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Highlights

e New Ln-MOFs can serve as multifunctional platforms.

e Low cost CH3NH3PbBr3@Ln-MOFs show tunable luminescence behaviour.

o CH3NH3PbBr3s@Sm-MOF exhibits excellent electrical bistability behaviour with
high ON/OFF ratio of 10*,

o CH3NH3PbBr:@Ln-MOFs can be utilized as a new generation of photovoltaic, light-

emitting, and switching memory devices.
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Abstract: Perovskite CH3NH3PbBr3 nanoparticles (NPs) can be intercalated into
diverse porous materials to expand the flexibility and versatility of the host-guest
composites due to their outstanding optical properties. Herein, by encapsulating
CH3NH3PbBr3 NPs into lanthanide metal organic frameworks (Ln-MOFs), four
CH3NH3PbBr3@Ln-MOFs composites, namely {[Ln(BTB)(H20)2]-3(H20)}n (Ln=La,
Nd, Pr, Sm), have been fabricated and can serve as multifunctional platforms. The
temperature-dependent luminescence properties of the CH3NH3PbBr3@Ln-MOFs with
different concentrations of CH3NH3PbBr; were explored and the results revealed
tuneable green luminescence. In particular, the CH3sNH3PbBr;@Sm-MOF exhibits a
variety of colours from green to blue to purple and an excellent quantum yield (0.987)
on addition of 1.0 mmol PbBr2. The photocurrent responses of the CHsNH3PbBr3@Ln-
MOFs reveal the enhancement mechanism of CH3NH3PbBr3 on charge-hole separation.
Moreover, owing to its unique properties, the electrical bistability behaviour with a high
ON/OFF ratio of 10* was observed for the CH3NH3PbBr3@Sm-MOF. The electron
transfer mechanism was verified by theoretical calculations. Hence, the
CH3NH3PbBr3@Ln-MOFs composites are promising candidates for a new generation
of photovoltaic, light-emitting and switching memories devices.

Keywords: perovskite nanoparticles; host-guest composites; electrically bistability;

lanthanide metal-organic framework; switching memories devices
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1. Introduction

Metal organic frameworks (MOFs) are a type of porous crystalline material that
are attracting much attention. Much of the interest stems from their adjustable pore sizes
and high specific surface area, and they can be easily designed and self-assembled .
The unique electronic structure and special properties of Lanthanide (Ln) metals
determine that they have important basic and applied research significance. These
properties are different from those of main group and transition metal species because
of their 4f sub-electron layer structures and outer 5s, 5p® electron shielding, which can
produce specific physical and chemical properties after receiving energy radiation 11,
Meanwhile, the Ln central ions could obtain more coordination field stabilization
energy and reduce the mutual repulsion between outer orbital and ligand electrons.
Therefore, lanthanide metal organic frameworks (Ln-MOFs) can achieve more stable
complexes with oxygen-containing ligands through the energy transfer between ligands
and central ions, leading to special photoelectric properties.

As crystalline porous materials, MOFs contain ordered pores capable of

3

encapsulating varied types of guest, including metal NPs [l dye molecules [,

31 metal oxide ¢! and quantum dots (QDs) 7). In these systems,

polyoxometalates [
MOFs can provide a platform for the stabilization of guests without reducing the wide
range of properties that traditional guests exhibit. Therefore, host-guest composites
have shown potential for various applications such as temperature sensing %],

luminescent thermometers [°! and in second-order non-linear optics 1. It is noteworthy

that inorganic QDs such as CdS, CdSe, CdTe, and ZnS have been successfully
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encapsulated into MOFs to form QDs@MOFs, and a range of potential applications
have been investigated such as for energy production 'l light harvesting 1], light
emitting diode (LED) '), and supercapacitors 4. At present, research on QDs has
mainly focused on classical cadmium-based semiconductor materials, which generally
adopt a thick core-shell structure and are complicated to prepare. Any industrial use of
these materials must overcome challenges such as cost and environmental issues to
become attractive. Among the large families of QDs available, the halide perovskites
MPbX3 (M = CH3NH3; X = Cl, Br, I) NPs are attractive owing to their low cost, superior
photoelectronic properties and multifunctional applications, and have been widely
considered as central to forming a new generation of luminescent [!%], solar cells ¢,
and memory storage materials 7.

As we know, the luminescence performance of MOF encapsulated QDs at room
temperature has widely been studied ['®], but the dependence of the luminescence of
these composites under special/harsh environments, especially at extreme temperature
has rarely been reported. In general, hybrid CH3NH3PbX3 NPs can exhibit excellent
photoluminescence intensity and quantum yields with adjustable emission depending
on the halide anions. Moreover, these perovskite NPs exhibit thermal dependence,
emitting photoluminescence at room temperature and quenching as the temperature
rises to a certain temperature '3, Moreover, CHsNH3PbX3 NPs have the advantage of
long lifetime of direct-band gap carriers. The low density of states and the sharp energy
level of nanoscale QDs can produce three-dimensional quantum confinement effects on

the carriers in them, and they can can be used as stable charge capture sites, which is
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beneficial to prolonging the life of a memory device. However, for the pure perovskite,
it was found that the high resistance state of the memory device decreases and overlaps
with the low resistance state on increasing the number of cycles 1. This phenomenon
is attributed to a space-charge-limited conduction mechanism predominantly of electric
bistable. Hence, encapsulating the perovskite NPs into a MOF can potentially prevent
the formation of halogen vacancy and improve the cyclic stability of the device. In
addition, this method can improve the stability of perovskite films and enlarge the
switching window.

Based on the above, by encapsulating CH3NH3PbBr3 NPs into Ln-MOFs, four
CH3NH3PbBr3@Ln-MOFs composites, namely {[Ln(BTB)(H20)2]-3(H20)}n (Ln=La,
Nd, Pr, Sm), have been fabricated and shown to serve as a multifunctional platform.
The temperature luminescence dependence of CH3NH3PbBr3@Sm-MOF with different
concentrations of CH3;NH3;PbBr:; was studied. The I-V characteristics of the
ITO/CH3sNH3PbBr;@Sm-MOF/Ag film at -5 V to 5 V under a DC voltage were also
analyzed. Moreover, the changes of the interface electron transfer and main structure
of the composites were analyzed with the assistance of theoretical simulations of the

properties of the composites.

2. Experimental section
2.1 Materials and Physical Measurements
All reagents were commercially purchased from Aladdin and were used without

further purification. The diffraction intensity data of the single crystals were obtained
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by using a Bruker APEX II CCD area diffractometer equipped with a fine focus, 2.0
kW sealed tube X-ray source (Mo Ka radiation, A = 0.71073 A) operating at 177 K.
Infrared (IR) spectra were recorded on a Nicolet IS 50 FT-IR spectrometer using ATR
in the range 400-4000 cm™'. Powder X-ray diffraction (PXRD) patterns were performed
on a Philips X Pert-MPD diffractometer with CuKo radiation (A = 1.54056 A). Thermal
gravimetric analysis (TGA) data were obtained using a Mettler Toledo TGA/DSC 3+
thermal analyzer, heating from 30 to 800 °C at the constant rate 10 °C/min under a
nitrogen atmosphere. Transmission electron microscope (TEM) images were obtained
on a FEI Talos F200S G2 at 200 kv. HR-SEM10 of sandwich films were tested on a
Verios G4 UC. Fluorescence microscopic images were taken on MF-UV-LED-Y-3.
Optical diffuse reflectance spectra were measured on an Aglient Carry 5000
UV/Vis/near-IR spectrophotometer equipped with an integrating sphere at 293 K and a
BaSOs4 plate was used as a reference over the range of 250-800 nm. Fluorescence
spectra were recorded on an Edinburgh FL-FS 920 TCSPC spectrometer.
2.2 Synthetic Procedures

The traditional precursor PbBr2@MOFs were prepared in one-step by using

(72l The newly synthesized Ln-MOFs were immersed in PbBr»

solvothermal methods
solution and were used as the precursor after subsequent washing and drying to prevent

Pb ions from participating by coordination during the solvothermal reaction (Schemel).
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Schemel. Illustration of the fabrication process of CH3sNH3PbBr3@Ln-MOFs.

Synthesis of Lanthanide metal-organic frameworks (Ln-MOF¥)

Synthesis of {{Ln(BTB)(H20):]:3(H20)}. ((Ln=La, Nd, Sm, Er) The four Ln-MOFs
are isostructural, and were synthesized in the same way except that different lanthanide
salts were employed. Using La-MOF as an example:

{[La(BTB)(H20)2]:3(H20)}» (La-MOF): A mixture of H:BTB(0.043 g, 0.1 mmol)
and La(NO3)3-6H20 (0.065 g, 0.15 mmol) was dissolved in 8.0 ml DMF, and the system
was stirred for 4h at 80°C and then filtered. After two weeks, block crystals were
obtained, which were washed with DMF and dried under vacuum for 24 h (0.051 g,
yield 43.9% based on La). For C27Hi15sLaO12 (670.3): calculated C 48.38%, H 2.26 %;
determined C 48.80%, H 2.10 %. IR (cm™): 1643(m), 1582(s), 1520(s), 1396(s),
1245(w), 1178(w), 1108(m), 1010(w), 861(s), 815(m), 775(s), 704(m), 664(m), 553(w),
and 457(m).

{[Pr(BTB)(H20):]-3(H20)}» (Pr-MOF): Block greyish-green crystals were obtained
(0.055g, yield 46.8 % based on Pr). For C27H15PrO12 (672.3): calculated C 48.24%, H
2.25 %; determined C 48.50%, H 2.18 %. IR (cm™): 1643(m), 1582(s), 1520(s), 1396(s),

1245(w), 1178(w), 1108(m), 1010(w), 861(s), 815(m), 775(s), 704(m), 664(m), 553(w),

8
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and 457(m).

{INd(BTB)(H20):]:3(H20)}x (Nd-MOF): Block light purple crystals, (0.05 g, yield:
43.2 % based on Nd). For C27H1sNdO12(675.63): calculated C 47.99%, H 2.24 %;
determined C 48.10%, H 2.20 %. IR (cm™): 1643(m), 1582(s), 1520(s), 1396(s),
1245(w), 1178(w), 1108(m), 1010(w), 861(s), 815(m), 775(s), 704(m), 664(m), 553(w),
and 457(m).

{[Sm(BTB)(H20):]:3(H20)}» (Sm-MOF): Block colorless crystals, yield 0.059 g
47.2 %. For C27H15SmO12 (681.75): calculated C 47.57%, H 2.24 %, determined C
47.82%, H 2.18 %. IR (cm™): 1643(m), 1582(s), 1520(s), 1396(s), 1245(w), 1178(w),
1108(m), 1010(w), 861(s), 815(m), 775(s), 704(m), 664(m), 553(w), and 457(m).
Synthesis of PbBr,@Ln-MOFs Composites: The PbBr2@Ln-MOFs composites were
initially synthesized as the precursor of CH3NH3PbBr3;@Ln-MOFs. 50 mg La-MOFs
were dispersed into different concentrations of PbBr2 (0.1, 0.5 and 1.0 mmol dissolved
in 5 ml DMF), respectively. After half an hour of ultrasonic treatment, the suspension
was allowed to stand for 6 h, and was then centrifuged. The supernatant was filtered,
and the product was washed with DMF several times. Finally, the product was dried at
60°C for 12h.

Synthesis of CH3:NH3;PbBr;@Ln-MOFs Composites: The PbBr2@Ln-MOF
precursors were added into 5 mL deionized water containing CH3NH3Br (11.2 mg, 0.1
mmol), which after 30 min led to the formation of CH;NH3PbBr;@MOFs composites.
The supernatant was filtered, and the product was washed with deionized water several

times. Finally, the products were dried at 60°C for 12 h.
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3. Results and Discussion
3.1 Structural Description of Ln-MOFs

Crystallographic analysis confirmed that all the Ln-MOFs are isostructural and
crystalized in the Tetragonal system with space group /4:22 (Table S1). Here, the
structure of {[Sm(BTB)(H20)2]-:3H20}x is described as an example. The 3D network
comprises Sm201s building blocks (Figure 1a) and BTB* ligands. The asymmetric unit
of Sm-MOF contains one Sm(III) ion, one BTB ligand, two coordinated H2O molecules
and three isolated H2O molecules. In each Sm2Ois building block, the
crystallographically independent Sm(III) center is coordinated by eight O donors which
formed a twisted single-capped square anti-prismatic polyhedron (SmQg9), including six
O atoms of BTB?* ligands and two O atoms of coordinated H2O molecules (Figure 1b).
The Sm-O bond distances are normal at 2.390(7) to 2.646(6) A, while the O-Sm-O
angles ranging from 49.1(2) to 142.6(2)° account for the observed distorted (Table S2).
The Sm2013 are connected via the same C atoms from the BTB?" ligands, which results
in a 1D chain (Figure S1). The chains are further interlinked into a 3D structure via
bridging BTB*, and there are two types of coordination modes exhibited by the
carboxylic groups of BTB*", namely bidentate chelate and bridged, respectively (Figure
S2). Finally, the 3D network for Sm-MOF is displayed along both the ¢ and b axes
(Figure 1c¢, d), revealing the pores in the cage-like structure with sizes of 8.0 A, which
provides the possibility of encapsulating CH3NH3PbBr3 perovskite nanoparticles into

these Ln-MOFs. In order to better understand the structure, a simplified 3-D network

10
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of Sm-MOF based on bridging BTB ligand Sm201s nodes is presented in Figure 1e.

R

Figure 1. (a) Sm20:s building blocks; (b) Coordination environment at the Sm(III) ion;
(c, d) View of 3-D network arrangements along the ¢ axis and along the b axis; (e-g)
Simplified 3-D network of Sm-MOF based on the bridging Sm201s nodes and BTB

ligand.

3.2 Characterization of the Ln-MOFs and CH3;NH:3PbBr;@Ln-MOFs composites

The peaks observed in the PXRD for the as-synthesized Ln-MOFs match well with
the simulated patterns (Figure S3a), which indicated that the crystalline frameworks of
the Ln-MOFs were maintained. On this basis, the PXRD of CH3:NH3PbBr3; and
CH3NH3PbBr3@Ln-MOFs composites were also tested. Figure S3b shows a
comparison of the diffraction patterns of CH3NHsPbBr;, Ln-MOF,
CH3NH3PbBr3@Ln-MOF, and CHsNH3PbBr;@Sm-MOF at different concentrations.

The extra diffraction peak (circled by the dotted green line) for the

11
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CH3NH3PbBr3@Sm-MOF agrees well with the main peak of CHsNH3PbBr3, which is
consistent with successful encapsulation. Moreover, the PXRD of Sm-MOF and
CH3NH3PbBr;@Sm-MOF were also tested at different temperatures in order to explore
the thermal stability. Sm-MOF is stable to about 200 °C (Figure 3a), which is
consistent with the TG curves (Figure 3b). Notably, CH3NH3PbBr:@Sm-MOF can
also be stabilized to 200 °C and a peak shift (circled by the dotted yellow line) was
observed due to the breathing effect of the Sm-MOF after encapsulation of
CH3NH3PbBrs on increasing the temperature!?”! (Figure 3c).

The UV-Vis diffuse reflection spectra of H3BTB, CH3NH3PbBr3, Ln-MOFs, and
CH3NH3PbBr3@Ln-MOFs tested in the solid state at room temperature are shown in
Figure S4. For all except CH3NH3PbBr3, the peaks at 340 nm are attributed to the n-*
transitions of the triphenylbenzene of the BTB?" ligand. Interestingly, the band edge at
about 500 nm of CH3NH3PbBr3@Ln-MOFs are blue shifted compared with the 520 nm
of CH3NH3PbBr3, which is thought to be due to the aggregation of CHsNH3PbBr3 NPs
in the solid state [!!. This provided further evidence for the successful encapsulation.
Finally, the TEM images and the elemental mapping diagrams of CH;NH3PbBr3@Sm-
MOF at different concentrations of PbBr2 (0.1mmol, 0.5mmol, 1mmol) confirmed the
core-shell structures and good dispersity of CH3NH3PbBr3 (Figure 3d-f). The size
distributions illustrate that the size of CH3NH3PbBr3 in CH3NH3PbBr:@Sm-MOF at
concentrations of PbBr2 for 0.1, 0.5, and 1 mmol are in the ranges 0.2-1.0 nm, 0.3-1.2

nm and 0.2-1.3 nm, respectively (Figures S3c-e).

12
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Figure 3. (a) PXRD patterns of Sm-MOF at variable temperature; (b)TG curves of Sm-
MOF and after encapsulated CH3NH3:PbBrs; (¢) PXRD patterns of
CH3NH3PbBr3@Sm-MOF at variable temperature; TEM image, elemental mapping
diagrams of (d) CH3NH3PbBr3 (0.1 mmol PbBr2)@Sm-MOF; (e¢) CH3NH3PbBr3 (0.5
mmol PbBr2)@Sm-MOF; (f) CH:NH3PbBr3 (1.0 mmol PbBr2)@Sm-MOF.

3.3 Theoretical simulations

The stability and electron transfer of this host-guest composite can be verified by
theoretical simulations based on density functional theory (DFT). The optimal
configuration of CH3NH:PbBr:@Sm-MOF was obtained (Figure 4a), and the
differential charge density, energy band, as well as density of states (DOS) were
calculated. It turns out that the band value of the composite coated with perovskite
decreases visibly from 2.280 to 1.523 eV (Figure 4b, ¢), which reveals the conductivity
of the complex material increases and the potential barrier of the MOF itself in
CH3NH3PbBr3;@Sm-MOF decreases. The Pb-6s, C-2p, Br-4p and Sm-4f orbitals near
the fermi level (0 eV) provide possibilities for electron storage and transition (Figure

4d).

13
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Figure 4. (a) Configuration optimization diagram of CH3NH3PbBr:;@Sm-MOF; (b)
Band of Sm-MOF; (c¢) Band of CH3NH3PbBr:@Sm-MOF; (d) DOS of

CH3NH3PbBr;@Sm-MOF and Sm-MOF.

Moreover, the charge transfer between CH3NH3PbBr3 and Sm-MOF has been
visualized by a differential charge density diagram (Figure 5a). Here, the blue areas of
electron dissipation represent negative electrons, and the yellow areas represent
positron aggregation. The N, Br in the CH3NH3PbBr3 and the benzene ring in BTB form
a p-m conjugate (Figure 5b, 5c¢), making the mutual repulsion between electrons
decrease and the system energy reduces, and then the host-guest material becomes more
stable. The conductivity of the conjugated organic molecule will improve after the
HOMO or LUMO are partially filled [*2]. Moreover, the electron rich behaviour of the
Pb?* ions can be seen in the enlarged differential charge density image at the reduced

isosurface level (Figure 5d), which also proved the electron transfers from the ligand
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Figure 5. (a) The optimized geometry and differential charge density of

CH3NH;3PbBr;@Sm-MOF; (b-d) Partially amplified charge density images.

3.4 Optical Properties and Tunable Luminescence

The room temperature luminescence of free CH;NH3PbBr3, HsBTB and Ln-MOFs
were tested (Figure S5). For CH3NH3PbBr3, there is a peak at 533 nm and green
emission in solid state, which agrees with the reported observations ['¥3]. For the Ln-
MOFs, the peaks at about 370 nm excited at 320 nm are the m—m* transitions of
triphenylbenzene in the BTB ligands, and compare with free H3BTB the shifts were
dictated by their aggregated difference [%*); no characteristic peaks for La*", Pr** or Nd**
ions were observed. In other words, no metal-centered emissions were detected.
However, near IR adsorptions can be observed for Sm-MOF (Figure 6a), and these
absorptions stem from excitation from ground states to the corresponding excited states
of Sm*"[?*, The characteristic peaks for Sm®" at 561, 598, 643, and 703 nm correspond

to *Gsn—°Hsp, *Gsp—C°Hip, *Gsp—C°Hop, and *Gsp—SHiin, respectively 21 The
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maintenance of this characteristic fluorescence of Sm*" in the Sm-MOF system was
attributed to its excited state energy matching with the 3nn* of the BTB*" ligand 12526,
The photographs showing the colour changes associated with the Ln-MOFs and solid
CH3NH3PbBr3 at room temperature illustrate the original luminous colour of the Ln-
MOFs and luminescence quenching of CH3NH3PbBr3 in the solid state (Figure S6a).
It reveals that the temperature-dependent luminescence property of
CH3NH3PbBr3@Ln-MOFs. The peaks at about 370 nm were almost unaffected on
reduction of the temperature. On the contrary, the characteristic emission peak of the
perovskite clearly changes, which likely originates from the change of structural order
and disorder phase transition at different temperature [*”). The CH;:NH3PbBr;@La-
MOF generates green emission in the solid state at room temperature, exhibiting two
peaks at 372 and 516 nm under excitation at 320 nm. On heating the temperature from
77 to 297 K, the intensity of the peak at 528 nm reduced gradually and blue shifted to
516 nm (Figure S6b). For CHsNH3PbBr3@Pr-MOF at 77 K, green emission was
observed with a maximum peak at about 545 nm under excitation at 320 nm. The
intensity of this peak reduced gradually and blue shifted to 539 nm when the
temperature increased to 177 K. On further heating to 297 K, the intensity of this peak
gradually decreased and underwent a blue shift of 16 nm (Figure Séc¢). For
CH3NH3PbBr3@Nd-MOF, an additional new peak was observed at about 428 nm
compared to the above two composites (Figure S6d). The intensity of this peak
increases to the maximum with a slight blue shift on heating from 77 to 297 K.

Furthermore, the intensity of the peak observed at ambient temperature at about 543
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nm also decreases with a concomitant blue shift to 520 nm during the temperature
change to 297 K. The temperature-dependent luminescence of CH3NH3PbBr3;@Sm-
MOF reveals different luminescent behaviour (Figure 6b, 6¢). In particular, a peak at
436 nm appears, whilst the peak at about 545 nm exhibits a slight blue shift as the
temperature rises to 297 K, attributed to the main emission peak of CH3NH3PbBr3; been
more easily affected by temperature, and the characteristic emission peaks for Sm*" at
598, 643 and 703 nm reveal slight intensity changes compared to the peaks of
CH3NH3PbBrs. In general, electrons are concentrated at the bottom of the conduction
band, while holes are concentrated at the top of the valence band. The energy of emitting
electrons is basically equal to the width of the band gap, and the colour of the emission
depends on the width of the band gap ?*!. This above blue shift of CH;NH3PbBr3 in the
host-guest system is attributed to the widening of the band gap caused by the thermal
expansion of the CH3NH3PbBrs lattice, especially the lattice dilation term [, The
phase transition temperature (157 K) is similar to that reported in the literature (150 K)
391, Besides, the change of emission peak intensity of the same structure should be the

result of temperature dependent deformation of lattice 2%,
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Figure 6. (a) Fluorescence spectra of CH3NH3PbBri@Sm-MOF with different
concentration of CH3NH3PbBr3 at room temperature; (b, c) Fluorescence emission
spectra and CIE chromaticity coordinates (numbers 1 through 13 represent each
temperature from 77 to 297 K) of CH3NH3PbBr;@Sm-MOF over the temperature
range 77 to 297 K; (d) Photographs of CH3NH3PbBr;@Sm-MOF with different

concentration of CH3NH3PbBr3 under the UV light.

Meanwhile, following the encapsulation of CH3NH3PbBr3, on addition of 1.0
mmol PbBr2 as an example by the Ln-MOFs, there was a clear change in the
luminescence. Here, Sm-MOF was selected as a platform for limiting perovskite with
different concentrations because of its characteristic —emission peaks.
CH3NH;3PbBr;@Sm-MOFs with addition of 0.1, 0.5, and 1.0 mmol PbBr2 were studied
to explore the optical effects of concentrations of CH3NH3PbBr3 encapsulation with

Sm-MOF. Photographs of CH3NH3PbBr;@Sm-MOF with different concentration of
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CH3NH3PbBr3under the UV light show clear differences (Figure 6d). The result shows
that the quantum yields (QY) improved upon increasing the concentration of
CH3NH3PbBr3 to 0.50, 0.62 and 0.98, respectively, which is higher than that of pure
CH3NH3PbBr3 (QY = 0.37) and Sm-MOF (QY = 0.42) in the solid state. The
luminescence spectra of Sm-MOF and CH3:NH3PbBr;@Sm-MOF at different
concentrations of CH3NH3PbBr3 at room temperature show that the peak at 524 nm has
blue shifted to 512 nm and increased, while the peaks at 370, 561, 598, 643 and 703 nm
reduced slightly on increasing the concentration. In addition, to study the effect of
higher temperatures on the luminescence, the CH3NH3PbBr3@Ln-MOFs samples were
heated from 307 to 457 K. From Figure S7, it was seen that both the peaks at about 370
and 520 nm gradually reduce, which suggests typical thermal quenching behaviour.
However, the other characteristic emission peaks all relatively increase, due to the

intensification of the energy transfer process consistent with the literature 1.

(2)

CH,NH,FUBr, (0.1 mmal PhBr,)@Sn-MOF
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Figure 7. Fluorescence emission spectra of (a) CHsNH3PbBr;@Sm-MOF (0.1 mmol
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PbBr2); (b) CH3NH3PbBr;@Sm-MOF (0.5 mmol PbBr2); (¢) CH3NH3PbBr;@Sm-

MOF (1.0 mmol PbBr2) over the temperature range 307 to 457 K.

With the increase of temperature, the CH3sNH3PbBr;@Sm-MOFs with different
concentrations of PbBr2 generate different emission spectra and different colours
(Figure 7). The colour of the materials changes from green to blue-green and then to
blue, green to purple and then to blue, green to yellow-green and then to purple for the
addition of 0.1, 0.5 and 1.0 mmol PbBr, respectively. Moreover, the decay times for
CH3NH3PbBr3@Ln-MOFs are all longer than those observed for the Ln-MOFs, H3BTB
as well as CH3NH3PbBr3 (Figure 8a), caused by the non-radiative charge transfer
between host and guest, which is a major problem in developing optoelectronic devices
because of its central role in their performance 2!, As the content of CH3NH3PbBr3
increases, the decay time extends (Figure 8b), which is attributed to the charge transfer

and defect state reduction as increasing content of CH3NH3PbBr3 3201,

(a) T 1575 0 CH NH PbBr.@La
- 1948ns  CTINILPhBr @Pr
I'gy= 19.52 s CH NH,PbBr,@Nd
I~ 1450ns  CH NHPhBr.@Sm
H|H‘|‘B
CH,NH,PbBr,

s La-MOF wod )
—— Pr-MOF
Nd-MOF
Sm-MOF

T, 825 ns Decay of adding 0.1 mmol PbBr,
Fit curve of adding 0.1mmol PbBr,

r,=10.36ns Decay of adding 0.5 mmol PbBr,

1000 4%
I Fit curve adding 0.5 mmel PbBr,
r,=14.50 ns Decay of adding 1.0 mmol PhBr,
Fit curve of adding 1.0 mmol PbBr,

100 11}
i

Counts

Counts

B 1
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Time/ns Time/ns

Figure 8. Time-resolved emission decay curves for (a) H3BTB, CH3NH3PbBr3, Ln-

MOF and CH3NH3PbBr3@Ln-MOF; (b) at different concentrations.
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3.5 Photocurrent Response Performances

Photocurrent  response  properties have rarely been detected in
CH3NH3PbBr;@Ln-MOFs composites, but have frequently been observed in
composites such as Metal NPs@MOF 31, viologen-based metal halide hybrids ** and
in most other semiconductor p—n heterojunction devices [**. Herein, the performance
was recorded using a typical three-electrode system and the resulting photocurrent-time
(I-T) curves with ON-OFF switch are presented in Figure 9. From Figure 9a, it is
evident that the current intensity of Ln-MOFs is lower than that of corresponding
CH3NH3PbBr3@Ln-MOFs. The CH3NH3PbBri@Sm-MOF containing different
amounts of CH3NH3PbBr3 was also tested in order to explore the concentration
dependence of the photocurrent intensity. It reveals that the intensity of the current
increases as the concentration increases (Figure 9b). According to the recognized
mechanism of photocurrent generation, irradiation can produce free radicals on organic
groups including Ln-MOFs and CH3NH3PbBr3, and then the electrons on the organic
part move to the ITO substrate, generating a recyclable current. The increasing
photocurrents after limiting CH3NH3PbBr3 can be explained by their ability to act as
efficient light absorbers and electron hole transport materials in photovoltaic devices
361 The electrical bistability of the CH3NH3PbBrs@Sm-MOF also implies the

characteristics of charge hole separation.
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Figure 9. Photocurrent response performance of (a) CHsNH3PbBr3;@Ln-MOFs and (b)

CH3NH3PbBr3@Sm-MOF with different concentration of PbBra.

3.6 Electrical Bistability Behaviour

For the pure perovskite, it is found that the high resistance state of the device
decreases with the increase of the number of cycles, and finally ends up close to the
low resistance state, which leads to a small switch ratio. At the same time, the life cycle
of the device depends on the erasing voltage. Moreover, the higher the voltage, the
lower the life cycle (Figure S8a). This can be attributed to the continuous proliferation
of halogen vacancies in the film during the cycle process. The activation energy of
halogen vacancies will also decrease, inducing the abnormal reverse opening
phenomenon of the device in the process of erasing. Finally, the overgrown halogen
vacancy conductive channel cannot be effectively burned off by the erasable voltage,
so that the device cannot return to the high resistance state and fail "?]. Similarly,
electrical bistability is not found in pure Sm-MOF because of its higher barrier (Figure
S8b). However, it is generally accepted that controlling the defect traps is an effective

way to improve memory performance *”1. Owing to a certain potential barrier of the
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main frame material, the charge transfer on the surface of the QDs is relatively stable,
which avoids the defect of fast recombination of carriers when the applied electric field
is removed, and shows the storage function. Therefore, when the perovskite is coated
with the MOF, the formation of a halogen vacancy is prevented and the cyclic stability
of the device is promoted. As Figure 10a shows, the ITO/CH3NH3PbBr;@Sm-MOF
(addition of 1.0 mmol PbBr2) film displays the typical electrical hysteresis behaviour
in a certain voltage sweep of 0V—-5V—0V—5V—0V, which is an essential feature
for bistable memory devices. The cross-sectional images of this sandwich device were
characterized by HR-SEM, and the thickness of the film was about 1.55 pum (Figure
10b). From the results (Figure 10c¢), it can be found that the film maintains high
resistance state (HRS, OFF state) during the sweep from 0 to -5 V. Then the current
suddenly converts to a low resistance state (LRS, ON state) at -5 V (ON: -5 V), which
can be maintained with the voltage reversing from -5 to 5 V. The switches turn back to
HRS when the voltage was reversed at 1.5 (OFF: 1.5 V), which can be maintained from
1.5—0 V. A similar I-V curve can be found in CH3NH3PbBr3, the ON/OFF ratio is less
than 1x10% and there is no electrical bistable signal for pure Sm-MOF. However, for
the CH:NH3PbBr;@Sm-MOF, the ON/OFF ratio of this device is 1x10% which
presents a higher ON/OFF ratio. Moreover, the cycle stability was verified by 100 I-V
cycle tests. It reveals that the ON/OFF ratio does not decrease significantly, confirming
their cyclic stability (Figure 10d).

Generally speaking, the memristor mechanism of materials is usually attributed to

the formation of a reversed space charge field within them [*3, Most of the previous
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studies on the mechanism of electrical bistability were based on the resistance switching
mechanism such as a conductive wire, a metal oxide interface, and space charge limited
conduction (SCLC) %1, Especially, the SCLC mechanism of capture control is closely
related to the charge carrier trapping or detrapping in these host-guest composites.
Based on our research perspective, SCLC is suitable to the [-V characteristics of these
devices. The operating mechanism of these host-guest type electrical bistable storage
materials can be summarized as follows. When a certain applied electric field is applied,
the electric field shielding effect of the main frame is weakened, and the electrons
transfer from the main frame to the guest molecule. In the absence of an applied electric
field, because the ability of the guest molecule to release electrons changes, these
electrons are stored in the guest molecule due to the enrichment of central Pb** ion and
barrier in the host frame. However, when a reverse electric field is applied, the original
equilibrium is broken and electrons tunnel from the guest molecule back to the host
frame, thus realizing the conversion between the two steric hindrance states. The peaks
of the Pb-6s and the C-2p orbital in the benzene ring proved the possibility of the
electronic transition. Based on these results, the CH3NH3PbBr3@Ln-MOF host-guest

materials possesses stable memory storage capabilities.
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Figure 10 (a) Schematic illustration of the ITO/ Sample /Ag memory device; (b) Cross-
sectional SEM images; (c) I-V characteristics of the ITO/CH3NH3PbBr;@Sm-MOF;

(d) Cycle endurance of the ITO/CH3NH3PbBr:@Sm-MOF.

4. Conclusions

In summary, CH3NH3PbBr3 NPs were encapsulated into a family of Ln-MOFs,
serving as potential tuneable luminescent, photovoltaic, and memory storage devices.
The results show that the luminescence behaviour was readily adjusted, the most
obvious feature was the modulation from blue to green and the fluorescence life was
longer than that of the precursor materials. In the case of CH3NH3PbBr;@Sm-MOF, it
has characteristics of variable lifetime and adjustable luminescence between green, blue
and purple controlled by either the temperature or loading concentration. Moreover, the
photocurrent test revealed the superiority of these host-guest materials by changing the
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concentration of the encapsulated CH3NH3PbBrs. Interestingly, the
CH3NH3PbBr;@Sm-MOF shows electrical bistable behaviour. The ON/OFF ratio of
this device is up to 1x10%, which is attributed to the better electrical conductivity of the
perovskite and the structural characteristics of the outermost electrons of the lanthanide
metals. The encapsulated CH3NH3PbBr3 NPs improves the electron tunnelling

efficiency, making it a potential memory storage device.
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