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diated fluorescence emission of
MnO2 modified upconversion nanoparticles for
anti-counterfeiting

Yongling Zhang, *ab Xiang Liu,b Yuhai Wang,b Mingxing Songb

and Zhengkun Qin *b

Anti-counterfeiting ink can prevent important documents from being forged or tampered with. We

reported a strategy to improve upconversion luminescence intensity of NaYF4:18%Yb
3+,0.5%Tm3+ core

nanoparticles (NPs) by coating the NaYF4 shell. We synthesized NaYF4:18%Yb
3+,0.5%Tm3+ core NPs and

NaYF4:18%Yb
3+,0.5%Tm3+/NaYF4 core–shell NPs by high temperature thermal decomposition method.

In comparison with the core NPs, the upconversion luminescence intensity of the core–shell NPs was

enhanced by 2.3 times in the wavelength range of 445 nm to 495 nm. We designed composite

nanomaterials based on NaYF4:Yb
3+,Tm3+/NaYF4 core–shell NPs and MnO2, and synthesized

NaYF4:Yb
3+,Tm3+/NaYF4@MnO2 composite NPs by physical doping method. Here, MnO2 acts as

a quencher to quench the upconversion fluorescence of Tm3+ ions of the core–shell NPs. Afterwards,

we used the prepared product for document anti-counterfeiting. And then reducing agent (AA) can

destroy the structure of MnO2 to restore the upconversion luminescence of Tm3+ ions. We use

NaYF4:18%Yb
3+,0.5%Tm3+/NaYF4@MnO2 composite NPs as anti-counterfeiting ink to write the letter “L”.

Under ambient conditions or the irradiation of 980 nm continuous light, “L” does not emit light. After AA

is evenly applied on the letter “L”, “L” can emit blue fluorescence under the irradiation of 980 nm

continuous light. These results showed that NaYF4:Yb
3+,Tm3+/NaYF4@MnO2 composite NPs can be used

in important document anti-counterfeiting tasks to enhance information security.
1. Introduction

Important documents may be forged and tampered with by
malicious individuals during the transmission process. For
example, key statements and signatures in commercial docu-
ments are forged and tampered with by malicious individuals,
leading to legal disputes.1–3 Therefore, it is very necessary to
create a safe, effective and easy to popularize anti-
counterfeiting technique. Among many anti-counterfeiting
techniques, luminescent materials are undoubtedly the best
choice because of their unique physico-chemical and optical
properties, which can make complex patterns printed on
different substrates.4–7 Rare-earth upconversion luminescent
materials are oen chosen; they can enable conversion from
near-infrared light to visible light due to the anti-stokes effect
where two or more low-energy photons are sequentially
absorbed, and then higher-energy photons are emitted.8–11

Rare-earth upconversion luminescent materials have the
characteristics of strong photostability, long uorescence
Engineering, Jilin Institute of Chemical
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lifetime, simple synthesis method and low toxicity and stable
chemical properties, which allow us to effectively use them in
anti-counterfeiting work.12–15 Over the past few decades, anti-
counterfeiting technology based on rare-earth upconversion
luminescent materials has been researched and applied by
researchers in different degrees.16–19 Mengxiao Li's team20

proposed to coat a layer of novel uorescent carbon quantum
dots (CDs) on the surface of the synthesized NaYF4:RE

3+

nanomaterials and mixed them with poly (acrylic acid) (PAA)
aqueous solution as an anti-counterfeiting ink. They used the
anti-counterfeiting ink to print out QR codes, clover and other
patterns. These patterns can't be seen under visible light
irradiation. But blue uorescence patterns can be observed
under 365 nm UV light irradiation, and green uorescence
patterns can be observed under 980 nm continuous pump light
irradiation, so the material can be used in anti-counterfeiting
technology. Wu Wei et al.21 choose traditional screen printing
technology to deposit water-soluble NaYF4:Yb

3+,Tm3+/Er3+/
Eu3+ upconversion NPs on paper and polyethylene tereph-
thalate(PET) and made different patterns. There was no
pattern on paper. There were white patterns on PET. Under
980 nm continuous pump light irradiation, the blue, yellow-
green and green uorescence corresponding to NaYF4:-
Yb3+,Tm3+/Er3+/Eu3+ upconversion NPs can be observed on
RSC Adv., 2024, 14, 33061–33067 | 33061
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View Article Online
paper and PET, respectively. Huang Ling et al.22 prepared
NaYF4:2%Er3+,0.5%Tm3+/NaYF4 core–shell NPs by high
temperature thermal decomposition method, and made them
as anti-counterfeiting ink to write the letters “I, A, M”. Under
980 nm continuous pump light irradiation and the repetition
rate was constant at 100 Hz, the letters “I, A, M” emitted green
upconversion uorescence when the pulse time was 100 us; the
letters “I, A, M” emitted yellow upconversion uorescence
when the pulse time was 500 ms; the letters “I, A, M” emitted
red upconversion uorescence when the pulse time was 6000
us. But these anti-counterfeiting technologies are single and
easy to crack, so we have been studying a more precise anti-
counterfeiting technology, so that the anti-counterfeiting
security is stronger.

In this article, we proposed to wrap a NaYF4 passive shell
outside NaYF4:18%Yb3+,0.5%Tm3+ core NPs to improve the
luminescence intensity of NaYF4:18%Yb3+,0.5%Tm3+/NaYF4
core–shell NPs. The upconversion luminescence intensity (∼477
nm) of the NPs was enhanced by 2.3 times aer coating a NaYF4
passive shell, due to the surface luminescence quenching effect
was suppressed by wrapping the passive shell. Then we physi-
cally mixed high-luminosity core–shell NPs with MnO2 nano-
sheets to form NaYF4:18%Yb3+,0.5%Tm3+/NaYF4@MnO2

composite NPs. We found resonant energy transfer between
MnO2 and Tm3+ ions can quench the upconversion lumines-
cence of core–shell NPs. We also found that AA can disrupt the
structure of MnO2 and reduce it to Mn2+ ions, and that Mn2+

ions can't occur energy transfer with Tm3+ ions, thus restoring
the upconversion luminescence of the core–shell NPs. Finally,
we conducted the experiments about composite NPs on anti-
counterfeiting research and concluded that they can further
enhance the security of anti-counterfeiting.
2. Experimental
2.1 Chemicals

Yttrium acetate hexahydrate(Y(CH3COO)3$6H2O), Ytterbium
acetate hexahydrate(Yb(CH3COO)3$6H2O) and Thulium acetate
hexahydrate(Tm(CH3COO)3$6H2O) were purchased from Jining
Tianyi New Materials Co., Ltd, Shandong, China. Oleic acid
(OA), 1-octadecene (ODE) and ammonium uoride (NH4F) were
purchased from Alfa Aesar Co., Ltd, Shanghai, China. Sodium
hydroxide was purchased from Tianjin Guangfu Techology
Development Co., Ltd, China. Potassium hypermanganate
(KMnO4) was purchased from Tianjin Fuchen Reagent Co., Ltd,
China. Methanol (CH3OH) and ethanol (CH3CH2OH) were
purchased from Sinopharm Chemical Reagents Co., Ltd, China.
Cyclohexane (C6H12) was purchased from Chengdu Cologne
Chemical Co., Ltd, China.
2.2 Synthetic procedures

2.2.1 Preparation of NaYF4:18%Yb3+,0.5%Tm3+ core NPs.23

0.326 mmol of Y(CH3COO)3$6H2O, 0.072 mmol of Yb(CH3-
COO)3$6H2O, 0.002 of mmol Tm(CH3COO)3$6H2O, 4 mL of OA,
and 6 mL of ODE were placed into a 50 mL two-neck ask.
Under the protection of argon ow, the temperature of the
33062 | RSC Adv., 2024, 14, 33061–33067
reaction solution was raised to 150 °C and stirred for 1 hour.
Next, the reaction solution temperature was cooled to room
temperature naturally. 0.04 g of NaOH and 0.04884 g of NH4F
were dissolved in 8 mL of methanol by ultrasound. Then, the
methanol solutions of NaOH and NH4F were added to the two-
neck ask and stirred for 30 min. Aer that, the reaction system
was raised to 60 °C and stirred for 0.5 hours to remove the
methanol. The reaction solution was raised to 300 °C and kept
for 1 hour under the protection of argon gas. Finally, the reac-
tion system was cooled to room temperature and washed with
cyclohexane and ethanol for four times. The nal product was
dispersed in 4 mL cyclohexane solution.

2.2.2 Preparation of NaYF4:18%Yb3+,0.5%Tm3+/NaYF4
core–shell NPs.24,25 0.4 mmol of Y(CH3COO)3$6H2O, 4 mL of OA
and 6mL of ODEwere placed in a 50mL two-neck ask. Next, the
reaction solution was raised to 150 °C and stirred for 1 hour
under argon gas protection. The reaction solution was cooled to
room temperature naturally. Aer, 4 mL of cyclohexane solution
containing 0.4mmol NaYF4:Yb

3+,Tm3+ core NPs was added to the
reaction system. 0.04 g NaOH and 0.04884 g NH4F were added to
8 mL methanol solution until completely dissolved. Then, the
mixed solution is added dropwise to the reaction system. Aer
that, the reaction solution was raised to 60 °C and stirred for 1
hour to remove methanol. Subsequently, the reaction solution
was raised to 300 °C and kept for 1 h. Finally, the reaction
solution was cooled to room temperature and washed with
cyclohexane and ethanol for four times, the nal product was
dispersed in 4 mL ethanol solution, the core–shell NPs solution.
The concentration of the core–shell NPs solution is 1 mol L−1.

2.2.3 Preparation of MnO2 nanosheets.26 0.1 mmol of
KMnO4 was dissolved in 40 mL deionized water and stirred for
10 min, continuously. Aer the solution was poured into
a 50 mL Teon-lined autoclave. Then, the reaction system
heated to 160 °C and kept for 2 hours. Aer, the reaction system
was cooled to room temperature, the product was washed three
times with deionized water and ethanol. Finally, the product
was dissolved in 5 mL of deionized water to formMnO2 solution
with a concentration of 0.01 mol L−1.

2.2.4 Preparation of NPs@MnO2 composite NPs. 0.08 mL
of ethanol solution containing NaYF4:Yb

3+,Tm3+/NaYF4 core–
shell NPs (0.008 mmol) was added to 15 mL of deionized water
containing MnO2 solution (0.012 mmol), At room temperature.
The mixed solution was stirred for 20 minutes to synthesize the
core–shell NPs@MnO2 composite NPs. Finally, the sample was
washed with deionized water and ethanol. The sample was
dispersed in 1 mL deionized water.
2.3 Characterization

The crystal phase of the samples were measured by Model
Rigaku Ru-200b X-ray powder analyzer produced by Rigaku
Corporation Japan (l = 1.5406 Å, scanning range from 10° to
70°). Morphological of products were measured by a High
Resolution Transmission Electron Microscope (JEM-F200). Up-
conversion uorescence spectra of these products were
measured by a Hitachi F-4500 uorescence spectrometer. Anti-
counterfeiting application photos were taken by Nikon D3200.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic structure diagram of NaYF4:18%Yb
3+,0.5%Tm3+

core NPs and NaYF4:18%Yb
3+,0.5%Tm3+/NaYF4 core–shell NPs. (b)

Upconversion emission spectra of NaYF4:18%Yb
3+,0.5%Tm3+ core NPs

and NaYF4:18%Yb
3+,0.5%Tm3+/NaYF4 core–shell NPs under the

excitation of 980 nm continuous pump light. (c) The ratio of the
luminescence intensity of the upconversion emission peaks of the
core NPs and the core–shell NPs under 980 nm continuous pump
light excitation. The fluorescence decay curve of 1G4 energy level of
Tm3+ of (d) the core NPs and (e) the core–shell NPs.
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3. Results and discussion

NaYF4:18%Yb3+,0.5%Tm3+ core NPs was prepared by high-
temperature thermal decomposition method. And further
NaYF4:18%Yb3+,0.5%Tm3+/NaYF4 core–shell NPs was prepared
by a coating NaYF4 shell method. The XRD standard card of b-
phase NaYF4 (JCPDS: 16-334) is shown in Fig. 1(a). The crystal
phase of the samples was tested by using X-ray diffraction
(XRD), as shown in Fig. 1(b) and (c). We can see that all
diffraction peaks of the prepared samples can match well with
the NaYF4 standard PDF (JCPDS: 16-334) without any other
impurity peaks, exhibiting a b-phase structure, conrming that
the coating of a NaYF4 passive shell has no effect on crystal
phase of the sample. Transmission Electron Microscope (TEM)
images of NaYF4:18%Yb3+,0.5%Tm3+ core NPs and NaYF4:18%
Yb3+,0.5%Tm3+/NaYF4 core–shell NP. The TEM image of as-
prepared NaYF4:Yb

3+,Tm3+ core NPs and as-prepared NaYF4:
Yb3+,Tm3+/NaYF4 core–shell NPs are presented in Fig. 1(b) and
(c). As can be seen from Fig. 1(b), that the shapes of NaYF4:-
Yb3+,Tm3+ core NPs is hexagonal and have uniform
morphology. The average size of the as-prepared core NPs is
about 140 nm. From Fig. 1(c), it can be seen that the NaYF4:-
Yb3+,Tm3+/NaYF4 core–shell NPs is also hexagonal and the
average size of the as-prepared core–shell NPs is about 190 nm.
The above results indicate that aer coating NaYF4 shell, the
morphology of the as-prepared NPs did not change, and the
average size of the as-prepared core–shell NPs increased, with
the NaYF4 shell thickness of about 50 nm.

Fig. 2(a) is schematic structure diagram of NaYF4:Yb
3+,Tm3+

core NPs and NaYF4:Yb
3+,Tm3+/NaYF4 core–shell NPs. To

explore the effect of NaYF4 shell on the luminescence properties
of the as-prepared sample, we tested the upconversion uo-
rescence spectra of NaYF4:18%Yb3+,0.5%Tm3+ core NPs and
NaYF4:18%Yb3+,0.5%Tm3+/NaYF4 core–shell NPs under 980 nm
Fig. 1 (a) XRD patterns of (A) b-phase standard card NaYF4 (JCPDS:
16-334), (B) NaYF4:18%Yb

3+,0.5%Tm3+ core NPs, (C) NaYF4:18%
Yb3+,0.5%Tm3+/NaYF4 core–shell NPs. (b) The TEM images of
NaYF4:18%Yb

3+,0.5%Tm3+ core NPs. (c) The TEM images of NaYF4:18%
Yb3+,0.5%Tm3+/NaYF4 core–shell NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
continuous light excitation. The test results are shown in the
gure Fig. 2(b). From the upconversion emission spectra, there
are ve emission peaks can be observed at 345 nm, 363 nm,
451 nm, 477 nm and 644 nm, which correspond to the radiative
transitions of Tm3+ ions: 1I6 /

3F4,
1D2 /

3H6,
1D2 /

3F4,
1G4

/ 3H6 and
3F3 /

3H6. From Fig. 2(b), we can also see that the
upconversion luminescence intensity of NaYF4 core NPs is
relatively weak. This is because the core NPs have a larger
specic surface area and more surface defects, which will lead
to the occurrence of surface luminescence quenching effect.
Aer coating with the NaYF4 shell, the upconversion emission
intensity of the NPs was signicantly enhanced under the
excitation of 980 nm continuous light, as shown in Fig. 2(b).
Fig. 2(c) shows the ratio of the luminescence intensity of the
upconversion emission peaks of the core NPs and the core–shell
NPs under 980 nm continuous pump light excitation. Aer
coating a NaYF4 shell on the core NP, its upconversion lumi-
nescence intensity (∼477 nm) is 2.3 times that of the core NPs,
due to the surface passivation,27 as shown in Fig. 2(c). The above
results indicate that coating a NaYF4 shell on the core NPs can
effectively enhance its upconversion luminescence intensity.
Therefore, a high brightness core–shell NP with a size of
approximately 190 nm was prepared using core–shell coating
method and used for subsequent research. In addition, we also
tested the uorescence attenuation curve the uorescence
decay curve of 1G4 energy level of Tm

3+ of NaYF4:Yb
3+,Tm3+ core

NPs and NaYF4:Yb
3+,Tm3+/NaYF4 core–shell NPs, as shown in

Fig. 2(d) and (e). Aer being coated with a NaYF4 shell, lifetimes
RSC Adv., 2024, 14, 33061–33067 | 33063
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of 1G4 energy level of Tm3+ of the NaYF4:Yb
3+,Tm3+ core NPs

increased from 300 ms to 383 ms. This is because the shell
coating can effectively reduce the surface defects of the NPs. The
lifetime variation trend and uorescence spectral intensity
variation trend of the core NPs and the core–shell NPs are
consistent, as shown in Fig. 2(b).

NaYF4:18%Yb3+,0.5%Tm3+/NaYF4 core–shell NPs was
prepared by high-temperature thermal decomposition method.
MnO2 nanosheets was synthesized by hydrothermal method,
and NaYF4:18%Yb3+,0.5%Tm3+/NaYF4@MnO2 composite NPs
was synthesized by physical mixing method. We measured the
XRD of these samples. The XRD standard card of b-phase NaYF4
(JCPDS: 16-334), NaYF4:Yb

3+,Tm3+/NaYF4 core–shell NPs, the
XRD standard card of d-phase MnO2 (JCPDS: 80-1098), MnO2

nanosheets and NaYF4:Yb
3+,Tm3+/NaYF4@MnO2 composite

NPs was displayed in Fig. 3(a). From Fig. 3(a), it can be observed
that the diffraction peaks of as-prepared core–shell NPs is
sufficient to match that of b-phase NaYF4, and the diffraction
peaks of as-prepared MnO2 nanosheets can be matched well
with pure d-phase MnO2. We can observe the crystal phase of as-
prepared the core–shell NPs is b-phase NaYF4, and the crystal
phase of MnO2 nanosheets is d-phase MnO2. The composite
NPs have all the diffraction peaks of the d-phase MnO2 and the
b-phase NaYF4, which indicates that we have successfully
prepared NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite NPs.
Fig. 2(b) is the TEM image of MnO2 nanosheets, whose shape is
in a ower-like nanosheet. The prepared d-phase MnO2 nano-
sheets have a birnessite framework and layered structure,
whose layered thickness is about ∼35 nm. Fig. 2(c) is the TEM
image of NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite NPs. It can
be observed that the MnO2 nanosheets are evenly mixed with
NaYF4:Yb

3+,Tm3+/NaYF4 core–shell NPs to form composite NPs.
To investigate the effect of MnO2 nanosheets on the lumi-

nescence properties of NaYF4:Yb
3+,Tm3+/NaYF4 core–shell NPs,
Fig. 3 (a) XRD patterns of (A) b-phase NaYF4 standard card (JCPDS:
16-334), (B) NaYF4:Yb

3+,Tm3+/NaYF4 core–shell NPs, (C) d-phase
MnO2 standard card (JCPDS: 80-1098), (D) MnO2 nanosheets, (E)
NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite NPs. (b) The TEM images
of MnO2 nanosheets. (c) The TEM images of NaYF4:Yb

3+,Tm3+/
NaYF4@MnO2 composite NPs.

33064 | RSC Adv., 2024, 14, 33061–33067
we tested the upconverted luminescence spectra of NaYF4:-
Yb3+,Tm3+/NaYF4 core–shell NPs and NaYF4:Yb

3+,Tm3+/
NaYF4@MnO2 composite NPs under 980 nm continuous pump
light excitation. A in Fig. 4(a) is the upconversion luminescence
spectra of NaYF4:Yb

3+,Tm3+/NaYF4/NaYF4 core–shell NPs.
Under 980 nm continuous pump light excitation, we can see
NaYF4:Yb

3+,Tm3+/NaYF4 core–shell NPs have ve distinct
emission peaks that are located at 345 nm (1I6 /

3F4), 363 nm
(1D2 / 3H6), 451 nm (1D2 / 3F4), 477 nm (1G4 / 3H6) and
644 nm (3F3 / 3H6). B in Fig. 4(a) is the upconversion lumi-
nescence spectra of NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite
NPs. It can be seen NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite
NPs have hardly emission peaks. To facilitate the observation of
the emission peaks of the composite NPs, B in Fig. 4(a) was
multiplied by 40 times, resulting in C in Fig. 4(a).28 Under
980 nm continuous pump light excitation, we can see the
composite NPs have two emission peaks that are located at
477 nm (1G4 / 3H6) and 644 nm (3F3 / 3H6). The above
phenomenon is due to the resonance energy transfer between
Tm3+ ions and MnO2 nanosheets,28 which can quench the
upconversion luminescence of the core–shell NPs. The mecha-
nism diagram of the energy transfer between Tm3+ ions and
MnO2 nanosheets is shown in Fig. 4(b). Luminescence process
of Yb3+-Tm3+ co-doped system mainly consists of excited state
absorption (ESA), energy transfer upconversion (ETU) and
cross-relaxation (CR). For the up-conversion luminescence of
the core–shell NPs, Yb3+ ions as sensitizers have a large
absorption cross section at 980 nm. Under 980 nm continuous
pump excitation, Yb3+ ions absorb energy to continuously
transfer electrons from 7F7/2 ground state level to 7F5/2 excited
state level, and then transfer energy to adjacent Tm3+ ions, so
that the electrons can be populated to the excited state levels of
Tm3+ ions, such as 3H5 level, 3F2 level, 3F3 level and 1G4 level.
The energy transfer process is the following: 2F5/2 (Yb3+) + 3F4
(Tm3+) / 2F7/2 (Yb

3+) + 3H5 (Tm
3+), 2F5/2 (Yb

3+) + 3H4 (Tm
3+) /

2F7/2 (Yb
3+) + 3F2,3 (Tm

3+), 2F5/2(Yb
3+) + 3H6 (Tm

3+)/ 2F7/2 (Yb
3+)

+ 1G4 (Tm3+). Due to the large energy mismatch (∼3500 cm−1)
between Yb3+ ions and Tm3+ ions, the ions cannot be directly
placed on the 1D2 level of Tm3+ ions through energy trans-
mission, so we need CR (2F2,3 (Tm

3+) + 3H4 (Tm
3+)/ 1D2 (Tm

3+)
Fig. 4 (a) Upconversion spectra of (A) NaYF4:18%Yb
3+,0.5%Tm3+/

NaYF4 core–shell NPs and (B) NaYF4:18%Yb
3+,0.5%Tm3+/NaYF4@-

MnO2 composite NPs under 980 nm continuous pump light excita-
tion, (C) is 40 times the product of (B). (b) The schematic diagram of
the energy transfer process of Yb3+-Tm3+ co-doped system and
MnO2-modified Yb3+-Tm3+ codoped system under 980 nm contin-
uous pump light excitation.28

© 2024 The Author(s). Published by the Royal Society of Chemistry
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+ 3H6 (Tm
3+)) process. Because of the efficient generation of CR

process, more and more Tm3+ ions are located at the 1D2 level,
resulting in an effective energy transfer process of 2F5/2 (Yb

3+) +
1I6 (Tm3+) / 2F7/2 (Yb3+) + 3H4 (Tm3+). Finally, Tm3+ ions are
successfully positioned on 3H5 level, 3F2,3 level, 1G4 level, 1D2

level and 1I6 level, and upconversion of luminescence occurs
through the radiation transition.

There is a resonate energy transfer occurring between the
core–shell NPs and MnO2 nanosheets.28 The main levels (3H5,
3F2,3,

1G4,
1D2 and 1I6) of Tm

3+ ions don't produce a radiative
transition, but transfer energy to the 3d eg level of the adjacent
MnO2 nanosheets. Subsequently, the energy at the 3d eg level of
the MnO2 nanosheets jumps by radiation transition to the 3d t2g
level of the MnO2 nanosheets, thus quenching the upconver-
sion luminescence of the core–shell NPs.

In previous studies, we found that MnO2 nanosheets can
quench the upconversion luminescence of NaYF4:Yb

3+,Tm3+/
NaYF4 core–shell NPs. Next, we prepared an aqueous solution of
1 mL NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite NPs contain-
ing 0.008 mmol NaYF4:Yb

3+,Tm3+/NaYF4 core–shell NPs and
0.012 mmol MnO2 nanosheets. To observe the changes in the
upconversion luminescence properties of AA to composite NPs,
we tested the upconversion luminescence spectra of NaYF4:-
Yb3+,Tm3+/NaYF4@MnO2 composite NPs solutions aer adding
different amounts of AA under 980 nm continuous pump light
excitation, as shown in Fig. 5(a). Fig. 5(b) showed the intensity
ratio of the emission peaks of the composite particle solutions
aer adding different amounts of AA at 363 nm, 477 nm, and
644 nm. Firstly, we made up an aqueous AA solution of
0.1 mmol mL−1, and dropped it into a 1 mL of NaYF4:-
Yb3+,Tm3+/NaYF4@MnO2 composite NPs solutions, droplet
amount were 0 ml, 20 ml, 40 ml, 60 ml, 80 ml, 100 ml, 120 ml and 140
Fig. 5 (a) Upconversion luminescence spectra of NaYF4:Yb
3+,Tm3+/

NaYF4@MnO2 composite NPs solutions after adding different amounts
of AA (b) the intensity ratio of the emission peaks of NaYF4:Yb

3+,Tm3+/
NaYF4@MnO2 composite NPs solutions after adding different amounts
of AA at 363 nm, 477 nm, and 644 nm. The droplet amount of AA of
0.1 mmol mL−1 drops is A–H: 0–140 ml. (c) Photograph of the letter “L”
written by NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite NPs aqueous
solution. (d) Photograph of (c) under 980 nm continuous pump light
irradiation. (e) Photograph of the letter “L” after smearing AA aqueous
solution. (f) Photograph of (e) under 980 nm continuous pump light
irradiation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
ml. We see that under 980 nm continuous pump light excitation,
when the droplet amount of AA aqueous solution is 0 ml (No drip
of the aqueous AA solution was added), the emission peak of
composite NPs is almost invisible, due to the resonance energy
transfer of MnO2 and Tm3+ ions, quenching the upconversion
of Tm3+ ions. When we gradually added AA aqueous solution of
0.1 mmol mL−1 to the composite nanoparticle solution, we
found that the upconversion luminescence of NaYF4:Yb

3+,Tm3+/
NaYF4 core–shell NPs was gradually restored with the increasing
amount of AA droplets. When the amount of AA droplets was
from 20 ml to 120 ml, the upconversion luminescence intensity of
Tm3+ ions gradually increased with the amount of aqueous AA
solution. The upconversion luminescence intensity of Tm3+

ions is maximum when the AA droplet volume is 120 ml. When
the AA droplet amount is 140 ml, the upconversion lumines-
cence intensity of Tm3+ ions was almost unchanged compared
with the AA drop amount of 120 ml (trend diagram of changes of
luminescence intensity is shown in Fig. 5(b)). From the above
results, it is known that when the droplet amount of AA solution
is 120 ml, it completely reacts with MnO2 in the composite
particles, that is, 0.012 mmol AA just completely reacts with
0.012 mmol MnO2. This is because MnO2 can be effectively
deoxidize to Mn2+ ions by AA, meanwhile AA is oxidized to DAA.
The specic reaction process is as follows29

MnO2 + AA + 8H+ / Mn2+ + DAA + 4H2O (1)

Resonance energy transfer can't occur between Mn2+ ions
and Tm3+ ions, so when the MnO2 in the composite particles
completely reacts with AA, the upconversion luminescence of
core–shell NPs is restored. Fig. 5(a) also demonstrated that AA
can restore the upconversion uorescence of NaYF4:-
Yb3+,Tm3+/NaYF4 core–shell NPs, without changing the posi-
tion of emission peaks of the upconversion luminescence of
the core–shell NPs.

We have previously proved that MnO2 can quench the
upconversion luminescence of NaYF4:Yb

3+,Tm3+/NaYF4 core–
shell NPs and AA can deoxidize MnO2 toMn2+ ions to restore the
upconversion luminescence of NaYF4:Yb

3+,Tm3+/NaYF4 core–
shell NPs. Next, we used NaYF4:Yb

3+,Tm3+/NaYF4@MnO2

composite NPs as anti-counterfeiting materials to conduct
experiments on anti-counterfeiting research. We used the
prepared NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite NPs
aqueous solution as anti-counterfeiting materials to write the
letter “L” on the paper. Under natural light environment, we can
see the black letter “L” on the paper, the photograph was shown
in Fig. 5(c). There was no change about letter “L” under 980 nm
continuous pump light irradiation, the photograph was shown
in Fig. 5(d). Aer smearing AA aqueous solution, the black of
letter “L” disappeared, the photograph was shown in Fig. 5(e).
At this point, letter “L” emitted bright blue-purple uorescence
under 980 nm continuous pump light irradiation, the photo-
graph was shown in Fig. 5(f). Therefore, the NaYF4:Yb

3+,Tm3+/
NaYF4@MnO2 composite NPs can be applied in the eld of
uorescence anti-counterfeiting, and composite NPs need to
deoxidize by specic reducing agents to display uorescence
RSC Adv., 2024, 14, 33061–33067 | 33065
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under continuous pump light irradiation, which is more safe
than ordinary uorescence anti-counterfeiting.

To test the stability of NaYF4:Yb
3+,Tm3+/NaYF4@MnO2

composite NPs, three identical samples of NaYF4:Yb
3+,Tm3+/

NaYF4@MnO2 composite NPs were synthesized. On the rst
day, the uorescence spectra of the three samples were tested
under 980 nm continuous light excitation, as shown in Fig. 6(a)
at 1, 2, and 3. On the 10th day, the uorescence spectra of the
three samples were obtained under 98 0 nm continuous light
excitation, as shown in Fig. 6(a) at 4, 5, and 6. On the 60th day,
the uorescence spectra of the three samples were measured
under 980 nm continuous light excitation, as shown in Fig. 6(a)
at 7, 8, and 9. Then, these three samples were reduced by AA and
the uorescence properties of the three samples aer adding AA
were tested. On the rst day, the uorescence spectra of the
three samples aer adding AA were tested under 980 nm
continuous light excitation, as shown in 1, 2, and 3 of Fig. 6(b).
On the 10th day, the uorescence spectra of the three samples
aer adding AA were obtained under 980 nm continuous light
excitation, as shown in 4, 5, and 6 of Fig. 6(b). On the 60th day,
the uorescence spectra of the three samples aer adding AA
were measured under 980 nm continuous light excitation, as
shown in 7, 8, and 9 of Fig. 6(b). Fig. 6(c) show comparison of
the luminescence intensity of NaYF4:Yb

3+,Tm3+/NaYF4@MnO2
Fig. 6 (a) Upconversion spectra of NaYF4:Yb
3+,Tm3+/NaYF4@MnO2

composite NPs under 980 nm continuous pump light excitation. (b)
Upconversion luminescence spectra of NaYF4:Yb

3+,Tm3+/NaYF4@-
MnO2 composite NPs after adding AA. (c) Comparison of the lumi-
nescence intensity of NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite NPs
at 477.6 nm under continuous pump light excitation at 980 nm. (d)
Comparison of the luminescence intensity of NaYF4:Yb

3+,Tm3+/
NaYF4@MnO2 composite NPs after adding AA at 477.6 nm under
continuous pump light excitation at 980 nm. (e) Under 980 nm
continuous pump light excitation, the luminescence intensity of the
three samples at 477.6 nm was measured on the 1st, 10th, and 60th
day, respectively. (f) Under 980 nm continuous pump light excitation,
the luminescence intensity of the three samples after adding AA at
477.6 nm was measured on the 1st, 10th, and 60th day, respectively.

33066 | RSC Adv., 2024, 14, 33061–33067
composite NPs at 477.6 nm under continuous pump light
excitation at 980 nm. The results indicate that NaYF4:-
Yb3+,Tm3+/NaYF4@MnO2 composite NPs exhibit reliable uo-
rescence characteristics and good experimental reproducibility,
under the excitation of 980 nm continuous light. Fig. 6(d) show
comparison of the luminescence intensity of NaYF4:Yb

3+,Tm3+/
NaYF4@MnO2 composite NPs aer adding AA at 477.6 nm
under continuous pump light excitation at 980 nm. From
Fig. 6(d), it can be seen that NaYF4:Yb

3+,Tm3+/NaYF4@MnO2

composite NPs aer adding AA exhibit reliable uorescence
characteristics and good experimental reproducibility, under
the excitation of 980 nm continuous light. Fig. 6(e) show under
980 nm continuous pump light excitation, the luminescence
intensity of the three NaYF4:Yb

3+,Tm3+/NaYF4@MnO2

composite NPs samples at 477.6 nm was measured on the 1st,
10th, and 60th day, respectively. From Fig. 6(e), it can be seen
that NaYF4:Yb

3+,Tm3+/NaYF4@MnO2 composite NPs has good
stability. Fig. 6(f) show under 980 nm continuous pump light
excitation, the luminescence intensity of the three NaYF4:-
Yb3+,Tm3+/NaYF4@MnO2 composite NPs samples aer adding
AA at 477.6 nm was measured on the 1st, 10th, and 60th day,
respectively. Fig. 6(f) shows that NaYF4:Yb

3+,Tm3+/NaYF4@-
MnO2 composite NPs s aer adding AA has also good stability.”

4. Conclusion

In summary, we presented a method to improve the upconver-
sion luminescence intensity of NaYF4:18%Yb3+,0.5%Tm3+ core
NPs, that is, a NaYF4 passive shell was wrapped outside the core
NPs. Compared with NaYF4:18%Yb3+,0.5%Tm3+ core NPs, the
upconversion luminescence intensity (∼477 nm) of NaYF4:18%
Yb3+,0.5%Tm3+/NaYF4 core–shell NPs was increased by 2.3
times. We also reported a novel design based on composite
particles of physical mixing of rare-earth upconversion NPs and
MnO2 nanosheets, which can further enhance the security of
uorescence anti-counterfeiting. In this design, MnO2 nano-
sheets can be used as a quencher for the upconversion lumi-
nescence of rare earth ions. The AA can destroy the structure of
MnO2 and reduce it to Mn2+ ions, which can't conduct resonant
energy transfer with rare earth ions, so the upconversion
luminescence of rare earth ions restore. Rare earth materials
aer using a specic reducing agent can display uorescence
under pump light to make uorescence security more
encryption.
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