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ABSTRACT: Challenges exist in taking advantage of dye molecules for
reliable and reproducible molecular probes in biomedical applications. In
this study, we show how to utilize the dye molecules for bioimaging
within protective carriers of nanocrystalline metal−organic frameworks
(nMOFs) particles. Speciﬁcally, Resoruﬁn and Rhodamine-6G having
diﬀerent molecular sizes were encapsulated within close-ﬁtting pores of
nMOF-801 and nUiO-67 particles, respectively. The resulting nanocrystalline particles have high crystallinity, uniform size, and morphology
and preserve enhanced photoluminescence properties with exceptional
stabilities in biomedical environment. The samples are further
functionalized with a targeting agent and successfully work for
ﬂuorescence imaging of FL83B (human hepatocyte cell) and HepG2
(human hepatocellular carcinoma) without cytotoxicity.

■

their ﬂuorescence properties even after 9 days, while pristine
ones lose the properties as time goes by in culture media. The
surfaces of both Dye⊂nMOF particles were functionalized and
successfully used for reliable and reproducible ﬂuorescence
imaging of FL83B (human hepatocyte cell) and HepG2
(human hepatocellular carcinoma) without cytotoxicity.
Many studies involving the luminescence properties of
MOFs have been studied by building them with luminescent
organic linkers24−27 or metal ions/clusters,28−31 diﬀusing dye
molecules into MOFs in a post-treatment procedure,32−34 or
incorporating quantum dots4,35,36 into the MOFs. This study is
the permanent encapsulation of dye molecules during the
crystal growth of nMOF particles to utilize the vast library of
ﬂuorescent dyes for biomedical applications, which is also
diﬀerent from the release of molecules from MOFs in a drugdelivery system.37−40 Rhodamine-6G has been encapsulated
within bulk MOFs in previous researches41,42 but not used for
bioimaging applications in their nanocrystalline form.

INTRODUCTION
Dye molecules have been widely investigated as ﬂuorophores
and oﬀered many advantages because of the diversity with
which they can be designed and their absorption and emission
range, intensity, ﬂuorescence lifetime, and emission anisotropy
are varied.1−7 Even though dye molecules have been used as
ﬂuorescent probes for bioimaging,8−11 by covalently attaching
them on the surface of supports, strategies to utilize dye
molecules for reliable and reproducible detection are still
challenging. This is because the chemical conﬁgurations of dye
molecules exposed to the outside are highly aﬀected by the
surrounding environment,12−16 and thus their luminescence
properties can be deteriorated or changed in a severe biological
environment. We believe that vast opportunities exist for
developing methods that selectively encapsulate dye molecules
within a close-ﬁtting space inside delivery media while handling
them as heterogeneous nanoparticles for biomedical applications. In this study, we encapsulated dye molecules within
nanocrystalline metal−organic frameworks (Dye⊂nMOFs),
pore sizes of which are matched with their eﬀective sizes, and
then showed that Dye⊂nMOFs can be successfully used for
ﬂuorescence imaging of human cells. Speciﬁcally, we chose
Resoruﬁn and Rhodamine-6G, which are common dye
molecules but are rarely used in the biological environment,17−20 and conﬁned them within pores of MOF-80121
and UiO-6722 during their crystal growth to give nanoparticles23 of Resoruﬁn-in-nMOF-801 (Rs⊂nMOF-801) and
Rhodamine-6G-in-nUiO-67 (R6G⊂nUiO-67) (Scheme 1). We
also conﬁrmed that the dye molecules within nMOFs preserve
© 2017 American Chemical Society
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RESULTS AND DISCUSSION
Zirconium(IV)-based nMOFs were chosen because they are
thermally and chemically stable in aqueous and ionic
conditions, and then two lines of experimentation were carried
out that, as we discuss below, reveal the decisive role of size
matching between dye molecules and the pores of MOFs
(Scheme 1): (1) Resoruﬁn, the eﬀective size of which is 7 Å,
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For each of the Rs⊂nMOF-801 and R6G⊂nUiO-67 samples,
high crystallinity is evident from the sharp diﬀraction lines of
their PXRD patterns (Figure 1a), and the coincidence of the

Scheme 1. Schematic Diagrams for the Encapsulation of
Resoruﬁn and Rhodamine-6G within nMOFs To Give (a)
Rs⊂nMOF-801 and (b) R6G⊂nUiO-67

Figure 1. Characterization and PL properties of Dye⊂nMOFs. (a)
PXRD patterns of Dye⊂nMOFs in comparison with the pattern of the
corresponding MOFs. (b) SEM images of Rs⊂nMOF-801 and
R6G⊂nUiO-67. The insets are TEM images of each. (c) PL spectra
for Resoruﬁn, Rhodamine-6G, R6G×nUiO-67, Rs×nUiO-67,
Rs⊂nMOF-801, and R6G⊂nUiO-67.

diﬀraction lines matching those of the simulated pattern clearly
indicates preservation of the original MOF-801 and UiO-67
structure arrangement21−23 upon the introduction of dye
molecules into their nanocrystalline form. Rs⊂nMOF-801
and R6G⊂nUiO-67 were all synthesized as single and
monocrystalline nanoparticles because this eﬀects their aﬃnity,
selectivity, and accessibility to the biological system. Representative SEM images in Figure 1b show the great uniformity of
Rs⊂nMOF-801 (ca. 100 nm) and R6G⊂nUiO-67 (ca. 400 nm)
and identical octahedral geometry of the particles. The size and
shape of each particle were also conﬁrmed by TEM, as shown
in the insets of Figure 1b.
PL spectra were measured to prove the existence of dye
molecules in Dye⊂nMOF particles. Dried samples of
Rs⊂nMOF-801 and R6G⊂nUiO-67 were measured using PL
spectroscopy. Figure 1c shows that the PL spectra of both
samples are consistent with those of the dye molecules, which
reveals that the dye molecules preserve their luminescent
properties upon encapsulation within nMOFs. Each nMOF
sample without dyes shows no PL in the same wavelength
region (Figure S1). Because the organic dyes could be sensitive
to the acidity and the MOF synthesis solution has a pH 2.5
value, we tested the ﬂuorescence of dyes in diﬀerent pH
conditions to check whether they are stable in a MOF synthesis
process (Figures S2−S5). This revealed that Resoruﬁn is
protonated at acidic conditions (pH <4) but recovers its

was successfully encapsulated within nMOF-801, having a
closely ﬁtted pore size of 8 Å, to give Rs⊂nMOF-801 (Scheme
1a) but washed out from nUiO-67 having bigger pore sizes of
10 and 12 Å; (2) Rhodamine-6G, the eﬀective size of which is
10 Å, was only encapsulated within nUiO-67 to give
R6G⊂nUiO-67 (Scheme 1b). In a typical synthesis, dye
molecules were placed in a N,N-dimethylformamide (DMF)
solution mixture containing ZrCl4, organic linkers, trimethylamine (TEA), and acetic acid. TEA was employed to
deprotonate carboxylic group at both ends of the organic
linkers and make the nucleation reaction dominant to result in
nanocrystalline particles. This mixture was placed at 100 °C for
1 day to produce a cloudy and colored solution. The resultant
was centrifuged, and the products were collected and washed
until no luminescence was detected in the supernatant DMF,
which was followed by further solvent exchange using methanol
for 3 days and drying under vacuum (see the Experimental
Section for synthesis details). All materials were characterized
by powder X-ray diﬀraction (PXRD), nitrogen gas adsorption,
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and photoluminescence (PL) spectroscopy. These techniques were used to characterize the crystallinity,
permanent porosity, morphology, luminescence properties, and
stabilities of Dye⊂nMOFs.
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Figure 2. PL contour maps of (a and b) Resoruﬁn and (d and e) Rs⊂nMOF-801 excited at 570 nm in FBS kept for (a and d) 1 day and (b and e) 9
days. PL spectra of (c) Resoruﬁn and (f) Rs⊂nMOF-801 excited at 570 nm in methanol and FBS recorded on a daily basis for 9 days.

Figure 3. Surface functionalization, human cell imaging, and cytotoxicity of Dye⊂nMOFs. (a) Schematic diagrams for the surface functionalization of
Rs⊂nMOF-801 and R6G⊂nUiO-67 with galactosamine to give [Rs⊂nMOF-801]-GS and [R6G⊂nUiO-67]-GS. Tests for the cytotoxicity for (b)
[Rs⊂nMOF-801]-GS and (c) [R6G⊂nUiO-67]-GS. Images of (d and e) FL83B and (f and g) HepG2 using (d and f) [Rs⊂nMOF-801]-GS and (e
and g) [R6G⊂nUiO-67]-GS.

original form and ﬂuorescence in the washing process after
MOF synthesis, while Rhodamine-6G remains unchanged
throughout the entire synthetic process.
Because it is also possible that dye molecules are attached to
the outside of the nMOF particles or jammed in defect sites
regardless of the pore sizes of the MOFs,43 we decided to test
whether the nMOF samples with switched dye molecules are
still working for PL. The nMOF-801 and nUiO-67 particles
were synthesized in the presence of Rhodamine-6G and
Resoruﬁn to give R6G×nMOF-801 and Rs×nUiO-67,
respectively, and washed with DMF and methanol until no
dye molecules were found in the washing solvents, which was

exactly the same procedure for Rs⊂nMOF-801 and
R6G⊂nUiO-67. In this procedure, Rhodamine-6G should not
be introduced within the pores of MOF-801 in the synthetic
process, while Resoruﬁn should be swept away from the pores
of UiO-67 during the washing process. These R6G×nMOF-801
and Rs×nUiO-67 samples show no PL in the wavelength range
in which the dye molecules work (Figure 1c), which clearly
indicates that the dye molecules were size-selectively
encapsulated within the pores of MOFs to give Rs⊂nMOF801 and R6G⊂nUiO-67.
The amount of dye molecules encapsulated within
Dye⊂nMOFs was calculated by the PL intensity of the
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distilled water were mixed with an excess amount of
galactosamine, and then 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC) was used as a carboxyl activating agent to
initiate the reaction (see the Experimental Section for detailed
experimental procedures). Galactosylation of Rs⊂nMOF-801
and R6G⊂nUiO-67 has been identiﬁed by attenuated total
reﬂection Fourier transform infrared (ATR-FTIR) spectroscopy, PXRD, elemental analysis (EA), and thermogravimetric
analysis (TGA; Figures S14−S16). In the ATR-FTIR spectra of
[Rs⊂nMOF-801]-GS (Figure S14a), symmetric vibration of the
carboxylate group (1392 cm−1) peak of Rs⊂nMOF-801
decreased, while C−O stretching of the secondary (1100
cm−1) and primary (1045 cm−1) alcohol peaks newly appeared
by galactosylation. In the case of [R6G⊂nUiO-67]-GS (Figure
S14b), asymmetric vibration of the carboxylate group (1584
cm−1) and symmetric vibration of the carboxylate group (1401
cm−1) peaks decreased, while an amide II band (C−N
stretching vibrations in combination with N−H bending;
1652 cm−1), C−O stretching of the secondary alcohol (1101
cm−1), and C−O stretching of the primary alcohol (1049 cm−1)
developed by galactosylation. The PXRD results indicate that
[Dye⊂nMOF]-GS samples preserve the original nMOF
structure arrangement after galactosylation (Figure S15). Peak
broadening observed for both samples indicates that a large
amount of galactosamine is attached on the surface of
Dye⊂nMOF. From EA, [Rs⊂nMOF-801]-GS and
[R6G⊂nUiO-67]-GS have 11.3 and 25.1 wt % galactosamine,
which corresponds to the results from TGA (Figure S16).
These results conﬁrm that Rs⊂nMOF-801 and R6G⊂nUiO-67
were successfully galactosylated by an amidation reaction.
Tetrazolium-based colorimetric (MTT) assay was then carried
out for testing the cytotoxicity of [Rs⊂nMOF-801]-GS and
[R6G⊂nUiO-67]-GS in FL83B and HepG2 cells. The MTT
solution was added to the FL83B and HepG2 cells both treated
with [Rs⊂nMOF-801]-GS and [R6G⊂nUiO-67]-GS, and the
cell viability was measured by the optical density of MTT−
formazan at 540 nm on an absorbance microplate reader (see
methods for detailed experimental procedures). Parts b and c of
Figure 3 show the relative cell viability of the FL83B and
HepG2 cells after treatment with 0.06−1 mg/mL concentration
of [Rs⊂nMOF-801]-GS and [R6G⊂nUiO-67]-GS for 24 h.
The cytotoxicity of [Dye⊂nMOF]-GS was almost negligible in
both the FL83B and HepG2 cells because their cell viability
only ﬂuctuated in the range of 90−110% at diﬀerent
concentrations. Overall, the results demonstrate the biocompatibility of [Dye⊂nMOF-801]-GS and their potency as safe
bioimaging agents.
Parts d−g of Figure 3 show the confocal laser scanning
microscopic images of the FL83B and HepG2 cells after
incubation at 37 °C for 2 h in the presence of [Rs⊂nMOF801]-GS and [R6G⊂nUiO-67]-GS. As shown in Figure 3d,f,
the FL83B and HepG2 cells treated with [Rs⊂nMOF-801]-GS
showed strong red ﬂuorescence from Resoruﬁn dyes inside
nMOF-801. Similarly, FL83B and HepG2 cells treated with
[R6G⊂nUiO-67]-GS (Figure 3e,g) also showed strong yellowgreen ﬂuorescence, which corresponds to the emission of
Rhodamine-6G. When Rs⊂nMOF-801 and R6G⊂nUiO-67
(both without galactosylation) were used for cell imaging in the
same procedure, the FL83B and HepG2 cells were not
visualized, but their nuclei were stained in blue for cell
identiﬁcation (Figure S17). In vitro bioimaging results proved
that both [Rs⊂nMOF-801]-GS and [R6G⊂nUiO-67]-GS were
eﬀectively taken up by the FL83B and HepG2 cells and

Dye⊂nMOFs compared with that of the dye molecules (Figure
S8 and Tables S1 and S2). The PL intensity of the dye
molecules was plotted against their concentrations in methanol
(Figure S8), and the lines were extrapolated to the PL intensity
of the Dye⊂nMOF samples under the assumption that the PL
intensity is linearly proportional to the amount of dye
molecules at a very low concentration. Extrapolation of the
PL intensity gives the numbers of Resoruﬁn and Rhodamine6G in 1 mg of Rs⊂nMOF-801 and R6G⊂nUiO-67 as 1.91 ×
1015 and 2.80 × 1012, respectively. The mole percentages of dye
molecules for Rs⊂nMOF-801 and R6G⊂nUiO-67 are 4.3 ×
10−2 and 8.7 × 10−5 mol %, respectively, so that the estimated
occupancies of the dyes in the pores are 1.7 × 10−1 and 4.0 ×
10−4%, respectively. It is conﬁrmed by nitrogen adsorption
isotherm measurements (Figure S9) that the Dye⊂nMOFs
have extra pores while showing enough ﬂuorescence, which
indicates that such extra pores can potentially be used to carry
therapeutic molecules or other functional materials.
The photostabilities of the dyes and Dye⊂nMOFs were also
tested under continuous irradiation of 365 nm UV light
(Figures S10 and S11). After 24 h of irradiation, Rs⊂nMOF801 maintained 78% PL intensity, while Resoruﬁn showed 6%
compared to the original intensity of the unexposed one. These
results show that the photostability of the Resoruﬁn dye was
greatly enhanced by encapsulation within MOF-801. In the case
of Rhodamine-6G, its high intrinsic photostability was also
maintained within R6G⊂nUiO-67, and there was no
perceivable shift in the PL peak position or degradation in
the PL intensity after 24 h of irradiation.
The stability of the dyes and Dye⊂nMOFs against the
biological environment was tested in fetal bovine serum (FBS),
which is a serum supplement commonly used in biological
research. The dyes and Dye⊂nMOFs were dispersed in FBS for
up to 9 days, and their PL spectra were recorded on a daily
basis. When the solvent was changed from methanol to FBS,
the PL spectra of Resoruﬁn were red-shifted by ca. 20 nm
(from 582 nm in methanol to 605 nm in FBS), as shown in
Figure S12a. Then, the PL spectra of Resoruﬁn were gradually
aggravated during 9 days (Figures 2a−c and S12a), while
Rs⊂nMOF-801 preserved its original PL spectrum in FBS even
after 9 days (Figures 2d−f and S12c). Interestingly, the PL
spectra of Rs⊂nMOF-801 were identical in both methanol and
FBS (Figure 2f), unlike the Resoruﬁn molecule (Figure 2c),
which presumably indicates that the dye molecules within
nMOF-801 generally remain unexposed to FBS. In the case of
Rhodamine-6G in FBS, its original stability was also preserved
in R6G⊂nUiO-67 (Figure S12b,d). The stability of Dye⊂nMOFs was also tested in phosphate-buﬀered saline (PBS),
which proved that both Dye⊂MOFs preserved their original PL
spectrum in PBS even after 9 days without dye leaching (Figure
S13). These results imply that dye molecules can be protected
from biological environments by encapsulating them within the
nMOF pores; therefore, Dye⊂nMOF can realize reliable and
reproducible ﬂuorescence detection in biological systems.
Galactosylation of Rs⊂nMOF-801 and R6G⊂nUiO-67 gave
[Rs⊂nMOF-801]-GS and [R6G⊂nUiO-67]-GS through the
amidation reaction between the carboxyl function groups on
the nMOF surface and the amine group of galactosamine
(Figure 3a). Galactosylation increases the cell biocompatibility
and membrane permeability of nanoparticles by enhancing
recognition and binding between galactose residues and the
liver-speciﬁc asialoglycoprotein receptor in the plasma membranes of liver cells.44,45 For galactosylation, Dye⊂nMOFs in
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the powder sample was performed on an EA112/FLASH2000
analyzer. It was obtained through three replicate experiments. TGA
was obtained by a TGA4000 analyzer at a rising temperature of 5 °C/
min.
Surface Functionalization of Dye⊂nMOFs with Galactosamine. Dye⊂nMOF was dissolved in distilled water (5 mg/mL) and
mixed with a 5-fold weight excess of D-(+)-galactosamine hydrochloride. The pH of the solution was adjusted to 4.8 by the addition of
0.1 N HCl and then mixed with a 20-fold molar excess of EDC.
During the reaction, the pH of the solution was consistently
maintained at 4.8 and stirred. After 2 h, the pH of the solution was
raised to 7.0 by the addition of NaOH (0.1 N) to terminate the
reaction. The resulting solution was dialyzed against a NaCl aqueous
solution (100 mM) for 2 days, 25% ethanol for 1 day, and distilled
water for 2 days. [Dye⊂nMOF]-GSs were obtained by freeze-drying.
Cell Culture. In this study, the FL83B human liver epithelial cell
line and the HepG2 human liver cell line were obtained by a Korean
Cell Link Bank. The FL83B and HepG2 cells were cultured in
Dulbecco’s modiﬁed Eagle medium (DMEM) supplemented with FBS
(10 vol %) and antibiotics (1 wt %), respectively. Each cell was seeded
on each well of a 96-well cell culture plate at a density of 104 cells/well
and cultured in a humidiﬁed 5% CO2 cell culture incubator at 37 °C
before use.
Cell Treatment and Cytotoxicity Tests of [Dye⊂nMOFs]-GS.
The cytotoxicity of [Rs⊂nMOF-801]-GS and [R6G⊂nUiO-67]-GS
was assessed by MTT assay, respectively. Fresh DMEM containing
[Rs⊂nMOF-801]-GS and [R6G⊂nUiO-67]-GS with increasing
[Rs⊂nMOF-801]-GS and [R6G⊂nUiO-67]-GS concentrations was
added to each well and incubated for 24 h, respectively. Then, a MTT
solution (100 μL, 0.5 mg/mL) in DMEM was added to each well and
incubated at 37 °C for 2 h. The medium of each well was aspirated and
treated with dimethyl sulfoxide (50 μL) to dissolve the formazan
crystal. The optical density was measured at 540 nm with an
absorbance microplate reader (EMax microplate reader, Bucher Biotec
AG, Basel, Switzerland).
In Vitro Bioimaging of [Dye⊂nMOFs]-GS. The FL83B and
HepG2 cells were seeded on an eight-chamber glass slide at a density
of 2 × 104 cells/well and cultured in DMEM supplemented with FBS
(10 vol %) and antibiotics (1 wt %) in a humidiﬁed 5% CO2 cell
culture incubator at 37 °C for 24 h. The culture medium was replaced
with FBS-free DMEM. Then, [Rs⊂nMOF-801]-GSs and
[R6G⊂nUiO-67]-GSs (1 mg/mL) in serum-free DMEM (300 μL)
were added to the wells of the culture slides, respectively. The cells
were incubated for 2 h, washed with PBS, ﬁxed with paraformaldehyde
(4 wt %) in PBS, washed again with PBS twice, and mounted by a
VECTASHIELD antifade mounting medium with 4′,6-diamidine-2′phenylindole dihydrochloride (DAPI). The sample-treated cells were
observed with a confocal laser scanning microscope (Leica TCS SP5u
MP SMD FLIM) at a magniﬁcation of 250×. The internalized
[Rs⊂nMOF-801]-GSs or [R6G⊂nUiO-67]-GSs in the cytoplasm were
excited with an argon laser at 561 nm. An LD405 laser at 405 nm was
used to visualize DAPI.

demonstrated the use of nMOFs as a protective carrier of
molecular probes for bioimaging.

■

CONCLUSIONS
We show how molecular dyes that were a challenge to use in
the biomedical environment are encapsulated within pores of
nMOFs and successfully utilized for reliable and reproducible
ﬂuorescence bioimaging of human cells. Resoruﬁn and
Rhodamine-6G having diﬀerent molecular sizes are encapsulated within close-ﬁtting pores of nMOF-801 and nUiO-67
particles, respectively. The resulting nMOFs have high
crystallinity, uniform size, and morphology and preserve
enhanced PL properties with exceptional stabilities in the
biomedical environment. These samples are functionalized with
a targeting agent and successfully work for ﬂuorescence imaging
of FL83B (human hepatocyte cell) and HepG2 (human
hepatocellular carcinoma) without cytotoxicity. We expect
that this will open vast opportunities to utilize the library of
molecular dyes in biomedical applications.

■

EXPERIMENTAL SECTION

Synthesis of nMOFs. The ligand parts [fumaric acid (18 mg, 0.15
mmol) for nMOF-801 and biphenyl-4,4′-dicarboxylic acid (19.4 mg,
0.08 mmol) for nUiO-67] were dissolved with TEA (0.03 mL) in
DMF (5 mL). ZrCl4 (1:1 molar ratio of ZrCl4/ligand) was also
prepared in DMF (5 mL) with acetic acid (0.69 mL for nMOF-801
and 1.38 mL for nUiO-67), separately. The two solutions were
combined in a 20 mL glass vial and sealed before placement in a 100
°C oven for 12 h. The white suspensions thus produced were collected
and washed with DMF using a centrifuge (8000 rpm for 10 min) and a
sonicator and then sequentially immersed in methanol for three 24 h
periods. Finally, the samples were activated by removing the solvent
under vacuum at room temperature.
Synthesis of Dyes⊂nMOFs. Dyes were initially dissolved in DMF
at concentrations of 0.48 and 0.21 mg/mL for Resoruﬁn and
Rhodamine-6G, respectively, and used as a solvent for Dyes⊂nMOFs
preparation. The ligand parts [fumaric acid (18 mg, 0.15 mmol) for
Dye⊂nMOF-801 and biphenyl-4,4′-dicarboxylic acid (19.4 mg, 0.08
mmol) for Dye⊂nUiO-67] were dissolved with TEA (0.03 mL) in a
Dye-DMF solution (5 mL). ZrCl4 (1:1 molar ratio of ZrCl4/ligand)
was also prepared in Dye-DMF (5 mL) with acetic acid (0.69 mL for
nMOF-801 and 1.38 mL for nUiO-67), separately. The two solutions
were combined in a 20 mL glass vial and sealed before placement in a
100 °C oven for 12 h. The colored suspensions were collected and
washed with DMF using a centrifuge (8000 rpm for 10 min) and a
sonicator and then sequentially immersed in methanol for three 24 h
periods. Finally, the samples were activated by removing the solvent
under vacuum at room temperature.
Characterizations. The PXRD spectra were obtained by a Rigaku
X-ray diﬀractometer (Smartlab, Cu Kα radiation) at 1200 W (40 kV,
30 mA). The scanning condition was a 4°/min scan rate from 3° to
40° with a silicon holder. The morphology and surface of the MOFs
were veriﬁed by a ﬁeld emission scanning electron microscope (JEM7600F, JEOL). The powder sample was dissolved in methanol and
dropped directly onto the holder. For TEM observation, samples were
ﬁrst dispersed in methanol by sonication and dropped onto a TEM
grid. TEM was carried out at 200 kV using a JEOL JEM-2100F
microscope. The PL spectra of the powder sample were obtained by a
high-resolution micro low-temperature PL system (LabRAM HR UV/
vis/NIR PL). The entire scan range was 525−800 nm, and the
excitation wavelength was 514 nm. The PL spectra of the solution
sample were obtained by a Jasco FP-8500 ﬂuorometer with QS-grade
quartz cuvettes (111-QS, Hellma Analytics). Gas adsorption analysis
was performed on a BELSORP-max automatic volumetric gas
adsorption analyzer. Samples were prepared and measured after
evacuation at 100 °C for 12 h. ATR-FTIR spectroscopy was performed
using a Nicolet iS50 FTIR spectrometer (Thermo-Scientiﬁc). EA of
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