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W
ith the fast development of nano-
technology during the past two
decades, especially in synthetic

aspect, high-quality nanomaterials with vari-
ous compositions and dimensions have
been fabricated successfully through dif-
ferent physical and chemical strategies.
Although the properties of nanomaterials
are frequently superior to those of their bulk
counterparts, translating the unique char-
acteristics of individual nanoscale com-
ponents into macroscopic materials still
remains a challenge. On the other hand, it is
attractive to integrate two or more kinds
of nanomaterials into single units, which en-
ables the creation ofmultifunctionalmaterials
with new or improved properties. One im-
portant technological thrust is the develop-
mentof highly efficient and scalable assembly
methods to fabricate functional devices with
specific properties.1 Equally intriguing is ex-
ploring versatile scaffolds on which other
components with desirable functionalities
can easily be built in nanoprecision.2

One-dimensional nanomaterials (1D),
special carbon nanotubes (CNTs), have
been widely used as nano-building blocks
for generating a range of macroscopic struc-
tures, including films,3 sheets,4 membranes,5

and aerogels.6 CNTs have also served as
efficient platforms for buildingmultifunctional
composite materials.7,8 However, the harsh
synthetic routes and poor functionalized sur-
faces of CNTs have hindered the manufacture
of CNT-based materials. Recently, a few other
1D nanostructures, such as metal oxide9,10

and hydroxide nanowires,11 electrospun
fibers,12,13 cellulose nanofibers,2,14,15 and
polymer,16 have been employed as blocks

or platforms to generate macroscopic ma-
terials for various applications. Although
some of them, for example, cellulose nano-
fibers, have shown obvious advantages
such as easy availability in large quantities
from biomass,15 it is difficult to manipulate
their sizes (diameters) and surface function-
alities, which are crucial for the fabrication
feasibility and the performance of the final
products. Therefore, it is desirable to develop
a versatile nanoscale scaffold to easily con-
struct multifunctional macroscopic materials.
In our previous work, we reported a new

type of free-standing and robustmembrane
consisting of highly uniform and active
carbonaceous nanofibers (CNFs),17 which
were prepared by the template-directed
hydrothermal carbonization (HTC) process.18

In this article, we demonstrate that the CNFs
can serve as excellent platforms on which
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ABSTRACT Translating the unique characteristics of individual nanoscale components into

macroscopic materials such as membranes or sheets still remains a challenge, as the engineering of

these structures often compromises their intrinsic properties. Here, we demonstrate that the highly

active carbonaceous nanofibers (CNFs), which are prepared through a template-directed hydro-

thermal carbonization process, can be used as a versatile nanoscale scaffold for constructing

macroscopic multifunctional membranes. In order to demonstrate the broad applicability of the CNF

scaffold, we fabricate a variety of CNF-based composite nanofibers, including CNFs-Fe3O4, CNFs-TiO2,

CNFs-Ag, and CNFs-Au through various chemical routes. Importantly, all of them inherit unique

dimensionality (high aspect ratio) and mechanical properties (flexibility) of the original CNF scaffolds

and thus can be assembled into macroscopic free-standing membranes through a simple casting

process. We also demonstrate the wide application potentials of these multifunctional composite

membranes in magnetic actuation, antibiofouling filtration, and continuous-flow catalysis.

KEYWORDS: carbonaceous nanofibers . free-standing membranes . multifunctional .
assemble . antibiofouling filtration . continuous-flow catalysis
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other components with desirable functionalities are
built. Compared with other 1D nanoscale scaffolds, the
CNFs have three significant advantages for construct-
ingmacroscopic functionalmaterials, namely, (i) highly
functionalized surfaces, (ii) controllable fiber size
(diameter of CNFs), and (iii) easy handling for assem-
bling them into free-standing membranes. Our pre-
vious studies indicated that the CNFs obtained by the
HTC process were highly functionalized with abundant
hydroxylic and carboxylic groups.18 Thus, the surface of
CNFs is hydrophilic and can be well-dispersed in
water,17,19 which facilitates the modification of them
with given chemicals or nanoparticles. The presence
of carboxylic groups makes the CNFs negatively
charged and bind directly with metal ions or nanopar-
ticles with opposite charges by electrostatic attrac-
tions. Besides, the oxygen-containing groups on the
surface of CNFs have remarkable reducing ability for
in situ loading with noble metal nanoparticles;19 also,
they can react with various organic chemicals (such as
silanes) in the gaseous or solvent phase to yield pre-
ferably monolayers with the desired functionality.20

Overall, the highly functionalized surfaces of CNFs
allow for easy loading of various nanoparticles on
them through different chemical routes. Furthermore,
the obtained composite nanofibers inherit unique

dimensionality (high aspect ratio) and mechanical
properties (high flexibility) of the original CNF scaffolds
and thus can be assembled into robust membranes.
Finally, we can precisely control the diameter of CNFs
from only a few tens to hundreds of nanometers by
simply regulating the HTC reaction time. All of these
different sized CNFs have similar surface characteristics
and canbe incorporatedwith functionalmaterials to form
composite nanofibers with different sizes. Therefore, the
CNF-based membranes with the desirable physical and
chemical properties and functionalities can be available
according to the requirements of practical applications.
Herein, benefiting from the unique advantages of

the CNF scaffolds, we can prepare a series of multi-
functional fibrous composite membranes, including
CNFs-Fe3O4, CNFs-TiO2, CNFs-Ag, and CNFs-Au through
various chemical processes (Scheme 1). We demon-
strate the versatility of the CNF scaffolds by regulating
the composition, loading, and size of particles loaded
and the diameters of CNFs, as well as their magnetic,
optical, antimicrobial and antifouling, and catalytic func-
tionalities of these CNF-based composite membranes.

RESULTS AND DISCUSSION

The highly uniform CNFs were first fabricated through
the template-directed hydrothermal carbonization (HTC)

Scheme 1. Schematic illustrations showing the broad versatility of the CNF scaffolds for constructing free-standing
multifunctional membranes, including (a) CNFs-Fe3O4, (b) CNFs-TiO2, (c) CNFs-Ag, and (d) CNFs-Au.
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processes using ultrathin Te nanowires as templates and
glucose as the carbon source.17,18 The diameter of CNFs
could be well controlled from tens to hundreds of
nanometers by simply regulating the HTC time and the
ratio of Te templates to glucose.17 In thepresentwork,we
fabricated three different sized CNF scaffolds, namely,
CNFs-50, CNFs-130, and CNFs-200 (the number repre-
sents the average diameters of the CNFs (nm)) by HTC
reaction at 160 �C for 18, 60, and 72 h, respectively (see
Supporting Information, Figure S1). Furthermore, these
highly uniform CNFs with a length up to hundreds of
micrometers are very flexible, making it possible to
use CNFs as scaffolds for constructing free-standing

nanofibrous composite membranes. In order to de-
monstrate the versatility of our CNF scaffolds, we pre-
pared a series of composite nanofibers through various
chemical processes (Scheme 1). The sample descrip-
tion and details of synthetic parameters are summar-
ized in Table S1. The pure CNFs and CNF-based
composite nanofibers were then assembled into cor-
responding membranes by a simple casting process.17

CNFs-Fe3O4 Nanofibrous Membranes as Magnetic Actuators.
We first demonstrated the versatility of the CNF scaf-
folds by constructing a free-standing magnetic mem-
brane. Magnetite Fe3O4 nanoparticles show their
unique magnetic and electric properties, which lead

Figure 1. Morphology, phase, and magnetic characterization of CNFs-Fe3O4 composite nanofibers. (a�f) SEM and TEM
images of CNFs-50-Fe3O4-1 (a,b), CNFs-50-Fe3O4-2 (c,d), and CNFs-50-Fe3O4-3 (e,f), which were fabricated by thermal
decomposition of 100, 200, and 400 mg of Fe(acac)3 in the presence of 100 mg of CNFs-50 in TEG, respectively. The insets in
the SEM images show thephotographs of the correspondingCNFs-Fe3O4membranes. (g) XRDpatternof the CNFs-50-Fe3O4-2
sample. (h) Room-temperature magnetic hysteresis loops of the three CNFs-Fe3O4 samples.

A
RTIC

LE



LIANG ET AL. VOL. 5 ’ NO. 10 ’ 8148–8161 ’ 2011

www.acsnano.org

8151

to broad applications in high-density information sto-
rage, electronic devices, ferrofluid technology, etc.21�23

Herein, we prepared the CNFs-Fe3O4 composite nano-
fibers through thermal decomposition of Fe(acac)3
in triethylene glycol (TEG) in the presence of CNFs
(Scheme 1a). Figure 1 shows the morphology, phase,
andmagnetic characterization of the three CNFs-Fe3O4

samples synthesized from CNFs-50. The XRD pattern of
the product shows that all of the diffraction peaks can
be indexed as a pure cubic spinel crystal structure of
magnetite (Figure 1g). The SEM and TEM images show
that all of the CNFs were uniformly coated with∼8 nm
magnetite nanoparticles, and no aggregated or free
nanoparticles in the solution were found (Figure 1a�f).
It has been found that the coverage density ofmagnetite
nanoparticles on CNFs can be easily tuned by changing
the Fe(acac)3 concentration and the initial weight ratio
of Fe(acac)3:CNFs. For example, the Fe3O4 nanoparti-
cles are widely spaced on CNFs when the weight ratio
of Fe(acac)3:CNFs is 1:1 (Figure 1a,b), whereas the
nanoparticles are more densely distributed and the
loading is at saturationwhen theweight ratio increases
to 4:1 (Figure 1e,f). Inductively coupled plasma atomic
emission spectrometry (ICP-AES) analysis indicated
that the contents of Fe3O4 in final products increased
gradually from 6.8 (CNFs-50-Fe3O4-1) to 12.5 (CNFs-50-
Fe3O4-2) and 16.2 wt % (CNFs-50-Fe3O4-3) with the
increase of the Fe(acac)3:CNFs weight ratio.

The formation mechanism of magnetite nanoparti-
cles on the surface of CNFswas believed to be similar to
that of decoration of Fe3O4 on CNTs or graphene.24,25

Fe(acac)3 was first decomposed and partly reduced by
TEG into magnetite tiny particles that possessed high
surface energy and were preferentially adsorbed onto
the surface of CNFs from polyol solution, which was
confirmed by the TEM observation of the intermediate
products at the early stage of the reaction (see Sup-
porting Information, Figure S2). These unstable tiny

particles tended to aggregate and grow by the inter-
action of van der Waals forces and magnetic dipole.
Finally, when these particles grew to a critical size,
they were stabilized with TEG and formed the uniform
magnetite nanoparticles decorating the CNFs.24,25

Magnetic measurements were carried out on the
three as-prepared CNFs-Fe3O4 samples. The magneti-
zation curves show that all of the three composites
with various loading amounts of Fe3O4 nanoparticles
exhibited superparamagnetic behavior at room tem-
perature with no coercivity or remanence (Figure 1h
and Figure S3). This is consistent with the nanoparticle
size of Fe3O4 (∼8 nm), which is in the superparamag-
netic size range.25 The saturation magnetizations
of the three CNFs-Fe3O4 samples are 5.2, 17.8, and
22.9 emu 3 g

�1, corresponding to the samples prepared
with the initial weight ratio of Fe(acac)3:CNFs of 1:1, 2:1,
and 4:1, respectively. The results revealed that the
magnetic properties of CNFs-Fe3O4 composite nano-
fibers can be finely tuned by controlling the loading
amount of magnetite nanoparticles on the CNF matrix
through changing reaction conditions.

Furthermore, we have also decorated magnetite
particles on the other two CNFs scaffolds, that is, CNFs-
130 and CNFs-200, to form corresponding composite
nanofibers (see Supporting Information, Figure S4 and
Table S1). All of these CNFs-Fe3O4 composite nanofi-
bers can be easily assembled into free-standing mag-
netic membranes through the casting process (insets
in the SEM images in Figure 1 and Figure S4). Especially,
these magnetic membranes were strikingly flexible
and mechanically stable (Figure 2a), although the
mechanical strength has not been examined quantita-
tively. The present flexibility can be explained by the
unique network structure of the CNF-based mem-
brane, in which high aspect ratio nanofibers are
very flexible and highly entangled with each other.
Another unique property of the CNFs-Fe3O4 composite

Figure 2. (a) Demonstration of the flexibility of the as-prepared CNFs-50-Fe3O4-2 composite membranes. (b) Composite
membrane (CNFs-130-Fe3O4) could be actuated by a simple householdmagnet and exhibit reversible and large deformation.
(c) Magnetic membrane (CNFs-130-Fe3O4) bends downward in response to the magnet to absorb the water droplet on the
glass substrate. It retains its original place upon removal of the magnet. The water droplet was labeled with methylene blue
for clear presentation.
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membrane is that it can be actuated by a small
magnetic field. Figure 2b shows that a simple house-
hold magnet can provide reversible and large defor-
mation of the CNFs-Fe3O4 membrane without any
cracks. There was no apparent damage even after
100 repeated bending cycles under the actuation of
the magnet. Such magnetic composite membranes
also can maintain their mechanical and magnetic

stability after storing them at atmospheric conditions
for half a year. Benefiting from their sensitive magnetic
response and high porosity, the CNFs-Fe3O4 membrane
could be magnetically actuated to absorb the droplet of
water on the glass substrate and recover to its original
place after the removal of the magnet (Figure 2c).

Overall, we have opened up the availability of a
functionalized CNFmatrix withmagnetic nanoparticles

Figure 3. Morphology, absorption spectra, and BET characterizations of the CNFs-TiO2 composites. (a�f) SEM and TEM
images of CNFs-50-TiO2-1 (a,b), CNFs-50-TiO2-2 (c,d), and CNFs-50-TiO2-3 (e,f), whichwere fabricated through the sol�gel and
subsequent hydrothermal processes. The insets in the SEM images show the photographs of the corresponding free-standing
membranes. The insets in (b) and (d) are the corresponding high-magnification TEM images. (g) Diffuse reflectance
absorption spectra of the as-prepared CNFs-TiO2 composite membranes and the pure CNFs-50 membrane and TiO2 (P25) in
comparison. (h) Nitrogen adsorption�desorption isotherms of pure CNFs-50 and the CNFs-TiO2 composite membranes.
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to form a new class of nanofibrous membrane with
uniquemagnetic andmechanical properties, which are
expected to be useful in various fields such as electro-
magnetic actuators, smart microfluidics devices, and
biomedicine.

CNFs-TiO2 Nanofibrous Membranes. We further showed
the versatility of the CNF scaffolds by constructing free-
standing membrane-carrying photocatalysts, such as
TiO2 nanoparticles. Due to its cheap, nontoxic, and
highly efficient photocatalytic properties, TiO2 has
attracted a lot of attention and its applications in
degradation of organic pollutants, air purification,
sterilization, and energy conversion have been widely
studied.26�28 Herein, we prepared CNFs-TiO2 composite
nanofibers through sol�gel and hydrothermal pro-
cesses and subsequently assembled them into free-
standing fibrous membranes (Scheme 1b). The CNFs
were first coated with a layer of amorphous titanium
oxide (or hydroxide) to form the core/shell 1D nano-
structures (see Supporting Information, Figure S5a)
through a sol�gel process using tetrabutyltitanate as
the precursor. According to the previous study, the
CNFs are highly functionalized with oxygen groups,18

which can capture a metallic precursor through co-
ordination or electrostatic interaction. Thus, amor-
phous titanium oxide (or hydroxide) was preferen-
tially formed on the surface of CNFs to yield the core/
shell nanostructures. After hydrothermal treatment at
180 �C for 12 h, the highly porous CNFs-TiO2 composite
nanofibers were obtained (Figure S5b). XRD technique
indicated that the amorphous core/shell nanostruc-
tures have been successfully converted into crystalline
CNFs-TiO2 (anatase phase) nanofibers by hydrothermal
treatment (Figure S5c). Figure 3a�f shows the SEM and
TEM images of three CNFs-TiO2 composite nanofibers
fabricated by coating various amounts of TiO2 on CNFs-
50. In detail, coating 0.1, 0.2, and 0.4 mL of tetrabutyl-
titanate on 50 mg of CNFs-50 can yield CNFs-TiO2

composite nanofibers with diameters of 78, 115, and
172 nm, respectively (Figure 3a�f). The high-magnifi-
cation TEM images indicate that the coating layers of
these composite nanofibers consist of abundant tiny
TiO2 nanoparticles with a size of 5�10 nm (the insets in
Figure 3b,d). The ICP-AES technique revealed that the
TiO2 contents in the three composites are 28.9 (CNFs-
50-TiO2-1), 44.2 (CNFs-50-TiO2-2), and 59.8% (CNFs-50-
TiO2-3) (Table 1). Similarly, the CNFs with larger dia-
meter can also be well coated with TiO2 nanoparticles

through the sol�gel and hydrothermal processes (see
Supporting Information, Figure S6).

All of these prepared CNFs-TiO2 composite nanofi-
bers can be assembled into corresponding free-stand-
ing membranes (insets in the SEM images in Figure 3
and Figure S6). Interestingly, the color of the composite
fibrous membranes became lighter with the increase
of TiO2 loading. The optical properties of the CNFs-TiO2

composite membranes were investigated by the UV�
vis diffuse reflectance absorption spectra (Figure 3g).
All of the CNFs-TiO2 samples and commercially avail-
able pure TiO2 (P25) show the typical absorption with
an intense transition in the UV region of the spectra
due to electron promotion of TiO2 from the valence
band to the conduction. Compared with pure TiO2, the
CNFs-TiO2 composite membranes showed significant
enhancement of light absorption in the wavelength
range of 400�800 nm due to the presence of the
carbonaceous component in the composite. Further-
more, the absorbance of the composites in the UV
region was enhanced with the increase of the TiO2

content, while their absorbance in the visible region
decreased gradually, which is consistent with the color
change of these composite membranes.

We further examined the textural nature of the
CNFs-TiO2 composite membranes by the N2 adsorp-
tion�desorption isotherms (Figure 3h and Table 1).
The remarkable hysteresis loops indicate themesopor-
ous nature of these composite membranes (Figure 3h).
After loading of TiO2 nanoparticles with a size of
5�10 nm on the CNFs, abundant mesopores formed
between TiO2 nanoparticles, thus resulting in higher
BET surface areas than pure CNF membranes (Table 1).
With the increase of loading amount of TiO2, the
percentage of CNFs in the composites decreases and
the mesoporous feature becomes pronounced gradu-
ally (Figure 3h). The mean pore sizes of the composite
membranes are in the range of 6�9 nm (Table 1),
which are dominantly contributed from the pores
between TiO2 nanoparticles on CNFs and agree with
the results of TEM observations (Figure 3).

In short, we have achieved the construction of TiO2-
containing functional nanofibrous membranes by
using the CNF scaffolds. Benefiting from the mechan-
ical stability of the nanofibrous composite membrane
and the potential photocatalytic ability, we envisage
their potential application in highly efficient steriliza-
tion and organics degradation by integrating the
filtration and photocatalytic process.29,30 Besides the
CNFs-TiO2 composites demonstrated here, it can be
inferred that other functional metal oxides, such as
SnO2, ZrO2, SiO2, and ZnO, can also be rapidly loaded
on the CNF scaffolds through the sol�gel processes
using corresponding metal organic precursors.

CNFs-Ag Nanofibrous Membranes with Antimicrobial Func-
tionality Used as High-Performance Filters: Preventing Biofilm
Formation. Membraneprocesses, such as reverse osmosis,

TABLE 1. Textural Properties of Pure CNFs and CNFs-TiO2

Composite Membranes

samples TiO2 loading (wt %) SBET (m
2 g�1) Vtotal (cm

3 g�1) D (nm)

CNFs-50-TiO2-1 28.9 128.9 0.22 6.8
CNFs-50-TiO2-2 44.2 138.5 0.26 7.2
CNFs-50-TiO2-3 59.8 157.7 0.34 8.7
CNFs-50 0 41.9 0.17 23.2
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microfiltration, and nanofiltration, are more and more
important in acquiring safe and potable water.31,32 How-
ever, biological fouling or biofilm formed by a surface-
associated layer ofmicroorganisms seriously deteriorated
the membrane performance.33,34 Biofouling is extraordi-
narily difficult to control because even a fewbacteria on a
membrane surface can finally multiply to form biodetri-
mental films. Besides, waste produced by the organisms
in a biofilm may damage the filtration membranes and
perhaps cause microbial contamination of permeate.35

Therefore, there is a strong demand for a filtration
membranewith antifouling functionality to reach perfect
achievements in water treatment. Here, we fabricated a
novel type of CNFs-Ag composite membranes through
in situ reduction of AgNO3 by hydroxylic groups on CNFs
(Scheme 1c). Silver has long been known to exhibit high
antibacterial properties as well as low toxicity for human
cells.36 Additionally, the use of CNFs as a matrix for
fixation of Ag nanoparticles efficiently prevents the
aggregation of nanoparticles and permits control over
the sizes of nanoparticles. Embedding silver nanoparti-
cles in the CNF matrix puts on a perfect performance in
inhibiting the growth and proliferation of microbes.
Importantly, more than just filtrating out the bacteria
from water, the as-prepared composite fibrous mem-
brane could effectively prevent the biofilm formation,
which is crucial to make filters maintain a high perfor-
mance for long-term.

The XRD pattern of the as-prepared product shows
that all peaks can be indexed to fcc silver (see Support-
ing Information, Figure S7). Abundant Agnanoparticles
(AgNPs) were compactly and uniformly distributed in
the CNF matrix, as shown in the SEM and TEM images

(Figure 4). Except for a small percentage of AgNPs on
the surface of the CNFs, the vast majority of AgNPs
were embedded inside the CNF matrix. This could be
more clearly observed in the TEM images in Figure 4b,d
(insets), which show particularly smooth edges of the
CNFs-Ag composite nanofibers. Although the detailed
formation process is not been fully understood at
present, the unique physical and chemical properties
of CNFs were believed to play a key role in the
formation of this Ag-embedded structure. The forma-
tion mechanism of CNFs-Ag here is obviously different
from that of CNFs-Fe3O4 and CNFs-TiO2 described
above, where the CNF matrix was only used as a
support. In the formation process of CNFs-Ag compo-
site nanofibers, the CNFs served not only as scaffolds
for Ag loading but also as reducing agents for reducing
of Agþ and subsequent formation of Ag nanoparticles
because the oxygen-containing groups in the CNF
matrix possess remarkable reducing ability for in situ

loadingwith noblemetal nanoparticles.19 Furthermore, it
is believed that these oxygen-containing groups with
reducibility are uniformly distributed both on the sur-
face and inside the CNF matrix. Our previous studies
revealed that the carbonaceous matrix obtained from
the low-temperature HTC process allowed for free
diffusion of ionic reactants.37 Therefore, Agþ ions could
diffuse into the interior of CNFs freely and then were
reduced to Ag nanoparticles, which were stabilized by
the surrounding carbonaceous matrix. The Ag nano-
particles formed on the surface of CNFs at an early
stage were relatively active and probably disappeared
as a result of the Ostwald ripening process. The control
experiment, in which another reducing agent such as

Figure 4. Morphology characterization of CNFs-Ag composite nanofibers. (a,c) SEM and (b,d) TEM images of CNFs-130-Ag-1
(a,b) andCNFs-130-Ag-2 (c,d) fabricated by in situ reduction of AgNO3 at room temperature and 60 �C, respectively. The insets
in (a,c) show thephotographsof the correspondingCNFs-Agmembranes. The insets in (b) and (d) are the corresponding high-
magnification TEM images.
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hydrazine hydrate or ethylene glycol was involved,
showed that larger Ag nanoparticles formed on the
surface of CNFs (see Supporting Information, Figure
S8). Thus, we believed that the specific physical and
chemical properties of CNFs resulted in the unique Ag-
embedded nanostructure. It is worthy to point out that
this Ag-embedded structure allows for the release of
sufficient antimicrobial component (Agþ) for microbial
control while preventing a rapid loss of antibiofouling
activity resulting from depletion of silver from the
membrane surface.38

The loading and size of AgNPs in the CNF matrix
could be easily controlled by regulating the reducing
temperatures. For example, in situ reducing of AgNO3

on the CNFs at room temperature gave 8.5 wt % Ag
loading and ∼10 nm AgNPs, while reaction at an
elevated temperature (60 �C) resulted in 20.2 wt %
loading and∼15 nmAgNPs (Figure 4b,d). A reasonable
explanation is that the reducing ability of hydroxylic
groups in CNFs is enhanced with the increase of reaction
temperatures and leading to a higher Ag loading and
larger AgNPs. Moreover, two other CNFs with different
diameters, namely, CNFs-50 and CNFs-200, have also
been in situ loaded with AgNPs to form composite
nanofibers (see Supporting Information, Figure S9).
These CNFs-Ag hybrid nanofibrous products could
easily be assembled into corresponding free-standing
membranes through the casting processes (insets in
Figure 4a,c and Figure S9a,c), which are all mechani-
cally strong enough for filtration operations, even
under a pretty high pressure of 40 kPa. In short, various
CNFs-Ag functional membranes with different antimi-
crobial and filtration properties can be available by
controlling the size of AgNPs, loading, and the dia-
meter of CNF scaffolds.

We chose the CNFs-130-Ag-2 membrane to evalu-
ate the antibacterial and antibiofouling properties
through several different aspects, although other CNFs-
Ag products also exhibited antibacterial activity.

Bacterial Growth Kinetics. A common pollutant of
drinking water is the faecal bacterium Escherichia coli,
which is responsible formanywaterborne diseases.We
first quantitatively evaluated the antibacterial activity
of the CNFs-Ag composite nanofibers by studying the
E. coli growth kinetics in LB liquid media. E. coli was
incubated in a growth medium containing various
concentrations of CNFs-Ag or pure CNF samples, and
the change of optical density of the medium with
incubation timewasmeasured using aUV�vis spectro-
photometer at 600 nm. Figure 5a shows the results of
the CNFs-Ag composite nanofibers against E. coli. In
contrast with the rapid growth of bacteria in the
control and pure CNF solution, the growth of E. coli
was completely inhibited during the whole 8 h culture
period in the medium containing 50 and 100 μg/mL
CNFs-Ag composites, whereas the absorbance of the
medium containing 25 μg/mL CNFs-Ag composites

increased with incubation time. These results con-
firmed the obvious antibacterial activity of the CNFs-
Ag composite nanofibers against E. coli and the mini-
mum inhibitory concentration was 50 μg/mL.

Zone of Inhibition. In order to investigate the in-
trinsic chemical antibacterial strength of the CNFs-Ag
composites, the Kirby�Bauer method was employed.
LB agar plates were prepared and inoculated with
E. coli, and then the CNFs-Ag composite membrane
and Ag-free CNFmembrane were gently placed on the
lawn of E. coli in the plates. After inoculation for 24 h,
the CNFs-Ag composite membrane on the E. coli-in-
oculated surfaces inhibited the growth and multiplica-
tion of all the bacteria around them, and a distant
inhibition zone (the clear areas with no bacteria
growth) of about 2 mm around the membranes was

Figure 5. Antimicrobial activities andfiltrationproperties of
CNFs-Ag composite membranes against E. coli. (a) Bacterial
growth curves in LB media with different amounts of CNFs-
Ag composites and Ag-free CNFs. (b) Optical images of the
zone of inhibition for Ag-free CNF membrane (left panel)
and CNFs-Ag composite membrane (right panel). Each
membrane is 8 mm in diameter. Incubation conditions:
37 �C, 24 h. (c) Filtration results for E. coli using the CNFs-Ag
membrane. Left panel: the colonies of E.coli bacteria grown
by the culture of the unfiltered solution. Right panel: the
filtrate after culture showing the absence of the bacterial
colonies.
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observed (the right panel of Figure 5b). In contrast, the
pure CNF membrane showed no antimicrobial activity
as the large area of bacterial growth lawn was obvious
everywhere on the agar plate (the left panel of Figure 5b).
The above results indicated that the antimicrobial activity
of the CNFs-Ag composite was primarily due to the
release of Agþ from the CNFs matrix. Although the
detailed mechanism of the antibacterial effect of silver
nanoparticles is still insufficiently understood, many
researchers reported that the release of Agþ played an
essential role in antibacterial action. Agþ can bind to
the electron donor groups containing sulfur, oxygen,
or nitrogen and bring about structural and functional
changes in the cells.39 For instance, when Agþ binds to
the proteins on the cell wall, the wall will be damaged
and soon rupture, and then the internal cell content
leaks out, leading to the death of the bacteria cell.40

Filtrating out Bacteria from Water. The CNFs-Ag
composite membrane with a thickness of ∼50 μm
was then tested for its ability to removemicrobial patho-
gens from water. After passing sterile saline water with
light bacterial suspension (E. coli, ∼106 CFU/mL)
through the CNF-Ag nanofibrous membrane, both
the unfiltered and filtered water were cultured on LB
agar plates to check the efficiency of the filtration
process. No bacteria colony appeared in the filtered
product after incubation at∼37 �C overnight, whereas
the bacterial colonies could be seen everywhere in the
plate of unfiltered solution (Figure 5c). The results re-
vealed that the CNFs-Ag composite membranes pre-
pared here could successfully hold back the bacteria,
leaving the filteredwater freeof bacteria anddrinkable. In
fact, it is not surprising that ourmembrane could filter out
bacteria completely fromwater because the cutoff size of
the CNF-based membranes is in the range of nanoscale
or submicroscale17 while the E. coli has a typical length of
2000 to 5000 nm and a width of 400 to 600 nm.

Biofilm-Controlling Effect. To obtain a valuable
membrane filtration process for water treatment, re-
quirements of preventing biological fouling and bio-
film formation must be satisfied.34 In order to evaluate
the antibiofouling properties, the CNFs-Ag composite
membrane was fouled by filtration of E. coli and
incubating on the surface of LB agar plates. The pure

water flux was measured before and after fouling and
after successive water rinsing. Ag-free CNF mem-
branes, commercially available asmixed cellulose ester
(MCE) and polyvinylidene fluoride (PVDF) membranes,
were also tested as described above for comparison.
The results are summarized and shown in Table 2. The
pure water flux of the CNFs-Ag and Ag-free CNF
membranes before fouling is obviously larger than
that of the two commercially available membranes
(Table 2), probably due to the thinness, hydrophilic
properties, and the unique nanofibrous network struc-
tures of the CNF-based membranes.17 More impor-
tantly, compared with the three other membranes,
CNFs-Ag composite membrane showed fantastic anti-
biofouling properties (Table 2 and Figure 6). After
fouling, the filtration rate of PVDF, MCE, and Ag-free
CNFmembrane dropped 97.7, 98.5, and 96.8%, respec-
tively, which suggested that the biofilm has formed on
the surfaces of the three membranes and almost
completely blocked the pores of the membranes. Even
after water rinse, the flux of the three membranes
could never return to their original level (Figure 6). In
contrast, the flux of CNFs-Ag composite membrane
declined only a little, maintaining 95.2% of the original
filtration rate after fouling (Figure 6). We further certi-
fied the antibiofouling behaviors of the CNFs-Ag com-
posite membrane by SEM observations (Figure 7).
There were lots of open pores in these membranes
before filtration of bacteria solution (Figure 7a�d).
However, after fouling and water rinse, many bacterial
cells adhered tightly on the surface or inside the pores
of the Ag-free and commercial membranes and could
not be separated away even by hard hydraulic cleaning
(Figure 7e�g), which greatly reduced their potential to
effectively filter bacteria-containing water. In contrast,
almost no bacteria cells were spotted over the entire
surface of the fouled-cleaned CNFs-Ag composite
membrane, indicating that the E. coli could not grow
at all on the composite membrane.

TABLE 2. Filtration and Antibiofouling Properties of the

CNFs-130-Ag, CNFs-130, and Commercially Available

MCE and PVDF Microfiltration Membranes

membrane samples CNFs-130-Ag-2 CNFs-130 MCEa PVDFa

thickness (μm) 50 50 140 110
pure water flux (L h�1 m�2)b 4560 4620 3450 1510
flux after fouling (L h�1 m�2)b 4340 150 52 35
flux after water rinse (L h�1 m�2)b 4370 2220 730 415

a Commercially available mixed cellulose ester (MCE) and polyvinylidene fluoride
(PVDF) membrane, cutoff size = 0.1 μm, Shanghai Xingya Purification Materials
Co. Ltd., China. b The flux was calculated as an average rate for the first 10 mL. A
pressure of 40 kPa was applied by a N2 tank.

Figure 6. Filtration characteristics of the CNFs-130-Ag,
CNFs-130, and commercially available MCE and PVDF mi-
crofiltration membranes at different stages. The permeate
flux of each membrane at various stages was normalized to
that of the corresponding membrane before fouling.
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The above results undoubtedly indicated that our
CNFs-Ag composite nanofibrous membranes exhibit
excellent antimicrobial and antibiofouling activities
and have great potential as high-performance filters
for long-term operation.

CNFs-Au Nanofibrous Membranes as Catalytic Reactors. Fi-
nally, we fabricated CNFs-Au composite fibrous mem-
branes by loading AuNPs on the surface of CNFs and

examined their catalytic behavior in a continuous-flow
mode. AuNPs can readily catalyze various oxidation
and reduction reactions. However, the high surface
energy of particles in the nanoscale results in aggrega-
tion and subsequent decreased catalytic activity. One
of the strategies for preventing AuNPs from aggrega-
tion was immobilizing the catalytic nanoparticles on a
suitable porous membrane to form a catalytic reactor.

Figure 7. SEM images showing top surface of original membranes before fouling (a�d) and after fouling and hydraulic
cleaning (e�h). These fouled membranes were fixed, washed, dehydrated, dried, and sputter-coated with gold before SEM
observation.

Figure 8. Morphology characterization of CNFs-Au composite nanofibers. SEMand TEM images of CNFs-130-Au-1 (a,b), CNFs-
130-Au-2 (c,d), and CNFs-130-Au-3 (e,f) composite nanofibers, which were fabricated by loading 200, 400, and 800 mL of Au
colloids solution (0.24 mM) on 100 mg of CNFs-130, respectively. The insets in the SEM images show the photographs of the
corresponding CNFs-Au membranes.
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The catalytic membrane reactors combine the conver-
sion effect (catalyst) and separation effect (membrane)
in a single unit and have shown several potential
benefits,whichmainly include allowing for continuous-flow
operation, avoiding the separation of the products
from reaction system, enhancement of catalytic reac-
tion rate and selectivity, and decreased possibility for
the products to run side reactions or poison the
catalyst surfaces.41,42

The CNFs-Au composite nanofibers were prepared
through a two-step route (Scheme 1d). The CNFs were
first modified by a saline coupling agent KH-550 since
the hydroxylic groups on the CNFs could react with the
functionalized silanes. Then, different amounts of∼12 nm
Au colloids were loaded on the surface-modified CNFs,
which was based on the specific affinity interactions
between the gold and the NH2 groups supplied by the
KH-550 on the surface of CNFs. These CNFs-Au compo-
site nanofibers possess terrific active catalyst surfaces
because AuNPs were largely and uniformly loaded on
the surfaces of the CNF matrix, as shown in the SEM
and TEM images (Figure 8). Increasing the amount of
Au colloids solution could proportionally increase
the loading effect (Figure 8). For example, on the
basis of 100 mg of CNFs-130, adding increasingly
200, 400, and 800 mL of the ∼12 nm Au colloids
solution (0.24 mM Au) resulted in the enhancement
of Au loading in the final products from 24.2% (CNFs-
130-Au-1) to 39.2% (CNFs-130-Au-2) and then up to
48.6% (CNFs-130-Au-3), determined by the ICP-AES
techniques. It is noted that further increasing of the
volume of Au solution could not efficiently improve the
loading because of saturation of NH2 groups. These
CNFs-Au composite nanofibers were then assembled
into corresponding free-standing membranes (the in-
sets in Figure 8a,c,e).

To investigate the catalysis ability of the CNFs-Au
composite membrane in a continuous-flow mode, we
chose to study the reduction of 4-nitrophenol to its
corresponding amino derivatives in the presence of

NaBH4, which serves as a rapid and easily characterized
model reaction and is well-known that the reaction
does not proceed without catalysts (the inset in Figure
9b).43 The reduction reaction results in the color trans-
formation from yellow to colorless, andwe canmonitor
easily the extent of the reaction and further examine
the conversion efficiency using UV�vis spectra. Aqu-
eous solution containing 0.1 mM 4-nitrophenol and
10 mM NaBH4 was passed through the CNFs-Au com-
posite membrane (∼50 μm in thickness) and original
feed solution and filtered solution samples were ana-
lyzed by UV�vis spectra. The original 4-nitrophenol
solution showed a strong absorbance maximum at
400 nm, which disappeared in the UV�vis spectrum
of the filtered solution. At the same time, a new peak at
290 nm appeared, which was attributed to the 4-ami-
nophenol (Figure 9a).43 A nearly 100% reduction of the
4-nitrophenol after the passage of the reaction solu-
tion through the membrane at a rate of 0.25 mL/min
(Figure 9a) clearly demonstrated the obvious catalytic
activities of the composite membrane, although the
catalytic tests have not been optimized. The control
experiment where the Au-free CNF membrane was
examined showed no color change occurring after
passing the reaction solution, which revealed that the
catalytic activity of the CNFs-Au composite membrane
came exclusively from the Au sites and the CNFs served
only as a scaffold. More importantly, this membrane
could maintain >99% conversion of 4-nitrophenol to
4-aminophenol for more than 200 mL of permeate
volume (Figure 9b), which corresponds to nearly
10 000 membrane volumes, indicating the persistent
catalytic ability of our CNFs-Au composite membrane
for long-term.

CONCLUSION

In summary, we have demonstrated that the highly
active CNFs could be used as a versatile scaffold for
constructing multifunctional free-standing mem-
branes. Benefiting from the highly functionalized

Figure 9. (a) UV�vis absorption spectra of a solution consisting of 0.1 mM 4-nitrophenol and 10mMNaBH4 before and after
passing through the CNFs-Au composite membrane. (b) Plot of percent conversion of 4-nitrophenol to 4-aminophenol
against the volume of the solution passing through the CNFs-Au catalytic membrane. The inset shows the scheme of
reductionof 4-nitrophenol byNaBH4whenpassing through the catalyticmembrane. The expectedproduct is 4-aminophenol.
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surfaces of the CNFs, a variety of composite nano-
fibers were prepared by coating different nano-
particles with the desirable properties on the CNF
scaffolds, including magnetic particles (CNFs-Fe3O4),
photocatalyst (CNFs-TiO2), bacteriostatic agent (CNFs-
Ag), and noble metal catalyst (CNFs-Au). These hybrid
nanofibers can be assembled into free-standing multi-
functional membranes with potential applications in
various fields. Particularly, the CNFs-Fe3O4 composite
membranes can be actuated by a household magnet
with reversible deformation and were expected to be
used as smart microfluidics devices. By integrating the
advanced filtering capabilities of nanofibrous mem-
brane and antimicrobial properties of Ag nanoparti-
cles, we have shown that the CNFs-Ag composite
membranes can filtrate out bacteria from water

completely and meanwhile exhibit excellent antibio-
fouling ability. The CNFs-Au composite membranes
displayed the persistent catalytic ability in a continu-
ous-flow mode.
Although exemplified here by fabrication and char-

acterization of four CNF-based composite membranes,
the versatility of the CNF scaffolds is significantly broad
in scope. For example, immobilization of enzyme
on CNF scaffolds probably results in free-standing
membranes with biosensing or biocatalytic ability.44

Incorporation of special organic dyes or metallic ions
into the CNFs may bring affinity membrane chroma-
tography used for enrichment and separation of
biomacromolecules.45�47 Further study of these pos-
sible applications of CNF-based composite mem-
branes is in progress.

METHODS

Materials. Polyvinylpyrrolidone (PVP), sodium tellurite, hy-
drazine hydrate (85%, w/w %), aqueous ammonia solution
(25�28%, w/w %), glucose, H2O2 (5%), hydrochloric acid,
triethylene glycol (TEG), tetrabutyltitanate, AgNO3, HAuCl4 3 3H2O,
trisodium citrate dihydrate, silane coupling agent KH-550,
phosphate buffered saline (PBS), glutaraldehyde, and ethanol
were commercially available from Shanghai Chemical Reagent
Co. Ltd. Iron(III) acetylacetonate (Fe(acac)3) was purchased from
Sigma-Aldrich. All of the chemicals were used without further
purification.

Synthesis of Highly Uniform CNF Scaffolds. The first step involved
the synthesis of ultrathin Te nanowire templates via a simple
hydrothermal method.48 Then the CNFs were prepared by a
template-directed hydrothermal carbonization procedure de-
veloped by our group recently.17,18 Briefly, 30mLof acetonewas
added into 10 mL of the prepared Te nanowire solution to
precipitate the product before centrifuging at 6000 rpm, which
was then dispersed into 80 mL of glucose solution (5 g of
glucose) with vigorous magnetic stirring for 15 min. Hydro-
thermal treatment of the mixed solution at 160 �C for different
times could result in Te@C nanocables with various diameters.
Pure CNFs could be obtained by removal of Te templates by
chemical etching in an acidic H2O2 solution.

Preparation of CNFs-Fe3O4 Composite Nanofibers. The CNFs-Fe3O4

composite nanofibers were prepared by thermal decomposi-
tion of Fe(acac)3 in TEG in the presence of CNFs. In a typical
synthesis, 200 mg of Fe(acac)3 was dissolved in 30 mL of TEG by
ultrasonication and magnetic stirring. Then 100 mg of CNFs was
dispersed in the above solution by vigorousmagnetic stirring. The
suspension was then transferred into a Teflon-lined stainless steel
autoclave (50 mL in total volume), sealed, and maintained at
220 �C for 12 h. After being cooled to room temperature naturally,
the products were diluted by absolute ethanol, centrifuged, and
washed several times with absolute ethanol.

Preparation of CNFs-TiO2 Composite Nanofibers. The CNFs-TiO2

composite nanofibers were prepared by hydrolysis of tetrabu-
tyltitanate in the presence of CNFs slowly in ethanol. Typically,
0.2 mL of tetrabutyltitanate was dissolved in 20 mL of absolute
ethanol to form a mixture solution. Next 50 mg of CNFs was
dispersed in this freshly prepared solution with magnetic
stirring for 0.5 h. Then 10.0 mL of water/ethanol mixture (H2O/
C2H5OH = 0.5:9.5, v/v) was added slowly to the above suspen-
sion of CNFs over a period of approximately 10 min with
vigorous magnetic stirring. Thereafter, the suspension was
stirred for 0.5 h before centrifugation andwashingwith ethanol.
Finally, after hydrothermal treatment of the above products at
180 �C for 12 h, well-defined CNFs-TiO2 composite nanofibers
were yielded.

Preparation of CNFs-Ag Composite Nanofibers. The CNFs-Ag com-
posite nanofibers were prepared through in situ reducing of
AgNO3 by the hydroxylic groups on CNFs. Briefly, 50mg of CNFs
was dispersed in 20 mL of AgNO3 solution (0.5 M) by vigorous
stirring. Then themixed solutionwas shaken at a rotation rate of
260 rpm using an Innova 40 benchtop incubator shaker for 12 h
at room temperature or 60 �C. The products were collected by
centrifugation and washed several times with double-distilled
water and absolute ethanol.

Preparation of CNFs-Au Composite Nanofibers. The CNFs-Au com-
posite nanofibers were prepared through a two-step strategy.
The first step involved surfacemodification of CNFswith a saline
coupling agent KH-550. Briefly, 100mgof CNFswas dispersed in
50 mL of ethanol before 50 mL of 20 wt % KH-550 ethanol
solution was added. After magnetic stirring (for 1.0 h), centrifu-
ging, and washing with water, the surface-modified CNFs were
obtained. The second step involved direct loading of Au
nanoparticles on surface-modified CNFs. The modified CNFs
was added into 200 mL of ∼12 nm Au nanoparticle solution
(0.24 mM), which were prepared by the Frens's method.49 After
about 2 min, the adsorption of Au onto the CNFs was totally
completed, as the red color of Au nanoparticles faded away
quickly. Then the purified CNFs-Au composite nanofibers were
yielded after centrifuging and washing.

Fabrication of Multifunctional CNF-Based Composite Membranes. The
above CNF-based composite nanofibers, including CNFs-Fe3O4,
CNFs-TiO2, CNFs-Ag, and CNFs-Au, could be assembled into
corresponding free-standing membranes through a solvent-
evaporation-induced self-assembly process.17 Vigorous mag-
netic stirring of the CNF-based composite nanofibers in ethanol
(or water) for several hours was necessary to form a flocculent
homogeneous suspension (5�10 mg/mL). After casting the
suspension onto a Teflon substrate and drying at ambient
temperature, a free-standing membrane was formed, which
could be easily detached from the substrate without any
cracking. The colors of the membranes vary for different kinds
of CNF-based composites. The thickness of themembranes was
dependent on the volume and concentration of suspension.

Antibacterial Tests of the CNFs-Ag Composites. In order to investi-
gate the bactericidal and antibiofouling properties of the CNFs-
Ag composite membranes, the wild-type E. coli inoculum was
prepared by culturing overnight at 37 �C and shaking at
260 rpm in 50 mL of LB broth medium from a single colony
surface on LB agar plates. Then about 2 mL of the culture was
transferred into 100 mL of fresh LB medium and further condi-
tioned at 37 �C to form the E. coli inoculum.

Kinetic Test. For the kinetic test, 5 mL of E. coli inoculumwas
added to 50 mL of fresh LB broth medium containing as-
synthesized CNFs-Ag composites with different concentrations
(i.e., 25, 50, and 100 μg/mL). The nutrient broth solutions of
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bacterial suspensions without any CNFs-Ag composites added
and with pure CNFs added were also made as the control. Then
1.0 mL aliquots were withdrawn from the flasks at hourly
intervals and were diluted to an appropriate concentration.
The concentration of the bacterial suspensions was measured
using a UV�vis spectrophotometer at 600 nm.

Zone of Inhibition. For the zone of inhibition test, the
Kirby�Bauer technique was used. Briefly, 100 g of sterilized
LBmedia containing 1.5% agar wasmelted and kept at 50 �C for
30 min. This nutrient agar was poured onto a disposable
sterilized Petri dish and was allowed to solidify. Then 100 μL
of overnight-cultured E. coli (106 CFU/mL) was streaked over the
plate and was spread uniformly. Circular CNFs-Ag composite
membrane and Ag-free CNFs membrane (diameter of ∼8 mm)
were gently placed over the solidified agar gel in different Petri
dishes. The zone of inhibition was observed andmeasured after
incubation for 24 h at 37 �C.

Filtration for Removal of Bacterial Contaminants. The CNFs-
Ag membrane was then tested for its ability to remove bacteria
fromwater. The filtration tests were conducted with a dead-end
stirred cell (Model 8010, Millpore Co., USA; the volume capacity
is 10 mL, and the effective area of the membrane is 4.1 cm2),
which was sterilized prior to the filtration. The CNFs-Ag mem-
branes were cut into a round shape with a diameter of 25 mm
and then placed in the cell. A bulk solution of 10 mL of E. coli
with a load of∼106 CFU/mL was prepared in sterilized PBS (0.01
M, pH 7.0) solution. The solution was forced to pass through the
prepared CNFs-Ag compositemembrane at a constant flow rate
(0.5 mL/min) using a peristaltic pump (Model DHL-B, Shanghai
Huxi Analysis Instrument Factory Co., Ltd.). The filtratewas taken
in sterilized conical flasks. Both the filtrate and the unfiltered
bacterial suspension were plated on agar plates and incubated
at 37 �C overnight. The number of bacterial colonies was
counted to estimate the efficiency of the filtration.

Filtration Protocol for Evaluating the Antibiofouling Proper-
ties of CNFs-Ag Membranes. In order to evaluate the antibio-
fouling properties, 10 mL of E. coli with a load of ∼107 CFU/mL
was filtrated through the CNFs-Ag membrane using the Mill-
pore cell. Then themembranewas gently removed out from the
cell and incubated on the surface of LB agar plate for 24 h
overnight to maximize bacterial growth. After that, the fouled
membrane was loaded into the cell again to measure the water
flux (Jf) to examine the biofilm formation at a pressure of 40 kPa
applied by a N2 tank. For evaluating the reversible fouling,
another fouled CNF-Agmembranewas hydraulically cleaned by
soaking in sterilized water and shaking for 30 min at 260 rpm
before measuring the water flux (Jh). Ag-free CNF membranes,
commercially available mixed cellulose ester (MCE), and
polyvinylidene fluoride (PVDF) membranes were also tested
as described above for comparison. For each membrane, the
clean water flux (Jw) was also measured at the same pressure
prior to fouling. For examination of the inhibition of bacterial
growth by SEM, another set of membranes after fouling and
hydraulic cleaning were fixed in 3 vol % glutaraldehyde in
PBS for 5 h at 4 �C. After being washed with PBS, the
membranes were dehydrated gradually with 30, 60, 90, and
100% ethanol for 10 min each. Finally, the membranes were
dried in air and sputter-coated with a thin layer of gold before
SEM observation.

Continuous-Flow Catalytic Tests of the CNFs-Au Composite Membrane.
The continuous-flow catalytic tests were conducted with a
Millpore cell (Model 8010, the effective area is 4.1 cm2) at room
temperature. Aqueous solution containing 0.1 mM 4-nitrophe-
nol and 10 mM NaBH4 was passed through the membrane at a
flux of 0.25 mL/min using a peristaltic pump. Original feed
solution and filtered solution samples were analyzed by UV�vis
spectrophotometry to determine the extent of the reaction
described above and further to examine the conversion effi-
ciency of the composite membrane.

Characterization. Scanning electron microscopy (SEM) was
performed with a field emission scanning electron microanaly-
zer (Zeiss Supra 40). Transmission electron microscopy (TEM)
was performed on H-7650 (Hitachi, Japan) operated at an
acceleration voltage of 100 kV. X-ray photoelectron spectra
(XPS) were recorded on an ESCALab MKΠ X-ray photoelectron

spectrometer, using Mg KR radiation as the excitation source.
The UV�vis spectra were recorded on a UV-2501PC/2550
(Shimadzu Corporation, Japan) at room temperature by using
BaSO4 as the calibration reagent. X-ray power diffraction (XRD)
analyses were carried out on a Philips X'Pert PRO SUPER X-ray
diffractometer equipped with graphite-monochromatized Cu
KR radiation. The magnetic properties of the samples were
investigated using a superconducting quantum interface de-
vice (SQUID) magnetometer (Quantum Design MPMS XL).
Inductively coupled plasma atomic emission spectrometry
(ICP-AES) measurements were conducted using an Optima
7300 DV spectrometer, PerkinElmer Inc., USA. Inductively
coupled plasma mass spectrometry (ICP-MS) measurements
were conducted on XSERIES 2, Thermo Fisher Scientific Inc.,
USA. N2 adsorption measurements were determined by an ASAP
2020 accelerated surface area and porosimetry (Micromeritics),
equipped with automated surface area, at 77 K using Barrett�
Emmett�Teller (BET) calculations for surface area.
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