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ABSTRACT: Here, composites including highly efficient inert shell-
modified NaYF,:Yb/Tm@NaYF, upconversion nanoparticles
(UCNPs) and CsPbl; perovskite quantum dots (PQDs) have been
successfully synthesized by the assistance of (3-aminopropyl)-
triethoxysilane (APTES) as a precursor for a SiO, matrix. UCNPs
and CsPbl; PQDs in this composite structure show excellent stability
in ambient conditions. Importantly, the efficient UC emission of
CsPbl; PQDs was realized, which means that the single red emission
of inert shell-modified UCNPs can be easily obtained by depending
on these composite structures. Furthermore, the single red emission
wavelength can be easily regulated from 70S to 625 nm by introducing
appropriate proportion of Br™ ions, which is very difficult to achieve
for traditional UCNPs. Moreover, benefiting from the efficient
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downshifting (DS) red emission of CsPbl; PQDs, the composites possess the dual-wavelength excitation characteristics. So, the
excellent dual-mode anticounterfeiting application has been demonstrated. This work will provide a new idea for the development of

perovskite-based multifunctional materials.

B INTRODUCTION

Controlling emission chromatography of trivalent rare-earth-
doped upconversion nanocrystals (UCNPs) is crucial for their
applications in the fields of sensing, biodetection, and
anticounterfeiting.l_8 Among others, Yb/Tm- and Yb/Er-
codoped NaYF, exhibit a strong blue and green emission,
respectively.””'" However, the inevitable overlap of the
emission spectrum is the bottleneck of rare-earth-doped
UCNPs, which greatly reduces the effect of the applications
of photonic markers.'> In contrast, all-inorganic lead halide
perovskite quantum dots (PQDs) possess superior optical
performance, such as large absorption cross section, high
photoluminescence (PL) quantum yields (PLQYs), and high
color purity.">~*° These make them have great potential in
promising applications including lighting, display, and
anticounterfeiting.'*' ~>* However, the stability of PQDs is
extremely poor when exposed to oxygen and water, especially
CsPbl; PQDs with red emission.”” Simultaneously, due to the
absence of intermediate energy levels and low multiphoton
absorption efficiency (<10 to 8), it is difficult to realize the
nonlinear UC emission in CsPbl; PQDs.”*** Considering the
advantages and disadvantages of these two materials,
combining these two types of materials together may be able
to solve their intrinsic drawbacks, and it is of significance to
investigate the optical mechanism of the composites containing
these two kinds of materials.

© 2021 American Chemical Society

7 ACS Publications

2649

Recently, upconversion emission in PQDs has been realized
by reabsorption from Yb/Tm:LiYF, nanoparticles (NPs) by
physical mixing in a colloidal solution, which benefits from the
superior optical properties of PQDs.”> However, physical
mixing in the colloidal state limits its practical applications.
Furthermore, Tm:NaYbF, and CsPbBr; dual-phase NPs were
embedded in glass, which realized the upconversion emission
of CsPbBr; nanocrystals (NCs).”® It is proved that the
problem of poor long-term stability of NCs can be solved by
embedding perovskite NCs into solid inorganic oxide glass. At
the same time, the photon UC of CsPbX; PQDs was realized
by mixing CsPbX; PQDs and Tm:KYDb,F; UCNPs in glass,
which endows PQDs with long-term stability against
decomposition.”” However, the research on the composite of
PQDs and UCNPs is still in its infancy. To our knowledge, the
composite of UCNPs and CsPbl; PQDs embedded in the SiO,
matrix has not been reported.

In this work, (3-aminopropyl)triethoxysilane (APTES) has
been slowly hydrolyzed to form the silica protection matrix for
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PQDs and UCNPs. In this way, the composites including
highly efficient NaYF,:Yb/Tm@NaYF, UCNPs and CsPbl,
PQDs have been formed. Also, the silica matrix can greatly
improve the stability of CsPbl; PQDs in ambient conditions.
More importantly, the UC single red emission of CsPbl; PQDs
was realized. Moreover, the single red emission wavelength can
be easily regulated from 705 to 625 nm by anion exchange,
which is very difficult to achieve in UCNPs. Moreover,
benefiting from the dual-wavelength excitation characteristics,
the composite has been successfully applied to dual-mode
anticounterfeiting.

B EXPERIMENTS

Chemicals. NaOH (AR), NH,F (AR), methanol (AR), ethanol
(AR), hydrochloric acid (AR), and 1-octadecene (ODE, AR) were
purchased from Sinopharm Chemical Reagent Co., Ltd., China. Pbl,,
PbBr,, Y,0;, Yb,03, and Tm,0O; with the same purity of 99.99% and
Cs,CO; (99.9%), oleic acid (OA, 90%), oleylamine (OLA, 90%),
cyclohexane, and (3-aminopropyl)triethoxysilane (98%, APTES) were
provided by Aladdin, China.

Synthesis of CsPbl; and CsPb(Br,l); PQDs. First, a cesium
oleate precursor solution was prepared. Cs,CO; (0.8 g), 2 mL of OA,
and 20 mL of ODE were placed in a three-necked flask and degassed
for 10 min. The solution was then heated to 120 °C under a N, flow
atmosphere with constant stirring for 40 min until a clear solution was
obtained. Next, Pbl, (0.376 mmol), OLA (1 mL), OA (1 mL), and
ODE (15 mL) were added to another flask and stirred under purging
N, flow. The temperature was kept at 120 °C for 1 h until the
adequate dissolution of Pbl,. Then, the temperature was increased to
a required value of 160 °C, the as-prepared Cs-oleate (1 mL) was
swiftly injected, and just after 30 s, the solution was cooled down to
room temperature by an ice bath. The PQDs were purified by
centrifugation and then dissolved in 4 mL of cyclohexane. Different
amounts of PbBr, were added to synthesize CsPb(Br,1); PQDs using
the same method.

Synthesis of Core/Shell NaYF,Yb/Tm@NaYF, UCNPs. The
NaYF4:Yb/Tm cores were prepared via a typical solvothermal
method as described in our previous work.”® The doped
concentrations of Tm*" and Yb** ions were kept as 0.5 and 20 mol
%, respectively. The same method was used to fabricate core/shell
NaYF,:Yb/Tm@NaYF, UCNPs, in which the preprepared NaY-
F,:Yb/Tm cores dispersed in 4 mL of cyclohexane were added to the
solution before the addition of 10 mL of methanol solution and kept
at room temperature for 10 min. The samples were purified and
dispersed in 4 mL of cyclohexane.

Synthesis of PQD/UCNP Composites. The procedure of the
synthesis of PQD/UCNP composites was similar to the synthesis of
PQDs, and the experimental details can be found in Supporting
Information. After the adequate dissolution of Pbl, and PbBr,, the
appropriate amounts of NaYF4:Yb/Tm@NaYF, UCNPs were added
to the solution. In addition, 50 uL of OA and 1 mL of APTES were
slowly added to the flask before the temperature was increased to 160
°C. When the resulting solution was cooled down to room
temperature by an ice bath, the flask was exposed to air and stirred
for 1 h in a water bath (60 °C and 50% humidity) for hydrolysis; the
PQDs and UCNPs were well encapsulated in an organic silica matrix
formed by silanization.

Characterization. The morphologies of the samples were
characterized by transmission electron microscopy (TEM) (JEOL-
JEM-2100, JP). High-resolution TEM (HRTEM) imaging, energy-
dispersive X-ray (EDX) analysis, and elemental mapping were
performed by an energy dispersion detector operating at 200 kV.
Crystalline characteristics of the samples were also analyzed by X-ray
diffraction (XRD) with Cu Ka radiation (4 = 1.5406 A). The
absorption spectra were measured using a Shimadzu UV-3101PC
scanning spectrophotometer. The PL/upconversion luminescence
(UCL) spectra and decay lifetimes were measured using an
Edinburgh fluorescence spectrometer (FLS1000). PLQYs and
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upconversion quantum yields (UCQYs) were measured by integrating
an integrating sphere in the fluorescence spectrometer. All of the
measurements were carried out at room temperature. The photo-
graphs were taken with a digital camera without any ornament.

B RESULTS AND DISCUSSION

The morphologies of all as-synthesized samples were first
characterized by transmission electron microscopy (TEM). As
shown in Figure la and the inset, CsPbl; PQDs show a typical
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Figure 1. (3, b) Typical transmission electron microscopy (TEM)
images of the as-synthesized CsPbl; PQDs and NaYF,:Yb/Tm@
NaYF, UCNPs, respectively; the insets show the size distribution of
the PQDs and UCNPs; (c—e) TEM and high-resolution TEM
(HRTEM) images of the PQD/UCNP composites encapsulated by
SiO,; (f) energy-dispersive X-ray (EDX) spectroscopy and (g)
corresponding EDX elemental mapping of the composites; (h) XRD
patterns of the pure CsPbl; PQDs, NaYF,:Yb/Tm@NaYF, UCNPs,
and PQD/UCNP composites with a molar ratio of 1:0.25. The
standard data of NaYF; (JCPDS No. 16-0334) and CsPbl; (JCPDS
No. 18-0376) are also given for reference.

cubic shape, and the average size is about 15.4 nm. Uniformly
distributed hexagonal particles were observed for NaYF,:Yb/
Tm cores and core/shell NaYF,:Yb/Tm@NaYF, UCNPs, as
shown in Figures 1b andS1. The sizes of core/shell structured
UCNPs (42.1 nm) were obviously larger than that of
NaYF,:Yb/Tm cores (36.3 nm). As for the composites,
CsPbl; PQDs were successfully encapsulated in SiO, together
with the core/shell structured UCNPs (Figures 1c andS2), and
the PQDs were mainly gathered around the surface of UCNPs,
as shown in Figure 1d. In addition, these two kinds of
nanoparticles both good crystallinity, as evidenced by two clear
different lattice fringes observed in the high-resolution
transmission electron microscopy (HRTEM) image (Figure
le); the lattice fringes with an interplanar distance of 0.45 nm
were assigned to the (100) crystal planes of the UCNPs, and
another interplanar distance of 0.43 nm belonged to the (110)
planes of CsPbl; PQDs. The chemical compositions of the
composites sample were analyzed by energy-dispersive X-ray
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Figure 2. (a) Absorption (black) and photoluminescence (PL) spectra (red) of CsPbl; PQDs; the insets show the upconversion luminescence
(UCL) spectrum for the core/shell NaYF,:Yb/Tm@NaYF, UCNPs; (b) UCL spectrum of the PQD/UCNP composites with varying PQD
concentrations under 980 nm laser excitation; (c) fluorescence decay dynamics of PQD/UCNP composites with varying CsPbl; PQD
concentrations by monitoring the emissions at 705 nm under 980 nm excitation; the inset shows PL decays of the as-synthesized CsPbl; PQDs; (d)
UCL decays from 'D, of Tm** by monitoring the emissions at 450 nm in PQD/UCNP composites with different PQD concentrations under 980
nm excitation; (e) schematic representation of the radiative energy transfer upconversion (RETU) processes in the PQD/UCNP composites; and
(f) PLQYs/UCQYs of the composite samples under UV—near-infrared (NIR) excitation as a function of the storage time.

(EDX) elemental mapping (Figure 1f) and EDX spectroscopy
(Figure 1g); all of the expected signals of Cs, Pb, I, Na, Y, F,
Yb, Tm, Si, and O elements were identified. The raw atomic
ratio data obtained by EDX analysis is shown in Table S1. The
results confirmed the uniform distribution of Si and O in the
samples, and the PQDs and UCNPs were successfully
encapsulated in the silica matrix.

The results of the X-ray diffraction (XRD) measurements
are depicted in Figure 1h. All of the diffraction peaks of the
core/shell UCNPs matched well with the standard pattern of
hexagonal NaYF, (JCPDS No.16-0334), indicating pure phase
and high crystallinity of the resulting UCNPs. In addition, the
cubic structure of the PQDs can be further confirmed
compared with the standard pattern of cubic CsPbl; (JCPDS
No. 18-0376). For the composite sample, diffraction peaks for
both PQDs and UCNPs can be observed and the signals for
PQDs dominate, which is because the XRD pattern of the
composites was tested at 1:4 of UCNPs and CsPbl; QDs,
namely, the number of UCNPs was relatively few in the
composites. Moreover, the appearance of a broad wave at 20—
30° illustrates the formation of amorphous SiO,, correspond-
ing to the EDX and TEM images. All of the above results
confirm the successful synthesis of the SiO,-coated PQD/
UCNP composites in our experiment.

Figure 2a depicts the optical absorption and PL spectra (A
= 365 nm) of pure CsPbl; PQDs. Large absorption cross
sections in the ultraviolet (UV) and visible spectral regions
were confirmed, and therefore, the intense emission peak at
about 705 nm with a bandwidth of 43 nm could be attributed
to the exciton recombination of CsPbl; PQDs. A stokes shift of
20 nm was observed between the emission peak and the
absorption peak. In addition, the inset of Figure 2a shows that
the prepared core/shell UCNPs exhibited bright blue
luminescence emission under the excitation of a 980 nm CW
diode laser, which included a set of intense sharp and typical
upconversion luminescence (UCL) emission peaks from Tm?*".
However, the UCL intensity was much lower for NaYF,:Yb/
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Tm cores due to the surface quenching effect, as presented in
Figure S3. Therefore, the core/shell structured UCNPs were
selected as the excitation light source to excite the
luminescence emission of the PQDs in this work. The UC
QY of NaYF,:Yb/Tm@NaYF, UCNPs was measured, and the
value was 12%. To investigate the optimal utilization of
emission from UCNPs, the PQD/UCNP composites with
varying PQD concentrations (the molar ratio of UCNPs and
PQDs varies from 1:0.5 to 1:4) were successfully synthesized,
and the UCL spectra under 980 nm laser excitation are given
in Figure 2b. With increasing concentration of PQDs, the
emission at 705 nm for CsPbl; QDs enhanced gradually, while
the emission peak of Tm?" vanished gradually, implying an
efficient energy transfer from the UCNPs to PQDs. The much
larger absorbance across CsPbl; QDs in the UV region leads to
a much faster decrease of the emission intensities at 347 and
362 nm than that of the blue emissions at 450 and 477 nm. It
should be noted that the UV and blue emissions almost
queued absolutely when the molar ratio of UCNPs and PQDs
reached 1:4, which means that the good upconversion of single
red emission for the PQD/UCNP composites has been
realized.

The fluorescence decay dynamics were investigated to gain
more insights into the energy-transfer process. As shown in
Figure 2¢, the UCL decays from CsPbl; PQD/UCNP
composites’ emissions under 980 nm excitation present a
single exponential behavior. All of the UCL lifetimes of CsPbl;,
PQDs were determined to be about hundreds of microseconds
and were independent of the concentration of CsPbl; PQDs
(Table S2). However, the PL decay curves of pure CsPbl,
PQD:s (inset of Figure 2c) can be well fitted with biexponential
functions by the formula'’

I(t) = Lexp(—t/7) + Lexp(—t/7)) (1)

The average PL lifetime of CsPbI3 PQDs was calculated to
be 222.26 ns (Table S3), which is much shorter than their
UCL lifetimes of exciton emissions in PQD/UCNP
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Figure 3. (a) XRD patterns of the composites using CsPb(Br,I); PQDs with varying halide compositions; (b) optical absorption spectra of
CsPb(Br,I); PQDs with varying halide compositions; the inset shows the corresponding Tauc plots of (ahv)* versus hv; (c) PL spectra of the
CsPb(Br,I); PQDs with varying halide compositions upon excitation by 365 nm UV light; (d) UCL emission spectra of the CsPb(Br,I); PQD/
UCNP composites under 980 nm laser excitation; (e) PL decay curves of the CsPb(Br,1); PQDs upon excitation by a 365 nm picosecond laser; (f)
evolution of the PL decay lifetimes, UCL lifetimes of the exciton recombination, and the calculated energy transfer efficiency versus halogen

component in CsPb(Br,I); PQD/UCNP composites.

composites. In addition, the UCL lifetimes of Tm>" emission at
450 nm also keep almost unchanged (about 600 us) with
varying PQD concentrations under 980 nm excitation (Figure
2d and Table S2). The above results indicate that the
upconverted exciton emission from the PQD/UCNP compo-
sites is governed by a radiative photon reabsorption process
rather than a nonradiative Forster resonance energy transfer
(FRET) because FRET always results in a decrease in the
lifetime of the energy donor by imposing an additional
relaxation channel on the donor.”> As schematically illustrated
in Figure 2e, the Yb®" ions were first excited by NIR (980 nm)
excitation and then the energy was transferred to Tm*" ions to
obtain UC emission. These emission lights can be reabsorbed
by red PQDs due to the large absorption cross section.”
Therefore, the upconversion emission can be realized by
photon emission through exciton recombination. Furthermore,
the stability of the composites was largely improved due to the
excellent protective effect of SiO,, as depicted in Figure 2f; the
PLQYs of the pure PQDs can maintain more than 80% after 60
days with an initial value of 87% during atmospheric
environment monitoring. Likewise, the absolute upconversion
quantum yields (UCQYs) for the composite sample only
decrease by about 10% in ambient conditions. Furthermore,
the pure CsPbl; QDs and the composites were put into two
glass vials containing the same amount of ultrapure water, and
the antiwater stability was monitored. The results showed that
the antiwater stability of the composite structure is greatly
improved compared with that of the bare CsPbl; QDs (Figure
S4).

To realize upconversion single red emission with a tunable
wavelength, CsPb(Br,I); PQD/UCNP composites with
varying halide compositions were further prepared (the
molar ratios of UCNPs and PQDs were fixed as 1:4). XRD
patterns shown in Figure 3a confirmed the continuous increase
of Br™ anions without destroying the crystal structures. The
diffraction peaks for PQDs gradually shift toward larger angles,
implying the fact that the larger I” ions in PQDs are gradually

2652

substituted by the smaller Br~. Optical absorption spectra
(Figure 3b) of the PQDs and the related Tauc plots (inset of
Figure 3b) showed that the band edges shift to the higher
energy side with increasing Br~ concentration. The absorbance
in the UV and visible spectral regions reduced somewhat,
especially when the ratio of Br/I reached 1:1. The PL spectra
recorded in Figure 3c indicate that the as-prepared CsPb-
(Br,I); PQDs can yield single red emissions with a tunable
wavelength from 625 to 705 nm under UV (365 nm) light
excitation, which is consistent with the results of PQDs
reported previously.’® Also, the PLQYs of PQDs with different
atomic ratios of Br to I are shown in Figure SS.
Furthermore, the UCL emission spectra of the CsPb(Br,I),
PQD/UCNP composites are shown in Figure 3d. As expected,
the characteristic emissions assigned to exciton recombination
of the CsPb(Br,I); PQDs were dominant in the UCL spectra.
However, the emissions of Tm** were selectively quenched. In
other words, the UV and blue emissions vanished gradually
with increasing I” ions due to the intensifying absorbance of
the PQDs in this region, but the red emissions at 648 and 700
nm cannot be absolutely absorbed or even cannot be absorbed
in accordance with their absorption spectra. Whatever, the
upconversion red emission from CsPb(BrI); PQDs was
obtained and the wavelength can be tuned by adjusting the
ratio of halogen elements. The PL decay curves of the
CsPb(Br,I); PQDs were fitted by a biexponential function
(Figure 3e). The obvious decrease of the effective lifetimes
from 222.26 to 130.27 ns with increasing Br~ concentration
was observed (Table S3). Although the UCL lifetimes of the
CsPb(Br,I); PQD/UCNP composites have the same varying
tendency with different halogen element ratios (Figure 3f and
Table $4), the apparently lengthened UCL lifetimes in contrast
to the original PL lifetimes further confirm the radiative
photon reabsorption process in the PQD/UCNP composites.
In addition, the energy transfer efficiency (") defined as the
ratio of photon numbers absorbed by PQDs (n,,) to the total
photon numbers with energies larger than the band edge of
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PQDs (#,,) in pure UCNPs can be calculated from the UCL
emission spectra using the following formula®

Tm Tm
ET _ L~ =1
Tm
I 2)
where I;™ and I}™ represent the integrated intensities of the

UCL of Tm®" with frequencies above the band edges of
CsPb(Br,I); PQDs in the pure UCNPs and PQD/UCNP
composites, respectively. The variation trends of calculated 75"
are also depicted in Figure 3f. The highest 7T from the
UCNPs to pure CsPbl; can be ascribed to their relatively
higher absorbance compared to CsPb(Br,I); PQDs.

Through the above analysis of the PL and UCL spectra, it
can be concluded that the PQD/UCNP composites encapsu-
lated in SiO, can be simultaneously excited by routine UV light
and near-infrared (NIR) light. Moreover, the stability was
dramatically improved due to the protective effect of SiO,,
even though the composites were dried to a solid state. Figure
4a shows the luminescent photographs of the powders and

..

... 2o ..

Figure 4. (a) Luminescent photographs of the CsPbl; PQD/UCNP
composite powders and solutions upon UV and NIR light irradiation.
(b—d) Photographs of anticounterfeiting patterns printed on paper
irradiated by daylight, 365 nm UV light, and concurrent UV light and
NIR laser (980 nm), respectively.

solutions upon UV and NIR light irradiation. Benefiting from
the dual-wavelength excitation characteristics of the compo-
sites, the promising application of anticounterfeiting was
proposed.

To realize the display of dual anticounterfeiting application,
uniform mixtures of ink were prepared by mixing the as-
prepared CsPbl; PQD/UCNP composites with blank screen-
printing ink, and a series of luminescent patterns were designed
and printed on a paper via the screen printing technique as
reported.”’ ~** Then, these patterns were irradiated by different
diverse excitation modes, such as daylight (Figure 4b), 365 nm
UV light (Figure 4c), and concurrent UV light and 980 nm
NIR laser (Figure 4d). Compared to the case under daylight
conditions, bright red emissions were distinctly observed when
exposed to 365 nm UV light. More importantly, in the regions
that were simultaneously irradiated by the 980 NIR laser, the
UC emission colors superpose the corresponding PL patterns,
and the pink patterns were identified. The stability of the
anticounterfeiting pattern has been monitored (Figure S6),
and the result indicates that the security pattern did not change
much after 15 days. These results confirm that stable PQD/
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UCNP composites have great potential in dual-model
anticounterfeiting and other related applications.

B CONCLUSIONS

In summary, the composites of PQDs/UCNPs coated by SiO,
were synthesized by slowly hydrolyzing the APTES capping
agent in situ. The composites possessed good stability in air.
More importantly, benefiting from the dual-wavelength
excitation characteristics, the composites were successfully
applied to dual-mode anticounterfeiting. This work indicates
that the development of perovskite-based composite materials
can provide more application space for perovskite materials.
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