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ABSTRACT 

A novel nanocomposite luminescent material was prepared by taking

advantage  of  the  versatile  wet  impregnation  method  for  the

dispersion of CdTe quantum dots (QDs) into mesoporous silica host

matrix and thus providing great interaction between oxygen and QDs,

with  potential  application  in  an  optical  oxygen  sensor.  The

optical/spectroscopic  properties  of  the  QDs  suspended  in  aqueous

media  and incorporated  in  mesoporous  silica  were  evaluated  as  a

function  of  aging  time,  temperature  variation  and  oxygen

concentration. Luminescence quenching studies were carried out for

both QDs suspended in solution and loaded into the silica matrix, in

the  presence  of  varying  O2 concentration.  By  Stern-Volmer  plot

analysis, obtained at different temperatures, it was possible to verify

the existence of  two types of  emission quenching mechanisms for

CdTe QDs. After aging for 120 days at room temperature, the QDs in

colloidal suspension displayed a small red-shifted emission, which was

interpreted as a decreased bandgap energy owing to the increase in

the nanocrystal size. In contrast, the emission spectrum of CdTe QDs

loaded into the mesoporous SiO2 matrix remained unchanged after

aging  for  the  same  time  at  ambient  temperature.  The  presented

results  will  contribute  to  the  discernment  of  oxygen  quenching

mechanisms and chemical stability of optical sensors based on CdTe

QDs.



Keywords: Quantum  Dots,  CdTe,  mesoporous  silica,  wet
impregnation, oxygen sensors, fluorescence quenching.

1. Introduction

The cadmium telluride (CdTe) semiconductor is transparent in

the infrared region from 870 nm to 20 µm and has a direct bandgap

of 1.5 eV [1,2] with an optical absorption band maximum at 827 nm,

at room temperature  [2].  For nanosized CdTe quantum dots (QDs)

quantum confinement effects shift this band to the blue. These QDs

exhibit  narrow  and  symmetrical  photoluminescence  (PL),  long  PL

lifetimes  and  high  PL  quantum yield  (QYs)  [3,4] covering  a  broad

spectrum  of  excitation  and  emission  wavelengths  [5,6]. Common

methods  for  obtaining  QDs  are  hydrothermal  [7,8], microwave

irradiation [9], and growth from aqueous solution [5,10–12]. Since the

optical  properties  of  nanocrystals  are  strongly  dependent  on  their

size,  PL  and  absorption  spectroscopy  are  widely  used  for  the

characterization of QDs [6,13], for example, the absorption bandwidth

provides  insight  regarding the QD size distribution  [6,14].  Besides,

because it is difficult to determine nanocrystal sizes smaller than 2.5

nm by transmission electron microscopy  [15], the optical absorption

and PL spectroscopy are especially useful  and largely employed in

estimating QD sizes. 

Among the many applications for QDs [16–23], their application in

sensor devices has been calling attention in the last decades [24–29]

due to the possibility of obtaining devices containing materials with

nanoscopic  dimensions,  which  reduces  manufacturing  costs  and

improves sensing efficiency. For instance, it has been reported that

the luminescence intensity from CdSe QD monolayers is increased by



the interaction of water molecules adsorbed on their surface [30], and

the luminescence is not influenced by dry gases such as CO2, N2, Ar

and O2. On the other hand, for CdSe quantum wells (QW), an increase

in luminescent intensity was observed in the presence of molecular

oxygen, in contrast to other conventional oxygen sensors [31]. These

reports evidence that quantum confinement in one (for the QW) or

three (for  the QD) dimensions may also influence the gas sensing

properties  of  these nanocrystals.  Lau and colleagues  [28] reported

high oxygen sensitivity to monodispersed CdTe QDs attached to the

3-aminopropyltriethoxysilane  (APTES)  via  zwitter-ionic  bonds.

However,  several  optical  oxygen  sensors  are  encapsulated  within

polymer matrices that can lead to sensitivity loss due to low oxygen

permeability  (diffusion)  within  the  matrix  and  aggregate  formation

during the incorporation process  [27,32–34]. In this context, the use

of mesoporous silica as a support matrix for such luminescent sensors

seems to be a good alternative since the matrix pores are likely to

favor more effective interaction between the QDs and oxygen and

there is lower possibility for aggregate species formation.

An alternative,  advantageous method for  encapsulation  of  CdTe

QDs in mesoporous silica is the wet impregnation method [35,36] in

which  incorporation  is  physically  carried  out  by  electrostatic

interaction  between  QDs  and  the  silica  surface.  Such  a  method

provides materials that stabilize the QDs against ripening and other

decomposition processes that change their optical properties. In fact,

this  incorporation  approach  provides  a  nanocomposite  with  novel

functionality  that is  not  observed for  those QDs encapsulated with

silica by the Stöber or microemulsion method  [37–41], in which the

QDs interaction with oxygen and other gases is not possible.  On the

other hand, using theAnother approach, in-situ impregnation method,

it  is  also  possible  to  loadfor  loading nanocrystals  into  mesoporous

matrices to obtain nanocomposite materials with increased sensory

properties  [42–45] is  also  being  explored  in  our  laboratory.  In

addition, when it comes to spectroscopic features, previous work has



shown  that  the  CdTe  QDs  colloidal  suspensions  kept  at  room

temperature exhibited absorption and emission spectra shifted to the

red, as a function of storage time (up to ~4 weeks) [46]. However, to

the best  of  our  knowledge,  no  work  presents  a  detailed  study  on

changes in the PL properties of CdTe QDs stored over 4 weeks, at

different temperatures.

Thus,  in  this  work,  we  describe  a  simple  method  to  obtain

dispersed  CdTe  QDs  in  mesoporous  silica  with  high  sensitivity  in

oxygen  detection.  The  sensitivity  and  emission  quenching  nature

were  determined  by  Stern-Volmer  plots  at  different  temperatures.

And, in order to expand the studies of aging under different conditions

– relevant to possible practical applications,  we present the optical

characterization  for  colloidal  suspensions  and  for  the  materials

obtained  from  the  incorporation  of  the  QDs  in  mesoporous  silica

matrices stored at room temperature and at 7 oC, for over 17 weeks.

By the presentedThese data, we hope to contribute even more to the

a  better  understanding  of  photophysical  properties  and  the

interaction  betweenof   CdTe QDs and oxygen in  aqueous and dry

media (in mesoporous matrix). This will beshould prove useful to the

development/improvement  of  novel  and  highest  higher  efficiency

oxygen sensor device CdTe QDs- based oxygen sensor devices.  QDs

supported inSupporting QDs in micro and mesoporous solid matrices

is more promising for technological applications because it allows new

functionality to this composite material for technological applications

as luminescent . Considering promising possibilities for obtaining new

optical devices, the study of luminescent species incorporated in solid

media is one of  the maina major objectives and motivation  of  our

research group.

2. Experimental

2.1  Materials:  The  silica  matrix  synthesis  used  tetraethyl

orthosilicate (TEOS) (98% Aldrich) and the ionic liquid (IL: 1-butyl-3-



methylimidazolium  tetrafluoroborate,  97%  Aldrich).  The  CdTe  QD

syntheses used NaBH4 powder (98% EMD), tellurium powder (99.8 %

Sigma), CdCl2.2.5H2O powder (98% Sigma) and 3-mercaptopropionic

acid-liquid  (MPA,  99%  Sigma).  The  9,10-anthracenediyl-

bis(methylene)dimalonic acid (ABMDMA, ≥ 90%) was purchased from

Sigma.

2.2  Instrumentation:  Absorption  spectra  were  acquired  on  a

Shimadzu  UV-2401PC  UV-Visible  spectrophotometer.  The  PL

measurements  were  recorded  using  a  Photon  Technology

International fluorimeter with an 814 PMT detection system at 1 nm

resolution. Measurements of PL quenching, as a function of oxygen

exposure  were  accomplished  using  an  in-house  apparatus  that

provided  a  controlled  release  of  an  O2/N2 (99.999%)  mixture  at

variable molar fractions of O2 ranging from 0.0 to 1.0. The gas lines

were connected by two dual stage low-pressure valves from CONCOA

each having a maximum output pressure of 15 psi and two low-flow

rotameters (0-1000 ml/min). PL decay measurements were obtained

by excitation at 370 nm with LED short pulse diode excitation source,

DeltaDiodeTm model. Scheme 1 presents illustrates the mechanism of

sensing  measurement technique````2.  For  more  details  see  the

Supporting Information.



Scheme 1. Experimental apparatus for the measurement of 
photoluminescence spectra as a function of controlled O2/N2 exposure and 
temperature.

2.3  Synthesis  of  CdTe  quantum  dots:  The  CdTe  QDs  were

synthesized according to the report by Xu, et al [5]. A 20 mg portion

of solid NaBH4 and a 12.7 mg sample of Te powder were transferred

to a 10 mL flask and mixed under flowing argon for 10 min. A 5 mL

volume of nanopure H2O was then added to the mixture which was

heated to 70 °C (the resulting solution being designated solution 1).

Simultaneously, a second solution (solution 2) containing 34.2 mg of

CdCl2.2.5H2O, 20  µl of MPA in 60 mL of nanopure H2O was prepared

under flowing argon. The pH was adjusted to 8 by dropwise addition

of  a  0.1  M  NaOH  solution,  and  the  solution  was  cooled  at  0  °C.

Solution 2 remained under stirring for 30 min after which solution 1

was rapidly added to solution 2 with a syringe. The resulting mixture

was heated at a rate of 1 °C/min to 90 °C after which the solution

color changed from purple to yellow. The solution was kept at this

temperature for another 15 min and then cooled rapidly to 0 °C in an

ice bath for 2 h to obtain a stable colloidal suspension of CdTe QDs.

After optical absorption and PL spectroscopic characterization of this

fresh CdTe suspension, a 30 mL portion was stored in a refrigerator at

7 oC while another portion was stored at room temperature (RT). After

aging for 30, 60, 90 or 120 days samples were again characterized by

absorption and PL spectroscopy.

The QDs in the aged colloidal  samples (after 120 days) were

then  precipitated  by  adding  12  mL  of  2-propanol  to  3  mL  of  the

suspension  and centrifuging  the resulting  mixture  for  15 min.  The

supernatants obtained after centrifugation showed no emission when

exposed to UV light (multiband 254/366 nm) indicating a complete

precipitation of the nanocrystals. The precipitates were then removed

and resuspended in 3 mL of nanopure water by ultrasonication and

the  optical  absorption  and  PL  spectra  recorded.  Thus,  the  QDs



prepared in this manner were characterized spectroscopically three

times shortly after the synthesis, after aging the suspensions for 30,

60,  90  and  120  days  at  different  temperatures,  and  lastly  after

precipitation  and  resuspension  of  the  respective  more  aged

suspensions.

2.4  Synthesis  of  mesoporous  silica:  Mesoporous  silicate

matrices were prepared via sol–gel methodology by mixing 9.8 mL of

tetraethyl orthosilicate (TEOS), 2.4 mL of distilled water, 2.4 mL of

ethanol and 1.0 mL of HCl (0.1 M) and stirring the resulting mixture

for 2 h. The ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate

was added in a 2:1 TEOS/IL molar ratio, and the mixture remained

under agitation for 15 min before transferring to Petri dishes, which

were covered with lids and left to dry at RT for 1 week. The xerogels

thus formed were then subjected to heating at 60 oC for 2 days, at 80

°C  for  2  days  and  at  120  °C  for  2  days,  sequentially.  After  this

treatment, the IL was removed by Soxhlet extraction for 3 days with

acetonitrile  (99.9%  Aldrich).  Finally,  the  xerogel  products  were

subjected to additional heat treatment at 200 °C for 2 days, in order

to form the final mesoporous silica matrices. In a previous study [47],

we have used the BET technique to verify that these materials have a

surface area around 512-521 m2/g and an average pore diameter of

10.8 nm. 

2.5 Incorporation of QDs in silica matrices: Four different

strategies were used to incorporate CdTe QDs into silica matrices. In

the first two, incorporation was performed by “in situ templating of

inorganic  frameworks”  during  the sol-gel  process.  In  the third  and

fourth, the “wet impregnation” method was used. 

Strategy  1. Immediately  after  obtaining  the  SiO2 matrix

precursor solution, 1 mL was transferred to a 5 mL flask together with

1 mL of the fresh CdTe QDs colloidal suspension. The mixture was

shaken and the pH was adjusted from 5 to 8 by addition of dilute



NH4OH solution  (0.1  M),  after  which  the  mixture  was  subjected to

ultrasonic  agitation  for  2 min at  60  oC,  or  until  a  viscous gel  was

formed indicating the polymerization of the matrix. The yellow viscous

gel  was  dried  under  argon  at  RT  for  two  weeks  and  labeled  1-

QD@SiO2.

Strategy 2. The same procedure as in  strategy 1 was used

except that the pH was not adjusted to 8, but left at ~5. After about 1

h, the sample changed from yellow to a dark brown color, indicating a

possible  oxidation  or  aggregation  of  QDs.  After  total  drying  under

argon for two weeks, the sample’s color became more intense.  This

sample was labeled 2-QD@SiO2.

Strategy 3. A 100 mg sample of the mesoporous SiO2 matrix

was washed with 20 mL of a 0.1 M NH4OH solution at 60 °C. After

filtering and drying for 4 h at 120 °C, a 1 mL portion of the fresh CdTe

QDs colloidal suspension was added, and the mixture was stirred for

24 h, at RT. The sample was then dried under argon atmosphere at

RT for two weeks and labeled as 3-QD@SiO2.  If the matrix was not

washed with ammonium hydroxide, there was precipitation of the QD

suspension  when  submitted  to  wet  incorporation  method.

Presumably,  the  pH  change  that  took  place  when the  matrix  was

introduced into the QD suspension destabilized the colloid. For this

reason, it was necessary to pretreat the matrix with basic solution to

kept the pH of the suspension constant during QD incorporation into

the mesoporous matrix.

Strategy 4. Addition of 1 mL of the fresh CdTe QDs colloidal

suspension 100 mg of mesoporous SiO2 with prior adjustment to pH 8

gave a mixture that was then left under stirring for 24 h. The sample

was then dried under argon for two weeks and labeled 4-QD@SiO2. 

Immediately after the two weeks of drying period, emission and

excitation spectra were obtained for all of these samples. The same

measurements  were  done  after  4  months  of  aging  in  ambient

atmosphere at RT.



3. Results and discussion 

Fig. 1 shows the optical absorption spectra in the UV-vis region for

CdTe  QDs  obtained  from  different  conditions  of  the  respective

colloidal suspensions. This Fig. includes (a) fresh QDs, and 4-month

aged QDs stored at  7  oC before  (A-QDsLT)  and after  isolating and

resuspending  (*A-QDsLT),  and  (b)  aged  QDs  stored  at  room

temperature  (A-QDsRT)  and  the  latter  after  isolating  and

resuspending (*A-QDsRT). The UV-vis absorption and PL spectra for

aged samples 30, 60 and 90 days are presented in the Supporting

Information  (SI  Fig.  S1-S4). According  to  the  UV-vis  absorption

spectra,  the  fresh  CdTe  QDs  suspension  showed  a  lowest  energy

(band edge) absorption with max at ~470 nm. After aging the spectra

of these QDs displayed a broadening of the optical absorption bands

as  well  as  a  red-shift  in  the  PL  bands.  The  effect  was  more

pronounced for the QD suspensions aged at RT, and this observation

suggests an increase in size and corresponding decrease in bandgap

energy. In this context, the QDs bandgaps were estimated using Tauc

plots which relate (h)2 vs h (inset of Fig. 1(a,b)), where   is the

optical absorption coefficient and  is the frequency [48]. Accordingly,

the estimated bandgap energies (Eg) for samples of the fresh QDs, A-

QDsLT and *A-QDsLT are 2.45, 2.43 and 2.40 eV, respectively. The

Eg shift  for *A-QDsLT (50 meV) is in agreement with the energy

shift  of  the  corresponding  PL  spectrum  (see  below).  For  the

suspensions  aged  at  RT  for  120  days,  then  precipitated  and

resuspended, the estimated Eg values are 2.39 and 2.32 eV for  A-

QDsRT  and  *A-QDsRT,  respectively.  The  corresponding  bandgap

decrease of ~130 meV for the latter is also in good agreement with

the  shift  of  the  respective  PL  spectra  (E  =  138  meV).  The

centrifugation  process  of  the  A-QDsRT  and  A-QDsLT  colloidal

suspensions  produces  a  selective  precipitation  of  the  larger

nanocrystals,  in  this  way  the  respective  resuspended nanocrystals

have the absorption spectrum shifted [1]. According to Fig. 1, we can

also  observe  a  significant  optical  absorption  mainly  in  the  lower



energy  region  (~550-800  nm)  for  the  resuspended  samples  (*A-

QDsLT  and  *A-QDsRT).  The  light  scattering  presented  by  these

samples is probably related to some aggregates formation with sizes

equivalent  to  the  incident  wavelength.  The  precipitation  and

resuspension  process  of  these  aggregated  nanoparticles  in  water

does not guarantee an equal dispersion level to those initial colloidal

suspensions.

Fig. 1.  (a)  UV-visible absorption spectra of  fresh CdTe QDs,  of  A-QDsLT,
which was aged as the colloid at 7oC for 4 months,  and of *A-QDsLT, wich
was precipitated and resuspended. (b) UV-visible absorption spectra of A-
QDsRT, which was aged as the colloid at RT for 4 months, and *A-QDsRT,
wich was precipitated and resuspended. Inset: Corresponding (h)2 vs h

plots obtained from the experimental absorption spectra.

Assuming that the CdTe nanocrystals have spherical geometry,

their average size can be estimated according to eq. 1 [49].

Eg
QD

−Eg
B
=

h2

8a2 (
1

me

+
1

mh )
                         (1)



where, Eg
QD is the QD bandgap, Eg

B is the bulk material bandgap

(1.54 eV [50]),  h is Planck’s constant, a is the nanoparticle diameter

in nm and, me = 0.13 mo and mh  = 0.44 mo the effective masses of

electrons and holes, respectively (m0 is the mass of a free electron =

9.1095  × 10−31 kg).  This  calculation  indicates  average nanocrystal

sizes of 2.03 nm and 2.2 nm, respectively, for the suspended fresh

QDs  and  the  sample  *A-QDsRT  aged  at  room  temperature,  again

consistent with shifts of the corresponding emission bands to the red

[5,11]. Fig.  2  shows  the  average  size  increase  of  the  colloidal

nanocrystals as a function of aging time at room temperature and at

7  oC,  and  after  precipitation/  resuspension  according  to  this

treatment.  Notably, a larger increase in QD size was verified for the

suspension aged at RT than for that aged at 7  oC, suggesting faster

ripening of these nanocrystals at higher T. According to Fig. 2, CdTe

nanocrystals aged at room temperature increase in size considerably

during the initial two months of storage but the growth rate appears

to slow down at longer time. Thus, post-synthesis storage may be an

important parameter if the storage time is lengthy.

Fig. 2. CdTe nanocrystal sizes (in suspensions) as a function of aging time
at RT, at 7  oC and subsequently after precipitation/resuspension according
to the treatment given in Eq. 1.



Fig.  3  shows  the  PL  spectra  for  CdTe  QDs  suspensions

submitted  to  different  conditions  of  temperature,  aging  time  and

precipitation/resuspension.  The  inset  shows  a  photograph  of  the

suspensions of fresh QDs and the aged sample *A-QDsRT under UV

excitation, where it is possible to observe the emission color change

from blue to green. The emission spectrum of suspended fresh QDs

displayed an emission maximum (max
PL) at 520 nm with a FWHM of

44.1 nm. After aging at 7 oC the suspension displayed a small red shift

to max
PL at 524 nm, while precipitation and subsequent resuspension

in water gave a max
PL of 529 nm. The PL spectrum of the suspension

aged at RT showed a greater red-shift of  max
PL to 538 nm while that

for the precipitated and resuspended sample *A-QDsRT showed an

even  greater  red  shift  to  552  nm.  These  PL  spectral  shifts  are

consistent with bandgap energy decreases owing to the growth of the

CdTe nanocrystals as discussed above. The only sample that did not

show a substantial increase in PL band width relative to the fresh QD

sample was the one aged as a solution suspension at 7 oC. 



Fig. 3.  Left: Emission spectra for fresh CdTe QDs, A-QDsLT and *A-QDsLT.
Right:  Emission spectra  for  fresh CdTe QDs,  A-QDsRT and *A-QDsRT,  all
excited at 375 nm.  Inset: Emission from (a) Fresh QDs and (b) *A-QDsRT
suspension under ultraviolet light (254/366 nm).

The PL spectra in  Fig. 3  display, for nanocrystals with smaller

sizes,  some  tailing  emission  to  wavelengths  longer  than  550  nm,

resulting  in  a  non-symmetrical  emission  band.  However,  as  the

nanocrystals grew the PL tended to become more symmetrical. This

tail  may  be  related  to  surface-trap  emission,  since  smaller

nanocrystals  have  more  surface  defects  that  give  rise  to  such

emissions  [51]. An  alternative  explanation  would  be  that  the  red

emission is due to the presence of some larger particles in the original

distribution,  but the smaller ones grow faster hence giving a more

symmetrical band as the particles ripen.

Table 1 summarizes the PL quantum yields (PL)  obtained for

these nanocrystal samples. The  PL values obtained for the A-QDsLT

and  A-QDsRT  suspensions  were  0.12  and  0.21,  respectively,  as

calculated according to eq. 2 [52]. 

Φs=Φst .
ns

2

nst
2 .

Is
Ist

.
Ast

As                 (2)

where I is the integral of the emission curve, A is the absorption

factor, Φ is the quantum yield, n is the refractive index of the solvent,

s is the sample and the st is standard sample of rhodamine B. For the

respective nanocrystals resuspended after precipitation, the quantum

yields are about half of these values. This decrease in quantum yields

also helps to interpret the increased light scattering (with increased

optical  absorption)  observed for  these resuspended nanocrystals in

their  respective UV-vis absorption spectra, since these suspensions

should have similar concentration. 

Table 1. Calculated bandgap, emission, quantum yield and full width at half
maximum data for CdTe QDs suspensions obtained from different storage
conditions.



Sample Fresh
QDs

A-
QDsLT

*A-
QDsLT

A-
QDsRT

*A-
QDsRT

Error

Bandgap
(eV)

2.45 2.43 2.40 2.39 2.32 

0.005
max

PL(nm) 520 524 529 538 552  0.5
PL (%) 11 12 7 22 9  0.3
FWHM
(nm)

44.1 44.6 50.7 55.7 52.4 

0.05

3.1 Incorporation of QDs into solid silica matrices:  Fig.

4(a) shows the PL spectra for CdTe QDs incorporated in a silica matrix

by  the  “in  situ  incorporation”  (strategies  1  and  2)  and  “wet

incorporation”  (strategies  3  and  4)  methods  that  were  recorded  2

weeks after preparation. Fig. 4(b) compares the emission spectra of

the latter  two samples before and after aging for  4 months under

ambient atmosphere. The weak broad emission from the matrix with

a maximum around 440 nm was subtracted in Fig. 4(a) and 4(b) for a

better comparison between the emission spectra.

Fig. 4. (a): PL spectra for CdTe QDs incorporated into SiO2 matrices with
different incorporation strategies. (b): PL spectra for samples obtained via



wet impregnation before (solid lines) and after aging for 4 months (dash
lines) (exc = 375 nm).

For  1-QD@SiO2,  which  was  prepared  by  strategy  1,  pH

adjustment  to  8  kept  the  yellow  color  characteristic  of  CdTe  QDs.

Excitation  with  UV  light  (multiband  254/366  nm)  gave  an  intense

emission with max
PL  = 521 nm and FWHM = 47.2 nm (Fig. 4(a)).

Samples of 2-QD@SiO2,  where the slightly acidic pH from the

matrix precursor solution was not adjusted to pH 8, changed in color

from yellow to black during the drying process, apparently reflecting a

partial degradation of CdTe QDs. However, this sample did display an

emission with max
PL  = 518 nm and FWHM = 47.1 nm (Fig. 4(a)).

The  materials  prepared  by  strategies  3  and  4  (wet

impregnation)  displayed  somewhat  different  PL  properties.  Both

maintained QD emissive properties; however, the max
PL for 3-QD@SiO2

was shifted to 531 nm with FWHM at 47.1 nm relative that of the PL

from the fresh QDs suspension. This red-shift emission may be related

to  the  increase  in  nanoparticle  size  (inside  matrix)  during  storage

time in adjusted basic pH.

In  contrast,  4-QD@SiO2,  which  was  prepared  by  wet

impregnation (into the pH unadjusted mesoporous matrix) exhibited

PL at  max
PL = 520 nm with FWHM = 43.2 nm, values very similar to

those of  a suspension of  freshly prepared QDs (Table 2).  Thus,  by

keeping matrix's pores without adjusting the pH, the QD nanocrystals

are loaded into the silica pores without size change. Furthermore, the

nanoscopic  matrix’s  pores  act  as  a sieve that  apparently  prevents

further aggregation.

Samples  of  the  matrix  incorporated  QDs  3-QD@SiO2 and  4-

QD@SiO2 maintained their luminescence after 4 month-aging, the PL

spectra displaying a modest blue-shift, as it can be seen in Fig. 4(b).

In contrast, samples 1-QD@SiO2 and 2-QD@SiO2, where the QDs were

incorporated directly into the matrix via “in situ incorporation” during

the gelling process, underwent degradation with complete loss of the



emission (Fig.  S8 (a)).  We also note that nanocrystals  precipitated

from a freshly prepared CdTe QD suspension and exposed to ambient

atmosphere degraded completely in 1 week (Fig. S8 (b) and (c)). By

comparison, QDs incorporated into the mesoporous matrix via “wet

impregnation”  by  strategies  3  and  4  maintained  their

photoluminescence  for  months  under  comparable  conditions.   The

modest  blue-shifts  in  the  emission  maxima  observed  reflect

decreased nanocrystal size possible due to partial surface oxidation

[51].

Table 2. Emission peak maxima and full width at half maximum (FWHM)
values for CdTe QDs incorporated into solid silica matrices by 4 different
strategies from fresh QDs suspension.

Sample 1QD@S
iO2

2QD@S
iO2

3QD@S
iO2

4QD@S
iO2

3-
Age

d

4-
Age

d

Err
or

Emission
(nm)

521 518 531 520 525 516  1

FWHM (nm) 47.2 47.1 47.1 43.2 47.6 50.2 

0.1

3.2 Emission quenching: Fig.  5(a)  illustrates  the  result  of

exposing  the  CdTe  QD  colloidal  suspension  A-QDsRT  at  20  oC to

gaseous mixture of O2 and N2.  Emission quenching is seen and such

quenching is a function of partial molar fraction () of O2 as shown in

the Stern-Volmer type (Io/I  vs [Q]) plot shown in Fig. 5(c). Each PL

spectrum in Fig. 5(a) was obtained after an exposure time of 5 min

to a particular gas mixture in order to stabilize the changes. There

was  a  slight  (6  nm)  blue  shift  of  the  PL  max at  higher  oxygen

concentrations.  Notably  the  quenching  displays  a  strong

temperature dependence, with the sensitivity being much higher at

40 oC than at 20 oC.

It has previously been shown that O2 quenches the PL from thin

films of CdTe QDs (3-mercaptopropionic acid capped) composed of a

layer of monodisperse QDs  [28]. According to Lau et al  [28] photo-

excited CdTe QDs transfer photo-induced energy to oxygen (3O2) to

form singlet oxygen (1O2). This reactive species adsorbs on the QD



surface  creating  a  trap  site  that  inhibits  electron-hole  radiative

recombination. However, to our knowledge there are no reports that

define whether the O2 quenching of the PL from CdTe QDs occurs by a

dynamic or a static quenching mechanism or by a combination of the

two.

Fig.  5. (a)  and  (b):  Emission  as  a  function  of  O2 fraction  for  the  CdTe
colloidal  suspension  (A-QDsRT)  at  20  oC  and  40  oC,  respectively.  (c):
Corresponding Stern-Volmer plot for both temperature (20 oC and 40 oC).

In  the dynamic  quenching process,  the collision  between the

quencher (Q) and fluorophore (F) deactivates the luminescent excited

state F* thus reducing the emission intensity and the lifetime. Since

raising the temperature increases diffusion and hence the collision

rate between Q and the F*, PL intensity and lifetime should decrease

on  raising  T.  In  the  static  quenching  process,  the  quencher  and

fluorophore form a non-emissive ground-state complex, F + Q  ⇌ FQ

that  decreases  the  apparent  concentration  of  F  and  therefore

decreases the emission intensity, but there is no change in lifetime. It

is likely that a temperature increase would be expected to disfavor

the formation of the non-emissive complex FQ due to kinetic energy

increase  of  the  medium,  which  decreases  the  effective  contact



between  the  fluorophore  and  the  quencher.  Quenching  via  this

mechanism would be thus lessened although the net effect on the PL

intensity from F* is harder to predict since raising T may accelerate

other  non-radiative  deactivation  processes  [53,54]. Fig.  5(b)  shows

that while there is somewhat diminished emission from a sample of A-

QDsRT under a N2 atmosphere when the temperature was raised from

20 oC to 40 oC, there was remarkably little quenching of the PL by O2

at the latter temperature as is also evidenced by the Stern-Volmer

type plot of Fig. 5(c). This observation argues for static quenching as

the primary mechanism for the O2 effect on the emission from these

CdTe QDs.

Nonetheless,  dynamic  quenching  may also  play  a  role  given

that the lifetime for PL decay decreases from 39 ns to 28 ns for the

QDs at 20  oC under N2 and O2  flowing, respectively (see Fig. S5 and

Table S1 in the Supporting Information). Increasing the temperature

also led to a decrease in the PL lifetime from 39 ns at 20 oC to 20 ns

at 40  oC under a N2 flow but this phenomenon can be attributed to

faster  non-radiative decay  [54]. At  the higher  temperature,  the PL

lifetime  remained  at  20  ns  under  an  O2 flow,  consistent  with  the

absence of O2 quenching of the emission intensity under continuous

excitation (Fig. 5b).

In order to verify whether singlet oxygen 1O2 is generated as a

product of the O2 quenching of the QD PL, the photolysis at 370 nm

was examined in a solution containing the 1O2  trap ABMDMA.  Under

an O2 atmosphere, there was a gradual decrease in the intensity of

the 430 nm emission from ABMDMA,  but the analogous photolysis

under N2 showed little decrease (SI Fig. S6).  Thus, it appears that at

least some 1O2 is being formed and is trapped by the ABMDMA under

these conditions. 

Scheme 2 suggests a possible mechanism to account for these

observations.  



3.2.1 Oxygen sensing mechanism:  After  excitation  with  energy

(Eexc) higher than the bandgap energy (Eexc>Eg) the photo-excited QDs

transfer  energy  to  triplet  oxygen  (3O2)  near  your  surface  to  form

singlet oxygen (1O2). This reactive specie can adsorbs again on QDs

surface and then create trap sites that inhibit radiative recombination

(see Scheme 2). We can describe the oxygen sensing mechanism in

three  main  steps;  photoexcitation,  reactive  species  formation  and

emission deactivation (PL quenching), as shown below.

Photoexcitation : hn❑+QD→QD¿

Reactive species formation:O2+QD¿→QD¿
+O2

¿    

Emissiondeactivation: QD¿
+O2

¿ → QD+O2
¿

where  Eexc =  energy excitation,  O2 = not reactive oxygen,  QD* =

photo-excited  quantum  dot,  O2* =  reactive  oxygen  and  QD =

deactivated quantum dot and/or not photo-activated.



Scheme 2.  Simplified  mechanism demonstrating  the  formation  of
reactive oxygen species and subsequent PL quenching of the photo-excited
QD by trap sites from highly reactive oxygen.

3.3  Emission  quenching  by  CdTe  QDs  incorporated  into

mesoporous SiO2 matrix: Oxygen also quenched the emission from

the CdTe QDs incorporated in mesoporous silica. As can be seen in

Fig. 6(a), there is a decrease in the PL intensity from 3-QD@SiO2 as a

function  of  O2.  This  Fig.  6  also  illustrates  a  weak emission  with  a

maximum at ~440 nm that is attributed to the matrix (Fig. S9). The

max
PL of the emission attributed to the enclosed CdTe QD did not shift

upon exposure to O2, although the max
PL did shift to the red by 11 nm

upon  temperature  increase  from  20  oC  to  40  oC,  in  a  reversible

process. This red-shift is related to a change in bandgap due to the

expansion of the CdTe QD by the increase in temperature [54,55]. As

seen with A-QDsRT temperature increase to 40 oC also decreased the



PL  intensity  of  3-QD@SiO2 due  to  increased  non-radiative

deactivation.  Such  PL  temperature-dependence  is  useful  in

thermometry  applications,  including  devices  for  high  range

temperature (22-250  oC) detectors or at middle range temperatures

as in living cells (30-60 oC) [54–56]. However, unlike A-QDsRT, some

O2 quenching of the emission from 3-QD@SiO2 was observed at 40 oC

(Fig. 6(b)) although the effect was less pronounced than that at 20 oC.

The curvature of the Stern-Volmer type plot of the higher temperature

data  in  Fig.  6(c)  suggests  that  there  might  be  multiple  emissive

species of QDs hosted in the mesoporous silica matrix  [53]. Table 3

presents Stern-Volmer constants values for A-QDsRT and 3-QD@SiO2

samples at 20 oC and 40 oC.

Fig.  6.  (a)  and  (b):  Emission  from  CdTe  QDs  incorporated  into
mesoporous silica matrix (3-QD@SiO2) as a function of O2 fraction at 20 and
40 oC, respectively. (c): Stern-Volmer plots for both temperatures.

Analyzing the Stern-Volmer constant for both samples at 20 oC,

it is noted that 3-QD@SiO2 sample had a value (Ksv = 1.73) very close

to A-QDsRT sample (Ksv = 2.16) where QDs are highly dispersed in

aqueous  medium  providing  an  effective  interaction  between  the



molecular oxygen and the CdTe QDs. This is an indication that matrix

pores  provide  an  excellent  interaction  between  the  quencher  and

fluorophore,  unlike  other  polymer  matrices  where  the  interaction

between the quencher and fluorophore is hampered by absence of

pores or low oxygen permeability within the matrix.  Table 4  shows

summarizes  some  emitter-sensors based on  O2 PL  quenching of the

emission from CdTe QDs..

Table 3. Stern-Volmer constant for A-QDsRT and 3-QD@SiO2 samples at 20
oC and 40 oC.

Sample Ksv at 20 oC Ksv at 40 oC
A-QDsRT 2.16 ± 0.05 0.09 ± 0.03

4-QD@SiO2 1.73 ± 0.02 0.67 ± 0.03

Table 4. Some emitter-sensors based on PL quenching 

Material

Sensor

Support Condition PL (nm) Detecti

on

Ref.

CdTe-ZnS

QDs

Thin Film Air Ambient 520 O2 [27]

CdTe QDs Thin Film Air Ambient 605 O2 [28]
CdSe/

ZnS@py

Polymer* Hexane Sol. 640 O2 [29]

CdSe QDs Monolayer Low Pressure 580 H2O [30]
CdSe CQWs Monolayer Low Pressure 515 O2 [31]
CdTe@SiO2 Mesoporo

us

Air Ambient 525 O2 This

work
*4-(pyren-4-yl)butyl-11-mercaptoundecanoate

The  PL  quenching  described  above is  fully  reversible  for  the

colloidal  suspension of  A-QDsRT as  shown in  Fig.  7 (a)  where this

material is exposed first to pure N2 and then to pure O2 in repeated

cycles  with  intervals  of  1  min  each.  However,  under  analogous



conditions the 3-QD@SiO2 sample underwent a modest decrease in PL

signal intensity on repeated cycles (Fig. 7 (b). After a 2 h period of

continuous excitation at 375 nm, there was no further decrease in

intensity  and  subsequent  cycles  were  much  more  reproducibly

reversible.  Notably,  when the sample was subsequently allowed to

rest for 10 h under N2 without  excitation at 375 nm, the emission

intensity of the cycles was largely restored but then again declined

with repeated O2/N2 gas cycles under continuous excitation  (Fig.  7

(b)). We do not have a ready explanation for this behavior other than

to suggest that it reflects heterogeneity of different sites occupied by

QDs  inside  the  matrix.  In  marked  contrast,  when  CdTe  QDs

nanocrystals were deposited from a colloidal suspension of A-QDsRT

on a glass slide and dried, they continued to display luminescence

under 375 nm excitation but the PL did not change in intensity under

alternating cycles of O2 and N2 gas (Fig. 7 (c)). Thus, the aggregated

QDs  (in  this  case,  powder  form)  appear  to  be  shielded  from

interaction with O2 compared to monodisperse CdTe nanocrystals in

water and mesoporous silica matrix [16,28,57–59].



Fig. 7. Reversibility of PL intensity under 100 % nitrogen and 100 %
oxygen for the samples A-QDsRT (a) and 3-QD@SiO2 (b). (c) “Reversibility”
of PL intensity for the CdTe nanocrystals under N2 and O2 cycles (without
change). Inset: PL spectra for CdTe nanocrystals under O2 and N2 (without
change of the PL intensity) 

Fig. 8 shows transmission electron microscopy (TEM) images for

3-QD@SiO2 sample under four different magnifications. In Fig. 8 (a)

and (b) it is possible to observe the pores which give the matrix a

sponge-like appearance. Due to the high dispersion of QDs within the

three-dimensional  matrix,  only  a  few  nanocrystals  were  focused

(under the pores) after several search attempts, as can be seen in

Fig. 8 (c). Corresponding color mapping of Figure 8 (c) is provided by

Figure 8 (d), where it is possible to observe the detailed morphology

of the pores located on the surface. However, it was not possible to

observe the QDs just below the pores.  The matrix pores combined

with dispersed QDs provide new properties for this material with great

potential in applications such as gas sensors [44,47].  



Fig. 8. Transmission Electron Microscopy (TEM) images for 3-QD@SiO2

sample (CdTe QDs inside mesoporous silica matrix) under four different
magnifications. Scales at 200, 100 and 5 nm for the images (a), (b), (c),

respectively and (d) corresponding color map to the image (c).

 

4. Conclusion

The CdTe nanocrystals in colloidal suspensions showed different

growth dynamics as a function of aging time and temperature. Not

surprisingly, the QD suspension aged at 7 oC showed smaller variation

in the nanocrystal size as indicated by a smaller shift in the emission

to the red compared to the suspension aged at room temperature.

QDs incorporated  via  wet  impregnation  into  the  mesoporous  silica

matrix by strategy 3 or 4, showed only a small shift of the PL to the

blue  upon  aging  at  room  temperature  as  well  as  much  greater

stability  of  the  photoluminescence  properties.  Oxygen  sensing



measurements  indicated  a  predominantly  static  quenching  process

with a small contribution from a dynamic quenching mechanism for

CdTe QDs in  aqueous  suspension and incorporated  in  mesoporous

silica matrix. Some 1O2 generation was observed by ABMDMA trapping

for the CdTe QDs in colloidal suspension. The studies carried out in

this work present valuable information about optical properties and

stabilities  of  these  QDs  in  aqueous  suspensions  and  when

incorporated in silica matrix under different storage conditions and

exposure  to  molecular  oxygen.  The mesoporous  silica  matrix  as  a

host for QDs provided high interaction between oxygen and CdTe (Ksv

= 1.73 at 20  oC), proving to be an excellent support matrix for the

development of optical oxygen sensors based on CdTe QDs as well

other materials.
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