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Semiconductor and metallic nanomaterials and nanocom-
posites possess interesting linear absorption, photolumines-
cence emission, and nonlinear optical properties. Nanoma-
terials having small particle sizes exhibit enhanced optical
emission as well as nonlinear optical properties due to the
quantum confinement effect. Synthesis, characterization, and
measurement of optical properties of nanomaterials with
different anisotropic shapes have also drawn significant
attention. Recently, a lot of research focuses have been given
on the preparation of polymer semiconductor and other
nanocomposite materials having potential applications in
different optoelectronics and photonics devices.

In this special issue, research papers covering the follow-
ing topics are called for publication and a total of 8 numbers
of original research papers and review articles that have
been accepted got publication. The topics include techniques
of synthesis, characterizations, and optical properties of
semiconductor nanomaterials, nanocomposites of polymer-
semiconductor and graphene-metal nanoparticles, and plas-
monic properties of metal nanoparticles and nanostructures.

In the paper entitled “Sensing heavy metals using mesopo-
rous-based optical chemical sensors,” Urek et al. have reviewed
the recent advances, advantages, and limitations of meso-
porous silica-based optical sensors for heavymetal detection.
In the paper entitled “Optical property characterization of
novel graphene-X (X = Ag, Au and Cu) nanoparticle hybrids,”
authors have reported their results on investigation on syn-
thesis, nanostructural characterizations, and optical proper-
ties, including modifications of surface plasmon resonance
(SPR) properties and of graphene-metal nanocomposite
with the incorporation of nanoparticles in the graphene
nanosheets. Chung et al. in their paper entitled “Green light

emission of 𝑍𝑛
𝑥
𝐶𝑑
1−𝑥
𝑆𝑒 nanocrystals synthesized by one-pot

method” have reported a facile one-pot synthesis technique
for preparation of ternary nanocrystals of Zn

𝑥
Cd
1−𝑥

Se which
show tunable photoluminescence light emission in the green
wavelength region having quantum yield of 45–89%. Zhang
et al. reported the synthesis of ZnO nanostructures with
different morphologies, such as nanopyramids, nanosheets,
and nanoparticles in their paper entitled “Morphology and
optical property of ZnO nanostructures grown by solvothermal
method: effect of the solution pretreatment.” They have used
Raman andphotoluminescence spectroscopes to examine the
crystallinity and optical property of the samples.

In the paper entitled “Optical properties and in vitro bio-
logical studies of oligonucleotide-modified quantum dots,” Gér-
ard et al. have reported the synthesis and characterizations of
a series of new oligonucleotide-modified CdTe quantum dots
(QDs); also they have performed in vitro test. Xie et al. have
reported a review on recent advances in optimizing lumines-
cence properties of doped nanoparticles based on core-shell
structure in their paper entitled “Core-shell structure in doped
inorganic nanoparticles: approaches for optimizing lumines-
cence properties.” Luo et al. in the paper entitled “Luminescent
properties of y2o3:eu3+ nanocrystals prepared by molten salt
synthesis” have reported the synthesis, structures, morpholo-
gies, and the photoluminescent properties of Y2O3:Eu3+
phosphors. They observed tuning in particle size by using
different surfactants and reported red emission under the
excitation of UV light of 254 nm. The treatment of water
by using the heterogeneous semiconductor photocatalysts
has drawn recent attention. However, Sifontes et al. in the
paper entitled “Effect of calcination temperature on structural
properties and photocatalytic activity of ceria nanoparticles
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synthesized employing chitosan as template” have reported the
synthesis of ceria nanoparticles and degradation ofCongo red
(CR) dye under the visible light irradiation.

We are very much happy to note the research progress
on the techniques of synthesis, characterization, and opti-
cal properties of nanostructured materials. Also we are
very much hopeful that this special issue will provide the
thoughts to the beginners and will be helpful for the potential
researchers to start research work in the area of development
of the nanoparticles and nanocomposite materials which are
required for the future optoelectronic devices.
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Heavymetal pollution is one of themore serious environmental problems; therefore, there is a constant demand for the development
of new analytical tools for its monitoring. An optical chemical sensor represents a good alternative to classical instrumental
methods.Themesoporousmaterials used in optical chemical sensors’ fabrications have properties such as high porosity, exceptional
adsorption capacity, tuneable 3D shape, geometry, and morphology, which enable improved limit of detection, response time,
and selectivity properties of optical sensors. In this review, we firstly present the properties of mesoporous materials, provide a
brief description of sensing mechanisms, and briefly discuss the importance of continuous monitoring. Recent advances in those
mesoporous silica-based optical sensors used for heavy metal detection have been reported and their advantages and limitations
also discussed. This review covers publications that have appeared since 2008.

1. Introduction

The monitoring of heavy metals within the environment,
drinking water, food, and biological fluids has become
essential due to the raising of environmental awareness and
increasingly stringent regulations for pollution control.
Heavy metals, by definition, are metals with densities of
>5 g cm−3. They are released into the environment mainly by
industrial activities. In small quantities, certain heavy metals
such as iron, copper, manganese, and zinc are nutritionally
essential for a healthier life. However, heavy metals such as
Hg, As, Pb, and Cd are highly toxic and carcinogenic, even
at the trace level [1, 2]. The toxicity and bioaccumulative
properties of most heavy metals make its control a top-
priority environmental task. Table 1 summarises the stan-
dards and guidelines for heavymetals in drinkingwater set by
the World Health Organization (WHO), U.S. Environmental
Protection Agency (EPA), and European Union (EU) legisla-
tion [3–5].

Standard methods for heavy metal determination cover
a wide range of laboratory-based techniques such as atomic

absorption spectroscopy (AAS), inductively coupled plasma-
atomic emission spectroscopy (ICP-AES), inductively cou-
pled plasma-mass spectrometry (ICP-MS), and X-ray fluo-
rescence spectroscopy (XFS) [6–12]. Although thesemethods
are sensitive and selective they require time-intensive sam-
pled pretreatment and expensive analytical instrumentation,
as well as highly qualified staff. On the other hand, optical
chemical sensors (OCSs) have great potential for detecting
multiple heavy metals on-site. OCSs are a group of chemical
sensors in which electromagnetic (EM) radiation is used
to generate an analytical signal in a transduction element.
The interaction of this radiation with the sample causes the
change of a particular optical parameter that can be related
to the concentration of the analyte [13, 14]. OCSs usually rely
on the principle of an immobilised indicator (organic dye)
that changes its optical properties (absorption, transmission,
emission, lifetime, etc.) on binding the analyte [15–17]. When
designing an OCS with the desired sensor characteristics, it
is not only the selection of a suitable indicator, solid support
(matrix), and immobilisation technique that is important
but also the morphology and suitable functionalisation of
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Table 1: Standards and guidelines for heavy metals in drinking
water set by WHO, EPA, and EU legislation [3–5].

Metal WHO (mg/L) EPA (mg/L) EU (mg/L)
Hg 0.006 0.002 0.001
Cu 2 1.3 2
Zn — 5 —
Pb 0.010 0.015 0.01
Cr 0.05 0.1 0.05

such materials [18]. Over the years, different optical chemical
sensors have been introduced based on silica mesoporous
materials for the determination of mercury [19–34], copper
[35–38], zinc [39–42], and other heavy metal ions [43–48].

The purpose of the presented review was to provide a
general overview on the latest studies relating to mesoporous
silica-based optical chemical sensors for heavy metals’ deter-
mination. The papers in question mainly focused on the
receptor part of the OCS and not on the development of
the whole sensor system including the transducer and signal
processing unit.The syntheses, properties, and other applica-
tions of mesoporous materials are already described in detail
elsewhere [49–54].

2. Mesoporous Material

Over the past decade, mesoporous materials due to their
highly porous natures combined with low absorption and
emission within the visible spectra have been shown to be
excellent candidates for OCSs. Mesoporous materials are
a class of nanostructures with well-defined mesoscale (2–
50 nm diameters) pores, surface areas up to 1000m2/g, and
large pore volumes (∼1.0mL/g). In general, these ordered
mesostructured materials are formed from solution by the
coassembly and cross-linking of network-forming inorganic
species (typically oxides) in the presence of structure-
directing agents (SDAs) [55]. The SDAs are typically surfac-
tants or block copolymers that self-organise into mesoscale
(2–50 nm) structures, according to the solution’s composi-
tion and the used processing conditions [56]. Mesoporous
inorganic materials can have various mesophase structures,
for example: 2D-hexagonal (space group p6mm), biscontin-
uous cubic (space groups Ia-3d, Pn-3m, and Im-3m), cage-
type cubic (space groups Pm-3n, Fm-3m, Im-3m, Fd-3m,
etc.), cage-type hexagonal (space group P6

3
/mmc), lamellar

(L, space group p2), and others (space groups P4
2
/mnm,

P4/mmm, c2mm, Pmmm, etc.), Table 2 [52, 53, 57].The struc-
tures of the mesoporous materials are highly dependent on
the geometries of the surfactants, including the sizes and
charging of the head groups, the length and saturation of the
hydrophobic tail, and its molecular shape.

From amongst several families of mesoporous silica
materials (MPS) already developed and used in sensor appli-
cations, it is worthmentioning themore typicalMCM [19, 32,
33, 36, 39, 42, 58–65], SBA [21–28, 34, 35, 45, 48, 58, 60, 66],
HOM [20, 36, 43–46, 67], HMS [29, 38].

Table 2: List of some typical mesoporous silica materials and their
mesophase structures.

Mesophase structure Space group Material or
researcher Ref.

2D-hexagonal p6mm
MCM-41

[32, 33,
36, 39, 42,
58–63]

SBA-15
[22–28,
35, 45, 48,
58, 60]

HOM-2 [43]

3D-biscontinuous cubic

Ia3d

MCM-48 [63]
KIT-6 [91]
FDU-5 [92]
HOM-5 [93–95]

Pn3m HOM-7 [96]
AMS-10 [97]

Im3m SBA-16 [98]

3D-cage-type cubic

Pm3n
SBA-1 [99–101]
SBA-6 [100, 101]
HOM-9 [20, 46]

Fm3m

SBA-2 [99]
SBA-12 [98]
HOM-10 [46]
FDU-12 [102]
KIT-5 [103]
FDU-1 [104]

Im3m SBA-16 [98]

Fd3m
FDU-2 [105]
AMS-8 [106]
HOM-11 [36, 44]

3D-cage-type hexagonal P63/mmc

SBA-2 [99]
SBA-12 [98]
SBA-7 [98]
HOM-3 [93, 94]

Lamellar MCM-50 [107, 108]

The structures of the more studied mesoporous materials
for sensor applications are presented in Figure 1.

The use of MPS as a solid support for the fabrications
of OCSs has many advantages. MPS materials allow covalent
immobilisation either (a) by covalently anchoring the active
sensor dye during synthesis and low-temperature removal
of the structure-directing agent or (b) by the grafting of
indicator dyes via postsynthetic functionalisation making
them even more desirable in sensor applications, since leach-
ing is minimised in this way. The sensor properties can
be significantly altered by the method chosen for indicator
immobilisation [17, 46, 68]. In general, high concentrations
of dye molecules often lead to significant florescent self-
quenching resulting from intermolecular collisions, since all
the molecules are completely free within the solution [68].
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(a) (b) (c)

Figure 1: Structures of mesoporous materials. (a) 2D-hexagonal (space group p6mm); (b) biscontinuous cubic (space groups Ia-3d); (c)
cage-type cubic (space groups Pm3n).

Moreover, it is known that the packaging of dye molecules
within a solid base will also cause self-quenching. MPS
materials have abundant pore channels and surface silanol
groups; therefore, dye molecules can be highly dispersed
throughout the pore channels of MPSs and fixed at different
locations of the pore’s surface by reaction with silanol groups,
which means that the mobility and rotation of the dye is
restricted to a fixed area. Therefore the dye molecules are
densely located in MPSs, and the generally observed self-
quenching in the dye solution with high concentration can
be reduced considerably [37, 40]. It has been reported that
the fluorescence of the dye inside the MPS particles does
not quench, although its concentration is ≈230 times higher
than the maximum nonquenching concentration of the free
dye in the solution [68–70]. The high concentrations of the
dye immobilised in MPS improves the signal-to-noise ratio
and can also affect the sensor’s sensitivity and detection
limit (LOD). Furthermore, the ability to control the pore
size, tailor the composition of the inorganic framework and
internal pore-surface or channel, can affect or improve the
sensor’s selectivity [26, 44, 71], since limited accessibility
can help to shield the dyes from interferences. Moreover, it
has also been shown that the 3D shapes and geometries of
mesopores have a significant effect on LOD and response
time (𝑡

𝑅
) (3D compared to 2D). This can be related to

the fact that 3D morphologies and cage functionalities are
expected to transport analyte efficiently using much more
direct and easier diffusion to network sites [46, 47]. An
additional benefit of mesoporous materials is also that they
can be prepared in various morphological forms such as
thin-films, nanoparticles, and monoliths. The exceptional
adsorption capacities of mesoporous materials may serve as
in-situ preconcentrators for analyte, thus improving the LOD
of a MPS-based sensor [20, 36, 44, 47].

The interesting fields of usage regarding MPS materials
for optical sensing have been reviewed a few times over recent
years. In 2008,Melde et al. [72] reviewed howmesoporous sil-
icas had been applied to sensing optical and electrochemical
changes in relative humidity, changes in pH, metal cations,
toxic industrial compounds, volatile organic compounds,

small molecular ions, nitroenergetic compounds, and bio-
logically relevant molecules. A tutorial review published by
Han et al. in 2009 [73] reported on the development of silica-
based organic/inorganic hybrid nanomaterials for use within
biological and environmental applications, in which the
chromogenic and fluorogenic probes can selectively detect
and separate specific anions and neutral organic guests, as
well as toxic metal ions. Recently, Jung et al. [74] reviewed
the preparing of a variety of silica nanotubes by self-assem-
bled organogels and the recent development of silica-based
organic-inorganic hybrid nanomaterials for use as chemosen-
sors for environmental studies, as well as within biological
applications. Tran-Thi et al. [75] noticed that sol-gel porous
materials with tailored nanostructured cavities were being
increasingly used with regard to their potential as sensitive
matrices or layers of chemical sensors for the determination
of gaseous and ionic analytes.

3. Sensing Mechanisms

The more commonly applied methods for the optical sens-
ing of heavy metals using mesoporous materials are those
based on light absorption or light emission. Absorption or
colorimetric sensing is accomplished using an indicator that
changes its colour upon binding the analyte; this change
is not only spectroscopically determined but can also be
observed visibly [14, 76]. In light-emission methods, the
analyte concentration is determined by the change in the
emission properties of a luminophore after being excited by
a defined electromagnetic wavelength. Fluorescence typically
occurs from aromatic molecules due to the rigid conjugated
structure and the high rigid density of 𝜋 electrons [77]. Com-
pared to the absorption-basedmethods, molecular emissions
(fluorescence, phosphorescence, and, generally speaking,
luminescence) are particularly important because of their
extreme sensitivities and good specificities. The sensitivity
of the luminescence method is about 1000 times greater
than that of most spectrophotometric methods. In addition,
lower LOD for the desired analytes can be achieved [76–80].
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Measuring the emission intensity is also the most popular
because the instrumentation needed is very simple and cheap.
Nevertheless, measuring light-emission intensity has some
disadvantages compared to emission lifetime measurements,
in which the sample is excited only by a pulse of EM rather
than via continuous illumination, which is the case with
intensity-based methods. The precisions and accuracies of
luminescence intensity-based schemes are greatly affected by
fluctuations in the light-source’s intensity, detector sensitivity,
inner filter effects, indicator concentration (bleaching and
leaching), sample turbidity, and sensing layer thickness. One
method of reducing the problems associated with intensity
detection principles is the use of ratiometric measurements.
This technique employs dual emission or dual excitation
indicators or mixtures of two luminophores, exhibiting sep-
arated spectral areas with different behaviour. For example,
the ratio of two fluorescent peaks is used instead of the
absolute intensity of one peak.The sensors therefore typically
contain a reference dye; the advantage of this approach is that
factors such as excitation source fluctuations and sensor con-
centration will not affect the ratio between the fluorescence
intensities of the indicator and reference dye [81–83].

When a fluorescent indicator is used for sensing heavy
metals, the complexation of the metal ions with the indi-
cator results in either enhanced fluorescence (chelation-
enhanced fluorescence—CHEF) or in decreased fluorescence
(chelation-enhanced quenching—CHEQ). These mecha-
nisms usually involve electron transfer (ET) and charge trans-
fer (CT). Accordingly, these categories include photoinduced
electron transfer (PET) and photoinduced charge transfer
(PCT), also called intramolecular charge transfer. The PET
mechanism is the more widely accepted and belongs to
the group of turn-on fluorescent sensors, which fluoresce
only in the presence of analytes. Sensors based on the PET
mechanism often use a rational combination of a triple com-
ponent system, namely, the “fluorophore-spacer-ionophore”
format [84].The receptor contains a high-energy nonbonding
electron pair (e.g., nitrogen or sulphur atoms), which can
transfer an electron to an excited fluorophore group and
result in fluorescence quenching. However, when the electron
pair is coordinated by a metal ion, the electron transfer will
be prevented and the fluorescence is switched on [85, 86].The
principle is shown in Figure 2. PET type fluorescent response
does not cause any spectroscopic shifts in the emission band
regarding the complexation of the metal ions [86].

The PCT mechanism involves the transfer of an electron
between the donor and acceptor functionalities in order
to promote fluorescence [86, 87]. All the indicators have
integrated ionophore and fluorophore, as opposed to the PET
indicators that have the electron donor moiety separated
by spacer from the fluorophore. For this reason, with PCT
indicators, the complexation of the metal ions give rise
to alterations in electron-energy levels causing fluorescence
turn-off or turn-on and a variation in emission and absorp-
tion wavelengths (Figure 3), depending on the type of
fluorophore, metal ion, and complexation mode [86]. More
detailed descriptions of sensing mechanisms are described
elsewhere [86–88].

Basically, the turn-on or increasing of fluorescence emis-
sions is a better approach than quenching because in real
samples there are many species that can in fact quench the
fluorophore emission besides the analyte (e.g., oxygen and
other heavymetals). In case an insufficient selective indicator
is applied, the sensing mechanism based on fluorescence
quenching can be prone to several interferences.

4. Continuous Monitoring

The concentrations of trace metals within natural waters
vary considerably as functions over time, depending on the
discharger sources, seasons, types of urban activities, and
so forth. The monitoring of dissolved heavy metals such
as copper, lead, and cadmium over four-day periods within
coastal waters showed that potentially most toxic forms of
metals may vary in concentrations over a time scale of less
than one hour [89]. These data confirm the poor ecological
relevance of the average conventional sampling protocol and
the need for continuous monitoring.

Conventionally, ions have been determined by making
use of so-called indicator dyes that undergo a binding
reaction with ions.The ion-binding reactions with indicators
are reversible in principle [90]. In practice, however, most
complexation reactions with heavy metals are irreversible.
The indicator is essentially saturated with metal ions and any
further increase in metal ion concentration produces little if
any change in the observed signal. The decomplexation pro-
cedure is used for sensor regeneration/reusage, which needs
the appropriate stripping agent. EDTA and ClO− stripping
agents are used mostly. In the best case the reusage cycle can
be repeated up to 6 times.

5. Specific Sensors for Heavy Metals’ Ions

The determination of toxic heavy metal cations by meso-
porous material sensors/probes is usually based on the
incorporation of appropriate dye molecules within selected
mesoporous materials, where either absorbance or fluores-
cence is used as an optical detection method. Since 2008,
researchers have mostly developed mesoporous materials for
sensing mercury (Hg2+) and copper (Cu2+). Materials for
sensing other cations have also been proposed (zinc, led,
cobalt, chromium, etc.).

5.1. Mercury Sensing. The determination of mercury ions has
been a subject of investigation by different research groups
(Table 3). Most of the sensing materials use fluorescence as
a detection principle, whilst only a few use absorption. In
regard to Hg2+ sensing material, SBA-15 is mostly used [21–
28]. Othermesoporousmaterials such asUVM-7 [19], HOM-
9 [20], Au-HMS [28] core-shell MPS nanoparticles [30, 31],
and MCM-41 [32, 33] have also been studied. The more
often used is covalent bonding of the indicator dye to the
mesoporousmaterial but immobilisation via H-bonds [23] or
ionic bonds [20] is also possible.

In 2008, Ros-Liz et al. [19] reported on the fabrica-
tion of dual-function hybrid material for the simultaneous



Journal of Nanomaterials 5

HM

PET

PET

Spacer

Spacer

In
te

ns
ity

In
te

ns
ity

Wavelength

Wavelength

Ionophore

Ionophore

Fluorophore

Fluorophore

h� (ex)

h� (ex)

h� (em)

h� (em)

Figure 2: Principle of heavy metal recognition by fluorescent PET sensors.

Donor

Donor

Acceptor/Ionophore

Acceptor/Ionophore

Red shift
In

te
ns

ity

Wavelength

HM

h�
 (ex)

h� (ex) h� (em)

Fluorophore

Fluorophore

h�
 (em)

(a)

Donor

Donor/Ionophore

Acceptor

Acceptor

/Ionophore

HM

h�
 (ex) h�

 (em)

h� (ex) h� (em)

Fluorophore

Fluorophore

In
te

ns
ity

Wavelength

Blue shift

(b)

Figure 3: Principle of heavy metal recognition by fluorescent PCT sensors.

determination and removal (adsorbent) of Hg2+ ions within
acetonitrile/water (1 : 1) solutions. Amesoporous 3Dmaterial
such asUVM-7was used as an inorganic support.The sensing
principle is based on a chemodosimeter approach. In this
case, a chromofluorogenic squarine dye is first “switched-
off” (colorless and nonfluorescent) by reacting to−SH groups

attached to a silica framework. The addition of sensing
material to the solution containingHg2+ ions results in a rapid
and dramatic colour change of the solution from colourless
to deep blue (new absorption band at 642 nm), due to the
dye released when Hg2+ reacts with −SH groups in sensing
materials. After a two-minute reaction, the solid is collected
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Table 3: Sensors for Hg2+ determination.

Indicator dye Material Detection principle Working range (M) LOD (M) 𝑡
𝑅
(s) Ref.

Squarine UVM-7 Absorption (turn-on) 4.9 × 10
−7–4.9 × 10−4 4.9 × 10

−7 120 [19]
TPPS HOM-9 Absorption (colour change) 5.9 × 10

−9–1.7 × 10−5 5.9 × 10
−9 60 [20]

Acyclic dye SBA-15 Absorption (colour change) 1–10 × 10−6 1 × 10
−6

∼10 [21]
R6G SBA-15 Fluorescence enhancement 4.9 × 10

−9–4.5 × 10−7 4.9 × 10
−9 Not given [22]

R6G SBA-15 Fluorescence enhancement 4.9 × 10
−9–6.5 × 10−8 4.9 × 10

−9 Not given [23]
R6G SBA-15 Fluorescence enhancement 1 × 10

−8–4 × 10−8 1 × 10
−8 Not given [24]

Pyrene SBA-15 Fluorescence enhancement 8.5 × 10
−7–2 × 10−5 8.5 × 10

−7 Few seconds [25]
Ethynylpyrene SBA-15 Fluorescence enhancement 0.2 × 10

−8–3 × 10−5 2 × 10
−8 Not given [26]

DS SBA-15 Fluorescence quenching 10−6–10−3 10−6 Not given [27]
RhB SBA-15 Fluorescence (turn-on) Not given 1.5 × 10

−8 Not given [28]
RhB Au-HMS Fluorescence (turn-on) 7 × 10

−8–7.5 × 10−6 7 × 10
−8 100 [29]

Pyrene Core-shell MPS NPs Fluorescence enhancement 1.7 × 10
−8–9 × 10−5 1.7 × 10

−8 Not given [30]
Pyrene Core-shell MPS NPs Fluorescence enhancement 8.5 × 10

−7–9 × 10−5 8.5 × 10
−7 14 [31]

Azo dye MCM-41 NPs Absorption (colour change) Not given 9.97 × 10
−6 Not given [32]

Eu(PTA) MCM-41 Fluorescence quenching 1–12 × 10−6 1 × 10
−6 Not given [33]

by filtration and the absorbance of the resulting solution
measured. Inorganic support can be partially regenerated by
sample washing with concentrated HCl, which quantitatively
removes the loaded mercury, and the material can therefore
be used for several cycles. The apparent LOD of the probe
is 4.9 × 10−7M (0.1 ppm). Interestingly, the authors did not
try to reduce the LOD by measuring the fluorescence. In
addition, the leaching of the dye from the inorganic support
raises the question of such a system regarding its practical
application. A different approach was used by El-Safty et al.
[20], where solid mesoporous cubic Pm3n discs were used
for the simultaneous naked-eye detection and removal of
mercury ions within aquatic samples.This method was based
on a design of disc-like (HOM-9) sensors by the immobil-
isation of two different organic groups, however, the first
an organic moiety for changing the silica surface polarity
and the second a tetraphenylporphine tetrasulphonic acid
(TPPS) probe for Hg2+ ions that showed prominent colour-
change when in contact with the analyte. The sensing assay
exhibited a 𝑡

𝑅
of 1min and LOD of 5.9 × 10−9M at pH 9. The

reversibility of the disc-like sensor allowed for the retention
of its functionality (sensitivity and fast 𝑡

𝑅
) after multiple

regeneration/reuse cycles using ClO4− as the decomplexation
agent. Aftermultiple regeneration/reuse cycles (≥6) there was
a kinetic hindrance, as the 𝑡

𝑅
was prolonged to 2min but

the sensitivity stayed at up to 92% and the disc was fully
reversible. In 2008, and 2010 Kim et al. [21, 34] synthesised
a Hg2+ sensitive acyclic dye which was immobilised on the
surface of MPS. The sensing material was a light yellow solid
and resulted in a colour change from light yellow to red
within 10 s in the presence of Hg2+. The removal of Hg2+
(regeneration) was carried out by the addition of EDTA.
A linear response was observed within the concentration
range 1–10 × 10−6M with an LOD of ∼1 × 10−6M [15]. The
mesoporous silica-immobilised acyclical dye recognised the
Hg2+ with a high degree of selectivity from amongst other
metal ions within the aqueous solution.

Inorganic-organic hybrid fluorescence-based SBA-15
mesoporous materials have been reported over past years
(Table 3). In 2008, Zhou et al. [22] reported a fluorescent
sensor, R6-SBA-15, for the determination of Hg2+ within
acetonitrile/water (7 : 3) solution by the covalent bonding
of an organic fluorescent molecule Rhodamine 6G (R6G)
within the channel of mesoporous silica. In 2010, they
published another article [23] involving the same indicator
dye for Hg2+ determination within dimethylformamide/
water (1 : 1) solution that was assembled into SBA-15 (RBSN/
SBA-15) through intermolecular hydrogen bonding, instead
of covalent bonding [22]. Both SBA-15-based sensors resulted
in a slight pink powder that could quantitatively determine
Hg2+ at the 10−9M (ppb) level. However, it would be
interesting to know and compare the 𝑡

𝑅
of the two described

R6G-based sensors, since the dyes were immobilised by two
different approaches. Namely, it was shown that covalent-
bonding can significantly prolong the 𝑡

𝑅
of the sensor [17].

Moreover, from the practical point of view it would be
advisable to perform the measurements in water. Wu et al.
[24] fabricated a Rhodamine- (R6G-) based SBA-15 sensor
that can be used to detect Hg2+ ions in water. However, the
sensor’s LOD (1 × 10−8M) compared to previously developed
sensors [22, 23] was poorer. Fluorescent detection of Hg2+
ions was also proposed using pyrene-based fluorescent
dye [25, 26] and the dansylamine derivate (DS) [27], being
covalently grafted onto SBA-15. All the sensors showed good
sensitivities and selectivities for Hg2+. Dong et al. [28] have
prepared a Rhodamine group modified SBA-15 nanocom-
posite for the determination of Hg2+ ions in MeCN-H

2
O

solution (9 : 1 v/v).
Recently, Zhang et al. [29] prepared a worm-like pore-

structured mesoporous silica-based (HMS) sensor (Au-
HMS-sensor). In this case, gold was used as a connector to
prepare Au-HMS and determination was possible through
Rhodamine B derivate, covalently grafted on Au-HMS. This
sensor exhibited “turn-on” fluorescence enhancement and
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showed good selectivity for Hg2+ over other metal ions. LOD
of 7 × 10−8M concentration was reached within 100 s. The
Au-HMS-sensor was successively regenerated by treatment
with tetrapropylammonium hydroxide solution.

A different approach for detecting Hg2+ was used by Guo
et al. [30] and Zhang et al. [31], who developed core-shell
mesostructured silica as solid support, functionalised with
pyrene. The LODs for both sensors were 1.7 × 10−8M [30]
and 8.5× 10−7M[31], respectively, whereas the linear working
concentration range was between 10−8 and 10−4M in both
cases. In comparisonwith the covalently grafted pyrene-SBA-
15 sensor [25] the LOD of the core-shell-based system is 50
times lower [30].

MCM-41 mesoporous materials have also been used for
preparation of the Hg2+ sensor [32, 34]. However, compared
to other mesoporous materials, it seems that MCM-41 is not
the best material for the fabrication of Hg2+ sensors, since
both of the two sensors have rather high LODs.

In view of water legislation, the LODs of the majority of
the mentioned sensors are still far from the “0.05 𝜇g/L (2.5 ×
10−10M)” target [109]. The sensors developed by Zhou et al.
[22] and Song et al. [23] have the lowest LODs and can detect
the maximum allowed contaminant level of 1𝜇g/L (4.98 ×
10−9M) set by EU legislation for drinking water [5]. Only a
few papers [26, 30] have shown the practical applicabilities of
the proposed sensors by evaluating them using real samples.
Most of them lack water compatibility and need to be used
in organic or aqueous organic solvents. Nevertheless, most
Hg2+ sensors have demonstrated high selectivity towards
other competing metal cations, showing that mesoporous
structures may exhibit high selectivity potential, which is
also an important sensor characteristic. Furthermore, the
response time is also an important sensor characteristic,
which has been overlooked by many authors.

5.2. Copper Sensing. Copper(II) ions have been the subject of
continuous control, as copper is commonly used throughout
industry and is therefore a widespread pollutant. However, it
is also an essential trace element that plays important roles
in a variety of fundamental physiological processes within
living organisms [110]. Two sensors are based on fluorescence
quenching [35, 37] and two are based on colour change
(absorption) [36, 38].

In 2010, Meng et al. [35] reported on an inorganic-
organic silica material, prepared by covalent immobilisation
of the 1.8-naphthtlimide-based receptor (P2) within the
channels of mesoporous silica material SBA-15 (SBA-P2).
SBA-P2 exhibited a Cu2+ specific fluorescence-quenching
response in ethanol/water (3 : 7) solution with an LOD of 1.6
× 10−9M. The sensor was highly selective towards Cu2+ ions
over the interfering ionic species. Furthermore, the SBA-P2
material was applied for the fluorescence imaging of zebrafish
organisms and the subsequent addition of Cu2+ ions resulted
in SBA-P2 emission quenching. Presumably, being the first
report on detecting Cu2+ ions in vivo using a functionalised
nanomaterial, these results suggest that MPS is potentially

useful for studying the toxicity or bioactivity of Cu2+ within
living organisms. However, experiments regarding regener-
ation and 𝑡

𝑅
should be done additionally in order to further

characterise the sensor characteristics. Recently, El-Safty et al.
[36] constructed a Cu(II) ion sensor based on immobilised
dithizone (DZ) in 2D hexagonal MCM-41 and 3D cubic
Fd3m HOM-11 mesoporous silica microscopic monoliths.
The reflectance spectra of this sensor exhibited a blue shift
as a result of the binding of Cu2+ ions with the DZ. 3D shape
and the geometries of the mesoporous materials significantly
affected the ion diffusion and affinity of the metal-ligand
binding, thus affecting the sensor’s characteristics. The sen-
sors exhibited specific behaviour by permitting Cu(II) ion-
selective determination in the model wastewater, despite the
presence of active component species. The LODs were 3.1 ×
10−8Mand 12.5 × 10−8M for 3D cubic Fd3mHOM-11 and 2D-
hexagonalMCM-41, respectively.The 𝑡

𝑅
of HOM-11 (3D) was

20 s shorter compared to MCM-41 (2D).
On the other hand, Lu et al. [37] used monodispersed

mesoporous silica nanospheres modified by anthracene
derivative (SGAAn) and fabricated a fluorescent sensor for
the determination of Cu2+ metal ions in ethanol/water (3 : 7)
solution. Determination of Cu2+ ions was possible through
fluorescent quenching of the modified spheres in a few
seconds within a concentration range from 5 × 10−8 to 10−4M
of Cu2+, with the LOD being 2 × 10−8M.The recovery of the
sensor was repeatedly studied over 4 cycles by the use of
EDTA as the recovery agent. Liu et al. [38] designed an
absorption-based sensor for Cu2+ by using an indicator 4-
(2-pyridylazo) rescinol (PAR) immobilised on functionalised
hexagonal mesoporous silica (HMS). Determination of Cu2+
ions was possible under strong acidic conditions (pH 12)
through colour change from yellow to red of the modified
spheres in 60 seconds within a concentration range from 6.3
× 10−7Mto 6.3× 10−6MofCu2+, with LODbeing 1.3× 10−8M.
With the addition of EDTAas a regenerating agent, the sensor
is reusable and can be used up to 6 times. The authors also
showed a potential for developing sensors for other ions, such
as Fe3+, Cd2+, Ni2+, Zn2+, Pb2+, Co2+, and Hg2+, using this
sensor design.

All of the reported sensors (Table 4) satisfied the quality of
the Cu2+ parameter for water intended for human consump-
tion (2mg/L or 3.1 × 10−5M) as set by the EU directive [5],
WHO [3], and EPA [4].

5.3. Sensing of Other Heavy Metal Ions. Table 4 summarises
the recently developed mesoporous silica-based sensors used
for heavy metal cation sensing, including Zn2+, Pb2+, Co2+,
Bi3+, Cr3+, and Cr6+.

The determination of Zn2+ ions is possible using ordered
MPS material MCM-41 functionalised with quinoline
derivative N-(quinolin-8-yl)-2-[3-(triethoxysilyl)propylam-
ino]acetamide (QTEPA) [39]. This reported system select-
ively detects Zn2+ ions with LOD of 0.1 × 10−6M and a
working range of 0.01–30 × 10−6M. The presence of other
metal ions did not affect the selectivity, even at high concen-
trations of Na+, K+, Ca2+, and Mg2+ along with Zn2+ ions
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Table 4: Properties of OCSs for selected heavy metal ions.

Analyte Indicator dye Material Detection principle Working range (M) LOD (M) 𝑡
𝑅

Ref.
Cu2+ P2 SBA-15 Fluorescence quenching 1.6 × 10−9–1.1 × 10−8 1.6 × 10−9 Not given [35]

Cu2+ DZ HOM-11 Absorption (colour change) 1.57 × 10
−8–7.86 × 10−6 3.1 × 10−8 60 s

[36]MCM-41 7.86 × 10
−8–7.86 × 10−6 12.5 × 10−8 80 s

Cu2+ SGAAn Type not defined Fluorescence quenching 5 × 10
−8–10−4 2 × 10

−8 4-5 s [37]
Cu2+ PAR HMS Absorption (colour change) 6.3 × 10−7–6.3 × 10−6 1.3 × 10−8 60 s [38]
Zn2+ QTEPA MCM-41 Fluorescence enhancement 0.1 × 10−6–30 × 10−6 0.1 × 10−6 Not given [39]
Zn2+ 8-AQ Type not defined Fluorescence enhancement 5 × 10−8–2 × 10−5 2 × 10

−8 Not given [40]
Zn2+ SSD Type not defined Fluorescence enhancement Not given 70 × 10

−9 Not given [41]
Zn2+

8-HQ MCM-41 Fluorescence enhancement Not given 1.2 × 10
−6 30 s [42]

Cd2+ 1.9 × 10
−9 30 s

Co2+ Azo dye HOM-2 Absorption (colour change) 1.7 × 10−8–17 × 10−6 ∼15 × 10−9 15min [43]

Bi3+ DZ HOM-11 (3.2 nm pore size) Absorption (colour change) 2.3 × 10
−9–9.6 × 10−6 6.5 × 10−10 20 s [44]

MCM-41 2.39 × 10
−8–9.6 × 10−6 8.1 × 10−9 40 s

Cr3+ R6G SBA-15 Fluorescence enhancement 1 × 10−6–6 × 10−6 1 × 10
−6 Not given [45]

Cr6+ DPC

HOM-10 Absorption (colour change)

13.3 × 10
−10–3.8 × 10−6 8.1 × 10−10 60 s

[46]Pd2+ TPPS 9.4 × 10
−9–9.4 × 10−6 2.3 × 10−9 80 s

Co2+ PR 8.4 × 10
−9–1.7 × 10−5 2 × 10−9 45 s

Pb2+ DZ 2.4 × 10
−10–4.8 × 10−6 2.7 × 10−11 60 s

Pb2+ DTAR HOM-13 Absorption (colour change) 4.8 × 10
−8–4.83 × 10−7 13 × 10−9 12.5–17.5min

[46]HOM-9 2.4 × 10
−8–7.2 × 10−7 9 × 10−9 5–7min

Pb2+ PMBA SBA-15 Fluorescence quenching 2 × 10
−6–50 × 10−6 0.5 × 10−9 Immediate

response [48]

in solution. On the other hand, transition metals, from iron
to copper, competed with the binding sites, even though
there was an overall increase in fluorescence intensity with
Zn2+ binding. Core-shell mesoporous silica nanospheres
encapsulated with Rhodamine 101 into the solid core and
8-aminoquinoline derivatives (AQ) into the mesoporous
shell were used as Zn2+ ratiometric fluorescent sensor [40].
The fluorescence intensity of 8-AQ dramatically increased
after the addition of Zn2+ ions. Concentrations as low as 5 ×
10−8M could be detected in ethanol-water solution (30%).
Recently, Shahid et al. [41] reported on the development of a
fluorescent-based Zn2+ sensor usingMPS beads onwhich the
fluorescent bis chromophoric dye containing naphthalimide
and anthracene moieties (SSD) was covalently immobilised.
The complexation between the fluorescent silica beads
and Zn2+ ions (50 × 10−6M) caused a ∼6-fold increase in
fluorescence intensity, accompanied by a 13 nm blue shift
of the emission maxima. The sensor was selective for Zn2+
in the presence of other metal ion interactions and had
a LOD of 70 × 10−9M. The regeneration of the sensor
was carried out using EDTA. Tan et al. [42] developed an
imprinted mesoporous silica (MCM-41)-based fluorescence
sensing arrays for metal ions (Zn2+ and Cd2+). A fluorescent
functional monomer containing an 8-hydroxyquinoline (8-
HQ) moiety in combination with a one-pot cocondensation
method was employed for preparing the sensor array. The
LODs for Zn2+ and Cd2+ were 1.2 × 10−6M and 1.9 × 10−6M,
respectively, and were achieved within 30 s. Nevertheless,

both imprinted materials were, to some extent, cross-re-
sponsive towards nontemplate metal ions such as Mg2+,
Ca2+, and Mg3+ and optimisation of the method is needed.

The absorption monitoring of Co2+ ions can be per-
formed by the use of sensing materials designed by the
direct physical adsorption of 8-(4-n-dodecyl-phenylazo)2,4-
quinolinediol (azo dye) with long hydrophobic tails, onto
hexagonal MPS monoliths (HOM-2) [43]. This sensor has
a LOD of 15 × 10−9M concentration of Co2+ ions, achieved
within minutes and a working range of between 0.017–17 ×
10−6M. The sensor can be used up to 6 times with insignif-
icant loss of sensing efficiency, although a slight decrease in
sensing activity (𝑡

𝑅
) can be observed. The selectivity studies

revealed no interferences from heavymetal ions such as Al3+,
Bi3+, Cr6+, La3+, Ir3+, Sn2+, and Sb3+. However, interference
was observed from Cu2+, Ni2+, Hg2+, and Zn2+ ions that
can be eliminated by using 0.2 × 10−3M thiosulphate and
thiocyanide. No leaching of the indicator dye from MPS was
observed over a long period of time (≥4 months), with only
slight changes in the absorption spectra.

El-Safty et al. [44] designed absorption-based sensors for
the determination of Bi3+ ions by immobilising diphenylthio-
carbazone (DZ) dye into a solid support without previously
modifying the pore-surface. Different MPS monoliths were
evaluated for solid support, such as 2D hexagonal-(MCM-
41) and 3D cubic Fd3m (HOM-11). Additionally, the 3D
structures were prepared of various pore sizes (2.3 nm,
2.8 nm, and 3.2 nm). The LOD of the MPS-immobilised dye
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was ∼1100-fold (MCM-41) or ∼14000-fold (HOM-11, 3.2 nm
pore-size) lower compared to the free dye, which indicated
that the mesoporous matrix efficiently preconcentrates the
analyte. The LODs were 81 × 10−10M and 6.5 × 10−10M for
the 2D hexagonal and 3D cubic (3.2 nm pore-size) based
sensors, respectively.The 𝑡

𝑅
of the 3D cubic-based sensor was

about 15–20 s shorter than in the case of the 2D-hexagonal
monolith. This study revealed that the pore-size of the 3D
cubicmesoporous sensor affected the sensor’s characteristics.
Bigger pores provided lower LOD and shorter 𝑡

𝑅
. Although

the DZ dye was physically entrapped within mesopores, no
leaching was detected of the dye from thematrix.The sensors
were highly selective towards other interfering compounds
and could be reused 3 times.

Monitoring all forms of chromium (e.g., Cr3+ and Cr6+)
is necessary as they have toxic properties of high levels and
are harmful to human health [111]. In 2011, Meng et al. [45]
presented a multifunctional material that covalently linked
the fluorescent dye Rhodamine 6G (R6G-TETA) and ameso-
porous material (SBA-15), thus enabling fluorescent response
and high adsorptivity for Cr3+ in water. The LOD of this
method was 1 × 10−6M and the working range was between
1 × 10−6 and 6 × 10−6M. The functional nanomaterials’
features provided good selectivity towards Cr3+ over the
competitive cations. The sensor was also used invivo and
showed a potential for monitoring Cr3+ within living cells
and organisms. Furthermore, a “building-block” approach
for the immobilisation of indicator dye was used for the
development of an optical sensor for Cr6+ ions determination
[46, 67]. This approach is based on firstly modifying the
polarities of the silica surface matrices with surfactant and
then adsorption of the indicator dyes onto the solid support
without the common use of silane- or thiol-coupling agents.
In regard to the fabrication of DPC-based optical sensors
using the building-block approach, several 3D mesoporous
silica monoliths (3D HOM), such as cylindrical cubic Fm3m
(HOM-10), cubic Pm3nwith worm-like pore (HOM-13), and
cage cubic Pm3n (HOM-9) materials, were used as solid
supports. This study showed that pore ordering and the
geometries of mesoporous materials affect the sensor’s LOD
and 𝑡
𝑅
but do not affect the sensor’s selectivity.TheLODswere

8.1 × 10−10M, 13.2 × 10−10M, and 80 × 10−9M for HOM-10
and HOM-9 and HOM-13-based sensors, respectively; they
were achieved within 60 s in the cases of HOM-10, HOM-9,
and within 750 s in the case of the HOM-13-based sensor.The
regeneration of the sensors was carried out by the addition of
stripping agents (EDTA, ClO

4
, CH
3
COO−, and C

2
O
4

2−) that
enabled its reusage over more than 6 cycles.

El-Safty and co-workers [47] reported on an absorption-
based Pb2+ nanosensor using 3D monoliths (wormhole and
ordered mesostructures—HOM-type) as solid supports
for the immobilisation of indicator dye 4-n-dodecyl-6-
(2-thiazolylazo)-resorcinol (DTAR). Ordered (HOM-9)
and wormhole (HOM-13) cubic Pm3n cage monoliths
were fabricated via an instant direct-templating method
using microemulsion systems by the addition of nonionic
surfactants. The sensing characteristics are strongly defined
by 3D pore geometry and the shapes of the monoliths,

thus influencing the 𝑡
𝑅
(5 ≤ 𝑡

𝑅
≤ 7min for HOM-9 and

𝑡
𝑅
> 15–20min for HOM-13), as well as working ranges

of (0.048–0.483 × 10−6M for HOM-13 and 0.024–0.724 ×
10−6M for HOM-9). The prepared sensors exhibited good
selectivity for Pb2+ and showed good efficiency after several
regeneration cycles. Furthermore, there was no detected
leaching of DTAR, although the dye was physisorbed
into solid support. Wang et al. [48] prepared a series of
hybrid fluorescent sensors by direct covalent-coupling of
bis-schiff-based N,N-(1,4-phenylenedimethylidyne)bis-
1,4-benzenediamine (PMBA) on the inner surface of
MPS (SBA-15), functionalised with chlorine groups. The
fluorescent sensor exhibited high selectivity and sensitivity
towards Pb2+ ions with a LOD of 0.55 × 10−9M (0.1 ppb)
and a working range of 2–50 × 10−6M. However, there is
no information on the sensor 𝑡

𝑅
. The DZ-HOM-10 sensor

[46] had the lowest LOD compared to DTAR-HOM-9 [47]
and PMBA-SBA-15 for the determination Pb2+. All of them
had LODs below the target value for Pb2+ set by the water
directive 2008/32/EC [109] (3.4 × 10−8M or 7.2𝜇g/L).

6. Conclusions

Many published articles demonstrate that mesoporous mate-
rials are a good alternative to other solid supports (classical
sol-gel materials, polymers) in OCS designs. Since meso-
porous materials exhibit tuneable size- and shape-dependent
chemical and physical properties, they have found applica-
tions for sensing various kinds of analytes.

In summary, the more frequently ordered SBA-15, MCM-
41, and HOM mesoporous silica structures have been pre-
sented for sensing various heavy metal ions. Rare published
studies on applying disordered worm-like materials have
also been introduced. The sensors are mostly in the form of
particles, rather than thin films.Themajority of the published
papers were devoted to the determination of mercury, which
is one of themosttoxic environmental contaminants. Besides
themore explored SBA-15material,MCM-41, andHOMwere
also reported as solid supports for sensing heavy metals, with
SBA-15 being the preferable material of choice for mercury
determination. It has been shown that 3D materials such
as HOM are more suitable in terms of sensor sensitivity,
response time and LOD as solid support, than 2D materials
(SBA-15 and MCM-41).

The immobilisation of an indicator into MPS is usually
carried out by covalent bonding. Interestingly, when physical
entrapment of the organic dye was applied for sensing species
in liquids, no indicator leaching was detected and therefore
good results were observed in terms of stability.

Inmost cases, theMPS-based sensors showed good selec-
tivity for the respective analytes. Furthermore, the improved
adsorption properties of the heavymetals helped to lower the
LOD. In spite of the fact that fluorescence is usually regarded
as a more sensitive technique than spectrophotometry, it was
also shown that LODs withMPS-based sensors are compara-
ble for absorption and fluorescence-based systems.
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The chemical and biological species in real-world samples
such as river water, wastewater, and cells, have severe interfer-
ences on the sensing signal. Therefore, to show the practical
implementation of the developed sensors, the sensors should
be tested in real-world samples. However, most of the work
only demonstrated a proof-of-concept for sensors that could
detect heavy metals in buffer solutions, organic/water solu-
tions, or artificial matrices. Only a few papers had reported
the testing of real-world samples and only one paper had
reported the sensors’ validation data. There was no report
on the development of cadmium and nickel MPS-based
sensors, although cadmium and nickel are listed as target
priority heavy metals by the Water Framework directive
(2000/60/EC, 2006/11/EC, and 2008/105/EC). The on-line
monitoring of heavy metals remains a significant challenge.
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The present investigation reports new results on optical properties of graphene-metal nanocomposites. These composites were
prepared by a solution-based chemical approach. Graphene has been prepared by thermal reduction of graphene oxide (GO) at
90∘C by hydrazine hydrate in an ammoniacal medium.This ammoniacal solution acts as a solvent as well as a basic medium where
agglomeration of graphene can be prevented. This graphene solution has further been used for functionalization with Ag, Au, and
Cu nanoparticles (NPs). The samples were characterized by X-ray diffraction (XRD), Raman spectroscopy, UV-Vis spectroscopy,
scanning electron microscopy (SEM), and transmission electron microscopy (TEM) to reveal the nature and type of interaction of
metal nanoparticles with graphene.The results indicate distinct shift of graphene bands both in Raman and UV-Vis spectroscopies
due to the presence of the metal nanoparticles. Raman spectroscopic analysis indicates blue shift of D and G bands in Raman
spectra of graphene due to the presence of metal nanoparticles except for the G band of Cu-G, which undergoes red shift, reflecting
the charge transfer interaction between graphene sheets and metal nanoparticles. UV-Vis spectroscopic analysis also indicates blue
shift of graphene absorption peak in the hybrids. The plasmon peak position undergoes blue shift in Ag-G, whereas red shift is
observed in Au-G and Cu-G.

1. Introduction

Graphene is a unique allotrope of carbon characterized
by honeycomb lattice of sp2-hybridized carbon atoms in
which carbon atoms are packed in a two-dimensional (2D)
hexagonal lattice [1]. Graphene, often considered as a “miracle
material” of the 21st century, has attracted tremendous atten-
tion in the academic community [2]. Being one-atomic layer
thick sheet of carbon extending infinitely in 2D, its properties
encompass range of superlattices. This includes high value of
Young’s modulus (∼1100GPa) [3], fracture strength (125GPa)
[3], thermal conductivity (∼5000W/mK) [4], mobility of
charge carriers (2 × 105 cm2/Vs) [5], and specific surface area
2630 (m2/g) [6]. Owing to its excellent physical and chemical
properties, graphene is considered as a potential candidate
for large number of applications in many technological fields
such as nanoelectronics [7], composites [8], energy storage

devices [6], efficient lasers, photodetectors, and biomedical
applications [9].

Preparation of high quality graphene is needed to study
the unique properties for applications. A number of different
ways of preparing graphene have been reported in the
literature [10]. This includes micromechanical exfoliation of
graphite [11], chemical vapor deposition [12], and chemical
methods to create colloidal suspension [13]. The microme-
chanical method is time consuming, and the yield is low
and thus limits our ability to have significant economic and
technological impact [11]. On the other hand, graphene is pre-
pared via solution chemistry involving oxidation of graphite
to prepare layered graphene oxide sheets (GOS), which can
further be reduced to obtain graphene sheets (GS). GS can be
considered as chemically modified sheets having controllable
electronic properties. However, unless these sheets are well
separated from each other, the graphene sheets tend to form
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agglomerates or even restack to form graphite due to Van der
Waals interaction [14, 15].Thus, the addition of any dispersoid
which can bind tightly onto graphene sheets is of utmost
necessity to achieve better dispersion of graphene sheets. In
this context, decoration of graphene with metal nanopar-
ticle becomes very important. Very recently, integration of
graphene and metal nanoparticle to prepare new generation
of hybrid nanomaterials has aroused extensive interest for
large number of potential applications like chemical sensors,
energy storage and catalysis, as well as hydrogen storage
[16–21]. Most notably, noble metal nanoparticles (NP) have
widely been used as a catalyst to promote various chemical
reactions [22]. Catalyst support is found to be an important
aspect affecting the catalytic activity of the catalyst [23]. To
enhance the catalytic activity, graphene-metal nanoparticle
hybrid composite can be used due to its very high specific
surface area.

In the light of recent studies carried out by different
groups on decoration of NPs with graphene to prepare hybrid
structure, we consider that it is important to investigate the
influence of metal nanoparticles on the electronic structure
of graphene. For this purpose, we have synthesized gold
(Au-G), silver (Ag-G), and copper nanoparticle decorated-
graphene (Cu-G) via chemical synthesis. Almost all the
previous works had generally dealt with synthesis of such
hybrid structure [24, 25]. The nature of interaction between
graphene and NPs is not properly studied. In this work,
we have employed both Raman and UV-Vis spectroscopic
techniques to obtain optical properties of the nanomaterials,
and thereby electronic structures of the materials are brought
about.

2. Experimental Procedure

2.1. Materials. Graphite powder (100 mesh, 99.9995%),
silver nitrate (AgNO

3
, 99.9%), hydrogen tetrachloroaurate

(III) hydrate (HAuCl
4
, 99.9%), copper sulfate (CuSO

4
,

99.9%) (Alfa Aesar, India), sodium nitrate (NaNO
3
),

potassium permanganate (KMnO
4
), concentrated sulfuric

acid (H
2
SO
4
), ammonia solution (NH

4
OH), hydrazine

hydrate solution (H
2
NNH

2
⋅H
2
O) and hydrogen peroxide

(H
2
O
2
) (Sigma Aldrich, India), Trisodiumcitrate dehydrate

(C
6
H
5
Na
3
O
7
⋅H
2
O), Dextrose (C

6
H
12
O
6
), and Sodium

hydroxide (NaOH) (Merck Millipore, India) were used for
the preparation of graphene and nanocomposites. All the
chemicals were used in the condition as received without
further purification. The water used in all the experiments
was purified through a Millipore system.

2.2. Preparation of Graphite Oxide. Graphite oxide was pre-
pared by modified Hummers method [26] by taking 2 g of
natural graphite powder in a 250mL beaker placed in an
ice bath, maintaining the temperature at 20∘C. Subsequently,
1 g of NaNO

3
, 46mL of H

2
SO
4
, and 6 g of KMnO

4
were

added slowly to the graphite powder and kept under stirring
for 15min. After that, the ice bath was removed, and the
solution was heated at 35∘C for 30min. Then, 92mL of
distilled water was added slowly into the solution and stirred

for further 30min. Finally, 80mL of hot distilled water
was added, followed by the addition of 30% H

2
O
2
aqueous

solution until the bubbling disappeared and the colour of the
solution turned to deep yellow.The residuewas collected after
centrifugation, and warm water was utilized for subsequent
washing to make it neutral (pH = 7). The resulting powder
was redispersed into distilled water by ultrasonication for
30min.The solutionwas freeze dried to get the desired brown
coloured graphite oxide powder.

2.3. Exfoliation and Reduction of Graphene Oxide (GO).
The exfoliated GO was prepared by ultrasonicating 0.01 g of
the synthesized graphite oxide powder in 100mL of distilled
water in a 250mL round-bottomflask for 2 h.ThepHof the so
obtained yellow brown suspension of GO was adjusted to the
value of 10 by dropwise addition of 315 𝜇L of 25% ammonia
solution into it. For reduction of GO, 35 𝜇L of hydrazine
hydrate was added slowly, and the whole suspension was
refluxed in an oil bath at 90∘C for 2 h while stirring. Finally,
black coloured precipitate of graphene (G) obtained after
centrifugation was redispersed in distilled water and kept as
a stock solution for the synthesis of Ag-G, Au-G, and Cu-G.

2.4. Preparation of Ag-G, Au-G, and Cu-G. The synthesis of
Ag-Ghas been carried out according to themethod described
by Mao et al. [27]. Equal volume (20mL) of graphene stock
solution and silver nitrate aqueous solution (0.001M) were
slowly mixed in a 250mL round-bottom flask. The whole
solution was heated to 90∘C with subsequent addition of
2mL sodium citrate (w/v 1%) aqueous solution into it while
stirring for 15min to complete the reaction. After cooling
down to room temperature, the solution was centrifuged
many times with ethanol and water until the undesired by-
products are removed, and the precipitate was redispersed
in distilled water. Au-G was also prepared in similar fashion
by mixing equal volume (20mL) of graphene solution and
HAuCl

4
aqueous solution (0.001M) followed by the addition

of 2mL of 38.8mM sodium citrate aqueous solution. Cu-
G was prepared by the following method. 2.4 g of dextrose
was dissolved in 30mL of water. 60𝜇L of 1.0M NaOH
solution and 1mL of graphene stock solution were added to
it. The whole mixture was heated to 80∘C under stirring in
argon atmosphere. 1.2mL of copper sulfate aqueous solution
(0.01M) was added to it. After five minutes of constant
stirring at 80∘C, Cu-G was obtained.

3. Characterizations

X-ray diffraction (XRD) of all the powder samples were
recorded by a Bruker D8 focus X-ray diffractometer with
Cu K

𝛼
radiation (𝜆 = 0.154056 nm) operating at 40KV

and 20mA. To investigate structural change during chem-
ical processing, the Raman spectra were recorded with
a WITec GmbH alpha 300 R Raman spectrometer in the
back-scattering mode using an Ar-ion laser (514.5 nm) as
an excitation source. The UV-Visible absorption spectra
of aqueous solutions of GO, G, Ag-G, Au-G, and Cu-G
were recorded in the range between 200 and 800 nm using
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a Jasco V-670 UV-Vis spectrophotometer. Scanning electron
microscopic (SEM) and Transmission electron microscopic
(TEM)micrographs of G, Ag-G, Au-G, and Cu-G were taken
with a Carl Zeiss EVO 50VP scanning electron microscope
and FEI Tecnai G2 U-twin 200KV instrument, respectively,
to observe the nanoscale microstructure.

4. Results and Discussions

In the following, we shall describe the results obtained during
present investigation and discuss the results in the light of the
available literature.

4.1. Structural Characterization

4.1.1. X-Ray Diffraction (XRD). X-ray diffraction patterns of
graphene oxide (GO), graphene (G), and graphene silver (Ag-
G) nanoparticles hybrid materials are presented in Figure 1.
XRD pattern of GO shows a sharp diffraction peak at 2𝜃 =
14.03
∘ corresponding to (001) of GO. The XRD pattern of

G shows two distinct peaks at 2𝜃 = 24∘ and 44.8∘, which
are attributed to (002) and (100) reflections of graphene
nanosheets. The calculated d-spacing of graphene using
broad peak is 0.364 nm. The broadness of the peak signifies
decrease in the crystallinity of graphene upon reduction from
GO. On the other hand, XRD pattern of Ag-G reveals the
peaks due to (111), (200), (220), and (311) of Ag nanocrystals as
well as broad peak (002) due to graphene. Similar observation
has been made for Au-G and Cu-G nanohybrids. No peaks
corresponding to oxides of Ag, Au, or Cu are observed
within the detectable limit of XRD. The peaks due to metal
nanocrystals are broad, indicating nanocrystalline size and
strain due to incorporation within graphene nanosheet. The
position of (002) peak of graphene does not change for
different metal hybrids. Using the peak position of graphene,
the calculated d-spacing of Ag-G is 0.370 nm, whereas d

002

of graphite is 0.335 nm. The broadness of the peak is the
indication of the presence of graphene nanosheets with
varying d-spacing values.

4.1.2. Scanning (SEM) and Transmission Electron (TEM)
Microscopic Observation. The detailed microstructural char-
acterization of graphene and graphene-metal nanoparticle
hybrids has been carried out using SEMandTEM. Figure 2(a)
shows high resolution SEM micrograph of graphene and
reveals crumbled and scrolled morphology of graphene
sheets. Thin sheet of graphene crumbled into different layers
is clearly visible in the Figure 2(a). Figures 2(b), 2(c), and 2(d)
are the SEM images of graphene-metal hybrids, that is, Ag-G,
Au-G, and Cu-G. The figure shows that the metal nanoparti-
cles appear as discrete bright dots, which are homogeneously
distributed on the surface of the graphene sheets. The
graphene and graphene-metal nanoparticle hybrids are char-
acterized directly under SEM without coating by gold film,
suggesting their conductive nature.The detailed morphology
and structure of the graphene-metal nanoparticle hybrids
have been characterized by TEM. It is to be noted that TEM
samples were prepared by dropping the sonicated dispersion
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Figure 1: XRD patterns of (a) GO (b) G, and (c) Ag-G.

of sample in ultrapure methanol onto 600mesh copper grids
coated with lacy carbon and dried at room temperature for
3 hours. As observed in Figure 3(a), graphene nanosheets
are randomly compact and stacked, revealing uniform lam-
inar morphology such as crumbled silk veil waves. The
selected area diffraction pattern (SADP) obtained from such
nanosheets is shown as inset in Figure 3(a).The SADP reveals
two diffraction rings, which can be indexed using (100) and
(002) of graphene. Therefore, the formation of graphene
by the reduction of graphene oxide is confirmed from the
SADP pattern. Figures 3(b), 3(c), and 3(d) reveal graphene-
metal nanoparticles hybrid composite with Ag, Au, and Cu
used as nanoparticles to decorate the graphene nanosheets.
Figure 3(b) shows scrolled morphology of graphene sheets
with distributed Ag nanoparticles, embedded within the
graphene sheets.Themultiple stacking of graphene consisting
of uniformly distributed Ag nanoparticles with average size
of 25 ± 5 nm is distinctly observed. The histogram (as shown
in the bottom inset) corroborates the narrow size distribution
withmaximumnumber of particles around 25 nm along with
few larger particles of about 30 nm.The SADP obtained from
the hybrid nanocomposite is shown as inset in Figure 3(b).
The sharp diffraction rings can be indexed as those of Ag,
while diffraction rings corresponding to (100) and (002)
of graphene can also be deciphered. Figure 3(c) shows the
results of the TEM investigation on graphene-Au hybrid
prepared by chemical synthesis as outlined in Section 2.4.
The bright field micrograph (Figure 3(c)) shows uniform
distribution of Au nanocrystals (appeared as dark dots) in
the crumbled nanosheets of graphene. It is clearly visible
that highly dispersed Au nanoparticles may provide large
available surface area and enhance activities towards different
reactions. The distribution of Au nanoparticles embedded
in the graphene is shown as bottom inset of Figure 3(c).
The average size of the particle is 8 ± 4 nm. The histogram
indicates broad size distribution.The SADP pattern obtained
from the hybrid is shown as upper inset of Figure 3(c). It
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Figure 2: SEM image of (a) G, (b) Ag-G, (c) Au-G, and (d) Cu-G.

clearly reveals the diffraction rings corresponding toAu along
with diffraction rings due to graphene. Figure 3(d) shows the
bright field micrograph of graphene-Cu nanoparticle hybrid,
revealing uniform distribution of Cu nanoparticle within the
graphene sheets. The SADP pattern, as shown in the inset of
the figure, confirms the presence of Cu. The detailed particle
size analysis indicates that the average particle size is 6±3 nm.

4.2. Optical Property Characterization. In the following,
we shall describe and discuss the results obtained during
optical property characterization of the graphene as well as
graphene-metal nanoparticle hybrids. The optical properties
of the graphene and hybrids are obtained using Raman and
UV-Vis spectroscopy. From the earlier section, it is clear
that the hybrids contain uniform distribution of Ag, Au,
and Cu nanoparticles embedded in the graphene matrix.
Therefore, it is worth to look into the optical properties of
these hybrids. The discussion will be done by comparing the
optical properties of monolithic graphene sheets with the
hybrids.

4.2.1. Raman Spectroscopy. Figure 4(a) shows the Raman
spectra of GO and graphene. The spectra reveal the presence
of characteristics D (defect) andG (graphite) bands, 2D band,
and (D + G) band. It is to be noted that D band arises due

to in-plane stretching of sp2-bonded carbon atoms in the
hexagonal lattice, whereas G band is due to small graphitic
domains because of vibrations of sp3-bonded carbon atoms
[28].The 2D band originates due to second order two phonon
process. Table 1 shows the detailed value of different bands in
GO and graphene. For GO, D band is located at 1346 cm−1,
whereas G and 2D bands are located at 1590 cm−1 and
2697 cm−1, respectively. The reduction of GO to graphene
shows significant red shift in position of G (1579 cm−1), D
band (1340 cm−1), and 2D band (2677 cm−1) (Figure 4(a)).
The red shift of G band in graphene is mainly due to the
restoration of conjugated double bonds and the increase in
the number of sp2-bonded carbon atoms in the graphene
during the reduction of GO. Table 1 also reports the ratio
of the intensities of D and G bands (𝐼D/𝐼G) in GO (1.01)
and graphene (1.09). It is to be noted that the ratio (𝐼D/𝐼G)
is a measure of disordered carbon and normally expresses
(sp2/sp3) carbon ratio [29]. It can be observed that 𝐼D/𝐼G value
increases from GO to graphene. The increase in the value
indicates the relative increase of sp2 domains and decrease of
average crystallite size [30]. The ratio is found to be inversely
proportional to the crystallite size (La):

La = (2.4 × 10−10) 𝜆4laser(
𝐼D
𝐼G
)

−1

. (1)
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Figure 3: TEM micrographs and corresponding SAED patterns of (a) G, (b) Ag-G, (c) Au-G, and (d) Cu-G. The upper inset in each figure
shows SAD pattern, whereas lower inset in figure (b) and (d) shows nanoparticle size distribution and in figure (c) shows low magnification
bright field micrograph, revealing graphene sheets decorated with nanoparticles.

Using 𝜆laser = 514.5 nm, the calculated crystallite size of
graphene is 18 nm.

Let us now discuss the case of graphene-metal nanopar-
ticle hybrids. Figure 4(b) reveals Raman spectra of Ag-G,
Au-G, and Cu-G hybrids. Table 1 shows detailed results of
the positions of different vibrational bands as well as 𝐼D/𝐼G
values. The nature of the peaks of different bands, that is, D,
G, 2D, and D + G bands, remains almost the same as that of
monolithic graphene.

As indicated, G band is usually assigned to E
2g phonons

of sp2-bonded carbon atoms, whereas D band is assigned to
breathing mode of k-phonon of A

1g symmetry. The position
of G band does not change (Table 1) after the incorporation

of metal nanoparticles. However, nature of shift is distinctly
different in case of Cu-G as compared to Ag-G and Au-
G. In case of Cu-G, the G band has undergone slight red
shift (1578 cm−1) as compared to graphene (1579 cm−1). This
indicates that the vibrational nature of small graphitic domain
(sp3-bonded carbon) has not been affected much by the
presence of the metal nanoparticles. On the other hand, the
position of D band in the hybrids has undergone blue shift as
compared to graphene. The major shift has occurred in case
of Cu-G (1351 cm−1) indicating that the vibrational energy
due to in-plane stretching of sp2-bonded carbon is increased
due to incorporation of metal nanoparticles. We believe that
this is due to occupation of Cu atoms in specific position in
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Figure 4: Raman spectra of (a) GO and G (b) Ag-G, Au-G, and Cu-G.

Table 1: Comparison of D, G, 2D, and (D + G) band positions and 𝐼D/𝐼G value of GO, G, Ag-G Au-G, and Cu-G.

Material D band G band 2D band D + G band 𝐼D/𝐼G value
Graphene oxide (GO) 1346 cm−1 1590 cm−1 2687 cm−1 2919 cm−1 1.01
Graphene (G) 1340 cm−1 1579 cm−1 2677 cm−1 2912 cm−1 1.09
Silver decorated graphene (Ag-G) 1346 cm−1 1581 cm−1 2690 cm−1 2934 cm−1 1.12
Gold decorated graphene (Au-G) 1342 cm−1 1581 cm−1 2667 cm−1 2924 cm−1 1.05
Copper decorated graphene (Cu-G) 1351 cm−1 1578 cm−1 2660 cm−1 2949 cm−1 0.89

the graphene structure, that is, in the hexagonal cage. These
shifts in the position of G band may also be related to the
position of nanoparticles that occupy the sites on the surface
of graphene. As Cu has smaller atomic radius as compared
to Ag and Au, we believe that Cu atoms may occupy the
hexagonal cage of graphene, while Ag and Au occupy other
adsorption sites T, (top on carbon atom) or B (bridge between
two carbons). On the other hand, the shift in the position of
D band is significantly larger in case of Cu-G as compared to
that of Ag-G and Au-G. This may be due to larger distortion
generated by occupation of Cu atoms in hexagonal cage
of graphene than that generated by occupation of Ag and
Au atoms on T or B site. Another important parameter
characterizing the Raman spectra of hybrid is 𝐼D/𝐼G ratio.
This ratio has been found to increase from 1.09 to 1.12 in
case of Ag-G, whereas it decreases in case of Au-G (1.05)
and 0.89. The enhancement in the ratio indicates decrease in
the site of in-plane sp2 domain and partially ordered crystal
structure of graphene nanosheets (GNs). On the other hand,
the significant decrease in 𝐼D/𝐼G ratio for Cu-G indicates that
the new graphitic domains are more in number but smaller
in size, formed upon reduction of GO to Cu-G.

Another important parameter of Raman spectroscopy
is full width at half maxima (FWHM) of the D and G
bands. Table 2 shows the results of GO, G, and graphene-
metal nanoparticle hybrids. It is clearly observed that FWHM
decreases substantially for Cu-G, whereas it does not change

Table 2: Comparison of FWHM of D and G band of GO, G, Ag-G,
Au-G, and Cu-G.

Material FWHM
(D band)

FWHM
(G band)

Graphene oxide (GO) 106 cm−1 64 cm−1

Graphene (G) 80 cm−1 38 cm−1

Silver decorated graphene (Ag-G) 81 cm−1 67 cm−1

Gold decorated graphene (Au-G) 78 cm−1 63 cm−1

Copper decorated graphene (Cu-G) 74 cm−1 73 cm−1

much for Au-G and Ag-G. On the other hand, FWHM of
G band increases substantially for hybrids as compared to
graphene. The most notable increase occurs in case of Cu-G.
As the size of Cu NPs is smaller than Ag NPs and AuNPs, the
local structural defect on the crystallite domains of graphene
formed due to incorporation of Cu nanoparticles is lesser
than those due to Ag and Au nanoparticles. The crystallite
domain size of graphene calculated by using (1) for the Ag-
G, Au-G, and Cu-G has been found to be 18 nm, 19 nm, and
22 nm, respectively.Therefore, as the crystallite size increases
from Ag to Au to Cu, the FWHM value for D band shows
decreasing trend.

4.2.2. UV-Vis Spectroscopy. Another important optical char-
acterization tool for graphene and graphene-related hybrids
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Figure 5: UV-Vis spectra of GO, G, Au-G, Ag-G, and Cu-G.

is UV-Vis spectroscopy. Figures 5 and 6 summarize the UV-
Vis spectroscopic observations in the present investigation.
Detailed results are summarized in Table 3. Figure 5 reveals
UV-Vis absorption spectra of graphene oxide (GO), graphene
(G), graphene-metal nanoparticle hybrids, Ag-G, Au-G, and
Cu-G. For GO, two characteristic peaks are observed in UV-
Vis spectrum, a maximum at 230 nm, due to 𝜋 → 𝜋∗
transition of aromatic C-C bond and a shoulder at 303 nm,
from n→ 𝜋∗ transition of C=O bond [31]. The original
electronic conjugation is restored during reduction of GO
to G by hydrazine hydrate, and a characteristic absorption
peak of G has been observed at 266 nm, whereas the shoulder
at 303 nm disappears. The incorporation of Ag NPs, in
the G framework (Ag-G) is confirmed by the presence of
absorption peak at 420 nm, which is considered to be due
to surface plasmon resonance of Ag NPs. The bare Ag NPs
derived from the reduction of Ag+ by hydrazine hydrate
under same condition is characterized by an absorption
peak at 430 nm, which is consistent with previous studies
[32, 33]. Clearly the incorporation of Ag NPs onto the
stable aqueous graphene dispersion leads to blue shift of the
surface plasmon resonance characteristics. It also has been
observed that the absorption peak position of graphene for
Ag-G hybrids changes to 260 nm, a blue shift of 6 nm as
compared to aqueous graphene dispersion.The blue shift can
be the result of charge transfer interaction between graphene
and Ag NPs and has been confirmed by enhancement of
Raman signals (Figure 4(b)). Similar measurements have
been carried out for Au-G and Cu-G hybrids.The absorption
peak of graphene in the Au-G is also blue shifted, by 4 nm.
Therefore, charge transfer interaction between graphene and
Au is poor as compared to Ag-G.The similar observation has
been made for absorption peak of graphene in case of Cu-G.
Table 3 also reveals that the surface plasmon resonance of Cu
NPs is affected strongly by graphene nanosheets as plasmon
resonance has red shifted by 65 nm. On the other hand, the
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Figure 6: UV-Vis spectra of AgNP, AuNP, and CuNP.

Table 3: Comparison of UV-Vis absorption peak position of GO, G,
AgNPs, Ag-G, AuNPs, Au-G, CuNPs, and Cu-G.

Material Graphene peak
position

Plasmon
peak

position

Graphene oxide (GO) 230 nm (𝜋 → 𝜋∗)
303 nm (𝑛 → 𝜋∗) —

Graphene (G) 266 nm —
Pure silver nanoparticles (AgNP) — 430 nm
Silver decorated graphene (Ag-G) 260 nm 420 nm
Pure gold nanoparticles (AuNP) — 520 nm
Gold decorated graphene (Au-G) 264 nm 524 nm
Pure copper nanoparticles (CuNP) — 475 nm
Copper decorated graphene (Cu-G) 264 nm 540 nm

surface plasmon resonance of Au NPs has undergone red
shift only by 4 nm as compared to free Au NPs. Therefore,
the behavior of metal NPs can be modified extensively by
incorporating them into the graphene nanosheets. Obviously
these interactions depend on the position of theseNPs, where
they occupy the hexagonal graphene framework. This will be
investigated further.

5. Summary

The present investigation has categorically shown that it is
possible to synthesize graphene-metal nanoparticle hybrids
in aqueous media by chemical rule.The following conclusion
can be drawn from the study.

(a) Fine nanoparticles (Ag, Au, and Cu) decorated
graphene can be prepared by chemical synthesis. The
size of the nanoparticles varies from 5 to 35 nm.
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(b) The G and D bands can be modified more extensively
by Cu than Ag or Au.

(c) The surface plasmon resonance of themetal nanopar-
ticles can be altered by incorporation of nanoparticles
in the graphene nanosheets.

(d) The electronic interaction between the metal
nanoparticle and graphene depends on the type of
metal as well as size of the atom.
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We present a facile one-pot synthesis to prepare ternary Zn
𝑥
Cd
1−𝑥

Se (x = 0.2, 0.5, 0.8, and 1) nanocrystals (NCs) with high emission
quantum yield (QY, 45∼89%).The effect of Zn content (x) of Zn

𝑥
Cd
1−𝑥

Se NCs on their physical properties is investigated.The NCs
have a particle size of 3.2 nm and face centered cubic structure. However, the actual compositions of the NCs are Zn

0.03
Cd
0.97

Se,
Zn
0.11

Cd
0.89

Se, and Zn
0.38

Cd
0.62

Se when Zn content is 0.2, 0.5, and 0.8, respectively. In terms of the optical properties, the emission
wavelength shifts from 512 to 545 nm with increasing Zn content from 0 to 0.8 while the QY changes from 89 to 45, respectively.
Partial replacement of Cd by Zn is beneficial to improve the QY of Zn

0.2
and Zn

0.5
NCs. The optical properties of ternary NCs are

affected by compositional effect rather than particle size effect.

1. Introduction

IIB-VIA group semiconductors with energy gaps covering
the visible spectral range are suitable candidates for opto-
electronic devices. Semiconductor nanocrystals (NCs), also
known as quantum dots (QDs), have been widely investi-
gated in the last decade due to their unique chemical and
physical properties [1, 2]. Their particle sizes are in the
nanometer range (less than 10 nm in diameter) and have very
unusual properties.The continued interests in semiconductor
NCs can be attributed to the size-dependent optical and
electronic properties displayed by these quantum-confined
materials. The small size of these compounds results in the
three-dimensional confinement of the bulk charge carriers
and the corresponding transformation of the bulk energy
bands into discrete molecular energy states. This bulk-to-
molecule transition is continuous, so that the band gap
of the nanocrystalline material can be tuned to a desired
energy by controlling the particle size [1, 2]. Besides, for
the NCs with sizes of several nanometers, the huge surface
energy is noted because most of the atoms are located on
the surface. Therefore, surface modification is used in order

to increase the quantum efficiency of photoluminescence.
Hence, a proper handling of the surface is essential to
obtain highly luminescent NCs. The adjustable and sharp
emission characteristics of these materials make them viable
candidates for light emitting diodes (LEDs) [3–6], laser [7, 8],
biological labels [9–11], and solar cells [12, 13].

In those applications especially for LEDs and bioimages,
the luminous efficiency (or quantum yield, QY) of NCs is
one of the most important demands. The QY is defined as
the ratio of the number of photons emitted to the number
of photons absorbed. Hence, how to improve the QY of NCs
is the critical task. The QY of NCs can be improved by the
following four ways. (1) Remove the lattice defect by heat
treatment under high temperature in order to decrease the
probability of trapped electron [14]. (2) Passivate the particle
surface by bonding with an organic molecule and to improve
the surface stability of NCs by reducing the lone pairs [15].
(3) Modify the surface by inorganic molecules (called core-
shell structure) for the sake of increasing the electron-hole
recombination efficiency [16, 17]. (4) Form alloyed NCs so as
to eliminate the lattice mismatch and stress on the core-shell
structures [9, 12].
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Much work has been published regarding the optical
property of NCs with core-shell structure, and the lumi-
nous efficiency of NCs can be enhanced significantly [18–
20]. However, these processes are time consuming, and the
particle size of NCs increases slightly, resulting in a red
shift of emission wavelength. On the other hand, the ternary
alloyed systems such as Zn

𝑥
Cd
1−𝑥

Se [9, 21, 22], CdSe
𝑥
Te
1−𝑥

[10], Zn
𝑥
Cd
1−𝑥

S [12], CdS
𝑥
Te
1−𝑥

[23], and CdS
𝑥
Se
1−𝑥

[24]
are obtained by a two-step route; that is, the alloyed NCs
are formed by a core-shell structure through an annealing
process. Therefore, two-step route also has the same dis-
advantage compared to that of core-shell NCs. Moreover,
ternary Zn

𝑥
Cd
1−𝑥

S and Zn
𝑥
Cd
1−𝑥

Se NCs can be also syn-
thesized by using a low temperature molecular precursor
approach [25]. Therefore, the current focus on the synthesis
of semiconductor NCs is to develop efficient routes for the
synthesis of high quality and monodispersed NCs materials.

Because of the interesting optical properties of ternary
NCs which can be controlled without changing the particle
size, a large number of experiments have been performed on
developing a fast procedure to produce high quality NCs in
the range of visible light [9, 10, 12, 21–24]. However, little
attention has been devoted to the one-step route and high
emission QY of green light, as well as the role of Zn atom
during synthesis. The highly luminescent ternary NCs, in
particular of green emission, are potential ideal materials
for white LED and QD lasers, which could solve problems
occurring in the promising, but highly strained and time-
consuming, CdSe/ZnSe core-shell structure. As we have
mentioned above, the most important application of NCs is
thewhite LED, but theQYof green lightNCs is quite low [26].
Therefore, the aims of this report are to develop an effective
one-pot synthetic strategy to make a series of high-quality
ternary Zn

𝑥
Cd
1−𝑥

Se NCs with green light emission and to
explore the Zn effect on the physical property of the prepared
ternary NCs.

2. Experimental

2.1. Chemicals. Cadmium oxide (CdO, 99.998%) was pur-
chased from Alfa Aesar. Zinc oxide (ZnO, 99.99%), stearic
acid (SA, 99%), seleniumpowder (Se, 99.999%), trioctylphos-
phine (TOP, 90%), hexadecylamine (HDA, 90%), and tri-
octylphosphine oxide (TOPO, 90%) were obtained from
Aldrich. Hexane (99.7%) and methanol (99%) were provided
by Mallinckrodt Chemicals. All chemicals were used as
received without further purification.

2.2. Preparation of 𝑍𝑛
𝑥
𝐶𝑑
1−𝑥

Se NCs. Most details of the
synthetic and characterizing methods were similar to the
ones reported previously [27–30]. Ternary Zn

𝑥
Cd
1−𝑥

Se NCs
were prepared by controlling Zn content and named Zn

𝑥

(𝑥 = 0, 0.2, 0.5, 0.8, and 1). A typical synthesis is as
follows. Total amount of 0.3mmol of CdO and ZnO was
mixed with 2.4mmol of SA, which was used as a complex
reagent, in a three-necked flask and then heated to 230∘C
under argon until a clear solution was formed to prepare
the cadmium/zinc-SA precursors. After CdO and ZnO were

completely dissolved, the mixture was allowed to cool to
room temperature, and awhite solid precipitate was obtained.
After cadmium/zinc-SA precursor was formed, the mixture
surfactants, TOPO and HDA, 5.82 g of each, were added into
three-necked flask and stirred together under Ar at room
temperature, and the mixture was heated to 320∘C under Ar
flow to form an optically clear solution. At this temperature,
the Se solution containing 1.5mmol of Se dissolved in 0.9mL
of TOP and 2.1mL of hexane was swiftly injected into the
reaction flask. The reaction time was about 1 s, and the
mixed solution was swiftly cooled down to stop reaction.
Samples were precipitated with hot anhydrous methanol for
purification process. The precipitate was dissolved in hexane
for further measurement.

2.3. Characterization. The optical properties of samples were
measured by fluorescence spectrophotometer (FL, Hitachi
F-7000) and UV-vis spectrometer (UV-vis, Jasco V-670
spectrometer), respectively. Relative QYs of samples were
determined by comparing the area under the curve of FL
emission for the Zn

𝑥
Cd
1−𝑥

Se NCs with that of fluorescent
dye (Rhodamine 6G in methanol). X-ray diffraction (XRD)
patterns were recorded by a MacScience Co. Ltd. MO3X-
HF22 powder diffractometer with CuK𝛼 (𝜆 = 1.542 Å) as the
incident radiation. Transmission electron microscope (TEM,
JEOL JEM-2010) was used to analyze the morphologies and
size distribution of samples. The compositions of ternary
NCs were conducted by inductively-coupled plasma atomic
emission spectrometry (ICP-AES).

3. Results and Discussion

3.1. Optical Properties. Figure 1 displays the UV-vis and FL
spectra of ternary Zn

𝑥
Cd
1−𝑥

Se NCs. Based on Figure 1(a),
the band edge absorption and emission wavelength of CdSe
with Cd/Se = 1/5 is 502 and 512 nm, respectively. The
inset picture shows that the CdSe NCs have the green light
with QY of 58%. Compared with the literature [30], it is
interesting to mention that a high QY of CdSe with green
light can be prepared within a very short period of time (1 s)
in this study. Besides, the FL and UV-vis absorption spectra
are extremely sharp with a full width of half maximum
(FWHM) about 25 nm and the stokes shift about 10 nm.
Moreover, the emission peak with high symmetry and small
FWHM implies that the size distribution of CdSe NCs is
uniform. The nucleation occurs immediately as TOPSe is
injected into the reaction flask, which can be observed from
the changes of solution color. The smaller CdSe NCs with
stronger quantum confinement effect are produced owing to
higher nucleation rate, and this also makes them have high
QYs. The results also indicate that to form a SA-Cd complex
is quite important for boosting the nucleation rate of CdSe
NCs. It has been reported that primary amines show the
most promising results for achieving high FL efficiency for a
variety of semiconductor NCs [19, 31, 32], and the function
of SA is proven to be helpful for the formation of large-
sized CdSe [33]. In addition, the quantum confinement effect
decreases for NCs with larger particle sizes, resulting in lower
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Figure 1: Fluorescence and UV-vis spectra of samples. (a) Zn
0
, (b) Zn

0.2
, (c) Zn

0.5
, and (d) Zn

0.8
. Excitation wavelength is 365 nm.

QY. Therefore, prevention of NCs from grain growth during
the process is quite important. In our study, primary amine
and steric phosphine oxide are used, and Cd-SA complex is
preferentially formed to prepare CdSe NCs in a short time.
Therefore, CdSe NCs with high QY can be obtained owing to
the well-passivated surface of CdSe by those organic ligands
and the stronger quantum confinement effect.

On the other hand, according to Figures 1(b), 1(c), and
1(d), the band edge absorption and emission wavelength are
510 and 523 nm, 525 and 534 nm, and 536 and 545 nm for
the Zn content increases from 0.2, 0.5 to 0.8, respectively.
Moreover, the stokes shift and the FWHM of those samples
is smaller than 13 and 28 nm, respectively. The inset pictures
also show that the Zn

𝑥
Cd
1−𝑥

Se NCs have the green light with
QY ranging from 89 to 45%. Those results reveal that those
samples have a narrow size distribution, a pure green color
emission, and a nonlinear optical property. The QY of Zn

0.2

and Zn
0.5

NCs is 89 and 81% higher than CdSe NCs, while
it is only 45% for Zn

0.8
. Our results demonstrate that QY

is improved when compared with the samples prepared by
previously reported methods [9, 21, 22]. Specifically, a high
QY can be achieved by a facile one-pot synthesis. Based on
Figure 1, only one emission peak with narrow FWHM can
be observed for all samples, implying that either pure CdSe
or ternary Zn

𝑥
Cd
1−𝑥

Se NCs are formed. If ZnSe and CdSe
nucleated separately, the corresponding FL and absorption
peaks should appear.The band gap of ZnSe andCdSe is about
2.8 eV (443 nm) and 1.74 eV (713 nm), respectively. If ZnSe
NCs are formed, the emission wavelengths will be less than
443 nm due to the quantum confinement effect. However,
we cannot observe the emission peak around or less than
443 nm. This indicates that the ZnSe is formed but with
very low QY or the ZnSe is not formed. Because the band
gap energy is higher for ZnSe, meaning that it cannot emit
green light. Hence, the formation of ZnSe NCs can be ruled
out. Although the group II cations diffuse much easier than
the group VI anions in II-VI semiconductors [34], the bond
strength between Cd and Se is higher than that between Zn
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Table 1: Physical properties of as-prepared samples.

Theoretical composition Emission wavelength (nm) Particle sizea (nm) QY (%) Actual compositionb

Zn0 512 3.1 ± 0.32 58 —
Zn0.2 523 3.1 ± 0.27 89 Zn0.03

Zn0.5 534 3.2 ± 0.31 81 Zn0.11

Zn0.8 545 3.3 ± 0.28 45 Zn0.38

Zn1 — — — —
aTEM characterization.
bICP-AES characterization.

and Se, implying that CdSe NCs are much easier to form.
In order to confirm the stoichiometric ratio of Cd and Zn,
the mole fraction of Cd and Zn in the resulting NCs is
determined by ICP method. From the ICP results (shown in
Table 1), the actual composition of Zn

0.2
, Zn
0.5
, and Zn

0.8
is

Zn
0.03

, Zn
0.11

, and Zn
0.38

, respectively, meaning that ternary
alloyed Zn

𝑥
Cd
1−𝑥

Se NCs can be prepared successfully under
high Zn concentration by one-pot alloying route. For Zn

0.2

sample, Cd is partially replaced by Zn through a doping
process. The QY of ternary NCs is higher than that of CdSe
when increasing the Zn content from 0.2 to 0.5. When
Zn content increases to 0.8, the QY decreases dramatically,
implying that even the concentration of Cd is reduced;
Zn
𝑥
Cd
1−𝑥

Se NCs with high QY can also be prepared. Qu
and Peng [30] mentioned that for the CdSe with an initial
Cd/Se of 1/10, its PL QY is higher up to 80%, which is
consistent with our results. Based on ICP results we find that
the molar fraction of Zn in Zn

𝑥
Cd
1−𝑥

Se NCs is higher for
high Zn content sample, so the lower QY of Zn

0.8
sample

may be caused by the formation of ZnSe phase. The actual
composition of Zn

0.2
sample is Zn

0.03
with QY of 89%,

suggesting that when the CdSe is the main phase, the ratio of
Cd/Se as well as QY is high [30]. On the other hand, the lower
fraction of ZnSe phase is noted for Zn

0.5
sample, and the

covalent bond strength can be increased by partially replacing
Cd with Zn, resulting in higher QY of ternary NCs.

Figure 2 shows the FL spectra of ternary Zn
𝑥
Cd
1−𝑥

Se
NCs with reaction time of 1 s. The emission wavelength
of Zn

𝑥
Cd
1−𝑥

Se NCs shifts obviously from 512 to 545 nm
when increasing the amount of Zn from 0 to 0.8. When
Zn content is 1 (ZnSe), no emission wavelength can be
observed, meaning that ZnSe cannot be prepared or the
ZnSe NCs are with QY nearly zero under this condition.
The observed systematic composition-controlled shift of the
emission maximum to longer wavelength is explicable by the
formation of Zn

𝑥
Cd
1−𝑥

Se ternary NCs via intermixing wider
band gap ZnSe with the narrower band gap CdSe NCs, rather
than forming separate CdSe and ZnSe NCs or core-shell
structure CdSe/ZnSe, because the emission wavelength of
ternary Zn

𝑥
Cd
1−𝑥

Se (𝑥 = 0.2 to 0.8) NCs is located between
that of CdSe and ZnSe. Since the band gap of CdSe and ZnSe
is 1.74 and 2.8 eV, respectively, it is implied that the ternary
Zn
𝑥
Cd
1−𝑥

Se shows a nonlinear optical property, which may
be caused by the compositional or particle size effect.

3.2. Morphology and Structure Analysis. In order to under-
stand the effect of composition and particle size on emission
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Figure 2: FL spectra of samples react for 1 s.

property ofNCs, theTEMtechnique is used.TheTEMmicro-
graphs of ternary Zn

𝑥
Cd
1−𝑥

Se NCs are shown in Figure 3.
The particle size for all samples is almost the same, which is
about 3.1, 3.1, 3.2, and 3.3 nm for CdSe, Zn

0.2
, Zn
0.5
, and Zn

0.8
,

respectively, suggesting that the nonlinear optical property
of ternary Zn

𝑥
Cd
1−𝑥

Se NCs is caused by the compositional
instead of particle size effect. Bailey and Nie mentioned that
the relation of the anion-cation bonding to their equilibrium
positions leads to local structural disording and a particularly
large band gap reduction in CdSeTe-type semiconductor
alloys [10], resulting in a nonlinear optical phenomenon. In
our study, we believe that a similar mechanism is found in
Zn
𝑥
Cd
1−𝑥

Se-type semiconductor alloys when the Zn content
is not high enough.

The results of emission wavelengths, particle sizes, QYs,
and actual compositions of ternary Zn

𝑥
Cd
1−𝑥

Se NCs are
listed in Table 1. A large red shift of Zn

𝑥
Cd
1−𝑥

Se NC is
observed with increasing the Zn molar fractions from 0 to
0.38 (emission wavelength is between 512 and 545 nm), and
the particle size is almost the same. Zhong et al. mentioned
that a large blue shift of Zn

𝑥
Cd
1−𝑥

Se NC is observed with
increasing the Zn molar fractions from 0 to 0.67 (emission
wavelength is between 615 and 500 nm), and the particle
size also increases from 5.2 to 7.5 nm. The optical properties
of Zn

𝑥
Cd
1−𝑥

Se NCs with linear optical property and high
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Figure 3: TEM images of samples. (a) Zn
0
, (b) Zn

0.2
, (c) Zn

0.5
, and (d) Zn

0.8
.

20 30 40 50 60

ZnSe

In
te

ns
ity

 (a
.u

.)

CdSe

2𝜃 (deg)

(a)

20 30 40 50 60

In
te

ns
ity

 (a
.u

.)

2𝜃 (deg)

(b)

Figure 4: XRD patterns of samples. (a) Zn
0.2

and (b) Zn
0.5
.
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Figure 5: FL spectra of samples. (a) Zn
0
, (b) Zn

0.2
, (c) Zn

0.5
, and (d) Zn

0.8
. (Solid line: as-prepared NCs; dash line: aging for 2 months.)

QY are due to larger particle size, high crystallinity, lattice
structure, decreased interdiffusion, and spatial composition
fluctuation [9]. The emission peak of composition-tunable
Zn
𝑥
Cd
1−𝑥

SeNCsmoves to short wavelengthwhen increasing
theZn content.On the other hand, Bailey andNie pointed out
that the optical properties of CdTe

1−𝑥
Se
𝑥
NCs are nonlinear

and the emission peaks for CdTe
1−𝑥

Se
𝑥
NCs are out of

the range of that for CdSe and CdTe [10]. According to
a theoretical model developed by Bernard and Wei, the
nonlinear effect of alloyed NCs is due to the following
factors: (1) different atomic size of different ions, (2) different
electronegativity values, and (3) different lattice constants
[35, 36].

In our study, the emission peaks of ternary Zn
𝑥
Cd
1−𝑥

Se
NCs are between those of ZnSe and those of CdSe. However,
when the actual Zn mole fraction increases from 0 to 0.38,
a significant red shift of ∼35 nm is observed. This result may
be due to the different reactivity and atomic radii of the Zn

and Cd. From ICP results it can be seen very clearly that
the Zn content in actual composition of ternary Zn

𝑥
Cd
1−𝑥

Se
NCs is much lower than that of the theoretical composition.
Therefore, the emission properties of ternary Zn

𝑥
Cd
1−𝑥

Se
NCs may be dominated by CdSe under lower Zn content.
When the Zn content is higher than a critical value, the
emission wavelength of ternary Zn

𝑥
Cd
1−𝑥

Se NCs may either
shift to short wavelength or appear as twowavelengths. In this
situation, the optical properties of ternary Zn

𝑥
Cd
1−𝑥

Se NCs
may be dominated by ZnSe, and the QY is also decreased. In
this study, because the actual Zn content in alloy is not high
enough, the nonlinear optical properties can be observed.

Figure 4 shows the XRD patterns of Zn
0.2

and Zn
0.5

sample. A face centered cubic (FCC) structure similar to pure
CdSe NC is obtained for Zn

0.2
, while a slight peak shift of

NC is observed for Zn
0.5
. As the Zn content increases, the

diffraction peaks shift toward larger angles. The XRD results
are also consistent with ICP and confirm again that ternary
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Figure 6: TEM images of samples aging for 2 months. (a) Zn
0
, (b) Zn

0.2
, (c) Zn

0.5
, and (d) Zn

0.8
.

alloyed Zn
𝑥
Cd
1−𝑥

Se NCs can be prepared under high Zn
content. On the other hand, a doping effect can be found
under lower Zn content.

3.3. Stability of NCs. In order to investigate the stability of
NCs, all of the samples were dissolved in hexane and stored
in dark for 2months.TheFL spectra andTEMmicrographs of
Zn
𝑥
Cd
1−𝑥

Se NCs are shown in Figures 5 and 6, respectively.
In Figure 5, the FL intensity for all of the samples decreases
after aging for 2 months. It is interesting to find that the
peak position of emission wavelengths for all samples is
almost the same compared to as-prepared samples, but the
intensity of peak for all samples decreases, resulting in a
decrease in QY. Moreover, only one emission peak can be
observed, and its FWHM increases slightly. For the TEM
observation shown in Figure 6, we can find that the size
distribution of all samples is not uniform. Moreover, the
shape of NCs changes from spherical to elliptical and the
size becomes bigger than that of as-prepared one. The QY
of samples decreases after aging for 2 months as shown in
Table 2. The Zn

0.2
shows the best stability in all samples. As

we know that the capping agent such as TOPO and HDA
covers the surface of NCs, resulting in improving the QY.
The interaction between those surfactants and surface of NCs
becomes weak as aging time increases. Therefore, Ostwald
ripening occurs, resulting in nonuniformed size distribution
of NCs because small particles dissolve and deposit on the
large particle surface. Moreover, once the Ostwald ripening
occurs, the capping agents are not adsorbed on the surface
of NC anymore. Therefore, only one emission peak with
lower intensity can be observed, and the QY of aging sample
decreases due to the concentration of capped-NCs decreases.
Larger particle of NCs formed by the Ostwald ripening
cannot emit light, so only one emission wavelength appears
in Figure 5.

4. Conclusion

An effective and facile one-pot synthetic method has been
developed for the formation of highly luminescent, com-
position tunable, high QY, and high-quality green emitting
Zn
𝑥
Cd
1−𝑥

Se NCs. The emission wavelength from 512 to
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Table 2: Physical properties of samples aging for 2 months.

Theoretical composition Emission wavelength (nm) As-prepared QY (%) After-aged QY (%) Size range (nm)
Zn0 512 58 16 2.8∼5.1
Zn0.2 523 89 51 2.8∼5.5
Zn0.5 534 81 26 2.9∼5.6
Zn0.8 545 45 9 3.0∼5.9
Zn1 — — — —

545 nm can be tuned by changing the composition of the
Zn
𝑥
Cd
1−𝑥

Se NCs from Zn
0
to Zn
0.8
. Besides, not only stokes

shift but also the FWHM of ternary Zn
𝑥
Cd
1−𝑥

Se NCs is
very small, implying that a narrow size distribution and
saturated color of ternary Zn

𝑥
Cd
1−𝑥

Se NCs can be obtained.
The Zn content of ternary Zn

𝑥
Cd
1−𝑥

Se NCs affects their
optical properties significantly. When increasing the amount
of Zn from 0.2 to 0.8, the emission peak is red-shifted
from 523 to 545 nm and the QY decreases from 89 to 45%,
respectively. From the TEM analysis, those samples have
almost the same particle size, indirectly suggesting that the
nonlinear optical property of Zn

𝑥
Cd
1−𝑥

Se is caused by the
Zn compositional effect instead of the size effect. The one-
pot preparation method reported in this study cannot only
reduce the concentration of Cd but can also maintain the
QY of NCs. Moreover, this would be a new class of colloidal
chemistry method to prepare high quality of green emitting
NCs and use them as a phosphor in white LED.
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Zinc oxide (ZnO) nanostructures with different morphologies such as nanopyramids, nanosheets, and nanoparticles have been
grown by a simple solvothermal method. The influence of solution pretreatmentt on the morphology and optical properties of
ZnO nanostructures has been studied.The experimental results revealed the morphology of ZnO transformed from nanopyramids
or nanosheets to nanoparticles after solution pretreatment. Raman and photoluminescence spectra are recorded to examine the
crystallinity and optical property of the samples.

1. Introduction

ZnO has been recognized as one of the most important II–
VI compound semiconductor materials in scientific research
and technological applications, owing to its wide direct band-
gap (3.37 eV), large exciton binding energy (60m eV) at room
temperature [1, 2], noncentrosymmetric structures, and var-
ious shape-induced functions. Compared to the bulk mate-
rial, ZnO nanostructures have a wide range of applications
including catalysts [3], piezoelectric devices [4], optoelec-
tronic devices [5], photovoltaic cells [6], and gas sensors
[7, 8] due to their unique physical and chemical properties.
In recent years, lots of research has been focused on the
synthesis, characteristics, growthmechanism, device fabrica-
tion, and performance improvement of ZnO nanostructures
with various morphologies including nanowires [9], nano-
rods [10], nanobelts [11], nanotubes [12], nanosheets [13, 14],
nanopyramids [15, 16], hollow nanospheres [17], and quan-
tum dots [18], which have been fabricated via different meth-
ods, such as chemical vapor deposition, sol-gel method,
hydrothermal method, and solvothermal method [19–22].

Among these, relatively little is known about the controlled
synthesis of the different morphologies of ZnO simply by
adjusting the synthetic conditions. In this work, we have
investigated the influence of solution pretreatment on mor-
phology and optical properties of ZnO nanostructures grown
by solvothermal process.

2. Materials and Methods

Zinc acetate dihydrate (Zn (OAc)
2
⋅2H
2
O, Sinopharm Chem-

ical Reagent Co., Ltd.), zinc nitrate hydrate (Zn(NO
3
)
2
⋅6H
2
O,

Sinopharm Chemical Reagent Co., Ltd.), oleylamine (OM,
96%, J&K Scientific Ltd.), and dodecanol (DDL, 98%, Acros
Organics) used in the experiments were of analytical purity.
Typically, 0.5mmol Zn(OAc)

2
⋅2H
2
O or Zn (NO

3
)
2
⋅6H
2
O

was added to a mixed solvent composed of 3mL OM and
6mL DDL at room temperature. The resulting slurry was
heated to 120∘C in a vacuum to remove water for solution
pretreatment. The resulting mixture was transferred into a
Teflon-lined stainless steel autoclave (20mL) for solvother-
mal synthesis at 180∘C for 2 h in an electric oven. After the
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reaction, the autoclave was cooled and the ZnO products
were centrifuged, rinsed several times with ethanol in order
to remove the residual reactants, and dispersed in cyclo-
hexane.

PowderX-ray diffraction (XRD) analyseswere performed
on a D-MAX 2200 VPC X-ray diffractometer with Cu K𝛼
irradiation (𝜆 = 1.5406 Å) at a scanning speed of 0.014∘/sec
over the 2𝜃 range of 20–60∘.The electronicmorphology of the
samples was examined by Hitachi S-4800 scanning electron
microscope (SEM) and FEI Tecnai G2 Spirit transmission
electron microscope (TEM). Photoluminescence (PL) spec-
tra of samples were recorded using Jobin-Yvon Lab-Ram
high-resolution spectrometer with He-Cd laser with the
wavelength 325 nm. Raman spectra of samples were recorded
using Jobin-Yvon Lab-Ram high-resolution spectrometer
with laser of wavelength 633 nm.

3. Results and Discussion

The powder X-ray diffraction (XRD) patterns of the as-
synthesized samples are shown in Figure 1.The XRD patterns
of the samples using Zn(OAc)

2
⋅2H
2
O and Zn(NO

3
)
2
⋅6H
2
O

as rawmaterials indicate a pure hexagonal wurtzite-type ZnO
phase (JCPDS number 75-1526) and (JCPDS number 05-664)
with high crystallinity, respectively.

The SEM images of the as-synthesized samples are shown
in Figure 2.When Zn(OAc)

2
⋅2H
2
Owas used as rawmaterial,

the samples without solution pretreatment have a pyramidal
morphology with an average size of ∼170 nm (side-edge
length). The trigonal and hexagonal particle shapes observed
in the TEM image thus correspond to the side-view projec-
tions of the pyramids. After solution pretreatment, the sam-
ples were transformed into nanoparticles with the average
diameter of ∼27 nm.When Zn(NO

3
)
2
⋅6H
2
Owas used as raw

material, the samples without solution pretreatment have a
nanosheet morphology with an average size of ∼55 nm. The
thickness of nanosheet was about 15 nm. After solution pre-
treatment, the samples were also transformed into nanopar-
ticles with the average diameter of ∼26 nm. From the above
experimental results, a possible mechanism can be deduced.
The OM-DDL mixture played a key role in the formation
of different ZnO nanostructures. The 001 plane is the most
rapid growth rate plane during the crystal planes of hexagonal
structure ZnO and is the preferred growth direction. When
Zn(OAc)

2
⋅2H
2
O was used as raw material, the OM-DDL

mixture could result in strong electrostatic interaction with
the polar surfaces of the growing ZnO nanocrystals thus
resulting in decreasing the surface energy of polar surfaces
and hence slowing down the growth rate of the polar planes.
This could result in the polar plane being the exposed basal
surface of the nanopyramid which grows slowly with well-
developed facets [23]. When Zn(NO

3
)
2
⋅6H
2
O was used as

raw material, the intrinsically anisotropic growth of ZnO
along the 001 direction is substantially suppressed and crystal
growth then proceeds sideways, which results in the forma-
tion of ZnO nanosheets. Pretreatment of solutionmay reduce
suppressing effect in the growth of ZnO nanocrystals, leading
to the formation of nanoparticles.
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Figure 1: XRD patterns of the as-synthesized samples (a) without
and (b) with solution pretreatment using Zn(OAc)

2
⋅2H
2
O as raw

material and (c) without and (d) with solution pretreatment using
Zn(NO

3
)
2
⋅6H
2
O as raw material.

Raman spectra of ZnO samples using 633 nm laser are
shown in Figure 3. E

2
(low) mode at 99 cm−1 and E

2
(high)

mode at 437 cm−1 dominate in the Raman scattering spectra,
indicating that all the samples had perfect crystal quality.
The peak at 331 cm−1 can be attributed to the E

2
(high)-E

2

(low) mode of ZnO, which is assigned to the second-order
Raman spectrum arising from zone-boundary phonons of
the hexagonal ZnO [24, 25].

Figure 4 shows the room temperature PL spectrum of
the samples with using 325 nm laser. There are two emission
bands in the PL spectrum: a strong andnarrownearUVemis-
sion at 381 nm and a broad but weak spectral band ranging
from 450 to 600 nm. The near UV peak is due to the recom-
bination of electron and hole in an exciton, while the visible
emission is due to the presence of various point defects, such
as interstitial oxygen and oxygen vacancies. In this work,
the visible emission of ZnO nanopyramids and nanosheets
is stronger than that of ZnO nanoparticles, suggesting that
the content of oxygen vacancy in ZnO nanopyramids and
nanosheets is larger than that in ZnO nanoparticles. The
observation of such a strong emission band from excitons
rather than from defects might imply that the samples hold
high crystallinity or low lattice disorder, specially after solu-
tion pretreatment.

4. Conclusions

ZnO nanostructures have been grown by solvothermal
method. The solution pretreatment is a key factor in the
morphological control of ZnO nanostructures.Themorphol-
ogy of ZnO transformed from nanopyramids or nanosheets
to nanoparticles by solution pretreatment. The process is
simple and leads to highly crystalline particles with con-
trollable morphology. The growth mechanism is discussed.
ZnO nanopyramids, nanosheets, and nanoparticles exhibit
excellent emission properties.
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(a) (b)

(c) (d)

Figure 2: SEM images of the samples (a) without and (b) with solution pretreatment using Zn(OAc)
2
⋅2H
2
O as raw material and (c) without

and (d) with solution pretreatment using Zn(NO
3
)
2
⋅6H
2
O as raw material. Inset: TEM images of the corresponding sample.
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Figure 3: Raman spectra of the samples (a) without and (b) with
solution pretreatment using Zn(OAc)

2
⋅2H
2
Oas rawmaterial and (c)

without and (d) with solution pretreatment using Zn(NO
3
)
2
⋅6H
2
O

as raw material.
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Water-soluble semiconducting nanocrystals or quantum dots (QDs) have attracted much interest in recent years due to their
tuneable emission and potential applications in photonics and biological imaging. Fluorescence resonance energy transfer (FRET)
processes are very important for elucidating biochemical mechanisms in vitro, and QDs constitute an excellent substrate for this
purpose. In this work, new oligonucleotide-functionalised CdTe-based QDs were prepared, characterised and biologically tested.
TheseQDsdemonstrated interesting optical properties aswell as remarkable in vitro behaviour andpotential for a range of biological
applications.

1. Introduction
Quantumdots (QDs) are semiconductor nanoparticles where
the electrons and holes are quantum-confined, which trans-
lates into strong photoluminescence (PL) in the visible range.
The emission wavelength is directly related to the particle
size as larger particles will absorb lower energy, that is,
longer wavelength photons [1]. Water-soluble CdTe-based
QDs have attracted much interest in recent years for their
potential applications in biological imaging especially, which
consists in illuminating the cell membrane, the cytoplasm,
or selected organelles using a fluorophore [2–14]. Choosing
an appropriate combination of staining agents enables one
to elucidate cellular structures or mechanisms by visualising
themwith a fluorescence or confocalmicroscope. In this area,
QDs have a number of advantages over organic dyes. QDs
have a continuous absorption spectrum for wavelengths that
are shorter than the emission wavelength and a narrow and
symmetrical emission which can be tuned to a particular
wavelength by changing the particle size. It is therefore
possible to exciteQDs of various colourswith the same source
and to spectrally resolve their emissions [15].

The aqueous synthesis of thiol-stabilised CdTe QDs has
been reported and optimised over the last years and adapted
for different types of ligands [2, 4, 16]. Recently, Tikho-
mirov and coworkers published a method for producing
oligonucleotide-modified CdTe QDs using phosphoro-
thioate-functionalised oligonucleotide sequences [17]. They
also demonstrated how the number of strands to be immo-
bilised on a single QD is highly dependent on the QD-
binding domain of oligonucleotides as well as the particle
diameter. On the other hand, QDs are excellent candidates
for the observation of fluorescence resonance energy tran-
sfer (FRET) phenomena [1, 17–32] owing to their narrow
and symmetrical emission spectra. The sensitive distance
dependence of FRET makes it a powerful tool for resolving
bio-chemical processes in vitro and biosensing [23, 33–41].
In this work, a range of oligonucleotide-modified QDs
were produced and fully characterised. The role of hybri-
disation and melting of double-stranded (ds)-DNA in QD
interactions was investigated, and the occurrence of energy
transfer was studied with various degrees of spectral overlap
between donor and acceptor. Finally, the potential of the
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new bionanocomposites for in vitro biological imaging was
assessed.

2. Materials and Methods

2.1. Materials. The oligonucleotides with the sequences (5
NH
2
-A
10
TAG GAA TAG TTA TCA (T

6
) 3 and 5 NH

2
-A
10

TGA TAA CTA TTC CTA (T
6
) 3) were prepared according

to standard on-support oligonucleotide synthesis. T6 phos-
phorothioate tail was prepared by using Beaucage reagent
during oxidation steps and 5-amino group was introduced
at the last step of DNA synthesis by using the corresponding
phosphoramidite C6-amino linker from Eurogentec. Al

2
Te
3

was purchased from Cerac Inc. All other chemicals for QD
synthesis were purchased from Sigma-Aldrich.

2.2. Synthesis of Oligonucleotide-Modified CdTe QDs. We
used a modification of the method developed by Gaponik
et al. [16] to produce CdTe QDs stabilised with Thiogly-
colic acid (TGA). Briefly, cadmium perchlorate hydrate Cd
(ClO
4
)
2
⋅6H
2
O (5.5 g) and TGA (1.2mL) were added to

150mL degassed Millipore water. The pH of the solution was
adjusted to 11 by dropwise addition of a 2M NaOH solution.
30 𝜇L of 100 𝜇M aqueous solution of oligonucleotide (oligo-
1: 5 NH

2
-A
10

TAG GAA TAG TTA TCA (T
6
) 3 or oligo-2:

5 NH
2
-A
10

TGA TAA CTA TTC CTA (T
6
) 3) was added

to the solution. To 0.5 g of Al
2
Te
3
15 mL of H

2
SO
4
was

added to generate H
2
Te gas which then bubbled through the

Cd/thiol solution.The resulting nonluminescent solutionwas
then heated under reflux. Once the QDs reached the desired
size, the reflux was stopped and different fractions were
obtained via size-selective precipitation using isopropanol.
The final samples were further purified on a Sephadex-G25
column.

2.3. In Vitro Cellular Assay. HT1080 cells were cultured in
a medium (500mL Minimum Essential Medium (MEM)
supplemented with 0.055 g of sodium pyruvate, 5mL of a
solution of penicillin (2mM) and streptomycin (2mM), 5mL
of 1mM gentamicin, and 100mL of fetal bovine serum
(FBS) at 37∘C and in a 5% CO

2
atmosphere. Cells were

plated in 35 cm2 glass-bottomed petri dishes (from iBidi) at
a final concentration of 105 cells per dish and left to adhere
overnight. Half of the cell medium was then removed from
all dishes and replaced by serum-free medium. Cells were
incubated for another 4 hours. QDswere added to a final con-
centrations of 10−7mol/L in Dulbecco’s modified phosphate
buffered saline (DPBS)with sodium chloride andmagnesium
chloride, and cells were incubated for another 4 hours. The
QD-containing medium was aspirated out of the dishes and
the cells werewashed three timeswithDPBS.The cell cultures
were finally imaged using an Olympus FV-1000 confocal
microscope.

3. Results and Discussion

Complementary sequences of oligonucleotides bearing a T6
phosphorothioate tail at their 3end and an amino function at
their 5-end (5 NH

2
-A
10
TAG GAA TAG TTA TCA (T

6
) 3
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Figure 1: CD spectra of QDs modified with complementary oligo-
nucleotide sequences and their mixture in 1 : 1 ratio.

and 5 NH
2
-A
10
TGATAACTATTCCTA (T

6
) 3) were used

to synthesise three series of modified QDs. The procedure
was adapted from the work of Tikhomirov et al. [17]. A
range of QD sizes were thus produced and enabled to interact
through DNA hybridising. The optical properties of the new
composites were investigated, as well as their behaviour in in
vitro cell cultures.

The presence of oligonucleotides on the surface of QDs
and their ability to hybridise with the complementary
sequence immobilised on other QDs were confirmed by
several instrumental techniques. First, circular dichroism
(CD) spectra were recorded for QDs modified with com-
plementary oligonucleotides as well as a one-to-one mixture
of those. They exhibited a weak signal in the 500–800 nm
range, which corresponds to the position of the exciton
peak. The corresponding spectra are shown in Figure 1. It
was previously reported that plasmonic nanoparticles may
induce CD in that region when a chiral molecule, such
as an oligonucleotide, is immobilised on their surface and
aggregation occurs [42]. It was also demonstrated that QDs
did not produce such an effect when oligonucleotides were
coupled to the TGA ligand [42]. In the present case, however,
oligonucleotides were bound directly to the surface of QDs,
which allowed for closer interactions. The T6 phosphoroth-
ioate tail was assumed to lay on the surface, and as a result,
the chiral moiety was in direct contact with the particle
surface. When bound to the ligand, however, electrostatic
repulsion between the carboxylic acid groups and the DNA
backbone prevented such contact. Furthermore, it may be
assumed that CD signal was generated through local chiral
distortion of the crystal structure by chiral ligands, such
as previously demonstrated for penicillamine-stabilised CdS
and CdSe QDs [43–45]. The CD signal was also not sig-
nificantly altered by the mixing of complementary-modified



Journal of Nanomaterials 3

Table 1: Characterisation of oligonucleotide-modified QDs.

Sample Oligonucleotide Absorption (nm) Emission (nm) Quantum yield Diameter (nm) Zeta potential (mV)
Donor (a) Oligo-2 525 558 27% 2.7 −44
Acceptor (a) Oligo-1 556 592 25% 3.7 −29
Donor (b) Oligo-1 535 560 50% 2.9 −35
Acceptor (b) Oligo-2 601 644 51% 5.2 −40
Donor (c) Oligo-2 531 567 6% 2.9 −47
Acceptor (c) Oligo-1 556 592 25% 3.7 −29
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Figure 2: DLSmeasurements of a 1 : 1 mixture of QDsmodifiedwith
complementary oligonucleotide sequences and incubated for 0 to 55
min.

QDs, thus confirming the predominant role of surface
fragments.

For further assessment of the binding effect of oligonu-
cleotides, a 1 : 1 mixture of QD-oligo 1 and QD-oligo 2
was scanned by dynamic light scattering (DLS) in order to
measure the changes of the hydrodynamic diameter over
time. Figure 2 displays the graph of hydrodynamic diameter
distribution from 0 to 55min of incubation.

The initial mixing of both types of QDs resulted in an
average diameter of around 10 nmwith a polydispersity index
(PDI) of 0.431. As incubation time was prolonged, the PDI
did not significantly vary; the average diameter, however,
slightly decreased to around 7 nm after 20min and remained
in that range afterwards. This indicated that QDs in initial
clusters which were formed in the first 20min interacted
more stronger than and packed more tightly with time. The
cluster size of 7 nm was consistent with dimeric structures.
Subsequently, the role of oligonucleotide hybridisation in
the process was ascertained by measuring the hydrodynamic
diameter of the same one-to-one mixture with increasing
temperature. Results are displayed on Figure 3. For temper-
atures up to 65∘C, the cluster size fluctuated between 10 and
35 nm while the PDI rose to 0.510 on average. These two
effects were mainly imputable to thermal agitation. Further
heating, however, led to a dramatic increase in average
diameter. The measured values were 41 (±5) nm at 75∘C,
174 (±15) nm at 85∘C and 326 (±50) nm at 90∘C. It was
therefore concluded that the nanoclusters dissociated when
the temperature was higher than the oligonucleotidesmelting
temperature. The QDs moved further apart but remained
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Figure 3: DLS measurements of a 1 : 1 mixture of QDs modified
with complementary sequences of oligonucleotides at increasing
temperatures.

grouped together as there was no mechanical agitation.
Diffusion would lead over time to a reduction in measured
size as QDs could eventually be seen as individual particles.
The experiment also demonstrated that hybridisation was
possible at physiological temperature (37∘C), which is impor-
tant for potential biological applications.

Having ensured the presence and hybridisation ability of
complementary oligonucleotides on QD surfaces, we inves-
tigated the energy transfer processes in the nanocomposites.
Three sets of donor-acceptor pairs were considered.Their full
characterisation data are summarised in Table 1.

In the first pair, the donor emission and acceptor absorp-
tion perfectly overlapped which was expected to produce
very efficient energy transfer. In the second case, the PL
emissions were well separated which enabled good discrim-
ination between them. In the third pair, there was near
complete overlap between both absorption and emission
spectra, allowing for mutual energy transfer. In each pair, the
donor and acceptor were functionalised with oligonucleotide
sequences complementary to each other.

Energy transfer in each donor-acceptor pair was inves-
tigated by measuring the PL emission of various donor-
acceptor solutions of different compositions. The donor
quenching and acceptor enhancement were plotted against
the donor-to-acceptor ratio (Figures 4–6). The donor que-
nching is defined as the ratio of the donor intensity in the
mixed solution to that of the pure donor at the same concen-
tration. Similarly, the acceptor enhancement is defined as the
ratio of the acceptor intensity in the mixed solution to that
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Figure 4: (a): Donor (a) and acceptor (a) UV-visible absorption and PL emission spectra. (b): Donor (a) quenching and acceptor (a)
enhancement versus donor-to-acceptor ratio.
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Figure 5: (a): Donor (b) and acceptor (b) UV-visible absorption and PL emission spectra. (b): Donor (b) quenching and acceptor (b)
enhancement versus donor-to-acceptor ratio.

of the pure acceptor at the same concentration. It should be
noted that donor and acceptor QDs can bind to each other
in multiple configurations through oligonucleotide hybridis-
ation and that the complementary domain is approximately
5 nm in length (15 base pairs) [46]. In Tikhomirov et al.
work [17], the valency of oligonucleotide-modified QDs was
measured for QDs prepared with the same method that
was followed here. It was shown to depend on the length
of the QD-binding domain of the oligonucleotide and the
QD diameter. In our case, the QD-binding domain was a
T6 tail; therefore, all QDs are estimated to have a valency
of two to three for the donors and three to four for the
acceptors. In the first pair (donor (a)–acceptor (a)), as shown
in Figure 4, the donor was rapidly quenched for ratios up

to 0.5 : 1 where it reached 30% of the original value and
remained stable for ratios up to 1 : 1. When the acceptors was
in excess, all donorQDs could be assumed to bind to acceptor
QDs and to be quenched by them. For these lower ratios,
clusters of one donor and two or more acceptor could also
form. It led to a slight degree of acceptor quenching through
acceptor-to-acceptor intraensemble energy transfer due to
spectral overlap of the acceptor absorption and emission.
Enhancement of the acceptor PL was thus not observed as
long as it was in excess. When the donor-to-acceptor ratio
was further increased, the donor emission slightly recovered
and plateaued at around 40% of the original value. This
was attributed to the possibility of donor-to-donor energy
transfer due to partial overlap of donor absorption and donor
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Figure 6: (a): Donor (c) and acceptor (c)UV-visible absorption andPL emission spectra. (b): Donor quenching (c) and acceptor enhancement
(c) versus donor-to-acceptor ratio.

emission spectra [18]. Meanwhile, the acceptor emission was
gradually enhanced up to 160% of its original value, thus
confirming the occurrence of the energy transfer.

Considering the donor-acceptor pair (b) with well-
separated absorptions and emissions, the interaction pattern
appeared slightly different as presented in Figure 5. At low
donor-to-acceptor ratios, a similar trend of rapid donor
quenching was observed, down to around 20%.The acceptor
emission, however, was immediately enhanced to 120% and
remained around that level independently of the amount of
donor. The high FRET efficiency at low donor-to-acceptor
ratio was due to the high quantum yield of both sets of QDs,
while the rapid saturation of the acceptor enhancement was
attributed to the spectral separation. As more donor was
added its emission slightly recovered due to donor-to-donor
intraensemble energy transfer but remained below 50%.

Figure 6 shows that in the pair (c), both sets of QDs had
almost completely overlapping spectra.Thismeans that either
could actually be donor or acceptor. At lowdonor-to-acceptor
ratio, the so-called “acceptor” was quenched and the “donor”
emission was enhanced. The species in excess was most
likely to surround the other one through oligonucleotide
hybridisation, thus transferringmore energy than it received.
When the ratio reached one-to-one, the “acceptor” emission
had fully recovered, while the donor was still 140% of its
original value. It should be noted that the “donor” had a rather
low quantum yield of 6% and any energy transfer would
therefore translate into a high percentage of variation. Its
emission then plateaued at 120% while the acceptor emission
continuously rose up to 180% as the donor-to-acceptor ratio
was increased. Because of the spectral overlap, it became
difficult to distinguish the donor emission at high ratio. It
is therefore very likely that the donor was quenched but the
emission at that particular wavelength was compensated by
the acceptor.

In all cases, energy transfer was observed between QDs
modified with complementary oligonucleotide sequences,
and there was always a range of ratio for which one
was quenched and the other was enhanced. Both donor
quenching and acceptor enhancement plateaued between 3
and 4 donors per acceptor, consistently with the calculated
valency of the acceptors.

To be suitable for in vitro FRET experiments, donor
and acceptor must have well-separated emission spectra
in order to be detected independently, and FRET should
result in nearly full quenching of the donor and maximum
enhancement of the acceptor. Only the donor-acceptor pair
(b) was found to satisfy these two conditions and was
therefore tested in live cell cultures. Two cultures of HT-
1080 cells from human fibrosarcoma were incubated with
donor (b) and acceptor (b), respectively. Both types of QDs
were readily uptaken and could be observed as isolated
spots in the cytoplasm, green for the donor and red for the
acceptor. A third culture was then incubated with donor
and acceptor simultaneously, with no prior mixing. This
resulted in the partial colocalisation of donor and acceptor,
but isolated green and red QDs could still be seen. Preincu-
bation of donor and acceptor in equal concentrations for an
hour and subsequent addition to the cell culture, however,
resulted in the donor luminescence completely disappearing
and the acceptor emission being enhanced. Thus, our QD-
based donor-acceptor system clearly demonstrated fluores-
cent resonant energy transfer (FRET) inside live HT-1080
cells. Example confocal images of all four types of cultures
are displayed in Figure 7. It was therefore concluded that
preformed assemblies of QDs persisted in cell cultures but
that binding did not spontaneously occur in that biological
medium.The disappearance of all green emissions confirmed
the occurrence of FRET in the system with near complete
quenching of the donor QDs.
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Figure 7: Confocal microscope images of HT-1080 cells exhibiting internalised QDs. First row: negative control; second row: donor (b); third
row: acceptor (b); fourth row: donor (b) and acceptor (b) added simultaneously; fifth row: donor (b) and acceptor (b) with preincubation.
First column: excitation 543 nm, emission 603 nm; second column: excitation 633 nm, emission 668 nm; third column: overlay of green and
red channels with bright field. Arrows indicate green QDs.
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(a) (b)

Figure 8: Confocal microscope close-up images of HT-1080 cells exhibiting internalised green and red QDs. (a) Without preincubation. (b)
With preincubation. Overlay of green and red channels with bright field. Excitation 543 nm, emission 603 nm; excitation 633 nm, emission
668 nm.
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Figure 9: Histograms representing the number (b) and size (a) of QD aggregates internalised by cells depending onQD type: donor, acceptor,
and 1 : 1 mixture with or without preincubation.

Prehybridisation of QDs also resulted in a higher degree
of aggregation and accumulation in individual cells as illus-
trated in Figure 8. This was quantified by both the number
and size of QD aggregates visible inside cell cytoplasms and
represented in Figure 9. The overall higher internalisation
was imputable to the formation of larger aggregates. Larger
objects tend to be better internalised by cells due to a ther-
modynamically favoured attachment to the cell membrane
[47].

This observation opened to another possible type of
application, where DNA-hybridisation processes could be
monitored through QD aggregation using a system where
FRET does not occur. Similar cellular testing of the donor-
acceptor pair (c) provided an example of such system.
As predicted by the fluorescence titration described above,
neither species was quenched at 1 : 1 ratio, thus allowing
visualising them simultaneously in cells. The presence in
cytoplasms of large aggregates containing both red and green
QDs confirmed the occurrence of oligonucleotide binding

after preincubation. Confocal microscopy images of cells
treated with these QDs are displayed in Figure 10.

Thus, the results above demonstrated that our composites
were suitable for studying energy transfer processes or DNA
binding/digesting processes in cell cultures in vitro.

4. Conclusions

In this work, a series of new oligonucleotide-modified CdTe
QDs have been prepared, characterized, and tested in vitro.
Hybridisation and separation of complementary strands of
oligonucleotides were assessed as a function of time and tem-
perature. It was found that the hybridised systems demon-
strated variable FRET efficiencies depending on spectral
overlap, which could be observed in vitro in HT-1080 cell
cultures. Furtherworkwill include an investigation of specific
intracellular oligonucleotide-modified QD interactions in
various cell cultures to understand and explain the biological
behaviour of these nanomaterials in detail. We believe that
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Figure 10: Confocal microscope images of HT-1080 cells exhibiting internalised QDs. (a) donor (c), (b) acceptor (c), (c) donor (c) + acceptor
(c) added simultaneously, (D) donor (c) + acceptor (c) after a one-hour preincubation. Overlay of bright field with green and red channels.

these QD-oligonucleotide conjugates might find important
applications for in vitro biological imaging and sensing.
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Doped inorganic luminescent nanoparticles (NPs) have been widely used in both research and application fields due to their
distinctive properties. However, there is an urgent demand to improve their luminescence efficiency, which is greatly reduced by
surface effects. In this paper, we review recent advances in optimizing luminescence properties of doped NPs based on core-shell
structure, which are basically classified into two categories: one is by use of surface coating with nonmetal materials to weaken the
influence of surface effect and the other is with metal shell via metal enhanced luminescence. Different materials used to coat NPs
are surveyed, and their advantages and disadvantages are both commented on.Moreover, problems in current core-shell structured
luminescent NPs are pointed out and strategies furthering the optimization of luminescence properties are suggested.

1. Introduction

With the development of nanoscience and nanotechnology,
more and more researches focus on core-shell nanostruc-
tures. A statistical data analysis is presented in Figure 1
to show an accelerated increase of published SCI papers
on the theme of “core-shell nanoparticles.” One motivation
of using core-shell nanostructures is to achieve multiple
functions. Usually, NPs have limited functions owing to
the inherent property of constituted materials. Combining
two or more kinds of materials into one particle, in the
form of core-shell structure, is an effective way to address
this issue. For instance, magnetic-luminescent bifunctional
nanocomposites can be formed by coating magnetic NPs
with a layer of luminescent material as a shell [1–7]. When
magnetic NPs are surface modified by a layer of catalytic
material, magnetic-catalytic core-shell NPs are obtained [8–
16].

Another important motivation of utilizing core-shell
nanostructure is to improve properties of NPs, such as
luminescence efficiency. There are mainly two directions in

enhancing luminescence properties of nanomaterial: inhibit
the negative factors and promote the positive factors.

A great deal of studies including ours has demonstrated
that luminescence efficiency and lifetime of materials will be
greatly reduced compared with the bulk ones when their size
is reduced to nanoscale [17–20]. This is usually ascribed to
large surface area of nanomaterials, unsaturated bonds on the
surface or high surface energy, which are prone to quench
the luminescence of emission centers on or near the surface
[21–24]. In view of this, surface coating in the form of a
core-shell structure may efficiently eliminate these negative
influences of surface effect on luminescence of doped NPs.
On the other hand, radiative transition rate and excitation
efficiency of luminescent species will be increased when
the distance between luminescent species and noble metal
is within a certain range [25, 26]. Therefore, luminescent
properties of doped NPs can be ameliorated via metal
enhanced luminescence if a metal shell is coated aroundNPs.

This review mainly focuses on recent development of
approaches for optimizing luminescence properties of inor-
ganic doped NPs through core-shell structures.
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Figure 1: Publications per year for core-shell NPs during the period
2001 to 2012. The data was collected fromWeb of Science Database,
using the keyword “core-shell nanoparticles” in the theme.

2. Core-Shell Structure to
Weaken Surface Effect

For doped NPs, because of their limited sizes, sites occupied
by doped ions can no more be considered as equivalent [27].
In NPs, therefore, inhomogeneous linewidth gets broader
[28], originally degenerated energy levels may split [22], and
selection rules may be loosened. Variations in the position
of spectral lines and branching ratios can be observed with
selective excitation [29]. Defects and disorders related to
breakage of lattice periodicity on the large surface area
of nanomaterials may introduce local electronic states into
band gap, acting as traps for excitation. Besides, unsaturated
bonds on surface render the particle surface very active, so
that light ions and radicals may be adsorbed and attached
onto the surface. Ions coupled with them would have high
multiphonon relaxation rate and act also as traps. In many
cases, surface provides an additional quench path for the
luminescence of ion centers in NPs, resulting in fast decay
and low quantum efficiency (QE) [30].

Wang et al. [31] presented direct evidence of surface
quenching effect associated with size-dependent lumines-
cence of upconversion (UC) NPs. The influence of surface
quenching on decay curve and QE of ion centers in NPs was
discussed byHuang andYou [32], considering energy transfer
between doped ions and surface quench centers. QE and
decay curve under nonselective excitation were calculated
numerically by integrating over the sample. Surface effect of
nanophosphors was studied by time-resolved spectroscopy
by Tian et al. [33], who suggested that surface quenching
effects could be negligible when luminescence centers were
more than 7 nm away from the surface.

For nondoped quantum dots (QDs), there are similar
surface effects. Chou et al. [34] demonstrated that organic
molecules on the surface of CdS QDs largely decreased
photoluminescence (PL) quantum yield (QY) based on
density function theory computation. They proposed that

the interactions between capping molecules and CdS QDs
might be attributed to functional groups and CdS clusters.

Core-shell structure is an effective way to weaken surface
effect of NPs. According to the nature of adopted core
material to that of shell material, core-shell nanostructures
are approximately separated into “homogeneous” or “het-
erogeneous” in this review, corresponding to the same or
different materials, respectively.

2.1. Heterogeneous Core-Shell Nanostructures

2.1.1. Silica Coating. For heterogeneous core-shell nanostruc-
tures, the shell can be classified into two categories: silica or
nonsilica. Silica has the attributes of good biocompatibility,
water solubility, and synthesis, hence, are widely used to
coat NPs. Silica can withstand a high annealing temperature,
which is helpful to enhance the crystalline of luminescent
materials. Moreover, the thickness of silica shell can enlarge
the distance between doped ions and surface quenching
centers.Therefore, PL properties of doped NPs can be greatly
enhanced through the decrease of nonradiative transition
after silica coating.

Doped QDs were silica coated by microemulsion or pre-
cipitation method [35, 36]. Compared to uncoated ZnS:Mn
NPs, silica-coated ZnS:Mn NPs had improved PL inten-
sity as well as good photostability. Rare-earth (RE) doped
vanadate could be silica coated by Stöber method [37]. A
remarkable luminescence enhancement up to 2.17 times was
observed in colloidal YVO

4
:Eu@SiO

2
nanocrystals (NCs),

compared to that of bare YVO
4
:Eu NCs. A significant

improvement of luminescence intensity was also observed
in LaF

3
:Nd3+@SiO

2
core-shell NPs [38]. The phenomenon

was additionally ascribed to the change of environment of
LaF
3
:Nd3+ core imposed by the silica shell.
A series of Y

2
O
3
:Eu3+@SiO

2
with different silica-coating

thicknesses were synthesized by Liu et al. [39]. It was
interesting to find that the silica shell not only changed the
luminescence intensity of NPs but also led to the redistribu-
tion of 5D

0
-7F
𝐽
branch ratios under 7F

𝐽
-5D
2
excitation. The

increased intensity ratio of 5D
0
-7F
2
to 5D

0
-7F
𝐽
(𝐽 ̸= 2) was

attributed to the thickening of silica shell, which decreased
excitation power density and suppressed reabsorption. The
variation of the effective refractive index of the core-shell
composites led to the increase of lifetime with shell thickness,
while the reduced reabsorption process decreased the life-
time. Therefore, an optimum lifetime appeared as a function
of shell thickness.

RE-doped UCNPs is another type of important lumines-
centNPs largely due to their biological applicationswith near-
infrared (NIR) radiation [40]. The developed core-shell UC
NPs are attractive due to their excellent photostability, highly
efficient luminescence, and low toxicity with biocompatible
shell material. UC luminescence intensity of silica-coated
NdF
3
was reported to about 1.6 times of bare NdF

3
NPs [41],

and the effect of coating on the UC luminescence intensity
in RE-doped NaYF

4
UCNCs was strongly dependent on the

volume ratio of the core and shell [42, 43]. In another work,
Lü et al. [44] presented that the UC luminescence intensity
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Figure 2: Transmission electron microscopy (TEM) photographs of silica-coated Y
2
O
3
:Tm3+,Yb3+ NPs for the sintering time of 60min and

the coating time of 30min (a), 60min (b), 90min (c), and 120min (d), respectively. The upper inset (c) shows the electron diffraction (ED)
pattern of noncrystalline silica shells and the lower inset is the corresponding ED pattern of crystalline Y

2
O
3
:Tm3+,Yb3+ core [44]. Copyright

2008 American Institute of Physics.

of Y
2
O
3
:Tm3+,Yb3+ NPs was also enhanced with the core-

shell structures. Comparingwith theUC luminescence inten-
sity of bare NPs, the UC luminescence intensities of silica-
coated NPs with the sintering time of 60min and the coating
time of 30, 60, 90, and 120min were enhanced by 1.53, 1.54,
1.40, and 1.16 times, respectively (Figure 2). According to the
relative variable ratios of the UC luminescence intensities of
silica-coated NPs, a competitive process between twomecha-
nismswas proposed.Onemechanismwas the role conversion
of RE ions on the surface of NPs from the dormant state
to the activated state owing to complementary ligand fields
from noncrystalline silica shells. The other mechanism was
the absorption effects of the shells on incident pump light and
the reabsorption effects on the UC luminescence. The role
conversion of lanthanide ions was prevailing in thin shelled
NPs, whereas the absorption and the reabsorption effects
became predominant when a thicker silica shell is coated.
Hence, an optimal thickness of silica shell was possible to
achieve the maximum UC luminescence.

Although silica has been utilized to coat a variety of
doped luminescent NPs, it has an inherent shortcoming: a
large lattice mismatch commonly exists between amorphous
silica shell and particle core.The consequent interface defects
may give rise to additional luminescence quenching. Thus,
a preferable core-shell structure to inhibit surface effects
should be better lattice matched.

2.1.2. Nonsilica Coating. Zhu et al. [45] reported that
YVO
4
:Eu3+@YBO

3
core-shell heteronanostructures exhib-

ited much stronger PL than YVO
4
:Eu3+ NCs under the same

conditions. Shell ratio (SR) is themolar percentage of the shell
material in the core-shell heteronanostructures, which is a
critical factor in PL enhancement. The heteronanostructures
exhibited the highest PL efficiency when SR = 1/7, whose
PL intensity was 27% higher than that of the YVO

4
:Eu3+

NCs. When SR < 1/7, PL intensity increased with increasing
SR. This was because the surface recombination, surface
defects density and surface state density of YVO

4
:Eu3+ NCs

reduced with increasing the YBO
3
coating. When SR > 1/7,

PL intensity decreased with increasing molar percentage of

the nonluminescent shellmaterial. Lin et al. [46–48] prepared
CeF
3
, CeF
3
:Tb3+, and CeF

3
:Tb3+@LaF

3
core-shell NPs which

show characteristic emission of Ce3+ (5d-4f) and Tb3+ (f-
f) respectively. When the CeF

3
:Tb3+ NPs were coated with

the LaF
3
shells, the emission intensity was improved by 28%

with respect to that of CeF
3
:Tb3+ core NPs. The energy-

loss processes on the surface luminescence centers could
be significantly decreased by the LaF

3
shell which provided

a barrier for energy migration to the outer surface of the
shell, and thus the luminescence intensity and lifetime of
the core-shell NPs were greatly enhanced. Boyer et al. [49]
synthesized NaGdF

4
:Tb3+,Ce3+@NaYF

4
NPs that formed

colloidal solutions in nonpolar organic solvents and showed
green luminescence under ultraviolet (UV) excitation. Core-
shell NPs demonstrated higher QY (∼30%) under UV light
and greater resistance to cerium oxidation when compared
to the core-only NPs.

Kömpe et al. [50] obtained CePO
4
:Tb@LaPO

4
core-shell

NPs with a total QY of 80%, whichwas quite close to the value
of the bulk material. Further recommendations of enhancing
QY of NPs included optimizing the thickness of the shell and
employingmetal salts of extremely high purity. Another work
showed that the luminescence properties of Ce3+ and Tb3+
ions in doped CePO

4
and LaPO

4
core and core-shell NPs

did not only differ with respect to their QYs [51]. The Ce3+
emission in core NPs was red-shifted compared to core-shell
particles. Energy transfer from excited states in volume sites
to surface sites was responsible for this observation.

A strong linear dependence of theNaGdF
4
shell thickness

on the optical response of the hexagonal NaYF
4
:Yb,Er@

NaGdF
4
core-shell UCNCs had been presented by Zhang

et al. [52]. During growth of the NaGdF
4
shells, surface

defects of the NCs could be gradually passivated by the
shell deposition process, which resulted in the obvious
enhancement of the overall UC emission intensity and
lifetime and more resistant to quenching by water molecules.
Another work reported that NaGdF

4
:Yb,Er@

NaYF
4

core-shell NPs with narrow size distribution
(𝜎 < 10%) were prepared by one pot successive
layer-by-layer (SLBL) strategy [53]. Shell thickness of
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the obtained NPs could be well controlled from 1 monolayer
(ML) (∼0.36 nm) to more than 20 ML (∼8 nm) by simply
tuning the amounts of shell precursors, which resulted in
the significant improving on UC luminescence efficiency
(up to 0.51 ± 0.08%) and stability (more resistant to
quenching by water). It was important to note that nearly
30% luminescence was quenched by water even after over
coated with a 16 ML (∼5.5 nm) shell. It was assumed that the
high-energy stretching vibration of the water molecule could
be regarded as a surface oscillator. The interaction between
this oscillator and the luminescence center (lanthanide
ions) might also be realized without contacting. It meant
that the luminescence could be quenched by water with
the noncontacting way, which was somewhat like the
fluorescence resonance energy transfer (FRET). Chen et al.
[54] reported novel 𝛼-(NaYbF

4
:0.5%Tm3+)@CaF

2
core-shell

NPs with efficient NIRin-NIRout UCPL and their applications
for high-contrast in vitro and deep tissue bioimaging. An
epitaxial CaF

2
heteroshell increased the intensity of UC PL

from 𝛼-NaYbF
4
:0.5%Tm3+ NPs 35 times. The QY of NIR UC

PL in the 𝛼-(NaYbF
4
:0.5%Tm3+)@CaF

2
core-shell NPs was

measured to be 0.60 ± 0.1% under low-energy excitation of
0.3 W/cm2.

Core-shell nanostructures with improved luminescence
properties have been widely applied in various fields. For
more examples and detailed informations on applications of
different core-shell NPs, readers are referred to some other
excellent reviews by Kalele et al. [55], Selvan et al. [56], Wang
et al. [40], and so forth.

2.2. Homogeneous Core-Shell Nanostructures. Homogeneous
core-shell nanostructures usually refer to doped core-shell
nanostructures which adopt the same matrix material for the
core and shell, containing dopant ions in the core, while the
shell is pure matrix material or doped with other ions. The
advantage of homogeneous core-shell nanostructure is the
following. There is almost no problem of lattice mismatch
between the core and shell, so that there will be fewer defects
and quenching centers on the interfaces. In addition, since
the shell and core have the samematrix, the shell is possible to
transfer energy to the dopant ions in the vicinity of the surface
of the core, and the overall absorption and emission intensity
will be improved.

Quan et al. [57] observed a 30% PL intensity enhance-
ment in ZnS:Mn@ZnS core-shell NCs comparing with bare
ZnS:Mn, which was ascribed to the elimination of the
surface defects. Q. Xiao and C. Xiao [58] also reported a
similar phenomenon and conclusion in ZnS:Mn@ZnS core-
shell NPs. Cao et al. [59] demonstrated that Mn2+ emission
at 580 nm in the ZnS:Mn@ZnS core-shell NPs was seven
times stronger than that in the uncoated ZnS:Mn. Their
experiment results indicated that both ZnS shell andUV light
treatment (samples are exposed to the irradiation of a UV
lamp [60, 61]) could passivate nanoparticle surface, remove
nonradiative relaxation paths, and thus enhance the overall
luminescence quantum yield of uncoated ZnS:Mn. However,
UV light treatment could only enhance the luminescence
in the uncoated ZnS:Mn NPs but led to no luminescence

enhancement in the coated ones. Some calculations indicated
that Mn2+ ions were not randomly distributed in the particle
but preferred to occupy the sites close to the surface.Thismay
be related to the “self-purification” process of nanomaterials
[62], whereby Mn2+ has a tendency to be expelled to the
nanoparticle surface [63]. Jiang et al. [64] studied the shell
thickness dependence of luminescence intensity in core-shell
ZnS:Mn@ZnS NPs. As the ZnS shell on the ZnS:Mn NPs
thickened, an increase in the intensity of Mn2+ emission
followed by a steady decline could be observed. The con-
centration of the luminescence center gradually decreased
with shell thickening, which would consequently contribute
a reducing effect to the emission intensity.

Qu et al. [65] synthesized LaF
3
:Yb3+,Er3+@LaF

3
which

showed improvement in both the UC emission intensity and
the lifetime. The enhancement could be attributed to the
LaF
3
shell which could eliminate the nonradiative centers

on the surface of LaF
3
:Yb3+,Er3+ NCs. Qian et al. [66]

increased the emission intensity of NaYF
4
:Yb,Er@silica core-

shell NPs by depositing an undoped NaYF
4
shell on the

NaYF
4
:Yb,Er NPs before the silica coating (Figure 3). The

total emission intensity of NaYF
4
:Yb,Er@NaYF

4
@silica core-

shell NPs increased by 15 times compared to that without
the intermediate NaYF

4
shell. The critical shell thickness

of NaYF
4
was ∼3 nm, beyond which no further emission

intensity enhancement was observed.
Yi et al. [67] reported a significant UC luminescence

enhancement after growing YOF shell on the surface of
YOF:Yb,Er core. They observed that the YOF shell enhanced
the red emission band at ∼669 nm but suppressed the
green emission band at ∼540 nm. The emission intensity at
∼669 nmwas increased by ∼18.5 times after coating. A steady
increase in the red/green emissions (R/G) ratio was observed
during the growth of the NPs, which was due to host (matrix)
effect of YOF.

In a sensitizer-activator UC system containing both
sensitizer ions and activator ions [68], sensitizer ions could
also be doped in the shell to make additional enhance-
ment of UC luminescence. Vetrone et al. [69] demonstrated
the synthesis of a novel NaGdF

4
:Yb,Er@NaGdF

4
:Yb active-

core@active-shell architecture with great enhancement ofUC
luminescence. Yang et al. [70] also reported the synthesis of
BaGdF

5
:Yb,Er@BaGdF

5
:Yb active-core@active-shell struc-

tured UCNCs with a controllable size from 3 to 10 nm. It
was found that after coating, the active shell with altered
concentrations of Yb3+ ions in the shell, the luminescence
intensity can be improved several hundred times. In contrast
to the inert-shell-coated NPs, the main difference is that the
active shell not only protects the luminescent ions from the
nonradiative decay but also transfers absorbed radiation to
the luminescent core.

Chen et al. [71] reportedNaGdF
4
:Nd@NaGdF

4
core-shell

near-infrared downconversion NPs with an average size of
15 nm and exceptionally high PL QY. The fact that both
the excitation and PL of these NCs were in the biological
window of optical transparency, combined with their high
QE, spectral sharpness, and photostability, made them quite
promising as optical biomaging probes.
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Figure 3: TEM images and HRTEM images (bottom inset) of (a) the NaYF
4
:Yb,Er NPs, (b) the NaYF

4
:Yb,Er@silica NPs, (c) the

NaYF
4
:Yb,Er@NaYF

4
NPs, and (d) the NaYF

4
:Yb,Er@NaYF

4
@silica NPs. Diffraction patterns (top inset) of (a) the NaYF

4
:Yb,Er NPs and

(b) the NaYF
4
:Yb,Er@silica NPs [66]. Copyright 2009 Materials Research Society.

2.3. The Possible Problem: Atom/Ion Diffusion in Core-Shell
Nanostructures. As we see, most of the researches of core-
shell nanomaterials concentrate on the method of preparing
core-shell structures and the improved luminescence prop-
erties, but little attention has been devoted to the diffusion
of doped ions in the core-shell nanomaterials. Ningthoujam
et al. [72] presented the possibility of Eu3+ diffusion in
YVO
4
:Eu3+@YVO

4
core-shell NPs. In this work, YVO

4
:Eu3+

NPs and YVO
4
:Eu3+@YVO

4
core-shell NPs were prepared

and heat treated from 500 to 900∘C. Surface inhomogenities
around Eu3+ present on the surface of the YVO

4
:Eu3+

core could be removed effectively by the undoped YVO
4

shell and resulted in improved luminescence from core–
shell NPs compared to the core NPs. Another reason of
luminescence improvement could be that a small fraction
of Eu3+ ions available on the surface of the core migrated
into the YVO

4
shell and led to the increase of Eu3+-Eu3+

distance and hence, reduced the extent of concentration
quenching.

In view of this, the temperature of ions’ diffusion and its
influences on properties of core-shell nanomaterials should
be investigated in order to achieve best luminescence prop-
erties. DiMaio et al. [73] studied the diffusion of Eu3+ ions
in LaF

3
:Eu3+@LaF

3
core-shell NPs under 650∘C. At elevated

temperatures, the diffusion of doped ions was significant
enough to result in drastic color changes as emissions
from higher-energy manifolds were no longer concentration
quenched. In another work, Zheng et al. [74] observed Mn2+
diffusion in MnS@ZnS core-shell NCs annealed at relatively
lower temperatures (220–300∘C). The diffusion of Mn2+ in
MnS@ZnSNCs from theMnS core to the nanocrystal surface
resulted in the PL surface quenching. Therefore, highly
efficient luminescent NCs could be obtained by growing a
thin ZnS shell on a small-sized MnS core at low temperature,
annealing the resulting NCs for effectively diffusing Mn2+
into the ZnS shell at high temperature to form a ZnS:Mn
diffusion layer, and overcoating a thicker ZnS shell as a
passivating layer.
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In a word, atom/ion diffusion should be concerned in
the design and construction of core-shell nanostructures,
especially when high temperature is required. If doped ions
in particle core diffuse across shell to surface, then surface
effect cannot be prevented any more and surface quenching
of luminescence still remains.

3. Core-Shell Structure to Achieve Metal
Enhanced Luminescence

The luminescence QE is given by QE = 𝑘
𝑟
/(𝑘
𝑟
+ 𝑘nr), where

𝑘
𝑟
is the radiative transition rate, and 𝑘nr is the nonradiative

transition rate. As aforementioned, core-shell structure can
weaken the surface effect and thus reduce nonradiative
transition rate, and ultimately improve the effective QE. In
addition, enhancement of QE can also be expected if the
radiative transition rate is increased, based on the above QE
equation.

In 1960s, Strickler and Berg [75] discovered that the
vibration dipole radiative decay rate increased as the increase
of the refractive index ofmedium, and Srickler-Berg equation
was given to describe the relationship of the two parameters,
which indicated that placing luminescent species near the
metal surface could be an effective way of improving sensi-
tivity of luminescence detection. In the later 1970s, Drexhage
approved that luminescent species distribution close to the
surface of a metal such as gold and silver of their luminescent
emission intensity was greatly increased compared to the
free state luminescent emission intensity [76, 77], and a
theoretical explanation was given [78, 79].The laboratory led
by Professor Lakowics of the University of Maryland studied
this particular phenomenon of luminescence enhanced effect
from both theoretical and experimental aspects and applied
it in the field of biosensing and biomedical [80–84]. Metal
enhanced luminescence (MEL) is a through-space effect.
That is, there would be enhanced luminescence only if there
is a certain distance between the luminescent species to
the metal surface. The energy of luminescent species under
the excited state will transfer to the matrix in the form of
nonradiative transition when the distance is below 5 nm.The
extent of quenching effect is inversely proportional to the
cube of the distance [85]. The radiative transition rate of the
luminescent species will rise when the distance is 5–20 nm
[25]. This will result in the enhancement of QY, which is
more prominent in the low QY luminescent species. In this
distance, the enhancement of surface local electromagnetic
field activates molecules close to the metal surface and leads
to promotion of excitation efficiency, which is also beneficial
to enhancement of luminescence QY. Mechanisms of MEL
were summarized by Geddes and Lakowicz [26].

The metal-fluorophore interactions result in an increase
in the quantum yield (i.e., emission intensity) of the flu-
orophore and a decrease in the lifetime of fluorophores
owing to two phenomena: an enhanced local electric field
and an increase in the intrinsic system decay rate. The
first factor provides stronger excitation rates but does not
modify the fluorescence lifetime of themolecules.The second
factor increases the net nanoparticle quantumyield. Excellent

demonstrations of MEL was made by Aslan et al. [86–88],
who reported that by growing a layer of silica shell with
fluorophores embedded within it on the nanoparticle of Ag,
the emission intensity was about 20-fold larger than that
of the nanobubbles without Ag core. Zeng et al. [89] also
designedAu@SiO

2
core-shellNPs to enhance the efficiency of

FRET based on QDs and R-phycoerythrin (RPE) in solution.
Li et al. [90] synthesized carbon dots adsorbed Ag@SiO

2

core-shell NPs and obtained a more than four-fold increase
of luminescence intensity of carbon dots.

As we mentioned before, there would be enhanced
luminescence only if there is a certain distance between the
luminescent species to the metal surface. Thus, the thickness
of the spacer between the luminescent species and the metal
is a critical parameter for the achievement of MEL. Zhang
et al. [91] systematically increased the silica spacer thickness
to optimize Ag@SiO

2
@Y
2
O
3
:Er nanostructure UCmaterials,

and the average PL intensity reached a maximum value of
4-fold larger than that of the pure Y

2
O
3
:Er at an optimal

silica spacer thickness of 30 nm. Ge et al. [92] observed that
with the increase of silica dielectric thickness, the green UC
emission intensity of Au@SiO

2
@Y
2
O
3
:Yb,Er core-shell NPs

increased and reached a maximum of 9.59-fold enhancement
when silica thickness is ∼40 nm (Figure 4). Yuan et al. [93]
synthesized NaYF

4
:Yb,Er@SiO

2
core-shell structures with

Ag NPs of two different sizes (15 and 30 nm) attaching
to the surface of silica shell. Optimum UC luminescence
enhancement was observed over a separation distance of
10 nm, and the maximum enhancement factors of 14.4-fold
and 10.8-fold were observed when 15 and 30 nm Ag NPs
were respectively used. It was also noted that dependence
of the luminescence intensity on the separation distance
between the metal NPs and chromophores was stronger for
15 nmAgNPs compared to 30 nm. As the separation distance
increased, both radiative decay and energy transfer processes
would slow down, whereas the radiative decay rate changed
less rapidly with the separation distance for larger metal NPs
compared to smaller NPs.

Li et al. [94] reported that the UC emission intensity
of NaYF

4
:Yb,Er,Gd nanorods increased when the nanorods

were coupled with gold NPs, but the UC emission inten-
sity suppressed when the nanorods were surrounded by
continuous Au shells. Since there was no spacer between
the luminescent material and metal, quenching mechanism
might compete with the enhancement mechanism close to
the surface of nanorods. In the case of an Au shell completely
surrounding the UC nanorod, the Au was allocated so
compact that additional quenching prevailed. Moreover, the
condensed gold shell might block the emission transmittance
from the UC nanorods.

4. Core-Shell Structure to Further Optimize
Luminescence Properties of Nanoparticles

Weakening surface effect is to inhibit the negative factors in
luminescence of NPs, while metal enhancement effect can
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Figure 4: TEM images of (a) ∼30 nm Au/∼25 nm SiO
2
, (b) ∼30 nm Au/∼25 nm SiO

2
/∼12 nm Y

2
O
3
:Yb3+,Er3+, (c) ∼30 nm Au/∼30 nm SiO

2
,

(d) ∼30 nmAu/∼30 nm SiO
2
/∼12 nmY

2
O
3
:Yb3+,Er3+, (e) ∼30 nmAu/∼40 nm SiO

2
, (f) ∼30 nmAu/∼40 nm SiO

2
/∼12 nmY

2
O
3
:Yb3+,Er3+, (g)

∼30 nm Au/∼45 nm SiO
2
, and (h) 30 nm Au/∼45 nm SiO

2
/∼12 nm Y

2
O
3
:Yb3+,Er3+ [92]. Copyright Ivyspring International Publisher.

promote the positive ones. It is possible to further optimize
luminescence properties of core-shell NPs by combining
the two paths together and the following points should be
noted in design, and preparation of core-shell NPs.

(a) The noble metal is preferably located within the core.
If themetal is located outside, its density should not be
too high in order to avoid blocking of transmittance.

(b) The distance between metal and luminescent species
should be controlled within a certain range.

(c) Lattice mismatch between core and shell should be
minimized to prevent interface defects and lumines-
cence quenching.

(d) Annealing is commonly needed to improve crys-
talline of NPs and to reduce defects.

(e) Thermal diffusion of atoms/ions in the shell of NPs
should be concerned.

5. Conclusions and Outlook

This review seeks to summarize recent developments in
optimizing luminescence properties of doped inorganic NPs
with core-shell structures. Core-shell nanostructures can
effectively prevent the influence of surface effect and reduce
the nonradiative transition rate in NPs accordingly. On the
other hand, MEL based core-shell structures can increase the
radiative transition rate and excitation efficiency.Therefore, it
is very promising to further optimize luminescence proper-
ties by combining the above two strategies into one core-shell
nanostructure, despite the fact that the engineering and syn-
thesis of such a complex nanostructure remain challenging.
In addition, someother factors should be carefully considered
when synthesizing doped core-shell NPs, such as nanoscale
diffusion of atom/ion.
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[21] S. Berger, L. Schächter, and S. Tamir, “Photoluminescence as a

surface-effect in nanostructures,”NanostructuredMaterials, vol.
8, no. 2, pp. 231–242, 1997.

[22] C.-H. Yan, L.-D. Sun, C.-S. Liao et al., “Eu3+ ion as fluorescent
probe for detecting the surface effect in nanocrystals,” Applied
Physics Letters, vol. 82, no. 20, pp. 3511–3513, 2003.

[23] V. Sudarsan, F. C. J. M. van Veggel, R. A. Herring, and M.
Raudsepp, “Surface Eu3+ ions are different than “bulk” Eu3+ ions
in crystalline doped LaF

3
nanoparticles,” Journal of Materials

Chemistry, vol. 15, no. 13, pp. 1332–1342, 2005.
[24] M. J. Milla, J. M. Ulloa, and A. Guzmn, “High optical sensitivity

to ambient conditions of uncapped InGaAs surface quantum
dots,” Applied Physics Letters, vol. 100, no. 13, Article ID 131601,
2012.
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A series of red phosphors Y
2
O
3
:Eu3+ were prepared by the molten salt method with different surfactants. Their structures,

morphologies, and the photoluminescent properties were investigated at room temperature. The particles size of Y
2
O
3
:Eu3+ can

be controlled by adjusting the kinds of surfactants. The phosphor Y
2
O
3
:Eu3+ prepared with NP-10 [polyoxyethylene (10) nonyl

phenyl ether] shows regular morphology and higher crystallinity, and its average particle size is about 200 nm. Bright red light can
be observed by naked eyes from the red phosphor under 254 nm excitation.

1. Introduction

In recent years, luminescent nanocrystals (NCs) doped with
rare earth ions were paid more attentions because of their
interesting luminescent properties. They can be as compo-
nents in displays [1], light emitting diodes [2], biological
assays [3], and optoelectronic devices [4]. Cubic Y

2
O
3
:Eu3+ is

one of the most important commercial red phosphors, which
can be used in fluorescent lights, cathode ray tubes (CRTS),
plasma display panel (PDP), and field emission display
(FED) [5–9]. Many methods for synthesis of Y

2
O
3
:Eu3+

phosphor have been reported, including solution combustion
method [10], sol-gelmethod [11], spray pyrolysismethod [12],
hydrothermalmethod [13], and precipitation method [14, 15].

Wet chemical methods have been widely developed to
prepare the luminescent materials [16–18], since these pro-
cesses have advantages of good homogeneity throughmixing
the starting materials at the molecular level in solution, a
lower calcination temperature and a shorter heating time.
However, sol-gel process often requires expensive (and envi-
ronmentally unfriendly) organic precursors and solvents.
Then a low-temperature technique, molten salt synthesis
(MSS), is beginning to attract a great deal of interest. MMS
is one of the simplest and most versatile approaches available
to obtain single-phase powders at lower temperatures with

shorter reaction times and little residual impurities as com-
pared with conventional solid-state reactions [19]. The ionic
fluxes molten salts possess high reactivity toward different
inorganic species and relatively low melting points, which
is convenient for preparation of inorganic materials. An the
reactionmedium, the inorganicmolten salts exhibit favorable
physicochemical properties such as a greater oxidizing poten-
tial, and high mass transfer, high thermal conductivity, as
well as relatively lower viscosities and densities, as compared
to conventional solvents [20]. Furthermore, MMS is one of
themost effectiveways to prepare nanoscale shape-controlled
materials [21–23].

In the present study, a series of red emission phosphors
Y
2
O
3
:Eu3+ were prepared by MSS with NaCl as the molten

salt. Different surfactants such as polyoxyethylene (10) nonyl
phenyl ether (NP-10), polyoxyethylene (5) nonyl phenyl ether
(NP-5), octyl phenol together ethylene (10) ether oxygen (OP-
10), and sodium dodecyl benzene sulfonate (LAS) were used
to control the particles size of Y

2
O
3
:Eu3+.

2. Experimental

2.1. Preparation of Y
2
O
3
:Eu3+. Y(NO

3
)⋅6H
2
O and Eu(NO

3
)⋅

6H
2
Owere obtained fromAladdin Reagent limited company,

China; NaOH, NaCl, and C
2
H
5
OH were obtained from



2 Journal of Nanomaterials

Firing Washing

Mixtures: Y(OH)3, Eu(OH)3, NaCl, surfactant Y2O3:Eu3+ (sodium chloride molten salt) Y2O3:Eu3+

Mixtures

Scheme 1: The setup for Y
2
O
3
:Eu3+ prepared by MMS with different surfactants.

Guangzhou Chemical Reagent Factory; poly oxyethylene
(10) nonyl phenyl ether (NP-10), polyoxyeth ylene (5) nonyl
phenyl ether (NP-5), octyl phenol together ethylene (10) ether
oxygen (OP-10), sodium dodecyl benzene sulfonate (LAS)
were purchased from Guangzhou Chi Hung Trade LTD. Co.
All chemical reagents are of analytical reagent grade. Distilled
water was used throughout.

The process to prepare Y
2
O
3
:Eu3+ nanocrystals with NP-

10 (Y-NP10) is as follows: the raw materials Y(NO
3
)⋅6H
2
O

(4.75mmol), Eu(NO
3
)⋅6H
2
O (0.25mmol), and NaOH

(15mmol) were mixed for 30min in agate mortar, and then
NaCl (10 g) and NP-10 (1 g) were put in the mixture and
were ground for 10min. At last, the mixture was heated
at 850∘C for 4 h. The final product was the solidified melt,
which was washed with distilled water and ethanol at room
temperature, and then the product was dried overnight in
air at 110∘C. The process for Y

2
O
3
:Eu3+ prepared by MMS is

shown in Scheme 1.
Themethods for synthesis Y

2
O
3
:Eu3+ with NP-5 (Y-NP5)

and Y
2
O
3
:Eu3+ withOP10 (Y-OP10) and Y

2
O
3
:Eu3+ with LAS

(Y-LAS) are similar with that of Y-NP10 mentioned above.

2.2. Measurements. The structure of the final product was
examined by X-ray powder diffraction (XRD) using Cu K𝛼
radiation on Rigaku D/Max 2200 vpc X-ray diffractometer.
The size and morphology of Y

2
O
3
:Eu3+ were observed by a

scaning electron microscopy (SEM) on LEO-1530 electron
microscope. The luminescent spectra of the sample were
recorded on an FLS920 fluorescence spectrophotometer.

3. Results and Discussion

The XRD patterns of Y
2
O
3
:Eu3+ prepared by MSS with

different surfactants were shown in Figure 1. Curve (a) is very
consistent with JCPDS43-1036 [Y

2
O
3
]. This reveals that the

phosphor Y-NP5 shares the cubic structure with the single
phase, and Eu3+ ions have been effectively built into the Y

2
O
3

host lattices and occupied theY3+ sites. Other three curves are
similar with curve (a), the result shows that the single phase
Y
2
O
3
:Eu3+ can be prepared byMSSwith different surfactants.

The SEM images of as-prepared samples Y-NP5, Y-NP10,
Y-OP10, and Y-LAS are shown in Figure 2. Y

2
O
3
:Eu3+ NCs

have been successfully prepared by MMSmethod with NP-5.
The particles are about 100 nm (Figure 2(a)).The result shows
that the introduction of the surfactant NP-5 can effectively
prevent Y

2
O
3
NCs growth. However their crystallinity is

lower. Y-NP10 shows good crystallinity, and its size is about
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Figure 1:The XRD patterns of Y-NP5, Y-NP10, Y-OP10, and Y-LAS.

200 nm. We also prepared Y
2
O
3
:Eu3+ with other surfactants.

Y-OP10 and Y-LAS particles sizes are about 500 nm and 1 𝜇m,
respectively.

The excitation spectra of Y-NP5, Y-NP10, Y-OP10, and Y-
LAS are shown in Figure 3. The excitation spectra of these
samples exhibit similar features; the broad excitation band
from 230 nm to 290 nm is attributable to the charge transfer
(CT) band from the 2p orbital of O2− to the 4f orbital of Eu3+.
The sharp lines in 350–550 nm range are intraconfigurational
4f -4f transitions of Eu3+ ions in the host lattices.

Figure 4 is the emission spectra of Y
2
O
3
:Eu3+ prepared

by MSS with different surfactants under 254 nm excitation.
The strongest peak is at 611 nm, which is due to 5D

0
→
7F
2

transition in 𝐶
2
symmetry for Eu3+. The other f -f transitions

of Eu3+, such as 5D
0
→
7F
𝐽
in 570–720 nm and 5D

1
→

7F
𝐽
transitions in 520–570 nm are very weak. Y-NP10 shows

intense red emission. Bright red light can be observed from
this phosphor under 254 nm excitation (seeing Scheme 1). Its
CIE (Commission Internationale de l’Eclairage, International
Commission on Illumination) chromaticity coordinates are
calculated to be 𝑥 = 0.592, 𝑦 = 0.359.

4. Conclusion

In summary, Y
2
O
3
:Eu3+ NCs were prepared by MSS with

different surfactants. The structures, morphologies, and
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Figure 2: SEM images of Y-NP5, Y-NP10, Y-OP10, and Y-LAS.
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Figure 3: The excitation (𝜆em = 611 nm) of Y-NP5, Y-NP10, Y-
OP10, and Y-LAS.

the photoluminescent properties of the phosphors were
studied. The particles size of Y

2
O
3
:Eu3+ can be controlled

by adjusting the kinds of surfactants. The sample Y-NP10
shows regular morphology and intense red emission under
UV excitation. Bright red light can be observed by naked eyes
from this phosphor under 254 nm excitation.
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Figure 4: The emission spectra (𝜆ex = 350 nm) of Y-NP5, Y-NP10,
Y-OP10, and Y-LAS.
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Ceria nanoparticles were synthesized employing chitosan as template and thermal treatment at different temperatures (350, 650,
and 960∘C).The effect of calcination temperature on structural properties and photocatalytic activity of ceria nanopowder was also
tested. Degradation of an azo dye, Congo Red (CR) as a model aqueous pollutant, was investigated by means of photocatalysis
of ceria nanoparticles under visible light irradiation. The influence of catalyst amount, initial CR concentrations, and degradation
reaction kinetics were studied. The results were compared with commercial CeO

2
at the same degradation conditions.

1. Introduction

The application of heterogeneous semiconductor photocat-
alysts in water treatment has recently drawn considerable
attention because of the successful use of solar energy, which
is a natural abundant energy source [1]. Of all semiconductor
photocatalysts employed in water purification, TiO

2
, with a

bandgap energy of 3.2 eV, was found to exhibit high photo-
catalytic activity under UV light irradiation. Besides themost
commonly used TiO

2
catalyst, cubic fluorite cerium dioxide

(CeO
2
), a semiconductor with a bandgap energy similar to

that of titania, [2] also shows promising photocatalytic activ-
ity for the degradation of various organic dye pollutants such
as Methylene Blue (MB), Methyl Orange (MO), and Reactive
Black 5 (RB5). CeO

2
has also been successfully employed in

water splitting for H
2
production and phenol and chlorinated

phenol photodegradation under UV illumination. Although
photocatalytic activity of CeO

2
has thoroughly been inves-

tigated, the broad bandgap energy of this material limits its

further application in the visible light region. In this regard,
many methodologies have been carried out for the modifica-
tion of CeO

2
, in order to enhance its photocatalytic activity

in the visible region: doping with metals and preparation of
composite materials, among others. Nonetheless, so far there
are no reports of increased photoactivity in the visible region,
changing theirmorphology through calcination temperature.

Photocatalytic properties of the materials are primarily
dependent on various factors such as particle size, phase
modification, structural defects/distortion (lattice), and
chemical nonstoichiometry [3]. Commonly, reducing the
particle size of a catalyst results in an increase of the surface
area and changing its morphology, thus providing a larger
number of reactive edge sites [4, 5]. It has been reported that,
in general, an increase in the temperature of calcination
provides a high crystallinity [6], a decrease in the surface area
[7] and, for mixed materials or doped semiconductors, an
absorption shift toward the visible spectrum [8, 9]. In this
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sense, it has been reported that the direct relationship that
exists between great surface areas and high catalytic efficiency
is not always fulfilled in photocatalytic materials [10]. The
justification for such behavior is based on that the energy
absorption processes and the subsequent migration of
electrons in the valence band (and recombination) are not
simply a result of physical adsorption phenomena in the
material surface. In this way, you can see that a detailed study
of the electronic and morphological characteristics of new
synthetic materials provide information about their potential
use as photocatalysts.

Crystalline ceria nanoparticles can be synthesized by dif-
ferent methods, such as sonochemical [11], thermal decom-
position [12] hydrothermal synthesis [13], coprecipitation
[14], flame spray pyrolysis [15], combustion synthesis, and
solvothermal oxidation [16]. These methodologies often
require high pressure, or salt-solvent mediated high temper-
ature, or surface capping agent. Moreover, the introduction
of surfactants or templates complicated the manufacture,
consumed more energy, and was not environmental friendly
[17]. In addition, the sizes obtained of ceria particles are
relatively large [18]. Therefore, the search for alternatives that
allow the productions of cerium nanoparticles using “green”
pathways, simple and low cost, is essential.

Dyes and pigments represent one problematic group;
they are emitted into wastewaters from various industrial
branches, mainly from the dye manufacturing and textile
finishing and also from food colouring, cosmetics, paper,
and carpet industries [19]. Congo red [1-naphthalene sulfonic
acid, 3, 30-(4,40-biphenylenebis (azo)) bis (4-amino-) dis-
odium salt, CR: Figure 1] is a benzidine-based anionic diazo
dye, that is, a dye with two azo groups. CR is toxic to organ-
isms and it is a suspected carcinogen and mutagen. Synthetic
dyes, such as CR, are difficult to biodegrade due to their com-
plex aromatic structures, which provide them physicochemi-
cal, thermal, and optical stability [20, 21]. Physicochemical or
chemical treatment of such wastewaters is, however, possible:
color removal by ultrafiltration [22], ozonation [23], coag-
ulation [24], adsorption process [18], and so forth. The use
of Advanced Oxidation Processes (AOPs), photochemically
induced employing pure semiconductors [25], mixed or
sensitized [26], has been widely used in recent years for the
efficient degradation of CR.

Therefore, it is important to find alternatives to the degra-
dation of reactive azo dyes in an aqueous solution and
destruction of several classes of organic dyes. Most conven-
tional treatment processes are effective in water treatment,
but they only transfer the contaminants from one medium
to another or generate waste that requires further treatment
and disposal [19–21]. In this sense, photocatalytic reactions
on irradiated semiconductor powders have a good potential
for the removal of organic and inorganic waste materials
from water [27]. The aim of this work was to use a prepared
CeO
2
nanoparticles, through a simple synthetic method,

environmentally benign, and low cost using chitosan as tem-
plate, Ammonium Cerium (IV) Nitrate [(NH

4
)
2
Ce(NO

3
)
6
]

and ammonium hydroxide [28]. Furthermore, the effect
of calcination temperature of the synthesized material on
size, morphology, as well as in optical properties, and the
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Figure 1: Molecular structure of Congo Red.

photocatalytic efficiency of the degradation of CR dissolved
in water was evaluated.

2. Experimental

2.1. Reagents and Materials. Cerium salt compound:
(NH
4
)
2
Ce(NO

3
)
6
(Sigma-Aldrich, purity ≥ 98.5%), Chitosan

(Sigma-Aldrich, purity≥ 99%), andNH
4
OH (Sigma-Aldrich,

28.0–30.0% NH
3
) were used as the starting materials. Congo

Red (purity ≥ 97.0%), Acetic Acid (purity ≥ 99.7%), and
BaSO

4
(purity > 99.99%) were purchase for Sigma-Aldrich

and were used without further purification.

2.2. Synthesis and Characterization of Photocatalysts. Ceria
nanoparticles were prepared using chitosan as template and
a precursor Ce salt compound. Preparation was carried out
following the procedure described by our group [28]. 1.6 g of
chitosan was dissolved in 80mL of CH

3
COOH (3%, v/v) and

10.41 g of (NH
4
)
2
Ce(NO

3
)
6
was dissolved in 20mLof distilled

water.The cerium aqueous solutionwas added to the chitosan
solution, under stirring and this Ce-chitosan solution was
added to a NH

4
OH solution (50%, v/v). The gel spheres

formed were taken out from NH
4
OH solution and dried at

room temperature for 96 h. The ceria hybrid spheres were
calcined at 350, 650, and 960∘C in air flow for 6 h with a
heating rate of 5∘C/min, to obtain light yellow CeO

2
nano-

particles.
The textural properties of the metal oxides were charac-

terized by N
2
adsorption porosimetry (Micromeritics, ASAP

2010). The samples were first degassed at 300∘C under vacu-
um for more than 24 h until the sample passed the degassing
test. Nitrogen adsorption isotherms were measured at liq-
uid N

2
temperature (77K) and N

2
pressures ranging from

10−6 to 1.0 P/Po. Surface areas were calculated according to
Brunauer-Emmett-Teller (BET) method and the pore size
distribution was obtained according to the Barret-Joyner-
Halenda (BJH) method from the adsorption data [30].

The morphology and average diameter of particles
were examined employing a Scanning Electron Microscopy
Hitachi S-2400 instrument. The evaluation by transmission
electron microscopy was performed on a Hitachi CM-10
instrument operated at 120 kV.

All the samples were characterized by diffuse reflectance
spectroscopy (DRS). UV-Vis DR spectra were recorded at
room temperature in the range of 200–700 nm employ-
ing a Lambda 35UV-Vis spectrophotometer (Perkin Elmer)
equipped with an integrating sphere assembly, using BaSO

4
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as the reflectance reference sample. The absorption spectra
were obtained by analyzing the reflectancemeasurementwith
Kubelka-Munk (KM) emission function: 𝐹(𝑅

∞
). Optical

bandgap energy (𝐸
𝑔
) can be determined from the plot

between 𝐸 = 1240/𝜆Abs and [𝐹(𝑅∞)ℎ]]
1/2 where 𝐸 is the

photonic energy in eV and ℎ] is the energy of an incident
photon.

2.3. Photocatalytic Activity for the Degradation of Congo
Red (CR). The photocatalytic activities of the catalysts were
evaluated by degradation of CR in aqueous solution. The
photocatalysis experiments were performed in a batch reac-
tor using an illuminator Cole Palmer 41720-series, with
an emission maximum in UV 350–500 nm (3.5mW/cm2,
49.400 Lux/seg), keeping a distance of 10 cm between the
lamp surface and the solution, varying the time periods of
exposure at 25∘C under continuous shaking. In a typical
experiment, the reaction suspension consisting of CR aque-
ous solution (50mg L−1, 100mL) and catalyst (0.05 g) was
stirred with a magnetic bar. In all cases, the mixture was kept
in the dark for 24 h to ensure that the adsorption-desorption
equilibrium was reached before irradiation. After light irra-
diation, the sample was withdrawn from the suspensions
every 10min during the irradiation; 0.5mL of the analytical
solution was taken from the mixture and immediately cen-
trifuged. The concentration of the RC in the analytical solu-
tion was determined spectrophotometrically at 498 nm. A
calibration plot based on Beer-Lambert’s law was established
by relating the absorbance to the concentration.

3. Results and Discussion

X-ray diffraction (XRD) and transmission electron micros-
copy (TEM) were used to study the microstructure of metal
oxides. Both techniques revealed the crystalline character of
the CeO

2
powder, showing broad diffraction peaks (XRD)

and diffraction rings (TEM) that are the characteristic pat-
terns of nanocrystalline materials.

The XRD patterns of the as-prepared powder and heat-
treated ceria nanoparticles at different temperatures (350,
650, and 960∘C) are shown in Figure 2. The calcined samples
exhibit XRD peaks that correspond to the (111), (200), (220),
(311), (222), and (400) planes, which revealed well-developed
reflections of cerium oxide (ICDD PDF No. 81-0792), space
group 𝐹𝑚3𝑚 (225), showing that the synthesized samples
were pure CeO

2
with cubic fluorite structure [16]. No peak of

any other phase was detected. The intensities and positions
of the diffraction peaks were in agreement with the literature
data.

The lattice parameter of cerium oxide nanoparticles
was measured using X-ray diffraction (XRD) (Table 1). The
constant “𝑎” of the cubic fluorite-type CeO

2
grains can be

determined through the spacing of the ℎ𝑘𝑙 lattice planes (𝑑
ℎ𝑘𝑙
)

and taking into account Bragg’s law [31]. The results were
checked with Celref software.

SEM and TEM analysis allowed us to investigate the
morphology and structure of the synthetic materials.

Ceria materials were produced by the calcination of pre-
cipitates (hybrid spheres) at 350, 650, and 960∘C. SEM
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Figure 2: XRDpatterns of synthesizedCeO
2
nanoparticles prepared

at different calcination temperatures, (a) 350∘C, (b) 650∘C, and (c)
960∘C.

Table 1: Summary of crystallite size and lattice parameter for CeO2
particles prepared at different calcination temperature.

Temperature
(∘C)

Lattice
parameter (nm)

TEM crystallite
size (nm) 𝑆BET (m

2/g)

350 0.5470 4 105.12
650 0.5424 17 13.02
960 0.5411 61 8.02

and TEM micrographs of calcinated materials are show in
Figure 3; it can observed that the particles synthesized show
the topography of foams with high porosity.

Figure 3 also shows TEM images with corresponding
selected area electron diffraction pattern (SAED). The crys-
talline size has been directly estimated using such images. It
can also be observed that calcined nanoparticles exhibited
roughly spherical shape. Moreover, an increase in the calci-
nation temperature led to the appreciable growth in the crys-
tallite size.

The SAED pattern shows continuous ring patterns with-
out any additional diffraction spots and rings of secondary
phases, revealing their highly crystalline structure. As sum-
marized in Table 2, measured interplanar spacings (𝑑

ℎ𝑘𝑙
)

from SAED patterns are in good agreement with the values
in the standard data (JCPDS: 34-0394). All the rings could be
precisely indexed to the cubic CeO

2
phase; this observation

is in agreement with XRD results.The diffraction pattern was
further examined for all possible forms of cerium oxide for
matches to the unknown ring.

Surface physical properties including pore characteristics,
surface area, surface morphology, and textural aspects of
synthetized materials have been studied and the results are
summarized in Table 3.

The data summarized in Table 3 clearly shows the forma-
tion of mesopores in the cerium nanoparticles synthesized
through use of chitosan template. Furthermore, it was found
that the surface area decreased with increasing calcination
temperature, showing phase sintering cerium oxide with
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(a)

(b)

(c)

Figure 3: SEM, TEM, and electron diffraction pattern of CeO
2
nanoparticles at different calcination temperatures, (a) 350∘C, (b) 650∘C, and

(c) 960∘C.

increased high temperature crystallinity. Thus, the use of the
chitosan template clearly results in a substantial increase in
the surface area, and hence, the present method provides a
synthesis method of easy and low cost for obtaining nanopar-
ticles of cerium with high surface area and mesoporous.

4. UV-Vis Diffuse Reflectance Analysis

UV-vis diffuse reflectance spectroscopy (UV-vis DRS) was
used to probe the band structure or molecular energy lev-
els in the materials since UV-vis light excitation creates
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Table 2: Measured interplanar spacing (𝑑) from selected area diffraction pattern in Figure 3, compared with reference values (standard data
JCPDS: 34-0394) of different cerium oxide forms.

Calcined sample CeO2 (Å) Standard data JCPDS: 34-0394 (Å)
350∘C 650∘C 960∘C CeO2 CeO CeO

2−𝑥
Ce2O3 Ce

3.119 3.099 3.124 3.124 (111) 2.938 (111) 3.39 (222) 2.945 (0111) 2.97 (111)
2.696 2.687 2.705 2.706 (200) 2.544 (200) 2.06 (044) 2.254 (1012) 2.57 (200)
1.917 1.904 1.913 1.913 (220) 1.799 (220) 1.65 (543) 1.945 (1120) 1.82 (220)
1.632 1.623 1.631 1.632 (311) 1.534 (311) 1.733 (1013) 1.55 (311)
1.562 1.556 1.561 1.561 (222) 1.637 (1122)

Table 3: Summary of the surface are, pore diameter, and pore
volume for CeO2 materials prepared at different calcination temper-
ature.

Temperatures
(∘C) 𝑆BET (m

2/g) Pore volume
(cm3/g)

Pore diameter
(nm)

350 105.12 0.065 7
650 13.02 0.023 13
960 8.02 0.020 15

photogenerated electrons and holes [32]. The DRS spectra of
CeO
2
powders calcined at different temperatures (350, 650,

and 960∘C) are shown in Figure 4. DRS measurements were
used to obtain information about absorption spectra and
bandgap of catalysts or map the electronic structure of the
metal ions by measuring d–d, f–d transitions, and oxygen-
metal ion charge transfer bands. It has been reported that bulk
CeO
2
show absorption maxima around 300 nm in its DRS

[33].
According to Bensalem et al. [34], the spacing of the elec-

tronic levels and the energy bandgap (𝐸
𝑔
) is highly dependent

on the particle size. An UV absorption edge at about 500 nm
occurs for ceria caused by Ce+4←O2− charge transfer [33–
35].When CeO

2
is synthesized at increasing calcination tem-

peratures, a blue shift from 500 nm to 411, 375, and 364 nm
is observed (respectively, for 350, 650, and 960∘C). For the
samples calcined this shift of the absorbance towards shorter
wavelengths can be explained as a consequence of either the
quantum size effect originated by the diminution of ceria par-
ticle size, or the existence of larger contribution of Ce+4←O2−
charge transfer transitions, which yields a relatively broad
band with a maximum at ca. 380 nm [33–35]. However, the
calculations for the quantum size effect establish that there are
no significant variations in the chemical composition in the
structure of metal oxide as a result of particle size reduction
[36]. In our case, the influence due to the presence of different
states of oxidation of CeO

2
, the presence of a significant

fraction of Ce atoms (either in the state +3 or +4) on the outer
surface which generates oxygen vacancies and defects, has a
higher influence on the 𝐸

𝑔
, expected by quantum size effect.

In this sense, the presence of Ce+3 species has been verified
using EPR and Raman analysis. Neto and Schmal [37] show
that increases in the calcination temperature, as well as in the
synthesis condition, leads to an increase in the concentration
of Ce+3 species and therefore an increase in oxygen vacancies.
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Figure 4: UV-vis diffuse reflectance spectra of CeO
2
samples after

calcination at 350∘C (⋅ ⋅ ⋅), 650∘C (- - -), and 960∘C (⋅ - ⋅) and
commercial (⋅⋅ - ⋅⋅).

The𝐸
𝑔
of synthetized samples in this work was calculated

by Kubelka-Munk function 𝐹(𝑅) which is related to the
diffuse reflectance,𝑅, of the sample according to the following
equation [38]:

𝐹 (𝑅) =
(1 − 𝑅)

2

2𝑅
, (1)

where “𝑅” is the absolute value of reflectance. The 𝐸
𝑔
of

the CeO
2
nanoparticles were calculated from their diffuse-

reflectance spectra by plotting the square of the Kubelka-
Munk function 𝐹(𝑅)2 versus energy in electron volts
(Figure 5). The linear region of the curve was extrapolated to
𝐹(𝑅)
2

= 0 to get the direct 𝐸
𝑔
. The optical bandgap for all

samples were determined by the above method. The 𝐸
𝑔
and

calculated absorption maxima of calcinated samples are
given in Table 4.

Table 4 clearly shows an increase in 𝐸
𝑔
(decrease in the

absorption edge) due to the increase in the crystal size. It
is reported that CeO

2
nanocrystals show a bandgap energy

(𝐸
𝑔
) between 2.7 and 3.4 eV and absorb strongly in the

UV region with the absorption threshold near to 400 nm
(25 000 cm−1). As shown in Table 4, the bandgap energies for
samples calcined at different temperatures were 3.02, 3.31, and
3.41 eV for 350, 650, and 960∘C, respectively.
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Figure 5: Bandgapmeasurements of CeO
2
samples after calcination
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Table 4: The band gap energy and crystal size of CeO2 samples cal-
cined at different temperatures.

Temperature (∘C) 𝐸
𝑔
(eV) Absorption edge

(nm)
Crystallite
size (nm)

350 3.02 411.4 4
650 3.31 373.3 17
960 3.41 364.3 61
Commercial 3.19∗ 389.4 —
∗Reported [29].

It can be seen that the value obtained in this work
for the 𝐸

𝑔
value for the sample calcined at 350∘C is lower

than that reported by us previously [28]. This behavior can
be explained in terms of the measurement system in the
first report that the 𝐸

𝑔
was calculated from the spectrum

of UV-vis absorption, whereas in this study DRS spectrum
was used. In the literature, different 𝐸

𝑔
values have been

found for nanoparticles of similar sizes when using different
measurement systems [29, 39]. This is attributed to the fact
that diffuse reflectance spectroscopy (DRS) takes advantage
of the enhanced scattering phenomenon in powdermaterials,
making this techniquemore suitable to characterize nanoma-
terials than UV-vis absorption spectroscopy. Consequently,
light scattering effects in the absorption spectra of powder
samples dispersed in liquid media can be avoided using DRS.
[40].

The relationship between the crystal size and the bandgap
energy is shown in Figure 6.

The 𝐸
𝑔
of CeO

2
is usually reported to be higher with

lowering of particle size, owing to the quantum confinement
effect [41]. However, the ceria samples synthesized in this
work using chitosan as a template showed the opposite behav-
ior.This could be due to formation of larger size agglomerates,
feasibly as a consequence of the use of chitosan as template.
Previous reports make mention of the lower bandgap energy
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Figure 6: Correlation among the crystal size and the energy band-
gap of CeO

2
samples after calcination at 350∘C, 650∘C, and 960∘C.

𝐸
𝑔
for CeO

2
nanorods as compared to that of CeO

2
nanopar-

ticles as well, indicating the influence of crystallite size as well
as the overall particle size on bandgap energy [29]. However,
the incorporation of nonmetals, carbon, and nitrogen (from
chitosan) in the ceria structure could also contribute to the
lowering of bandgap. Heating rates in the calcination would
also contribute to the presence of these elements (C and N).

5. Photocatalytic Activity

The photocatalytic activity of the CeO
2
samples calcined at

different temperatures was evaluated by the photodegrada-
tion of CR at room temperature under UV and visible light
irradiation. The efficiency of the materials synthesized in the
photodegradation (%𝐷) of CR was determined using the
following expression [42]:

%𝐷 =
𝐶
0
− 𝐶

𝐶
0

× 100, (2)

where 𝐶
0
is the initial concentration of CR and 𝐶 is the

remaining concentration ofCR after irradiation in the desired
time interval.

Figure 7 clearly shows that irradiation in the presence
of CeO

2
nanoparticles leads to an increase in the degrada-

tion efficiency of CR. Materials prepared in this work all
have an onset of absorption at wavelengths below 420 nm.
Therefore, radiation of wavelength less than 420 nm is suit-
able for the transfer of electrons from the valance band to
the conductance band. It can be seen that the rate of CR
photodegradation increased gradually with time, reaching
efficiency values of 41, 51, and 64% after 15 h to calcinated
temperatures samples: 350, 650 and 960 respectively. After 24
hours of irradiation was obtained 62, 71, and 91% degradation
for the samples calcined at 350, 650, and 960∘C respectively,
showing that higher calcination temperatures lead to higher
efficiencies in the photodegradation of RC.

The photocatalytic efficiency (activity) of each CeO
2
cat-

alyst for the degradation of Congo Red was quantified in two
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ways: measurement of Congo Red half-life time under stan-
dard conditions andLangmuir-Hinshelwood kinetic analysis.

Surface catalyzed reactions can often be adequately
described by a unimolecular Langmuir-Hinshelwood (L-H)
mechanism, in which an adsorbed reactant with fractional
surface coverage 𝜃 is consumed at an initial rate given by

𝑟 = −
𝑑𝐶

𝑑𝑡
= 𝑘
𝑟
𝜃 =

𝑘
𝑟
𝐾LH𝐶

1 + 𝐾LH𝐶 + 𝐾𝑤𝐶𝑤
, (3)

where 𝑟 is the oxidation rate of the reactant (mg L−1min−1),𝐶
the concentration of the reactant (mg L−1), 𝑡 the illumination
time, 𝑘

𝑟
the constant of reaction rate (mg L−1min−1),𝐾LH the

adsorption constant of the reactant (Lmg−1), 𝐾
𝑤
the solvent

adsorption constant, and 𝐶
𝑤
its concentration. As 𝐶

𝑤
≫ 𝐶

and 𝐶
𝑤
remains practically constant, the part of the catalyst

covered by water is unalterable over the whole range of
concentration. In this work, all experimental conditions were
the same. Therefore, 𝐶 will only be variable in the initial
reactions:

𝑟 = −
𝑑𝐶

𝑑𝑡
=
𝑘
𝑟
𝐾LH𝐶

1 + 𝐾LH𝐶
. (4)

When the chemical concentration𝐶
𝑖
is a millimolar solu-

tion (𝐶
0
small) the equation can be simplified to an apparent

first-order equation:

ln( 𝐶
𝐶
0

) = 𝑘
𝑟
𝐾𝑡 = −𝑘app𝑡, (5)

where 𝑘app is the apparent pseudo-first-order reaction rate
constant and 𝑡 is the reaction time.The variation in the ln(𝐶/
𝐶
0
) as a function of the irradiation time 𝑡 is given in Figure 8.
The straight lines obtained by plotting ln(𝐶

0
/𝐶) versus

time of irradiation indicate that the degradation of Congo
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Figure 8: Apparent first order kinetic model for CR photodegrada-
tion by CeO

2
samples after calcination at 350∘C (⋅ ⋅ ⋅), 650∘C (- - -),

and 960∘C (⋅ - ⋅) and commercial (⋅⋅ - ⋅⋅), with a reaction time of 22 h.

Red satisfactorily fits the model L-H. This behavior allows
to infer about the existence of an equilibrium between the
phenomena of adsorption and photodegradation reactions.
Thekinetic data obtained in Figure 8 regarding to the pseudo-
first-order rate constant, 𝑘app, and the half-life, 𝑡

1/2
, for the

photocatalytic degradation of RC are listed in Table 5.
From Table 5 it can be seen that an increase in the cal-

cination temperature leads to an increase in the rate of pho-
todegradation of CR by cerium nanoparticles. This increase
in the activity can be explained in terms of themorphological
differences among the synthesizedmaterials, since it has been
reported that the photocatalytic activity of metal oxides is
strongly dependent on their morphological properties [42].
Table 3 shows that the calcined material at 960 presents a
greater crystallinity and particle size in comparison with the
materials calcined at 350 to 650 and taking into account that
a greater crystallinity of the material gives less surface defects
which can act as recombination centers of electron-hole pair,
explains the fact most photocatalytic activity of the calcined
material at high temperatures [43].This may be corroborated
considering the low reaction rate of the commercial cerium
that has a low crystallinity.

Some semiconductormaterials, such as titania, it has been
reported that the specific surface area and crystallinity are
two contradictory factors that influence the photocatalytic
activity. In that sense, amorphous semiconductor material
with high surface area is generally associated with a large
amount of crystal defects or weak crystallization, which
favors recombination processes of electrons and holes pho-
togenerated, causing a poor photoactivity [44]. Therefore, a
large surface area is required, but not a decisive factor. For
example, amorphous TiO

2
powders generally exhibit a large

specific surface area, but poor photocatalytic activity or neg-
ligible due to recombination of electrons and positive holes
photoexcited defects (i.e., imperfections, impurities, dangling
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Table 5: Apparent constant and half-life for the Langmuir-Hinshel-
wood model and specific photoactivity for Congo Red photodegra-
dation by CeO2 nanoparticles calcined at different temperatures.

Temperature
(∘C) 𝑘app (h

−1) 𝑡
1/2

(h)
Specific photoactivity
𝑘app/𝑆BET (𝑘 in gm−2 h−1)

350 0.0356 19.47 0.34 × 10−3

650 0.0390 17.77 2.99 × 10−3

960 0.0495 14.00 6.17 × 10−3

Commercial 0.0141 49.16 —

bonds, or microvoids) located on the surface and in the
bulk of the particles [9]. In this regard, examining the values
obtained for specific photocatalytic activity (Table 5) can be
seen that a high crystallinity provides higher photocatalytic
activity, indicating that the crystallinity is another important
requirement that must be taken into account in the design
(and study) of new photocatalytic materials.

6. Conclusion

In summary, in this work cerium oxide nanoparticles using
chitosan as template were synthesized and characterized.
After subsequent heat treatment, an increase in degree in
crystallinity and the particle size was observed as a result of
temperature increase. DRS studies showed that an increase
in the calcination temperature produces a blue shift in
the absorption maxima of the absorption spectrum and a
decrease of 𝐸

𝑔
being a consequence of the increase in particle

size. Studies on the photocatalytic degradation of CR demon-
strated that the calcined materials at higher temperatures,
exhibited greater activity as a result of larger particle size and
high crystallinity.Thus, we can conclude that variation by cal-
cination temperatures allows obtainingmaterials with optical
andmorphological properties that enable their efficient use as
photocatalysts.
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