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Introduction

The lotus leaf effect, that is, superhydrophobicity, is a sur-
face phenomenom that demonstrates self-cleaning and can
condense water from dry environments. Inspired by this en-
lightening natural phenomenon in nanotechnology, scientists
have developed a variety of synthetic materials that show
superwetting behavior for potential applications in many
fields.[1–9] An extraordinary array of approaches, including
the topological construction of micro- and nanostruc-
tures,[10–13] surface modification with low-surface-energy mol-
ecules,[14] and utilization of stimuli-responsive materials,[15–17]

have been developed to alter the wettability of a materi-
al.[18–21] The wettability of the materials in the majority of
these approaches, however, is firmly linked to the support-

ing substrate and thus a structure consisting of a wetting ma-
terial and substrate is regarded as an integrated system. In
contrast, a strategy that leads to an easily scalable procedure
to create a large-scale free-standing structure for practical
applications is a substantial challenge because assembly
methods that simultaneously control the wetting properties
and structure at the macroscale dimensions remain elu-
sive.[22,23] So far, free-standing structures, such as layer-by-
layer assembled polymer films,[19] carbon nanotube mem-
branes,[25,26] metallic nanoparticle monolayers[27] and other
inorganic materials sheets,[28–31] and protein-based mem-
branes,[32] have been reported. However, they have limita-
tions for practical applications that require low-cost and
large-scale fabrication, high thermal stability, and a wide
range of wetting behavior for both polar and non-polar sol-
vents. In our previous study, we created free-standing super-
hydrophobic membranes from potassium manganese oxide
nanowires with good selectivity and the capacity to separate
oil from water.[33]

Herein, by taking advantage of the high internal surface
area and the nanoscaled self-assembly of architectures, we
have engineered new highly selective, absorbent free-stand-
ing, paper-like membrane materials composed of ammonium
vanadium oxide (NH4V4O14) nanobelts. The as-obtained
NH4V4O14 nanobelt membranes can selectively absorb a va-
riety of both polar and non-polar organic solvents, for exam-
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ple, the absorbent capacities of glycol can be up to 28 times
as high as the initial weight of the nanobelts. Moreover,
these selectively absorbent membranes can even separate
two mixed solvents with very similar polarities and absorb
solid contaminants in organic solvents. Therefore, these
highly selective, absorbent materials may provide a blue-
print that can guide the design of future nanomaterials for
environmental applications.

Results and Discussion

The inset of Figure 1a shows the large amount of dark-green
floccules that were obtained during the synthesis of the
nanobelts. Interestingly, the as-obtained product naturally

existed in the form of a membrane in the autoclave (see Fig-
ure S1, Supporting Information). A low-magnification SEM
image (Figure 1a) shows that the product consists of a large
quantity of straight and twisted nanobelts, with lengths of up
to several hundreds of micrometers and even up to the milli-
meter scale. A highly magnified SEM image (Figure 1b) in-
dicates that these belts are assembled into a large number
of bundles; assembled bundles can have lengths of several
millimeters or greater. The TEM image in Figure 1c reveals
that each belt has a uniform width and thickness along its
entire length, and the typical width and thickness of the
belts are in the range of 40 to 80 nm and 3 to 5 nm, respec-
tively. In fact, each bundle is composed of dozens of nano-
belts, as shown by TEM images from the top (Figure 1d)
and side (Figure 1e). Within a bundle, the constituent belts
overlap or arrange side by side (see Figure S2, Supporting
Information) and have uniform width and orientation
throughout the whole length, appearing in a layered ar-

rangement with an average periodic pore size of about 5 to
10 nm, as shown in Figure 1e, inset. As seen from a high-res-
olution TEM (HRTEM) image of the belt (Figure 1f), the
belts are composed of regularly ordered molecular layers;
the edge of the ribbon is clean and very abrupt on the
atomic scale and there are no amorphous layers covering
the surface. The lattice fringes of the (001) planes with a d
spacing of 0.931 nm can be clearly seen, and growth is in the
[001] direction, that is, along the c direction of the belt (indi-
cated by an arrow). The fast Fourier transform (FFT) image
(Figure 1f, inset) shows a typical pattern along the [101] axis
of the belt. This indicates that the nanobelt grew along the
[001] direction. Diffraction patterns taken from different
parts of the nanobelt show exactly the same pattern without
further tilting of the nanobelt, which indicates the single-
crystal nature of the whole nanobelt. Examination of several
tens of individual nanobelts suggest that all of them grew
along the [001] direction. Figure 1g shows another HRTEM
image of the belt, in which the belt is structurally uniform
and no dislocations or other planar defects were observed in
all areas examined, and the measured d spacings of
0.189 nm correspond to the (�314) lattice fringes of the am-
monium vanadium oxide (NH4V4O14) crystal, respectively.
The FFT pattern (Figure 1f, inset) is coincident with the
[11̄1] axis pattern of the crystal. Extensive HRTEM and
FFT examinations indicate that the structural uniformity of
the single-crystal nanobelt is maintained along the entire
length. A typical X-ray energy dispersive spectrum (EDS;
Figure 1h) confirms that the nanobelts have a chemical com-
position of O, N, and V (C and Cu signals originate from
the TEM grid).

Figure 2a and b show comparative X-ray diffraction
(XRD) patterns of the as-synthesized NH4V4O14 nanobelts
and the NH4V4O14 powders from the Joint Committee on
Powder Diffraction Standards (JCPDS) card (31-0075), re-
spectively. Interestingly, the XRD patterns of the NH4V4O14

nanobelts only display a series of 00l diffraction peaks,
whereas other characteristic peaks are absent. The four
peaks can be assigned to be the first, second, third, and

Figure 1. Characterization of NH4V4O14 nanobelts. a) SEM image of the
NH4V4O14 nanobelts; inset: the dark-green floccules. b) High-magnifica-
tion SEM image of a nanobelts bundle. c) TEM image of a single nano-
belt. d) TEM image of the nanobelt bundle from the top. e) TEM image
of the nanobelts bundle from the side; inset: the layered appearance of
the nanobelts. f) HRTEM image of the nanobelt showing the [001]
growth direction; inset: the FFT pattern along the [101] axis. g) HRTEM
image of the nanobelt; inset: the FFT pattern along the [11̄1] axis.
h) Typical EDS spectrum taken from a selected area in c).

Figure 2. XRD patterns of a) the as-synthesized NH4V4O14 nanobelts.
b) NH4V4O14 powders from the JCPDS card (31-0075).
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fourth-order peaks of the (001) crystal plane, respectively,
which indicates a preferential orientation in the c direction.
The interlayer d spacings of the NH4V4O14 structure were
calculated to be 0.938, 0.472, 0.316, and 0.237 nm for (001)
(2q=9.368), (002) (2q= 18.78), (003) (2q=28.168), and (004)
(2q=37.848), respectively. These diffraction peaks were in-
dexed as the NH4V4O14 monoclinic phase within the experi-
mental error (JCPDS card 31-0075: a= 52.665, c=

54.947 �). No characteristic peaks peculiar to the starting
materials or other impurities were observed. Thus, it is con-
cluded that the as-synthesized NH4V4O14 nanobelts exhibit a
well-defined (00l) crystal plane orientation. These XRD re-
sults agree well with the HRTEM imaging and FFT patterns
shown in Figure 1d and e. This novel orientation is attribut-
ed to the self-assembly of the NH4V4O14 nanobelts into a
membrane.

A suspension of as-synthesized NH4V4O14 nanobelts and
alcohol was formed by ultrasonic dispersion, and the alcohol
was subsequently removed by casting the suspension on a
glass substrate placed in an oven at 60 8C to give a self-as-
sembled free-standing, paper-like nanobelt membrane (see
Figure S3, Supporting Information). The nanobelt mem-
branes have uniform surface morphology and homogenous
thickness and, importantly, can be formed with an arbitrary
area size; a sample of the NH4V4O14 nanobelt membrane
with a diameter of 12 cm is shown in Figure 3a. The me-

chanical flexibility of individual NH4V4O14 nanobelts and
the strong binding between these nanobelts account for the
strong adhesion of the nanobelt paper (Figure 3a, inset).
Within the membrane, the NH4V4O14 nanobelts arrange in a
crisscrossed manner to form a network or a mesh structure
with an average periodic rectangular pore size of about 5 to
10 nm (see Figure 1d and e and Figure S4, Supporting Infor-
mation). The network or mesh structure is maintained
across the whole membrane, as shown in Figure 3b. A typi-
cal cross-sectional SEM image (Figure 3c) shows a layered
membrane (�80 mm thick), in which the number of layers
corresponds to the number of castings.

A contact angle (CA) was measured to examine the wet-ACHTUNGTRENNUNGtability of the NH4V4O14 nanobelt membranes. The wetting
time was as short as 0.07 s for a droplet (2 mL) of water
added to the membrane surface. This phenomenon indicates
that the nanobelt membrane is superhydrophilic in the bulk
of this material. To obtain superhydrophobic surfaces, we

created homogenous coatings on the entire surfaces of the
NH4V4O14 nanobelt membrane by using a vapor-deposition
technique.[34] Typically, the nanobelt membrane was placed
in a container with silicone oil DC-200 and heated at 240 8C
for 20 min. After this heat treatment, individual NH4V4O14

nanobelts in the membrane were coated with silicone mole-
cules. The SEM image (Figure 4a) reveals that the

NH4V4O14 nanobelts coated with silicone molecules were
still as uniform as nanobelts without silicone molecule coat-
ings. The wetting behavior of the silicone-coated nanobelt
membrane was evaluated by water CA measurements. The
CA of water on the membrane was measured to be 160�18
(Figure 4a, inset), which indicates that the membrane sur-
face is superhydrophobic.[35–37] Importantly, the silicone-
coated NH4V4O14 nanobelt membrane maintains its superhy-
drophobicity even after being immersed in water at room
temperature for a long time (several months). Comparative
experiments on other materials, such as Si wafers and SnO2

nanobelt films exposed to the same silicone-coating treat-
ment, produced surfaces with a CA of less than 1258, which
confirms that the silicone coating itself is not the sole cause
of the high CA of the NH4V4O14 membrane (see Figure S5,
Supporting Information). It is known that the unusual wet-
ting characteristics of hydrophobic surfaces are mainly gov-
erned by their surface free energy and surface structure.[34–36]

These results indicate that the NH4V4O14 nanobelt structures
strongly enhanced the hydrophobicity. The NH4V4O14 nano-
belt structures dramatically increase the surface roughness
of the films, which means that air can be trapped in the gaps
of these highly oriented nanostructured surfaces. Thus, it is
reasonable that clean, self-assembled, and free-standing ar-
chitectures are result of high CA. As seen in Figure 4b, the
silicone coating on the nanobelt is about 2 to 3 nm thick and
homogenous throughout the whole belt. Composition analy-
sis of the nanobelt by using EDS (Figure 4c) reveals the
presence of silicon as well as O, N, and V from the original
nanobelt.

The silicone-coated NH4V4O14 nanobelts membrane
shows highly selective absorption of a variety of organic sol-
vents. When the NH4V4O14 nanobelt membrane comes into
contact with a layer of toluene on water, it quickly absorbs
toluene but repels the water (see the Supporting Informa-

Figure 3. Characterization of the as-synthesized nanobelt membranes.
a) Photograph of the paper-like NH4V4O14 membrane; inset: the vertical
free-standing, paper-like membrane. b) SEM image showing the surface
morphology of the membrane. c) Cross-sectional SEM image of the
membrane.

Figure 4. Characterization of the silicone-coated NH4V4O14 nanobelt
membrane. a) SEM image of the silicone-coated nanobelts; inset: the
water CA measurement of the silicone-coated membrane. b) TEM image
of the silicone coating on a nanobelt. c) EDS spectrum taken from a se-
lected area in b).
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tion movie). It is known that polypropylene and glass fabric
membranes both exhibit absorbence toward both water and
toluene, whereas the superhydrophobic membrane only ab-
sorbs toluene. Alternatively, it is the unique superwetting
surface that makes the membrane a selective absorption ma-
terial. Most importantly, the NH4V4O14 nanobelt membrane
possesses high absorption capacity. For example, the mem-
brane (2� 2 cm) shows an uptake capacity of up to 24 times
its weight for toluene on water in a very short absorption
time (<10 s; Figure 5a and b). A combination of wettability

properties with strong capillary effect due to the highly peri-
odic rectangular porous architecture inside the NH4V4O14

nanobelts and the high internal interspace of the membrane
results in extraordinary selectivity and capacity for the sepa-
ration of toluene from water. It is known that the absorben-
cy of a membrane depends on good capillary action. Nor-
mally, a microstructure with a smaller barrier shows better
capillary action than that with an arbitrary microstructure.
The capillary action (H0) of the rectangular pores can be
represented by Equation (1):[38–40]

H0 ¼
s13 � s23ð Þl

1gS
¼ s12l cos q

1gS
ð1Þ

in which s12 is the local tension coefficient of the gas and
liquid surface, q is the angle of the rectangular pores and
the liquid surface, l is the perimeter of a rectangular pore
and S is the area of a rectangular pore [Eq. (2)], and 1 and
g are constants.

l ¼ 2 aþ bð Þ
S ¼ ab

ð2Þ

a and b are the length and width, respectively, of a rectangu-
lar pore. Combining Equations (1) and (2) gives Equa-
tion (3):

H0 ¼
s12

1g
1

a= 2 cos qð Þ þ
1

b= 2 cos qð Þ

� �
ð3Þ

In the present case, as suggested by TEM images and
FFT patterns, the NH4V4O14 nanobelts are structurally uni-
form single crystals with no dislocations or other planar de-
fects; the surfaces of the NH4V4O14 nanobelts are very
clean. As a result, for a given material with highly periodic
rectangular porous microstructures, the width (b) is a very
small and contributes significantly to the capillary action.
This is the reason that the membranes have outstanding ab-
sorbency and a short absorption time. Additionally, as
shown in Figure 5c, the membrane also has a very strong ca-
pacity for absorbing various organic solvents or oil from
water, even from surfactant-stabilized emulsions. In another
example, the capacity of the membranes to absorb glycol is
28 times as high as the initial weight of the membranes.
Most interestingly, the NH4V4O14 superwetting membrane
has the capacity to instantaneously absorb solid contami-
nants in organic solvent, as shown in Figure 5d. Another
major advantage of the NH4V4O14 nanobelts membrane is
its thermal stability; it is stable at temperatures up to 280 8C
(see Figure S6, Supporting Information). The absorbed or-
ganic solvent in the membrane can be removed by autoclav-
ing, which means that recycling of the absorbed membrane
is possible. These highly selective, absorbent properties
make this NH4V4O14 membrane an ideal candidate for the
separation and removal of pollution in industrial and envi-
ronmental applications.

Interestingly, not only can the NH4V4O14 nanobelt mem-
brane selectively collect oil and not water, it can even sepa-
rate organic solvents with similar polarity, such as highly
toxic benzene and its less-toxic close relative, toluene. A
typical procedure for solvent separation is as follows: A su-
perhydrophobic nanobelt membrane was dipped into a 1:1
(v/v) mixture of toluene and benzene. The tip of a large
piece of nanobelt membrane (Figure 6, inset, a) was im-
mersed into a mixture of toluene and benzene for 2 min,
then the membrane was removed from the solvent and cut
into five small pieces of equal length (4 �5 mm; Figure 6,
inset), and subsequently placed in separate vials that con-

Figure 5. Absorption studies of the silicone-coated nanobelt membranes.
a, b) A layer of benzene can be removed from the water surface by im-
mersing the membrane. The toluene was labeled with Oil Blue 35 dye for
clarity. c) Absorption capacities of the membrane toward organic solvents
and oils expressed in terms of the weight gain. d) Toluene and solid con-
taminations can be removed instantaneously by the membrane; inset:
droplets of toluene and solid contaminants on water.
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tained acetone (2 mL) for gas chromatography. As shown in
Figure 6, the calculated molar ratios of toluene and benzene
from the solvents absorbed on the five pieces of membrane
were 68:32, 75:25, 82:18, 93:7, and 97:3. Despite the very
similar polarity of toluene and benzene, we were able to
obtain a solvent ratio of at least 95:5 (v/v; toluene/benzene)
after 2 min absorption of the mixed solvents. Due to the
nanoscopic and highly periodic porous architecture inside
the NH4V4O14 nanobelts and the high internal interspace of
the membrane, subtle adhesion difference between the sol-
vent systems and capillary force in the membrane can be
amplified in a mixture of two solvents. As a result, a tremen-
dous variation in the ratio of the solvents absorbed occurred
as the solvent mixture rose from the bottom to the top of
the nanobelt membrane. Thus, the membranes have the pos-
sibility of separating one solvent from a mixture of two sol-
vents with very similar polarities. A more immediate appli-
cation for these NH4V4O14 membrane materials will be the
removal of hydrophobic contaminants with very similar po-
larities. This study may prove particularly useful in the
design of recyclable separations with significant environ-
mental applications.

Conclusion

Highly selective, absorbent, free-standing, paper-like, highly
oriented membranes composed of ammonium vanadium
oxide (NH4V4O14) nanobelts have been created by taking
advantage of the nanoscaled self-assembly of the architec-
ture, and exhibit controllable wetting behavior ranging from
superhydrophilic to superhydrophobic (when coated with sil-
icone molecules). The as-obtained NH4V4O14 nanobelt
membranes can selectively absorb a variety of both polar
and non-polar organic solvents; moreover, they can even
separate two mixed solvents with very similar polarities and
absorb solid contaminants in organic solvents. This extraor-
dinary selectivity and strong absorbance capacity are due to
the high internal interspaces and highly periodic rectangular
porous architecture of the NH4V4O14 nanobelts. Additional-

ly, the membranes show high thermal stability and good re-
cyclability. Our results suggest that this NH4V4O14 nanobelt
membrane material should find practical applications in in-
dustrial and environmental applications, such as in the field
of oil spill cleanup.

Experimental Section

Ammonium vanadium oxide (NH4V4O14) nanobelts were synthesized
under hydrothermal conditions. All chemicals were purchased from Sino-
pharm Chemical Reagent Co. (Shanghai, China) and were used without
further purification. In a typical synthesis, ammonium metavanadate
(0.351 g) was dissolved in deionized water to form an ivory-white clear
solution. Acetic acid was added dropwise with stirring to the ammonium
metavanadate solution (45 mL) until the final pH of the solution was
about 4.5 and a clear orange solution was formed. This solution was
transferred into a Teflon-lined autoclave (50 mL) with a stainless-steel
shell, which was kept at 190 8C for 36 h and then allowed to cool to RT.
Interestingly, the final product naturally formed as a membrane in the
Teflon-lined autoclave. This membrane was washed with deionized water
and pure alcohol several times to remove any possible residues. Finally, a
suspension of as-obtained NH4V4O14 nanobelts and pure alcohol was
formed by ultrasonic dispersion, and the alcohol was subsequently re-
moved by casting the suspension on a glass substrate placed in an oven at
60 8C to give self-assembled free-standing paper-like nanobelt mem-
branes.

Powder X-ray diffraction (XRD) experiments were conducted by using a
D/max-2550 PC X-ray diffractometer (Rigaku, Japan). The morphologies
and structures of the NH4V4O14 nanobelts were characterized by using a
field-emission scanning electron microscope (S-4800), and a transmission
electron microscope (JEM-2010F). Contact angles were measured by
using an OCA40 Micro contact-angle system (Dataphysics, Germany) at
ambient temperature. Organic compositions were analyzed by using a
QP-2010 gas chromatography system (Shimadzu, Japan).
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