from each other and quantum effects are probably
acerbated.
The photoluminescence spectra of the SBA-15 and SBA-16 CdS

esostructures, with and without the presence of the SiO2 matrix,
e shown in Fig. 6, together with confocal microscopy images of
e illuminated particles at the emission wavelength correspond-
g to maximum intensity. The PL spectra of the silica-free CdS
meworks have two peaks: a band edge emission centered

ound 480 nm and a broad band centered around 650 nm, which
rresponds to the deep trapped fluorescence emission arising
m surface states, i.e., light emitted when a photogenerated hole,

15 composite, (c) SiO2 SBA-16 template and (d) SiO2@CdS SBA-16 composite. The
http://dx.doi.org/10.1016/j.jcis.2013.06.022
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402 trapped in a midgap state, encounters an electron before it can re-
403 lax non-radiatively to the ground state [2]. Remarkably, a single
404 broad-band emission is obtained in the SiO2@CdS mesoporous
405 composites, and covers the entire visible range (in the wavelength
406 interval 420–750 nm). In all mesoporous materials herein investi-
407 gated, there is a large Stokes’ shift between the absorbance and
408 emission peaks, i.e., the emitted light is of lower energy than the
409 excitation light. Such a difference stems from the non-radiative
410 relaxation being lost as thermal decay.
411 Besides the rather large width, there are several other addi-
412 tional features of the PL spectra in Fig. 6 that are worth mentioning.
413 First, the band emission peak of the commercial particles is located
414 at a longer wavelength than those of the mesoporous CdS. The
415 blue-shift of the PL spectra in the mesoporous CdS is due to its
416 smaller crystallite size compared to the commercial CdS (see Table
417 1), since the separation between electron and hole levels is known
418 to increase when particle size decreases [57]. Furthermore, en-
419 hanced PL is obtained when the CdS networks are embedded inside
420 the pores of the mesoporous SiO2 (i.e., before template removal).
421 This is already very obvious from the confocal microscopy images
422 and is typical in systems where the semiconductor QDs are encap-
423 sulated inside semiconductor materials with a wider band gap or
424 electric insulators (e.g., core–shell dots) [17,18,58]. The irregular
425 surface states due to abrupt termination of atoms coordination
426 generally act as electrons or hole traps, leading to energy levels
427 -
428 e
429 f
430

431

432the neighboring material, thus eliminating all the energy levels in-
433side the gaps and confining electron–hole pairs to the interior of
434the crystals [59].
435It is interesting to note that the PL spectra of the samples (with
436and without silica) exhibit a multi-peak structure. This oscillatory
437behavior is not observed in the commercial CdS particles. Remark-
438ably, these discrete PL peaks are located at the same k position (i.e.,
439they have the same energy) when independent spectra are ac-
440quired from different regions of the sample, as shown in Fig. S2
441(Supporting Information), thus ruling out the possibility that the
442sharp features are noise-induced artifacts. Furthermore, these
443oscillations in the PL intensity are also clearly seen in the PL scans
444acquired at progressively longer wavelength values (see the video
445in Supporting Information S3). Discrete PL spectra have been re-
446ported in other porous materials, for example in Si, but usually at
447low temperatures [60]. The occurrence of these sharp discrete
448fringes has been ascribed to a variety of factors: quantization ef-
449fects due to the thickness of the wires inside the porous structure
450[61]; interference patterns arising from the emission of the irradi-
451ated particles at different locations [62]; phonon-assisted PL pro-
452cesses from dot crystallites with a discrete distribution of sizes
453[63] and, more recently, simply using the configurational-coordi-
454nate model of energy levels applied to porous materials [60].
455Although the origin of this unusual PL behavior needs to be further
456investigated, it is clear that the discretization of the PL spectra
457seems to be inherently related to the mesoporous nature of the
458investigated materials.
459Often, particularly in organic fluorescent dots, a decrease in the
460PL intensity is observed during illumination with UV or visible
461light, a phenomenon referred to as photobleaching [21,64]. This
462effect, which limits the life-time and applicability of QDs, is due
463to the generation of surface defects with intermediate electronic
464states leading to non-radiative relaxation. However, under specific
465conditions, the opposite effect can be observed, namely a progres-
466sive increase in the PL intensity during light irradiation. This is
467called photoactivation [15,19,21,56]. The dependences of the PL
468intensity with illumination time are shown in Fig. 7 (panels (c)
469and (f)) for CdS SBA-15 and SBA-16, with and without the presence
470of silica. Interestingly, while the intensity mainly decreases for sil-
471ica-free CdS SBA-15 (and for the commercial CdS), the opposite oc-
472curs in the SBA-16 mesostructures. The confocal images shown in
473Fig. 7a, b, d and e confirm these results. Actually, both effects
474(photobleaching and photoactivation) occur simultaneously in
475the investigated materials, as evidenced in the video shown as
476Supporting Information S4, in which the brightness of most of
477the SBA-16 CdS nanoparticles increases with illumination time
478but decreases in a few of them. The dependence of the PL intensity
479with time for SiO2@CdS SBA-15 also suggests that there is a com-
480petition between photobleaching and photoactivation effects. That
481is, a slight increase in the PL signal is observed after short-term
482illumination but the PL further decreases for longer illumination
483n
484r
485

486

487

Table 1
Summary of the microstructural parameters (i.e., wurtzite/zinc blende volume phase percentages, crystallite sizes (hDi) and microstrains (he2i1/2), as determined from Rietveld
refinements of the XRD patterns of the silica-free SBA-15 and SBA-16 CdS mesoporous materials and for the commercial powder.

% vol. Wurtzite hDiWurt he2i1/2
Wurt % vol. Zinc Blende hDiZB

CdS SBA-16 80 6 0.0001 20 7
CdS SBA-15 62 5 0.0006 38 7
CdS Commercial 57 12 0.0003 43 14

Fig. 5. UV–Vis absorption spectra for: SiO2@CdS SBA-15 and SBA-16 composites,
the corresponding silica-free CdS materials, and the commercial powder.
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within the energy gap of the semiconductor nanoparticles and con
comitant non-radiative recombination transitions [1]. Surfac
treatments aimed at passivating the nanoparticles with shells o
a material with a larger band gap tend to enhance the quantum

yield since this process favors the bonding of surface atoms with

Please cite this article in press as: E. Pellicer et al., J. Colloid Interface Sci. (2
times. Such predominance of photobleaching is not observed i
SBA-16 mesostructures (both with and without silica), even afte
illumination times longer than 1 h.

Although the CSLM does not provide absolute PL quantum

yields, the broad-band photoluminescence emission obtained from

013), http://dx.doi.org/10.1016/j.jcis.2013.06.022
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488 the semiconductor structures embedded in the SiO2 templates
489 co
490 in
491 de

492consumption, since their use would presumably represent impor-
493ta
494be
495em

Fig. 6. CSLM images of (a and d) SiO2@CdS SBA-15 and SBA-16 composites and (b and e) the corresponding SiO2-free CdS replicas corresponding to the kmax PL for a
kexc = 405 nm. The color key is shown at the top right corner of panel (b). (c and f) Spectral profiles representing PL intensity versus emission wavelength in the 425–775 nm
range. Data are the mean from n = 10 ROIs of the three fields examined. The profile for the commercial CdS particles is shown for comparison.
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uld make these materials potentially appealing for being used
solid-state white-light emitting diode (LED) devices. These

vices could become a very efficient alternative in terms of power
ease cite this article in press as: E. Pellicer et al., J. Colloid Interface Sci. (2013),
nt energy savings [6]. Typically, broad luminescence bands can
obtained by mixing semiconductor nanoparticles with narrow
ission bands at the red, green and blue wavelengths [11], but
http://dx.doi.org/10.1016/j.jcis.2013.06.022
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496 this strategy results in an overall reduction in device efficiency due
497 to self-absorption effects between the differently sized nanocrys-
498 tals. In our case, the large Stokes’ shift between the absorbance

499and PL peaks ensures that the self-absorption effects are mini-
500mized. Remarkably, white light emission has also been obtained
501from the so-called ‘‘magic-sized’’ ultra-small CdS and CdSe

Fig. 7. CSLM images illustrating changes in the emission signal in (a and d) SiO2@CdS SBA-15 and SBA-16 composites and (b and e) the corresponding silica-free CdS materials
during continuous irradiation with kexc = 405 nm laser line at maximum power. The area of interest is enclosed within the white boxes for each CSLM image. The upper and
bottom insets show how the emission changes in this area of interest at the beginning (t = 0 min) and end (t = 10 min), respectively, of irradiation. The color key is shown at
the bottom left corner of panel (b). (c and f) Corresponding fluorescence intensity versus time plots. The profile for the commercial CdS particles is shown for comparison.
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. 8. PL intensity evolution with time in (a) SiO2@CdS SBA-16 composite and (b) the
der continuous illumination at kexc = 405 nm for t = 5 min, the PL intensity increases

e as before (points 2 and 3), indicating that this is an irreversible process. The CSLM
wn at the bottom.
ease cite this article in press as: E. Pellicer et al., J. Colloid Interface Sci. (2013),
sponding silica-free CdS replica during a photoactivation experiment. Note that
ificantly (points 1 and 2). After 5 min in dark (no activation), the PL remains the
ages taken at the indicated points in the PL versus time plot for a given area are
http://dx.doi.org/10.1016/j.jcis.2013.06.022
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nanoparticles, typically with sizes around 2 nm, i.e., with a larg
surface-to-volume ratio [6,8,12]. The generation of white light i
these nanoparticles has been attributed to the recombination o
charges trapped in the surface state of the semiconductor nano
crystals, in particular the recombination of an electron in the con
duction band with a hole trapped in atomic vacancies near th
valence band. The wide PL peak at large k in the CdS mesostruc
tures, stemming from deep-trap surface states, indicates that als
in this case the large surface-to-volume ratio of the mesoporou
materials is responsible for the broadening of the PL spectra. Th
enhancement in the PL intensity that occurs in the SiO2@CdS nano
composites is likely to be due to the effective role of silica i
passivating the existing surface defects.

Similarly, the main reason for the photoactivation is presum
ably the light-assisted smoothing (i.e., passivation) of the CdS par
ticles surface. Activation is found to predominate in the SBA-1
sample, where the surface-to-volume ratio is larger than for SBA
15. In the latter, the chain CdS crystallites are more interconnecte
and there is less surface in contact with SiO2 or air. Stronge
activation is observed in CdS embedded in the SBA-16 mesoporou
silica, where the semiconductor is supposedly better shielde
against photocorrosion effects. This is in agreement with some re
sults from the literature. Namely, although a laser-induced in
crease in the PL intensity has been found in CdSe@(CdS/ZnS
core–shell nanorods, virtually no change or even a decrease in P
was observed in uncoated CdSe nanorods [65]. In addition, mor
effective photoactivation has been reported in silica-coated CdS
nanoparticles compared to bare QDs [58].

Photoactivation can be ascribed to a variety of factor
[15,19,21,56]: (i) passivation of surface states due to the adsorp

Fig. 9. Spectral profiles representing PL intensity versus emission wavelength, for
for 1 h with the UV lamp. Panels (b) and (d) show the EDX compositional analys
Please cite this article in press as: E. Pellicer et al., J. Colloid Interface Sci. (2
tion of water, oxygen or other molecules, (ii) photoelectrification
neutralization processes or (iii) surface/interface structural trans
formations, such as annihilation of defects. Only the latter facto
is irreversible in character, while the first two are reversible i
the sense that deactivation rapidly takes place once the excitin
light has been switched off. Hence, to shed light on the physica
origin of the observed photoactivation, the reversibility of th
process was investigated by illuminating the silica-free CdS an
SiO2@CdS SBA-16 mesostructures with the UV lamp for 5 min, the
interrupting the illumination for 5 min and subsequentl
switching the light on again, in order to probe possible change
in the PL intensity. The results reveal that no loss of the PL intensit
occurred during the time the sample was kept in the dark (se
Fig. 8).

Fig. 9a and b shows the PL scans obtained at different regions o
the samples before and after photoactivation for 1 h. Interestingl
while no pronounced blue-shift was observed in the band-edge P
peak, the deep-trap broad hump located at a higher k significantl
increases in intensity after UV illumination, thus suggesting tha
the irreversible structural changes occur mainly at the surface o
the particles.

Furthermore, the PL spectra after photoactivation are slightl
different depending on the region imaged, which is in agreemen
with the idea that not all particles undergo the same structura
changes as light irradiation proceeds (as suggested by the vide
shown in Supporting Information S4). In particular, slight shift
in the position of the band-edge peak are observed and the wave
length positions of the discrete PL peaks also vary for the differen
particles, which indicate that topological changes probably occu
at the particles’ surface during irradiation.

eral ROIs, both before (a) and after (c) photoactivating the SiO2@CdS SBA-16 composi
efore and after photoactivation, respectively.
013), http://dx.doi.org/10.1016/j.jcis.2013.06.022
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Interestingly, EDX analyses performed before and after photo-
tivation (see Fig. 9c and d) reveal that the amount of Cd increases

the expense of the S content. Therefore, a photo-induced
emical reaction is likely to occur. It is known that CdS may be
composed if exposed to light in the presence of oxygen. In aque-
s solutions, the following reaction has been put forward [15]:

Sþ 2O2 þ hm! Cd2þ þ SO2�
4 ð1Þ

ich results from a gradual release of Cd2+ from the QD surface.
der dry conditions, CdS would react with oxygen to yield CdO
d SO2, since CdO is more stable than CdS:
dSþ 3O2 þ hm! 2CdOþ 2SO2 ð2Þ

Thermal annealing of CdS in air has been reported to lead to sul-
r vacancies. All the vacancies might not be occupied by oxygen,
at the end a mixture of CdO and CdS with an excess of cadmium
obtained [66]. It is presumable that CdS could undergo a similar
action under continuous UV exposure in air. Nevertheless, oxida-
n of metal sulfides is a very complex exothermal heterogeneous
ocess that involves multi-step reactions, so a clear picture of the
erall reaction is not straightforward [67].
A mechanism that could account for the observed effects is the

llowing. Charge carriers resulting from light adsorption could be
pped at the surface defects because of the mismatched atomic

ale topology of the CdS particles. The photoexcited electron could
tivate reaction with oxygen (either from the SiO2 or from the air),
ding to the formation of SO2, which would then be progressively
sorbed, resulting in the gradual erosion and smoothing of the
rticle surface. The excess Cd at the surface could then bond to
ygen to form a CdO shell, which would effectively passivate
e particle, leading to the observed enhanced PL. Some authors
ve in fact shown that the formation of a thin CdO shell by treat-
g CdS nanoparticles with NaBH4, can indeed lead to an increase
the PL intensity [68].

Conclusions

CdS has been successfully infiltrated within the mesopores of
dered silica templates to obtain SiO2@CdS nanocomposites, in
ich the CdS is forming a continuous network rather than
lated nanoparticles. Self-supported CdS structures have been
served upon removal of silica templates. The obtained PL spec-
, particularly those of the SiO2@CdS composites, consist of

gh-intensity emission broad peaks, covering the overall visible
velength range. In the case of SBA-16 mesostructures, an irre-

rsible photoactivation effect during light illumination is ob-
rved, which can be attributed to surface chemical reaction
volving desorption of SO2 and concomitant enrichment in Cd,

ich brings about passivation of particle surface, and thus result
an annihilation of surface traps.
We have shown that the fabrication of ordered nanocavity ar-

ys able to accommodate a wide band-gap II–VI semiconductor
aterial is an innovative strategy that could open up a vast range
opportunities for catalysis and photonics. Although the CSLM
es not provide absolute PL values, it is a powerful tool to quali-

tively study the PL properties of non-biological materials, being
rticularly well suited to assess the photoactivation effects in
esoporous SiO2@CdS materials.
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