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The heterostructure NaGdF,:Yb,Er nanorods loaded on metal-organic

frameworks for tuning upconversion photoluminescence
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Abstract: Multi-component heterostructure nanocomposites can not only inherit the original properties of each
component, but also induce new chemical and electronic properties through the interaction between the compo-
nents. The heterostructure zeolitic imidazolate framework/NaGdF,: Yb, Er (ZIF-67/NaGdF,: Yb, Er) was pre-
pared by a stepwise synthesis strategy. And it avoided agglomeration and quenching of upconversion (UC)
nanoparticles, and displayed better stability. In the heterostructure nanocomposites, ZIF-67 is employed as an en-
ergy transmission platform under 980 nm excitation. Compared to pure NaGdF,: Yb, Er nanorods, the UC photo-
luminescence of heterostructure ZIF-67/NaGdF,; Yb, Er is tuned from green to red owing to the synergistic effect
of each component.
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Introduction

Multi-component heterostructure nanocomposites,
which composed of two or more nanomaterials, can inher-
it the unique properties and overcome the limitation of
single component "', At the same time, the multi-com-

ponent heterostructure can endow many new properties,
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such as magnetism, light, electricity and etc. . Pho-
ton upconversion (UC) has the ability to converting near
infrared (NIR) photons into visible or ultraviolet (UV)
radiation, it is a unique imaging technique that utilizes
low photon energy ™. The UC nanomaterials are com-
posed of matrix doped with rare earth ions used as sensi-

tizer and activators. And modification of luminescence
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can be achieved by changing the type of rare earth ions.
Owing to the low photon energy, high rare-earth ion solu-
bility and good thermal stability, the rare-earth fluorides
(NaREF,) are the most effective matrix. NaGdF, is as
candidate own to lower vibrational phonon energy and
matching lattice with doped ions ", Besides, the hex-
agonal phase NaGdF, can improve the luminous efficien-
cy of UC, and Gd* has a large energy level interval, it
can also pass sensitization ion (Yb* ) and activation ion
(Er**, Tm® and Ho>) achieves high-efficiency UC lumi-
nescence. Er’ has fluorescence response of blue, green
and red light, and the emission could be adjusted by tun-
ing structure. Therefore, NaGdF,: Yb, Er has the advan-
tages of low excitation energy, high luminous efficiency
and good thermal stability, so it has potential application
prospects in biological imaging, drug delivery, tumor
treatment, display equipment, solar energy conversion,
etc. """, However, NaGdF,: Yb, Er has a tendency to
aggregate and quench, which greatly reduces its photolu-
minescence (PL) performance, and the oil phase system
limits its application. Meanwhile, realizing the tuning of
light is expected to broaden the application range of
NaGdF,: Yb, Er. In order to make up for its shortcom-
ings, many strategies had been reported, such as form-
ing core-shell structure, tuning size or morphology and
constructing the compositesm’lﬂ. Among many methods,
construction heterostructure by compounding with other
materials can not only improve the stability and compati-
bility of NaGdF,: Yb, Er, but also tuning optical proper-
ties.

Metal-organic frameworks (MOFs) are a class of
carrier materials with unprecedented chemical and struc-
tural tunability. Their synthetic controllability and struc-
tural design properties make MOFs as ideal platforms for
identifying design features for advanced functional mate-
rials'"®. Meanwhile, MOFs are considered as promising
energy transmission (ET) platform to achieve collabora-
tive molecular level functions and promote efficient ener-
gy transfer due to the highly accessible and spatially dis-
crete linkers'”. Li et al. integrated UC nanoparticles
and MOF to construct a composite photocatalyst that has
adjustable photocatalytic activity'™. Chen et al. pre-
pared core-shell UC nanoparticle@MOF nanoprobes for
luminescent/magnetic dual-mode targeted imaging'™*. In
our work, MIL-101/NaGdF,: Yb, Er were prepared by the
two-step method, the photocatalyst displayed higher pho-
tocurrent and better degradation ability for Rhodamine B
owing to synergistic effect'. Those works make full use
of the adsorption and good bio-compatibility of MOFs.
Zeolitic imidazolate frameworks (ZIFs) is a nitrogen-con-
taining MOF's material obtained by compounding an imid-
azole or purine organic ligand with a transition metal ion.
In particular, ZIF-67 is a regular dodecahedral structure
material containing Co™ , it has the advantages of high
stability, high porosity, and large specific surface ar-
ea"”’. The multiple energy levels contained in Co> can
meet the energy exchange requirements with rare earth
ions™ . Therefore, construction heterostructure contain-
ing ZIF-67 is an effective strategy to broaden the applica-

tion prospect of NaGdF,: Yb, Er while achieving light tun-
ing.

Here in, we have prepared multi-component hetero-
structure ZIF-67/NaGdF,: Yb, Er by a stepwise synthesis
method. The NaGdF,: Yb, Er nanorods were loaded on
the surface of ZIF-67, which was used as a carrier. The
heterostructure ZIF-67/NaGdF,: Yb, Er, which avoided
agglomeration and quench of UC nanoparticles, display
better stability. Meanwhile, the composites improved the
compatibility of alcohol, so that it broke through the con-
straints of oil phase systems. ZIF-67 is also used as an
ET platform to achieve UC PL tuning of NaGdF,: Yb, Er
nanorods by energy transition. Compared with NaGdF,:
Yb, Er nanorods under 980 nm laser excitation, the PL
performance of heterostructure ZIF-67/NaGdF,: Yb, Er
has converted from green light to red light that owing to
the synergistic effect between individual components.
The incorporation of ZIF-67 alter the PL performance of
NaGdF,: Yb, Er nanorods and lead to a heterostructure
with good stability, which broadens the application and
promotes the progress of key technologies in the field of
photon UC nanomaterials.

1 Experiments

1.1 Synthesis of NaGdF,: Yb, Er upconversion
nanoparticles

In a typical preparation, 1.2 g NaOH was dissolved
in 2 ml deionized water and ultrasonically dispersed. Af-
ter the heat released, the solution was heating and stir-
ring in a 50 °C water bath. Next, 8 ml alcohol and 20 ml
oleic acid were added to the above solution under stirring
20 min to be a transparent solution. 1 mmol of Ln(NO3)3'
6H,0 (Ln:78% Gd; 20% Yb; 2% Er) aqueous solution
were added under vigorous stirring. Then, 0.8 g PVP
dissolved in 3 ml of ethanol and add to above solution.
Subsequently, 8 ml of NaF aqueous solution (1 mol/L)
was added dropwise to the solution. Keep stirring to give
it had a good dispersion to form a translucent colloidal so-
lution. Finally, the mixed solution was transferred into
reaction kettle and heated at 180 °C for 18 h. After reac-
tion was completed, the system was cooled to room tem-
perature naturally. The prepared samples were separated
and washed used deionized water and ethanol by centrifu-
gation to remove oleic acid and other remnants, and was
stored in cyclohexane solvent.
1.2 Synthesis of ZIF-67

0.2911g of Co (NO,),*6H,0 and 0.3284 g of 2-
methylimidazole was dissolved in 25 ml of methanol and
ultrasound for 10 min, respectively. Then the dissolved
2-methylimidazole solution was added dropwise to the
Co (NO,),*6H,0 solution, and stirred at room tempera-
ture for 3 h. Finally, the samples were separated to re-
move other remnants and stored in methanol.
1.3  Synthesis of the heterostructure ZIF-67/
NaGdF_:Yb,Er

Briefly, the prepared NaGdF,: Yb, Er nanorods and
Z1F-67 were mixed together. And then some PVP was
added as dispersant, the mixture were stirred at 50 °C for
24 h. Finally, the samples were separated and washed to
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remove other remnants and stored in methanol.
2 Results and discussions

As showed in Fig. 1, firstly, the NaGdF,: Yb, Er
nanorods was prepared at 180°C and react for 18 h by hy-
drothermal treatment, which experience three-stage is
nucleation, growth and regrowth during the reaction.
And then, NaGdF,: Yb, Er nanorods were added into ZIF-
67, which prepared at room temperature for 3 h. Mean-
while, some PVP was added in the mixture as dispersant
to prevent NaGdF,: Yb, Er nanorods from aggregation. Fi-
nally, this mixture was string at S0°C for 24 h to obtained
heterostructure ZIF-67/NaGdF,: Yb, Er. The detailed in-
formation of experiment could be found from Supplemen-
tary material
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Fig. 1 Illustration for the preparation of heterostructure ZIF-67/
NaGdF,:Yb,Er
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The morphology of samples are characterized via
transmission electron microscopy (TEM). As shown in
Fig. 2(a), the length of prepared NaGdF,: Yb, Er nano-
rods are around 50 nm. And the corresponding high-reso-
lution transmission electron microscopy (HRTEM) im-
age (inset of Fig. 2(a)) reveals clear lattice fringes with
an inter-planar spacing of 0. 49 nm, which is ascribed to
the (101) plane of B-NaGdF,: Yb, Er. The result was
consistent with hexagonal phase (PDF: 27-0699) , and
determined by X-ray diffraction (XRD) (Fig. 3 (a) ).
The size of ZIF-67 was approximately 500 nm, and it ex-
hibited a typical and regular dodecahedron (Fig. 2(b)).
As shown in Fig. 2(c-d), the NaGdF,: Yb, Er nanorods
are uniformly loaded on the surface of ZIF-67, and it was
confirmed to be NaGdF,: Yb, Er nanorods by HRTEM
(Inset of Fig. 2(d)). Furthermore, as shown in energy
dispersive X-ray spectroscopy (EDS) , the Co element
(from ZIF-67) was mainly distributed in the inside, and
the F, Gd, Yb and Er elements (from NaGdF,: Yb, Er
nanorods) were homogeneously distributed throughout
the heterostructure (Fig. 2(e)). And the Fourier trans-
form infrared (FT-IR) spectra (Fig. 3 (b)) evidenced
the formation of heterostructure in ZIF-67/NaGdF,: Yb,
Er, this is consistent with the TEM and EDS results.
above analysis, the heterostructure ZIF-67/
NaGdF,: Yb, Er was prepared successfully.

The UC PL properties and conversion mechanism of

heterostructure ZIF-67/NaGdF,: Yb, Er were measured.

From

S00nm

Fig. 2 The morphological characterization of heterostructure
ZIF-67/NaGdF,: Yb, Er (a) TEM image of NaGdF,: Yb, Er nano-
rods, the inset is HRTEM image taken from (a), (b) TEM im-
age of ZIF-67, (c) TEM image of heterostructure ZIF-67/
NaGdF,: Yb, Er, the inset is 3D model of (¢), (d) The partial
enlargement of (c), the inset is HRTEM image taken from (c),
(e) EDS elemental mapping of heterostructure ZIF-67/NaGdF,:
Yb, Er.
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As shown in Fig. 4(a), compared with PL performance
of NaGdF,: Yb, Er nanorods under 980 nm laser excita-
tion, the green light (541 nm) of heterostructure ZIF-67/
NaGdF,: Yb, Er was drastically reduced and the red light
(658 nm) was enhanced largely. And compared with
Z1F-67, the red light has a significant enhanced, indi-
cates that the PL tuning was attributed to the formation of
the heterostructure. The absorption of heterostructure
composites were further explored via UV-vis spectrosco-
py (Fig. 4 (b) ). The heterostructure ZIF-67/NaGdF,:
Yb, Er exhibited a broader absorption range and higher
absorption strength compared with each component.
Meanwhile, a new absorption peak appeared in the green
region (510 nm-630 nm) compared with NaGdF,: Yb, Er
nanorods, which was contributed by ZIF-67. As shown
in Fig. 4(c), the heterostructure ZIF-67/NaGdF,: Yb, Er
emitted red light (658 nm) under 541 nm laser excitation
owing to the synergistic effect between ZIF-67 and
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Fig. 3 The XRD and FT-IR spectra of heterostructure ZIF-67/

NaGdF,: Yb,Er
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NaGdF,: Yb, Er nanorods. The photon energy of 541 nm
was absorbed by ZIF-67 and emitted as red light (635
nm) through energy level transition, then transited to the
energy level of Er'* through photon relaxation, finally ap-
peared as 658 nm emission of Er**. This mechanism will
be further discussed in Fig. 6. Benefiting from the con-
struction of heterostructure, this ZIF-67/NaGdF,: Yb, Er
achieved PL tuning and improved intensity of lumines-
cence, which broadens its scope of application.

More interestingly, it found that the intensity of PL
was related to the ratio of NaGdF,: Yb, Er and ZIF-67 as
shown in Fig. 4d. With the amount of NaGdF,: Yb, Er in-
creased, the intensity of red light (658 nm) enhanced
linearly and remains unchanged after reaching the maxi-
mum. This is due to saturation of NaGdF,: Yb, Er loading
on ZIF-67, which could be further verified by TEM
(Fig. 5). And the aggregated NaGdF,: Yb, Er nanorods
could be found when the amount of NaGdF,: Yb, Er was
increased after saturation (30%). Therefore, the hetero-
structure ZIF-67/NaGdF,: Yb, Er not only tune PL emis-
sion, but also improved stability.

As can be seen from Fig. 4, the emission peak of
the heterostructure ZIF-67/NaGdF,: Yb, Er appeared at
658 nm is corresponding to the energy level transition of
Er’. Without ZIF-67, the energy transfer process of
NaGdF,: Yb, Er is as follows "' : the electrons in the °F,,
ground state of Yb™ are excited to the ’F,, excited states
after absorbing the 980 nm excitation. And then the ener-
gy is transferred to °l,,,, ‘F,,, and *F,, level of Ex’* by ra-
diation ", Subsequently, the energy transferred to the
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Fig. 4 Characterization and comparison of fluorescence proper-
ties of heterostructure ZIF-67/NaGdF,: Yb, Er (a) UC PL spectra
under 980 nm laser excitation, (b) UV-vis spectra, (c) PL emis-
sion spectra of heterostructure ZIF-67/NaGdF,: Yb, Er, the inset
is PL emission spectra of NaGdF,: Yb, Er nanorods and ZIF-67,
(d) UC PL spectra of heterostructure ZIF-67/NaGdF,: Yb, Er
with different concentration of NaGdF,: Yb, Er nanorods, the in-
set is the variation of PL intensity
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Fig. 5 TEM images of heterostructure ZIF-67/NaGdF,: Yb, Er
with different NaGdF,: Yb, Er nanorods concentration
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‘I,,» level of Er’* causes the electrons in this level jumped
to the *F,, state. And then the electrons relax rapidly to
the *H,,, and the ‘S,, states through multiphonon relax-
ation steps, leading to the green emission bands. The
electrons in the ‘F,, level of Er'* was following nonradia-
tive transition process to the ground state ‘I, of Er'" by
absorbing the additional excitation energy migrated from
Yb* and producing the red emission “**. The green
light emitted at 524 nm and 541 nm, which were mainly
derived from *H, ,to ‘I,,, ‘S,, to ‘1,5, energy transfer, re-
spectively . And the red light emitted at 658 nm is
mainly derived from *F,, to ‘I, energy transfer. For het-
erostructure ZIF-67/NaGdF,: Yb, Er, the new energy lev-
el is introduced from ZIF-67”'. Just as the result re-
vealed in Fig. 3(b) and 3(c¢), the energy at the °H,,,
and ‘S,, of Er'” is transferred to S1 of Co™ (form ZIF-
67). And then energy at S1 of Co™ transferred to ‘F,, of
Er*, so that the PL intensity enhanced linearly. New en-
ergy transfer takes place in the heterostructure ZIF-67/
NaGdF,: Yb, Er, which is the key to the PL tuning and

enhancement.
3 Conclusions

In summary, the heterostructure ZIF-67/NaGdF,:
Yb, Er was prepared by a facile stepwise synthesis meth-
od, the NaGdF,: Yb, Er nanorods are uniformly loaded
on the surface of ZIF-67. And the heterostructure over-
came the shortcomings of NaGdF,: Yb, Er nanorods in ag-
glomeration and quench. Under the 980 nm laser excita-
tion, the energy transfer takes place in the heterostruc-
ture ZIF-67/NaGdF,: Yb, Er. And controllable PL tuning
was realized by construction heterostructure the en-
hanced emission was converted from green light to red
light. This strategy greatly enhances the applicability of
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Fig. 6 Schematic energy level diagram showing the UC process
mechanism of heterostructure ZIF-67/NaGdF,: Yb, Er
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heterostructure ZIF-67/NaGdF,: Yb, Er, break through
the limitation of oil phase system of NaGdF,: Yb, Er nano-
rods, making it promising for biological imaging, bio-mo-
lecular detection and bio-sensor.
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