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Abstract: Facet-selective nanostructures in living systems
usually exhibit outstanding optical and enzymatic properties,
playing important roles in photonics, matter exchange, and
biocatalysis. Bioinspired construction of facet-selective nano-
structures offers great opportunities for sophisticated nano-
materials, but remains a formidable task. We have developed
a macromolecule-mediated strategy for the assembly of
upconversion nanoparticles (UCNPs)/two-dimensional met-
al–organic frameworks (2DMOFs) heterostructures with facet
selectivity. Both experimental and theoretical results demon-
strate that polyvinylpyrrolidone (PVP) can be utilized as an
interface-selective mediator to further promote the facet-
selective assembly of MOFs onto the surface of UCNPs. The
UCNPs/2DMOFs nanostructures with facet selectivity display
specific optical properties and show great advantages in anti-
counterfeiting. Our demonstration of UCNPs/2DMOFs pro-
vides a vivid example for the controlled fabrication of facet-
selective nanostructures and can promote the development of
advanced functional materials for applications in biosensing,
energy conversion, and information assurance.

Introduction

In nature, almost all living organisms can delicately
regulate the growth and assembly of inorganic crystals under
the direction of macromolecules.[1] These biologically con-
trolled processes have created enormous hierarchical nano-
structures and played important roles in biological functions
such as photonics,[2] mechanical support,[3] matter exchange,[4]

and energy transfer.[5] Generally, such well-defined functions
usually result from the sophisticated anisotropy and fascinat-
ing morphology of assembled nanostructures, especially the

surface-related physical and chemical properties.[6] Of partic-
ular interest, as one of the most important surface properties,
the crystal facet has recently aroused intensive attention in
the assembly of biomineralized nanostructures.[7] For exam-
ple, it has been widely investigated that facet properties of
inorganic crystals play significant roles during the process of
bone formation.[7b,8] Specifically, owing to the facet-selective
interaction between proteins and inorganic crystals, the
orientation and polymorph of bone nanostructures are
delicately regulated with outstanding mechanical func-
tions.[8, 9] Except for that, nanostructures assembled with facet
selectivity have also been demonstrated to display fantastic
facet-dependent optical properties and enzymatic properties,
enabling huge advantages in fields including photonics,[10]

metabolism,[11] and catalysis.[12] Therefore, bioinspired con-
struction of facet-selective nanostructures can not only help
to reveal the growth mechanisms of biominerals with a better
understanding of the structure-function relationship, but also
offer extensive opportunities for the design and applications
of multifunctional advanced materials.

During the assembly of facet-selective biominerals, the
interactions between macromolecules and inorganic matrixes
play a central role in the control of nucleation, growth, shapes,
and geometrical morphology.[13] Macromolecules possess rich
functional groups and can serve as binding sites to deposit
crystal-forming ions, further promoting the nucleation and
growth of assembled nanostructures.[13c,14] More importantly,
since the different facets of crystals exhibit different binding
energy, macromolecules can also preferentially adsorb into
the specific facet with high selectivity, thus directing the facet-
selective assembly of complex nanostructures.[13a,15] In this
regard, rational design of the selective interaction between
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macromolecules and inorganic matrixes would provide
a highly promising strategy for the construction of facet-
selective nanostructures.

In this work, with the assistance of macromolecules,
anisotropic upconversion nanoparticles (UCNPs) were as-
sembled with two-dimensional metal–organic frameworks
(2DMOFs) nanosheets to construct facet-selective nano-
structures. Both experimental results and theoretical calcu-
lations indicate that polyvinylpyrrolidone (PVP) can serve as
a modulator molecule to preferentially interact with the (100)
facet of UCNPs and further promote the facet-selective
assembly of UCNPs/2DMOFs heterostructures. Consequent-
ly, the assembled nanostructures with selective geometry
exhibit specific optical properties owing to the interaction-
dependent energy transfer, displaying excellent advantages in
information coding. The strategy for the rational design of
facet-selective nanostructures offers a powerful tool to
regulate the surface properties of nanostructures including
chemical composition, surface atoms density, electronic
structures, and energy transfer, which may advance the
development of more sophisticated nanomaterials for poten-
tials in biosensing, information encryption, and energy
conversion.

Results and Discussion

2DMOFs exhibit unique properties including ordered
micropore structures, ultrathin thickness, large extended
dimensions, huge surface area, and numerous active sites.[16]

Such properties enable rapid molecular diffusion and efficient
mass transfer on the surface of 2DMOFs, guaranteeing the
important applications in gas adsorption, catalysis, and
biosensing.[16d,e,17] UCNPs, a kind of nanomaterials that can
convert NIR light into visible and UV light, exhibits
enormous advantages including deep tissue penetration, low
background fluorescence, and robust light-harvesting capa-
bility.[18] Benefiting from these advantages, UCNPs have
found extensive potentials in bioimaging, disease treatment,
anticounterfeiting, and energy conversion.[19] Assembly of
UCNPs with 2DMOFs can organically integrate the proper-
ties of such two materials, promoting the opportunities in
catalysis, biomedicine, and information technology. Given the
anisotropic structure of UCNPs, assembly of 2DMOFs onto
different facets of UCNPs may contribute to diverse optical
properties and greatly affect the performance of the nano-
composites. Generally, the most commonly hexagonal
UCNPs have two important exposed facets of (001) and
(100).[20] Among them, (001) corresponds to top hexagonal
surfaces and (100) corresponds to the six lateral rectangular
surfaces. In this condition, there are three possibilities for
2DMOFs to assembly onto the surface of UCNPs, including
assembling only onto the (100) facet, assembling only onto
the (001) facet, and assembling onto both the (100) facet and
the (001) facet (Scheme 1).

To investigate the assembly of UCNPs/2DMOFs hetero-
structures, anisotropic hexagonal UCNPs were firstly synthe-
sized according to a previously reported method.[21] Trans-
mission electron microscopy (TEM) images indicate that as-

synthesized UCNPs exhibit a uniform shape of a regular
hexagon with a diameter of 90 nm and a height of 60 nm
(Figure 1a; Supporting Information, Figures S1 and S2).
Further, UCNPs were functionalized with PVP which can
promote the nucleation and assembly of 2DMOFs onto
UCNPs. Fourier transform infrared (FTIR) spectroscopy
(Figure S3) were used to characterize the groups of oleic acid-
capped UCNPs, bare UCNPs and PVP-coated UCNPs. Also,
thermogravimetric analysis was used to investigate the
composition of these nanoparticles. It can be observed in
Figure S4 that oleic acid- capped UCNPs exhibit a weight loss
during the temperature range of about 200 88C–300 88C, attrib-
uting to the loss of oleic acid. However, for the acid-treated
bare UCNPs, no weight loss is observed during the temper-
ature range of about 200 88C–300 88C, indicating that oleic acid
molecules have been absolutely removed and the UCNPs are
bare without attachment. For the PVP-coated UCNPs,
a weight loss is observed during the temperature range
between 300 88C and 400 88C, corresponding to the loss temper-
ature of PVP. All these results suggest that PVP was
successfully functionalized. Then, meso-Tetra(4-carboxyphe-
nyl)porphine (TCPP) and copper ions were utilized as organic
linkers and metal centers, respectively to assemble UCNPs/
2DMOFs heterostructures. X-ray diffraction (XRD) pattern
in Figure 1b shows that the typical peaks of as-synthesized
composite materials are well-matched with the characteristic
peaks of UCNPs and Cu-TCPP 2DMOFs, indicating that the
composites consist of UCNPs and Cu-TCPP 2DMOFs. As
shown in Figure 1 c,d, and Figure S6, the TEM images show
that several nanoparticles are well dispersed on the surface of
nanosheets, indicating that heterostructures were successfully
assembled. More importantly, all the nanoparticles present
a plane of the rectangle with a length of about 90 nm and
a width of about 60 nm, which corresponds to the lateral
surface of UCNPs. The high-resolution TEM image (inset in
Figure 1d) shows that the interplanar spacing of the rectan-
gular plane is 0.32 nm, consistent with that of (100) facet,
indicating that the lateral (100) facet of UCNPs directly
contacts with 2DMOFs. Furthermore, energy dispersive

Scheme 1. Three possibilities for 2DMOFs to assemble onto the
surface of anisotropic hexagonal UCNPs, including assembling only
onto the (100) or (001) facets, and assembling onto both the (100)
and (001) facets of UCNPs.
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X-ray spectroscopy (EDS)-based elemental mapping analysis
of the UCNPs/2DMOFs in Figure 1e suggests that the
nanoparticles containing Y, F, Yb, and Er were well dispersed
on the surface of the Cu-contained 2DMOFs. These findings
demonstrate that UCNPs/2DMOFs heterostructures were
successfully assembled with facet selectivity.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were further per-
formed to characterize the morphology
and structures of UCNPs/2DMOFs. As
shown in Figure 2 a and Figure S6, SEM
images indicate that 2DMOFs exhibit thin
thickness and UCNPs were well dispersed
on the surface of 2DMOFs. The high-
resolution SEM image (Figure 2b) also
presents that the UCNPs show a uniform
shape of a hexagonal prism. More impor-
tantly, it can be observed that the lateral
surfaces of UCNPs are tightly bound with
2DMOFs while the hexagonal bottom
surfaces of UCNPs are perpendicular to
the plane of 2DMOFs, indicating that
2DMOFs are assembled with UCNPs at
the (100) facets. AFM images further show
that UCNPs are assembled onto 2DMOFs
with excellent dispersion (Figure 2c,d).
Height analysis in Figure 2e suggests that
the height of UCNPs is about 90 nm,
consistent with the diameter of bottom

(001) surface of UCNPs, suggesting that the (001)
facet of UCNPs is vertical to 2DMOFs and the
(100) facet of UCNPs directly interact with
2DMOFs. These results demonstrate that the
assembly of UCNPs and 2DMOFs is highly facet-
selective.

The assembly mechanisms of the facet-selec-
tive UCNPs/2DMOFs heterostructures were fur-
ther investigated. Firstly, UCNPs without PVP
functionalization and with PVP functionalization
were reacted with 2DMOFs precursor solution,
respectively, and then the as-obtained materials
were characterized by SEM and TEM. As pre-
sented in Figure 3a–c, and Figures S7 and S8,
when the UCNP was not functionalized with PVP,
both the UCNPs and MOFs are separately
dispersed without assembly, indicating that PVP
plays a necessary role in the facet-selective
assembly of UCNPs/2DMOFs. On the contrary,
PVP-functionalized UCNPs are well dispersed on
the surface of 2DMOFs with high facet selectivity
(Figure 3d–f).

Besides, PAA was used as a control molecule
to direct the assembly of UCNPs/2DMOFs.
Specifically, PAA was functionalized with
UCNPs, and then, the PAA-modified UCNPs
were assembled with MOFs. As shown in Fig-
ure S9, both the (100) and (001) facets of UCNPs
can be assembled with 2DMOFs, suggesting that
PAA cannot be used to direct the facet-selective

assembly of UCNPs/2DMOFs in this condition. The results
further demonstrate the unique role of PVP. Furthermore, the
assembly process was investigated by characterizing the
morphology of formed nanostructures at different reaction
times (Figure 3h–k). At the early stage, small 2DMOFs
nucleate and grow on the lateral (100) surface of UCNPs and
the bottom (001) surface are bare without 2DMOFs assembly.

Figure 1. a) TEM image of UCNPs. b) XRD pattern, c,d) TEM images, e) HAADF
image and EDS elemental mapping of the as-prepared UCNPs/2DMOFs nano-
structures.

Figure 2. a,b) SEM images of UCNPs/2DMOFs nanostructures. c,d) AFM images of UCNPs/
2DMOFs nanostructures. e) Height profiles along the red line in graph (d).
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With the reaction time increasing, 2DMOFs on the lateral
(100) facets gradually grow to large size. During the whole
process, no 2DMOFs form on the bottom (001) facets of
UCNPs. These results indicate that PVP plays essential roles
in the facet-selective assembly of UCNPs/2DMOFs. During
the whole growth process, MOFs maintains the two-dimen-
sional nanosheets morphology. According to the previous
report,[16a] PVP can attached onto the surface of MOFs and
direct the anisotropic growth of MOFs, resulting in the
formation of 2DMOFs nanosheets. Density functional theory
(DFT) was then used to calculate the binding energy of PVP
with the different facets of UCNPs (Figure 3 g). As is well
known, the oxygen atom is considered to be the active site of
the PVP molecule. Therefore, we placed a PVP molecule on
the bare crystal surface of NaYF4 with O atoms as the active
sites. The bond length between the O atom and its nearest Y
or Na atom is labeled as Rx-O (x = Y or Na). The initial site of
the O atom is above the F (TF) or Na (TNa) or Y atom (TY).
The TF, TNa, and TNa sites are labeled as PVP@(001)-TF,
PVP@(001)-TNa, and PVP@(001)-TY in the (001) slab, re-
spectively, and labeled as PVP@(100)-TF, PVP@(100)-TNa,
and PVP@(100)-TY in (100) slab, respectively. However, the
PVP@(001)-TF and PVP@(100)-TF systems are both extreme-

ly unstable. The four stable structures are pre-
sented in Figure 3g. Surprisingly, the O atom in
PVP@(001)-TNa system deviates from the top of
Na atom to bond with Y atom after relaxation.
The simulated calculation results present that the
binding energy of PVP onto the Y atoms in (100)
facets exhibit the minimum value (@2.44 me-
V c@2), indicating that PVP shows preferential
adsorption onto the lateral (100) facets of UCNPs.
All the experimental and calculated results sug-
gest that PVP plays an indispensable role in the
facet-selective assembly of UCNPs/2DMOFs het-
erostructures.

Structures of nanomaterials play significant
roles in their properties. To investigate the
structure–property relationship of facet-selective
UCNPs/2DMOFs, the spectroscopic properties of
UCNPs/2DMOFs were characterized to investi-
gate the energy transfer between UCNPs and
2DMOFs (Figure 4 a). As shown in Figure 4b, the
upconversion emission spectrum of UCNPs and
the UV/Vis absorption spectrum of UCNPs/
2DMOFs show a well-matched spectrum over-
lapping, demonstrating that the luminescence of
UCNPs can be absorbed by the 2DMOFs. More-
over, it can be observed that the emission
intensity of UCNPs/2DMOFs is remarkably
weaker than that of UCNPs (Figure S10). These
results can be explained by the energy transfer
between UCNPs and 2DMOFs, contributing to
the emission-quenching effect of UCNPs units in
UCNPs/2DMOFs. Furthermore, the emission
properties of UCNPs/2DMOFs with and without
facet selectivity were investigated and compared.
ItQs worth mentioning that the UCNPs/2DMOFs
without facet selectivity can be prepared by

increasing the content of PVP used to functionalize UCNPs,
and TEM and SEM were performed to characterize the
morphology of UCNP/2DMOFs without facet selectivity
(Figures S11 and S12). As shown in Figure 4c, compared to
those without selectivity, facet-selective UCNPs/2DMOFs
exhibit a higher emission intensity. ItQs mainly because for
UCNPs/2DMOFs without facet selectivity, 2DMOFs directly
interact with both (100) and (001) facets of UCNPs and
possess a larger contact area, contributing to the higher
energy transfer efficiency. More interestingly, the quantitative
analysis of the intensity ratio of green to red (I542/I656) in the
inset of Figure 4c presents that facet-selective UCNPs/
2DMOFs exhibit a higher I542/I656 ratio. This is mainly because
2DMOFs exhibits a higher quenching effect on the green
emission than that on the red emission, caused by the higher
absorption of 2DMOFs in the green light band. Confocal
microscopy images in Figure 4d of UCNPs/2DMOFs with
and without facet selectivity also present a similar result,
indicating that facet-selective UCNPs/2DMOFs exhibits
a higher I542/I656 ratio than that without selectivity. All these
results demonstrate that UCNPs/2DMOFs with facet selec-
tivity and without selectivity exhibit diverse upconversion
emission properties.

Figure 3. a) Illustration of the as-prepared materials synthesized with bare UCNPs,
and the associated b) SEM and c) TEM images. d) Illustration of UCNPs/2DMOFs
assembled with PVP-UCNPs, and the associated e) SEM and f) TEM images.
g–j) TEM images of UCNPs/2DMOFs formed at different reaction time points:
2 h (g), 4 h (h), 6 h (i), and 10 h (j). k) Simulated calculations of the binding energy
of PVP adsorbed onto the (100) and (001) facets of UCNPs.
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The tunable multicolor emission and the green-to-red
ratio of UCNPs/2DMOFs architectures offer a promising
strategy for multiplexed coding and anti-counterfeiting. To
demonstrate the feasibility of UCNPs/2DMOFs in anticoun-
terfeiting, a coding process based on UCNPs/2DMOFs is
illustrated in Figure 4e. Specifically, the green channel photo-
graphs and red channel photographs were obtained and the
emission intensity was calculated. Then, based on the
calculation results, the green-to-red ratios of the UCNPs/
2DMOFs with and without facet-selectivity were determined.
According to the ratio values, UCNPs/2DMOFs with and
without facet-selectivity are defined as code 1 and code 2,
respectively. By utilizing the UCNPs/2DMOFs-based codes,
a two-dimensional barcode system is expected with both
980 nm excitation and green-to-red ratio as dual codes
(Figure S13). Specifically, code 1 and code 2 are randomly
placed into different pixels of the two-dimensional barcode,
and the pixels unplaced are defined as 0. Without excitation,
the patterns can be converted into a black-and-white two-
dimensional barcode, in which the pixels placed refer to the
black and the pixels unplaced refer to the white. Under the

excitation of 980 nm laser, code 1 and code 2 can
be recognized with different red-to-green ratios,
and the black-and-white two-dimensional bar-
code can be updated to a ratio two-dimensional
barcode. Such a ratio two-dimensional barcode
holds great promise in various practical conditions
such as on-site payment and authority manage-
ment (Figure 4 f).

Conclusion

In conclusion, the facet-selective binding of
PVP to UCNPs enables the synthesis of UCNPs/
2DMOFs heterostructures with controlled facet
selectivity. UCNPs/2DMOFs exhibit unique opti-
cal properties through the energy transfer be-
tween two units. To be specific, with more facets
of UCNPs involved in the growth of 2DMOFs, the
efficiency of energy transfer improves. Such
a structure–property relationship establishes a sol-
id foundation for applications in information
security. The strategy for the construction of
facet-selective UCNPs/2DMOFs heterostructures
may open a new door for the design of hierarch-
ical complex nanomaterials and offer a promising
strategy to investigate structure–property rela-
tionships with potential in biosensing, energy
storage and conversion, information technology,
and biomedicine.
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