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N
anofabrication and self-assembly of
nanobuilding blocks have become
one of themost active research areas

in materials science.1�4 Many kinds of nano-
structures have been successfully achieved by
self-assembly or directed assembly.Multicom-
ponent assembly provides a route to unique
combinationof desiredoptical, electronic, and
magnetic properties that are often not avail-
able in single-component materials.5�9

Self-assembly processes can be initiated
by various stimuli, including directed by
small molecules,10,11 extra force,12�15 phase
interface,12�16 evaporation of solvent,17,18

and the color and intensity of incident
light,19,20 photochemistry triggered,21,22

electron-beam irradiation.23 Irradiation can
lead to a situation where the solid is far from
thermal equilibrium and, under certain cir-
cumstances which leads to direct inter-
actions between incident electrons and
materials, can fulfill the condition for the
formation of self-assembled structures.24,25

Transmission electron microscopy (TEM) is
undoubtedly one of the most useful tools
that is not only used for the investigation of
nanostructures of all kinds, but also has the
advantage that structural alteration of the
specimen by electron irradiation can be
severe and lead to the formation of unex-
pected and very exciting structures.26,27 De-
spite the enormous success we have made
so far, nanofabrication and assembly of
nanosized building blocks are still difficult
and lack a sufficient level of control and there
exists a strongneed for further development.28

Herein, we directly assemble nanosized
building blocks, such as nanoparticles, nano-
rods, nanowires, and nanosheet monolayers
loaded on conductive carbon film with a

thickness of about 10 nm into tubular struc-
tures driven by in situ electron-beam irradia-
tion. Awide range of possiblematerials can be
engineered to produce carbon-based tubular
structures in this way, making these tubes
suitable candidates for use in fundamental
research as well as in applications. To investi-
gate the capability of the in situ rolling process,
single Ag nanowire, disordered Ag nanowires
with low density, and ordered Ag nanowire
film fabricated by the Langmuir-Blodgett (LB)
technique were selected as the elastic metal
objects with structural memory to storemech-
anical energy for their potential applications.
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ABSTRACT

We report a unique approach for the fabrication of a family of curling tubular nanostructures rapidly

created by a rolling up of carbon membranes under in situ TEM electron beam irradiation. Multiwall

tubes can also be created if irradiation by electron beam is performed long enough. This general

approach can be extended to curve the conductive carbon film loaded with various functional

nanomaterials, such as nanocrystals, nanorods, nanowires, and nanosheets, providing a unique

strategy tomake composite tubular structures and compositematerials by a combination of desired

optical, electronic, and magnetic properties, which could find potential applications, including fluid

transportation, encapsulation, and capillarity on the nanometer scale.

KEYWORDS: in situ TEM . electron beam irradiation . curling . tubular
nanostructures . nanocomposite
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RESULTS AND DISCUSSION

Four kinds of nanocrystals with different dimension-
alities, that is, nanoparticles, nanorods, nanowires, and
nanosheets were chosen to demonstrate the versatility
of the present strategy. Synthetic recipes of Cu2ZnSnS4
nanocrystals,29 Au nanorods,30 Ag nanowires,31 and
uniform Te nanowires have been described pre-
viously.32 2D monolayers of oxide graphite have
been also synthesized from natural graphite (SP-1) by
modified methods described previously.33�35

In the present case, in situ formation of nanotubes,
with diameters of hundreds nanometers and length of
tens ofmicrometers, can be achievedby electron beam
irradiation which can be carried out on a commercial
JEOL-7650 transmission electron microscope operated
at an accelerating voltage of 100 kV.
As shown in Figure 1, first, a common TEM Cu grid

(300 mesh) (see Supporting Information, Figure S1)
supported by carbon film with a thickness of 10 nm
was used here without further pretreatment or func-
tionalization.36 After a slit was introduced into the
sample surface and the structure was exposed to
irradiation by an electron beam, it was observed to
first begin to bend up into a nearly cylindrical surface
due to strain relief and then roll up to nanotubes
gradually. In addition, when the nanosized building
blocks, such as nanoparticles, nanorods, nanowires,
and nanosheet monolayers were loaded onto the
carbon film supported side of TEM grid, respectively,
they can coroll up with the carbon film driven by
electron-beam irradiation. The bottom carbon-based
film is supposed to provide the necessary strain to
force the roll-up of the nanomaterials membrane
which then assumes a cylindrical shape.
Figure 2 shows the observed time-dependent TEM

images of carbon films curling with time prolonging

at 100 kV after the time interval of 1 s (Figure 2a�d).
If irradiation by electron beam is performed long
enough, multiwall tubes can be created as shown in
Figure 2d. It will curl more slowly when the nanosized
building blocks are added on to the carbon film, so we
can show the progress with more details. The size and
shape of the carbon membrane slit are the most im-
portant influencing factors in controlling the diameter
of the tubular structures (Figure 3). Besides this, there
are many factors related to the diameter of the tubular
structures such as theworking voltage, current density,
and extra nanomaterials that are introduced.
Figure 4 shows a series of time dependent TEM

images of ultrathin Te nanowires loaded on carbon
films curling with time prolonging at 100 kV, after the
same time interval of 5 s (Figure 4a�d). The solid film
began to roll up when the electron was focused on.
Since the rolling takes place in the detaching area of
the substrate, the process is readily compatible with
some nature system. An analogous transformation
process is found in biology, where the interaction of
membrane molecules modifies the lateral tension of
a lipid bilayer. Five seconds later in Figure 4a, more
remarkable curvature and, in particular, the tubular
structures are formed (Figures 4c and 4d). If the
irradiation time is enough, nanowire-based tubes
are created. Just like any other emerging research
frontier, researchers working in the nanowire assem-
bly field try to develop new complicated structures
to expand expected applications. As a general and
versatile assembly method, this in situ electron
beam irradiation induced tube formation strategy
reported here can be extended to roll up many other
kinds of nanosized building blocks with different
dimensionalities, such as nanoparticles, nanorods,
and nanosheets.

Figure 1. Schematic illustration of carbon-based solid films rolled up into nanotubes under the electron-beam irradiation.
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Zero dimension nanoparticles with a diameter of
10 nm, nanorods with a diameter of width 19 nm and a
length of 78 nm, and two dimension nanosheets (e.g.,
graphene) can be coassembled driven by electron
beam irradiation, respectively (Figure 5a�c). The nano-
sized building blocks were synthesized based on pre-
vious reported recipes (see Supporting Information,
Experimental Section). The obtained products were
confirmed by analysis of X-ray diffraction, UV�vis
absorption spectra, and Raman spectroscopy (see
Supporting Information, Figures S2�S6).

The conversion of kinetic and elastic potential en-
ergy is of critical significance for device fabrication to
achieve novel functions. Rigid Ag nanowires as the
elastic metal objects with structural memory were
introduced here to store mechanical energy for
their potential applications. First, Ag nanowires were
synthesized and confirmed by X-ray diffraction (see
Supporting Information, Figure S7). To investigate the
power of the in situ rolling process, single Ag, disor-
dered Ag nanowires with low density, and ordered
Ag nanowire film fabricated by LB technique37 were

Figure 2. Carbon film curling (a�d) with time going on under the electron-beam irradiation of TEM at 100 kV. The time
interval is 1 s.

Figure 3. (a, b) TEM images of the curled carbon film tubes formed with the membrane slits of different size and shape.
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added onto the carbon film supported-side of TEM grid
with a slit. The samples were then exposed to irradiation
by an electron beam of TEM. It was observed that a
single Ag nanowire was curving rapidly as shown in
Figure 6a�c; the time interval is 5 s. Compared with
flexible ultrathin Te nanowires, Ag nanowires with a
diameter of 60 nm, and length of 15 μmused here were
rigid.31 From Figure 6 panels d to f, the time interval
is 10 s, indicating the rolling process becomes more
difficult. With the nanowire density increasing as shown
in Figure 5g, the situation is more complicated. Ordered
Ag nanowires obtained by the LB technique (Figure 6g)
can be curledwith carbon film from the lateral direction,
but are unaffected from the axial direction (Figure 6h,i).
To take advantage of this type of tubular building

blocks, understanding the mechanisms of rolling

process is essential.38,39 A system far from equilibrium
can exhibit complex transitory structures, and curly
structures can be formed from thin solid films when
they are freed from a substrate, and once released from
their substrate the layer rolls up by itself and forms a
nanotube.40�45 In 1909, Stoney reported that strained
metal layers spontaneously “curl up into beautiful close
rolls” once they detach from their host substrate.46

Currently, there are two methods for preparing these
solid state nanotubes, involving a general and a spe-
cialized procedure.40 Both rely on the release of thin
layers from a substrate. For the general method, a
thin solid film with almost arbitrary composition is
detached from its substrate and folded back onto its
own surface. The resultant crease forms a nanotube.
The specialized method relies on inherently built in

Figure 4. (a�d) Time-dependent cocurling assembly of a carbon film with nanowires under the irradiation of a TEM beam
at 100 kV. The time interval for panels a, b, c, and d is 5 s. The insets illustrated the irradiation time-dependent curing states of
the ultrathin Te nanowires with a high aspect ratio.

Figure 5. (a�c) Carbon film curling with monodisperse Cu2ZnSnS4 nanoparticles, Au nanorods, and graphene. The insets in
panels a and b show the magnified images of nanoparticles and nanorods loaded on the carbon film in panels a and b,
respectively.
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strain within the thin solid film. Once the film is freed
from the substrate, the layer rolls up by itself and forms
a nanotube.
It is well established that mismatch strain between

different layers in thin film systems can induce me-
chanical deformation either in the form of surface
waviness formation or in the form of bending and
rolling of thin membranes. When two mismatched
epitaxial layers are constrained to a substrate, a tre-
mendous amount of residual strain energy is stored in
the bilayer membrane. Once it is released from the
constraint of the substrate, the membrane relieves the
stored strain energy by rolling up to form various 3D
structures including micro- and nanotubes. Irradiation
effects in carbon nanostructures have been investi-
gated previously.43,47,48 Ugarte reported graphitic
networks showed curling and closure under electron
beam irradiation in 1992.49 The temperature of the top
of the carbon film differs from the bottom under TEM
electron irradiation, providing the necessary strain to
force the roll-up of the nanomembrane which then
assumes a cylindrical shape.
If we assume that the formation of the hybrid tubular

structure is the result of optimal release of the elastic
energy stored in the carbon films induced by the

electron beam irradiation, the curvature of the rolled-
up tubular structures can be estimated by the model
of multilayer hinged structures with residual strains.50

For a bilayer film, it consists of bottom and top layers
with thickness h1 and h2, which are subject to biaxial
residual strain ε1 and ε2, with respect to the substrate,
respectively. The detaching area of the substrate is
characterized byW� LwithW and L being the etching
length and thewidth of the slit, respectively. The radius
of the tubular structure can be written as

R ¼ h1[1þ β2R4 þ 2βR(2þ 2R2 þ 3R)]
6ηβR(1þR)(ε2 � ε1)

(1)

where R = h2/h1, β = E2
0
/E1

0
with E0 = E/(1� v)2, and η is a

shape factor as a function of L. η = 1 when L is small
corresponding to the case of plane stress, and η= 1þ v

when L is large corresponding to the case of plane
strain. The value of η can be determined through finite
element simulation between the two cases. The result
of eq 1 shows that we need to allow ε2 � ε1 > 0 such
that the layer is rolled-up. In addition, we can control
the radius of the tube by regulating the values of R
and β through the hybrid process. It should be noted
that the bilayer tends to wrinkle when it is totally
compressed (ε2 < 0, ε1 < 0). The calculated result in

Figure 6. (a�c) Time-dependent TEM images of cocurling of carbon film with a single Ag nanowire, with time prolonging
under the electron-beam irradiation of TEM equipment at 100 kV. The time interval for panels a�c is 5 s. (d�f) Time-
dependent TEM images of cocurling of carbonfilmwith disorderedAg nanowireswith lower density under the electron beam
irradiation of TEM equipment at 100 kV. The time interval for panels d�f is 10 s. (g) Ordered Ag nanowires assembled by LB
with higher density. (h) TEM images of carbon film can curl with ordered Ag nanowires from the lateral direction, but cannot
curl from axial direction (i).

A
RTIC

LE



LIU ET AL . VOL. 6 ’ NO. 5 ’ 4500–4507 ’ 2012

www.acsnano.org

4505

the reference51 shows that a large value ofW and L and
a small value of ε2 � ε1 favor the wrinkle. We need
to carefully control the dethatching process and try
to avoid wrinkle toward the formation of a tubular
structure.

CONCLUSION

In summary, we have successfully taken advantage of
electron-beam-induced surface stress to directly and
specifically roll up the carbon films into tubular struc-
tures, which are loaded with different nanostructures,

such as nanoparticles, nanorods, nanowires, and nano-
sheets. This strategy has been demonstrated to be a
general way, by which various nanomaterials with dif-
ferent shape and sizes can coassembly with the con-
ductive carbon film and can be curved into tubular
structures. Because various nanoparticles with different
dimensionalities can be loaded on the TEM carbon film,
this exceptional design flexibility is expected to fabricate
different tubular structures and compositematerialswith
promising applications, including fluid transportation,
encapsulation, and capillarity on the nanometer scale.

METHODS
All reagents are of analytical grade and used without further

purification.
Synthesis of Te Nanowires. All chemicals are of analytical grade

and used as received without further purification. The synthesis
of uniform Te nanowires was described previously.32 In the
typical synthesis, 1.0000 g of poly(vinyl pyrrolidone) (PVP,
Shanghai Reagent Company, MW ≈ 40 000) and 0.0922 g of
Na2TeO3 were mixed with 33mL of double distilled water into a
50 mL Teflon-lined stainless steel autoclave under vigorous
magnetic stirring to form a homogeneous solution at room
temperature. Then, 1.67 mL of hydrazine hydrate (85 wt %) and
3.33 mL of aqueous ammonia solution (25�28 wt %) were
added into the mixed solution, respectively, under vigorous
magnetic stirring for 5 min. The container was closed and
maintained at 180 �C for 3 h. After that, the autoclave was
cooled to room temperature naturally.

Synthesis of Au nanorods. Uniform Au nanorods were grown
using the seed-mediated growth process described pre-
viously.30 In a typical synthesis, a freshly prepared aqueous
NaBH4 solution (0.6 mL, 0.01 M) was added into an aqueous
mixture solution made of HAuCl4 (0.25 mL, 0.01 M) and CTAB
(9.75 mL, 0.1 M). The resultant solution was mixed by rapid
inversion for 2 min and then kept at room temperature un-
disturbed for at least 2 h. Then, HAuCl4 (30 mL, 0.01 M), AgNO3

(6 mL, 0.01 M), and CTAB (600 mL, 0.1 M) were mixed together.
A freshly prepared aqueous ascorbic acid solution (4.8 mL,
0.1 M) was added, and the solution changed from yellow to
colorless, whichwas followed by the addition of an aqueous HCl
solution (12 mL, 1.0 M). After the resultant solution was mixed
by inversion, the seed solution (1.44 mL) was added to the
growth solution. The reaction mixture was subjected to gentle
inversion for 10 s and then left undisturbed for at least 6 h.

Synthesis of Graphene Nanosheets. Graphene oxide was synthe-
sized from natural graphite (SP-1) by modified methods de-
scribed previously.34 In a typical synthesis, 12 g of graphite
powder, 10 g of K2S2O8, and 10 g of P2O5were added to 50mLof
concentrated H2SO4 solution at the temperature of 80 �C for 6 h.
After that, the solution was diluted with 2 L of water, filtered,
and washed using a 0.2 μmNylonMillipore filter and dried in air
overnight. For the following oxidation step, 460 mL of H2SO4

were chilled to 0 �C using an ice bath. The oxidized graphite was
added to the acid and stirred. Then, 60 g of KMnO4 were added
slowly with temperature controlled below 10 �C. This mixture
was allowed to react at 35 �C for 2 h, after which 920 mL of
distilled water were added slowly to keep the temperature
below 50 �C. After further reaction for 2 h, 2.8 L of water and
50 mL of 30% H2O2 were added, resulting in a brilliant yellow
color along with bubbling. The mixture was allowed to fully
settle for a few days before the supernatant was decanted. The
remaining product was then filtered and washed with about
5 L of 10% HCl solution followed by 5 L of water to remove the
acid. Finally, the product was dried in a vacuum at 60 �C for 6 h.

Synthesis of Silver Nanowires. Uniform Ag nanowires were
prepared by the polyol process method reported previously.31

In a typical synthesis, 5.86 g of PVP were added into 190 mL of
glycerol into a 500 mL round bottle flask. After the formation of
a homogeneous solution, 1.58 g of silver nitrate powder was
added into the solution. Then 59 of mg NaCl and 0.5 mL of H2O
were added to 10 mL of glycerol solution. The flask was then
immersed into a heating mantle equipped with a PTFE paddle
stirrer. The solution temperature was raised from room tem-
perature to 210 �C by gentle stirring (50 rpm) in 20 min. The
color of the solution turned from pale white into light brown,
red, dark gray, and eventually gray-green, indicating the nano-
wires formation. When the temperature reached 210 �C, the
temperature was allowed to naturally cool. After that, water
was added into the solution in 1: 1 ratio, and the mixture was
centrifuged.

Assembly of Silver Nanowires by Langmuir�Blodgett Technique. The
ordered AgNW monolayer was prepared at room temperature
using a Langmuir�Blodgett trough (Nima Technology, 312D)
described previously.13,37 The trough was cleaned and then
filled with Millipore Milli-Q water (resistivity 18.2 MΩ cm).
Five mL of the freshly prepared AgNWs was precipitated by
centrifuging at 3000 rpm for 5 min. One milliliter of N,N-
dimethylformamide (DMF) was added to disperse the AgNWs
to form a homogeneous solution at room temperature. After
that, a mixture of 1 mL of CHCl3 was added into the as-prepared
homogeneous solution. After that, AgNWswere dispensed onto
the water subphase from a 50 μL syringe drop by drop. Thirty
minutes later, after spreading, the nanowires surface layer was
then compressed with a compression rate of 20 cm2 min�1.
All nanowire films were deposited onto the substrates by the
horizontal dipping technique while the constant surface pres-
sure was kept constant as soon as the fold formation that
paralleled to the barrier direction occurred.

Synthesis of Cu2ZnSnS4 Nanocrystals. Uniform Cu2ZnSnS4 nano-
crystals were synthesized by a procedure reported previously.29

In a typical synthesis, 0.130 g of copper(II) acetylacetonate
(99.99%, Aldrich), 0.073 g of zinc acetate (99.995%, Aldrich),
0.045 g of SnCl2 (99.99þ%, Aldrich), 0.033 g S (99.98%) were
mixed with 10 mL of oleylamine (technical grade, Aldrich) and
then added into a 25mL three neck flask connected to a Schlenk
line. After degassed vacuum for 30 min and purged with N2,
the mixture is heated to ∼110 �C for 30 min, and turns into a
brownish colored solution. The temperature is then raised to
280 �C for 1 h, and then cooled to room temperature. The
nanocrystals were then isolated by precipitation with hexane
followed by centrifugation.

Characterization. Field-emission scanning electron micro-
scopy (FESEM) was carried out with a field-emission scanning
electron microanalyzer (Zeiss Supra 40 scanning eletron micro-
scope at an acceleration voltage of 5 kV.) Transmission electron
microscopy (TEM) was carried out on a commercial JEOL-7650
transmission electron microscope operated at an accelerating
voltage of 100 kV. The phase purity of the as-prepared products
was determined by X-ray diffraction (XRD) using a Philips
X'Pert Pro Super X-ray diffractometer equipped with graphite-
monochromatized Cu KR radiation. Raman scattering spectra
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were recorded with a JY LabRam HR 800 using the 514 nm line
of Arþ for excitation. Innova 40 Benchtop Incubator Shaker was
used for the chemical transformation reactions. UV�vis spectra
were recorded on a UV-2501PC/2550 at room temperature
(Shimadzu Corporation, Japan).
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