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ABSTRACT: Electrospinning technique is well-known for the
generation of different fibers. While it is a “simple” technique, it
lies in the fact that the fibers are typically produced in the form
of densely packed two-dimensional (2D) mats with limited
thickness, shape, and porosity. The highly demanded three-
dimensional (3D) fiber assemblies have been explored by time-
consuming postprocessing and/or complex setup modifications.
Here, we use a classic electrospinning setup to directly produce
3D fiber macrostructures only by modulating the spinning
solution. Increasing solution conductivity modifies electro-
dynamic jet behavior and fiber assembling process; both are
observed in situ using a high-speed camera. More viscous solutions render thicker fibers that own enhanced mechanical
stiffness as examined by finite element analysis. We reveal the correlation between the universal solution parameters and the
dimensionality of fiber assemblies, thereof, enlightening the design of more “3D spinnable” solutions that are compatible with
any commercial electrospinning equipment. After a calcination step, ultralightweight ceramic fiber assemblies are generated.
These inexpensive materials can clean up exceptionally large fractions of oil spillages and provide high-performance thermal
insulation. This work would drive the development and scale-up production of next-generation 3D fiber materials for
engineering, biomedical, and environmental applications.
KEYWORDS: electrospinning, sol−gel synthesis, porous fiber, phase separation, finite element analysis, oil/water separation,
thermal insulation

INTRODUCTION
Electrospinning is a well-established process for producing
polymer-based fibers. When combined with sol−gel techni-
ques, it allows the production of ceramic fibers in different
materials, sizes, and micro- and macrostructures. In conven-
tional electrospinning processes, the as-spun fibers are
collected in the form of a densely packed fiber mat, i.e., a 2D
macrostructure.1,2 The thickness of electrospun fiber mats is
usually limited to several hundreds of micrometers3 because
the electrostatic force drives the fibers to align parallel to the
collector surface while minimizing the fiber-to-fiber distance.4,5

These fiber mats with highly anisotropic and laminar structures
usually suffer from easy delamination and poor mechanical
resilience, therefore limited from application in many fields. In
comparison, 3D fiber macrostructures have more diverse
porosity, specific area, volume, and shape, thereof, affording
more diversified functionality and better designability. They
are attractive for a broad range of applications such as tissue

engineering, thermal insulation, pollutant absorption, filtration,
and separation.1,6

Early attempts to produce 3D fiber macrostructures relied
on laborious postprocessing, including stacking7 and folding8

the 2D fiber mats or chopping the fiber mats into short fiber
fragments and reassembling them by freeze-drying.9,10

However, the obtained materials are prone to disintegration
due to insufficient connection and entanglement between
fibers. To circumvent the time-consuming postprocessing
steps, the concept of “3D electrospinning” has been proposed,
i.e., in situ creation of 3D fiber macrostructures by modifying
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the fiber formation, assembling, and collection processes.
Significant progress has been achieved by employing 3D
templates,11,12 replacing the metal collector with a solvent
bath,13 and using sacrificial porogens14,15 to create 3D fiber
macroassemblies. Yet, the obtained fiber structures were
unlikely to maintain their shape and porosity after removal
from the collector. Multinozzle coelectrospinning,16 coaxial
electrospinning,17 near-field electrospinning jointed with 3D
printing,18 and turbulent-flow-assisted electrospinning19 have
resulted in 3D fiber macroassemblies with respectable
structural stability and shape control, but the implementation
of extra equipment not only increases the cost but also adds
more unnecessarily processing parameters.
The most scalable, cost-effective, and timesaving approach

toward “3D electrospinning” is keeping the conventional setup
while just tuning the composition of the spinning solution, for
example, adding ionic components to solutions to tailor the
electrostatic interactions between fibers,20,21 using varied
additives to tune multiple solution parameters,22,23 and
regulating the sol−gel reaction to control the condensation

between colloidal particles.24 However, the conclusions from
these works have not been possible to extend to other material
systems because of the lack of understanding of how tailoring
the solution could influence the electrodynamic behavior of the
solution jet and the actual assembling process of fibers.
Therefore, better understanding of the mechanisms of the in
situ formation of electrospun 3D fiber assemblies is critical to
overcome the current limitation of electrospinning techniques
and lead to a variety of 3D fibrous products with minimal
efforts on modifying the current electrospinning setup.

Here, we modify the binary alkoxide solutions and achieve
direct and rapid production of centimeter-high 3D fiber
macroassemblies. The electrodynamic behavior of solution jets
and the assembling process of fibers are observed in situ by a
high-speed camera. The microstructure−mechanical property
relationship of single fibers is assessed using a finite element
analysis method. By modulating the sol−gel reactants to tune
the solution properties, we identify a “3D region” showing the
optimal ranges of solution parameters in yielding 3D fiber
macrostructures. Through air calcination of the sol−gel

Figure 1. Creation of 3D fiber assembly via sol−gel electrospinning. (A) Schematic illustration of the 3D fiber assembly electrospinning
process for thermal insulation and oil−water separation; the chemical composition of sol−gel reactants and solid fibers are shown. (B) The
evolution of solution parameters as functions of additive concentration. (C−E) Schematics and digital photos of the 2D, 2.5D, and 3D fiber
macrostructures suggest the differences in their macropore shapes, fiber orientation, and fiber-to-fiber distance. (F) Digital photo of an
electrospun 3D fiber assembly from binary alkoxide solution with 2 mol % Y(NO3)3·6H2O. (G) SEM image shows the highly entangled and
interconnected fiber network. (H) After air calcination, the ultralight ceramic fiber assembly can stand freely on a feather. (I) Photograph of
3D ceramic fiber assemblies in various shapes in contrast to the single form of 2D fiber mat.
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synthesized precursor fibers, we produce ceramic fiber
assemblies in both 2D mats and 3D “sponge” macroscopic
forms. We demonstrate using 3D fiber assemblies as high-
temperature heat insulators and absorbents for selective
removal of various organic pollutants from water, showing
their superiorities over the 2D counterpart.

RESULTS AND DISCUSSION
From 2D to 3D Sol−Gel Electrospinning. The overall

procedure of combining sol−gel synthesis with 3D electro-
spinning to create functional 3D fiber assemblies is depicted in
Figure 1A. First, we prepared ethanol-based nonaqueous
solutions containing titanium isopropoxide (TiP) and
tetraethoxysilane (TEOS), common alkoxide precursors in
the sol−gel synthesis of TiO2 and SiO2, respectively.
Polyvinylpyrrolidone (PVP) and acetic acid (AcOH) were
added as hydrolysis inhibitors. Spinning such solution resulted
in 2D flat fiber mats with several hundred μm in thickness.
When 0.5−2 mol % hydrated yttrium nitrate (Y(NO3)3·6H2O)
was added to the solution, the electrospun fiber macrostructure
evolved from a loosely packed 2D mat, through 2.5D
architecture (coexisting 2D and 3D structure) and then to
centimeter-high 3D assembly (Figure 1B−E; Supporting
Information (SI) Figure S1 and Movie S1). These macro-
assemblies display significant differences in macropore shape,
fiber orientation, and fiber-to-fiber distance along the z-axis,
i.e., perpendicular to the collector surface. The schematics
highlight the change of macropore shape from anisotropic to
isotropic. Because all experiments were conducted under

ambient conditions using the same setup, the dimensional
change originates from the altered solution properties,
especially, electrical conductivity and viscosity. The electrical
conductivity of binary alkoxide solutions increases linearly as a
function of Y(NO3)3·6H2O content, explained by the
increasing density of charge carriers (Y3+ and NO3

−). Solutions
with higher additive concentrations also have higher viscosity
partially because the metal ions change the PVP chain
configuration in the solution.25,26 The induced H2O molecules
also initiate the hydrolytic sol−gel reactions of alkoxides,
generating TiO2/SiO2 condensates that are more resistant to
shear deformation.27 The formation of siloxane and metal-
oxane bonds and enhanced degree of condensation were
confirmed by Fourier-transform infrared spectroscopy (FTIR)
and thermal analysis (SI, Figures S2 and S3).

By optimizing the spinning parameters to modify the
strength and uniformity of the electric field, 3D fiber
assemblies in a uniform “pillow” shape were created (Figure
1F), in which the fibers are arranged into a highly
interconnected 3D network without any apparent laminae
(Figure 1G). The production rate of our 3D electrospinning
exceeds 50 mg/min counted as the mass of fiber collected on
the substrate per minute, which is much higher than the typical
electrospinning works, e.g., a flow rate at 1 mL/h gives less than
10 mg/min.28,29 Compared with previous studies,30−34 our 3D
fiber assemblies stand out by their controllable shape, facile
production, and structural integrity. After a heat treatment to
remove the polymer component, Y-doped TiO2/SiO2 (TS)
fibers remain long and continuous with aspect ratios >1000
(Figure S4). The fabricated ceramic fiber assembly is ultralight,

Figure 2. In situ observation of solution jet behavior and fiber assembling process. (A,D) Schematic illustrations of the 2D and 3D
electrospinning processes, respectively. High-speed camera images taken near the nozzle (B,E) and at the substrate region (C,F) show the
different behaviors of solution jets and solidified fibers. Inset in (E) schematically explains the formation of vertical spirals of the solution jet.
The jet segment carries unevenly distributed charges. + represents the excessive charge from the high voltage. I+ (or e−) refers to positive (or
negative) ions which redistribute inside the partially solidified fiber in response to the electric field. Such ions are subjected to an
electrostatic force (FE) along (or opposite) the direction of electric field. Inset in (F) suggests that the top of the fiber assemblies is polarized
by induced negative surface charges (white −), thus exerting repulsive force (FS) on the negative ions inside fiber to reorientate the fiber
upon landing. (G−J) In situ observation of fiber assembling process on the substrate. Two individual fibers are traced and labeled in red and
blue, respectively. Schematics highlight the forces acting on red fiber, i.e., the electrostatic forces from the electric field (FE), the polarized
fiber surface (FS), and the Columbic repulsions (FR), among nearby fibers once the fiber lands and undergoes polarization.
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flexible, elastic, and can stand on the tip of a feather (Figure
1H). Different from the single flat mat form of 2D fiber mat,
such 3D fiber products own better geometry diversity and
could be easily cut into varied sizes and shapes (Figure 1I).

Electrodynamic Jet Behavior and 3D Assembly. A
typical 2D electrospinning process includes three stages
(Figure 2A):3 (i) jets emerge from the solution droplet and
travel along a straight path), (ii) solution jets elongate while
undergoing a series of whipping and spiraling movements, and
(iii) jets solidify into fibers while being collected into a dense
mat. These three stages were observed in the additive-free
TiP/TEOS binary solution using a high-speed camera (Figure
2B; SI, Movie S2). It is also shown in the photo that jet
splitting occurs at the end of the straight jet zone which derives
thinner branches. Interestingly, incorporating Y(NO3)3·6H2O
into the spinning solution resulted in a 3D regime (Figure 2D;
SI, Movie S3). In this 3D case, jet bending occurred closer to
the nozzle because the solution with higher electrical
conductivity has stronger Coulomb force that enhances the
instability.3,35 The solution jets developed spirals not only
vertically to the nozzle but also parallel to the electric field,
which is mainly attributed to the charge redistribution.21,36

Figure 2E schematically illustrates the proposed interaction
between fiber and the electric field. The fiber segment (gray)
carries excessive positive charges from the metal nozzle (red
“+”), which dissipate into the environment. The ionic charge
carriers, i.e., NO3

−, AcO−, and Y3+ (represented by e− and I+),
diffuse through the liquid phase and distribute unevenly inside
the solution jet. These ions are subjected to electrostatic force

(FE) either along or opposite to the direction of electric field.
Such nonuniform force changes the jet conformation and leads
to extra spirals at the initial stage of the bending instability
zone. Note that the effect of gravity is not considered because
the magnitude of gravity is negligible compared with the strong
electrostatic forces present during the electrospinning proc-
ess.37,38

In conventional 2D electrospinning, the as-spun fibers land
on the collector horizontally and form a densely packed mat
(Figure 2C). Distinctively, the 3D electrospun fibers were
observed reaching the collector with fiber segments perpen-
dicular to the collector surface (Figure 2F). This can be
explained by electric field-induced polarization.39 Specifically,
as the fiber approaches the substrate, it carries unevenly
distributed positive and negative ionic charges. Meanwhile, the
positive high-voltage induces negative charges at the top of the
already collected fiber pile, making it an alternative collector
for receiving the incoming fibers.40 The induced negative
charges exert nonuniform electrostatic forces (FS) on the fiber
segment, which reorient the fiber and make it land vertically on
the already deposited fibers. We confirmed this by using
insulators (e.g., wooden board, fabric mat) to replace the metal
collector while still obtaining centimeter-high 3D assemblies
(SI, Figure S5 and Movie S5). This differs from the previous
studies where only flat 2D mats were obtained.39,41

Figure 2G−J display the step-by-step fiber assembly process
with two individual fiber segments traced. The fiber
reorientates close to the substrate region, followed by forming
fiber entanglement in both in- and out-of-plane directions.

Figure 3. Evaluation of the stiffness of single fibers. (A−D) SEM images of the TSP fibers that are mostly populated in 2D, 2.5D, and 3D
macroassemblies, respectively. For the fiber deformation simulations, four models were created with defined length (30 μm) and porosity
(40%). Models of TSP-2D (E) and TSP-2D/2.5D (F) possess slit-shaped pores with irregular cross sections. Models of TSP-2.5D/3D (G)
and TSP-3D (H) have cylindrical pores. (Scale bars in A−H: 1 μm.) (I) Elemental mapping on a dried droplet of binary alkoxide solution
shows two phases. The inset digital photo presents the cloudiness of the droplet indicating the occurrence of phase separation. (J) The fiber
size distribution versus additive concentration for each macroscopic dimension. (K,L) The simulated force−displacement curves obtained
by applying a force either along or normal to the fiber axis (insets). The slopes suggest tensile and bending stiffness.
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Because the deposited fibers are subsequently negatively
polarized, the Coulomb repulsive force between adjacent
fibers (FR) helps maintain the large fiber-to-fiber distance.20,42

The attractive force between polarized fibers and metal nozzle
also stabilizes the 3D architecture. This is supported by the fact
that in the case of 2.5D electrospinning, fibers initially formed
a 3D architecture but collapsed into 2D upon decreasing the
high voltage to zero, i.e., the attractive force between the
polarized fibers and metal nozzle becomes weaker and finally
vanished.

Microstructure−Mechanical Property Relationship of
Single Fibers. A stable 3D fiber assembly should be able to
retain the large fiber-to-fiber distance and highly porous
network both during electrospinning and after removal from
the substrate. Such structural stability is related to the stiffness

of each fiber.43,44 This triggered our interest in studying the
microstructure−mechanical property relationship of single
fibers. Figure 3A−D show the cross sections of four
representative TSP fibers that exist or coexist in one or two
forms of macrostructures. TSP-2D and TSP-2D/2.5D have
slit-shaped pores with irregular cross sections, whereas TSP-
2.5D/3D and TSP-3D have cylindrical pores with spherical
cross sections. All fibers have dense shells due to the fast
hydrolysis of TiP and porous cores resulting from phase
separation.45 The two bicontinuous phases were shown by
mapping the elemental distribution on a dried solution droplet
(Figure 3I; SI, Figure S6). The gel-rich phase contains
nonpolar TiO2/SiO2 condensates, while the solvent-rich
phase has higher C content from the polar polymer PVP.
Figure 3J illustrates the dependence of fiber diameters on the

Figure 4. Correlation between solution and electrospun fiber macrostructure. TiP/TEOS/H2O ternary phase diagrams highlighting TiP-lean
region (A,B) and TiP-rich region (C,D). H2O mol % represents 6 times of Y(NO3)3·6H2O mol %. The color contour displays the electrical
conductivity or viscosity of each solution composition, and the symbol represents the dimension of electrospun macrostructure, ⬤ for to
2D mat, ◓ for 2.5D mixed morphology, ○ for the 3D assembly, and × for nonspinnable solutions. Schematics in (E) show the coordination
of Y3+ to PVP chains in the TiP/TEOS 0/100 solution, which leads to local gelation of the polymer chains. The lower panel demonstrates
the gel-rich and solvent-rich liquid−liquid phase separation in the TiP-rich solutions. (F) The solution viscosity and electrical conductivity
are correlated to the macroscopic dimension of electrospun fibers, revealing a “3D region” for our binary alkoxide system. TiP unitary
solutions are labeled by a red dotted circle due to their deviated electrospinning behavior.
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additive concentration. Below 1 mol % additive, TSP-2D and
TSP-2.5D fibers have bimodal size distributions, including a
group of microfibers and a large population of nanofibers (SI,
Figure S1). TSP-3D fibers have larger average diameters
because more viscous solutions have larger viscoelastic forces
against jet deformation.
We used a finite element analysis method to evaluate the

stiffness of single fibers, starting with building four fiber models
with varied diameter (d), pore shape, and pore size matching
to the observed morphologies (Figure 3E−H; SI, Figures S7,
S8, details in Figure S1). A uniformly distributed force (F) was
applied on one fiber end either along (tensile) or normal
(bending) to the fiber axis (schematics in Figure 3K,L). Under

the linear elastic assumption, the maximal displacement of the
fiber structure is proportional to the applied force, and the
slope gives stiffness. We found that TSP-2D/2.5D and TSP-
2.5D/3D have similar stiffness despite varied pore design,
which is consistent with the beam theory, i.e., fiber diameter
dominates the stiffness. TSP-3D has tensile and bending
stiffness 3.9 and 16 times of the 2.5D fibers, and 18.5 and 157
times of TSP-2D, respectively, suggesting TSP-3D fiber is
significantly more resilient against deformation. Since we
observed that the tensile and bending stiffnesses are reversibly
propositional to the first- and third-order of the fiber length,
these results could be extended to longer fibers that are closer
to the real case (SI, Figure S1). We further simulated the fiber

Figure 5. Applications of 3D ceramic fiber assembly. (A,B) 3D reconstructed XCT scans and SEM images (inset) of TS-2D and TS-3D show
the different fiber arrangement, packing density, and macropore structures (scale bar: 100 μm). (C) Infrared images and photograph (inset)
of TS-2D and TS-3D put side by side on a 200 °C hot plate. (D) Photographs and infrared images (inset) of two flowers placed on top of
ceramic fibers. The flower on TS-3D remains fresh even after 10 min due to the much lower surface temperature. The same scale bar is used
for the three infrared images (inset). (E) The absorption capacities of three types of fibers for water and several organic liquids.
Functionalized TS-3D-F has a water contact angle of 127° (inset) and 0 water absorption. (F) When immersing TS-3D-F in water, the
nonwetting surfaces show mirror-like reflections. (G,H) Demonstration of using TS-3D-F to selectively remove hexane and chloroform
(both dyed yellow) from water.
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deformation driven by gravity. The bending deflection of a 200
nm diameter porous fiber is 80 times that of a 2 μm diameter
porous microfiber. This explains why the 2.5D macrostructures
consisting of thin fibers tend to collapse due to their own
weight. Overall, the analytical results suggest the dependence
of the dimensionality of fiber macrostructure on the
mechanical property of its building blocks, demonstrating the
significance of stiffer single fibers in supporting a free-standing
3D structure.

“3D Region” in Binary Alkoxide Solutions. We further
modulated the solution by varying the TiP/TEOS ratio from
0/100 to 100/0. We created the phase diagrams by plotting the
electrical conductivity and viscosity of each solution in the
TiP−TEOS−H2O ternary phase diagrams, where H2O mol %
corresponds to six times Y(NO3)3·6H2O mol % (SI, Figure
S9). In the TiP-lean region (TiP ≤ 30 mol %), the electrical
conductivity increases with additive and TiP concentration due
to the increasing number of ion density and possible higher
mobility of charge carriers (Figure 4A).46 The viscosity
increases upon increasing additive and TEOS content until
the solution turns into a gel (Figure 4B). This is because Y3+

coordinates to the electronegative oxygen atoms in PVP chains
and creates macromolecular networks with stronger resistance
against deformation (Figure 4E).25 In contrast, the TiP-rich
solutions (TiP ≥ 70 mol %) show a linear increase in
conductivity with additives (Figure 4C), while the viscosity
remains almost constant or is only marginally changed (Figure
4D). This behavior is due to the reactive TiP molecules that
block the electronegative sites on the PVP and prevent Y3+-
induced gelation.47 Only liquid−liquid phase separation occurs
in TiP-rich solutions, confirmed by the absence of cloudiness
or solid sediment in the solution even after several months.
By correlating the solution parameters with the dimensions

of electrospun fiber macroassemblies, we revealed a region
allowing consistent creation of 3D macrostructures, named
“3D region” (Figure 4F). It agrees with our earlier conclusions
that high electrical conductivity is required to induce modified
solution jet behavior, while moderately high solution viscosity
is needed to render thicker fibers of sufficient stiffness. To
reinforce the correlation, we also performed the principal
component analysis (PCA) on the solution properties as
shown in SI, Figure S10. The graphical distribution of data
points in PCA plot is consistent with data in Figure 4F, where
the solutions yielding 3D fiber macrostructures have positive
PC1 scores, differentiated from the negatively scored 2D
solutions, whereas the 2.5D solutions cluster at the close to 0
region as a transit stage. Moreover, we found that TiP/TEOS
100/0 solutions only generate 2D macroassembles although
the solution parameters are within the “3D region”. This is
because these solutions exhibit faster solidification rates and
finer phase separation which inhibit both ion redistribution
and the formation of porous structure (SI, Figure S11 and
details in Figure S2).48 Similar observations were reported in
emulsion electrospinning, where the oil droplets regulated the
solidification process and resulted in 3D macrostructures
consisting of core−shell fibers.49 Therefore, we anticipate that
once a balance between solidification rate and charge
redistribution is achieved, our proposed “3D region” is not
limited to binary alkoxide solutions but suitable for various
solutions even beyond the sol−gel system.

Applications of 3D Ceramic Fiber Assemblies. After
calcination of the TSP fibers in air, we obtained TiO2/SiO2
ceramic fibers in both forms, 2D mats (TS-2D) and 3D

assembly (TS-3D). Such porous ceramic materials are very
attractive for thermal insulation. X-ray computed tomography
(XCT) and SEM reveal that TS-2D contains tightly packed
fibers and anisotropic macropores, giving an overall density of
18.8 mg/cm3 and out-of-plane thermal conductivity (TC) of
about 112 mW/(m·K) (Figure 5A). In comparison, TS-3D has
isotropic open-cell macropores, corresponding to an ultralow
density of about 3.6 mg/cm3 and low TC of 27.3 mW/(m·K)
(Figure 5B). Both types show high thermal stability over 1000
°C (SI, Figure S12). To compare their thermal insulation
performance, we placed them on a 200 °C hot plate and
monitored the surface temperature using an infrared camera
(Figure 5C). Upon heating at 200 °C, the 2 cm height TS-3D
could protect the flower from withering for more than 10 min,
while TS-2D was less effective in blocking the heat (Figure
5D). This suggests the enormous potential of TS-3D as high-
temperature thermal insulator for heat protection in buildings,
aircraft, aerospace, etc.

Electrospun fibers are also ideal absorbent materials. Both
TS-2D and TS-3D display high absorption capacity of water
and various organic solvents (Figure 5E). However, the
maximum amount of liquids that TS-2D could absorb is
limited by its volume. In comparison, TS-3D not only has an
absorption capacity 2−3 times that of TS-2D but also can take
up exceptionally large quantities of the liquid, e.g., 1 g TS-3D
with an overall volume of 278 cm3 can hold 154 mL of water.
To further apply our fiber materials for the cleanup of oil
spillages from the natural environment, we fluorinated the
surface of TS-3D via a previously developed method50 to
render it selectivity in absorbing, i.e., being hydrophobic and
oleophilic. The resultant TS-3D-F presents a large contact
angle of 127° (inset in Figure 5E), and when immersing in
water, mirror reflection appears on its nonwetting surface due
to the entrapped air (Figure 5F). TS-3D-F has high absorption
capacities of organic liquids, such as 101 g/g of silicone oil,
which is approximately three times of natural sorbents and PP
fiber mats.51,52 We show the evidence of using our as-produced
TS-3D-F to selectively remove various organic solvents from
water, including hexane and chloroform (Figure 5G, H),
dichloromethane (DCM), silicone oil, and toluene (SI, Figure
S13). Solvents with densities smaller than water, e.g., hexane,
can be removed by simply floating the lightweight fiber on the
water surface. Solvents that are denser than water, e.g.,
chloroform, was cleaned out by pressing TS-3D-F underwater,
which rapidly absorbed the chloroform while releasing air
bubbles. Full absorption was reached when the bubbling
stopped. In summary, TS-3D is a powerful absorbent material
with ultrahigh absorption capacity that is unachievable for 2D
fiber mats. Based on that, the fluorinated TF-3D-F could
separate various organic liquids from water, possessing
exceptional potential for applications in environmental
remediation.

CONCLUSIONS
We showed the direct creation of 3D fiber macroassemblies
and revealed the mechanism behind the 2D and 3D
electrospinning regimes by a combination of high-speed
camera in situ imaging and finite element analysis. We propose
a “3D region” for binary alkoxide solutions, suggesting the
optimal ranges of solution electrical conductivity and viscosity
to render 3D fiber macroassemblies. Because these solution
parameters are universal, our conclusions could be potentially
extended to other binary and multiple component solutions
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beyond the sol−gel system. After calcination of the precursor
fibers, we further obtained 3D ceramic fiber assemblies
featured in ultralow density, high porosity, low thermal
conductivity, 3D shapeability, and tunable surface wettability.
Such ultralight 3D porous materials significantly outperformed
2D ceramic fiber mats in thermal insulation and oil/water
separation applications. We foresee that this work could bridge
the knowledge gap between 2D and 3D electrospinning and
enable more functional and economical electrospun fiber
materials with practical usages in insulation, environment
remediation, bioengineering, etc.

MATERIALS AND METHODS
Materials. Polyvinylpyrrolidone (PVP, MW 1 300 000), titanium-

(IV) isopropoxide (TiP, 97+%), and tetraethoxysilane (TEOS, 99+%)
were purchased from Alfa Aesar. Yttrium(III) nitrate hexahydrate
(Y(NO3)3·6H2O) was purchased from Fluorochem. Acetic acid
(AcOH) was purchased from Honeywell. Ethanol (EtOH, ≥99.8%
GC) was purchased from Sigma-Aldrich. For fluorinated coating,
glutaraldehyde (GA, 50 wt % in water) and 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (PDTS) were purchased from Sigma-
Aldrich. All reagents were used without further refinement. For
measuring the absorption capacities, acetone, hexane, dimethylforma-
mide (DMF), tetrahydrofuran (THF), ethyl acetate, dichloromethane
(DCM), and silicone oil were purchased from Sigma-Aldrich. Toluene
and chloroform were purchased from Fisher Scientific.

Preparation of Ceramic Fiber Assemblies and Functional-
ization. The spinning solutions were generally prepared via the
following steps. One g of PVP powder was dissolved in 10 mL of
EtOH by continuously stirring for 1 h at 50 °C. TiP and TEOS were
dropwise added into 3.7 g of PVP/EtOH solution, obtaining solution
(A). Varied amounts of Y(NO3)3·6H2O were dissolved in 0.5 g of
AcOH at room temperature, obtaining a transparent solution (B).
Solution (B) was slowly added into (A), stirring at 65 °C for 3 h to
obtain a clear yellowish solution, which was ready to spin after cooling
down. The additive concentration was calculated as the ratio of the
molar concentration of Y(NO3)3·6H2O to the sum up of TiP, TEOS,
and Y(NO3)3·6H2O. Detailed solution compositions are listed in SI,
Table S1.

Then 1.5 mL of each homogeneous solution was transferred to a 3
mL of plastic syringe with a metal needle (17G) attached to a high
voltage supply (Genvolt High Voltage Power Supply). The solution
was fed by gravitational force without further pushing. The tip-to-
collector distance was maintained at 20 cm in the systematic study.
The applied voltage spanned from 20 to 35 kV for optimal
electrospinning continuity. Electrospinning was conducted in a
glovebox with controlled environment to minimize the influence of
turbulent airflow. The temperature and humidity were 22 ± 3 °C and
45 ± 15%, respectively. TiP/TEOS/PVP (TSP) precursor fibers were
collected on a piece of Al foil taped on a grounded metal substrate. To
convert them into ceramic fibers, heat treatments were conducted at
625 °C in air for 3 h at a heating rate of 10 °C/min, followed by
natural cool down.

Fluorination was conducted on TS-3D following the procedure
described in a previous report.50 In short, TS-3D was placed in a
vacuum oven, coheated under vacuum with 1 mL of GA aqueous
solution at 75 °C for 10 h, and then coheated with 250 μL of PDTS at
125 °C for 10 h.

Characterization. The electrical conductivity of solutions was
measured using a benchtop conductivity meter (Oakton CON 550) at
ambient conditions (temperature 20.0 ± 0.5 °C). Each solution was
measured three times and the average values were reported. The
viscosity was measured by Brookfield DV-II viscometer using cone
spindle CP-41. A fixed amount of 2 mL of solution was loaded into
the sample cup. A ramping of rotation speed was used in 8 steps from
50 to 120 rpm, corresponding to 100−240 s−1 shear rate. To measure
the highly viscous TiP/TEOS 0/100 solutions, the rotation speed was
decreased to 10 rpm to maintain the % torque between 20 and 80%.

The ramping speed viscosity measurement was conducted twice, and
the averaged viscosity values were reported.

Scanning electron microscopy (SEM) images were taken using a
Zeiss Merlin and a JSM-840F (JEOL Instruments) at an accelerating
voltage of 4 kV. The samples were coated with 6 nm Pt before
imaging. The average fiber diameters (including coating) were
obtained by fitting the fiber diameter histogram based on at least
150 unbiased counts from SEM images. Energy-dispersive X-ray
spectroscopy (EDX) elemental mapping was performed on dried
solution droplets using a Zeiss Evo at an accelerating voltage of 5 kV.
Transmission electron microscopy (TEM) images were obtained by
JEOL JEM-2100F at an acceleration voltage of 200 kV. X-ray
computed tomography (XCT) was conducted by a Zeiss Xradia 510
Versa X-ray microscope. The X-ray source was operated at a voltage
of 50 kV and power of 4 W. The volume reconstruction was done
using ImageJ in which the voxel size is 0.965 μm.

Fourier transform infrared (FTIR) attenuated total reflection
(ATR) spectrum was recorded in the range of 600 to 4000 cm−1 on a
Varian Excalibur FTS 3500 FT-IR spectrometer. Thermal gravimetry
and differential thermal analysis (TG-DTA) were carried out on a
PerkinElmer TG/DTA 6300 instrument in dry air from room
temperature to 1000 °C with a heating rate of 10 °C/min. Brunauer−
Emmett−Teller (BET) surface area was measured according to the
N2 adsorption using a Micromeritics Gemini VII BET surface area
analyzer. All the samples were degassed under vacuum for at least 10
h.

A high-speed camera (FASTCAM SA5 model) was used for the
direct observation of the electrospinning process. The frame rate was
3000 or 5000 fps. The thermal conductivity was measured by a Hot
Disk TPS 3500. A Kapton-insulated sensor (TPS Hot Disk 7577 with
2.0 mm in radius) was sandwiched between two TS-3D samples. The
temperature distributions on the sample surfaces on the hot plate
were recorded by an infrared camera (FLIR A65, FOV 45). The
contact angle measurement was performed in an ambient environ-
ment using an Ossila contact angle goniometer. In the absorption
tests, the fiber samples (with known weight M1) were immersed in
water or organic liquids until the sample was completely wet. They
were then lifted out from the liquids, held for 10 s to remove extra
solvents (except for the highly volatile liquids), and then taken for
weight measurement (M2). The absorption capacity (absorbency)
was calculated as (M2 − M1)/M1. Each sample was tested two times
for each solvent.

Finite Element Simulation. A 3D finite element model was built
using COMSOL Multiphysics 5.5. All porous fiber models have 30
μm length, 40% porosity, and randomly distributed pores with
designated shapes and sizes. These fiber models have specific surface
areas consistent with the BET results. Further details on the
COMSOL models are given in SI, Figure SI.

The deformation of single fibers was simulated using the Structural
Mechanics module. An evenly distributed load was applied to one end
of the fiber model either normal or parallel to the surface to simulate
uniaxial tension or bending. Young’s modulus and Poisson’s ratio of
model material are 0.8 GPa and 0.32, respectively, referring to typical
PVP-based soft materials.53,54 Three fiber models were analyzed in
each case and the averaged results are presented.

ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.3c00289.

Extended fiber simulation; solution chemistry and the
formation of porous fiber structures. Figures: photos,
SEM images, diameter distribution; FTIR-ATR spectra;
TG/DTA curves of TSP precursor fibers; SEM images
and diameter distribution of TS ceramic fibers; photos of
fiber macroassemblies on varied insulating substrates;
SEM and EDX mapping on a polymer solution droplet;
SEM and TEM images of TS fibers; N2 adsorption−

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c00289
ACS Nano 2023, 17, 6800−6810

6807

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00289/suppl_file/nn3c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00289/suppl_file/nn3c00289_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00289?goto=supporting-info
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


desorption isotherms of TSP fibers; TiP/TEOS/H2O
ternary phase diagrams displaying the evolution of
solution viscosity and electrical conductivity; principal
component analysis (PCA) solution parameters; SEM
images of fiber microstructure versus TiP/TEOS ratio;
TC measurement and TG curve of TS fiber; extended
oil/water separation experiments using TS-3D-F;
simulation of the tensile and bending of a simplified
fiber model at varied length; Simulation of the gravity-
driven deformation of fiber models at varied diameter;
schematic illustrations showing the evolution of solution
jet cross sections in forming distinct fiber micro-
structures. Tables: Composition of alkoxide solutions
analyzed for electrical conductivity and viscosity;
parameters of the four types of fiber models. (PDF)
3D electrospinning on conductive Al foil substrate
(MP4)
3D electrospinning on insulating wooden board (MP4)
Solution jet behavior in forming 2D fiber mat (MP4)
3D fiber assembly (MP4)
2.5D fiber structure (MP4)

AUTHOR INFORMATION
Corresponding Authors

Nicole Grobert − Department of Materials, University of
Oxford, Oxford OX1 3PH, U.K.; WAE Technologies Ltd,
Wantage, Oxfordshire OX12 0DQ, U.K.; orcid.org/0000-
0002-8499-8749; Email: nicole.grobert@
materials.ox.ac.uk

Barbara M. Maciejewska − Department of Materials,
University of Oxford, Oxford OX1 3PH, U.K.;
Email: barbara.maciejewska@materials.ox.ac.uk

Authors
Shiling Dong − Department of Materials, University of
Oxford, Oxford OX1 3PH, U.K.

Maria Lißner − Department of Engineering, University of
Oxford, Oxford OX1 3PJ, U.K.

Daniel Thomson − Department of Engineering, University of
Oxford, Oxford OX1 3PJ, U.K.

David Townsend − Department of Engineering, University of
Oxford, Oxford OX1 3PJ, U.K.

Robert Millar − WAE Technologies Ltd, Wantage,
Oxfordshire OX12 0DQ, U.K.

Nik Petrinic − Department of Engineering, University of
Oxford, Oxford OX1 3PJ, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.3c00289

Author Contributions
S.D., B.M., and N.G. conceived this work and wrote the
manuscript. S.D. conducted synthesis, characterization, and
modeling with the assistance and supervision of B.M. and N.G.
Then M.L., D.T., D.T., and N.P. performed sessions of high-
speed camera photo shooting. All authors contributed to
revising the manuscript.
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
We thank Greg Cook and Richard Turner for their technical
support in building the electrospinning apparatus. We

gratefully acknowledge the support of the Henry Royce
Institute for (S.D.) through the Royce Ph.D. Equipment
Access Scheme enabling access to 3D X-ray Computer
Tomography (XCT) facilities at Royce@Cambridge; EPSRC
grant no. EP/R00661X/1. This work was financially supported
by the Faraday Institution (B.M., N.G.). We also acknowledge
the microscopy and spectrometry supports from Oxford
Materials Characterization Service and David Cockayne
Centre for Electron Microscopy, Department of Materials,
University of Oxford, alongside financial support provided by
the Henry Royce Institute (grant ref EP/R010145/1). N.G.
thanks The Royal Society for the Royal Society Industry
Fellowship.

REFERENCES
(1) Sun, B.; Long, Y. Z.; Zhang, H. D.; Li, M. M.; Duvail, J. L.; Jiang,
X. Y.; Yin, H. L. Advances in Three-Dimensional Nanofibrous
Macrostructures via Electrospinning. Prog. Polym. Sci. 2014, 39 (5),
862−890.
(2) Zhu, P.; Lin, A.; Tang, X.; Lu, X.; Zheng, J.; Zheng, G.; Lei, T.
Fabrication of Three-Dimensional Nanofibrous Macrostructures by
Electrospinning. Aip Adv. 2016, 6, 055304.
(3) Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and Electrospun
Nanofibers: Methods, Materials, and Applications. Chem. Rev. 2019,
119 (8), 5298−5415.
(4) Han, T.; Reneker, D. H.; Yarin, A. L. Pendulum-like Motion of
Straight Electrified Jets. Polymer (Guildf). 2008, 49 (8), 2160−2169.
(5) Collins, G.; Federici, J.; Imura, Y.; Catalani, L. H. Charge
Generation, Charge Transport, and Residual Charge in the Electro-
spinning of Polymers: A Review of Issues and Complications. J. Appl.
Phys. 2012, 111 (4), 044701.
(6) Dilamian, M.; Joghataei, M.; Ashrafi, Z.; Bohr, C.; Mathur, S.;
Maleki, H. From 1D Electrospun Nanofibers to Advanced Multi-
functional Fibrous 3D Aerogels. Appl. Mater. Today 2021, 22, 100964.
(7) Krishnamoorthy, T.; Thavasi, V.; Subodh G, M.; Ramakrishna, S.
A First Report on the Fabrication of Vertically Aligned Anatase TiO 2
Nanowires by Electrospinning: Preferred Architecture for Nano-
structured Solar Cells. Energy Environ. Sci. 2011, 4, 2807−2812.
(8) Cai, Y.; Zhang, G.; Wang, L.; Jiang, Y.; Ouyang, H.; Zou, X.
Novel Biodegradable Three-dimensional Macroporous Scaffold Using
Aligned Electrospun Nanofibrous Yarns for Bone Tissue Engineering.
J. Biomed. Mater. Res.Part A 2012, 100A, 1187−1194.
(9) Si, Y.; Yu, J.; Tang, X.; Ge, J.; Ding, B. Ultralight Nanofibre-
Assembled Cellular Aerogels with Superelasticity and Multifunction-
ality. Nat. Commun. 2014, 5, 5802.
(10) Si, Y.; Wang, X.; Dou, L.; Yu, J.; Ding, B. Ultralight and Fire-
Resistant Ceramic Nanofibrous Aerogels with Temperature-Invariant
Superelasticity. Sci. Adv. 2018, 4, No. eaas8925.
(11) Zhang, D.; Chang, J. Electrospinning of Three-Dimensional
Nanofibrous Tubes with Controllable Architectures. Nano Lett. 2008,
8 (10), 3283−3287.
(12) Song, J. Y.; Kim, D. Y.; Yun, H. J.; Kim, J. H.; Yi, C. C.; Park, S.
M. Electroconductive, Flexible, and Printable Graphene Nanoplate-
Carbon Nanotube-Polydimethylsiloxane Composite Collectors for
Three-Dimensional Conformal Electrospinning. Compos. Sci. Technol.
2022, 227, 109629.
(13) Ki, C. S.; Kim, J. W.; Hyun, J. H.; Lee, K. H.; Hattori, M.; Rah,
D. K.; Park, Y. H. Electrospun Three-dimensional Silk Fibroin
Nanofibrous Scaffold. J. Appl. Polym. Sci. 2007, 106 (6), 3922−3928.
(14) Nam, J.; Huang, Y.; Agarwal, S.; Lannutti, J. Improved Cellular
Infiltration in Electrospun Fiber via Engineered Porosity. Tissue Eng.
2007, 13 (9), 2249−2257.
(15) Wang, Y.; Li, W.; Jiao, X.; Chen, D. Electrospinning
Preparation and Adsorption Properties of Mesoporous Alumina
Fibers. J. Mater. Chem. A 2013, 1 (36), 10720−10726.
(16) Moradipour, P.; Dabirian, F.; Rajabi, L.; Derakhshan, A. A.
Fabrication and Characterization of New Bulky Layer Mixed Metal

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c00289
ACS Nano 2023, 17, 6800−6810

6808

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00289/suppl_file/nn3c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00289/suppl_file/nn3c00289_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00289/suppl_file/nn3c00289_si_004.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00289/suppl_file/nn3c00289_si_004.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00289/suppl_file/nn3c00289_si_005.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00289/suppl_file/nn3c00289_si_006.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicole+Grobert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8499-8749
https://orcid.org/0000-0002-8499-8749
mailto:nicole.grobert@materials.ox.ac.uk
mailto:nicole.grobert@materials.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+M.+Maciejewska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:barbara.maciejewska@materials.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shiling+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Li%C3%9Fner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Thomson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Townsend"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Millar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nik+Petrinic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00289?ref=pdf
https://doi.org/10.1016/j.progpolymsci.2013.06.002
https://doi.org/10.1016/j.progpolymsci.2013.06.002
https://doi.org/10.1063/1.4948797
https://doi.org/10.1063/1.4948797
https://doi.org/10.1021/acs.chemrev.8b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2008.01.048
https://doi.org/10.1016/j.polymer.2008.01.048
https://doi.org/10.1063/1.3682464
https://doi.org/10.1063/1.3682464
https://doi.org/10.1063/1.3682464
https://doi.org/10.1016/j.apmt.2021.100964
https://doi.org/10.1016/j.apmt.2021.100964
https://doi.org/10.1039/c1ee01315g
https://doi.org/10.1039/c1ee01315g
https://doi.org/10.1039/c1ee01315g
https://doi.org/10.1002/jbm.a.34063
https://doi.org/10.1002/jbm.a.34063
https://doi.org/10.1038/ncomms6802
https://doi.org/10.1038/ncomms6802
https://doi.org/10.1038/ncomms6802
https://doi.org/10.1126/sciadv.aas8925
https://doi.org/10.1126/sciadv.aas8925
https://doi.org/10.1126/sciadv.aas8925
https://doi.org/10.1021/nl801667s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl801667s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.compscitech.2022.109629
https://doi.org/10.1016/j.compscitech.2022.109629
https://doi.org/10.1016/j.compscitech.2022.109629
https://doi.org/10.1002/app.26914
https://doi.org/10.1002/app.26914
https://doi.org/10.1089/ten.2006.0306
https://doi.org/10.1089/ten.2006.0306
https://doi.org/10.1039/c3ta10955k
https://doi.org/10.1039/c3ta10955k
https://doi.org/10.1039/c3ta10955k
https://doi.org/10.1016/j.ceramint.2016.05.132
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Oxide Ceramic Nanofibers through Two Nozzle Electrospinning
Method. Ceram. Int. 2016, 42 (12), 13449−13458.
(17) Yao, Z.-C.; Zhang, C.; Ahmad, Z.; Huang, J.; Li, J.-S.; Chang,
M.-W. Designer Fibers from 2D to 3D-Simultaneous and Controlled
Engineering of Morphology, Shape and Size. Chem. Eng. J. 2018, 334,
89−98.
(18) Vong, M.; Speirs, E.; Klomkliang, C.; Akinwumi, I.; Nuansing,
W.; Radacsi, N. Controlled Three-Dimensional Polystyrene Micro-
and Nano-Structures Fabricated by Three-Dimensional Electro-
spinning. RSC Adv. 2018, 8 (28), 15501−15512.
(19) Guo, J.; Fu, S.; Deng, Y.; Xu, X.; Laima, S.; Liu, D.; Zhang, P.;
Zhou, J.; Zhao, H.; Yu, H.; et al. Hypocrystalline Ceramic Aerogels for
Thermal Insulation at Extreme Conditions. Nature 2022, 606, 909−
916.
(20) Bonino, C. A.; Efimenko, K.; Jeong, S. I.; Krebs, M. D.; Alsberg,
E.; Khan, S. A. Three-dimensional Electrospun Alginate Nanofiber
Mats via Tailored Charge Repulsions. Small 2012, 8 (12), 1928−
1936.
(21) Poologasundarampillai, G.; Wang, D.; Li, S.; Nakamura, J.;
Bradley, R.; Lee, P. D.; Stevens, M. M.; McPhail, D. S.; Kasuga, T.;
Jones, J. R. Cotton-Wool-like Bioactive Glasses for Bone Regener-
ation. Acta Biomater. 2014, 10 (8), 3733−3746.
(22) Zhou, Y.; Thakurathi, M.; Quitevis, E. L.; Tan, G. Z.
Electrospinning 3D Nanofiber Structure of Polycaprolactone
Incorporated with Silver Nanoparticles. JOM 2019, 71 (3), 956−962.
(23) Vong, M.; Diaz Sanchez, F. J.; Keirouz, A.; Nuansing, W.;
Radacsi, N. Ultrafast Fabrication of Nanofiber-Based 3D Macro-
structures by 3D Electrospinning. Mater. Des. 2021, 208, 109916.
(24) Cheng, X.; Liu, Y.-T.; Si, Y.; Yu, J.; Ding, B. Direct Synthesis of
Highly Stretchable Ceramic Nanofibrous Aerogels via 3D Reaction
Electrospinning. Nat. Commun. 2022, 13, 2637.
(25) Hao, C.; Zhao, Y.; Zhou, Y.; Zhou, L.; Xu, Y.; Wang, D.; Xu, D.
Interactions between Metal Chlorides and Poly (Vinyl Pyrrolidone)
in Concentrated Solutionsand Solid-state Films. J. Polym. Sci., Part B:
Polym. Phys. 2007, 45 (13), 1589−1598.
(26) Hu, W.; Wang, Z.; Xiao, Y.; Zhang, S.; Wang, J. Advances in
Crosslinking Strategies of Biomedical Hydrogels. Biomater. Sci. 2019,
7 (3), 843−855.
(27) Huang, F.; Motealleh, B.; Zheng, W.; Janish, M. T.; Carter, C.
B.; Cornelius, C. J. Electrospinning Amorphous SiO2-TiO2 and TiO2
Nanofibers Using Sol-Gel Chemistry and Its Thermal Conversion
into Anatase and Rutile. Ceram. Int. 2018, 44 (5), 4577−4585.
(28) Tutak, W.; Sarkar, S.; Lin-Gibson, S.; Farooque, T. M.;
Jyotsnendu, G.; Wang, D.; Kohn, J.; Bolikal, D.; Simon, C. G. The
Support of Bone Marrow Stromal Cell Differentiation by Airbrushed
Nanofiber Scaffolds. Biomaterials. 2013, 34, 2389−2398.
(29) Polat, Y.; Pampal, E. S.; Stojanovska, E.; Simsek, R.; Hassanin,
A.; Kilic, A.; Demir, A.; Yilmaz, S. Solution Blowing of Thermoplastic
Polyurethane Nanofibers: A Facile Method to Produce Flexible
Porous Materials. J. Appl. Polym. Sci. 2016, 133 (9), 43025.
(30) Yan, G.; Yu, J.; Qiu, Y.; Yi, X.; Lu, J.; Zhou, X.; Bai, X. Self-
Assembly of Electrospun Polymer Nanofibers: A General Phenom-
enon Generating Honeycomb-Patterned Nanofibrous Structures.
Langmuir 2011, 27 (8), 4285−4289.
(31) Wang, Y.; Huang, H.; Zhao, Y.; Feng, Z.; Fan, H.; Sun, T.; Xu,
Y. Self-Assembly of Ultralight and Compressible Inorganic Sponges
with Hierarchical Porosity by Electrospinning. Ceram. Int. 2020, 46
(1), 768−774.
(32) Ding, Y.; Li, W.; Schubert, D. W.; Boccaccini, A. R.; Roether, J.
A.; Santos, H. A. An Organic-Inorganic Hybrid Scaffold with
Honeycomb-like Structures Enabled by One-Step Self-Assembly-
Driven Electrospinning. Mater. Sci. Eng., C 2021, 124, 112079.
(33) Unnithan, A. R.; Sasikala, A. R. K.; Thomas, S. S.; Nejad, A. G.;
Cha, Y. S.; Park, C. H.; Kim, C. S. Strategic Design and Fabrication of
Biomimetic 3d Scaffolds: Unique Architectures of Extracellular
Matrices for Enhanced Adipogenesis and Soft Tissue Reconstruction.
Sci. Rep. 2018, 8, 5696.
(34) Xie, Y.; Wang, L.; Peng, Y.; Ma, D.; Zhu, L.; Zhang, G.; Wang,
X. High Temperature and High Strength Y2Zr2O7 Flexible Fibrous

Membrane for Efficient Heat Insulation and Acoustic Absorption.
Chem. Eng. J. 2021, 416, 128994.
(35) Bhardwaj, N.; Kundu, S. C. Electrospinning: A Fascinating
Fiber Fabrication Technique. Biotechnol. Adv. 2010, 28 (3), 325−347.
(36) Li, R.; Deng, X.; Liu, F.; Yang, Y.; Zhang, Y.; Reddy, N.; Liu,
W.; Qiu, Y.; Jiang, Q. Three-Dimensional Rope-like and Cloud-like
Nanofibrous Scaffolds Facilitating in-Depth Cell Infiltration Devel-
oped Using a Highly Conductive Electrospinning System. Nanoscale
2020, 12 (32), 16690−16696.
(37) Rodoplu, D.; Mutlu, M. Effects of Electrospinning Setup and
Process Parameters on Nanofiber Morphology Intended for the
Modification of Quartz Crystal Microbalance Surfaces. J. Eng. Fiber.
Fabr. 2012, 7, 155892501200700220.
(38) Suresh, S.; Becker, A.; Glasmacher, B. Impact of Apparatus
Orientation and Gravity in Electrospinning�A Review of Empirical
Evidence. Polymers (Basel). 2020, 12 (11), 2448.
(39) Sun, B.; Long, Y.-Z.; Yu, F.; Li, M.-M.; Zhang, H.-D.; Li, W.-J.;
Xu, T.-X. Self-Assembly of a Three-Dimensional Fibrous Polymer
Sponge by Electrospinning. Nanoscale 2012, 4 (6), 2134−2137.
(40) Reis, T. C.; Correia, I. J.; Aguiar-Ricardo, A. Electrodynamic
Tailoring of Self-Assembled Three-Dimensional Electrospun Con-
structs. Nanoscale 2013, 5 (16), 7528−7536.
(41) Wang, F.; Dou, L.; Dai, J.; Li, Y.; Huang, L.; Si, Y.; Yu, J.; Ding,
B. In Situ Synthesis of Biomimetic Silica Nanofibrous Aerogels with
Temperature-Invariant Superelasticity over One Million Compres-
sions. Angew. Chemie Int. Ed. 2020, 59 (21), 8285−8292.
(42) Cai, S.; Xu, H.; Jiang, Q.; Yang, Y. Novel 3D Electrospun
Scaffolds with Fibers Oriented Randomly and Evenly in Three
Dimensions to Closely Mimic the Unique Architectures of
Extracellular Matrices in Soft Tissues: Fabrication and Mechanism
Study. Langmuir 2013, 29 (7), 2311−2318.
(43) Chen, X.; Xu, Y.; Zhang, W.; Xu, K.; Ke, Q.; Jin, X.; Huang, C.
Online Fabrication of Ultralight, Three-Dimensional, and Structurally
Stable Ultrafine Fibre Assemblies with a Double-Porous Feature.
Nanoscale 2019, 11 (17), 8185−8195.
(44) Wu, H.; Li, Y.; Zhao, L.; Wang, S.; Tian, Y.; Si, Y.; Yu, J.; Ding,
B. Stretchable and Superelastic Fibrous Sponges Tailored by “Stiff-
Soft” Bicomponent Electrospun Fibers for Warmth Retention. ACS
Appl. Mater. Interfaces 2020, 12 (24), 27562−27571.
(45) Guo, L.; Chen, Z.; Lyu, S.; Fu, F.; Wang, S. Highly Flexible
Cross-Linked Cellulose Nanofibril Sponge-like Aerogels with
Improved Mechanical Property and Enhanced Flame Retardancy.
Carbohydr. Polym. 2018, 179, 333−340.
(46) Reneker, D. H.; Chun, I. Nanometre Diameter Fibres of
Polymer, Produced by Electrospinning. Nanotechnology 1996, 7 (3),
216.
(47) Sadeghi, S. M.; Vaezi, M.; Kazemzadeh, A.; Jamjah, R.
Morphology Enhancement of TiO2/PVP Composite Nanofibers
Based on Solution Viscosity and Processing Parameters of Electro-
spinning Method. J. Appl. Polym. Sci. 2018, 135 (23), 46337.
(48) Wang, Y.; Huang, H.; Gao, J.; Lu, G.; Zhao, Y.; Xu, Y.; Jiang, L.
TiO2-SiO2 Composite Fibers with Tunable Interconnected Porous
Hierarchy Fabricated by Single-Spinneret Electrospinning toward
Enhanced Photocatalytic Activity. J. Mater. Chem. A 2014, 2 (31),
12442−12448.
(49) Pal, P.; Srivas, P. K.; Dadhich, P.; Das, B.; Maulik, D.; Dhara, S.
Nano-/Microfibrous Cotton-Wool-like 3D Scaffold with Core-Shell
Architecture by Emulsion Electrospinning for Skin Tissue Regener-
ation. ACS Biomater. Sci. Eng. 2017, 3 (12), 3563−3575.
(50) Mi, H.-Y.; Li, H.; Jing, X.; Zhang, Q.; Feng, P.-Y.; He, P.; Liu,
Y. Robust Superhydrophobic Fluorinated Fibrous Silica Sponge with
Fire Retardancy for Selective Oil Absorption in Harsh Environment.
Sep. Purif. Technol. 2020, 241, 116700.
(51) Lin, J.; Shang, Y.; Ding, B.; Yang, J.; Yu, J.; Al-Deyab, S. S.
Nanoporous Polystyrene Fibers for Oil Spill Cleanup. Mar. Pollut.
Bull. 2012, 64 (2), 347−352.
(52) Yang, R.; Cao, Q.; Liang, Y.; Hong, S.; Xia, C.; Wu, Y.; Li, J.;
Cai, L.; Sonne, C.; Le, Q. V.; Lam, S. S. High Capacity Oil Absorbent

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c00289
ACS Nano 2023, 17, 6800−6810

6809

https://doi.org/10.1016/j.ceramint.2016.05.132
https://doi.org/10.1016/j.ceramint.2016.05.132
https://doi.org/10.1016/j.cej.2017.10.033
https://doi.org/10.1016/j.cej.2017.10.033
https://doi.org/10.1039/C7RA13278F
https://doi.org/10.1039/C7RA13278F
https://doi.org/10.1039/C7RA13278F
https://doi.org/10.1038/s41586-022-04784-0
https://doi.org/10.1038/s41586-022-04784-0
https://doi.org/10.1002/smll.201101791
https://doi.org/10.1002/smll.201101791
https://doi.org/10.1016/j.actbio.2014.05.020
https://doi.org/10.1016/j.actbio.2014.05.020
https://doi.org/10.1007/s11837-018-3222-4
https://doi.org/10.1007/s11837-018-3222-4
https://doi.org/10.1016/j.matdes.2021.109916
https://doi.org/10.1016/j.matdes.2021.109916
https://doi.org/10.1038/s41467-022-30435-z
https://doi.org/10.1038/s41467-022-30435-z
https://doi.org/10.1038/s41467-022-30435-z
https://doi.org/10.1002/polb.21138
https://doi.org/10.1002/polb.21138
https://doi.org/10.1039/C8BM01246F
https://doi.org/10.1039/C8BM01246F
https://doi.org/10.1016/j.ceramint.2017.10.134
https://doi.org/10.1016/j.ceramint.2017.10.134
https://doi.org/10.1016/j.ceramint.2017.10.134
https://doi.org/10.1016/j.biomaterials.2012.12.020
https://doi.org/10.1016/j.biomaterials.2012.12.020
https://doi.org/10.1016/j.biomaterials.2012.12.020
https://doi.org/10.1002/app.43025
https://doi.org/10.1002/app.43025
https://doi.org/10.1002/app.43025
https://doi.org/10.1021/la1047936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la1047936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la1047936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ceramint.2019.09.031
https://doi.org/10.1016/j.ceramint.2019.09.031
https://doi.org/10.1016/j.msec.2021.112079
https://doi.org/10.1016/j.msec.2021.112079
https://doi.org/10.1016/j.msec.2021.112079
https://doi.org/10.1038/s41598-018-23966-3
https://doi.org/10.1038/s41598-018-23966-3
https://doi.org/10.1038/s41598-018-23966-3
https://doi.org/10.1016/j.cej.2021.128994
https://doi.org/10.1016/j.cej.2021.128994
https://doi.org/10.1016/j.biotechadv.2010.01.004
https://doi.org/10.1016/j.biotechadv.2010.01.004
https://doi.org/10.1039/D0NR03071F
https://doi.org/10.1039/D0NR03071F
https://doi.org/10.1039/D0NR03071F
https://doi.org/10.1177/155892501200700217
https://doi.org/10.1177/155892501200700217
https://doi.org/10.1177/155892501200700217
https://doi.org/10.3390/polym12112448
https://doi.org/10.3390/polym12112448
https://doi.org/10.3390/polym12112448
https://doi.org/10.1039/c2nr11782g
https://doi.org/10.1039/c2nr11782g
https://doi.org/10.1039/c3nr01668d
https://doi.org/10.1039/c3nr01668d
https://doi.org/10.1039/c3nr01668d
https://doi.org/10.1002/anie.202001679
https://doi.org/10.1002/anie.202001679
https://doi.org/10.1002/anie.202001679
https://doi.org/10.1021/la304414j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la304414j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la304414j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la304414j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la304414j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9NR01477B
https://doi.org/10.1039/C9NR01477B
https://doi.org/10.1021/acsami.0c05333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c05333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbpol.2017.09.084
https://doi.org/10.1016/j.carbpol.2017.09.084
https://doi.org/10.1016/j.carbpol.2017.09.084
https://doi.org/10.1088/0957-4484/7/3/009
https://doi.org/10.1088/0957-4484/7/3/009
https://doi.org/10.1002/app.46337
https://doi.org/10.1002/app.46337
https://doi.org/10.1002/app.46337
https://doi.org/10.1039/C4TA01208A
https://doi.org/10.1039/C4TA01208A
https://doi.org/10.1039/C4TA01208A
https://doi.org/10.1021/acsbiomaterials.7b00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.7b00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.7b00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.seppur.2020.116700
https://doi.org/10.1016/j.seppur.2020.116700
https://doi.org/10.1016/j.marpolbul.2011.11.002
https://doi.org/10.1016/j.cej.2020.126150
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Wood Prepared through Eco-Friendly Deep Eutectic Solvent
Delignification. Chem. Eng. J. 2020, 401, 126150.
(53) Deshmukh, K.; Ahamed, M. B.; Sadasivuni, K. K.; Ponnamma,
D.; AlMaadeed, M. A. A.; Deshmukh, R. R.; Pasha, S. K. K.; Polu, A.
R.; Chidambaram, K. Fumed SiO2 Nanoparticle Reinforced
Biopolymer Blend Nanocomposites with High Dielectric Constant
and Low Dielectric Loss for Flexible Organic Electronics. J. Appl.
Polym. Sci. 2017, 134 (5), 44427.
(54) Rajesh, K.; Crasta, V.; Kumar, N. B. R.; Shetty, G.; Rekha, P. D.
Structural, Optical, Mechanical and Dielectric Properties of Titanium
Dioxide Doped PVA/PVP Nanocomposite. J. Polym. Res. 2019, 26,
99.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c00289
ACS Nano 2023, 17, 6800−6810

6810

 Recommended by ACS

Controlling Fiber Morphologies Arising from Room-
Temperature Cure Blowing
Aditya Banerji, Christopher J. Ellison, et al.
SEPTEMBER 06, 2023
ACS APPLIED POLYMER MATERIALS READ 

Biomimetic Ultratough, Strong, and Ductile Artificial
Polymer Fiber Based on Immovable and Slidable Cross-links
Zhen Kong, Jiajie Liang, et al.
JUNE 21, 2023
NANO LETTERS READ 

Interlocking Matrix and Filler for Enhanced
Individualization and Reinforcement in Polymer–Single-
Walled Carbon Nanotube Composites
Julia Villalva, Emilio M. Pérez, et al.
AUGUST 21, 2023
ACS NANO READ 

Bioinspired Multiscale Micro-/Nanofiber Network Design
Enabling Extremely Compressible, Fatigue-Resistant, and
Rapidly Shape-Recoverable Cryogels
Luhe Qi, Chaoji Chen, et al.
MARCH 21, 2023
ACS NANO READ 

Get More Suggestions >

https://doi.org/10.1016/j.cej.2020.126150
https://doi.org/10.1016/j.cej.2020.126150
https://doi.org/10.1002/app.44427
https://doi.org/10.1002/app.44427
https://doi.org/10.1002/app.44427
https://doi.org/10.1007/s10965-019-1762-0
https://doi.org/10.1007/s10965-019-1762-0
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsapm.3c01083?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c01786?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.3c02255?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
http://pubs.acs.org/doi/10.1021/acsnano.2c10462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695080963&referrer_DOI=10.1021%2Facsnano.3c00289
https://preferences.acs.org/ai_alert?follow=1

