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ABSTRACT: Nonclassical crystallization represents an innovative
pathway that utilizes nanoparticles, enabling the generation of
single crystals, going beyond a classical mechanism dependent on
atoms, ions, or molecules. Our investigation has revealed
hierarchical structures emerging via the aggregation and fusion of
primary silicon quantum dots (SiQDs). In contrast to the classical
ion-by-ion crystallization process, the primary SiQDs initially
undergo aggregation, followed by fusion and their subsequent
crystallization, leading to the ultrafast crystal growth of sodium
hexafluorosilicate (SHFS) microrods with diverse morphologies. A
comprehensive fluorescence microscopy study is performed to
examine the mechanism of microrod formation through the
primary aggregation and fusion of SiQDs at room temperature in
the presence of hydrogen fluoride (HF). The different concentrations of HF play a crucial role in the formation of flower-, block-,
and hexagonal-shaped SHFS microrods. However, the presence of a high-concentration HF causes a reduction in microrod size,
elucidated through a range of analytical and spectroscopic techniques.

1. INTRODUCTION
Crystal growth is a fundamental phenomenon which is
observed in various areas of research including physics,
chemistry, and biology. It has wide interest in both the natural
and synthetic worlds.1−3 For example, crystallization is a
spontaneous process found in many living organisms from the
formation of shells to the construction of skeletal support.4−6

Also, various man-made industrial materials can be designed by
the crystallization process.7,8 The crystallization can be divided
into two categories such as (i) classical crystallization and (ii)
nonclassical crystallization (NCC). In the classical model, the
crystals are grown by the layer-by-layer arrangement of atoms
and ions. A unit cell consists of a group of atoms, and the
repetition of the unit cell can result in the formation of the
required crystal system. The large particles grow by the
addition of ions supplied at the expense of small particles in the
chemical synthesis route. This is a well-known Ostwald
ripening process.9−11 In contrast, the atoms and ions are not
involved in the nonclassical crystallization process. It is nothing
but the process of “crystallization through particle attach-
ment”.12−14

Oriented attachment (OA) is a nonclassical crystallization
process driven by interparticle assembly and oriented fusion,
often leading to the formation of single-crystalline nanostruc-
tures with controlled morphologies and properties. This

aggregation-based growth mechanism occurs at the mesoscopic
scale (10−100 nm), where individual nanoparticles merge
along specific crystallographic directions.12,15, OA offers a
versatile approach for tailoring the electronic, optical, and
catalytic properties of various materials, including lead sulfide
(PbS). For example, the oriented attachment of PbS
nanoparticles in two dimensions has been shown to yield
ultrathin single-crystal sheets with enhanced photoconductive
behavior.17 Similarly, catalyst-free PbSe nanorods with tailored
optoelectronic properties were fabricated through OA.18 The
real-time-oriented attachment was observed in ZnO nano-
particle.19

In conclusion, OA presents a powerful tool for the bottom-
up construction of advanced nanomaterials with precisely
controlled functionalities. The oriented attachment (OA)
mechanism, implemented in sol−gel and wet-chemical syn-
thesis routes, provides a versatile approach for creating metal
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oxide nanowires with a controlled size and diverse
morphologies. This is exemplified by the synthesis of MnO
multipods through OA within the sol−gel process.20 Similarly,
CuO nanowires were successfully fabricated by manipulating
the self-assembly and crystallization of Cu(OH)2 nanocrystals
using the same method.21 The hydrothermal approach also
leverages OA for nanomaterial synthesis, typically employing
surfactants, moderate-to-low temperatures, and extended
reaction times. This method was demonstrated to facilitate
the ultrafast aggregation of SnO2 nanocrystals into bulk crystals
within 180 h.22 Notably, the resulting self-assembled nanoma-
terials, formed through aggregation, hold considerable
potential for constructing functional nanoscale devices.

Nonclassical crystallization techniques have been success-
fully employed to synthesize a diverse array of novel materials
featuring intricate morphologies or hierarchical structures.
These materials have found applications in various fields
including catalysis, gas sensing, energy storage, environmental
remediation, and beyond. The synthesis of sodium hexafluor-
osilicate (SHFS) through nonclassical crystallization processes
can significantly reduce synthesis timeframes. Sodium hexa-
fluorosilicate exhibits unique properties that make it valuable in
the ceramic, chemical, and electronic industries. It possesses
commendable chemical, physical, and optical characteristics.
Notably, Mn-doped sodium hexafluorosilicate shows promise
for applications in warm white light-emitting diode (LED)
technology,20 further underlining the versatility and potential
of nonclassical crystallization methods for designing materials
for advanced technological applications.14,20

This work presents novel findings on the nonclassical
crystallization of silicon quantum dots (SiQDs) facilitated by
sodium hexafluorosilicate (SHFS) microrods within a hydro-
fluoric acid (HF) solution. The process unfolds through
discernible stages, each modulated by varying HF concen-
trations, diverging from conventional nucleation and growth
mechanisms. The size, shape, and crystal structure of SHFS
microrods were affected by HF addition. The morphology of
SiQD aggregates transitions from flower-like structures to
hexagonal SHFS microrods with increasing HF concentrations,
suggesting controlled morphological evolution linked to HF
levels (Scheme 1). Achieving a maximum HF concentration of
1.5 mL ensured the optimal crystallinity of hexagonal SHFS
microrods, as confirmed by powder X-ray diffraction (PXRD).
The crystal structure of SHFS microrods is characterized using
single-crystal X-ray diffraction (XRD), while energy-dispersive

X-ray spectroscopy (EDS) analysis maps Si, O, Na, and F
element intensities. Elucidation of the SHFS microrod
formation mechanism from SiQDs is conducted by using
fluorescence microscopy. Additionally, the exciton relaxation
pathways of both SiQDs and SHFS microrods are investigated
through steady-state and time-resolved spectroscopy techni-
ques.

These findings highlight the crucial role of HF concentration
in shaping the crystallization process of SiQDs, shedding light
on the captivating nonclassical aspects of this phenomenon.
The implications of these results are thoroughly discussed in
this study, contributing valuable insights into the scientific
community.

2. EXPERIMENTAL SECTION
2.1. Materials. (3-Aminopropyl) triethoxysilane (≥98%,

Sigma-Aldrich), trisodium citrate dehydrate (99−100% anhy-
drous, purchased from Sigma-Aldrich), and hydrogen fluoride
(48%, Loba Chemie) were the materials used in this study.
Double distilled water (DDI) was utilized for the preparation
of aqueous solutions.
2.2. Synthesis of SiQDs and SHFS Microrods. 2.2.1.

Synthesis of SiQDs. The synthesis of SiQDs was carried out
based on a previously reported method with slight
modifications.23 Briefly, 0.25 g of trisodium citrate was
dispersed in 30 mL of distilled water. Subsequently, 0.8 mL
of the silicon source (3-aminopropyl triethoxysilane) was
slowly added, and the mixture was stirred for 15 min. The
resulting precursor solution was transferred into a 40 mL
Teflon-lined stainless-steel autoclave and heated at 180 °C for
12 h. After the reaction, the autoclave was cooled to room
temperature. The formation of SiQDs was indicated by the
resulting light-yellow-colored solution.

2.2.2. Synthesis of SHFS Microrods. SHFS microrods were
synthesized by mixing 10 mL of SiQDs with different
concentrations (0.1−0.5, 1, and 1.5 mL) of hydrogen fluoride
(HF) and stirring continuously for 5 min until the light-yellow
solution turned transparent, indicating the formation of SHFS
microrods.
2.3. Structural and Morphological Analysis. X-ray

diffraction measurements were conducted by using a Rigaku
Smartlab analytical instrument. The SiQDs and SHFS
microrods solution were drop-cast onto a glass substrate with
an area of 1 cm2. After drying, the films were analyzed by XRD.
Single-crystal X-ray diffraction data were collected on a Rigaku

Scheme 1. Schematic Representation of the Formation of Na2SiF6 Microrods (SHFS) from SiQDs
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Saturn 724+ CCD diffractometer equipped with a microfocus
Mo Kα (λ = 0.7107 Å) radiation source for unit cell
determination and three-dimensional (3D) intensity data
collection. High-resolution transmission electron microscopy
(HR-TEM) analysis was performed using a THEMIS 300 G3
instrument operating at 300 kV. Samples were drop-cast onto
carbon-coated copper grids (200 mesh) and used for the
measurements. Field-emission scanning electron microscopy
(FESEM) analysis was conducted with a JEOL JSM-7600F
instrument. Samples were drop-cast onto a glass slide, coated
with platinum as a conductive material using a sputter coater,
and then analyzed by FESEM. Raman spectra were recorded
using a Horiba LABRAM HR instrument excited by a 532 nm
laser. The samples were drop-cast onto a glass substrate, and
after drying, the films were analyzed by Raman spectroscopy.
Raman in-depth profile and mapping were recorded using a
Renishaw instrument excited by a 532 nm laser.
2.3.1. Optical Measurements. An Agilent Cary 60

spectrophotometer with a 10 mm quartz cuvette was used to
measure the absorption of both the SiQDs and the SHFS
microrod structure in deionized water. All absorption experi-
ments were carried out at room temperature. The baseline
correction for all absorption spectra was performed by using
deionized water (DI water) before the measurements. Steady-
state photoluminescence (PL) emission was measured by using
a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer,
maintaining an excitation/emission slit width of 2 nm. Time-
dependent photoluminescence analysis of SiQDs and the
SHFS microrod structure was performed by using a time-
correlated single-photon counting (TCSPC) system with a 365
nm excitation wavelength. The decay traces were analyzed
using the data analysis software IBH DAS v6.2.

3. RESULTS AND DISCUSSION
In this study, we present a straightforward method for
synthesizing one-dimensional sodium hexafluorosilicate
(SHFS) microrods from zero-dimensional silicon quantum
dots (SiQDs) through a nanoparticle-mediated, nonclassical
ultrafast crystallization process induced by hydrofluoric acid
(HF) treatment. The SHFS microrod formation process
involves two steps. Initially, SiQDs are synthesized by using
a hydrothermal method. Subsequently, the prepared SiQDs
sample undergoes treatment with an HF solution. Following
the HF treatment, the SiQDs aggregate and fuse, resulting in
the formation of SHFS microrods, as depicted in Figure 1.
Notably, the crystallinity of the SHFS increases with the rising
HF concentration in the SiQDs solution. Figure 1a displays the
X-ray diffraction (XRD) patterns of the obtained SiQDs. Two
broad diffraction peaks observed at 28.40 and 56.30°
correspond to the (111) and (311) crystallographic planes of
cubic-phase SiQDs (JCPDS no: 895012), respectively.24 The
calculated average crystalline size using the Scherer equation is
4.34 ± 0.1 nm. Initially, the SiQDs solution has a pH of 10,
indicating an alkaline nature. However, upon introducing a
small amount of HF (0.1 mL) into the SiQDs solution,
amorphous silica nanoparticles and NaF are generated, leading
to a decrease in the solution’s pH to 6. The diffraction peak at
39° corresponds to the (100) crystallographic plane of NaF
(JCPDS no: 89-2659).25−27 Further addition of HF (0.2 mL)
to the SiQD solution results in new peaks at pH 5,
corresponding to the (110), (221), and (300) crystallographic
planes of SHFS (JCPDS 33-1280), along with the NaF
diffraction peaks. As the HF concentration is progressively
decreased from the pH level 5 to 1 in increments of 0.3, 0.4,
0.5, 1.0, and 1.5 mL, the following peaks are observed: (001),
(110), (101), (111), (201), (300), (211), (301), (220), (221),

Figure 1. PXRD patterns of film-dried SiQDs and SHFS microrods formation at different concentrations of HF. (a) PXRD pattern of the SiQDs.
(b) Aggregation of silica nanoparticle along with the NaF particles. (c) Sodium hexafluorosilicate and NaF particle. (d−h) Present only sodium
hexafluorosilicate.
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(302), (312), and (300) crystallographic planes (JCPDS no:
33-1280), indicating the hexagonal structure of SHFS.28,29

These results suggest a significant increase in the purity of the
SHFS microrods in solution with increasing HF concentration.
In the sample treated with 1.5 mL HF, the intensity of the
diffraction peak at 21.12°, corresponding to the (101) plane of
Na2SiF6, is the highest, indicating the preferred growth
direction.
3.1. Molecular Structures of SHFS Microrod. Single

crystals of Na2SiF6 with X-ray quality were obtained by slow
evaporation of a solution containing SiQDs in HF at room
temperature. The microrod crystallizes in the trigonal,
noncentrosymmetric (NCS) space group P321.30 The
molecular structure of Na2SiF6 is depicted in Figure 2a,b.
The crystal structure of Na2SiF6 consists of two crystallo-
graphically independent sodium cations and two distinct
[SiF6]2− octahedra. Six NaF6 octahedra are interconnected,
dividing the edges to form hexapetaloid shapes, and the centers
of these petals create hexagonal channels in which Si atoms are
located (Figure 2). The [Si(2)F6]2− octahedron is composed
of six identical Si−F bonds (1.670 (9) Å) (Figure 2d), while
the [Si(1)F6]2− octahedron has two different Si−F bonds with
bond lengths of 1.684 (12) and 1.682 (10) Å. The F−Si−F
angles are approximately 91 and 179°, respectively, indicating
that the [Si(2)F6]2− octahedron exhibits a slightly distorted
geometry (Figure 2c).

To investigate the structural and morphological changes of
SiQDs and SHFS, we conducted HR-TEM analysis on the
images shown in Figure 3a,b. The HR-TEM images clearly
depict the agglomeration of SiQDs, indicating that the sample
comprises ultrasmall spherical SiQDs with an average size of
4.06 ± 0.1 nm (Figure S2). Notably, Figure 3b illustrates
unique lattice fringes with an interplanar spacing of 0.31 nm,
corresponding to the (111) plane of diamond silicon.31,32 The
selected area electron diffraction shows good crystallinity of
the SiQDs (Figure S1). Additionally, the STEM-EDS
elemental mapping of Si, Na, and O in the SiQDs
agglomeration is shown in Figure 4b−d.

Similarly, the SHFS microrods, observed in TEM images
(Figure 5a,b), are significantly larger than the QDs, with a size
of approximately 700 nm. Certain areas of the sample exhibit

clusters of SHFS, as shown in HR-TEM image (Figure 5c).
The elemental mapping of Si, Na, and F in the SHFS microrod
is shown in Figure 6a−e.

In the field-emission scanning electron microscopy
(FESEM) analysis, SHFS microrods exposed to incremental
HF concentrations (shown in Figure 7a−i) demonstrate varied
morphologies. In fluorescence microscopy analysis, initially at
0.1 mL HF, small silica particles are evident. The introduction
of 0.2 mL HF leads to a self-assembly of these particles into
flower-like structures. The increment of the HF to 0.3 mL
results in a transition to hexagonal morphologies (Figure S7A−
D). The addition of 0.4 mL HF induces aggregation and fusion
among flower-shaped particles, evolving into block-shaped
structures (Figure S3) and the elemental mapping shows the
presence of Si, Na, and F in the block-shaped SHFS microrods
(Figure S4). The rod sizes are observed to increase with
further HF concentration increments. Specifically, at 0.5 mL of
HF, uniform-sized rods are visible (Figure 7a−c), and at 1 mL
of HF, there is a noticeable decrease in rod size (Figure 7d−f).
Elevating the HF to 1.5 mL yields hexagonal rods of moderate
length and greater width compared to lower HF concen-
trations (Figure 7g,h), albeit with reduced size uniformity
beyond 1 mL of HF. This pattern aligns with nanoparticle-
mediated nonclassical crystal growth theory for SHFS
microrod development from SiQDs. Elemental mapping
through FESEM (Figure 8b−d) has verified the presence of
elemental composition in the microrods. The small SHFS

Figure 2. (a) Molecular structures of Na2SiF6. (b) Polyhedron model of [NaF6]5− (brown) and [SiF6]2− (blue). (c) The distorted octahedral
(bottom-left) and (d) octahedral (bottom-right) configuration of [SiF6]2− groups.

Figure 3. (a) Representative bright field HR-TEM image of 5 nm
SiQDs. (b) High-resolution TEM of SiQDs showing lattice fringes of
0.31 nm characteristics of the (111) plane.
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microrods exhibit diminished fluorescence and aggregation at
higher concentrations of HF (2−5 mL) (Figure S8).

Raman spectroscopy was utilized to explore the surface
structural evolution from silicon quantum dots (SiQDs) to
sodium hexafluorosilicate (SHFS) microrods. Comparative
analysis of SiQDs and SHFS microrods revealed distinct
surface characteristics. Figure 9 illustrates the Raman spectra of
SiQDs, while Figure 10(a−g) presents the spectra obtained
from various HF concentrations, detailing the formation of
SHFS microrods. These spectra were acquired using a confocal
microprobe Raman spectroscopy technique with a 532 nm
excitation wavelength. The Raman microscopy images of SHFS
rod formation is shown in Figures S5 and S6.

In SiQDs, observed bands at 450, 550, and 790 cm−1 are
attributed to the motion of oxygen in Si−O−Si stretching and
bending modes. Additionally, a broad band at 1090 cm−1 is
assigned to Si−O stretching modes in various SiO4 tetrahedral
forms, commonly classified as Qn species, where “n” indicates
the number of nonbridging oxygen atoms per SiO4

tetrahedron. Specifically, the Q3 species at 1000 cm−1

corresponds to SiO4 tetrahedra with three nonbridging oxygen
atoms.33−36

The introduction of a minimal HF volume (0.1 mL) to
SiQDs resulted in two distinctive peaks at 560 and 780 cm−1,
representing Si−O−Si stretching and bending vibrations. A
slight increase in wavenumber highlighted SiQDs aggregation,
as shown in Figure 10a. An additional 0.2 mL of HF
introduced a new band at 654 cm−1, corresponding to Si−F
vibration, indicative of SHFS’s flower-like morphology
aggregation, as depicted in Figure 10b. This suggests that the
observed morphological changes are primarily due to the Si−F
bond formation. With further HF concentration increase (0.3−
1.5 mL), the nanoparticles gradually transitioned into sodium
hexafluorosilicate microrods, exhibiting Raman vibrational
bands at 410, 480, and 663 cm−1, labeled as ν1, ν2, and ν5,
respectively. These modes are associated with various vibra-
tional modes of (SiF6)2−. ν1 denotes the symmetric stretching
vibration of Si−F within (SiF6)2−. ν2 corresponds to the

Figure 4. (a) Elemental mapping from STEM images of SiQDs and its corresponding elemental mapping images of (b) Si, (c) O, (d) Na, (e) Si, O,
Na, and (f) STEM-EDS atomic ratio of Si, O, Na.

Figure 5. (a−b) TEM shows the sodium hexafluorosilicate microrod (SHFS) and (c) HR-TEM shows the SHFS cluster.
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bending vibration of Si−F, and ν5 represents Si−F stretching
vibrational modes in SHFS microrods (Figure 10d−g). The
vibrational modes ν1, ν2, and ν5 exhibit similarities to those in
silica particles, implying consistent structural behaviors across
different materials, despite compositional differences. Raman

depth profiling provided insights into Si−F chemical bonding
within SHFS microrods, with bands at 415, 480, and 663 cm−1.
This analysis revealed a decrease in the intensity of Si−F
stretching vibrational modes toward the microrod’s center
compared to its surface (Figure 11a). Raman mapping of

Figure 6. (a) Bright field TEM images of SHFS microrod and its corresponding elemental mapping images (b) Si, (c) Na, (d) F, (e) Si, Na, F, and
(f) STEM-EDS atomic ratio of Si, Na, F.

Figure 7. (a−c) FESEM images illustrating the growth of the SHFS microrods in 0.5 mL of HF concentration. (d−f) 1 mL of HF concentration for
SHFS microrod size is decreased. (g−i) The SHFS microrod and hexagonal shape decrease when the HF concentration is 1.5 mL.
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SHFS microrods illustrated the distribution of Si−F vibrations
at 663 cm−1, with a color gradient from deep blue to red

indicating the presence and intensity of Si−F vibrations
throughout the microrod. Deep blue signifies weaker Si−F
vibrations, while red indicates a higher intensity of Si−F
vibrations (Figure 11b).29,37−39

The absorption and photoluminescence emission spectra of
silicon quantum dots (SiQDs) and SHFS microrods dispersed
in water are depicted in Figure 12a,b, respectively. The
absorption spectrum features a pronounced peak at 332 nm,
which is attributed to the SiQDs formation.23,−43 The shoulder
observed at 332 nm is attributed to the Γ−Γ direct bandgap
transition. As detailed in Section 2 and illustrated in Figure
12a, the concentration of absorbed hydrofluoric acid (HF) was
varied from 0.1 to 1.5 mL. Notably, the distinct excitonic peak
at 332 nm diminishes with an increase in HF concentration to
1.5 mL, indicating the instability of SiQDs under strong acidic
conditions. This instability leads to the aggregation of quantum
dots (QDs). Additionally, a significant transition observed at
265 nm (L-L direct bandgap transition), coupled with a
redshift of 20 nm in the 332 nm absorption peak, suggests
aggregation of SiQDs and the influence of SHFS presence.44

The photoluminescence (PL) emission spectra of silicon
quantum dots (SiQDs) were analyzed under an excitation

Figure 8. (a−d) FESEM mapping of Na, Si, and F for the SHFS microrod in 0.5 mL of HF. (e) EDX for the SHFS microrod.

Figure 9. Raman spectrum for film-dried SiQDs.

Figure 10. (a−g) Confocal Raman spectra for the formation of the SHFS microrod.
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wavelength of 365 nm, revealing a notable peak at 446 nm with
a full width at half-maximum (FWHM) of 82 nm, as shown in
Figure 12b.23,45−4647 Interestingly, SiQDs initially displayed an
excitation-independent spectrum (Figure S9a), and the initial
formation of SHFS microrods emission spectra also showed an
excitation-independent spectra (Figure S9b−c). However,
upon incrementally increasing the concentration of hydro-
fluoric acid (HF) in the SiQDs solution, a transition to an
excitation-dependent spectrum was observed, accompanied by
a diminished emission intensity (Figures S9d−f and S10a,b).
This shift suggests potential morphological alterations within

the SiQDs sample. High-resolution transmission electron
microscopy (HR-TEM) analysis revealed the formation of
cluster-like structures and the presence of SHFS microrods,
indicating an intriguing mechanism of nanoparticle-mediated
crystal growth. During the HF concentration process, these
quantum dots tend to aggregate and fuse along nonclassical
crystallographic directions, facilitating a network of crystal
development.

In the context of SiQDs, the surface is functionalized with
amine groups and the solution pH is maintained at 10. The
introduction of varying concentrations of HF into the SiQDs
solution results in a significant pH reduction (ranging from 6
to 1), which enhances the acidic environment. This condition
prompts neighboring particles to converge, driven by
interparticle forces such as van der Waals or electrostatic
forces, leading to loosely structured formations with indistinct
boundaries.48 As SiQDs self-assemble into tiny SHFS particles,
aggregation occurs, resulting in the formation of sodium
hexafluorosilicate. This aggregation facilitates a pathway for
photoexcited electron−hole pairs to relax, effectively quench-
ing the PL spectra through a phenomenon known as charge
delocalization.49,50

Support for the delocalization effect was provided by lifetime
measurements of the SiQDs and SHFS microrods samples.
The photoluminescence (PL) decay profiles, obtained by
exciting at 365 nm, for SiQDs and SHFS microrods were
observed at an emission wavelength of 440 nm, as shown in
Figure 13. These PL decay traces were accurately fit with
biexponential and triexponential models.
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Figure 11. (a) The thickness dependence Raman in-depth profile of
SHFS microrod in 0.5 mL of HF. (b) The Si−F vibration mapping of
SHFS microrod.

Figure 12. (a) Absorption and (b) emission spectra for the SiQDs and SHFS microrods.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02952
ACS Omega 2024, 9, 24060−24070

24067

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02952/suppl_file/ao4c02952_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02952/suppl_file/ao4c02952_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02952/suppl_file/ao4c02952_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02952?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02952?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02952?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02952?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02952?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02952?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02952?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02952?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


i
k
jjjjj

y
{
zzzzz

A A A
A A A
1 1

2
2 2

2
3 3

2

1 1 2 2 3 3
=

+ +
+ +

t1, t2, t3 is the lifetime, a1, a2, a3 is the amplitude.
The PL decay profiles of SiQDs were subjected to

biexponential fitting at low concentrations of hydrofluoric
acid (HF) (0.1−0.3 mL). This analysis revealed distinct
morphological evolutions: particle nucleation at 0.1 mL HF,
self-assembly into flower-like clusters at 0.2 mL HF, and the
emergence of hexagonal shapes at 0.3 mL HF. For higher HF
concentrations (0.4−1.5 mL), a triexponential function was
employed to fit the emission decay curves, reflecting the
complex dynamics at play. Notably, at these concentrations,
nanoparticle aggregation led to the formation of SHFS
microrods, with microrod nucleation initiating at 0.4 mL of
HF. A transition in morphology from SiQDs to SHFS
microrods was accompanied by a decrease in the average PL
lifetime from 7 to 6 ns. The contributions of different lifetime
components for both SiQDs and SHFS structure are
systematically cataloged in Table S1.

The radiative recombination process, typically characterized
by longer fluorescence lifetimes, was found to be enhanced by
electron-rich ligands in SiQDs, as corroborated by prior
studies.51,52 The incorporation of HF, however, resulted in a
reduction of this lifetime, implicating the role of HF in
promoting QD aggregation and fusion, which, in turn, affects
the PL properties.

Detailed analysis of the lifetime components and their
respective contributions elucidates that varying HF concen-
trations are instrumental in the formation of SHFS microrods.
These structures presumably expedite the localization of
excited charge carriers in the proximity of the QDs,
consequently reducing the fluorescence lifetime.

■ 4. CONCLUSIONS
We have elucidated the intricate formation mechanism of
sodium hexafluorosilicate (SHFS) microrods, unveiling a
nonclassical crystal growth process mediated by silicon
quantum dots (SiQDs). Our comprehensive study offers
compelling evidence supporting the transformation of SiQDs

into SHFS flower-like aggregates, the subsequent involvement
of primary silica particles in intermediary stages, and ultimately
their fusion to yield the final microrod morphology. This work
highlights the crucial role of hydrofluoric (HF) acid in driving
microrod formation, as corroborated by PXRD and single-
crystal X-ray diffraction analyses confirming the presence of
SHFS. Notably, the strong fluorescence exhibited by SiQDs is
effectively quenched upon SHFS formation. This phenomen-
on, along with the observed reduction in the photo-
luminescence (PL) lifetime of the SHFS rod, can be attributed
to electron delocalization.
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