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ABSTRACT: Quantum dots have unique size-dependent properties and promising applications. However,
their use in many applications remains hindered by mechanical, thermal, and chemical instability and the
lack of viable quantum dot mass-production processes. Embedding quantum dots in matrices such as silica
counteracts the instability challenges in some applications while preserving their unique properties and
applicability. Here, we synthesize quantum dots of four different metal oxides embedded in a silica matrix in
a one-step mass-production process using flame spray pyrolysis.

1. INTRODUCTION

Quantum dots are the object of considerable interest because
of their remarkable optical and electronic properties such as
high quantum efficiency, narrow size-dependent absorption,
and luminescence windows.1−3 The quantized effect4 is most
easily observed when the crystal size is below the Bohr
diameter.3 The applications of metal oxide quantum dots range
from photocatalysis (TiO2),

5−7 ultraviolet (UV) protection
films (ZnO),8,9 gas sensing (SnO2),

10,11 to high-temperature
superconductors (CuO).12 Further, semiconducting quantum
dots have been shown to photopolymerize acrylics via free-
radical polymerization.13−15 We have recently shown that
semiconducting nanoparticles such as TiO2 and ZnO can
photopolymerize epoxy via cationic polymerization.16 The two
most major obstacles faced by quantum dots preventing the
commercialization of many of these applications are their
mechanical, thermal, and chemical instability and the lack of
viable large-scale production.17−19

The stability of quantum dots can be improved by
embedding them in amorphous matrices.18 For example,
embedding quantum dots in an amorphous carbon matrix
counteracts the aggregation and volume swelling challenges
encountered during lithiation in battery applications.17 Ge et
al.20 also embedded CuO quantum dots (1−2 nm) in a silica
matrix, which showed improved thermal stability. Further,
these amorphous matrices improve wetting and dispersion that
are critical to photocatalytic activity.21

The synthesis of quantum dots embedded in amorphous
matrices suffers from the inherent challenge of high activation
energy because of the composition and solubility of the
semiconducting particles in the amorphous matrix.18 Further,
quantum dots embedded in amorphous matrices intended for
photocatalytic applications must avoid a core−shell structure
where the semiconducting material core is hermetically sealed
by the amorphous shell, as this will eliminate surface
reactions.22 However, segregated particles with distinct

crystalline and amorphous domains exhibit high photocatalytic
activity.22

The need for viable high-volume production of quantum
dots remains unmet. Quantum dots are usually synthesized
using wet chemistry techniques that are relatively complex,
require hours, and are with a production rate in the order of
grams per day.5,9,17,18,23,24 Alternatively, flame spray pyrolysis
(FSP) is a one-step process that produces metal oxide
nanoparticles at industrial rates in the order of tons per
day.25 FSP also allows great versatility in combining different
materials. Various FSP process parameters can be used to
control particle size such as the dispersion gas and/or
precursor flow rates.26 However, precise control of the very
small crystal size required to synthesize quantum dots remains
elusive. Teleki and Pratsinis27 observed the blue shift in band
gap energy that is characteristic of the quantized effect in
titania that is thermophoretically collected at different heights
from within the flame. To the best of our knowledge, there is
currently only one publication on synthesizing ZnO particles
small enough to exhibit the quantized effect via FSP.28 In that
study, Mad̈ler et al. added silica to the precursor mixture to
provide a matrix that caps the size of ZnO crystals and
provides access to the smaller crystal size and narrower size
distribution that exists at early stages within the flame. The
coprecipitation of ZnO and silica hinders the sintering of ZnO
or its coalescence. Further, Tani et al.29 demonstrated the
thermal stability of flame-made ZnO/SiO2 particles. Here, this
approach is generalized as we demonstrate that FSP can be
used to synthesize quantum dots, embedded in a silica matrix,
of many metal oxide semiconducting materials: TiO2, ZnO
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(over a broader size range than what Mad̈ler et al. explored),
SnO2, and CuO.

2. THEORY

The exciton Bohr diameter of a semiconducting material, dBohr,
is calculated via eq 1.30,31
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where ℏ = × −1.05 10 34 J s is the reduced Plank’s constant, ε
is the dielectric constant of the material, = × −e 1.6 10 19 C is
the elementary charge, and μ is the reduced mass of the
material’s exciton.
Equation 2 governs the relationship between the crystal size

in terms of radius and band gap energy (E*).9
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where Eg is the bulk band gap energy of the material (at R→
∞). Equation 2 illustrates that the quantized effect is most
significant at sizes below the exciton Bohr diameter but still
occurs at bigger sizes. It is important to note that eq 2 has
limitations because of the assumptions it involves,18,32

particularly at sizes below 3 nm, because of a significant
increase in the electrons’ kinetic energy.33

Table 1 shows the standard properties of each of the
materials used in this study, where = × −m 9.1 10 kg0

31 is the
mass of a free electron. The exciton Bohr diameter calculated
using eq 1 and the tabulated material properties are consistent
with the values found in the literature.

3. RESULTS AND DISCUSSION
Figure 1 shows the X-ray powder diffraction (XRD) patterns of
flame-made TiO2, ZnO, SnO2, and CuO, where X is the molar
fraction of the metal oxide and the balance are silica.
Therefore, when “X” is 1, the particles are made of pure
metal oxide and contain no silica. However, particles contain
silica when “X” is smaller than 1. The XRD patterns indicate
that ZnO, SnO2, and CuO have hexagonal, tetragonal, and
monoclinic crystal structures, respectively. TiO2 has anatase
(reflection at 25°) and monoclinic (weak reflection at 15°)
crystal structures, consistent with our earlier observations,26

and traces of rutile (reflection at 30°). The XRD patterns of
flame-made TiO2 with X = 1, 0.8, and 0.7 can be used to
reliably calculate the average crystal size, d(XRD) (Table 2),
which are found to be 5.8, 3.3, and 2.3 nm, respectively. The

TiO2 average crystal size, d(XRD), decreases as the silica
loading increases (X decreases). Similarly, the XRD patterns of
ZnO, SnO2, and CuO can be used to reliably calculate average
crystal size, d(XRD), only when X = 1. Figure S1 shows the
XRD patterns of particles with X = 0.7, demonstrating that the
very small crystal sizes, which significantly broaden XRD
reflections, and the presence of amorphous silica render
calculations of the average crystal size, d(XRD), for all other
flame-made particles considered here unreliable. This challenge
was previously encountered by Tani et al. in similar flame-
made ZnO/SiO2 particles.

29 The average crystal size, d(XRD),
of flame-made TiO2, ZnO, SnO2, and CuO (X = 1) are 5.8,
28.6, 4.8, and 7.4 nm, respectively. The average crystal size,
d(XRD), of SnO2 (X = 1), 4.8 nm, is smaller than the exciton
Bohr diameter of 5.4 nm.
Table 2 also shows the Brunauer−Emmett−Teller (BET)-

equivalent particle size, d(BET), calculated from SSA measure-
ments (Table S1) via eq 3. The average particle size, d(BET),
is generally comparable to the average crystal size, d(XRD), if
not slightly bigger because of the presence of amorphous silica.
ZnO is the only exception perhaps because the flame-made
ZnO particles have a rodlike shape38 (Figure S2), while (BET)
calculations from SSA assume spherical particles (eq 3). As the
silica content increases (X decreases), the average particle size,
d(BET), decreases to a minimum, levels off, and then starts
increasing. The presence of such minima has been previously
observed in flame-made ZnO quantum dots.28 The average
particle sizes, d(BET), of SnO2 (X = 0.7, 0.5, and 0.3) and
CuO (X = 0.7, 0.5, and 0.3) are smaller than their exciton Bohr
diameters of 5.4 and 7 nm, respectively. Since the overall
particle sizes in these cases are smaller than the Bohr
diameters, certainly the crystal sizes are also smaller than the
Bohr diameters.
Figure 2 shows HR-transmission electron microscopy

(TEM) images of flame-made (a) TiO2, (b) ZnO, (c) SnO2,
and (d) CuO with X = 0.7. Figure 2a shows the lattice spacing
of both anatase (0.3 nm) and monoclinic (0.6 nm) TiO2
crystal structures consistent with our earlier observations.26

Figure 2b shows the lattice spacing of a hexagonal (0.27 nm)
ZnO crystal structure. Further, Figures 2b and S3 show the
rodlike shape of ZnO mentioned earlier. Figure 2c shows the
lattice spacing of a tetragonal (0.34 and 0.27 nm) SnO2 crystal
structure. Figure 2d shows the lattice spacing of a monoclinic
(0.26 nm) CuO crystal structure. All observed lattice spacings

Table 1. Material Properties

TiO2
(Anatase)5

ZnO
(Zincite)

SnO2
(Cassiterite)34

CuO
(Monoclinic)

ε 31 3.79 14 2535

μ/m0 1.630 0.15736 0.275 0.38137

Eg (eV) 3.2 3.236 3.6 1.537

Bohr diameter
(nm) from
literature

2 2.536 5.4 6.6−28.723

calculated Bohr
diameter (nm)
(eq 2)

2 2.5 5.4 7

Figure 1. XRD patterns of flame-made particles: (a) TiO2, CuO,
SnO2, and ZnO (X = 1) and (b) TiO2 (X = 1, 0.8, and 0.7). The
positions of the most important reflections in standard ICDD XRD
patterns of TiO2 (anatase, PDF card 00-021-1272, squares), TiO2
(monoclinic, PDF Card 00-46-1238, circles), ZnO (hexagonal, PDF
card 00-036-1451, upside triangles), SnO2 (tetragonal, PDF card 00-
041-1445, downside triangles), and CuO (monoclinic, PDF card 00-
045-0937, diamonds) are indicated.
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are consistent with the XRD patterns (Figure 1). We can
observe that in all cases, crystals are between 2 and 5 nm in
diameter, even though it is difficult to objectively quantify
crystal size using imaging techniques. Most importantly, the
HR-TEM images do not show outlier large particles normally
observed in the case of broad size distributions. Further, we do
not observe a silica coating that would be present in a core−
shell structure. Instead, we observe distinct amorphous and

crystalline domains indicating segregated particles, consistent
with Teleki’s22 observations of similar metal oxide/silica
particles made using a co-mixing FSP process.
Figure 3 shows solid-state UV−vis spectra of TiO2, ZnO,

SnO2, and CuO flame-made particles with various silica
loading. The sudden drop that appears around 3.52 eV is an
instrument artifact because of a lamp change. In all cases, as
the silica loading increases (X decreases), the absorption onset
shifts to higher energy. This blue shift is consistent with the
effect because of the quantum confinement predicted by eq 2
that becomes observable as the crystal size approaches the
exciton Bohr diameter calculated in Table 1. It is also
important to note that it would be impossible to observe this
quantized effect if the particle size distribution were too
broad.5 The inset in Figure 3d shows a photograph of flame-
made CuO with various silica loading, demonstrating that their
absorption is in the visible region. Note that the color of the
flame-made CuO particles changes from dark red in the case of
CuO (X = 1), to green in the case of CuO (X = 0.7), to blue in
the case of CuO (X = 0.1), and to almost white in the case of
CuO (X = 0.05). Finally, we observe repeatable anomalous
peaks in the spectra of CuO (X = 0.5 and 0.3) between 2 and
2.5 eV, but we are unable to determine their source.
Table 2 shows the measured and theoretical band gap

energies (E*) of the synthesized particles. The band gap
energies were measured using the exponential region of the
absorption edge, as described in the literature using UV−vis
Tauc plots (Figure 3).39 The theoretical band gap energy is
calculated via eq 2 using the average crystal size, d(XRD)
(Table 2), when XRD is reliable. The theoretical and measured
band gap energies are close, with less than 6% (max 0.2 eV)
difference for all flame-made particles without silica (X = 1).
Further, the measured band gap energies of flame-made TiO2
with X = 0.8 and 0.7 are also consistent with the theoretical
values and exhibit a quantized effect (3% error, 0.1 eV

Table 2. Size and Band Gap Energy

crystal and particle sizes (nm) band gap energy (eV)

material d(Bohr) (nm) X d(XRD) d(BET) d(UV−vis) calculated measured

TiO2 2 1 5.8 5.5 2.1 3.2 3.4
0.8 3.3 5.5 2.1 3.3 3.4
0.7 2.3 5.6 1.7 3.4 3.5
0.1 9.0 0.9 4.3

ZnO 2.34 1 28.6 42.0 bulk 3.2 3.2
0.8 7.1 8.2 3.4
0.7 7.8 6.9 3.4
0.3 4.8 4.3 3.7
0.1 4.2 2.1 5.4

SnO2 5.4 1 4.8 5.4 5.2 3.8 3.8
0.7 4.7 4.0 3.9
0.5 4.9 3.7 4.0
0.3 4.9 3.0 4.2
0.2 5.6 2.7 4.3
0.1 6.4 2.2 4.7

CuO 7 1 7.4 8.9 4.5 1.6 1.7
0.9 7.8 3.3 1.9
0.7 5.5 1.8 2.7
0.5 5.5 1.7 2.9
0.3 6.1 1.6 3.0
0.2 9.6 1.6 3.0
0.1 10.3 1.4 3.5
0.05 14.3 1.4 3.7

Figure 2. HR-TEM of (a) TiO2, (b) ZnO, (c) SnO2, and (d) CuO
flame-made particles (X = 0.7). Insets in b and d are magnifications of
observed crystal structures.
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difference). In all cases, as the silica loading increases (X
decreases), the measured band gap energy increases to higher
values consistent with the quantized effect predicted by eq 2.
Table 2 shows the back-calculated crystal size, d(UV−vis),

associated with the measured band gap energy determined via
eq 2. The crystal size, d(UV−vis), is smaller than the average
particle size, d(BET), in most cases. This is because of the
presence of the silica matrix. In one case, d(UV−vis) is larger
than average particle size, d(BET). In addition to the
experimental uncertainty, this discrepancy is because d(UV−
vis) uses onset absorption stemming from the larger crystals,28

while d(BET) is an average size.40 In all cases, d(UV−vis)
decreases as silica loading increases (X decreases). The crystal
sizes, d(UV−vis), of flame-made TiO2 (X = 0.7 and 0.1), ZnO
(X = 0.1), SnO2 (X = 0.7. 0.5, 0.3, 0.2, and 0.1), and CuO (all)
are smaller than their respective exciton Bohr diameters (2,
2.34, 5.4, and 7 nm).
Porosity is an important factor affecting the particles’ ability

to catalyze surface reactions. Full adsorption BET isotherms
are collected for flame-made SnO2 (X = 1 and 0.3), which is
plotted in Figure 4a. The pore size distribution (Figure 4b)
indicates that most of the pores fall within the 25−50 nm
range. This pore size range is much larger than the particle size,
d(BET), as well as HR-TEM observations (Figure 2). This
indicates that the pores are intraparticle as a result of the
aggregation that takes place in the flame. Similar flame-made
particles of a catalytic material embedded in a ceramic matrix
have been observed to exhibit high catalytic activity because
the intraparticle pores provide direct access to the catalyst.41

Figure 5 shows the epoxy photopolymerization16 rate
initiated by flame-made TiO2 (X = 1, 0.8, 0.7, and 0.1) and

commercial P25. Flame-made TiO2 (X = 1) shows superior
photocatalytic performance as compared to commercial P25
titania, the gold standard for photocatalysis.26 The silica matrix
in flame-made TiO2 (X = 0.8 and 0.7) quantum dots slows the
reaction but does not prohibit it, indicating that the silica
matrix does not hermetically seal the semiconducting material
surface. The epoxy photocuring reaction catalyzed by flame-
made TiO2 quantum dots (X = 0.8 and 0.7) is faster than that
catalyzed by P25. The superior performance of the flame-made
TiO2 quantum dots, whether or not they are embedded in a
silica matrix, can be attributed to factors including its high
surface area (relative to 50 m2/g in P25 TiO2), the presence of
the monoclinic crystal structure,26 and improved wetting and
dispersion because of the silica matrix.21 However, the
decreasing reaction rate as the silica loading increases (X
decreases) can be attributed to the increase in the band gap
energy of the particles (Table 2 and Figure 3) beyond the
energy of light emitted by the UVA source in these
photocuring experiments, as well as the decrease in the
effective mass of TiO2. This practically eliminates the reaction
when catalyzed by TiO2 (X = 0.1), despite the very large
surface area of 282 m2/g.

4. CONCLUSIONS
We synthesized via flame silica-embedded metal oxide
quantum dots of TiO2, ZnO, SnO2, and CuO, showing that
quantum dots of any band gap energy between the dark red
side of the visible spectrum to the UVC region can be
synthesized by FSP by choosing the appropriate metal oxide
material and the silica content. Silica encapsulation enables the
use of these quantum dots in various applications requiring
higher mechanical, thermal, and/or chemical stability than
what is afforded by the matrix-free quantum dots. The silica

Figure 3. Solid-state UV−vis Tauc plots of flame-made metal oxide
semiconducting nanoparticles. (a) TiO2, (b) ZnO, (c) SnO2, and (d)
CuO (inset: photograph showing the color of the CuO particles,
courtesy of Andrew Kingsley JeyarajCopyright 2020). Figure shows
a blue shift in band gap energy as silica loading increases and X
decreases.

Figure 4. SnO2 (X = 1 and 0.3): (a) full isotherms and (b) pore size
distribution.

Figure 5. Photocatalytic activity of epoxy photopolymerization by
flame-made TiO2 (X = 0.8, 0.7, and 0.1) compared with commercial
P25 TiO2. Error bars are 90% confidence intervals (n = 6).
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matrix of the flame-made metal oxide quantum dots does not
hermetically seal the particles, allowing particle−surface
photocatalytic reactions to take place. Most significantly, the
FSP synthesis process allows the mass production of those
silica-embedded metal oxide quantum dots at an industrial
scale ready for application.

5. EXPERIMENTAL SECTION
5.1. Particle Synthesis. A solution with 0.25 mol/L total

metal concentration is prepared by diluting precursors with
xylenes (Sigma-Aldrich, Reagent grade). The precursors used
are titanium (IV) tetraisopropoxide (Sigma-Aldrich, 97%), Zn-
2-ethylhexanoate (Strem Materials, 80%), tin-2-ethylhexanoate
(Sigma-Aldrich, 92.5−100%), copper-2-ethylhexanoate (Strem
Materials, 16−19% Cu), and hexamethyldisiloxane (Sigma-
Aldrich, 98.5%) for Ti, Zn, Sn, Cu, and Si elements,
respectively. This solution is fed at 1 mL/min through the
capillary of the FSP reactor and atomized by 3.75 L/min of
oxygen. The precursor spray is ignited with a pilot flame fueled
by 1.25 L/min of CH4 premixed with 2.5 L/min of O2.
Product nanoparticles are collected on glass fiber filters (Albet-
Hahnemühle, GF 6, 25.7 cm diameter) placed in a water-
cooled stainless-steel holder with the help of a vacuum pump
(Busch, Seco SV 1040 C). Scheme 1 depicts the flame
synthesis process.

5.2. Characterization. XRD is performed on a Bruker D8
Advanced diffractometer (Cu Kα radiation, 40 kV, 30 mA,
Bragg−Brentano geometry, equipped with a Lynxeye detector,
0.02° step size, 2 s/step) in the range of 10° < 2θ < 70°. The
average crystal size, d(XRD), is calculated using the Rietveld
method.42

Specific surface areas are determined by nitrogen adsorption
(Micromeritics TriStar II) at 77 K, employing the BET
isotherm after degassing the sample in nitrogen at 150 °C for
at least 2 h. The average particle size, d(BET), in nanometer, is
calculated using eq 3 from the specific surface area measure-
ments using nitrogen adsorption.

ρ
=

×
d(BET)

6000
SSA (3)

where SSA is the specific surface area in m2/g, and ρ is density
in g/cm3. Our flame-made particles are composites of metal
oxides in silica matrix, and therefore, eq 4 is used to calculate
their densities (ρ).

ρ ρ ρ= × + − ×X X(1 )composite metal oxide silica (4)

The densities43 of TiO2 (anatase), ZnO (zincite), SnO2
(cassiterite), CuO (monoclinic), and silica are as follows:
3.79,44 5.61, 6.85, 6.31, and 2.2 g/cm3, respectively.
For porosity-related measurements, a Tristar 3000 is used to

record the full adsorption isotherm of the as-prepared powder.
The desorption isotherm is used to determine the pore size
distribution.
Solid-state UV−vis spectra are measured using a Varian

Cary 500 UV−vis spectrophotometer equipped with an
integrating sphere using samples diluted 10 times with barium
sulfate (Sigma-Aldrich, 99.99%).
TEM images with bright field is performed using a JEOL

2100 F FEG-TEM operated at 200 kV. Images are recorded
with a Gatan Ultrascan 1000 camera.
X-ray photoelectron spectroscopy (XPS) spectra are

collected using a K-Alpha Thermo Scientific spectrometer
with an Al Kα, 1486.6 eV source. An X-ray beam size with
Φ400 μm is used, and three points are measured on the sample
surface. To minimize the effect of possible charge on the
sample surface, the flood gun-generated low-energy electrons
(plus Ar+ ion) are utilized to compensate charging. The survey
scanning to provide the information of element percentage
(atom %) for all possible atoms on the sample surface is set up
at a full energy scale, pass energy of 200 eV, scanning step size
of 1 eV, dwell time of 50 μs, and is an average of three scans.
The high-resolution scanning to provide the chemical state
(bond) information for individual elements C, O, and Cu is set
up at a specific energy scale (C 1s: 274.5−298.5 eV; O 1s:
524.8−544.8 eV; Cu 2p: 920−970 eV), pass energy of 50 eV,
scanning step size of 0.1 eV, dwell time of 50 μs, and is an
average of 10 scans.
Figure S3 shows XPS spectra of flame-made copper oxide (X

= 1, 0.7, and 0.1). Peaks at binding energies of 940−945 and
965 eV exist in CuO but not Cu2O.

45 Thus, these XPS spectra
confirm that the CuO oxidation state is dominant in our flame-
made copper oxide whether silica is used or not.

5.3. Photocatalytic Activity.Mixtures (1.5 g total weight)
consisting of 1,4-cyclohexanedimethanol diglycidyl ether
(Sigma-Aldrich, technical grade), 10 wt % 1-phenylethanol
(Sigma-Aldrich, 99.5%), and 5 wt % nanoparticles are stirred
overnight and then sonicated for 30 min, while being water-
cooled (5 s on, 20 s off for a total time of 40 min, 95%
amplitude, 40 W, 100 000 J total energy) using a Vibracell
VCX 500 equipped with a cup horn. Mixtures are prepared
using commercial titania P25 (Evonik) or flame-made TiO2 (X
= 0.8). The mixtures are blade coated on microscope glass
slides using 0.0025-in.-thick Kapton tape (McMaster-Carr).
These films are radiated using a 365 nm UVA lamp (UVP, XX-
15 M), with a light intensity of approximately 2 mW/cm2 at
the surface of the films. The cure percentage is measured by
Fourier transform infrared spectroscopy in the ATR mode on
six different spots of each film using 64 scans at 1 cm−1

resolution scanning from 600 to 4000 cm−1 (Bruker Vertex
70v). Additional details have been published previously.16
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spectra of flame-made CuO (X = 1 and 0.7) (Figure S3);
BET-specific surface area (Table S1) (PDF)
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