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ABSTRACT: With the rapid advance of laser technology in the photonicera, damage to |, [
precision optical instruments caused by exposure to sudden intense laser pulses has
stimulated the search for effective optical power limiting materials exhibiting good
dispersion, fast response speed, and good visible light transparency. In this study, novel
binary Ni-based mixed MOF NSs (M = Mn, Zn, Co, Cd, Fe) were obtained, making the
electronic transition more selective and changing the band gap to obtain an excellent
reverse saturation absorption signal. The theoretical calculation results show that with the
doping of the Fe element, the band gap of Ni-MOF NSs decreases from 3.12 to 0.66 eV
of Ni-Fe-MOF NSs, indicating that the doping of the Fe element has a positive effect on
the reverse saturated absorption. The experimental results prove that the optical limiting
threshold of Ni-Fe-MOF NSs is better than the GNSs, indicating that the Ni—Fe-MOF - o r .
NSs have a broad application prospect in the field of nonlinear optics and photonics.

1. INTRODUCTION

It is a consensus that the dimension of materials determines
the fundamental properties of materials to a great extent.'
Compared with zero-dimensional, one-dimensional, and three-
dimensional materials, two-dimensional materials refer to
crystal materials with the thickness of a single atomic layer
and a few atomic layers, usually in the order of a nanometer.”
The special electronic band structure of two-dimensional
layered materials determines their unique electrical,® thermal,*
optical,” and mechanical properties,”” which enables people to
study the special properties of materials in two-dimensional
scale space. It has become a research hotspot in materials and
the focus of international cutting-edge scientific research and
has great application value in device integration.” It has a broad
application prospect in the fields of electronics, information,
energy, and so on.” The research on the characteristics of
nanomaterials and the development of device manufacturing
provided opportunities for the application of two-dimensional
materials in optoelectronics.'’ For example, the tunable band
gap allows its applications in transistors, saturated absorbers,
photodetectors,'’ electro-optic modulators,'” wavelength
converters, optical switches, and so on.>71% On the one
hand, this research enables the study of the basic physical
properties of low-dimensional materials.'” On the other hand,
the novel properties of low-dimensional materials are expected
to be applied to photonic devices.'®

Because of the diversity of organic ligands and transition
metal ions, the different structures and rich active centers of
2D MOFs have been widely discussed in many research
fields," such as catallysis,zo’21 small molecule storage and
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separation,”” energy conversion,”” optics,”* nonlinear op-
tics,”>*° and so on. Through the careful design of molecular
structure: intramolecular charge transfer, intermolecular
interaction, z-conjugation, and symmetry, 7' %*7?%  the
application of 2D MOFs materials in nonlinear optics can be
effectively improved.”””*° However, up to now, the third-order
nonlinear optical properties of 2D MOFs materials have been
studied minimally.‘i’l’32 Notably, a new meta-organic frame-
work (ZSTU-10) and a bimetallic sulfide quantum dots
(QDs)-attached metal—organic framework (MOF) nano-
sheets-based film show good performance in the field of
optical limiting in third-order nonlinearity and have certain
potential application value.””** Several studies have enabled us
to know the nonlinear optical properties of 2D MOFs
materials.”> ™" On the basis of the above studies, we explored
a deeper investigation into the field of third-order nonlinearity.
The key methods for synthesizing 2D MOF NSs are the top-
down method and the bottom-up method.*® However, the
former mainly depends on ultrasonic and other stripping
7% which leads to its shortcomings such as uneven
stripping, low yield, and easy reaccumulation of stripped
sheets.*"** The latter method has been proved to be the most
promising method for synthesizing MOF NSs. We refer to the
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Figure 1. Ni—Fe-MOF NSs. (a, b) SEM image. (c) HAADF-STEM images. (d, ) TEM image. (f h) AFM image. (g;, g,) HAADF-STEM image
and EDX elemental mappings. The inset in (d) shows the Tyndall light scattering of the Ni—Fe-MOF NSs in an aqueous solution, and the inset in

(f) shows the thickness of Ni—Fe-MOF nanosheets ~ 0.6 nm.

previous literature and improve it to synthesize a flaky Ni-
MOF ([Niy(OH),(1,4-BDC),-(H,0),]-2H,0; 1,4-BDC =
dimethyl phthalate) as the base™ and doped with five different
metals of bimetallic Ni-M-MOF (M = Mn, Zn, Co, Co, Fe)
NSs. Its morphology and properties are analyzed and
compared.

2. EXPERIMENTAL METHOD

2.1. Chemicals. Nickel(II) acetate tetrahydrate (Ni-
(OAC),-4H,0; 99.9% metals basis), iron(Il) sulfate heptahy-
drate (FeSO,-7H,0; 99.99% metals basis), cobalt(II) sulfate
heptahydrate (CoSO,7H,0; 99.99% metals basis),
manganese(II) sulfate monohydrate (MnSO,H,0; 99.99%
metals basis), zinc(II) sulfate heptahydrate (ZnSO,-7H,0;
99.995% metals basis), cadmium(II) sulfate 8/3-hydrate
(CdSO,-8/3H,0; 99.99% metals basis), terephthalic acid
(1,4-H,BDC; 99%), and N,N-dimethylacetamide (DMAC;
99.8% GC) are purchased from Aladdin Chemical Reagent Co.
Ltd. (Shanghai, China). Other chemicals and solvents are
obtained from commercial suppliers and used without further
purification.

2.2, Synthesis of 2D MOF Nanosheets. Ni-MOF NSs
and Ni-M-MOF NSs (M = Mn, Zn, Co, Cd, Fe) are prepared
by a solvothermal method,” and the raw materials are
commercial chemicals. First, Ni(OAc),"4H,0 of 0.1 mmol
and MSO, (M = Mn, Zn, Co, Cd, Fe) of 0.03 mmol are stirred
(10 min, 500 rpm) and dissolved in 6 mL of deionized water at
room temperature. The terephthalic acid of 0.05 mmol is
stirred (10 min, 500 rpm) and dissolved in a DMAC solution
of 6 mL. Then the dissolved deionized water solution and
DMAC solution are mixed evenly. The mixed solution is then
transferred to a stainless-steel autoclave lined with Teflon and
crystallized at 150 °C for 3 h. After the crystallization process,
the solution is cooled to room temperature in air, then
centrifuged several times under 11 000 rpm with deionized
water and ethanol for 15 min, and then freeze-dried in a freeze-
dryer 24—48 h.

2.3. Characterization. The XRD measurement is carried
out on the X-ray diffractometer (ULTIMA III) of Nei
Company of Japan, the scan angle is from 5 to 50 and the
scan speed is 5.0 angles per minute. The Raman spectra at
room temperature are collected by an American thermoelectric
Raman spectrometer (DXR2Xi) excited by a 512 nm laser.
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Figure 2. Ni—Fe-MOF NSs. (a) Raman spectrum. (b) XPS spectrum. (c) XRD pattern of Ni—Fe-MOF NSs and its agreement with the theoretical
diffraction pattern (CCDC 636688). (d) UV absorption spectra (Ni—Fe-MOF NSs, Ni—Mn-MOF NSs, Ni—Zn-MOF NSs, Ni—Co-MOF NSs,
Ni—Cd-MOF NSs, Ni-MOF NSs). (e) FTIR spectrum. (f) TG-DTA spectrum.

Fourier transform infrared spectroscopy (FTIR) measurements
are carried out on Nicolet 5700 instruments in the range of
400—4000 cm™'. The morphology of the samples is
characterized by transmission electron microscopy (Talos
F200i) and scanning electron microscopy (Verios G4). All
samples are prepared by placing a drop of an ethanol
suspension containing NSs onto the carbon-coated copper
grids and silicon wafer. The surface atomic states are detected
by KMel Alpha* X-ray photoelectron spectroscopy (XPS).
Thermogravimetric analyses (TGA) are performed on a
Thermogravimetric analyzer (STA449-FS, NETZSCH-Gerite-
bau GmbH) under a nitrogen atmosphere at a heating rate of
10 °C/min. The linear optical absorption spectra are
characterized by UV spectrometry (LAMBDA 950s), the
scan range is from 200 to 800 nm, and the scan speed is 2 nm
per second. The thickness of Ni—Fe-MOF NSs nanowires is
measured by atomic force microscopy (ICONPT-PKG,
Bruker; AFM tip: FESP-V2; scan rate: 0.79 In/s, 256 Points/
Lines; tapping mode; amplitude: 4—6 V). All samples are
prepared by placing a drop of an ethanol suspension containing
NSs on a mica sheet. The nonlinear optical properties of the
sample are evaluated using the Z-scan technique. The
excitation light source is an Nd:YAG laser with a repetition
rate of 10 Hz. The laser pulses (period, 7 ns; wavelength, 532
nm) are split into two beams with a mirror. The pulse energies
at the front and back of the samples are monitored using
energy detectors 1 and 2. All of the measurements are
conducted at room temperature. The sample is mounted on a
computer-controlled translation stage that shifted each sample
along the z-axis. For all the simulations, the ground state wave
functions are first obtained using the Perdew—Burke—
Ernzerhof exchange-correlation functional using the Quantum
Espresso code by employing scalar-relativistic norm-conserving
pseudopotentials with a kinetic energy cutoff of 60 Ry. Each
structure is fully geometrically relaxed until a force
convergence of 0.01 eV A~ is obtained, and 2 X 2 X 2 K-
sampling is included in all the simulations. The GW band
structure calculations are also carried in the Quantum Espresso
package.”>~*

3. RESULTS AND DISCUSSION

3.1. Morphology Characterization of Ni-M-MOF. The
crystal powder of Ni-M-MOF NSs (M = Mn, Zn, Co, Cd, and
Fe) is prepared by the solvothermal method. The purpose of
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and atomic force microscopy (AFM) is to
illustrate that the synthesized MOFs are composed of 2D
nanosheets. Through the SEM and TEM inspection methods,
the morphology of Ni—Fe-MOF NSs is clearly observed. From
Figure 1a,b, it is obvious that Ni—Fe-MOF NSs have a rose-
like structure, and the crimped nanosheets make up each
“petal”. It is obvious from Figure 1d,e that the petals are very
thin nanoflakes. The transparent suspension in Figure 1d has
an obvious Tyndall effect, indicating that MOF NSs have good
dispersion in water. The thickness of the observed sheets is
measured (Figure 1f) to be around 0.6 nm (Figure S6), a
number that is in good agreement with the thickness of the
monolayers in the crystal structure (CCDC: 638866). In
Figure 1g,,g,, the uniform distribution of different elements
(Ni, Fe, C, O) are identified by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and energy dispersive X-ray (EDX) analysis. Using SEM and
TEM inspection methods, the morphology of Ni-M-MOF NSs
(M = Mn, Zn, Co, Cd) are clearly observed, and the results are
shown in Figure S1, Figure S2, Figure S3, Figure S4,
respectively. The morphology of Ni-MOF NSs is shown in
Figure SS.

The Raman spectrum (Figure 2a) is used to characterize the
molecular vibration modes of the benzene ring in terephthalic
acid. We can see that the four active Raman modes correspond
to the vibrations of m-benzene rings, in which 864 cm™
belongs to the in-plane deformation mode of C—H in organic
ligands, while 1140, 1430, and 1610 cm™! belong to the out-of-
plane deformation modes of C—H in organic ligands. The XPS
spectrum (Figure 2b and Figure S7) is used to verify the
elemental results in EDX and to confirm the valence states of
Fe and Ni elements in Ni—Fe-MOF NSs. The XPS image
confirms the results of EDX and determines the surface
chemical composition and valence state, in which Ni** and

10431 https://doi.org/10.1021/acsomega.1c07196
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Figure 3. (a) Crystal structure of the Ni—Fe-MOF NSs (silver, khaki, red, brown, and gray spheres represent Ni, Fe, O, C, and H atoms,
respectively). The bandgap for the individual spin channels is 0.66 eV. (b) Spin. (c) Downspin.

Fe®" are observed. XRD is used to confirm that the doping
metal is replacing the Ni element in the Ni-MOF NSs while
maintaining crystal consistency. As shown in Figure 2, it can
be seen from the XRD that the prepared Ni—Fe-MOF NSs
have the same crystal phase as the known Ni-based MOF NSs
([Ni;(OH),(1,4-BDC),-(H,0),] -2H,0 CCDC: 638866).
The XRD of Ni-M-MOF NSs (M = Mn, Zn, Co, Cd) is
clearly observed, and the results are shown in Figure S8.

The UV—vis absorption spectra of Ni-MOF NSs and MOF
NSs doped with five different metals (Figure 2d) show a strong
absorption peak in the near-UV region (from 200 to 250 nm),
and a broad and very weak absorption in the visible region
(from 400 to 800 nm), compared with the previously reported
GNSs (500—800 nm),* the wider absorption region shows the
samples is of great help to the practical application of optical
limiting performance. The FTIR diagram of Ni—Fe-MOF NSs
shows in Figure 2e, the band at 3588 cm™' together with the
broad bands (between 3070 and 3450 cm™) are attributed to
the stretching vibrations of —OH and the water molecule,
respectively. The absorption peak at 1502 cm™' is assigned to
the stretching vibrations of the para-aromatic C—H group. The
absorption peaks at 1575 and 1384 cm™' are assigned to the
asymmetric and symmetric vibrations of the coordinated
carboxyl (—COO—-) group, respectively. These two separated
peaks confirm that —COO- of 1,4-H,BDC is coordinated with
metal in a bidentate mode. The bands at 1135 and 618 cm™"
belong to the asymmetric and symmetric vibrations of the S—
O groups of SO,>”. The FTIR diagram of the other Ni-M-

10432

MOF NSs (M = Mn, Zn, Co, Cd) are also clearly observed
with the same results (Figure S9).

Thermogravimetric analysis (Figure 2f) is used to character-
ize the thermal stability of the Ni—Fe-MOF NSs. The
thermogravimetric curve is divided into three main stages.
The weight loss from the first stage to 180 °C is mainly due to
the departure of water (stage 1), and the weight loss at the next
stage between 180 and 350 °C is attributed to the departure of
solvation and coordination water molecules in Ni—Fe-MOF
NSs (stage 2). In the third stage, the significant decrease of this
curve is due to the combustion of organic matter and the
decomposition of Ni—Fe-MOF NSs.

3.2. Theoretical Calculations. From monometallic Ni-
MOF NSs to mixed MOF NSs, the most direct change is the
change of band gap." The change of the band gap directly
affects the light absorption range of the material. The
electronic energy band structure corresponding to the band
gap is an important basis for us to theoretically explain the
optical properties of these MOF NSs. As an example, we
determined the electronic band structure of Ni—Fe-MOF NSs
through density functional theory calculations. The layered
structure of Ni—Fe-MOF NSs is shown in Figure 3a, where Ni
atoms and Fe atoms act as bridging nodes to connect organic
ligands, compared with the pure Ni-MOF NSs in the previous
experiment,’ the bandgap width of the spin channel of the pure
Ni-MOF NSs is 3.12 eV, and the bandgap width of the
downspin channel is 3.50 eV. For the Ni—Fe-MOF NSs, the
bandgap width of the spin is 0.66 eV (Figure 3b), and the

https://doi.org/10.1021/acsomega.1c07196
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bandgap width of the downspin channel is 0.85 eV (Figure 3c).
The small gap between the two spin channels is the band gap.
It shows the Fe atom doping leads to the decrease of the Ni-
MOF NSs band gap, which increases the light absorption
range. The reason may be enhancing the reverse saturated
absorption of MOF NSs after the Fe atom doping.*

3.3. Open Aperture Z-Scanning and Optical Power
Limiting. The NLO performance of the sample was studied
by the Z-scan technique, and the incident light source was 532
nm nanosecond laser pulse.”’ The theoretical fitting calculation
of the experimental results is carried out, and the calculation
method and formula refer to previous literature.>* First, the
incident energy density is obtained by the following formula:

4+/In 2 *¢g,

I, =
o, M
I, is the optical power density at the focal point, @, is the beam
waist radius of the laser, 7, is the pulse width, and ¢ is the laser
energy.

The linear transmittance T is obtained through the linear
test, and the linear absorption coeflicient a, is obtained
through the Lambert formula:

T = ¢ %k (2)

Then the absorption coefficient a, is substituted into
formula:

Lg=(1-¢""/a 3)

to obtain the effective length of the material.
The Rayleigh length of the optical path is obtained by the
formula:

0,
Zn =
! ©)
Finally, use the origin custom fitting formula
L PloLeg
VBIL + (2/2,)’] (s)

let A = pI,L.5 and fit the normalized transmittance formula
obtained by Z-scan to obtain the numerical value A. Then use
I,L.g at the beginning of A to get f.

The optical limiting threshold Fy and the nonlinear
absorption coeflicient f are obtained, as shown in Table 1.
In the phenomenon of optical limiting caused by nonlinear
absorption, the larger the value of 3, the more energy can be
absorbed by the sample under the same laser incident
conditions, so that the energy of the laser transmitted through
the sample is lower, which plays a protective role. The smaller
the value of Fy, the more likely the optical limiting effect will
occur in the sample under the same laser incident conditions.
The transmittance of the laser is greatly reduced, and it has a
good protective effect on the protected items.”” The incident
laser energy density at the focal position of the lens is the
highest, the transmittance of all samples decreases to the
lowest point at Z = 0. It increases gradually when it is far from
the focus, which is a typical light-induced optical limiting
effect.”

The transmittance of Ni-MOF NSs at Z = 0 is 42% and 76%,
as shown in Figure S12ab. The sample is moved from —50
mm to 50 mm, when Z = 0, the transmittance of the sample is
low, the change of the transmittance of all the doped samples is

Table 1. Optical Limiting Threshold (Fy, J/ cm?) and
Nonlinear Absorption Coefficient (ff, cm/w, Input Energy:
50 pJ/pulse) for Ni-MOF NSs and Ni-M-MOF NSs (M =
Mn, Zn, Co, Cd, Fe) at 532 nm”

samples p Fu, ref
Ni-MOF NSs 432 x 10710 - this work
Ni-Mn-MOF NSs 1.91 x 1078 >3 this work
Ni-Zn-MOF NSs 1.24 x 107° >3 this work
Ni-Co-MOF NSs 1.12 x 1078 2.64 this work
Ni-Cd-MOF NSs 1.28 X 1078 1.56 this work
Ni-Fe-MOF NSs 299 x 1078 0.43 this work
GONSs 029 x 10713 >3 49
GNSs 1.36 x 10713 0.5 49
MWCNTs 1.05 X 10713 1.4 49
VSe, - 0.9 56
MOS, - 11.16 57
WS, - 7.2 57
(CoMo0,)s/PMMA 1.7 X 1077 1.31 58

“The classical materials are also included for comparison.

larger than that of the undoped Ni-MOF NSs. The
transmittance of Ni—Fe-MOF NSs at Z = 0 is 67% and 71%,
as shown in Figure 4a,b. This is the phenomenon of reverse
saturable absorption, and the reason for this signal is that the
probability of electrons being excited twice is greater than that
of linear absorption (the cross-section of the excited state is
larger than the cross-section of the ground state).”

In the original Ni-MOF NSs species, intramolecular charge
transfer only exists between Ni** and terephthalic acid.
Through the analysis of the structure, after doping with Fe*,
the molecular crystal form does not change, and the
intramolecular charge transfer path remains the same. While
intramolecular charge transfer increases Ni** to Fe®* and Fe®"
to terephthalic acid, it enhances the absorption of the
intramolecular charge transfer state of the material, which
will enhance the reverse saturation absorption signal.”> Because
of the doping of Fe¥*, the possibility of intersystem crossing in
the molecule is enhanced, thereby increasing the possibility of
triplet absorption in the molecule, which is also the reason for
the enhancement of the reverse saturable absorption signal of
the material.>

Combined with the above theoretical calculation results, the
doping of Fe’* reduces the band gap and increases the
absorption range of the material," and the high band gap value
of Ni-MOF NSs makes it show extremely weak reverse
saturable absorption under the 532 nm laser source.

The transmittance of Ni-Cd-MOF NSs at Z = 0 is 30% and
74%, as shown in Figure Sa,b. The strong RSA signal can be
seen, and it shows the samples of different initial transmittance
have different RSA signals. The transmittance at 30% has a
weaker RSA signal compared with 70%. As the incident energy
increases, the RSA signal becomes stronger.18 It is consistent
with the result of Ni—Fe-MOF NSs." The Ni-Co-MOF NSs
(Figure S1lab) also show the signal of RSA, but the signal is
not strong. The reason may be that although the doping of Co
increases the selectivity of the electronic transition, the energy
barrier required for the transition is increased.

The transmittance of Ni-Mn-MOF NSs at Z = 0 is 24% and
75%, as shown in Figure 6ab. The transmittance of Ni-Zn-
MOF NSs at Z = 0 is 22% and 73%, as shown in Figure S10a,b.
It can be seen from Figure 6a and Figure S10a that there is a
strong RSA signal, which is consistent with the previous result.
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Figure 4. Open-aperture Z-scan results for the Ni—Fe-MOF NSs sample at 532 nm. The solid lines are the theoretical fitting curves. (a) Linear
optical transmission is 67% and input power from 10 to SO yJ. (b) Linear optical transmission is 71% and input power from 30 to SO pJ.
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Figure 6. Open-aperture Z-scan results for the Ni-Mn-MOF NSs sample at 532 nm. The solid lines are the theoretical fitting curves. (a) Linear
optical transmission is 24%, and input power is from 10 to SO yJ. (b) Linear optical transmission is 75%, and input power is from 30 to S0 J.

As shown in Figure 6a, Figure S10a, when the incident energy
of Ni-Mn-MOF NSs and Ni-Zn-MOF NSs is low, the
saturated absorption occurs, and the reverse saturated
absorption occurs when the incident energy increases. This is
due to the predominance of bleaching by ground state
absorption at low intensities, resulting in the SA signal. RSA
occurs when the intensity rises further, which is due to two-
photon absorption.*®

To further illustrate the difference between the optical
limiting performance of the Ni-M-MOF NSs (M = Mn, Zn,

10434

Co, Cd, Fe) and the Ni-MOF NSs, the optical limiting
diagram, as shown in Figure 7, is obtained by a nonlinear
fitting equation.”” The optical limiting properties of materials
are closely related to the Fy. According to previous literature
reports, among the reported materials (GONSs (>3 J/cm?),
GNSs (0.5 J/ecm?), MWCNTSs (1.4 J/cm?), VSe, (0.9 J/cm?),
MOS, (11.16 J/ecm?*), WS, (7.2 J/em?), (CoMo0O,)s/PMMA
(1.31 J/ecm?)) have good optical limiting performance.*****’
From the optical limiting curve trend of the six materials in
Table 1, it can be clearly seen that the threshold of Ni-M-MOF
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Figure 7. Optical limiting curve of Ni-MOF NSs and Ni-M-MOF NSs
(M = Mn, Zn, Co, Cd, Fe) with input power (50 xJ) at 532 nm in
ethanol.

NSs (M = Mn, Zn, Co, Cd, Fe) is Fe < Cd < Co < Mn & Zn
< Ni, suggest that the optical limiting performance of the Ni-
M-MOF NSs (M = Mn, Zn, Co, Cd, Fe) has been improved,
which is consistent with the results of the Z-scan. Especially for
the Ni-Fe-MOF NSs, the optical limiting threshold (0.43 J/
cm?) is better than the GNSs (0.5 J/cm?). Together, all of
these indicate that the mixed MOF NSs are potential materials
with a significant application value.

4. CONCLUSIONS

To sum up, ultrathin MOF NSs are synthesized by the
traditional solvothermal method. The third-order nonlinear
optical responses of Ni-MOF NSs and Ni-M-MOF NSs (M =
Mn, Zn, Co, Cd, Fe) are studied by the Z-scan method at 532
nm. The results show that these MOF NSs have strong reverse
saturated absorption and a broad and very weak absorption
(from 400 to 800 nm). Especially, Ni-Fe-MOF NSs have a
better optical limiting threshold (Fy = 0.43 J/cm?) than the
GNSs (Fy, = 0.5 J/cm?). Therefore, ultrathin mixed MOF NSs
materials play a great role in the protection of precision optical
instruments, have a great application potential in nonlinear
optics and photonics.
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