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Zinc oxide quantum dots show increasing emission intensitics and decreasing band gaps
upon size reduction promoted by organosilane functionalization.
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Organosilane grafting on ZnO nanoparticles surface constitutes an appealing route towards the fabrication
of hybrid nanomaterials with tuned optical and physico-chemical properties. In this paper the synthesis,
morpho-structural characterization and optical properties of hybrid ZnO quantum dots (QDs) grafted with
variable amount (2, 5 to 10 % of Si/Zn molar ratio) of 3-(trimethoxysilyl)propylmethacrylate (MPS)
surfactant are reported. The organosilane surfactant was chosen to evaluate the ability of both preventing
nanoparticles agglomeration and tuning the optical properties of the resulting hybrid nanomaterials. The
grafted ZnO QDs were prepared through a modified precipitation method and their characterization was
performed by means of X-ray diffraction (XRD), High-resolution Transmission Electron Microscopy
(HRTEM), Fourier Transform Infrared spectroscopy (FTIR), Thermogravimetric analysis (TGA), while
their optical properties were studied by UV-VIS spectroscopy. Unmodified ZnO and MPS-grafted ZnO
QDs showed optical transmittance between 85 and 90%, and low reflectance in the visible domain, while
a significant blue-shift of the photoemission bands was observed passing from 578 nm for unmodified
ZnO to 546 nm for ZnO grafted with MPS 10%. This shift can be associated to the size reduction of ZnO
QDs upon increasing amount of MPS. A decrease of band gap energies, considering the effect of
organosilane surfactant on the nanoparticles size reduction, from 3.494 eV for unmodified ZnO to 3.377
eV for ZnO-MPS 10% was for the first time detected and discussed, giving a new insight into the
relationship between the nanoparticle size reduction promoted by an organic surfactant with electron

injection into ZnO bands and the value of band gap energy.

1. Introduction

ZnO nanoparticles are continuously gaining ground of scientific
research, reaching a high character of multidisplinarity and
demonstrating their utility in various potential applications, e.g.,
optics, electronics, optoelectronics (i.e. light emitting diodes), UV
lasers and photodetectors,1 solar cells,? and thin film transistors
(TFTs).? Over the years, this metal oxide semiconductor with a
wide bandgap (3.37 eV) and high exciton binding energy (60
meV) at room temperature, has also been investigated in many
other interesting applications, such as gas sensing,” catalysis,’ cell
labeling,® and as antifouling,” photocatalytic and antibacterial®
agents.

Many of the above mentioned applications require the control of
the properties of the nanoparticles surface. In particular, optical
and optoelectonical properties are essentially dependent on the
nanoparticle size. A crucial shortcoming that may arise when
adopting oxide nanoparticles in view of practical applications is
their tendency to agglomerate, thus making more difficult to take
advantage of their utilization in the form of very small
nanoparticles, and therefore, it is of great importance to have a
better control over their particles size and surface properties. In
the light of this, stabilization through organic functionalization of
ZnO surface nanoparticles is a useful strategy for controlling and,
eventually, suppressing their agglomeration, growth and surface
defects.'® As a matter of fact, by applying this strategic surface
grafting, it is possible to attain a significant reduction of the
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particles size to the level of quantum dots, thus allowing to tune
the optical, photoluminescent and physico-chemical properties. In
this respect, several reports dealing with ZnO surface grafting
with different organic species such as thiols,'” polymers'' and
alkylamines,12 have started to address this recent and useful trend
of surface modification.

Considering the importance of surface organo-modification,
herein we turn our attention to one promissing representative of
the organosilanes class, namely the 3-
(trimethoxysilyl)propylmethacrylate (MPS). Its reactive alkoxy
functional groups can provide strong and stable chemical bonds
with inorganic species upon hydrolysis followed by condensation
reactions. Despite this useful reactivity towards surface
modification, only few reports have described so far the synthesis
of MPS-grafted ZnO nanoparticles along with a detailed NMR
spectroscopic characterization of the structural organization of
hydrolyzed MPS molecules onto the ZnO surface.'*'"
Incorporation of very small number of organic surfactant-grafted
ZnO nanoparticles into transparent nanocomposite films for the
study of optical and photoluminescent properties can also be
found in the literature.'>'¢

Recognizing the great potentiality of MPS species to establish
stable covalent bonds upon ZnO surface grafting, with direct
influence on its structure, morphology and electronic features, we
sought to obtain and morpho-structurally characterize a new
series of MPS-grafted ZnO QDs using different Zn/Si molar
ratios (i.e., 2, 5 and 10%, respectively). A systematic study of still

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



Page 3 of 9

RSC Advances

o

S

@

G

S

&

o

&

S

unexplored optical properties on this series such as, e.g.,
transmittance, reflectance and photoluminescence, is also
undertaken. The choice of this type of organosilane surfactant is
part of our strategy to explore the tuning of optical properties
taking into account the nature of end group bound to silicon.
Moreover, silicon-based species are known to ensure upon
hydrolysis very good cohesion and adhesion when deposited as
films or layers on rigid or flexible substrates in order to achieve,
e.g., hybrid light emitting devices (HLEDs) with high stability
and transparency.

Their syntheses were conducted through a simple and non-
expensive modified precipitation method, while their
characterization was performed by means of X-ray diffraction
(XRD), high-resolution trasmission electron microscopy
(HRTEM), Fourier Transform Infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA) and elemental analysis. The
effect of variable concentration of MPS surfactant on the optical
properties was also investigated. An unexpected decrease of band
gap energy, compared with the well known effect of
nanoparticles size reduction was obtained, and thus giving a new
insight into the relationship between the value of band gap energy
and the nature of the organic surfactant that promoted the
nanoparticle size reduction.

2. Experimental Section

2.1 Materials and synthesis of ZnO QDs

Zinc acetate dihydrate (purity >98%), methanol, 3-
(trimethoxysilyl)propylmethacrylate  (purity = 98%) and
potassium hydroxide were purchased from Sigma Aldrich and
used without further purification.

ZnO QDs were synthesized according to a sligthly modified
precipitation method reported in the literature.”® For the sake of
completeness the detailed synthetic procedure is given in the
Supporting Information. The obtained samples are hereafter
labeled with ZnO-MPS x%, where x = 2, 5 and 10, respectively,
is the Si/Zn molar ratio used in the synthesis, whereas the
reference sample prepared without organic silane is simply
labeled with ZnO.

2.2 Characterization methods

X-ray diffraction (XRD) patterns were recorded on ground
powders with an Empyrean (PANalytical, the Netherlands)
diffractometer using a Cu K,; (A = 1.540598) radiation, equiped
with 2xGe(220) hybrid monochromator for Cu and PIXcel3D
detector. The analyses were performed by using Bragg-Brentano
geometry (“theta-2theta”) for angles between 10 and 80° 26
degrees with a step size of 0.04° and acquisition time on step size
of 3 s. Sample preparation: a small amount of each sample was
mounted on a single crystal silicon holder, which does not give
diffraction interferences in the analysis range for the radiation
emitted by a Cu anode. The sample was gently pressed on the
holder so that the analyzed area be flat. For the identification of
cell parameters and mean crystallite size, Rietveld refinement was
performed. The acceptance indexes considered for the refinement
are Reypecteds Rprofile, Weighted R profile and Goodness of fit,
respectively. In Table S1 (Supporting Information) relevant
crystallografic data for unmodified and MPS-modified ZnO
nanoparticles are provided.

The transmission electron microscopy images were obtained on
finely powdered samples using a Tecnai™ G2 F30 S-TWIN high
resolution transmission electron microscope (HRTEM) from FEI.
The microscope was operated in transmission mode at 300 kV
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ultrasonicated for 15 min. After that diluted sample was put onto
a holey carbon coated copper grid and left to dry before it was
analyzed through TEM.

Fourier Transform Infrared spectra (FTIR) were recorded from
4000 to 650 cm™ with a Perkin-Elmer Spectrum 100 instrument
by total reflectance on a ZnSe crystal (resolution of 4 cm™).

The elemental analyses (C, H) were performed with a Fisons
Instruments 1108 CHNS-O Elemental Analyzer. Before
performing these analyses, all the samples were dried in vacuum
(50 °C, ~ 0.1 Torr) till a constant weight was reached.
Thermogravimetric analysis (TGA) were performed under pure
air atmosphere (gas flow 25 mL/min) with a TA Instruments
TGA Q5000, heating the samples from room temperature to 700
°C at a heating rate of 5 °C/min.

The optical transmission and reflectance spectra were acquired at
room temperature with a Perkin Elmer (Lambda 35) UV-VIS-
NIR spectrophotometer, operated in air, at normal incidence, in
the 190 — 1100 nm spectral range. Specimens were prepared by
dispersing the obtained nanoparticles by sonication in
isopropanol and depositing as thin films on glass substrate by
spin coating (2000 rpm, 20s). The optical band gap energy, E,,
was estimated from the fundamental absorption edge of the
nanoparticles-based thin films, assuming a direct transition
between valence and conduction band. The values of optical band
gap were determined from the dependency of absorption
coefficient, ¢, on the photon energy, /v, given by equation (1):

) (ahv)? =A (hv - Ey)

where 4 is a parameter that depends on the transition
probability.'®>* The absorption coefficient, a, was calculated by
equation (2):

o2 2 22
o ool 4-R) +1-R)? +4R?T
d 2T

where d is the film thickness, 7 is the transmittance and R
reflectance of the investigated samples.***’

The thickness of the deposed thin films was determined by means
of MII-4 interference microscope (type Linnik) with an error not
exceeding 0.01 pm, using multiple-beam Fizeau fringe method.*
The thickness of the thin films was determined to be ca. 258 nm.
The solid state photoluminescence emission spectra were
recorded at room temperature with a Perkin-Elmer LS 45
Luminescence Spectrometer equipped with a pulsed Xe flash
lamp. The photoluminescence spectra recorded in the range 400-
800 nm range were collected for an optimal excitation
wavelength of 365 nm, where the emission responses in the case
of all samples were found to be the most intense.

3. Results and Discussion

3.1 Structure and morphology

The XRD patterns of all samples (Figure 1) show the main
diffraction peaks located at 31.6, 34.4, 36.1, 47.4, 56.4, 62.6 and
67.9° 20, assignable to the (100), (002), (101), (102), (110), (103)
and (112) planes, respectively, of wurzite structure of zinc
oxide.>’ An observation regarding the intensity and full width at
half maximum (FWHM) of main diffraction peaks, while passing
from unmodified ZnO to maximum loaded MPS-grafted ZnO
QDs, highlights the significant effect of MPS grafting on the
structure of zinc oxide nanoparticles. As such, the XRD pattern of
unmodified ZnO displays well resolved reflections, while a
progressive broadening of the diffraction peaks can be observed

with TEM point resolution of 2 A and line resolution of 1 A. The

. . in th f ZnO-MPS 2%, ZnO-MPS 59 ZnO-MPS 10%,
s finely ZnO powders were dispersed into pure ethanol and s In the case of ZnO S 2%, ZnO-MPS 5% and ZnO-MPS 10%
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respectively. This might be resulted from the size reduction
effects induced through organic silane functionalization along
with a reduction of crystallinity.
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Figure 1. XRD profiles of ZnO (a), ZnO-MPS 2% (b), ZnO-MPS
5% (c) and ZnO-MPS 10% (d).

The average crystallite size (L) of synthesized ZnO QDs was
estimated by applying the Debye-Scherrer’s equation, B(20) =
(K-A)/(L-cosb) to the (100), (102) and (110) planes, where B is
the full width at half of the maximum intensity (FWHM), A is the
X-ray wavelength, 0 is the diffraction angle and K is the
Scherrer’s constant whose value for spherical particles is 0.89.%
A progressive decrease of the estimated crystallite size passing
from 7.57 nm for unmodified ZnO QDs to 5.24, 4.34 and 4.19 nm
for ZnO QDs grafted with 2, 5 and 10%, respectively, was
evidenced.

High resolution transmission electron microscopy (HRTEM) was
employed to assess the average particles size and morphology of
ZnO samples, and their micrographs along with the
corresponding histograms are given in Figure 2. The selected area
electron diffraction (SAED) patterns of ZnO QDs were also
determined, and the corresponding results are shown in Figure S1
(Supporting Information). All the diffraction rings were attributed
to ZnO featuring the wurtzite structure in line with the XRD data.
HRTEM image of unmodified ZnO QDs (Fig. 2A) reveals nearly
spherical or ellipsoidal shapes. As indicated by the histogram
reported in Fig. 2A' (determined by measuring the diameter of
more than one hundred ZnO nanocrystals) the unmodified ZnO
QDs are characterized by particle size distribution centered at
10.67+£0.29 nm, which is slightly higher than the average size
estimated from XRD data. Quantum dots with similar
morphology can be discerned for all the organosilane-based ZnO
samples. Their HRTEM micrographs show that passing from
unmodified ZnO to organo-modified ZnO QDs the size
undergoes a significant decrease (about half) for QDs grafted
with 2% MPS, while the increase of MPS concentration to 5 and
10%, respectively, produces only small and not significant
decreases in nanoparticle size (Fig. 2B-D). Fig. 2B' shows the
histogram of ZnO-MPS 2% and the measured average diameter is
centered at 4.02+0.21 nm, which is close to the estimated value
calculated from XRD data. The histograms of ZnO-MPS 5% and
ZnO-MPS 10% (Fig. 2, C' and D') show very close values of the
average diameter that are centered at 3.86+0.09 nm and 3.8540.1
nm, respectively, and are also close to estimated values calculated
from XRD data.

In other words, the higher the organosilane concentration is, the

so smaller ZnO crystallites size and the smaller grafted ZnO QDs
are. These results demonstrate that the variable amount of MPS
introduced in the synthesis process influences not only the growth
of ZnO crystallites, but also the growth of ZnO QDs, leading to
obtaining oxide quantum dots. This explains the effect of MPS

ss by its direct participation to the condensation reaction with
Zn(OH), and ZnO species, and thus, limiting the self-
condensation of Zn(OH), for the primary ZnO crystallite growth
and then along with their agglomeration (Scheme S1, Supporting
Information).'>!
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Figure 2. HRTEM micrographs of ZnO (A), ZnO-MPS 2% (B),
ZnO-MPS 5% (C) and ZnO-MPS 10% (D); the histograms of the

es particle size of all samples are displayed in frames A', B', C' and
D', respectively.

3.2 FTIR Spectroscopy
FTIR spectroscopy was used to investigate the binding of MPS
70 molecules on the surface of ZnO QDs. The IR spectra of both
unmodified ZnO and organosilane-modified ZnO samples,
collectively gathered in Figure 3, display a broad band in the
3500-3000 cm™ range that can be assigned to the stretching
vibration of OH groups coming from residual physisorbed water
75 on the particles surface. Two strong bands located at 1566 and
1416 cm! in ZnO, at 1562 and 1420 cm’! in ZnO-MPS 2%, at
1567 and 1408 cm™ in ZnO-MPS 5%, and at 1567 and 1409 cm’

This journal is © The Royal Society of Chemistry [year]
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in ZnO-MPS 10% are assigned to the asymmetric and symmetric
stretching modes of carboxylate groups (COO’) of residual
acetate anions chemically attached on the ZnO surface during the
synthesis process, difficult to be completely removed upon even

s intense washing of the samples. Their difference, Av = v, — v{ =
150 cm” in ZnO, 142 cm™ in ZnO MPS 2%, 159 cm’ in
ZnO_MPS 5% and 158 cm™ in ZnO_MPS, respectively, most
likely indicates a bridging coordination geometry.*> On the other
hand, a decrease in the intensity of the two bands when passing

o from unmodified ZnO to ZnO-MPS 10% can be observed, due to
their (residual carboxylate groups) replacement by MPS
molecules. The broad peak at 892 cm™ can be attributed to Zn-
OH bonds formed by chemical attachment of the hydroxy groups
on the ZnO particles.

5
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Figure 3. FTIR spectra of ZnO (a), ZnO-MPS 2% (b), ZnO-MPS
5% (c) and ZnO-MPS 10% (d).

0
In the IR spectrum of free MPS (Figure S2), the bands at 1715,
1637 and 1161 cm™! are assigned to the vibrations of C=0, C=C
and C-O bonds, respectively, while in the spectra of MPS-treated
ZnO QDs the shift of C=0 stretch at 1702-1707 cm™ along with a

s minor shift of C—O stretch at 1171 cm™ confidently indicate the

successful ZnO surface functionalization through chemical

bonding. On the other hand, an increase in the intensity of these

two specific bands passing from simple ZnO to ZnO_MPS 10%

can be observed. Furthermore, the presence of a very weak C=C

stretch in the MPS-treated ZnO samples located at 1632-1638 cm’

! partially overlapped with the very strong asymmetric band of

carboxylate, may suggest that no network polymerization by

cross-linking of the pendant methacrylate end groups takes place.

Additional absorbtion bands located at 1075 and 934 cm’

s characteristic of Si—-O-C bonds in free MPS, completely
dissapear in MPS-treated ZnO samples, indicating that
condensation between the methyl groups from trimethoxysilane
moiety and the hydroxy groups on the ZnO surface has
successfully occured.*

o The bands at 2838 and 2944 cm™ belong to the aliphatic C—
H bonds present in the unhydrolized MPS, while in the MPS-
grafted ZnO samples the bands observed in the range 2800-3000
cm’ include the vibration stretchings of —CH, groups of the
propyl chain bound to silane moiety on the ZnO surface and also

s -CH; groups from both the acetate anions and methacrylate
groups. The intense peak at 812 cm’ in the free MPS is
characteristic to the symmetric stretching of Si-O-CH;, while in
the MPS-based ZnO samples it dissapears giving rise to the
complete reaction between MPS and hydrolyzed ZnO particles. A

50

55

60

65

-
S

new finely splitted and very strong band located at 878-884 cm™
that appeared in the MPS-grafted ZnO samples could indicate the
formation of both Zn—O-Si bonds during the functionalization
process and Si—O-Si bridges formed by a self-condensation of
the organosilanes used to modify the ZnO surface.'? In Figure 4 a
sketch of a simplified structural model of organosilane-treated
ZnO QDs is proposed, in which the condensed silane moieties
give the shape of a cross-linked shell with the methacrylate
groups oriented outwardly.

"

OI )
Figure 4. Proposed structural model of the organosilane-treated
ZnO nanoparticles.
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P

3.3 Thermogravimetric analysis

The thermal behavior of unmodified and organo-modified ZnO
nanoparticles was investigated by thermogravimetric analysis
(TGA), in order to assess their thermal stability and to identify
the main weight losses occuring in the samples along the heating
process. The TGA results (hereafter discussed), FTIR data and
Elemental Analyses (C, H) concurred in proposing the
stoechiometric formulae of both unmodified ZnO and MPS-
treated ZnO samples (Table S1, Supporting Information).

The TGA profile of unmodified ZnO sample (Figure 5A, curve a)
shows a first weight loss of 1.51% in the range 30 — 120 °C, due
to the evaporation of two physically adsorbed water molecules
onto the ZnO surface (theoretical weight loss: 1.53%, in close
agreement with the experimental value). A second weight loss of
0.73% in the range 120 — 220 °C can be ascribed to the evolution
of one water molecule possibly resulted from two hydroxy groups
chemically attached onto the ZnO surface (theoretical weight
loss: 0.76%). A third weight loss of 4.61% in the range 220 — 500
°C is due to the decomposition of the acetate anion that may
release acetone and carbon dioxide as already proposed by
Hiltunen et al®® (theoretical weight loss: 4.33%). The
corresponding DTG curve (Figure 5B, curve a) shows one peak at
53 °C assigned to the evaporation of physisorbed water molecules
and one set of peaks at 296, 353 and 374 °C, respectively,
assigned to a more complex thermal decomposition of the acetate
ions bound to the ZnO surface.

The TGA profile of ZnO-MPS 2% sample (Figure 5A, curve b)
shows a first weight loss of 1.18% in the range 30 — 120 °C, due
to the evaporation of two physically adsorbed water molecules

4 | Journal Name, [year], [vol], 00—00
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onto the ZnO surface (theoretical weight loss: 1.19%, in close
agreement with the experimental value). A second weight loss of
1.17% in the range 120 — 220 °C can be ascribed to the evolution
of two water molecules resulted from the condensation reaction,
promoted by heating, of two zinc(Il) hydroxide molecules
possibly present in the sample as a trace in very small amount
(theoretical weight loss: 1.19%). A further cumulative weight loss
of 6.57% in the range 220 — 500 °C can be assigned to the
decomposition of both the acetate anion and the demethylated
MPS that breaks into one propylmethacrylate (C;H;,03) fragment
and silicon dioxide (theoretical weight: 6.68%). It is well known
that the alkoxysilane group releases by thermal decomposition the
corresponding silicon dioxide (SiO,) as detected, for example, by
Musat ez al.,”® who reported on the thermal studies of sol-gel
precursors containing zinc acetate as ZnO source and
tetraethoxysilane as SiO, source. The corresponding DTG curve
(Figure 5B, curve b) shows one peak at 50 °C assigned to the
evaporation of physisorbed water molecules and one set of peaks
at 314 and 370 °C, respectively, assigned to the thermal
20 decomposition of acetate ions and demethylated MPS bound to
the ZnO surface."

100
A
98 -
96 -
X 94
— (a
=
=’ 92
Q (b)
<
90 -
88 (c)
(d)
86 T T T T T T
100 200 300 400 500 600 700
Temperature (°C)
5 B
) N Caiwe
o
&\o, .
f=
R
(]
=
2 A
@
0

r T F T 5 T Y T Y T g T T
0 100 200 300 400 500 600 700
Temperature (°C)

25 Figure 5. TGA (A) and DTG (B) curves of ZnO (a), ZnO-MPS
2% (b), ZnO-MPS 5% (c) and ZnO-MPS 10% (d).

The TGA profile of ZnO-MPS 5% sample (Figure 5A, curve c)
shows a first cumulative weight loss of 2.54% in the range 30 —
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molecules (1.02%) and three water molecules (1.52%) resulted
from the condensation reaction, promoted by heating, of two
zinc(Il) hydroxide molecules possibly present in the sample as a
trace in very small amount (theoretical weight loss: 2.57%). A
further cumulative weight loss of 9.67% in the range 220 — 500
°C is due to the decomposition of both the acetate anion and
demethylated MPS broken into two propylmethacrylate fragments
and silica (theoretical weight loss: 9.85%). The corresponding
DTG curve (Figure 5B, curve c) shows one peak at 46 °C
assigned to the evaporation of physisorbed water molecules and
one set of peaks at 313 and 368 °C, respectively, assigned to the
thermal decomposition of acetate ions and demethylated MPS
bound to the ZnO surface.'*

Finally, the TGA profile of ZnO-MPS 10% sample (Figure 5A,
curve d) shows a first cumulative weight loss of 3% in the range
30 — 220 °C, due to the removal by evaporation of three
physically adsorbed water molecules (1.07%) and five water
molecules (1.93%) resulted from the condensation reaction,
promoted by heating, of four zinc(II) hydroxide molecules
possibly present in the sample as a trace in very small amount
(theoretical weight loss: 3.1%). A further cumulative weight loss
0f 10.27% in the range 220 — 500 °C is due to the decomposition
of both the acetate anion and demethylated MPS broken into
three propylmethacrylate fragments and silica (theoretical weight
loss: 10.86%). The corresponding DTG curve (Figure 5B, curve
d) shows one peak at 50 °C assigned to the evaporation of
physisorbed water molecules and one set of peaks at 315 and 371
°C, respectively, assigned to the thermal decomposition of acetate
ions and demethylated MPS bound to the ZnO surface.'*

From an overall comparison of these TGA results, it can be
observed that all the MPS-grafted ZnO QDs contained a very low
amount of physisorbed water molecules lying in the narrowest 1 —
1.2 % range with respect to unmodified ZnO sample, thus
suggesting their remarkable hydrophobic character attained upon
successful functionalization. As far as their thermal stability is
concerned, all samples were found to be stable up to 225 °C as
determined by their decomposition onset established around this
value.

3.4 Optical properties

Figure 6 presents the optical transmittance and the reflectance
spectra in the UV-Vis-NIR wavelength region (200-1100 nm) of
the thin films based on unmodified ZnO and organosilane-
modified ZnO samples. All these films, with measured thickness
of about 258 nm, show between 85 and 90% optical transmittance
in the visible range. As compared to unmodified ZnO-based film,
a slight increase of optical transmittance of MPS-modified ZnO
nanoparticles-based thin films is observed in 400-800 nm range,
which is understandable considering the presence of organosilane
surfactant that contributes to the transparency of resulted hybrid
thin films. The increase of transmittance in the visible domain
can also be associated with the decreased size of nanoparticles
along with decreased agglomeration.

From Figure 7, one can observe a decrease of the band gap
energy of MPS-modified ZnO nanoparticles as compared to
unmodified ZnO nanoparticles. A continuous decrease was
observed with increasing the MPS concentration, from 3.494 eV
for unmodified ZnO nanoparticles to 3.377eV for 10% MPS-
modified ZnO nanoparticles. The value of 3.494 eV is
consistently higher than the value of 3.37 eV known for bulk
ZnO. These high values were also reported for zinc oxide
nanostructures.’’ The largest variation of band gap of 0.085 eV
(from 3.494 to 3.409¢V) was observed when ZnO QDs were
grafted with 2% MPS, the latter showing the largest size decrease

Page 6 of 9

30200 °C, due to the removal of two physically adsorbed water (by half) relative to the unmodified ZnO. Increasing MPS
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concentration from 2 to 5% and from 5 to 10% causes smaller
variation of 0.02 eV and 0.01 eV, respectively, in accordance
with very little change in the size of nanoparticles (Fig. 2A-D).
This nearly exponential decay might be explained by the

s composition and morphology variation of the films as a function
of the grafting concentration.®

On the other hand, functionalization of ZnO surface can also
constitute an additional factor in triggering a further increase
and/or modification of surface defects.**** As a matter of fact, a
certain type of electronic relaxation mainly causes such a broad
emission band, in which surface O%/O states are trapping inside
them the photogenerated holes. Through tunneling processes and
subsequent recombination with oxygen vacancies, these trapped

0.05 +

(chv)? [10"° em™ eV?)]

ooo/
20 22 24 26 28 30 32 34 36 38 4.0
Photon energy, hv (eV)

15 Figure 7. The plots (ahv)? versus low photon energy (hv) of ZnO
(a), ZnO-MPS 2% (b), ZnO-MPS 5% (c) and ZnO-MPS 10% (d).

A comparative study of the emission properties of both
unmodified and organosilane-modified ZnO materials was
20 performed. Photoluminescence spectra of all samples, collected
by irradiating them at 365 nm, are shown in Figure 8.
Unmodified ZnO sample shows a wide emission band centered at
ca. 578 nm, which is associated to electronic transitions of
surface defects, such as zinc and oxygen vacancies, interstitial
»s zinc and/or oxygen atoms.***" The ZnO-MPS 2% material
displays a much more intense emission band with respect to the
unmodified one, with a maximum centered at ca. 556 nm. As the
organosilane loading increases, a blue-shift and subsequent
increase of the emission intensity is observed for the highest
30 loaded ZnO-MPS 10% sample, showing the most intense
emission band with the maximum centered at 546 nm. And also
concerning the photoluminescence properties, the most important
variation in relation to unmodified ZnO sample occurs at a 2%
addition of MPS. The blue-shift of the emission bands can be
related to a decrease of the particles size of MPS-modified ZnO
samples, as already observed for organosilane-modified ZnO
samples reported in the literature.*'**
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100 4s holes are able to return into the bulk phase. Consequently, this
iT recombination promotes the emission effect in the visible
80 domain, becoming more intense for the ZnO nanoparticles with
. smaller sizes.* In Figure 9 digital photographs of both
X —(a) unmodified ZnO and organosilane-modified ZnO powders,
& 601 (b) so collected under UV irradiation at 365 nm, are shown. As
= — () expected, based on the above mentioned photoluminescence
T 404 — @ spectra, the unmodified ZnO sample shows the weakest emission,
;\3 whereas ZnO-MPS 5% and ZnO-MPS 10% samples give the
e 20 . strongest emissions.
R 28000
" 546 nm Ay =365 nm
200 400 600 800 1000 250004 552
Wavelength, 1 (nm) 20000+
=]
10 Figure 6. Optical transmittance and reflectance spectra of ZnO S 160004
(a), ZnO-MPS 2% (b), ZnO-MPS 5% (c) and ZnO-MPS 10% (d). = 1 /
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0.20 I3 /
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0.15{ —+—(c), Eg=3.387 eV 40004
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Figure 8. Solid state photoluminescence spectra of ZnO (a),
ZnO-MPS 2% (b), ZnO-MPS 5% (c) and ZnO-MPS 10% (d)
collected with an excitation wavelength of 365 nm.

In the light of these phenomena, surface modification of ZnO
nanoparticles through functionalization with the MPS
organosilane species can constitute an useful tool for tuning the
photoluminescence efficiency and emission wavelength.
Therefore, the organosilane surface functionalization during the
growth process can significantly induce the reduction of the
particles aggregation, thus promoting an augment of the number
of effective surface luminescence centers.

Figure 9. Digital photographs of ZnO (a), ZnO-MPS 2% (b),
ZnO-MPS 5% (c) and ZnO-MPS 10% (d) powders dispersed in
isopropanol under UV irradiation at 365 nm.

From the point of view of photoluminescence mechanism, it is
assumed that electron transitions from the conduction band to a
deep-trapped defect state triggers the visible emission. Generally,
in literature it is also shown that as the size of ZnO nanoparticles
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becomes smaller upon functionalization with organic surfactants,
the bandgap energy increases due to quantum size effects.'” To
the best of our knowledge, no other report deals with the
experimental determination of band gap energy for organo-
modified ZnO nanoparticles, and only mention this idea as a
generally accepted trend. As a matter of fact, our results
regarding the determination of band gap values for unmodified
ZnO and MPS-treated ZnO nanoparticles (see on Figure 7) were
found to show for the first time the reverse: size reduction of
MPS-grafted ZnO QDs brings decreased band gap energies
(Figure 10). More in detail, in the case of ZnO nanoparticles
grafted with MPS surfactant, containing in its structure oxygen
atoms possessing free electrons in their lone pairs, two opposite
effects take place at the level of ZnO electronic bands with
increasing surfactant concentration: shrinking of both valence and
conduction band due to the size decrease of ZnO nanoparticles,
and bands enlargement determined by electron injection from the
oxygen atoms (having the lone pairs) of MPS bound to the
surface of ZnO nanoparticles, respectively.

(b)

(@)

(c) (d)

A

Conduction
Band

Band gap

Energy

Valence
Band

Decreasing size

Figure 10. Schematic reppresentation of the band structures of
ZnO (a), ZnO-MPS 2% (b), ZnO-MPS 5% (c) and ZnO-MPS
10% (d).

The dark areas in valence band and conduction band in Figure 10
represent a fine splitting of energy levels populated by the
electrons injected from capping organosilanes. This splitting is
due to the quantum confinement effect that is usually specific for
quantum dots.*®

Taking into account the decrease of band gap energies with the
MPS concentration, it turns out that the bands enlargement by
electron injection compensates and even overcomes the reduction
effect of ZnO nanoparticles size. Silane coupling agents are
known as external donors or electron donors. Literature data
mention that the use of silane-coupling reagent for a strong
chemical fixation of dye on, e.g., TiO, nanoparticles, could
enhance the electron injection into nanocristaline semiconductor
particles, realizing the intramolecular energy transfer from highly
absorbing chromophor groups, and subsequently improving the
photosensitized efficiency.*’>° The lifting of HOMO (highest
occupied molecular orbital) level by incorporating donor ligands
is one of the strategies successfully applied in designing
sensitizers which absorb over the whole visible spectrum with
application in dye-sensitized solar cells and sensitized
photocatalysts for environmental purification.*’

=
=]
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S

105

With the increase of surfactant concentration, due to
nanoparticles size reduction, a limitation of the number of MPS
molecules attached onto their surface takes place. This overlap of
effects also explains the fact that the band gap reduction is not
proportional with the surfactant concentration; this reduction is
increasingly smaller at high concentration, that is, it is significant
at the 2% MPS grafting and increasingly lower at higher MPS
concentration of 5% and 10%, respectively. This unexpected
situation brings a new insight into the relationship between the
nanoparticle size reduction promoted by organic surfactant and
the value of band gap energy. The close values of band gaps for
the samples grafted with 5 and 10% organosilane, in correlation
with the photoluminescence intensities, shows that a limitation of
electron injection occurs. As a matter of fact, we have
experimentally noticed that an organosilane loading more than
10% can no longer be attained, and therefore, the saturation limit
of organosilane loading remains fixed at this percentage.

Conclusions

Hybrid organosilane-grafted ZnO quantum dots have been
fabricated upon a successful surface attachement of 3-
(trimethoxysilyl)propylmethacrylate (MPS) surfactant through a
modified precipitation method, demonstrating remarkable
hydrophobicity, high transmittance values and variable emission
intensities in the visible domain under UV irradiation. A decrease
of band gap energies, from 3.494 eV for unmodified ZnO to
3.377 eV for ZnO-MPS 10%, was detected. The 5% and 10%
MPS-grafted ZnO nanoparticles displayed the best emission
properties, constituting promissing candidates towards their
implementation as active layers into hybrid light emitting device
(HLED) for optoelectronic applications.
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