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ABSTRACT

Rare-earth doped upconversion luminescence (UCL) is of great significance in improving the utilization of
infrared (IR) light from solar radiation, especially in the efficiency enhancement of photovoltaic (PV) cells.
However, the low level of luminescence efficiency remains a great challenge. Here, we designed NaYF,:Yb®"/
Er3+/Tm3+@T102—CQDs upconversion luminescent materials. The construction of the core-shell structure and
the loading of carbon quantum dots (CQDs) resulted in a 9-fold enhancement of upconversion luminescence and
a 3.02% enhancement of the efficiency of the photovoltaic cell. These data indicate that the construction of the
core-shell structure can effectively inhibit the surface quenching of the luminescent particles, and that the en-
ergy transfer between the carbon quantum dots and the rare earth ions has a synergistic effect on the efficiency
enhancement of the photovoltaic cell. Meanwhile, the TiO, shell layer also enables the prepared materials to
have better properties of self-cleaning and degradation of organic pollutants, which will further improve the
visible light utilization of PV cells. NaYF4:Yb%*/Er®*/Tm3* @Ti0,-CQDs provides new ideas for the practical
application of PV cell efficiency enhancement and the design of new materials.

1. Introduction

New energy is one of the key directions of research and development
in the word, and PV power generation has become the main force for the
optimization of the energy pattern [1]. Improving the efficiency of PV is
one of the focuses of current research [2]. However, during the pro-
longed use of PV modules, the accumulation of dust and pollutants can
hinder the absorption of incident light by PV cells, which in turn greatly
reduces the efficiency of PV power generation [3]. At the same time, Due
to the limitations of the photovoltaic cell bandgap, its spectral response
is in the wavelength range of 320-1100 nm, while the infrared light,
which accounts for about 43 % of solar radiation, is underutilized [4]. To
further improve the efficiency of PV, it is essential to develop an inno-
vative material to solve the problems of dust accumulation and IR
photons utilization.

Compared with the high cost of manual regular cleaning of the sur-
face of PV modules, self-cleaning materials are a more favorable choice
for surface dirt removal, which have been widely studied (such as TiO3)
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and commercialized in recent years [5]. But combining self-cleaning
materials with UCL materials that could convert IR with low-energy
photons to visible with high-energy photons has been little studied,
which will have good application potential in PV efficiency enhance-
ment [6]. UCL materials with rare-earth doping have received wide-
spread consideration for their superior properties, such as excellent
photostability, rich ladder energy levels, sharp emission lines, and large
anti-Stokes shifts [7,8]. UCL materials are widely used in many appli-
cation areas [9], including bioimaging [10], optical sensing [11], anti-
counterfeiting [7], and catalysts [12], and so on. However, low
luminescent intensity and easy quenching often limit their practical
application [13]. Thus, many strategies have been developed to improve
the intensity and efficiency of UCL, such as impurity ion doping [14],
plasma resonance [15], core-shell structure construction [16], photon
crystal [17], and dye sensitization [18,19]. Among these strategies, the
coating of inert shell in core-shell structure can reduce fluorescence
quenching and enhance UCL by effectively passivating surface defects
[20]. Huang et al. designed NaYF4Gd@NaYbF4Tm@NaYF,4
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Fig. 1. (a) Preparation process of NTC. (b) XRD, (c) SEM, (d) TEM, (e) HRTEM.

Fig. 2. (a) FT-IR spectra and (b) Raman spectra of NT, NTC-3, and NTC-7.

multilayered structure to realize upconversion with switching colors and
wide emission range [21]. Tian et al. grew a fluorinated oxygen layer
YOF: Yb3*/Er®* in situ on NaYF4:Yb>'/Er’t by high-temperature air
annealing. The shell layer suppressed surface bursting and moderated
the phonon energy of the host, resulting in an increase of more than 25-
fold in the intensity of the upconversion emission [22]. Therefore, using
self-cleaning materials as inert shell of UCL materials will achieve per-
formance coupling in terms of PV efficiency enhancement.

However, to achieve excellent luminescence properties, the con-
struction of the core-shell structure usually requires complex prepara-
tion [9]. It is feasible to optimize the properties of core-shell UCL
materials by a simple method. Carbon quantum dots (CQDs) are widely
used in photovoltaic devices, sensors and photocatalysis due to their

photoinduced electron transport and luminescence properties [23-25].
By controlling their size and surface functional groups, CQDs could emit
different wavelengths to fulfill various applications [26]. Liu et al.
synthesized red-emissive C-dots with broad absorption (300 ~ 600 nm)
and red emission (595 nm), which enabled luminescent solar concen-
trators exhibited optimized external optical efficiency (4.81 %) and
power conversion efficiency (2.41 %) [27]. Xu et al. reported an overlap
between the upconversion emission spectra of NaYF4: Yb, Tm and the
UV-visible absorption spectra of carbon dots (CDs) at ~ 360 nm, sug-
gesting that energy transfer may have occurred [28]. Coupling of CQDs
with high fluorescence properties at the surface of core-shell structure
may be an achievable way to realize effective light absorption and
excellent luminescence performance for PV efficiency enhancement.
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Fig. 3. (a) Upconversion luminescence spectra of the NYF, NT and NTC samples under 980 nm laser excitation. (b) Upconversion emission fluorescence lifetime
spectra. (¢) CIE coordinates of the emission colors of (a) samples under 980 nm excitation. (d) Down-conversion luminescence spectra of CQDs under 362

nm excitation.

Herein, we prepared NaYF,:Yb**/Er**/Tm>* @TiO,-CQDs (labeled
as NTC) by hydrothermal and calcination methods. Specifically, CQDs
are introduced to the surface of a TiO,-coated NaYF, (Yb®* as sensitizer,
Er’t and Tm3" as activator). Characterization and testing have
confirmed that NTC not only has excellent upconversion luminescence
performance, but also has good electron-hole separation ability. We
further optimized the properties of this composite and explored the
synergistic luminescence mechanism between rare-earth ions and CQDs.
Finally, we used the prepared luminescent material to form a coating on
the surface of photovoltaic modules to explore the effect on photovoltaic
efficiency and tested its self-cleaning and photocatalytic properties.

2. Experimental
2.1. Materials

Diethylenetriamine (C4H13N3), Ln(NO3)3-6H20 (Ln = Yb, Er, Tm),
Yttrium (III) Nitrate Hexahydrate (Y(NOgs)3-6H30), Sodium Fluoride
(NaF), Urea (NH2CONHy), Citric acid monohydrate (C¢HgO7-H20), Ti-
tanium tetraisopropoxide (C12H2g04Ti), and 2-Propanal ((CH3)2CHOH)
were purchased from Shanghai Titan Scientific Co., Ltd. Ethanol abso-
lute was obtained from Shanghai Lingfeng Chemical Reagent Co., Ltd.
All chemicals are not further purified during use.

2.2. Preparation of NTC nanoparticles

NaYF4Yb%*/Er®*/Tm3* (labeled as NYF) was synthesized based on a
hydrothermal method [29]. The preparation of shell (NYF@TiO5): as-
obtained 0.05 g of NYF as precursor and 0.04 mL Diethylenetriamine
were dispersed in the 42 mL of 2-Propanal and fully stirred for 10 min.
Then, 2 mL Titanium tetraisopropoxide was added under continuous
agitation and agitated continuously for an hour. The hydrothermal re-
action condition was 200 °C and the reaction time was 24 h. Finally, the
final product NYF@TiO2 (named as NT) was obtained by washing,
drying and further calcination (temperature and time: 350 °C, 2 h).

The introduction of CQDs: CQDs was synthesized based on a hy-
drothermal method [30]. The prepared NYF@TiO, was dissolved in
ethanol (solution A), CQDs was dispersed in deionized water (solution
B). Added solution B to A slowly drip and magnetically agitated to dry.
The calcination condition was 300 °C, 3 h. The final product was ob-
tained by washing and drying to get NTC-x (x = 1, 3, 5, 7). The TiO-
CQDs (labeled as TC-x (x = 1, 3, 5, 7)) microspheres without NYF were
also synthesized in a similar way. The x indicated the amount fraction of
CQDs.
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Fig. 4. The function mechanism of the synergistic UCL process in NaYF4:Yb*>/Er*"/Tm>*"@Ti0,-CQDs.

2.3. Characterization

The crystal structures of the samples were investigated by X-ray
diffractometer (XRD, D8 ADVANCE, Bruker, Germany). The surface
morphology of the samples was characterized by a high emission field
resolution scanning electron microscope (SEM, Verios G4, FEI Corpo-
ration, America). The morphology and core-shell structure were
observed on a field emission transmission electron microscope (TEM,
JEM-2100F, JEOL, Japan). The element distribution of the core-shell
structure was observed on a condenser aberration-corrected trans-
mission electron microscope (EDS, Hitachi-HF5000, Japan). The surface
valence state analysis of the samples was investigated by X-ray photo-
electron spectrometer (XPS, ESCAlab250, Thermo Fisher Scientific,
Britain). The optical absorption properties of the samples were
measured by a UV-Vis-NIR spectrophotometer (Perkin Elmer, model
LAMBDA 1050). The upconversion luminescence were measured under
980 nm excitation using a low temperature absorption spectrometer
(FLS-1000, Edinburgh, Britain). The photoluminescence (PL) was
measured by the luminescence spectrometer (model LS 55, Perkin
Elmer). The structure information of the samples was measured by an
Infrared spectrometer (Spotlight400, PE Corporation, America) and a
Raman microscope (DXR, Thermo Fisher Scientific, America). The
transient photocurrent of the samples was tested by a photo-
electrochemical workplace (CHI650b, Shanghai Chen Hua In-
struments). The light transmittance of the samples was measured by a
transmissivity test apparatus (SDR851).

2.4. Preparation of coatings and IV characteristics of PV tests

The sample was added into ethanol to form a uniformly dispersed
solution with a mass ratio of 1:100. The non-woven fabric was immersed
in the solution and then the solution was evenly coated on a clean glass
sheet by gently pressing the non-woven fabric with the hand. The glass
sheet is dried to obtain a coating with the sample. The silicon cell was
commercially available crystalline silicon solar cell (polycrystalline sil-
icon drop sheet, 4 x 4 cm). The PV cover glass coated with the sample
was placed on the silicon cell to form a mini-modules.

The I-V characteristics of PV mini-modules coated with the samples
were measured by a solar simulator (ProMoSim evo3, Strama-MPS,
Germany) with 1 sun illumination (AM1.5G, 100 mW/cm?). To study
the effect of the prepared upconversion luminescent coating on the

utilization of IR light by photovoltaic cells, we tested the coating by
placing a filter on it to filter out UV and visible light at wavelengths less
than 760 nm (details of the installation are shown in Fig. S1).

2.5. Self-cleaning and photocatalytic tests

The static contact angle of the coatings was tested using a contact
angle meter (JY-82A, Chengde Dingsheng Co., Ltd). Volatile organic
pollutants (VOCs), such as acetaldehyde, are key air pollutants for
control. We explored the photocatalytic degradation performance of the
prepared materials using acetaldehyde as the target. The adsorption and
photodegradation properties of acetaldehyde were analyzed by a gas
reaction device for flow phase. The process is as follows: the prepared
0.05 g sample was dissolved in ethanol and grinded thoroughly with an
alumina mortar. Then, the solution was absorbed by an eyedropper to
evenly apply to the clean glass (7 x 14 cm). The glass coated with
sample was placed in the gas reaction chamber for testing. The photo-
catalytic degradation of acetaldehyde was performed when adsorption
was in equilibrium. The concentration of acetaldehyde was 25 ppm and
the flow rate was 20 sccm. We use a 500 W xenon lamp as the light
source.

3. Results and discussion

The synthesis of NTC consists of three main steps (Fig. 1a). NYF
microspheres were synthesized based on the previous report [29,31].
The core-shell structure was constructed by coating a titanium dioxide
shell on the surface of UCL nanoparticles by hydrothermal and calci-
nation method. Subsequently, the CQDs were distributed in a dispersed
state on the surface of core-shell structure.

As shown in XRD pattern (Fig. 1b), the obtained NT and NTC-3 both
preserved the original crystal of Na(Y 5Ybg 39Er¢ 04)F4 and anatase TiOz
corresponding to PDF#28-1192 and PDF#21-1272. Besides, the intro-
duction of CQDs did not result in impurity peaks, and the compounds
maintained a high phase purity. This indicates the successful prepara-
tion of the composite materials. The SEM morphology image of NTC-3 is
shown in Fig. 1c. The nanoparticles are spherical with the size of 15 nm
and some grow into rods with the length of 70 nm. The morphology
image and core-shell structure are measured by TEM and HRTEM of
NTC-3 (Fig. 1d, e). The HRTEM image suggests the interlayer spaces of
0.359 nm, which matches to the main (1 01) plane of anatase TiO [30].
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Fig. 5. (a) and (b) UV-Vis-IR diffuse reflectance spectra of NT and NTC-x samples, (c) Tauc plots of NT and NTC-x samples, (d) Photoluminescence spectra of NT and

NTC-x samples under 360 nm excitation.

Besides, the interlayer spaces of 0.357 nm and 0.354 nm match to the
(001) plane of NaYF4 and the (002) plane of CQDs, respectively. The
element mappings in Fig. S2 display the existences of C, O, Ti, Y, Na, F,
Er, Yb, and Tm, which indicated a uniform distribution of elements in
the UCL nanoparticles [32].

The XPS spectra of NTC-3 is shown in Fig.S3. The survey spectrum
reveals the elemental composition of the NTC-3 sample in terms of F 1 s,
O1s,Ti2p,N1s,C1s,Yb4bandY 3d (Fig. S3a). The most abundant
elements are Ti and O, indicating that TiO; is the main constituent of the
prepared sample. However, the elements Er and Tm were not detected
because they were below the detection limit. The peaks of Ti 2p1/2 and
Ti 2p3/2 of NTC-3 were located at 464.55 eV and 458.75 eV in Fig. S3b,
respectively, which were assigned to typical TiO2 [33]. While the peaks
located at 529.95 eV and 285 eV can be assigned to O 1 s and C 1 s,
respectively (Fig. S3c, d).

To investigate the chemical bonding of the synthesized UCL nano-
particles and the chemical environment in which they are embedded, we
performed FT-IR and Raman characterization. As shown in Fig. 2a, the
peaks located at 3372 cm’l, 1616 cm’l, and 717 cm™! are ascribed to

—OH, Ti-O and Ti-O-Ti bonds, respectively [34]. And the peak located at
2333 cm™! can be attributed to the stretching vibrational absorption
peak of the accumulated double bond (C = O = C), which indicating that
the TiO3 and CQDs in the samples were connected through C = O and C-
O bonds. Compared with the peak intensities of NT and NTC-7, the
signal intensity of the NTC-3 sample is significantly weaker, which in-
dicates that the number of surface functional groups tends to increase
and then decrease with the loading of CQDs. Raman spectra of as-
prepared NT, NTC-3, and NTC-7 is shown in Fig. 2b. There are three
distinct characteristic peaks at 130.79 cm’l, 380 cm™!, and 628 cm™!,
which attributed to the Eg, Big, and Byg vibrational modes of TiO,
respectively [33].

Fig. 3a shows the upconversion luminescence spectra under a 980
nm laser excitation. From the figure, NYF absorbs photons at 980 nm
and emits visible light at 660 nm through upconversion luminescence,
which has a low intensity and a single wavelength. After coating the
TiO layer, the luminescence intensity is obviously enhanced (the
luminescence at 660 nm is enhanced by 9 times), and the wavelength
range of the photons emitted covers the ultraviolet to visible region. The
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Fig. 6. (a) Transient photocurrent tests of NT and NTC-x under xenon lamp irradiation, (b) and (c) Electrochemical impedance spectroscopy of the samples.

Table 1
Transmittance of glass substrates coated with the samples.
Sample 380 ~ 760 nm Tave (%) 760 ~ 2500 nm Tave (%) 200 ~ 380 nm Tave (%)
blank glass glass with coating blank glass glass with coating blank glass glass with coating
NT 95 95 83.1 83.1 90 90
NTC-1 95 95 83.3 83.2 90 91
NTC-3 95 95 83.4 82.9 920 89.8
NTC-5 95 95 83.3 82.4 920 89
NTC-7 95 95 83.3 82.7 90 89.9

coating effectively avoids the luminescence quenching of the upcon-
version luminescent nanoparticles caused by surface defects and resid-
ual ligands in the preparation process [35]. The introduction of CQDs
doesn’t significantly change the emission peak positions and enhances
the intensity of the 545 nm, 548 nm and 657 nm emission peaks. The
fluorescence decay lifetime at the strongest peak (666 nm) emitted by
upconversion luminescence under 980 nm excitation is shown in Fig. 3b.
The fluorescence decay lifetimes of NYF and NT at 666 nm are 191 ps
and 532 ps. The coating of TiO; shell layer effectively suppressed the
surface quenching and prolonged the fluorescence decay lifetime. Fig. 3¢
shows the CIE coordinates of the emission colors of (a) samples under
980 nm excitation. NYF emits mainly red light, while the shell coating
enhances the energy transfer at higher energy levels of Er®* and Tm>3*
ions, changing the predominant emission color to green. Fig. 3d shows

the down-conversion luminescence spectra of CQDs under 362 nm
excitation and visible light emission (the peak located at 533 nm).

The schematic diagram of the mechanism of the upconversion
luminescence system prepared in this work and energy transfer between
rare earth ions and CQDs is shown in Fig. 4. The UCL route is as follows:
the Yb>* ions absorb the excited light at 980 nm to make electrons excite
to higher level (2F7/2—>2F5/2) [36,37]. This energy is transmitted to the
neighboring activator ions (Er>* and Tm>3") that absorb the energy to
emit short-wavelength light through energy level transitions. The UCL
peaks at 408 nm, 520 nm. 538 nm. 651 nm. 666 nm are respectively
originated from the 2H9/2—>4115/2 [38]‘ 2H11/2—>4115/2‘ 453/2—>4115/2
[39,40]‘ 4111/2%4115/2‘ 4Fg/2—>4115/2 transitions of EI‘BJr ions [41,42]
The UCL peaks at 362 nm, 451 nm, 473 nm. 699 nm are respectively
originated from the 'Dy—%Hg [43] . 'Dy—3%F4. 1G4—>Hg. >F3—3Hg



S. Zhu et al.

Journal of Photochemistry & Photobiology, A: Chemistry 456 (2024) 115866

Fig. 7. J-V curves of as-prepared samples: (a) and (c) tested under sunlight, (b) and (d) tested under IR light.

Table 2
Electrical parameters of the solar cell covered with different samples under
sunlight.

Sample Jsc (mA Voc FF (%) Eff (%) overall increase
cm~?) w) (%)
Blank 7.41 2.42 72.10 12.91
glass
NT 7.40 2.42 72.08 12.92 0.08
NTC-1 7.37 2.46 72.66 13.14 1.78
NTC-3 7.38 2.46 72.91 13.22 2.40
NTC-5 7.38 2.47 72.04 13.30 3.02
NTC-7 7.39 2.46 73.03 13.31 3.10
Table 3

Electrical parameters of the solar cell covered with different samples under IR
light (>760 nm).

Sample Jsc (mA Voc FF (%) Eff overall increase
em™?) W) %) %)
Blank 2.86 2.30 73.70 4.84
glass

NT 2.79 2.31 74.51 4.80 -0.83

NTC-1 2.77 2.33 74.76 4.83 -0.21

NTC-3 2.77 2.35 75.20 4.90 1.24

NTC-5 2.77 2.34 75.11 4.88 0.83

NTC-7 2.79 2.34 74.93 4.89 1.03

transitions of Tm>* ions [44]. Through down-conversion luminescence,
CQDs can absorb 362 nm UV light and convert it into 533 nm visible
light. The 362 nm photons are exactly the ones emitted by up-converted
nanoparticles that have a detrimental effect on photovoltaic cells, as

prolonged UV exposure leads to the degradation of the performance of
photovoltaic modules and the shortening of their lifespan.

As shown in Fig. 5a, b. The NT and NTC-x exhibit the intense light
absorption in the ultraviolet section, which can be on account of charge
transport process since valence to conduction in TiOy [45,46]. A blue
shift in 350 nm for NTC-x is also clearly observed. Additionally, the
peaks at 980 nm are absorption from Yb®* [47]. The incorporation of
CQDs with higher absorption into NT nanoparticles causes a remarkable
absorption in the visible region [48].

According to Fig. 5a, the band gap energies (Eg) of the NT and NTC
samples are calculate via the Kubelka-Munk equation [45]:

phu = A(hy — E;)'? 1

The Eg values of NT (2.95 eV), NTC-1 (2.99 eV), NTC-3 (2.99 eV),
NTC-5 (2.84 eV) and NTC-7 (2.60 eV) are acquired from Fig. 5c.

The photoluminescence (PL) spectra of NT and NTC-x are presented
in Fig. 5d. The excitation light source is 360 nm. The supernal PL
emission signal of NT at 446.5 nm is owing to the quick recombination of
electrons and holes of TiO5. And the NTC-x show the junior PL release
intensity, which means that photogenerated electrons and holes are
separated and transferred more efficiently [49].

The transient photocurrent response of the samples is shown in
Fig. 6a. Compared to NT, the photocurrent response values increase with
the doped CQDs. The NTC-3 has the highest photocurrent response value
at the beginning of illumination, and decreases with the extension of
lighting time. The photocurrent response of NTC-1 is relatively high and
stable. Besides, the NTC-x have lower electrochemical impedance values
(Fig. 6b, c). The consequences indicate that NTC-x have the superior
photogenerated electrons and holes separation and migration behavior.
[50].
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Fig. 8. Contact angle of water on (a) Glass without coating, (b) Glass with NT, (c) Glass with NTC-1, (d) Glass with NTC-3, (e) Glass with NTC-5, (f) Glass with NTC-7.

The transmittance of blank glass and glass coated with the as-
prepared samples in three wavelength bands, UV light (200 ~ 380
nm), visible light (380 ~ 760 nm) and IR light (760 ~ 2500 nm), is
shown in Table 1 and Table S1. The samples covered on glass exhibited
no transmission loss in visible light, which assures that the PV cell ef-
ficiency will not be reduced after coating the samples.

Fig. 7 shows the J-V curves of the bare PV cell and the PV cell coated
with the prepared coatings in a solar simulator by testing the variation of
current density versus voltage of the PV cell. The PV cells did not show
any significant change in performance from the graphs after coating the
samples. The current density under infrared light irradiation is lower
than that under sunlight irradiation, which is related to the photon ab-
sorption band of PV cells, because the main absorption peak of light in
PV cells is visible light. And the detailed data differences will be
described in Table 2 and Table 3. The meanings of the electrical pa-
rameters involved in the table are short circuit current density (Jsc),
open circuit voltage (Voc), fill factor (FF) and efficiency (Eff) respec-
tively. The overall increase Eff of PV cell with UCL nanoparticles (NT
and NTC-1 to NTC-7) was compared to the bare PV cell covered glass
sheet without UCL. Under 1 sun illumination, the photoelectric con-
version efficiency (Eff) of PV cell is obviously improved with the in-
crease of CQDs content. Compared to NT with an efficiency of 12.92 %,
the overall efficiency of NTC-7 with an efficiency of 13.31 % is increased
3.02 % [51]. The efficiency in IR light is also significantly improved,
indicating that the upconversion luminescence of the samples can
convert IR light into visible light required by PV cell, and has a positive
effect on the improvement of PV cell efficiency.

To demonstrate the synergistic effect of rare earth and CQDs, as a
control, we tested samples with only CQDs (Table S2, S3). The results
show that the efficiency of the samples with CQDs only (CQDs and TC-x)
is lower than of the samples with rare earth and CQDs (NTC-x). The
utilization wavelength of sunlight in photovoltaic cells is mainly
concentrated in the visible light region, about 400 ~ 650 nm. Therefore,
increasing the proportion of light in this band is obviously beneficial for
improving the performance of photovoltaic cells. PV cells engaged
photons of about 500 nm emitted by NYF for photoelectric conversion.
According to the existing literature reports [52-54], CQDs can emit
photons with a peak value of about 500 nm through the down

conversion of 330 ~ 420 nm and upconversion of 590 ~ 1100 nm. At the
same time, according to the data in Table 3 and Table S3, we believe that
the ultraviolet light and red light emitted by NaYF4YbS*/Er®t/
Tm3+@TiOZ (NT) through the UCL process can be absorbed by CQDs
and converted into photons to be absorbed and utilized by PV cells. The
comparison of the data related to the overall increase in efficiency of
photovoltaic cell coated with different sample coatings can be seen directly in
Fig. S5. Thus, the luminescence synergy between NaYF,:Yb>'/Er’t/
Tm>* and CQDs allows PV cells to fully utilize those photons in the solar
spectrum that cannot be absorbed, facilitating the efficiency enhance-
ment of PV cells.

The contact angle of water droplets of the samples is shown in Fig. 8
[55]. Compared to glass without coating as shown in Fig. 8a, the contact
angle of water droplets on glass with NT and NTC-x (Fig. 8b-f) decrease
obviously [56], showing good hydrophilicity. It is easy for water spreads
on the surface and picks up the soil [57], thus achieving the self-cleaning
effect [58].

Further, the photocatalytic property was also perceived. The
adsorption and photodegradation of acetaldehyde were measured in a
continuous flow reactor system. The NT and NTC-x show excellent
photocatalytic property under xenon lamp simulates sunlight irradiation
that the degradation of acetaldehyde is more than 95 % in 1 h (Fig. S4a,
b). Therefore, the prepared NaYF4Yb3*/Er3*/Tm3*@Ti0O,-CQDs
upconversion luminescent nanoparticles not only could convert infrared
light into visible light, but also have the hydrophilicity and the ability to
remove volatile organic pollutants in the atmosphere. This not only has
practical application prospects in the efficiency enhancement of
photovoltaic cells, but also can be applied to the management of at-
mospheric pollutants to achieve multiple application effects.

4. Conclusion

In summary, we have successfully synthesized rare-earth doped TiO,
core-shell structure and coupling CQDs to form the synergistic upcon-
version luminescence nanoparticles (NaYF4Yb3*/Er®"/Tm3*@TiO,-
CQDs). The analysis reveals that the construction of core—shell structure
greatly increases the UCL intensity through surface passivation, and
mainly emits visible light (400 ~ 700 nm) under 980 nm excitation. The
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photogenerated electrons and holes of NTC-x are separated and trans-
ferred more efficiently comparing with NT. Under 1 sun illumination,
the photoelectric conversion efficiency of PV cell with the as-prepared
coatings is obviously improved (3.02 %). Besides, the material has
good hydrophilic and photocatalytic degradation of acetaldehyde,
which will be conducive to the realization of its self-cleaning perfor-
mance and atmospheric pollutants removing. These results prove that
the synergistic upconversion luminescence between rare earth and CQDs
is beneficial for further improvement of PV cell efficiency and has a good
application prospect in the green power domains.
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