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Abstract The main drawbacks of fluorescent ZnO nano-
particles in practical optoelectronic applications are fast
particle growth and agglomeration in water, causing a per-
iodic decrease of light emission intensity. In this work, ZnO
nanoparticles were successfully embedded within a silica
matrix to prevent their agglomeration. The ZnO NPs were
synthesized by the polyol method, using ethylene glycol
and glycerol in sizes ranging from 5—6 nm. The as-obtained
ZnO particles were dispersed in an amorphous silica matrix
under three different ZnO:SiO, molar ratios: 20:80, 15:85
and 10:90. With the aim of enhancing the luminescent
properties of the ZnO @SiO, composites, various annealing
treatments in the range of 150-210 °C were carried out. The
chemical analyses of the bare ZnO and the composites were
carried out by Fourier transform infrared spectroscopy,
which confirmed the presence of functional groups attached
to the ZnO surface. By means of thermogravimetric ana-
lysis, it was determined that the evaporation of solvents
shifted to lower temperatures (180 °C) when silica was
added to the ZnO colloidal solution. By means of photo-
luminescence, a bright blue emission, centered at 440 nm,
was observed in all of the samples, even at high tempera-
tures (i.e., 210 °C); only a red shift of 20 nm was observed.
Interestingly, the emission intensity of the sample 20:80,

DX Antonieta Garcia Murillo
angarciam @ipn.mx

' Instituto Politécnico Nacional, CIHTEC IPN, Cerrada de Cecati S/N.
Col. Santa Catarina, Azcapotzalco México D.F. C.P, Mexico,
Santa Catarina 02250, Mexico

Universidad Tecnolégica de Tecdimac, UTTEC, Carretera Federal
México, Pachuca Km 37.5, Col. Sierra Hermosa, Tecamac, Estado
de México CP 55740, Mexico

@ Springer

when annealed at 170 °C for 4 h, was enhanced 2.6 times,
compared to the bare ZnO.
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1 Introduction

In recent years, fluorescent semiconductor nanoparticles
(NPs), free of toxicity, low in cost, and easy to produce,
have attracted considerable attention due to their wide range
of applications, such as for use in biological labeling [1, 2],
light emitting diodes (LEDs) [3, 4], photocatalysis [5, 6],
solar cells [7, 8] and so on. This is the case with ZnO, which
has a wide band gap (3.37eV) and high exciton binding
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energy (60 meV), resulting in bright room temperature
emission.

The visible light emission of ZnO is only exhibit at
nanoscale, less than 10 nm [9]; at this scale, the high surface
area to volume ratio of nanoparticles promotes the forma-
tion of high point defects concentration, such as oxygen
vacancies (V,), zinc vacancies (V,,), oxygen interstitials
(Oy), zinc interstitials (Zn;), and antisite oxygen (O,,), thus,
the visible emission from blue to green depends on the
energy transition of this points defects [10, 11].

To enhance the potential of ZnO NPs, simple synthesis
methods that are able to produce intense light emissions,
stability, and reproducible results are required. ZnO NPs are
synthesized using several methods in liquid phase; the
conventional one is the sol-gel process using LiOH-H,0
and Zn(Ac), in an alcoholic medium [11-16] or a similar
process with certain modifications [17, 18]. Another method
is the polyol process, consisting of the hydrolysis of zinc
salts in a polyol medium—ethylene glycol (EG), diethylene
glycol, triethylene glycol (TG), or glycerol (GLY) [19-22].
The use of polyols for the synthesis of NPs provides a
variety of advantages; they make it possible to obtain col-
loidal stable suspensions of non-agglomerated particles, a
narrow size distribution, high crystallinity, and controlled
morphology [19].

However, the main drawback of ZnO NPs in practical
optoelectronic applications is their poor stability in aqueous
environments and low temperatures (50-80°C); the
hydroxyl groups attack and easily destroy the luminescent
centers (point defects) on the ZnO surface, causing
agglomeration and promoting particle growth which pro-
vokes periodic decreases in light emission intensity.

Great efforts have been made to protect the surfaces of
ZnO NPs. Adding a protective SiO, shell around NPs ZnO
is an excellent approach for increasing stability and halting
the growth process. The protective shell is normally
deposited on the ZnO NPs surface by hydrolysis and con-
densation reaction of tetraethyl orthosilicate (TEOS) in an
alcoholic medium, then the product obtained is isolated by
centrifugation and re-dispersed in an aqueous medium [13,
14, 23-26]. In this regard, Wang et. al., [13] demonstrated
the stability of ZnO NPs@SiO, for up to 4 months when
dispersed in water, while bare ZnO NPs dispersed in water
started to aggregate and finally produce precipitates from
the dispersion even after 10 min; moreover, a red shift
emission and quenched luminescent properties have been
observed in bare ZnO NPs. The emission intensity of
ZnO@Si0, was observed to be comparable to freshly bare
ZnO NPs. Hagura et. al. [14] also demonstrated the stability
of silica-coated ZnO NPs in water, but the composite was
synthesized at different temperatures (50-75 °C). The PL
results show that heating was necessary to obtain visible
emissions, finding that as temperature increases, the

emission intensity increases too, up to 70°C, and then
declined. Thus, thin silica shells are feasible only at low
temperatures (i.e., 70 °C), where particle growth and red
shift are accompanied by quenched optical properties.

In the previous cited reports, no mention is made of the
effect that a high silica concentration has on luminescent
properties. In our previous work [27], we successfully
embedded BaTiOs:Eu’" particles in a SiO, matrix and
found that the luminescent emission intensity increased as
the silica concentration increased, up to a Ba:Si molar ratio
equal to 5:95; this approach using a high SiO, concentration
also increased the amount of luminescent material, making
it considerably cheaper than bare luminescent particles.

In this instance, ZnO NPs were confined in a high SiO,
concentration (80-95 molar%), which resulted in greatly
enhanced blue emission. The ZnO NPs were prepared by
polyol method in EG and GLY as solvents. Then, the col-
loidal ZnO NPs were mixed by ultrasound with the TEOS
solution. The powders obtained after dried at 100 °C were
thermally annealed at temperatures ranging from 150 to
210 °C for various lengths of time. We demonstrated that a
high SiO, concentration retards ZnO particle growth, even
at temperatures of 210 °C, and no considerable red shift was
observed, maintaining the blue emission from all of the
samples.

2 Experimental details
2.1 Synthesis of ZnO NPs

Zinc acetate dehydrate (Zn(CH3COO), - 2H,0); Sigma
Aldrich, 98%), EG (C,HgO,; Fermont, 99.8%), GLY
(C3HgO3; Sigma-Aldrich) and chlorhydric acid (HCI, Fer-
mont 37.1%,) were used without further purification. For a
typical polyol synthesis, 4.5 mmol of Zn(Ac), - 2H,0 were
dissolved in 7.5 ml of ethylene glycol under vigorous stir-
ring for 10 min; afterwards, 7.5 ml of glycerol and 2.25 ml
H,O were added to the solution. Then the mixture was
heated at 90 °C. Immediately, the solution turned brown,
indicating that ZnO NPs were beginning to nucleate and
grow. After 30 min, NPs started to precipitate, and 1 mL of
HCI was added to prevent precipitation. Finally, the col-
loidal solution was maintained at the same temperature for
5h in order to evaporate the solvents, and 4 ml of colloidal
solution was obtained. The ZnO NPs had a hydrophilic
character, yielding a very stable solution in water, without
losing their luminescent properties.

2.2 Sol-gel synthesis of SiO,

The precursors used to synthesize the silica matrix by the
sol-gel method were tetraethyl orthosilicate ((Si(OC,Hs)g,
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98%, TEOS), ethanol (CH3;CH,OH, 99.9% Fermont),
hydrochloric acid (HCI 37.1 %, Fermont), and distilled
water. The procedure was the same as that reported in
previous work [27]. In short, 22.39 mmol of TEOS was
dissolved in ethanol; a solution of ethanol/TEOS with a
molar ratio of 4:1 was prepared according to Klein's dia-
gram [28]. Afterwards, 3 ml of hydrochloric acid (1 M)
aqueous solution was prepared and kept stirring for 1 h.
Finally, this last solution was added to the ethanol/TEOS
solution and kept stirring for 21 h.

2.3 Synthesis of ZnO NPs@SiO, composites

In order to prepare ZnO NPs@SiO, systems, 1.125 mmol
(1 ml) of ZnO NPs colloidal solution was mixed by ultra-
sound with an appropriate volume of the synthesized SiO,
sol. Three different ZnO-NPs/SiO, molar ratios: 20:80,
15:85 and 10:90—were synthesized. In addition, a pure
sample of ZnO was considered. The ZnO NPs colloidal
solution was completely dissolved in the SiO, sol, forming
a transparent and uniform solution. The mixture was dried
in an oven at 100°C for 5Sh. Finally, the composites
obtained were annealed at 150, 170, 190, and 210 °C for
different lengths of time. Table 1 summarizes the synthesis
conditions of the composites.

2.4 Characterization

Infrared (IR) measurements were performed on a Perkin
Elmer 2000 spectrometer, using the KBr pellet method. For
all measurements, the spectra were recorded from 4000 to
400 cm~'. Thermogravimetric analysis (TGA) was carried
out using a DTG60 detector in a nitrogen atmosphere, with
a heating rate of 5°C-min~'. High resolution transmission
electron micrographs (HRTEM) were obtained on a JEOL

JEM-2100 operating at 200 kV. The samples were ground
and dispersed in isopropanol under ultrasonic conditions,
and then an aliquot of the prepared solution was dropped on
a carbon-coated copper grid. The emission and excitation
spectra of the samples were recorded on a F-7000 fluores-
cence spectrophotometer, using a 450 W xenon lamp. The
final uncertainty in the emission and excitation spectra was
16.8 u.a of intensity (y axis) and 0.18 nm of wavelength (on
the x axis),with a confidence level of 95%.

3 Results and discussion

3.1 FTIR and TG analyses of ZnO NPs and ZnO:SiO,
composites

The FTIR spectra of the ZnO NPs and ZnO:SiO, composites
(sample A), treated at 170 and 210°C, are depicted in
Fig. la—c and d—g, respectively. In Fig. la—c, functional
groups attached to the ZnO particles are detected in the
4000-900cm™ ' region. A broad band in the range
3600-3000 cm ™' in all of the samples is attributable to the
stretching vibrations of hydroxyl groups (vOH), arising from
water chemically and physically adsorbed on the ZnO NPs,
and the band centered at 1634 cm ™' is related to the OH
deformation vibrations (SOH) of the absorbed water [29].
The bands centered at 2932 and 2874cm ' can be
attributed to asymmetric and symmetric C-H stretching
vibrations. As well, the bands at 1459, 1407, 1327, and 858
cm ! are related to the C—H bending associated with CH,.
The bands at 1085 and 1035 are related to the C—O bond
stretching of C-O—-C groups (vc_o); in addition, a band
corresponding to asymmetric C—O—C stretching vibrations
is observed at 1220 cmfl, all the as mentioned functional
groups are characteristics of GLY and EG spectra [30, 31]

Table 1 Synthesis’ parameters

of the ZnO NPs /SiO, Sample  ZnO NPs (mmol)  SiO, (mmol)  Molar ratio ZnO/SiO,  Temperature (°C)  Time (H)
composites Zn0 1125 - 100:0 - -
A 1.125 4.25 20:80 150 4,6, 8
170 2,4,6
190 1,15,2
210 05,1, 1.5
B 1.125 6.37 15:85 150 4,6, 8
170 2,4,6
190 1, 1.5, 2
210 05,1, 1.5
C 1.125 10.12 10:90 150 4,6, 8
170 2,4,6
190 1,15,2
210 05,1, 1.5
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and remained in the sample after annealed at 170 °C at 210 °C
(Fig. la—c). The spectra also show the characteristic
stretching vibrations of esters C=0 at 1729 cm ! [29], this
band is the only one not present in the GLY and EG spectra.
Tang et al. [32] related the stability of ZnO nanoparticles in
water to a single ester compound attached to the surface.
The C—H stretching vibrations at 2932 and 2874 cm ™' and
the band assigned to the OH deformation vibrations sig-
nificantly decreased as temperature increases but not dis-
appeared completely. In addition, no Zn—-O vibrations at
low ranges were detected; however, considering the trans-
mission electron micrographs, various interplanar distances
were indexed to the ZnO wurtzite structure (Section 3.2.).

Fig. 1d shows the IR spectrum of the SiO, sol before it
was added to the ZnO colloidal solution. The absorption
bands centered at 960 cm™' are associated with silanol
groups (SiOH), and the band centered at 585cm ™' can be
assigned to ethoxy groups (Si(OC,Hs)); both are products
of the hydrolysis of TEOS [28]; at the same time, a con-
densation reaction between SiOH and the ethoxy groups
(SiOC,Hs) was carried out, and siloxane groups (Si—O-Si)
were formed, which is reflected at 1080 cm~! in the sym-
metry stretching of SiO, tetrahedra, at 798 and 450 cm™'
[33]. After the ZnO colloidal solution and the SiO, sol
(Fig. 1e) were mixed, functional infrared bands characteriz-
ing the EG and GLY groups of solvents, and SiO, bonding,
appeared. However, the silanol and ethoxy bands in Fig. 1f—¢g
were completely removed after 170 and 210 °C thermal
annealing, promoting a complete transformation of ethoxy to
silanol groups, and then silanol to siloxane groups.

A determination of the effects of silica on thermal prop-
erties of ZnO NPs was carried out by TGA. Figure 2 shows
the TGA profile of the as-synthesized ZnO NPs. A first
weight loss of 10% is seen at 160 °C, which can be asso-
ciated with water evaporation and initial evaporation of the
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Fig. 2 TGA curves of the as-obtained ZnO NPs and samples a, b, and
c

EG. Maximal weight loss occurs in the range of 170-210 °C,
due to EG and GLY evaporation. The boiling point of EG is
around 195-198 °C, while GLY starts boiling at 182 °C. A
maximal weight loss of 89% was recorded at 260 °C.
However, the TGA profile of the composite A (20:80)
shows that the weight loss occurred at lower temperatures.
Once the ZnO colloidal solution and the SiO, sol were
mixed, the hydrolysis of the ethoxy groups (SiOC,Hs)
could be carried out by the EG and GLY. Ravaine et al. [34]
prepared silicates by mixing TEOS with polyethylene gly-
col (PEG). From chemical analysis and weight measure-
ment, they determinate that the reaction between tetracthoxy
groups and PEG produces polyethylene oxide. Stefinescu
et al. [35] studied the interaction among TEOS and different
polyols (EG, 1-2 propane diol, 1-3 propane diol, and
GLY), they demostred the formation of different species
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depending on the polyol. In this regard, ethoxy groups can
react with EG to form ethylene oxide (C,H4O):

SiOC,Hs+C,HO, — SiOH+C,HsO0H+-C,H40 (1)

while the reaction between the ethoxy groups and glycerol
could create glycidol (C3HgO5):

SiOC,;Hs+C3HgO3; — SiOH+C,Hs0H+-C3HO, (2)

The initial boiling points of ethylene oxide and glycidol are
around 11 and 62 °C, respectively. This could explain why a
weight loss of 10% occurred at 52 °C instead of 160 °C, as
was observed with the bare ZnO colloidal solution. More-
over, the greater the silica concentration, the greater the
weight loss. For example, at 170 °C, a weight loss of 58.7,
62.8, and 68.5% occurred in samples A, B, and C, respec-
tively. Considering that the volume of the ZnO solution was
constant (1 mL) and that the volume of the SiO, sol
was increasing in samples A (2.5mL), B (3.6 mL), and C
(5.7mL), it is possible that in sample A, the hydrolysis of
the ethoxy groups (SiOC,Hs) was completed with a small
concentration of EG and GLY, while for sample C (with the
highest concentration of ethoxy groups) most of the EG and
GLY molecules reacted, showing a greater weight loss, at
170 °C (Fig. 2).

3.2 Structural and morphological analysis

In order to confirm the formation of ZnO@SiO, composites
and study the effects of heat treatment temperatures on
particle size and crystallinity, morphological analyses were
carried out on sample A (20:80), heat treated at 170 °C for
4h and 210°C for 1.5h (see Fig. 3a-b and d—e, respec-
tively). It can be seen that both samples show quasi-
spherical ZnO particles (black zones) well confined in the
protective silica matrix (grey). For the sample annealed at
170 °C, the ZnO particle diameter was around 7—10 nm, but
as the temperature increased to 210 °C, the particle size
increased slightly, to ~10-13 nm; furthermore, the lattice
fringes are more defined (Fig. 3d), indicating a greater
crystallinity of the ZnO NPs. Fig. 3c, f show the lattice
fringes with interplanar distances of 0.279 and 0.265 nm,
determined by Fourier transform and corresponding to the
(100) and (002) planes of the hexagonal wurzite structure,
as reported by [15, 23, 36].

3.3 Photoluminescence

The luminescent properties of the as-synthesized colloidal
solution and the ZnO NPs @SiO, composite powders were
evaluated. The luminescent properties of the composites
were evaluated as a function of the annealing treatment in
the range of 150-210 °C for different lengths of time. Fig. 4
shows the room PL excitation and the emission spectra of
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the as-prepared colloidal ZnO NPs. The emission spectrum
shows a bright blue emission centered mainly at 440 nm
under 357-nm excitation, and no UV emission was recorded
in the spectrum; which is observed only in highly crystalline
samples [11, 37]. Although the visible emission of ZnO
NPs is not completely understood, usually it is related to
transitions from point defects such as V,, V,,, O;, Zn;, and
O,, [10, 16]. It has been reported that the energy level of
Zn; consists of a shallow donor level located about 0.35 eV
below the conduction band, and that it is responsible for the
blue emission, such that one electron trapped in the Zn; and
a hole in the V,, can recombine [15, 17, 38]. The inset
photograph shows the bright blue emission of the ZnO
colloidal solution; it was taken 3 months later of synthe-
sized under a 365 nm UV lamp.

According to the effective mass model developed by
Brus [9], the crystallite size can be calculated from the peak
wavelength of the excitation spectra by using the Eq. 3.

h? 11 1.8¢2
EQDS — Ebulk . _ _ _ 3
8 st 2D \m; + m;, 2megeD (3)

where Eg" is the bulk bandgap (3.37 eV), & is the Planck
constant,g is the permittivity of free space, ¢ is the relative
permittivity of ZnO, and m, = 0.24m, and m;, = 0.45m, are
the effective mass of the electrons and the effective mass of
the holes, respectively [9, 14]. Based on the excitation
spectra (Fig. 4), the calculated crystallite size is around
5-6 nm.

Figure 5 shows the excitation spectra of samples A and C
annealed at 170 and 210 °C for 4 h and 1.5 h, respectively,
under an emission wavelength of 440 nm. For reference, the
excitation spectrum of the ZnO colloidal solution is inclu-
ded. In the graphs, a red shift is observed as the temperature
rises from 170 to 210 °C indicating agglomeration and
particle growth. This red shift is no larger than 20 nm and
12 nm for samples A and C, respectively. The lower shift in
sample C can be attributed to higher silica concentration
compared to that in sample A, this assumption is based on
the transmission electron microscopy (TEM) images
(Fig. 3), where it is observed a non-complete isolation of
each ZnO NP into the silica matrix and with the rise of
temperature the nearest particles begin to agglomerate,
giving place to the particle growing. Besides, with a higher
SiO, concentration, it is expected a bigger dispersion of the
ZnO NPs, therefore their protection against agglomeration
and growth particle even at high temperatures (210 °C) is
enhanced. Hagura et al. [14] reported a red shift of 14 nm
when samples were annealed from 50 to 75 °C, due to a low
silica concentration.

With the Brus model, the crystallite sizes of samples A,
B, and C were also calculated from their respective exci-
tation spectra. According to the HRTEM images of sample
A annealed at 170°C for 4h and 210°C for 1.5h, the
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Fig. 3 TEM images of sample A
annealed at 170 °C a-c and at
210°C d-f

crystallite size is about 57 nm and 10-13 nm, respectively,
this sizes values are in agreement with the size calculated by
the Brus model with size around 7.3 and 12.1 nm, respec-
tively (Table 2). As expected the ZnO particle growth in
samples A, B, and C is bigger when annealed at 210 °C for
1.5 h. Interestingly, the particle growth of sample C (10:90)
annealed from 170 to 210 °C is less than 2 nm. Thus, the
higher the silica concentration, the higher the protection
against agglomeration and growth particle.

In order to find the optimal synthesis conditions for
increasing the emission intensity of ZnO-NPs—/SiO,

composites, the room PL emission spectra of sample A were
determined under different annealing treatments, Fig. 6A(a).
Like the as-prepared colloidal solution, the composites
show a bright blue emission centered mainly at 440 nm; all
of the spectra were recorded under 365 nm excitation. It is
important to point out that the luminescent properties of
composite systems change significantly as a function of
temperature. When the sample was annealed at 150 °C for
4, 6, and 8 h, the emission intensity increased by 1.7, 2.2,
and 1.9 times, respectively, 6 h being the optimal time for
this temperature. This enhancement of the emission
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intensity is related to the partial evaporation of the solvents
(i.e., EG and GLY), as demonstrated by TGA, with a weight
loss of 50-60% at 150 °C (Section 3.1). Because the partial
prevention of agglomeration and growth particle, the rich
point defects Zn; and V,, on the surface and their energy
levels were not affected; as a consequence, only a blue
emission without red shift is observed even at 8h of
annealing. However, for 8 h of annealing, the solvent eva-
poration and the crystallinity increases, as shown by the
transmission electron micrographs (Section 3.2), causing a
reduction of point defect concentrations, and thus, the
emission intensity is affected.

excitation  emission

3?7

In addition, as the temperature increases from 150 to 170 °C,
less time is required for enhancing the blue emission
intensity; the emission improvement is 1.9, 2.6, and 2.4
times for 2, 4, and 6 h, respectively, as observed in Fig. 6A
(b). Only 20°C more significantly reduces the time
required. This behavior is related to faster solvent eva-
poration than occurred at 150 °C, which also is evident
upon observing the TG analyses. Moreover, the boiling
point of TEOS is around 168 °C; therefore, full poly-
merization of TEOS may have occurred at this temperature.
These conditions were established as optimal for enhancing
the emission intensity of the composite systems.

Fig. 6A(c) shows the emission spectra of the composite
annealed at 190 °C. The emission for a treatment lasting 2 h
is similar to those for a 4-h treatment at 170 °C; these 20 °C
difference reduced the time to 2h. Finally, the sample
annealed at 210 °C for 0.5 h yielded the highest intensity at
this temperature (Fig. 6A(d)), then an abrupt reduction was
observed as the time increased to 1.5h. Under these

=]
«
>
g Table 2 Crystallite size of the composite powders under different
o annealing conditions according to the Brus model
c
Annealing Sample A Sample B Sample C
conditions 20:80 15:85 10:90
Crystallite size/nm
170°C, 2h 6.95 +0.05 6.39 +0.04 6.17 +0.02
— r v r T T T 170°C, 4h 7.32+0.06 6.39 +£0.04 6.17 +£0.02
250 300 350 400 450 500 550 600
170°C, 6h 7.77 £ 0.08 6.65 +0.05 6.39 +0.04
Wavelegth / nm
210°C, 0.5h 9.50+0.2 9.30£0.15 6.95 +0.05
Fig. 4 PL excitation (leff) and emission spectra (right) of the as- 210°C, 1h 11.28 +0.63 9.30+0.15 7.32 +0.06
synthesized ZnO NPs. Inset: Direct photograph of ZnO NPs under a 210°C. 1.5h 1214412 1025+ 0.3 779 4 0.08
365 nm excitation lamp P B R R
Fig. 5 Excitation spectra of a (a) Samp|e A (b) Sample C as-obtained
sample A and b sample C ——1704h
S 20 nm 12 nm ’
annealed at 170 and 210 °C, <> P 210. 1 5h

respectively

Normalized intensity / a.u.

280 300 320 340 360 380 400
Wavelegth / nm

@ Springer

280 300 320 340 360 380 400
Wavelegth / nm



J Sol-Gel Sci Technol (2017) 82:728-738

735

Fig. 6 PL emission spectra of
the ZnO@SiO, composites. a
sample A, b sample B, and ¢
sample C. All of them under
different annealing treatments

Intensity / a.u.
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annealing conditions, the particle size calculated was about
12.14 nm (Table 2) and according to Brus [9] the lumi-
nescent properties of ZnO NPs are increased as the particle
size decreased from 10nm due to the higher surface to
volume ratio that promotes the formation of higher point
defects concentration, therefore, a lower concentration of
point defects (Zn; and V,,) on the surface promotes a
reduction in the emission intensity. It is worth mentioning
that even under these extreme conditions (210 °C, 1.5h.), a
red shift no greater than 10 nm was observed.

On the other hand, although the bare ZnO-NPs (dashed
curve) and the composite treated at 210 °C for 1.5 h (green

CIE 1931 Chromaticity Diagram

Fig. 7 CIE coordinates of the bare ZnO solution and sample A
annealed at 170 and 210 °C

Fig. 8 Maximal emission
intensities of samples a, b, and ¢
at a temperature range of
150-210°C
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curve) in Fig. 6A(d) have similar emission intensities, the
latter shows a broad emission, and, therefore, the emitted
color can be expected to be different. Figure 7 shows the
CIE coordinates for the bare ZnO solution and for sample A
annealed at 170 °C for 4 h and at 210 °C for 0.5 and 1.5 h.
The CIE coordinates confirm that as the temperature and the
residence time increased, a change in the color, from blue to
cyan, was observed as a consequence of broader emission.

The optical properties of samples B and C were also
recorded, under the same annealing conditions of sample A;
(Fig. 6b and Fig. 6c, respectively). Figure 8 shows the peak
emission intensity as a function of the temperature, time,
and silica concentrations of samples A, B, and C. The best
performance was recorded with sample A, which contained
the lowest silica concentration; however, when the silica
increased, the few luminescent particles yielded a lower
emission intensity. In sample B, an increase in the emission
intensity of two times can be observed, compared to the as-
synthesized ZnO NPs (dashed blue line), when annealing at
170 °C for 6 h, and 190 °C for 2h. At different tempera-
tures, the same tendency is observed; in samples A and B
there is a maximal point, then a decline in peak intensity,
but in sample C at 150, 170, and 190 °C no inflection point
is reached for the maximal time, due to the protection of the
silica matrix; however, at 210 °C there is a rapid decrease in
emission intensity.

Table 3 shows the emission intensity ratios of the powder
composites of samples A, B, and C, compared to the bare
ZnO NPs. As can be seen, sample A treated at 170 °C for 4
h showed an emission 2.6 times greater than that of the ZnO
colloidal solution. The CIE coordinates confirm a color shift
from blue to cyan as consequence of annealing conditions;
this is more evident in sample A than in sample C.

T=210°C
—n— A 20:80

T=170°C  T=190°C

-
1800 L

p | |
1600 -/_'\_ L
1400
1200 \

e e e e e e e e e e - — - - o
1000

I L) I 1 ] I I I I L) v I v 1

4 6 8 2 4 6 1,0 1,5 2,0 0,5 1,0 1,5

Time/h Time /h Time/h Time / h

@ Springer



J Sol-Gel Sci Technol (2017) 82:728-738

737

Table 3 Properties of the ZnO@SiO, composites

Emission ratio

CIE coordinates

sample/ZnO
bare
170°C  210°C 170°C 210°C
A 196  229Y  x=0.156, y=0.138' x=0.161, y=0.157"
2661 1.89Y  x=0.157, y=0.142" x=0.169, y=0.196"
2451 099" x=0.159, y=0.150"" x=0.172, y=0.211"
B 1.65 182" x=0.156,y=0.139" x=0.161, y=0.159"
196" 174"  x=0.157, y=0.144" x=0.161, y=0.165"
2,041 148" x=0.157, y=0.147"" x=0.163, y =0.169"
Cc 091"  1.70% x=0.157, y=0.149" x=0.157, y=0.137"
096"  143Y  x=0.158, y=0.153" x=0.158, y=0.149"
L1 12 x=0.158, y=0.155"" x=0.159, y=0.150"

i=2h,ii=4h,ili=6h,iv=05h, v=1h,vi=15h

4 Conclusions

ZnO nanoparticles were successfully confined in a silica
matrix. The composites exhibited highly stability in water
and enhanced blue emission centered at 440 nm. The pho-
toluminescent properties of the composite were influenced
by the silica concentration and the annealing treatment
conditions. As the silica concentration increased from 80 to
90 mol%, the emission decreased, which was related to the
small amount of fluorescent ZnO particles. However, a high
percentage of silica prevented red shift emission caused by
particle growth and agglomeration; as expected, maximal
red shift was observed with sample A, heat treated at 210 °C
for 1.5 h, but it was no greater than 20 nm. In TEM images
and photoluminescence excitation spectra, higher crystal-
linity and a greater particle diameter were observed in the
sample with a ratio of 20:80 annealed at 210 °C (10—-13 nm),
in comparison to the same sample treated at 170 °C (7-10
nm). Finally, the emission intensity of the 20:80 sample was
enhanced 2.6 times when annealed at 170 °C for 4 h; this
enhancement was attributed to the maximal solvent eva-
poration that occurs at 180 °C, as showed by TGA. Based
on the bright and stable blue emission without red shift of
the ZnO@SiO, composites, it is suggested their use in
optoelectronic devices such as LEDs.
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