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ABSTRACT: Many applications proposed for magnetic silica nanofibers
require their assembly into a cellular membrane structure. The feature to
keep structure stable upon large deformation is crucial for a macroscopic
porous material which functions reliably. However, it remains a key issue to
realize robust flexibility in two-dimensional (2D) magnetic silica nano-
fibrous networks. Here, we report that the combination of electrospun
silica nanofibers with zein dip-coating can lead to the formation of flexible,
magnetic, and hierarchical porous silica nanofibrous membranes (SNM).
The 290 nm diameter silica nanofibers act as templates for the uniform
anchoring of nickel ferrite nanoparticles (size of 50 nm). Benefiting from
the homogeneous and stable nanofiber−nanoparticle composite structure,
the resulting magnetic SNM can maintain their structure integrity under
repeated bending as high as 180° and can facilely recover. The unique
hierarchical structure also provides this new class of silica membrane with
integrated properties of ultralow density, high porosity, large surface area, good magnetic responsiveness, robust dye adsorption
capacity, and effective emulsion separation performance. Significantly, the synthesis of such fascinating membranes may provide
new insight for further application of silica in a self-supporting, structurally adaptive, and 2D membrane form.
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1. INTRODUCTION

One-dimensional silica nanofibers have attracted great attention
due to the prominent electrical, mechanical, thermal characters,
which are promising nanoscale constructing blocks for
preparing macroscopic bulk nanofibrous membranes for variety
of applications.1−4 Particularly, introducing magnetic nano-
particles into silica nanofibrous membranes (SNM) is a key
issue for fabrication of future materials requiring multifunc-
tional characteristics.5−8 Up to date, several methods have been
invented to fabricate magnetic SNM, such as hydrothermal
route, template-assisted process, chemical vapor deposition, and
structure-selective synthesis.9−13 However, previous efforts
focused excessively on the morphology and porous structure
of SNM, ignoring the brittle feature and poor mechanical
properties of the relevant SNM.14−18 Flexibility that was
possessed for membranes with silica-derived sheet or cage
nanostructures has not been realized in membranes solely
based on silica nanofibers.3,19 Good mechanical properties
(flexibility, tensile strength, and durability) are crucial for the
real application of SNM, not only for new generation of flexible
electronic devices, including batteries, sensors, supercapacitors,
and magnetic actuators, but also for further designing of silica-

derived ultralight cellular membranes for bioengineering and
environmental remediation.20−24 Therefore, developing a novel
and general method to tackle this important issue is highly
desired.
Generally, the performance of magnetic SNM is dictated

both by their porous structure and the characters of individual
silica nanofibers.25,26 Alternatively, electrospinning has been
shown to be a simple but powerful technique for the
preparation of both organic and inorganic functional fibers at
the nano- and mesoscale levels. The large specific surface area,
high open porosity, good interconnectivity, and fine flexibility
make electrospun nanofibers highly attractive as exceptional
nanoscale building blocks for constructing mechanical robust
magnetic SNM.27−29 Despite their outstanding potential, only
few efforts have been made to use electrospun nanofibers for
the preparation of magnetic SNM.26,30,31 The major problem is
that the functional nanoparticles are easy to aggregate in fibrous
structure at high concentration, and the resultant membranes
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usually become extremely brittle. The problem of aggregation
worsens for magnetic nanoparticles and their nanocomposites
due to the significant interparticle dipolar forces. This issue has
never been systematically addressed before.
Herein, we report a robust method for preparing flexible and

magnetic NiFe2O4@SiO2 nanofibrous membranes (NiFe@
SNM) with a hierarchical porous structure which was
composed of NiFe2O4 nanoparticles (NiFe2O4 NPs) anchored
silica nanofibers. The feature of our methodology is that the
NiFe2O4 NPs are nonagglomerated and firmly anchored onto
the surface of silica nanofibers by a facile zein dip-coating
method. Benefiting from good nanoparticle−nanofiber bonding
and hierarchical porous structure, the NiFe@SNM demon-
strates a variety of promising properties including extraordinary
flexibility, low density, high porosity, larger surface area, and
excellent magnetic responsiveness. We also demonstrate that
the NiFe@SNM can effectively adsorb the organic dyes in
water and separate the oil/water emulsions.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(vinyl alcohol) (PVA, Mw = 88000),

phosphoric acid (H3PO4, 85 wt %), ethanol were provided by
Shanghai Chemical Reagents Co., Ltd., China. Tetraethyl otrhosilicate
(TEOS) was purchased from Lingfeng Chemical Co., Ltd., China.
Ferric chloride (FeCl3·6H2O), nickel chloride (NiCl2·6H2O) were
purchased from Shanghai Aladdin Chemical Co., China. Zein was
provided by Nanjing Duly Biotech Co., Ltd.
2.2. Preparation of SNM. First, 30 g of PVA powders were

dissolved in 70 g of pure water at 80 °C with stirring for 10 h. The
silica sol was prepared by mixing TEOS, H3PO4, and H2O (molar ratio
of 1/0.01/11) with stirring for 8 h at room temperature. Subsequently,
10 g of the resultant PVA solution was mixed with 10 g of the silica sol
to obtain a homogeneous solution. Following, the electrospinning was
carried on a DXES-3 spinning equipment with an electrostatic voltage
of 20 kV and a spinning rate of 1 mL h−1. The relevant temperature
was 25 ± 2 °C and the relative humidity was 45 ± 5%. Finally, the
composite membranes were calcined at 850 °C with a heating rate of 5
°C min−1 in air to remove the PVA component and get SNM.
2.3. Fabrication of NiFe@SNM. The detailed synthesis pathway is

schematically shown in Figure 1a. Generally, 50 g of metal salts

solutions with different FeCl3 and NiCl2 concentrations (the molar
ratio of Ni:Fe ratio of 1:2) were prepared by adding relevant amount
of FeCl3·6H2O and NiCl2·6H2O to deionized water. Next, 2 g of zein
was dissolved in 48 g of ethanol aqueous solution (70 wt %) under
stirring. Then, the zein solution was dropwise added to the metal salts
solution under stirring, until forming a homogeneous mixed zein sol.
Subsequently, the SNM were cut into 2 × 2 cm pieces and dipped in
the mixed zein sol for 2 min. After that, the resultant membranes were
dried in the vacuum oven at 60 °C, and following treated with
microwave with a power of 500 W for 2 min. Thus, the zein layer with
embedded FeCl3 and NiCl2 was gradually cross-linked and fixed on the

surface of silica nanofibers. It was companied by the color transition
from white SNM to yellow zein/SNM at the same time. Finally, the
zein/SNM were calcined at 750 °C for 30 min with the heating rate of
5 °C min−1 in N2 flow (the N2 flow rate was 0.002 m3 min−1) to obtain
black magnetic NiFe@SNM, as shown in Figure 1b. The relevant
NiFe@SNM with the metal salt concentration of x wt % were denoted
as NiFe@SNM-x. Detailed information about the zein dip-coating
method is presented in the Supporting Information.

2.4. Characterization. Field emission scanning electron micros-
copy (FE-SEM) images were examined by Hitachi S-4800, Hitachi
Ltd., Japan. Scanning transmission electron microscopy (STEM) and
energy-dispersive X-ray spectroscopy (EDX) images were measured by
using JEM-2100F, JEOL Ltd., Japan. Transmission electron micros-
copy (TEM) images were measured by using JEM-2100, JEOL Ltd.,
Japan. Fourier transform infrared spectoscopy (FT-IR) were
performed with a Nicolet 8700 FT-IR spectrometer in the range of
4000−400 cm−1. The phase structure was characterized with X-ray
diffraction (XRD, D/Max-2550 PC Rigaku Co., Japan). The surface
area and porous structure of membranes were characterized by N2
adsorption−desorption isotherms with a surface area analyzer
(ASAP2020, Micromeritics Co., Norcross, GA). Magnetic properties
were measured with a vibrating sample magnetometer (VSM, Lake
Shore 7304). The dye adsorption properties were measured with a
UV−vis spectra (PG2000-Pro, Ideaoptics Technology Ltd., China).
The mechanical properties of the membranes were measured on a
tensile tester (XQ-1C, Shanghai New Fiber Instrument Co., Ltd.,
China), and the bending rigidity were measured on a softness tester
(RRY-1000, Hangzhou Qingtong & Boke Automation Technology
Co., Ltd., China), as demonstrated in Figure S1.

3. RESULTS AND DISCUSSION
3.1. NiFe@SNM Design: Optimizing the Structure and

Flexibility. Optimizing the structure design to produce NiFe@
SNM with robust flexibility and magnetic properties requires
the anchoring of NiFe2O4 NPs onto silica nanofibers with good
homogeneity and stability. As a result, the NiFe@SNM are
designed based on three important rules: (1) the electrospun
silica nanofibers should assemble into flexible fibrous
membranes, (2) the NiFe2O4 NPs must be nonagglomerated
anchoring onto silica nanofibers, (3) the nanofiber−nano-
particle hierarchical structure must be stable without collapsing
upon post treatment. The first requirement was satisfied by a
stabilizer-free and sol−gel electrospinning method, including
the formation of silica sol, the gel-spinning process, and the
calcination. To satisfy the other criteria, we used a readily
accessible zein dip-coating method to achieve the uniform and
well-bonded nanofiber−nanoparticle fibrous networks.
The representative FE-SEM image of pristine SNM

presented in Figure 2a indicated a randomly oriented 2D
nonwoven membranes with an average fiber diameter of 290
nm and tightly interlacement among fibers. Upon zein dip-
coating, the surface of silica fibers was covered by a zein layer
(Figure 2b), thus leading to an obvious increase in fiber
diameter (406 nm) and cement among adjacent nanofibers.
Evidence for the formation of cross-linked zein layer also arose
from the FT-IR spectral analysis (Figure 2d), the peaks around
3280 and 1723 cm−1 were assigned to the N−H stretching
vibration and CO stretching vibration of amide groups,
respectively.32,33 Moreover, the zein processes the ability to
associate with metal ions through the numerous of amino and
carboxylic groups, which could readily carry and fix numerous
of iron and nickel ions on fiber surface in the dip-coating
process.34,35 After calcination, the zein layer gradually
decomposed and the average diameter of fiber reverted back
to 309 nm, which was further verified by FE-SEM and FT-IR
analysis (Figure 2c,d). Simultaneously, the inner iron and nickel

Figure 1. (a) Schematic illustration of the fabriation steps of NiFe@
SNM. (b) Optical images of the SNM, zein/SNM, and NiFe@SNM.
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ions gradually changed to magnetic NiFe2O4 NPs via in situ
nucleation/growth and were strongly anchored onto the fiber
surface.36,37 In addition, the high magnification FE-SEM images
to evidence the surface and morphology changes of SNM and
NiFe@SNM were demonstrated in Figure S2.
The introduction of NiFe2O4 NPs is crucial for creating a

functional surface with a hierarchical structure. On the basis of
this principle, the hierarchical structure of NiFe@SNM was
controlled by changing the concentration of metal salts in zein
sols from 0.5 to 8 wt %. As shown in Figure 3a−e, by inclusion

of NiFe2O4 NPs, the morphologies of resultant membranes
were remarkably changed by creating nanoscaled rough
structures on the surface of nanofibers. It is clearly showed
that the NiFe2O4 NPs were well-anchored onto the silica fiber
surface as metal salt concentration increased from 0.5 to 4 wt
%, and a negligible amount of NiFe2O4 NPs was presented
among the voids of nanofibers. As the metal salt content was
further increased to 8%, NiFe2O4 NPs gave rise to aggregation
and then filled the voids among fibers,25,38 which could be
attributed to the excessive viscosity of zein sol that impeded the
homodispersion of NiFe2O4 NPs.
Unlike the brittle nature of common ceramic nanofibrous

membranes, the NiFe@SNM (taking NiFe@SNM-4 as an
example) can bear repeated bending as high as 180° (Figure S3
and Movie S1). It can be seen from Figure S4 that all the tensile
stress−strain curves exhibited a nonlinear elastic behavior in the
first region (with a robust Young’s modulus of about 320 MPa)
under a stress load, and then the stress−strain curves exhibited
a typical linear increase until breakage. When a first small
external load (<1 MPa) is applied, the relevant nonaligned silica
nanofibers in membranes were forced to align along the stress
direction, resulting in the first nonlinear elastic behavior.13,15

With continually increasing the tensile stress, the curves
showed a typical linear increase until yield, which could be
attributed to the slippage of silica nanofibers.10,15 More
interestingly, the amount of NiFe2O4 NPs in membranes also
significantly affected the mechanical properties of relevant
membranes. As shown in Figure 3f, the pristine SNM possessed
a robust breaking tensile stress of 7.1 MPa and bending rigidity
of 13.11 mN. With the increase of metal salt content to 4 wt %,
the tensile stress of NiFe@SNM slightly decreased from 6.62 to
4.53 MPa. Further increasing metal salt content to 8 wt % led
to a dramatic plunge of stress to 1.30 MPa. The opposite trend
of changing the bending rigidity toward increasing metal salt
contents could be also observed. This phenomenon was
attributed to the filling of voids by a high content of NiFe2O4
NPs, which restricted the bending and slippage of nanofibers, as
demonstrated in the above FE-SEM observation.

3.2. Nanofiber−Nanoparticle Hierarchical Structure.
To provide insight into the nanofiber−nanoparticle hierarchical
structure, we performed the STEM and EDX analysis for as-
prepared NiFe@SNM (NiFe@SNM-4 was taken as example).
Figures 4a−e revealed that Fe and Ni elements were uniformly
anchored onto the nanofiber surface, along with Si and O
elements. As shown in Figure 4f, the EDX pattern confirmed
the molar ratio of Ni and Fe is 1:2, which was consistent with
the composition of NiFe2O4. The calculated content of
NiFe2O4 NPs in the composite membrane was 30.5 wt %,
demonstrating that the SNM with high content of magnetic
NiFe2O4 NPs could be easily and scalable fabricated via the
proposed approach. Additionally, during the fabrication of
STEM specimen, although the NiFe@SNM were treated by
high-speed stirring and long-time sonication (30 min), the
NiFe2O4 NPs were still well-anchored onto the silica nanofibers
surface, indicating the prominent stability of the nanofiber−
nanoparticle hierarchical structure of NiFe@SNM. This firm
adhesion effect benefited from the residual carbon on fiber
surface, which was derived from the incomplete decomposition
of zein during calcination, as shown in the EDX pattern.
As can be seen from the TEM image (Figure 5a), the

NiFe2O4 NPs were homogeneously anchored onto the silica
fiber surface, which increased the roughness and surface area of
matrix silica fibers. Moreover, the statistic size curve of NiFe2O4

Figure 2. FE-SEM images of (a) SNM, (b) zein/SNM-4, and (c)
NiFe@SNM-4. (d) FT-IR spectra of SNM, zein/SNM-4, and NiFe@
SNM-4.

Figure 3. FE-SEM images of (a) NiFe@SNM-0.5, (b) NiFe@SNM-1,
(c) NiFe@SNM-2, (d) NiFe@SNM-4, and (e) NiFe@SNM-8. (f)
Breaking tensile stress and bending rigidity of various NiFe@SNM
with different metal salt contents.
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NPs presented in Figure S5 revealed a typical polydisperse size
ranging from 20 to 80 nm, and an average particle size of 50 nm
could be confirmed. The corresponding high-resolution TEM
(HRTEM) image (Figure 5b) revealed that the lattice fringe
distance deriving from the (311) crystal plane of NiFe2O4 was
0.24 nm. In combination with the XRD presented in Figure 5c,
the relative intensities and positions of diffraction peaks at 2θ
values of 30.4° (220), 35.8° (311), 44.6° (331), 51.2° (422),
57.5° (511), and 63.1° (440) matched well with the standard
XRD data of the NiFe2O4 phase (JPPDS No. 10-0325),

indicating the crystalline spinel structure of NiFe2O4 without
any additional diffraction of second phases.37,39 The corre-
sponding crystallite sizes of NiFe2O4 NPs calculated by
Scherrer equation range from 30 to 50 nm, which matched
well with the as-characterized TEM observation.

3.3. Quantitatively Porous Structure Analysis. The
introduction of magnetic NiFe2O4 NPs endowed the as-
prepared silica membranes with hierarchical architecture and
roughness, which dramatically increased the surface area and
porosity of nanofibrous membranes. To comprehensively
explore the pore structure of resultant membranes, we
performed N2 adsorption−desorption measurement to analysis
the BET surface area and pore size distribution (PSD) of the
relevant NiFe@SNM samples. As shown in Figure 6a, all the

isotherm curves of N2 adsorption−desorption revealed the type
IV isotherms according to the IUPAC classification, which
included a series of adsorption behaviors including monolayer
adsorption, multilayer adsorption and capillary condensa-
tion.40,41 Variations of the above adsorption curves implied
an obviously narrow H1 hysteresis loop in the P/P0 region of
0.4−0.9, indicating the existence of open mesopores in
structure. Hence, there was no significant interruption between
the capillary evaporation and condensation for N2 during the
adsorption process.42,43 The detailed BET specific surface area
for the NiFe@SNM samples were listed in Table 1. It clearly
showed that the BET surface area increased from 5.35 to 45.23
m2 g−1 with the increasing of the salt contents, which were
comparable with previous reported self-stranding silica nano-
fibers.44−46

The quantitative porous structure was further investagted by
Barrett−Joyner−Halenda (BJH) method. Figure 6b showed
that the BJH PSD curves of all samples presented the
polydispersity of pore width ranging from 16 to 64 nm, with

Figure 4. (a) STEM image of the NiFe@SNM-4. STEM with element
map images of (b) Si, (c) O, (d) Fe, and (e) Ni. (f) EDX pattern of
NiFe@SNM-4.

Figure 5. (a) TEM and (b) HRTEM showing the NiFe2O4
nanocrystals in (311) orientation. (c) XRD patterns of SNM, zein/
SNM-4, and NiFe@SNM-4.

Figure 6. (a) N2 adsorption−desorption isotherms of SNM, NiFe@
SNM-0.5, NiFe@SNM-1, NiFe@SNM-2, NiFe@SNM-4, and NiFe@
SNM-8. (b) BJH porous structure analysis of various samples.
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a well-developed peak around 32 nm. Moreover, as
demonstrated in Figure S6, the pristine SNM exhibited a low
BJH pore volume of 0.009 cm3 g−1, and following the BJH pore
volumes showed a great increase with the increasing of
NiFe2O4 NPs content, in which the NiFe@SNM-8 exhibited
the maximum pore volume of 0.069 cm3 g−1. The more than 7
times increasing of porosity indicated the critical role of
NiFe2O4 NPs on controlling the porosity of membranes.
Because most of these pores are located at the outside of the
fiber rather than inside of the fiber, the composite NiFe@SNM
could still keep robust flexibility.
3.4. Magnetic Responsiveness and Application Per-

formance. The representative magnetic hysteresis (M−H)
curve of NiFe@SNM (NiFe@SNM-4 was taken as example)
shown in Figure 7a demonstrated a nonlinear and reversible

behavior, which was a typical curve for soft magnetic materials
with low remanence, low coercivity, and low loss.47,48 This
robust magnetic property was associated with the fine grain
sizes of the embedded NiFe2O4 NPs demonstrated by the TEM
observations. Moreover, as shown in the inset of Figure 7a, a
quite small magnetic hysteresis loop (±108 Oe) could be
observed after the removal of the magnetic field. Super-
paramagnetic membranes could be further expected by further

decreasing the size of NiFe2O4 NPs.47,49 The measured
saturation magnetization (Ms) of NiFe@SNM-4 was up to
14.44 emu g−1, which was responsible for the high content of
NiFe2O4 NPs in membrane structure. Considering the relative
amount of NiFe2O4 NPs in membranes (30.5 wt %), it could be
analogized that the equivalent Ms of synthesized NiFe2O4 NPs
was 47.26 emu g−1, which was higher than that of previous
reported NiFe2O4 NPs by using protein methods (Table
S1).36,50−52 This value was also quite close to the standard Ms
of NiFe2O4 crystals (50 emu g−1).36,37 Interestingly, Figure 7b
showed that an external magnet could readily actuate the
NiFe@SNM-4 sample bending and recovering (Movie S2).
Previous reported responsive materials and actuators were
mainly liquid ferrogels and hydrogels with magnetic nano-
particles; however, drying of these materials would cause
significant brittleness, rendering them impractical applica-
tions.5,53 Therefore, the as-prepared NiFe@SNM with both
magnetic property and flexibility might unlock the significant
technological perspectives.
Nanostructured materials have the possibility applied as

effective adsorbents to remove organic dyes.54,55 Herein, the
NiFe@SNM which included robust porosity and magnetic
property were expected for effective adsorption of organic
containments in water and fast magnetic separation. We used
methylene blue (MB) dye as a model containment to
investigate the adsorption performance of as-prepared mem-
branes. In a general experiment, 50 mg of NiFe@SNM-4 was
immersed into the test aqueous solution (1 × 10−5 M, 20 mL)
with stirring for a designated time, and the test solution was
subsequently measured by UV−vis spectra. As the relevant
adsorption curves shown in Figure 8a and Figure S7, NiFe@
SNM-4 demonstrated promising adsorption ability that it could
adsorb 85% of the MB dye for 10 min, and all the dye could be
completely adsorbed in 20 min, which was attributed to the
enhanced porous structure by NiFe2O4 modification. This
adsorption performance was also comparable with previous

Table 1. Structure Parameters of Various NiFe@SNM
Nanofibrous Membranes with Different Concentrations of
Metal Salts

samples BET surface area (m2 g−1) BJH pore volume (cm3 g−1)

SNM 5.35 0.009
NiFe@SNM-0.5 28.59 0.015
NiFe@SNM-1 34.62 0.019
NiFe@SNM-2 35.20 0.023
NiFe@SNM-4 40.05 0.051
NiFe@SNM-8 45.23 0.069

Figure 7. (a) Magnetization curve for the NiFe@SNM-4. (b)
Photographs showed the NiFe@SNM-4 membranes could be facilely
manipulated by a small magnet.

Figure 8. (a) Dye adsorption test of the NiFe@SNM-4 and (inset)
graph showing the magnetic responsive of NiFe@SNM-4. (b) Optical
profiles of (top) WCA and (bottom) underwater OCA tests on the
surface of NiFe@SNM-4. (c) Apparatus showed the facile separation
of oil/water emulsion, the right panel showed the optical and
microscopic images of pristine emulsions and collected filtrate.
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reported self-stranding silica nanofibers.56,57 More importantly,
the aqueous suspension after adsorption could be purified easily
by an external magnet without tedious separation process
(Figure 8a, inset) which was of great importance for the
treatment of wastewater containing organic pollutants.
We further demonstrated that the NiFe@SNM exhibited

robust selective wettability. Benefiting from the high surface
energy of the NiFe2O4 NPs on fiber surface,58 the NiFe@SNM
exhibited superhydrophilicity, with a water contact angle
(WCA) of 0°, and robust under water oleophobicity, with an
under water−oil contact angle (OCA) of 147° (Figure 8b).
Therefore, the oil droplets in emulsions could not pass through
the membranes, while water could facilely permeate them. The
test surfactant-stabilized (Tween 80) oil-in-water emulsions
were prepared by using high-speed stirring and supersonic
treatment; thus, a homogeneous emulsion with an average oil
droplet size of 5.46 μm could be obtained. As shown in Figure
8c, a circular NiFe@SNM-4 membranes (diameter of 38 mm)
were sandwiched between two vertical glass tube. The emulsion
was added to the upper tube, the water quickly permeated
through the membranes while the oil were retained above, as
demonstrated in Movie S3. Optical image analysis revealed that
the NiFe@SNM-4 membranes nearly removed all the oil
droplets, with no droplets being observed in collected filtrate,
demonstrating the high effectiveness for separating oil/water
emulsions. Significantly, the NiFe@SNM-4 showed a high
separation flux of 3177 ± 214 L m−2 h−1, which was 1 order of
magnitude higher than that of traditional filtration membrane
driven by external pressure.15,59 In addition, the antifouling
performance was performed as displayed in Figure S8. For each
cycle, the NiFe@SNM-4 membranes continuously separated a
certain amount of emulsion (500 mL) and then the membranes
were simply rinsed with ethanol to recover the flux. It can be
seen that the flux remained stable with nearly no flux changes
after 10 cycles, which could be attributed to the good flexibility
and mechanical strength of the membranes during cycle
separation. These results indicate an excellent antifouling
property of the NiFe@SNM membranes for long-term use.

4. CONCLUSIONS

In conclusion, we have reported a synergistic assembly method
for the preparation of flexible, magnetic, and hierarchical
porous NiFe@SNM through the combination of sol−gel
electrospinning and zein dip-coating methods. The inorganic
silica nanofibers were used as templates for the anchoring of
NiFe2O4 NPs with good homogeneity and stability. With their
integrated properties of extraordinary flexibility, ultralow
density, high porosity, larger surface area, good magnetic
responsiveness, robust adsorption capacity, effective emulsion
separation, and scalable synthesis all integrated together, we
expect the NiFe@SNM will have particularly attractive for
numerous applications in a range of fields such as soft
electronic devices, medical diagnosis, drug delivery, ferrofluids,
magnetic sensing, oil/water separation, and water purification.
Furthermore, this work makes it possible to investigate the
performances and applications of silica in a self-supporting,
structurally adaptive, 2D membrane form. The NiFe@SNM
can also incorporate with other functional materials for further
design and development of various new silica-derived multi-
functional membranes.
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