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Mechanical behavior and magnetic separation of quasi-one-dimensional
SnO, nanostructures: A technique for achieving monosize
nanobelts/nanowires

Z. Q. Jin
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332
and Department of Physics, University of Texas at Arlington, Arlington, Texas 76019

Y. Ding
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332

Z. L. Wang?

School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332

and National Center for Nanoscience and Nanotechnology, and International Quantum Structure Center,
Institute of Physics, CAS, Beijing, 100080, China

(Received 10 November 2004; accepted 3 February 2005; published online 25 Margh 2005

The as-synthesized nanowires and nanobelts usually have a large size distribution. We demonstrate
here a ball milling technique for narrowing the size distribution of oxide nanobelts and nanowires.
High-resolution scanning and transmission electron microscopy reveals that the one-dimensional
SnG, nanostructures with size 150 nm are sensitive to the milling effect and most of them were
fractured into nanoparticles even after a short-time milling. These nanoparticles contain magnetic Fe
components, which could be effectively separated from those nanobelts by employing a magnetic
field. This feature promises a potentials application in the nanostructured materials separation. It
was also found that the dominant size of the survived nanostructuresl@® nm. The good
mechanical behavior of the nanostructures are not only related to the superior mechanical toughness
due to small size, but also related to the low defect densit20@5 American Institute of Physics

[DOI: 10.1063/1.1882774

I. INTRODUCTION morphology, coexist in the as-synthesized sample. Tech-
nigues have been developed for measuring the effective

Nanostructured materials —are the foundation Ofpending modulus of individual nanowire/nanobéit:® Re-
nanoteghnologﬁf Due to their unique morphology and ceny it was reported that mechano-thermal method consist-
small sizes, nanomaterials exhibit unique, largely |mproveqng of mechanical milling and subsequent thermal annealing

properties compared to the coarse-grained bulk matenal%\.las able to prepare Q1D nanostruct i3 The ball mill-

Among these nanostructures, functional oxides have drawlrh method has also been successfully utilized to cut carbon
much attention since they can be used for fabricating 9 y

.10 P . : nanotubes from long nanotubes by collision between milling
giiréc;ie%/;ffe%'fgu:)(s;;g?efjggfg::;?ig&%a;gggt;::idptgg|ecball and nanostructured powdéfs™ It thus suggests that
tronic devices, gas sensors, and field-effect transidtors. low-energy mechanical ball milling technique might be an
The SnQ nanobelts may also be very suitable as cantilevergffective method for evaluating the overall mechanical prop-
for atomic force microscopy due to their unique morphology,erties of different nanostructures under collision among steel
semiconducting characteristic and much reduced $fzes.balls. During the milling process, the impurities originated
Upon being considered for such applications, the mechanicdtom the milling jar and steel ball will inevitably result in a
behavior of these materials is an important factor, especiallyonuniform structure and may affect the properties of nano-
with the increased surface-to-volume ratio. One of the criti-stryctures. These Fe-containing impurities exhibit magnetic
cal issues in grasping the unique mechanical properties Qfehavior and might be easily removed by employing a mag-
Q1D oxides is to understand their size effect. For instanc&,eyic field onto the milled materials, the so-called magnetic
most recent studiés revealed that the elastic modulus of separation technique. This technique takes advantage of the

lead and silver nanowires and polypyrrole nanotubes with,.
i . . different responses of these nanostructured components to
diameter smaller than 30 nm drastically increases.

In general, there exist various Q1D nanostructures, in;he magnetic field. Recently, the magnetic separation has also

cluding nanowires, nanoribbons, nanotubes, and nanobelt88€n commercially used for drug delivery, selection of bio-

in the products prepared using thermal evaporaftid'ﬂne molecules, and DNA separation and purification. In these
nanostructures, with diversity in size, growth direction and@pplications, the introduction of magnetic component into
the nanostructure was generally carried out by the dopping

JAuthor to whom correspondence should be addressed. Electronic maifr?lppmach or using superparamagnetic core particle. These
zhong.wang@mse.gatech.edu nanostructures are thus allow themselves to be separated
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from other solution or mixed matrix using a permanent mag-
net or electromagnet and easily selected for specific applica-
tion.

In this paper, the mechanical behavior of Sm@nobelts
before and after low-energy ball milling was compared.
Since magnetic components were introduced during the mill-
ing process, subsequent magnetic separation was employed.
A different milling effect on the fracture of the nanobelts
with different sizes was observed. It reveals that the one-
dimensional nanostructures with sizel50 nm are sensitive
to the milling effect and most of them were broken even after
a short-time milling, accompanied with the introduction of
soft magnetic component Fe into the nanoparticles. These
nanoparticles can be separated by the magnetic separation
technique. The dominant size of the survived nanowires/
nanobelts is<100 nm. This work demonstrates a technique

for unl_fylng the size of the as-synthesized nanobelts an¢,; ; gy images of the Snhanobelts beforéa) and after(b) ball
nanowires. milling process.

IIl. EXPERIMENTAL PROCEDURE After ball milling, most of the large size nanobelts have

Sn0O, nanobelts were synthesized by thermal evaporatiorbee” fractured into small particles, but the small size nano-
of oxide powders at high temperature by controlling the gagaelts_surviveq. This is the most §triking feature of the me-
flow rate, annealing temperature, and evaporation time. Thghanical alloying process. The thin nanobelts can be bent or
detailed synthesis process has been reported previduslyWwisted gasﬂy to various degree; without rupture, while those
Thermal evaporation of SnO/Sa@owders was performed Unbending large nanobelts either fracture or have been
at 1050-1150 °C. At elevated temperatures, the product@ound into agglomerated nanoparticles. No contamination
were deposited onto several alumina plates. The as-receivéi Fe from milling vessel and/or balls was detected in the
growth product was milled for 6 h at room temperature in amilled nanobelts, while the nanoparticles contain a signifi-
Spex 8000 mixer. The milling system contains several 3ant amount of Fe as revealed by EDS patterns.
-mm-diameter stainless-steel balls, and the mixture ratio of ~The plots in Fig. 2 give the detailed size distributions of
the steel balls and growth product was selected te-66:1  the nanobelt width before and after ball milling. The domi-
in weight percent. Hexane was used as surfactant to gétant size distribution of the original nanobelts is W|d_e in a
much uniform milling effect. Subsequent magnetic separaf2nge from 50 to 300 nm, however a much narrow size dis-
tion was preliminarily employed using a commercial magnetfibution with peak between 50 and 100 nm is evident after
while the nanomaterial was ultrasonically vibrated in theball milling. The milling process effectively narrows the size
hexane medium so as to achieve a better separation effectdistribution of the nanobelts and preserves the small size

The as-deposited and milled samples were then chara@@nobelts. The grinding and collision of balls result in the
terized by scanning electron microscofS8EM) (LEO 1530 fract_ure of Iarge-siz_e nanobelts and the increase of volume
FEG), and transmission electron microscdEM) [Hitachi  fraction of nanoparticles.

HF-2000 FEG with energy-dispersive x-ray spectroscopy N o.rd(_ar to separate those nanoparticles embedded with
(EDS) at 200 kV and a JEOL 4000 EX high-resolution TEM Magnetic iron from the nanobelts, a permanent magnet was
(HRTEM) at 400 kV].

@)
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Ill. RESULTS AND DISCUSSION

After evaporation and deposition, a large amount of long
nanobelts was observed except for some nanosized particles.
Figures 1a) and 1b) are typical SEM images displaying the

Belt number
>

morphologies of the nanobelts before and after ball milling, 0 50 100 1§>en€%th2(5:m)3°° 350 400
respectively. EDS analysis and electron diffraction show that ®)
the nanobelts are S3OThe as-synthesized Sp@anobelts 30

have a large size distribution with the widthvarying from
several tens of nanometers to several hundred nanometers
and lengths of dozens of micrometers. All the nanobelts with
w>150 nm are straight. The irregular surface configuration
apparently originates from the imperfect grain growth during 0 50 100 150 200 250 300 350 400
the deposition process. It is noticed that nanobelts with Bieit wickh (nm)

<100 nm have_ (\fl_my morphology, demonstrating the highgig 2. piots of the nanobelt size distributions befeaeand after(b) ball
mechanical flexibility. milling process.
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FIG. 4. Typical Sn@ belts of different sizes before ball milling. The SAED
patterns in(d) and(e) coming from the large belts ia) and thin belt in(b),
respectively. The superlattices (d) indicate the existence of orthorhombic
structured SnQ@

of nanobelts. It is evident from Fig(& that those unstrained
nanobelts of small size are free from Fe contamination as

FIG. 3. SEM images and EDS patterns of the milled samples subjected t(r)evealed in Fig. &) and not SUbleCted to the attraction of

the magnetic separatiofa) Magnetic attracted particle&) Nanobelts with ~ magnetic field, verifying the better anticontamination ability
magnetic particles attached on the surfdeeNanobelts not subjected to the for these small nanobelts during the milling process. How-

magnetic attractive forceb), (d), (f) are the correlated EDS patterns(®  ever it is reasonable that the magnetic separation still suffers
particles,(c) large-size nanobelts, arfd) small-size nanobelts. from one difficulty. It is impossible to completely eliminate
magnetic impurities due to the existing agglomeration under
used for the magnetic separation. The separation principlmilling. However, this approach has the potential in the sepa-
was based on the balance among the magnetic force, buoyatition of nanomaterials according to their inherent character-

force and gravitational force, as described by istic under an optimal combination condition of milling and
magnetic separation technique.
X ,dB ;
F(B) = —Bd— +p9- pnd, In order to characterize the structures of the nanobelts
Ko 0z before and after ball milling, TEM images and selected-area

wherey is the magnetic susceptibility of milled materials, electron diffraction(SAED) patterns were recorded from the
is the vacuum permeabilit is the magnetic field strength, Ssamples. Low magnification TEM images recorded from
z depicts the field directiorg is the gravity accelerationy,  large and small belts before ball milling are displayed in Fig.
and p,, are the density of liquid and nanomaterials, respec4. The SAED patterns of the large belt in Figajand the
tively. WhenF(B) >0, the materials will be attracted to the thin belt in Fig. 4b) are displayed in Figs.(d) and 4e),
magnet pole, and consequently, the materials will movdespectively. The basic diffraction spots for the large-scale
downward due to the gravity, thus leading to the materialf1anobelts can be indexed using the $rt€tragonal struc-
separation. Becausg and p,, almost remain same in our ture. The extra weak diffraction spots in Figd}are from
case, one may assume that the foR¢B) is predominately the SnQ orthorhombic structure, which has been discussed
associated with the spatial distribution of magnetic field andn detail in Ref. 2. The large nanobelts are composed of
the measurement of volume susceptibiliyThe y value is  orthorhombic and tetragonal phases distributed as domains.
closely associated with the content of impurity Fe in theCombining the images and the SAED patterns, the main
nanomaterials since tin oxide has an extremely low susce@rowth front planes of the nanobelts a201)reagonaand
tibility compared with Fe. It is reasonable that the materials(110)ornormombic Which are the same as those in Ref. 2. The
with high component of Fe will be more subjected to thestructural hybrid nanobelts are the dominant products before
external magnetic field. Figure 3 shows the SEM images antiall milling. However, the superlattice structure does not ex-
EDS patterns of milled samples subjected to a magnetic fieltst in the thin nanobelts which show a much more uniform
(around 0.3—-0.5 JT Apparently, the nanomaterials with dif- and perfect tetragonal structure Wit201)cagona @S the
ferent morphology differ in how they interact with a mag- growth plane fron{Fig. 4(e)]. These single crystalline thin
netic field. The particles are very sensitive to the externahanobelts can be dozens of micrometers in length. The con-
field as shown in Fig. &), verifying that soft magnetic Fe trast observed is due to the bending contour.

has embedded in these agglomerates due to the mechanical After ball milling, two typical nanobelts with width of
milling, which is consistent with the composition analysis by 80 and 50 nm are shown in Fig(a. The inset SAED pat-
EDS[Fig. 3(b)]. The large-size nanobelts surrounded by thetern from the large nanobelt indicates that the nanobelt re-
agglomerated particles are also subjected to the attraction ¢dins its single crystalline tetragonal structure with the
magnetic field as shown in Fig(@, while the fraction of Fe  growth front plane 0f201)cagona Which is the same as that
on the nanobelts as shown in FigdBis apparently lower of the belt in Fig. 4b). Its uniform contrast indicates that the
than those of particles. The Fe mostly attaches on the surfad®lt is dislocation free. It is noticed that the thickness of the
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play a dominant role on the bending or fracture of nanotubes,
there may exist other possibilities for the size-related milling
effect. For instance, for large-scale rigid nanobelts with more
impacting surface, the ball's collision could be more effec-
tive; while for one-dimensional nanomaterials with reduced
size, the elastic modulus could be higher than those of large
diameters® Therefore, narrow nanobelts survive from ball
collision more preferentially than large nanobelts due to bet-
ter mechanical behavior.

FIG. 5. () Nanobelt survived after the ball milling process. The SAED
pattern(insed shows the growth front plane {g01). Its uniform contrastin ~ IV. CONCLUSIONS

the enlarged imagéb) indicates it is dislocation-free. . . .
The mechanical response of Sn@anobelts with differ-

thin nanobelts is still quite uniform even after ball milling. A ent width was investigated using .I(_)W-energy t.)a" m_llllng
rﬁ[ocess. It is found that the flexibility of one-dimensional

phenomenon that should be emphasized is that the perce nanostructured tin oxides increases with decreasing size. The

age of the orthorhombic structured nanobelts decreases after . . L
. . ._ohe-dimensional nanostructures with siz&50 nm are sen-
ball milling. In general, the existence of the orthorhombic

AR . ?itive to ball milling and most of them were broken, accom-
phase usually results in wide nanobelts due to the coexisf-_ . . : . .
anied with the increase in the volume fraction of nanopar-

ence of the orthorhombic and tetragonal phases. The wider

nanobelts are easier to be fractured, thus, they vanished froé?les even after short-ime milling. These nanoparticles can
. ' L . be effectively separated from the nanobelts by magnetic
the belt shape after ball milling, demonstrating that ball mill- Vely sep y gnet

S ) . separation technology. Although the larger the magnetic field

0 s et g e prase ol e ranets, | Soner s e a1 e
) — ) ' essary to use very high magnetic field since the separation

many belts taking th€221) plane as their growth front be-  c4papility depends more on the difference in susceptibility of

fore and after the ball milling process. Figureashows a  gjtferent materials. When this technique was adopted in con-

nanobelt that survived ball milling. The inset is an enlargednction with milling technology for the nanomaterials with

image of the belt. The contrast in the image is attributed tQjifferent mechanical properties, it should be more effective

the strain induced bending effect. Figureg)éand @c) are i the separation. It has been shown that thin nanobelts with

the SAED pattern and HRTEM image of the beltin Fi(®)6 <100 nm apparently have much better mechanical re-

The HRTEM image of the nanobelt displays a dislocation-gyonse to ball milling. The good mechanical properties of the

free volume in the milled samples. Although several types of,an0structures are not only related to the small size

nanobelts were observed in our experiments, it seems th@kloo nm, but also to low dislocation density. The me-

the mechanical behavior of the Sp@anobelts is sensitive 1o chapjcal ball milling is likely an effective method for sepa-

their size rather than their growth directions. rating small-scale structure from the large-scale Q1D struc-

Our results are different from the previous repoan e This could be very useful for future applications.
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