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Dynamic magnetic fields transform pivoting
H2SiO3 particles to hollowmicrosphereswith
nanofibrous interior

Xiaohua Qiao, Ruifeng Qi, Junqi Liu & Qingsong Huang

Reorganizing the internal structures of hollowmicrospheres after shell sealing,
without damaging the shell, remains a major challenge. Here, we show a
dynamic magnetic field fluxes stirring (DMFFS) technology that can transform
H2SiO3particle to a sealed SiO2hollowmicrospherewithfibrous interiorwithin
30 s. The fibrous structure is composed of SiO2 micro-nano fibers (MNF). As
dynamic magnetic field drives the SiO2 particles to rotate, the rotated SiO2

particles becomemagnetized along the rotation axis according to the Barnett
effect. Magnetized SiO2 interacts with magnetic field to form fibers. This MNF-
structured microsphere exhibits low density (0.1 g cm–3), high transparency
(ca. 85.6%), superior thermal stability (1200 °C) and thermal insulation per-
formance. Fluorescent additives can be uniformly incorporated into the MNF-
structured microspheres, enabling distinctive and reproducible fluorescent
functionality. In addition, a sealed SiO2 hollow microsphere with nanofibrous
interior can be obtained by extending the stirring time or increasing the
magnetic field strength. The DMFFS process provides an alternative route to
rapidly produce mass SiO2 microspheres containing SiO2 micro/nano-sized
fibers. Furthermore, our findings have provided an insight for manipulating
non-magnetic materials.

Intricate hollow structures have garnered significant interest owing to
their diverse characteristics, distinctive physicochemical properties
and potential applications in catalysis1–3, energy storage4–7, drug
delivery8–10 and related field11–14. Based on their internal structure
characteristics, they can be classified into hierarchical hollow
structure14–16, multi-cores structure17–20, multi-chamber structure21–23,
multi-shell structure24,25 and others. In pursuit of practical applications,
the hollow structures are continuously engineered for complexity. For
example, Chen et al. developed an electrospray technique to enclose
different components into a single microcapsule21. Wei et al. designed
SrTiO3@TiO2 heterogeneous hollow multi-shell structures, which
exhibited superior overall water splitting performance24. The SiO2

fibers can be adopted to thermal insulation material due to their high
temperature tolerance, high transparency, and antioxidant capacity,
etc.26. Incorporating SiO₂ fibers into hollow spheres improves their 3D
spatial arrangement and ensures isotropic uniformity. Therefore, SiO₂

fiber-filled spheres are more conducive to forming dense pile struc-
tures, directly improving thermal insulation efficiency.

Although many technologies, such as template-assisted27–29, self-
assembly1,30,31, three-dimensional (3D) printing20,32, have been devel-
oped for constructing intricate hollow structures, these methods
require constructing the internal structurefirst and then sealing it with
shell. However, it remains a big challenge to transform solid particles
directly into encapsulated fibers within hollow spheres, let alone non-
magnetic particles. In this paper, a smart DMFFS technique has been
developed to manipulate the dynamic magnetic fluxes, which can be
adopted to interfere with the semi-molten SiO2 into a sealed hollow
microsphere with fiber structure inside. The internal fiber structure
can be further refined by extending the stirring time or increasing the
magnetic field strength.

Dynamic magnetic field refers to a kind of magnetic field that
varies with time periodically. It can be applied to heat materials,
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indicating the raw materials can be transformed to semi-molten or
molten state during the DMFFS process. Meanwhile, dynamic mag-
netic field can interact with the semi-molten or molten materials, even
if the materials are composed of non-magnetic substances such as
SiO2. According to the Maxwell-Ampère’s law, the variable dynamic
magnetic field (BI) generates electric vector (E). When SiO2 is molten,
the E vector drives polarized SiO2 molecules aligned along with the
vector orientation. Once the direction of E vector changes, the dis-
placement current (ID) will be generated, which can lead SiO2 to spin
subsequently. The molten SiO2 initiates the random clockwise or
counterclockwise spinning. The spinning SiO2will becomemagnetized
according to the Barnett effect, and the spinning particles will interact
with dynamic magnetic field. The semi-molten SiO2 owns opportunity
to be transformed into 1D fibers under the dynamic magnetic field
(Supplementary Fig. 1). In this context, Liang et al.33 extracted crys-
talline Si nanowires with a diameter of 30–50nm from Ti3SiC2. Zhou
et al.34 isolated high quality 1D amorphous Si nanowires from SiC in
1min. Qiao et al.35 extracted SiC/amorphous SiO2 core-shell nanowires
from rice husk ash within 25 s. These results indicate that a dynamic
magnetic field can interact with non-magnetic materials to form
nanowires.

Herein, the H2SiO3 particles were heated and dehydrated gradu-
ally to SiO2, and then became molten state and spun. Subsequently,
they were stirred by dynamic magnetic fluxes to form a sealed hollow
SiO2 microsphere full of MNF structure. By DMFFS process, the outer
layer of H2SiO3 particles were heated to SiO2 at 15 s (SiO2-15). Then the
decomposed and molten SiO2 layer gradually transformed to a sealed
shell. Successively, the SiO2-15 particles evolved into microspheres
with a multi-chamber structure at 20 s (MC20 microsphere). As the
DMFFS process continues for 10 s (a total time of 30 s), the shell
expanded continuously and the MC20 structure was reconstructed
intoMNF structure (MNF-structuredmicrosphere). The tappeddensity
of MNF-structured microsphere was just 0.1 g cm−3, which was much
lower than that of quartz (2.2 g cm−3). The MNF-structured micro-
spheres exhibited a high transparency of ≈85.6%. The MNF-structured
microspheres could be preserved perfectly under 1200 °C in the air
and argon atmosphere. The structure and thermal stability offered a
thermal insulation performance. In addition, the SrAl2O4 ingredients
could be homogeneously incorporated into MNF structure and its
shell, for distinctive fluorescence performance and used for anti-
counterfeitingmaterial. It was critical thatwhen anMC20microsphere

underwent the DMFFS process for 30 s, the MNF structure was further
transformed into a SiO2 NF structure within a sealed microsphere.
Furthermore, spinning built the interaction between dynamic mag-
netic field and non-magnetic materials, as those spinning particles
could be magnetized according to the Barnett effect.

Results
Syntheses and structural characterization
When the exciting magnetic current in induction furnace was set
around 20A (AC), the generated dynamic magnetic field would heat
the graphite crucible (Fig. 1a and Supplementary Movie 1). Thus, the
H2SiO3 particles (Supplementary Fig. 2) were heated from the outer
layer to center and dehydrated to form a new particle at 15 s (SiO2-15,
Supplementary Fig. 3). The X-ray diffraction (XRD pattern, Supple-
mentary Fig. 4a) and Raman spectra (Supplementary Fig. 4b) proved
the SiO2-15 included both amorphous SiO2 and H2SiO3. The outer layer
of SiO2-15 particle was molten and formed a shell quickly by con-
tinuous heating. Under DMFFS for 20 s, the internal H2SiO3 in particles
became decomposed and the water vapor was blocked due to the
semi-molten SiO2 shell with increased temperature. The semi-molten
SiO2 shell expanded and its thickness was about 30μm (Fig. 2a and
Supplementary Fig. 5). Immediately after that, the MC20 structure
would be formed (Fig. 2b, c). The microsphere obtained at 20 s was
denoted as MC20 microsphere.

After 20 s, the MC20 microspheres exhibited a “jumping” phe-
nomenon, suggesting magnetizing process began to work according
to the Barnett effect. Then, the MC20microspheres began to suspend
and rotate as shown in Supplementary Movie 1. The rotating micro-
sphere was further driven to swell and transform into a transparent
microsphere at 30 s, and the thickness of shell was about 5 μm (Sup-
plementary Fig. 6, Fig. 2d, e inset).Meanwhile, theMC20 structurewas
transformed into the MNF structure by the DMFFS process without
damaging its shell (Fig. 2e, f). The MNF structure was composed of
plentifulmicro-nanofiberswithdiameter ranging from30nmto25μm
(Fig. 2f and Supplementary Fig. 7). The obtained microsphere at 30 s
was denoted asMNF-structuredmicrosphere, which was composed of
amorphous SiO2 (Supplementary Figs. 4, 8, 9). The fabrication process
of MNF-structured microsphere could be repeated many times (Sup-
plementary Fig. 10 and Supplementary Movies 2–4).

To further refine the MNF structure to NF, the MC20 micro-
spheres were returned to induction furnace for DMFFS processing at

H2SiO3 MC20 microsphere MNF-structured microsphere
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SiO2-15 
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Fig. 1 | The diagram of reconstructing processes. a MNF: the H2SiO3 particles
gradually became an MNF-structured microsphere after dehydration, shell forma-
tion, and reconstruction. The size of the MNF-structured microsphere reached its
maximum at 30 s and the shell turned to be transparent. The time from MC20

microsphere to MNF-structured microsphere was only 10 s. b NF: the
MC20 structure was reconstructed further within 30 s at 20A (AC) by refining the
internal fibers into nanofibers. The time fromMC20microsphere to NF-structured
microsphere was 30 s.
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room temperature, with the treatment conducted for 30 s at 20A (AC)
(Fig. 1b). This transparent microsphere was denoted as NF-structured
microsphere, while its shell remained intact (Fig. 2g and Fig. 2h inset).
The NF structure with diameter ranging from 50nm to 600nm
(Fig. 2h, i, Supplementary Fig. 11). As shown in Supplementary Figs. 12,
13, the HRTEM and EDS results confirmed the structurewas composed
of amorphous SiO2. Furthermore, similar NF-structured microsphere
also could be obtained by increasing the magnetic field strength
(Supplementary Fig. 14).

As a control, theH2SiO3particleswereheated to 1100 °C, imitating
the induction temperature, and maintained for 1min in a tube furnace
to produce SiO2-1100 °C particle (Supplementary Fig. 15). Both the
outer size and the volumeof the SiO2-1100 °Cparticle weremaintained
and no interior fibers were observed (Supplementary Fig. 16). The
sample was further characterized by XRD (Supplementary Fig. 17) and
XPS (Supplementary Fig. 18), confirming that it consisted of amor-
phous SiO2. This result proved that MNF-structured microsphere was
formed through the synergistic effect of heating and DMFFS, rather
than by heating only.

To directly observe the interaction between the dynamic mag-
netic field and non-magnetic microsphere, the sample MC20 micro-
spheres were returned to furnace and undergone DMFFS process at
27 A (AC) for 40 s. It should be pointed out the MC20 samples were
composed of amorphous SiO2, as well as a small amount of water. The
evolution of the MC20 microspheres under DMFFS at 27A was shown
in Fig. 3a and Supplementary Movie 5. For the topmost lined circles in
Fig. 3a, the circle profile represents the heating crucible, and the white
particles are MC20 microsphere samples.

During the stage 1 (0–10 s), the surfaces of MC20 microspheres
were heated to a semi-molten state. According to Maxwell-Ampère’s
law, the molten SiO2 molecules began to pivot around their axis. The
MC20 microspheres were magnetized by spinning according to the
Barnett effect.

In the stage 2 (10–13 s), the shell of the MC20 microspheres
expanded while remaining sealed. The magnetized MC20 micro-
spheres suspended in the graphite crucible (Supplementary Movie 5,
Fig. 3a). Then, the high-speed rotation of magnetized MC20 micro-
spheres enabled the internal molten SiO2 to be stirred by dynamic
magnetic fluxes, resulting in formation of a MNF structure.

In stage 3 (after 13 s), the MNF-structured microspheres fully
melted into liquid status, and lost their structure integrity (Fig. 3b, c).
Finally, the collapsed SiO2microspheres spun increasingly faster under
electromagnetic force. It was interesting that while the spinning
orientation was random, once the pivoting was triggered, all collapsed
SiO2 microspheres rotated in a fixed direction. The collapsed SiO2

microspheres remained amorphous (Fig. 3d and Supplemen-
tary Fig. 19).

The magnetic property characterization was performed via the
physical property measurement system (PPMS). The hysteresis loop
(M-H) curves for the SiO2-1100 °C, MC20 microspheres, and collapsed
SiO2 microspheres were collected at 300K from −3 T to 3 T, respec-
tively. The typical diamagnetic background was found (Fig. 3e). In
addition, theMC20microspheres and the collapsedSiO2microspheres
had demonstrated typical ferromagnetism momentum under dia-
magnetic background (Fig. 3e and Supplementary Fig. 20). The
saturation magnetization intensity could not be observed directly at
high excitation magnetic fields. Thus, the hysteresis loop curves by
deducting the linear background were demonstrated in Fig. 3f. For
SiO2-1100 °C, the saturationmagnetization intensity and the hysteresis
loop were almost approaching zero, suggesting it was impossible to
magnetize SiO2 by heating alone.

However, for MC20 microspheres, the saturation magnetization
intensity increased substantially to 6.28 × 10−3 emu g−1. In addition, the
hysteresis loop of collapsed SiO2 microspheres was significantly
enhanced, referring to the hysteresis loop curve at 5 K. Measurements
of the increased momentum revealed a saturation magnetization of

Fig. 2 | Morphology character of MNF-structured microsphere and NF-
structured microsphere. a The optical microscope image of a non-transparent
MC20microsphere. b, c The structure inside theMC20microsphere. d The optical
microscope image of a transparent MNF-structured microsphere. e, f The MNF

structure inside themicrosphere. g The optical microscope image of a transparent
NF-structured microsphere. h The NF structure inside the microsphere. i TEM
image of the NF structure inside NF-structuredmicrosphere. All experiments were
independently repeated a minimum of three times.
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1.6 × 10−2 emu g−1 (Fig. 3f), a coercive force of 200.2Oe (Fig. 3g), and a
remanent magnetization of 2.65 × 10−3 emu g−1 (Fig. 3g). These results
proved that molten SiO2 could be stimulated to magnetization and
interacted with dynamic magnetic field intrinsically.

The combined thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC) and mass spectrometry (MS) of the MNF-
structured microspheres were tested under air atmosphere. The TGA
curve showed the total mass loss of the MNF-structured microspheres
was only 1.32% at 1450 °C (Fig. 4a). The mass loss before 276 °C was
mainly due to the evaporation of surface adsorbedwater36,37. TheMNF-
structuredmicrospheres became soft and deformable when heated to
1229 °C, and released water vapor from the internal pore structure. At
this temperature, the microspheres were semi-molten with higher
viscosity than in the molten state. Due to the high viscosity of semi-
molten SiO2, the inner water vapor gradually penetrated through the
obstacle between the pores and shell. Upon the further heating, the

MNF-structured microspheres completely melted, and the shell could
no longer support its weight, leading to structural collapse and release
of water vapor (Supplementary Fig. 21). The DSC curve also exhibited
two exothermal peaks at 276 °C and 1229 °C, corresponding to two
stages of water loss. Mass spectrometry further confirmed these
results bymonitoring the molecular of H2O. H2O emission occurred at
1229 °C (Fig. 4b), indicating that a small amount of water vapor was
sealed within the shell during the formation of the MNF-structured
microsphere.

The FT-IR spectrumofMNF-structuredmicrospheres displayed an
intense peak at 1047.3 cm−1, corresponding to the asymmetric
stretching vibration of the Si–O bond in SiO2. The band at 801.9 cm−1

was assigned to the characteristic Si–O–Si stretching vibration, while
the peaks locating in the range of 300 cm−1 to 600 cm−1 were attributed
to the swing vibrations of the Si–O bond of SiO2 (Fig. 4c). The survey
XPS of the MNF-structured microspheres revealed the peaks arising

Fig. 3 | Magnetization mechanism of non-magnetic SiO2 microsphere. a The
diagramof themagnetizationprocess of non-magnetic SiO2microsphere. Solid red
circles exhibit the collapsed SiO2 microsphere to make it clearly visible. b The SEM
image of collapsed SiO2microsphere. The experiment was independently repeated
a minimum of three times. c The TEM image of collapsed SiO2 microsphere. The
experiment was independently repeated a minimum of three times. d The XRD
pattern of collapsed SiO2 microsphere. e The hysteresis loop curves (the original

curves) of SiO2-1100 °C (green) at 300K, MC20 microsphere (orange) at 300K,
collapsed SiO2 microsphere (blue) at 300K and collapsed SiO2 microsphere (pink)
at 5 K. f The hysteresis loop curves (the signal of the diamagnetic backing is
deducted) of SiO2-1100 °C (green) at 300K, MC20microsphere (orange) at 300K,
collapsed SiO2 microsphere (blue) at 300K and collapsed SiO2 microsphere (pink)
at 5 K. g Was a local enlargement in (f). Source data are provided as a Source
Data file.
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from Si, O, and trace quantities of C (Fig. 4d). The high-resolution Si 2p
spectrum showed a peak at 103.6 eV, which conformed to the char-
acteristic of Si4+ (Fig. 4e)38,39. Combined with the high-resolution O 1s
spectrum (Fig. 4f), those results confirmed that the MNF-structured
microspheres were composed of amorphous SiO2. Both XPS and FT-IR
spectra results showed that no new component formed during
microspheres preparation.

The tap density of the MNF-structured microspheres was
0.1 g cm−3 calculated bymeasuring the averagemass to the tap volume
ratio in triplicate. The tap volume was obtained by raising the mea-
suring cylinder 25mm and allowing it to fall back to the horizontal
plane, repeated ten times. The average porosity was calculated to be
95.5% using the following Eq. (1)40:

porosity = ð1� ρa=ρsÞ ð1Þ

whereρa was the tapdensity, and ρs was the skeleton density (assumed
tobe 2.2 g cm−3 for SiO2).Mercury intrusionporosimetry (MIP)41 results
revealed that the pore size distribution range wasmainly 0.5 to 50μm,

and the average pore size was ≈2.6μm(Fig. 4g, h). The transparency of
the MNF-structured microspheres could reach ≈85.6% in the visible
range (Fig. 4i).

Thermal properties
TGA was performed to evaluate the thermal stability of the MNF-
structured microspheres. When heated to 1200 °C at a rate of 10 °C
min−1 in air atmosphere, themass only increased slightly by 1.1%, which
was due to instrumental error (Supplementary Fig. 22a). The shells and
internal MNF structure remained intact, suggesting the thermal sta-
bility in air atmosphere (Supplementary Fig. 22b, c). In argon, the
microspheres exhibited no detectable weight change upon heating
from room temperature to 1200 °C (Supplementary Fig. 22d), and the
morphology was persevered (Supplementary Fig. 22e, f). These results
indicated that the MNF-structured microspheres exhibited superior
thermal stability up to 1200 °C in both air and argon atmosphere.

The MNF-structured microspheres presented a hollow structure
and thermal stability, which offered a thermal insulation performance.
As a proof-of-concept for thermal insulation, MNF-structured

Fig. 4 | Characteristics and related performance of the MNF-structured
microsphere. a The TGA and DSC curve of the MNF-structured microsphere (the
gray represented TGA curve, the purple represented DSC curve). The initial TGA
weight exceeded 100% due to a 50-min purge with high-purity air, which affected
the sample’s initial mass. This effect was negligible. b The TGA andMS curve of the
MNF-structured microsphere (the gray represented TGA curve, the pink repre-
sented MS curve). The Exo of (a, b) stands for the exothermic reaction. c FT-IR

spectrum of MNF-structured microsphere. d Survey XPS, (e) high-resolution Si 2p,
(f) high-resolution O 1s of MNF-structuredmicrosphere. g the cumulative pore size
distribution (CPSD) curve of the MNF-structured microsphere, (h) The differential
pore size distribution (DPSD) curve of theMNF-structuredmicrosphere. i The total
transmittance in visible range of the MNF-structuredmicrosphere. Source data are
provided as a Source Data file.
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microspheres and commercial SiO2 aerogel powder were packed into
20 × 20 × 20mm3 glass boxes (Supplementary Fig. 23) and placed on a
heating stage at 280 °C (Fig. 5a, b). A blank glass plate was put on glass
box as a control (Fig. 5c). Fresh petals were placed on the a-side of each
box (Supplementary Fig. 23) and heated for 10min. The petals placed
on the MNF-structured microspheres (Fig. 5d) and commercial SiO2

aerogel powder (Fig. 5e) showed only slight wilting, while those on the
blank glass (Fig. 5f) were completely dried. These results indicated that
the thermal insulation performance of MNF-structured microspheres
was comparable to that of commercial SiO2 aerogels and significantly
superior to pure glass.

As shown in Fig. 6a, a 20 × 20 × 20mm3 glass box was filled with
MNF-structured microspheres to test the insulation performance.
When the glass box was placed on a heating stage at 100 °C, a distinct
temperature gradient distribution was observed by an infrared cam-
era. After 1min heating, the top surface temperature was about 34 °C
(Fig. 6b), increasing slightly to ≈40 °C after 30min. The surface tem-
perature variation was basically consistent with that of commercial
SiO2 aerogel powder when the heating condition was held constant
(Fig. 6c, d).

Further, the heating stage temperature was set at 280 °C. After
1min, the top surface temperature of the MNF-structured micro-
spheres reached ≈104 °C, increasing slightly to ≈118 °C after 30min
(Fig. 6e, f). Under the same conditions, the top surface temperature of
commercial SiO₂ aerogel powder reached ≈ 116 °C after 30min
(Fig. 6g, h), closely matching the performance of the MNF-structured
microspheres. These results indicated that the MNF-structured
microspheres provided effective thermal insulation, highlighting
their potential for applications, such as double-layer insulation glass
fillers, insulation coatings, etc.

Optical properties
The MNF-structured microsphere, characterized by low density, high
transparency, and thermal stability, couldbe further functionalized for
diverse applications, e.g., anti-counterfeiting. The SrAl2O4 particles
were adopted as fluorescent additives (Supplementary Fig. 24) to
change the optical properties of the MNF-structured microspheres by

DMFFS technology. Both SrAl2O4 and H2SiO3 particles were placed in
induction furnace and treated for 30 s at 20A (AC) (Fig. 7a). In the
process, H2SiO3 particles formedMNF-structuredmicrospheres by the
DMFFS technology. The modified microspheres emitted intense blue-
purple under UV light (Fig. 7b) and was denoted as fluorescent MNF-
structured microsphere. The XPS analysis illustrated that the SrAl2O4

particles were simultaneously transported to the MNF-structured
microspheres (Supplementary Fig. 25 and Fig. 7c) and the electron
paramagnetic resonance (EPR) test revealed oxygen vacancy defects
induced by SrAl₂O₄ doping (Fig. 7d). Photoluminescence (PL) under
320 nm laser excitation (Fig. 7e) exhibited three emission peaks cen-
tering at 385 nm, 423 nm, and 574 nm, attributed to the defect lumi-
nescence. The morphology of the fluorescent MNF-structured
microspheres was consistent with that of the MNF-structured micro-
spheres (Fig. 7f), suggesting the fluorescent substances were incor-
porated uniformly. Meanwhile, the EDS results indicated the uniform
distribution of SrAl2O4 particles throughout both the inner MNF
structure and shells (Fig. 7g, h). These results demonstrated that
DMFFS enabled effective transport of the fluorescent additives into
MNF-structured microspheres, imparting tunable optical properties.

Despite fluorescent MNF-structured microspheres were difficult
to identify under sunlight due to their transparent appearance (Fig. 7i),
the fluorescent microspheres emitted a distinct blue–purple glow
under UV irradiation (Fig. 7j), highlighting their potential in anti-
counterfeiting applications.

Moreover, after soaking the MNF-structured microspheres for
12 h in solution of yellow-green-emitting SrAl2O4, blue-emitting CaS-
rAlO: Eu2+, Dy3+, and red-emitting Eu2O3, the MNF-structured micro-
spheres would absorb these powders and emit yellow-green light
(Fig. 8a), blue light (Fig. 8d), and red light (Fig. 8g) under UV light,
respectively. When the MNF-structured microspheres after soaking
mixed with commercial SiO2 aerogel powder, the mixtures were
indistinguishable under daylight (Fig. 8b, e, h), but revealed strong
yellow–green (Fig. 8c), blue (Fig. 8f), and red (Fig. 8i) emission under
UV light. These results demonstrated the potential of MNF-structured
microspheres as anti-counterfeiting agents for aerogel-based materi-
als. The advantages of this system towards application included: (i)

Fig. 5 | Proof-of-concept for thermal insulation performance for protecting fresh petals from withering. a MNF-structured microsphere compared to commercial
SiO2 aerogel (b) and glass (c) before heating. d MNF-structured microsphere compared to commercial SiO2 aerogel (e) and glass (f) after heating.
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Self-protection, as the outer shell prevented contamination of the
internal fluorescent material. (ii) Long-term stability, due to thermal
stability and chemical stability. (iii) Luminous uniqueness, as the
characteristic microsphere morphology was difficult to replicate.
Overall, these features highlighted the potential of MNF-structured
microsphere to enhance security in the aerogel market and combated
counterfeit and substandard products.

Discussion
If DMFFS was applied, its magnetic field could drive the non-magnetic
SiO2 particles pivoting. According to the Barnett effect, the spinner
would be magnetized along spinning axis. Under these conditions,
molten SiO2 particles were transformed into well-sealed microspheres
containing abundantMNF structure. TheMNF-structuredmicrosphere
exhibited low density (0.1 g cm−3), high transparence (≈85.6%), and
superior thermal stability (≈1200 °C in both air and argon atmo-
sphere), yielding superior thermal insulation performance. Further-
more, fluorescent additives were transported into the microsphere
during the DMFFS process, producing materials with strong UV-
excited luminescence andpotential applications in anti-counterfeiting.

Moreover, a sealed SiO2 hollowmicrospherewith NF structure interior
could be obtained by extending the stirring time or increasing the
magnetic field strength. In conclusion, the DMFFS technique provided
a rapid and scalable strategy for the mass production of SiO2 micro-
spheres containing SiO2 micro/nano-sized fibers, while also estab-
lished a path for manipulating non-magnetic materials via
magnetic fields.

Methods
Materials
H2SiO3 particles (Macklin, 99.7%, S902507), SrAl2O4 (Rhawn, 800
mesh, R138129), Eu2O3 (Damas-beta, 99.99%, 19791 A), CaSrAlO: Eu2+,
Dy3+ (Usolf, 250 mesh, MHSB-9C).

Syntheses
Preparation of the SiO2-15 particles: Firstly, 0.25 gH2SiO3wasput into a
2mL graphite crucible in vacuum environment. Secondly, the graphite
cruciblewasplaced into the induction coil and turnedon the induction
heatingmachine at 20A (AC). Lastly, the reaction continued for 15 s to
obtain SiO2-15 particle.

Fig. 6 | Thermal insulation properties of the MNF-structured microsphere
compared with commercial SiO2 aerogel powder. a, b Optical and infrared
images of MNF-structured microsphere in a 20× 20× 20mm3 glass box on a
heating stage at 100 °C for 30min. c, d Optical and infrared images of commercial

SiO2 aerogel powder under the same conditions. e, fOptical and infrared images of
MNF-structuredmicrosphere in a glass box on a heating stage at 280 °C for 30min.
g, h Optical and infrared images of commercial SiO2 aerogel powder under the
same conditions.
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Preparation of the MC20 microsphere: Firstly, 0.25 g H2SiO3 was
put into a 2mL graphite crucible in vacuum environment. Secondly,
the graphite crucible was placed into the induction coil and turned on
the induction heating machine at 20A (AC). Lastly, the reaction con-
tinued for 20 s to obtain MC20 microsphere.

Preparation of the MNF-structured microsphere: Firstly, 0.25 g
H2SiO3 was put into the 2mL graphite crucible in a vacuum environ-
ment. Secondly, the graphite crucible was placed into the induction
coil and turned on the induction heating machine at 20A (AC). Lastly,
the reaction continued for 30 s to obtain the MNF-structured
microsphere.

Preparation of the NF-structuredmicrosphere: Firstly, 0.1 gMC20
microsphere were put into the 2mL graphite crucible in vacuum
environment. Secondly, the graphite crucible was placed into the
induction coil and turned on the induction heating machine at 20 A
(AC). Lastly, the reaction continued for 30 s to obtain the NF-
structured microsphere.

Preparation of the NF-structured microsphere: Firstly, 0.25 g
H2SiO3 was put into the 2mL graphite crucible in vacuum environ-
ment. Secondly, the graphite crucible was placed into the induction
coil and turned on the induction heating machine at 22 A. Lastly, the
reaction continued for 25 s to obtain the NF-structured microsphere.

Preparation of the SiO2-1100 °C particles: 1 g H2SiO3 was put into
tube furnace and annealed at 1100 °C for 1min under vacuum envir-
onment with a heating rate of 8 °C min−1 to obtain SiO2-1100 °C
particles.

Preparation of the fluorescent MNF-structured microsphere:
Firstly, 0.02 g SrAl2O4 was put into a 2mL graphite crucible and cov-
ered with 0.20 g H2SiO3 in vacuum environment. Secondly, the gra-
phite crucible was placed into the induction coil and turned on the
induction heatingmachine at 20A (AC). Lastly, the reaction continued
for 30 s to obtain the fluorescent MNF-structured microsphere.

Method of deducting diamagnetic background
For the linear part under high field strength, we used the formula: y’=y
−kx to deduct the linear background, where x referred to the field
strength in the original data, y referred to themagnetization, and kwas
the slope of the linear part.

Characterization
The morphologies of all samples were observed using field emission
scanning electron microscope (FE-SEM, JSM-7610F, 5 kV or 10 kV). The
transmission electronmicroscopy (TEM), high-resolution transmission
electron microscopy (HRTEM), and energy-dispersive X-ray

Fig. 7 | Optical properties of fluorescent MNF-structured microsphere. a The
diagram of synthesis mechanism of fluorescent MNF-structured microsphere.
b The optical image of fluorescent MNF-structured microsphere under UV light by
the fluorescence microscope, showing intense blue-purple. The experiment was
independently repeated a minimum of three times. c High resolution Al 2p and Sr
3d XPS spectra. d The EPR spectra of MNF-structured microsphere and fluores-
cence MNF-structured microsphere (the gray represented MNF-structured micro-
sphere, the blue represented fluorescent MNF-structured microsphere). e The PL
spectra with 320 nm excitations of MNF-structured microsphere and fluorescence

MNF-structured microsphere (the gray represented MNF-structured microsphere,
the blue represented fluorescentMNF-structuredmicrosphere). f The internal SEM
image of inside fluorescent MNF-structured microsphere. The insert SEM image of
(f) was the whole fluorescent MNF-structured microsphere. The experiment was
independently repeated a minimum of three times. g The EDS image of skeletons,
(h) the EDS image of shells. i The photograph of the fluorescent MNF-structured
microsphere under sunlight. j The photograph of the fluorescent MNF-structured
microsphere under UV light. Source data are provided as a Source Data file.
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spectroscopymapping (EDS) were obtained by JEM-F200, 200 kV. The
X-ray photoelectron spectroscopy (XPS) of all samples was collected
by Thermo Scientific K-Alpha (Al Kα, 12 kV, 6mA). X-ray diffraction
(XRD) patterns were collected by EMPYREAN (Cu Kα, 40 kV, 40mA).
Raman spectra of all samples were tested using a Raman spectrometer
(ThermoScientificDXR)with a 532 nm laser light at room temperature.
The total transmission spectra were recorded using the ultraviolet
through visible and near-infrared spectra (UV2100). Thermo-
gravimetry analyses (TGA)were tested (TGA-DSC,Mettler ToledoTGA/
DSC 3 + , Switzerland) in both air and argon atmosphere with heating
from room temperature to 1200 °C at a rate of 10 °C min−1. TGA, DSC
and mass spectrometry data were simultaneously characterized by a
STA 449F3 Jupiter® simultaneous thermal analyzer (Erich NETZSCH
GmbH & Co. Holding KG. The DSC data in the TGA-DSC combined
equipment is for reference only), which was combined with a QMS
403D Aeolos Quadro quadrupole mass spectrometer (Erich NETZSCH
GmbH&Co. Holding KG). The FT-IR spectrawere collected by infrared
spectrometer (NEXUS 670). The optical images were collected with a
fluorescence microscope (HS600E). The infrared images were col-
lected by an infrared thermal camera (HIKMICRO, H10S + ). The pho-
toluminescence (PL) quenching data were measured by a steady-state
and transient fluorescence spectrometer (Fluorolog-3). Electron
paramagnetic resonance (EPR) was tested by Bruker EMXplus.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available from the
corresponding author upon request. Unprocessed data, including

uncropped images, are provided as Supplementary Data 1. Source data
are provided with this paper.
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