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W
ith the advances in materials
science, much emphasis has
been placed on hollow micro/

nanomaterials owing to their promising
applications, such as catalysis, nanoreactors,
gas sensors, energy storage and conver-
sion, and biomedical engineering.1�4 As a
special branch ofmicro/nanomaterials, one-
dimensional (1D) hollow nanomaterials, in-
cluding nanotubes and hollow nanofibers,
have been extensively pursued in recent
years, for their unique one-dimensional
structure and high surface area, which pro-
vide many novel properties and function-
alities.5�10 Several methodologies have
been demonstrated for processing a broad
range of materials into 1D hollow micro/
nanomaterials; however, the resulting nano-
structures are mostly composed of single-
layer wall structures. To meet the emerg-
ing needs of multifunctional and integrative

devices, hollow micro/nanomaterials with
more complex inner structures are urgently
needed. More recently, multilevel 1D hollow
architectures with higher order structuring,
including fiber-in-tube, tube-in-tube, multi-
walled, and multichannel hollow fibers,
have received more attention because of
their improved properties compared to
those of the simple hollow structures.11�15

The complex interior structures and multi-
phase interfaces enable one to better con-
trol the local chemical microenvironment
and multiple interface reactions for novel
physicochemical properties. Additionally,
multilevel hollow architectures are consid-
erably more robust than single-wall struc-
tures because of the synergistic effect of
the two walls that toughens the shell.16�18

Some ingenious approaches, including
the galvanic replacement reaction,19,20

the Kirkendall effect,21 nonequilibrium heat
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ABSTRACT

The hierarchical assembly of multilevel, nonspherical hollow structures remains a considerable challenge. Here, we report a facile approach for synthesizing

copper silicate hollow nanofibers with an ultrasmall nanotube-assembled, double-walled structure. The as-prepared hollow fibers possess a tailored

complex wall structure, high length-to-diameter ratio, good structural stability, and a high surface area, and they exhibit excellent performance as an

easily recycled adsorbent for wastewater treatment and as an ideal support for noble metal catalysts. In addition, this strategy can be extended as a

general approach to prepare other double-walled, hollow, fibrous silica-templated materials.
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treatment,22,23 the template method,24,25 and multi-
fluidic compound-jet electrospinning techniques,26,27

have been developed for synthesizing hollow fibers/
tubes with multilevel interior structures. However, the
walls of most of these multilevel structures are gen-
erally composed of or aggregated from nanoparticles
with an irregular arrangement, which limits the ad-
vancement of their performance.
Hierarchical self-assembly of nanoscale building

blocks (clusters, wires, belts, sheets, tubes, etc.) into
novel architectures of higher dimensionality can help
to enhance properties by avoiding aggregation while
maintaining the high specific surface areas.28�33 The
combination of hierarchical nanoarchitectures with
multilevel hollow 1D micro/nanostructures to form
hollow fibers/tubes with hierarchical wall structures
represents a promising type of nanomaterial. Themore
complex wall structures may cause the multilevel
hollow fibers to have higher specific surface areas,
more active sites, better mechanical strength proper-
ties, and enhanced permeability. However, reports on
the preparation of multilevel hollow fibers with hier-
archical walls constructed from anisotropic building
blocks are relatively scarce, partly because of the dif-
ficulty in controlling the assembly of primary building
units into hierarchical structures to form tube-in-tube
structures. Therefore, developing a new strategy for
fabricating hollow fibers with multiwall and especially
complex wall structures remains a major challenge.
Herein, we demonstrate a facile route for fabricating

copper silicate hierarchical double-walled hollow nano-
fibers by combining the electrospinning technique
with the hydrothermal method. To the best of our
knowledge, this is the first report on synthesizing
unique 1D hollow nanofibers with double walls con-
structed from 1D ultrasmall nanotubes. As illustrated in
Scheme 1, uniform silica hollow nanofibers (SHNFs)
prepared using a facile single-capillary electrospinning
method are employed as the precursor. Then, double-
walled copper silicate hollow nanofibers (CSHNFs) are
synthesized using a simple hydrothermal treatment in
an alkaline solution based on an SHNF sacrificial tem-
plating process. During the hydrothermal process, the
SiO2 wall provides two interfaces for nucleation and a
discrete space for simultaneous self-assembled nano-
tube growth along opposite directions, and it acts as
the in situ template for the second cavity. Through this

method, hollow 1D nanostructures with nanotube-
assembled double walls are formed and connected
with each other to produce a network structure. The
high length-to-diameter ratio of the nanofibers allows
for convenient separation and recycling by sedimenta-
tion. The designed double-walled CSHNFs possess a
tailored complex wall structure, good structural stabi-
lity, and a high surface area, and they exhibit excellent
performance in wastewater treatment as a remarkable
adsorbent and as a good support for noble metal cata-
lysts. More importantly, the synthetic strategy devel-
oped in this work can be extended to fabricate other
double-walled hollow nanofibrous silica-templated
materials, making the strategy useful and widely ap-
plicable for preparing advanced silicate materials.

RESULTS AND DISCUSSION

Synthesis and Characterization of Hierarchical Double-Walled
CSHNFs. SHNFs were prepared via a facile single-
capillary electrospinning technique followed by calci-
nation at 550 �C. As shown in Figures 1a and S1a, the
electrospun SiO2 nanofibers align in random orienta-
tions and interweave to form a nonwoven fibrous
film. The fibers have nearly uniform diameters
(200�400 nm) with extremely long lengths and are
connected to form a network structure. The corre-
sponding TEM image in Figure 1b indicates that the
SiO2 nanofibers have a typical hollow structure with a
wall thickness of approximately 60 nm. Moreover, the
surface of the hollow nanofibers is relatively smooth
because of the amorphous nature of silica. After hydro-
thermal treatment in an alkaline solution containing
copper ions at 140 �C for 10 h, the as-fabricated sample

Scheme1. Formationprocess of hierarchical double-walled
copper silicate hollow nanofibers.

Figure 1. Typical FESEM (a) and TEM (b) images of SiO2 hol-
lownanofibers; low-magnification SEM image (c) of CSHNFs;
XRDpatterns (d) of the two samples: (I) SHNFs and (II) CSHNFs;
high-magnification FESEM (e) and TEM (f) images of
CSHNFs.
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retains its nonwoven fibrous morphology, while the
diameters of these fibers are further increased to
300�500 nm, as shown in Figures 1c and S1b. Addi-
tionally, the surface of the hollow fibers is no longer
smooth. The phase compositions and phase structures
of the samples were examined by powder X-ray dif-
fraction (XRD). For silica hollow fibers, the broad band
located at 2θ = 22� can be assigned to the character-
istic diffraction peak of amorphous SiO2 (Figure 1d,
profile I). After the hydrothermal treatment, the XRD
pattern of the obtained fibers shows characteristic
broad diffraction peaks that can be indexed to copper
silicate (CuSiO3 3 2H2O, JCPDS card no. 03-0219)
(Figure 1d, profile II).34 A magnified FESEM image
(Figure 1e) clearly reveals that the as-prepared copper
silicates based on an SHNF sacrificial templating
method appear as 1D hierarchical fibers with a high
length-to-diameter ratio and a “hairy” structure along
the longitudinal axis of the nanofibers. TEM observa-
tion (Figure 1f) indicates that the nanofibers possess a
unique double-walled hollow structure, in which clear
gaps between the outer and inner walls can be ob-
served. The width of the gaps is approximately 60 nm,
which agrees well with the wall thickness of hollow
SiO2 nanofibers. Figure S2 shows the EDX analysis of
the as-prepared CSHNFs, which indicates the presence
of Cu, Si, and O, proving the formation of copper
silicate. The elemental mapping by EDX analysis con-
firms the presence of Cu, Si, and O homogeneously in
the hollow nanofibers (Figure S3).

The microstructure of these nanofibers was further
investigated using high-magnification TEM images
(Figure 2). As shown in Figure 2a, two walls of CSHNFs
are constructed from numerous nanotubes with a
narrow size distribution. Many holes can be observed
on the surface because of the open ends of the
nanotubes being parallel to the electron beam. A
magnified image of the holes with black edges and
white centers is shown in Figure 2b. The outer and
inner diameters of these holes are estimated to be
approximately 7.4 and 3.2 nm, respectively. The mag-
nified image of the nanotubes on the walls (Figure 2c)
exhibits two parallel dark lines and a darkish center,
which also clearly indicates that the building units
of the walls are nanotubes with lengths of ap-
proximately 70�90 nm. Figure S4 displays the N2

adsorption�desorption isotherm and the correspond-
ing pore size distribution curve (inset of Figure S4) for
the as-prepared CSHNFs. The pore size distribution
calculated from the adsorption branch centers at
3.4 nm, which is close to the value determined from
the TEM image. The BET surface area is 541.1 m2/g, and
the total pore volume is 1.04 cm3/g. The 1D nanofi-
brous morphology, high length-to-diameter ratio,
unique hierarchical double-walled hollow structure,
small tubular unit, high surface area, and narrow pore
size distribution combine to enhance the potential
applications for the CSHNFs.

Wastewater Treatment. Water pollution is a serious
environmental problem in the current society. The
utilization of nanostructured silicates in the treatment
of organic pollutants in water is of perennial interest
because of their low-cost and environmental friend-
liness.35,36 However, a potential disadvantage of these
nanomaterials lies in that they are easily suspended
and difficult to remove from water for recycling of
adsorbents, which limits their practical application in
wastewater treatment. Inspired by the easy sedimen-
tation of 1D electrospun nanofibers, the as-prepared
CSHNFs were investigated as an efficient adsorbent for
organic pollutants in wastewater treatment.37,38 The
adsorption isothermwas obtainedby varying the initial
concentration of solution of methylene blue (MB, as a
model organic pollutant in the adsorption experi-
ments) without any additives (Figure S5a). The adsorp-
tion isotherm (Figure 3, curve a) indicates that 1 g of
newly as-prepared CSHNFs can remove 175 mg g�1 of
MB, which is higher than that of natural sepiolite
(58 mg g�1) and copper silicate hierarchical hollow
spheres (162 mg g�1),34,39 indicating a better adsorp-
tion performance of CSHNFs.

A good adsorbent should not only have a high
adsorption capacity but also exhibit good regeneration
ability for multiple uses. Consequently, two factors
need to be considered. First, the stability of the adsor-
bent to maintain its high adsorption capacity over
time must be determined. To test the stability of the

Figure 2. High-magnification TEM images of (a) CSHNFs; (b)
holes on the surface of walls; (c) small nanotubes.

Figure 3. Adsorption isotherm of MB on (a) the newly
prepared CSHNFs and those that have been renewed (b)
one, (c) two, (d) three, and (e) four times.
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CSHNFs, we reused the adsorbent four times. After
adsorbing MB, the CSHNFs could be renewed by
calcining at 450 �C in air for 2 h. As shown in Figure 3
(curves b�e), the renewed CSHNFs still exhibit good
adsorption performance even after running for four
cycles. Figure S6 shows that the morphology of the
CSHNFs is retained quite well after four cycles of
adsorption experiments, which indicates that the
CSHNFs have an excellent stability, owing to the
synergistic effect of the two walls and the hierarchical
structure assembled by nanotubes. Second, the ease
with which the adsorbent can be separated fromwater
must also be considered. In this work, the CSHNFs have
a fibrousmorphology and can be easily separated from
an aqueous suspension. As shown in Figure S5b, the
CSHNFs are readily deposited to the bottom of vials
under gravitation in a short time of only 30 min, likely
because of the high length-to-diameter ratio of the 1D
hierarchical fibers; in contrast, other morphological
silicates have to be separated by centrifugation, by
magnetic separation, or by spending several hours or
moreundergravitational sedimentation.40�42 The above
results show that the as-prepared CSHNFs are a novel
material for practical dye removal treatment because of
their high adsorption capacity, excellent stability, and
ease of sedimentation for separation and reuse.

Catalyst Support. The high specific surface area and
excellent stability of the prepared CSHNFs inspire us to
further utilize them as a catalyst support for noble
metals. Noble metal nanoparticles, especially Pt, have
attracted particular interest because of their out-
standing catalytic performance in various chemical
reactions.43,44 To achieve Pt-based catalysts with a
higher activity and better stability, an efficient method
is to disperse well-defined ultrafine Pt nanoparticles
onto a suitable support. Herein, we developed a simple
and low-energy-consuming approach to deposit and
disperse ultrafine Pt nanoparticles on copper silicate
hierarchical double-walled hollow nanofibers (PtNPs/
CSHNFs). First, the as-prepared CSHNFs with abundant
hydroxy groups were activated in a SnCl2 solution.45

During this process, the Sn2þ ion was linked to the
CSHNFs surface through inorganic grafting. After chlor-
oplatinic acid (H2PtCl6 3 6H2O) was added to the solu-
tion at room temperature, the linked Sn2þ species
acted as a reducing agent to reduce Pt4þ in situ on
the CSHNFs because the standard reduction potential
of the Pt4þ/Pt redox pair (0.742 V vs the standard
hydrogen electrode, SHE) is higher than that of Sn4þ/
Sn2þ (0.151 V vs SHE).46 Thus, PtNPs/CSHNFs were
successfully obtained.

The as-prepared PtNPs/CSHNFs were imaged by
TEM, and the corresponding results are shown in
Figure 4. Figure 4a shows that there is essentially no
change in the hierarchical double-walled fibrous struc-
ture of copper silicate during the growth of PtNPs on its
surface. Moreover, it is clearly shown that ultrafine Pt

nanoparticles are well dispersed on the surfaces of the
small nanotubes (Figure 4b). The size distribution
histogram of the PtNPs calculated from the corre-
sponding TEM image is given in Figure 4c. The particle
size of Pt is 2.2 ( 0.6 nm. In the HRTEM image
(Figure 4d), the interplanar distance of the nanoparti-
cles is 0.23 nm, which agrees well with the lattice
spacing of the (111) plane of Pt. The energy-dispersive
X-ray (EDX) spectrum from the corresponding TEM
image confirms that the above PtNPs/CSHNFs
are composed of Cu, Si, O, Sn, and Pt elements
(Figure S7). The loading weight of Pt in PtNPs/CSHNFs
measured using inductively coupled plasma (ICP) spec-
troscopy is 1.18 wt %. In addition, the as-prepared
PtNPs/CSHNFs were heated at 450 �C for 2 h to inves-
tigate their thermal stability. As shown in Figure S8, the
Pt particles on the surfaces of the nanotubes maintain
their dispersed state without obvious aggregation,
which indicates that the PtNPs/CSHNFs have a good
thermal stability and resistance to sintering.

High dispersion of ultrafine Pt particles on the
CSHNFs can be useful for many potential applications.
Here, we selected the gas-phase CO oxidation reaction
as a model system to evaluate the catalytic perfor-
mance of the as-prepared samples. The complete
conversion temperature for the as-prepared PtNPs/
CSHNFs is 275 �C (Figure 5, curve a). After calcination
at 450 �C for 2 h, the complete conversion temperature
over the PtNPs/CSHNFs decreases to 190 �C (Figure 5,
curve b), which is lower than that of PtNPs/mesoporous
silica with various Pt loadings.47,48 The higher CO
oxidation activity of the calcined PtNPs/CSHNFs cata-
lyst may be attributed to an improved crystallization of
Pt nanoparticles after calcination. These results confirm
that our hierarchical double-walled hollow silicate
nanofibers are ideal catalyst supports. The as-prepared
PtNPs/CSHNFs are highly active and stable materials
for catalytic uses, thus satisfying the requirements for a
catalyst for industrial applications.

Importantly, the strategy described above is
quite general. We have successfully synthesized other

Figure 4. Typical TEM images of the as-prepared PtNPs/
CSHNFs (a, b); (c) size distribution histogram of PtNPs; (d)
HRTEM image of the PtNPs.
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silicates, such as nickel silicate and magnesium
silicate, with hierarchical double-walled hollow fibrous
structures using a similar hydrothermal procedure
(Figure S9). The TEM image (Figure S9a) shows that
the double walls of 1D hollow nickel silicate nanofibers
are assembled by thin nanopetals. Magnesium silicate
has a similar morphology to nickel silicate, but the

building units of thewalls aremuch thinner nanopetals
(Figure S9b). These hollow nanofibers with two walls
assembled by nanopetals would exhibit better perfor-
mance than traditional hollow nanomaterials because
of the synergistic effect of the robust hierarchical
double-wall structure and the flexible nanopetals.

CONCLUSIONS

In summary, we have developed a facile route for
fabricating copper silicate double-walled hollow nano-
fibers assembled by tiny nanotubes. We have also
demonstrated the promising use of these interesting
hierarchical fibrous structures as adsorbents for waste-
water treatment and as supports for noble metal
catalysts. Furthermore, this effective strategy is general
for the synthesis of other metal silicate materials with
hierarchical double-walled hollow nanofibrous mor-
phology. The synthetic strategy holds promise in the
preparation of functional, assembled materials. The
hierarchical double-walled hollow nanofibers will con-
tribute to environmental remediation and industrial
catalysis in the future.

EXPERIMENTAL METHODS

Synthesis of SiO2 Hollow Nanofibers. SHNFs were prepared
through a single capillary electrospinning method. A 0.95 g
sample of polyvinylpyrrolidone (PVP) powder (Mn = 90 000) was
dissolved in 10 mL of ethanol. Then, 1.6 mL of tetraethyl ortho-
silicate (TEOS) was slowly dropped into the above PVP solution
to obtain the precursor. After that, the precursor was transferred
into a plastic syringe for electrospinning under the voltage of
9.5 kV. The products were collected at a distance of about 20 cm
to the syringe tip. Finally, the above composites of PVP/TEOS
were calcined at a rate of 0.5 �C min�1 and remained for 2 h at
550 �C. Thus, SHNFs were obtained.

Synthesis of Hierarchical Double-Walled Copper Silicate Hollow Nano-
fibers. CSHNFs were prepared through a simple hydrothermal
process. In a typical synthesis, copper acetate monohydrate
(0.1 mmol), ammonia chloride (2 mmol), and NH3 3H2O (0.2 mL,
28%) were added under stirring to 10 mL of distilled water, and
the resulting solution and the as-prepared SHNFs (0.01 g) were
transferred into a 15 mL Teflon-lined autoclave. The autoclave
was sealed and maintained at 140 �C for 10 h. After the auto-
clave was cooled to room temperature, the resulting light blue
precipitates were collected and washed several times with
distilled water and absolute ethanol. The final products were
dried under vacuum at 60 �C for 4 h. Nickel silicate and mag-
nesium silicate double-walled hollow nanofibers were prepared
under a similar experimental process by varying the corre-
sponding acetate and experimental temperature (Ni2þ: 100 �C
for 10 h; Mg2þ: 180 �C for 10 h).

Synthesis of PtNPs/CSHNFs. A 0.01 g amount of SnCl2 was
dissolved in 20 mL of HCl (10 mM) solution. Then, 0.01 g of
the obtained CSHNFs was added to the above solution and
stirred for 2.5 h at room temperature. After this, the precipitates
were collected by sedimentation followed by washing with
distilled water five times. Thus, the activated CSHNFs were
obtained. The activated CSHNFs were mixed with 20 mL of
distilled water; then 0.225 mL of H2PtCl6 solution (9.4 mM) was
added to the above mixture. After stirring for 10 min, PtNPs/
CSHNFs were obtained and washed several times with distilled
water and absolute ethanol.

Water-Treatment Experiment. Methylene blue solutions were
used as the model wastewater for the adsorption of organic

pollutants. First, MB solutions with different concentrations of
25, 50, 75, 100, and 125 mg L�1 were prepared. The as-obtained
CSHNFs (0.01 g) were mixed with 20 mL of the above MB
solution, and then themixed solution was stirred for 10min and
left for a specified time (30 min) until the solid and liquid
separated naturally under gravitation. A UV�vis spectrophot-
ometer was used to determine the concentration of MB solu-
tion. The adsorption isotherm of MB was obtained by standard
spectrophotometric methods at λ = 664 nm. The adsorption
isotherm was obtained by varying the initial concentrations at
room temperature.

Catalytic CO Oxidation. The catalytic oxidation of CO was
conducted under atmospheric pressure in a quartz-tube fixed-
bed reactor (i.d. 8 mm). A 25 mg amount of the catalyst PtNPs/
CSHNFs was well mixed with quartz sand. A gas mixture of 1%
CO�20% O2�79% N2 was passed through the catalyst bed at a
flow rate of 30 mL min�1. The products were analyzed by an
online gas chromatograph (Shimadzu GC-8A) equipped with
a TCD detector. CO conversion was calculated from the mea-
sured CO concentration using the formula CO conversion =
[(COin � COout)/COin], where COin and COout were the inlet and
outlet CO concentration, respectively.

Characterization. X-ray powder diffraction analysis was mea-
sured on a Siemens D5005 diffractometer with Cu KR radiation
(λ = 1.5418 Å). Field-emission scanning electron microscopy
(FE-SEM) imageswere obtainedwith an XHITACHI S-4800micro-
scope. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) images
were obtained on a JEM-2100Fmicroscopewith an accelerating
voltage of 200 kV. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analysis was performed with a TJA-
POEMS spectrometer. Brunauer�Emmett�Teller (BET) surface
area was measured on a Micromeritics Tristar 3000 analyzer at
77.4 K. UV�vis absorption spectra were measured at room
temperature with a UV�vis�NIR (Purkinje General, TU-1900)
spectrophotometer.
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