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(57) ABSTRACT

Provided are a silicene quantum dots-containing siloxene
thin film and a preparation method therefor, which belong to
the field of fluorescent functional nanomaterials. A siloxene
thin film embedded with silicene quantum dots is prepared
by uniformly mixing CaSi, with a decalcification organic
solvent and a transition metal chloride catalyst in a propor-
tion, performing acid washing, and then performing ultra-
sonic dispersion. The thickness of such siloxene thin film is
less than 1 to 2.5 nm, the size of the silicene quantum dots
is 2 to 5 nm. In addition, the siloxene thin film has strong
fluorescence emission performance in a blue light region,
has a pseudodirect band gap, and shows a good application
prospect in the fields of photoelectricity and the like.
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SILICENE QUANTUM DOTS-CONTAINING
SILOXENE AND PREPARATION METHOD
THEREFOR

TECHNICAL FIELD

The present application belongs to the technical field of
preparation of fluorescent functional nanofilm materials, and
specifically relates to a silicene quantum dots-containing
siloxene and a preparation method therefor.

BACKGROUND

Two-dimensional silicon-based materials have unique
physical and chemical properties due to their high specific
surface area and quantum confinement effect. Silicene is a
2D silicon allotrope with a unique low buckling structure.
The oxide of silicene is siloxene. Silicene and siloxene have
unique physical and chemical properties due to their high
specific surface area and quantum confinement effect. Simi-
lar to graphene, silicene also has a hexagonal honeycomb
structure. Since Si and C belong to the same family in the
chemical periodic table, silicene and graphene have similar
electronic properties. However, the Si atoms in silicene are
not all SP? hybridized, but are in a status between SP?
hybridization and SP? hybridization, causing its hexagons to
have a buckling structure and a highly chemically active
surface, which make it possible to control the band gap and
realize the functionalization of chemical functional groups
in silicene. Therefore, more and more attention is paid to the
research of nano-silicene and its oxides. It is worth noting
that silicene quantum dots, that are similar to graphene
quantum dots, have great potential for a wide range of
applications, such as biological imaging, chemical sensing,
catalysis, drug delivery, light emission, and microelectron-
ics. Therefore, it is of great significance to study the prepa-
ration methods, properties and potential applications of
silicene quantum dots.

At present, the preparation methods of silicene and silox-
ene typically include epitaxial growth and chemical meth-
ods. Among them, the epitaxial growth method typically
comprises growing a single- or multi-layer of silicene on Ag
(111), Ir (111), MoS, or other substrates using a molecular
beam epitaxy (MBE) method; and the chemical methods can
be typically divided into chemical vapor deposition method,
template method and liquid-phase exfoliation method.
Despite the capability of controlled growth of a single layer
of silicene, the epitaxial growth method is costly, compli-
cated to operate, and difficult to separate the silicene from
the substrate, which limits the research of various properties
of the silicene and its application to a certain extent. Most of
the chemical methods that have been reported are cumber-
some, the thickness of the prepared material is relatively
thick, and the yield is low. The principle of the method used
in the present application is an optimized liquid-phase
exfoliation method, which has simple operation, low cost,
low toxicity of the raw materials used, and is more suitable
for mass production.

At present, there are few studies on the photolumines-
cence properties of silicene quantum dots and siloxene.
Unlike bulk silicon with indirect band gap, silicene has a
pseudodirect band gap. Therefore, the study on the photolu-
minescence properties, energy band structure and lumines-
cence lifetime of silicene quantum dots and siloxene is of
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great significance to their future applications in the fields of
photoelectricity, sensors, microelectronics and the like.

SUMMARY

The object of the present application is to provide a
silicene quantum dots-containing siloxene and a preparation
method therefor in the technical field of nanomaterial prepa-
ration. The method comprises the top-down preparation of a
silicene quantum dots-containing siloxene thin film through
liquid-phase exfoliation of CaSi, at room temperature. The
method utilizes transition metal chloride as a catalyst, which
not only facilitates the layered exfoliation of CaSi, and
increases the yield of the siloxene thin film, but also pro-
motes the formation of silicene quantum dots on the silicon-
enriched area of the siloxene surface. The prepared silicene
quantum dots-containing siloxene nanofilm has strong blue
fluorescence emission performance, nanosecond-level fluo-
rescence lifetime and tunable broad-spectrum emission, and
belongs to a semiconductor material having a pseudodirect
band gap.

The present application provides a silicene quantum dots-
containing siloxene and a preparation method therefor, com-
prising the following steps:

(1) uniformly mixing CaSi,, a decalcification organic
solvent and a transition metal chloride catalyst, to
obtain a mixed solution after fully reacting and decal-
cifying;

(2) transferring the mixed solution obtained in the step (1)
to a centrifuge tube, removing the supernatant after
high-speed centrifugation, and then adding excess
hydrochloric acid to remove metal compound impuri-
ties, to obtain a mixed liquor; and

(3) repeatedly washing the mixed liquor obtained in the
step (2) for several times by high-speed centrifugation
with absolute ethanol, then adding absolute ethanol for
ultrasonic dispersion, then collecting the supernatant
after low-speed centrifugation, and vacuum drying the
supernatant to obtain a silicene quantum dots-contain-
ing siloxene nanofilm.

In the step (1), the decalcification organic solvent is at
least one of tetraethyl orthosilicate, ethyl acetate, isopropa-
nol, and absolute ethanol; and the transition metal chloride
catalyst is at least one of ferric chloride, cobalt chloride, and
nickel chloride.

In the step (1), the molar ratio of CaSi, to the transition
metal chloride catalyst is 1:1 to 1:4.

In the step (1), the reaction is to stand for 24 to 48 h at
room temperature.

The high-speed centrifugation described in the method
comprises a rotation speed of 10000 rpm or above and a
centrifugation time of 10-15 min.

In the step (2), the concentration of the hydrochloric acid
is 1-4 mol/L, the reaction duration is 3-7 h, and the molar
ratio of the added hydrochloric acid to all the added metal
elements is greater than 2.

In the step (3), the washing with absolute ethanol is
performed for 3 to 5 times.

In the step (3), the low-speed centrifugation comprises a
rotation speed of 200-500 rpm and a centrifugation time of
3-5 min.

In the step (3), the vacuum drying is performed under a
temperature 60-80° C. for more than 24 h.

The present application provides a top-down preparation
of a silicene quantum dots-containing siloxene through a
liquid-phase exfoliation method. The siloxene thin film
prepared by this method comprises silicene quantum dots
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thereon, the silicene quantum dots have a diameter of about
2-5 nm, and the siloxene thin film has a thickness of 1 to 2.5
nm and belongs to a two-dimensional nanomaterial with a
thickness of 5 atomic layers. In the present application, for
the first time, silicene quantum dots are formed by self-
organized growth on siloxene through catalysis of a transi-
tion metal chloride. The siloxane has tunable broad-spec-
trum emission, and exhibits strong blue emission under the
excitation of ultraviolet light. Moreover, the appearance of
pseudodirect band gap transitions was observed through
absorption spectroscopy and PL spectroscopy, which is very
important for the research in silicon optoelectronics.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a STEM image of the silicene quantum dots-
containing siloxene thin film prepared in Example 1;

FIG. 2 is a HRTEM image of the silicene quantum
dots-containing siloxene thin film prepared in Example 1;

FIG. 3 is a selected area electron diffraction (SAED)
pattern image of the corresponding area in FIG. 2;

FIG. 4 is an SEM image of the layered sample after the
liquid-phase exfoliation of CaSi, in Example 1;

FIG. 5 is an AFM image and thickness characterization of
the silicene quantum dots-containing siloxene thin film
prepared in Example 1;

FIG. 6 is the ultraviolet visible absorption spectrum
(UV-vis) and photoluminescence spectrum (PL) images of
the silicene quantum dots-containing siloxene thin film
prepared in Example 1, where the ultraviolet visible absorp-
tion spectrum has been converted into a data graph that can
be used to calculate the optical band gap, and the abscissa of
the photoluminescence spectrum is converted from wave-
length (nm) to photon energy (eV);

FIG. 7 1s a fluorescence lifetime curve of the silicene
quantum dots-containing siloxene thin film prepared in
Example 1;

FIG. 8 is an HRTEM image of a siloxene thin film
prepared by a conventional method; and

FIG. 9 is a photoluminescence spectrum image of a
siloxene thin film prepared by a conventional method.

DETAILED DESCRIPTION

In order to make the objectives, technical solutions, and
advantages of the present application clearer, the following
further describes the present application in detail with ref-
erence to the accompanying drawings and examples. It
should be understood that the specific examples described
herein are only used to explain the present application, but
not to limit the present application. In addition, the technical
features involved in the various embodiments of the present
application described below can be combined as long as they
do not conflict with each other.

Example 1

Provided herein is a method for preparing a silicene
quantum dots-containing siloxene, comprising the following
steps:

(1) weighing 0.54 g of ferric chloride hexahydrate, and
adding 20 ml of ethyl acetate for full dissolution with
agitation to obain a mixed solution.

(2) weighing 0.2 g of CaSi, into the mixed solution in (1),
standing in a fume hood for 24 h for full reaction.

(3) after the reaction, transferring the resultant mixed
solution to a centrifuge tube, and performing centrifu-
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gation with a centrifugation speed of 10000 rpm and a
centrifugation time of 10 min.

(4) after centrifugation, collecting the lower sediment,
adding 25 m! of 2 mol/L hydrochloric acid, and stand-
ing for 3 h in a fume hood after mixing uniformly by
agitation, to dissolve remaining metal oxides and other
impurities in the reaction product.

(5) after the reaction, transferring the resultant mixed
solution to a centrifuge tube, performing centrifugation
with a centrifugation speed of 10000 rpm and a cen-
trifugation time of 10 min, aspirating and discarding
the supernatant after centrifugation, adding 20 ml of
absolute ethanol to wash the lower sediment with
agitation, then performing centrifugation with the same
parameters and discarding the supernatant, and after
repeating the above procedures for 3 times, adding 20
ml of absolute ethanol to disperse the lower sediment.

(6) dispersing the mixed liquor by ultrasonic dispersion
with 100% ultrasonic power for 2 h, to disperse and
exfoliate more nanofilm samples.

(7) after completing the ultrasonic dispersion, transferring
the mixed solution to a centrifuge tube, performing
centrifugation with a centrifugation speed of 300 rpm
and a centrifugation time of 3 min, collecting the upper
liquid by aspiration after centrifugation and vacuum
drying at 60° C. for 24 h, to obtain the silicene quantum
dots-containing siloxene thin film as a powder sample,
wherein a part of the upper liquid sample was retained
for subsequent analysis and testing, and after removing
the upper liquid, the lower sediment was used for
subsequent morphology study on liquid-phase exfolia-
tion of CaSi,.

Example 2

The same steps as in Example 1 were used to prepare the
silicene quantum dots-containing siloxene, except that the
ethyl acetate in Example 1 was replaced with 20 ml of
absolute ethanol. Other reaction conditions remained
unchanged.

TEM characterization shows that the thickness and size of
the silicene quantum dots are relatively large, with an
average diameter of about 8 nm, and their structure is closer
to crystalline silicon quantum dots rather than silicene
quantum dots. The sample has an obvious absorption peak of
crystalline silicon in the ultraviolet-visible absorption spec-
trum, and the photoluminescence spectrum results show that
the sample has fluorescence emission in the blue light
wavelength band under the excitation of ultraviolet light, but
the intensity is less than that of the sample of Example 1.

Example 3

The same steps as in Example 1 were used to prepare the
silicene quantum dots-containing siloxene, except that the
ferric chloride hexahydrate in Example 1 was replaced with
0.48 g of cobalt chloride hexahydrate. Other reaction con-
ditions remained unchanged.

TEM characterization shows that the siloxene thin film is
relatively thick, but the silicene quantum dots have a low
vield, an average diameter of about 3 nm and low crystal-
linity, and are closer to the silicon atom-enriched aggrega-
tion area. The sample has a weak absorption peak of
crystalline silicon in the ultraviolet-visible absorption spec-
trum, and the photoluminescence spectrum results show that
the sample has fluorescence emission in the blue-green light
wavelength band under the excitation of ultraviolet light,



US 12,221,351 B2

5

which is the result of the combined action of the silicene
quantum dots and the siloxene thin film.

Example 4

Characterization and Analysis of Transmission Electron
Microscopy (TEM)

Transmission electron microscope was used to determine
the size, quantum dot distribution, and crystallinity of the
silicene quantum dots-containing siloxene thin film. FIG. 1
is a scanning transmission electron microscopy (STEM)
image of the sample, showing that the siloxene thin film has
an extremely thin thickness, a certain degree of flexibility,
and a large size. FIG. 2 is a high resolution transmission
electron microscopy (HRTEM) image of the silicene quan-
tum dots-containing siloxene thin film, showing that the
silicene quantum dots are uniformly distributed on the
siloxene thin film and have a size of about 2 to 5 nm, which
is corresponded to their blue light emission property. FIG. 3
is the selected area electron diffraction pattern image cor-
responding to an area in FIG. 2, showing that the prepared
silicene quantum dots belong to a polycrystalline. After
calibration, the crystal structure corresponding to the dif-
fraction pattern corresponds to silicene, and its lattice fringe
spacing is 2.1 A, proving that the prepared quantum dots are
silicene quantum dots different from silicon crystal quantum
dots.

Example 5

Characterization and Analysis of Scanning Electron Micros-
copy (SEM)

Scanning electron microscope was used to observe the
changes in the morphology of CaSi, in the lower sediment
after sample preparation. FIG. 4 is the SEM image of the
layered sample after the liquid-phase exfoliation of CaSi,,
showing that the CaSi, after the reaction has obvious layered
exfoliation, indicating that the calcium ions in the CaSi,
were extracted under the combined action of the decalcifi-
cation solvent and the transition metal chloride catalyst,
leaving silicon atoms to form a siloxene thin film, on which
silicene quantum dots were formed by self-organized
growth.

Example 6

Characterization and Analysis of Atomic Force Microscopy
(AFM)

Atomic force microscope was used to determine the
thickness of the silicene quantum dots-containing siloxene
thin film. FIG. 5 is the AFM image of the sample dispersed
on a mica sheet. The measurement shows that the thickness
of the siloxene thin film is within 2 nm and its surface is
distributed with uneven silicene quantum dots. According to
calculation, the atomic layers of the siloxene and the silicene
quantum dots are within 5 layers.

Example 7

Analysis of Ultraviolet-Visible Spectroscopy (UV-Vis)
Ultraviolet-visible spectrophotometer was used to analyze
the light absorption capacity of the silicene quantum dots-
containing siloxene thin film. After the absorption spectrum
was obtained, its optical band gap was calculated after data
processing. As shown in FIG. 6, the optical band gap of the
sample is about 3.01 eV, and when excluding the interfer-
ence from instrument error and test environment, the optical
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band gap corresponds to the fluorescence emission peak of
the sample at 435 nm (excitation at 325 nm). The coefficient
obtained by processing the ultraviolet-visible absorption
spectrum data indicates that the sample belongs to a semi-
conductor having a direct band gap at that moment. There-
fore, the sample underwent a pseudodirect band gap transi-
tion at 435 nm, which is due to the band gap change of the
silicon material caused by the quantum confinement effect.

Example 8

Analysis of Photoluminescence (PL) Spectrum and Fluores-
cence Lifetime

Fluorescence spectroscopy was used to perform photolu-
minescence testing and fluorescence lifetime analysis on
samples. The photoluminescence spectrum image in FIG. 6
shows that under the excitation of 325 nm ultraviolet light,
the sample has obvious blue light emission peaks at 435 nm
and 465 nm, in which the luminescence peak at 435 nm is
due to the band-edge transition of the silicene quantum dots,
and the luminescence peak at 465 nm comprises not only the
band-edge Iuminescence of the silicene quantum dots of
different sizes, but also luminescence from luminescence
centers, such as the oxygen defect-derived composite lumi-
nescence and surface state-derived luminescence of the
siloxene thin film itself. FIG. 7 shows the fluorescence
lifetime curve of the silicene quantum dots-containing silox-
ene thin film at the emission peak of 435 nm. The excitation
light used in the test has a wavelength of 375 nm. The
fluorescence lifetime of the sample is calculated to be about
1.098 ns after fitting, which corresponds to the fluorescence
lifetime of the band-edge transition of the silicene quantum
dots, and also indirectly proves that the sample belongs to a
semiconductor having a pseudodirect band gap.

The siloxene thin film prepared by the improved liquid-
phase exfoliation method of the present application has
silicene quantum dots attributed to the use of organic sol-
vents and the use of a transition metal chloride as catalyst.
The luminescence property of the siloxene thin film can be
adjusted to exhibit strong blue light emission (435 nm)
under the excitation of ultraviolet light (325 nm). This is
quite different from a siloxene thin film prepared by a
conventional method. The conventional method differs from
the method in Example 1 of the present application in that,
the step (1) is omitted and the mixed solution in the step (2)
is replaced with hydrochloric acid. As a result, the prepared
siloxene thin film does not comprise silicene quantum dots
(as shown in FIG. 8) and has a thickness of 1-2.5 nm, and
an emission peak at 485 nm under the excitation of ultra-
violet light (325 nm) (as shown in FIG. 9).

What is claimed is:

1. A method for preparing a silicene quantum dots-

containing siloxene, comprising the following steps:

(1) uniformly mixing CaSi,, a decalcification organic
solvent and a transition metal chloride catalyst, to
obtain a mixed solution after fully reacting and decal-
cifying;

(2) transferring the mixed solution obtained in the step (1)
to a centrifuge tube, removing the supernatant after
high-speed centrifugation, and then adding excess
hydrochloric acid to remove metal compound impuri-
ties, to obtain a mixed liquor; and

(3) repeatedly washing the mixed liquor obtained in the
step (2) for several times by high-speed centrifugation
with absolute ethanol, then adding absolute ethanol for
ultrasonic dispersion, then collecting the supernatant
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after low-speed centrifugation, and vacuum drying the
supernatant to obtain a silicene quantum dots-contain-
ing siloxene nanofilm.

2. The method of claim 1, wherein in the step (1), the
decalcification organic solvent is at least one of tetraethyl
orthosilicate, ethyl acetate, isopropanol, and absolute etha-
nol; and the transition metal chloride catalyst is at least one
of ferric chloride, cobalt chloride, and nickel chloride.

3. The method of claim 1, wherein in the step (1), the
molar ratio of CaSi, to the transition metal chloride catalyst
is 1:1 to 1:4.

4. The method of claim 1, wherein in the step (1), the
reaction is to stand for 24 to 48 h at room temperature.

5. The method of claim 1, wherein the high-speed cen-
trifugation comprises a rotation speed of 10000 rpm or
above and a centrifugation time of 10-15 min.

6. The method of claim 1, wherein in the step (2), the
concentration of the hydrochloric acid is 1-4 mol/L, the
reaction duration is 3-7 h, and the molar ratio of the added
hydrochloric acid to all the added metal elements is greater
than 2.

7. The method of claim 1, wherein in the step (3), the
washing with absolute ethanol is performed for 3 to 5 times.

8. The method of claim 1, wherein in the step (3), the
low-speed centrifugation comprises a rotation speed of
200-500 rpm and a centrifugation time of 3-5 min.

9. The method of claim 1, wherein in the step (3), the
vacuum drying is performed under a temperature 60-80° C.
for more than 24 h.

10. A silicene quantum dots-containing siloxene thin film,
which is prepared by the method of claim 1, wherein:

the siloxene thin film comprises silicene quantum dots

thereon;

the silicene quantum dots have a size of 2-5 nm;

the siloxene thin film has a thickness of 1 to 2.5 nm; and
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the thin film is capable of emitting blue fluorescence

under the excitation of ultraviolet light source.

11. The silicene quantum dots-containing siloxene thin
film of claim 10, the decalcification organic solvent is at
least one of tetraethyl orthosilicate, ethyl acetate, isopropa-
nol, and absolute ethanol; and the transition metal chloride
catalyst is at least one of ferric chloride, cobalt chloride, and
nickel chloride.

12. The silicene quantum dots-containing siloxene thin
film of claim 10, wherein in the step (1), the molar ratio of
CaSi, to the transition metal chloride catalyst is 1:1 to 1:4.

13. The silicene quantum dots-containing siloxene thin
film of claim 10, wherein in the step (1), the reaction is to
stand for 24 to 48 h at room temperature.

14. The silicene quantum dots-containing siloxene thin
film of claim 10, wherein the high-speed centrifugation
comprises a rotation speed of 10000 rpm or above and a
centrifugation time of 10-15 min.

15. The silicene quantum dots-containing siloxene thin
film of claim 10, wherein in the step (2), the concentration
of the hydrochloric acid is 1-4 mol/L, the reaction duration
is 3-7 h, and the molar ratio of the added hydrochloric acid
to all the added metal elements is greater than 2.

16. The silicene quantum dots-containing siloxene thin
film of claim 10, wherein in the step (3), the washing with
absolute ethanol is performed for 3 to 5 times.

17. The silicene quantum dots-containing siloxene thin
film of claim 10, wherein in the step (3), the low-speed
centrifugation comprises a rotation speed of 200-500 rpm
and a centrifugation time of 3-5 min.

18. The silicene quantum dots-containing siloxene thin
film of claim 10, wherein in the step (3), the vacuum drying
is performed under a temperature 60-80° C. for more than 24

h.
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