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Facile synthesis of solid-state fluorescent
organosilica nanoparticles with a
photoluminescence quantum yield of 73.3% for
fingerprint recognition and white-light-emitting
diodest
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Silicon-based fluorescent nanomaterials have attracted widespread attention in latent fingerprint
detection and white light-emitting diodes (WLEDs) due to their high photoluminescence, low toxicity
and good stability. However, it is still challenging to fabricate solid-state silicon-based nanomaterials
with a high quantum yield because of their severe emission quenching properties. Herein, one-step
hydrothermal synthesis of polymer-like coated organosilica nanoparticles (OSiNPs) with strong blue
luminescence emission by using N-[3-(trimethoxysilyl)propyllethylenediamine (DAMO), zinc chloride
and sodium citrate as precursors is reported. The self-quenching-resistant polymer-like coated
OSINP powder can be easily obtained by ethanol precipitation and oven drying, and the absolute
photoluminescence quantum yield (PLQY) can reach up to 73.3%. The possible formation mechanism
of polymer-like coated OSINPs is proposed. Because of the strong solid-state fluorescence,
the OSINP powder can be successfully applied in rapid latent fingerprint detection with enhanced
imaging on various substrate surfaces and integrated with commercial phosphor on UV chips to

rsc.li/materials-c fabricate WLEDs.

1. Introduction

Silicon-based nanoparticles (SiNPs) have attracted extensive
attention due to their special properties such as excellent
fluorescence performance, good light stability and high
abundance.'™ At the same time, compared with other types
of semiconductor QDs and organic dyes, SiNPs have low toxicity
and high biocompatibility because of the absence of heavy
metal elements, which make them suitable for applications in
the fields of solar energy, photoelectrochemistry, photocatalysis,
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sensing, and biological imaging.*™® Since Canham discovered

the photoluminescence phenomenon of porous silicon at room
temperature in 1990,'" various preparation methods of SiNPs
have emerged.'>™* So far, most of the studies have focused on
adjusting the fluorescence color and photoluminescence quantum
yield (PLQY) of SiNPs.'> However, the aggregation-induced
quenching of the fluorescence of most SiNPs limits their
application in many fields such as light emitting diodes,®
luminescent solar concentrators'”*® and biomarkers (e.g., finger-
print detection®). Therefore, it is urgent to develop a method that
can inhibit the aggregation-induced quenching of fluorescent
SiNPs so that they can maintain their fluorescence properties in
solid state for practical use.

Fingerprints with enough complexity are one of the most
widely used bases for individual identification. Fingerprints are
regarded as significant trace evidence in the judicial systems of
various countries. Potential fingerprints are not visible under
normal conditions and need to be visualized and identified
by special technologies. After a long-term study, widely
used fingerprint technologies such as the cyanoacrylate
fuming method, the small particle reagent technique and the
powdering method have been gradually developed.”* Recently, in
order to enhance the optical contrast between fingerprints and
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substrates, the application of fluorescent nanomaterials for
fingerprint recognition has become the focus of active research.
With further development, some inorganic nanoparticles such
as gold nanoparticles,*® semiconductor quantum dots (QDs)
such as CdTe quantum dots>® and magnetic nanoparticles®*
have been applied for latent fingerprint imaging. However, their
complex preparation routes, high toxicity or insufficient PLQY
hinder their wide application. Therefore, it is necessary to
develop materials with low toxicity through simple fabrication
methods with a high PLQY for clear fingerprint visualization.
Recently, WLEDs also have attracted extensive attention as
long-life and environmentally friendly light sources.>>>” WLED
lamps are usually excited by ultraviolet chips and mixed with
blue, green and red phosphors or excited by blue chips mixed
with yellow phosphors. Traditional phosphors for WLEDs are
usually made of rare earth materials or Cd-containing semicon-
ductor quantum dot materials.”® The shortage of rare earth
elements and the toxicity of Cd limit their applications in
WLEDs. Fluorescent SiNP powder with a high PLQY, adjustable
fluorescence emission, high thermal and light stability, low cost
and environmental friendliness have become new phosphors
for WLEDs. At the same time, for lighting applications, the
characteristic of narrow emission is often not suitable for obtain-
ing a high color rendering index, which makes it necessary to
prepare SiNP powder with a wide emission spectrum for WLED
applications.

To solve the aforementioned problems, polymer-like coated
OSiNPs with a broad blue emission band are synthesized
through a one-step hydrothermal method by using DAMO, zinc
chloride and sodium citrate as precursors. The fabrication
method is simple and robust. Due to the polymer-like coating,
the prepared OSiNPs can maintain strong solid-state fluores-
cence. The PLQY of blue emission is as high as 73.3%. We
demonstrated the successful application of the as-prepared
polymer-like coated OSiNPs in rapid latent fingerprint detection
and WLEDs.

2. Experimental section
2.1 Materials

Sodium citrate (98%), N-[3-(trimethoxysilyl)propyljethylenedia-
mine (DAMO, 95%) and zinc chloride (ZnCl,, >98%) were
purchased from Aladdin Chemistry Co., Ltd. Ethanol (EtOH,
>99.7%) was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Ba, Sr),Si0,:Eu®" powder, CaAlSiN;:Eu** powder and
365 nm LED chips were purchased from Looking Long Tech-
nology Co., Ltd. Epoxy resins (E51 + W93) were purchased from
Kunshan Jiulimei Electronic Materials Co., Ltd.

2.2 Synthesis of solid-state OSiNPs

Typically, 1.1587 g (4.4 mmol) sodium citrate and 0.3 g
(2.2 mmol) zinc chloride were dissolved in 4 mL of deionized
water and stirred at room temperature for 10 min. Then, 1 mL
(4.4 mmol) of DAMO was slowly added into the solution and
stirred for a few minutes to obtain a clear solution. Afterwards,
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the solution was transferred into a 10 mL Teflon-lined
stainless-steel autoclave and kept at 160 °C for 6 h. After
being cooled to room temperature, the solution was purified
using a 1000 Da dialysis bag. Then four volumes of EtOH
was added into the solution. A large amount of the precipitate
can be obtained by simple shaking and mixing. The solid-state
OSiNPs were collected by centrifugation at 8000 rpm for 3 min
and finally dried in an oven at 60 °C for 12 h.

2.3 Fabrication of the OSiNP-based WLED device

Typically, OSIiNP powder was mixed with commercial (Ba,
S1),Si0,:Eu”* powder with green fluorescence and CaAlSi-
N;:Eu®" powder with red fluorescence. Then the mixed powder
and epoxy resin glue A were stirred uniformly and integrated
into the 365 nm LED chips after adding epoxy glue B. Finally,
the WLED device can be obtained after drying at 80 °C for 3 h.

2.4 Collection and imaging of latent fingerprints

The powder method was used for the actual detection in latent
fingerprint imaging. Firstly, a volunteer was requested to rub his
or her fingers on the nose or hair and then to press the finger on
various substrate surfaces including glass, weighing paper,
aluminized paper, plastic and coin. Subsequently, OSiNP powder
was sprinkled on the surface of the latent fingerprints and the
excess powder was carefully blown away using a rubber suction
bulb. Finally, the fluorescence images were captured using
iPhone 11 under 365 nm UV light irradiation.

2.5 Characterization

Ultraviolet-visible (UV-vis) absorption spectra were obtained
using an UV-vis spectrophotometer (UV2600, Shimadzu Co.,
Tokyo, Japan) with a quartz cuvette as the container with a
10 mm optical path. Photoluminescence (PL) spectroscopy was
carried out using a fluorescence spectrophotometer (QM/TM/
NIR, Photon Technology International Co., USA). The PL emis-
sion was recorded at different excitation wavelengths in the
range of 370-650 nm. The excitation spectrum was recorded
by collecting the PL emission at 443 nm. The fluorescence
lifetimes were measured using a time-correlated single-photon
counting (TCSPC) spectrometer with a 392 nm NanoLED
laser (Horiba DeltaFlex, Jobin Yvon, France). The absolute PLQY
of the polymer-like coated OSiNP powder was measured using an
UV-NIR quantum yield spectrometer (Quantaurus-QY Plus,
Hamamatsu, Japan). Transmission electron microscopy (TEM)
was performed using a JEM-2100F electron microscope (JEOL,
Japan). The X-ray diffraction (XRD) was performed on a D8
Advance X-ray diffractometer (Bruker, Germany). Fourier trans-
form infrared (FT-IR) spectra were recorded using a FT-IR
spectrometer (Nicolet 6700, Thermo Electron Co., USA). The
X-ray photoelectron spectra (XPS) were recorded using a photo-
electron spectrometer (ESCALAB 250Xi, Thermo Electron Co.,
USA). The electroluminescence (EL) spectra of WLEDs were
measured using an HP9000 LED fast spectrum analyzer.
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Fig. 1 Schematic illustration of the synthetic route for OSINP powder.

3. Results and discussion

As shown in Fig. 1, the polymer-coated OSiNPs were fabricated
via a one-step hydrothermal route using DAMO and sodium
citrate as precursors with the assistance of zinc ions. After
dialysis, the OSiNP powder was obtained by ethanol precipita-
tion and oven drying.

3.1 Analysis of the morphology and structure of polymer-like
coated OSiNPs

The TEM image (Fig. 2a) shows that the prepared OSiNPs are
wrapped in a polymer-like structure. At a higher magnification
(Fig. 2b), it can be observed that the OSiNPs uniformly dis-
tribute in the polymer-like structure. In addition, the HRTEM
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image (Fig. 2b) shows that the polymer-like structure and most
of the NPs are amorphous. A few NPs are crystalline with lattice
stripes of ~0.19 nm corresponding to the (220) diffracting
plane of silicon, which could be attributed to the breaking of
the Si-O bond and reduction to silicon under even relatively low
intensity electron beams.?* ' Some ZnO crystals are also found
in the HRTEM image (Fig. S1, ESIt), which are most likely the
residuals from the synthesis since no signal pertaining to ZnO
is revealed by XRD (Fig. 2d).>* According to the statistical
calculation of about 100 OSiNPs, the size distribution of
OSiNPs is between 2.4 nm and 6.4 nm with an average size of
4.4 nm, as shown in Fig. 2b (inset).

To identify the structure of polymer-like coated OSiNPs,
FT-IR spectroscopy was conducted for the dried OSiNP powder
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Fig. 2
powder. (d) XRD pattern of the OSINP powder.
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(a and b) TEM and HRTEM images of polymer-like coated OSiNPs (the inset shows the size distribution of OSiNPs). (c) FTIR spectrum of the OSINP
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(Fig. 2¢). The FT-IR spectrum shows several distinct absorption
peaks in the range of 400-4000 cm ™. The stretching vibrations at
~3269 and 842 cm ' and the bending vibration at ~1585 cm™*
are assigned to the N-H bond.>?*?** The stretching vibrations of
the C-H bond occur at ~2936 and 2882 cm™".>* The absorption
at ~1390 cm ™' is assigned to the C=O stretching vibration.'®
The peaks at ~1280 cm ' and 756 cm ™' are assigned to the
stretching and bending vibrations of the Si-C bond,
respectively.>>>” The strong absorption peaks at ~1133, 1090
and 1033 cm ™" are ascribed to the stretching vibration of Si-O-Si.
The peaks located at ~1133 and 1090 cm ™ belong to the Si-O-Si
cage and the ring/network structure, respectively, and the peak at
1033 cm™ " can be attributed to the Si-O-Si chain structure.***
The absorption at 440 cm™* belongs to the bending vibration of
Si-0-5i.*¢?7*! The peaks at 688 and 544 cm ' are due to the
stretching and bending vibrations of 0-Si-0.***> In the XRD
pattern (Fig. 2d), the polymer-like coated OSiNPs display two
broad peaks. The peak at ~22° is attributed to the amorphous
silica and the peak at ~11° can be attributed to the silicone
networks.**™*> Because the OSiNPs are uniformly distributed in
the polymer-like film, the phenomenon of aggregation quenching
can be well avoided, which may be an important factor in
achieving the high solid-state fluorescence of OSiNPs.

In addition, XPS measurements were performed to further
analyze the chemical composition of the polymer-like coated
OSINP structure. As shown in Fig. 3a, the full-scan XPS spec-
trum of the OSiNP powder distinctly reveals the presence of C
1s, N 1s, O 1s, Na 1s, Zn 2p, Zn 3p, Si 2p and CI 2p. In the high-
resolution analysis, the C 1s can be fitted into five peaks at
283.5 €V, 284.6 €V, 285.4 eV, 286.4 €V and 288 eV, which are
attributed to C-Si, C-C, C-N, C-0 and C=O0, respectively,*® ™
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as shown in Fig. 3b. The N 1s band can be deconvoluted into
two peaks at 399 eV and 400.4 eV (Fig. 3c), which are assigned
to the C-N-C and C-NH,, respectively.>® The O 1s band
contains three peaks at 531.0 eV, 532.0 eV and 535.5 eV
(Fig. 3d), which are attributed to the C-O, Si-O and adsorbed free
oxygen, respectively.’”**>® The Si 2p band can be resolved into
two peaks at 101.0 and 101.8 eV (Fig. 3e), corresponding to Si-C
and Si-O, respectively.”’ > The Zn 2p band can be split into Zn
2ps/» at 1021.5 €V and Zn 2p;, at 1044.7 eV, as shown in Fig. 3f,
indicating the existence of Zn element with a +2 valence state.>

3.2 Fluorescence properties of polymer-like coated OSiNPs

The UV-vis spectrum of polymer-like coated OSiNPs dispersed
in aqueous solution shows a broad absorption ranging from
300 to 420 nm with the maximum absorption peak at
~362 nm, which could be attributed to the organic ligand on
the OSiNPs, as shown in Fig. 4a. The photographs of OSiNPs
dispersed in aqueous solution under daylight and an UV lamp
with 365 nm emission are presented in the inset of Fig. 4a. As
the excitation wavelength changes from 200 to 420 nm, the PL
intensity increases first and then decreases, with the strongest
PL emission intensity excited at 369 nm (dotted line in Fig. 4b).
The polymer-like coated OSiNPs dispersed in aqueous solution
show strong blue luminescence emission under 365 nm excita-
tion and present an emission peak at Ae;,, = 443 nm, which is
independent of the excitation wavelength, when excited with
wavelengths in the range from 350 nm to 395 nm (colored solid
lines in Fig. 4b). The transient PL intensity presents a decay
compatible with a single exponential decay curve. The fluores-
cence lifetime of polymer-like coated OSiNPs dispersed in
aqueous solution is 14.3 ns (Fig. 4c).
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Fig. 3 XPS spectra of the OSINP powder: (a) full-scan spectrum of the OSINP powder and high-resolution XPS peaks of (b) C 1s, (c) N 1s, (d) O 1s, (e) Si 2p

and (f Zn 2p
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(a) UV—-vis spectra of polymer-like coated OSINPs dispersed in aqueous solution (inset: the photos of polymer-like coated OSINPs dispersed in aqueous

solution under daylight (left) and 365 nm UV light (right)). (b) PL excitation (dotted line, Aem = 443 nm) and excitation-independent (solid line) spectra of polymer-like
coated OSiNPs dispersed in aqueous solution. (c) Fluorescence decay curves of polymer-like coated OSiNPs dispersed in aqueous solution. Red dots: experimental
data. Black dots: 392 nm lased pulse. (d) UV-vis spectra of the polymer-like coated OSINP powder (inset: the photos of the polymer-like coated OSINP powder
under daylight (left) and 365 nm UV light (right)). (e) PL excitation (dotted line, Zem = 443 nm) and excitation-independent (solid line) spectra of the polymer-like
coated OSINP powder. (f) Fluorescence decay curves of the polymer-like coated OSINP powder. Red dots: experimental data. Black dots: 392 nm lased pulse.

Unlike the self-quenching carbon dot powder, the polymer-
like coated OSiNPs powder shows strong blue fluorescence
under 365 nm UV light, as shown in the inset of Fig. 4d.>® In
addition, the OSiNP powder presents a strong absorption peak
at 404 nm. The qualitative trend of PL for the OSiNP powder
under excitation in the 350-395 nm range is similar to that for
the polymer-like coated OSiNPs dispersed in aqueous solution.
When the excitation wavelength increases, the PL intensity of
the polymer-like coated OSiNP powder increases first and then
decreases, with the maximum PL intensity observed under
excitation at 398 nm (dotted line in Fig. 4e, /ey = 444 nm).
The maximum emission intensity is recorded at 444 nm with a
broad full width at half maximum (FWHM) of ~75 nm, which
is almost the same as that for the polymer-like coated OSiNPs
dispersed in aqueous solution, as reported in Fig. 4e. By the
adjustment of the amount of sodium citrate, the absolute PLQY
of the polymer-like coated OSiNP powder can reach 73.3%
under 365 nm excitation. The PL intensity presents a single
exponential decrease. The fluorescence lifetime of the polymer-
like coated OSiNP powder is 7.6 ns (Fig. 4f), which is shorter
than that of the aqueous solution, indicating that the reso-
nance energy transfer (RET) occurs in the polymer-like coated
OSiNP powder.*®

3.3 Study of the structure of polymer-like coated OSiNPs

In order to understand the formation of the polymer-like coated
OSiNP structure, we have prepared the sample without Zn>*
under the same conditions. TEM (Fig. S2, ESIT) shows that the

1750 | J Mater. Chem. C, 2021, 9, 17461754

OSiNPs synthesized without Zn>" are not coated by the polymer-
like structure. Unlike the polymer-like coated OSiNPs, the XRD
pattern of OSiNPs synthesized without Zn** (Fig. S3, ESIY)
displays no peak at ~11° and shows only one broad peak at
~22° which indicates the absence of the silicone network
structure. Furthermore, the PL excitation and excitation-
independent spectra show that the OSiNPs synthesized without
Zn*" have blue luminescence emission under 365 nm excitation
and present an emission peak at /e, = 444 nm, as shown in Fig.
S4 (ESIt), which is almost the same as that of the polymer-like
coated OSiNPs dispersed in aqueous solution, indicating that
the polymer-like structure has a little influence on the fluores-
cence performance. Therefore, Zn>" affects the formation of the
polymer-like structure but has almost no influence on the
formation and emission properties of OSiNPs. To further
recognize the effect of Zn>" and the structure of OSiNPs, the
FT-IR spectra of OSiNPs synthesized with different amounts of
Zn*" are obtained. The FT-IR spectra (Fig. S5, ESIf) show that
the vibration of Si-O-Si at 1090 cm ™" increases and the vibra-
tion of Si-OH at 918 cm ™' decreases with the increase of the
Zn>" content (from 0 to 2.2 mmol), indicating that Zn>" pro-
motes the formation of the Si-O-Si ring/network structure,
which could be attributed to the polymer-like structure. Apart
from the two vibration peaks, the other peaks in these samples
are approximately the same. The absorption at ~1133 and
1033 cm ™' appears in OSiNPs synthesized both with and with-
out Zn>", indicating that the Si-O-Si cage and chain structures
could exist in OSiNPs.***° Through the above analysis, the NPs

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Representative fluorescence image (left panel) and magnified features (right panel) of latent fingerprint development on the aluminum foil with

the polymer-like coated OSINP powder.

are mainly composed of Si-O-Si cage and chain structures with
covalently linked fluorescent centers. The rigid structure could
weaken the intramolecular vibration and reduce the non-
radiative transition of electrons, resulting in the high fluores-
cence. The polymer-like structure can be composed of silicone
networks with the Si-O-Si ring/network structure, which could
prevent the damage of the florescent group during aggregation
and maintain a high PLQY in solid state.

3.4 Application of the polymer-like coated OSiNP powder in
fingerprint detection

Fingerprints, as human identification cards, have a very low
repetition rate. That is to say, fingerprints with different shapes

Daylight UV light

Fig. 6

and ridge widths vary from person to person. The fingerprints
have various shapes such as arched, ring-shaped, and threaded
with a ridge width of several hundred micrometers, which is
much larger than that of the nanoscale polymer-like coated
OSiNPs.>® Due to the small size, strong fluorescence and simple
preparation, the polymer-like coated OSiNP powder holds great
potential in latent fingerprint detection. The mechanism of
fingerprint detection is the same as that of conventional
powder detection, that is, the functional groups such as amide,
amine and carboxylic can interact with basic proteins or oily
substances.>® In practical applications, fingerprint identifi-
cation is usually divided into three levels.”” Patterns or bulges
are the first-level features. The second level contains more

Daylight UV light

Images of latent fingerprint development on (a) glass, (b) plastic, (c) weighing paper and (d) a coin with polymer-coated OSiNP powder under

daylight (left panel) and UV light (middle and right panels). Details from the main panels from UV irradiation are collected in the right panels, collecting

whorl and termination of the fingerprint.

This journal is © The Royal Society of Chemistry 2021
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prominent details of the fingerprint such as bifurcation and
termination and the size characteristics of the ridge are con-
sidered as the third level details including holes, path devia-
tions of the ridge, and scars. The second and third levels of
fingerprints accurately and quantitatively provide fingerprint
identification data.®® By using the as-prepared fluorescent
powder on the finger-printed aluminum foil, the three-level
features of texture of the fingerprint such as whorl, delta,
bifurcation, termination, scar and island can be clearly
observed, as shown in Fig. 5.

As shown in Fig. 6, the color of fingerprint fluorescence
appearance on different surfaces does not change, indicating
that the PL properties of the polymer-like coated OSiNP powder
are stable and not affected by the chemical properties of
different substrate surfaces. In addition, the displayed patterns
or ridges can be distinctly distinguished and the details of the
fingerprint such as bifurcation and whorl can be clearly seen.
Because of the achievement of the fingerprint imaging on
different substrates with very high resolution and contrast in
ridge and space, the prepared polymer-like coated OSiNP
powder can realize fingerprint visualization on different sub-
strates without post-processing.

3.5 Application of the polymer-like coated OSiNP powder in
WLEDs

Due to their high solid-state PLQY, a broad FWHM and no
excitation-dependent properties, the polymer-like coated
OSiNPs can be used for WLED devices. In this work, we mixed
the powder with the commercial green silicate powder ((Ba,Sr),.
Si04:Eu®") and red nitride powder (CaAlSiN;:Eu®"). The WLED
has been successfully prepared by depositing the mixture on a
365 nm ultraviolet chip with epoxy resin. The fluorescence
image of the WLED and the emission spectrum at a driving
current of 20 mA are shown in Fig. 7a. The color coordinates of
the WLED are located at (0.331, 0.337), as shown in Fig. 7b,
which are comparable to those of pure white light (0.33, 0.33).
In addition, the WLED has a color rendering index (CRI) of 79.8
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(a) PL emission spectra of the OSINP-based WLED (inset: fluorescence images of the WLED). (b) CIR chromaticity coordinates of the WLED.

and the color temperature (CCT) is 5568 K. As a result, the
polymer-like coated OSiNP powder can be used as a substitute
for the commercial fluorescent blue powder to meet the
requirements of WLED displays.

4. Conclusions

In conclusion, polymer-like coated OSINPs with strong blue-
emitting solid-state fluorescence were prepared by a one-step
hydrothermal method with the assistance of Zn>*. The luminescent
OSiNPs are confined in the polymer-like matrix uniformly, which
can effectively prevent them from aggregation-induced lumines-
cence quenching. The prepared fluorescent powder had a high
PLQY of 73.3% and was successfully applied to fingerprint recogni-
tion on different substrates. The displayed fingerprint image had a
high contrast with the background and the three-level details of the
fingerprint were clearly visible. Meanwhile, due to the solid-state
fluorescence properties of polymer-like coated OSiNPs, they can be
employed for fabricating WLEDs deposited with commercial green
and red fluorescent powders on 365 nm chips. In addition, because
of its low toxicity, easy preparation and strong solid-state fluores-
cence, the polymer-like coated OSiNP powder has great potential in
photoelectric devices and biomarkers.
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