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Introduction

Metal-organic frameworks (MOFs) 
are considered as the new classes of 
hybrid porous materials assembled with 
metal cations and organic ligands. Due 
to their unique physical and chemical 
characteristics, they have been widely 
investigated for various applications such 
as biosensors, gas storage, catalysis, and 
separation, etc. [1-5]. Particularly, MOFs 
based on iron (III) carboxylate materials 
(MIL-100) and/or zeolitic imidazolate 
framework (ZIF-8) have recently 
attracted a great deal of attention owing 
to their prospective applications in drug 
delivery, diagnostics, and therapy of 
cancer [6-8].

Recently, rare earth doped NaYF4
 

nanoparticles (NPs) have been proven 
to have excellent near-infrared (NIR) 
excited up-conversion luminescence 
(UCL) properties, making the new 
generation of bio-probes in diagnostics 
and therapy of cancer [9-12]. 
Stimulated by this discovery, many 
research groups have been paying 
their attention to fabricate and study 
UCL@MOFs nanocrystals for applications 
in bioimaging, diagnosis, and targeted 
drug delivery [13, 14].

In this work, a self-template method 
was used to prepare high-quality 
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multilayer nanocrystals, in which PVP-
capped α-NaYF4:Yb3+/Er3+ nanospheres 
were used as the core, and MIL-100 
(or ZIF-8) served as shell layers. It 
hypothesized that the spherical shape 
of α-NaYF4:Yb3+/Er3+/PVP/MIL-100 
and α-NaYF4:Yb3+/Er3+/PVP/ZIF-8 
multilayer nanocrystals would exhibit 
simultaneously both NIR optical 
property of UCL cores and the unique 
property of metal-organic frameworks 
(Scheme 1).

Experimental

Materials

Iron (III) chloride hexahydrate 
(FeCl3·6H2O, 99.0%), Zinc nitrate 
tetrahydrate (Zn(NO3)2.4H2O, 
98.5%), Trimesic acid (H3BTC), 
Dimethylformamide (DMF, 99.5%), 
3-Methylimidazole (3-MeIM, C4H6N2), 
Diethylene glycol (DEG), Sodium 
acetate (CH3COONa), Ammonium 
fluoride (NH4F), Rare-earth chlorides 
(RECl3.6H2O, RE3+:Y3+, Yb3+, Er3+), 
polyvinylpyrrolidone (PVP, Mw 
~20,000), and hydrogen chloride 
solution were purchased from Merck 
and Sigma-Aldrich. All the chemicals 
were of analytical grade.

Synthesis of PVP-capped 
α-NaYF4:Yb3+/Er3+ nanospheres

The PVP-capped α-NaYF4:Yb3+/Er3+ 
nanospheres were synthesized according 
to our previous report [15] as follows:

Firstly, three solutions of YCl3.6H2O, 
YbCl3.6H2O, and ErCl3.6H2O were mixed 

by magnetic stirring for one hour (Y3+/
Yb3+/Er3+ molar ratio of 79/19/2). Then, 
the solution of CH3COONa dissolved 
in DEG was slowly added while being 
stirred for 30 minutes to obtain solution 
A. Simultaneously, a solution containing 
NH4F was dissolved in DEG and slowly 
added to the solution A, then stirred until 
a homogeneous mixture was obtained. 
The resulting homogeneous mixture was 
poured into a 100 ml Teflon vessel and 
heated up at a temperature of 120°C for 
two hours in the argon atmosphere under 
vigorous magnetic stirring, and then 
cooled down to room temperature by ice 
water. The samples of α-NaYF4:Yb3+/
Er3+ nanopowders were cleaned by 
centrifugation with deionized water and 
isopropanol and dried at 70°C in air.

After that, the α-NaYF4:Yb3+/Er3+ 
nanopowders were re-dissolved into 
10 ml HCl (0.1 M) solution, washed 
three times by ultrasonic treatment and 
centrifugation. The products of 0.1 g 
α-NaYF4:Yb3+/Er3+ nanoparticles were 
dissolved in 10 ml ethanol solution 
containing 0.5 g of PVP (Mw=20000) 
and vigorously stirred to obtain the 
homogeneous solution of PVP-capped 
α-NaYF4:Yb3+/Er3+ nanospheres.

Synthesis of α-NaYF4:Yb3+/Er3+/
PVP/MOF multilayer nanocrystals

Firstly, the mother solution B was 
prepared for the secondary growth to 
form a thick MIL-100 and ZIF-8 layers 
as follows: 

- Mix the solution of 0.05 g of 

FeCl3·6H2O and 0.04 g of H3BTC into 
20 ml solution containing 75% of DMF 
and 25% of DEG under stirring at 25oC 
for one hour (with MIL-100 layer).

- Mix the solution of 0.2 g 
of Zn(NO3)2.4H2O and 0.3 g 
3-Methylimidazole (3-MeIM) into 20 
ml solution containing 75% of ethanol 
(EtOH) and 25% of DEG under stirring 
at 25oC for one hour (with ZIF-8 layer).

After that, 10 ml of the prepared 
solution of PVP-capped α-NaYF4:Yb3+/
Er3+ nanospheres was dropped into the 
mother solution B and gently stirred 
at room temperature for one hour to 
obtain the homogeneous solution C. The 
homogeneous solution C was heated 
up at 100oC for one hour in the argon 
atmosphere under vigorous magnetic 
stirring and cooled down to room 
temperature by ice water.

Finally, the obtained products of 
α-NaYF4:Yb3+/Er3+/PVP/MOF multilayer 
nanocrystals were cleaned three times 
with ethanol by centrifugation to remove 
redundant iron ions and acid, and then 
dried at 70°C for 24 hours.

Instrumentation

The crystalline phase structure was 
determined by using a PANalytical 
X’Pert Pro diffractometer with Cu Kα 
radiation (λ = 1.54060 Å) in the 2θ range 
of from 5° to 70°. The average grain 
size was calculated by using Scherrer’s 
formula [16]: 

D = kλ/(β cosθ)     		   (1)

where λ is the wave length of the X-ray 
diffraction, θ is the diffraction angle 
and β is full width at half maximum 
(FWHM).

The morphology of the nanocrystals 
was investigated by FE-SEM (S-4800, 
Hitachi). Fourier transform infrared 
spectroscopy (FTIR) analysis was carried 
out on the Thermo Nicolet NEXUS 
670 FTIR (USA). Up-conversion 
luminescence measurements were 
performed at room temperature with a 
Jobin-Yvon HR1000 monochromator, 

Scheme 1. Schematic illustration of the synthesis 
of α-NaYF4:Yb3+/Er3+/PVP/MOF multilayer nanocrystals.
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equipped with a charge-coupled device 
(CCD) camera using a 976 nm laser 
diode.

Results and discussions

The α-NaYF4:Yb3+/Er3+/PVP/MOF 
multilayer nanocrystals were successfully 
synthesized by using the self-template 
method at the temperature of 100oC for 
one hour. The evolution of the crystalline 
phase of α-NaYF4:Yb3+/Er3+/PVP/MOF 
multilayer nanocrystals compared with 
the single crystalline of PVP-capped 
α-NaYF4:Yb3+/Er3+ nanospheres, MOF, and 
reference crystallographic data of α-NaYF4 
(JCPS No. 77-2042) was confirmed by 
XRD measurements (Fig. 1).

With the samples of PVP-capped 
α-NaYF4:Yb3+/Er3+ nanospheres 
(patterns P1 and P4), all diffraction 
peaks corresponding to pure cubic α 
phase of NaYF4 (JCPS No. 77-2042) 
with a calculated lattice constant are 
5.447 Å, space group Fm-3m, and Z=4. 
Meanwhile, after being mixed with 
the mother solution for the secondary 
growth to form a thick MOF layer, the 
as-synthesized α-NaYF4:Yb3+/Er3+/PVP/
MOF multilayer nanocrystals (pattern 
P3) have two group peaks which match 
the standard cubic NaYF4 XRD pattern 
(JCPS No. 77-2042) and MIL-100 
crystalline phase (marked with “*”, 
pattern P2) [17] or amorphous ZIF-8 
(pattern P5) [18]. In addition, the average 
grain size calculated by using Scherrer’s 
formula with all samples is around 45 
± 5 nm, suggesting the formation of 
MOF layer onto the surface of the core 
α-NaYF4:Yb3+/Er3+ nanospheres while 
maintaining the crystallographic phase 
of α-NaYF4:Yb3+/Er3+ nanospheres.

Figure 2 shows the morphology 
of α-NaYF4:Yb3+/Er3+/MIL-100 and 
α-NaYF4:Yb3+/Er3+/PVP/ZIF-8 multilayer 
nanocrystals obtained at the temperature 
of 100oC for one hour. As it is shown in 
the inset of Fig. 2A (S1), the core of PVP-
capped α-NaYF4:Yb3+/Er3+ nanospheres 
has the size of around 40 nm. After being 
mixed with the mother solutions for the 
secondary growth to form a thick MOF 

layer, the α-NaYF4:Yb3+/Er3+/PVP/MIL-
100 and α-NaYF4:Yb3+/Er3+/PVP/ZIF-8 
multilayer nanocrystals obtained have 
the sizes of 300-400 nm (Fig. 2A, S2) and 
300-500 nm (Fig. 2B, S3), respectively. 
The insets of Fig. 2A (S2) and Fig. 2B 
(S3) confirm the core/shell structures 
of α-NaYF4:Yb3+/Er3+/MIL-100 and 
α-NaYF4:Yb3+/Er3+/ZIF-8 multilayer 
nanocrystals. 

Figure 3 presents the FTIR spectra of 
α-NaYF4:Yb3+/Er3+/PVP/MIL-100 (curve 
a2) and NaYF4:Yb3+/Er3+/PVP/ZIF-8 (curve 
b2) multilayer nanocrystals compared 
with PVP-capped α-NaYF4:Yb3+/Er3+ 
nanospheres (curves a1 and b1), MIL-
100 (curve a3) and ZIF-8 (curve b3). The 
characteristic infrared (IR) absorption bands 
and the corresponding organic functional 
groups of samples α-NaYF4:Yb3+/Er3+/
PVP/MIL-100 (NP/MIL100), MIL-100, 

Fig. 1. The normalized XRD patterns of samples: (A) α-NaYF4:Yb3+/Er3+/
PVP/MIL-100 multilayer nanocrystals (pattern P3) compared with PVP-capped 
α-NaYF4:Yb3+/Er3+ nanospheres (pattern P1) and MIL-100 (pattern P2) and (B) 
α-NaYF4:Yb3+/Er3+/PVP/ZIF-8 multilayer nanocrystals (pattern P6) compared 
with PVP-capped α-NaYF4:Yb3+/Er3+ nanospheres (pattern P4) and amorphous 
ZIF-8 (pattern P5). The JCPS No. 77-2042 is the reference crystallographic data 
of α-NaYF4 (JCPS No. 77-2042) and the peaks of MIL-100 are marked with “*”.

Fig. 2. The FE-SEM images of (A) α-NaYF4:Yb3+/Er3+/MIL-100 and (B) 
α-NaYF4:Yb3+/Er3+/ZIF-8 multilayer nanocrystals prepared by self-template 
method at the temperature of 100oC for one hour. The inset S1 shows the core 
of PVP-capped α-NaYF4:Yb3+/Er3+ nanospheres. The insets S2 and S3 give the 
high-magnification SEM image of the samples α-NaYF4:Yb3+/Er3+/MIL-100 
and α-NaYF4:Yb3+/Er3+/ZIF-8 multilayer nanocrystals (scale bar: 100 nm). 

    

 

S2 

S3 a) b) S1 
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and α-NaYF4:Yb3+/Er3+ nanospheres (NP), 
NaYF4:Yb3+/Er3+/PVP/ZIF-8 (NP@ZIF8), 
and ZIF-8 are illustrated in Table 1.

It can be seen in Fig. 3 and Table 1 
that the broad absorption peak at around 
3430 cm-1 corresponding to hydroxyl 
groups (-OH) was observed in all samples 
(curves a1-a3 and b1-b3). In addition, 
compared to the spectra of α-NaYF4:Yb3+/
Er3+ (curve a1), the spectrum of MIL-
100 and α-NaYF4:Yb3+/Er3+/PVP/
MIL-100 multilayer nanocrystals has 
adsorption bands which represent for 
MIL-100 structure. For example, the 
strong vibrational bands at around 1285, 
1413, and 1680 cm-1 corresponding to 
the symmetric -COOH stretching and 
interaction between the deprotonated 
-COOH and the Fe ion indicate the 
growth of MIL-100 crystals on the 
surface of the PVP-caped α-NaYF4:Yb3+/
Er3+ nanospheres [17]. Especially, in the 
MIL-100 and α-NaYF4:Yb3+/Er3+/PVP/
MIL-100 multilayer nanocrystals, we 
can observe the weak signal in the range 
of 1820-2060 cm-1 bands corresponding 
to the traces of residual trimesic acid, 
which proves that the cleaning process 
by using centrifugation with ethanol 
is very effective in removing the 
residual trimesic acid. Furthermore, 
the characteristic peaks of ZIF-8 
observed in both of ZIF-8 (curve b3) and 
NaYF4:Yb3+/Er3+/PVP/ZIF-8 (curve b2) 
samples suggest the existence of ZIF-8 
layer on the surface of the PVP-caped 
α-NaYF4:Yb3+/Er3+ nanospheres [19]. 

Fig. 3. FTIR spectra of α-NaYF4:Yb3+/Er3+/PVP/MIL-100 (curve a2) and NaYF4:Yb3+/Er3+/PVP/ZIF-8 (curve b2) 
multilayer nanocrystals compared with PVP-capped α-NaYF4:Yb3+/Er3+ nanospheres (curves a1 and b1), MIL-100 
(curve a3), and ZIF-8 (curve b3).

Table 1. The characteristic IR absorption bands of samples α-NaYF4:Yb3+/Er3+/
PVP/MIL-100 (NP/MIL100), MIL-100, and α-NaYF4:Yb3+/Er3+ nanospheres 
(NP), NaYF4:Yb3+/Er3+/PVP/ZIF-8 (NP@ZIF8), and ZIF-8 [20].

Characteristic
absorptions 

(cm-1)

Functional groups 
[21]

Intensities: vs-very strong; s-strong; m-medium; 
w-weak; vw-very weak

NP@MIL-100 MIL-100 NP NP@ZIF8 ZIF-8

3430 –OH groups vs vs vs vs vs

3068 C–H stretching vw vw - - -

2958, 2925 C–H stretching - - w w -

2662, 2547 –OH (of DMF) w w - - -

2060,1970, 
1820 Residual H3BTC vw vw - - -

1730 –C=O stretching - - - m m

1680 –COOH stretching vs vs - - -

1630 –C=O stretching w - s w w

1565 C=C stretching - - - m m

1483 Aromatic stretching - - - vs vs

1446 C–H stretching - - - m m

1413 –COOH stretching vs vs - - -

1285 –C=O stretching s vs - - -

1228 C–N stretching - - - vs vs

1113 C–N stretching - - - vs vs

1044 C–N–C stretching - - - vs vs

974 C–N stretching - - - s s

938 δ(O−H) m m - - -

842 C–N stretching - - - s s

782 –CH m m - - -

730 C–H stretching m m - - -

666 C–N stretching - - - s s
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The  up-conversion  luminescence   spectra 
of the α-NaYF4:19%Yb3+/2%Er3+/PVP/
MIL-100 and α-NaYF4:19%Yb3+/2%Er3+/
PVP/ZIF-8ddmultilayerddnanocrystals 
comparedddwithddtheddbareddcore 
α-NaYF4:19%Yb3+/2%Er3+ nanoparticles 
and PVP-caped α-NaYF4:19%Yb3+/2%Er3+ 
nanospheres upon 976 nm excitation at 800 
mW are showed in Fig. 4. 

The results revealed that the 
α-NaYF4:19%Yb3+/2%Er3+/PVP/MIL-
100 and α-NaYF4:19%Yb3+/2%Er3+/
PVP/ZIF-8 multilayer nanocrystals had 
three emission bands at around 520 nm, 
540 nm, and 655 nm corresponding 
to 2H11/2 → 4I15/2, 

4S3/2 → 4I15/2, and 
4F9/2 → 4I15/2 transitions of Er3+ ions, 
respectively. The integrated intensity of 

UCL emission in green and red spectral 
regions of as-synthesized samples was 
shown in Table 2 with the note that all of 
the data shown in Table 2 were obtained 
for the same experimental conditions.

The obtained data show that the 
total integrated emission intensity of 
the NaYF4:19%Yb3+/2%Er3+/PVP/
MIL-100 multilayer nanocrystals is 
about 1.94 times higher than that of the 
NaYF4:19%Yb3+/2%Er3+/PVP/ZIF-8 
multilayer nanocrystals, and about 1.71 
and 2.41 times higher than that of the PVP-
caped α-NaYF4:Yb3+/Er3+ nanospheres 
and bare core α-NaYF4:2%Er3+,19%Yb3+ 
nanoparticles, respectively. Moreover, 
when adding the layers of PVP, 
PVP/ZIF-8 or PVP/MIL-100, the 

integrated intensity ratio of green to 
red emissions increased from 0.13 to 
1.01. This suggests that the efficiency 
of the up-conversion increases when 
increasing the particle size of bare 
corecccα-NaYF 4:19%Yb3+/2%Er3+ 
nanoparticles, PVP-caped 
α-NaYF4:19%Yb3+/2%Er3+ nanospheres, 
α-NaYF4:19%Yb3+/2%Er3+/PVP/MIL-
100, and α-NaYF4:19%Yb3+/2%Er3+/
PVP/ZIF-8 multilayer nanocrystals [21]. 
The increase in the efficiency of the up-
conversion could be speculated due to 
the porous structure of MIL-100 shells. 
This leads to the limitation of transferring 
photo-generated electron–hole pairs in 
the α- NaYF4:19%Yb3+/2%Er3+/PVP/
MIL-100 multilayer nanocrystals.

Conclusions 

In summary, a self-template method 
was utilized to prepare high-quality 
NaYF4:19%Yb3+/2%Er3+/PVP/MIL-
100 and α-NaYF4:19%Yb3+/2%Er3+/
PVP/ZIF-8 multilayer nanocrystals. 
The UCL spectra studies demonstrated 
that the integrated intensity ratio of 
green to red emissions increased from 
0.13 to 1.01 when adding the layers of 
PVP, PVP/ZIF-8 or PVP/MIL-100 on 
the surface of the α-NaYF4:Yb3+/Er3+ 
nanoparticles.  This suggests that the 
efficiency of the up-conversion increases 
due to the decrease in contribution 
of the non-radiative processes when 
an increase in particle size affects the 
bare core α-NaYF4:19%Yb3+/2%Er3+ 
nanopart ic les ,  PVP-caped 
α-NaYF4:19%Yb3+/2%Er3+ nanospheres, 
α-NaYF4:19%Yb3+/2%Er3+/PVP/MIL-
100, and α-NaYF4:19%Yb3+/2%Er3+/
PVP/ZIF-8 multilayer nanocrystals.
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